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ABSTRACT

The E3 ubiquitin ligase Rad18 promotes a damage-
tolerant and error-prone mode of DNA replication
termed trans-lesion synthesis that is pathologically
activated in cancer. However, the impact of verte-
brate Rad18 on cancer genomes is not known. To de-
termine how Rad18 affects mutagenesis in vivo, we
have developed and implemented a novel computa-
tional pipeline to analyze genomes of carcinogen (7,
12-Dimethylbenz[a]anthracene, DMBA)-induced skin
tumors from Rad18*/* and Rad18-/~ mice. We show
that Rad18 mediates specific mutational signatures
characterized by high levels of A(T)>T(A) single nu-
cleotide variations (SNVs). In Rad18-/- tumors, an al-
ternative mutation pattern arises, which is character-
ized by increased numbers of deletions >4 bp. Com-
parison with annotated human mutational signatures
shows that COSMIC signature 22 predominates in
Rad18*/* tumors whereas Rad18~/~ tumors are char-
acterized by increased contribution of COSMIC sig-
nature 3 (a hallmark of BRCA-mutant tumors). Anal-
ysis of The Cancer Genome Atlas shows that RAD18
expression is strongly associated with high SNV bur-

dens, suggesting RAD18 also promotes mutagene-
sis in human cancers. Taken together, our results
show Rad18 promotes mutagenesis in vivo, modu-
lates DNA repair pathway choice in neoplastic cells,
and mediates specific mutational signatures that are
present in human tumors.

INTRODUCTION

Genetic instability is a hallmark and enabling character-
istic of cancer cells (1,2). During multi-step tumorigen-
esis mutations in key growth-regulatory genes (including
oncogenes and tumor suppressors) allow cells to overcome
normal barriers to proliferation, adapt to their environ-
ments, progress to malignancy and resist therapy. Because
genetic change promotes tumorigenesis and enables cancers
to adapt to therapy there is great interest in defining the
molecular mechanisms of mutagenesis. Understanding mu-
tagenic mechanisms employed by neoplastic cells may re-
veal new molecular vulnerabilities and provide new oppor-
tunities for preventing and treating cancer.

Cancer genome sequencing endeavors have cataloged the
mutations that occur in thousands of human cancers. Nik-
Zainal et al. applied mathematical models to extract five
distinct ‘mutational signatures’ from 21 different human
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breast cancers (3). Those workers annotated mutational
patterns based upon the frequencies of 96 different context-
dependent single nucleotide variations (SNVs), each one
occurring in a unique trinucleotide sequence context (with
one nucleotide flanking both 5" and 3’ positions of the mu-
tated nucleotide). A study of ~4.9 million mutations from
7042 different human cancers revealed over 20 distinct mu-
tational patterns (4). Additional mutational signatures have
been identified and curated in the ‘Catalogue Of Somatic
Mutations In Cancer’ (COSMIC) v2 database which cur-
rently describes 30 distinct mutation signatures (5). The mu-
tational signature has become a valuable tool for classify-
ing mutations and for quantifying their contribution to the
overall mutational spectra in cancer samples from humans
(6-8) and mice (6,9).

Mutagenesis results from error-prone replication or re-
pair of damaged DNA. Genotoxic exposures (from envi-
ronmental, metabolic and pharmaceutical sources) can in-
duce diverse mutagenic DNA lesions. A major challenge in
cancer biology is to identify the DNA lesions and genome
maintenance processes that generate the known mutational
signatures documented in the COSMIC database. To defini-
tively identify cancer-relevant mutagenic processes it is nec-
essary to experimentally model defects in candidate DNA
repair pathways and test whether these recapitulate muta-
tional patterns observed in human cancer.

Trans-lesion synthesis (TLS) is an attractive candidate
mechanism for mutagenesis in cancer. TLS is a DNA
damage-tolerant and error-prone (mutagenic) form of
DNA synthesis that employs the specialized Y-family DNA
polymerases DNA Polymerase Eta (Poln), DNA Poly-
merase Kappa (Polk), DNA Polymerase Iota (Pol) and
REVI (10). In contrast with the high-fidelity DNA poly-
merases Epsilon and Delta (Pole and Pold) that replicate
the bulk of the genome each cell cycle, Y-family DNA poly-
merases have very low fidelity and processivity on undam-
aged DNA templates. However, the Y-family DNA poly-
merases can replicate damaged DNA templates with rel-
ative accuracy. Moreover, each Y family TLS polymerase
preferentially replicates DNA templates harboring specific
cognate DNA lesions. Collectively the Y-family TLS poly-
merases allow cells to replicate genomes harboring diverse
DNA lesions and confer resistance to a wide variety of
genotoxic exposures (11). However, failure to select the
most appropriate Y-family DNA polymerases for TLS of
their preferred cognate lesions can lead to error-prone TLS
and mutagenesis. For example, individuals with xeroderma
pigmentosum variant (XPV, a sunlight-sensitivity and can-
cer propensity) lack functional Poln (12,13). Consequently
compensatory and error-prone TLS of CPD by alterna-
tive Y-family DNA Polymerases (specifically Polk and Polv)
leads to hypermutability of ultraviolet (UV)-irradiated XPV
cells thereby explaining the sunlight-induced skin cancer-
susceptibility of XPV individuals (14,15).

Owing to their error-propensity on undamaged DNA
and non-cognate DNA lesions, Y-family DNA polymerases
must be stringently regulated to limit mutagenesis. Accord-
ingly, there has been great interest in elucidating the mecha-
nisms of TLS polymerase activation and selection. Recruit-
ment of Y-family TLS polymerases to damaged DNA is
promoted by the E3 ubiquitin ligase RAD18 which mono-

ubiquitinates Lysine 164 of PCNA (a DNA polymerase
processivity factor) at stalled replication forks (16-18).
RAD18-deficient cells are compromised for PCNA mono-
ubiquitination and often fail to activate TLS or to sus-
tain damage-tolerant DNA synthesis following genotoxic
injury. Persistent S-phase arrest and aberrant accumula-
tion of single-stranded DNA (ssDNA) and DNA double-
stranded breaks (DSB) following genotoxic injury are hall-
marks of many RAD18- and TLS-deficient cells (17,19).

While RADI18 and TLS polymerases provide a potential
mechanism for both DNA damage tolerance and mutagene-
sis in cancer, with the possible exception of sunlight-induced
skin cancers in XPV patients, there is no direct evidence
that the RAD18/TLS pathway shapes cancer genomes. In
fact, although regulation of TLS polymerases by RADIS
has been studied extensively in tissue culture models, the
impact of RADI18 on mutagenesis is unclear. For example,
in different published studies RADI18 is reported to both
stimulate and inhibit mutagenesis of ectopically-transfected
plasmid DNAs (20-22) and the extent to which RADI18
impacts DNA replication fidelity in a natural chromoso-
mal setting has never been studied. Moreover, there is con-
siderable debate on whether RADI18 is even required for
TLS. Many investigators have reported that Y-family DNA
polymerases are activated independently of RADIS and
of mono-ubiquitinated PCNA in a variety of experimen-
tal settings including yeast (23,24), human cells and cell ex-
tracts (25-27), mouse embryonic fibroblasts (MEFs) (28,29)
mouse pre-B cells (30) and chicken DT40 cells (31). Thus,
the extent to which RADI18 affects mutagenesis remains
controversial.

Increasingly it is appreciated that there are links between
RADIS8 and cancer. For example, RADI8 is pathologi-
cally overexpressed in many cancers (20,32) and RAD18-
mediated TLS allows cells to withstand oncogene-induced
DNA replication stress and DNA damage (33,34). Elevated
RADIS expression can promote PCNA ubiquitination and
recruitment of Y-family polymerases to replication forks
even in the absence of DNA damage (17). Therefore, the
selective pressure for oncogene-expressing neoplastic cells
to sustain high-level RAD18 expression and activity could
provide a mechanism for error-prone replication and muta-
bility in cancer.

Given recent findings that RAD18 is pathologically ele-
vated in cancers and that TLS is required for tolerance of
oncogenic stresses and cancer cell fitness (32,34), it is im-
portant to determine the impact of RAD18 on mutagenesis
in cancer. Here we sought to resolve the debate regarding
role of RADI18 in mutagenesis. To unambiguously test the
contribution of RADI8 to mutagenesis in a physiological
setting we have performed whole exome sequencing (WES)
and compared genomes of tumors generated in Radl8*/*
and Radl8~/~ mice. To analyze mouse WES data, we de-
veloped a new and rigorous bioinformatics pipeline. Using
state-of-the-art computational tools, we have empirically
determined the impact of Radl$ on different genetic alter-
ations including SN'Vs and insertions/deletions (INDELSs).
Moreover, we have compared mutational patterns in mouse
genomes with annotated human mutational signatures cat-
alogued in the COSMIC database. Thus, our work defines
for the first time how Radl8 impacts the cancer genome and



determines the relative levels of different mutational signa-
tures that are present in human cancer. In addition to ad-
vancing our knowledge of the RAD18 pathway and its im-
pact on mutagenesis and carcinogenesis, our study validates
the use of a new computational pipeline for analyzing WES
data and interrogating mechanisms of genome maintenance
in vivo.

The computational pipeline and tools we developed here
are generally applicable to any tumorigenesis study with
other genetically-modified mice (and other carcinogenic
drivers): application of our methodologies will enable other
investigators to analyze mouse tumor genomes and com-
pare mutational events observed with human mutational
signatures in the COSMIC database. Clearly such studies
will be necessary if are to address an important knowledge
gap and definitively identify the underlying mechanisms of
the COSMIC signatures whose molecular etiologies are not
yet known.

MATERIALS AND METHODS
Mice and breeding

Mice were maintained with a standard diet in a pathogen-
free environment. Rad18~/~ mice were described previously
(35,36) and were back-crossed to C57BL/6J (Charles River
Laboratories) to prevent genetic drift.

Genotoxin administration

7,12-Dimethylbenz[alanthracene (DMBA, ACROS Organ-
ics™) was dissolved in olive oil to [6.66 mg/ml]. Mice were
orally-gavaged with DMBA solution (versus olive oil con-
trol) to 50mg/kg as described previously (36).

Cells and culture

Radl8*'* and Radl8~/~ MEFs were obtained from day
13 embryos and cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, streptomycin
sulfate (100 pwg/ml) and penicillin (100 units/ml) as previ-
ously described (17). MEF were trypsinized and re-plated
at a density of 1:3 after reaching 80% confluence. To in-
duce DNA damage, Radl8*/* and Radl8~/~ MEF were
treated with UV (20 J/m?) or DMBA (1 uM). Twenty-four
hours later chromatin extracts were prepared as previously
described (17,33).

SDS-PAGE and immunoblotting

Chromatin-enriched cell extracts were analyzed by sodium
dodecyl sulphate-polyacrylamide gelelectrophoresis (SDS-
PAGE) and immunoblotting as described previously (36).
Primary antibodies used for immunoblot analysis were: p-
ATM S1981 (SC-47739), mouse monoclonal PCNA clone
PC10 (SC-56), RADI18 (A301-340A, Bethyl Laboratories
Inc.; ATM (GTX70104, Gene Tex); and mouse monoclonal
vH2AX S139 (05-636, EMD Millipore).

PCR analysis of Ras genes

To verify the mutational status
DMBA-induced tumors we used

of Ras genes in
the primer pair

NAR Cancer, 2021, Vol. 3, No. 1 3

GCAAGGGTGTAGGCTGGTTC (forward)/CT
CACGGGCTAGCCATAGGTG (reverse) to poly-
merase chain reaction (PCR) amplify a 302 bp frag-
ment of Hras spanning codon 61 and the primer
pair ACTCTGTACATCTGTAGTCACT (forward) /
TGGTTCCCTAACACCCAGTT (reverse) to amplify a
427 bp fragment of Kras spanning codon 12 from genomic
DNA. PCR products were purified using a QIAquick
PCR Purification Kit from Qiagen (Cat # 28104). Purified
DNA samples were submitted to Eton Bioscience Inc. for
Sanger sequencing. Proportions of SNV were determined
using Thermo Fisher Sanger sequencing data analysis tool
‘Variant Analysis (VA)' to measure the trace report of
peaks.

Whole exome sequencing (WES)

For tumors, whole-exome DNA libraries were created
with the Agilent SureSelect XT2 mouse All Exon kit ac-
cording to the manufacturer’s instructions, and then they
were sequenced on a HiSeq2000 (Illumina) using a V3
or V4 flow cell generating 125-bp paired-end reads. Li-
brary preparation and sequencing were performed by UNC
HTS core facility. For normal tissues, sequencing (WES)
was performed by Novogene INC using Novaseq PE150.
(https://en.novogene.com/). Bioinformatic analysis of WES
data and identification of single-nucleotide variants (SNVs)
and INDELs—raw sequencing reads were mapped to the
Mus musculus (house mouse) reference genome (assembly
GRCm38/mm10) using BBMap package (version 37.00),
(37) and the resulting sequence alignment map (SAM) files
were converted to binary alignment map (BAM) files us-
ing SAMtools 1.3.1 (38). Picard 2.2. 4 (http://broadinstitute.
github.io/picard) was used to validate/sort BAM files, build
BAM indices and remove duplicates. The analytic tools Re-
alignerTargetCreator and IndelRealigner in Genome Anal-
ysis Toolkit 3.4.36 (GATK) (39) were used to perform local
realignments around INDELs.

To call single-point variations, a base quality score recal-
ibration was performed by using GATK 3 BaseRecalibra-
tor and AnalyzeCovariates. Known single-nucleotide poly-
morphisms (SNPs) (mgp.v3.snps.rsIDdbSNPv137) and IN-
DELs (mgp.v3.INDELs.rsIDdbSNPv137) reported in the
C57BL/6NJ background by the Mouse Genome Project of
the Sanger Institute (40) were removed as one step in the
base quality score recalibration. The BAM files prepared
for substitution-calling were then generated, and they con-
tained 109 to 121 million reads per sample (Supplementary
Table S1). Finally, substitutions were called by using Hy-
plotypeCaller in GATK 3 to generate variant calling format
(VCF) files. Then VCF files were refined to only include ex-
ome regions using BEDTools 2.26.0 (41).

Several SNVs and INDELSs residing in the vicinity (at
chr6 100 000 000—130 000 000 bp) of the disrupted Radl8
locus (located at chr6, 112 619 850—112 696 686 bp) were
resulted from the gene-targeting strategy used to generate
the Radl8-null mice (35) and were therefore excluded from
our analysis of all (Rad18*/* and Radl8~/~) samples.

A normalization of the number of somatic SNVs and the
number of somatic INDELSs to the library size (total reads
in a sample) was performed as follows to allow a convenient
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range of the normalized number (Supplementary Table S2).

Nraw 8

Noorm =
1O Total reads

Here, to count the number of mutations and INDELSs, we
removed duplicated mutations/INDELs in VCF files and
broke those reads corresponding to multi-allelic variants
into multiple single-variant records.

Variants were annotated by ANNOVAR (v20180416)
(42) and the corresponding gene information was derived
from the Ensembl database (43). We first downloaded the
GTF file and the genome FASTA file for the GRCm38.p6
mouse reference genome (GENCODE release M23) (44).

We then used the gtfToGenePred tool to convert the GTF
file to a GenePred file, and we generated a transcript FASTA
file following the instructions and scripts provided by AN-
NOVAR. In the meantime, using the getBM function of R
package biomaRt, we extracted gene information from the
Ensembl database (release 98) ‘mmusculus_gene_ensembl’
in mart ‘ENSEMBL_MART_ENSEMBL’. This database
was also built for the GENCODE V23 track. Lastly, we
joined the results from ANNOVAR and Ensembl by the En-
sembl gene ID of each gene.

Annotation of mutation patterns in our mouse tumors and
comparison with mutational signatures in human cancer

We used two strategies to analyze mutational signatures rep-
resented by trinucleotides with 1 bp flanking 5" and 3’ of
every SNV to generate 96 possible mutation types, as first
described by Alexandrov et al. (4):

(1) Our first strategy identified mutational signatures in
mouse tumor samples using R package SomaticSigna-
tures (45). Here we called the mutation patterns in our
mouse WES data in each sample and in each sample
group (by pooling samples within a group) according to
the relative proportions of the 96 mutation types using
trinucleotide frequencies. The number of mutational
signatures in our mouse tumor samples was based on
a selection criterion using residual sum of squares. We
used the following procedure to estimate the relative
contribution of each mutational signature to the to-
tal mutational burden in our tumor samples (Figure
5D): for SNVs embedded in trinucleotide sequences,
we denoted the frequencies of all possible mutation
types across multiple samples to a matrix M. The non-
negative matrix factorization method can be used to
identify mutational signatures by decomposing M into
two matrices W and H with the constraint of positive
components (3). For the ith mutation in the jth sample,

r

given a fixed number r of signatures, M;; ~ Y Wi Hj;.
k=1

Thus, W describes the composition of each signature in
terms of the 96 mutational types, and H represents the
relative contribution of each signature in each sample.
(i1) Our second strategy assessed the relative contribution
of 30 given human cancer mutational signatures de-
fined in the COSMIC v2 to the total mutational burden
in each of our mouse tumor samples (Figure 5F). We

denoted the frequencies of all possible mutation types
for a fixed sample to a vector d. We denoted the com-
position of 30 cancer mutational signatures in terms
of the 96 trinucleotide contexts (mutational types) as
a matrix S. S'is known and available for downloading
from the COSMIC website. By finding a non-negative
vector x such that Sx = d for each sample, we ob-
tained the relative contribution matrix X of known can-
cer mutational signatures. The jth column of X is the
non-negative vector x for the jth sample. In particu-
lar, we solved for the x’s using the non-negative least
squares optimization though R package Mutational-
Patterns (46). Both above relative contributions of mu-
tational signatures can be normalized within a sample
by dividing the observed mutation-type contribution by
the total contribution, to obtain a Normalized Relative
Contribution (NRC, see Figure 5C and E).

Defining relationships between RAD18 expression and SNVs
in human cancer

Lung adenocarcinoma (LUAD), bladder urothelial carci-
noma (BLCA), lung squamous cell carcinoma (LUSC) and
kidney renal clear cell carcinoma (KIRC) were selected
for evaluation of relationships between RADIS status and
genome instability in human tumors. TCGA datasets con-
taining RNA expression, mutation, genomic alteration
(downloaded on 20 March 2019), and clinical information
(downloaded in May 2019) for these tumors were from the
TCGA data portal (https://portal.gdc.cancer.gov). Specific
datasets used in this study include: (i) HTSeq-FPKM-UQ
gene expression quantification (for those duplicated sam-
ples from the same patient, we choose the sample with
higher gene expression for downstream analysis), (ii) so-
matic mutation aggregated and masked by Mutect2 and
organized as MAF files publically available and (iii) copy
Number Variation (CNV) files with —1 as a loss, 0 as neu-
tral, 1 as gain of copies that are defined by numeric focal-
level CNV values generated with ‘Masked Copy Number
Segment’ files from tumor aliquots using GISTIC2, on a
project level. Only protein-coding genes were retained, and
their numeric CNV values were further thresholded by a
noise cutoff of 0.3 in the Gene Level Copy Number Scores
matrix generated by GISTIC2 (and take every individual
replicate as a sample), (iv) smoking information is also
available for most subjects in LUAD, LUSC and BLCA, but
not available (N/A) for >80% KIRC patients. To avoid ze-
ros when using log scale for display, log2(FPKM + 1) was
used to display gene expression data obtained by RNAseq.

To evaluate the interaction between smoking and RADI8
gene expression, we defined two populations: ‘smokers’
(a group including both current smokers, and current
reformed smokers who smoked >1 cigarettes per day)
and ‘non-smokers’ (life-long non-smokers). Patients lack-
ing ‘Tobacco Smoking History Indicator’ or records of
‘cigarettes per day’, were excluded from downstream analy-
sis (Supplementary Figure S1). The smoking cutoff was de-
termined by the distribution of number of cigarettes per day
in LUAD and LUSC (Figure 6C and Supplementary Fig-
ure S5C). The numbers of patients for data analyzed in this
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Table 1. Summary of number of patients to analyze mRNA expression, CNV, SNV and smoking history for each of the four TCGA tumor types

Human mRNA + Smoking mRNA + SNV + CNV + SNV +
tumor mRNA CNV SNV SNV CNV + SNV history smoking history smoking history
LUAD 513 517 565 508 512 449 441 441
LUSC 501 503 491 488 490 453 442 442
BLCA 408 410 412 408 410 359 351 352
KIRC 530 532 336 332 334 N/A N/A N/A
study (including gene expression using RNAseq, CNV and Rad187-

SNV) are shown in Table 1. If there are technical replicates
or biological replicates in data for one patient, we only kept
mRNA files with the highest RADI§ expression and SNV
files with the smallest data ID.

To investigate the association of genome-wide somatic
mutations, e.g. SNV, with RADIS CNV (or RADIS8 gene
expression), samples were divided into groups based on
RADIS8. For mRNA, tumor samples were divided into
‘RADI18-high’ (>upper half for RADI§ mRNA expres-
sion) and ‘RADI18-low’ (<lower half for RADI8 mRNA ex-
pression). To assess CNV, samples were divided into three
groups based on RADI8 gene copy number scores. Thus,
‘—1’ represents RADI8 gene loss, ‘0’ represents no change
in RADIS8 copy number (i.e. neutral) and ‘1’ represents
RADIS gene gain. R package SomaticSignatures was used
for identifying mutational signatures of SNVs. Wilcoxon
rank sum test was used for assessing differences in SN'Vs
between sample groups. Pearson Correlation and the corre-
sponding P-values were used for assessing correlations be-
tween RA D18 expression and the total number of SNVs.

RESULTS
Ingested DMBA induces skin cancer in mice

In previous studies to define roles of Radl8 in
hematopoiesis we determined the effects of 7, 12-
Dimethylbenz[a]anthracene (DMBA, a myelosuppressive
genotoxic agent) on hematopoietic stem cell function in
Radl8*/* and Radl8~/~ mice (36). DMBA is a synthetic
polycyclic aromatic hydrocarbon (PAH) that is used widely
to model environmental genotoxicity, mutagenesis and
carcinogenesis. Genome maintenance mechanisms that
mediate DMBA-induced mutagenesis are not known. Un-
expectedly, we noticed that many of the mice administered
DMBA by oral gavage developed large (up to 1-2 cm?)
palpable skin lesions (Figure 1A). Although topically-
administered DMBA is widely used as a carcinogen for
initiating skin tumorigenesis (47), ingested DMBA has not
previously been shown to induce solid tumors. Histopatho-
logical analysis revealed that the DMBA-induced tumors
of orally gavaged mice included papillomas and squamous
cell carcinomas (Figure 1A). There was no significant dif-
ference in the incidence of solid tumors between Radl8*/*
and Radl8~/~ mice (Figure 1B), although the Radl8 /'~
mice showed increased incidence of leukemia compared to
Radl8*/* littermates. However, the availability of multiple
large solid clonal tumors from Radl8*/* and Radl8/—
mice provided an excellent opportunity to define how
Radl8 impacts the cancer genome in a physiological
setting.

A Rad18*/*

[] Rad187- (KO)
I Rad18** (WT)

0.7 4

Tumor Incidence

Figure 1. Histopathology of DMBA-induced skin tumors in Radl8*/*
and Radl8~/" mice. (A) Radl8™/* and Radl8~/~ mice were treated with
DMBA by oral gavage as described under ‘Materials and Methods’ sec-
tion. Palpable skin tumors from RadI8*/* (WT) and Radl8~/~ (KO) mice
were sectioned, subject to H&E staining, and evaluated by a pathologist.
KO15 is a soft tissue/spindle cell tumor; KO18 and WT23 are papillomas;
KO18, WT1, WT6, WT8, WT22 are mostly squamous cell skin cancers.
Every tumor was from a different mouse. (B) Incidence of skin tumors and
other neoplasia in RadI8*/* and Radl8~/~ mice. It was computed as the
proportion of mice with identified tumors among all available mice (for
around 20 mice per genotype).
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Radl8 determines levels of SNVs and INDELs during
DMBA-induced carcinogenesis

Genomic DNA was extracted from five Rad18%/* and six
Radl8/~ tumors and subjected to WES. The sequenc-
ing data were analyzed computationally as described un-
der ‘Methods’ and as summarized in Figure 2A. WES reads
were aligned to the GRCm38/mm10 mouse genome. Af-
ter recalibrations and removing known SNPs and INDELSs,
somatic SNVs and INDELs were identified in exomes.
First we quantified the raw and the normalized numbers
of different SNVs that were detected in DMBA-induced
tumors from Radl8*/* and Radl8~/~ mice. As shown in
Figure 2B and C the predominant SNVs in the DMBA-
induced mouse tumors were A(T)>T(A), accounting for
35.3% of the mutations in all 11 tumor samples (Figure
2B). The numbers of A(T)>T(A) mutations also differed
between the Radl8*/* and Radl8/~ sample groups: in
Radl8/~ mice, A(T)>T(A) mutations ranged from 16.4
to 28.7% of all SNVs (average 24.02%, SD = 5.18%). In
the Radl8*/* mice, A(T)>T(A) mutations were more abun-
dant and ranged from 33.6 to 47.2% (average 42.41%, SD =
5.46%) (Figure 2B). Every Radl8*/* tumor contained more
observed A(T)>T(A) when compared with Rad18~/~ sam-
ples (P = 0.0043 for normalized numbers) (Figure 2B and
C). All other SN'Vs were also significantly more abundant in
Rad18*'* tumors when compared with Radl8~/~ samples
(with arange of P =0.0043 to 0.03 for normalized numbers)
(Figure 2C). It was important to determine whether the re-
duced SNV count of Radl8~/~ tumors relative to Radl8*/*
was a specific result of carcinogen-treatment rather than a
pre-existing difference between wild-type and Radl8 mu-
tant mice. Accordingly, we performed WES of genomic
DNA from normal tissues (including lung, kidney, tail)
from age-matched Radl8*/* and Radl8~/~ mice that did
not receive DMBA. Sequences from normal tissues were
also analyzed using the computational pipeline used to in-
terrogate tumor samples. As shown in Supplementary Fig-
ure S2A and B, there were no significant differences in
SNV levels between normal tissue genomes from Radl8*/*
and Radl8~/~ mice. We conclude that Radl8 promotes
DMBA-induced A(T)>T(A) substitutions and all other
types of SN'Vs specifically during DMBA-induced carcino-
genesis but that Radl8 does not affect baseline mutation
rates in developing mice.

We considered the potential consequences of DMBA
genotoxicity on the genome in the absence of Radl8. We
hypothesized that Radl8-deficient cells would fail to sus-
tain replication of genomes harboring bulky DNA adducts
and instead accumulate DSB due to collapse of stalled
DNA replication forks. To test our hypothesis, we treated
Radl8*/* and Radl8/~ cells with DMBA and used im-
munoblotting to test for the presence of the DSB mark-
ers YH2AX and ATM (pS1981). As shown in Figure
2D, DMBA-induced PCNA mono-ubiquitination was de-
tectable in WT but not Radl8 /~ cells. Therefore, the
Rad18-mediated TLS pathway is normally activated in re-
sponse to DMBA genotoxicity. Consistent with our hypoth-
esis, Radl8-deficient cells aberrantly accumulated elevated
levels of the DSB markers yH2AX and ATM (pS1981) fol-
lowing DMBA treatment. Indeed, Rad18 was more impor-

tant for suppressing accumulation of secondary DNA dam-
age from DMBA than from UV radiation-induced lesions
(Figure 2D) that are known to be tolerated via the Rad18
pathway (17). We conclude that DMBA genotoxicity leads
to elevated levels of DSB in Radl8-null cells when TLS is
compromised.

Next, we determined how DMBA-induced DSBs arising
from Rad18-deficiency impact the genome in vivo. To in-
vestigate back-up mechanisms that compensate for Rad18-
deficiency during DMBA-induced carcinogenesis we inter-
rogated WES data for alternative genetic changes includ-
ing insertions and deletions. Figure 2E and F show that
Radl8~/~ tumor contains more deletions (of >4bp) when
compared with Radl8*/* samples (P = 0.0043). In normal
tissues from mice that did not receive carcinogen, there was
no significant difference in numbers of indels in Radl8~/
mice when compared to Radl8*/* (Supplementary Figure
S2C and D). To ensure that tumor heterogeneity did not
affect our conclusions we examined the variant allele fre-
quency (VAF) in Radl8*/* and Radl8~/- groups. Higher
VAF values suggest higher homogeneity of tumor samples.
In Supplementary Figure S3 we show that the average vari-
ant allele frequencies of SNVs and Indels are comparable
between genotypes, indicating that Radl8 does not affect
tumor heterogeneity. Taken together, the results of Figure
2 show that Rad18 mediates lesion bypass and mutagenesis
at sites of carcinogen-induced DNA damage. In the absence
of Rad18 (when replicative by-pass of carcinogen-adducted
DNA is not possible), DSB are generated and processed via
error-prone mechanism(s) leading to 4 bp+ deletions.

Annotation of DMBA-induced SNVs and INDELs at the
gene level in Rad18*/* and Rad18~/~ tumors

We sought to identify the target genes of DMBA-mediated
mutagenesis in tumors from Radl8*/* and Radl8~/~ mice.
We annotated SNVs and INDELSs in all tumor samples (i.c.
Rad18** and Radl8 /7). As expected, all SNVs/INDELs
from the final VCF file had corresponding annotated genes
in the GRCm38.p6 mouse reference genome (GENCODE
release M23). Of the 55335 genes annotated in the refer-
ence genome, 10428 genes contained SNVs in at least one
tumor sample and 1404 genes contained INDELs in at least
one tumor sample. One hundred and sixty-one genes con-
tained SNVs in all 11 samples (i.e. from both Rad18*/* and
Radl8~/~ tumors). One hundred and seventy-eight genes
contained SNVs in all of the Rad18~/~ samples (and three
of these SNV-containing genes were specific to Radl8~/~
tumors, namely Mcm?7, Ly6g2 and Vepkmt). Two hundred
and six genes contained SNVs in all of the Radl8*/* sam-
ples (and nine of these genes were specific to Radl8*/*
tumors: Acan, Cars, Cfap65, Coll3al, Col2al, Fcgbp,
Olfr617, Pkhdl and Vmn2r8). One hundred and eighteen
genes contained INDELSs in all 11 of the Radl8*/* and
Radl8~/~ samples. One hundred and fifty genes contained
INDELs in all Radl8~/~ tumors and of these INDEL-
annotated genes, six were present exclusively in Radl8~/-
tumors (Mcm7, Mtusl, Pkdrej, 1810009A15Rik, Gm49416
and Vepkmt). One hundred and fifty-one genes contained
INDELSs in all the RadI8/" tumors, but none of these
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Figure 2. Rad18 mediates DMBA-induced point mutations while averting the formation of DBSs and INDELs. (A) Summary of workflow and compu-
tational pipeline used to identify mutations in DMBA-induced mouse tumors. (B) Histograms showing raw numbers of different SNV subtypes in the
individual tumors from Rad18%/* (blue bars) and Radl8~/~ (red bars) mice. The incidence of A(T)>T(A) mutations expressed as a percentage of the
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RadI8~/~ (red boxes) mice. P-values were calculated in Wilcoxon Rank Sum tests. (D) Immunoblot analysis of DNA damage markers in DMBA-treated
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boxes) and Rad18~/~ (red boxes) mice. P-values were calculated using Wilcoxon Rank Sum tests. The normalized number of deletions 4+ bp is significantly
different between the two sample groups (P = 0.0043).
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genes contained INDELSs exclusively in the Radl8*/* sam-
ples (Supplementary Table S5). Next, we asked whether the
global (exome-wide) associations between Radl8 status and
different mutation types (SNVs/INDELSs) were also evident
in defined SNV-annotated (or INDEL-annotated) subsets
of genes. For these analyses, we focused on A(T)>T(A)
substitutions and deletions >4bp which were more abun-
dant in Radl8*/* and Radl8~/~ tumors, respectively (Fig-
ure 2). Figure 3A and B show that for those genes anno-
tated with SNVs, the incidence of A(T)>T(A) mutations
was significantly higher in RadI8*/* tumors when com-
pared to the Radl8~/~ samples. The gene-level association
between Radl8 and A(T)>T(A) SNVsis consistent with the
exome-wide mutation patterns in Radl8"/* and Radl8/~
groups (Figure 2). Therefore, A(T)>T(A) changes account
for the Radl8*/*-specific SNV-containing genes. For the
small number of group-specific genes (with no more than
five G>A per sample) annotated with G(C)>A(T), the in-
cidence of G(C)>A(T) mutations (higher in mS3/4) was
significantly higher in Rad18-/- tumors when compared
to the Rad18+/+ samples. However for the large num-
ber of group, common genes annotated with G(C)>A(T),
there was no significant difference between Radl8*/* and
Radl18~/~ groups. For those genes annotated with INDELSs,
the number of 4+ bp deletions was significantly higher in
Radl8~/~ tumors when compared to the Radl8*/* sam-
ples (Figure 3C and D). Thus, the difference in number of
INDEL-annotated genes between Radl8*/* and Radl8~/~
groups is consistent with the overall INDEL pattern for the
two Radl8 genotypes (Figure 2). We conclude that dele-
tions >4 bp account for the INDEL-annotated genes that
are specific to the Radl8~/~ tumors. Taken together, the
results of Figure 3 show that the exome-wide associations
between Radl8 and specific mutation types (SNVs and IN-
DELs) were fully recapitulated at the individual annotated
gene level.

Next, we sought to identify DMBA-induced oncogenic
mutations in tumors from Radl8*/* and Radl8/~ mice.
The Ras family proto-oncogenes are known targets of
DMBA-induced mutagenesis. DMBA-driven carcinogene-
sis in mice is often attributed to activating mutations in
Kras and Hras genes (at codons 12 and 61, respectively).
Therefore, we used our WES data to determine the muta-
tional status of Hras and Kras genes in DMBA-induced
tumors from Radl8*/* and Radl8/~ mice. To indepen-
dently verify the mutational status of Ras genes and vali-
date our WES results, we individually PCR-amplified and
sequenced the Kras and Hras genes from tumor DNA sam-
ples. Based on our data, Figure 4A, B, and Supplementary
Table S3 show that, 5 out of 11 tumors collected in this study
contained activating mutations in Ras genes. Mutated Kras
and Hras were identified in two of the six RadI8~/~ tumors
and in three of the five Rad18%/* tumors (Kras was mutated
in KO26, WT22, WT6 while Hras was mutated in KO18
and WT1). The specific locations of mutations in Ras genes
are shown in Supplementary Table S3. We conclude that
DMBA-induced activating mutations in Ras family onco-
genes are not dependent on the Rad18 pathway. Moreover,
DMBA-induced carcinogenesis is not exclusively driven by
Hras and Kras mutations.
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Figure 3. Comparison of numbers of gene-level annotated SNVs and 4+
bp deletions, between Radl8~/~ (pink bars) and Radl8*/*(cyan bars)
DMBA-induced mouse tumors. The left panels show boxplots of nor-
malized SNV numbers while the right panels show bar plots of the raw
numbers of SNV. (A) The number of A(T)>T(A) and G(C)>A(T) substi-
tutions for SNV-annotated group-specific genes in each of the Radl8*/*
(cyan) and Rad18~/~ (pink) samples. (B) The number of A(T)>T(A) and
G(C)>A(T) substitutions for SNV-annotated common genes in each of the
RadI8*'* (cyan) and Radl8~/~ (pink) samples. (C) The number of 4+ bp
deletions for INDEL-annotated group-specific genes in the six Radl8~/~
(pink) samples. Note: only data from Radl8~/~ (pink) mice are shown
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for INDEL-annotated common genes in each of the Rad18*/* (cyan) and
RadI8~/~ (pink) samples. * ‘Group-specific genes’ refers to genes present
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existing in all samples within one sample group (or Radl8 genotype), but
not exclusively present in the other sample group.
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Figure 4. Identification of oncogenic drivers in DMBA-induced mouse skin

tumors from Radl8™/* and Radl8~/~ mice. (A) Histogram showing the

number of somatic SN'Vs for each of the 43 oncogenes that were altered in DMBA-induced mouse skin tumors from all Rad18%/* and Radl18~/~ mice.
The identified SN'Vs are described according to locations (exonic, intronic, splice junction and UTR) and types (synonymous and non-synonymous) using
different colors and transparencies as defined in the key. Black arrows point to Ras family genes. (B) Table showing the number of somatic SNVs identified
in 43 different oncogenes for each individual RadI8*/* and Radl18~/~ tumor sample. (C) Histogram showing the number of somatic INDELS for each of
the nine oncogenes that were altered in DMBA-induced mouse skin tumors from all Rad18*/* and Radi8~/~ mice. The identified INDELSs are described
according to locations (exonic, intronic and splice junction) and types (frameshift insertion or deletion) using different colors and transparencies as defined
in the key. (D) Table showing the number of INDELSs identified in 9 different oncogenes for each individual Rad18*/* and Radl8~/~ tumor sample.

Nassar and colleagues previously defined the mutational
landscape of DMBA-induced skin tumors in wild-type
C57BL6 mice and identified 48 candidate driver onco-
genes harboring recurrent somatic mutations in those neo-
plasms (47). Together with these 48 previously identified
driver genes encoding the Ras family proteins (Kras, Hras
and Rras) and genome maintenance factors (7rp53), we
added eight other oncoproteins implicated in basal cell car-
cinomas such as components of the Sonic Hedgehog (SHH)
pathway (Shh, Smo, Ptchl, Glil, Gli2, Gli3, Foxml and
Foxel) to have a combined list of 56 oncogenic driver genes.
We determined the mutational status of those 56 known
oncogenes in the DMBA-induced tumors from Radl8*/*
and Radl8 /'~ mice. These 56 genes are all protein cod-
ing genes. By focusing on protein coding genes, based on
the analysis of 21 902 protein-coding genes in the En-
sembl database (release 98) SNVs in our study were an-
notated to 9543 genes. A total of 12 of the 48 candidate
driver oncogenes identified by Nassar et al. (Alkbh3, Bim,
Brpfl, Fbxw7, Gsto2, Nras, RpI36, Sfrp2, Shh, Slit3, Sultlal
and Dcaf1) and one gene (Foxml) from the SHH pathway
did not contain SNVs in our study.

Therefore, 43 out of the 56 oncogenic drivers were an-
notated with SNVs in at least 1 of the 11 Radl8"/* and
Rad18~/~ tumor samples (Figure 4A and B), with an en-
richment P-value of 1.04 x 10~% (Pearson’s Chi-squared

test) and an odds ratio of 4.3. Therefore, driver onco-
genes are significantly enriched in SNV-annotated genes
from DMBA-induced tumors. Twenty-one of the 43 mu-
tated oncogenes detected in this study harbored SNV in
both Radl8*/* and Radl8~/- samples, 4 oncogenes were
mutated only in Radl8~/~ tumors and 18 were mutated only
in Radl8*/* tumors.

We identified eight oncogenic drivers having G(C)>A(T)
mutations (that are featured in signatures mS3 and mS4).
within these eight genes, G>A substitutions occurred 13
times in Radl8~/~ tumors and three times in Radl8"/*
samples. For the 59 total SNVs in RadI8/~ tumors and
the 103 SNVs in Radl8*/* tumors, G>A SNVs were sig-
nificantly enriched in the Radl8~/~ group (with a P-value
of Fisher’s exact test as 0.0001579 and odds ratio of 9.3).
A(T)>T(A) SNVs occurred 25 times in Radl8~/~ tumors
and 69 times in the Radl8"/* group (with an enrichment
P-value for A(T)>T(A) in the RadI8*/* of 0.0029 and an
odds ratio of 2.7).

Of the 21 902 protein-coding genes in the Ensembl
database, 1252 genes were annotated by INDELSs in our
study. Nine of those 56 oncogenic drivers were annotated
with INDELSs in at least 1 of the 11 Rad18"/* and Rad18~/~
tumor samples (Figure 4C and D), with an odds ratio of
3.2 and an enrichment P-value of 4.2 x 1073 (Fisher’s exact
test). Six of the nine mutated oncogenes we identified con-
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tained INDELs in both Radl8*/* and Radl8~/~ samples,
two oncogenes were mutated only in Radl8~/- tumors and
one was mutated only in RadI8*/* tumors.

We conclude that the SNV/INDEL-annotated genes in
our DMBA experiment are enriched with known onco-
genes in both Radl8~/~ and Radl8"/* tumors. How-
ever, the differences between those enrichment of SNV- or
INDEL-annotated oncogenes when comparing Radl8~/~
and RadI8*/* tumors are unlikely to be statistically sig-
nificant (data not shown). It remains to be determined
which of the observed oncogenic mutations are carcino-
genic drivers and which are passengers. Unexpectedly how-
ever, the absence of Ras mutations in some of the tumor
samples demonstrates that DMBA-induced carcinogenesis
can occur via Ras-independent mechanisms.

Defining DMBA-induced mutational signatures in Rad18*/*
and Rad18~/~ mouse tumors

Having demonstrated that Radl§ status determines over-
all numbers of SNVs and INDELSs, we sought to delineate
‘mutational signatures’ (i.e. the context-dependent muta-
tion frequencies that consider two nucleotides in the flank-
ing 5" and 3’ positions of the SNV) as annotated by previous
literature (3,4) and described in the COSMIC v2 database.
We used R package SomaticSignatures (45) to identify mu-
tational signatures based on SNVs in different trinucleotide
settings in mouse WES data. As shown in Figure 5A, all
tumor samples contained more T(A)>A(T) substitutions
than the other five mutation types, regardless of Radl8 sta-
tus. The high incidence of T(A)>A(T) mutations in our
experimental model is consistent with dA residues as ma-
jor targets of DMBA-induced genotoxicity, accounting for
80% of DMBA-adducted bases in vitro and in vivo (48,49).
This result is also consistent with results of Figure 2B. The
most frequent T(A)>A(T) mutation types occurred in the
trinucleotide settings are CTG > CAG and GTG > GAG
(Figure 5A). Radl8*/* tumor genomes displayed a higher
frequency of T(A)>A(T) mutations when compared with
Radl8~/~. We identified four distinct mutational signatures
which we designated as ‘mS1-mS4’ (Figure 5B—'m’ indi-
cates mouse). mS1 and mS?2 are characterized by a prepon-
derance of T(A)>A(T) mutations (58.2379 and 47.0344%
T(A)>A(T) mutations, respectively), and are more domi-
nant in Radl8*/* than in Radl8~/~ tumors. mS3 and mS4
display relatively more C(G)>T(A) and T(A)>C(G) muta-
tions (Figure 5B). Therefore, in our DMBA carcinogenesis
model, Rad18 modulates global DMBA-induced mutagen-
esis primarily via changes in T(A)>A(T) mutations.

The stacked bar chart in Figure 5D shows the relative
contribution of each of the signatures mS1-mS4 to the
total alterations present in each of the tumors generated
in Radl8*/* and Radl8~/~ mice. After normalizing, mS3
and mS4 were found to contribute more than 70% of the
mutations in Radl8~/~ tumor samples KO15, KO16 and
KO26, and more than 55% of the mutations in KOI18,
KO19B and KO19T (Figure 5C and Supplementary Ta-
ble S4). On the other hand, mS1 and mS2 contributed
more than 70% of the mutations in Rad18*/* tumors WT1,
WT22, WT6 and WT8, and more than 50% of the muta-

tions in WT23 (Figure 5C). The decreased levels of signa-
tures mS1 and mS2 (characterized by A(T)>T(A)) in the
Rad18~/~ tumors (when compared with Rad18*/") are con-
sistent with a major role for Rad18 in mediating error-prone
replication of DMBA-addicted dA residues (Figure 5C
and D).

Next, we determined the relationship between muta-
tional patterns annotated in human tumors and DMBA-
induced mutational signatures in mouse tumors. The COS-
MIC database catalogues 30 mutational signatures iden-
tified in human cancers and referred to here as ‘hS1-30’°
(where ‘h’ indicates human). The heat-map in Figure SE
shows the contribution of each of the signatures hS1-hS30
(x-axis) to the mutation patterns of DMBA-induced tumors
in Radl8*/* and Radl8~/~ mice (y-axis). As shown in Fig-
ure SE, human mutational signatures 22 and 4 contribute
more to the overall mutational patterns of Radl8*/* tu-
mors than Radl8~/~ samples. However, mutational signa-
tures 1, 3 and 12 contribute more to the overall mutational
portrait of Radl8~/~ tumor genomes when compared with
Radl8*/* samples.

The data shown in Figure 5E are also depicted in Fig-
ure SF where stacked bar charts quantitatively illustrate the
reduced levels of overall mutations in Rad/8~/~ tumors rel-
ative to Rad18*/*, as well as the differential contributions
of human COSMIC mutational signatures to Rad18*/* and
Radl8~/~ tumor genomes. Notably, contributions of COS-
MIC signatures hS4 (P = 0.012), hS22 (P = 0.0154) and
hS25 (P = 0.012) were significantly reduced in Radl8 '~
tumors when compared with Radl8*/*, while hS1 (P =
0.008), hS3 (P = 0.034), hS11 (P = 0.009) and hS12 (P =
0.003) were significantly increased in Radl8~/~ relative to
Rad18*/* tumors (Figure 5F). P-values here were obtained
using Student’s z-test and Wilcoxon Rank Sum test of the
Relative Contribution between two sample groups to get
the minimum P-values between the two tests, then multiple
testing adjusted (FDR procedure). COSMIC Signature 22
is present in urothelial carcinoma and liver cancer and has
been associated with aristolochic acid exposure, Signature
4 is found in head and neck and lung cancers and has been
attributed to tobacco smoke PAHs such as Benzo[a]pyrene.
Therefore, the results of Figure 5 suggest the interesting pos-
sibility that the RADI8 pathway mediates mutagenesis in
response to common human exposures such as aristolochic
acid and tobacco smoke. Signature 3 (which is elevated in
Radl8~/~ tumors) is found in breast and ovarian cancers
and is associated with error-prone repair of DNA DSB.

For comparison with tumors, we also attempted to anno-
tate mutation signatures in genomes from normal tissues of
Rad*/* and Radl8~/~ mice that did not receive carcinogen.
As shown in Supplementary Figure S4A, normal mouse tis-
sues did have SNV, consistent with published findings that
mutations do arise in non-cancerous tissues (50). Supple-
mentary Figure S4A shows that C>T mutations predomi-
nate in normal tissues, regardless of Radl8 status.

We also determined the contribution of COSMIC mu-
tation signatures 1-30 to the genomes of normal tissues.
All of the COSMIC signatures which contributed differ-
entially to Radl8*/* and Radl8~/~ tumor genomes (hSI,
hS3, hS4, hS11, hS12, hS20, hS22, hS25 and hS28) made
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showing the normalized relative contribution of mutation signatures mS1-mS4 to the total mutational burden of DMBA-induced tumors in Radl8*/*
and Radl8~/~ mice (x-axis). (D) Stacked bar chart showing the relative contribution of mutation signatures mS1-mS4 to the total mutational burden of
DMBA-induced tumors in Rad18*/* and Radl8~/~ mice (x-axis). (E) Heatmap showing the normalized relative contribution of mutational signatures
from human tumors (hS1-hS30 on the x-axis) to the mutational portraits of DMBA-induced tumors in Rad18%/* and Radl8~/~ mice (y-axis). (F) Stacked
bar chart showing the relative contribution of mutation signatures from human tumors (hS1-hS30) to the total mutational burden of DMBA-induced
tumors in Radl8*/* and Radl8~/~ mice (x-axis). The relative contributions of the following COSMIC signatures were statistically different between
Rad18*/* and Radl8~/~ mice: hS1 (P = 0.008), hS3 (P = 0.033), hS4 (P = 0.012), hS11 (P = 0.009), hS12 (P = 0.003), hS20 (P = 0.031), hS22 (P =
0.015), hS25 (0.011) and hS28 (P = 0.041).

similar relative contributions to normal tissue genomes of Correlations between RAD18 and mutational patterns in hu-
Radl8*'* and Radl8~/~ mice. As shown in Supplementary man cancer
Figure S4B and C, with the exception of hS5, hS6 and hS24
there were no significant differences in the relative contribu-
tions of any human COSMIC signatures to the overall mu-
tational portraits when comparing Rad18*/* and Radl8~/-
normal tissue samples.

We conclude that Radl8 specifically determines both
the overall mutation frequency and the relative contribu-

Based on our finding that Radl8 impacts mutational pat-
terns in a mouse carcinogenesis model we investigated asso-
ciations between RA D18 status and mutations in human tu-
mors. We analyzed relationships between RAD18 and mu-
tagenesis in the settings of LUAD and LUSC because ex-
posure to genotoxic chemicals in cigarette smoke is a clear

tion of individual COSMIC signatures to the overall muta- risk factor for these diseases (51). Indeed, tobacco smoke-

. ) _ induced genotoxicity and mutagenesis in lung cancer are at-
tional portraits of tumors, but does not significantly affect tributed largely to PAHs such as the DMBA-related com-
genomes of normal tissues.

pound Benzo[a]pyrene (52). Thus, stratification of patients
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Figure 6. Relationship between RA D18 expression and overall SNV in LUAD. (A) Boxplot showing RADI8 expression in tumors and adjacent normal
tissues from LUAD patients. (*: P < 0.05; **: P < 0.01, ***: P < 0.001, ****: P < 0.0001). ‘n’, number of samples. (B) Boxplot showing RADI8 CNV (x-
axis) and R4 D18 gene expression in tumors from LUAD patients. On the x-axis, —1, 0 and 1 indicate R4 D18 gene loss, neutral and gain. (C) Distribution
of the number of cigarettes smoked by LUAD patients per day. (D and E) Boxplots showing total SNV counts (D) or numbers of each of the six individual
SNV types (E) in LUAD samples grouped by RADI8 mRNA expression and smoker/nonsmoker. RADI8 expression is indicated by ‘high’ (upper half) or
‘low’ (bottom half) in smokers and non-smokers. SNV type CA means C(G)>A(T), and the same label rule holds for other SNV types. (F and G) Scatter
plots showing total SNV counts (F) and individual SNV types (G) in LUAD samples according to RADI8 mRNA expression (x-axis), in smokers and
non-smokers as indicated. (H) Mutation spectrum of LUAD grouping by RAD18 mRNA expression level and smoker/nonsmoker.



as ‘nonsmokers’ and ‘smokers’ (see ‘Materials and Meth-
ods’ section, Figure 6C and Supplementary Figure S5C)
based on patient smoking history provided an opportunity
to investigate how interplay between RADI8 and tobacco
smoke impacts mutagenesis. To understand how RADIS
gene might impact mutagenesis, we compared the number
of SN'Vs and the mutational signatures between different
tumor sample groups as defined by R4D18 mRNA expres-
sion levels or RADI8 CNV (as described in ‘Materials and
Methods’ section).

We also selected BLCA and KIRC to investigate as-
sociations between RADI18 status, smoking and mutage-
nesis (Table 1) for two reasons: First, both LUSC and
LUAD cohorts mostly have small numbers of samples with
RADI8 CNV gain and loss, while BLCA tumors mainly
have RADI8 gain and KIRC mainly have RADI8 loss (Ta-
ble 2 and Supplementary Figure S8). Second, similar to
LUAD, smoking is strongly associated with the etiology of
both LUSC and BLCA. Therefore, these four datasets pro-
vided interesting tumor contexts in which to investigate the
mutagenic consequences of differential RADI8 expression.

RADIS mRNA was expressed at higher levels in tu-
mors than in adjacent normal tissues for all four tumor
types (Figure 6A; Supplementary Figures S5A, 6A and 7A).
LUSC, LUAD, BLCA expressed higher levels of RADIS
than KIRC. As expected, RADI8 mRNA levels were pos-
itively correlated with high RADI8 copy numbers (Figure
6B; Supplementary Figures S5B, 6B and 7B) in all four tu-
mor types. We infer that RADI8 expression is associated
with mutations (SNV) regardless of whether R4 D18 expres-
sion is determined based on its transcript levels or gene copy
number.

From our analysis of LUAD data, we observed that SN'Vs
were higher in smokers versus non-smokers (Figure 6D),
as also described in previous studies. Interestingly how-
ever, we found that in the smokers, total numbers of SNVs
were significantly higher in tumors expressing high RADI18§
(‘RAD18-high’) when compared with the group expressing
low RADIS levels (‘(RADI18-low’)—see Figure 6D. How-
ever, for non-smokers, the correlation between number of
total SNVs and RA D18 gene expression was less significant
(Figure 6D).

Next, we analyzed the relationship between RADIS ex-
pression and individual SNVs in LUAD. As shown in
Figure 6E, three types of SNVs, specifically C(G)>A(T),
C(G)>G(C), T(A)>C(G), were significantly associated
with RADIS expression, particularly in the smokers. How-
ever, while the other three SNV types (C(G)>T(A),
T(A)>A(T), T(A)>G(C)) showed higher medians in the
RAD18-high group when compared to RAD18-low, this
trend was not significant at a P-value of 0.05 (Figure 6E).
We further tested the correlation between RADI8 and the
number of SNVs using a continuous scale of RADI8 gene
expression, as shown in Figure 6F and G. In those analy-
ses, RADI8 and the number of SNVs showed a significant
positive-correlation in LUAD, both for total SNVs (Figure
6F) and for all individual SNV types except T(A)>G(C)
in LUAD nonsmokers (Figure 6G) where the P-value was
marginal (P = 0.059).

Finally, to determine whether RA D18 is likely to impact
mutations in a sequence context specific manner in human
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tumors, we analyzed relationships between RAD18 expres-
sion and smoking status on SNVs in different possible trin-
ucleotide settings. The results of Figure 6H suggest no sig-
nificant difference in mutational patterns (in a tri-nucleotide
setting) between RADI8-high and RADI8-low groups for
LUAD.

In fact, smoking had greater impact on mutational pat-
terns than RADI8, very similar to our mouse experiment in
which DMBA treatment induced greater deviation from the
reference genome than Radl§ status.

In BLCA, RADIS expression was elevated in tumors
when compared with normal healthy adjacent tissue (Sup-
plementary Figure S5A), exactly as we observed in LUAD.
RADIS expression was positively associated with RADIS
CNV in BLCA (Supplementary Figure S5B). Moreover,
when using RADI18 CNYV to group BLCA samples, the num-
bers of all six SNV types were significantly higher in the
‘RADIS CNYV gain’ groups when compared with ‘RADIS§-
loss” and ‘RADI8-neutral’ groups (Supplementary Figure
S5C and D). As observed in LUAD, numbers of each of
the six SNVs and the overall numbers of SNVs across the
six sub-types were higher in R4DI8-high BLCA groups
for both non-smokers and smokers (Supplementary Fig-
ure SS5E and F). The significant positive correlation be-
tween the number of overall SNVs and RADI8 gene expres-
sion was also evident using the continuous gene expression
scale (Supplementary Figure S5G and H) in each SNV type
and across six SNV types. Indeed, the association between
RAD18 and SNVs was more significant in BLCA than in
LUAD particularly for non-smokers.

Moreover in LUSC, as with LUAD, we observed a signif-
icant positive correlation between RADI8 (as measured by
mRNA levels) and overall SNV, as well as SNV subtypes
(specifically C(G)>A(T), C(G)>G(C), C(G)>T(A)—see
Supplementary Figure S6D-G), when separating tumors
into RADI8-high and RADI8-low groups, and by contin-
uous RADIS gene expression. However, in contrast with
LUAD, RADI8 expression was not significantly associated
with SNV in LUSC non-smokers (Supplementary Figure
S6). After stratification of LUSC patients by smoking sta-
tus, we observed no significant correlation between RADI8
expression or RAD18 CNV and mutational patterns in a tri-
nucleotide setting (Figure 6H; Supplementary Figures S5I,
Jand 6H). We also confirmed previous indications that both
LUAD and LUSC have prominent C— A SN'Vs that are less
abundant in non-smokers than smokers (53).

Taken together, the results of Figure 6, Supplemen-
tary Figures S5 and 6 are consistent with the hypothe-
sis that RADI8 expression contributes to smoking-induced
SNVs (and less significantly to basal SNVs) in multiple
cancer types. Therefore, consistent with our analysis of
mutational patterns of DMBA-induced tumors in mice,
RADIS is likely to promote mutagenesis in lung tumors
and perhaps other cancers that are driven by environmen-
tal genotoxic exposures. To complement our analysis of
how RADI8 impacts genome stability in human cancers
we also examined KIRC, in which the RADIS gene is
lost in 13.4% of tumor samples—see Table 2). The un-
usually high incidence of RADIS loss in KIRC is most
likely due to proximity of RADIS gene to the VHL tu-
mor suppressor (which is frequently deleted in KIRC but
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Table 2. Number of TCGA tumor samples that have CNV (including gain, neutral and loss) in the RAD18 gene

Human

tumor CNYV data alone

CNV + SNV

CNV + SNV + mRNA

Gain Neutral Loss Gain

Neutral Loss Gain Neutral Loss

LUAD 16 524 15 16
LUSC 19 490 15 19
BLCA 72 337 6 72
KIRC 1 509 79 0

519 15 16 513 15
477 15 19 474 15
337 6 71 334 6
316 45 0 315 41

not typically altered in LUAD, LUSCC or BLCA). The ap-
parent lack of strong relationship between RADIS CNV
and mRNA expression in KIRC (Supplementary Figure
S7B) is probably because RADI8 mRNA is expressed at
very low levels in the kidney (https://www.proteinatlas.org/
ENSG00000070950-RAD18/tissue) and is therefore largely
unaffected by RADIS gene copy number. Therefore, we
conclude that the impact of RADI18 on mutagenesis and
genome stability is tissue-specific and of greatest relevance
to those cancers that express high levels of RADI8 mRNA.

Based on our analyses of mouse tumors showing in-
creased numbers of Indels in Radl8~/~ tumors relative
to Radl8™/* we also investigated the relationship between
RADIS expression and deletions >4bp in TCGA data from
human tumors. We examined the ‘masked TCGA WES
data’ in the four tumor types studied here but found that the
number of Indels per tumor sample is extremely low (typi-
cally less than 10). Therefore, there is insufficient power for
detecting the relationship between the number of deletions
>4bp and RADI8 expression, and instead we focused our
analysis on the relationship between R4ADI18 and SNV load
in human tumors.

DISCUSSION

The extent to which TLS pathway activation depends on
Radl8 has been controversial, with some investigators
suggesting that activation of TLS polymerases is Rad18-
independent (28,54-55). Moreover, despite extensive study,
the roles of Radl18 in error-prone DNA synthesis and mu-
tagenesis have only been studied using artificial reporter
systems such the SupF assay, often yielding contradic-
tory results (21,22). Our study is the first to test roles for
Rad18 in mutagenesis in a physiological chromosomal set-
ting. We show that Radl8-deficient mice show reduced rates
of DMBA-induced mutagenesis compared to WT animals,
thereby demonstrating that Rad18 is a physiologically rel-
evant determinant of error-prone DNA synthesis on dam-
aged DNA templates. We infer that in DM BA-treated cells,
leading strand DNA synthesis (indicated by the dashed ar-
row in Figure 7) at sites of DNA damage (indicated by red
explosion in Figure 7) is sustained in a Rad18-dependent
and error-prone manner.

DMBA genotoxicity has been used extensively for mod-
eling carcinogenesis in experimental animals. Interestingly
however, the genome maintenance mechanisms underly-
ing DMBA-induced mutagenesis have not been defined.
DMBA is known to induce DNA damage primarily (~80%)
at dA and to a lesser extent (~20%) at dG residues, lead-
ing to G(C)>T(A) and A(T)>T(A) transversions due to
dA misincorporation (56). Therefore, the most abundant

3

PAH-induced DNA lesion

DNA Replication Stalling

DNA Double Strand Breaks Trans-Lesion Synthesis

Error-Prone DSB repair| | | | Error-Prone
(e.g. TMEJ) A ’ " Lesion Bypass

Insertions/Deletions Point Mutations

Figure 7. Hypothetical Role of Rad18 in PAH-induced mutagenesis. Lead-
ing strand DNA synthesis (dashed arrow) stalls at sites of PAH-induced
DNA damage such as bulky adducts and AP sites (indicated by the red
explosion). In RadI8*/* cells, the Y-family TLS DNA polymerases (Pol,
Polk, Poli, REV1) are recruited to stalled DNA replication forks and pro-
mote error-prone replicative bypass of DNA lesions, resulting in mutage-
nesis (SNV). In Rad18~/~ cells, TLS polymerases are not efficiently re-
cruited to sites of PAH-induced DNA damage leading to persistent repli-
cation fork stalling and eventually to fork collapse. The DBSs resulting
from collapsed replication forks are re-ligated via error-prone mechanisms
such as TMEJ leading to insertions and deletions. See ‘Discussion’ section
for details.

Rad18-dependent substitutions, namely A(T)>T(A) and
G(C)>T(A) detected in our experiments most likely re-
sult from error-prone replication and repair of DMBA-
adducted dA and dG residues. Further work is necessary
to identify the Y-family DNA polymerase(s) that mediate
Rad18-dependent bypass at sites of DMBA-induced DNA
damage. Based on past studies, Polk and Poln are good
candidate effectors of Rad18 in DMBA-induced mutagen-
esis: Polk mediates bypass at B[a]P-adducted dG bases (57)
and may similarly perform bypass of the structurally-related
DMBA-adducted dG residues. Additionally, the mecha-
nism of DM BA mutagenesis is thought to involve depurina-
tion of the adducted base followed by error-prone replica-
tion at the resulting apurinic/apyrimidinic (AP) non-coding
site. Polr is implicated in error-prone TLS at AP sites (58)
and is therefore a strong candidate mediator of Radl8-
mediated mutagenesis at DMBA-induced AP sites. We also
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note that DMBA-induced A(T)>T(A) and G(C)>T(A)
substitutions also occur (albeit to a lesser extent) in the ab-
sence of Rad18. Interestingly, in some instances Polnr is re-
cruited to stalled replication in a Rad18-independent man-
ner (25,28,54). Therefore, Poln might also contribute to the
DMBA-induced mutations that we detected in Radl8/~
mice.

What then is the source of INDELs that arise in
Radl8~/~ mice? Rad18-loss and TLS-deficiency lead to
persistent DNA replication fork stalling and fork ‘collapse’
resulting in DSBs (see Figure 7). The DSB arising during
DNA replication can be repaired via error-prone or error-
free mechanisms. In a previous study, Tjisterman and col-
leagues clonally propagated Caenorhabditis elegans lacking
TLS polymerases (Polk and Polr) for 50 generations and
identified a class of deletions that they attributed to the
A-family DNA polymerase theta (Polf, also termed PolQ)
(59). PolQ mediates an error-prone mechanism of DSB
repair that acts on DNA ends containing long 3’ single-
stranded overhangs (60) and accounts for repairs associated
with microhomologies (61). Similar to Polk and Poln defi-
cient worms, Radl8-deficient mice are TLS-compromised.
We hypothesize therefore that the deletions detected in
Radl8-deficient mouse tumors arise via the same Polg-
mediated mechanism that generates deletions in Polk and
Poln-mutant C. elegans (Figure 7).

The extent to which RADI18 contributes to mutational
signatures of human cancers is not known. Therefore, it
was of great interest to determine relationships between
whether Rad18-sensitive mutation patterns identified in
our study (mS1-mS4) and human cancer-associated muta-
tional signatures 1-30 described in the COSMIC database.
We show that COSMIC signatures 22 and 4 contribute
most to mutational patterns of DMBA-induced tumors and
show a Rad18-dependency. Signature 22 has been found in
urothelial (renal pelvis) carcinoma and liver cancers and is
specifically associated with exposure to Aristolochic Acid
(AA). AA is a genotoxic plant alkaloid and, similar to
DMBA, primarily induces dA-linked bulky adducts leading
to A(T)>T(A) transversions (62,63). Mutational signature
4 is found in smoking-associated cancers (including head
and neck, LUAD, lung squamous carcinoma, small cell lung
carcinoma and oesophageal cancer) and is attributed to
BJ[a]P and other carcinogenic PAH in tobacco smoke. Based
on our finding that DMBA-induced mutation patterns re-
sembling signatures 22 and 4 are Rad18-dependent in mice,
it seems very likely that the RADI18 pathway in humans
contributes significantly to COSMIC mutational signatures
22 and 4 that are induced by adduct-forming chemical ex-
posures.

Mutational signature 22 is also present in DMBA-
induced tumors from Radl8~/- mice (indicating that
this mutation pattern can also be generated via Radl8-
independent mechanisms). However, in contrast with
RadI8*/* tumors, Signature 22 does not dominate the over-
all mutational profile of DMBA-induced Radl8~/~ tumor
genomes. Moreover, Signatures 3, 1 and 12 contribute more
significantly to the overall mutational portrait of Radl8~/~
genomes when compared with Rad18%/* tumors. This ob-
servation is consistent with our interpretation that Radl§-
deficient cells rely on back-up genome maintenance path-

NAR Cancer, 2021, Vol. 3, No. 1 15

ways to process the products of DMBA genotoxicity, in-
cluding stalled and collapsed replication forks (Figure 7).

Signature 3 is found in BRCA1/2-mutated breast, ovar-
ian and pancreatic cancers and is associated with defective
homologous recombination (HR, an error-free DSB repair
process) and channeling of DSB into error-prone TMEJ
which generates INDELs with overlapping microhomol-
ogy (64). Signature 1 is present in all cancer types and is
associated with small INDELS, possibly indicating a mu-
tagenic mechanism involving DSB intermediates. RAD18
contributes to activation of the HR pathway (65,66) which,
similar to TLS, facilitates S-phase progression in cells har-
boring damaged genomes. Therefore, defects in RAD18-
mediated HR and/or TLS could explain the formation of
DSB and INDEL that constitute mutational signatures 3
and 1. The etiology of signature 12 is unknown and it is in-
teresting to speculate that this signature arises due to com-
pensatory activity by a mutagenic pathway that serves as
backup when S-phase progression is impaired by HR or
TLS defects (a mechanism that also explains how Signature
3 arises).

We have found no evidence that human tumors with Sig-
natures 12, 3 or 1 are deficient in RADIS. It is formally
possible that tumors containing these signatures have de-
fects in other genes that compromise the RAD18 pathway.
However, Radl8 is very important for preventing DNA
replication-associated DNA damage. Therefore, we favor
the hypothesis that Rad18-loss leads to a secondary effect
such as DNA replication fork collapse and that subsequent
error-prone repair recapitulates mutational mechanism(s)
responsible for these signatures in human cancers.

Our mouse carcinogenesis experiments showing that
Rad18 deficiency leads to decreased incidence of SNV pro-
vides the first demonstration that the Radl8 pathway is
an important determinant of mutagenesis in cancer. Inter-
estingly however, RAD18 is not typically deficient in hu-
man tumors (Supplementary Figure S8). Instead, RADIS8
protein is pathologically stabilized and activated in cancer
cells (due to its association with the Cancer/Testes Anti-
gen MAGE-A4—which is expressed broadly in many can-
cer types including 48% of non-small cell lung carcinomas
(67), 38% of bladder cancers (68) and 13% of breast can-
cers (69). Moreover, our analysis of TCGA gene expression
data show that RAD18 mRNA is often overexpressed in
many tumors including LUAD, LUSC and BLCA. From
our past cell culture studies, even slight increases in RAD18
expression lead too DNA damage-independent induction
of PCNA mono-ubiquitination and inappropriate recruit-
ment of the error-prone Y-family DNA polymerases to
DNA replication fork (17). Therefore, the aberrant high
level expression of RADI8 mRNA and RADI8 protein in
cancer cells is likely to be of great consequence. Our analyses
show that RADI1S expression is strongly associated with in-
creased incidence of diverse SNV in many tumors (LUAD,
LUSC and BLCA) and a causal relationship between el-
evated RADI8 and mutagenesis is highly likely. RADI18
can activate four different Y-family TLS polymerases, all
of which are mutagenic on undamaged DNA templates,
while having a different subset of preferred cognate lesions
and each resulting in distinct mutagenic outcomes. There-
fore, RAD18 might have broad impact on mutagenesis both
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basally and in the face of diverse carcinogenic exposures.
In addition to the new role we have demonstrated here for
Rad18 as a mutagenic driver in cancer, our past work has
shown that RADI18 allows neoplastic cells to tolerate in-
trinsic oncogene-induced DNA damage and DNA replica-
tion stress (33). The tolerance of oncogene-induced geno-
toxicity conferred by the RADI18 pathway also helps ex-
plain how RADI18 provides neoplastic cells with a selec-
tive advantage and facilitates tumorigenesis. The selection
for RADIS8 expression and RADI18 pathway activity that
occurs during tumorigenesis is also likely to impact can-
cer therapy: RAD18-mediated genome maintenance allows
cancer cells to tolerate chemotherapeutic drugs such as cis-
platin (70) and camptothecin (66). Moreover, high RAD18
activity is likely to promote therapy-induced mutations that
allow tumors to adapt, evolve and evade treatment.

In summary RADI18 endows neoplastic cells with im-
portant enabling characteristics (DNA damage tolerance,
mutability) that contribute to multi-step tumorigenesis and
chemoresistance. Therefore, RAD18 may serve as a useful
biomarker of susceptibility to specific therapeutic agents.
Moreover, the pathological activation of RADI8 in can-
cer (e.g. by MAGE-A4) may represent a new vulnerability
and provide opportunities for new treatments that amelio-
rate DNA damage tolerance and mutability specifically in
cancer cells.

Finally, our newly developed mouse genome-specific
computational pipeline is a novel and innovative aspect of
this study that enabled unambiguous analysis of WES data
and interpretation of mutagenic mechanism using experi-
mental mice. The smoothness and versatility of our WES
analytical pipeline stems from three fundamental compo-
nents: (i) SNV/indel pipeline for mouse tumor WES. (ii)
Mutational signature-calling and TEMJ detection. (iii) Spe-
cific gene-associated mutation profiles in TCGA. Regarding
the first component, most available bioinformatics tools for
WES data are based on human genomes. Our SNV /indel
pipeline for mouse tumor WES has improved the older
murine-based methodologies used by Nassar et al. (47) and
surpasses the current state-of-the-art mouse DNAseq ap-
plication (71). Our second component serves to evaluate
the genome instability in mouse WES data (e.g. by compar-
ing WT and Radl8-null genomes in our study). Our third
component uses RADIS gene expression or CNV to de-
fine sample groups and detect the R4 DI8-associated mu-
tational signatures in related human tumors. This three-
component pipeline constitutes a valuable method that can
be utilized for defining the mutagenic consequences of any
candidate DNA repair (or other) gene, and any carcino-
genic driver (including genotoxins or oncogenes) using ex-
perimental mice (and perhaps using clonal cell lines).

Overall, the concept of the mutational signature has ad-
vanced our understanding of human cancer genetics. How-
ever, the underlying mutagenic mechanisms of many COS-
MIC signatures remain unknown. Moreover, in many cases
mechanistic underpinnings of COSMIC signatures have
been inferred but not demonstrated through experimenta-
tion. Clearly to understand the mutagenic processes that
drive cancer, there is a need to experimentally test the con-
tributions of specific genes and pathways to individual mu-
tational signatures and overall mutational portraits of tu-

mors, exactly as we have done for Radl8. The important
goal of identifying the molecular etiology of COSMIC sig-
natures will be facilitated by the methodologies that we have
described and validated in this study.
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