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Abstract

Elongation of RNA polymerase Il (Pol I1) is affected by many factors including DNA damage.
Bulky damage, such as lesions caused by ultraviolet (UV) radiation, arrests Pol Il and inhibits
gene transcription, and may lead to genome instability and cell death. Cells activate transcription-
coupled nucleotide excision repair (TC-NER) to remove Pol 1l-impeding damage and allow
transcription resumption. TC-NER initiation in humans is mediated by Cockayne syndrome group
B (CSB) protein, which binds to the stalled Pol Il and promotes assembly of the repair machinery.
Given the complex nature of the TC-NER pathway and its unique function at the interface between
transcription and repair, new approaches are required to gain in-depth understanding of the
mechanism. Advances in genomic approaches provide an important opportunity to investigate how
TC-NER is initiated upon damage-induced Pol Il stalling and what factors are involved in this
process. In this Review, we discuss new mechanisms of TC-NER revealed by genome-wide DNA
damage mapping and new TC-NER factors identified by high-throughput screening. As TC-NER
conducts strand-specific repair of mutagenic damage, we also discuss how this repair pathway
causes mutational strand asymmetry in the cancer genome.
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Introduction

Gene transcription by RNA polymerase 11 (Pol I1) is essential for all cellular processes, yet
the journey of Pol Il along transcribed genes is not as smooth as expected. DNA in living
cells can be damaged by a number of agents [1], and the resulting damage can interfere with
Pol Il function. Endogenous damaging sources, including cellular reactive oxygen specifies
(ROS), alkylating agents (e.g., S-adenosylmethionine), spontaneous base hydrolysis and
deamination, and replication errors [1], can generate up to 10° DNA lesions in each
mammalian genome per day [2]. These lesions are mostly chemical modifications to the
base and they can block Pol I1 elongation to different extents. For example, /n7 vitro data
indicates that 8-oxo-7,8-dihydroguanine (8-o0xo0-G), one of the most frequent endogenous
oxidative damage, does not arrest Pol |1 transcription [3]. However, 8-0x0-G can be further
oxidized to form 5-guanidinohydantoin (Gh) and spiroiminodihydantoin (Sp) [4]. Gh and Sp
have been shown to strongly block Pol 11 elongation and the blockage cannot be resolved by
transcription elongation factors [5]. Additionally, endogenous base lesions are primarily
removed from the genome by base excision repair (BER), in which the first step is the
cleavage of the damaged base by glycosylases and generation of apurinic/apyrimidinic sites
(AP sites) [6]. AP sites have been shown to block Pol 1l elongation [7]. AP sites also arise in
the cell by spontaneous depurination at high frequency (~10* lesions per cell per day) [2].
Hence, endogenous DNA damage (e.g., AP sites, oxidative damage, and others) can inhibit
Pol Il elongation.

‘Bulky’ DNA damage, frequently induced by environmental damaging chemicals and
radiation, can be even more harmful to Pol Il elongation than endogenous base damage. In
this regard, it has long been known that solar ultraviolet (UV) radiation induces bulky
photolesions that distort the DNA double helix and block DNA replication and gene
transcription [8]. UV-A and residual UV-B comprise the major damaging wavelengths in
solar UV and they can produce significant amount of photolesions in each exposed cell [9],
mainly including cyclobutane pyrimidine dimers (CPDs) and (6—4) photoproducts (6—-4PPs)
[10]. RNA Pol Il stalling at a UV lesion creates a stable ternary complex consisting of
stalled Pol 11, UV-damaged DNA template, and the nascent transcript. The half-life of an
arrested Pol Il at a CPD is ~ 20 hours /n vitro in the absence of relevant repair proteins, and
Pol 1l causes a footprint of approximately 40 nt covering the damage nearly symmetrically
[11]. The strong Pol 11 stalling at a CPD lesion is problematic for the cell, as transcription
cannot continue and repair may be inhibited by Pol Il. Therefore, repair of UV damage to
rescue the stalled Pol Il is vital for maintenance of genomic stability and cell survival [12].
Bulky lesions are also caused by the damaging chemical benzo[a]pyrene (BaP) in tobacco
smoke. BaP is metabolized in the cell to form a potent mutagen, (+)benzo[a]pyrene-7,8-
dihydrodiol-9,10-epoxide (BPDE), which covalently binds to deoxyguanosines (dGs) in
DNA and causes formation of BPDE-dG adducts [13]. The BPDE-dG adduct has been
shown to block Pol 1l elongation [14]. Both UV and BaP are well-known carcinogens of the
skin and lung, respectively. Therefore, the cellular response to remove DNA lesions induced
by UV and BaP is important for normal cell functions and cancer prevention.

Transcription-coupled nucleotide excision repair (TC-NER), a subpathway of nucleotide
excision repair (NER), is a critical cellular mechanism that repairs transcription-stalling
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DNA damage. Different from global genomic NER (GG-NER), which relies on surveillance
proteins such as Xeroderma pigmentosum complementation group C protein (XPC) to
recognize damage [15], TC-NER utilizes elongating Pol 1l to scan the transcribed strand and
‘recognize’ transcription-stalling damage [16]. After damage recognition, both GG-NER and
TC-NER recruit transcription factor 11H (TFIIH), a ten-subunit protein complex consisting
of two important DNA helicases, XPD and XPB, to the damage site [17]. TFIIH, together
with the scaffolding protein XPA and replication protein A (RPA), unwinds the two strands
around the damage and verifies the presence of damage [18], thus creating a preincision
DNA bubble that is recognized by repair endonucleases ERCC1-XPF and XPG [15]. XPF
and XPG cleave the damaged strand on the 5’ and 3’ sides relative to the damage,
respectively, releasing a single-stranded DNA fragment of ~30 nucleotide (nt) containing the
lesion. The gap is then filled by DNA polymerases using undamaged DNA strand as the
template. DNA ligase | or ligase I1la-XRCC1 is then recruited to seal the DNA backbone
[15].

TC-NER was first reported in the mid 1980°s in the study of UV damage repair in
mammalian cells [19,20]. Early studies revealed that repair of CPDs in the actively
expressing dihydrofolate reductase (D/h17) gene is faster on the transcribed strand (TS)
relative to the non-transcribed strand (NTS), exhibiting a clear repair asymmetry between
the two strands [19]. These pioneering studies on TC-NER were followed by investigations
in other model organisms such as Escherichia coli [21], Saccharomyces cerevisiae [22],
Arabidopsis thaliana [23], and Drosophila melanogaster [24]. Altogether, these studies
established TC-NER as a conserved mechanism that conducts strand-biased and TS-
preferential repair in active genes [16]. It is important to note that TC-NER repairs a wide
range of bulky lesions, including UV damage, BPDE-dG adducts [25], and DNA crosslinks
caused by the anti-cancer drug cisplatin [26,27]. Additionally, published data also suggest a
role for TC-NER in the repair of non-bulky lesions such as alkylation damage [28] and AP
sites [29].

2. TC-NER mechanisms revealed by structural and biochemical studies

Previous studies have identified important TC-NER factors such as Cockayne syndrome
group B protein (CSB), Cockayne syndrome group A protein (CSA), and UV Stimulated
Scaffold Protein A (UVSSA) [30]. Recent data suggests that assembly of the TC-NER
complex occurs in a cooperative way in which CSB binds to the stalled Pol I1 first and
assists the recruitment of CSA and UVSSA [31]. CSA functions in an E3 ubiquitin ligase
complex to facilitate CSB and Pol Il ubiquitylation [30], while UVSSA recruits the NER
core complex transcription factor 11H (TFIIH) [31]. As mentioned earlier, damage
recognition in GG-NER is dependent on XPC, which binds to DNA damage and recruits
TFIIH to the damage site in GG-NER [15]. The steps following TFIIH recruitment,
including DNA unwinding, repair excision, DNA synthesis and ligation (Figure 1), are
believed to be the same between GG-NER and TC-NER [15].

It has long been known Pol 11 stalling is not only caused by DNA damage, but also triggered
by genomic features such as specific DNA sequences and nucleosomes [32], yet the cell can
distinguish between different transcription barriers and only commits DNA lesions to TC-
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NER. How does the cell ‘know’ if the obstacle is a genuine DNA lesion? Recent studies of
the CSB ortholog in Saccharomyces cerevisiae, Rad26, provide new insights into the
underlying mechanism [33]. CSB and Rad26 are known to function as elongation factors
during normal Pol Il transcription [34,35]. The structure of the yeast Pol I1-Rad26 complex
indicates that Rad26 binds to DNA upstream of elongating Pol I, and utilizes its ATP-
dependent 3’-to-5’ DNA translocase activity to pull the transcribed strand away from Pol |1
[33], which promotes the forward movement of Pol Il. This directional DNA translocase
activity of Rad26 allows Pol Il to bypass small barriers (e.g., poly(A) DNA sequence, non-
bulky lesions, and nucleosomes [33,36]) without the need of invoking TC-NER. However, if
the barrier is strong and cannot be bypassed by Pol Il, such as CPDs, Rad26 moves toward
the arrested Pol Il and eventually binds to it [37]. The structural data shows that Rad26 binds
directly to Pol I, through interactions with regions of the Pol 11 complex that serve as
docking sites for the elongation factor Spt4-Spt5 [33,37], which has been shown as a TC-
NER suppressor in yeast [38,39]. The overlapping binding sites between Rad26 and Spt4-
Spt5 suggest that CSB/Rad26 may compete against Spt4-Spt5 and displace it from stalled
Pol 11, thus switching Pol Il from elongation to repair mode [37]. CSB/Rad26 may also
create new binding sites for NER factors such as TFIIH. Therefore, the DNA translocase
activity of CSB/Rad26 plays an important role in deciding whether TC-NER is required by
testing if the DNA obstacle can be bypassed by Pol 11 [12]. In addition to CSB/Rad26,
emerging evidence indicates that Pol I1 itself and components in the Pol Il transcription
complex also affect TC-NER. For example, studies in yeast have shown important roles for
the non-essential Pol 11 subunits Rph9 and Rpb4 [40], Pol Il-associated factor (PAF)
complex [41], and transcription termination factor Senl [42], in regulating TC-NER. Among
these factors, Rpb9 and Senl can facilitate repair, while Rpb4 and PAF function as TC-NER
suppressors [43], suggesting complex regulation of TC-NER by Pol Il and Pol ll-associated
proteins.

Although published data have revealed intriguing structural and biochemical mechanisms for
TC-NER, important questions still exist. For example, CSB and Rad26 are not always
required for TC-NER in cells [44-46], which raises questions as to how TC-NER initiates
without CSB/Rad26 in some genes or genic regions. It is also unknown how TC-NER copes
with the chromatin structure in eukaryotes. Furthermore, no CSB homolog has been
identified in the Drosophila genome, yet strong TC-NER activity was found in Drosophila
cells [24], suggesting some species may employ factors not belonging to the CSB family to
initiate TC-NER. Recent studies using genomic approaches provide new information that
helps us address these important questions. In the subsequent sections, we discuss how data
obtained with genome-wide damage mapping uncovers common but variable requirements
for CSB/Rad26 in different chromatin regions (e.g., transcription initiation vs. elongation)
and how high-throughput screens identify new TC-NER regulators.

3. TC-NER mechanisms revealed by genome-wide mapping of DNA

damage and repair

Several genomic methods have been developed in recent years to study formation and repair
of different types of DNA damage [47,48]. Of particular interest, methods utilizing next-
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generation sequencing (NGS) for strand-specific analysis of DNA damage have offered an
important opportunity to analyze genome-wide TC-NER. Here we focus on studies using
three damage/repair mapping methods: XR-seq, CPD-seq, and NMP-seq (Figure 2).

Excision repair sequencing (XR-seq) was published in 2015 to analyze excision repair of
UV damage in the human genome [49]. XR-seq utilizes TFIIH co-immunoprecipitation to
capture the ~30 nt fragments that are excised during NER, which are then ligated to
sequencing adaptors and subjected to NGS [49,50] (Figure 2A). As the NER intermediates
are single stranded and generated from the damaged strand, XR-seq data can distinguish
repair between the TS and NTS of transcribed genes, and thus can be utilized for
simultaneous analysis of GG-NER and TC-NER. Importantly, XR-seq data obtained in
normal human fibroblasts irradiated by UV presented a clear TC-NER signature for CPDs at
the genome scale, with faster repair on the TS relative to the NTS [49]. In contrast, 6-4PPs
repair is evenly distributed between the two strands, due to recognition of 6-4PPs by XPC
and efficient repair through the GG-NER subpathway [49]. Additionally, TC-NER of CPDs
is significantly diminished across the genome in CSB- or UVSSA-deficient cells [31,49],
consistent with the important roles of CSB and UVSSA in TC-NER initiation. XR-seq was
also applied to repair studies of BPDE-dG and DNA crosslink damage caused by tobacco
smoke and cisplatin, respectively. Similar to CPDs, XR-seq data indicates that both BPDE-
dGs and cisplatin-induced 1,2-GpG crosslinks are preferentially repaired on the TS of active
genes by TC-NER [25,26], although the TC-NER effect on BPDE-dGs is relatively weak.
The low TC-NER is likely because BPDE-dG adducts can be efficiently repaired by GG-
NER, similar to the repair of 6-4PPs.

As the NER dual incision step is highly conserved, the XR-seq methodology can be used for
repair mapping in other organisms. Indeed, an XR-seq study conducted in E. coli showed
abundant NER intermediates following UV treatment, and the excision product is ~13 nt
[51], shorter than that in humans. A strong TC-NER signature, shown by fast repair on the
TS, was found for almost all £. coli genes, and this signature is dependent on the Mutation
Frequency Decline (Mfd) protein [51], the counterpart of CSB in E. coli, thus confirming the
crucial role for Mfd in bacterial TC-NER. Furthermore, XR-seq data generated in UV-
irradiated Drosophila cells identified clear TC-NER activity that is comparable to the level
observed in mammalian cells [24], even though a search of the Drosophila genome failed to
identify orthologs to CSB, CSA, or UVSSA. The XR-seq data suggests that Drosophila (and
potentially other organisms lacking canonical TC-NER factors) may utilize non-canonical
TC-NER factors to initiate repair upon transcription stalling; however, the identity of
Drosophila TC-NER initiation factor is unclear.

Cyclobutane Pyrimidine Dimer sequencing (CPD-seq) was initially developed to analyze
CPDs in the yeast genome [52], and it has been extended to human cells for genome-wide
CPD mapping [53,54]. This method uses a CPD-specific glycosylase (T4 endonuclease V)
and the AP endonuclease (APEL) to cleave CPD damage and generate a nick on the
damaged stand. The resulting 3’-OH group on the 5’ side of the CPD damage is then ligated
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to a sequencing adaptor (Figure 2B, purple adaptor), which allows precise mapping of the
CPD damage at single-nucleotide resolution in a strand-specific manner [52,55]. Using
CPD-seq, genome-wide CPDs can be mapped to analyze initial damage as well as remaining
damage at different repair time points. Normalization of CPDs after repair to the initial
damage generates fraction of remaining (i.e., unrepaired) damage, which conversely
correlates with CPD repair [55]. By analyzing the remaining damage on the TS and NTS of
active genes, repair of CPDs by TC-NER and GG-NER can be compared to each other.

Analysis of CPD-seq data in wild-type yeast cells shows faster repair on the TS than that on
the NTS, and the TC-NER efficiency is correlated with gene transcription frequency, with
highly expressing genes showing the most prominent TC-NER activity [52]. Transcribed
DNA is packaged into regularly spaced nucleosomes [56]. Although biochemical studies
have shown an inhibitory effect of the nucleosome on GG-NER [57], how nucleosomes
affect TC-NER is less clear. Intriguingly, analysis of the CPD-seq data in wild-type yeast
cells has revealed periodic unrepaired CPD peaks near central dyads of nucleosomes on the
NTS [58,59] (Figure 3A), consistent with the known function of nucleosomes in preventing
the access of GG-NER factors to damage [57]. In stark contrast, repair by TC-NER (i.e.,
repair on the TS) is not inhibited by nucleosomes and robust TC-NER is observed both at
the nucleosomal dyad axis and in linker DNA (Figure 3A), which is likely due to transient
disruption of nucleosomes by elongating Pol 1l during TC-NER [16]. Therefore,
nucleosomes display strikingly different effects on GG-NER and TC-NER in yeast, and the
difference is correlated with distinct nucleosome structures encountered by the two NER
subpathways (i.e., intact nucleosomes for GG-NER but disrupted nucleosome structure for
TC-NER).

CPD-seq analysis indicates that TC-NER is significantly diminished among most genes in a
Rad26-deficient yeast strain (i.e., rad264) [59], confirming a key role for Rad26 in
promoting TC-NER. However, a careful examination of the repair data indicates that some
yeast genes and some specific genic regions do not require Rad26 to conduct TC-NER. First,
a small number of highly transcribed yeast genes can activate TC-NER in a Rad26-
independent manner. These Rad26-independent genes comprise the most actively expressing
genes in yeast and they may utilize Rpb9, a non-essential subunit of the Pol 11 complex to
perform TC-NER [40]. Although this subset of genes is independent of Rad26, TC-NER in
these genes still depends on TFIIH [59], suggesting that Rad26-independent TC-NER relies
on the same set of core NER enzymes for repair. Second, TC-NER in the +1 nucleosome
(the first nucleosome downstream of the transcription start site [TSS]) of almost all yeast
genes is largely independent of Rad26, particularly for the first 30-nt on the TSS-proximal
side (Figure 3B). In contrast, Rad26 is essential for TC-NER downstream of the +1
nucleosome, suggesting variable Rad26 requirements in different chromatin regions.
Interestingly, Rad26-independent TC-NER on the TSS-proximal side of the +1 nucleosome
is correlated with high TFIIH occupancy in this specific region, revealed by high-resolution
ChiIP-exonuclease (ChlIP-exo) data [59,60]. Biochemical data have shown that TFIIH is
associated with Pol 11 in this region to promote transcription initiation and early elongation
[61]. The high TFIIH occupancy suggests that TFIIH is readily available for DNA
unwinding and damage verification upon Pol 1 stalling in the TSS-proximal region, which
allows TC-NER in the absence of Rad26 (Figure 3C). In the downstream nucleosomes
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where Rad26 is needed for TC-NER, the TFIIH occupancy is low but the occupancy of the
elongation factor Spt4-Spt5 is high [59] (Figure 3C), suggesting a role for Rad26 in
removing Spt4-Spt5, a known yeast TC-NER suppressor [38,39], from the stalled Pol I1.
Indeed, CPD-seq analysis in a rad26Aspt4A double mutant shows significant recovery of
TC-NER in the downstream nucleosomes [59], further confirming that eviction of Spt4-Spt5
by Rad26 is an important step that switches Pol 11 from elongation to repair. Hence, the
high-resolution CPD-seq data, coupled with the genome-wide occupancy analyses of
transcription factors (i.e., TFIIH and Spt4-Spt5), uncovers the common but variable
requirements for Rad26 in different transcribed regions, and reveals the interplay between
Rad26 and the transcription machinery to initiate repair when Pol Il encounters DNA
damage.

NMP-seq:
The CPD-seq methodology was modified to develop a new method, NMP-seq (N-
methylpurine sequencing), to map alkylation damage such as 7-methyguanine (7meG) and
3-methyladenine (3meA) (Figure 2B) [28]. The alkylation damage can be induced by
exposing cells to alkylating agents such as methyl methanesulfonate (MMS). The damage
mapping strategy of NMP-seq is similar to CPD-seq, except a different DNA repair enzyme
is used for the initial damage cleavage. In NMP-seq, alkylation damage is cleaved by the
glycosylase alkyladenine glycosylase (AAG), followed by APEL, to generate the damage-
associated 3’-OH group for sequencing adaptor ligation [28] (Figure 2B). NMP-seq data
confirmed that BER is the primary repair pathway for alkylation damage in wild-type yeast
cells, consistent with previous studies [6]. However, analysis of the NMP-seq data in a BER-
deficient yeast strain, mag14, which lacks the glycosylase Magl (ortholog of human AAG),
shows preferential repair of 3meA damage on the TS relative to the NTS. Consistent with
the repair data, genome-scale sequencing of MMS-induced mutations in the magZA mutant
also showed significantly enriched adenine mutations on the NTS [28]. These data suggest
that 3meA lesions in the BER mutant (i.e., mag14) may inhibit RNA Pol Il elongation and
invoke TC-NER, resulting in reduction of 3meA damage and adenine mutations on the TS
[28]. As a comparison, the strand asymmetry in repair and mutagenesis is significantly
diminished in wild-type cells, conceivably due to rapid removal of the damage by BER. As
alkylation damage such as 3meA is non-bulky, the NMP-seq data suggests that TC-NER
may also target some DNA base lesions for strand-specific repair. Consistent with this
finding, data generated in yeast cells has also shown that AP sites, which are not bulky
lesions, are repaired by TC-NER and fewer mutations associated with AP sites are found on
the TS relative to the NTS [29].

4. New TC-NER regulators identified by high-throughput screens

Identification of new TC-NER factors and characterization of their cooperative actions with
the known repair factors are important for understanding this repair pathway, particularly for
organisms lacking canonical TC-NER factors such as CSB. The CRISPR-Cas9 technology,
coupled with synthesized genome-scale single-guide RNA library (e.g., [62]), provides a
powerful system to introduce mutations in gene coding regions that cause loss of gene
functions. This strategy has been used to identify gene candidates whose loss affects cellular
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response to drug treatment [62]. The same strategy can be utilized to screen for new genes
involved in different DNA repair pathways. A recent study conducting whole-genome
CRISPR-Cas9 screens in human cells identified a number of new genes that affect cellular
sensitivity to DNA damaging agents. Of particular interest to NER research, the screens
identified two new TC-NER factors: elongation factor 1 homolog (ELOF1) and serine/
threonine kinase 19 (STK19) [63]. The DNA damage sensitivity profile in £L OF1 knockout
cells is similar to cells lacking CSA, CSB, or UVSSA: high sensitivity to UV, cisplatin, and
illudin S, but resistance to trabectedin (also known as ecteinascidin 743) [63]. DNA damage
induced by UV, cisplatin, or illudin S is repaired by TC-NER, while trabectedin, a natural
marine product, requires active TC-NER in the cell to exert its cytotoxicity and resistance to
trabectedin is correlated with defective TC-NER [64]. Hence, the screening data suggests
that ELOF1 is a likely TC-NER factor required for normal TC-NER activity. ELOF1 is a
conserved transcription elongation factor [65] and its yeast ortholog, EIf1, interacts with
Spt4-Spt5 to increase Pol Il transcription through nucleosome barriers [66]. STK19 is a
CSB-interacting protein and promotes transcription recovery post UV irradiation [67],
suggesting a potential role for STK19 in the response to UV-induced Pol 11 stalling. Similar
to ELOFL, loss of STK19 sensitizes human cells to illudin S but increases resistance to
trabectedin [63]. The detailed role for ELOF1 and STK19 in TC-NER is currently unclear,
and more studies are needed to understand their functions.

A yeast genetic screen was performed using a set of yeast knockout mutants in the absence
of the GG-NER factor Rad7 [68]. These yeast mutants were exposed to UV light to screen
for candidates showing significantly increased UV sensitivity compared to the rad7single
mutant. This screen found that mutants of the PAF and Ccr4-Not complexes exhibit high UV
sensitivity, suggesting their potential roles in TC-NER. The TC-NER impairment in these
mutants was confirmed by a Southern blot-based DNA repair assay [68]. Notably, PAF and
Ccr4-Not complexes are both transcription elongation factors, suggesting TC-NER in yeast
(and potentially in other eukaryotes) is broadly regulated by factors participating in
transcription elongation. The role of PAF in yeast TC-NER was further examined using a
high-resolution gel-based repair assay [41]. However, analyses of CPD repair at the actively
transcribed RPBZ2 gene revealed that PAF only marginally promotes Rad26-dependent TC-
NER but significantly suppresses Rad26-independent TC-NER [41]. Additionally, PAF
appears to cooperate with the elongation factor Spt4-Spt5 to exert its suppressive role in
repair.

Proteomic screens have also been utilized to identify new TC-NER factors. As Pol Il and
CSB are the central factors in TC-NER, a previous study using purified CSB and Pol 11
identified proteins interacting with each of them by mass spectrometry [67]. The
interactomes were then compared between cells with and without UV treatment, and
proteins that specifically interact with CSB or Pol Il upon UV irradiation were recognized as
candidates for TC-NER or other Pol 1l rescue pathways. The proteomic screens identified
STK19 as a CSB-interacting protein [67], which was later confirmed as a TC-NER factor in
the CRISPR-Cas9 screen [63]. Additional factors that bind to CSB or Pol 11 upon DNA
damage were also identified; however, whether and how they play a role in TC-NER have
not been characterized.
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5. TC-NER and cancer: mutational strand asymmetry in the cancer

genome

Due to the strand-specific repair by TC-NER, DNA damage on the TS of active genes is
repaired more rapidly than damage on the NTS. As a result, the unrepaired damage on the
NTS may cause mutations if they are replicated by DNA polymerases, and thus lead to more
mutations on the NTS relative to the TS (Figure 4). Indeed, consistent with the known
function of TC-NER in the repair of UV and BPDE adducts, UV-induced C>T mutations in
skin cancer and smoking-induced G>T mutations in lung cancer, respectively, are
significantly enriched on the NTS [69].

The mutational strand asymmetry can also be used to investigate cancer mutations with no
clear knowledge of causative DNA damage. For example, skin cancer such as cutaneous
melanoma contains non-canonical mutations such as T>C and T>A that do not fit the UV
signature mutation (i.e., C>T) [70], but it is not clear what causes these non-canonical
mutations. A recent study sequenced the genome of UV-treated yeast cells and identified
many UV signature C>T mutations as well as a large number of T>C and T>A transitions
[71]. Interestingly, T>C mutations are enriched in TTN as well as CTN trinucleotide
contexts, and thus mainly occur at the 3’ position of a dipyrimidine (i.e., TT or CT with
mutations on the underlined T), suggesting they likely originate from known UV
photolesions such as CPDs or 6-4PPs. T>A mutations are mainly found in NTA
trinucleotides and are not specifically associated with dipyrimidines. Further analysis in
yeast genes indicates that T>C mutations are elevated on the NTS (non-transcribed strand)
relative to the TS (transcribed strand), similar to the UV signature C>T mutations [69],
confirming T>C mutations are likely caused by CPDs or 6-4PPs. In contrast, T>A mutations
in the NTA context are elevated on the TS relative to the NTS. Analysis in melanomas also
shows elevated T>A mutations in the NTA context on the TS relative to NTS [71]. Thus, the
strand information (i.e., TS vs. NTS) suggests that T>A mutations (in the NTA context) may
originate from a DNA lesion on the opposite strand, at a corresponding TAN sequence
context. The lesion is likely formed between TA and that the central adenine is mutated to
thymine (i.e., A>T mutation) during replication [71]. Indeed, studies using UV-irradiated
oligonucleotides containing tandem TA repeats and genome-wide mapping of atypical UV
damage in yeast cells collectively indicate formation of TA lesions by UV irradiation that
can be cleaved by UV DNA endonuclease (UVDE) [71]. The TA lesion likely inhibits Pol |1
elongation and invokes TC-NER for strand-specific repair on the TS, and thus leads to
reduced A>T mutations on the TS. Therefore, the strand information of non-canonical UV
mutations is useful to determine the underlying DNA lesions.

Similarly, the strand information of A>G mutations in liver cancer also suggests that TC-
NER may play a role. The A>G mutations are found in some liver patients but the causative
DNA damage is unclear. By analyzing the distribution of A>G mutations between the TS
and NTS, it has been shown that the mutation frequency is significantly higher on the NTS
than on the TS in actively transcribed genes [69]. The strand asymmetry suggests that A>G
mutations in liver cancer are likely caused by an unknown bulky lesion formed on adenines.
Interestingly, A>G mutations in liver cancer are also significantly increased on the NTS in
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the transcribed region relative to the flanking intergenic regions such as promoters,
suggesting a potential effect of “transcription-coupled damage’ that boosts damage
formation on the NTS [69]. Hence, these analyses suggest that both transcription-coupled
repair and damage formation contribute to significantly elevated A>G mutations on the
NTS.

6. Discussion and future directions

In this Review, we have discussed new findings in TC-NER revealed by genomic
approaches. First, genome-wide damage mapping methods have provided an unprecedented
opportunity to study TC-NER at the whole genome scale and at high resolution. These data
not only confirmed the critical role for CSB and its counterparts (e.g., Rad26 and Mfd) in
coupling transcription and repair, but they further uncovered new insights into how these
TC-NER factors interact with the transcription machinery to initiate repair upon DNA
damage-induced transcription stalling. For example, analysis of CPD-seq data obtained in
yeast mutants indicates that Rad26 is specifically required in TSS-distal transcribed regions
(e.g., downstream of the +1 nucleosome) in order to displace Spt4-Spt5, but not in the TSS-
proximal region due to high TFIIH occupancy [59]. An open question associated with this
finding is whether this is a yeast-specific phenomenon or a common mechanism shared by
other organisms. Further studies in mammalian cells will likely uncover if CSB plays a
similar role. Mapping of the mutagenic 3meA lesions using the NMP-seq method revealed a
surprising role for TC-NER to repair non-bulky base damage when BER is deficient. This
finding suggests that TC-NER may repair both bulky and non-bulky lesions, and plays a
broader role than previously expected. Although /n vitro data have shown weak or lack of
inhibition to RNA polymerases for some non-bulky damage, these studies were performed
with naked DNA templates without the chromatin structure. It is possible that the
transcription-impeding effect will be amplified when non-bulky damage is embedded in
chromatin, which by itself imposes restrictions to Pol 1l elongation [72]. Second, genome-
scale screens have allowed identification of new TC-NER factors in human cells and this
strategy can be potentially utilized in organisms lacking CSB orthologs. Investigation of how
the newly identified factors such as ELOF1 and STK19 [63] cooperate with the known TC-
NER factors will further improve our understanding of this repair pathway. Finally, we
discussed how the TC-NER activity is associated with mutational strand asymmetry in
human cancers. While a large number of mutational signatures have been identified mainly
by analyzing the trinucleotide contexts [73], the cause for many of them is still unclear.
Future studies incorporating mutational strand information into the sequence contexts will
offer new insights into the causative DNA damage, which is important for cancer etiology
and prevention.
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Highlights

. Genome-wide DNA damage mapping methods reveal new insights into TC-
NER

. Genome-scale CRISPR-Cas9 screens identify new TC-NER factors

. Mutational strand asymmetry provides important information to the causative
DNA damage in human cancers
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Figure 1.
TC-NER in mammalian cells. RNA Pol |1 stalling at a DNA lesion leads to the binding of

CSB, which recruits CSA and UVSSA. UVSSA then promotes TFIIH recruitment. The
elongation factor ELOF1 and the serine/threonine kinase STK19 are also important for TC-
NER, but their roles remain elusive. The helicases in TFIIH unwind the two strands of
damaged DNA to facilitate dual incision by ERCC1-XPF and XPG on the 5’ and 3’ sides of
the lesion, respectively. The excised DNA fragment containing the lesion is bound by TFIIH
and released. The gap on the damaged strand is filled by DNA polymerases and DNA
ligases. Transcription can be resumed after repair of the damage.
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Figure 2.
Schematic representation of DNA damage/repair mapping methods. (A) XR-seq is a method

that maps excision repair products (~30 nt), which are bound by TFIIH in the cell. These
short fragments are extracted from cell lysates and ligated to sequencing adaptors.
Fragments containing damage are purified by damage immuneprecipitation (IP) using a
DNA damage-specific antibody. After damage repair or bypass with a translesion synthesis
(TLS) DNA polymerase, the DNA fragment is used for PCR amplification. (B) CPD-seq and
NMP-seq are used for mapping UV damage (i.e., CPDs) and alkylation lesions such as 3-
meA and 7-meG. Red asterisks represent DNA damage. Damage is cleaved with DNA repair
enzymes to generate a new 3’-OH group, which is ligated to a sequencing DNA adaptor (2"
adaptor).
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Figure 3.
Role of Rad26 in yeast TC-NER revealed by CPD-seq analysis. (A) Repair of CPDs in wild-

type cells at 2h. Yeast genes (n = 5,205) [74] were aligned at their transcription-start site
(TSS) and the fraction of remaining CPDs at 2h (CPD-2h normalized to CPDs-0h) was
plotted in DNA regions around the TSS. Transcribed strand (TS) and non-transcribed strand
(NTS) are analyzed separately. CPD-seq data was downloaded from Gene Expression
Omnibus (accession code GSE145911) [59] and reanalyzed in transcribed regions near the
TSS (from —150bp upstream to 450bp downstream of the TSS). The gray background
depicts yeast nucleosome occupancy generated with published MNase-seq data [75]. (B)
Repair of CPDs in Rad26-deficient cells (i.e., rad264) at 2h in yeast genes. (C) Model
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depicting the variable requirements for Rad26 in yeast TC-NER in different chromatin
regions (e.g., +1 and downstream nucleosomes), and its correlation with the occupancy of
transcription elongation factor Spt4-Spt5 and initiation/repair factor TFIIH.
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Figure 4.
Role of TC-NER in causing mutational strand asymmetry. Upper panel: Damage (e.g., UV-

induced TC dimer) located on the transcribed strand (TS) stalls Pol 11 elongation and is
repaired by TC-NER. The fast repair leads to low C>T mutation frequency on the TS. Lower
panel: A TC dimer located on the non-transcribed strand (NTS) cannot be repaired by TC-
NER and is left for repair by GG-NER. The slow repair by GG-NER causes high C>T
mutation frequency on the NTS when the damage is replicated by a DNA polymerase.
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