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Distinct roles for RSC and SWI/SNF chromatin
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Nucleosomes are a significant barrier to the repair of UV damage because they impede damage recognition by nucleotide
excision repair (NER). The RSC and SWI/SNF chromatin remodelers function in cells to promote DNA access by moving or
evicting nucleosomes, and both have been linked to NER in yeast. Here, we report genome-wide repair maps of UV-induced
cyclobutane pyrimidine dimers (CPDs) in yeast cells lacking RSC or SWI/SNF activity. Our data indicate that SWI/SNF is not
generally required for NER but instead promotes repair of CPD lesions at specific yeast genes. In contrast, mutation or
depletion of RSC subunits causes a general defect in NER across the yeast genome. Our data indicate that RSC is required
for repair not only in nucleosomal DNA but also in neighboring linker DNA and nucleosome-free regions (NFRs).
Although depletion of the RSC catalytic subunit also affects base excision repair (BER) of N-methylpurine (NMP) lesions,
RSC activity is less important for BER in linker DNA and NFRs. Furthermore, our data indicate that RSC plays a direct role in
transcription-coupled NER (TC-NER) of transcribed DNA. These findings help to define the specific genomic and chroma-
tin contexts in which each chromatin remodeler functions in DNA repair, and indicate that RSC plays a unique function in

facilitating repair by both NER subpathways.
[Supplemental material is available for this article.]

The nucleotide excision repair (NER) pathway plays a critical role
in removing bulky, helix-distorting lesions from genomic DNA
(Scharer 2013). Individuals with inherited genetic defects in the
NER pathway have a more than 1000-fold higher risk of skin
cancer (DiGiovanna and Kraemer 2012), owing to their inability
to repair helix-distorting UV damage, primarily cyclobutane
pyrimidine dimers (CPDs). NER consists of two subpathways that
differ in the mechanism by which helix-distorting DNA damage
is recognized. The transcription-coupled nucleotide excision re-
pair (TC-NER) pathway recognizes and repairs DNA damage that
stalls RNA polymerase II (Pol II) transcription, and therefore is con-
fined to repairing damage residing in transcribed DNA (Hanawalt
and Spivak 2008; Lans et al. 2019). In contrast, the global-genomic
nucleotide excision repair (GG-NER) pathway uses a damage sen-
sor consisting of Rad4 and Rad23 in yeast, in conjunction with ac-
cessory proteins such as the Rad7-Rad16 complex, to recognize
DNA damage throughout the genome (Prakash and Prakash
2000; Friedberg et al. 2006). Although GG-NER can efficiently re-
pair UV damage in naked DNA, the packaging of DNA into chro-
matin represents a significant barrier to GG-NER (Mao and
Wyrick 2019). Even the nucleosome, which represents the primary
packaging unit of chromatin, inhibits GG-NER both in vitro (Hara
et al. 2000; Liu and Smerdon 2000) and in cells (Smerdon and
Thoma 1990; Wellinger and Thoma 1997; Tijsterman et al. 1999;
Mao et al. 2016, 2020; Brown et al. 2018).
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ATP-dependent chromatin remodeling complexes (ACRs) re-
organize chromatin structure to promote transcription but have
also been implicated in promoting repair by the GG-NER and
base excision repair (BER) pathways (Czaja et al. 2012; Hinz and
Czaja 2015). ACRs use energy from ATP hydrolysis to alter nucleo-
some positions or even evict the histone octamer. For example, the
Remodels Structure of Chromatin (RSC) complex is required to ex-
pand nucleosome-free regions (NFRs) in yeast promoters by shift-
ing the positions of the flanking +1 and —1 nucleosomes (Badis
et al. 2008; Hartley and Madhani 2009; Krietenstein et al. 2016;
Kubik et al. 2018), whereas both the RSC and Switch/Sucrose
Non-Fermentable (SWI/SNF) complexes can also evict histones
(Lorch et al. 2006; Liu and Hayes 2010; Rando and Winston
2012). In yeast, both RSC and SWI/SNF have been linked to the
NER pathway (Gong et al. 2006; Srivas et al. 2013). SWI/SNF inter-
acts with the Rad4-Rad23 DNA damage sensor and is required for
repair of CPD lesions in the heterochromatic HML locus (Gong
et al. 2006) but not the repressed MFA2 locus (Yu et al. 2005), indi-
cating it may play a loci-specific role in GG-NER. However, the spe-
cific genomic or chromatin contexts in which SWI/SNF stimulates
NER are not known. RSC is also recruited to chromatin by Rad4 in
response to UV damage, and deletion of the gene encoding a non-
essential RSC subunit (rsc2A) confers UV sensitivity and affects the
repair of the RPB2 gene in yeast (Srivas et al. 2013). RSC has also
been linked to efficient BER of methyl methanesulfonate
(MMS)-induced DNA base lesions at the yeast GALI gene (Czaja
et al. 2014). Whether RSC is required for repair of UV- and MMS-
induced lesions only in nucleosomes or potentially in other chro-
matin contexts (i.e., linker DNA, NFR) is unknown.
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There have been hints that ACRs may also function in TC-NER.
Mutations in both SWI/SNF and RSC complexes enhance the UV
sensitivity of a rad16 mutant, in which GG-NER is eliminated, indi-
cating that these ACR mutations may affect TC-NER (Gong et al.
2006; Srivas et al. 2013). Moreover, deletion of the gene encoding
the Rsc2 subunit affects the repair of UV damage in the transcribed
strand (TS) of the RPB2 gene (Srivas et al. 2013). Because the TS can
be repaired by both NER subpathways, this could mean that RSC
also functions in the TC-NER pathway or, alternatively, that RSC
only affects the GG-NER of the RPB2 TS. Studies in other organisms
(Caenorhabditis elegans) have potentially implicated ACRs in the TC-
NER pathway (Lans et al. 2010), but definitive evidence linking
ACRs to the TC-NER pathway has been lacking.

The advent of sequencing technologies such as CPD-seq to
measure the repair of UV damage across the genome (Mao et al.
2016; Mao and Wyrick 2019) provides a unique opportunity to as-
sess the specific roles of ACRs in each NER subpathway and in dif-
ferent genomic and chromatin contexts. Here, we report genome-
wide maps of UV-induced CPD repair in yeast cells lacking RSC or
SWI/SNF, which indicate that the RSC and SWI/SNF complexes
play distinct roles in promoting NER across the genome.

Results

RSC is generally required for NER in yeast, whereas SWI/SNF is
not

Although previous studies have implicated the yeast SWI/SNF and
RSC complexes in NER at specific yeast loci (Gong et al. 2006;
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Figure 1.

Srivas et al. 2013), it is not known if either complex is generally re-
quired for NER across the yeast genome. To investigate the roles of
these ACR complexes in NER, we characterized the impact of
SWI/SNE- or RSC-deletion mutants on the repair of UV-induced
CPD lesions in yeast. Consistent with a previous report (Srivas
et al. 2013), deletion of the Rsc2 subunit (rsc2A) imparts UV sensi-
tivity in yeast (Fig. 1A), whereas deletion of Rsc1, which is incorpo-
rated in place of Rsc2 in a subset of RSC complexes (Cairns et al.
1999), does not increase UV sensitivity. Neither the snf6A nor
snf5A mutants cause UV sensitivity under normal growth condi-
tions (Fig. 1B; Supplemental Fig. S1A), but prior growth on galac-
tose-containing medium rendered the snf6A mutant UV sensitive
(Supplemental Fig. S1B), as previously reported (Gong et al.
2006). The rsc2A mutant enhances the UV sensitivity of both the
GG-NER-defective radl6A and TC-NER-defective rad26A strains
(Fig. 1C,D; Supplemental Fig. S1C), potentially implicating Rsc2
in both NER subpathways (Srivas et al. 2013).

We performed a T4 endonuclease V alkaline gel assay to mea-
sure the repair of CPD lesions in yeast genomic DNA (Fig. 1E).
Neither the snf5A nor snf6A deletion mutant showed a defect in
bulk repair of UV-induced CPD lesions relative to the WT (Fig.
1F,G), indicating that the SWI/SNF complex is not generally re-
quired for NER. Indeed, CPD repair appeared to be marginally fast-
er in the snf5A mutant relative to the WT (Fig. 1G). In contrast, the
rsc2A mutant causes a general defect in CPD repair relative to the
WT (Fig. 1H), particularly at the 3-h time point. This combined
with the increased UV sensitivity of the rsc2ZA-mutant strain indi-
cates that Rsc2 is generally important for repair of CPD lesions
across the yeast genome. Previous analysis indicates that the
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RSC is generally required for repair of CPD lesions in yeast, whereas SWI/SNF is not. (A,B) UV sensitivity of yeast mutants in the RSC (rscTA and

rsc2A) or SWI/SNF complex (snf6A). (C,D) UV sensitivity of rad26Arsc2A and rad16Arsc2A double mutants compared with single mutants. () Representatlve
alkaline gel of CPD repair in WT and snféA-mutant cells. Genomic DNA was isolated at the indicated time following damage induction with 100 }/m? UVC
light and treated with or without (+/—) T4 endonuclease V. (F-I) Quantification of CPD repair in RSC or SWI/SNF mutants based on alkaline gel analysis. The
percentage of CPDs repaired is plotted as the mean £ SEM of a minimum of three replicates. P-values were calculated using an unpaired t-test with Holm-

Sidak correction for multiple hypothesis testing. (*) P<0.05.
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rsc2A mutant does not affect the expression of any known NER
genes (Srivas et al. 2013), indicating that the NER defect is likely
a direct consequence of the rsc2ZA mutant. A subset of RSC com-
plexes contains the nonessential Rscl subunit instead of Rsc2
(Cairns et al. 1999). Our data reveal that there is relatively little dif-
ference in CPD repair in the rsc1IA mutant relative to the WT (Fig.
11), confirming that unlike Rsc2, Rsc1 is largely dispensable for re-
pair (Srivas et al. 2013).

SWI/SNF affects NER at a subset of yeast genes

Although SWI/SNF has been reported to facilitate repair of UV
damage at specific yeast genes (e.g., HML), our data indicate that
itis not generally required for NER in yeast (Fig. 1). To better under-
stand the genomic or chromatin contexts in which SWI/SNF facil-
itates repair, we used the CPD-seq method (Fig. 2A) to analyze the
change in repair of UV-induced CPD lesions across the yeast ge-
nome at single-nucleotide resolution (Mao et al. 2016) in snf5A-
or snféA-mutant cells relative to WT. Initial analysis of the CPD-

seq data confirmed that sequencing reads were primarily associat-
ed with lesion-forming dipyrimidine sequences (e.g., TT, TC, CT,
CC) immediately after UV irradiation (0 h) relative to the “No
UV” controls (Fig. 2B), consistent with previous reports (Mao
et al. 2016, 2018). The number of lesion-associated CPD-seq reads
was lower following a 2-h repair incubation (Fig. 2B), reflecting cel-
lular repair of CPD lesions. Analysis of CPD repair across approxi-
mately 5000 yeast genes revealed faster repair of TS relative to the
NTS in WT cells (Fig. 2C), owing to rapid removal of CPD lesions
from the TS by TC-NER. In the snf5A- or snf6A-mutant cells, the
fraction of unrepaired CPDs was somewhat lower than the WT
along both the TS and NTS of yeast genes (Fig. 2C-E), consistent
with the results of the alkaline gel analysis (Fig. 1). This analysis
confirms that SWI/SNF (or at least the Snf5 and Snf6 subunits) is
not generally required for NER, and instead suggests that repair
proceeds slightly faster in SWI/SNF deficient cells.

Because the SWI/SNF ACR plays a role in altering nucleosome
positions and evicting nucleosomes, we used the CPD-seq data to
test whether the SWI/SNF complex is specifically required for
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Figure 2. CPD-seq analysis indicates that SWI/SNF is dispensable for repair at most genomic and chromatin contexts. (A) Schematic of the CPD-seq
method for mapping CPD lesions at single-nucleotide resolution. Adapted from Mao et al. (2016). (B) Enrichment of CPD-seq reads associated with pu-
tative CPD lesions at dipyrimidine sequences in UV-irradiated WT, snf5A, and snf6A cells but not the “No UV” control. (C-E) The fraction of CPDs remaining
after 2-h repair was plotted for CPD-seq data for both the transcribed strand (TS) and nontranscribed strand (NTS) between the transcription start site (TSS)
and transcription end site (TES) of approximately 5000 yeast genes. (FH) Analysis of the fraction of CPDs remaining following 2-h repair within nucleo-
somes. Repair of the NTS oriented in the 5’ to 3’ orientation for the WT, snf5A, and snf6A cells was examined in aggregate for the first three nucleosomes (+1
to +3) downstream from the TSS of approximately 5200 genes. Dotted lines at positions —73 and +73 bp from the dyad center indicate the boundary of the

nucleosome core particle.
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repair in nucleosomes. High-resolution analysis of repair in WT
cells near the transcription start sites (TSSs) of approximately
5200 yeast genes revealed peaks of unrepaired damage on the
NTS coinciding with positioned nucleosomes in gene coding re-
gions (Supplemental Fig. S2A). These results are consistent with
our recent report that GG-NER is inhibited along the NTS of nucle-
osomes in coding regions (Mao et al. 2020). Deletion of snf5 or snf6
did not significantly alter this nucleosome-modulated repair pat-
tern along the NTS (Supplemental Fig. S2B,C). We further analyzed
CPD repair along the NTS in the first three nucleosomes down-
stream from the TSS (e.g., the +1, +2, and +3 nucleosomes). In
WT cells, there was a higher fraction of unrepaired CPDs near
the central dyad axis of the nucleosome relative to the nucleosome
edges or adjacent linker DNA (Fig. 2F), owing to GG-NER inhibi-
tion in nucleosomes. Moreover, repair inhibition was asymmetric,
with more unrepaired damage accumulating on the slower-repair-
ing 3’ side of the nucleosomal DNA (Fig. 2F), consistent with our
previous report (Mao et al. 2020). In the snf5A and snf6A mutants,
there was relatively little change in the pattern of repair in nucle-
osomes (Fig. 2G,H). In summary, this analysis indicates that the
SWI/SNF complex is largely dispensable for repair both across
the genome and in positioned nucleosomes.

Although our genome-wide data averaged over all yeast genes
showed no repair defects in SWI/SNF mutants, it is possible that re-
pair at a subset of genes is affected. To identify genes that require
SWI/SNF for efficient NER, we used the CPD-seq data to screen
for genes with more unrepaired CPDs along either the NTS or TS
in the snf5A or snf6A mutants relative to the WT (see Methods).
We identified 227 genes in which repair of the NTS or TS was
slower in one or both of the SWI/SNF mutants, reflected by an el-
evated fraction of unrepaired CPDs relative to the WT control
(Supplemental Fig. S3). The set of genes with slower repair of the
NTS was significantly enriched for ribosomal protein genes (P<1
x 1071%) (Supplemental Fig. S3A), indicating that GG-NER of these
genes may specifically require SWI/SNF activity. Repair of the TS
for these ribosomal protein genes was not impeded in the snf5A
and snf6A mutants (Supplemental Fig. S3B), consistent with a
GG-NER defect. Genes with slower repair of the TS were signifi-
cantly enriched for genes involved in glycolysis and gluconeogen-
esis (P<1x107% and fungal-type cell wall (P<1x10~%). The
majority of these genes were significantly down-regulated in
expression in snf2A, snfSA, or snf6A mutants (P<1x107%)
(Supplemental Fig. S3C). Because TC-NER efficiency is correlated
with transcription rate (Li et al. 2018), this finding suggests
that the accumulation of unrepaired CPDs along the TS
(Supplemental Fig. S3C) is a consequence of reduced transcription
of these genes in SWI/SNF mutants. In contrast, expression of the
set of slower repairing NTS genes was not significantly altered in
the snf5A or snf6A mutants (P>0.01), indicating that ribosomal
protein genes may specifically require SWI/SNF to efficiently repair
UV damage along the NTS.

Rapid depletion of the Sthl subunit of RSC also causes a global
defect in NER

The data so far indicate that SWI/SNF is required for repair of spe-
cific genes and/or chromatin states, whereas the Rsc2 subunit of
RSC plays a more general role in NER. To confirm that the RSC
complex is generally required for NER, we used the anchor-away
method (Haruki et al. 2008) to rapidly deplete the essential Sth1
subunit, which forms the catalytic core of RSC, from the nucleus
of cells (Fig. 3A). Microscopy analysis confirmed that the addition

of rapamycin caused rapid depletion of the GFP-tagged Sthl-
anchor-away strain (denoted Sth1-AA) from the nucleus into the
cytoplasm (Fig. 3B). Moreover, growth of the Sth1-AA strain on
rapamycin-containing plates resulted in loss of cell viability (Fig.
3C), confirming that nuclear localization of Sth1 is required for
cell viability. In contrast, rapamycin treatment had no effect on
growth of the wild-type-anchor-away (WT-AA) control (Fig. 3C),
in which Sth1 is not anchor-away-tagged.

We measured bulk repair in the WT-AA and Sth1-AA strains
using the T4 endonuclease V alkaline gel assay. There was no dif-
ference in repair of UV-induced CPD lesions between the WT-AA
and Sth1-AA cells when not treated with rapamycin (Fig. 3D).
However, depletion of Sth1 by incubation of Sth1-AA cells with
rapamycin (see Supplemental Methods) caused a large repair
defect at all repair time points relative to the WT-AA control (Fig.
3E), in which only about a third of the CPDs are removed in
Sth1-AA-depleted cells relative to WT-AA after 3 h of repair.
These data are consistent with our rsc2A-mutant data and indicate
that RSC is generally required for NER. Because of the loss of viabil-
ity of the Sth1-AA cells upon rapamycin treatment, we were unable
to test the UV sensitivity following anchor-away depletion.
However, repression of Sth1 expression using the TET-off system
(Czaja et al. 2014) caused increased UV sensitivity (Supplemental
Fig. S4A), consistent with a role for Sth1 in NER of UV-induced
DNA lesions.

RSC is required for efficient NER throughout the
yeast genome

Our data indicate that deletion or depletion of RSC subunits causes
a defect in repair in bulk genomic DNA; however, it is unclear
whether RSC is required for repair throughout the genome or pri-
marily in particular genomic or chromatin contexts. To address
this question, we used the CPD-seq method to measure repair of
UV-induced CPD lesions in rapamycin-treated Sth1-AA and con-
trol WT-AA cells. CPD-seq reads at lesion-forming dipyrimidine se-
quences decreased by ~50% after 2 h of repair incubation in WT-
AA cells (Supplemental Fig. S4B), but significantly more of these
lesions were present in the Sth1-AA cells after 2-h repair
(Supplemental Fig. S4C), consistent with the NER defect observed
in Sthl-depleted cells measured via alkaline gel electrophoresis
(Fig. 3E).

Analysis of CPD repair within and adjacent to approximately
5000 yeast genes revealed that Sth1 depletion caused a general
defect in repair relative to the WT-AA control (Fig. 3F,G). In rapa-
mycin-treated Sth1-AA cells, the fraction of unrepaired CPDs fol-
lowing 2-h repair was significantly higher not only on the NTS
of yeast genes but also on the TS and adjacent intergenic regions
(Fig. 3G; Supplemental Fig. S4D,F). There was still somewhat faster
repair of the TS relative to the NTS in Sth1-depleted cells, but over-
all repair of the TS was significantly slower than the WT-AA con-
trol. CPD-seq analysis of the rsc2A strain also showed a general
defect in repair in both the TS and NTS of yeast genes (Fig. 3H;
Supplemental Fig. S4E,G). The magnitude of the repair defect in
the rsc2A strain appeared to be less severe than that in the Sth1-
AA-depleted strain, likely because a minor fraction of Rscl-con-
taining RSC complexes remained functional in this mutant strain.
Gene plot analysis confirmed that repair was significantly dimin-
ished at nearly all genes in either the Sth1-AA- or rsc2A-mutant
cells (Fig. 31J; Supplemental Fig. S5). Taken together, our CPD-
seq data indicate that the RSC complex is required for efficient
NER throughout the yeast genome.
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Figure 3. Depletion of RSC results in a genome-wide defect in NER. (A) Schematic of the anchor-away method. Ribosomal protein is tagged with a
FKBP12 tag, whereas the nuclear protein of interest (Sth1) is tagged with a FRB tag. Upon treatment with rapamycin, the two tags rapidly dimerize, ef-
fectively depleting the nucleus of the protein of interest. (B) Microscopic confirmation of Sth1 depletion. The Sth1-anchor-away (Sth1-AA) protein is
tagged with GFP, allowing for visualization of Sth1 trafficking from the nucleus to the cytoplasm following 1 h of rapamycin treatment. (C)
Confirmation of Sth1 depletion via plating assay. Dilutions of WT-AA and Sth1-AA yeast were plated on synthetic complete (SC) and SC + rapamycin plates.
The essential Sth1 subunit is successfully depleted on SC + rapamycin plates, resulting in cell death. (D,E) Quantification of T4 endonuclease V alkaline gel
analysis of CPD repair for WT-AA and Sth1-AA with or without rapamycin treatment. The percentage of CPDs repaired at each time point is plotted as the
mean = SEM of a minimum of three replicates. P-values were calculated using an unpaired t-test with Holm-Sidak correction for multiple hypothesis testing.
(*) P<0.05. (~H) CPD-seq analysis examining the repair of CPDs on both DNA strands across approximately 5000 transcribed regions of the genome in
WT-AA and Sth1-AA cells treated with rapamycin or in a rsc2A mutant. The fraction of CPDs remaining is calculated as the ratio of damage after 2 h of repair
compared with the damage immediately following UV irradiation (0 h). (/,/) Gene plot analysis of WT-AA and Sth1-AA cells to examine CPD repair within
individual genes on each DNA strand. The fraction of CPDs remaining following 2-h repair is plotted. Genes ordered based on transcription frequency

(Holstege et al. 1998).
RSC plays a direct role in promoting TC-NER

In Sth1-depleted cells, repair of the TS is significantly reduced rel-
ative to the WT-AA control (Fig. 3, cf. F and G), suggesting the RSC
complex may play a direct role in TC-NER. To test this hypothesis,
we analyzed the log ratio of unrepaired CPDs on the TS relative to
the NTS for approximately 5000 yeast genes following 2 h of repair,
as a measure of transcriptional strand asymmetry in repair owing
to TC-NER. In the WT-AA control, the log, TS/NTS ratio was signif-
icantly less than zero between the TSS and transcription end site
(TES) (Fig. 4A), reflecting fewer unrepaired CPDs on the TS owing
to TC-NER. Repair asymmetry was highest at the transcribed bin
nearest the TSS, where there were nearly twofold fewer unrepaired
CPDs on the TS relative to the NTS (i.e., log, TS/NTS ratio ~—1) (see
Fig. 4A). This is consistent with previous reports indicating that
TC-NER is more robust near the TSS (Li et al. 2018; Duan et al.
2020). In Sth1-depleted cells, repair asymmetry was significantly
reduced (i.e., log, TS/NTS ratio was closer to zero) (Fig. 4A), indicat-
ing that TC-NER is less efficient in removing CPDs from the TS.
Consistently, repair asymmetry was also reduced in rsc2A cells rel-
ative to the WT control (Fig. 4B). Taken together, these results sug-
gest that RSC is required for efficient TC-NER.

The TS of yeast genes is repaired by both the TC-NER and GG-
NER pathways (Fig. 4C), so it is theoretically possible that the
decrease in repair of the TS in Sth1-depleted cells is owing to defec-
tive GG-NER and not to TC-NER. To test this possibility, we deleted

the RAD16 gene, which is essential for GG-NER in yeast (Prakash
and Prakash 2000), in each anchor-away strain (Sth1-AA and
WT-AA) and repeated the CPD-seq experiments in rapamycin-
treated cells. In the rad16A WT-AA strain, more unrepaired CPDs
remained after 2 h along the NTS and flanking DNA (relative to
the RAD16 WT-AA control) (cf. Figs. 3F and 4D), but repair of
the TS was largely unaffected, owing to fast repair by TC-NER.
However, in the rad16A Sth1-AA strain, the fraction of unrepaired
CPDs on the TS was much higher than in the rad16A WT-AA con-
trol (Fig. 4D,E), suggesting that Sth1 affects repair of the TS inde-
pendently of GG-NER. Loss of GG-NER because of the rad16A
mutant resulted in greater repair asymmetry (i.e., a more negative
log, TS/NTS ratio) (Fig. 4F) in the WT-AA strain. In contrast, repair
asymmetry was still significantly diminished in the rad16A Sth1-
depleted cells (Fig. 4F). High-resolution analysis of repair around
the TSS revealed that repair of the TS was reduced throughout
the gene in the rad16A Sth1-AA strain (Supplemental Fig. S6A,B),
including the TSS-proximal region, which is repaired indepen-
dently of Rad26 (Supplemental Fig. S6C; see Duan et al. 2020).
These findings show that RSC is required for efficient repair
throughout the TS even in the absence of GG-NER (i.e., rad16A),
indicating that RSC plays a role in both Rad26-dependent and
Rad26-independent TC-NER.

Although our data suggest RSC plays a direct role in TC-NER,
it is also possible that RSC affects TC-NER indirectly by regulating
RNA Pol II transcription (Fig. 4C). To test this possibility, we
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Figure4. RSC playsa direct role in transcription-coupled NER. (A) TC-NER efficiency is reduced in Sth1-AA cells relative to the WT-AA control, as reflected
by the log ratio of unrepaired CPDs on the TS relative to the NTS being closer to zero (i.e., no repair asymmetry owing to TC-NER). CPD-seq data are for the
2-h repair time point relative to the 0-h control for approximately 5000 genes. (B) Same as panel A, except for rsc2A-mutant cells. (C) Schematic of RSC's
potential roles in TC-NER. It is possible RSC may promote repair of the TS through GG-NER or may affect TC-NER indirectly (by altering RNA polymerase Il
[RNAP] transcription) or directly. (D,E) CPD-seq analysis examining the repair of CPDs on both DNA strands across approximately 5000 genes of the ge-
nome in GG-NER-deficient rad76A WT-AA and rad76A Sth1-AA cells treated with rapamycin. The fraction of CPDs remaining is calculated as the ratio of
damage after 2 h of repair compared with the damage immediately following UV irradiation (0 h). (F) Same as panel A, except for GG-NER-deficient rad16A
WT-AA and rad16A Sth1-AA cells. (G) Gene plot analysis of RNA polymerase Il (Pol Il) occupancy in Sth1-AA cells (left panel). Values calculated from log ratio
of Rpb3 ChlIP-seq data from Sth1-AA cells treated with rapamycin relative to the vehicle control (Kubik et al. 2018). Gene plot analysis of CPD repair on the
TS of rad16A Sth1-AA cells. Left and right display relationship between RNA Pol Il occupancy and unrepaired CPDs in each of the approximately 5000 genes
mapped, ordered by decreasing Pol Il occupancy in Sth1-AA-depleted cells.

stratified yeast genes by the change in RNA Pol II occupancy (mea-
sured by Rpb3 ChIP-seq) following anchor-away depletion of Sth1
(Kubiket al. 2018). Pol I occupancy is decreased at many genes fol-
lowing Sth1 depletion (Fig. 4G, left panel), consistent with the
known role of RSC in promoting Pol II transcription (Ganguli
et al. 2014; Spain et al. 2014). The fraction of unrepaired CPDs
on the TS was significantly elevated in the rad16A Sth1-AA strain
relative to the control (rad16A WT-AA), not only for genes with de-
creased Pol II occupancy (Fig. 4G, bottom) but also for genes with
no change or even elevated Pol II occupancy following Sth1 deple-
tion (Fig. 4G, top). To confirm this conclusion, we stratified yeast
genes into three distinct groups based on whether Pol II occupancy
was higher, unchanged, or diminished following Sth1 depletion
(Supplemental Fig. S7A). Repair asymmetry was significantly di-
minished in each group (Supplemental Fig. S7B-D). This analysis
indicates that repair of the TS is significantly diminished in Sth1-
AA cells, independent of Sth1-mediated changes in Pol II occupan-
cy. Taken together, these data suggest that RSC plays a direct role of
facilitating TC-NER in chromatin.

RSC is required for repair in linker DNA and NFRs

Because RSC is involved in nucleosome eviction and remodeling,
we wondered whether the repair defect in the NTS and intergenic
regions in Sth1-depleted cells was specifically associated with de-
creased repair in nucleosomes. To investigate this possibility, we
plotted the CPD-seq data at single-nucleotide resolution around
the TSS of approximately 5200 yeast genes. In WT-AA cells, there
is a clear periodicity in repair along the NTS (Fig. 5A), with peaks
of unrepaired CPDs associated with positioned nucleosomes in
gene coding regions (Supplemental Fig. S8A). These peaks disap-
pear in the GG-NER-defective rad16A mutant (Supplemental Fig.
S6A), indicating they represent slow GG-NER in positioned nucle-
osomes, consistent with our previous report (Mao et al. 2020).
Because RSC facilitates access to nucleosomal DNA (Clapier and
Cairns 2009), we hypothesized that Sth1 depletion would cause
an exaggerated repair periodicity, owing to even slower repair of
CPDs in positioned nucleosomes relative to adjacent linker DNA
or NFRs. However, in the Sth1-depleted strain, the nucleosome-
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Figure 5. RSC promotes repair of both linker and nucleosomal DNA. CPD-seq analysis examining the repair of CPDs on both the TS and NTS of approx-
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CPDs was smoothed using a 3-nt window. Gray peaks correspond to the sequencing coverage of dyad positions for position nucleosomes (Weiner et al.
2015). (D) Nucleosome occupancy plot of Sth1-AA cells with and without rapamycin treatment to visualize nucleosome shifting that is known to occur in
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for Sth1-AA are from rapamycin-treated Sth1-AA cells (Kubik et al. 2018). (G) Plot depicting the difference in unrepaired CPDs within nucleosomes in Sth1-
AA cells compared with WT-AA cells. Difference in unrepaired CPDs was smoothed using a 3-nt window.
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associated periodicity in CPD repair is lost (Fig. SB; Supplemental
Fig. S8B). Similar analysis of the rsc2A mutant also showed little
to no repair periodicity along the NTS (Supplemental Fig. S8C,
D), consistent with the Sth1-AA results. Comparison between
Sth1-AA and the WT-AA control revealed that Sth1 depletion caus-
es elevated levels of unrepaired CPDs, particularly in linker DNA
and NFRs (Fig. 5C).

One possible explanation for these findings is that Sthl
depletion (or rsc2A) disrupts phasing of coding nucleosomes,
thereby suppressing the nucleosome-mediated repair periodicity
relative to the TSS (Kubik et al. 2018). To test this hypothesis, we
analyzed published nucleosome positioning data from WT-AA
and Sth1-AA yeast (Kubik et al. 2018). This analysis confirmed
that nucleosome positioning relative to the TSS is somewhat al-
tered in the Sth1-depleted cells, with many nucleosome positions
shifted toward the NFR (Fig. 5D). However, nucleosomes in the
Sth1-AA still show strong phasing relative to the TSS, even though
our data indicate that this phasing is not reflected in repair along
the NTS in Sth1-depleted cells.

To further test how nucleosomes modulate repair in Sth1-
depleted cells, we analyzed CPD repair in strongly positioned nu-
cleosomes in transcribed genes, using nucleosome dyad coordi-
nates derived from untreated or Sthl-depleted yeast (Kubik
et al. 2018). In WT-AA cells, unrepaired CPDs accumulate near
nucleosome centers, whereas CPDs are more rapidly repaired
near the nucleosomal DNA ends and in adjacent linker DNA
(Fig. SE). However, in Sth1-AA cells, the levels of unrepaired
CPDs are elevated both within the nucleosome and in adjacent
linker DNA (Fig. SF, linker DNA shown outside of the dashed
lines), even after accounting for Sth1-AA-dependent changes in
nucleosome positioning (Kubik et al. 2018). Indeed, the differ-
ence in unrepaired CPDs between Sthl-depleted cells and the
WT-AA control was greatest near the nucleosomal DNA ends
and adjacent linker DNA (Fig. 5G). This analysis indicates that
RSC is more important for repair in DNA regions distal from
the nucleosomal dyad, including adjacent linker DNA, relative
to the dyad-proximal region.

RSCis not required for repair of linker DNA and NFRs by the BER
pathway

Because a previous study indicated that RSC is also required for BER
in yeast (Czaja et al. 2014), we wondered whether Sth1 depletion
would cause a similar genome-wide defect in BER, particularly in
linker DNA or NFRs. To test this hypothesis, we used the NMP-
seq method (Fig. 6A) to map the repair of MMS-induced N-methyl-
purine (NMP) lesions (Mao et al. 2017), primarily consisting of 7-
methylguanine (7meG) and 3-methyladenine (3meA). Treatment
of yeast cells with 0.4% MMS for 10 min resulted in a significant
enrichment of NMP-seq reads associated with lesions at the G
and A nucleotides, relative to the “No MMS” control (Supplemen-
tal Fig. S9A). This result is consistent with MMS inducing 7meG
and, to a lesser extent, 3meA lesions. Following a 2-h repair incu-
bation, there were reduced numbers of NMP-seq reads at the G
and A nucleotides (Supplemental Fig. S9A), reflecting ongoing
BER. In Sth1-depleted cells, there was a higher proportion of G
reads following 2 h of repair (Supplemental Fig. S9B), consistent
with the published role of RSC in promoting repair of NMP lesions
(Czaja et al. 2014). For these experiments, isogenic strains lacking
the methyladenine DNA glycosylase (maglA) were used as the 0-h
control in order to eliminate repair during the 10-min exposure to
MMS (Mao et al. 2017), and cells were arrested in the cell cycle us-

ing nocodazole in order to prevent replication-mediated dilution
of NMP lesions.

We used NMP-seq to analyze BER in both WT and Sth1-de-
pleted cells. We focused on repair of 7meG lesions, because these
are the predominant lesions induced by MMS and their repair is
modulated by nucleosomes (Mao et al. 2017). Analysis of BER in
WT-AA cells near the TSS for approximately 5200 genes revealed
peaks of unrepaired 7meGs on both DNA strands (Fig. 6B), corre-
sponding to the locations of strongly positioned nucleosomes
(Fig. 6B, gray peaks). In Sth1-depleted cells, there were also peaks
of unrepaired 7meGs associated with positioned nucleosomes in
yeast coding regions (Fig. 6C), although the locations of these
peaks were shifted toward the TSS relative to the WT control
(Fig. 6D). This is consistent with the shift in nucleosome positions
toward the NFR in Sth1-depleted cells (cf. Figs. 6D and 5D). In both
WT and Sth1-depleted cells, BER is relatively faster in NFRs up-
stream of the TSS compared with gene coding regions (Fig. 6B,
C), although BER is generally slower in the Sth1-depleted cells, in-
cluding at NFRs. This analysis indicates that in contrast to repair of
CPD lesions, a nucleosome-modulated repair pattern for NMP le-
sions is clearly evident in Sth1-depleted cells.

Analysis of repair in strongly positioned nucleosomes re-
vealed more unrepaired 7meGs located in nucleosome centers rel-
ative to the nucleosomal DNA ends or adjacent linker DNA in the
WT-AA control (Fig. 6E). These results indicate that BER is inhibit-
ed in nucleosomes relative to flanking linker DNA, consistent with
our previous findings (Mao et al. 2017). A similar repair pattern was
observed in positioned nucleosomes in Sth1-depleted cells (Fig. 6E,
F) after accounting for Sth1-mediated changes in nucleosome po-
sitioning (Kubik et al. 2018). Taken together, these results indicate
that although BER of 7meG lesions is generally slower in Sth1-de-
pleted cells, Sth1 is not especially required for BER of 7meG lesions
in NFRs or adjacent linker DNA, as is the case for NER of CPDs.
Hence, our data reveal that the NER and BER pathways have differ-
ing requirements for RSC in promoting repair of lesions in linker
DNA and NEFRs.

Discussion

Although previous studies linked both SWI/SNF and RSC to NER,
the specific contributions of these ACR complexes to the repair
of UV damage across the genome were unclear. Here, we used
the high-resolution CPD-seq method to define the specific geno-
mic and chromatin contexts in which each ACR functions in
NER. We have shown that SWI/SNF is largely dispensable for
NER across the genome but does promote NER at specific genes, in-
cluding those encoding ribosomal proteins. In contrast, our data
indicate that RSC has a general role in promoting NER across the
genome, being required for both the GG-NER and TC-NER sub-
pathways. RSC not only is important for GG-NER of CPD lesions
in nucleosomal DNA but also is especially important for efficient
repair in NFRs and linker DNA. However, these RSC-dependent ef-
fects are unique to NER, as Sth1 depletion does not have the same
effect on repair of 7meG lesions by the BER pathway in these chro-
matin contexts. We have further shown that RSC directly pro-
motes TC-NER, independent of its effects on GG-NER or RNA Pol
II transcription. Taken together, our data suggest a model in which
RSC promotes NER by facilitating steps after lesion recognition for
both NER subpathways in a diverse array of chromatin and geno-
mic contexts (Fig. 7).

Repair analysis, using both bulk T4 endonuclease V digestion
coupled to alkaline gel electrophoresis and our CPD-seq method,
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Figure 6. RSC regulates BER in chromatin. (A) Schematic of the NMP-seq method. Yeast was exposed to 0.4% MMS to induce alkylation damage (pri-
marily 7-methylguanine [7meG], represented by G*), and the resulting N-methylpurine (NMP) lesions are mapped using the indicated method. Adapted
from Mao et al. (2017). (B,C) NMP-seq analysis of unrepaired 7meG lesions remaining after 2 h of repair of WT-AA (B) and Sth1-AA cells treated with rapa-
mycin (C). Because 7meG lesions are not thought to be repaired by TC-NER, both DNA strands are combined and plotted in aggregate. Data are shown for
positions —200 bp upstream of and +640 bp downstream from the TSS. Nucleosome positions for WT-AA are from vehicle-treated Sth1-AA cells, whereas
those for Sth1-AA are from rapamycin-treated Sth1-AA cells (Kubik et al. 2018). (D) Overlay of unrepaired 7meG lesions following 2-h repair in WT-AA and
Sth1-AA cells treated with rapamycin to highlight that the shift in mapped lesions corresponds to the shift in nucleosomes toward the TSS that occurs in
RSC-depleted cells. NMP-seq data are smoothed in GraphPad Prism using a second-order polynomial and 7 bp on each side. (E,F) NMP-seq analysis of
7meG repair on both DNA strands of nucleosomes in WT-AA and Sth1-AA cells. Nucleosome positions for WT-AA are from vehicle-treated Sth1-AA cells,
whereas those for Sth1-AA are from rapamycin-treated Sth1-AA cells (Kubik et al. 2018). Dotted lines at positions —73 and +73 bp from the dyad center
indicate the boundary of the nucleosome core particle.

indicates that the Snf5 and Snf6 subunits of the SWI/SNF complex pair of at least part of the HML locus (Supplemental Fig. S10),
are not generally required for NER. This is consistent with the ob- roughly consistent with this prior study. It is possible that SWI/
servation that these mutants lack a UV-sensitivity phenotype un- SNF mutants may cause a more severe repair defect in the differing
der normal growth conditions (e.g., rich media containing growth conditions used in a previous study (e.g., media containing
glucose). A previous study found that the snf6A mutant caused a galactose) (Gong et al. 2006), as SWI/SNF is important for the reg-
defect in CPD repair at the silent HML locus (Gong et al. 2006). ulation of galactose metabolism (Peterson et al. 1998), which
Analysis of the snf6A CPD-seq data revealed marginally slower re- could affect repair efficiency. Our data indicate that even under
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aid in its eviction from the CPD lesion to promote subsequent repair.

standard growth conditions, SWI/SNF is important for efficient
repair of specific subsets of yeast genes. Many of these genes
(e.g., ribosomal protein genes, genes involved in glycolysis, gluco-
neogenesis, and cell wall) are known regulatory targets of the SWI/
SNF complex (Dutta et al. 2017) and have chromatin modifica-
tions conducive to SWI/SNF recruitment (Supplemental Fig.
S11), indicating that SWI/SNF targeting to these genes may not
only affect their expression but also facilitate their repair. In
some cases (e.g., genes involved in glycolysis, gluconeogenesis,
and cell wall), SWI/SNF facilitates TC-NER by promoting transcrip-
tion of these target genes. However, for other target genes (e.g., ri-
bosomal protein genes), SWI/SNF likely promotes repair of the NTS
by facilitating DNA access to NER factors. Elsewhere in the ge-
nome, repair of CPD lesions is marginally faster in SWI/SNF-mu-
tant strains, particularly snfS5A. It is possible that in accessible
chromatin contexts, in which SWI/SNF chromatin remodeling is
dispensable, the physical interaction between SWI/SNF and Rad4
following UV irradiation (Gong et al. 2006) may actually inhibit re-
pair, perhaps by interfering with the subsequent binding and re-
cruitment of TFIIH. Alternatively, SWI/SNF may direct repair
toward specific gene subsets and hard-to-repair heterochromatic
regions such as the HML locus (Gong et al. 2006), thereby causing
a delay in NER throughout the remainder of the genome. Future
studies will be needed to test these hypotheses.

In contrast to the more localized role of SWI/SNF in repair,
our data indicate that the RSC complex is generally required for
NER throughout the yeast genome. Cells lacking either the Rsc2
or Sthl subunits show a similar, significant defect in repair in
both the TS and NTS of yeast genes, as well as nontranscribed inter-
genic DNA. These findings are consistent with a previous report
(Srivas et al. 2013), which showed that the rsc2A mutant caused de-
fective repair of both the TS and NTS of the RPB2 gene. These find-
ings are also consistent with the UV sensitivity of yeast strains
lacking Rsc2 (Fig. 1A). One possible explanation for its broad role

in NER is that RSC may regulate the expression of one or more
key NER genes. Indeed, depletion of the SMARCA4 (also known
as BRG1) homolog of Sth1 causes an NER defect in human cells
owing to down-regulation of the gene encoding the subunit 1 of
general transcription factor IIH, GTF2H1 (also known as P62)
(Ribeiro-Silva et al. 2018). However, a previous study revealed
that the rsc2A mutant in yeast does not affect the expression of
any known NER genes (Srivas et al. 2013), despite its broad effect
on NER activity. Moreover, RT-qPCR analysis of the TFBI gene,
which is the yeast homolog of the gene encoding the p62 subunit
(i.e., GTF2H1), shows no change in expression in the rsc2A mutant
(Supplemental Fig. S12), consistent with published expression
data (Hu et al. 2007). Furthermore, rapid depletion of the essential
Sth1 subunit using the anchor-away method, which should miti-
gate indirect effects on gene expression, also caused a similar gene-
ral defect in repair. Taken together, these results indicate that the
repair defects in RSC-depleted cells are unlikely to be caused by ex-
pression changes in NER genes but are likely a direct consequence
of RSC inactivation.

Given the primary function of RSC as an ATP-dependent nu-
cleosome remodeler, we hypothesized that RSC would primarily
be required for repair in nucleosomes. However, our data indicate
that RSC is important for repair in linker DNA and NFRs, to the
extent that repair of CPD lesions in rsc2A- or Sth1-depleted cells
is no longer modulated by nucleosomes (i.e., slower in nucleo-
some centers relative to adjacent linker DNA). Our analysis indi-
cates that this is not simply owing to disrupted nucleosome
phasing in cells lacking RSC, as nucleosomes still show strong po-
sitioning in Sth1-depleted cells (Kubik et al. 2018), and NMP-seq
analysis of the repair of MMS lesions shows significant nucleo-
some modulation of BER activity (Fig. 6). Rather, this analysis sug-
gests that RSC is required for efficient repair of CPD lesions
located in accessible regions of the genome, such as linker DNA
or NFRs.
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Based on these findings, we propose that RSC does not pri-
marily facilitate lesion access and recognition by Rad4/Rad23 dur-
ing GG-NER but instead promotes subsequent steps of the NER
pathway (Fig. 7A). Following lesion detection, Rad4 recruits
TFIIH and Rad14 to verify the lesion and unwind ~20-30 nucleo-
tides (nt) of adjacent DNA. Hence, although lesions located in
~10-15 nt of linker DNA between yeast nucleosomes should be
readily detectable by Rad4, subsequent recruitment and DNA un-
winding by TFIIH likely would be impeded by adjacent nucleo-
somes (Fig. 7A). We propose that RSC functions to promote DNA
access to TFIIH and other downstream NER factors after lesion rec-
ognition by Rad4 via nucleosome remodeling and/or eviction (Fig.
7A; Supplemental Fig. S13). This model would explain our data in-
dicating RSC depletion causes repair defects in otherwise accessible
DNA (e.g., linker, NFR). Moreover, this model is consistent with a
report indicating that Rad4 is required to recruit RSC to UV damage
in yeast (Srivas et al. 2013), indicating RSC is recruited after lesion
recognition. This model is also consistent with a prior study show-
ing that TFIIH recruitment to UV lesions requires ATP-dependent
chromatin remodeling in mammalian cells (Riithemann et al.
2017).

Our data indicate that RSC plays a direct role in promoting
TC-NER. Previous studies have hinted that ACRs like RSC may
function in TC-NER (Lans et al. 2010), but definitive evidence
for this role has been lacking. Chromatin remodelers also influ-
ence RNA Pol II transcription and repair by the GG-NER pathway,
both of which could cause defects in repair of the TS of yeast genes.
Here, we have shown that RSC directly affects TC-NER even in GG-
NER mutants (rad164), and this repair defect is independent of
changes in RNA Pol II transcription. We hypothesize that RSC
may promote a shared downstream step of both NER subpathways,
such as TFIIH recruitment (Fig. 7A,B). This could occur by RSC re-
modeling neighboring nucleosomes to facilitate TFIIH loading or
RNA Pol II backtracking. Alternatively, RSC could directly stimu-
late RNA Pol II backtracking or eviction during TC-NER. Such a
possibility has been hinted at in a previous report, which suggested
that the Ino80 chromatin remodeling complex promotes RNA Pol
II eviction and degradation (Lafon et al. 2015). Future studies will
be required to test these hypotheses to better define the mecha-
nism by which RSC functions in TC-NER.

In summary, our study has defined the distinct roles for the
SWI/SNF and RSC chromatin remodeling complexes in repairing
UV damage across the genome of a model eukaryote. Although
RSC is generally required for NER, SWI/SNF facilitates the repair
of specific subsets of genes, particularly those to which it is target-
ed during transcription regulation. Our data further suggest that
RSC may function in a shared step downstream from lesion recog-
nition in both the GG-NER and TC-NER pathways. It is tempting
to speculate that RSC may be required to remove DNA-bound ob-
stacles (e.g., nucleosomes or stalled RNA Pol II) that would other-
wise impede recruitment of TFIIH and other core NER factors
following lesion recognition. By analogy, RSC plays a similar role
in removing obstacles that otherwise prevent preinitiation com-
plex formation during transcription initiation (Kubik et al.
2018), which includes TFIIH recruitment and DNA unwinding.
In contrast, BER factors require a much smaller DNA footprint,
which can explain why BER is less affected by RSC depletion. As
both XPC/Rad4 and accessory factors (e.g., UV-DDB) can bind
UV damage resident in nucleosomes (Fei et al. 2011;
Puumalainen et al. 2016; Matsumoto et al. 2019), this model sug-
gests that chromatin remodeling is primarily required for the sub-
sequent lesion verification and incision steps, presumably because

such an extensive region of DNA must be bound by repair factors
and unwound during these NER steps. Because RSC and SWI/SNF
homologs (e.g., SMARCA4 and SMARCAZ2 [also known as BRM])
are mutated in a variety of cancers (Moloney et al. 2009;
Weissman and Knudsen 2009), including UV-exposed skin can-
cers such as melanoma (Reisman et al. 2009), the role of these
ACRs in NER may have important ramifications for carcinogenesis.
It will be important to investigate in future studies to what extent
ACR dysregulation in cancer contributes to genome instability and
chemotherapy resistance.

Methods

Yeast strains

Strains used in this study are listed in Supplemental Table S1.
Details of the yeast strain construction are provided in the
Supplemental Methods.

Alkaline gel assay of CPD repair

Alkaline gel analysis to measure CPD repair in bulk genomic DNA
isolated from both WT and mutant yeast was performed essentially
as previously described (Hodges et al. 2019). Details are provided in
the Supplemental Methods.

CPD-seq

The CPD-seq protocol was performed as previously described (Mao
et al. 2016; Mao and Wyrick 2020). CPD levels were mapped in
both WT and mutant yeast either immediately after UV irradiation
(0'h) or after 2 h of repair. Analysis of strand-specific CPD repair in
yeast genes and nucleosomes was performed following published
methods (Duan et al. 2020; Mao et al. 2020), with modifications.
For additional details regarding the CPD-seq experiments, data
processing, and data analysis, see the Supplemental Methods.

SWI/SNF gene set analysis

Genes with decreased repair of either the NTS or TS in the snf5A
and/or snf6A mutants were identified by calculating the average
change in fraction CPDs remaining in the snf5- or snf6-mutant
data relative to WT across the six coding region bins (e.g., between
the TSS and NTS). Genes with an average change in fraction CPDs
remaining greater than or equal to the chosen threshold (0.03 for
the TS and 0.04 for the NTS) in either mutant were included in
each gene set (62 genes for TS and 170 for the NTS). Gene set en-
richment analysis was performed using the FunSpec tool
(Robinson et al. 2002). Gene expression analysis was performed us-
ing RegulatorDB (Choi and Wyrick 2017).

NMP-seq

NMP-seq was used to map the repair of alkylation damage in
WT-AA or Sth1-AA yeast following treatment with MMS using
our previously published protocol (Mao et al. 2017). Additional
details about the NMP-seq experiments and data processing are
provided in the Supplemental Methods.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession numbers
GSE161929, GSE161930, and GSE168369. Code for processing
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and analyzing the CPD-seq and NMP-seq data is available in the
Supplemental Code.
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