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Summary

Somatic mutations arising in human skin cancers are heterogeneously distributed across the
genome, meaning that certain genomic regions (e.g., heterochromatin or transcription factor
binding sites) have much higher mutation densities than others. Regional variations in mutation
rates are typically not a consequence of selection, as the vast majority of somatic mutations in skin
cancers are passenger mutations that do not promote cell growth or transformation. Instead,
variations in DNA repair activity, due to chromatin organization and transcription factor binding,
have been proposed to be a primary driver of mutational heterogeneity in melanoma. However, as
we review here, recent studies indicate that chromatin organization and transcription factor
binding also significantly modulate the rate at which UV lesions form in DNA. We propose that
local variations in lesion susceptibility may be an important driver of mutational hotspots in
melanoma and other skin cancers, particularly at binding sites for ETS transcription factors.
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1. Introduction

Exposure to ultraviolet (UV) light is the principal etiological agent of melanoma and other
forms of skin cancer. UV light causes extensive damage to cellular DNA, primarily in the
form of cyclobutane pyrimidine dimers (CPDs) and 6—4 pyrimidine-pyrimidone
photoproducts (6—-4PPs), which both occur at dipyrimidine sequences (i.e., TT, TC, CT, and
CC).[1] Genome sequencing of cutaneous melanomas has revealed that most somatic
mutations in these cancers are C>T transitions occurring within dipyrimidine sequences,
consistent with these mutations arising from UV-induced DNA lesions.[2-4] Moreover,
individuals who are unable to repair CPD and 6-4PP lesions, due to defects in the nucleotide
excision repair (NER) pathway (i.e., xeroderma pigmentosum (XP) patients), have up to
~10,000-fold higher rates of skin cancer.[>-7] These findings indicate that UV-induced CPDs
and 6-4PPs are the likely cause of a high fraction of somatic mutations in skin cancers, such
as melanoma, including many “driver’ mutations that contribute to carcinogenesis.[8: °I
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DNA sequencing of individual tumors has revealed that the density of somatic mutations in
melanoma and other cancers varies significantly across the genome.[19-12] Regional
differences in mutation rates have been attributed to differences in chromatin state (e.g.,
heterochromatin versus euchromatin), transcription activity, and replication timing.

[10. 11,13, 14] Some of these features (i.e., chromatin state and transcription activity) are
thought to influence mutation rates in skin cancers by regulating the efficiency of lesion
removal by the NER pathway (e.g., [12- 15,161y, For example, regions of heterochromatin
characterized by repressive histone post-translational modifications are thought to
significantly reduce NER activity,[1°] leading to the persistence of mutagenic CPD lesions in
heterochromatin. Even individual nucleosomes, which are the building blocks of chromatin,
can inhibit NER activity,[17-22] thereby potentially stimulating mutagenesis.

While regional differences in mutation rates affect large (i.e., mega-base pair) segments of
the genome, significant variations in mutation rates have also been detected at very localized
genomic features, such as transcription factor binding sites (TFBS). It has been recently
reported that mutation rates are generally elevated at TFBS and other promoter elements in a
number of cancers.[23-25] Elevated mutation rates at TFBS may in some cases be due to
driver mutations under selection, such as occur in the promoter of the human telomerase
reverse transcriptase (TERT) gene.[26-2%] However, most mutations at TFBS, even those that
are highly recurrent in cancers (e.g., [3% 31]) are likely passenger mutations that are not
under selection.

It has been proposed that transcription factor (TF) binding stimulates the frequency of
mutations by inhibiting the repair of mutagenic lesions resident in TFBS.[24] Repair
inhibition has been proposed as a general mechanism promoting mutagenesis in
heterochromatin and TFBS in a variety of cancers (Fig. 1), but this model is primarily based
on data measuring the activity of the NER pathway in repairing UV-induced CPDs and 6—
4PPs in human skin cells,[15: 32331 a5 well as the distribution of somatic mutations in NER-
deficient skin cancers.[25] However, recent studies indicate that chromatin and TF binding
can also significantly affect the initial yield of UV damage,[22 34361 Jeading to elevated
CPD levels at certain classes of TFBS, which could promote mutagenesis at these sites (Fig.
1). In this article, we evaluate the relative contributions of repair inhibition and UV damage
susceptibility to mutational hotspots and heterogeneity in skin cancer.

2. Mutations in skin cancer genomes are heterogeneously distributed.

Initial attempts to understand the mechanisms that underlie mutational heterogeneity
focused on correlating mutation densities in cancer genomes with larger scale features of the
human genome. These efforts revealed replication timing as a key correlate with mutation
density in cancer.[!3: 141 Similarly, chromosomal regions associated with reduced
transcriptional activity or histone modifications indicative of heterochromatin also correlated
with higher mutation densities in multiple cancer types including melanoma.[10. 11. 371 This
association of melanoma mutagenesis with transcriptional activity suggested that differential
NER activity was likely a major determinant governing melanoma mutation distributions.
The effects of transcription-coupled NER on melanoma mutagenesis were already evident
based upon the bias of melanoma mutations that occur on the non-transcribed strand of
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genes.[?] Interestingly, the difference in the density of mutations between transcribed and
non-transcribed strands of genes is not sufficient to account for the large differences in
mutation density seen between highly and lowly transcribed regions.[2- 111 Analysis of
mutation densities in cutaneous squamous cell carcinomas similarly indicated that
individuals with fully functional NER had higher levels of mutation in poorly transcribed
regions of heterochromatin (i.e., high H3K9 tri-methylation levels) than in highly
transcribed regions. As in melanomas, the activity of transcription-coupled NER appeared
insufficient to explain the regional disparity in mutation. The density of mutation in
transcribed regions of these cutaneous squamous cell carcinomas were reduced on both the
transcribed and non-transcribed strands, indicating that transcription was by some means
facilitating the repair of UV lesions on both DNA strands. Contrastingly, tumors from
patients deficient in global genomic NER (due to loss of the XPC protein) lacked the
expression-dependent differences in mutation density on the non-transcribed strand, despite
maintaining a reduced number of mutations on the transcribed strand of genes, due to the
activity of transcription-coupled NER.[16] These results indicate that either transcription or
the related more accessible chromatin state in transcribed regions influences the ability of
global genomic NER to access and repair lesions on both DNA strands, thereby
preferentially protecting these regions from mutagenesis.

3. NER efficiency is influenced by chromatin compaction and correlates

with melanoma mutation.

Recent development of high-throughput sequencing methods to map NER repair activity
across the human genome has allowed the direct assessment of how large-scale features of
chromosomes and chromatin domains influence the efficiency of NER and correlate with
mutation density in cancers.[2®] The excision repair sequencing (XR-seq) method,[33] which
determines the location of ~20-30 nt excision fragments generated during NER-mediated
removal of CPDs or 6-4PPs, has confirmed that NER activity is higher on the transcribed
strands of genes across the genome due to the action of transcription-coupled repair, but also
has revealed how chromatin state influences the kinetics of repair. XR-seq reads, and
consequently NER activity, occur more frequently in ChromHMM-defined domains of open
chromatin (i.e. active promoters, elongating transcripts, etc.) as well as in chromatin
domains containing histone modifications associated with active transcription (i.e. H3K4
mono- and dimethylation, H3K27 acetylation) than in heterochromatic regions.[*>! These
variations in NER activity inversely correlate with mutation density in skin cancers, which is
elevated in heterochromatic regions compared to open chromatin, implying that NER
efficiency is likely a primary determinant of mutational heterogeneity in skin cancers. In
accordance, lower mutation densities are reported in the genomic regions that are repaired
the most efficiently. Moreover, direct comparison of mutation density (i.e. the number of
mutations per dipyrimidine sequence) to XR-seq reads (produced 1 hr post-UV exposure and
normalized by dipyrimidine sequence context) among 100,000 bp bins across the human
genome, reveals a strong negative correlation (Spearman’s rho = —0.6324, p<0.0001) (Fig.
2), indicating that NER efficiency likely governs variation in mutation distribution globally.
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3.1. Do other chromatin domains impact CPD formation and mutagenesis?

These initial analyses of genome-wide NER activity and skin cancer mutation distributions
assume a uniform distribution of UV lesions across the genome. However, variable lesion
formation could also influence the levels of NER activity and mutagenesis in specific
genomic regions. Mapping the distribution of CPDs in normal human fibroblasts
immediately following exposure to UVC light (by the CPD-seq method[?2: 35]) indicates that
globally, CPD lesion formation is fairly constant across chromosomes. This is especially true
after normalizing CPD-seq from irradiated fibroblasts by the distribution of dipyrimidine
sequences in the genome. When the amount of normalized CPD-seq reads is compared
between large chromatin regions (i.e. 100,000 bp bins across the human genome), post-
irradiation CPD yields display a coefficient of variation of 0.2 (Fig. 2). This relatively small
degree of regional variation in CPD levels contrasts with both NER-activity (measured by
XR-seq) and melanoma mutation density, which display much greater variation (coefficient
of variation = 0.78 and 0.71 respectively). Still, mild regional variation in CPD formation
appears to occur across the human genome. This regional variation in CPD formation could
be in part due to regional differences in sequence composition and GC content, since these
affect the frequency of TT dinucleotides, which are more prone to CPD formation relative to
other dipyrimidines (CT, CC, CC).

Similar to its influence on NER efficiency and melanoma mutagenesis, chromatin may also
alter regional CPD formation. Morrison and colleagues recently mapped CPD formation in
human cells by immunoprecipitating DNA containing CPD lesions and subsequently using
high-throughput sequencing to identify damage sites across the genome, and determined that
CPD levels significantly vary among large chromatin domains.[38] Significant decreases in
CPDs were observed within chromatin containing histone marks associated with open
chromatin, while a small positive correlation of CPD formation with H3K9 trimethylation (a
marker of heterochromatin) was found. Further analysis led the authors to argue that lamin-
associated domains within heterochromatin were particularly susceptible to UV damage,
potentially because lamin-associated domains are near the nuclear periphery, and thus may
be more exposed to UV than other regions of the genome.[38] These results suggest that
where CPDs form may be impacted by more than the sequence content of a region. While
additional investigation is needed to fully understand the underlying causes of regional
variation in CPD formation, differences in both CPD formation and NER activity likely
underlie mutational heterogeneity in human cancer, although the chromatin effects on repair
appear to be much more dramatic.

3.2. Nucleosome structure influences CPD formation and repair.

While large compacted chromatin domains appear to more significantly impact the
efficiency of NER compared to the amount of CPDs formed, CPD formation can be altered
by individual DNA binding proteins bending DNA into a conformation favorable to
photoproduct formation.[39-43] Consequently, variable CPD formation may play a greater
role in influencing cancer mutagenesis on a local DNA level at specific protein binding sites.
Histones are the most abundant DNA binding proteins. The wrapping of the DNA around
the histone octamer[44] can significantly affect both the repair and formation of CPD lesions.
Repair of CPDs lesions occurs more rapidly near the edges of the nucleosome compared to
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CPDs located near the central dyad position, indicating that the translational positioning of
the lesion within the nucleosome significantly regulates NER activity (Fig. 3A).

[17, 18,22, 45, 46] | jkewise, histone-DNA contacts at inward rotational settings in
nucleosomes inhibit CPD formation, apparently by constraining the structure and flexibility
of the DNA (reviewed in [42]). In contrast, CPD formation is higher at outward facing
rotation settings in nucleosomes, since these regions have greater conformational flexibility
to facilitate CPD formation (Fig. 3B). As a consequence, the efficiency of CPD formation
oscillates across nucleosomes with an ~10 bp periodicity in human chromatin.[4 In
contrast, the packaging of DNA into nucleosomes generally inhibits 6-4PP formation,

presumably due to the significantly greater structural distortion required to form a 6-4PP.
[47-49]

Genome-wide sequencing based analysis of /n7 vivo CPD formation and repair by our group
has confirmed in yeast that CPD repair is inhibited near the nucleosome center and CPD
formation oscillates with the expected ~10bp periodicity imposed by the rotational setting of
DNA in strongly positioned nucleosomes.[22] Recent analyses of CPD formation in human
cell lines indicate that a similar 10bp periodicity of CPD enrichment occurs across human
nucleosomes and ultimately results in a striking oscillation of mutations across melanoma
genomes.[30: 511 Approximately 150 bp oscillations in mutation density have also been
observed in melanoma genomes that appear to coincide with the position of nucleosomes
determined by MNase-seq or DNase-seq.[24 591 This suggests that both nucleosomal
influences on CPD formation and inhibition of repair likely influence skin cancer mutation
distributions (Fig. 3A). Such effects have the ability to sensitize a large number of
nucleotides to mutagenesis; however, more detailed studies are required to determine what
influence, if any, variable CPD formation across nucleosomes has on cancer driver mutations
and promoting disease progression.

4. Recurrent somatic mutations are frequently associated with

transcription factor binding sites (TFBS).

Recurrent somatic mutations in cancer genomes are frequently associated with noncoding
sequences such as TFBS (e.g., [4 28.52-55]) The best studied examples are mutations in the
promoter of the gene encoding telomerase reverse transcriptase (TERT), which occur
frequently in melanoma and other cancers.[4 26 27, 29] These mutations induce the
expression of TERT by creating a new consensus binding site for E26 transformation-
specific (ETS) family transcription factors,[56] which subsequently promotes carcinogenesis.
(571 Highly recurrent mutations have been identified at other ETS binding sites in sequenced
melanoma genomes, some of which affect the expression of the associated genes and are
correlated with clinical outcomes.[4 28. 31,52, 55, 58] For example, ETS binding site mutations
upstream of the succinate dehydrogenase D (SDHD) tumor suppressor gene occur frequently
in melanoma tumors and are associated with decreased SDHD expression and worse
prognosis in melanoma patients.[>2]

However, it is unclear whether other recurrent mutations at TFBS in melanoma are
potentially important driver mutations. For example, one of the most frequent noncoding
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mutations in melanoma occurs at position 49990694 in chromosome 19, which is associated
with an ETS binding site in the RPL13A promoter.[28. 31] This single nucleotide is mutated
in 47 out of 184 melanomas sequenced by the International Cancer Genome Consortium,
[4.35] and is also frequently mutated in other melanoma data sets.[31] The high frequency of
this mutation would normally be diagnostic of a “driver’ mutation that promotes the
transformation and proliferation of melanoma tumors.[9: 601 However, this TFBS mutation
does not appear to affect expression of the RPL13A, 31 which is a gene not known to be
associated with cancer. Furthermore, recent experiments by Larsson and colleagues have
shown that this RPL13A promoter mutation arises frequently upon repeated UV exposure of
human cells, in the absence of any apparent selective advantage.[3] These findings indicate
that this recurrent mutation is likely over-represented in tumor genomes because it is
extremely susceptible to UV-induced mutagenesis. A number of other highly recurrent
mutations associated with TFBS (particularly at ETS binding sites) have been identified in
melanoma, even though many of these do not appear to fit the typical profile of a driver
mutation.[28. 30, 31, 52, 55, 58, 61, 62] For example, the frequency of recurrent mutations at ETS
binding sites in melanoma generally correlates with the overall mutational load of the tumor,
unlike other established driver mutations in these cancers (e.g., BRAF or NRAS mutations).
[31] A key question then is what molecular mechanism is promoting recurrent mutagenesis at
these TFBS?

4.1. Transcription factor binding promotes mutagenesis by inhibiting repair.

A recent bioinformatics study has argued that noncoding somatic mutations are elevated at
TFBS because TF binding to a lesion-containing site inhibits repair.[24] This study found
elevated mutation frequencies at ‘active’ TFBS (defined as TFBS resident in a DNase |-
hypersensitivity region in melanocytes) in a number of cancers, particularly melanoma. To
determine whether this might be a consequence of decreased repair activity at TFBS, they
analyzed published XR-seq data measuring NER activity in UV irradiated human
fibroblasts.[33] While NER activity is high in DNA flanking the TFBS, presumably because
the TFBS are located in an accessible DNase | hypersensitivity region, NER activity is
considerably lower in the immediate vicinity of the TFBS. Based on these findings, it was
proposed that TF binding inhibits NER activity, thereby promoting the persistence of
potentially mutagenic UV lesions at TFBS.[24] These findings are consistent with past
studies indicating that binding of certain TFs can inhibit repair of UV lesions by the NER
machinery in cells and i vitro.[83. 841 Moreover, a recent study by Wong and colleagues
indicated that elevated mutation rates at CTCF binding sites in melanoma are also associated
with decreased repair activity at CTCF binding sites.[65] They further showed that mutation
enrichment at CTCF binding sites, and in core promoter regions in general,[2] is absent in
squamous cell carcinomas derived from xeroderma pigmentosum complementation group C
(XPC) patients, which are defective in the global genomic NER (GG-NER) pathway, but
present in these same tumor types derived from NER-proficient patients, 3] supporting that
model that repair inhibition is primary driver of mutation enrichment at CTCF binding sites
in melanoma.

While this is an intriguing mechanism that could potentially explain the elevated levels of
somatic mutagenesis at TFBS, a number of important questions related to this mechanism
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remain to be addressed. First, it is not clear if a TF remains bound to a binding site
containing a UV lesion, which presumably is a prerequisite for it to inhibit repair. CPDs and
6-4PPs significantly distort the structure of DNA, 1 66-68] and these structural distortions
could potentially disrupt TF binding. Consistent with this hypothesis, it has been shown that
UV-induced CPD lesions severely reduce the affinity of TFs (i.e., AP-1, E2F, NF-xB, NFY,
and p53) for a lesion-containing binding site 77 vitro.[5%1 6-4PPs are even more helix
distorting than CPDs, and therefore would also be expected to disrupt TF binding. If UV
lesions disrupt TF binding in cells, this should render the lesion accessible to the NER
machinery and promote repair. However, in some cases, CPD lesions may have no effect or
even stimulate TF binding.[7% 721 For example, MeCP2 (methyl CpG binding protein 2)
binding to methylated CpG sites /n vitro s slightly enhanced by an overlapping CPD lesion.
(721 1t will be important in future studies to determine what effect UV lesions have on TF
occupancy in cells.

Second, it is not clear if TFs significantly affect the rate at which UV damage forms in
DNA. Previous studies have shown that many TFs can suppress UV damage formation at
their binding sites (reviewed in [42]), presumably by restricting the flexibility and structure
of the bound DNA to conformations that are not prone to form CPD lesions. Low UV
damage levels at TFBS could provide an alternative explanation for the low NER activity at
TFBS, particularly since published analyses of XR-seq data typically do not normalize for
differences in initial damage levels (e.g., [24 25 651). However, not all TFs suppress UV
damage. A previous study found that both CPDs and 6-4PPs are significantly elevated at
CCAAT TFBS in the human PGK1 promoter following UV irradiation in cells.l”3! This
effect was attributed to TF binding, as normal levels of UV photoproducts were observed
when the same DNA sequence was irradiated /77 vitro, in the absence of TF binding. This
finding was recently confirmed and extended by a high-resolution CPD map of UV-
irradiated human fibroblasts,[34] which indicated that binding by the Nuclear Transcription
Factor Y-B (NFY-B) to CCAAT hoxes across the genome is associated with elevated CPD
lesions following UV irradiation. Formation of CPD and 6-4PP lesions is also enhanced or
repressed at binding sites for other transcription factors,[34. 70. 72, 74-76] jndicating that
different TFs have distinct effects on the rate of UV photoproduct formation.[32] Higher
levels of UV damage induced by binding of NFY or potentially other TFs could presumably
promote mutagenesis at these binding sites, although recurrent mutations have not
previously been detected at NFY binding sites in melanoma or other cancers.

4.2. ETS transcription factors induce a unique UV damage signature that stimulates
recurrent mutations at ETS binding sites in melanoma.

To further investigate the role of TFs in modulating UV damage formation, we recently
mapped the distribution of UV-induced CPD lesions across the genome of UV-irradiated
human fibroblasts.[3%] This CPD map was generated using the CPD-seq method, which
identifies the location of CPD lesions at single nucleotide resolution.[22] Analysis of our
CPD-seq data revealed significantly higher levels of CPD lesions associated with NFY
binding sites, consistent with previous studies.[34 73 However, elevated CPD lesions at NFY
binding sites are not associated with elevated somatic mutations in a cohort of 184
melanoma genomes sequenced by the International Cancer Genome Consortium (ICGC).[4]
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Our CPD-seq data indicate that NFY binding primarily enhances the formation of TT
dimers, which are usually bypassed in an error-free manner by DNA polymerase n,[77: 78]
but does not enhance the formation of mutagenic cytosine-containing CPDs (e.g., TC, CC),
thus explaining this apparent conundrum.

Elevated CPD formation was also detected at binding sites of E26 transformation-specific
(ETS) transcription factors, namely ELK4, ETS1, and GABPA.[33] Notably, cytosine-
containing mutagenic CPD lesions are also significantly elevated at ETS binding sites.
Importantly, CPD lesions were significantly elevated in UV-irradiated cells relative to UV-
irradiated naked DNA (both mapped using CPD-seq), indicating that TF binding, not DNA
sequence context, is likely the primary driver of elevated CPD formation at these binding
sites. Elevated CPD formation primarily occurs at two hotspots in the ETS binding motif
(Fig. 4). One of these hotspots occurs at overlapping TC and CC dinucleotides in the core of
the ETS motif (*‘Core Hotspot’ in Fig. 4); the other hotspot occurs at a specific dinucleotide
peripheral to the ETS motif (‘Peripheral Hotspot’ in Fig. 4). This peripheral hotspot only
occurs at ~10% of active ETS binding sites that have a dipyrimidine sequence at this
location (“Extremely Mutable’ sites in Fig. 4), but is associated with greatly elevated CPD
levels. A recent study by Larsson and colleagues using CPD-seq also found significantly
elevated CPD levels at the same hotspots in ETS binding sites in a UV-irradiated melanoma
cell line, 381 consistent with the results obtained in fibroblasts.[3%] Taken together, these
findings indicate that ETS TF binding in cells induces a unique UV damage signature, with
highly elevated CPD formation at specific hotspots in the binding motif.

Notably, UV-irradiation studies conducted /n vitro using purified ETS1 protein recapitulated
these findings, as UV damage hotspots were induced at similar locations in the ETS motif
upon binding by ETS1.13%] ETS1 binding stimulates CPD formation up to ~40-fold higher
than unbound DNA /n vitro, indicating that ETS1 binding alone, in the absence of other
DNA-associated proteins or co-factors, is sufficient to sensitize DNA to UV irradiation.

Analysis of somatic mutations in 184 sequenced melanoma genomes (ICGC) revealed that
mutation frequency is significantly elevated at ETS binding sites.[3% 361 Moreover, recurrent
mutations are specifically associated with the identified CPD hotspots in ETS binding
motifs. The most frequently mutated site is associated with the CPD hotspot at the periphery
of the ETS motif (Fig. 4), presumably due to the extremely high induction of UV damage
levels at this location upon ETS binding. These findings can explain why highly recurrent
mutations are associated with this position in certain ETS binding sites, such as in the
RPL13A (see above) or DPH3 promoters.[28. 30. 31, 62] Since these mutations occur at
weakly conserved positions at the periphery of the ETS motif, their effect on ETS binding
and target gene activity is still unclear. In some cases, these mutations have been reported to
alter the expression of a reporter gene (e.g., YAE1D1 promoter mutation),>®] but in other
cases have no apparent effect (e.g., KIAA0907, RPL13A, and DPH3).[4 28,30, 31,55, 62] The
other site of recurrent mutations is associated with the CPD hotspot at the core ETS motif
(‘Core Hotspot’ in Fig. 4). C>T mutations at these locations alter conserved positions in the
ETS consensus, and have been reported to disrupt binding by GABPA (an ETS family
member) in vitro.l”®] It seems likely that recurrent mutations in the core ETS motif would
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alter gene expression, a concept that has been verified in a few cases (e.g., SDHD and
ZNF277 genes).[4 52, 79]

It will be important in future studies to elucidate the cellular consequences of recurrent ETS
binding site mutations, particularly since ETS transcription factors are known oncogenes
that regulate the expression of target genes involved in angiogenesis, apoptosis,
differentiation, cell migration, and proliferation.[89: 811 The most well known ETS binding
site mutations occur in the TERT promoter, and have been linked to carcinogenic
transformation in a variety of tumor types, particularly melanoma.[26-2% Since TERT
promoter mutations create canonical ETS binding sites from sequences that would be
predicted to have only weak (or nonexistent) ETS binding in the absence of these mutations,
it is not clear whether ETS-induced UV damage contributes to the etiology of these recurrent
mutations.

4.3. ETS binding induces a DNA conformation predisposed to form CPD lesions.

A key question is how the binding of ETS proteins renders DNA susceptible to forming
CPD lesions. The formation of CPD lesions involves a 2+2 cycloaddition reaction between
the C5-C6 double bounds of adjacent pyrimidines.[82: 8] The typical distance (d ~ 4.5 A)
and torsion angle (n ~ 36°) between the C5-C6 double bonds of adjacent pyrimidines in B-
form DNA is unfavorable for CPD formation.[84-86] Analysis of 3D structures of ETS1 or
GABPA bound to DNA revealed that the central TC base step in ETS motif (‘Core Hotspot’
in Fig. 4) is shifted toward a more favorable distance and torsion angle upon ETS binding,
thereby rendering the DNA more susceptible to forming CPD lesions at this location.[3%]
Molecular dynamics simulations confirmed that GABPA binding promotes a DNA structure
prone to form CPD lesions at the central TC dinucleotide in the ETS motif. While this
analysis provides a molecular mechanism for the core CPD hotspot, it is not clear what is the
mechanism for the CPD hotspot at the periphery of the ETS motif (Fig. 4).

An implication of these structural studies is that DNA-binding by ETS proteins is inherently
mutagenic in cells exposed to UV light. This would seem to be detrimental to terrestrial
organisms, due to the ensuing load of UV damage and mutagenesis at ETS binding sites.
However, this is likely mitigated by the fact that in metazoan animals, which are the only
species in which ETS TFs have been identified,[87] a significant proportion of cells reside in
the interior of the body, and thus are shielded from the mutagenic effects of UV exposure.

While this structural analysis focused on ETS1 and GABPA family members, it seems likely
that other ETS domain-containing transcription factors (28 family members in humans) will
induce similar alterations to the DNA structure to promote CPD formation in UV exposed
cells. For example, a previous report revealed that a variant TCF binding site in the FOS
promoter, which presumably is bound by the TCF subfamily of ETS transcription factors,
showed elevated CPD formation in UV-irradiated cells at positions corresponding to the core
CPD hotspot (Fig. 4).[741 One exception to this rule, however, may be the ETS family
member ELF1. CPD enrichment at binding sites for ELF1 was significantly diminished
compared to other ETS family members (i.e., ELK4, ETS1, and GABPA),[3%] indicating that
ELF1 binding may not induce CPD formation to the same extent as other ETS family
members. This may be in part due to the difference in DNA binding modes of ELF1, which
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is a class Il ETS family member, and ELK4, ETS1, and GABPA, which are all class | ETS
family members.[88] Further research is needed to elucidate to what extent UV damage
formation and mutagenesis are promoted by different ETS family members.

4.4. Do ETS transcription factors inhibit repair?

While ETS binding appears to significantly enhance CPD lesion formation, whether these
proteins also promote mutagenesis by inhibiting subsequent repair of UV-induced CPD or
6-4PP lesions is unclear. The original study by Lopez-Bigas and colleagues suggested that
there is decreased NER activity at active ETS binding sites in UV-irradiated cells, based on
their analysis of published XR-seq data of CPD and 6—4PP lesions at a single repair time
point (1 hour repair) in UV-irradiated human fibroblasts.[24 331 However, our reanalysis of
CPD XR-seq data revealed that repair activity is actually elevated at ETS binding sites.[3°]
This trend was consistent across multiple repair time points (i.e., 1, 4, and 8 hours),
indicating that repair activity is higher at ETS binding sites, presumably due in part to higher
initial damage levels. This discrepancy is likely due to the fact that the original study
analyzed repair at both known and ‘discovered’ ETS binding sites,[24] while our study
focused on known binding sites that fit the canonical ETS binding motif.[3%] Further analysis
indicated that decreased repair activity was specifically associated with these ‘discovered’
binding sites, which primarily consisted of GC-rich sequences that lacked any known ETS
binding motif, and thus are unlikely to represent real ETS binding sites (see [35] for more
details).

However, these analyses do not rule out the possibility that ETS binding may stimulate
mutagenesis not just by enhancing UV damage formation, but also by inhibiting the
subsequent repair of these UV lesions, as it is difficult to accurately measure repair at ETS
binding sites using XR-seq data alone, due to higher initial damage levels at these sites.
Testing this hypothesis will likely require additional high-resolution genomics studies to
measure the cumulative removal of CPD lesions across ETS binding sites at different repair
time points. It will also be important to test whether ETS binding inhibits repair of UV
damage /n vitro. However, it is important to note that Larsson and colleagues have shown
that mutation frequency is still elevated at ETS motifs in squamous cell carcinomas derived
from NER-defective XPC patients, albeit to a lesser extent than in repair-proficient tumors.
[31] Moreover, they have recently shown that UV irradiation of repair-deficient fibroblasts i
vitro still induces a mutation hotspot at the RPL13A ETS binding site.[36] These
observations indicate that differences in repair efficiency are not required for ETS binding to
stimulate UV mutagenesis; however, repair inhibition due to ETS binding may amplify
mutagenesis at these binding sites.

4.5. Are UV damage levels associated with mutagenesis at other TF binding sites?

While the greatest enrichment of somatic mutations in melanoma was detected at ETS
binding sites, there is also enrichment of somatic mutations at binding sites for other
transcription factors, particularly the CCCTC-binding factor CTCF.[3%] Previous studies
reported elevated mutations at CTCF binding sites in a variety of cancers, including
melanoma.[24 53. 65, 89] Mutational enrichment of CTCF binding sites is likely associated
with decreased NER activity at these sites,[24 651 particularly since we and others have
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shown that CPD formation is not generally elevated at CTCF binding sites,[34 351, However,
6-4PP formation is elevated at specific locations within and adjacent to CTCF binding sites,
[34] and could, hence, contribute to mutagenesis. In general, NER activity is lower at non-
ETS TFBS, a phenomenon that correlates with broadly elevated levels of somatic mutations
around these binding sites.[35] However, somatic mutation frequency in melanoma is
decreased at certain TFBS, particularly binding sites of the Fos/Jun family of transcription
factors. We have shown that lower mutation frequency at these Fos/Jun binding sites is
correlated with decreased CPD (and mCPD) levels.[35] These findings suggest that DNA-
binding by Fos and Jun transcription factors may protect their binding sites from UV-
induced mutagenesis by suppressing the formation of UV damage.

In general, the frequency of mutagenic CPD formation across different classes of TFBS is
significantly correlated with somatic mutation frequency at these binding sites in melanoma.
[33] This indicates that the effect of TF binding on UV damage formation is a critical factor
regulating UV-induced mutagenesis in skin cancers. It will be important in future studies to
further explore the mechanism by which the binding of different TFs regulates UV damage
formation and repair.

5. Conclusions and outlook

Much attention has been focused on the role of DNA repair in shaping the frequency and
genomic distribution of somatic mutations in human cancers; however, recent studies
highlight the potential significance of variable lesion formation in promoting mutagenesis in
cancer. This is most evident in skin cancers such as melanoma, where there is accumulating
evidence that TFs and chromatin can modulate the formation of mutagenic UV lesions.
However, it will be important to determine whether TFs and chromatin affect the formation
and repair of DNA lesions induced by other sources, such as alkylating agents and reactive
oxygen species. Recent advances in technologies to map different classes of DNA lesions
across the genomel34 90-921 should provide new insights.

While significant progress has been made in understanding how DNA binding proteins
modulate UV damage formation, it is not yet clear to what extent the resulting variations in
mutation density affect cancer progression or chemotherapy resistance. The overall
differences in mutation levels across nucleosomes are relatively modest; in contrast, ETS
TFs dramatically elevate mutation frequencies at their binding sites, resulting in highly
recurrent mutations. Determining experimentally whether these binding site mutations
provide a proliferative advantage for melanoma or other skin cancers will be of significant
importance. Characterizing whether specific ETS TFBS are more prone to mutation in skin
cancers may help address this question. Since ETS transcription factors are downstream
targets of the BRAF and NRAS signaling pathways,[93 941 which are frequently
dysregulated in melanoma,[®> %1 it will be important to determine whether activated BRAF
or NRAS signaling in tumors modulates UV damage formation and mutagenesis at ETS
binding sites. In parallel, it will be important to investigate whether ETS binding site
mutations affect BRAF and/or NRAS signaling in melanoma, as well as the efficacy of
BRAF inhibitors.
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Figure 1:
Schematic showing the potential importance of UV damage formation (left side of scale)

versus repair inhibition (stop sign on right side of scale) in promoting mutagenesis in skin
cancers. The prevailing view is that repair inhibition is a primary driver of mutagenesis in
skin cancers, but recent studies suggest variations in UV damage formation may also be an
important driver of recurrent mutagenesis.
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Figure 2:

Distribution of CPD formation, repair, and mutation in skin cells. Chromosomes were
divided into bins of 100,000bp and CPD lesions, repair, and mutation sites were measured in
these regions using CPD-seq, XR-seq, and whole genome sequencing of human melanomas.
The number of dipyrimidine sites was also calculated for each region, and was used to
normalize the data for sequence context. A portion of Chromosome 1 is shown as an
example, although similar trends were observed throughout the genome. Coefficients of
variation and two-sided Spearman correlations between XR-seq and melanoma mutations
across the entire genome were calculated. In a small number of bins across the genome (not
depicted here) very large CPD densities are observed. However, this is likely due to
repetitive DNA sequences in the bins resulting in erroneous mapping of CPD-seq reads as
opposed to large variation in CPD formation.
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Figure 3:
Schematic showing the effects of nucleosomes on repair inhibition and UV damage

formation, and their potential contributions to somatic mutations in skin cancer. (A) NER
occurs more slowly near the central dyad axis of the nucleosome, potentially promoting
somatic mutation rates in nucleosome centers. (B) UV-induced CPD formation occurs more
frequently at outward facing rotational settings (‘Out’ - indicated by black lightning bolt)
than inward rotation settings (‘In’ - indicated by smaller gray lightning bolt) in nucleosomal
DNA. It is not clear to what extent this damage pattern influences mutagenesis in skin
cancers. DNA structure was visualized using pymol from PDB ID: 11D3. Only half of the
nucleosomal DNA is depicted. Adapted from Mao et al.[22]
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Figure 4:
Model describing the unique UV damage and mutational signature induced by ETS binding.

CPD hotspots are associated with the core ETS motif (‘Core Hotspot’) for essentially all
ETS binding sites, and a peripheral site (‘Peripheral Hotspot”) at a subset of extremely
mutable binding sites, which contain a dipyrimidine at the position of the peripheral CPD
hotspot in the ETS motif (positions —3/-4 from the ETS motif midpoint). Mutational
hotspots at ETS binding sites in melanomas occur at essentially the same locations in the
ETS binding sites, indicating that CPD formation is likely driving mutagenesis at these sites.
Blue and red bars indicate the relative frequency of CPD lesions and melanoma mutations at
each position in the ETS motif, respectively. Mutations in ETS binding sites may alter the
transcription of ETS target genes, hence potentially contributing to carcinogenesis. Structure
of the ETS transcription factor GABPA bound to DNA (PDB ID: 1AWC) was created using
pymol. Figure adapted from Mao et al.[3°]
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