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

CANCER TREATMENT 

Our research is primarily dedicated to elucidaƟng 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 integraƟon of cellular stress-

responsive mechanisms and signaling pathways, which frequently uƟlize overlapping 

components1. Cancer cells, parƟcularly those undergoing rapid division and accumulaƟng a 

high mutaƟon burden, depend criƟcally on maintaining proteostasis and efficiently repairing 

DNA to ensure survival, which fact is oŌen explored therapeuƟcally. 

Cellular stress responses relevant to cancer progression, treatment, and this 

habilitaƟon dissertaƟon, 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 classificaƟon 

framework involves idenƟfying the target of the stressor, whether DNA, proteins, or 

metabolism, and the disƟnct cellular pathways acƟvated 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 reƟculum (ER) plays a criƟcal role in 

managing protein folding and maintaining protein quality control2. DisrupƟons in this process, 

characterized by the accumulaƟon of misfolded proteins, result in ER stress, a hallmark of 

various cancers, influencing tumor growth and chemoresistance. The UPR consists of signaling 

pathways acƟvated in response to ER stress, aiming to restore cellular homeostasis or trigger 

pro-apoptoƟc pathways. Under non-stressed condiƟons, it is generally accepted that ER stress 

sensors remain inacƟve. In cancer, the UPR exerts a dual funcƟon: it can promote tumor cell 

survival and growth, but if stress remains unresolved or reaches a criƟcal threshold, it may 

promote cell death3 (Figure 1). A deeper understanding of the balance between UPR's pro-

survival and pro-apoptoƟc mechanisms is essenƟal for the development of effecƟve cancer 

therapies. Current research is exploring drugs that either induce ER stress or inhibit 
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components of ER stress pathways to promote cancer cell death and improve therapeuƟc 

outcomes. 

 

 

Figure 1: UPR stress response acƟvaƟon. Unfolded/aggregated proteins within the ER lumen 
are recognized by BIP protein and acƟvate three disƟnct response pathways promoted by PERK, 
IRE1α, and ATF6 factors. The downstream factors inhibit further protein translaƟon (by eIF2α) 
and trigger the expression of genes involved in protein maintenance or cell death promoƟon 
(transcripƟon factors ATF4, Xbp1s, ATF6c). 

The accumulaƟon of misfolded or damaged proteins within the cell also acƟvates 

another criƟcal stress response pathway explored in our published works, the heat shock 

response (HSR). This cellular protecƟve mechanism is characterized by the increased 

expression of heat shock proteins (HSPs), present at basal levels even under normal condiƟons 

but strongly overexpressed by acƟvaƟon of the HSF1 transcripƟon factor (Figure 2). HSPs 

funcƟon as molecular chaperones, facilitaƟng proper protein folding, maintaining the terƟary 

structure, and ensuring the funcƟonal integrity of various essenƟal proteins. They play a 

pivotal role in cellular survival when proteins are compromised by stressors such as elevated 

temperature, oxidaƟve damage, heavy metals poisoning, or geneƟc mutaƟons4. 
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In the context of cancer, the relevance of HSPs becomes highly pronounced. Cancer 

cells, burdened with a high mutaƟon load, frequently produce damaged or misfolded proteins, 

making them parƟcularly reliant on HSPs to maintain protein homeostasis. This dependency 

allows cancer cells to manage proteotoxic stress, avoid apoptosis, and conƟnue proliferaƟng 

despite the presence of extensive protein damage and aggregaƟon. Therefore, HSPs not only 

support normal cellular funcƟons but also contribute to tumorigenesis by protecƟng cancer 

cells from proteotoxic damage5. 

Given their dual role in cancer, HSPs have emerged as aƩracƟve therapeuƟc targets in 

oncology. InhibiƟng HSPs can potenƟally disrupt cancer cell survival mechanisms, sensiƟzing 

them to proteotoxic-induced death. A range of HSP inhibitors and therapeuƟc agents are 

currently being invesƟgated for their ability to overcome drug resistance, enhance apoptosis, 

and improve the efficacy of exisƟng cancer treatments, and the first HSP90 inhibitor for clinical 

applicaƟons in cancer treatment (pimitespib) was approved recently6. These strategies offer 

promising avenues for novel cancer therapies, parƟcularly in cancers that demonstrate a heavy 

reliance on HSP-mediated stress response pathways, such as mulƟple myeloma and various 

advanced forms of cancers typically displaying high mutaƟonal load7. 
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Figure 2: Mechanism of acƟvaƟon of HSF1 transcripƟon factor leading to overexpression of 
HSP proteins. HSPs that keep HSF1 in a monomeric state are aƩracted to aggregated proteins. 
HSF1 trimerize, becoming an acƟve transcripƟon factor.    

 

Another criƟcal pathway heavily explored in our published works is the ubiquiƟn-

proteasome system (UPS), which plays an essenƟal role in regulated intracellular protein 

degradaƟon. Cellular protein levels are Ɵghtly controlled through transcripƟon, translaƟon, 

and, ulƟmately, targeted degradaƟon. The UPS is responsible for selecƟvely degrading proteins 

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

proteasome (Figure 3).  
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Figure 3: SchemaƟc structure of proteasome. The barrel-like mulƟprotein structure (the 20S) 
is responsible for protein degradaƟon, and the lids-like structures (19S) have regulatory 
funcƟons. Together, they form one funcƟonal proteasome complex (26S) 

 

Proteins dedicated to proteasomal degradaƟon must be tagged by the K48-linked 

ubiquiƟn (Ub) chain by the cooperaƟve acƟon of three types of Ub conjugaƟng 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 anƟgen presentaƟon, with the 

lifespan of individual proteins varying depending on their role in these processes8. Thus, the 

proper funcƟoning of the UPS is essenƟal for cellular health and stability. 

DeregulaƟon of the UPS can have profound implicaƟons for cancer development and 

progression. AberraƟons in the system may result in the enhanced degradaƟon of tumor 

suppressor proteins or the reduced breakdown of oncogenic proteins, thereby disrupƟng the 

balance between cell proliferaƟon and death. Such a disrupƟon of criƟcal cellular pathways 

that control the cell cycle and apoptosis contributes significantly to tumorigenesis9.  
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Figure 4: SchemaƟcs of tagging proteins for degradaƟon in proteasome. The E1 ubiquiƟn-
acƟvaƟng enzyme transfers Ub to E2 conjugaƟng enzymes, which transfer Ub to E3 ligases 
aƩached to the substrate (protein dedicated to degradaƟon). E3 ligase ubiquiƟnates the 
substrate, forming a long chain of ubiquiƟn 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 degradaƟon (ERAD)2. ERAD is the primary quality-control mechanism 

responsible for idenƟfying misfolded or improperly processed proteins within the endoplasmic 

reƟculum (ER) and targeƟng them for degradaƟon by the proteasome in the cytosol. This 

connecƟon between ER stress and the UPS ensures that damaged proteins do not accumulate 

within the ER, prevenƟng further cellular dysfuncƟon. In cancer cells, where proteotoxic stress 

is heightened due to increased protein synthesis and mutaƟon-induced misfolding, the UPS 

and ERAD are oŌen severely upregulated to manage the high demand for protein quality 

control. 

Given the importance of the ubiquiƟn-proteasome system (UPS) in maintaining cellular 

protein homeostasis and its criƟcal role in cancer progression, it represents an aƩracƟve target 

for therapeuƟc intervenƟon. Proteasome inhibitors such as bortezomib have already 

demonstrated clinical efficacy, parƟcularly in hematological malignancies like mulƟple 

myeloma9. These inhibitors disrupt the degradaƟon of damaged proteins, triggering a 
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proteotoxic crisis (PC) that leads to cancer cell death. The raƟonale for targeƟng the UPS in 

cancer therapy is that cancer cells, due to their high mutaƟon burden and reliance on 

proteostasis mechanisms, are suscepƟble to disrupƟons in protein degradaƟon. In other 

words, as malignancies progress, the increased accumulaƟon of misfolded and damaged 

proteins overwhelms cellular proteostasis systems, making cancer cells more dependent on 

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

The most established class of UPS-targeƟng 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 selecƟvely bind and inhibit specific subunits of the proteasome complex, leading to an 

accumulaƟon of defecƟve proteins that ulƟmately result in PC. Bortezomib, a first-generaƟon 

proteasome inhibitor, has been a cornerstone in the treatment of mulƟple myeloma and 

mantle-cell lymphoma, showing marked clinical acƟvity and improving paƟent outcomes. 

However, the development of resistance to bortezomib remains a significant challenge, as 

most paƟents eventually relapse aŌer an iniƟal posiƟve response10. To address this, second-

generaƟon proteasome inhibitors like carfilzomib and ixazomib have been developed. These 

newer agents aim to offer improved pharmacokineƟcs, 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 effecƟveness in solid tumors may stem from various limitaƟons, including 

pharmacokineƟcs, inadequate drug distribuƟon, or differences in tumor microenvironment 

that affect drug penetraƟon and acƟvity. Overcoming these barriers is an area of acƟve 

research, as understanding the mechanisms behind resistance to proteasome inhibiƟon is 

crucial for developing more effecƟve therapies9. 

To improve therapeuƟc outcomes, researchers are now invesƟgaƟng alternaƟve 

strategies, including inhibitors that target other components of the UPS or related protein 

degradaƟon pathways. For instance, drugs that interfere with upstream regulatory elements 

of the UPS or target specific degradaƟon pathways, such as ER-associated degradaƟon (ERAD), 

are being explored. AddiƟonally, the development of inhibitors against p97 (also known as 
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VCP), a key ATPase involved in the extracƟon of misfolded proteins from the ER for 

proteasomal degradaƟon, represents a novel therapeuƟc avenue9,11,12 (Figure 5). These 

strategies aim to exploit cancer cells' reliance on efficient protein degradaƟon pathways while 

minimizing the emergence of resistance. 

 

 

Figure 5: Various modes of UPS targeƟng. The UPS funcƟon can be compromised on various 
levels using specific drugs:  Proteasome lid (19S)-targeƟng drugs (RA190, capzimin). 
Proteasome barrel (20S)-targeƟng drugs (bortezomib, carfilzomib, ixazomib, and MG132). 
Drugs interfering with the funcƟon of ubiquiƟnaƟon cascade (MLN7243, Nutlin-3). Drugs 
inhibiƟng p97-translocase complex (CB-5083, CuET)  
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1.2. Genotoxic stress 

Beyond proteins, DNA is another criƟcal macromolecule that can suffer damage from various 

physical and chemical agents, leading to DNA lesion inducƟon with potenƟally severe cellular 

consequences (Figure 6).  

 

Figure 6: Sources of genotoxic stress and resulƟng types of DNA lesions. Natural sources, such 
as ionizing radiaƟon (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 formaƟon of DNA lesions like 6–4 photoproducts (6–4 PPs) and cyclobutane 
pyrimidine dimers (CPDs). AnƟ-cancer drugs, such as cisplaƟn (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 replicaƟon forks, oŌen resulƟng in DSBs. Anthracyclines act as 
intercalaƟng agents, topoisomerase II poisons, oxidizing agents, and crosslinking agents, 
resulƟng in many different DNA lesions. Various DNA lesions can also be caused by endogenous 
factors, including spontaneous replicaƟon errors, hydrolyƟc reacƟons, and metabolic by-
products that generate reacƟve oxygen species (ROS), reacƟve nitrogen species, lipid 
peroxidaƟon products, and reacƟve carbonyl species. (Drawing taken from13) 

 

In response to DNA lesions, cells acƟvate a highly coordinated and complex network 

known as the DNA Damage Response (DDR). The DDR is central to preserving genomic integrity 

(GI), a state in which the genome remains stable and free of deleterious mutaƟons. 

Maintaining GI involves the precise coordinaƟon of numerous processes, including DNA 

damage sensing, the signaling and repair of lesions, checkpoint acƟvaƟon to control cell-cycle 

progression, and, when necessary, iniƟaƟng apoptosis or permanent cell cycle block 
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(senescence) if the damage is irreparable or too severe. AddiƟonally, DNA repair must occur 

within the context of chromaƟn, necessitaƟng complex interacƟons between DDR 

components and chromaƟn remodeling machinery to ensure that the DNA is accessible and 

that the repair is efficient. IntegraƟng these processes ensures that cells can adequately 

respond to DNA damage, prevenƟng the accumulaƟon of mutaƟons that may lead to genomic 

instability, a hallmark of many diseases, including cancer13,14. 

Among the most deleterious types of genotoxic stress are factors leading to formaƟon 

of double-strand breaks (DSBs), where both strands of the DNA helix are severed. DSBs can 

result from exposure to ultraviolet (UV) light, ionizing radiaƟon, DNA-damaging agents, 

replicaƟon obstacles, and oxidaƟve stress. LeŌ unrepaired, or improperly repaired, DSBs can 

give rise to large-scale genomic alteraƟons, such as deleƟons, translocaƟons, 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 catalyƟc subunit (DNA-PKcs). These kinases acƟvate a broad range of 

downstream effectors responsible for coordinaƟng DNA repair, cell cycle checkpoints 

acƟvaƟon, and, when necessary, apoptosis15 (Figure 7). The potenƟal 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 acƟvates preferenƟally ATM kinase. ATR 
kinase is preferenƟally acƟvated in response to the presence of ssDNA in an RPA-ATRIP-
dependent manner. Both kinases phosphorylate mulƟple downstream targets involved in DNA 
repair, cell-cycle regulaƟon, and apoptosis. Both kinases may share some substrates (Drawings 
taken from16).   

 

Overall, effecƟve genomic integrity maintenance is vital for organismal health, playing a crucial 

role in prevenƟng premature aging, neurodegeneraƟve diseases, and cancer.  Unfortunately, 

the DDR pathways can be compromised by inherited or acquired mutaƟons in key genes, by 

viral infecƟons16, 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. ResulƟng genomic 



15 
 

instability acts as a significant catalyst for carcinogenesis by triggering a series of events that 

may lead to the accumulaƟon of pro-oncogenic mutaƟons, allowing the cell to conƟnue 

proliferaƟon and ulƟmately seƫng the stage for complete malignant transformaƟon. 

In cancer cells, defects in the DDR are very common, which makes them genomically 

unstable and prone to rapid clonal evoluƟon, which oŌen promotes treatment evasion. At the 

same Ɵme, DDR defects can be viewed as a potenƟal vulnerability and, thus, a target for 

therapeuƟc intervenƟon. Indeed, many of the foundaƟonal therapies used to treat cancer, 

such as ionizing radiaƟon and first-generaƟon chemotherapeuƟc agents, challenge the DDR by 

introducing addiƟonal 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 oŌen exhibit elevated levels of spontaneous DNA damage17 due to various internal 

factors, including unscheduled or aberrant DNA replicaƟon, compromised cell cycle 

checkpoints, increased oxidaƟve damage, and heightened accumulaƟon of genotoxic 

metabolic byproducts. Thus, DDR defects and higher levels of spontaneous DNA damage make 

cancer cells more likely to succumb to addiƟonal DNA damage induced by genotoxic 

treatment. 

The therapeuƟc raƟonale for using DNA-damaging agents and/or DDR interferers in 

cancer treatment mirrors the concept of exploiƟng 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 destrucƟve 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, mucosiƟs, and inducƟon of secondary 

malignancies. Furthermore, cancer cells can rapidly develop resistance to these treatments, 

oŌen by acƟvaƟng alternaƟve DNA repair pathways, upregulaƟng 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 

generaƟons of anƟcancer drugs that exploit specific DDR defects. For example, tumors with 

mutaƟons in DNA repair genes, such as BRCA1 or BRCA2, are parƟcularly sensiƟve to intrinsic 
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or extrinsic genotoxic insults in case of inhibiƟon of complementary DNA repair pathways. This 

concept, known as syntheƟc lethality, exploits the idea that cancer cells already deficient in 

one repair pathway become reliant on alternaƟve repair mechanisms. By inhibiƟng these 

alternaƟve pathways, e.g., by PARP inhibitors, cancer cells can be easily pushed beyond their 

repair capacity, leading to cell-cycle arrest or death18. In addiƟon to PARP-targeted therapies, 

inhibitors of criƟcal proteins in the homologous recombinaƟon DNA repair pathway, such as 

BRCA1 or RAD51, combined with tradiƟonal genotoxic treatments, enhance cancer cell death 

by further limiƟng the repair opƟons 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 potenƟal 

to enhance the efficacy of exisƟng treatments or overcome acquired resistance19.   

A promising strategy for enhancing the efficacy of classical (direct DNA damage 

inducƟon) and advanced cancer therapies (targeƟng DDR components) lies in the combined 

targeƟng of other cellular stress responses. ParƟcularly, co-targeƟng proteotoxic and genotoxic 

stress pathways might improve paƟent outcomes significantly. This approach, which is among 

the primary focuses of our research, seeks to exploit the unique combined vulnerabiliƟes of 

cancer cells by simultaneously inducing DNA damage (directly or by DNA repair inhibitors) and 

disrupƟng protein homeostasis. The raƟonale behind this strategy is based on the observaƟon 

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 criƟcal stress responses together, we may be able to drive synergisƟc cancer cell death 

while potenƟally overcoming the resistance mechanisms that oŌen limit the efficacy of 

individual therapies. 

For instance, inhibiƟng the UPS or heat shock proteins impairs the cancer cell’s ability 

to degrade misfolded proteins and trigger proapoptoƟc signaling, which might be 

compensated by anƟ-apoptoƟc regulaƟon. If simultaneously DNA damage is introduced into 

the same cell, the proapoptoƟc signaling of these two pathways is combined, and the balance 

could be shiŌed toward cell death.   

Another reason for the treatment efficacy of the convergence of these two stressors 

may be in the cellular resource allocaƟon. 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 damage20. Mechanistically, it is due to ubiquitin 
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insufficiency. UbiquiƟn (Ub), a small regulatory protein in eukaryoƟc cells, is pivotal for various 

cellular processes, including DNA repair and proteostasis. UbiquiƟn achieves these roles by 

tagging proteins either for degradaƟon by the proteasome (K-48-linked Ub chains) or for 

modulaƟng protein interacƟons and funcƟons (monoubiquitylaƟons, K-63-linked and various 

mixed and branched Ub-chains) (Figure 8).  

 

 

Figure 8: Scheme depicƟng different types of substrate ubiquiƟnaƟon. Long K48-linked chains 
ubiquitylate proteins dedicated to proteasomal degradaƟon. Proteins involved in DNA repair 
signaling are mostly polyubiquiƟnated by K-63 linked chains or monoubiquiƟnated. 

  

If the proteasome cannot degrade the polyubiquiƟnated proteins, large amounts of 

ubiquiƟn-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 ubiquiƟnate histones and other 

proteins within DNA damage sites to facilitate the recruitment of DNA repair factors like BRCA1 

and 53BP120,21.  UbiquiƟnaƟon also regulates the acƟvity of the Fanconi anemia (FA) pathway, 

which is crucial for repairing DNA interstrand crosslinks22. MonoubiquitylaƟon of the FANCD2 

protein is a criƟcal step in acƟvaƟng this pathway, allowing for the coordinaƟon of nucleolyƟc 

incision, translesion synthesis, and homologous recombinaƟon-mediated DNA repair22. 

InteresƟngly, the compeƟƟon for ubiquiƟn between DNA repair and proteostasis also 

happens spontaneously in cancer cells due to elevated proteotoxic stress. Cancer cells oŌen 

develop mechanisms that dysregulate ubiquiƟn usage and/or DNA repair pathways to manage 

this condiƟon. Such adaptaƟons frequently exacerbate mutaƟons, chromosomal 

rearrangements, and aneuploidy, acceleraƟng oncogenesis and contribuƟng to poor 

prognosis23.  
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The dual-targeƟng strategy aimed at DDR and proteostasis has the added benefit of 

potenƟally reducing the doses of each treatment, thereby miƟgaƟng the severe side effects 

oŌen 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 radiaƟon 

therapy or DNA-damaging chemotherapeuƟc agents 24.  

Despite the potenƟal of this combined approach, there are sƟll several challenges that 

need to be addressed. One of the key obstacles is understanding the complex cross-talk 

between the pathways regulaƟng genotoxic and proteotoxic stress, as well as idenƟfying the 

most effecƟve points of intervenƟon. Cancer cells are highly adaptable and may acƟvate 

compensatory mechanisms to survive combined stressor assaults. Thus, a deeper 

understanding of the molecular mechanisms that link these two stress pathways will be criƟcal 

for designing more targeted and effecƟve therapeuƟc strategies. 

AddiƟonally, 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-

exisƟng vulnerabiliƟes in one or both pathways, making them more suscepƟble to the 

combined treatment. For example, tumors with deficiencies in specific DNA repair pathways, 

such as BRCA1/2 mutaƟons, seem to be parƟcularly sensiƟve to therapies that combine DNA-

damaging agents with inhibitors of the UPS or HSR25–27. 

In summary, co-targeƟng proteotoxic and genotoxic stress represents an exciƟng and 

innovaƟve approach to cancer therapy, one that holds the potenƟal 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 combaƟng even the most resistant and aggressive tumors. Our research gathered 

in the following parts of this habilitaƟon dissertaƟon contributes to refining this approach, 

bringing new methodical approaches, idenƟfying new drugs or opƟmal drug combinaƟons, 

and translaƟng these findings into clinical pracƟce to improve outcomes for cancer paƟents. 
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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 

quantitative monitoring of individual lesions processing and global cellular responses, are 

crucial for studying cancer biology, aging, and responses to genotoxic or proteotoxic agents, 

including anƟcancer chemotherapeuƟcs. Various techniques have been developed to induce, 

detect, and quanƟfy cellular stress insults, each with specific advantages and limitaƟons. 

During our research, we either opƟmized or developed novel methodological approaches to 

address the limitaƟons 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 inducƟon was studied in our research was the usage of so-called 

replicaƟon stress inducers. These compounds primarily interfere with DNA replicaƟon, a 

cornerstone of cellular proliferaƟon, which is an energy and material-intensive process that 

requires precise regulaƟon and coordinaƟon. Various checkpoints and feedback mechanisms 

ensure the fidelity of this process, and any perturbaƟon or interference can lead to a cellular 

state generally described as replicaƟon stress (RS). More specifically, RS is characterized by the 

slowing down or stalling of DNA synthesis and/or replicaƟon forks, which can, in turn, threaten 

genome stability, jeopardize cell survival, and have broader implicaƟons for the organism, such 

as degeneraƟve diseases and aging acceleraƟon28. InteresƟngly, replicaƟon stress is also a 

known result of acƟvated oncogenes29, which makes chemical factors capable of its inducƟon 

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 

review30 (Biomolecules, 2017, corresponding author, aƩachment 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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InteresƟngly, some RS inducers, such as aphidicolin, can damage DNA in a parƟcular 

way, manifested by the expression of breaks, gaps, and constricƟon in specific DNA regions, 

which are evoluƟonary conserved and known as common fragile sites (CFSs)31. CFS expression 

is a feature that is also common for the aberrant acƟvity of the oncogenes32. However, liƩle 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 

innovaƟve method to study CFSs induced by low doses of aphidicolin. By designing DNA 

sequences that emulate CFSs, parƟcularly the human fragile site 16D sequence, we effecƟvely 

uƟlized them as bait to 'fish' interacƟng proteins. This innovaƟve methodology idenƟfied 

several proteins, among which Xeroderma pigmentosum protein group C (XPC) emerged as a 

protein of keen interest due to its previously uncharted associaƟon with CFS maintenance33 

(Journal of Proteome Research, 2016, corresponding author, aƩachment 2). XPC is primarily 

acknowledged for its role in the global genomic nucleoƟde excision repair pathway22. Our 

study newly links XPC's role in safeguarding CFSs during replicaƟon stress. Subsequent 

funcƟonal evaluaƟons of XPC-depleted cells laid bare a spectrum of genomic anomalies 

associated with CFS. These encompassed aberrant checkpoint signaling, hampered replicaƟon 

fork progression, and the transmission of unresolved DNA replicaƟon intermediates into 

successive cellular generaƟons under RS. In summary, this study accentuates the importance 

of XPC in safeguarding genomic integrity, especially at CFSs under RS condiƟons. Intriguingly, 

our data generated by the study also sheds light on the enigmaƟc evoluƟonary conservaƟon 

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, eliminaƟng cells 

from proliferaƟon via senescence or triggering apoptosis. Indeed, we confirmed in many 

experiments that aphidicolin is a potent inducer of cellular senescence, a form of stable 

proliferaƟon arrest, and one of the most prominent mechanisms protecƟng organisms from 

cancer development34. The knowledge and experience with the aphidicolin senescing 

properƟes were employed in one following study, which we used to design a screening 

methodology to identify compounds with senolytic properties35. SenolyƟc drugs are a rapidly 

developing class of compounds that selecƟvely induce the death of senescent cells, which 

accumulate within the organism during ontogenesis and may cause mulƟple harmful effects 
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by secreƟon of pro-inflammatory and Ɵssue-degrading molecules known as the senescence-

associated secretory phenotype36.  

 

2.2. An Advanced Method for QuanƟfying Low-dose DNA Damage and ReplicaƟon Stress 

Responses 

We employed and opƟmized many DNA damage inducƟon methods for our experimental 

purposes using photon sources (UV light, X-rays, laser light), irradiaƟon with high-energy 

parƟcles (e.g., alpha parƟcles), and various DNA-damaging chemicals. However, for 

quanƟtaƟve analysis of DNA lesions and DNA repair kinetics, the tradiƟonal direct 

electrophoresis-based methods, such as the comet assay (single-cell gel electrophoresis) and 

field-inversion gel electrophoresis, lacked the necessary sensiƟvity for most of our studies. 

Consequently, we predominantly used indirect detecƟon of DNA lesions via DNA damage 

protein markers, uƟlizing immunohistochemistry (IHC) followed by microscopy-based or flow 

cytometry-based readouts. This approach enabled more precise monitoring and quanƟficaƟon 

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

The usage of IHC, parƟcularly the immunofluorescence-based detecƟon of DNA 

lesions, pushed us to develop a new, affordable, and effecƟve soluƟon for quanƟfying the 

lesions in cells employing a regular fluorescence microscope and a standard personal 

computer with commonly available open-source image analysis soŌware17 (Cell Cycle, 2009, 

first author, aƩachment 3). This publicaƟon provided an efficient alternaƟve to expensive and 

specialized high-throughput screening devices. The introduced semi-automaƟc process allows 

for a sensiƟve, quanƟtaƟve, and rapid fluorescence image analysis of thousands of adherent 

cells using immunofluorescent detecƟon of serine-139 phosphorylated histone H2AX (γ-H2AX) 

to esƟmate delicate DNA breakage and extend a new dual-marker technique using RPA/Rad51 

for evaluaƟng specifically homologous recombinaƟon (HR)-based DNA repair. The method 

proved parƟcularly useful in assessing low radiaƟon doses and DNA repairing kineƟcs. Our 

collected data also provided insights into spontaneous DNA damage occurring in cancer cells 

and a range of HR-repair events, both consƟtuƟve and those caused by replicaƟon stress. The 

method also showcases the events' reliance on specific upstream factors within the DDR 
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system. The usefulness of this method, including various modificaƟons, was proved in our 

mulƟple studies 23,26,27,33,37–50. 

 

2.3. Photo-manipulaƟon DNA Damage Techniques for Cellular Research 

One of the most explored tools for invesƟgaƟng the intricacies of DNA damage response, 

checkpoint signaling, and chromaƟn alteraƟons in our research was the so-called laser micro-

irradiaƟon approach. This technique enables scienƟsts to inspect how various proteins and 

posƩranslaƟonal modificaƟons 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 properƟes, the exposed DNA can be 

damaged directly or aŌer the pretreatment of cells with proper chemical photosensiƟzers 

(Figure 9). 

 

Figure 9: Example of laser micro-irradiaƟon technique for localized DNA damage within cell 
nuclei. U-2-OS cells were pre-sensiƟzed by BrdU incorporaƟon and exposed to UV-A laser 
irradiaƟon in a defined path. Visible stripes were obtained by immunofluorescence staining of 
proteins involved in DNA repair (green channel BRCA1, red channel γ-H2AX). The blue channel 
depicts DNA staining by DAPI.     
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The laser-induced damage assessment is done by analysis of the presence of DNA 

damage protein markers, which can be GFP-tagged or immunolabeled51. During our research, 

we used this technique rouƟnely; however, while immensely useful, the tradiƟonal approach 

described in the available literature has been hampered by the cumbersome manual 

pinpoinƟng of laser-targeted subcellular areas. This limitaƟon greatly restricts the number of 

cells that can be laser-treated and examined in a given experiment. To overcome these 

limitaƟons, we devised a soluƟon, shiŌing the tradiƟonal micro-irradiaƟon techniques to a 

new level, allowing righƞul quanƟtaƟve readouts. Instead of a few cells, our newly developed 

technique can leverage the capabiliƟes of standard laser-scanning microscopes and expose up 

to 200 cells simultaneously to the laser52 (ScienƟfic Reports, 2016, first author, aƩachment 

4). Moreover, we have developed an automated quanƟtaƟve readout for such laser damage 

assessment. The trick relies on an advanced seƫng of the LSM microscope when the cells are 

exposed to an organized paƩern of collinear rays instead of manual targeƟng of individual cells, 

resulƟng in disƟnct striaƟon paƩerns with known parameters. The presented soŌware 

algorithm can automaƟcally evaluate the laser-induced striaƟon paƩerns and provide a 

quanƟtaƟve understanding of various laser-induced changes in individual cells, including the 

Ɵme of protein recruitment to the damage sites, its quanƟty, and the persistence Ɵme. This 

automaƟon drasƟcally reduces the Ɵme and effort previously needed in the manual definiƟon 

of laser path, amplifying the number of cells that can be included in a single experiment and 

allowing robust staƟsƟcal tesƟng. Overall, the "Cells and Stripes" technique, as we named it, 

opened a new era of microscopic micro-irradiaƟon techniques in cellular research. We used it 

in follow-up studies, including works where it was adapted for an alternaƟve 

photomanipulaƟon technique known as fluorescence recovery aŌer photobleaching47,53.  

 

2.4. Targeted Thermal Protein Damage for Proteotoxic Stress Research  

By realizing how significantly laser-microiradiaƟons shiŌed DNA damage research and our 

experƟse with this technique, we devised an idea to adopt a similar methodical approach for 

damaging other subcellular protein-based structures. The introducƟon of a method to induce 

localized protein damage, combined with real-Ɵme observaƟon tools, could provide a 

significant leap forward in the realm of cellular stress research with implicaƟons for 

understanding cancer and degeneraƟve diseases. However, any aƩempts for direct 
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photodamaging proteins by LSM-embedded lasers or employment of protein-specific 

photosensiƟzers failed. Finally, we found such a soluƟon by introducing plasmonic nanosilver 

technology. We covered the microscopic plates' cell culƟvaƟon 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 principle54. Such a localized heat emission has the 

ability to alter or damage protein structures within its vicinity in a very controllable manner in 

real-Ɵme and with an achievable spaƟal resoluƟon (approximately 200nm2)55 (Nature Comm, 

2021, first author, aƩachment 5) (Figure 10). The significant advantage of the method is its 

compaƟbility 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 

interacƟng proteins to the heat-damaged sites. We uncovered the kineƟcs of the process and 

some mechanisƟc aspects that govern the rapid HSP70 recruitment. One of the most 

illuminaƟng 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 aƩracƟve therapeuƟc target9,12, its engagement in processing thermally damaged 

proteins was a novel discovery. 

 

Figure 10: Overview of the method of inducƟon 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-Ɵme using fluorescently tagged proteins.  
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2.5. Monitoring of Cellular Responses in Hair Follicles 

Our research occasionally transiƟons from cell line-based studies to preclinical and clinical 

models involving laboratory animals and paƟents. We have developed a sophisƟcated 

methodological approach uƟlizing follicular cells, which can be obtained non-invasively and 

relaƟvely 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 innovaƟve, in-house hair follicle collecƟon and processing device, 

providing sufficient biological material to replace invasive skin biopsies. The collected hair 

follicles contain live epithelial cells, making them parƟcularly relevant for various cancer and 

aging studies. The method has been successfully tested using quanƟtaƟve 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 γ-H2AX protein for which we 

developed specialized image analysis soŌware rouƟne. Both mouse and human hair follicles 

have been successfully used for such procedures45 (Aging 2021, corresponding author, 

aƩachment 6). 

AddiƟonally, this method has demonstrated its uƟlity for genotyping, as the collecƟon 

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 logisƟcal advantages over biopsy-based methods commonly used for genotyping (Figure 

11). 

 



26 
 

 

Figure 11: Overview of the method for non-invasive collecƟon of live follicular cells from 
mice. An in-house developed and patented device allows an accessible collecƟon 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 radiaƟon-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 γ-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 targeƟng DNA repair and proteostasis mechanisms in cancer cells. A significant porƟon 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 iniƟaƟve to 

explore the potenƟal of drug repurposing. This strategy holds great promise for addressing the 

urgent need for more effecƟve cancer therapies by idenƟfying novel uses for exisƟng 

pharmaceuƟcals. 
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Disulfiram emerged as a compelling candidate not only due to a few clinical case reports 

suggesƟng its potenƟal efficacy in cancer treatment but also reported acƟvity against a variety 

of cancer types in preclinical studies56. Beyond these observaƟons, the published mechanisƟc 

insights proposed to explain its anƟcancer acƟvity aligned closely with our research focus. In 

addiƟon to its well-known role as an inhibitor of aldehyde dehydrogenase (ALDH) in vivo, DSF 

has been suggested to funcƟon as a potenƟal proteasome inhibitor, which directly intersects 

with our long-standing scienƟfic interest in the modulaƟon of proteostasis pathways in cancer. 

The potenƟal ability of DSF to influence mulƟple key pathways relevant to cancer progression 

makes it an aƩracƟve subject for further invesƟgaƟon, parƟcularly in the context of targeƟng 

the fundamental cellular processes of DNA repair and protein homeostasis. 

 

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

Before deep mechanisƟc insights into DSF’s mode of acƟon, we asked if its anƟcancer effects 

could be proved on epidemiological data sets. In collaboraƟon with the Danish naƟonwide 

demographic and health registers, we performed a comprehensive naƟonwide 

epidemiological study on alcoholics undergoing DSF treatment and came to a significant 

finding: In case these paƟents got cancer and conƟnuously used disulfiram aŌer 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 potenƟal therapeuƟc 

benefit of disulfiram in cancer treatment and asks for a deeper mechanistic explanation of 

DSF’s anticancer properties.  

MulƟple preclinical studies showed a valuable fact that DSF's anƟcancer efficacy strongly 

depends on copper57–59. 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 iniƟal 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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iniƟal data prompt us to conclude that CuET might be the primary anƟcancer metabolite of 

DFS, and its anƟcancer 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 

systemaƟc experiments, we surprisingly excluded that CuET inhibits proteasome directly. 

Instead, we idenƟfied interference with the p97 pathway working upstream of the 

proteasome. P97 (VCP) translocase and its cofactors are responsible for transporƟng 

degradaƟon-tagged proteins towards the proteasome60 (Figure 12).  

 

Figure 12: Effect of CuET on protein degradaƟon via targeƟng p97 translocase complex. The 
proper funcƟon of p97 is criƟcal for translocaƟng defecƟve proteins from ER to the proteasome. 
Therefore, inhibiƟon of the p97 funcƟon shares mulƟple phenotypes with proteasome 
inhibitors (drawings adapted from2,61). 
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Notably, the p97 pathway is a popular and explored focus for cancer research looking 

for alternaƟves to known proteasomal inhibitors9,12,62. Next, we idenƟfied the molecular target 

of CuET, the NPL4 protein, an essenƟal cofactor of p97 translocase63, which directly interacts 

with CuET. Such interaction leads to NPL4’s aggregaƟon and formaƟon of amorphous protein 

deposits (APDs) within the cells (Figure 13), ulƟmately leading to its loss of funcƟon and whole 

p97 pathway malfuncƟon. The data were published in the presƟgious Nature Journal53 (Nature 

2017, shared first author, attachment 7). Overall, this work gathers the epidemiological 

supportive correlation and identifies the anƟ-cancer metabolite of disulfiram and its molecular 

target. Such a revelaƟon underscores the immense potenƟal of drug repurposing in the baƩle 

against cancer and paves the way for harnessing the therapeuƟc potenƟal of DSF, CuET, and 

other dithiocarbamates in oncology. This work also directly iniƟated a phase II clinical trial of 

disulfiram with concomitant copper supplementaƟon for women with metastaƟc breast 

cancer in collaboraƟon with three oncological centers in Czech Rep. The study aims to establish 

clinical evidence for introducing disulfiram and concomitant copper supplementaƟon as an 

acƟve therapy for metastaƟc breast cancer upon failure of convenƟonal systemic and/or 

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

 

Figure 13: NPL4 protein APDs in cells treated by CuET. Detailed image of U-2-OS cell expressing 
GFP-tagged NPL4 protein aŌer exposiƟon to 1µM CuET for 2 hours. NPL4-GFP typically has a 
diffuse paƩern. CuET treatment leads to the formaƟon of nuclear and cytoplasmaƟc deposits 
of the NPL4-GFP; the protein also becomes immobile and non-dissolvable. (Scale bar = 10µm).  
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3.2. Deciphering Disulfiram's AnƟ-cancer Mechanisms: Beyond ALDH InhibiƟon 

Before our revelaƟon in Nature in 2017 (described above), the disulfiram’s (DSF) cancer-

fighƟng abiliƟes were iniƟally aƩributed to its role in inhibiƟng aldehyde dehydrogenase 

(ALDH), a suspected biomarker and potenƟal target for eradicaƟng cancer stem cells64. 

However, the scienƟfic community did not wholly accept our new proposed mechanism, and 

some sƟll insist on the ALDH as the primary target. One such example was a publicaƟon in a 

relaƟvely presƟgious EMBO Molecular Medicine, claiming ALDH as the primary DSF’s target, 

providing in vitro evidence that DSF directly impacts ALDH acƟvity, rendering cancer cells 

deficient in BRCA1 and BRCA2 tumor suppressor genes very sensiƟve to such treatment25. 

Thus, we decided to invesƟgate the DSF’s ALDH-related targeƟng and either quesƟon this 

publicaƟon or accept ALDH targeƟng as a significant contributor to DSF’s anƟcancer effect. 

There are at least two problemaƟc 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 mulƟple 

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 acƟve ALDH 

inhibitor.  The second is an oŌen overlooked fact: DSF is not a direct inhibitor of ALDH. The 

mechanism of DSF’s ALDH inhibitory acƟon has been known for over two decades and, for 

unknown reasons, is ignored by many research teams. It involves various metabolizaƟon steps 

including cytochrome P450-catalyzed oxidaƟon 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 ALDH65. Such a complicated chemical 

transformaƟon, which would have to occur spontaneously in culture media, seems highly 

unlikely. Thus, we decided to adequately address this apparent inconsistency in mulƟple 

studies claiming DSF as an inhibitor of ALDH in vitro to demonstrate that the research teams 

misinterpreted their data.  

Our iniƟal focus was to establish that the in vitro toxicity of disulfiram (DSF) is enƟrely 

dependent on the formaƟon of CuET. Using HPLC-MS, we confirmed that CuET forms 

spontaneously from DSF in standard cell culture media due to copper ions, which are always 

present even without an extra addiƟon 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 CuET formaƟon 

occurred. DSF completely lost its toxic effects in such copper-ions-free media, including in cell 

lines with defecƟve BRCA genes. In other words, we validated that BRCA-defecƟve cells are 

not super-sensiƟve to DSF but to CuET, which is an interesƟng observaƟon with significant 

mechanisƟc consequences (addressed in more detail in our follow-up publicaƟon - 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 raƟonal concentraƟon scale regardless of the 

cancer cells' BRCA status. These findings were later published in Oncogene Journal46 

(corresponding author, aƩachment 8). 

Beyond its correcƟve funcƟon, this work serves as a pivotal turning point in 

understanding the role of DSF in cancer therapy. It highlights that the drug's anƟ-cancer effects 

are primarily due to its copper-laden metabolite, CuET, rather than ALDH inhibiƟon, as was 

widely believed. This insight is invaluable for future therapeuƟc direcƟons. AddiƟonally, the 

study elucidates that the disƟnct cytotoxicity of DSF towards BRCA deficient cells is mediated 

by CuET and not due to any ALDH-inhibitory acƟon. 

 

3.3. Disulfiram’s TargeƟng of NPL4 Impairs DNA ReplicaƟon Dynamics and Induces ATR 

Pathway MalfuncƟon 

As cellular BRCA1/2 gene status was reported and further confirmed by us as an essenƟal 

determinant of sensiƟvity to DSF’s metabolite CuET (see above), we were intrigued by the 

mechanisƟc explanaƟon. BRCA1 and BRACA2 genes are widely studied due to known 

mutaƟons directly linked to many breast and ovarian cancers66. MechanisƟcally, both BRCA 

proteins ulƟmately contribute to the processing of DNA damage and prevent cells from 

genotoxic stress and genomic instability due to their involvement in homologous 

recombinaƟon-mediated DSB repair and various aspects of DNA replicaƟon67. 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 damage68,69.  

We set essenƟal experimental insights using our advanced methodical tools (described 

in more detail in Chapter 2) and found that CuET treatment effecƟvely disrupts DNA replicaƟon 

dynamics. Specifically, the progression of replicaƟon forks is hindered, leading to an 

accumulaƟon of single-stranded DNA (ssDNA) – a hallmark of elevated replicaƟon stress (RS), 

which we documented by quanƟficaƟon of various DNA lesion markers, especially during the 

S phase of the cell cycle. This damage prompts the acƟvaƟon of the homologous 

recombinaƟon (HR) DNA repair pathway and explains the heightened dependency of the cells 

on funcƟonal BRCA1/2 status.  

More mechanisƟc insights revealed that the RS and subsequent DNA damage are linked 

to NPL4 aggregaƟon in other ways than iniƟally expected.  We discovered that CuET treatment 

induces the impairment of the criƟcal 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 conditions70. The mode of the CuET-induced 

impairment was surprising and unconvenƟonal as the crucial components ATR pathway, the 

ATR and Chk1 kinases were found predominantly sequestered and immobilized within the 

NPL4 APDs formed due to CuET exposure, compromising their funcƟonality. Overall, this 

study26 (Cells 2020, corresponding author, aƩachment 9) offers a profound understanding of 

how DSF's metabolite, CuET, can be a game-changer in cancer therapy. By targeƟng 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 acƟon, which 

was further boosted by the addiƟonal discovery that NPL4 APDs also sequester p53 protein 

and interfere with translaƟon50, renders the tumor cells increasingly vulnerable, mainly if 

inflicted by mutaƟons in specific genome maintenance genes, opening a promising therapeuƟc 

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

Metallothionein Pathway 

Due to our work and the contribuƟons of other research teams, DSF has been recognized 

beyond its tradiƟonal role as an alcohol-aversion medicaƟon as a potenƟally potent anƟcancer 

drug, especially if combined with copper ions supplementaƟon. It is now being deeply 

explored for its potenƟal anƟ-cancer properƟes in mulƟple ongoing clinical trials71. However, 

while preclinical studies and limited clinical trials support its therapeuƟc potenƟal in oncology, 

there are variaƟons in the first published clinical outcomes from recent years. Thus, we 

immediately asked for potenƟal factors limiƟng the efficacy of DSF treatment in paƟents. We 

realized that one such reason could be interference from other drugs oŌen used concomitantly 

during cancer therapy. 

To address such potenƟal unwanted drug-drug interacƟons, we uƟlized our unique 

access to a high-throughput roboƟc screening plaƞorm accompanied by automated 

fluorescent microscopy evaluaƟon. This approach allowed us to systemaƟcally screen over 

1,400 biologically acƟve compounds used in clinics or preclinical research for potenƟal 

interacƟons. Our screening setup employed the published methodology for detecƟng NPL4-

GFP aggregates using fluorescence microscopy, which can be quanƟfied using microscopic 

fluorescence readouts. 

One of the most potent hits idenƟfied in the screen was cannabidiol (CBD), a major 

component of Cannabis saƟva L. (marijuana), which efficiently diminished the formaƟon of 

NPL4 aggregates and also the toxic effects of DSF and its acƟve metabolite CuET. IdenƟfying 

cannabidiol as a probable agent causing resistance to DSF in clinical setups is parƟcularly 

relevant because Cannabis saƟva-derived compounds have gained increasing popularity 

among cancer paƟents for their potenƟal to reduce cancer treatment side effects and are now 

more accessible due to relaxed regulaƟons. The US Food and Drug AdministraƟon (FDA) has 

approved several cannabis-derived drugs for treaƟng various condiƟons, including 

chemotherapy-induced nausea and vomiƟng. Notably, surveys among cancer paƟents 

revealed that cannabinoids are very oŌen used off-label72–74. 

Further mechanisƟc insights into cannabidiol's protecƟve 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 

parƟcularly significant given that CuET contains copper. Further experiments established a 

clear negaƟve correlaƟon between the levels of metallothioneins and DSF/CuET toxicity75 

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

Overall, this study highlights the undesirable consequences of combining marijuana 

products with DSF-based cancer therapy, as it jeopardizes its therapeuƟc efficacy. Conversely, 

it demonstrates that cancer cells deficient in metallothioneins are more suscepƟble to CuET's 

acƟon. This finding also raises the prospect of using metallothionein levels to personalize DSF-

based treatments, serving as a predicƟve biomarker for DSF's efficacy in paƟents. Thus, 

personalizing DSF therapy based on metallothionein expression could enhance therapeuƟc 

outcomes, tailor treatments to individual paƟent profiles, and maximize the anƟcancer 

potenƟal of DSF.  

AddiƟonally, this research underscores the importance of considering drug-drug 

interacƟons in clinical protocols, parƟcularly with the growing use of cannabis-derived 

compounds in medical seƫngs. Further clinical studies are warranted to validate these findings 

and integrate them into comprehensive treatment strategies for cancer paƟents. This finding 

also serves as a cauƟonary note, emphasizing the need to re-evaluate the concomitant usage 

of marijuana-based products in various cancer therapeuƟc regimens, which has been largely 

ignored. 

In response to this research need, we extended our cannabinoids invesƟgaƟon to other 

metal-containing cancer chemotherapeuƟcs, specifically plaƟnum-based drugs. Strikingly, 

cannabinoids, parƟcularly CBD and also Cannabis saƟva extracts, were found to reduce the 

toxicity of cisplaƟn, oxaliplaƟn, and carboplaƟn, the three most clinically used plaƟnum drugs. 

However, in this parƟcular scenario, the mechanisƟc insights did not confirm the protecƟve 

role of elevated levels of metallothioneins. Instead, InducƟvely Coupled Plasma Mass 

Spectrometry (ICP-MS) analyses suggested that cannabinoids have the potency to interfere 

with intracellular plaƟnum accumulaƟon, likely through altered cellular transport and/or 

retenƟon of these drugs76 (Biomedicine & Pharmacotherapy 2023, corresponding author, 

aƩachment 11).  
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Overall, these findings highlight the complex interacƟons between cannabinoids and 

chemotherapeuƟc agents, necessitaƟng careful consideraƟon and further invesƟgaƟon. The 

potenƟal reducƟon in drug efficacy, either due to sƟmulaƟon of the protecƟve metallothionein 

pathway or due to altered drug transport and retenƟon mechanisms, underscores the need 

for a cauƟous approach when integraƟng cannabinoids into cancer treatment regimens. 

As this topic was relaƟvely new and unexplored, we compiled and published a 

comprehensive review of known interacƟons between CBD and standard-of-care 

chemotherapeuƟcs77 (Int J Mol Sci 2023, corresponding author, aƩachment 12). The review 

details how cannabinoids can potenƟally interfere with the therapeuƟc efficacy of many 

different cancer chemotherapeuƟcs through various mechanisms. We discussed how CBD and 

other cannabis-derived compounds may affect drug metabolism, transport, and cellular 

uptake, ulƟmately influencing the pharmacokineƟcs and pharmacodynamics of these 

chemotherapeuƟc agents. Overall, we concluded that despite the benefits cannabinoids 

provide in alleviaƟng chemotherapy side effects, paƟents and healthcare providers should 

reconsider or avoid combining them with ongoing chemotherapy, at least for a subset of 

anƟcancer drugs, unƟl more is known about their interacƟons. Furthermore, we highlighted 

the need for more robust clinical trials and mechanisƟc studies to elucidate these interacƟons 

and their implicaƟons fully. 

 

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

In our quest to idenƟfy which type of cancer diagnosis could benefit most from DSF-based 

treatment, we concluded that mulƟple 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 anƟbodies. This metabolic demand makes 

them uniquely reliant on proteostasis, which makes these cells parƟcularly prone to 

proteostasis dysregulaƟon9. MM cells proved to be among the most responsive to CuET 

treatment in our panel of tested cancer cell lines53. 

Although there are effecƟve drugs targeƟng MM, including Bortezomib (Velcade), 

Carfilzomib (Kyprolis), and Ixazomib (Ninlaro), which target the proteasome, MM oŌen 

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

such as a reduced proteasome load due to decreased protein producƟon10. 

Therefore, instead of proposing DSF as a primary treatment for MM, we hypothesized 

that the unique properƟes of DSF’s metabolite, CuET, could offer an advantage over standard 

proteasome inhibitors, parƟcularly in targeƟng resistant MM cells. Our findings supported this 

hypothesis, as CuET demonstrated potent acƟvity against MM cells that had developed 

resistance to frontline MM drugs like Bortezomib and Carfilzomib. Furthermore, CuET was 

equally effecƟve as experimental drugs targeƟng protein degradaƟon pathways upstream of 

the proteasome, such as p97 translocase inhibitors9,12. 

We further tested CuET’s ability to overcome resistance mechanisms associated with 

reduced proteasome load, a scenario where tradiƟonal protein-turnover targeƟng drugs 

ulƟmately lose efficacy10. Remarkably, CuET bypassed this resistance mechanism, likely due to 

its addiƟonal impact on the DNA damage response we idenƟfied previously (see Chapter 3.3 

for details), amplifying its therapeuƟc potenƟal.   

Overall, this study49 (Cell Death and Diseases 2022, corresponding author, aƩachment 

13) highlights a promising therapeuƟc avenue for MM paƟents, especially those facing disease 

recurrence due to treatment resistance. By repurposing disulfiram and pairing it with copper 

supplementaƟon, we may be able to transform the therapeuƟc landscape for resistant 

mulƟple myeloma. 

 

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

Therapy 

In mulƟple studies (as referred above), we demonstrated the anƟcancer efficacy of the 

bis(diethyldithiocarbamate)-copper complex (CuET), a metabolic product of the anƟ-alcoholic 

drug disulfiram. Chemically, CuET belongs to a large family of dithiocarbamates (DTCs), many 

of which possess the capability to chelate copper, and some of them have already been 

invesƟgated for their anƟcancer properƟes78,79. 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 parƟcular 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 aggregaƟon. 

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 properƟes, mirroring the effects of CuET and demonstraƟng in vitro 

efficacy in the nanomolar range. Notably, only those complexes capable of inducing NPL4 

aggregaƟon were cytotoxic to cancer cells, underscoring NPL4 as a crucial target in their 

mechanism of acƟon (Figure 14). 

 

Figure 14: Overview of idenƟfied acƟve dithiocarbamate copper complexes. MulƟple 
structurally different dithiocarbamates make stable copper complexes, which are toxic to 
cancer cells, induce NPL4 protein aggregaƟon, 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 targeƟng NPL4 bind directly to a specific protein pocket. Instead, it appears 
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they just deliver cupric ions 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 terƟary or quaternary structure of the NPL4 protein collapses, 

leading to aggregaƟon and APDs formaƟon. 

Overall, this study80 (European Journal of Medicinal Chemistry 2023, corresponding 

author, aƩachment 14) introduced 13 structurally diverse DTC-Cu complexes capable of 

effecƟvely targeƟng the NPL4 protein in cancer cells, leading to proteotoxic stress and cancer 

cell death via the exact mechanism we previously reported for CuET53. The study further 

reinforces the relevance of targeƟng 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 foundaƟon for further exploraƟon of DTC-Cu complexes in drug development, 

potenƟally enhancing anƟcancer treatment strategies by exploiƟng vulnerabiliƟes in cancer 

cell proteostasis. 

 

3.7. Leveraging Disulfiram, Vorinostat, and PARP inhibitors for CombaƟng CastraƟon-

Resistant  Prostate cancer 

CastraƟon-resistant prostate cancer (PCa) remains a formidable clinical challenge. In our 

research, we aimed to propose new therapeuƟc strategies by repurposing clinically available 

drugs to target specific genotoxic and proteotoxic stress responses relevant to this parƟcular 

cancer subtype. We evaluated a combinaƟon of drugs, including PARP1 enzyme inhibitors 

(PARPi), vorinostat (a histone deacetylase inhibitor), and disulfiram (DSF), tradiƟonally used 

for alcohol abuse treatment, including its acƟve copper-chelaƟng metabolite CuET, in 

conjuncƟon with ionizing (gamma) irradiaƟon (IR). The raƟonale for this selecƟon was based 

on the documented anƟcancer effects of these drugs and their impact on DNA repair and 

protein turnover mechanisms. 

The drugs, both individually and in combinaƟon with IR, were tested on three disƟnct 

human PCa cell lines, including the parƟcularly challenging radio-resistant stem-cell-like 

DU145-derived cells. Our study used immunofluorescence and immunobloƫng 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 acƟvaƟon, and acƟvated unfolded protein 

response (UPR) pathways. 

PC3 cells exhibited increased sensiƟvity to the combinaƟon of PARPi and IR, which we 

aƩributed to diminished homologous recombinaƟon (HR) repair mechanisms in this cell line. 

Vorinostat sensiƟzed DU145 cells to the PARPi/IR combinaƟon, reducing mutant p53 levels. 

Notably, it also effecƟvely 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-eIF2α. 

Our study27 (Prostate 2018, corresponding author, aƩachment 15) builds a compelling 

case for targeƟng genotoxic and proteotoxic stress responses through strategic combinaƟons 

of clinically available drugs. By highlighƟng the potenƟal of these drug combinaƟons, our 

research suggests a promising therapeuƟc strategy for the challenging landscape of castraƟon-

resistant PCa. The insights gained from this study can serve as a foundaƟon for developing 

innovaƟve, real-life treatment concepts. 

 

4. SUMMARY 

This habilitaƟon thesis provides a comprehensive overview of published research focused on 

the cellular processes acƟvated 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 mechanisƟc insights into key areas such as proteostasis, DNA repair, 

and tumorigenesis. Several studies have also explored the potenƟal of targeƟng these 

pathways as therapeuƟc strategies for cancer. 

Methodologically, we review various chemical inducers of replicaƟon stress and DNA 

damage used in in-vitro experiments30, including aphidicolin, a compound introduced here as 

a promising tool for high-throughput senescence inducƟon35. Aphidicolin was also employed 

in our innovaƟve proteomic approach, leading to the idenƟficaƟon of Xeroderma 

pigmentosum group C (XPC) as a criƟcal factor in maintaining common fragile sites stability33.  
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Furthermore, we developed advanced tools for the inducƟon and quanƟtaƟve assessment of 

DNA damage, including immunofluorescence-based assays, reporter cell lines with GFP-tagged 

proteins, and specialized microscopy techniques17,52. One notable development is our method 

for inducing localized subcellular heat damage, which enabled us to invesƟgate the cellular 

response to damaged proteins. This work uncovered new roles for HSP70 and the p97 

translocase in protein quality control55. AddiƟonally, we introduced a non-invasive method for 

collecƟng hair follicle cells from laboratory animals and humans, facilitaƟng in vivo and ex vivo 

studies of DNA damage and other stress responses. This approach offers a valuable alternaƟve 

to invasive biopsies in the context of cancer and aging research45. 

On the mechanisƟc side, we introduced the concept of intracellular resource allocaƟon 

under condiƟons of elevated proteotoxic stress, parƟcularly focusing on ubiquiƟn availability. 

We demonstrated that limited ubiquiƟn resources lead to changes in the expression of the 

RNF168 E3 ligase, with significant implicaƟons for genomic stability and sensiƟvity to specific 

anƟcancer therapies23.  Our research also elucidated the mechanism underlying the anƟcancer 

acƟvity of disulfiram (DSF), a drug currently repurposed for oncological use. DSF, through its 

metabolite CuET, targets the p97/NPL4 pathway, disrupƟng proteostasis and inducing protein 

aggregaƟon53. Further insights revealed that NPL4 is the main target of CuET, causing its 

aggregaƟon and formaƟon of NPL4’s insoluble deposits (APDs). InteresƟngly, these APDs 

sequester many other proteins, including essenƟal factors of the ATRIP-ATR-CHK1 pathway, 

causing addiƟonal replicaƟon stress and DNA damage in cancer cells26. This results in 

heightened replicaƟon stress and DNA damage, parƟcularly in cancer cells with DNA repair 

defects27,46, and explains the surprising efficacy of CuET treatment in mulƟple myeloma cells 

resistant to UPS inhibitors49. Moreover, our research clarified previous misconcepƟons 

regarding DSF’s role as a direct inhibitor of aldehyde dehydrogenase46. Based on the 

excepƟonal anƟcancer properƟes of CuET, we expanded our invesƟgaƟons to other 

dithiocarbamates, revealing a shared mechanism of acƟon for copper complexes of these 

compounds, which opens new therapeuƟc possibiliƟes for advanced and drug-resistant 

cancers80.  

Overall, this habilitaƟon 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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contribuƟng innovaƟve experimental tools and offering promising therapeuƟc strategies for 

cancer treatment. 
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5. ABBREVIATIONS 

6–4 PPs Pyrimidine(6–4)pyrimidone photoproducts (UV-induced DNA lesions) 

ALDH  Aldehyde dehydrogenase 

APDs  Insoluble protein deposits 

ATF4  AcƟvaƟng transcripƟon factor 4 protein 

ATF6  AcƟvaƟng transcripƟon factor 6 protein 

ATF6c  Cleaved form of acƟvaƟng transcripƟon factor 6 

ATM  Ataxia-telangiectasia mutated kinase 

ATR  ATM and Rad3-related kinase 

ATRIP  ATR-interacƟng protein 

BCDS  Bathocuproinedisulfonic acid 

BIP  Binding immunoglobulin protein (GRP78, glucose-regulated protein 78) 

BrdU  Bromodeoxyuridine (syntheƟc nucleoside used in cell proliferaƟon assays) 

BRCA1  Breast cancer 1, early onset protein 

BRCA2   Breast cancer 2, early onset protein 

BRCA1/2 Referring to both BRCA1 and BRCA2 genes 

CBD  Cannabidiol 

PCa  CastraƟon-resistant prostate cancer 

Chk1  Checkpoint kinase 1 

Chk2  Checkpoint kinase 2 

CHOP  C/EBP homologous protein 

CFSs  Common fragile sites 

cis-Pt  CisplaƟn (chemotherapeuƟc drug) 

CuET  bis(diethyldithiocarbamate)-copper complex  

DAPI  4′,6-diamidino-2-phenylindole (a fluorescent stain that binds to DNA) 

DDR  DNA damage response 

DEAB  4-(Diethylamino)benzaldehyde 

DNA-PKcs DNA-dependent protein kinase catalyƟc subunit kinase 

DSBs  Double-strand breaks 

DSF  Disulfiram, Tetraethyl thiuram disulfide, Antabuse 
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DTC  Dithiocarbamate 

DTC-Cu Copper complex with dithiocarbamate 

DTCs  Dithiocarbamates 

DU145  Human prostate cancer cell line 

eIF2α  EukaryoƟc translaƟon iniƟaƟon factor 2α protein 

EMA  European Medicines Agency 

ER  Endoplasmic reƟculum 

ERAD  ER-associated degradaƟon 

FANCD2 Fanconi anemia, complementaƟon group D2 protein 

FA  Fanconi anemia 

FDA  US Food and Drug AdministraƟon agency 

GI   Genomic integrity 

HSP70  Heat shock protein 70 

HSP90  Heat shock protein 90 

HSPs  Heat shock proteins 

HSR  Heat shock response 

HPLC-MS High-performance liquid chromatography-mass spectrometry 

HR  Homologous recombinaƟon 

IHC  Immunohistochemistry 

ICP-MS  InducƟvely coupled plasma mass spectrometry 

IRE1α  Inositol-requiring enzyme 1 alpha 

IR  Ionizing (gamma) irradiaƟon 

LSM  Laser-scanning microscope 

MMC  Mitomycin C (chemotherapeuƟc agent) 

MM  MulƟple myeloma 

MRE11  MeioƟc recombinaƟon 11 homolog (part of the MRN complex) 

MRN  MRE11-Rad50-NBS1 complex (involved in DNA repair) 

NBS1  Nijmegen breakage syndrome protein 1 (part of the MRN complex) 

NPL4  Nuclear protein localizaƟon 4 homolog protein 

PARP  Poly(ADP-ribose) polymerase 

PARPi  PARP1 enzyme inhibitors 



44 
 

p53  Tumor suppressor protein p53 

p62  Sequestosome 1 (also known as SQSTM1, involved in autophagy) 

PC  Proteotoxic crisis 

PERK  Protein kinase RNA-like endoplasmic reƟculum kinase 

γ-H2AX Phosphorylated histone H2AX 

p97  Also known as VCP (Valosin-containing protein) 

RAD51  RAD51 recombinase protein 

Rad50  DNA repair protein (part of the MRN complex) 

RNF8  Ring finger protein 8 

RNF168 Ring finger protein 168 

ROS  ReacƟve oxygen species 

Rpn1  Regulatory parƟcle non-ATPase 1 (part of the proteasome) 

Rpn10  Regulatory parƟcle non-ATPase 10 (part of the proteasome) 

Rpn11  Regulatory parƟcle non-ATPase 11 (part of the proteasome) 

Rpt1-6  Regulatory parƟcle triple-A ATPase subunits 1-6 (part of the proteasome) 

RS  ReplicaƟon stress 

ssDNA  Single-stranded DNA 

TOPBP1 DNA topoisomerase II-binding protein 1 

U-2-OS  Human osteosarcoma cell line 

Ub  UbiquiƟn 

UPR  Unfolded protein response 

UV  Ultraviolet radiaƟon 

VCP  Valosin-containing protein, p97 protein 

Xbp1s  Spliced form of X-box binding protein 1 

XPC  Xeroderma pigmentosum protein group C protein 
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