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Transcription-coupled nucleotide excision repair (TC-NER) is an im-
portant DNA repair mechanism that removes RNA polymerase
(RNAP)-stalling DNA damage from the transcribed strand (TS) of
active genes. TC-NER deficiency in humans is associated with the
severe neurological disorder Cockayne syndrome. Initiation of TC-
NER is mediated by specific factors such as the human Cockayne
syndrome group B (CSB) protein or its yeast homolog Rad26. How-
ever, the genome-wide role of CSB/Rad26 in TC-NER, particularly in
the context of the chromatin organization, is unclear. Here, we used
single-nucleotide resolution UV damage mapping data to show that
Rad26 and its ATPase activity is critical for TC-NER downstream of
the first (+1) nucleosome in gene coding regions. However, TC-NER
on the transcription start site (TSS)-proximal half of the +1 nucleo-
some is largely independent of Rad26, likely due to high occupancy
of the transcription initiation/repair factor TFIIH in this nucleosome.
Downstream of the +1 nucleosome, the combination of low TFIIH
occupancy and high occupancy of the transcription elongation fac-
tor Spt4/Spt5 suppresses TC-NER in Rad26-deficient cells. We show
that deletion of SPT4 significantly restores TC-NER across the ge-
nome in a rad26A mutant, particularly in the downstream nucleo-
somes. These data demonstrate that the requirement for Rad26 in
TC-NER is modulated by the distribution of TFIIH and Spt4/Spt5 in
transcribed chromatin and Rad26 mainly functions downstream of
the +1 nucleosome to remove TC-NER suppression by Spt4/Spt5.
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N ucleotide excision repair (NER) is critical for the repair of
cytotoxic and mutagenic DNA lesions, including ultraviolet
(UV)-induced cyclobutane pyrimidine dimers (CPDs) and (6, 4)
photoproducts (6-4PPs). NER consists of two subpathways: global
genomic nucleotide excision repair (GG-NER) and transcription-
coupled nucleotide excision repair (TC-NER), which mainly differ
in how the lesion is recognized (1). CPDs located in the transcribed
strand (TS) of active genes are rapidly removed by TC-NER,
initiated when elongating RNA polymerase (RNAP) stalls at a
CPD lesion (2). CPDs located elsewhere in the genome (e.g.,
the nontranscribed strand [NTS] of genes or intergenic regions)
are recognized by damage recognition factors (e.g., UV-DDB,
XPC) and repaired by GG-NER, which is generally less effi-
cient than TC-NER (2). Due to the different efficiency between
the two NER subpathways, transcribed genes exhibit strong strand
asymmetry in the repair of CPDs, with preferential repair in the
TS relative to the NTS (3), which is mirrored by the reported
strand-biased somatic mutations in skin cancers (4).

The initiation of TC-NER upon RNAP stalling requires specific
factors. These factors respond rapidly to transcription-blocking
DNA damage, binding to stalled RNAP to coordinate assembly
of downstream NER factors (5). Several TC-NER factors have
been identified, including bacterial Mfd (6), yeast Rad26 (7), and
mammalian CSB (8). The bacterial Mfd protein functions as a
DNA translocase and can displace RNAP stalled at a lesion (9,
10). Mfd then recruits general NER factors such as the UvrAB
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complex to repair the exposed damage (10, 11). Although the
function of Mfd is well characterized, the mechanism for eukaryotic
TC-NER factors (e.g., Rad26 and CSB) is less understood (5). Both
CSB and Rad26 are ATP-dependent DNA translocases and can
promote RNA polymerase II (Pol II) forward movement (12, 13),
similar to Mfd; however, neither of them can displace stalled Pol 11
from DNA in vitro (12, 14). This raises important questions about
whether the forward translocation of Pol II promoted by CSB/Rad26
is required for lesion recognition and TC-NER initiation, and how
eukaryotic cells deal with the stalled Pol II to avoid repair inhibition.

The mechanism of CSB/Rad26 is further complicated by the
packaging of genomic DNA into chromatin, which may influence
TC-NER in different ways. For example, nucleosomes around
stalled Pol II may restrict the access of repair factors and/or Pol
IT backtracking (2), which may require chromatin remodeling to
overcome this physical barrier. Additionally, CSB/Rad26 and some
downstream NER factors play important roles in transcription
regulation (12, 13, 15), and their distribution may be affected by
chromatin. In this regard, recent studies have shown that nucle-
osomes significantly modulate distribution of the transcription
initiation/NER factor TFIIH, which exhibits highest occupancy
near the first (+1) nucleosome in the coding region (16, 17).
Furthermore, occupancy of the transcription elongation factor
Spt4/Spt5, a known TC-NER suppressor in yeast (18, 19), also fluctuates
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along the transcribed gene (20). Hence, the availability of these
transcription/repair factors varies significantly in different chro-
matin regions. However, how the variable occupancy of these
factors affects TC-NER has not been characterized.

High-resolution methods for mapping CPD repair across the
genome (3, 21) provide a unique opportunity to elucidate how
CSB and Rad26 promote TC-NER in chromatin. Here, we
employed a high-throughput CPD mapping method known as
CPD-seq (21) to generate base-resolution repair maps among
~5,200 Pol II-transcribed yeast genes (22) in WT and Rad26-
deficient yeast strains. Our data reveals a varying requirement
for Rad26 in activating TC-NER in different chromatin regions.
We further show that the differential requirement for Rad26 is
correlated with the distribution of TFIIH and Spt4/Spt5 along
the transcribed gene.

Results

TC-NER Is Generally Impaired in Rad26-Deficient Yeast Strains across
the Genome. We recently developed CPD-seq for precise map-
ping of CPD lesions (21). CPD-seq employs DNA repair en-
zymes T4 endonuclease V (T4 endo V) and apurinic/apyrimidinic
endonuclease (APE1L) to generate a new ligatable 3'-OH group
immediately upstream of the CPD lesion, which is ligated to an
adaptor DNA for next-generation sequencing (SI Appendix, Fig. S14).

To investigate the genome-wide role of Rad26 in TC-NER, we
conducted CPD-seq experiments in Rad26-proficient (i.e., WT)
and Rad26-deficient (i.e., rad26A) Saccharomyces cerevisiae strains.
Counting the two nucleotides immediately upstream of the 5’ end
of CPD-seq reads revealed a high enrichment of dipyrimidines
(ie., TT, TC, CT, and CC dinucleotides) in UV-irradiated cells, but
not in “No UV” control (SI Appendix, Fig. S1 B and C), which is
indicative of specific mapping of CPD lesions, as shown in our
previous studies (21, 23). We used CPD-seq data to analyze the
distribution of CPDs both immediately after UV irradiation (0 h)
and following 2 h of repair incubation across ~5,200 Pol II-
transcribed yeast genes (22). After normalizing CPD-seq counts
at 2 h by the initial counts at 0 h, we found that there were sig-
nificantly lower remaining CPDs (or unrepaired CPDs) in the TS
relative to the nontranscribed strand (NTS) in WT cells (Fig. 14),
consistent with previous results showing more rapid repair on the
TS by TC-NER (3, 21). In contrast, TC-NER was significantly
reduced in a RAD26 full deletion yeast strain (i.e., rad26A), as
shown by high remaining CPDs in the TS in the mutant strain
(Fig. 1B). Residual TC-NER was still seen in the rad26A mutant
(Fig. 1B), suggesting the existence of Rad26-independent TC-
NER in some genes (24).

Both Rad26 and CSB are ATP-dependent DNA translocases
that enhance Pol II forward translocation (12, 13); however, the
importance of the translocase activity in repair is not fully un-
derstood (5). To investigate the genome-wide function of the
Rad26 translocase activity in TC-NER, we used CRISPR-Cas9
(25) to generate a Rad26 ATPase-dead strain by mutating the
catalytic lysine residue to an arginine (i.e., Rad26-K328R) in its
chromosomal location. Previous studies have shown that the
K328R mutation abolishes the DNA translocase activity of Rad26
in promoting Pol II transcription over DNA barriers (12). Addi-
tionally, mutations in the ATPase domain do not affect cellular
Rad26 protein stability (26). Analysis of CPD-seq data revealed
generally impaired TC-NER in the Rad26 ATPase-dead strain
(Fig. 1C), similar to rad26A. Hence, our data indicates that the
ATP-dependent DNA translocase activity of Rad26 is critical for
TC-NER across the yeast genome.

Although Rad26-independent TC-NER has been reported in
specific genes (24, 27), it remains unclear to what extent Rad26 is
required for TC-NER at the genome scale. To address this
question, we sorted yeast genes by transcription frequency (28)
and generated gene cluster plots of remaining CPDs following
2 h repair. As expected, the remaining CPD levels were generally
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lower in the TS (Fig. 1 D, Left) relative to the NTS (Fig. 1 D,
Right) in WT cells, regardless of gene expression levels, sug-
gesting that the TS is rapidly repaired by TC-NER. RAD26 de-
letion significantly weakened TC-NER in many genes, resulting
in comparable remaining CPDs between the TS and NTS (Fig. 1E),
consistent with our data shown in Fig. 1B. Faster repair in the TS
relative to the NTS was observed in a small number of highly tran-
scribed genes in the rad26A mutant (see the top part of Fig. 1 E,
Left), suggesting that Rad26-independent TC-NER is mainly
enriched in a subset of actively transcribed genes. Further pathway
analysis of these Rad26-independent genes revealed that they are
involved in various cellular processes such as protein folding,
glycolysis, and ribosomal functions (SI Appendix, Table S1).
Taken together, these data indicate that Rad26 is generally
required for TC-NER in most yeast genes, and Rad26-independent
TC-NER mainly occurs in a few highly transcribed genes.

Rad26 Is Specifically Required for TC-NER in Transcribed Regions
Downstream of the +1 Nucleosome. We next sought to understand
how nucleosomes affect the requirement for Rad26 in TC-NER.
Previous studies have shown that transcribed genes in eukaryotes
are organized into regularly spaced nucleosomes downstream of
the transcription start site (TSS), starting from the +1 nucleo-
some, which is nearest the TSS, followed by the +2, +3, +4 nu-
cleosomes and so on ref. 29. While the nucleosome organization is
known to be important for proper gene transcription, how it im-
pacts the function of Rad26 in TC-NER has not been analyzed.

We aligned the TSS of ~5,200 genes and analyzed CPD-seq
reads at 2 h (normalized to 0 h) at each position from 200 bp
upstream to 650 bp downstream of the TSS. Notably, this single-
nucleotide resolution analysis revealed faster repair in the TS
relative to the NTS in WT cells (Fig. 24). This analysis also showed a
periodic pattern of remaining CPDs in the NTS, but not in the TS
(Fig. 24), which is consistent with our recent report (30). The peaks
of remaining CPDs were indicative of positions with slow repair,
and they generally overlapped with the central dyad locations of
nucleosomes (Fig. 24, gray background), indicating that GG-NER
(i.e., repair of the NTS) is inhibited by nucleosomes at their
central dyad positions. In contrast, our data showed no periodic
CPD peaks in the TS in WT cells (Fig. 24), indicating that TC-NER
is not inhibited by nucleosomes, presumably due to transient dis-
ruption of the nucleosome structure during Pol II elongation (2).

Analysis of CPD-seq data in the rad26A mutant revealed pe-
riodic CPD peaks in both TS and NTS (Fig. 2B and SI Appendir,
Fig. S24). This indicates that repair in both strands is inhibited
by nucleosomes when Rad26 is absent. However, CPD peaks in
the TS were only seen in regions downstream of the +1 nucleosome,
including the dyad positions of the +2, +3, and +4 nucleosomes
(Fig. 2B and SI Appendix, Fig. S24). Similarly, CPD peaks in
the TS were also found in the Rad26 ATPase-dead mutant in
the downstream nucleosomes, but not in the +1 nucleosome,
following 1 h and 2 h repair (Fig. 2C and SI Appendix, Fig. S2B).
Fast repair was observed on both strands in the nucleosome-
depleted region (NDR) immediately upstream of the TSS in
Rad26-deficient strains (Fig. 2 B and C), which is likely due to
increased damage accessibility to GG-NER factors when nucleo-
somes are depleted. Further analysis of CPDs after 2 h repair
in rad26A among gene groups with different expression levels
(i.e., high, medium, and low) (28) showed similar CPD peaks
in the TS, in an expression-independent manner (SI Appendix,
Fig. S2 C-E), although highly expressed genes had higher re-
sidual TC-NER in the +1 nucleosome.

The periodic peaks of remaining CPDs in the TS in rad26A
suggest that damage in this strand is repaired in the context of
nucleosomes, likely by GG-NER. To test this hypothesis, we
conducted CPD-seq in a rad26Arad16A double mutant that is
defective in both GG-NER and TC-NER. Deletion of the GG-
NER gene RADI6 (31) abolished the periodic CPD pattern in
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Fig. 1. Rad26 is generally required for TC-NER in the yeast genome. (A) CPD repair is faster in the TS relative to the NTS in WT cells. The coding region of each

gene (n = 5,205) was separated into six equal-sized bins. Three additional bins in the promoter and terminator were also presented. The number of CPD-seq
reads at 2 h was counted in each bin and normalized by CPD-seq reads at 0 h. The resulting fraction of remaining CPDs was plotted. Repair in the flanking
sequences (e.g., upstream of TSS and downstream of TTS) appears to be faster than repair in the NTS of the coding region, likely because many of these
flanking sequences overlap with the transcribed regions of neighboring genes and, thus, are partially repaired by TC-NER. (B) Deletion of RAD26 significantly
reduces repair in the TS. CPD-seq data in the rad264 mutant was analyzed. (C) The ATPase activity of Rad26 is essential for TC-NER. Same as A, but CPD-seq
data in the Rad26 ATPase-dead mutant was analyzed. (D) Gene cluster plot of fraction of remaining CPDs in the TS (Left) and NTS (Right) in WT cells. Each
column represents one bin, from promoter to terminator of each gene, and rows indicate fraction of remaining CPDs at 2 h. Median levels of CPDs are
depicted in black. Blue and yellow indicate low and high levels of CPDs, respectively (see color bar). Rows were sorted by gene transcription frequency (28),

from lowest to highest. (E) Same as in D, except analysis of rad26A CPD-seq data.

both strands (Fig. 2D), suggesting that damage in the down-
stream nucleosomes of the TS was indeed repaired by GG-NER
in rad26A cells. While GG-NER was severely impaired, residual
TC-NER was seen in the rad26 Arad16 A double mutant in the +1
nucleosome as well as the downstream nucleosomes (Fig. 2D).
The TC-NER pattern in the double mutant is different from the
pattern in the rad26A single mutant, which mainly exhibits TC-
NER in the +1 nucleosome (Fig. 2B). However, the detailed
mechanism for the difference is unclear.

A closer examination of the CPD-seq data in rad26A revealed
that the residual TC-NER is particularly apparent for damage
located within ~30 bp downstream of the TSS and is detectable
for most of the +1 nucleosome (SI Appendix, Fig. S2F). Previous
studies showed Rad26-independent TC-NER immediately down-
stream of the TSS in specific yeast genes (32) and CSB-independent
TC-NER near the TSS in a human gene (33). Our genomic data,
consistent with these early observations, further demonstrate that the
Rad26-independent TC-NER near the TSS is widespread for many
genes and is associated with the +1 nucleosome.

Rad26 Is Essential for TC-NER in the Transcription Termination Region.
How TC-NER functions in transcription termination regions has
been largely uncharacterized. To examine if there is active TC-

18610 | www.pnas.org/cgi/doi/10.1073/pnas.2003868117

NER in the termination region and the role of Rad26 in this
region, we analyzed repair at gene 3’ ends in WT and rad26A
cells. Pol II termination occurs in a short DNA window down-
stream of the polyadenylation site (PAS) where Pol 11 is released
from DNA (20). We aligned yeast genes at the annotated PAS
(22) and analyzed remaining CPDs at 2 h at each position
around the PAS (i.e., from —300 bp to +200 bp relative to the
PAS). Our data showed apparent TC-NER upstream of the PAS
in WT cells (Fig. 2E). TC-NER activity decreased gradually as
Pol II approaches the PAS, starting from ~150 bp upstream of
the PAS, and no TC-NER was seen at the PAS (Fig. 2F), likely due
to paused Pol II elongation (20). Repair in the NTS was slightly
faster than the TS downstream of the PAS (Fig. 2E), which may be
caused by TC-NER activity from the adjacent gene. No TC-NER
was seen near the PAS in rad26A (Fig. 2F and SI Appendix, Fig.
S3A4) or in the Rad26 ATPase-dead mutant (SI Appendix, Fig. S3B),
indicating that Rad26 and its ATPase activity is essential for TC-
NER in the termination region.

Rad26 Requirement in TC-NER Is Correlated with TFIIH and Spt4/Spt5
Distribution. To understand why Rad26 is specifically required for
TC-NER downstream of the +1 nucleosome, we analyzed dis-
tribution of transcription initiation factor TFIIH and elongation

Duan et al.
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Fig. 2. Rad26 is specifically required for TC-NER downstream of the +1 nucleosome in the coding region. (A) Nucleosome organization modulates GG-NER
but not TC-NER in WT cells. Yeast genes (n = 5,205) were aligned at their TSS (22) and the fraction of remaining CPDs at 2 h was plotted. TS and NTS were
analyzed separately. The average nucleosome coverage (right y axis), shown as the gray background, was derived from a published MNase nucleosome map
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right. (F) Rad26 is essential for TC-NER in the termination region. Same as E, except CPD-seq data in the rad26A mutant were analyzed.

factor Spt4/Spt5 in Pol II-transcribed genes. We focused on
TFIIH and Spt4/Spt5 because they both play dual roles in
transcription and NER. TFIIH is a general transcription factor
that functions in NER by unwinding DNA to facilitate repair
incision (15). Spt4/Spt5 is an essential transcription elongation
factor that suppresses TC-NER in yeast (18, 19).

We first analyzed published high-resolution ChIP-exonuclease
(ChIP-exo) data of the yeast TFIIH subunit SsI2 (also known as
Rad25) (16). Ssl2 is a 3’ to 5’ DNA helicase (homolog of human
XPB) and is directly involved in NER (15). Consistent with the
high Rad26-independent TC-NER activity on the TSS-proximal
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half of +1 nucleosome (Fig. 34), ChIP-exo data revealed high
occupancy of SsI2 in the +1 nucleosome, particularly on the TSS-
proximal side (Fig. 3B). Furthermore, Ssl2 occupancy decreased
to the basal level in the +2 and the following nucleosomes
(Fig. 3B), which was correlated with severely impaired TC-
NER from the +2 nucleosome in rad26A (Fig. 34). The TFIIH
distribution was further confirmed by analyzing published
ChIP-seq data of another two TFIIH subunits, Rad3 and Kin28
(34). Rad3 is a 5’ to 3’ DNA helicase (homolog of human XPD),
and Kin28 is a protein kinase that phosphorylates the Ser5 residue
of Pol II C-terminal domain (CTD) (15). ChIP-seq analyses showed
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high occupancy of both TFIIH subunits in the +1 nucleosome but
significantly reduced occupancy downstream of the +1 nucleosome
(ST Appendix, Fig. S4A4), which was similar to the SsI2 ChIP-exo
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Spt5 distribution. (A) Plot of remaining CPDs in the +1 and the downstream
nucleosomes in rad26A. This plot is the same as Fig. 2B and is presented to
demonstrate the correlation between repair and TFIIH and Spt5 distribution. (B)
ChiP-exo analysis shows high TFIIH occupancy in the promoter and the +1 nu-
cleosome. TFIIH ChIP-exo data were obtained from the published study (16). Peaks
of the TFIIH subunit Ssl2 were called, and the peak density was plotted. (C) The
DNA helicase activity of TFIIH is essential for DNA repair. CPD-seq data from the
helicase-dead mutant (Rad3-K48R) was analyzed around the TSS. (D) ChIP-seq
analysis showing Spt5 occupancy. The Spt5 ChiP-seq data were derived from the
published study (20). The normalized Spt5 occupancy was plotted around the TSS.
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data, suggesting that the TFIIH complex is enriched in the +1
nucleosome.

The high TFIIH occupancy in the +1 nucleosome implies that
the helicases (Rad3 and Ssl2) are readily available for DNA
unwinding upon Pol II stalling, which may allow TC-NER to
occur in the absence of Rad26. To test this hypothesis, we gen-
erated a yeast strain harboring a point mutation in the conserved
helicase motif of Rad3 with CRISPR-Cas9 (25). This point
mutation, Lys48Arg, has been shown to abolish Rad3 ATPase
and DNA helicase activities but retain Rad3 protein stability in
yeast cells (35). We confirmed that this Rad3 helicase-dead
(i.e., Rad3-K48R) yeast mutant was highly sensitive to UV Kkill-
ing, even more sensitive than the rad26Arad16A double mutant
(SI Appendix, Fig. S4B). Next, we analyzed CPD repair with CPD-
seq. Our repair data showed that the K48R mutation in Rad3
abolished both GG-NER and TC-NER in yeast genes, including
the +1 nucleosome (Fig. 3C), which explains the extremely high UV
sensitivity in this mutant (SI Appendix, Fig. S4B). These findings are
consistent with our hypothesis and indicate that the helicase activity
of TFIIH is essential for TC-NER in the +1 nucleosome.

Analysis of the published Spt5 ChIP-seq data (20) showed low
occupancy of Spt5 in the TSS-proximal region within the +1
nucleosome but high occupancy in the downstream region (Fig. 3D).
Considering the suppressive role of Spt4/Spt5 in TC-NER (18, 19),
the high occupancy of Spt5 likely inhibits TC-NER in the down-
stream region in the absence of Rad26. Indeed, our repair data
showed significantly reduced TC-NER in this region in rad26A
(Fig. 34), but not in WT cells (Fig. 24). Taken together, these
data revealed a correlation between Rad26 requirement in TC-
NER and the combined distribution of TFIIH and Spt4/Spt5.

Rad26-Independent TC-NER on the TSS-Proximal Side of the +1
Nucleosome Is Associated with High TFIIH Occupancy in Active Genes.
We next sought to understand why the TSS-proximal half of the
+1 nucleosome exhibits the most prominent Rad26-independent
TC-NER (e.g., see SI Appendix, Fig. S2F). Genome-wide studies
with Native Elongating Transcript (NET)-seq have shown that Pol
II density peaks near the TSS in yeast (36) and human genes (37)
and decreases toward the 3’ end. The uneven Pol II distribution
suggests that damage located near the 5’ end of transcribed genes
is likely scanned by Pol II more frequently than damage near
the 3’ end, which may contribute to the more robust Rad26-
independent TC-NER.

To test if high-Pol II density is responsible for high Rad26-
independent TC-NER, we sorted yeast genes with their Pol II
density. The Pol II density for each gene was determined by
NET-seq counts (38) normalized by the gene length. We then
compared DNA repair between high-Pol II (i.e., top one-third of
genes; n = 1,653) and low-Pol II groups (i.e., bottom 1,653
genes). We found that the Pol II density for high-Pol II genes
was significantly higher than low-Pol II genes in the coding re-
gion (P < 0.0001; paired ¢ test) (SI Appendix, Fig. S5 A and B).
More importantly, we found that the robust Rad26-independent
TC-NER on the TSS-proximal side of the +1 nucleosome was
mainly associated with high-Pol II genes (Fig. 44). In low-Pol II
genes, the TS repair in the +1 nucleosome was similar between
the TSS-proximal and TSS-distal halves (Fig. 4B). This finding
was further confirmed by a closer comparison of TS repair within
the +1 nucleosome between the two groups, which showed that
the repair difference between high-Pol II and low-Pol II genes
mainly occurred on the TSS-proximal side, not the TSS-distal
side (Fig. 4C). As the high-Pol II genes had much higher Pol
II density than low-Pol II genes, including the TSS-distal side
(Fig. 4D), our data suggest that the high-Pol II density alone is
insufficient to activate Rad26-independent TC-NER.

These observations imply that Pol II on the TSS-distal side of
the +1 nucleosome may not be competent for TC-NER unless
Rad26 is available. One likely explanation is that the repair
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factor TFIIH is released from Pol II on the TSS-distal side. To
test this hypothesis, we analyzed the TFIIH ChIP-exo data (16)
and compared Ssl2 occupancy between high-Pol IT and low-Pol 11
genes. Indeed, high-Pol II genes had significantly higher Ssi2
occupancy than low-Pol II genes on the TSS-proximal side, but
not the TSS-distal side (Fig. 4E). Consistent with our analysis,
in vitro data have shown that TFIIH disassociates from Pol II
downstream of the TSS, starting from ~30 bp after transcription
synthesis (39). Thus, in highly transcribed genes, high TFITH
occupancy allows active Rad26-independent TC-NER to occur
on the TSS-proximal side of the +1 nucleosome. On the TSS-
distal side of the +1 nucleosome, low TFIIH availability hinders
Rad26-independent TC-NER, although Pol II density is high.

Deletion of SPT4 Significantly Rescues TC-NER in the rad264 Mutant.
Lastly, we investigated the role of Rad26 in the downstream
nucleosomes. Recent structural data indicates that Rad26 and
Spt4/Spt5 may compete for the binding site on Pol II (12), sug-
gesting a potential role for Rad26 in evicting Spt4/Spt5 from Pol IT
to initiate repair. To test this model, we knocked out SPT4, which
encodes the nonessential subunit of the Spt4/Spt5 complex, and
mapped remaining CPDs in a rad26Aspt4A double mutant.
Analysis of CPD-seq data revealed significantly restored TC-
NER in the rad26Aspt4A strain (Fig. 54 and SI Appendix, Fig.
S6A). Compared to the rad264 single mutant (Fig. 2B), we found
apparent TC-NER in the downstream nucleosomes (e.g., +2,
+3, and +4 nucleosomes) in the rad26Aspt4A double mutant
(Fig. 54 and SI Appendix, Fig. S6A4), as shown by less remaining
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CPDs in the TS relative to the NTS. Furthermore, TC-NER on
the TSS-distal side of the +1 nucleosome was also enhanced by
SPT4 deletion (Fig. 54). These data suggest that TC-NER on the
TSS-distal side of the +1 nucleosome as well as in the down-
stream nucleosomes was suppressed by Spt4/Spt5 in rad26A,
which is consistent with the distribution of Spt5 in the coding
region (Fig. 3D). However, TC-NER in the downstream nucle-
osomes was not as active as on the TSS-proximal side of the +1
nucleosome in rad26Aspt4A (Fig. 54 and SI Appendix, Fig. S6A),
suggesting that TC-NER was not fully recovered by deletion of
SPT4. Additionally, TC-NER restoration was also seen in the
termination region in the rad26Aspt4A strain (Fig. SB), consistent
with the Spt5 ChIP-seq data showing that there were consider-
able levels of Spt5 upstream of the PAS (S Appendix, Fig. S6B).
The restoration of TC-NER by SPT4 deletion was further
confirmed by UV survival data. We found that SPT4 deletion
significantly increased UV resistance in the rad26Arad16A double
mutant (Fig. 5C), which is in agreement with the published data
(18). Furthermore, quantitative analysis of UV survival showed that
the rad26Arad16Aspt4A triple mutant was less resistant than the
rad16A single mutant (Fig. 5D), consistent with our data showing
partial but not full restoration of TC-NER by SPT4 deletion.

Discussion

Here, we utilized CPD-seq and analyzed repair of CPDs at single
nucleotide resolution in both WT and Rad26-deficient yeast strains.
Our genomic data revealed that Rad26 is generally required for
TC-NER in most yeast genes; however, TC-NER in a small number

B rad264A Repair (Low Pol Il

9097 _ nrs | +1 +2 -0.20 .
2 — TS | +3 5
‘m 0.81 1 +4 =S
£ i -0.15 8
) : ]
X 0.7 i Z
é L0.10 Q
U 06' 0
£ 2
S 0.5 i L0.05 §
5o ! 5
o I e
Lo 4d— i 1-0.00

-200 0 650

E Ssi2 ChiP-exo (+1 Nuc)

Proximal Distal Proximal

== High Pol Il genes

High Pol Il genes

Distal

High Pol Il genes

Distal Proximal

- — 10 —0.20 .5 —O0.
2 0.7 Low Pol Il genes 0.20 > Low Pol Il genes z g>'05 Low Pol Il genes 0.20 >
£ 8 G g o015 8 5 047 g
§ o6 % 015 E g e 3 015 &
& ", z = 67 z S 03 z
8 -010 9 3 —0.10 9 % Fo.10 9
o o o 41 o 0.2 o
5 ™ g 0053 8 005 3
o —0.05 3 5 o 0.05 o 2 014 ~ [F0.05 o
© Nt > .
A= o o o
w 0.4 1 1 U 1 T 1 1 1 1 0.00 0 T T T T T T T T T 0.00 < 0.0 T T T T T T T T T 0.00

2510 5 20 35 50 65 80 95 110 125 2510 5 20 35 50 65 80 95 110 125 2510 5 20 35 50 65 80 95 110125

Distance (bp) to TSS Distance (bp) to TSS Distance (bp) to TSS

Fig. 4. High TFIIH occupancy on the TSS-proximal side of the +1 nucleosome promotes Rad26-independent TC-NER. (A) High-Pol Il genes exhibit prominent
Rad26-independent TC-NER on the TSS-proximal side of the +1 nucleosome. Yeast genes were sorted by their Pol Il density, using NET-seq data derived from
the published study (38). High-Pol Il genes (top 1,653 genes) were aligned at the TSS, and the fraction of remaining CPDs following 2 h repair was analyzed using
rad26A CPD-seq data. (B) CPD-seq data in the rad26A mutant was analyzed for low-Pol Il genes. (C) High-Pol Il genes have higher Rad26-independent TC-NER on the
TSS-proximal side of the +1 nucleosome than low-Pol Il genes. The +1 nucleosome was shown as the region from —23 bp to +123 bp relative to the TSS. Fraction of
remaining CPDs in the TS at 2 h in the rad264 mutant was plotted for high-Pol Il and low-Pol Il genes. (D) High-Pol Il genes have significantly higher Pol Il density in
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the TSS-proximal side of the +1 nucleosome relative to low-Pol Il genes. Ssl2 ChIP-exo data were analyzed in the +1 nucleosome in high-Pol Il and low-Pol Il genes.
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Fig. 5. Deletion of SPT4 significantly restores TC-NER in the rad26A mutant. (A) Yeast genes (n = 5,205) were aligned at the TSS and the number of CPD-seq
reads in the double mutant at 2 h (normalized by 0 h) was plotted at base resolution. (B) TC-NER is recovered in the termination region by SPT4 deletion.
Remaining CPDs at 2 h in the rad26Aspt4A mutant were plotted around the PAS. (C) Yeast strains were spotted on yeast extract-peptone-dextrose plates and
exposed to different UV doses. (D) Quantitative UV survival data shows significant but not full recovery of UV resistance by deletion of SPT4. (E) Model
depicting the function of Rad26 in promoting TC-NER. After the +1 nucleosome, Pol Il releases TFIIH and binds Spt4/Spt5 for productive elongation. When Pol
Il is stalled by UV damage (red star) in the +1 nucleosome, TFIIH bound to Pol Il is able to activate TC-NER, without the need of Rad26 (Upper). When Pol II
stalls in the +2 or more downstream nucleosomes, Rad26 is required to remove Spt4/Spt5, the TC-NER suppressor (Lower).

of genes and in specific chromatin regions can occur without Our genome-wide data indicates that a small number of yeast
Rad26. We showed that the ATP-dependent DNA translocase  genes can activate TC-NER in a Rad26-independent manner (S/
activity of Rad26 is essential for TC-NER, likely by countering  Appendix, Table S1). These genes tend to have very high tran-
the TC-NER suppressor, Spt4/Spt5. We further showed that  scription frequency, and the Rad26-independent TC-NER appears
the Rad26-independent TC-NER in the +1 nucleosome is cor- to govern their entire transcribed strand, from the TSS to the
related with high occupancy of TFITH. transcription termination site (TTS) (SI Appendix, Fig. S7A).
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Although Rad26 is dispensable, we found that these highly
transcribed genes are dependent on the TFIIH helicase ac-
tivity to repair their TS (SI Appendix, Fig. S7B). Furthermore,
these genes have low TFIIH occupancy downstream of the +1
nucleosome (SI Appendix, Fig. S7C), suggesting TFIIH recruit-
ment is required following Pol II stalling. It is unclear how TFITH
is recruited to stalled Pol II in the absence of Rad26 in these
genes; however, previous studies have shown that Rpb9, a non-
essential subunit of Pol II complex, can mediate TC-NER for
highly active genes (27). Therefore, it is likely that TC-NER in
these highly transcribed genes is dependent on Rpb9, which may
assist the recruitment of TFIIH to stalled Pol II.

Our analysis revealed a generic Rad26-independent TC-NER
near the TSS for almost all yeast genes. This Rad26-independent
TC-NER is associated with the stereotypic nucleosome organi-
zation in the coding region and appears to be strictly limited
within the TSS-proximal half of the +1 nucleosome. Mechanis-
tically, the Rad26-independent TC-NER in the +1 nucleosome
is correlated with the early elongation status of Pol II, charac-
terized by its association with the transcription initiation factor
TFIIH (39). Indeed, analysis of high-resolution TFIIH ChIP-exo
data revealed high TFIIH occupancy in the +1 nucleosome,
particularly on the TSS-proximal side. The TFIIH occupancy
data suggests that TFIIH is bound to Pol II during initiation and
travels with Pol II into the +1 nucleosome and reaches the TSS-
proximal half of this nucleosome. At this point, TFIIH is readily
available to initiate repair when Pol II stalls at a lesion, pre-
sumably by utilizing its DNA helicases to create an open inter-
mediate for dual incision (15), thus bypassing the need of Rad26
(Fig. 5 E, Upper). Consistent with this notion, no TC-NER was
observed in the +1 nucleosome when the TFIIH helicase activity
is deficient. On the TSS-distal side of the +1 nucleosome, TFITH
gradually disassociates from Pol II. TFIIH dissociation is likely
due to the exchange between Pol II initiation and elongation
factors (40) within the +1 nucleosome, which facilitates pro-
ductive elongation in the downstream chromatin. This exchange
results in reduced TFIIH occupancy on the TSS-distal side of the
+1 nucleosome and lack of TFIIH in the downstream nucleo-
somes (Fig. 3B), and increased occupancy of the elongation
factor Spt4/Spt5 (Fig. 3D).

The requirement for Rad26 in TC-NER in the downstream
nucleosomes may be in part due to low occupancy of TFIIH, and
Rad26 may be needed to recruit TFIIH. In line with this notion,
human CSB has been shown to physically interact with TFIITH
in vitro (14). However, Rad26 does not appear to play a direct
role in recruiting TFIIH in yeast, as TC-NER can function ac-
tively in the rad26Aspt4A mutant. Hence, the more important
function of Rad26 appears to counter Spt4/Spt5 in the down-
stream nucleosomes. Yeast Spt4/Spt5 is a known TC-NER sup-
pressor (18, 19). It suppresses repair by holding the elongation
complex in a closed confirmation, which enhances elongation but
is intrinsically suppressive to TC-NER (41). The significantly
recovered TC-NER in the rad26Aspt4A double mutant suggests
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that Rad26 likely evicts Spt4/Spt5 from Pol II to switch Pol II
from transcription elongation to DNA repair (Fig. 5 E, Lower).
Failing to evict Spt4/Spt5 upon Pol II stalling is associated with
poor TC-NER, as observed in the downstream nucleosomes in
Rad26-deficient cells. Furthermore, our repair data in the
Rad26 ATPase-dead mutant suggests that the DNA translocase
activity of Rad26 is important for evicting Spt4/Spt5. A likely
mechanism is that the ATP-dependent translocase activity allows
Rad26 to move closer to the stalled Pol II in order to evict Spt4/
Spt5. Consistent with this model, structural data indicates that
Rad26 binds to DNA upstream of transcribing Pol II and utilizes
its ATPase activity to move toward Pol II. The overlapping
binding sites for Rad26 and Spt4/Spt5 on Pol II imply eviction of
Spt4/Spt5 by Rad26 during the initiation of TC-NER (12). In-
triguingly, TC-NER deficiency in Rad26-deficient cells is com-
pensated by GG-NER to repair the TS. In this case, the prolonged
stalling may trigger degradation of Pol II from the TS, as previous
studies have shown increased Pol II degradation mediated by
Defl when Rad26 is mutated (42). After Pol II degradation or
displacement, the damage in the TS is reassembled into nucleo-
somes and repaired by GG-NER, which can explain the periodic
CPD pattern in the downstream nucleosomes of the TS in rad26A
(Fig. 2B).

In summary, we have shown that Rad26-dependent and Rad26-
independent TC-NER occur in different chromatin regions.
We further showed that the differential requirement of Rad26
is correlated with the distribution of TFIIH and Spt4/Spt5
along transcribed genes. Considering the functional similarity
between Rad26 and human CSB, our results provide insights
into the mechanism of CSB in TC-NER in the human genome.
For example, CSB-independent TC-NER is also found in the
TSS-proximal coding region in human cells (33), suggesting
that the TFIIH occupancy may be high in the coding region near
the TSS in human genes so that it can bypass CSB to initiate
repair. Additionally, the elongation factor Spt4/Spt5 is highly
conserved among eukaryotes. Future studies in Spt4-deficient
or Spt5-deficient human cells will uncover if human Spt4/Spt5
also functions as a TC-NER suppressor and if CSB is important
for antagonizing Spt4/Spt5 in human TC-NER.

Materials and Methods

Yeast cells (BY4741; WT and mutant strains) were grown to midlog phase and
irradiated with 125 J/m? or 100 J/m? UVC light (254 nm). After UV treatment,
cells were incubated in prewarmed fresh yeast extract-peptone-dextrose
medium for repair. Detailed CPD-seq library preparation and data analysis
are given in SI Appendix, Materials and Methods.
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