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We recently developed a high-resolution genome-wide assay for
mapping DNA excision repair named eXcision Repair-sequencing
(XR-seq) and have now used XR-seq to determine which regions of
the genome are subject to repair very soon after UV exposure and
which regions are repaired later. Over a time course, we measured
repair of the UV-induced damage of cyclobutane pyrimidine
dimers (CPDs) (at 1, 4, 8, 16, 24, and 48 h) and (6-4)pyrimidine-
pyrimidone photoproducts [(6-4)PPs] (at 5 and 20 min and 1, 2, and
4 h) in normal human skin fibroblasts. Each type of damage has
distinct repair kinetics. The (6-4)PPs are detected as early as 5 min
after UV treatment, with the bulk of repair completed by 4 h. Re-
pair of CPDs, which we previously showed is intimately coupled to
transcription, is slower and in certain regions persists even 2 d after
UV irradiation. We compared our results to the Encyclopedia of
DNA Elements data regarding histone modifications, chromatin
state, and transcription. For both damage types, and for both
transcription-coupled and general excision repair, the earliest re-
pair occurred preferentially in active and open chromatin states.
Conversely, repair in regions classified as “heterochromatic” and
“repressed” was relatively low at early time points, with repair
persisting into the late time points. Damage that remains during
DNA replication increases the risk for mutagenesis. Indeed, late-
repaired regions are associated with a higher level of cancer-linked
mutations. In summary, we show that XR-seq is a powerful ap-
proach for studying relationships among chromatin state, DNA
repair, genome stability, mutagenesis, and carcinogenesis.

DNA repair | DNA damage | chromatin | transcription | mutation

NA damage blocks transcription and replication and com-

promises the integrity of the genome. Bulky adducts in DNA,
the focus of this work, are caused by a variety of genotoxic agents
including UV radiation in sunlight. In human cells, this damage
is removed exclusively by the nucleotide excision repair mech-
anism (1-3). In nucleotide excision repair, a single-stranded
oligomer that contains the bulky adduct is excised by dual inci-
sions bracketing the lesion. The resulting gap is filled in by DNA
polymerases, and the newly synthesized repair patch is then sealed
by DNA ligase. In general excision repair, damage recognition is
achieved by the repair factors xeroderma pigmentosum (XP)
complementation group C (XPC) together with replication
protein A (RPA) and XPA (4-6). In DNA that is being actively
transcribed, damage recognition can also be achieved by a stalled
RNA polymerase II, which, with the aid of the Cockayne
Syndrome B (CSB) protein, accelerates the recruitment of the
excision repair factors. This recognition process leads to tran-
scription-coupled repair (7, 8). The subsequent dual-incision
reaction is carried out by the core excision repair factors RPA,
XPA, transcription factor II H (TFIIH), XPG, and XPF-
ERCCI, releasing an excised oligomer that is 24-32 nucleotides
(nt) in length (6, 9).

The mechanism of DNA excision repair has been reconstituted
in vitro and is well characterized (10). However, a full under-
standing of repair must take into account how it occurs in live
cells, where DNA is packed into chromatin and serves as a
template for transcription. A genome-wide comparison of open
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chromatin status, histone modifications, RNA expression, and
DNA damage and repair would allow inference of how these
processes are coordinated. We recently developed an assay for
mapping DNA excision repair at nucleotide resolution across the
human genome called eXcision Repair sequencing (XR-seq)
(11). In XR-seq, the excised oligonucleotides, released during re-
pair in vivo, are isolated and sequenced, resulting in a stranded,
single-nucleotide resolution map of repair (Fig. S1). In this study,
we used XR-seq to measure repair kinetics after UV irradiation
of two types of UV-induced damage: cyclobutane pyrimidine
dimers (CPDs) and (6-4)pyrimidine-pyrimidone photoprod-
ucts [(6-4)PPs], and then related the kinetics of repair to chro-
matin state and mutagenesis.

Results

Identification of Sites of CPD Damage Repaired Early and Late After
UV Exposure in Normal Human Fibroblasts. To determine which
genomic regions were repaired rapidly after damage and which
were repaired more slowly, we conducted a time course of CPD
and (6-4)PP repair in normal human skin fibroblasts (NHF1).
The bulk repair kinetics of these two types of damage is known to
be quite different (4, 12, 13). CPDs, which do not distort the DNA
helix as strongly and escape recognition by the general repair
machinery, are recognized primarily in a transcription-coupled
manner. Their complete repair requires 12-48 h, depending on
the UV dose. In contrast, the general repair pathway efficiently
removes (6-4)PPs, with most of the damage excised within 4 h
of UV treatment.

Significance

Nucleotide excision repair is the sole mechanism for removing
bulky adducts from the human genome, including those formed
by UV radiation and chemotherapeutic drugs. We used eXcision
Repair-sequencing, a genomic assay for measuring DNA repair, to
map the kinetics of repair after UV treatment. These genome-
wide repair maps, in turn, allowed us to infer how excision repair
is influenced by DNA packaging. Active and open chromatin re-
gions were repaired more rapidly than other genomic regions.
Repair in repressed and heterochromatic regions is slower and
persists for up to 2 d. Furthermore, late-repaired regions are as-
sociated with a higher level of cancer-linked somatic mutations,
highlighting the importance of efficient DNA repair and linking
chromatin organization to cancer mutagenesis.
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To measure the relatively slow CPD repair, cells were treated
with a UV-C dose of 10 J/m?, which results in ~50% cell survival
(14), and time points were collected at 1, 4, 8, 16, 24, and 48 h
(Fig. 14). The time course was performed twice, with each ex-
periment being independent from the other (Materials and
Methods). The excised oligomer released in the cells was isolated
with anti-CPD antibodies, and analyzed by autoradiography. The
primary excision product ranged in size from 24 to 32 nt and
rapidly degraded to ~20 nt (13). Analysis of bulk repair by gel
autoradiography revealed that CPD repair peaked at 4 h after
UV and continued at substantial levels to 24 h. At 48 h, although
at lower levels, CPD repair was still evident (Fig. 1B).

We performed XR-seq (11) to map the repair profile of CPDs
genome-wide at each of the time points (Fig. S1). Because the
primary excision products (~30 nt in length) are bound specifi-
cally by TFIIH (13), they were isolated by TFIIH immunopre-
cipitation. This immunoprecipitation was followed by ligation of
5’ and 3’ adapters, compatible with the Illumina small-RNA

A B
UV-C (10J/m?)

TruSeq platform, and immunoprecipitation with anti-CPD anti-
bodies. To allow PCR amplification, the photoproducts were re-
moved in vitro by treatment with CPD photolyases. The repaired
products were PCR-amplified with primers containing specific
Illumina TruSeq small RNA-sequencing (RNA-seq) barcodes (11).
As reported previously, XR-seq for CPD identified repair frag-
ments that were 26 nt in length on average and were enriched for
TT 6-8 nt from the 3’ end (11). There were no differences in the
excised oligomer length or sequence context between the different
time points of repair (Dataset S1 and Figs. S2-S4).

XR-seq reads were mapped to the human genome producing
strand-specific, genome-wide profiles of repair at each time
point. CPDs are repaired primarily in a transcription-coupled
manner (Fig. 1C). This repair was most evident at the earliest
time point of 1 h, where repair was enriched specifically over the
transcribed strand of expressed genes, starting at the transcrip-
tion start site (TSS) and extending into the gene body. At later
times after UV treatment, repair over genes was completed, with
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Fig. 1. Kinetics of the genome-wide repair of CPD in normal human fibroblasts. (A) Schematic of time course of excision repair of the UV-induced CPD.

(B) After irradiation with 10 J/m? UV-C, normal NHF1 fibroblasts were incubated for the indicated time, and the excised oligonucleotides were immuno-
precipitated with anti-CPD antibody, radiolabeled at the 3’ end with 32P-cordycepin and analyzed on sequencing gels. (C) Distribution of the XR-seq signal at
each time point, separated by strand, for CPD repair along a 400-Kb region of chr6. ENCODE total stranded RNA-seq, DNase-seq, and ChIP-seq signal for
H3K27ac and H3K27me3 from NHDF cells are plotted in black. Arrows in the bottom indicate position and directions of annotated genes. Bold arrows indicate
expressed genes. (D) Average CPD XR-seq repair signal 3 Kb upstream and 10 Kb downstream of the annotated TSS of genes with the highest quartile of RNA
expression in normal human skin fibroblasts (ENCODE, NHDF data). Signal is plotted separately for the transcribed and nontranscribed strands. (E) Percent
overlap of the top 1% of repair windows at each of the time points with annotated genes (dark green), 5 Kb upstream of the gene (light green), 5 Kb
downstream of the gene (gray), and intergenic regions (blue). Plotted for comparison are the average results of 50 permutations of a random set of 500 mers
from the hg19 reference genome.
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virtually no detectable repair over the template strand at 24 h or
48 h after UV treatment (Fig. 1 C and D). At promoters, repair
on the nontemplate strand was slightly higher and extended away
from the gene, consistent with repair linked to divergent tran-
scription at promoters. Repair of the nontranscribed strand
within gene bodies, and over intergenic regions, persisted at
relatively lower levels for up to 48 h after treatment (Fig. 1C). As
previously reported (11), there was a positive correlation be-
tween the RNA and repair levels, with genes of lower expression
levels exhibiting similar but lower-amplitude patterns (Fig. S5).

To define the top repair sites at each time point, XR-seq
counts were obtained for 500-nt windows across the human ge-
nome. The top 1% of windows (62,743 in total) was identified for
each strand. Compared with the whole genome, depending on
the sample, repair in these regions was enriched 5- to 12-fold
(Fig. S6D). For CPD, >80% of these top repair windows over-
lapped annotated transcripts up to 8 h after UV. At the later time
points, the degree of overlap with transcript regions declined to
48% at 48 h after UV. The overall proportion of top repair
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windows that overlap transcripts in each of the time points were
higher than that calculated for the total of XR-seq reads at each
time point or the overlap calculated for a random set of genomic
intervals (P < 0.02; Fig. 1E and Fig. S6FE).

Identification of Sites of (6-4)PP Damage Repaired Relatively Early
and Late After UV Exposure in Normal Human Fibroblasts. To ana-
lyze the repair of (6- 4)PPs—which are on average fivefold less
abundant than CPDs for a given UV dose (15) and are repalred
much more rapidly—cells were irradiated with 20 J/m* UV-C
and harvested at 5 and 20 min and 1, 2, and 4 h after treatment
(Fig. 24). The time course was performed in two biological
replicates. The excised oligomer released in the cells was isolated
with anti-(6-4)PP antibodies. The general repair machinery ef-
ficiently recognizes and repairs (6-4)PPs (4, 15). Autoradiogra-
phy showed that the primary excision products were detectable
5 min after UV irradiation. By 2 and 4 h after exposure, very low
levels of primary products were observed, and the majority of the
excised oligomer was degraded (Fig. 2B).
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Fig. 2. Kinetics of the genome-wide repair of (6-4)PP in normal human fibroblasts. (A) Schematic of time course of excision repair of the UV-induced (6-4)PP.
(B) For analysis of the pattern of (6-4)PP repair, normal NHF1 cells were irradiated with 20 J/m? UV-C and incubated for the indicated time. The excised
oligonucleotides were immunoprecipitated with anti-(6-4)PP antibody, radiolabeled at the 3’ end with 3P-cordycepin, and analyzed on sequencing gels.
(C) Distribution of the XR-seq signal at each time point, separated by strand, for (6-4)PP repair along a 400-Kb region of chr6. ENCODE total stranded RNA-seq,
DNase-seq, and ChlIP-seq signal for H3K27ac and H3K27me3 from NHDF cells are plotted in black. Arrows in the bottom indicate positions and directions of
annotated genes. Bold arrows indicated expressed genes. (D) Average (6-4)PP XR-seq repair signal 3 Kb upstream and 10 Kb downstream of the annotated TSS
of genes with the highest quartile of RNA expression in normal human skin fibroblasts (ENCODE, NHDF data). Signal is plotted separately for the transcribed
and nontranscribed strands. (E) Percent overlap of the top 1% of repair windows at each of the time points with annotated genes (dark green), 5 Kb up-
stream of the gene (light green), 5 Kb downstream of the gene (gray), and intergenic regions (blue). Plotted for comparison are the average results of
50 permutation of a random set of 500 mers from the hg19 reference genome.
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Fig. 3. Effect of chromatin state on repair. (A) XR-seq read coverage was calculated over genomic intervals assigned to each of the chromatin states pre-
dicted for NHLF cells (ENCODE). Shown are results from CPD XR-seq at the different time points. Values were normalized to read depth and interval length.
Bars indicate the value of the 75th percentile. Diamonds indicate the mean value. (B) Same as A except calculated was coverage of (6-4)PP XR-seq. (C) Similar
to A and B except the coverage was counted for a random set of 26-mer intervals. (D) Average CPD XR-seq profiles for each time point at 1.5-Kb regions
flanking the center of DNase hypersensitivity peaks that either overlapped annotated genes (Left) or did not overlap annotated genes (Right). Values were
normalized per 10 million mapped reads. The average profile was calculated separately for the plus (solid line) and minus (dashed line) strands. (E) Same as
D except plotted is the repair of (6-4)PP. (F) Overlap of the top 1% of repair sites (500-bp windows) with DNase hypersensitivity peaks in each of the time
points for CPD repair (Upper) and (6-4)PP repair (Lower).

Adar et al. PNAS | Published online March 28, 2016 | E2127

wv
=
o
a
w
<
=
o

BIOCHEMISTRY



L T

/

1\

=y

Downloaded by guest on October 4, 2020

XR-seq for (6-4)PP was performed similarly to CPD, except
that immunoprecipitation was performed with anti-(6-4)PP
antibodies, and before PCR amplification, the photoproducts
were removed in vitro by treatment with (6-4)PP photolyases. At
5 min after UV exposure, repair was evident, particularly at DNase
hypersensitivity sites (Fig. 2C). Repair was especially prevalent in
the areas surrounding the promoters of highly expressed genes,
but unlike CPD, (6-4)PP repair was enriched on both strands,
was limited to the regions flanking the TSS, and did not extend
into the gene body (Fig. 2 C and D). The profile of the elevated
repair of (6-4)PP contains two regions of higher repair flanking
the TSS. At 4 h after UV, repair of (6-4)PP is enriched over the
TSS, specifically between these initial highly repaired regions
(Fig. 2D). This repair appears to be higher on the template
strand compared with the nontemplate strand, which could be
due to a contribution of transcription-coupled repair of (6-4)PP at
these later time points. However, a slight enrichment of transcribed
strand repair at late time points is also observed in a CS-B cell line
that lacks transcription-coupled recognition (Fig. S6 B and C),
suggesting that chromatin states other than transcription affect
repair efficiency. It is known that nucleosomes at promoters of
active genes are enriched in H3K4me3 and H3K27ac histone
modifications (16). We plotted ChIP-sequencing (ChIP-seq) data
for these two modifications along with the DNase-seq hypersensi-
tivity signal (17) over these active genes. The early repaired regions
followed the pattern of H3K27ac signal. The small “dip” between
the two repair peaks contained the DNase hypersensitivity peak
and, adjacent to it, the H3K4me3 signal. The late-repaired (6-4)PP
region overlapped the sites of H3K4me3 signal (Fig. S7).

To identify regions repaired relatively early and relatively late,
we defined the top (6-4)PP repair sites as the 1% of genomic
500-nt windows with the highest repair signal. Similarly to CPD
repair, ~70% of the top (6-4)PP repair sites overlap annotated
transcripts at all of the measured time points, despite being
repaired by the general, and not transcription-coupled, mecha-
nism. At each of the time points, the overlap of the top (6-4)PP
repair sites with transcripts was higher than that calculated for all
(6-4)PP XR-seq reads or for a random set of genomic intervals
(P < 0.02; Fig. 2E and Fig. S6E).

Priority of Repair at Open and Active Chromatin States. The pack-
aging of DNA into chromatin can hinder the access of repair
proteins and affect the efficiency of repair (18). Specific histone
modifications are associated with different functional and cyto-
logical chromatin states. The ChromHMM algorithm predicts
chromatin states based on underlying chromatin modification
profiles. We used publicly available chromatin segmentations
for an adult human fibroblast cell line [normal human lung
fibroblast (NHLF) cells from the Encyclopedia of DNA Ele-
ments (ENCODE) (19)]. For each of the 15 predicted states, we
calculated the number of XR-seq reads over each state, nor-
malized to the proportion of the genome covered by that state. At
the initial time point of 1 h after UV exposure, CPD repair counts
were highest over the active promoters or strong enhancers. This
enrichment over active states is consistent with CPD repair being
primarily transcription-coupled. Less active states (for example,
weak or poised promoters and weak enhancers) exhibited lower
repair levels. Repressed, heterochromatic, and repetitive states
exhibited the lowest XR-seq counts. At later time points, the dif-
ferences between states diminished, and at the latest time points,
they were no longer apparent because repair was largely completed
(Fig. 34).

Initial (6-4)PP repair at 5 min after UV was also high in
active regions (Fig. 3B). As in CPD repair, the difference
between active and inactive states was diminished at later time
points; however, repair over active and poised promoters
remained higher than the other states, even at the latest mea-
surement 4 h after UV treatment. A similar pattern was observed

E2128 | www.pnas.org/cgi/doi/10.1073/pnas.1603388113

for both types of damage in a CS-B cell line that lacked tran-
scription-coupled repair, indicating that this enrichment over
active regions is a characteristic of general repair and does not
require transcription-coupled recognition of (6-4)PP (Fig. S8 4
and B).

Active promoters and enhancers are characterized by nucle-
osome loss, which is sometimes referred to as “open” chromatin.
We mapped average XR-seq profiles around the center of
DNase hypersensitivity peaks in normal human fibroblasts
[ENCODE data from NHDF cells (17)]. Knowing that tran-
scription itself enhances repair, we split these peaks into those that
overlapped annotated transcripts and peaks that were intergenic.
Repair of both CPD and (6-4)PP was significantly enriched at all
DNase hypersensitivity peaks at the initial time points, and this
enrichment diminished through time (Fig. 3 D and E). A small
dip in the repair signal occurred precisely at the center of the
peak. At earlier time points, repair of CPD within genes was
higher overall in the 3-Kb region surrounding the DNase hy-
persensitivity peaks. Repair of (6-4)PP surrounding DNase peaks
was also higher within genes, although to a lesser extent. Ele-
vated repair of (6-4)PP over genes is not solely due to the effect
of transcription-coupled repair of (6-4)PP, as evidenced by an
elevated level of repair over transcribed regions even in a CS-B
mutant cell line (Fig. S8B).

For both types of damage, there was significant enrichment of
repair over intergenic DNase hypersensitivity sites at the initial
time points. For (6-4)PP, higher repair over DNAse peaks oc-
curred within 5 min of UV irradiation. For CPD, this enhanced
repair required 1 h, because of the slower recognition of CPD by
the general repair factors (Fig. 3 D and E).

Analysis of the top repair windows showed that at the initial
time points, 60% of top (6-4)PP and 43% of top CPD repair sites
overlapped DNase hypersensitivity peaks, which are 14- and 10-
fold enriched, respectively, over what is expected by a stochastic
repair mechanism (4.3%, P < 0.02; Dataset S2). In both cases,
only 10% or fewer of the top repair windows at later time points
overlapped the DNase hypersensitivity sites (Fig. 3F).

Early Repair Is Associated with Active Histone Marks. We analyzed
repair at sites of histone modifications associated with active
chromatin. The modifications we examined were H3K4me3, which
is associated with actively transcribed promoters; H3K4mel which
is associated with active enhancers that are also often transcribed,;
and H3K27ac, which is associated with both (16, 20). It is impor-
tant to note that, although these marks may be more enriched in
promoters or enhancers, they are often found in both.

The average repair of both CPD and (6-4)PP was enriched
around peak centers of H3K4me3, H3K4mel, and H3K27ac.
With time, this enrichment was reduced (Fig. 4 A and B). Once
more, a similar enrichment for (6-4)PP repair at sites of active
histone marks was observed in CS-B cells, indicating that it is not
driven by transcription-coupled recognition of damage (Fig. S9).

We analyzed the degree of overlap of the top repair windows
at each time point with the peak regions of the active histone
marks (Fig. 4 C and D and Dataset S2). More than 50% of the
top CPD and (6-4)PP repair windows at the initial time points
overlapped H3K4me3, which is associated with actively tran-
scribed promoters (53% and 58% respectively, compared with
7% for a stochastic control; P < 0.02). At later times, the degree
of overlap was significantly reduced. An even higher degree of
overlap (>70%) was observed for H3K4mel and H3K27ac peaks
(compared with 14% and 12%, respectively, for a uniform sto-
chastic repair control).

Repressed and Heterochromatic States Exhibit Relatively Low Repair
that Persists to Late Time Points. Two chromatin states associated
with a lack of gene expression have been called “heterochromatic”
and “repressed.” The heterochromatic state is characterized
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Initial repair is associated with active histone marks. (A) Average CPD XR-seq profiles for each time point at 1.5-Kb regions flanking the center of ChIP-

seq peaks of H3K4me3 (Left), H3K4me1 (Center), and H3K27ac (Right). Values were normalized per 10 million mapped reads. The average profile was cal-
culated separately for the plus (solid line) and minus (dashed line) strands. (B) Same as A except plotted is repair of (6-4)PP. (C) Overlap of the top 1% of CPD repair
sites (500-bp windows) with the indicated ChIP-seq peaks. (D) Same as C except plotted is the overlap of the top 1% of (6-4)PP repair sites at each time point.

by H3K9me3 enrichment, whereas the repressed state is char-
acterized by H3K27me3 enrichment (19). These marks do not
form discrete peaks but, rather, are deposited over broad regions
(16, 17). For both types of damage, regions with H3K9me3 or
H3K27me3 had low levels of initial repair, which at certain loci
appeared higher at the later time points (Fig. 54).

According to the genome-wide ChromHMM classifications, re-
pair over heterochromatic and repressed regions was consistently
low. As time progressed up to 24 h after UV, there were higher
CPD repair levels over these regions (Fig. 5 B, Upper). Repair of
(6-4)PP, for which measurements were taken up to 4 h, was rela-
tively constant over heterochromatic regions and appeared slightly
elevated at later times over repressed regions (Fig. 5 B, Lower).

Adar et al.

Because the H3K9me3 and H3K27me3 marks are broadly
distributed, we analyzed the overall levels of the ChIP-seq signal
of these marks over the top repair windows at each time point.
Levels of both marks were higher over the top repair windows of
both types of damage at the later compared with earlier time
points, although this change was more significant for H3K27me3,
consistent with the elevated repair over repressed regions
(Fig. 5C).

Regions Repaired Later Are Associated with Higher Mutagenesis.
Damage that persists into DNA replication increases the risk
of mutagenesis. We hypothesized that regions that are repaired
slowly are at a higher risk for mutation. We compared our XR-
seq repair data to an existing dataset of cancer-linked mutations
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Fig. 5. Repair of heterochromatin and repressed regions persist into the late time points. (A) Distribution of the XR-seq signal at each time point, separated
by strand, for CPD and (6-4)PP repair in two genomic loci, enriched for H3K9me3 (Left) or H3K27me3 (Right) histone deposition. ChIP-seq signal for H3K9me3
and H3K27me3, DNase-seq, and ChromHMM segmentation tracks (NHDF and NHLF, ENCODE) are plotted in the bottom. Gray in the ChromHMM track depicts
repressed or heterochromatic regions; green represents actively transcribed regions. (B) Box plots depicting CPD (Upper) and (6-4)PP (Lower) XR-seq read
coverage over heterochromatic (Left) or repressed (Right) genomic intervals as predicted in NHLF cells (ENCODE). Shown are results from each of the time
points, in comparison with a random dataset of 26 mers from the hg19 reference genome. Values were normalized to read depth and interval length. Lines
indicate median, and diamonds indicate mean values. (C) Box plots depicting the level of histone H3K9me3 (Left) or H3K27me3 (Right) ChIP-seq signal (NHDF,
ENCODE) over the top 1% of 500-nt repair windows in each of the time points for CPD (Upper) and (6-4)PP (Lower) XR-seq. Counts were normalized per
million mapped reads. Lines indicate median, and diamonds indicate mean values.
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in melanoma (21). The set of mutations we analyzed were
obtained by exon sequencing and was filtered for somatic mu-
tations and variations present in other cell types or in normal
tissue. We calculated the incidence of melanoma-linked muta-
tions per kilobase over the top repair windows at each time point
(Fig. 6 A and B). Analysis was limited to those windows that
overlapped exons. As a control, we calculated the incidence of
these mutations over a random set of size-matched genomic
intervals. For both (6-4)PP and CPD, there was a lower in-
cidence of mutations in the top repair sites at the earliest time
points compared with the control [0.66 mutations per kilobase
for (6-4)PP repair at 5 min, and 0.97 for CPD repair at 1 h,
compared with 1.36 mutations per kilobase for control intervals,
P < 0.02; Dataset S3)]. Conversely, in the latest time points, there
was a higher incidence of mutations [1.83 mutations per kilobase
for (6-4)PP repair at 4 h and 2.67 for CPD repair at 48 h com-
pared with 1.36 mutations per kilobase for control intervals, P <
0.02]. The mutations that occurred in the top repaired regions at
latest time points also had a higher overlap with heterochromatic
and repressed regions (Dataset S4).

We examined the levels of repair over a 400-nt window
flanking the mutation sites. We did not ascribe mutations to a
specific strand, but because these mutations occur within exons,
we can differentiate template strand and nontemplate strand
repair (Fig. 6 C and D). For (6-4)PP, there was a higher level of
repair over the mutation sites at later time points vs. initial time
points, consistent with late-repaired regions having elevated
mutagenesis (Fig. 6C). There was no observed difference be-
tween the template and nontemplate strands. Average CPD re-
pair over the mutation sites differed for the template and
nontemplate strands (Fig. 6D). Nontemplate strand repair over
the mutation sites was higher at later time points, similar to (6-4)PP
repair. Template strand repair, however, was higher at the
early time points, consistent with transcription-coupled repair of
this damage.

Discussion

XR-Seq Measures the Kinetics of DNA Repair. Two characteristics of
the XR-seq assay make it amenable to kinetic measurements:
(i) The primary, full-length, excised oligomers are isolated by
TFIIH immunoprecipitation; and (ii) the excised oligomers are
degraded relatively fast compared with the rate at which they are
produced (13). As a result, at each measurement, the majority of
excised oligomers mapped by XR-seq are specific to that time
point. The temporal resolution of repair is evident in later time
points, in which repair signal is depleted from those regions in
the genomes that were repaired faster and in which repair
was completed.

Open and Active Chromatin Regions Are Sites of Priority for Repair.
The packaging of DNA into chromatin has several implications
for genome stability. On the one hand, packaging can protect
DNA from damaging agents (22, 23). On the other hand, it can
hinder damage recognition and the access of repair machinery.
Indeed, it has been reported that nucleosomal DNA is less effi-
ciently repaired by the excision repair machinery in vitro (24, 25).

We compared the repair maps at different time points to the
chromatin landscape at the time of damage. Our analysis showed
that both transcription-coupled and general excision repair are
initially enriched over open and active chromatin states. Active
regions are characterized with a more open chromatin structure
and significant histone acetylation. The association of general
repair with these active regions is likely due to the more open
chromatin structure rather than transcription per se. Around
annotated genes, higher CPD repair is observed, not only at the
DNase hypersensitivity peak, but also in the surrounding regions,
because of transcription-coupled repair. Conversely, (6-4)PP
repair in these same peaks is concentrated at the peak site. There
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Fig. 6. Repair at late time points is associated with higher somatic-mutation
rates. (A) The number of melanoma-linked mutations per kilobase that
overlap the top 1% of repair windows was calculated for (6-4)PP repair at
the different time points. (B) Same as A except overlaps were counted over
the top 1% of CPD repair windows. (C) The average XR-seq count over a
400-bp window centered on the site of melanoma-linked mutations was
calculated for (6-4)PP repair at each of the time points. Repair was calculated
separately for template and nontemplate strands. Values were normalized
for sequencing depth. (D) Same as B except plotted is the average CPD repair
at each time point.

is similar enrichment of CPD and (6-4)PP repair, at the initial
measurement, over DNase hypersensitivity sites at intergenic
regions. At these regions, although with different efficiency, both
types of damage are recognized and repaired by the general
excision factors. There is a dip in the pattern of repair specifically
over the center of DNase hypersensitivity peaks. The dip in the
signal may be explained by a GC-rich sequence or by the binding
of a transcription factor within the nucleosome-free region that is
blocking the access of repair proteins (26).

We note that our data rule out that the difference in repair
levels is driven simply by difference in the underlying damage
levels. CPD formation is dictated mostly by sequence, and pre-
vious reports of the genome-wide distributions of this type of
damage showed a relatively widespread signal that does not
follow the enrichment patterns we observed (27, 28). Further-
more, if higher initial repair were solely explained by higher
levels of damage, we would expect similar enrichments in all time
points. In fact, for the histone modifications, we observed a small
spike in repair around the peak center at all time points, which
could be explained by higher damage levels.

At the later measurements after UV, we observed reduced
enrichment of repair in the open and active regions. The ex-
ception was repair of (6-4)PP at the latest measured time point
of 4 h. At this time point, we observed enrichment of a region
within the promoter of genes that was located between the two
peaks of repair in the initial time points (Fig. 2D). We rule out
transcription coupled-repair of (6-4)PP because a similar phe-
nomenon is observed in a CS-B cell line deficient in this process.
This repair may be at a site in which access to the DNA is initially
blocked and only becomes accessible in the later stages, perhaps
by an active mechanism. Nucleosomes form a natural block
to the repair machinery, and nucleosomes at promoters are
enriched for the H3K4me3 modifications (29, 30). The overlap
between the elevated repair signal near the TSS at 4 h, and the
H3K4me3 ChIP-seq signal, suggests that this late repair occurs at
sites initially blocked by well-positioned nucleosomes (16, 20)
(Fig. S7).
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Repair of Heterochromatic and Repressed Chromatin Persists into
Late Time Points. We examined the repair of the heterochro-
matic, repressed, and repetitive states in the genome. Because
low read counts over repetitive states could be attributed to the
low mappability of these regions, we did not address them. Ini-
tially, repair of heterochromatic and repressed regions was sub-
stantially lower than repair of active regions. These chromatin
regions are characterized by the histone modifications H3K9me3
and H3K27me3, respectively, and we report higher levels of
these marks at later-repaired regions. The current “access—
repair-restore” model for excision repair in chromatin suggests
active removal of nucleosomes to allow repair (31). Given that
the sequencing data is normalized to read depth, we cannot
distinguish whether elevated repair levels at later time points are
a result of completion of repair in other regions or the result of
an active process, including histone modification, chromatin
remodeling, or gene activation in response to UV, that makes
these regions more accessible (32, 33). However, our assay will
be a powerful tool to test for candidates involved in facilitating
repair of tightly packed chromatin.

Slow Repair Is Associated with Higher Somatic Mutagenesis in Cancer
Cells. UV in sunlight is a known mutagen and causative agent of
skin cancer (34, 35). Mutations in excision repair proteins cause
severe genetic disorders such as xeroderma pigmentosum and
elevate the risk of cancer (36, 37). A recent study reported an
association between lower somatic mutation frequency and open
chromatin regions that was significantly lower in cells that were
excision repair deficient (38). Our data adds mechanistic insight,
showing a negative correlation between repair timing and mu-
tagenesis. This association is clear for general excision repair of
(6-4)PP. In the skin fibroblasts used in our study, the top repair
regions at the latest time points are associated with the highest
incidence of melanoma-linked mutations. Conversely, sites of
melanoma-linked mutations exhibited higher average repair at
the later time points. For CPDs, there is also a higher incidence
of mutations in the top repair regions at the latest time points.
However, the pattern of average repair over mutations sites
differs for the template and nontemplate strand. Average non-
template strand repair over mutation sites is higher at the later
time points. Conversely, template-strand repair is higher at the
earlier time points, consistent with transcription-coupled repair,
preferentially removing damage from transcribed exons. We did
not assign mutations to a specific strand. The pattern of repair,
however, suggests that mutations originated from the non-
template strand. Higher mutation levels on the nontranscribed
strand would be consistent with reports of transcription-based
strand-asymmetries in mutagenesis (21, 39).

In general, mutation rates associated with CPD repair are
lower if compared with the mutation rate associated with (6-4)PP
repair at the parallel time points (1-4 h). These lower mutation
rates could be because mutations associated with CPD repair
sites are derived only from the nontranscribed strand or perhaps
because of the ability of mammalian cells to bypass this damage
in an error-free mechanism (40).

DNA replication may also affect repair efficiencies and, in
addition, has been implicated in mutagenesis strand asymmetries
(39). Future work in synchronized cells will be able to address
the effect of replication timing on DNA repair efficiencies.

Our work here investigates how the initial chromatin state at the
time of damage affects the efficiency and priority of DNA repair.
However, the chromatin landscape is not static, and as a result of
genotoxic stress, it is altered. DNA damage induces a transcrip-
tional response and is associated with changes in histone modifi-
cations. Histone modifications play an active role in the response
to DNA damage and in the recruitment of repair proteins (18).
Future studies will incorporate measurements of DNA damage,
DNA repair, RNA levels, and histone modifications in response to
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damage and will further improve our understanding for how DNA
repair is orchestrated within chromatin.

Nucleotide excision repair is the sole mechanism for removing
bulky adducts from the human genome, including those formed
by chemotherapeutic drugs such as cisplatin and oxaliplatin. Im-
proving our understanding of DNA repair is beneficial, not only
for understanding carcinogenesis, but also for understanding
the processes cancer cells use to cope with chemotherapy. Such
information is expected to aid in improving currently used
chemotherapy regimens.

Materials and Methods

Cell Culture and UV Irradiation. Telomerase-immortalized normal human fi-
broblast NHF1 was obtained from W. K. Kaufmann, University of North
Carolina at Chapel Hill, Chapel Hill, NC (41). CS-B (CS1ANps3g2, GM16095)
mutant human skin fibroblasts were purchased from the National Institute
of General Medical Sciences Human Genetic Cell Repository (Coriell Institute).
CS-B cells were cultured in DMEM supplemented with 10% (vol/vol) FBS at
37 °Cin a 5% atmosphere CO, humidified chamber. NHF1 cells were main-
tained under the same conditions with the addition of 2 mM glutamine.

UV irradiation was performed as described with the indicated dose (12).
After incubation at 37 °C for the indicated time, cells were washed and
collected in cold PBS.

Detection of Excision Products. Excision products from UV-irradiated cells
were purified, radiolabeled, and separated by electrophoresis as described
(13). Short DNA fragments were extracted by modified Hirt's method and
subjected to immunoprecipitation against anti-(6-4)PP or -CPD antibodies.
Purified excised oligonucleotides were 3’ radiolabeled by terminal deoxy-
nucleotidyl transferase (NEB) and [a—32P]—3’—deoxyadenosine 5’-triphosphate
(cordycepin 5'-triphosphate) (Perkin-Elmer) and resolved in 10% denaturing
sequencing gels.

XR-Seq Library Preparation. XR-seq libraries were prepared as described (11).
Briefly, primary excision products pulled down by TFIIH coimmunoprecipitation
were ligated to both 5’ and 3’ adaptors. Ligation products containing (6-4)PP or
CPD were purified by immunoprecipitation with corresponding antibodies and
repaired by specific photolyases. Repaired DNA were PCR-amplified with Index
primers and purified by 10% native polyacrylamide gels.

Sequencing and Genome Alignment. Libraries were sequenced on a Hiseq 2000
platform by the University of North Carolina High-Throughput Sequencing
Facility. Flanking adapter sequences were removed from the reads by using
trimmomatic (42). Reads were aligned to the hg19 human genome by using
bowtie (43) with the command options -g-nomaground-phred33-quals -m
4 -n 2 -e 70 - 20-best -S. Uniquely aligned reads were obtained by using
samtools. We obtained a total of at least 19 million uniquely mapped reads
in each of the time points (Dataset S1). For comparison of the DNA-repair
signal, we normalized all of the count data by the sequencing depth; data
are available for viewing as a track hub on the UCSC genome browser
(https://genome.ucsc.edu/cgi-bin/hgGateway) by pasting the link: http:/
trackhubs.its.unc.edu/sancarlb/XRseqTimeCourse/hub.txt. Sequencing data
for (6-4)PP repair at 1 h in NHF1 and CS-B cells and CPD repair at 1 h in CS-B
cells were taken from the published dataset (11). The raw data and bigwig
tracks are available under the Gene Expression Omnibus database (www.
ncbi.nlm.nih.gov/geo/, accession no. GSE76391).

ENCODE Data. NHDF long total stranded RNA-seq [ENCODE Data Coordination
Center (DCC) accession no. ENCSROOCUH], H3K4me1 (accession no. ENCS-
ROO0ARYV), H3K4me3 (accession no. ENCSROO0DPR), H3K27ac (accession no.
ENCSRO00APN), H3K27me3 (accession no. ENCSRO00APO), H3K9me3 (accession
no. ENCSRO00ARX), and DNase-seq (accession no. ENCSROO0EMP) fastq,
aligned reads .bam files, and peak files, as well as the NHLF chromHMM
chromatin state segmentation (UCSC accession no. wgEncodeEH000792),
were downloaded from the ENCODE portal (genome.ucsc.edu/ENCODE/)
or viewed on the UCSC browser.

Analysis of Top Repair Windows. The hg19 genome was divided into 500-nt
windows, and the repair coverage for each window was calculated for each
sample by using bedtools. The 62,743 windows with the highest score on each
strand and at each time point were taken as the top 1%. Genomic distribution
of reads and overlap with annotated genes was calculated by using the UCSC
refGene.txt gene annotation, as described in Hu et al. (11). Bedtools intersect

Adar et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603388113/-/DCSupplemental/pnas.1603388113.sd01.xlsx
https://genome.ucsc.edu/cgi-bin/hgGateway
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://genome.ucsc.edu/ENCODE/
www.pnas.org/cgi/doi/10.1073/pnas.1603388113

)
&
S
&
<
8
S
g
3
o
=
5
@
o
3
E)
>
2
1
o
k-l
3
S
€
H
3
)

was used to calculate all overlaps, including those to peak intervals and
mutations. For comparison and to calculate P values, we conducted the same
analysis on 50 random datasets of 62,743 intervals of 500 nt from the hg19
reference genome. P values for comparison of distributions were calculated
as [number of times distribution of experimental and control data over-
lapped]/[total number of control data tests].

Chromatin State Analysis. Repair over the genomic intervals for each of the 15
predicted chromatin states defined by the ChromHMM algorithm was cal-
culated by using bedtools coverage. Values were normalized per million
mapped reads and per kilobase of interval length.

Cancer Mutation Analysis. Cancer-linked somatic mutation datasets, which were
filtered for variations found in normal cells and tissues, were obtained from
Alexandrov et al. (21). For melanoma, these include exome-only datasets. The
number of mutations overlapping the top 1% of repair windows at each time
point was calculated with bedtools intersect. The results were normalized per
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kilobase of top windows that overlapped exons. As a control, the same analysis
was performed with a random set of 500-nt windows from the hg19 reference
genome. To calculate average repair over mutation sites, a 400-bp interval
centered on the mutation site was created by using bedtools slop, and coverage
was calculated with bedtools coverage, normalizing to 1 million mapped reads.

Plotting Average XR-Seq Profiles. Gene lists, grouped into expression quartiles
based on RNA-seq in NHDF cells, were taken from our previous analysis (11).
For average XR-seq profiles relative to the annotated TSS, we limited the
gene list to genes that do not have overlapping or neighboring genes for at
least 6,000 bp upstream or downstream on either strand and were at least
10,000 bp in length. Read counts were calculated from the aligned .bam files
by using bedtools coverage and normalized to 10 million mapped reads.
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