
 

 

 

 

 

UVSSA regulates transcription-coupled genome maintenance  

 

Rowyn Church Liebau 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Submitted in partial fulfillment of the 

requirements for the degree of 

Doctor of Philosophy 

under the Executive Committee 

of the Graduate School of Arts and Sciences 

 

 

 

COLUMBIA UNIVERSITY 

 

 

2024 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2023 

Rowyn Church Liebau 

All Rights Reserved



 

 

 

 

 

 

Abstract 

UVSSA regulates transcription-coupled genome maintenance 

Rowyn Church Liebau  

 

 DNA damage is a constant threat to our genomes which drives genome instability and 

contributes to cancer progression. DNA damage interferes with important DNA transactions such 

as transcription and replication. DNA lesions are removed by repair pathways that ensure 

genome stability during transcription and replication. Here, we identify and characterize distinct 

roles for the ultra violet stimulated scaffold protein A (UVSSA) in the maintenance of genome 

stability during transcription in human cells. First, we unravel a novel function for UVSSA in 

transcription-coupled repair of DNA interstrand crosslinks (ICLs), genotoxic adducts that 

covalently bind opposing strands of the DNA and block transcription and replication. UVSSA 

knockout cells are sensitive to ICL inducing drugs, and UVSSA is specifically required for 

transcription-coupled repair of ICLs in a fluorescence-based reporter assay. Based on analysis of 

the UVSSA protein interactome in crosslinker treated cells we propose a model for transcription-

coupled ICL repair (TC-ICR) that is initiated by stalling of transcribing RNA polymerase II (Pol 

II) at an ICL. Stalled Pol II is first bound by CSA and CSB, followed by UVSSA which recruits 

TFIIH to initiate downstream lesion removal steps. Second, we establish that UVSSA 

counteracts MYC dependent transcription stress to promote genome stability in cells aberrantly 



 

 

expressing the cMYC oncogene. UVSSA knockdown sensitizes cells to MYC expression, 

resulting in synthetic sickness and increased doubling time. UVSSA knockdown impacts Pol II 

dynamics in MYC activated cells. We conclude that UVSSA is required for regulation of Pol II 

during MYC induced transcription to prevent transcription stress. Together, these studies expand 

our understanding of UVSSA’s role in genome stability during transcription and elucidates the 

poorly understood transcription-coupled ICL repair pathway.  
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Chapter 1: Introduction: DNA damage, genome instability, and 

cancer 

Genetic information of the cell is stored within the sequence of the DNA molecule, 

making alteration, breakage, chemical modification, or loss of DNA a toxic event that threatens 

cellular homeostasis. Types of DNA damage include single or double strand breaks, base 

misincorporation, chemical modification of nucleotides, and bulky DNA adducts. Failure to 

properly repair these lesions obstructs DNA metabolism and creates DNA mutations. The 

diversity of DNA lesion requires specified DNA repair pathways to remedy damage and preserve 

genome integrity. Many repair pathways to respond to the specific challenges of different lesion 

types, making the study of DNA damage repair a complex endeavor. DNA repair pathways are 

often overlapping and interdependent: a lesion can be repaired by multiple pathways, repair can 

produce new lesions as a repair intermediate, and repair proteins can be involved in multiple 

pathways.  

1.1 DNA damage and genome integrity 

1.1 A Types of DNA damage and origins  

DNA bases and backbone are chemically altered in numerous ways. These changes 

become pathogenic when they disrupt cellular processes or alter the sequence information of the 

DNA. DNA is vulnerable to numerous chemical modifications, such as hydrolysis of bases, or 

reaction with elements in the cellular environment. These elements are either endogenous 

chemicals, such as reactive oxygen species (ROS) and alkylating agents, or exogenous elements 
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including ultra violet (UV) light and environmental carcinogens (1). DNA lesions have a variety 

of chemical structures which pose different risks to cellular homeostasis. Several broad 

categories of DNA damage have been established based on the structure and impact on genome 

integrity (Fig 1). Breakage of the DNA backbone results in a DNA break, either single stranded 

or double stranded. DNA breaks leave unprotected DNA ends vulnerable to modification or 

degradation, and produce genome rearrangements when improperly repaired. Base modifications 

are chemical changes to the DNA residue which can lead to base substitution mutations. Base 

mispairing occurs when an incorrect nucleotide is incorporated during replication, leading to 

incompatible bases. These lesions distort the DNA helix and will lead to mutations if not 

corrected. DNA adducts are bulky compounds that become bound to the DNA base or chemical 

bonds between DNA bases. These lesions distort the DNA helix and obstruct DNA metabolic 

processes including replication and transcription (Fig 1). Here, we  
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Figure 1: Categories of DNA damage DNA damage is categorized into four groups based on the structure of the 

lesion, with sources of damage and rates of damage listed. Pannel 1 DNA breaks: breakage of the sugar bonds in 

DNA result in a break in the backbone, either single or double stranded. Pannel 2 mispairing: non-Watson-Crick 

base pairing. Pannel 3 base modification: Chemical modification of the base due to spontaneous deamination or 

reaction with cellular compounds. Pannel 4 DNA adducts: bulky lesions caused by chemical bonds between DNA 

bases or with genotoxic agents (2-4).   

 

review the DNA adducts that are most relevant to this body of work, describing the process that 

give rise to the lesion, their chemical structure, and their impact on cellular homeostasis. 

1.1 A I DNA interstrand crosslinks 

DNA interstrand crosslinks (ICLs) are lesions characterized by a covalent bond between 

bases on opposing strands of the DNA helix. These lesions are distinct from intra-strand 

crosslinks, a bond between bases on the same strand of the DNA. This distinction is biologically 

relevant, as ICLs have the unique effect of preventing melting of the DNA helix. Failure to melt 

the helix impedes vital metabolic processes including replication, recombination and 

transcription, making ICLs significantly more cytotoxic than intra-strand crosslinks (5).  

ICLs arise when a chemical agent present in the cell binds to DNA bases through an 

electrophilic interaction. ICL inducing chemicals are either bifunctional agents that interact with 

two bases or agents that induce a reactive group on the base that will covalently bond to another 

base. ICL causing agents arise as a byproduct of endogenous metabolism or are exogenous 

chemicals. For example, aldehydes, reactive byproducts of endogenous metabolism, react with 

the nitrogen residue on nucleobases, creating a reactive group that in turn attacks another base. 

Various aldehydes are generated by metabolic processes including ethanol metabolism and lipid 

peroxidation. ICLs also arise from abasic (AP) sites, where the spontaneous removal of a base 

generates a reactive aldehyde group that chemically bonds with the base on the opposing DNA 

strand. AP repair intermediates are capable of covalent linkage with nucleobases, also generating 

ICLs. Reactive oxygens species (ROS), resulting from oxidative stress or ionizing radiation, 
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modify DNA bases into a reactive radical that in turn forms an ICL. Nitrous acid, which is 

oxidized in to nitric oxide, is one example (Fig 2) (reviewed in (6)). 
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Figure 2: Structures of DNA interstrand crosslinks Chemical structures of several ICL inducing agents and the 

ICLs they form. Malondialdehyde and nitrous oxide are examples of exogenous metabolic byproducts that produce 

ICLs, while nitrogen mustard, cisplatin, MMC, and psoralen are crosslink inducing drugs. For crosslinking drugs, 

the red structure indicates the portion of the compound integrated into the crosslink. The helix distortion caused by 

the ICL, measured by degree of helix bend and degree of unwinding induced in the DNA helix, and the rate of ICL 

formation, as a percentage of total lesions, is shown when known. Adapted from Schärer 2005 (5) and Rycenga 

2018 (7). 

 

Environmental carcinogens and engineered chemotherapeutic bifunctional drugs interact 

with DNA, producing ICLs. For example, nitrogen mustard is an alkylating agent that binds to a 

DNA base by forming a covalent bond. The compound contains two alkyl groups, allowing for 

bonding to two DNA bases and formation of a crosslink. The anti-tumor activity of mustards was 

first characterized in the chemical weapon sulfur mustard, and drugs have since been developed 

that minimize peripheral toxicity by reducing reactiveness while retaining cancer toxicity (Fig 2) 

(8). Modern alkylating agents based on nitrogen mustard include melphalan and 

cyclophosphamide. Diepoxybutane (DEB) is another alkylating agent capable of inducing ICLs 

and is used to diagnose ICL repair deficiency diseases such as Fanconi Anemia (9). 

Several other types of crosslink inducing drugs have been investigated and developed. 

Mitomycins are naturally occurring alkylating agents isolated from Streptomyces caespitosis. 

The lesions produced by mitomycins are minimally disruptive to the DNA helix. Mitomycin C 

(MMC) is one of the most commonly used drugs belonging to this category. Platinum 

compounds are characterized by reactive groups bound to a central platinum atom. These 

compounds bind CpG sequences, and induce a major conformational change in the DNA helix. 

Cisplatin, carboplatin, and oxaliplatin belong to this category. Psoralens are compounds isolated 

from plants that must be photoactivated by UV light to form crosslinks. These compounds 

intercalate within the DNA, crosslink TpA sequences, and preferentially form ICLs over other 

adducts. Methoxypsoralen and trimethylpsoralen are two examples of this class of crosslinker 

(Fig 2) (7). Novel crosslinking drugs, such as SJG-136, are designed by chemically optimizing 
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the structure of known DNA binding agents. SJG-136 was engineered based on the structure of 

pyrrolo-benzodiazepines (PBDs) through a process of rational design (10) to produce a 

compound with high sequence specificity and crosslink formation.  

Of note, crosslinking agents produce multiple types of DNA lesion, including ICLs, 

intra-strand crosslinks, and mono-adducts. ICL formation rate varies between crosslinking 

agents: ICLs account for 1-2% of cisplatin induced adducts, 15% of MMC adducts, and 90% of 

psoralen adducts (Fig 2) (7). While ICLs are often the minority of lesion formed, they trigger the 

majority of lethality due to their extreme cytotoxicity (5). Careful consideration and 

experimental planning must be exercised when using crosslink inducing drugs due to the 

diversity of lesions introduced.  

Another important consideration in crosslinking agent selection is the structure of the 

resulting adduct. ICLs produced by crosslinking drugs differ in structure and distort the DNA 

helix to different degrees. Helix distortion occurs when the crosslink prevents B-DNA helical 

structure, causing helix bending and unwinding. Cisplatin induced ICLs occur in the minor grove 

of the DNA and are amongst the most distorting, while MMC induced ICLs produce minimal 

distortions (Fig 2) (7). These distinctions are biologically relevant as more distorting lesions are 

more efficiently repaired by repair pathways that detect helix distortion (11,12). 

Interstrand crosslinks block the progression of DNA transactions, most notably 

replication. Replication forks stall when they encounter an ICL that prevents melting of the DNA 

helix. Stalled replication forks generate single strand DNA (ssDNA) which activates DNA 

damage signaling via ATR. While this signaling promotes repair, it also initiates apoptosis if the 

replication block cannot be resolved (13,14) (see 1.1 B). Replication-coupled repair processes 

prevent replication fork collapse by repairing the DNA and allowing resumption of replication 
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(see 1.2 A). In the absence of repair, persistently stalled replication forks collapse, leading to 

dissociation of the replisome from the DNA. Loss of the replisome is compensated for by other 

pathways, including recombination and break induced replication. These alternative repair 

pathways produce chromosomal rearrangements, including deletions and translocation. 

Collapsed forks also generate double strand breaks (DSBs), which will require further repair and 

contribute to chromosomal rearrangements (Fig 3, top left)(15).  

Figure 3: Impact of DNA processes stalling at DNA adducts DNA adducts such as UV photolesions and DNA 

ICLs obstruct the progression of replication forks and transcription machinery due steric obstruction of the enzyme 

active site or prevention of DNA helix melting. The potential consequences of these obstructions are categorized for 

ICL and UV lesion obstruction of replication and transcription processes. 

 

ICLs also obstruct transcription as the transcribing polymerase is not able to progress 

across the lesion (16). The impact of ICLs on transcription has not been as extensively studied as  

in replication, but there is evidence that stalled polymerases initiate repair of ICLs and allows for 

resumption of transcription (Fig 3, top right) (See 1.2 C III) (17). The impact of transcription 

stalling at DNA lesions has been extensively studied in the context of UV light induced 

photolesions.  
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1.1 A II Ultra violet photolesions 

1.1 A II Ultra violet photolesions  

UV irradiation is absorbed by DNA bases, exciting the chemical structure and allowing 

formation of a bond with a neighboring base. UV-C light (190-290 nm) in particular is highly 

damaging. However, this wavelength is filtered out by the ozone layer, leaving UV-B (290-320 

nm) as the most physiologically relevant class. Both UV-B and UV-C irradiation results in the 

formation of Cyclobutane pyrimidine dimers (CPDs) and 6-4 pyrimidine-pyrimidone 

photoproducts (6-4PPs). These lesions typically occur in one strand of the DNA, forming intra-

strand crosslinks (2), however ICLs have been observed in UV irradiated DNA as well (6). UV 

induced DNA adducts are the leading cause of skin cancer, as improper repair or bypass of the 

lesions is mutagenic (2). UV lesions obstruct the progression of transcription machinery, 

disrupting cellular homeostasis and necessitating transcription-coupled repair (Fig 3, bottom 

right) (see 1.2 B II) 

Collision between elongating RNA polymerase II (Pol II) and a transcription blocking 

lesion (TBL) impedes transcription with several significant consequences. Transcription of the 

gene in the damaged locus is halted, preventing expression of mature mRNA and decreasing the 

level of encoded protein. Failure to repair the lesion and persistent obstruction of transcription 

will result in depletion of the encoded protein, which will have varying consequences depending 

of the protein in question (18). The impact of TBLs have mainly been studied in the context of 

UV damage 

UV irradiation introduces TBLs across the genome, causing a global decline in RNA 

synthesis. Cells deficient in transcription-coupled repair suffer extended decline in RNA 

synthesis upon UV damage, indicating their inability to remove UV lesions and resume normal 
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transcription (19). In this event, stalled Pol II is removed from the lesion by ubiquitylation and 

degradation, leading to loss of the transcript but allowing lesion repair by alternative pathways. 

Loss of Pol II ubiquitylation, through mutation of an RPB1 ubiquitylation site or knockout of 

ubiquitin ligases, prevents Pol II degradation, leading to persistent transcription stalling and more 

severe phenotypes (20,21) (see 1.2 B II)   

UV lesions perturb the transcriptome by negatively impacting the expression of long 

genes. Long genes have an increased probability of experiencing a UV lesion because they 

occupy a larger area of the genome and are therefore more susceptible to transcription stalling. 

Indeed, a bias toward transcription of short genes is observed after UV damage. A link has been 

drawn between transcription inhibition of long genes following UV damage and apoptotic 

signaling, as pro-apoptotic genes are shorter that pro-survival genes. Expression of long pro 

survival genes is inhibited by accumulation of transcription blocking UV lesions while short pro-

apoptotic genes are not inhibited, leading to a net increase in apoptotic signaling (22,23). 

Transcriptome mis-regulation due to TBL accumulation has also been linked to aging 

phenotypes (24).   

Beyond loss of the transcript, transcriptional stalling also triggers DNA damage signaling 

pathways that contribute to apoptosis. Transcription stalling, either due to polymerase inhibitors 

or TBLs, triggers p53 accumulation (25). Cells defective in transcription-coupled repair display 

greater p53 accumulation upon damage (26), revealing the potential of TBLs to trigger apoptosis 

and cell death (see 1.1 B). Transcription-coupled repair is vital to remove TBLs and preserve 

cellular homeostasis (see 1.2 B) 

UV lesions interfere with the process of replication. CPDs and 6-4PPs, are not able to fit 

within the active site of replicative DNA polymerase, necessitating error prone bypass of the 
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lesion. Translesion Synthesis (TLS) polymerases are capable of bypassing DNA lesions but 

replicate with much lower fidelity than other replicative polymerases. The activity of these 

polymerases is mutagenic if a base is improperly incorporated and not correctly resolved, leading 

to point mutations (27) (Fig 3, bottom left). Fidelity of TLS is aided by polymerases adapted to 

specific lesions that bypass in an error free manner. Pol η is one such example that suppresses 

mutation at UV induced CPDs (28). 

1.1 B The DNA damage response  

To respond to DNA damage, mammalian cells have evolved a coordinated signaling 

cascade to halt the cell cycle, initiate transcription programs, activate DNA repair, and prime 

cells for apoptosis. Central to the DNA damage response (DDR) are the PI3K-like kinases 

Ataxia-Telangiectasia Mutated (ATM) and Ataxia telangiectasia and Rad3-related (ATR). These 

kinases are activated in response to double strand breaks and ssDNA, respectively, and localize 

to the site of DNA damage to coordinate DNA repair and DDR signaling. ATM phosphorylates 

and activates kinases CHK2 and DNA-PKcs (29), while ATR activates CHK1 (30) which in turn 

phosphorylates other targets to effect the DNA damage response.  

ATM/ ATR signaling coordinates cell cycle arrest at various stages. Cell cycle 

checkpoints initiate arrest at G1/S or G2/M phase transitions and at an intra S phase checkpoint. 

Cell cycle arrest allows time for DNA repair and prevents replication of a damaged DNA. Cell 

cycle regulation is achieved by a signaling cascade that suppresses the activity of cyclin proteins 

via cyclin inhibitors, such as p21, p25, and 57, that induce inhibitory phosphorylation of cyclins. 

(31). ATM/ ATR also contribute to cell cycle arrest by phosphorylating DDR protein p53. p53 

contributes to the G1 cell cycle arrest (30), and also a central regulator of cell fate and apoptosis.  
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DDR alters transcription to facilitate DNA repair. Beyond the direct consequences of 

transcription obstruction, a programed global decline in transcriptional activity occurs in yeast 

and mammalian cells exposed to UV damage (32). This effect is mediated by inhibition of 

transcription initiation (33) via degradation of Pol II at the promoter. Failure to properly regulate 

transcription after damage sensitizes cells to UV light (34,35), indicating that unregulated 

transcription in UV damaged cells is genotoxic. Conversely, global release of promoter paused 

Pol II has been reported following UV damage. The resulting wave of transcription is 

hypothesized to promote transcription couple repair (36) (See 1.2 B II). In addition to the global 

changes in transcription, specific genes are activated by the DDR. Damage specific transcription 

factors repress genes involved in cell cycle progression and upregulate genes in apoptosis (32) 

and DNA damage repair (37).  

While numerous transcription factors are involved in the DDR, p53 is extensively studied 

due to its role as a central regulator of cell cycle arrest and apoptosis. Phosphorylation of p53 by 

ATM and ATR activates a transcription program that induces temporary cell cycle arrest, 

senescence, or apoptosis. p53 activation functions in a dose dependent manner; high levels of 

genotoxic stress induces senescence and apoptosis via cell death pathways, while lower levels 

p53 activation instead induces cell cycle arrest and upregulates repair proteins, promoting 

survival of DNA damage (38). 

The DNA damage response is activated by numerous types of DNA perturbation. While 

ATM and ATR activation is primarily studied in the context of ionizing radiation induced DSBs 

and replication stalling induced ssDNA, respectively, there is also evidence that transcription-

coupled repair of DNA adducts contributes to p53 activation and cell cycle arrest. It is 

hypothesized that ssDNA generated during nucleotide excision repair (NER) or stalled 
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transcription is detectable by ATR (39), and that transcription stalling triggers noncanonical 

ATM activation (40,41). In this way damage detection and repair via transcription (see 1.2 B II) 

activates the DDR, promoting lesion repair or priming the cell for apoptosis.  

The combined actions of the DDR pathway promote genome integrity by halting the cell 

cycle, activating apoptotic pathways, and promoting DNA repair pathways. The function of the 

DDR in preserving genome integrity is vital for cellular homoeostasis and prevention of 

oncogenesis.  

 

1.2 DNA damage repair  

DNA repair pathways are conceptualized here in 4 steps. 

Lesion recognition: lesion detection pathways are divided into two categories; direct 

detection and DNA transaction-coupled detection. Direct detection is initiated by proteins that 

directly bind a DNA lesion or helix distortion caused by the lesion. DNA transaction-coupled 

repair is triggered when DNA machinery, such as the replisome or transcriptome, encounter a 

lesion and stalls.  

DNA unwinding and repair complex assembly: helicase activity opens up the damaged 

DNA, facilitating access to repair factors and allowing assembly of the repair complex. Lesion 

verification mechanisms confirm the presence of a DNA lesion before allowing progression to 

the next step.  

DNA excision or resection: nuclease activity degrades the DNA to remove the damaged 

DNA segment or to generate intermediate structures that facilitate repair. Depending on the 

repair pathway, endonucleases induce a nick or double strand break in the DNA, or exonucleases 
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resect the 5’ strand of the DNA to produce a 3’ overhang. Both nucleases produce ssDNA which 

is a template for DNA synthesis 

DNA synthesis and ligation: DNA polymerases assemble new DNA in the gaps left after 

excision or resection, filling in a ssDNA gap or extending DNA based on a homologous 

template.  In some repair pathways, TLS polymerases are recruited during this step to bypass 

adducts present in the DNA. Newly synthesized DNA is ligated to the repaired strand, generating 

an intact DNA duplex.  

 Here, we will discuss the DNA repair pathways relevant to this work  

Figure 4: Categorization of ICL repair pathways by lesion detection ICL repair pathways are categorized here 

into two groups based on lesion detection: DNA transaction-coupled pathways recognize replication or transcription 

stalled at an ICL. Pathways are further categorized into replication-coupled (Fanconi Anemia) and replication 

independent (TC-ICR, MMR, GG-NER).  

 

 

1.2 A Replication-coupled repair of ICLs via the Fanconi Anemia pathway 

ICLs prevent replication fork progression, triggering the Fanconi Anemia (FA) repair 

pathway to repair ICLs in a replication-coupled manner (Fig 4). 21 FA genes have been 

identified in the FA pathway and numerous other repair factors are involved in replication-

coupled ICL repair. FA proteins are divided based on their function in the pathway: The core 

complex, involving proteins FANC-A, B, C, E, F, G, L, M as well as associated proteins FAAP 
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100, 20, 24, initiates repair. FA lesion recognition occurs when FANC-M recognizes replication 

forks stalling at an ICL (Fig 5A), triggering multimerization of the core complex (Fig 5B). The 

core complex functions as a ubiquitylase, targeting the ID complex. The ID complex includes 

FANC-D2 and FANC-I, and localizes to the ICL following ubiquitylation by the core complex. 

There, the ID complex stimulates endonucleolytic cleavage around the ICL (Fig 5C). This is 

achieved by repair proteins XPF (FANCQ), MUS81, FAN1, SNM1, and scaffolding protein 

SLX4. Endonucleolytic cleavage both unhooks the ICL from the leading strand and generates a 

double strand break in the lagging strand. Following cleavage, DNA synthesis, involving TLS 

proteins FANC-V (REV7), REV1, and Pol ζ, extends the leading strand to the next Okazaki 

fragment (Fig 5D). The DSB present in the lagging strand is then repaired by homologous 

recombination (HR) (Fig 5E), requiring HR proteins FANC-D1 (BRCA2), J (BRIP1), N 

(PALB2), O (RAD51C), R (RAD51), S (BRCA1), and U (XRCC2). The FA pathway 

incorporates proteins involved in nucleotide excision repair (XPF), homologous recombination 

(BRCA1,2), and TLS (REV1, Pol ζ), revealing the complexity of ICL repair during replication 

(42). DDR signaling via ATR promotes the FA pathway in response to replication stalling. ATR 

is recruited to ssDNA occurring at stalled replication forks (30), where it in turn phosphorylates 

numerous proteins in the FA pathway. ATR activity is required for ubiquitylation of FANCI/D2 

heterodimer to promote endonucleolytic cleavage of DNA during repair (43). 
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Figure 5: Schematic of the Fanconi Anemia pathway Steps of replication-coupled ICL repair via the Fanconi 

anemia pathway. A replication forks converge and stall at the ICL. B FANCM binds to the ICL and triggers 

multimerization of the core complex (purple) activating the ubiquitylase activity of FANCL. The core complex 

ubiquitylates the ID complex (brown), promoting its localization to the DNA. C The ID complex activates 

endonucleolytic cleavage via endonucleases FAN1 and XPF, scaffolded by SLX4, creating a double strand break 

and unhooking the ICL. D The unhooked ICL is bypassed by TLS polymerase Pol ζ. E the double strand break is 

repaired via homologous recombination. Adapted from Liu 2020 (44). 
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Replicative polymerases cannot synthesize across the unhooked ICL, necessitating 

recruitment of specialized TLS polymerases. These polymerases replicate with reduced fidelity, 

but are able to bypass aberrant DNA lesions. The Fanconi Anemia pathway recruits TLS 

polymerase Pol ζ and associated scaffolding protein REV1 to effect ICL bypass (43). TLS 

polymerases function in several other repair pathways (2), and in replication independent ICL 

repair (45) (Section 1.2 C).  

Proper repair of the ICL by FA removes the lesion and allows for resumption of 

replication. Failure of replication-coupled ICL repair leads to persistent replication fork stalling 

and collapse. The consequences of failed ICL repair during replication are observed in Fanconi 

Anemia patients, where genomic instability both depletes blood cells due to apoptosis and 

contributes to early cancer onset (43). 

1.2 A I Fanconi Anemia syndrome  

The FA pathway was first characterized in patients presenting with Fanconi Anemia 

syndrome. Fanconi Anemia is characterized by anemia, depletion of red blood cells, 

accompanied by bone marrow failure in 90% of cases. Fanconi Anemia patients are also at 

elevated risk for early onset leukemia, particularly acute myelogenous leukemia (AML). Fanconi 

Anemia syndrome may also present with developmental abnormalities in the skin, hands, and 

facial features. (46). FA patient cells display signs of genome instability, including chromosomal 

breaks, translocations, and accumulation of mutations (43).  

Fanconi Anemia is diagnosed by testing cellular sensitivity to ICL inducing drugs 

diepoxybutane or MMC in blood or bone marrow biopsy. Fanconi Anemia patient derived cells 

display chromosomal breakage and chromosomal rearrangement after treatment with such agents 
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due to an inability to repair ICLs. ICL sensitivity in these patients prohibits the use of DNA 

crosslinking agents as therapies to treat their cancers (46). Failure of the cell to repair replication 

blocking ICLs results in replication fork collapse, impairing cell cycle and triggering genomic 

instability. In FA patients, failure to repair endogenous ICLs during replication triggers genetic 

instability and pro-apoptotic signaling in replicating cells, arresting haemopoietic stem cells and 

triggering the anemia and bone marrow failure observed in patients. Cells that survive genome 

instability acquire oncogenic mutations, leading to the rapid onset of cancer (46).   

1.2 B Nucleotide excision repair and transcription-coupled repair  

The nucleotide excision repair (NER) pathway, particularly the sub-pathway 

transcription-coupled nucleotide excision repair, is relevant to this body of work, necessitating 

extensive discussion of the proteins involved. 

1.2 B I Nucleotide excision repair steps  

NER is a versatile pathway that responds to a variety of lesions via two damage sensing 

functions. NER is divided into two sub-pathways based on the lesion detection step, which 

converge during the lesion remolding step and share DNA excision and DNA synthesis steps. 

Global Genome NER (GG-NER), which initiates repair across the entire genome, detects helix 

distortion caused by bulky adducts (Fig 6A). Transcription-coupled NER (TC-NER) is triggered 

when transcribing Pol II progression is impeded by a transcription blocking lesion and repairs 

lesions in transcribed regions (Fig 6B). In both cases TFIIH is recruited to the lesion, where it 

promotes dual endonucleolytic cleavage of the damaged DNA, initiating the shared downstream 

steps of NER (FIG 6C) (47). 
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Figure 6: Schematic of NER repair and sub-pathways GG-NER and TC-NER Nucleotide Excision repair is 

divided into two sub-pathways based on lesion recognition: A) GG-NER, triggered by XPC binding to helix 

distortion around the lesion, and B) TC-NER, triggered by CSB binding to Pol II stalled at a bulky DNA adduct. 

Damage recognition steps converge in recruitment of TFIIH by XPC or UVSSA, respectively. C) NER proceeds 

following TFIIH recruitment, triggering endonucleolytic cleavage to remove the damaged DNA strand. The ssDNA 

gap is filled by replicative polymerases and ligated to restore the DNA helix. Adapted from Marteijn 2014 (47) 

 

TFIIH is a holoenzyme comprised of several proteins, including DNA helicases XPD and 

XPB. Central to TFIIH recruitment is the structural protein p62, which binds to DNA repair 

proteins XPC and UVSSA in GG-NER or TC-NER respectively (48). TFIIH has multiple 

functions as a general transcription factor, in cell cycle regulation, and in DNA repair, and we 

will focus on its contribution to NER here (49). After recruitment of TFIIH to the site of damage, 
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the XPD helicase scans the DNA to confirm the presence of a lesion, opens the DNA helix, and 

exposes the lesion for repair. DNA bubble opening is aided by XPA, while RPA coats the single 

stranded DNA. The XPF and XPG endonucleases are then recruited, cleaving the damaged DNA 

strand flanking the lesion. Dual cleavage removes the lesion bearing oligonucleotides, leaving a 

ssDNA tract as a template for gap filling synthesis. Replication proteins replication factor C 

(RFC) and proliferating cell nuclear antigen (PCNA) mediate gap filling synthesis, which 

involve polymerases Pol κ, Pol ε, or Pol δ, depending on the cell proliferative state. The newly 

synthesized DNA is then ligated by DNA ligase 1 or 3 (Fig 6C) (47).  

1.2 B II Lesion detection in GG-NER and TC-NER  

Global genome nucleotide excision repair (GG-NER) repairs DNA adducts across the 

entirety of the genome. GG-NER is initiated when the damage sensing protein XPC binds to 

helix distortion caused by DNA adducts, facilitating direct detection of DNA adducts (50). XPC 

functions in complex with RAD23B and CENT2, and detects lesions in a two-step process of 

binding to ssDNA and lesion verification. XPC then recruits TFIIH via interaction with the p62 

subunit (48) to initiate downstream NER steps (Fig 6A). XPC binding is dependent on the degree 

of helix distortion at the lesion, leading to low repair efficiency of non-distorting lesions. XPC 

sensitivity is supplemented by other proteins that directly bind DNA adducts; UV induced CPDs 

are bound by UV-DDB, enhancing lesion distortion and XPC binding affinity to promote repair 

(47). 

TC-NER uses transcribing Pol II as a DNA damage sensing mechanism, and is initiated 

at sites of Pol II stalling. Bulky lesions on the transcribed strand obstruct transcribing Pol II, 

causing pol II stalling which is recognized by TC-NER factors. In this way, TC-NER responds to 

the transcription stalling caused by the lesions (47). CSB (gene name: ERCC6) first binds stalled 
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Pol II and promotes Pol II progression via translocase activity. CSB translocase activity allows 

Pol II bypass of difficult to transcribe regions that do not merit repair by TC-NER. If CSB is 

unable to enable Pol II bypass of the lesion, it initiates repair through TC-NER (51). CSB 

recruits CSA (gene name: ERCC8), which in turn promotes recruitment of structural protein 

UVSSA and the deubiquitylase USP7. During TC-NER complex assembly, the RPB1 subunit of 

Pol II is ubiquitylated (20), promoting backtracking along the DNA (52). Finally, UVSSA 

recruits TFIIH via interaction with TFIIH subunit p62 (20,48), after which lesion repair proceeds 

via NER (Fig 6B). After removal of the lesion, transcription resumes, minimizing the impact of 

transcription blocking lesions on gene expression. Whether transcription restarts at the lesion or 

from the transcription start site remains a point of debate (53).  

1.2 B III Protein stability and ubiquitylation in TC-NER  

Post translational modification (PTM) of Pol II subunit RPB1 and of other TC-NER 

proteins has been extensively studied in the regulation of repair. CSA has a CUL4 Cullin Ring 

Ligase subunit which functions as a ubiquitylase (47), while UVSSA recruits the USP7 

deubiquitylase to the TC-NER complex (54). Ubiquitylation of Pol II subunit RPB1 at residue 

K1268 is required for TFIIH recruitment to stalled Pol II, and mutation of this residue is linked 

to neurological degenerative phenotypes in mice due to defects in transcription (20). ELOF1 also 

cooperates with CSA to promote the deposition of Ubiquitin at K1286 of RPB1 (55). Poly-

ubiquitylation of RPB1also promotes degradation and removal of persistently stalled Pol II. Pol 

II persistently stalled at a lesion is degraded in the event of TC-NER failure, enabling repair 

through alternative pathways such as GG-NER. Degradation of stalled pol II (18) and is 

mediated by CSA and CSB.  In UVSSA mutated cells, stalled Pol II is degraded via S26 pathway 

following UV damage (54). In contrast CSA or CSB deficient cells are not able to degrade Pol II, 
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leading to persistent stalling of Pol II at UV lesions (20,21) (Fig 7). Failure to degrade stalled Pol 

II may explain the severe phenotypes triggered by mutation in CSA or CSB (see 1.2 B VI)  

Figure 7: The fate of stalled Pol II in TC-NER mutants Model for the fate of Pol II stalled at a transcription 

blocking lesion. In wildtype cells (left), TC-NER is active, Repairing DNA damage and promoting transcription 

homeostasis. In UVSSA mutants (middle), TC-NER is not functional, but Pol II is be degraded via CSA/ CSB 

mediated polyubiquitylation, allowing GG-NER to repair the lesion. In CSA/ CSB mutants (right), TC-NER is not 

active and Pol II is not degraded, leading to persistent Pol II stalling which obstructs transcription and prevents 

lesion repair via GG-NER.  
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1.2 B IV UVSSA  

The ultraviolet stimulated scaffold A (UVSSA) gene encodes the protein UVSSA. Loss 

of UVSSA impairs TC-NER and sensitizes cells to UV damage. UVSSA is 709 amino acids in 

length and has two conserved functional domains; a Vps27, Hrs and STAM (VHS) domain in 

residues 1 to 150 and a domain of unknown function (DUF) 2043 from 495 to 605 (Fig 8). Both 

domains are required for TC-NER function (56). 

Figure 8: UVSSA protein structure Diagram of the UVSSA protein, highlighting conserved domains and 

functional residues. The VHS domain spans residues 1-150 while DUF 2043 spans 490 to 650. UVSSA binds to 

USP7 via a TRAF binding motif at residues 251-254. UVSSA binds to TFIIH via residues F408 and V411, which 

are in close proximity to a ubiquitylation site K414. 

 

UVSSA is recruited to stalled Pol II after initiation of TC-NER. UVSSA interacts 

transiently with Pol II during normal transcription, fully binding upon initiation of TC-NER (57). 

UVSSA binding to Pol II is dependent on interaction with CSA via UVSSA’s VHS domain (58). 

UVSSA recruitment to the site of damage, which promotes Pol II binding, is also mediated by 

the histone chaperone FACT via its Spt16 subunit. UVSSA interaction with SPT16 via UVSSA’s 

DUF 2043 domain mediates localization (59). Recruitment of UVSSA is dependent on 

ubiquitylation of the Pol II subunit RPB-1 at the K1268. A ubiquitin binding domain in 

UVSSA’s VHS region is required for interacting with the ubiquitylation PTM on RPB1 (20). 

 



23 

 

UVSSA constitutively interacts with the USP7 deubiquitylase, and recruits USP7 to the 

stalled polymerase during TC-NER. USP7- UVSSA interaction is dependent on UVSSA’s tumor 

necrosis factor receptor-associated factor (TRAF)-binding motif, located at residues 251-254. 

Mutation of this domain destabilizes UVSSA and other TC-NER proteins upon UV irradiation, 

sensitizing cells to UV damage (60). UVSSA is monoubiquitylated at residue K414 (Fig10) 

during TC-NER (61).  

UVSSA is also required for recruitment of TFIIH to initiate NER. This is achieved by 

interaction of UVSSA residues F408 and V411 with the pleckstrin homology (PH) domain of 

TFIIH subunit p62 (Fig 8). The both UVSSA and XPC recruit TFIIH via interaction with the PH 

domain (48), elucidating how TC-NER and GG-NER damage recognition steps converge in in 

TFIIH recruitment. UVSSA deposition of TFIIH onto the DNA is dependent on ubiquitylation of 

UVSSA at K414 and RPB1 at K1268 (20).  

1.2 B V Lesions repaired by TC-NER  

The lesion recognition mechanism of TC-NER facilitates repair of a wide variety of 

lesions. Repair is initiated by Pol II stalling, detecting the impact of the lesion rather than the 

lesion itself. Downstream NER does not directly interact with the adduct, instead excising the 

damaged DNA. These features make TC-NER a versatile repair pathway for the removal of 

DNA adducts.  

As previously discussed, UV lesions obstruct the progression of Pol II, triggering TC-

NER (See 1.1 A II). The majority of understanding of the TC-NER pathway comes from study of 

the cellular response to UV damage, however TC-NER repairs a variety of other damage types. 

Bulky DNA adducts occur following exposure to environmental chemicals, including cigarette 

smoke, foodborne toxins, and other carcinogens. These chemicals bind to DNA bases directly 
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and obstruct progression of Pol II. DNA-protein crosslinks (DPCs) occur when a DNA binding 

protein becomes covalently bound to the DNA base, creating a bulky DNA adduct that blocks 

transcription and triggers TC-NER. Crosslink inducing drugs form multiple adducts that are 

repaired during transcription. Intra-strand crosslinks, covalent bond between adjacent DNA 

bases block Pol II progression and are repaired by TC-NER. ICLs, which impact both strands of 

the DNA, also obstruct transcription and are repaired through a transcription-coupled pathway 

that is poorly understood (See 1.2 C III). The GG-NER pathway also detects and repairs many of 

these lesions, however the kinetics of repair is dependent on the degree of helix distortion (62). 

1.2 B VI NER deficiency diseases  

Three inheritable conditions are associated with mutation in NER genes: Xeroderma 

pigmentosum, Cockayne syndrome, and Ultraviolet sensitivity syndrome. Here we describe 

clinical presentation of these diseases, the protein mutations observed in these diseases, and the 

insights derived from disease symptoms (Fig 9).  

Xeroderma Pigmentosum (XP) is an inherited autosomal recessive disease characterized 

by severe sun sensitivity, abnormal skin aging and pigmentation, and rapid onset skin cancer. XP 

patients have a 2000-to-10000-fold increased risk for skin cancer. A subset of XP patients also 

displays neurological deficiencies and degeneration. Cancer occurrence in these patients is linked 

to an inability to repair UV lesions. A diagnosis of XP can be confirmed by measuring 

unscheduled DNA synthesis, an indicator of NER, in UV damaged patient cells.   
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Figure 9: Tabulation of TC-NER deficiency syndromes Presentation of summary data on UVSS, XP, and CS 

syndromes associated with mutations in NER pathway genes, organized in order symptom severity. 

 

There are 8 XP complementation groups, (XPA-G and XPV), corresponding to 7 NER 

proteins and a TLS polymerase. Mutations in XPA-G impair NER, compromising UV damage 

repair and sensitizing patients to sunlight. Patients harboring XPC mutation are defective in GG-

NER but have functional TC-NER, while mutation of other NER proteins impairs both 

pathways. XPV is a TLS polymerase (Pol η) required for error free bypass of UV lesions (63). 

Unrepaired UV lesions are mutagenetic due to errors during replication (27), contributing to the 

cancer predisposition observed in XP patients (Fig 9, panel 3). The connection between DNA 

damage repair and neurological degeneration in a subset of patients requires further examination.  

Cockayne Syndrome (CS) is also characterized by a defect in UV damage repair and 

sunlight sensitivity. In addition to photosensitivity, patients experience neurodevelopmental 

symptoms, including microcephaly, mental retardation, tremors, and ataxia. These phenotypes 

are linked to neuronal degeneration, including demyelination, neuronal loss, and cerebral white 

matter atrophy. Patients display developmental abnormalities, including cachectic dwarfism and 

abnormal facial structure. Finally, progeroid symptoms include skin aging, loss of hearing, 
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musculoskeletal degeneration, and cataracts. As a result of these symptoms, the average lifespan 

for CS patients is 12 years. Notably, the cancers characterized in XP patients are not observed in 

CS patients (64).  

CS patients present two complementation groups, linked to mutation in genes ERCC6 

and ERCC8, which encode CSB and CSA, respectively. Mutations in these genes impairs TC-

NER, triggering the UV light sensitivity observed in in patients and patient derived cells. CSB 

and CSA are required for Pol II ubiquitylation and degradation upon stalling at DNA damage, 

and loss of this function is believed to contribute to the severity of CS phenotypes. GG-NER is 

functional in these patients, but is not able to compensate for loss of TC-NER (Fig 9, panel 4).  

Ultra Violet Sensitivity Syndrome (UVSS) patients display the same sunlight sensitivity 

observed in other NER deficiency diseases, but no other symptoms. UVSS patients undergo 

normal development, and do not display cancer predisposition. In the absence of exogenous UV 

damage, UVSS patients live very normal lives. Cells derived from UVSS patient display the 

same defect in UV damage repair observed in CS and XP (21,65).  

UVSS is caused by loss of the protein UVSSA (54) or by mutations in CSA that block 

recruitment of UVSSA (66). UVSSA mutations impairs TC-NER, resulting in sunlight 

sensitivity. The difference in clinical presentation between CS and UVSS patients indicates that 

TC-NER failure alone does not cause CS patient phenotypes (Fig 9 panel 2). Many theories have 

been put forward to explain the divergence of these diseases, for in depth discussion see section 

4.2 A I 
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1.2 C Replication independent ICL repair pathways  

Replication independent ICL repair has been observed and studied, revealing 3 additional 

DNA repair pathways that repair ICLs. Replication independent repair (RIR) facilitates removal 

of ICLs in G1 or G2 phase, or in non-replicative cells such as neurons (Fig 4). Investigation of 

RIR has revealed novel functions in ICL repair for established repair proteins and pathways, 

revealing the interconnectedness of the DNA damage response and capability for repair 

pathways compensate for one another. We will briefly discuss the evidence for each RIR 

pathway  

1.2 C I Direct detection by MMR  

Mismatch repair (MMR) is a post replicative repair process that proofreads for replication 

errors and increases replication fidelity significantly. In human cells, the MMR complexes 

MutSα and MutSβ recognize helix distortion caused by base mispairing, and activate Exo1 to 

nick the daughter strand. Strand specificity in mammalian cells is achieved based on hemi-

methylation of the DNA immediately after replication or by DNA nicks in the daughter strand 

associated with replication (67), directing cleavage toward the daughter strand that contains the 

mis-incorporated base. Following endonuclease cleavage by Exo1, the gap is filled by Polδ. 

Heterozygous mutation of MMR genes in humans results in a heritable cancer predisposition 

called Lynch Syndrome, and mutation of MMR genes is also reported in sporadic cancers (68).   

The MMR pathway is linked to ICL repair in replication and transcription incompetent 

Xenopus laevis cell free extracts. In this model system, MutSα is required to detect the ICL and 

initiate a repair process that involves other MMR proteins MutLα and Exo1. MutSα recognition 

of ICLs is dependent on distortion of the DNA helix at the lesion, as minimally distorting 

nitrogen-mustard crosslinks were not repaired by MMR (11). This ICL repair pathway is 
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initiated solely based on MutSα detection of the lesion, allowing repair independently of 

replication or transcription. 

1.2 C II ICL repair in G1 via GG-NER 

ICLs are repaired in the G1 phase of cell cycle by GG-NER and TLS polymerase Pol ζ. 

In yeast, NER is proposed to initiate endonucleolytic cleavage flanking the ICL, followed by 

TLS during gap filling synthesis to bypass the lesion. Pol ζ mediated TLS of an ICL is dependent 

on Pol δ, indicating that normal NER gap filling stalls at the lesion and activates TLS. 

Recruitment of Pol ζ is also dependent on PCNA monoubiquitination. The XPC yeast 

homologue rad4 is required for G1 ICL repair, indicating that the Global Genome-NER initiates 

repair by detecting the ICL (12). NER dependent G1 ICL repair has also been observed in 

mammalian cells (69), incorporating TLS polymerase Pol η (70). TLS polymerases have also 

been implicated in RIR of ICLs in Xenopus cell free extracts. In this system, Pol κ, is required 

for ICL repair, mediated by PCNA (45).  

1.2 C III Transcription-coupled ICL repair 

A bias for repair of ICLs in transcribed regions suggests the existence of transcription-

coupled ICL repair (TC-ICR) (71). Indeed, loss of TC-NER proteins CSA and CSB sensitizes 

mammalian cells to cisplatin (72,73), indicating that transcription-coupled repair is required for 

cell survival following ICL damage. Direct evidence of TC-ICR has been established using a 

fluorescent reporter reactivation assay, confirming the involvement of CSB (17). TLS by Pol ζ is 

also required for TC-ICR, indicating that transcription-coupled repair may remove ICLs via 

NER/TLS steps as previously described. Notably, loss of FA pathway proteins had no impact in 

this reporter assay, and the combined inhibition of transcription and replication-coupled ICL 

repair additively sensitized cells to crosslinking drugs. Thus, the TC-ICR pathway likely 
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functions independently of replication-coupled repair (17). CSB recruits exonuclease SNM1A 

during TC-ICR, which may promote remodeling of the lesion in preparation for TLS (74).The 

complete mechanism for TC-ICR has not yet been elucidated, and the degree of overlap between 

TC-ICR and TC-NER pathways remains a point of interest.   

 

1.3 Genome instability and cancer  

Cells have evolved the complicated DNA damage response to preserve the integrity of 

the genome and prevent changes to the DNA sequence. In addition to the impacts we have 

already discussed, failure to repair DNA damage results in mutations that contribute to 

tumorigenesis. Mutations that cause mis-regulation of pro-growth signals, or inactivate 

apoptosis, drive unrestrained growth in cancer. Cancer cells often display genome instability as a 

result of mutations in genome maintenance proteins, such as p53, or hyperactivation of pro-

growth signaling. Research into DNA repair and genome instability is important to our 

understanding of how cancer develops.  

DNA damage is also relevant to the treatment of cancer; DNA damaging agents, 

particularly the crosslinking agents we have discussed, are employed as chemotherapeutics 

because the genetically unstable and rapidly replicating cancer cells are sensitive to these 

treatments. Thus, cancer treatment regimens can be improved by research into DNA damage and 

repair (75). For example, PARP inhibitors are now being used in the clinic for treatment of 

BRCA deficient tumors (76), and in combined therapy with crosslinking drugs (77). These new 

approaches were developed following research into DNA repair pathways and synthetic lethality, 

showing the clinical value of basic research into DNA repair and genome instability. 
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1.3 A MYC and genome instability in cancer 

The oncogene MYC is one of the most commonly amplified genes in human cancers. 

When overexpressed, MYC contributes to cancer development by both deregulating cellular 

growth processes and promoting genome instability. As MYC is central to a chapter of this text, 

we must discuss the function of MYC in normal and cancerous growth and summarize the 

knowledge of genome instability triggered by MYC activation.  

1.3 A I MYC function in normal growth and cancer  

The proto-oncogene MYC encodes a transcription factor that is a central regulator of 

cellular growth. In normal cells, MYC is tightly regulated at the level of transcription, mRNA 

stability, translation, and protein stability (78,79). This extensive regulatory network ensures 

proper regulation of growth signaling. MYC expression promotes the accumulation of biomass, 

activation of glycolytic metabolism, progression of the cell cycle, and rapid cell growth via 

upregulation of pro-growth target genes (80,81). As a transcription factor, MYC regulates 

transcription of numerous target genes by promoting the release of promoter paused RNA 

polymerase II (82). MYC is known to directly regulate an extensive list of targets, estimated to 

be 15% of all genes in humans. In addition, MYC activation triggers a general upregulation of 

transcription, driving an increase in the active transcription profile of a cell (83,84). In this way, 

MYC both specifically drives transcription of pro-growth targets and enhances general 

transcription to promote metabolic pathways appropriate to the individual cell.  

Cyclins genes are upregulated by MYC activity (85) allowing MYC to regulate 

replication and promote cell division through its function as a transcription factor. MYC is also a 

direct promoter of replication independent of its transcription factor activity. Experiments in 

Xenopus laevis show a dose dependent effect of MYC protein level on replication origin activity. 
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Notably, hyperactivation of replication via MYC was accompanied by DNA damage signaling 

and checkpoint induced replication arrest (86), linking MYC induced replication to genomic 

instability. 

Improper activation of MYC, through amplification, mis-regulation, or mutation, 

constitutively activates its pro-growth signal, and is commonly observed in numerous cancer 

types. MYC activation contributes to cancer growth through several mechanisms: MYC induced 

metabolic changes provides the cellular energy required for rapid growth. Mis-regulation of the 

cell cycle allows for rapid progression through cell division and bypass of DNA damage 

checkpoints. MYC activation induces genomic instability which contributes to cancer 

mutagenesis and subsequent transformation and adaptability (87). Conversely, MYC mis-

regulation also drives apoptosis via p53, and is a significant stressor that cancer cells must adapt 

to (81). Efforts to directly target MYC activation in cancers have been stymied by an inability to 

design drug inhibitors of the protein (88). A better understanding of the way that cancer cells 

adapt to and survive hyperactive MYC activation can contribute to more effective treatments for 

patients exhibiting tumors with MYC amplification.  

1.3 A II MYC induced genome instability 

MYC activation alone is not sufficient for tumorigenesis, as shown by a delay between 

MYC activation and tumorigenesis (89). Loss of tumor suppression is required for cancerous 

growth. MYC activation results in genome instability, producing secondary mutations that 

contribute to tumorigenesis. Multiple model systems of MYC activation display increased 

genome instability (87) including karyotype variance and gene amplification (90). These 

alterations likely contribute to tumorigenesis and promote resistance to chemotherapeutics. For 

example, MYC overexpression in rat fibroblasts promoted amplification of dihydrofolate 
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reductase gene, contributing to resistance to the chemotherapeutic methotrexate (91). MYC 

linked amplification of other genes involved in DNA synthesis has also been reported (92). 

Several mechanisms have been posited to explain the genomic instability observed in 

MYC activated cancers. One is the promotion of cell cycle progression and the suppression of 

arrest at DNA damage checkpoints. MYC overexpression enables cells to overcome ionizing 

radiation (IR) induced cell cycle arrest, allowing damaged cells to enter S phase (93). Cells 

entering S phase with unrepaired DNA breaks will trigger replication fork collapse, resulting in 

chromosomal rearrangements and amplifications (89) which are observed in MYC 

overexpressing tumors. MYC induced metabolic activity also drives the accumulation of ROS. 

ROS are byproducts of oxidative metabolism that react with DNA bases to produce oxidative 

lesions, which produce DNA breaks and point mutations if improperly repaired. ROS 

accumulation is observed in human tumor cell lines upon MYC activation in tissue culture 

experiments (89,93). ROS induced damage contributes to both point mutations and chromosomal 

rearrangements, increasing the genomic instability in MYC activated cancer cells. MYC induced 

hyperactivation of transcription also drives genome instability. As this effect is relevant to our 

work, we will discuss it in depth.  

Transcription stress is genomic instability resulting from hyperactive transcription. 

Transcription stress is observed upon activation of transcription by oncogenes: MYCN activation 

drives transcription-coupled genome instability in BRCA1 deficient neuroblasts (94). 

Hyperactivation of paused Pol II release via MYC due to overexpression of RUVBL1 drives 

transcription dependent genome instability (95). Finally, HRAS overexpression in fibroblasts 

triggers transcription dependent damage signaling, R-loop formation, and slowing of replication 

forks. Notably, activation of transcription by overexpression of TBP triggered the same effects, 
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indicating that direct hyperactivation of transcription triggers transcription stress (96). MYC 

induced transcription stress is a likely source of genome instability in cancer. 

MYC induced transcription could cause transcription stress through several different 

mechanisms. Increased transcription renders cells vulnerable to replication-transcription conflict 

(RTC). RTC occurs when transcription machinery collides with a replication fork, and results in 

fork collapse and DSBs (97). Deregulated transcription activation contributes to the occurrence 

of RTC due to the increased number of polymerases active on the DNA. Cancers overexpressing 

MYC should be especially vulnerable to RTC induced instability, as MYC promotes both 

replication (86) and transcription (82), Indeed, MYC induced replication origin firing in highly 

transcribed regions results in fork collapse and chromosomal rearrangements (98). In addition, 

unregulated transcription depletes the nucleotide pool, causing transcription stalling, and in turn 

collisions or mis-regulation of transcription. Hyperactive transcription also produces R-loops; 

DNA-RNA hybrids where RNA invades the duplex and displaces a DNA strand, exposing single 

stranded DNA. R-loops are a significant source of genome instability due the modification or 

nicks formed in the exposed ssDNA, and R-loop obstruction of DNA polymerases. Transcription 

also contributes to topological stress, generating supercoils that obstruct replication fork 

progression (99).  

Hyperactivation of oncogenes can trigger a dependency on DNA repair proteins to 

prevent genome instability. This dependency is observed through the synthetic lethality upon 

knockdown of the repair protein in oncogene activated cells. For example, hyperactivation of 

MYCN, a paralog of MYC, in neuroblasts drives Pol II promoter release, activating 

transcription. Knockdown of BRCA1 in MYCN overexpressing cells prevents Pol II release, 

leading to accumulation of Pol II at the promoter, R-loops, and synthetic lethality. BRCA1 is 
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required to mitigate transcription stress induced by MYCN hyperactivation (94). Research into 

MYC synthetic lethality has the potential to reveal targets for inhibitors that selectively induce 

lethality in MYC activated tumors, but further investigation is needed to identify these targets.  

1.3 B DNA damaging agents and cancer  

Cancer cells are sensitive to DNA damage due to mutations in DNA repair pathways, 

deregulation of cell cycle checkpoints, rapid division, and intrinsic genome instability (100). 

DNA damaging agents induce selective toxicity in cancer cells and are utilized as 

chemotherapeutic agents. Various DNA damage inducing agents have been developed for this 

purpose. The first chemotherapeutics studied were the ICL inducing nitrogen mustards. As 

previously discussed, (see 1.1 A I), these agents bifunctionally interact with DNA bases, creating 

a covalent link between opposing strands of DNA. Nitrogen mustard and its derivatives are 

commonly used in the treatment of leukemias, myelomas, lung and breast cancers. Other ICL 

inducing agents including platinating drugs, Mitomycin C, and Psoralens have been developed, 

and are widely used for treatment of lymphoma, lung, ovarian, testicular, esophageal, breast, and 

bladder cancers (75). While these drugs are effective in killing cancer cells and improve patient 

prognosis, cancer cells adapt to treatment regimens, resulting in chemoresistance and cancer 

reoccurrence. Multiple mechanisms for acquired chemoresistance have been demonstrated, 

including activation of DNA repair pathways to promote genome stability (101). Novel cancer 

treatment regimens are needed to improve patient outcomes and circumvent acquired 

chemoresistance.  

A better understanding of DNA repair supports the development of more effective cancer 

treatment regiments. Combinational therapy is the simultaneous use of multiple agents, yielding 

greater efficacy at lower doses than monotherapy treatment. For example; Poly (ADP ribose) 



35 

 

polymerase inhibitors (PARPi) block SSB repair and selectively kill BRCA1/2 mutated tumors 

due to their deficiency in HR. PARPi drugs have been approved for use in patients displaying 

BRCA deficient tumors as a monotherapy (76) and are being studied in combination regimens. 

Combination of PARPi with platinum based crosslinking agents synergistically increases 

cisplatin toxicity, resulting in synthetic lethality even in BRCA competent or cisplatin resistant 

tumor lines (77). Clinical evaluation of this combination is currently ongoing. Other 

combinational regimens currently undergoing clinical evaluation pair platinating agents with 

immune checkpoint inhibitors (102) or apoptosis enhancers (103). Numerous other synthetic 

interactions have been identified in vitro that may merit follow up with clinical studies (104). 

Novel cancer treatment regimens and pathway inhibitors are developed following basic research 

into DNA repair, revealing the potential of this research to improve patient outcomes.  

Precision oncology is another approach that improves chemotherapeutic effectiveness by 

identifying genetic markers in patient cancers that are predictors of treatment prognosis. Some 

cancer mutations are indicative of how a patient will respond to a treatment regimen, indicating 

one approach over another. Targeted therapy requires data linking genetic markers to drug 

sensitivity and patient outcomes, necessitating basic research into DNA damage repair and 

clinical research linking patient prognosis following chemotherapeutic treatment with genetic 

profiling of tumors (105). DNA repair protein expression (106) and mutation (107) is linked to 

patient outcomes, indicating that repair proteins have value as biomarkers in targeted therapy. 

Identification of these biomarkers is another way that basic research improves cancer treatment. 
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Chapter 2: Transcription-coupled repair of DNA interstrand 

crosslinks by UVSSA  

The entirety of Liebau et all (preprint) is reproduced here with minor changes for 

formatting. Work contribution: R. C. Liebau conducted the majority of experiments. C. Waters 

conducted initial experiments in clonogenic sensitivity, engineering of the pEm-N1-CW reporter 

plasmid, initial experiments in ICL repair efficiency, and helped design the sgRNA for UVSSA 

knockout. A. Ahmed conducted immunofluorescence microscopy experiments and analyzed the 

data. R.K. Soni conducted liquid chromatography and mass spectrometry with initial data 

analysis. R. C. Liebau, C. Water, A Ahmed, J. Gautier designed the study and analyzed data.  

2.1 Introduction 

DNA interstrand crosslinks (ICLs) are DNA lesions characterized by a covalent bond 

between opposing strands of the DNA helix. DNA crosslinks prevent melting of double stranded 

DNA, blocking essential DNA transactions including RNA transcription and DNA replication 

(43). ICLs can be caused by products of endogenous metabolic activity as well as following 

exposure to chemotherapeutic drugs. Unrepaired ICLs disrupt replication, halt the cell cycle, and 

trigger apoptosis (5). To preserve genome integrity, organisms have evolved repair mechanisms 

to remove ICLs. 

The best understood ICL repair mechanism is the Fanconi Anemia (FA) pathway. The 

FA pathway was identified in patients suffering from Fanconi Anemia, an inherited genetic 

disorder characterized by bone marrow failure, high incidence of early onset cancer, and extreme 

sensitivity to crosslinking agents. FA patients harbor mutations in one of 23 genes that make up 
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the FA pathway. FA is activated during DNA replication, when a replication fork stalls at an 

ICL. The stalled fork is recognized by FA proteins, which activate downstream repair 

mechanisms to effect removal of the lesion and resumption of replication. Cells harboring 

mutation in the FA pathway are not able to resolve these replication blocks, and accumulate 

DNA double strand breaks (DSBs) and mutations (43).  

Replication-coupled repair by FA is thought to be the major repair mechanism to remove 

ICLs. However, non-replicative or rarely replicating cells must still repair ICLs to preserve 

genome integrity. Investigation of replication independent repair (RIR) of ICLs has revealed 

alternative ICL repair mechanisms that function independently of FA (Reviewed (108)). 

Xenopus laevis cell-free extracts which do not undergo replication are still capable of repairing 

ICLs. RIR requires the DNA polymerase Pol K, implicating translesion synthesis (TLS) in ICL 

repair outside of replication (45). A component of RIR in Xenopus extract is the Mismatch 

Repair (MMR) protein MutSα, an ICL sensor that detects helix distortion caused by DNA 

lesions. MutSα initiates repair of ICLs via MMR machinery, allowing for direct detection of the 

lesion and repair independent of DNA transactions (11). Mammalian cells repair ICLs during G1 

via the DNA damage sensor XPC (69). XPC functions in the global genome-nucleotide excision 

repair (GG-NER) pathway, indicating that multiple repair mechanisms detect and repair ICLs 

independently of replication (109).  

Transcription is another DNA transaction that influences ICL repair. Repair of ICLs is 

biased towards transcribed regions of the genome (71). Loss of transcription-coupled repair 

proteins CSA (ERCC8) or CSB (ERCC6) sensitizes cells to drugs that induce crosslinks (73), 

suggesting that those proteins are required for repair of ICLs. Indeed, CSB was found to promote 

repair of ICLs during transcription, in conjunction with TLS polymerase Pol ζ (17). 
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Transcription-coupled repair is observed for other DNA lesions, most notably Ultra Violet (UV) 

light induced base dimers. 

Transcription-Coupled Nucleotide Excision Repair (TC-NER) is triggered by lesions that 

halt transcribing RNA Polymerase II (Pol II), such as UV induced pyrimidine dimers or bulky 

DNA adducts (110). Pol II stalled at the lesion recruits TC-NER factors CSA, CSB, USP7, and 

UVSSA to remodel the transcription complex by eviction of DSIF and RFT1 as well as 

ubiquitylation of RPB1 (20,111). The modified Pol II complex backtracks along the DNA, 

exposing the lesion for repair. TFIIH is recruited and performs dual endonuclease cleavage, 

removing the damaged DNA segment from the transcribed strand. Gap filling synthesis and 

subsequent ligation then restores the transcribed strand (see for review (47,53)).  

Mutations in NER genes result in several inherited conditions that are primarily 

characterized by sensitivity to UV light. Xeroderma Pigmentosum (XP) is caused by mutation in 

genes XPA-XPG and XPV, resulting in severely increased risk of skin cancer in sun exposed 

areas. Neurological degeneration also occurs in a minority of patients (63). Cockayne Syndrome 

(CS), caused by mutation in CSA or CSB coding genes (ERCC8, ERCC6), is characterized by 

impaired TC-NER, stunted development, severe neurological impairment, and short lifespan. 

Finally, the relatively mild UV Sensitivity Syndrome (UVSS) triggers the same UV sensitivity 

without the cancer predisposition or developmental delays observed in other NER deficiencies 

(64,65).  

UVSS is caused by mutations in the Ultra Violet Stimulated Scaffold-A (UVSSA) 

protein. UVSSA is recruited to stalled Pol II by CSA (56), and in turn facilitates the recruitment 

of the USP7 deubiquitinase and TFIIH to stalled Pol II. Loss of UVSSA impairs TC-NER and 

sensitizes cells to UV damage (48,60). UVSSA also preserves genome stability during oncogene-
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driven transcriptional stress. We identified UVSSA in a genome-wide screen for genes 

regulating fitness of cMYC overexpressing cells. UVSSA knockdown sensitizes cells to cMYC 

overexpression, triggering transcription-dependent synthetic sickness. UVSSA regulates Pol II 

dynamics during cMYC induced transcriptional stress (112) indicating the importance of the 

protein for regulation of transcription during genomic stress. 

UVSSA was independently identified in two genome-wide screens for genes contributing 

to survival following ICL damage. Loss of UVSSA sensitized cells to the ICL inducing drugs 

maphosphamide (113) and cisplatin (114). Given UVSSA’s role in transcription-associated 

genome maintenance, these results suggest that UVSSA functions in Transcription-Coupled ICL 

Repair (TC-ICR). 

Here we show that UVSSA promotes TC-ICR. UVSSA knockout sensitizes cells to 

crosslinking drugs. Survival following ICLs is mediated by UVSSA binding to TFIIH. Repair of 

crosslinker induced DNA damage is significantly delayed in UVSSA-/- cells. Using an ICL 

specific reporter assay, we show that UVSSA is a TC-ICR factor. Finally, we characterize the 

UVSSA interactome following ICL damage and document the overlap between UV and ICL 

dependent UVSSA interactions. 

 

2.2 Materials and methods  

Cell culture: Cells were cultured at 37°C with 5% CO2. Hap-1 cells (Horizon C631) were 

cultured in IMDM (Thermo Fisher Scientific) supplemented with 10% FBS (Fisher Scientific) 

and 1% Penicillin/ Streptomycin (Invitrogen). MCF10a cells (ATCC CRL-10317) were cultured 

in DMEM/F12 media (Thermo Fisher Scientific) with 5% Horse serum (Invitrogen), 1% 

Penicillin/Streptomycin, 20μg/ml EGF (Peprotech AF-100-15), 500ug/ml Hydrocortisone 
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(Sigma-Aldrich H0888-1G), 100μg/ml Cholera toxin (Sigma-Aldrich C8052), and 10mg/ml 

Insulin (Sigma-Aldrich I0516). 293T cells (ATCC CRL-3216) were cultured in DMEM (Thermo 

Fischer Scientific) supplemented with 10% FBS and 1% Penicillin/ Streptomycin 

Clonogenic assay: Cells were seeded at a density of 500 cells per 10cm dish, in triplicate 

for each condition. Cells were allowed to grow for 24 hours before addition of drugs. After a 4-

hour treatment, the medium was removed by aspiration and replaced with fresh medium. Cells 

were incubated for 7-14 days and stained upon sufficient colony growth. Colonies were fixed in 

100% methanol for 5 minutes, followed by stain with 0.5% Crystal Violet for 5 minutes. Plates 

were rinsed and dried, and colonies were counted using the ICY software or manual counting 

Immunofluorescence microscopy: Wildtype and UVSSA-/- MCF10a cells were cultured 

on 8-well chamber slides and subjected to 20 nM SJG-136 treatment (MedChem Express: HY-

14573) or vehicle for 1 hour and incubated at 37 C for either 24, 48, or 72 hours. Cells were 

washed with PBS once and then pre-extracted with cold 2% PBS-Triton X-100 for 90 seconds. 

Cells were then washed with cold PBS for 1 minute and then fixed with 4% PFA (Electron 

Microscopy Sciences: 157-4) for 10 min. Cells were washed with room temperature PBS for 5 

minutes before permeabilization in 0.1% PBS-Triton X-100 for 10 min. Cells were then washed 

with PBS three times for 5 minutes each before incubation with blocking buffer (3% BSA in 

PBS-Tween 20) at room temperature for 1 hour. Cells were then incubated overnight at 4°C with 

primary RPA antibody (Abcam: ab2175, 1/250) diluted in blocking buffer under a Hybrislip 

(Invitrogen: H-18202). Following primary antibody staining overnight, hybrislip was removed 

and cells were washed with PBS for 5 minutes, three times. Cells were then incubated with 

Alexa 488 conjugated goat anti-mouse IgG (Abcam: ab150113, 1/1,000) secondary antibody and 

DAPI stain (Invitrogen, 1/10,000) diluted in PBS for 1 hour. Following incubation, cells were 
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washed with PBS three times for 5 minutes in the dark. Slides were prepared using Vectashield 

Mounting Medium (Vector Laboratories: H-1000-10) and then coverslipped. 

Slides were analyzed under 40x magnification using a Zeiss Axio Imager Z2 microscope, 

equipped with a CoolCube1 camera (Carl Zeiss). MetaCyte software (version 3.10.6) was used to 

detect nuclei stained with DAPI and to perform automated foci quantification with customized 

classifiers. For each time point, a minimum of 300 cells were analyzed.  

Protein whole cell lysis preparation: For whole cell lysates, cells were lysed in RIPA lysis 

buffer (NaCl 150mM, NP-40 1%, Deoxycholate 0.5%, Sodium Dodecyl Sulfate 1%, Tris HCl 

pH 8 50mM) 30 minutes on ice followed by high-speed centrifugation and collection of the 

supernatant. Protein concentration was quantified using the Pierce BCA Protein Assay Kit 

(Thermo Scientific 23225). Lysates were mixed with equal volume 2x Laemmli buffer (Sodium 

Dodecyl Sulfate 4%, 2-mercaptoethanol 10%, glycerol 20%, Bromophenol Blue 0.004%, Tris 

HCl pH 8 125mM) and boiled for 5 minutes at 95°C before storage at -20°C 

Chromatin fractionation: Cells were fractionated as described in (56). Briefly, cells were 

lysed in fractionation buffer (Tris HCl pH 7.5, KCl 100mM, Sucrose 300mM, MgCl2 2mM, 

Triton 0.1%, CaCl2 1mM, Dithiothreitol 1mM) on ice for 10 minutes, followed by centrifugation 

5 min 3800 xG at 4°C. The supernatant was collected and saved as the soluble fraction. The 

pellet was washed in buffer, followed by digestion with Micrococcal Nuclease in buffer at 1000 

units/ml for 30 minutes at room temperature. Digestion was halted by addition of 

ethylenediaminetetraacetic acid to a final concentration of 5mM. Samples were centrifuged 5 

min 3800 xG at 4°C and the supernatant was collected. The pellet was washed with fractionation 

buffer and centrifuged again, and the supernatants were combined to generate the chromatin 
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fraction. Protein concentration was assayed by BCA as above, and lysates were then boiled in 

equal volumes 2x Laemmli buffer before storage at -20°C 

Western blotting: Samples were run on precast Tris-Glycine 8% Novex gels (Thermo 

Fisher Scientific XP00080BOX) with GTS running buffer (Tris 25 mM, Glycine 190 mM, SDS 

0.1%) or 4-12% Bis-Tris precast NuPAGE gels (Thermo Fisher Scientific NP0322BOX) with 

MOPS running buffer (Thermo Scientific NP0001). For whole cell lysates, 60μg of protein was 

loaded. For cellular fractions, 60μg or 30μg of protein was loaded for the soluble or chromatin 

fractions, respectively. Proteins were transferred to PVDF membrane using the Iblot 2 system 

(Thermo Fisher Scientific IB21001). Membranes were then blocked for 1-2 hours in 5% 

powdered milk in PBST. Membranes were incubated overnight at 4°C with diluted antibodies as 

indicated. Membranes were then washed in PBST for 5 minutes 4X, followed by incubation with 

appropriate HRP conjugated secondary antibody at 1:10000-1:50000 dilution for 1 hour at room 

temperature. Membranes were again washed in PBST 4X 5 minutes each, followed by 

chemiluminescence either with Peirce ECL western Blotting Substrate (Thermo Fisher Scientific 

32106), SuperSignal West Pico Plus (Thermo Fisher 34580), or SuperSignal West Dura extended 

Duration Substrate (Fisher Scientific 37071) 

Co-Immunoprecipitation: Cellular fractions generated following chromatin fractionation 

protocol were pre cleared by mixing with Sepharose beads (Sigma-Aldrich 4B200) for 30 

minutes at 4°C. After centrifugation, the supernatant was extracted using a 30-gauge needle, and 

then incubated with Anti-Flag M2 affinity gel (Sigma-Aldrich A2220) overnight at 4°C. Beads 

were washed 5x steps in fractionation buffer, then proteins were eluted in 2x SDS sample buffer 

(Tris HCl pH 6.8 125 mM, SDS 4%, Glycerol 20%, Bromophenol Blue 0.004%) by boiling at 

95°C. 5-10ul of elution sample was ran for western blot. 
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Western blot quantification: Quantification was performed using ImageJ software. The 

mean gray value for each band was evaluated and processed to correct for background signal. 

This value was then normalized to loading control signal. The band intensity was then 

normalized to the average of untreated samples, if detectable.   

On-beads digestion for mass spectrometry: The Co-IP protocol above was followed until 

completion of the final wash step. Immunoprecipitated proteins on agarose beads were then 

washed five times with 200 μl of 100 mM Tris-pH 8.0. Proteins were reduced with 10 mM 

TCEP and alkylated with 11 mM iodoacetamide (IAA) that was quenched with 5 mM DTT. 

Protein digestion was processed by adding 1 μg of trypsin/Lys-C mix and incubated overnight at 

37°C and 1400 rpm in a thermomixer. The next day, digested peptides were collected in a new 

microfuge tube and digestion was stopped by the addition of 1% TFA (final v/v), followed by 

centrifugation at 14,000 x g for 10 min at room temperature. Cleared digested peptides were 

desalted on an SDB-RPS Stage-Tip (115), and dried in a speed-vac. Peptides were dissolved in 

3% acetonitrile/0.1% formic acid. 

Liquid chromatography with tandem mass spectrometry (LC-MS/MS): Peptides were 

separated within 80 min at a flow rate of 400 nl/min on a reversed-phase C18 column with an 

integrated CaptiveSpray Emitter (25 cm x 75µm, 1.6 µm, IonOpticks). Mobile phases A and B 

were with 0.1% formic acid in water and 0.1% formic acid in ACN. The fraction of B was 

linearly increased from 2 to 23% within 70 min, followed by an increase to 35% within 10 min 

and a further increase to 80% before re-equilibration. The timsTOF Pro was operated in PASEF 

mode (116) with the following settings: Mass Range 100 to 1700m/z, 1/K0 Start 0.6 Vs/cm-2, 

End 1.6 Vs/cm-2, Ramp time 100ms, Lock Duty Cycle to 100%, Capillary Voltage 1600V, Dry 

Gas 3 l/min, Dry Temp 200°C, PASEF settings: 10 MS/MS Frames (1.16 seconds duty cycle), 
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charge range 0-5, an active exclusion for 0.4 min, Target intensity 20000, Intensity threshold 

2500, CID collision energy 59eV. A polygon filter was applied to the m/z and ion mobility plane 

to select features most likely representing peptide precursors rather than singly charged 

background ions. 

LC-MS/MS data analysis: Acquired PASEF raw files were analyzed using the MaxQuant 

environment V.2.1.3.0 and Andromeda for database searches at default settings with a few 

modifications (117). The default is used for the first search tolerance and main search tolerance 

(20 ppm and 4.5 ppm, respectively). MaxQuant was set up to search with the reference human 

proteome database downloaded from UniProt. MaxQuant performed the search trypsin digestion 

with up to 2 missed cleavages. Peptide, site, and protein false discovery rates (FDR) were all set 

to 1% with a minimum of 1 peptide needed for identification; label-free quantitation (LFQ) was 

performed with a minimum ratio count of 1. The following modifications were used for protein 

identification and quantification: Carbamidomethylation of cysteine residues (+57.021 Da) was 

set as static modifications, while the oxidation of methionine residues (+15.995 Da), and 

deamidation (+0.984) on asparagine were set as a variable modification. Results obtained from 

MaxQuant, protein groups table was further used for data analysis. 

CoIP protein enrichment analysis: LFQ values were extracted from MaxQuant analysis 

and further analyzed using Perseus software. Standard transformation including removal of “only 

identified by site” results and transformation by log2 was performed. Proteins displaying partial 

detection in one condition (mix of zeros and values) were eliminated, such that only proteins that 

were consistently detected or not detected remained. Zeros were replaced by imputation from a 

normal distribution (width 0.3, downshift 1.8) using built in Perseus tools. Finally, significance 

of enrichment was analyzed using students t-test comparing mock treated samples to SJG or UV 
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damaged samples. FDR was calculated using Benjamini-Hochberg method. Log2 FC was 

calculated by taking the average of Log2(LFQ) for each condition and subtracting untreated from 

treated.  

DNA interstrand crosslinked oligonucleotide preparation: Single stranded insert 

oligonucleotides (see oligo table) were brought to 95°C for 5 minutes and allowed to cool and 

anneal for 2 hours. 100μg of annealed oligo was mixed with 2x SJG buffer (Triethanolamine 

50mM, EDTA 2mM) and SJG-136 was added to a final concentration of 100μM. Oligos were 

incubated overnight at 37°C before ethanol precipitation. The oligo was then run on a 15% 

PAGE urea denaturing gel to separate crosslinked from un-crosslinked species. The heavier 

running crosslinked species was excised from the gel via UV shadowing and then eluted by 

crush and soak method and isopropanol precipitation. The crosslink bearing oligo and an 

uncrosslinked control was then phosphorylated by PNK (New England Biolabs M0201S).  

pmEmerald-n1 modification for ICL reporter assay: The pmEmerald-n1 plasmid was 

mutagenized to disrupt the Blp1 site at 1358 and to remove the SV40 replication site using two 

rounds of Quikchange II site directed mutagenesis (Aligent Technologies 200523). The reporter 

was digested using Bam HI and Nhe I to insert a fragment from the pEGFP-N3-ΔSV40 plasmid 

(45) containing two BbsI sites, such that digestion with BbsI would generate overhangs 

compatible with insertion of a single crosslink bearing oligonucleotide. The resulting plasmid 

was dubbed pEm-N1-CW. Editing was confirmed by sequencing.  

ICL reporter backbone preparation: pEm-n1-CW was digested by BbsI. The digest was 

run on an ethidium bromide agarose gel and the linearized fragment excised under brightfield 

light. The linear DNA backbone was then extracted from the gel via electroelution in D-tubes 

(EMD Millipore 71508-3), followed by phenol chloroform extraction and butanol concentration.  
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ICL reporter ligation and purification: pEm-n1-CW backbone was ligated to either 

crosslinked insert or control insert by T4 DNA ligase for 72 hours at 4°C. After confirming 

ligation by agarose gel electrophoresis, both reporters were purified by phenol chloroform 

extraction and concentrated by butanol extraction. The crosslink bearing reporter was then 

digested overnight with BglII Ito remove any un-crosslinked species. Both reporter plasmids 

were then purified via CsCl gradient to remove linear products and desalted and concentrated 

using an amicon ultra filter tube (EMD Millipore UFC503024)  

ICL reporter transfection: Cells were transfected using the neon transfection system. 

Following the neon transfection protocol, 3*105 Hap-1cells or 2*105 MCF10a cells were 

transfected with 1ug pCAGGS carrier DNA, 50ng pmCherry-c1 for transfection efficiency 

control, and 50ng of either crosslinked or uncrosslinked control reporter. Cells were grown for 

24 hours and then collected by trypsinization and resuspended in PBS before fluorescence 

acquisition on an Attune NxT Flow Cytometer (Thermo Fischer A29002) and gated for green 

(530/30 nm) and red (620/15 nm) emission.  

ICL repair efficiency calculation: After standard gating to remove doublets, fluorescence 

gates were set based on a negative control to determine the percentage of cells fluorescing. The 

mEmerald fluorescing cell population was then subdivided based on fluorescence intensity into 

low, medium, and bright fluorescing groups. The percentage of cells that fell into the bright 

intensity gate was then calculated, and normalized to transfection efficiency (calculated from 

mCherry fluorescence). The normalized bright value of cells transfected with the crosslinked 

reporter was then divided by the same value for the cell transfected with the control reporter, 

generating a repair efficiency value. Any technical repeats were averaged. Repair efficiency was 

then normalized to wild type.  
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UVSSA knockout by iSTOP: The iSTOP sgRNA was designed using the web tool 

provided by Dr. Ciccia’s lab (https://www.ciccialab-database.com/istop/#/). The sgRNA guide 

was ligated into the B52 sgRNA expression plasmid. A plasmid expressing the BE3 enzyme, a 

modified Cas9 enzyme, and containing a blasticidin resistance marker, as described in (118), was 

generously provided by the Ciccia lab. The BE3 expression vector and the sgSTOP expression 

vector were cotransfected via JetPEI (Polyplus 101000053) and cells were incubated for 72 

hours before selection with blasticidin. The selected population was expanded to generate an 

uncloned population that was subsequently used for cloning to isolate cells containing the edit. 

Successful editing was confirmed by RFLP, sequencing, and western blot analysis.  

Single cell cloning: Uncloned populations were collected by trypsinization. The 

suspension was then diluted to a concentration of 4.8 cells per milliliter. 200ul of this suspension 

was distributed into each well of a 96 well plate. Cells were incubated for 2-3 weeks before 

identifying single colonies, which were expanded as needed. iSTOP editing was again confirmed 

by RFLP analysis, sequencing, and western blot for protein expression.  

UVSSA mutagenesis: The FLAG-UVSSA fusion protein expressing plasmid (pcDNA3.1 

FLAG-UVSSA) was a generous gift from the Tanaka lab. Mutations in UVSSA functional 

residues were induced using the Q5 mutagenesis system. Primers were designed using the NEB 

base changer portal (https://nebasechanger.neb.com). Mutation was confirmed by sequencing. 

The mutated UVSSA coding region was then amplified using primers designed to add AscI and 

EcoRI restriction sites, allowing ligation into the pBabe-puro backbone for retroviral 

transduction. 

Retroviral transduction: 293T cells were transfected with pBabe puro plasmid containing 

either a wild type or mutated FLAG-UVSSA construct, along with VSV-G and pUVMC 

https://www.ciccialab-database.com/istop/#/
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packaging plasmids via Jetpei (VWR 89129-916). 293T cells were grown for 24 hours before 

replacing the media with target cell media. After 24 hours the viral media was collected and 

filtered through a 0.45 micron filter before being added to cells along with 1 ml of fresh media 

and polybrene to a final concentration of 10ug/ml. 72 hours after transduction cells were selected 

with puromycin at a concentration of 2ug/ml. Cells were grown for 48 hours under selection 

before removal of the antibiotic and expansion of the population for cloning.  

Statistical Analyses: Statistical significance of RPA foci counts was calculated using one 

way ANOVA with multiple comparisons in Graphpad Prism 9 software. Data was gathered from 

3 biological replicates with N>300 for each datapoint. All other statistical values presented in the 

figures were calculated by appropriate t-test (paired, unpaired, two tail). Clonogenic survival 

data was gathered from 6 biological replicates per condition, N=6. ICL repair efficiency data was 

gathered from 3 independent biological replicates, with any technical repeats averaged, N=3. 

Western blot band intensity quantification was gathered from 3 biological replicates per 

condition, N=3.  For protein enrichment, significance was analyzed by Perseus software 

(https://maxquant.net/perseus/) by t-test with multiple comparison correction by Benjamini-

Hochberg method. CoIP protein enrichment data was collected from 3 independent biological 

replicates.  All other comparisons were analyzed using Graphpad Prism 9 software 

(https://www.graphpad.com/). Linear regression analysis of DepMap data (table1) was generated 

by the DepMap web portal (https://depmap.org/portal/), all other regressions were analyzed by 

Graphpad Prism 9 software. A confidence interval of 95% (P<0.05) was set for all comparisons 

Reagents: Primary Antibodies: UVSSA (Genetex GTX106751), Vinculin (Cell signaling 

Technology 4650S), FLAG M2 (EMD millipore F3165), Pol IIo (EMD millipore 04-1571), CSA 

https://maxquant.net/perseus/
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(Abcam ab137033), CSB (Santa Cruz Biology sc-166042), Histone 3 (Cell Signaling 

Technology 9715), HDAC1 (Abcam ab109411), RPA (Abcam ab2175).  

Restriction enzymes: all restriction enzymes acquired from NEB: BbsI (R0539S), BamHI 

(R0136S), NheI-(HF R3131S), BglII (R0144S), AscI (R0558S), EcoRI (R0101S) 

Kits: Q5 mutagenesis kit NEB (E0554S) 

Equipment: Attune NXT flow cytometer (Thermo fisher scientific A29002). Neon 

transfection system (Thermo Fischer MPK5000).  

Biological Resources: Human cell lines: Hap-1 (Horizon C631), UVSSA-  (Horizon 

HZGHC005817c010). MCF10a (ATCC CRL-10317). 293T (ATCC CRL-3216). 

Plasmid vectors: pmEmerald-n1 (Addgene 53976), pBabe-puro (Addgene 10668), 

pCaggs (BCCM LMBP 2453), pMcherry-c1 (Addgene 58476), B52 (Addgene 100708), VSV-g 

(Addgene 8454), pUVMC (Addgene 8449) 

Websites and programs: iSTOP sgRNA database https://www.ciccialab-

database.com/istop/#/ (118). Depmap cancer dependency database https://depmap.org/portal/. 

NEB base changer mutagenesis PCR design tool https://nebasechanger.neb.com. Perseus protein 

quantification software, https://maxquant.net/perseus/ (119). FCS express fcs file explorer 7, 

https://denovosoftware.com/. Graphpad prism 9, https://www.graphpad.com/. ICY bioimaging 

analysis https://icy.bioimageanalysis.org/. FIJI image processing software 

https://imagej.net/software/fiji/. (120). 

2.3 Results  

2.3 A UVSSA loss sensitizes cells to DNA crosslinking drugs and delays crosslinker damage repair  

UVSSA was identified in a genome wide CRISPR knockout screen in Acute 

Lymphocytic Leukemia (ALL) cells as a potential regulator of maphosphamide sensitivity 

https://www.ciccialab-database.com/istop/#/
https://www.ciccialab-database.com/istop/#/
https://depmap.org/portal/
https://nebasechanger.neb.com/
https://maxquant.net/perseus/
https://denovosoftware.com/
https://www.graphpad.com/
https://icy.bioimageanalysis.org/
https://imagej.net/software/fiji/
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((113), table S1). Loss of UVSSA resulted in enhanced crosslinking drug sensitivity, suggesting 

that UVSSA is required for ICL repair, possibly in a transcription-coupled mechanism. We 

sought to test this idea in UVSSA knockout haploid Hap-1 cells (Fig S1A). We compared the 

sensitivity of Hap-1 wild type (WT) and UVSSA deficient (UVSSA-) cells to ICL inducing drugs 

cisplatin and mitomycin C (MMC) in clonogenic assays. We observed that UVSSA- cells display 

significant sensitivity to cisplatin (Fig 10A) and MMC (Fig S1b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1: UVSSA is depleted in a CRISPR knockout screen for genes sensitizing to Maphosphamide 

Data from Oshima 2020 (113), Supplementary table 7g, from the gene drug interaction CRISPR knockout screen in 

maphosphamide treated ALL cancer cells. Values are negative score and negative log fold change calculated for all 

CRISPR guides significantly depleted by an FDR cutoff of 0.05. Pathway annotations were added by the authors 

based on data from the Gene Cards database (genecards.org) 
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id neg|score neg|lfc Pathway annotation 

FANCL 5.71E-15 -1.9354 Fanconi Anemia  

LMO2 9.79E-15 -1.5989 Transcription 

SLX4IP 3.77E-12 -1.8077 DNA Repair 

BRIP1 5.46E-12 -2.6796 Fanconi Anemia  

UBE2D3 9.78E-12 -1.9414 DNA Repair 

RAD18 5.22E-11 -1.6352 DNA Repair 

ATR 8.94E-11 -2.1514 DNA Damage Checkpoint 

TXNDC17 1.39E-10 -0.88932 NFKB signaling 

RAD1 3.00E-10 -1.0602 DNA Damage Checkpoint 

HELQ 1.53E-09 -1.4685 Fanconi Anemia  

TRIR 1.21E-08 -0.96154 Telomerase  

FANCG 2.10E-08 -1.425 Fanconi Anemia  

FANCA 3.53E-08 -1.587 Fanconi Anemia  

FANCD2 6.59E-08 -1.1835 Fanconi Anemia  

UBE2T 7.43E-08 -1.5685 Fanconi Anemia  

FANCM 1.01E-07 -0.74576 Fanconi Anemia  

DCAF8 1.03E-07 -0.73183 DNA Damage Response  

HUS1 1.63E-07 -0.95024 DNA Damage Checkpoint 

ERCC1 3.80E-07 -0.5416 Fanconi Anemia  

FANCF 4.18E-07 -1.4741 Fanconi Anemia  

WDR26 5.41E-07 -0.74856 DNA Damage Response  

FANCE 5.99E-07 -1.553 Fanconi Anemia  

UBE2H 7.76E-07 -0.83884 Protein Ubiquitination 

BCL2 8.30E-07 -0.82888 Apoptosis Regulator  

SNRNP40 9.48E-07 -0.72294 Splicing  

RAD9A 1.13E-06 -0.98848 DNA Damage Checkpoint 

DYRK1A 1.30E-06 -1.1692 Homologous Recombination 

SLF1 1.46E-06 -0.59398 DSB repair  

UBE2G1 1.64E-06 -0.73631 Protein Ubiquitination 

ERCC5 1.65E-06 -1.0081 NER, ICL repair  

PPM1D 1.68E-06 -1.4666 Cell Cycle Regulation 

FANCB 3.18E-06 -1.0767 Fanconi Anemia  

CPPED1 3.28E-06 -0.95408 Transcription 

EXO1 3.40E-06 -0.50218 Cell Cycle Regulation 

RNF8 3.46E-06 -0.53715 Cell Cycle Regulation 

WSB1 4.29E-06 -0.60328 Protein Ubiquitination 

YPEL5 4.31E-06 -1.0857 Protein Ubiquitination 

FAAP20 4.32E-06 -0.67701 Fanconi Anemia  

TGFBR2 4.63E-06 -0.64834 Signaling  

LYL1 5.18E-06 -0.59682 Transcription 

POLH 5.26E-06 -0.977 TLS polymerase  

RANBP9 5.79E-06 -0.83674 Protein Ubiquitination, GTPAse  

XPA 6.75E-06 -0.52743 NER   

ERCC4 6.86E-06 -0.75384 Fanconi Anemia  

SMNDC1 7.00E-06 -0.48524 Splicing  

CCAR1 8.04E-06 -0.70668 Transcription 

hsa-mir-6893 8.18E-06 -0.61157 Unknown 

LIN37 8.35E-06 -0.58991 Cell Cycle Regulation 

RB1CC1 9.60E-06 -0.78433 DNA Damage Response  

FAAP24 9.79E-06 -0.69623 Fanconi Anemia  

INTS15 1.03E-05 -0.72313 Transcription 

FBXO38 1.08E-05 -0.31976 Protein Ubiquitination 

RAD17 1.23E-05 -0.64721 DNA Damage Checkpoint 

GCLC 1.24E-05 -0.69246 Glutathione Synthesis  

NFRKB 1.28E-05 -0.73748 DNA Damage Checkpoint 

UVSSA 1.47E-05 -0.54968 TC-NER  

FAAP26 1.56E-05 -0.6257 Fanconi Anemia  

CFAP20 1.78E-05 -0.84912 Splicing  

STRA13 1.90E-05 -0.69879 Transcription 

C1orf112 2.33E-05 -0.62039 Unknown 

FBLN7 2.58E-05 -0.44854 Cell Adhesion  

KIF18A 2.59E-05 -0.47585 Microtubule  

TRAF2 2.78E-05 -0.721 Apoptosis Regulator 

BIRC2 3.05E-05 -0.63634 Apoptosis Regulator 
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Figure 10: UVSSA deficient cells are sensitive to cisplatin 

A) Clonogenic assays monitoring WT and UVSSA- Hap-1 cell survival after 4-hour cisplatin exposure at the 

indicated doses. B) Same as in (A) for WT, UVSSA-, UVSSA- expressing GFP, and UVSSA expressing FLAG-

UVSSA WT Hap-1 cells. C) Same as in (A) for WT, UVSSA-/-, UVSSA-/- expressing FLAGUVSSA WT, and 

UVSSA-/- expressing FLAG-UVSSA F408A/ V411A MCF10a cells. For A-C, N=6, data is mean and SD of 

biological replicates. Statistical analysis by two tailed t-test, ** p<0.01, *** p <.001, **** P<0.0001. D) 

Representative images of immunofluorescence microscopy monitoring RPA Foci at 24-hour intervals in WT and 

UVSSA-/- MCF10a cells treated with 20nM SJG-136 for 1 hour. RPA foci are shown in green stained by anti RPA 

antibody. The nucleus is shown in blue by DAPI staining. E) Quantification of RPA foci per cell in MCF10a cells 

treated as described in (D). Mean is indicated by a solid line. For each column left to right N= 644, 651, 570, 305, 

621, 552, 843, 327. Statistical analysis by one way ANOVA with multiple comparisons, **** p <0.0001 
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Fig S1: (Related to Figure 10). UVSSA expression, MMC sensitivity  

A) UVSSA expression in Hap-1 WT or UVSSA- and MCF10a WT or UVSSA-/- cell lines monitored by western 

blot. Vinculin is used as a loading control B) Clonogenic assays monitoring WT and UVSSA- Hap-1 cell survival 

after 4-hour Mitomycin C exposure at the indicated doses. N=6, data is mean and SD of biological replicates, 

statistical analysis by t test, **** p < 0.001 C) UVSSA expression in WT, UVSSA-, and UVSSA- expressing 

FLAG-UVSSA Hap-1 monitored by western blot. Vinculin is used as a loading control D) Schematic showing 

location of induced point-mutations in the FLAG-UVSSA E) UVSSA expression in MCF10a cell lines expressing 

FLAG-UVSSA constructs as indicated monitored by western blot. HDAC1 is used as a loading control. For all 

western blots in this figure no editing was conducted aside from rotation of the entire image for proper orientation. 
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To confirm that increased drug sensitivity was due to the loss of the UVSSA protein, we 

expressed FLAG-UVSSA WT in UVSSA- cells. Following retroviral-mediated expression of 

FLAG-UVSSA, we isolated UVSSA- lines stably expressing FLAG-UVSSA (Fig S1C) 

(Methods). Expression of FLAG-UVSSA WT restored UVSSA- cisplatin sensitivity to WT 

levels (Fig 10B). These results establish that UVSSA promotes survival following exposure to 

ICL inducing drugs.  

We also generated a UVSSA-/- line in MCF10a (diploid) cells, a non-transformed 

epithelial breast cell line. We utilized CRISPR based iSTOP mutagenesis (118). We expressed a 

nuclease-dead Cas9 fused to APOBEC1 along with a guide RNA to generate a W347* mutation 

in the UVSSA sequence (Methods). Mutation was confirmed by RFLP analysis and sequencing, 

and loss of expression was confirmed by western blot (Fig S1A). As anticipated, UVSSA-/- 

MCF10a cells are also sensitive to cisplatin (Fig 10C). 

We reasoned that UVSSA could participate in ICL repair. UVSSA plays a role in repair 

of UV damage together with the TC-NER pathway (57,58). UVSSA recruits repair factor TFIIH 

via interaction with residues F408 and V411. Mutation in these residues blocks TFIIH binding 

and impairs transcription-coupled repair (48). We sought to assess whether the UVSSA-TFIIH 

interactions were similarly required for UVSSA dependent ICL repair. We generated a FLAG-

UVSSA F408A/ V411A coding sequence (Fig S1D), ligated it into a retroviral vector, and 

subsequently isolated MCF10a UVSSA-/- cell lines expressing the exogenous wild type and 

mutant FLAG-UVSSA protein at similar levels (Fig S1E). Expression of TFIIH binding 

deficient, F408A/ V411A, UVSSA only partially rescues cisplatin sensitivity. This suggests that 

UVSSA-TFIIH interaction is required for survival of crosslinking drugs (Fig10C).  
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We hypothesized that drug sensitivity might be due to a defect in ICL repair. DNA 

lesions induced by crosslinking agents can be visualized as damage foci using 

immunofluorescence microscopy. We sought to monitor the kinetics of Replication Protein A 

(RPA) foci following treatment with a DNA crosslinker (121-124).  

We treated MCF10a WT and UVSSA-/- cells with drug SJG-136, a rationally designed 

crosslink inducing drug with significant cancer toxicity and rapid ICL formation (125), for one 

hour and measured RPA foci formation at 24 hour intervals for 3 days (Fig 10D,E). 

Quantification of RPA foci demonstrated that WT cells averaged very few foci in the untreated 

control. As anticipated, SJG-136 treatment resulted in a significant increase in RPA foci in both 

WT and UVSSA-/- cells (compare Fig 10E, columns 1and 3, 2 and 4). By 72 hours however, the 

average number of foci per cell had returned to control (untreated) levels in WT cells (Fig 10D, 

columns 1 and 7), reflecting DNA damage repair. In contrast, RPA foci were still significantly 

elevated in UVSSA-/- cells (Fig 10E, column 8). The persistence of RPA foci in SJG-136 treated 

UVSSA-/- cells at 72 hours indicates a defect in repair of SJG-136 induced damage. This strongly 

suggests that UVSSA plays a role in repair of ICLs and that chemotherapeutic sensitivity 

observed in UVSSA-/- cells is due to a defect in ICL repair. 

Our data indicate that UVSSA contributes to ICL repair. We next sought to confirm that 

UVSSA facilitates repair of ICLs through a transcription-coupled mechanism. 

2.3 B UVSSA functions in transcription-coupled ICL repair  

We designed a reporter plasmid-based assay to specifically assess transcription-coupled 

repair of a single ICL lesion. The plasmid harbors an ICL-containing oligonucleotide inserted 

between a CMV promoter and the mEmerald coding sequence. The ICL is induced by the drug 

SJG-136, which was chosen for convenient chemistry, sequence specificity, and crosslinking 
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efficiency (125). Upon transfection into cells, mEmerald is not expressed unless the lesion is 

repaired. mEmerald associated fluorescence is quantified to calculate repair efficiency (Fig 11A 

and Methods). Similar assays have previously been used to measure replication independent ICL 

repair (17,45,126). The reporter plasmid lacks an origin of replication; thus, the readout is 

independent of replication and specific to transcription-coupled repair. 
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Figure 11: UVSSA is required for transcription-coupled repair of a single ICL 

A) Diagram of the reporter plasmid used to monitor transcription-coupled ICL repair. A crosslink bearing 

oligonucleotide is inserted between a strong promoter and an mEmerald coding region. When transfected into cells, 

the ICL prevents transcription progression until it is repaired, resulting in mEmerald expression and cell 

fluorescence. See methods for detailed description of analysis pipeline. Figure created using Biorender.com. B) 

Normalized ICL repair efficiency in WT, UVSSA- and UVSSA- expressing FLAG-UVSSA Hap-1 lines transfected 

with the ICL reporter. N=3 independent experiments, mean is indicated. C) Normalized ICL repair efficiency in 

WT, UVSSA-/-, UVSSA-/- expressing FLAG-UVSSA WT and UVSSA-/- expressing FLAG-UVSSA F408A/ 

V411A MCF10a lines transfected with the ICL reporter. N=3 independent experiments, mean is indicated. For 

panels B and C, repair rates are normalized to WT repair rate for each independent experiment. Statistical analysis 

by two tailed t-test, * p <0.05, ** p <0.01, *** p <0.001, **** p 

<0.0001 

We transfected Hap-1 WT, UVSSA-, and UVSSA- cells expressing FLAG-UVSSA with 

the reporter. UVSSA loss reduced ICL repair efficiency by 50% in UVSSA- cells. Expression of 

FLAG-UVSSA in UVSSA- cells restored repair efficiency to WT levels (Fig 11B), confirming 

that the phenotype was caused by loss of UVSSA. Our results establish that UVSSA participates 

in transcription-coupled ICL repair (TC-ICR). 

To test the role of the UVSSA-TFIIH interaction in ICL repair, we transfected MCF10a 

WT, UVSSA-/-, and UVSSA-/- cells stably expressing WT or FLAG-UVSSA F408A/V411A with 

the ICL repair reporter plasmid. Similar to earlier results, TFIIH binding deficient UVSSA was 

unable to rescue the repair defect, confirming that the UVSSA-TFIIH interaction is required for 

TC-ICR (Fig 11C). 

Our results indicate that UVSSA is required for repair of ICLs that block transcription 

and strengthen the idea that a replication independent ICL repair pathway involving UVSSA is 

required for cell survival following treatment with DNA crosslinking drugs. We next sought to 

characterize the mechanisms of UVSSA mediated TC-ICR by analyzing UVSSA localization 

and protein interactions induced by ICL damage.  
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2.3 C UVSSA interacts with transcribing Pol II and transcription-coupled repair factors during TC-

ICR 

We hypothesized that UVSSA may localize to ICL-induced lesions and be enriched on 

chromatin upon ICL damage. Thus, we fractionated UVSSA- Hap-1 cells expressing FLAG-

UVSSA treated with SJG-136 or vehicle. We then probed chromatin and soluble fractions for 

FLAG-UVSSA (see Methods) by western blot. We found that FLAG-UVSSA localizes to 

chromatin upon SJG-136 treatment (Fig 12A, quantified Fig S2a). 

We next examined UVSSA interaction with RNA polymerase (Pol II) via co-

immunoprecipitation (CoIP). UVSSA- Hap-1 cells expressing FLAG-UVSSA WT were treated 

with SJG-136, fractionated, and anti-FLAG M2 affinity gel was used to isolate FLAG-UVSSA-

bound proteins in chromatin fractions. The presence of Pol II was probed using an antibody 

specific to the RPB-1 subunit phosphorylated at serine 2, which is specific to elongating Pol II: 

termed Pol IIo (127). SJG-136 treatment triggered the appearance of a Pol IIo band, indicating 

that UVSSA interacts with transcribing Pol II upon ICL damage (Fig 12B, quantified Fig S2B). 

UVSSA-Pol IIo interaction was specific to the chromatin fraction (Fig S2C). UVSSA-Pol IIo 

interaction was also induced by another crosslinking agent, MMC, and by UV irradiation (Fig 

S2D), as previously described for TC-NER (58). Our results strongly suggest that UVSSA 

interacts with transcribing Pol II to facilitate TC-ICR.   
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Figure 12: UVSSA localizes to ICL-damaged chromatin and interacts with transcription and repair 

proteins upon ICL damage A) FLAG-UVSSA localization following cell fractionation in UVSSA- and UVSSA- 

expressing FLAG-UVSSA Hap-1 cells treated with 100nM SJG-136 for two hours. Quantification of biological 

replicates shown in Fig S2A. B) Input and FLAG immunoprecipitation from chromatin fractions of UVSSA- and 

UVSSA expressing FLAG-UVSSA Hap-1 cells treated with 100nM SJG-136 for two hours. Blots were probed 

with UVSSA antibody and an antibody specific for the elongating form of Pol II: Pol IIo. Arrow indicates a Pol II 

band that specifically interacts with UVSSA upon DNA damage, * indicates a nonspecific band. Quantification of 

biological replicates shown in Fig S2B. This figure represents a composite of multiple representative western blots. 

C) FLAG-UVSSA expressing Hap-1 cells treated with 100nM SJG-136 for 2 hours or exposed to 20 J/m2 UV-C 

were fractionated, and chromatin fractions were subjected to FLAG immunoprecipitation followed by mass 

spectrometry (see Methods). Comparison of protein enrichment in this data set is shown. Proteins significantly 

enriched by an FDR threshold of 0.15 are displayed. Proteins with previously characterized repair function are 

highlighted in red. Log2 fold change (log2 FC) upon SJG-136 treatment is plotted on the X axis, while log2 FC 

 



60 

 

upon UV damage is plotted on the Y axis. A linear regression is depicted by the dashed line, P<0.0001, N=74. D) 

Volcano plot showing protein enrichment in FLAG-UVSSA pulldown from Hap-1 cell chromatin fractions 

following 100nM SJG-136 treatment for 2 hours. Log2 FC upon SJG-136 treatment is plotted on the X axis, while 

the p value of enrichment (two tailed t-test) is plotted on the Y axis. Repair proteins are highlighted in red, based on 

an FDR threshold of 0.15. E) Same as (A) western blots were probed with CSA, CSB, and UVSSA antibodies. This 

figure represents a composite of multiple representative western blots. Quantification of biological replicates shown 

in Fig S2D, E. F) Same as (B), western blots were probed with CSA and UVSSA antibodies. This figure represents 

a composite of multiple representative western blots. For all western blots in this figure, no editing was conducted 

besides rotation of the entire image to ensure proper orientation. G) Correlation between UVSSA expression (RNA-

seq) on the X axis and cisplatin resistance (Area Under the Curve) on the Y axis in Acute Lymphocytic Leukemia 

lines. Data was accessed from the Depmap Portal, Expression 22Q2 and Sanger GDSC1 data sets, respectively. 

Linear regression analysis is depicted by a solid line, p = 0.0027, N=18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2: (related to Figure 12) Quantification of protein localization and interaction upon ICL damage, 

expanded analysis of UVSSA-Pol II interaction 

A) Biological replicates of 3A in chromatin fractions of UVSSA- expressing FLAG-UVSSA Hap-1 cells with 

quantification. Each lane represents an independent biological repeat. HDAC1 was used as a loading control for 

analysis B) Biological replicates of 3B in UVSSA- expressing FLAG-UVSSA Hap-1 cells with quantification of 

damage specific band signal intensity. Each lane represents an independent biological repeat. Input Pol II signal was 

used as a loading control for analysis C) FLAG-UVSSA interaction with Pol IIo in FLAG CoIP of soluble and 

chromatin fractions from UVSSA- expressing FLAG-UVSSA Hap-1 cells treated with 100nM SJG-136. D) Western 

blot of UVSSA chromatin fractions of Hap-1 cells. Input and FLAG immunoprecipitation are shown from UVSSA- 

and UVSSA- expressing FLAG-UVSSA Hap-1 cells treated with 100nM SJG-136 for 2 hours, 9uM MMC for 2 

hours, or exposed to 20 J/m2 UV-C. Blots were probed with UVSSA antibodies and an antibody specific for the 

elongating form of Pol II: Pol IIo. An arrow indicates a slower migrating polypeptide induced by DNA damage, and 

* indicates nonspecifically interacting bands. Minor editing was used to remove a ladder marker E, F) Replicates of 

3E in chromatin fractions of UVSSA- expressing FLAG-UVSSA Hap-1 cells with quantification. Western blots 

were probed with antibodies for CSA or CSB, respectively. Each lane represents an independent biological repeat. 

Histone H3 or HDAC1 were used as loading controls for analysis, respectively. G) Replicates of 3E in soluble 

fractions of UVSSA- and UVSSA- expressing FLAG-UVSSA Hap-1 cells with quantification. For panels A, B, E, F, 

and G N=3, mean is indicated, significance was analyzed by t-test, * p <0.05, ** p <0.01, *** p <0.001, **** p 

<0.0001. No editing of images took place aside from ration of the entire image for proper orientation.  
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These data suggest analogous roles for UVSSA in transcription-coupled UV and ICL 

damage repair, and further supports that TC-ICR is distinct from replication-coupled ICL repair. 

Therefore, we sought to compare the UVSSA interactomes following SJG-136 treatment or UV 

irradiation. We immunoprecipitated FLAG-UVSSA from chromatin fractions of mock treated, 

SJG-136 treated, or UV irradiated Hap-1 UVSSA- cells expressing FLAG-UVSSA, followed by 

mass spectrometry (MS). We find that UVSSA interacts with a large set of overlapping partners 

following ICL or UV damage. Comparison of enrichment values upon UV or SJG-136 damage 

reveals a significant positive correlation between damage-induced UVSSA interacting proteins 

(Fig 12C). These findings point to a functional similarity between UVSSA ICL and UV damage 

response, which could indicate a common DNA lesion detection step in TC-NER and TC-ICR.  

SJG-136 treatment induced interactions between UVSSA and transcription-coupled 

repair proteins CSA (ERCC8) and CSB (ERCC6), as well as several TFIIH components 

(GTF2H4, ERCC3) (Fig 12D), suggesting that CSA and CSB also play a role in ICL repair. To 

test this, we examined CSA and CSB localization in SJG-136 treated Hap-1 cells. We observed 

that both proteins are enriched on chromatin upon ICL damage. Chromatin localization occurs in 

both UVSSA- and FLAG-UVSSA expressing cells (Fig 12E, quantified Fig S2E,F), indicating 

that CSA and CSB localize to chromatin independently of UVSSA. ICL induced CSA and CSB 

chromatin localization is accompanied by depletion from the soluble fraction (Fig 12E, 

quantified S2G) as previously observed upon UV damage (66). Notably, CSA depletion from the 

soluble fraction is more pronounced in UVSSA- cells than in FLAG-UVSSA expressing 

UVSSA- Hap-1 cells (Fig S2G) which may be a consequence of ICL repair failure. Next, we 
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confirmed FLAG-UVSSA interaction with CSA upon ICL damage by Co-IP, (Fig 12F) 

confirming our MS results.  

Altogether, our data identify UVSSA as a key protein in TC-ICR. We thus postulated that 

UVSSA expression levels could influence cancer cell resistance to crosslinking therapies, as 

overexpression of repair factors has previously been linked to chemoresistance (106,128). We 

compared UVSSA expression and crosslinker drug resistance of cancer cell lines from the CCLE 

using DepMap cancer dependency database (depmap.org). We observed a significant positive 

correlation between UVSSA mRNA levels and cisplatin resistance in several cancer cell types, 

including Acute Lymphoblastic Leukemia (Fig 12G), breast ductal carcinoma, and esophageal 

lineage cancers. A similar correlation was observed between MMC resistance and UVSSA 

expression in the same cell types (table 1). Our results suggest that chemoresistance to 

crosslinking drugs could arise in part via UVSSA-dependent activation of the TC-ICR pathway.  

Table 1: Crosslinking chemotherapy resistance and UVSSA expression levels are correlated in 

several cancer types Table of cancer types displaying a significant correlation between crosslinking drug resistance 

and UVSSA expression in the depmap database (Sanger GDSC1 and Expression 22Q1 data sets, respectively). 

Slope, Pearson correlation, and p values were generated by linear regression analysis using the depmap web portal 

(https://depmap.org/portal/) 

 

2.4 Discussion  

DNA ICLs are cytotoxic lesions that arise as consequences of endogenous metabolism or 

are induced by chemotherapeutic drugs. ICLs covalently link opposing strands of the DNA helix, 

Cell Type Drug Slope Pearson P Linear 

Regression 

ALL Cisplatin 12.5 0.701 9.2e-4 

ALL Mitomycin C 3.3 0.491 5.35e-2 

Esophageal Cisplatin 7.66 0.399 3.91e-2 

Breast ductal 

carcinoma  

Cisplatin 12.2 0.62 4.65e-3 

Breast ductal 

carcinoma 

Mitomycin C 1.9 4.53 2.61e-2 

 

 

https://depmap.org/portal/
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preventing melting and subsequent DNA transactions including replication and transcription 

(129). Replication-coupled repair of ICLs requires the FA pathway (2). Replication independent 

repair (RIR) of ICLs may engage the Mismatch Repair (MMR) pathway (11), Global Genome-

Nucleotide Excision Repair (GG-NER) (69) or transcription-coupled repair as reported in the 

context of CSB (17). Here we identify UVSSA as a key player in transcription-coupled ICL 

repair (TC-ICR). 

2.4 A UVSSA is required for transcription-coupled ICL repair  

We establish that UVSSA participates in ICL repair. First, UVSSA loss sensitizes cells to 

ICL inducing drugs cisplatin and mitomycin C. Second, UVSSA is required for timely DNA 

damage repair in cells treated with the crosslinking agent SJG-136. Third, UVSSA is required for 

ICL repair during transcription in a fluorescence-based reporter assay. Finally, UVSSA 

expression correlates with crosslinker resistance in several cancer types.  

TC-ICR is difficult to study given that dividing cells have access to replication-coupled 

ICL repair. Assessing the impact of TC-ICR in isolation requires an experimental system which 

allows monitoring of replication independent ICL repair. Cell free and in vitro reporter 

reactivation systems have helped circumvent this hurdle. Cell free extracts from Xenopus laevis 

eggs do not undergo replication and have been used to study RIR of ICLs (45) and to identify 

MutSα mediated repair of ICLs via MMR machinery (11). Plasmid reporter assays have been 

employed to study transcription-coupled ICL repair by monitoring repair of transcription 

blocking lesions. Insertion of a crosslink bearing oligonucleotide between a strong promoter and 

a reporter gene allows measurement of transcription-coupled repair and bypass of ICLs (17,126). 

We have designed a fluorescence-based reporter that lacks an origin of replication, ensuring that 

we specifically measure transcription dependent ICL repair. 
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UVSSA is required for repair of a single ICL blocking transcription of a fluorophore, 

thus establishing UVSSA as critical for transcription-coupled repair of ICLs. We show that 

UVSSA localizes to damaged chromatin in cells treated with crosslinking drugs where it 

interacts with transcribing Pol II. Moreover, UVSSA interacts with transcription-coupled repair 

proteins CSA, CSB, and TFIIH upon ICL damage. Notably, loss of UVSSA-TFIIH interaction 

impairs transcription-coupled ICL repair. Our MS analysis of UVSSA-interacting proteins failed 

to identify FA proteins upon ICL damage, suggesting that TC-ICR is independent of replication-

coupled ICL repair.  

2.4 B UVSSA: a common node in NER and TC-ICR  

Analysis of SJG-136-dependant UVSSA protein interactions suggests that TC-ICR is 

initiated upon Pol II stalling at the ICL. CSB and CSA are then recruited to stalled Pol II and in 

turn recruit UVSSA. UVSSA could then target TFIIH to the lesion as is the case in NER, where 

its endonuclease activity initiates repair of the ICL by cleaving the transcribed DNA strand. 

Similar interactions have been characterized in repair of UV lesions via the TC-NER pathway 

(58) implying a significant degree of overlap between these repair mechanisms. In addition, we 

show that UVSSA interaction with TFIIH is similarly required for repair of ICL or UV lesions 

(48). Analysis of UVSSA interactomes by MS following UV or ICL damage reveals a strong 

positive correlation, indicating that similar mechanisms are activated in response to different 

DNA lesions. The ability of transcription-coupled repair to resolve diverse lesions is an efficient 

system to protect the cell from transcription stalling. Transcription-coupled repair is known to 

respond to a wide variety of lesions (130), and we demonstrate that that sensitivity extends to 

ICLs. 
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Translesion synthesis (TLS) polymerases are required for replication independent repair 

(RIR) of ICLs, possibly contributing to lesion removal during TC-ICR. In yeast, NER machinery 

functions in conjunction with TLS polymerase Pol η to remove an MMC induced ICL (131). 

Similarly, the TLS polymerase Pol κ, which functions in NER during the gap filling step, (132) 

is also required for RIR of ICLs in Xenopus cell free extracts (45). Finally, the TLS polymerase 

Pol ζ has been directly implicated in TC-ICR in human cells (17). It is likely that multiple TLS 

and replicative polymerases are coordinated to effect lesion bypass during TC-ICR, facilitated by 

PCNA as observed in RIR of ICLs (45). Additionally, CSB recruitment of the exonuclease 

SNM1A to ICLs may facilitate lesion processing prior to TLS (74), as observed in replication-

coupled ICL repair (133). Further research is needed to fully understand how TLS polymerases 

are recruited and coordinated with other repair proteins to effect ICL removal during TC-ICR. 

2.4 C TC-ICR is required for ICL survival independently of replication-coupled repair 

Cells lacking UVSSA are sensitized to crosslinking drugs and show a significant delay in 

ICL repair. Given the role of UVSSA in TC-ICR, this strongly suggests that TC-ICR is required 

for cell homeostasis in response to ICL damage. While replication-coupled ICL repair is likely 

functional in UVSSA deficient cells, we propose that this pathway is not able to compensate for 

loss of TC-ICR. It may be that ICL repair by the FA pathway during replication is not sufficient 

to resolve all crosslink induced genotoxicity, which would suggest that replication-coupled and 

replication independent ICL repair mechanisms are not redundant (Fig 13). Previous studies 

indicate that these pathways contribute independently to ICL resistance: combined inhibition of 

TC-ICR and FA pathways results in additive sensitivity to crosslinking drugs (17). The 

sensitivity of TC-ICR defective cells to ICLs could have multiple causes. ICLs forming within 

essential genes may stall transcription, requiring rapid removal to resolve transcription blocks 
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and restore homeostasis (130). In the absence of TC-ICR, stalled RNA polymerases should 

accumulate, increasing the frequency of collision with DNA polymerases, resulting in 

Replication-Transcription Conflict (RTC). RTCs are mutagenic, can cause chromosome 

rearrangement (97), and would occur regardless of FA pathway functionality. Alternatively, in 

the absence of UVSSA, TC-ICR initiates but aborts, leaving a repair intermediate that cannot be 

processed by replication-coupled ICL repair. A similar situation has been described following 

the loss of Pol κ (45). While loss of TC-ICR sensitizes cells, hyperactivation of the pathway may 

alleviate ICL induced transcription stalling and RTCs by increasing the efficiency of repair, 

promoting cellular resistance to crosslinking drugs. This could result in acquired 

chemoresistance, as observed in hyperactivation of other repair pathways in cancer (134) and 

suggested by increased ICL resistance in high UVSSA expression cancer lines.  
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Figure 13: Contribution of replication and transcription-coupled repair in survival following crosslink 

inducing drug treatment in wildtype and UVSSA knockout cells Diagram depicting the contributions of 

replication and transcription-coupled repair mechanisms to survival from crosslinking drugs. Chemotherapeutics 

induce ICLs that cause stalling of both transcription and replication machinery, requiring TC-ICR and Fanconi 

Anemia pathways to resolve these genotoxic stresses, respectively. These pathways function independently to 

promote the survival of crosslinker treated cells. The repair protein UVSSA is essential for TC-ICR, and cells 

lacking UVSSA are sensitized to crosslink inducing drugs. Replication-coupled ICL repair mechanisms are unable 

to compensate for the loss of TC-ICR, further supporting the independence of these pathways. Created using 

Biorender.com 

 

While TC-ICR is required for survival of crosslinker treatment, it might have a modest 

impact on ICL repair in unstressed growth conditions. Defects in the FA pathway, involved in 

replication-coupled ICL repair, result in bone marrow failure and cancer predisposition, 

highlighting the importance of ICL repair during normal replication (43). In contrast, UVSS 

patients, defective in TC-NER and TC-ICR, display UV sensitivity without cancer predisposition 
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or other developmental abnormalities (21). CSA and CSB are also likely required for TC-ICR 

(17) and are mutated in the TC-NER deficiency disease Cockayne syndrome (CS), characterized 

by developmental delay and short lifespan (64). These patients are likely also defective in TC-

ICR, but the divergence in clinical presentation between UVSS and CS suggests that TC-ICR 

deficiency does not contribute significantly to CS phenotypes. CSA and CSB requirement for 

oxidative lesion repair (65) or Pol II transcription processivity (111) has been posited to explain 

the differences in CS and UVSS symptoms. Therefore, loss of UVSSA more specifically inhibits 

TC-NER and TC-ICR without compromising other transcription or repair functions, and analysis 

of UVSS phenotypes is the most reliable way to interpret the significance of TC-ICR for 

unstressed growth.   

In light of this, it appears that TC-ICR might play a minor role in maintaining genome 

stability under physiological conditions, while FA is vital. Spontaneous ICLs are rare and 

transcription stalling caused by endogenous ICL damage in UVSSA deficient cells may be 

resolved by replication-coupled ICL repair. Alternatively, other replication independent ICL 

repair mechanisms, such as MMR and GG-NER, may compensate for TC-ICR loss at 

physiological levels of ICL damage. The phenotypes reported in FA patients indicate that TC-

ICR is unable to compensate for loss of replication-coupled ICL repair. This is not surprising, 

since TC-ICR only operates in the transcribed genome, leaving ICLs in non-transcribed regions 

unrepaired in FA deficient cells. These observations support a model in which TC-ICR is 

specifically required for transcription stability during times of high ICL damage, most notably 

following cancer chemotherapy. 

Our results suggest that UVSSA and TC-ICR may be relevant to the treatment of cancer 

patients. Precision oncology uses genomic profiling of tumors to predict the potential therapeutic 
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value of an intervention (105), allowing for selection of the most suited treatment for each 

patient. Repair protein activity is associated with cancer patient outcomes; high ERCC1 

expression is linked to poor chemotherapeutic response (106,128) while deleterious mutations in 

NER pathway proteins correlate with improved prognosis (107). Our analysis shows that 

UVSSA expression correlates with resistance to crosslink inducing drugs in some cancer types, 

indicating that UVSSA expression may have value as a biomarker to inform chemotherapeutic 

choice during cancer treatment. In conclusion, our work establishes UVSSA as a factor in 

transcription-coupled repair of ICLs, elucidates the mechanisms through which transcription 

stalling initiates repair of ICLs, and reinforces the independence of TC-ICR from replication-

coupled ICL repair mechanisms.  
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Chapter 3: UVSSA promotes genome stability during MYC induced 

transcription stress  

Contribution of work: M. Sato performed most of the experiments presented in this 

chapter. R. Liebau executed CRISPR knockout of UVSSA and conducted and analyzed the 

doubling time assay. Z. Liu performed the bioinformatics analysis. M. Sato, R. Liebau, and J. 

Gautier designed the study and analyzed data. (See Sato 2021(135)) 

UVSSA is required for repair of UV and ICL lesions. These roles identify UVSSA as a 

critical link between genome stability and transcription. Previous studies conducted in our 

laboratory revealed additional functions for UVSSA in the promotion of genome stability during 

MYC induced transcription. This chapter reports an abbreviated selection of our findings to 

inform discussion of UVSSA as a factor in genome stability. See Sato 2021 (135) for the full 

data of the research project.  

 

3.1 Results  

3.1 A UVSSA depletion sensitizes cells to MYC hyperactivation 

Our laboratory had conducted a genome-wide shRNA knockdown screen to identify 

genes required for survival following hyperactivation of MYC signaling (136). Reanalysis of this 

data using a community enrichment approach revealed a community of DNA damage repair 

genes whose loss sensitized cells to MYC activation. Genes involved in transcription-coupled 

repair, including UVSSA, CSA (ERCC8), XPF (ERCC4), XPG (ERCC5), and XPD (ERCC2) 

were significantly depleted in MYC overexpressing cells (Fig 14 A, B) indicating that UVSSA 
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knockdown sensitizes cells to MYC activation. Analysis of expression data from The Cancer 

Genome Atlas (TGCA) database revealed a positive correlation between UVSSA and MYC 

expression in several cancer types, providing further evidence that UVSSA is relevant to MYC 

hyperactivation (Fig 14C).  

Figure 14: MYC interacts with DNA repair protein community, and its expression correlates with UVSSA 

expression in a subset of tumor types. A) The highest-scoring MYC-SL gene product communities. Gene product 

communities were analyzed using STRING interactions and ranked according to average MYC-SL scores of each 

node in the community. A network of gene products involved in DNA repair ranks third (bold). B) Most densely 

interconnected nodes around UVSSA and ERCC8 within community 9. UVSSA and ERCC8 are emphasized in pink 

but do not represent special nodes. C) Spearman correlation analysis of MYC and UVSSA expression in 33 TCGA 

cancer types (green dots) using GEPIA 2. Pop-out box shows an example scatterplot for a given TCGA cancer type 

with statistics shown. Blue box includes a legend listing abbreviations. Legend text taken from Sato 2021 
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We investigated the impact of UVSSA knockdown in MYC activated cells to confirm the 

results of the screen. We utilized MCF10a cells expressing an inducible MYC-ER protein that 

localizes to the nucleus upon treatment with tamoxifen. Notably, this cell line only induces ~2-

fold increase in nuclear MYC levels upon activation, simulating expression patterns observed in 

MYC addicted cancers (137). We generated lines stably expressing MYC-ER and an inducible 

UVSSA shRNA alongside a fluorescent marker and tested the impact of UVSSA knockdown in 

a fluorescence-based competitive survival assay (FBCS). We cultured shRNA cells co-

expressing a fluorescent tag mixed with control cells +/- tamoxifen, measuring the fraction of 

fluorescent cells over the course of a 30-day experiment. We calculated a survival ratio by 

comparing the number of fluorescent cells in the tamoxifen treated (MYC ON) population versus 

the control population (MYC OFF). While control shRNA expressing cells displayed a 

consistent survival ratio around 1, shUVSSA expressing cells were depleted in MYC on 

populations, as shown by decreasing survival ratios over time. These results confirm that 

UVSSA knockdown (UVSSAkd) triggers synthetic sickness in MYC ON cells (Fig 15A).  
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Figure 15: Down-regulation of the UVSSA sensitizes MCF10A cells to MYC overexpression. (A) FBCS assay 

with three unique shRNA clones targeting UVSSA. Each curve represents the ratio of fluorescent signal between 

MYC on and MYC off conditions (treated with 200 nM 4OHT or vehicle) for each cell line determined by FACS at 

the indicated time points during the assay. A downward slope denotes sensitivity to MYC deregulation. Asterisks 

indicate significant difference from shCONTROL at each time point (**, P < 0.01). Error bars represent the SEM (n 

=4). (B) Doubling time for UVSSA-KO MCF10A cells. MCF10A cells with the indicated genotypes were grown 

with 4OHT (400 nM) or vehicle control for up to 6 d, and doubling time was calculated from cell counts, as 

described in the Materials and methods (n = 3, 4, 5, and 5, respectively). Statistical analysis was performed using 

Student’s t test, paired for intraline comparisons and unpaired for interline comparisons (*, P < 0.05; **, P < 0.01; 

***, P < 0.005).  

 

We next confirmed the synthetic sickness phenotype by measuring doubling time in 

UVSSA knockout cell lines. We engineered UVSSA knockout MCF10a (UVSSA-/-) cells 

expressing the MYC-ER construct. Upon activation of MYC, we observed an increase in 

doubling time that was significantly greater in UVSSA-/- cells (Fig 15B). Slowed growth upon 

loss of UVSSA in MYC ON cells explains the decreased survival ratios observed in the FBCS. 
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Experiments not shown here revealed that knockdown of CSA also sensitized cells to 

MYC ON. Combined CSA and UVSSA knockdown did not additively sensitize cells to MYC, 

indicating that they function in the same pathway (see Sato 2021, Fig 2, see 4.1 C). Notably, 

knockdown of XPF did not result in synthetic sickness, indicating that UVSSA’s role in 

supporting MYC ON cells is independent of DNA excision repair (see Sato 2021, Fig S3B) 

3.1 B UVSSA knockdown abrogates MYC driven changes in Pol II distribution  

Investigation of the synthetic lethality phenotype in UVSSAkd MYC ON cells revealed 

signs of MYC induced transcription stress. Inhibition of transcription via α amanitin, but not 

inhibition of replication, rescued synthetic sickness in UVSSAkd MYC ON cells. UVSSA 

knockdown in MYC ON cells induced phosphorylation of DDR kinases CHK2 and KAP1, 

indicating genome instability. Inhibition of MYC transcription via JQ1 partially rescued 

phosphorylation of DDR kinases. Finally, transcription associated histone marks H3K4me and 

H3K27ac were significantly increased by UVSSAkd in MYC ON cells. Together, these results 

suggest that UVSSA alleviates transcription stress in MYC ON cells, leading to synthetic 

sickness and increased doubling time in the absence of UVSSA (see Sato 2021, Fig 4). We 

hypothesized that UVSSA regulates pol II behavior in MYC ON cells to prevent transcription 

stress.  

To investigate the impact of UVSSAkd on Pol II dynamics in MYC ON cells, we 

conducted Pol II ChIP-seq using an antibody against the RPB1 subunit. We observed increased 

Pol II read density at the transcription start site (TSS) in MYC ON cells, as expected. UVSSAkd 

in MYC ON cells significantly decreased Pol II TSS occupancy below the control, while 

UVSSAkd alone did not significantly impact Pol II dynamics (Fig 16a). We next calculated the 

Pol II stalling index (SI), a measure of the ratio of Pol II reads in the TSS over the gene body. 
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MYC activation increased SI across the genome, but UVSSAkd in MYC ON cells decreased SI 

below control levels. UVSSAkd alone also decreased the SI (Fig 16b). We conclude that UVSSA 

has a previously uncharacterized function in the regulation of Pol II that prevents transcription 

stress during MYC induced transcription 

 

Figure 16: UVSSA knockdown alters MYC-driven RNAPII dynamics at TSSs and gene bodies. A) Normalized 

PNAPII ChIP-seq footprints in a 2-kb window surrounding TSSs. The y axis indicates logarithmic transformation of 

normalized read depths plus one at each site. B) Empirical distribution of RNAPII SIs. SIs were calculated as 

described in the text and plotted for all genes in which P30 RNAPII reads were detected in the TSS window and P1 

reads were detected in the gene body (n = 2,245 genes). Legend text taken from Sato 2021 

 

3.2 Methods  

All methods are as described in Sato 2021 

 Cell culture: MCF10A cells were purchased from the American Type Culture Collection 

(ATCC; CRL-10317). MYC-ER was introduced into MCF10A cells retrovirally using pBabe-

hygro-MYC-ER, and transduced clones were selected by the addition of 100 μg/ml Hygromycin 

B (Roche Holding AG). Clones were isolated by serial dilution. MCF10A cells were cultured in 

DMEM/F12 (Invitrogen) supplemented with 5% horse serum (Invitrogen), 20 ng/ml EGF 

 



77 

 

(PeproTech), 0.5 μg/ml hydrocortisone (SigmaAldrich), 100 ng/ml cholera toxin (Sigma-

Aldrich), and 10 μg/ ml insulin (Sigma-Aldrich), and antibiotics.U2OS (ATCC HTB96) cells 

and 293T (ATCC CRL-3216) cells were cultured in DMEM (Invitrogen) with 10% FBS 

(Invitrogen) and antibiotics at 37°C and 5% CO2. All cell lines were originally purchased from 

ATCC. Mycoplasma contamination tests by PCR were administered periodically during 

culturing and showed negative results. 

Production of lentivirus and shRNA: Glycerol stocks of lentiviral shRNA constructs 

(pGIPZ, pTRIPZ) were obtained from Thermo Scientific Open Biosystems. Clones used were 

UVSSA-1 (V3THS_398946), UVSSA-3 (V3THS_398945), UVSSA-4 (V2THS_139628), 

ERCC8-3 (V3LHS_332967), ERCC8-4 (V3LHS_332966), ERCC8-6 (V3LHS_404566), and 

XPF-2 (V3THS_ 356949). An empty vector was used as a negative control. Plasmids were 

isolated using the E.Z.N.A. Plasmid Miniprep kit (Omega Bio-Tek, Inc.) and packaged into 

lentivirus by transfecting (jetPEI; Polyplus-transfection S.A.) into 293T cells with pMD.G and 

pCMVR8.91. Viruses were collected in MCF10A media, filtered, and infected into MCF10A in 

the presence of 8 μg/ml polybrene (Sigma-Aldrich) and spin infected for 1 h at 1,000 rpm at RT. 

After 24 h of incubation, infected cells were selected by the addition of 2 μg/ml puromycin 

(SigmaAldrich). 

Gene network community analysis: STRING interactions were adopted as the 

background biological network (https://string-db.org). Only the top 10% of highly confident 

interactions were adopted. Log2FC values from the raw shRNA screen data were used to weigh 

the nodes of the above network. Nodes with Log2FC scores >0 were removed. Nodes not 

covered in the raw shRNA screen data were also removed. If one gene was associated with 

multiple shRNAs in the screen library, the lowest Log2FC score was adopted. The R package 
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igraph was used to cluster the node-weighted network. Specifically, we used the function 

cluster_infomap to detect local network communities with consideration of node weights (138), 

2008). After the clustering, each protein (node) was assigned to one community. Log2FC scores 

from the shRNA screen were converted to MYC-SL scores for this analysis by multiplying by a 

factor of −1. These converted MYC-SL scores were averaged for community members to give 

average MYC-SL values shown in Table S1. 

FBCS assays: 250,000 MCF10A-MYC-ER cells expressing stably integrated shRNA and 

250,000 MCF10A-MYC-ER cells without shRNA were plated together. At the first passage, 

fluorescent cells were counted by live-cell flow cytometry and replated with either vehicle or 

4OHT. At each subsequent passage, the remaining percentage of fluorescent cells was analyzed 

using flow cytometry. All cell sorting was performed with the BD FACSCalibur cell sorter (BD 

Biosciences). For experiments using α-amanitin (A2263; Sigma-Aldrich), aphidicolin (A0781; 

Sigma-Aldrich), or JQ1 (SML0974; Sigma-Aldrich), cells were supplemented every 72 h with 

the appropriate drug simultaneously with vehicle (100% ethanol) or 200 nM 4OHT (H7904; 

Sigma-Aldrich), and 1 μg/ml doxycycline (D9891; Sigma-Aldrich) or vehicle (PBS) for 

inducible shRNA lines, during the duration of the experiments. 

iSTOP CRISPR editing: Guides for the iSTOP protocol were designed from the online 

iSTOP database (118). Three different guides were selected and individually cloned into the B52 

single-guide RNA expression plasmid (Addgene; 100708). The B525 plasmid (a generous gift 

from the Ciccia laboratory, Department of Genetics & Development, Columbia University 

Medical Center, New York, NY) was transfected into cells to transiently express the 

cas9APOBEC1 fusion protein BE3, as well as a GFP fluorescent marker and a blasticidin 

resistance marker. MCF10A cells, either wild type or expressing the MYC-ER fusion protein, 
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were cotransfected with the single-guide RNA expressing B52 and the B525 plasmid using the 

Neon Transfection System (1,250 V; 20 ms; two pulses; 2.5 × 105 cells per transfection). 

Transfection efficiency was assessed by the GFP fluorescent signal encoded by the B525 

plasmid. Blasticidin was added to the media after 48 h to select for transformed cells. Following 

96-h selection, cells were expanded to large uncloned culture and prepared for cloning. 

Cell cloning: Cells from each uncloned population were diluted to a density of 10 

cells/ml and then plated onto a 96-well plate with 100 μlper well. Wells were monitored for 

growth and for doublets and expanded up to 24-well plates. 

Doubling-time assay MCF10A cells were seeded at low density (4,500 cells/well in a six-

well dish) to ensure logarithmic growth through 6 d. Cells were cultured with either 400 nM 

4OHT or ethanol (control), added immediately upon seeding. For each condition, six wells were 

seeded. Cells were collected on day 3 and day 6 after induction in triplicates. Cells were counted 

using the Countess II automated cell counter with Trypan blue dye to obtain a viable cells per 

milliliter count. Doubling-time calculation was used to compare the results of multiple biological 

replicates. For each condition, the doubling time was calculated using the following equation: 

𝐷𝑡 =
𝑡𝑏 − 𝑡𝑎

(
log(𝐶𝑏) − log(𝐶𝑎)

𝐿𝑜𝑔(2)
)
 

where t is the time after seeding (in hours) at the time of collection and C is the average of the 

cell counts from each replicate at that time point. This yields the time in hours that it takes for 

each cell line in each condition to complete one doubling. These values were used to statistically 

compare the biological replicates. 

ChIP: The ChIP protocol was performed on the basis of what is described by Zhang et al., 

(2017). MCF10A-MYC-ER cells expressing shCONTROL or shUVSSA-4 were treated with or 
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without 200 nM 4OHT and 1 μg/ml doxycycline for 4 wk before harvest. ChIP was performed 

on two independent biological replicates. Each pellet containing 50 million cells was fixed with 

1% formaldehyde for 10 min at RT, following quenching with 0.125 M glycine. Pellets were 

washed and lysed using lysis buffer (50 mM Hepes-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 

pH 8.0, 10% glycerol, 0.25% Triton X-100, 0.5% NP-40, protease inhibitors), and resuspended 

in shearing buffer (50 mM Tris-HCl, pH 8.1, 0.1% SDS, 10 mM EDTA, pH 8.0, protease 

inhibitors) before sonication using the S220 Ultrasonicator (Covaris) to chromatin fragments 

ranging from 200 to 500 nt in size. Fragments were then incubated overnight with 4 μg of anti-

Pol II (N-20, sc-899; Santa Cruz Biotechnology) or purified rabbit IgG (011-000-002; Jackson 

ImmunoResearch Inc.) at 4°C. Conjugation to protein A magnetic beads, subsequent 

immunoprecipitation, washes, reverse cross-linking, and treatment with RNase A and proteinase 

K were performed as described by Zhang et al. (Zhang et al., 2017). ChIP DNA was purified 

using the MinElute Reaction Clean Up Kit (28204; Qiagen) and quantified using Quant-iT 

PicoGreen dsDNA Reagent (P7581; Life Technologies). Purified ChIP DNA was directly used 

as template DNA for standard SYBR Green qPCR. ChIP-qPCR was analyzed using the ChIP 

analysis protocol provided by Life Technologies. 

ChIP-seq library preparation and Illumina sequencing: ChIP-seq libraries were prepared 

on the basis of the method of Zhang et al. (2017). 20 ng of ChIP or input DNA were processed 

for end repair, adapter ligation, and gel purification using the Illumina TruSeq ChIP Library 

Preparation Kit (IP-202-1012; Illumina), then quantified with the KAPA SYBR FAST Universal 

qPCR Kit (KAPA Biosystems). Fragment sizes were analyzed using the BioAnalyzer device 

(Agilent), and samples were pooled together to a final concentration of 20 nM. The samples were 
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sequenced using the Illumina HiSeq 2000 system as single-end 100-bp reads, obtaining 29 

million–42 million reads per sample.  

ChIP-seq analysis: Single-end FASTQ files were aligned to the human genome assembly 

(hg19) using Bowtie 2 (version 2.1.0; Langmead and Salzberg, 2012). Before further analysis, 

the initially aligned BAM files were subjected to preprocessing that sorted and indexed using 

SAMtools (Li et al., 2009). To assess RNAPII binding intensity around TSSs, we used the 

function “pileup” from the R package “Rsamtools” to calculate ChIP-seq read depth at each 

nucleotide in a window of TSS plus 1 kb upstream and downstream for all human genes. Next, 

read counts were normalized according to the library size of the sample, followed by log2(x+1) 

transformation. Finally, we took the mean values for each site within the window across all 

genes to generate the read distribution under different conditions. The ChIP-seq data have been 

deposited in the Gene Expression Omnibus database under accession no. GSE121960. 

SIs: SIs were calculated as the numerical ratio between the total number of reads located 

in two regions for all expressed genes, where “promoter” regions were defined as 300 bp 

upstream and downstream of the TSS and “gene body” regions were defined as 301–3,000 bp 

downstream of the TSS, as previously described by Sab` o et al. (2014). The function 

“featureCounts” from the package “Subread” was adopted to count the reads (139). We then 

compared the empirical distributions of SIs of all expressed genes under different conditions. 

Statistics: All statistical values represented in figures were generated through appropriate 

t tests (paired, unpaired, one-sample, two-sample, or Student’s) using Prism 5 software 

(GraphPad Software). Confidence intervals were set at 95% (statistical significance, P < 0.05). 

Sample numbers and error bars shown in each graph are denoted in the figure legends. 
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3.3 Discussion 

 These experiments indicate a novel, repair independent function of UVSSA in the 

maintenance of genome stability during transcription. This UVSSA function supports growth of 

MYC hyperactive cells by suppressing transcription stress.  

To summarize our findings: 

Knockdown of UVSSA in MCF10a cells sensitizes cells to activation of a MYC-ER 

construct, resulting in synthetic sickness and increased doubling time. Transcription-coupled 

repair proteins UVSSA and CSA function together in a DNA repair independent pathway to 

support MYC activated cells. UVSSAkd in MYC ON cells triggers phosphorylation of DDR 

kinases downstream of ATM: CHK2 and KAP1, indicating genome instability. Histone 

methylation and acetylation marks indicative of transcription activation are also increased, 

linking genome instability to MYC induced transcription.  

Synthetic sickness in UVSSAkd MYC ON cells is linked to MYC induced transcription. 

Inhibition of transcription by the drug α amanitin in UVSSAkd MYC ON cells rescued the 

synthetic sickness phenotype. JQ1, an inhibitor of MYC transcription, reduced DDR kinase 

phosphorylation and partially rescued synthetic sickness.  

UVSSA regulates Pol II dynamics in MYC activated cells. In a ChIP-seq experiment 

targeting the RPB1 subunit, MYC activation drives a genome wide increase in Pol II read density 

at the TSS. UVSSAkd in MYC ON cells reduces Pol II TSS binding below control levels and 

decreases the stalling index globally. 

We conclude that MYC activation triggers dependency on UVSSA. MYC activated cells 

upregulate transcription, resulting in transcription stress is mitigated by UVSSA. Loss of 

UVSSA in MYC activated cells increases transcription stress, resulting in synthetic sickness, 
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DDR activation, and Pol II dysregulation. We conclude that UVSSA regulation of Pol II 

dynamics is required for cell growth following MYC transcription stress. For more discussion of 

the implications of these findings for our understanding of UVSSA and MYC biology, see 

section 4.1C.  
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Chapter 4: Discussion 

 

4.1 UVSSA promotes genome stability during transcription  

Our results reveal novel functions for UVSSA in promoting genome stability via DNA 

repair and regulation of Pol II dynamics during transcription. We report that UVSSA is a central 

factor in transcription-coupled ICL repair. We also document a repair-independent function for 

UVSSA in prevention of transcription stress in MYC overexpressing cells. While these functions 

of UVSSA are distinct, they are connected by UVSSA’s role in transcription, allowing us to 

propose a model for UVSSA as a regulator of genome stability during transcription. 

4.1 A UVSSA’s established role in transcription-coupled repair of UV lesions  

UVSSA was first identified in patients sensitized to UV light induced DNA damage. 

Mutation of UVSSA impairs TC-NER resulting in the inability to repair TBLs. TC-NER is 

initiated when CSB recognizes Pol II stalled at a TBL, triggering remodeling of Pol II and 

recruitment of CSA and UVSSA. UVSSA is a key scaffolding protein for the assembly of the 

TC-NER complex, recruiting repair factor TFIIH to the site of damage. Following TFIIH 

recruitment, the DNA lesion is removed via dual endonucleolytic cleavage (47) (see 1.2 B for a 

full description of TC-NER pathway).  

4.1 B Transcription-coupled repair of ICLs via UVSSA  

Transcription-coupled repair of DNA ICLs relies on the TC-NER protein CSB in 

conjunction with TLS polymerase Pol ζ to repair ICLs in a transcription-coupled manner (17). 

We now provide a more complete mechanistic understanding of TC-ICR. Our proposed model 

for TC-ICR is built upon our findings (chapter 2) and on recent advances in the understanding of 

how CSA, CSB, and UVSSA protein interact during repair of UV damage (58). 
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 The impetus to elucidate UVSSA’s role in ICL repair stems from genome-wide CRISPR 

knockout screens. Two screens identifying genes required for cell survival following treatment 

with ICL inducing chemotherapeutics identified UVSSA as a significant hit (113,114), providing 

the rationale for our research (chapter 2). We confirmed that loss of UVSSA sensitizes cells to 

ICLs. We next established a specific defect in transcription-coupled ICL repair upon loss of 

UVSSA. We characterized ICL induced protein localization and interaction to elucidate the 

mechanisms of transcription-coupled ICL repair. Our research complements and expands on 

previous work in transcription-coupled ICL repair. 

TC-ICR is initiated when transcribing Pol II encounters an ICL and stalls. CSB 

recognizes stalled Pol II, recruiting CSA. Next, UVSSA binds stalled Pol II, facilitating 

recruitment of TFIIH via interaction with the pleckstrin homology domain of TFIIH subunit p62. 

TFIIH then initiates downstream repair steps to remove the ICL (Fig 17). This model suggests a 

high degree of similarity between the lesion recognition steps in ICL and UV lesion repair. 

Indeed, we observe significant correlation in ICL or UV induced UVSSA interactomes (58). As 

well, UVSSA interaction with TFIIH is required for repair of both ICL and UV lesions (48). The 

downstream lesion removal steps of TC-ICR, and the degree of overlap with known NER steps, 

remains to be fully examined, but that is beyond the scope of this work 
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Figure 17: Model of transcription-coupled ICL repair Our model of TC-ICR lesion recognition and repair 

complex assembly steps. Transcribing Pol II encounters an ICL and stalls. Stalled Pol II is recognized by CSB and 

CSA, triggering recruitment of UVSSA. UVSSA binds to TFIIH and promotes its localization to the site of damage, 

where TFIIH initiates downstream lesion removal steps. TC-ICR is required for cell survival following ICL damage. 

 

 

4.1 C UVSSA mediates transcription stress induced by MYC hyperactivation 

Our research into the role of UVSSA in MYC activated cells (see chapter 3) reveals that 

UVSSA regulates Pol II dynamics and mitigates MYC-induced transcription stress. Here we 

discuss the evidence that led to this conclusion and the implications for our understanding of 

UVSSA as a factor in genome stability.  
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4.1 C I UVSSA knockdown in MYC overexpressing cells triggers synthetic lethality and transcription 

stress 

A genome-wide shRNA screen for genes that sensitized cells to MYC activation 

identified repair proteins CSA and UVSSA as hits, linking UVSSA to MYC biology. Combined 

knockdown of UVSSA with activation of an inducible MYC construct trigged synthetic sickness 

and slowed growth. Synthetic sickness was accompanied by ATM activation, an indicator of 

genome instability. UVSSA loss alone had minimal impact in our assays, consistent with the 

mild phenotype observed in patients (21). A positive correlation between UVSSA and MYC 

expression levels is observed in several cancer types, suggesting that UVSSA overexpression 

supports growth of MYC overexpressing cells.  

Synthetic sickness and activation of the DNA damage response upon UVSSA 

knockdown in MYC activated cells is linked to MYC induced transcription stress. The synthetic 

sickness phenotype is rescued by partial inhibition of transcription via α amanitin but not 

inhibition of replication. We observe an increase in active transcription marks and changes in Pol 

II dynamics upon knockdown of UVSSA in MYC activated cells. Specific inhibition of MYC 

induced transcription via JQ1 partially alleviated synthetic sickness and DNA damage signaling 

in UVSSAkd, MYC ON cells (112), suggesting that MYC induced transcription drives 

transcription stress that causes genome instability.  

MYC overexpression is known to induce genome instability (see 1.3 A). MYC induced 

instability promotes tumorigenesis (87), but also stresses the cell and contributes to activation of 

apoptosis (81). MYC induced global increase in transcription rate is a potential source of genome 

instability. MYC activation might co-opt genome maintenance pathways, such as UVSSA, to 

alleviate instability, as has been observed for upregulation of MYCN (94). We show that loss of 
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UVSSA in MYC overexpressing cells triggers synthetic sickness and activates the DDR, and that 

multiple tumor types display correlation between UVSSA and MYC expression. We conclude 

that MYC activation drives transcription stress that is alleviated by UVSSA, resulting in a 

dependency on UVSSA in MYC driven cancer cells. 

4.1 C II UVSSA functions independently of DNA repair in mitigating MYC induced transcription 

stress 

UVSSA is critical for the repair of DNA adducts including UV photolesions and ICLs. 

However, our findings suggest a DNA repair independent function of UVSSA in MYC activated 

cells. We were not able to identify a DNA lesion accumulating in MYC activated cells that 

would require repair by UVSSA. In addition, knockdown of XPF, an endonuclease downstream 

of UVSSA in the TC-NER pathway, did not trigger synthetic sickness in MYC ON cells. We 

conclude that lesion removal is not required to support MYC activated cells, and that UVSSA 

must have a repair independent function that promotes genome stability during transcription.   

UVSSA and other transcription-coupled repair proteins regulate the ubiquitylation and 

turnover of stalled Pol II following UV damage. UVSSA, CSA, and CSB are required for 

ubiquitylation of Pol II subunit RPB1 at residue K1268. Mutation of the RPB1 ubiquitylation 

residue prevents repair of UV lesions and results in prolonged accumulation of stalled Pol II at 

sites of DNA damage (20). In addition, UVSSA regulates turnover of stalled Pol II. In UVSSA 

deficient cells, stalled Pol II is degraded via the proteasome. Transcription complex degradation 

results in a depletion of the hypo-phosphorylated Pol IIa isoform, which is required for initiation 

of transcription (18,54).  

UVSSA-dependent Pol II modification and turnover may be also be relevant to MYC 

induced transcription stress. Dependency of MYC overexpressing cells on UVSSA for regulation 
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of Pol II stability and turnover during transcription stress explains the synthetic sickness, DDR 

activation, and changes in Pol II binding we observe. In this model, loss of UVSSA interferes 

with regulation of Pol II turnover during MYC induced transcription stress, resulting in the 

altered Pol II dynamics and DDR activation observed in MYC activated cells. Further research is 

needed to confirm this model, and to further study the impact of UVSSA knockdown on Pol II 

dynamics in transcription stressed and unstressed cells.  

4.1 C III UVSSA and MYC in cancer  

UVSSA expression correlates with MYC expression in several cancer types, including 

Uveal Melanoma (UVM), Diffuse Large B-Cell Lymphoma (DLBCL), and Ovarian serous 

cystadenocarcinoma (OV) (Fig 14C). This correlation suggests that UVSSA overexpression is 

beneficial to MYC overexpressing cells via suppression of MYC induced transcription stress. 

MYC induced genome instability is deleterious to cell growth (80), creating a selective pressure 

for activation of genome maintenance pathways. UVSSA hyperactivation could promote genome 

stability and support growth of MYC driven cancer cells.  

 MYC activated cells are dependent on UVSSA to mitigate transcription stress, making 

UVSSA a potential target for inhibition. MYC has proven difficult to directly target with 

inhibitors due to protein structure and its function as a transcription factor (140). Alternative 

approaches must be considered, such as inhibition of genes that support MYC overexpressing 

cells. Inhibitors targeting UVSSA have the potential to impair growth of MYC expressing tumor 

cells with minimal impact on healthy cells. Further research is needed to identify specific 

inhibitors of UVSSA and to evaluate them in the treatment of MYC overexpressing tumors.  
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4.1 D UVSSA responds to genotoxic stress during transcription to promote repair and prevent 

transcription stress  

Together, our research expands the understanding of UVSSA’s function in transcription-

coupled genome maintenance. UVSSA promotes the removal of genotoxic lesions, including UV 

photolesions and ICLs through transcription-coupled repair. Independently of repair, UVSSA 

promotes genome stability during MYC induced transcription stress, possibly though regulation 

of Pol II turnover. UVSSA may be dispensable for basal transcription function as patients 

lacking UVSSA display no phenotypes in the absence of exogenous UV damage. We conclude 

that UVSSA is required specifically during times of heightened genomic stress, where the 

protein functions in transcription-coupled repair and suppresses transcription stress. Our work 

elucidates how transcription is both a source of genotoxic stress and a promoter of genome 

stability. UVSSA sits at the crossroads of these processes, making it an important factor in 

genome stability during transcription  

 

4.2 Future directions 

4.2 A UVSSA and TC-ICR  

4.2 A I Profiling of TC-ICR lesion removal steps and comparative contribution to ICL repair  

Our discovery of UVSSA’s role in TC-ICR warrants further research to further elucidate 

the mechanisms by which TC-ICR removes ICLs. Two important questions remain: how are the 

lesion removed following Pol II stalling, and what is the contribution of TC-ICR towards ICL 

repair and cell survival following ICL damage amongst other ICL repair pathways. For both 

questions, evaluating crosslinker sensitivity and ICL repair efficiency in double knockout cell 

lines is a well-suited approach. 



91 

 

Previous studies suggest that NER endonucleases and TLS polymerases (17) contribute 

to ICL repair and may be involved in TC-ICR.  Knockout of these proteins in cells lacking 

UVSSA may reveal epistatic relationships in ICL repair, providing direct evidence that they 

function in TC-ICR. For example, if knockout of the NER endonuclease XPG decreases ICL 

repair efficiency in wildtype cells but does not exacerbate the repair defect in UVSSA knockout 

cells, it would strongly suggest that both proteins participate in TC-ICR. We could then conclude 

that the endonuclease cleavage observed in NER also occurs in TC-ICR. Other proteins to 

evaluate in this manner include TLS polymerases, which may facilitate bypass of the ICL during 

TC-ICR, and SNM1A, an exonuclease which may process the ICL to facilitate TLS (74). 

Together, these experiments will help elucidate the downstream steps of TC-ICR, and reveal a 

complete mechanistic model of the pathway. 

To understand the contribution of TC-ICR to cellular homeostasis, experiments should be 

done to directly compare cellular sensitization to ICLs following genetic knockout of TC-ICR or 

FA repair pathways. For example, if we find that a FANCA or FANCD2 knockout cell line is 

significantly more sensitive to cisplatin than a UVSSA knockout cell line, we could conclude 

that the FA pathway repairs the majority of ICLs. Further experiments should examine the 

impact of cell cycle on ICL sensitivity following knockout of ICL repair pathways. We expect S-

phase cells to repair ICLs predominantly via the FA pathway, and therefore FA deficient cells 

should be more sensitive to crosslinkers in S-phase. Conversely, if UVSSA knockout cells are 

less sensitive to crosslinkers in S-phase and more sensitive in G1, it would indicate that TC-ICR 

outside of S-phase is particularly important for cell survival following ICL damage. These 

observations would fit a model where ICLs occurring in the gene body disrupt transcription and 

impairs entry into S-phase, necessitating replication independent repair via TC-ICR and other 
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processes to remove ICLs and allow resumption of the cell cycle. Establishing the relative 

contribution of TC-ICR to cellular homeostasis in different cell cycle phases would elucidate 

how various ICL repair pathways are coordinated to protect genome integrity.  

4.2 A II Implications of TC-ICR in neurological symptoms of CS patients  

Neurodegeneration and cognitive impairment are observed in DNA repair deficiency 

diseases, indicating that DNA damage is disruptive to neuronal homeostasis. For example, 

mutation in the ATM kinase impairs the DNA damage response to DSBs organism-wide, and has 

an outsized impact on neuronal tissues, resulting in ataxia, impaired gait and coordination, and 

cerebral degeneration (141). Mutations in in other DNA repair genes, including CS pathway 

genes, XP pathway genes, MRE11, NBS1, ATR, and LIG4, have been linked to 

neurodegenerative symptoms in humans (142) (see 1.2B VI).  

 The divergence in presentation between TC-NER diseases (see 1.2 B VI, Fig 9) is 

notable, as mutations in genes operating in the same pathway result in very different phenotypes. 

Focusing on neuronal phenotypes, Cockayne Syndrome (CS) patients, deficient in CSA or CSB, 

display neuronal degradation and developmental deficiencies, while UVSS patients, deficient in 

UVSSA or UVSSA recruitment, have no observable neuronal pathology. Cells derived from 

these patients display similar UV sensitivity, indicating that failed DNA repair does not 

contribute to neurodegeneration. Several models have been proposed to explain the divergence 

between UVSS and CS phenotypes. CS cells are deficient in repair of oxidative damage, while 

UVSS cells are proficient. Oxidative damage is endogenous and ubiquitous, and a failure to 

repair that damage may contribute to CS patient phenotypes (143). CSB also promotes Pol II 

transcription processivity through its translocase activity, which is thought to allow bypass of 
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difficult to transcribe regions. Loss of this function in CSB deficient cells reduces transcription 

processivity and negatively impact mRNA production (51).  

Finally, CSA and CSB are required for degradation of stalled Pol II in the event of TC-

NER failure. In UVSS cells, stalled Pol II is ubiquitylated by CSA/ CSB and degraded, allowing 

GG-NER access the lesion. In CS cells, Pol II is not degraded, leading to persistent transcription 

stalling and preventing access of GG-NER to the lesion (18,21,54). Pol II degradation is 

dependent on CSA/ CSB mediated ubiquitylation of Pol II subunit RPB1, and mice expressing a 

ubiquitylation site mutant RPB1 display neuronal phenotypes similar to CS patients (20). 

Persistent stalling of Pol II at endogenous DNA damage in CSA/ CSB mutated neurons would 

block transcription, causing genome instability, disrupting homeostasis, and contributing to 

neuronal phenotypes in CS patients (Fig 7, section 1.2 B III). No definitive evidence of the 

endogenous DNA lesion responsible for Pol II stalling in this model has been found. 

 Our results suggest that patients harboring mutation in CSA, CSB, or UVSSA encoding 

genes are deficient in TC-ICR. Thus, we must consider the possibility that TC-ICR deficiency 

contributes to the pathology of CS or UVSS patients. Aldehydes, endogenous metabolic 

byproducts that form ICLs, are an endogenous source of transcription blocking ICLs. 

Endogenous formaldehyde in CSB deficient mice has been linked to neurodegenerative 

phenotypes similar to CS symptoms. Notably, mutation of GG-NER protein XPC or downstream 

NER protein XPA does not trigger neurodegeneration, indicating that a function specific to 

CSA/CSB is needed to mitigate the toxicity of endogenous ICLs in neurons (144). We propose 

that transcription staling at endogenous ICLs necessitates CSA/CSB ubiquitylation of RPB1 to 

promote degradation of stalled Pol II and facilitate ICL repair via other pathways. Indeed, 
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mutation of RPB1 ubiquitylation site targeted by CSA and CSB triggers CS like symptoms in 

mice (20).  

Patients harboring mutations in UVSSA are deficient in TC-ICR, but do not display 

observable neurodegeneration (21). We hypothesize that UVSSA deficient cells are able to 

degrade Pol II stalled at endogenous ICLs via CSA/CSB mediated ubiquitylation, preventing 

persistent transcription stalling. In this model, Pol II degradation allows repair of transcription 

blocking ICLs via MMR or GG-NER. In this way, transcription independent ICL repair 

pathways compensate for loss of TC-ICR due to UVSSA mutation, but cannot compensate for 

persistent Pol II stalling at ICLs due to mutation of CSA or CSB. Neuronal cells should be 

particularly sensitive to persistent Pol II stalling at ICLs as they are terminally differentiated and 

incapable of replication-coupled ICL repair, increasing the number of crosslinks repaired via TC-

ICR. As well, neuronal genes are significantly longer on average, and therefore more sensitive to 

transcription blocking lesions. CSA/CSB mutated neurons would suffer greater transcription 

stalling and toxicity that other cell types, resulting in the neurodegenerative phenotypes observed 

in CS patients.  

 Further research is needed to confirm this hypothesis, but would be complicated by the 

difficulty of studying endogenous ICL lesions. Testing of UVSSA knockout in mouse models of 

CS disease could elucidate the separation of neurological phenotypes in different TC-ICR 

deficient mutants. Challenging these models with various dosages of exogenous aldehydes may 

reveal a dose dependent function for UVSSA in survival of ICL stress or the maintenance of 

neuronal homeostasis. Double knockout of TC-ICR and replication independent ICL repair 

pathways GG-NER and MMR may also elucidate how ICL repair pathways compensate for each 

other 
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4.2 A III UVSSA in cancer  

We observe positive correlation between UVSSA expression and resistance to ICL 

inducing chemotherapeutics in multiple cancer types via analysis of the DepMap database. The 

correlation suggests that hyperactivation of transcription-coupled ICL repair promotes resistance 

to crosslink inducing chemotherapeutics, providing a mechanism for acquired chemoresistance. 

DNA repair protein expression is linked to poor patient prognosis in some models (106,128), 

supporting the hypothesis that TC-ICR activity level impacts patient prognosis following 

treatment with crosslink inducing drugs. This hypothesis should be evaluated via comparison of 

TC-ICR protein mRNA levels in tumors with patient outcomes following treatment with ICL 

inducing regimens. We predict that patients receiving crosslinking therapies whose tumors 

display high UVSSA expression will have a poorer prognosis due hyperactive TC-ICR, while 

prognosis will improve with low UVSSA expression. Confirmation of this hypothesis would 

reveal the value of UVSSA as a biomarker in chemotherapy selection. UVSSA expression may 

be a more effective biomarker in different cancer backgrounds; analysis should be focused on 

specific cancer lineages to identify the context where UVSSA is the most accurate biomarker. A 

challenge in conducting this analysis is identifying the dataset with relevant information, as 

treatment information is not included in most publicly available data sets.  

 Of note, in our experiments UVSSA overexpression alone did not result in enhanced ICL 

resistance. Cells overexpressing FLAG-UVSSA manyfold higher than endogenous UVSSA 

display wildtype levels of crosslinker sensitivity (data not shown). It is likely that ICL resistance 

requires broad hyperactivation of TC-ICR beyond just UVSSA, likely including TC-ICR factors 

CSA and CSB. Expression of these and other repair proteins should also be analyzed in the 



96 

 

previously described experiments to fully understand the mechanisms of TC-ICR activation in 

tumors treated with crosslinking drugs.  

4.2 A IV TC-ICR impact on crosslinker mutagenic signature  

Mutational signatures, patterns of base substitutions or indel lengths, are linked to a 

specific genotoxic insult through computational analysis. Analysis of mutational signatures 

reveals important insights into mutagenic events and reveals the origin of cancer-causing 

mutations. Signatures are categorized into several types: single Base substitution (SBS), double 

base substitution (DBS), indels, rearrangements, and copy number variation (145). 

 Several mutational signatures are linked to treatment with platinating agents: SBS 31 

(C>T), SBS 35 (C>A, C>T, T>A), and DBS 5 (CT>NN) 

(https://cancer.sanger.ac.uk/signatures/). Chemotherapeutic treatment by crosslinking agents 

such as cisplatin is limited by the possibility of secondary malignancies which arise as a 

consequence of crosslinker induced mutations (75). An understanding of how mutations arise 

following treatment with crosslink inducing agents is relevant to their use in the treatment of 

cancer.   

Repair pathway status impacts mutational signatures of DNA damaging agents. 

Experiments in C. elegans have shown that loss of DNA repair proteins interacts with DNA 

damage to alter mutagenic rate or signature spectra. Loss of repair proteins alone is also 

sufficient to produce a mutational signature in some instances (146). Indeed, NER deficiency in 

mice is associated with a mutational signature closely resembling uncharacterized signature 

SBS8 (147), suggesting that mutations arise due to failed repair of endogenous damage.  

TC-ICR status could impact mutagenesis during crosslink treatment. There are two 

ways TC-ICR may modulate mutagenesis: 1 suppression of mutagenesis via error free NER. 
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NER is an error free repair process that suppresses mutagenesis during repair of DNA lesions 

(47). If NER steps are involved in lesion removal during TC-ICR, as we suspect due to 

dependency on TFIIH for repair, then TC-ICR would resolve ICLs in an error free manner, 

reducing the rate of mutation following treatment with crosslinking drugs. In this scenario, loss 

of TC-ICR would increase absolute mutagenesis rate. 2 increasing mutagenesis via error prone 

TLS. Many TLS polymerases are error prone to allow bypass of DNA lesions. TLS is 

implicated in TC-ICR (17) and may induce mutations due to incorporation of an incorrect base 

across from the ICL. Errors in TLS should produce a specific mutagenic signature dependent 

on the TLS polymerase involved and the structure of the ICL. In this scenario, loss of TC-ICR 

will alter the mutational signature of a crosslinking agent if alternative repair pathways induce a 

different pattern of mutations. 

Further research is needed to evaluate the impact of TC-ICR on crosslinker 

mutagenesis. Several experiments could address the gap in understanding. Comparison of 

crosslinker induced mutagenic signature in wildtype or TC-ICR knockout mutants will reveal 

how TC-ICR impacts mutagenesis. Knockout of different TC-ICR factors (CSA, CSB, 

UVSSA) should be compared to determine any specific functions or interactions. Different ICL 

inducing agents (cisplatin, MMC, SJG-136) should be compared to determine the impact of 

ICL structure on mutagenesis. Analysis should compare mutagenesis in untranscribed vs 

transcribed regions, as a TC-ICR dependent mutagenic signature will be enriched in the 

transcribed region of the genome.  

4.2 B UVSSA in alternative models of transcription stress  

We have shown that a repair independent function of UVSSA is required to prevent 

transcription stress and markers of genomic instability due to MYC induced transcription stress. 
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This function of UVSSA has not been previously observed and may be relevant in other sources 

of transcription-coupled genome instability. Investigation of alternative sources of transcription 

stress will further establish UVSSA’s role as a promoter of genome stability during transcription. 

Hyperactivation of transcription via overexpression of HRAS, TBP (96), MYCN (94), or YAP/ 

TAZ (148) has been linked to genome instability. We hypothesize that UVSSA is relevant to 

these models of transcription stress, via mitigation of genome instability induced by oncogenic 

drivers of transcription. Investigation of UVSSA depletion in these models of transcription stress 

could reveal a broader role for the protein outside of MYC induced transcription.  

Experiments with TBP overexpression would elucidate this possibility. TBP is a direct 

promoter of transcription via biding to the TATA box, and TBP drives genome instability and 

transcription stress when overexpressed (96). If UVSSA depletion in TBP overexpressing cells 

triggers synthetic sickness, genome instability, and Pol II dysregulation phenotypes, mimicking 

observations in MYC activated cells, it would support the conclusion that UVSSA is broadly 

relevant to transcription stress. Further research would be needed to characterize UVSSA’s role 

in transcription regulation and mechanisms of cellular response to transcription stress in these 

models. Alternatively, UVSSA may not be required in other models of transcription stress, 

indicating that its function is specific to MYC induced transcription. Either way, further research 

would elucidate UVSSA’s function in the regulation of transcription stability, and reveal the 

potential of UVSSA as a druggable target in cancers driven by transcription factor activation.  
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