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Significance

Many noncoding mutations in 
melanoma are found at the 
binding sites of E26 
transformation- specific (ETS) 
transcription factors, but the 
molecular mechanism for the 
mutation formation and the 
functional impacts of these 
mutation hotspots remain 
elusive. Here, we used genome- 
wide data to show that mutation 
hotspots at ETS binding sites are 
correlated with high UV 
(Ultraviolet) damage formation 
and low DNA repair rate, but not 
fast CPD (cyclobutane pyrimidine 
dimer) deamination. 
Interestingly, ETS proteins 
significantly suppress CPD 
deamination by affecting water 
distribution around the binding 
motif. We further show that 
mutations in the ETS motif in 
some of the most frequently 
mutated promoters significantly 
perturb gene transcription.
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Noncoding mutation hotspots have been identified in melanoma and many of them 
occur at the binding sites of E26 transformation- specific (ETS) proteins; however, 
their formation mechanism and functional impacts are not fully understood. Here, 
we used UV (Ultraviolet) damage sequencing data and analyzed cyclobutane pyrimi-
dine dimer (CPD) formation, DNA repair, and CPD deamination in human cells at 
single- nucleotide resolution. Our data show prominent CPD hotspots immediately after 
UV irradiation at ETS binding sites, particularly at sites with a conserved TTCCGG 
motif, which correlate with mutation hotspots identified in cutaneous melanoma. 
Additionally, CPDs are repaired slower at ETS binding sites than in flanking DNA. 
Cytosine deamination in CPDs to uracil is suggested as an important step for UV 
mutagenesis. However, we found that CPD deamination is significantly suppressed at 
ETS binding sites, particularly for the CPD hotspot on the 5′ side of the ETS motif, 
arguing against a role for CPD deamination in promoting ETS- associated UV muta-
tions. Finally, we analyzed a subset of frequently mutated promoters, including the ribo-
somal protein genes RPL13A and RPS20, and found that mutations in the ETS motif 
can significantly reduce the promoter activity. !us, our data identify high UV damage 
and low repair, but not CPD deamination, as the main mechanism for ETS- associated 
mutations in melanoma and uncover important roles of often- overlooked mutation 
hotspots in perturbing gene transcription.

CPD- seq 2.0 | NER | ETS | mutagenesis

Whole genome sequencing of melanoma and non- melanoma skin cancers has identi!ed 
somatic mutation “hotspots”, which occur at the same nucleotide across independent tumors. 
Some hotspots are found in coding regions of cancer- relevant genes, such as BRAF, CDKN2A, 
NRAS, and TP53 (1), and are known as driver mutations. More mutation hotspots are 
located in noncoding regions (e.g., promoters) (2), which do not change protein sequences, 
but may play a role in in"uencing gene transcription. Only a small number of noncoding 
mutations have been carefully characterized, such as oncogenic mutations in the promoter 
of the Telomerase Reverse Transcriptase (TERT) gene (3, 4). For other promoter mutation 
hotspots, their formation mechanisms and biological impacts are still poorly understood.

Analysis of melanoma genomes has identi!ed a sharp increase in the mutation density 
upstream of the transcription start site (TSS) of active promoters (5), and many noncoding 
mutation hotspots are located in this region (6). Ultraviolet (UV) radiation–induced DNA 
damage, particularly cyclobutane pyrimidine dimer (CPD), is a major source of somatic 
mutations in melanoma and other skin cancers (7). #e nucleotide excision repair (NER) 
pathway removes CPDs from DNA and plays a critical role in preventing mutagenesis 
upon UV exposure (8, 9). #e high mutation density near the TSS could be caused by 
slow repair, as unrepaired CPDs will elevate error rates of the DNA polymerases. Indeed, 
a previous study has shown that repair of UV damage is reduced near the TSS and sug-
gested that the repair inhibition is due to transcription pre- initiation complex (PIC) 
assembled in promoters (5). UV- induced mutations are also a$ected by the frequency of 
UV damage formation. Under the same repair rate, DNA regions with high UV damage 
formation are likely to accumulate more mutations (10). We previously developed a UV 
damage mapping method, CPD sequencing (CPD- seq) (11, 12). Using CPD- seq as well 
as targeted CPD- seq, it has been shown that the E26 transformation- speci!c (ETS) family 
transcription factors (TFs) strongly elevate CPD formation at their binding sites (13–15). 
Other sequence- speci!c TFs, such as CCCTC- binding factor (CTCF), have also been 
shown to enhance CPD formation when bound to DNA (16). Hence, high UV damage 
yield may also contribute to mutation elevation in gene promoters. However, the original 
version of CPD- seq requires a high UV dose (e.g., 100 J/m2 UV- C) that is beyond the 
UV survival limit (~10 J/m2) of human cells. #is technical barrier has prevented us from 
further analyzing repair at ETS and other TF- binding sites in cells using CPD- seq data.D
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What other mechanisms may sensitize promoter DNA for muta-
tion accumulation is currently unknown. #e cytosine in a CPD 
lesion is unstable and can be deaminated (i.e., loss of the amino 
group) at a higher rate than in undamaged DNA (17). Deamination 
converts the cytosine to a uracil, which is mutagenic and can cause 
C>T transition during DNA replication. Previous studies have 
shown that the CPD deamination rate is modulated by protein–
DNA interactions, for example, in nucleosomes (18). Hence, it is 
theoretically possible that certain human TFs may a$ect the rate 
of CPD deamination to in"uence UV mutations. However, this 
hypothesis has not been tested with experimental evidence.

Analysis of the TERT mutations has revealed a gain- of- function 
phenotype, in which the mutation creates a new ETS binding site 
to activate TERT expression (4). Activation of TERT increases the 
amount of telomerase protein to maintain telomere length and 
enhance cancer cell immortality. Promoter mutations in other genes, 
particularly genes encoding ribosomal proteins such as RPL13A, 
RPS20, RPL18A, etc., occur as frequently as in TERT in melanoma 
(2, 6); however, the functional impacts of these mutation sites have 
not been characterized. It is worth noting that genetic screening in 
mice has identi!ed defective ribosomal biogenesis as a key mecha-
nism for the onset of UV- induced melanoma (19). Hence, it is 
important to functionally characterize promoter mutation hotspots 
in human ribosomal genes to gain insights into their potential roles 
in a$ecting human melanomas.

In this study, we used an improved CPD- seq (CPD- seq 2.0) 
and mapped UV damage formation and repair and correlated 
CPDs with promoter mutations identi!ed in melanoma. We also 
examined CPD deamination as a potential mechanism for pro-
moter mutations. Finally, we comprehensively characterized func-
tions of individual mutation hotspots in a$ecting promoter 
activities using a reporter gene system. #ese data provide insights 
into the formation mechanism and functions of noncoding muta-
tions in melanoma.

Results

Promoter Mutation Hotspots Are Prevalently Associated with 
ETS Binding Sites in Cutaneous Melanoma. #e published data 
have shown enriched melanoma mutations near the TSS in gene 
promoters (5). To further understand what cellular mechanisms 
stimulate promoter mutations, we analyzed a larger melanoma 
mutation dataset sequenced by the International Cancer Genome 
Consortium (ICGC). #e ICGC dataset includes ~21 million 
somatic mutations in the whole genome of 183 donors consisting 
of 140 cutaneous (e.g., UV exposed) and 43 non- cutaneous 
melanomas such as acral, mucosal, and ocular subtypes (e.g., 
non- UV exposed) (1).

Analysis of the average mutation density (i.e., number of muta-
tions per tumor per gene) along all transcribed genes (n = 20,084) 
revealed a prominent mutation peak adjacent to the TSS (i.e., from 
−200 bp to +100 bp relative to the TSS) in cutaneous tumors 
(Fig. 1A). Mutation density at the peak is about threefold as high as 
in the "anking DNA, similar to the published analysis using a smaller 
melanoma cohort (4.1 million mutations from 36 tumors) (5). 
Mutation spectra analysis of the peak indicates that >90% of muta-
tions are C>T single or CC>TT double base substitutions (Fig. 1B), 
consistent with the known UV mutation signature, suggesting that 
mutations in the peak are mainly derived from UV damage.

Next, we focused on the peak to understand if mutations in the 
peak are associated with speci!c DNA sequences. To this end, we 
extracted 10- nt DNA sequences on each side of the mutation to 
form a 21- nt window, with the C>T (or CC>TT) mutation in 
the center. In this window, we found that >60% of frequent 

mutation sites (i.e., mutated in >=7 tumors; n = 115) are associated 
with a speci!c DNA sequence, TTCCGG, a well- known binding 
motif for ETS proteins (20). Many mutations are located within 
the motif or only 1 or 2 nt away from it, including eight out of 
the top 10 mutated sites (Fig. 1C). #e most frequently mutated 
site was found in the promoter of the ribosomal protein gene 
RPL13A. #is mutation occurred in 47 independent tumors 
(Fig. 1C), accounting for >33% of all cutaneous melanomas in 
the cohort, which is 2.5- fold as high as the TERT C250T muta-
tion (Fig. 1C). Other ribosomal protein genes such as RPS20, 
RPL18A, RPS27, and RPS3A were also found among the top 10 
most frequently mutated promoters (Fig. 1C). For the top 10 
mutations, only two, TERT and RPS20, are not linked with 
TTCCGG, but they both occur in a TCCCGG sequence context 
(underline indicates mutation site) and the C>T transition creates 
a new TTCCGG motif. Such a new TTCCGG motif in the TERT 
promoter has been shown to recruit ETS proteins for gene acti-
vation (3); however, whether a similar “gain- of- function” mech-
anism applies to RPS20 or other genes has not been characterized. 
Taken together, analysis of the sequence context revealed that the 
most frequent mutation hotspots in the TSS- proximal peak are 
prevalently associated with the TTCCGG motif.

We further sorted through each gene and identi!ed 968 genes with 
at least one TTCCGG- associated UV mutation (e.g., C>T or 
CC>TT) in the peak region and they are named “TTCCGG” genes. 
Meanwhile, 9,864 “non- TTCCGG” genes were found—these have 
one or more UV mutations in the peak, but none of them is associated 
with TTCCGG. #e rest of the genes (n = 9,252) do not have any 
UV mutations in the peak region and thus are excluded from the 
subsequent analyses. We analyzed the average mutation density for 
the two gene groups (i.e., TTCCGG and non- TTCCGG). Genes 
in the TTCCGG group have a sharp mutation peak near the TSS, 
with the mutation density being elevated by ~15- fold compared to 
the "anking DNA (Fig. 1D). Excluding mutations occurring at 
TTCCGG and its immediate "anks reduced the peak height by 
~60% (SI Appendix, Fig. S1A), indicating that the majority of muta-
tions are contributed by this single motif. In comparison, the peak 
density of the non- TTCCGG genes is much lower (Fig. 1 D and E, 
P < 0.0005 from the paired t test). Additionally, the expected muta-
tion density, which was calculated based on the DNA sequence com-
position and mutation probability of each trinucleotide (21), did not 
show such a high mutation peak for TTCCGG genes (Fig. 1D), 
suggesting that the peak is not simply due to DNA sequence bias.

As the TTCCGG motif is a known binding sequence for ETS 
TFs, the prevalent mutation hotspots in this motif suggest that bind-
ing of ETS proteins to TSS- proximal region may elevate mutations. 
To test this, we used ETS ChIP- seq data generated by ENCODE 
(21, 22) and compared ETS binding between TTCCGG and 
non- TTCCGG genes. Our analysis shows a sharp ETS binding 
peak slightly upstream of the TSS for TTCCGG genes (Fig. 1F), 
which overlaps with the mutation peak (SI Appendix, Fig. S1B). In 
contrast, much lower ETS binding was found in promoters of the 
non- TTCCGG genes (Fig. 1F). Hence, these analyses indicate that 
ETS protein binding likely stimulates mutation hotspots in 
TTCCGG gene promoters in cutaneous melanoma.

To analyze whether the TTCCGG motif is generally associated 
with high mutation density, we conducted a motif sequence search 
in the TSS region (−200 bp to +100 bp) of all genes, regardless of 
mutation. We identi!ed a total of 3,946 promoters with a 
TTCCGG sequence near the TSS, which include the TTCCGG 
genes mentioned above and additional promoters. Even with the 
expanded TTCCGG group, a mutation peak was still obvious 
near the TSS compared to 16,138 promoters without a TTCCGG 
sequence (SI Appendix, Fig. S2 A and B).D
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We also analyzed mutations in the 43 non- cutaneous tumors. 
#e analysis shows that the mutation density is signi!cantly lower 
compared to cutaneous tumors when all genes are analyzed 
(SI Appendix, Fig. S3A). For the 968 TTCCGG genes, there is a 
barely detectable increase of mutation density in non- cutaneous 
tumors (SI Appendix, Fig. S3 B and C), suggesting that ETS bind-
ing mainly enhances UV- induced mutations.

CPD- seq 2.0 for Genome- Wide UV Damage Mapping in Human 
Cells. Our previous CPD- seq analysis showed increased CPD 
formation at ETS binding sites (15). However, the original CPD- 
seq method used a high UV dose that is unfeasible for repair 
studies in human cells. To examine both damage formation and 
repair, we adapted the published genome- wide ligation of 3′- OH 
ends followed by the sequencing (GLOE- Seq) method (23) and 
developed CPD- seq 2.0. Compared to the original CPD- seq, we 
skipped sonication in the !rst step to reduce background DNA 
nicks, which can interfere with mapping of real damage sites and 
reduce CPD- seq speci!city. Instead, genomic DNA was !rst 
incubated with terminal transferase and dideoxyATP (ddATP) to 
block free 3′ ends that may arise during genomic DNA preparation 
(24). Intact genomic DNA was then digested by T4 endonuclease 
V (CPD glycosylase) and AP endonuclease 1 (APE1) to generate 
a new 3′- OH group at the CPD lesion site (Fig. 2A, blue color). 
#e damage- associated 3′ end was immediately ligated to a splint 
adaptor DNA to tag the CPD site (Fig. 2A, purple). #e ligation 
product was sonicated and the top strand was puri!ed with 
Streptavidin beads (the !rst adaptor was tagged with Biotin) and 
used as the template to synthesize double- stranded DNA. #e 2nd 
adaptor (green) was ligated to the other side to generate a CPD- 
seq 2.0 library. After Illumina sequencing, CPD locations were 
identi!ed by retrieving adjacent dinucleotides on the opposite 

strand upstream of the 5′ end of each Read1 (Fig. 2A), similar to 
the original CPD- seq protocol (11, 25).

We used CPD- seq 2.0 and sequenced CPDs in human skin 
!broblasts exposed to 6 and 8 J/m2 of UV- C, two doses signi!-
cantly lower than the original CPD- seq dose (i.e., 100 J/m2) (15). 
For the 6 J/m2 treatment, we sequenced four samples, No UV 
(control), UV- 0 h (UV irradiated, no repair), UV- 6 h (UV irra-
diated, repaired for 6 h), and UV- 24 h (UV irradiated, repaired 
for 24 h). A total of ~70 million mappable reads were collected 
in the UV- 0- h sample and about 70% of the reads were associated 
with CPD- forming dinucleotides (e.g., highest yield at TT sites, 
followed by TC, CT, and CC) (Fig. 2B). #is is in contrast to only 
23% of reads mapped to CPD- forming dinucleotides in the “No 
UV” sample. Enrichment of CPD- forming dinucleotides was also 
found in cells exposed to 8 J/m2 UV light (SI Appendix, Fig. S4A). 
Furthermore, analysis of remaining CPDs after repair for 6 and 
24 h (normalized by 0 h) revealed transcription- coupled NER 
(TC- NER) signature, shown by faster repair on the transcribed 
(TS) relative to the non- transcribed strand (NTS) in active genes, 
but not in inactive genes (SI Appendix, Fig. S4B). #erefore, these 
modi!cations signi!cantly improved CPD- seq sensitivity to ena-
ble damage mapping at low UV doses in human cells.

Promoter Mutation Hotspots Are Associated with High Damage 
and Low Repair. As mentioned earlier, we identi!ed 968 genes 
with TTCCGG- associated mutations, and these genes are likely 
ETS- regulated genes. With the CPD- seq 2.0 data, we analyzed 
initial (i.e., 0 h) and remaining CPDs after 6-  and 24- h repair 
around TSS of these genes. #e majority of melanoma mutations 
are caused by cytosine- containing CPDs, but not from the most 
abundant thymine dimers (26). To better correlate UV damage 
with melanoma mutations, we excluded TT dimers and focused 
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Fig. 1. Mutation analysis in gene promoters. (A) Av-
erage density of somatic mutations of 140 cutaneous 
tumors along transcribed human genes. Genes were 
aligned by the TSS and presented in the transcriptional 
direction (e.g., promoter on the left and coding on the 
right side of the TSS). Mutation density was shown as 
the number of mutations per tumor per gene in 10- bp 
non- overlapping moving windows. (B) Mutation spectra 
in the mutation peak between −200 bp and +100 bp of 
the TSS. The pie chart shows the percentage of each 
type of mutation. (C) The top 10 most frequently mu-
tated promoters in the tumor cohort. The left column 
indicates the number of tumors that have the specific 
mutation. The second left column indicates the genom-
ic location of the mutation site. The next two columns 
present the linked gene and the sequence context of 
the mutation site. Ribosomal proteins gene names are 
shown in bold and the TTCCGG motif is shown in gray 
in the sequence context. (D) Left: the average mutation 
density in 968 TTCCGG genes. The expected mutation 
density was calculated based on the mutation proba-
bility of each trinucleotide. Right: the average mutation 
density in 9,864 non- TTCCGG genes. These genes have 
at least one UV mutation in the peak region in the co-
hort, but none of them is associated with the TTCCGG 
motif. (E) Comparison of mutation density in the peak 
region between TTCCGG and Non- TTCCGG genes. Each 
dot represents the average mutation density of 10 bp 
in the peak region. (F) ETS binding to the promoter of 
TTCCGG and Non- TTCCGG genes. The density of ETS 
ChIP- seq peaks (e.g., peak per gene) was plotted rela-
tive to the TSS in 10 bp moving windows.
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on C- containing mutagenic CPDs (i.e., mCPDs shown in Fig. 2B) 
formed between TC, CT, and CC dinucleotides.

Analysis of average mCPDs shows a damage peak in the UV- 0 
h sample upstream of the TSS in the 968 TTCCGG genes, but not 
in the 9,864 non- TTCCGG genes (Fig. 2C). Excluding mCPDs 
occurring at TTCCGG motif and its immediate "anks abolished 
this peak in the TTCCGG promoters (SI Appendix, Fig. S5A), indi-
cating that the damage peak is dependent on the TTCCGG motif. 
CPD formation is a$ected by DNA sequences and the observed 
damage peak could be caused by DNA sequence bias. To test this, 
we performed CPD- seq 2.0 analysis in naked DNA (i.e., puri!ed 
genomic DNA) treated by UV. Formation of mCPDs was slightly 
increased downstream of the TSS in naked DNA (Fig. 2C), but no 
peak was seen upstream of the TSS, thus ruling out DNA sequence 
bias as the cause for mCPDs peak near the TSS in cellular DNA.

As expected, the overall mCPD level decreased during repair for 
both gene groups (Fig. 2 C and D). However, the damage peak in 
TTCCGG genes persisted even after 24- h repair, albeit at lower height 
(Fig. 2C), likely re"ecting partially inhibited NER activity in the peak 
region. To quantify repair rates, we normalized the remaining damage 
at 6 and 24 h by the initial damage at 0 h. #is analysis takes into 
consideration of variable initial damage to generate fraction of remain-
ing mCPDs. DNA regions with slower repair will end up having 
higher fraction of remaining damage. Our data show that repair is 
indeed inhibited upstream of the TSS for TTCCGG genes (Left pan-
els of Fig. 2 E). Repair in non- TTCCGG genes was also inhibited, 
but at a lower magnitude than the TTCCGG genes (Right panels of 
Fig. 2 E). #e lower repair rate in TTCCGG promoters is likely due 
to prevalent ETS binding (Fig. 1F), as a recent study shows that ETS1 
protein can bind to target DNA irradiated by UV and shield the UV 
damage from being recognized by NER repair factors (27).

#e TTCCGG motif is generally associated with high mela-
noma mutations (SI Appendix, Fig. S2A). To test whether the 
motif sequence is also associated with elevated mCPDs, we ana-
lyzed CPD- seq data in the expanded TTCCGG gene group (n = 
3,946), which includes all genes with a TTCCGG sequence in 
the TSS region. #e mCPD peak is still visible in this gene group 
(SI Appendix, Fig. S2 C and D).

Analysis of mCPDs in cells irradiated by 8 J/m2 of UV light 
revealed generally higher damage formation around TSS, with a 
damage peak upstream of the TSS (SI Appendix, Fig. S5B). #e 
peak persisted even after 24 h repair, while damage in the more 
upstream or downstream region was e'ciently repaired (SI Appendix, 
Fig. S5 C and D), consistent with the notion that repair in the peak 
is inhibited by ETS binding.

Di$erent from mCPDs, formation of TT dimers is reduced 
near the TSS for both gene groups (SI Appendix, Fig. S6 A and B). 
#e reduction is partially due to DNA sequence bias, as TT dimer 
formation also shows a dip near the TSS in naked genomic DNA. 
Repair of TT dimers is also inhibited near the TSS, shown by 
higher fraction of remaining damage at 6 and 24 h (SI Appendix, 
Fig. S6 C and D). #e quanti!cation result is noisier than the 
mCPD repair data, potentially due to low number of TT dimers.

Damage and Mutation Signatures in TTCCGG Gene Promoters. 
#e above analyses were conducted in genes aligned by their TSS 
in a 4,000- bp window. To better analyze mCPDs and mutations 
and their relationship with the ETS binding sequences, we 
aligned the 968 promoters by the TTCCGG motif and zoomed 
in to focus on 500- bp range on each side of the motif. #e new 
alignment revealed a much sharper peak for mutations centered 
on the motif (Fig. 3 A, Top), which is mirrored by high initial and 
remaining mCPD peaks at the same location in both 6 and 8 J/
m2 UV treatment experiments (Fig. 3A and SI Appendix, Fig. S7). 

Gene- by- gene heatmaps also revealed mutation and mCPD 
hotspots near the TTCCGG motif (Fig. 3B).

A close inspection of mutations in the TTCCGG motif and 
immediate "anks (21 nucleotides in total) revealed two discernible 
mutation hotspots. #e !rst hotspot is located at the 0 and +1 
positions within the core motif (i.e., TTCCGG, the !rst C is 
counted as position 0). #e second hotspot is located at the −3 and 
−4 positions on the 5′ side of the core motif (Fig. 3 C, Top). 
Consistent with the two mutation hotspots, two mCPD damage 
hotspots were also found at the same positions, including lesions 
formed at 0/+1 and −3/−4 (Fig. 3C). #e two mCPD hotspots 
were found at 0 h and they largely persisted after repair (Fig. 3C). 
#e −1 position can also form a TC dimer with position 0; however, 
the −1 position is a conserved T (Fig. 3C), which is not mutagenic 
even with a CPD lesion. Hence, these analyses indicate that the 
two mutation hotspots are tightly associated with mCPDs formed 
at the same locations that are partially resistant to cellular repair.

Cytosine Deamination in CPDs Is Suppressed by ETS Binding. 
#e cytosine in CPDs is unstable and susceptible to deamination 
to form uracil. As uracil can be recognized as a thymine during 
replication, CPD deamination is suggested to play a role in 
promoting C>T transitions in UV mutagenesis (26). A recent 
study developed a new sequencing method called circle- 
damage- seq and mapped deaminated CPDs (i.e., uracils) in 
UV- treated human !broblasts (29). Using the circle- damage- 
seq data, we counted the number of deamination reads in 
TTCCGG genes aligned by the TTCCGG motif. Deamination 
was generally higher in UV- treated cells relative to No UV 
control cells (Fig. 4 A, Left) and a deamination peak was found 
in TTCCGG genes near the motif sequence (Fig.  4A and 
SI Appendix, Fig. S8A), consistent with high mCPDs leading 
to more deamination in TTCCGG promoters. #e circle- 
damage- seq method also generated an initial CPD map in UV- 
treated !broblasts (29). Consistent with our CPD- seq data, 
analysis of the circle- damage- seq data revealed a high mCPD 
peak in TTCCGG promoters (SI Appendix, Fig. S8B). To gain 
insights into deamination rate (i.e., deamination per mCPD), 
the deamination data were normalized by the mCPD damage 
level generated by circle- damage- seq. Intriguingly, the analysis 
revealed slower deamination rate in the TTCCGG motif relative 
to the "anking DNA (Fig.  4 A, Right), suggesting that ETS 
protein binding reduces CPD deamination rate, even though the 
overall deamination is high due to very high CPD lesion levels. 
#e reduced deamination rate was also found by normalizing 
deamination data (24 h) to the remaining mCPDs (24 h) 
generated by CPD- seq 2.0 (SI Appendix, Fig. S8C).

Interestingly, a close inspection of deamination in aligned 
TTCCGG gene promoters indicates that deamination is strongly 
suppressed at the −3/−4 positions, but not at the 0/+1 positions 
(Fig. 4B). To con!rm that deamination is suppressed at the −3/−4 
positions, we repeated the analysis at ETS binding sites using the 
published ETS ChIP- seq data (21, 22). Notably, the consensus 
sequence of the 1,598 ETS binding sites is slightly di$erent from 
the conserved TTCCGG motif, because ETS proteins also bind 
to sequences with some degree of variabilities (20). Consistently, 
deamination is very low at the −3/−4 positions, but high at 0/+1 
at these experimentally mapped ETS binding sites (Fig. 4C), 
con!rming that mCPDs formed at the 0/+1 positions are more 
susceptible to deamination than the −3/−4 positions.

We noticed that the sequences at −3/−4 positions are more var-
iable than 0/+1 (Fig. 4B) and wondered if the low deamination is 
due to low frequency of cytosines. To test this, we extracted 
TTCCGG promoters where the −3 and −4 positions are two D
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consecutive cytosines to match the two conserved Cs at 0 and +1. 
#is gave us a subset of gene promoters (n = 171) with cytosines at 
−3/−4 and 0/+1 positions (Fig. 4D). Notably, the level of mCPDs 
at −3 and −4 is much higher than the 0 and +1 positions in this 
subset of promoters (Fig. 4 D, Top), suggesting that the −3/−4 posi-
tions are more prone to CPD formation than the 0/+1 positions 
with identical sequences. Consistently, mutation density is also 
signi!cantly higher at −3/−4 in this subset of promoters (Fig. 4 D, 
Middle), indicating that mCPDs lesions formed at −3/−4 are 

mutagenic. While the UV damage level and mutation density are 
high, cytosine deamination at the −3/−4 positions is signi!cantly 
lower than that at the 0/+1 positions for this subset of promoters 
(Fig. 4 D, Bottom). Considering that mCPDs are higher, the average 
deamination rate (i.e., deamination per mCPD) at −3/−4 is only 
about 1/30 of the rate at the 0/+1 positions (Fig. 4E). Together, 
these analyses suggest that ETS binding induces two discernible 
CPD hotspots at −3/−4 and 0/+1 positions. Although the damage 
at 0/+1 undergoes deamination, CPD deamination at −3/−4 
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Fig. 2. CPD- seq 2.0 analysis of mCPD formation and repair. (A) The schematic of CPD- seq 2.0. The Top panel shows the experimental setup. The Lower panel 
details the steps for CPD- seq 2.0 library preparation. T = T indicates CPD damage; “OH” indicates a free 3′OH group; “dd” indicates dideoxy (3′H). (B) Counts of 
dinucleotides associated with each CPD- seq read. The two nucleotides immediately upstream of the 5′ end of Read 1 on the opposite strand were collected and 
counted. CPDs are expected to occur at dipyrimidines such as TT, TC, CC, and CT. mCPD: mutagenic CPD. (C) Average mCPD (reads per gene) in 968 TTCCGG 
genes in 20 bp moving windows. From Top to Bottom shows mCPDs at 0, 6, and 24 h, respectively. (D) Average mCPDs in 9,864 Non- TTCCGG genes for different 
time points. (E) Fraction of remaining mCPDs after 6 and 24 h repair normalized to the initial damage at 0 h for TTCCGG (Left) and Non- TTCCCGG genes (Right).

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

"D
U

K
E 

U
N

IV
ER

SI
TY

 L
IB

R
A

R
IE

S,
 A

C
Q

U
IS

IT
IO

N
S-

PE
R

IO
D

IC
A

L"
 o

n 
Se

pt
em

be
r 1

0,
 2

02
4 

fr
om

 IP
 a

dd
re

ss
 1

52
.1

6.
19

1.
13

1.



6 of 12   https://doi.org/10.1073/pnas.2310854121 pnas.org

positions is strongly inhibited. Intriguingly, the lack of cytosine 
deamination does not a$ect the subsequent C>T mutations, sug-
gesting a cytosine deamination- independent UV mutagenesis at the 
−3/−4 positions (Fig. 4F and see Discussion).

ETS Binding Affects Water Distribution Around 0/+1 and −3/−4 
Positions. Deamination of CPD lesions is a spontaneous process 
in which the cytosine is attacked by water and an amino group 
is lost (Fig. 5A) (30, 31). Although little is known about how 
CPD deamination is a$ected by DNA interaction with TFs, 
previous studies have shown that histone–DNA interactions in 
nucleosomes can modulate CPD deamination rates in vitro and in 
cells (18, 32, 33). Speci!cally, CPDs located at inward rotational 
positions in a nucleosome have signi!cantly lower deamination 
rates than the outward rotational positions. It was suggested that 
DNA at outward positions might be more prone to water attack 
due to its higher "exibility relative to inward positions (32, 33).

To gain a better understanding of the di$erential deamination rates 
between 0/+1 and −3/−4 positions in ETS motif, we conducted 
all- atom molecular dynamics (MD) simulations of the ETS–DNA 
complex. #ese simulations, which included the presence of water 
and ions, were initiated using the experimentally determined ETS–
DNA complex structure (PDB ID:1AWC) (34). A close examination 
of the structure revealed a cluster of charged amino acids (Fig. 5B, 
red surface) in close contacts with the 0/+1 bases (Fig. 5B, blue sur-
face). #ese amino acids, including Glu372, Lys373, Arg376, and 
Arg379 on the α- helix of the ETS DNA- binding domain, face C0 

and C1 (Fig. 5C). #ese charged amino acids can form strong elec-
trostatic and hydrogen bond interactions with water molecules, which 
e$ectively hold water in a pocket near the two cytosines (C0 and C1). 
In contrast, no hydrophilic amino acid was found in close vicinity to 
−3/−4 positions (Fig. 5D), which may reduce density and/or the res-
idence time of water molecules surrounding these two bases. #us, 
the di$erent hydrophilic environments for 0/+1 and −3/−4 bases may 
contribute to their disparate CPD deamination rates.

To provide further evidence that water distribution is a$ected 
by ETS binding, we calculated the number of water molecules 
and hydrogen bonds formed between water and DNA bases in 
the presence of ETS protein, using data from the !nal 10 ns of 
our simulations. #e simulations revealed a signi!cantly higher 
number of water molecules surrounding C0 and C1 compared to 
C−3 (Fig. 5E). #e −4 position was an adenine in the complex 
structure (Fig. 5B) and was not counted in our simulations. 
Similarly, the number of hydrogen bonds was also much higher 
for C0 and C1 relative to C−3 (Fig. 5F). #erefore, the calculation 
results (Fig. 5 E and F) align with the structural analysis (Fig. 5 
B–D), both of which support a more hydrophilic environment at 
the 0/+1 positions in the ETS–DNA complex, likely promoting 
cytosine deamination.

Another potential contributing factor for CPD deamination is 
the DNA sequence. #e published data in nucleosomes suggest 
that CPD deamination is accelerated if the lesion is "anked by a 
guanine on the 3′ side (30). Comparison of the 3′ "anking nucle-
otide indicates that CPD formed between 0/+1 is "anked by a G 
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on the 3′ side, while the lesion between −3/−4 is "anked by a T 
(Fig. 4D). To understand to what extent the "anking nucleotide 
a$ects CPD deamination in ETS motif, we strati!ed ETS binding 
sites (Fig. 4C) based on the "anking nucleotide at the +2 position 
(e.g., TTCCG or TTCCT). #e strati!cation led to 1,092 sites 
where the +2 position is a G and 506 sites with a T (SI Appendix, 
Fig. S9). In the two subgroups, the damage formed at 0/+1 is 
"anked by a G or T, but other sequences are similar, thus allowing 
us to compare the potential e$ect of the "anking nucleotide on 
CPD deamination. Analysis in the two subgroups indicates that 
CPD deamination at 0/+1 is higher in the G- "anking ETS sites 
(SI Appendix, Fig. S9A) relative to the T- "anking sites (SI Appendix, 
Fig. S9B), but the di$erence is only about twofold. After normal-
ized to mCPD levels formed at 0/+1, deamination rate (i.e., deam-
ination per mCPD) in G- "anking sites is ~1.6- fold as high as the 
T- "anking sites. #e data indicate that the 3′ "anking G indeed 
increases CPD deamination; however, the magnitude of increase 
is much smaller than the di$erence between 0/+1 and −3/−4, 
which is ~30- fold (Fig. 4E). Hence, the "anking DNA sequence can 
contribute to deamination, but it is unlikely the main mechanism 

for the observed di$erence in CPD deamination between 0/+1 
and −3/−4 positions.

Mutation Hotspots Reduce Promoter Activities. Although 
mutations in the TERT promoter (e.g., C250T and C228T) have 
been shown to activate TERT expression, how other mutation 
hotspots a$ect promoter activities remains unclear. To characterize 
how they a$ect gene expression, we cloned the promoter fragment 
of two frequently mutated genes, RPL13A and RPS20, and tested 
their activities in driving the !re"y luciferase reporter gene with or 
without the cancer mutation.

RPL13A, which encodes a protein for the 60S subunit of the 
ribosome, has the highest promoter mutation frequency in the 
cohort (Fig. 1C). RPL13 has two mutation sites at −3 and 0 posi-
tions in the ETS motif, occurring in 47 and 10 tumors, respec-
tively (Fig. 6A). Additionally, 7 tumors in the cohort have 
mutations at both positions (i.e., −3 and 0). We transfected A375 
melanoma cells with the reporter plasmids containing each single 
mutation or the double mutation and measured !re"y luciferase 
activity. Using this system, we found that mutation sites in 
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Fig. 4. CPD deamination in TTCCGG promoters and at ETS binding sites. (A) Cytosine deamination (DA) in control (i.e., no UV) and UV- treated cells (48 h). The 
DA data was obtained from the published circle- damage- seq study (29) and the average DA reads (reads per gene) are plotted for TTCCGG genes aligned by the 
conserved motif sequence. The panel on the Right shows DA rate, which is DA normalized by mCPDs. (B) Average DA reads (UV treated, 48 h) in the core TTCCGG 
motif and flanking DNA at each position. (C) The ETS binding sites mapped by ChIP- seq were aligned by the conserved motif sequence and the average DA reads 
were plotted at each single nucleotide position. (D) A subset of TTCCGG promoters in which the −3 and −4 positions are two consecutive Cs were aligned and 
the average mCPDs, melanoma mutations, and DA reads were plotted for each position. (E) Comparison of DA rate (DA/mCPDs) between −3/−4 and 0/+1. The 
rate at −3/−4 is set at 1.0 and the relative fold change at 0/+1 is shown. (F) Model showing two discernible mCPD hotspots at ETS binding sites at −3/−4 and 0/+1 
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RPL13A, occurring at −3 and 0 positions, reduced luciferase activ-
ity by 30 and 50%, respectively (Fig. 6A). #e double mutation 
reduced the promoter activity by more than 60% (Fig. 6A).

#e reduced luciferase activities in the mutants could be due 
to weakened binding of ETS proteins to the RPL13A promoter. 
To test this hypothesis, we used iMADS (integrative Modeling 
and Analysis of Di$erential Speci!city), a binding- core strati!ed 
support vector regression model trained on genomic- context 
protein- binding microarray (gcPBM) data (35). iMADS takes our 
WT or MT promoter sequences as input and outputs the pre-
dicted, normalized log- transform binding speci!city of ETS pro-
teins for each sequence of interest (35). #e iMADS analysis shows 
that binding speci!city of ETS1 to the MT1 sequence (mutation 
at −3 position) is reduced relative to WT (Fig. 6B and SI Appendix, 
Table S1), which is consistent with the reduction of luciferase 
activity. MT2 and MT3 do not have canonical ETS1 binding sites 
and are not included in the iMADS results. We chose ETS1 pro-
tein for iMADS analysis because it is one of the most abundant 
ETS proteins in melanoma (SI Appendix, Table S2).

RPS20 encodes a protein for the 40S subunit of the ribosome. #e 
RPS20 promoter only has one mutation hotspot which occurs in a 
TCCCGG context and is found in 26 tumors. #e C>T transition 
in RPS20 promoter generates a new TTCCGG sequence, similar to 
the TERT oncogenic mutations. However, our data show that the 
mutation in RPS20 promoter reduced the luciferase activity by over 
20% from multiple independent tests (Fig. 6C). As a control, we also 
analyzed the TERT promoter and con!rmed that the C228T muta-
tion signi!cantly enhanced luciferase activity (SI Appendix, Fig. S10).

#e reduced RPS20 promoter activity suggests that the cancer 
mutation may weaken the binding of ETS proteins, even though 
the mutation creates a new TTCCGG motif. Interestingly, close 
analysis of the WT RPS20 sequence revealed two potential ETS 
binding sites, site A and B, with the mutation occurring in site 
A (Fig. 6D). Site A is in the ATCCC context and contains an 
ATCC motif, which is another core sequence recognized by ETS 
proteins (in addition to TTCC) (20). iMADS analysis shows 
that site A is a relatively weak binding site for ETS1, and the 
cancer mutation (underlined in Fig. 6D) further reduces the 
binding speci!city by ~45% (Fig. 6D and SI Appendix, Table S1), 

likely by disrupting the ATCC core sequence. Although the 
mutation generates a new TTCC sequence after the !rst A, it 
appears that disruption of ATCC outweighs the contribution of 
the new TTCC sequence.

Site B is only three nucleotides away from site A and it contains 
a TTCC motif located on the opposing strand (Fig. 6D). iMADS 
shows that ETS1 has a high binding speci!city to site B and ETS1 
binding to site B is not a$ected by the mutation in site A (Fig. 6D 
and SI Appendix, Table S1). #e decrease in luciferase activity is 
consistent with the MT sequence having a signi!cantly weaker 
ETS1 binding site (site A) than its WT counterpart, but the still 
high luciferase activity seen in the RPS20 MT condition may be 
attributable to the strong binding of ETS1 to site B, and a poten-
tial cooperative binding e$ect between the two closely located 
binding sites.

In comparison, the TERT C228T mutation occurs in the 
CCTCC sequence context, which by itself does not contain an 
ETS binding site. #e mutation generates a new TTCC motif 
after the !rst C. iMADS modeling indicates that the new TTCC 
signi!cantly enhances ETS1 binding to the mutant sequence 
(SI Appendix, Table S1), consistent with the elevated luciferase 
activity. #ese results suggest that sequence context plays an 
important role in determining binding (or not binding) of ETS 
proteins to the mutation site.

In addition to the two ribosomal genes, we extended our anal-
ysis to another frequently mutated promoter, Cell Division Cycle 
20 (CDC20). #e CDC20 promoter has two mutation hotspots 
at the −3 and −4 positions relative to the TTCCGG motif 
(Fig. 6E). Together, 27 tumors (out of 140) have either a single 
or a double mutation in the CDC20 promoter. We generated a 
CC>TT double mutation in the promoter fragment and found 
that the tandem mutation reduced the promoter activity by ~25%, 
consistent with the notion that the tandem mutation may reduce 
ETS binding to the promoter. #e luciferase data is supported by 
iMADS data showing weakened binding of ETS1 to the MT 
CDC20 promoter compared to the WT sequence (Fig. 6F and 
SI Appendix, Table S1). Together, our data indicate that the non-
coding mutation hotspots play an important role in reducing the 
promoter activity, likely by weakening ETS protein binding.

5’-TCCGGTGTACTTCCGGTCATT-3’
-4 -3        0  1

C0

C1

H20

A-4

C-3

B

DC

E

F

T<>C T<>U

H20    NH3A

Fig. 5. ETS binding modulates H2O dis-
tribution near the two damage hotspots. 
(A) Schematic of spontaneous cytosine 
deamination in a CPD. The amino group 
of cytosine can be hydrolyzed to form 
uracil. (B) Surface view of the ETS–DNA 
complex structure showing a cluster of 
charged amino acids (red) in close con-
tact with the 0/+1 bases (blue), which 
forms a pocket to trap H2O molecules. 
The protein–DNA complex structure is 
from the published study (34) and the 
DNA sequence used in the complex is 
shown on the Top. (C) Zoom- in view of 
charged amino acids near the 0/+1 bas-
es. (D) In contrast to the 0/+1 bases, no 
charged amino acids are in the vicinity 
of the −3/−4 bases. (E) A representative 
depiction of H2O distribution near 0/+1 
and −3 bases. The −4 position is an A 
(adenine) in the complex structure (see 
panel B) and is not shown in the simu-
lation data. (F) The number of hydrogen 
bonds formed between H2O and differ-
ent bases.
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Discussion

Despite the !nding of numerous promoter mutations in mela-
noma, the underlying mechanisms and the biological impacts of 
these noncoding mutation hotspots remain poorly de!ned. Here, 
we present data showing that many mutation hotspots in promot-
ers are associated with TTCCGG, one of the binding sequences 
of ETS TFs (20). We used genome- wide CPD sequencing data 
to demonstrate that high mutations in promoters of ETS- regulated 
genes (i.e., TTCCGG genes) are correlated with high mCPD 
formation and low DNA repair. #e combination of both likely 
leads to long- persisting CPD lesions in these promoters that are 
converted to mutations when replicated by DNA polymerase.

#e published study suggests that the elevated mutation density 
in promoters is caused by PIC assembly on gene promoters (5). 
PIC consists of several general TFs, such as TFIIA, TFIIB, TFIID, 
TFIIE, TFIIF, and TFIIH, that facilitate RNA Pol II loading to 
the promoter and help Pol II initiate gene transcription (36). 
General TFs do not recognize speci!c DNA sequences, except for 
TATA- binding protein in PIC, which binds to the TATA box (37). 

However, the TATA box is enriched in adenine and thymine (38) 
and lacks mCPD- forming sequences (e.g., C- containing dipyri-
midines). By analyzing the sequence contexts of each mutation 
site, our data shows that >60% of mutation hotspots (i.e., mutated 
in at least 5% of tumors in the cohort) are associated with the 
ETS motif sequence, TTCCGG. Further analyses in TTCCGG 
gene promoters show high mCPD formation and low DNA repair. 
#ese mutation and UV damage data demonstrate that ETS TFs 
likely play a more important role than PIC in stimulating the 
promoter mutations near gene TSS.

Our published study has shown that ETS binding induces a DNA 
conformation that favors UV damage formation by modulating the 
distance and torsion angle between the C5- C6 double bonds of two 
adjacent pyrimidines (15). A recent study using puri!ed ETS proteins 
and synthesized oligonucleotides shows that ETS can still bind to 
UV- damaged DNA, albeit with slight changes to the DNA sequence 
speci!city (27). #e study also shows that the binding a'nity of ETS 
proteins to UV- damaged DNA is strong enough to compete with 
the UV damage recognition factor, UV- DDB, suggesting that repair 
of UV damage might be inhibited by ETS proteins (27). By tracking 
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Fig. 6. Mutation hotspots reduce promoter activities. 
(A) Two single mutations at position −3 (mutation 1; 
MT1) and 0 (MT2) of RPL13A promoter were introduced 
into the fire luciferase plasmid. The WT and double 
mutation (MT3) plasmids were also generated and ex-
pressed in melanoma A375 cells. The firefly luciferase 
signal was normalized by the co- transfected renilla 
luciferase and fold change in each mutant plasmid 
relative to WT is plotted. (B) In vitro ETS1 binding lev-
els at ETS sites in the WT and MT1 RPL13A promoter 
sequences, relative to the overall distribution of ETS1 
binding levels at 12,619 putative sites in the human 
genome (35). The x- axis shows the log- transformed 
binding intensity measurements from gcPBM experi-
ments (GEO Series GSE97794) normalized to the [0,1] 
interval, as in ref. 35. The gcPBM data was binned into 
112 bins with width of 0.01. The y- axis shows the num-
ber of ETS1 sites in each bin. The vertical, dashed lines 
show the predicted ETS1 binding levels for the sites in 
each promoter sequence, according to an iMADS mod-
el trained on gcPBM data (35). (C) Analysis of WT and 
mutant RPS20 promoter using the luciferase system. 
(D) Similar to panel B, but for the two ETS1 binding sites 
(site A and site B) identified in the RPS20 promoter. (E) 
Mutation in CDC20 promoter and its impact on lucif-
erase activity. (F) Similar to panel B, but for the ETS1 
site in the WT and MT CDC20 promoter. *P < 0.05, **P 
< 0.005, ***P < 0.0005.
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mCPDs at 6 and 24 h post- UV treatment and normalizing the 
remaining damage to the initial damage level, our CPD- seq data 
revealed repair inhibition: up to 40% of mCPDs remain unrepaired 
at 24 h at the binding sites, in comparison to ~20% unrepaired dam-
age in the "anking DNA (Fig. 2E). #is analysis suggests that ETS 
binding can partially block DNA repair. A likely scenario is that UV 
damage may partially displace ETS proteins from the binding loca-
tions; however, a portion of ETS may stay bound and inhibit the 
access of repair proteins to the damage. In our previous study (15), 
we analyzed eXcision Repair- sequencing (XR- seq) data (39) and 
showed that repair activity is high at ETS binding sites. We revisited 
the XR- seq data and con!rmed high repair activity in the 968 
TTCCGG gene promoters (SI Appendix, Fig. S11A). However, fur-
ther normalization of XR- seq by the initial CPD damage shows that 
the repair rate (i.e., repair per CPD) is decreased at ETS binding sites 
relative to the "anking DNA (SI Appendix, Fig. S11B). #us, the high 
repair activity is mainly driven by high levels of initial UV damage at 
ETS sites. #e repair rate after considering the damage level is reduced 
by ETS binding.

Somewhat unexpectedly, analysis of the CPD deamination data 
shows that ETS binding strongly suppresses cytosine deamination 
at the −3/−4 positions, but has little e$ect on the 0/+1 positions 
(Fig. 4 C and D). As these positions were analyzed simultaneously 
using the same deamination datasets, the contrast between them 
points to a location- speci!c e$ect on CPD deamination imposed 
by ETS–DNA interaction. Our further analysis of the ETS–DNA 
complex structure and MD simulation data supports this hypoth-
esis. From these analyses, it is evident that the 0/+1 positions are in 
close contacts with a cluster of charged amino acids. #e hydrophilic 
environment surrounding 0/+1 favors retention of H20 molecules 
for spontaneous hydrolysis of the unstable amino group of cytosine 
within a CPD. On the other hand, the lack of charged amino acids 
and the resulting low density of H20 molecules near −3/−4 creates 
an unfavorable deamination environment, even with a high level of 
mCPDs being present. As both −3/−4 and 0/+1 have high CPDs 
and high mutations, but di$er signi!cantly in CPD deamination, 
our data highlight the importance of UV damage in stimulating 
mutations at ETS binding sites, regardless of cytosine deamination 
(Fig. 4F). Several translesion synthesis (TLS) DNA polymerases 
have been shown to play a role in UV mutagenesis, including Pols 
eta, kappa, and zeta (40). Although Pol eta has been shown to bypass 
TT dimers in an error- free manner, it is less clear how accurately it 
can bypass C- containing dimers (41–43). Furthermore, Pols kappa 
and zeta are error- prone TLS enzymes and signi!cantly elevate C>T 
mutations on UV- damaged DNA (40). Hence, mutations corre-
sponding to the −3/−4 positions may be caused by error- prone 
bypass of mCPDs by these TLS polymerases.

Although a large number of highly recurrent promoter muta-
tions have been identi!ed, their biological functions remain poorly 
understood. As the !rst step to uncovering their impacts on gene 
expression, we introduced the point mutations identi!ed in 
RPL13A and RPS20, two of the most frequently mutated riboso-
mal gene promoters, and a CC>TT tandem mutation identi!ed 
in CDC20, into a luciferase reporter system. By measuring lucif-
erase activity in melanoma cells, we found that mutations in the 
canonical ETS binding motif (e.g., RPL13A and CDC20) reduced 
reporter gene expression. Considering the two mutation sites in 
RPL13A and the tandem mutation in CDC20 occur in the con-
served ETS binding site, the mutations likely weaken ETS–DNA 
interactions. #e RPS20 mutation was expected to generate a new 
ETS motif (from TCCCGG to TTCCGG) and increase promoter 
activity based on the sequence analysis. But our data revealed over 
20% reduction of promoter activity by the RPS20 mutation. Our 
further analysis found two close ETS binding sites in opposite 

orientations in the RPS20 promoter. #e mutation occurs in 
ATCCCGG and it disrupts ATCC, a core ETS motif, and the 
disruption signi!cantly reduces ETS1 binding based on our 
iMADS data. Our analysis of RPS20 suggests that the WT pro-
moter is likely bound by ETS proteins at both site A and site B. 
#e mutation weakens the function of site A, but not site B, which 
may lead to reduction of the promoter activity.

In summary, our study shows a profound role of ETS TFs in 
stimulating promoter mutation hotspots, through increasing CPD 
formation and inhibiting DNA repair, but not by accelerating 
cytosine deamination. Our data also revealed that mutation hot-
spots in ribosomal protein genes signi!cantly reduce the promoter 
activity. As a large number of ribosomal gene promoters are fre-
quently mutated in cutaneous melanoma, our !nding suggests 
potential defects in ribosomal biogenesis, which may have impor-
tant implications for understanding melanoma onset and 
development.

Methods and Materials

Melanoma Mutation Analysis. Whole- genome mutation data in 
melanoma are downloaded from the ICGC data portal (https://dcc.
icgc.org/releases/current/Projects/MELA- AU; !le name: simple_
somatic_mutation.open.MELA- AU.tsv.gz). A total of 183 tumors 
are included in the cohort. Tumors are strati!ed to cutaneous and 
non- cutaneous tumors using the published specimen information. 
#e 140 cutaneous tumors have ~20 million somatic mutations, 
such as single-  and double- nucleotide substitutions. #e 43 non- 
cutaneous tumors have ~341,000 simple mutations. To analyze 
mutation density along transcribed genes, we used bedtools (44) 
and intersected the mutation data with annotated human genes 
downloaded from Gencode (GRCh37, release 44). Mutations 
located in the promoter region (±2 kb relative to the TSS) of 
each gene are included in Dataset S1. #e intersection data were 
further processed with custom Python scripts to calculate average 
mutation density (i.e., number of mutations per tumor per gene 
at each position) for genes aligned by the TSS (e.g., Fig. 1A).

Human genes were separated into TTCCGG and non- TTCCGG 
genes, based on whether there was >=1 UV mutation associated 
with the TTCCGG motif in the peak region, ranging from −200 
bp to +100 bp relative to the TSS. #is analysis revealed 968 
TTCCGG genes and 9,864 non- TTCCGG genes (Dataset S2). 
#e rest of genes had 0 UV mutation in the peak region and were 
excluded from the subsequent analysis. Similar to mutation density 
analysis for all genes, cutaneous tumor mutations were intersected 
with TTCCGG and non- TTCCGG genes, respectively, and average 
mutation density was analyzed using custom Python scripts for each 
gene group (e.g., Fig. 1 E and F).

ETS ChIP- seq peak data were downloaded from http://
bg.upf.edu/group/projects/tfbs/ (!le name: proximalTFBS-  
DHS_skcm.bed.gz) based on the published paper (21, 22). A 
total of 1,598 active ETS binding sites located in TSS- proximal 
regions were collected to compare their binding density between 
TTCCGG and non- TTCCGG genes.

CPD- seq 2.0 in Human Fibroblasts. #e methodology of CPD- 
seq  2.0 is similar to the original CPD- seq (11), but skipped 
sonication in the !rst step. #e idea for this modi!cation is that 
sonication will likely introduce numerous nicks and strand breaks 
in the genomic DNA in the original CPD- seq. Although the 
subsequent step using terminal transferase (TdT) and dideoxy- 
NTP (ddNTP) can block most breaks generated by sonication, 
a signi!cant amount of them may still persist and increase the 
background signal and reduce the speci!city for CPD mapping.D
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In CPD- seq 2.0, human skin !broblasts, CS1AN/CSBWT (a gift 
from Hua- Ying Fan at UNM) (45) were grown to ~80% con"uence 
and exposed to UV light for desired doses, for example 6 or 8 J/m2. 
A fraction of cells were immediately collected and stored at −80 °C 
freezer for repair time 0 h (i.e., no repair). #e rest of the cells were 
incubated in fresh media and samples were taken at 6 and 24 h post 
UV treatment. For library preparation, genomic DNA was isolated 
using the Sigma GenElute™ Mammalian Genomic DNA Miniprep 
Kit. For each time point (e.g., no UV, 0, 6, and 24 h repair), 10 μg 
of genomic DNA was mixed with 1 ng UV- irradiated pUC19 plas-
mid DNA. #e pUC19 plasmid DNA serves as a spike- in control 
for library sequencing depths and subsequent repair quanti!cations. 
#e DNA was incubated with TdT and dideoxy- ATP (ddATP) to 
block free 3′ ends that were generated during DNA isolation step. 
However, because the genomic DNA was not sheared by sonication, 
it should contain signi!cantly lower number of nicks and breaks 
compared to the original CPD- seq protocol. #e genomic DNA was 
treated by the glycosylase T4 endonuclease V (T4 endo V) and AP 
endonuclease 1 (APE1). T4 endo V is a glycosylase that speci!cally 
cleaves a CPD lesion on the 5′ side. APE1 further processes the DNA 
product by T4 endo V and generates a new ligatable 3′- OH group 1 
nucleotide upstream of the CPD lesion. After T4 endo V and APE1 
digestion, DNA was denatured for single- stranded fragments and the 
3′- OH group was immediately ligated to a splint adaptor DNA (color 
purple in Fig. 2A). After sonication to smaller DNA fragments (~300 
to 400 bp on average), the ligation product was puri!ed with 
Streptavidin beads, which recognize the biotin on the adaptor DNA, 
thus separating CPD fragments from the rest of the genomic DNA. 
#e puri!ed fragments were further processed to add the second 
adaptor for Illumina sequencing. After PCR ampli!cation for 18 
cycles using primers complementary to the two adaptors, the library 
was sequenced on an Illumina Novaseq platform at the University of 
Colorado Genomics Shared Resource.

After sequencing, adaptor sequences were trimmed using 
Trimmomatic (46). CPD- seq reads were aligned to the human 
reference genome using Bowtie 2 (47). PCR duplicates were 
removed and the precise locations of CPD lesions were extracted 
using Samtools and Bedtools (44, 48), as described in our pub-
lished methods.

To analyze GG-  and TC- NER, human genes were strati!ed by 
!broblast RNA- seq data (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE78610). #e list for High, Medium, and Low 
expression genes can be found in Dataset S3. #e coding region of 
each gene (from TSS to TTS) is split into six equal- sized bins. 
Flanking DNA (10 kb in each direction) in the promoter and ter-
minator regions is split into two additional bins. #e number of 
CPD- seq reads was counted in each bin on the NTS and transcribed 
strand (TS). #e remaining CPD reads after repair (6 or 24 h) were 
normalized to the initial CPD reads at 0 h. #e resulting fraction 
of remaining CPDs was further normalized by the pUC19 read 
ratio [i.e., pUC19- 6 h/pUC19- 0 h (0.72 for 6 h) and pUC19- 24 
h/pUC19- 0 h (0.93 for 24 h)] and plotted in SI Appendix, Fig. S4B.

CPD Deamination Datasets. CPD deamination data were generated 
in a published study using a circle damage sequencing method 
(29). In this study, human !broblast cells were treated by UV 
light and initial CPDs (i.e., 0 h repair) and deaminated CPDs 
at 0, 24, and 48 h were sequenced. #e CPD and deaminated 
CPD data were downloaded from the GEO (Gene Expression 
Omnibus) database (accession number GSE159807). #e dataset 
named HDF_DA_48h_800M was used to generate Fig. 4. CPD 
formation in TTCCGG genes using circle damage sequencing was 
plotted in SI Appendix, Fig. S8B. Deamination analysis at 0 and 
24 h was also included in SI Appendix, Fig. S8A.

ETS–DNA Structural Analysis and MD Simulations. We used the 
published ETS–DNA complex structure (PDB ID: 1AWC, Chain 
A, D and E) (34) to survey the structural di$erence between 0/+1 
and −3/−4 positions in the ETS motif. #e simulation systems 
were established using Solution Builder model in CHARMM- 
GUI (49). #e force !eld used in the simulations was Amber 
FF19SB (50, 51) cited at the CHARMM- GUI server with the 
TIP3P water model (52). Simulation results were visualized using 
UCSF Chimera (53). A solvation box measuring 10.7 nm on each 
side was utilized to house the DNA- protein complex, ensuring 
ample room for any necessary deformations. All systems were 
neutralized by adding counter ions. #e MD simulations were 
done in GROMACS software package (54). All systems were 
energy- minimized at a maximum of 5,000 steps to remove non- 
physical contacts and interactions.

Subsequently, an NPT ensemble with 1 ns was performed to 
equilibrate the systems. #e LINCS algorithm was used to con-
strain bond lengths between heavy and hydrogen atoms (55). 
Simulations were performed under a constant temperature of 300 
K and a constant pressure of 1 atm using the Parrinello–Rahman 
method (56). Periodic boundary conditions were applied in all 
three directions, and the Particle mesh Ewald method was used 
compute electrostatic interaction (57). #e cut- o$ distance of van 
der Waals interaction and Coulomb interaction are both set to 9 
Å. #e duration of production simulations was 100 ns. Analysis 
of simulation results was done using GROMACS tools and vis-
ualized with OriginLab (58).

Luciferase Assay. Promoter fragments (~150 bp) of RPL13A, 
RPS20, and CDC20 were PCR- ampli!ed and cloned into the !re"y 
luciferase plasmid pGL4.0. Point mutations were introduced to the 
desired sites using a site- directed mutagenesis kit (Agilent). Both 
wild- type (WT) and mutated (MT) plasmids were con!rmed by 
Sanger sequencing. #e !re"y plasmid was mixed with the renilla 
luciferase plasmid for transient transfection of A375 melanoma 
cells. Cells were harvested 24 h post transfection and the luciferase 
signal was measured using the Dual- Luciferase® Reporter Assay 
System (Promega). #e !re"y was normalized to the renilla signal 
and the ratio was reported as the promoter activity. At least three 
biological repeats (three technical repeats in each biological repeat) 
were conducted to obtain the average value and SD.

In Vitro ETS1 Binding Specificity Analyses. To predict the in vitro 
binding speci!city of ETS proteins to the putative binding sites in 
the promoter sequences of interest, we used the gcPBM data and 
predictions of Shen et al. (35). Among ETS family members we 
focused on ETS1, which is one of the most highly expressed ETS 
proteins in melanoma cells (SI Appendix, Table S2). In vitro binding 
measurements for ETS1 were available for 12,619 human genomic 
sites, each of them 36- bp long, centered on putative ETS sites with 
the cores TTCC or ATCC, from gcPBM experiments (GEO Series 
GSE97794, Sample GSM2577529, 100 nM ETS1 condition). We 
use the genomic sites to plot the overall distribution of ETS1 in vitro 
binding levels, shown as normalized, log- transformed binding 
intensity measurements, as in the published iMADS study (35). To 
predict the ETS1 binding levels for the sites identi!ed in the RPL13A, 
RPS20, CDC20, and TERT promoters, we used the iMADS model 
trained on the ETS1 gcPBM data, available through the iMADS 
web tool (https://urldefense.com/v3/__http://imads.genome.duke.
edu__;!!KXH1hvEXyw!YBxYexEnvLbkiD0DZGPDbOR1ZhLF_
pinyrpXslV0slfBTMEOE1HeyQhMQ53JOS5AmM68pFNcc
KU- 0PwsEYDWuSkEQaY$).

Data, Materials, and Software Availability. The CPD- seq 2.0 data have been 
deposited in the GEO database (accession number GSE235483) (59).D
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