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Abstract

Genomic DNA is constantly assaulted by both endogenous and exogenous damaging agents. The
resulting DNA damage, if left unrepaired, can interfere with DNA replication and be converted
into mutations. Genomic DNA is packaged into a highly compact yet dynamic chromatin
structure, in order to fit into the limited space available in the nucleus of eukaryotic cells. This
hierarchical chromatin organization serves as both the target of DNA damaging agents and the
context for DNA repair enzymes. Biochemical studies have suggested that both the formation and
repair of DNA damage are significantly modulated by chromatin. Our understanding of the impact
of chromatin on damage and repair has been significantly enhanced by recent studies. We focus on
the nucleosome, the primary building block of chromatin, and discuss how the intrinsic structural
properties of nucleosomes, and their associated epigenetic modifications, affect damage formation
and DNA repair, as well as subsequent mutagenesis in cancer.
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1. Introduction

DNA damage is a major threat to genomic integrity in living cells [1]. Different types of
DNA damage, including small base modifications, bulky DNA lesions, and strand breaks,
can interfere with DNA replication and gene transcription, causing cytotoxicity or
mutagenesis. Small base damage such as oxidation, alkylation, deamination, and uracil
misincorporation arise frequently in the cell from endogenous sources, and are therefore
largely unavoidable [2]. Base excision repair (BER) is the primary mechanism that removes
base lesions. Several enzymes are required for BER, including a DNA glycosylase, apurinic/
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apyrimidinic (AP) endonuclease, gap-filling DNA polymerase, and DNA ligase [3]. These
enzymes are coordinated in a sequential manner to ensure that the repair product from the
upstream enzyme serves as the substrate for the subsequent enzyme. This coordination has
been shown to be important for efficient repair and preventing accumulation of more
deleterious BER intermediates such as AP sites or strand breaks [4].

Additionally, environmental factors such as UV radiation and chemotherapeutic drugs (e.g.,
cisplatin) can induce bulky lesions, which cause significant distortion to the structure of the
DNA double helix. Bulky lesions are generally more harmful to the cell than base damage,
because they can strongly block DNA replication and transcription [1], The major repair
pathway for bulky lesions is nucleotide excision repair (NER), which is a multi-step process
comprising ~30 repair proteins [1]. Mutations of many NER genes are associated with
severe human diseases such as Xeroderma pigmentosum (XP) and Cockayne syndrome (CS)
[5], XP patients have extremely high risk for developing skin cancers, while CS patients are
characterized by neurological degeneration and premature aging. Collectively, excision
repair (ER), including BER and NER, acts as an essential “first-line” defense mechanism in
the cell to maintain genome stability by removing a wide spectrum of common DNA lesions.
On the other hand, ER is a double-edged sword for chemotherapy. DNA adducts induced by
chemotherapeutic agents may be removed by ER factors in cancer cells. The removal of
these lethal DNA adducts in tumors can compromise chemotherapy and cause drug
resistance [6].

Genomic DNA in eukaryotes is organized into chromatin. The basic repeating unit of
chromatin is nucleosome, which is a complex consisting of ~147bp DNA wrapped in ~1.7
left-handed superhelical turns around a core histone octamer [7]. Neighboring nucleosomes
are connected by linker DNA and packaged into higher-order chromatin structures.
Chromatin compaction strongly affects DNA accessibility and represents a fundamental
regulatory mechanism for DNA replication, transcription, and repair. For transcription,
actively transcribed chromatin is “preset’ in an open state and enriched with modified
nucleosomes that allow access of proteins to DNA [8], However, ER proteins have to
recognize and remove damage in all structural domains of chromatin and at different levels
of chromatin compaction [9], Therefore, a central challenge of DNA repair studies in
eukaryotes is to understand how repair factors cope with the wide diversity of chromatin
landscapes to efficiently repair DNA damage and avoid mutations. Biochemical data
indicates that even the first level of chromatin compaction — the nucleosome — can
significantly inhibit BER and NER [10,11]. These studies suggest that DNA damage in
nucleosome-occupied DNA is more likely to persist and potentially cause mutations. In
addition to affecting repair, the nucleosome structure has also been shown to modulate the
formation of certain types of DNA lesions (e.g., UV photoproducts) [9].

Our understanding of DNA damage formation and ER in the context of chromatin has been
significantly advanced by new technologies for mapping nucleosomes and measuring DNA
damage and repair at high-resolution and across the genome [12-15]. The development of
next generation sequencing (NGS)-based methods for mapping DNA damage provides an
unprecedented opportunity to measure the formation and repair of DNA lesions in different
chromatin contexts. In this review, we will summarize recent progress in our understanding
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of how chromatin organization impacts DNA damage formation and repair, and how these
processes shape the genomic distribution of somatic mutations in human cancers.

2. DNA damage formation in chromatin and its impact on cancer
mutations

2.1. DNA damage formation is modulated by nucleosomes

Solar UV is the major environmental carcinogen for melanoma and nonmelanoma skin
cancers. Major photolesions induced by UV include cyclobutane pyrimidine dimers (CPDs)
and (6-4) photoproducts (6,4-PPs), both of which occur at dipyrimidine DNA sequences
(i.e,, TT, TC, CT, and CC) [1]. Although it has been assumed that UV damage formation is
largely uniform in chromatin (e.g., [16]), previous studies have shown that nucleosomes
significantly modulate CPD formation in UV-irradiated chromatin, generating an ~10 bp
periodicity of CPD lesions along the nucleosomal DNA [17]. This periodic CPD pattern is
consistent with the nucleosome rotational settings (i.e., DNA backbone orientation relative
to histone proteins), with high CPD formation at outward rotational (‘out’) and low CPD
formation at inward rotational settings (‘in”) [17,18], The elevated CPD formation at ‘out’
positions is likely due to increased DNA mobility, which can facilitate the [2+2]
cycloaddition reaction upon UV irradiation [18].

This unique oscillatory CPD pattern in nucleosomal DNA has been recapitulated in UV-
irradiated cells using NGS-based damage mapping methods. Using a genome-wide method
named CPD-seq (cyclobutane pyrimidine dimer sequencing), the periodic CPD pattern is
apparent in nucleosomes in both yeast and human cells [18-20]. In CPD-seq, genomic DNA
fragments are ligated to an adaptor DNA and all the free 3’ ends are blocked with
dideoxyATP. CPD damage is then processed by the DNA repair enzymes T4 endonuclease V
(T4 endo) and AP endonuclease (APE1) to generate a new ligatable 3’-OH, which is then
ligated to a second adaptor DNA for sequencing [19]. Using this method, the locations of
CPD lesions can be mapped at single nucleotide resolution. By overlaying CPD-seq data
with genomic nucleosome maps (e.g., [12,13]), it was revealed that strongly positioned
nucleosomes exhibit a striking 10 bp periodicity of CPD formation, particularly for the more
mutagenic CPDs (mCPDs) associated with TC, CT, and CC dipyrimidines [20]. Consistent
with previous data [17], the CPD-seq data revealed that CPD (or mCPD) peaks and valleys
are associated with ‘out’ and ‘in’ rotational settings, respectively [19,20]. Furthermore, this
periodicity is not caused by the underlying DNA sequence context. UV-irradiation of naked
(i.e., non-nucleosomal) genomic DNA has the opposite pattern of CPD formation, with
elevated CPD levels at “in’ positions, likely due to an increased frequency of lesion-forming
TT dinucleotides at inward rotational settings [19]. Normalization of cellular CPD-seq by
naked DNA CPD-seq reveals even stronger CPD enrichment at outward rotational settings
[18-20], suggesting that the nucleosomal rotational settings can override intrinsic DNA
sequence preferences (i.e., higher TT dinucleotides at 'in’ positions) to promote UV damage
formation at 'out' positions. Furthermore, the CPD periodicity is not observed in weakly
positioned nucleosomes that have potentially reduced occupancy and poorly established
rotational settings [19].
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The distribution of UV damage across the human genome has also been mapped by a
method named HS-Damage-seq (high sensitivity damage sequencing) [21]. HS-Damage-seq
exploits the observation that bulky DNA damage, such as 6-4PPs and CPDs, block DNA
replication, in order to map the location of these DNA lesions. This method uses a specific
antibody to enrich for DNA containing bulky lesions, such as CPDs. A new strand is
subsequently synthesized using the damaged DNA strand as a template, so that the nascent
DNA strand terminates at the site of DNA damage. By mapping the location of the 3' end of
the nascent DNA strand (i.e., the site of the replication block), HS-Damage-seq is able to
identify the DNA damage site. Analysis of HS-Damage-seq data from UV-irradiated human
fibroblasts also revealed a periodic damage pattern, with ~10 bp periodicity in human
nucleosomes [22].

Surprisingly, this analysis revealed that CPDs are elevated at “in’ rotational settings relative
to ‘out’ positions in the HS-Damage-seq data [22], which is at odds with past studies [17].
Normalization of cellular HS-Damage-seq data by the 'expected' CPD levels, based on the
pentanucleotide DNA sequence context, revealed more CPD enrichment at “out’ rotational
settings [22], as expected. This suggests that the increased CPD formation at ‘in’ positions
in the un-normalized HS-Damage-seq data is probably caused by DNA sequence biases. It
has been previously shown that nucleosomal DNA has an intrinsic sequence preference to
form CPDs at 'in' positions in the absence of bound histones [19]. For example, TT
dinucleotide sequences are enriched at ‘in’ rotational settings to accommodate the sharp
DNA bending in the nucleosome structure [13,19]. One potential explanation for increased
effects of DNA sequence context on the HS-Damage-seq data is that this method employs a
CPD-specific antibody to enrich for damaged DNA strands [21]. Some CPD antibodies have
been reported to have some degree of sequence specificity (i.e., bias toward TT and CT
lesions) [23], which could potentially explain why the TT (and CT) dinucleotides are
overrepresented, while TC and CC lesions are underrepresented in the HS-Damage-seq data
[21]. Furthermore, HS-Damage-seq reads associated with CPDs at TC and CC
dinucleotides, which are likely the major contributors to melanoma mutations [24], were
excluded from the publically accessible data (GEO accession number: GSE98025), so that
only TT and CT lesions were analyzed in nucleosomes [21,22]. The high enrichment of TT
dinucleotides, and resultant TT lesions, at “in’ rotational settings can explain why CPD
levels were elevated at ‘in” positions in the unnormalized HS-Damage-seq data [22].

Oxidatively induced DNA damage (i.e., 8-oxoguanine [8-0x0G]) also appears to be
modulated by nucleosomes. A recent study mapped the endogenous 8-0xoG lesions at single
nucleotide resolution across the yeast genome [25]. It was shown that 8-0xoG lesions are
more abundant in nucleosome-occupied DNA. In contrast, nucleosome-depleted regions
such as transcription start sites (TSS), transcription termination sites (TTS), and
autonomously replicating sequences (ARS), had low 8-0xoG lesions [25]. However, the
endogenous 8-0xoG lesion distribution is affected by the equilibrium between DNA
susceptibility to oxidation damage and ongoing BER. Because BER is inhibited by
nucleosomes /n vitro and /n vivo (see Section 3.3), the increased 8-oxoG levels in
nucleosomes may be caused by lower BER activity in nucleosomes, not by elevated damage
formation [25]. Further studies, for example, mapping the genome-wide distribution of 8-
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0x0G in a BER-deficient strain (i.e., OGG1 mutant), may provide insights into how
nucleosome structure affects the formation of oxidation damage.

2.2. DNA damage formation in nucleosomes affects the distribution of cancer mutations

The vast majority of somatic mutations in melanoma are UV signature mutations,
characterized by C>T transitions at dipyrimidine sites [24]. Comparison of genome-wide
maps of UV-induced lesions and melanoma mutations suggests that increased susceptibility
to UV damage at 'out' positions in nucleosomal DNA may promote mutagenesis in
melanoma. Indeed, analyses of somatic melanoma mutations show a striking ~10 bp
periodicity in strongly positioned nucleosomes [20,22]. Similar to the mutagenic CPD lesion
pattern, melanoma mutations are elevated at outward but repressed at inward rotational
settings [20,22]. In addition to lesion formation, mutations at CPD lesions are also
stimulated by cytosine (or methylated cytosine ["C]) deamination in CPDs, which leads to
cytosine-to-uracil or MC-to-thymine transitions [26]. Importantly, in vitro data indicate that
MC deamination in CPDs is significantly accelerated if the lesion is located at outward
rotational settings, but deamination rates are inhibited at inward settings in nucleosomes
[27,28]. The synergistic modulation of both CPD formation and deamination may contribute
to the strong rotational periodicity of somatic mutations in melanomas [28] (Figure 1).
However, to test this model, it will be important to map the cytosine deamination rates in
CPD lesions throughout the genome.

A survey of somatic mutations from different types of cancer indicates that the 10 bp
rotational periodicity is a widespread phenomenon in nucleosome-occupied DNA [22].
Similar to melanomas, lung cancer tumors also exhibit strong 10 bp periodicity, with high
mutation density at ‘out’ and low mutation at ‘in’ rotational positions [22]. The tobacco
carcinogen benzo[a]pyrene (BaP) is a major cause for lung cancer [29]. BaP is converted
into the mutagen BaP diol epoxide (BPDE) by enzymatic metabolism in the cell, and BPDE
can covalently attach to guanines and form bulky DNA adducts such as BPDE-
deoxyguanosines (BPDE-dGs) [30,31]. The similar rotational mutation pattern between
melanoma and lung cancer suggests that BPDE-induced bulky lesions may also
preferentially occur at outward rotational settings. The genome-wide repair map for BPDE-
dG has been reported recently [30], but the damage distribution map is not yet available. A
high-resolution map of BPDE-dG adducts may help us understand how nucleosomes affect
formation of lung cancer-associated DNA damage.

Intriguingly, other cancers (e.g., esophageal and gastric cancer) have significantly elevated
mutation density at inward rotational settings [22], which has the opposite phase of somatic
mutations derived from melanoma or lung cancers. It has been suggested that inhibited BER
activity at ‘in” positions in nucleosomes (see Section 3.3) could explain this periodicity [22],
since DNA base damage may be more persistent at 'in' locations in nucleosomes. Esophageal
and gastric cancer genomes have complicated mutation signatures [32,33], and it has been
suggested that oxidative damage to the nucleotide pool substantially contributes to their
mutagenesis [34]. The elevated mutation density at inward rotational settings in esophageal
and gastric cancer genomes may be caused by the reduced BER activity for oxidative
damage at ‘in’ positions in nucleosomes.
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2.3. Transcription factor binding sites (TFBS) modulate UV damage formation and
melanoma mutation distribution

In addition to nucleosomes, studies have shown the important role of transcription factor
(TF) binding in affecting CPD formation. TF binding can both stimulate and suppress CPD
formation in gene promoters in human cells, in a TF-dependent manner [35]. High-
resolution mapping of CPD lesions across the yeast genome using CPD-seq revealed that
DNA binding by Abfl and Reb1 [19], two well-studied yeast transcription factors [36],
generally suppressed CPD formation. However, it is not known if DNA binding by other
yeast TFs can promote CPD formation.

If TF binding generally inhibits UV damage formation, reduced mutation rates would be
expected at TFBS in skin cancers. Interestingly, analyses of melanoma mutations reveal the
opposite: highly elevated mutation frequency was found at TFBS and transcription initiation
sites [37,38]. Elevated mutation rates at TFBS have been attributed to decreased NER
activity, likely due to impaired accessibility to the DNA lesion by the binding of TFs
[37,38]. However, it was not clear to what extent variations in UV damage formation also
contribute to high mutation rates at TFBS.

Two independent groups recently showed that specific classes of TFs can promote CPD
formation in human cells upon UV treatment. Using CPD-seq for genome-wide damage
mapping in human fibroblast cells, we found that CPD formation was elevated at active
TFBS [39]. Among 82 different transcription factors analyzed, two classes of TFs showed a
striking induction of CPD lesions at their binding sites: the ETS (E26 Transformation-
specific) TF family and Nuclear Transcription Factor Y (NFYA/B) family. NFYA/B
primarily induced CPD lesions at a TT dinucleotide in its binding motif, which is typically
not a mutagenic lesion in human cells. This may explain why somatic mutations in
melanoma are not significantly elevated at NFYA/B sites, despite elevated CPD levels. In
contrast, analysis at ETS binding sites reveals unique damage and mutation hotspots, with
up to 16-fold increase in CPD formation and over 100-fold increase in melanoma mutation
density [39]. Additionally, ETS protein binding can directly stimulate CPD formation upon
UV irradiation /in vitro, likely by altering the torsion angle between two adjacent pyrimidines
to facilitate the [2+2] cycloaddition reaction [39]. Elliott et al. also found highly increased
CPD formation at ETS binding sites in human melanoma cells after UV treatment [40]. In
fact, certain ETS binding sites (e.g., the RPL13gene promoter) are so sensitive to UV
irradiation that a single low dose of UVB treatment (20 J/m?) can induce mutations in the
RPLI3AETS motif in cultured cells [40]. The occurrence of ETS mutation hotspots in
cultured cells was independent of either GG-NER or TC-NER, pinpointing elevated CPD
formation as the major mechanism for high mutations at ETS binding sites [40] (Figure 2).

While mutation hotspots at ETS binding sites arise from high susceptibility to UV damage,
the increased mutation frequency associated with other TFs and at transcription initiation
sites appears to be caused by inhibited repair [37-39]. Additionally, formation of 6,4-PPs can
be significantly elevated at the binding sites of specific TFs in human gene promoters [35],
and unrepaired 6,4-PPs may also cause mutations [41].
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3. Excision repair in chromatin and its impact on cancer mutations

3.1. Chromatin state strongly modulates NER and affects melanoma mutations

Genome-wide surveys of NER activity using the excision repair-sequencing (XR-seq)
method in human fibroblast cells have revealed that UV damage repair is strongly modulated
by the chromatin state [16,21]. Specifically, fast repair of both CPDs and 6,4-PPs
preferentially occurs in open chromatin regions characterized with DNase | hypersensitivity
and active post-translational histone modifications (e.g., H3K4me3 and H3K27ac). In
contrast, slow repair is observed in closed chromatin, particularly for CPDs [16]. Repair of
6,4-PPs in general is fast and most lesions are repaired within 4 hours post-UV treatment,
although 6,4-PPs are still preferentially repaired in open chromatin at earlier time points (as
early as 5 minutes) [16]. TC-NER, which is a subpathway of NER and only repairs the
transcribed strand of actively transcribed genes [42], is also more efficient in open chromatin
regions.

The impact of chromatin states on NER is correlated with the mutation density in the
melanoma genome. Closed chromatin regions, which usually are repaired less efficiently by
NER, are associated with high somatic mutations in melanomas [16]. Consistent with this
finding, a significant correlation is observed between melanoma mutation density and
chromatin accessibility in melanocyte cells [43]. High mutation density is frequently found
in poorly accessible chromatin regions [43], where low NER activity is observed [16]. These
studies indicate that variable NER activity dictated by the chromatin state plays an important
role in shaping global mutation heterogeneity in the melanoma genome (Figure 3).

Chromatin state may also affect NER of other types of DNA damage, including DNA
adducts induced by anti-cancer drug cisplatin (e.g., Pt-d(GpG) intrastrand crosslinks) and
tobacco carcinogen benzo[a]pyrene (e.g., BPDE-dG) [44]. Using XR-seq, the genome-wide
NER kinetics for Pt-d(GpG) crosslinks and BPDE-dG adducts has been characterized
[30,45]. Similar to the repair of CPDs, repair of both Pt-d(GpG) and BPDE-dG is regulated
by the chromatin state. High NER activity is associated with open chromatin states, such as
gene promoters, enhancers, and transcribed gene bodies, while low repair efficiency is
observed in closed chromatin [30,45], indicating that NER activity is generally modulated
by the chromatin state, independent of the damage type.

3.2. Translational setting of the DNA lesion in a nhucleosome affects NER and melanoma

mutations

In vitrorepair data and cellular repair analysis at individual gene loci in yeast indicate that
NER is inhibited by nucleosomes (e.g., [11,46]). Analysis of genome-wide CPD-seq data in
yeast indicates that the nucleosome translational setting (i.e., linear distance from the
nucleosome dyad) plays a key role in affecting NER efficiency [19]. Specifically, CPDs
located near the nucleosomal dyad axis are repaired less efficiently relative to damage near
the nucleosome edges. This translational setting-dependent repair pattern is consistent with
the observation that nucleosome dynamics are low at the central nucleosome dyad, but
increase progressively toward the nucleosomal DNA ends [18,47].
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In human cells, analysis of XR-seq data [21] generated in human fibroblast cells (after
normalizing to CPD damage) shows that NER is generally slower near the nucleosome dyad
in strongly positioned nucleosomes (over 1 million human nucleosomes in total) [20].
Importantly, the slower repair at the nucleosome center is correlated with elevated mutation
density near the dyad axis in cutaneous melanomas [20]. The genome-wide damage and
repair data indicates that both the rotational and translational settings of the lesion within the
nucleosome play important roles in modulating mutation distribution in the melanoma
genome, but through different mechanisms. The rotational setting affects UV damage
formation (and potentially ™C deamination rates) [20,22,27,28], but the translational setting
appears to primarily affect repair efficiency [19,20] (Figure 1). It is likely that repair of other
helix-distorting damage (e.g., cisplatin and benzo[a]pyrene damage) is similarly regulated
by the nucleosomal translational setting (e.g., [45]).

3.3. BERIs regulated by nucleosomes, which may promote mutagenesis in cancer

General inhibition of BER by nucleosomes has been observed /n vitro using purified BER
enzymes and reconstituted nucleosomes (reviewed in [48]). By changing the damage
location to different rotational positions (e.g., ‘out” and ‘in”), it has been shown that BER of
uracil damage is significantly modulated by the nucleosomal rotational settings [49,50],
presumably because uracil lesions at ‘out’ rotational settings are more easily recognized by
DNA glycosylases, such as uracil-DNA glycosylase (UDG).

Genome-wide mapping of base damage has provided new insights into BER Kkinetics in
chromatin. Using a method named NMP-seq (N-methylpurine sequencing), the precise
location and relative abundance of alkylation lesions (i.e., N7-methylguarnine [7meG] and
N3-methyladenine [3meA]) was mapped in the yeast genome upon treatment with the
alkylating agent methyl methanesulfonate (MMS) [51]. By mapping remaining lesions after
repair and normalizing to the initial damage distribution, high-resolution BER profiles at
different repair time points were generated [51]. The BER maps indicate that repair of the
most abundant alkylation damage, 7meG, is strongly modulated by nucleosome organization
in gene coding regions. When ~5,000 yeast genes were aligned at their transcription start
sites (TSS) [51], there was a striking repair periodicity that correlated with the stereotypic
nucleosome positioning (e.g., +1, +2, and so on nucleosomes) [52]. BER is elevated in
nucleosome-depleted regions (NDR) in gene promoters and also in nucleosomal linker
DNA, but repressed within nucleosomes, particularly near the dyad axis, indicating that the
translational setting of a 7meG affects its repair efficiency in vivo [51]. As a control,
analysis of NMP-seq data in a BER-deficient mutant (i.e., mag14) revealed no difference in
7meG removal between the dyad axis and the nucleosomal DNA ends [51]. Consistent with
these findings, it was also discovered that the mutation density in MMS-treated yeast cells is
elevated near the nucleosome center [51], suggesting that the reduced repair of alkylation
damage near the central dyad promotes mutagenesis.

It was also found that epigenetic marks, such as histone post-translational modifications
(PTMs), regulate BER efficiency in yeast chromatin [53]. Using genome-wide NMP-seq
data, it was shown that histone PTMs enriched toward the 5’ end of active genes (e.g.,
H3K14ac, H3K4me3) [14] appear to promote BER near the nucleosome ends, but

DNA Repair (Amst). Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mao and Wyrick

Page 9

paradoxically repress repair at the dyad, while PTMs that are enriched toward the 3’ end of
genes (e.g., H3K36me3 and H3K79me3) display the opposite trend [51]. Previous studies
have suggested that H3K14ac can promote repair in part by enhancing binding of the
chromatin remodeler RSC (Remodels Structure of Chromatin) to lesion-containing
nucleosomes [54]. RSC-remodeled nucleosomes may have increased DNA accessibility near
the nucleosome edges, which could explain the faster repair of 7meG toward the DNA ends
of H3K14ac nucleosomes [51]. On the other hand, H3K14ac has been shown to strongly
inhibit the gap-filling activity of DNA polymerase B in BER near the dyad center [55],
which may contribute to the reduced repair of 7meG at the dyad center in H3K14ac-enriched
nucleosomes /n vivo [51]. Although these studies provide a potential mechanism for how
histone PTMs affect BER, clearly further studies are needed.

NMP-seq analysis indicates that the nucleosome rotational settings also affect BER of
7meG, with more efficient repair at ‘out’ rotational positions than ‘in’ positions [51]. This
finding is consistent with /n vitro studies (e.g., [49]) and indicates that the high DNA
accessibility at outward rotational positions facilitates repair of 7meG by the yeast
glycosylase Magi This periodic BER pattern in nucleosomes may in some cases promote a
similar mutation periodicity in certain types of human cancer, such as esophageal cancer and
gastric cancer [22]. Low BER activity at ‘in’ rotational positions could promote the
persistence of unrepaired base damage at inward facing positions, thereby promoting
mutagenesis at these positions in cancers. In contrast, the high BER activity at ‘out’
positions may reduce mutation accumulation at outward rotational settings in nucleosomes
(Figure 1).

Intriguingly, genome-wide analysis of BER using NMP-seq reveals asymmetric BER in
yeast nucleosomes. Plotting of 7meG repair in the nucleosomal DNA shows more robust
BER in the 5’ half of each DNA strand, particularly at the ‘out’ rotational settings [51]. This
repair polarity may be caused by differential DNA accessibility in the 5” and 3’ halves of
each strand, because DNase-seq data shows that the “out’ positions 5’ of the dyad axis are
more accessible to DNase | cleavage [12,51]. It will be interesting to investigate if other
repair pathways such as NER are also affected by this asymmetric property of nucleosomal
DNA.

4. Conclusions

Development of genome-wide methods for mapping DNA damage and repair has provided
an important opportunity to investigate how chromatin organization regulates both lesion
distribution and repair kinetics in eukaryotes. These studies shed new light on the impact of
different levels of chromatin compaction, from the primary nucleosome structure to higher-
order chromatin domains, on excision repair. High-resolution analysis in precisely mapped
nucleosomes have further uncovered that intrinsic structural properties of the nucleosome,
such as rotational and translational settings, and DNA strand polarity associated with its left-
handed wrapping around histones, significantly modulate DNA damage formation and
excision repair. Importantly, genome-wide damage and repair profiles provide mechanistic
insights into mutation patterns in human cancers, highlighting that variations in both damage
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formation and excision repair, largely dictated by the underlying chromatin structure,

profoundly affect the mutation landscape in cancer genomes.
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Figure 1: Nucleosome translational and rotational settings regulate
repair, and cancer mutagenesis.

NER activity is inhibited at the nucleosome dyad center, which i

UV damage formation, DNA

s associated with increased

mutation density in melanoma. At inward-facing rotational settings (‘in’), where the DNA

minor groove faces toward histones, both UV damage formation
methylated cytosine in CPDs are reduced, which is associated w
‘in’ rotational positions in melanoma. BER activity is decreased

and deamination of
ith decreased mutations at
at “in’ rotational settings,

which may contribute to the high mutation frequency at ‘in” positions in esophageal and

gastric cancer. However, further studies are needed to establish t

he direct correlation

between BER and cancer mutation variations in the nucleosome. In contrast to the ‘in’
positions, UV damage formation, deamination of methylated cytosine in CPDs, and BER

activity are elevated at ‘out’ rotational settings.
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Figure 2: ETS binding promotes UV damage formation and melanoma mutations.
DNA binding by ETS transcription factors significantly induces UV damage formation. The

UV damage hotspots at ETS binding sites are associated with highly recurrent non-coding
mutations in melanoma, which may alter transcription of ETS target genes.
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Figure 3: Open and closed chromatin states significantly affect excision repair and cancer
mutation distribution.

DNA damage (e.g., UV, cisplatin, or benzo[a]pyrene adducts) in open chromatin regions is
repaired more efficiently, while damage in closed chromatin such as heterochromatin is
repaired less efficiently. Consequently, high mutation densities in cancer are frequently
found in closed chromatin, while low mutation densities are associated with an open
chromatin state.

DNA Repair (Amst). Author manuscript; available in PMC 2020 September 01.



	Abstract
	Introduction
	DNA damage formation in chromatin and its impact on cancer mutations
	DNA damage formation is modulated by nucleosomes
	DNA damage formation in nucleosomes affects the distribution of cancer mutations
	Transcription factor binding sites (TFBS) modulate UV damage formation and melanoma mutation distribution

	Excision repair in chromatin and its impact on cancer mutations
	Chromatin state strongly modulates NER and affects melanoma mutations
	Translational setting of the DNA lesion in a nucleosome affects NER and melanoma mutations
	BER is regulated by nucleosomes, which may promote mutagenesis in cancer

	Conclusions
	References
	Figure 1:
	Figure 2:
	Figure 3:

