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ABSTRACT

Environmental co-exposures are widespread and are major contributors to carcinogenic
mechanisms. Two well-established environmental agents causing skin cancer are ultraviolet
radiation (UVR) and arsenic. Arsenic is a known co-carcinogen that enhances UVR'’s
carcinogenicity. However, the mechanisms of arsenic co-carcinogenesis are not well understood.
In this study, we utilized primary human keratinocytes and a hairless mouse model to investigate
the carcinogenic and mutagenic properties of co-exposure to arsenic and UVR. In vitro and in
vivo exposures revealed that, on its own, arsenic is neither mutagenic nor carcinogenic. However,
in combination with UVR, arsenic exposure has a synergistic effect leading to an accelerated
mouse skin carcinogenesis as well as to more than 2-fold enrichment of UVR mutational burden.
Notably, mutational signature ID13, previously found only in UVR-associated human skin cancers,
was observed exclusively in mouse skin tumors and cell lines jointly exposed to arsenic and UVR.
This signature was not observed in any model system exposed purely to arsenic or purely to UVR,
making ID13 the first co-exposure signature to be reported using controlled experimental
conditions. Analysis of existing genomics data from basal cell carcinomas and melanomas
revealed that only a subset of human skin cancers harbor ID13 and, consistent with our
experimental observations, these cancers exhibited an elevated UVR mutagenesis. Our results
provide the first report of a unique mutational signature caused by a co-exposure to two
environmental carcinogens and the first comprehensive evidence that arsenic is a potent co-
mutagen and co-carcinogen of UVR. Importantly, our findings suggest that a large proportion of
human skin cancers are not formed purely due to UVR exposure but rather due to a co-exposure

of UVR and other co-mutagens such as arsenic.
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INTRODUCTION

Carcinogens are agents that result in cancer formation’, with many carcinogens causing cancer
by directly generating somatic mutations?. Recent experimental studies have also unambiguously
described non-mutagenic carcinogens, where cancers were induced in mice by exposing them to
suspected human carcinogens without observing an elevation in somatic mutations®. Further,
prior studies have provided evidence for the existence of co-carcinogens, which are agents that
are not carcinogenic on their own, but they rather promote the effects of other carcinogens®.
Lastly, limited prior evidence has been offered for co-mutagenic agents, which are generally non-
mutagenic but, in combination with another agent, can have synergistic effect leading to a highly

accelerated mutagenesis®.

Arsenic is a naturally occurring element and a known environmental contaminant found in high
concentrations in drinking water within the United States and across the world, particularly from
water sourced from wells®’. The International Agency for Research on Cancer has classified
arsenic as carcinogenic to humans based on strong evidence linking arsenic exposure to cancers
of the lung, bladder, kidney, and skin®®. While skin cancer is commonly associated with exposure
to ultraviolet radiation (UVR) from sunlight, arsenic is a known co-carcinogen of UVR'*'2, Further,
epidemiological studies have shown an increased cancer risk for developing UVR-associated skin
cancer in populations exposed to high-levels of arsenic and these results have been supported
by experimental studies'>'®. While prior research has shown arsenic inhibits repair of UVR-
induced DNA damage'”"® the mutagenic properties of arsenic co-exposure have not been well

understood.
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Analysis of mutational signatures allows elucidating the mutagenic processes that lead to
cancer®. Previously, we and others have described more than 100 different mutational signatures
including ones associated with environmental carcinogens, failure of DNA-repair pathways,
infidelity of replicating polymerases, chemotherapeutics, and many others?'?2, Only one study
has investigated the mutational patterns of arsenic in human cancer by inconclusively examining
a single never-smoker lung cancer patient chronically exposed to arsenic®. Further, while induced
pluripotent stem cell lines have been exposed to arsenic, no arsenic mutational signature was
found?*. In contrast, exposure to UVR from sunlight is known to induce specific DNA damage and
several distinct UVR-associated mutational signatures have been identified in human tumors,

normal human tissues, and experimental systems®>2°.

Notably, mutational signatures of single base substitutions (SBSs), termed COSMIC signatures
SBS7alb/c/d, have been found at extremely high levels in most cancers of the skin?? as well as in
experimental systems exposed to UVR?*. SBS7a/b are characterized by C>T mutations at
dipyrimidines and have been associated with DNA damage due to UVR, including both 6,4-
photoproducts and cyclobutane pyrimidine dimers (CPDs)***2. Signatures SBS7¢ and SBS7d are
characterized by T>A and T>C mutations, respectively, and while these UVR signatures are

exclusively found in cancers of the skin, their etiology remains mysterious?>32%,

A doublet-base substitution (DBS) signature, termed DBS1, has also been found at high levels in
human skin tumors, normal human skin tissues, and experimental systems exposed to UVR*%°,
Signature DBS1 exhibits almost exclusively CC>TT mutations and it has been attributed to mis-
replication of CPDs??. Additionally, a mutational signature of small insertions and deletions

(indels), termed, COSMIC signature ID13, has been found exclusively in cancers of the skin in
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90 sun exposed areas and, thus, it has been attributed to exposure to ultraviolet light*>%. ID13
91  exhibits a particular pattern that includes a deletion of a single thymine at a thymine-thymine

92  dimer®.
93

94  In this study, we leverage well controlled in vitro and in vivo co-exposures in combination with
95 whole-genome sequencing and mutational signatures analysis to investigate the carcinogenic
96 and mutagenic properties of arsenic and solar-simulated UVR co-exposure. Our experimental
97  findings reveal that, in combination with UVR, arsenic exposure has a synergistic effect leading
98 to an enhanced mouse skin carcinogenesis as well as to more than 2-fold enrichment of UVR
99  mutational burden. Importantly, signature ID13 is uniquely due to arsenic and UVR co-exposure
100  and, comparisons with genomics data from previously generated skin cancers demonstrate that
101  ID13 is found exclusively in a large proportion of human skin cancers with an elevated UVR
102  mutagenesis. Our results demonstrate that arsenic is a potent co-mutagen of ultraviolet light that
103 amplifies UVR mutagenesis and that generates a unique mutational signature commonly found

104 in human cancers of the skin.

105
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106 RESULTS
107  Invitro and in vivo experimental designs

108 To examine the mutagenic properties of co-exposures to arsenic (As) and UVR, we used both in
109 vitro and in vivo models. Specifically, an immortalized keratinocyte cell line, NTERT1**, was
110  utilized under the following conditions: (i) no treatment (NT); (ii) irradiation with UVR (3 kJ/m?); (iii)
111 treatment with arsenic (1 uM); and (iv) pre-treatment with arsenic (1 uM) for 24 hours followed by
112  irradiation with UVR (3 kJ/m?). Arsenic exposures were continued for 24 hours post-UVR
113  irradiation during the time in which UVR generated DNA damage is likely being repaired. All cells
114  were cultured for additional 24 hours after their respective exposures and, subsequently,
115  subjected to barrier bypass-clonal expansions® and whole-genome sequencing (Fig. 1a). The
116  selected arsenic and UVR exposure levels align with previous studies investigating arsenic-UVR
117  co-carcinogenesis®®®. In most cases, the combined exposure of arsenic and UVR resulted in
118  similar levels of cytotoxicity to the ones due to UVR exposure alone (Fig. 1b); cytotoxicity was
119  measured relative to the NT group. Consistent with conditions used in previous evaluation of
120  environmental carcinogens®*, we clonally expanded cells from exposures resulting in

121 approximately 50% relative cell death (Fig. 1b).
122

123 To confirm the observed in vitro results, we also utilized a SKH-1 hairless mouse model*® where
124  mice were separated into four groups (n=14 for each group), including: (i) a NT group; (ii) a group
125  where mice were exposed to arsenic in their drinking water (5 mg/l); (iii) a group where mice were
126  exposed to UVR three times per week (14 kJ/m?); and (iv) a group where mice were exposed to
127  arsenic in their drinking water (5 mg/l) and exposed to UVR three times per week (14 kJ/m?; Fig.
128 1c). Mice are faster metabolizers of arsenic compared to humans, and thus, higher arsenic

129  concentrations are required to induce responses similar to those that would be seen in humans


https://doi.org/10.1101/2023.02.22.529578
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.22.529578; this version posted February 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

130  at lower concentrations*®*'. No overt toxicity was observed in mice exposed to 5 mg/l. The UVR
131  exposure chosen is approximately half the minimal exposure level that results in erythema
132  (reddening of the skin) and is therefore relevant to environmental exposures. No tumors
133  developed in mice in the NT or arsenic alone groups, however, tumors developed in the UVR
134  group and tumor burden was 1.3-fold enhanced by co-exposure with arsenic (p-value: 0.0265;

135 two-sided t-test; Fig. 1d).
136

137  Arsenic affects UVR mutagenesis in vitro

138 Somatic mutations were identified from all whole-genome sequenced N/TERT1 cells by
139  bioinformatically comparing them to the whole-genome sequenced stock cells (Methods; Fig.
140 1a). Statistical comparisons for the N/TERT1’s mutational landscapes were performed amongst
141  controls and the three different types of exposures using one-way ANOVA with Tukey post hoc
142  correction for multiple comparisons (Fig. 2a&c). Arsenic alone did not increase the total numbers
143 of SBSs, DBSs, or indels in N/TERT1 cells when compared to the ones found in NT controls (Fig.
144  2a). In contrast, UVR exposure resulted in a significant increase of 3.9-fold for SBSs and 10-fold
145  for DBSs when compared to NT controls (p-values: 0.0040 and 0.0345, respectively). C>T, T>C,
146 C>A, T>A, and T>G substitutions were significantly elevated when compared to their levels in
147  untreated controls (p-values: 0.0074, 0.0476, 0.0152, 0.0459, and 0.0309, respectively;
148 Supplementary Fig. 1a-d). Importantly, samples co-exposed to arsenic and UVR exhibited
149  approximately 1.8- and 2.1-fold significant enrichment of SBSs and DBSs, respectively, when
150 compared to samples exposed to UVR alone (p-values<0.05). Specifically, C>T mutations
151  contributed most mutations in UVR exposed cells and arsenic co-exposure resulted in 2.2-fold
152  increase of these mutations compared to UVR alone (p-value: 0.001; Supplementary Fig. 1a).

153  Arsenic also significantly increased C>G mutations compared to UVR alone (p-value: 0.0112).
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154  The total number of indels was 1.5-fold elevated in samples co-exposed to arsenic and UVR when

155  compared to NT control (p-value: 0.0177) but not compared to UVR alone (Fig. 2a).

156

157  The mutational patterns of arsenic exposed cells were identical to the ones of non-treated controls
158  for both substitutions and indels (cosine similarity: 0.97; Fig. 2b). The numbers of doublets were
159 too few to perform a comparison between NT controls and arsenic exposed cells. In contrast,
160 UVR-exposed N/TERT1 cells exhibited a distinct pattern of C>T substitutions at dipyrimidines as
161  well as high levels of CC>TT doublets (Fig. 2b). Further, the mutational patterns of both
162  substitutions and doublets were remarkably similar between cells exposed only to UVR and cells
163  exposed jointly to arsenic and UVR (cosine similarity: 0.97). Nevertheless, the pattern of small
164 insertions and deletions was different between these two exposures with a striking elevation of
165  single thymine deletions at a thymine-thymine dimers in the cells exposed to arsenic plus UVR
166  (Fig. 2b). Additionally, an examination of previously generated datasets® revealed that the
167  substitution patterns of UVR in N/TERT1 cells are similar to the ones observed in human induced
168  pluripotent stem cells (iPSCs) exposed to UVR (cosine similarity: 0.96). In contrast, a distinct
169  difference can be seen in the iPSC indel profile which lacks the thymine deletion at thymine-
170  thymine dimers observed in arsenic and UVR co-exposed N/TERT1 cells (cosine similarity: 0.35).
171 Overall, the indel profile of UVR-exposed iPSC cells was consistent with the one of UVR-exposed
172  N/TERT1 cells and neither UVR-exposed iPSC cells nor UVR-exposed N/TERT1 cells harbored

173  the unique indel pattern observed in N/TERT1 cells co-exposed to arsenic and UVR.
174

175  Analysis of COSMIC mutational signatures revealed that three of the four UVR-associated SBS
176  signatures, SBS7a/b/c, as well as the UVR-associated signatures DBS1 and ID13 were found in

177 N/TERT1 cells exposed to UVR (Fig. 2¢). No UVR-associated signatures were identified in
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178  untreated N/TERT1 cells or in N/TERT1 exposed purely to arsenic. Co-exposure to arsenic
179  resulted in a 4.2-fold increase of SBS7b and 2.1-fold increase of DBS1 (p-value: 0.0015 and
180  0.0143, respectively) but not to a statistically significant elevation of signatures SBS7a or SBS7c
181  compared to UVR alone. Remarkably, signature ID13 was exclusively identified in the N/TERT1
182  cells co-exposed to arsenic and UVR but not in cells exposed purely to UVR (p-value: 0.0005;
183  Fig. 2¢). Consistent with the analysis of COSMIC mutational signatures, analysis of de novo
184  signatures revealed an elevation of SBS signatures as well as an indel signature, resembling

185 ID13, found exclusively in samples co-exposed to UVR and arsenic (Supplementary Fig. 2).

186

187  Arsenic affects UVR mutagenesis in vivo

188  The performed in vitro exposures were complemented by almost identical exposures in a SKH-1
189  hairless mouse model (Fig. 1¢). No tumors were observed in the NT group (n=14) or in mice
190 exposed to arsenic alone (h=14; Fig. 1d). For a subset of UVR-exposed mice, a tumor and
191 matched normal skin tissue from the ventral (non-UVR exposed) side of each animal were whole-
192 genome sequenced and, subsequently, bioinformatically compared to derive somatic mutations
193 in the tumor tissue (Methods; Fig. 1c¢). Statistical comparisons between the mutational
194  landscapes of the tumors in mice exposed to UVR alone and the tumors in mice co-exposed to

195  arsenic and UVR were performed using FDR-corrected two-sided t-tests (Methods).

196

197  Tumors from mice co-exposed to arsenic and UVR exhibited approximately 6-fold enrichment of
198  substitutions, 6-fold enrichment of doublets, and 3-fold enrichment of indels when compared to
199  tumors from mice only exposed to UVR (g-values: 0.0009, 0.0009, 0.0009, respectively; Fig. 3a).
200 Similar to N/TERT1 cells, all types of single base substitutions and doublet base substitutions

201  were significantly elevated in tumors due to co-exposure to arsenic and UVR (g-values<0.05;
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202 Supplementary Fig. 1e-h). Further, both insertions and deletions were found to be increased
203  approximately 3-fold in tumors from co-exposed mice when compared to tumors due to UVR

204  alone (g-values: 0.0014 and 0.0023, respectively; Supplementary Fig. 1g-h).
205

206 A distinct pattern of C>T substitutions at dipyrimidines was observed in all mouse tumors (Fig.
207  3b). The pattern was identical between tumors due to UVR alone and tumors due to arsenic and
208 UVR (cosine similarity: 0.99; Fig. 3b). Interestingly, this pattern of single base substitutions is also
209  similar to previous data from mouse cell lines®” exposed to UVR (cosine similarity: 0.98) while
210  differing from the substitution patterns observed in N/TERT1 cells (cosine similarity: 0.84) or in
211 UVR-associated human skin cancers (cosine similarity: 0.80)?°. Specifically, UVR-imprinted
212  patterns in mouse tumors and mouse cell lines have a distinctly high peak of C>T mutations at
213 TpIpT trinucleotides (mutated base underlined; Fig. 3b) which is absent in human tumors? or in
214 human cell lines (Fig. 2b). Similarly, CC>TT and CT>NN dinucleotides were observed in all UVR-
215  associated mouse tumors (Fig. 3b). The CC>TT mutational pattern in mouse tumors was similar
216  to the one observed in N/TERT1 cells (Fig. 2b) but the CT>NN dinucleotides were unique for
217  mouse tumors and mouse cell lines?” and CT>NN dinucleotides have not been found in human
218 skin cancers or in UVR-exposed human cell lines. Importantly, similar to human cell lines, the
219  mouse tumors exhibited a striking elevation of single thymine deletions at thymine-thymine dimers

220 inthe cells co-exposed to UVR and arsenic (Fig. 3b).
221

222  Evaluating the COSMIC mutational signature in the UVR-exposed mouse tumors elucidated the
223  presence of signatures SBS7b, SBS7c, DBS1, and ID13. Consistent with the in vitro observations,
224  signatures SBS7b and DBS1 were almost 6-fold enriched in the tumors due to co-exposure to

225 arsenic and UVR (g-values: 0.0006 and 0.001, respectively; Fig. 3c¢). Further, as in the cell line

10
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226  experiments, signature ID13 was exclusively identified in tumors due to co-exposure to UVR and
227  arsenic but not in tumors purely due to UVR exposure (Fig. 3¢). Consistent with the analysis of
228 COSMIC mutational signatures and the observations in N/TERT1 cell lines, analysis of de novo
229  signatures from mouse tumors revealed an elevation of SBS signatures and an indel signature,
230 resembling ID13, highly elevated in samples co-exposed to UVR and arsenic (Supplementary

231  Fig. 2).
232
233  Evaluating arsenic-like co-exposures in human skin cancer

234  Our experimental results revealed that ID13 is generated exclusively in samples jointly co-
235 exposed to arsenic and UVR (Figs. 2 and 3). To the best of our knowledge, this study is the first
236  to report ID13 in any experimental system likely due to prior studies focusing purely on UVR
237  exposure without any additional co-exposures®’. Importantly, ID13 was not observed in any
238 sample exposed purely to UVR (Figs. 2 and 3), indicating that a co-exposure to arsenic or to

239  another co-mutagen with similar properties is required for generating signature 1D13.
240

241 Next, we interrogated 205 previously published*? whole-exome sequenced basal cell carcinomas
242  (BCCs) and utilized signature ID13 as a biomarker of potential co-exposure to UVR and arsenic
243  (or another arsenic-like agent). Mutational signature analysis revealed that 19% of BCC samples
244 exhibited ID13 while no evidence for ID13 was found in the remaining samples. The SBS, DBS,
245 and indel mutational profiles of BCCs were partitioned into ID13 negative and ID13 positive
246  samples (Fig. 4a). The SBS and DBS patterns were identical between ID13 negative and ID13
247  positive BCC sample (cosine similarities >0.98; Fig. 4a). Furthermore, consistent with our
248  experimental results that samples co-exposed to arsenic and UVR exhibited a much higher

249  burden of single and doublet substitutions, the BCC samples harboring ID13 exhibited 1.33-fold

11
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elevation of both single base substitutions and doublet base substitutions (g-values<0.05; Fig.
4pb). Identical analysis of mutational signature applied to 107 whole-genome sequenced
melanomas*® from the Pan-Cancer Analysis of Whole Genomes (PCAWG) study yielded similar
results with 58% of melanoma genomes harboring ID13 and exhibiting a highly elevated

mutational burden of single and doublet substitutions (Supplementary Fig. 4).

12
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256  DISCUSSION

257 In this study, we applied mutational signatures analysis to whole-genome sequencing data from
258  well-controlled in vitro and in vivo experimental systems to elucidate the carcinogenic and
259  mutagenic potentials of arsenic and ultraviolet light. As expected, the mutational patterns found
260 on the genomes of UVR-exposed cell lines and on mouse cancers were consistent with the set
261 of known UVR mutational signatures derived from human skin cancers. Exposing cell lines purely
262  to environmental relevant concentration of arsenic neither caused an elevated mutational burden
263  nor a specific mutational signature. Further, mice exposed only to arsenic did not develop any
264  tumors. Nevertheless, the co-exposure to arsenic and UVR resulted in an enhanced
265 carcinogenesis and a synergistic elevation of UVR mutagenesis. Importantly, a specific mutational
266  signature, ID13, was found exclusively in samples co-exposed to arsenic and UVR. To the best
267  of our knowledge, this is the first report of a unique mutational signature caused by a co-exposure
268 to two environmental carcinogens and the first comprehensive evidence that arsenic is a potent

269  co-mutagen of UVR.

270

271 Our examination of human skin cancers revealed that 19% of basal cell carcinomas and 58% of
272  human melanomas harbor signature ID13 in their genomes. This is a striking result as, based on

273  our experimental data and previous experimental interrogations®*?’

, exposure to UVR alone
274  cannot induce signature ID13. Further, consistent with these experimental findings, human skin
275 cancers with ID13 exhibited an elevated burden of single and doublet substitutions, thus, further
276 implicating an additional co-exposure. Overall, our results suggest that a large proportion of
277  human skin cancers are formed due to co-exposure of UVR and arsenic or due to co-exposure of

278 UVR and another co-carcinogenic agent with similar co-mutagenic properties to the ones of

279 arsenic.

280

13
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281 FIGURE LEGENDS

282 Figure 1. Experimental design for mutational signatures co-exposure analysis. a.
283 Experimental design for N/TERT1 cells, where somatic mutations were called from clones
284  expanded from treatment groups, no treatment (NT) control, arsenic (As), ultraviolet light radiation
285 (UVR), and As plus UVR, against the bulk sequenced stock. b. Y-axis reflects the relative survival
286  of exposed cells measured using the percentage of clonogenic survival compared to survival of
287  the NT control. The x-axis corresponds to the total amount of energy delivered per unit area. The
288 red line depicts survival of cells pre-treated with arsenic (1 uM), while the black line reflects
289  survival of cells without arsenic pre-treatment. No statistically significant difference in survival
290 were observed in cells pre-treated with arsenic and cells without arsenic pre-treatment (two-sided
291 t-test; n=2 derived from 2 independent experiments with technical replicates each for all
292  experimental conditions). The experimental conditions used in this study utilized exposure levels
293  leading to 50% relative survival in NJTERT1 cells in alignment with previously published studies®.
294  c. Experimental design utilizing SKH-1 hairless mouse model, where mice were separated into
295  four groups, including: a NT group; arsenic exposed group; UVR exposed group; and As plus
296 UVR exposed group. No tumors developed in NT or arsenic alone groups. Somatic mutations in
297  skin tumors from UVR as well as As plus UVR exposed mice were identified by comparing the
298 sequenced tumor tissues to the sequenced ventral (non-UVR exposed) normal skin from the
299 same animal. d. Y-axis reflects the average number of tumors per mouse, while the x-axis
300 corresponds to the different experimental conditions. The tumorigenicity for the mouse model
301  shows arsenic significantly enhances tumor burden in UVR exposed mice (p-value<0.05; two-
302 sided t-test; n=14 for all conditions). Data represent the mean + SEM. Statistical details are

303 reported in the Methods section.

304
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305 Figure 2. Arsenic enhances somatic mutations imprinted by ultraviolet light in N'TERT1
306 cells. a. Y-axes reflect the amounts of substitutions (SBS; left), doublets (DBS; middle), or small
307 insertions and deletions (Indels; right) measured in somatic mutations per megabase. X-axes
308 correspond to the different types of exposures including: no treatment (NT) control, arsenic (As),
309 ultraviolet light radiation (UVR), and As plus UVR. Bar plots represent the mean + SEM; individual
310  biological replicates are shown as black circles. b. Patterns of single base substitutions (SBS) are
311 shown on the left using the SBS-96 classification scheme** on the x-axes. Patterns of doublet
312  base substitutions (DBS) are shown in the middle using the DBS-78 classification scheme** on
313 the x-axes. Patterns of small insertions and deletions (ID) are shown on the right using the ID-83
314  classification scheme** on the x-axes. Each plot represents the average mutational profile of each
315 treatment group across all samples in that group. Y-axes are scaled differently in each plot to
316  optimally show each average mutational pattern with the y-axes reflecting the percentage of
317  mutations for the respective mutational scheme. c¢. Y-axes reflect the amounts of COSMIC
318  mutational signatures measured in somatic mutations per megabase. X-axes correspond to the
319  different types of exposures. Bar plots represent the mean + SEM; individual biological replicates
320 are shown as black circles. Significance was evaluated using one-way ANOVA with Tukey’s
321 multiple comparisons test; n=3 for NT, As, and As plus UVR and n=2 for UVR alone derived from
322 independent clones. *p-value<0.05, **p-value<0.01, ***p-value<0.005, ****p-value<0.001.

323  Statistical details are reported in the Methods section.
324

325  Figure 3. Arsenic enhances somatic mutations imprinted by ultraviolet light in skin cancers
326 from SKH-1 hairless mice. a. Y-axes reflect the amounts of substitutions (SBS; left), doublets
327 (DBS; middle), or small insertions and deletions (Indels; right) measured in somatic mutations per
328 megabase. X-axes correspond to the different types of exposures including: ultraviolet light

329 radiation (UVR), and arsenic (As) plus UVR. Bar plots represent the mean + SEM; individual
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330 biological replicates are shown as black circles. b. Patterns of single base substitutions (SBS) are
331  shown on the left using the SBS-96 classification scheme** on the x-axes. Patterns of doublet
332  base substitutions (DBS) are shown in the middle using the DBS-78 classification scheme** on
333  the x-axes. Patterns of small insertions and deletions (ID) are shown on the right using the ID-83
334 classification scheme** on the x-axes. Each plot represents the average mutational profile of each
335 treatment group across all samples in that group. Y-axes are scaled differently in each plot to
336 optimally show each average mutational pattern with the y-axes reflecting the percentage of
337 mutations for the respective mutational scheme. c¢. Y-axes reflect the amounts of COSMIC
338 mutational signatures measured in somatic mutations per megabase. X-axes correspond to the
339 different types of exposures. Bar plots represent the mean + SEM; individual biological replicates
340 are shown as black circles. Significance was evaluated using FDR corrected two-sided t-tests;
341 n=4 for UVR alone and n=3 for As plus UVR derived from individual animals. **g-value<0.01, ***g-
342  value<0.005. Bar plots represent the mean + SEM; individual replicate values are shown as black

343  circles. Statistical details are reported in the Methods section.
344

345 Figure 4. An evaluation of UVR and arsenic-like co-exposure in human basal cell
346 carcinomas. a. Patterns of single base substitutions (SBS) in basal cell carcinomas (BCCs) are
347  shown on the left using the SBS-96 classification scheme** on the x-axes. Patterns of doublet
348 base substitutions (DBS) in BCCs are shown in the middle using the DBS-78 classification
349  scheme* on the x-axes. Patterns of small insertions and deletions (ID) in BCCs are shown on the
350 right using the ID-83 classification scheme* on the x-axes. Each plot represents the average
351 mutational profile of each treatment group across all samples in that group. Y-axes are scaled
352  differently in each plot to optimally show each average mutational pattern with the y-axes
353 reflecting the percentage of mutations for the respective mutational scheme. b. Mutations per

354 megabase attributed to COSMIC mutational signatures operative in basal cell carcinomas. Each

16


https://doi.org/10.1101/2023.02.22.529578
http://creativecommons.org/licenses/by-nc/4.0/

355

356

357

358

359

360

361

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.22.529578; this version posted February 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

dot reflects the mutations per megabase attributed to each COSMIC signature in each sample.
The bounds of the boxplots represent the interquartile range divided by the median, and Tukey-
style whiskers extend to a maximum of 1.5 x interquartile range beyond the box. Statistically
significant results from FDR corrected two-sided t-tests tests are denoted as g-values. In both
panels, basal cell carcinomas were separated on samples containing ID13 (n =58) and basal cell

carcinomas without any ID13 (n = 147).
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362 METHODS
363 Cell culture

364  An hTERT immortalized non-cancerous human keratinocyte cell line (N/TERT1) was used in this
365 study. N/TERT1 cells were established from a male neonate® and respond similarly as primary
366 keratinocytes under experimental conditions**. N/TERT1 cells were cultured as monolayers with
367 serum-free DermalLife K Keratinocyte Medium (Lifeline Cell Tech) supplemented with DermalL.ife
368 K LifeFactors in a humidified incubator at 37°C and 5% CO.. Cells were sub-cultured with
369  0.05/0.02% Trypsin/EDTA (Lifeline Cell Tech) every 3-5 days. Although N/TERT1 is a clonally
370  derived cell line, these cells were established >20 years ago. Through normal passaging, single
371 nucleotide variants arise creating a heterogenous population. Therefore, to reduce noise in the
372  mutational signatures data N/TERT1 were subcloned and a single clone (the grandparent clone)
373 was selected for seeding all experiments. Cells were routinely tested to be negative for

374  mycoplasma and screened for chromosome stability.
375
376  Ultraviolet Radiation (UVR) Exposure

377  Solar simulated UVR (UVR) exposures were performed using an Oriel 1600 Watt Solar Ultraviolet
378  Simulator (Oriel Corp., Stratford, CT). This solar simulator produces a high intensity UVR beam
379  in both the UVA (320-400 nm) and UVB (280-320 nm) spectrum with an emission ratio of 13:1
380 (UVA:UVB). The proportion and intensity of UVA/UVB was measured using an ILT2400
381 radiometer equipped with UVA (SEDO033), UVB (SED240) and UVC (SED270) detectors
382 (International Light Technologies; Peabody, MA). In vivo exposures were at 14 kJ/m? providing
383  approximately 0.5 minimum erythema dose (MED). Measurements were made with Erythema UV
384 and UVA intensity meter (Solar Light Co., Inc., Philadelphia, PA) to estimate MED. Animal UVR

385 dosing was conducted in groups of 4 - 6 with animals allowed to move freely within the exposure
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386  enclosure. Cells and animals were kept in the dark during transport to and from the UVR exposure

387 lamp.
388
389  Cell exposures

390  Arsenic stock solutions of inorganic arsenic as sodium meta-arsenite (purity >99%; Fluka Chemie)
391  were prepared in double distilled water and filtered through a 0.2 uM filter. For all experiments
392 cells were seeded and allowed to rest for 48 hours before treatment. Cells were pre-treated with
393 1 uM arsenic for 24 hours before exposure to 3 kJ/m? solar simulated ultraviolet light (ssUVR).
394  Arsenic exposure was continued for 24 hours post ssUVR exposure and clones were expanded
395 for DNA extraction and sequencing. DNA from each clone was extracted using the QlAamp®

396 DNA Mini Kit (Qiagen).
397
398  Cytotoxicity assay

399 Cytotoxicity was determined using a clonogenic survival assay modified from previously described
400 methods*. Briefly, N TERT1 cells were seeded and allowed to grow for 48 hours before treatment
401  with 0 or 1 uM arsenic. After 24 hours, cells were exposed to increasing UVR doses. Cells were
402 harvested immediately after UVR exposure and re-seeded in 100 mm dishes at colony forming
403 density (300 cells/dish). After colony formation cells were fixed, stained with crystal violet, and
404  colonies were counted. Four dishes per treatment group were included and results are expressed
405  as relative survival, which was derived from the number of colonies per treatment group divided

406 by the number of colonies in the control multiplied by 100.
407

408
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409 In vivo exposures and tissue collection

410  SKH-1 mice (21-25 days old) were purchased from Charles River Laboratories (Wilmington, MA).
411 These studies were performed under an approved Institutional Animal Care and Use Committee
412  (IACUC) protocol (#22-201244-HSC). Animals were housed by treatment group and administered
413  arsenite (5 mg/l) in the drinking water for the duration of the study. Water was freshly prepared
414  and changed every second day, and consumption monitored. There was equivalent water
415  consumption between control and arsenic treated groups, and all animals were provided standard
416  mouse chow ad lib. After 28 days of arsenic treatment, animals were exposed to UVR (14 kJ/m?;
417  ~0.5 minimal erythema dose [MED]) 3 times per week until the development of tumors (30 weeks).
418  There were unavoidable UVR lamp issues during weeks 8 and 9 where animals were not UVR
419  exposed. Water treatment continued for an additional 4 weeks to allow for tumor growth prior to
420  collection. Tumor number by animal was determined once per week by physical palpation and
421  counted if at least 1 mm in diameter. Some tumors regressed over time and only tumors that
422  persisted for at least 3 weeks were included in the total count. Animals were euthanized using
423  CO:; followed by cervical dislocation and tissues collected. Tissues collected included kidney,
424  liver, spleen, ventral skin (UVR naive), dorsal skin (UVR exposed) and skin tumors. Tissues were
425  collected in 10% neutral buffered formalin, RNAlater, snap-frozen, and epidermal scrapings

426  obtained from both ventral and dorsal skin
427
428 DNA extraction from skin tumors and UVR naive skin

429  Snap-frozen skin tumors (1.5 — 2 mm in diameter) and UV naive skin sections (0.5 - 1 cm?) were
430 thawed on ice then removed from the vial and placed on a glass plate previously cleaned with
431  70% ethanol and RNAzap (Thermo Fisher Scientific). Tissue was minced into small pieces with

432  a pair of clean scalpels and transferred to clean RNase/DNase free tubes. Clean blades were
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433 used, and the mincing surface sanitized between samples to limit cross-contamination. Genomic
434  DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen) following the manufacturers
435 recommendations. For the initial digestion step, 180 ul ATL buffer and 20 ul Proteinase K was
436 added to each sample, vortexed thoroughly, then incubated at 50 °C for 2 hours with vortexing
437  every 15 min. The remaining steps followed the kit’s directions exactly. DNA was eluted from the
438  column with 2 consecutive additions of 50 pl of the AE buffer supplied with the kit. DNA
439  concentration and quality was determined using Qubit (Thermo Fisher Scientific). Samples were

440 subsequently diluted to the required concentrations for whole-genome sequencing.
441
442  Whole-genome sequencing

443  DNA from in vitro and in vivo experiments was sent to Novogene (Sacramento, CA) and library
444  preparation was performed using the NEBNext® DNA Library Prep Kit (New England Biolabs)
445  following the manufacturer's recommendations. Qualified libraries were sequenced on an Illlumina

446  platform to 30x coverage according to effective concentration and data volume.

447

448  Identification of somatic mutations from whole genome bulk sequencing

449 Raw sequence data were downloaded to the Triton Shared Compute Cluster (TSCC) from ftp
450 server link shared by Novogene (Sacramento, CA). All the post-sequencing analysis was
451 performed within TSCC at UC San Diego. A schematics of the somatic mutations calling process
452 is described in Supplementary Fig. 5. This methodology for identification of somatic mutations
453  from bulk sequencing data follows established approaches from large genomics consortia®®.
454  Briefly, quality assurance of the raw FASTQ files were evaluated using FastQC and Mosdepth*"“2,

455 Raw sequence reads were aligned to the human reference genome GRCh38 for N/TERT1 data
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456 and GRCma39 for mouse data. The aligned reads were marked duplicated using MarkDuplicates
457  (Picard) from GATK*. For human cell lines, concordance between exposed and stock samples
458  were evaluated using Conpair®® and only samples with >99.5% concordance were taken forward
459  for subsequent analysis. An ensemble variant calling pipeline (EVC) was used to identify single
460 nucleotide variants (SNV) and short insertions and deletions (indels). EVC implements the SNV
461 and indel variant calling from four variant callers (Mutect2, Strelka2, Varscan2, and MuSE) and
462 only mutations that are identified by any two variant callers were considered as bona fide
463  mutations*®5'*3, For N/TERT1 cells, bulk sequencing data from stock were used as a matched

464 normal. For, mouse data, ventral skin from each mouse was used as a matched normal.

465

466  Analysis of mutational signatures

467  Analysis of mutational signatures was performed using our previously derived set of reference
468 COSMIC mutational signatures® as well as our previously established methodology with the
469  SigProfiler suite of tools used for summarization, simulation, visualization, and assignment of
470  mutational signatures. Briefly, mutational matrixes for SBS, DBS and ID were generated with
471  SigProfilerMatrixGenerator**. Plotting of each mutational profile was done with SigProfilerPlotting.
472  De novo mutational signature extraction and COSMIC decomposition of de novo signatures were
473  performed with SigProfilerExtractor®®. Attribution of COSMIC signatures to each of the samples

474  mutational profile were performed using SigProfilerAssignment.

475

476  Arsenic co-exposure validation in human cancer

477  To evaluate the potential arsenic exposure in human skin cancer through signature ID13, publicly

478 available whole-genome sequenced skin melanomas and whole-exome sequenced basal cell
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479 carcinomas (BCCs) were evaluated. The mutational profiles and mutational signatures in each
480 whole-genome sequenced melanoma were downloaded from a prior publication?. Whole-
481 genome sequenced melanomas with at least 100 mutations contributing to ID13 were grouped
482  as ID13 positive, while all remaining samples were classified as being ID13 negative. For whole-
483 exome sequenced BCCs, somatic mutations were also derived from a prior publication*2.
484  Mutational signature extractions were performed using SigProfilerExtractor and samples
485  containing ID13 were classified ID13 positive, while all remaining samples were classified as

486  being ID13 negative.

487 Normalized mutational profiles and statistical significance testing were preformed within R
488  statistical language®. Arrangements of figures and modifications were performed with Adobe

489 lllustrator and BioRender®®.

490

491 Statistical analysis and reproducibility

492  All bar graphs are expressed as the mean + SEM (standard error of the mean) with individual
493  Dbiological replicates shown as corresponding black circles. Since there are multiple distinct groups
494 in the N/TERT1 experiments, one-way ANOVA with Tukey post hoc analysis for multiple
495  comparisons was used to determine significance amongst controls and the samples in the three
496 treatment groups. All cell culture groups have an n=3 except for the UVR alone group (n=2).
497  Multiplicity adjusted p-values are reported with significance set to p-value<0.05 for all N/TERT1

498  analyses.

499 In the mouse study, whole-genome sequencing data were generated for the UVR group using 4
500 individual animals and for the arsenic plus UVR group using 3 individual animals. FDR-corrected

501 two-sided t-tests were used to determine significance between UVR and arsenic plus UVR groups
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502 inall mouse analyses. FDR-corrections were performed using the Benjamini-Hochberg correction

503  procedure. Significance was determined to be g-value<0.05 for all mouse analyses.

504 In human cancers, g-values were calculated using FDR-corrected two-sided pairwise t-tests.
505 FDR-corrections were performed using the Benjamini-Hochberg correction procedure. Statistical
506 significance was set at g-value<0.05. Statistical analysis and plotting were performed using

507  GraphPad Prism v9.3.1.

508

509 Code availability

510 Somatic mutations in whole-genome sequencing data were identified using our ensemble variant
511  calling pipeline, which is freely available under the permissive 2-clause BSD license at:

512  https://github.com/AlexandrovLab/EnsembleVariantCallingPipeline. All other computational tools

513  utilized in this publication have been mentioned in the methodology section and can be access

514  through their respective publications.

515

516 Data availability: All whole-genome sequencing data have been deposited to Sequence Read
517  Archive (SRA). The sequencing data for N/TERT1 cells can be downloaded using accession
518  number: PRINA909329 and for SKH-1 mice data with accession number: PRINA91094. All data
519 and metadata for the previously generated whole-genome sequenced melanoma cancers were

520 obtained from the official PCAWG release (htips://dcc.icgc.org/releases/PCAWG). Where

521 appropriate, source data are provided for the figures in the paper

522
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