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1. THE SIGNIFICANCE OF GENOTOXIC AND PROTEOTOXIC STRESSES IN CARCINOGENESIS AND
CANCER TREATMENT

Our research is primarily dedicated to elucidating the nature and consequences of genotoxic
and proteotoxic stresses in the context of cancer development and therapy. Preserving the
integrity of both the proteome and genome requires the integration of cellular stress-
responsive mechanisms and signaling pathways, which frequently utilize overlapping
components®. Cancer cells, particularly those undergoing rapid division and accumulating a
high mutation burden, depend critically on maintaining proteostasis and efficiently repairing

DNA to ensure survival, which fact is often explored therapeutically.

Cellular stress responses relevant to cancer progression, treatment, and this
habilitation dissertation, as will be revealed further, can be categorized based on several
factors, including the source of stress, which may be extrinsic (environmental) or intrinsic
(metabolic) and classified as physical, chemical, or physiological. Another classification
framework involves identifying the target of the stressor, whether DNA, proteins, or
metabolism, and the distinct cellular pathways activated in response. These pathways may be

stressor-specific or common across different types of stress.

1.1. Proteostasis and proteotoxic stress

There are several cellular pathways involved in handling protein quality. For instance, the
unfolded protein response (UPR) in the endoplasmic reticulum (ER) plays a critical role in
managing protein folding and maintaining protein quality control?. Disruptions in this process,
characterized by the accumulation of misfolded proteins, result in ER stress, a hallmark of
various cancers, influencing tumor growth and chemoresistance. The UPR consists of signaling
pathways activated in response to ER stress, aiming to restore cellular homeostasis or trigger
pro-apoptotic pathways. Under non-stressed conditions, it is generally accepted that ER stress
sensors remain inactive. In cancer, the UPR exerts a dual function: it can promote tumor cell
survival and growth, but if stress remains unresolved or reaches a critical threshold, it may
promote cell death? (Figure 1). A deeper understanding of the balance between UPR's pro-
survival and pro-apoptotic mechanisms is essential for the development of effective cancer

therapies. Current research is exploring drugs that either induce ER stress or inhibit



components of ER stress pathways to promote cancer cell death and improve therapeutic

outcomes.
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Figure 1: UPR stress response activation. Unfolded/aggregated proteins within the ER lumen
are recognized by BIP protein and activate three distinct response pathways promoted by PERK,
IRE1a, and ATF6 factors. The downstream factors inhibit further protein translation (by elF2a)
and trigger the expression of genes involved in protein maintenance or cell death promotion
(transcription factors ATF4, Xbp1s, ATF6c).

The accumulation of misfolded or damaged proteins within the cell also activates
another critical stress response pathway explored in our published works, the heat shock
response (HSR). This cellular protective mechanism is characterized by the increased
expression of heat shock proteins (HSPs), present at basal levels even under normal conditions
but strongly overexpressed by activation of the HSF1 transcription factor (Figure 2). HSPs
function as molecular chaperones, facilitating proper protein folding, maintaining the tertiary
structure, and ensuring the functional integrity of various essential proteins. They play a
pivotal role in cellular survival when proteins are compromised by stressors such as elevated

temperature, oxidative damage, heavy metals poisoning, or genetic mutations*.



In the context of cancer, the relevance of HSPs becomes highly pronounced. Cancer
cells, burdened with a high mutation load, frequently produce damaged or misfolded proteins,
making them particularly reliant on HSPs to maintain protein homeostasis. This dependency
allows cancer cells to manage proteotoxic stress, avoid apoptosis, and continue proliferating
despite the presence of extensive protein damage and aggregation. Therefore, HSPs not only
support normal cellular functions but also contribute to tumorigenesis by protecting cancer

cells from proteotoxic damage®.

Given their dual role in cancer, HSPs have emerged as attractive therapeutic targets in
oncology. Inhibiting HSPs can potentially disrupt cancer cell survival mechanisms, sensitizing
them to proteotoxic-induced death. A range of HSP inhibitors and therapeutic agents are
currently being investigated for their ability to overcome drug resistance, enhance apoptosis,
and improve the efficacy of existing cancer treatments, and the first HSP90 inhibitor for clinical
applications in cancer treatment (pimitespib) was approved recently®. These strategies offer
promising avenues for novel cancer therapies, particularly in cancers that demonstrate a heavy
reliance on HSP-mediated stress response pathways, such as multiple myeloma and various

advanced forms of cancers typically displaying high mutational load’.
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Figure 2: Mechanism of activation of HSF1 transcription factor leading to overexpression of
HSP proteins. HSPs that keep HSF1 in a monomeric state are attracted to aggregated proteins.
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Another critical pathway heavily explored in our published works is the ubiquitin-
proteasome system (UPS), which plays an essential role in regulated intracellular protein
degradation. Cellular protein levels are tightly controlled through transcription, translation,
and, ultimately, targeted degradation. The UPS is responsible for selectively degrading proteins

that are damaged or no longer needed within the specialized multisubunit protein complex -

proteasome (Figure 3).
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Figure 3: Schematic structure of proteasome. The barrel-like multiprotein structure (the 20S)
is responsible for protein degradation, and the lids-like structures (19S) have regulatory
functions. Together, they form one functional proteasome complex (26S)

Proteins dedicated to proteasomal degradation must be tagged by the K48-linked
ubiquitin (Ub) chain by the cooperative action of three types of Ub conjugating enzymes
termed E1, E2, and E3 (Figure 4). This system is integral to key cellular processes, such as
apoptosis, cell survival, cell cycle progression, DNA repair, and antigen presentation, with the
lifespan of individual proteins varying depending on their role in these processes®. Thus, the

proper functioning of the UPS is essential for cellular health and stability.

Deregulation of the UPS can have profound implications for cancer development and
progression. Aberrations in the system may result in the enhanced degradation of tumor
suppressor proteins or the reduced breakdown of oncogenic proteins, thereby disrupting the
balance between cell proliferation and death. Such a disruption of critical cellular pathways

that control the cell cycle and apoptosis contributes significantly to tumorigenesis®.
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Figure 4: Schematics of tagging proteins for degradation in proteasome. The E1 ubiquitin-
activating enzyme transfers Ub to E2 conjugating enzymes, which transfer Ub to E3 ligases
attached to the substrate (protein dedicated to degradation). E3 ligase ubiquitinates the
substrate, forming a long chain of ubiquitin proteins linked via lysine K-48. Such substrate is
further recognized by 26 proteasomes and degraded. Note: Ub is not usually degraded with
the substrate but is recycled.

The UPS is closely linked to the unfolded protein response (UPR) through a process
known as ER-associated degradation (ERAD)?. ERAD is the primary quality-control mechanism
responsible for identifying misfolded or improperly processed proteins within the endoplasmic
reticulum (ER) and targeting them for degradation by the proteasome in the cytosol. This
connection between ER stress and the UPS ensures that damaged proteins do not accumulate
within the ER, preventing further cellular dysfunction. In cancer cells, where proteotoxic stress
is heightened due to increased protein synthesis and mutation-induced misfolding, the UPS
and ERAD are often severely upregulated to manage the high demand for protein quality

control.

Given the importance of the ubiquitin-proteasome system (UPS) in maintaining cellular
protein homeostasis and its critical role in cancer progression, it represents an attractive target
for therapeutic intervention. Proteasome inhibitors such as bortezomib have already
demonstrated clinical efficacy, particularly in hematological malignancies like multiple

myeloma®. These inhibitors disrupt the degradation of damaged proteins, triggering a
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proteotoxic crisis (PC) that leads to cancer cell death. The rationale for targeting the UPS in
cancer therapy is that cancer cells, due to their high mutation burden and reliance on
proteostasis mechanisms, are susceptible to disruptions in protein degradation. In other
words, as malignancies progress, the increased accumulation of misfolded and damaged
proteins overwhelms cellular proteostasis systems, making cancer cells more dependent on

the UPS and, thus, more vulnerable to its inhibition.

The most established class of UPS-targeting drugs in clinics and preclinical research are
proteasome inhibitors, which include compounds such as MG132 and the three FDA- and
EMA-approved bortezomib (Velcade®), carfilzomib (Kyprolis®), and ixazomib (Ninlaro®). These
drugs selectively bind and inhibit specific subunits of the proteasome complex, leading to an
accumulation of defective proteins that ultimately result in PC. Bortezomib, a first-generation
proteasome inhibitor, has been a cornerstone in the treatment of multiple myeloma and
mantle-cell lymphoma, showing marked clinical activity and improving patient outcomes.
However, the development of resistance to bortezomib remains a significant challenge, as
most patients eventually relapse after an initial positive response’’. To address this, second-
generation proteasome inhibitors like carfilzomib and ixazomib have been developed. These
newer agents aim to offer improved pharmacokinetics, oral bioavailability (ixazomib), and the
ability to overcome some of the resistance mechanisms that limit bortezomib's long-term

efficacy.

Despite these advancements, the clinical success of proteasome inhibitors has been
largely confined to hematological cancers, with limited efficacy observed in solid tumors. This
lack of effectiveness in solid tumors may stem from various limitations, including
pharmacokinetics, inadequate drug distribution, or differences in tumor microenvironment
that affect drug penetration and activity. Overcoming these barriers is an area of active
research, as understanding the mechanisms behind resistance to proteasome inhibition is

crucial for developing more effective therapies®.

To improve therapeutic outcomes, researchers are now investigating alternative
strategies, including inhibitors that target other components of the UPS or related protein
degradation pathways. For instance, drugs that interfere with upstream regulatory elements
of the UPS or target specific degradation pathways, such as ER-associated degradation (ERAD),

are being explored. Additionally, the development of inhibitors against p97 (also known as
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VCP), a key ATPase involved in the extraction of misfolded proteins from the ER for
proteasomal degradation, represents a novel therapeutic avenue®''2 (Figure 5). These
strategies aim to exploit cancer cells' reliance on efficient protein degradation pathways while

minimizing the emergence of resistance.
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Figure 5: Various modes of UPS targeting. The UPS function can be compromised on various
levels using specific drugs: Proteasome lid (19S)-targeting drugs (RA190, capzimin).
Proteasome barrel (20S)-targeting drugs (bortezomib, carfilzomib, ixazomib, and MG132).
Drugs interfering with the function of ubiquitination cascade (MLN7243, Nutlin-3). Drugs
inhibiting p97-translocase complex (CB-5083, CUET)
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1.2. Genotoxic stress

Beyond proteins, DNA is another critical macromolecule that can suffer damage from various
physical and chemical agents, leading to DNA lesion induction with potentially severe cellular

consequences (Figure 6).

X-rays
Oxygen radicals UV light X-rays Replication
Alkylating agents Polycyclic aromatic ~ Anti-tumour agents errors
Spontaneous reactions hydrocarbons (cis-Pt, MMC)
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Abasic site Bulky adduct Double-strand break T-C Mismatch
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Figure 6: Sources of genotoxic stress and resulting types of DNA lesions. Natural sources, such
as ionizing radiation (e.g., X-rays), are among the most common causes of exogenous DNA
damage, inducing single-strand breaks (SSBs) and double-strand breaks (DSBs). UV light
induces the formation of DNA lesions like 6-4 photoproducts (6-4 PPs) and cyclobutane
pyrimidine dimers (CPDs). Anti-cancer drugs, such as cisplatin (cis-Pt) and mitomycin C (MMC),
are DNA-crosslinking agents that generate covalent interstrand cross-links. Other drugs like
topoisomerase inhibitors (e.g., camptothecin) block DNA-topoisomerase complexes, physically
impeding the progression of replication forks, often resulting in DSBs. Anthracyclines act as
intercalating agents, topoisomerase Il poisons, oxidizing agents, and crosslinking agents,
resulting in many different DNA lesions. Various DNA lesions can also be caused by endogenous
factors, including spontaneous replication errors, hydrolytic reactions, and metabolic by-
products that generate reactive oxygen species (ROS), reactive nitrogen species, lipid
peroxidation products, and reactive carbonyl species. (Drawing taken from*3)

In response to DNA lesions, cells activate a highly coordinated and complex network
known as the DNA Damage Response (DDR). The DDR is central to preserving genomic integrity
(GlI), a state in which the genome remains stable and free of deleterious mutations.
Maintaining Gl involves the precise coordination of numerous processes, including DNA
damage sensing, the signaling and repair of lesions, checkpoint activation to control cell-cycle

progression, and, when necessary, initiating apoptosis or permanent cell cycle block
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(senescence) if the damage is irreparable or too severe. Additionally, DNA repair must occur
within the context of chromatin, necessitating complex interactions between DDR
components and chromatin remodeling machinery to ensure that the DNA is accessible and
that the repair is efficient. Integrating these processes ensures that cells can adequately
respond to DNA damage, preventing the accumulation of mutations that may lead to genomic

instability, a hallmark of many diseases, including cancer!314,

Among the most deleterious types of genotoxic stress are factors leading to formation
of double-strand breaks (DSBs), where both strands of the DNA helix are severed. DSBs can
result from exposure to ultraviolet (UV) light, ionizing radiation, DNA-damaging agents,
replication obstacles, and oxidative stress. Left unrepaired, or improperly repaired, DSBs can
give rise to large-scale genomic alterations, such as deletions, translocations, and aberrant
DNA fusions. These events are key drivers of genomic instability, a hallmark of cancer
development. The cellular response to DSBs is orchestrated by a network of kinases, including
ataxia-telangiectasia mutated (ATM), ATM and Rad3-related (ATR), and DNA-dependent
protein kinase catalytic subunit (DNA-PKcs). These kinases activate a broad range of
downstream effectors responsible for coordinating DNA repair, cell cycle checkpoints
activation, and, when necessary, apoptosis'® (Figure 7). The potential of DSBs to induce not
only genomic instability but also cell death underscores the delicate balance between DNA

damage and repair in cancer therapy.
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Figure 7: Simplified overview of main responsive pathways to the presence of DNA breaks.
DSBs are recognized by the MRN complex, which activates preferentially ATM kinase. ATR
kinase is preferentially activated in response to the presence of ssDNA in an RPA-ATRIP-
dependent manner. Both kinases phosphorylate multiple downstream targets involved in DNA
repair, cell-cycle regulation, and apoptosis. Both kinases may share some substrates (Drawings
taken from*®).

Overall, effective genomic integrity maintenance is vital for organismal health, playing a crucial
role in preventing premature aging, neurodegenerative diseases, and cancer. Unfortunately,
the DDR pathways can be compromised by inherited or acquired mutations in key genes, by
viral infections?®, or by exogenous chemical or physical interferers. In such cases, even a low

amount of DNA damage can easily surpass a cell's capacity for repair. Resulting genomic
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instability acts as a significant catalyst for carcinogenesis by triggering a series of events that
may lead to the accumulation of pro-oncogenic mutations, allowing the cell to continue

proliferation and ultimately setting the stage for complete malignant transformation.

In cancer cells, defects in the DDR are very common, which makes them genomically
unstable and prone to rapid clonal evolution, which often promotes treatment evasion. At the
same time, DDR defects can be viewed as a potential vulnerability and, thus, a target for
therapeutic intervention. Indeed, many of the foundational therapies used to treat cancer,
such as ionizing radiation and first-generation chemotherapeutic agents, challenge the DDR by
introducing additional DNA damage. This approach exploits not only the intrinsic defects in
DNA repair mechanisms that limit the repair efficacy but also gains from the fact that cancer
cells very often exhibit elevated levels of spontaneous DNA damage'’ due to various internal
factors, including unscheduled or aberrant DNA replication, compromised cell cycle
checkpoints, increased oxidative damage, and heightened accumulation of genotoxic
metabolic byproducts. Thus, DDR defects and higher levels of spontaneous DNA damage make
cancer cells more likely to succumb to additional DNA damage induced by genotoxic

treatment.

The therapeutic rationale for using DNA-damaging agents and/or DDR interferers in
cancer treatment mirrors the concept of exploiting proteostasis deficiencies in cancer cells,
discussed in Chapter 1.1. By pushing cancer cells beyond their already compromised capacity
for DNA repair, these therapies aim to induce destructive damage, leading to stable cell cycle
arrest or apoptosis. However, despite their efficacy, DNA-damaging therapies come with
significant challenges. Because these agents also damage the DNA of normal cells, they cause
severe side effects, including myelosuppression, mucositis, and induction of secondary
malignancies. Furthermore, cancer cells can rapidly develop resistance to these treatments,
often by activating alternative DNA repair pathways, upregulating efflux pumps to remove the

drugs, or altering the expression of DNA-damage-triggered cell death regulators.

‘Therefore, ongoing research seeks to deepen our understanding of DDR to develop new
generations of anticancer drugs that exploit specific DDR defects. For example, tumors with

mutations in DNA repair genes, such as BRCA1 or BRCA2, are particularly sensitive to intrinsic
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or extrinsic genotoxic insults in case of inhibition of complementary DNA repair pathways. This
concept, known as synthetic lethality, exploits the idea that cancer cells already deficient in
one repair pathway become reliant on alternative repair mechanisms. By inhibiting these
alternative pathways, e.g., by PARP inhibitors, cancer cells can be easily pushed beyond their
repair capacity, leading to cell-cycle arrest or death®®. In addition to PARP-targeted therapies,
inhibitors of critical proteins in the homologous recombination DNA repair pathway, such as
BRCA1 or RAD51, combined with traditional genotoxic treatments, enhance cancer cell death
by further limiting the repair options available to tumor cells. Similarly, inhibitors of the ATR,
Chk1, or ATM kinases, which play central roles in the DDR, are being explored for their potential

to enhance the efficacy of existing treatments or overcome acquired resistance®.

A promising strategy for enhancing the efficacy of classical (direct DNA damage
induction) and advanced cancer therapies (targeting DDR components) lies in the combined
targeting of other cellular stress responses. Particularly, co-targeting proteotoxic and genotoxic
stress pathways might improve patient outcomes significantly. This approach, which is among
the primary focuses of our research, seeks to exploit the unique combined vulnerabilities of
cancer cells by simultaneously inducing DNA damage (directly or by DNA repair inhibitors) and
disrupting protein homeostasis. The rationale behind this strategy is based on the observation
that both proteotoxic and genotoxic stress are already elevated in most cancer cells due to
inherent defects in their cellular metabolic and maintenance pathways. By challenging these
two critical stress responses together, we may be able to drive synergistic cancer cell death
while potentially overcoming the resistance mechanisms that often limit the efficacy of

individual therapies.

For instance, inhibiting the UPS or heat shock proteins impairs the cancer cell’s ability
to degrade misfolded proteins and trigger proapoptotic signaling, which might be
compensated by anti-apoptotic regulation. If simultaneously DNA damage is introduced into
the same cell, the proapoptotic signaling of these two pathways is combined, and the balance

could be shifted toward cell death.

Another reason for the treatment efficacy of the convergence of these two stressors
may be in the cellular resource allocation. It has been known for a long time that drugs
inhibiting protein degradation, like bortezomib, can significantly alter the recruitment of

essential DNA repair factors to sites of DNA damage?°. Mechanistically, it is due to ubiquitin
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insufficiency. Ubiquitin (Ub), a small regulatory protein in eukaryotic cells, is pivotal for various
cellular processes, including DNA repair and proteostasis. Ubiquitin achieves these roles by
tagging proteins either for degradation by the proteasome (K-48-linked Ub chains) or for
modulating protein interactions and functions (monoubiquitylations, K-63-linked and various

mixed and branched Ub-chains) (Figure 8).
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Figure 8: Scheme depicting different types of substrate ubiquitination. Long K48-linked chains
ubiquitylate proteins dedicated to proteasomal degradation. Proteins involved in DNA repair
signaling are mostly polyubiquitinated by K-63 linked chains or monoubiquitinated.

If the proteasome cannot degrade the polyubiquitinated proteins, large amounts of
ubiquitin-tagged proteins accumulate within the cells, trapping most of the Ub in long K48-
linked chains. The ubiquitin molecules are not recycled, leading to the shortage of free Ub,
which limits E3-ligases such as RNF8 and RNF168, which ubiquitinate histones and other
proteins within DNA damage sites to facilitate the recruitment of DNA repair factors like BRCA1
and 53BP12%21, Ubiquitination also regulates the activity of the Fanconi anemia (FA) pathway,
which is crucial for repairing DNA interstrand crosslinks?2. Monoubiquitylation of the FANCD2
protein is a critical step in activating this pathway, allowing for the coordination of nucleolytic

incision, translesion synthesis, and homologous recombination-mediated DNA repair?2.

Interestingly, the competition for ubiquitin between DNA repair and proteostasis also
happens spontaneously in cancer cells due to elevated proteotoxic stress. Cancer cells often
develop mechanisms that dysregulate ubiquitin usage and/or DNA repair pathways to manage
this condition. Such adaptations frequently exacerbate mutations, chromosomal
rearrangements, and aneuploidy, accelerating oncogenesis and contributing to poor
prognosis?3.
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The dual-targeting strategy aimed at DDR and proteostasis has the added benefit of
potentially reducing the doses of each treatment, thereby mitigating the severe side effects
often associated with genotoxic therapies. By lowering the required dose of DNA-damaging
agents, we may decrease the damage inflicted on normal, healthy cells, which are more adept

at handling moderate levels of genotoxic or proteotoxic stress than cancer cells.

Some preclinical studies have already shown promising results using this approach. For
instance, proteasome inhibitors such as bortezomib or carfilzomib are combined with radiation

therapy or DNA-damaging chemotherapeutic agents 2%,

Despite the potential of this combined approach, there are still several challenges that
need to be addressed. One of the key obstacles is understanding the complex cross-talk
between the pathways regulating genotoxic and proteotoxic stress, as well as identifying the
most effective points of intervention. Cancer cells are highly adaptable and may activate
compensatory mechanisms to survive combined stressor assaults. Thus, a deeper
understanding of the molecular mechanisms that link these two stress pathways will be critical

for designing more targeted and effective therapeutic strategies.

Additionally, there is a need for the development of biomarkers that can predict which
cancers are most likely to respond to this combined approach. Certain cancers may have pre-
existing vulnerabilities in one or both pathways, making them more susceptible to the
combined treatment. For example, tumors with deficiencies in specific DNA repair pathways,
such as BRCA1/2 mutations, seem to be particularly sensitive to therapies that combine DNA-

damaging agents with inhibitors of the UPS or HSR?>7%7,

In summary, co-targeting proteotoxic and genotoxic stress represents an exciting and
innovative approach to cancer therapy, one that holds the potential to enhance treatment
efficacy, overcome resistance mechanisms, and reduce side effects. By leveraging the inherent
weaknesses of cancer cells in managing DNA and protein damage, this strategy offers a new
avenue for combating even the most resistant and aggressive tumors. Our research gathered
in the following parts of this habilitation dissertation contributes to refining this approach,
bringing new methodical approaches, identifying new drugs or optimal drug combinations,

and translating these findings into clinical practice to improve outcomes for cancer patients.
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2. ADVANCEMENTS IN TOOLS FOR INVESTIGATING GENOTOXIC AND PROTEOTOXIC STRESS
INDUCTION AND RELATED CELLULAR RESPONSES

Inducing specific cellular stresses, such as DNA or protein damage, followed by accurate
guantitative monitoring of individual lesions processing and global cellular responses, are
crucial for studying cancer biology, aging, and responses to genotoxic or proteotoxic agents,
including anticancer chemotherapeutics. Various techniques have been developed to induce,
detect, and quantify cellular stress insults, each with specific advantages and limitations.
During our research, we either optimized or developed novel methodological approaches to
address the limitations and challenges encountered in current DNA damage response (DDR)
and proteotoxic stress research. This chapter gathers our most significant published

advancements in this methodical field.

2.1. Replication stress inducers as the source of specific genotoxic stress

One of the ways DNA damage induction was studied in our research was the usage of so-called
replication stress inducers. These compounds primarily interfere with DNA replication, a
cornerstone of cellular proliferation, which is an energy and material-intensive process that
requires precise regulation and coordination. Various checkpoints and feedback mechanisms
ensure the fidelity of this process, and any perturbation or interference can lead to a cellular
state generally described as replication stress (RS). More specifically, RS is characterized by the
slowing down or stalling of DNA synthesis and/or replication forks, which can, in turn, threaten
genome stability, jeopardize cell survival, and have broader implications for the organism, such
as degenerative diseases and aging acceleration?®. Interestingly, replication stress is also a
known result of activated oncogenes??, which makes chemical factors capable of its induction
a valuable proxy tool for studying various stages of the oncogenesis process. Our long-term
experience and knowledge about chemical RS-inducers were gathered in a comprehensive
review’ (Biomolecules, 2017, corresponding author, attachment 1). The review outlines the
mechanisms these compounds induce RS and details their effects on mammalian cells,
including induced phenotypes, cellular responses, and commonly used doses in experimental

setups, all based on recent research.
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Interestingly, some RS inducers, such as aphidicolin, can damage DNA in a particular
way, manifested by the expression of breaks, gaps, and constriction in specific DNA regions,
which are evolutionary conserved and known as common fragile sites (CFSs)3!. CFS expression
is a feature that is also common for the aberrant activity of the oncogenes??. However, little is
known about why such DNA breakage points exist within the human DNA and how their
stability is regulated. Using a unique proteomics-based research strategy, we developed an
innovative method to study CFSs induced by low doses of aphidicolin. By designing DNA
sequences that emulate CFSs, particularly the human fragile site 16D sequence, we effectively
utilized them as bait to 'fish' interacting proteins. This innovative methodology identified
several proteins, among which Xeroderma pigmentosum protein group C (XPC) emerged as a
protein of keen interest due to its previously uncharted association with CFS maintenance33
(Journal of Proteome Research, 2016, corresponding author, attachment 2). XPC is primarily
acknowledged for its role in the global genomic nucleotide excision repair pathway?2. Our
study newly links XPC's role in safeguarding CFSs during replication stress. Subsequent
functional evaluations of XPC-depleted cells laid bare a spectrum of genomic anomalies
associated with CFS. These encompassed aberrant checkpoint signaling, hampered replication
fork progression, and the transmission of unresolved DNA replication intermediates into
successive cellular generations under RS. In summary, this study accentuates the importance
of XPC in safeguarding genomic integrity, especially at CFSs under RS conditions. Intriguingly,
our data generated by the study also sheds light on the enigmatic evolutionary conservation
of CFSs. We propose that CFC genomic loci may be an analogy to an electrical fuse that breaks
upon overload. Under RS, which is not handled correctly, these structures can break and
produce highly complicated and irreparable double-stranded DNA lesions, eliminating cells
from proliferation via senescence or triggering apoptosis. Indeed, we confirmed in many
experiments that aphidicolin is a potent inducer of cellular senescence, a form of stable
proliferation arrest, and one of the most prominent mechanisms protecting organisms from
cancer development34. The knowledge and experience with the aphidicolin senescing
properties were employed in one following study, which we used to design a screening
methodology to identify compounds with senolytic properties®. Senolytic drugs are a rapidly
developing class of compounds that selectively induce the death of senescent cells, which

accumulate within the organism during ontogenesis and may cause multiple harmful effects
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by secretion of pro-inflammatory and tissue-degrading molecules known as the senescence-

associated secretory phenotype3®.

2.2. An Advanced Method for Quantifying Low-dose DNA Damage and Replication Stress

Responses

We employed and optimized many DNA damage induction methods for our experimental
purposes using photon sources (UV light, X-rays, laser light), irradiation with high-energy
particles (e.g., alpha particles), and various DNA-damaging chemicals. However, for
guantitative analysis of DNA lesions and DNA repair kinetics, the traditional direct
electrophoresis-based methods, such as the comet assay (single-cell gel electrophoresis) and
field-inversion gel electrophoresis, lacked the necessary sensitivity for most of our studies.
Consequently, we predominantly used indirect detection of DNA lesions via DNA damage
protein markers, utilizing immunohistochemistry (IHC) followed by microscopy-based or flow
cytometry-based readouts. This approach enabled more precise monitoring and quantification

of DNA damage, enhancing our ability to investigate cellular responses in various contexts.

The usage of IHC, particularly the immunofluorescence-based detection of DNA
lesions, pushed us to develop a new, affordable, and effective solution for quantifying the
lesions in cells employing a regular fluorescence microscope and a standard personal
computer with commonly available open-source image analysis software!’ (Cell Cycle, 2009,
first author, attachment 3). This publication provided an efficient alternative to expensive and
specialized high-throughput screening devices. The introduced semi-automatic process allows
for a sensitive, quantitative, and rapid fluorescence image analysis of thousands of adherent
cells using immunofluorescent detection of serine-139 phosphorylated histone H2AX (y-H2AX)
to estimate delicate DNA breakage and extend a new dual-marker technique using RPA/Rad51
for evaluating specifically homologous recombination (HR)-based DNA repair. The method
proved particularly useful in assessing low radiation doses and DNA repairing kinetics. Our
collected data also provided insights into spontaneous DNA damage occurring in cancer cells
and a range of HR-repair events, both constitutive and those caused by replication stress. The

method also showcases the events' reliance on specific upstream factors within the DDR

21



system. The usefulness of this method, including various modifications, was proved in our

multiple studies 23:26:27,3337-50,

2.3. Photo-manipulation DNA Damage Techniques for Cellular Research

One of the most explored tools for investigating the intricacies of DNA damage response,
checkpoint signaling, and chromatin alterations in our research was the so-called laser micro-
irradiation approach. This technique enables scientists to inspect how various proteins and
posttranslational modifications are drawn to DNA damage sites in live or fixed cells. The
principle of the method employs a laser-scanning microscope (LSM) equipped with a laser of
adequate power and wavelength. Such a laser can be directed into specific subcellular areas,
including the nucleus. Depending on the laser light properties, the exposed DNA can be

damaged directly or after the pretreatment of cells with proper chemical photosensitizers

(Figure 9).
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Figure 9: Example of laser micro-irradiation technique for localized DNA damage within cell
nuclei. U-2-0S cells were pre-sensitized by BrdU incorporation and exposed to UV-A laser
irradiation in a defined path. Visible stripes were obtained by immunofluorescence staining of
proteins involved in DNA repair (green channel BRCA1, red channel y-H2AX). The blue channel
depicts DNA staining by DAPI.

22



The laser-induced damage assessment is done by analysis of the presence of DNA
damage protein markers, which can be GFP-tagged or immunolabeled®!. During our research,
we used this technique routinely; however, while immensely useful, the traditional approach
described in the available literature has been hampered by the cumbersome manual
pinpointing of laser-targeted subcellular areas. This limitation greatly restricts the number of
cells that can be laser-treated and examined in a given experiment. To overcome these
limitations, we devised a solution, shifting the traditional micro-irradiation techniques to a
new level, allowing rightful quantitative readouts. Instead of a few cells, our newly developed
technique can leverage the capabilities of standard laser-scanning microscopes and expose up
to 200 cells simultaneously to the laser>? (Scientific Reports, 2016, first author, attachment
4). Moreover, we have developed an automated quantitative readout for such laser damage
assessment. The trick relies on an advanced setting of the LSM microscope when the cells are
exposed to an organized pattern of collinear rays instead of manual targeting of individual cells,
resulting in distinct striation patterns with known parameters. The presented software
algorithm can automatically evaluate the laser-induced striation patterns and provide a
guantitative understanding of various laser-induced changes in individual cells, including the
time of protein recruitment to the damage sites, its quantity, and the persistence time. This
automation drastically reduces the time and effort previously needed in the manual definition
of laser path, amplifying the number of cells that can be included in a single experiment and
allowing robust statistical testing. Overall, the "Cells and Stripes" technique, as we named it,
opened a new era of microscopic micro-irradiation techniques in cellular research. We used it
in follow-up studies, including works where it was adapted for an alternative

photomanipulation technique known as fluorescence recovery after photobleaching®”>3.

2.4. Targeted Thermal Protein Damage for Proteotoxic Stress Research

By realizing how significantly laser-microiradiations shifted DNA damage research and our
expertise with this technique, we devised an idea to adopt a similar methodical approach for
damaging other subcellular protein-based structures. The introduction of a method to induce
localized protein damage, combined with real-time observation tools, could provide a
significant leap forward in the realm of cellular stress research with implications for

understanding cancer and degenerative diseases. However, any attempts for direct
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photodamaging proteins by LSM-embedded lasers or employment of protein-specific
photosensitizers failed. Finally, we found such a solution by introducing plasmonic nanosilver
technology. We covered the microscopic plates' cell cultivation surface with a thin nanosilver
layer. Such a modified surface is transparent but can emit heat if hit by laser light of a proper
wavelength via the plasmon resonance principle®*. Such a localized heat emission has the
ability to alter or damage protein structures within its vicinity in a very controllable manner in
real-time and with an achievable spatial resolution (approximately 200nm?)>> (Nature Comm,
2021, first author, attachment 5) (Figure 10). The significant advantage of the method is its
compatibility with standard laser-scanning microscopes, which opens it up to researchers
worldwide. Using this method, we followed the recruitment of the HSP70 chaperone and its
interacting proteins to the heat-damaged sites. We uncovered the kinetics of the process and
some mechanistic aspects that govern the rapid HSP70 recruitment. One of the most
illuminating findings from the study is the role of p97(VCP) translocase in response to local
heat damage. While its involvement in various cellular processes was known, making this
protein an attractive therapeutic target>?, its engagement in processing thermally damaged

proteins was a novel discovery.
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Figure 10: Overview of the method of induction localized subcellular heat damage. A laser of
proper wavelength can locally burn cells in contact with the plasmon layer. Heat-damaged
proteins are recognized by specific protein chaperones (e.g., HSP70). The effect can be
monitored in real-time using fluorescently tagged proteins.
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2.5. Monitoring of Cellular Responses in Hair Follicles

Our research occasionally transitions from cell line-based studies to preclinical and clinical
models involving laboratory animals and patients. We have developed a sophisticated
methodological approach utilizing follicular cells, which can be obtained non-invasively and
relatively quickly. These cells can be experimentally treated in vivo or ex vivo and analyzed
using various techniques for markers of DNA damage and other cellular responses. This
method relies on an innovative, in-house hair follicle collection and processing device,
providing sufficient biological material to replace invasive skin biopsies. The collected hair
follicles contain live epithelial cells, making them particularly relevant for various cancer and
aging studies. The method has been successfully tested using quantitative PCR to monitor the
expression of p21 and p16, genes associated with the DNA damage response and aging, as
well as immunofluorescence analysis of the DNA damage marker y-H2AX protein for which we
developed specialized image analysis software routine. Both mouse and human hair follicles
have been successfully used for such procedures* (Aging 2021, corresponding author,

attachment 6).

Additionally, this method has demonstrated its utility for genotyping, as the collection
procedure provides sufficient DNA for standard genotyping protocols. This approach aligns
well with animal research's 3Rs principle (replace, reduce, refine), offering significant ethical
and logistical advantages over biopsy-based methods commonly used for genotyping (Figure

11).
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Figure 11: Overview of the method for non-invasive collection of live follicular cells from
mice. An in-house developed and patented device allows an accessible collection of up to 300
hairs in a single shot. The hairs contain live follicular cells amenable to various analyses. Here
is an example: immunofluorescence analysis of radiation-induced DNA damage in follicular
cells of mice exposed to gamma rays (4 Gy). The blue channel depicts individual nuclei (stained
by DAPI), and the green channel y-H2AX signal. The red channel is autofluorescence of the hair
structure.

3. TARGETING PROTEOSTASIS AND DNA REPAIR IN CANCER BY DITHIOCARBAMATES

The following chapter provides a comprehensive overview of our experimental work focused
on targeting DNA repair and proteostasis mechanisms in cancer cells. A significant portion of
our research has centered on the drug disulfiram (DSF, Tetraethylthiuram disulfide,
commercially known as Antabuse), which was originally developed and remains widely used
for the treatment of alcohol dependency. Our interest in DSF stemmed from an initiative to
explore the potential of drug repurposing. This strategy holds great promise for addressing the
urgent need for more effective cancer therapies by identifying novel uses for existing

pharmaceuticals.

26



Disulfiram emerged as a compelling candidate not only due to a few clinical case reports
suggesting its potential efficacy in cancer treatment but also reported activity against a variety
of cancer types in preclinical studies®®. Beyond these observations, the published mechanistic
insights proposed to explain its anticancer activity aligned closely with our research focus. In
addition to its well-known role as an inhibitor of aldehyde dehydrogenase (ALDH) in vivo, DSF
has been suggested to function as a potential proteasome inhibitor, which directly intersects
with our long-standing scientific interest in the modulation of proteostasis pathways in cancer.
The potential ability of DSF to influence multiple key pathways relevant to cancer progression
makes it an attractive subject for further investigation, particularly in the context of targeting

the fundamental cellular processes of DNA repair and protein homeostasis.

3.1. NPL4, an adaptor of p97 segregase, as the primary anticancer target of disulfiram

Before deep mechanistic insights into DSF’s mode of action, we asked if its anticancer effects
could be proved on epidemiological data sets. In collaboration with the Danish nationwide
demographic and health registers, we performed a comprehensive nationwide
epidemiological study on alcoholics undergoing DSF treatment and came to a significant
finding: In case these patients got cancer and continuously used disulfiram after their diagnosis
as part of their alcoholism treatment, they exhibited a lower risk of death compared to those
who ceased its use upon diagnosis. This data strongly supports the potential therapeutic
benefit of disulfiram in cancer treatment and asks for a deeper mechanistic explanation of

DSF’s anticancer properties.

Multiple preclinical studies showed a valuable fact that DSF's anticancer efficacy strongly
depends on copper®’=°, The copper dependency suggests that DSF might be turned in into its
copper complex via a simple chemical reaction involving its spontaneously forming
intermediate diethyl-dithiocarbamate (DDTC), which is known as a highly potent copper
chelator forming with copper ions, a stable complex — termed as CuET
(diethyldithiocarbamate-copper complex). Indeed, our initial experiments with this compound

confirmed potent cytotoxicity within the nanomolar scale toward various cancer cell lines.

Next, we confirmed what was already suggested from previous studies: multiple cellular

phenotypes induced by CUET treatment resemble the effects of proteasomal inhibitors. Such
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initial data prompt us to conclude that CUET might be the primary anticancer metabolite of
DFS, and its anticancer effects imply proteostasis interference. The HPLC-MS method we
developed for measuring the CUET complex in blood and other tissues confirmed that this
complex is indeed formed in vivo and, interestingly, spontaneously also in vitro in cultivation
media, suggesting CuET is the active molecule not only in vivo but also in all published DSF’s

in vitro studies.

Next, we analyzed the effect of CUET on proteasomal degradation of proteins more deeply. By
systematic experiments, we surprisingly excluded that CuET inhibits proteasome directly.
Instead, we identified interference with the p97 pathway working upstream of the
proteasome. P97 (VCP) translocase and its cofactors are responsible for transporting

degradation-tagged proteins towards the proteasome® (Figure 12).
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Figure 12: Effect of CUET on protein degradation via targeting p97 translocase complex. The
proper function of p97 is critical for translocating defective proteins from ER to the proteasome.
Therefore, inhibition of the p97 function shares multiple phenotypes with proteasome
inhibitors (drawings adapted from*®°).

28



Notably, the p97 pathway is a popular and explored focus for cancer research looking
for alternatives to known proteasomal inhibitors®1262, Next, we identified the molecular target
of CuET, the NPL4 protein, an essential cofactor of p97 translocase®?, which directly interacts
with CuET. Such interaction leads to NPL4’s aggregation and formation of amorphous protein
deposits (APDs) within the cells (Figure 13), ultimately leading to its loss of function and whole
p97 pathway malfunction. The data were published in the prestigious Nature Journal>? (Nature
2017, shared first author, attachment 7). Overall, this work gathers the epidemiological
supportive correlation and identifies the anti-cancer metabolite of disulfiram and its molecular
target. Such a revelation underscores the immense potential of drug repurposing in the battle
against cancer and paves the way for harnessing the therapeutic potential of DSF, CuET, and
other dithiocarbamates in oncology. This work also directly initiated a phase Il clinical trial of
disulfiram with concomitant copper supplementation for women with metastatic breast
cancer in collaboration with three oncological centers in Czech Rep. The study aims to establish
clinical evidence for introducing disulfiram and concomitant copper supplementation as an
active therapy for metastatic breast cancer upon failure of conventional systemic and/or

locoregional therapies. (see also for details https://clinicaltrials.gov/study/NCT03323346)

Figure 13: NPL4 protein APDs in cells treated by CuET. Detailed image of U-2-0S cell expressing
GFP-tagged NPL4 protein after exposition to 1uM CuET for 2 hours. NPL4-GFP typically has a
diffuse pattern. CuET treatment leads to the formation of nuclear and cytoplasmatic deposits
of the NPL4-GFP; the protein also becomes immobile and non-dissolvable. (Scale bar = 10um).
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3.2. Deciphering Disulfiram's Anti-cancer Mechanisms: Beyond ALDH Inhibition

Before our revelation in Nature in 2017 (described above), the disulfiram’s (DSF) cancer-
fighting abilities were initially attributed to its role in inhibiting aldehyde dehydrogenase
(ALDH), a suspected biomarker and potential target for eradicating cancer stem cells®.
However, the scientific community did not wholly accept our new proposed mechanism, and
some still insist on the ALDH as the primary target. One such example was a publication in a
relatively prestigious EMBO Molecular Medicine, claiming ALDH as the primary DSF’s target,
providing in vitro evidence that DSF directly impacts ALDH activity, rendering cancer cells
deficient in BRCA1 and BRCA2 tumor suppressor genes very sensitive to such treatment®.
Thus, we decided to investigate the DSF’s ALDH-related targeting and either question this

publication or accept ALDH targeting as a significant contributor to DSF’s anticancer effect.

There are at least two problematic aspects of the ALDH theory for in-vitro studies. First
is the known dependency of DSF’s toxic effects on copper, which has been proven in multiple
research studies and has become an accepted fact. However, there is no chemical or biological
reason why adding copper ions into the culture media should render DSF an active ALDH
inhibitor. The second is an often overlooked fact: DSF is not a direct inhibitor of ALDH. The
mechanism of DSF’s ALDH inhibitory action has been known for over two decades and, for
unknown reasons, is ignored by many research teams. It involves various metabolization steps
including cytochrome P450-catalyzed oxidation of S-methyl-N,N-diethylthiocarbamate and S-
methyl-N,N-diethyldithiocarbamate intermediates in the liver that produces S-methyl-N,N-
diethyldithiocarbamate sulfoxide, S-methyl-N,N-diethylthiocarbamate-sulfoxide and -sulfone,
the fundamental metabolites that directly inhibit ALDH®®. Such a complicated chemical
transformation, which would have to occur spontaneously in culture media, seems highly
unlikely. Thus, we decided to adequately address this apparent inconsistency in multiple
studies claiming DSF as an inhibitor of ALDH in vitro to demonstrate that the research teams

misinterpreted their data.

Our initial focus was to establish that the in vitro toxicity of disulfiram (DSF) is entirely
dependent on the formation of CuET. Using HPLC-MS, we confirmed that CutET forms
spontaneously from DSF in standard cell culture media due to copper ions, which are always
present even without an extra addition as an indivisible component of the fetal bovine serum

supplement. Notably, when we removed all copper ions from the media using the metal
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chelator bathocuproinedisulfonic acid (BCDS) before DSF treatment, no CukET formation
occurred. DSF completely lost its toxic effects in such copper-ions-free media, including in cell
lines with defective BRCA genes. In other words, we validated that BRCA-defective cells are
not super-sensitive to DSF but to CuET, which is an interesting observation with significant
mechanistic consequences (addressed in more detail in our follow-up publication - see

further).

Subsequently, we tested the cytotoxic effects of known direct inhibitors of ALDH,
including DEAB and Me-DTC-SO, which are commonly used in in vitro studies. These
compounds were completely non-toxic within a rational concentration scale regardless of the
cancer cells' BRCA status. These findings were later published in Oncogene Journal*®

(corresponding author, attachment 8).

Beyond its corrective function, this work serves as a pivotal turning point in
understanding the role of DSF in cancer therapy. It highlights that the drug's anti-cancer effects
are primarily due to its copper-laden metabolite, CUuET, rather than ALDH inhibition, as was
widely believed. This insight is invaluable for future therapeutic directions. Additionally, the
study elucidates that the distinct cytotoxicity of DSF towards BRCA deficient cells is mediated
by CUET and not due to any ALDH-inhibitory action.

3.3. Disulfiram’s Targeting of NPL4 Impairs DNA Replication Dynamics and Induces ATR

Pathway Malfunction

As cellular BRCA1/2 gene status was reported and further confirmed by us as an essential
determinant of sensitivity to DSF’s metabolite CuET (see above), we were intrigued by the
mechanistic explanation. BRCA1 and BRACA2 genes are widely studied due to known
mutations directly linked to many breast and ovarian cancers®. Mechanistically, both BRCA
proteins ultimately contribute to the processing of DNA damage and prevent cells from
genotoxic stress and genomic instability due to their involvement in homologous
recombination-mediated DSB repair and various aspects of DNA replication®’. Therefore, we
logically asked if CUET activity might somehow contribute to the induction of DNA lesions

and/or interfere with DNA damage response, apart from its apparent effects on proteostasis.
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Notably, the target of CuET, the NPL4 protein, has also been reported to play a crucial role in

protein turnover within sites of DNA damage®®°°.

We set essential experimental insights using our advanced methodical tools (described
in more detail in Chapter 2) and found that CuET treatment effectively disrupts DNA replication
dynamics. Specifically, the progression of replication forks is hindered, leading to an
accumulation of single-stranded DNA (ssDNA) — a hallmark of elevated replication stress (RS),
which we documented by quantification of various DNA lesion markers, especially during the
S phase of the cell cycle. This damage prompts the activation of the homologous
recombination (HR) DNA repair pathway and explains the heightened dependency of the cells

on functional BRCA1/2 status.

More mechanistic insights revealed that the RS and subsequent DNA damage are linked
to NPL4 aggregation in other ways than initially expected. We discovered that CuET treatment
induces the impairment of the critical ATRIP-ATR-CHK1 signaling pathway. ATR kinase and the
whole signaling pathway it mediates are essential for the proper progression of replication,
particularly under the genotoxic stress conditions’>. The mode of the CuET-induced
impairment was surprising and unconventional as the crucial components ATR pathway, the
ATR and Chk1 kinases were found predominantly sequestered and immobilized within the
NPL4 APDs formed due to CUuET exposure, compromising their functionality. Overall, this
study?® (Cells 2020, corresponding author, attachment 9) offers a profound understanding of
how DSF's metabolite, CUET, can be a game-changer in cancer therapy. By targeting NPL4, CUET
not only induces proteotoxic stress, resembling the effects of inhibitors of proteasomal
degradation, but also severely impedes replication and DNA damage via malfunction of ATR
pathway-promoted inherent DNA-replication protective mechanisms. This dual action, which
was further boosted by the additional discovery that NPL4 APDs also sequester p53 protein
and interfere with translation®®, renders the tumor cells increasingly vulnerable, mainly if
inflicted by mutations in specific genome maintenance genes, opening a promising therapeutic

avenue.
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3.4. Cannabidiol Interference with Disulfiram’s Anti-Cancer Efficacy Through the

Metallothionein Pathway

Due to our work and the contributions of other research teams, DSF has been recognized
beyond its traditional role as an alcohol-aversion medication as a potentially potent anticancer
drug, especially if combined with copper ions supplementation. It is now being deeply
explored for its potential anti-cancer properties in multiple ongoing clinical trials’*. However,
while preclinical studies and limited clinical trials support its therapeutic potential in oncology,
there are variations in the first published clinical outcomes from recent years. Thus, we
immediately asked for potential factors limiting the efficacy of DSF treatment in patients. We
realized that one such reason could be interference from other drugs often used concomitantly

during cancer therapy.

To address such potential unwanted drug-drug interactions, we utilized our unique
access to a high-throughput robotic screening platform accompanied by automated
fluorescent microscopy evaluation. This approach allowed us to systematically screen over
1,400 biologically active compounds used in clinics or preclinical research for potential
interactions. Our screening setup employed the published methodology for detecting NPL4-
GFP aggregates using fluorescence microscopy, which can be quantified using microscopic

fluorescence readouts.

One of the most potent hits identified in the screen was cannabidiol (CBD), a major
component of Cannabis sativa L. (marijuana), which efficiently diminished the formation of
NPL4 aggregates and also the toxic effects of DSF and its active metabolite CukET. Identifying
cannabidiol as a probable agent causing resistance to DSF in clinical setups is particularly
relevant because Cannabis sativa-derived compounds have gained increasing popularity
among cancer patients for their potential to reduce cancer treatment side effects and are now
more accessible due to relaxed regulations. The US Food and Drug Administration (FDA) has
approved several cannabis-derived drugs for treating various conditions, including
chemotherapy-induced nausea and vomiting. Notably, surveys among cancer patients

revealed that cannabinoids are very often used off-label’?774,

Further mechanistic insights into cannabidiol's protective role against the toxic effects

of CuET revealed that in the intricate cellular environment, cannabidiol triggers the expression
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of metallothioneins — proteins that bind and sequester heavy metal-based substances. This is
particularly significant given that CuET contains copper. Further experiments established a
clear negative correlation between the levels of metallothioneins and DSF/CUET toxicity”>

(Molecular Oncology 2022, corresponding author, attachment 10).

Overall, this study highlights the undesirable consequences of combining marijuana
products with DSF-based cancer therapy, as it jeopardizes its therapeutic efficacy. Conversely,
it demonstrates that cancer cells deficient in metallothioneins are more susceptible to CuET's
action. This finding also raises the prospect of using metallothionein levels to personalize DSF-
based treatments, serving as a predictive biomarker for DSF's efficacy in patients. Thus,
personalizing DSF therapy based on metallothionein expression could enhance therapeutic
outcomes, tailor treatments to individual patient profiles, and maximize the anticancer

potential of DSF.

Additionally, this research underscores the importance of considering drug-drug
interactions in clinical protocols, particularly with the growing use of cannabis-derived
compounds in medical settings. Further clinical studies are warranted to validate these findings
and integrate them into comprehensive treatment strategies for cancer patients. This finding
also serves as a cautionary note, emphasizing the need to re-evaluate the concomitant usage
of marijuana-based products in various cancer therapeutic regimens, which has been largely

ighored.

In response to this research need, we extended our cannabinoids investigation to other
metal-containing cancer chemotherapeutics, specifically platinum-based drugs. Strikingly,
cannabinoids, particularly CBD and also Cannabis sativa extracts, were found to reduce the
toxicity of cisplatin, oxaliplatin, and carboplatin, the three most clinically used platinum drugs.
However, in this particular scenario, the mechanistic insights did not confirm the protective
role of elevated levels of metallothioneins. Instead, Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) analyses suggested that cannabinoids have the potency to interfere
with intracellular platinum accumulation, likely through altered cellular transport and/or
retention of these drugs’® (Biomedicine & Pharmacotherapy 2023, corresponding author,

attachment 11).
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Overall, these findings highlight the complex interactions between cannabinoids and
chemotherapeutic agents, necessitating careful consideration and further investigation. The
potential reduction in drug efficacy, either due to stimulation of the protective metallothionein
pathway or due to altered drug transport and retention mechanisms, underscores the need

for a cautious approach when integrating cannabinoids into cancer treatment regimens.

As this topic was relatively new and unexplored, we compiled and published a
comprehensive review of known interactions between CBD and standard-of-care
chemotherapeutics’’ (Int J Mol Sci 2023, corresponding author, attachment 12). The review
details how cannabinoids can potentially interfere with the therapeutic efficacy of many
different cancer chemotherapeutics through various mechanisms. We discussed how CBD and
other cannabis-derived compounds may affect drug metabolism, transport, and cellular
uptake, ultimately influencing the pharmacokinetics and pharmacodynamics of these
chemotherapeutic agents. Overall, we concluded that despite the benefits cannabinoids
provide in alleviating chemotherapy side effects, patients and healthcare providers should
reconsider or avoid combining them with ongoing chemotherapy, at least for a subset of
anticancer drugs, until more is known about their interactions. Furthermore, we highlighted
the need for more robust clinical trials and mechanistic studies to elucidate these interactions

and their implications fully.

3.5. Disulfiram’s Repurposing to Overcome Resistance of Multiple Myeloma

In our quest to identify which type of cancer diagnosis could benefit most from DSF-based
treatment, we concluded that multiple myeloma (MM) might be among the primary
candidates. MM is a type of blood cancer that affects plasma cells in the bone marrow, which
are responsible for producing large amounts of antibodies. This metabolic demand makes
them uniquely reliant on proteostasis, which makes these cells particularly prone to
proteostasis dysregulation®. MM cells proved to be among the most responsive to CuET

treatment in our panel of tested cancer cell lines>3.

Although there are effective drugs targeting MM, including Bortezomib (Velcade),
Carfilzomib (Kyprolis), and Ixazomib (Ninlaro), which target the proteasome, MM often

remains a challenge due to treatment-induced resistance. This resistance can arise from
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mutations in proteasome proteins, overexpression of these proteins, or metabolic adaptations

such as a reduced proteasome load due to decreased protein production®®.

Therefore, instead of proposing DSF as a primary treatment for MM, we hypothesized
that the unique properties of DSF’s metabolite, CUET, could offer an advantage over standard
proteasome inhibitors, particularly in targeting resistant MM cells. Our findings supported this
hypothesis, as CUET demonstrated potent activity against MM cells that had developed
resistance to frontline MM drugs like Bortezomib and Carfilzomib. Furthermore, CuET was
equally effective as experimental drugs targeting protein degradation pathways upstream of

the proteasome, such as p97 translocase inhibitors®!2,

We further tested CuET’s ability to overcome resistance mechanisms associated with
reduced proteasome load, a scenario where traditional protein-turnover targeting drugs
ultimately lose efficacy’®. Remarkably, CUET bypassed this resistance mechanism, likely due to
its additional impact on the DNA damage response we identified previously (see Chapter 3.3

for details), amplifying its therapeutic potential.

Overall, this study*’ (Cell Death and Diseases 2022, corresponding author, attachment
13) highlights a promising therapeutic avenue for MM patients, especially those facing disease
recurrence due to treatment resistance. By repurposing disulfiram and pairing it with copper
supplementation, we may be able to transform the therapeutic landscape for resistant

multiple myeloma.

3.6. Novel Dithiocarbamate-Copper Complexes Targeting the p97/NPL4 Pathway in Cancer
Therapy

In multiple studies (as referred above), we demonstrated the anticancer efficacy of the
bis(diethyldithiocarbamate)-copper complex (CuET), a metabolic product of the anti-alcoholic
drug disulfiram. Chemically, CuUET belongs to a large family of dithiocarbamates (DTCs), many
of which possess the capability to chelate copper, and some of them have already been
investigated for their anticancer properties’®’°. We aimed to determine whether CuET's ability
to inhibit the NPL4 protein, with proteotoxic and genotoxic consequences leading to cancer

cell death, is unique to this particular dithiocarbamate or is shared by more DTC-Cu complexes.
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To this end, we evaluated 20 different DTC-Cu complexes, which we obtained to determine

their capacity to induce NPL4 protein aggregation.

Our findings revealed that a significant number of these complexes, despite their
structural differences, could target and aggregate the NPL4 protein in cancer cells, leading to
typical proteotoxic stress-related responses and cytotoxicity. Specifically, thirteen of the tested
complexes exhibited these properties, mirroring the effects of CUET and demonstrating in vitro
efficacy in the nanomolar range. Notably, only those complexes capable of inducing NPL4
aggregation were cytotoxic to cancer cells, underscoring NPL4 as a crucial target in their

mechanism of action (Figure 14).
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Figure 14: Overview of identified active dithiocarbamate copper complexes. Multiple
structurally different dithiocarbamates make stable copper complexes, which are toxic to
cancer cells, induce NPL4 protein aggregation, and are typical for proteotoxic stress.

One of the study's key conclusions explores the underlying mechanism by which these
complexes affect the NPL4 protein. It seems highly unlikely that the structurally diverse DTC-

copper complexes targeting NPL4 bind directly to a specific protein pocket. Instead, it appears
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they just deliver cupricions to the vicinity of the protein. NPL4 harbors two zinc-finger domains
with a high affinity for bivalent metals. We speculate that at least one of these domains
competes for the copper ion with the DTC-copper complexes. Once copper binds to the
domain instead of zinc, the tertiary or quaternary structure of the NPL4 protein collapses,

leading to aggregation and APDs formation.

Overall, this study® (European Journal of Medicinal Chemistry 2023, corresponding
author, attachment 14) introduced 13 structurally diverse DTC-Cu complexes capable of
effectively targeting the NPL4 protein in cancer cells, leading to proteotoxic stress and cancer
cell death via the exact mechanism we previously reported for CuET®3. The study further
reinforces the relevance of targeting proteostasis in cancer therapy and suggests that these
complexes act as delivery systems for cupric ions to destabilize the NPL4 protein. The results
provide a foundation for further exploration of DTC-Cu complexes in drug development,
potentially enhancing anticancer treatment strategies by exploiting vulnerabilities in cancer

cell proteostasis.

3.7. Leveraging Disulfiram, Vorinostat, and PARP inhibitors for Combating Castration-

Resistant Prostate cancer

Castration-resistant prostate cancer (PCa) remains a formidable clinical challenge. In our
research, we aimed to propose new therapeutic strategies by repurposing clinically available
drugs to target specific genotoxic and proteotoxic stress responses relevant to this particular
cancer subtype. We evaluated a combination of drugs, including PARP1 enzyme inhibitors
(PARPi), vorinostat (a histone deacetylase inhibitor), and disulfiram (DSF), traditionally used
for alcohol abuse treatment, including its active copper-chelating metabolite CuET, in
conjunction with ionizing (gamma) irradiation (IR). The rationale for this selection was based
on the documented anticancer effects of these drugs and their impact on DNA repair and

protein turnover mechanisms.

The drugs, both individually and in combination with IR, were tested on three distinct
human PCa cell lines, including the particularly challenging radio-resistant stem-cell-like
DU145-derived cells. Our study used immunofluorescence and immunoblotting techniques to

elucidate the cellular pathways influenced by these drugs, specifically the DNA damage repair,
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proteotoxic stress markers including heat shock activation, and activated unfolded protein

response (UPR) pathways.

PC3 cells exhibited increased sensitivity to the combination of PARPi and IR, which we
attributed to diminished homologous recombination (HR) repair mechanisms in this cell line.
Vorinostat sensitized DU145 cells to the PARPi/IR combination, reducing mutant p53 levels.
Notably, it also effectively countered the radioresistance typical for the stem-cell-like DU145-

derived cells.

DSF with copper and direct treatment with CUET demonstrated strong cytotoxic effects across
all tested PCa cell lines. These treatments induced a robust unfolded protein response (UPR),

as evidenced by markers such as ATF4, CHOP, and phospho-elF2a.

Our study?’ (Prostate 2018, corresponding author, attachment 15) builds a compelling
case for targeting genotoxic and proteotoxic stress responses through strategic combinations
of clinically available drugs. By highlighting the potential of these drug combinations, our
research suggests a promising therapeutic strategy for the challenging landscape of castration-
resistant PCa. The insights gained from this study can serve as a foundation for developing

innovative, real-life treatment concepts.

4. SUMMARY

This habilitation thesis provides a comprehensive overview of published research focused on
the cellular processes activated by proteotoxic and genotoxic stress. It highlights significant
advancements in both the development of tools and methodologies for studying these stress
responses, as well as novel mechanistic insights into key areas such as proteostasis, DNA repair,
and tumorigenesis. Several studies have also explored the potential of targeting these

pathways as therapeutic strategies for cancer.

Methodologically, we review various chemical inducers of replication stress and DNA
damage used in in-vitro experiments3’, including aphidicolin, a compound introduced here as
a promising tool for high-throughput senescence induction®. Aphidicolin was also employed
in our innovative proteomic approach, leading to the identification of Xeroderma

pigmentosum group C (XPC) as a critical factor in maintaining common fragile sites stability33.
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Furthermore, we developed advanced tools for the induction and quantitative assessment of
DNA damage, including immunofluorescence-based assays, reporter cell lines with GFP-tagged
proteins, and specialized microscopy techniques'’>2. One notable development is our method
for inducing localized subcellular heat damage, which enabled us to investigate the cellular
response to damaged proteins. This work uncovered new roles for HSP70 and the p97
translocase in protein quality control®®. Additionally, we introduced a non-invasive method for
collecting hair follicle cells from laboratory animals and humans, facilitating in vivo and ex vivo
studies of DNA damage and other stress responses. This approach offers a valuable alternative

to invasive biopsies in the context of cancer and aging research®.

On the mechanistic side, we introduced the concept of intracellular resource allocation
under conditions of elevated proteotoxic stress, particularly focusing on ubiquitin availability.
We demonstrated that limited ubiquitin resources lead to changes in the expression of the
RNF168 E3 ligase, with significant implications for genomic stability and sensitivity to specific
anticancer therapies?3. Our research also elucidated the mechanism underlying the anticancer
activity of disulfiram (DSF), a drug currently repurposed for oncological use. DSF, through its
metabolite CuET, targets the p97/NPL4 pathway, disrupting proteostasis and inducing protein
aggregation®3. Further insights revealed that NPL4 is the main target of CuET, causing its
aggregation and formation of NPL4’s insoluble deposits (APDs). Interestingly, these APDs
sequester many other proteins, including essential factors of the ATRIP-ATR-CHK1 pathway,
causing additional replication stress and DNA damage in cancer cells?®. This results in
heightened replication stress and DNA damage, particularly in cancer cells with DNA repair
defects?”%¢, and explains the surprising efficacy of CUET treatment in multiple myeloma cells
resistant to UPS inhibitors*®. Moreover, our research clarified previous misconceptions
regarding DSF’s role as a direct inhibitor of aldehyde dehydrogenase®®. Based on the
exceptional anticancer properties of CuET, we expanded our investigations to other
dithiocarbamates, revealing a shared mechanism of action for copper complexes of these
compounds, which opens new therapeutic possibilities for advanced and drug-resistant

cancers®0.

Overall, this habilitation thesis presents a cohesive body of work that significantly

advances the understanding of cellular responses to genotoxic and proteotoxic stress, while
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contributing innovative experimental tools and offering promising therapeutic strategies for

cancer treatment.
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5. ABBREVIATIONS

6—4 PPs
ALDH
APDs
ATF4
ATF6
ATF6C
ATM
ATR
ATRIP
BCDS
BIP
BrdU
BRCA1
BRCA2
BRCA1/2
CBD
PCa
Chk1
Chk2
CHOP
CFSs
cis-Pt
CuET
DAPI
DDR
DEAB
DNA-PKcs
DSBs
DSF

Pyrimidine(6—4)pyrimidone photoproducts (UV-induced DNA lesions)
Aldehyde dehydrogenase

Insoluble protein deposits

Activating transcription factor 4 protein

Activating transcription factor 6 protein

Cleaved form of activating transcription factor 6

Ataxia-telangiectasia mutated kinase

ATM and Rad3-related kinase

ATR-interacting protein

Bathocuproinedisulfonic acid

Binding immunoglobulin protein (GRP78, glucose-regulated protein 78)
Bromodeoxyuridine (synthetic nucleoside used in cell proliferation assays)
Breast cancer 1, early onset protein

Breast cancer 2, early onset protein

Referring to both BRCA1 and BRCA2 genes

Cannabidiol

Castration-resistant prostate cancer

Checkpoint kinase 1

Checkpoint kinase 2

C/EBP homologous protein

Common fragile sites

Cisplatin (chemotherapeutic drug)
bis(diethyldithiocarbamate)-copper complex
4',6-diamidino-2-phenylindole (a fluorescent stain that binds to DNA)
DNA damage response

4-(Diethylamino)benzaldehyde

DNA-dependent protein kinase catalytic subunit kinase
Double-strand breaks

Disulfiram, Tetraethyl thiuram disulfide, Antabuse
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DTC
DTC-Cu
DTCs
DU145
elF2a
EMA
ER
ERAD
FANCD2
FA

FDA

Gl
HSP70
HSP90
HSPs
HSR
HPLC-MS
HR

IHC
ICP-MS
IREla

LSM
MMC
MM
MRE11
MRN
NBS1
NPL4
PARP
PARPi

Dithiocarbamate

Copper complex with dithiocarbamate
Dithiocarbamates

Human prostate cancer cell line

Eukaryotic translation initiation factor 2a protein
European Medicines Agency

Endoplasmic reticulum

ER-associated degradation

Fanconi anemia, complementation group D2 protein
Fanconi anemia

US Food and Drug Administration agency

Genomic integrity

Heat shock protein 70

Heat shock protein 90

Heat shock proteins

Heat shock response

High-performance liquid chromatography-mass spectrometry
Homologous recombination

Immunohistochemistry

Inductively coupled plasma mass spectrometry
Inositol-requiring enzyme 1 alpha

lonizing (gamma) irradiation

Laser-scanning microscope

Mitomycin C (chemotherapeutic agent)

Multiple myeloma

Meiotic recombination 11 homolog (part of the MRN complex)
MRE11-Rad50-NBS1 complex (involved in DNA repair)
Nijmegen breakage syndrome protein 1 (part of the MRN complex)
Nuclear protein localization 4 homolog protein
Poly(ADP-ribose) polymerase

PARP1 enzyme inhibitors
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p53
p62

PC
PERK
y-H2AX
p97
RAD51
Rad50
RNF8
RNF168
ROS
Rpnl
Rpnl10
Rpnll
Rpt1-6
RS
ssDNA
TOPBP1
U-2-0S
Ub
UPR
uv
VCP
Xbp1ls
XPC

Tumor suppressor protein p53

Sequestosome 1 (also known as SQSTM1, involved in autophagy)
Proteotoxic crisis

Protein kinase RNA-like endoplasmic reticulum kinase
Phosphorylated histone H2AX

Also known as VCP (Valosin-containing protein)

RAD51 recombinase protein

DNA repair protein (part of the MRN complex)

Ring finger protein 8

Ring finger protein 168

Reactive oxygen species

Regulatory particle non-ATPase 1 (part of the proteasome)
Regulatory particle non-ATPase 10 (part of the proteasome)
Regulatory particle non-ATPase 11 (part of the proteasome)
Regulatory particle triple-A ATPase subunits 1-6 (part of the proteasome)
Replication stress

Single-stranded DNA

DNA topoisomerase ll-binding protein 1

Human osteosarcoma cell line

Ubiquitin

Unfolded protein response

Ultraviolet radiation

Valosin-containing protein, p97 protein

Spliced form of X-box binding protein 1

Xeroderma pigmentosum protein group C protein
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Abstract: DNA replication is a highly demanding process regarding the energy and material supply
and must be precisely regulated, involving multiple cellular feedbacks. The slowing down or stalling
of DNA synthesis and /or replication forks is referred to as replication stress (RS). Owing to the
complexity and requirements of replication, a plethora of factors may interfere and challenge the
genome stability, cell survival or affect the whole organism. This review outlines chemical compounds
that are known inducers of RS and commonly used in laboratory research. These compounds act
on replication by direct interaction with DNA causing DNA crosslinks and bulky lesions (cisplatin),
chemical interference with the metabolism of deoxyribonucleotide triphosphates (hydroxyurea),
direct inhibition of the activity of replicative DNA polymerases (aphidicolin) and interference with
enzymes dealing with topological DNA stress (camptothecin, etoposide). As a variety of mechanisms
can induce RS, the responses of mammalian cells also vary. Here, we review the activity and
mechanism of action of these compounds based on recent knowledge, accompanied by examples of
induced phenotypes, cellular readouts and commonly used doses.

Keywords: replication stress; cisplatin; aphidicolin; hydroxyurea; camptothecin; etoposide; cancer

1. Introduction

The DNA molecule always has to keep the middle ground: it must be sufficiently rigid to maintain
correct genetic information while at the same time available for ongoing processes. DNA is particularly
vulnerable to insults during replication, a process where a copy of the genome is generated [1].
Replication must be tightly regulated because it is essential for genome integrity, and therefore the
fate of a new cellular generation. Accurate coordination of several cellular pathways is needed to
provide sufficient energy and material supply, precise timing and functional repair to overcome arising
difficulties [1].

Transient slowing or disruption of replication fork (RF) progression is called replication stress
(RS), which can be caused by a limitation of important factors and /or obstacles caused by intrinsic
and extrinsic sources [2]. Intrinsic sources of RS involve the physiological properties of the DNA
molecule, such as regions of heterochromatin structure, origin-poor regions or sites rich in some types
of repetitive sequences [3-5]. Other intrinsic sources of RS are generated by deregulated pathways
that cause over- and under-replication [6-8], re-replication (also known as re-duplication} [9,10], or by
transcription and replication machinery collisions [9].

The most common exirinsic sources of RS are all wavelengths of ultraviolet radiation (UV) [11],
ionising radiation (IR) [12] and special genotoxic chemical compounds [13] which are the main focus
of this review. RS-inducing chemicals can cause a broad spectrum of DNA lesions. Alkylating
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agents such as methyl-methane sulfonate (MMS) [14], temozolomide and dacarbazine [15] directly
modify DNA by attaching an alkyl group that presents an obstacle to RF progression. Moreover,
the bifunctional alkylating compounds (e.g., mustard gas) can cause the crosslinking of guanine
nucleobases [16,17] that violate the DNA structure even further [18]. Typical crosslinking agents
introduce covalent bonds between nucleotides located on the same strand (intrastrand crosslinks),
like cisplatin, or opposite strands (interstrand crosslink), like mitomycin C, and psoralens [18].
Crosslinks make the strands unable to uncoil and/or separate and physically black RF progression [19].
Even a small amount of unrepaired crosslinks (approx. 100-500) is reported to be lethal to a mammalian
cell [20]. Furthermore, single-strand DNA breaks (SSB) and double-strand DNA breaks (DSB) represent
a specific problem for ongoing replication which is well manifested by increased sensitivity of
replicating cells towards radiomimetic compounds (e.g., neocarzinostatin) [21]. Other compounds
do not damage the DNA structure directly but rather interfere with replication-related enzymes.
Apbhidicolin, an inhibitor of replicative DNA polymerases leads to uncoupling of the replicon and
generation of long stretches of single-stranded DNA (ssDNA) [22]. After hydroxyurea treatment,
an inhibitor of ribonucleotide reductase (RNR), the metabolism of deoxyribonucleotide triphosphates
(dNTPs) is disturbed, and subsequently, the RF progression is blocked [23]. Camptothecin and
etoposide, inhibitors of topoisomerase I and topoisomerase Il respectively, prevent DNA unwinding
and halt relaxation of torsional stress [24,25]. The most common sources of RS are illustrated in
Figure 1.

Several repair pathways are essential for rapid elimination of DNA distortions and lesions
introduced by the action of RS inducing compounds [26]. Removal and replacement of single
base damage (e.g., oxidised and alkylated bases), is performed by base excision repair (BER) [27].
More extensive damage affecting several adjacent bases is repaired by nucleotide excision repair
pathway (NER). NER is essential for repair of UV-induced damage such as cyclobutane pyrimidine
dimers, or pyrimidine-pyrimidone (6-4) photoproducts and also needed for crosslinks removal caused
by for example cisplatin [28]. Single-strand break repair in higher eukaryotes rely on poly(ADP-Ribose)
polymerase 1 (PARP1) and X-ray repair cross complementing 1 (XRCC1) depedent recognition of
the lesion, followed by end processing and ligation [29]. Double-strand breaks (DSBs) are processed
by either homologous recombination (HR), or non-homologous end-joining (NHE]). HR is active
predominantly in S and G2 phases using the sister chromatid as a template for repair with high
fidelity [30]. NHE], considered as an error prone pathway, performs DSB repair in all cell cycle stages
more rapidly by direct ligation of two unprocessed (or minimally processed) DNA ends [31].

All previously described specific structures and concomitant DNA lesions can challenge the
progression of RE. If the RF encounters a lesion which the replicative polymerase is unable to process as
a template, it becomes stalled [32]. Stalled RFs are vulnerable structures and may undergo spontaneous
collapse which leads to DSBs and genomic instability (GI) [33,34]. To avoid the harmful consequences
of stalled forks, several mechanisms—DNA damage tolerance pathways (DDT)—exist to bypass the
lesions and enable fork restart. One well-described process of DDT is translesion synthesis (TLS).
TLS promotes “polymerase switch” from the replicative polymerase to translesion polymerases,
which are able to continue replication across the lesion. TLS polymerases possess low processivity
and fidelity towards the template DNA strand. Therefore TLS is often referred to as the error-prone
pathway of DDT [32,34-36]. Among the DNA lesions which block the progression of RFs, interstrand
crosslinks (ICLs) belong to the most challenging to bypass [37]. Thus, a whole group of proteins called
Fanconi anaemia (FA) proteins evolved to govern the bypass and the repair of ICLs. The FA network
promotes the unhooking of the ICL by specific endonucleases, bypassing the lesion by TLS polymerases
or the repair by HR [5-7]. Patients with a defect in the FA protein family suffer from premature ageing,
show increased sensitivity to DNA crosslinking agents (e.g., cisplatin, mitomycin C) and predisposition
to certain types of cancers due to increased GI [38—40]. Although the FA pathway is involved mainly
in ICL repair, it contributes more generally to initial detection of RF arrest, processing and stabilisation
of the forks and regulation of TLS [41,42].
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DNA damage bypass can occur in an error-free manner through the activation of the other
branch of DDT, called template switching (TS). The process utilises the newly synthesised strand
of the sister duplex, using it as an undamaged template. TS can be promoted either by fork
regression or by strand invasion mediated by HR [34,36,43,44]. RF restart can also be achieved
by firing nearby dormant replication origins or by repriming events leaving behind lesion containing
single-stranded DNA (ssDNA) gaps which are subsequentially processed by DTT pathways [45-50].
Altogether, these processes ensure the rapid resumption of DNA synthesis, preventing prolonged fork
stalling and the potentially deleterious effects of replication fork collapse. However, upon persisting
RS, or non-functional RS response, the RF may fail to restart and collapse, most probably
due to destabilised, dysfunctional or displaced components of replication machinery [1,50-54].
Prolonged stalled replication forks are targeted by endonucleases followed by recombination-based
restart pathways [55,56].

Among the features of RS belong accumulation of long stretches of ssDNA [46,57], resulting from
the uncoupled activity of DNA polymerase and progression of DNA helicase [58,59]. The persisting
ssDNA is rapidly coated by replication protein A (RPA) that in turn generates the signal triggering
the checkpoint response through activation of Ataxia telangiectasia Rad3-related (ATR) checkpoint
kinase [60-63]. Once activated, ATR and its downstream target checkpoint kinase 1 (CHK1) help the
cell to faithfully complete DNA replication upon RS [52,53,64]. In addition, ATR as the central RS
response kinase contributes to the stabilisation and restart of the stalled forks even after the stress has
been removed [65]. The ATR-CHK1 pathway is responsible for cell cycle inhibition, suppression of new
origin firing, DNA repair and to the overall improvement of cell survival [62,66]. The role of Ataxia
telangiectasia mutated (ATM), another important checkpoint kinase, upon RS conditions is not as clear
and straightforward as of ATR. ATM is preferentially activated by DSBs which are generated in later
stages after RS induction, mostly after the RF collapse [67,68]. There is suggested interplay between
ATM and ATR during replication stress which becomes apparent under concomitant depletion of
both kinases [68]. Interplay between ATM, Werner helicase (WRN) and Bloom helicase (BLM) is
needed for the resolution of replication intermediates and HR repair pathway that is important for RF
restart [69,70].

Chronic replication stress conditions, particularly in the absence of proper DNA repair pathway
and/or non-functional checkpoint responses might result in the transfer of RS-related DNA alterations
to daughter cells, inducing mutations, Gl and fuelling tumourigenesis [1].

From this point of view, the RS is a strong pro-carcinogenic factor driving selective pressure for
acquisition of mutations overcoming cell cycle arrest or apoptosis [71,72]. This further leads to the
progression of malignant transformation and faster selection of mutations allowing development of
resistance to cancer treatment [73].

However, cells typically react on the prolonged exposure to RS by triggering mechanisms leading
to permanent cell cycle arrest known as cellular senescence or apoptosis [74,75] acting as a natural
barrier against tumour progression [76].

Several hereditary syndromes are linked to enhanced RS and GI. The spectrum of exhibited
symptoms is broad and includes premature ageing, growth retardation, neurodegeneration,
immunodeficiency, cancer predisposition and others. The disorders like Seckel syndrome (deficiency in
ATR kinase) [77], Ataxia telangiectasia caused (loss of ATM kinase) [78], Xeroderma pigmentosum
(XP); various defects in XP protein family group) [79] are caused by aberrations in DNA damage
recognition and repair enzymes [80]. Bloom and Werner syndrome (deficiency of BLM and WRN
helicase, respectively) [81,82], Fanconi anaemia (FA; mutations in FA pathway proteins) [83,84],
or Rothmund-Thomson syndrome (defects in RECQ like helicase 1 protein) [85,86] are related to
failure of replication fork progression and restart.

In general, RS is a potent inducer of variety of hereditary and non-hereditary diseases,
including the oncogenic transformation. The knowledge and understanding of the processes during
RS are crucial for choosing the most efficient therapy. The in vitro-based cell studies involving models

54



Biomaolecules 2017, 7, 19 4 of 36

of chemical induction of RS are unique source of information about molecular interactions and
undergoing mechanisms. For this review five compounds were chosen, all of them are commonly used
for cell-based experiments to induce RS. Several aspects are discussed in detail: mechanism of action
aimed at replication interference, proper dosing and common experimental setups. A brief overview
of the medical use and important practical hints for laboratory use are also included.
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Figure 1. Schematic view of the most common lesions causing replication stress. In the scheme,
several important replication stress (RS) inducing factors are illustrated: intra-strand crosslink (ISC),
inter-strand crosslink (ICL), alkylated /modified base (Me) and inhibition of replication related
enzymes. Compounds further described in the review are marked by red colour. RNR: ribonucleotide
reductase; DNA pol: DNA polymerase; Topol: topoisomerase [; Topoll: topoisomerase II;
APH: aphidicolin; HU: hydroxyurea; CPT: camptothecin; ETP: etoposide; cisPt cisplatin;
dATP: deoxyadenosine triphosphate; dTTP: deoxythymidine triphosphate; dCTP: deoxycytidine
triphospahte; dGTP: deoxyguanine triphosphate.

2. Compounds

2.1. Cisplatin

Cisplatin (cisPt) is an inorganic platinum complex first synthesised by Italian chemist Michel
Peyrone and originally known as ‘Peyrone’s chloride’ (Figure 2). The cytostatic activity of cisPt was first
reported by Barnett Rosenberg and co-workers in 1965 following accidental discovery of Escherichia coli
growth inhibition induced by the production of cisPt from platinum electrodes [87]. It is generally
considered as a cytotoxic drug for treating cancer cells by damaging DNA and inhibiting DNA
synthesis. cisPt is a neutral planar coordination complex of divalent platinum [88] with two labile chloride
groups and two relatively inert amine ligands. The cis configuration is necessary for the antitumour
activity [89], 3D structure of monofunctional cisPt bound to DNA structure can be found here [90].

NHa

Cl,
b

/ “NH
cl .
Figure 2. Cisplatin structure.

2.1.1. Mechanism of DNA Damage Induction

The cytotoxicity of cisPt is known to be due to the formation of DNA adducts, including
intrastrand (96%) and interstrand (1%) DNA crosslinks, DNA monoadduct (2%) and DNA~-protein
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crosslinks (<1%) [91]. These structural DNA modifications block uncoiling and separation of DNA
double-helix strands, events both necessary for DNA replication and transcription [92]. Inside a cell, cisPt
forms an activated platinum complex, which triggers a nucleophilic substitution reaction via an attack on
nucleophilic centres on purine bases of DNA, in particular, N7 positions of guanosine (65%}) and adenosine
residues (25%) [93]. The two reactive sites of cisPt enable the formation of the most critical crosslink
between two adjacent guanines (1,2-d(GpG)), resulting in the formation of DNA intrastrand crosslinks [94].
Also, platinum can align to guanine bases on the opposite DNA strand, thus creating DNA interstrand
crosslinks, present in lower percentage [95]. These cisPt crosslinks create severe local DNA lesions that
are sensed by cellular proteins, inducing repair, replication bypass or triggering apoptosis [96]. Several
protein families can recognise cisPt-DNA adducts, including nucleotide excision repair (NER) proteins [97],
homology-directed repair proteins (HDR) [98], mismatch repair (MMR) proteins [99] and non-histone
chromosomal high mobility group proteins 1 and 2 (HMG1 and HMG2) [100]. The intrastrand cisPt
structural alteration stalls RNA polymerase IL. It is recognised and efficiently repaired by global genome
NER (GG-NER) or its transcription-coupled sub-pathway (TC-NER) [101]. The second DNA repair system
predominantly involved in coping with cisP=DNA adducts is error-free HDR, which removes DNA DSBs
remaining after cisPt adduct removal [98]. In contrast to the previously mentioned repair pathways that
increase cell viability, MMR proteins have been shown to be essential for cisPt-mediated cytotoxicity [99].
cisPt is reported to enhance interactions between MMR proteins MLH1/PMS2 (MutL homolog 1/PMS1
homolog 2, MMR component) and p73, triggering apoptosis [102]. Therefore, mutations in MMR genes
are known to be associated with cisPt resistance [103]. HMG1 and HMG2 recognise intrastrand DNA
adducts between adjacent guanines, affecting cell cycle events and subsequently inducing apoptosis [100].

In addition to the previously mentioned repair proteins, specialised translesion DNA polymerase
eta (1) can be loaded onto sites of cisPt-DNA adducts promoting TLS repair pathway [104]. cisPt
also induces dose-dependent reactive oxygen species (ROS), which are responsible for the severe
side effects of platinum-based therapy, including nephrotoxicity and hepatotoxicity [105]. When
overwhelming the reduction capacity of the cell, cisPt-induced ROS might lead to lipid peroxidation,
oxidative DNA damage, altered signal transduction pathway and calcium homoeostasis failure [105].
Extensive unrepaired cisPt-induced DNA damage can proceed to apoptotic cell death mediated by
various signal transduction pathways, including calcium signalling [106], death receptor signalling [107]
and activation of mitochondrial pathways [108]. At least two main pathways have been proposed to
mediate cisPt-induced apoptosis in vitro. One involves the critical tumour suppressor protein p53 directly
binding to cisPt-modified DNA [109] and promoting apoptosis via several mechanisms. p53 binds and
counteracts the anti-apoptotic B-cell lymphoma-extra large (Bcl-xL) [110], contributes to inactivation of
nutrient sensor AMP-kinase (AMPK) [111], activates caspase-6 and -7 [112] and the pro-apoptotic
Bcl-2 family member PUMA in renal tubular cells [113]. However, the role of p53 in response to cisPt
seems to be controversial, as it has been described to contribute to cisPt cytotoxicity [114] and also
to be involved in cisPt resistance in different cancer models [115]. The other cisPt-induced apoptotic
pathway is mediated via a pro-apoptotic member of the p53 family, p73. cisPt has been shown to
induce p73 in several cancer cell lines [116], which cooperates with the MMR system and c-Abl
tyrosine kinase, known to be involved in DNA damage-induced apoptosis [117]. In response to cisPt,
c-Abl phosphorylates p73, making it stable [118], and increases its pro-apoptotic function by binding
transcription coactivator p300, which triggers transcription of pro-apoptotic genes [119]. Moreover,
p73 forms a complex with c-Jun N-terminal kinase/stress-activated protein kinase (JNK), leading to
cisPt-induced apoptosis [120]. Intrinsic signaling pathways involved in cisPt driven apoptosis include
Akt [121], protein kinase C [122,123], and mitogen activated protein kinases—MAPK (e.g., extracellular
signal-regulated kinases; ERK) [124-126], INK [127-129] and p38 [130].

2.1.2. Other Effects

Besides DNA, the primary target of cisPt in cells, there is some evidence for the involvement of
non-DNA targets in cisPt cytotoxicity [131]. cisPt interacts with phospholipids and phosphatidylserine
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in membranes [132], disrupts the cytoskeleton and alters the polymerization of actin, probably due to
conformational changes resulting from the formation of Pt-S bonds [133]. MicroRNAs (miR), which play
arole in posttranscriptional gene silencing, have been shown to be involved in the modulation of cisPt
resistance-related pathways in different cancer models. miR-378 was shown to reverse resistance to cisPt in
lung adenocarcinoma cells [134], whereas miR-27a was shown to be upregulated in a multidrug resistant
ovarian cancer cell line, contributing to cisPt resistance [135]. miR-21 increases the cisPt sensitivity of
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osteosarcoma-derived cells [136]. For references to particular studies using cisPt, refer to Table 1.

Table 1. Effects of various cisplatin treatments in vitro.

Concentration  Incubation Time Observed Effect Cell Line Reference
P i 2 . 0-342 rat ovarian
300 uM Zh increase in polyADP ribosylation PY—— [137]
AP i hypaoxie V-79
100 uM 2 hbefore IR sensitization to y-radiation Chinsue hamster calls [138]
100 pM 2h increase in poly ADP ribosylation CV-1 monkey cells [139]
<20 pg/mL block of rRNA synthesis
(<bb M) Sh block of DNA replication Hela [140]
induction of SCE (sister chromatid exchange) 6 primary human
15uM ith decreased cell survival tumour cell culture (4]
y . . . 224 (melanoma cells)
10-30 uM 24h,48h induction of apoptosis HCT116 [142]
KLE
increase in antiapoptotic Bel-2 mRNA synthesis HEC-1-A ;
104M #h (regulated by PKC and Akt2) Ishikawa [143]
MCE-7
i . 2 2 224 (melanoma cells)
2-10 uM 72h induction of apoptosis HCT116 [142]
increase in p53 stability
5uM 24h activation of ATR increased p53(serl5) A2780 [144]
phosphorylation
activation of p21
5uM 24h activation of CHK2 increased p53(ser20) HCT116 [144]
phosphorylation
induction of mitochondrial reactive oxygen A58
5uM 24h : vee PC3 [143]
species (ROS) response MEF
2uM 24h G2/M arrest, subapoptic damage MSC [145]
decreased proliferation rate TGCT H12.1 :
>2uM #h induction of apoptosis TGCT 2102EP [143]
block of DNA synthesis
y block of transcription
1-4 pg/mL 2h G arest T L1210/0 cells [146]
apoptosis
2 ue/mL 48h inhibition of mtDNA replication aDGI?; r: :‘[:.}::G) [147]
¥ 144 h, 168 h inhibition of mitochondrial genes transcription gang
SeNSOry Neurons
1 ug/mL 2h transient G2 arrest Hela [148]
3.0uM 4 h before block of NHE] A2780 [138]
IR 0.5 Gy som T P ; MO59]
0.2-0.8 uM 4h cisPt-IR synergistic interaction MOB9K [138]
1-25uM 24 hd8 h block of DNA replicatioql'l followed by cell Hela [149]
apoptosis
A o inhibition of RNA polymerase |l-dependent Hela 4
a2 swerigid transcription XPF s
90% reduction in clonogenic capacity detected
after 7 days
BbM aH CHK1 phosphorylation causing CHK1 Kivie 48]
dependent § phase arrest
24h loss of telomeres (TEL), or TEL repeats
0.5 uM 18h cell death Heks (139]

ATR: Ataxia telangiectasia Rad3-related; Bel: B-cell lymphoma; CHK1: checkpoint kinase 1; CHK2: checkpoint
kinase 2; IR: ionizing radiation; mtDNA: mitochondrial DNA; NHE]: non-homologous end-joining; PKC: protein
kinase C; polyADP: poly adenosine diphosphate; rRNA: ribosomal RNA.
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2.1.3. Solubility

cisPt (molecular weight (MW) 300.05 g/mol) is water soluble at 2530 mg/L (at 25 °C),
saline solution with a high chloride concentration (approx. 154 mmol/L) is recommended. In the
absence of chloride, the cisPt chloride leaving group becomes aquated, replacing the chloride
ligand with water and generating a mixture of species with increased reactivity and altered
cytotoxicity [150,151]. Commonly used solutions for laboratory use are aqueous-based solutions
in 0.9% NaCl (0.5 mg/mL), pH 3.5-5. Dissolved cisPt may degrade over a short time, the storage of
aliquots is not recommended. However, the stability at —20 °C in the dark is reported to be 14 days.
Solutions (in 2 mM phosphate buffered saline buffer with chloride concentration 140 mmol/L) stored
at 4 °C should be stable for 7-14 days [152]. Undiluted cisPt is stable in the dark at 2-8 °C for several
months [121,153]. Dimethyl sulfoxide (DMSO) can also be used for cisPt dilution, however it is
not recommended. The nucleophilic sulphur can displace cisPt ligands, affecting the stability and
reducing cisPt cytotoxicity [154]. DMSO introduced in combination studies with cisPt does not affect
its activity [152].

2.14. Medical Use

Following the start of clinical trials in 1971, cisPt, marketed as Platinol (Bristol-Myers Squibb,
New York, USA), was approved for use in ovarian and testicular cancer by the Food and Drug
Administration (FDA) in 1979 [155]. cisPt is considered one of the most commonly used chemotherapy
drugs for treating a wide range of malignancies, including head and neck, bladder, oesophagal,
gastric and small cell lung cancer [156,157]. Moreover, cisPt has been shown to treat Hodgkin's [158]
and non-Hodgkin's lymphomas [159], neuroblastoma [160], sarcomas [161], multiple myelomas [162],
melanoma [163], and mesothelioma [164]. cisPt can reach concentrations of up to 10 ug/mL in human
plasma [165]. cisPt is administrated either as a single agent or, in the main cases, in combination with
other cytostatics (e.g., bleomycin, vinblastine, cyclophosphamide) or radiotherapy for the treatment
of a variety of tumours, e.g., cervical carcinoma [153]. The most important reported side effect
is nephrotoxicity, due to preferential accumulation and persistence of cisPt in the kidney [166],
later ototoxicity and bone marrow depression. Pharmacokinetic and pharmacodynamic studies
have shown that a maximal steady state cisPt plasma concentration of between 1.5 and 2 ug/mL has
the most effective chemotherapeutical effect with minimal adverse nephrotoxicity [167]. Many cancers
initially responding to cisPt treatment could become later resistant. Mechanisms involved in the
development of cisPt resistance include changes in cellular uptake, drug efflux, drug inactivation
by increased levels of cellular thiols, processing of cisPt-induced damage by increased NER and
decreased MMR activity and inhibition of apoptosis [99,168]. To boost platinum drug cytotoxicity,
overcome its resistance and achieve a synergistic effect, new platinum-based drugs, as well as their
combinatorial therapy with other antineoplastic agents were developed for cancer treatment [169].
Besides of cisPt derivatives as carboplatin and oxaliplatin, are currently being used in the clinical
practice, while nedaplatin, lobaplatin and nedaplatin acquired limited approval in clinical use [170,171].
Recent discoveries described the combination of cisPt with PARP inhibitor olaparib targeting DNA
repair to acts synergistically in several non-small cell lung carcinoma cell lines [172]. This combinatorial
therapy can be promising especially in patients with advanced breast and ovarian cancer-bearing
BRCA1/2 (breast cancer 1/2) mutations [173].

2.1.5, Summary

cisPt is used in vitro in concentration range approx. 0.5-300 uM. The levels in human plasma
can reach up to 10 ug/mL (33 pM) which should be beared in mind when interpreting in vitro data.
Continuous treatment, or longer incubation time, or high cisPt concentration of 20 mg/mL lead
to complete inhibition of DNA synthesis [174]. The concentration range of 15-30 uM results in a
block of DNA replication and transcription and triggers DNA damage response (DDR) signalization
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through ATM-CHK2, ATR-CHK1 DDR pathways resulting in p53-p21 driven cell cycle arrest or
p53-mediated cell apoptosis [141-144]. However, in some cell lines also the synthesis of anti-apoptotic
protein Bcl-2 was reported [143]. cisPt is in the majority of cell lines induces apoptosis above the
concentration of approx. 2 uM [139,141,142,146]. cisPt block DNA replication [139,140,146] and
inhibits RNA synthesis [140,175,176] and also influences the mitochondrial DNA synthesis and
metabolism [147]. As a commonly used drug in clinics, many in vitro experiments have been conducted
to address problems arising during treatment. Especially, the study of mechanisms underlying drug
resistance [177], causes of toxic side effects [178], enhancement of synergistic effects [179] and ways how
to improve drug delivery systems [180]. cisPt massively triggers the TLS repair pathways; defective FA
proteins sensitise the cells towards this compound [181], defective MMR proteins establish cisPt
resistance [103,182].

2.2. Aphidicolin

Aphidicolin (APH) is a tetracyclin diterpenoid antibiotic isolated from Nigrospora sphaerica
(Figure 3) which interferes with DNA replication by inhibiting DNA polymerases w, £ and & [183].
Specifically, only cells in S phase are affected, whereas cells in other phases of the cell cycle are left to
continue until the G1/S checkpoint, where they accumulate [184].

Figure 3. Aphidicolin structure.

2.2.1. Mechanism of DNA Damage Induction

APH binds to the active site of DNA polymerase « and rotates the template guanine,
selectively blocking deoxycytidine triphosphate (dCTP) incorporation [185]. DNA polymerase o
interacts with APH by its C18-binding OH group, APH forms a transient complex with polymerase
and DNA [183]. The effect of APH on cell cultures is reversible if the cells are treated for no longer than
2 generations [186]. The exonuclease activity of APH-responding polymerases is only mildly affected,
even at concentrations completely blocking the polymerase activity [183]. However, in the cell nucleus,
the exonuclease activity is usually not retained because ternary complex APH-polymerase-DNA is
formed and blocks the enzyme [183]; 3D structure of the complex can be found here [187].

Mechanistically, APH compromises the function of DNA polymerase, while helicase proceeds
regularly (so called uncoupled/disconnected replicon), which leads to the generation of long stretches
of single-stranded DNA [188]. The disconnected replicon is vulnerable structure prone for breakage
preferentially at the so-called common fragile sites (CFSs) (also referred to as CFS expression) [189].
CFSs are specific genomic loci conserved in mammals generally prone to instability upon RS [190].
CFS expression is also common in precancerous and cancerous lesions [76]. Moreover, a causative
role of CFS's in cancer development has been suggested [191]. APH reproducibly causes damage
at the same sites, and thus low doses of APH are used to define APH-inducible CFSs, of which
there are over 80 described in the human genome [22,192]. Other CFS inducers (hydroxyurea,
camptothecin, hypoxia and folate deficiency) are not so specific, nor efficient as APH [193,194].
Importantly, APH efficiently induces CFS expression only when the rate of polymerase is slowed down
but not completely blocked. The optimum concentration range usually spans (.1-1 uM [195] (and refer
to Table 2). Apart from disconnected replicon, there might be other explanations for the extraordinary
potency of APH to induce CFS-associated genomic instability. First, APH has been shown to increase
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the number of R-loops within certain CFSs, thus inducing replication/transcription collisions [196].
However, the mechanistic relationship between APH and increased R-loop formation is not clear.
Second, re-licensing of replication origins is typical feature of oncogenic genetic backgrounds which
are very prone to CFS expression. In such situations the CFS expression is explained as a result of DNA
re-replication and subsequent collision of re-replicating forks within CFSs [10,197]. This phenomenon
was studied in detail in yeasts at replication slow zones (analogs to CFSs in mammals) [198]. It is not
clear whether the same re-licensing process is induced also by APH, however re-duplication would
explain the reported APH-induced amplifications [191,199].

Prolonged treatment with low doses of APH induces cellular senescence response [74].
Interestingly, the most efficient doses were found to span the same range as doses used
for CFS expression, which implies that CFSs might play a causative role in this process.
Moreover, oncogene-induced senescence also displays increased CFSs-associated instability [10,197].
These phenotypical similarities between oncogenic stress and low doses of APH make this drug a
good candidate for studying cellular processes in early stages of malignant transformation.

2.2.2. Other Effects

APH is a very specific DNA polymerase inhibitor, APH does not interact with mitochondrial DNA
polymerases [186] nor proteins [200], DNA, RNA, metabolic intermediates, nor nucleic acid precursor
synthesis [184,200,201]. Contradictory results have been obtained regarding the effect of APH on
DNA repair synthesis (DRS). According to a radiography method, APH does not influence DRS [200],
although when DRS was induced by tumor necrosis factor (TNF) or UV irradiation, APH was observed
to inhibit the process [202,203]. For references to particular studies using APH, refer to Table 2.

Table 2. Effects of various aphidicolin treatments in vitro.

Concentration Incubation Time Observed Effect Cell Line Reference
0.2 mM 16h,10h formation of anaphase bridges and micronuclei Hela [204]
30 uM 6h stalled replication forks HCT116 [205]

2 o PD20 cells
30 uM 6h stalled replication forks Bioom syndrome cells [206]
5 ug/mlL 4 DNA repair synthesis inhibition s iIs [20]
(14.3 uM) sensitization towards TNF treatment ovarwr;;:;g;or el >
5 ug/mL 2.8h 5 phase arrest ];;? [207]
(14.3 uM) - kinetics and mechanism study “i:'F £
Normal and XPA
25 ug/mL R ; . ; i
1h inhibition of DNA synthesis and DNA repair deficient human [203]
(7.15 uM) .
fibroblasts
" cell cyele synchronisation at the G1/5 REF-52 .
1M b boundary Hela [208]
e st Werner syndrome cells
525 uM 24h inhibition of replicative polymerases Bloom syndrome cells [209,210]
1uM 1-24h CFS induction HEK293T [210]
: " MEF
1M 24h CF5 induction Hela [211]
0.5 uM 2h transient attenuation of DNA synthesis, DT40 (212]
0.1 uM 24h study of chromosome integrity and replication
0.4 uM 4h CFS induction U208 [213]
g.], iﬁ 16h replication stress observed on telomeres hESC (UCSF4) [214]
0.2 uM 2 weeks irreversible senescence induction REF-52 [74]
0.2 uM H4h CFS induction BI-hTERT [215)
Werner syndrome
%‘f "LT A4h CFS induction fibroblasts 218]
s AG11395 cells
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Table 2. Cont.

Concentration Incubation Time Observed Effect Cell Line Reference

increased incidence of mitotic extra
(.3 uM 48 h chromosomes V79 hamster cell lines [217]
replication stress

Human fibroblasts

0.3 uM 72h replication stress HGMDENOSO [199]
B
2 pg/mL not indicated replication block BJ-tert [197]
HMEC
0.2 uM 7-24h cell synchronization HeLa [184]

CFS: common fragile site; TNF: tumour necrosis factor.

2.2.3. Solubility

APH (MW 338.48 g/mol) is soluble in DMSO (up to 10 mg/mL), ethanol (up to 1 mg/mL) and
methanol (freely), not soluble in water. The stability of the powder is 3 years at 2-8 °C, ethanol solution
for a week at 2-8 °C, DMSO solution for 6 weeks at —20 °C [218].

2.2.4. Medical Use

APH has limited use in clinical practice owing to its low solubility. Only APH-glycinate has so far
been tested in clinical trial phase I. However, fast clearance from human plasma (no drug observed
after 6-8 h of APH administration) and no anti-tumour activity was observed. Its use as a single agent
or even in combination with other cytostatics is no longer being considered [219]. APH is metabolised
by cytochrome P-450 dependent degradation [220]. APH and its derivatives are considered as potential
therapeutics for parasitic diseases, e.g., Chagas disease [221].

225, Summary

APH is used for in vitro studies in concentration range approx. 0.01 uM to 0.2 mM. APH is mainly
used for cell-based experiments involving CFS expression [222], cell cycle synchronization [223],
replication fork stability and restart studies [224] and for cellular senescence induction [74].
The threshold between replication fork stalling and slowing down is around 1 uM. Upon higher
concentrations (5 tM-0.2 mM) APH was reported to stall the DNA polymerase, leading to S phase
arrest. Upon lower concentrations, when the DNA polymerases are just slowed down, CFS expression
can be observed. Usually, longer incubation times (approx. one population doubling) are used, so more
cells within the population are affected. APH treatment causes a significant amount of DNA damage,
leading to rapid ATR kinase activation. In the case of longer APH treatment also ATM is activated probably
as a consequence of DSB formed within the stalled replication forks [207]. Prolonged APH incubation in
the range of days up to weeks at low concentrations (0.2-1 uM) induces cellular senescence [74].

2.3. Hydroxyurea

Hydroxyurea (HU) was first synthesised in the 19th century (Figure 4) and inhibits the
incorporation of nucleotides by interfering with the enzyme ribonucleotide reductase (RNR) [225].
RNR converts nucleotide di- and tri-phosphates to deoxynucleotide di- and tri-phosphates, which is
the rate-limiting step in nucleotide synthesis [226]. Without proper levels of ANTPs, DNA cannot be

correctly replicated nor repaired [227].
)I\ ~OH

H,N NH

Figure 4. Hydroxyurea structure.
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2.3.1. Mechanism of DNA Damage Induction

RNR is a large tetrameric enzyme comprising two R1 subunits and two small regulatory subunits
R2[228]. HU scavenges the tyrosyl radical of the R2 subunit which inactivates the RNR enzymatic
activity [226]. Complete inhibition of RNR has been observed within 10 min after treatment with
0.1 mM HU and within 5 min after 3 mM of HU in murine 3T6 cells [229]. Consequently DNA synthesis
is inhibited, selectively stopping the cells in S phase [230]. The inhibition is caused alterations in
the dNTP pools. Each type of dNTP is affected in a different way. For example, after 280-560 uM
HU treatment for 60 min, the dTTP pool was found to increase by 50%, whereas the dCTP pool is
decreased by 50% [231]. HU slows down the initiation of replication and also the progression of
replication forks. Moreover, after stopping the production of dNTPs, DNA repair and mitochondrial
DNA synthesis are affected in all cells, regardless of the cell cycle stage [227]. HU treatment greatly
affects the choice of replication origins and origin spacing in mammalian cells [232]. Although the
mechanism of DNA damage induction may look similar to that for APH, HU induces a different
spectrum of fragile sites, called early replicating fragile sites (ERFs) [233]. ERFs are also induced by
c-Myc expression [11,12]. It was also reported that 10 ug/mL APH [234] (concentration that stalls
the replication fork progression) leads to the generation of several kilobases long unwound DNA;
however, HU treatment can generate only up to 100-200 nt long ssDNA [235].

2.3.2. Other Effects

HU induces copy number variants (CNVs) with similar frequency and size distribution as
APH [236]. It was reported for yeast cells, that HU alters Fe-S centres, enzyme cofactors catalysing
oxidation-reduction reactions, which interferes with various metabolic enzymes and affects the redox
balance of cells. Similar mechanism is proposed also for mammalian cells [237].

HU has been negatively tested for mutagenicity, measured by single nucleotide variation (SNV)
and insertion/deletion frequency [238]. On the other hand, low doses of HU have been reported to
induce DNA damage [239]. Therefore, it is possible that the compound possesses some pro-mutagenic
potential (see also below). For references to particular studies using HU, refer to Table 3.

Table 3. Effects of various hydroxyurea treatments in vitro.

Concentration Incubation Time Effect Cell Line Reference
200 mM 2h replication block veast cells |240]
replication block -
10-200 mM 3h replication fork (RF) restart yeast cells [241]
5mM 1h replication block HEK293 (242]
2mM 3h replication block e e
50 pM-5 mM 40 min-2 h replication stress 21 [243]
2t P mouse ES cells 25
replication stress HCC1937 Wik
faM Lh2oh replication block MCF7 [244)
2mM 16h replication block HEK293 [245]
. " - U-208 .
2mM 24h DNA damage induction during S phase 203T [246]
replication block REF:52
2mM 15h cell cycle synchronisation at the G1/8 [208]
Hela
boundary
2mM 5h dNTP depletion REF52 [74]
chromosomal aberrations lymphoblastoid
2 3 FANCD2 pathway involvement cell lines [247]
1mM overnight replication block MCF7 [248]
0.5 mM 5h-10h replication block
— U-208 [249]
2mM 2h-24h replication block
4 nucleotides depletion
O aM P stalled RF w/o DSBs formation MEF [250]
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Table 3. Cont.

Concentration Incubation Time Effect Cell Line Reference
0.1-0.5 mM 2h-72h y-globin gene expression K562 [251]
0.1-0.5 mM 2h-Bh replication stress PC3 [252]

cell differentiation
0.2-0.4 mM 4 days ERK signalling pathway inhibition K562 [253]
P38 signal transduction activation
- GMOB402
0.3 mM 10 days microsatellite instability upon FANC] depletion Hela [254]
PD20F
0.15-02 mM 2 weeks irreversible senescence induction REF-52 [74]
0.2 mM 2h-7h replication stress MEF [255]
0.15mM 2h p53 activation REF52 [74]
o HIF1 induction i
50-200 uM 20h eNOS induction HUVEC [256]
AML cell lines
(MV4-11,
25-200 uM 72h induction of apoptosis OCI-AML3, [257]
MOLM-13, and
HL-60)
7
5 WM-0.5 mM 48h replicatior stress ¥ NC}:}E‘S“" [217]
2 HM 12h re{_:}licat"énn stress H1299 i [353]

dNTP: deoxynucleotide triphosphate; DSBs: double-strand breaks; eNOS: endothelial nitric oxide synthase;
ERK: extracellular signal-regulated kinases; FANCD2: Fanconi anaemia complementation group D2; FANC]: Fanconi
anaemia complementation group J; HIF: hypoxia induced factor 1.

2.3.3. Solubility

HU (MW 76.05 g /mol) is freely soluble in water at 100 mg/mL, soluble also in DMSO. The powder
is stable at 4 °C for 12 months. Solutions are stable for 1 month at —20 °C (after defrosting, equilibration
is recommended for 1 h at room temperature. It is recommended to prepare fresh solutions before use.
HU decomposes in the presence of moisture; therefore, it is recommended that it is stored in air-tight
containers in a dry atmosphere [259].

2.3.4. Medical Use

HU is a commonly used medicine first approved by the FDA for the treatment of neoplastic
disorders in the 1960s [260]. Common plasma levels of HU range 100-200 uM [261]. It is used
for the treatment of sickle cell disease, essential thrombocytosis [262], myeloproliferative disorders
and psoriasis [260] and is commonly indicated as a cytoreductive treatment in polycythemia
vera [263] and others. Synergistic effects have been reported when it is used in combination
with antiretroviral pills [264] and also in indicated cases with radiotherapy [265]. HU may be
used as an anti-retroviral agent, especially in HIV (human immunodeficiency virus) patients.
HU may cause myelofibrosis development with increased time of use and AML/MDS syndrome
(acute myeloid leukaemia/myelodysplastic syndrome) [266]. Adverse side-effects have been observed,
mainly myelosuppression [267]. A 17-year follow-up study of 299 patients treated with HU as a
long-term therapy showed no difference in the incidence of complications such as stroke, renal disease,
hepatic disease, malignancy or sepsis [268], suggesting that HU is well-tolerated. However, CNVs are
generated at therapeutic doses of HU, and data from reproductive studies and studies on subsequent
generations have so far been rather limited [236,268].

2.3.5. Summary

HU is used in vitro approx. in the range 2 mM-5 mM. The most commonly used concentrations are
around 2 mM. HU is used for cell cycle synchronization [269], replication fork stability studies [249,252],
studies of recovery mechanisms after the release of RS [242] and checkpoint responses [241].
Lower concentrations are used for RS induction [254], induction of senescence [74], apoptosis [257],

63



Biomolecules 2017, 7, 19 13 of 36

and repair pathways induction [217]. HU reaches plasma concentrations around 0.1 mM; this should
be bear in mind when interpreting the data for clinical relevance [261]. The MRN (Mrel1-Rad50-Nbs1)
complex members Mrell (Meiotic recombination 11) and Nbsl (Nijmegean breakage syndrome 1) are
required for efficient recovery of replication after treatment with replication stalling agents such as
hydroxyurea [12]. HU causes rapid generation of ssDNA as indicated by RPA loading 40 min after

treatment [270]. Subsequently, ATR-CHKI1 signalling is activated, and HR repair pathway is induced.

Cells deficient in XRCC2 or other homologous recombination components exhibit hypersensitivity
to HU [271]. It was reported that for hamster V79 cells, low concentrations of HU (5-10 uM) mimics
the replication dynamics of untreated HR deficient cells [217]. Cellular senescence after long term
replication stress caused by HU is dependent on p53-p21 signalling pathway and independent
of pl6 [74]. HU influences mutiple cellular pathways, e.g., JNK pathway, mitochondrial and
peroxisome biogenesis, expression of several heat shock response proteins, autophagy pathways
stimulation (beclin-1 expression), hemoglobin type F induction (in sickle cell disease, B-thalasemmia
patients), etc. [272]. There are several cell lines that response to HU treatment in a specific manner,
e.g., K562 cell line undergoes differentiation [253], T-cells activation is decreased [264], the morphology
of vascular endothelial cells is affected [273].

2.4, Camptothecin

Camptothecin (CPT) is a pentacyclic quinoline alkaloid first isolated from the Chinese tree
Camptotheca acuminata (Nyssaceae) by Wall et al. [274] (Figure 5). CPT has a unique intracellular target,

topoisomerase I (Topol), a nuclear enzyme that reduces the torsional stress of supercoiled DNA [24].

This activity enables specific regions of DNA to become sufficiently exposed and relaxed to facilitate
essential cellular processes, such as DNA replication, recombination and transeription [275].

Figure 5. Camptothecin structure,

2.4.1. Mechanism of DNA damage induction

Topol binds covalently to double-stranded DNA through a reversible transesterification reaction,
generating a SSB [276], 3D structure can be found here [277]. This so-called Topol-DNA cleavage
complex (Toplcc) facilitates the relaxation of torsional strain in supercoiled DNA, either by allowing
passage of the intact single strand through the nick or by free rotation of the DNA around the uncleaved
strand [278]. CPT covalently and reversibly stabilises the normally transient DNA Toplcc by inhibiting
religation of the scissile strand, thereby prolonging the half-life of Toplcc and increasing the number
of DNA 55Bs [279,280]. Moreover, trapping of the enzyme on the DNA leads to rapid depletion of
the Topol pool [281]. The effect of CPT is readily reversible after removal of the drug. However,
prolonged stabilisation of Toplcc can cause multiple problems. Firstly, failure to relieve supercoiling
generated by such processes as transcription and replication can lead to RS by creating torsional strain
within the DNA [279,281,282]. Furthermore, the collision of the RF with the ternary drug-enzyme-DNA
complex generates DSBs with serious cellular consequences, including cell death [283,284].

Because ongoing DNA synthesis is important for CPT-induced cytotoxicity, CPT is considered an
S phase-specific drug. The repair of CPT-induced DSBs involves multiple DNA damage repair proteins.
Recent studies have highlighted that functional cooperation between BRCA2, FANCD2, RAD18 and
RADS51 proteins are essential for repair of replication-associated DSBs through HR. Loss of any of
these proteins causes disruption of HR repair, chromosomal aberrations and sensitization of cells to
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CPT [285]. A close link between CPT and HR has also been demonstrated in experiments measuring
sister chromatid exchange events (SCEs), which are common consequence of elevated HR repair
process and found to be induced by low doses of CPT [270]. CPT is applied in early S phase cells for
triggering G2 arrest accompanied by blockage of the p34cdc2/cyclin B complex, a consequence of either
DNA breakage, the arrest of the replication fork or both [286]. In addition, CPT driven Topol-DNA
cleavable complex and associated strand breaks were shown to increase transcription of the c-Jun early
response gene, which occurs in association with internucleosomal DNA fragmentation, a characteristic
mark of apoptosis [287]. Noncytotoxic concentrations of CPT can induce the differentiation of human
leukaemia cells [288], and an antiangiogenic effect is suggested [289,290]. Interestingly, when used in
combined treatment with APH, CPT reduces the APH-induced RPA (an indicator of ssDNA) signal
and has a rescuing effect on CFS expression [291]. For references to particular studies using CPT,
refer to Table 4.

Table 4. Effects of various camptothecin treatments in vitro.

Concentration Incubation Time Observed Effect Cell Line Reference
20 uM 30 min DNA fragmentation in G1 and 5 phase cells Hela [292]
10uM 24h increase in cell sensitivity {o TRAIL-mediated Hep3B [293]

apoptosis
10 uM 4h formation of replication mediated DNA DSBs HT29 [294]
5uM 60 min inhibition of RNA synthesis CSA [295]
1uM 60 min inhibition of DNA synthesis CSB [296]
replication block
1uM 60 min DSB formation u20s [297]
cell death

formation of stabilised Topol-cc complex
1uM 60 min DSB formation phesphorylation of CHK]1 (8317) HCT116 [294]
CHK2 (T68), RPA (54/58)

B - L1210 mouse
: inhibition of DNA replication f
1uM 60 min suggested DNA DSB formation Ileyurllsﬁn:?iai;fs [293]
200 nM-1 uM 50 min DSB formation CSB [298]
100 nM-10 nM 60 min DSB formation HCT116 [299]
checkpoint activation (ATM-CHKZ2, ATR-CHK1)
; replication fork stalling %
20 b0 min replication fork reversal formation of specific b L
DNA structures
10 nM-100 oM 60 min inhibition of EIAV (equine infectious anemia virus) CFTh [295]
replication i
. inhibition of HIV-1 replication
10 nM-20 nM 60 min block of viral protein Expre:isiun He [281]
” 6h accumulation of cells in early 5 phase l\'::hn:c;]bes [296]
6n e
24h apoptosis, DNA fragmentation MOLT-4
6.25 nM 48h specific suppression of oral cancer cells growth KB Dzll:: neer [281]
25nM i8h increase in SCE upon depletion of Fbh1 helicase B) [281]

ATM: Ataxia telangiectasia mutated; HIV: Human immunodeficiency virus; RPA: replication protein A; SCE: sister
chromatid exchange; Topol-cc: Topoisomerase [ cleavage complex; TRAIL: TNF alpha related apoptosis inducing
ligand, TNF: tumour necrosis factor.

2.4.2. Solubility

CPT (MW 348.35 g/mol) is soluble in DMSO (up to 10 mg/mL), methanol (40 mg/mL), 0.1 N
sodium hydroxide (50 mg/mL) or acetic acid, insoluble in water. At higher concentrations, heating, is
required to dissolve the product completely (approx. 10 min at 95 °C), but some precipitation occurs
upon cooling to room temperature [301].
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2.4.3. Medical Use

CPT cannot be used in clinical practice because of its poor solubility in aqueous solutions,
instability and toxicity, but modifications at selected sites have improved the pharmacologic
and activity profile [283]. Currently, three water-soluble CPT-derivates, i.e., irinotecan (CPT-11),
topotecan (TPT) and belotecan (CKD-602), are available for cancer therapy. However, despite their
selectivity for Topol and unique mechanism of action, they all have critical limitations. In particular,
they become inactivated against Topol within minutes at physiological pH due to spontaneous
lactone E-ring opening [302] and diffuse rapidly from the Topol-DNA cleavage complex due to
their noncovalent binding. To overcome these problems, five-membered E-ring CPT-keto non-lactone
analogues 538809 and 539625 have been synthesised and selected for advanced preclinical development
based on their promising activity in tumour models. Their chemical stability and ability to produce
high levels of persistent Toplcc makes them useful candidates for future treatment [303].

244, Summary

Camptothecin is used in concentration range 2.5 nM up to 20 uM. CPT is a potent DSBs inducer
in a wide concentration range, approx. 10 nM-10 uM. Upon higher concentration (20 uM-10 uM),
CPT was reported to be cytotoxic, increasing cell apoptosis via DNA fragmentation predominantly
in S phase cells with ongoing DNA synthesis [292,293]. The most frequently used concentration of
1 uM CPT was shown to block DNA synthesis and induce DSBs resulting from the collision of RF
due to prolonged stabilisation of Topol DNA cleavage complex. The main implication of lower CPT
concentrations is the induction of replication fork slowing and reversal, as a rapid response to Topol
inhibition is the increase in topological stress of DNA locally [300]. CPT activates predominantly
ATR-CHK1 and ATM-CHK2 signalling, and leading to G2 checkpoint arrest [300]. Even at low doses
of CPT HR repair pathway is triggered.

2.5. Etoposide

Etoposide (ETP) is a derivative of podophyllotoxin first synthetised in 1966 and approved
for treatment as an antineoplastic agent in 1983 [304]. ETP structure comprises of polycyclic A-D
rings, an E-ring and aglycone core (Figure 6). ETP compromises the proper function of the enzyme
topoisomerase II (Topoll), 3D structure can be found here [305]. Topoll performs cleavage of both
strands of a DNA duplex and enables passage of a second intact duplex through the transient break,
ATP is used to power the strand transition [306]. As a result, relaxation, unknotting and decatenation
of DNA are achieved enabling processes like replication and transcription [25].

Hc—0  OH

Figure 6. Etoposide structure.
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2.5.1. Mechanism of DNA Damage Induction

Two modes of action were suggested for ETP to interfere with Topoll [25]. As a poison, it stabilises
Topoll:DNA complexes, whereas as an inhibitor ETP interacts with the catalytic site of Topoll,
decreasing the number of active cleavage complexes [307]. ETP acts as a poison by stabilizing the
cleavage complex of Topoll via decoupling the key catalytic residues, thus preventing the religation of
cleaved DNA ends [308]. As a result, the number of Topoll-associated DNA breaks are increased [309].
ETP’s A, B and D-rings mediate the drug-enzyme interaction, whereas the aglycon core binds to
DNA [262,308]. E-ring substituents are important for ETP activity but do not contribute to ETP-enzyme
binding [310]. ETP is metabolised by cytochrome P3A4 (CYP3A4) to two metabolites, ETP-quinone
and ETP-catechol. Both active against the Topoll enzyme. ETP-quinone is approx. 100x more efficient
at inhibiting Topoll than ETP. ETP-quinone can block binding of the enzyme to DNA by stabilisation
of the N-terminal clamp [307]. In cases where the enzyme still binds to DNA, the metabolite can
stabilise the enzyme:DNA complex by inhibiting the religation step thus leading to higher levels of
DSBs [307]. The ETP-catechol metabolite works similarly to the parent compound but can also be
oxidised to the quinone [311]. ETP induces DSBs directly in all phases of the cell cycle, as observed by
yH2AX foci formation (a marker of DSBs) [312,313]. ETP does not require S-phase to induce damage,
but ongoing replication enhances its cytotoxic effect [314]. ETP causes disassembly of replication
factories (sites of ongoing replication), as measured by the distribution of proliferating cell nucelar
antigen protein (PCNA) [315]. Moreover, the cytotoxic effect of ETP is partially reduced by inhibitors
of DNA synthesis, such as APH and HU [316]. There are two isoforms of the Topoll enzyme in
mammals, called Topollx and TopollB, sharing 68% homology [317]. Topollx activity is upregulated
during cell cycle progression, peaks in mitosis and is essential for proliferating cells [318]. Topollp is
needed during transcription and DNA repair, and its levels are more stable during the cell cycle [319].
ETP is not selective between these two paralogs, and the inhibition of Topollf is believed to be the
reason for ETP therapy-related secondary malignancies [320]. Topolle seems to be a better target for
therapy. Therefore, new compounds and analogues of ETP have been synthesised to be selective only
for Topolla [321].

2.5.2. Other Effects

A strong mutagenic effect has been measured for ETP in mammalian cells by several assays,
e.g., HPRT assay (hypoxanthine phosphoribosyl transferase), SCE and detection of mutations at the
locus of the adenosine kinase gene [322]. In prokaryotic organisms (E. coli, Salmonella typhimurium),
no significant genotoxic effect was observed [322]. For references to particular studies using ETP,
refer to Table 5.

Table 5. Effects of various etoposide treatments in vitro.

Concentration Incubation Time Effect Cell Line References
S5B and DSB formation, induction  5V-40 transformed
up to 450 uM 40 min of H2AX phosphorylation with human fibroblasts [323]
slow kinetics G361
formation of Topoll-blocked DSBs, l-lykg'j'_’"f
1=100 pM 30 min activation of ATM-mediated BJ1 [324]
repair AT
¥ senescence, apoptosis HepG2 =
i fh-d8h induction of p53 response U208 (323]
" 52 AT1BR
2-100 uM 1-3h d:sassem[bly of. replication AT3ER [315]
actories
Hela
50100 uM 36h/16h apoptosis (activation of intrinsic Hela [326]
= e (mitochondrial) pathway) HCT116
; . BIAB
50 pM 15h apoptosis Hut7s [327]
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Table 5. Cont.
Concentration Incubation Time Effect Cell Line References
gmwth arrest (accumulation of MCEF-7
50 uM 48h cells at G2/M boundary) ZR75-1 [328]
induction of p53 response T-47D

S5B and DSB formation
YH2AX, pATM, pDNA-PKs,

25 uM 1h MDC1 foei formation Hels [329]
s HCT116
persisting DSBs
cell death
mcrease in YH2AX levels
reduction of proliferation rate
20 M 16h ({accumulation of cells in S and H205 0]
G2/M boundary)
1h airable DSBs
ImP rable DSBs HEK243T
rrmp.nra (] 5, C{:)S_?
20 uM i ATM-dependent HIC1 BJ-HTERT (331,332]
SUMOwlation, induction of H1299
pS3-dependent apoptotic response
AS49
20 uM 1-5h apoptosis Hela, [333]
T24
10 1M 1h DNA damage induction A549 [334]
; HCC1937
1-10uM 48h apoptosis BT-540 [335]
. : i SH-SY-5Y
8 uM 1h induction of p53 response, SH-EP1 [336]
0.75-3 uM 2h senescence, apoptosis Ab49 [337]
cell cycle arrest in G2/M phase, MsC
0.75 uM 24h DNA damage induction, TGCT H12.1 [145]
induction of p53 response TGCT 2102EP

DSBs: Double strand breaks; HIC1: Hypermethylated In Cancer 1; MDC1: Mediator of DNA Checkpoint 1; pATM:
phosphorylated Ataxia elangiectasia Mutated; pDNA-PKcs: phosphorylated DNA Protein Kinase catalytic subunit;
SSB: single-strand DNA break; Topoll: Topoisomerase [1.

2.5.3. Solubility

ETP (MW 588.56 g/mol) is soluble in organic solvents (ethanol, methanol, DMSO), poorly soluble
in water. It is recommended that stock solutions in organic solvents be diluted so 0.1% organic solvent
is present in the final solution. The stability in aqueous solution is best at pH 4-5, but it can be
improved by adding polyserbate 80 (Tween80), polyethylene glycol 300, citric acid and alcohol. ETP is
unstable under oxidative conditions [338]. Under acidic conditions (pH < 4), the glycosidic linkage
and lactone ring are hydrolysed, whereas, under basic conditions (pH > 6), cis-lactone epimers are
formed [304]. Aqueous solutions are stable for several hours, depending on the concentration of the
solution but irrespective of the temperature. ETP is sensitive to UV irradiation, both in solution and as
a powder [338].

2.5.4. Medical Use

According to pharmacokinetic studies, plasma levels of ETP peak at concentrations of
20-70 uM [339]. ETP is approved for the treatment of refractory testicular tumors and small
cell lung cancer. Various chemical modifications with potential higher efficacy have also been
tested for clinical use, e.g., 4-phosphorylation or 4'-propyl carboxy derivatives [340]. In the field
of so-called personalised medicine, combined subsequent treatment of ETP and cisPt has been

shown to be beneficial for patients suffering from ERCCI-incompetent lung adenocarcinoma [341].
ETP is reported to cause therapy-related leukaemias [320] and specific chromosomal translocations.

Chromosomal rearrangements at the 1123 chromosome band were found in patients and seemed to be
related to the CYP3A4 metabolic conversion of ETP [342]. In mouse embryonic stem cells, an increase
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in fusion chimeric products was observed ata 1.5 kb “hot spot” between exons 9 and 11 (analogous
region to MLL (mixed lineage leukaemia) breakpoint cluster in human leukaemia) [343]. MLL gene
encodes lysine (K)-specific histone methyltransferase 2A therefore influencing histone methylation
and gene expression [344]. Leukaemogenic MLL translocations lead to expression of MLL fusion
proteins. Patients with such translocations exhibit poor prognosis [345]. MLL fusion proteins are
efficient in transforming the hematopoetic cells into leukaemia stem cells [346]. Many studies have
attempted to solve the adverse side effects of ETP treatment and understand the underlying molecular
mechanisms, e.g., multi-drug resistance [347], or unwanted toxicity [348]. The search for compounds
that may improve ETP treatment usually starts with cell-based experiments, e.g., protective compounds
shielding healthy cells [349], compounds selectively enhancing ETP toxicity [350] or targeted
delivery [351].

2.5.5. Summary

ETP is commonly used for the induction of apoptosis [352]. Indeed, several studies reported that
higher doses of the compound (25-100 uM) activate apoptosis, mostly in a manner dependent on
p53 [325-327,329]. Prolonged treatment at lower concentrations of ETP can also lead to induction of
the p53 pathway, cell cycle arrest, senescence and apoptosis [145,325,330,335,337]. ETP induces the
formation of irreversible DNA-Topoll cleavage complexes (Topollec) and DNA damage regardless of
concentration or incubation time [323,324,329-332,334,353]. The initial displacement of Topollcc
requires the coordinated action of several processes, such as cleavage by the 5'-tyrosyl DNA
phosphodiesterase (TTRAP) and proteasome-dependent degradation of Topoll [354,355]. Furthermore,
the MRN complex, CtIP (RBBPS protein) and BRCA1 play a critical role in the removal of such
DNA-protein adducts [356]. The remaining DNA lesions are often referred as DSBs, which are
accompanied by the activation of ATM-mediated signalling or repair pathways, usually quantified
by the formation of YH2AX [323,324,329-332]. However, several studies argue against the ability
of ETP to primarily induce DSBs, showing that majority of the DNA lesions formed upon ETP
treatment are SSBs [323,329]. Despite the discrepancy, pathways engaged in DSB repair are activated
after the exposure to the drug, and among them, NHE] is seemingly predominant [329,356-358].
ETP used in relatively high concentration (20-25 pM) might lead to persistent or irreparable DSB
formation [329,331,332].

3. Conclusions

Replication stress is a significant contributor to genomic instability, a major factor for the
conservation of mutations [1], relevant promoter of tumourigenesis [8] and also one of the main features
of cancer cells [76]. Owing to its complexity, replication can be disturbed by multiple mechanisms,
In this review, we focused on several compounds known to be RS inducers and often used in cell-based
assays. Some of the compounds have been shown to be effective in cancer treatment. Importantly,
the chemicals have been primarily chosen to cover various mechanisms of action, resulting in different
treatment-induced phenotypes resembling those of RS in carcinogenesis. Induction of RS in vitro, e.g.,
by chemicals inducing DN A damage, is a crucial research tool. Precise knowledge about the mechanism
of DNA damage induction and cellular pathways involved in the RS response is particularly important
for the development of appropriate cellular assays for investigating carcinogenesis and cancer
treatment. The above-mentioned publications in separate compound-related tables were chosen
to help with the practical aspects of such assay design. Dose and time-dependent effects related to the
genetic backgrounds (i.e., dependent on the cell line used) and proper readout are important issues for
experiment design. Moreover, other practical information has been included so that readers can use
this review as a brief guide for choosing an appropriate model and dose scheme for cell-based studies.
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ABSTRACT: Replication stress (RS) fuels genomic instability and cancer development and may oy
contribute to aging, raising the need to identify factors involved in cellular responses to such stress, ==
Here, we present a strategy for identification of factors affecting the maintenance of common fragile s S
sites (CFSs), which are genomic loci that are particularly sensitive to RS and suffer from increased ;
breakage and rearrangements in tumors. A DNA probe designed to match the high flexibility island .-
sequence typical for the commanly expressed CFS (FRAI6D) was used as specific DNA affinity

bait. Proteins significantly enriched at the FRAL6D fragment under normal and replication stress o

conditions were identified using stable isotope labeling of amino acids in cell culture-based
quantitative mass spectrometry. The identified proteins interacting with the FRALED frag
included some known CFS stabilizers, thereby validating this screening approach. Among the hits
from our screen so far not implicated in CFS mamtenance, we chose Xeroderma pigmentosum
protein group C {XPC) for further characterization. XPC is a key factor in the DNA repair pathway
known as global genomic nucleotide excision repair (GG-NER), a mechanism whose several
components were enriched at the FRA16D fragment in our screen. Functional experiments revealed defective checkpoint
signaling and escape of DNA replication intermediates into mitosis and the next g ion of XPC-depleted eells exposed to RS,
Overall, our results provide insights into an unexpected biological role of XPC in response to replication stress and document the
power of proteomics-based screening strategies to elucidate mechanisms of pathophysiological significance,

KEYWORDS: DNA affinity chromatography, SILAC proteamics, common fragile sites, replication stress, FRAI6D, mitosis,

$3BPI bodics, yH2AX, DNA damage response, Xeroderma pigment complementation group C (XPC) protein
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H INTRODUCTION
Common fragile sites {CFSs) are defined as a nonrandom

replication fork collapse and DNA double strand break (DSB)
formation in the flexible islands were reported for a yeast model

distribution of breaks, gaps, and constrictions visible on
metaphase chromosomes, especially under conditions of
replication stress.' These sites are conserved among diverse
mammalian species’ and have been intensively studied mainly
owing to their association with chromosomal aberrations
(deletions, translocations, amplifications) that are found in
many types of cancer’ and may play a causative role in
tumorigenesis.”

The molecular basis of CFS-associated chromosomal
instability has been partially explained through structural
analyses. Many CFSs contain AT-rich stretches that form
highly flexible sequence islands, The common feature of all
these atypical sequences is the formation of unusual secondary
DNA structures that have been shown to compromise DNA
replication in vitro.,™ Furthermore, an increased occurrence of

7 ACS Publications = 2018 American Chemical Saciety

with artificially introduced human CFS, FRAL6D, upon
replication stress,” An additional explanation for CFSs'
instability may reflect frequent collisions between DNA
replication and transcription machinery due to very large
genes located in some of the CFSs."

Aphidicolin (APH), an inhibitor of DNA polymerases ¢ and
¢ is the most potent inducer of the majority of known CFSs
and is used at a concentration that slows but does not arrest
replication fork progression.”'” Such a RS scenario induces
long stretches of single-stranded DNA as a consequence of the
inhibited DNA polymerases lagging behind the advancing DNA
helicase during DNA re'p!.icat'mn.“ The cellular response to RS
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and stabilization of CFSs involves multiple cellular factors as
also documented by spontaneous expression of CFSs in cells
from patients with genetic instability disorders such as Seckel
syndrome.'’ Furthermore, genetic models based on exper-
imental knock-down of mwkguint and/or DNA repair proteins
like ATR or Chkl kinases, ™" BRCAL" FANCD2,'* SMC1,'
WRN," and MSH2'" show enhanced APH-induced CFS
expression. Importantly, oncogenic stress evoked by mutated
RAS," Cyclin E, and E2F" overexpression leads to CFS-
associated instability and deletions, and rearrangements in CFS
areas are often detected in human premalignant lesions and
xenografts experiencing high oncogenic activity,” ™"

The roles of the aforementioned factors in the protection
against fragility of CFSs were mostly discovered using methods
of visual detection of chromosomal breaks and gaps on mitotic
spreads. Several reports also utilized chromatin immunopreci-
pitation followed by quantitative PCR that allowed the
detection of the studied protein at the CFS sequences, ™
Nevertheless, an unbiased pro'lcume-wide screening for
identification of new protein candidates that could contribute
to CFS maintenance has not been reported.

As shown recently, guantitative mass spectrometry in
combination with nucleic acid-based affinity chromatography
is a powerful tool for proteome-wide screens of specific DNA
and ENA binding proteins pointing to new protein candidates
for deeper functional characterization.” " In this regard, stable
isotope labeling of amino acids in cell culture (SILAC) appears
to be a method of choice that is straightforward, minimizes
chances of bias caused by sample processing errors, and allows
simple distinguishing of specific interactors from background
binding proteins.”"""' Here, we present a new strategy
combining DNA-affinity chromatography with SILAC and
mass spectrometry to isolate potential CFS protein interactors,
Besides the advantages mentioned above, SILAC allowed us
not only to identify CFS binding factors but also to distinguish
between those bound under normal unperturbed cell growth
and those enriched under conditions of APH-evoked
replication stress. The results obtained with our combinatorial
screening approach and functional characterization of XPC as a
surprising new factor involved in CFS stability and overall
cellular response to RS are presented below.

B MATERIALS AND EXPERIMENTAL PROCEDURES

Chemicals

All chemicals used in this study were of analytical grade and
purchased from Sigma-Aldrich unless stated otherwise,

Cell Culture

In this study, the following human cell types were used: cervical
cancer cell line (Hela §3; ATCC), normal diploid fibroblast
strain (TIG3, ATCC), and osteosarcoma cell line (U-2 OS;
ATCC).

For the SILAC screen, HeLa 83 cells were grown in RPMI
1640 medium with omitted lysine and arginine (Biowest)
supplemented with 10% dialyzed fetal bovine serum and 1%
penicillin/streptomyein solution. For quantitative SILAC-based
M5 analysis, the RPMI 1640 medium was sugplemented
separately with L-arginine and L-lysine (Arg”, Lys') or 1-[U-
o 'SNq]arsinine, -[U- B8, IiP\F"]l}rz.‘iru: (Arg"’, Lysi]
(Cambridge Isotope Laboratories,Inc.). After five cellular
doublings, the success rate of protein labeling was verified by
in-solution digestion and a shotgun LC=MS/MS analysis.
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The other cell types were cultured in Dulbecco’s modified
Eagle's medium (Invitrogen) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. The doxycy-
cline-inducible shRNA ATR knockdown model in the U-2 OS
cell line was characterized previously."

Affinity Ligands and Immobilization on Chromatography
Media

As an affinity ligand mimicking CFS, an oligonucleotide with
the sequence (5'-3') CCC CCC CCC GAT TGT GAT AAT
CAT TAC ACA ATG TAT ATA GTA ATC AAA TCA TTA
CTT TAT was used. With the exception of the first nine
cytosines that served as a linker, the sequence corresponds to a
part of the common fragile site FRAIGD. The ability of the
sequence to form the same secondary structures as the
corresponding part of FRAI6D was tested in the Mfold
program.”’ Default parameters were modified to reflect our
experimental conditions (150 mM CI°, 1 mM Mgz', 4 °C).

As a second ligand, a control oligonucleotide with linear
structure, oligonucleotide (5'-3') CAA ATT TTA GCC AGT
CAT CCC ATA GTA TCG TCC GTT CAA G, was used. The
oligonudeotide should not be able to form stable secondary
structure and was designed in silico as follows.

One million random 40-mers were generated and T,
(melting temperature) of the most stable secondary structure
was caleulated in MFold (settings same as above). Five percent
of sequences with the lowest T, were selected, and all of the 20
bp subsequences were extracted. Another set of 40-mers was
created by cancatenation of random pairs from this pool. For
avoiding the creation of oligonucleotides deprived of certain
nucleotides or dominated by repetitions, sequences with the
lowest variability (expressed as entropy) at the level of mono-,
di-, tri-, and tetranuclectides were removed. After 20 rounds of
this “selection” and “recombination”, 100 40-mers with the
fowest T, together with their reverse sequences were selected
for closer inspection. Sequences predicted to interact with
single strand binding transcription factors by Transcription
Element Search System web service” were removed. Final
selection took into consideration the following parameters: T,
of the most stable structure, number of structures predicted by
MFaold, and sequence variability. The selected 40-mer is not
able to form any structure with negative AG, and the
corresponding T, are lower than —47 °C.

Both oligonucleotide sequences were custom synthesized
and modified with biotin at the 5 end (Generi Biotech),
Affinity beads were prepared by immobilization of the
oligonucleotides to streptavidin-covered magnetic beads
{Chemicell) according to the manufacturer’s instructions,
Briefly, SIMAG-streptavidin beads (1 mg) were washed three
times with 1| mL of citrate buffer (150 mM NaCl, 15 mM
trisndium citrate, pH 7.0) and resuspended in 0.5 mL of citrate
buffer. Then, 200 pmol of the specific oligonucleotide was
added, and immobilization was performed at room temperature
under slow rotation of the beads in 15 min. Unbound
oligonucleotides were removed by washing of affinity beads
with three volumes of the citrate buffer. Before use, the
prepared affinity beads were finally equilibrated to a starting
condition for DNA affinity chromatography with 1 mL of a
binding buffer (25 mM HEPES with 150 mM NaCl,, 1 mM
MgCl,, pH 7.5) at 4 “C under slow rotation for 15 min.
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Preparation of Cell Lysate and DNA Affinity
Chromatography

Two differently labeled Hela S3 cell populations, marked as
light and heavy, were both cultivated with or without the
presence of APH for induction of replication stress. In the first
experiment, the light and heavy labeled cell populations were
cultured under normal growth conditions and subsequently
used in the SILAC comparative analysis of specific CFS binding
proteins enriched by DNA affinity chromatography on the
FRAI6D fragment and control beads covered by the linear
hoth lgheled cell

oligonucleotide. In the second experiment, both
populations were exposed to 0.4 pM APH for 24 h before
harvesting and also employed for the isolation of specific CFS
binding proteins in the same way as in the first experiment.
Briefly, Hela 53 cells, light and heavy, were harvested, and
the cellular pellets were resuspended in a buffer from a NEP-
PER nuclear and cytoplasmatic extraction kit (Thermo
Scientific) for isolation of nuclear proteins, The concentrations
of isolated nuclear proteins were determined by Bradford
protein assay (Biorad) with BSA as a standard. Equal amounts
of nuclear proteins (1 mg) isolated from light and heavy cell
populations were mixed with | mL of the binding buffer and
incubated with affinity beads containing either the FRA16D
fragment or a control linear sequence. The association of the
nuclear proteins with oligonucleotide beads was performed at 4
°C under continuous slow vertical rotation for 1 h. After the
interaction of the proteins with oligonucleotide baits, the
unbound proteins were removed by washing of the beads with
1 mL of the binding buffer (repeated five times). The retained
proteins were eluted from the beads directly by the addition of
25 uL of SDS-PAGE sample buffer and boiling at 95 °C with
continuous shaking for 10 min. The eluates were carefully
removed from the beads and mixed 1:1. All affinity experiments
were performn:d in two indcpendmt biological rn:plir:al::s, In
one replicate, the FRA16D fragment was incubated with the
heavy labeled nuclear proteins, and to the beads with control
linear sequence, the light labeled nuclear proteins were added.
In the second replicate, the labeled protein extracts added to
the resing were swapped. The same SILAC comparative
experiment with beads covered by the FRAI6D fragment and
control linear sequence was carried out with both HeLa 53 cell
populations exposed to 0.4 uM APH for 24 h. This experiment
was repeated in two independent biological replicates with
swapping of the labeled nuclear proteins added to the affinity
beads as well.
Protein Separation and Digestion

Proteins retained and eluted from both oligonucleotide affinity
beads (FRAL6D fragment sequence vs linear control sequence)
were mixed in a 1:1 ratio, separated on 4—16% BIS-TRIS SDS-
PAGE gradient gels (Biorad), and staimed with colloidal
Coomassie Blue. Each sample line was divided into 13
fractions, which were further cut into small pieces. Then,
proteins were destained, reduced with DDT, and subsequently
alkylated with iodacetamide and digested with rafinose-
modified trypsin ovemight.l"'“' The released peptides were
extracted from the gel pieces with 5% formic acid in 30%
acetonitrile (v/v) and purified using C18 StageTips.’
Nanoflow Liquid Chromatography Mass Spectrometry
The desalted peptides were analyzed by nanoflow liquid
chromatography (nanoEASY-nLC System; Thermo Fisher
Scientific) coupled to a UHR-Q-TOF maXis instrument
equipped with online nanoESI source (Bruker Daltoniks).
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Peptides loaded on a precolumn (2 ¢m X 75 um packed with
ReproSil-Pur C18-AQ 5 ym resin) were eluted and separated
on an analytical column with a multistep gradient at a flow rate
of 200 nL/min for 185 min. The gradient was created by
mixing of 0.4% (v/v) formic acid (solvent phase A) and 0.4%
formic acid in 80% acetonitrile (v/v) (Table 5-1). The
analytical column was prepared in a 15 cm fused silica emitter
with an inner diameter of 75 pm (New Objective) packed in-
house with reverse phase ReproSil-Pur C18-AQ 3 pm resin
(Dr. Maisch GmbH). The MS instrument was operated in data-
dependent acquisition mode using the top five precursors with
charge states > 2. The selected precursors were fragmented
with the use of collision-induced dissociation. The fragmented
precursors were dynamically excluded for 18 s Detailed settings
of the MS analyzer are described in the Supporting
Information, Each sample was analyzed in two technical
replicates,

Data Processing

The collected raw data were processed using the DataAnalysis v
4.2 SP1 software (Bruker Daltonik). The XML files containing
precursor and fragmentation dats were created and used for
consequent  bioinformatics analysis, The XML files were
uploaded to ProteinScape v 2.1 and searched by Mascot
v2.2.07 (in-house server; Matrix Science) against a custom-
prepared database containing human proteins downloaded
from UniProt (20150107, 89706 seq; www.uniprotorg)
supplemented with common contaminants (kerating, trypsin,
bovine serum albumin) and reversed sequences of all human
proteins for the determination of false discovery rate (FDR).
The Mascot search was carried out with the following
parameters: MS and MS/MS tolerances were set to £25 ppm
and +£0.05 Da, respectively; protease specificity was set to
trypsin, and one missed cleavage was allowed; carbamidome-
thylation of cysteine was set as a fixed modification, and N-
terminal protein acetylation, methionine oxidation, and heavy
labeled “C(6)“N(2)lysine and “C(6)""N(4)arginine were set
as a wariable modification. Proteins identified by Mascot
algorithm were subsequently processed in ProteinScape 2.1
with the following parameters: a minimum of two peptides with
a score 215 and the FDR at 5% at the protein level were
needed to accept protein identification. From the list of
identified proteins, only those associated with at least three
quantified peptide pairs were considered as quantifiable
proteins and used for subsequent bivinformatics analysis.

The relative ratios of quantified proteins identified in both
forward and reverse label-swap experiments were normalized by
log2 transformation and plotted in a scatter plot. For significant
differences in relative protein abundance, the normalized ratios
of the proteins were statistically evaluated for their normal
distribution, and protein abundance was considered as
significantly different (p < 0.01) in the case of ratios differing
from the mean by 2.58¢ as determined from the normalized
ratio distributions of the biological replicate analyses.™ Such
proteins, clustered at the right top corner of the scatter plot,
represent candidates for FRA16D fragment-specific interactors,

Gene Ontology Annotation Analysis

To determine the significantly enriched gene ontology (GO)
molecular function and biological process terms related to
FRAI6D fragment-associated proteins, ClueGO,” a Cyto-
scape™’ plug-in, was employed. A two-sided minimal-likelihood
test on the hypergeometric distribution, an equivalent to the
classical Fisher's exact test, was utilized for the enrichment
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analysis with the human genome set as a hackground gene
population. The p-values for all enriched GO terms were
adjusted with the Benjamini—Hochberg correction method.

Antibodies

For immunoblotting, the following antibodies were used: XPC
(Novus Biological, NB100-477, 1:1000), pChK1 (Ser345, Cell
Signaling, 2348, 1:500), ChK1 (Santa Cruz, sc-8408, 1:500),
GAPDH (GeneTex, GTX30666, 1:2000), and MCM7 (Santa
Cruz, 5c-65469, 1:100). HRP-conjugated secondary antibodies
were as follows: antimouse (GE-Healthcare, NA931 V, 1:1000),
antirabbit (GE-Healthcare, NA934 V, 1:1000), and antigoat
(Santa Cruz, sc-2020, 1:1000).

For immunofluorescence microscopy, the following primary
antibodies were used: ATR (Santa Cruz (N-19) sc-1887,
1:250), ATRIP (Cell Signaling, 2737, 1:250), yH2AX (pSer139,
Millipore, 07-146, 1:500), $3BP1 (Santa Cruz, sc-22760,
1:500), Cyclin A (Leica, NCL-cyclinA, 1:200), and pH3
(pSer10, Millipore, 06-570, 1:1000). Secondary antimouse and
antirabbit antibodies were Alexa Fluor 488 (A11001) and Alexa
Fluor 568 (A11036) (Invitrogen, 1:1000).

Immunoblotting

For the analysis of checkpoint response, the same amounts of
cells were resuspended in the SDS-PAGE sample buffer and
incubated at 95 °C for 8 min with shaking (1400 rpm). The
samples were resolved by SDS-PAGE (4-15% gradient)
(Biorad) and subsequently transferred to a nitrocellulose
membrane for immunoblotting detection by specific antibodies.

Gene Silencing

siGenome Human XPC (7508) siRNA SMART pool was
purchased from Dharmacon (Cat. No. M-016040-01-0010),
and transfection was conducted using siRNA MAX (Invi-
trogen) following the manufacturer's instructions. As a control
siRNA, GGCUACGUCCAGGAGCGCACC from Eurofin
MWG operon or siGenome RISC FREE control siRNA from
Dharmacon {Cat. No. D-001220-01-05) were used. Both
control siRNAs were tested to exclude cytotoxicity using the
colony formation assay.

Biochemical Analysis of XPC Ubiquitination upon APH
Treatment

U-2 OS were transfected with siXPC pool or control siRNA.
Two days after the transfection, the cells were treated with 0.4
M aphidicolin for 24 h and subjected to lysis or biochemical
cell fractionation and then analyzed by immunoblotting as
previously described.’’ The primary antibody used in this study
was against XPC (Novus Biological, NB100-477).
Fluorescence Microscopy

Immunofluorescence Detection of DDR Factors. The
transfected cells were seeded in 24 well plates and treated with
0.4 uM APH or 0.5% DMSO 24 h before fixation. The cells
were either fixed directly with 10% formalin, followed by 5 min
permeabilization with 0.5% TritonX (staining for $3BP1, cyclin
A), or fived after pre-extraction (ATR, ATRIP). Samples were
stained with primary antibodies at 4 °C overnight and then with
secondary antibodies at room temperature for 1 h and
incubated with Hoechst 33342 at room temperature for §
min before mounting. Images were automatically recorded
using an inverted fluorescence microscope BX71 (Olympus)
and ScanR Acquisition software (Olympus), analyzed with
ScanR Analysis software (Olympus), and evaluated with
Statistica software (StatSoft). On the basis of DNA cyclin A

staining, the cell population was gated to Gl (cyclin A negative
cells). Number of foci or signal intensity of respective markers
was counted. Each experiment was performed with at least
three biological replicates.

Immunofluorescence Analysis of Mitotic Cells. The
transfected cells were seeded in a 24-well plate and treated with
either 0.4 uM APH or 0.5% DMSO for 24 h. After treatment,
the cells were fixed with 10% formalin, permeabilized by 0.5%
Triton X, and stained for the specific markers. Images were
taken using an inverted fluarescent microscope (Zeiss Observer
Z.1, 63x oil objective), The plates were placed onto the sliding
table of the microscope and automatically scanned, On the
basis of phospho-H3 marker positivity, approximately 150
mitotic cells were chosen and subsequently scanned for
phospho-H2AX (yH?.P.X) foci. yHZAX foci were analyzed in
[ -made soft impl ted in MatLab. Each experi-
ment was performed with at least three biological replicates.

Flow Cytometry Analysis of pH3-Positive Cells

The transfected cells were seeded on 6 em diameter Petri dish
and treated with 0.2 uM APH, 0.4 uM APH, or 0.5% DMSO 24
h before fixation with 100 ng/mL of nocodazole added 6 h
before fixation. The cells were trypsinized, fived with cold (4
°C}) 10% formalin for 15 min at RT, and permeabilized with
0.5% Triton X for 5§ min, Samples were stained with the
primary antibody against pH3 for 1 h at RT and then with the
secondary antibody for 1 h. Cells were centrifuged and
resuspended in PBS + 2% FBS with 0.5 pg/mL of DAPL
Samples were analyzed with the BD FACSVerse flow
cytometer, and pH3-positive cells were gated as indicated in
Figure 5-4.

W RESULTS AND DISCUSSION

Experimental Strategy for the |dentification of Potential
CFS Interactors

The main goal of this work was to identify candidate CFS
binding proteins and provide further insight into the biological
function of selected hits. To perform the first unbiased
proteome screen that would allow the detection of proteins
bound to the structurally specific CFS sequem:l:, we designed
and performed DNA affinity chmmatogmph‘y in combination
with SILAC-based quantitative proteormcs‘ Al (Figure 1).
The crucial step of our experimental approach was the DNA
affinity chromatography that demanded the design and
synthesis of baits suitable for isolation of specific CFS
interacting proteins, We based our bait on the concept that
CFSs arise as a consequence of specific DNA sequences, which
under replication stress create stable secondary structures that
are difficult to replicate. Thus, we used a fragment mimicking
the high-flexibility island within the well-characterized CFS,
FRA16D, as the specific DNA bait. The ability of this sequence
to form the hard-to-replicate secondary structure under our
experimental conditions was verified in the Mfold program,™
(for the final form, see Figure 5-1). For distinguishing the
candidate-specific CFS interactors from common DNA binding
proteins, control bait with linear structure was designed and
employed in parallel. Moreover, the nudeotide order was
selected in a way to avoid resemblance with known promoters
(for further details on control bait construction, see the
Experimental Procedures). Both baits were modified at the §°
end by adding biotin to facilitate their immabilization to
streptavidin-covered magnetic beads. To identify FRA16D
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1. Experimental strategy for identification and quantification of

Analysis of CFS-Enriched Proteins

Using a stringent threshold for FDR at less than 5%, we
identified in total 655 and 282 proteins binding to the FRAI6D
bait in APH-treated and control cells, respectively. Protein
ratios for FRAISD fragment-specific versus control bait beads
could be assessed for at least 559 and 228 proteins from the
above two groups, of which 410 and 1350 were detected in
independent biological replicates. As documented by scatter
plots of log, transformed ratios (Figure 2), 13 distinct proteins
appeared to specifically and robustly interact with the FRA16D
fragment but not with the control bait.

Among, these 13 selected hits, two and eight proteins were
bound to FRALGD exclusively under normal and APH-induced
stress conditions, respectively, and three proteins interacted
with FRA16D under both conditions (Figure 3). A validation in
the form of a proof of principle for our screen was provided by
the following two results. First, examination of the GO
annotations of the candidate CFS binders revealed a high
enrichment of proteins involved in binding to various DNA
structures and proteins implicated in mechanisms responsible
for genome maintenance (Figure 4A and B). This is in
agreement with the use of structured DNA as the specific bait.
A second and possibly even more important validation was
provided by the fact that our list of 13 hits included Wemer
helicase (WRN) and mismatch repair protein 2 (MSH2), both
proteins previously characterized for their biological functions
in the maintenance of CFS stability. i

According to the Kyoto encyclopedia of genes and genomes
(KEGG) enrichment analysis, our 13 selected candidate
FRA16D interactors play roles in several DNA repair pathways,
including nonhomologous end-joining (NHE]), mismatch
repair (MMR), base excision repair (BER), and nucleotide
excision repair (NER) (Figure 4C). The last mentioned, NER,
is the pathway that operates anywhere within the genome to
climinate “bulky” DNA lesions.*” DNA damage-binding protein
1 (DDB1), XPC, and Centrin-2 (CETN2) form the so-called
initiation complex of global-genome NER (GG-NER), whereas
XRCC1 and LIG3 are involved in sealing nicks or gaps after
excision of the nudeotides™ ™ Our observation that these
proteins together accumulate at the FRA16D fragment under

replication stress conditions together with their high

Fi
specific FRA16D fragment interactors. Cells were grown in the SILAC
“heavy” and “light” medium. The extracts of nuclear proteins were
added to the resins covered by a specific FRAISD fragment as a bait
and control linear sequence. After the affinity purification step, the
l:].u:ltes were mixed 1:1, separated by SDS-PAGE, and in-gel digested.
R peptide mi were analyzed by LC-MS/MS. The
workflow was performed with cells cultured under normal conditions
and also upon 0.4 uM APH for 24 h.

mmmrmectlmy (Figure 3) may suggest that GG-NER could
be involved in resolution of DNA structures that occur within
CFS regions under replication stress.

The GG-NER initiation is supported by XPC ub:quutylahon.
which is promoted by the UV-DDB-ubiquitin ligase complex.”
This UV-DDB-mediated recognition of DNA damage by XPC
is parhcularly observed in the case of UV-induced cyclobutane

fragment binding proteins, we used the following experimental
strategy.

First, we performed an experiment to obtain a list of nuclear
proteins interacting with the FRAISD fragment-specific bait
from lysates of HeLa S3 cells grown under normal conditions,
In the next experiment, the HelLa 53 cells were exposed to
replication stress induced by 0.4 uM APH, a com:entrmml of
the drug that reliably induces CF§ ion.”"" Imp

dimers and lesions that cause low distortion of DNA
heluu‘" whereas direct recognition of (6—4) pyrimidine-
pyrimidone photoproducts and some other lesions caused by
chemical adducts could be UV-DDB independent. To werify
whether the DNA structures created upon APH treatment in
CFS loci are recognized through a process that involves XPC
ubiquitylation, we performed cell fractionation and assessed the
ubiquitylation status of chromatin-bound XPC after APH
treatment through the electrophoretic mobility of XPC. In

.

comparison of FRA16D fragment interactors from ells under
normal versus replication stress conditions revealed multiple
interacting proteins (Figure 2), some of which have not yet
been assodiated with CFS biology.

c to UV-induced ubiguitylation-mediated electropho-
retic mobility shift, XPC did not show such altered mobility
upon treatment of cells with APH (Figure 5-2), indicating a
mechanism  distinct from the UV response and potentially
direct recognition of these replication barriers by XPC.
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Figure 2. Determination of FRAI6D fragment interaction partners. Graphs contain logarithmic ratios. from both replicates “forward” H/L and
“reverse” L/H plotted against each other. The specific FRAI6D fragment interactors are clustered in the upper right comner {red points) because of

the high ratio in both replicates of the experiment. Backgroun

d proteins are centered to the origin with a 1:1 ratio in both replicates, and

contaminants are observed in the upper left comer with a high ratio in the light form in both repetitions. (A) Cells cultured under normal conditions,

(B) Cells exposed to 0.4 uM APH for 24 h.

Recent studies indicate that XPC is not only the main
initiator of NER, but thanks to its substrate versatility, it seems
to be a general sensor of aberrant structures such as DNA
cross-links and various “DNA bubbles™'* with the potential
ta be involved in other cellular mechanisms besides NER.*' It

was shown that XPC plays a role in the elimination of oxidative
damage by regulating BER,™* in chromatin remodeling and
checkpoint response,’ 5 in regulation of transcription,” and in
the maintenance of telomere stability.”” On the basis of these
emerging reports, we next developed an automated approach to
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data from Figure 2 and downloading the protein—protein interactions from the String database."!

assess mitotic CFSs and tested the possibility that CFS regions
(especially under replication stress? generate some secondary
DNA structures that are “sensed” by XPC.

Method for Automated Evaluation of CFS Expression in
Mitosis

The involvement of proteins in the maintenance of CFS
stability is uvsually determined by scoring for chromosomal
aberrations under unperturbed control and replication stress
conditions with the protein of interest either absent (mutant,
deleted, or knocked down) or overexpressed. For better
resolution of individual CFS regions, Giemsa staining or the
FISH method on mitotic spreads is usually used."*'*"* A major
technical shortcoming associated with such standard ap-
proaches is high demand for the quality of mitotic spreads.
Furthermore, such evaluations are very time-consuming, and a
subset of smaller lesions may remain undetected. For these
limitations to be overcome, a more precise method for the
detection of phosphorylated histone H2AX (yH2AX) in mitosis
was developed™'and further optimized in our present project
for our purposes (Figure 5-5), yH2AX foci are commanly
accepted as a marker of DNA double-stranded breaks,”' and
quantification of yH2AX imn ce signal ir ity,
or rather the number of foci, can be used to estimate the extent
of DNA damage or repair kinetics.”

Our quantitative method for CFS expression is principally
based on the fact that, in APH-treated human lymphoblasts, the
20 most expressed CFSs account for 80% of all detectable
mitotic DNA double strand breaks.! Because these mitotic
breaks are marked by the yH2ZAX signal (Figure 5-5A), the
overall quantification of yH2AX foci in mitosis after APH
treatment correlates with CFS expression. Our method was

further optimized by combined immunofluorescence staini
for yH2AX and serine 10-phosphorylated histone H3 (pH3),
the latter a recognized marker of mitosis. Such a setup allows
fior high throughput analysis using automated microscopy-based
detection of mitotic cells within the cell population followed by
detailed yH2AX fod scoring selectively in the mitotic cells
(Figure 5-3B). The feasibility of our method for identification
of factors involved in CFS stability was validated in a cellular
model allowing inducible knockdown of ATR by shRNA. APH
treatment resulted in an increase of p-H2AX in mitotic cells
that was strongly augmented after ATR depletion (Figure 5-
5C), consistent with published data regarding the ATR kinase
and its involvement in CFS stability.""

XPC Participates in Replication Stress-Induced DNA
Damage Response and in the Maintenance of CFS Stability

For testing if XPC plays a role in CFS stability, the human U-2
08 cells depleted of XPC by RNAi-mediated knockdown were
treated with 0.4 uM APH for 24 h. The mitotic yH2AX foci
were quantified by the automated routine described above,
Surprisingly, in an analogous experiment as with ATR
knockdown, XPC deficiency caused a significant decrease in
the number of yH2AX foci after APH treatment (Figure 5A,B).
This observation has two possible explanations. Either the
depletion of XPC leads to such a prominent form of CFS-
associated instability that the G2/M checkpoint blocks such
cells from mitotic entry or the CFS-associated aberrant DNA
structures are sensed by a cellular mechanism that may involve
XPC and that is required for the signaling from such aberrant
DNA structures and thereby for g ion of the 2
enhanced yH2ZAX signal. To address this intriguing observation
further, we also compared the number of yH2AX foci in XPC-
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depleted and ATR/XPC codepleted U-2 OS mitotic cells after
APH treatment. XPC depletion resulted in decreased yH2ZAX
foci in mitotic cells compared to that in control mock-depleted
cells (Figure 5-46). In addition, depletion of XPC in cells
codepleted for ATR further decreased the number of pH2AX
foci in mitotic cells compared to cells depleted of ATR alone
(Figure 5-6).

Given that ATR is the major checkpoint kinase whose
signaling ensures arrest of cells with damaged DNA at the G2/
M boundary,"" we argued that the observed decrease or loss of
mitotic yH2AX signaling might reflect a previously unrecog-
nized positive role of XPC in promoting checkpoint signaling
within CFS5s. On the basis of our results with mitotic yH2AX,
we suggest the possibility that XPC may bind to stalled
replication forks to initiate incision of the DNA structures,
which are difficult to replicate, such as the high-flexibility
islands within CF8s, The XPC-driven incision process could
then initiate and/or contribute to activation of the DDR
signaling and create structures marked by yH2AX foci in
mitosis. Thus, in the absence of XPC, at least a fraction of
stalled replication forks are not turned into such “visible”
lesions, leading to insufficient checkpoint response documented
here by the impaired yH2AX signal. Provided that this
proposed scenario is correct, XPC-deficient cells exposed to

replication stress should accumulate unresolved replication fork
intermediates, particularly in the vulnerable genomic loci in the
vicinity of CFSs. Importantly, ineffective checkpoint signaling
due to XPC depletion would make such cells largely
unreceptive (“blind") to the accumulating aberrant and
potentially hazardous structures at CFSs and allow entry into
mitosis despite the danger of breaking the chmnmsumes..

To test if such unresolved at | repli int
are indeed present and transferred thmugh mitosis to the next
cell generation, we scored the so-called 53BP1 bodies in Gl
cells, a commonly recognized feature of cells undergoing
enhanced replication stress in the previous cell cycle.
Mechanistically, unresolved aberrant underreplicated loci that
escape into mitosis may result in DNA double strand breaks
during mitosis and then were recognized and stabilized in early
postmitotic daughter cells by S3BP1 and related proteins,
forming the microscopically recognizable G1 53BP1 bodies.”'

Indeed, quantification of 53BP1 bodies in G1 cells in our
experiments revealed a significant increase in the XPC-depleted
cells upon 04 uM APH treatment, a result which is fully in line
with the above hypothesis (Figure 5C,D).

On the basis of the obtained data, we conclude that XPC
participates in detection and/or resolution of replication
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cells. (A) Immunofluorescence detection shows a significant decrease of YH2AX foci signal in XPC-depleted mitotic cells. (B) Ilustrative pictures
depicting the evaluation based on pH3 immunostaining of mitotic cells and yH2ZAX foci, (C) Immunofluorescence detection shows a significant
increase in Gl phase-associated 33BP1 bodies in XPC-depleted cells. (D) Mustrative pictures depicting the evaluation based on immunostaining of
the S-G2 marker (Cyclin A) and $3BP 1 bodies. Only cells negative for Cyclin A (enciecled ) were analyzed. The asterisks mean significance with a p-
value < 0,05,
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Figure 6. ATR-promoted checkpoint signaling i altered in XPC-depleted cells. (A) Western blot-based analysis of impaired phosphorylation of
direct ATR target Chkl in XPC-silenced cells. Cells were treated by APH and harvested at various time points. MCM7 served as a loading control
(B) Microscopy-based quantification of ATR and ATRIP recruitment to the chromatin shows a significant decrease in XPC-silenced cells under
normal conditions and also after APH-induced replication stress.

barriers avising at CFS regions and promotes checkpoint strain (TIG-3) resulted in a promiment negative impact on
activation., Chk1 phosphorylation at early time points after treatment with
XPC Influences Checkpoint Response after Replication 0.4 yM APH (Figure 6A and Figure 5-3). In addition, the
Stress mitotic indices in such experiments, measured as the

To assess whether XPC depletion indeed influences checkpoint accumulation of nocodarole-arrested pH3 positive mitotic

'iigll.‘lhl'lg after APH-induced Tﬂp|lcﬁli0n stress, we tested ;;L'Jls, were shifted toward unscheduled mitotic entry, pointing

phosphorylation of Chkl, the key ATR substrate and effector at impaired checkpoint function in the XPC-depleted cells
kinase promoting G2/M checkpoint arrest.”’ Consistent with (Figure S-4A,B). XPC-depleted U-2 OS cells treated with APH
our conceptual predictions, knockdown of XPC in two human also showed elevated numbers of 53BP1 bodies in G1 phase
cancer cell lines (U-2 OS, HeLa S3) and a diploid fibroblast after aberrant mitotic progression. Similarly, XPC-depleted
4513 DOt 1010715 [protrome S0
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APH-treated TIG3 and Hela S3 cells did not show a prominent
elevation of Gl 53BP1 bodies, suggesting that this type of
readout is not manifested in all cell lines, probably due to rapid
limination of the damaged cells (data not shown). As the
ATR-Chkl cascade represents a major checkpoint signaling
“unit”, we also performed quantitative immunofluorescence
microscopy analysis of chromatin-bound ATR and its partner
ATRIP. The chromatin-bound signal of both proteins was
decreased in XPC-depleted cells (Figure 6B). How XPC
promates binding of the ATR/ATRIP complex to chromatin
remains elusive, but it is known that the binding of ATR is a
necessary prerec!u.isite for subsequent ATR-dependent check-
point activation,” thereby providing a plausible explanation for
the impaired Chkl phosphorylation detected in our experi-
ments with XPC-depleted cells under replication stress,

Altogether, the data set obtained in our present study
supports the idea of the XPC/ATR-Chk1 pathway interaction
in response to replication stress and their functional link in
promoting activation of checkpoint signaling. Notably, a
broadly analogous function of XPC was described for the
lesions induced by UV radiation where cells depleted for XPC
displayed impaired ATR activation and phosphorylation of its
downstream target Chkl.” On the other hand, signaling of
UV-induced lesions reportedly relied on XPC during G1 phase
but not during § phase.”” Our data in response to APH on the
other hand demonstrate an S-phase relevant ATR/Chkl-
promoting role of XPC in checkpoint signaling, most likely
reflecting the different nature of the APH-induced relative to
UV-induced DNA lesions as well as the differential requirement
for XPC ubiquitylation, which are important mechanistic
differences dem: 1 in our p study. In terms of
the impact on DNA, APH generates long stretches of single-
stranded DNA by uncoupling of DNA polymerases and
helicases, thereby creating vulnerable secondary structures,
especially at CFSs that become the substrate for XPC and
possibly GG-NER. Upon UV irmdiation, on the other hand,
DNA cross-links are formed and rapidly processed either by
translesion synthesis™ or converted into DNA double-strand
breaks”

Owerall, we propese that, in the absence of XPC, the
replication problems that occur at CFSs are not properly
recognized and/or processed during the S phase and become
the source of subsequent genomic instability. Last but not least,
our results also illustrate the power of innovative high-
throughput screens based on gquantitative proteomics and
hypothesis-driven strategies to identify new components of
fundamental mechanisms, such as cellular stress responses and
maintenance of genomic integrity.

W CONCLUSIONS

In this study, we perdformed the first unbiased proteome-wide
screen to identify new putative proteins responsible for
maintenance of CFS stability. Besides previously characterized
WRN and MSH2 proteins, we also identified several additional
candidates whose role in CFS maintenance warrants deeper
characterization. Because of the fact that almost half of the
identified proteins are implicated in NER, the XPC protein as
the main initiator of the NER pathway was chosen for a follow-
up functional study.

On the basis of our results, we propose a hypothesis for the
role of XPC in preventing CFS expression by promoting
checkpoint signaling under replication stress. We show that
XPC deficient cells are incapable of proper checkpaint

4514

activation in response to RS, leadi.ns to increased genomic
instability manifested as accumulation of specific DNA lesions
marked by 53BP1 bodies in G1 cells, We further suggest that
this phenotype may reflect a new role for XPC, or possibly the
whole GG-NER repair pathway, in sensing aberrant replication
structures and providing the incision step, a role that is
particularly required at hard-to-replicate structures in CFS loci
formed after RS, Thus, XPC deficiency leads to impaired CFS-
associated signaling through the ATR/ATRIP-Chkl axis,
thereby allowing for inappropriate passage of cells with aberrant
structures associated with stalled replication forks through
mitosis, The fate of such damaged cells depends on the
respective genetic background and fitness of cellular DDR. In
the next cell generation of U-2 OS cells passing through the
unscheduled mitosis, such aberrant DNA structures can be
detected as DNA double strand breaks marked by focal
accumulation of S3BP1 in the form of the S3BP1 bodies. In
some other cell lines, represented here by Hela 83 or TIG-3
cells, this aberrant scenario during the methaphase /anaphase
transition and/or immediately after mitosis of APH-exposed
cells is “solved” by elimination of such abnormal cells through
apoptosis. This is consistent with the notion that CFSs are
important sites of the genome that may serve as alarm sensors
for elimination of cells with unstable genetic material arising
upon replication stress. Through this mechanism, CFSs may
contribute to the intrinsic cellular barrier against tumori-
gerleaiiai."'l<

Apart from this important biological insight into the function
of XPC protein and its relevance for chromosamal (in)stability
and cancer, we also document that the strategy of using DNA
structure-specific baits, which can be successfully combined
with quantitative proteomics, can generate a wealth of results
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Maintenance of genome integrity is essential for homeo-
stasis and survival as impaired DNA damage response (DDR)
may predispose to grave pathologies such as neurodegenera-
tive and immunodeficiency syndromes, cancer and premature
aging. Therefore, accurate assessment of DNA damage caused
by environmental or metabolic genotoxic insults is critical for
contemporary biomedicine. The available physical, flow cytom-
etry and sophisticated scanning approaches to DNA damage
estimation each have some drawbacks such as insufficient sensi-
tivity, limitation to analysis of cells in suspension, or high costs
and demand for trained personnel. Here we present an option
how to transform a tegular fluorescence microscope and personal
computer with common software into a functional alternative
to high-throughput screening devices. In two detailed protocols
we introduce a new semi-automatic procedure allowing for very
sensitive, quantitative, rapid and simple fluorescence image
analysis in thousands of adherent cells per day. Sensitive DNA
breakage estimation through analysis of phosphorylated histone
H2AX (y-H2AX), and homologous recombination (HR) assessed
by a new RPA/Rad51 dual-marker approach illustrate the advan-
tages and applicability of this technique. Our present data on
assessment of low radiation doses, repair kinetics, spontancous
DNA damage in cancer cells, as well as constitutive and replica-
tion stress-induced HR events and their dependence on upstream
factors within the DDR machinery document the versatility of
the method, We believe this affordable approach may facilitare
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mechanistic insights into the role of low-dose DNA damage in
human diseases, and generally promote both basic and trans-
lational research in many areas of bi dicine where suitabl

Bunrescence rl'larkers are ﬂ\"ﬂilﬂhle.

Introduction

DNA damaging insults, including exogenous agents such as
various forms of radiation or environmental chemicals, or those
arising from cell's own metabolic processes, pose a continuous
threat to gcnnmic Entcgrity at the cellular level, and tﬁcr&ly poten-
tally undermine organ homeostasis, health and longevity at the
level of the whale organism. DNA lesions may lead to germline or
somatic mutations, and genetic or epigenetic defects in the various
cellular pathways thar recognize, signal and repair the DNA
I(.'Si()ns‘ arc C;lusﬂlly liﬂkcd o a r:i_ngt OF dmslﬁting dismﬁ 5uCI'|
as cancer, neurodegenerative and immunodeficiency diseases, and
premature aging."(‘ Given such fundamental role of the genome
integrity maintenance in biology and pathology, intensive research
has focused on better understanding of the molecular nature of the
diverse types of DNA lesions, cellular pathways thar deal with such
lesions, and development of methods to detect the presence, and
assess the extent, of DNA damage.

Among the diverse types of DNA lesions, arguably the most
hazardous are DNA double-strand breaks (DSBs) that can destabi-
|1I7.C I.‘|'ll: gcﬂﬂmﬁ: aﬂd |'|a'\-’l: severe Cnnsﬂqul:nl:‘_’s FO]' Ct“ Sur\'i\"a L I"‘_?
DSBs may arise directly from impact of ionizing radiation or
radiomimetic as well as some other anti-cancer drugs, for example,
but also indirectly during processing of other types of lesions
including those caused by ultravioler light, oxidative stress or
impﬂir‘:d DNA rcplia‘iun‘J"Lu-u lrl add.i[llﬂn‘ DSBS aris: aJSD as
part of the physiological programs of B and T lymphaocytic cells,
during genetic rearrangements of their immunoglobulin and T-cell
receptor genes, respectively, and during meiotic recombination
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in the course of germ cell maturation.*®!" Upon detection of a
DSB by sensor proteins such as the Mrel 1-Rad50-Nbs1 (MRN)
complex or the Ku proteins, the apical DDR kinases ATM and
DNA-PK, and later also ATR, become activated and phospho-
rylare serine 139 of histone H2ZAX, to generate whar has become
known as 1-H2AX.'413 This chromatin mark then serves to
recruit a plethora of DNA damage signaling and repair factors that
process the DSBs and evenrually seal the break.®®! """ In pracrical
terms, the so-called 7-H2AX foci can be conveniendy identified by
immunostaining, and this has become a popular surrogate marker
to highlight the presence of DSBs,6-11:13:15-22

Apart from 1-H2AX, numerous additional proteins that partici-
pate in the multifaceted genome maintenance network form
subnuclear foci’ through recruitment ro, and accumulation ar, the
DNA damage sites. 8092325 ok ford, for example those formed
by the MRN complex proteins; 53BP1, MDC1,%72328 and the
components of the recentdy identified ubiquitin ligase cascade
including RNF8,27-2? RNF168,*% and also BRCAL* are often
closely overlapping with the relatively large chromatin regions
marked by y-H2AX. Another type of foci, which are smaller and
limited to stretches of single-stranded DNA (ssDNS) created as a
rtsult DF DSB Cnd mstnllnn or l'cp“c:ltinn Fﬂrk ﬁtﬂlling. FD!' CxﬂmPl <,
are forimed by proteins such as RPA, the ATR/ATRIP complex,
Rad? and components of the homologous recombination (HR)
repair pathway, including Rad51.58:14.24.33.34 Broadly analogous
to the 1H2AX foci detecrion, these additional foci also provide
convenient surrogate markers for monitoring DSB signaling (c.g.,
53BP1 foci) and HR (e.g., Rad51 foci), respecrively.

Critical for both basic research and dinical applications in the
DNA damage field is the ability to detect, and ideally quantify in
large numbers of cells, the amount of DNA lesions such as DSBs,
to assess the dose of the genotoxic insult andfor their impact
on the diverse model systems or human beings. This aspect of
DDR research has a vast potential, ranging from mechanistic
studies in cell culture systems, through high-throughpur drug
or genetic screening strategies, up to monitoring radiotherapy or
cven measurcments of radiation dose exposure in case of a nuclear
reactor accident or terrorist attack. The available methods to
measure DNA damage in general, and DSBs in particular, encom-
pass physical techniques such as pulsed-field gel clectrropharesis,
comet assay or neutral filter elution, as well as methods based on
detection of the surrogate markers such as FH2ZAX, While the
physical methods are able to detect the DNA breaks directly, they
are considerably less sensitive, and require heat-exposed DNA free
from histones, features that seriously limit their widespread use.”
In contrast, derection of T—H.ZAX and some other DNA d:lmagr
signaling or repair markers allows for very sensitive analysis of
DNA damage, and directly in situ, thereby facilitating studies of
genotoxic insults at physiologically and therapeutically relevant
doses, and within the biologically more natural context of whole
cells, 11

Techniques to assess the DDR matkers are cvolving, and
particularly for nonadherent cells such as lymphocytes, recenty
optimized protocols based on flow eytometry are convenient, albeit
not particularly sensitive means for measurements of Y-H2AX. ¥
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On the other hand, analysis of DNA damage at very low doses,
and assessment of the vast majority of cell types that are narurally
adherent (For which detachment from substratum is very stressful)
require alternative methods which are however presently limited
to very costly and sophisticated scanning instruments that require
|argt investments and spccia]]y trained pcrsonnd, To overcome
these limitations, we have developed and report here a versarile,
highly sensitive method to quantify various parameters of the
DDR in large numbers of adherent individual cells with statistical
robusiness, at very low cost affordable te most, if nort all labora-
tories, with high degree of automation, and casily usable by the
many researchers who are familiar with common fluorescence
micrﬂﬁcupcs ﬂ.nd p:mnal CDITIPL\I'C[S.

In addition to providing the simple alternative for automated
scanning systems, we also provide an alternative of automared
fluorescence signal analysis in thousands of cells per day, based on
standard software that is common for PC installarions (Microsoft
Windows XP, Adobe Photoshop, Microsoft Excel) or can be
downloaded as freeware from the internet {]magc ]J Automation
in our new system is ensured by coordinative linking of such soft-
ware programs into a single analysis routine with multiple setting
parameters. The critical linking and looping of the different MS
Windows software together is achieved through application of
Mouse recorder, a minimum-cost software the serting and usage of
which is explained in detail. In this study, we present this innova-
tive approach of DNA damage assessment through applications
to quantification of low doses of ionizing radiation, assessment of
DNA repair kinetics, response to replication stress, as well as detec-
tion of genctically defined differences in response to DNA damage,
all in human adherent cells in situ. Furthermore, we discuss the
merits and limitations of this approach, and highlight potential
arcas of its application, including quantitative assessment of the
low-level endogenous DNA damage, as illustrated by our data on
human cancer cells.

Results

Sensitive detection of DNA damage. To test the suitability of
our method for evaluation of DNA damage levels thar are below
the limits of reliable detection for both the physical methods
and flow cytometry approaches, we first examined the effects of
ionizing radiation (IR), taking advantage of the known linear
response of mammalian cells to increasing radiation doses™!7:3
and the possibility to expose the cells ta precise doses of the clas-
togenic insult. In principle, however, virtually any type of DNA
damaging agent can be used, as the readout we used, the indue-
tion of -H2AX visualized by antibodics to ser139-phospharylated
H2AX, is a universal marker for DDR created by all three major
apical DDR kinases. 4133739 IR causes a spectrum of DNA lesions
including single stranded breaks (S5Bs), base modifications and
DSBs,* and although the activity of the ATM kinase is dominant
in the response, the kinases DNA-PK and ATR also contribute to
H2AX phosphorylation and activation of cell cycle checkpoints
and DNA repair pathways,316:37-40

In this initial series of experiments, we exposed the human
U208 osteosarcoma cells grown on coverslips to increasing doses
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clinical specimens, is an intriguing and recently often
discussed phenomenon relevant for the molecular
pathogenesis of cancer in general, and to oncogene-
induced DNA breakage and genomic instability in
particular.¥%*! Encouraged by the dara we obrained
with the U20S sarcoma cells (Fig. 1) that display a
rather low degree of such spontaneous DNA damage,
we asked whether our quantitative approach allows
o distinguish differences in this parameter among
different human cancer cell lines under unperturbed
culture conditions,

Five human cancer cell lines representing four
tumor types: U208 osteosarcoma, HCT116 colon
carcinoma (two variants), MCF7 breast carcinoma
and CAPAN1 pancreatic carcinoma, were cultured
in parallel under identical conditions, and the extent
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of their constitutive DNA damage withoutr any
genotoxic insult was examined, using the integrated
signal density of the Y-H2AX marker as readout. The
rationale for including the two isogenic HCT116
cell lines thar either express wild-type p53 (p53*/)
or lack the p53 gene (p537) was to see whether they
display any differences in the extent of the constitu-
tive DNA damage, given the original observation
by DiTullio et al# that the clevated endogenous
damage was seen particularly among cancer cell lines

Figure 1. yH2AX signol integrated density (SID] quanfification in U-2-OS cells affer IR.
{A) A Thumbnail comparison of image galleries of U-205 cells irradiated by indicated
doses of ionizing rodiation and stained for YH2AX, Fields with stained cells were phato-
gra phsd and the images nnolyznd using the automatic recognition routine based on DAPI
coslaining of DNA. [B] Automatic signal quantification routine applied lo the recognized
plot chart summary. Minimum of 200 cells were analyzed for
each sample. All differences between any two nearest samples are significant: Hest [p

cells, presenied as a box

< 0.0001).

of ionizing radiation, spanning the 0-1 Gy range. Coverslips
were fixed, stained and quantified for integrated signal density
DI’ Lhc T'Hm ]mmuﬂﬂﬂuomcncc irl Ca.d'l ﬂ.ﬂa]y{cd C‘JI (sc{.'
Supplement, Protocol A, for derails). As can be seen from the
data presented in Figure 1A and B, the values obrained with our
method were consistent with the linear response within the enrire
0-1 Gy range. In addition, the integrared signal values obrained
for cells irradiated with increasing doses of 100 mGy-increments
showed significant differences in the signal berween the individual
doses used (Fig, 1B). This result is noteworthy for at least two
reasons. First, it documents the high sensitivity of the method.
Second, the sensitive yet robust (as documented by the linearity of
the values obrained across the entire 0-1 Gy dose range) readout
even allowed the initial, spontaneous DNA damage thar was
present already in the mock (0 Gy)-treated cells to be well detecred,
an observation that inspired the next set of experiments,
Assessment of the endogenous constitutive DNA damage
in cancer cells. The occurrence of constirutive DNA damage
in premalignant or cancerous cells not exposed to any exog-
enous genotoxic insults, both in cell culture and in vive in
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with mutant p53. The results of these compara-
tive experiments showed that there were indeed
pronounced, reproducible differences among the
cancer cell lines examined, ranging from the low level
of spontancous damage seen in U208 cells, trough
intermediate level in MCF7 cells, up to an almost
10-fold higher (as compared to U205 cells) signal in
the CAPANI cells (Fig. 2). Interestingly, the deletion
of the p53 gene from HCT116 cells correlated with a
significant elevation of the constitutive DNA damage in otherwise
isogenic HCT116 (p53*/) cells (Fig. 2). We conclude from these
results that the new method we present is suitable to reliably detect
and quantify also the low-level spontaneous DNA damage present
in cancer cells. These results furthermore suggest that wild-rype
p33, when preserved in cancer cells, may at least partially limir the
extent of such constitutive DNA damage.

Monitoring kinetics of v-H2AX decay after IR. One of the key
areas of application for techniques that assess the DNA damage
is to monitor the kinetics of repair of the DNA lesions.®” To
judge the suitability of our method for this purpose, we irradiared
the U208 cells with the therapeutically most relevant dose of 2
Gy, and followed the overall decrease of the Y-H2AX signal in a
time course experiment. As is illustrated in Figure 3, our method
was clearly capable of detecting the time-dependent decay of the
¥-H2AX signal from its maximum by 30 min after irradiation
until 8 hrs post IR. The timing of the peak value of -H2AX at
approx. 30 min is known from various studies®” and agrees with
our preliminary experiments using this method to assess the early
time points after IR (dara not shown). The data summary (Fig. 3)

2009; Vol. 8 Issue 16

103



Quantitation low-dose DNA domage

L

H

o
q‘l

1

u20s

SID mean values in arbitrary units
(=]

HCT116 HCT116 MCF7 CEPAN1.

p53+/+  p53--

Figure 2. Panel of five human cancer cell lines evaluated for spontaneous
DMNA damage. Over 200 cells were scored for yH2AX integrated signal
density (SID) in two independent experiments for every cell line. Mean
values and standard errors were cakulated and ore disployed in a single
summary chart.

indicates that the bulk of the DSBs were n:p:lircd Ea)’ 4 hrs after
irradiation, and the high sensitivity of our method allowed us to
conclude that even 8 hours after IR, there was a significant residual
signal higher than the level in mock-treated cells, consistent with
the notion that a fraction of difficult-to-rejoin DSBs may persist
for a longer period of time.®

A dual-marker RPA/Rad51 assay to assess homologous
recombination in § phase. While the data presented above were
generated using the integrated signal density of y-H2AX as a
readout, we also wished to explore the potential of our method
for evaluation of the number of the nuclear foci’ thar are formed
by various DDR components and might serve as beacons for
activated DNA damage signaling or repair pathways, 833344448
The process we chose for this study was quantitative analysis of
homologous recombination (HR), an important mechanism of
DNA damage repair with high relevance o radiobiology and

L6 1y our Protocol B {Suppkmcnmr}' Protocol B),

l}nc(}l(‘[_‘;)’.
we use the HR component Rad51 that forms foci at the sites of
replication stress or other lesions that demand engagement of the
HR T(.'T]ilirr'i't"l.! WL' llNL'd Ih(' Rﬂdsl I(l(.'l das a .\L[rrugd[t Tnﬁrl\(.f
of individual HR events that are in progress, and set our image
analysis routine to derect the individual foci, while subtracting
the remaining background fluorescence. In addition, we adapted
this Protocol to selectively analyze the subser of cells with ongoing
DNA replication, i, those possibly experiencing replication
stress, by concomitantly scoring the partern of RPA, a protein that
decorates regions of ssDNA ar replicating forks.”

For the automatic selection of the maximally replicating
cells and HR quantification we therefore developed a two-step
procedure, based on double staining for RPA and Rad51. Upon
optimized pre-extraction of the fixed cells, the RPA pattern of the
major subsct of fully replicating S-phase cells was selected based
on a large number of very small ‘micro-foci’ evenly distributed

www.landesbioscience.com
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Figure 3. Analysis of DSB repair dynamics ({H2AX signal decay) in U205
cells after 2 Gy irradiation using quantification YH2AX signal integraled
density. Somples of U20S cells were irradialed by 2 Gy of ionizing
radiation, fixed ot indicated times and stoined for YH2AX. Cells were
analyzed by outomatic recognition and quantification routine and doto
summarized using o box plot chart. Minimum 200 cells were analyzed for
each sample. All differences between two nearest samples are significant:
Hest (p < 0.0001).

U-2-0S cells, pre-extraction
RPA Rad51 Overla

Figure 4. Example of poired immunofluorescence images used for auto-
matic analysis of HR events in U205 cells. Here, cells were exposed o 0.5
mM HU for 24 hours, pre-extracted and stained for RPA and RadS51. Pan-
nuclear RPA signal indicating ongoing replication was used for recognition
of cells to be further quantified for Rad51 foci. White silhouettes indicate
cells likely outside S phase, which were automatically removed from the
analysis based on low or helerogeneous RPA signal patterns.

throughout the nucleus (Fig. 4). We then set our automaric recog-
nition routine to recognize only cells positive for this pan-nuclear
pattern of RPA, and only in these cells the RADS1 signal was
subsequently automatically quantified in the double-stained cell
population.

Quantification of spontaneous and replication stress-induced
HR events. Having established the combined RPA/Rad51 analysis
approach, where pan-nuclear RPA identifies S-phase cells under-
going DNA replication, we decided to address the question
whether in such cells, the Rad51-dependent HR is affected by the
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Figure 5. Graphical summary of HR events analysis in human Ffibroblasts
lacking NBS1, and the HR-promofing effect of re-intraduced wildtype
NBS1. NBS14ert (Nbs1+ cells and NBS THert witNBS1 [Nbs1-wi] comple-
mented cells were left untreoted or exposed to 0.5 mM of hydroxyurea
{HU) for 24 hours ond cnalyzed using automatic recognifion and scoring
roufine of Rad51 foci in S-phase cells. Minimum 200 cells were analyzed
for each sample. Differences between NBS14ert and NBST-tert-wiNBS1
cells are significont under both mockreated (+test: p < 0.0666) and HU
treatment [Hest: p < 0.0001) condilions, as was the 4-groups ANOVA test
comparisen: p < 0.0001.

status of a candidate upstream regulator such as Nbs1, 526384547
To examine the significance of intact Nbsl for the RadS1-
mediated HR. we employed the dual RPA/Rad51 protocal on
human cells lacking functional NBS1 (cells derived from a patient
with the Nijmegen breakage syndrome) and isogenic cells in which
wild-type NBS1 was reconstituted through retrovirus-mediated
stable expression.” This experiment showed that compared
to their NBSI-reconstituted counterparts, the NBSI-defective
cells displayed significantly fewer Rad51 foci (p < 0.06) when
replicating their DNA in the absence of any exogenous insult
(Fig. 5). In addition, the dependency of Rad51 foci/HR events
on functional Nbsl became even more apparent when the cells
were treated with 0.5 mM HU for 24 hours (p < 0.0001), under
conditions that induce replication stress and thereby increase the
demand for more HR repair (Fig. 5).

To further demonstrate the suitability of the dual-marker
assay to examine the impact of HU-induced replication stress,
we next tested effects of HU treatment on the U208 cell line.
The question we asked was whether increasing concentrations of
HU positively correlate with the amount of Rad51 foci in S-phase
cells. The data from this series of experiments revealed positive
correlation berween Rad51 foci formation and HU within the
range of 0-0.5 mM (Fig. 6). Surprisingly however, further increase
of the HU concentrations to | mM and higher not only did not
lead to further increase of Rad51 foci, but instead the number of
such HR events was progressively inhibited (Fig. 6). Although the
mechanistic basis of this intriguing phenomenon remains 1o be
clucidated, we speculate that full inhibition of dNTP synthesis
by higher concentrations of HU might also lead to inhibition of
HR/Rad51 foci formation, possibly reflecting some feedback loop
mechanisms involving sensors of inadequate dNTT supply and
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the requirement of dNTPs for DNA synthesis associated with HR

repair.
Discussion

ln r_h‘iﬁ S[u.d)". wo dcv:lopcd, ﬂnd dﬂmﬂnsll’a‘.cd d'lc ulilit:" Df‘
an innovative single-cell image analysis method that is potentially
widely applicable in biomedical research, both basic and trans-
lational. While we demonstrate the key aspects of this approach
on several examples from the DNA damage field, we would like
to emphasize that this technology should be uscful for analyses of
any biological phenomena for which suitable fluorescence markers
can be validated, including nucleic acid- and organelle-specific
tags, and antibodies to a wide range of molecules including post-
translationally modified proteins.

The advantages of our new method compared with the alter-
native, currently available approaches based on flow cyromerry,
physical methods such as electrophoresis, and expensive complex
scanning devices™! 173035 include: (1) high sensitivity; (2) quan-
titative data outpur; (3) low investments for setting up the method
{based on standard fluorescence microscope equipped with digital
camera and common PC with software available in most labo-
ratories); (4) automation of the routine that allows analysis of
thousands of cells per day; and (5) relatively simple operation and
high degree of transportability among laboratories, thanks also
to our detailed protocols (see the Suppl. information) with both
written guides and illustrative movies to facilitate the widespread
use of the technique.

From the technical point of view, our method is highly versarile,
as each nucleus is automatically recognized and evaluated sepa-
rately for overall signal integrated density and amount of foci, and
addidonal parameters such as area, circularity and signal density
related to each focus can be also evaluated. The method allows
immunoflourescence analysis to be performed selectively in subsers
of tagged cells (see the RPA/Rad51 dual-marker approach intro-
duced in this study as an example), and up to 3 additional channels
can be exploited for combined analyses, using diverse antibody-,
green fluorescence protein- and nucleotide analogs-based detec-
tion systems. Apart from the applicability for adherent cells, the
method can easily be adapted for suspension cells, by examination
of cytospin or smear preparations. In addition, the image analysis
system encompasses casily editable macros where every step is
amenable to further creative modifications to meet specific require-
ments of the particular researcher and project.

Within the DNA damage research field, the high sensitivity
of the method should make it particularly useful for applications
in studies of spontancous DNA damage,'"184! very low doses of
genotoxic agents including assays for new carcinogens,'? analysis of
long-term DDNA repair dynamics and checkpoint recovery/adapta-
tion mechanisms, ™20 to name just a few areas of wide interest.

For example, our experience with this new method (Fig, 2, and
data not shown) indicates thar it should significantly contribute
to better understanding of the recently discovered role of the
DDR machinery as an inducible biological barrier against onco-
gene-induced replication stress and progression of pre-malignant
lesions into aggressive tumors. 425054 The oncogene-induced
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used, our method may provide an option
for how to transform a regular fluores-
cence microscope and common  personal
computer into a functional alternative to
such demanding screening devices. Our
derailed Supplementary guide with informa-
tive step-by-step movies provides an entire
new platform open to further improvements
and applications, and the examples docu-
mented by the results of the present study
can be regarded as a guide for further user-
tailored modifications. The broad range of
potential applications of this new method
is limited only by imagination (and by the
EI spccl‘l'l.lrn Df ﬂvﬂilﬂbl: ﬂu{)rtsc:nl:c markcrs).

Mock

02ZmMHU 05mMHU 1mM HU

and we very much hope that this approach
will prove uscful in the hands of many

S5mM HU

Figure 6. Effect of increosing HU concentration on HR events in UZOS cells. Cells were exposed to
indicated doses of HU for 24 hours and analyzed using automatic recognitien and searing routine
for Rad51 foci in Sphase (RPA-marked) cells. Note thot within the range spanning 0-0.5 mM
HU, the rate of HR repair events increased, however in higher HU concentrafions of 1 mM=5 mM
HU, the frequency of HR events decreased. Minimum 200 cells were analyzed for each sample:
Hest [Mock4reated control vs. 0.2 mM HU: p < 0.0001; 0.2 mM vs. 0.5 mM HU: p < 0.0001;
05 mMuwvs. 1 mM HU: p < 0.0001; 1 mM ws. 5 mM HU: p < 0.0092]. 5groups ANOVA test;

p < 0.0001,

endogenous DNA damage is of the extent clearly detectable and
quantifiable by our method, and we believe this technique can also
be adapted for analysis of immunostaining on tissue sections, since
for example the ¥-H2AX and 53BP1 foci are clearly detecrable by
immunol‘listoch:mislr_v.“]‘Sn"" Furthermore, we believe thar also
additional applications in cancer research, such as monitoring the
in vivo cffects of genotoxic anti-cancer drugs, identification of
carcinogens, or assessment of radiation dosage or exposure, may
benefir from application of our method.

In terms of the RPA/Rad51 assay, we believe it can complement
the currently used fluorescence assays for HR, based on reporter
plasmid-encoded GFP fragments whose rejoining dependent on
the HR activity in the cell can be assessed by flow cyrometry.#-34
Given the limitations of this method, such as the fact that only rela-
tive values can be obtained, and the tested cells must undergo the
samc rlurnbcr DF Pﬂpulal‘ion d.l:lul)lings I||'| Drdcr to bf COmPﬂrﬂbIC.
our surrogate marker approach with concomitant RPA pattern
and Rad51 foci scoring should become a useful tool in the arca
of replication stress and HR research. As a ‘by-product’ of our
Rad51 analysis in response to HU-induced replication stress, we
identified a relatively narrow peak of HU concentration optimal
for detection of HR events. Since many studies are based on HU
concentrations around 5 mM®57 thac is already in the range when
HR appears to be inhibited (Fig. 6), we propose that our approach
may also help identify optimal range of diverse drugs, both for
basic cell culture experiments, and possibly as an aid in designing
personalized treatment regimens in the future.

Finally, given that high-throughput screens based on complex,
high-cost fluorescence scanning instruments are becoming widely

www.londesbioscience.com
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researchers.

Materials and Methods

Cell culture. Human U208, MCF7,
CAPAN] and HCTI116 (both p33-profi-
cient and deficient variants, kindly provided
by B. Vogelstein) cell lines, as well as the
human telomerase-immartalized fibroblasts
from a Nijmegen breakage syndrome patient
(NBS-tert cells) were grown in DMEM supplemented with 10%
fetal bovine serum (GIBCO). A NBS-tert + wiNBS1 derivative
cell line expressing human W7T NBS1 protein was generated as
described. 4

Cell irradiation and drug treatment. Hydroxyurea was obrained
from Sigma. Aqueous stock solution at a concentration of 1 M was
kepr light-shielded at -20°C and was diluted to the appropriate
concentrations in culture medium shortly before treatment of the
cells. Tonizing radiation ac the desired dose was delivered by an
X-ray generator (Pantak, Betkshire, United Kingdom; HF160; 150
kV, 15 mA, and dose rate of 2.18 Gy/min).

Imunofluorescence staining. For DSB cvaluation, the cells
were grown on glass coverslips, fixed by methanol:acetone (1:1)
and then stained with primary antibodies against phospho-H2AX
(ser139) (mouse or rabbit) or 53BP1, essentially as described previ-
25.26 For RADS]1 foci evaluation in replicating cells, the cells
were grown on coverslips, washed in a buffer containing 10 mM
PIPES pH 7, 100 mM NaCl, 300 mM sucrose, 3 mM and MgCl,
(CSK buffer), then extracted 5 minutes in CSK + 0.5% Triton X,
and rinsed with CSK and P'BS before fixation in 4% formalde-
hyde. Immediately after fixation cells were stained with primary
antibodies against RADS1 and RPA. As secondary antibodies were
used goat anti-mouse and anti-rabbit coupled to Alexa Flour dyes
with excitation wavelengths of 488 or 568 nm (Maolecular Probes).
After the staining procedure the coverslips were dried by ethanol
series and mounted on standard microscopic glass using Vecta
Shield mounting medium with DAPI (Vector Laboratories) in
case of DSB evaluation and withour DAPI in case of RADS51 foci
scoring. Examination was done using the fluorescence microscope

Oi.ISIY.
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from Zciss (model Axioplan II). Images were acquired through
a PLAN-Neofluar 40x/1.3 oil immersion objective and photo-
graphed by a digital camera (Cool Snap). Each microscopic field
was acquired twice through two different fluorescence filters. The
exposition time, the binning, the setting of the microscope and the
UV light source were keprt constant for all the samples.

Computer based evaluation of YH2AX signal integrated
density. Fach image photographed as described above was saved
as a tff file and later examined by combining Adobe Photoshop,
Image ] and Excel software using macro routines with fixed
parameters for all samples, Adobe Photoshop was used for recog-
nition of single cells based on DAPI staining and to subtract
background in the corresponding DSB (usually y-H2AX) signal
image. In the Image | sofeware the “Histogram” funcion was
used to calculate the signal values and further processing of the
numbers was achieved by mathemartical operations in M5 Excel.
See Supplementary information for the protocol dertails. Statistical
analysis of data set comparisons was performed using t-test (confi-
dence interval 99%).

Computer based evaluation of RAD51 foci in DNA-replicating
cells. Each image photographed as described above was saved as a
tiff file and later examined by combining Adobe Photoshop, Image
] and Excel software using macro routines with fixed parameters for
all samples. Adobe Photoshop was used for recognition of single
Et“s bascd on a lﬂn-ﬂuclac[ RPA Signﬂl Pﬂ[lcrn a.l'ld o Sub[rﬂﬂ
background in the corresponding RAD51 image. In the Image
] software “Analysis parricles” function was used to analyze each
focus for specialized parameters such as rotal amountand integrated
density of cach focus. The numerical data were further processed
in MS-Excel by mathematical operations. See Supplementary
information for the protocol derails (Supplementary protacol B).
Statistical analysis of paired data scts was performed using t-test
(confidence interval 99%).

Antibodies. Antibodies used in this study included mouse
monoclonal antibodies to phospho-histone H2A.X (Serl39)
(Ab-cam, Upstate 05-636), to RPA (Neomarkers) and to 53BP1
(a generous gift from Thanos Halazonetis, University of Geneva)
and rabbit polyclonal antibodiecs to phospho-histone H2AX
(Ser139) (Cell signaling Lot:2 #2577L) and ro RADS1 (Santa
Cruz),

Acknowledgements
We thank Professor David Morris for critical reading of the

manuseript. This work was supported by grants from the Czech
Ministry of Education (MSMG198959216), the Grant Agency
of the Czech Academy of Sciences (IAA501370902), the Danish
National Research Foundation, the Danish Cancer Society, the
Danish Research Council, the Lundbeck Foundation (R13-
A1287), and the European Community 7th Framewark Program
(Projects INFLA-CARE and GENICA).

2598 Cell Cycle

Note

www.landeshioscience.com/supplement/MistrikCC8-16-Sup. pdf
www.landesbioscience.com/supplement/Mistrik CC8-16-Sup 1swf
www.landesbioscience.com/supplement/Mistrik CC8-16-Sup2.swi’
www.landeshioscience.com/supplement/Mistrik CC8- 16-Sup3.swf
www.landesbioscience.com/supplement/Mistrik CC8- 16-Sup4.swi
www.landesbiascience.com/supplement/Mistrik CC8- 16-Sup5.swi

References

. Hocijmakers JH. Genome maintenance mechanisms for preventing cancer. Narure 2001
411:366-74.

. Schumacher B, Garinis GA, Hoetjmakers JH, Age 1o survive: DNA damage and aging,
Trends Genet 2008; 24:77-85.

. Kastan MB, Barrek . Cell cycle checkpoints and cancer. Naure 2004: 432:316-23.

. Harper JW. Elledge §). The DNA domage response: ten vears after, Mol Cell 2007;

28:730-45.

Bartek ), Luleas |. DNA damage checkpoings: from initiation ro recovery or sdapration.

Curr Opin Cell Biol 2007; 19:238-45,

G Jeggo PA, Lobrich M. DNA double strand breales: their cellular and clinical impacr?
Oncogene 2007; 26:7717-9.

. Seucki M, Juckson SI-H2ZAX and MDCI: anchoring the DNA-damage-response
machinery o broken chromosomes, DINA Repair 2006; 5:534-43.

8 Cimprich KA, Corter D, ATR: an essential regulinar of genome inegeing. Mar Bev Mol
Cell Biod 2008; 9:616-27.

9. Kinner A, Wu W, Smudr C, liakis G, Gamma-HIAX in recognition and signaling
of DNA double-steand breaks in the contest of chromatin, Nucleic Acids Res 2008;
36:5678-94,

10, Bartkova ], Bakkenise €, Rajperc-Die ME, Skakkeback NE, Schested M, Lukas |, et al,
ATM scrivation in normal human tissues and resticular cancer, Cell Cyele 2005; 4:838-
45.

. Bonner WM, Redon CE, Dickey 15, Nakamuri A], Sedddnikova OA, Solier S, et al.
GammaH2AX and cancer. Nat Rev Cancer 2008; 895767,

12, Bakkenise CJ, Kastan MB. Initiating cellular stress responses, Cell 2004; 118:9-17.

13, Rogakou EP Tilch DR, O AH, lvanova V5, Bonner WM. DNA double-stranded
breaks induce histone H2AX phosphorylation on serine 139. | Biol Chem 1998:
273:5858-08.

14, Hakem R. DNA-damage repaie: the good. the bad and the ugly, EMBO | 2008;
27:589-605.

15, Fernander-Caperille O, Celeste A, Nussenzweig A. Focusing on fock: H2ZAX and the
recruitment of DNA-dumape response factor, Cell Cyele 2003; 2:426.7.

16, Sedelnikova OA, Bonner WM. GammaH2AX in cancer cells o parential biomarker for
cancer diagnostics, predicrion and recurrence. Cell Cyele 2006, 5:2909-13,

17, MacPhail SH, Banath J1 Yu TY, Chu EH, Lambur H, Olive P'L. Expresion of phos-
phorylated histone HIAX in cultured cell lines following exposure 1o Xerays, o1 | Radiax
Biol 2003 79:351-8,

18, Tanaka T, Halicka HI, Traganos F, Seiter K, Darsynkiewics 2. Induction of ATM acti-
vation, histone H2AX phosphorvlation and apopiosis by etoposide: relation o cell evcle
phase. Cell Cyde 2007; 6:371-6.

19, Albing AR Huang X, Jorgensen E. Yang |, Gietl D, Traganos F et al. Induetion of HIAX
phospharylation in pulmonary cells by tobacen smoke: & new assay For carcinogens. Call
Cyele 2004; 3:1062-8.

20. Bouguer E, Muller C, Salles B. The loss of gammaH2AX signal is a marker of DNA
double strand breaks repair only ut low levels of DNA damapge. Cell Cycle 2006: 5:1116-
%

21, Yu T, MacPhail SH, Banath |1, Klokov [, Olive PL. Endog
rylated histone HIAX in twmors in relation 1o DNA doubl
instability. DNA Repair 2006; 5:935-46.

22 Zhao H, Traganos E Albino AL Darzynkiewicz Z. Oxidacive siress induces cell cyele
dependent Mrel | recruitment, ATM and Chk2 activation and hisone H2AX phosphao-
rlation., Cell Cycle 2008; 7:1490-5.

23, Schuliz LB, Chehab NH, Malikzay A, halazoncris TLY, p53 binding protein 1 (53BF1)
isan carly participant in the cellular response o DNA double-strand breaks, | Cell Biol
2000 151:1381-90.

24, Bekker-Jensen §, Lukas C, Kitagawa R, Melander F, Kastan MB, Bartek ], et al, Sparial
organization of the mammalian geneme srveillance machinery in response g0 DNA
strand breales, | Cell Biol 2006; 173:195-206,

25, Bekker-Jensen S, Lukas C. Melander F, Bartek |, Lukas |. Dynumic assembly and sus-
tained retention of 53BP1 ar che sites of DNA damage are controlled by Mdel/NFBDN.
J Cell Biol 2005; 170:201-11,

26, Lukas C, Falek ], Bartkova |, Bartek J, Lukas J. Distines spatiotemporal dynamics of

finn checkpoi | induced by DNA damage, Nat Cell Biol 2003; 5:255-

b

o

w

b |

¥ i d’rl- rI
1 breaks and genomi

P L

i,

2009; Veol. 8 lssue 16

107



27,

28,

a0,

3.

34

L

36,

37

38,

39,

4

42,

43,

a4,

45,

46,

47,

48

49,

51,

5L

Quaontitation low-dose DNA domage

Kolas NK, Chapman JR, Nakads 5, Ylanko |, Chahwan R, Sweeney FD, e al.
Orchestration of the DNA-damage response by the RNFE ubiquitin ligase. Science
2007; 318: 163740,

Mailand N, Bekker-Jensen 5, Faustrup H, Melander F, Barrek |, Lukas C, et al. RNFS
ubiguitylates histones t DNA double-strand breaks and promotes sssembly of repair
proteing, Cell 2007; 13 1:887-000,

. Huen MS, Grane R, Manke 1, Minn K. Yu X, Yaffe MB, Chen | RNFS mansduces the

DNA-damage signal via histone ublguitylation and checkpoi
2007; 131:901-14.

Deil €, Mailand N, Bekker-Jensen S, Mt‘n-"d F. Lz.rben DH, Pepperkok R, et al.
RNF168 binds and amplifies ubiquiti ged chr to allow
accumulation of repair proteins, Cell 2000: 136: 435 ‘l'!

Stewart G5, Panier 8, Townsend K, Al Halum AK Kolas NK, Miller ES, et al. The
RIDDLE syndrome prorein mediares @ pendent signaling cascade ar sires of
DNA damage. Cell 2009; 136:420-34.

Stewart 5. Salving the RIDDLE of SABPM recruitment to sites of damage. Cell Cycle
2009; B:1532-8,

bly. Cel

protein

. Yeykal CC, Greene EC, Visualizing the behavior of human Rad51 ar the single-mole-

culelevel, Cell Cycle 2006; 5:1033-8,

Warmerdam DO, Freire R Kanaar R, Smioe VAJ. Cell cycle-dependent processing of
DINA lesions controls localization of Rad9 o sites of genotoxic siress. Cell Cycle 2000;
B:1765-T4.

Muslimevic A, lumail IH, Gao Y, Hammarsten O. An optimized method for measure-
ment of gamma-HIAX in Blood mononuclear and cultured cells, Mat Protec 2008;
F LIBT3

Elkind MM. Repair processes in radiation biology. Hadiar Res 1984; 100:424-5.

Burma §, Chen BE Murphy M, Kurimasa A, Chen DJ. ATM phosphorylates histone
H2AX in response to DNA double-strand breaks. | Biol Chem 2001; 276:42462-7,
Falck | Coutes |, Jackson ST Conserved modes of recruitment of ATM, ATR and DNA-
PRes ro sites of DNA damage. Namre 2005; 434:605-11.

Saff T, O'Diriscoll M, Rief N, Iwabuchi K, Lobrich M, Jegge PA. ATM and DNA-PK
function redundantly 1o phosphorylave FIZAX after exposure 1o ionizing mdiation.
Cancer Res 2004; 64:2390-6,

Pilch DR, Sedelnikova OA, Redon C, Celeste A, Nusmenzweig A, Bonner WM.
Charactesistics of gamma-H2AX foci at DNA double-strand breaks sites. Binchem Cell
Bial 2003; H1:123-9,

Barsele |, Lubas |, Bartkova |, DNA damage sespanse as an anti-cancer barrier: damage
threshald and the concepr of ‘conditional haploinsufficiency’. Cell Cycle 2007; 6:2344-
7.

Halizonetis TD, Gorgoulis VG, Barrek |. An oncogene-induced DNA damage model for
cancer development. Science 2008; 319:1352-5.

DiTullio RA Jr, Mochan TA, Venere M, Bartkova |, Sehested M, Barek |, et al. 5381
functions in an ATM-dependent checkpoint pathway thar is constirutively activared in
human cancer. Nat Cell Blol 2002; 4:998-1002,

Saorensen C8, Hansen LT, Dnrg:drwlln] Syljuasen RG, Lumim ks Bamltl Hal The
cell cyele checkpaine kinase Chkl s required for
don repalr, Nar Cell Biol 2005: 7:1495-201.
Sartori AA, Lulas C, Coates |, Mistrik M, Fu 8, Bareek |, et al. Human CrHP promotes
DINA end resecrion. Namre 2007; 450:509-14,

Sarenten CS, Syljussen RG, Likas ], Bartek [. ATR, Claspin and the Rad9-Rad1-Husl
complex regulate Chkl and Cde25A in the absence of DNA damage. Cell Cyele 2004;
39415,

Jazayeri A, Falck |, Lukas C, Bartek ], Smith GO, Lukas |, et al. ATM- and cell eycle-
dependent regulation of ATR in response 10 DNA double-strand breaks. Nar Cell Biol
20106y 8:37-45,

Liw S, Belker-Jensen S, Mailand N, Lukas &, Bartek |, Lukas |. Claspin operates down-
sream of TopBE1 1o direct the ATR signalling rowards Chkl activation, Mol Cell Biol
2006; 26:6056-64.

Horejsi Z, Falek ], Bakkenist CJ, Kastan MB, Lulas |, Bartek ], Distinct functional
domaing of Nhal modulate the timing and magnitude of ATM aceivation after low doses
of jonizing mdiation. Oncopene 2004; 23:3122.7,

. Bartkova |, Horejsi 2. Koed K. Kramer A, Tort F, Zicger K, et al. DNA damage sesponse

a3 a cand idate anti-cancer barrier in early human wmorigenesis. Nature 2005; 434:864-
70,

Gorgoulis VG, Vassiliou LY, Karakaidos P, Zacharams I Koninas A, Liloglou T, e al,
Activarion of the DINA damage checkpoinr and genomic instabilirg in human precancer-
s lesions. Nanre 2005: 434:907-13.

Barthova . Rewei N, Liontos M. Karabaidos B Klersas 13, Tssaeva N, et al. Oncogene-
induced senescence is part of the tumarigenests barrler imposed by DNA damage check-
points. Nature 2006; 444:633-7.

DiMicco, Fumagalli M, Cicaless A, Picanin S, Gasparini P Luise C, et al, Oncogene-
induced sencscence is a DNA damage response miggered by DNA. hyper-replication,
Narure 2006; 444:638-41.

Cell Cycle

54, Plerce AL, Hu B Han M, Ellis N, Jasin M. Kus DNA end-binding proveln modulates

homologous repair of double-strand breaks in mammalian cells. Genes Dev 2001
15:3237-42.

55, Grifficth B Walker §, Martin C-A, Vagnarelli I} S6if T, Vernay B, er al. Muations in

n ciise Seckel synd with defective ATR-dependent DNA damage signal-
ms Mature Genet 2008; 40:232.6.

599

108



Attachment 4

SCIENTIFIC REPLIRTS

OPEN

Received: 22 October 2015
Accepted: 10 December 2015
Published: 18 Janvary 2016

Cells and Stripes: A novel
quantitative photo-manipulation
technique

Martin Mistrik’:", Eva Vesela*, Tomas Furst'!, Hana Hanzlikova?, Ivo Frydrych?, Jan Gursky’,
Dusana Majera® & Jiri Bartekl®?

Laser micro-irradiation is a technology widely used in the DNA damage response, checkpoint signaling,
chromatin remodeling and related research fields, to assess chromatin modifications and recruitment
of diverse DNA damage sensors, mediators and repair proteins to sites of DNA lesions. While this
approach has aided numerous discoveries related to cell biclogy, maintenance of genome integrity,
aging and cancer, it has so far been limited by a tedious manual definition of laser-irradiated subcellular
regions, with the ensuing restriction to only a small number of cells treated and analyzed in a single
experiment. Here, we present an improved and versatile alternative to the micro-irradiation approach:
Quantitative analysis of photo-manipulated samples using innovative settings of standard laser-
scanning microscopes. Up to 200 cells are simultaneously exposed to a laser beam in a defined pattern
of collinear rays. The induced striation pattern is then automatically evaluated by a simple algorithm,
which provides a quantitative assessment of various laser-induced phenotypes in live or fixed cells.
Overall, this new approach represents a more robust alternative to existing techniques, and provides a
versatile tool for a wide range of applications in biomedicine.

Confocal laser scanning microscopy (LSM) enables precise spatio-temporal photo-manipulations based on
LSM-embedded lasers in defined regions of interest (ROIs). These techniques include induction of DNA damage
in cell nucleus'” and various photo-bleaching/activating procedures such as fluorescence recovery after pho-
tobleaching (FRAP)".

Among the research areas that exploit these techniques, live-cell monitoring of factors involved in cellular
responses to DNA damage has been particularly prominent. Compared to standard conventional methods com-
monly employed in the DNA damage field, laser-induced DNA damage provides multiple advantages, such as
the ability to damage IDNA in a certain time-point and in only part of the nucleus while the surrounding DNA
stays intact, a feature especially attractive for dynamic analyses of protein recruitment*", Arguably the most del-
eterious lesions formed afier laser micro-irradiation are DNA double strand breaks (DSB), a response to which
involves a cascade of carefully orchestrated events, eventually leading to recruitment of factors participating in
repair of DSBs via either homologous recombination or nonhmologous end joining pathways’. Among the main
factors involved in the stepwise recruitment and assembly of the DSB response proteins is MDCI, a scaffold
protein'™' the GFP-tagged version of which was used as one of the DNA damage reporters in live-cell imaging
experiments performed as part of our present study. MDC1 is one of the early-response proteins that forms a
platform for recruitment of other important DDR factors (eg. RNFS, 53BP1, BRCA1, ete)'* . 'The other protein
we used as a GFP-tagged reporter is 53BP1, a protein that plays an important rele in DSB repair pathway choice'®.
Finally, as a representative of factors involved in DNA repair of non-DSB lesions, we also employed FANCD?Z, a
protein that becomes activated by monoubiquitination and plays a central role in the so-called Fanconi anemia
(FA) pathway implicated in repair of DNA interstrand crosslinks, translesion DNA synthesis, nucleolytic incision
and homalogous recombination’.

In general, current approaches to the photo-manipulation techniques involve manual definition of the ROI,
which is then exposed to a particular laser resulting in the respective photo-effect. The ROI is followed over time

Hnstitute of Molecular and Translational Medicine, Faculty of Medicine and Dentistry, Palacky University, Olomaue,
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and its signal intensity is measured. The process is laborious and commaonly requires constant attention for active
repositioning of the readout area due to movement of cells over time’.

Here we propose a method to circumvent limitations of the manual approach by simultaneously exposing
many cells to a co-linear pattern of laser rays. This is achieved by a particular set of LSM settings likely universally
compaltible with microscopes of various producers (tested on two types of LSM systems so far).

Results

Standard LSM systems can be adapted for photo-manipulation in a predefined striation pat-
tern covering the entire acquisition area.  Once the LSM system is set to a very low resolution and slow
scanning speed, it generates a specific striation pattern. In principle, the entire acquisition area is scanned with
small resolution e.g. only 32 pixels in each dimension (x and y). Laser scanning microscope does not switch off
the lasers during the bi-directional scanning process between points nor lines. Such settings then result into a
pattern of 32 horizontal lines, rather than 32 x 32dots. The total dose of light energy for each of the lines can be
adjusted by altering the scanning speed (pixel dwell time) and further by repetitions of the scanning cycles (iter-
ations). This effect can be visualized for example on a microscopic slide covered with a thin layer of fluorescent
paint which is bleached by the laser only within the scanning lines (Fig. 1a). If the used laser wavelength and
power has DNA-damaging properties, the same spatially defined DNA damage striation pattern can be induced
in live cells and visualized for example by translocation of tagged responsive proteins towards the DNA lesions
(Fig. 1b). If the laser is set to a bleaching mode, a similar negative striation pattern is achieved (Fig. 1c). A large
number of cells {limited only by the numbers of cells that can grow within the acquisition area) can be exposed
in a very short time and the induced striation pattern of known parameters is amenable to an automatic software
evaluation.

In the LSM-based laser-induced DNA damage applications, the amount of recruited and/or modified
responsive proteins (DNA damage recognition) and their subsequent release, degradation or de-modification
(processes reflecting DNA repair) can be measured. This is applicable to immunofluorescence (1F)™7 as well
as live-cell imaging®. IF enables simultaneous detection of multiple proteins, including protein modifications
{Supplementary Fig. 51}, but has the disadvantages of an end-point assay. Live-cell analysis based on reporter
cell lines tracks individual cells over time. The evolution of the striation pattern is followed providing a unique
readout for various dynamic studies® (Fig. 1d).

Principles of the signal quantification. The induced striation pattern is described by two pre-defined
parameters: the stripe width and the inter-stripe distance (gauge). The stripe width is defined by the used hard-
ware and cannot be manipulated by the user. On the other hand, the inter-stripe distance can be manipulated
by changing the scanning resolution or objective magnification defining the total number of stripes per field
(Supplementary Fig. 52). Simple software was developed for quantitative evaluation of the induced striation pat-
tern. The algorithm first recognizes individual nuclei. In each nucleus, stripe(s) are automatically identified (see
Fig. le and Methods for details and Supplementary information for the software code). A measure of striation
(M8} is proposed to capture the excess signal in the stripes for each nucleus. Such an approach for DDR quantifi-
cation was directly compared to a commonly used method measuring mean fluorescence signal per nucleus'”. For
fixed samples involving protein modifications at sites of DNA damage such as lesion-associated phosphorylation
of histone H2ZAX, the MS provides better discrimination between positive and negative controls (Supplementary
Fig. 51). For assessment of reporter protein recruitment, such as for MDC1-GFP accumulation at sites of DNA
damage, only the MS valse enables meaningful analysis of the DDR (Supplementary Fig. §1).

Method optimization. In live-cell reporters involving GFP-tagged DNA-damage responsive proteins, the
dependence of MS on time can be captured by plotting the median MS for each time-point. Such dependence can
be quantified by the following three parameters: amplitude, time to peak response, and relaxation speed (Fig. 1fg,
see Methods for details). These parameters reflect changes in the amount of DNA damage and subsequent pro-
cesses such as lesion recognition and repair. If DNA damage/repair processes are studied in time, the response
curve should be optimized for each reporter cell line by proper settings of the striping system to avoid saturation.
In case of LSM systems, the total laser irradiation dose is affected by multiple parameters such as the laser wave-
length and power, the pre-sensitization strategy (Supplementary Fig. 53) and hardware settings including the
light path, scanning speed and used objectives (Supplementary Fig, S2). Despite not absolutely necessary™ (see
also Supplementary Fig. 53), BrdU pre-sensitization of cells is the ‘gold standard’ for damaging DNA by UV-A
lasers™*¥, The concentration of BrdU is ane of the critical parameters affecting the induced damage®'. Various
BrdU concentrations were tested with the laser power fixed to cause minimal damage in non-presensitized cells
(Supplementary Fig. 53). We found that the commonly used concentration range 1-10uM of BrdU for 24 h is too
high for quantitative readouts since levels above 1 M cause saturation of the signal amplitude in various tested
reporter cell lines and for both tested LSM systems (Supplementary Fig. $3). Moreover, concentrations above
1 M cause unwanted interference with cell cycle progression (Supplementary Fig. 53). Thus, for further experi-
ments, 24-hour pre-incubation with 0.5uM BrdU was chosen as an optimum due to its minimal adverse effects
and MS values below saturation.

Method validation for DNA damage analysis.  Once properly set, the striping method together with the
software solution were tested on a small panel of known chemicals to prove its potential utility for applications
involving large numbers of cells such as high-content screens for compounds and/or factors relevant for DNA
integrity maintenance {potential cancer therapeutics), The compounds we selected are known to interfere with
processes contributing to genomic stability, DNA damage signaling and/or repair pathways. The experiment was
performed using a 96-well plate format in 4 semi-automatic regimen with autofocus and automatic repositioning
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Figure 1. Method introduction. (a) Visualization of the striation pattern on a layer of fluorescent paint.

(b) Striation pattern induced by a 355 nm laser (32 lines/field) in BrdU pre-sensitized U-2-05-MDCI1-GFP
cells. DNA damage is visualized by recruitment of ectopically expressed MDC FP protein, (c) Striation
pattern bleached by a 488 nm laser (32 lines/ficld) in U-2-05 cells ectopically expressing histone H2B-GFP.
(d) Evolution of the striation pattern over time. Cell line and DNA damage induction were the same as in (b).
() Automiatic stripe recognition by the soflware in the nucleus based on known values (gauge and position
of the stripe) and additional fitting of recognized stripes. (f) Typical evolution of striation pattern after DNA
damage caused by a 355nm laser irradiation (32 lines/field, 1 iteration) in BrdU pre-sensitized U-2-08.
MDCI-GFP cells. The curve is plotted as medians of measure of striation (MS) values at indicated time points.
The following parameters are used to describe the curve: Amp (amplitude, the maximum of MS over all time
points), Tpeak (time to reach maximum MS), Relax (slope of the line fitted to MS values after Tpeak). (g)
Typical evolution of striation pattern after bleaching. FRAP curve is formed by median values of MS at each
time-point. The following parameters are used ta describe the curve: Amp (amplitude, the minimum of MS),
Relax30 (sfope of the line fitted to MS values between 1 min and 30 min). Used cell line is the same as in (c).

and acquisition of striped regions in three different reporter cell lines. The tested compounds were added 2 hours
before the experiment. For each compound, the cellular response at multiple time points afier laser irradiation
was compared with the mock treated sample, Four numerical parameters describing the MS curve (see Methods
for details) were statistically evaluated (Fig. 2a). Notably, some of the compounds scored differentially for the
MDCI-GFP, 53BP1-GFP and FANCD2-GFP reporters, respectively (Fig. 2a.b). Among the tested compounds
only one (a PLK1 inhibitor) did not score in any of the measured parameters, in any of the reporter cell lines.
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Figure 2. Method application. (a) Summary table for three reporter cell lines addressing parameters of DDR
curve, Amp (amplitude, the maximum of MS over all time points), Tpeak (time to reach maximum MS),
Relax (slope of the line fitted to DDR curve after Tpeak), Relax30 (slope of the line fitted to DDR curve after
30 min). The effiects are color-coded: red - p upregulated, blue - d lated, grey - no significant
effect, Kruskal-Wallis test, p < 0.05. (b) Representative graphs of MS median values for selected compounds
are showing differential reporter-dependent response (the parameters with significant change are listed in the
graph titles), Kruskal-Wallis test, p < 0.05. (<} Hlustrative graph of MS median values for H2ZB-GFP recovery
after bleaching (FRAP). Bleaching was performed either with a 355 nm or 488 nm laser (32 lines/field) to the
same level, Kruskal-Wallis test (difference in amplitude is non-significant, p = 0.87). Relax30 shows significant
change (p < 1L.E-4). (d) Nustrative images of U-2-08-H2B-GFP cells bleached by a 355 nm or 488 nm laser and
evolution of the striation pattern over time,

Method validation for FRAP analysis. ‘Ihe presented method including the softwire solution is easily
adaptable for other photo-manipulation techniques. As an example of its utility, the FRAP method was tested
in U-2-08 H2B-GFP reporter cells. The cells were pre-sensitized by 0.5uM BrdU for 24 h and bleached by the
co-linear stripes with either 488 nm laser or 355 nm laser. MS evaluation was performed along the same principle
as for live-cell analysis after DNA damage. Despite the signal was initially bleached to the same level for both
lasers, the H2B-GFP signal recovery was significantly faster after the UV-A laser bleaching (Fig. 2¢.d). Apart from
their technical merit, these results with the UV-A laser induced damage are novel and consistent with a published
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report that DNA repair of lesions induced by UV-C lasers accelerates turnover of histones including H2B*, sug-
gesting that accelerated histone turnover is a common feature shared by multiple DNA repair pathways.

Discussion

The method presented in this study provides several advantages over currently used techniques, and offers a
broad applicability in the area of LSM-based photo-manipulations in biomedicine. For the first time, a precisely
defined striation pattern was used for simultaneous micro-irradiation of dozens of cells. Known parameters of
striation patterns simplify software-based quantification of cellular responses. This enables an easy and unbi-
ased evaluation of numbers of cells sufficient for robust statistical testing. Moreover, the method we present
meets all requirements for full automation and application in high-content screens for new drugs and/or factors
modulating diverse aspects of the DNA damage resp . Several compounds that positively scored in our test
panel are being intensively studied as potential anti-cancer therapeutics. Finally, the LSM system can produce
the desired striation pattern rapidly because the laser path is ideally coordinated with the LSM scanning prin-
ciple, This is particularly important for experiments where large numbers of cells are exposed simultaneously,
Fast exposition speed allows also DNA damage experiments in non-pre-sensitized cells. Our data show that
for DNA damage induction corresponding to pre-sensitization with 0.5 uM BrdU, the non-presensitized cells
require approx. 6 times higher laser irradiation dose for the 355 nm, and a 10 times higher dose for the 405 nm
laser (Supplementary Fig. 53). Thus either laser power or exposure time introduce serious limiting factors for
presensitizer-free experiments if performed in a standard manner of manual laser path definition, Given all the
advantages of the method we report here, we believe this new approach utilizing standard, widely used equipment
could facilitate a broad range of biological and biomedical applications.

Methods

Microscopic devices. Microscopic station Zeiss Axioimager Z.1 with laser scanning LSM780 module.
Lasers: UV-A 355 nm 65 mW (used for DNA damage induction, bleaching experiments and acquisition of
Hoechst signal), argon-neon 458, 488, and 514 nm (used for acquisition of GFP and Alexa Flour 488 signals)
and 568 nm (used for acquisition of Alexa Flour 568 signai). 40 x objective {C-Apo, 1.2 DICTIii, water immer-
sion) was used for all experimental procedures unless stated otherwise in figure description. All other tested
objectives are listed in Supplementary Fig. S2. Microscopic station Leica DM 6000B with laser scanning TCS
SP5 AOBS TANDEM module. Lasers: UV-A 405 nm 100 mW (used for DNA damage induction), argon-ion
458, 488, and 514 nm (used for acquisition of GFP signal). Objective: 40x objective (HC PL APO 403 /1.30 OIL
€52, LP/0,17/D). Both microscopic stations were equipped with temperature-controlled incubator for live-cell
support.

LSM settings for stripping procedure. ZEN 2011 software was used to control the Zeiss LSM780 device.
For micro-irradiation 355 nm laser at maximum power (65mW, 100% output) was used. To obtained desired
striation pattern scan mode of very low resolution (size i.e. resolution 32 x 32, 64 = 64 or 128 x 128 pixels) and
the lowest possible scanning speed (pixel dwell time 709.27 s for 32 x 32 pixels) was used. Striping at pixel res-
olution 32 % 32 was chosen for most experiments with the 40 objective as it is causing approx. 1-2 stripes per
cell nucleus. The scan was bidirectional, zoom 0.6. Number of iterations (means scanning cycles) is indicated in
the figure legends (experiment dependent ), Autofocus before each micro-irradiation was performed with 488 nm
laser (the same settings as for respective GFP signal acquisition). For image acquisition in live-cell experiments
with GFP-tagged reporters 488 nm laser was used. Images were acquired in 16 bit depth, zoom 0.6, five z-stack
planes (0.6pm apart). To minimize bleaching the autofocus for image acquisition was based on reflected light of
561 nm laser which allows visualization of a thin contact layer between cells and the glass cultivation surface (also
known as backscatter image). For bleaching experiments either 488 nm laser was used (100% output), or 355 nm
laser (100% output). Autofocus was performed in the same manner as for micro-irradiation experiments.

For live-cell experiments performed on Leica SP5, Leica Application Suite Advanced fluorescence, FRET,
FRAP, Live Data software was used. Micro-irradiation was done with acquisition resolution 32 x 32 pixels, 10 Hz,
bidirectional scan, 405 nm laser (68% output). Number of iterations (scanning cycles) is indicated in the fig-
ures. Acquisition of GFP signal was performed with following settings: resolution was set to 2048 x 2048, 70 Hz,
488 nm laser, Hyd5 detector, 12 bit image depth, no z-stack. Autofocus was performed on GFP signal with the
same settings as acquisition.

Alllive cell experiments were performed in pre-heated incubator (37°C). Plates were placed into the incubator
at least 45 min before the experiment to ensure proper temperature equilibration.

Visualization of the striation pattern using microscopic slide covered by fluorescent
paint. Standard microscopic ghass was covered by a homogeneous paint layer using red permanent marker
(type: Permanent 8566, ink color 04, Centropen) and air dried. The paint layer was mounted by water and cov-
ered by a standard cover glass (0.17 mm), Signal was visualized using 561 nm laser and emission spectrum 570~
710 nm. Micro-irradiation (stripping) procedure included 355 nm laser, 100%, 32 x 32 pixels, 1 iteration, pixel
dwell time 709,27 ps, bi-directional scan.

Cell lines and treatments.  All reporter cell lines were stably expressing the respective protein with a GFP
tag. U-2-05-MDC1-GFF, U-2-05-53BP1-GFP and PD20F-FANCD2-GFP were obtained from Danish Cancer
Society Research Centre, Copenhagen, Denmark®®”, MRC-5 cells were obtained from ATCC and McCoy mouse
fibroblasts were obtained from R-D Biotech. All cell lines were incubated under standard cultivation condi-
tions (5% CO,, 37°C), in DMEM (Gibco) supplemented with 10% FBS (Invitrogen). Cells were pretreated by
0.5pM BrdU (Sigma) for 24 h before micro-irradiation unless stated otherwise (see figures description). For
micro-irradiation procedures cells were seeded into 96 well plates with glass bottom (Corning) 18 hours before
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laser irradiation. 2 hours before laser irradiation the medium was changed to DMEM CO, - independent medium
without phenol red (Gibeo) supplemented with 10% FBS and the tested chemicals. Cells were seeded in amounts
to ensure sub-confluent density (proper cell cycle progression enables BrdU incorporation). After seeding the
cells into 96 well plates the specimens were first placed on equilibrated bench for 20 min at RT to ensure equal
cells distribution and then placed into incubator,

U-2-05-H2B-GFP clone construction. Commercial plasmid pBOS-HZBGFP Vector was used. Cells were
electroporated with Neon Transfection System (Life Technologies) with 15 pg of plasmid per 1.10° cells (pulse
voltage - 1230V, pulse width 10 ms, pulse number 2). 72 h after transfection, GFP-positive cells were sorted for
bulk culture stably expressing H2B-GFP. After proper cell culture propagation, 1 cell per well sorting was done to
obtain individual clones (BD FACS Aria).

Quantitative analysis of the striation patterns.  An in-house specialized software routine for the eval-
uation of the striation patterns was developed and implemented in MatLab. The first step of the routine consists
of the segmentation of the images to find the individual nuclei. To be selected, a nucleus must satisfy certain
conditions on its size and solidity. The process begins by segmenting the first image, acquired at the beginning of
the experiment (1 = 0, before laser irradiation), Standard thresholding algorithms (e.g. the Otsu’s method) do not
perform well here because there is a large variance in the signal intensity among the individual nuclei (a common
problem in most live-cells based reporter systems). Consequently, a cascade of decreasing local thresholds is
used. After the cascade has finished, usually all the nuclei of desirable characteristics are identified in the image.
For the segmentation of the subsequent images, a tracking algorithm is used. The algorithm attempts to track
each nucleus by searching the vicinity of its positions in the previous image. This tracking approach is necessary
because the signal intensity in the inter-stripe regions of the nuclei may decrease all the way to the background
level and thus become completely “invisible” for any simple thresholding procedure.

Several measures were proposed and tested to quantify the evolution of the striation patterns induced by the
i each recognized and over the time tracked nucleus. In the end, the relative excess signal in the stripes,
hereafter nallni the measure of striation and abbreviated “MS”, proved to be the most useful. It is constructed as
follows: Let us consider an image of an individual cell nucleus at time t. We start by rotating the image so that the
(possible) stripes become vertical. This is done by taking the Radon Transform of the image and finding its max-
imum, If there are no stripes in the image, the nucleus gets usually rotated by a random angle,

Next, the position of the stripes and their diameter is found, This is done by fitting the stripes, i.e. maximiz-
ing a function of two variables F(D,P) where D stands for the gauge (ie. the distance between the centers of the
stripes) and P stands for the horizontal offset of the stripes (i.e. the position of the center of the first stripe from
the rightmest boundary point of the nucleus, see Fig. 1e). The function F measures the ratio of the mean inten-
sity of the signal in the stripes to the mean intensity of the signal in the entire nucleus. The width of the stripes
is 2 user-defined constant and it is not fitted. Although both the parameters D and P are known from the initial
setting of the laser, the optimization (i.e. fitting) step is necessary due to elasticity of the nuclei and their move-
ment in time. Without this optimization step, the measure of striation would automatically decrease in time as
the nuclei move around and change shape. This would create a systematic error - a false decrease in the intensity
of the stripes. The minimization is implemented by means of a trivial algorithm that fully evaluates all plausible
values of D and Pand selects the highest value for F. The parameter D is allowed to take only integer values from a
pre-specified range and the parameter Pis not allowed to depart too much from the point where the vertical sum
of the signal reaches its maximum. More advanced optimization procedures may naturally be used, however, this
optimization step takes much less time than the cell-tracking part of the algorithm. Moreover, the full evaluation
of a single image (which may contain around 100 nuclei) takes only few seconds on a standard PC.

Ongce the position of the stripes is found. the measure of striation is computed according to equation (1):

MS = IJImnu = Inp:
Jepi

Equation (1): /.. (measured) stands for the actual signal integrated density of regions inside the stripes, and /..
(expected) stands for the expected value of the signal integrated density in region of the stripes, if the nucleus was
perfectly homogeneous and no stripes were present.

Jeaps I8 computed according to equation (2):

Togi = Mﬂﬂ of the mucleus
' Total area of the nucleus

Equation (2): SID stands for signal integrated density.

“The measure MS thus captures the relative excess signal in the stripes. The baseline is zero which means there
is no excess signal in the stripes, i.e. the stripes contain only as much signal as corresponds to their area, Le. the
signal is homogeneously distributed throughout the nucleus, i.e. there are no visible stripes. As the fluorescently
labeled DNA-damage responsive proteins get recruited to the places of laser-induced damage (i.e. to the stripes),
the measure of striation grows. After some time, the proteins are released, they begin to spread out again over
the entire nucleus, and/or undergo degradation and the measure of striation decreases again. Thus, the measure
of striation captures the dynamics of the DNA-repair processes. The construction of MS ensured that it is inde-
pendent of the total SID of the nucleus. This is necessary because the total SID may vary greatly among individual
nuclei.
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DNA damage repair (DDR) curve parameters. By a DDR curve we mean the dependence of MS on
time for a particular nucleus. To compare different DDR curves, the following three parameters were defined

(Fig. 1f.g):

1. The amplitude of the response ( Amp) which measures the maximum amount of the protein recruited to the
stripes. It is computed as the maximum of M5 over all observed time points.

2. The time to peak response (Tpeak) measures the speed of the protein recruitment. It is computed as the time

{in minutes) from the micro-irradiation until the MS reaches its maximum.

The relaxation speed (Relax) which reflects the dynamics of the repair process after the peak response. It is

calculated as the slope of the line fitted to the function MS(1) for { > Tpeak, where MS stands for the measure

of striation, and f for time, For some samples treated by DNA damage/repair interfering compounds, the MS

did not peak during the observed period and kept increasing. In these cases, the relaxation speed was meas-

ured by the slope of the line fitted to MS{1) for ¢ > 30min),

3

These parameters are computed for every nucleus within a sample and differences among samples are tested
for statistical significance by means of the Kruskal-Wallis test. The significance level of all tests was set to 0.05. For
illustrative graphs the median MS at each timepoint was computed and these medians were connected by lines
(Figs 1f,g and 2b),

Screen for compounds potentially affecting DNA damage response.  Panel of compounds includ-
ing VE-821% (Selleck Chem.), LY2603618% (Selleck Chem.), Caffeine® (Sigma), NUT026" (Sigma), Olaparib®™
(Selleck Chem.), KU55933™ (Sigma), B12536™ {Selleck Chem. ), MLN8237% (Selleck Chem.), CC115" ( Celgene
Corporation) and Mirin™ (Sigma) was tested in 3 reporter cell lines, Each compound was added to cells 2 hours
before micro-irradiation in final conc ion of 10jM with the exception of BI2563 (100 nM). Respective DDR
protein recruitment to sites of damage was evaluated as MS in each timepoint for every single cell. Four parame-
ters characterizing the DDR corve (see ahove) were calculated and statistically tested against mock treated control
(Fig. 2a). Every sample was tested in technical duplicate (i.e. in two separate wells on the same 96 well plate).
Resulls from duplicates were pooled and tested against pooled mock treated sample. At least two independent
biological replicates were performed for each tested compound. Only significant effects scored similarly in both
biological replicates were marked in the table by a color change (Fig. 2a). Minimum of 100 cells were scored in
each experiment.

FRAP experiment, Cells were seeded and treated in the same way as for the micro-irradiation experiments,
including BrdU pre-sensitization. The FRAP curve (i.e. the evolution of MS in time) was constructed in the same
way as the DDR curve. The first two DDR curve parameters { Amp, Tpeak) were defined similarly as above (taking
the minimum of MS instead ofa maximum). Tpeak was not used as the minimum MS (i.e. maximum striation) is
always reached immediately after the bleaching, The relaxation speed was measured in 4 slightly different way. The
parameter Relax30 denotes the slope of the line fitted to the FRAP curve between t= 1 min and t =30 min, the
parameter Relax denotes the slope of the line fitted to the FRAP curve between t = | min and t = 60 min (Fig. 1g).
Experiment was performed in two biological replicates. Minimum of 150 cells were scored in each experiment.

Immunofluorescence. Cells were seeded and treated with BrdU in the same way as described for the
live-cell experiments (see above), At indicated timepoints after micro-irradiation, cells were fixed with 10% buff-
ered formalin (Sigma) and permeabilized with 0.5% Triton X for 5 min. After 20 min blocking in 1% BSA in
PBS, the samples were incubated with primary antibodies at 4°C 18h, followed by 1 h incubation with secand-
ary antibodies at RT. DNA was stained by Hoechst33342 (Invitrogen) 5pg/ml in PBS. Acquisition of IF labeled
samples was performed by the Zeiss LSM780 system, Scan mode was set to frame, size 1024 x 1024, 16 bit image
depth, zoom 0.6, five z-stack planes (0.6j1m apart). Autofocus was performed with settings used for acquisition
of Hoechst stained nuclei. Acquired images were analyzed for measure of striation by slightly modified software
routine described above. The modification included deactivation of tracking module and recognition of individ-
ual nuclei based on Hoechst stain channel, Following antibodies were used: phospho-H2ZAX (Serl 39) JBW301
(Millipore, 500 ), 53BP1 (Santa Cruz, 500 ), BRCA1 (Santa Cruz, 300 ), cyclin A (Leica, 50 % ), AlexaFluor488
and AlexaFluor568 (Invitrogen, 1000 ).

Cell cycle analysis. Cells were seeded and treated in the same way as for the micro-irradiation experiment.
After 24 incubation with indicated concentrations of BrdU, cells were fixed with 10% formalin (Sigma) and
stained with Hoechst33342 5pug/ml in PBS (Invitrogen) for 10 min. Cell cycle was evaluated using OlympusBX71
inverted microscope and ScanR Acquisition and Analysis software (Olympus),
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response
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Diespite protectoxic stress and heat shock being implicated in diverse pathologies, currently no
methodology to inflict defined, subcellular thermal damage exists. Here, we present such a
single-cell method compatible with laser-scanning microscopes, adopting the plasmon reso-
nance principle. Dose-defined heat causes protein damage in subcellular compartments, rapid
heat-shock chaperone recruitment, and ensuing engagement of the ubiquitin-proteasome
system, providing unprecedented insights into the spatiotemporal response to thermal
damage relevant for degenerative diseases, with broad applicability in biomedicine, Using this
versatile method, we discover that HSP70 chaperone and its interactors are recruited to sites
of thermally damaged proteins within seconds, and we report here mechanistically important
determinants of such HSP70 recruitment. Finally, we demonstrate a so-far unsuspected
involvement of p97(VCP) translocase in the processing of heat-damaged proteins. Overall, we
report an approach to inflict targeted thermal protein damage and its application to elucidate
cellular stress-response pathways that are emerging as promising therapeutic targets.
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routinely used in research on protein thermal stability

profiling, thermal therapies, treatments of accidental burns,
and proteinopathies involving an accumulation of defective
proteins. At the cellular level, the thermal damage primarily
impairs proteins, causing their unfolding, aggregation, amyloi-
dogenesis, and denaturation, phenomena particularly implicated
in the pathobiology of Alzheimer's disease (AD), Huntington
disease, Parkinson disease, amyotrophic lateral sclerosis and
amyloidosis'. Accumulation of defective proteins is also among
the hallmarks of cancer with potentially causative roles, and
cellular mechanisms of protein quality control represent antic-
ancer therapeutic targets, as exemplified by clinically applicable
inhibitors of the ubiquitin-proteasome system (UPS)%.

Studying responses to thermal damage of proteins on the level
of a single living cell or even subcellular level represents a sig-
nificant challenge due to the lack of available methods allowing
precise and fast delivery of the heat to the target structure at the
micrometer scale. The temperature elevation is currently achieved
by heating the cell culture media using various heat sources such
as a water bath, an incubator with a pre-set target temperature, or
by various energy emitters, including microwaves, ultrasound,
and infra-red lamps and lasers®, However, such approaches have
severe limitations, including, but not limited to: (i) a significant
time delay in achieving the desired temperature as the media
must be heated primarily; (ii) spatial restrictions as the whole
cultivation vessel, or at least its large part is inevitably exposed to
the heat; and (iii) overall precision issues including the inability to
target selected single cells or subcellular compartments, thereby
limiting the type of biological questions one can address.

Currently, the function of cellular chaperones is studied mainly
by biochemical approaches under in vitro non-physiological
conditions, mostly based on model substrates and simplified
peptides, leaving the role and regulation of chaperones under
physiological conditions of intact cell largely unexplored. Dra-
matic differences between cells and test tube should be taken into
consideration, such as muolecular crowding (300-400 mgml—!
of proteins in cells), presence of other (macro)molecules,
or increased interactions between macromolecules leading to
changes in protein aggregation or folding®. Moreover, the find-
ings from biochemical experiments are challenging to validate in
cellular experiments due to a lack of appropriate methods. Thus,
some basic questions regarding the function of chaperones in
cells, including their recruitment kinetics to the substrates,
remain unanswered.

The emerging field of plasmonic nanoparticles (NPs) has
opened, besides other possibilities, a way for localized thermal
therapy due to the efficient and tunable photothermal properties.
When illuminated by light, free electrons localized on the NP
surface become excited, and the local electron cloud is asymme-
trically distributed over the whole NP. This distribution produces
a coulombic restoring force between positively charged nuclei and
negatively charged electrons from the conduction band, which
leads to collective oscillation of the electron cloud on the particle
surface called localized surface plasmon (LSP). The localized
surface plasmon resonance (LSPR) occurs if the frequency of the
incident light matches the frequency of LSP oscillation. As a
result, the light is absorbed much more efficiently and generates
localized and I:ig,hiy amplified electric fields in the proximity of
the NP surface™®. Absorption of light by NPs may be non-
radiatively relaxed and simultaneously converted to heat energy.
Surface plasmon resonance depends on many parameters of the
NPs, including size, shape. composition, surface coatings,
dielectric properties of the metal NP and the environment®-5,
Importantly, the absorption and scattering frequency of plas-
monic NPs can be selectively changed by adjusting the

Exposure of cells and tissues to elevated temperatures is

2 MATURE

morphology and the structure of the NPs and tuned to be located
in the desired wavelength. Silver NPs can be easily tailored to
possess an intense SPR band at a suitable wavelength region,
enabling them to produce heat after the irradiation with appro-
priate laser and makes them an excellent candidate for a photo-
thermal therapeutic agent. Plasmon NPs convert energy from the
light to heat immediately and efﬁcicmlrv. allowing localized
heating of the surrounding environment?-'1.

In an attempt to remedy the lack of suitable techniques for
inflicting targeted protein damage in live human cells, we exploit
here the properties of the plasmonic nanosilver-modified surfaces
as a cell culture substrate. The approach that we developed, and
examples of its applications to study molecular pathways highly
relevant for biomedicine, are presented below.

Results

Plasmon-coated cultivation surface as a tool for heat micro-
irradiation. We adopted the NPs technology to directly focus the
heat on the individual cells or subcellular compartments within a
micrometer scale. The method is based on modified microscopic
cell culture plates, pre-coated by a layer of anisotropic silver
NPs allowing excitation through targeted irradiation by conven-
tional lasers used in the laser scanning microscopes (LSM) and
allowing controllable heating. The deposition of NPs with suitable
plasmonic properties on the cultivation surface is based on
the layer-by-layer self-assembly technique, which facilitates the
binding of negatively charged silver NPs using positively charged
thin polymeric film deposited on the surface of the cultivation
plate (Fig. la). For this purpose, water dispersion of anisotropic
silver NPs of various crystallinity and shapes such as spheres,
plates, rods, and triangles (Supplementary Fig. la, b), were syn-
thesized by a two-step reduction method, showing the typical
UWV/VIS absorption spectrum (Supplementary Fig. 1c). Next, the
prepared NPs were coated on the bottom of standard cell culture
24-well plates, which were pre-coated by a thin polymeric film
consisting of polyacrylic acid (PAA) and poly(diallyl dimethy-
lammeonium chloride) (PDDA) polyions, thereby ensuring higher
wettability and strong electrostatic binding ability of silver NPs,
respectively'?,

Notably, such modified cultivation surface is chemically
stable, optically transparent, and fully compatible with standard
tissue culture methods, including cell adherence, cell viability
and growth (Supplementary Fig. le-g). The photothermal effect
and heat emission of the plasmonic modified cultivation surface
after irradiation with the LSM laser is detectable within the
LWIR spectrum (7.5-14 um) by thermal imaging (Fig. 1b and
Supplementary Fig. 1h).

To analyze the ability of the modified surface to induce
microthermal damage of proteins in live cells, we employed a
human reporter U-2-08 cell line expressing a GFP-tagged HSP70
protein (Heat shock protein 70). HSP70 is the central cellular
chaperone involved in the processing of unfolded or aggregated
proteins®, Immediately (within 8s) after the laser exposure,
HSP70-GFP accumulated at the micro-thermal damage sites,
forming the laser path’s precise pattern demonstrating proximate
recognition of heat-damaged proteins by H5P70 in cells (Fig. 1c).
The HSP70-GFP signal within the damaged areas changed over
time positionally, and also the intensity decreased within a few
minutes, indicating dynamic processing (Supplementary Video 1).
HSP70 imeractinﬂg partners, E3 ubiquitin ligase CHIP, and co-
chaperone HOP? were also rapidly recruited to the sites of
thermal damage with similar signal kinetics as HSP70 (Fig. 1c).
Importantly, the same chaperone response was observed in
another human reporter cell line (H1299) and on different
plasmon layer-modified cell culture plates, thereby attesting to
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the method’s universal applicability (Supplementary Fig. 2a, b).
Another chaperone involved in the processing of heat-damaged
proteins, HSPY0, was less prominent but also detectable within
the damaged sites (Supplementary Fig. 2c, d).

To rule out the possibility that the observed protein damage
and cellular response might also involve the direct damaging
effect of plasmon activating laser, we performed an additional
control experiment, The plasmon layer was partially scratched
from the cultivation surface using a pipet tip, which is also
visible using transmission light microscopy (Supplementary
Fig. 3). Importantly, only those cellular areas which are in
direct contact with the plasmon layer, but not those in contact
with the adjacent scratched surface, revealed the typical HSP70
protein response upon exposure to the plasmon activating laser
(Supplementary Fig. 3).

Compatibility of the method with quantitative readouts.
Owverall, the presented approach enables a so-far unprecedented
analysis of the function and kinetics of chaperones or other fac-
tors involved in the processing of damaged proteins. In combi-
nation with a software-based ROI analysis, this setup also allows
precise quamiﬁs:\tinn of the process in time {Fig. 2a, b, and
Supplementary Fig 4a). The microthermal damage can also be
induced by an adaptation of the so-called ‘laser stripe' (laser
micro-irradiation) approach, which is commonly used in the field

of DNA damage'*'%. By this technique, dozens of cells can be

| C202012: 3 | hitps/ A doi.org/ 101038/ 541467-021-20982-9 | www.r

simultaneously and uniformly exposed to co-linear laser stripes of
damaged chromatin containing DNA  double-strand breaks,
forming an easily recognizable pattern!®., We adapted this
approach and the HSP70-GFP reporter for characterization of
dose-response aspects of our method. Indeed, the dosing can be
precisely controlled to trigger responses ranging from relatively
faint and transient recruitment of HSP70-GFP to stripes, up to
clearly visible stripes persisting for several minutes, by adjusting
the laser power (Fig. 2c). Importantly, these experiments do not
require any specialized laser equipment as the real energy hitting
the plasmon layer corresponds to values 0.23, 0.38 and 0.48 mW,
respectively. Alternatively, the total emitted heat can also be
increased by changing the number of laser exposure cycles with a
fixed laser power (Supplementary Fig. 4b). These data confirm
that the method does not require any unusual equipment, and
generates predictably reproducible results in a dose-dependent
manner.

Real-time kinetics and structural requirements of HSP70
recruitment. As stated above, the current knowledge about
chaperone function is based mainly on biochemical experi-
ments with puriﬁed components under rather artificial condi-
tions. HSP70 is known to form oligomeric structures, and
recently, various oligomeric structures were proposed!®!6,
Yet, the relevance of HSP70 dimerization is not fully under-
stood, and it has not been studied in the context of live cells.

re.com/naturecommunications 3
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To assess the contribution of the HSP70 dimerization for its
function, we employed three HSP70 mutants known to impair
the protein function in vitro!71¥%, which have however so-far
not been tested in cells. Using the thermal micro-irradiation
approach, we observed that, compared to the positive control
of wild-type HSP70-GFP, the mutation that impairs the
HSP70’s binding ability to client substrates (V438F) strongly
abrogated the recruitment to micro-heated regions. This out-
come was consistent with the expected mode of HSP70
recruitment to d-.!m-.!ge sites through recognition of the sub-
strates, and it further attested to the suitability of our approach
for addressing physiologically relevant questions. Also, the
mutation affecting HSP70's ATPase activity (T204A), robustly
impaired the recruitment of the respective mutant HSP70-GFPs

4 | (2021123 | ht

10 pm. Source data are

to the localized damaged proteins. Importantly, the subtle
mutations (N540A, E543A) that impair the dimerization
of HSP70 robustly inhibited the recruitment as well (Fig. 3a).
These results reveal critical roles of the ATPase activity
and dimerization, respectively, for proper recruitment of
HSP70 to client substrates. Furthermore, these results further
validate the applicability of our method for precision analyses
of chaperone activity in the cellular context. These data also
demonstrate that the observed recruitment to the lesion site
does not reflect any pm«:nri;ﬂ unspeuilig: method artefact but
rather reflects HSP70's physiological ability to bind denatured
proteins actively, in an acute manner, an on-demand dictated
by the cellular context under heat-inflicted damage in live
human cells.
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Thermally damaged proteins are ubiquitylated and processed
by p97 translocase. To provide further insights into the cellular
response to micro-thermally damaged proteins and assess the
method's cnmpnlihi]ity with immunofluorescence, we next
immunostained the exposed cells for ubiquitin. Using immuno-
fluorescence, we observed a clear co-localization of the thermally
damaged sites with signals from antibodies, specifically recog-
nizing K48- and K63-ubiquitinated proteins (Fig. 3b). Such K48-
linked ubiquitylation of the damaged protein indicates ongoing
processing by the UPS, while the K63-ubiquitin is mainly asso-
ciated with pathway signaling or autophagy!’, suggesting a
potential involvement of additional mechanisms. Furthermore,
we also tested specific fluorescent dyes recognizing unfolded or
a gated proteins. For example, NIAD-4 dye, commonly used
as a detection reagent for P-sheet structures of AD-associated
amyloid plaques, highlights the micro-heated proteins.
Another dye accumulated within the thermally micro-irradiated
regions is Amylo Glo (Fig. 3c), used for detecting amyloids. Thus,
the amyloidogenesis of damaged proteins and the formation of
p-sheets is induced within heated regions, consistent with pre-
vious publications reporting that heat stress triggers amyloid
formation?®21,

To elucidate the subsequent fate of the heat-damaged proteins,
we considered their noticeable positional stability. Tt is well
established that certain proteins dedicated to proteasomal
dcgmdmiml‘ which are part of insoluble cellular structures,
require initial processing by p97 (VCP - Valosin Containing
Protein, p97) as demonstrated for Endoplasmic reticalum-,
chromatin-, or mitochondria-associated protein degradation®.
Yet, any potential role of p97 in the processing of thermally

| C2021TNZT13 | hit

S dol org 0038 3467 -027- 209899 | www.nature.com,’
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damaged proteins has remained unexplored. To investigate
whether p97 is involved in handling heat-damaged protei
first analysed the recruitment of GFP-tagged p97 to therr
::1-.1:1mged sites, Indeed, we observed the accumulation of p97-C
within the micro heated areas a few minutes after irradiation and
the persistence there for around 20 min (Fig. 4a). We further
validated this response for endogenous p97 in human cells using
immunofluorescence, and confirmed co-localisation of p97 with
accumulated GFP-ubiquitin (Fig. 4b). For a more in-depth
mechanistic insight, we pretreated the cells with the UAEL
(Ubiquitin-activation enzyme 1) inhibitor (MLN7243), which is
capable of blocking nearly all cellular ubiquitinations®’. Under
the UAE1-inhibited conditions, we observed complete prevention
of p97-GFP recruitment, indicating that ongoing ubiquitinations
are required for the localisation of p97 within the heat-damaged
sites (Fig. 4¢). Interestingly, a specific inhibitor of ATPase activity
of p97 (CB-5083)2 also suppressed the recruitment of p97 to
heat-damaged proteins (Fig. 4c), revealing that intact ATPase
activity is required for proper accumulation of p97 within the
heated subcellular regions.

To further study the active role of p97 in processing the heat-
damaged proteins, we next studied a GFP-ubiquitin reporter cell
line under p97 inhibition. In mock-treated cells, the GFP-
ubiquitin was recruited to the micro heated regions within 5 min
and persisted for up to 10 min. In contrast, cells pretreated with
CB-5083 dis]v]uyc‘l stronger and !nngcr-pers ting (';F!-’-uhiq itin
signals within micro heated areas (at least for 20 min) (Fig. 4d).
These data indicate direct and rate-limiting involvement of p97 in
the proper processing kinetics of ubiquitinated proteins damaged
by heat. We further confirmed these results under additional
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settings, based on a standard experimental approach used for the
heat shock induction. We treated cells with CB-5083 or mock and
then exposed the whole cell population to a 43 °C heat-shock
pulse using a pre-warmed water bath, after which the cells were
allowed to recover at 37 °C for different periods of time. Western
blot analysis of insoluble cell fractions confirmed the involvement
of p97 translocase in the processing of heat-damaged proteins.
Indeed, CB-5083-mediated inhibition of p97 caused a more
robust and persisting accumulation of K48-ubiquitinated pro-
teins, that otherwise dynamically disappeared in mock-treated
cells during recovery at 37 °C (Fig. 4e). Moreover, using a similar
experimental setup, we confirmed that the cytotoxic effect of a
heat shock pulse was significantly enhanced in cells with inhibited
p97 (Fig. 4f), indicating a contribution of p97 to better survival of
cells exposed to thermal insults.

UPS compensates for the processing of thermally damaged
proteins under HSP70 malfunction. Our data from the
recruitment dynamics of various responsive factors suggest two
temporally distinct, and potentially linked or cooperating
mechanisms involved in processing thermally damaged proteins,
The initial, more acute mechanism involves immediate action of
cellular chaperones and co-chaperones, represented primarily by
HSP70, involving also HSP90, CHIP and HOP. The second,
delayed and more durable mechanism, involves UPS, character-
ized by massive poly-ubiquitination and recruitment of the p97
translocase. To gain more insight into any potential orchestration
within this two-wave cellular heat stress response, we evaluated
the effect of HS5P70 impairment by the established chemical
inhibitor of HSP70, VER1550082125_ First, to validate the direct
impact of VER155008 on HSP70 function in cells, we compared
the HSP70 recruitment to damaged proteins in control and
treated cells. VER155008 did not abrogate recruitment of HSP70
but rather resulted in prolonged HSP70 persistence at the heat
damage sites, indicating inefficient chaperone-mediated proces-
sing of unfolded proteins, recognized, yet not further processed
under HSP70 activity inhibitor treatment (Fig. 5a). To investigate
the effect of HSP70 activity on the ubiquitination of damaged
proteins, we then titrated damage intensity to the level at which
the chaperones accomplished all the processing, i.e., without the
apparent need for the subsequent involvement of p97. Under
such settings, no GFP-ubiquitin signal was detectable. In contrast,
under the same mild damaging conditions in cells with impaired
HSP70 function (treated by VER155008), the accumulation of
GFP-ubiquitin signal became detectable (Fig. 5b). Consistently,
while under such mild conditions and proficient HSP70 response
(mock treatment) p97-GFP did not recruit to sites of damage, in
the VER155008-treated cells p97-GFP formed clearly visible
stripes along the heat damaged subcellular areas (Fig. 5c). These
results indicate that under a relatively mild heat damage condi-
tions, the UPS pathway components including ubiquitin and p97,
seem to provide a back-up compensatory role in case the primary
chaperones (HSP70) are not fully operational. Furthermore, this
two-wave mechanism becomes fully engaged, as a temporally
coordinated cellular response, under conditions when the initial
HSP-mediated pathway becomes overwhelmed by the severity of
the damage.

Discussion

Our present study describes a highly versatile method suitable for
induction and monitoring of cellular responses to conditions that
lead to unfolded, aggregated proteins and p-sheet amyloids,
aspects highly relevant for both basic and translational research
on cellular protein quality control and its malfunction in a range
of neurodegenerative disorders and cancer, First, we designed and

validated plasmonic silver NPs modification of various cell cul-
tivation microscopic plates. Such products enable the researchers
thermal micro-irradiation of small subcellular regions and con-
comitant monitoring of both the overall fate, and particularly the
heat-triggered intracellular events in adherently growing cells
using standard LSM. Notably, the laser equipment required to
apply this method does not demand any uncommon or highly
specialized setups with regard to the laser power. Also, the
wavelengths needed for the plasmon layer activation do not have
to be strictly 561 nm as used in this study, given that the plasmon
layer’s absorption peak covers more laser types used in the diverse
LSM-type laboratory microscopes.

In addition to the method itself, we applied this approach to
study behavior of selected protein chaperones in the physiological
context of live cells in a spatiotemporally-controlled manner and
at the level of unprecedented detail. Indeed, the information
about the substrate recruitment kinetics in real time, and the
effect of some of the functional mutants of one of the most stu-
died protein chaperons - H5P70 (including the requirement for
intact substrate recognition, ATPase and dimerization domains,
respectively) are now revealed owing to the method described
here. We also aimed at obtaining more insights into the char-
acteristics, and particularly the further processing of the thermally
damaged proteins, One of the important contributions of our
study to the field are the results revealing the recruitment kinetics
and variable residence time of the heat shock factors at the
damage sites in a heat dose-dependent manner. Furthermore,
apart from confirming that heat damage induces protein B-sheet
amyloidogenesis in cells, we now report that the heat-damaged
proteins are not only recognized by specific chaperons but can be
further modified by poly-ubiquitylation and processed by the
p97/VCP translocase pathway. The latter two-phase scenario is
valid for more severe damage or conditions of chaperone insuf-
ficiency. Surprisingly, both types of the poly-Ub chains (K48- and
K63-linked) are present at the same time within the heat-
damaged subcellular sites, implying that a coordinated action of
multiple E3 ubiquitin ligases is to be expected, likely linked to
further processing by different protein-maintenance pathways, an
intriguing concept that should inspire further work in this area,
now amenable for experimentation thanks to the technique we
report.

From the available literature on yeast and bacteria, it is known
that in the processing of cellular protein aggregates, HSP70
cooperates with AAA+ (ATPase associated with diverse cellular
activities) family members such as HSP104 disaggregase. How-
ever, such disaggregase is apparently lacking in metazoans®®. In
this study using human cells, we discovered the involvement of
the AAA+ translocase p97 in the processing of heat-damaged
proteins. P97/VCP is an established component of the UPS
machinery and generally protein quality control, promoting the
degradation of ER-, mitochondria- or chromatin-associated
proteins?®. Despite mutations in the p97 gene are associated
with various neurodegenerative diseases accompanied by accu-
mulation of protein aggregates, the function of p97 in processi
heat-damaged and aggregated proteins has not been studied?’.
We show that p97 becomes recruited into the heat-damaged sites
in the ubiquitin- and its own ATPase activity-dependent manner.
The involvement of p97 becomes evident under more severe heat
damage conditions, or in case the function of HSP70 is com-
promised (Fig. 6). After the p97 chemical blockade, we confirmed
a substantial impact on the ubiquitin signal persistence within the
heat-damage areas. Interestingly, the ubiquitin signal's dis-
appearance was delayed, rather than completely blocked after p97
inhibition, suggesting that over time, spontaneous deubiquityla-
tion of the damaged proteins or processing by alternative
mechanisms such as autophagy or chaperone-mediated protein
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Fig. 5 The effect of HSP70 inhibition on recruitment of HSP70, ubiquitin and p97 translocase. a Pretreatment by HSPT0 inhibitar (VERISS5008, 20 ph
for 30 min) increases the persistence of HSP70-GFP in micro-heated regions. b Inhibition of HSP70 by VERISS008 (20 pM for 30 min) promates
ubiquitination of heat-damaged proteins detected by GFP-ubiquitin reparter. ¢ Inhibition of HSP70 by VER1S5008 (20 pM for 30 min) increases the
recruitment of p97-GFP to micro-heated regions, All panels show representative results from three experiments.

repair may further join this complex cellular response. Broadly
analogous with multiple-pathway involvement associated with
vital cellular responses to insults such as DNA damage or oxi-
dative stress**2% our current results further attest to the biolo-
gical significance of a multifaceted cellular response to thermal
damage. This emerging concept is further supported by our result
reported here, that experimental inhibition of the ubiquitin/p97
arm of the response exacerbates cytotoxicity of the otherwise
well-tolerated degree of thermal damage.

Owverall, we present a versatile methodology that may be
broadly applicable in life sciences, including diverse screening
strategies to search for chemical or cellular modulators of cha-
perone function, and generally in both basic/mechanistic and
translational biomedical research. Application of this approach
allowed us to provide insights into the molecular mechanisms of
cellular responses to thermal damage in real time, including
temporal orchestration of complementary stress-response path-

rays. Last but not least, our study raises multiple questions that
should inspire further research dedicated to the processing of
damaged cellular proteins, an essential aspect of cellular biology

with broad implications for neurodegenerative, prion-associated,
and other life-threatening diseases.

Methods

Synthesis of plasmonic NPs. A step-by-step protocol describing the synthesis of
plasmonic NPs can be found at Protocol Exchange™. Water dispersion of aniso
tropic silver NPs (108 mg/L) was synthesized by two-step reduction process,
involving partial reduction of the [Ag(NH, )] complex cation by sodium bor-
ohydride in the first step resulting in the formation of the silver nuclei, which were
subsequently in the second step grown up by the reduction using weak reduction
substance, ¢g., hydrazine. All the reaction components were, 81 the laboratory
vemperature {23 °C), stirred continuously with a magnetic stirrer. Initially,
aqueous silver nitrate (0,005 M), 1.25 mL of ammonia solution (0.1 M), 1.2
sodium citrate (1% wiw) and 13.425 ml distilled w
beaker and stirred while adding reducing agents. The reduction was inftlated by the
addition of 0,075 ml of todium borohydride (0,001 M}, which resulted in a
reduction of silver complex cation, the formation of small NPs {seeds), and a
change of the dispersion color to light yellow. Finally, 4 mL of hydrazine solution
(0,05 M) was rapidly added into the dispersion of silver seeds under vigarous
stirring, resulting in the growth of the seeds into final and stable silver anisotropic
MPs followed by a change of the color of the dispersion from light vellow to typical
purple. The final reaction concentrations of all the reaction components were as
follows: silver nitrate 1 % 107! mol dm—"; ammaonia 5 % 10 mol dm—7; citrate

iter were added Into a 50 ml
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to micro-heat damage. The intensity of micro-heat damage can be manipulated by

laser power and def"ned regions enable detailed cellular response analysis, In case of low damage, the immediately recruited chaperones (such as HSP70,
Heat shock protein 70) process the thermally damaged proteins within a minute and the activity of UPS is not needed. HSP70 persists for a longer time and
ubiquitination (Ub) of damaged proteins s initiated in case of severe heat damage, followed by p97 recruitment and processing. In the case of HSP70

malfunction (inhibition), even low heat damage triggers ubiquitination and p37 recruitment as a compensatory response.

0.05% (w/iw), sodium borohydride 3 x 107% mol dm~—* and hydrazine 8 = 10— maol
dm % as a reducing agent. This way, prepared silver NPs were used for NP
deposition on the cultivation surfice. However, other plasmonic NPs with different
shapel and optical properties (LSPR) can be prepared via the same method, but
i the ratio b citrate and h ine, using different amount of citrate
varying from 0.25 10 4 ml (1% w/w) and nd]unuug the total volume to 25 ml. By this
approach, the silver NPs with plasmon peak within the range of 440-725 nm can be
synthesized, The prepared NPs have a negative surface charge ({ = <38 mV).

Wdﬂlw”mﬂcdﬁ- plates with plastic surfaces. A step-hy-
step | describi dtion of silver NF can be found at Protocol
Ftchumgr‘“ Silver NPs | ptrp-\n'd by the above-mentioned method were subse-
quently coated onto the bottom of functionalized Ibidi 24-well plates (u-Plate,
Thidi, cat.n.: 82406), Greiner CELISTAR® 96-well plates (Sigma, cat. n: M0562) or

(PAA and PDDA). After 4 h of the treatment, wells were washed with distilled
water to remove non-bonded polymers and filled with the dispersion of silver NPs,
Silver NPs were bonded within 45 min to thin polymeric PAA_PDDA film
deposited on well surface through the electrostatic interactions between negatively
charged silver NPs and positively charged PDDA forming the top layer of the thin
polymeric film. In the end, wells were washed with distilled water to remove un-
homded NPs and air-dried.

Deposition of silver NP on cell culture plates with glass surface. A siep-by-siep
protocol describing the deposition of silver NP can be found at Protocol
Exchange™. Due to the fact that the glass surface is already negatively charged, the
md\ﬁmlkm with negatively charged PAA as described above for plastic bottoms
was skipped. Instead, the glass surface (Cdlvis glass-bottom plates, P24-1.5H-N)
wils clcm:d and activated by the piranha solution (H2504:H202, 7:3) for 15 min,

TPF 24-well plates (TPP, cat. n.: 9}424} The plates were first I"unc" lized by 1% folk hing mlh dmilled water. After that, the plates were functionalized
PAA Aldrich) solution followed by 1% poly(diallyldi vium by 1% poly(diallyldi ium chloride) (PDDA) (Sigma Aldrich) solution
chioride) (PDDA) (Sigma Aldrich) solution for Zh anch to coat them Is}uI thln for 2 h 1o coat them by thin polymeric PDDA film. After the treatment, wells were
polymeric film consisting of two layers of opp ly charged poly washed with distilled water 1o remove non-bonded polymer and filled with the
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dispersion of silver NPs, Silver NPs were bonded within 45 min to thin polymeric
PDDA film deposited on well surface through the electrostatic interactions between
negatively charged silver NPs and positively charged PDDA forming the top layer
of the thin polymeric film. In the end, wells were washed with distilled water to
remove unbonded NPs and air-dried.

Plasmids, cloning. All coding sequences were cloned by Gateway recombination
technology (Invitrogen, Carlsbad, CA, USA), The full coding sequences of human
Hsp70 (HSPALA, UniProt 1D: PODMVS-1), CHIP (STUBI, UniProt ID: Q9UNE7-
1) and HOP (ST1P1, UniProt 1D: P31948-1) were cloned into PB-EFla-N-EmGFP-
PURO-GW -Dest vector containing an N-terminal GFP tag Hsp7D point mutants
were prepared by QuikChange Site-Directed Mutagenesis Kit (Agilent, Santa Clara,
CA, USA) according to the manufacturer’s manual. Following primers were used
to create Hsp70 mutants: GACAACCAACCCGGGTTCCTGATOCAGGTGTAC
and GTACACCTGGATCAGGAACCCGGUGTTGGTTGTC for V438F,
TGGGOGGGGGCGCCTTCGACGTG and CACGTCGAAGGCGCCCOCGCCOA
for T204A and GTGTCAGCCAAGGCOCGCCCTGGCGTCCTACGCCTTC and
GAAGGOGTAGGACGCCAGGGOGGCCTTGGCTGACAC for N340A, E543A,

Cell culture and transfection. Human osteosarcoma U-2-05 and human lung
cancer H1299 cell lines (both from ATCC) were used for all studies. Cells were
maintained in DMEM media (Lonza) supplemented with 10% fetal bovine serum
{Thermao Fisher Scientific) and 1% penicillin/streptomycin (Sigma-Aldrich). The
Piggy Bac transposon systemn (PB) has been used o generate a stable expression of
GFP fused proteins. A total of 1045 cells were transfected using Lipofectamine
3000 (Invitrogen, Carsbad, CA, USA) with 1800 ng of transposon plasmid and
200 ng of transposase plasmid, Cells were selected in the same media supplemented
with puromycin 5 pg/ml (InviveGen, San Diego, CA). Flow cytometry and cell
sorting (FACS Aria-T11, Becton Dickinson) wits used to enrich cell populations with
optimal GFP expression, U-2-05 exf ing GFP-ubiquitin and U-2-015

expressing p97-GFP were previously described?!,

Cell viability. Cells were seeded on the original control multi-well plate (Greiner)
or a plate modified by the plasmon NPs layer. Twenty -four hours after seeding, the
cell viability was analyzed by XTT assay (Applichem) according to the manu-
facturer's instructions. XTT solution was added to the medium and incubated for
30-60 min, and then the dye intensity was measured at the 475 nm wavelength
using a spectrometer (TECAN, Infinite M200PRO). To analyse the viability after
heat shock, the cells were seeded on TPP 96-well plate. The next day, the cells were
treated by CB-5083 or mock and placed in a water bath pre-heated to 42°C for 4 h
and then put back 1o cell culture incubator with standard conditions. Cell viability
way analysed by XTT assay 24 h later,

A step-by-step protocol
descrlbing‘uhe microthermal damage induction can be found at Protocol
Exchange™. For the visualization and delivery of the microthermal damage, we

used a Zeiss Axicimager Z.1 platform equipped with an LSM780 module for
confocal laser scanning microscopy (CLSM). Used objectives included Zeiss
objectives Alpha Plan- APOCHROMAT 40x water immersion for the Ibidi plates
and glass-bottom plates, and LD Plan-NEOFLUAR 40x/0.6 Korr for the TPP
plates. CLSM setup included argon 488 nm and 355 nm lasers for visualization. For
the plasmon layer activation, we used exclusively 561 nm 20 mW solid-state laser.
The power range hitting the plasmon layer corresponded to 0.16-2.41 mW; exact
vulues are stated in the main text (see also details of laser power measurements
below). The laser irradiation times were defined by the pixel dwell time and the
total irradiation time, For the FRAP-like experiments where irradiation RO1 was
pre-defined, the pixel dwell time was fixed at 100 s, and the whole irradiation time
was dependent on the size of the ROI {~18-26 s for letter-like RO1s and 2 5 for the
square RO1s). For the striping approach, the pixel dwell time was fixed at 709 ps,
and the total irradiation time was 0.85 s for one irmadiation cycle resulting in 32
colinear stripes across the one microscopic field. See also ref, ¥ for details for
setting up the laser stripping approach in LSM. All laser irradiations and acqui-
sitions were performed using the Zeiss Zen 11 software.

Measurement of the laser power. PT-9610 optometer with PD-2D Laser Power
Detector (Gigahertz-Optik) was used to obtain the values describing the laser
power in watts hitting the p layer. The op was set for 561 nm
wavelength, and the detector was placed instead of the microscopic plate. Irra-
diation of the sensor was performed by 561 nm solid-state laser via the same
objectives as used for the micro-irradiation process. The values were recorded at
continuous laser mode at different laser power setups. Exact values for Alpha Plan-
APOCHROMAT 40x water immersion objective were: 0.16 mW (7% laser power),
0.23 mW (10% laser power), 0,38 (15% laser power), 0.48 (20% laser power),
241 mW (100% laser power), The exact value for LD Plan-NEOFLUAR 40x/0.6
Korr objective was: 1.27 mW (100% laser power).

Quantitative ROI analysis. The analysis was performed by the Zeiss Zen
11 software employing an internal plugin for bleaching and FRAP (Fluorescence

10 MNATLRE

recovery after photobleaching) analysis*!. Control region (not exposed to
the plasmaon activating laser] was used for correction of baseling fluorescence
and its potential change in time during acquisition and comparison with the
microheated region (exposed to the plasmon activating laser). The data were
exported to the Microsaft Excel 2016 and the increase of HSP70-GFP signal
was calculated according to formula: increase of HSP70-GFP intensity =
(meanyncraheated regionis — x)/ MEAN,
MEAN peiorence reglontr = 01

regiontr - ) [ ean i regionr = o

and dye staining, Cells were fixed 5 min after microthermal
damage with 4% formaldehyde for 15 min at room tempertire, washed with PBS,
and permeabilized with 0.5% Triton X-100 in PBS for 5 min, Afier PBS washes, the
cells on the plastic inserts were immunostained with primary antibody for 1 h at
room temperature (anti-K48-ubiquitin, Apu2, Merck Millipore; anti-K63-ubigui-
tin, Apu3, Merck Millipore; anti-VCP, Abcam, ab11433), followed by PBS washes
and staining with Alexa Fluor 568-conjugated secondary antibody for 60 min at
room temperature. Nuclei were visualized by DAPI staining at room temperature
for 2 min. For the beta-aggregates visualization, NIAD-4 (Sigma) dye was directly
added to culture media (300 nM), and aggregates were detected in live cells after
laser irradiation. AmyloGlo staining was formed according to the manu-
facturer’s instruction (Biosensis). Briefly, cells were irradiated by the 561 nm laser,
fixed with formaldehyde for 15 min at room temperature, washed with PBS, and
permeabilized with 0.5% Triton X-100 in PBS for 5 min and washed, Mext, the slide
was incubated with 70% ethanol for 5 min, washed with distilled water, and stained
with 1X AmyloGlo reagent for 15 min, followed by quick washes in 0.9% saline and
distilled water.

Thermal camera imaging. The thermal camera (Therm-App®, Opgal Optronic
Industries Ltd.) was placed in an in-house built holder keeping the camera at an
~5-cm distance from the top of the culture plate. The camera’s germanium
objective was manually focused on the bottom of a single well. The whole assembly
was placed inside the Zelss Axioimager Z.1 platform equipped with LSM780
moedule for confocal laser scanning microscopy (CLSM) (see Supplementary Fig. 1h
for the setup). The bottom of the well’s inner surface was focused and exposed to
the 561 nm laser working in the continuous mode while the thermal camera was
used 1o acquire thermograms,

Western blotting. 20 cells were secded at 0.7 = 10° cells per & cm dish for 24 h
before the experiment. P97 inhibitor- (CB-5083; 5 pM; Selleckchem) or Mock-
treated cells were exposed to 43 °C for 30 min in a water bath. Subsequently, dishes
with cells were moved 1o an incubator with a standard set up of 37 °C and 5% CO.,
The cell lysates of pellet fraction were collected in time (0-, 2-,3 h) by a quick wash
with 0,5% Triton X-100 followed by resuspension in 1x Laemmli sample buffer,
Equal amounts of cell lysates were separated by SDS-PAGE on hand casted gels
and then transferred onto a nitrocellulose membrane. The membrane was blocked
in Tris-buffered saline containing 5% milk and 0.1% Tween 20 for Lh at room
temperature, and then incubated overnight at 4 °C with the following pri
antibodies: anti-ubiquitin lys48-specific (1:1000; Merck Millipore, clone Apul),
anti-f-actin (1:1000; Santa Cruz Biotechnology, sc-47778), followed by detection
with secondary antibedies: goat anti-mouse IpgG-HRP (GE Healtheare), goat anti-
rabbit (GE Healtheare). Bound secondary antibodies were visualized by ELC
detection reagent (Thermo Fisher Scientific) and images were recorded by an
imaging system equipped with a CCD camera (Chemiloc, Image Lab 6.1 software,
Bio-Rad).

Ch of ic NPs. The synthesized water dispersion of silver
antsatropic NPs anl.i l.he -iqu:ttd Iayer of silver anisotropic NPs were char-
acterized by t py (TEM) using a JEM 2010 TEM
instrument {Jeol, Japan). In the case of water dispersion, a droplet of the sample
with a silver concentration of 108 mol dm ™ * was deposited on a carbon-coated
copper grid and dried in a vacuum drier at 257°C for 1h. In the case of the silver
NPs layer, carbon-coated copper grids were used and modified in the same way as
cultivation plates. For this analysis, the carbon-coated copper grid was put in an
Eppendorf tube and functionalized by PAA solution followed by poly(diallyldi-
methylammonium chloride) solution for 2 h each in order to coat them by the thin
polymeric film. After 4 h of the treatment, carbon-coated grids were washed with
distilled water in Eppendorf tube to remove non-bonded polymers and after that,
Eppendort tubes were filled with a dispersion of silver NPs, Silver NPy were bonded
within 45 min 1o thin polymeric film deposited on carbon-coated copper grids and
foll d by hing with distilled water to remove un-bonded NPs and dried in a
vacuum drier at 25 °C for 1 h. UV-vis spectra of silver NP dispersions were
recorded on a Specord 5 600 (Analytic Jena, Germany) spectrophotometer, Dis-
persions of silver anisotropic NPs were 10 times diluted prior to the measurements
and layers of silver anisotropic NPs deposited on the coltivation plates were used as
they were prepared. Zeta potential of silver NPs in water dispersion was obtained
by electrophoretic mobility m using Z NanoZs (Malvern, UK).
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ABSTRACT

In accordance with the 3 Rs principle (to replace, reduce and refine) animal models in biomedical research, we
have developed and applied a new approach for sampling and analyzing hair follicles in various experimental
settings. This involves use of a convenient device for non-invasive collection of hair follicles and processing
methods that provide sufficient amounts of biological material to replace stressful and painful biopsies.
Moreover, the main components of hair follicles are live cells of epithelial origin, which are highly relevant for
most types of malignant tumors, so they provide opportunities for studying aging-related pathologies including
cancer. Here, we report the successful use of the method to obtain mouse hair follicular cells for genotyping,
quantitative PCR, and quantitative immunofluorescence. We present proof of concept data demonstrating its
utility for routine genotyping and monitoring changes in quality and expression levels of selected proteins in
mice after gamma irradiation and during natural or experimentally induced aging. We also performed pilot
translation of animal experiments to human hair follicles irradiated ex vivo. Our results highlight the value of
hair follicles as biological material for convenient in vivo sampling and processing in both translational research
and routine applications, with a broad range of ethical and logistic advantages over currently used biopsy-
based approaches.

INTRODUCTION

stressful for the ammals [3]. Replacement of blood or
skin tissue collection would also be convenient for

Hair follicles provide a very accessible source of
biological material that can be non-invasively obtained
from most mammals |1, 2|. Such material is particularly
valuable for experiments with rodent models involving
repeated sampling that currently require multple
invasive biopsies, which are relatively laborious and

specific examinations in human medicine [4-6). This
micro-organ structure also has other advantages in
biomarker studies, including suitability for investigations
of circadian rhythms [5, 7], and the presence of
numerous cell types in a small area, which can be easily
distinguished, such as keratinocytes, melanocyles, or
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perifollicular macrophages and mast cells [8-10].
However, the epithelial component of the follicles is the
most promising for biomarker investigations because
mosl neoplastic diseases have an epithelial origin.

Here, we present a proof of concept study involving
use of a newly designed and constructed device
allowing collection of large amounts of murine
hairs with their hair roots containing follicular
cells, We also demonstrate that DNA, RNA, and
proteins in the collected hair follicle cells can be
conveniently amalyzed using standard cell and
molecular biology methods such as genotyping, qPCR,
and immunofluorescence analyses. The study focused
on changes associated with the DNA damage response
(DDR), especially double-strand breaks, and cellular
senescence both in naturally aged tissue and induced
using ionizing radiation (IR).

DNA damage,
natural aging
or senescence induction

RESULTS
Design of the follicular cells® collector

The device we developed sucks hair from skin by
vacuum suction. It uses removable disposable forceps of
inert [ixation-compatible material; forceps are made
from a pair of modified pipette tips of different sizes
(one inside the other). The bigger pipelte tip is
connecled o a pistol-like device and covers the smaller
tip connected to a piston. The smaller tip clicks into the
bigger one by piston push, thereby firmly gripping the
sucked hairs. The tip is removed [rom the pistol by a
further push of the piston and stays attached to the skin
via the squeezed hair. The forceps with gripped hairs
are then manually removed. The removed hairs include
follicles composed of multiple live [ollicular cells
(Figure 1). Approximately 200 mice hairs can be

air suction

hairs

locked forceps
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hairs with follicles
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NI ———>

=
NS

3"

mtact hair follicle

DNA extraction

waoe. _PCR

AP0V
VYN

—_—

hair bunches collection

S/

3

- N

Figure 1. Design of the customized suction-based collector of hair follicle samples and scheme of the experimental workflow

in the study.
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removed in a single sample and cach follicle contains
approximately 50 cells. Inert and disposable forceps
allow easy manipulation and immediate processing of
the sample by [ixation or lysis. The process is fast, easy,
and does not involve touching the hair (Supplementary
Video 1). Other advantages of the method include
noninvasiveness, allowing many repetitive multi-site
collections with minimal stress to the experimental
animals.

Pre-processing of murine hairs

Hair follicles are morphologically intact and can be
easily recognized during microscopic evaluation (Figure
2A). Collected hairs can be stored in a dry state or
suitable medium, c.g. for nucleic acid extraction. We
obtained median yields of 275 and 486 ng of total
RNA and DNA per pluck of hairs obtained with our
collection device according to analyses with a NanoDrop
1000 Spectrophotometer (Thermo Fisher Scientific).
Moreover, the quality of RNA is usually high and
suitable for further analyses with a RIN (RNA integrity
number) of ca. 8 units according to analysis with an
Agilent Bioanalyzer 2100. Thus, we consider DNA and
RNA vyields and qualitics, presented in Figure 2B,
sulTicient for further experiments. There is no need [or
any special processing steps such as homogenization for
isolating nucleic acids or culting slices for microscopic
analyses, and the material can be collected and
processed repeatedly, within short times and in high
amounts, from mice.

Genotyping of collected follicular cells fully replaces
tail biopsies

Genotyping 1s one of the most common reasons for
biopsy in research and commercial procedures
involving genetically modified mice. Usually, a tip of
the tail or an ear punch is collected from the examined
mice to obtain DNA for analysis. To minimize pain and
stress, the cthical standards of many countries require
anesthesia before the collection, which complicates and
prolongs the procedure. Here we show, that [ollicles
collected by the specialized device described above can
fully substitute tail tp biopsies. SXFAD mice
commonly used as a model [or Alzheimer's and
senescence-relaled diseases [11, 12]. were used for
proof of this concept. We compared the genotyping
results from 151 tail biopsies and 151 hair samples from
the offspring of SXFAD transgenic males and C57Bl/6
females. For this, we assessed by PCR the presence or
absence of wo genes carried by the transgenic mice:
APP695  (APP, encoding an amyloid-beta [A4]
mouse/human chimeric precursor protein) and PSEN]
(ST, encoding human presenilin 1). Results obtained
with DNA samples from hair bunches and tail biopsies
were fully consistent (presence of both transgenes or
absence of both, with no sample showing presence of
only one of the transgenes). Thus, hair follicles could
apparently fully replace tail biopsy lor genotyping, with
no loss of accuracy. Results of electrophoretic
separation analysis demonstrating the transgenes’
presence or absence are shown in Figure 3.

o
704 o
o n=152
— 60
2
T .
B
£ 40 4 o
: n =100
§ 30
o
% 20 8
=
o DNA RNA
0 tall biopsy  hair follicles hair follicles
Average  177+012 1.70:024 156 £ 0.18
A[260/280)

Figure 2, Murine hair follicles as starting material. (A) Representative images of hairs highlighted with Giemsa — Romanawsky staining
(and indicated magnification) showing intact hair follicles obtained by sampling with our vacuum collector. (B) Comparison of DNA isalation
results fram hair follicles obtained with our device and common tail biopsies, and yields of RNA isolated from hair follicles. The quantity and
quality of all nucleic acid samples, in 30 ul solutions, were measured using a ND 1000 Spectrophotometer. Data are presented as boxplots
showing median, maximum and minimum values, their quartile distribution, interquartile range, and outlier values.
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Downstream transcriptional DNA damage response
in hair follicle cells after gamma irradiation in-vive

Gamma irradiation, the most common mode of cancer
treatment, causes complex responses in exposed cells
called the DNA damage response (DDR). The DDR
involves multiple transcriptional and postiranscriptional
changes which are intensively investigated in cancer
studies, and quantitative evaluation of DDR can be used
for quick assessments of radiation exposure, radiotherapy
monitoring, and identification of radiosensitive
individuals |2, 13, 14]. Three commonly used markers
(p21, SESNI, and MDM?2) in the ATM/CHEK2/p53
pathway, which directly responds to DNA damage. were
tested for acute radiation response by RT-qPCR. The

1000 bp
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500 bp
250 bp

111 112 113 114 115 116

stability of their expression in the absence of IR was
checked and p2/ showed the least varability between
samples obtained on multiple occasions (significance of
between-time differences: p = 0.530). In contrast, there
were significant between-time differences in SESN/
expression in irradiated samples and even in the absence
of IR (p = 0.025). We also consider SESN! an
inappropriate marker for monitoring hair follicles after
IR because it has very low basal expression (late Ct
values or negativity). However, there was significant
upregulation of SESN/ 30 minutes after IR and
downregulation after 24 h, especially at the highest
doses (Figure 4). In further contrast, MDM?2 showed a
much more stable amplification pattern, but very weak
dependence on IR. Thus, p2/ provided the most valuable
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Figure 3. Genotyping using murine hair follicles. Results of PCR-agarose gel electropharesis showing the presence or absence of APP
and PST transgenes in representative samples (from mice 111 — 118), of both biological materials - hair follicles and tail biopsies. A 1 kb

GeneRuler DNA ladder is presented on the left side.
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amplification pattern, with the lowest variability and
highest potential for distinguishing samples subjected to
different IR doses and/or collected at different times. We
observed a 2.5 median fold change (FCy,) 30 min afler a
2 Gy dose, followed by a reduction to -1.54 after 24 h
(Figure 4). A 6 Gy dose induced a longer response, with
FCy = 1.81 at 30 min afier radiation, and no observed
reduction until the 6 h time-point (FC,, = 1.94) and slight
reduction to FCi, = 1.24 at the 24 h time point. The 10
Gy dose even induced an increase between the 30 min
and 6 h time points (FCy = 2.25 and 3.71, respectively).
In summary, p2/ showed the most significant increase (p
< (.01) until 6 h after IR at all tested doses (Figure 4),
with clear between-dose distinctions at some time points
(with higher doses inducing higher FC. values, except at
the initial sampling point, 30 min afier [R). In summary,
our data provide some proofl of concept by showing
that our device and protocols can detect changes in
expression palterns induced by external [actors.

Immunofluorescence (IF) analysis of y-H2AX lesions
after gamma irradiation

In the previously mentioned ATM/CHEK2/p33 pathway
and DDR, ATM kinase is directly recruited to DNA
damage sites, where it phosphorylates histone H2AX on
serine S139, forming y-H2AX detectable as the
immunofluorescent foei pattern in nuclei (Figure 5A -
detail). We identified typical intense foci in the nuclei of
irradiated hair [ollicles (Figure 5A). An IDD (intensity
of DNA damage) value was calculated, as described in
the methods section, for each hair follicle projection as
averages [rom z-stack imaging (Figure 5B). Three 1o
five morphologically intact follicles from each sample
were scanned and analyzed. There were no statistically
significant differences belween measurements [rom
either the same or different mice under deflined
conditions. Thus, we did not detect any inter-individual
variability and there was no distinction belween
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Figure 4. Gene expression changes (mRNA level) in murine hair follicles after in vivo ionizing irradiation. Data are expressed in
boxplot graphs showing median, first quartile data distribution and maximum and minimum values of fold changes relative to expression at
time zero (immediately before irradiation) normalized using HPRT mRNA levels. Results of paired t-tests of the significance of differences
between indicated groups and times (relative to the zero-time point) are also depicted (*p<0.05, **p<0.01, ***p<0.001).
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biological and technical replicates in further calculations.
The low numbers of subjects in our experiments (n = 3
per condition) may have contributed to this, but they
were sulficient for clear quantitative resolution of
samples differing in radiation dose and/or time after IR.
There was a strong increase in IDD shortly after
irradiation, with a gradual reduction during the following
24 h. The IDD was also quantitatively dependent on
dose, with clear separation between samples given 2 Gy
from those given 6 and 10 Gy doses. Thus, the direct
DDR afier IR quantitatively differed between doses, but
followed similar dynamic patterns under all three doses,
in the murine hair follicles (Figure 5C). Not only
recognizable foci were detected, but also areas with
continuous green y-H2AX signal. which we attributed to
apoplotic lesions, based on previous reports [2] and their
general occurrence in samples from mice given the 10
Gy treatment. The 10 Gy treatment also resulted in lower
IDD values than the 6 Gy treatment, possibly due Lo
cell damage exceeding thresholds allowing proper

A DAPI

-H2AX

y-H2ZAX after irradiation

c 0.10 1 e

quantification, although there was no significant
difference between 6 Gy- and 10 Gy-treated samples at
any time point. The other between-dose differences
in samples collected 30 min, 3 h, and 6 h alier IR
were significant according to the Kruskal-Wallis non-
parametric test with multiple comparisons.

Apart from gamma irradiation, we tested also the

possibility to induce DDR afier topical application of

chemical clastogens. To address such an oplion, we
dissolved DNA damaging agents bleomycin and cis-
platin in DMSO and applied them directly to small
areas of the skin ol tested animals. Collecied hair
follicles from the exposed areas indeed showed
increased y-H2AX staining in the nuclei compared to
the control areas (Supplementary Figure 3). These data
confirm that the topical application of various chemical
compounds and direct assessment of their effects in
follicular cells in-vive is possible which enriches the
portfolio of applications of the method significantly.
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Figure 5. Immunofluorescent detection of y-H2AX in murine hair follicles. (A) Representative images of a follicle after ionizing
irradiation, extracted as maximum intensity projection from z-stack scanning by confocal spinning disc microscopy. Nuclei stained with DAPI

and y-H2AX foci and hair shaft autoflucrescence are visible in the green channel. (B} Representative images used in the computational
analyses of one z-stack layer, the red color of the nuclei (DNA) was selected artificially to maximize the visibility of green y-H2AX foci.
(C) Resuits of image analyses in terms of IDD (intensity of DNA damage), with each data point representing the area of the y-H2AX signal
related to the area of the nuclei in one scanned hair follicle in z-stack mode. Probability density of the data, maximal and minimal values,
medians, and results of a multiple Kruskal-Wallis test (*p<0.05, **p<0.01, ***p<0.001) are showed in violin plots
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Expression patterns of selected markers in mice hair
follicular cells reflect their biological age

Senescenl cells are commonly identified by increases in
senescence-associated  f-galactosidase  (SA-f-gal)
activity |15-17], but assays of this activity have
multiple limitations [18]. In contrast, p/6 and p2/ have
known senescence-associated activities and functions
[19-21], and their expression is highly elevated in a

wide variety of human and mouse senescent cell lines,
so we used them as biomarkers for our age-related
senescence measurements [22-24]. qPCR analyses of
pl6 and p21 expression levels using the acquired cDNA
samples revealed significant differences in these two
senescence biomarkers’ expressions. [nfer alia, there
were strong difTerences in gene expression belween
young (6 months old, n=6) and old (2.5-3 years old,
n=60) animals (Figure 6A) with p < 0.05, p < 0,01 or

A p16 p21
0= 109 .
- C=3.76
5 FC=3.15
FC = 8.03] T o
- 15+ 6
3 —
) E = i S
Young/ Old/ Young/ Old/ Young/ Old/ Young/ Old/
GAPDH GAPDH ACTB  ACTB GAPDH GAPDH ACTB  ACTB

B DAPI merge

old

young

Figure 6. Markers of senescence analysis in hair follicular cells. (A) p16 and p21 gene expression (mRNA level) in hair follicles from
young mice (6 months old) and old mice (2.5-3 years old) in boxplot graphs of ACt values normalized using GAPDH or ACTB. Graphs show
medians, first quartile data distribution, minimal and maximal points, and fold change values as a specifying detail. Results of a t-test are also
shown (*p<0.05, **p<0.01, ***p<0.001). {B) Representative images showing the higher pl16 protein levels in murine hair follicles of old
animals relative to those of young animals. Images were obtained from z-stack scanning with a confocal spinning disc microscope. DAPI-
stained nuclei are shown in the blue channel and pl6 signals in the green channel. Autofluorescence can be seen in a hair shaft
Magnification 60x objective with oil immersion
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p < 0.001 depending on the housckeeping gene used
for the data normalization and the target gene. Fold
change differences in expression between the young
and old animals of 8.03 and 9.58 (p < 0.001) were
calculated for the p/6 marker, and 3.15 (p < 0.01) and
3.76 (p < 0.05) for p2/. Naturally, no significant
difference in expression of target senescence markers
was detected using animals with the age difference of
just a few months (data not shown). To support our
gPCR data, we confirmed the changes in pl6
expression at the protein level using immuno-
fluorescence assays and the same mice cohort, which
showed that cells from the older animals had higher
levels of p16 protein (Figure 6B).

Radiation-induced senescence detection in murine
hair follicles

The number of senescent cells in tissues can also be
increased artificially by exposure to various DNA
damaging factors. Gamma radiation is a very well-
known inducer, and even mildly dosing of cells or
animals can generaic detectable senescence features
[25, 26]. In addition, patients who have undergone
anticancer chemo- and/or radiotherapy typically have
higher numbers of senescent cells than non-treated
counterparts of the same chronological age [27, 28].
We detected clear irradiation-dependent senescence
induction in a mouse model, as irradiated soft tissue in
the right hind leg acquired more senescent cells
(according to expression levels of the pl6 and p2/
markers) than control tissue in the left hind leg. Hair
follicles were collected at seven time-points (the first
before IR) from the left and right hind legs of 10

plé

1 frmmmm e c g o e s S T - -

Fold change

Days after IR

mice. Significant elevation in expression of the
selected p/6 and p2/ markers was observed in
irradiated legs from 21 and 28 days after IR,
respectively, relative to levels in samples collected
directly before IR. Both markers remained constantly
up-regulated until the last sampling time (35 days
after IR), clearly indicating that senescence was
induced in the irradiated tissue. The quantitative
changes were not very strong, the highest observed
FC,, was 226, for the p/6 marker 21 days after IR.
However, the changes were significant (p < 0.01) at
all of the last three sampling times for p/6 expression.
The other marker, p2/, showed weaker potential for
discrimination between senescent and normal tissue in
mice using hair follicle samples, with FCy, peaking at
1.25, 28 days after IR (p a 0.05). The expression of
both markers remained unchanged in hair follicles of
the control left legs during the experimental
investigations (Figure 7). Those findings prompted
the idea of using hair follicle cells as a murine
irradiation-induced senescence model for studying
senescence markers, aging experiments, and in vivo
senolytic drug identification.

DISCUSSION

To meet ethical standards, experiments involving
laboratory animals should be designed to obtain
maximum information while minimizing stress, and
ideally, they should be replaced wherever possible.
Unfortunately, they cannot currently be replaced by
alternative assays in numerous applications in basic and
pre-clinical research. However, we present here a
simple method for obtaining biological material in the

p21

—e—irradiated leg

~a—control leg

Days after IR

Figure 7. Changes with time in p16 and p21 gene expression (mRNA level) in murine hair follicles after a fractionated dose
of 3 x 8 Gy applied in vivo to the right hind leg of a mouse, using each animal’s left hind leg as a control. Data are expressed
as fold changes relative to expression at the zero-time point (shortly before irradiation) normalized using GAPDH mRNA levels. Means and
standard deviations are shown. ACt values from certain time points were compared using paired t-tests and relevant time points on curves

are marked with asterisks (* p<0.05, ** p<0.01 and***p<0.001).
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form of follicular cells from laboratory mice with
sufficient quantities and quality for multiple analyses
using standard modern molecular biology methods. The
material has numerous advantages, including the
convenience, non-invasiveness, and repeatability of the
sample collection together with its contents of cells of
epithelial origin and distal tissue, as well as the ease of
exposing follicular tissue to test substances with topical
applications (Supplementary Figure 3). The biggest
limitations of follicular cell collection in the past were
the complex logistics involved in processing the
samples. Ordimary tweezers and forceps used in previous
setups are extremely impractical with a high risk of
cross-contamination, thus this material has been used in
relatively few studies. We have circumvented these
limitations by using our simple device, which enables a
fast, convenient collection of follicular cells. The speed
by which the samples can be collected and processed
(e.g. by fixation) is among the biggest advantages of our
solution as it can be performed within seconds. This fact
limits any potential underlying cellular responses and
additional DDR caused by cofounding stressing factors
related to the withdrawal process [2]. To corroborate the
method’s practical utility, we selected three applications.
First, we proved that a sample of mouse hairs collected
using disposable forceps in less than a minute
(Supplementary Video 1) provides enough DNA for
analysis by standard genotyping methods developed for
tail tip biopsies or car punches. As millions of laboratory
mice are routinely genotyped globally every year this
approach represents a major ecthical and logistic
breakthrough. Compared to such standard methods of
biological biopsies (including phlebotomy) the amount
of distress to the laboratory mice is relatively low caused
mostly by the animal hand-grip as there is no visible
pain reaction during the process of hair withdrawal (no
twitching and/or squeaking). The absence of pain is
supported also by the fact that the mice hair roots are.
compared e.g. to humans, embedded relatively shallowly
in upper skin layers [4, 10, 29] and very little strength is
necessary for the withdrawal process.

Although hair samples have been previously used for
that purpose [29-31], our sample collection approach
may motivate researchers to use them more routinely
and widely.

As we showed, mRNA can also be obtained from the
collected samples in sufficient quantity and quality, so we
designed another set of experiments in which we
monitored changes in the expression of selected genes
using qPCR. We targeted genes that respond to DNA
damage caused by gamma irradiation and genes whose
expression changes during oncogenesis. The DDR is
intensively studied in carcinogenesis and cancer treatment
research. IR markers ofien respond differently in different

biological materials, so there is no universally optimal
marker that consistently provides quantitative responses,
especially on the mRNA level. However, acute DDR has
been detected accurately and dose-dependently by
monitoring the dynamics of p2{ in previous studies |14,
32-34]. We dedicated p2/ as a suitable marker for gene
expression measurements in hair follicles. It is also
known that responses to IR differ and topically applied
drugs can be more meaningfully evaluated using hair
follicles than blood samples |2, 6]. Moreover, p/6 mRNA
levels differ between samples of young and old human
skin [35], which supports our use of its qPCR-based
quantification to distinguish follicular cells of young and
old mice. The marker has also been applied, for more
than 10 years, in analyses of processes associated with
senescence caused by Gl arrest, and thus oncogenesis
[36], as well as for monitoring tissue degeneration (which
can be regarded as premature tissue aging) caused by
gamma irradiation or cytotoxic drugs [37]. Irradiation
was used as the inducing factor in our artificially triggered
senescence experiments, in which we applied frachionated
doses of IR based on recent literature |38, 39, clinical
experience together with our previous knowledge and
optimization. We did not apply a single high IR dose as
in previous studies [40] to avoid the formation of post-
radiation skin lesions, which did not develop when using
fractionated doses. Our approach opens new possibilities
for research to find new drugs that can selectively
climinate sencscent cells from organisms [41]. Thus,
monitoring p/6 and p2] mRNA levels by this method
might replace laborious and less accurate methods, such
as SA-f-gal assays in ‘senolytics’ research [42].

We also optimized the immunofluorescent (IF)
approach for analyzing the collected follicular cells and
thus monitoring selected proteins, including quantitative
microscopy-based analysis of the DNA lesion marker
y-H2AX afier gamma irradiation (Figure 5). For this,
we developed software for routine evaluation of IDD
by analysis of y-H2AX foci in z-stack images of
individual hair follicles and investigation of acute DDR
after IR, which was made publicly available
(https://doi.org/10.6084/m9. figshare. 14822643 .v1). The
temporal dynamics we observed in our samples are
consistent with previous results [2, 43] and generally,
we proved that murine follicular cells can be used in IF
assays of both nuclear and cytoplasmic proteins
(Supplementary Figures 1, 2). It might be that the
sensitivity of the method will be able to map functional
differences between various GMO animals on the
cellular level [4, 8]. For example. GMO mice harboring
changes in genes involved in DDR could reveal
differences in the DNA repair dynamics within the
nuclei of follicular cells. Moreover, such tests could be
also performed ex-vivo, because collected follicular
cells are viable [5], without compromising genome
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integrity [2], and can be kept alive for a significant time
allowing various functional tests (Supplementary Figure
4). However, further research is needed to confirm such
intriguing potential applications.

Last but not least, the method can be easily adapted for
sampling other laboratory mammals, as hairs can be
readily collected from rats, rabbits, dogs, monkeys, and
even humans by the presented device (Supplementary
Figure 4), opening a plethora of future research and
biomedical applications.

MATERIALS AND METHODS
Ethics statement

All investigations were conducted following the ethical
standards stated in the Declaration of Helsinki and other
relevant national and international guidelines, with
approval of the author's institutional review board.

Mouse hair collection

We collected each sample using an extraction device
with modified pipetie tips (deseribed in patents
EP2928382A1 and US 20150297253). We then placed
the tips with the samples directly into 500 pl portions of
RNAlater (Qiagen, Hilden, Germany) for RT-gPCR
analysis or 500 pl of 10% neutral buffered formalin
solution (Sigma-Aldrich, St. Louis, MO, USA) for
immunofluorescence assays.

Human hair collection and ex-vive irradiation

Hair follicles were collected from surface disinfected
human calves and immediately put into the Dulbecco’s
modified Eagle’s medium containing 4.5 g/l glucose
(Biosera, Nuaille, France), supplemented with 10% fetal
bovine serum (Gibeo/Thermo Fisher Scientific, Grand
Island, NY, USA) and 1% penicillin-streptomycin
(Sigma-Aldrich). Samples were stored in the cell culture
medium under normal cultivation conditions (3% CO2,
37° C, 100% humidity) during the necessary incubation
steps until the fixation for immunofluorescence assays.
Human hair follicle samples were irradiated on Petri
dishes with DMEM culture medium using X-ray
RS225M Research Cabinet (Xstrahl, Suwance, GA,
USA) with a 2 Gy dose. Samples were fixed 30 min
after irradiation and processed in the same way as
described below in the , Immunofluorescence and image
acquisition” chapter.

Irradiation

Thirty C57TBI/6 wild-type mice (Envigo, Huntingdon,
UK) were used in the first part of the study. 10 mice for

each dose of ionizing radiation. An RS225M Research
Cabinet (Xstrahl, Suwanee, GA, USA) was used to
generate X-rays in all experiments. Each mouse was
anesthetized with isoflurane (FORANE inhalation
solution, Aesica, Hemel Hempstead, UK) before and
during the application of the radiation. Only the right
hind leg and adjacent parts of the body were irradiated,
while the rest was covered by lead armor. Additionally,
10 mice Balb/cOlaHsd (Envigo, The Netherlands) were
irradiated to induce senescence in muscle tissue with a
fractionated dose of 3 x 8 Gy,

Topical application of chemical clastogens

HsdWin:NMRI mice (Envigo, Huntingdon, UK)
females (3 animals per group) were treated with two
clastogens (bleomycin or cis-platin) topically. Both
compounds were dissolved in DMSO. We applied 16,6
pl of bleomycin solution (5 pg/ml) and 30 pl of cis-
platin solution (0,5 mg/ml). Each mouse was treated on
the right body side by gentle rubbing of the compound
into the skin. The treated spot had approximately 1.5 em
in diameter, cach trecated spot was marked. Bleomycin-
treated animals were incubated in their homecages for |
hour and animals treated with cisplatin were incubated
for 5 hours. Then we collected hair samples (treated
samples from the marked spot, control samples from the
left body side). All samples underwent IF staining for y-
H2AX detection.

DNA isolation and genotyping

We genotyped the offspring (151 animals) of SXFAD
transgenic males (B6Cg-TgTg(APPSwFILon, PSENI
*M146L*L286V)6T799Vas/Mmjax) obtained from The
Jackson Laboratory and C57B1/6 JOlaHsd females from
Envigo (Huntingdon, UK) as genetic background.
Genomic DNA was isolated from both mouse hair
follicles and mouse tail biopsies with a Cobas® DNA
Sample Preparation Kit (Roche, Basel, Switzerland)
according to the manufacturer’s instructions. The
presence of APP and PST transgenes was confirmed by
optimized PCR, the reaction mixture contained 2 pl of
template sample, 2 ul of 10 uM APP or PST primer
mix, 2 pl of 10 uM internal control primer mix, 5 ul 5x
GC buffer, 0.5 pul 10 mM deoxyribonucleotide
triphosphates (dNTPs), 0.75 ul DMSO. 025 ul
Phusion® High-Fidelity DNA Polymerase) and 12,5 pl
nuclease-free  water (reagents from New England
Biolabs, Ipswich, MA, USA). Primers are listed in
Supplementary Table 1. Reactions were performed
using the following program: 98° C for 30 s, followed
by 30 amplification cycles of 98° C for 10 s, 63° C for
30 s, 72° C for 10 s, then 72° C for 5 min and cooling
aflerward. PCR products were visualized and checked
using 1% agarose/TBE gels and an Odyssey Fc
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electrophoresis system (LI-COR, Lincoln, NE, USA).
The presence or absence of target genes was determined
and amimals were categorized as GMO-positive (with
both transgenes present) or GMO-negative (lacking
both genes). Each sample had to contain a band for
mternal control (bp).

RNA extraction and reverse transcription

Total RNA was extracted from hair stacks lysed in 700
ul of QlAzol Lysis Reagent and processed immediately
using a miRNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s recommended protocol,
except the need to discard hair samples before solutions
were transferred into columns. Finally, RNA from each
sample was eluted into 30 pl RNase-free water. RNA
concentration and quality were assessed by a Nanodrop
ND 1000  Spectrophotometer  (ThermoScientific,
Wilmington, DE, USA). To obtain ¢cDNA, total RNA
was used for reverse transcription using 8.9 ul of each
sample, mixed with 03 pg of Random Primers
(Promega, Madison, WI, USA) 10 a final volume of 19.5
ul and incubated at 70° C for 5 min. Then, samples were
cooled for 1 min. A solution containing 6 upl of
RevertAid 5x RT buffer (Fermentas, Vilnius, Lithuania),
3 ul of 10 mM deoxyribonucleotide triphosphates
(dNTPs), and 0.75 ul of 40 U/ul RNAsin ribonuclease
inhibitor (Promega) was added to each sample, The
mixed solutions were incubated for 5 min at room
temperature. In the last step, 150 U (0.75 pul) of
RevertAid Moloney Murine Leukemia Virus reverse
transcriptase (Fermentas) was added to each sample. The
final 30 pl mixtures were incubated at room temperature
for 10 min, 42° C for 60 min, and 70° C for 10 min. The
resulting samples of cDNA were stored at -20° C. RNA
for the subsequent aging experiment was obtained from
mouse hair follicles of the mouse strain used for
genotyping.

Quantitative PCR (qPCR)

For quantification of p21, SENSI, MDM? expression, as
studied markers, and expression of HPRT as a
housckeeping gene for relative quantification in the
radiation experiment, real-time PCR was performed
using a LightCycler 480 instrument (Roche). SYBR
Green intercalation chemistry was used to detect the
fluorescence signal and supplied software was used for
Ct data generation and Tm analyses. An 18 pl volume
solution of each sample was mixed with 12.43 ul DEPC-
treated water (Ambion, Austin, TX, USA), 2 pl 10X
Thermo-Start PCR Buffer, 1.6 ul of 25 mM MgCls and
0.2 ul of 5 Uful Thermo-Start Tag DNA Polymerase
(Thermo Fisher Scientific, Waltham, MA, USA). A 0.61
ul portion of SYBR*® Green I nucleic acid gel stain
(10 000 x in DMSO) diluted in 10 mM Tris-HCI buffer

pH & (Sigma-Aldrich) was added to each mixture,
followed by 0.16 ul of 25 mM dNTPs (Promega) and |
ul of a solution of specific primers for the selected
marker and species. Specific oligonucleotides were
custom synthesized by Generi Biotech (Hradec Krilové,
Czech Republic) and are presented in Supplementary
Table 1. Reactions were performed in doublets using 2
ul cDNA. Touch-down programs were chosen [or
murine samples with the following cycling parameters:
95% C for 10 min, then 95° C for 15sand 67° C for 20 s
with a target temperature of 62° C and 1° C steps for the
first touchdown, and 95° C for 15 s and 60° C for 20 s
with a target temperature of 587 C and 2° C steps lor the
second touchdown. Fluorescence signals were acquired
during 50 cycles of 95° C for 15 s and 54° C (60° C for
MDM2) for 45 s. For qPCR analyses of senescence
marker (p/6 or p2/) expression and housekeeping genes
(GAPDH and ACTRE), 2 pl of cDNA of each sample was
used within reaction mixtures further contaimng 10 pl
LightCycler 480 probes Master 2x conc. (Roche), 7 pl
LightCycler 480 Probes Master H.O PCR grade (Roche)
and 1 pl FAM-MGB Tagman probe (ThermoFisher
Scientific). Reactions were performed using the
following program: 95° C for 10 min, followed by 50
amplification cycles of 957 C for 15 s and 60° C for 60 s.

Immunofluorescence and image acquisition

Murine hair follicles for IF assays were obtained from
HsdWin:NMRI mice (Envigo, UK). All samples were
fixed in 10% neutral buffered formalin (Sigma-Aldrich)
for 20 min and permeabilized with 0.5%TritonX-100
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany) in
phosphate-buffered saline (PBS) for 10 min. Afier every
step, samples were washed in PBS (2 x 2 min). Then
they were blocked in PBS containing 1% bovine serum
albumin (Sigma-Aldrich) for 20 min. The blocking
solution was also used to dilute the antibodies. Samples
were incubated in primary antibody solution overnight
al 4° C. After washing with PBS, samples were
incubated in secondary antibody solution for one hour.
The primary and secondary antibodies are listed in
Supplementary Tables 2, 3. Samples were washed in
PBS and mounted using Vectashield antifade medium
with DAPI (Vector Laboratories, Burlingame, CA,
USA). Images of mouse hair follicles were obtained
using an Axio Observer.Z1/Cell Observer Spinning
Disc microscopic  system  (Zeiss, Oberkochen,
Germany) with a 63x oil objective. All images were
processed using ZEN Blue Image processing software
(Zeiss).

Giemsa - Romanowsky staining

To investigate the mouse hair follicle cells’ general
morphology, we used classical Giemsa-Romanowsky
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staining, as follows. Immediately afier collecting
samples of murine hairs in collection tips they were
imcubated i 4% methanol solution for 15 min, washed
three times for 2 min in PBS, then soaked for 30
seconds in May - Griinwald solution (Penta, Prague,
Czech Republic) and subsequently rinsed in distilled
water for 2 min, gently dried and finally incubated in
10x diluted Giemsa-Romanowsky solution (Penta). The
rest of the staining solution was discarded by washing
the samples in distilled water for 2 min. Hair endings
with follicles were cut and placed between a
microscopic glass and covership in a water drop. Images
were obtained at 20x or 100x magnification with a
transmission light microscope (Zeiss, Primo Vert).

Data processing and statistical analyses

Matlab R2017a and Microsoft Excel were used for all
data processing analyses and visualizations. Fold
changes in gene expression were calculated from qPCR
data using the AACt method, with averages of raw
technical measuremenis as the inputs. The Kruskal-
Wallis test was used for irradiation-dependence
verification of the results at zero doses. T-tests were
used to investigate differences between irradiated and
non-irradiated samples at each time point. T-tests were
also used to gencrate p-values describing the
significance of differences between old and young
animals and between variables measured at the zero-
time point and all other time points in both irradiated
and control hind legs in the radiation-induced
senescence experiment. In y-H2AX analyses, green dots
and areas were sought in z-stack images (in tiff format)
of DAPI-stained tissues. Two median filters were used
for automatic identification of the foci and suppression
of background signals. The intensity of DNA damage
(IDD) was calculated as shares of the signals and DAPI
arca, where one data point represents the average value
from z-stack images from one hair follicle. The
software with example 6 Gy data set is publically
available on the Figshare platform at the following
link: https://doi.org/10.6084/m9 fisshare. 14822643 v1.
The Kruskal-Wallis test was used to test the null
hypothesis that there was no treatment- or sample-
related differences in technical measurements.
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Cancer incidence is rising and this global challenge is further exacerbated by tumour resistance to available medicines.
A promising approach to meet the need for improved cancer treatment is drug repurposing. Here we highlight the
potential for repurposing disulfiram (also known by the trade name Antabuse), an old alcohol-aversion drug that has been
shown to be effective against diverse cancer types in preclinical studies. Our nationwide epidemiological study reveals
that patients who continuously used disulfiram have a lower risk of death from cancer compared to those who stopped
using the drug at their diagnosis. Moreover, we identify the ditiocarb-copper complex as the metabolite of disulfiram
that is responsible for its anti-cancer effects, and provide methods to detect preferential accumulation of the complex
in tumours and candidate biomarkers to analyse its effect on cells and tissues. Finally, our functional and biophysical
analyses reveal the molecular target of disulfiram’s tumour-suppressing effects as NPL4, an adaptor of p97 (also known
as VCP) segregase, which is essential for the turnover of proteins involved in multiple regulatory and stress-response

pathways in cells.

Despite advances in the understanding of cancer biology, malignant
diseases have a high global toll. Furthermore, the increasing average
human life expectancy is predicted to have demographic consequences,
including an increase in the incidence of cancer. The high cancer-
associated morbidity and mortality highlight the need for innovative
treatments. Given the high costs, failure rate and long testing periods
of developing new medicines, using drugs that are approved for the
treatment of diverse diseases as candidate anti-cancer therapeutics
represents a faster and cheaper alternative’, beneﬁtting from available
clinically suitable formulations and evidence of tolerability in patients.
Amang promising cancer-killing dm351 is disulfiram (tetraethylthiuram
disulfide, DSF), a drug that has been used for over six decades as a treat-
ment for alcohol dupendence’, with well-established pharmacokinetics,
safety and tolerance at the US Food and Drug Administration (FDA)-
recommended dosage®. In the body, DSF is metabalized to ditiocarb
(diethyldithiocarbamate, DTC) and other metabolites, some of which
inhibit liver aldehyde dehydrogenase®. Because DSF showed anti-
cancer activity in preclinical models™®* and because adjuvant DTC
was used to treat high-risk breast cancer in a clinical trial'®, DSF
emerges as a candidate for drug repurposing in oncology. Additional
advantages of DSF include a broad spectrum of malignancies sensitive
to DSE, and its ability to also target the stem-like, tumour-initiating
cells''. Although the mechanism of DSFs anti-cancer activity remains
unclear and it has been suggested that the drug inhibits proteasome
activity™!?, it has been shown that DSF chelates bivalent metals and
forms complexes with copper (Cu), which enhances its anti-tumour
activity™'?, In addition to the lack of a well-defined mechanism of
action in cancer cells, the main obstacles for DSF repurposing have

been: (i) uncertainty about the active metabolite(s) of DSF in vivo;
(ii) the lack of assays to measure these active derivative(s) in tumours;
(iii) missing biomarker(s) to monitor the impact of DSF in tumours and
tissues; (iv) the lack of insights into the preferential toxicity towards cancer
cells compared to normal tissues; and (v) the absence of a specific
molecular target that could explain the potent anti-tumour activity of
DSE Here, we combine experimental approaches and epidemiology
to address the important characteristics of DSF in relation to cancer,
pursuing theg(:nl of repurposing [DSF for cancer th erapy. We idenﬁfy the
active metabolite of DSE, and provide biological validation and mecha-
nistic insights, including the discovery of a biologically attractive protein
that has previously not been considered as the target for the anti-cancer
activity of DSE

Epidemiological analyses of DSF and cancer

The relative lack of cancer-related clinical trials with DSF'®"* prompted
us to explore whether DSF use might reduce cancer mortality at a popu-
lation level. Using the Danish nationwide demographic and health
registries, we estimated hazard ratios of cancer-specific mortality
associated with DSF use among patients with cancer for the first time
during 2000-2013 (see Methods, Table 1 and Extended Data Fig. 1a),
DSF users were categorized as (i) previous users, who were patients
that were prescribed DSF for alcohol dependency only before their
cancer diagnosis or (ii) continuing users, who were patients that were
prescribed DSF both before and after diagnosis. As expected from
the increase in cancer risk and the deleterious effect on prngnusisl;
caused by alcohol abuse, cancer-specific mortality was higher among
previous DSF users than among patients with cancer who had never
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Table 1 | Cancer-specific mortality associated with DSF use among Danish patients with cancer

Overall Localized stage Non-localized stage Unknown stage
Cancer type Mumbers HR  959LCI Pyalue Mumbers HR 953 C1 Pyalue Numberr HR 959 CI Pyalue Numbers HR 959 CI Pyalue
Any cancer|
Previous users 3038 100 1,429 100 1,054 1.00 555 1.00
Continuing users 1177 066 058-0.7&6 0000 602 069 064-074 0000 355 071 059-0.87 0001 220 065 057075 0000
No prescriptions 236,950 068 0864-073 0000 113354 059 057-061 0000 73933 080 0.73-088 0000 49883 066 062-071 0.000

Hazard ratios {HR) and 95% confidence intervals {Cl) comparing continuing and previous users of DSF, relative 1o the time of their cancer diagnosis. For DSF expasure categories, statistics and clinical

stages, see Methods,
*Numbaer of patients included,
tExoept cancers of fhe lver and kidney,

used DSE Notably, we also found reduced cancer-specific mortality
for cancer overall (Table 1), as well as for cancers of the colon, pros-
tate and breast among continuing users compared to previous DSF
users (Extended Data Fig. 1a). Stratification by clinical stage (Table 1)
revealed reduced cancer-specific mortality with continuing use of
DSF even among patients with metastatic disease. Although it is not
possible to draw conclusions about causality, these findings supported
the hypothesis that DSF may exert anti-cancer effects among patients
suffering from common cancers, prompting us to perform pre-clinical
analyses.

Anti-tamour activity of the DTC-copper complex

Because DSF anti-cancer activity has been suggested to be copper-
dependent®", we compared groups of mice injected with human
MDA-MB-231 cancer cells, fed with a (i) normal diet; (i) normal diet
plus copper gluconate (CuGlu); (iii) normal diet plus DSF; or (iv) nor-
mal diet plus DSF and CuGlu (DSF/CuGlu); and tumour volume was
measured over time (Fig. la and Extended Data Fig, 1b, c). Compared
to matched controls, tumour volume in DSF- and DSE/CuGlu-treated
groups at 32 days (at DSF doses equivalent to those used by alcoholics)
were suppressed by 57% and 779, respectively (P= 0.0038 in favour
of the DSF/CuGlu treatment versus DSF alone). These results validate
previous in vitro™ 1 and in vive® *1*10 studies, which indicated that
DSF is an efficient anti-cancer agent and that copper potentiates its
activity. As the reactive metabolite DTC forms complexes with metals,
particularly copper'”, we argued that a DTC-copper complex
(bis (diethyldithiocarbamate)-copper (CuET)) forms in vive
(Extended Data Fig. 1d), providing the anti-cancer metabolite.
To test this hypothesis, we developed a high-resolution
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approach based on high-performance liquid chromatography-mass
spectrometry to measure CuET in tissues, and readily detected CuET
after a single oral dose of DSF (Extended Data Fig. le, [). Extracts
from plasma, liver, brain and MDA-MB-231 -xenografted tumours
contained CuET in samples from mice treated for five days with DSF or
DSF/CuGlu. The CuET levelsin plasma and liver were slightly higher after
DSF/CuGlu treatment compared to DSF alone. Notably, the CuET levels
in the tumour specimens were almost an order of magnitude higher
compared to corresponding levels in liver and brain tissues from the
same animals (Fig. 1b), suggesting preferential accumulation of CuET
in tumours. Importantly, we also confirmed formation of CuET in
humans undergoing DSF treatment for alcoholism (Fig. 1c).

Next, we synthesized CuET and performed comparative cell
culture and animal studies. Short-term (24-h) assays and long-term
(colony-forming assay, CFA) assays consistently showed higher cyto-
toxicity of CuET than of the primary DSF metabolite DTC in various
cancer cell lines (Fig. 1d and Extended Data Fig. 1g). The half-maximal
lethal dose (LDsy) values of CuET in CFA experiments were <100 nM
in three out of three tested breast cancer cell lines and similar potency
was observed among cell lines derived from human lung, colon and
prostate tumours (Extended Data Fig. 2a). These data were corrobo-
rated by tetrazolium dye ((2,3-bis- (2-methoxy-4-nitro-5-sulfophenyl)-
2h-tetrazolium-5-carboxanilide) (XTT))-based 48-h cytotoxicity tests
on a wider panel of cell types (Extended Data Fig. 2b). Unexpectedly,
only the most sensitive cell lines (for example, AMO-1, Capanl)
showed markers of apoptosis'®, which included annexin V and acti-
vated caspases, whereas in most cell lines, for example, MDA-MB-231
and U208 cells, CuET induced apoptosis-independent cell death
(Extended Data Fig, 2c-f).

Direct therapeutic effects of CuET in vivo were then investigated using
the MDA-MB-231 breast cancer (Fig. 1e) and AMO-1 myeloma (Fig. 1f)
xenograft models treated intraperitoneally with a CuET-albumin
formulation, with which the anti-tumour activity and good
tolerability of this DSF metabolite was confirmed (Extended Data
Fig. 1h,i).

CuET inhibits p97-dependent protein degradation

Next, we investigated the interaction between CuET and cellular pro-
tein degradation, one of the suggested explanations for anti-tumour
effects of DSF™!2, We confirmed that CuET induces phenotypic fea-
tures shared with proteasome inhibitors, such as MG132 or bortezomib
(BTZ), including accumulation of poly-ubiquitylated {poly-Ub) pro-
teins (Fig. 2a and Extended Data Fig. 3a), rapid deubiquitylation of
histone H2A (uH2A)" (Extended Data Fig. 3b) and accumulation of
ubiquitylated proteins in the cytoplasm ™ (Extended Data Fig. 3¢),
Furthermore, TNF (also known as TNFa)-induced degradation of
IkBao (ref. 20) was blocked after 1-h treatment with CuET or BTZ
(Fig. 2b). Finally, CuET inhibited degradation of Ub(G76V )-GFP
(an ubiquitin-fusion degradation substrate)’' in a dose-dependent
manner (Fig. 2c). However, although these data confirmed a defect
in protein degradation, CuET had no effect on the CT-like, C-like or
T-like activity of the 208 proteasome® (Extended Data Fig, 34, e). This
was further corroborated by the lack of a stabilizing effect of CuET on
P53 tumour suppressor protein in dicoumarol-treated cells, in which
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Figure 2 | CuET inhibits p97 segregase-dependent protein degradation.
a, CuET causes accumulation of poly-ubiquitylated proteins in

MCF7 cells. b, TNF-induced I Bo degradation is compromised after

1-h treatment with CuET or BTZ. ¢, Dose-dependent inhibition of
Ub{G76V)-GFP degradation by CuET. HeLa cells were treated for 3h.
n=13 experiments. d, HIF- 1o levels after 2-h treatments with MG132
(5pM), CuET (1 pM), BTZ (1 uM) in Hela cells. e, Differential effect of
BTZ (1 pM), CuET (1 M) and DBeQ (10 M) on CDC25A versus HIF- 1o
in MG132-pretreated (4 h, 5 M), cycloheximide (CHX, Lh, 50 pgml~1)-
exposed HeLa cells, f, BTZ (8h, 1 pM) induces NRF1 120-kDa (top arrow)
and 1 10-kDa (bottom arrow) forms; whereas CuET (8h, 0.5puM) only
induced the non-cleaved 120-kDa form in NIH3T3 cells, g, FRAP
quantification in U205 Ub-GFP cells; slower mobility of accumulated
cytoplasmic GFP-Ub after a 2-h pre-treatment with NMS873 (10 uM),
CuET (1 M) or BTZ (1 pM). &, b, d-g, Data are representative of two
independent biological experiments, Data are linked means and individual
wvalues (¢} and relative mean signal of the bleached region from 12 cells per
treatment (g).

p53 turnover depends on the core 208 proteasome independently of
ubiquitin®2", In contrast to CuET, treatment with the 208 proteasome
inhibitor BTZ stabilized p53 irrespective of dicoumarol (Extended Data
Fig. 3), indicating that 208 proteasome-dependent protein turnover
remains operational with CuET treatment. Furthermore, CuET failed
to inhibit 265 proteasome activity (Extended Data Fig. 3g), which was
inferred from RPN11-dependent deub{quity]alinnli. Collectively, these
results suggest that CuET stabilizes ubiquitylated proteins by blocking
a step upstream of the proteasome.

Next we considered p97-dependent processing of poly-Ub proteins,
as this pathway operates upstream of the proteasome and its malfunction
resembles phenotypes of proteasome inhibition®, Unlike BTZ or
MG132, CuET induced only modest accurnulation (a small subfraction)
of HIF-1a (Fig. 2d), consistent with reported modest accumulation
of HIF- Lo after knockdown of p97 compared to cells with inhibited
proteasomes”’. Next, we pre-treated cells with MG132, followed by
wash-off and 1-h cycloheximide (an inhibitor of translation) treatment
combined with BTZ, CuET or DBeQ (a direct inhibitor of p97 ATPase
activity)?. All tested inhibitors prevented degradation of CDC25A
{a known p97 target)””, whereas degradation of the mostly p97-
independent target, that is, most of HIF-1a™, was inhibited only by BTZ
(Fig. 2e). Furthermore, consistent with cleavage of the 120-kDa species
of the endoplasmic reticulum-tethered transcription factor NRF1 into
an active 110-kDa form being a p97-dependent process™, appearance
of the cleaved NRF1 form was inhibited by both CuET and NMS873
(another p97 ATPase inhibitor) (Fig. 2fand Extended Data Fig. 4a, b).
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These results suggest that the p97 pathway is compromised in cells
treated with CuET.

Next, we asked whether CuET impairs the p97 segregase activity
that extracts poly-Ub proteins from cellular structures, such as the
endoplasmic reticulum, Golgi apparatus or chromatin for subsequent
proteasomal degradation™, Using fluorescence recovery after photo-
bleaching (FRAP) to investigate the mobility of accumulated poly-Ub
proteins, we found that whereas GFP-ubiquitin in DMSO- or BTZ-
treated cells diffused rapidly into bleached areas, this diffusion was
slower after treatment with CuET or NMS873 (Fig. 2g and Extended
Data Fig. 4c). This suggests that after treatment with CuET or NMS873
at least a subset of the accumulated poly-Ub proteins remains immobile,
probably embedded into cellular structures. Consistently, upon deter-
gent pre-extraction of mobile proteins, we observed greater immuno-
fluorescence signals of extraction-resistant poly-Ub{K48) proteins
(destined for proteasomal degradation) in NMS873- and CuET-treated
cells compared to BTZ- or DMSO-treated controls (Extended Data
Fig. 4d). Western blot analysis of endoplasmic reticulum-rich micro-
somal fractions also revealed enrichment of poly-Ub proteins after
CuET and NMS873 treatment (Extended Data Fig. 4e). Malfunction
of p97 segregase is furthermore associated with a cellular unfolded
protein response (UPR)*. We confirmed UPR in cells treated with
CuET or NMS873 by detecting increased markers of UPR induction,
including the spliced form of XBP1s, ATF4 and phosphorylated (p-)
elF2a* (Extended Data Fig. 41).

These studies are also of clinical relevance, because inhibition of
P97 was suggested as an alternative treatment strategy for myeloma
patients who had relapsed after therapy with BTZ (also known by the
trade name Velcade)™ or carfilzomib (CFZ)*. Thus, we performed
cytotoxicity tests with CuET on a panel of BTZ- or CFZ-adapted and
non-adapted human cell lines or on cells derived from samples of
patients with myeloma before therapy and with BTZ therapy. All pairs
of adapted and non-adapted cells showed similar sensitivity to CuET
treatmient, in contrast to BTZ (Extended Data Fig, Sa-d). These results
suggest that treatment with DSF (best combined with copper) or CuET
might become a feasible therapeutical option for patients with relapsed,
BTZ-resistant multiple myeloma.

CuET binds and immobilizes NPL4

To elucidate how CuET inhibits the p97 pathway, we first used an assay
of p97 ATPase activity’, In contrast to treatment with NMS873, CuET
had no effect on p97 ATPase activity (Extended Data Fig. 6a), Because
NPL4 and UFDI1 proteins are key components of the p97 segregase™,
we examined whether CuET might target the pathway through these
cofactors. Ectopic overexpression of NPL4-GFP, but nat UFD1-GFP or
P97-GFP, reduced CuET cytotoxicity, suggesting that NPL4 is a candi-
date target of CuET (Fig. 3a and Extended Data Fig. 6b). An analogous
‘rescue effect’ of ectopic NPL4-GFP was apparent from the reduction
in accumulation of poly-Ub proteins caused by CuET (Extended Data
Fig. 6c).

As shown by live-cell imaging, 2-3-h exposure to CuE'T induced
prominent nuclear clustering of NPL4-GFP, but not of UFD1-GFP or
p97-GFP (Fig. 3b). Within 2-3 h, most of cellular NPL4-GFP became
immobilized in nuclear clusters and also in cytoplasmic areas, as shown
by FRAP (Fig. 3c), CuET-induced immobilization of endogenous NPL4
was confirmed by accumulation, which was detectable by western blot,
in the detergent-insoluble fractions from various cell lines (Fig. 3d)
and by immunofluorescence on pre-extracted cells (Extended Data
Fig. 6d). Notably, the immobilization of NPL4 was also detectable in
pre-extracted sections of cryopreserved tumours from mice treated
with DSF or DSF and CuGlu, thus providing a potential biomarker of
CuET activity towards the p97 pathway in vivo (Fig. 3e).

NPL4 is an attractive candidate for CuET binding, because this
protein contains two zinc finger domains: a C-terminal NZF (NPL4-
zinc finger) and a putative zinc finger-NPL4*%, which bind bivalent
metals and metal complexes that might chemically resemble CuET*.
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Figure 3 | CuET binds to and immobilizes NPLA. a, Ectopic NPL4-GFE,
but not p87-GFP or UFD1-GFP rescues CuET toxicity in U208 cells
treated for 24 h. n=3 experiments. Data are mean £ s.d. b, CuET (1.M)
induces intranuclear clustering of NPL4-GFP, but not p97-GFP or UFDI1-
GFP. ¢, CuET-induced (1 uM) immobilization of NPL4-GFP (FRAP) in
U208 cells treated for 2 h. Blue boxes, arcas before bleaching; arrows,

after bleaching. d, NPL4 enrichment in Triton X-100-insoluble fractions

Using isothermal calorimetry analysis (I'TC)*, we observed a standard

dose-response-dependent binding curve (Fig. 3f) compatible with
one binding site for CuET on wild-type NPL4 (NPL4(WT)), and a
Ky in nanomolar concentrations for the NPL4-CuE'T interaction.
Next, we used mutagenesis to test whether the putative ZF-NPL4
domain has any role in the potential NPL4-CuET interaction, The
pulative zinc ﬁngcr domain was prcfrrrcd. because an cndugcnous
larger form of NPL4 that lacks the C-terminal NZF sequence exists
in human cells. This larger NPL4 form is detectable as an upper band
on western blots (Fig. 3d) and it is immobilized after CuET treatment,
suggesting that the C-terminal NZF is not necessary for the interac-
tion with CuET. No ITC interaction was found with a NPL4 mutant
(NPL4(MUT)) (Extended Data Fig. 6f) in which both histidines and
both cysteines in the putative zine finger domain were substituted by
alanines (Extended Data Fig. 6¢). We used drug affinity responsive
target stability (IDARTS) as another, independent approach, which is
based on altered protease susceptibility of target proteins upon drug
binding™. Consistently, exposure to CuET caused a differential
pronase-dependent proteolysis pattern of NPL4(WT) but not
NPL4(MUT) (Extended Data Fig. 6g). These results indicate that NPL4
is directly targeted by CuET and an intact putative zinc finger domain
of NPL4 is essential for this interaction.

Notably, ectopically expressed NPL4(MUT)-GFP formed immobile
nuclear clusters spontaneously in untreated cells, reminiscent of events
seen in cells upon CuET treatment (Fig: 3¢, g). Moreover, unlike ectopic
NPL4(WT)-GFP, ectopically expressed NPL4(MUT)-GFP not only
did not render cells resistant to CuET but also was toxic to the acceptor
cells (Extended Data Fig. 6h). We also confirmed that multiple
CuET-induced cellular phenotypes were mimicked by the ectopic
NPL4(MUT)-GFP model, including accumulation of poly-Ub
proteins and UPR activation (Extended Data Fig, 6i).

Variable Veiue
KM 21821 = 107
dH (kd mol')  =84.41
n 1.205
(MY 4647 = 100
ad Wmot' K -176.3

15 20 25

after CuET (1 pM) treatment. e, Immunchistochemistry demonstrates
the non-extractable NPL4 in MDA-MB-231 tumours from mice treated
with DDSF or DSF and CuGlu. f, 1CT shows that CulT binds to purified
NPLA(WT). g. Spontaneous intranuclear clustering and immobilization
of NPLAMUT)-GFP using FRAP in U208 cells. Blue boxes, areas before
bleaching; arrows, after bleaching. Scale bars, 10pm (b, ¢, g) or 50pum (e),
b-g, Data are representative of two independent experiments.

NPL4 aggregates trigger a heat-shock response
Although the nuclear NPL4 clusters occupied DAPI-unlabelled areas of
chromatin (Extended Data Fig. 6d) co-localization with DAPI-excluded
structures, such as nucleoli and nuclear speckles, were not found
(Extended Data Fig. 7a). In late-G2 cells, NPL4 clusters were evidently
excluded from the partially condensed chromatin (Extended Data
l"ig. 7b), suggesting that the NPL4 aggregates exclude chromatin rather
than accumulating in specific nuclear areas. Both the nuclear clusters
and the immobilized cytoplasmic NPL4 co-localized with poly-Ub
proteins (confirmed by anti-Ub(K48) and FK2 antibodies), small
ubiquitin-like modifiers (SUMOs) (only in nuclei) and with TDP43
protein™ (Fig. 4a and Extended Data Fig. 7d}, which are all features
typical of aggregated defective proteins®'. The same co-localization
patterns were observed for spontaneous clusters formed by
NPLA(MUT)-GFP showing that NPL4 aggregation is sufficient for the
induction of these phenotypes even without CuET treatment (Extended
Data Fig. 7¢, e). Blockade of cellular ubiquitylation with a chemical
inhibitor (MLN7243) of the El ubiquitin-activating enzyme failed to
prevent either NPL4-GFP nuclear aggregation or cytoplasmic immobi-
lization (Extended Data Fig. 7d), excluding the immaobilization of NPL4
via recognition of ubiquitylated and SUMOylated substrates, but rather
suggesting that immobilized NPL4 attracts ubiquitylated proteins or
proteins that subsequently become ubiquitylated and/or SUMOylated.
A key protein commonly associated with intracellular protein aggre-
gates is HSP70, a chaperone implicated in aggregate processing'.
Indeed, pre-extracted cells showed co-localization of HSP70 with both
CuET-induced NPLAWT)-GFP and spontaneous NFL4(MUT)-GFP
aggregates (Fig. 4b, c). Both the CuET-induced NPL4{WT) aggregates
and spontaneous NPL4(MUT) aggregates also co-localized with P97
(Extended Data Fig, 7f, g), as is particularly evident after pre-extraction.
In the NPL4-GFP maodel, the amount of p97 immunoreactivity within
14 DECEMBER
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Figure 4 | NPL4 protein aggregation triggers HSR. a
co-localizes with SUMO2/3, poly-Ub(K48) and TDP43 in U205 cells.
Cells were treated with 1pM CuET for 3hand pre-extracted. b, NPL4-GFP
co-localizes with HSP70 in mock- and CuET-treated U205 cells, Cells were
treated with | pM CuET for 3h and pre-extracted. ¢, NFLAMUT)-GFP
co-localizes with HSP70 in U208 cells after pre-extraction. d, Cu
induced HSF1 stress bodies, NPL4-GFP U208 cells were treated with
1M CuET for 3h. ¢, HSF I stress bodies in U208 cells expressing
NPLAMUT}-GFP f, Model of DSF anti-cancer activity in patients, Scale
bars, 10jum. a—e, Dala are representative of two independent experiments.

the NPL4-GFP clusters correlated with the GFP signal intensity, sug-
gesting that p97 is immobilized via its interaction with NPL4. The other
NPL4-binding partner, UFDI, was almost undetectable in detergent-
insoluble pellets of CuET-treated or NPL4(MUT)-GFP-expressing cells
despite clear p97 immobilization (Extended Data Fig, 8a, b), suggesting
that UFD1 cannot bind to, or becomes only loosely attached to, the
nggregnlud NPL4- p97 u:mplex. I\’ul-.lhl}-'_ non-extractable cellular p97
is detectable after CuET treatment (Extended Data Fig, 8¢), including
in stained tumour sections from mice treated with DSF or DSF and
CuGlu, providing an additional candidate marker for CuET activity
in vivo (Extended Data Fig, 8d).

Because aggregation of misfolded or damaged proteins triggers
cellular heat-shock response (HSR) through an HSF1-dependent
mechanism*, we confirmed that CuET treatment indeed triggered a
robust HSR accompanied by characteristic HSF1 nuclear stress foci
(Fig. 4d) that were also detectable in cells spontaneously aggregating
NPL4(MUT)-GEFP (Fig. 4¢). HSR markers, including accumulation of
heat-shock proteins and a phosphorylation shift in HSF1, were detect-
able by western blot (Extended Data Fig, 8e, £).

Discussion

Our results help to explain the anti-cancer activity of the alcohol-abuse
drug disulfiram. We propose a model for DSF cytotoxic activity, featur-
ing rapid conversion of DSF into CuET, which accumulates in tumours.
After entering cells, CuET binds NPL4 and induces its aggregation, con-
sequently disabling the vital p97-NPL4-UFD1 pathway and inducing a
complex cellular phenotype leading to cell death (Fig. 4f). Supporting
CuET as the active metabolite is the correlation of CuET concentrations
(active in the nanomolar range) with the biological effects and func-
tional impact on the targeted pathway(s) in vivo. In addition, CuET
is the only known metabolite of DSF containing copper ions, a metal
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that enhances the anti-tumour effects of DS/ s unlikely that another
DSF metabolite could represent the major anti-cancer agent as levels of
non-CuET metabolites should be lowered by copper addition. We also
present a method for CuET detection in lissues and plasma, as well as
data suggesting that preferential accumulation of CuET in tumours may
contribute to cancer cell toxicity, consistent with the high therapeutic
tolerability of DSF, as documented even after years of daily administra-
tion at doses comparable to those we used in our mouse experiments.
Considering the numerous studies on DSF and diverse opinions about
the potential target of its anti-cancer effects", identification of NPL4,
wey component of the p97-NPL4-UFD1 segregase complex, as the

qa
molecular target of CuET is surprising. The CuET-NPL4 interaction

leads to rapid formation of protein aggregates and immobilization of
this otherwise very mobile multifunctional protein complex, resulting
in a severe phenotype, induction of HSR and eventually cell death,
While additional pnlcrl{'m] targclsnl'(Iui- annol be excluded, the mal-
function of the p97 pathway due to the NPL4-p97 aggregate formation
explains the major cell phenotypes and the consequent cell death. Our
work also reconciles the controversial studies®'?, suggesling that the
proteasome is the DSF target, by demonstrating that neither 208 nor
268 proteasome, but the processing of ubiquitylated proteins by the
NPL4-dependent segregase, is targeted by Ci Our results support
the notion that the p97-NPL4 pathway is a promising therapeutic larget
in oncology*™ . Indeed, reports on p97 overabundance correlating
with progression and metastasis of carcinomas of the breast, colon and
prnstale"" * are consistent with our present nationwide epidemio-
logical analysis, which revealed an association between continued use
of DSF and favourable prognosis, an intriguing finding that should
be investigated further, particularly given the currently limited therapeutic
options for patients with metastatic cancer. From a broader
perspective, our study illustrates the potential of multifaceted
approaches to drug repurposing, providing novel mechanistic insights,
identification of new cancer-relevant targets and encouragement
for further clinical trials, here with DSF, an old, safe and public
domain drug’ that might help to save lives of patients with cancer
worldwide.

Online Content Methods, along with any additional Extended Data display items and
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vailable in the online version of the paper; references unigue to
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METHODS

The experiments were not randomized.
Epidemiological analyses and access to health registers, We conducted a population-
based cohort study by combining Danish nationwide demographic and health
registers. This study was approved by the Danish Data Pratection Agency and
Statistics Denmark’s Scientific Board, As the epidemiological study was based solely
on register data and did not involve any contact with patients, no ethical approval
was required from the Danish Scientific Ethical Committee™, The cohort consisted
ofall Danesaged 35-85 years with a first-time diagnosis of cancer between January
2000 and December 2013, Because DSF (Antabuse) is a relative contra-indication
among individuals with liver or kidney diseases, we excluded patients with cancers
of the liver or kidney from the cohort. Cohort members were categorized according
to use of DSF into two main groups: (i) those who filled at least one prescription
of DSF within five years before the cancer diagnosis, but did not fill DSF prescrip-
tion(s) during the first year after the dlagnosis (previous users), that Is, individu-
als suffering from alcoholism but taking DSE only before their cancer diagnosis;
and (ii) those who used DSF before their cancer diagnosis and alse filled one or
more DSF prescriptions during the first year after the cancer diagnosis (continuing
users}, that is, individuals who underwent DSF therapy both before and after the
cancer diagnosis, We also defined a category of patients with cancer who did not fill
prescription(s) for DSF either before or after (<1 year) the cancer diagnosis (never
users), In the main analyses, we calculated hazard ratios and 95% confidence inter-
vals estimating cancer-specific mortality among continuing DSF users compared to
previous DSF users based on a Cox model regressing on both propensity scores and
disulfiram use. By including propensity scores in the regression, we used demo-
graphic data and comorbid conditions/diagnostic codes as well as prescription data
for selected concomitant drugs, to balance baseline characteristics of previous and
continuing users of DSF and to adjust estimated hazard ratios of cancer-specific
maortality associated with DSF use®. The patients with cancer were followed from
one year after the dingnosis until death, migration or end of study (31 December
2014). The propensity scores thus estimate the probability of being treated with
DSF in the exposure window 0- 1 year after the cancer diagnoses conditional on
the following other covariates in the calculation of propensity scores using logistic
regression: gender, age at diagnosis, calendar time, highest achieved education
and disposable income; medical histories of diabetes mellitus, chronic obstructive
pulmonary disease, ischaemic heart disease, congestive heart failure, cerebrovascular
disease, atrial fibrillation or atrial flutter, dementia and ulcer disease; and use of
non-steroidal anti-inflammatory drugs (NSAIDs; including aspirin, non-aspirin
antithrombotic agents (anticoagulants), statins, antihypertensive medication, other
cardiovascular drugs, anti-diabetics and psychot ropic drugs. In the Cox model, the
propensity score is further included as a restricted cubie spline to model possible
nonlinearities, in addition to the categorical disulfimm use, which is the variable
of interest. Analyses were run for cancer overall and for breast, prostate and colon
cancer, separately. Furthermore, all analyses were stratified by stage (localized,
non-localized or unknown). Statistical significance of DSF use was evaluated by
likelihood ratio tests. We used the software R for statistical computing™.

In vive tumour experiments. The human breast cancer cell line MDA-MB-231 was
imjected (107 cells transplanted subc Iy} to grow tumours in athymic NU/NU
female mice (AnLab Ltd) with a body weight of 23.6-26,9 g, aged 12 weeks.
Inclusion criteria were: female, appropriate age and weight (15-30g). Exclusion
criteria were: tumour size must not exceed 20 mm (volume 4,000 mm?) in any
direction in an adult mouse, the tumour mass should not proceed to the point
where it significantly interferes with normal bodily functions, or causes pain or
distress owing to its location, persistent self-induced trauma, rapid or progressive
weight loss of more than 25%, for seven days. In none of the experiments were
these approved ethical limits exceeded. After the tumours grew to 0.114-0.117 cm?
an g, mice were T ly divided into four groups, each of eight mice, and
treated as follows: (i) normal diet; (ii) normal diet plus oral administration of
0.15mg kg " copper gluconate (CuGlu); (ili) normal diet plus oral administra-
tion of 50 mg kg™ ' DSF; (iv) normal diet plus oral administration of 0.15mg kg ™'
CuGluand 50mg kg~ DSE Administration of compounds was carried out as a
blinded experiment (all information about the expected outputs and the nature
of used compounds were kept from the animal technicians). CuGlu was admini-
stered each day in the morning (08:00) and DSF each day in the evening ( 19:00)
to mimic a clinical trial combining DSF and CuGlu in treatment of tumours
invalving the liver (NCT00742911). After treatment began, mice were weighed
and their tumours measured twice per week. At day 32, mice were euthanized, and
the tumours were removed and frozen at —80°C. The experiment was evaluated
by comparing growth curves of tumours in the experimental groups with those
in controls, The rates of tumour growth inhibition (TGI) were calculated by the
formula TGT=(1 = Viused! Veoniral Where Vipeased is the mean of tumour volumes in
the treated group and Vg is the mean of tumour volumes in the control group).

Mean tumour volume values at specific time intervals were statistically evaluated,
To test divectly the effect of CuET, we used MDA-MB-231 and AMO-1 models.
MDA-MB-231 was injected (5 x 10° cells were transplanted subcutaneously)
to grow tumours in SCID mice (ENVIGO) aged 10 weeks (2 weeks). AMO-1
xenografts were expanded in SCID mice. Each group consisted of 10 animals,
each bearing two tumours, CuET was formulated in bovine serum albumin solu-
tion (1%) to a final concentration of 1mg ml~", CuET was applied intraperito-
neally with a schedule of five days on and two days off. All aspects of the animal
study met the accepted criteria for the care and experimental use of laboratory
animals, and protocols were approved by the Animal Research Commiitee of the
L5t Faculty of Medicine Charles University in Prague and Ethical Committee of
Faculty of Medicine and Dentistry, Palacky University in Olomouc. For HPLC-MS
and immunohistochemistry analysis, we used MDA-MB-231 xenografted mice
treated with the same DSF and DISF plus copper gluconate regime as described
for the anti-cancer activity assessment with the notable difference that mice were
euthanized after five days of treatment.

HPLC-MS analysis of CuET. The HR-MRM analysis was performed ona HPLC-
ESI-QTOF system consisting of HPLC chromatograph Thermo UltiMate 3000 with
AR Sciex Triple TOF 5600+ mass spectrometer, using the DuoSpray ESI source
operated at an lon source voltage of 5,500V, lon source gas flow rates of 40 units,
curtain gas flow rate of 30 units, declustering potential of 100V and temperature
400 °C. Data were acquired in product ion mode with two parent masses (358.9
and 360.9) for analysis of CuET. Chromatographic separation was done by PTFE
column, which was especially designed for analysis of strong metal chelators filled
by C18 sarbent (IntellMed, IM_301). Analysis was performed at room temperature
and with a flow rate of 1,500 min~* with isocratic chromatography. Mobile phase
consisted of HPLC grade acetone ( Lachner) 99.9%, HPLC water (Merck Millipore)
0.1% and 0.03% HPLC formic acid (Sigma-Aldrich). Acquired mass spectra were
evaluated in software PeakView 1.2, Extracted lon chromatograms of transitions
88.0 and 1160 (common for both parent masses) with a 0.1 mass tolerance were
Gausstan smoothened with width of two points. Peak area was then recorded and
recalculated to ng mi~! according to the calibration curve,

Sample preparation for HPLC-MS analysis. Liquid nitrogen-frozen biological
samples were cut into small pieces using a scalpel. Samples (30- 100 mg) were imme-
diately processed by homogenization in 100% acetone in a ratio of 1:10 sample:
acetone (for plasma or serum the ratio was 1:4). Homogenization was done in
a table-top homogenizer (Retsch MM301) placed in a cold room (4°C) in 2-ml
Eppendorf tubes with 2 glass balls (5 mm) for 1 minat 30 Hz. The tube was imme-
diately centrifuged at 4°C, 20,000g for 2 min. Supernatant was decanted into a new
1.5-ml Eppendorf tube and immediately centrifuged for 30 min using a small table-
top centrifuge (BioSan FVL-2400N) placed inside a —80°C freezer. Supernatant
was quickly decanted into a glass HPLC vial and kept at —80°C for no longer than
6h. Just before the HPLC analysis, the vial was placed into a pre-cooled (4°C)
LC-sample rack and immediately analysed. To enable an approximate quantifica-
tion of analysed CuET, a calibration curve was prepared. Various amounts of CuET
were spiked in plasma, frozen in liquid nitrogen, and placed at —80°C to mimic
sample processing. Standards were then processed as the samples described above.
To measure circulating CuET concentrations, mice were given a single oral dose
of DSF (50 mg kg™ ') and euthanized at different time points, Serum was collected
and frozen for analysis.

Blood collection from humans for HPLC-MS analysis of CuET. Blood samples
were collected before and 3h after oral application of DSF (Antabuse, 400 mg)
dissolved in water, Phlebotomy needles were specific for metal analysis— Sarstedt
Safety Kanule 216G x 1% inches, 85.1162.600. Collection tubes were specific for
metsl analysis —Sarstedt, S-Monavette 7.5ml LH, 01.1604.400. Immediately after
blood collection samples were centrifuged in a pre-cooled centrifuge (4°C at 1,300g
for 10min). After centrifugation, tubes were placed on ice and the plasma fraction
was immediately aliquoted into the 1.5-ml Eppendorf tubes with approximately
500y per tube. The tubes with plasma were immediately frozen on dry ice and
later stored in —80°C, Blood samples were collected from volunteers who gave
informed consent and were undergoing Antabuse therapy because of aleohol abuse,
Participants were four males (aged 34, 38, 41, 60 years) and five females (aged
37,56, 46, 59, 63 years). All individuals were freshly diagnosed for alcohol-use
disorder and were scheduled for Antabuse therapy, Blood samples were collected
before and after the first use of Antabuse. All relevant ethical regulations were
followed for the study. The study, including the collection of blood samples, was
approved by the Ethical Committee of Faculty of Medicine and Dentistry, Palacky
University in Olomouc.

Cell lines. Cell lines were cultured in appropriate growth medium supple mented
with 10% fetal bovine serum (FBS) and penicillin-streptomycin; and maintained in
a humidified, 5% CO3 atmosphere at 37°C. Cell lines cultured in DMEM medium
were: HCT116 (ATCC), DU145 (ECACC), PC3 (ECACC), T47D (NCIs0),
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HSS78T (NCI60), MCF7 (ECACC), MDA-MB-231 (ATCC), U208 (ECACC),
Hela (ATCC), NIH-3T3 (ATCC), CAPAN-1 (ATCC), A253 (ATCC), FaDu
(ATCC), h-TERT-RPEI {ATCC), Hela-UMG76V)-GFP-ODD-Luc™. Cell lines
cultured in RPMI1640 medium were: NCI-H358 (ATCC), NCI-H52 (ATCC),
HCT-15 (ATCC), AMO-1{ATCC), MM-18 (ATCC), ARH77 (ATCC), RPMIB226
(ATCC), OVCAR-3 (NCI60), CCRF-CEM {ATCC), K562 (ATCC), 786-0 (NCI6D).
Cell lines cultured in EMEM medium were: UST-MG (ATCC), SiHA (ATCC).
Cell line A549 (ATCC) was cultured in F12K medium, HT22 (ATCC) in McCoy's
mediumand LAPC4 (prl.wided by Z. Culig, University of Innsbruck) in IMDM
medium suppl 1 with metribol R188L (5 -Aldrich), RWPE-1
(ATCC) cells were cultured in a keratinocyte serum- free medium supplemented
with bovine pituitary extract and human recombinant epidermal growth factor
(Thermo Fisher Scientific). BTZ- and CFZ-resistant multiple myeloma cell lines
were previously deseribed in ref. 35, Cell lines were tested for mycopl con-

' nnm:uz: RESEARCH

Viability assay of multiple myeloma cells. The Cell Titer 96 MTS-assay (Promega)
was used according to the manufacturer’s Instructions to determine the cell viability
of BTZ (Janssen Cilag), CFZ and CuFL in cell lines and the absorbance of the for-
mazan product was measured in 96-well microplates at 492 nm. The assyy measures
dehydrogenase enzyme activity found in metabalically active cells,

For patient cells, the more sensitive luminescent Cell TiterGlo assay ( Promega)
was used to determine cell viability, measured by ATP prndu:llun of metabali-
cally active cells. The primary myeloma cell samples were obtained after written
informed consent and approval by the independent ethics review board (St Gallen
ethics committee— Ethikkommission Ostschweiz), in accordance with ICH-GCP
and Jocal regulations, Malignant plasma cells were retrieved by PBMC isolation
froma patient with multiple myeloma progressing under BTZ-containing therapy,
based on IMWG criteria (BTZ-resistant} and an untreated patient with multiple

loma (BTZ-sensitive). The purity of the cell samples was =80% myeloma cells,

tamination and authenticated by ST method. None of the cell lines used in Ihls
study is listed in the database of commonly misidentified cell lines maintai

as assessed I)y morphu]cg}-'.

™

by ICLAC.

Stable cell line construction. For construction of all stably transfected cell lines
we used the U208 cell line (ECACC). For U208 Ub-GFF, we used the commercial
Ub~GFP EGFP-C1 vector { Addgene); for U205 NPL4-GFP, we used the com-
mercial NPLOCA-GFP pCMV6-AC-GFP vector (Origene); for U208 p97-GFP,
we used the commercial VCP-GFP pCMV6-AC-GFP vector (Origene); and for
U208 UFD1-GFE we used the commercial UFDIL-GFP pCMV6-AC-GFP vector
(Origene). Cells were transfected using Promega FugeneHD according to the manu-

dies. FEqual amounts of cell lysates were sepa-
rated by SDS- PAGE on hand-cast or precast tris—glycine gradient (4-20%) gels
(Life Technologies), and then transferred onto a nitrocellulose membrane. The
membrane was blocked with 5% bovine milk in Tris-buffered saline containing
0.1% Tween-20 for 1 h at room temperature, and then incubated overnight
al 4°C or for 1 h at room temperature, with one of the following primary anti-
bodies (all antibodies were used in the system under study (assay and species)
according to the instructions of the manufacturer): anti-ubiquitin ( 1: 1,000; Cefl
Signaling, 3933), anti-H2A, acidic patch (1:1,000; Merck Millipore, 07-146), anti-

facturer’s instructions. Cells were further cultured in the appropriate antibiotic
{geneticin, 400 pg ml "), Medium with geneticin was replaced every 2-3 days until
the population of resistant cells was fully established. Cells were further refined
by sorting for cells expressing GFP (RD FACS Aria). For preparation of inducible
NPLAMUT)-GFP cells, U208 cells were transfected with a pcDNA6/TR plas-
mid (Invitrogen, V1025-20) using the Fugene HD transfection reagent (Promega,
E2311) according to the manufacturer’s protocol. To generate a cell line that stably
expressed the Tet repressor, U208 cells were cultured in selective medium with
blasticidin (10pg m1™') for 10 days. Blasticidin-resistant colonies were picked,
expanded and screened for clones that exhibited the lowest basal levels and highest
inducible levels of expression. Next, the most suitable clones were transfected with
the PCDNA4/TO expression vector encoding the mutated NPL4-GFF protein
using the Fugene translection reagent. Cells were cultured in medium with zeo-
cin (5004g ml~') to select clones that contain pcDNA4/TO-mutated NPL4-GFP
The NPLA(MUT)-GFP-encoding plasmid was obtained from Generi Biotech,
To induce expression of protein, cells were incubated with doxycycline (Sigma-
Aldrich) | g mi~! for 16-48h.

Colony-formation assay. Cells were seeded into six-well plates at 100-300 cells per
well (depending on the cell line), The next day, cells were treated with compounds
as indicated in the specific experiments and kept in culture for 7-14 days, Colonies
were visualized by crystal violet and counted.

XTT assay. Cells were plated at a density of 10,000 per well in a 96-well plate.
The next day, cells were treated as indicated. After 24 h, an XT'l' assay was per-
formed according to the manufacturer's instructions (Applichem). XTT solution
wasadded to the medium and incubated for 30-60min, and then the dye intensity
was measured at the 475 nm wavelength using a spectrometer (TECAN, Infinite
M20DPRO). Results are shown as mean + s.d, from three independent experiments,
each performed in triplicate. For LDsg analysis across the panel of cell lines listed
in Extended Data Fig. 2b, cell lines were treated with various doses (at least five
doses) for 48 h. LD50 values were calculated using Graphpad Prism software based
on survival curves from al least two independent experiments.

Annexin V staining. Cell cultures were treated as indicated and collected by
trypsinization. Initial culture medium and washing buffer were collected to include
detached cells. Cells were centrifuged (250g, 5min} and re-suspended in a staining
buffer (140 mM NaCl, 4 mM KCl, 0.75 mM MgCls, 10 mM HEPES) containing
2.5mM CaCly, Annexin-V-APC (1:20, BD Biosciences) and 25ugml™! 7-AAD
(BD Biosciences) for 15 min on ice in the dark. Samples were analysed by flow
cytometry using BD FACSVerse (BD Biosciences) and at least 10,000 events were
acquired per sample. Collected data were processed using BD FACSSuite (BD
Biosciences) and exported into Microsoft Excel,

Caspases 3/7 assay. Activity of caspase-3 and -7 was quantified by cleavage
of Mluorogenic substrate CellEvent Caspase-3/7 Green Delection Reagent
(Thermo Fisher Scientific). In brief, samples prepared in the same staining buffer
as described for annexin V staining above, suppl ted with 2% FBS, 0.5 pM
CellEvent Caspase-3/7 Green Detection Reagent and incubated for 45 min at room
temperature in the dark. Subsequently, 0.5g ml~' DAPI was added and samples
were analysed by flow cytometry using BD FACSVerse (BD Biosciences) and at
least 10,000 events were acquired per sample. Collected data were processed using
B FACSSuite (BD Biosciences) and exported into Microsoft Excel.

biquityl-H2A (1:1,000; Merck Millipore, clone E6CS), anti-IsBo  1:500;
Santa Cruz Biotechnology, s¢-371), anti-p53 (1:500; Santa Cruz Biotechnology,
clone DO-1), anti- HIF- L (1:1,000; BD Biosciences, 610958), anti-CDC25A ( 1:500;
Santa Cruz Bistechnology, clone DCS-120), anti-NRFE (1:1,000; Cell Signaling,
clone D5B10), anti-VCP (1:2,000; Abcam, ab11433), anti-VCP (1:1,000; Novus Bio,
NBP100-1557), anti-NPLOCH (1:1,000; Novus Bio, NBP1-82166), anti-ubiquitin
lys48-specific ( 1:1,000; Merck Millipore, clone Apu2), anti-f-actin (1:2,000; Santa
Cruz Biotechnology, sc-1616; or 1:500, Santa Cruz Biotechnology, sc-87778),
anti-GAPDH (1:1,000,GeneTex, clone 104), anti-lamin B {1:1,000; Santa Croz
Biotechnology, sc-6217), anti-calnexin (1:500; Santa Cruz Biotechnology,
5c-11397), anti-o-tubulin (1:500; Santa Cruz Biotechnology, s¢-5286), anti-XBP1
(1:500; Santa Cruz Biotechnology, se-7160), UFD1 ( 1:500; Abcam, ab155003),
cleaved PARP1 (1:500; Cell Signaling, 9544), p-elF2a (1:500; Cell Signaling,
3597), ATF4 (1:500; Merck Millipore, ABE387), HSP90 (1.500; Enzo, ADI-
SPA-810), HSPT0 (1:500; Enzo, ADI-SPA-830), HSF1 (1:500; Cell Signaling,
4356), p-HSP27 ( 1:1,000; Abcam, 155987), HSP27 (1:1,000; Abcam, 109376)
followed by detection by secondary antibodies: goat anti-mouse IpG-HRP (GE
Healthcare), goat anti-rabbit (GE Healthcare), donkey anti-goat lgG-HRP (Santa
Cruz Biotechnology, sc-2020), Bound secondary antibodies were visualized by
ELC detection reagent { Thermo Fisher Scientific) and images were recorded by
Imaging system equipped with CCD camera (ChemiDoc, Bio-Rad) operated by
Imagt Laboratary software or developed on film (Amersham).
ing. Cells were grown in 24-well plates with a 0.170-
mm glass bottom (In Vitro Scientific). Where indicated, the cells were pre-extracted
before fixation with pre-extraction buffer (10mM PIPES pH 6.8, 100 mM NaCl,
L5 mM MgCly, 300 mM sucrose, 0.5% Triton X-100, | mM DTT, Spug ml~ leupep-
tin, 2pg ml~! aprotinin, 0.1 mM PMSF) for 20 min at 4°C, washed by PRS and then
immediately fixed with 4% formaldehyde for 15 min at room temperature. Cells
were stained with primary antibodies: anti-ubiguitylated conjugated mouse FK2
anttbody (1:500; Enzo, BML-PW8S10), anti-VCP (1:500; Abcam; ab11433), anti-
NPLA (1:500; Novus Bio, NBP1-82166), HSP70 (1:100; Enzo, ADI-SPA-830), HSF1
(1500 Cell Signaling, 4356), anti-ubiquitin lys48-specific { 1:500; Merck Millipore,
clone Apu2), SUMO2/3 ( 1:500; Abcam, ab3742), TDP43 (1:300; Proteintech,
10782-2-AP) and appropriate Alexa Fluor 488- and 568-conjugated secondary
antibodies (Invitrogen, 1:1,000). Cytochrome ¢ was stained using an Alexa Fluor
555-conjugated mouse anti-cytochrome ¢ antibody according the manufacturer’s
protocol (BD Pharmingen, 558700).
Microscopy, FRAP and image analysis. Samples were analysed using a Zeiss
Axioimager Z.1 platform equipped with the Elyra PS.1 super-resolution medule for
structured illumination (SIM) and the LSM 780 module for CLSM. High resalution
images were acquired in super-resolution mode using a Zeiss Pln Apo 1003 /1 .46
oil objective (total magnification, 1,600 ) with appropriate oil {Immersol 518F).
SR-SIM setup involved five rotations and five phases for each image layer and up
to seven z-stacks { 101 nm) were acquired per image, The CLSM setup for FRAP
and life cells acquisition had a c-Apo 40 /1.2 W water immersion objective,
Bleaching of regions of interest (ROIs) was performed using an Argon 488 nm
laser. Lower resolution images of fixed samples were acquired using a Plan Apo
633 /1.4 oil objective (total magnification 1,008 ), FRAP and image acquisitions
were performed using Zeiss Zen 11 software, For FRAP, internal Zen's ‘Bleach’

il e
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and ‘Regions’ modules were used. Data from FRAP analysis involving multiple
bleached ROUs were exported into Microsoft Excel and plotted. Basic processing
of acquired images, such as contrast and brightness settings, was done in Adobe
Photoshop on images exported as TIFFs. Quantitative microscopy-based cytome-
try of the immunofluorescence-stained samples was performed using an aulomatic
inverted fluorescence microscope BX71 (Olympus) using ScanR Acquisition soft-
ware {Olympus) and analysed with ScanR Analysis software (Olympus).

Cell fractionation for Triton-X 100 insoluble pellets. Cells were treated as indi-
cated, washed in cold PBS and lysed in lysis buffer (50mM HEPES pH 7.4, 150 mM
MaCl, 2mM MgCly, 10% glycerol, 0.5% Triton X-100, protease inhibitor cocktail by
Roche) for LOmin gently agitating at 4°C. Then, cells were scraped into Eppendorf
tubes and kept for another 10 min on ice with intermittent vortexing. After that,
the lysate was centrifuged at 20,000g for 10 min at 4°C. The insoluble fraction and
supernatant were separately re-suspended in 1% LSB buffer.

Isolation of microsomal fraction. After the desired treatment in cell culture, cells
were washed with cold PBS and lysed (250 mM sucrose, 20mM HEPES pH 7.4,
10mM KCI, 1L5mM MgCls, | mM EDTA, 1 mM DTT, protease inhibitor cocktail),
Lysates were homogenized by Potter- Elvejhem PTFE homogenizer and kept on ice
for 20min. The homogenates were subjected 1o serial centrifugation steps (720g
and 10,000g for 5 min each, and 100,000g for 1 h). Pellets and supernatants from
the last ultracentrifugation step were resuspended in the 1 LSB buffer and used
for western blot analysis,

Immunoperoxidase staining of pre-extracted tissue sections. Frozen sections
(4-5pum thick) from xenograft-grown, eryopreserved tumour tissues were cut on
acryostat and placed on commercial adhesion slides (SuperFrost Plus, Menzel,
Germany)} and air-dried for 2h at room temperature. The dried sections were care-
fully covered with the cold extraction buffer: 50 mM Tris-HCL (pH 7.5), 150 mM
NaCl, 1 mM MgCls, 5% glycerol, | mM DT, 1% Triton X-100, 1% IGEPAL, pro-
tease inhibitor cocktail (Phos Stop Easy pack, 04906837001, Roche) or cold PBS
(controls) and incubated in a cold room for 20 min. Pre-extracted and control
PRBS-treated sections were gently washed three times in cold PBS, and fixed in
4% paraformaldehyde fixative for 15 min, followed by another three washes in
PBS. Washed sections were then subject to a sensitive immunoperoxidase staining
protocol, using the primary rabbit monoclonal antibody against VCP antibody
(EPR3307(2}) (1:10,000; abl 09240, Abcam) and rabbit polyclonal antibody against
NPLOCA (1:500; NBP1-82166, Novus Biologicals) and Vectastain Elite kit as seco-
ndary reagents (Vector Laboratories, USA), follawed by a nickel-sulfate-enhanced
diaminobenzidine reaction without nuclear counterstaining, mounted and micro-
scoplcally évaluated and representative images documented by an experienced
oncopathologist.

Isothermal titration calorimetry (ITC). Experiments were performed at 25°C
with a Mano ITC Low Volume {TA Instruments) and analysed by Nano Analyze
Software v.2.3.6. During all measurements, injections of 2.5ul of ligand (16p:M)
were titrated into 250 jl protein (2pM) with time intervals of 3005, a stirring
speed of 250 rp.m. All ITC experiments were conducted with degassed buffered
solutions 20 mM HEPES buffer pH 7.3, in the presence of 1% DMSO. Purified
GST-NPL4WT) and GST-NPL4(MUT) proteins were used in ITC experiment.
Drug affinity responsive target stability (DARTS). DARTS was performed
according to a modified published protocol™®, Purified GST-NPL4(W'T) and
GST-NPLA(MUT) proteins were diluted by 100 mM phosphate buffer, pH 7.4 10
final concentration of 0.03 pgpl ™. The proteins were treated with CuET (final con-
centration of 5 pM; dissolved in DMSO) for | hand equal amounts of DMSO were
added 1o the solutions, which served as control samples. Pronase (Sigma-Aldrich)
was dissolved in TNC buffer (50 mM Tris-Cl 50 mM NaCl, 10mM CaCly, pH
7.5). The 0025y of pronase was added to 50l of protein solution and incubated
for 1 hoat 37 °CC Samples without pronase served as the non-digested controls,
The pronase reaction was stopped by addition of 5x SDS loading buffer; the
samples were boiled at 95°C for 15 min and loaded on SD5-PAGE gels, After SDS~
PAGE, gels were silver-stained and scanned on a GS-800 Calibrated Densitometer
( Bio-Rad) or used for western blot analysis.

208 p activity. To p activity in cell extracts, cell lines
were seeded in 100-mm Petri dishes at a density of 3 x 10° cells per dish. After 24 h,
cells were washed twice with 2 mi of ice-cold PBS and scraped in to 1,000y ice-cold
PBS. The cells were then isolated and suspended in buffer (50 mM HEPES (pH
7.5), 150 mM MaCl, 19% Triton X-100 and 0.1 pM PMSF) and then centrifuged m
15000 -pom. for 15min at 4°C. The cell lysates {10 pg) were incubated with 20pM
of substrates for measurement of chymotrypsin-like, trypsin-like and caspase-like
activities {Suc-LLVT-AMC, Ac-RLR-AMC and Z-LLE-AMC (Boston Biochem))
in 90ul of assay buffer (30 mM Tris-HCI, 0.035% sodium dodecylsulfate (pH 7.4))
in the presence CuET (L pM and 5pM) and BTZ (1 pM) for the investigation of
proteasome inhibition; BTZ or an equivalent volume of solvent (DMSO) was used
asa control. After 2h of incubation at 37°C, inhibition of proteasome activity
was measured by the release of hydrolysed free AMC groups by fluorimeter at

380460 nm (TECAN, Infinite M200PRO). To measure proteasame activity in live
cells, the cells were seeded in 24-well plate at a density of 0.2 x 10° cells per well.
Cell lines were treated with CuET (1 pM and SpM), vehicle control or | uM BTZ
for 1 h. After incubation, cells were twice washed with 0.5ml of | x ice-cold PBS
and seraped into 100l fee-cold lysis buffer and then centrifuged at 15,000 £pm.
for 15min at 4°C. Subsequently, the cell extract {10 pg) was incubated with 20 M
substrates to measure chymotrypsin-like, trypsin-like and caspase-like activities in
assay buffer (30mM Tris-HC1 (pH 7.4)). After 2h of incubation at 37 °C, inhibition
of proteasome enzymatic activities was measured by the release of hydrolysed free
AMC as described above.

Ub(G76V)-GFP degradation. Hela Ub{G76V)-GFP-ODD- Luc cells expressing
Ub{G76V)-GFP were seeded at a density of 10" cells per well in 96-well plates, The
next day, cells were treated with 4 uM MG132 for 3 h. After that, the medium was
discarded and cells were washed twice with PBS and then incubated with the tested
compound in the presence of 30pg ml~' cycloheximide for another 3h. The GFP
signal was acquired using an ImageXpress auntomated microscope. For each well,
four images were taken (corresponding to 200-250 cells), Cells were analysed every
30 min during 3 h of treatment. Normalized GFP signal intensity was caleulated
using the following formula: (test compound — background)/(basal GFP signal
intensity = background) where ‘test compound’ Is defined as the mean GFP sig-
nal intensity of Ub{G76V)-GFP-expressing cells treated with the test compound.
‘Background’ is defined as the background GFP signal intensity of HeLa cells.
'Basal GFP signal intensity” is defined as mean GFP signal intensity of Ub{G76V)—
GFP-expressing cells treated with DMSO. The degradation rate constant (k) was
obtained from the slope of the linear range of plotting In{normalized GFP signal
intensity) versus time ranging from 90 to 180 min. The percentage of remaining
k for each compound is calculated using the following formula (test compound/
DMSO control) = 100,

P97 ATPase activity assay. P97 AT Pase assay was performed as described pre-
viuusiym. A total of 250nM of P97 protein was diluted in assay buffer (50 mM
Tris-HCI pH 7.4, 20mM MgCly, 0.5mM DYTT), Test compounds were added In
DMSO (final concentration of DMSO was 53%) A fter 10min of incubation, the
reaction was started with ATP (100 uM final concentration) followed by a 1-h
incubation at room temperature. The reaction was stopped by adding Biomol green
solution (Enzo) and free phosphate was measured according to the manufacturer’s
instructions, Results are expressed as the percentage of activity of the control
{a well containing only DMSO).

268 proteasome activity. The RPN11 assay is described in PubChem
(AID588493), In brief, a synthetic Muorescently labelled substrate, UbdpepOG, was
used to measure RPN 11 activity. Fluorescence polarization assay was performed in
a low-volume 384-well solid black plate in the presence of (i) Spl of the compound
1, 10-phenanthroline or Cukt in 3% DMSO or 3% DMSO control; (i) 5l of BioMal
265 proteasome; and (i) 5pl of substrate (15 n1M UbdpepOG). Fluorescence
polarization is measured using a plate reader with excitation of 480 nm and emis-
sion of 520 nm filter set. The activity was normalized to DMSO control and fit to
a dose—response curve,

Protein expression and purification. All proteins were expressed in £ coli BL21
(DE3) cells (Novagen). p97-His (pET28a vector) and Ufd1-His (pET28a vector)
expression were induced by | mM [PTG (Life Technologies) at an ODgy of 0.6 for
10k at 22°C. NPLA(WT) and NPLA(MUT) (pGEX-2TK) were induced by 0.4mM
PTG at an Olgq of 0.8 overnight at 16°C. For p97 and UFD1, the bacterial pellet
was suspended in buffer (50 mM Tris- HCI pH 8.0, 300 mM NaCl, 2.5 mM MgCla,
20mM imidazole, 5% glycerol) and lysed by sonication and centrifuged {14,000g
for 20 min). Proteins were purified by Ni-NTA chromatography (Qiagen ) according
to the manufacturer’s instructions. For p7, the protein was further purified
by gel filtration (Superdex 200, GE Healthcare). For GST-NPL4{WT) and
GST-NPLA(MUT), the bacterial pellet was suspended in phosphate buffer (PBS,
0.1% Triton X- 100, 300 mM NatCl) and lysed by sonication and centrifuged
(14,000¢ for 10min). Proteins were purified by glutathione sepharose 4B (Life
Technologies) according the manufacturer’s protocol. The proteins were further
putified by gel filtration (Superdex 200, GE Healtheare).

Chemicals. CuET was prepared by direct synthesis from water solutions of
diethyldithiocarbamate sodium salt and copper(u1) chloride as described previ-
ously™, CuET for in vivo experiments was prepared equally with a slight modifi-
cation. The reaction between diethyldithiocarbamate sodium salt and copper(u)
chloride was performed ina sterile 1% aqueous solution of bovine serum albumin,
The resulting solution was used directly. The following chemicals were purchased
from commercial vendors: tetraethylthiuram disulfide (disulfiram, DSF) (Sigma-
Aldrich), sodium diethyldithiocarbamate trihydrate (Sigma-Aldrich), copper
p-gluconate {Sigma-Aldrich), BTZ (Velcade, Janssen-Cilag International N.V.),
MG 132 (Sigma-Aldrich), DReQ) (Sigma- Aldrich), NMS873 (Abmole), cyclo-
heximide (Sigma- Aldrich), dicoumarol (Sigma- Aldrich). 1,10-phenanthroline
(Sigma}and MLN7243 (Active Biochem),
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Statistical analyses and reproducibility. For the epid gical study, we calculated
hazard ratlas and 95% confidence intervals estimating cancer-specific mortality,
based on a Cox model regressing of both propensity scores and disulfiram use,
balancing baseline characteristics of previous and continuing users of DSF and
adfusting estimated hazard ratios of cancer-specific mortality associated with
DSE use®!. The propensity score estimates were conditional on multiple covari-
ates, based on using logistic regression (see 'Epidemiological analyses and access
to health registers’ for specifics of cohorts and covariates). In the Cox model, the
propensity score |s further included as a restricted cubic spline to model possible
nonlinearities, in addition to the categorical disulfiram use as the variable of
interest. Statistical significance of DSF use was evaluated by likelihood ratio tests,
using the software R for statistical computing™,

For evaluation of the animal studies, STATISTICA software, v.12 (StatSoft) was
used lo estimate sample size. For a power of 80%, the level of significance set at
5%, 4 groups and RMSSE = 0.8, seven mice per group were estimated. For usage
of non-parametrical statistical methods, the number of eight mice per group was
finally planned. The differences between tumour volumes were statistically ana-
lysed by non-parametrical Kruskal-Wallis test, not requiring any assumptions of
normality and homoscedascity. To test the effect of CuET treatment on survival of
AMO- 1-xenografted mice, a Kaplan-Meier graph and log- rank statistical test were

JESIERE RESEARCH

used. For other experiments, the statistics, such as number of repetitions, centre
value and error bars, are specified in figure legends.

Data availability. Most data generated or analysed during this study are included
in the article and its Supplementary Information. Uncropped images of all gels
and blots can be found in Supplementary Fig. 1. Source Data for all graphs are
provided in the online version of the paper. Additional datasets generated during
andfor analysed during the current study and relevant information are available
from the corresponding authors upon reasonable request.
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Extended Data Figure 1 | Epidemiological and pre-clinical data of the

anti-cancer effects of DSF. a, Summary of hazard ratios (HR) and 95%
confidence intervals (C1) for cancer-specific mortality among Danish
patients with cancer, comparing continuing and previous users of DSF

for selected types of cancer (for statistical analysis and definitions of DSF

exposure categories, see Methods), b, Photographs of subcutancously

growing human MIDA-MB-231 tumours extracted from mice at day 32.¢,
Time-course diagram of mouse weight, n= 8§ animals per group. d, Model

of CuET formation during metabolic processing of orally administered
DSF in the human body. e, Examples of mass-spectrometry spectra of

CuET expressed as peaks of 4 MRM transitions in mouse serum after
CulET spikes, compared to orally applied DSF (50 mg kg™"). Data are
representative of two independent experiments. f, Pharmacokinetic
analysis of CuET levels in mouse serum after orally applied DSF

(50 mg kg~ '). n=2 animals per time point, g, Effect of DTC and CuET on
MIDA-MB-231 cells analysed by colony formation assay. w= 3 independent
experiments. b, Time-course diagram of weight in CuET- and vehicle-
treated mice. = 10 animals per group. i, Extended time-course diagram
of weight in CuET- and vehicle-treated mice. #= 10 animals per group.
Data are mean & s.d. (c, h, i) or linked means (g).
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death induced by the positive control staurosporin (STS, 1 pM) compared
to cell death induced by CuET (1 M), Blue, DAPL Scale bar, 10pm.

c-f, Data are representative of two independent biological experiments.
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Extended Data Figure 3 | CuET-induced proteasome inhibition-like
response is not due to proteasome inhibition. a, Kinetics of poly-Ub
protein accumulation in U208 cells treated with CuET or the proteasome
inhibitor BTZ. b, CuET treatment (1.5h) induces rapid deubiquitylation
of ubiquitylated histone H2A (uH2A) similarly to proteasome inhibitors
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Scale bar, 10pm. d, e, 208 proteasome activity is not inhibited by CuET as
examined in live MDA-MB-231 cells (d) or in lysates from MDA-MB-231
cells {¢). Data are mean + s.d. of four independent experiments. f, CuE
treatment (1 M, 6 h) does not cause accumulation of p53 in the presence
of dicoumarol (300M) in MCF7 cells. g, I vitro 268 proteasome function
measured as RPN11 deubiquitylation activity, is not inhibited by CuET;

1, 10-phenanthroline (1,10-0OPT) served as a positive control, Data are
representative of two (a-c, f) or three (g) independent experiments.
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Extended Data Figure 4 | CuET inhibits the p97 pathway and induces
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whereas CuET-treated cells (1 pM, 6h) accumulate only the non-cleaved
120-kDa form. b, Inhibition of the NRF1 cleavage process (appearance of
the lower band) by CuE'T and NMS873 (2 p97 inhibitor; 5 pM) in mouse
NIHAT3 ame inhibitor MG132 (5pM

for 6 h). ¢, Time-course example images from a FRAP experiment, for
which the quantitative analysis is shown in Fig. 2g (U208 cells, blue boxes
mark areas before bleaching, arrows after bleaching). d, U208 cells pre-
extracted with Triton X-100 and stained for poly-Ub(K48). The antibody
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Extended Data Figure 5 | CuET kills BTZ-resistant cells. a, BTZ-adapted
(BTZres), CFZ-adapted (CFZres) and non-adapted AMO-1 human
myeloma cells are equally sensitive to treatment with CuET. b, BTZ-
adapted, CFZ-adapted and non-adapted A RH77 human plasmocytoma
cells are equally sensitive to treatment with CuET. ¢, BTZ-adapted and
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treatment with CuET. d, Human myeloma cells derived from a patient with
BTZ-resistant myeloma show CuET sensitivity comparable to myeloma
cells derived from a patient with BTZ-sensitive myeloma. Data are means
linked of three independent experiments (a-¢) or data are from two
independent experiments (d).
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Extended Data Figure 6 | CuET targets NPL4, causing immobilization
and nuclear clustering of NPL4. a, CuET (1 pM} does not inhibit ATPase
activity of p97. NMS&73 (5 uM) was used as a positive control. Data are
mean £ 5.d. from four independent experiments. b, Western blotting
analysis showing levels of ectopic p97-GFP, NPL4-GFP and UFD1-
GFP in stable U205-derived cell lines used for the CuET-treatment
rescue and cluster formation experi ¢, Ectopic expression of
NPL4-GFP alleviates CuET-induced (125 nM, 4 h) accumulation of
poly-Ub proteins in U20S cells. d, Distribution of NPL4 nuclear clusters
relative to chromatin in cells treated with CuET (1 pM, 2h). Scale bars,
2jum, e, Schematic representation of site-directed mutagenesis within
the amino acid sequence of the putative zine finger domain of NPL4.

. ITC curve showing the lack of CuET binding to purified NPL4(MUT)
protein. g, DARTS analysis of recombinant NPL4 proteins shows that
differential pronase-mediated proteolysis after CuET addition is apparent
for NPLA(WT) but not for NPLAMMUT); detected by cither silver-stained
SDS-PAGE (the most prominent differential bands are marked by red
dots) or by blotting with an anti-NPL4 polyclonal antibody. h, Viability
aof cells expressing doxyeyeline-inducible NPL4(MUT)~GFP, treated with
CuET for 48 h. Data are from three independent experiments, means are
linked. i, Accumulation of K48-ubiquitinated proteins and activation of
UPR in cells expressing the doxycycline-inducible NPL4A(MUT)-GFP.
b-d. f, g i, Data are rep ative of two independent experi
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Immobilized NPLA forms insoluble protein
rates induced by CuET treatment (1 pM, 3h)
e with nuclear speckles (stained by SC itibody)

or nucleoli (visible as a DAPI ™ nuclear signal). b, NPL4-GFP nuclear
aggregates induced by CaET ( I]l\l 3h) are excluded from chromatin

in early prometaphase U208 cells, ¢, Co-localization of spontancous
NPLAMUT)-GFP aggregates with SUMO2/3, poly- UB{K48) and

I'DP43 in pre-extracted l 208 cells. d, NPLA-GFP aggregates are formed
independently of ubiquitylation, as shown in CuET-treated {1 pM, 3h)

Extended Data Figure 7
aggregates. a, NPL4-GFP ag,

do not co-loc

ARTICLE gaisy.Liw

NPL4-GFP

cells pre-treated with a chemical UBAT inhibitor (MLN7243, 10pM, 1 h).
The lack of cellular FK2 staining of ubiquitylated proteins validates

the efficacy of the MLN7243 inhibitor. ¢, Co-localization of FK2 signal
with the spontaneous NPL4(MLU SFP aggregates in pre-extracted
U208 cells. f, Analysis of p97 in CuET-induced (1 pM, 3h) NPL4-GFP
aggregates in pre-extracted U208 cells. g, Analysis of p97 in spontaneous
NPLAMUT)-GEP aggregates in pre-extracted U208 cells. a-g, Data

are representative of two independent biological experiments. All scale
bars, 10pm.
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Extended Data Figure 8 | NPL4 aggregation immobilizes the p97

binding partner and induces a global cellular HSR. a, Immobilization

of selected proteins in Triton X-100-resistant pellet fractions of CuET-

treated (1 pM, 3h) U208 cells. b, Immobilization of selected proteins

in Triton X-100-resistant pellet fractions from U208 cells expressing

doxycycline-inducible NPL4(MUT)-GFP (48 h after induction), ¢, CuET

dose-dependent immobilization of p97 in Triton X-100 pre-extracted

MDA-MB-231 cells (3h). Scale bar, 10pm. d, Immunochistochemical
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staining showing non-extractable p97 in MDA-MB-231 xenografts from
mice treated with DSF or DSF and CuGlu, compared to vehicle. Scale bar,
S0pm. e, HSR after CulT (8h treatment) is shown by various HSE markers
detected by western blotting of U20S cell extracts. f, HSR markers in
U208 cells expressing doxycycline-inducible NPLAMMUT)-GEP (24 h
after induction). a-f, Data are representative of two independent biological
experiments.
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Abstract

Aldehyde dehydrogenase (ALDH) is a proposed biomarker and possible target to eradicate cancer stem cells. ALDH
inhibition as a treatment approach is supported by anti-cancer effects of the alcohol-abuse drug disulfiram (DSF, Antabuse).
Given that metabolic products of DSF, rather than DSF itself inhibit ALDH in vivo, and that DSF's anti-cancer activity is
potentiated by copper led us 1o investigate the relevance of ALDH as the suggested molecular cancer-relevant target of DSF.
Here we show that DSF does not directly inhibit ALDH activity in diverse human cell types, while DSF's in vivo metabolite,
S-methyl-N N-diethylthiocarbamate-sulfoxide inhibits ALDH activity vet does not impair cancer cell viability. Our data
indicate that the anti-cancer activity of DSF does not involve ALDH inhibition, and rather reflects the impact of DSF's
copper-containing metabolite (CuET), that forms spontaneously in vivo and in cell culture media, and kills cells through
aggregation of NPL4, a subunit of the p97/VCP segregase. We also show that the CuET-mediated, rather than any ALDH-
inhibitory activity of DSF underlies the preferential cytotoxicity of DSF towards BRCA |- and BRCA2-deficient cells. These
findings provide evidence clarifying the confusing literature about the anti-cancer mechanism of DSF, a drug currently tested
in clinical trials for repositioning in oncology.

Introduction ability to resist standard-of-care treatment modalities and
fuel post-treatment relapse and metastatic spread [2]. CSCs
Cancer stem cells (CSCs) are believed to represent a major  can be detected through expression of several markers
challenge to successful cancer therapy [1], due to CSCs"  including aldehyde dehydrogenases (ALDHs) [3). There are
19 putatively functional ALDH genes in the human genome
[4], and several ALDH isoenzymes are used as markers of
stem cells including CSC [5]. ALDH have diverse functions
These authors contributed equally: Zdenek Skrott, Dusana Majera in normal tissues, including the pivotal role in catalysing
endogenous and exogenous aldehydes into carboxylic acids
Supplementary information The online version of this article (hups:// 6 ]tg' aldishvda 2 bulizid th . y
doi.org/10.1038/541388-019-0915-2) contains supplementary [6]. I aldehydes are not metal + JIRY 1Ay CAUSE Severe
material, which is available to authorized users. toxicity to the cells, including DNA damage by forming
adducts [7]. Numerous studies reported that ALDH is
overexpressed in cancer cells and implicated in metastatic
spread [8-10]. Despite the above-mentioned reports on
ALDH in CSCs, however, it remains unclear whether
ALDH may serve as an actionable target for cancer treat-
' Institute of Molecular and Translational Medicine, Faculty of mem‘f and whether tumours are indeed addicted to ALDH
Medicine and Dentistry, Palacky University, Olomoug, Czech function.
Republic Recent efforts to eradicate CSCs have exploited the old
Danish Cancer Society Research Center, Copenhagen, Denmark f'mi‘qlmh_"liﬁrfl .{lrug DSF, used f'?r qccad@s as an ALDH
Divislon o Gienore Bicloiy, Depaiirient of Masdical inhibitor in chmcal‘ care [4]. Eradn:a}mn of CSCs by D_SF
Biochemistry and Biophysics, Science for Life Laboratory, has been reported in numerous studies, the first of which
Karolinska Institute. Stockholm, Sweden reported DSF’s toxicity for breast cancer cells with CSC-
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like properties [11]. In recent years, multiple studies
reported DSF as a drug toxic to cancer cells via inhibition of
ALDH in a range of tumour types and models [12-20] and
other studies have later build on these findings and used
DSF combined with copper ions to target cancer cells [21-
24|. However, the mechanism of ALDH inhibition by DSF
is more complex, as metabolic products of DSF, not DSF
itself, inhibit ALDH in vivo [4]. While well accepted in
pharmacology, the latter fact has often been overlooked in
the cancer-related studies focusing on DSF and ALDH,
thereby causing potentially misleading interpretations of the
results,

In vivo DSF is rapidly metabolized to diethyldithio-
carbamate (DDTC). which is further converted to
S-methyl-N,N-diethyldithiocarbamate (DETC) and
S-methyl-N N-diethyldithiocarbamate (Me-DDTC). Sub-
sequent P450-catalyzed oxidation of DETC and
Me-DDTC produces DETC-sulfoxide (DETC-80) and S-
methyl-N, N-diethylthiocarbamate-sulfoxide (Me-DTC-
S50) and -sulfone (Me-DTC-S02), metabolites that are
most likely directly involved in ALDH inhibition [25-29],
Importantly, when downstream steps of DSF metabolism
are blocked by a chemical P450 inhibitor, liver ALDH
remains uninhibited [30], thus unambiguously proving
that not DSF itself, but its metabolites are the genuine
inhibitors of ALDH in vivo. Despite this knowledge is
published and accepted in some research fields. most
cancer-focused studies regard DSF as a direct ALDH
inhibitor. Notably, there are no published data with regard
to any anti-cancer effects of the DSF metabolites that are
responsible for ALDH inhibition. Further fuelling the
confusion in this field, the vast majority of cancer-related
studies report that DSF inhibits ALDH only when com-
bined with copper ions [12-16], a fact that further
underlines the extent of misunderstanding and lack of
logic behind such approach with respect to the known
mechanism of ALDH inhibition, a process that does not
involve copper at all. On the other hand, it is well known
that copper does potentiate DSF's anti-cancer toxicity
[12, 31, 32], and we have recently uncovered that this
reflects the in vivo formation of a copper-containing CuET
(bis-diethyldithiocarbamate-copper) complex, the ultimate
anti-cancer metabolite derived from DSF [33]. This con-
undrum surrounding the links among DSF, ALDH, copper
and cancer toxicity prompted us to assess the role of
ALDH as a potential target of DSF's anti-cancer activity
in more detail, using genuine validated inhibitors of
ALDH enzymatic activity, and thereby help to reconcile
the often mis-interpreted findings in this field, with the
goal to facilitate the future repositioning of DSF for
treatment of cancer.

SPRINGER NATURE

Results

DSF's toxicity for cancer cells is mediated by CuET
formed in the culture media

Despite numerous pre-clinical studies and ongoing clinical
trials, the mechanism of anti-cancer activity of DSF is still
debated, as several targets and hypotheses have been pro-
posed. Among them, the inhibition of ALDH is probably
currently the most prevalent and accepted theory. ALDH is
attractive not only as a generally accepted marker of stem
cells, but also as an important protective enzyme metabo-
lising  potentially harmful aldehydes. However, the
hypothesis that ALDH may represent a promising avenue to
target cancer stem cells or cancer in general, remains to be
rigorously tested.

Recently, preferential cytotoxicity of DSF for homo-
logous recombination (HR) deficient cells have been
reported [20]. Since DSF is regarded by some as a direct
inhibitor of ALDH, the reported cytotoxicity in this study
was attributed to increased acetaldehyde levels ensuing
ALDH inhibition, and subsequent DNA damage induced by
the crosslinking activity of the aldehydes. As direct inhi-
bition of cellular ALDH by DSF is in fact highly unlikely
(see Introduction) we decided to reproduce and re-analyse
those intriguing results. First, we tried to recapitulate the
reported preferential sensitivity of BRCAI and BRCA2-
deficient cell lines to DSF [20]. Indeed, the H1299 cell lines
with  doxycycline  (DOX)-inducible shBRCAI or
shBRCA2 show efficient knockdown of these genes after
DOX induction (Fig. la) and both models show also
hypersensitivity of BRCA-depleted cells to olaparib (Sup-
plementary Fig. la) a PARPI inhibitor effective against HR
deficient cancers [34]. In agreement with Tacconi et al. [20],
we confirmed that BRCA1- and BRCAZ2-deficient cells are
indeed more sensitive to DSF treatment compared to their
BRCA-proficient counterparts (Fig. Ib). Importantly, we
have recently described a new metabolite of DSF, CuET,
which is formed in vivo and is responsible for DSF's anti-
cancer activity [33], providing a meaningful explanation for
why is the toxicity of DSF potentiated by copper supple-
mentation. Thus we sought to investigate whether the CuET
complex forms also in vitro, since standard cell culture
media contain significant amounts of copper ions [35] and
the complex biochemical environment in the medium may
allow spontaneous formation of such complex. Indeed, we
have confirmed that CuET is detectable in DSF-containing
medium even without any additional copper supplementa-
tion (Fig. lc). As predicted, addition of more copper to the
medium increased the amount of formed CuET; conversely
chelation of copper ions by a metal chelator,
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Fig. 1 Preferential eytotoxicity of disulfiram to BRCA1- and BRCA2-
deplered H1299 cells is copper dependent. a H1299 cells expressing
DOX-inducible shBRCA1 or shBRCA2 were cultivated for at least
3 days in DOX and protein expression was evaluated by Western
blotting, confirming efficient knockdown of BRCAD and BRCAZ,
respectively. b HI1299 cells expressing DOX-inducible shBRCAI or
shBRCAZ2 were treated with DSF at indicated concentration for 5 days.
¢ HPLC-MS analysis of CuET complex formed in the media

bathocuproinedisulfonic acid (BCDS), markedly reduced
the levels of spontaneously formed CuET (Fig. lc).
Importantly, in line with our hypothesis and results of
spontancous formation of CuET, chelation of copper by
BCDS completely reversed the cytotoxic effect of DSF in
all tested cell lines irrespective of their BRCAL/2 status
(Fig. 1d, Supplementary Fig. 1b). Another interesting aspect
described by Tacconi et al. [20] was the observation that the
cytotoxic effect of DSF reaches a certain plateau. which

250 500 1000 1] 63 125 250 500 1000
CuET (nM})

containing DSF, DSF with copper, or DSF with BCDS. d Cells as in b
were treated with the combination of 10pM BCDS and DSF at indi-
cated concentration for 5 days. ¢ H1299 cells were treated with DSF or
the combination of | pM CuCly and DSF at indicated concentrations
for 5 days.  Cells as in b were treated with CuET at indicated con-
centration for 5 days. All graphs represent at least three independent
experiments, Error bars represent SD

cannot be overcome by increasing concentrations of the
drug, a phenomenon attributed by the authors to limited
solubility of the DSF. We also confirmed this plateau effect
but we argued that this might be explained by an alternative
mechanism, namely reflecting the limiting amounts of
copper in culture media, which would enable only limited
formation of CuET irrespectively of increasing concentra-
tions of DSF. To test the two alternative hypotheses, we
added non-toxic extra amounts of copper ions o culture
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medivm. Supporting our hypothesis, we observed a reversal
of the plateau effect, along with a striking potentiation of
DSF toxicity (Fig. le). Finally, we directly tested the syn-
thetic CuET complex. As expected, CuET treatment was
highly potent and also recapitulated the preferential toxicity
toward BRCA-impaired cell lines (Fig. If, Supplementary
Fig. le). Taken together, these results demonstrate that
DSF’s cytotoxicity is fully dependent on copper ions and is
mediated by the CuET complex, which is spontancously
formed in the medium, proportionally to the amounts of
DSF and copper ions present in the cell culture
environment.

Neither DSF nor CuET inhibit ALDH activity, contrary
to DSF metabolite Me-DTC-SO

Given the fact that DSF's anti-cancer activity is commonly
attributed to inhibition of ALDH, we wanted to test this
hypothesis further. An important aspect of DSF as a drug is
that it undergoes extensive metabolism resulting in several
compounds, including S-methyl-N, N-diethylthiocarbamate-
sulfoxide (Me-DTC-SO), which represents the most likely
DSF's metabolite responsible for the inhibition of liver
ALDH in vivo |25, 26]. However, no potential effect of Me-
DTC-SO on cancer cells has so far been reported. First, we
investigated the impact of CuET, DSF and Me-DTC-SO on
ALDH activity, We selected two human cancer cell lines
with high ALDH expression, K562 and A549, and used the
well-established ALDEFLUOR assay 1o measure total
ALDH activity in these cells [36]. Strikingly, in K562 cells
ALDH activity was not impaired by either CuET or DSF
treatment, in contrast to the Me-DTC-SO metabolite that
inhibited ALDH with an efficacy similar o D-
aminobenzaldehyde (DEAB). a commonly employed
ALDH inhibitor used here as a positive control for ALDH
inhibition (Fig. 2a, b). Consistently, neither CuET nor DSF
decreased the percentage of ALDH positive cells, in contrast
to Me-DTC-S0 and DEAB (Fig. 2¢). The same scenario was
reproduced also in the A549 cells as neither CuET nor DSF
mimicked the impact of the ALDH inhibitors, while Me-
DTC-SO completely blocked the ALDH activity in all cells
(Fig. 2d-f). Analogous data were seen in the BRCAI/2
knockdown H1299 cells whose overall ALDH activity is
lower compared to K562 or A549 cell lines, again con-
firming that only Me-DTC-SO potently inhibited ALDH,
while CuET and DSF had no direct measurable effect on
ALDH activity (Supplementary Fig. 2a, b).

ALDH inhibitors are not toxic to cancer cells
Next, we tested the toxicity of Me-DTC-SO and DEAB. in
concentrations efficiently inhibiting the ALDH activity.

Strikingly, both compounds failed to supress growth of

SPRINGER NATURE

K562 and A549 cells (Fig. 3a). In contrast. CuET which
does not inhibit ALDH reduced the growth of both cancer
cell lines (Fig. 2b). Furthermore, the H1299 cells were
highly responsive to CuET but fully resistant to both DEAB
and Me-DTC-S0 inhibitors, irrespectively of their BRCA1/
2 status (Fig. 3¢, d). Given the fact that DSF undergoes
rapid transformation in vive, it is very likely that both
metabolites, CuET and Me-DTC-S0, exist in the body at
the same time and their effects may potentially influence
each other. To test if ALDH inhibition augments the toxi-
city of CuET, we combined CuET with Me-DTC-50 and
DEAB at concentrations efficiently inhibiting ALDH and
analysed the viability of cancer cells; however, no poten-
tiation was observed (Fig. 3e). Taken together, these results
clearly exclude ALDH inhibition as a possible explanation
for DSF’s anti-cancer activity and call for an alternative,
mechanistically justified explanation. At the same time, our
data caution that targeting the ALDH as an approach to
cancer treatment should be further scrutinized.

Reduced ALDH activity readout of the ALDEFLUOR
assay upon long-term exposure to DSF is an indirect
consequence of toxicity

Our results excluding direct inhibition of ALDH by CuET
and/or DSF sharply contrast with numerous previous stu-
dies claiming that DSF or DSF combined with copper
inhibits ALDH activity in cultured cells [12-14, 19, 20],
thereby raising the notion of how can such conflicting
conclusions be reconciled. One key aspect shared by the
studies that reported apparent effects of DSF or DSF/Cu
treatments on ALDH activity were long exposure times to
the drug (from many hours to several days). This seemed to
us a rather odd approach for aiming to test direct enzymatic
inhibitors for which a few-hour exposure should be suffi-
cient. We argued that such long exposure times to a toxic
and metabolized compound might generate confounding
indirect effects and thereby complicate the interpretation of
the final outcome, as many important cellular functions can
be already hampered due to rather broad, non-specific
phenotypes. Such late indirect effects could also bias the
readout of the commonly used ALDEFLUOR assay, which
requires cellular import of a fluorescent probe and its
intracellular retention after cleavage by the ALDH enzyme.
To test this idea, we compared ALDH activity at different
time-points of drug exposure to evaluate the potential effect
of reduced cellular fitness on the ALDEFLUOR assay
readout. First, we measured ALDH activity after 3h of
incubation with the four relevant drugs, which was suffi-
cient to supress ALDH activity when the direct ALDH
inhibitors DEAB and Me-DTC-SO were used, yet with no
detectable ALDH-inhibitory effect of either CuET or DSF
used in parallel experiments (Fig. 2a). Next, we tested not
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Fig. 2 ALDH activity in cells is inhibited by DSF's metabolite Me-
DTC-S0, but not affected by DSF and CuET. a, b K562 cells were
treated with indicated compounds and ALDH activity was quantified
by ALDEFLUOR ™ assay. Representative graphs and flow cytometry
profile from three independent experiments are shown. ¢ Number of

only CuET as a compound of interest, but also bortezomib
(BTZ), a compound that exerts its toxicity through specific
inhibition of the 20 S proteasome and partly resembles the
cellular effects induced by CuET [33]. Notably, BTZ's
mechanism of action is completely unrelated to ALDH.
Consistent with our previous results, DSF and CuET failed
to inhibit ALDH activity after 3 h of exposure despite other

ALDH positive K562 cells. d. e AS549 cells were treated with indicated
compounds and ALDH activity was measured. Representative gruphs
and flow cytometry profile from four independent experiments are
shown. f Number of ALDH positive A549 cells

typical cellular phenotypes such as accumulation of poly-
ubiquitinylated proteins [33] are already well detectable in
the cells treated for 3 h with the same concentration of DSF
or CuET (Fig. 4a). As expected, also BTZ failed to score in
the ALDH inhibition assay (Fig. 4b). Strikingly, however,
after a prolonged treatment (20 h), both CuET and BTZ
markedly reduced the ALDEFLUOR-assessed ALDH
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Fig. 3 Cytotoxicity of ALDH inhibitors and CuET. a Cytotoxicity of
DEAB or Me-DTC-SO in A549 and K562 cells after 5 days of
treatment. b Cytotoxicity of CuET in A549 and K562 cells after 5 days
of meatment. All graphs represent at least three independent expen-
ments. Error bars represent SD. ¢ HI299 cells expressing DOX-

activity readout (Fig. 4b) and clearly decreased the numbers
of ALDH-positive cells (Fig. 4c, d}. Such prolonged treat-
ments also increased the numbers of permeabilised cells,
an indirect marker of reduced cell fitness and increased
cell death (Fig. 4e). Given that even BTZ, a compound
never reported as an ALDH inhibitor, behaved similarly to
CuET, we propose that the decrease of ALDH activity in
such long-term treatment experiments is not caused by any
direct interference with ALDH enzymatic activity, but it is
rather a consequence of impaired cell fitness. All per-
meabilised cells were totally negative for ALDH activity
(Supplementary Fig. 3b), which is understandable con-
sidering the principle of the ALDEFLUOR assay. Even
the seemingly still “intact” (nonpermeabilized) cells
showed a lower ALDH activity readout suggesting that
prolonged cellular stresses (at least the proteotoxic stress
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inducible shBRCAT or shBRCA2 were treated with ALDH inhibitors
DEAB and d Me-DTC-S0 at indicated concentrations for 5 days.
e Cytotoxicity of CuET, Me-DTC-S0 and DEAB or their combination
in A549 cells

caused by CuET- or BTZ-induced protein turnover
impairment) is sufficient to indirectly affect the outcome
of the ALDEFLUOR assay (Supplementary Fig. 3a), a fact
that has been incorrectly interpreted by many as direct
inhibition of ALDH by DSF. These results help explain
the previous conflicting studies and exclude ALDH inhi-
bition as a mechanism underlying DSF’s toxicity to cancer
cells.

DSF toxicity is linked to NPL4 aggregation

We have recently reported that DSF is metabolised in vivo
into the CuET complex, and showed that CuET represents
the ultimate anti-cancer metabolite. CuET interferes with
the cellular protein degradation machinery via targeting the
NPL4 cofactor of the p97/VCP segregase, leading 1o NPL4
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Fig. 4 CuET reduces ALDH activity afier prolonged treatment.
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aggregation, activation of stress responses and cell death
|33]. Since CuET is formed from DSF also in vitro in
culture media (Fig. l¢) and DSF's toxicity strictly depends
on available copper ions (Fig. 1d, e), we examined whether
DSF's cytotoxicity is also accompanied by NPL4 aggre-
gation. We treated the cells with CuET, DSF, DSF com-
bined with a copper chelator BCDS, and the two ALDH
inhibitors: Me-DTC-SO and DEAB and assessed the NPL4
protein status, As expected, both CuET and DSF treatment
led to formation of insoluble aggregated endogenous NPL4
resistant to pre-extraction (Fig. 5a). Chelation of copper
ions by BCDS completely supressed DSF's effect on NPL4
aggregation, thereby preserving the normal diffuse staining

experiments are shown. ¢ Number of ALDH positive K562 cells after
indicated treatments. Error bars represent SD of three independent
experiments. d Representative flow cytometry profile of K562 cells
treated as in b. e)Percentage of permeabilized K562 cells after indi-
cated treatments was 1 by DAPI 2 using flow cytometry

pattern of NPL4 that was sensitive to cell pre-extraction.
The same un-altered, extraction-sensitive diffuse staining of
NPL4 was furthermore observed for mock treated cells. but
also upon treatment by the two ALDH inhibitors Me-DTC-
SO and DEAB (Fig. 5a, see Fig. 5b for signal quantifica-
tion). These results were further corroborated using a NPL4-
GFP expressing cell line showing the same effects on GFP
tagged NPL4 protein (Supplementary Fig. 4a, b), Together
with the other results of our present study, these data
demonstrate that DSF's cytotoxicity does not involve
ALDH inhibition, but rather it is attributable to CuET
causing NPL4 aggregation. as recently described for the
synthetic CuET complex [33].
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Fig. 5 DSF toxicity is caused by NPL4 aggregation. a A549 cells were
treated with DMSO, DSF (1 pM), CuET (500 nM), Me-DTC-50
(20 pM), DSF with BCDS (10 pM} and DEAB (50 pM) for 4 h and
NPL4 aggregation was visualized by immunofluorescence staining

Discussion

The alcohol-abuse drug DSF is a promising candidate for
repurposing in cancer therapy, as documented by many pre-
clinical studies and ongoing clinical trials. Proper knowl-
edge of drug’s mechanism of action is essential for both
development of suitable biomarkers and selection of indi-
vidual patients who might most benefit from such treatment.
In this study, we therefore critically assessed the commonly
accepted theory about DSF’s mechanism of action in cancer
cells, namely the inhibition of ALDH enzymes. Many
publications attribute the anti-cancer effect of DSF 1o
interference with ALDH, and others build their subsequent
work on such conclusions. As ALDH was widely proposed
to be a cancer target |37, 38], the hypothesis that DSF kills
cancer cells via inhibition of ALDH seemed plausible and
was widely accepted by experimental cancer researchers
and oncologists. DSF is indeed well known as a drug
averting alcoholism through ALDH enzyme inhibition in
the human body. On the other hand, it is not DSF itself but
rather some of its metabolites that directly inhibit ALDH, an
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o

35

NPL4 Intensity (A.L.)
B b

after pre-extraction. b Quantification of nuclear NPL4 signal in more
than 200 cells. ¢ Schematic representation of the mechanism of action
of disulfiram and its metabolites

important fact that is much less appreciated and completely
overlooked in cancer-related studies, thereby fuelling the
misleading claims that DSF directly inhibits cellular ALDH.
In sharp contrast, here we show that neither DSF nor CuET
{which forms spontancously both in vivo and in cell culture
due to available copper ions) inhibits ALDH, contrary to the
appropriate DSF’s metabolite Me-DTC-SO that does inhibit
ALDH. Importantly, the results of the cytotoxicity assays
showed that the genuine ALDH inhibitors DEAB and Me-
DTC-SO were not toxic to cancer cells at a concentration
range that robustly inhibited the ALDH activity while
treatments with CuET and DSF killed cancer cells effi-
ciently. Furthermore, despite only a minor fraction of cells
in culture (~20% in the HI299 cell line) are positive for
ALDH activity, all cells respond well to CuET or DSF
treatment. Furthermore, we have proven here that the
cytotoxicity of DSF for human cancer cells requires
the availability of copper and spontaneous formation of the
CuET complex. The frequently observed potentiation of
DSF activity by copper has been often attributed to ALDH
inhibition, an unproven conclusion that lacks any rational
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basis.  Yet remained
overlooked.

While some potential contribution of ALDH inhibition to
the in vive anti-cancer activity of DSF by the relevant
metabolites cannot be entirely excluded, it should be
emphasized that also under in vivo conditions, DSF's
toxicity for cancer cells is potentiated by copper supple-
mentation [12, 33] that leads to increased formation of
CuET [33] at the expense of lower formation of the ALDH-
inhibitory metabolites. Moreover, the ALDH hypothesis is
also based only on results obtained in cell culture experi-
ments, and it has so far not been proven under in vivo
conditions, in tumour tissues. Importantly, in the Asian
population a large number of people (approximately 540
million) carry a mutation in the ALDH2 gene producing a
defective enzyme [39] that causes alcohol-related symptoms
largely resembling the therapeutic exposure to DSF. Yet,
these people still suffer from common cancers with a similar
frequency as the matched normal population [40]. In addi-
tion, normal stem cells physiologically express ALDH
activity, but patients treated with DSF to prevent use of
alcohol are medicated for many years with no evidence of
stem cell exhaustion demonstrated by myelodysplasia or
bone marrow failure [41]. As studies that employ DSF have
become a key part of cancer research aiming to target
ALDH in CSCs, our present results provide a fresh insight
into this field that should motivate further thorough exam-
ination of the role played by ALDH in cancer cells. From
the clinical perspective, inhibition of liver ALDH in cancer
patients treated by DSF represents serious limitation for its
widespread use. DSF must be excluded in all patients whose
overall treatment requires administration of some alcohol-
based substances. Those include patients receiving therapy
with drugs where alcohol is used as an excipient (such as
commonly used anti-cancer drugs gemcitabine or pacli-
taxel) or disinfectants (e.g., before surgery). Moreover,
moderate alcohol consumption might be regarded by some
patients as an important aspect of life quality, incompatible
with a concomitant DSF treatment. Sensitive patients even
do not tolerate aleohol-containing cosmetics or mouthwash
under DSF therapy, again interfering with quality of live.
Our results suggest that this limitation of DSF could be
possibly overcome by direct application of CuET. However,
on its own the CuET complex is highly lipophilic, water
insoluble and thus unsuitable for clinical applications. In
our previous work, we have overcome this limitation and
developed an albumin-based formulation of CuET, which is
prepared by single in situ reaction yielding CuET-albumin
composition in an aqueous solution suitable for in vivo
applications and demonstrating promising anti-tumour
effects [33]. Consequently. other groups also reported for-
mulations of CuET based on a similar principle and using

such  major discrepancy has

other pharmaceutically acceptable excipients [42, 43].
These results indicate, that direct application of CuET is in
principle feasible and represents a potential strategy to tar-
get cancer. At the same time, our present study should
inspire further research into the proposed ability of DSF to
target CSCs, in light of our findings that the anti-cancer
effect of DSF is mediated by CuET and involves NPL4 as
the relevant target. Similarly, the observed hypersensitivity
of BRCA1/2- deficient cancer cell models to CuET via
NPL4 protein aggregation opens new avenues for further
exploration in clinical scenarios associated with some DNA
repair deficiencies.

Materials and methods
Cell lines

Human non-small cell lung carcinoma H1299 cells expressing
a doxycycline (DOX)-inducible BRCAl and BRCA2
shRNAs, U-2-0S cells expressing NPL4-GFP [33], human
lung adenocarcinoma cells A549 (ATCC) and human chronic
myelogenous leukemia K562 cells (ATCC) were cultured and
maintained in DMEM medium (Lonza), supplemented with
10% fetal bovine serum (Thermo Fisher Scientific) and 1%
penicillin/streptomycin (Sigma-Aldrich). HI299 expressing a
DOX-inducible BRCAl and BRCA2 shRNA were kindly
provided [20]. For efficient BRCAI and BRCA2 knockdown
cells were cultivated in the presence of 2 pg/ml DOX for at
least 3 days. Cell lines were tested for mycoplasma con-
tamination and authenticated by CTR method.

Cell viability assays

HI1299 and AS5S49 cells were plated at a density
80,000-100,000 cells per well in six-well plates and in case
of Olaparib treatment 20000 per well in 12-well plate. Next
day cells were treated with compounds at indicated con-
centrations and left in culture for 5-7 days before analysing.
On the day of analysing, growth medium was removed,
cells were fixed in ice cold 70% ethanol and stained with
1% crystal violet in 96% ethanol and total growth area was
calculated. Results are shown as mean values and standard
deviations from at least three independent experiments.

K562 cell viability was analysed by XTT assay. Cells
were plated at a density of 5000 per well in a 96-well plate.
The next day, cells were treated as indicated. After 5 days,
an XTT assay was performed according to the manu-
facturer’s instructions (Applichem). XTT solution was
added to the medium and incubated for 30-60 min, and then
the dye intensity was measured at the 475 nm wavelength
using a spectrometer (TECAN, Infinite M200PRO).
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Immunoblotting

Equal amounts of cell lysates were separated by SDS-PAGE
on NuPAGE™ 3-8% Tris-Acetate protein gels (Thermo
Fisher Scientific) or hand-casted gels and then transferred
onto nitrocellulose membrane. The membrane was blocked
in Tris-buffered saline containing 5% milk in and 0.1%
Tween 20 for | h at room temperature, and then incubated
1 h at room temperature with primary antibodies, followed
by detection with secondary antibodies: Secondary anti-
bodies were visualized by ELC detection reagent (Thermo
Fisher Scientific).

Immunofluorescence

Cells were seeded on plastic inserts in 12-well dishes. Next
day cells were treated with compounds at indicated con-
centrations and subsequently pre-extracted (0.1% Triton X
100 in PBS, for 2 min) and fixed with —20 "C methanol for
15 min at room temperature, washed with PBS and per-
meabilized with 0.5% Triton X-100 in PBS for 5 min. After
PBS washes, the cells on the plastic inserts were then
immunostained with primary antibody for 120 min at room
temperature, followed by a PBS washes and staining with
fluorescently-conjugated secondary antibody for 60 min at
room temperature. NPL4-GFP expressing cells were pre-
extracted (0.2% Triton X 100 in PBS, for 2 min) and fixed
with 4% formaldehyde for 15 min at room temperature,
washed with PBS. Nuclei were visualized by DAPI staining
at room temperature for 2 min. Dried plastic inserts with
cells were mounted using Vectashield mounting medium
(Vector Laboratories) and images were acquired using Zeiss
Axioimager Z.1 platform.

Image quantification

Images were acquired using the Olympus [X81 fluorescence
microscope and ScanR Acquisition software. The scans
were quantified in automated image and data analysis
software ScanR Analysis. The data were further analysed in
the STATISTICA 13 software tool.

ALDEFLUOR assay

ALDH activity in cells were analysed by ALDEFLUOR
assay (Stemcell) preformed according to manufacturer
protocol. Briefly, cells were incubated with ALDH reagent
in supplied buffer for 45 min at 37 °C. After that, cells were
centrifuged, resuspended in fresh assay buffer and kept on
ice until measured by low cytometry using BD FACSVerse
(BD Biosciences), at least 10.000 events were acquired per
sample. Collected data were processed by BD FACSSuite
(BD Biosciences).
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Measurement of CuET formation in vitro

To measure the formation of diethyldithiocarbamate-copper
complex (CuET) in vitro, a complete cell culture medium
(DMEM, 10% FBS) was incubated with 1 pM DSF or | uyM
DSF plus | pM copper (ii) chloride, or DSF with BCDS
(20 uM). After 3 h of incubation in 37 °C, the samples were
vortexed and mixed with acetone in a ratio 1:4. The mixture
wias centrifuged 18 000 x g for 2 min at 4 °C and immedi-
ately spinned for 30 min using small table centrifuge (Bio-
San FVL-2400N) placed inside —80 °C freezer. Supernatant
was quickly transferred into glass HPLC vial and kept at
—~80°C not longer than 6 h. The CuET complex was ana-
lysed by HPLC-MS method described previously (Skrott
et al. 2017), The quantification of CuET complex was cal-
culated according to the calibration curve.

Cell fractionation for Triton X insoluble pellets

Cells were treated as indicated, washed in cold PBS and
lysed in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 2mM MgCI2, 10% glycerol, 0.5% Triton-X100,
protease inhibitor cocktail by Roche) for 2 min gently agi-
tating at 4 °C. Then, cells were scraped to eppendorf tubes
and kept for another 10 min on ice with vortex steps. After
that, the lysate was centrifuged at 20,000 x ¢ for 10 min at
4 °C. Insoluble fraction and supernatant were resuspended
in LSB buffer.

Antibodies and chemicals

The following antibodies were used for immunoblotting:
mouse monoclonal antibody against BRCAL antibody
(Santa Cruz, D-9, sc-6954). rabbit polyclonal antibody
against BRCA2 (Bethyl, A300-005 A) antibody and mouse
monoclonal antibody against p-actin (Santa Cruz, C4, sc-
47778), lamin B (Santa Cruz, sc-6217), a-Tubulin (Santa
Cruz, B-7, sc-3286), anti-ubiquitin lys48-specific (Merck
Millipore, clone Apu2, 05-1307). For immunofluorescence
were used following antibodies: mouse monoclonal anti-
body against NPL4 (Santa Cruz, D-1, sc-365796), Alex-
aFuor 488 goat anti-mouse (Invitrogen, A-11001).
Chemicals used in this study were as follows: CuET (bis-
dietnyldithiocarbamate-copper complex, TCI chemicals),
disulfiram (Sigma), copper chloride (Sigma), bortezomib
(Velcade, Janssen-Cilag International N.V.), DEAB
(Sigma), bathocuproinedisulfonic acid (Sigma), S-methyl-
N, N-diethylthiocarbamate-sulfoxide (Santa Cruz).
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Abstract: Research on repurposing the old alcohol-aversion drug disulfiram (DSF) for cancer treatment
has identified inhibition of NPL4, an adaptor of the p9?NCP segregase essential for turnover of
proteins involved in multiple pathways, as an unsuspected cancer cell vulnerability. While we reported
that NPL4 is targeted by the anticancer metabolite of DSF, the bis-diethyldithiocarbamate-copper
complex (CuET), the exact, apparently multifaceted mechanism(s) through which the CuET-induced
aggregation of NPL4 kills cancer cells remains to be fully elucidated. Given the pronounced sensitivity
to CuET in tumor cell lines lacking the genome integrity caretaker proteins BRCA1 and BRCA2,
here we investigated the impact of NPL4 targeting by CuET on DNA replication dynamics and DNA
damage response pathways in human cancer cell models. Our results show that CuET treatment
interferes with DNA replication, slows down replication fork progression and causes accumulation
of single-stranded DNA (ssDNA). Such a replication stress (RS) scenario is associated with DNA
damage, preferentially in the S phase, and activates the homologous recombination (HR) DNA repair
pathway, At the same time, we find that cellular responses to the CuET-triggered RS are seriously
impaired due to concomitant malfunction of the ATRIP-ATR-CHK1 signaling pathway that reflects an
unorthodox checkpoint silencing mode through ATR (Ataxia telangiectasia and Rad3 related) kinase
sequestration within the CuET-evoked NPL4 protein aggregates.

Keywords: targeted cancer therapy; disulfiram; NPL4; replication stress; DNA damage; BRCAI1;
BRCA2; ATR pathway

1. Introduction

Recent advances in understanding of the altered wiring of cancer cell regulatory pathways,
and hence vulnerabilities and dependencies of tumor cells have led to discoveries of new molecular
targets potentially exploitable in cancer therapy. As the development of a new drug is time-consuming,
very expensive, and prone to frequent failure, drug repurposing as a possible alternative approach
to cancer treatment is currently undergoing serious consideration [1]. One of the candidate drugs
for repurposing in oncology is disulfiram (tetraethylthiuram disulfide, DSF, commercially known as
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Antabuse), a cheap and well-tolerated generic drug that has been used for decades to treat alcohol
dependency. DSF has shown anticancer activity in preclinical models, and multiple clinical trials to
treat various types of human malignancies by DSF are currently underway [2]. We have recently
published that DSF is metabolized in vivo into the bis-diethyldithiocarbamate-copper complex (CuET),
in a process that requires copper ions, and demaonstrated that CuET represents the ultimate anticancer
metabolite of DSF in-vivo [3]. Furthermore, our nationwide epidemiological study in Denmark yielded
results consistent with the emerging anticancer effects of DSE, documenting a lower risk of death from
cancer in those cancer patients who were treated by DSF after their cancer diagnosis [3]. Mechanistically,
we reported that CuET causes aggregation and thereby immobilization and dysfunction of NPL4,
an essential cofactor of the pY7/VCP segregase. This otherwise highly mobile protein complex is
involved in the regulation of protein turnover upstream of the proteasome, with important roles in a
wide range of cellular processes including fundamental pro-survival stress-tolerance pathways [3].

In a follow-up study devoted to target validation and further mechanistic insights into CuET
effects [4], we explored the reported exceptional sensitivity to DSF of human cancer cell lines defective
in BRCA1 or BRCA2 tumor suppressors, key components of the genome integrity maintenance
machinery [4,5]. We found that CuET spontaneously forms from DSF and available copper ions
also in cell culture media, and our experiments confirmed NPL4 as the molecular target while
excluding the proposed inhibition of aldehyde dehydrogenase (ALDH) [5] and accumulation of toxic
acetaldehydes causing DNA-protein and DNA interstrand cross-links [6], as the potential mechanistic
explanation for the reported sensitivity of BRCA-defective tumors [4]. In addition to ALDH, we
also excluded the proteasome, another previously suggested candidate target of DSF's anticancer
effects, as a valid target. Indeed, we showed that the observed ‘proteasome-inhibition-like features’
triggered by DSF/CuET turned out to be fully attributable to the disabled NPL#4 acting upstream of the
proteasome [3]. Collectively, these mechanistic studies identified and validated NPL4 as the genuine,
and possibly the only or dominant direct molecular target of DSF/CuET responsible for the widely
appreciated tumor-inhibitory effects of DSF [3,4]. Indeed, the available evidence in the field now points
to CuET-induced aggregation of NPL4 as the key anticancer mechanism of DSF under both in vitro
and in vivo conditions, and a promising cancer vulnerability.

Relevant to the present study and the sensitivity of the BRCA-defective cancers to DSF/CuET,
we and others previously discovered enhanced replication stress and endogenous DNA damage
as a candidate hallmark of cancer [7-10], thereby pioneering the concept of the ATM-Chk2- and
ATR-Chkl-mediated DNA damage response (DDR) checkpoints as important cell-intrinsic barriers
against oncogene activation and tumor progression [10-12]. Currently, replication stress is recognized
to play a prominent role in driving genomic instability and tumorigenesis, while further drug-mediated
enhancement of replication stress or inhibition of replication stress-tolerance pathways such as
ATR-Chk]1 signaling may provide additional targetable vulnerabilities of cancer [13,14]. The main
mechanistic consequence of replication stress is the accumulation of ssDNA and stalling of replication
forks [15]. The ssDNA stretches become rapidly coated with replication protein A (RPA), thereby
facilitating activation of the ATR-Chk]1 signaling module and subsequent phosphorylation of hundreds
of cellular proteins as substrates of ATR and Chk1 kinases [15,16]. These phosphorylation cascades also
involve BRCA1 and BRCA2 and help to stabilize the stalled forks, thereby preventing fork collapse,
while in parallel limiting the cellular entry into mitosis by activation of the S-M checkpoint [17]. Under
inhibition or genetic deficiency of ATR, stalled replication forks tend to collapse, leading to a generation
of DNA double-strand breaks (D5Bs), which, if unrepaired or misrepaired, can cause chromosomal
instability, severe pathologies or cell death [14,18].

With the above-mentioned knowledge as the starting point, here we examined potential
mechanistic links between cancer-associated replication stress, DNA damage checkpoint signaling and
the functional impact of DSF/CuET treatment on DNA replication and genome integrity maintenance,
searching for possible explanations of the overall sensitivity of tumor cells, and the observed preferential
sensitivity of cancer cells lacking BRCA1 and BRCA2, to treatment with DSF/CuET,
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2. Materials and Methods

2.1. Cell Culture

Human non-small cell lung carcinoma H1299 cells expressing a doxycycline (DOX)-inducible
BRCA1 and BRCA2 shRNAs, U208, MDA-MB-231, MDA-MB-436, U208 cells expressing NPL4-GFP,
U208 expressing DOX-inducible MUT-NPL4-GFP [3] and UZ20S cells expressing ATR-GFP [19] were
cultured and maintained in DMEM (Dulbecco’s Modified Eagle Medium, Lonza, Basel, Switzerland),
supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) and
1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA). CAPAN-1 cells were grown in
DMEM medium, supplemented with 20% fetal bovine serum and 1% penicillin/streptomycin. H1299
expressing a DOX-inducible BRCA1 and BRCA2 shRNA were kindly provided [5]. For efficient BRCA1
and BRCA2 knockdown cells were cultivated in the presence of 2 pg/mL DOX for at least three days.

2.2, Immunoblotting

Equal amounts of cell lysates were separated by SD5-FPAGE on hand casted gels and then
transferred onto the nitrocellulose membrane. The membrane was blocked in Tris-buffered saline
containing 5% milk and 0.1% Tween 20 for 1 h at room temperature and then incubated 1 h at room
temperature with primary antibodies, followed by detection with secondary antibodies. Secondary
antibodies were visualized by ELC detection reagent (Thermo Fisher Scientific, Waltham, MA, USA).

2.3, Immunoftuorescence

Cells were seeded on plastic inserts in 12-well dishes. The next day, cells were treated with
compounds at indicated concentrations and subsequently either pre-extracted (0.1% Triton X 100 in
Phosphate-Buffered Saline(PBS) for 2 min or fixed with formaldehyde for 15 min at room temperature,
washed with PBS and permeabilized with 0.5% Triton X-100 in PBS for 5 min. After PBS washes,
the cells on the plastic inserts were immunostained with primary antibody for 1 h at room temperature,
followed by PBS washes and staining with fluorescently-conjugated secondary antibody for 60 min at
room temperature. Nuclei were visualized by 4’ 6-diamidino-2-phenylindole (DAPI, 1 pg/mL) staining
at room temperature for 2 min. For NPL4 staining, the cells were pre-extracted (0.1% Triton X 100 in
I’BS, for 2 min) and fixed with —20 °C methanol for 15 min at room temperature, washed with PBS and
permeabilized with 0.5% Triton X-100 in PBS for 5 min. After PBS washes, the cells on the plastic inserts
were immunostained with primary antibody for 120 min at room temperature, followed by BS washes
and staining with fluorescently-conjugated secondary antibody for 60 min at room temperature. Dried
plastic inserts with cells were mounted using Vectashield mounting medium (Vector Laboratories,
Burlingame, CA, USA), and images were acquired using the Zeiss Axioimager Z.1 platform.

2.4, Ethynyldeoxyuridine (EdU) and Bromodeoxyuridine (BrdU) Incorporation and Detection

To detect active DNA replication, cells were incubated with 10 pM EdU (Life Technologies,
Carlsbad, CA, USA) for 30 min, fixed, permeabilized and stained using Click-iT reaction (100 mM Tris
pH 8.5, 1 mM copper sulfate, 100 uM ascorbic acid, 1 uM azide Alexa fluor 488 (Life Technologies,
Carlsbad, CA, USA) for 30 min at room temperature. To detect ssDNA, cells were incubated with
10 uM BrdU (Sigma) for 24 h, then BrdU was washed out, and cells were incubated with the tested
compounds as indicated. After pre-extraction and fixation in buffered formol, the incorporated BrdU
was detected by an anti-BrdU antibody (BD Biosciences, San Jose, CA, USA) without denaturation.

2.5. Image Quantification

Images were acquired using the Olympus IX81 fluorescence microscope and ScanR Acquisition
software. The scans were quantified in automated image and data analysis software ScanR Analysis.
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The data was further analyzed in the STATISTICA 13 software tool (Dell Software, Round Rock,
TX, USA).

2.6. DNA Combing

H1299 cells were treated with 125 nM CuET for 5 h and subsequently pulsed with 5-lodo-
2'-deoxyuridine (IdU, 20 uM) for 30 min, washed and pulsed with 5-Chloro-2"-deoxyuridine (CIdU,
200 uM) for additional 30 min. DNA replication was stopped by ice-cold PBS. Cells were collected
and embedded in 0,5% insert agarose plugs. The plugs were incubated for 32 h in buffer containing
proteinase K at 50 “C. Plugs were then washed with TE buffer and melted at 68 “C. The obtained
solution was further digested overnight with Agarase [ at 42 °C. The next day, the concentration of
DNA was measured on nanodrop and combed on silanized cover glasses (Matsunami, Japan) with a
speed of 0,3 mm/s. The cover glasses with combed DNA were baked at 60 °C, dehydrated with 70%,
90%, and 100% ethanol series for 3 min each. DNA was denatured at 75 °C in 2xSSC, 50% formamide
for 2 min. Next, the cover glasses were dehydrated with a 70%, 90% and 100% ice-cold ethanol series
for 5 min each, air dried, blocked using 1% BSA in PBS-Tween for 1 h at 37 °C and subsequently
incubated with primary antibodies, mouse anti-BrdU for IdU detection (1:5) and rat anti-BrdU for CldU
detection (1:25) for 1 h at 37 °C. After several washes with PBS-Tween, cover glasses were incubated
with secondary antibodies goat anti-mouse A488 (1:100) and goat anti-rat A549 (1:100) for 30 min at
37 °C. After several washes with PBS-Tween, cover glasses were air-dried, mounted, and images of

DNA fibers were acquired using the Zeiss Axioimager Z.1 platform.

2.7. Estimation of DNA Replication Origin Density

After the treatment by tested compounds, cells were pulsed with EdU (10 uM) for 20 min, then
harvested and resuspended in cold PBS (1 million of cells per 1 mL). 2 uL of cell suspension was applied
on glass slides (Superfrost Plus, Thermo Fisher) and allowed to partially evaporate for 5 min, then
mixed with a lysis buffer (50 mM EDTA and 0.5% SDS in 200 mM Tris-HCI, pH 7.5) and incubated for
2 min, Slides were tilted to 15° to allow the spreading of fibers. After drying, the samples were fixed in
methanol/acetic acid solution for 15 min and thoroughly washed. EdU was detected by click reaction
using Alexafluor 488 azide. The signal was further enhanced by anti-Alexa fluor 488 antibody (A-11094,
Thermo Fisher) and secondary antibody. DNA was visualized by YOYO-1 (Molecular Probes) staining
(1 uM for 200 min). Fiber images were acquired using the Zeiss Axioimager Z.1 platform, and the
number of DNA replication origins was calculated on single well-stretched DNA fibers. A conversion
factor of 2.59 kb/pm was used in calculations [20].

2.8, Cell Fractionation for Triton X Insoluble Pellets

Cells were treated as indicated, washed in cold PBS and lysed in lysis buffer (50 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 2 mM MgCl2, 10% glycerol, 0.5% Triton-X100, protease inhibitor cocktail by
Roche) for 2 min, under gentle agitation at 4 °C. Then, cells were scraped to Eppendorf tubes and
kept for another 10 min on ice with vortex steps. Next, the lysate was centrifuged at 20,000x g for
10 min at 4 °C. Insoluble fraction and supernatant were re-suspended in Laemmli Sample Buffer (1X
final concentration; 10% glycerol, 60 mM Tris-HCl, pH 6.8, 2% SDS, 0.01% bromophenol blue, 50 mM
dithiothreitol).

2.9. Laser Micro-Irradiation

U205 cells stably expressing GFP-ATR were seeded into 24-well plates with a glass-bottom
(Cellvis) 24 h before laser micro-irradiation in a density of 6 x 105 cells/mL. After seeding the cells into
the 24 well plates, the specimen was first placed on an equilibrated bench for 20 min at room temperature
(RT) to ensure equal cell distribution and then placed into an incubator. CuET was added to cells 5 h
before micro-irradiation in final concentrations of 250 nM and 500 nM. Twenty minutes before laser
micro-irradiation, cells were pre-sensitized towards UV-A wavelength by 20 uM 8-Methoxypsoralen
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(8-MOFP) and placed inside Zeiss Axioimager Z.1 inverted microscope combined with the LSM 780
confocal module. Laser micro-irradiation was performed at 37 °C via X 40 water immersion objective
(Zeiss C-Apo 403/1.2WDICILI), using a 355 nm 65 mW laser set on 100% power to induce the DNA
damage. The total laser dose that can be further manipulated by the number of irradiation cycles was
empirically set to two irradiation cycles. Subsequent immunofluorescence detection and quantitative
analysis of the striation pattern in photo-manipulated samples were essentially performed as described
previously [21].

2.10. Antibodies and Chemicals

The following antibodies were used for immunoblotting: BRCAI1 antibody (Santa Cruz
Biotechnology, Dallas, TX, USA, D-9), rabbit polyclonal antibody against BRCAZ (Bethyl, Montgomery,
TX, USA, A300-005A) antibody and mouse monoclonal antibody against fi-actin (Santa Cruz
Biotechnology, C4), lamin B (Santa Cruz Biotechnology, sc-6217), a-Tubulin (Santa Cruz Biotechnology,
5¢-5286), anti-ubiquitin lysd8-specific (Merck Millipore, Burlington, MA, USA, clone Apu2) Chkl
(Santa Cruz, Biotechnology, sc-84(04), phospho-Chk1 5317 (Cell Signalling, Danvers, MA, USA, 2344),
phospho-Chkl 5345 (Cell Signalling, 2348), RPA {Abcam, abl16855, Cambridge, UK), phospho-RPA
533 (Bethyl, A300-246A), ATR (Santa Cruz Biotechnology, N-19). For immunofluorescence were used
the following antibodies: YH2AX (Merck Millipore, 05-636), cyclin A (Santa Cruz Biotechnology, H-3,
Santa Cruz Biotechnology, sc-239), RPA (Abcam, ab16855), Rad51 (Abcam, ab63801), NPL4 (Santa Cruz
Biotechnology, D-1), p97 (Abcam, ab11433), ATR (Santa Cruz Biotechnology, N-19). For DNA combing
assay following antibodies were used: anti-BrdU (BD Biosciences, Franklin Lakes, NJ, USA, BD 347580)
and rat anti-BrdU (Abcam ab6323).

Chemicals used in this study were as follows: CuET (bis-diethyldithiocarbamate-copper complex,
TClIchemicals), disulfiram (Sigma, St. Louis, MO, USA), bortezomib (Velcade, Janssen-Cilag International
N.V.), bathocuproinedisulfonic acid (Sigma, St. Louis, MO, USA), CB-5083 (Selleckchem, Houston, TX,
USA), hydroxyurea (Sigma, St. Louis, MO, USA), AZD6738 (AstraZeneca, London, UK).

2.11. Field Inversion Gel Electrophoresis (FIGE)

Treated cells, as indicated in the main text, were trypsinized and melted into 1.0% InCert-Agarose
inserts. Subsequently, agarose inserts were digested in a mixture of 10 mM Tris-HCl pH 7.5, 50 mM
EDTA, 1% N-laurylsarcosyl, and proteinase K (2 mg/mL) at 50 °C for 24 hr and washed five times
in Tris-EDTA (TE buffer, 10 mM Tris-HCl pH 8.0, 100 mM EDTA). The inserts were loaded onto a
separation gel 1.0% agarose mixed with GelRed™ solution (10,000x). Run conditions for the DNA
fragments separation were: 110 V, 7.5 V/em, 16 h, forward pulse 11 s, reverse pulse 5 s in 1X Tris-acetic
acid-EDTA (TAE buiffer 40 mM Tris, 20 mM acetic acid, 1 mM EDTA).

2.12. Alkaline Comet Assay

The alkaline comet assay was performed essentially as described in [22]. Briefly, CAPAN-1 and
MDA-MB-436 cells were treated with 250 nM CuET or 2 mM hydroxyurea (HU) for 5 h, collected and
resuspended in PBS (7500 cells/uL). Cells (75000) were then mixed with 37 “C low melting point agarose
(Lonza, Basel, Switzerland), spotted on the normal melting point agarose (Invitrogen, Waltham, MA,
USA) pre-coated slides and left to sit for 10 min at 4 °C. Slides were then immersed in the cold alkaline
lysis buffer for 2 h at 4 °C. Slides were washed three times with the cold alkaline electrophoresis
buffer and electrophoresis was performed (25 min, 4 °C, (L6 V/cm). Slides were then washed with
cold PBS and ddH;0, dehydrated in cold graded ethanol, air-dried and stored at room temperature.
For staining, slides were rehydrated with ddH;O, stained with Sybr Gold (1:4000 in TE buffer; Thermo
Fisher Scientific, Waltham, MA, USA), washed with PBS and mounted with Mowiol (Sigma-Aldrich,
St. Louis, MO, USA). Images were acquired using a fluorescent microscope (Carl Zeiss, Oberkochen,
Germany), a 20x air immersion objective (Carl Zeiss, Oberkochen, Germany) and Comet Assay IV
software (Perceptive Instruments, Haverhill, UK). Presented results are from the technical duplicate.
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Alkaline lysis buffer; 1.2 M NaCl, 100 mM NaEDTA, 0.1% sodium lauryl sarcosinate, 0.26 M NaOH
(pH > 13, 4 °C, prepared fresh); alkaline electrophoresis buffer: 0.03 M NaOH, 2 mM Na,EDTA
(pH 123, 4°C).

3. Results

3.1. CuET Causes DNA Damage Preferentially Detectable in 5/G2-Phase Cells

To initiate our current study, we first wished to assess the impact of CuET on DNA damage in
cultured human cancer cells, including isogenic cell pairs with experimentally altered components of
the DDR machinery. To this end, we employed the established H1299 lung cancer model allowing
for DOX-inducible shRNA-mediated depletion of BRCA1 or BRCAZ2 [4,5]. Indeed, treatment of these
cell lines with CuET resulted in an increased formation of yH2AX foci as well as enhanced overall
YH2AX signal intensity, established surrogate markers for chromatin response to DSBs and overall
DNA damage signaling by the upstream DDR kinases, respectively (Figure 1A B; Supplementary
Figure 51A,B). Notably, the CuET-evoked increase of yH2AX was more pronounced in the BRCA1-
and BRCA2-depleted cells compared with their BRCA-proficient counterpart H1299 cells (unexposed
to DOX) (Figure 1A,B; Supplementary Figure S1B). To clarify whether such DNA damage could also
be caused by DSF itself, we treated the BRCA2-depleted H1299 cells with DSF in cell culture settings
where the cells were first pre-treated by the copper chelator bathocuproinedisulfonic acid (BCDS),
a manipulation that we previously reported prevents the otherwise spontaneous and rapid formation
of CuET from DSF and copper in cell culture media [4]. As expected, when used alone, DSF caused
a similar increase in DNA damage formation as CuET, however when DSF was combined with the
copper chelator BCDS pre-treatment step, the yH2AX-inducing effect of DSF was completely abrogated
(Figure 1E). These results showed that the DN A damage observed after the treatment with DSF depends
on the copper-dependent spontaneous formation of CuET in the culture media, thereby establishing
that analogous to the anticancer effects, the active DNA damage-inducing compound is the CuET
metabolite, rather than DSF itself.

Next, we pursued our observation that the increase of yH2AX was apparent only in a subset of
cells in a given exponentially growing cell population, suggesting that the DNA damage could be cell
cycle-dependent. To examine this possibility, we again treated the above mentioned H1299 cells with
CuET, yet in the subsequent immumofluorescence analysis, we double stained the cells for yH2AX and
cyclin A, an approach commonly used to distinguish cells in G1 phase (cyclin A negative) from those in
5/G2 phases (cyclin A positive). Notably, the CuET-induced yH2AX was preferentially seen in cyclin A
positive cells, and this cell-cycle effect was even more pronounced in the BRCA1- and BRCA2-depleted
cells (Figure 1C,D, Supplementary Figure 51C). The preference of elevated yH2AX intensity in cyclin A
positive cells was also confirmed in additional human cancer cell lines (Supplementary Figure S1D,E),
thereby excluding a possibility that such genotoxic effects of CuET could be restricted to the H1299
cell model.
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Figure 1. Disulfiram’s metabolite bis-diethvidithiocarbamate-copper complex (CuET) causes DNA damage
preferentially in S/G2 cells deficient for BRCA1 or BRCA2 proteins. H1299 cells expressing (doxycycline-)
DOX-inducible shBRCA1 (A) or shBRCAZ (B) were cultivated for at least three days in DOX-containing
media and then treated with CuET (250 nM) for 5 h, and yH2AX intensity was analyzed by quantitative
microscopy. (C) H1229 shBRCA1 cells or (D) H12% shBRCA2 cells were treated as in (A) a yH2AX
intensity was quantified with respect to cyclin A positivity defining 5G2 phase. (E) H1229 shBRCAZ2 cells
pre-incubated with DOX were treated with disulfram (DSF) (500 nM), bathocuproinedisulfonic acid (BCDS)
(50 M), or their combination for 5 h and yH2AX intensity was quantified. Box plot represents 25-75

quartiles, median, and whiskers nen-outlier range. Scale bars = 10 um.
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Overall, we conclude from these results that the DNA damage-inducing effects of DSF are
attributable to its CuET metabolite, include both elevated yH2AX foci formation and overall yHZAX
signal intensity, and occur preferentially in cells traversing S/G2 phases.

3.2. CuET Treatment Decreases DNA Replication Fork Velocity and Increases the Number of Active
Replication Origins

Since the CuET-induced DNA damage was more apparent in S/G2 cells, we argued that CuET
might preferentially interfere with DNA replication. To examine this possibility, we pre-treated H1299
cells with CuET, followed by a pulse-treatment with the thymine analog EAU that becomes incorporated
into newly synthesized DNA, allowing visualization of the rate of ongoing DNA replication using
fluorescence readouts. Using this approach, we could indeed confirm severe impairment of DNA
replication in CuET treated cells, manifested as a decreased EdU signal in H1299 cells (Figure 2A)
and also other cell lines, such as human breast cancer MDA-MB-231 and osteosarcoma U205 cells
(Supplementary Figure S2A,B). DNA replication can be halted by the presence of DNA damage [23] and
vice versa; replication interference can be the source of DNA damage [13,14]. To address what is the
cause and consequence in this scenario, we performed a kinetic study showing that the decrease of EAU
incorporation is an early event, preceding the yH2AX foci formation (Figure 2B). This result indicated
that the observed DNA damage most likely results from the CuET-induced impairment of DNA
replication. To gain more detailed insights into the observed replication interference phenomenon,
we employed DNA combing as an assay enabling us to directly assess the effect of CuET on DNA
replication fork velocity. H1299 cells were first pre-treated with a rather low concentration of CuET
and then pulsed with IdU and CldU thymine analogs to detect actively replicating DNA, the length
of which can be evaluated by fluorescence microscopy-based measurements [24]. Our analysis of
the obtained DNA fibers revealed a robust reduction of DNA replication fork velocity after CuET
treatment (Figure 2C). Since such decreased DNA replication fork speed is known to trigger firing of
dormant replication origins, we next tested the density of active origins using an established DNA
fiber assay [22,25]. We quantified the number of origins per 1 Mb of DNA. Indeed, CuET treatment
increased the number of active origins compared to untreated cells, similarly to treatment with the
ATR kinase inhibitor AZD6738 (Figure 2D), a known activator of latent replication origin firing used
here as a positive control [26].

We interpret these results as documenting a previously unsuspected negative impact of CuET
on DNA replication, slowing down the fork velocity and concurrently leading to the firing of more
dormant origins.

3.3. CuET-Induced Replication Stress Leads to DNA Damage that Triggers Homologous Recombination
Repair Pathtoay

As replication stress is associated with accumulation of ssDNA stretches detectable by RPA32
protein foci or by staining for DNA-incorporated BrdU under non-denaturating conditions [18,27,28],
wenext assessed these parameters in human cells treated with CuET. Consistent with the CuET-impaired
replication forks (see above), we found enhanced RPA32 foci in several cancer cell lines treated
with CuET (Figure 3A,B) and also detected incorporated BrdU under non-denaturing conditions
(Figure 3C,D). These data suggest that in CuET-treated cells, DNA helicase becomes uncoupled from
DNA polymerases, generating stretches of ssDNA in a manner broadly analogous with effects of the
replication stress-inducing drugs such as hydroxyurea or aphidicolin [28]. The RPA-coated ssDNA is
known to recruit and activate the ATRIP-ATR-CHK1 signaling pathway [29] to stabilize the stalled
replication structures, thereby avoiding fork collapse and formation of DSBs [30]. Importantly, these
DNA lesions typically require repair by the homologous recombination (HR) repair pathway that
encompasses, among other factors, also BRCA1 and BRCAZ, the latter being critical for loading of
the Rad51 HR repair protein [31-33]. To test whether Rad51 is involved in the repair process of
lesions caused by the CuET treatment, we stained the cells for Rad51 and searched for the typical

181



Cells 2020, 9, 469 Gof18

DN A-associated Rad51 foci that form within the DSB-flanking chromatin regions under ongoing
DNA repair. Indeed, in multiple tested cell lines, the CuET treatment increased the number of Rad51
foci (Figure 3E,F) except for the BRCA2-depleted cells, which are principally incapable of loading

Rad51 both after CuET treatment and gamma-irradiation (here used as a positive control) (Figure 3G).

The presence of DNA breaks in CuET treated cells was confirmed also by direct physical methods
including Field Inversion Gel Electrophoresis (FIGE, detecting largely DSBs) (Figure 3H, Supplementary
Figure 53D) and comet assay (Supplementary 3A,B,C, detecting a mixture of single-stranded and
double stranded DNA breaks) in BRCA-deficient human cell lines derived from carcinomas of the
breast (MDA-MB-436), lung (the H1299 series) and pancreas (CAPANT1), the latter reported by us
pn-\'iml:-:!l\-' as very sensitive to CuET treatment [3].
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Figure 2. CuET impairs DNA replication. (A) H1299 cells were treated with CuET (250 nM) for 3 h, and
|.‘|]\_\'l‘:\'hiucm_\'urldilu- (EdL) intensity was ml.!i_\'/ud in cells positive for ¢ _\'\'|in A. (B) H1299 cells were
treated with CuET (250 nM) for different time points, and EdU and yH2AX intensities were quantified.
(C) H1299 cells were treated with CuET (125 nM) for 5 h, then pulse-labeled with5-lodo-2"-deoxyuridine
(IdU) and 5-Chloro-2'-deoxyuridine (CldU) and processed for DNA combing. (D) H1299 cells were
treated with CuET (250 nM) or AZD6372 (10 uM) for 3 h and then pulsed with EAU and processed for
DNA fiber assay. Box plot represents 2
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Figure 3. CuET induces replication stress. (A) RPA32 foci detection in pre-extracted U208 cells treated
with CuET (250 nM) or hydroxyurea (HU, 2 mM) for 5 h. (B} Quantification of cells with more than
10 RPA32 foci treated as in (A) (mean, SD from three independent experiments). (C) Formation of
single-stranded DNA (ssDNA) visualized by BrdU detected under non-denaturating conditions in
U208 cells treated by CuET (250 nM) and HU (2 mM) for 5 h. (D) Quantification of bromodeoxyuridine
(BrdU) foci in U20S and H1299 cells treated as in C. (E) Detection of RADS51 foci in pre-extracted H1299
cells treated by CuET (250 nM) for 5 h. (F) Quantification of RADS1 foci in eyelin A positive H1299
and MDA-MB-231 cells treated by CuET (250 nM) for 5 h. (G) Quantification of Rad51 foci in BRCA2
proficient and deficient H1299 cells after 5-h treatment with 250 nM CuET or 4 Gray (Gy) irradiation
(H) FIGE analysis of DSBs in H1299 cells exposed to CuET or HU.Box plot represents 25-75 quartiles,
median, and whiskers non-outlier range. Scale bars = 10 pm.

Collectively, these results are consistent with CuET inducing replication stress-associated DNA
damage that requires HR repair, including Rad51, a process that is defective in the absence of BRCA1
and BRCAZ2. Consequently, such DNA damage cannot be properly processed in cells lacking the BRCA
factors, which explains the higher amount of DNA damage that contributes to the preferential sensitivity
of BRCA-deficient cells to DSF [5] and CuET [4].
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3.4. The ATR Signaling Pathway is Compromised in CuET-Treated Cells

In the context of the results obtained so far, we were intrigued by the fact that CuET treatment
resulted in DNA breaks relatively quickly within 3-4 h. However, stalled or slowed replication
forks should be rather stable for many more hours before turning into DSBs as reported in the U205
cell line after HU treatment [31] (see also Supplementary Figure S3D). As the prominent role in the
stabilization and protection of the stalled forks reflects the function of the RPA-ATRIP-ATR-Chkl
signaling pathway [29,30], we performed immunoblot analysis of extracts from various cell lines treated
with CuET, to assess the status of the ATR signaling. In contrast to HU treatment which was used as a
positive control, the RPA-ATRIP-ATR-Chk1 signaling pathway was not activated in response to CuET,
as manifested by the absence of the ATR-mediated phosphorylations of the effector kinase Chk1: Chkl
5317 and Chk1 5345 (Figure 4A). This result was rather surprising as ssDNA is obviously present in
the CuET treated cells (see Figure 3A-D) and also coated by the upstream factor RPA, thereby setting
the initial stage for ATR activation and phosphorylation of ATR targets including Chkl. To further
investigate whether CuET indeed impairs the RPA-ATRIP-ATR-CHK1 signaling, we treated cells with
CuET in the presence of HU. While treatment with HU alone efficiently induced phosphorylation of
Chk1 5317 and Ckh1 S345, as expected, the combined treatment with CuET and HU revealed the lack
of such Chkl1 phosphorylations again, indicating that CuET exerted a dominant effect in suppressing
the ATR pathway activity (Figure 4B). These unexpected results were then corroborated by the lack of
Serine 33 phosphorylation of yet another ATR substrate, the replication stress marker RPA32, an event
seen in the HU-treated control but not in CuET- or combined CuET- and HU-treated cells (Figure 4C).
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Figure 4. ATR signaling is compromised by CuET. (A) Western blotanalysis of phosphorylated forms
of Chk1 in various cell lines treated by CuET (250 nM) or HU (2 mM) for 5 h. (B) WB analysis of Chk1
phosphorylation in U205 and MDA-MB-231 cells pre-treated by dimethylsulfoxide (DMSO, mock) or
CuET (250 nM) for 2 h and then exposed to HU (2 mM) for additional 3 h. (C} WB detection of RPA32
phosphaorylation in U208 cells treated as in B.
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Together these results suggest that CuET treatment not only causes replication stress by slowing
down and/or stalling replication fork progression but at the same time, it also interferes with the
activation of the RPA-ATRIP-ATR-Chk]1 signaling cascade that is critical for proper cellular responses
to replication stress.

3.5. The ATR Signaling Pathway is Compromised in CuET-Treated Cells

The fact that ATR kinase signaling was suppressed after CuET treatment despite ongoing robust
replication stress that also included the formation of ssDNA inspired us to focus directly on the ATR
protein and its behavior in response to CuET. As a general readout for analysis of ATR abundance,
subcellular localization and function we employed the reporter U205 cells expressing GFP-labeled
ATR (U20S ATR-GFP) that allowed us to directly assess also recruitment of the ATR protein to acutely
inflicted DNA lesions induced by laser microirradiation of psoralen pre-sensitized cell nuclei [19,21].
While in control mock-treated cells, the ATR-GFF protein rapidly formed the expected pattern of
fluorescent stripes matching the laser tracks, such recruitment of ATR was markedly impaired after
CuET exposure (Figure 5A and Supplementary Figure 54). Moreover, we noticed that in CuET-treated
cells without any laser exposure, the otherwise pan-nuclear and genera lly diffuse ATR-GFP fluorescence
signal became altered, forming a pattern that was reminiscent of protein aggregates previously reported
by us for the NPL4 protein after CuET treatment [3] (Figure 5B). Indeed, further immunofluorescence
analysis confirmed co-localization of ATR-GFP with the NPL4/p97 aggregates formed after CuET
treatment (Figure 5C) and general immobilization of the ATR protein was then confirmed by two
additional complementary approaches: quantitative microscopy on cultured and pre-extracted U20S
ATR-GFP cells (Figure 5D}, and immunoblotting identification of protein translocation from the mobile
into the immobile (pre-extraction resistant) protein fraction. Notably, unlike the aggregated immobile
ATR protein, the downstream component of the ATR cascade, namely the effector kinase Chk1 was not
immobilized after CuET treatment (Figure 5E). To distinguish whether or not ATR immobilization was
caused by CuET independently of CuET’s key reported target, the NPL4 protein [3], we employed
our U205 cell model conditionally expressing a mutated form of NPL4-CFF, a protein which tends to
aggregate spontaneously when expressed in cells due to the point mutation in the putative zine-finger
domain involved in the interaction with CuET [3]. We have already shown that such spontaneous
aggregation of the NPL4-MUT protein mimics multiple aspects of CuET treatment including association
and immobilization of various cellular stress-response proteins including HSP70, p97, SUMO, polyUb,
and TDP43 with the NPL4 aggregates [3]. Indeed, using this model, we found the association and
immobilization of ATR-GFP within the spontaneously formed NPL4-MUT aggregates (Figure 5F,H).

In summary, these experiments identified NPL4 aggregation, induced by either CuET in the case of
wild-type NPL4, or mutation-caused conformational change of the NPL4-MUT protein in the absence
of any added CuET, as the primary event and a pre-requisite for the subsequent sequestration of ATR
in such NPL4 aggregates, with the ensuing signaling defect of the ATR-Chk1 signaling pathway.
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Figure 5. CuET induces immobilization of ATR and its localization to NI'L4 aggregates. (A) ATR
microirradiation is impaired after CuET treatment

recruitment to sites of damage caused by lase
(250 nM for 5 h). (B) ATR-GFP forms l_\=}\n‘nl nuclear clusters after CuET treatment (250 nM for 5 h),
(C) Microscopic analysis of co-localization of ATR-GFP with NPL4 and p%7 after CuLT treatment
(250 nM, 3 h) in pre-extracted U205 cells. (D) Quantitative microscopic analysis of pre-extraction
resistant ATR-GFI" protein in U205 cells in control and CuET treated cells (250 nM, 5 h). (E) WB
analysis of immobilized ATR, K48 ubiquitinated proteins, and NPL4 in extracts of CuET-treated
(250 nM, 3 h) U205 cells. (F) WB anal of immobilized ATR, K48 ubiquitinated proteins, and NPL4
in MUT-NPL4-GFP expressing U205 (Doxycycline induction for 18 h). (G) Microscopic analysis of
co-localization of NPL4-GFP with ATR after CuET treatment (250 nM, 3 h) in pre-extracted U208
cells. (H) Microscopic analysis of co-localization of MUT-MPL4-GFP with ATR after 18 h doxycycline
induction in pre-extracted U206 cells. Scale bars = 10 um.

4. Discussion

; the identification of a

The major advance provided by the results from our present study

new mode of cancer cell eytotoxicity evoked by diethyldithiocarbamate-copper complex, CuET [3 4],

the anticancer metabolite of the alcohol aversion drug DSF that is currently tested in clinical trials for
repurposing in oncology. Indeed, after years of convoluted efforts to understand the tumor-inhibitory
effects of DSF, the field has been aided by our discovery of CuET as the ultimate cancer-killing compound

that rapidly forms as DSF becomes metabolized under both in vivo [3], and cell culture [4,34] conditions.

At the mechanistic level, we found that CuET impairs the cellular protein degradation machinery
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upstream of the proteasome, by inducing aggregation and immobilization of NPL4, an essential
cofactor of the p97/VCF segregase complex [3]. This mechanism helps explain the observed preferential
toxicity in cancer cells experiencing high levels of proteotoxic stress, such as multiple myeloma [3].

Inspired by the recent intriguing observation that human cancer cells lacking the BRCA1/2
DNA damage response genes are particularly sensitive to DSF [4,5], here we focused on potential
genotoxic/replication stress as another aberrant cancer-associated trait [7-10] that could be triggered
and/or enhanced by CuET. Indeed, we have found that CuET induces DNA damage preferentially in
S-phase cells consistent with robust impairment of DNA replication, induction of replication stress,
and impairment of ATR signaling, The same effects can be recapitulated with replacing CuET by DSF,
as the culture media contain traces of copper that enable the spontaneous formation of CuET [34].
We validated the latter notion by combined treatment of cells with DSF and the copper chelator BCDS
(Figure 1E}, which efficiently precludes the spontaneous formation of CuET [4] and thereby the cellular
phenotypes otherwise shared by CuET and DSF,

The fundamental question that emerges from our present study, and which we address only
partially here, is the nature of the precise molecular mechanism behind the CuET-induced replication
stress. As CuET impairs the p97/NFPL4 pathway that is directly implicated in several processes linked
to DNA repair and replication [35], it remains to be seen whether the replication interference could be
explained by impacting such processes, including DNA replication, translesion synthesis, DN A-protein
crosslinks repair, or termination of replication [36], possibly in a combination. Moreover, pY7, together
with diverse cofactors, is also directly involved in DSB repair, contributing to the recruitment of the
53BP1 repair factor [37] and also other DDR proteins [38—40]. On the other hand, also indirect effects
of NPL4 aggregation, for example, the triggered heat-shock response, could plausibly contribute
to the phenotypes observed here. In our previous work, we observed that apart from NPL4/p97,
the CuET-induced aggregates contain several proteotoxic stress-related proteins, including HSP70,
SUMOZ2/3, polyubiquitin chains, and TDP-43 [3]. Here, we have surprisingly found that also ATR kinase,
a key factor required for proper cellular response to replication stress, is trapped and sequestered in the
NPLA4 aggregates, thus explaining the dysfunction of ATR signaling in CuET-treated cells. Conceptually,
given that ATR dysfunction is known to trigger replication stress, a feature we see also after CuET
treatment, one could argue that ATR aggregation could represent the primary and/or major cause of
the CuET-induced replication stress. On the other hand, our time-course analysis suggests that DNA
replication becomes impaired very quickly upon CuET addition, as judged from the EdU staining
(Figure 2B), in fact preceding any detectable ATR aggregation. Therefore, we currently believe that the
two processes, replication fork stalling, and ATR aggregation are possibly initiated independent of
each other and act rather in a complementary manner to cause the observed robust replication stress
phenotype. A related emerging question for future work is what brings ATR to the vicinity of the
forming NPL4 aggregates in the first place? This issue is speculative at present, and it remains to be seen
whether some structural features of ATR, possibly shared by additional proteins, such as unstructured
regions or high dependency on chaperones, could be involved. Alternatively, the recruitment to
aggregates might share the mechanism of the reported ATR recruitment into areas of high topological
stress within the nuclear envelope [41]. ATR might be sequestrated by the aggregates also through
direct interaction with NPL4 or due to the global proteotoxic stress-related changes in the cell. The latter
scenario would partially resemble the so-called f-sheets-containing protein aggregates that sequester
and mislocalize several proteins involved in RNA metabolism and nucleocytoplasmic transport [42].
Alternatively, liquid-liquid phase separation might also be involved in this process. A recent study [43]
revealed that acute hyperosmotic stress induces phase separation of the proteasomes and formation
of discrete puncta in the nucleus. Interestingly, these structures also contained K45-ubiquitinated
proteins or p97 segregase, the proteins also found in NPL4 clusters, raising the question of whether
phase separation plays a role in the case of NPL4 aggregation or attraction of other proteins. These
questions need to be addressed by dedicated future studies, to help us better understand the effects of
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NPL4 aggregates on cellular physiology, providing clues about why so many seemingly unrelated
phenotypes have so far been described after DSF treatment.

Last but not least, our present results are also highly relevant from the clinical point of view, not
least because protein aggregation represents an unorthodox and so far largely unexplored mechanism
of action for anticancer drugs. This rather unique mechanism may also contribute to the observed
synergistic effects of DSF/copper with either ionizing radiation [44] or the DNA damage-inducing drug
temozolomide [45] a combination currently tested in several clinical trials focusing on glioblastoma
patients [16—18], as well as a combination of DSF with cisplatin [49]. We hope that the data we
report here will inspire further research in this rapidly evolving area of biomedicine, and yield
additional effective therapies based on combining DSF/copper (CuET) with other currently used DNA
damage-related therapeutic modalities.

Overall, based on our present results we suggest that CuET (DSF/copper) evokes and/or exacerbates
replication stress in tumor cells while concomitantly precluding the ATR-mediated pro-survival
response to such stress, thereby collectively creating a toxic scenario (understandably more severe in
BRCA1/2-defective cells) reminiscent of ‘killing two birds with one stone.”

Supplementary Materials: The following are available online at hitp://www.mdpicom/2073-44089/9/2/469/s1,
Figure S1: CuET is causing DNA damage preferentially in §/G2 cells. Figure S2.: CuET impairs DNA replication in
MDA-MB-231 and U205 cells. Figure 53: Detection of DNA breaks after CuET treatment. Figure 54: Microscopy-
based quantitative analysis of fluorescence signal in cells.
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preclinical studies. case reports, and small clinical trials; however. ongoing
clinical trials of advanced-stage cancer patients encounter variable results.
Here, we show that one reason for the inconsistent clinical effects of DSF
may reflect interference by other drugs. Using a high-throughput screening
and automated microscopy, we identify cannabidiol, an abundant compo-
nent of the marijuana plant used by cancer patients Lo mitigate side cffects
of chemotherapy, as a likely cause of resistance 10 DSF. Mechanistically,
in cancer cells, cannabidiol triggers the expression of metallothioneins pro-
viding protective effects by binding heavy metal-based substances including
the bis-diethyldithiocarbamate-copper complex (CuET). CuET is the docu-
mented anticancer metabolite of DSF, and we show here that the CuET’s
anticancer toxicity is effectively neutralized by metallothioneins. Ovwerall,
this work highlights an example of undesirable interference between cancer
therapy and the concomitant usage of marijuana products. In contrast, we
report that insufficiency of metallothioneins sensitizes cancer cells toward
CuET, suggesting a potential predictive biomarker for DSF repurposing
in oncology.

1. Introduction

Disulfiram (Antabuse),

a drug used lor almost

preclinical studies, case reports, and small clinical trials
[1-3], yet chnical data from larger randomized trals
are still lacking. Despite several promising case reports

70 years to treat aleohol abuse, is an emerging candi-
date for repurposing in cancer therapy. Antitumor
activity of disulfiram (DSF) is supported by numerous

about durable remissions of advanced-stage cancer
patients after DSF therapy [1,4.5], results from ¢linical
trials are still limited and less favorable [6], a trend

Abbreviations

5-HT1A, S-hydroxytryptamine receptor subtype 1A; A2A, adenosine AZA receptor; BCDS, bathocuproine disulforic acxd; CB1, cannabinoid
receptor 1; CB2, cannabinoid receptor Z; CBD, cannabidiol; Cd, cadmiumy; CuET, bis-diethyldithiocarbamate-copper complex; DSF, disulfiram;
GAFPDH, glyceraldehyde 3-phosphate dehydrogenase; GPRSS, G protein-coupled receptor 55; HPLC-MS, high-pressure liguid
chromatography-mass spectrametry, MTF1, metal transcriptional factor 1, MTs, metaliothioneins; NPL4, nuclear protein localization protein 4;
FPPARY, peraxisome proliferator-activated receptar v, PRISM, profiling relative inhibition simultaneously in mictures; gPCR, guantitative
polymerase chain reaction; THPV1, transient receptor potential cation channel subfamily V members 1, TRPVZ, transient receptor potential
cation channel subfamily V' members 2; Ub, ubiquitin; WEB, western blotting; Zn, zinc.
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that is shared with other repurposed drugs [7]. The
results from the few clinical trials available so far sug-
gest that DSF’s anticancer effect may be limited to a
subset of cancer patients [8.9], thereby raising a need
for the identification of biomarkers that would help
guide the patient selection in the future. A broader
assessment of DSF in clinical oncology had been hin-
dered mainly by the unknown identity of the active
anticancer metabolite and its mechanism of action in
cancer cells, including the key molecular target, Conse-
quently, there is currently no reliable way to predict
who among cancer patients is likely to benefit from
the DSF treatment. In an effort to improve this situa-
tion, we have recently discovered that DSF is metabo-
lized in the human body to bis-diethyldithiocarbamate-
copper complex (CuET). that CuET represents the
long-sought-after active compound that kills cancer
cells, and that mechunistically, such toxicity to cancer
eells reflects CuET-mediated impairment of NPL4, an
essenlial cofactor of p97 segregase broadly involved in
the degradation of cellular proteins [10,11]. We have
also noticed that the CuET complex levels assessed
after administration of the same dose of DSF vary sig-
nificantly among patients [10]. We hypothesize that the
observed variable clinical responses o DSF treaiment
might be attributable, at least in part, to the divergent
extent of CuET formation, a process that is likely
influenced by genetic and environmental factors, the
latter including copper intake and the overall diet.
Furthermore, the effectiveness of DSF treatment may
be affected also by factors such as concomitant expo-
sure 1o other drugs or pharmaceutically active com-
pounds, a scenario particularly likely for advanced-
stage cancer patients. With the primary mechanism of
anticancer activity of DSF known, the identification of
such factors that impact cellular responses to DSF/
CuET is key to facilitate the repurposing of DSF in
clinical oncology.

In this study, we identified cannabidiol (CBD). the
most abundant nonpsychoactive compound and the
second most abundant cannabinoid from the Cannabis
sp. plant (known as marijuana), as a compound,
strongly interfering with the anticancer activity of
CuET. Apart from recreational use, marijuana and its
products have been advocated for the treatment of a
range of inflammatory, autoimmune and neurodegen-
erative conditions, epilepsy, multiple sclerosis, arthritis,
and schizophrenia [12-14]. Mechanistically, CBD
shows a low affinity for both cannabinoid receptors:
CB1 and CB2, and while CBD exerts negative allos-
teric modulatory effects on CBI. it 15 an agonist of
CB2. In addition to cannabinoid receplors, other
potential targets of CBD have been reported, such as

T. Buchtova et al

the transient receptor potential cation chunnel subfam-
ily V members | and 2 (TRPVI/2; agonist), peroxi-
some  proliferator-activated  receptor y (PPARY;
agonist), G protein-coupled receptor 55 (GPR35S;
antagonist), S-hydroxytryptamine receptor subtype 1A
(5-HT1A. agonist), and adenosine A2A receptor
(A2A, agonist) [12-15].

MNotably, CBD is popular among cancer patients
due to its ability to reduce the adverse effects of
chemotherapy, including vomiting, nausea, and weight
loss [16,17]. Various anticancer cffects were also
reported for cannabinoids including antiproliferative
and proapoplotic properties, interference with angio-
genesis, cancer cell migration, adhesion, and invasion
[12,18,19]. a notion which further motivates cancer
patients to use CBD.

2. Materials and methods

2.1. Cell lines

Human osteosarcoma U-2-08 (ATCC), human breast
adenocarcinoma  MDA-MB-231 (ATCC), U-2-08
ectopically expressing NPL4-GFP [10], U-2-08 ectopi-
cally expressing MT-2A-GFP, and retinal pigment
epithelia h"'TERT RPE-1 (ATCC) were maintained in
DMEM (Lonza, Basel, Switzerland) supplemented
with 10% fetal bovine serum (Thermo Fisher Scien-
tific, Waltham, MA, USA) and 1% penicillin/strepto-
mycin (Sigma-Aldrich, St. Louis, MO, USA). MCF
10A nontransformed human breast epithelial cell line
and well-characterized breast cancer cell lines obtained
from the ATCC repository, HCCI1954 and SK-BR-3
{both HER-+ve), ZR-75-1 and MCF7 (both luminal,
ER-+ve), MDA-MB-436. MDA-MB-231, CAL-51.
MDA-MB-468, HCC70, MDA-MB-453, MDA-MB-
157 (all triple-negative), used for metallothionein
expression analysis were grown all grown under identi-
cal conditions in a mixture of 30% MEGM (Lonza)
and 50% DMEM (Gibeo, Amarillo, TX, USA) media,
supplemented with 10% FBS (Gibeo), 1% penicillin/
streptomyein (Gibeo), and SingleQuots supplement kit
(Lonza) as recommended by the manufacturer.

2.2. High-throughput screening for CuET activity
interferers

U-2-0S-NPL4-GFP was seeded into 384-well plates
{(PerkinElmer, CellCarrier-UltraPlate) at a concentra-
tion of 1250 cells per well in 30 pL of media. The next
day, the cells were pretreated with selected 1282 com-
pounds (sce enclosed Table S1) overnight (17 h). The
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used concentration for each of the compounds was set
to 10 psm. Subsequently, the cells were treated with
0.2 pm CuET for 3 h to induce ageregation and immo-
bilization of the NPL4-GFP signal. Next. the cells
were pre-extracted by 0.2% Triton X-100 bulfer with
10 pm Hoechst 33342, washed by PBS, and fixed by
1% formalin for 10 min. After the fixation, the wells
were washed by PBS and as the last step, the 30 pL of
PBS was dispensed per well. Each well was acquired
using an automaled microscopic platform (Yokogawa
CVTOM, 10x air objective), with 4 microscopic ficlds
per well. Images were analyzed by the Columbus
image analysis pipeline (PerkinElmer, Waltham, MA,
USA). Individual nuclei were recognized based on the
Hoechst dye signal. In cach nucleus, the level of the
NPL4-GFP signal was scored and means ol fluores-
cence intensity per nucleus were plotted.

2.3. RNA interference and overexpression
experiments

siRNA against MTF! (cat. no: SR302991, OnGene)
and against MT-2A (cat. no: SR302987, OriGene) were
used. For overexpression plasmids, Myc-DDK-tagged
MT-2A (cat. no: RC202748, OriGene) and GFP-MT-
2A (cal, no: RG202748, OriGene) were used. Transfec-
tion of siRNA was performed with Lipofectamine
RNAIMAX (cat. n.: 13778-075, Invitrogen, Waltham,
MA, USA) according to the manufacturer’s instruc-
tions. The plasmid was transfected with Lipofectamine
2000 (car. n: 11668-027. Invitrogen) according to the
manufacturer’s instructions. The cells were reseeded 1o
the required plate or dish 24 h aller transfection. Treai-
ments were started 72 h after transfections.

2.4, Stable cell line construction

Plasmid with TurboGFP-tagged MT-2A (cal. no:
RG202748, OriGene) was transfected with Lipofec-
tamine 2000 (cat. no: 11668-027, Invitrogen) according
to the manufacturer’s instruction. Cells were further
cultivated in the presence of selective antibiotics
(Geneticin, G418; Sigma, 400 pg-mL™"). Medium with
Geneticin was replaced every 2-3 days until the popu-
lation of resistant cells was fully established, Clonal
cell lines were further produced from single cells.

2.5, XTT assay

5000 cells were seeded into a 96-well plate. The cells
were treated as indicated in figure annotation. 72 h
(24 h for RPE-1) after treatment, an XTT assay
(AppliChem, Darmstadt, Germany) was performed

Cannabidiol protects cancer cells against disulfiram

according to the manufacturer’s instructions. Briefly,
XTT solution was added to media and incubated for
30-120 min. The dve intensity was measured at the
475 nm wavelength using a spectrometer (TECAN,
Infinite M200PRO). Results are shown as mean values
and standard deviations [rom 3 independent experi-
ments, each performed in 5 technical replicates.

2.6. Cell fractionation

Cells were (reated as indicated in figure annotation.
Before harvesting, the cells were washed by cold PBS.
Lysis buffer (50 mm HEPES, pH 7.4, 150 mm NaCl,
2 mm MgCI2, 10% glyeerol, 0.5% Triton X-100, and
protease inhibitor cocktail by Roche) was applied to
the cells and kept for 10 min gemily agitating at 4 °C.
Aller that, cells were scraped and the whole mixture
was placed inside Eppendorl tubes and kept for
another 10 min on ice with intermittent vortexing.
After that, the mixture was centrifuged at 20 000x g
for 10 min at 4 °C. Insoluble fraction and supernatant
were each separately diluted in 2x LSB buffer and used
for western blot analyses.

2.7. Western blot

Equal amounts of cell lysates were separated by SDS/
PAGE on hand-cast (8%, 15%) or commercial gradi-
ent 4-15% Mini-PROTEAN TGX Precast Gel (cat.
no: 4561083 or 4561086, BIO-RAD). Separated pro-
teins were transferred onto a nitrocellulose membrane.
The membrane was blocked with 5% bovine milk in
Trns-buflered saline containing 0.1% Tween 20 for | h
at room temperature and then incubated overnight at
4 °C with primary antibodies followed by detection by
secondary antibodies. Secondary antibodies were visu-
alized by Immobilon Forte Western HSR Substrate
(cat. no: WBLUFO0500, Merck Millipore. Burlington,
MA, USA), and images were acquired by ChemiDoc
imaging system (Bio-Rad, Hercules, CA, USA).

2.8. Immunofluorescence staining and
quantitative microscopy

For microscopy, the cells were grown on glass cover-
slips. Cells were treated as indicated in figure annota-
tion. Before fixation, the cells were pre-extracted with
pre-extraction buffer (0.5% Triton X-100) for 1 min,
after that quickly washed by PBS, and then immedi-
ately fixed with 4% formaldehyde for 15 min at room
lemperature. Alternatively, the pre-extraction step was
bypassed and cells were dircctly fixed with 4%
formaldehyde for 15 min and then permeabilized by
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0.5% Triton X-100 for 20 min. In both protocols,
nuclei were stained by DAPI {1 pgmL™") at room
temperature for 5 min. Samples were visualized and
acquired using fluorescence  microscopes (Zeiss
LSM780 or Olympus IX81 ScanR automated micro-
scope). Quantitative analysis of microscopic data was
performed in scanr Analysis software. Acquired and
ScanR processed data were further statistically tested
in the STATISTICA 13 (TIBCO).

2.9. Quantitative polymerase chain reaction

The gPCR was performed in a 96-well plate or 8-tube
strip (Roche, Basel, Switzerland). Reactions were per-
formed in LightCycler Nano (Roche), LightCycler 480
Instrument 11 (Roche). or 7500 Fast Real-Time PCR
System (Applied Biosystems, Waltham, MA, USA) with
a ‘gh 8G PCR Master Mix' (cat. no: 3005, Generi Bio-
tech) or ‘Fast SYBR Green Master Mix™ (cat. no
4385612, Applied Biosystems). Following primers were

qraod: HICDAIA  Fargecd & 0T TTTO A AFIATTO
WHE0! marAaA OTWEND J-Aaiuo i n LU AALITA L I

CTGTT-¥; reverse 5-TCAACATTGCAAACACAG
GA-Y 20} MT-IE forward 5'-GCCTGACTGCTTGT
TCGTCT-3: reverse 5-AAGAGCAGTTGGGGTCC
ATT-¥; MT24  forward 5-CCCGCTCCCAGAT
GTAAAGA-3: reverse  S-TAGCAAACGGTCACG
GTCAG-¥; GAPDH [21] forward 5-AGCCACATC
GCTCAGACAC-3; reverse 5-GCCCAATACGACCA
AATCC-3. Gene expression was evaluated by the delia—
delta CT method.

2.10. Measurement of CuET in culture medium
and cells

To measure the formation of CuET in culture med-
jum, a complete cell culture medium (DMEM. 10%
FBS. 1% penicillin/streptomycin) was incubated with
CuET or CuET + CBD combination as described,
After incubation, the medium was vortexed and mixed
with acetone in a ratio of | : 4, The mixture was cen-
trifuged 18 000x g for 2 min at 4 °C. The supernatant
was transferred into glass HPLC vials for measure-
ment. The CuET complex was analyzed by the HPLC-
MS method deseribed previously [10]. The quantifica-
tion of the CuET complex was calculated according 10
the calibration curve.

To measure the concentration of CuET in cells, sub-
confluent U-2-08 cell culture was treated with CuET
or CuET + CBD combination as described. After
incubation, the medium was removed, cells were
washed twice with PBS, and PBS was thoroughly aspi-
rated. Cells were scraped and stored at —80 °C. Cellu-
lar pellets were then homogenized with acetone and

T. Buchtova et al.

centrifuged 18 000x g for 2 min at 4 °C. and super-
natant was transferred into a glass HPLC wvial. The
CuET complex was analyzed by the HPLC-MS
method described previously [10]. The quantification
of the CuET complex was calculated according to the
calibration curve,

2.11. Statistical analysis

Separated bar graphs of gPCR experiments are plotted
as mean £ SD presenting 3 independent experiments.
XTT assay with XY graphs comprising error bars is
plotted as mean and error + SD. All the figures repre-
sent 3 independent experiments with cach point pre-
senting 5 replicates. 2D box plots of the quantitative
microscopy analysis are plotted as median + SD. All
the experiments were done in 3 independent experi-
ments. The figure depicting the experiment represents
a random selection from one of the experiments. Sta-
tistical significance was assessed by unpaired (-test,
and the resulting P-value is shown in graphs and par-
ticular figure legends. The graphical processing was
performed in Statistica 13 or GrarHpap Prism 8.0.1.
Staustical significance. as well as IC50 values, was cal-
culated in GrapHPAD Prism 8.0.1 and 9.2.0

2.12. Chemicals and antibodies

The following antibodies were used for immunoblot-
ting: anti-B-actin (1 : 1000; Santa Cruz Biotechnology,
cat. no: sc-47778), anti-DDK (1 : 1000; OriGene. cat.
no: TAS0011-100), anti-GAPDH (clone 1D4, 1 : 500;
GeneTex, cat. no: GTX78213), antihistone H3
(1 : 2000; Cell Signaling, cat. no: 4499P), anti-MTF1
(1 : 1000; NOVUS Biologicals, cat. no; NBP1-86380),
anti=-NPLOCA (1 : 1000; NOVUS Biological, cat. no:
NBP1-82166), anti-Ubiguitin K48 (clone Apu 2, cal.
no 05-1307, Millipore) goat-anti mouse lgG-HRP
(1 : 1000; GE Healtheare, NA931, Chicago, IL, USA),
goat-anti-rabbit (1 : 1000; GE Healthcare, NA934),
and donkey-anti goat IpG-HRP (Santa Cruz Biotech-
nology, sc-2020, Dallas, TX, USA). The formulation
of CuET (bis-dicthyldithiocarbamate-copper complex)
in water was based on direct synthesis in the presence
of 1% bovine serum albumin as described previously
[10,22]. Briefly, 10 mL of 2.8 mm CuET is prepared by
adding 200 uL of 280 mm solution of sodium bis-
diethyldithiocarbamate  trihydrate  (DTC, Sigma-
Aldrich) and 28 pL of 1 m CuCI2 (Sigma-Aldrich) into
9772 mL of 1% solution of bovine serum albumin in
ddH20 (Sigma-Aldrich). The resulting CuET formula-
tion was kept at 4 *C for no longer than a month. All
solutions were  sterile-filtered  before synthesis. The
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chelator bathocuproine disulfonic acid (Sigma-Aldrich)
was used for copper chelation in a final concentration
of 10 pm and was added to the sample just before the
disulfiram  (Sigma-Aldrich)  treatment. CBD [-
(-)cannabidiol] was ordered from Abcam (cat. n.
abl20448). 10 mm stock solution was prepared in
methanol (Penta).

3.1. NPLA-GFP cell reporter-based screen
implicates CBD in resistance to CuET

We set up a high-throughput sereening approach for
the identification of CuET sensitivity modulators. The
screen was based on a reporler human sarcoma U-2-
08 cell line expressing GFP-tagged NPL4 protein, the
molecular target of CuET's anticancer effects. Upon
CuET treatment, NPL4 undergoes robust aggregation
and immobilization, & phenotype exploited in our
screen to search for NPL4-GFP fluorescence in the
insoluble cell fraction [10]. Immobilized NPL4-GFP
can be quantified using microscopy-based analysis
after detergent (Triton X-100) pre-extraction of drug-
exposed cultured cells. The pre-extraction procedure
washes away soluble proteins from cells, thereby selec-
tively enriching for insoluble proteins including the
aggregated NPL4. For the screening setup, we pre-
treated cells with various chemicals from our library of
1282 pharmacologically active compounds overnight at
the nontoxic concentration (for the list of compounds
used in the screen, Table 81). The next day, the cells
were exposed to 0.2 um of CuET for 3 h, as the latter
treatment leads to the insoluble aggregate formation
of NPL4 and consequently to pre-extraction-resistant
NPL4-GFP signal conveniently detected by high-
throughput microscopy, Interestingly, several com-
pounds substantially decreased the level of such
CuET-immobilized NPL4-GFP signal suggesting possi-
ble interference with CuET treatment. Cannabidiol
(CBD), the nonpsychotropic component of marijuana,
was the strongest hit in our screen (Fig. 1A), moreover
a hit with high clinical relevance due to its rather com-
mon use among cancer patients [23].

The CBD hit was then further validated by more
detailed microscopy-based analysis in the U-2-0S-
NPL4-GFP cell line (Fig. 1B.C). The same CBD-
promoted rescuing effect from CuET-evoked aggrega-
tion of NPL4 was confirmed also for the endogenous
NPL4 protein using immunoblotting analysis. Thus,
CuET administered alone promotes accumulation of
NPL4 within the nondissolvable cellular fraction, an

Cannabidiol protects cancer cells against disulfiram

effect that was reduced in two cell lines, U-2-08
osteosarcoma and breast cancer-derived MDA-MB-
231 when exposed to a combined CBD + CuET treat-
ment (Fig. 1D, Fig. 81A). Next, we addressed whether
the reduced aggregation of NPL4 by CBD affects also
the CuET cancer cell toxicity profile. To this end, the
cells were pretreated by CBD overnight and then trea-
ted with CBD along with increasing concentrations of
CuET for 72 h. The significant rescue effect of CBD in
terms of better cell survival was confirmed for both
tested cell lines (Fig. 1E and Fig. S6C as part of the
following siRNA combined experiments). Both cell
lines pretreated by CBD also displayed decreased accu-
mulation of K48 polyubiquitylated (poly-Ub) proteins,
a surrogate marker for impaired protein degradation
caused by malfunction of the p97-NPL4 scgregase
pathway [10] (Fig. 1F, Fig. S1B). The activation of the
heat-shock pathway is yet another marker of CuET-
induced proteotoxic stress [10] the effect of which can
be quantified by qPCR by examination of mRNA

faade P ITEDATA Pho faafan st foditels coorabo
IEVEIR T e As, 6 Majon SINess=-inaucioe McimoeT

of the HSPT70 family. Consistently, CuET highly
induced HSPA1A mRNA levels which effect was sig-
nificantly decreased in cells pretreated by CBD
(Fig. 82A). These results indicate that CBD attenuates
the CuET-promoted aggregation of NPL4 resulting in
reduced toxicity of this compound toward cancer cells.

3.2. Both CBD and CuET induce expression of
the metallothionein family members

To explore the mechanism of the rescue effect
described above, we first tested for a potential direct
interaction of CBD with CuET and/or reduced uptake
of CuET as the most straightforward explanations. To
address this possibility, we used the HPLC-MS-based
detection allowing direct monitoring of the CuET
levels in cells [10]. We detected similar levels of CuET
in control and CBD-pretreated cells, suggesting that
the observed drug interference in the CBD pretreated
cells is unlikely 1o be attributable to a lower cellular
uptake of CuET (Fig. S3A, B).

Available literature  describes  various  cellular
responses to CBD treatment [12-15] including activa-
tion of the so-called metallothionein pathway [24-26].
This particular pathway might plausibly explain the
rescuing effect from the CuET-evoked NPL4 aggrega-
tion observed in our experiments as the proteins in the
family of metallothioneins (MTs) are rich in cysteines
that can chelate divalent metals via sulfhydryl groups.
Metals that avidly bind to MTs include Cd, Zn, and
Cu which are either used, stored, or removed from the
cell [27]. The CuET molecule contains noncovalently
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Fig. 1. Cannabidiol ICBD protects cells from bis-diethyldithiocarbamate-copper complex (CuET). (A} Dot plot depicting the results of high-
throughput sereening of the chemical library, CuET + mock-treated controls are in blue, and untrested controls are in yellow, Tested
compounds overcoming the threshold of 0.5% positive hits are highlighted in red, green, black, orange, and wiolet colors. Cells were
pretreated with compounds (10 pml for 17 h and treated with 0.2 pm CuET for 3 h. The screening result represents ane expenment (n = 1)
(B,C) Micrascopy-based confirmation of the strongest hit. Cells were pretreated with 10 pwm CBD for 17 h and treated with 0.2 pm CuET for
3 h and analyzed by microscope including microscopy-based quantitative analysis (20 pm scale bar) of NPLA-GFP signal in Triton X-100 pre-
extracted cells, Combined treatment shows significantly less lation of dissolvable {pre. tion resistantl NPL4 protein
comparad with CuET treatment only (bwo-tailed ttest). Pre-axtraction was performed before the fixation step. The figures show results
from one of three indepandent expenmernts (0= 3). (D} Cells pretreated with 10 pm CBD for 17 h and treated with 0.2 pw CuET for 3 h
accumulate less endogenous NPLA protein in insoluble fractions compared with CuET treatment only as observed by westerm blot (WE).
The figure shows one of three independent expanments {n = 3}, (E) Cells pretreated with 10 psm CED for 17 h and treated with increasing
concentration of CuET for 72 h are more resistant compared with CuET treatment only as observed by the XTT assay. The results reprasent
tha mean and standard devistion of threa ind dent exparimants (n=3), (F) WE analysis of K48 polyubiguitinated (Ub K48) proteing
reflecting differances in a malfunction of protein degradation in mock, CuET, CBD, and CBD + CuET-treated cells. For the experment, the
cefls were treated for 3h by 0.2 pm CuET. In the combined treatment, CuET was added 17 h after 10 pw CBD. The figure shows one of

three independent experiments (n = 3).

bound divalent copper, and thus, MTs might ‘neutral-
ize’ this compound as part of their known toxic ion
detoxification function [28].

To test the hypothesis that MT overexpression may
explain the observed rescue effect, we first confirmed
that CBD indeed induces the expression of metalloth-
ioneins using guantitative polymerase chain reaction
(qPCR). The mRNA levels of MT-1E and MT-24
roughly doubled after overnight CBD treatment in U-
2-08S cells (Fig. 2A.B, Fig. 4A.B). Interestingly, treat-
ment by CuET for 3 h also evoked a robust increase
in the mRNA levels for MT-/E and MT-24, indicat-
ing that CuET can rapidly trigger this cellular heavy
metal defense mechanism. In the combined treatment
with CBD and CuET, using drug concentrations that
parallel those used in our phenotype rescue experi-
ments, the induced expression levels of the MTs were
even higher than after exposure to either compound
alone (Fig. 2A.B, Fig. 4A.B).

A MT-1E
15
E Pel. N Mock
F=0,005 == CuET
104 £eoom
2
HE
g
&
[}
Mock cBD

3.3. CBD-induced metallothi
from CuET-mediated toxicity

Given the observed induction of metallothioneins, we
next aimed at obtaining more mechanistic insights into
the interplay among CBD, CuET, and MT's. Our
strategy was to directly manipulate the metallothionein
pathway and assess any impact in terms of potential
modulation of the CuET-mediated cellular response. It
is known that metal transcriptional factor 1 (MTFI)
plays a pivotal role in MT gene expression [29].
Indeed, after the knockdown of MTFI (Fig. 55A), we
observed a significantly reduced ability of our model
cell lines to induce expression of MT-1E and MT-24
after CuET exposure (Fig. 5B,C). Importantly, such
experimentally achieved MTF1 insufficiency rendered
the U-2-08 and MDA-MB-231 cells particularly sensi-
tive to CuET treatment as confirmed in a 72-h XTT
assay (Fig. 3A, Fig. S6A.B). This hypersensitivity was

?
:
:

protect cells

MT-24

0 P <0005
—

Mock CBD

Fig. 2. Induction of metallothioneins MT-TE, MT-2A expression by cannabidiol (CBD), and bis-diethyldithiocarbamate-copper complax {CuET)
measured by guantitative polymerase chain reaction (gPCR) Al CBD and CuET increase the expression of MT-1E mRNA. B) CBD and CuET
Increase the exprassion of MT-24 mBNA. The expenmental setup involved pretreatment with 10y CBD for 17 h and treatment with
0.2 p CuET for 3 h. In the combined treatment, CuET was added 17 h after CBD. For both charts, a two-tailed t-test was used for Paalue
calculation. The result represents the mean end standard deviation of three independent expeniments (0 = 3).
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accompanied by an elevated amount of immobilized
NPL4-GFP in the U-2-0O8 NPL4-GFP reporter model
(Fig. 3B.C). This is an important finding which
directly links the increased toxicity with CuET's pri-
mary cellular target. The toxic effect was further

underlined also by the increased accumulation of poly-
Ub proteins and increased expression of HSPAIA
(Fig. 3D, Fig. S6D, Fig. S2B).

Next, we used a complementary approach and

designed a cell line transiently overexpressing the

DAPI

Mock

CuET 200 nmM

CuET 500 nm

Fig. 4. Bis-diethyidithiocarbamate-copper complex
rraatment revealed as deps

aid by icIo:

for 3 h {20 pm scal

Moiecular Orcology 18 (2022
Fo

ET treatment immobilizes MT-24-G

pic images after Triton X-100 based pre-extraction. Cells were treatad wi
2}

s barl, The figure represents one of two independent expenments |

DDK-tagged (Flag-tagged) MT-2A protein (Fig
This cellular model was more resistant to the CuE
treatment compared with the control, empty vector-
transfected cells (Fig. 3E). Cells expressing the ectopic
MT-2A also showed less immobilized NPL4-GFP
(Fig. 3F.G) under otherwise standard CuET treatment
conditions, and the rescue effect was further under-
linegd by the decreased accumulation of poly-Ub pro-
teins and decreased expression of HSPAIA (Fig. 3H,
Fig. 82C). Next, we established a stable 1-2-08-MT-
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Fig. 5. Concomitant gene silencing with cannabidicl (CBD) trestment and role of metaliothionein MT-2A In response 1o bis-
diethyldithiocarbamate-copper complex (CuET) analyzed by XTT sssay (A) CBD pretreatment does not protect MTF1-silenced cells from
CuET towicity. Celis were pretreated with 10 v CBD for 17 h &nd treated with 10 pm CBD and increasing concentration of CuET for 72 h,
The result represents the mean and standard devation of three independant experments (n = 3. (B) MT-2A-silenced calls are sensitized to
CuET treatment. CBD pretreatment protects MT-2A-sitenced cells from CuET toxicity only partially, Cells were pretreated with 10 ym CBD
for 17 h and treatad with 10 pv CBD and increasing concentration of CuET for 72 h. The result represents the mean and standard deviation

ot three independent expenments (n = 3],

2A-GFP cellular model to see any potential direct
effects of CuET on MT-2A protein behavior. Indeed,
we could detect MT-2A-GFP signal immobilization
(i.e.. resistance 10 pre-extraction) resembling the effect
of CuET on NPLAGFP protein, suggesting the direct
interaction of MT-2A with CuET (Fig. 4).

To link the observed phenotypes more thoroughly
with the CBD’s mode of action, we also tested the res-
cue effect in MTF I-silenced cells. As expected, in the
MTFl-silenced cells, the rescue effect of CBD treat-
ment on the CuET-evoked phenotypes became negligi-
ble in both the U-2-08 and MDA-MB-231 cell lines
(Fig. 3A, Fig. 86C). Analogous results were obtained
also for primary human RPE-1 cells (Fig. STA, B)
Besides MTF! knockdown, also direct silencing of
MT-2A (Fig, S5D} was similarly able to render the U-
2-08 cells more sensitive to CuET treatment (Fig. 5B).

Our findings that high levels of metallothioneins in
tumor cells can cause resistance to CuET, while cancer
cells harboring low-level MT's may be more sensitive
to such treatment, raise a possibility that metalloth-
ionein expression levels might help predict responses
to CuET (DSF) treatment in the future. One predic-
tion for such candidate biomarker application is that
the starting endogenous expression levels of MTs
would vary among individual models or clinical speci-
mens, preferably showing at least a subset of cases
with expression levels below those in corresponding
normal cell/tissue type. As the first step toward testing
the landscape of MT expression patterns. we employed
qPCR to assess mRNA levels of two relevant MTs:
MT-1E and MT-2A, among a panel of 11 human cell
lines derived from diverse types of breast cancer (2
luminal. 2 HER-positive, and 7 triple-negative, see
Methods), compared with levels found in the nontrans-
formed human MCF 10A cells as 4 reference (Fig. S8).
Notably, the expression of both MT-1E and MT-2A

was more than an order of magnitude lower in the
majority of these cancer cell models compared with
MCF 10A cells, except for triple-negative cell lines,
some of which expressed levels comparable with those
in the control MCF 10A (Fig. SR). None of the 11
cancer cell lines showed levels of either MT that would
exceed expression seen in the MCF 10A control.

Altogether, these results show that CBD induces the
metallothionein pathway consistently in vanous cellu-
lar backgrounds, that this cellular response leads to
enhanced MT expression which protects cancer cells
against the DSF's anticancer metabolite CuET, and
that low levels of MTs render cancer cells more sensi-
tive to CuET treatment, raising a possibility to explore
MT levels as candidate biomarkers for future clinical
applications,

4. Discussion

In this work, we show how the high-throughput
screening approach combined with the high content
microscopy analysis can be used for addressing highly
relevant clinical issues. By setting up the phenotypic
screening involving the known drug target (NPL4) as
the readout, we were able to identify a clinically rele-
vant compound—cannabidiol (CBD), as the most
likely cause of unwanted interference with ongoing
cancer treatment with disulfiram (Antabuse), the anti-
cancer effects of which are currently tested in multiple
ongoing preclinical studies and clinical trials [30]. Fur-
thermore, our present experiments also reveal the
mechanistic basis of this CBD-mediated interference.
It is known that DSF targets cancer cells via its direct
metabolite  CuET  [10], chemically  bis-diethyl-
dithiucurbnmalc-cuppcr complex, Inside cells, CuET
binds and aggregates NPL4, an important factor for
protein processing and degradation [10]. Concomitant
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treatment with CBD induces overexpression of metal-
lothioneins which compete with NPL4 for the avail-
able CuET, thereby ultimately lowering the efficacy of
treatment by CuET.

CBD, the nonpsychotropic component of marijuana
has become the focus of attention in medicine in recent
vears. Numerous studies have revealed the consider-
able potential of the substance for patients with dis-
cases ol the nervous system, inflammatory diseases, or
cancer. In several countries, marijuana is now accepted
as o medical drug, and CBD itself is sold with or with-
out prescription in various forms. An example of the
prescription-available form is Epidiolex used for the
treatment of seizures in two types of epilepsy and
tuberous sclerosis complex in the United States. In the
context of this study, it is important that CBD and
various cannabis products are becommmg popular
among cancer patients due to their potential to miti-
gate chemotherapy-induced  side  effects  including
chronic pain, nausea, vomiting, loss of appetite, and
anxicty {16,171

Interestingly, the potential of MTs as detoxifying
proteins has been known for decades and this function
has also been linked to possible resistance to some
chemotherapeutics [31-33]. The detoxifying ability of
MTs has been reported even for some nonmetal-based
drugs. Chemotherapeutics that are sensed and bound
by MTs are neutralized before reaching their intended
targel(s) and thereby become clinically ineffective,
Thus, MT expression represents potential predictive
biomarkers of resistance to specific treatments [34.35].
In light of these facts and our data presented here,
CBD usage might be a relevant factor to be kept in
mind for cancer patients not only undergoing the trials
with DSF-repurposing therapy but also treated with
some standard-of-care chemotherapy drugs.

Importantly, the effect of metallothioneins MT-1E
and MT-2A and MTFI transcription factor on the
activity of DSF has been recently identified also in
another independent study aimed at the high-
throughput screening of antitumor effects of known
drugs using a molecular barcoding method called
PRISM (profiling relative inhibition simultaneously in
mixtures) [36]. Disulfiram (DSF) was one of the tested
substances and the screen revealed that cells with
reduced or lost expression of MT-/E and MT-24
genes became more sensitive to DSF. The authors of
this study did not realize that it was not DSF but
rather its metabolite CuET against which the MTs
protect the cells. It seems the fact that CuET is spon-
tancously formed from DSF and copper ions in cul-
ture media is underappreciated by the scientific
community [11]. Indeed. after blocking this conversion

Cannabidiol protects cancer cells against disulfiram

of DSF into CuET through chelation of copper ions
from the cell culture media, DSF becomes a harmless
molecule regardless of the MT expression status, as we
also documented here (Fig. 59). Thus besides CBD,
the copper availability for CuET formation during the
trials with DSF will likely also represent one of the
factors affecting the anticancer efficacy. For example,
it is known that increased uptake of zine negatively
affects copper uptake and thus should be limited by
the patients during such treatment [37). Similarly,
patients with celiac disease may be deficient in copper
[38].

Yet another important aspect of our present study is
the validation of the crucial role of the MT pathway
in protecting caneer cells against the impact of DSF's
metabolite CuET on NPL4 protein. Despite DSF is
intensively tested in several ongoing elinical trials aim-
ing at repurposing DSF for cancer treatment, there is
currently no biomarker suitable for the selection of
patients who could most benefit from DSF, a fact that
unfortunately highly limits the potential success of
DSF treatment in oncology. Together with the Cor-
sello er al. (2020) study, our present report highlights
MTs and MTF1 as such candidate predictive biomark-
ers, which are upregulated and wvary considerably
among the patients as well as different cancer types
[32.39-41]. In this context, while preliminary, our find-
ings of substantially lower MT-1E and MT-2A expres-
sion levels among a panel of human breast cancer cell
line models compared with nontransformed breast
epithelial cell control suggest that such potential bio-
marker application may be worth pursuing further.
While speculative at present, if future tissue validation
analyses confirm that endogenous metallothionein
levels are much lower in cancer cells in vivo compared
with corresponding normal tissue, such a striking dif-
ference may highlight yet another contributing factor
helping to explain why disulfiram {and CuET) is toxic
for tumor cells yet largely without major negative side
effects and well tolerated by both experimental animals
and people [1,2.5,10]. Moreover, the link of MT path-
way to CuET effectiveness can inspire new therapeutic
approaches, which can be explored in future studies,
such as a combination of DSF (and copper supple-
mentation) with a compound APTO-253. an experi-
mental drug inhibiting MTFI1 function currently tested
in phase | clinical trial (NCT02267863).

5. Conclusions

For the first time, we linked CBD-mediated activation
ol the metallothionein pathway with protection/resis-
tance against CuET (an anticancer metabolite of DSF)
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which we believe is highly relevant for the ongoing clin-
ical trials with DSF. Patients undergoing such treatment
should avoid concomitant usage of CBD-containing
drugs. This finding may also provide a plausible expla-
nation, at least in part, for some of the differential out-
comes among cancer patients treated by DSF,

From a broader perspective, this discovery some-
what resembles the scenario of antioxidant supple-
ments the increased uptake of which is also common
among cancer patienis and may potentially interfere
wilh standard-of-care chemo-radiotherapy [42]. Simi-
larly, CBD may reduce the effectiveness of all treat-
ments, for which the reactivity with metallothioneins
has been studied [31-33], Thus, this work could moti-
vate further research on CBD and its interaction with
anticancer drugs as an issue highly relevant for biome-
dicine in general and oncology in particular.
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Fig. S1. Cannabidiol (CBD) pre-treatment modulates
the cellular responses 1o bis-diethyldithiocarbamate-
copper complex (CuET) in the MDA-MB-231 cell line
as observed by western blol.

Fig. S2. Expression of heat-shock protein HSPAIA
after  bis-diethyldithiocarbamate-copper  complex
(CuET) is modulated by cannabidiol (CBD) and met-
allothioneims in U-2-08 cell line.

Fig. S3. Cannabidiol (CBD) does not directly interact
with bis-diethyldithiocarbamate-copper  complex
(CuET) neither affects its cellular uptake.

Fig. S4. Cannabidiol (CBD) and bis-diethyldithiocar-
bamate-copper complex (CuET) induce expression of
MT-1E and MT-24 mRNA in the MDA-MB-231 cell
line,

Fig. S5. MTF1 silencing affects the cellular ability 10
express metallothioneins.

Fig. S6. Metallothionein level modulates the toxie
responses to his-diethyldithiocarbamate-copper com-
plex (CuET) in the MDA-MB-231 cell line.

Fig. S7. Primary cell line RPE-1 exhibits similar drug
responsiveness compared to tested cancer cell lines,
Fig. S8. mRNA levels of metallothioneins MT-1E and
MT-24 in human breast cancer cell lines measured by
quantitative polymerase chain reaction (PCR).

Fig. 59. Metallothioneins protect cells against bis-di-
cthyldithiocarbamate-copper complex (CuET) rather
than disulfiram (DSF) as evaluated by XTT assay.
Table S1. A table summarizing data for screened com-
pounds,
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ARTICLE INFO ABSTRACT
Keywarrds:

Platinum based drugs
Canmabis
Canusbidiol

Cellnlar transpon
Dirug therapy efficney

Cannabinuids, a class of componnds derived from Commodis st L, have recently beeome more widely
accessible for public consumption in the form of diverse cannabis products, in parallel with weakening the
measures that so far restricted their availability. The 1S Food and Drug Administration has approved several
cunnubis-derived drgs for management of varons diseases as well ms chemotherapy-indueed navses and
vomiting. Besides the attenuation of adverse effects of chemothernpy, numerous reports about cannalinoid-
mediated anticancer effecs further motivate cancer patients to support their therapy with such products. Here
we present a get of preclinical data with human eell culture models, suggesting that eannabidiol and cannabis
extracts muy effectively connternet the anticancer effects of the clinleally widely used standard of-care platinum-
based drugs. We show that cven low concentrations of cannabinoids redueed the toxicily of cisplatin, oxaliplutin,
and carboplating an effect which was accompanied by decreased platinum adduct formation and a set of
commaonly used molecular markers. Mechonistically, our results excluded the possibility thar the observed
enhanced survival of eancer cells was mediated transcriptionally. Instead, trace metal analyses strongly indicate
an inhibitary fmpact of ¢ binoids on intracellnlar platinum aee lation, thereby implicating changes in
ecliular transport und/or retention of these drugs s the likely eause of the observed biological effects. Our study
raises the possihility that the desirble effect of ting adverse effects of chemothernpy might, at least for
somie cannabinoids, reflect impadred cellilar availalility, and sepuieni ly ion of the
of platinum drugs,

Diester aoveilaabiltity: All dista supporting the conclusions are available in the article and supplementary files, Raw
data are available upon request from the corresponding author.

v effects

1. Intraduction cancer, as the second-line thernpy, often combined with other chemo-

Current standard-of-care cancer ¢l py protocols ily
include cisplatin or other platinum-derived drugs as their key compo-
nents [ 1], Cisplatin was the first such compound, approved by the FDA
in 1978 for the treatment of ovarian and testicular cancers [ 1], with the
application spectrum later extended to cover also head and neck,
esophageal, gastric, colon, bladder, and cervical cancers as the first-line
therapy, as well as many other types of malignancies, including lung

therapeutics and/or other treatment lities [2,3], Mechanistically,
cisplatin becomes hydrolyzed in cells to become a potent electrophile
that reacts with cysteine-rich proteins and purine bases at the N7 posi-
tion. Ensuing DNA damage is the most widely accepted mechanism to
which the antinsoplastic properties of cisplatin have been attributed.
Indeed, cisplatin forms DNA adducts and crosslinks, which can hinder
DNA replication and hence cell division, inducing cell death [3].
However, cisplatin has multiple shorteomings, including dose-
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limiting side effects and the development of Neuro-, neph

Biomedicine & Pharmacothmapy 163 (2023) 114801

2. M ials and hod

, oto-, and gastrointestinal toxicity with myelosuppression are some of
the most commen negative side effects impacting patients, with neph-
rotoxicity as the major dose-limiting factor [2.4]. Although earboplatin,
the second generation of platinum-based diugs, solved some of the
challenging issues of cisplatin in encology, carboplatin also has serious
side effects, including dose-limiting myelosuppression [2.5]. Moreover,
despite some improved attributes, carboplatin is unsuitable for certain
cancers that can be treated by cisplatin but is approved for the treatment
of ovarian and testicular cancer, as well as numerous other tumar types
in the context of combined therapies [ 22,5 . Compared to cisplatin, the
carboplatin molecule contnins a bidentate dicarboxylate ligand instead
of two chlorine atoms. The ligand provides carboplatin with new
properties, including slower hydrolysis, lower reactivity, and longer
retention. Although the reaction products of carboplatin are nnnlusbus

2.1, Cell lines

Human osteosarcoma U-2-05 (ATCC), human lung carcinoma NCI-
H1299 (ATCC), and human lung fibroblast MRC-5 (ATCC) cells were
maintained in DMEM (Lonza) supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific) and 1% penicillin/streptomyein
(Sigma-Aldrich). MRC-5 cells were further supplemented with 1% non-
essential amine acids (MEM NEAA, Gibeo),

2.2, Crystal violet assay

Cells were seecled on a 96-well plate with a seeding density of 5000
cells per well. On the same day, the cells were pretreated with 2.5 pM

to those of eisplatin, substantially higher concentrations of carboplatin
are needed to achieve the same toxicity [3]. Furthermore,
cross-resistance is inevitable due to the close similarity of these two
substances [2,6].

Onl.iplntln, the third-generation platinum-based drug, was devel-
oped to respond to acquired resistance induced by cisplatin and carbo-
platin. Its ability to overcome resistance is attributable to the different
constitution of the molecule, which contains a 1,2-diaminocyclohexane
ligand instead of amine groups, and oxalate as a leaving group (5,00,
This position makes ¢ lipophilic, which provides addi-
tional routes for cellular transport and alters its reactivity and mecha-
nism of action. Oxaliplatin has lower reactivity with DNA, bur its
toxicity and anticancer properties are strongly exacerbated by its ability
to interfere with ribosome biogenesis and protein synthesis [2.5.6].
Oxaliplatin is commonly used to treat colorectal cancers [ 2,0]. However,
similar to previous platinum drug genemtions, mnlipbuﬁn causes severe
adverse effects with dose-limiting neurotoxicity [2.4
Whlle many patients initially benefit from plunrurm ~derived

pY, a large prop of tumors relapse, and the acquired
resistance to further chemotherapy often results in treatment failure.
Though far from being fully understood, such drug = mecha-
nisms include modulation of drug transport, glutathione and metal-
lothionein pathways, enhanced DNA-damage repair, inhibition of cell
death, and altered cancer cell metabalism [0].

In this study, we identify cannabidiel and cannabis plant extracts as
substances interfering with the toxicity of all three of the above-
mentioned platinum-based drgs. Cannabineids are a family of sub-
stances with a broad pharr logical profile, potentially applicable to
numerous health conditions, from neurological to inflammatery and
autoimmune diseases [/-9]. Importantly, cannabis products are elini-
cally highly relevant due to their extensive use among cancer patients
[10-12]. Cannabis products are generally accepted to attenuate
memommpy ~induced u.uwamtd side effects. Several

binoid-based drugs, including Dronabinol and MNabilone, are

mdeed being prescribed for chemotherapy-induced nausea and vomiting:

[13,14]. The motivation of oncological patients to use cannabis-based
products is further boosted by numerous studies that suggest their
anticancer properties via various mechanisms of action. It has also been
specilated that simultaneous iption of hineids may supp
ongoing anticancer therapy through some direct anticancer effects [7,9,
151, However, antagonistic effects were also suggested [ 16,17, Indeed,
our present results call for caution with regard to such combinatorial
use, as the positive effects of cannabineids on cancer ch therapy may
not be universally applicable. Indeed, when combined with some che-
metherapeutics, such as platinum-derived drugs, cannabis may under-
mine their anticancer effects and thereby attenuate the treatment
efficacy.

binoid. After 17 h, the cells were treated with increasing con-
centrations of the platinum-based drug. Cisplatin (CisPt) and oxaliplatin
(OxPr) were used in concentrations 5, 10, 20, and 40 pM, Carboplatin
(CarboPt) was used in concentrations 50, 100, 200, and 400 pM. In dle
wash-out experiment, the CBD (¢ bidiol) pret was
by washing with new DMEM media before treatment with platinum-
based drugs. After 72 h of treatment, the cells were fixed with 70%
cold ethanol for 15 min and labeled with crystal vielet solution (5 g
Crystal Violet, Sigma Aldrich, C6158, 200 mL 96% ethanol, 800 mL
H30) for 20 min. Next, the 96-well plates were thoroughly washed under
running water and lefi to dry. The cell-incorporated erysial violet dye
was solubilized by phosphate bulfer saline containing 0.2% Triton X-100
and measured at 590 nm using a spectrometer (TECAN, Infinite
M200PRO). The results are shown as the mean value and standard de-
viation from three independent experiments. Five technical repeats were
performed per experiment.

2.3. Colony formation assay

Cells were seeded on a 12-well plate with a seeding density of 100
cells per well. On the day of seeding, the cells were pretreated with 2.5
uM CBD, and after 17 h, the cells were treated with 2.5 yM CisPt, 5 pM
CarboPt, or 5 uM OxPL After 12 days, the colonies were fixed with 709
cold ethanol and [abeled with crystal violet solution. Cells were washed
under running water and air dried. For better contrast, the wells were
filled with powdered white edible sugar and scanned using a tabletop
scanner (Epson Perfection V750 PRO). The mean area and colony count
were evaluated using ImageJ (Wayne Rasband ) software, The results are
shown as the mean value and standard deviation from three indepen-
dent experiments. Three technical repeats were performed per
experiment,

2.4. Immunofiuorescence staining and quantitative microscopy

The cells were seeded on glass coverslips or a 24-well glass bottom
plate (Cellvis, P24-1.5H-N). Cells were pretreated with 10 yM CBD on
the day of seeding, before treating with 10 pM platinum-based drug for
24 h. In the case of treatment with cyclok de (Cycloheximide so-
lution, Sigma Aldrich, C4859), the treatment was shortened to 17 h and
chemicals (CBD, cycloheximide, plati based drugs) were adminis-
trated concomitantly, The cells were fixed with 4% cold formaldehyde
for 15 min, followed by permeabilization with phosphate buffer saline
containing 0.5% Triton X-100 for 5 min. Subsequently, the cells were
blocked with DMEM media containing 10% fetal bovine serum (FBS,
Gibeo) for 1 h, before staining with primary antibody dissolved in
blocking media overnight at 4 “C. Secondary antibodies were added for
1 h at room temperature. Nuclei were stained with DAPI (Sigma) (1
pgmL~") for 5 min. Samples were visualized and acquired using fluo-
rescence microscopes (Olympus [X81 ScanR and/or Zeiss LSM 980).
Quantitative analysis was performed in ScanR Analysis software
(Olympus).
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For cisplatin-DNA adduct staining, the cells were blocked in 5%
bovine serum albumin and incubated in 2 M HCl for 10 min at 37 °C
consecutively. The remainder of the protocol was performed as
described above.

The results are shown as the mean value and standard deviation from
three independent experiments.

25, Immunoblotting

The cells were seeded on a 6-cm Petri dish, pretreated with 10 uM
CBD on the day of seeding, and then treated with 10 yM platinum-based
drug for 24 h. The cells were lysed in Laemmli sample buffer. The pro-
tein concentration was measured by Bradford assay (Pierce Detergent
Compatible Bradford Assay Kit, Thermo Scientific, 1863028), and
approximately 10 ug of protein was loaded into a precast gel (Mini-
PROTEAN TGX Stain-Free Gels, Bio-Rad, 4568093) and run under the
conditions with constant 20 mA per gel. The separated proteins were
transferred to nitrocellulose membrane, which was blecked in 5% milk
(edible dried low-fat milk) dissolved in Tris-buffer saline containing 0.1
Tween 20 for 1 h. Next, the membrane was incubated with primary
antibodies overnight at 4 “C, followed by secondary antibodies for 1 h at
room temperature, Proteins were visualized by HRP substrate (Immo-
bilon Forte Western HSR Substrate, Merck Millipore, WBLUF0500), and
images were acquired using the ChemiDoc imaging system (Bio-Rad).
The figure used in the manuscript represents one of three independent
experiments.

26, Deter of total plati and zine content

The cells were seeded in a 15-cm Petri dish and were pretreated with
10 pM CBD on the day of seeding, Subsequently, the eells were treated
with 20 uM CisPt for indicated time-points or 20 pM OxPt and 200 uM
CarboPt for 24 h. The cells were then quickly washed in phosphate
buffer saline and removed to 2-mL Eppendorf tubes. The samples were
normalized according to the protein concentration. Te determine the
protein concentration, the samples were frozen at —80 °C toe rupture the
cells and then centrifuged at 20,000 g for 10 min at 4 “C. The protein
concentration was measured from the supernatant using the BCA assay
(Pierce BCA Protein Assay Kit, Thermo Scientifics, 23225).

The total Pt and Zn contents were determined by solution 1CP-MS
using an external calibration in the range of 5-100 pg-L ! for Zn and
0.1-100 pg-L~" for Pt. The aliquots of cell cultures were digested with 4
mL of concentrated nitde and hydrochloric acids (1:1, v/v) in the
UlraWAVE  digestion unit (Milestone, Italy) using a general
temperature-control digestion method for biological samples. Following
mineralization, the digests were quantitatively transferred to a 10-mL
wolumetric flask and filled with ultrapure water. The samples were
subjected to ICP-MS analysis usl.ng the ORS-ICP-MS 7700x instrument
(Agilent Technologies, Jupﬂn] in helium mode to overcome spectral
inter The foll were selected for quantitative [CP-
MS analysis: “zn, "pt, und "’SPr and *Y and “™Bi as internal stan-
dards. The regular measurement of independently prepared quality
control samples at the concentration level of 50 ung" for Zn and 5
pg-L! for Pt was adopted to ensure the reliability of the ICP-MS results.
The results are shown as the mean value and standard deviation from
three independent experiments,

2.7, 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide

For the XTT assay, 5000 cells per well were seeded on a 96-well
plate, The cells were pretreated with 10 yM CBD and, after 17 h,
treated with increasing concentrations of platinum-based drugs. After
72 h, the XTT assay was performed according to the manufacturer's
instruetions (AppliChem) and measured using a spectrometer (TECAN,
Infinite M200PRO). The results are shown as the mean value and
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standard deviation from three independent experiments. Five technical
repeats were conducted per experiment.

2.8. RNA interference

siRNA against MTF1 (OriGene, SR302991) was used for RNA inter-
ference. The cells were transfected with siRNA using Lipofectamine
RNAIMAX (Invitrogen, 13778) according to the manufacturer's in-
structions, The cells were reseeded to the required plate or dish 24 h
after transfection. Trentments were started 72 h after transfection.

2.9, Cultivation of cannabis plants

Two genotypes of cannabis (Cannabis sativa L) were used in this
study. The genotype "Kosher Haze" (KH; Dutch Passion®, the
Netherlands) was classified as chemotype 1, which was THC dominant
and grown from regular seeds. The seeds were cleaned with 0.03% v/v
hydrogen peroxide and germinated on wet paper, in the dark, at labo-
ratory temperature, During the vegetative phase of 8 weeks, the
photoperiod was maintained at 18 h light/6 h dark, with a temperature
of 24,18 °C, and relative humidity of 50%. During this phase, the plants
underwent transplanting from germination soil (Florcom®, Czechia) to
coconut coir (BioBizz, Spain) and topping. The genotype “Fantasy Bud"
was classified as chemotype I, which was CBD dominant and grown
from cuttings purchased from Konopex company (Ostrava, Czechia).
Rooted clones were introduced divectly into the flowering phase with 12
h of light. Both genotypes were cultivated in coconut coir (BioBizz,
Spain). Plagron Cocos A + B, Power Roots, and Pure Zym (Plagron, the
Netherlands) fertilizers were used for plant nutrition during the vege-
tative phase ling to the man er's instructions, Green
sensation (Plagron, the Netherlands) was added to the nutrition scheme
during the flowering stage. Full-spectrum 300 W LED Attis lights
(Lumatek, UK) were used for illumination. Upon maturation (approx. 9
weeks), inflorescences were harvested and dried at 25 °C in the dark for
7 days, before curing and storing in glass jars in the dark at laboratory
temiperature,

2.10. Cannabis extraction

The dried inflorescences were sieved through a 1-mm mesh and
decarboxylated for 30 min at 121 “C. Ethanolic extracts were prepared
by adding 60 mL of 96% EtOH v/v to 6 g of decarboxylated material and
sonicating for 30 min at 40 kHz. Upon centrifugation, the extraction
solvent (1 ml supernatant aliquots) was evaporated on a centrifugal
evaporator (Labeonco, USA) at 40 °C. Phytocannabineid profiling was
accomplished according to methods rended by the USP € bi
expert panel | 10] and according to the Dutch OMC (Office on Medicinal
Cannabis, Analytical monograph Cannabis Flos (flowers/granulated);
Version 7.1; Office of Medicinal Cannabis, Ministry of Health Welfare
and Sport: Netherlands, 2014). The phytocannabinoid profiles of the
extracts are shown in detail in ST1.

2.11. Statistical analysis

XY graphs comprising ervor bars are plotted as mean values and
standard deviation from three independent experiments, each presented
by five technical replicates. Interleaved and stacked bar graphs are
plotted as mean values and standard deviation from three independent
experiments. The scatter plot presents the mean values and standard
deviation from three independent experiments, each presented by
quantitative data obtained from ScanR Analysis software. Ordinary one-
way ANOVA was used to assess statistical significance, and the resulting
P-value is shown in the graphs. All graphical and analytic processing,
including the caleulation of the IC50 and IC75, were performed in
GraphPad Prism 9.4.1.
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212 Chemicals and antibodies

The following antibodies were used for immunofluorescence labeling
for microscopy: anti-cisplatin_ modified DNA (1:1000, Abcam,
ab103261), yH2AX (1:500, Millipore, 05-636), anti-nuclealin (1:1000,
Abcam, ab70493), p53 (1:500, Santa Cruz, sc-6243), Alexa Fluor 488
goat anti-mouse 1gG (1:500, Invitrogen, A11001), Alexa Fluor 568 goat
anti-rabbit IgG (1:500, Invitrogen, A11036), and Alexa Fluor 568 goat
anti-rat IgG (1:500, Abcam, ab175476).

The following antibodies were used for immuneblotting: anti-b-actin
(1:1000; Santa Cruz Biotechnology, sc-47778), anti-MTF1 (1:1000;
NOVUS Biclogicals, NBP1-86380), anti-p53 (1:500, Santa Cruz, sc-126),
anti-SMC1 (1:1000, Abcam, ab9263), goat-anti mouse [gG-HRP (1:1000;
GE Healthcare, NA931), and goat-anti-rabbit (1:1000; GE Healthcare,
NA934).

The following cannabinoids were used for the abovementioned as-
says: CBD (-(-}eannabidiol, 10 mM stock solution in DMSO; Abcam,
ab120448), A*THC (A Tetrahydrocannabinol solution 1 mgmL ™" in
methanol; Sigma Aldrich, T4764), and CBG (Cannabigerol solution 1
mg-m.L" in methanael; Sigma Aldrich, C-141). Extract 1 (CBD enriched)
and extract 2 (A”-THC enriched) were prepared and characterized at the
Crop Research Institute (Olemoue, Czech republic) as stated in the
Material and Methods. Information on the composition of the extracts is
described in 5T1. The extract was dissolved in DMSO to achieve a 10 mM
solution of the dominant cannabinoid.

The following platinum-based drugs were used for the abowve-
mentioned assays: Cisplatin (Selleckchem, 51166), carboplatin (Sell-
eckchem, 51215), and oxaliplatin (Selleckchem, 51224). Gisplatin and
carboplatin were dissolved in water, with stock solutions of 1 rngme"
and 10 mg-mL~’, respectively. Oxaliplatin was dissolved in N, N-dime-
thylformamide (Sigma Aldrich, 227056) at a 5 mgmL ™' stock
concentration.

The following chemicals were used for ICP-MS: Certified reference
material of aqueous calibration selution, ASTASOL® Pt and Zn (1000.0
4+ 2.0 mgL™"), nitric acid (69%, ANALPURE® grade), internal standards
mix, INT-MIX 1 Sc, ¥, In, Th, and Bi (10.0 + 0.1 mg-L™") were purchased
from Analytika, Ltd., Czech Republic. Ultrapure water with a resistivity
of 18.2 MO em was produced by a Milli-Q Reference purification system
(Millipore Corporation, Molsheim, France).

3. Results

3.1. CBD protects cells from the toxicity of three clintcally used plarintim-
based drugs

We have recently reported that cannabidiol (CBD)-triggered
expression of metallothioneins can protect cancer cells against copper-
containing substances such as CuET (an anticancer metabolite of disul-
firam) [ 17]. Metallothioneins, in general, are cysteine-rich proteins that
can protect cells against the toxic effects of various metals and
metal-containing drugs. Here, we wished to determine whether a similar
metallothionein-mediated hanism could be relevant for
platinum-based drugs. First, we performed cytotoxicity tests with CBD
combined with each of the three clinically used platinum cytostatics:
cisplatin (CisPt), carboplatin (CarboPt), and oxaliplatin (OxPt), respec-
tively. As the assay readout, we used the crystal violet staining analysis
in human U-2-05 osteosarcoma cells pretreated with CBD and then
treated with increasing concentrations of the 3 platinum drugs. As
shown in Fig. 1A, even relatively low concentrations of CBD effectively
interfered with the toxic effects of CisPt and GarboPt, while the toxicity
profile of OxPt remained unchonged. The experiment was also per-
formed with a human lung carcinoma HCI-H1299 cell line and with
primary MRC-5 lung fibroblasts, respectively. Overall, the results ob-
tained with all three cell models showed a similar trend (Figs. 1A and
51). Next, we employed a colony formation assay using the U-2-08 cells,
to corroborate the CBD-protective effects in an approach that involves
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long-term exposure to the drugs. In this case, the CBD-mediated pro-
tective effect was even more pronounced and also confirmed in the
OxPt-treated cells (Fiz. 1B). Next, we analyzed the response using
commonly used cellular stress markers, which partly differ across the
platinum drugs [19-21]. In the case of CisPt, we analyzed the DNA
damage using the yH2ZAX marker [19], the level of which was signifi-
cantly reduced in the CBD-pretreated cells (Fige 2A and 52) in a
concentration-depend (53), . using qi itati
fluorescence microscopy, we confirmed the CBD-medinted attenuation
of p53 levels after CarboPt treatment (Fiza. 2A and 52). In cells treated
with OxPt, CBD pretreatment caused lower levels of nucleolar stress, ns
reflected by NCL-protein localization (Figs 2A and 52). Interestingly, for
the diploid MRC-5 cells, the extent of nucleolar stress remained un-
changed upon pretreatment with CBD, suggesting that the protective
effect of CBD is even greater in cancer cells compared to normal cells.
We also performed a western blot analysis of the p53 protein as the
shared stress response marker induced by all platinum-based drugs [22].
Consistently with the other markers, in all models, the CBD cotreatment
resulted in an attenuation of the platinum drug-induced p53 accumu-
lation (Fig. 2B, 54). For CisPt, we also quantified the signal from
CisPt-modified DNA using specific antibodies for these structures, thus
assessing directly the extent of the DNA adduets eaused by the drug. This
immunefluorescence  method bl direct  visualization of
cis-platinated DNA, a readout that was found to be significantly
decreased after CBD pretreatment (Fig. 2C), suggesting that the pro-
tective effect of CBD against CisPt-mediated toxicity is directly linked to
the ability of the drug to reach its molecular target.

3.2, CBD affects the cellular ransport of platinum drugs

Metallothioneins induced by CBD serve as intracellular heavy metal
chelators and detoxificators, and therefore they might offer a potential
explanation for the protective effects described above. To investigate
this possibility, we employed an RNAi-mediated knockdown of MTF1, a
transeription factor required for metallothionein expression, whose
depletion abolished the CBD-triggered resistance of human cancer cells
towards the copper-containing anticancer metabolite of disulfiram in
our previous work [17]. In MTF1 deficient cells, the CBD-mediated
protective effect remained unchanged for CisPt and CarboPt
(55Fig. 5A, B), thereby disproving the hypothesis that metallothionein
could be responsible for the observed CBD-induced resistance to plat-
inum drugs. Next, we included a washing step in the CBD pretreatment
toxicity experiment to determine whether the protective effect
employed other transcriptional responses; the idea being that any such
transcriptional response should be relatively stable, and therefore an
acute removal of CBD from the culture medium immediately after pre-
treatment should minimally impact the protective effect of CBD. How-
ever, upon CBD wash-out, U-2-05 cells lost the resistance against
platinum-based  drugs  (56).  We  further  excluded  the
transeription-promoted rescue effect of CBD by cotreatment with
eycloheximide (CHX), an inhibitor of protein synthesis. Indeed, cells
cotreated with CHX retained their resistance against CisPt in the pres-
ence of CBD, as shown by lower induction of yH2AX and a reduced
formation of CisPt-DNA adducts in the nuclef (Fiz. 2). These data indi-
cate that CBD may mather affect the cellular influx and/or efflux of
platinum drugs, To address this possibility, we used the ICP-MS method
to measute the intracellular levels of platinum after CBD pretreatment.
Our results demonstrated significantly lower levels of intracellular
platinum in CBD-cotreated cells, supporting the hypothesis that altered
cellular transport may underlie the CBD-induced resistance to platinum
drugs (Fig. 4).

3.3. Observed protective effect of CBD against platinum-based drugs is
shared by cannabis plant extracts

Instead of pure CBD, many patients use more or less defined cannabis
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Fig. 1. Cannabidiol (CBD) protects 112208 cells agains platinom-based drigs. A) Cells pretreated with 2.5 g0 CRD and treated with incresing concentrations of
cisplatin (CisPt) and earboplatin (CarboPt) were more resistant to platinum-based drogs compared to mock-pretreated cells. Cells were pretreated for 17 h and
treated for 72 h, The resull was assessedl by erystal violel assay. The 1050 and 175 values (pM), shown in the table below the graphs were caleulated tsing log-
arithmie transformation and nonlinear regression. The final graphs present the mean and standard deviation of three independent experiments [n = 3). B) The results
of the 12-day colony formation assay reveal substantial interference of CBD with all three tested platinum-based drugs (Including oxaliplarin [OxPt]). Cells were
pretreated with 2.5 pM CBD for 17 h, before treating with CisPt (2.5 pM), CarboPt (5 pM), or OxPL (5 pM) and grown for 12 days, The number of colonies and mean
colony arca were plotted on the graphs. Vor bar graphs, one-way ANOVA was used to caleulate the P-value. The result represents the mean and standard deviation of
three independent experiments (n = 3),
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Fig. 3. Inhibited transiation does not lfmii the
protective effect of cannabidiol (CBD) against
cisplatin (CisP't) in U-2-08 cells. Coadministra-
tion of cycloheximide (CHX) does not affect the
CBD-promoted roscue cffcets of civ-platinum
mensured cither as DNA damage (via yH2AX
signal) or as the presence of cis-platinated DNA.
Cells were treated with 50 ug/ml. of CHX,
10 pM CBD, and 20 pM Cisf (10 pM CisPt for
EZAX detection) concomitantly for 17 h. Cells
were fixed, stained, and analyred using quan-
titative immunaflsorescence microseopy, For
scatter plots, onc-way ANOVA was used to
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Fig. 4. 11.2-08 cells pretreated by cannabidiol (CBD) internalize less platinum, Trace elemental analysis showed a lower platinum content in cells subjected 1o
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plant extracts containing additional biclogically active binoids

d interference of CBD and cannabis extracts with the anti-

and other compounds. Therefore, we took advantage of the availability
of cannabis extracts produced from two contrasting chemotypes (CBD
dominant versus THC dominant), which were grown under defined
conditions (see material and methods for more details and 577). The
protective effect against platinum drug toxicity that we observed for the
CBD dominant variant was equally or even more potent than cell
cotreatment by CBD-alone (Flg. 5). However, the extract from the A”-
THC dominant variant was considerably less protective, suggesting that
A"THC itself may not be invalved in the CBD-induced drug resistance.
Consi ly, further experi with A".THC pretreatment alone
revealed no impact on the cellular sensitivity against platinum drugs
(Fig. 5). Finally, we also tested the effect of cannabigerol (CBG), another
cannabinoid typically present in cannabis plant extracts. CBG pretreat-
ment displayed a significant, albeit less pronounced induction of resis-
tance against CisPt and CarboPt (Fig. 5), indicating that protection
against platinum-based drugs may be shared among diverse
cannabinoids.

4. Discussion

Qur present study sheds more light on the causes of acquired che-
moresistance, one of contemporary oncology’'s most essential and
challenging topics. Specifically, we have identified a so-far

cancer e.l"fects of three clinically commonly used platinum-based che-
motherapeutics, resulting in acutely induced resistance of several
human cancer cell models to these anticancer drugs. Furthermore, we
also provide mechanistic insights into the observed cannabis product-
induced chemoresistance. First, our functional nssa}m mming at better
understanding this cannabinoid-induced ct
first excluded metallothioneins, a class of proteins that caune resistance
to some other anticancer compounds [17] and which are transcrip-
tionally induced by cannabinoids through the activity of the MTF1
transcription factor, as a potential mediator of resistance to
platinum-derived drugs. Second, we further excluded that the acutely
induced resistance to platinum drugs heavily relies on either ongoing
transcription or protein translation in the target cells. Overall, our re-
sults norrowed the resistance mechanism u.slns ICP-MS to cellular drug
transport and/or ¢ ion in a transl | lent manner, We
propose that cannabinolds limit the nel.lu.l.nr uptake or accelerate the
elimination of platinum-derived drugs from human cells and that this
mechanism provides a major contribution to, though not necessarily the
entire explanation for, the observed robust resistance to cytotoxic effects
of elinically used platinum-derived chemotherapy in preclinical model
experiments.

Previous studies of platinum-based medications examined a range of
potentially invelved membrane transporters, with OCT1-3, MATEL/2,
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Fig. 5. Cannnbis extracts and cannabigerol (CBG) provide similar resene effects 1o cannabidiol (CBD) against eisplatin (CisP1) and carboplatin (CarboPt) in U-2-08
cells. CBD-enriched extract (Extract 1) induced a strong rescue effect against CisPt and CarboPr, A™TTIC enriched extract (Extract 2) had a moderate protective effect
against CisPt and Carbol't. A% etrahydrocannabinel (4"-THC) alone did not modulate cell sensitivity sgainst platinwm-based drugs, CBG had # protective effect on
cells treated with CisPt and CarboPt, which was comparable to that observed with Extract 2. Cells were pretreated with extracts to reach a 2.5 pM concentration of
the primary esnnabinoid for 17 b, followed by platinim-based drugs for 72 b The result was assessed by erystal violet nssay. The IC50 and IC75 values were
caleulated using logarithmi ion and nonlinear regression. The final graphs present the mean and standard deviation of three independent experi-
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CTR1, ATP7A/7B, and MRP2/4 among the most studied [6,23 24], and
even more have been considered recently [25,26]. Whether or to what
extent any of these transporters are direct GBD targets remains to be
elucidated. Potential mechanisms by which CBD m:i,s‘r mﬂumue the
transport of platinum-based drugs ina tr i

Biomedicine & Pharmacothmapy 163 (2023) 114801

Overall, we hope that our findings will further h to
identify the cellular transporter(s) affected by cannabinoids that are
involved in platinum-based drug transport. Simultaneously, our results
should serve as a warning for patients and physicians to carefully re-
conmler and better avoid combining platinum-based therapy and

include direct interaction with transporters, ion of transport

phosphorylation, and altered transporter localization. Direct interaction
with transporters could occur through competition with substrates, as
has been shown for CBD and prazosinin the case of the BCRP transporter
[27]. Postrranslational modification of wansporters is another proposed
mechanism by which CBD could interfere with transport. For example,
A9-THC has been shown to indirectly modulate the phosphorylation of
the divalent metal transporter-1[24]. Lastly, altered transporter locali-
zation is another possibility. It has been shown that CBD can affect
membrane composition [29]. Interestingly, our ICP-MS data revealed
that CBD significantly increases the intracellular amount of zine (57).
However, whether and how this phenomenon is related to platinum
drug uptake requires further research. Nevertheless, the resulting in-
crease in intracellular zine levels provides a mechanistic explanation for
the CBD- di 1 fon of metallothi ins reported previousl

lucts containing high levels of CBD, at least until this drug
|nl!rfer2rme phenomenon becomes better nssessed in both preclinical
and especially clinical settings.

5. Conclusion

In this study, we identified clinically relevant negative interactions
between cannabis and the three most commonly used platinum-based
anticancer chemotherapeutics. Additionally, we found that such
canpabinoid-induced chemoresistance is translationally independent
and reflects altered cellular drug transport. Our data should serve as a
warning relevant for concurrent usage of some cannabis products by
patients undergoing platinum-based treatment, to aveid (untl more
information on this issue becomes available)a p impaet
of such combination on therapy outcome.

fal "
g

[20], linking this intriguing effect of cannabinoids with the known fact
that inerensed intracellular zine levels trigger MTF1-mediated expres-
sion of metallothioneins [31-23].

Importantly and highly relevant for oncolegy, our data suggest that
use of bis products, mainly those containing high
amounts of CBD, has the potential to negatively affect the treatment of
cancer patients with the widely used standard-of-care platinum-based
drugs. This result is crucial because many cancer patients search for
ways to support their treatment and/or relieve the adverse effects of
standard chemotherapy, and cannabis products are often considered in
such a context as an increasingly available option to provide both
properties. Indeed, cannabis has been demonstrated to lessen several
adverse conditions associated with cancer treatment, such as pain,
nausea, vomiting, depression, and weight loss [16,34,35], Moreover,
direct anticancer effects of cannabis, through different proposed mech-
anisms, have also been suggested |7,9,15,16]. Two products, Nabilone
{a synthetic binoid) and Dronabinal (synthetic A’-THC), have
been approved by the FDA for attenuation of chemotherapy-induced

simul
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nausea and vomiting [14]. Additionnlly, Sativex (A™THC:CBD) is a
medicine under evaluation for relieving cancer-related pain [36-401. In
light of our data, cotreatment with these products under ongoing
chemotherapy with platinum drugs should better be aveided, or at least
Dronabinel should be the preferred chofee in such elinieal settings.
The potential interplay of platinum-based drugs with cannabis
products has been studied to some extent at the preclinical level,
including efficacy modulation. However, the results so far have been
limited and inconsistent. For example, in line with our observation, CBD
had been reported to attenuate CarboPt- and CisPt-mediated cytotoxic
effects in canine urothelial carcinoma cells [411] and malignant mela-
noma cell lines [42], respectively. In contrast, some studies suggested
that combined treatment might be more effective in regimens containing
CisPt [43], while oxaliplatin combination with CBD was proposed to
overcome OxPt resistance in colorectal cancer cell lines [44]. Further-
more, some relevant clinical studies that are presently at the early
planning  stage (NCTO4585841  [45], NCTO3607643  [46],
NCT04582591 [47], NCT04398446 [40]) aim to evaluate
CBD-mediated attenuation of OxPt-induced side effects. There is also a
retrospective analysis suggesting the beneficial effects of cannabis on
neuropathic pain in OxPt-treated patients [49]. However, our present
results strongly suggest that this area of cancer research should first be
very carefully evaluated before any widespread elinieal applieations
should be recommended. Indeed, in the light of our present dataset, it is
lausible that the ion of platinum-based drug-induced adverse
effem in patients might reflect (at least partially) the overall decreased
intracellular availability of the drugs, resulting in reduced treatment
efficacy and, as a consequence, also reduced adverse effects.
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Abstract: Cannabidiol (CBD) is an easily accessible and affordable Marijuana (Cammabis satioa L.)
plant derivative with an extensive history of medical use spanning thousands of years. Interest in
the therapeutic potential of CBD has increased in recent years, including its anti-tumour properties
in various cancer models, In addition to the direct anticancer effects of CBD, preclinical research
on numerous cannabinoids, including CBD, has highlighted their potential use in: (i) attenuating
chemotherapy-induced adverse effects and (ii) enhancing the efficacy of some anticancer drugs.
Therefore, CBD is gaining popularity as a supportive therapy during cancer treatment, often in
combination with standard-of-care cancer chem otherapeutics. However, CBD isa bio[ogicaliy active
substance that modulates various cellular targets, thereby possibly resulting in unpredictable out-
comes, especially in combinations with other medications and therapeutic modalities. In this review,
we summarize the current knowledge of CBD interactions with selected anticancer chemotherapeu-
tics, discuss the emerging mechanistic basis for the observed biological effects, and highlight both the
potential benefits and risks of such combined treatments, Apart from the experimental and preclinical
results, we also indicate the planned or ongoing clinical trials aiming to evaluate the impact of
CBD combinations in oncology. The results of these and future trials are essential to provide better
guidance for oncologists to judge the benefit-versus-risk ratio of these exciting treatment strategies.
We hope that our present overview of this rapidly advancing field of biomedicine will inspire mare
preclinical and clinical studies to further our understanding of the underlying biology and optimize
the benefits for cancer patients.

Keywords: cannabidiol; drug—drug interaction; chemotherapy; cancer

1. Introduction

Understanding drug interactions is a fundamental yet challenging pharmacological
issue that is especially problematic in oncology due to the usually narrow therapeutic
window and potential serious toxicity profiles of drugs that are often applied to vulnerable
patients and those with a long history of pre-treatment. Drug interactions may occur as a
result of pharmacokinetic, pharmacodynamic, or biological factors, resulting in various
outcomes, including decreased or increased therapeutic or adverse responses [1]. De-
spite extensive research and development work, most anticancer therapies have severe
adverse effects. To mitigate such therapy-associated adverse effects, patients frequently
use vitamins, dietary supplements, or herbal products, with Cannabis plant-based products
occupying a prominent position. Indeed, a recent survey indicated that approximately
two-thirds of patients with cancer had used Cannabis products during their ongoing therapy
to alleviate adverse effects [2,3]. In these studies, cannabis products were mainly taken
via inhalation, ingestion, or topically. These products were predominantly in the form of

Int. |. Mol. Sci. 2023, 24, 2885, https:/ /doi.org/10.3390/{jms24032885
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edible, liquid, or smoked /vaporized cannabis. Additionally, a significant percentage of
participants (22% and 21%) preferred CBD-only or -dominant products, respectively [3].

Cannabidiol (CBD), a product of Cannabis sativa L. (dominantly present in chemo-
types 1l and [II} [4], is particularly popular among patients with cancer because it is
non-psychoactive, safe, and well-tolerated. CBD relieves therapy-induced issues, and
some reports suggest it may even have direct anticancer properties. However, whether
CBD improves or undermines, concomitant chemotherapy treatment has not yet been
fully determined.

CBD belongs to the cannabinoid family and is a leading derivative of Cannabis sativa
L.; CBD and tetrahydrocannabinol (THC) are the plant’s main cannabinoid constituents [5]
and have been extensively studied for years due to their therapeutic potential. Unlike THC,
CBD is not psychoactive and is, therefore, a more suitable therapeutic candidate.

Based on the many studies showing the benefits of CBD, historical experience with
cannabinoids, and current public interest, research into CBD for medical purposes has
gained increasing attention. Currently, CBD is used as a medicine or complementary
substance, and many CBD-based products are publicly available. However, it should
be noted that most such products are off-label and often lack CBD-content verification.
Currently, CBD is available in cosmetics, beverages, edibles, solutions, herbal extracts, and
dried marijuana herbs and is easily accessible worldwide [6]. The anti-inflammatory, anti-
oxidative, and other biological effects of CBD make it a promising therapeutic candidate for
many diseases, including epilepsy, Alzheimer's disease, Parkinson’s disease, and multiple
sclerosis. Pure CBD solutions (under the commercial name Epidiolex/Epidyolex) for oral
application are currently approved by the US Food and Drug Administration (FDA) to
treat severe, orphan, early-onset, and treatment-resistant epilepsy syndromes [7~11]. More-
over, clinical trials examining the potential benefits of CBD in the context of Parkinson’s
disease, Crohn's disease, social anxiety disorder, and schizophrenia [12-16] have shown
promising results.

CBD-related interactions with anticancer drugs are frequently linked to the transport of
chemotherapeutics due to CBD's ability to modulate various receptors and transmembrane
channels, including cannabinoid receptors 1 and 2 (CB1 and 2) [17], transient receptor po-
tential vanilloid 1 and 2 (TRPV1 and 2) [15,19], peroxisome proliferator-activated receptor y
(PPARy) [20], 5-hydroxytryptamine receptor subtype 1A (5-HT1A) [21], G protein-coupled
receptor 55 (GPR55) [22], and adenosine A2A receptor (A2A, agonist) [23]. CBD targets
have been suggested to play a role in cancer therapy resistance, including breast cancer
resistance protein (ABCG2/BRCT) [24], bile salt export pump (ABCB11/BSEP) [11], and
p-glycoprotein (p-gp) [25,26]. Very relevant for drug—drug interactions, CBD also affects
several biotransformation enzymes such as CYP3A4, UGT1A9, UGT2B7, CYP1A2, CYP2B6,
CYP2CS, CYP2C9, and CYP2C19 [11]. Several studies have furthermore examined the
ability of CBD to modulate the activity of other CYPs in vitro, including 3A5/7, 2Dé, 2A6,
1A1,1B1, and 2]2 [6]. Additionally, CBD appears to have bidirectional anti-oxidative [27]
and pro-oxidative properties [28], potentially modulating drug efficacy. Moreover, CBD is
metabolized by CYP3A4 and CYP2C19, making it a substrate shared by multiple oncology
drugs. This circumstance may slow their respective metabolic processing in the organism,
thereby potentially leading to dangerous outcomes [6].

CBD is generally perceived as a well-tolerated drug, beneficial for oncology patients
due to its ability to attenuate some chemotherapy-induced side effects such as nausea, pain,
and appetite loss [29]. Moreover, there is evidence to suggest that CBD has direct anti-
proliferative and pro-apoptotic effects while also interfering with cancer-related processes,
including angiogenesis, cell migration, adhesion, and invasion [30].

In this review, we summarize the current knowledge of CBD interactions with selected
anticancer chemotherapeutics and discuss emerging mechanistic explanations of their
biological effects.
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2. CBD Interactions with Antimetabolites

Antimetabolites {Table 1) are small molecules resembling standard nucleotides—the
building blocks of DNA. Because of this resemblance, they can be incorrectly incorporated
into DNA or may inhibit DNA synthesis. Antimetabolites were among the first anticancer
chemotherapeutics introduced in the late 1940s; a notable example is aminopterin, which
was used to treat paediatric acute lymphoblastic leukaemia. Currently, antimetabolites
represent a cornerstone of treatment for various cancer types [31,32].

2.1. 5-Fluorouracil

5-fluorouracil is an uracil analogue that inhibits thymidylate synthetase. The inhibited
enzyme is incapable of deoxythymidine monophosphate conversion, which results in the
depletion of deoxythymidine triphosphate used for DNA synthesis [32,33], 5-fluorouracil
is commonly used to treat a range of diverse solid tumours, including those of the gastroin-
testinal tract and head-and-neck, with common adverse effects such as gastrointestinal and
oral mucositis [32,33]. Cuba et al. (2020) [33] evaluated the effect of CBD on oral mucositis
inflicted by 5-fluorouracil in mice. Interestingly, CBD treatment reduced oral mucositis,
probably as a consequence of its antioxidant properties, which were documented by the
increased catalase and glutathione levels in CBD-cotreated mice. CBD with 5-fluorouracil
and some other chemotherapeutics is planned to be tested for efficacy and safety in a
randomized clinical trial on colon and rectal cancers (NCT03607643) [34].

2.2. Gemcitabine

Gemcitabine is a nucleoside analogue—specifically, a deoxycytidine. After intake, the
drug is metabolized and incorporated into the DNA strand instead of the original nucleo-
side, which leads to inhibition of DNA polymerase and ribonucleotide reductase [32,35].
Gemcitabine is commonly used in patients with non-small cell lung, pancreatic, urinary
bladder, and breast cancer, with haematological toxicity, cedema, and pulmonary, cuta-
neous, and gastrointestinal toxicity as common adverse effects [35]. Although the impact
of CBD on gemcitabine-induced adverse effects is unknown, preclinical studies suggest
an interesting potentiation of its anticancer toxicity. For example, combined treatment
with CBD and gemcitabine significantly extended animal survival in the pancreatic ductal
adenocarcinoma (FDAC) mouse model and also enhanced the inhibition of the prolif-
eration of PDAC cell lines. This effect can be explained by CBD's antagonism of the
GRP55 protein, a receptor of lysophosphatidylinositol, which is known to have a role in
tumour progression [36-38]. GRP55 inhibition suppresses cell cycle progression and hence
cell proliferation, reduces MAPK kinase activation, and lowers the overall abundance of
ribonucleotide reductases in PDAC cells, all of which are associated with gemcitabine
resistance [36,38]. The potentiation of gemcitabine toxicity by CBD was also confirmed in
another PDAC cell line (Mial'aCa-2) [39]. Combined treatment with CBD and gemcitabine
will be assessed for pancreatic cancer in a randomized clinical trial (NCT03607643) [34].

2.3. Methotrexate

Folates, compounds related to the vitamin D family, function via one-carbon metabolism,
which is essential for purine, thymidylate, and polyamine synthesis. Folates are in-
volved in the synthesis of 5-adenosyl methionine, which is critical for the methylation of
DNA, histones, lipids, and neurotransmitters [40]. Methotrexate is an antifolate antago-
nist targeting dihydrofolate reductase (DHFR), a key component of the folate pathway.
Due to its structural similarity to folic acid, methotrexate can block the binding pocket
of DHFR, leading to secondary inhibition of downstream enzymes in the folate path-
way [32,40-42]. Methotrexate is used in combination with other chemotherapeutics to
treat several types of cancer, including acute lymphocytic leukaemia, lymphoma, carcino-
mas of the breast and urinary bladder, and osteosarcoma [40,41]. Brown and Winterstein
(2019) [6] suggested that CBD may interact with methotrexate treatment because it inhibits
the ABCG2/BCRP transporter [24], which contributes to cellular efflux of methotrexate [43].
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CBD cotreatment could thus lead to methotrexate accumulation, increasing the drug's effi-

cacy but also potentially strengthening its adverse effects. However, this hypothesis awaits
experimental confirmation.

Table 1. Summary of the drug-drug interactions of CBD with antimetabolites.

Antimetabolites
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5-FU: 5-fluorouracil; ¢ concentration; CBD: cannabidiol; CT: ch
toneal; PDAC: pancreatic ductal adenocarcinoma,

ics; GEM: Gemcitabine; IP; intraperi-

3. Interactions of CBD with Alkylating Agents and Platinum-Based Drugs

Alkylating agents (Table 2) are reactive chemical substances that target DNA and
proteins and belong to the oldest chemotherapeutics. Their ability to alter biological
molecules is based on the transfer of alkyl groups to target molecules such as DNA, which
often alters their structure or disrupts their function [44,15]. The alkylating agent mustard
gas was first used as a chemotherapeutic in the early 1930s to treat skin cancer [45,46].
Mechlorethamine, an analogue of mustard gas, was approved as a chemotherapeutic in the
late 1940s, followed by a number of related drugs [45].

Platinum-based drugs are commonly classified as alkylating agents even though they
do not directly alkylate DNA; instead, they form covalent crosslinks between DNA strands
and covalent DNA-protein adducts [45].

3.1. Carmustine

Carmustine (1,3-bis(2-chloroethyljurea) belongs to the nitrosourea family. As a lipid-
soluble, low molecular weight drug, it readily penetrates the blood-brain barrier and is
therefore used to treat brain tumours, mainly glioblastoma multiforme as well as lym-
phomas and melanoma [45,47 48]. Reported adverse effects associated with carmustine
include pulmonary, gastrointestinal, hepatic, renal, cardiovascular, haematological, and
neurological toxicities, among others [48].

It has been hypothesized that CBD interferes with carmustine via the transient poten-
tial vanilloid 2 receptor (TRPV2), a nonselective cation channel that is usually activated
by heat, altered osmolarity, or membrane stretching. As a TRPV2 agonist, CBD increases
Ca® influx [19], possibly affecting the uptake and retention of some anticancer drugs.
This theory was experimentally confirmed in glioblastoma cells, where CBD coadminis-
tration caused sensitization against carmustine. Interestingly, this effect was not observed
in normal human astrocytes [49,50]. TRPV2 expression is also upregulated by a spliced
variant of the AML1la (acute myeloid leukaemia) protein, induced by CBD treatment. As a
transcription factor, AML1a impacts the expression of genes whose products are implicated
in various biological processes, including hematopoietic self-renewal, cell proliferation,
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and differentiation [51,52]. Although the function of AML1a in GBM (glioblastoma mul-
tiforme) remains poorly understood, AML1a is upregulated during GBM stem-like cell
(GSC) differentiation, and downregulation of AMLI1a is associated with GBM chemoresis-
tance. Thus, upregulation of AML1a by CBD may lead to GSC differentiation, resulting
in restoration of carmustine sensitivity, This concept was experimentally validated at the
level of GSC cell lines [52]. The potentiating effect of CBD on carmustine cytotoxicity was
further examined by Deng et al. (2017) [53] in human GBMs, mouse primary GBMs, and
mouse neural progenitor cells. Although CBD sensitized to carmustin both the murine
and human GBM cells, a subsequent analysis of drug interactions between carmustine
and CBD, their concentration dependence, and their effects on efficacy revealed a range of
concentration-dependent synergistic, additive, or antagonistic effects on cell viability and
proliferation among the three analysed model systems, overall indicating the complexity of
such drug interactions [53].

3.2. Temozolonide

Temozolomide is an imidazotetrazine lipophilic prodrug that is activated and metabo-
lized under physiological pH conditions. The resulting methyldiazonium salt is a lipophilic
alkylating agent that passes through the blood-brain barrier. Consequently, temozolomide
is particularly suitable for treating brain tumours [54,55]. Reported adverse effects of this
drug include haematological, gastrointestinal, and neurological toxicities [56]. Experiments
using the human US7MG glioma cell line, primary glioblastoma cells, and normal human
astrocytes (NHAs) conducted by Nabissi et al. (2013) [49] suggested that temozolomide’s
efficacy is potentiated by CBD, again via TRPV2 activation. As in the case of carmustine,
temozolomide cytotoxicity was potentiated in glioblastoma cells but not in NHAs.

The CBD-promoted potentiation of temozolomide’s effects against GBM may also
partly reflect effects on extracellular vesicles (EVs). Cells use EVs for drug efflux, pro-
oncogenic signalling, invasion, and immunosuppression [57], and there is clear evidence
that CBD is an effective modulator of EV properties. For example, CBD treatment of
chemoresistant and chemosensitive patient-derived GBM cells led to the formation of EVs
with reduced levels of pro-oncogenic miR21 and an elevated anti-oncogenic miR126 [55].
The same study suggested that, apart from its effects on EV properties, CBD treatment
may reduce levels of prohibitin, a protein that protects mitochondrial function and may
contribute to temozolomide chemoresistance.

In addition to the additive/synergistic effects observed between CBI} and temo-
zolomide toxicity, concentration-dependent antagonistic effects have been reported in
human GBMs, mouse primary GBM cells, and mouse neural progenitor cells, suggesting
a rather complex relationship [53]. In one study, the combination of CBD with temo-
zolomide increased tumour growth in a mouse GBM model compared to temozolomide
treatment alone [59]. However, the opposite effect was observed in another study using
the same mouse model [60]. It is unclear why these two studies reached such highly
discrepant results.

Notably, there are also limited clinical data. Likar et al. (2019) [61] evaluated brain
tumours in patients who took CBD concomitantly with radiochemotherapy, including
temozolomide. At the time of publication, patients taking CBD survived longer than
expected. Currently, two clinical trials evaluate the effects of CBD and temozolomide
combinations in patients with GBM (NCT03607643 and NCT03687034) [34,62].

3.3. Cisplntin

Cisplatin ((SP-4-2)-diamminedichloridoplatinum (1)) interacts with purines incorpo-
rated into DNA and causes DNA lesions. It is widely used as a chemotherapeutic agent for
treating solid tumours despite having severe side effects, including renal toxicity, ototoxic-
ity, hepatotoxicity, and gastrointestinal toxicity [45,63]. Several lines of evidence indicate
that CBD is an effective attenuator of these cisplatin-induced adverse effects. For example,
renal toxicity, a frequent limiting factor for cisplatin treatment, was effectively suppressed
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by CBD in mice [64]. Indeed, CBD was shown to protect kidneys from cisplatin-induced
effects by reducing oxidative and nitrosative stress, inflammation, and cell death, while im-
proving renal function. Moreover, studies on cisplatin-induced emesis in shrews reported
by Kwiatkowska et al. (2004) [65] showed that treatment with low doses of CBD attenuated
cisplatin-induced vomiting, whereas high doses potentiated this adverse effect. Similar
findings were obtained in another study on shrews by Rock et al. (2012) [66], which ina
mouse model showed that the anti-emetic and anti-nausea effect of CBD was mediated
by indirect activation of the somatodendritic serotonin autoreceptor 5-HT1A in the dorsal
raphe nucleus. Activation of 5-HT1A reduces the excitability of serotoninergic neurons
and thus reduces serotonin release in terminal forebrain regions [66,67]. The same mecha-
nism was confirmed in shrews and rats after treatment with cannabidiolic acid (CBDA), a
compound similar to CBD that is effective at substantially lower concentrations [65].

Besides the ability to reduce adverse effects, CBD also seems to potentiate cisplatin
toxicity in endometrial cancer cell lines. The enhanced response to cisplatin appeared to
result from TRPV2 receptor activation and was strengthened in TRPV2 overexpression
models [69]. Conversely, in the ovarian cancer cell line SKOV-3, CBD did not affect
cisplatin-induced cytotoxicity, and a cell protective effect was observed at higher CBD
concentrations [70]. Similarly, in GBM cell lines, combined treatment with CBD and
cisplatin had mixed results; additive, synergistic, and antagonistic effects were all observed,
depending on the drug concentrations used [53].

3.4. Oxaliplatin

Oxaliplatin is a third-generation platinum drug based on diaminocyclohexane (DACH)
that can overcome cisplatin-induced resistance. Oxaliplatin is less reactive toward DNA
than cisplatin, forming fewer protein-DNA adducts and DNA-DNA crosslinks. Despite its
lower reactivity, oxaliplatin displays a similar cytotoxicity profile to cisplatin. It is believed
that the DACH molecule causes specific DNA lesions that are difficult to detect and /or
repair. Moreover, oxaliplatin interacts more strongly with proteins than cisplatin [71,72]. In
addition to generating DNA lesions, oxaliplatin induces nucleolar and ribosomal stress,
which may contribute significantly to its overall toxic effects [73]. Oxaliplatin is primarily
used to treat colon cancer [63,72] and has less severe side effects than cisplatin; nephrotox-
icity and ototoxicity are relatively rare. Moreover, while oxaliplatin treatment can cause
gastrointestinal toxicity and hepatotoxicity, the main dose-limiting adverse effect is neuro-
toxicity [72] accompanied by mechanical allodynia. Importantly, CBD is a potent attenuator
of oxaliplatin-induced neuropathy-associated pain in mice [74]. Pereira et al. (2021) [75]
recently investigated the role of the endocannabinoid system in oxaliplatin-induced pe-
ripheral sensory neuropathy and showed that CBIY has an analgesic effect that was partly
attributed to interactions with the CB1 receptor. CBD treatment also attenuated mechanical
hyperalgesia and c-Fos expression in the spinal cord’s dorsal root ganglion and dorsal horn
without cannabimimetic effects.

In another study on the potentiation of oxaliplatin by CBD, experiments using parental
and oxaliplatin-resistant human colorectal cancer cell lines and their mouse xenografts
conducted by Jeong et al. (2019) [76] showed that CBD restored oxaliplatin sensitivity
tested in the resistant cancer cells. Mechanistically, this was attributed to a CBD-promoted
decrease in NOS3 phosphorylation, which is otherwise elevated in oxaliplatin-resistant
tumour cell lines. Reducing NOS3 phosphorylation lowered the level of NO and super-
oxide dismutase 2, resulting in ROS induction and mitochondrial dysfunction. Oxali-
platin combined with CBD is under evaluation in a randomized clinical trial of colorectal
cancer (NCT03607643) [34].

3.5. Carboplatin

Carboplatin, or cis-diamine—],l'-cyciobutane dicarboxylate platinum (II), is a second-
generation platinum-based drug. Its mechanism of action resembles that of cisplatin, and
its therapeutic effect is weaker than or equal to that of cisplatin itself [77,78]. Carboplatin is
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used to treat testicular germ cell tumours as well as gynaecological, head-and-neck, thoracic,
and urinary bladder cancers [79]. It has fewer adverse effects than cisplatin because of
its different pharmacodynamics; its main adverse effects are myelosuppression, nausea,
and vomiting [30]. Current knowledge of the interaction between CBD and carboplatin is
limited because the combination of both drugs has only been tested in cellular models of
canine urothelial carcinoma, in which the effect was antagonistic [81].

Table 2. Summary of the drug—drug interactions of CBD with alkylating agents and platinum-based drugs.
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BCNU: carmustine; bFGF: basic fibroblast grow th factor; CBD: cannabidiol; CBDCA: carboplatin; CBDA: cannabid-
folic acid; CDDP: cisplatin; ¢ concentration; CT: chemotherapeutics; EGF: epithelial growth factor; EV: ex-
tracellular vesicles; GBM: gliobl GSC: glinbl a stem-like cells; Hu: human; IP: intraperitoneal;
IV: intravenous; L-OHP: oxaliplatin; Ms: mouse; NHA: normal human astrocytes; NPCL: neural progenitor cell
ling; PO: per os; ROS: reactive oxygen species; SC: subcutaneous; TRIPV2: transient receptor potential vanilloid 2;
TMZ: temozolomide.

4. Interactions of CBD with Microtubule-Targeting Agents

Microtubules (Table 3) are components of the cytoskeleton that are dynamically poly-
merized and depolymerized. Microtubule-targeting agents inhibit one of these two pro-
cesses, which has a profound impact on cytoskeleton morphology, cellular transport,
motility, and mitosis, and thereby exert anticancer and anti-angiogenic effects [82,53]. The
first microtubule-targeting agent used in the clinic was vinblastine, which was approved
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for the treatment of lymphomas and various solid tumours in the early 1960s. Its success
led to the discovery and development of a wider spectrum of agents with similar activity,
with several of these drugs currently used to treat various types of malignancies [83].

4.1. Vinblastine

Vinblastine is an indole-containing alkaloid isolated from Catharanthus roseus and
its endophytes [84] that shows microtubule-destabilizing properties. As an inhibitor of
microtubule polymerization [52], it is widely used to treat Hodgkin's lymphoma, lym-
phosarcoma, choriocarcinoma, neuroblastoma, various carcinomas, leukaemia, Wilkins's
tumour, and reticulum cell sarcoma [55]. Its known adverse effects include gastrointestinal,
genitourinary, neurologic, haematological, and hepatic toxicities and patients treated with
vinblastine are also prone to infections [56].

The effect of CBD on vinblastine-induced adverse effects is not yet known, but some
studies suggest potentiation of the curative effect. For example, in leukaemia cells, CBD
can help overcome vinblastine resistance that is caused by p-glycoprotein (p-gp) trans-
porter overexpression, P-gp overexpression is responsible for multidrug resistance, and
vinblastine is among its known substrates. CBD was shown to reduce the transporter’s
expression, reducing the efflux of vinblastine from cells. CBD cotreatment also increased
vinblastine toxicity, but only in cells overexpressing the transporter. Notably, the effect
was relatively mild, and verapamil, an established inhibitor of the p-gp transporter, was
considerably more effective [25]. The synergistic effect of CBD and vinblastine manifested
by reduced viability and increased apoptosis was further confirmed in canine urothelial
carcinoma cells [81].

4.2. Paclitaxel

Paclitaxel, a member of the taxane family isolated from Taxus brevifolia [87], is a
microtubule-stabilizing agent used to treat various solid tumours. Its common adverse
effects include myelosuppression and peripheral neuropathy [88]. Ward et al. (2011;
2014} [89,90] used CBD to attenuate paclitaxel-induced peripheral neuropathy and showed
that CBD cotreatment prevented this side effect in mice [8%,90]. The neuroprotective activity
of CBD was partially explained by its agonistic effect on the 5-HT1A receptor, which is
involved in central nervous system sensitization [89-91]. The same study also reported
additive and synergistic effects in murine and human breast cancer cell lines [90]. The atten-
uating effect on paclitaxel-induced mechanical allodynia was also confirmed by King et al.
(2017) [74] in mice. Apart from 5-HT1A, the protective effect of CBD on paclitaxel-induced
peripheral neuropathy might reflect the impact on mitochondrial Na* Ca®* exchanger-1
(mNCX-1), which is primarily responsible for calcium homeostasis, Indeed, the knockdown
of mNCX-1 attenuated the protection conferred by CBD in dissociated dorsal root gan-
glia [92]. Another study confirmed CBD as an attenuator of paclitaxel-induced mechanical
sensitivity and showed that CBD could not reverse previously established mechanical
sensitivity in mice [93].

Other studies have examined the capacity of CBD to modulate the efficacy of paclitaxel.
Synergistic or additive effects with CBD pre-/co-treatment on cytotoxicity were observed
in breast cancer and ovarian cancer cell lines. These studies tested two CBD preparations—
CBD in solution and CBD in polymeric microparticles—both of which were effective in the
human MCF7, MDA-MB-231, and SKOV-3 cell lines and reduced tumour growth during in
ovo studies on the chorioallantoic membrane of chicken embryos [70,94].

According to Luongo et al. (2020) [39], CBD and paclitaxel cotreatment had syner-
gistic and additive effects in pancreatic cancer cell lines but only at relatively high CBD
concentrations. Synergy was also observed in the MCF7 breast cancer cell line model [95].
CBD and paclitaxel cotreatment has also been investigated in human colorectal and gas-
tric adenocarcinoma cell lines [96]. While CBD did not reduce viability after paclitaxel
treatment in some cell lines, an additive effect on the inhibition of DNA replication was
observed. Interestingly, the authors highlighted the importance of the foetal calf serum
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content in cell culture media, leading to different results after CBD application, suggesting
the potential influence of growth factors on the observed effects of CBD. In addition, CBD
enhanced the cytotoxic effect of paclitaxel in endometrial cancer cell lines regardless of
TRPV2 overexpression [64].

Finally, Brown and Winterstein (2019) [6] demonstrated that paclitaxel is a substrate of
the ABCB11/BSEP transporter, which is another CBD target. Combined treatment with
CBD may thus increase the efficacy of paclitaxel, albeit at the cost of a simultaneous increase
in adverse effects.

4.3. Docetaxel

Docetaxel is a semisynthetic agent consisting of 10-diacetyl baccatin Il derived from
Taxus baccata that has been esterified with a synthetic side chain. Docetaxel is a micro-
tubule stabilizer [97] that is used to treat metastatic breast, lung, prostate, gastric, and
head-and-neck cancers; it seems to be more potent than paclitaxel. However, its poor
solubility in water necessitates administration as a solution in ethanol and polysorbate
80, which introduces additional solvent-induced side effects. Docetaxel also has more
severe adverse effects than paclitaxel, including neutropenia, musculoskeletal toxicity,
and neurotoxicity [95].

De Petrocellis et al. (2013) [%9] studied the pro-apoptotic effects of cannabinoids when
combined with docetaxel in prostate carcinoma. Both CBD and CBD-DBS (extracts from
Cannabis sativn L. strains enriched in particular cannabinoids) were examined. Interestingly,
these researchers highlighted the importance of media composition (with/without sera) in
experiments using CBD by showing that certain media can potentiate docetaxel toxicity in
human LNCaP (androgen receptor AR-positive) cells. In the same study, CBD also potenti-
ated the effect of docetaxel in AR-negative human DU-145 cells at lower concentrations but
showed a tendency towards a protective effect at higher concentrations. In experiments
using the DU-145 mouse xenograft model, CBD-BDS potentiated the effects of docetaxel,
but a mild protective effect was observed following cotreatment with CBD and docetaxel
in an LNCal® xenograft model. Combined treatment with docetaxel and CBD has also been
examined in the MCF7 breast adenocarcinoma cell line, revealing that synergistic effects
can be obtained at specific molar ratios [95].

4.4. Vincristine

Vincristine is a vinca alkaloid isolated from Catharanthus roseus that interferes with
microtubule polymerization [100] and is used to treat cancers including leukaemia, lym-
phoma, central nervous system cancers, and sarcomas. Its common adverse effects include
neuropathy and constipation [101].

While mechanical allodynia, a neurological condition induced by vincristine, was
not attenuated by CBD pre-treatment [74], multiple lines of evidence suggest that CBD
potentiates the anticancer effect of vincristine. First, as mentioned above, CBD targets
the ATP-binding cassette (ABC) transporter (ABCC1/MRP1) responsible for multidrug
resistance, including resistance to vincristine. In ovarian cancer cell lines overexpressing
ABCC1/MRP1, CBD treatment attenuated the ABCC1/MRP1-mediated drug transport
and increased the accumulation of vincristine inside the cells [102]. Second, combined CBD
and vincristine treatment reduced cell proliferation in a synergic or additive manmner in
canine neoplastic cell lines. The authors suggested that this effect could be related to CBD-
mediated induction of ERK and JNK kinase-mediated phosphorylation signalling leading
to autophagy and apoptosis [103]. Third, a case report suggested a favourable impact of
CBD on patients with high-grade gliomas treated with radiotherapy accompanied by a
combination of vincristine, lomustine, and procarabine. Importantly, two patients cotreated
with CBD showed an improved health condition that exceeded expectations [104].
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Table 3. Summary of the drug-drug interactions of CBD with microtubule-targeting agents.
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c: concentration; CAM: chicken charicallantoic membrane; CBD: cannabidiol; CT: chemotherapeutics; DRG: dorsal
root ganglion; DTX: docetaxel; Hu: human; IP: intraperitoneal; IV: intravenous; Mps: microparticles; PO: per os;
PTX: paclitaxel; VBT: vinblastine; VCT: vincristine.

5. CBD Interactions with Anthracyclines

The anthracyclines (Table 4) are a class of compounds that intercalate into DNA,
causing inhibition of DNA synthesis and interference with topoisomerase Il [105]. The
proto-typic anthracyclines, doxorubicin and daunorubicin, were isolated from Streptamyces
peucetius in the 1960s. Since then, several other compounds of this class have received
clinical approval [106].

Doxorubicin

Doxorubicin has many therapeutic applications, including in the treatment of haema-
tological malignancies, diverse types of carcinomas, and sarcomas. [ts main adverse effects
include cardiotoxicity, neurotoxicity, nephrotoxicity, and hepatotoxicity [107]. Doxerubicin
has a complex molecular mechanism of action that involves both free radical induction and
DNA intercalation leading to DNA breaks and chromosomal aberrations, often resulting in
cell senescence or death [105].

Cardiomyopathy is the most severe doxorubicin-evoked adverse effect, which is
manifested by myocardial injury, oxidative and nitrative stress, cardiac dysfunction, re-
duced mitochondrial biogenesis and function and decreased expression of medium-chain
acyl-CoA dehydrogenase and uncoupling proteins 2 and 3 [109]. Preclinical studies have
indicated that CBD may effectively attenuate these effects. For example, Fouad et al.
(2013) [110] examined the effects of CBD on doxorubicin-mediated cardiotoxicity in rats,
revealing that rats co-treated with CBD had attenuated cardiac injury, along with reduced
levels of serum creatine kinase-MB, troponin T, lipid peroxidation, cardiac malondialde-
hyde, tumour necrosis factor-x, nitric oxide, calcium ions, nitric oxide synthase, nuclear
factor-kB, Fas ligand, and caspase-3. These CBD-mediated effects were accompanied by
increased levels of cardiac glutathione (GSH), selenium, zinc ions, and survivin expression
in cardiac tissue, all features that likely contributed to improved histological and biomarker
readouts. A cardioprotective effect of CBD in doxorubicin-treated mice was also reported
by Hao et al. (2015) [109], who observed reduced levels of cardiac oxidative and nitrative
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stress markers, inflammation, and cell death together with enhanced expression of matrix
metalloproteinases and improvements in cardiac biogenesis and mitochondrial function.

The potentiation of doxorubicin’s anticancer activity by CBD has also been widely
studied. Increased doxorubicin accumulation was observed after CBD treatment of Caco-2
and LLC-PK1/MDRI cancer cell lines; this effect is probably attributable to the blacking
of doxorubicin efflux by CBD-induced inhibition of the p-gp transporter [26]. CBD is
also an agonist of the TRPV2 channel, which increases doxorubicin uptake, as shown in
the US7MG glioma cell line [19] and hepatocellular carcinoma cell lines [111]. Positive
modulation of TRPV2 by CBD and improved efficacy of doxorubicin were also confirmed
in human triple-negative breast cancer cell lines, including their mouse xenografts [112].
Consistently, CBD enhanced the cytotoxic effect of doxorubicin in an endometrial cancer
cell line overexpressing TRPV2 to a greater extent than was observed in parental cells
with regular TRPV2 expression [69]. Synergic effects of CBD and doxorubicin were also
confirmed in the MCF7 breast adenocarcinoma cell line [95].

Patel et al. (2021) [113] tested combined treatment with doxorubicin and free CBD or
CBD encapsulated in EVs as a new delivery system in a model of triple-negative breast
cancer (TNBC). Both formulations showed comparable potency in terms of sensitizing
cancer cells to doxorubicin, which was manifested by the accumulation of cells in the G1
phase, and affected markers of inflammation, metastasis, and apoptosis. In the xenograft
maodel, the combined treatment led to a reduction in tumour volume that was comparable
for both CBD formulations.

CBD formulated in microparticles has also been tested with doxorubicin as a pre-/co-
administration strategy, with several preclinical studies showing an enhanced cytotoxic
effect in human breast cancer and ovarian cell lines, but only when using a pre-plus
cotreatment strategy [70,94].

CBD-mediated potentiation of doxorubicin efficacy has recently been investigated in
two TNBC cell lines [114]. The authors observed variable effects (without pre-treatment)
as CBD cotreatment resulted in synergism or antagonism depending on the cell line and
drug concentration used. Moreover, CBD was shown to effectively sensitize cells against
doxorubicin in 3D cultures. Combining the two substances also potentiated the anti-
migratory effect in human TNBC MDA-MB-231 cells. The authors suggested that this effect
may reflect mechanisms involving integrins, LOX, ATGS, autophagy and ABCA2, all of
which are downregulated by CBD.

Combined CBD and doxorubicin treatment have also been tested for potential veteri-
nary cancer therapy applications, suggesting that they synergistically or additively reduce
cell proliferation in canine neoplastic cell lines [103]. Additionally, an antagonistic effect
was described for lower concentrations of CBD and doxorubicin [103].

Table 4. Summary of the drug-drug interactions of CBD with anthracyclines,
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6. Interactions of CBD with Proteotoxic Stress-Inducing Drugs

Protein homeostasis involves protein synthesis, folding, and degradation in cells.
Protein turnover is generally high in cancer cells due to uncontrolled cell divisions and
growth as well as numerous genetic alterations that may give rise to proteins with altered
structures or alter the composition of multimeric complexes [115]. Most cancer cells,
therefore, experience elevated proteotoxic stress making them highly dependent on the
proper function of protein-degradation machinery such as the ubiquitin-proteasome system
(UPS). Protein homeostasis is therefore seen as a promising target for cancer therapy and
has been studied extensively [116]. The first drug targeting this process, bortezomib, was
approved for clinical use in 2003 [117].

6.1. Bortezontib

Bortezomib (Table 5) is one of the clinically used proteasome inhibitors and is com-
monly used to treat multiple myeloma (MMJ}. It has a broad spectrum of adverse effects,
including haematological and gastrointestinal toxicity and neurotoxicity [118]. CBD was
shown to synergistically potentiate the anticancer effect of bortezomib, leading to increased
growth inhibition, cell cycle arrest, and cell death through the ERK/AKT/NFkB pathway
in human MM cell lines. The strongest cytotoxic response to bortezomib in combination
with CBD was observed in TRPV2-overexpressing MM cells [119]. Bortezomib combined
with CBD is about to be tested in phase II clinical trial of patients diagnosed with MM,
GBM, and Gl malignancies (NCT03607643) [34].

6.2. Disulfiram

Proteasome inhibitors aside, there are currently no approved anticancer drugs that di-
rectly target the UPS or protein homeostasis. However, some FDA-approved medicines tar-
geting UPS that were initially approved for other indications are now being repurposed for
cancer treatment. Disulfiram, which has been used for over 60 years to treat alcoholism, is
an ideal candidate for repurposing as it is a well-tolerated drug with a substantial anticancer
effect supported by numerous preclinical studies, case reports, and clinical trials, including
several ongoing clinical trials (NCT04521335; NCT03323346; NCT03950830) [120-124]. The
UPS-targeting effect of disulfiram is due to its metabolite, a copper-diethyldithiocarbamate
complex (CuET), which targets the NPL4 protein, a cofactor of p97 segregase [125]. P97,
with its cofactors, is a vital component of the UP5 acting upstream of the proteasome
through p97's ATPase activity that enables the segregation from diverse subcellular struc-
tures, unfolding, and translocation of ubiquitinated proteins for proteasome-mediated
degradation [126]. CuET causes NPL4 aggregation leading to p97 /NPL4 complex malfune-
tion, triggering suprathreshold, irresolvable proteotoxic stress and consequently cancer cell
death [125]. We recently showed that CBD effectively blocks CuET-mediated proteotoxic
stress and toxicity in cancer cells by upregulating metallothioneins MT-1E and MT-2A,
small proteins that are responsible for metal homeostasis and heavy metal detoxification,
including copper. Because CuET is a copper complex, increased metallothionein expression
reduces its activity against its primary target, NPL4, and thus reduces its toxicity [127].
These results indicate that the promising anticancer effect of the disulfiram/copper com-
bination may be severely compromised by the simultaneous use of CBD products as
supportive care.
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Table 5. Summary of the drug-drug interactions of CBD with proteotoxic stress inductors and

topoisomerase inhibitors,
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7. CBD Interactions with Topoisomerase Inhibitors

Topoisomerases are essential modulators of DNA replication, recombination, repair,
and transcription because of their role in releasing topological DNA stress. Topoisomerases
catalyse single- or double-strand cleavage of DNA, and their proper function is crucial for
cellular differentiation, proliferation, and survival. These enzymes were first identified as
potential anticancer targets in the mid-1980s, and several topoisomerase inhibitors have
since then been discovered and established in oncological praxis [ 128].

Topotecan

Topotecan (Table 5) selectively inhibits topoisomerase I, which catalyses single-strand
DNA cleavage. Topotecan binds to the enzyme and prevents the re-ligation step, causing
the formation of a single-strand DNA gap and simultaneously trapping the enzyme [129].
Topotecan is used as part of second-line therapy for metastatic ovarian cancers and relapsed
small cell lung cancers. The most limiting adverse effect of topotecan is haematological
toxicity; less severe effects include fatigue, nausea, vomiting, hypokalaemia, and increased
y-glutamyltransferase activity [130].

While the impact of CBD on adverse effects of topotecan is unknown, it seems that CBD
may overcome resistance to topotecan mediated by the ABCG2/BCRP efflux transporter,
which is directly targeted by CBD, as has been shown in the ABCG2/BCRP transporter-
overexpressing MEF3.8 cell line [24].

8. Discussion

Currently, up to two-thirds of oncology practitioners say that they have discussed
Cannabis product use with their patients but acknowledge that they do not have sufficient
information to provide solid recommendations [131]. Indeed, recent surveys suggest con-
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siderable use of CBD and Cannabis-derived products among patients with cancer [2,3]. This
review aims to provide oncologists and cancer patients with an overview of the poten-
tial benefits and drawbacks, as well as some uncertainties, associated with concomitant
CBD use during ongoing chemotherapy. We have focused on summarizing the avail-
able preclinical data concerning the drug-drug interactions of CBD with commonly used
chemotherapeutics in cell cultures and animal models (Tables 1-5). However, the list of
anticancer chemotherapeutics discussed herein is not exhaustive, and the effects of CBD in
combination with other cannabinoids, which are discussed in several publications, were
excluded due to the length restrictions and the focus of our present review.

Patients have two primary motivations for using CBD during ongoing anticancer
therapy: (i) attenuation of adverse effects and (ii) enhancement of the therapeutic efficacy.
Adverse effects are often limiting factors of chemotherapy treatment, and CBD, in com-
bination with certain chemotherapeutics, can enable patients to withstand therapy for a
longer time and /or at a higher dosage. According to available surveys [2,3], adverse effects
are the main reason why patients with cancer use Cannabis products. Among the notable
preclinical examples discussed in this review, CBD can alleviate 5-fluorouracil-induced oral
mucositis, cisplatin-induced renal and gastric toxicities, oxaliplatin-induced neuropathic
pain, paclitaxel-induced neuropathy, and doxorubicin-induced cardiotoxicity, as well as
show some desirable anti-emetic and anti-nausea effects during chemotherapy. There is a
consensus in most of the cited studies that CBD has good potential to improve the quality
of life of patients with cancer undergoing standard chemotherapy.

The modulation of treatment efficacy by CBD is another fascinating issue that warrants
further investigation. CBD has been proven to have a multi-target impact on various
cellular processes, some of which are necessary for cancer-cell survival or modulate the
toxic effects of various anticancer drugs. We collected and highlighted preclinical data
illustrating these impacts. For example, CBD was shown to potentiate the effects of
gemcitabine, carmustine, cisplatin, temozolomide, paclitaxel, and vincristine in various
preclinical models. The mechanistic explanations for these combinatorial effects mainly
involve effects on drug influx/efflux resulting from interactions with transporters and /or
channels such as TRPV2, which is activated by CBD and increases the influx and retention
of carmustine, cisplatin, temozolomide, doxorubicin, and bortezomib. The well-known
p-gp efflux transporter, which is responsible for multidrug resistance, is yet another very
relevant target of CBD in this context. CBD-mediated inhibition of the p-gp transporter
leads to increased accumulation of vinblastine and doxorubicin in p-gp-overexpressing cell
lines. CBD also inhibits the ABCC1/MRP1 and ABCG2/BCRP transporters and thereby
facilitates the accumulation of methotrexate, vincristine, and topotecan, at least in cell
lines overexpressing these transporters. Importantly, the ability of CBD to increase the
accumulation of these drugs is not always cancer cell-/ tissue-specific, a challenging aspect
that raises the risk of unwanted increased adverse chemotherapy effects and overdose in
patients using CBD in conjunction with these anticancer agents.

Other modes of chemotherapy potentiation by CBD that does not involve transporters
have also been proposed. These include regulation of EV trafficking of anti- and pro-
oncogenic miRNAs in temozolomide-treated glioblastoma [56]; induction of ERK and JNK
kinase pathways, which promotes autophagy in vincristine- and doxorubicin-treated canine
neoplastic cells [103]; GRP55 inhibition, which reduces growth and cell cycle progression
in gemcitabine-treated PDAC cells [36]; and ROS induction in oxaliplatin-treated colorectal
cell lines [76],

Importantly, there is also preclinical evidence that CBD might significantly reduce
the efficacy of anticancer drugs in some cases. This serious issue remains relatively unex-
plored and has been mentioned in some studies as an unexpected finding without being
actively studied mechanistically. However, one mechanistic explanation has been provided
recently when it was shown that CBD efficiently protects cancer cells against certain metal-
containing drugs by inducing the expression of specific detoxifying proteins known as
metallothioneins [127]. Indeed, metallothioneins are involved in cellular defence against
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multiple chemicals, and their effects are not limited to heavy metal complexes [132,133].
Consequently, this effect could be relevant for numerous anticancer drugs. Accordingly,
antagonistic effects of CBD have been reported for carmustine, temozolomide, cisplatin,
carboplatin, and doxorubicin. This suggests that concomitant use of CBD during anticancer
therapy may be unsuitable for some drug combinations because it may appear to reduce
adverse effects while actually reducing the likelihood of successful treatment.

Overall, based on the collected data here, it can be concluded that CBD shows exciting
potential for improving cancer chemotherapy outcomes when combined with various
standard-of-care drugs and not only in terms of side effect attenuation. For example, cancers
with developed treatment resistance might benefit from concomitant CBD application due
to its reported effects on transporters. In addition, combinations including carmustine,
paclitaxel, and doxorubicin seem promising. However, some of the data are less conclusive,
with conflicting findings involving, for example, temozolomide and cisplatin. Finally, CBD
combined with carboplatin or disulfiram appears to be a potentially dangerous combination
(decreasing the drug efficacy). The last two examples even raise an essential concern that
some of the CBD-promoted side effect attenuation might reflect a reduced amount of
available active drugs. Thus, given the lack of clinical data and only scheduled or ongoing
clinical trials, the reported promising preclinical results need to be carefully evaluated and
translated into meaningful clinical benefits.
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Despite several approved therapeutic modalities, multiple myeloma (MM) remains an incurable blood malignancy and only a small
fraction of patients achieves prolonged disease control, The common anti-MM treatment targets proteasome with specific
inhibitors (Pl), The resulting interference with protein degradation is particularly toxic to MM cells as ﬁ"ley typically al;cumulate large

amounts of toxic proteins. However, MM cells often acquire resistance to Pls through aberrant expression or

proteasome subunits such as PSMBS, resulting in disease recurrence and further treatment failure, Here we propose CuEt‘—a
proteasome-like inhibitor agent that is spontaneously formed in-vivo and in-vitro from the approved alcohol-abuse drug disulfiram
(DSF), as a readily available treatment effective against diverse resistant forms of MM, We show that CuET efficiently kills also
resistant MM cells adapted to proliferate under exposure to common anti-myeloma drugs such as bortezomib and carfilzomib used
as the first-line therapy, as well as to other experimental drugs targeting protein degradation upstream of the proteasome.
Furthermore, CuET can overcome also the adaptation mechanism based on reduced proteasome load, another clinically relevant
form of treatment resistance, Data obtained from experimental treatment-resistant cellular models of human MM are further
corroborated using rather unique advanced cytotoxicity experiments on myeloma and normal blood cells obtained from fresh
patient biopsies including newly diagnosed as well as relapsed and treatment-resistant MM, Overall our findings suggest that
disulfiram repurposing particularly if combined with copper supplementation may offer a pramising and readily available treatment
option for patients suffering from relapsed and/or therapy-resistant multiple myeloma.

Cell Death and Disease (2022)13:203; https.//doi.org/10.1038/541419-022-0465 1-w

INTRODUCTION

Multiple myeloma (MM), the second mast frequent hematologic
malignancy represents a still incurable plasma cell disease [1, 21
MM cells originating from antibody-producing B cells usually
maintain immunoglobulin production, thereby causing endogen-
ous protectoxic stress and sensitivity to drugs targeting protein
degradation. For many MM patients, the first-line therapy
includes the proteasome inhibitor (Pl) bortezomib, which
significantly improves patients’ outcomes. However, disease
relapse usually follows in bortezomib-treated patients. To over-
come the acquired bortezomib resistance, the second and third
generation of Pls were developed, including carfilzomib and

ubiquitin-proteasome degradation system (UPS) are under pre-
clinical testing for MM treatment. These approaches include
targeting 195 proteasome compoenents such as deubiquitinases
POH1 [5] and USP14/UCHLS [6] or ubiquitin-binding receptor
RPM13 [7]. These inhibitors were effective against MM in vitro and
in vive, induced accumulation of ubiquitinated proteins, and
activation of the cellular unfolded protein response (UPR) - a
stress pathway leading to cell death [8-101. The UPS machinery
can be therapeutically targeted also at other steps besides the
proteasome, by inhibition of the ubiquitin-activating enzyme
(UEA1) by TAK-243 [11] or inhibition of p97/VCP segregase
upstream of the proteasome - by CB5083 [12]. Both these

ixazomib, or marizomib and oprozomib currently underg

clinical evaluation. While these drugs differ from each other by
pharmacodynamic properties or route of administration, all target
the 205 proteasome, raising the possibility of cross-resistance
among them if the mode of resistance reflects mutations of active
proteasome subunits (e.g. PSMBS) or altered expression of
proteasome subunit [3, 4]. To overcome this |imitation, alternative
approaches to target proteasome or more generally the

compounds showed robust anti-MM activities in vitro and in vivo,
accompanied by accumulation of non-degraded proteins and
activation of the UPR [13-15], While these molecular targets could
possibly overcome the bortezomib/carfilzomib resistance caused
by mutations in the proteasome subunits, such prediction is
uncertain concerning other modes of resistance. Moreover, the
paint mutation within proteasome subunits abolishing bortezo-
mib activity was so far found only in one study [4] but not by
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others [16, 17] suggesting the rarity of nonrecurring mutations or
polyploidy of proteasome subunits [18]. Accumulating evidence
indicates that therapy resistance can reflect complex metabolic
changes and clonal evolution of MM cells, For example treatment
resistance in some MM patients can reflect expansion of
Xbp1§™ B tumor cells and pre-plasmablasts which are intrinsi-
cally resistant to bortezomib due to lower immunoglobulin
production and decreased proteasome load [19], thus supporting
the load-versus-capacity theory [20]. Others confirmed a correla-
tion of the low-level XBP1s and immunaglobulin production with
poor responses to bortezomib therapy [21] or decreased
sensitivity in vitro [22]. In terms of the MM secretory status,
patients with measurable disease ded to bor ib
better than oligo- or non-secretory MM patients [23] consistent
with lg production/secretion sensitizing MM to bortezomib [24],
Some studies reported MM cell dedifferentiation and clonal
propagation of pre-plasma cells during therapy [25, 26]. In such
cases of bortezomib resistance, it is unclear whether alternative
approaches of targeting the proteasome or UPS, in general,
might be effective because such treatments still rely on the
induction of ER stress and UPR-mediated cell death, scenarios
potentially difficult to trigger in dedifferentiated, less secretory
pre-plasma MM cells,

Here, we assessed Disulfiram (Antabuse), a well-tolerated alcohol-
abuse drug and a promising candidate for repurpasing in oncology
[27-30]. In the context of MM, DSF might be particularly interesting
because its anticancer activity is related to the CuET bolite

(poly-Ub) proteins in a dose-dependent manner (Fig. 1A), a feature
typically shared with Pls such as bortezomib or MG132. Also, UPR
companents were elevated, including the spliced form of XBP1s
and ATF4 and overabundant chaperone HSP70, the key HSR
component, in both CuET-treated MM cell lines (Fig. 1B). Next, we
asked whether CUET immobilizes NPL4 in MM cells, as reported for
U205 and MDA-MB-231 cells [31]. Indeed, the CuET-induced
immobilization of endogenous NPL4 was confirmed by immuno-
blotting analysis of detergent-insoluble cellular fractions in both
MM cell lines (Fig. 1B). Consistently with published data, the
insoluble fractions were also enriched for polyubiguitinated proteins
and H5P70 (Fig. 1B).

Accumulation of poly-Ub proteins, UPR, and HSR activation are
features of CuET treatment shared with Pls [34] clinically used for
MM treatment [35]. However, the observed enrichment of
insoluble poly-Ub proteins and HSP70 seems to be a unigue
effect induced only by CuET. This effect is well apparent by
immunofluorescence analysis where the increased proteotoxic
stress (elevated K48-Ub) and HSP70 are detectable for CuET and
BTZ in non-pre-extracted cells but upon Triton-X-100 pre-
extraction, only CuET-treated cells show such signals (Fig. 1C).
Collectively, these data indicate that in AMO1 and MM1.5 MM
models, CuET induces phenotypes shared with adherent cancer
cell lines, and despite these phenotypes share some features with
Pl effects, there are also responses unigque to CuET,

which is spontaneously formed in-vivo and in-vitro in the presence
of copper ions [31]. CUET shows proteasome-like inhibitory effects
via aggregation of NPL4 (an essential adaptor of p97) and induction
of UPR in a broad range of cell lines [31], We previously reported
anti-MM efficacy of CUET for both in-vitro and in-vive models [31].
In this study, we examine whether CuET may act similarly to the p97
inhibitar CB5083 (not approved clinically) and overcome resistance
to proteasome inhibitors mediated by mutations of active
proteasome subunits (eg. PSMBS) or altered expression of
proteasome subunits. Moreover, as CuET induces aggregation of
MPL4 and some other proteins directly, we propose that it might
trigger the UPR independently of the extent of endogenous
proteotoxic stress and/or disbalance of other, non-UPS cancer-
relevant pathways, such as through triggering replication stress
which was also reported among CuET-induced effects [32].

RESULTS

CuET immobilizes NPL4, activates UPR and HSP in MM cell
lines

Previously, we reported higher CuET sensitivity of myeloma cells
than cell lines from other types of cancer [31]. Here, we first verified
the enhanced CuET responsiveness in human AMO1 and MM1.5
myeloma cell lines compared with breast cancer-derived MDA-MB-
231 and osteosarcoma U205 cells {Supplementary Fig. S1A, S1B)
which are good CuET responders [31]. To elucidate the mechanism
behind the MM hypersensitivity we first assessed the endogenous
levels of VCP/p97 and its adaptor NPL4, the known target of CUET
[31]. Among a series of cancer cell lines (Supplementary Fig. 51C),
the abundance of NPL4 was variable, yet without any obvious
correlation explaining the sensitivity. Next, we compared the
extent of endogenous proteotoxic stress using K48-ubiquitin (K48-
Ub) smears as readouts, Both AMO1 and MM15 cells showed
elevated K48-Ub smears compared to MDA-MB-231 and U205 cells
suggesting a relationship to CuET-sensitivity (Supplementary Fig.
S1C) as the p97/NPL4 pathway is directly involved in the
processing of K48-ubiquitylated proteins [33]. As MM cells grow
in suspension, we assessed whether CuET induces the same
phenotypes as published for other cell lines including proteasome-
inhibition-like response, UPR and heat-shock response (HSR) [31].
CuET-exposed MM cells indeed accumulate polyubiquitinated
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CuET toxicity against MM is unaffected by PSMB5 mutation
responsible for resistance to Pl

DSF reacts with copper ions in-vitro and in-vivo, ultimately
forming the active metabolite CuET with Pllike activity [36].
Despite some reports suggesting proteasome as the direct target
of DSF/Copper treatment, we demeonstrated that neither 205 nor
26 S proteasome is affected by DSF or CukT [31]. Instead, CukT
acts upstream of the proteasome by interference with the p97/
NPL4 segregase involved in pre-processing of proteins destined
for degradation [31]. Consistent with such mode of action, any
acquired resistance that involves proteasome modification should
not affect the sensitivity of MM cells towards CuET. Recently,
Barrio and colleagues [4] identified three somatic point mutations
in proteasome subunit PSMB5 as the underlying cause for
resistance in MM cells chronically exposed to BTZ. We obtained
two such cell lines including Bortezomib (Carfilzomib, Ixazomib)-
resistant variants of AMO1 and L363 [4]. The wild-type (wt) AMO1
and L363 cell lines together with their sublines bearing two
somatic PSMBS mutations (A20T, M451) were tested for sensitivity
to BTZ and CuET. As expected, overexpression of mutant PSMB5
in either cell line induced BTZ resistance (Fig. 2A). In contrast,
CuET decreased the cell viability regard| of the ions.
(Fig. 2A), increased K48-Ub in the PSMBS-mutant cell lines
similarly to the wild-type and also induced the same amount of
immaobilized poly-Ub proteins. The insoluble fraction was also
enriched similarly for NPL4, P97, and HSP70 in the wt and mutant
models (Fig. 2B). These results show that the CuET-induced 205
proteasome-independent blockade of the proteclysis machinery
remains still effective in cells with the clinically relevant
proteasome PSMBS5 subunit mutations.

The cytotoxic effect of CuET is unaffected by reduced protein
synthesis

One of the suggested resistance mechanisms of MM cells
towards Pis reflects attenuated proteosynthetic activity. In such
settings, the clinically relevant Pls become inefficient because
the proteasome workload/capacity and extent of protein
synthesis are closely interconnected [20]. Notably, such a
universal resistance mechanism of MM cells might impact also
responses to inhibitors targeting the protein degradation
upstream of proteasome, including p97 inhibitors. This idea
has however never been tested. The proteosynthesis-based
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resistance mechanism can be experimentally tested in MM cell
lines by co-treatment with cycloheximide (CHX), an inhibitor of
protein synthesis at translational level [37]. Indeed, co-treatment
with CHX and BTZ indeed rescued the bulk of AMO1 and MM1.5
cells from BTZ-induced reduction of cell viability (Fig. 3A and
Supplementary Fig. 52). The same rescue effect was detected
also for CBS083 (a selective inhibitor of p97) (Fig. 3A and
Supplementary Fig. 52). Surprisingly, in contrast to this, the
protective effect of CHX was not observed in MM cells treated by
CuET, where the drop of cell survival almost recapitulated the
outcome of treatment by CuET alone (Fig. 3A and Supplemen-
tary Fig. S2). To elucidate this effect, we examined the
accumulation of K48-linked poly-Ub proteins in  single
compound treated and co-treated cells. Interestingly, only CutT
accumulated K48-linked poly-Ub proteins in combination with
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CHX (Fig. 38). Next, we employed yet another cellular model: the
BTZ-adapted myeloma cell line AMOi-abzb, established by
chronic exposure of AMO1 cells to bortezomib, displaying
altered proteasome system and reduced proteo-synthesis [38].
First, we compared the AMO1-wt and AMO1-abzb cells’ proteo
synthesis levels using the OPP click assay. As expected, AMOI1-
abzb showed reduced overall proteo-synthesis (Fig. 4A) and
fewer K-48 poly Ub-proteins (Supplementary Fig. 53) suggesting
an overall lower proteotoxic stress. Next, we examined the
sensitivity of the AMO1-wt versus AMO1-abzb cells towards BTZ,
CB5083, and CuET. As expected, AMO1-abzb cells were resistant
to BTZ and cross-resistant to CB5083, at least at lower
concentrations (Fig. 4B). Strikingly, both cell lines showed
similar concentration-dependent decrease of cell viability when
treated by CuET (Fig. 4B). In contrast to BTZ, CuET and also
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CB5083 treatments of both parental and BTZ-resistant AMO1 led
to UPR activation detected by enhanced UPR-associated
proapoptotic protein Chop (Fig, 4C) accompanied by apoptosis
(Supplementary Fig. 54). Furthermore, in both cell lines, CuET
induced additional accumulation of K-48 poly Ub-proteins and
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enrichment of NPL4 and HSP70 in the insoluble fractions (Fig. 4D).
Notably, the combined DSF + Cu treatment closely mimicked the
cell survival effects obtained upon treatment with CuET (Fig. 4B),
further confirming previous observations that these two treatment
strategies are interchangeable [36].
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CuET kills CD319" MM patients’ cells independently of disease
stage and therapy

To validate the specific cytotoxic effect of CuET in MM seen in cell
culture models also in clinical settings, we examined bone marrow
samples from 14 patients (male and female) diagnosed with MM

SPRINGER NATURE

or Monoclonal gammopathy of undetermined significance
(MGUS). The ex-vivo testing setup involved depletion of red
blood cells from fresh bone marrow biopsies followed by CuET
treatment (100 nM and 500 nM for 24 h). In each sample, the MM
cells were identified by flow cytometry using anti-CD-319-PE and
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Fig. 4 MM cells adapted to bortezomib via decreased proteosynthesis remain sensitive to CuET treatment. A Bortezomib-adapted (BTZ
res) AMO1 abzb cell line has reduced protein biosynthesis compared to parental AMO1, measured by OPP-Click assay. Representative
microscopic images from the quantification of the OPP-Click signal are included. Results are mean + s.d. of three independent experiments,
Statistical significance was determined using T-test, ***F<0,0001. B BTZ-adapted AMO1 abzb and non-adapted AMO1 cells are equally
sensitive to treatment with CuET and DSF + Cu. Cells were cultured for 48 h with indicated doses of CuET, DSF, BTZ, and CBS083, € CuET and
CB5083 activate the UPR pathway in AMO1 abzb similarly to the parental AMO1, measured by induction of pro-apoptotic protein CHOP Cells
were treated for 14 h with 250 nM CuET, 5 nM BTZ, and 250 nM CB5083 and subsequently lysed and probed for the level of CHOP protein,
D CuET triggers the formation of protein aggregates in AMO1 abzb similar to the parental AMO1. Western blot detection of CuET- response
associated K-48-Ub proteins, NPL4, HSP70 in Triton X-100 resistant protein fraction. Cells were treated with 500 nM CukT and lysed in indicated

Emmlnts

-

anti-CD-138-APC antibodies [39-42]. The separated noncancerous
(CD319) and cancerous (CD319 ") cell fractions were examined for
cell viability using plasma membrane permeabilization (DAPI
positive). These results showed cytotoxic effect of CuET preferen-
tially against the CD319" MM cells independently of disease stage
{MGUS or MM) and ongoing therapy (Fig. SA-F). Thus, CuET
induced cell death of CD319" cells derived from patients
diagnosed for MGUS (Fig. 5A), a patient diagnosed for MM having
no previous therapy (Fig. SB) as well as a MM patient under BTZ
therapy (Fig. 5C). Importantly, we detected the cytotoxic effect of
CuET also in the sample from a patient who relapsed after a 2-year
disease-free period (Fig. 5D) and from two MM patients exhibiting
resistance to all combinations of available clinically used anti-MM
drugs (Fig. 5E, F). The latter included prior combinatory therapy by
Pls, immunomodulatory and alkylating antineoplastic drugs
usually prescribed to resistant, relapsed, and refractory myeloma
patients. Overall, this data not only identify CuET as a plausible
new therapeutic strategy for patients diagnosed with MM
independently of disease stage and therapy history but also
highlight an innovative and promising treatment approach for
patients currently regarded as incurable, resistant to the full
spectrum of currently available anti-MM drugs.

DISCUSSION

Proteasome inhibitors such as bortezomib constitute the first-line
anti-MM therapy, however, acquired resistance occurs commonly
[43]. Here, we provide evidence that the alcohol-abuse drug
disulfiram could be a promising candidate for repurposing in
treatment-resistant MM. The anticancer effect of DSF has been
tested in numerous clinical trials [44]. From the mechanistic point
of view, the hypothesis about D5F's anticancer effect being linked
to inhibition of aldehyde dehydrogenase [45] was recently refuted
[36]. Instead, the DSF's metabolite CuET represents the ultimate
anticancer agent, explaining potentiation of DSF by copper [31].
Treatment of cells with CuET evokes phenotypes resembling
inhibitors of protein degradation such as bortezomib or p97
[12, 31] via inhibition and aggregation of NPL4, an essential co-
factor of p97 segregase [31, 46] involved in protein degradation
upstream of the proteasome. Similar to other UPS blockers, CuET
shows robust toxicity towards MM cells including preclinical
models [31, 47]. Based on the rationale that CuET impairs UPS
outside the proteasome we addressed here its toxic effect using
the recently described clinically-relevant BTZ-resistant form of MM
mutated in the proteasomal subunit PSMBS, responsible for
resistance to BTZ and its derivates Ixazomib (IXA) and Carfilzomib
(CARF) [4]. CuET potency was indeed unaffected by this mutation,
analogous to the p97 inhibitor CB5083 [48]. Importantly, these
data place CuET among the promising experimental anti-MM
therapeutics such as p97 inhibitors,

The selection pressure imposed by Pls can also trigger adaptive
mitigation of the otherwise intense immunoglobulin synthesis,
elevated basal ER stress and expanded ER network, characteristic
features that underlie the MM cell vulnerability to UPS blockers.
Several studies highlighted the importance of immunoglobulin
synthesis rate for MM sensitivity to BTZ [21, 24, 34]. Given frequently
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observed dedifferentiation of MM cells and clonal propagation of
pre-plasma cells during therapy [25, 26] the Pls resistance due to
decreased immunoglobulin production [19] is dinically relevant,
Maoreover, this type of MM resistance may explain the observed
cross-resistance among different Pls and the limited efficacy of
second-generation Pls after the bortezomib-based regimen fails.
This current state in the field raises the question of whether any of
the UPS inhibitors, in general, may still retain their exceptional
potency in such adapted MM cell populations. To test this
hypothesis we experimentally mimicked the rescue effect of the
decreased protec-synthesis by concomitant treatment of MM cells
with CHX [37], a drug limiting protein translation. This scenario
protects MM cells from the toxicity of both BTZ and the p97
inhibitor CB5083. Strikingly, we could not see such CHX-mediated
protective effect against treatment by CuET, a rather surprising
result given the expected high mechanistic resemblance of CuET
to CB5083. Next, we employed the BTZ-adapted AMO1 cell line
(AMO1-abzb} as another model [38], in which resistance to BTZ
reflects the downregulation of proteo-synthesis (Fig. 4A, 4B). In
this BTZ- and partially CB5083- resistant system we confirmed the
persistent sensitivity to CuET. Interestingly, in AMO1-abzb cells,
both CuET and CB5083 were still capable of inducing the pro-
apoptotic factor CHOP, a marker of activated UPR believed to be
the main trigger of apoptosis in Pltreated MM cells [34]
Consistent with the role of p97/NPL4 in ER function, these results
indicate that both compounds are efficient inducers of UPR,
despite the reduced protec-synthesis and the ensuing reduced
proteasome load [37]. Due to endogenous ER stress, MM cells
might be more prone to reaching supra-threshold UPR leading to
apoptosis, contributing to the exceptional vulnerability to certain
drugs. This conclusion is further supported by studies with
classical ER-stressors such as tunicamycin and thapsigargin which
are capable of UPR induction independently of UPS interference
and are very toxic to MM [21, 49].

An important question raised from our data is why CuET is even
more efficient in these resistant models than p97 inhibitors. We
speculate that this might involve the triggering of additional toxic
effects induced by CuET. Upon CuET treatment, NPL4 protein
forms aggregates, which leads not only to impairment of protein
degradation and p97 function but also activates massive HSR
(Fig. 1, ref, [27]). Activated HSR by itself might contribute to the
toxic effects in MM cells as suggested in a recent report [50],
Under treatment with CuET, the HSR is activated by NPL4 protein
aggregates which can sequester and immobilize various other
proteins [31] including the ATR kinase, with consequences for
replication stress and DNA damage [32]. Importantly, MM cells
display chromosomal abnormalities, a feature possibly linked to
the hyperactivated proteolysis with high demands on ubiquitin,
the insufficiency of which becomes a limiting factor in the proper
function of DNA damage repair [51]. Related to enhanced
endogenous stresses, MM also shows overabundance of RNA-
DNA hybrids likely reflecting transcription-replication conflicts
[52]. Consistent with these previous publications and hypotheses,
human myeloma cell lines and a subset of myeloma patients with
poor prognosis indeed exhibit high levels of replication stress and
DNA damage [53]. High intrinsic DNA damage was confirmed by
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Fig. 5 CuET efficiently kills CD319 /CD138° MM cancer cells isolated from patients independently of disease stage and ongoing/passed
therapy. A Cytotoxic effect of CuET in a patient diagnosed for Monoclonal gammapathy of undetermined significance (MGUS; asymptomatic
Multiple Myeloma). B Cytotoxic effect of CUET in a patient newly diagnosed with Multiple Myeloma without any passed therapy. C Cytotoxic

effect of CUET in a patient diagnosed with Multiple Myel

under

ik therapy. D Cytotoxic effect of CuET in relapsed Multiple

Myeloma patients after two years in remission. E Cytotoxic effect of CuET in a patient been in progression phase of the disease after a
remission. F Cytotoxic effect of CuET in Multiple Myeloma patients being resistant to all available anti-MM therapies (proteasome inhibitors
and immunomodulatory drugs). Each graph represents a single patient, samples treated for 24 h.

yH2AX foci across the whole disease spectrum of MGUS to MM
[54] including the samples used in our present study (Supple-
mentary Fig. 55). Importantly, MM cells are addicted to the
function of ATR making this kinase a new promising therapeutic
vulnerability [55]. Thus, CuET might robustly enhance the high
endogenous replication stress in MM cells due to the ATR
depletion, thereby increasing DNA damage with lethal conse-
quences. Importantly, in this study, we verified the immobilization
of not only ATR but also ATM - yet another DNA-damage-related
kinase [56] In insoluble fractions from CuET-treated AMO1 and
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MM1.5 cells (Supplementary Fig. 56). These data suggest that
besides affecting the cellular proteolytic machinery upstream of
the proteasome, direct ER stress induction, and UPR activation,
CuET evokes multiple mechanisms that target additional vulner-
abilities of MM cells,

From the translational perspective, our data suggest that CutT
works as an efficient anti-MM drug independently of the di
stage and resistance status. This notion is supported by our
analyses of patients’ bone mamow aspirates using an ex-vivo
cytotoxicity test allowing direct comparison of the toxic effect of
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CuET on MM (CD319"/CD138" positive) vs normal plasma cells.
This approach mimics the physiological environment since
besides red blood cells the samples contain all blood and stromal
cells and signaling molecules that might affect the therapy [57].
We examined 14 MM patient samples including newly diagnosed,
under therapy, and resistant/relapsed. The number of viable
CD319'/CD138" MM cells was greatly reduced after treatment
with CuET in a concentration-dependent manner, regardless of
the patient donor or his/her stage of the disease. importantly,
CuET induced its cytotoxic effect preferentially in tumor cells
(CD3191/CD138"). CuET efficiency was also confirmed in primary
MM cells from patients resistant and/or relapsed after previous
therapies with clinically used classes of drugs.

Altogether, our data suggest that DSF, particularly when
combined with copper, is a candidate for an attractive and readily
available treatment option for patients with relapsed and/or
therapy-resistant MM. Gaps in our knowledge about the
pharmacokinetics of CukT formation in patients, interference with
other medications and the lack of predictive biomarkers currently
preclude a wider application of DSF in oncology. On the other
hand, some of the outstanding questions will hopefully be
answered by the currently ongoing clinical trials with DSF
repurposing in treatment of solid human malignancies, thereby
also paving the way for use in therapy-refractory MM patients.

MATERIALS AND METHODS

Cell lines

Human multiple myeloma cell lines AMO1 (ATCC) and MM1.5 (ATCC) were
cultured in APMI-1640 medium (Thermo Fisher Scientific) with 10% fetal
bovine serum (Thermo Fisher Scientifich and 1% penicillin/streptamycin
(Sigma-Aldrichl, The wild type (WT) and BTZ-resistant AMO1 and L3863
myeloma cell lines with point mutations in PSMBS (A20T, M4sl) as well as
BTZ- adapted AMO1 abzb cell lines were provided by Departement of
Hematology, Kantonsspital St Gallen, 5t Gallen, Switzerdand [4, 38]. The
human osteosarcoma cell lines U205 (ATCC) and breast cancer cell line MDA-
MB-231 (ATCC) were cultured in DMEM (Dulbecco’s Modified Eagle Medium,
Lonza) with the same supplements as above, All cell fines were cultured
under 5% CO2 at 37°C and tested for mycoplasma contamination,

XTT Viability assay of multiple myeloma cell lines

Approx. 10,000 cells were seeded per well in a 96-well plate. The next day,
cells were treated as described in the figures. The XTT assay was performed
according to the manufacturers instructions (Applichem). The dye
intensity was measured at the 475 nm wavelength using a spectrometer
(TECAN, Infinite M200PRO).

Waestern blot

The whole-cell lysates were prepared by direct cell lysis in 1x Laemmili
sampie buffer (1x L5B). The insoluble peliet fraction used for the analysis of
immobilized K48-Ubiquitin (Fig. 40} was obtained by a quick wash of cells
with 0.5% Triton X-100 followed by direct cell lysis in 1x LSB. Cell lysates
were separated by SDS-PAGE on either hand-cast gels or pre-casted 4-12%
gradient gels (SIGMA) and then transferred onto a nitrocellulose
membrane. Blocking of the membrane, incubation with primary anti-
bodies, detection with and visualization of secondary antibodies was
performed as described previously [31]. Uncropped western blot results
are included in the supplementary material.

Cell fractionation for Triton X insoluble pellets

Myeloma suspension cells were treated as indicated and the Triton X-100
soluble and insoluble MM cell fractions were collected by a procedure as
described previously [31],

Immunofiluorescence

Cells grown on coverslips were treated with compounds at indicated
concentrations and subsequently either pre-extracted (0.1% Triton X 100 in
PBS, for 2 min) and/or fixed with 4% paraformaldehyde for 15 min at room
temperature, washed with PBS, and permeabilized with 0.5% Triton X-100
in PBS for 5min. The following steps, including primary, secondary
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antibody, and DNA staining were performed as described previously [311,
Samples were visualized using LSM 980 Zeiss Axioimager 2.1 microscope.

OPP Protein synthesis assay

Firstly, O-propasgyl-puromycin (OPP; 20 uM) (Life Technologies) was added
to the cells and incubated for 30 min, Next, cells were washed in ice-cold
PES, fixed, permeabilized by 05% Triten X 100 in PBS, and stained as
described in the manufacturer's instructions (Click-T" Plus OPP Alexa
Fluar™ 488 Protein Synthesis Assay Kit), Suspension AMO1 cells were fixed
and cytospinned using the Cyto-Tek Sakura instrument {Sakura Finetek,
Torrance, CA, USA} onto microscopic slides, followed by permeabilization
and staining as described in the manufacturer’s instructions (Click-iT™ Plus
QPP Alexa Fluor™ 488 Protein Synthesis Assay Kit), The fluorescent signal
depicting active proteosynthesis was acquired via U-plan 5 Apochromat
40 /0.9 NA objective using an automated microscopic acquisition system
{5can®, Olympus). The signal data from individual cells were processed in
the STATISTICA 13.

Processing of MM patients” bone marrow aspirates for cell
viability assays

Bone marrow (BM) aspirates from multiple myeloma patients were
obtained by routine prognostic procedure at the Department of
Hemato-oncolegy of the Faculty Hospital Olomouc (Czech Republic).
Informed consent in accordance with the Declaration of Helsinki was
obtained from all patients, and approval was obtained from the Ethics
Committee of the University Hospital and the Faculty of Medicine Palacky
University in Olomouc. Immediately after bone marrow aspiration, samples
were mixed with 5 mi of RPMI-1640 containing 100U/ml heparin to prevent
coagulation. The percentage of MM cells was identified by flow cytometry
using anti-CD-319-PE and anti-CD-139-APC antibodies. The rest of the
patients’ bone mamow samples were passed through a 100 pM filter and
spin down for 10 min at 20 °C and 445 G. For red blood cells removal, the
cell pellets were re-suspended in pre-chilled red blood cell Iysis buffer
{RBC) (0.15MNHACL 10 mM KHCO3; 0.1 mM EDTA; pH 7.3). The white blood
cells including multiple myeloma plasma cells were re-suspended in RPMI-
1640 and used for the cell viability experiments (see below).

Viability assay of MM patients’ samples and flow cytometry
analysis

Cells were seeded in duplicates in concentration 110 cells/100 pl per well
on 96 well plates and treated by CuET (100 and 500 nM), and Mock (0.5%
DMSO). After 24 h, CukT- and Mock-treated cells were incubated with
CD319-PE antibady for 30 min. After adding 1 ml of RPMI-1640 per sample,
cells were centrifuged for 5min at 2006, The cell pellets were then re-
suspended jn APMI-1640 with DAPl in concentration 0.5 pg/ml and
incubated In dark for 15min. Stained samples were analyzed by flow
cytometry using BD FACS Verse (BDr Biosciences) and at least 10 000 events
were acquired per sample. Collected data were processed using BD FACS
Suite (BD Biosciences),

Processing of MM pati
Western blot analysis
First steps of MM patients’ BM aspirates processing were identical to those
described above in “Processing of MM patients” bone marrow aspirates for
cell viability assays”. After red blood cells deprivation, samples were filtered
through a 100 pM filter and centrifuged at 445G for 10 min at 20 °C. Cell
pellets were re-suspended in separation buffer (auto MACS Separation-
Running Buffer, MACS Miltenyi Biotec), To obtain a single-cell suspension
before magnetic labeling, cells were passed through 30 pM nylon mesh.
Individual cells were ma ally labeled using CD138 microbeads (MACS
Miltenyi Biotec) according to the manufacturer’s Instructions. Afterward,
CD138 positive and CD138 negative cells were lysed In 1x LSB.

‘s bone i for

Patient’s samples characteristics

BM samples were derived from 14 patients (6 men and 8 women) in the
age of 52-78 years either diagnosed for MM driving stage- monoclonal
gammopathy of undetermined significance (MGUS) or Multiple Myeloma
(MM). Bone (BM) from MM p were obtained by
routine prognostic procedure at the Department of Hemato-oncology of
the Faculty Hospital Olomouc (Czech Republic) after an appropriate
informed consent was signed, Six of the analyzed patients’ samples were
freshly diagnosed for MM having no passed therapy, 1 patient was under
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Velcade (BTZ}-containing therapy, 5 patients were clinically diagnosed as
relapsed  after cumhlnatory 'u"elcade (BTZ), Revlimid (lenalidomide)/
Thalidomid (thalidomid or Velcade (BTZ), Cytoxan
[Cyclophosphamide), Dmmeﬂusone therapy, One patient was resistant
to BTZ as well as to combinatory therapy by Velcade (BTZ), Reviimid
(lenalidomide), and Dexamethasone

Antibodies and chemicals

The following antibodies were used for immunablotting: anti-ublgultin
lys48-specific (Merck Millipore, clone Apu2), anti-VCP (Movus Bio, NBP100-
1557), anti-NPLOC4 (Novus Bio, NBP1-82166), HSP70 (Enzo, ADI-SPA-830),
anti-XBP1 (Santa Cruz Biotechnology, sc-7160), ATF4 (Merck Millipore,
ABE387), 1D4), anti-lamin 8 (Santa Cruz Biotechnology, sc-6217), MEK-1
Antibody (C-18) {Santa Cruz Biotechnology, sc-219), anti SMC1 antibody
(Abcam, ab1276-50), CHOP (L63F7) (Cell Signaling, #2895), Caspase-3
antibady (Cell Signaling, #9662 5), Cleaved PARP (Asp214) antibody (Cell
Signaling, #9544), Anti-GRP78 BiP antibody (Abcam.ab21685), ATR anti-
body (M-19) (Santa Cruz Biotechnology, sc-1887), ATM (D2EZ) (Cell
Signaling, #2873), Phospho-Histone H2AX (5er139) {20E3) (Cell li

15. Lichter DI, Danaee H, Pickard MD, Tayber O, Sintchak M, Shi H, et al. Sequerce
analysis of {-subunit genes of the 205 proteasome in patients with relapsed mul-
tiphe myeloma treated with bortezomib or dexamethasone, Blood 201212045136,

16, Palitou M, s #, Terpos E, is |, Apperley JF, Rahemtulla A. No
evidence of mutations of the PSMBS (beta-5 subunit of proteasome) in a case of
miyeloma with clinical resistance to Bortezomib. Lewk Res, 200630:240-1,

17. Coire J, Cleynen A, Roblou du Pant 5, Bulssen L, Balll N, Attal M, et al. Multiple

y clonal fution in b ssly treated patlents. Leukernia
2018:32:2636-47.

18, Ziccheddu B, Biancon G, Bagnall F, De Philippis C, Maura F, Rustad EH, et al.
Integrative analysis of the genomic and wansoriptomic landscape of double-
refractary multiple myeloma, Blood Adv, 2020:4:830-44.

19, Leung-Hagesteljn C, Erdmann N, Cheung G, Keats 1), Stewart AK, Reace DE. et al,
¥bpls-negative tumor B cells and pre-pl. blasts mediate pro-
teasome inhibitor resistance in multiple myeloma. Cancer Cell. 2013,24:289-304.

20, Cenci 5, Mezghrani A, Cascio P, Blanchi G, Cerruti F, Fra A, et al. Progressively
impaired prateasornal capacity during terminal plasma cell differentiation. EMBO
1. 2006:25:1104-13.

21, Ling SCW, Lau EKK, Al-Shabeeb A, Mikolic A, Catalanc A, Hand H, et al, Response of

#9718), IRF-4 antibody (Cell Signaling, #4964). For immunofluorescence
was the anti-ubigquitin lysa8-specific antibody (Merck Millipore, cione
Apul), HSP7D antibody (Enzo, ADI-SPA-830). The antibodies used for
detection of myeloma cells by flow cytometry measurement include PE
anti-human CD319 (CRACC) antibody (BioLegend, 331806) and APC anti-
human CD138 (44F9) antibody (Miltenyi Biotec, 130-117-544).

Chemicals used in this study: CuET (bis-diethyldithiocarbamate-copper
complex, TCl chemicals), disuffiram (Sigma, 5t. Louis, MO, USA), bortezomib
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Aldrich).
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ABSTRACT

Dithiocarbamates (ITCs) are simple organic compounds with many appl in industry and medicine. They
are potent metal chelators forming complexes with various metal jons, including copper. Recently, bis
(diethyldithiocarhamate)}-copper complex (CuET) has been identified s o metabalic product of the anti-
aleohalic drug Antabuse (disulfi DSE), ding behind DSF's reported anticancer activity, Mechanisti-
cally, CuET in cells civmses aggregation of NPLA protein, an essentinl cofactor of the p97 segregase, an integral
part of the ubiquitin-proteasome system. The malfunction of po7/NPLA caused by CullT leads 1o proteotoxie
stress accompanied by heat shock and unfolded protein responses and cancer cell death. However, it is not
known whether the NPLA inhibition is unique for CoET or whether it is shared with other dithiocarbamate-
copper complexes. Thus, we tested 20 I1'Cs-copper complexes in this work for their ability to target and
aggregate NFL4 protein. Surprisingly, we have found that eertain potency against NPL4 is relatively common for
strocturally different DTCs-copper 1pl as lhirlc\'n o sc-ultﬁ in the n:!hll.ur NPLA aggregation
assay. These compounds also shared tvpieal cellulae | ¥F T T Iy for CuFT, including the
NPLA/p97 proteins immobilization, ac lath ul,... yubiquitinated proteins, the lded protein, and the
hear shoek responses. Moreover, the active complexes were nho toxic to cancer cells (the most patent in the
nanomolar range), and we have found a strong pasitive correlation between NPLA aggregation and cytotoxicity,
confirming NPLA as & relevant target. These results show the widespread potency of DTCs-copper complexes o
target NPLA with subsequent induetion of lethal protestoxic stress in cancer cells with implications for drug
development.

1. Introduction

[4], and its reported anticancer activity in cellular assays depends
entirely on copper ions in culture media [4], indicating another target

Drug repurposing became an exciting strategy for finding new

(s). It is known that DSF is quickly reduced in the human body to

oncologieal drugs [1]. One such candidate is the long-term app d
drug disulfiram (DSF) (commercial name Antabuse). Originally, DSF
was introduced as an aldehyde dehydrogenase (ALDH) inhibitor, which
causes severe aleohol intolerance, and has been used for aleoholism
treatment until now. Numerous case reports and preelinical studies re-
ported the anticancer potential of DSF, which triggered scientific in-
terest in its mechanism of action. ALDH was among the suggested
anticancer targets [2,3]. Siill, DSF cannot directly inhibit ALDH in cells

* Corresponding author.
=* Corrcsponding auther,

Jisthyldithiocart (DDTC) [5], which is not only the precursor of
metabolic products targeting ALDH [6-5] but also a very potent chelator
of copper, forming diethyldithiocarb [ lex (CuET) [9]
also found in the human body [10]. Notably, su:h conversion of DSF to
DDTC and CuET also occwrs spontanesusly in the eulture media [1].
Without copper ions, DSF is an in-vitro non-toxic compound in straight
contrast with CuET, where even nanomolar concentrations induce
prominent phenotypes resembling inhibitors of the proteasome, potent
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anticancer drugs used clinically [4]. Closer insights revealed that CuET
interferes with the p97 pathway [10], a central component of the
ubiquitin-proteasome system, which works upstream of proteasomal
degradation [11]. The nature of this interference is extraordinary, as
CuET seems to work as an aggregation inducer targeting protein(s) such
as NPL4 [10]. NPL4 (NPLOC4) is an essentinl cofactor of p97
AAA-ATPase, also v:ullacl \!’nlusl.n-cncntuinin.g protein (VCP) or Cde48, a
transl g i 1 proteins from various structures so
they can be deli ‘mrhe,‘ or degraded vin the
autophagic-ly | pathway [11]. Imp ly, cancer cells are
particularly dependent on functional mechanisms responsible for pro-
teostasis and protein degradation [12,15].

The way the CuET molecule turns otherwise mobile NPL4 protein
into non-dissolvable aggregates forming typical nuclear clusters and
fibrous cytoplasmic deposits [10] is not understood. It seems that either
the whole CuET molecule or the copper ions it carries bind to the
zine-finger domain of the NPL4 protein, causing a conformational
change and aggregation [10,14]. Moreover, it has been shown that
additional proteins colocalize together with the aggregated NPL4,
including p97, ubiquitin, and various structurally unstable proteins such
as TDP43, p53, p21, MDM2, ATR, ATM, and more [10,15,16]. The na-
ture or purpose of such co-localizations is unknown, but trapping mul-
tiple ial ins in non-dissolvable aggregates likely contributes
to the overall onl: effects [10,16,17]).

Apart from CuET, no other dithiocarh COPPEr COmp were
so far studied for their ability to largel: NPL4 protein in cells. Di-
thi t {DTCs) are Is with the molec-
ular formula RgNGS3 (Fig. 1A) They possess o wide wvariety of
applications, from being used as pesticides in agriculture to medicinal
applications as antiparasitic, alcohol-abuse and oncological drugs [11,
19], One of their prominent features is that they readily form stable
complexes with transition metals, such as copper (Fig. 1B), nickel, iron,
zine, or gold [17]. From the medicinal chemistry perspective, the most
studied were complexes with copper, which are generally very stble
and show good potency in cancer models. Most studies focused on CuET
(Fig. 1B), lenving other DTCs somewhat overlooked, except for
pyrrolidine-DTC, which was studied for its anti-proteasomal and NF-xB
(Nuclear Factor kappa B) activities [20,21]. However, the mechanism
standing behind their anticancer activity remains largely unknown.
Here, we explored a group of 20 DTCs-copper complexes for their ability
to induce NPL4 protein aggregation/immobilization and how this
wranslates to cancer cell toxicity.

2. Results and discussion

2.1. Various DTCs-copper complexes induce NPL4 aggregarion in cancer
cells

To test the biological activity of DTC-copper complexes, we chose 20
different DTCs that were either commercially available (1-7) or syn-
thesized (8-20 - see Material and Methods for the synthesis detnils)
(Fig 2). Before the experiments, DTCs were mixed with CuCly in a molar
ratio of 2:1. The resulting complexes 3, 9, 13 and 16 were further
characterized in details by analytical methods (see Material and
Methods for more information), The primary focus of our study was to
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LR Me
IR=Bn
ER=Pr
1EA=Pr

Fig. 2. List of tested DFCs, Structural formulns of DTCs whose copper com-
plexes were used in the following biclogical experiments. Compounds 1-7 are
commercinlly available and 8-20 were synthesized.

expressing human GFP-tagged NPL4 protein (U-2-05-NPL4-GFP) [10].
The NPL4-GFP is fully extractable in mock-treated cells by
detergent-based (Triton X-100) pre-extraction buffer, as most NPL4 is a
freely mobile protein. After CuET eatment, the NPL4-GFP changes its
properties. It becomes pre-extraction resistant (immobilized), forming
typical nuclear clusters and fibrous cy deposits indicative of
protein aggregation (Fig. 3). For quantitative purposes, we developed a
flow cytometry-based method confirming that after pre-extraction in
CuET-treated cells, NPL4-GFP signal remains immobilized. In contrast,
in mock-treated cells, the signal is lost (Fig. 4A).

We used this method to screen 20 DTC-copper complexes. We found
that most complexes (13 out of 20) caused immobilization of NPL4-GFP
cumpn.ru.ble wir.h CuET, used as a positive control (Fig. 4B), indicating

d itivity of NPL4 protein to structurally diverse
D‘I’Cs—cupper cumplexes. So far, it is not known whether the whole DTC-
Cu complex binds to NPL4 or just copper ions, as suggested by in vitro
studies showing strong inhibitory activity of cupric ions against purified
NPL4 [14]. Our present data indicate that due to the widespread ac-
tivity, DTC-copper complexes likely serve mainly as copper carriers to-
wards proteins with high copper affinity instead of directly binding to
the target protein{s). Such a scenario would also explain the previously
reported protective effect of metaflothioneins, cysteine-rich cellular
copper chelators, from CuET treatment [22]. The inactivity of other
DTC-eopper complexes may be well explained by the inability to induce
robust intracellular copper overload. However, interestingly, inactive
compound 3 (R = dibenzyl) suggests that likely other factors also
determine the efficacy of DTC-copper complexes, as this compound was
shown to induce a significant aceumulation of copper inside the cells
comparable to CuET [23].

In the following experiment, we tested the concentration-
dependency of pnsmve hits from the primary screen and identified 9
potent comp ing strong immobil of NPL4 at sub-
micromolar concentrations (Fig. 5).

The flow-cytometry results were further corroborated using confocal
microscopy examination of cells treated with selected three active (1,
11, 16) and three inactive (6, 13, 18) compounds. The microscopic
analysis of pre-extracted cells revealed the presence of typical NPL4-GFF
aggregates in the nueleus and cytoplnsmic deposits in all cells treated by
the active compounds. At the same time, no such GFP signal was

analyze the effect on NPL4 protein. For these studies, we employed re-
porter U-2-08 human ostecsarcoma-derived cell line constitutively

A

e

B
Do D= C
2 .t —— i
RZ S -—)_(s‘ _ﬁ’ "s}_
Fig. 1. (A) Structural formuls of dithiooarbamates (DTCs). (B) The resction of
dicthyldithiocarbamate  with  copper  jons  results  in stable  bis
[diethyldithiocarbamate)-copper{Il) complex (CuFT).

' ble in cells exposed to inactive compounds (Fig. 6). These data
canfirmed that diverse DTCs-copper complexes closely mimic the effect
of CuET an NPL4 and induce the same pattern of pre-extraction-resistant
protein aggregates.

2.2, DTCs-copper complexes capable of targeting NPL4 induce unfolded
protein and heat shock cellular responses

CuET has been reported as n robust proteotoxic stress inducer due to
its harmful effects on the NPL4/p97 pathway resulting in the accumu-
lation of ubiguitinated and d proteins in cells [10]. Cells
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Fig. 3. NPLA-GFP protein aggregation after CulET treatment. NPLA-GIP protein beeomes aggregated and immobilized (pre-extraction resistant) in U-2-05-NPL4-GFP
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Fig. 4. Flow cytometric analysis of NPLA-GFP immolsiliz
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Fig. 5. Dose-dependent effeet of selected UNC-copper complexes on NPLA-GFP immobilization. Selected compounds were tested at different concenteations using
fow-eytometric analysis of NPLA-GFP signal in pre-extracied U-2-08NPLA-GEP cells (3 h). Data are means £ s.d. of three independent biological experiments,

typically respond 1o proteotoxic stress via Heat-Shock Response (HSR)
activation. This protective signaling pathway comprises phospheryla
tion and activation of transeription factor HSF1, a master regulator of
HSR. In the nucleus, HSF1 triggers the transeription of genes encoding
heat sheck proteins — specialized chaperenes such as HSP70, binding
and stabilizing defective proteins [24]. The phosphorylation of HSF1 is
well detectable as a shift of the protein band on the Western blot and is
used as the typical proteotoxic stress marker [25].

Furthermore, H5F1, once activated and translocated into the nu-
cleus, forms specific focl known as HSF1 stress bodies which can be
detected using immunofluorescence microscopy as typical nuclear foci
[26,27). The proteotoxic stress is also often accompanied by the

accumulation of defective proteins within the endoplasmic reticulum,
triggering another stress pathway known as Unfolded Protein Response
(UPR). In general, activated UPR protects cells by reducing total pro-
teosynthesis via phosphorylation of translation initiation factor 2o
{elF2u) to decrease global requirements on protein homeostasis. At the
same time, it also upregulates the expression of UPR genes by activating
transeription factors such as ATF4. UPR can also trigger apoptosis if the
proteotoxic stress is beyond the resolvable threshold [28].

Activation of both HSR and UPR pathways was reported previously
for cells reated by CuET [10,15]. To check if the same cellular responses
underline the toxic impact of DTCs-copper complexes which scored in
the NPL4-GFP immobilization screen, we selected the two most active
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Fig. 6. Microscopic analysis of NPL4 aggregation induced by selected D'MC-copper complexes. U-2-05-NPLA-GFI e

were treated (1 pM, for 3 h) by selected 1VIC-

copper complexes and pre-extracted. Compounds 1, 11 and 16 induce the same NPLA-GFP aggregation pattern as CoET, Scale bar = 10 gm
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trigger Unfolded Protein Response (UPR) and
Heat Shock Responses (HSH). (A) U
treated by selected DTC-copper complexes (1 pM for

cells were

3 h) and evaluated for UPR and HSR markers;
including phosphor ion shift of 1511 and accu-
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compounds regarding NPL4 aggregation (9, 16) and two inactive ones
(13, 18). Western blot analysis confirmed the accumulation of paly-
ubiquitinated proteins, HSP70 chaperone and H5F1 phesphorylation
shift in cells treated by the active compounds. Also, markers of UPR,
p-elF2, and ATF4 proteins were elevated (Fig. 7A). We also detected
typical nuclear HSF1 stress bodies in cellular nuclei treated by the active
compounds (Fig. 7B).

Next, we looked in more detail at the nature of the NPL4 aggregates
induced by the active compounds. We detected that NPL4 aggregates
colocalize and immobilize p97 segregase and HSP70 chaperone and nre
henvily marked by polyubiquitin K48 chains, just as it was previ

Furopemn Jormal af Medicimal Chemistry 261 (2023) 115790

profiling and calculated 1Cg, values, All four compounds were highly
toxic in both cell lines, with 1G5, well below 500 nM in the short-term
(48 h) experiment (Fiz. %A and B). In a more relevant colony-
formation assay, which measures the toxicity in a long-term fashion (7
days), we identified compounds 9, 10 and 16 as highly toxic with ICsq's
below 50 nM (U-2-08: 9 - ICgp = 27.5 £ 7.1 nM; 10 - ICpp = 23.4 = 4.4
aM; 16 - [Csp =225+ 3.5 nM; H1299: 9 - [C; =339 £ 7.9 1M; 10 -
ICay = 28.5 + 6.3 nM; 16 - ICxy = 43.4 £+ 95 nM) (Fig. 9C and D).
Overall, these results show that apart from CuET, there are mare
available D‘.I‘Cs-cuppu' complexes with nanomelar activity and prom-

reparted for CuET [10] (Fig. 7C). Taken together, these results show that
NPL4 aggregates induced by diverse DTCs-copper complexes share the
same properties and leads to the same cellular stress responses involving
activation of HSR and UPR.

2.3. NPL4 aggregation correlates with cytotoxicity in cancer cells

As excessive UPR and HSR typically lead to cell death, we next
analyzed the viability of cells exposed to DTCs-copper complexes. We
performed cytotoxic screening of all 20 compounds at a fixed concen-
tration (5 M, 48 h) using the XTT assay on two cancer eell lines - U-2-
05 and H1299. Notably, the cytotoxic data showed that only the DTC-
copper complexes, which efficiently aggregated NPL4-GFP were also
voxic for both cancer cell lines and vice versa (Fig. 6A), The ability of the
complexes to immobilize NPL4 protein was directly compared to their
cytotoxicity by Pearson's correlation, confirming significant positive
correlation (R* = 0.80, p < 0.001) (Fig. UB). The compound 6 (R =
furyimethyl) was the only exception, as it was moderately toxic in U-2-
05 cells despite the lack of measurable effect on NPL4. Still, this data
strongly supports NPL4 protein as the primary and crucial target of
various DTCs-copper complexes, which stands behind and determines
their anticancer activity.

In the following experiments, we aimed to identify the most potent
compounds, We selected 4 active compounds with the best NPL4
immobilization activity (9, 10, 11, 16), performed their eytotoxic
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ising | to mrgel cancer cells via impairment of NPL4/pS7 system

leading to I ic stress,

. Conclusion

CuET, a metabolite of disulfiram, was studied by many groups due to
its anticancer properties [14,29.31]. Here we showed that many
structurally diverse DTCs-copper complexes are toxic to cancer cells
within the nanemolar range and share the CuET-associated mechanism
of action involving proteostasis failure caused by aggregation of NPL4
protein, an essential component of the p97 pathway, for which we
conmmad a strong positive correlation with eytotoxicity. Importantly,

2 p is is an established approach of modern oncological
treatments, as el 1 toxic stress bel among cancer hall-
marks [12], and various prowmme inhibitors are used to treat cancers
[32]. Our work further confirmed the targeting of NPL4 protein as a
promising anticancer strategy. Also, it sheds more light on the somewhat
enigmatic molecular mechanism behind the NPL4 protein aggregation
by DTCs-copper complexes. Due to the structural differences, it seems
unlikely that all could bind directly to the NPL4 protein and instead
suggest they serve as delivery molecules for cupric ions, which bind to
and poison the NPL4 protein. The questions to be answered are why
some DTCs-copper complexes cannot do that and whether such copper
delivery towards NPL4 is an ability specific to DTC-based copper che-
Intors only,
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Fig. B. Cytotoxicity of DTC-copper complexes correlates with their ability 1o aggregate NPLA protein, (A) Primary cylotoxic sereening of DTC-copper complexes at
the fixed concentration and time (5 pM, 48 h) using the XT'1' assay as readout in two cancer cell lines — U-2-08 and 111299, (B) Pearson's correlation analysis
compares the abllity of DTC-copper complexes 1o aggregate NPLA-GEP and eytotoxicity (R? = 0,79, p < 0,001, dashed |ines represent the 958 confidence interval).

5

258



M. Loffelmm et af,

A

120 U-2-08

100
£ w0
£ w
g 40

20

] =

o 50 0 200 400 8OO
Concentration [nM]
c
i U-2-05 - Colony lormation assay

F ™|
£ |
g '°°| —CuET

8 -_—0
& —1n
é L 11
2 ™ =t
=
é n

0ot =

L] E & 5 w0 200
Concenltration [nM]
Fig. 9. Detailed ¢ y profiling of

Furopemn Jormal af Medicimal Chemistry 261 (2023) 115790

B
120 H1299
100
£ w
£ a
i,
0
o 1
0 50 10 200 400 800
Concentration [nM]
D

H1298 - Colony formation assay

Retative colony area [%]
g B

lected DTC-copper complexes. (A) Cytotoxivity analysis after 48 h in U-2-08 cells using XTT assay. (B) Cytotoxicity

analysis after 48 h in 111299 cells using X1 assay. (C) Colony-formation assay analysis in U-2-08 eells and 111299 (D) after 7 days.

4. Materials and methods
4.1. Chemicals

Mast chemicals were of ACS grade and purchased from Sigma-
Aldrich. Chemicals dipropylamine, diisopropylamine, N-methylpropyl-
amine, N-isopropylmethylamine, N-ethyl-N-propylamine, N-ethyl-
isopropylamine,  N-ethylbenzylamine,  2-(methylamino)ethanol,
piperidine, piperazine, N-methylaniline, N-benzylmethylamine, N-iso-
propylpropylamine, sodium hydroxide, carbon disulphide and solvents
athanol, n-hexane and eyelohexane were purchased from Merek Life
Science Lid., Avantor - VWR International Ltd. and Litolab Ltd. (Chu-
dobin, Czech Republic).

4.2. Commercially available DTCs

dipropan-2-ylcarbamodithioate (13) [33], sodium benzyl(ethyl)carba-
modithioate  (14)  [37], sodium  (2-hydroxyethyl)methyl--
carbamodithioate (15) [33], sodium piperidine-1-carbodithicate (16)
[39], sodium piperazine-1-carbodithioate (17) [40], sodium methyl
(phenyl)earbamodithioate (18) [41] and sodium benzyl(methyllearba-
modithioate (19) [42] were formerly reported in the literature. They
were prepared according to the generalized synthetic procedure as
described below. To the best of our knowledge, compounds sodium etlyl
(propyliearbamodithicate  (11) and sodium propan-2-yl{propyl)
carbamodithioate (20) are reported here for the first time, while com-
pounds 8-10 and 12-19 have been previously prepared.

10 mmol of appropriate amine was mixed with 1 M aqueous NaOH (1
eq.; 10 mL), cooled to 0 °C and stirred for 30 min. After that, 0.665 mL of
carbon disulfide (1.1 eq.) in 10 mL of ethanol was added dropwise over
2 min pericd. After the next 30 min of stirring at 0 °C, the reaction
mixture wos allowed to warm to RT and stirred overnight. The solvent
wis 1 and the crude product was recrystallized from ethanol,

CuET and compounds 1-7 were purchased from various ies.
CuET - copper{Il) diethyldithiocarbamate, D0487, TCI, GAS: 13681-87-
3; Compound 1 - sodium dimethyldithiocart hydrate, D156604,
Sigma-Aldrich, CAS: 207233-95-2; Compound 2 - ammonium pyrroli-
dinedithiocarbamate, P8765, Sigma-Aldrich, CAS: 5108-96-3; Com-
pound 3 - sodium dibenzyldithiocarbamate hydrate, DD156, TCI, CAS:
55310-46-8; Compound 4 - sodium cyclohexyldithiocarbamate,
BBLO33928, Vitas-M Laboratory; Compound 5 — sodium terr-butyldi-
thiocarbamate, EN300-1067046, Enamine, CAS: 882878-69-5; Com-
pound 6 - 2-furylmethylearbamodithiole acid, 085298, Matrix
Scientific, CAS: 45815-80-3; Compound 7 - sodium thiomorpholine-4-
dithiocarbamate, EN300-1085871, Enamine, CAS; 92754-62-6.

4.3, Synthesis of DTCs

Compounds 8-20 were synthesized de nove. Compounds sodium
dipropylcarbamodithioate (8) [33], sodium methyl(propyl)carbamo-
dithioate (9) [34], sodium hyl(propan-2-yljcart dithioate (10)
[25], sodium ethyl{propan-2-yl)carbamodithioate (12) [36], sodium

filtered off, washed with n-hexane or cyclohexane (2 » 3 mL) and dried
overnight at 50 °C.

The compaosition and purity of compounds 8-20 were studied by
elemental analysis (Flash 2000 CHNS Elemental Analyser; Thermo Sci-
entific) and 'H nuclear magnetic resonance (NMR) spectroscopy
(DMSO-d;, solutions, 298 K, Varian spectrometer at 400.00 MHz). H
NMR spectra were calibrated against the residual DMSO 'H NMR signal
at 2.50 ppm. The splitting of proton resonances in the reported 'H
spectra is defined as s = singlet, d = doublet, t = triplet, q = quadruplet,
sext = sextet, sep = septet, m = multiplet and bs = broad signal. Ho'H
COSY spectra were recorded where necessary for a precise assignment of
the detected hydrogen atoms; g= = gradient selected, COSY = homo-
nuclear correlated spectroscopy. 'H NMR spectra are shown in the
Supplementary data.

Sodium dipropylcarbamodithioate (8). 'H NMR (DMSO-d,, 4,
ppm): 3.85 (t, J = 7.8 Hz, 2H), 1.61 (sext, J = 7.5 Hz, 2H), 0.78 (t, J =
7.2 Hz, 3H). Anal. Caled. for CoHy4NSzNa (M, = 199.31): C, 42.18; H,
7.08; N, 7.03%; found: C, 42.07; H, 6.82; N, 7.16%.
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di hyl(propyl)carb dithi 9. 'H NMR
(DMSO-dy,, 5, ppm): 3.95 (t, J = 7.8 Hz, 2H), 3.32 (s, 3H), 1.56 (sext, J =
7.5 Hz, 2H), 0.79 (t, J = 7.4 Hz, 3H), Anal. Caled. for CHyoNSzNa (M, =
171.26): C, 35.07; H, 5.89; N, 8,18%; found: C, 34.86; H, 5.51; N, 7.969%.

Sodium methyl(propan-2-yljearbamodithioate (10). 'H NMR
(DMSO-d, & ppm): 6,16 (sep, J = 6.7 Hz, 1H), 3.15 (s, 3H), 1.00 (d, J =
6.7 Hz, 6H). Anal. Caled, for C5HygNSaNa (M, = 171.26): C, 35.07; H,
5.89; N, 8.18%; found: C, 35.39; H, 5.93; N, 7.91%.

Sodium ethyl(p 1)carl dithi {11). "H NMR (DMSO-d,,
& ppm): 3,98 (g, J = 6.8 Hz, 2H), 3.84 (1, J = 7.8 Hz, 2H), 1.61 (sext,J =
7.5 Hz, 2H), 1.08 (1, J = 7.0 Hz, 3H), 0.78 (1, J = 7.4 Hz, 3H). Anal.
Caled. for CeHyaNSaNa (M, = 185.29): C, 38.89; H, 6.53; N, 7.56%;
found: C, 36.53; H, 6,31; N, 7.23%.

dium  ethyl{propan-2-yl wdithioate (12). 'H NMR
(DMSO-ds, &, ppm): 6.14 (sep, J = 6.7 Hz, 1H), 3.80 (g, / = 6.7 Hz, 2H),
1.15 (t, J = 6.8 Hz, 3H), 1.04 (d, J = 6.7 Hz, 6H). Anal. Calcd. for
CeHiaNS:Na (M, = 185.29): C, 38.89; H, 6.53; N, 7.56%:; found: C,
38.64; H, 6.77; N, 7.64%.

Sodi dipropan-2-ylearbamodithioate  (13). 'H NMR
(DMSQ-d, 5, ppm): 6.32 (bs, 1H), 3.67 (bs, 1H), 1.61 (bs, 6H), 1.01 (bs,
6H). Anal Caled. for C7H;4NS3Na (M, = 199.31): C, 42.18; H, 7.08; N,
7.03%; found: C, 41.94; H, 6.94; N, 6.75%.

Sodium benzyl(ethyl}carbamodithioate (14). 'H NMR (DMSO-d,,
& ppm): 726 {m, 5H), 5.42 (s, 2H), 3.92 (g, J = 6.8 Hz, 2H), 1.04 (t,J =
7.0 Hz, 3H). Anal. Calcd. for CigHyaNSaNa (M, = 233.33): €, 51.48; H,
5.18; N, 6.00%; found: C, 51.39; H, 4.96; N, 5.63%.

Sodium (2-hydroxyethyl)methylcarbamodithioate (15). '"HNMR
(DMSQ-dj, &, ppm): 4.72 (t, J = 4.9 Hz, 1H), 4.10 (1, J = 6.3 Hz, 2H),
3.59 (t,J = 5.9 Hz, 2H), 3.38 (s, 3H). Anal. Caled. for CyHsNOSzNa (M,
= 173.23): C, 27.73; H, 4.65; N, 8.00%; found: C, 27.65; H, 4.32; N,
7.81%.

Sodium piperidine-1-carbodithi {16). "H NMR (DMSO-d, 5,
ppm): 4.26 (t,J = 5.5 Hz, 4H), 1.54 (m, 2H), 1.39 (m, 4H). Anal Caled.
for CgHyoNSaMa (M, = 183.27): C, 39.32; H, 5.50; N, 7.64%; found: C,
38.97; H, 5.43; N, 7.41%.

Sodium piperazine-1-carbodithioate (17). "H NMR (DMSO-dy, 4,
ppm): 4.23 (bs, 5H), 2.70 (bs, 4H). Anal Caled. for CsHaN2SaNa (M, =
184.26): C, 32.59; H, 4.92; N, 15.20%; found: C, 32.67; H, 4.73; N,
14.86%.

thyl(phenyl)eart dithioate (18). 'H NMR
(DMSO-d,, #, ppm) 7.17 (m, SH), 3.61 (s, 3H). Anal Caled. for
CgHgNSaNa (M, = 205.28): C, 46.81; H, 3.93; N, 6.62%; found: C, 46.57;
H, 3.62; N, 6.71%.

Sodium  benzyl(methyl)cart lithioate (19). 'H NMR
(DMSO-dy, &, ppm): 7.24 (m, 5H), 5.45 (s, 2H), 3.27 (s, 3H). Anal. Caled.
for CoHygNSaNa (M, = 219.30) C, 49.29; H, 4.60; N, 6.39%; found: C,
48.91; H, 4.49; N, 6.08%.

Sodium propan-2-yl(propyljearbamodithioate (20). 'H NMR
(DMS0-dg, 6, ppm): 6,12 (sep, J = 6.9 Hz, 1H), 3.61 (m, 2H), 1.65 (sext,
J = 7.8 Hz, 2H), 1.01 (d, J = 7.0 Hz, 6H), 0.77 (1, J = 7.4 Hz, 3H). Anal
Caled, for CHy4NSaNa (M, = 199.31): C, 42.18; H, 7.08; N, 7.03%;
found: C, 41.91; H, 6.89; N, 6.74%.

4.4. Chemical analysis of selected compounds

The representative complexes 3, 9, 12 and 16 were analyzed by
elemental analysis, mass spectrometry, ultraviolet-—visible (UV-Vis)
spectroscopy and Fourier-transform  infrared (FTIR) spectroscopy.
Electrospray ionization mass spectrometry (ESI-MS; acetonitrile (ACN)
solutions) was camried out with an LCQ Fleet ion trap spectrometer
(Thermo Scientific; QualBrowser software, version 2.0.7) in both posi-
tive (ESI+) and negative (ESI-) ionization modes. A Jasco FT/IR-4700
spectrometer (Jasco, Easton, MD, USA) was used for the collection of
the Fourier-transform infrared (FTIR) spectra in the range of 400-4000
em? by using the attenuated total reflection (ATR) technique on a dia-
mond plate. A Cintra 3030 dual beam automatic UV-Vis spectrometer
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{GBC Scientific Instruments} was used for the recording of the UV-Vis
spectin at the 190-900 nm region); UV-Vis = ultraviolet-visible. Com-
plexes were dissolved in ACN to 1 mM concentration.

For 3: Light-brown solid. Anal. Caled. for CagHagN3CuS, (M, =
608.36): C, 59.23; H, 4.64; N, 4.609%; found: C, 59.31; H, 4.63; N, 4.65%.
ESI + MS (ACN, m/z): 607.0 (cale. 607.0 for [M]*). IR (ATR, &, em™):
3351, 3310, 3295, 3280, 3265, 3025, 2925, 2876, 1604, 1583, 1494,
1452, 1431, 1353, 1306, 1258, 1223, 1146, 1078, 1030, 984, 941, 872,
823, 792, 739, 625, 552, 517, 447. UV_Vis (ACN, Ay, nm (e, M em?
in parentheses)): 435 (2370).

For 9: Brown solid. Amal. Caled. for CHaN:CuS; (M, = 360.08): C,
33.36; H, 5.60; N, 7.78%; found: C, 33.25; H, 5.57; N, 7.66%. ES1 + MS
(ACN, m/z): 359.0 (calc. 359.0 for [M]*). IR (ATR, v, cm '): 2953, 2925,
2868, 1517, 1462, 1446, 1430, 1396, 1366, 1303, 1261, 1208, 1145,
1103, 1063, 1032, 976, 922, 883, 745, 609, 569, 486, 413. UV-Vis
(ACN, Amax, nm (¢, M" cm’" in parentheses)): 432 (2200).

For 13: Yellow solid. Anal. Caled. for Cy4HzsN2CuSs (M, = 416.19):
C, 40.40; H, 6.78; N, 6.73%; found: C, 40.09; H, 6.47; N, 6.84%. ESI 4
MS (ACN, m/z): 415.0 (cale. 415.0 for [M]*). IR (ATR, », cm '): 3273,
2031, 2863, 1610, 1587, 1462, 1438, 1362, 1259, 1169, 1086, 1032,
967, 872, 834, 793, 618, 453, 408, UV—_Vis (ACN, 4y nm (e, M em?
in parentheses)): 408 (2240).

For 16: Light-brown solid. Anal. Caled. for Cy3HxNiCuS, (M, =
384.11): C, 37,52; H, 5.25; N, 7.299%; found: C, 37.69; H, 5.25; N, 7.33%.
ESI + M5 (ACN, m/z): 383.0 (calc. 383.0 for [M]'). IR (ATR, ¥, em'):
2943, 2926, 2853, 1503, 1438, 1363, 1284, 1256, 1238, 1135, 1110,
1065, 1022, 996, 975, 951, 881, 855, 615, 518, 471, 406. UV-Vis (ACN,
s T (£, M ' cm ! in parentheses)): 434 (1710).

5. Biological experiments
5.1. Cell culture and XTT assay

U-2-05 (human osteosarcoma, 92022711), H1299 (human non-
small eell lung careinema, CRL-5803'), U-2-05 cell line was pur-
chased from the Euwropean Collection of Authenticated Cell Cultures
(ECACC) and H1299 frem the American Type Culture Callection
{ATCCW). Cells were cultivated in sterile and filtered DMEM High
Glucose medium w/Stable Glutamine, w/Sedium Pyruvate (Biosera),
which contained 10% Fetal Bovine Serum (FBS, Gibeo™) and 1%
Penicillin-Streptomyein (Sigma-Aldrich). The incubation conditions
were 37 "G and 5% COa.

Five thousand cells per well were seeded in 96-well plates and after
24 h, the treatment was performed according to the deseribed experi-
ments. The cells were placed in the incubator (37 "C, 5% COy) for 48 h.
Then the XTT assay was performed according to the manufacturer’s
instruetions. XTT activator with XTT reagent (AppliChem) was mixed
and added to the cells. After 30-50 min of incubation, the absorbance
was measured at 475 nm using a plate reader (Infinite® 200 Pro,
TECAN). Data were analyzed in Microsoft® Excel®t for Microsoft 365
MSO [Version 2211). Results are shown as means = s d. from three
independent experiments that were performed in triplicates.

5.2, Colony-formation assay

Fifty cells per well were seeded in 24-well plates and after 24 h, the
treatment was performed according to the deseribed experiments. Cells
were incubated for 7 days. Crystal violet was used for the staining of
colonies and air dried. After the staining, a white powder (kitchen sugar)
was added to the wells to enhance the contrast. Whole plates were
seanned using a table seanner. The colony area for each well was
calculated using Image) software. Results are shown as means + 5. . of
three independent experiments, when ench was performed in a technical
triplicate,
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5.3. Flow cytometric assay and screening

Three hundred thousand U-2-05-NPLA-GFP cells were seeded in
tissue culture dishes (growth surface 22.1 cmz, TPP) in 4 ml of medium.
After 24 h of incubation (37 °C, 5% CO3), the treatment was performed
according to the described experiments. Cells were incubated for 2 h
(37 °C, 5% COy). Then the medium was removed, cells were washed
with PBS, scraped, resuspended in PBS and ferred into 1.5 ml micro
test tubes. Cells were pre-extracted with 0.1% Triton X-100 and subse-
quently stained with DAPI 0.5 pg/ml. After 15 min of incubation on ice,
the measurement was performed on a flow cytometer (BD Facs Verse, BD
Life Sciences) with GFP signal detection. Data were analyzed in the
CytoSpec software (Version 11.6), Microsoft® Excel® for Microsoft 365
MSO (Version 2211), Statistica (Version 13.4.0.14).

5.4. Immunoblotting and antibodies

Four hundred thousand U-2-08 cells were seeded in tissue culture
dishes (growth surface 22.1 em?, TPP) in 4 ml of medium and after 24 h,
the cell lysates were prepared. The lysates were separated by SDS-PAGE
using hand-cast gels (8%). The transfer to a nitrocellulose membrane
was performed and the membrane was blocked with 5% milk in Tris-
buffered saline containing 0.1% Tween-20 for 1 h. The incubation
with primary antibodies took place at room temperature for 1 h. The list
of primary antibodies: anti-f-actin (C4) (1:500; Santa Cruz Biotech-
nology, sc-47778), anti-ubiquitin Lys48, clone Apu2 (1:1000; Merck
Millipore, 05-1307), ATF4 (1:1000; Merck Millipore, ABE387), HSP70/
HSP72 (C92F3A-5) (1:1000; Enzo Life Sciences, ADI-SPA-810F), p-elF2u
(851) (1:1000; Cell Signalling, 35978), HSF1 (1:1000; Cell Signalling,
43568). The detection was performed using the following secondary
antibodies after 45 min incubation at room temperature: anti-mouse
HRP-IgG (1:1000; GE Healthcare, NA931V), anti-rabbit HRP-IgG
(1:1000; GE Healthcare, NA934). The chemiluminescent substrate
(Thermo Fisher Scientific, 34580) was used for visualization. Images
were recorded using ChemiDoc System (Bio-Rad) and analyzed with
Image Lab Software (Bio-Rad).

5.5. Microscopy

Samples were analyzed using the LSM780 confocal microscope sys-
tem (Zeiss), Images of fixed samples were acquired using a C Apo 40x/
1.2 W water immersion objective. Image analysis was performed in Zeiss
ZEN software (2011 SP7 FP3 black).

5.6. Immunofiuorescence staining

One hundred theusand U-2-05-NPL4-GFP cells per well were seeded
in 12-well plates. After 24 h, the treatment was performed according to
the described experiments. The cells were incubated (37 *C, 5% COy) for
3 h. Where indicated, the pre-extraction before fixation was performed
with PBS containing 0.2% Triton X-100 for 1 min at room temperature.
Then the cells were PBS washed and fixed with cold 4% formaldehyde
for 15 min at room temperature. Primary antibodies were applied and
the cells were incubated for 1 h at room temperature: anti-ubiquitin
Lys48, clone Apu2 (1:500; Merck Millipore, 05-1307), HSP70,/HSP72
(C92F3A-5) (1:500; Enzo Life Sciences, ADLSPA-810F), HSF1 (1:500;
Cell Signalling, 43568). Secondary antibodies were applied and the cells
were incubated for 1 h at room temperature: Goat anti-rabbit IgG (H +
L) Alexa Fluor™ 568 (1:1 000, Invitrogen, A-11036), Goat anti-mouse
I2G (H + L) Alexa Fluor™ 568 (1:1 000, lnvitrogen, A-11004). Cells
were subsequently stained with DAPI (1 pg/ml).
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Background: Castration-resistant prostate cancer (PCa) represents a serious health
challenge. Based on mechanistically-supported rationale we explored new thera-
peutic options based on clinically available drugs with anticancer effects, including
inhibitors of PARP1 enzyme (PARPi), and histone deacetylases (vorinostat),
respectively, and disulfiram (DSF, known as alcohol-abuse drug Antabuse) and its
copper-chelating metabolite CuET that inhibit protein turnover.

Methods: Drugs and their combination with ionizing radiation (IR) were tested in
various cytotoxicity assays in three human PCa cell lines including radio-resistant
stem-cell like derived cells. Mechanistically, DNA damage repair, heat shock and
unfolded protein response (UPR) pathways were assessed by immunoflucrescence
and immunoblotting.

Results: We observed enhanced sensitivity to PARPI/IR in PC3 cells consistent with
lower homologous recombination (HR) repair. Vorinostat sensitized DU145 cells to
PARPI/IR and decreased mutant p53. Vorinostat also impaired HR-mediated DNA
repair, as determined by Rad51 foci formation and downregulation of TOPBP1
protein, and overcame radio-resistance of stem-cell like DU145-derived cells. All PCa
models responded well to CuET or DSF combined with copper. We demonstrated
that DSF interacts with copper in the culture media and forms adequate levels of
CuET indicating that DSF/copper and CuET may be considered as comparable
treatments. Both DSF/copper and CuET evoked hallmarks of UPR in PCa cells,
documented by upregulation of ATF4, CHOP and phospho-elF 2a, with ensuing heat

352 I © 2018 Wiley Periodicals, Inc.

witeyonlinelibrary.com/journal/pros

The Prostate, 2019.79:352-362.

263



MAJERA T AL

Kellner Family Foundation; Czech-Biolmaging,
Grant pumber: LM2015062

KEYWORDS

1| INTRODUCTION

Prostate cancer (PCa) is the most frequently diagnosed malignancy in
men and one of the major causes of cancer-related death in developed
countries.! PCa is initially androgen-depend and responds to
androgen deprivation therapies, however, the disease ultimately
progresses into a hormone-independent and largely incurable stage
with metastases to the bones, lung, brain, or liver.

Aberrations in the DNA damage response (DDR) machinery are

common in cancer and represent potential targets for therapeutic
intervention.? PARP1 activity is impartant in sensing and signaling DNA
damage that arises both endogenously, for example, through generation
of oxidative DNA lesions and DNA single-strand breaks (55Bs), or
exogenously, such as due to ionizing radiation (IR} exp of

with various chemotherapeutics. Exposure of eycling cells to inhibitors
of PARP1 (PARPI) causes excessive unrepaired 55Bs and acceleration of
DNA replication® leading to replication stress and formation of DNA
double-strand breaks (DSBs), toxic lesions preferentially repaired by
homologous recombination (HR). HR defects due to mutations or
sllencing of factors such as BRCA1/2 sensitize cells to PARPI, as shown

for ovarian, breast and also metastatic prostate cancer.?

Defects in DNA damage sensors, signaling kinases or nucleotide
excision repair also sensitize to PARPT* suggesting that the therapeutic
potential of PARPI might extend beyond the BRCA1/2-defective
tumaors. There is also an urgent need to identify and validate potential
biomarkers to predict sensitivity of individual tumors to PARPI,
exemplified for PCa by the fusion oncogene TMPRSS2-ERG or loss of
the PTEN tumor suppressar,>®

PCa is a heterogeneous disease reflecting both genetic and
epigenetic alterations.” Six epigenetics-modulating drugs targeting
DMNA methylation or histone deacetylation have been approved for
cancer treatment,” Since epigenetic regulation is complex, preclinical
studies are required to generate patient stratification hypotheses and
identify predictive biomarkers, Epigenetic reprogramming after loss of
Rb and p53 tumor suppressors diminishes androgen receptor
expression and is associated with resistence to antiandrogen
therapy.®® From this point of view, both PC3 and DU145 cells,

WILEY-The Prostate | ***

shock response encompassing activation of HSF1and HSP70. Further enhancing the
cytotoxicity of CUET, combination with an inhibitor of the anti-apoptotic protein
survivin (YM155, currently undergoing clinical trials) promoted the UPR-induced
toxicity, yielding synergistic effects of CuET and YM155.

Conclusions: We propose that targeting genotoxic and proteotoxic stress responses
by combinations of available drugs could inspire innovative strategies to treat
castration-resistant PCa.

disulfiram, PARP, prostate cancer, proteotoxic stress, vorinostat

lacking AR and possessing mutations in tumor suppressors, represent
relevant models of a subgroup of aggressive prostate cancer.

Another approach to PCa treatment could be drug repurposing,
with potentially multifaceted benefits for clinical implementation of
new treatment options. DSF is among such possible candidates,
showing anti-tumor activity in multiple studies. Recently, we discov-
ered the molecular target and mode of action of DSF, thereby
strengthening DSF's potential as an anticancer drug.’® Many cancers
become resistant to monotherapy through diverse mechanisms,
posing a major challenge in contemporary oncology. Drug combination
could overcome resistance to single compounds, thus it is vital to find
the drugs that act synergistically and are well tolerated.™

Here, we describe differential respanses to PARPi and IR in cellular
models of aggressive PCa: PC3 (typical for loss of p53 and PTEN),
DU145 (mutated p53 and Rb) and radioresistant stem-fike PCa cells.’?
Moreover, we show that HDAC inhibition alters expression of HR
proteins and potentiates cytotoxicity of IR, and that DSF's active
metabalite, diethyldithiocarbamate-copper complex (CUET), activates
heat shock response and UPR, showing synergistic toxic effect in
combination with a survivin inhibitor-YM155 in human PCa models.

2 | MATERIAL AND METHODS

2.1 | Cell lines

DU145 and PC3 cell lines were cultured in DMEM medium, LNCaP in
RPMI medium and LAPC4 in IMDM. DMEM, RPMI, and IMDM media
were supplemented with 10% fetal bovine serum and penicillin/
streptomycin. IMDM medium was additionally supplemented with
1nMR1BB1. RWPE-1 cells were cultured in a keratinocyte serum-free
medium supplemented with the bovine pituitary extract and human
recombinant epidermal growth factor (Thermo Scientific, Waltham,
MA). EP154T cells were cultured as described previously.™ All cell
cultures were maintained in humidified 5% CO2 atmosphere at 37°C.
LAPC4, EP156T and RWPEL cells were kindly provided by Prof. Zoran
Culig and Prof. Helmut Klocker (Innsbruck Medical University). Other
cell lines were purchased from the European Collection of Cell
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Cultures (ECACC) and authenticated by AmpfISTR™ Identifiler PCR
Amplification Kit (Applied Biosystems, Foster City, CAL

2.2 | Colony forming and cell viability assays

For clonogenic cell survival assay, cells were plated in 6-well plates at
200-500 cells per plate. Next day the cells received appropriate
treatment and kept in culture for 7-14 days. Colonies of approximately
50 cells were visualized by 1% crystal violet in 6% ethanol, and their
number and total area were counted. Results were confirmed in three
independent experiments. For XTT assay, cells were plated at a density
of 10 000 per well in a 96-well plate, The next day, cells were treated as
indicated. After 48 h, an XTT assay was performed according to the
manufacturer's instructions {Applichem, Darmstadt, Germany). XTT
solution was added to the medium and incubated for 30-60 min, and
then the dye intensity was measured at the 475 nm wavelength using a
spectrometer [TECAN, Infinite M200PRO, Mannedorf, Switzerland).

2.3 | lonizing radiation and chemicals

The KUS58948 inhibitor was obtained from AstraZeneca (London, UK)L
Vorinostat, MK132, nutiin 3, DSF, tunicamycin, thapsigargin and CuCI2
were purchased from Sigma-Aldrich, YM155 from Selleckchern and copper
diethyldithiocarbamate (CuET) from TCl Chemicals. lonizing radiation
was delivered using Xstrahl RS research cabinet gamma irradiator,

2.4 | Immunoblotting

Equal amounts of cell lysates were separated by SDS-PAGE on
handcast or precast gel {Invitrogen, Carlsbad, CA), and then transferred
anto nitrocellulose membrane. The membrane was blocked with 5%
milk in Tris-buffered saline containing 0.1% Tween 20 for 1 h at room
temperature, and then incubated overnight at 4°C or 1h at reom
temperature with one of the following primary antibodies against: p53
(FL-393, Cell Signaling. Danvers, MA), Rad51 (ab43801, Abcam,
Cambridge, UK), GAPDH (GTX30666, GeneTex), alpha-tubulin (H-
300, Santa Cruz, Dallas, TX), BRCA1 (D-%, Santa Cruz), KU70 (N3H10,
Santa Cruz), KUBO (ab3107, Abcam), DNA-PKcs (clone 18-2 Thermao
Scientific), lamin B (M-20, Santa Cruz), TopBP1 ({A300-111A, Bethyl,
Montgomery, TX), BRCAZ2 (A300-005A, Bethyl), ATF4 (ABE387,
Merck-Millipore), CHOP (LA3F7, Cell Signaling), p-elF2a (551, Cell
signalling), HSP7O(CP2FBA-5, Enzo), followed by detection by
secondary antibodies: goat-anti mouse and goat-anti rabbit (GE
Healthcare), HRP conjugated secondary antibodies were visualized
by ECL detection reagent (Thermo Scientific).

2.5 | Immunofluorescence staining

After appropriate treatment cells were fixed with 4% formaldehyde for
15 min at room temperature, washed with PBS and permeabilized with
0.5% Triton X-100 in PBS for 5 min. The samples on the plastic inserts
cutted directly from cultivation plates using CNC machine were then
immunostained with primary antibodies against RadS1 (abé3201,

Abcam), cyclin A (6ES, Leica), BRCA1 (D-9, Santa Cruz), p53 (FL-393,
Santa Cruz), HSF1 (43565 Cell Signaling), followed by a fluorochrome-
conjugated secondary antibodies; Alexa Fluor-488 or Alexa Fluor-568
(Invitrogen). Muclei were visualized by Hoechst 33342 at room
temperature for 5min before mounting. Images were automatically
recorded using an inverted fluorescence microscope BX71 (Olympus)
and ScanR Acquisition software (Olympus), analyzed with ScanR
Analysis software [Olympus), and evaluated with Statistica software
(StatSoft).

2.6 | Small RNA interference

DU145 cells were transfected with anti-p53 siRNA (Eurofins Geno-
mics-GUC CAG AUG AAG CUC CCA GAA] and NT siRNA (Eurofins
Genomics-UAA UGL AUL GGA ACG CAU A) using Lipofectamine
RMNAIMAX transfection reagent (Invitrogen) according to manufac-
turer's recommended protocol, After 24 h, cells were either collected
for Western blot analysis or used for immunofluorescence analysis,

2.7 | Cell cycle analysis

Cells were harvested at indicated times after treatment (both adherent
and detached cells were collected) and fixed in cold 70% ethanol. After
treatment with RNaseA, samples were stained with propidium iodide (P1).
Celiular DNA content was analyzed using flow cytometer BD FACSVerse
(BD Biosciences), and collected data were processed using BD FACSuite
(BD Biosciences). At least 10 000 cells per sample were analyzed.

2.8 | Caspases 3/7 assay

Activity of caspase-3 and -7 was quantified by cleavage of fluorogenic
substrate CellEvent™ Caspase-3/7 Green Detection Reagent (Ther-
maoFisher Scientific). Briefly, samples were prepared in staining buffer
(140 mM MNaCl, 4 mM KCI, 0.75 mM MgCly, 10 mM HEPES) supple-
mented with 2% FBS, 0.5uM CellEvent™ Caspase-3/7 Green
Detection Reagent and incubated for 45 min at room temperature in
the dark. Subsequently, 0.5 ug/mL DAPI was added and samples were
analyzed by flow cytometry using BD FACSVerse (BD Biosciences), at
least 10 000 events were acquired per sample. Collected data were
processed by BD FACSSuite (BD Biosciences).

2.9 | Measurement of CuET formation in vitro

To measure the formation of diethyldithiocarbamate-copper complex
(CUET) in vitro a complete cell culture medium (DMEM, 10% FBS, 1%
penicillin/streptomycin} was incubated with 1 pM disulfiram or 1M
disulfiram plus 1 pM copper (i) chloride, and 1 uM CuET as a control.
After 3 h of incubation in 37 °C, 5% COx, the samples were vortexed
and mixed with acetone in a ratio 1:250. The mixture was centrifuged
1B000g for 2min at 4°C. The CuET complex in supematant was
analyzed by HPLC-MS method as described previously.'® The
quantification of CuET complex was calculated according to the
calibration curve,
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3 | RESULTS

3.1 | DU145 cells show more efficient HR repair
after PARPi and IR compared to more responsive
PC3 cells

The standard-of-care therapy for localized PCa is radical prostatectomy
followed by fractionated radiotherapy. In patients with disseminated
PCa, androgen deprivation is achieved either by surgical or chemical

castration. However, tumors often become castration-resistant as
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disease progresses.'® Human PC3 and DU145 cell lines both lack
androgen receptors and thus represent useful models for PCa patients
with androgen-independent tumor gr&)\-’\-’th.a

Recent findings showed high response rates to PARPI treatment in
patients with PCa defective in DNA repair genes.! Using colony
formation assays that mimic effects of long-lasting therapy, we found
PC3 cells more sensitive to the PARPI than DU145 cells (Figure 14),
while normal prostate epithelial RWPEL and EP156T cells did not
respond within the 1000 nM range (Supplementary Figures S1A and

518). As PARP inhibitors are also candidate radiosensitizers, we tested

DU145

[ 250 M 500 000 0M ?
KUSE948 Gy Gy
(B} DAPI CyclinA, Rad51 MERGE (C) DAPI CyclinA Rad51 MERGE

DU145 PC3

(D) IR (E) IR+KU58848
cid =16
® @
“E"‘-? gm
010 @12
é M %m
5 8 ——DU145 ¢ —a—DU145
2, ——PC3 8 —ePC3
— —d
n 0
8’ kR
x g . s . €,

] 1 2 5 i 0 1 2 5 10
Hours aftar IR (4 Gy) Hours aftar IR (4 Gy)
FIGURE 1 Rad51 foci formation is more effective in DU145 than in more responsive PC3 cells after KUS5SB948 pre-treatment and IR. (A] PC3

and DU145 cells were treated with various concentrations of KU58%48 and incubated for 8 days in colony formation assay. Next, cells were
irradiated with different doses after 24 h pre-treatment with the KU58%48 and incubated for 8-days in colony formation assay. Error bars
represent SD of mean (n=3). For immunofluorescence analysis, DU145S (B) and PC3 (C) cells were treated with 1 uM KUSE948 inhibitor for 24 h
followed by IR (4 Gy) and fixed at different time points (0, 1, 2, 5, and 10 h). Images are representative from 2 h time points. Rad51 foci
farmation in cyclin A-positive DU145 cells was more effective than in PC3 cells (D and E). [Color figure can be viewed at wileyonlinelibrary,com]
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combined PARPI and IR to explore potential additive/synergic effects.
DU145 and PC3 cells were pre-treated with 100 nM and 1 uM PARPI
and irradiated after 24 h. Although PC3 cells were less responsive than
DU145 to IR alone, the combination with PARPi was more effective in
PC3 than in DU145 cells (Figure 1A). These data suggest that PC3 cells
respond well to PARPI monotherapy or combined with IR, while
DU145 respond rather poorly, a phenomenon which we decided to
study further mechanistically.

PARPI is particularly effective in treatment of breast and ovarian
cancer with BRCA1/2 mutations,"” BRCA1 along with Rad51 and other
factors mediate HR, a high-fidelity DNA repair of DNA D5Bs during 5
and G2 phases of the cell cycle. As PC3 cells responded well to PARFI
and the combination with IR compared to DU145 cells, the functional
status of HR- repair was examined using immunofiuorescence analysis
of RADS1 foci as marker of active HR. These experiments invaolved pre-
treatment of cells with PARPI for 24 h, subsequent IR (4 Gy} and further
incubation for 1, 2, 5. or 10h, Fixed cells were then co-stained for
RADS1 and the 5/G2 marker cyclin A to focus on the HR-relevant cell-
cycle phases (Figures 1B and 1C).'* Quantification showed reduced
RADS51 foci in PC3 cells compared to DU145 in cyclin A-paositive cells
{Figures 1D and 1E) supporting the hypothesis of insufficient HR to
explain higher sensitivity of PC3 cells to PARPL These data are
consistent with the notion that HR defects sensitize cancer cells to
PARPi, alone or combined with IR'” and extend this concept to PCa.

3.2 | Vorinostat treatment overcomes DU145 cell
resistance towards IR and PARPi

Since DU145 cells display relative resistance to PARPI and the
combined PARPI/IR treatment (Figure 1A), we sought to identify a drug
able to sensitise this PCa model to PARPi. DU145 harbours p53
mutations (P223L and V274F) thereby providing a model matching
PCa patients harbouring p53 mutation with limited treatment options
and adverse prognosis.’® We chose the FDA-approved histone
deacetylase inhibitor vorinostat (also known as SAHA), reportedly
preferentially cytotoxic towards cancer cells with mutated p53."*
indeed, DU145 celis responded well to vorinostat (Figure 2A) and were
mare sensitive compared to PC3 (Supplementary Figure SZA In
DU145 cells, vorinostat caused activation of apoptosis markers
casp 3/7 (Supph ry Figure S2E) and G2/M arrest, as
determined by flow cytometry (Supplementary Figure 52D) and
accumulation of prometaphase cells (Supplementaty Figure S2B).
Unfortunately, in the short-term viability assay normal prostate
epithelial cells RWPE-1 and EP154T respond similarly, thereby
questioning the therapeutic window of verinostat monotherapy

(Supplementary Figures 52F and S2G). Mechanistically, vorinostat
treatment should evoke degradation of the accumulated mutant p53
pratein reverting its anti-apoptotic effect.'® Indeed, downregulation of
p53 by vorinostat (Figures 2C and 2E) was mediated by increased p53
degradation, rescuable by proteaseme inhibitor MG132 or nutlin, an
inhibitor of MDMZ2 ubiquitin ligase for p53 (Figure 2D). Importantly,
pre-treatment with vorinostat also sensitized the DU145 cells to IR
and PARPi (Figures 2B and S2C) suggesting possible impact of

vorinostat on the DDR machinery. This phenomenon was further
explored as combinations of IR and/or PARPI with vorinostat could
potentially represent feasible treatment strategies.

3.3 | Vorinostat downregulates HR factors and
sensitizes radio-surviving PCa cells to IR

To elucidate how vorinostat potentiates the effects of IR and PARPI,
we assessed its impact on the DDR pathways. First, as HDACs regulate
gene expression, we examined the levels of multiple HR factors after
vorinostat treatment, and observed modest yet noticeable decreases
of BRCA1, BRCAZ, Rad51, and TopBP1 proteins {Figure 3G).
Interestingly, despite the lower total BRCA1 level (Figure 2F), the
ability to form IR-induced BRCA1 fod remained unchanged
(Figures 2G and 2H). Notably, vorinostat pre-treatment prevented
formation of IR-induced Rad51 foci in cyclin A-positive cells
(Figures 3A and 3B), suggesting robust impai it of HR explaining
the acquired sensitivity to PARPI. This effect is unlikely attributable to
vorinostat-mediated downregulation of mutant p53, because direct
downregulation of mut-p53 in DU145 cells by siRNA did not
reproduce such phenotype (Figures 3C-E}. Interestingly, Ku70,
KuB0, and DMA-PK, proteins involved in DSB repair via non-
homologous end joining (NHEJ), remained unaffected upon vorinostat
treatment (Figure 3F) consistent with differential transcription control
of genes involved in distinct DNA repair pathways.”® As radio-
resistance in PCa represents a significant Issue that lacks suitable
cellular models, our team developed a model of radiosurviving PCa
cells obtained by exposure of parental DU145 cells to clinically
relevant dally fractions of IR to a cumulative dose of 64 Gy (2 Gy
applied every 24 h for 32 days). This treatment is not 100% toxic and
selects for a radiation-surviving, stem-flke cell population,’®?!
Importantly, pre-treatment with vorinostat sensitised such cells to
IR in colony formation assay (Supplementary Figure S2H) further
suggesting vorinostat as an interesting option for combined IR
treatment.

3.4 | Disulfiram as a candidate drug for PCa
treatment

Prostate, as a malnly secretory organ, is especially dependent on
proper function of endoplasmic reticulum (ER) and ER-associated
degradation {ERAD). ERAD malfunction or insufficiency leads to ER
stress and activation of the unfolded protein response (UPR).* Several
factors of ERAD machinery are upregulated in PCa®® and UPR
activation in PCa has been recently demonstrated, providing a possible
vulnerability exploitable therapeutically,?® We have recently shown
that DSF targets cancer via inhibition of the p%7/NPL4 pathway.
essential for ERAD.'® DSF's anticancer activity depends on copper®™
and we showed that in wivo, DSF becomes converted into
diethyldithiocarbamate, a strong copper chelator forming a stable
{CuET) the ultimate anticancer metabolite of DSF.'® CuET accumulates
in tumors and paralyzes p%7/NPL4-dependent processing of
proteins, leading to strong proteotoxic stress, UPR and heat shock
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FIGURE 2 BRCA1 foci are formed in cyclin A-positive DU145 cells upon DNA damage after IR and vorinostat treatment, whereas p53 g
is downregulated. DU145 cell line was treated with vorinostat at indicated concentrations (A} and in combination with IR (2 Gy) and H

500 nM vorinostat (B). Cell viability was measured by clonogenic cell survival assay for 8 days. Error bars represent 5D of mean {n=3).
Mext, cells were treated with 5 uM vorinostat for 24 h, Irradiated with 4 Gy and fixed after 5 h Immunofluorescent staining of p53 and =
BRCA1 (C) was quantified for their intensity (E and F). One-day treatment with 5 uM vorinostat dowregulated p53 levels in DU145 cells 3
which was abrogated by proteasome inhibitor MG132 or MDM2 inhibitor nutlin (D). Quantification of BRCA1 foci formation in cyclin '
A-positive DU145 cells (H) after IR and/or vorinostat was evaluated by immunofluorescence analysis (G). [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 Vorinostat downregulates BRCAL and Rad51 proteins, (A) Cells were treated with 5 uM vorinostat for 24 h, irradiated with 4 Gy
and fixed after 5h. Rad51 foci were determined by immunofluorescence analysis. (B) Quantification of Rad51 foci formation was assessed in
cyclin A-positive cells. (C) Next, cells were treated with siRNA (control or p53-targeting) for 48 h and formation of Rad51 was determined
after IR (4 Gy) followed by 3 h of incubation, (D) Quantification of Rad51 foci was measured in cyclin A-positive cells after downregulation of
p53. (E) Downregulation of mutated p53 had no impact on Rad51 protein levels. (G) Rad51, TopBP1, BRCA1 and BRCAZ were downregulated
after 24 h of treatment with 5 uM vorinostat, whereas Ku70, KuB0 and DNA-PK remained unchanged (F) as determined by Western blotting

analysis. [Color figure can be viewed at wileyonlinelibrary.com]

responses (HSR).2? Since this drug is clinically used and well tolerated,
it is an ideal candidate for repurposing. Specifically for PCa, DSF might
be an interesting therapeutic candidate as it scored highly in PCa cell
line models.®®

First, we treated DU145, PC3 and radiosurviving DU 145 cells by
DSF, DSF+CuCl2, CuCl2 alone or CuET for 48h to test for
cytotoxicity. All cell lines responded with similar sensitivity within
nanomolar range (IC50 around 200 nM) to DSF + CuCl2 and CuET
(Figure 4A). To further explore the comparable potencies of
DSF + CuCl2 and CuET, we assessed whether CuET forms also in
vitro, in media containing DSF and CuCI2. Indeed, we confirmed that
CuET complex forms efficiently, indicating that the cell culture
effects under DSF+ CuCl2 treatment are attributable to CuET
(Figure 4B). DSF treatment alone was moderately toxic, likely

reflecting the presence of copper fons in standard growth media,
forming some CuET. MNotably, unlike treatments with PARPI or
HDACI there was an obvious lack of differential responses among
the otherwise very heterogeneous cell lines, suggesting a mecha-
nisms of action independent of the p53 status or DNA repair defects.
To confirm that PCa cells treated by DSF+ CuCl2 and CuET are
experiencing stress phenotypes similar to other cellular models, '
PCa cells were first examined for activation of H5R. Immunofluo-
rescence analysis confirmed a robust HSR manifested by formation
of H5F1 nuclear stress foci®” (Figures 4C and 4D} and Increase of
heat shock protein 70 (HSP70), the main HSR effector, in all tested
cell lines (Figure 4E). The PCa cells also strongly activate UPR
manifested by elevated ATF4, CHOP, and phospho-elF2a, estab-
lished UPR markers™® (Figures SA and 58).
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FIGURE 4 Disulfiram plus copper and CuET show cytotoxic effect in

prostate cancer cell lines and activates heat shock reponse. (A)

DU145, PC3 and radiosurviving DU145 cell lines were treated with DSF, copper chloride, DSF plus copper chloride or CuET with indicated
concentrations and evaluated in 48 h by XTT assay. (B} Amount of CUET complex in the media was analyzed by HPLC-MS. (C) Celis were
treated with indicated compounds (S00 nM all) or their combinations and stained for HSF1, (D) HSF1 stress nuclear foci were quantified using
ScanR, (E) Western blotting analysis revealed increase of HSP70, the main HSR effector, after the treatment with CuET or DSF + CuCl2,

[Color figure can be viewed at wileyonlinefibrary.com]

3.5 | Disulfiram toxicity synergizes with chemical
inhibition of survivin

D5F's towicity for PCa cell lines?®*% inspired a small pharmacodynamic
clinical trial in PCa patients with non-metastatic recurrent prostate
cancer.”” The trial failed to show either global demethylation as a
presumed pharmacodynamic marker”® or significant changes in PSA
levels, consequently concluding that such D5SF monotherapy was
inefficient in PCa patients. Such failure might reflect, at least in part,
the fact that copper was not included into this trial, thus limiting DSF's
anticancer activity that is otherwise apparent from preclinical studies
including mouse models.'®* A new Phase |b study of intravenous
copper loading combined with oral DSF administration in metastatic
castration resistant prostate cancer was lunched recently, which
should provide more conclusive information about DSF efficacy in
patients (ClinicalTrials.gov Identifier: NCT02943051). As DSF alone
could be insufficient for eradication of PCa cells in vivo combined
therapy could provide a better option. Because UPR, robustly induced
by DSF + CuCl2 and CuET treatments, strongly activates cell death,
such candidate combinational treatment strategy could exploit
inhibition of pro-survival proteins that are known to be overexpressed
in cancers, such as survivin,** Chemical inhibitor of survivin, YM155,

showed anticancer activity in preclinical cancer models including

PCa* and is being evaluated in clinical trials™® Interestingly,
synergistic toxicity between YM155 and common UPR inductors
thapsigargin and tunicamycin has been recently reported.™ However,
these two UPR inducers are very toxic and unsuitable for clinical
applications.®® On the other hand, DSF (combined with copper) is
relatively well tolerated and thus provides a viable option to potentiate
survivin inhibitors. Maotivated by this rationale, DSF + CuCl2 and CuET
were first compared with thapsigargin and tunicamycin and very good
potency in UPR induction was confirmed (Figures 5A and SB). Mext,
DU145 and PC3 cells were treated with indicated combinations of DSF
{with copper] and YM155, Combination of the drugs led to reduced
survival of both DU145 and PC3 cells. (Figures 5C and 5D) revealing
moderate synergy as computed using CompuSyn  algorithm™
[Figure 3E). Thus combination of two clinically available drugs,
¥M155 and DSF (supplemented with copper) represents a readily
available and potentially efficient treatment option for PCa and also
other cancer patients.

4 | DISCUSSION

Therapy of advanced PCa still poses a serious challenge in oncology,

making any innovative and better alternative treatments highly
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FIGURE 5 Disulfiram activates UPR and kills DU145 and PC3 cell lines in a synergistic manner with survivin inhibitor YM155. DU145 (A)
and PC3 (B) cells were treated with 500 nM concentration of indicated compounds for 8 h and cell lysates were analyzed for ATF4, CHOP, p-
elF2a and lamin B. (€ and D) Next, cells were treated with 500 nM DSF + CuCl2 and with indicated concentrations of survivin inhibitor and
analyzed for synergy in CompuSyn (E). Circles and triangles refer to DU145 and PC3 cells, respectively. Fill and empty objects indicate
combinations of DSF+ CuCl2 with lower and higher concentration of survivin inhibiter, respectively

desirable, Here we chose two well-characterized cellular models (PC3,
DU145) and one experimentally derived model (termed radio-
surviving DU145}) of castration resistant PCa to explore new
therapeutic options. We concentrated on anticancer drugs currently
entering or in clinical trials such as PARPi, vorinostat. and DSF, the
latter with recently revealed mechanism of action through interference
with p97/NPL4- mediated protein turnover. IR was added in some

predictive biomarkers for treatment with PARPI, complementary
to genetic analyses of BRCA1/2, ATM or TMPRSS2-ERG.*"?
Olaparib has also been recently reported to be effective in
combination with, and as maintenance therapy after, first-line
endocrine therapy of prostate cancer.*

Different therapeutic approaches will be required for castration-
resistant PCa cases that are HR repair proficient. Based on our current

experimental setups as it is known that the standard androge
deprivation treatment may benefit from combination with radiother-
apy in locally advanced prostate cancer.*”

Compared to DU145, PC3 cells showed higher sensitivity to
PARPi and IR. Analogous observations were published by others
and the differential sensitivity was associated in part with PTEN
loss and induction of senescence in PC3 cells.® “° Here, we add
another clue as PC3 cells show low Rad51 foci formation after
PARPi and IR suggesting defects in HR-promoted DNA repair.
Defects in HR are regarded as a major prerequisite for synthetic
lethality in combination with PARPL.*' Based on a phase Il clinical
trial, combined with next-generation sequencing of DNA repair
genes, the PARPI olaparib (Lynparza) received an FDA designation
of breakthrough therapy.**? Our present results suggest a
potential for PARP] in treating PCa, guided by immunohistochemi-
cal and/or ex vivo biopsy evaluation of HR biomarkers such as
RAD51 foci formation™ These approaches, while technically
challenging, have a potential for clinical implementation as

data, we propose another treatment strategy, involving HDAC inhibitors
such as vorinostat. DU 145 are among the cell lines with gain-of function
p53 mutations,*®** associated with preferential sensitivity to HDAC
inhibition.*” Indeed, these cells responded well to vorinostat, particu-
{arly when combined with IR, as also noticed by others*® Consistent
with the literature, we observed reduced p53, and modest down-
regulation of BRCAL BRCA2 and Rad51 after vorinostat treatment by
immunoblotting. For the first time, we report that vorinostat down-
regulates also TOPBP1 which is important for Rad51 loading to
chromatin during HR.*” Indeed, pre-treatment with vorinostat resulted
in less efficient DNA repair by HR, as documented by lower counts of
Rad51 foci in cyclin A-positive cells. Downregulation of mutated p53 by
SIRNA altered neither Rad51 foci nor the RADS1 protein level, indicating
that the effect of HDAC inhibition by vorinostat s more pleiotropic
affecting also the HR-promoted DNA repair processes. Consistently,
other HDAC inhibitars, MS-275 and FK228, impaired HR repair.*® The
vorinostat-induced DNA repair defect was further corroborated in our
experiments of combined treatment with IR and PARPI.
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As targeting proteotoxic stress pathways represents an emerging
promising therapeutic approach for PCa,* we also tested DSF that
impairs protein degradation.'® DSF repurposing for cancer treatment
is currently tested in at least eight clinical trials (according to
ClinicalTrials.gov) involving various cancers including PCa. Despite
DSF monotherapy failed in a clinical trial in PCa patients with non-
metastatic recurrent PCa®® this study did not combine DSF with
copper, which is required for DSF's anticancer activity in vitro®**% and
potentiates its activity in vivo.'®* Another intriguing option for future
treatment is concomitant DSF (ideally supplemented with copper) with
other anticancer drugs or IR, Such combinations show promising
results in preclinical models®>* and also in a few clinical trials.***% In
this study, we demonstrated toxicity of the CUET complex, the main
anticancer metabolite of disulfiram in viva'® as well as potency of DSF
in combination with copper. These treatments also induced cellular
P which were
HSR pathway activation. Such strong activation of UPR prompted us to
test the combination of DSF with a survivin inhibitor YM155, reported
as being highly potent in combination with UPR inducers thapsigargin
and tunkam\fr_in_"' ¥M155 is a novel anticancer drug undergoing
clinical trials and it was already tested as a monotherapy in castration-
resistant PCa patients, yet with a rather limited effect.*® The observed
synergy between YM155 and CuET/DSF + CuCl2, reported in our
present study, provides a further rationale for additicnal preclinical
and/or clinical investigations, with potential implications also for other
human malignancies, beyond the treatment of PCa.

ported for other cell lines, including UPR and

5 | CONCLUSIONS

Combined IR/PARP effectively killed HR-impaired PCa cells. Vorino-
stat treatment reduced levels of HR factors including TOPBP1, with
ensuing enhanced sensitivity to IR and PARPL. DSF/copper was
effective against all PCa models, triggering proteotoxic stress, UPR and
heat shock pathway activation, highlighting a rationale for combinato-
rial therapy blocking anti-apoptotic responses by survivin inhibitors.
We propose that targeting genotoxic stress and proteotoxic stress
resp by combinations of available drugs could inspire innovative
strategies to treat castration-resistant PCa,
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