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Abstract  

Non-melanoma skin cancer (NMSC) is mainly caused by ultraviolet (UV)-induced 

somatic mutations and is characterized by UV signature modifications. Xeroderma 

pigmentosum group A (Xpa) knockout mice exhibit extreme UV-induced photo-skin 

carcinogenesis, along with a photosensitive phenotype. We performed whole-exome 

sequencing (WES) of squamous cell carcinoma (SCC) samples after repetitive 

ultraviolet B (UVB) exposure to investigate the differences in the landscape of somatic 

mutations between Xpa knockout and wild-type mice. Although the tumors that 

developed in mice harbored UV signature mutations in a similar set of cancer-related 

genes, the pattern of transcriptional strand asymmetry was largely different; UV 

signature mutations in Xpa knockout and wild-type mice preferentially occurred in 

transcribed and non-transcribed strands, respectively, reflecting a deficiency in 

transcription-coupled nucleotide excision repair in Xpa knockout mice. Serial time point 

analyses of WES for a tumor induced by only a single UVB exposure showed 

pathogenic mutations in Kras, Fat1, and Kmt2c, which may be driver genes for the 

initiation and promotion of SCC in Xpa knockout mice. Furthermore, the inhibitory 

effects on tumor production in Xpa knockout mice by the anti-inflammatory CXCL1 

monoclonal antibody affected the pattern of somatic mutations, wherein the 
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transcriptional strand asymmetry was attenuated and the activated signal transduction 

was shifted from the RAS/RAF/MAPK to the PIK3CA pathway. 

 

Keywords: skin carcinogenesis, UVB, Xpa deficient mice, whole genome sequencing, 

transcribed strand 
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1 INTRODUCTION  

Non-melanoma skin cancer (NMSC) and melanoma are caused mostly by somatic 

mutations stemming from ultraviolet (UV)-induced cyclobutane pyrimidine dimer (CPD) 

formation and pyrimidine (6-4) photoproducts (6-4 PPs), which are UV-specific DNA 

damage and are pivotal events in UV-induced skin cancer 1,2. UV-induced human skin 

carcinogenesis is considered a multi-stepwise mechanism, that is, initiation, promotion, 

and progression, similar to that of chemical carcinogen-induced mouse papilloma and 

cancers 3,4. The tumor suppressor gene (TSG) TRP53 and oncogene RAS are well known 

as key genes involved in UV-induced skin carcinogenesis 5-7. Recently, somatic mutations 

in NOTCH1 (Notch1) and NOTCH2 (Notch2) have been frequently observed in cutaneous 

squamous cell carcinoma (SCC) in humans and mice as a TSG 8,9, and they occur even in 

normal skin, suggesting that alterations in these genes are driver mutations in the very 

early stages of the development of human NMSC 10.  

UV-induced CPDs and 6-4 PPs as dipyrimidine photoproducts, essentially deaminated 

cytosine-containing dimeric lesions, are highly mutation-prone DNA lesions if not 

repaired by the nucleotide excision repair (NER) system. One of the most distinctive 

NER-defective human phenotypes is xeroderma pigmentosum complementation group A 

(XP-A), which is a rare autosomal recessive hereditary disease characterized by more 
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than 10,000-fold and 2,000-fold increased risk of NMSC and melanoma, respectively 11, 

and) Model mice (Xpa knockout mice) have been widely utilized for studies on the 

mechanism of NMSC development 12. Another important UV-induced DNA damage 

involved in skin cancer development is reactive oxygen species (ROS)-induced DNA 

modification. 7,8-dihydro-8-oxoguaanine (8-oxoG) is a major DNA damage induced by 

ROS and can cause G:C>T:A transversion 13. 8-oxoG of DNA in the epidermis is also 

induced by UV irradiation. Deficiencies in the repair enzyme for 8-oxoG can lead to a 

more carcinogenic phenotype in mice 14,15. Skin carcinogenesis is also pronounced in Xpa 

knockout mice, where presumably more ROS retention is observed after exposure to 

UVB (wavelength:280–315 nm) exposure 16. However, the landscape of somatic 

mutations that drive such extreme phenotypes has not been fully studied in vivo and in 

vitro.  

Recently, we reported that UVB-induced inflammatory responses, as well as the 

formation of CPD, also play an important role in the highly photo-skin carcinogenic 

phenotype in Xpa knockout mice, where the inhibition of CXCL1, a neutrophil attractant 

chemokine and a suggestive inflammation marker by UVB, using CXCL1 monoclonal 

neutralizing antibody (CXCL1-Ab), suppressed the yield of NMSC in Xpa knockout mice 

16. However, it remains to be clarified whether CXCL1-Ab affects the pattern of somatic 
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mutations in oncogenes or TSGs upon UVB exposure in the mouse skin. In this study, we 

analyzed NMSC of Xpa knockout and wild-type mice with repetitive UVB exposure 

using whole exome sequencing (WES) to detect distinct somatic mutation characteristics 

among wild-type, Xpa knockout, and CXCL1-Ab-administered Xpa knockout mice.  

 

2 MATERIALS AND METHODS 

2.1 UVB sources, mice, and skin tumor preparation 

We used UVB sources installed with a bank of five TL 20W/12RS fluorescent lamps 

(Philips, Eindhoven, Holland) in our previous study 17. The mice were irradiated with 

UVB lamps 40 cm away from the light source. We prepared Xpa knockout mice with 

CBA 12, C57BL/6, and CD-1 chimeric backgrounds backcrossed with hairless albino mice 

from the BALB/cA Kud-h inbred strain. All animal experiments were conducted in 

accordance with the guidelines for animal experimentation at Kobe University School of 

Medicine. Fourteen hairless wild-type mice aged 12–15 weeks were exposed to 1.8 kJ/m2 

UVB twice a week for 25 weeks. The hairless Xpa knockout mice were irradiated with 

0.5 kJ/m2 UVB twice a week for 10 weeks, followed by observation of skin tumor 

development for another 15 weeks 16. A solution of CXCL1-Ab (R&D Systems, 

Minneapolis, MN) diluted to 0.5 µg/µL with phosphate-buffered saline was prepared and 
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administered intraperitoneally (5 μg-CXCL1-Ab/mouse) to nine hairless Xpa knockout 

mice immediately after and 24 hours after 0.5 kJ/m2 UVB irradiation, similar to the 

protocol for the UVB irradiation only group (Figure 1A).  

Skin tumors > 2 mm in diameter were counted. The tumors or skin were dissected 

under isoflurane inhalation and subjected to RNAlater stabilization solution (Thermo 

Fisher Scientific, Carlsbad, MA). Samples were incubated in 0.5 M ammonium 

thiocyanate (Wako, Osaka, Japan) in phosphate-buffered saline at room temperature for 

60 min, and the epidermis of each normal-appearing skin sample was detached from the 

dermis 18. The isolated epidermis or tumors were homogenized using a polytron 

homogenizer (KINEMATICA, Luzernerstrasse, Switzerland) and processed for 

DNA/RNA isolation using a QIAshredder and AllPrep DNA/RNA Micro Kit (Qiagen, 

Hilden, Germany). All procedures were approved by the review boards of the Institute for 

Experimental Animals (approval number: P191014) and the Committee on Genetically 

Modified Organisms (approval number:2019-R-02) of the Kobe University Graduate 

School of Medicine. 

 

2.2 Whole exome sequencing 

Single-nucleotide variants (SNVs) and short insertions and deletions (indels) were 
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identified in each pair of UVB-induced mouse skin tumors and matched skin samples 

that were collected from the same mouse before UVB exposure. For each sample, 200 

ng of DNA was fragmented using NEBNext dsDNA Fragmentase (New England 

Biolabs, Ipswich, MA, USA). Sequencing libraries were constructed using the 

NEBNext Ultra II DNA Library Prep Kit for Illumina (New England BioLabs). 

Libraries were hybridized to probes of SeqCap EZ Mouse Exome Design (Roche 

Diagnostics, Basel, Switzerland). The quantity and size distribution of the captured 

libraries were assessed using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific) and a 

Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA), respectively. The libraries 

were sequenced using the Illumina HiSeq 2500 platform with a 2×150-bp paired-end 

module (Illumina). Bioinformatic analyses for the preprocessing of the sequence data, 

detection of somatic mutations, and functional annotations of the identified mutations 

were implemented based on our previous studies 19-21 and are described in the 

Supplementary Materials and Methods. We explored mutational signatures 

characterizing the mutational processes operative in UVB-induced mouse skin tumors 

by fitting the spectrum of somatic single nucleotide substitutions to the Catalogue of 

Somatic Mutations in Cancer (COSMIC) mutation signatures 22 (see Supplementary 

Materials and Methods). Transcriptional strand biases of single-base substitutions and 
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doublet base substitutions were evaluated as described in Supplementary Materials and 

Methods. 

 

2.3 Immunohistochemistry 

Tumor and mouse skin specimens were collected at certain time points, fixed in 10% 

neutralized formalin, and embedded in paraffin. Hematoxylin and eosin staining was 

performed for histopathological diagnosis of the specimens. Immunohistochemical 

analyses using polyclonal antibodies against Trp53 protein (CM5) (Vector Laboratories, 

Burlingame, CA), Ras (G12D Mutant) (GeneTex, Irvine, CA), PIK3CA (Bioss, Boston, 

MA), and mTOR (Invitrogen, Waltham, MA) were performed according to previously 

described protocol 23. All the specimens were observed and photographed using a BZ-

X710 microscope (Keyence, Osaka, Japan). Ten images were randomly chosen from 

each sample slide, and the total area of cells positive for PIK3CA and mTOR was 

quantitatively evaluated using a hybrid cell count application (BZ-H4C; Keyence) in the 

BZ-X Analyzer software (BZ-H4A).  

 

2.4 Statistics 

The significance of the differences in skin tumor yields between groups and semi-
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quantification of positive cells in immunohistochemical analysis was determined using 

Student’s t-test. Statistical significance was set at P < 0.05. 

 

 

3 RESULTS 

3.1 Development of UVB-induced mice skin tumors 

Xpa knockout mice have been known to have a highly photo skin carcinogenic phenotype, 

in which the protocol of UVB-induced skin tumors with less frequent exposure and less 

dose of irradiation (0.5 kJ/cm2) would be enough for inducing skin tumors (Figure 1A). 

The yield of tumors in Xpa knockout mice was much faster than that in wild-type mice, 

even with small-scale irradiation (Figure 1B, C). Furthermore, we examined an additional 

group of developed tumors in Xpa knockout mice that were administered CXCL1-Ab 

under the exact same exposure protocol for Xpa knockout mice. Administration of 

CXCL1-Ab reduced and delayed skin tumor development compared with the UVB 

exposure-only group of Xpa knockout mice. These results are consistent with those of our 

previous study (Figure 1B, C) 16.  

 

3.2 Mutational signatures of UVB-induced mice skin tumors 
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We performed WES for the developed tumors at 18 and 25 weeks, as well as for matched 

skin samples before UVB irradiation in all groups (Figure 1A). The mean average 

sequencing depth and coverage of ≥20 reads for the target regions were 109.0 and 95.1%, 

respectively. We classified the somatic SNVs into 96 mutation classes consisting of six 

pyrimidine substitutions (C>T, C>A, C>G, T>C, T>G, and T>A) in combination with 

flanking 5’ and 3’ bases (Figure 1D). The mutation spectrum showed that UV signature 

mutations, defined as C>T substitutions at dipyrimidine sites (CC, CT, and TC), 

accounted for the majority of the somatic SNVs in all groups, tumors of wild-type (25 

weeks), Xpa knockout mice (18 and 25 weeks), and CXCL1-Ab administered Xpa 

knockout mice (25 weeks) (Figure 1D). Mutational signatures characterizing the 

mutational processes operate in each of the four groups of skin tumors, where the 

spectrum of somatic SNVs was fitted to the COSMIC single base substitution (SBS) 

signatures (https://cancer.sanger.ac.uk/signatures/sbs/) 22. SBS2 (APOBEC family of 

cytidine deaminases), SBS7 (UV exposure), and SBS19 (NER-related DNA damage-

induced mutation) were overrepresented in all four groups. In contrast, SBS11 (alkylating 

agent temozolomide as a mutagen) and SBS17a (unknown etiology) were significant, 

specifically in Xpa knockout and wild-type mice, respectively (Figure 1E).  

 

https://cancer.sanger.ac.uk/signatures/sbs/
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3.3 Transcriptional strand asymmetry of somatic mutations 

Somatic mutations within transcribed genome regions possibly show transcriptional 

strand asymmetry, reflecting transcription-associated DNA damage and transcription-

coupled DNA repair 22. We examined the transcriptional strand asymmetry of somatic 

mutations, including SBS (C>T) and double base substitutions (DBS) (CC>TT), between 

transcribed and non-transcribed strands. While somatic mutations in the tumors of wild-

type mice occurred preferentially in the non-transcribed strand, Xpa knockout mice 

showed preferential mutations in the transcribed strand (Figure 1F), reflecting a 

deficiency in transcription-coupled nucleotide excision repair in Xpa knockout mice. 

Remarkably, somatic mutations in the tumors of Xpa knockout mice with CXCL1-Ab 

occurred preferentially in the transcribed strand, but the extent of strand bias was 

attenuated compared to Xpa knockout mice without CXCL1-Ab (Figure 1F). 

 

3.4 Somatic mutations of oncogenes and TSGs in UVB-induced skin tumors 

We sought mutations of oncogenes and TSGs that have been reported to be frequently 

mutated and play pivotal roles in NMCS, as well as in SCC of other organs 10,24,25. We 

identified somatic mutations in several oncogenes such as Kras, Hras, and Pik3ca. Many 

mutations have been detected in TSGs, such as Notch1, Trp53, Fat1, Nf1, and Smad4. 
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Notably, mutations in caretaker genes such as Fanca, Msh6, Xrcc4, and Xrcc5 were 

detected specifically in Xpa knockout mice (Figure 2A, S1, and Table S1). 

 Somatic mutations in oncogenes, such as Kras and Hras, TSGs, such as Notch1, Fat2, 

Trp53, and other key genes for developing NMSC occurred preferentially in the 

transcribed and non-transcribed strands in Xpa knockout and wild-type mice, respectively 

(Figure 2B). The bias toward mutations in the non-transcribed strand of Trp53 in the 

tumors of wild-type mice is consistent with previous results 26,27. Likewise, the bias of the 

transcribed strand of Trp53 in the NMSC of Xpa knockout mice has been reported 28-31. 

Moreover, G:C>T:A transversions, presumably induced by 8-oxoG, occurred 

predominantly in the non-transcribed strand of Kras, Hras, and Fat1 in the tumors of Xpa 

knockout mice (Figure 2B). Amino acid substitutions of Kras and Hras were concentrated 

at codons 12 and 13, called hot spots, and somatic mutations of Trp53 were localized to 

the DNA-binding domain. In contrast, somatic mutations in Kmt2c, Kmt2d, and Fat1 were 

evenly distributed across these genes (Figure 2C) 24.  

 

3.5 Analysis of NMSC developed with single-shot UVB irradiation 

It has been experienced that tumor development can be initiated by only a single shot of 

UVB exposure in Xpa knockout mice, although it rarely occurs in wild-type hairless mice 
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32. We characterized the genomes of the tumors that developed using a single shot of UVB. 

After one-time irradiation with 0.5 kJ/m2 UVB on a Xpa knockout mouse and the 

subsequent observation, half of the developed tumor was biopsied for WES and the other 

half was left to grow at 13 and 18 weeks. Finally, the entire tumor was excised after 25 

weeks (Figure. 3A). Tumors at 13, 18, and 25 weeks were histologically diagnosed as 

SCC (data not shown). Furthermore, the mutation spectrum, extracted mutational 

signatures, and transcriptional strand asymmetry in SBS and DBS of all tumor samples 

across time points showed similar patterns to the tumors developed by chronic UVB 

exposure in Xpa knockout mice (Figure 3B, 3C, and 3D). Identical UV signature 

mutations of Kras, Fat1, and Kmt2c were detected at every time point. No additional 

mutations in cancer-related genes accumulated at later time points (Figure 3E). These 

results suggest that the three mutations induced by only a single shot of UVB irradiation 

were sufficient drivers for the initiation, promotion, and progression of NMSC in Xpa 

knockout mouse. 

 

3.6 Effects of CXCL1-Ab on tumors in Xpa knockout mice 

In Xpa knockout mice administered with CXCL1-Ab, no substitutions in Kras or Hras 

were observed. In contrast, a UV signature mutation of Pik3ca was detected (Figure. 2A, 
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Table S1). Although Ras/Raf/MAPK signaling was not activated by oncogenic mutations, 

other cell proliferation signaling pathways such as the PI3K/mTOR pathway might be 

activated in the tumors of CXCL1-Ab-administrated Xpa knockout mice. 

Immunohistochemical analysis also showed that PIK3CA and mTOR expression was 

relatively higher in the tumors of CXCL1-Ab-administered Xpa knockout mice than in 

Xpa knockout mice treated with UVB irradiation only (Figure 4A, 4B, and 4C). 

 

4 DISCUSSION 

In this study, we examined the genomes of Xpa knockout and wild-type mice. Most 

of the identified mutated oncogenes, such as Hras and Kras, and TSGs, such as Apc, Dcc, 

Fat1, Kmt2c, Nf1, Notch1, Pten, Smad4, and Trp53, are shared with those of other types 

of human cancers. Although the mutated cancer-related genes were not significantly 

different between Xpa knockout and wild-type mice, the pattern of transcriptional strand 

asymmetry was remarkably different, in which UV signature mutations in Xpa knockout 

and wild-type mice preferentially occurred in transcribed and non-transcribed strands, 

respectively. In addition, WES analysis of the exact same tumor of a Xpa knockout mouse 

with “a single shot of UVB” at different time points showed that mutations in Kras, Fat1, 

and Kmt2c with exact amino acid changes were consistently detected, suggesting that 
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these genes are critical for initiating steps. Together, Kras/Fat1/Kmt2c mutation 

concomitant with other oncogenes or TSGs mutating preferentially at the “transcribed 

strand” would be enough for the initiation as well as progression of tumors of the Xpa 

knockout genotype and be no longer indispensable for Trp53 mutation, which is one of 

most critical genes for the promotion of skin tumors in wild-type mice 33.  

One of the most important findings of this study is the differential transcriptional strand 

asymmetry of somatic mutations in Xpa knockout and wild-type mice. It is evident that 

transcription-coupled repair of exogenous DNA damage, such as UV irradiation, leads to 

a reduction in somatic mutations on the transcribed strand compared to the non-

transcribed strand 10,27,34. This is consistent with our results, in which C>T and CC>TT 

mutations were more frequent on the non-transcribed strand in tumors of wild-type mice. 

In sharp contrast, somatic mutations in tumors of Xpa knockout mice were more frequent 

on the transcribed strand. Although the bias of the transcribed strand in the NMSC of Xpa 

knockout mice has been reported only in Trp53 28-31, this study is the first to show that the 

genome-wide strand bias of somatic mutations in NMSC has been identified. These 

transcriptional strand asymmetries were observed not only in oncogenes or TSGs but also 

at the genome-wide level. Since XPA repairs pyrimidine dimers with a transcribed 

coupled NER (TC-NER) system, the deficiency in TC-NER in Xpa knockout mice may 
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be attributed to the increased number of UV-induced mutations on the transcribed strand. 

At the same time, the global genome NER (GG-NER), another NER system involved in 

the repair of non-transcribed and transcribed strands, is also disrupted in Xpa knockout 

mice. It should be noted that cells deficient in TC-NER are more sensitive to apoptosis 

and prone to cell death than cells deficient in GG-NER, which is consistent with the 

phenotype of Cockayne syndrome, which is caused by a deficiency in TC-NER but not 

in GG-NER and is characterized by rarely developed skin cancers 35,36. Our WES could 

not evaluate the effect of GG-NER deficiency in Xpa knockout mice. Whole-genome 

sequencing may be useful for assessing the effects of GG-NER deficiency on the patterns 

of somatic mutations outside of the transcribed genome regions. Further studies are 

required to elucidate the mechanisms by which the mutation spectrum and transcriptional 

strand asymmetry are shaped in the genomes of Xpa knockout and wild-type mice.   

Although XP-A is known for its severe neurodegenerative symptoms and Xpa-knockout 

mice show a much milder phenotype than humans with XP-A, most of the associated 

mechanisms have not been elucidated 37,38. The analysis of somatic SNVs in the prefrontal 

cortex and hippocampus by single-cell whole-genome sequencing showed a significantly 

greater number of mutations in XP-A individuals than unaffected individuals, with ROS 

modification mutations specifically detected 39. Future studies focusing on somatic 
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mutations and epigenetic modifications in neurons of Xpa-knockout mice may provide 

valuable clues for the elucidation of the mechanism of neurodegeneration in XP-A. 

From a therapeutic perspective, the strategy targeted at mutated gene products that are 

involved in the initial steps of multistep skin carcinogenesis may be reasonable. Such a 

strategy would be effective before tumors attain intratumoral heterogeneity by acquiring 

additional mutations and become resistant to treatment 40. Our data demonstrated that i) 

Kras and Hras were mutated in most of the Xpa knockout mice in a mutually exclusive 

manner, and ii) KRAS mutation was involved in the initial step of photo skin 

carcinogenesis, as shown by the experiment with a single UVB exposure. 

An inflammatory reaction by UVB exposure in the skin plays a role in the 

development of skin cancers through the formation of UVB-induced 8-oxoG and 

subsequent neutrophil infiltration with upregulation of a number of chemokines 23, in 

which the yield of UVB-induced skin tumors could be suppressed by the administration 

of the CXCL1 antibody, a neutrophil-taxis chemokine 16. Notably, we showed that 

mutations in Kras and Hras were not identified in the Xpa knockout group administered 

CXCL1-Ab. Since tumor-promoting inflammation plays a critical role in KRAS-driven 

carcinogenesis 41, UVB-induced inflammation and oncogenic Kras and Hras mutations 

are involved in skin carcinogenesis. It is possible that CXCL1-neutralizing antibody 
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suppresses Kras- and Hras-driven carcinogenesis by altering the immune 

microenvironment. Tumors in the Xpa knockout UVB plus CXCL1-Ab group harbored 

Pik3ca mutations instead of Kras and Hras mutations. The RAS-RAF-MEK-ERK-

MAPK (RAS-MAPK) pathway can mutually and dependently or independently interact 

with the PI3K pathway, such as in endometrial, colon, and prostate cancer 20,42,43. Our 

data showed the tendency of upregulation of some downstream proteins of PIK3CA 

signaling, implying that CXCL1-Ab treatment might drift from the RAS-MAPK to the 

PIK3CA pathway 44,45, which would have less potent effects on skin tumor production. 

The exact mechanism by which CXCL1-Ab affects signal transduction, including the 

shift from transcribed to non-transcribed prone mutation patterns, remains to be 

elucidated. However, this study showed that the anti-inflammatory reactions of the skin 

actually affect genome changes after UVB irradiation, especially the inflammatory 

reaction-sensitive phenotype in the xeroderma pigmentosum complementation groups. 

Several roles of ROS have been reported 46 and, as CXCL1 is a neutrophil migration 

factor, free radicals induced by neutrophils may interact with various cellular components 

in the tumor microenvironment and promote mutagenesis. 
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FIGURE LEGENDS 

FIGURE 1. UVB irradiation induced skin tumors’ formation and mutation burden in Xpa 

knockout mice 

(A) A study design of UVB irradiation and sample collection for skin and skin tumors. 

The wild-type mice (n=14) have been irradiated at 1.8 kJ/m2 UVB for 25 weeks, whereas 

Xpa knockout mice (n=16) have been irradiated at 0.5 kJ/m2 UVB for 10 weeks, followed 

by the observation for 15 weeks and the same for Xpa knockout mice (n=9) administrated 

with CXCL1-Ab. The numbers (N) correspond to the number of each tumor sample 
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analyzed by whole exome sequencing (WES). Arrowheads indicate the time points of 

collections of normal-appearing skin for histological evaluation. (B) The average number 

of skin tumors are shown. The statistical difference between the average number of skin 

tumors of Xpa knockout mice and CXCL1-Ab-administered Xpa knockout mice at 25 

weeks was indicated. Error bars represent mean ±SD. (C) The tumor induction rate (%) 

in wild-type, Xpa knockout, and CXCL1-Ab-administered Xpa knockout mice are shown.  

(D) The mutation spectrum of each group of mice with whole genome sequencing 

analysis. The proportion of somatic SNVs of single base substitutions (SBSs); C>A, C>G, 

C>T, T>A, T>C, T>G along with the adjacent 5’ and 3’ bases are shown, e.g. C>A has 

16-pattern corresponding adjacent bases (gray lined order). (E) Bar chart representing the 

results of the Bayesian inference by using sigfit to determine the contribution of the 

COSMIC mutational signatures to somatic SNVs. The lower and upper limits of the 90% 

highest posterior density interval for each signature exposure are shown. (F) The strand 

bias (transcribed strand, blue bar; non-transcribed strand, red bar) of mutation along with 

dinucleotide base substitutions (DBSs) featuring UV signature mutation corresponding 

mutation spectrum of each group of mice are shown.  

 

FIGURE 2. Overview of somatic mutated oncogenes and tumor suppressor genes in 
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UVB-induced skin tumors 

(A) Summary of mutant allele frequency (MAF) for each mutated oncogenes and tumor 

suppressor genes listed in Table S1. The color differentiates the type of mutation: 

missense, nonsense and others. The density of color indicates the MAF in each gene and 

are divided into colored column if there are more than two mutations in the same gene. 

The asterisk indicates the mutation at dinucleotides base substitutions. (B) The tendency 

of gene mutation in the transcribed or non-transcribed strand of each oncogene and tumor 

suppressor genes are shown as (A). The UV signature mutation composed of C>T 

substitutions at dipyrimidine sites (CC, CT, and TC) are represented in the T strand as a 

yellow box and the NT strand as an orange box, respectively. The reactive oxygen species 

(ROS) modification mutations are G>T substitutions represented with a green 

(transcribed strand) and a light gray box (non-transcribed strand), respectively. Other base 

substitution patterns are shown in a purple box. The asterisk indicates the mutation at 

dinucleotides base substitutions. (C) The loci of amino acid changes in the domain of 

some extracted protein structure. Each circle, triangle, and square indicates UV signature 

mutations depending on the mutated transcribed or non-transcribed strand and non-UV 

signature mutations, respectively, and the colors of the symbols correspond to each 

sample group. 
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FIGURE 3. Analysis of skin tumor developed with one-time UVB irradiation 

(A) A study design of UVB irradiation and sample collection of skin tumors of a Xpa 

knockout mouse (n=1), exposed to single 0.5 kJ/m2 UVB irradiation followed by 

observation for 25 weeks. In 13, 18 and 25 weeks, half of the tumors are biopsied for 

WES and the other half are left to grow and for observation. (B) The mutation spectrum 

of three tumors consisting of all time points. (C) Bar chart representing the results of the 

Bayesian inference using sigfit to determine the contribution of the COSMIC mutational 

signatures to somatic SNVs. The lower and upper limits of the 90% highest posterior 

density interval for each signature exposure are shown. (D) The strand bias (transcribed 

strand, blue bar; non-transcribed strand, red bar) of mutation along with dinucleotide base 

substitutions corresponding to the mutation spectrum of the three tumor samples are 

shown. (E) Detection of filtered mutated genes in developed skin tumors at all time points. 

The mutant allele frequencies (MAFs) of Kras, Fat1, and Kmt2c at each time point are 

shown. The color differentiates the type of mutation: missense and nonsense. The density 

of color indicates the MAF each gene with details on amino acid change, base substitution, 

adjacent sequences, and strand of UV signature mutation are shown.  
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FIFURE 4. Histological analysis of UVB-induced skin tumors treated with CXCL1 

antibody in Xpa knockout mice  

(A) Immunohistochemical analysis using polyclonal antibodies against PIK3CA and 

mTOR along with hematoxylin and eosin (H&E) staining was performed on tumor 

samples from Xpa knockout and Xpa knockout plus CXCL1-Ab mice. Number # 

represents the mouse ID. Scale bar = 100 µm. Each inset photograph shows the positive 

features of each section. (B, C) Semi-quantification of tumor cells positive for PIK3CA 

and mTOR polyclonal antibodies by computing the cell counts. Statistically significant 

differences between the Xpa knockout and Xpa knockout plus CXCL1-Ab groups are 

shown. *P < 0.05; **P < 0.01. Error bars represent mean ±SD. 
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