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Résumé en francais

Abstract

Résumé en francais

Modélisation a I'échelle du génome des spectres de mutations des agents de risque de

cancer humain en employant des systémes expérimentaux

Les génomes du cancer présentent une mosaique de types de mutations. Trente signatures
mutationnelles ont été identifiées a partir d'un grand nombre de tumeurs humaines primaires.
Déchiffrer I'origine de ces signatures mutationnelles pourrait aider a identifier les causes du
cancer humain. Environ 40% des signatures décrites sont d’origine inconnue, soulignant la
nécessité de modéles expérimentaux contrélés pour étudier I'origine de ces signatures. Au
cours de mon travail de doctorat, j'ai caractérisé et utilisé des modéles in vitro et in vivo
d'exposition aux cancérogenes, en particulier, les cellules primaires Hupki MEF, les lignées
cellulaires HepaRG et lymphoblastoides (LCL) ainsi que les tumeurs des rongeurs. Ensuite,
que j'ai caractérisé les signatures mutationnelles au niveau de génome entier de plusieurs
composés cancerogénes pour lesquels le spectre de mutations n’était pas connu ou
controversé.

Tout d'abord, les conditions de cytotoxicités et genotoxicités pour chaque composé ont été
établies et la formation d'adduits d'ADN a été évaluée. Suite au séquengage du géne TP53,
un séquencage au niveau génomique a été effectué des clones de MEF immortalisés
dérivés de I'exposition a l'acrylamide, au glycidamide et a I'ochratoxine A (OTA).

Le travail suggére une nouvelle signature mutationnelle unique pour I'acrylamide médiée par
son métabolite actif, le glycidamide. En fait, le profil de la signature mutationnelle a récapitulé
les types de mutations attendus en fonction de I'analyse des adduits d'ADN.

En outre, une analyse intégrée utilisant un modeéles cellulaire, les Hupki MEF, et tumoral, les
tumeurs rénales des rats exposés a 'OTA, suggére un manque de mutagénicité directe pour
I'OTA avec une contribution potentielle d'un mode d'action lié a la production des radicaux
libres observée dans la signature mutationnelle d’'OTA dans les MEF.

Cette stratégie expérimentale simple et puissante peut faciliter l'interprétation des empreintes
de mutations identifiées dans les tumeurs humaines, élucider ['étiologie du cancer et
éventuellement soutenir la classification des cancérigenes par le CIRC en fournissant des

preuves mécanistes.

Mots clés : Facteurs de risque de cancer, modéles d’expositions in vitro, tissues de tumeurs,

séquencage du genome entier, spectres de mutations, signatures mutationnelles.



Résumé en anglais

Résumé en anglais

Genome-wide modeling of mutation spectra of human cancer-risk agents using experimental

systems

Cancer genomes harbour a mosaic of mutation patterns from which thirty mutational
signatures have been identified, each attributable to a particular known or yet undetermined
causal process. Deciphering the origins of these global mutational signatures in full could
help identify the causes of human cancer, especially for about 40% of those signatures
identified thus far that remain without a known etiological factor. Thus, well-controlled
experimental exposure models can be used to assign particular mutational signatures to
various mutagenic factors.

During the time frame of my PhD work, | characterized and employed innovative in vitro and
in vivo models of carcinogen exposure, namely, primary Hupki MEF cells, HepaRG and
lymphoblastoid cell lines as well as rodent tumors. The cytotoxic and genotoxic conditions for
each tested exposure compound were established and DNA adduct formation was assessed
in select cases. Following a pre-screen by TP53 gene sequencing, genome-wide sequencing
of immortalized Hupki MEF clones derived from exposure to acrylamide, glycidamide and
ochratoxin A was performed, alongside whole genome sequencing of ochratoxin A induced
rat renal tumors.

The results reveal a novel mutational signature of acrylamide mediated by its active
metabolite, glycidamide, a pattern that can be explained by the parallel analysis of individual
glycidamide-DNA adducts. In addition, an integrative mutation analysis using in vitro and in
vivo models suggests a lack of direct mutagenicity for OTA and possible indirect effects
ROS-mediated in MEF cells.

The presented robust experimental strategy can facilitate the interpretation of mutation
fingerprints identified in human tumors, thereby elucidating cancer etiology, elucidating the
relationship between mutagenesis and carcinogenesis and ultimately providing mechanistic

evidence for IARC’s carcinogen classification.

Key words: Cancer-risk factors, in vitro exposure models, FFPE tissues, genome-wide

sequencing, mutation spectra, mutational signature.
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Cancer prevalence, incidence and mortality

INTRODUCTION

1. Cancer prevalence, incidence and mortality:

Cancer is one of the leading causes of mortality worldwide, causing one of six deaths
globally (Ferlay et al., 2015). As stated by the World Health Organization (WHO), 70% of
new cancer cases will arise in the next two decades. Public health concerns have grown

immensely trying to understand the biology and the burden of cancer on society.

According to the GLOBOCAN project (Global Cancer Reports 2014; Ferlay et al., 2015),
prevalence estimates for 2012 indicate that for all cancers combined (excluding non-
melanoma skin cancer) there were 32.6 million people (older than 15 years) alive who had
been diagnosed with cancer in the previous five years. 48% of the 5-year prevalent cancer
cases occurred in the less developed world, and 52% occurred in the high-income countries
of North America and Western Europe, together with Japan, the Republic of Korea, Australia,

and New Zealand. Figure 1 represents the 5-year prevalence of new cancer cases.

. >1187.0

B 525.4-1187.0

BN 310.7-525.4
225.2-310.7
<225.2

No data
B Not applicable

Figure 1: Estimated numbers of prevalence cases (5-year), in both sexes, from all cancers
excluding non-melanoma skin cancer, worlwide in 2012. Data source: GLOBOCAN 2012; Graph
production: IARC, World Health Organization (http://gco.iarc.fr/today).

Despite the higher incidence rate of cancer in the developed world largely due to tobacco
smoking, high overall calorie intake coupled with the sedentary lifestyle in the rich
populations, the level of mortality in the less developed world is remarkably higher than in the
rich countries, accounting for 64.9% and 35.1%, respectively. In fact, regions such as Africa,

1



Cancer prevalence, incidence and mortality

Asia, and Central and South America represent about 70% of the cancer deaths worldwide
(Ferlay et al., 2015). This increased death rate is caused by multiple challenges facing the
less developed countries. Attempts to control cancer development are less effective in the
less developed countries given the remarkable disparities in resources compared to the rich
countries. Different factors contribute to a vicious cycle wherein the poor world is trapped
including poverty and low education level, limited government funds for health care
expenditure and lack of trained professionals and managing cancer (see Figure A.1,
meaning Appendix A figure A.1). Escaping from this cycle would require improvements in
health care as well as in the socioeconomic status of the countries (Internal Network for
Cancer Treatment and Prevention, INCTR). The most common causes of cancer deaths in
the world are lung, breast, colorectal, prostate, stomach, and liver cancers (Figure A.2).
Worldwide distribution of particular cancer types indicates marked differences between
populations, mostly attributed to discrepancies in risk-factors exposure. The substantial
burden of cancer on societies in low- and high-income countries is a major driving force for
continued research to better understand the causes of cancer, and hence the development

of therapeutic and preventive measures (Ferlay et al., 2015).
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2. Cancer biology:

Cancer is a generic term reflecting neoplasms that can affect different organs and tissues of
the body. The complexity of this disease has been extensively studied in the past decades
generating a rich knowledge on the dynamic changes that drive a normal cell to become
malignant (Hanahan and Weinberg, 2000). One defining feature of cancer is the abnormal
growth of cells beyond their boundaries, the ability to invade adjacent tissues and the blood
circulation leading to the dispersal of the cells into different organs, a process termed
metastasis. Tumorigenesis is defined by a number of molecular and cellular hallmarks driving
cell transformation (Hanahan and Weinberg, 2000, 2011). This process follows the Darwinian
evolution by which a cell is subjected to a succession of genetic or epigenetic changes that
confer a growth advantage and lead to the progressive conversion of a normal cell into a

malignant mass (Stratton et al., 2009).

2.1. Hallmarks of cancer:

Throughout cancer development, cells accumulate hallmark characteristics enabling their
transformation into a malignant entity with the ability to proliferate indefinitely. The hallmarks
of cancer development have been described and revised in (Hanahan and Weinberg, 2000,
2011), resulting in a total of ten biological capabilities, such as sustained proliferative
signaling, resistance to cell death, replicative immortality, invasion and metastasis or genome
instability. The ten hallmarks (summarized in Figure 2) are acquired differently and at various
times across different cancer types and individuals. Among these hallmarks, the ability to
invade the blood circulation and adjacent tissues, leading to the dispersal of cancer cells to
different organs, a process termed metastasis, is the main cause of cancer deaths
worldwide. Induction of genome instability, for example, is brought about by mutations
affecting pathways that monitor genomic integrity, such as TP53 (“the guardian of the
genome”), which results in the accumulation of random mutations and structural

rearrangements that can subsequently orchestrate other hallmark capabilities.
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Figure 2: The hallmark of cancer: Hallmarks of cancer development. Taken from (Hanahan and
Weinberg, 2000) and (Hanahan and Weinberg, 2011).

2.2. Cancer genome:

In spite of the more recent emergence of epigenetic changes during tumorigenesis, cancer is
primarily considered a genetic disease, causing complex abnormalities in the genomes of
cancer cells (Nowell, 2002; Vogelstein and Kinzler, 1993). In analogy to Darwinian evolution,
cells continuously acquire stochastic, heritable genomic alterations, which through natural
selection can give rise to the phenotypic diversity and heterogeneity of tumors. Some of the
acquired mutations can be deleterious and others can provide a growth advantage to the
cells, which ultimately allows cancer cells to survive, proliferate, invade and metastasize
(Stratton et al., 2009).

2.2.1. Epigenetic changes in a cancer genome:

In recent years, evidence has emerged linking epigenetic changes to environmental factors
and human malignancies (Feil and Fraga, 2012). Cancer genomes frequently undergo
epigenetic changes, which follow the Darwinian natural selection process and favor the
growth of cells with characteristically altered chromatin structure and deregulated gene
expression (Stratton, 2013). These changes are brought about by epigenetic modifier genes,

such as DNA methyltransferases/demethylases, histone modifiers or ATP-dependent
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chromatin remodelers that are frequently mutated in human cancer (Feinberg et al., 2016).
The results of epigenetic deregulation can range from the misexpression of individual
oncogenes or tumor suppressor genes to large-scale chromatin structure alterations and

genomic instability.

Well-established cancer-risk agents and lifestyle factors have been studied in terms of
epigenome deregulation, improving the understanding of their long-lasting effects on cancer
outcome. Tobacco smoking, diet, infections, inflammation and age are known to affect
epigenetic states and can play a role in the early onset of cancers through different
mechanisms. Smoking, which is the strongest exposure factor causing lung cancer, harbors
an epigenetic signature characterized by consistent methylation changes in the Aryl-
hydrocarbon receptor repressor (AHRR) gene. Age is the strongest demographic risk factor
for cancer and, interestingly, DNA methylation profiles of chronological age established an
“epigenetic clock” that can be affected by different external and endogenous factors
(Horvath, 2013).

Progress in epigenetic research can open the door to a new era where epigenetic
biomarkers can serve as surrogate for diagnostics and risk stratification of cancer in tissues
and can provide evidence on the interactive role of epigenetic deregulation in the roadmap

between environmental exposures and cancer (Herceg et al. 2017).

2.2.2. Somatic mutations in a cancer genome:

Throughout the lifetime of a cancer patient, mutations are accumulating in the genome.
These acquired mutations are termed somatic mutations, differentiating them from germline

mutations which are inherited changes linked to familial predisposition (Stratton et al., 2009).

Somatic mutations in cancer cells can encompass different structural classes of DNA

sequence changes (Figure 3). They include:
1. Point mutations:

a. Single base substitutions (SBS) of one base to another. Depending on the
base change and position, these can have varying effects. Silent or
synonymous mutations do not alter the protein sequence. Alternatively, they
can lead to a truncated or inactive protein when the SBS introduces a stop
codon (missense mutation) or induces an amino-acid change (non-
synonymous mutation), respectively. Finally, mutations can fall in gene
regulatory regions disrupting the transcriptional activity of the gene. For

example, the first cancer-causing gene change was discovered in 1982 when
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researchers identified a G>T substitution in codon 12 of the HRAS gene

causing a glycine to valine substitution (Reddy et al., 1982; Tabin et al., 1982).

Small insertions and deletions (Indels) that result from loss or gain of
nucleotide base pairs can produce abnormal protein sequences, thus affecting

their function (Jego et al., 1993).

2. Chromosomal rearrangements, in which DNA segments break off and re-attach at a

different genomic location, within the same chromosome or on a different

chromosome, termed intra- and interchromosomal rearrangements, respectively

(Figure 3). This can lead to gene disruption, the fusion of two genes or the

translocation of a gene adjacent to regulatory elements, resulting in abnormal

gene expression. Translocations are mostly operative in leukemias, lymphomas

and sarcomas (Nowell et al., 1960; Rowley, 1973). More recently, rearranged

cancer fusion genes were discovered in half of prostate cancer patients (Tomlins

et al., 2005) as well as in non-small-cell lung cancer (NSCLC) cases (Soda et al.,
2007).

3. Copy number variations:

a.

b.

Copy number increases, from two copies in a diploid genome, to several
hundreds of copies. These are referred to as gene amplifications, which are a
common mechanism for the activation of oncogenes (Alitalo, 1984), by

increasing mMRNA levels and thus gene expression.

Copy number reductions resulting from large deletions. This may induce the
complete absence of a DNA segment, resulting in the loss of an associated
gene, and most commonly observed as a mutational mechanism for TSG
(Harris et al., 1991).

4. Insertion of new DNA sequence, originating from exogenous sources, notably viruses

such as human papilloma virus (HPV), Epstein Barr virus (EBV), hepatitis B virus

(HBV). These viruses have been unambiguously implicated in the development of
different types of cancer (Talbot and Crawford, 2004).
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Figure 3: Visualisation of the different types of genomic alterations present in cancer genome.
Circos plot are used to depict chromosomes, point mutations, copy number and rearrangements from
the outer circle to the inner circle. Each alteration is represented relative to its position on
chromosomes. Adopted from (Stratton et al., 2009).

2.2.3. Driver and passenger mutations

Mutations accumulate progressively during the lifespan of an individual. Nonetheless, not all
of these mutations result in tumor development. To reflect this concept, mutations are
classified according to their consequences on cancer development and referred to as driver
or passenger mutations (Figure 4). A driver mutation is a mutation that is implicated in
oncogenesis; it has been positively selected in the microenvironment of the tumor tissue by
conferring a growth advantage to the tumor. Such mutations are carried along in the clonal
growth of a cancer and can help maintain and promote its growth. A passenger mutation is a
mutation that does not contribute to cancer development and that has not been selected for
during the evolution of the cancer (Vogelstein et al., 2013). Passenger mutations do not have
functional consequences on tumor growth. By exploiting the functional contribution of driver
genes, such as oncogenes and TSG, to tumor development it is possible to define and
distinguish the clustered nature of driver mutations, which occur in a small number of genes,
from passenger mutations, which are randomly distributed throughout the genome.
Nevertheless, this task remains challenging as some mutation processes target specific
genomic regions, generating clusters of passenger mutations that can be mistaken for driver
alterations (Stratton et al., 2009). In addition, identification of cancer driver genes hinges in
part on mutation analysis of the most commonly mutated genes within a particular type of

cancer (Cancer Genome Atlas Research Network, 2008). This suggests that there are more
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driver genes still to be identified, including drivers infrequently mutated across cancers or
driver gene rearrangements that demand advanced genomic annotations for identification
(Greenman et al., 2007). In order to identify a driver gene that is mutated in more than 5% of

tumors of the same type with sufficient confidence, sequencing of hundreds of cases will be

required.
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Figure 4: Cellular lineage of cancer cell. Coloured symbols represent the progressive accumulation
of somatic mutations between the fertilised egg and a fully malignant cancer cell. Embryogenesis
represents a sensitive stage where embryos are prone to intrinsic mutation processes. After birth and
during childhood, more mutations start accumulating due to environmental or lifestyle exposure.
Chronic exposure to some cancer-risk agents can promote a mutator phenotype leading to an over-
proliferation of cells and finally provoking cancer. Moreover, therapeutic approaches to eradicate

cancer can cause the development of mosaic cells resistant to chemotherapy and thus the recurrence
of the disease. Adopted from (Stratton, 2013).
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3. Causes of mutations in human cancer:

Regarded mostly as a genetic disease, research has been heavily focused on the
identification of cancer driver genes, as they represent attractive targets for therapeutic
drugs. With the announcement of the reference human genome sequence in 2002 and the
development of NGS, human cancer genomes have been sequenced at an unprecedented
rate, uncovering the identity of genes operative in cancer development and accounting for
more than 1% of all human genes (Futreal et al., 2004). Interestingly, while examining the
cancer data for cancer genes in a myriad of sequence changes, researchers noticed that the
mutational patterns differed by frequency and mutations type across the cancer types. This
was suggestive that each cancer type can be a consequence of distinct mutagenic

processes.

3.1. Intrinsic versus extrinsic exposures leading to cancer mutations

Cancer genomes represent a historical archive of the different mutagens that acted on the
organism and were ultimately responsible for the development of cancer. Mutations can be
prompted by endogenous factors (intrinsic mutagens), such as the inherent genetic instability
and defects in the DNA repair machinery, or exogenous factors (extrinsic mutagens), such as
dietary compounds, smoking, viruses, occupational and environmental carcinogens (Nowell,
2002; Vogelstein and Kinzler, 1993).

Lately, the identification of the source of mutations found in human cancer genomes has

become a subject of controversy.

It is widely accepted that mutations can be introduced upon exposure to carcinogens or via
inherited predisposition to cancer. However, differences in incidence rate across cancer
types have stimulated a discussion on whether stochastic DNA changes, due to variations in
stem cell divisions in different organs, could explain this observation (Tomasetti and
Vogelstein, 2015; Tomasetti et al., 2017a, 2017b). Quantitative correlation analysis of the
lifetime risk of developing a certain cancer with the number of stem cells divisions within the
same organ implied that replication-related mutations are required to drive neoplastic

development (Tomasetti and Vogelstein, 2015).

An extended analysis based on a novel mathematical model and DNA sequencing and
epidemiological data from 69 countries, representing 4.8 billion people, replicated the
previous findings (Tomasetti et al., 2017b). This model computed 29% of driver gene
mutations to be linked to environmental factors, whereas 66% were attributed to replicative

errors.
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However, it is difficult to completely separate replication-related mutations from exogenous
factors. Consumption of very hot beverages for example, which has been linked to
esophageal carcinogenesis, induces severe damage to the cellular lining of the esophagus,
which in turn will trigger stem cells located in the deep layers to divide in order to replace the
damaged cells. Therefore, stem cells divisions, caused by an exogenous factor, can
introduce replication-related mutations (Lopez-Lazaro). Moreover, the endogenous
production of reactive oxygen species (ROS), which can trigger replicative mutations, has
been considerably associated with several environmental compounds that act indirectly on

the DNA, such as pesticides, mycotoxins and heavy metals (Frenkel, 1992).

Numerous epidemiological studies emphasize the contribution of the environment to the
cancer burden observed in particular populations (Wild et al., 2015). For instance,
hepatocellular carcinoma shows a high incidence rate in regions with a high risk of exposure
to aflatoxin B4 (AFB1) compared to other regions where AFB1 exposure is minimal (Wild et
al,, 1990). In addition, comparison of cancer incidence of Japanese subjects residing in
Hawaii versus those living in Japan, especially from Okinawa, revealed a dramatic decrease
in cancers of the mouth, pharynx and esophagus in all Japanese migrants, suggesting that
they have escaped exposure to an environmental cancer risk factor peculiar to Okinawa
region (Stemmermann et al., 1991). Furthermore, Wu et al. (Wu et al.,, 2016) provided
extensive discussion on the causes of cancer mutations being attributed more significantly to
environmental factors by employing different approaches. This resulted in an estimated 70-
90% contribution of extrinsic factors to cancer development, with the rest being due to

intrinsic factors.

Uncovering the causes of cancer allows cancer prevention measures, seeking to reduce or
remove the exposure factors (Brennan and Wild, 2015; Colditz et al., 2012). Current
estimates indicate that the majority of the global cancer risk could be preventable (Ferlay et
al., 2015). Taking the ongoing discussion regarding the contribution of replication errors into
account, a smaller proportion of cancers would be amenable to a reduction of environmental
exposures, while the majority would require cancer prevention measures based on early

detection and intervention.

3.2. Approaches to identify the sources of the somatic mutations:

Human cancer genomes harbour complex mutation patterns reflecting tumor heterogeneity
that can stem from exposures to multiple carcinogenic agents (Greenman et al., 2007).
Some mutagenic carcinogens leave specific SBS mutation imprints on the DNA, exemplified

by tobacco smoke carcinogens, ultraviolet light (UV) and AFB1, causing characteristic
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mutation patterns as seen in lung (G>T), skin (C>T) and liver (G>T) cancers, respectively
(Hollstein et al., 1991; Pleasance et al., 2010a, 2010b). Further refined classification of these
SBS mutations can be applied by taking the nucleotide bases flanking the mutated base on
5 and 3’ into consideration. Thus, it became possible to discriminate between the mutation
patterns of G>T transitions observed in lung and liver cancers, and the analysis of human
cancer mutation spectra now offers the possibility to study cancer etiology (Hollstein et al.,
2017).

3.2.1. Single-gene approaches

Previously, mutagenicity and genotoxicity evaluation of compounds relied on simple assays
employing prokaryotic systems, such as the Ames test, and assays that are laborious, such
as the comet and micronucleus assays. However, these assays do not provide insights

regarding the specific base changes and the sequence context (Zhivagui et al., 2016).

Using single-gene sequencing experimental models as well as primary human tumors
provides an alternative to study the mutagenic processes associated with specific
carcinogenic exposures. The experimental systems used for this purpose depend either on a
phenotypic selection method (e.g. bacterial reporter genes) or on genes that are frequently

mutated in human cancers.

3.2.1.1. Reporter gene assays

Commonly utilized in vitro reporter genes rely on endogenous genes, e.g. HPRT, DHFR and
TK, to convert certain media supplements to toxic metabolites implying the occurrence of
genetic changes in the encoding genes. In contrast, animal in vivo model systems include
the genomic integration of a transgene consisting of a reporter gene (such as lacl, lacZ, gpt,
gpa, hprt, aprt, supF and cll genes) and a viral shuttle vector. After exposure, the transgene
is packaged into phage particles ensuring the efficient delivery of the target gene into a
bacterial host. Mutation detection is examined using chromogenic or viability selection
(Boverhof et al., 2011). Reporter gene assay allowed the assessment of the mutagenicity of
a number of carcinogens, for instance, the heterocyclic amine 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP), a common dietary carcinogen in cooked meat, which
was associated with an increased rate of G>T transversions. Other examples include the
dietary carcinogen acrylamide (A>T and G>C), AFB1 (G>T) and the chemotherapeutic agent
8-methoxypsoralen (T>A) (Zhivagui et al., 2016).
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3.2.1.2. Single-gene mutation profiles

Sequencing of cancer genes facilitates the identification of driver mutations in a cancer type.
This approach provided the first evidence regarding the molecular mechanisms by which
environmental carcinogens leave characteristic imprints on the DNA. Examples of the most
frequently mutated genes in human tumors include TP53, KRAS and BRAF genes. Single
cancer gene sequencing in skin and lung tumors identified mutation patterns characteristic of
exposures to UV-light and benzo[a]pyrene (BaP), respectively (Brash, 2015; Brash et al.,
1991; Pfeifer et al., 2002). UV-light induces C>T transitions at dipyrimidines in skin cancers,
and tobacco smoke prompts G>T transversions in lung tumors (Figure 5) (Olivier et al.,
2010). These tumor-associated mutation patterns are in agreement with results from
controlled experimental exposure studies of UV-light and BaP (Denissenko et al., 1996;
Miller, 1982). Indeed, sequencing of the TP53 gene in cancer patients with different
exposures history (exposed vs. non-exposed) strengthened the link between environmental
factors and cancer (Hollstein et al., 1991). Lung tumors from smokers display a predominant
G>T mutation pattern which is not evident in lung tumors from non-smokers, and the G>T

imprint correlates with the level of tobacco consumption (Pfeifer et al., 2002).

Human exposure to the plant carcinogen aristolochic acid (AA) has been linked to the
endemic Balkan nephropathy and upper tract urothelial carcinoma (UTUC) (Grollman et al.,
2007). Indeed, TP53 mutation screening of these cancers identified a pronounced A>T
mutation fingerprint associated with the unique mutation pattern of AA observed in the
laboratory (Hollstein et al., 2013; Nedelko et al., 2009).

Finally, the TP53 gene exhibits a unique mutation profile characterized by predominant G>T
transversions in hepatocellular carcinoma (HCC) cases from regions where AFB1 exposure
is prevalent (Bressac et al., 1991; Montesano et al., 1997; Wogan, 1992). Liver cancers from
other populations where AFB1 exposure is minimal and other risk factors prevail exhibit

distinct TP53 mutation fingerprints (Montesano et al., 1997).
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Figure 5: Data extracted from IARC TP53 database (http://p53.iarc.fr/TP53SomaticMutations.aspx).
Pie charts representation of the proportion of TP53 SBS changes observed in human skin, lung,
kidney and liver cancers linked to the external factors, UV, smoking, AA and AFB1 respectively.

Different in vivo and in vitro experimental systems contributed to the extraction of TP53
mutation patterns, representing “rudimentary signatures” of mutagens and their association
to specific cancer types. These models include a genetically engineered mouse system,
harboring the human TP53 gene, from which embryonic fibroblasts were derived. Hupki
(Human TP53 knock-in) mice were exposed to UVB inducing characteristic TP53 gene
mutations similar to those predominantly observed in human skin cancer (C>T) (Luo et al.,
2001a, 2001b). Moreover, Hupki mouse embryonic fibroblasts (Hupki MEFs) were exposed
to a number of carcinogens elucidating analogy between the Sanger sequenced TP53 genes
from the in vitro assay and human tumors associated with the same exposure (Zhivagui et
al., 2016).

Yeast systems were also exploited for TP53 mutagenesis using a strain transfected with an
expression vector harboring human TP53 cDNA that had been UV-irradiated in vitro. The
results revealed CC>TT transversions which is in line with the observations from human skin

cancer data (Inga et al., 1998).
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Finally, normal human fibroblasts were treated with known carcinogens, such as BaP, AFB1
and acetaldehyde and mutation patterns of TP53 were evaluated by functional analysis of
separated allele in yeast (FASAY) (Paget et al., 2012).

Notably, experimental identification of carcinogen-specific mutation patterns demonstrates
effectiveness in convergence of the mutation data with the epidemiological studies for the
establishment of causal associations between environmental exposures and human cancers
(Hollstein et al., 2013; Zhivagui et al., 2016).

Despite their significant contribution to understanding the sources of somatic mutations in
cancer, single gene sequencing studies harbor major limitations: first, TP53 mutation, which
confers a selective growth advantage, may not always occur or be selected for during cell
transformation; second, many samples from a specific cancer type are needed to accumulate
enough alterations to extract a specific mutation profile (Hollstein et al., 2017; Zhivagui et al.,
2016). Fortunately, advances in NGS and bioinformatics analysis can help address these

challenges and allow efficient testing of hypotheses regarding putative cancer-risk factors.

3.2.2. Massively parallel sequencing and computational analysis

Massively parallel sequencing has revolutionized many aspects of biology, including
mutation research, due to high speed sequencing capacities and the reduction in the overall
sequencing cost. NGS enables the extraction of mutation patterns from individual tumor

samples, overcoming the need to pool many individuals for single-gene mutation profiling.

The mutation spectra observed in cancer genomes are the consequence of exposure to
multiple risk factors during the individuals’ lifetime. In order to establish the contribution of
individual exposures to the final mutation spectra, a simple mathematical model based on
non-negative matrix factorization (NMF) can be used to deconvolute the spectra into
mutational signatures characteristic for cancer-risk factors (Figure 6). The NMF algorithm
was first used by Alexandrov and colleagues to achieve an elegant reconstruction of the
original sources of mutations, using mutation data from 7042 cancer patients in 30 different
cancer types to extract 21 distinct mutational signatures (Alexandrov et al., 2013a) that were
later expanded to 30 and are available on the COSMIC website (source:

http://cancer.sanger.ac.uk/cosmic/signatures) (Alexandrov et al., 2013b).
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Figure 6: An example of using the NMF tool to tease apart different mutational signatures from
tumor sequencing data. In the first case with low exposure risk, the only observed mutational
signatures are C and B, whereas in case 2 with high exposure risk a new mutational signature A is
extracted, and by the mean of epidemiological studies and patient exposure history the mutagenic
factor can be identified. The pie charts represent the relative contribution of each signature to the
overall mutation load in each tumor. These two cases illustrate the difference in cancer etiology
(Hollstein et al., 2017).

Currently, modeling of mutation spectra and mutational signatures in human cancers
addresses the SBS data only. There are six possible types of SBS: C:G>A:T, C:G>G:C,
C:T>T:A, T:A>A:T, T:A>C:G and T:A>G:C. SBS are conventionally reported as the
pyrimidine of the mutated Watson-Crick base pair. Thereby, a C:G>A:T substitution will refer
to both C>A and G>T substitutions. The profile includes the trinucleotide sequence context of
each mutated base (with the mutated base in the centre) on the x-axis, generating 96
possible SBS mutation types. The y-axis represents the proportion of each mutation with
respect to the overall SBS counts (see Figure 6). Moreover, an additional feature can be
attributed to a mutational signature taking in consideration the proportion of the mutations
generated on the transcribed and the non-transcribed DNA strand, referred to as
transcription strand bias. A ratio between the mutation counts on the non-transcribed
(numerator) and the transcribed strand (denominator) greater than 1 denotes the activation
of transcription-related DNA repair machinery, reducing the number of mutations in the
denominator. Reversely, a replication-related strand bias can occur when the mutation
counts are relatively increased on the transcribed strand compared to the non-transcribed

strand.
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Differences in mutation patterns in different cancer types are immediately evident. Small cell
lung carcinoma, for example, displays a predominant C:G>A:T pattern with transcription
strand bias (signature 4), related to tobacco smoke carcinogens. Upper tract urothelial
carcinoma shows a unique mutational signature characterized by T:A>A:T in 5-CAG-3’
sequence context (signature 22), ascribed to AA exposure, whereas melanoma harbors a
mutational signature characterized by predominant C:G>T:A at dipyrimidine nucleotide
(signature 7) attributed to UV-light exposure (Alexandrov et al., 2013b). Importantly,
mutational signatures with a strong link to a specific cancer type and its main etiological

factor replicate observations from the single-gene TP53 sequencing approach.

As tumor mutation spectra are a composite of superimposed mutational signatures left by
various mutagenic insults, seven of the thirty known mutational signatures, for example, were
identified in liver cancers. The known risk factors attributed to liver cancer occurrence are
HBV and HCV, alcohol consumption and AFB1 exposure. Among the identified signatures,
signature 16, characterized by T:A>G:C transitions at 5’-NAT-3’ sites is observed exclusively
in 90% of the liver tumors. Its etiology is nevertheless still unknown. Signature 24 was also
uncovered in AFB1-exposed liver cancer spectra, characterized by a transcription asymmetry
of C:G>A:T transversions (Schulze et al., 2015). This was elegantly confirmed using an
integrated experimental analysis across human cell lines, animals and primary HCC tumors
(Huang et al., 2017).

Surprisingly, endogenous mutagenic processes constitute almost half of the identified
mutational signatures. Signature 1, attributed to the spontaneous deamination of 5'-
methylcytosine, is seen in almost all tumors and is pronounced in some, such as in acute
myeloid leukaemia. Together with signature 5, it has been linked to the clock-like cellular
processes reflecting the chronological age of patients at diagnosis (Alexandrov et al., 2015).
Furthermore, a number of signatures have been attributed to the disruption of processes
regulating DNA homeostasis (Helleday et al., 2014), such as malfunction of DNA repair
polymerases eta and epsilon (signatures 9 and 10, respectively), defective DNA mismatch
repair (MMR) (signatures 6, 15 and 20), and BRCA1/2 mutations indicating a failure of DNA
double strand repair by homologous recombination (signature 3). Notably, in more than half
of the cancer types analysed to date, APOBEC (apolipoprotein B mRNA editing enzyme,
catalytic polypeptide-like) deaminase mutational signatures (signatures 2 and 13) have been
identified. APOBEC signatures are supported by extensive work in experimental model
systems (Burns et al., 2013; Chan et al., 2015; Harris et al., 2002; Kazanov et al., 2015).
These enzymes are implicated in virus restriction and suppression of retrotransposition

(Smith et al., 2012). Signature 2 was found in cervical and in head and neck cancers, both of
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which are related to HPV infection, implying the recurrent activation of APOBEC upon viral

infection (Rebhandl et al., 2015; Warren et al., 2015).

Among the 30 distinct mutational signatures thus far identified, 40% remain with unknown
etiology reflecting the need for controlled experimental mutation studies (Zhivagui et al.,
2016).
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4. Cancer genomics repositories:

Hand-in-hand with the remarkable technological advances in sequencing, a complete
catalogue of all somatically acquired variants in cancer genomes was established in
coordination with different data repositories, which keep the mutation data freely accessible
and mineable. In addition to the somatic mutations, these repositories frequently contain
additional omics data, such as gene expression data from RNA-seq, proteomics and
epigenetic profiles, of the same cancer cases, and have been correlated with basic clinical

features.
There are three large-scale data repositories that exist today:

e The Catalogue Of Somatic Mutations In Cancer (COSMIC) which is maintained by the

Sanger Institute UK, using manually curated data from the scientific literature.

e The Cancer Genome Atlas (TCGA) which collaborates with the Pan-Cancer analysis

project and is funded by the NIH.

e The International Cancer Genome Consortium (ICGC) which coordinates the

generation of comprehensive catalogues of genomic abnormalities internationally.

4.1. The Catalogue Of Somatic Mutations in Cancer (COSMIC)

The Catalogue Of Somatic Mutations in Cancer (COSMIC) is easily accessible through its
website (http://www.sanger.ac.uk/cosmic) (Forbes et al., 2011, 2017). COSMIC is the

broadest database initiative of cancer mutation recurrence exploring targets and trends in the

genome of human cancers worldwide. Release v78 (September 2016) includes 1,235,846
tumors samples, and 28,366 tumors genome-wide sequenced. Using 23,489 scientific
publications for manual curation (accounting for 60% of COSMIC content), this high-
resolution resource focuses on 186 key genes across all cancers. Molecular profiling of this
large number of tumors allowed annotation of over 4 million coding mutations and one million
copy number variants (Forbes et al., 2017). Around 30% of COSMIC content has been

selected from consortia sources such as TCGA and ICGC.

4.2. The Cancer Genome Atlas (TCGA)

The Cancer Genome Atlas (TCGA) is accessible on http://cancergenome.nih.gov/. It is

managed by the National Cancer Institute (NCI) and the National Human Genome Research
Institute (NHGRI). The primary aim of TCGA is to assimilate and interpret molecular profiles
from DNA, RNA and protein sequencing as well as epigenetic patterns from clinical cases of

different types of cancer. Data annotation is not confined to point mutations only, but also to
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the characterization of copy number variations, DNA methylation, mRNA and miRNA
expression and sequence and transcript splice variations (Weinstein et al., 2013). Cancer
samples are chosen on the basis of poor prognosis and public health impact and on the
availability of human tumor-matched normal tissue samples. In 2017, a launch of a new data
portal, the Genomic Data Commons (GDC), will take place, which includes 29 different

human tumor sites.

4.3. The International Cancer Genome Consortium (ICGC)

The International Cancer Genome Consortium (ICGC) is publically accessible on
http://icgc.org/. The aim of the ICGC platform is to attain a comprehensive elucidation of
cancer genome abnormalities by harnessing genomic, transcriptomic and epigenomic
changes in 50 different tumor types denoting clinical and public health importance throughout
the world (2010). To date, ICGC analyzed over 25,000 cancer genomes using different omics

approaches and identified around 46 million somatic mutations in 21 different tumor types.

The Pan-Cancer Analysis of Whole Genomes (PCAWG) collaboration was established,
covering about 700 researchers from around the world. PCAWG encompasses whole
genome data of 2,834 donors with matched tumor/normal samples using ICGC data
repositories. It aims for meaningful cross-tumor comparisons and standardized bioinformatic
analyses using gold-standard, benchmarked, version-controlled algorithms (Campbell et al.,
2017).
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5. IARC Monographs on the evaluation and classification of

carcinogenic risks to humans

The International Agency of research on Cancer (IARC) is the specialized cancer agency of
the World Health Organization (WHO). It seeks to prompt broad collaboration in cancer
research to uncover the causes of cancer so that prevention measures can be adopted in
order to reduce the burden of this disease and related suffering. The IARC Monographs are
expert evaluations of a compendium of carcinogenic chemicals and their causal effect on the

human population.

5.1. Objective and scope

The objective of the IARC Monographs program is to review public scientific reports for
evidence linking a wide range of agents to human cancer occurrence. The Monograph
represents the first step in carcinogen risk assessment through examination of published
data, positive or negative, in order to evaluate whether or not a compound could induce
cancer in humans. The term ‘agent’, frequently used, refers to a broad range of agent
categories including chemicals, complex mixtures, occupational and environmental

exposures, as well as biological organisms.

5.2. Evaluation and rationale

Evaluation of cancer risk agents depends on the strength of evidence available in the
literature related to carcinogenesis in human and animals as well as to mechanistic data. The
classification of a compound doesn’t revolve around the carcinogenic potency but around the
strength of evidence (sufficient or insufficient). This classification can be changed when new

evidence becomes available.

Establishing a causal association between exposure to a studied agent and human cancer
relies on the available epidemiological studies that allow the categorization of the compound
into one of the following: a) sufficient evidence of carcinogenicity; b) limited evidence of
carcinogenicity; c) inadequate evidence of carcinogenicity; and d) evidence suggesting lack

of carcinogenicity.

Similarly, the carcinogenicity of a compound in experimental animals is classified based on
conventional animal bioassays (mostly rodents), including those that employ genetically-

modified animals.

Mechanistic and other relevant data have the power to affect the evaluation and the

classification of an agent by weighting data on preneoplastic lesions, tumour pathology,
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genetic and related effects, structure-activity relationships, metabolism and toxicokinetics,
physicochemical parameters and analogous biological agents. The agent is then categorized
based on the strength of evidence as “weak”, “moderate” or “strong”. The Working Group can
identify mechanistic data that are likely to operate in humans and consider whether multiple
mechanisms contribute to carcinogenesis, whether different mechanisms function at different
dose ranges, whether distinct mechanisms drive tumorigenesis in humans compared to
animals and whether a unique mechanism is activated only in a susceptible group. The
evidence is strengthened when experiments are performed in different models with

consistency in the results and biological plausibility.

5.3. Overall evaluation

Based on the strength of evidence inferred from the human epidemiology data, experimental
animal studies and mechanistic and other relevant data, the agent is subsequently classified

into one of the following categories (see also Table 1):
e Group 1: The agent is carcinogenic to humans. This group comprises 120 agents.

e Group 2: The agent is probably (2A) or possibly (2B) carcinogenic to humans. This

group contains 81 and 299 agents, respectively.

e Group 3: The agent is not classifiable as to its carcinogenicity to humans. Group 3

embraces 502 agents.

e Group 4: The agent is probably not carcinogenic to humans. This group consists of 1

agent, caprolactam.

21



IARC monographs

Table 1: A summary of evaluation instructions to classify an agent in one of the groups assigned

by IARC monographs based on the strength of evidence in humans and experimental models. ESLC:

evidence suggesting lack of carcinogenicity. Table source: IARC monographs.

Evidence in humans

Evidence in experimental animals

Sufficient Limited Inadequate EStC

Sufficient &

Limited Gro'fazA Group 2B (possibly carcinogenic)
(probably (exceptionally, Group 2A)
carcinogenic)
Group 2B
Inadequate (possibly Group 3 (not classifiable)
carcinogenic)
Este Group 4

Mechanistic data can be pivotal when the human data are not conclusive and can, therefore,

result in the change of classification of a compound. Table C.1 is complementary to Table 1,

depicting the impact of mechanistic data on cancer-risk agent classification.
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6. The MutSpec project: Molecular Mechanisms and Biomarkers
group, IARC

With respect to IARC’s core activities, elucidating the mechanisms of environmental
exposures through genetic and epigenetic alterations can provide evidence base for the
etiology of cancer, strengthen the data on carcinogen evaluation and classification and may

ultimately influence prevention measures.

As part of the Mechanisms of Carcinogenesis (MCA) section, a main focus of the Molecular
Mechanisms and Biomarkers (MMB) group at IARC, led by Dr. Jiri Zavadil, is to decipher the
origins of the molecular changes that shape human cancer genomes. Such changes can
arise from environmental exposures or endogenous processes that leave fingerprints on the
DNA. In 2014, the “MutSpec” project, short for Mutation Spectra, was launched in
coordination with the IARC Monographs section (IMO) and other IARC groups, in order to
experimentally generate mutational signatures specific to cancer-risk agents and to elucidate
the enigmatic signatures observed in human tumors. For this purpose, a list of high priority
compounds has been generated, reflecting MMB group interests as well as
recommendations of the Advisory Group regarding compounds of interest for carcinogen
classification by the IARC Monographs section (Straif et al., 2014). The “MutSpec” project
seeks to identify carcinogen mutation spectra and signatures in well-controlled experimental
settings, using robust mammalian in vitro exposure assays and tumor tissue from animal

bioassays.

6.1. The experimental model systems

In vivo exposure bioassays as well as in vitro exposure assays are two roads that can lead to
a controlled assessment of the genotoxicity, mutagenicity and carcinogenicity of a
compound. ldeally, such exposure studies would use model systems that enable the testing
of a large number of compounds within a reasonable timeframe. Cellular models suitable for
mutation spectra analysis should include a bottleneck step followed by clonal expansion and
mimic key steps of carcinogenesis (initiation via exposures, promotion and progression).
There are two approaches to be considered for in vitro systems: 1) Bypass of a biological
barrier, like crisis or senescence, and emergence of an immortalized clonal population,
referred to as Barrier-Bypass Clonal Expansion (BBCE); 2) Cells to which a selective
biological bypass step is not applicable require single-cell subcloning after exposure, referred
to as Clonal Expansion (CE). Moreover, these models should be able to recapitulate key

aspects of human biology (e.g. metabolism, DNA repair pathways) (Zhivagui et al., 2016).
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6.1.1. Mouse embryonic fibroblast: Hupki MEF cells

Several model systems used for the inquiry of mutational signatures by the means of
massively parallel sequencing meet some but not all of the above mentioned criteria
(Zhivagui et al., 2016).

Hupki MEFs were first established for single-gene studies using Hupki mice (Liu et al., 2004).
Using this cell system, exposures to UV light, AA, benzo[a]lpyrene (B[a]P) and 3-
nitrobenzanthrone (3-NBA) were carried out (vom Brocke et al., 2008; Feldmeyer et al.,
2006; Liu et al., 2004, 2005). It is characterized by a biological barrier (senescence), which
cells can bypass in a clonal manner (see Figure 7). Sanger sequencing of the TP53 gene
recapitulated human cancer TP53 mutation profiles associated with the same exposures
(Besaratinia and Pfeifer, 2010; Brocke et al., 2006; Kucab et al., 2010), namely in skin,

kidney and lung tumors.

Senescence/crisis Clonal selection
@% ) O]
12 MEF » genescent ——————— immortalized

B-gal staining

Figure 7: Hupki MEF exposure. MEFs are exposed as primary cells to carcinogens. The cells are
propagated in culture until they reach senescence, manifested in modified cellular morphology (e.g.
increase in cytoplasmic size) due to the inability of the cells to undergo a full cell cycle, hence, the
formation of multi-nucleated cells. Senescence can be detected biochemically using beta-
galactosidase staining. Mouse cells have the ability the bypass senescence generating immortalized
cell lines representing a number of clones or subclones.

More recently, Hupki MEF cell lines derived from exposure to UV-light class C, AA, B[a]P
and methylnitronitrosoguanidine (MMNG) were subjected to whole-exome sequencing. In
agreement with the TP53 sequencing studies, extracted SBS-mutational signatures
recapitulated the mutation profiles observed in human cancer linked to same exposures,
(melanoma, UTUC, lung and brain cancer, respectively) (Olivier et al., 2014) (Figure 8). The

immortalized cell lines represent relatively homogenous populations of one predominant
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clone and less represented subclones, which allows reliable identification of enriched SBS
patterns upon sequencing at reasonable coverage (Zhivagui et al., 2016). These findings
were validated at the whole-genome scale allowing investigations beyond SBS mutations
and towards structural variations, large insertions and deletions and copy number alterations
(Nik-Zainal et al., 2015).

Nevertheless, using mouse cell lines has caveats to recapitulate exposures in human beings
due to limitations in the differences in genetic background, species-specific repair
machineries and metabolic restrictions (Zhivagui et al., 2016). The addition of human S9
fraction, comprising active metabolic enzymes such as CYP450 and transferases, can boost
metabolism of pro-carcinogens and thus circumvent the latter limitation. Interestingly,
immortalization of primary mouse cells requires only one barrier bypass event such as
disruption of the p19/ARF/p53 axis, making it an easier and faster system compared with the
human cells necessitating disruptions of several critical genetic pathways (Hahn and
Weinberg, 2002).
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Figure 8: Carcinogens’ mutational fingerprints in human primary tumors recapitulated in the Hupki
MEF experimental system. (a) The upper panels show the mutational signature identified in smoking-
related cancer patients (COSMIC signature 4 and 29). Lower panel: Hupki MEF cells treated with
B[a]P under well controlled settings. (b) The upper panel represents the mutational signature identified
in UTUC patients (COSMIC signature 22) correlating with AA exposure in Hupki MEFs (lower panel).
(c) Mutational signature from skin cancer patients, attributed to UV-light (upper panel) (COSMIC
signature 7) recapitulated by Hupki MEFs exposed to UV-light (lower panel).
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6.1.2. Human cell models

6.1.2.1. HepaRG cells: human hepatic bipotent progenitor cells

HepaRG cells are hepatic progenitor cells isolated from a donor afflicted with
hepatocarcinoma (Gripon et al., 2002; Guillouzo et al., 2007). HepaRG is a well-established
hepatic cell line with the ability to grow as early hepatic progenitor cells, which express
properties of stem cells, and can be differentiated to a dual population of hepatocyte-like and
biliary-like cells. In addition, they have the capacity to completely transdifferentiate from
mature cells back to progenitor cells (Cerec et al., 2007). HepaRG is an immortal cell line,
with a highly stable karyotype, infinitely proliferative, and it does not give rise to tumors after
transplantation into nude mice (Andersson et al., 2012). The cell line is particularly useful to
evaluate drugs and perform drug metabolism studies as it expresses a full array of functions,
responses, and regulatory pathways of primary human hepatocytes, including Phase | and I
enzymes (Aninat, 2005). In addition, it represents an interesting tool to study aspects of

progenitor biology (e.g., differentiation process), carcinogenesis, and pathogenic infections.

In culture, HepaRG cells can grow as progenitor cells, which proliferate until late passages,
after which the cells seem to enter into a crisis-like event and lose some of their capacities,
characterized by a slightly reduced ability to undergo differentiation towards active and
mature hepatocytes. Alternatively, once the progenitor HepaRG cells reach confluency, a
differentiation process is triggered and the cells start shaping their morphology towards the
dual population of hepatocytes and biliary cells. The cells reach full maturity within 2 weeks
after confluency. Differentiated cells have a short lifetime in culture and reach senescence
within a couple of weeks. At low cell density, these cells can transdifferentiate at any stage
back to progenitor cells (Cerec et al., 2007; Fukujin et al., 2000; Savary et al., 2015) (Figure
9).
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Figure 9: Schematic representation of HepaRG cell culture showing the two scenarios
corresponding to progenitor cell proliferation (lower growth curve) as well as the differentiated dual
population (upper growth curve). Images depict the cells at different stages: progenitor state (left),
differentiation (center), senescence (right).

The versatility of this cellular model may offer different approaches, in order to address the
effect of carcinogen exposure on the senescence and crisis-like states of HepaRG cells as

well as on their potential to clonally expand.

6.1.2.2. Human lymphoblastoid cell lines: LCL

Lymphoblastoid cell lines (LCL) represent a surrogate for human isolated and cryopreserved
peripheral blood lymphocytes, which are seldom available. They are established by in vitro
infection of B-cells from human peripheral blood with the EBV virus resulting in unlimited
replication of the B-cells (Hussain and Mulherkar, 2012). EBV imparts the least genetic
changes on the B cells compared to other viruses, as EBV remains in the episome form in
the host genome (Neitzel, 1986). Therefore, EBV-immortalized B-cells bear negligible
genetic and phenotypic alterations and maintain similarities with their parental lymphocytes

at the molecular and functional levels.

LCL have proven to be powerful tool for mutation analysis studies as well as for
transcriptional and proteomic studies (Hussain and Mulherkar, 2012). They are used to study
DNA damage, DNA repair and cytotoxicity responses to drugs, radiation and chemical

compounds (Hussain and Mulherkar, 2012; Jagger et al., 2009). Importantly, genome-wide
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sequencing of LCL has been documented (Schafer et al., 2013), rendering them potentially

suitable for NGS-based mutation analysis of chemical compounds that effect lymphocytes.

6.1.3. Rodent bioassays: powerful in vivo exposure study systems

Animal bioassays represent another experimental system frequently used for mutation
analysis. The United States National Toxicology Program (US NTP), established in 1978, is
an interagency program that aims to evaluate agents of public health concern such as
industrial chemicals, dietary compounds, pesticides and drugs for cancer risk assessment.
To date, the program has tested the short- and long-term effects of around 600 agents in
bioassays, using mice and rats. Short-term and 2-year, long-term studies are complemented
with genotoxicity examination. Control and exposed animal groups are sacrificed at the end
of the study, all organs undergo pathology review for cancer classification and tissues are
then archived and stored (Table 2). This material can be exploited as a source of DNA for

genome-wide mutational signature analyses.

Table 2: The US National Toxicology Program.

Source of bioassay US NTP/NIEHS

Location Research Triangle Park, NC, USA

Industrial chemicals, chemicals in industrial and consumer

products, pesticides, water disinfection byproducts, hormones,
Type of agent tested N ]
drugs, fuels, food additives and contaminants, metals and metal

compounds, particles and fibers, and non-ionizing radiation.

Number of agents tested ca. 600

B6C3F1 mice (also SKH-1 and Swiss mice)
F344/N rats (also NBR, Sprague Dawley and Wistar rats)

Animal models

Gender Males and females

Usual number of experimental
1 control + 3-4 dose groups

roups (Usual number of
groups ( (50)

animals/group/sex)

. . Inhalation, feed, gavage, drinking-water (also irradiation, dermal
Routes of administration
and trans-placental)

Usual duration of studies 2-years

Histopathology On all organs and tissues
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6.2. High priority compounds, background and relative interests

A list of high priority compounds was established using a semi-automated approach focusing
on evidence of human exposure and epidemiological data, evidence or suspicion of
carcinogenicity and genotoxicity, and whether the additional mechanistic data would improve
the classification by IARC monograph (see details of the prioritization scheme in the
Materials and Methods section). It encompasses compounds of Group 1, Group 2A and 2B
and Group 3 (Table 3).

Table 3: List of high priority compounds after a multi-step prioritization process (see details in
Materials and Methods). Classification of the compounds follows IARC classification. Group 1:
carcinogenic to human; Group 2A: probably carcinogenic to human; Group 2B: possibly carcinogenic
to human.

Year of
IARC
Compounds classification
Classification

report
Acrylamide 2A 1994
Glycidamide NA NA
Ochratoxin A 2B 1993
Hexavalent chromium 1 1978
N-methyl-N-nitrosourea 2A 1978
N'-nitrosonornicotine 1 2007
Nicotine-derived nitrosamine ketone 1 2007
Methyleugenol 2B 2013
Glyphosate 2A 2016
N-nitroso-glyphosate NA NA

Among the high priority compounds, five agents were selected for testing during the
framework of my PhD, namely, acrylamide, glycidamide, ochratoxin A, hexavalent chromium

and N-nitroso-N-methylurea.

6.2.1. Acrylamide and glycidamide

Acrylamide is a vinyl monomer, widely used in the industries, such as water treatment and
sugar production, as well as in laboratories for gel electrophoresis (IARC monographs,
volume 60, 1994). In 2002, Tareke and colleagues, discovered acrylamide in food products

processed at high temperatures. Acrylamide is formed in carbohydrate-rich foods upon
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Maillard reactions involving heat, reducing sugars, such as glucose, and the amino acid
asparagine, present in potatoes and cereals for example (Tareke et al., 2002). Other sources
of acrylamide include coffee and cigarette smoke (Mojska et al., 2016; Takatsuki et al.,
2003). Acrylamide is easily absorbed by an organism upon ingestion. It undergoes oxidation
by cytochrome P450 in the liver, producing the epoxide metabolite glycidamide (Ghanayem
et al., 2005; Sumner et al., 1999) (Figure 10). In contrast to acrylamide, glycidamide is highly
reactive and can bind relatively faster to DNA (Segerback et al., 1995). Several DNA adducts
of glycidamide have been described, namely, N7-(2-carbamoy-2-hydroxyethyl) guanine (N7-
GA-Gua), N3-(2-carbamoy-2-hydroxyethyl) adenine (N3-GA-Ade) and N1-(2-carbamoy-2-
hydroxyethyl) adenine (N1-GA-Ade) (Gamboa da Costa et al., 2003; Segerback et al., 1995)
(Figure 10).
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Figure 10: Chemical structure of acrylamide and glycidamide. Acrylamide is a vinyl that is
metabolized via CYP2E1 to glycidamide. Because of its electrophilic structure, glycidamide can readily
covalently bind to DNA, forming the three mostly observed DNA adducts, N7-GA-Gua, N3-GA-Ade
and N1-GA-Ade. Assembled from (Doerge et al., 2005; Krishnapura et al., 2016).

Interestingly, animal bioassays show an increase in cancer development upon exposure to
acrylamide and glycidamide at different sites, namely the Harderian gland, lung,
forestomach, skin and mammary gland (Beland et al., 2013, 2015). In addition,
epidemiological studies assessed the link between dietary acrylamide intake and renal,
ovarian and endometrial cancers (Hogervorst et al., 2008; Virk-Baker et al., 2014). The

results were not able to establish a clear association between acrylamide and cancer
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development in humans. A number of mutagenesis assays in vivo and in vitro, based on
alterations in driver genes and reporter genes showed an increased association of
acrylamide and glycidamide exposure with T:A>C:G transitions, as well as T:A>A:T and
C:G>G:C transversion mutations (Besaratinia and Pfeifer, 2003, 2004; Ishii et al., 2015;
Manjanatha et al., 2015a; Von Tungeln et al., 2009, 2012), whereas glycidamide exposure

was characterized by C:G>A:T transversions (Besaratinia and Pfeifer, 2004).

The IARC Monographs classified acrylamide as probably carcinogenic to humans (Group
2A) in 1994, based on sufficient evidence of carcinogenicity in experimental animals.
Nonetheless, this classification precedes the discovery of acrylamide in food and re-
evaluation of acrylamide as well as glycidamide may be warranted, considering new

(molecular) epidemiological and mechanistic data.

6.2.2. Ochratoxin A

Ochratoxin A (OTA) is a toxin metabolite produced by various types of fungi (Aspergillus and
Penicillium) (Figure 11). It is a widespread contaminant of animal feed and many food
commodities such as cereals, coffee, cacao, grapes, wine, soy and beer (Bellver Soto et al.,
2014; Kuiper-Goodman and Scott, National Toxicology Program, C56586, 1989). In Belgium,
the estimated daily intake of OTA suggests that about 1% of the population exceed the
tolerable daily intake level (Heyndrickx et al., 2015). OTA is a nephrotoxin (Gekle and
Silbernagl, 1993; Schwerdt et al., 1999), it has been suggested to be an etiological factor for
the development of the Balkan endemic nephropathy (BEN) and UTUC due to high levels of
OTA detected in the blood, urine as well as breast milk of BEN patients (Clark and Snedeker,
2006; Krogh et al., 1977; Pfohl-Leszkowicz and Manderville, 2007; Radi¢ et al., 1997).
Nevertheless, AA showed stronger causal associations in BEN and UTUC patients given the
levels of aristolactam-DNA adducts found in renal tissues together with the AA-specific
mutation profile characterised by T:A>A:T transversions observed in the TP53 gene from
tumor tissues and supported experimentally (Arlt et al., 2007; Cosyns et al., 1994; Grollman
et al., 2007; Nedelko et al., 2009). These findings were later accentuated by genome-wide
sequencing of urological cancers arising in chronic renal disease patients from BEN regions
(Castells et al., 2015; Jelakovi¢ et al., 2015).

Animal bioassays show a clear evidence of carcinogenicity of OTA in the kidney of F344/N
rats (National Toxicology Program, 1989). The IARC Monographs classified OTA as possibly
carcinogenic to humans (Group 2B) based on sufficient evidence of carcinogenicity in

experimental animals (IARC monograph, volume 56, 1993).
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Cl Figure 11: Ochratoxin A chemical structure. Taken
from (Lee et al., 2012).

OTA’s mode of action has been a matter of debate. Whether OTA can covalently bind to
DNA to form DNA adducts or induces the production of reactive oxygen species (ROS) is still
a matter of discussion. On one hand, a number of studies suggest an indirect mechanism of
OTA mediated by oxidative DNA damage, as no evidence for the presence of OTA DNA
adducts was found in these studies, using **P-postlabelling analyses (Jia et al., 2016; Mally
et al., 2005; Turesky, 2005). On the other hand, a second set of studies have consistently
detected adduct spots on chromatograms from DNA of mice, rats and pigs treated with OTA
(Faucet et al., 2004; Manderville, 2005; Pfohl-Leszkowicz et al., 1991). In addition, a liquid
chromatography/mass spectrometry (LC/MS) based approach suggested the presence of an
OTA DNA adduct (C-C8 OTA 3'dGMP) in vitro (Mantle et al., 2010). Alternative mechanisms,
such as effects on DNA ploidy and mitotic disruption have been suggested for OTA-mediated

carcinogenicity (Brown et al., 2007; Mally, 2012).

Elucidation of potential OTA genotoxicity and mode of action using state-of-the-art
technologies, such as whole-genome sequencing and adductomics analysis may provide

adequate human risk assessment and carcinogen classification.

6.2.3. Hexavalent chromium

Hexavalent chromium and other chromium compounds are well established environmental
carcinogens and human occupational respiratory carcinogens. Humans can be exposed to
chromium through inhalation, burning cigarettes, ingestion, and water contamination due to
chromium-containing wastes, dermal contact, or pressure treated woods. In addition, workers
in industries that generate or use chromium (VI) are at high risk of exposure through burning
of fossil fuels, waste incinerators, leather tanning and paint pigments (Nickens et al., 2010).
Moreover, epidemiological studies in the UK, Europe, Japan and the U.S. have consistently
shown an elevated risk of respiratory diseases in workers exposed to chromium (VI), namely,
fibrosis, nasal perforation and ulceration, development of nasal polyps and lung cancer

(Ishikawa et al., 1994; Nickens et al., 2010). Taken altogether, amassing human data on
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industrial and environmental exposure to chromium (VI) and risk of lung cancer classified

chromium (VI) as carcinogenic to human (Group 1) by IARC.

Chromium (VI) induces lung cancer in experimental animals (National Toxicology Program,
2008). Albeit the body of information supporting the genotoxicity and mutagenicity of
chromium (V1) in vivo as well as in vitro, the specific mechanism of carcinogenicity for
chromium (VI) remains unclear and debated (Figure 12). Hexavalent chromium can result in
ROS production in response to cytotoxic effects and oxidative stress, following the reduction
reaction forming chromium (lll) (Bagchi et al., 1997; Nigam et al., 2014; Patlolla et al., 2009;
Pratheeshkumar et al., 2016). Chromium (VI) carcinogenicity has been suggested to result
in genomic instability and structural genetic lesions including DNA adducts, DNA strand
breaks, DNA-protein crosslinks, oxidized bases, abasic sites, and DNA inter- and intrastrand
crosslinks (O’Brien et al., 2003; Salnikow and Zhitkovich, 2008). Additionally, several lines of
evidence suggest a major role of SBS in chromium (VI)-mediated mutagenicity in vivo and in
vitro, mainly by targeting C:G nucleotides (Cheng et al., 2000; Holmes et al., 2008). Lastly,
changes in epigenetic modifications have been observed upon exposure to chromium (VI),
including aberrant methylation and gene silencing (Klein et al., 2002; Sun et al., 2009), as
well as altered histone modifications, such as acetylation of histones H3 and H4
(Schnekenburger et al., 2007).

Oxidative

—>  stress; ROS + Chromosomal
production \\ damage

. Chromium
Chromium (VI) — (V1) and(lil - Mutations —> Tumors

DNA damage,; .
DNA adducts: / + Gene expression

- epigenetic changes
changes

Cell membrane

Figure 12: Potential mechanisms of carcinogenesis upon exposure to hexavalent chromium.
After cellular uptake, chromium (VI) undergoes metabolic reduction to chromium (Ill) causing ROS
generation and/or DNA damage through DNA adduct formation or altered gene expression. These
damages can lead to genomic instabilities and acquisition of mutations (mainly SBS). Adopted from
(Nigam et al., 2014).

While all these data are important and shed light on potential mechanisms of carcinogenesis

mediated by chromium (VI), large-scale DNA damage studies can help solve the debate, and
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with the advent of NGS a potential mutational signature of hexavalent chromium may be
identified under well-controlled settings in experimental models, which may in turn be linked

to exposed cancer patients.

6.2.4. N-Nitroso-N-methylurea

N-methyl-N-nitrosourea (MNU) is a nitrosoamine compound and an alkylating agent. It can
be naturally formed in preserved food from nitrites, by high temperature or putrefaction. MNU
has been first used in chemotherapy in combination with cyclophosphamide in solid tumors
(Kolari¢, 1977). Health professionals such as pharmacists, physicians, and nurses could
have been exposed during clinical testing for its use as a chemotherapeutic agent, e.g.
through preparation and administration of the drug or during clean-up (IARC Monographs,
volume 17, 1978). MNU is carcinogenic in all animal species tested, ranging from mice and
rats to dogs and monkeys (IARC Monographs, volume 17, 1978). Following administration by
different routes, MNU induces tumor development at multiple sites, including the nervous
tissue, stomach, esophagus, respiratory tract and kidney. Animals treated with H. pylori in
combination with MNU showed an increase in gastric adenocarcinoma incidence, but not
when they were treated with either agent alone (Sugiyama et al., 1998). Taken altogether,
MNU is reasonably anticipated to be a human carcinogen based on sufficient evidence of
carcinogenicity in experimental animals and classified by IARC as a probable human

carcinogen (Group 2A).

MNU alkylates nucleic acids both in vivo and in vitro allowing the transfer of its methyl group
onto 7-guanine producing mostly 7-methylguanine (Lijinsky et al., 1972). The genotoxicity
and mutagenicity of MNU has been validated in different experimental models using assays
detecting sister chromatid exchange, unscheduled DNA synthesis and bacterial phages for
mutagenicity (IARC Monographs, volume 17, 1978). Recently, the first whole exome
sequencing data on MNU exposure has been generated from mouse lung cancer. It defined
the mutation spectra of MNU characterized by predominant C:G>T:A transitions, resembling
the profile of other alkylating agents, such as MMNG and temozolomide (Alexandrov et al.,
2013b; Olivier et al., 2014; Westcott et al., 2015) (Figure 13).
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Figure 13: Similarities between alkylating agents’ mutational fingerprint. Mutational signatures of
temozolomide from human glioblastoma developed upon treatment to the chemotherapeutic agent
(Data taken from COSMIC), MNU exposure-derived mouse lung cancer (Westcott et al., 2015), and
MNNG-treated Hupki MEFs (Olivier et al., 2014).

In order to establish the Hupki MEF immortalization model MNU was used as a proof-of-
principle compound for cytotoxicity and genotoxicity assays as well as for single-gene
mutation screening after clonal expansion. MNU remains a compound of interest in the
MutSpec project due to its potential implication in nasopharyngeal carcinoma, as well as an

interesting alkylating compound to be evaluated for adductomics analyses.

36



OBJECTIVES

OBJECTIVES

Mutagenic compounds can alter the DNA in characteristic ways, leaving imprints termed
mutational signatures. The identification of carcinogen-specific mutational signatures can,
therefore, help unravel cancer etiology. Among the 30 mutational signatures observed in
human primary tumors, 40% remain of unknown origin and only 23% were attributed to
specific external exposures, such as UV light, alkylating agents, dietary contaminants and
tobacco smoke (Alexandrov et al., 2013b). Thus, it becomes urgent deciphering the
mutational signatures of the hundreds of agents that are known to be carcinogenic to
humans (IARC Group 1) as well as probably/possibly carcinogenic to humans (IARC Group
2A and B). In order to accomplish this task, well-controlled experimental systems are

required to identify the causes of such orphan mutational signatures (Zhivagui et al., 2016).

The MutSpec project is an IARC cross-cutting program aiming at an integrative analysis
across different experimental and primary systems (Figure 14), which include in vitro
exposure of mammalian cells to a number of cancer-risk agents, cross validation of the
resulting mutational signatures with those generated by concurrent sequencing of rodent
tumors from the chemical bioassay collection of the US NTP and matching them to primary

human tumor sequencing or public-domain human cancer data.
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Figure 14: The MutSpec project: a multi-system analysis of experimentally identified mutational
signatures with primary tumors (rodent and human tumors, public human cancer data repositories).
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Within the framework of my PhD, my objectives were:

Aim 1: Development of mammalian experimental cellular models for the MutSpec project
(Review 1, Zhivagui M et al., 2016, BCPT journal).

Aim 2: Identification of the cytotoxic and genotoxic potential of high priority compounds.

Aim 3: Characterization of the mutational signature of high priority compounds using suitable
experimental models (Results summarized in Paper 1, Zhivagui M. et al., under review,

Carcinogenesis journal; Paper 2, Zhivagui M et al., in preparation).

First, we adopted the Hupki mouse embryonic fibroblasts cell system for its ability to emulate
critical steps of cell transformation and carcinogenesis: selective barrier bypass and clonal
expansion of the resulting immortalized cells. Previous reports have shown that exposure in
Hupki MEFs reproduced observations from genomic data derived from human cancers linked
to identical exposures (Nik-Zainal et al., 2015; Olivier et al., 2014; Zhivagui et al., 2016). In
addition, HepaRG cells and LCL were assessed for their application in the MutSpec project.
Second, we focused on the list of high-priority cancer-risk agents epidemiologically linked to
human cancer and for which additional mechanistic data can help delineate cancer etiology
and speed up carcinogen classification.

Third, agent-specific mutational signature was extracted using in vitro experimental models.
The resulting in vitro mutational signatures were matched with those generated by
concurrent sequencing of rodent tumors from the chemical bioassay collection of the US

NTP and compared to own or public-domain human cancer data.

This integrative analysis can ensure the identification of high-confidence mutational
signatures and can thus help interpret the mechanistic impact of the tested agents on human

cancer burden.
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1. Prioritization of compounds for testing

Starting from a list consisting of compounds that have never been classified (NA),
compounds with emerging toxicological data of concern (Group 3), and classified compounds
for which the toxicological or epidemiological data have changed (Group 2A, 2B), a semi-
automated data-mining approach using different databases (such as PubMed, ToxRef,
NCBI) was used to rank compounds (Figure 15). The databases queries included
epidemiological evidence, mutagenicity, genotoxicity, DNA adduct formation, chemical
structure similarity and availability of animal bioassays, and the integration of the results was
visualized by Cytoscape or MetaMapp (visualization platforms). The prioritization was, thus,
based on evidence of human exposure and epidemiological data, evidence or suspicion of
carcinogenicity and genotoxicity, and whether the additional mechanistic data would improve
the classification by IARC.
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Figure 15: IARC’s semi-automated data mining system used for initial prioritization of chemical
compounds from various databases (such as PubMed) according to their associated information
(database queries). The integration of the output results is visualized by MetaMapp and Cytoscape
(visualization platforms). Courtesy: Dr. Dinesh Kumar Barupal.

Next, based on the evaluation ranking, in-depth literature searches of top-ranked compounds
allowed the selection of 50 high priority compounds for testing.

39



MATERIALS AND METHODS

Figure 16: Compounds clustering based on chemical structures (distance between compounds);
genotoxicity counts (node color: yellow — low, red — high); carcinogenicity counts (node size); and DNA
adduct formation (node border color: yellow —low, blue — high).

These compounds were subsequently clustered based on structural similarities, data records
on genotoxicity, carcinogenicity and DNA adducts formation (Figure 16). Finally, 10
compounds out of 50 were selected for the availability of sufficient information regarding their
chemical nature and biological activity as well as their prevalence in the human environment,
such as acrylamide and some pesticides. The final list encompasses compounds of Group 1,
Group 2A and 2B and Group 3 (Table 4).
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Table 4: List of high priority compounds after a multi-step prioritizing process. Numbers represent
the output counts from PubMed search.

IARC o DNA adducts Epidemiological
Compounds o Mutagenicity . ]
Classification formation studies

Acrylamide 2A 226 66 104
Glycidamide NA 50 36 17
Ochratoxin A 2B 134 68 16
Hexavalent chromium 1 392 67 159
N-methyl-N-nitrosourea 2A 740 95 112
N'-nitrosonornicotine (NNN) 1 31 23 14
4’-(N’-nitrosomethylamino)-
1-(3-pyridyl)-1-butanone 1 114 97 81
(NNK)
Methyleugenol 2B 163 13 2
Glyphosate 2A 74 29
N-nitroso-glyphosate NA 0 0

2. Compounds preparation

Most of the compounds were purchased from Sigma-Aldrich with the exception of the N-

methyl-N-nitrosourea that was kindly shared by Prof. David Phillips, and the N-nitroso-

glyphosate which was purchased from Toronto Research Chemicals (TRC). The compounds
were diluted to a stock solution of 1 M or 500 mM and stored at -20°C (Table 5).

Table 5: Solvents used to dissolve each compound. PBS: Phosphate-Buffered Saline; DMSO:

dimethylsulphoxide.

Compounds IARC Classification Solvent
Acrylamide 2A PBS
Glycidamide NA PBS
Ochratoxin A 2B DMSO
Hexavalent chromium 1 PBS
N-methyl-N-nitrosourea 2A DMSO
N'-nitrosonornicotine (NNN) 1 DMSO
4’-(N’-nitrosomethylamino)-1-(3-pyridyl)-

1-butanone (NNK) PMSO
Methyleugenol 2B DMSO
Glyphosate 2A PBS
N-nitroso-glyphosate NA PBS
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3. Hupki MEFs cell culture, exposure and immortalization

Human p53 knock-in mouse embryonic fibroblasts (Hupki MEFs), isolated from 13.5-day old
Trp53™"" mouse embryos harboring a humanized Trp53 gene (Whibley et al., 2010), were
cultured in Advanced DMEM supplemented with 15% fetal calf serum, 1%
penicillin/streptomycin, 1% pyruvate, 1% glutamine and 0.1% B-mercapto-ethanol. Hupki
MEFs from two different embryos were used for each exposure experiments. Primary MEFs
were seeded in six-well plates and, at passage 2, exposed for 24 hours to the compound of
interest or to the vehicle. Acrylamide and ochratoxin A exposures were carried out in the
absence or presence of 2% human S9 fraction (Life Technologies) complemented with
NADPH (Sigma). Exposed and control primary cells were cultivated until they bypassed
senescence and immortalized so that clonal cell populations could be isolated (Figure 7)
(Chen et al., 2013; Todaro and Green, 1963). A number of Hupki MEF immortalized clones
were generated from exposure to acrylamide in the presence and absence of human S9
fraction, glycidamide, ochratoxin A in the presence and absence of human S9 fraction,
chromium (VI) and MNU.

4. HepaRG cell culture, exposure and clonal expansion

Progenitor HepaRG cells were seeded at low density until they reached confluency within 2
weeks. Progenitor cells were cultivated in DMEM supplemented with 10% Fetal Bovine
Serum (FCS), 1% penicillin/streptamycin, 1% glutamine, 1% sodium pyruvate and 0.001%
dexamethasone. Once the cells reached confluency, the medium was complemented with
the growth factor EGF to boost the differentiation into hepatocyte-like cells. 2% DMSO was
then added leading to full differentiation of cells towards hepatocyte-like and biliary-like cells
(Figure 9). Hepatocytes are smaller in size compared to biliary cells and they are less
adherent to the collagen matrix. In order to isolate hepatocytes from the dual population, we
performed FACS sorting based on the size of the cells and seeded the cells at high density
to preserve the differentiation state of the cells. In addition, we tried another technique to
separate the hepatocyte cells by partial trypsinization, i.e. incubating the cells with 0.025% of
trypsin for less than 5 minutes and collecting the detached cells. These cells were then
seeded at high density. In order to assess the metabolic functionality of isolated hepatocyte-
like cells by partial trypsinization (PT), we collected samples at different time-points:
immediately after PT (PT,), 24 hours after seeding the cells at high density (PT.4), 4 days
after PT (PT,), 7 days after PT (PT), 10 days after PT (PT,) and 14 days after PT (PT,
weeks)- RT-QPCR was carried out using different hepatic markers including CYP3A4, CYP2E1,

albumin and aldolase. Progenitor cell markers were also used, such as CK-19.
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5. Cytotoxicity assessment upon compound exposure

In order to define the cell viability upon treatment to cancer-risk agents, cells were seeded in
96-well plates and treated with a range of concentrations of the compound in test. Cell
viability was measured 48 hours after treatment cessation using CellTiter 96® Aqueous One
solution Cell Proliferation Assay (Promega). After exposure, cells were washed with PBS and
fresh medium containing 10% MTT reagent was added, in which the cells were incubated for
4 hours at 37°C. The absorbance was measured at 492 nm using the APOLLO 11 LB913
plate reader. The MTT assay was performed in triplicates for each experimental condition.
LCL cytotoxicity evaluation was performed using the Trypan Blue exclusion test. As a result
of cytotoxicity testing, exposure conditions for Hupki MEFs were established: 10 mM of ACR,
5 mM of ACR+S9, 3 mM of GA, 0.8 mM of OTA +/- S9, 25 mM of Cr(VI) and 10 mM of MNU
for 24 hours. HepaRG cells were treated with 200uM of AA for 24 hours. Finally, LCL cells
were chronically treated with 1.25 mM (non-cytotoxic dose) and 10 mM (cytotoxic dose) of

glyphosate and N-nitrosoglyphosate.

6. Genotoxicity assessment upon compound exposure

Immunofluorescence staining was carried out using an antibody specific for Ser139-
phosphorylated H2Ax (yH2Ax) (9718, Cell Signaling Technology). Briefly, primary MEFs were
seeded on coverslips in 12 well-plates and, the following day, treated with the compound in
duplicates for 24 hours. Four hours after treatment cessation, the cells were fixed with 4%
formaldehyde at room temperature for 15 minutes. Following blocking in 5% normal goat
serum (31872, Life Technologies) for 60 minutes, they were incubated with yH2Ax-antibody
(1:500 in 1% BSA) at 4°C overnight. Subsequent incubation with a fluorochrome-conjugated
secondary antibody (4412, Cell Signaling Technology) was carried out for 60 minutes at
room temperature. Coverslips were mounted in Vectashield mounting medium with DAPI
(Eurobio). Immunofluorescence images were captured using a Nikon Eclipse Ti microscope.
LCL cells were exposed in 6-well plates for 24 hours. After washing with PBS and
centrifugation, the cells were transferred onto a glass slide and left to air dry for 15 minutes.
Blocking solution comprised of PBS and 5% BSA. After 1 hour of blocking at room
temperature, the cells were incubated for 1 hour with the primary antibody in PBS and 1%
BSA. Finally, the samples were incubated in a fluorochrome-conjugated secondary antibody
for 45 minutes at room temperature and the slides were mounted in Vectashield mounting
medium with DAPI.
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7. DNA adduct analysis
Liquid chromatography, tandem mass spectrometry (LC/MS/MS) is a highly sensitive and

specific analytical technique that can accurately determine the identities and concentrations
of DNA adducts within samples. Glycidamide-DNA adducts [N7-(2-carbamoy-2-
hydroxyethyl)-guanine (N7-GA-Gua) and N3-(2-carbamoy-2-hydroxyethyl)-adenine (N3-GA-
Ade)] were quantified at the National Center for Toxicological Research (NCTR) using
LC/MS/MS with stable isotope dilution as previously described (Gamboa da Costa et al.,
2003). The DNA was isolated from the cells using standard digestion with proteinase K,
followed by phenol-chloroform extraction and ethanol precipitation. The DNA was
subsequently treated with RNase A and T1, extracted with phenol-chloroform, and
reprecipitated with ethanol. N7 GA-Gua and N3 GA-Ade were released by neutral thermal
hydrolysis for 15 min, using Eppendorf Thermomixer R (Eppendorf North America,
Hauppage, NY) set at 99°C. The samples were filtered through Amicon 3K molecular weight
cutoff filters (Merck Millipore, Tullagreen, IRL) to separate the adducts from the intact DNA.
The LC/MS/MS used for quantification consisted of an Acquity UPLC system (Waters,
Milford, MA) and a Xevo TQ-S triple quadrupole mass spectrometer (Waters, Milford, MA).
The same MRM transitions as previously described were monitored with a cone voltage of
50V and collision energy of 20eV for each adduct transition and its corresponding labeled
isotope transition.

OTA-induced DNA adduct formation was measured by the LC/MS/MS permitting a screening
of all the DNA adducts found in a sample at the University of Minnesota. This analysis is
based on three consecutive detection events: Full scan (MS'), data-dependent MS*
acquisition (dd- MS?) and Neutral Loss-acquisition (NL-MS®). The full scan ionization
measures the accurate mass of each individual ion making it possible to assign a molecular
formula to each analyte. Every 100ms, the detector isolates the 5 most abundant ions (based
on the intensity of the peaks) and fragments them looking for a specific signal corresponding
to the neutral loss of the deoxyribose (dR) group (MS?). A further fragmentation event (MS?)
is triggered upon the observation of the neutral loss allowing the release of the nucleobase
and the adduct (for detailed protocol, see Appendix C). Different conditions were included,
namely, treated and untreated Hupki MEFs, in the presence and the absence of the human
S9 fraction. Samples were collected 4 hours after treatment cessation. Taking in
consideration the previously suggested chemical structure of an OTA-DNA adduct on
guanine, a fractioning collection was carried out in order to focus on the structure and the
mass of this specific DNA adduct as well as any other chemical structure that would
resemble OTA. Furthermore, we also assessed indirect mechanisms of OTA, mediated
through ROS production and ROS DNA-adducts.
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8. RNA extraction

A strong lysis and a good homogenization of the samples are a key for RNA isolation as they
ensure quick breakdown of the cells to inactivate RNases in the lysis buffer. Briefly, 200uL of
trizol was added to one million cells and left at room temperature for 5 minutes after vigorous
vortexing. Chloroform (20% the volume of trizol) was then added followed by centrifugation at
11000 rpm for 10 minutes. The organic phase contains proteins and lipids; the interphase
holds the DNA whereas the aqueous phase contains the RNA. Hence, the aqueous phase
was aspirated and complemented with 200uL of chloroform. After centrifugation for 10
minutes, the upper (aqueous) phase was again extracted and maintained in 1uL of glycogen,
isopropanol (560% of the aqueous phase) and ammonium acetate (10% of the final volume).
The samples were incubated at -20°C for 3 hours or overnight then centrifuged for 30
minutes at 14000 rpm at 4°C. The RNA pellet was washed in 70% ethanol prepared with
RNase-free water and spun at 4°C for 2 minutes at 14000 rpm. The remaining ethanol was
left to evaporate at room temperature for 5 minutes. The pellet was dissolved in RNase-free
water and the quality as well as the quantity of the RNA assessed using a NanoDrop. The
260/280 ratio gives a loose indication of the purity of the RNA in the sample. The absorbance
at 260 nm measures the RNA concentration and at 280 nm it measures the protein
concentration in the sample. The 260/280 ratio should range between 1.8 and 2.2. Samples
with a low 260/230 ratio (below about 1.8) have a significant presence of organic
contaminants that may interfere with other downstream processes like RT-PCR, lowering the

efficiency of the enzymes.

9. Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

The input RNA used was 500ng per sample (treated with DNase). To reverse transcribe the
RNA and generate cDNA we used the Reverse Transcription kit from Life-technology and
followed the manufacturer’s instructions. A control sample (without reverse transcriptase
enzyme) was also included. Following cDNA production, targeted primers for the genes of
interest were used, such as CYP3A4, CYP2E1, albumin and aldolase. Polymerase Chain
Reaction (PCR) was performed in duplicate using SYBR green master mix. Gene expression
was normalized to the average of three housekeeping genes: GAPDH, B2M and TATA Box
binding protein (TBP).

10. TP53 genotyping of primary and immortalized cells
Exons 4 to 8 of the Hupki MEF-knocked-in human TP53 gene (NC_000017.11) were

sequenced using standard protocols. Sanger sequencing of PCR products was performed at
Biofidal (Lyon, France), using the following primers (all in 5’ to 3’ orientation): Exon 4: fwd —

TGCTCTTTTCACCCATCTAC, rev — ATACGGCCAGGCATTGAAGT; Exons 5-6: fwd —
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TGTTCACTTGTGCCCTGACT, rev — TTAACCCCTCCTCCCAGAGA; Exon 7: fwd -
CTTGCCACAGGTCTCCCC, rev — CACTTGCCACCCTGCACA; Exon 8: fwd -
TCCTTACTGCCTCTTGCTTCTCTT,; rev — CCAAGGGTGCAGTTATGCCT. Sequences were

analyzed using the CodonCode Aligner software.

11. DNA extraction from cultured cells

DNA extraction followed the manufacturer’s instructions using the nucleospin tissue DNA
extraction kit (from Macherey Nagel). Briefly, cell pellets were resuspended in Buffer T1,
proteinase K and Buffer B3 then incubated at 70°C for 15 minutes. In order to adjust DNA
binding conditions, absolute ethanol was added to the mix and the samples vortexed. The
samples were loaded onto provide columns and centrifuged for 1 minute at 11000 rpm. The
flow-through was discarded and the column washed twice with BW buffer and B5 buffer,
respectively. Finally, pure DNA was eluted in AE buffer (from Qiagen containing EDTA).
Quantity and purity of the DNA were assessed using Qubit and NanoDrop as well as by

agarose gel electrophoresis.

12. Animal bioassay FFPE sample processing

Tissue selection and retrieval were carried out in collaboration with the US NTP (Figure 17).

retrieval, Sectioning of
Long-term sectioning, selected Genome-
carcinogen H&E section tumors & wide
NTP bioassays scans shipment sequencing
Selection Pathology Macro-
IARC of review and dissection,
neoplasms tumor DNA isolation
selection and QC

Figure 17: Tissue collection pipeline in collaboration with the US NTP.

Sample selection was based on long-term 2-year bioassays, for which statistical analysis on
the carcinogenicity of the test compound had been assessed in comparison to spontaneous
tumor occurrence in vehicle-exposed rodents by the US NTP. For the OTA study, male rats
showed a clear evidence of carcinogenicity in the kidney. No spontaneous kidney tumors

were present in the control groups. Following the request of haematoxylin and eosin (H&E)
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stained scans, these were reviewed and the tumor area annotated by a pathologist at IARC
(Figure 18). Final tumor selection was based on tumor size and the selected tissue sections
(10 x 10um unstained sections with an H&E-stained 5um section at the beginning and end of
the series) were provided by the US NTP. Tumor tissues were complemented with normal
tissue originating from brain or liver of the same animal. Tumor tissue was macro-dissected
and DNA extraction, including quality control to assess the purity and the quantity of the

DNA, was performed (see sections below).

Figure 18: Tumor tissue sections stained with H&E. Pathological review allowed classification of
the tumors and annotation of the tumor size within each sample.

13. DNA extraction from animal tissues

Genomic DNA was extracted from normal and tumor tissues (6 slides each) after
deparaffinization. In order to enrich for tumor tissue and reduce wild-type background, we
performed a macro-dissection of the slide by referring to the annotated H&E stained scans.
The nucleospin tissue DNA extraction kit was used for DNA isolation (from Macherey Nagel)
with some modifications. Briefly, tissues were resuspended in 180uL of Buffer T1 and 25uL
of proteinase K and kept overnight at 56°C. If the lysis was not yet complete, 25uL of
proteinase K were added for 1 hour at 56°C. 2uL of RNase A (100mg/mL) solution was
added to the samples and they were incubated for 5 minutes at room temperature. After
addition of 200uL of Buffer B3, and vigorous vortexing the samples were incubated at 70°C
for 10 minutes. The nature of the samples (FFPE tissue) required a critical DNA de-

crosslinking step. To do so, samples were incubated in 400uL of de-crosslink buffer for 3
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hours at 65°C. In order to adjust DNA binding conditions, 800uL of absolute ethanol were
added to the mix and vortexed. For each sample, one NucleoSpin®Tissue Column was
placed into a Collection Tube, 700ul of the sample applied to the column and incubated for
15 minutes at room temperature. The samples were centrifuged for 1 minute at 5000 rpm,
the flow-through discarded and the silica membrane washed twice: first, with 500uL of Buffer
BW (3 minutes incubation at room temperature followed by centrifugation for 1 minute at
5000 rpm) and second, with 600uL of Buffer B5. Finally, the DNA was eluted in 100uL
ultrapure water by centrifugation for 1 minute at 11000rpm. The DNA was quantified by
Qubit. DNA quality control was performed to insure the suitability of the DNA for library

preparation and next-generation sequencing, namely through PCR and qPCR.

14. Library preparation for WGS
WGS library preparation was carried out using the Kapa High-Throughput kit. Genomic DNA

is fragmented mechanically by sonication using Covaris shearing instrument. The input DNA
is 330ng diluted in 55uL of AE buffer from Qiagen containing 10 mM Tris-HCL (pH 9) and 0.5
mM EDTA. The DNA is then transferred into a snap-cap microtube and fragmented for an
average size range between 350 and 550 bp. The cell line DNA was fragmented for 60
seconds whereas the FFPE DNA was fragmented for 130 seconds to get to the desired size
range. The tubes were spun every 30 seconds as well as at the end of the shearing. 1uL of
the fragmented DNA is then assessed on Bioanalyzer DNA high-sensitivity chip in duplicate,
while the rest of the DNA is transferred into wells of a PCR plate. As the tissue fixation and
storage significantly damage and compromise the quality of DNA from FFPE samples, an
additional step is used to repair deaminated cytosine to uracil, nicks and gaps, oxidized
bases and blocked 3’ ends by employing the NEBNext FFPE repair kit which contains a
cocktail of repair enzymes permitting a better ligation of the adaptors and increasing the yield
of the DNA library. After this step, the DNA is cleaned-up using 3x of AMPure XP beads and
eluted in ultrapure water. We then proceed with the end repair reaction and A-tailing allowing
the incorporation of non-template dAMP on the 3’ end of the DNA fragments. The DNA is re-
attached to the beads using 3x of PEG/NaCl SPRI solution allowing purification of the DNA
for the next step. For adapter ligation, we prepare a mix consisting of water, ligation buffer
and T4 DNA ligase. For each sample we added different indexed adapter to allow distinction
of the samples when pooled for sequencing. After incubation for 15 minutes at 20°C in a
thermocycler, the DNA is re-attached to the beads using 1x of PEG/NaCl SPRI solution and
we eluted in 52uL of EB buffer from Qiagen. In order to remove the adapter dimers as well as
the big DNA fragments we performed a dual size selection before DNA amplification; first,
using a 0.6x ratio of AMPure beads we removed fragments bigger than 550 bp by keeping

the supernatant (for examples, for 50uL of DNA we added 30uL of beads). Second, using a
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0.9x ratio of AMPure beads we allowed for DNA fragments larger than 250 bp to bind to the
beads (Note: as PEG solution is left from the previous ratio the amount of beads to add is
less than 0.9x. We added for 78uL of DNA 9.75uL of beads). We finally eluted the DNA in
22uL of EB buffer from Qiagen not containing EDTA as it can bother the PCR reaction. The
PCR reaction is carried out using 7 cycles and the amplified library is finally purified with
AMPure beads (1.8x) and eluted in ultrapure water. Lastly, library profiles are examined on
Bioanalyzer assuring the size of fragments and the good ligation of the adaptors. The
samples are then pooled, shipped and sequenced at GENEWIZ, New Jersey, USA, with 150

bp paired-end sequencing at 50X coverage.

15. Library preparation for WES

Exome sequencing is a capture based method developed to identify variants in the protein-
coding region of the genome. The typical workflow for WES follows the same steps as the
genome sequencing with an additional capture phase: Nucleic acid isolation, DNA
fragmentation (350-450 bp), End-repair and A-tailing, target and capture exons using
biotinylated probes from the SureSelect XT Mouse All Exon Kit (Agilent Technologies), and
amplification of targets. The Kapa Hyper Plus kit was used for WES library preparation. It
relies on enzymatic digestion using double strand DNA Fragmentase. While there are
approximately 180,000 exons in the human genome, constituting less than 2% of total
sequence, the exome contains ~80-90% of known variants causing disease making it a cost-

effective alternative to whole genome sequencing.

16. Bioinformatics pipeline and processing of NGS data

For NGS data analysis, a bioinformatics pipeline was developed in the MMB group (Ardin et
al., 2016) and implemented in a Galaxy web-based platform (Figure 19).

Fastq files were analyzed for data amount and quality using FastQC (0.11.3) and were
processed with an in-house pipeline for adapter trimming and alignment to the mm10

genome (release GRCm38). These components of the pipeline are publicly available at

https://github.com/IARCbioinfo/alignment-nf. Two somatic variant callers were employed with
default parameters in order to detect single base substitutions (SBS) and small
insertions/deletions (indels) (MuTect 1.1.6-4 and Strelka 1.015) in exposed clones, using
primary cells and normal tissues as reference samples.

Mutation data obtained from the MuTect variant caller were processed with the MutSpec

suite ((Ardin et al.,, 2016); https://github.com/IARCbioinfo/mutspec for annotation with

Annovar and variant filtering to remove single-nucleotide polymorphism (SNP) contents
(dbSNP142 and dbSNP146 for mouse and rat samples, respectively), segmental duplicates,
repeats and tandem repeat regions. To maximize the chance of robust variant calls and to
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exclude potential single nucleotide polymorphisms (SNP), we considered only variants
unique to each sample. Principal Component Analysis (PCA) was used to establish

similarities between MuTect and Strelka calls with respect to the six SBS types and their 96

Fastq Bam I
T Annovar
e

possible trinucleotide contexts.

GATK +

BWA + Picard A
Picard Filter VCF

m.s. NMF Report

. —
Similarity |I<—,_ matching
matrix

Figure 19: MutSpec Bioinformatics pipeline implemented in Galaxy interface.

17. Statistical analysis
The FactoMiner R package (R package version 3.3.2; https://cran.r-

project.org/web/packages/FactoMineR) was used to perform PCA. Rainfall plots were

generated using the Karyoplot R package (https://cran.r-project.org/web/packages/Karyoplot)
used in (Nik-Zainal et al., 2015).

In order to perform the transcriptional strand bias (SB) analyses, p-values were calculated

using Pearson’s x2 test. As multiple comparisons were assessed, the p-value was adjusted
by applying a false discovery rate (FDR). Statistical analyses were carried out using the stats
R package. The SB was considered statistically significant at p-value < 0.05.

To analyze sample mutation spectra and treatment-specific mutational signatures, filtered
mutations were classified into 96 types corresponding to the six possible base substitutions
(C:G>AT, C:G>G:C, C:G>T:A, T:A>AT, T:A>C:G, T:A>G:C) and the 16 combinations of
flanking nucleotides immediately 5’ and 3’ of the mutated base. Mutation patterns were then
deconvoluted into mutational signatures using the non-negative matrix factorization (NMF)
algorithm of Brunet with the Kullback-Leibler divergence penalty (Alexandrov et al., 2013a;
Brunet et al., 2004). We used the DNA damage estimator tool (as per (Chen et al., 2017);

(https://github.com/Ettwiller/Damage-estimator)) to measure the Global Imbalance Value
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(GIV) score and to exclude sequencing-related DNA damage and artefacts that can

confound the determination of treatment-specific variants.
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RESULTS

Objective 1: Development of mammalian cell models for exposure

assays

During the course of conducting my doctoral thesis work, we focused on developing cellular
exposure systems able to clonally expand and replicate observations from human primary
cancers, namely, Hupki MEFs, HepaRG cells and LCL (Zhivagui et al., 2016. Publication
attached as Appendix D).

1. Hupki MEF cells

Hupki MEF immortalization protocol was established allowing the cells to enter a biological
barrier, the senescence, within 2 weeks of cell culture. Senescent cells have a decelerated
cell division, visible in the growth curves (Figure 20A). In addition, we remark that the cells
showed dramatic morphological changes compared to the primary cells manifested by an
increased nuclear-cytoplasm ratio as well as the formation of multinuclear cells (Figure 20B).
Histochemical staining of (-galactosidase was used as a marker for senescent cells and
depicted in the middle image in Figure 20B. Furthermore, the cells were able to bypass this
bottleneck step and clonally immortalize within 2-3 months of cell culture (Figure 20A). This
was characterized by an accelerated cell division pace and changes in the cell morphology

compared to the senescent cells (Figure 20B).
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Figure 20: Hupki MEF immortalization. Growth curves representing the doubling population of
control Hupki MEFs in prolonged cell culture (A). MEF cells underwent senescence (S*) reflected by a
slower doubling population and cell morphology changes compared to the primary cells manifested by
an increased nuclear-cytoplasm ratio as well as the formation of multinuclei (B). Histochemical
staining of -galactosidase can mark senescent cells (depicted in the middle image). Subsequently,
Hupki MEFs bypassed senescence and propagated as immortal cell lines (SBI) characterized by an
increased doubling population.

2. HepaRG cell model

Characterized by its versatility in culture, we aimed at establishing the best-possible protocol
regarding simplicity and duration for exposure experiments using the HepaRG cell model.
We designed a panel of strategies that take advantage of the unique biological properties of
the HepaRG cells, thereby addressing their potential applicability to the MutSpec project
(Figure 21). Two strategies were considered: single-cell subcloning (Figure 21A) and clonal
outgrowth through potential crisis bypass of cells (Figure 21B).
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Figure 21: Establishing the HepaRG cell system for exposure and clonal expansion assays. (A)
Single-cell subcloning: Differentiated HepaRG cells would be exposed to AA and, following
dedifferentiation, maintained in culture as progenitor cells and single-cell subcloned. (B) Clonal
outgrowth: test the ability of isolated hepatocyte cells to recover from carcinogen treatment and to
clonally expand and immortalize (i). Progenitor HepaRG cells can be also exposed to a carcinogen
and maintained in culture for recovery, crisis and crisis bypass leading to clonal outgrowth (ii).

2.1. Clonal Expansion assay: Single-cell subcloning

In respect to the CE assay (Figure 21A); we sought to test the ability of the cells to generate
single-cell subclones at different stages of cell culture. Fully differentiated HepaRG cells
were exposed to a carcinogen (AA) after which the cells transdifferentiated back to their
progenitor-like origin. After recovery, treated and untreated cells were propagated in culture
up to a point when we noticed a slow population doubling of the cells (Figure 22A)
concomitant with dramatic changes in cellular morphology compared to normal progenitor
cells manifested by an elongated cytoplasm (Figure 22B); this was suggestive of cells
entering a crisis-like state (C*). Following continuous cell passaging, population doubling
analysis showed an increase in growth rate (Figure 22A), suggesting that the cells may have
bypassed crisis (CB). These cells were able to reach confluency within a week after serial
dilutions.

Interestingly, once the cells overcame crisis, and only then, progenitor HepaRG cells were
amenable to single-cell subcloning generating clones that were able to proliferate and

expand.
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2.2. Barrier-Bypass Clonal Expansion assay: Clonal outgrowth

With regard to the BBCE assay (Figure 21B), we tested two scenarios through which
differentiated hepatocyte cells and progenitor cells might be able to bypass a bottleneck step

(crisis) and lead to clonal cell populations.

2.2.1. Hepatocyte-like cells isolation

First, we developed a technique permitting efficient separation of the hepatocyte-like cells
from the dual population of differentiated HepaRG cells. Given that the hepatocytes are
smaller in size compared to the biliary cells, we tried to FACS sort the cells based on their
size (Figure E.1). The isolated hepatocytes were able to re-attach to the wells, however, the
number of hepatocytes thus isolated was not sufficient to maintain the cells at high density
and preserve their differentiated state.

Second, as an alternative strategy, we based the hepatocyte isolation on their low cell
anchorage and weak cell-matrix contacts (Cerec et al.,, 2007). Partial trypsinization was
tested to allow the hepatocytes to detach first from the cell culture vessel, leaving mostly

biliary cells behind (Figure 23). Visual inspection during the partial trypsinization step
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suggested separation of the culture into hepatocytes and biliary cells (Figure 23 d-f). The
isolated cells were seeded at high density to counteract transdifferentiation and were
collected at different time-points to investigate metabolic functionality and activity of the

isolated hepatocytes.

0.025% T
For <5’

Hepatocyte-like cells —>
o
B &2

Y Biliary-like cells
Hepatocyte cells
Partial trypsinization

Figure 23: Real-time culture images and graphical representation of the partial trypsinization
technique allowing efficient isolation of hepatocyte-like cells from the dual population in culture.
HepaRG cells at different culture stages: (a) proliferating stage (3 days); (b) confluent stage (15 days);
(c) differentiated stage (30 days) treated with 2% DMSO for 15 days, with the arrow pointing to
hepatocyte islands; (d) Hepatocyte colonies under partial trypsinization treatment (<5 min), marked by
the arrow; (e) the remaining attached biliary cells after hepatocyte collection; (f) pure hepatocytes
suspension after 4 days of seeding in a 24 well-plate. The cells were either seeded at high confluency
or collected as pellets to investigate the expression of a number of hepatic markers giving insights into
the functionality of the hepatocytes.

This was achieved by measuring the level of expression of various metabolic enzymes, such
as phase | (CYP3A4 and CYP2E1) and phase Il enzymes (UGT1A1 and GSTA2),
hepatocyte markers (albumin and aldolase) and a progenitor cell marker (CK-19) by qRT-
PCR. Expression of phase | and phase Il enzymes as well as the hepatic markers were
highest after 4 to 7 days of seeding, suggesting that the hepatocyte population requires at
least 4 days to re-arrange in a monolayer on the plate and re-gain their metabolic activity.
However isolated hepatocytes left in culture for more than a week tend to lose their activity
and convert into progenitor cells as evidenced by the decreased level of expression of

hepatocyte markers and the increased expression of the progenitor marker (Figure 24).
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Isolated hepatocyte-like cells can be exposed to a pro-carcinogen, allowing its metabolic
activation, and upon recovery, differentiated cells might undergo senescence (Figure 9) after
which some may acquire the ability to surpass this barrier step leading to the immortalization

of hepatocytes (Figure 21B - i).
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Figure 24: Evaluation of hepatocyte activity upon partial trypsinization (PT) by qRT-PCR for
genes encoding for Phase | enzymes (CYP3A4 and CYP2E1), Phase Il enzymes (UGT1A71 and
GSTA?2), hepatocyte markers (Albumin and Aldolase) and a progenitor cell marker (CK-19). The y-axis
represents the fold-change normalized to the housekeeping genes GAPDH, B2M, SFRS4 and TBP.

2.2.2. Exposure of progenitor bipotent cells

The ability of the progenitor cells to bypass crisis and clonally outgrow may follow the same
trajectory as suggested by the growth curve results in Figure 22. In fact, progenitor cells were

shown to bypass a potential crisis-related decline in growth after two months of cell culture
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(Figure 22A). However, more work is needed to understand the state of the cells after
bypassing crisis whether they became cancerous cells or remained progenitor cells.
Interestingly, as illustrated in Figure 24, we discerned that the progenitor bipotent cells have
significantly less to no metabolic activity compared to the fully differentiated, dual population
of HepaRG cells. Therefore, the addition of human S9 fraction may be a critical strategy to

boost compound metabolism in these cells (Figure 21B - ii).
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Objective 2: Identification of cytotoxic and genotoxic effects of high

priority compounds

1. Identification of the cytotoxic effect of high priority chemical
agents

Upon exposure of primary Hupki MEF and HepaRG cells to a range of concentrations of high
priority compounds, we observed dose-dependent cytotoxic effects of the various
compounds (Figure 25). Hupki MEFs were exposed to acrylamide (ACR) (in the absence or
presence of the S9 fraction) and its metabolite, glycidamide (GA), OTA (in the absence or
presence of the S9 fraction), Cr(VI) and MNU. HepaRG cells were exposed to AA as different
cell populations, namely progenitor cells, fully differentiated dual population of hepatocyte-
like and biliary-like cells as well as isolated hepatocyte-like cells from partial trypsinization.
The analysis informed the selection of the exposure conditions for the subsequent
exposure/immortalization experiments, which was based on a 50% (range 30-70%) decrease

in cell viability (Figure 25).
Exposure of primary Hupki MEFs showed cytotoxic effects across the employed compounds.

HepaRG cells were exposed to AA at different stages. We noticed that the progenitor cells
were the least affected by AA treatment, except at high concentrations. Isolated hepatocyte-
like cells from partial trypsinization were clearly affected by AA exposure starting at a
concentration of 100uM. Fully differentiated HepaRG cells, consisting of the dual population
of hepatocytes and biliary cells, showed the highest increase in cell death with a cytotoxic
effect starting at 50uM.
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Figure 25: Compound-induced cytotoxicity in vitro. Panels in this figure represent the relative
absorbance of formazan, indicative of cell viability determined by MTT assay, following 24-hour
treatment of primary Hupki MEFs (in yellow) and HepaRG cells (in blue) with the indicated
concentrations of chemical agents. The absorbance was measured 48 hours after treatment cessation
and was normalized to the untreated cells. The results are expressed as mean percent + standard
deviation (SD) from three replicates.

2. DNA damage-dependent yH2Ax response to exposure to high
priority compounds

In order to assess the genotoxicity of the tested compounds, yH2Ax immunofluorescence
was carried out. Exposure to all compounds resulted in a marked increase in yH2AXx staining
in the exposed Hupki MEFs, in comparison to the mock-treated control cells (Figure 26),

suggesting a clear increase of DNA  damage  following exposure.
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Characterization of mutational signatures

Objective 3: Characterization of the mutational signatures specific

to mutagens

Following compounds prioritization, we employed the well-established Hupki MEF system for
exposure and clonal expansion assay in order to define the genome-wide mutational
signatures of acrylamide and its metabolite, glycidamide (summarized in the attached

manuscript: Paper 1), and OTA (described in the manuscript in preparation: Paper 2).

Paper 1: Summary of findings regarding the dietary compounds

acrylamide and glycidamide

Title

Experimental analysis of exome-scale mutational signature of acrylamide
and its metabolite glycidamide

Authors: Maria Zhivagui, Maude Ardin, Stephanie Villar, Mona |. Churchwell, Vincent
Cahais, Alexis Robitaille, Liacine Bouaoun, Adriana Heguy, Kathryn Guyton, James McKay,

Monica Hollstein, Magali Olivier, Frederick A. Beland, Michael Korenjak and Jiri Zavadil

Under review, Carcinogenesis, 2017

Aim: |dentify the genome-wide mutational signatures of acrylamide and its metabolite

glycidamide

Approach: Primary Hupki MEF exposed to acrylamide and glycidamide were used to
generate immortalized clones harboring specific types of somatic mutations characteristic of
the tested compounds. Protein-coding DNA sequencing coupled with sophisticated
mathematical algorithms was used to define the putative mutational signature of acrylamide

and glycidamide (Figure 27).
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Figure 27: Study design. Compound-induced cytotoxicity and genotoxicity was assessed in primary
cells. Hupki MEFs were exposed to acrylamide and glycidamide and maintained through senescence
bypass and clonal expansion. Whole-exome sequencing followed by data analysis allowed extraction
of putative mutational signatures specific to the tested compounds.

Novelty and highlights: We identified a novel mutational signature of acrylamide exerted by
its metabolite glycidamide that is unique and characterized by an increased frequency of
T:A>A:T, T:A>C:G and C:G>A:T mutations. Given the ubiquitous presence of acrylamide in
our environment, reaching beyond occupational settings into daily life through long-term
exposure to dietary acrylamide, the newly identified mutational signature can serve as a
powerful tool in epidemiological studies for cancer risk assessment of acrylamide and

possibly establish a link between exposure to acrylamide and cancer development.
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Paper 1: Full manuscript, under review in Carcinogenesis journal
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Abstract

Acrylamide, a probable human carcinogen, is ubiquitously present in the human
environment, with sources including heated starchy foods, coffee and cigarette smoke.
Humans are also exposed to acrylamide occupationally. Acrylamide is genotoxic, inducing
gene mutations and chromosomal aberrations in various experimental settings. Covalent
haemoglobin adducts were reported in acrylamide-exposed humans and DNA adducts in
experimental systems. The carcinogenicity of acrylamide has been attributed to the effects of
glycidamide, its reactive and mutagenic metabolite capable of inducing rodent tumors at
various anatomical sites. In order to characterize the pre-mutagenic DNA lesions and global
mutation spectra induced by acrylamide and glycidamide, we combined DNA-adduct and
whole-exome sequencing analyses in an established exposure-clonal immortalization system
based on mouse embryonic fibroblasts. Sequencing and computational analysis revealed a
unique mutational signature of glycidamide, characterized by predominant T:A>A:T
transversions, followed by T:A>C:G and C:G>A:T mutations exhibiting specific trinucleotide
contexts and significant transcription strand bias. Computational interrogation of human
cancer genome sequencing data indicated that a combination of the glycidamide signature
and an experimental benzo[a]pyrene signature are nearly equivalent to the COSMIC
tobacco-smoking related signature 4 in lung adenocarcinomas and squamous cell
carcinomas. We found a more variable relationship between the glycidamide- and
benzo[a]pyrene-signatures and COSMIC signature 4 in liver cancer, indicating more complex
exposures in the liver. Our study demonstrates that the controlled experimental
characterization of specific genetic damage associated with glycidamide exposure facilitates
identifying corresponding patterns in cancer genome data, thereby underscoring how
mutation signature laboratory experimentation contributes to the elucidation of cancer

causation.

A 40-word summary

Innovative experimental approaches identify a novel mutational signature of glycidamide, a
metabolite of the probable human carcinogen acrylamide. The results may elucidate the
cancer risks associated with exposure to acrylamide, commonly found in tobacco smoke,

thermally processed foods and beverages.
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Introduction

Cancer can be caused by chemicals, complex mixtures, occupational exposures, physical
agents, and biological agents, as well as lifestyle factors. Many human carcinogens show a
number of characteristics that are shared among carcinogenic agents (1). Different human
carcinogens may exhibit a spectrum of these key characteristics, and operate through
separate mechanisms to generate patterns of genetic alterations. Recognizable patterns of
genetic alterations or mutational signatures characterize carcinogens that are genotoxic.
Recent work shows that these DNA sequence changes can be expressed in simple
mathematical terms that enable mutational signatures to be extracted from thousands of
cancer genome sequencing data sets (2). Several of the over 30 identified mutational
signatures have been attributed to specific external exposures or endogenous factors
through epidemiological and experimental studies (2). However, about 40% of the current
signatures remain of unknown origin, and additional, thus far unrecognized, signatures are
likely to be defined in rapidly accumulating cancer genome data. Well-controlled
experimental exposure systems can thus help identify the underlying causes of known
orphan mutational signatures as well as define new patterns generated by candidate
carcinogens (reviewed in (3,4)).

Various diet-related exposures contribute to the human cancer burden. Examples
include contaminants in food or alternative medicines, such as aflatoxin B1 (AFB1) or
aristolochic acid (AA). The mutagenicity of these compounds is well-documented; AFB1
induces predominantly C:G>A:T base substitutions and AA causes T:A>A:T transversions.
The characteristic mutations coupled with information on the preferred sequence contexts in
which they are likely to arise allowed unequivocal association of exposure to AFB1 or AA
with specific subtypes of hepatobiliary or urological cancers, respectively (5-13).

Among dietary compounds with carcinogenic potential, acrylamide is of special
interest due to extensive human exposure. Important sources of exposure to acrylamide
include tobacco smoke (14), coffee (15), and a broad spectrum of occupational settings (16).
Dietary sources of acrylamide comprise carbohydrate-rich food products that have been
subject to heating at high temperatures. This is due to Maillard reactions, which involve
reducing sugars and the amino acid asparagine, present in potatoes and cereals (17). There
is sufficient evidence that acrylamide is carcinogenic in experimental animals (18,19) and it
has been classified as a probable carcinogen (Group 2A) by the International Agency for
Research on Cancer in 1994 (16). The association of dietary acrylamide exposure with renal,
endometrial and ovarian cancers has been explored in recent epidemiological studies
(20,21). However, accurate acrylamide exposure assessment in epidemiological studies

based on questionnaires has been difficult, and more direct measures of molecular markers,
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such as hemoglobin adduct levels, may not yield conclusive findings on past exposures (22-
27). An improved understanding of its mechanism of action using well-controlled
experimental systems is critical for understanding the potential carcinogenic risk associated
with exposure.

Acrylamide undergoes oxidation by cytochrome P450, producing the reactive
metabolite glycidamide that is highly efficient in DNA binding due to its electrophilic epoxide
structure (28-30). The Hras mutation load in neoplasms of mice exposed to acrylamide or
glycidamide was found to be considerably higher in mice treated with glycidamide (31). This
finding is corroborated by a considerably higher mutation frequency in the cll reporter gene
of Big Blue mouse embryonic fibroblasts treated with glycidamide in comparison to
acrylamide (32,33). Mutation analysis in different experimental in vivo and in vitro models
using reporter genes showed an increased association of acrylamide and glycidamide
exposure with T:A>C:G transitions, as well as T:A>A:T and C:G>G:C transversion mutations
(31-36), whereas glycidamide exposure was also characterized by C:G>A:T transversions
(33). However, these proposed acrylamide- and glycidamide-specific mutation patterns were
based on limited mutation counts in reporter genes and thus do not reflect the complexity of
genome-wide distributions and profiles. Based on the limited data available thus far, it is not
possible to translate adequately the reported mutation types (T:A>C:G, T:A>A:T, C:G>G:C,
C:G>A:T) to global alteration patterns.

The advent of massively parallel sequencing has created the opportunity to study a
large number of mutations in a single sample, thus significantly enhancing the power of
mutation analysis in experimental models and enabling reliable identification of specific
sequence contexts for the induced alterations. Analogously to human cancer genome
projects, genome-scale mutational signatures can be extracted from highly controlled
carcinogen exposure experiments using mammalian cell and animal models coupled with
advanced mathematical approaches (2,3,37,38).

Here we report the systematic assessment of acrylamide and glycidamide
mutagenicity based on DNA adduct formation and mutation profile analysis using massively
parallel sequencing in a cell model amenable to the analysis of carcinogen-induced mutation
patterns and their impact on the resulting cell phenotype (3,37-39). We identify a specific and
robust mutational signature attributable to glycidamide, and by computationally interrogating
human cancer genome-wide mutation data, we characterize glycidamide signature-positive
tumors, thereby highlighting a potential contribution of acrylamide/glycidamide exposure to

carcinogenesis in humans.
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Materials and methods

Source and authentication of primary cells

Primary Human-p53 knock-in mouse embryonic fibroblasts (Hupki MEFs) were isolated from
13.5-day old Trp53™"" mouse embryos from the Central Animal Laboratory of the
Deutsches Krebsforschungszentrum, Heidelberg, as described previously (40). The mice had
been tested for Specific Pathogen-Free (SPF) status. The derived primary cells were
genotyped for the human TP53 codon 72 polymorphism (Table 1) to authenticate the embryo
of origin. Cells from three different embryos (E210, E213 and E214) were used for the
exposure experiments (Table 1). All subsequent cell cultures were routinely tested at all

stages for the absence of mycoplasma.

Cell culture, exposure and immortalization

The primary MEF cells were expanded in Advanced DMEM supplemented with 15% fetal calf
serum, 1% penicillin/streptomycin, 1% pyruvate, 1% glutamine, and 0.1% B-mercapto-
ethanol. The cells were then seeded in six-well plates and, at passage 2, exposed for 24
hours to acrylamide (A4058, Sigma), glycidamide (04704, Sigma), or vehicle (PBS).
Acrylamide exposure was carried out in the absence or presence of 2% human S9 fraction
(Life Technologies) complemented with NADPH (Sigma). Exposed and control primary cells
were cultivated until they bypassed senescence and immortalized clonal cell populations
could be isolated (41). The human mammary epithelial cell (HMEC) cultures utilized in this
study for whole-genome sequencing (WGS) were generated from benzo[a]pyrene (B[a]P)
exposed HMEC described previously (42,43).

MTT assay for cell metabolic activity and viability

Cells were seeded in 96-well plates and treated as indicated. Cell viability was measured 48
hours after treatment cessation using CellTiter 96® Aqueous One solution Cell Proliferation
Assay (Promega). Plates were incubated for 4 hours at 37°C and absorbance was measured
at 492 nm using the APOLLO 11 LB913 plate reader. The MTT assay was performed in

triplicates for each experimental condition.

yH2Ax Immunofluorescence

Immunofluorescence staining was carried out using an antibody specific for Ser139-
phosphorylated H2Ax (yH2Ax) (9718, Cell Signaling Technology). Primary MEFs were
seeded on coverslips in 12 well-plates. The cells were incubated in with yH2Ax-antibody
(1:500 in 1% BSA) at 4°C overnight. Subsequent incubation with a fluorochrome-conjugated

secondary antibody (4412, Cell Signaling Technology) was carried out for 60 minutes at
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room temperature. Coverslips were mounted in Vectashield mounting medium with DAPI

(Eurobio). Immunofluorescence images were captured using a Nikon Eclipse Ti.

DNA adduct analysis

Glycidamide-DNA adducts (N7-(2-carbamoy-2-hydroxyethyl)-guanine (N7-GA-Gua) and N3-
(2-carbamoy-2-hydroxyethyl)-adenine ~ (N3-GA-Ade)) were  quantified by liquid
chromatography-mass spectrometry (LC-MS/MS) with stable isotope dilution as previously
described (44) (see Supplementary Materials and Methods for details). The LC-MS/MS used
for quantification consisted of an Acquity UPLC system (Waters) and a Xevo TQ-S triple
quadrupole mass spectrometer (Waters). The same MRM transitions as previously described
(44) were monitored with a cone voltage of 50V and collision energy of 20eV for each adduct

transition and its corresponding labeled isotope transition.

TP53 genotyping

Exons 4 to 8 of the knocked-in human TP53 gene (NC_000017.11) were sequenced using
standard protocols. Sanger sequencing of PCR products was performed at Biofidal (Lyon,
France). TP53 primer sequences are listed in Supplementary Materials and Methods.

Resulting sequences were analyzed using the CodonCode Aligner software.

Library preparation and whole-exome sequencing (WES)

Library preparation was carried out using the Kapa Hyper Plus library preparation kit (Kapa
Biosystems) according the manufacturer’s instructions. Exome capture was performed using
the SureSelect XT Mouse All Exon Kit (Agilent Technologies). Eighteen exome-captured
libraries were sequenced in the paired-end 150 base-pair run mode using the lllumina

HiSeq4000 sequencer.

Processing of WES data

Fastq files were analyzed for data amount and quality using FastQC (0.11.3) and were
processed with an in-house pipeline for adapter trimming and alignment to the mm10
genome (release GRCm38). These components of the pipeline are publicly available at

https://github.com/IARCbioinfo/alignment-nf. The resulting alignment files had a mean depth-

of-coverage of 135 and 175 for acrylamide and glycidamide samples, respectively. All
alignment files can be accessed from the NCBI Sequence Read Archive (SRA) data portal
under the BioProject accession number PRJNA238303. Two somatic variant callers were
employed with default parameters in order to detect single base substitutions (SBS) and
small insertions/deletions (indels) (MuTect 1.1.6-4 and Strelka 1.015) in exposed clones,

using primary cells as normal samples. Each immortalized clone was compared to primary
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MEFs from three different embryos (conditions Prim_1, Prim_2, and Prim_3). The overlap of
the variant calling outcome with respect to the different primary MEFs showed concordance
close to 80% (Suppl. Fig. S1) with MuTect exhibiting more stringent calling performance.
Thus, mutation data obtained from the MuTect variant caller were further processed with the

MutSpec suite ((45); https://github.com/IARCbioinfo/mutspec). For more details, see

Supplementary Materials and Methods and the summary of sequencing metrics (Suppl.
Table S1), the list of identified MuTect SBS variants (Suppl. Table S2) and indels (Suppl.
Table S3).

Bioinformatics and statistical analyses
The FactoMiner R package (R package version 3.3.2; https://cran.r-

project.org/web/packages/FactoMineR) was used to perform the principal component

analysis (PCA). To perform the transcription strand bias (SB) analyses, p-values were
calculated using Pearson’s x2 test. As multiple comparisons were assessed, the p-value was
adjusted by applying a false discovery rate (FDR). Statistical analyses were carried out using
the stats R package. The SB was considered statistically significant at p-value < 0.05. To
analyze samples mutation spectra and treatment-specific mutational signatures, filtered
mutations were classified into 96 types corresponding to the six possible base substitutions
(C:G>AT, C:G>G:C, C:G>T:A, T:A>AT, T:A>C.G, T:A>G:C) and the 16 combinations of
flanking nucleotides immediately 5’ and 3’ of the mutated base. Mutation patterns were then
deconvoluted into mutational signatures using the non-negative matrix factorization (NMF)
algorithm (46,47). The reconstruction error calculation evaluated the accuracy with which the
deciphered mutational signatures describe the original mutation spectra of each sample by
applying Pearson correlation and cosine similarity.

In order to clean up the profile of the glycidamide mutational signature from the
residual signature 17 signal and to increase the stability of NMF decomposition, we supplied
the NMF input by adding samples with a high level of signature 17 (over 65% contribution as
determined by independent NMF analysis, see Supplementary Materials and Methods).

Cosine similarity analysis was used to evaluate the concordance of the newly
identified T:A>A:T-rich mutational signature of glycidamide with the previously reported
mutational signatures characterized by a predominant T:A>A:T content. These comprised
COSMIC signatures 22 (AA), 25 and 27 (both of unknown etiology(2)), the experimentally
derived mutational signature of AA (37,45), 7,12-dimethylbenz[a]anthracene (DMBA) (48,49),
and urethane (50).

We employed the mutational signature activity (mSigAct) software’s sparse signature

assignment function (sparse.assign.activity) (13) to assess the presence of the experimental
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mutational signatures of glycidamide and benzo[a]pyrene in whole-genome somatic mutation
data from 38 lung adenocarcinomas, 48 lung squamous carcinomas, and 320 liver cancers
from the ICGC Pan-Cancer Analysis of Whole Genomes (PCAWG) study. We excluded 244
hyper-mutated microsatellite unstable and aristolochic acid signature-containing liver tumors
as the presence of high numbers of T>A mutations adversely prevented assessment of the
possible presence of the glycidamide signature. A set of 11 active COSMIC mutational
signatures were identified in the remaining tumor samples (excluding COSMIC signature 4).
We defined a ‘pure’ experimental C>N benzo[a]pyrene signature by WGS (using
lllumina HiSeq4000 by Genewiz, NJ, USA) of finite lifespan post-stasis clones derived from
primary human mammary epithelial cells (HMEC) treated with B[a]P as previously described
(42,43,51). The read alignment to NCBI GRCh38 genome build, variant calling, filtering and
annotation were consistent with the MutSpec pipeline described above (45). Proportion
matrices of the experimental GA-signature, the GA-signature normalized to the human
genome trinucleotide frequency to allow for human PCAWG data screening, and the whole-

genome BJ[a]P signature are available in Suppl. Table S4.

Results
Acrylamide and glycidamide induce cytotoxic and genotoxic responses in Hupki MEFs

Upon exposure of primary Hupki MEFs to a range of concentrations of acrylamide (ACR) (in
the absence or presence of the S9 fraction) and its metabolite, glycidamide (GA), we
observed a dose-dependent cytotoxic effect on the cells for either compound (Fig. 1A). This
analysis informed the selection of two conditions for the ACR exposure to be used in the
subsequent exposure/immortalization experiments, 10 mM ACR for 24 hours in the absence
of human S9 fraction, and 5 mM ACR for 24 hours in the presence of S9 fraction, which
elicited 50% (range 30-70%) decrease in cell viability. The IC50 condition for GA was used
for subsequent mutagenesis analysis, corresponding to a 24-hour treatment with 3 mM of the
compound. The genotoxic effects of either ACR or GA manifested by a marked increase in
yH2AXx staining in the exposed cell populations, in comparison to the mock-treated control
cells (Fig. 1B).

Immortalized MEF cells accumulate TP53 mutations following acrylamide or
glycidamide treatment

Primary MEF cultures from three different embryos (Prim_1, Prim_2, and Prim_3) were
exposed to ACR or GA using the established conditions and multiple immortalized clones
were derived. MEF senescence and immortalization phases were evident from the growth
curves generated for each culture (Suppl. Fig. S2). Subsequently, the clones derived from

ACR exposure (ACR clones) and GA exposure (GA clones) and spontaneous
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immortalization (Spont), were pre-screened for TP53 mutations by Sanger sequencing, to
assess the mutagenic process prior to exome-scale analysis. In the context of ACR
treatment, clones obtained from the Prim_2 MEFs that were heterozygous for the
polymorphic site in codon 72 showed a loss of heterozygosity involving a loss of the proline
allele in the ACR_1 clone whereas the arginine allele was lost in ACR_2, giving rise to a
hemizygous clone (Table 1). No TP53 mutations were observed in any of the three Spont
clones, whereas 3 out of 7 ACR clones and 1 of 5 GA clones carried non-synonymous TP53
mutations (Table 1). The detected mutations indicated specific selection for mutations in the
TP53 gene during cell immortalization and confirmed the clonal nature of MEF

immortalization.

Analysis of mutation spectra
Whole-exome sequencing of all spontaneously immortalized and exposed clones and
subsequent extraction of acquired variants revealed that the total number of acquired SBS
did not differ markedly between the ACR and Spont clones. The Spont clones harbored on
average 190 (median = 151, range = 141-277) SBS, whereas the ACR clones had on
average 208 (median = 173, range = 151-262) SBS. In contrast, the total number of SBS
was considerably increased in the GA clones, with an average of 485 SBS (median = 448,
range = 370-592) (Suppl. Table S1 and S2). This finding suggests markedly stronger
mutagenic properties of GA in the MEFs. To estimate the extent of sequencing-related
damage in our samples, we determined the GIV score of each sample as described in
Materials and Methods and in (52). No detectable damage for any of the mutation types was
observed in our dataset (data not shown). The ACR exposed samples exhibited an overall
diffuse pattern across the six different SBS types (Suppl. Fig. S3). The Spont clones showed
an enrichment of C:G>G:C SBS in the 5-GCC-3’ context, which was also present at varying
levels in the exposed cultures. This particular mutation type appears to be related to the
culture conditions used for the immortalization assay, as its presence has previously been
noted upon spontaneous as well as exposure-driven MEF immortalization (37). No significant
transcription strand bias was observed for any of the mutation classes in the Spont or ACR
clones (Suppl. Fig. S4). In the five clones derived from the GA-treated primary MEF cultures,
we observed an enrichment of acquired T:A>A:T and C:G>A:T transversions and T:A>C:G
transitions (Suppl. Fig. S3B), marked by significant transcription strand bias (Suppl. Fig. S4).
PCA performed on the resulting 6-class SBS spectra unambiguously separated the
GA clones from the remaining experimental conditions (Fig. 2A). The analysis of indels
(listed in Suppl. Table S3) showed lower numbers of these alterations in the GA-associated

clones compared to the ACR or Spont clones (Fig. 2B). This suggests that a higher
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accumulation of SBS may selectively promote the senescence bypass and selection of the
GA clones, with a decreased functional contribution of indels, while an inverse scenario is
plausible in case of the Spont and ACR clones, reminiscent of a previous report based on the

Big Blue mouse embryonic fibroblasts and cl/l transgene (53).

Variant allele frequency analysis

Variant allele frequency (VAF) analysis was carried out for GA clones. Overall, a significant
proportion of acquired mutations was present at allelic frequencies between 25-75% (Suppl.
Fig. S5). Upon grouping of substitutions into bins of high (67-100%), medium (34-66%) and
low (0-33%) VAF, the predominant GA-specific mutation types (T:A>A:T, T:A>C:G and
C:G>A:T) started manifesting at high VAF, whereas the 5’-NTT-3’ alterations, corresponding
to the COSMIC signature 17 previously reported to arise in cultured mouse cells including
MEFs (38,54,55) showed lower VAF, therefore a later appearance in the cultures (Suppl. Fig.
S6). This observation suggests the early effects of the GA exposure and the reproducible
contribution of the induced mutations to the senescence bypass and their clonal propagation

during the immortalization stage.

Mutational signature analysis

Using NMF, we extracted the mutational signatures from all the MEF clones. Using
computed statistics for estimating the number of signatures, three signatures were identified
as an optimal number, with signatures A and C enriched in the Spont and ACR clones, and
signature B selectively enriched in the GA clones (Fig. 2C,D). Reconstruction of the
observed mutation spectra supports the robustness of the signature analysis with strong
Pearson’s correlation and cosine similarity in GA-derived clones (Fig. 2D). In signature C and
also to a lesser extent in signatures A and B, we observed an admixture of a pattern identical
to the orphan COSMIC signature 17 (T:A>G:C in a 5’-NTT-3’ trinucleotide context), described
in various human cancers (most notably esophageal adenocarcinoma), but also seen in
aflatoxin B1-driven mouse liver cancers (11), as well as primary MEF-derived clones (37,38).
In in vitro contexts, this signature has been linked to cell culture conditions and associated
oxidative stress (54,55). To refine further the obtained experimental signatures, we
developed a signature ‘baiting’ approach that combined the MEF clones data with signature
17-rich data from esophageal adenocarcinomas from the ICGC ESAD-UK study for new
NMF analysis (56). This resulted in considerable reduction (average = 47%, median = 48%)
of the signature 17-specific most prominent T>G peaks and a more refined pattern for
signature B, associated primarily with GA treatment (Fig. 3A and Suppl. Fig. S7). This

putative GA signature retains the predominant enrichment for the T:A>A:T transversions and
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T:A>C:G transitions in the 5-CTG-3’ and 5’-CTT-3’ trinucleotide contexts, and the C:G>A:T
component. Moreover, these mutation types were marked by significant transcription strand
bias (Fig. 3B and Suppl. Fig. S4), exhibiting higher accumulation of mutations on the non-
transcribed strand consistent with the decreased efficiency of the transcription-coupled

nucleotide excision repair due to adduct formation.

DNA adduct analysis

Following metabolic activation, acrylamide induces well-characterized glycidamide DNA
adducts at the N7- and N3-positions of guanine and adenine, respectively. LC-MS/MS-based
adduct quantification revealed the absence of these adducts in the spontaneously
immortalized control samples as well as in MEFs exposed to acrylamide in the absence of
S9 fraction (levels below the limit of detection). This suggests the lack of CYP2E1 activity,
which is required for the metabolism of acrylamide to glycidamide, in the MEFs. Upon
addition of human S9 fraction, N7-GA-Gua levels increased to 11adducts/10® nucleotides,
suggesting limited metabolic activation of acrylamide due to the presence of enzymatic
activity in the S9 fraction (Fig. 3C and Suppl. Fig. S8). Glycidamide-exposed cells exhibited
significantly increased DNA adduct levels, with both N7-GA-Gua and N3-GA-Ade observed
at very high average levels, 49 000 adducts/10® nucleotides and 350 adducts/10®
nucleotides, respectively, after subtracting the trace amount of contamination from the
internal standard (Fig. 3C and Suppl. Fig. S8).

Comparison of the glycidamide signature to known signatures characterized by
prominent T:A>A:T profiles

We next performed cosine similarity analysis of the putative GA signature and all known
T:A>A:T-rich signatures extracted from primary cancers as well as experimental systems
(Fig. 3D and Suppl. Fig. S9). The best match was 84% pattern similarity with COSMIC
signature 25 (derived from four Hodgkin lymphoma cell lines) (Fig. 3D). However, unlike the
GA signature, COSMIC signature 25 exhibits strand bias for only T:A>A:T mutations and no
transcription strand bias for the T:A>C:G mutations. Thus, the mutation patterns and strand
bias on all three main mutation types generated by GA treatment (Fig. 3A,B) appear specific

and novel.

Glycidamide signature screening in human tumor data from the ICGC PCAWG

The initial mSigAct test performed on PCAWG data from lung and liver tumors indicated a
marked presence of the GA signature. This observation was in keeping with the presence of
acrylamide in tobacco smoke and was further corroborated by a cosine similarity of 94%

between the adenine (T>N) components of COSMIC signature 4 (tobacco smoking) and the
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GA signature (Fig. 4A). We thus hypothesized that COSMIC signature 4 reflects co-exposure
to B[a]P (generating C>N/guanine mutations with transcription strand bias) and to GA
(generating T>N/adenine mutations with transcription strand bias) (Fig. 4A,B). To provide
further experimental evidence, we generated a ‘pure’ B[a]P mutational signature by whole-
genome sequencing of cell clones derived from B[a]P-exposed normal human mammary
epithelial cells (HMEC). This yielded a robust signature characterized by predominant strand
biased guanine (mainly C>A) mutation levels and negligibly mutated adenines (T>N) (Fig.
4A,B). Next, we used mSigAct to interrogate the PCAWG tumor samples for the level of
exposure to the experimentally defined GA and BJ[a]P signatures (alongside other COSMIC
mutational signatures) in 48 lung squamous carcinomas, 38 lung adenocarcinomas, and 320
liver cancers. We compared these to estimated levels of exposure to COSMIC signature 4,
and found that in the lung cancers, a combination of the GA and B[a]P signatures accounted
for very similar numbers of mutations as COSMIC signature 4, thus further supporting the
hypothesis that COSMIC signature 4 represents combined and highly correlated exposure to
GA and B[a]P (Fig. 4C). Compared to lung cancers, we found more variability in the
assignment of mutation numbers to GA and B[a]P versus COSMIC signature 4 in liver
cancers (Fig. 4C), which may reflect a decreased relationship between GA and BJ[a]P
exposure due to generally more complex exposure history in the liver. The successful
reconstruction of COSMIC signature 4 by the experimental GA- and B[a]P- signatures in the
lung and liver human tumors enabled correct assignment of the GA-signature in a subset of
29 lung adenocarcinomas, 46 lung SCC and 26 liver tumors (Fig. 4D). The SBS counts
corresponding to GA-mutational signature ranged between 300 up to 43,000 mutations/per
sample in lung tumors, and between 190 to 23,000 mutations/per sample in liver tumors (Fig.
4D and Suppl. Table S5). These findings indicate exposure to glycidamide linked to tobacco
smoking — when concomitant with B[a]P-signature, or through diet or occupation — in the
absence of B[a]P signature (samples Liver-HCC::SP112224; Liver-HCC::SP49551; Liver-
HCC::SP50105; Liver-HCC::SP98861; Liver-HCC::SP50183, see Suppl. Fig. S10 and Suppl.
Table S5).

Discussion

In this study we report the identification of an exome-wide mutational signature for
glycidamide, a metabolite of the probable human carcinogen acrylamide. The newly
identified signature is based on massively parallel sequencing performed in a well-controlled
experimental carcinogen exposure-clonal immortalization model, revealing characteristic
mutagenic effects of glycidamide. The glycidamide mutational signature presented here and
the results of statistical assessment of its presence in multiple human tumor types may help

clarify the thus-far tenuous association of acrylamide with human cancer.
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In concordance with its in vivo carcinogenicity in rodents (16,19,31,57), our findings in
the established MEF carcinogen exposure and immortalization system suggest that
characteristic mutagenic effects may play a role during acrylamide/glycidamide-driven tumor
development. In contrast to glycidamide, acrylamide exposure led neither to an increased
number of SBS nor did it induce characteristic mutation types in the MEF exposure system.
Despite the absence of a mutagenic effect of acrylamide in our experiments, acrylamide and
glycidamide exposures induce an almost identical set of tumors in both mice and rats,
providing a substantial argument for a glycidamide-mediated tumorigenic effect of acrylamide
(19). This is further supported by mechanistic studies showing that lung tissue from mice
exposed to acrylamide and glycidamide displays comparable DNA adduct patterns as well as
similar mutation frequencies in the cll transgene (36). Similar observations had been made in
the context of in vitro mutagenicity of acrylamide in human and mouse cells, suggesting the
key role for epoxide metabolite glycidamide to form pre-mutagenic DNA adducts (33).

As shown by our adduct analysis, acrylamide is not efficiently metabolized by MEFs.
This finding is in keeping with the results from previous animal carcinogenicity studies. In
fact, glycidamide induces hepatocellular carcinomas in neonatal B6C3F1 mice, whereas
administration of acrylamide does not increase the tumor incidence. This has been attributed
to the inability of neonatal mice to efficiently metabolize acrylamide (31). Moreover, in
contrast to acrylamide treatment, glycidamide induces tumors of the small intestine in a
dose-dependent manner upon perinatal exposure (57) and similar observations were made
for glycidamide mutagenicity in vitro (33). We compensated for the lack of proper acrylamide
metabolic activation by the addition of human S9 fraction, and the assessment of DNA
adducts indeed suggests acrylamide metabolic activation upon addition of S9. However, the
adduct levels are substantially lower compared to glycidamide exposure, which may account
for the observed differences in mutagenicity. Interestingly, a consistent minor contribution of
the glycidamide mutational signature was detected in the majority of ACR clones, whereas it
was absent in the Spont clones. This raises the possibility that partial metabolic activation of
acrylamide in the MEF system resulted in low levels of glycidamide. However, a clear
mutational signature in the employed experimental setting was achieved only by exposing
the cells directly to glycidamide.

Single reporter gene studies had previously linked acrylamide and glycidamide
exposure to multiple different mutation types. Thanks to the larger number of mutations
captured by exome sequencing, we were able to attribute to the glycidamide exposure a
particular mutational signature characterized by strand-biased C:G>A:T and T:A>A:T
transversions, and T:A>C:A transitions towards the non-transcribed strand suggesting a
formation of DNA-adducts. The presence of N7-GA-Gua and N3-GA-Ade, two well-
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characterized glycidamide DNA adducts originating from the metabolic conversion of
acrylamide (30,44,53), shows a remarkable relationship between DNA adduct profiles and
the putative mutational signature of glycidamide. N3-GA-Ade and N7-GA-Gua are
depurinating adducts. They can result in apurinic/apyrimidinic sites, which, during replication,
induce the mis-incorporation of deoxyadenine, leading to the observed T:A>A:T and
C:G>A:T transversions of the glycidamide signature, respectively. The third mutation type
specifically enriched in the glycidamide signature, T:A>C:G transitions, has been ascribed to
the N1-GA-Ade adduct, a miscoding adduct and the most commonly identified adenine
adduct in vitro (35,44,53,58). Levels of the guanine adduct were especially high in the
exposed MEF cells, whereas the associated C:G>A:T transversions in the resulting post-
senescence clones were less represented. This could reflect differences in DNA repair
efficiency concerning individual GA-DNA adduct species, or the fact that the resulting clones
are derived from single cells whereas the GA-DNA adducts were measured on average in
the bulk primary cell population. A mechanism of negative selection of cells with high N7-GA-
Gua adduct burden is also plausible.

We observed consistent presence of COSMIC signature 17 in the data generated
from the untreated and treated MEF clones. The etiology of signature 17 remains unknown.
While some candidate causal factors have been proposed in esophageal adenocarcinoma
and gastric cancers (e.g., inflammatory conditions due to acid reflux, H. pylori) (56) and in
cultured mouse cell systems (54,55), further studies are required to establish why signature
17 tends to arise in vitro in immortalized clones derived from mouse embryonic fibroblasts as
observed in our study and also previous work (38).

Genome-scale sequencing of tumor tissues will be needed to verify, in vivo, the
glycidamide mutational signature identified in this study. The established animal models
(18,19) of acrylamide- and glycidamide-mediated tumorigenesis provide a suitable starting
point, and it would be interesting to compare mutational signatures derived from these
models with the in vitro results. The identified glycidamide signature with its extended
features of transcription strand bias for the major mutation types differs from the currently
known COSMIC signatures (Fig. 3D). In addition, we show that in the cancer genome
sequencing data sets from the ICGC PCAWG effort, the putative glycidamide-mutational
signature can be identified in a subset of tumors of the lung and liver (sites of possible
acrylamide exposure due to tobacco smoking), based on combining experimentally derived
signatures with sophisticated computational signature reconstruction approaches (Fig. 4).

The continued interest in understanding the contribution of acrylamide and its
electrophilic metabolite glycidamide to cancer development reflects recent accumulation of

new mechanistic data on the animal carcinogenicity of the compounds. The possible
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carcinogenic effects in humans have been recommended for re-evaluation by the Advisory
Group to the Monographs Program of the International Agency for Research on Cancer (59).
Our findings related to the reconstruction of COSMIC signature 4 using the experimental GA-
signature and B[a]P signature, together with the presence of the GA signature in the lung
and liver cancer data are relevant given the established high contents of acrylamide in
tobacco smoke. Despite the absence of prominent T>N (adenine) mutations in the
experimental B[a]P exposure setting, we cannot exclude a possibility that in the human lung
cells the adenine residues can be additionally targeted by other tobacco carcinogens such as
benzo[a]pyrene derivatives or nitrosamines. Importantly, five liver tumor samples identified in
this study harbored the GA signature but the major features of signature 4 as represented by
the experimental B[a]P signature were absent (Suppl. Fig. S10, Suppl. Table S5). These
tumors are thus of particular interest as they could reflect dietary or occupational exposure to
acrylamide.

The presented mutational signature of glycidamide and its potential use for screening
of cancer genome sequencing data may provide a basis for relevant assessment of cancer
risk through new carefully designed molecular cancer epidemiology studies. Future validation
analyses involving e.g. GA-DNA adduct monitoring in non-tumor tissue of cancer patients or
in animal exposure models are warranted to provide additional evidence that the
predominant T>N mutations in the cancers identified in this study indeed originate from

exposure to acrylamide and its reactive metabolite glycidamide.
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Figure legends

Figure 1: Acrylamide- and glycidamide-induced cytotoxicity and genotoxicity in vitro. (A) Cell

viability, following 24-hour treatment of primary MEFs with the indicated concentrations of

acrylamide (top panel), in the absence (diamonds) and presence (circles) of human S9

fraction, and glycidamide (bottom panel), as determined by MTT assay. Absorbance was

measured 48 hours after treatment cessation and was normalized to untreated cells. The
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results are expressed as mean percent +SD of three replicates. (B) DNA damage
assessment by immunofluorescence with an antibody specific for Ser139-phosphorylated
histone H2Ax (yH2Ax). Primary MEFs were treated with acrylamide or glycidamide for 24
hours prior to immunofluorescence. Compound concentrations used were based on 20-70%
viability reduction in the MTT assay: 10 mM acrylamide, 5 mM acrylamide in the presence of

S9 fraction and 3 mM glycidamide. ACR: acrylamide; GA: glycidamide.

Figure 2: Analysis of the mutation patterns derived from exome sequencing data from
immortalized Hupki MEF clones. (A) Principle component analysis (PCA) of WES data. PCA
was computed using as input the mutation count matrix of the clones that immortalized
spontaneously (Spont) or were derived from exposure to acrylamide (ACR) or glycidamide
(GA). Each sample is plotted considering the value of the first and second principal
components (Dim1 and Dim2). The percentage of variance explained by each component is
indicated within brackets on each axis. Spont, ACR- and GA-exposed samples are
represented by differently colored symbols. (B) Representation of small insertions and
deletions (indels) counts within the immortalized clones as determined by the Strelka variant
caller. (C) Mutational signatures identified by non-negative matrix factorization (NMF) in the
15 Hupki MEF-derived clones (sig A, sig B, and sig C). X-axis represents the trinucleotide
sequence context. Y-axis represents the frequency distribution of the mutations. The
predominant trinucleotide context for T:A > A:T mutations is indicated in sig B (5’-CTG-3’).
The trinucleotide contexts for C:G > G:C (5-GCC-3’) and T:A > G:C mutations (5’-NTT-3’)
are highlighted in sig C. (D) Contribution of the identified signatures to each sample (X-axis),
assigned either by absolute SBS counts or by proportion (bar graphs). The reconstruction
accuracy of the identified mutational signatures in individual samples is shown in the bottom

scatter plot (Y-axis value of 1 = 100% accuracy).

Figure 3: (A) Refinement of GA signature. The contribution of signature 17 (T:A>G:C in 5'-
NTT-3’ context), present in all clones, was decreased by performing NMF on Hupki samples
pooled with primary tumor samples with high levels of signature 17 (see Methods). (B)
Transcription strand bias analysis for the six mutation types in GA-exposed clones. For each
mutation type, the number of mutations occurring on the transcribed (T) and non-transcribed
(N) strand is shown on the Y-axis. *** p < 10® ; * p < 102. (C) DNA adducts analysis as
determined by LC-MS/MS. Levels of N7-GA-Gua adduct in ACR+S9 and GA treated MEFs
and N3-GA-Ade DNA adduct level in GA treated MEFs. The data are presented as the
number of adducts in 10® nucleotides. n = 2. (D) Cosine similarity matrix comparing the

putative glycidamide mutational signature with other A>T rich mutational signatures from
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COSMIC (signatures 22, 25, and 27) and from experimental exposure assays using specific

carcinogens (7,12-dimethylbenz[alanthracene (DMBA), urethane, and aristolochic acid (AA)).

Figure 4: GA signature in human primary cancer genome PCAWG data. (A) Comparison of
COSMIC signature 4 with two experimentally derived signatures (B[a]P_Exp = signature in
clones from benzo[a]pyrene treated HMEC cells; GA_Exp = signature in clones from
glycidamide-treated MEF cells). Cosine similarity between the T>N (adenine) components of
signature 4 and GA signature is shown to the right. (B) Transcription strand bias analysis for
the six mutation types underlying the signatures in panel A). For each mutation type, the
number of mutations occurring on the transcribed (T) and non-transcribed (N) strand is
shown on the left Y-axis. The significance is expressed as —log10(p-value) indicated on the
right Y-axis. *** p < 10%; ** p < 10" ; * p < 10?2 . (C) Scatter plots show reconstruction of
COSMIC signature 4 using B[a]P- and glycidamide- experimental mutational signatures in
lung adenocarcinoma, lung squamous cell carcinoma and hepatocellular carcinoma from the
PCAWG data set. (D) mSigAct analysis identifies the assignment and the contributions of
mutational signatures (including the experimental signature GA Exp (red) and
signature_B[a]P_Exp (blue)) to the mutation burden of a total of 101 PCAWG lung and liver

tumors identified as positive for the GA signature signal.
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Figure 1
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Supplementary Materials and Methods

DNA adduct analysis

The DNA was isolated from the cells using standard digestion with proteinase K, followed by
phenol-chloroform extraction and ethanol precipitation. The DNA was subsequently treated
with RNase A and T1, extracted with phenol-chloroform, and reprecipitated with ethanol. N7
GA-Gua and N3 GA-Ade were released by neutral thermal hydrolysis for 15 minutes, using
Eppendorf Thermomixer R (Eppendorf North America) set to 99 °C. The samples were
filtered through Amicon 3K molecular weight cutoff filters (Merck Millipore) to separate the
adducts from the intact DNA.

TP53 genotyping

The following are the TP53 primers used for amplicon sequencing of mutations accumulated
in human TP53 of the Hupki MEFs. The sequences are presented in 5’ to 3’ orientation: Exon
4: fwd — TGCTCTTTTCACCCATCTAC, rev — ATACGGCCAGGCATTGAAGT; Exons 5-6:
fwd — TGTTCACTTGTGCCCTGACT, rev — TTAACCCCTCCTCCCAGAGA; Exon 7: fwd —
CTTGCCACAGGTCTCCCC, rev — CACTTGCCACCCTGCACA; Exon 8: fwd -
TCCTTACTGCCTCTTGCTTCTCTT; rev — CCAAGGGTGCAGTTATGCCT. Sequences and

their alterations were analyzed using the CodonCode Aligner software.

Processing of WES data
Prior to variant calling, recalibrated .bam files were interrogated for imbalanced base
mismatch distribution between Read 1 and Read 2 sequences. We used the DNA damage

estimator tool (as per (1); (https://github.com/Ettwiller/Damage-estimator)) to measure the

Global Imbalance Value (GIV) score and to exclude sequencing-related DNA damage and
artefacts due to oxidative damage that can confound the determination of treatment-specific
variants. The MutSpec suite included tools for annotation of the vcf files with Annovar and
variant filtering to remove dbSNP142 contents, segmental duplicates, repeats, and tandem
repeat regions. Finally, to maximize the chance of robust variant calls and to exclude
potential unfiltered single nucleotide polymorphisms (SNP), we considered only variants

unique to each sample.

Bioinformatics and statistical analyses

The following are the International Cancer Genome Consortium (ICGC) esophageal
carcinoma patient data (2,3) that were used in the step of cleaning the experimental
signature from the COSMIC signature 17 signal: ESAD-UK-SP119768.hg19; ESAD-UK-

SP191660.hg19; ESAD-UK-SP111113.hg19; ESAD-UK-SP111173.hg19; = ESAD-UK-
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SP192267.hg19; ESAD-UK-SP111026.hg19; ESAD-UK-SP192494.nhg19;  ESAD-UK-
SP111019.hg19; ESAD-UK-SP111058.hg19.
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Supplementary Figure Legends

Supplementary Fig. S1: Comparison of different normalization and single-nucleotide variant
calling strategies. Variant calling with respect to primary cell normalization. Venn diagrams
show the overlap of variants called in glycidamide (GA)-derived clones after normalization to

three different batches of primary cells (Prim_1, Prim_2, and Prim_3).

Supplementary Fig. S2: Growth curves of Hupki MEFs. Primary cells were either left
untreated (Spont) or were exposed to acrylamide (ACR+S9) or glycidamide (GA). X-axis
represents days in culture. Y-axis represents the cumulative doubling populations. The
dashed vertical line represents the threshold of p-value < 0.05. Arrow: compound exposure;

S*: senescence; SBI: senescence bypass/immortalization.

Supplementary Fig. S3: Mutation spectra derived from exome sequencing data from
immortalized Hupki MEF clones derived from exposure to (A) acrylamide (ACR) or (B)
glycidamide (GA), or (C) by spontaneous immortalization (Spont). X-axis represents the
trinucleotide sequence context. Y-axis represents the frequency distribution of the mutations

in each context.

Supplementary Fig. S4: lllustration of the transcription strand bias derived from the analysis
of exome sequencing data from immortalized Hupki MEF cell lines. GA: glycidamide-derived
clones; ACR: acrylamide-derived clones; Spont: spontaneously immortalized clones. The six
mutation types are represented by different colors. For each mutation type, the number of

mutations occurring on the transcribed (T) and non-transcribed (N) strand, as well as the p-
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values for strand bias is shown on the y-axes. The dashed grey line in each graph indicates
the p-values for strand bias for each mutation type. The horizontal, dashed black line

represents a significance threshold of p < 0.05.

Supplementary Fig. S5: Distribution of mutations based on their allelic frequencies in the
five glycidamide (GA)-derived clones (left). Mutations in individual cell lines were ranked and
plotted based on decreasing allelic frequency. Percentage of mutations with allelic frequency
between 25% and 75% is indicated. Percentages of the six mutation types, color-coded,
among all mutations identified in GA clones (right). The overall mutation number for each

sample is indicated in the centre of the pie chart.

Supplementary Fig. S6: Mutation type and mutation spectra analysis with respect to variant
allele frequency (VAF). The analysis was carried out using exome sequencing data from
immortalized Hupki MEF clones derived from exposure to glycidamide. Top left: Mutation
counts were stratified into three VAF bins ([0-33% = low VAF]; [34-66% = medium VAF]; [67-
100% = high VAF]). Top right: The relative contribution of the six mutation types to the overall
number of mutations in each VAF bin is shown on the y-axis. Bottom panel: Mutation spectra
(left) and strand bias (right) analysis for the different VAF bins. Mutation spectra analysis: X-
axis represents the ftrinucleotide sequence context. Y-axis represents the frequency
distribution of the mutations. The counts for each mutation type are indicated in parentheses.
Strand bias analysis: For each mutation type, the number of mutations occurring on the
transcribed and non-transcribed strand is shown on the y-axis. T: transcribed strand; N: non-

transcribed strand.

Supplementary Fig. S7: The ‘baiting’ clean-up of background signature 17 and the
quantification of its efficiency. COSMIC signature 17 (top track) marked by the arrows
observed in GA mutation spectra as well as in GA-mutational signature before and after
baiting (clean). The heat-map table on the right indicates the final proportionate reduction of
signature 17-specific peaks after re-running the NMF with signature 17-rich ICGC ESAD data

sets listed in the Supplementary Materials and Methods section.

Supplementary Fig. S8: (A) The structures of N7-GA-Gua and N3-GA-Ade adducts
analyzed by LC-MS/MS. (B) Representative multiple-reaction monitoring chromatograms
(relative signal intensity vs time) for N7-GA-Gua and N3-GA-Ade adducts in DNA from ACR
treatment in the presence of S9 fraction (ACR+S9) and GA-treated (GA) primary Hupki MEF.
Internal standards (IS) were added in amounts of 1000 fmol for N7-GA-Gua and 200 fmol for
N3-GA-Ade.
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Supplementary Fig. S9: T:A>A:T enriched mutational signatures used for cosine similarity
analysis (see Fig. 3D). The individual signatures were originally derived from human cancer
sequencing data or experimental models (animal bioassays, cell lines) of carcinogen
exposure. X-axis represents the trinucleotide sequence context. Y-axis represents the
frequency distribution of the mutations. The predominant trinucleotide context for T:A>A:T
mutations is indicated by an arrow in the signature landscape. AA: aristolochic acid; DMBA:

7,12-dimethylbenz[a]anthracene.

Supplementary Fig. $10: (A) Scatter plots show the measure of correlation of the GA-
signature versus B[a]P-signature (used to reconstruct COSMIC signature 4) in PCAWG lung
adenocarcinomas (ADCA), lung squamous cell carcinomas (SCC) and hepatocellular
carcinomas (HCC). (B) Bar-plots representing the proportion of the assignment of the
experimental GA_Exp and B[a]P_Exp signatures in lung adenocarcinomas, lung squamous
cell carcinomas and hepatocellular carcinomas from the PCAWG data set. The asterisk
denotes liver HCC samples harboring GA-signature only (no B[a]P-signature detected),
indicating possible dietary or occupational exposure. Full list of these samples is accessible
from Suppl. Table S5.
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Suppl. Fig. &1
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Suppl. Fig. S4
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Suppl. Fig. S5
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Suppl. Fig. S6
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Suppl. Fig. 58
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Suppl. Fig. 59
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Supplementary Figure S10

Lung adenocarcinoma

8 LT L

Lung ADCA

p

M BalP_Exp

W GA_FEx

[ 601 95ds: o ouapy-Bum
| 2601 5d5: w2 ouapy-Bum)
_EI]EBS:ISWUUBW'BU”'I
_BPSES:ISWUUBW'BU”'I

LIEDG 5 WD ouapy-Bum)
| 11 25505 w2 ouapy-Bum
| G55 w0 ouapy-Bum)
:.:'.I]BZG:ISi-'VUUUEW'EUH'I
_BPPI-Q:IS:WUUEW'EU”'I

205 5 WD ouapy-Burm
-LEEEQ:ISWUUBW'BU”'I
-EBBFQ:ISWUUBW'BU”'I
:EF‘I-QQ:IS”VUUUBW'BU”'I
|} 19054 50 ouapy -Burm
1 ZE05d 5 ouapy -Burm
-iEEDQdS:WUUEW'EU”'I
:PEEI-S:ISWUUBW'BU”'I
_EEZZQ:IS”\I‘UUUBW'BU”'I
| E1 MG 5w ouapy-Burm
G0555d 5 WD ouapy-Burm
| 6105 72 LBy BTy
| 40055 7 OUBpy-Bum
:ﬁiiZQdS:WUUEW'EU”'I
_iBBZQdSi-\ﬁJUUBW'BU”’I
_GEZQQ:IS”\I‘UUUBW'BUH'I
LBEGG 5 WD ouapy-Burm
| D S 52 ouepy-Bum
| 406 5d 57 ouBpy-Bum
:IIIIEEQ:ISWUUBW'BU”'I

kB H 8
[=] [=] [=] [=]
uoodold
(=}
@% =
[=]
= o
T =
a
=]
o - 8
oD o = —
T T T
00001 001 b

Lung squamous cell carcinoma

=+ @ @@ M~ o M ol
[ R . e e
@ a @ k] k) @ k)
[ e e e =
2 2 2 2 2 2 2
m @™ ® @™ ™ m @
[= [= [= = = [= =
=~~~ U~ -~
L I 5 T B v R v B 5 B
B

Z108%d
DGL%d
aFaLGd
FELOGd
CFERGd
LEGOS
Fa0LGd
L0005

681 L5d

a00L5d
FOLO%d
1 58.L5d
GFERG
GA0L5d

FrEOG 8-
LCBOG S

Lung SSC

T
10000

BEOOGd
8 2 B 8
- (=] (=] (=]
uopodol4

[+]

o

I | I I 1

00004 0oL 0L 1

JUNOS UDJEINW YE)

Signature &

T
100

T
10

Signature 3

OTER%d 5 005U
10185501005

Burm

2008545008 -Bum

Signature 2
Signature 1

Hepatocellular carcinoma

x =

x =

x

1.00
075

uoJo

0.50

o
=]
sk

o 038

102

[ GEZ I dSE D aH-1=N
_VI- MErd S0 DH =N
I GLEN I dSEDaH-1n
I |BALGd 5D OH
_J.ELSSHS:DSH'JB‘!'I
_EEEESHSfDSH'JB‘!'I
:EIJI-IJQdSiZZJZJH'JB‘!'I
| F95GRd S D DH
| #0L01dS D0H:N
| 19886 S D 0H
_FEZEI IS0 0HA3N
LL88Gd 50 2HJ#N
-EIZIIZISSHS:UDH'JB\!'I
I mLENdSEDaH1n
_EEEESHEUDH'JB\!'I
I M0L0LdSEDaHEN
_GEESPdeDSH'JB‘!'I
I | GAGEd 520 OH 10
I W lL01d S0 0H N
: WOFLDb S0 0H e
| EBH0GS D DH -
| WOL0IdS a0H:0
| L9686 S D 0H
_Wl].n'.l]lnd555CIClH'JB'\!'|
BZT) I dSED0H:N
I LECTH S0 0HA:

0.00

HCC

T
50
BaP mutation count




Characterization of mutational signatures

Paper 2: Summary of findings regarding the mycotoxin compound

ochratoxin A

Title

Integrative analysis of whole-genome mutational signature of ochratoxin
A in cells and rodent kidney tumors

Authors: Maria Zhivagui, Arnoud Boot, Andrea Carra’, Vincent Cahais, Stephanie Villar,

Steve G Rozen, Silvia Balbo, Michael Korenjak and Jiri Zavadil

Introduction:

OTA is a mycotoxin widely spread in the human diet. Exposure of rodents to OTA shows a
clear evidence of carcinogenicity in the kidney of F344/N rats (National Toxicology Program,
1989). The IARC Monographs classified OTA as possibly carcinogenic to humans (Group
2B). Yet, the mode of action of OTA remains a matter of debate since the 90’s. We speculate
that using a validated exposure-clonal immortalization cell model may provide evidence on
the mechanism of OTA on the DNA using DNA analysis and whole genome sequencing.
These findings can be further corroborated by complementing the in vitro system with rat
kidney tumors from the US NTP.

1. DNA adduct analysis

The comparison of all the data sets obtained by analysis of the samples revealed a higher
number of DNA adducts detected in OTA-treated compared to the control samples. In
particular, 3500 different putative DNA adducts were detected in the OTA-treated MEFs and
only 1550 putative DNA adducts were detected in the untreated cells. Excluding the DNA
adducts in common between the two data sets, as well as the analytes that are considered
redundant, a group of 220 potential candidates was evaluated as a class of DNA adducts

present in the treated cells (Figure 28).
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Control OTA
untreated treated
cells cells

Figure 28: Putative OTA DNA adducts. Control

220 potential untreated cells harbored 1550 putative DNA

candidate adducts (in blue). OTA treated primary MEFs

comprised 3500 potential DNA adducts (in pink).

After data mining, 220 DNA adducts were listed as

potential candidates unique to OTA treatment.
1550 Putative 3500 Putative
adducts adducts

The data analysis was then refined over by selecting among the 220 potential candidates
those: 1) deriving from signals due to the neutral loss of the deoxyribose moiety (NL -
116.0479 m/z) and the ionization of the nucleobases (e.g. [G+H]" 152.0573 m/z) in the MS?
and in the MS?® detection events respectively; 2) corresponding to a clear chromatographic
pattern; 3) showing a distinctive fragmentation signature (see Appendix C). These criteria

allowed refining the resulting dataset. Table 6 summarizes the output from this analysis.

FullScan  MS? NL"? ms® NL?>® Sample name RT (min) Modification Formula A(-::::t
497.1900 381.1417 116.0483 127.0507 254.091 OTA+S9 24.79 C11H1405N; Ca1H20010N4 dT
440.1944 3241465 116.0479 152.0573 172.0892 OTA+S9 33.02 C12Hi20 C22H2605N5 dG
358.0999 242.0523 116.0476 152.0569 89.9954 OTA+S9 8.4 C,H,04 C12H1608N5 dG
280.1414 164.0937 116.0477 136.0623 28.0314 OTA+S9 17.68 CoH, C12H1503N5 dA
332.1206 216.0731 116.0475 136.0619 80.0112 OTA+S9 9.79 C4H2ON C14H1604N6s dA
3221512 206.1039 116.0473 136.062 70.0419 OTA+S9 7.35 C4Hs0 C14H2004N5 dA
456.1928 340.1444 116.0484 112.0508 228.0936 OTA+S9 6.69 CeH1607N, C1sH30011N5s dc
396.1893 280.1412 116.0481 152.0573 128.0839 OTA+S9 32.33 C7H120, C17H2606Ns5 dG
314.1101 198.0624 116.0477 136.0623 62.0001 OTA+S9 9.31 CH,05 C11H1606Ns dA
330.105 214.0574 116.0476 136.062 77.9954 OTA+S9 9.31 CH,0, C11H1607Ns dA

Table 5: Data output. The columns entitled Full Scan, MS? and MS? refer to lists of the ions detected
in the course the three detection events. The columns NL'? and NL?? correspond to the neutral loss
signals observed during the MS? and MS® detection events. The RT column reports the
chromatographic retention time and finally the Modification Formula and Adduct Class columns refer
to the structural information achieved calculating the chemical formulas which properly fit with the Full
Scan, NL*® and MS® detected signals.
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Moreover, these results demonstrate the induction of DNA damage that is unique and
specific to OTA treatment. Yet, the assigned molecular formulas of potential DNA adducts
cannot be linked to OTA structure before accounting for the variables occurring during
samples treatment and LC/MS® chemical reactions. Further investigation and analytical

approaches are needed in order to investigate potential OTA-derived DNA adducts.

2. Hupki MEFs immortalization andTP53 mutations

Primary MEF cultures from three different embryos were exposed to OTA in the presence
and absence of human S9 fraction. Applying the established cytotoxic conditions, multiple
immortalized clones were derived. MEF senescence and immortalization were evident from
the growth curves generated for each culture (Figure F.1a). Subsequently, the TP53 gene
was sequenced in order to assess mutagenicity of OTA and clonality of the lines derived
from OTA exposure (OTA clones) and spontaneous immortalization (Spont). In the context of
OTA treatment in the presence of S9 fraction, no TP53 mutations were observed. One clone
derived from OTA exposure in the absence of S9 and another derived from spontaneous
immortalization carried non-synonymous mutations, T>A in codon 138 and G>T in codon
237, respectively (Figure F.1b). The chromatogram of the detected mutations suggests a
high allelic frequency confirming the clonal nature of the MEF immortalization. However, due
to the small number of mutations no conclusions could be drawn regarding the mutagenicity

of OTA compared to untreated controls.

3. FFPE tissues processing

Working with old FFPE tissues from the US NTP, dating from 1984, was anticipated to be
challenging. Therefore, we first assessed the quality of the isolated DNA to facilitate the
generation of WGS libraries. The level of DNA degradation and the ability to amplify short
fragments were used to guide the selection of better quality samples for library preparation.
We examined the ability of tissues fixed in formalin for variable durations (between 3 — 72
days) to amplify short DNA segments using a standard PCR protocol (Figure F.2a). Tissue
fixation for longer than 8 days in formalin caused the destruction of the DNA to an extent that
hindered amplification of the test fragment, potentially due to cross-linking carry-over.
Consequently, we prepared DNA libraries for a number of rat FFPE tissues fixed between 3
to 9 days, including normal and kidney tumor tissues (Figure F.2b). The resulting library
profiles and concentrations, assessed using a Bioanalyzer, presented satisfying results with

DNA fragments ranging between 200 and 350 bp (Figure F.2c).
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4. Mutation spectra analysis

Whole-genome sequencing of OTA-derived MEF clones and rat kidney tumors together with
the extraction of acquired somatic variants revealed that the total number of coding
mutations accounted for an average of 2.3% and 2.6% of the total number of mutations in
MEFs and rat tumors, respectively. To estimate the extent of sequencing-related damage in
our samples, we determined the global imbalance variation (GIV) score of each sample as
described in methods and in (Chen et al., 2017). No detectable sequencing artifacts for any
of the mutation types were observed in our dataset (data not shown). The Hupki MEF clones
derived from OTA exposure showed an enrichment of T:A>G:C transversions related to
signature 17 from COSMIC (Alexandrov et al., 2013b). The kidney tumor samples exhibited
an overall diffuse pattern across the six different SBS types, in addition to the more
prominent spontaneous deamination of methylcytosine characterized by C:G>T:A transitions
at CpG islands (Figure 29). No significant transcription strand bias was observed for any of
the mutation classes in the kidney tumors or MEF clones. PCA analysis comparing the
variants called by MuTect versus Strelka demonstrated similarities in profiles for both MEF
clones derived from OTA exposure and rat kidney tumors developed upon OTA treatment

after the elimination of low allelic frequency mutations (AF<20%) (Figure F.3 a-b).

5. Mutational signature analysis

Using NMF, we analyzed all the OTA-derived samples for the presence of mutational
signatures. Two mutational signatures were identified (Figure 30 a-b), with signature A
enriched in OTA clones, and signature B enriched in the rat kidney tumors. In signature A we
observed a major enrichment of a pattern identical to COSMIC signature 17 (T:A>G:C in 5’-
NTT-3’ trinucleotide context). As signature 17 is ubiquitously found in Hupki MEF clones, we
used a baiting approach to reduce its contribution to signature A (Figure F.4). Within
signature A, we uncovered a mutation pattern potentially linked to treatment with OTA,
characterized by C:G>A:T transversions (Figure 30c). Focusing on the C>N pattern only, we
observed similarities between signature A and signature 18 and 36 from COSMIC (cosine
similarity=0.86 and 0.897, respectively; COSMIC signature 36 is unpublished, data have
been provided by Dr. L. Alexandrov). Signatures 18 and 36 have been related to an ongoing
ROS production and ROS production against the background of mutated MUTYH gene,
respectively. Furthermore, we separated COSMIC signature 1, related to age, from signature
B. This yielded 0.91 cosine similarity of signature B with COSMIC signature 5 attributed to

the clock-like mutational signature process (Figure 30d).
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Figure 29: Genome-wide mutation spectra of OTA-derived MEF clones (upper panel) and OTA-
induced kidney adenocarcinoma tumors (lower panel). X-axis represents the trinucleotide sequence
context. Y-axis represents the frequency distribution of the mutations.
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Figure 30: Mutational signature analysis. a) Mutational signatures identified by non-negative matrix
factorization (NMF) in the 2 Hupki MEF cell lines and 4 rat kidney tumors from exposure to OTA
(signature A and signature B). X-axis represents the trinucleotide sequence context. Y-axis represents
the frequency distribution of the mutations. (b) Contribution of the identified signatures to each sample
(X-axis), assigned either by absolute SBS counts (top track) or by proportion (bottom track). (c) C>N
mutation profile of signature A compared to ROS-related mutational signatures from COSMIC,
signature 18 and 36. (d) Mutational signature B resembling signature 5 after removal of the age
signature. Numbers on the right represent cosine similarity values.

6. Distribution of somatic mutations on the genome

Rainfall plots show the distance between consecutive mutations in a logarithmic scale.
Looking for kataegis-like events based on SBS variants, we noticed some regions in the
tumor samples with increased load of mutations (Figure 31). OTA-MEF clones did not show
obvious aberrant mutated regions, whereas OTA-tumor-1 manifested an increased mutation
density on chromosome 9. Further analysis is ongoing including other genomic alteration
features such as indels and CNV.

108



Characterization of mutational signatures

s i

SBS-0OTA_1

® CG>AT
® C.G>GC
® CG>TA
® TA>AT

® TA>CG
® TA>GC

8
T
6

w = M W~ o
0160)) suoneinw usamiag 20uElSIQ

SBS-0TA_2

Ajsuag

et T Y

. iy,
¥
5

s
RN
et

2

ot et
e
iy
sget..
T we e
3 !
HI .‘

o %%

@ M~ -} 'z} = [l ™ L ol
{01Boj) suoneinw usamiag aauelsig

SBS- OTA- Tumor_1

MMMMMMMMLMMMMMMM

Risuag

. .
g S
e Y PR S
s?s\h. gt i ]
- .
. F e

o..-s‘ e 1 .

e,
Sl e e .t
LT,

- TR .
P S

s

% s 8

w M~ £=] w - 3] o~ -
{01Boj) suonelnw usamiag souels|q

109



Characterization of mutational signatures

R TRT N

SBS- OTA- Tumor_2

. .
.
. .
.e
.
.
* .
.
.
agts v .
i e meme B
T,

s ee s as e

@ M~
{oLBol) s

(=} w -+ o N -
UoneINw usamiag aJueisig

SBS- OTA- Tumor_3

JLMMLMMMMMMMMMMMMMMHM

Aisuag

o e .
tadye, t2U ae
A

taw .
Yo, g e .
uo..l 1 .
P o P e .
.

..
* .
e R

© M~ © W T ™ N v
(0160)) suonenw usamiag 20uelsIg

mmmmmmmmmmmmm

SBS- OTA- Tumor_4

e
At

4 o L4
PR

e
o et
. N
4000
e .
b
5
.

J
.
.

o

.
L WY,
»
“
.
"

ot -
v’.‘ ‘:- 2
" ", <,
LS
et
e
:
1

T
.

. v
AR
Ty

-
"
:
.

e

© N~ © 0w oY MmN e
fususg (01 6oj) suoneinw ussmag soueisig

Figure 31: The distance between SBS mutations in both OTA clones and kidney tumors is plotted

in the log scale (y-axis) versus the genomic position on the x-axis.
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DISCUSSION

The cancer genome reflects various complex assaults accumulated throughout the life of the
patient. Genome-wide mutation analysis of thousands of human cancers highlighted a
number of mutational signatures attributed to endogenous and exogenous exposures. In
order to reveal the causal factor underlying a mutational signature, the convergence of
multiple lines of evidence from different areas of research is needed, including experimental
studies, epidemiology and individual patient exposure history (Hollstein et al., 2017). In
addition to well-understood mutational signatures, several orphan signatures were identified
and due to the lack of relevant data and biological information, there is an opportunity to
experimentally investigate the genome-wide mutagenic effects of candidate cancer-risk

factors using relatively simple cellular models (Zhivagui et al., 2016).

During my PhD Thesis work, | explored the establishment of such new human cellular
models for the IARC MutSpec project and | was able to generate NGS-based mechanistic
evidence regarding the mutagenicity of high priority compounds found in the human diet and
in the environment. Thus, the presented work and its results address the timely opportunity in
applying experimental systems to the analysis of mutational signatures and revealing the

potential associations with human cancers.

1. Establishing mammalian in vitro models for exposure assays

Normal primary cells, both human and rodent, have a limited lifespan when transferred from
their in vivo environment to culture. They undergo stress-associated senescence, with
permanent exit from the cell cycle and eventual death of the cell population. Occasionally,
one cell may bypass this fate due to genetic changes and resume the cell cycle producing a
clone of immortalized cells that replicate indefinitely in vitro. Clonal expansion is a
prerequisite property of the system allowing to investigate the acquired somatic mutations in
more or less homogeneous cell populations by deep sequencing analysis. Through extensive
laboratory work using murine and human cells, we characterized various advantages and

disadvantages for each cellular model.

Hupki MEF cells proved suitable in terms of cell culture protocol and reliable immortalization
due to their sufficiently long telomeres and the telomerase enzymatic activity. The telomere
shortening-mediated replicative senescence as observed in human primary cells (Espejel
and Blasco, 2002) thus does not occur in Hupki MEFs. This cell model uses primary normal
diploid cells to give rise to clones that have bypassed the selective biological barrier step
within 2-3 months, which is usually achieved through disruption of the p19/ARF/p53 pathway

(Olivier et al., 2014; Zhivagui et al., 2016; Liu et al., 2004, 2005). Yet, potential limitations of
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the MEF assay system include inadequate metabolic activation of certain carcinogens, the
high rate of spontaneous immortalization, and potential species-specific differences in key
biological pathways involved in cell transformation (Zhivagui et al., 2016). Many of these
concerns can be addressed by simple adjustments to the assay protocol, such as the use of
exogenous human liver S9 fraction to metabolically activate pro-carcinogens. Importantly,
however, the MEFs in culture have been shown to convert a variety of pro-carcinogens to
their reactive intermediates (vom Brocke et al., 2006, 2008; Feldmeyer et al., 2006; Liu et al.,
2004, 2005; Luo et al., 2001b; Reinbold et al., 2008). Frequent spontaneous immortalization
of MEFs has been attributed to high mutation rates resulting from oxidative stress under
standard culture conditions (20% oxygen) (Busuttil et al., 2003; Parrinello et al., 2003). Thus,
growing MEFs under physiological oxygen levels (3-5%) can reduce background mutation
and spontaneous immortalization rates, and should improve the stringency of the MEF

system as well as the reliable identification of exposure-related mutation patterns.

In order to circumvent some of these constraints, we complemented the Hupki MEF system
with a newly developed system that meets the key requirements. The HepaRG cell line is a
human liver progenitor bipotent cell model. The cells can fully differentiate towards mature
hepatocytes that can serve as surrogate to human primary hepatocytes (LUbberstedt et al.,
2011). Testing the HepaRG model for both, BBCE and CE assays enabled us to address
several questions that arose during manipulation of the HepaRG cells. We show that
progenitor HepaRG cells experience a crisis-like state, characterized by reduced cell growth,
followed by its bypass. Single-cell subcloning was only successful after the cells overcame
this potential crisis, raising the possibility that a cell that acquired a proliferation advantage
and a more transformed state was able to clonally outgrow. We also examined the ability of
the cells to differentiate following bypass of the crisis-like state. As proposed on the
supplier's web page (http://www.HepaRG.com), we found that the progenitor cells, at late
passages, lost their bipotent potential and failed to differentiate into hepatocyte-like cells in
culture producing a biliary-like cell population solely. This crisis bypass may be due to
karyotype instability, genetic alterations, epigenetic modifications or chromatin structure

changes.

Moreover, we implemented a technique to isolate hepatocyte-like cells for exposure using
partial trypsinization (Cerec et al., 2007), and further gene expression assessment inferred
that the hepatocytes necessitate 4 days of incubation in order to re-arrange in a monolayer
and attain their metabolic activity. Such a pure culture of hepatocyte-like cells may be
exposed to carcinogens under the BBCE scenario. Nonetheless, we show that isolated

hepatocytes tend to progressively lose cell type-specific and metabolic markers and revert
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back to the progenitor cell state, complicating thus the protocol relying on senescence,
senescence-bypass and immortalization of hepatocytes upon carcinogen treatment.
Moreover, in order to maintain the differentiated state of the cells by keeping them at high
density, chronic exposures, using non-cytotoxic doses, should be of choice for this assay.
The HepaRG model requires lengthy exposure experimentation (about 6 months) and further
verification regarding its “immortalization” or “clonal expansion” states (Zhivagui et al., 2016).
Recently, an elegant study to which our team contributed, conducted a chronic exposure
assay using HepaRG cells after hepatocytes isolation in order to discern the genome-wide
mutational signature of AFB1. The results underscored the relevance of the HepaRG system
replicating findings from human HCC exposed to AFB1 (Huang et al., 2017). Another
advantage of the HepaRG cell model is its applicability to investigate compounds known to

target the liver, such as AA, AFB1 and methyleugenol.

Despite our prioritization of the rapid Hupki MEF system over the HepaRG cells (reflecting
the 3-year timeframe for the PhD work), we made substantial progress and achievements in
characterizing a potential HepaRG crisis-like event and in establishing protocols for crisis
bypass, hepatocyte isolation and cytotoxicity evaluation. Based on this work, we conclude
that more work is warranted to fully develop the HepaRG system into a model for assessing

exposures related to human malignancies, namely those of the liver.

Moreover, the use of human cancer target cell models is an elegant strategy to identify the

mutation pattern of a carcinogen that triggers cancer development in a specific site.

In addition to the applied model systems, other human cell line models have been explored
for the analysis of mutation patterns, namely a proximal tubule human kidney cell line (HK-2),
HepG2 cells derived from HCC and Human Mammary Epithelial Cells (HMEC) (Hoang et al.,
2013; Huang et al., 2017; Poon et al., 2013; Severson et al., 2014; Zhivagui et al., 2016). As
for most human model systems, their use requires long-term exposure and the number of

compounds that can be tested is a limiting factor.

Emerging models such as induced Pluripotent Stem cells (iPSc) and organoids could be
versatile systems that can be generated from different cell types and tissues and are capable
of clonal expansion (Blokzijl et al., 2016; Zhivagui et al., 2016). However, these models lack
the biological barrier step of HMEC and Hupki MEFs and it is not clear how this may

influence mutational signature formation.

Lastly, taking in consideration in vivo carcinogen-animal models may provide new avenues
for a better understanding of the molecular alterations observed in human diseases, and thus
improve our knowledge on tumor initiation, progression, diagnosis and treatment.
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Remarkably, an attractive paper published in 2018 used a chemically-induced mouse model
to recapitulate human disease. The N-butyl-N(4-hydroxybutil)nitrosamine (BBN) mouse
model developed muscle-invasive bladder cancer characterized by many analogies with
primary human bladder cancer at various molecular levels, including gene expression,
pathways, and mutation patterns. This model proved to be suitable for studying bladder

carcinogenesis (Fantini et al., 2018).

Nevertheless, in vivo models are time consuming, labor extensive, costly and most
importantly involve the direct use of animals. In addition, replication of real life human
exposure to carcinogens is limited in experimental animals in vivo and more so, in in vitro cell
culture models. Generally, humans are exposed to chronic doses of carcinogens over a span
of several years to a few decades. The finite lifespan of (primary) cells in culture as
compared to relatively longer lifetime of animals (i.e., days/weeks vs. a few years) makes
modeling of human exposure to carcinogens much less realistic in the former models.
Furthermore, both the in vitro and in vivo model systems can’t fully recapitulate all aspects of
human carcinogenesis due to differences in pharmacokinetic and pharmacodynamic
properties of chemicals between the cultured cells in vitro or experimental animals in vivo
and humans. This said, however, carcinogenicity studies in in vitro cell culture models can
provide an initial indication of the cancer-causing potential of a given chemical/agent(s), and
the results can be used as a guide to design ‘refined’ in vivo experiments with ‘reduced’
number of animals (to comply with the ‘3Rs’ as guiding principles of the ethical use of
animals for experimental research), followed by well-designed population-based/clinical

studies.
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2. Considerations for applying NGS to analyze FFPE tissues

FFPE samples represent an invaluable resource for retrospective and prospective molecular
studies, especially when Fresh-Frozen (FF) tissues are not available. In addition, FFPE
tissues from bio-archives offer indispensable materials that can help reduce new laboratory
animal manipulation as well as generate substantial added value from these past studies.
The US National Toxicology Program archives data and tissues from animal bioassays
exposed to environmental agents. The design of NTP studies has historically been focused
on (histo)pathological examination of the samples, however, technological advances have
also resulted in a more recent increase in molecular studies. Exploiting FFPE tissues from
the US NTP biobank permits data integration across studies and systems for novel meta-
analysis. Nevertheless, applying NGS for the analysis of FFPE samples remains a
challenging task. In order to extract nucleic acids from FFPE tissues, the paraffin needs to be
removed and protein-DNA interactions resulting from fixation have to be reversed. Moreover,
tissue preparation, the fixation process, fixation delay, paraffin embedding, archiving
conditions and storage time are, in some cases, inevitable factors that can cause cross-
linking reactions and chemical modifications of the DNA as well as DNA fragmentation
(Einaga et al.,, 2017; Hedegaard et al., 2014). Therefore, optimized protocols for DNA
extraction and library preparation using FFPE tissues are warranted in order to yield

sufficient amount of DNA that is of good quality for NGS studies.

Failure of amplification of the DNA sequencing library can often be due to inefficient adapter
ligation or DNA polymerization blockage caused by extended fixation times or DNA
degradation caused by long storage times of the FFPE blocks. Hedegaard and colleagues
highlighted the effects of tissue storage time on library preparation and sequencing quality by
demonstrating that the concordance between FF and FFPE tissue in the context of DNA
sequencing is affected by the storage time of the FFPE tissues. Samples stored for more
than 3 years showed less reliable results, when compared to their FF counterparts. This
manifested through higher duplication rates, smaller insert sizes, a lower fraction of
mappable reads, a larger fraction of imperfectly mapped reads and reads mapping with

unaligned ends. (Hedegaard et al., 2014).

Different DNA isolation strategies were investigated in our laboratory to establish a protocol
that yielded optimal DNA amounts from FFPE tissues for NGS. However, DNA quality does
not correlate with DNA quantity and further testing was necessary in order to select samples
most suitable for molecular analyses from the available FFPE tissues. PCR amplification of
two rat genes, P53 and Kras (data not shown), showed that FFPE samples fixed for more

than 8 days in formalin failed to efficiently amplify the test regions (Figure F.2). Additional
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protocol adjustments, such as inclusion of the DNA damage repair kit, extended adaptor
ligation and removal of small DNA fragments were applied in order to aid library preparation
and sequencing. Using these adjustments, we were ultimately able to produce libraries that
resulted in good quality NGS of very old rat FFPE tissues (Table F.1).
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3. NGS and mutational signature identification using Hupki MEF

system

The Hupki MEF immortalisation assay was shown to recapitulate TP53 mutation patterns in
the context of specific mutagenic carcinogen exposures (Liu et al., 2004, 2005). With the
advent of massively parallel sequencing, it is now possible to extend the screen to genome-
wide genetic alterations. Genome-wide sequencing of Hupki MEFs exposed to a number of
carcinogens harboured a suite of base substitutions that recapitulate exome-wide mutation
data derived from human cancers (Nik-Zainal et al., 2015; Olivier et al., 2014). The large
number of mutations that can be derived from single samples using NGS-based approaches
eliminates the need to interrogate a single gene, such as TP53. In practice, many cell
populations are needed to accumulate the number of mutations for a single gene assay,
whereas, NGS of one single immortalized cell can provide enough information to identify a
mutational signature. A high coverage is required to perform single-cell sequencing in order
to minimize the level of spurious variants due to sequencing errors. The clonal expansion
step in the MEF immortalization protocol helps to enrich for a more or less homogeneous
population of cells that have acquired cancer-like properties and characteristic mutation
patterns, which can be identified using NGS. Using multiple cell line replicates per exposure
or condition is warranted to generate highly robust mutation signatures. The scope of overlap
between mutation patterns in human datasets and immortalised MEF cell lines includes: (a)
the predominant mutation patterns, (b) the transcription strand bias of the specific mutation
types, and (c) the sequence context of the dominant mutation type (Olivier et al., 2014). The
Hupki MEF cell model, coupled with exposure to cancer-risk agents under well-controlled
experimental settings, allowed the identification of a novel exome-scale mutational signature
of glycidamide and suggested a lack of mutagenicity of OTA at the whole genome

sequencing level.

3.1. Acrylamide and its metabolite glycidamide

Hupki MEF exposure to acrylamide and glycidamide provided high reproducibility of the
exome-wide mutation profiles between the different cell line replicates (n=5). In contrast to
the diffuse mutation pattern induced by acrylamide, the glycidamide mutational signature was
characterised by the predominance of T:A>A:T, T:A>C:G and C:G>A:T mutation patterns
coupled with transcription strand bias towards the non-transcribed strand for the first two
mutation types, implying the contribution of transcription-couple DNA repair to the signature.
The main sequence contexts of the identified mutation types included 5-CTG-3’, 5-CTT-3’,

5-CCA-3’ and 5-CCT-3'. This mutational signature was shown to be novel and unique when

117



NGS and mutational signature identification

compared to other established mutational signatures (Paper 1, Figure 3G). Interestingly, the
predominant mutation types observed in the glycidamide-mutational signature corroborate
the findings of the DNA adducts analysis. Increased levels of N3-GA-Ade and N7-GA-Gua
DNA adducts have been linked to the formation of abasic site lesions that can bypass DNA
repair and cause misincorporation of adenine during DNA replication, which leads to A>T
and G>T substitutions (Besaratinia and Pfeifer, 2005; Ishii et al., 2015; Randall et al., 1987).
Another prominent glycidamide DNA adduct, N1-GA-Ade, has been suggested to act as a
miscoding DNA adduct generating A>G mutations, which could explain the high levels of
T:A>C:G mutations in glycidamide-derived clones. Hence, this controlled study established a
clear link between glycidamide DNA adducts and the resulting mutational signature.

Although WES data analysis provided satisfying results and proved to be a good and a cost-
effective methodology to identify the mutational signature of glycidamide, we hypothesize
that the significantly higher mutation numbers that can be derived from whole-genome
sequencing would increase the reliability of the identified mutational signature, possibly

including the significance of the trend-like strand bias for C:G>A:T mutations.

Using this unique mutational signature of glycidamide as a starting point, further analysis is
required to screen for acrylamide/glycidamide signature in the large number of human tumor
data. For this purpose, it will be necessary to first thoroughly define the mutational signature
in vitro using human cell models, followed by in vivo studies exploiting animal tumors. Ideally,
results from these model systems would be complemented by a well-controlled
epidemiological study focusing on dietary as well as occupational settings with extensive and
reliable exposure assessment (e.g. novel biomarkers).

We anticipate that such complementary studies can assist in the classification of glycidamide
as well as potential reclassification of acrylamide by programs such as the IARC
Monographs. The evaluation of acrylamide has not been updated since 1994, despite a
considerable body of information that has emerged since then, especially with the discovery
of acrylamide in the human diet, suggesting that its toxicity might reach beyond occupational

settings into the daily and long term exposure of humans.

3.2. Ochratoxin A

Due to the findings that OTA induces kidney cancer in animals and that increased levels of
OTA were found in human specimens (blood, urine and milk), indicating a potential chronic
human exposure to OTA in a variety of settings (Clark and Snedeker, 2006; Krogh et al.,
1977; Pfohl-Leszkowicz and Manderville, 2007; Radi¢ et al., 1997), a better understanding of
the mechanism of toxicity of OTA is warranted in order to provide adequate human risk

assessment and carcinogen classification. We applied genome-wide mutation analysis using
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in vitro model systems and rat kidney tumor samples, together with state-of-the-art DNA

adduct analysis to help elucidate the mode of action by which OTA prompts carcinogenesis.

Given the lack of a specific mutational signature of OTA in either experimental model,
despite using high concentrations of the mycotoxin that resulted in approximately 50%
primary cell death, our findings are in agreement with a subset of previous reports that argue

against a direct genotoxic effect of OTA.

We observed an enrichment of signature 17 from COSMIC in OTA-derived MEF clones as
well as in spontaneous clones. Signature 17 has been lacking a known etiological factor.
While some candidate causal factors have been proposed in esophageal adenocarcinoma
and gastric cancers (acid reflux, H. pylori) (Secrier et al., 2016) further studies are required to
establish the presence of this signature in in vitro immortalized clones derived from Hupki
mouse embryonic fibroblasts. At the genome level, we were able to detect a well-defined
mutation pattern manifested by C:G>A:T transversions with a lack of transcription strand
bias, similar to signature 18 from COSMIC. This pattern showed a cosine similarity of 0.89
with signature 18, attributed to ROS damage as well as to MUTYH mutations (Pilati et al.,
2017; Viel et al., 2017). ROS production is not uncommon in cell culture, however, as per the
previously sequenced Hupki MEF clones at the exome level, signature 18 has not been
previously observed for dozens of clones processed thus far. In fact, Hupki MEFs were
grown in culture in medium supplemented with an antioxidant reagent, B-mercaptoethanol,
likely to reduce oxidative stress. It is possible that WGS data and the more mutation counts
detected in the non-coding regions of the genome, could allow the detection of ROS-
mediated mutational signature. For this purpose, additional spontaneously immortalized
clones are being whole-genome sequenced and analyzed. In contrast to the in vitro model,
the mutational signatures extracted from rat kidney tumors were characterised by the
presence of C:G>T:A mutation at CpG sites, corresponding to COSMIC signature 1, as well
as by COSMIC signature 5. These signatures have been linked to the aging process.
Signature 1 is ascribed to the spontaneous deamination of methylcytosine at CpG islands
inducing the conversion of cytosine to thymidine. Signature 5 is a less defined mutational
signature displaying a diffused pattern across mutation types. Alexandrov et al. revealed that
patient age correlates with the contribution of mutational signatures 1 and 5 to the overall
mutation pattern (Alexandrov et al., 2015). Hupki MEF clones do not show similar age-
mutational signatures but rather manifest a prominent signature 17 upon immortalization.
The lack of signatures 1 and 5 in the Hupki MEFs might be attributed to the in vitro culture
settings, where murine cells are grown for a few passages until they reach immortalization,

whereas in vivo in patients or animal models, tumor development is a much longer process.
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OTA-induced ROS production has been well studied previously using various kidney cell
models from human and rodent origins (Costa et al., 2016; Giromini et al., 2016; Jia et al.,
2016; Mally et al., 2005; Sheu et al.,, 2017; Yang et al., 2014). We speculate that the
observed 18-like signature in OTA-derived MEF clones may be specific to OTA treatment
mediated through the production of ROS and oxidative stress. In contrast, we did not detect
this mutational signature in the rat kidney tumors (cosine similarity of 0.46 — data not shown).
In fact, it has been suggested that OTA exerts its carcinogenicity in rats through cell
proliferation rather than oxidative stress (Qi et al., 2014). This is underpinned by the high
levels of COSMIC signatures 1 and 5 observed in rat kidney tumors, reflecting that OTA
might have triggered cell proliferation and cell division making the cells prone to replicative

damage leading to cancer development.

Preliminary results on DNA adduct formation showed a possible future direction for the
characterization of OTA-derived DNA damage. Indeed, further investigation and data
analysis is warranted in order to draw conclusive results regarding the chemistry of OTA and
its reaction with the DNA by including labeled OTA exposure, extensive scrutiny of the
structures that have lost the deoxyribose and showed clear MS® fragmentation peak and
investigation of possible indirect metabolite-mediated DNA adduct formation through ROS,

for instance.

In addition to SBS-based genome alterations and mutational signatures, whole-genome
sequencing enables the analysis of complex chromosomal aberrations, structural and copy
number variations, clustered mutations, replication timing and mutations along the transcript
length. It is conceivable that further bioinformatics analyses will provide additional insight into

the potential mechanism of OTA during cell transformation.

3.3. Other compounds

The treatment by Cr(VI) did not induce any mutations in 8 different Hupki MEF clones, as
assessed by TP53 gene sequencing, whereas MNU caused a GCC>GTC non-synonymous
mutation in TP53 codon 138. The generated clones are expected to be analyzed by genome-
wide sequencing for the discovery of unique genetic alterations and possible mutational

signatures.
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CONCLUSION

In conclusion, this PhD work provided insights into the applicability of different experimental
models to the identification of exogenously induced mutational signatures. Characterization
of novel mutational signatures specific to cancer-risk agents, such as the one identified for
the probable dietary carcinogen acrylamide/glycidamide, may ultimately contribute to the

overall, interdisciplinary mission of cancer research for cancer prevention.
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Figure A.1: The vicious cycle that feed off cancer patients in the poor populations such as
poverty, education, knowledge, evidence, access to care, prevention, early detection and treatment
outcome. Adopted from the International Network for Cancer Treatment and Prevention (INCTR).
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Figure A.2: Cancer incidence worldwide in 2012. Distribution of new cancer cases across the
different target sites within 5 years. Taken from the Global Cancer Observatory.
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Table B.1: Mechanistic data can be pivotal in classification of cancer-risk factors when the human
data is inconclusive. Arrows represent the mechanistic data evaluation. Up-arrow means an upgrade
of the classification. Down-arrow signifies a downgrade of the compound classification.

Evidence in humans

Evidence in experimental animals

Sufficient Limited Inadeguate ESLC

M1 strong evidence In P 24 belongs to a mechanistic class where other members are
Limited exposed humans classified in Groups 1 or 2A

Group 2A Group 2B (exceptionally, Group 24)
P
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exposed humans mechanistic class mechanistic class |
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mot operate in mechanistic and
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Appendix C: DNA adduct analysis protocol

1. DNA extraction for adductomics analysis

The cell cultures were centrifuged at 2500xg for 5 minutes. The supernatants were discarded
and the cell pellets were resuspended in 3 mL of Cell Lysis Solution, purchased from Qiagen.
The cell membranes were disrupted by keeping the tubes under shaking at room
temperature for 24 hours. The RNA was digested by incubating the samples for 2 hours at
room temperature with 40 yL of RNase-A (Qiagen). At the end of the digestion the proteins
were precipitated by adding 1 mL of Protein Precipitation Solution (Qiagen). Protein pellets
were obtained by spinning the tubes down at 4500xg for 3 min. The supernatants were
saved and the pellets discarded. The DNA was precipitated from the supernatants by adding
4 mL of cold IPA (100 %.x, 0 °C). The DNA was then pelleted by spinning down the tubes
(14000xg, 4 °C) for 3 minutes. The supernatants were gently discarded. The DNA samples
were washed by resuspending them in 1 mL of IPA 70 %., pelleting at 14000xg (3 min at 4
°C) and isolating the DNA by discarding the supernatants. This was repeated, by
resuspending the DNA in 1 mL of IPA 100 %.,,. Once isolated and dried, the DNA was
quantified by a UV/Vis spectrophotometer equipped with a NanoDrop cuvette. An example of
the DNA spectrum is reported in Figure C.1. The DNA purity was evaluated normalizing the

molar extinction measure at 280 and 260 nm wavelength (optimal Azs0280 1-8).

Abs. (mU)

0.6
H/h~1.8

0.4 | /... .

0.2

h

0.0 L y - Figure C.1: UV spectrum of double strand
240 260 280 300 320 A(nm) DNA.

2. DNA enzymatic digestion

The absolute amount of DNA was preliminarily quantified by dissolving the samples in Tris
buffer (Trizima/MgCI2 10 and 5 mM, pH7) and measuring its concentration by the UV/Vis
spectrophotometer. The DNA digestion was carried out by using a cocktail of enzymes

consisting of DNase (from E.coli, Aldrich), Phospodiesterase-1 (PDE-1) (from Crotalus
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adamanteus, Aldrich) and Alkaline Phosphatase (ALP) (from from Pichia Pastoris, Aldrich).
All the enzymes were purified by using a double filtration membrane Amico Ultra (0.5 mL,
cutoff 10 k Da). The hydrolysis consisted of a two steps process during which a first aliquot of
DNase was added to each sample prior to the treatment performed with the full enzyme
mixture. Both treatments were carried out by incubating the samples for 24 hours at room
temperature. The enzymes concentrations used in these treatments were optimized for
digestion of 1 ug of DNA. The first digestion step used 0.5 Units of DNase. The second
digestion step required 0.5 U, 0.2 U and 0.02 mU of DNase, ALP and PDE-1 respectively, to
bring the DNA digestion to completion. To stop the hydrolysis, the enzymes were removed
by using an Amicon Microcone single filtration membrane (0.5 mL, cutoff 10 kDa). The
digestion yield was assessed by measuring the concentration of dG via an LC/UV

measurement.

3. dG quantitation method

The chromatographic separation of the four 2’-deoxyribonucleosides was carried out using a
HPLC Ultimate 3000 equipped with a reversed phase column, Luna C18 (250x0.5 mm, 5 pym,
100 A). The LC system operated at 40 °C with a flow rate of 15 pyL-min™" and the separation
was performed using a gradient. The A and B mobile phases consisted of H,O and MeOH.
The elution program started with an isocratic step at 5 % B (3 min), followed by a first linear
gradient of 0.58 % B-min™ (12 min), a second linear gradient of 27.67 % B-min™' (3 min) and
it concluded with a second isocratic step at 95 % B (3 min). Finally, the column was
equilibrated (9 min) with a post-time isocratic step of 5 % B. The UV detector operated in
absorbance optical mode, monitoring the 254 nm wavelength. The analyte of interest (dG)
was quantified using a calibration curve consisting of eight different standard points (0.0625,
0.125, 0.25, 0.50, 1.00, 2.00, 4.0, 8.0 ng/uL pf dG).

Figure C.2 shows the chromatogram of a DNA sample. In this chromatogram dC has been
eluted at 8 min, dG at 13 min, dT at 15 min and dA at 18 min.

Figure C.3 shows the calibration curve used to quantify dG in DNA-samples. An eight-point
calibration curve was generated by injecting standard solutions with different concentration of
dG. The limit of detection (LOD, 0.04 ng/uL) was assessed by spiking decreasing amounts of
dG in water and calculating the concentration required to give a s/n-ratio equal to 3. The
stability of the method was assessed by injecting the same calibration curve in three different

days. The coefficient of variation was found lower than 5%.
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4. Hydrophobic reversed phase fraction collection

In order to purify the raw reaction media at the end of the enzymatic digestion and enrich the
sample with the analyte of interest a fraction collection methodology was used. The
purification was carried out on an HPLC (Ultimate 3000, Thermo Scientific, Waltham, MA)
equipped with a C18-Column (4.6 x 250 mm, 100A, 5um Luna-Phenomenex, Torrace, CA)
operating at 25°C, with a flow rate of 1.0 mL-min™". The A and B mobile phases consisted of
H,O and MeOH. The elution program involved an isocratic step at 2% of B (5 min), followed
by a linear gradient of 0.7 %g-min™ (25 min) and a second isocratic step at 100% of B (15
min). At the end of the elution, the LC-system was equilibrated in isocratic condition (2% of
B) for 20 min. The detector operated at 4Hz in absorbance-mode, probing two different
wavelengths (' 190 nm and A2 254 nm). The collection was optimized using the " and A? to
fractionate properly the gradient on column and to monitor the elution of the
deoxyribonucleotides. A representative example of fraction collection is reported in Figure
C.4.
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Figure C.4: Fraction collection protocols. Fraction-0 (Fr-0) (0-15 min), Fr-1 (15-19 min), Fr-dC (19-
22 min), Fr-2 (22-27.0 min), Fr-dG (27.0-27.5 min), Fr-dT (27.5.-28.5 min), Fr-3 (28.5-32 min), Fr-dA
(32-33.5min), Fr-4 (33.5-38.75 min), Fr-5 (38.75 — 45.75 min) and Fr-6 (45.75-53.00). The bolted line
chromatogram is recorded at 190nm, the dotted line represents the elution program, and the orange
boxes refer to the collected fraction while the gray boxes refer to the discarded fractions.

The sample enrichment and purification protocol was optimized by spiking a mix of DNA-
adduct (100 fmol each) in 300uL of Tris-Buffer. The samples obtained from the fractionation
were finally analyzed via LC-MS/MS. All the analytes of interested were eluted after 2'-

deoxyadenosine.

The protocol resulted in the the isolation of ten different fractions. The collection program is
here reported: fraction-0 (Fr-0, 0- 15 min), fraction-1 (Fr-1, 15-19 min), fraction-dC (Fr-dC,
19-22 min), fraction-2 (Fr-2, 22-27.0 min), fraction-dG (Fr-dG, 27.0-27.5 min), fraction-dT (Fr-
dT, 27.5.-28.5 min), fraction-3 (Fr-3, 28.5-32 min), fraction-dA (Fr-dA, 32-33.5min), fraction-4
(Fr-4, 33.5-38.75 min), fraction-5 (Fr-5, 38.75 — 45.75 min) and fraction-6 (Fr-6, 45.75-53.00).
All the fractions collected after the elution of dA were, unified and dried at reduced pressure.

Once dried, the samples were stored at -20 °C.

5. LC/MS® Adductomic Analysis

The dried DNA samples were reconstituted in 20uL of LC-MS water (LCMS grade, Fluka)
and then analyzed with a NanoUPLC system (Ultimate 3000, Thermo Scientific, Waltham,
MA) coupled to an Orbitrap mass detector (Fusion-Thermo Scientific, Waltham, MA). The
UPLC system operated with a 5uL loop. The chromatographic separation was performed
with an a RP-column created by hand packing a commercially available fused-silica emitter
(230x0.075 mm, 15 um orifice, New Objective, Woburn MA) with C18 stationary phase (5

pm, 100A, Luna-Phenomenex, Torrace, CA). The mobile phase consists of formic acid (0.05
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%, in H>O, phase-A) and acetonitrile (100%.,, phase-B). The elution program involved an
isocratic step (2 % of B for 5 min at 1uL-min™), followed by a linear gradient of B (1.5 %-min”
for 25 min at 0.3 uL-min™") and it concluded with a washing isocratic step, performed at 98%
of B for 5 min at 0.3uLmin™. At the end of the elution program, the LC-system was
equilibrated for 5 min in isocratic condition (2% of B, 1 yL-min™). In the course of the LC run,
the injection valve switched at 6 min, excluding the sample loop from hydraulic path. This
operation allowed performing several washes of the injection system, avoiding carryover and
preventing memory effects. The LC system was interfaced to the MS-detector using a
Nanoflex ESI ion source (Nanoflex Thermo Scientific, Waltham, MA). The source operated in
positive ion mode at RT conditions. The electrospray voltage was set at 2.5 kV and the
temperature of the ion tube was set up at 350 °C. The overall ion optics were optimized

monitoring the background signal 371.1012 m/z (oligosilorxane, [C2HeSiO]s).

The MS-analyses consist of three detection events: full scan, untargeted data dependent
MSZ-acquisition (dd-MS?) and a neutral loss MS*-data acquisition (NL-MS®). The full scan
(100-1000 m/z) was performed using the front quadrupole to fill up the C-Trap, which worked
with a maximum injection time of 50 ms and automatic gain control (AGC) of 510*. The MS-
spectra were acquired by the Orbitrap at resolution of 60000 (ref. 400 m/z). The five most
abundant ions detected during each full scan event were picked to trigger the dd-MS?
fragmentation events. The mass tolerance required to trigger the MS? data acquisition was
set at 5 ppm. A dynamic exclusion of 20s, and an intensity threshold of 10* counts were
introduced to better manage the instrumental dwell time. In the course of the dd-MS?
acquisitions, the front quadrupole was used to isolate each individual top 5 precursor ion
(isolation width £ 1.5 m/z). The fragmentations were performed in the high pressure stage of
the linear ion trap (LIT), which operated with a normalized collision energy of 30 % CID and
an activation time of 10 ms. In order to measure the accurate mass of the fragment ions, the
MS? spectra were recorded with the Orbitrap detector, which operated with a resolution of
15000 (ref. 400 m/z) and a max injection time of 200 ms. In the course of the NL-MS?® data
acquisitions, the ion trap was used to isolate the three most abundant MS2fragment ions
(isolation width of £3.0 m/z), which gave the neutral loss signal comparable to the release of
the deoxyribose moiety (-dR; 116.0474 + 0.0006 m/z, 5ppm). The MS*-fragmentations were
performed with the ion routing multipole, which operated with normalized collision energy of
50 % HCD. The MS*-spectra were recorded with the Orbitrap, which performed a single
microscan with a resolution of 15000 (ref. 400 m/z) and operated with injection time of 300

ms (Figure C.5).
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Figure C.5: Representative example of a N isotopically labelled DNA adduct spiked into the
sample (15N6 Me-dA). Box-A reports the chromatogram of the molecular ion [M+H]". Box-B reports the
MS? chromatogram and Box-F the corresponding MS? fragmentation spectrum related to the neutral
loss of the deoxyribose moiety. Box-C and Box-G report the MS? chromatogram and the MS?
fragmentation spectrum related to the reS|duaI modified nucleobases Box-H summarizes the
fragmentation pathways observed in both the MS? and the MS® detection events.

6. Adductomic Data Analysis

The raw data files are extracted and converted into an ASCII format by a customized
program, developed by Lin He at the Scripps Research Institute (He et al., 2015). Files are
then analyzed with a homemade script operating in Excel® and MATLAB® environments. The
script can load the ASCII data files and it automatically extracts all the MS? fragmentations
which involved the neutral loss of the deoxyribose moiety (NL -116.0474 m/z). The software
excludes all the redundant signals present in each data set using Boolean operators to filter
out all the signals which have been simultaneously detected within a retention window of + 1
min and any signal which has comparable molecular weights within a mass tolerance of + 5
ppm. The filtered data sets from an exposed sample and a control can been merged together
in a common data file, where a second subroutine excludes the signals common to both data
files (time tolerance 11 and mass tolerance +5 ppm). In the end the script identifies in the
MS?® data set all the signals, which account for appearance of one of the nucleobases
(guanosine, adenosine, cytosine or thymine). These signals are the diagnostic feature used
for the identification of candidate DNA adducts. The description of the algorithms is

summarized in the flow chart depicted in Figure C.6.
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Figure C.6: Data analysis flow chart where File 1 is a data set deriving from the analysis of a control

and file 2 from the analysis of an exposed sample.
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Abstract: Mutation spectra in cancer genomes provide information on the disease aetiology and the causality underlying the evo-
lution and progression of cancer. Genome-wide mutation patterns reflect the effects of mutagenic insults and can thus reveal past
carcinogen-specific exposures and inform hypotheses on the causative factors for specific cancer types. To identify mutation pro-
files in human cancers, single-gene studies were first employed, focusing mainly on the tumour suppressor gene TP53. Further-
more, experimental studies had been developed in model organisms. They allowed the characterization of the mutation patterns
specific to known human carcinogens, such as polycyclic aromatic hydrocarbons or ultraviolet light. With the advent of mas-
sively parallel sequencing, mutation landscapes become revealed on a large scale, in human primary tumours and in experimental
models, enabling deeper investigations of the functional and structural impact of mutations on the genome, including exposure-
specific base-change fingerprints known as mutational signatures. These studies can now accelerate the identification of aetiologi-
cal factors, contribute to carcinogen evaluation and classification and ultimately inform cancer prevention measures.

Cancer in humans is characterised by a wide range of
somatic mutations that confer a growth advantage on cells,
leading to the development of a neoplasm [1,2]. These muta-
tions often result from either endogenous defects in homeo-
static biological pathways (e.g. DNA damage repair) or
exogenous factors, such as exposures to chemical carcino-
gens. Various assays have been used to evaluate the geno-
toxic impact of the studied compounds. The Ames test
employs the bacterium Salmonella typhimurium and is com-
monly used to investigate the mutagenic properties of chemi-
cals. It allows the evaluation of a large number of
compounds in a short time, and, depending on the bacterial
strain, point or frameshift mutations can be investigated [3].
In eukaryotic cells, comet and micronucleus assays are fre-
quently used to assess the potential of test chemicals to
induce DNA breaks. These assays have been instrumental in
assessing mechanistic information on compound genotoxicity
by programs such as the IARC Monographs. However, these
tests rely on prokaryotic systems (Ames), can be laborious
(comet, micronucleus) and, most importantly, do not provide
insight regarding the specific base changes and other features
such as the sequence context.

Some mutagenic carcinogens leave specific mutation
imprints on the DNA, as exemplified by tobacco smoke car-
cinogens and ultraviolet (UV) light, causing characteristic
mutation pattems in cancers of the lung and skin, respectively

Author for comespondence: Jiri Zavadil, Molecular Mechanisms and
Biomarkers Group, International Agency for Research on Cancer
(WHO), 150 cours Albert Thomas, 69372 Lyon cedex 08, France
(e-mail zavadilj@iarc.fr).

[4.5]. Human tumours arise from various causes, and this is
reflected in heterogeneous mutation patterns, often a compos-
ite result of the action of multiple mutagenic processes
throughout the cell lineage life-time. With the advent of mas-
sively parallel sequencing, cancer genome studies have accu-
mulated large amounts of mutation data accessible from
dedicated data repositories (COSMIC, TCGA, ICGC data por-
tals). Recently, Alexandrov et al. [6] analysed single-base sub-
stitutions of about 12,000 human tumours using advanced
mathematical approaches and extracted mutational signatures
of critical mutagenic processes operating in cancer cells. This
approach revealed over 30 discrete mutational signatures in
about 40 cancer types (see http:/cancer.sanger.ac.uk/cosmic/
signatures). Some (~37%) of the identified mutational signa-
tures were attributed to endogenous mutagenic processes, for
example spontaneous deamination of 5-methylcytosine, activ-
ity of APOBEC cytidine deaminases, deficiency of DNA
repair mechanisms and polymerase m. Others (~23%) were
linked to exogenous environmental exposures including
tobacco smoking and chewing, aflatoxins, aristolochic acids
(AA), alkylating therapeutic agents or UV light. However,
about 40% of the identified signatures remain of unknown
aetiology. This knowledge gap can be closed by extended
molecular cancer epidemiology studies and concurrent devel-
opment of new experimental models for systematic genome-
wide mutagenicity testing of candidate carcinogenic exposures.
Here, we present a brief overview of experimental models
developed to date to investigate mutagenic processes associ-
ated with specific carcinogenic exposures. We also discuss
additional, emerging model systems that can be explored for
modelling of mutational signatures.
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Experimental Mutation Spectra

Single-gene approaches.

Experimental systems that are based on single-gene screening
approaches either rely on an efficient (phenotypic) selection
method to detect enrichment of mutations (e.g. in bacterial
reporter genes) or depend on genes that are frequently mutated
in the context of a biological barrier bypass and clonal selec-
tion step, with the 7P53 tumour suppressor gene being the
best example.

Reporter genes.

Reporter gene-based mammalian in vitro and in vivo model
systems were designed for chemical mutagen or radiation
exposure studies. Commonly applied in vitro models utilise
the property of endogenous enzymes (e.g. HPRT, DHFR, TK)
to convert certain media supplements to toxic metabolites, as a
means of selecting for mutations in the encoding genes. In
contrast, rodent in vivo model systems are characterised by the
genomic integration of an engineered transgene that frequently
consists of a reporter (such as lacl, lacZ, gpt, gpa, hprt, apn,
supF or cll) and a viral shuttle vector. After carcinogen expo-
sure and genomic DNA isolation, the bacterial reporter gene is
packaged into phage particles. These ensure efficient delivery
of the target gene into a bacterial host, in which mutation
screening can be carried out using chromogenic or viability
selection [7]. Both in vitro and in vivo model systems have
been extensively used to assess the mutagenicity of various
carcinogens. Multiple assays linked the heterocyclic amine
2-amino- 1-methyl-6-phenylimidazo[4,5-b]pyridine  (PhIP), a
common dietary carcinogen in cooked meat, to an increased
rate of G>T transversions [8,9]. Other examples of carcino-
gens for which characteristic mutations in reporter genes have
been observed include the dietary carcinogen acrylamide
(A>T) [10], dietary and environmental carcinogens such as
aflatoxin B1 (G>T) [11-13], and chemotherapeutic agents
such as 8-methoxypsoralen (T>A) [14]. Hence, data generated
using the reporter gene approach can be used to extract muta-
tion profiles specific to the exposure. However, in vivo muta-
tion analysis of reporter genes requires access to an animal
facility and is tailored to the investigation at small-scale, sin-
gle-locus level.

The TP53 tumour suppressor gene.

Due to the high frequency (~50%) of TP53 mutations across
many tumour types, comparison of its mutation spectra in dis-
tinct tumours of different proposed aetiologies became a focus
of many studies. In a classic 1991 paper, Hollstein er al. [15]
reviewed 7P53 mutation data in a variety of cancer types
including colon, breast, lung and oesophageal cancer, hepato-
cellular carcinoma (HCC), lymphoma and leukaemia. TP53
exhibited varying mutation spectra depending on the cancer
type. In smokers’ lung cancer, guanine on the non-transcribed
strand was predominantly substituted with thymine (G>T),
whereas this mutation was not seen to the same extent in non-
smokers. Moreover, HCC was evaluated in patients from
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different geographical regions. A comparison with non-malig-
nant cells from the same individuals revealed frequent G>T
transversions in codon 249 of TP53 in regions of high risk of
liver cancer due to aflatoxin B1 exposure. In HCC cases from
Japan, where aflatoxin Bl incidence is relatively low, the
types and sequence of point mutations were markedly
different.

Genetically engineered model systems. Genetically engineered
model systems expressing human 7P53 gene have been
devised to study exposure-specific mutation patterns.

In vivo animal studies. Hupki (human p53 knock-in) mice,
in which exons 4-9 of mouse p53 were replaced by human
TP53 exons in the germ line [16], were exposed to class B
UV light [17]. Tumours isolated from these mice exhibited
characteristic  7P53 gene mutations similar to those
predominantly observed in human skin cancer (C>T).

In vitro studies. Hupki mouse embryonic fibroblasts
(Hupki MEFs), isolated from Hupki mice, were exposed as
primary cells to UV light [18], AA [19], benzo[a]pyrene (B[a]
P) [20] or 3-nitrobenzanthrone (3-NBA) [21] and passaged to
senescence. Cells were propagated until the senescence bypass
followed by clonal expansion, using the 3T3 protocol [22].
Senescence bypass in MEFs depends on the functional
inactivation of the p353-p19**" tumour suppressor pathway,
and resulting cell lines were screened for mutations in the
TP53 gene by Sanger sequencing. In combination with mining
of TP53 human cancer databases, this approach showed that
the arising immortalised Hupki MEFs recapitulated the human
cancer TP53 mutation profiles associated with the same
exposures [23-25].

Yeast systems were also exploited as in vitro models of
TP53 mutagenesis using a strain transfected with an expres-
sion vector harbouring human wild-type 7P53 ¢cDNA that had
been UV-irradiated in vitro. The results revealed CC>TT tran-
sitions, in keeping with the pattern observed in human skin
cancer [26].

Human cell lines. Normal human fibroblasts were exposed to
known carcinogens, including B[a]P, aflatoxin Bl and
acetaldehyde, and mutation pattems of 7P53 were evaluated
by functional analysis of separated alleles in yeast (FASAY).
Similar to the experiments in genetically engineered 7P53
model systems, this assay replicated mutation profiles
observed in human 7P53 mutant tumours linked to each
particular exposure [27].

These approaches highlight the convergence of epidemio-
logical and experimental data for the establishment of causal
association between environmental exposures and human can-
cers [28]. However, there are limitations: 7P53 mutations con-
ferring selective advantage may not always occur or become
selected for during cell transformation. Additionally, these
aforementioned assays tend to be laborious, time-consuming
and resource-intensive. For instance, many cell lines must be
generated to accumulate enough 7P53 mutations for extracting
a specific mutation profile [29].
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In sum, the reporter and single-gene sequencing studies
yield mutation imprints that can be helpful in extracting rudi-
mentary ‘signatures” of mutagens, although with limitations.
These low-complexity methods are becoming gradually
replaced by increasingly affordable and more robust genome-
scale approaches, as discussed below.

Massively parallel sequencing approaches.

Due to the wealth of data that can be derived from individual
high-throughput sequencing experiments, carcinogen exposure
combined with massively parallel sequencing has become a
time- and labour-efficient altemative for the identification of
mutation spectra. As a result of more recent advances in mas-
sively parallel sequencing technologies and related bioinfor-
matics analyses, hypotheses regarding putative cancer-risk
factors can now be tested by extracting genome-scale muta-
tional signatures from genome-wide sequencing studies in pri-
mary as well as model systems [6,30,31]. In practice, replicates
(biological and experimental) are a prerequisite to ensure the
robustness of the assay and interpretation of results. The exper-
imental approaches using massively parallel sequencing rely on
clonal expansion of cells from a bona fide single-cell founder,
to enrich for a homogeneous cell population and consequently
a clonal enrichment of acquired variants.

Due to its small genome and the correspondingly lower
sequencing cost, budding yeast (Saccharomyces cerevisiae)
was the first model system applied to systematically study
mutation introduction in combination with massively parallel
sequencing. Work in yeast focused primarily on the effect of
gene inactivation, either singly or in combination, on overall
mutation spectra [32]. Most of the tested strains were defi-
cient in well-conserved human gene orthologues with critical
roles in genetic diseases and cancer and included mismatch
repair [33,34] and DNA replication genes [35] as well as a
large set of yeast mutator alleles [36,37]. In these assays,
yeast strains were propagated for long-term mutation accu-
mulation (MA) by performing up to 100 single-cell bottle-
neck passages, and the resulting MA strains were
investigated for accumulation of single-nucleotide variants,
small indels and large structural variants. This led, for exam-
ple, to the identification of frequent C>T transitions and
indels at homopolymeric repeats in mismatch repair mutants,
features that were later attributed to a mismatch repair muta-
tional signature in human cancers. The MA approach has
proven to be an elegant way to functionally test the impact
of mutations in specific genes on the mutation spectra of
somatic cells and provides a valuable resource for compar-
ison with human tumour-sequencing data. The integrated sin-
gle-cell bottleneck steps ensure the identification of active
mutagenic processes rather than selection-bias effects.

Analogous experiments were performed in another model
organism, Caenorhabditis elegans, to investigate mutation
landscapes in DNA repair-deficient worms upon exposure to
carcinogenic agents [38]. One hundred and eighty-three worm
populations were either followed for 20 generations, each of
which represented a single-cell bottleneck at the zygote stage
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of the hermaphrodite, or were exposed to one of three muta-
gens (aflatoxin BI, cisplatin or mechlorethamine), and the off-
spring was collected after one single-cell bottleneck for
genome-wide sequencing. The resulting mutation pattems
based on single-base substitutions (SBS) were the predominant
event in most of the backgrounds, with additional effects of
the exposures manifesting by large structural variants. This
approach allows investigating the interactions between endo-
genous factors and external exposures.

Yeast and C. elegans can be easily genetically manipulated
and have well-annotated reference genomes. They are thus
promising simple model systems for extracting mutation pat-
terns of intrinsic mutagenic processes and exposure to carcino-
genic compounds, as well as for functional studies. However,
in comparison with mammalian systems, their small genome
size limits the number of mutations that can be extracted. In
the context of weak carcinogens and the less potent nature of
several intrinsic mutagenic processes, this limitation can com-
plicate the identification of high-confidence mutational signa-
tures, particularly due to low-information contents on the
trinucleotide context [6]. This limitation also applies to the
single-gene studies discussed above, and it often needs to be
overcome by increasing the number of samples sequenced. In
addition, potential differences between simple and higher
organisms in pro-carcinogen metabolization, DNA repair path-
ways or the effects of chromatin structure on mutation distri-
bution are likely to play a role in the resulting pattems and
should be carefully considered.

In mammalian cells, a pioneering carcinogen exposure study
based on parallel sequencing of 150 copies of a reporter gene
(cIl) from a mouse in vivo model system was able to recapitu-
late results from conventional low-throughput analysis for mul-
tiple mutagens, with high sensitivity [39]. Subsequently, next-
generation sequencing was carried out in Hupki MEFs that had
been exposed, as primary cells, to several known mutagens,
including AA, B[a]P, methylnitronitrosoguanidine (MNNG)
and class C UV light (UVC) [30]. After senescence-barrier
bypass and clonal expansion, the exome of immortalised cells
was sequenced and mutational signatures based on SBS were
extracted by the non-negative matrix factorization algorithm.
Immortalised cell lines represent homogeneous populations of
one predominant clone and less represented subclones, which
allows reliable identification of enriched SBS and correspond-
ing mutation profiles upon sequencing at reasonable coverage.
Importantly, the exome-wide mutation patterns identified in
Hupki MEF cells recapitulated those observed in human can-
cers with known links to the tested exposures [30].

Going beyond the exome level, a more recent study con-
ducted genome-wide sequencing on Hupki MEFs exposed to
AA, Bla]P and UVC and reproduced the previous exome-scale
findings of signatures based on significantly higher mutation
counts [31]. In addition, the whole-genome scale allows for
comprehensive evaluation of structural variants, small inser-
tions and deletions, copy number variants and mutations in
non-coding regions.

Hupki MEFs have proven to be an important in vitro model

system for mutagenicity testing of various chemical
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carcinogens. Yet, the system has limited capacities in meta-
bolic activation of certain pro-carcinogens. Moreover, using
mouse cell lines may not be an optimal way to recapitulate
exposures in human beings due to the overall differences in
the genetic background and species-specific repair mecha-
nisms. Therefore, there has been increased focus on devising
assays using human cell lines to be used for experimental
extraction of genome-wide mutational signatures.

HK-2 human renal proximal tubular cells were first used to
identify the mutation fingerprint of AA [40]. In this approach,
the cells were treated with sublethal doses of AA for 6 months
until single clones could be recovered for sequencing, and the
extracted mutation profile recapitulated the one identified in
urothelial carcinomas of AA-exposed patients [40,41].

Next, Severson ef al. [42] used primary human mammary
epithelial cells (HMECs) to extract a Bla]P mutation pattem.
On the path to immortalization, HMECs bypass two well-
defined biological barriers. The first one is stress-induced senes-
cence or stasis and is dependent on the pl6-RB pathway. This
hurdle was overcome by exposing the cells to mutagenic B[a]P.
The second barrier is replicative senescence, which is due to
critical telomere shortening and subsequent genome instability.
In rare cases, exposed HMECs were able to overcome replica-
tive senescence and become immontal. Importantly, clones har-
bouring sufficient numbers of mutations to extract carcinogen-
specific mutation profiles can be generated after the stasis
bypass with no need to rely on the immortalization step [42].
This makes HMECs a suitable model for the analysis of muta-
tional signatures of carcinogens acting on epithelial cells.

Despite the obvious advantages that the human experimental
systems offer, the actual experiments still tend to be lengthy
and laborious as human cells do not immortalise as readily as
Hupki MEFs.

Requirements, existing and emerging experimental models
for compound testing

Experimental investigation of carcinogen fingerprints on the
DNA sequence can ensure the elucidation of the enigmatic
signatures observed in human tumours. Ideally, such studies
would require model systems that enable analysis of large
numbers of compounds within a reasonable time frame,
include a single-cell bottleneck or barrier bypass-clonal expan-
sion step and be able to recapitulate key aspects of human
tumour biology (e.g. metabolism, DNA repair pathways). Most
model systems that are applicable for the study of mutational
signatures by the means of massively parallel sequencing meet
some, but not all, of these criteria (Table 1). Yeast and C. ele-
gans have short generation times, enabling time-efficient
investigations of many compounds. Their large evolutionary
distance from humans, however, can pose a limitation to their
usability. Mouse embryonic fibroblasts are a proven model for
the extraction of carcinogen-induced mutational signatures.
Nonetheless, similar to yeast and C. elegans, critical inter-
species differences in DNA repair mechanisms and the meta-
bolic activation of pro-carcinogens have to be considered. The
addition of the human S9 fraction, comprising active
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metabolic enzymes such as cytochrome P450 and transferases,
can boost the metabolic pathways in MEFs and thus circum-
vent the latter limitation. Experimental models in human cell
lines that meet important requirements for systematic analyses
of cancer-risk agents include the HMEC and HK-2 cells.
Whereas the HMEC system is based on primary cells and their
abilities to bypass senescence and clonally expand, the HK-2
model utilises a clonal expansion step due to chronic carcino-
gen exposure in immortalised cells and can potentially be
extrapolated to any other immortal cell line. However, the use
of both these human systems is laborious and the number of
compounds that can be tested is limited.

Additional emerging models could be explored for analysis
of mutational signatures (Table 1). The generation of iPS cells
offers a time-efficient strategy for clonal expansion, but lacks
the barrier bypass step of MEF and HMEC and is usually based
on metabolically less active cells originating from fibroblast
cultures. iPS cells can, however, be generated from a number
of different cell types, which could be exploited to match cer-
tain carcinogenic exposures to their target cell or tissue types.
Higher-structure organoids would also offer a similar tissue-of-
origin-specific approach to study carcinogen exposure. They
can be generated from multiple tissues and have been used for
clonal expansion from colon, small intestinal crypts and liver
single cells followed by whole-genome sequencing [43]. It is
conceivable that such a strategy could be combined with
in vitro carcinogen exposure before the clonal expansion out-
growth, but the potential adaptation of such an experimental
strategy warrants further investigations. Finally, animal carcino-
gen exposure bioassays are lengthy experiments, but over the
last decades, several genetic toxicology programs have archived
thousands of exposure-related tumour tissues in their reposito-
ries. These can be accessed for retrospective in vivo characteri-
zation of carcinogen-induced mutational signatures.

Application in cancer aetiology studies

The knowledge of distinct mutational signatures identified
from cancer genome sequencing [6] or experimental model
systems, combined with the availability of thousands of
sequenced human cancer samples covering virtually all cancer
types, allows screening of the available data for known expo-
sure-related signatures, to infer aetiological factors. For
instance, the AA signature identified in HK-2 cells and human
urothelial tumours with known exposure was used to screen
hepatocellular carcinomas, a new cancer type in which AA was
identified as a strongly contributing mutagenic factor [40].
Furthermore, deciphering the mutagenic effects of novel car-
cinogens epidemiologically linked to human cancers may
unravel new cancer causes [44]. To this end, systematic
analyses in experimental models are required to validate such
findings. Similarly, genome-wide effects of endogenous muta-
tional processes (e.g. deregulated APOBEC and AID cytidine
deaminase activities) can be investigated using the discussed
in vitro models, to test hypotheses generated by analysis of
human tumour-sequencing data [6,30,45-48] and to character-
ise novel mutational signatures that can be further used to

ion of BCPT (former Nordic Pharmacological Society)

148



Appendix D

MODELLING OF MUTATIONAL SIGNATURES

MiniReview

samsodxa anuayd jo sameudis

[PUOHITNW 10} PAISA 10N
(uotsuedxa [puo> pue amsodxa
-89) saluappeyo [womyday,
SNOLIOQE] $1 SaININd

anss1) 128m
0} suaSouaed yaew o1 [RouAog
samn qg ueq

daxs amsodxa
[enuajod e Suipnjoxa
(1uapuadap-ad£1 anssn)
$j30Mm C] 01 [ urgum

[zs'cy) plouedio Jo IUBWYSIqrISa Y], * IXIIUOD OAIA U1 JO NBQUIIDIL DIIE * Yy L1op puedxa £[jeuor) aui| pouesio [euof) spiouedi0
uoIPENXD anssn 128m
anpudts [puonmAW 10§ PaIsAl 10N ® o) susfouramd yorw o1 [eoudlog ¢ daxs ainsodxa
(s15m1901q1y ) WASAS [2pOW UBWMY JUIDYP-DUN], * _a::u-oa e m:.ﬂ:_uxu (OSdY s[e2
adf 120 pasn Ajuownuod SAUO[0D IS ‘sjoooond uononpur  was wnodunyd
[16]  1sow 2y jo suonwmu] S0 * ENPIAIPUL JO UONDIIS [ENUEW ON @ YsiH pasuap £[jeuo[) 1199 S§d1 Yoam p—¢ paonpuj
(VNQ paauap
“ddAd “§°2) sadudjuyd [EomYdIY, smowiny Jo SUAAISS UONEINW GilA U] ® uoneulo} mowmj
asn [punue jo uaping ySiy e swieaSoud KFojoorxom OAlA Ul JO IXUOD S3apnms s[apowt
(] ssaoard Apdua) puw £pso)y e WOy NS PAAIPIE JO AN[IGR[IEAY © ARIPAULIAU] ap ur vorsuedxa [puo[) sisauafoumaed mal-z  sAesseolq [pwnuy Suidiowyg
(saur 120 LY
01 uoneidepe ydnog) anssty 12dm
pauuojsuen ey e 01 suaFoutaned yaew o) [EOuA0d e (amsodxa a1uosyo squow 9
(o] aul] [[22 pasyeuowu @ waysks [apow urwny Y31y o1 anp) puedxa L[euol)  unpim uoisuedxa [euo) aulf (199 Z-MH
uoisuedxa [euopd
PuE (30UIISIUS “SISLIS)
umuRw anyno piourdio 10 EOUAO @ ssed4q souurq eardojoiq squuow 9 s|1e2
lz¢) pue awmnduew 01 oI ® waisks [apow uvwny ysiy JO uoneuIquIo ) unA uonezIeLoww | Krewud HIWNH
sameusis uosuedxa
(aredas puonmnw puw swoned vonmnw [RUO[D puUE (0UIISIUIS)
VNQ ‘wstoquaw -§+3) spppow JO UOIPROND 10 PaIsa) A[PAISUING ssed{q 1a1ueq Ea15ojoiq syuow g
[1€°0€]  uewny o1 soowiayp sawadsiau] W2ISAS [2pOW UBIRWIWE ® ArIpauLIU] JO uoneuIquIo) UIIM UONEZI[EHOWW]  s[[22 JgN 1¥dng
vorm|ndimw
103 wowdmba oyiods sambay e sassoo01d 1T (tpuour T~)
(aredax JAIDE JO UONEIYNUIPI U SANSUD (:10842) yoauamoq Noauamoq (22
VN ‘wsogeiaw §°3) sjapowt yovosdde uonenwnox uonmny * [120-33wis e suasardas -9[Buis auo £q pamojo)
[E13] uBwNY 0] SIDUIYIP sawadsiau] e WOUT I2UAYI1 PARIOULR-|[2A), © panwiry :c_ua._ucum yoeg uone[nuInNdde uoneIn A sup3ap D
suademnu (stpuowr ]
snouafoxa 10j paisal 10N * sassaoaid orwafmnuw 01 s{ep /) sydauamoq
(aredaa AL JO UOTEDYNUDPI DU SANSUD Kuojos a3urs s[apou
VNQ ‘Wsiogeiaw §:3) spppow yovosdde uonenwno® vonwinpy e S[[22 23uis 001 01 1 &q pamojjoy Ewawuadxa
[Le-7€]  uvumy 01 s2oudIayIp sawadsiau] ® Jwouad Y21 PATIOUUT-{[I, * panwiry woyy puedxa L[jeuo) UONB[NWNIIE uoneINy AVISINGLI) °§ pasaL
uAJY suoneIwIy safmueapy £Bojoiq uorsuedxa [euoy) awely awn Euawadxy wnsAs [Ppon
mowm) uewiny
0] 2dueA Y

‘suafourdied Jo saImeuSis [BUONTINW JO JudWssasse paseq-Suidouanbas uoneiouad-1xou 1oy spapow [euawiadxd oam ur pue eina w jo sajdurexy

T 29vL

© 2016 Nordic Association for the Publication of BCPT (former Nordic Pharmacological Society)

149



6 MARIA ZHIVAGUI ET AL

study the contribution of different processes to the mutation
burden of human cancers [37,38].

Carcinogen-immortalised Hupki MEF and HMEC cells
have been shown to acquire mutations in genes and path-
ways involved in human cancer development [30,42]. These
findings are promising with respect to the potential use of
the models not only to extract mutational signatures, but also
to investigate the functional impact of the incurred mutations.
In virro models of carcinogen-induced cell immortalization
could be used to investigate driver genes and events con-
tributing to early steps of cell transformation. Some of these
genes, such as the RAS oncogene or the TP53 tumour sup-
pressor gene, have been long studied functionally using
in vitro systems. Other less frequently mutated potential dri-
vers are now being identified thanks to computational analy-
ses of tumour-sequencing data [49] and could be cross-
referenced with sequencing results from well-controlled
experimental exposure models.

Readily available resources from animal cancer bioassays,
such as archived tissues, in combination with the increased use
and the establishment of improved in vitro systems hold a great
potential for reducing the use of animals in carcinogen testing.
Based on compound selection guided by known mechanistic
features (e.g. pro-mutagenic DNA-adduct formation) and sin-
gle-gene approaches, the cross-comparison of the genome-wide
pattems derived from in vive and in vitro experimental expo-
sure systems with data from human primary tumours and can-
cer genome repositories, such as ICGC, COSMIC and TCGA,
can ensure the identification of high-confidence, carcinogen-
specific mutational signatures. The availability of evidence-
based mutagenicity data from experimental models will con-
tribute significantly to the pace and accuracy of carcinogen
evaluation and classification by programs such as the IARC
Monographs, and such data could be used to verify exposure
estimates in epidemiological studies. Finally, the knowledge
regarding mutational signatures of putative aetiological agents
could inform diagnostic procedures with respect to potential
carcinogen exposures and has the potential to improve preven-
tion as well as early detection of cancer.
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Figure E.1: FACS sorting of hepatocyte-like cells from the fully differentiated HepaRG dual cell
population. The cells were sorted based on their viability status (propidium iodite), size (FSC) and
viscosity (SSC). The number of cells sorted was not sufficient to maintain the cells at high density in
culture.
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Figure F.1: Hupki immortalization and TP53 mutation screening. a) Growth curves of Hupki MEFs.
Primary cells were either left untreated (Spont) or were exposed to OTA (in the absence of human S9
fraction). X-axis represents days in culture. Y-axis represents the cumulative doubling populations. S*:
senescence; SBI: senescence bypass/immortalization.
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Figure F.2: FFPE DNA quality control and library preparation for WGS. a) PCR reaction of P53
gene in rat FFPE tumor tissues with different fixation time, ranging from 3 to 72 days. PC-12
represents a positive control consisting of rat brain cells. b) A selection of a number of normal and
tumor tissues for subsequent WGS, marked by the arrows. c) Bioanalyzer profile of 4 rat kidney
tumors and 1 rat normal liver libraries. The peak size is mentioned in bp.
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Figure F.3: PCA analysis comparing variants called by MuTect and Strelka using the 96 possible
mutation types (a) for MEF clones derived from OTA exposure and (b) for rat kidney tumors developed
upon treatment with OTA, after removal of low allelic frequency (<20%).

C>A C>G

C>T

T>A

T>C

T>G

7

0 |Is||l.||l.|l|-|lo.l|...u|.ll|.||lnl|lllllllllnllll|l|l|||l.
A o] G T A c G T A c G T A [o] G

T

|.|l|ll|||||
A [}

A c

|In|!I.I”I...|.uH“u

G

T

ACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGTACGT

Figure F.4: Mutational signature B after baiting out signature 17 as much as possible unravelling

other potential mutational patterns.

Table F.1: Quality control analysis of Yield % of >= Mean Mouse Rat
Hupki MEFs and FFPE rat tissues (Mbase Q30 Quality Genome Genome
data.Sample s) Bases Score Coverage Coverage
277-T2 126,94 | 85.88 36.57 - 45
1
269-T 129,15 | 85.75 36.53 - 46
6
248-T 129,37 | 80.08 35.04 - 46
6
253-T 126,96 | 85.39 36.42 - 45
9
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253-N 120,53 | 83.85 36.01 - 43
2

E210 117,44 | 81.52 35.34 43 -
1

0.5 mM-0TA-59-1 114,34 | 81.13 35.22 42 -
3

0.5 mM-OTA-S9-2 121,43 | 83.30 35.84 45 -
6
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