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Nucleosomes inhibit excision repair of DNA damage caused by ultraviolet (UV) light, and it has been generally assumed

that repair inhibition is equivalent on both sides of the nucleosome dyad. Here, we use genome-wide repair data to show that

repair of UV damage in nucleosomes is asymmetric. In yeast, nucleosomes inhibit nucleotide excision repair (NER) of the

nontranscribed strand (NTS) of genes in an asymmetric manner, with faster repair of UV damage occurring on the 5′ side of
the nucleosomal DNA. Analysis of genomic repair data from UV-irradiated human cells indicates that NER activity along

the NTS is also elevated on the 5′ side of nucleosomes, consistent with the repair asymmetry observed in yeast nucleosomes.

Among intergenic nucleosomes, repair activity is elevated on the 5′ side of both DNA strands. The distribution of somatic

mutations in nucleosomes shows the opposite asymmetry in NER-proficient skin cancers, but not in NER-deficient cancers,

indicating that asymmetric repair of nucleosomal DNA imposes a strand polarity on UV mutagenesis. Somatic mutations

are enriched on the relatively slow-repairing 3′ side of the nucleosomal DNA, particularly at positions where the DNA mi-

nor groove faces away from the histone octamer. Asymmetric repair and mutagenesis are likely caused by differential ac-

cessibility of the nucleosomal DNA, a consequence of its left-handed wrapping around the histone octamer.

[Supplemental material is available for this article.]

Efficient nucleotide excision repair (NER) is critical for preventing
skin cancer and other diseases, because it removesmutagenic DNA
lesions, including ultraviolet (UV)-induced cyclobutane pyrimi-
dine dimers (CPDs), from the genome (Scharer 2013). Genetic de-
fects that reduce NER activity (e.g., in xeroderma pigmentosum
[XP] patients) result in significantly elevated rates of UV-induced
mutations and up to about 10,000-fold higher rate of skin cancers,
including squamous cell carcinomas (SCC) and melanomas
(DiGiovanna and Kraemer 2012). The primary NER pathway,
known as global genomic-NER (GG-NER), initiates when the
XPCprotein (and its cofactors, such asUV-DDB) recognize a bulky,
helix-distorting DNA lesion (Scharer 2013). A second NER path-
way, known as transcription coupled-NER (TC-NER), differs only
in that lesion recognition occurs when RNA polymerase II stalls
at the site of damage and is therefore confined to repairing the
transcribed strand (TS) of expressed genes (Hanawalt and Spivak
2008; Marteijn et al. 2014).

In eukaryotic cells, the NER machinery must recognize and
repair DNA lesions that are resident in chromatin, which signifi-
cantly modulates NER efficiency. For example, regions of compact
heterochromatin are associated with lower NER activity and con-
comitantly higher mutation rates in UV-exposed skin cancers
(Adar et al. 2016; Hu et al. 2017b). NER activity is also modulated
by individual nucleosomes, which comprise the basic building
blocks of chromatin. NER is inhibited when a CPD lesion is pack-
aged into a nucleosome in vitro (Hara et al. 2000; Liu and Smerdon
2000), which is consistent with in vivo studies indicating that
NER activity is inhibited near the central dyad axis of nucleo-
somes (Smerdon and Thoma 1990; Wellinger and Thoma 1997;
Tijsterman et al. 1999; Mao et al. 2016; Brown et al. 2018).

Because the canonical nucleosome structure is symmetric on
both sides of the central dyad axis, with similar histone content,
DNA structure, and histone-DNA contacts (Luger et al. 1997), it
is generally assumed that repair of DNA lesions by the NER path-
way is equally efficient on both sides of the nucleosome dyad
axis. However, recent reports of the existence of asymmetric sub-
nucleosome structures in gene coding regions (Rhee et al. 2014;
Ramachandran et al. 2015, 2017), reports of asymmetric accessibil-
ity of nucleosomal DNA (Lutter 1978; Zhong et al. 2016), as well as
the intrinsic asymmetry of the NER incision reaction (Huang et al.
1992), suggest that further study is warranted. Moreover, if the re-
pair of UV lesions does occur asymmetrically in nucleosomes,
what effect this might have on the genomic distribution of UV-
induced somatic mutations in skin cancers, particularly in cancer
driver genes, is currently unclear.

To address these issues, we analyzed repair of UV damage in
nucleosomes at high resolution across the yeast and human ge-
nomes. In parallel, we characterized the nucleosome distribution
of somatic mutations in repair-proficient and repair-deficient
skin cancers, to discernhow intranucleosomal patterns of repair af-
fect UV mutagenesis in human skin cancers.

Results

Repair of the nontranscribed strand (NTS) is modulated

by the nucleosome organization in yeast genes

To study how chromatin affects the activity of the GG-NER path-
way at single-nucleotide resolution across the yeast genome, we
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analyzed CPD repair profiles using CPD-seq data for wild-type
(Mao et al. 2016) and rad16Δmutant cells. The rad16Δmutant cells
were used as a control for these experiments, because Rad16 is spe-
cifically required for GG-NER in yeast (Verhage et al. 1994). CPD-
seq uses repair enzymes T4 endonuclease V and AP endonuclease
(Ape1) to specifically cleave at the CPD damage and create a new
ligatable 3′-OH group, which is subsequently ligated to a second
adapter, purified, and sequenced (Supplemental Fig. S1A). Initial
analysis of the CPD-seq data revealed significant enrichment of
dipyrimidine-associated sequencing reads (i.e., TT, TC, CT, and
CC) in UV-treated rad16Δ cells, but not in the “No UV” control
(Supplemental Fig. S1B), consistent with previous data for UV-irra-
diated wild-type (WT) yeast and human cells (Mao et al. 2016,
2018). Analysis of CPD-seq data following 2 h of repair revealed
more rapid repair of the transcribed strand (TS) along the tran-
scribed regions of yeast genes in both the WT and rad16Δ strains
(Supplemental Fig. S1C), consistent with previous results (Mao
et al. 2016). Deletion of RAD16 results in a greater fraction of unre-
paired CPDs along the nontranscribed strand (NTS), but has little
impact on repair of the TS (Supplemental Fig. S1C), consistent
with its role specifically in GG-NER.

To determine hownucleosome positioning in genes influenc-
es GG-NER, we aligned the previously mapped transcription start
sites (TSS) of about 5200 yeast genes (Park et al. 2014) and analyzed
CPD repair at each nucleotide position around the TSS (i.e., from
−200 bp to +640 bp relative to the TSS). Regions near the TSS
were chosen because highly phased nucleosomes are enriched to-
ward the 5′ end of genes, beginning with the +1 nucleosome,
which is nearest the TSS (Jiang and Pugh 2009). High-resolution
analysis of the CPD-seq data in yeast genes revealed periodic peaks
of unrepaired CPDs in the NTS of yeast genes following 2 h of re-
pair in WT cells (Fig. 1A). The fraction of unrepaired CPD lesions,
which accounts for variability in the initial CPD distribution
(Supplemental Fig. S2A), shows a similar periodicity along the
NTS (Fig. 1B). This indicates that the observed periodicity is caused
by systematic variations in repair efficiency, not CPD formation.
To investigate if peaks of unrepaired CPDs in the NTS correlate
with nucleosome organization, we analyzed the average nucleo-
some occupancy around the TSS, using published nucleosome
maps generated by MNase-seq (Weiner et al. 2015) or a chemical
cleavage method (Brogaard et al. 2012). Regardless of which
nucleosome map is used, peaks of unrepaired CPDs (indicative of
slow repair) are associated with the principal dyad locations of
the +1, +2, +3, and +4 nucleosomes (Fig. 1A,B; Supplemental
Fig. S2B), whereas low levels of unrepaired CPDs (indicative of
fast repair) are associated with linker DNA between these nucleo-
some positions, as well as the nucleosome-depleted region
(NDR) upstream of the TSS. A similar but less pronounced period-
icity in repair of the NTS is also apparent following 1 h repair in
WT cells (Supplemental Fig. S2C). In contrast, nucleosome posi-
tioning has no effect on the repair of the TS (Fig. 1B), indicating
that TC-NER functions in a nucleosome-independent manner in
WT cells, with similar efficiency of repair near the central nucleo-
some dyad axis as in linker DNA. A rad16 deletion eliminates
the periodicity of unrepaired CPD lesions in the NTS (Fig. 1C;
Supplemental Fig. S2D), indicating the observed repair pattern is
due to GG-NER.

The periodic repair pattern along the NTS could reflect varia-
tions of GG-NER efficiency occurring at most yeast genes, or alter-
natively, a phenotype dictated by a subset of genes. To gain
insights into repair patterns for genes across the yeast genome,
we visualized the normalized CPD levels following 2-h repair

around the TSS for all yeast genes, sorted by transcription frequen-
cy (Holstege et al. 1998). This analysis revealed that for most yeast
genes, the level of unrepaired CPDs in the NTS after 2-h repair cor-
relates with nucleosome positioning downstream from the TSS
(Fig. 1D). A similar pattern is apparent across yeast genes if the frac-
tion of unrepaired CPDs is analyzed (Fig. 1E), thereby normalizing
for potential differences in initial damage levels. Additionally,
there are consistently low levels of unrepaired CPDs at 2 h in the
TS, indicating that TC-NER efficiently repairs CPD lesions at nearly
all genes in WT cells, even those with low transcription frequency
(Fig. 1D,E). In the rad16Δ mutant, the NTS repair pattern is uni-
formly abolished across all yeast genes (Fig. 1F), indicating that
Rad16 is generally required for repair of theNTS and that slower re-
pair of nucleosomal DNA in the NTS is attributable to the GG-NER
pathway.

Repair of CPD lesions along the NTS is asymmetric in yeast

nucleosomes

A careful examination of the repair data for the NTS in WT cells
(Fig. 1A,B) indicates that the peaks of unrepaired CPD lesions are
slightly shifted relative to the nucleosome centers. The peak of
unrepaired CPD lesions in the NTS consistently occurs on the
TSS-distal side of the nucleosome dyad peak in WT cells, both at
the 1-h (Supplemental Fig. S2C) and 2-h (Fig. 1A,B) time points.
To further investigate this finding, we obtained the dyad positions
of the +1, +2, and+3nucleosomes for each yeast gene (Weiner et al.
2015). We oriented the nucleosomal DNA based on the transcrip-
tional direction of their associated genes, so that the NTS was al-
ways oriented in the 5′-to-3′ direction (Fig. 2A), and analyzed
CPD repair at each nucleotide position relative to the central
dyad axis. The fraction of unrepaired CPDs is higher near the cen-
tral nucleosome dyad axis following 2-h repair in WT cells (Fig.
2B), but not in a rad16Δ mutant (Fig. 2C), indicating that repair
by the GG-NER pathway is inhibited near the nucleosome dyad,
consistent with our previous results (Mao et al. 2016; Brown
et al. 2018). However, the peak of unrepaired CPD lesions on the
NTS is shifted ∼10–20 nt to the 3′ side of the nucleosome
dyad (Fig. 2B), consistent with the shift we observed between the
CPD and nucleosome peaks downstream from the TSS (e.g., Fig.
1A,B). This shift is unlikely to result from a general UV-induced
change in nucleosome positioning, because a recent study has
shown that following UV irradiation, nucleosome positioning is
essentially unchanged across nearly all yeast genes (van Eijk
et al. 2019).

The fraction of unrepaired CPDs in the NTS is generally
lower on the TSS-proximal (5′) side of the nucleosome dyad rela-
tive to the TSS-distal (3′) side (Fig. 2B). To highlight this asym-
metry, the fraction of CPDs remaining on the 5′ side of the
nucleosomal DNA is plotted on the 3′ side of nucleosome (Fig.
2B, “Expected”). The difference between the actual fraction of
CPDs remaining (i.e., “Observed”) and Expected (assuming sym-
metric repair on both sides of the dyad) reflects the degree of asym-
metry in repair. We quantified the degree of repair asymmetry by
calculating the relative difference in the fraction of CPDs remain-
ing between the 3′ (distal) side of the nucleosome (Observed)
and the mirrored position derived from the 5′ (proximal) side of
the nucleosome (Expected) (Supplemental Fig. S3A). In WT cells,
there is 12%, 9%, and 7% asymmetry in repair in the +1, +2, and
+3 nucleosomes, respectively, indicating significantly higher
levels of unrepaired lesions on the 3′ side of the nucleosomal
DNA (P<0.0001) (Fig. 2B). These positive asymmetry values reflect
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consistently slower repair of the 3′ side of the nucleosome, which
is already evident in the +1 and +2 nucleosomes 1 h post-irradia-
tion (Supplemental Fig. S3B). In contrast, there is no asymmetry
in repair of the +1 nucleosomes when the NTS is randomly orient-
ed (i.e., in the 5′-to-3′ or 3′-to-5′ orientation, depending on the di-
rection of transcription; P>0.05) (Fig. 2D). Similar analysis of
repair using a different yeast nucleosome map (i.e., generated by
a high-resolution chemical cleavage method) (Chereji et al.
2018) showed a similar degree of asymmetry in repair of the NTS
(P<0.0001) (Fig. 2E). Taken together, these findings indicate
that repair of the NTS by the GG-NER pathway is asymmetric
in nucleosomes, with more rapid repair occurring in the TSS-
proximal 5′ side of the nucleosomal DNA, and slower repair in
the distal 3′ side.

Repair of CPD lesions along the NTS is asymmetric in human

nucleosomes

To test whether repair of UV lesions on the NTS also occurs asym-
metrically in human nucleosomes, we analyzed published XR-seq
data derived from UV-irradiated human fibroblasts (Adar et al.
2016). The XR-seq method sequences CPD-containing DNA frag-
ments excised by the NER machinery and is thus a direct measure
of NER activity (Hu et al. 2015, 2017b; Adar et al. 2016). We ana-
lyzed the XR-seq repair data using a map of strongly positioned
human nucleosomes derived from published DNase-seq and
MNase-seq data sets (Methods). Only strongly positioned nucleo-
somes located in human protein-coding genes were analyzed (a to-
tal of 553,447 intragenic nucleosomes), and the NTS was aligned
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Figure 1. Repair of the NTS is modulated by the nucleosome organization downstream from the transcription start sites (TSSs) for nearly all yeast genes.
(A) High-resolution analysis of normalized CPD levels around the transcription start site (TSS) in wild-type (WT) cells following 2-h repair. The TSSs for 5205
yeast genes were aligned, and the number of CPDs associated with either the TS or NTS from 200 bp upstream of to 640 bp downstream from the TSS
(indicated by the dotted line/arrow) in WT cells following 2-h repair was counted. CPD counts were divided by the strand-specific dipyrimidine frequencies
associated with each position to calculate the normalized CPD levels. The average nucleosome coverage associated with each nucleosome dyad position,
derived from a published yeast MNase-seq nucleosome map (Weiner et al. 2015), was plotted in gray. NDR denotes the nucleosome-depleted region up-
stream of the TSS, and the highly phased nucleosomes downstream from the TSS are labeled as +1, +2, +3, and +4. (B) Same as A, except CPD counts at 2 h
were divided by the counts at 0 h at each position to analyze the fraction of remaining CPDs in the WT 2-h sample (i.e., WT-2 h/WT-0 h). (C) Same as B,
except CPD-seq data in the rad16Δmutant were analyzed. (D) Gene cluster plot of normalized CPDs inWT cells after 2-h repair from 500 bp upstream of to
640 bp downstream from the TSS, across 4557 yeast genes. The TS is depicted in the left panel, and NTS is depicted in the middle panel. Each column
represents a 30-bp window, and the rows correspond to the CPD data for yeast genes. To display the plot in a compact manner, each row/pixel corre-
sponds to approximately 16 yeast genes. Median levels of CPDs are depicted in black, whereas blue and yellow indicate low and high levels of CPDs, re-
spectively (see color bar). Rows were sorted by transcriptional frequency (Holstege et al. 1998), from lowest to highest. Nucleosome coverage associated
with each dyad position, based on a published yeast MNase-seq nucleosomemap (Weiner et al. 2015), is depicted in the right panel. (E) Same as D, except
the fraction of CPDs remaining was plotted, by calculating the log2ratio of the CPDs in the WT 2-h sample relative to the WT 0-h sample for each 30-bp
window. (F) Same as E, except CPD-seq data in the rad16Δ mutant were analyzed.
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in the direction of transcription of the associated gene, so that it
was always oriented in the 5′-to-3′ direction (Fig. 3A). At early re-
pair time points, there are generally fewer XR-seq reads associated
with the NTS in intragenic nucleosomes (i.e., nucleosomes in hu-
man protein-coding genes) than the TS (Supplemental Fig. S4A),
consistent with more rapid repair of the TS by the TC-NER path-
way. To account for potential differences in initial UV damage
levels, we normalized the CPD XR-seq data using a cellular HS-
Damage-seq data set (Hu et al. 2017a), which measured initial
CPD levels in human fibroblasts immediately following UV irradi-
ation (i.e., 0 h). We focused our analysis on the central 121 bp of
the nucleosomal DNA (Fig. 3B), similar to a previous study (Pich
et al. 2018). At the nucleosomal DNA ends (i.e., more than 60 nt
from the central dyad axis), normalized repair activity is elevated
at both 5′ and 3′ ends (Supplemental Fig. S4B), presumably reflect-
ing increased lesion accessibility attributable to transient unwrap-
ping of the nucleosomal DNA (Zhou et al. 2019).

Our analysis revealed that the distribution of XR-seq reads
along the NTS of strongly positioned nucleosomes shows a signifi-
cant degree of asymmetry, even after normalizing for initial dam-
age levels (Fig. 3B). At the 4-h time point, there is −9% asymmetry
in the distribution of normalized XR-seq reads (P<0.0001), the
negative asymmetry reflecting less NER activity on the 3′ side of
the nucleosome (cf. observed and expected curves in the bottom
panel of Fig. 3B). The negative asymmetry in repair activity in hu-
man cells is equivalent to a positive asymmetry in unrepaired
CPDs observed in yeast, indicating that repair is consistently
slower on the 3′ side of nucleosomal DNA in both yeast and hu-
man cells. The un-normalized XR-seq read distribution at 4 h has
a similar degree of asymmetry (−9%) (Supplemental Fig. S4C),

whereas there is no asymmetry in the initial distribution of CPDs
in the HS-Damage-seq data (Supplemental Fig. S4C), indicating
that differences in repair activity is the source of the asymmetry
in intragenic nucleosomes. Repair asymmetry is dependent on
DNA strand orientation, because the distribution of normalized
XR-seq reads is symmetric (i.e., 0% asymmetry) if theNTS in nucle-
osomes is randomly oriented (Fig. 3C). Significant asymmetry in
repair activity is also apparent for the 1- and 8-h time points
(−12% and −7%, respectively), but not at the 16- and 48-h time
points (Fig. 3D). In general, the degree of repair asymmetry is great-
est inmagnitude at the earliest time point (1 h), and its magnitude
is reduced at later repair time points, consistent with CPD lesions
on the promoter-proximal 5′ side of the nucleosome being re-
paired more rapidly than CPDs located on the 3′ side.

Somatic mutations in human melanomas have an asymmetric

distribution in intragenic nucleosomes

Previous studies have indicated that decreased NER activity in re-
gions of heterochromatin (Adar et al. 2016; Roberts et al. 2019)
and near the central dyad axis of the nucleosome (Sabarinathan
et al. 2016; Brown et al. 2018; Pich et al. 2018) is associated with
elevated somatic mutation rates in skin cancers. We wondered
whether lowerNER activity on the 3′ side of strongly positioned in-
tragenic nucleosomes is associated with increased somatic muta-
tion rates in UV-exposed cancers. To test this hypothesis, we
analyzed a published set of somatic mutations derived from 183
melanomas, sequenced by the International Cancer Genome
Consortium (ICGC) (Hayward et al. 2017). To analyze strand-spe-
cific mutation frequencies, we assigned eachmutation to the DNA

A

B

C D E

Figure 2. Repair of the NTS is asymmetric in yeast nucleosomes. (A) Diagram depicting how the NTS associated with each intragenic nucleosome (i.e.,
+1, +2, and +3) was oriented in the 5′-to-3′ direction, so that the 5′ side (i.e., TSS-proximal side) is consistently to the left of the dyad axis, whereas the 3′ side
(i.e., TSS-distal side) is to the right of the dyad axis. Arrow indicates the TSS and direction of transcription. Dashed lines indicate the dyad axis of the +1, +2,
and +3 nucleosomes. (B) Repair of CPD lesions in the +1 (left), +2 (middle), and +3 nucleosomes (right) in yeast genes. The fraction of CPDs remaining at
each position in the nucleosome (−73 to +73 bp relative to the dyad axis) is plotted for the WT 2-h repair sample, relative to WT 0-h sample. “Observed”
plots the actual CPD repair data, whereas “Expected” plots the data from the 5′ side of the nucleosome on the 3′ side (i.e., the expected fraction of CPDs
remaining if repair was symmetric across the nucleosome dyad). The relative difference between the observed and expected curves quantifies the degree of
asymmetry (Asym.) in repair, which is expressed as percent value (Methods). Nucleosome dyad positions were obtained from Weiner et al. (2015).
(C) Same as B, left panel (+1 nucleosome), except the CPD-seq data for the rad16Δ strain were analyzed. (D) Same as B, except the NTS was not oriented
in a 5′-to-3′ direction. (E) Same as B, except the +1 nucleosome dyad positions were obtained from Chereji et al. (2018).
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strand containing the pyrimidine (C or T) base, because UV lesions
at dipyrimidine sequences are the origin of the vast majority of
these somatic mutations. Analysis of strand-specific mutation fre-
quencies in intragenic nucleosomes revealed that the somatic mu-
tation density (and enrichment) is elevated on the NTS relative to
the TS (Supplemental Fig. S5A), consistent with previous results
(Brown et al. 2018).

More detailed analysis of the NTS (Fig. 4A) revealed that the
distribution of somatic mutations in nucleosomes is asymmetric.
Mutation density (i.e., mutations per nucleosome) is elevated on
the 3′ side of intragenic nucleosomes (Supplemental Fig. S5B,C),
even after normalizing for the expected mutation frequency de-
rived from the DNA sequence context of the NTS (“Mutation

Enrichment”; P<0.01) (Fig. 4B).
Furthermore, no asymmetry is present
when the NTS was randomly oriented
(i.e., in either the 5′-to-3′ or 3′-to-5′

orientation) (Supplemental Fig. S5D).
Mutation enrichment also shows a ∼10
bp periodicity (consistent with previous
results) (Brown et al. 2018; Pich et al.
2018), but this periodicity is dampened
on the relatively fast-repairing 5′ side of
the nucleosome (see below). Taken to-
gether, these results indicate that somatic
mutations in melanoma are asymmetri-
cally distributed in intragenic nucleo-
somes, being enriched on the slow-
repairing 3′ side of the NTS.

To further explore how asymmetric
repair impacts UV mutagenesis in skin
cancers, we analyzed somatic mutations
in cutaneous squamous cell carcinomas
(cSCC), derived from both NER-profi-
cient patients (WT cSCC) and GG-NER-
deficient patients (Zheng et al. 2014),
who have germline mutations in the
XPC gene (XPC−/− cSCC). Although the
somatic mutation frequency is elevated
on the NTS relative to the TS in nucleo-
somes inWT cSCCs, this strand disparity
is magnified in the XPC−/− cSCCs
(Supplemental Fig. S5E), consistent with
a defect in GG-NER of the NTS in the
XPC−/− cells. There is significant asym-
metry in the mutation distribution in
WT cSCCs along the NTS in intragenic
nucleosomes (6%, P<0.01) (Fig. 4C).
Mutation density is elevated on the
3′ side of the nucleosome, particularly at
“out” positions (see below). The trend in
the WT cSCC data is somewhat noisier,
likely because the WT cSCC data have
only ∼5% as many somatic mutations as
the melanoma data set. Analysis of the
mutational distribution among XPC−/−

cSCCs revealed no significant asymmetry
in the mutational distribution in intra-
genic nucleosomes (P>0.05) (Fig. 4D).
Indeed, mutation density was slightly
higher on the 5′ side of the nucleosome
relative to the 3′ side in these tumors.

These analyses indicate that thenucleosomeasymmetry in somatic
mutations requires a functional GG-NER pathway.

Mutation enrichment in melanoma has a ∼10-bp periodicity
in nucleosomes along the NTS, with peaks at “out” positions
(dashed lines in Fig. 4E), where the minor groove of the nucleoso-
mal DNA faces away from the histone octamer. A very similar
periodicity is observed in CPD enrichment (i.e., CPD levels in
UV-irradiated cells relative to UV-irradiated naked DNA) (Fig. 4E,
second panel from top), consistent with previous reports that
elevated CPD formation at “out” positions in nucleosomal DNA
promote increased somatic mutagenesis in melanoma (Brown
et al. 2018; Pich et al. 2018). However, the periodicity in mutation
enrichment differs across the nucleosome dyad, with the

A

B

C

D

48-h repair4-h repair

4-h repair

HS-Damage-seq (0 h)

16-h repair

8-h repair

1-h repair

Figure 3. Repair of the NTS is asymmetric in human intragenic nucleosomes. (A) Diagram depicting
the nontranscribed strand (NTS) associated with human intragenic nucleosomes oriented in the 5′-to-
3′ direction, so that the 5′ side (i.e., TSS-proximal side) is consistently to the left of the dyad axis, whereas
the 3′ side (i.e., TSS-distal side) is to the right of the dyad axis. Arrow indicates the direction of transcrip-
tion. Dashed line indicates the aligned dyad axes of the intragenic nucleosomes. (B) The density of CPD
excision repair-sequencing (XR-seq) reads (Adar et al. 2016) from UV-irradiated fibroblasts (4-h repair)
along the NTS was calculated at each position in intragenic nucleosomes (from −73 to +73 bp from
the dyad axis) and normalized using CPD HS-Damage-seq data (Hu et al. 2017a) from UV-irradiated fi-
broblasts (0-h repair). The normalized (Norm.) XR-seq read density was plotted for the nucleosome core,
consisting of −60 to +60 bp from the dyad (lower). The “Expected” data are mirrored from the 5′ side of
the dyad axis (i.e., expected if symmetric repair across the nucleosome dyad). The relative difference be-
tween the observed and expected curves quantifies the degree of asymmetry (Asym.) in repair, which is
expressed as percent value, as in Figure 2. (C) Plot of normalized XR-seq reads along theNTS in intragenic
nucleosomes, except theNTSwas randomly oriented (i.e., 5′-to-3′ or 3′-to-5′). (D) Same as B, lower panel,
except for different repair time points (1–48 h). XR-seq data were obtained from Adar et al. (2016). (∗∗) P
<0.0001; (∗) P<0.01.
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amplitude in periodicity greater on the 3′ side of the nucleosome
(Fig. 4E, top). This appears to be primarily caused by differences
in mutation enrichment at “out” positions, as mutation enrich-
ment is higher at “out” positions on the 3′ side of the nucleosome
dyad than on the 5′ side (12% asymmetry for “out” positions, P<
0.001). This asymmetry cannot be explained by elevated levels of
CPD formation at 3′ out positions, because CPD enrichment is
slightly lower at 3′ out positions relative to 5′ out positions (−2%
asymmetry, P< 0.05) (Fig. 4E, second panel). Instead, it appears
that repair of CPD lesions at “out” positions along the 3′ side of
the nucleosome is inhibited compared to the 5′ side (−11% asym-
metry, P<0.05) (Fig. 4E, third panel).

Asymmetric repair of nucleosomal
DNA could arise from differences in
DNA accessibility on opposite sides of
the dyad. To test this hypothesis, we an-
alyzed published human DNase-seq data
(Degner et al. 2012), because the frequen-
cy of cleavage by DNase I is a common
measure of DNA accessibility in nucleo-
somes. “Out” positions in nucleosomal
DNA are more efficiently cleaved by
DNase I, because these DNA locations
are more accessible to the nuclease (Noll
1974; Lutter 1978; Zhong et al. 2016),
leading to the expected periodic pattern
of DNase I cleavage sites (Fig. 4E, bot-
tom). This analysis revealed asymmetry
in the DNase-seq cleavage pattern along
the NTS in intragenic nucleosomes,
with a higher density of DNase-seq reads
at “out” positions on the 5′ side of the
nucleosome dyad (−9% asymmetry, P<
0.05) (Fig. 4E, bottom). Increased DNA
accessibility at 5′ “out” positions, as
measured by DNase-seq, is associated
with elevated repair activity at these
same locations (Fig. 4E). A similar asym-
metry inDNase I cleavage has been previ-
ously observed in nucleosomes in vitro
(Lutter 1978) and across the yeast ge-
nome (Zhong et al. 2016). These results
suggest that increased DNA accessibility
at “out” positions on the 5′ side of nucle-
osomes promotes more efficient repair of
UV damage, whereas the reduced accessi-
bility of “out” positions on the 3′ side of
intragenic nucleosomes inhibits repair
and promotes somaticmutations at these
locations in melanoma.

Asymmetric repair and mutagenesis

in intergenic nucleosomes

The results so far indicate that mutations
in skin cancers are asymmetrically dis-
tributed in intragenic nucleosomes along
the NTS, because of differences in lesion
accessibility and repair between the
5′ and 3′ side of the nucleosomal DNA.
These differences could arise because of
ongoing transcription through these in-

tragenic nucleosomes, which has been associated with the forma-
tion of asymmetric nucleosome structures (Rhee et al. 2014;
Ramachandran et al. 2015, 2017), or could arise from structural
features of canonical nucleosomes, independent of transcription.
To distinguish between these two hypotheses, we analyzed repair
and mutagenesis in strongly positioned nucleosomes located in
nontranscribed (i.e., intergenic) regions. Repair and mutagenesis
were analyzed along bothDNA strands in their normal antiparallel
orientation (Fig. 5A, upper).

Analysis of NER activity in UV-irradiated fibroblasts revealed
that repair activity (i.e., normalized XR-seq reads) is also asymmet-
ric in intergenic nucleosomes (Fig. 5A, lower). Along both DNA

A
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C

D

E

Figure 4. Somatic mutations in skin cancers are asymmetrically distributed in intragenic nucleosomes.
(A) Diagram depicting how the NTS associated with human intragenic nucleosomes was oriented in the
5′-to-3′ direction. Arrow indicates the direction of transcription. Dashed line indicates the aligned dyad
axes of the intragenic nucleosomes. (B) Enrichment of somaticmutations in 183melanoma tumors along
theNTSwas plotted at positions from−60 to +60 bp fromdyad axis of intragenic nucleosomes.Mutation
enrichment was calculated by dividing the actual density of mutations along the NTS by the expected
mutation density, based on the trinucleotide sequence context (Methods). The average relative differ-
ence between themutation enrichment on the 5′ and 3′ sides of the nucleosome dyadwas used to quan-
tify the degree of asymmetry (Asym.) in mutagenesis, which is expressed as percent value. (C) Same as B,
except for cutaneous squamous cell carcinomas (cSCCs) fromNER competent (WT) patients. (D) Same as
B, except for cSCCs fromGG-NER-deficient patients withmutations in XPC. (E) Comparison ofmelanoma
mutation enrichment among intragenic nucleosomes (top) with CPD enrichment (second from top), nor-
malized XR-seq reads (third from top), and DNase-seq reads (bottom). “Out” rotational settings in the
intragenic nucleosomes are indicated with vertical dashed lines. CPD enrichment was calculated from
the scaled ratio of CPD lesions in UV-irradiated cells relative to CPD lesions in UV-irradiated naked
DNA, using data from Brown et al. (2018) and Mao et al. (2018). Normalized XR-seq data for the 4-h
repair time point are same as those depicted in Figure 3B, lower panel. DNase-seq data measure nucle-
osomal DNA accessibility and were obtained from Degner et al. (2012).
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strands, repair activity is elevated on the 5′ side of the nucleosomal
DNA, which is apparent upon aligning both strands in a 5′-to-3′

orientation (Fig. 5B). Elevated repair on the 5′ side of each nucleo-
somal DNA strand is also apparent at other early repair time points
(e.g., 1 h and 8 h) (Supplemental Fig. S6), but not at later time
points (Supplemental Fig. S6). Analysis of DNase-seq data revealed

thatDNAaccessibility is elevated at “out”
positions along the 5′ side of both DNA
strands in intergenic nucleosomes (P<
0.05) (Fig. 5C,D), similar to our analysis
of intragenic nucleosomes. These find-
ings suggest that asymmetric DNA acces-
sibility and repair is an inherent feature
of canonical nucleosomes (see below),
even in the absence of transcription.

We also examined the distribution
of somatic mutations in melanoma in
intergenic nucleosomes. Somatic muta-
tions are elevated at “out” positions, as
expected (Brown et al. 2018; Pich et al.
2018), but the amplitude of the periodic-
ity is diminished along the 5′ side of both
DNA strands (Fig. 5E,F). This is primarily
because of decreased mutation density at
“out” positions on the 5′ side of the
nucleosome dyad, consistent with our
previous analysis of intragenic nucleo-
somes. This is not caused by potential
differences in CPD formation, because
CPD enrichment is largely symmetric
across the nucleosome dyad along both
DNA strands (Fig. 5G). Instead, faster re-
pair of the 5′ side of the nucleosome, par-
ticularly at “out” positions, appears to
suppress UV mutagenesis in intergenic
nucleosomes.

Analysis of the canonical nucleo-
some structure indicates that “out” posi-
tions along the nucleosomal DNA have
differing degrees of solvent accessibility,
consistent with previous studies (Lutter
1978; Tanaka et al. 1996; Zhong et al.
2016; Mao et al. 2017). For both DNA
strands, “out” positions along the
5′ half of the nucleosomal DNA face the
solvent (orange highlights in Fig. 5H),
and thus are readily accessible to DNase
I cleavage and the NER machinery. In
contrast, “out” positions along the 3′

half of the nucleosomal DNA face the
other DNA gyre (blue highlights in Fig.
5H), which can explain the reduced ac-
cessibility of these “out” positions to
DNase I and the NER machinery.

Discussion

Here, we have shown that the repair of
UV damage in nucleosomes is asymmet-
ric. High-resolution genomic repair
maps in both yeast and human cells indi-
cate that CPD lesions on the 5′ side of the

central dyad axis are more efficiently repaired than those on the
3′ side. Although it has previously been established that nucleo-
somes inhibit NER, particularly for lesions near the dyad center
of the nucleosome, our data indicate that the degree of this inhibi-
tion is dissimilar on opposite sides of the dyad axis. We have fur-
ther shown that UV-induced somatic mutations in skin cancers
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Figure 5. Asymmetric repair of human intergenic nucleosomes promotes a DNA strand polarity in
somatic mutations in melanoma. (A) Normalized NER activity is elevated on the 5′ side of both DNA
strands in intergenic nucleosomes. Normalized XR-seq reads for the 4-h repair time point were plotted
for both DNA strands in their normal antiparallel orientation (top) at positions from −60 to +60 bp
from the dyad axis of intragenic nucleosomes. (B) Same as A, except the plus and minus DNA strands
were both aligned in the 5′-to-3′ direction, and the average of both aligned DNA strands is plotted.
Data for the 5′ side of the dyad axis are depicted in orange, and data for the 3′ side of the dyad are de-
picted in purple. (C,D) Same as A and B, except DNase-seq read density (Degner et al. 2012) was plotted.
(E,F ) Same as A and B, except mutation enrichment in melanoma tumors was plotted. (G) Same as A, ex-
cept CPD enrichment was plotted. (H) Structural model showing that at “out” positions (indicated with
arrows), the 5′ side of the nucleosomal DNA (orange/gold) faces the solvent, whereas the 3′ side of the
nucleosomal DNA (light purple/blue) faces the other DNA gyre, and is thereby less accessible for repair.
PyMol (https://pymol.org/2/) was used to visualize the nucleosome structure (PDB ID: 1KX5) fromDavey
et al. (2002).
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have the opposite polarity, resulting in a lopsided distribution of
mutations along each DNA strand. This is primarily attributed to
elevatedmutation rates at “out” positions along the slow-repairing
3′ side of the nucleosomal DNA. This strand polarity in UV muta-
genesis is dependent on the GG-NER pathway, because it is absent
in XPC−/− cutaneous squamous cell carcinomas, which are defi-
cient in GG-NER activity.

Our analysis indicates that asymmetric repair activity in hu-
man cells is likely a consequence of the left-handed wrapping of
the DNA around the histone octamer. Analysis of DNase I cleavage
sites in nucleosomal DNA indicates that “out” positions along the
3′ side of the dyad axis are less accessible to repair enzymes, owing
to the proximity of the neighboring DNA gyre (Fig. 6). In contrast,
“out” positions along the 5′ side are more amenable to repair,
because the DNA backbone at these positions faces the solvent
(Fig. 6). This strand polarity in DNA accessibility, which is a conse-
quence of the left-handed wrapping of nucleosome DNA around
the histone octamer, was discovered more than 40 yr ago (Lutter
1978). There have been hints that this asymmetry in nucleosomal
DNA accessibility could affect repair at individual yeast nucleo-
somes (Wellinger and Thoma 1997; Tijsterman and Brouwer
1999); however, its impact on the repair and mutagenesis of UV
damage across the genome has not previously been investigated.
It is known that theDDB2 subunit of theUV-DDB complex, which
is critical for recognizing CPD lesions in human cells, can bind to
CPD lesions resident in nucleosomes to initiate GG-NER (Fischer
et al. 2011). Moreover, a recent study suggested that UV-DDB
shows strand asymmetry in the recognition of a model lesion res-

ident in a positioned nucleosome (Matsumoto et al. 2019).We hy-
pothesize that UV-DDB, XPC, or possibly downstreamNER factors
(e.g., TFIIH) may be preferentially inhibited from initiating repair
at “out” positions along the 3′ side of the nucleosome, owing to
the interference of the neighboring DNA gyre, thereby promoting
asymmetric repair and mutagenesis in nucleosomes (Fig. 6).

Our data indicate that there is also asymmetric repair of CPD
lesions in yeast nucleosomes, with faster repair on the 5′ side of the
nucleosomal DNA along the NTS of yeast genes. Although this is
essentially the same pattern observed in human nucleosomes,
there are some subtle differences in the repair patterns between
yeast and human cells. In human cells, asymmetry in repair activ-
ity is most apparent at “out” positions; however, in yeast nucleo-
somes there does not appear to be elevated repair activity or
asymmetry at “out” rotational settings. This could result from
species–specific differences in the GG-NER pathway (e.g., yeast
lack the UV-DDB complex) or nucleosome organization. In yeast,
the repair asymmetry is highest in the +1 nucleosome, which is
positioned closest to the TSS. This could be a consequence of the
formation of asymmetric subnucleosome structures, which are
highly enriched at the +1 nucleosome (Rhee et al. 2014;
Ramachandran et al. 2015, 2017). Asymmetric repair in yeast nu-
cleosomes may also be modulated by histone post-translational
modifications (PTMs) and variants, because certain histone PTMs
and histone variants are preferentially enriched on one half of
the nucleosome (Rhee et al. 2014). Because histone PTMs and var-
iants can promote NER in chromatin (Waters et al. 2015; Mao and
Wyrick 2016), their asymmetric distribution in yeast (or human)
nucleosomes could promote asymmetric repair.

It will be interesting to determine whether other repair path-
ways show a similar degree of asymmetry in nucleosomes.
Previously, we showed that repair of DNA alkylation damage by
the base excision repair (BER) pathway is asymmetric in yeast nu-
cleosomes (Mao et al. 2017). Alkylation damage is repaired more
rapidly at “out” positions on the 5′ side of nucleosome dyad
than at “out” positions on the 3′ side of the dyad, consistent
with the human NER data presented here. Here, we have further
shown that asymmetric NER activity in nucleosomes is associated
with a strand polarity in somatic mutations in skin cancers. It will
be interesting to determine whether asymmetric BER activity in
nucleosomes impacts the distribution of mutations arising from
DNA base lesions in other cancers.

Recently, it was shown that somaticmutations in skin cancers
have a periodicity in nucleosomal DNA, with elevated mutation
rates at “out” positions in nucleosomes attributed to elevated
CPD formation (Brown et al. 2018; Pich et al. 2018). Our strand-
specific analysis indicates that this mutational periodicity is pri-
marily associated with the 3′ side of the nucleosome dyad.
Although CPD formation is largely symmetric across the nucleo-
some dyad, faster repair of CPD lesions at “out” positions on the
5′ side of the dyad acts to suppress this periodicity. In contrast,
slower repair on the 3′ side of the dyad acts to enhance mutation
rates at “out” positions, thereby enhancing mutation periodicity.
Because G/C dinucleotides are generally favored at “out” positions
in nucleosomes (Struhl and Segal 2013; Lai and Pugh 2017), elevat-
ed rates of UV-induced C>Tmutations at “out” rotational settings
would presumably weaken nucleosome positioning, particularly
on the 3′ side of the dyad. Asymmetry in UV mutagenesis could
serve as a novel mechanism to alter nucleosome positions and po-
tentially promote the formation of asymmetric subnucleosome
structures in cells (or organisms) exposed to UV light over many
generations. This mechanism should be especially active in

Figure 6. Molecular mechanism promoting asymmetric repair and mu-
tagenesis in nucleosomes. Schematic showing how the left-handed wrap-
ping of DNA (black line, depicting antiparallel DNA double helix) around
the histone octamer (gray cylinder) promotes the accessibility and repair
of CPD lesions on the 5′ side of the nucleosome dyad (orange), particularly
at “out” rotational settings, but inhibits the repair of CPD lesions at “out”
positions on the 3′ side of the nucleosome dyad (blue), because of the
proximity of the neighboring DNA gyre. Two CPD lesions are shown in
each nucleosome to highlight the asymmetry in solvent accessibility of
the 5′ and 3′ sides of the nucleosome; however, typically only a single
CPD lesion will be resident in an individual nucleosome.
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transcribed nucleosomes, because asymmetric repair in nucleo-
somes should impact only one of the DNA strands (i.e., the
NTS), with the other strand (i.e., the TS) being primarily repaired
by the TC-NER pathway.

In summary, we have shown that the repair of UV damage in
nucleosomes is asymmetric, in part because of the intrinsic diffi-
culty of accessing and repairing DNA lesions on the 3′ side of
each nucleosomal DNA strand. We have further shown that this
repair asymmetry modulates UV mutagenesis in skin cancers.
Because nucleosome-bound DNA comprises the vast majority of
the human genome, this mutational asymmetry may have signifi-
cant ramifications in carcinogenesis. For example, our preliminary
analysis indicates that a number of protein-altering mutations in
melanoma driver genes are associated with the 3′ side of strongly
positioned nucleosomes (highlighted in bold in Supplemental
Table S1). Moreover, previous studies have exploited DNA strand
asymmetries in replication (R-class asymmetry) and transcription
(T-class asymmetry) to elucidate specific DNA lesions or mutation-
al processes causing different mutation signatures in tumors
(Haradhvala et al. 2016). However, many classes of DNA lesions
show neither T-class nor R-class asymmetry in human tumors.
We propose that mutational asymmetries in nucleosomal DNA,
whichwe termN-class asymmetry, could be used in a complemen-
tary fashion to investigate mutational processes in skin cancers
and potentially other tumor types.

Methods

Yeast CPD-seq experiments and analysis

Yeast UV irradiation, genomic DNA isolation, and CPD-seq library
preparation and analysis were performed as previously described
(Mao et al. 2016). A detailed description of these methods, as
well as the method used to calculate repair asymmetry in yeast nu-
cleosomes, is provided in the Supplemental Methods. CPD-seq
data for the WT 0-, 1-, and 2-h repair time points were originally
published in Mao et al. (2016).

Human nucleosome map

Nucleosomepositionswere called using a newalgorithm that com-
bines both DNase-seq (Degner et al. 2012; Zhong et al. 2016) and
MNase-seq data (Gaffney et al. 2012). Nucleosome scores derived
from DNase-seq data (Zhong et al. 2016) were used to identify
potential nucleosome dyad positions using a greedy algorithm,
as previously described (Brown et al. 2018). A detailed description
of the nucleosome calling algorithm is provided in the
Supplemental Methods.

Analysis of CPD-seq, HS-Damage-seq, DNase-seq, and XR-seq data

Human CPD-seq analysis was performed as previously described
using cellular (UV 0 h) and in vitro irradiated (naked DNA) CPD-
seq data (Brown et al. 2018; Mao et al. 2018). Human HS-
Damage-seq, DNase-seq, and XR-seq reads was obtained from
published sources (Degner et al. 2012; Adar et al. 2016; Hu et al.
2017a). A detailed description of the data processing and analysis
is included in the Supplemental Methods.

Analysis of melanoma and squamous cell carcinoma

mutation data

Melanomamutation data were from the ICGC data portal (data re-
lease 20), and squamous cell carcinoma mutation data were from
Zheng et al. (2014). Expected mutation frequencies were deter-

mined using the mutation frequency of each trinucleotide se-
quence (e.g., TCG, in which the underlined C is mutated),
essentially as previously described (Brown et al. 2018; Mao et al.
2018). Expected mutation frequencies were determined for each
DNA strand separately, in that the expected mutation frequency
at each positionwas assigned to the pyrimidine-containing strand.
Additional details of mutation data sets and analysis are provided
in the Supplemental Methods.

Calculating repair and mutational asymmetry in human

nucleosomes

Repair asymmetry was analyzed for the NTS in intragenic nucleo-
somes (i.e., nucleosomes occurring in protein-coding gene se-
quences) and for both DNA strands in intergenic nucleosomes
using the called nucleosome dyad positions. A detailed description
of the repair asymmetry analysis is provided in the Supplemental
Methods. Moreover, the key Perl and C++ scripts used to analyze
these and other data are included in the Supplemental Code.

Data access

The rad16Δ CPD-seq data from this study have been submitted to
the NCBI Gene ExpressionOmnibus (GEO; https://www.ncbi.nlm
.nih.gov/geo/) under accession number GSE131101.
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