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Résumé en français

Analyse des empreintes mutationnelles pour la recherche sur l’étiologie des cancers hu-
mains

Les cellules cancéreuses sont caractérisées par des altérations de l’ADN causées par
des facteurs exogènes, comme l’exposition à des agents environnementaux tels que le
tabac ou les UV, ou par des mécanismes endogènes tels que les erreurs de polymérase lors
de la réplication de l’ADN. L’analyse des causes et des conséquences de ces altérations
permet de mieux comprendre les facteurs et mécanismes à l’origine du développement
d’un cancer. Les technologies de séquençages à haut débit offrent l’opportunité d’étudier
la nature précise de ces altérations à l’échelle du génome et permettent de révéler des
signatures mutationnelles distinctes et spécifiques de cancérigènes, fournissant ainsi des
hypothèses sur l’étiologie des cancers.

L’objectif de ma thèse a consisté à développer des méthodes et des outils bioinfor-
matiques accessibles et conviviaux permettant de faciliter l’analyse et l’interprétation des
signatures mutationnelles à partir de données de séquençage à haut débit. L’application
de ces outils et méthodes à des séries originales de tumeurs humaines et de systèmes
expérimentaux de mutagénèse et carcinogénèse a permis de mieux caractériser la signa-
ture mutationnelle de l’acide aristolochique (AA) ainsi que d’autres cancérigènes d’intérêt.

Mots-clés: Bioinformatique, séquençage de nouvelle génération (NGS), signatures muta-
tionnelles, acide aristolochique, Galaxy, cancérigènes

Résumé en anglais

Investigating cancer aetiology through the analysis of somatic mutation signatures

Cellular genomes accumulate alterations following exposures to exogenous factors, like
environmental agents such as tobacco smoking or UV, or to endogenous mechanisms such
as DNA replication errors. Analysing the causes and consequences of these changes allows
better understanding of the mechanisms underlying cancer development and progression.
Next-generation sequencing (NGS) technologies provide the opportunity to study the
nature of the resulting alterations on a genome-wide scale and started to reveal distinct
mutational signatures specific to past carcinogenic exposures providing clues on cancer
aetiology.

The aim of my thesis was to develop user-friendly bioinformatic tools and methods
for facilitating the analysis and interpretation of carcinogen-specific mutational signatures
from NGS data. Applying these tools and methods to human tumours and experimental
models of mutagenesis led to improved characterisation of the mutational signature of
aristolochic acid (AA), as well as other carcinogens of interest.

Mots-clés: Bioinformatic, next-generation sequencing (NGS), mutational signatures, aris-
tolochic acid, Galaxy, carcinogens
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Résumé

Le cancer est une maladie génétique conduisant à une prolifération cellulaire anormale

due à l’acquisition d’altérations du génome qui sont acquises au cours de la vie d’un

individu et qui diffèrent entre cancers. Ces altérations peuvent être dues soit à des facteurs

endogènes comme par exemple des erreurs lors de la réplication de l’ADN, soit à des

facteurs externes comme l’exposition à des agents cancérigènes (tabac, UV). L’avènement

du séquençage à haut débit de l’ADN a permis d’étudier de façon systématique à l’échelle

du génome entier d’une tumeur, la nature précise de ces altérations. De récentes méthodes

statistiques d’analyse des données de séquençage à haut débit ont permis de définir des

signatures mutationnelles reflétant les facteurs et mécanismes à l’origine de ces altérations

au niveau de l’ADN. L’étude des signatures mutationnelles permet donc d’exprimer des

hypothèses sur l’étiologie des cancers.

L’identification des mécanismes moléculaires impliqués dans le développement tumoral

est essentielle pour la mise en place des stratégies de prévention limitant l’exposition

aux agents cancérigènes. Afin de faciliter l’identification de ces signatures mutation-

nelles, l’utilisation de systèmes expérimentaux simples et robustes permettant de tester

des agents cancérigènes d’intérêt revêt toute son importance pour mettre en lumière les

mécanismes moléculaires conduisant au développement tumoral.

Néanmoins, l’analyse des signatures mutationnelles à partir des données de séquençage

à haut débit requiert des savoir-faire bioinformatiques complexes. En effet, l’analyse des

données de séquençage brutes requiert l’utilisation de nombreux programmes et bases de

données impliquant la gestion de grands volumes de données hétérogènes.

L’objectif général de ma thèse a été de développer des méthodes et outils bioinfor-

matiques accessibles et conviviaux permettant de faciliter l’analyse et l’interprétation

des signatures mutationnelles spécifiques de cancérigènes d’intérêt à partir de données

de séquençage de nouvelle génération. L’application de ces méthodes et outils à des

séries originales de tumeurs humaines et de systèmes expérimentaux de mutagénèse et

carcinogénèse a permis de mieux caractériser la signature mutationnelle de l’acide aris-

tolochique (AA) ainsi que d’autres cancérigènes d’intérêt.
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Résumé

Dans le but de combler un vide dans la disponibilité d’outils permettant l’analyse des

signatures mutationnelles facilement accessibles à une large communauté de scientifiques,

plusieurs méthodes et outils ont été intégrés dans la plateforme web Galaxy. Cette plate-

forme permet de développer des pipelines d’analyse reproductibles dans une interface

graphique conviviale, rendant ainsi accessibles des analyses bioinformatiques complexes

accessibles aux chercheurs ayant des compétences limitées en programmation. La suite

d’outils développée s’appelle MutSpec et est dédiée à l’analyse des signatures mutation-

nelles à partir de données de séquençage de nouvelle génération provenant de tumeurs

humaines ou de systèmes expérimentaux. Les outils MutSpec permettent d’apporter des

annotations fonctionnelles à une liste de mutations, de filtrer les polymorphismes connus,

d’extraire des signatures mutationnelles et de calculer des statistiques décrivant les spéci-

ficités de ces signatures et enfin, de comparer ces signatures avec celles déjà connues et pu-

bliées. Les outils MutSpec offrent une alternative conviviale pour faciliter l’identification

de signatures mutationnelles spécifiques de cancérigènes humains et l’interprétation de

leur impact au niveau du développement tumoral par une plus grande communauté de

chercheurs.

Les outils MutSpec ont été utilisés pour analyser des données publiques et des don-

nées issues du séquençage de l’exome (WES) générées dans le groupe de recherche MMB

dans le but de mieux caractériser la signature mutationnelle de l’AA ainsi que d’autres

cancérigènes d’intérêt.

L’un de ces projets porte sur l’analyse de données issues d’un modèle in vitro de

cellules de souris de fibroblastes primaires (MEF) exposées à des agents cancérigènes

humains d’intérêt : l’AA, le benzo(a)pyrène (BaP), l’agent alkylant N-methyl-N’-nitro-N-

nitrosoguanidine (MNNG) ou les rayons ultraviolets (UVC). Les clones immortels obtenus,

porteurs de mutations spécifiques de l’exposition, permettent l’identification de la signa-

ture mutationnelle spécifique de l’agent cancérigène utilisé. Ce modèle unique de mu-

tagénèse offre une approche simple et efficace pour étudier les signatures mutationnelles

spécifiques de cancérigènes humains suspectés d’être impliqués dans l’étiologie de certains

cancers en apportant des preuves moléculaires.

Un autre projet du groupe MMB porte sur la détection de la signature mutationnelle

de l’AA dans des populations à risque situées dans la région des Balkans. Dans cette
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Résumé

région, la population est exposée suite à l’ingestion de pain fabriqué à partir de farine

contaminée par des graines du genre Aristolochia et développe de sévères néphropathies,

dites endémiques des Balkans (BEN), caractérisées par une fibrose tubulo-interstitielle se

compliquant fréquemment par des tumeurs urothéliales (haut appareil urinaire). Récem-

ment, l’utilisation du séquençage de nouvelle génération a permis de définir une signature

spécifique dans des tumeurs urothéliales de patients exposés à l’AA. Cette signature est

caractérisée par un enrichissement de mutations de types A:T>T:A localisées sur le brin

non-transcrit et enrichie dans le contexte de séquence 5’-CpApG-3’.

Nous avons utilisé les caractéristiques uniques de cette signature mutationnelle pour

implémenter une méthode de séquençage de l’exome à très faible couverture, à environ

10x alors qu’un séquençage classique se fait à une couverture de 100x, dans des échan-

tillons de tumeurs urothéliales archivées fixés au formol et inclus en paraffine (FFPE).

Notre méthode a permis la détection de la signature dans des échantillons tumoraux à

partir d’une faible quantité d’ADN, rendant cette méthode fiable pour la détection d’une

exposition à l’AA dans des tissus archivés ainsi que pour l’étude de ces conséquences sur

les tumeurs humaines.

Nous avons ensuite étudié l’implication potentielle de l’AA dans le développement d’un

autre type de tumeurs, en particulier des tumeurs du rein chez des patients issus de la

région BEN. Le séquençage de l’exome de ces patients a révélé la présence de la signature

mutationnelle de l’AA, fournissant les premières évidences moléculaires de l’implication de

l’AA dans l’étiologie de ce type de cancer dans cette région endémique. Le rôle potentiel

de l’AA dans le développement des tumeurs du rein doit donc continuer à être étudié dans

les régions où la population a un fort risque d’exposition accidentelle.

Considérant le nombre grandissant de types de tumeurs liées à une exposition à l’AA

ainsi que la découverte d’autres signatures mutationnelles caractérisées par des mutations

de types A:T>T:A, il nous est apparu important d’évaluer la spécificité de la signature mu-

tationnelle de l’AA. Afin d’étudier toutes les variations des mutations de types A:T>T:A

dans les cancers humains, nous avons procédé à une fouille approfondie des bases de don-

nées publiques de dépôt de génome du cancer. Cette analyse a permis de révéler que

l’enrichissement des mutations de types A:T>T:A par rapport aux autres types de muta-

tions était spécifique à une exposition à l’AA, mais que le contexte de séquence préférentiel,
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Résumé

5’-CpApG-3’, était aussi ciblé par d’autres agents cancérigènes qui restent à identifier.

Les outils MutSpec ont rapidement été adoptés par les membres du groupe ainsi que par

un nombre croissant de scientifiques du Centre international de Recherche sur le Cancer

(CIRC) et d’autres organismes de recherche. Les outils disponibles gratuitement depuis

le dépôt de Galaxy (https://toolshed.g2.bx.psu.edu/) ont été téléchargés plus d’une

trentaine de fois et ont reçu des commentaires positifs des utilisateurs. Les outils MutSpec

ont montré toute leur utilité pour révéler les spectres mutationnels spécifiques d’agents

cancérigènes provenant de tumeurs humaines ou de données in vitro issues du séquençage

de nouvelle génération.
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Chapter 1

CANCER GENOMICS

Contents
1.1 The hallmarks of cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Genomic alterations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Somatic mutations drive cancer development . . . . . . . . . . . . . . . . 8

1.4 The advent of NGS technologies . . . . . . . . . . . . . . . . . . . . . . . 10

1.5 Cancer genomic resources . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.5.1 Catalogue Of Somatic Mutations In Cancer - COSMIC . . . . . . 15

1.5.2 The Cancer Genome Atlas - TCGA . . . . . . . . . . . . . . . . . 15

1.5.3 International Cancer Genome Consortium - ICGC . . . . . . . . . 16

1.5.4 cBioportal for Cancer Genomics . . . . . . . . . . . . . . . . . . . 16

1.1 The hallmarks of cancer

Human cancer is a genetic disease involving dynamic changes in the genome leading

to an abnormal cellular proliferation of normal tissue. Cancer is a multi-stage process in

which normal cells progressively acquire additional traits that contribute to the transfor-

mation of a normal cell into a cancer cell. These advanced properties had been summarised

as the "hallmarks of cancer" [1]. Six major distinctive and complementary changes in the

physiology of a cell, in order to become malignant, were described as follows:

• Sustained proliferative signalling:

Normal tissue controls the production and release of growth-promoting signals reg-

ulating the progression through the cell cycle ensuring a homeostasis of cell number

3



Cancer genomics

and maintenance of normal tissue architecture and function. Cancer cells deregu-

late these signals by acquiring the capability to sustain proliferative signalling by

producing their own growth factor ligands resulting in autocrine proliferative stim-

ulation. Alternatively, the number of receptor signalling can be increased in the

cancer cells surface rendering them hyper-responsive to otherwise-limiting amounts

of growth factor ligand. By deregulating these signals they become autonomous

units in control of their own fate.

• Evading growth suppressors:

Cancer cells also have to evade the effect of tumour suppressor genes that neg-

atively regulate cell proliferation. The two canonical tumour suppressor genes:

RB (retinoblastoma-associated) and TP53 have crucial importance in regulating

cell proliferation. They cooperate in governing the decision of cells to proliferate or

activate senescence and apoptotic programs, and are often mutated in cancer.

• Activating invasion and metastasis:

Cancer cells develop alterations in morphology as well as in the attachment to

other cells. One of the best characterised alteration involves the loss of a key cell

adhesion molecule, E-cadherin, which forms junctions with adjacent epithelial cells.

The increased expression of E-cadherin in tumour cells is frequently observed and

provides a strong support as key suppressor for invasion and metastasis.

• Enabling replicative immortality:

Cancer cells require unlimited replicative potential in order to generate tumours.

This capability is in complete contrast with the behaviour of normal cells that are

able to pass through only a limited number of successive cell growth and division

cycles. Two distinct barriers to proliferation have been associated with these capa-

bilities: senescence, an entrance into a non-proliferative but viable state, and crisis,

which involves cell death. Multiple evidences indicate that telomeres, protecting the

ends of chromosomes, are centrally involved in the capability for unlimited prolifer-

ation [2]. In normal cells, telomeres shorten progressively through cell growth and

the length of telomeres indicate how many successive cycles a cell can go through

before they are largely eroded and thus lose their protective functions triggering

entrance into crisis. The formation of tumour cells has been attributed to their
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Cancer genomics

ability to maintain long telomeres through the division cycles.

• Inducing angiogenesis:

Tumours require maintenance of nutrients and oxygen as well as the ability to

evacuate metabolic wastes like normal tissues. These needs are addressed by the

process of angiogenesis that is turn on only transiently in normal cells. However

during tumour progression, angiogenesis is activated causing continual growth of

new vessels that help sustaining the expansion of neoplastic growth.

• Resisting cell death:

Tumour cells establish a variety of strategies to limit or circumvent apoptosis that

serves as a natural barrier to cancer development. The most common one is the

loss of TP53 tumour suppressor gene, which eliminates the activation of apoptosis

circuit. Alternatively, tumours may increase expression of anti-apoptotic regulators

or survival signals by down-regulating pro-apoptotic factors.

More recently, four additional emerging characteristics have been proposed [3].

• Avoiding immune destruction:

Immune surveillance theory proposes that cells and tissues are constantly monitored

by the immune system that is responsible for recognising and eliminating the vast

majority of cancer cells and nascent tumours. According to this theory, tumours

that appear have somehow managed to escape detection by the immune system. In

fact, cancer cells evade immune destruction by limiting the extent of immunological

killing.

• Tumour-promoting inflammation:

Inflammation contributes to cancer development by supplying molecules into the

tumour micro-environment. The molecules include growth factors that sustain pro-

liferative signalling, oxygen species that are actively mutagenic for nearby cancer

cells and proangiogenic factors that facilitate angiogenesis. Inflammation enhances

tumorigenesis and progression through the acquisition of hallmark capabilities.

• Genome instability and mutation:

The acquisition of the hallmarks described above mainly depends on the develop-

ment of genomic instability in the genome of cancer cells, which generates random
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Cancer genomics

mutations. The ability of the genome maintenance systems to detect and repair

defects in the DNA ensures that rates of spontaneous mutations are kept very low

during each cell generation. In contrast, cancer cells often increase the rates of

mutations through an increased sensitivity to mutagenic agents and/or through a

failure in the genomic maintenance machinery. With the advent of next-generation

sequencing (NGS) technologies studies of the entire cancer genome have revealed

distinct patterns of DNA mutations in different tumour types and helped clarify the

causal role of particular mutations in tumour pathogenesis.

• Deregulating cellular energetics:

The chronic and often uncontrolled proliferation of cancer cells involves major ad-

justments of cellular energy metabolism in order to support continuous cell growth

and proliferation, replacing the metabolic program that operates in normal tissues.

These 10 hallmarks (summarised in Figure 1) reflect the functional capabilities that

allow a cancer cell to survive, proliferate and disseminate. These hallmarks are acquired

differently and at different times across the different cancer types, and also across indi-

viduals.

Sustaining proliferative
           signaling

Evading growth
   suppressors

Avoiding immunue
      destruction

Enabling replicative 
        immortality

Tumour-promotion
     inflammation

Activating invasion
   and metastasis

    Inducing
angiogenesis

Genome instability
     and mutation

Resisting cell
       death

Deregulating cellular
         energetics

Figure 1: The hallmarks of cancer. Biological capacities a cell must acquire to

become a tumour cell. Modified from [1] and [3].
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1.2 Genomic alterations

The formation of a cancer is not the consequence of a single DNA mutation but results

from the accumulation of multiple DNA alterations over time. These alterations may be

due to endogenous mechanisms (inherent genomic instability, deficiency in DNA repair)

or to exogenous mechanisms (exposure to carcinogens) [4, 5]. Tobacco smoking, occu-

pational and environmental exposures (e.g. asbestos, ultraviolet light) are examples of

such external carcinogens. The effect of both random events and carcinogens may lead

to the successive acquisition of the biological capacities of the cancer cell as described in

Figure 1.

Mutations include several types of distinct DNA sequence changes reflecting damage

on the DNA by various mechanisms. These damages can be visualised graphically on a

genome scale, integrating various types of information (see Figure 2).

The most common DNA alteration involves small changes in the genetic code that

affect a single base pair. They are called point mutations or single nuleotide variants

(SNV) or single base substitutions (SBS).

Figure 2: 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 [6].
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In principle, 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. The single base substitutions are conventionally re-

ported as the pyrimidine of the mutated Watson-Crick base pair. For example a C:G>A:T

substitution will be referred to as a C>A substitution, although it covers also G>T. These

point mutations can have varying effects on the resulting protein depending where the

mutations falls in the coding sequence.

Among SBS a majority are non-synonymous, replacing one amino acid by another and

altering the protein function. Point mutations may also introduce stop codon, leading

to a truncated non-functional protein, or fall in genes regulatory regions disrupting the

transcriptional activity of the gene.

Besides point mutations, alterations on the DNA can be due to insertion or deletion

of one or more nucleotides, generally referred to as indels, which may alter the reading

frame leading to shortened abnormal or non-functional proteins.

Another form of DNA alteration is copy number variation (CNV) where instead of

having the two copies present in a normal diploid genome, there are zero, one or up to

several hundred copies. More complex DNA alterations are rearrangements in which DNA

has been broken and then rejoined to a DNA segment from elsewhere in the genome. Fi-

nally, epigenetic changes which alter chromatin structure and gene expression are present

at the DNA sequence level by changes in the methylation status of some cytosine residues.

Hyper-methylation is associated with the activation of important genes, for example tu-

mour suppressors in cancer. In contrast, hypo-methylation is implicated in the over-

expression of oncogenes.

Cancer is a complex process in which cells acquire DNA alterations that differ from

the progenitor fertilised egg. These alterations are called somatic mutations in order to

distinguish them from germline mutations that are inherited from parents and transmitted

to offspring.

1.3 Somatic mutations drive cancer development

As described previously, cancer development is a complex process in which cells ac-

cumulate somatic mutations over a person lifespan and become malignant. All these

mutations, however, are not necessarily involved in the development of cancer and it
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is likely that some make no contribution at all. To reflect this concept, mutations are

classified according to their consequences on cancer development (Figure 3).

The vast majority of somatic mutations found in a cancer genome are "passenger"

mutations. They do not confer growth advantage, are not selected for functionality and

therefore are not likely to contribute to cancer development. These mutations are present

in the cancer genome because somatic mutations without functional consequences often

occur during cell division. Passenger mutations are present in all the cells of the final

cancer and are believed to reflect the mutational processes operative throughout the lin-

eage of the cancer cells. In contrast, a small minority of these alterations are "driver"

mutations occurring in cancer genes (driver genes). They confer growth advantages to

the cancer cells and are positively selected during the evolution of the cancer [6].

Figure 3: Cellular lineage of cancer cell. Coloured symbols represent the progressive

accumulation of somatic mutations between the fertilised egg and a fully malignant cancer

cell. Adopted from [7].
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Among the driver mutations there is an important subclass of mutations, that con-

fers resistance to chemotherapeutic treatments. These mutations are typically found in

recurrences of cancer that initially responded to treatment but became resistant over time.

Cancer genome analysis aims to identify cancer genes carrying driver mutations. In the

last decade, over 600 genes have been identified in the genome that can provide a growth

advantage to the cells when mutated. Thus fewer than 1% of all human genes appear

to contribute to cancer development. Analysing the biological consequences of driver

mutations offers a unique opportunity to identify and study unexplored mechanisms of

mutagenesis. This knowledge can then be translated into cancer prevention strategies,

such as reduction of exposures to newly discovered environmental mutagens.

1.4 The advent of NGS technologies

The rapid evolution of sequencing technologies have revolutionised biomedical sciences

by addressing the need to generate inexpensive, reproducible and high-throughput DNA

sequence data. Decreasing cost per megabase generated an increase in the number and

diversity of genomes sequenced. Over the past decade NGS technologies have continued

to evolve and increased the sequencing capacity. NGS platforms provide vast quantities of

data, making genomics a Big data science [8]. Big data is defined as any large amount of

structure or unstructured data that can be mined for information [9]. The total amount

of data produced in genomic is doubling approximately every seven months due to the

dramatically decrease of cost of NGS technologies (Figure 4). Compared to the "old"

Sanger sequencing technology, the error rates are higher (between 0.1 and 15%) and the

read lengths generally shorter (35-700 bp), requiring a careful examination of the results

especially for variant discovery and clinical applications.

NGS technologies rely on a combination of template preparation, sequencing, imaging

and data analysis [10].

Until 2016, there were two main sequencing approaches: sequencing by ligation and

sequencing by synthesis. In both approaches, DNA is clonally amplified on a solid surface

resulting in thousands of identical copies of the same DNA fragment in a defined area,

ensuring that the signal can be distinguished from the background noise.
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Figure 4: Growth of DNA sequencing. The plot represents the growth of DNA

sequencing in total number of genomes sequenced based on literature record (left axis)

as well as worldwide annual sequencing capacity (right axis). The ratio is expected to

increase sharply as whole genome sequencing (WGS) will take over on whole exome se-

quencing (WES). Adopted from [11].

Sequencing by ligation was only used by Life Technologies SOLiD platform, discon-

tinued in 2016. This approach involves the hybridisation and ligation of a fluorescent

labelled probe which emission spectrum is measured indicating the identity of the base.

A new cycle begins after complete removal of the fluorophore and regeneration of the

ligation site. Even though this technology allows a greater sensitivity (around 99.99%) by

measuring the fluorescence twice for each base, the runtime on the order of several days

made that the SOLiD system was only used by a small niche of researchers, this leading

to its shut-down in 2016.

Currently, all platforms rely on sequencing by synthesis approach, which implies DNA-

polymerase-dependent methods, namely cyclic reversible termination (CRT) and single

nucleotide addition (SNA). In these approaches a polymerase is used and the signal, a

fluorophore or change in ionic concentration, identifies the incorporation of a nucleotide

into an elongation strand.
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Illumina systems rely on CRT approach that comprises nucleotide incorporation, flu-

orescence imaging and cleavage. For its part, SNA relies on the incorporation of a single

base into an elongation strand, resulting in a biolumiscence signal (case of Roche 454

pyrosequencing instrument) or the detection of the H+ ions released at each dNTP incor-

poration (case of Ion Torrent instrument).

Sequencing platforms vary with differences in throughput, cost, error profile and read

structure (Table 1). Illumina platforms dominate the sequencing industry due to their

technological maturity as a technology (relying on CRT approach), a high level of cross-

platform compatibility and their wide range of applications from targeted to WGS, epige-

nomics and transcriptomics applications (ChIP-seq and RNA-seq) and DNA methylation

sequencing.

Although the accuracy rate of Illumina platforms is high (>99.5%) there is an under-

representation of AT-rich and GC-rich regions as well as an increased rate of substitutions

errors [12]. Roche 454 and Ion Torrent platforms offer a higher read lengths (up to 700 bp

and 400 bp respectively) providing an advantage for applications focusing on repetitive

elements or complex DNA rearrangements. Ion Torrent platform offers the fastest run

time, between 2 and 7 hours, making it well suited for gene-panel sequencing in clinical

applications.

Current technologies have limitations regarding sequencing complex regions of the

genome with long repetitive elements, detection of copy number alterations and structural

variations. Long-read sequencing technologies deliver reads of several kilobases allowing

to span complex or repetitive regions with a single continuous read. There are two main

types of long-read technologies: single molecule real-time (SMRT) sequencing and syn-

thetic approaches.

The SMRT approach used by Pacific Biosciences (PacBio) or Oxford Nanopore Tech-

nologies, relies on the direct detection of the DNA composition of a native single-stranded

DNA molecule.
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PacBio instrument uses a special flow cell with thousands of zero-mode waveguides

(ZMW) wells for measuring a fluorescent signal corresponding to the incorporation of

a single nucleotide by a DNA polymerase. Oxford Nanopore Technologies measures an

electric signal during the translocation of the DNA through a protein pore. As the DNA

translocates, one base at a time, a voltage blockage specific of each dNTP is measured.

Synthetic long reads rely on short-read sequencing to construct in silico long reads.

There are currently two platforms available for generating synthetic long-reads: the Il-

lumina synthetic long-read sequencing platform and the 10X Genomics emulsion-based

system. Synthetic long reads approaches rely on existing sequencing platform affording

researchers the ability to simply purchase a kit for long-read sequencing. The emulsion

approach allows to use as little as 1 ng of starting material which can be beneficial for

situations in which the DNA is precious and available in limited quantity.

Long-read sequencing technologies are ideal for de novo genome assembly, for revealing

complex genomic structures, DNA methylation and for full-length transcript sequencing.

WGS is becoming one of the most widely used applications in NGS as it offers the

most comprehensive view of genomic information and associated biological implications.

The recent diversification of NGS platforms has created new opportunities. Sequencing a

whole genome sample with Illumina HiSeq 4000 costs around $2,000, with the possibility

to multiplex up to 8 genomes (for a coverage of 30x) in a single run performed in 1-3.5

days. In comparison, between 1998 and 2008, it cost 3 billion US dollars and took 10

years to sequence the first human genome.

WES and targeted sequencing are also very useful in research. By reducing the amount

of material used, more samples can be sequenced within one sequencing run and the

amount of data to analyse is better suited for clinical applications. NGS technologies have

opened new opportunities and challenges to biologists, clinicians and bioinformaticians in

terms of data acquisition, storage, distribution and analysis [11], and led to revolutionary

discoveries in cancer biology and other biological sciences [14].

1.5 Cancer genomic resources

The development of NGS technologies has led to an "explosion" of data generated in the

last few years from cancer genomes of a large number of cancer types. These data have
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been made publicly accessible, promoting the advancement of scientific discovery. The

combination of these data from several omics techniques provides a unique encyclopedia

of common cancers [15].

There are three major repositories storing and managing all these data:

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

Sanger Institute, with manually curated scientific literature.

• The Cancer Genome Atlas (TCGA) which stores all US cancer genomic projects.

• The International Cancer Genome Consortium (ICGC) which is a worldwide effort

to characterise cancers of importance across the globe.

1.5.1 Catalogue Of Somatic Mutations In Cancer - COSMIC

The Catalogue Of Somatic Mutations In Cancer (COSMIC) accessible at http://

cancer.sanger.ac.uk/cosmic/signatures, is the largest and most comprehensive pub-

lic database of somatic mutations with their annotations on human cancer [16]. The

database started in 2004 with the aim to store somatic mutation published in the scien-

tific literature and to display the data and metadata related to human cancer [17]. The

data present in the database comes from manually curated scientific literature, allow-

ing very precise definitions of disease types and patient details, and also from curated

data produced by large scale genome projects such as TCGA and ICGC for reference.

The database is updated quarterly and the v78 release (September 2016) contains data

from 1,235,846 samples, 28,366 whole genomes, including 4,067,689 coding mutations,

1,271,436 copy number variants and 23,489 publications. The data can be queried on

COSMIC website directly using keywords or downloaded by registered users. COSMIC

contains huge manually curated and regularly updated datasets making it an invaluable

resource for cancer studies.

1.5.2 The Cancer Genome Atlas - TCGA

The Cancer Genome Atlas (TCGA) (http://cancergenome.nih.gov/) is managed by

the National Cancer Institute (NCI) and the National Human Genome Research Institute

(NHGRI) funded by the US government [18]. TCGA started in 2006 with the aim to
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produce a comprehensive genomic characterisation of at least 20 different cancer types.

Currently, the project has generated a comprehensive multi-dimensional map of the key

genomic changes in 33 types of cancer from more than 11,000 patients. The data have

been made publicly available on TCGA data portal (https://tcga-data.nci.nih.gov)

and have been widely used by the research community. More than 500 papers have been

published by TCGA collaborators and data users. TCGA is coming to a close in early

2017 and a new repository, the Genomic Data Commons (GDC) Data Portal accessible

at https://gdc.nci.nih.gov/, will continue to provide an access to TCGA data as well

as others NCI cancer genome programs such as the Therapeutically Applicable Research

to Generate Effective Treatments (TARGET) and the Cancer Genome Characterization

Initiative (CGCI). All the datasets available in GDC are harmonised using the latest

bioinformatics analyses pipelines allowing a better comparison and reproducibility when

using data from different datasets.

1.5.3 International Cancer Genome Consortium - ICGC

The International Cancer Genome Consortium (ICGC) accessible at http://icgc.

org/, is a collaborative worldwide effort for coordinating large-scale cancer genomics re-

search projects from 50 different cancer types that have a clinical and societal importance

across the globe [19]. The project was launched in 2008 with the aim of elucidating com-

prehensively the cancer genome changes at the genomic, epigenomic and transcriptomic

levels. The data are available for the entire research community on ICGC data portal

(https://dcc.icgc.org/) with minimal restrictions in order to accelerate research into

the causes and control of cancer. ICGC projects are updated every 5 months and the

v22 release (August 2016) comprises data from more than 19,000 cancer donors spanning

70 projects and 21 tumour sites, including 46,429,997 somatic mutations. The catalogue

is expected to grow exponentially and will have an immediate relevance in the cancer

research community.

1.5.4 cBioportal for Cancer Genomics

The cBioPortal for Cancer Genomics [20, 21] offers an open-access web resource for

exploring, visualising, and analysing multidimensional cancer genomics data generated

by the large-scale projects described above and others.
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The portal is accessible at http://www.cbioportal.org/, and offers an interactive in-

terface for visualising the molecular profiles and clinical characteristics of samples across

different tumour types. For example, users can input a list of genes and visualise the

frequency of mutations across selected tumour types (Figure 5). The cBioPortal facili-

tates the analysis of multidimensional cancer genomics data to researchers and clinicians

without bioinformatics expertise, accelerating the translation of these rich data sets into

biological insights and clinical applications. Currently, data from more than 20,000 tu-

mour samples from 126 cancer studies are available on the portal.
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Figure 5: Frequency of TP53 alterations in 30 cancers types.
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ENVIRONMENT AND CANCER
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2.1 Environmental carcinogenesis

Cancer is influenced by complex series of interactions between genetic and environmen-

tal factors that cause damages on the genome. Environmental factors are non-genetic

factors that contribute to cancer risk. They are broadly defined as compounds that hu-

mans are exposed to through lifestyle factors (such as tobacco smoking, diet, physical

activity), radiation, infectious agents (viruses) and exposures to various other carcino-

gens. Endogenous processes such as oxidative agents, DNA replication errors, mutations

in DNA polymerases or DNA repair genes, are also important in carcinogenesis.

Several pathways of repair mechanisms continuously monitor the genome for repairing

DNA damages. Base-excision repair (BER) removes small base lesions that could cause

the insertion of incorrect base during replication. Transcription-coupled repair (TCR),

a particular mechanism of nucleotide excision repair (NER) is responsible for remov-

ing adducts covalently bound to DNA. Mismatch repair (MMR) system recognises and

repairs misincorporated bases during DNA replication. The good efficiency of DNA repair
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pathways limits the number of DNA lesions present at the time of replication and thus

limits the number of potential mutations to arise [22].

The existence of polymorphisms in genes involved in DNA repair pathways, resulting in

less efficiency to clear the damages, has been associated with an elevated risk in developing

some cancers [23]. More is to be learned about the interactions between genetic make-up

and individual susceptibility and responses to carcinogenic compounds as it is unclear to

what extent many polymorphisms contribute to cancer development.

It has been estimated that exposure to environmental chemical carcinogens may con-

tribute to more than 90% to the causation of cancers and only a small proportion (10%)

can be explained by genetics alone [24]. These contributions are summarised in Figure 6.

Exposure to environmental carcinogens is, in theory, avoidable. However, there re-

mains a great challenge for molecular epidemiology to document gene-environment inter-

actions in order to develop new screening tests that can be used for cancer prevention

strategies, which could lead to a reduction in cancer mortality worldwide [25].

90% 10%

Lifestyle factors:
   - Smoking
   - Nutrition
   - Infectious agents

Health status:
   - Medical Radiation
   - Preexisting disease
   - Immune function

Workplace environment:
  - Chemicals
  - Fibers
  - Radiation

Cancer: 90% preventable disease

Genetic
susceptibility

Environment

Figure 6: Environmental factors in human cancers.

Molecular epidemiology approaches use biomarkers to study risk factors in populations

in order to provide clues on the interactions between exposure and susceptibility factors

to determine cancer risk [26].

Many carcinogens leave characteristic fingerprints on the DNA when they bind cova-

lently on it, forming DNA adducts. When these adducts escape repair machinery, they
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can cause mutations, thus increasing the probability to develop a cancer. DNA adducts

provide a molecular link between specific environmental exposures and cancer risk.

The use of animal models for studying the interactions between genotype and environ-

mental exposures provided the first insights into the causes and mechanisms that influence

cancer development [27]. In such experiments, mice or rats were exposed to test agents in

order to assess the carcinogenicity of the tested compounds. Besides providing knowledge

on the causes and mechanisms that lead to cancer development, animal models also served

to identify chemicals potentially carcinogenic to humans.

The U.S. National Toxicology Program (NTP), an inter-agency animal testing pro-

gramme overssen by NIH/NIEHS, started in 1978 with the mission to identify and eval-

uate potential chemical agents of public health concern [28]. Researchers were aimed to

provide scientific evidence of the direct or indirect implication of chemicals in human dis-

eases, for helping to decrease or to eliminate human exposure to those chemicals. To date,

the programme conducted and reported extensive rodent toxicology and carcinogenesis

studies for over 600 compounds that were linked to human cancer through epidemiological

studies. The programme demonstrated the invaluable resources that are animal models

for testing potential human carcinogens and for providing evidence of carcinogenicity that

can be used by regulatory organism.

Interactions between health risks and environmental and lifestyle exposures is essen-

tial for building preventive health policy and taking health decisions. Since 1971, the

International Agency for Research on Cancer (IARC) Monographs Programme reviews

the scientific literature in order to evaluate and classify environmental agents that can

increase the risk of human cancers [29]. These evaluations are done by a group of indepen-

dent scientific experts, called "Working Group", that critically review scientific literature

for evidence on the carcinogenicity of the studied agent in humans [30].

The agents are evaluated regarding evidence of carcinogenicity in humans using epi-

demiological studies, evidence of carcinogenicity in animals based on experimental studies

and evidence on mechanisms based on molecular epidemiology and biological studies. For

more than four decades, the IARC Monographs Programme has been evaluating more

than 900 agents classified into five categories [31] that are summarised in Table 2.

The evaluations provided by the IARC Monographs Programme represent unique eval-
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uations and classifications of agents and exposures implicated in human cancers, widely

used by governments and national health agencies for implementing public health policies

to prevent potential exposure to carcinogens.

Table 2: Classification of IARC Monographs Programme (volumes 1-116).

Category Scientific evidence Agents

Group 1: Carcinogenic to humans Sufficient evidence in humans 118

Group 2A: Probably carcinogenic

to humans

Limited evidence in humans and an-

imal models

80

Group 2B: Possibly carcinogenic

to humans

Limited evidence in humans and less

than sufficient in animal models

282

Group 3: not classifiable as to its

carcinogenicity to humans

Inadequate evidence in humans and

animal models

502

Group 4: probably not carcino-

genic to humans

Lack of evidence in humans and an-

imals

1

2.2 Pattern of somatic mutations and environmental

exposures

Mutational spectra in tumours provide valuable molecular evidence of the importance

of environmental carcinogenesis. Indeed they reveal the activities of both endogenous and

exogenous mechanisms reflecting the history of the evolutionary processes that underlie

cancer development and can provide new insights into cancer aetiology. Being able to

analyse and understand these spectrums at a single gene or a genome-wide scale offers a

unique opportunity to identify and study unknown mechanisms of mutagenesis [32].

2.2.1 Single gene approach

Before the advent of NGS, the mutational records were explored through the analysis of

single commonly mutated genes, notably the TP53 tumour suppressor gene [33, 34, 35].

The coding region of TP53 has been sequenced to identify somatic mutations in over

100,000 tumour samples [36]. Usually no more than one substitution was found per
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cancer sample, resulting in the need to compile mutations across multiple samples from

the same cancer type. The IARC TP53 Database, accessible at http://p53.iarc.fr/,

compiles from the literature all the available information on TP53 variations related to

cancer. Studies investigating tumorigenesis in the skin provided the first evidence that

environmental factors determine somatic mutation patterns [37]. Exposure to ultravio-

let light, the leading cause of skin cancer, generates C:G>T:A transitions predominantly

occurring in dipyrimidines sequence contexts. Next, tobacco smoking has also been docu-

mented to leave specific patterns characterised by accumulation of C:G>A:T mutations,

the predominant alterations observed in lung tumours [38, 39].

These studies demonstrated the first comprehensive evidence in clinical samples that

exposure to mutagenic carcinogens leave specific molecular fingerprints on the genomes

of cancer cells [33, 40].

2.2.2 Genome-wide approach

Examination of TP53 mutations offered insights for strong mutagenic activities that

generate the majority of mutations in samples from a particular cancer type and was

extremely useful for establishing link between environmental carcinogens and cancer [33,

39]. However, for a cancer type, the mutational spectra are not uniquely induced by a

single carcinogen, and multiple mutational processes typically operate within a tumour.

The final catalogue of observed mutations is a composite mixture of patterns originating

from different mutagenic processes (Figure 7).

Combining mutations from multiple samples from the same cancer type may indi-

cate strong mutational processes, but provides little information about the quantity and

individual characteristics of other mutational activities [41].

Taking advantage of the development of high-throughput NGS technologies that allow

rapid and cost-effective examination of genome-wide sequencing data from thousands of

cancer patients combined with advanced mathematical approaches enable to decipher the

different mutational processes operative within a tumour type [42].

This approach allowed to identify 30 distinct mutational signatures in 40 cancer types

[43]. Some of these signatures have been linked to endogenous mechanisms (spontaneous

deamination of 5-methylcytosine, aberrant activity of APOBEC family deaminases) and

others are suspected to be caused by exogenous carcinogens.
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Figure 7: Extraction of mutational signatures operative in tumour genomes.

Simulated example to illustrate the mutational processes operative in a set of cancer

genomes. Four mutational signatures were extracted and the number of mutations caused

by each signature in each of the genomes was estimated. Adopted from [44]

2.2.3 Examples of carcinogen-specific mutational signatures

Three well-documented examples of association between an environmental factor and

a specific mutational spectrum observed from single-gene and genome-wide studies are

discussed below and summarised in Table 3.

Aflatoxin B1 (AFB1), the most toxic type of aflatoxins, a metabolite produced by

moulds growing in grains is an important carcinogen increasing the risk of hepatocellular

carcinoma (HCC) in sub-Saharan Africa and East Asia regions. Analysis of TP53 muta-

tions first revealed C:G>A:T transversions as a predominant mutation type clustering at

codon 249 in HCC tumours from these regions [45, 46]. Recently, the mutational signature

extracted from WES of 242 HCC tumours from African or Asian migrants confirmed the

enrichment of C:G>A:T transversions at a exome-wide scale in 11 patients exposed to

AFB1. Additionally, the analysis also revealed a preferred sequence context, 5’-GpCpC-3’,

and a strong transcriptional strand bias [47].
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Cigarette smoke is known to contain a multitude of toxic and carcinogenic com-

pounds. A majority of lung cancers arises in former or current smokers patients. The

mutational signature derived from hundreds of cancer patients is characterised by an in-

creased number of mutations and more particularly C:G>A:T transversions located on the

non-transcribed strand which are present only in patients with known tobacco smoking

history [48, 42]. The preferred sequence contexts of those C:G>T:A transversions are not

fully established, perhaps reflecting the chemical complexity of tobacco smoke. This sig-

nature is similar to the one obtained from the main suspected compound, benzo[a]pyrene

(B[a]P), based on in vitro assays [49, 50] but other compounds, which remain to be iden-

tified contribute to this as well.

Ultraviolet (UV) light intense exposure has been implicated in the development of

melanoma cancers. Analysis of the cancer genome of skin tumours revealed a preponder-

ance of singe-base C:G>T:A substitutions and CC:GG>TT:AA dinucleotide substitutions

both occurring at dipyrimidine sites. The effect is so important that CC:GG>TT:AA dou-

ble substitutions can constitute up to 25% of the total mutation burden in skin cancers

related to UV exposures [42]. This specific mutational signature can be used as a clear

evidence of UV-related DNA damage.

Table 3: Mutational spectrum of human carcinogens.

Exposure Carcinogen compound Mutation type Sequence context

Dietary contaminants Aflatoxins

C:G>A:T

transcriptional

strand bias

5’-GpCpC-3’

Tobacco smoke Benzo[a]pyrene

C:G>A:T

transcriptional

strand bias

5’-C/TpCpC-3’

Sunlight UV

C:G>T:A

CC:GG>TT:AA

some transcriptional

strand bias

5’-C/TpCpN-3’
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2.3 Molecular epidemiology of aristolochic acid

Aristolochic acids (AA) are natural compounds found in plants of the genusAristolochia

that have been used for centuries in traditional Chinese remedies for treating various

health problems such as weight loss, menstrual symptoms, and rheumatism [51].

Aristolochia family contains more than 500 species present all around the world.

In 1992, more than 100 Belgium women developed chronic tubulointerstitial renal

diseases associated with upper-tract urothelial carcinoma (UTUC), an investigation of

this group of patients revealed that they all followed a slimming regimen that included

Aristolochia fangchi, a herbaceous plant used in traditional Chinese medicine [52]. This

syndrome was classified as Chinese herb nephropathy (CHN) but exhibited clinical and

pathological similarities with another disease known since the 50’s as Balkan Endemic

Nephropathy (BEN) [53].

BEN affects specific villages along the Danube river (Croatia, Bosnia-Herzegovina,

Serbia, Bulgaria, and Romania) [54]. A hypothesis formulated to explain the similarities

between CHN and BEN was that the population living near the Danube river is exposed

through contamination of wheat seeds used to prepare home-made bread by Aristolochia

clematitis [55] a species of the Aristolochia family.

Aristolochia plants contain two major forms of AAs: AAI and AAII [56]. They both

form aristolactam adducts with deoxyadenosine AL-dA and deoxyguanosine AL-dG

(Figure 8) [57] and are found in the proximal tubules of the renal cortex [58].

Figure 8: Aristolochic acid I and II adducts formation. Adopted from [59]
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The presence of adducts in the proximal tubules of the renal cortex of exposed patients

measured by 32P-postlabelling or quantitative mass spectroscopy was proven to be a robust

biomarker of exposure to AA [58]. AL-dG adducts are effectively repaired by DNA repair

mechanisms while dA-AL-I adducts may persist in target tissues for more than 20 years

after the exposure has stopped.

The link between BEN and AAs was confirmed when DNA-adduct analysis of the

kidney cortex of exposed patients detected high levels of aristolactam (AL)-DNA adducts

[60]. The terms CHN and BEN were replaced by aristolochic acid nephropathy (AAN)

for covering both clinical conditions linked to exposure to AA [61].

As a consequence, in 2001 all preparations containing Aristolochia plants were banned

in Europe and North America and in 2003 in Asian regions [62]. In 2012, IARC classified

AA as a Group 1 human carcinogen [63]. However the species nomenclature is complex

and the substitution of one plant by another, is common making the regulation of the use

complicated.

The accumulation of AL-DNA adducts in target tissues followed by DNA synthe-

sis increases the average number of mutations and generates predominantly A:T>T:A

transversions, described first in human TP53 knock-in mouse cells treated with AA [64].

This specific pattern of mutations in TP53 was confirmed in human UTUC tumours

where the dietary exposure to AA was established [54]. In cancers not associated with

AA exposure, such A:T>T:A transversions are infrequent and are found in only 5.3% of

all human cancers [65].

Two studies took advantage of NGS technologies to examine the genome-wide mu-

tational spectrum in AA-associated UTUC of Taiwanese patients where the exposure

was documented. They characterised a specific mutational signature with a high preva-

lence of A>T transversions within the 5’-Pyr-A-Pur-3’ sequence context (enriched for

5’-CpApG-3’ context) preferentially located on the non-transcribed DNA strand [66, 67].

This signature was also found in UTUC of AAN patients originating from the BEN re-

gion, where the exposure was confirmed by the presence of AL-DNA adducts in the renal

cortex of those patients [68].

Recently, using high-throughput NGS technology, an AA-like mutational signature was

found in several tumour types. A deep sequencing study of clear cell renal cell carcinomas

(ccRCC) across Europe described this signature in a subset of Romanian cases [69] that
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was later confirmed by the presence of dA-AL-I adducts in the kidney cortex of those

patients [70]. Other studies also revealed the implication of AA in the aetiology of renal

cancers from patients originating from the BEN region [71] and in ccRCC of Taiwanese

patients [72].

Using mutational signature analysis, AA exposure was suspected to be a contributing

factor causing hepatobiliary cancers in Chinese patients [73] and in Japanese and Amer-

ican Asian populations [74] (Figure 9). Furthermore, an AA-like mutational signature

was also found in bladder cancers from Taiwanese patients [75]. DNA adduct analysis in

those patients with the AA-like signature is required to confirm the source of exposure.
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Figure 9: AA-like mutational spectrum and strand bias. The top panel repre-

sents the canonical AA mutational spectrum found in urothelial tumours [66, 67]. The

middle and bottom panels represent an AA-like mutational spectrum found in 16 intra-

hepatic cholangiocarcinoma (IHCC) [73] and in 26 liver hepatocellular carcinoma (LIHC)

tumours studied by other groups [74]. The bar graphs on the right show strand bias ratios

(NT: non-transcribed strand, T: transcribed strand). Asterisks indicate X2 test P-values

significance (**: P<10e-70; P=0 for the canonical spectrum).

These studies suggest that AA exposure may be implicated in a wide range of different

cancer types and millions of people are potentially at risk of AA exposure and consequence

developing AA-related cancers [76]. Continuing to improve our knowledge about AA ex-

posure would provide opportunities for prevention and early detection through systematic

screening program of patients with known or suspected AA exposure in order to manage

a potentially devastating global disease.
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3.1 The concepts of bioinformatics

The term "bioinformatics" was used for the first time by Hesper and Hogeweg in 1970

and was referring to the study of informatic processes in biotic systems [77]. In the early

2000, bioinformatics really became popular with the completion of the human genome

project. Nowadays, the term refers to an interdisciplinary field dedicated to the develop-

ment and use of computational methods and tools for understanding biological research

questions. Bioinformatics is present in many biological fields including genomics, evolu-

tionary biology, protein structure prediction and data mining.

There is no full-consensus definition within the scientific community of what being a

bioinformatician means (Figure 10). For some people, the term refers to any scientists

performing data analyses using a computer, including biostatistics and biomathematics.

For others, a bioinformatician is a scientist who develops and uses computer programs

to solve biological problems or to design and maintain databases for interpreting the biol-

ogy, i.e. in summary: a person who understands both biology and information technology.

While computational biologists primarily use computer tools to solve biological problems,

they may be knowledgeable in biology but less so in programming languages [78].
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On a lighter note, a bioinformatician possessing deep knowledge in all programming,

statistics and biology would be seen as a kind of superman.

StatisticianInformatician

Biologist

Data
Scientist

     Bio-
statistician

       Bio-
informatician

Figure 10: Chart describing the overlap between biology and computer sci-

ence. Modified from [79].

3.2 Next-generation sequencing analysis pipelines

One biological field in which bioinformatics is ubiquitously applied is genomics, mainly

due to the breakthroughs in understanding genome biology in the last two decades, and

more recently thanks to the advances in DNA and RNA sequencing technologies that

generate volumes of data which analysis relies heavily on bioinformatics tools. In DNA

sequencing, WES using NGS technologies has been widely used these last years because it

focused on alterations in the coding sequence. Compared to WGS, WES produces more

manageable amounts of data and is cheaper. However, WGS is gradually replacing WES

because the sequencing cost continues to decrease while the cost of the exome capture

reagents (synthesised oligonucleotides) remains stable. Furthermore WGS offers a broader

and more uniform coverage of the genome, allowing for a more reliable detection of the

copy-number as well as the structural rearrangements.
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The complete NGS data analysis workflow for WES and WGS is complex. It includes

several steps that rely on a variety of different programs and databases available either

commercially (such as Illumina tools) or as open-source softwares allowing more flexibility

and customised configurations. While some steps of the analysis in the workflow are well-

established with gold standard software, other steps are more challenging and rely on

tools still under development. The first steps of analysis are becoming more standard.

For example, leaders in the field such as the Broad Institute of MIT and Harvard provide

"best practice" guidelines for performing analyses from the raw reads generated by the

sequencing machine to obtain a list of highly-confident variants. Broad Institute has

developed the Genome Analysis Toolkit (GATK) [80], a suite of tools dedicated to the

analysis of high-throughput sequencing data. More downstream tools such as for variant

calling are more specific of each application or study design. Each step of a typical NGS

workflow is summarised in Figure 11 and detailed further below.

Quality control of raw data Genome-wide sequencing relies on the mechanical or

enzymatic break-up of genomic DNA into a library of small fragments that are then

sequenced on a given platform depending on the type of analysis (genome, exome or

targeted-sequencing). The sequencing machine produces information on a complex set

of short DNA fragments, called sequencing reads. These constitute primary raw data

output. The first step is to assess the quality control (QC) of the raw sequence data

(FASTQ file) coming from the sequencing machine before starting the alignment to the

reference genome.

One commonly used QC tool is FastQC, developed by the Babraham Institute

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The tool provides

a quick overview of the number of bases sequenced, the read length distribution, the Phred

score (base quality score) distribution along the reads through tables and graphs, and

it also detects over-represented sequences indicating primer or adaptor contamination.

FastQC summary indicates whether problems were encountered during the sequencing

before continuing the analysis, and if pre-processing steps such as base trimming or read

filtering are necessary.

The base quality of the reads tends to deteriorate toward the ends of reads requiring

to trim these low quality bases for improving the downstream steps of analysis.
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Tools such as FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), Cu-

tadapt [81] or Trimmomatic [82] can be used for this task.

Lab
Library Preparation, Exome Capture, ...

NGS Platform
Illumina, IonTorrent, ...

Raw data quality control
Trimming, Filtering, ...

FastQC
FASTX-Toolkit

Data pre-processing
Flag duplicates, Recalibrate bases, ...

Lab
Validation

Mapping
Align to reference genome

BWA-mem
Bowtie

Picard tools
GATK

Variant calling
SNV, Indel, CNV, SV

Haplotype caller
MuTect

Annotation
Public Databases, Prediction scores, ...

Genome browser
Circos plot

Filtering
Prioritisation of high confident variants

Custom scripts

Interpretation
visualisation of the results

Annovar
SnpEff

Pi
pe
lin
es

Quality control
Coverage distribution, % mapped reads, ...

Qualimap2
BamUtil

Figure 11: Typical workflow for NGS sequencing projects. Processing steps are

shown in boxes and example of bioinformatics tools are shown on the right end side.

Modified from [83].

Mapping Once the FASTQ files are checked and preprocessed, the next step is to map

(align) the reads on a reference genome, which will produce a file in a binary sequence

alignment map (BAM) format. Several alignment programs have been developed to ef-

ficiently map the millions of short reads. Depending on the type of sequencing different

softwares are used. For WGS or WES, the reads need to be mapped to an entire genome

with the two alignment programs widely used for this. The first one is bowtie2 devel-

oped at Johns Hopkins University [84] and the second one is BWA [85] developed by the

Wellcome Trust Sanger Institute. For targeted sequencing, the reads need to be aligned
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to a smaller proportion of the genome considering a high coverage. For the moment the

sequencing providers propose proprietary solutions, which are instrument-dependent and

not publicly available.

Data pre-processing and quality control Before moving to the variants discovery

it is important to remove technical issues in the data by further processing the BAM files

generated after the alignment.

Current NGS technologies rely on PCR amplification steps during the library prepa-

rations. After sequencing, identical multiple reads originating from only one template

might be sequenced, creating PCR duplicates. The duplicate reads may bias the coverage

metrics for complex templates (this does not apply to targeted sequencing) and they thus

need to be flagged and not be taken into account in downstream analyses. In fact, for

variant calling it is important that a duplicate reads are not be considered as an addi-

tional evidence for the detection of a variant. A popular tool for this step is called Mark

Duplicates from the Picard tools suite (https://broadinstitute.github.io/picard/)

developed by the Broad Institute.

Mapping softwares are often unable to map reads containing short insertions or dele-

tions (Indels). It is thus important to correct these alignment artefacts for not introducing

false positive SNVs. The realignment of the reads around those Indels may be performed

with both GATK and Picard tools.

Finally, for improving variant calling accuracy it is important to assign accurate con-

fidence scores to each base sequenced. These scores are given by the sequencing machines

and indicate the per-base estimates of error. Unfortunately the machines are subject to

various sources of systematic technical error and the results of these scores need to be

adjusted, with tools such as Base Recalibrator from the GATK suite.

The quality of the alignment can be checked with tools such as Qualimap2 [86], BAM-

Stats (http://bamstats.sourceforge.net/) or BamUtil (http://genome.sph.umich.

edu/wiki/BamUtil). Qualimap2 and BAMstats propose a graphical user interface for fa-

cilitating the quality control assessment while BamUtil can only be used with a command-

line interface. All the tools calculate statistics on the number of bases sequenced, the

proportion of reads mapped, on the genome or on a targeted region, the coverage distri-

bution across the reference genome, the overall mapping quality and the proportion of

duplicate reads flagged. The descriptive statistics produced by Qualimap2 and BAMstats
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are summarised in a HTML page with tables and graphs, whereas BamUtil produces a

simple text file containing the different statistics.

Variant calling The recalibrated BAM files are the input for the most important part

of NGS data analysis: the variant discovery. The greatest difficulty for this step is to a

detect true genetic variation from sequencing and mapping errors. The choice of software

depends on three parameters: the sequencing technology used, the type of variants to

identify (SBS, Indels, copy-number, structural variants) and the type of study (calling

germline variants or somatic variants). For targeted sequencing technologies, due to the

design of the capture and regarding the type of study and variants to detect, there are

few variant callers available and generally the one provided with the sequencing machine

is used.

For genome-wide variant detection, there is a large panel of existing tools dedicated

to each particular analysis. Some of them are summarised in Table 4 and discussed in the

paragraphs below.

Table 4: Computational software for detecting genomic alterations. Modified

from [87].

Program Function Application Ref

BreakDancer Structural variant Germline [88]

deFuse Gene fusion detection Germline [89]

GATK (Haplotype caller) SNV and Indel Germline [80]

ExomeCNV CNV Somatic [90]

MuTect SNV Somatic [91]

PatternCNV CNV Germline [92]

Pindel Indel Germline [93]

SAMtools SNV and Indel Germline [94]

ScanIndel Indel Germline [95]

Strelka SNV and Indel Somatic [96]

VarScan2 SNV and Indel Germline and Somatic [97]

SNV: single nucleotide variant; Indel: small insertion and deletion; CNV: copy-number variation
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Germline callers are used in inherited diseases studies for the characterisation of

germline mutations, variants that differ from a given reference genome. Among the vari-

ety of software available we can cite SAMtools [94] for the detection of SBS and the tool

Haplotype caller from the GATK suite for the detection of both SBS and Indels.

Somatic callers are used in cancer studies for identifying somatic mutations, variants

that differ from the reference genome but that are also only present in the tumour samples

(not in matching "normal"/germline samples). It is thus important to use a tool that would

consider both the tumour and the germline samples to call the variants. One tool used

at IARC is MuTect, a method developed by the Broad Institute for detecting somatic

mutations with very low allele fractions followed by high-quality filtering to ensure high-

specificity variants [91]. MuTect uses both the tumour and germline BAM files for first

determining tumour variants that differ from the reference genome and then to make

sure that the variant is not present in the germline of the individual. Only SBS variants

are reported by MuTect and other tools were required for calling Indels or copy-number.

In November 2015, a second version of MuTect was released and integrated within the

GATK suite. This version, MuTect2, is able to detect both SBS and indels facilitating

the detection of high-quality variants from NGS data. Another tool widely used in cancer

research is VarScan2 [97], able to detect SBS and Indels from NGS data. Even though

its performance for detecting low-allele fraction variants is lower compared to MuTect,

VarScan2 outperforms MuTect for detecting variants with a high-coverage and high-allele

frequency [98].

The output produced by the different variant callers is a text file in variant calling

format (VCF) [99]. This generic format contains a header describing the different infor-

mation present in the VCF (metadata), a line with the table column names, and then

one line for each variant called. Having a same output format for all the different callers

available allows a better comparison of their results.

There is not yet a gold standard to perform variant calling and despite the variety of

variant caller tools available, identifying somatic alterations remains complex. In order

to address this problem, the International Cancer Genome Consortium (ICGC) and The

Cancer Genome Atlas (TCGA) have launched the ICGC-TCGA DREAM Somatic Mu-

tation Calling (SMC) Challenge in 2013 [100].
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ICGC-TCGA DREAM Challenge is an open, collaborative international competition,

crowd-sourcing initiative for identifying and improving current methods for the detection

of somatic alterations (SBS, Indels, copy-number alterations and structural variations)

in WGS data (https://www.synapse.org/#!Synapse:syn312572). Twenty-one teams

evaluated different versions and the impact of parameter changes of various variant callers.

Their results highlighted characteristic error profiles for different algorithms and a large

variability in calling accuracy simply by changing the parameters of the softwares [101].

The Challenge is still ongoing but they suggested to combine the results of multiple variant

callers to accurately detect somatic mutations.

Annotations The VCF file contains only little information, limited to the genomic

coordinates of the variants, some quality scores and genotype information. In order to

be able to study the consequences of the mutations found, it is therefore necessary to

add functional annotations on the variants. Currently, there are three popular softwares

dedicated to the annotation and prediction of the effects of genetic mutations: ANNOVAR

[102], SnpEff [103] and Variant Effect Predictor (VEP) [104]. All softwares are freely

available, use various up-to-date databases and can be used as command-line tools or via

a web interface. ANNOVAR and VEP are based on Perl programming language while

SnpEff is based on Java and is compatible with the GATK suite of tools. However, the

outputs of the tools are different: ANNOVAR produces a tab separated file while SnpEff

and VEP produce a VCF file using the "INFO" column for reporting their annotations.

Within our research group, we currently use ANNOVAR software to efficiently anno-

tate and predict the effects of genetic mutations. ANNOVAR provides three different

types of annotations and includes databases to be used for both human and mouse

genomes. The complete list of available databases are listed on Annovar web page

(http://annovar.openbioinformatics.org/en/latest/).

The first annotation is gene-based. It identifies whether the mutation (SNV or Indels)

causes a protein coding change and annotates the amino acid affected using RefSeq genes,

UCSC known genes and/or ENSEMBL genes resources.

The second annotation is region-based. It identifies variants in specific genomic re-

gions, such as segmental duplication regions, conserved regions among 44 species, pre-

dicted transcription factor binding sites or ChIP-Seq peaks.
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The last annotation is filter-based. It identifies variants reported in specific databases,

for example, the presence of the variant in the Single Nucleotide Polymorphism Database

(dbSNP), its allele frequency in the 1000 Genome Project, the Exome Sequencing Project

(NHLBI-ESP) or in the Exome Aggregation Consortium (ExAC) and its presence in

COSMIC [16]. Furthermore, it reports the prediction of the impact on protein function

using, among others, SIFT [105], Polyphen2 [106], MutationTaster [107] prediction scores.

Finally, users can also provide their own databases not currently provided by ANNOVAR

to have additional customised annotations.

Filtering The annotations described above are then used to filter lists of variants in

order to keep only those with a potential functional impact on the studied disease. The

filtering process depends entirely on the project and generally requires in-house dedicated

scripts.

For example, when analysing mutation patterns, all proven somatic variants may be

kept as they all reflect mutagenic events while functional studies may want to retain

only variants with functional impact on the proteins (removing synonymous variants or

selecting deleterious variations based on the SIFT or Polyphen2 algorithms).

Interpretation The filtered list of variants can now be used for inferring the biological

relevance of the obtained results. Using visual representation of the data helps to further

prioritise and select potential candidate genes important for the studied disease.

Providing summary graphs of the characteristics of the identified mutations (distri-

bution of mutations within their trinucleotide sequence context, functional impact, ...)

helps to provide a global view of the alterations present in the studied samples.

Viewing the aligned reads using a genome browser such as the Integrative Genomics

Viewer (IGV) [108] or GenomeView [109], allows to browse and check for potential align-

ment issues at specific positions where variants have been called or for cancer studies,

if they are also present in the normal corresponding sample (supported by a number of

reads below the threshold set by the variant caller).

Furthermore, the UCSC genome browser [110] may be used to display the identified

mutations combined with annotations facilitating the biological interpretation of the data.

Visualisation of the identified genomic alterations provides a global picture of the genomic

alterations present in the set of samples analysed. A tool such as Circos [111] uses a circu-
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lar ideogram to display positions and relationships between any kind of genomic elements

and intervals (SBS, Indels, structural rearrangement, gene expression, ...) facilitating the

comparison of results from multiple samples. The visualisation can help to further filter

the list of mutations and can be followed by functional interpretation of the genes mutated

using signalling, regulatory or metabolic pathways analyses.

3.3 Computing infrastructures

The analysis of NGS data requires important computing resources and advanced bioin-

formatic skills. In order to perform such analysis requiring a lot of computing resources

and power, researchers needs to use high-performance computing (HPC) clusters. And

these analyses can be facilitated using the Galaxy platform.

3.3.1 High-performance computing

HPC clusters contain the same elements as regular desktop computers (operating sys-

tem, disk, memory and processors) but they have more of them. The interest of using a

HPC cluster is that each individual computer of the cluster can perform intensive com-

putational tasks in parallel that would take a lot of time with a single computer.

Each "individual computer" in the cluster is called a computing node and there is

one master machine managing them, called "head node" (HN). IARC HPC cluster is

composed of one HN and twelve computing nodes (named cn01 to cn12) linked to a main

data storage of 60TB and a backup storage of 100 TB. (Figure 12). Each node contains

96GB of RAM shared by 2 CPUs of 12 cores, totalling 24 processes per node.

The HN and computing nodes need to communicate between each others to work in an

efficient way. The communication is made through the network and dedicated softwares

exist for managing the communication between the nodes. IARC HPC cluster uses the

Load Sharing Facility (LSF) management system also called "job scheduler" to schedule

and manage transfer of information between the head and its nodes.

Users access the HPC cluster using their regular desktop computer via a secure shell

(ssh) protocol, and run analyses, call jobs, via the HN using a language specific to the

job scheduler. The amount of resources, memory and processors, required for the script

to run correctly is also specified.
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Once the job is finished, the result is written on the HN and users can retrieve them

on their own computer.

Head node
Users

Backup

Storage nodes

100 TB

60 TB

Computing nodes

24 cores
96 GB RAM

cn01

cn12

bjob

queue

run

finish

Figure 12: Architecture of the IARC HPC cluster. Users connect to the head

node (HN) from any IARC computer. In blue is shown a typical job workflow: the job is

launched from the HN, added to a queue until the computing resources are available and

once finished the result is returned to the HN.

3.3.2 Galaxy platform

The web-based platform Galaxy provides a graphical environment for the integration

of complex bioinformatic tools or scripts written in any programming language [112].

Galaxy allows to analyse, reproduce and share complete workflows within a graphical

user interface, allowing researchers to perform complex bioinformatic analyses without

having to use command lines or scripts (Figure 13). A strength of Galaxy is the creation

of Workflow which allows to reproduce identically a multi-step analysis in a simple and

easy way.

The platform is accessible as a free public web server (https://usegalaxy.org/) that

includes many bioinformatic tools commonly used in genomics research, but can also be

installed locally in order to address specific needs with the integration of in-house tools.

Integrating a tool in Galaxy is quite simple, you just need to create a repository containing
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the developed scripts and all the dependencies required by the tool to run properly.

These tools can then be shared freely with the community using the Galaxy ToolShed

(http://toolshed.g2.bx.psu.edu) that hosts all Galaxy repositories as well as exported

Galaxy Workflows.

Figure 13: Web interface of IARC Galaxy. Top menu in red contains the access to

the different sections of Galaxy (Analyse data, Workflow, Help and User). The left menu

in green lists all the tools available. The right menu in yellow contains all the analyses

performed. The middle panel in purple displays the tools menu and the results.

At IARC a local instance of Galaxy was installed on a server with 50 GB of RAM

shared by 2 CPUs of 6 cores and 14 TB of disk space. The IARC Galaxy instance enables

scientists of the Agency to analyse NGS data from the quality control of the raw data

generated by the sequencing machine to complex analyses, such as looking for mutational

signatures, within a user-friendly environment.
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OBJECTIVES

Somatic mutations accumulating in cancer genomes reflect endogenous and exogenous

mutagenic events, including carcinogen exposures, and are thus informative of cancer’s

life history and possible aetiology. The analysis of somatic mutation patterns at the

genome-wide level with high-throughput sequencing identified at least 30 distinct muta-

tional signatures in 40 cancer types [43]. Although some of the signatures have been linked

to known mechanisms of mutagenesis, the origin of most of these signatures remains to

be elucidated.

To identify mutational signatures that characterise human cancers and understand

their origin, the Molecular Mechanisms and Biomarkers (MMB) group at IARC has de-

veloped an integrated approach using massively parallel sequencing and involving the

systematic screening of the mutagenic effects of cancer-risk compounds in in vitro assays

and in vivo bioassays, as well as the systematic analysis of cancer data extracted from

public repositories or generated from series of patients with documented exposure to the

studied compound (Figure 14).

Cancer genome
data repositories

Human tumoursin vitro assay

Carcinogen
 bioassays

Bioinformatic
methods and tools

Mutational signatures

Carcinogen evaluation Cancer aetiology

Next-generation sequencing

Figure 14: Overall approach for the identification of mutational signatures

induced by human carcinogens.
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Objectives

Within this integrative framework, the overall aim of my thesis was to develop bioin-

formatic tools and methods facilitating the analysis and interpretation of carcinogen-

specific mutational signatures from NGS data, and to apply these methods to specific

NGS datasets in order to characterise the mutational signatures of aristolochic acid (AA)

and other carcinogens.

The specific objectives of my thesis are summarised below.

1. Develop user-friendly bioinformatic tools and methods for extracting and identifying

mutational signatures from mutation lists obtained from rodent and human cancer

genomes (Paper 1, Ardin M et al.).

2. Characterise carcinogen-specific mutational signatures from a multi-system approach

involving in vitro assays using mouse embryonic fibroblasts (MEF) and human can-

cer genomes from exposed individuals (Paper 2, Olivier M et al.).

3. Investigate carcinogenesis environmental due to exposure to AA

(a) Establish a low-coverage WES and analysis approach for detecting patients ex-

posed to AA using archived DNA material (Paper 3, Castells X, Karanović

S, Ardin M et al.).

(b) Investigate the implication of AA in the aetiology of new tumour types in the

Balkan endemic nephropathy (BEN) regions using WES on archived tumour

DNAs (Paper 4, Jelaković B et al.).

(c) Characterise the specificity of AA mutational signature using a systematic

data mining approach of public genomic data and cancer genomes of exposed

individuals (Paper 5, Ardin M et al., in preparation).

44



RESULTS

45





RESULTS

The articles presented in this chapter refer to the specific objectives of this thesis and are

preceded by a brief introduction.

The other articles in which I co-authored are presented in the Appendix.

Objective 1

Paper 1: MutSpec: a Galaxy toolbox for stream-
lined analyses of somatic mutation spectra in human
and mouse cancer genomes

Maude Ardin, Vincent Cahais, Xavier Castells, Liacine Bouaoun, Graham Byrnes, Zdenko

Herceg, Jiri Zavadil and Magali Olivier

BMC Bioinformatics, 2016
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Paper 1 in brief

Aim Develop user-friendly tools for the processing of mutation data and the identifica-

tion of mutational signatures in the genome of various species.

Approach Within the web-based platform Galaxy, implement a suite of public or in-

house tools and scripts allowing the identification of mutational signatures. Integrated

the workflows in a pipeline named MutSpec (for Mutation Spectra), designed to work

with rodent and human data.

Graphical summary

Public dataExperimental data

Figure 15: MutSpec pipeline. MutSpec integrates a suite of tools that per-
form variant annotation (MutSpec-Annot), filtering (Mutspec-Filter), compute vari-
ous statistics describing mutation spectra features (MutSpec-Stat) and extract mu-
tational signatures considering 96 parameters (six types of single base substitutions
(SBS) within their immediate 5’ and 3’ sequence context) (MutSpec-NMF). A last
tool compares the obtained signatures with published ones (MutSpec-Compare) to
help interpreting the obtained signatures.

Novelty and highlights

• MutSpec tools implementation in the user-friendly Galaxy platform is unique in

facilitating mutational signature analysis to non-bioinformaticians.

• The tools accept as input a list of mutations obtained from various variant callers.

• MutSpec tools are compatible with human as well as rodent (mouse and rat) genome

data.

• MutSpec provides a comprehensive workflow from mutation annotation to mutation

signature comparison with known signatures.
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SOFTWARE Open Access

MutSpec: a Galaxy toolbox for streamlined
analyses of somatic mutation spectra in
human and mouse cancer genomes
Maude Ardin1, Vincent Cahais2, Xavier Castells1, Liacine Bouaoun3, Graham Byrnes3, Zdenko Herceg2,
Jiri Zavadil1 and Magali Olivier1*

Abstract

Background: The nature of somatic mutations observed in human tumors at single gene or genome-wide levels can
reveal information on past carcinogenic exposures and mutational processes contributing to tumor development.
While large amounts of sequencing data are being generated, the associated analysis and interpretation of mutation
patterns that may reveal clues about the natural history of cancer present complex and challenging tasks that require
advanced bioinformatics skills. To make such analyses accessible to a wider community of researchers with no
programming expertise, we have developed within the web-based user-friendly platform Galaxy a first-of-its-kind
package called MutSpec.

Results: MutSpec includes a set of tools that perform variant annotation and use advanced statistics for the
identification of mutation signatures present in cancer genomes and for comparing the obtained signatures with
those published in the COSMIC database and other sources. MutSpec offers an accessible framework for building
reproducible analysis pipelines, integrating existing methods and scripts developed in-house with publicly available R
packages. MutSpec may be used to analyse data from whole-exome, whole-genome or targeted sequencing
experiments performed on human or mouse genomes. Results are provided in various formats including rich
graphical outputs. An example is presented to illustrate the package functionalities, the straightforward workflow
analysis and the richness of the statistics and publication-grade graphics produced by the tool.

Conclusions: MutSpec offers an easy-to-use graphical interface embedded in the popular Galaxy platform that
can be used by researchers with limited programming or bioinformatics expertise to analyse mutation signatures
present in cancer genomes. MutSpec can thus effectively assist in the discovery of complex mutational processes
resulting from exogenous and endogenous carcinogenic insults.

Keywords: Galaxy, Mutation spectra, Mutation signatures, Single base substitutions

Background
DNA mutations accumulate during the natural history
of tumors, reflecting the insults from endogenous and
exogenous mutagenic processes as well as the selection
of cancer-driving events. The nature of somatic muta-
tions observed in single genes or on a genome-wide
scale in human tumors can thus reveal information on
past carcinogenic exposures and provide clues on cancer

etiology [1, 2]. Current efforts in the systematic sequencing
of tumor genomes generate large amounts of data on mu-
tation patterns that characterise human cancers. Recent
analyses of these data have revealed over 30 somatic muta-
tion signatures [1, 3–6]. While suspected mutational pro-
cesses have been proposed for some of these signatures,
the majority have not yet been attributed to any specific
mechanism and their origins thus remain unexplained.
Experimental systems developed for modelling in vitro
and in vivo genome-wide mutational processes have
been reported recently [7–13]. These assays have the
potential to generate direct evidence for the identification

* Correspondence: olivierm@iarc.fr
1Molecular Mechanisms and Biomarkers Group, International Agency for
Research on Cancer, F69372 Lyon, France
Full list of author information is available at the end of the article
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of carcinogens or mutagenic processes underlying the mu-
tation signatures observed in human tumors. The analysis
of experimental and human-derived data requires advanced
bioinformatics skills and thus remains limited to a small re-
search community. Tools that would allow streamlined
analyses of mutation spectra from genome-wide sequencing
data and be accessible to a wider community could speed
up research in this area.
Galaxy is a web-based platform that allows the integra-

tion of complex programs or scripts built in any language
and accessible in a single web interface [14–16]. Tools can
be built so that users with no programming skills can per-
form complex analyses through a user-friendly graphical
interface.
Here we present a set of Galaxy tools named MutSpec

that offer an accessible framework for advanced analyses
of mutation spectra and signatures present in human
cancers or experimental systems. MutSpec expands on
existing approaches and methods and integrates scripts
developed in-house with publicly available R packages to
offer a user-friendly interface accessible to biologists with
no or limited bioinformatics skills. MutSpec is expected to
accelerate the interpretation of mutation patterns ob-
served in human cancers by facilitating their analysis by a
wider community and should thus contribute to the iden-
tification of new human carcinogens and to a better un-
derstanding of how these carcinogens impact the genome.

Implementation
Overview and code sources
MutSpec is an implementation of Perl and R scripts or
packages into several Galaxy tools designed to (1) anno-
tate genome variations (MutSpec-Annot), (2) filter and
parse list of variants (MutSpec-Filter and MutSpec-Split
respectively), (3) compute various statistics describing
mutation spectra features (MutSpec-Stat), (4) extract mu-
tation signatures defined by the six types of single base
substitutions (SBS) in their trinucleotide sequence context
(MutSpec-NMF), (5) compare the obtained signatures
with published ones (MutSpec-Compare). The tools are
designed to work in a logical sequence, using as input the
outputs of each preceding tool. A typical analysis work-
flow is shown in Fig. 1. The public packages used and the
Perl scripts that support each tool are described in Table 1.
The tools produce simple tab-delimited text files or
content-rich html pages with graphical representations of
the data and hyperlinks to underlying data. All figures and
tables that are produced by the different tools can be
downloaded as individual files. Format requirements and
details on the produced outputs are described below.

Data import and formatting
The first tool to be run is MutSpec-Annot. This tool will
retrieve different types of structural and functional

annotations that will be used by the other MutSpec
tools. MutSpec-Annot accepts variant call format (VCF,
version 4.1) files as well as tab-delimited text files that may
be obtained from popular sources such as the International
Cancer Genome Consortium (ICGC) or The Cancer
Genome Atlas (TCGA) data portals and Catalogue of
Somatic mutations in Cancer (COSMIC) database. The
minimal information required is, for each variant, the
chromosome number, the start genomic position, the
reference allele and the alternate allele. The columns
containing this information should have a header. There
are different supported names for these header columns
(case-sensitive names) that correspond to formats of data
retrieved from popular variant callers or public databases
(details provided in the tool interface). These four col-
umns may be in any order, and other columns may be
present. The additional columns will be kept in the output
file after the retrieved annotations. Galaxy automatically
recognises file formats, but if the format of the imported
files need to be corrected, it can be easily done by editing
the file attribute or by using the tool Convert (a default
tool available in Galaxy).
The output of MutSpec-Annot is a tab-delimited

text file. This file may be used as input of the tools
MutSpec-Filter and MutSpec-Split that both require a
tab-delimited text file as input. These later tools are
optional as the imported data may not need to be filtered
or parsed (see an example analysis further below). The
next tool to use is MutSpec-Stat that requires a dataset list
(also named ‘collection’) as input, a specific feature of
Galaxy. MutSpec-Stat is designed to calculate statistics
on mutation features for each individual samples as well
as on the sample pool. MutSpec-Stat generates an Excel
file (see Additional file 1 as example), with results of indi-
vidual samples in individual datasheets, and several html
pages showing summary results for each sample with links
to data downloads. MutSpec-Stat output can be used
directly with the tool MutSpec-NMF for extracting
mutation signatures. MutSpec-NMF also accepts a tab-
delimited matrix formatted as specified in the tool interface.
MutSpec-NMF output can be directly used as input of
MutSpec-Compare. MutSpec-Stat, −NMF and -Compare
produce results in graphical and tabular formats that can
be displayed as html pages or downloaded as tab-delimited
text files or images (Fig. 1).

Annotations, filtering and databases
MutSpec-Annot uses the ANNOVAR software [17] to
provide various functional annotations of variants, as well
as Perl scripts developed in-house to retrieve strand
orientation of transcripts and sequence context of variants.
ANNOVAR includes several databases and annotation
types for mouse and human genomes (required databases
and corresponding genomes are listed in Table 2), among
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50



which some are optional and some are required for
MutSpec tools to function properly. MutSpec has
been validated for hg19 and mm9 genome builds.
Other genomes and ANNOVAR databases may be
installed to retrieve additional annotations or study

other species based on user preferences. Database
updates are regularly provided by ANNOVAR, users
should thus check ANNOVAR website for these
updates and install them as needed (we created an
install file, listAVDB.txt that can be modified by the

VCF

One VCF with N samples OR

MutSpec-Annot

Split by sample /
Create a dataset 
collection

Extract mutational signatures
and cluster samples based
on their contribution

Compare signatures with 
reference signatures

Calculate statistics on 
variants & estimate the 
number of signatures

Annotate VCF(s)

Filter out polymorphic
sites

TAB

MutSpec-Filter
TAB

MutSpec-Split

MutSpec-Stat MutSpec-NMF MutSpec-Compare

Download Excel file with all 
computed graphs and tables 

VCFUpload file(s) into 
Galaxy

HTML

Multiple VCFs (1 sample per VCF)

TAB

TAB

HTML HTML

Input:

All graphs and tables can be downloaded as compressed (.zip) archives

Fig. 1 Overview of MutSpec tools and workflow. List of variants identified in a set of cancer samples may be imported as a single VCF files that
contains all samples (identified by a sample ID) or as multiple VCFs (one for each sample). The first tool to use is MutSpec_Annot for annotating
variants with structural and functional information. These annotations may be used to filter out variants that are known polymorphisms or located in
segmental duplication regions with the MutSpec-Filter tool. If a single VCF file containing several samples is uploaded, the MutSpec-Split tool should be
used to split data by sample using the sample ID. This tool generates automatically a dataset collection. If multiple VCFs are uploaded, MutSpec-Split
should not be run but the annotated VCF should be grouped in a dataset collection. MutSpec-Stat can then be run on the dataset collection to generate
various statistics on variants characteristics. These statistics may be visualized as graphs on html pages or downloaded as a single Excel file. The report
generated by MutSpec-Stat can then be used as input of MutSpec-NMF to extract mutation signatures present in the sample set. MutSpec-NMF
generates plots showing the identified signatures and the contribution of each signature to the mutation load of each sample. Finally,
MutSpec-Compare can be used to calculate cosine similarity values between the obtained signatures and a set of reference signatures (published or
user-defined). These results are shown as a heatmap
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Galaxy administrator to specify related databases and
reference genomes to be used).
Once variants are annotated, the MutSpec-Filter tool

may be used to filter out variants that are likely neutral
polymorphisms or that are contained in duplicated re-
gions of the genome. For the human genome, there are
currently three databases available for polymorphisms:
dbSNP (http://www.ncbi.nlm.nih.gov/SNP/), the 1000 ge-
nomes project (http://www.1000genomes.org/) and the
Exome Sequencing Project (ESP, http://evs.gs.washington.
edu/EVS/) databases. Users may filter against all three or
any of these databases. Filtering against dbSNP database
will remove all variants with an rs number (SNP ID). It is
important to note that ANNOVAR provides two versions
of dbSNP, dbSNP138 that includes all variants present in
dbSNP and dbSNPNonFlagged that includes only variants
that are frequent in human populations (>1 %) and that are
not flagged as “clinically associated” in dbSNP database.
We prefer to use dbSNPNonFlagged but users should de-
cide. Another caution about filtering with dbSNP concerns

the fact that rs numbers in dbSNP database may cor-
respond to several variants. Although ANNOVAR will
only identify exact match by taking into account not only
position but also nucleotide change, annotations
about a specific variant may not be accurate (more details
in: “Assigning dbSNP Identifiers” at http://annovar.
openbioinformatics.org/en/latest/articles/dbSNP). With
1000 genomes and ESP filters, the tool will remove
variants according to a predefined standard frequency.
To use different frequencies, it is recommended to use
other tools proposed in Galaxy. For the mouse genome,
there is currently only one SNP database available, dbSNP.

Statistics on variant features
MutSpec-Stat provides various statistics on the charac-
teristics of mutations observed in a human or mouse
sample or group of samples (see Table 3). Briefly, sum-
mary statistics include counts and distributions of over-
all mutation types (six types of SBS and indels) and their
functional impact (based on RefSeq annotations); the
distribution of SBS in different genomic regions or by
chromosome; counts and distributions of SBS in their
trinucleotide sequence context (96 mutation types) and
calculated on the genome sequence or only on transcribed
sequences (stranded analysis). The stranded analysis
calculates the strand bias for both the 6 and 96 types of
SBS. Statistical tests are applied for the stranded ana-
lysis (the significance of the differences between the
mutational frequencies on the non-transcribed and the
transcribed strand is assessed using a chi-squared test
followed by the Benjamini-Hochberg procedure for
multiple testing corrections), and for the chromosomal
distribution of mutations (a Pearson correlation coeffi-
cient is calculated to assess the correlation between

Table 1 Algorithms and code sources used in MutSpec

MutSpec-

Packages Version Annot Stat NMF Compare Source

Annovara June 2015 X - - - [17]

Statistics::Ra 0.33 - X - - http://search.cpan.org/~gmpassos/Statistics-R-0.02/lib/Statistics/R.pm#AUTHOR

Spreadsheet::WriteExcela 2.40 - X - - http://search.cpan.org/~jmcnamara/Spreadsheet-WriteExcel-2.40/lib/
Spreadsheet/WriteExcel.pm

ggplot2 1.0.1 - X X X http://ggplot2.org/

gplots 2.17.0 - X - - http://cran.r-project.org/web/packages/gplots/gplots.pdf

gtable 0.1.2 - X - - http://cran.r-project.org/web/packages/gtable/gtable.pdf

reshape 1.4.1 - X X X http://cran.r-project.org/web/packages/reshape/reshape.pdf

scales 0.2.5 - X X - http://cran.r-project.org/web/packages/scales/scales.pdf

gridExtra 0.9.1 - X X - http://cran.r-project.org/web/packages/gridExtra/gridExtra.pdf

NMF 0.20.6 - X X - [18]

getopt 1.20.0 - - X - http://cran.r-project.org/web/packages/getopt/getopt.pdf

lsa 0.73.1 - - - X http://cran.r-project.org/web/packages/lsa/lsa.pdf
aThese packages are developed in Perl while all other packages are developed in R

Table 2 List of databases and reference genomes

Reference genome Related databases Used in

hg19 refGene MutSpec-Stat

genomicSuperDups MutSpec-Filter

snp138 MutSpec-Filter

snp138NonFlagged MutSpec-Filter

1000 genome (ALL) MutSpec-Filter

esp6500siv2 (ALL) MutSpec-Filter

mm9 refGene MutSpec-Stat

genomicSuperDups MutSpec-Filter

snp128 MutSpec-Filter
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SBS counts and chromosome size). An option in
MutSpec-Stat is to compute statistics that can be used
to estimate the number of mutation signatures present
in the analysed dataset (an NMF R package is used
[18], see next section). Another option available is the
computation of statistics on the pooled samples.
The output of MutSpec-Stat is an html page that con-

tains links to summary results for each individual sample
and to an Excel file (called “Report”) that contains sam-
ple datasheets with all results displayed in various for-
mats (tables, heatmaps, bar graphs, matrices, WebLogo).
Each datasheet is named after the sample ID. It is of
note that because Excel has a limitation on datasheet
names, sample identifiers must be within a limit of 31
characters. All individual tables and graphs can also be
downloaded as individual files in a compressed archive.

Extraction of mutation signatures
MutSpec-NMF extracts the minimal set of mutation sig-
natures that optimally explains the proportion of each
mutation type (96 types represented by the 6 base sub-
stitutions in their trinucleotide sequence context) found
in each sample and then estimates the contribution of
each signature to each sample. MutSpec-NMF uses the
non-negative matrix factorization algorithm from Brunet
et al. [19] implemented in the NMF R package developed
by Gaujoux and Seoighe [18]. The Brunet algorithm has
been successfully used to extract mutation signatures from
somatic mutation data in human cancers [3, 8]. Here we
use the default algorithm of Brunet with the Kullback–
Leibler divergence penalty and a number of iterations set
to 200 in order to achieve stability of the results. The aim
of the method is to reduce the dimension of the original
data, with the caveat that the factorisation rank needs to
be specified. It is thus necessary to first estimate the fac-
torisation rank (number of expected signatures) for the
analysed dataset. This can be done with the option avail-
able in MutSpec-Stat that performs NMF with different
rank values (2 to 8 by default) and compute some quality
measures of the results, including the cophenic coefficient

and the rss curve. The NMF R package cited above is also
used to perform these analyses. The best rank value indi-
cated by the quality measures may be used as the number
of expected signatures in MutSpec-NMF as suggested by
the authors of the NMF package [18]. The calculation of
these statistics is optional in MutSpec-Stat because run-
ning NMF on a large dataset requires intensive computa-
tions (for estimating the rank value a total of 50 runs are
performed for each value while 200 runs are performed
for the full analysis). For reducing the computation time it
is recommended to use all available central processing
unit (CPU) on the machine where Galaxy is installed (to
be checked with the Galaxy administrator). The input
matrices for NMF are extracted from the output of Mut-
Spec-Stat, so that users can select a MutSpec-Stat report
as input. Users may alternatively use matrices imported
from other analyses as long as they are in the required for-
mat (the tool works with a tab-delimited text file or a
MutSpec-Stat report as input). For example, matrices ob-
tained from different MutSpec-Stat analyses may be com-
bined to run NMF on groups of samples that have been
analysed separately (see example in Additional file 2).
Results are shown graphically as bar charts represent-

ing the obtained signatures or showing the contribution
of each signature to the mutation load of each sample
(Fig. 1). This package also performs unsupervised hier-
archical clustering of samples based on mutation signa-
ture contributions. It should be noted that mutation
signatures are based on 96 SBS types, the current stand-
ard in the field that is used in the COSMIC database. It
does not allow deriving other types of signatures as it is
designed to produce signatures comparable to the ones
compiled in the COSMIC database and to produce pre-
formatted graphs.

Comparison of obtained signatures with published
signatures
MutSpec-Compare computes the similarity between the
signatures identified by MutSpec-NMF and a set of pub-
lished signatures using the cosine similarity method

Table 3 Analyses performed by the tool MutSpec-Stat

Analysis Table Graph Statistics

Overall mutation distribution - X -

Impact on protein sequence X X -

SBS type distribution X X -

Stranded analysis of SBS type distribution X X Chi-squared test

SBS distribution by functional region X - -

Strand bias by functional region X - -

SBS distribution per chromosome X - Pearson Correlation

Trinucleotide sequence context of SBS on the genomic sequence X X -

Stranded analysis of trinucleotide sequence context of SBS X X -
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implemented in the LSAfun R package [20]. This method
measures the similarity between two vectors of an inner
product space by calculating the cosine of the angle be-
tween them. The resulting values range between 0 and 1,
corresponding respectively to an absence or a complete
similarity. Results are displayed graphically as a heatmap
and provided as a tabular matrix. A cosine value above
0.9 can be considered as a good match. For the refer-
ence signatures, user may select the matrix provided
with the tool or their own matrix. The matrix pro-
vided includes 30 signatures published in the COSMIC
database (v72) [21] plus four experimental signatures
(methylnitronitrosoguanidine, aristolochic acid, benzo(a)
pyrene, activation-induced cytidine deaminase) previously
published in Olivier et al. [8]. As this tool requires two
text-tabulated matrices, users may also input matrices
produced by other tools as long as they are in the required
format.

Results and discussion
To illustrate MutSpec functionalities and show an example
of analysis workflow, we have analysed a public dataset
reporting mutation data on 106 cases of oral squamous
cell carcinomas (OSCC) from India [22]. The aetiology of
OSCC is linked to several risk factors, including tobacco
smoking, tobacco chewing, alcohol drinking, HPV infec-
tion and UV radiations. These risk factors vary between
different geographical regions, with tobacco chewing
being prevalent in the Indian population while the asso-
ciation with tobacco smoking and alcohol drinking play
major roles in Western countries. Tobacco and UV are
strong mutagens that create specific types of DNA
damage; one can thus expect to identify various mutation
signatures reflecting exposure to these mutagens in the
selected dataset. Screenshots of the following steps of
analyses are provided in Additional file 3 to illustrate
MutSpec functionalities.

OSCC data retrieval and annotation
Somatic mutation data were retrieved from the ICGC
data portal (ORCA-IN dataset, downloaded on June 2015).
The dataset was available as a tab-delimited text file
containing a single list of mutations for the 106 samples.
This list was uploaded in a Galaxy history. ICGC format-
ted files are supported by MutSpec-Annot so no further
formatting was needed.
The first step was to annotate the file with MutSpec-

Annot. Variants in OSCC-IN dataset were mapped to
the genome build hg19, we thus selected “hg19” as refer-
ence genome. Another option to specify is the length of
the sequence context to retrieve; here we chose 1 as we
are only interested in the trinucleotide sequence context
(one base on each side of the variant base). One output
file, OSCC-IN_annotated was thus created and appeared

in the history. We then proceeded to the next step, which
is to filter out potential polymorphisms with MutSpec-
Filter. We filtered against all databases but dbSNP. Al-
though the data analysed have been curated and thus
should have been already filtered, 673 (5 %) variants were
removed. Then, we used MutSpec-split to parse the file
into individual sample files using the sample ID column.
MutSpec-split automatically creates a collection of files,
so we obtained a dataset collection of 106 files.

Mutation spectra in OSCC
The dataset collection created by MutSpec-Split was then
used as input for MutSpec-Stat to generate statistics on
mutation spectra for each sample and to compute the
mutation matrix to be used for extracting mutation sig-
natures. We ran the tool with the “pool sample” option
in order to obtain statistics for the pooled samples. The
reference genome should be specified again at this step.
Finally, we also selected the option that calculates statistics
for estimating the number of signatures present in the
dataset. A summary of the results are shown in Fig. 2 for
the sample pool (see detailed results in Additional file 1).
The overall mutation pattern shows that the majority of
variants are non-synonymous SBS (Fig. 2a), and that
the most frequent SBS types are C:G > A:T followed by
C:G > T:A (Fig. 2b). The trinucleotide sequence context
distribution of these mutations show specific patterns,
with C > A occurring preferentially within 5’-GCN-3’
motifs and C > T within CpG sites (Fig. 2c). The third
most frequent SBS are C > G. Both C > G and C > T
occur preferentially within 5’-TCN-3’ motifs, suggesting
the presence of APOBEC-induced mutations [23].
Based on the cophenic and rss statistics calculated for
estimating the NMF factorization value, 4 signatures
may be present in this dataset as it is the first value for
which the cophenetic coefficient starts decreasing and
where the rss curve presents an inflection point
(Fig. 2d).

Extraction and identification of mutation signatures in
oral cancers
To analyse mutation signatures present in the dataset, we
ran MutSpec-NMF using the output report of MutSpec-
Stat and factorisation value was set to 4. We then com-
pared the obtained signatures with published signatures
using the tool MutSpec-Compare. Fig. 3a shows the 4
signatures obtained. Signature A matched best with sig-
nature 1 (Age), signature B with signatures 29 (tobacco
chewing) and 24 (aflatoxin), signature C with signature
7 (UV) and signature D with signature 13 (APOBEC)
(Fig. 3b). MutSpec-NMF also produces a graph showing
the total number of SBS per sample and the proportion
contributing to the 4 signatures (Fig. 3c). On this graph,
one sample is standing out with the largest number of
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SBS and a close to 100 % contribution to the UV signature
(sig 7). Finally, NMF clusters samples based on their signa-
tures composition. From these data, MutSpec-NMF pro-
duces a summary analysis that shows the number of
samples by cluster and the average contributions of each
signature in each cluster (Fig. 3d). In the 106 OSCC sam-
ples analysed here, we found one sample likely to be

related to UV exposure (high number of SBS correspond-
ing to the previously reported UV signature, sig.7) while a
majority of samples (N = 47) had a predominant signature
related to tobacco chewing and/or aflatoxin. Another large
set of samples (N = 41) had the age signature as the
predominant signature, and in a small number of sam-
ples (N = 17) the APOBEC signature was the most

Fig. 2 Mutation spectra in OSCC from Indian patients. Results for the pool of 106 samples are shown. a Distribution of variants (N = 13059) according to
their functional impact on protein sequences. b Stranded analysis of the 6 types of SBS showing counts for SBS with transcript annotations (N = 12789).
c Distribution of SBS according to their trinucleotide sequence context (SBS counts are indicated in parenthesis). d Plots of the cophenic and
rss analyses using a range of factorisation values (2 to 8). The solid lines represent the results obtained with the original data while the dotted
lines represent the results obtained with randomized data (original data are shuffled)
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A

B

C

D

Fig. 3 Mutation signatures in Indian OSCC and their suspected origin. Summary results of MutSpec-NMF and MutSpec-Compare analyses obtained on
the 106 OSCC samples. a Mutation signatures obtained by NMF with a factorisation value of four. b Comparison of the four OSCC signatures
(vertical axis) with 34 reference signatures (horizontal axis) using the cosine similarity method. The heatmap is color-coded according to the
cosine value that ranges from 0 to 1. Only reference signatures with a significant match (cosine > 0.9) are labelled. c Number of mutations
contributing to each of the four signatures identified, for each sample analyzed. d Average contributions of the four identified signatures to
the mutation load of clustered samples and number of samples by cluster
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prominent. Because the cases analysed are from India
where tobacco chewing is one major risk factor for oral
cancer, it is more likely that the signature B found here
is related to tobacco chewing and not aflatoxin. These
two signatures (24 and 29) are in fact very close (they
share several predominant C > A in specific contexts
due to similar mechanisms of the suspected underlying
carcinogens) and thus difficult to separate by NMF [5].
The fact that a majority of samples were found to carry
this signature confirms the major role of tobacco chew-
ing in the etiology of OSCC in India.
It should be noted that the NMF algorithm used in

MutSpec is not expected to give identical results to that
used by Alexandrov et al. which uses a complex sequence
of pre-filtering and bootstrapping in addition to the NMF
algorithm itself. However, certain features of the algorithm
used by Alexandrov et al. do not scale with sample size (in
particular setting all counts of less than 5 to zero) and are
therefore not well adapted to the small sample sizes found
in experimental studies or small to medium scale analyses
for which MutSpec is designed.

Performance
MutSpec may be used to analyse data from whole-exome,
whole-genome or targeted sequencing experiments per-
formed on human or mouse genomes. The tool manages
CPU usage to optimize performance in term of analysis
time. For example, to annotate a file with less than 5000
variants it will use one CPU, while for a file with more
than 100,000 variants it will use the maximal capacity
allowed by the Galaxy server administrator. For such a file,
using 24 CPU will take about 7 min, using 8 cores will
take about 14 min to annotate while it would take 4 h with
only one CPU. Computation of the statistics for estimating
the NMF factorisation value (option in MutSpec-Stat) and
for running MutSpec-NMF is also time consuming when
large number of samples are analysed. Here the tool will
use the maximum allowed CPU capacity.
There is no limit in the number of samples or mutation

per sample that can be analysed. However, the capacity to
open Excel files with large number of datasheets (over 500)
will depend on user’s computer settings and performance
(ie, a file with 530 samples takes 18 s to open up on a com-
puter with 2 GB of RAM). This limitation can be overcome
by adapting the design of the analysis workflow to limit the
number of samples included in one Excel file. All graphical
outputs generated by the tools can be downloaded as high
resolution images suitable for publication (300 dpi). Mut-
Spec toolbox is well documented with short descriptions of
input and output formats and options for each tool. While
the methods for defining and extracting mutation signa-
tures implemented in MutSpec correspond to current stan-
dards well accepted in the field, we will provide package

updates and upgrades reflecting progresses in the field,
such as new format or definition for mutation signatures.

Conclusions
MutSpec offers an easy-to-use framework for variant
annotation and statistical analyses of mutation patterns
from genome-wide data obtained from deep sequencing
experiments. It is based on the Galaxy open-source
framework that offers a powerful management system
for reproducible bioinformatics analyses. MutSpec accepts
the standard VCF format as input as well as any list of
variants in tab-delimited text format and implements
established methods. The example analysis presented
here illustrates the straightforward workflow and the
richness of the statistics and publication-grade graphics
produced by the tool. MutSpec is versatile as data from
both human and mouse and from different genome builds
can be analysed for easy comparison of human and ex-
perimental data. To our knowledge, MutSpec is the only
tool available as a graphical interface to researchers with
no computer programing skills or higher level of bioinfor-
matics expertise in the analysis of mutation signatures
present in cancer genomes. Given the positive feedbacks
from test users, we believe that MutSpec can be a very
useful tool for a large community in the field of genomics,
namely investigators interested in interpreting the muta-
tional processes that contribute to human carcinogenesis.

Availability and requirements
Project name: MutSpec
Availability: MutSpec package in the Galaxy toolshed

at https://toolshed.g2.bx.psu.edu/
Operating system(s): Linux.
Programming language: Perl (version 5.18.1), R (version
3.1.2), XML, HTML
Other requirements: Galaxy, ANNOVAR
License: GPLv2

Additional files

Additional file 1: Example of Excel file generated by MutSpec-Stat tool.
The data in this file correspond to the example analysis of OSCC described
herein. (XLS 37674 kb)

Additional file 2: Example of NMF analysis with combined matrices
from different analyses. Matrices from two different analyses may be
combined in a single matrix to analyse samples from analysis 1 and 2
together. This matrix should contain a header with sample IDs and have
96 rows describing the 6 SBS types in their sequence context. The matrix
should be formatted as tab-delimited text to be accepted as input of
MutSpec-NMF. (PPT 348 kb)

Additional file 3: Screenshots of MutSpec tools inputs and outputs in
Galaxy. (PPT 2468 kb)
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Paper 2 in brief

Aim Devise an experimental model of in vitro mutagenesis to investigate mutational

signatures of human carcinogens by exome sequencing.

Approach Exposing primary murine embryonic fibroblasts (MEF) cells to specific hu-

man carcinogens produces immortalised clones carrying mutations specific of the exposure

that can be studied with WES and dedicated bioinformatic tools.

Graphical summary
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Figure 16: Overview of MEF system and carcinogens mutational signa-
tures. A) Protocol used for MEFs immortalisation following carcinogens exposure
to obtain cell lines for WES. B) Mutational signatures of four human carcinogens
identified in MEFs and human tumours.
B[a]P: Benzo[a]pyrene, GBM TMZ: glioblastoma treated with temozolomide, MNNG: N-methyl-N’-
nitro-N-nitrosoguanidine, Skin SCC: skin squamous cell carcinomas, UTUC: upper tract urothelial
carcinoma

Novelty and highlights

• The MEF clonal immortalisation system is able to reproduce mutational signatures

observed in human tumours.

• This system is a cost-effective approach for investigating mutational signatures of

carcinogens.

• The assay can provide mechanistic evidence on the involvement of potential car-

cinogens in human tumour development.
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Modelling mutational landscapes of
human cancers in vitro
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Cancer Research Center (Deutsches Krebsforschungszentrum), D69120 Heidelberg, Germany, 3Genetic Cancer Susceptibility
Group, International Agency for Research on Cancer, 69008 Lyon, France, 4Department of Gastroenterology and Hepatology,
Graduate School of Medicine, Kyoto University, Kyoto 606-8507, Japan, 5Faculty of Medicine and Health, University of Leeds,
Leeds LS2 9JT, United Kingdom, 6Biostatistics Group, International Agency for Research on Cancer, 69008 Lyon, France.

Experimental models that recapitulate mutational landscapes of human cancers are needed to decipher the
rapidly expanding data on human somatic mutations. We demonstrate that mutation patterns in
immortalised cell lines derived from primary murine embryonic fibroblasts (MEFs) exposed in vitro to
carcinogens recapitulate key features of mutational signatures observed in human cancers. In experiments
with several cancer-causing agents we obtained high genome-wide concordance between human tumour
mutation data and in vitro data with respect to predominant substitution types, strand bias and sequence
context. Moreover, we found signature mutations in well-studied human cancer driver genes. To explore
endogenous mutagenesis, we used MEFs ectopically expressing activation-induced cytidine deaminase
(AID) and observed an excess of AID signature mutations in immortalised cell lines compared to their
non-transgenic counterparts. MEF immortalisation is thus a simple and powerful strategy for modelling
cancer mutation landscapes that facilitates the interpretation of human tumour genome-wide sequencing
data.

H
igh-throughput sequencing has shown that cancer genomes are riddled with somatic alterations, with
numerous tumour types harbouring hundreds to thousands of mutations. Bioinformatic analyses of this
massive catalogue in search of recurring mutations have substantially contributed to the identification of

most of the genes functionally impaired in cancer development1. The genome-wide human cancer sequencing
data also provide a powerful resource for investigating the nature of mutagenic insults that give rise to mutations
in human population2,3. However, what is lacking in order tomake optimal use of this resource for such a purpose
is a suitable database of experimentally induced mutations to test inferences that come from inspecting human
mutation patterns. It is well known that mutagenic factors, whether chemical or enzymatic, mutate DNA in
characteristic ways, thereby revealing clues to their identities. This principle was elegantly demonstrated decades
before the advent of new sequencing technologies in a wide variety of assays4,5. These assays, however, had one
feature in common that limited their scope. Mutations were typically scored in a single gene (allowing clonal
selection), or at best, in a discrete number of specific genes. Although data from such experiments have been
fundamentally important to biology, the tests were not designed to recapitulate or interpret the more complex
mutation profiles generated from genome-wide data. Genome-wide sequencing of cells exposed to sources of
mutation in a controlled fashion will now allow more comprehensive experimental investigations of the muta-
genic activities of human carcinogens.

This study aims to determine whether a simple experimental system using in vitro immortalisation of normal
mammalian cells would generate genome-wide mutation data relevant to human tumours. Immortalisation of
primary cells, notably murine embryonic fibroblasts (MEFs), has been used extensively as a powerful in vitro
model for exploring genetic control of cellular homeostasis and its disruption in disease6. Recent research in this
area has shown that various molecular pathways that control cellular senescence and become circumvented in
vitro to allow cell immortalisation are cancer gene pathways, including oncogenes and tumour suppressor genes
known to bemutated in human cancer7–9. Encouragingly, we showed in previous work that when carcinogens are
applied to Hupki MEFs (MEFs carrying normal human p53 sequences embedded in the Trp53 gene, human p53
knock-in) prior to senescence, emerging clonal cell lines harbour TP53 gene signature mutations characteristic of
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the carcinogens and consistent with TP53 mutations detected in
human cancers from exposed patient cohorts10–12.
In the present study, we expanded this approach by assessing

exome-wide mutation patterns in the Hupki MEF immortalisation
assay (Supplementary Fig. 1). We sequenced the exome of immor-
talised MEF lines established from primary cultures exposed to well-
known carcinogens and compared the mutation profiles obtained in
these assays to those observed in genome-wide data from human
tumours with related aetiologies. Mutation signatures derived from
these assays were also compared to currently known signatures in
human cancers2. Since the MEF in vitro immortalisation process has
parallels with the conversion of normal cells to tumour cells in vivo,
we also investigated alterations in specific driver genes that could
provide mechanistic clues to molecular events governing senescence
bypass and immortalisation. Finally, in a proof-of-concept experi-
ment devised to explore an endogenous process proposed to contrib-
ute to the human mutation load, we examined the effect of
activation-induced cytidine deaminase transgene (AID-Tg) express-
ion on the pattern of base substitutions that accumulate during MEF
immortalisation13.

Results
Genome-wide mutation spectra from immortalised MEF cell
lines. Genomic DNA isolated from primary MEFs and from
immortalised cell lines derived from MEF cultures exposed to
aristolochic acid (AA), ultraviolet light subclass C (UVC), the
alkylating agent N-methyl-N’-nitro-N-nitrosoguanidine (MNNG),
the tobacco mutagen benzo(a)pyrene (BaP), or unexposed cultures
(see Supplementary Table 1), were subjected to genome-wide
mutation profiling by whole-exome sequencing (WES) (see
Supplementary Fig. 1 for assay overview and Methods for WES
data processing and analysis). Two cell lines per exposure category
were investigated. As shown in Fig. 1, the patterns of mutations
found in the MEF cell lines were in marked concordance with
those observed in human tumours with aetiologies related to the
mutagens tested, and were as expected from previous knowledge
on the mutagenic properties of these particular exposures. In the
cell lines derived from AA-exposed cultures, the most frequent
type of mutation was A:T . T:A as in urinary tract urothelial
cancers (UTUC) from AA exposed patients (Fig. 1a), and a
significant strand-bias towards the non-transcribed strand was
observed for A . T (Table 1), in keeping with previous reports on
human UTUC fromAA-exposed patients14,15. In cell lines from BaP-
exposed cultures, the most frequent type of mutation was C:G.A:T
with a strand bias towards the non-transcribed strand for G. T as is
seen in lung cancers (Lung_Ca) from heavy smokers (Fig. 1b and
Table 1). In cell lines from MNNG-exposed cells, the most frequent
mutation type was C:G.T:Awith no significant strand-bias (Fig. 1c
and Table 1), consistent with the alkylating properties of this agent
and with the pattern observed in brain tumours from patients treated
with the alkylating agent temozolomide. In the cell lines from UVC-
exposed cultures, themost frequent type ofmutation was C:G.T:A,
as in skin squamous cell carcinomas (Skin_SCC), and with a strand-
bias of borderline significance (Fig. 1d and Table 1).
In addition to exogenous exposures, we assessed the effect of an

endogenous mutagenic process by analysing immortalised MEFs
harbouring a transgene expressing activation-induced cytidine dea-
minase (AID) (see Methods). In these cell lines, referred to as
HxAID-Tg, a predominance of C:G. T:A transitions was observed
(Fig. 1e), as expected from experimental studies on the mutagenic
properties of AID13,16. Finally, four immortalisedMEF cell lines from
untreated cultures were analysed to determine underlying mutagen-
esis in this model. Interestingly, the most predominant mutation
type was C:G . G:C (Fig. 1f) in all four cell lines, as has been
observed previously in the Trp53 gene of immortalised MEFs17.

The sequence context of mutations is an important feature of
mutation patterns because many mutagenic agents and processes
exhibit a preferred base context. We analysed the 59 and 39 base
context of mutations in all conditions described above. As shown
in Fig. 1, a previously described preferred sequence context for
each specific exposure was recapitulated in the MEF assay. Indeed,
A:T . T:A mutations occurred predominantly within a 59-CAG-39
motif, as in the selected human set (Fig. 1g) and as reported in other
published series14,15,18-20. For BaP exposure, C . A mutations
occurred most frequently in 59-CCN-39 triplets (corresponding to
59-NGG-39 for the complementary G . T), as in the human
lung tumour dataset (Fig. 1h). In cell lines from MNNG cultures,
C . T transitions with a C or T in 39 and any base in 59 were the
most frequent (corresponding to 59-(G/A)GN-39 for the comple-
mentary G.Amutations), observed also in recurrent glioblastomas
of temozolomide-treated patients (Fig. 1i). These mutations
occurred mainly outside CpG sites as expected. In the cell lines
derived from UVC treated MEF cultures, C . T changes within a
59-(C/T)CN-39 motif were the major events as seen in human skin
SCC (Fig. 1j). This context is expected from the published literature
on UVmutagenesis, which describes the highly characteristic altera-
tions at pyrimidine dimers induced by UV exposure. Interestingly,
the frequent C . G mutations found in the spontaneous lines
showed a preferred sequence context for 59-GCC-39 a signature that
was also present, although much less prominently, in most of the
other cell lines (Fig. 1l). Finally, in the spontaneously immortalised
lines from HxAID-Tg MEFs (Fig. 1k) the predominant C . T
changes were most frequently observed in a 59-GC(A/C/T)-39
sequence context, followed by 59-AC(A/C/T)-39. These findings
match the preferred contexts previously demonstrated for AID
activity21,22. The most frequent single base substitutions (SBS)
observed in human cancers and in mammalian evolution are
C. T transitions at 59-NCG-39 sites (CpGs). These mutations occur
following spontaneous deamination of 5-methyl-cytosines and result
inC.T transitions23. In the cell lines analysed here, CpGs accounted
for 25–30% of the C. Tmutations in the cell lines derived fromAA,
BaP and untreated MEF cultures, but for less than 15% of C . T
mutations in the MNNG, UVC or HxAID-Tg cell lines, which is
consistent with the treatment-specific sequence context of C . T
transitions in these latter cell lines.
Two types of statistical analyses were then applied to these data

(Fig. 2). Firstly, principal component analysis (PCA) was performed
to assess whether global mutation patterns obtained in the MEF
immortalisation assays can distinguish between cell lines obtained
from different treatments/conditions. Using percent frequency
values of the six mutation types in their triplet sequence context
(amounting to a total of 96 variables), the two first components
were able to discriminate the replicate cell lines according to each
specific treatment condition (Fig. 2a). When including the human
cancer datasets in the exposure model, we observed a good concord-
ance with the mouse datasets for most conditions, with the exception
of the UVC treatment which showed a broader confidence interval
(Fig. 2b). Secondly, themethod used by Alexandrov et al.24, to extract
signatures was adapted and applied to the 14 cell line data (see
Methods). Although this method is optimized for large datasets, it
could identify six signatures that corresponded to the six experi-
mental conditions (Supplementary Fig. 2) andwere concordant with
the mutation patterns shown in Fig. 1. The comparison of the MEF
experimental signatures with the 27 human-cancer derived signa-
tures reported by Alexandrov et al.2, showed high similarity between
the MNNG signature and Signature 11 (temolozomide), similarity
between the BaP signature and Signature 4 (smoking), and between
AID signature and Signature 19 (not identified) (Fig. 2c). No sim-
ilarity was found for the AA signature (patients with AA-associated
tumours were not analysed by Alexandrov et al.), or for the signature
observed in the spontaneous immortalised cell lines.
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Figure 1 | Mutation patterns derived from exome data obtained from MEF immortalised cell lines. Mutation type distributions (a–f) and sequence

context (g–l) of single base substitutions. For each treatment condition, data are shown for two independent immortalised cell lines and for a set of human

tumours related to the tested condition. In (a–f), the percentage of each substitution type is shown with the total number of mutations indicated in

parentheses. In (g–l), heat maps of mutation sequence context are shown. The percentage of each substitution type within a triplet sequence context is

colour-coded according to the percent values. Highly abundant mutations are represented in red and low abundance mutations are in yellow. (a,g)

Aristolochic-acid treatment (two left panels) and upper urinary tract human tumours (right panel) from patients exposed to AA. (b,h) Benzo(a)pyrene

treatment (two left panels) and lung adenocarcinomas (right panel) from heavy smokers. (c,i) N-methyl-N’-nitro-N-nitrosoguanidine treatment (two

left panels) and human recurrent glioblastoma treatedwith temozolomide (right panel). (d,j) UVC treatment (two left panels) and human skin squamous

cell carcinomas (right panel) (COSMIC v65). (e,k) AID transgene (two panels). (f,l) Data from four independent cell lines obtained by spontaneous

immortalisation of the Hupki MEF primary cells (Spont, no treatment).
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These results show that mutation patterns obtained in the MEF
immortalisation assay are specific to the exposure and can reveal
carcinogen-specific signatures that are relevant to human cancers.

Driver gene mutation status in immortalised MEF cell lines. The
cell lines from carcinogen exposure experiments chosen here for WES
studies harbour TP53 mutations that arose during immorta-
lisation of the primary cells. To investigate whether other cancer
driver genes were recurrently affected during the senescence bypass/
immortalisation process, we analysed the mutation status of other
established or putative cancer drivers, including all those defined as
oncogenes or tumour suppressor genes according to the ‘‘20/20 rule’’
formulated by Vogelstein et al.1, as well as genes encoding regulators
of the epigenome that have been described as a newly emerging class
of cancer driver genes1,25,26. Non-synonymous and truncating
mutations found in these selected driver genes are detailed in
Supplementary Dataset 1 and graphically summarized in
Supplementary Dataset 2. A number of genes in these functional
classes were found altered by mutations characteristic of the
exposure that cells underwent prior to immortalisation. Although
most genes were mutated only in one line, the Ep400, Dnmt1,
Kdm6b, Kmt2d, Arid1b and Arid2 genes were mutated in at least
two lines. Ep400 and Kmt2d in particular were mutated in four cell
lines. Ep400, a regulator of cellular senescence within the p53-p21
axis27, was affected by a truncating mutation in one line, and
Kmt2d carried three mutations in important functional domains.
The most unequivocal driver gene mutations were two activating
Ras missense mutations, highly recurrent in human cancers: the
(c.A182T/p.Q61L) Hras1 mutation in one AA cell line
corresponding to the HRAS mutation previously associated with
exposure to AA in humans and animal models14,18,28–30, and an
activating mutation in the Kras oncogene (c.A182G/p.Q61R)
identified in one of the UVC lines. Overall, these observations
suggest that the MEF immortalisation assay captures and selects for
driver gene mutations relevant to cancer biology, and are in keeping
with extensive literature on the impact of cancer-related genes on
senescence bypass, immortalisation and transformation of MEFs9,31.

Discussion
In this report we show that mutations acquired in MEFs during
establishment in culture and studied at the exome level reveal
patterns relevant to human cancers. While theMEF immortalisation

assay protocol has been shown previously to recapitulateTP53muta-
tion patterns in the context of specific carcinogen exposures10,11, we
demonstrate here that this assay is highly suitable as a selection
strategy to obtain a cell population harbouring a suite of base sub-
stitutions relevant to exome-wide mutation data derived from
human cancers. In principle, one single immortalised cell line pro-
vides information to identify a mutation signature, whereas many
cell lines would be necessary when interrogating a single gene such as
TP53. In practice, of course, WES on multiple cell line replicates per
exposure or condition is warranted and will be called for in extended
studies in the future to generate highly robust mutation signatures.
The scope of overlap between mutation patterns in human datasets
and immortalised MEF lines includes: (a) the global distribution of
mutation types, (b) the accumulation of mutations on the non-tran-
scribed strand (strand bias) for treatments with carcinogens known
to elicit transcription-coupled DNA repair, and (c) the sequence
context of the dominantmutation type. Thus, using four carcinogens
with well-known mutagenic properties, the predominant mutation
signatures we found with this model for the four tested carcinogens
were the ones expected for these mutagenic agents. Although we
analysed only two cell lines for each carcinogen, the expected signa-
tures were evident in single cell lines and were highly reproducible
between the two cell lines. The human tumour datasets used for
comparison with our in vitro data were selected from publicly avail-
able data and our selection was based on whether the suspected
aetiologies of the tumour sets were linked to the carcinogen tested
in MEFs. The most striking matching condition was the AA treat-
ment. In both human and in vitroMEF data, over 50% of mutations
were A. T transversions, with a significant strand bias of 251 and a
sequence context dominated by 59-CAG-39. The aetiology of the
tumours included in the human set has been clearly associated with
the AA exposure14. Since AA is a potent carcinogen that mainly
causes A. T transversions, enrichment of these somatic mutations
in exposed individuals is likely to reflect the insult of AA exposure.
The AA signature has not been found in any other cancer type so
far32. In the case of the in vitroWES data from cell lines arising from
MNNG-exposed cultures, the human set chosen for comparison
consisted of patients treated with the drug temozolomide, which, like
MNNG, is an alkylating agent. The global mutation type distribution
was strikingly similar between the mouse and human data and very
distinct from primary tumours of the same type but not exposed to
temozolomide (Supplementary Fig. 3). The MNNG signature was

Table 1 | Significance of the mutation strand bias for all mutation types in each experimental condition (ratio of the number of mutation on
the non-transcribed to transcribed strand and FDR q-values for significance)

SBS type Condition AA BaP MNNG UVC HxAID-Tg Spont

A:T . C:G
Ratio 1.0 1.1 1.1 1.0 1.0 1.4
FDR-q 1.000 0.881 1.000 1.000 1.000 0.277
Significance - - - - - -

A:T . G:C
Ratio 1.3 1.0 1.0 1.0 0.8 0.9
FDR-q 0.591 1.000 1.000 1.000 0.805 1.000
Significance - - - - - -

A:T . T:A
Ratio 2.1 1.5 0.5 1.1 1.1 1.6
FDR-q ,10–18 0.038 0.277 1.000 1.000 0.147
Significance *** * - - - -

C:G . A:T
Ratio 0.9 0.6 0.7 0.8 1.0 1.0
FDR-q 1.000 ,10–9 0.707 0.796 1.000 1.000
Significance - *** - - - -

C:G . G:C
Ratio 1.0 0.9 0.7 0.8 1.1 1.0
FDR-q 1.000 0.805 0.796 0.796 0.948 1.000
Significance - - - - - -

C:G . T:A
Ratio 2.2 1.1 1.0 1.3 1.0 1.1
FDR-q ,10–3 0.805 0.796 0.026 1.000 0.796
Significance *** - - * - -

Significance: * q , 0.05; ** q , 0.01; *** q , 0.001.
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also very similar to the temozolomide signature derived from
another set of temozolomide-exposed patients reported previously2.
This signature is thus highly specific for alkylating agents such as
MNNG and temozolomide. With respect to other exposures, it is

clear that human tumour development typically involves various
mutational mixtures and selection processes, resulting in a complex
picture of mutation signatures. These considerations may explain
why the tumour data from lungs of heavy smokers differ from the

Figure 2 | Analysis of mutation signatures derived from exome data obtained from MEF immortalised cell lines. (a) Principal component analysis

(PCA) of WES data using mutation signatures. PCA was computed using as input the frequency matrices of sequence context mutations (96 variables)

from cell lines immortalised following exposure of primary HupkiMEFs to a carcinogen (AA, BaP,MNNGorUVC), fromHupkiMEFs carrying the AID

transgene (HxAID-Tg) or from Hupki MEF-derived cell lines that immortalised spontaneously (Spont). Each sample is plotted considering the value of

the first and second principal components (PC1 and PC2). The percentage of variance explained by each component is indicated within brackets in each

axis. A 95% confidence ellipsis is drawn for each experimental condition and the empty squares indicate the respective centre of gravity. Cells and samples

are represented by round and squared solid symbols, respectively. (b) Same as in (a) but with the human tumour datasets (same as shown in Figure 1)

added to the input and labelled by arrows. HxAID-Tg samples are omitted in (b) as no corresponding relevant tumour data were identified. AAN_UTUC,

aristolochic acid nephropathy-related upper urinary tract urothelial carcinoma; GBM_TZM, glioblastoma after temozolomide treatment; Lung_Ca, lung

carcinoma; Skin_SCC, skin squamous cell carcinoma. (c) Graphical representation of the similarity distance of each of the sixMEF signatures (front-back

axis) to each of the 27 human cancer signatures2 (horizontal axis, 1A through U2). The vertical axis measures the similarity of signatures between the two

systems, expressed as negative log(tan(angle), see Methods. Negative values below the x-z plane correspond to angles.45u and represent dissimilarity,

and are thus not shown.
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in vitro data from BaP exposure with respect to the less prominent
mutation types. Tobacco smoke contains a highly complex mixture
of carcinogens. Nevertheless, the BaP signature derived from the in
vitro assay exhibited similarity with the human tumour-derived
smoking signature reported previously2, suggesting that BaP and
possibly other smoke components that have similar mutagenic prop-
erties constitute one of the main carcinogenic insults responsible for
the smoking signature observed in human tumours. The dataset
from tumours associated with UV exposure was the most distant
from the signature obtained in vitro, although the expected C . T
mutations within a 59-(C/T)CN-39 context were prominent in both
sets. There are several possible explanations, such as the technical
aspects of the experimental procedure in vitro, or the mutagenic
activities of sunlight compared to UVC alone. These results are
reflected in the principal component analysis that showed the closest
relationship between human and MEF data for AA and BaP and a
more distant relationship for UVC. In addition to exogenous expo-
sures, the spontaneous decay of DNA is a well-known cause of the
human mutation load33 and the deregulation of endogenous cellular
enzymes that accelerate the accumulation of sequence changes is
becoming of increasing interest to cancer biologists. It is a consid-
erable challenge, however, to determine the relative contributions of
different DNA metabolism pathways to genetic alterations observed
in human cancers, and to understand the factors that may result in
the deregulation of normal processes governing DNA integrity.
Recently the APOBEC/AID families of cytidine deaminases have
come under scrutiny because of their potential roles in cancer as
endogenous sources of mutation in various cancer types2,34,35. AID,
which is normally expressed in B-lymphocytes, has been proposed as
a possible source of mutagenic activity in the development of various
inflammation-associated cancer types when expressed inappropri-
ately36,37. An early investigation on mutation patterns produced by
AID in a single reporter gene showed a strong C . T mutation
signature as anticipated16, and there are now many studies exploring
the impact of ectopic AID expression on cancer development13. Here
we compared the sequence changes during immortalisation of MEFs
harbouring a constitutively active AID transgene withMEFs that did
not carry the transgene. The AID signature mutation was easily
captured by this strategy, providing a proof-of-concept demonstra-
tion of the applicability of this approach to investigating endogenous
mutagenesis. Interestingly, the in vitro AID signature showed some
similarity with one of the signatures found in pilocytic astrocy-
toma2,34,35, but was not represented in other cancer types and had
no similarity to two previously reported APOBEC signatures2,34,35.
The full role of AID in shapingmutation patterns in humans remains
to be investigated.
Surprisingly, the analysis of spontaneously immortalised cell lines

from untreated cultures showed a strikingly high frequency of C.G
mutations in the 59-GCC-39 sequence context, also present (albeit at
lower and variable frequency) in all cell lines (Fig. 1 and
Supplementary Fig. 2). A high frequency of C . G mutations in
the p53 gene was observed previously in both Hupki MEFs (with
human TP53 sequences) and MEFs with the murine Trp53 gene17.
Our WES results show that this phenomenon is global and may be
due to specific mutagenic pressures inherent to the experimental
conditions. GeneOntology Biological Process analysis of genes affec-
ted by non-synonymous C . G mutations in the spontaneously
immortalised cell lines identified 11 genes involved in regulation of
apoptosis/programmed cell death (GO 0042981; GO 0043067) as
high scoring categories (enrichment p-value , 0.05, Fisher’s exact
test, Supplementary Table 2), a finding consistent with the cultures
overcoming senescence, and with individual cells acquiring immor-
talised properties. This signature did not show any similarity to those
reported by Alexandrov et al.2. Although C.Gmutations have been
associated with two signatures linked to APOBEC activity in human
cancers2, they occur in a different sequence context of 59-TCA-39. A

recent genome-wide analysis of gingivo-buccal oral SCC from Indian
patients reported a high frequency of C.Gmutations (although the
sequence context was not reported) in three tobacco users carrying a
high mutation load in their tumours38. These authors proposed that
the unexpectedly high numbers of C. G mutations in their sample
set may be caused by oxidative damage. The DNA lesion 8-oxogua-
nine caused by exposure to reactive oxygen species39,40 can lead to this
transversion. The elevated numbers of C. G substitutions in spon-
taneously immortalising MEFs may be a cell culture artefact caused
by high oxygen levels of standard incubation conditions, and cultur-
ing the cells at physiological levels of oxygen can test this premise.
Further investigation of the origin of these C.G substitutions in the
MEF in vitro assay is warranted.
Although the number of cell lines analysed in the present study is

limited, we identified several recurrently mutated genes among
oncogenes and tumour suppressor genes classified as cancer drivers,
or regulators of the epigenome, an emerging new class of potential
driver genes. We note, however, that most of these mutations are
likely to be passenger events occurring in the MEF immortalisation/
transformation process, analogous to observations in human can-
cers. Interestingly, while mutations in all categories of genes but
histone genes were observed in the carcinogen-exposed lines, the
HxAID-Tg cell lines accumulated mutations mainly in histone genes
(SupplementaryDatasets 1 and 2). A study to explore the reasons for
this observation will require larger numbers of immortalised cell
lines both with and without the AID transgene. The p53 status of
emerging immortalised cells may also influence the subset of target
genes subsequently mutated and selected for, but again, to address
this speculation properly, an extensive set of cell line replicates will be
needed.
Exome-wide analysis of MEFs thus joins epigenetic profiling and

senescence bypass screens in the modern assembly of in vitro tools to
elucidate cancer biology9,41. Analysis of more cell lines and detailed
functional analyses of the specific mutations will be important in
order to distinguish driver from passenger mutations in WES-MEF
studies in a robust, statistically soundmanner. Analysis of indels will
be considered in future studies with more cell line replicates as the
number of indels called in the current sample set was too small to
derive meaningful interpretations of how indels might contribute to
particular mutational signatures. The analyses of indels might also
provide a more complete picture of mutations in tumour suppressor
genes as this type of cancer gene is more often altered by indels. The
present study is limited to a small number of cell lines, and these have
acquired typical human tumour TP53 mutations during immortali-
sation. The p53 gene mutation is the most common specific altera-
tion known to drive senescence bypass and immortalisation of
MEFs42,43. It will be interesting to investigate to what extent the
p53 status influences global mutation patterns and the subset of
mutated driver genes by comparing WES data from cell lines retain-
ing the wild-type p53 gene sequence with cell lines that have acquired
p53 mutations typical of human tumours.
In summary, the present study demonstrates the potential of the

MEF immortalisation assay to reveal mutation signatures of human
carcinogens. Although the use of mouse cells can be seen as a lim-
itation because of differences in metabolism and DNA repair
between humans and mice, in vitro cell models offer various strat-
egies to accommodate or even exploit these distinctions, such as
the addition of human liver microsomes to the culture, or breeding
of mice with transgenic or knock-in strains expressing human
genes to investigate various parameters relevant to a particular can-
cer risk factor. The ability of the MEF immortalisation model to
recapitulate human carcinogen mutation signatures observed from
whole-genome analysis of human tumours suggests that the model
can provide important clues about the involvement of potential car-
cinogens in instances where aetiological and mechanistic evidence is
deficient.
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Methods
HupkiMEF cell lines. This study included immortalised MEF cell lines derived from
primary cultures exposed to carcinogens that were reported previously
(Supplementary Table 1 and references therein). They were generated following a
procedure referred to in the literature as the 3T3 protocol44, with minor adaptations.
Briefly, fibroblasts from 13.5-day old Trp53tm/Holl mouse embryos harbouring a
knock-in humanised version of the p53 gene (Hupki MEFs) were seeded into six-well
plates, exposed to cancer agents or solvent during early passages, and maintained in
culture with occasional passaging until cultures emerged from senescence.
Immortalised cultures were passaged at low density for several passages thereafter,
prior to screening for the presence of a heterozygous or homo/hemizygous TP53
mutation, and their designation as established cell lines. Cell lines chosen for the
present analysis had acquired a dysfunctional TP53mutation during immortalisation
(Supplementary Table 1). Acquisition of Trp53 gene mutations frequently occurs
during senescence bypass and establishment in culture10,17,42,43 providing a convenient
way to assess the identity and clonal origin of the immortalised cultures.

Cell lines with the AID transgene were established for the present study by crossing
Hupki mice45,46 with AID transgenic mice47. From the interbred colony, we harvested
MEFs from embryos homozygous for the (non-mutated) knock-in TP53 allele and
either with or without the transgene (referred to as HxAID-Tg and MEFs respect-
ively). T12.5 flasks (6 per MEF genotype) were seeded with 53 104 cells and cultured
until the cells emerged from senescence, regained uniform morphology, and could
sustain repeated passaging at .1510 dilution. Genomic DNAs from two immorta-
lised cell lines per condition (independent biological duplicates) were prepared for
WES analysis.

DNA preparation andWES.Genomic DNA (gDNA) was extracted from cells using
DNeasy blood and tissue kit (QIAGEN) and checked for purity, concentration, and
integrity by OD260/280 ratio using NanoDrop Instruments (NanoDrop
Technologies, Wilmington, DE, USA) and agarose gel electrophoresis. DNA was
sheared by fragmentation by Covaris (Covaris, Inc., Woburn, MAUSA) or Bioruptor
(Diagenode, Inc., Denville, NJ, USA) and purified usingAgencourt AMPure XP beads
(Beckman Coulter, Fullerton, CA, USA). DNA samples were then tested for size
distribution and concentration using an Agilent Bioanalyzer 2100 or Tapestation
2200 and by OD260/280 ratio. Fragment ends were repaired and Illumina libraries
were generated using NEBNext reagents (New England Biolabs, Ipswich, MA, USA).
Libraries were then subjected to exome enrichment using SureSelect XT Mouse All
Exon Kit (Agilent Technologies, Wilmington, DE USA) following manufacturer’s
instructions. Enrichment was verified by qPCR and the quality, quantity and
fragment size distribution of DNA determined by an Agilent Bioanalyzer or
Tapestation. The libraries were sequenced in paired-end 100 nucleotide (nt) reads
using the Illumina HiSeq2500 platform according to manufacturer’s protocols.

MEF whole-exome data processing. All FASTQ files were analysed with FastQC to
check sample homogeneity and quality. The FASTQ sequences were next aligned to
the mm9 mouse reference genome with Burrows-Wheeler Aligner (BWA, version
0.7.5a) and the resulting SAM file was sorted and compressed in BAM format using
Picard SortSam (version 1.98). Duplicate reads in the resulting BAM files were flagged
with PicardMarkDuplicates. Local realignment around indels was performed in three
steps: firstly, creation of a table of possible indels using GATK (version 2.7-2)
RealignerTargetCreator, secondly, realignment of reads around those targets with
GATK IndelRealigner, and lastly a correction of mate pair information was done
using Picard FixMateInformation. The base quality score recalibration required two
steps: first to generate a recalibration table with GATKBaseRecalibrator, then to print
reads based on the previous table with GATK PrintReads. An average of 58.8 million
reads (100 bp)were sequenced per sample, of which 98%weremapped, 77% on target
with a mean coverage of 61 (see Supplementary Table 3 for detailed metrics of
sequencing quality and coverage). The recalibrated BAM files were used to call
variants with MuTect software (version 1.1.4) using default parameters (including
reads quality .20 and calls made only if the position has at least 14 reads in the
tumour sample and at least 8 reads in the normal sample). As MuTect is tuned to
perform normal/tumour comparison, primary cell cultures were used as ‘‘normal’’
samples and immortalised cell lines as ‘‘tumour’’ samples. Each immortalised cell line
was compared to two primaryMEF cultures and only the overlapping calls were taken
into consideration to maximize the chance of robust variant calls and to exclude
potential polymorphisms.

Human genome-wide sequencing datasets. Publicly available somatic mutation
data obtained from whole-genome or whole-exome sequencing of human tumours
were retrieved from the Catalogue Of Somatic Mutations In Cancer (COSMIC)
database or original papers (selecting only SBS): a set of 14,715 substitutions reported
in 19 UTUC samples from AA-exposed patients14; a set of 6,066 substitutions
observed in seven primary skin squamous cell carcinomas (COSMIC v67); a set of
3,026 mutations observed in 10 primary lung adenocarcinomas from heavy
smokers48; a set of 10,455 mutations observed in eight glioblastomas recurring in
patients treated with temozolomide49; a set of 288 mutations observed in eight
primary astrocytomas49; and a set of 378 mutations observed in four primary
glioblastomas50.

Annotations of mutation data. For all datasets (MEF and human sets), the
chromosome number, genomic coordinates, reference and mutated nucleotides were
extracted for each variants. Variants were annotated with AnnoVar (version

2013aug23) using refGene, knownGene, ensGene, cytoBand, genomicSuperDups,
and dbSNP128 databases for the mm9 mouse genome build. The human sets were
annotated using additional databases: gwasCatalog, 1000 Genomes Project, NHLBI
GO Exome Sequencing Project (ESP), COSMIC, dbSNP137 (hg19 build), and
PolyPhen and SIFT databases for predicting the functional impact ofmutations. Gene
strand orientation was retrieved from the UCSC Genome Browser database using a
Perl script developed by Heng Li at the Sanger Institute. Mutations were included in
the analyses only if they could be successfully annotated. Variants present in the
dbSNP128 polymorphism database were excluded. The comprehensive lists of all SBS
identified in allMEF conditions and SBS fromhuman tumour datasets are available as
Supplementary Dataset 3.

Functional annotation analysis. A comprehensive list of established cancer driver
genes (oncogenes and tumour suppressor genes) and candidate drivers coding for
modifiers of DNA, histones and regulators of chromatin structure was assembled
from literature and somaticmutation databasemining1,25,26. Selected gene classes were
annotated with functional domain information obtained from the UniProt and
ENSEMBL databases. The comprehensive list of functional gene classes was matched
against genes withmutations found in allMEF cell lines. Non-synonymouslymutated
genes were further selected, considering both exposure-specific alterations and any
other mutation type. Human orthologues of the selected genes were examined in the
COSMIC database for frequency of mutations in human tumours. For oncogenes,
positions corresponding to non-synonymous mutations in MEFs were identified in
human orthologues and investigated for mutation status in the COSMIC database.
Gene Ontology Biological Process analyses were performed with the NIH DAVID
web tool using default settings.

Statistical analyses. Statistical analyses were performed using the free R software (R
Core Team, 2013) v3.0.2 or Excel. For the strand bias analyses, the statistical
difference in the number of SBS between the non-transcribed and the transcribed
strand was evaluated through the Pearson’s x2 test, using the prop.test function
available in the stats R package. The test evaluated, for each experimental condition,
whether the proportions of SBS in the non-transcribed strand differed from 0.5,
which is the expected value by chance. As multiple conditions were assessed in
parallel, a false discovery rate (FDR) correction was applied using the p.adjust
function from the stats R package.

For analyses of mutation signatures, mutations were classified into 96 types
determined by the six possible substitutions (A:T . C:G, A:T . G:C, A:T . T:A,
C:G. A:T, C:G. G:C, C:G. T:A) and the 16 combinations of flanking (59 and 39)
nucleotides. First, a PCA analysis was performed using as input the 96 variables. A
95% confidence interval was computed, including either only MEF samples or MEF/
human data, to define the limits on the PCA plot for each experimental condition.
Such analysis was performed based on the available functions in the FactoMiner
package available in the Bioconductor repository (R package version 1.25. http://
CRAN.R-project.org/package5FactoMineR). Second, the catalogue of experimental
mutations defined by their 96 types was decomposed into signatures using the non-
negative matrix factorisation algorithm of Brunet with the Kullback-Leibler diver-
gence penalty24,51. The number of signatures was pre-set to six (the expected number
of signatures based on the number of conditions) but the process was otherwise
unsupervised: no information regarding exposures was used for the extraction of the
signatures. To evaluate the similarity between the signatures from the cell lines and
from human tumours by Alexandrov et al.2,24, each signature was represented as a
vector in 96-dimensional space. The tangent of the angle between each pair of vectors
was taken as the distance metric: the tangent transformation serving to expand the
scale to compensate for the geometry of high-dimensional space. This distance was
used to compute the grid of distance from each of the sixMEF signatures to each of the
27 human signatures and converted for presentation to a similarity matrix by taking
the negative log of the distance with negative values (angles .45u) suppressed.
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Paper 3 in brief

Aim Devise a method for detecting the aristolochic acid (AA) mutational signature in

archived tumour samples.

Approach Design a low-coverage whole-exome sequencing (LC-WES) approach, using

approximately 10x coverage, optimised for DNA tumour samples of limited quantity and

quality extracted from formalin-fixed paraffin-embedded (FFPE) urothelial carcinoma tis-

sues.
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Figure 17: Mutational signatures in urological tumours analysed by LC-
WES. Aristolochic acid signature (Sig AA) was found in 11 patients along side with
the age (Sig Age) and APOBEC enzyme activity (Sig APOBEC) signatures. Bar
graphs in the right panel show the contribution (expressed in %) of each signature to
the mutation load in each individual tumour sample.

Novelty and highlights

• Low coverage sequencing, at around 10x (as opposed to conventional 50-100x), can

successfully detect AA mutational signature in archived samples.

• LC-WES provides molecular evidence of AA exposure using limited DNA material.

• Cost-effective molecular epidemiology methodology for investigating AA exposure

in human cancers.
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Research Article

Low-Coverage Exome Sequencing Screen in
Formalin-Fixed Paraffin-Embedded Tumors
Reveals Evidence of Exposure to Carcinogenic
Aristolochic Acid
Xavier Castells1, Sandra Karanovi�c2, Maude Ardin1, Karla Tomi�c3, Evanguelos Xylinas4,
Geoffroy Durand5, Stephanie Villar1, Nathalie Forey5, Florence Le Calvez-Kelm5,
CatherineVoegele5, Kre�simir Karlovi�c3,MajaMi�si�c3, Damir Dittrich3, IgorDolgalev6, James
McKay5, Shahrokh F. Shariat4, Viktoria S. Sidorenko7, Andrea Fernandes7,
Adriana Heguy6, Kathleen G. Dickman7,8, Magali Olivier1, Arthur P. Grollman7,8,
Bojan Jelakovi�c2, and Jiri Zavadil1

Abstract

Background: Dietary exposure to cytotoxic and carcinogenic
aristolochic acid (AA) causes severe nephropathy typically asso-
ciated with urologic cancers. Monitoring of AA exposure uses
biomarkers such as aristolactam-DNA adducts, detected by mass
spectrometry in the kidney cortex, or the somatic A>T transversion
pattern characteristic of exposure to AA, as revealed by previous
DNA-sequencing studies using fresh-frozen tumors.

Methods: Here, we report a low-coverage whole-exome
sequencing method (LC-WES) optimized for multisample detec-
tion of the AAmutational signature, and demonstrate its utility in
17 formalin-fixed paraffin-embedded urothelial tumors obtained
from 15 patients with endemic nephropathy, an environmental
form of AA nephropathy.

Results: LC-WES identified the AA signature, alongside signa-
tures of age and APOBEC enzyme activity, in 15 samples
sequenced at the average per-base coverage of approximately

10�. Analysis at 3 to 9� coverage revealed the signature in
91% of the positive samples. The exome-wide distribution of the
predominant A>T transversions exhibited a stochastic pattern,
whereas 83 cancer driver genes were enriched for recurrent non-
synonymous A>T mutations. In two patients, pairs of tumors
from different parts of the urinary tract, including the bladder,
harbored overlapping mutation patterns, suggesting tumor dis-
semination via cell seeding.

Conclusions: LC-WES analysis of archived tumor tissues is a
reliable method applicable to investigations of both the exposure
to AA and its biologic effects in human carcinomas.

Impact: By detecting cancers associated with AA exposure in
high-risk populations, LC-WES can support future molecular
epidemiology studies and provide evidence-base for relevant
preventive measures. Cancer Epidemiol Biomarkers Prev; 24(12); 1873–81.
�2015 AACR.

Introduction
The International Agency for Research on Cancer (IARC) clas-

sified aristolochic acid (AA) as a group 1 carcinogen (1). Exposure
to AA, following intake of Aristolochia herbaceous plants as tra-
ditional medicines or due to consumption of bread from flour
contaminated by Aristolochia seeds, can lead to AA nephropathy
(AAN). AAN is a progressive tubulointerstitial nephropathy with
high risk of developing upper tract urothelial carcinoma (UTUC;
refs. 2–5). In addition, recent studies proposed AA as a factor
contributing to the development of hepatocellular (6–8), renal
cell (9, 10) and urinary bladder carcinomas (11), and intrahepatic
cholangiocarcinoma (12). Given this growing spectrum of AA-
associated tumor types, AA exposure detection methods for
screening of disease-risk populations are of key importance.

Following metabolic activation of AA, aristolactam (AL)-DNA
adducts accumulate in theproximal tubulesof the renal cortex and
are used as biomarker of exposure (4, 13, 14). AL-DNA adducts
maypersist for over 20 years after the exposure had ceased (15, 16)
and can be measured by 32P-postlabeling (14, 17) or by ultra-
performance-liquid chromatography-electrospray ionization-
multistage scan mass spectrometry (UPLC-ESI-MS/MSn), both
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applicable to formalin-fixed paraffin-embedded (FFPE) tissues
(16, 18, 19). However, the 32P-postlabeling method lacks spec-
ificity, and access to the UPLC-ESI-MS/MSn methodology and its
optimization for biomaterial of low quantity are limiting factors.

DNA sequencing established a characteristic AA mutational
signature marked by accumulation of A>T transversions within
the 50-Pyr-A-Pur-30 sequence context (enriched for 50-CpApG-30),
preferentially located on the nontranscribed strand (8–10, 20,
21). In cancers not associated with AA, such A>T transversions are
infrequent (22, 23).

We exploited the unique features of the AA mutational signa-
ture to devise a sensitivemethod for AA exposure detection, based
on low-coverage whole-exome sequencing (LC-WES, at approx-
imately 10� in contrast with the conventional 100� coverage),
optimized for analysis of tumor-specific DNA of limited quantity
and integrity extracted from archived FFPE tissues. The studied
urothelial tumor samples originated from a well-characterized
population residing in the endemic nephropathy (EN) regions of
Croatia and Bosnia andHerzegovina (13), with EN being thus far
the only recognized environmental form of AAN (4, 24). For the
first time, we report in the urothelial tumors of EN patients the
genome-wide signatures of AA, age, and APOBEC cytidine deam-
inase activity, thereby extending previous mutational analyses of
this population based solely on themutations of the TP53 tumor-
suppressor gene (4, 13, 25). In addition, we demonstrate the
ability of LC-WES to elucidate the impact of the AA mutation
spectra on key homeostatic biologic pathways and to reveal
possible mechanisms of tumor dissemination along the urinary
tract.

Materials and Methods
Patients and tumor samples

Exposure to AA was investigated in 15 patients with urothelial
tumors, diagnosed with EN following established criteria
(13, 26). As controls, UTUC samples were obtained from 4
patients from a metropolitan area of the United States, unlikely
exposed to AA. All specimens were FFPE-converted in the histo-
pathologic laboratories of the participating centers. The involved
anatomical sites were renal pelvis, ureter, and bladder (ICD-10
codes C65, C66, and C67, respectively). Clinicopathologic fea-
tures andAristolochia exposure history are listed in Supplementary
Table S1. The studyprotocols includedpatients' informed consent
and were approved by the IARC Ethics Committee and the
Institutional Review Boards of the participating institutions.

DNA isolation from paraffin sections
Hematoxylin and eosin preparations of the paraffin block

sections were used to identify tumor tissue free of necrotic areas.
The tumor cell areas were measured by ImageJ software (27). Ten
micromolar sections, cut with the Leica RM 2145 microtome
(Leica Microsystems), were used to macrodissect the tumor-
enriched areas and isolate genomic DNA yielding 1 to 2 mg (5 to
10 ng/mm2) per sample. Before DNA isolation, slides were
deparaffinized for 5 minutes in 100% xylene, kept for 5 minutes
in absolute ethanol, 5minutes in 85% ethanol, 5minutes in 75%
ethanol and stored inmilliQwater.DNA isolationwas done using
the QIAamp DNA FFPE Tissue Kit (Qiagen) following the man-
ufacturer's protocol. DNA yields and concentrations were mea-
sured using the Picogreen assay (LifeTechnologies) and Fluoros-
kan Ascent FL microplate fluorometer (Thermo Fisher Scientific).

DNA purity was evaluated by the NanoDrop 8000 spectropho-
tometer (Thermo Fisher Scientific), andDNA integrity assessed by
0.8% agarose gel electrophoresis.

AL-DNA adduct analysis and TP53 resequencing
DNA was isolated from the renal cortex and tumor tissues by

standard phenol-chloroform extraction techniques. The level of
AL-DNA adducts in the renal cortex DNA (10–20 mg) was deter-
minedusing 32P-postlabeling PAGE, as previously described (13).
The TP53-specific mutations were identified using the AmpliChip
p53 Research Test (Roche Molecular Diagnostics), sensitively
detecting all single base-pair substitutions and single-base dele-
tions (13).

WES library preparation, exome capture, and sequencing
Two hundred and fifty (250) ng of genomic DNA was sheared

by the adaptive focused acousticsmethod (Covaris, Inc.) to obtain
approximately 300 bp fragments, with water temperature of 4�C,
one cycle at 175 Watt peak power, duty factor 10 and 200 cycles
per burst. Resulting fragment size was assessed using the 2100
Bioanalyzer andHigh Sensitivity DNAKit (Agilent Technologies).
The sheared DNAwas converted into libraries using the Kapa LTP
Library PreparationKit (KapaBiosystems). Briefly, the fragmented
DNA was subjected to end repair reaction followed by poly-A-
tailing and adapter ligation, excess adapters removed by Agen-
court AMPure XP beads (Beckman Coulter). Eight cycles of PCR
were performed to amplify the libraries with correct adapters on
both ends. Four libraries (250 ng each) were pooled per exome
capture with the Nimblegen SeqCap EZ Exome reagent. Exome-
enrichedmixes were PCR-amplified in 10 cycles, post-enrichment
libraries pooled in 420 mL of water to a final concentration of
6 pmol/L. This volumewas divided and loaded in two lanes of the
rapid run mode flow cell for cluster generation and sequencing
on the HiSeq2500, in a paired-end 50 bp cycle run. Multiplexing
16 samples per run resulted in the target coverage of approxi-
mately 10�.

Four additional EN UTUC samples and two UTUC samples
from themetropolitanUnited Stateswere analyzed in a validation
assay using the SOLiD 5500XL sequencer (Life Technologies). See
Supplementary Methods for details.

Raw HiSeq2500 sequencing data were deposited to the
Sequence Read Archive (SRA) of the National Center for Biotech-
nology Information (NCBI) repository (ID SRP042035) to
become available from theNCBI's dbGaP database. The annotated
list of single-base substitutions (HiSeq2500 data) is provided in
Supplementary Table S2.

Sequencing data analysis
FastQ reads were aligned to the human genome (hg19) using

Burrows–Wheeler Aligner. Realignment and base quality score
recalibration was done by the Genome Analysis Toolkit (GATK)
and the duplicate-read removal by Picard. GATKHaplotypeCaller
was used to call variants subsequently annotated on the RefSeq
Gene transcript contents by ANNOVAR (28). Polymorphisms
present in normal population and removed from our data orig-
inated from these collections: 1,000 genomes (1,000 g, http://
www.1000genomes.org/), Exome Sequencing Project (ESP,
http://exome.gs.washington.edu/) and the SNP database build
137 (dbSNP, http://www.ncbi.nlm.nih.gov/SNP/). We removed
variants with frequency above 0.1% in either the 1,000 g or ESP
databases, or annotated in the dbSNP database, or present in a
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custom germline variant catalog built from 560 cases from The
Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov/).
Variants mapping to repetitive sequences contained in the geno-
mic segmental duplication database (29) alongside variants with
�90% homology with multiple regions were excluded. R func-
tions were developed to compute themutation type distributions
and strand bias. The strand bias significance was determined by
the Pearson c2 test. These tertiary analysis parameters were com-
puted in two separate coverage ranges, �3� with no defined
maximum, and between 3 and 9� to emulate ultra-low coverage.

Mutational signature analysis using nonnegative matrix
factorization

Nonnegative matrix factorization (NMF) decomposes muta-
tional patterns basedon factorizationof onematrix (n�m) in two
matrices W (n� r) and H (r�m) with the constraint that all three
matricesmust be composedof nonnegative elements (30). The r is
the rank of factors to be extracted from the input matrix, corre-
sponding to the number of signatures. The inputmatrix contained
one column per patient (only HiSeq2500 data considered) and in
rows the frequency of mutations types in 96 possible two-base
sequence contexts. The R package NMF (31) was used to extract
mutational signatures. The correlation between the extracted
signatures and previously published ones (7, 21, 22, 32) and/or
available in COSMIC (23) was computed as the inner product of
the two signatures (vectors) dividedby theproduct of their norms.

Functional analysis of tumor-specific nonsynonymous
mutations

To examine the biologic impact of the gene mutants in the AA
signature-positive samples, analysis was performed using the
DAVID tool (33), with two input gene lists: (i) genes harboring
nonsynonymous (missense, stop-gain, or stop-loss) SBS and (ii)
genes nonsynonymously mutated in the EN dataset and in AA
signature-positive samples from at least one of the two published
datasets on UTUC in Taiwanese patients (8, 21). The list was
further narrowed by classifying the mutated genes as established
oncogenes or tumor suppressors listed by the Gene Set Enrich-
ment Analysis (GSEA) database (34) and/or a cancer driver genes
defined by recent seminal studies (35–39).

Results and Discussion
Low-coverage detection of AA exposure signature in urothelial
tumors of EN patients

We applied HiSeq2500 LC-WES to genomic DNAs isolated
from FFPE urothelial tumors from 11 EN cases, two of whom had
concurrent UTUC and bladder carcinoma, and from two U.S.
patients providing non-EN control samples (13 patients and 15
tumors in total, see Supplementary Table S1). Features of AA
signature had been described earlier, as follows: mutational load
of �40 SBS or �10 A>T in exonic positions, high proportion of
A>T (>35% of all SBS types or as the predominant type) with a
strandbias of�1.25, and�33%enrichment ofA>T in the50-(C/T)
pApG-30 sequence context (8, 21). We used analogous criteria for
theAA signature (�50 SBS/sample ofwhich�15%areA>T SBS, of
which �20% are in the 50-CpApG-30 context), applying more
stringent statistical analysis of the strand bias ratio combinedwith
a cutoff of�1.5 (9, 11). Under these criteria the AA signature was
readily observed in 10 of the 13 analyzed EN tumor samples,
with 33% to 77% of A>T transversions per sample (Fig. 1), a

nontranscribed strand bias of 2.0 to 3.3 and the 50-C_G-30 context
enrichment above 19% (mean 24.6%, SD¼ 4.9, range of 19.1%–

27.4%; Table 1). In contrast, A>Tmutations and their enrichment
in the 50-CpApG-30context are generally low in cancers of non-AA
etiology, based on our analysis of 7,160 tumors of 52 cancer types
in the COSMIC database (average 5.8% A>T, range 0%–12.1%,
of which 10% are in the 50-CpApG-30 context). Similarly, the
average percentage of A>T in the 50-CpApG-30 context in TCGA
urothelial carcinoma data (only bladder data available) is 10.8%
(0%–50%), whereas the mean percentage of all A>T mutations is
low (average of 3.9%, range 0.8%–8.3%).

A weaker signature marked by 18.7% A>T, strand bias of 2.1
and the 50-CpApG-30 context proportion of 12.5% was observed
in the bladder tumor sample (EN-01-B) of a patient with a
concurrent AA signature-positive UTUC (EN-01-RP, see Table 1
and Supplementary Table S1). Two EN samples (EN-06 and EN-
07) and the two non-EN controls were found negative for the AA
signature, with A>T transversions present at 4% to 8%. In the case
of EN-07 (bladder carcinoma with no history of UTUC), despite
the presence of AL-DNA adducts in the patient's renal cortex, the
mutation profile (Fig. 1) suggested AA-unrelated etiology. Among
the AA signature-positive samples, we detected an average of
1,142 (range, 349–2,707)mutations per tumor [�18 SBS/sample
per exome megabase (Mb)] whereas the mutation rate in the
control and negative samples (including the weaker AA-signature
bladder cancer) was on average 357 (range, 258–440) mutations
per sample (�6 per sample/exomeMb). As shown in Table 1, the
predominant A>T transversions substantially contributed to the
high SBS counts.

Thus, LC-WES analysis of the EN UTUC generates results
consistent with previous reports on the highly mutagenic poten-
tial of AA (8, 21, 40), and our results justify the use of exome
sequencing for reliable detection of exposure to AA in archived
FFPE material.

LC-WES identifies AA signature at ultra-low coverage
Wenext investigatedwhether the AA signature can be identified

at ultra-low coverage. Upon considering 3 to 9 non-duplicate per-
base reads, mutation counts in the AA-associated samples
decreased to 233 per tumor on average (�4 per sample/exome
Mb) and to average 67 per tumor (1/sample/exome Mb) in
the negative samples and the weakly positive bladder tumor
(EN-01-B). The 10 tumors shown in Fig. 1 (two top rows) still
exhibited the AA signature at ultra-low coverage (Supplementary
Fig. S1), with the strand bias ratios between 1.7 and 4.7, and
retained prominent enrichment of the 50-CpApG-30context
(>25%). Thus, the specific and unique features of the AA signature
can be reliably detected in FFPE tumor samples by superficial
coverage sequencing.

These results open an attractive opportunity for retrospective
analyses of archived pathologic specimens from the regions of
AA exposure risk. In comparison with the 32P-postlabeling and
mass spectrometry adduct detection techniques, the LC-WES
approach is based on a commodity technology that generates
genome-wide information. LC-WES is also very sensitive, using
low input DNA amounts (250 ng compared with 5–10 mg
required for adduct analysis). Finally, it can indicate exposure
to AA when neither AL-DNA adducts nor mutations in TP53 are
detected, as we demonstrate for the AA signature-positive
cases EN-01, EN-03, EN-04, and EN-11 (Fig. 1; Supplementary
Table S1).
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AA-associatedurothelial tumors harbor threemajormutational
signatures

NMF extracts individual mutational signatures from complex
alteration patterns observed in primary tumors, reflecting thus the
specific effects of etiologic factors (7, 9, 22, 41). NMF was used to
describe the AA signature in human UTUC, bladder, liver, and
renal carcinomas (7, 9, 11) and in experimental in vitro system
designed to model mutational signatures of carcinogens (32).
Here, in the EN urothelial tumors, the NMF approach identified
three distinct signatures, the AA-specific signature (Signature 22;

ref. 42), the signature related to age (C:G>T:A in the 50-XpCpG-30

context, Signature 1; ref. 22), and the Signatures 2 and/or 13
associated with the cytidine deaminase activity of the APOBEC
enzymes (Fig. 2; ref. 22). All three signatures are currently listed in
the COSMIC database (23). Furthermore, NMF aided in classi-
fying the EN-01-B bladder tumor as positive due to nonnegligible
sample contribution to the AA signature (18%), in contrast with
the negative samples (EN-06-RP and EN-07-B, with contributions
of 0% for both) and non-EN controls (each 0% contribution,
see Table 1 and Fig. 2B). The identified EN UTUC AA signature
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Figure 1.
SBS alterations in urothelial tumors analyzed by LC-WES. The distribution of six SBS types and their trinucleotide context are shown for variants detected at
�3� per-base coverage. The doughnut charts correspond to individual samples (sample ID on top), ordered from high to low percentage of A>T. Total SBS counts
per sample are provided in the center of each graph. The numbers outside the chart sections denote each mutation type percentage. The suffixes -B, -RP,
and -U stand for bladder, renal pelvis, and ureter, respectively. Add�, sample positive or negative for aristolactam-DNA adducts; TP53�, mutated (þ) or wild-type
(�) TP53 gene. The heatmaps summarize relative frequencies of the six mutation types (C>A stands for C:G>A:T, etc.) across the 16 possible trinucleotide
contexts listed at the bottom. Red, high frequency; yellow, low frequency.

Castells et al.

Cancer Epidemiol Biomarkers Prev; 24(12) December 2015 Cancer Epidemiology, Biomarkers & Prevention1876

on June 22, 2016. © 2015 American Association for Cancer Research. cebp.aacrjournals.orgDownloaded from 

Published OnlineFirst September 17, 2015; DOI: 10.1158/1055-9965.EPI-15-0553 

74



correlated highly (>90%) with the COSMIC Signature 22 (23),
derived from AA-associated primary UTUC tumors from Taiwa-
nese patients (8, 21), and with the AA signature modeled in vitro
(Fig. 2C; ref. 32). The other EN tumor signatures matched their
COSMIC counterparts with 72% similarity (age) and 70% and
64% similarity (APOBEC, Signature 2 and 13, respectively; Fig.
2C).

Validation of the LC-WES performance on a distinct sequencing
platform

To validate the LC-WES performance using another sequencing
chemistry and platform, we analyzed four additional EN UTUCs
positive for AL-DNA adducts and p53A>Tmutations (EN-12, EN-
13, EN-14, and EN-15), and two control UTUCs from U.S.
patients (Non–EN-03 and Non–EN-04), on the SOLiD 5500xl
sequencer. At the average 14.5� coverage, we observed the AA
signature in all EN samples, although in samples EN-13-RP and
EN-14-RP, the A>T transversion was the second most abundant
mutation type following C>T (see Supplementary Fig. S2A). The
signature remained detectable at ultra-low coverage (�4.6�),
when considering only the 3 to 9 read interval (Supplementary
Fig. S2B).

Chromosomal distribution of the AA-specific mutations and
recurrently mutated cancer driver genes

In the A>T enriched samples, A>T transversions were randomly
distributed along the sequenced regions, with linear correlation
betweenA>T SBS counts and chromosome size (R2¼0.9; Fig. 3A).
Similar correlation was maintained in the minimum coverage
interval of 3 to 9� (data not shown). This result was confirmed by
the analysis of the Taiwan UTUCs (8, 21) in which a similar,
although less linear trend was observed (R2 ¼ 0.61–0.64). These
findings suggest a stochastic A>Tmutation distributionwithin the
gene/transcription units represented by the exome.

Despite this apparently randompattern,we identified83 cancer
driver genes carrying protein sequence-altering A>T SBS, that were
recurrently mutated across the three datasets of the AA signature-
positive tumor samples (this study, n¼10, and the twopreviously
reported Taiwanese sets of n ¼ 18 (21) and n ¼ 9 (8). These
findings are summarized in Fig. 3B and in Supplementary Table
S4. The recurrently mutated genes included numerous known
drivers and chromatin-associated factors such as TP53, ARID1B,
ATRX, CREBBP, CHD2, CHD5, CHD8, FAT1, KDM6A, MLL2
(KMT2D), SETBP1, TRRAP. TP53 was the most frequently mutat-
ed gene [17/37 (46%) samples] with all its mutations being A>T
transversions. Fifteen samples exhibited mutations in the histone
methyl-transferase KMT2D (MLL2), with varying SBS types, sug-
gesting that secondary mutation processes possibly linked due to
high mutational loads and increased genomic instability. Further
systematic investigations should be undertaken to establish pos-
sible recurrent alterations in particular genes and pathways in
UTUC across studies of different populations/geographical areas.
For instance, data in Fig. 3 and in Supplementary Table S3 indicate
that TP53, CREBBP, and LRRK2 are mutated mostly in the Tai-
wanese samples whereas mutations in the AHNAK, ATRX,
SMCHD1, andXIRP2 genes are enriched in the ENUTUCsamples.
Other factors contributing to these differences merit further
investigations, including varying modes of AA exposure (low-
dose chronic intake in the EN regions as compared with higher-
dose, (sub)acute exposures resulting from the use of traditional
herbal medicines in Asia) and disease susceptibility due to the
patients' genetic background.

Biologic impact of the AA-signature
Using NIH DAVID, we performed Gene Ontology (GO) and

KEGG pathway analyses of the genes harboring nonsynonymous
A>T mutations in the AA-signature–positive samples analyzed
by HiSeq2500 (n ¼ 10). We identified gene targets from the

Table 1. Summary of the SBS detected at � 3x per-base coverage and of the AA-signature analysis results

Case ID
Total
SBS

SBS
per
Mbp

A > T
SBS

A > T
per
Mbp

A>T
(%)

CAG
context
(%)

SB A > T
ratio
(NTr/Tr)

SBa

P value
SB FDR
Q value

Contribution
to Sig 22 (AA)

AA
signature

EN-01-RP 608 9.1 376 5.6 61.8 26.1 3.3 (272/82) 0 0 380 (63%) Yes
EN-01-B 299 4.5 56 0.8 18.7 12.5 2.1 (37/18) 0.015 1 53 (18%) Yesb

EN-02-RP 984 14.7 585 8.7 59.5 26.7 3.1 (424/136) 0 0 514 (52%) Yes
EN-02-U 889 13.3 529 7.9 59.5 26.1 3.3 (384/118) 0 0 457 (51%) Yes
EN-03-RP 807 12.0 443 6.6 54.9 25.0 2.0 (278/140) 2.1E–11 1.7E–09 402 (50%) Yes
EN-04-RP 639 9.5 241 3.6 37.7 19.5 2.3 (157/68) 4.4E–09 3.6E–07 164 (26%) Yes
EN-05-RP 349 5.2 115 1.7 33.0 19.1 2.8 (79/28) 1.3E–06 1.1E–04 87 (25%) Yes
EN-06-RP 352 5.3 15 0.2 4.3 0.0 5.5 (11/2) 0.027 1 0 (0%) �
EN-07-B 440 6.6 35 0.5 8.0 11.4 1.2 (15/13) 0.850 1 0 (0%) �
EN-08-U 1551 23.1 1195 17.8 77.0 23.4 2.8 (840/303) 0 0 1391 (90%) Yes
EN-09-U 2221 33.1 1701 25.4 76.6 27.4 2.7 (1185/431) 0 0 1931 (87%) Yes
EN-10-U 2707 40.4 1486 22.2 54.9 26.2 2.8 (1052/377) 0 0 2706 (100%) Yes
EN-11-U 669 10.0 309 4.6 46.2 26.9 2.5 (211/85) 3.7E-13 0 297 (44%) Yes
Non-EN-01-RP 385 5.7 24 0.4 6.2 0.0 0.6 (9/14) 0.400 1 0 (0%) �
Non-EN-02-RP 258 3.9 14 0.2 5.4 14.3 5.0 (10/2) 0.043 1 0 (0%) �
NOTE: Suffixes -B, -RP, and -U indicate bladder, renal pelvis, and ureter, respectively.
Abbreviations: SBS, single base substitution; Mbp, megabase pair; A > T, A > T transversion(s); SB A > T, strand bias, the ratio of A > T transversions on the non-
transcribed versus transcribed strand (the number of respective transversions is shown in brackets); CAG context (%), percentage of A > T transversions in the most
frequent context reported for the AA signature; NTr/Tr, ratio of A>T variants on nontranscribed versus transcribed strand; SB P value and FDR q value, measures of
significance of the strand bias, see Materials and Methods. Contribution to Sig 22 (AA) (Sig¼ NMF-determined mutational signature) shown as the number of SBS
and the corresponding percentage (in brackets) of the total SBS per sample. AA signature, positivity for AA signature considering the co-occurrence of� 50 SBS and
� 15%A>T,� 20%CAGcontext, strandbias (SB) and its significance (SBP and/orq value) andmutation load contribution to Sig 22 (AA), as described previously (9).
aZero values correspond to a P value below 2 � 10�16.
bLower percentage in the 5'-CpApG-3' context and nonsignificant q value; supported by the NMF analysis.
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functional classes of cell adhesion, cell-matrix contact, cell migra-
tion, cell-cycle, cell signaling (MAPKKK/RAS and PI3K cascades,
mTOR pathway), pathways of WNT, insulin and ERBB signaling,
nucleotide excision repair, and the DNA-dependent ATPase and
helicase activity, chromatin modification and histone binding
related to gene-expression regulation, with dozens to hundreds of
mutated genes per category (Supplementary Table S3). This
observation suggests massive deregulation and/or destabilization
of key homeostatic pathways by the high A>T mutation loads.

Next, for the 83 recurrently mutated cancer genes (Fig. 3B;
Supplementary Table S4), we observed enrichment of GO and
KEGG categories related to regulation of transcription, chroma-
tin/histone modification, and categories of DNA damage
response and DNA repair (Supplementary Table S5). These
included numerous previously established cancer driver genes
(TP53, AHNAK, ARID1B, ATRX, BLM, CHD2, CHD5, CHD8,
CHD9, CHEK2, CLTC, ERBB4, FN1, HUWE1 IARS2, KALRN,
LRRK2, MLL2, NEB, RXRA, SMCHD1, SPEG, STAG2, SYNE1,
TRIO; refs. 35–39). Thus, the LC-WES analysis of AA-exposed
urothelial tumors and associated data mining can reveal biologic
information contents, particularly upon meta-analysis with data
fromdifferent populations characterized by identical etiology and
tumor types.

Overlapping mutation patterns in distinct tumors from same
patients

Two ENpatients had synchronous urothelial tumors in distinct
anatomical sites (renal pelvis and bladder, samples EN-01-RP and
EN-01-B; and renal pelvis and ureter, samples EN-02-RP and EN-
02-U). By using LC-WES, we investigated the common genetic
origins of these synchronous tumor pairs. In patient EN-01, the
overlapping SBS were enriched for C>T mutations (42%) fol-
lowed by A>G (20%), and only 7.7% of the overlapping SBS were
A>T transversions affecting the coding sequence of mere 3 non-
cancer genes (VWA3B, KDM3B, and ACIN1). However, the A>T
SBSwere enriched among themutations unique to the renal pelvis
and to the bladder tumor (77% and 28%, respectively, Supple-
mentary Fig. S3A), suggestive of a common precursor carrying
mainly non–A>T driver mutations, giving rise to two tumor
progenies subsequently accumulating distinct patterns of A>T
alterations in either anatomical site. The distinct AA signature in
the bladder tumor is in keeping with a recent study of Asian
bladder cancer patients in whose tumors the AA signature
manifested without the involvement of upper tract or a history
of renal disease (11). In contrast, the tumors in the renal pelvis
and ureter of patient EN-02 shared the majority of mutations
contributing to a prominent AA signature, suggesting a
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common precursor carrying mostly A>T alterations (Supple-
mentary Fig. S3B). This genetic relationship between same-
patient tumors suggests cell seeding along the tract as the basis
for tumor dissemination. However, further investigations of a
larger multiple-tumor case series and with the use of deep
sequencing is needed to further elucidate the exact mechanisms
of multifocal and recurrent tumorigenesis in the urinary tract of
AA-exposed patients.

In summary,we report successful detectionof the genome-wide
AA signature in urothelial tumors of EN patients, using archived
FFPE specimens and a customized low-coverage exome sequenc-
ing. The described technique is a cost-effective screening tool
potentially applicable to molecular epidemiology studies aiming
at identifying cancers associated with AA exposure. This ability of
the LC-WES and its applicability to archived biomaterial may be
exploited in future systematic studies on AAN and associated

cancers, in support of established or future disease prevention
programs.
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Paper 4 in brief

Aim Investigate the contribution of aristolochic acid (AA) to the aetiology of new tu-

mour types from the endemic nephropathy region.

Approach The mutational spectra of clear cell renal cell carcinomas (ccRCC) and kid-

ney chromophobe RCC were analysed using WES of DNA from formalin-fixed paraffin-

embedded (FFPE) tumour tissues.
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Novelty and highlights

• AA mutational signature found in two tumour RCC subtypes diagnosed in AAN

patients.

• Evidence provided for the potential role of AA in the development of RCC.
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Renal cell carcinomas of chronic kidney disease patients harbor
the mutational signature of carcinogenic aristolochic acid

Bojan Jelaković1, Xavier Castells2, Karla Tomić3, Maude Ardin2, Sandra Karanović1 and Jiri Zavadil2

1 Department for Nephrology, Arterial Hypertension, Dialysis and Transplantation, University Hospital Center, School of Medicine, University of Zagreb,

Zagreb, Croatia
2Molecular Mechanisms and Biomarkers Group, International Agency for Research on Cancer, Lyon, France
3 Department of Pathology, Dr Josip Benčević General Hospital, Slavonski Brod, Croatia

Aristolochic acid (AA) is a potent dietary cytotoxin and carcinogen, and an established etiological agent underlying severe

human nephropathies and associated upper urinary tract urothelial cancers, collectively designated aristolochic acid nephrop-

athy (AAN). Its genome-wide mutational signature, marked by predominant A:T> T:A transversions occurring in the 50-CpApG-30

trinucleotide context and enriched on the nontranscribed gene strand, has been identified in human upper urinary tract uro-

thelial carcinomas from East Asian patients and in experimental systems. Here we report a whole-exome sequencing screen

performed on DNA from formalin-fixed, paraffin-embedded renal cell carcinomas (RCC) arising in chronic renal disease patients

from a Balkan endemic nephropathy (EN) region. In the EN regions, the disease results from the consumption of bread made

from wheat contaminated by seeds of Aristolochia clematitis, an AA-containing plant. In five of eight (62.5%) tested RCC tumor

specimens, we observed the characteristic global mutational signature consistent with the mutagenic effects of AA. This signa-

ture was absent in the control RCC samples obtained from patients from a nonendemic, metropolitan region. By identifying a

new tumor type associated with the AA-driven genome-wide mutagenic process in the context of renal disease, our results

suggest new epidemiological and public health implications for the RCC incidence worldwide, particularly for the high-risk

regions with unregulated use of AA-containing traditional herbal medicines.

Ingestion of nephrotoxic and carcinogenic aristolochic acid
(AA) can lead to aristolochic acid nephropathy (AAN)
marked by chronic tubulointerstitial nephropathy (CTN) and
recurrent upper urinary tract urothelial cell carcinomas
(UTUC), involving the renal pelvis and upper ureter. AAN
has been designated a significant public health problem with
millions of people world-wide being at risk.1–3 Endemic
nephropathy (EN) is an environmental form of AAN affect-
ing particular regions of several Balkan countries, and mani-
festing by increased rates of chronic kidney disease (CKD)
and upper urinary tract urothelial carcinogenesis that have
been causally linked to the intake of AA through consump-
tion of home-made bread prepared from wheat grains conta-
minated with seeds of Aristolochia clematitis.4,5 Aristolactam-
DNA adducts detected in renal cortex and/or A:T>T:A
mutations in the 50-CpApG-30 context accumulating on the
nontranscribed strand of the TP53 gene in CTN and UTUC
were reported as biomarkers of AA exposure in this geo-
graphical region.4–6 Recent studies performed in Taiwanese
patients with documented history of use of Aristolochia-con-
taining traditional herbal medicine demonstrated that the
A:T>T:A transversion, originally observed in the TP53
gene,7,8 is the predominant genome-wide mutation type in
the UTUC.9,10 The detailed characteristics of this somatic
alteration such as its predominance among other mutation
types, gene strand orientation bias and sequence context are
highly specific to the genotoxic effects of AA. AA is classified
as Group 1 carcinogen by the World Health Organization-
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International Agency for Research on Cancer (WHO IARC)
and its broader carcinogenic effects were demonstrated in
animal models, by the induction of precancerous lesions and
tumors in the forestomach, urinary tract and of fibrohistio-
cytic sarcomas at the AA injection site.11–13 A limited num-
ber of hepatocellular carcinoma (HCC) cases of East Asian
origin studied for the etiological effects of hepatitis B virus
manifested with the AA signature.10,14,15 The presence of the
aristolactam-DNA adducts in the renal cortex has been
reported previously in Taiwanese renal cancer patients7 and
observed in rats in other target tissues including forestomach,
liver, kidney, urinary tract,16 suggesting a wider tissue spec-
trum targeted by this highly potent mutagen. However, the
association of AA with human malignancies other than
UTUC and HCC remains largely unexplored.

In the last decade, a higher frequency of renal cell carci-
nomas (RCC) with distinct epidemiological and clinical fea-
tures has been registered in the Croatian Centre for Endemic
Nephropathy.17 We thus aimed to investigate a possible role
of AA in the etiology of RCC among CKD patients from the
EN regions and close vicinity, by analyzing the genome-wide
mutation spectra in the tumor DNA.

Materials and Methods
Patient samples

Eight RCC patients from the farming villages were analyzed: five
from an EN area previously associated with exposure to AA due
to consumption of contaminated bread5,18 and three from vil-
lages close to the EN region with no EN cases reported in the
past. In addition, two RCC cases from the metropolitan area of
Croatia were analyzed as controls unlikely to have been exposed
to AA. The clinical features of the patients are listed in Table 1.
The study protocol included the patients’ informed consent and
ethical approvals were obtained from the Ethical Boards of the
School of Medicine, University of Zagreb, of the General Hospi-
tal in Slavonski Brod and from the IARC Ethics Committee. Of
the eight EN RCC patients, we identified four (EN-01, EN-02,
EN-04 and EN-05) who had been baking own bread, three of
whom were farmers harvesting grain from locally grown wheat;
one patient presented with CTN (EN-01), one with concurrent
UTUC (EN-02) and one (EN-06) had been diagnosed with
UTUC five years prior to the diagnosis of RCC (see Table 1).

DNA isolation

Hematoxylin-eosin preparations from the formalin-fixed paraf-
fin-embedded (FFPE) tumor blocks were used to identify

tumor tissue free of necrotic areas by digital scanning at 20x
magnification (Leica SCN400 Scanner, Leica Biosystems). The
tumor areas to be macro-dissected were measured using the
ImageJ free software or SlidePath Gateway Client, Leica Bio-
systems. Ten mm sections prepared by Leica RM 2145 micro-
tome (Leica Microsystems) were used to isolate genomic DNA
(2–3 mg, yield 5–10 ng/mm2). Prior to genomic DNA isolation,
slides were de-paraffinized for 5 min in 100% xylene, followed
by 5 min in absolute ethanol, 5 min in 85% ethanol, 5 min in
75% ethanol and kept in milliQ water. DNA isolation was car-
ried out using the QIAamp DNA FFPE Tissue kit (Qiagen).
DNA yields and concentrations were measured using the Pico-
green assay (Life Technologies) and Fluoroskan Ascent FL
microplate fluorometer (Thermo Fisher Scientific). The purity
was evaluated by the NanoDrop 8000 spectrophotometer
(Thermo Fisher Scientific). The integrity of genomic DNA was
assessed by 0.8% agarose gel electrophoresis.

Library preparation and whole-exome sequencing (WES)

Two hundred and fifty ng of genomic DNA were sheared using
the adaptive focused acousticsTM method (Covaris) to frag-
ments of �300 base-pair size on average, with water tempera-
ture of 4�C, one cycle at 175 Watt peak power, 10 duty factor
and 200 cycles per burst. Resulting fragment size was assessed
using the 2100 Bioanalyzer and the High Sensitivity DNA kit
(Agilent Technologies). The sheared DNA went into library
preparation using the KAPA LTP Library Preparation Kit
(Kapa Biosystems). Briefly, the fragmented DNA was first sub-
jected to end repair reaction followed by poly-A-tailing and
adapter ligation. Excess adapters were removed by double
solid-phase reversible immobilization clean-up using Agencourt
AMPure XP beads (Beckman Coulter). Eight cycles of PCR
were performed to amplify the libraries with correct adapter
sequences on both ends. Next, exome capture was performed
with pools of five libraries per hybridization (200 ng of each
sample) using Nimblegen SeqCap EZ Exome v3.0 reagent. The
exome-enriched populations were further amplified in a ten-
cycle PCR amplification step. The post-enrichment libraries
were pooled together to a final concentration of 6 pM in 420
ml. This volume was loaded on one lane of the rapid run mode
flow cell for cluster generation on the HiSeq2500 (Illumina)
and the samples were sequenced in paired-end 50 bp cycle run.

Sequencing data processing and analysis

Sequencing reads were aligned by Burrows-Wheeler Aligner,
variants called by the Genome Analysis Toolkit (GATK,

What’s new?

Ingestion of aristolochic acid (AA) causes severe nephropathies and carcinomas of the upper urinary tract, and represents a sig-

nificant public health problem with millions of people at risk worldwide. In this study of renal disease patients in an endemic

region, the authors identified a previously unrecognized type of renal cell carcinoma that harbors the mutational signature of

this potent carcinogen. Their findings suggest that the putative causal role of AA in renal cortex carcinogenesis should be broadly

addressed in high-risk regions marked by inadvertent exposure to AA or widespread use of AA-containing herbal remedies.
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Broad Institute), annotated by ANNOVAR and filtered strin-
gently to remove genetic variants observed in general popula-
tion, using data from the public projects 1,000 genomes
(1,000g, http://www.1000genomes.org/), Exome Sequencing
Project (ESP, http://exome.gs.washington.edu/) and SNP
database build 137 (dbSNP, http://www.ncbi.nlm.nih.gov/
SNP/). Variants exhibiting a frequency higher than 0.1% in
either 1,000g or ESP databases, annotated in dbSNP database
and an in-house panel of germ line variants generated using
data obtained from 560 cases from The Cancer Genome
Atlas (TCGA, http://cancergenome.nih.gov/) were removed,
as were the variants in fragments mapping to repetitive
sequences of the genome with a homology higher than 90%.
The complete final list of 4,031 SBS variants in the tested as
well as control RCC samples will be provided upon request.
The raw sequencing data (fastQ and alignment (.bam) files)
have been deposited in the Sequence Read Archive (SRA,
access ID SRP049084) of the National Center for Biotechnol-
ogy Information (NCBI) and can be obtained through the
NCBI’s database for Genotypes and Phenotypes (dbGaP)
authorized access system.

Determination of the AA mutational signature

The genome-wide AA signature in UTUC tumors had been
defined previously based on varying criteria, e.g., �40 SBS per
sample, increased A:T>T:A presence (20–80% of all SBS
types) in the predominant 50-CpApG-30 context, and 1.25- to
2-fold bias for A:T>T:A accumulation on the nontranscribed
strand.9,10 In the sequencing data presented here we first fol-
lowed analogous criteria, considering �15% of A:T>T:A per
tumor (10.5% is the maximum frequency seen in the COSMIC
database upon excluding the HCC class containing a small

number of potentially AA signature-positive tumors found by
previous studies14,19) and the concurrent predominance of the
50-CpApG-30 sequence context. For strand bias analysis, we
applied additional stringency by calculating its statistical signif-
icance using Pearson v2 test (prop.test function available in
the stats R package). For each sample the test calculated a p-
value as the probability that the proportion of SBS in the non-
transcribed strand is equal to 0.5, as expected by chance. As
multiple conditions were assessed in parallel, a false discovery
rate (FDR) correction was applied using the p.adjust function
from the stats R package. The identified signature based on
these criteria was visualized by customized R functions. To
extract comprehensive gene signatures from all ten RCC sam-
ples and to validate the presence of the AA signature by an
independent method, non-negative matrix factorization (NMF)
was performed under optimized conditions using an R pack-
age.20 The input matrix contained one column per sample and
the rows contained the frequency of the six possible mutation
types within a two-flank sequence context (e.g., A>T in the
C_G context et cetera). The context distribution was normal-
ized to reflect the trinucleotide frequencies occurring in the
portion of the human genome corresponding to the exome
capture reagent coverage. The similarity between the NMF
RCC signatures and published signatures from cancer and
experimental settings was further evaluated by each signature
represented as a vector in a 96-dimensional space. The tangent
of the angle between each pair of vectors was taken as the dis-
tance metric. This distance was used to compute the grid of
distance from each of the two RCC signatures to each of the
24 reference signatures and converted for graphical presenta-
tion to a similarity matrix by taking the negative logarithm of
the distance.

Table 1. Demographic and clinicopathological features of the studied RCC cases

Case ID Domicile Gender

Age at
surgery
(years)

RCC
subtype ICD-O

Tumor
grade

Tumor
stage

Preoperative
s-creatinine
(mmol/L)

CKD
stage eGFR

Other
kidney
disease

EN-01 EN M 66 Clear cell 8310/3 G4 pT3NxMx 710 5 7.0 Yes1

EN-02 EN M 65 Clear cell 8310/3 G2 pT1N0Mx 162 3 39.6 UTUC2

EN-03 Near EN M 42 Clear cell 8310/3 G2 pT1N0Mx 88 1 93.0 No

EN-04 EN M 78 Clear cell 8310/3 G2 pT1NxMx 757 5 6.4 No

EN-05 Near EN M 55 Clear cell 8310/3 G1 pT1NxMx 100 2 72.0 Yes3

EN-06 EN M 76 Unclassified 8312/3 G4 pT3N2Mx 364 4 15.1 UTUC4

EN-07 Near EN F 64 Chromophobe 8317/3 G3 pT2NxMx 75 2 73.0 No

EN-08 EN F 47 Clear cell 8310/3 G2 pT2N0Mx 95 3 58.1 No

Ctrl-01 Non-EN F 56 Clear cell 8310/3 G3 pT2N0Mx 62 1 91.8 No

Ctrl-02 Non-EN M 74 Clear cell 8310/3 G2 pT3aN0Mx 193 3 31.5 No

Estimated glomerular filtration rate based on the Modification of Diet in Renal Disease (MDRD) equation and not measured by isotope dilution mass
spectrometry (IDMS). The last column indicates the patient’s kidney disease other than RCC (UTUC: upper urinary tract urothelial carcinoma).
1Chronic tubulointerstitial nephropathy (CTN).
2Concurrent tumor.
3Nephrolithiasis and RCC in the contralateral kidney.
4UTUC diagnosed 5 years prior to RCC.
Abbreviations: EN: endemic region; near EN: close vicinity; F: female; M: male; ICD-O: the International Classification of Diseases for Oncology Code;
CKD: chronic kidney disease; eGFR: estimated glomerular filtration rate.
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Results
The WES analysis of DNA macrodissected from FFPE tumor
specimens revealed the AA signature in five of eight (62.5%)
RCC samples of patients from the EN regions. These findings
were based on increased A:T>T:A transversion rates (1.2–
3.5 SBS/Mbp, A:T>T:A frequencies of 17–50% and strand
orientation bias ratios of 1.6–2.7) in four tested EN RCC
samples (EN-01, EN-04, EN-06 and EN-07; Fig. 1a and Table
2). Interestingly, the EN-07 case was a resident of a village
not considered an EN village. This observation is in line with
recent evidence suggesting that ingestion of AA via contami-
nated bread was more widespread than previously thought,

and cases of EN could be identified in villages and regions
outside the established EN areas.5 One EN RCC case (EN-
02) showed lower presence of A:T>T:A (15.2%, 0.9 per
Mbp) but a significant strand orientation bias of 2.8, and also
enrichment for the 50-CpApG-30 sequence context for the
A:T>T:A transversions (Table 2). It was thus considered
borderline positive considering the AA signature features pre-
viously described in Taiwanese UTUC patients9,10 and in
experimental model systems.10,21 In contrast, the two non-EN
RCC controls exhibited low A:T>T:A frequencies (Ctrl-01:
7.5% and Ctrl-02: 6.4%), as did the remaining two RCC cases
from villages near to the EN area (EN-03 4.8%, EN-05 9.8%)

Figure 1. Summary of WES results for the AA signature-positive RCC cases and RCC controls. (a) Pie charts show distribution of mutation

types (color-code shown on top), as percentage of all single base substitution (SBS) counts in each sample. Groups of AA signature-

positive, negative samples and controls are demarcated by dotted lines. Two-dimensional heat-maps indicate the relative distribution of 96

possibilities of six mutation type categories in a nonstranded view (columns, the labels C>A, C>G, etc. represent C:G>A:T, C:G>G:C, etc.)

and their trinucleotide context (rows). A detailed view of the relative distribution of the A:T> T:A context only is shown as a single column to

the right under the A> T header. The most frequent 50-CpApG-30 context (labeled C_G) for the A:T> T:A transversion in the positive samples is

marked by black arrowheads. Heat-map color code: Red-to-yellow5 high-to-low context frequency. (b) Comprehensive identification of the

mutational signatures in all 10 studied samples, using NMF. X-axis: 96 trinucleotide contexts; Y-axis: normalized values of each column repre-

sent the contribution of each mutation type in a particular sequence context to each signature, expressed as the value of a given factor

obtained from the NMF decomposition process. (c) Relative contribution of the mutational load identified in individual samples to the NMF sig-

natures shown in (b), expressed as the given factor value obtained from the decomposition process. See Table 2 for contributions expressed

as mutation counts. (d) Correlation matrix (1 equals 100% similarity) of RCC NMF signatures (RCC AA and RCC Age) with previously validated

signatures 1A and 1B (age),22 with NMF-processed AA signatures in UTUC (Sig 22 AA)9 and in AA-exposed clonally immortalized mouse embry-

onic fibroblasts (Sig 22 Exp).21 (e) Graphical representation of the similarity distance of the RCC signatures (front-back axis) to 23 human

cancer signatures (horizontal axis, 1A through 229,22) and to an AA signature established experimentally in cultured cells (22 Exp).21 Y-axis:

similarity of signatures between the two systems, expressed as negative log(tan(angle)), see Materials and Methods. Negative values below

the x–z plane correspond to angles >45� representing dissimilarity, and are thus suppressed.
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and also one negative EN RCC case (EN-08, 8.2%) (see Table 2).
In order to position these findings in a broader context, we
analyzed 518 RCC samples unlikely to be exposed to AA,
available from The Cancer Genome Atlas (TCGA). The
62.5% AA signature positivity rate in the samples of the EN
region provenance appeared significant (p< 2.2e216, using
two-sample v2 distribution test for equality of proportions
with continuity correction) as the TCGA set contained only
one sample meeting all the parameters of the AA signature
(i.e., simultaneous occurrence of �50 SBS and �15% A>T,
�20% 50-CpApG-30 context and >1.5 strand bias ratios with
significant p values and FDR corrected q values, see Table 2),
and it contained another six samples with elevated A:T>T:A
and strand bias (with nonsignificant q values) but lacking the
expected predominant 50-CpApG-30 sequence context for the
A:T>T:A transition.

To further strengthen the AA signature determination crite-
ria and to identify additional mutational patterns reflecting
effects of other etiological agents, we applied NMF, a mixed-
pattern decomposition method used previously to successfully
extract mutational signatures from human cancers and to pin-
point etiological factors.22 NMF established that samples EN-
01, EN-02, EN-04, EN-06 and EN-07 were positive for the
AA signature (NMF Signature 22 described previously in
human urothelial and liver tumors23,24 and in immortalized
clones arising from cultured, AA-treated primary embryonic
fibroblasts21), and that all tumors except for EN-04 harbored
high contents of C:G>T:A transitions within the 50-XpCpG-
30 context (Figs. 1b and 1c). This observation is consistent
with the age-specific signature 1A/1B22 reflecting the generally
advanced patients’ age at the time of surgery (see Table 1).

The NMF approach thus unequivocally grouped the borderline
RCC sample EN-02 with the four AA signature-specific sam-
ples confirming the presence of the canonical AA signature in
this tumor and providing additional information on sample-
specific mutational load toward each signature (Fig. 1c and
Table 2). The samples EN-03, EN-05, EN-08 and the two
non-EN controls (Ctrl-01 and Ctrl-02) were negative for the
AA signature but exhibited the signature of age (Figs. 1b and
1c). No additional markedly distinct signatures apart from the
two shown in Figure 1b were found by the NMF approach
when the number of expected signatures was increased. Next,
we performed similarity analysis matching the two NMF sig-
natures found in the tested RCC set (Fig. 1b) against the pre-
viously published data on known mutational signatures in
human cancers22,23 including AA-associated UTUC tumors,9

as well as against the AA signature induced experimentally in
cultured cells.21 While the EN RCC age signature matched the
published the Signatures 1A, 1B, and to a lesser extent the Sig-
nature 6 (attributed to DNA mismatch repair deficiency),22 the
RCC NMF AA signature matched the AA signatures previ-
ously identified both in the UTUC samples from Taiwanese
patients and in cultured cells harboring an experimentally gen-
erated AA signature. The results are summarized graphically
in Figures 1d and 1e.

Discussion
Our study identifies the specific AA mutational signature in a
set of five RCC tumors from patients from a Balkan EN
region and near vicinity, providing molecular evidence for
AA-driven mutagenic process associated with carcinogenesis
in the renal cortex and implicating AA in the etiology of this

Table 2. Summary of the SBS mutation data and results of the AA signature analysis

Case ID
Total
SBS

SBS
per
Mbp

A> T
SBS

A> T
per
Mbp % A> T

% CAG
context SB A> T

SB
p value

SB
FDR
q value

Contribution
to Sig 1A/1B
(Age)

Contribution
to Sig 22
(AA)

AA
signature

EN-01 600 9.4 224 3.5 37.3 23.0 1.6 (128/78) 0.00064 0.010 228 (38%) 372 (62%) Yes

EN-02 375 5.9 57 0.9 15.2 11.4 2.8 (39/14) 0.00098 0.013 256 (68%) 119 (32%) Yes1

EN-03 355 5.5 17 0.3 4.8 7.0 2.5 (10/4) 0.181 0.746 355 (100%) 0 (0%) –

EN-04 249 3.9 124 1.9 49.8 22.3 2.7 (82/30) 0 0 0 (0%) 249 (100%) Yes

EN-05 286 4.5 28 0.4 9.8 8.2 1.3 (14/11) 0.689 1 231 (81%) 55 (19%) –

EN-06 977 15.3 201 3.1 20.6 35.0 2.6 (140/53) 0 0 623 (64%) 354 (36%) Yes

EN-07 443 6.9 76 1.2 17.2 23.7 1.8 (46/26) 0.025 0.231 325 (73%) 118 (27%) Yes

EN-08 159 2.5 13 0.2 8.2 0.0 1.8 (7/4) 0.546 1 159 (100%) 0 (0%) –

Ctrl-01 199 3.1 15 0.2 7.5 0.0 0.6 (5/8) 0.579 1 185 (93%) 14 (7%) –

Ctrl-02 388 6.1 25 0.4 6.4 7.5 0.9 (12/13) 1 1 376 (97%) 12 (3%) –

A> T: A:T> T:A transversion; SB A> T: strand bias expressed as the ratio of A:T> T:A transversions on the nontranscribed versus transcribed strand
(the number of respective transversions is shown in brackets). % CAG context: percentage of A:T> T:A transversions in the most frequent context
reported for the AA signature. SB p value and false discovery rate (FDR) q value5measures of significance of the strand bias, see Materials and
Methods. Contribution to Sig (Sig5 non-negative matrix factorization-determined mutational signature) is shown as the number of SBS and the cor-
responding percentage (in parentheses) of the total SBS number per sample. AA signature—sample positivity for AA signature considering the simul-
taneous occurrence of �50 SBS and �15% A> T, �20% CAG context and its significance (SB p and/or q value) and mutation load contribution to
Sig 22 (AA).
1Lower percentage of A> T and CAG context but supported by NMF.
Abbreviation: SBS: single base substitutions.
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cancer type in the context of CKD. While the mutation load
in the AA signature-positive EN RCC confirms the highly
mutagenic effects of AA,9,10 it appears lower (4–15 SBS/Mbp)
in our RCC set in comparison to the previously reported AA
signature-positive UTUC (2–659 and 8–3510 SBS/Mbp). These
differences warrant further epidemiological and laboratory
investigations using larger patient sets, in order to establish
whether they reflect varying AA exposure modes in each geo-
graphical region, the metabolizing rates in the distinct target
cell types, the sampling procedures affecting the heterogeneity
of tested tissues or other factors.

Given the unregulated global market with AA-containing
herbs that might be putting millions of people at risk, partic-
ularly in Eastern Asia,3 our finding has potentially profound
implications for increased awareness of additional cancer
types associated with AAN. Robust designs of molecular epi-
demiology studies of AAN should now include RCC cases

alongside patients with UTUC and HCC, to improve the
worldwide surveillance of the disease. Furthermore, we docu-
ment in a new region and a new cancer type that sensitive
genome-wide screens coupled with sophisticated mutation
pattern decomposition methods such as NMF, can identify
AA as an environmental cancer risk factor in AAN and pro-
vide a robust evidence-base for diagnostic and preventive
approaches toward eradication of this serious public health
problem.3,25

Acknowledgements
We thank Drs. �Zelimir Stipančić and Tvrtko Hudolin for assistance with col-
lection of clinical samples and data, Dr. Stephanie Villar and Ms. Christine
Carreira for their assistance with archived tumor sample processing, and Dr.
Magali Olivier for helpful comments on the sequencing data analysis. We
thank the New York University Genome Technology Center at the New
York University Laura and Isaac Perlmutter Cancer Center, for expert assis-
tance with the Illumina HiSeq2500 sequencing experiments.

References

1. Debelle FD, Vanherweghem JL, Nortier JL. Aris-
tolochic acid nephropathy: a worldwide problem.
Kidney Int 2008;74:158–69.

2. Gokmen MR, Cosyns JP, Arlt VM, et al. The epi-
demiology, diagnosis, and management of aristo-
lochic acid nephropathy: a narrative review. Ann
Intern Med 2013;158:469–77.

3. Grollman AP. Aristolochic acid nephropathy:
Harbinger of a global iatrogenic disease. Environ
Mol Mutagen 2013;54:1–7.

4. Grollman AP, Shibutani S, Moriya M, et al. Aris-
tolochic acid and the etiology of endemic (Bal-
kan) nephropathy. Proc Natl Acad Sci USA 2007;
104:12129–34.

5. Jelakovic B, Karanovic S, Vukovic-Lela I, et al.
Aristolactam-DNA adducts are a biomarker of
environmental exposure to aristolochic acid. Kid-
ney Int 2012;81:559–67.

6. Moriya M, Slade N, Brdar B, et al. TP53 Muta-
tional signature for aristolochic acid: an environ-
mental carcinogen. Int J Cancer 2011;129:1532–6.

7. Chen CH, Dickman KG, Moriya M, et al. Aristo-
lochic acid-associated urothelial cancer in Tai-
wan. Proc Natl Acad Sci USA 2012;109:8241–6.

8. Hollstein M, Moriya M, Grollman AP, et al.
Analysis of TP53 mutation spectra reveals the
fingerprint of the potent environmental carcino-
gen, aristolochic acid. Mutat Res 2013;753:41–9.

9. Hoang ML, Chen CH, Sidorenko VS, et al. Muta-
tional signature of aristolochic acid exposure as

revealed by whole-exome sequencing. Sci Transl
Med 2013;5:197ra02.

10. Poon SL, Pang ST, McPherson JR, et al. Genome-
wide mutational signatures of aristolochic acid
and its application as a screening tool. Sci Transl
Med 2013;5:197ra01.

11. Cosyns JP, Goebbels RM, Liberton V, et al. Chi-
nese herbs nephropathy-associated slimming regi-
men induces tumours in the forestomach but no
interstitial nephropathy in rats. Arch Toxicol
1998;72:738–43.

12. Cosyns JP, Dehoux JP, Guiot Y, et al. Chronic
aristolochic acid toxicity in rabbits: a model of
Chinese herbs nephropathy? Kidney Int 2001;59:
2164–73.

13. Debelle FD, Nortier JL, De Prez EG, et al. Aristo-
lochic acids induce chronic renal failure with
interstitial fibrosis in salt-depleted rats. J Am Soc
Nephrol: JASN 2002;13:431–6.

14. Huang J, Deng Q, Wang Q, et al. Exome
sequencing of hepatitis B virus-associated
hepatocellular carcinoma. Nat Genet 2012;44:
1117–21.

15. Sung WK, Zheng H, Li S, et al. Genome-wide
survey of recurrent HBV integration in hepatocel-
lular carcinoma. Nat Genet 2012;44:765–9.

16. Schmeiser HH, Schoepe KB, Wiessler M.
DNA adduct formation of aristolochic acid I and
II in vitro and in vivo. Carcinogenesis 1988;9:
297–303.

17. Belicza M, Demirovic A, Tomic K, et al. Compar-
ison of occurrence of upper urinary tract carcino-
mas in the region with endemic villages and non-
endemic nephropathy region in Croatia. Coll
Antropol 2008;32:1203–7.

18. Hranjec T, Kovac A, Kos J, et al. Endemic
nephropathy: the case for chronic poisoning by
aristolochia. Croat Med J 2005;46:116–25.

19. Kan Z, Zheng H, Liu X, et al. Whole-genome
sequencing identifies recurrent mutations in
hepatocellular carcinoma. Genome Res 2013;23:
1422–33.

20. Gaujoux R, Seoighe C. A flexible R package for
nonnegative matrix factorization. BMC Bioinfor-
matics 2010;11:367.

21. Olivier M, Weninger A, Ardin M, et al. Model-
ling mutational landscapes of human cancers in
vitro. Sci Rep 2014;4:4482.

22. Alexandrov LB, Nik-Zainal S, Wedge DC, et al.
Signatures of mutational processes in human can-
cer. Nature 2013;500:415–21.

23. Helleday T, Eshtad S, Nik-Zainal S. Mechanisms
underlying mutational signatures in human can-
cers. Nat Rev Genet 2014;15:585–98.

24. Poon SL, McPherson JR, Tan P, et al. Mutation
signatures of carcinogen exposure: genome-wide
detection and new opportunities for cancer pre-
vention. Genome Med 2014;6:24.

25. Gokmen MR, Lord GM. Aristolochic acid
nephropathy. BMJ 2012;344:e4000.

Sh
or
t
R
ep
or
t

6 Aristolochic acid-associated renal cell carcinomas

Int. J. Cancer: 00, 00–00 (2014) VC 2014 UICC

88



Results

Objective 3-c

Paper 5: Origins and impact of A:T>T:A mutations
in human cancers

Maude Ardin, Liacine Bouaoun, Ludmil B. Alexandrov, Monica Hollstein, Graham Byrnes,

Zdenko Herceg, Jiri Zavadil and Magali Olivier

In preparation

89



Paper 5 in brief

Aim Characterise the specificity of the aristolochic acid (AA) mutational signature and

identify the variations of the rare A:T>T:A-based mutational signatures in human cancer.

Approach A comprehensive data mining of WES data from human public cancer reposi-

tories (COSMIC, TCGA and ICGC) and AA-studies was done in order to select T:A>A:T-

enriched samples for extracting T:A>A:T-based mutational signatures.

Graphical summary
Si

gn
at

ur
e 

co
nt

rib
ut

io
n 

(%
)

5'-A/T_T-3'

5'-N_C-3'

5'-N_G-3'

20

0

30

0

40

0
A
A C G T

C
A C G T A C G T A C G T

G T

D

40

0

5'-N_A-3'C

B

A

si
g 

4 
sm

ok
in

g

si
g 

22
 A

A

si
g 

AA
 M

EF
si

g 
B[

a]
P 

M
EF

si
g 

D
M

BA
 m

ou
se

si
g 

U
re

th
an

e 
m

ou
se

Stomach, CRC

Skin, CRC

Kidney

Lung, Liver,
UTUCD

C

B

A

Similarity matrix

     Public cancer
genome repositories
                +
       AAN studies

Selection of T:A>A:T
enriched samples

T:A>A:T signatures
extraction

Figure 19: T:A>A:T-based mutational signatures and similarity with
T:A>A:T component of published signatures. Samples enriched in T:A>A:T
were selected after a comprehensive data mining of public cancer genome data reposi-
tories. Mutational signatures were extracted considering only T:A>A:T transversions
and four signatures were obtained (Sig A,B,C and D). The predominant sequence con-
text is indicated on top of each signature. The heatmap shows cosine similarity values,
expressed in %, with the T:A>A:T-component of published signatures. The main tu-
mour types in which the T:A>A:T signatures were found are listed on the right of the
heatmap, CRC: colorectal cancer, UTUC: upper tract urothelial carcinoma cancer.

Novelty and highlights

• High contents of A>T transversions within 5’-Pyr-A-Pur-3’ on the non-transcribed

strand is specific of AA exposure.

• The sequence context, 5’-CpApG-3’, is targeted by other carcinogenic compounds

or processes but at a lower frequencies.

• AA mutational signature has been found in tumour samples (liver, kidney and

bladder cancer) not previously reported in association with AA exposure.
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Abstract

Exposure to the genotoxic compound aristolochic acid (AA), an IARC Group 1 

carcinogen,  leads to renal disease and urological and hepatobilliary cancers. AA-

related tumors carry specific types of mutations caused by AA mutagenesis which 

are characterized by a high prevalence of A:T>T:A transversions in a 5'-Py-A-Pu-3' 

(predominantly 5’-CpApG-3’) sequence context, marked by transcriptional strand-

bias. The presence of this mutational signature may thus indicate prior exposure to 

AA and mutagenesis via the aristolactam-DNA adduct formation pathway. However, 

the specificity of this signature towards AA has not been fully demonstrated. In order 

to address this question and to characterize the general landscape of A:T>T:A 

mutations in human cancers, we performed systematic and comprehensive mining of 

information on A:T>T:A transversions available from public cancer genome 

databases.

Here we analyzed somatic mutation data from TCGA, ICGC and COSMIC 

repositories to identify all possible A:T>T:A-based mutational signatures, using the 

non-negative matrix factorization (NMF) algorithm. Tumors from patients with 

documented AA exposure were included in the analysis as positive controls. The 

obtained signatures were compared to the A:T>T:A component of published 

signatures using the cosine similarity method to investigate their possible origin.  

From 19,466 samples available in public repositories, we identified 1,048 samples 

enriched for A:T>T:A mutations. In this sample set, we identified four A:T>T:A-based 

mutational signatures. Two were matching with the A:T>T:A compotent of signatures 

reported to be linked to endogenous mechanisms (e.g. repair deficiency, POLE) and 

one with the A:T>T:A component of a previously reported signature of unknown 

origin (COSMIC signature 27). Interestingly, one of the signature, Sig D, matched 

with the A:T>T:A component of several previously published signatures, including 

COSMIC signature 22 related to AA, COSMIC signature 4 linked to tobacco smoking,

and experimental signatures caused by AA, urethane and dimethylbenzanthracene

(DMBA). The contribution of these signatures to the overall mutation load in individual 

tumor samples varied greatly between sample types but the greatest contribution was 

observed for Sig D in UTUC samples known to be related to AA exposure. Our

results show that the predominant sequence context of A:T>T:A mutations caused by 

AA is not uniquely characteristic of the effects of activated AA, as other carcinogens 
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may contribute to a similar A:T>T:A signature pattern. However, we demonstrate that 

A:T>T:A are rare somatic events in human cancers and that the presence of Sig D in 

a combination with a high A:T>T:A mutation load is correlative with AA exposure.

Introduction

The increasingly accumulating data from genome-scale sequencing studies of human 

cancers suggest that among the 12 possible types of single base substitutions (SBS), 

A:T>T:A transversions are less frequently represented [1–3]. However, in certain 

cancer types linked to particular exogenous mutagenic insults the mutation load can 

be highly enriched for this particular type of SBS mutation. A prominent example of 

this scenario is the predominant A:T>T:A pattern observed in urological cancers 

linked to ingestion of aristolochic acids [4–7]. Aristolochic acids AA-I and AA-II are 

classified by the International Agency for Research on Cancer (IARC) as Group 1 

carcinogens. Exposure to AA present in the herbaceous plants of the Aristolochia

genus, used as traditional medicines or occurring as a contaminating weed in wheat 

fields, can lead to progressive tubulo-interstitial nephropathy. This disease, named 

aristolochic acid nephropathy (AAN) is linked primarily to the cytotoxic effects of AA-I

and is associated with elevated risk of developing cancer in the upper tract 

urothelium and urinary bladder [8,9]. A number of recent studies further characterized 

AA as a factor contributing to the development of renal cell and hepatobiliary cancers 

in patients from South Eastern Europe [6,10] and East Asia [11,12]. This rapidly 

emerging spectrum of AA-associated tumor types highlights the importance of 

reliable exposure history screening in the populations at risk.

Following ingestion, AA becomes metabolically activated into aristolactam 

nitrenium ions which in turn form covalent aristolactam (AL)-DNA adducts in the 

target tissues. AL-DNA adducts in renal cortex and other tissues are used as 

biomarkers of exposure, as they are very stable and in the cells of renal tubules they 

may persist for over two decades after the cessation of exposure. DNA sequencing 

established a characteristic AA mutational signature marked by accumulation of 

A:T>T:A transversions within the 5’-Pyr-A-Pur-3’ sequence context enriched for        

5’-CpApG-3’, with slight variations reported for renal cancers of BEN patients         

(5’-CpAp(T/A)-3’) and UTUC tumors from AA-exposed patients from Taiwan, China             
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(5’-(C/T)pApG-3’. The A>T transversions are preferentially located on the non-

transcribed strand, i.e. manifesting a transcriptional strand bias. These characteristic 

mutations are considered highly specific to the effects of AA, and they arise due to 

the fact that AL-DNA adducts that block DNA replication, thereby exerting miscoding 

effects, remain resistant to the global genome-nucleotide excision repair but can be 

partially repaired by transcription-coupled nucleotide excision repair acting on the 

transcribed DNA strand [13].

Additional A:T>T:A-enriched patterns have been reported, for instance in 

primary human renal cancers sequenced as part of the international TCGA 

consortium project, providing the foundation for COSMIC mutational signature 27 

based solely on T>A mutations in the 5’-NpTpA-3’ context. Next, accumulation of 

A:T>T:A components of overall mutation patterns were reported in various 

experimental rodent models of controlled carcinogenesis. One example involves lung 

cancer development model upon exposure to ethyl carbamate (urethane, IARC 

Group 2A), primarily involving the formation of promutagenic                      

1,N6-ethenodeoxyadenosine adducts consistent with the resulting A:T>T:A mutation 

component of the overall genomic mutation profile. Another experimental system for 

which genome-wide A:T>T:A pattern has been reported previously, involves induced 

carcinogenesis of the skin upon treatment with dimethylbenzanthracene (DMBA)

[14,15]. The proposed mechanism for A:T>T:A mutations due to DMBA exposure is 

the loss of N3 and/or N7-dA adduct by depurination, followed by misreplication of 

unrepaired apurinic sites [16]. For both of these chemical compounds, the targeted 

trinucleotide sequence context of the A:T>T:A transversions is similar to that 

observed for AA as it exhibits the predominant 5’-Cp[A>T]pG-3’ pattern. Similarly to 

urethane, ethenoadducts are also formed following the exposure to vinyl chloride 

(IARC Group 1 carcinogen) [17,18].

Therefore, an important question arises as to the specificity of AA mutational 

signature as it has been described to-date, particularly if the mutation pattern is to be 

used as exposure biomarker in molecular cancer epidemiology studies. It is thus 

important to determine additional human carcinogens distinct from AA that can 

generate A:T>T:A mutations in these particular sequence contexts. 

In this study, we address these questions by identifying all possible variations 

of the relatively rare A:T>T:A-based mutational signatures in human cancer, using 

comprehensive data mining and analysis of whole-exome sequencing data from 
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human public cancer repositories (COSMIC, TCGA and ICGC) and cancer studies 

aimed at exposure to AA. 

Results and discussion

Frequencies of A:T>T:A transversions in human cancers

Publicly available somatic mutation data from exome sequencing studies were 

retrieved and curated from the three main cancer genome repositories and from 

original publications describing tumor samples associated with exposure to AA (AA 

studies)(see Methods). A total of 19,466 samples were retrieved, including 8,000 

from COSMIC, 9,000 from TCGA, 2,000 from ICGC and 53 from AA exposure

studies. The tumor type distribution of these samples is heterogeneous. Three cancer 

types (blood, brain and head and neck) represent more than half of the samples, and 

the AA study dataset includes only two tumor types, UTUC and renal cell carcinomas

from Taiwan, China and from the BEN region in Southern Europe (Figure 1A).

The total number of SBS per sample for all tumor types is shown in Figure 1B. 

As described before by Lawrence et al. [1], samples with the highest load of SBS are 

associated with exposure to known and potent carcinogens, such as UTUC, skin,

urinary bladder and lung cancer (Figure 1B). Interestingly, samples from the AA 

exposure dataset have the highest mutation load with a median of 440 SBS (average 

of 759 SBS) per sample. A:T>T:A substitutions represent a small fractions of these 

mutations in most cancer types except in UTUC associated with AA exposure (Figure 

1C). A:T>T:A substitutions are thus rare somatic events in cancer (median of 3 and 

average of 8 A:T>T:A transversions per sample) but are found at high levels in AA-

related cancers (median of 224 and an average of 490 A:T>T:A transversions in AA 

exposed samples). Nevertheless, specific set of samples not known to be related to 

AA exposure exhibited a high proportion of A:T>T:A mutations (Figure 2). These 

samples correspond to various tumor types including carcinomas of the gall bladder, 

stomach, lung and liver. Plotting the sequence context of SBS in these A:T>T:A

enriched samples shows that, in some samples, the A:T>T:A sequence context is 

close to the one described for AA and show a strand bias (Suppl fig 1).
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A:T>T:A mutational signatures

To further characterize the patterns of A:T>T:A substitutions in human cancer and to 

better understand their possible origin, we extracted mutational signatures based on

A:T>T:A mutations using the NMF approach described in Alexandrov et al. [2]. For 

this purpose, we parsed out all A:T>T:A substitutions within their trinucleotide 

sequence context (involving 5’ and 3’ 1-base flanks), for all samples carrying at least 

32 A:T>T:A changes. We selected samples with at least 32 A:T>T:A mutations

because A:T>T:A-based signatures are composed of 16 parameters, corresponding 

to 16 possible trinucleotide contexts, and we want to allow for at least two mutations 

per sequence context. Among the 19,466 samples, 1,048 samples from 22 tumor

types passed this selection threshold (Suppl fig 2).

Four A:T>T:A signatures were found from this sample set (Figure 3, left 

panel). This signature analysis was confirmed by another method based on 

probabilistic models [19]. This method, pmsignature, identified the same four 

signatures in this sample set (Suppl fig 3). Furthermore, we also accounted for over-

fitting by randomly generating 200 permutation-based NMF factorizations (see 

Methods). None of the randomized data had a cophenetic coefficient value above the 

one obtained from the original data, ensuring that the 4 signatures obtained are not 

due to random event (Suppl fig 4).

The obtained signatures were compared to the A:T>T:A components of a 

reference set of published signatures that include signatures extracted from human 

cancers and from experimental mouse models (see Methods) (Figure 3, middle 

panel). Finally, the number of samples contributing to each signature was computed 

(Figure 3, right panel).

The first signature, Sig A, is characterized by T>A in the 5’-NpTp(C/T)-3’

sequence context and was found mainly in colorectal and stomach cancers. The 

majority of the colorectal samples are from TCGA and COSMIC United States-based

studies and only a subset come from a Chinese study of the ICGC. In regards to

stomach tumor samples, only a subset are from COSMIC studies from the U.S. and 

South Korea and all the other samples are from a TCGA study that collected the 

samples from Russia. Sig A matches COSMIC signatures 15 (cosine similarity 

cos=0.9) and 26 (cos=0.9) reported to be linked to DNA repair deficiency.
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The second signature, Sig B, exhibited T>A in the 5’-(A/T)pTpT-3’ sequence 

context and was found in skin cancers and a subset of colorectal tumors. Skin tumor 

samples are from TCGA and COSMIC datasets that reported data for U.S. patients. 

The subset of colorectal samples is from a Chinese study of ICGC. Sig B matches 

COSMIC signature 7 corresponding to the effects of UV (cos=0.98) and signature 10 

(cos=0.93) corresponding to the altered activity of the error-prone polymerase POLE.

A:T>T:A mutations contributing to Sig A and Sig B represent only 3% and 2% 

respectively of the overall mutation load in their samples of origin (Suppl table 1).

Therefore, these two signatures are not characteristic of a marked enrichment for 

A:T>T:A and are thus likely to be the result of a weaker mutagenic stimulus in these 

samples.

The third signature, Sig C, represented by T>A within the 5’-NpTpA-3’ context

was found exclusively in a subset of 20 kidney samples from TCGA and 9 liver

samples from TCGA and 1 Chinese sample from COSMIC. Sig C exhibits a

transcriptional strand bias for the sequence context 5’-CpTpA-3’, and provides a

perfect match (cos=1) with COSMIC signature 27 of unknown origin. Indeed, it is

based on the same subset of kidney tumor samples from the U.S. patients, from

which the signature 27 originates. In the liver cancer samples, A:T>T:A represented 

only 5% of mutations, whereas in the kidney cancer samples A:T>T:A represented

30%, suggesting the involvement of at least one potent mutagenic factors causing 

these alterations.

The fourth signature, Sig D, characterized by T>A in the 5’-NpTpG-3’ context 

was found in carcinomas of the lung (the samples are from TCGA and COSMIC 

studies), liver (all the samples are from Asian patients from TCGA, COSMIC and 

ICGC studies), head and neck (all the samples are from American patients), bladder

(all the samples are from a Chinese study of ICGC), esophagus (the samples are 

from Chinese patients from ICGC and COSMIC studies) and UTUC (the samples 

correspond to the AA-exposure positive UTUC dataset). This signature exhibits a

transcriptional strand bias for all 5’-NpTpG-3’ sequence contexts. Sig D matches 

several signatures, including COSMIC signature 22 (cos=0.91) corresponding to the 

mutagenic effects of AA, COSMIC signature 4 (cos=0.95) associated with smoking,

and experimental signatures of carcinogens compounds such as AA (cos=0.91), 
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urethane (cos=0.94) and DMBA (cos=0.96) and to a lesser extent BaP (cos=0.88).

These multiples matches are consistent with the contribution of several tumor types 

found in Sig D and also indicate that multiple carcinogens may preferentially target 

the 5’-CpTpG-3’ sequence context. This could reflect the fact that CAG (CTG) is the 

most prominent trinucleotide in both human and mouse exomes and is thus more 

likely to be targeted by reactive metabolites of carcinogens.

In terms of the relative mutation contribution, UTUC samples had the highest 

number of the A:T>T:A  with an overall 72% contribution to the entire mutation load,

followed by kidney samples (30% contribution) and liver samples (20% contribution).

These UTUC and most of the kidney samples are from studies addressing exposure 

to aristolochic acid, which is the likely mutagenic factor underlying Sig D in these 

tumors. The proportion of A:T>T:A among all substitutions in the lung, bladder and 

esophageal tumors is around 10%.

In regards to the two signatures (Sig C and D) marked with an enrichment of 

A:T>T:A transversions, we further investigated the possible origins of such rare 

mutations. For the signature D found in various tumor types, the enrichment of 

A:T>T:A in liver (28 samples), kidney (2 samples) and bladder (5 samples) tumor

samples may be due to exposure and mutagenic effects of AA present in certain 

preparations of the Traditional Chinese Medicine (TCM), as recently reported

[6,7,10,11,20,21] and as demographical information about those patients revealed 

that they were all of Chinese origin (a region of high AA exposure due to wide spread 

use of TCM). Regarding samples of lung and esophageal tumors (147 and 7 samples 

respectively), the AA exposure is very unlikely as these samples come from regions 

where AA has been banned. In these cases, A:T>T:A transversions may be caused 

by other exposures such as carcinogens present in the tobacco smoke. Indeed, 

these tumor types are known tobacco-related cancers and a number of the hundreds 

of compounds present in tobacco smoke may cause A:T>T:A transversions. 

Urethane is one candidate, as it has been shown to induce lung tumors carrying

C:G>T:A and A:T>T:A mutations in the cII reporter gene [22], and, more recently, a

genome-scale analysis [23] in mouse models of carcinogenesis showed that

urethane-exposed mice developed lung adenocarcinomas which carry a high 

proportion of A:T>T:A mutations in the predominant sequence context 5’-CpApG-3’.

Another candidate source of A:T>T:A transversions in the tobacco smoke is BaP. 
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Although BaP is predominantly inducing C:G>A:T mutations, it also causes A:T>T:A

mutations in a similar sequence context in in vitro mouse-models, although A:T>T:A

represent less than 9% of all mutations [24,25]. Sig D has the highest similarity 

(cos=0.96) with the A:T>T:A component of the spectrum generated by the research 

compound DMBA, although genome-wide studies showed that in vivo exposure to 

DMBA induced concomitant C:G>A:T mutations [14,15]. DMBA is used to induce skin 

cancers in experimental models and general human exposure is unlikely.

The signature Sig C found enriched in a subset of kidney tumors from the U.S, 

is marked by A:T>T:A transversions in the 5’-NpTpA-3’ context. Previous cohort of 

patients and experimental animal studies have shown that psoralens, a natural 

compounds used in combination with UV radiation (PUVA therapy) to treat skin 

conditions such as vitiligo or psoriasis (e.g. methoxsalen), can exert similar mutations

[26,27] originating from promutagenic covalent mono-adducts, di-adduct and DNA 

intercalation/interstrand crosslinks on thymidine [28–30]. Interestingly, increased 

incidence of cancer of the kidney and other organs has been reported in rats 

exposed to 8-methoxypsoralen [31] and a case report described an occurrence of 

renal carcinoma in a patient with a PUVA therapy history [32]. In humans, squamous 

cell carcinoma of the skin has also been reported, due to the combined effects of 

methoxsalen and topical UVA radiation [33–35]. However, the causal links between 

exposure to psoralens, human kidney cancer and COSMIC signature 27 and Sig C 

identified here remain to be investigated.

Other compounds may induce A:T>T:A transversions. For example,

occupational exposure to vinyl chloride, an IARC group 1 carcinogen [36] has been 

linked to the development of angiosarcomas of the liver (ASL) and hepatocellular 

carcinomas (HCC) in factory workers. Vinyl chloride has been shown to induce an

A:T>T:A mutational pattern in the tumor suppressor gene TP53 in human and rat

[37,38]. However, the genome-wide mutational pattern of vinyl chloride and other 

potential A:T>T:A inducing carcinogens remain to be better characterized in order to 

determine their similarity with the other A:T>T:A-based signatures.
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Conclusions

Here we identified four distinct A:T>T:A-based signatures and linked them to different 

cancer types and candidate causal processes. One of the signatures, Sig D, 

previously related exlusively to the exposure to AA, overlaps in its sequence context 

pattern with several additional A:T>T:A signatures and may thus reflect the effects of 

distinct carcinogens. Signature Sig D may thus result from mutagenic effects of

compounds that act through promutagenic adduct formation. We propose that

A:T>T:A mutation profile alone is thus generally not specific to AA exposure. In 

contrast, this profile combined with a high load of A:T>T:A mutations, due to high 

mutagenicity of AA, may be a more reliable biomarker of AA exposure, although 

further validations and analyses are warranted that would include more samples with 

documented exposure to AA. Identification of AL-DNA adducts by liquid 

chromatography-mass spectrometry provides the most specific and reliable 

biomarker of exposure to AA and should be performed alongside the mutational 

signature analyses.
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Methods

Data sources and processing

Somatic mutation data obtained from whole exome sequencing studies were 

retrieved from public cancer genomics repositories and original studies. The  Cancer 

Genome Atlas (TCGA) consensus MAF files from November 2016 were used. For 

International Cancer Genome Consortium (ICGC) data, lists of variants from version 

20 were downloaded. For the Catalogue Of Somatic Mutations In Cancer (COSMIC),

the list of coding mutations from release 76 (file CosmicMutantExport.tsv) was used.

Samples from aristolochic acid exposure studies from Taiwan, China [4,5] and from 

the BEN region [10,39] were included in the analysis as positive control for 

aristolochic acid mutational signature. As COSMIC and ICGC datasets include TCGA 

data, we excluded TCGA samples using TCGA sample identifiers to avoid 

redundancy with TCGA dataset. Because COSMIC and ICGC datasets also include 

whole-genome data, samples with more than 10,000 mutations, likely to be derived 

from whole-genome, were removed from these datasets. To further eliminate 

duplicate samples, samples sharing more than 10% of mutations were considered as 

redundant and removed from the analysis. All datasets were annotated with the 

strand orientation and the gene name recovered from RefGene database and with 

the trinucleotide sequence context (immediate 5’ and 3’ sequence context extracted 

from GRCh37/hg19 reference genome) using the MutSpec-Annot tool [40].

Mutation signature analysis

We used the R package NMF [41] with the algorithm of Brunet and the Kullback-

Leibler divergence penalty to extract mutational signatures from A:T>T:A mutations 

(only 16 parameters were considered, reflecting 16 possible trinucleotide contexts). A 

number of iterations of 200 was used in order to achieve stability for extracting 

A:T>T:A mutational signatures. NMF decomposes the mixture patterns of the input 

matrix (n x m) into two matrices W (n x r) and H (r x m) under the constraint of non-

negativity [42]. The parameter r corresponds to the factorisation rank (i.e. number of 

signatures) to be extracted and it is thus necessary to first estimate it. For this we ran 

NMF using different rank values (between 2 and 8) and 50 iterations and computed 

101



12 
 

two statistics for evaluating the quality measures of the result: the cophenetic 

coefficient and the rss curve. The rank is chosen by taking the first value for which 

the cophenetic coefficient starts to decrease as proposed by Brunet et al. [43] and 

where the rss curve shows an inflection point as suggested by Hutchins et al. [44]. In 

order to further evaluate the stability of the A:T>T:A-based mutational signatures 

obtained and to account for over-fitting, we conducted 200 permuted NMF 

factorizations. This involves independent permutations of the rows (i.e. somatic 

mutations) for each column (i.e. cancer samples) of the original data. For each of 200 

such random samples we re-ran the NMF factorization as it has been done for the 

original data. The quality measures (the cophenetic coefficient, the residuals and the 

explained variance) were estimated for the randomized data and compared to the 

ones obtained using the original data.

Comparison with published signatures

We used the cosine similarity method implemented in the LSAfun R package [45] for 

comparing the A:T>T:A-based mutational signatures extracted and the A:T>T:A-

component of the reference signatures. Each signature was represented as a vector 

and the similarity between the two vectors was measured by calculating the cosine of 

the angle between them. The cosine values obtained ranged between 0 and 1, 

corresponding to an absence of similarity to a perfect match. We considered cosine 

values above 0.88 as a good match. The reference signatures included the 30 

signatures extracted from human cancers and publicly available in COSMIC [46], 4

experimental signatures from in vitro MEF models exposed to four carcinogens 

(aristolochic acid (AA), activation-induced cytidine deaminase (AID), benzo[a]pyrene 

(B[a]P) and N-methyl-N’-nitro-N-nitrosoguanidine (MNNG)) [24] and 2 signatures 

from in vivo mouse models exposed to urethane [23] or 9,10-dimethyl-1,2-

benzanthracene (DMBA) [14].
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Figure legends

Figure 1: Characteristics of the sample sets analyzed.

(A) Distribution of samples across tumors types and data sources.  (B) Overall 

mutation rates across tumor types. (C) A:T>T:A mutation rates across tumor types. 

The red horizontal bars indicate the median number of mutations in each tumor type.

The y-axis is log2 scaled.

Figure 2: A:T>T:A enrichment compared to total SBS counts

Count of A:T>T:A transversions are plotted against the total number of mutations in 

each sample. Only tumor types with a calculated enrichment of A:T>T:A are 

represented in this plot and all other tumor types are combined in the “Other” 

category.

Samples with more than 300 A:T>T:A are labeled, except for the UTUC samples.

Figure 3: A:T>T:A signatures. 

Left panel: A:T>T:A-based mutational signatures determined by NMF for A:T>T:A

enriched samples. The x-axis represents the trinucleotide sequence context, with the 

5’ flanking base in the first row and the 3’ flanking base in the second row and the y-

axis represents the contribution of the signature expressed as a percentages.

Middle panel: Cosine similarity matrix between NMF signatures and previously 

described signatures (see Methods). Cosine values are expressed as percentages 

and only the ones with a match above 88% are shown.

Right panel: Contribution by tumor types to the individual signatures extracted with 

NMF. The x-axis represents the contribution expressed as a percentage of the 

median of A:T>T:A mutations contributing to each signature for each tumor type. The 

y-axis in the left list the tumor types and the y-axis on the right list the number of 

samples considered for each tumor types.
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Supplementary Figure 1: Mutation spectrum and transcriptional strand bias for 

samples enriched in A:T>T:A

Bar graph in the left represent mutation types distribution within their trinucleotide 

sequence context.

Bar graph on the right represents the strand bias ratios (N: non-transcribed strand , 

T: transcribed strand).

Supplementary Figure 2: Overview of the samples considered for signature 

analysis

Distribution of samples with at least 32 A:T>T:A across tumors types and data 

sources.

Supplementary Figure 3: Comparison of A:T>A:T signatures

A:T>T:A signatures were extracted using the pmsignature package and the result is 

compared with the signatures obtained using the NMF method.

Supplementary Figure 4: Statistics evaluating the stability of the signatures

Supplementary Table 1: Samples contribution to each signature obtained

The contribution was calculated as a percentage of A:T>T:A mutations contributing to 
each signatures.
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DISCUSSION AND CONCLUSION

The analysis of cancer genomes at a genome-wide scale to identify mutational signatures

in human cancers provides a unique opportunity to link mechanisms of carcinogenesis with

the underlying cancer aetiology. Identifying the environmental or lifestyle factors behind

the signatures patterns provides evidence-base rational for relevant preventive measures

in populations at risk. While the interest in such analyses is growing in the scientific

community, the complex expert skills required to perform such analyses poses limits to a

broader access by the scientific community.

During my thesis, I addressed this limitation by developing tools and methods for facili-

tating the identification of carcinogen-specific mutational signatures from next-generation

sequencing (NGS) data that can be used by non-bioinformatician scientists at IARC and

externally. Mutational signatures of human carcinogens were analysed using data obtained

from mutagenesis experiments and human tumours with known history of carcinogenic

exposure. I also focused on the mutational signature of aristolochic acid (AA) in exposed

patients from the BEN regions and characterised the specificity of this unique signature.

Development of bioinformatics tools

Extracting mutational signatures from NGS data includes several steps and implies

the use of bioinformatics software not easily accessible to biologists. Generally, extract-

ing mutational signatures requires annotating the variants for recovering the immediate

flanking bases (the trinucleotide sequence context) surrounding the variants and the tran-

scriptional strand orientation, which enables to estimate and extract signatures and to

compare them with the published signatures. Recently, several tools were developed us-

ing the R programming language for extracting mutational signatures from NGS data:

somaticSignatures [113], pmsignature [114], signeR [115] and BayesNMF developed by

the Broad Institute (http://archive.broadinstitute.org/cancer/cga/msp). Other

packages were also developed using the C programming language such as EMu [116],
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or using the proprietary programming language MATLAB such as the WTSI Mutational

Signature Framework [42].

These tools propose to use VCF files, to retrieve the trinucleotide sequence context

of the list of variants and to extract mutational signatures. However, the input format

required by these tools is not easily obtained from the original VCFs generated by the

various variant callers. The input format should be a single text tabular files combining

all the informations (chromosomal location, reference and alternate changes) on the vari-

ants for the different samples. The order of these informations differ between the tools,

complicating the conversion of VCF into the correct input format. Furthermore, none of

these tools propose a comparison with existing signatures and their availability as R, C

or MATLAB packages limits the use to scientists with programming skills.

In order enable easy analyses of mutational signatures to all scientists, we have devel-

oped a suite of tools named MutSpec, integrated within the web-based platform Galaxy.

MutSpec tools are compatible with the VCFs files generated by most commonly-used

variant callers in the cancer research field and combine annotation of the variants, the

estimation and extraction of signatures and the comparison with a predefined list of pub-

lished signatures or a custom user-defined list.

MutSpec tools are now freely available on the Galaxy toolshed, at https://toolshed.

g2.bx.psu.edu/, and were successfully downloaded more than 30 times. The tools are

routinely used by MMB group members as well as others scientists at IARC and have re-

ceived positive feedbacks from users for the identification and interpretation of carcinogen-

specific mutational signatures from NGS experiments.

Currently, only SBS are considered in mutational signatures but many other alterations

occur in cancer genomes including indels, copy number alterations and structural varia-

tions, some of which form new types of non-SBS signatures [117]. These additional fea-

tures could be incorporated into mutational signatures definition for providing a broader

characterisation of specific carcinogens fingerprints on the genome. Furthermore, only

the immediate flanking bases surrounding the mutations are currently considered in mu-

tational signatures analysis. Incorporating additional bases could potentially help to

differentiate compounds acting via similar mechanisms, even though the statistical power

may decrease as the number of parameters will increase.
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MutSpec tools could be adapted for inclusion of additional features/modules that will

reflect the expanded definition of mutational signatures.

Characterisation of carcinogens mutational signatures

Experimental, preferably non-animal models are needed to characterise carcinogen-

specific mutational signatures observed in human genomes as they provide mechanistic

clues on cancer aetiology. Defining precisely carcinogen mutational signatures may also

support the classification of carcinogens and the establishment of cancer prevention strate-

gies.

One of these experimental models used in this work is based on Hupki mouse carrying

a partial (exons 4-9) human TP53 replacing the corresponding Trp53 mouse exons. This

model demonstrated its ability to recapitulate TP53 mutation patterns observed in human

tumours [118]. However, single-gene analysis requires extensive pooling of data from

multiple experiments, as typically only one mutation is present in each sample, and they

are not informative enough for interpreting the complex mutation patterns resulting from

multiple exposures. To overcome this limitation, we demonstrated for the first time

that exome-wide mutational signatures specific of known human carcinogens could be

recapitulated in the MEF assay, expanding the information contents gained from TP53

analysis. Furthermore, a whole-genome sequencing (WGS) analysis confirmed our results

obtained with WES and provided the characterisation of additional alterations (indels

and structural rearrangements) following carcinogens exposures [50].

The Hupki-MEF assay is thus a simple and powerful system for modelling cancer

mutation landscapes of human tumours and will continue to be used by the MMB group to

identify new carcinogen-specific signatures and formulate new hypotheses on the aetiology

of human cancers.

To bypass the limitation of the differences between human and mouse organisms in

metabolism and DNA repair mechanisms, the MMB group started exposures of carcino-

gens of interest in human liver progenitor cells (HepaRG). HepaRG cell lines have a

greater capacity to metabolise chemical compounds making the model suitable for testing

the genotoxicity of chemicals in human liver [119, 120]. Furthermore, to overcome the

limitation of in vitro assays (metabolism, culture artefacts), the MMB group established
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a collaboration with the U.S. NTP programme, that tested more than 600 compounds

potentially carcinogenic in humans. This collaboration will allow us to collect tumours

from in vivo bioassays of rodent (mice and rats) with clear evidence of carcinogenic effects

of the same chemical exposures than the ones that will be tested in vitro.

Comparing carcinogen-specific mutational signatures from new in vitro and retro-

spective in vivo assays with human tumours data from cancer genomics repositories is

expected to help defining the causal factors contributing to human tumours development.

This unique multi-system approach should thus facilitate the understanding of the origin

of cancer development and the establishment of public health policies.

Investigation of the aristolochic acid exposure

The investigation of exposure to the environmental and iatrogenic carcinogen aris-

tolochic acid (AA) is important because potentially large populations are likely to be

exposed through the consumption of traditional Chinese medecines, particularly in Asian

countries [54] or through the inadvertent dietary contamination such as in the BEN region.

The detection of AA-derived aristolactam-DNA adducts accumulated in the renal cor-

tex by mass spectrometry is routinely used as a biomarker of exposure. However, the

detection is challenging in samples with low amount of DNA due to the lack of accessible

protocols. In order to overcome this limitation we took advantage of the unique features

of AA mutational signature for developing a low-coverage whole-exome sequencing

(LC-WES) method to detect AA exposure in challenging archived samples with DNA of

low amount and of poor quality. LC-WES approach demonstrated its ability to detect

AA mutational signature in archived tumour samples from the BEN region, providing a

new tool for molecular epidemiology for investigating AA exposure in human cancers in

population at risk. This cost-effective method can be used in systematic screening studies

of archived FFPE samples of AA-associated tumours or in new tumour types for revealing

AA exposure. LC-WES proved to be an efficient method for detecting the AA exposure

that can provide evidence for the establishment of prevention programs.

The investigation of AA in the aetiology of new tumour types in the BEN region using

WES revealed the presence of AA mutational signature in two RCC subtypes. This result
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highlights the importance to include additional tumour types in systematic screening

programmes in order to improve the surveillance of AA related cancers.

For facilitating AA exposure detection in new UTUC cases, we aim to establish a tar-

geted sequencing of 32 cancer driver genes selected after analysing recurrently mutated

genes in three different studies of AA-associated tumours [68]. We started the targeted

sequencing of these 32 genes in 15 UTUC samples from Korea in which the exposure was

confirmed by DNA adducts analysis for some of the samples and in 45 UTUC samples

from Japan were AA exposure is suspected, all this using the Illumina MiSeq platform

available within MMB group. This approach enabled us to identify one sample with a

characteristic AA signature. Further analysis is being conducted to determine if it is

enough for capturing AA exposure and mutational signature.

Finally, in order to better characterise the AA mutational signature, we performed a

systematic screening of A:T>T:A transversions in public repositories. Previously unde-

scribed A:T>T:A mutational signatures were identified, as well as, new cases and target

organs potentially associated with the AA exposure. This analysis revealed that a marked

enrichment of A>T transversions preferentially located on the non-transcribed strand,

appears to be specific of AA exposure. However, the predominant sequence context,

5’-CpApG-3’, is also targeted by other carcinogens and is thus not specific to AA.

Currently, only AA has been found to induce this specific mutational signature charac-

terised by a predominance of A>T preferentially located on the non-transcribed strand,

but it is possible that other compounds acting through adduct targeting adenine bases

could leave a similar pattern.

For example, additional compounds can target the 5’-CpApG-3’ in a genome-wide

manner, such as urethane [121], to which human exposure is likely, or the research com-

pound dimethylbenzanthracene (DMBA) [122, 123]. However, unlike in the case of AA,

in neither of these other scenarios the A:T>T:A transversions is the sole SBS component

of the respective signatures.

In order to identify carcinogens potentially inducing A:T > T:A transversions, the

MMB multi-system approach will be used. Data from in vitro and in vivo experimental

mutagenesis in which the suspected carcinogens would have been tested, will be analysed

and the resulting mutational signatures will be compared to AA.
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To conclude, the MutSpec platform offers an easy-to-use framework for the analysis of

mutational signatures from genome-wide data accessible through the user-friendly web-

based platform Galaxy. Its free access by the scientific community is expected to facilitate

the identification of new human carcinogens and the interpretation on how these mutations

contribute to human carcinogenesis by a large community of researchers. Considering the

worldwide use of traditional Chinese medicines, the detection of AA mutational signature

provides an important molecular evidence for past AA exposure in human cancer genomes.

Furthermore, the establishment of a new method for detecting AA exposure in chal-

lenging archived tumour samples provides a cost-effective tool for screening programme

of new tumour types.

To conclude this thesis work, analysing mutational signatures is important as it can

provide invaluable insights into cancer aetiology, even though identifying the exact origins

of the exposure remains a challenging task. Mutational signatures analysis continue to

pose a great challenge for bioinformaticians in terms of identifying the mutational signa-

tures of hundreds to thousands of potentially mutagenic factors to which we are exposed

through our lifetime.
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Abstract
Triple negative breast cancer (TNBC), defined by the lack of expression of the estrogen re-

ceptor, progesterone receptor and human epidermal receptor 2, is an aggressive form of

breast cancer that is more prevalent in certain populations, in particular in low- and middle-

income regions. The detailed molecular features of TNBC in these regions remain unex-

plored as samples are mostly accessible as formalin-fixed paraffin embedded (FFPE) ar-

chived tissues, a challenging material for advanced genomic and transcriptomic studies.

Using dedicated reagents and analysis pipelines, we performed whole exome sequencing

and miRNA and mRNA profiling of 12 FFPE tumor tissues collected from pathological ar-

chives in Mexico. Sequencing analyses of the tumor tissues and their blood pairs identified

TP53 and RB1 genes as the most frequently mutated genes, with a somatic mutation load

of 1.7 mutations/exome Mb on average. Transcriptional analyses revealed an overexpres-

sion of growth-promoting signals (EGFR, PDGFR, VEGF, PIK3CA, FOXM1), a repression

of cell cycle control pathways (TP53, RB1), a deregulation of DNA-repair pathways, and al-

terations in epigenetic modifiers through miRNA:mRNA network de-regulation. The molecu-

lar programs identified were typical of those described in basal-like tumors in other

populations. This work demonstrates the feasibility of using archived clinical samples for
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advanced integrated genomics analyses. It thus opens up opportunities for investigating

molecular features of tumors from regions where only FFPE tissues are available, allowing

retrospective studies on the search for treatment strategies or on the exploration of the geo-

graphic diversity of breast cancer.

Introduction
Triple negative breast cancer (TNBC), defined by the lack of expression of the estrogen recep-
tor, progesterone receptor and human epidermal receptor 2 (HER2), is characterized by an ag-
gressive clinical course, an earlier age of diagnosis, and lacks efficient treatment [1]. TNBC is a
heterogeneous disease, both at the histopathological and molecular levels [2].Histopathological
subtypes range from ductal carcinoma, the most frequent phenotype, to rare phenotypes such
as metaplastic, adenoid or medullary [3]. Transcriptomics analysis and microRNA (miRNA)
profiling have identified up to four TNBC subtypes, the most frequent (80–90%) correspond-
ing to the basal-like subtype first described in previous studies [2,4–6]. Whole genome se-
quencing efforts have shown that TNBC is defined by a predominance of TP53 alterations that
can be present in up to 80% of the cases, and by a large set of mutated genes occurring with
minor mutation frequencies [7]. These studies have also revealed that TNBC can carry between
just a handful to hundreds of somatic mutations [7, 8].

TNBC is associated with BRCA1 germline mutations and has been reported to be more fre-
quent in certain populations [9–11]. Indeed, studies conducted in the United States of America
showed that women with TNBC are more likely to be of African andHispanic descent and to
live in socioeconomically deprived areas [12]. Studies in Mexican and African women showed
prevalence from 25 to 55% [13,14] compared to 15% in Caucasian women [15]. In these popu-
lations, TNBC is also more prevalent in premenopausal compared to postmenopausal women
[16]. A better understanding of the molecular heterogeneity and underlying biology of TNBC
in these populations is thus essential to develop prevention and treatment strategies.

In countries where TNBCs are more prevalent, tumor samples are mainly accessible as for-
malin-fixed paraffin embedded (FFPE) archived tissues. The possibility to use these types of
samples for comprehensive genomic analyses would allow a better characterization of the full
spectrum of TNBCmolecular features in these populations. Although recent developments
have been made to adapt protocols and reagents to FFPE samples, performing advanced,
multi-faceted molecular analyses such as genomics studies on this type of sample remains a
technical challenge.

In this study, we assessed the feasibility of advanced molecular profiling of archived clinical
samples of TNBC collected in Mexico. We performed transcriptomic (mRNA and miRNA)
profiling and exome sequencing of 12 TNBC fromMexican women and showed that these in-
tegrated analyses can be achieved in archival FFPE samples. These molecular features were
consistent with the basal-like subtype described in other populations.

Materials and Methods

Patients and samples
A retrospective series of 12 Mexican female patients diagnosed with primary TNBC (stages
IIA-IIIB) at the National Cancer Institute of Mexico (INCAN) was selected based on the avail-
ability of tumor material in FFPE blocks (with tumor cellularity above 70%) and paired
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peripheral blood DNA. Patients were treatment naïve at the time samples were collected. They
provided written informed consent for participation in the study. Mean age of patients was
48 years (range 30–64). Five patients were premenopausal and seven were postmenopausal.
Disease stages were from IIA or IIIB. Average tumor size was 3.8 cm (range 1–15) with an aver-
age tumor cellularity of 76% (range 50–90) (S1 Table). Punch biopsies from the blocks were
done to enrich for regions containing the highest proportion of tumor cells for DNA extrac-
tion. Samples of punched tumor tissue, peripheral blood DNA and tumor sections on slides
were anonymized and shipped to the International Agency for Research on Cancer (IARC) for
molecular analyses.

Ethical approvals
This study was approved by the Ethics and Scientific committees of the National Cancer Insti-
tute of Mexico and by the IARC Ethics Committee.

Nucleic acids extraction
Genomic DNA was extracted from FFPE tumor tissues using the QIAamp DNA FFPE Tissue
Kit (Qiagen) following manufacturer’s instructions. Genomic DNA was isolated from periph-
eral blood with the Magna Pure System (Roche) following manufacturer instructions. The in-
tegrity of the material was verified by Bioanalyzer profiling (Agilent). Sample quantification
was done with the Qubit dsDNAHS Assay Kit (Invitrogen). Total RNA (mRNA and miRNA)
was extracted from FFPE tumor tissues with the RNeasy FFPE Kit (Qiagen) following
manufacturer’s instructions.

Whole gene expression profiling and differential gene expression
analysis
Transcriptomic analysis of the 12 tumor samples was done with the FFPE-designed WG-DASL
(Illumina) assay (assess 29,285 annotated transcripts) according to manufacturer’s instruc-
tions. Briefly, 200 ng of total RNA were reverse-transcribed into biotinylated cDNA, which was
then primer-extended with the Assay Specific Oligos. The cDNA was then amplified with uni-
versal primers and hybridized to IlluminaHumanWG DASLHT Expression BeadChip arrays.
The Illumina Genome Studio V2010.2 was used to obtain the signal values (AVG-Signal), with
no normalization and no background subtraction. A technical duplicate was performed for all
samples. The performance of hybridizations was evaluated by assessing the presence of outliers
and the noise-to-signal ratios by calculating the ratio of centiles P95/P05 prior to normalisation
for each sample. We defined outliers as samples with P95/P05 ratio<9.5. All samples were
found to show a correct noise-to-signal ratio (P95/P05>9.6). The expression data have been
deposited in NCBI's Gene Expression Omnibus [GEO:GSE62502] [17].

For differential gene expression analysis, two public datasets generated on the Illumina
HumanHT-12 v3.0 beadChip, which contains 99.98% of the 29,285 probes of theHumanWG
DASLHT BeadChip were used as normal breast tissue controls: NCBI GEO GSE17072 and
GSE32124 including five and 33 fresh frozen tissue samples, respectively. Identity and concor-
dance of the array probes between these public datasets and the probes used in this study were
verified by direct comparison using R. Genespring software GX 11.2 (Agilent, Santa Clara,
USA) was used to perform quantile normalization on all datasets and differential expression
analysis using the paired t-test method. Significance levels (p-values) were corrected using the
Benjamini-Hochberg false discovery rate (FDR) method to correct for multiple hypothesis test-
ing. Probes with a FDR-adjusted p-value of<0.01 and probes with a minimum of 2-fold and
1.5-fold change were considered significantly differentially expressed for the GSE32124 and
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GSE17072 datasets respectively. Genes for which probes showed contradictory direction of reg-
ulation were excluded from further analyses. The Database for Annotation, Visualization and
Integrated Discovery (DAVID) v6.7 was used for classification of the differentially expressed
genes according to biological and molecular processes. Gene Set Enrichment Analysis (GSEA)
(Broad Institute) was used to define biologically relevant sets of genes based on experimentally
validated gene sets deposited in the Molecular Signature Database (MSigDB). Only gene sets
represented with a p-value of<0.01 were considered.

miRNA profiling and differential expression analysis
Human TaqMan Low Density Arrays were used for profiling 754 mature miRNAs (TLDA A
v2, TLDA B v3; Applied Biosystems) following manufacturer’s instructions. Briefly, 500 ng of
total RNA (same aliquots as those used for whole gene expression) were reverse transcribed
with the Megaplex RT Primers. cDNA was quantified using the 7900HT Real-Time PCR sys-
tem (Applied Biosystems). The signals obtained from the CT values were used for percentile
shift normalization and correction using The Benjamini-Hochberg method in the Genespring
software GX 11.2 (Agilent). For differential expression analysis, six normal fresh frozen breast
tissues profiled with the same TLDAs (NCBI GEO accession number GSE35412) were used as
control samples. MicroRNAs with a FDR- adjusted p-value of<0.01 and with a minimum of
2-fold change were considered as differentially expressed and were ranked by percentile values.

PAM50 tumor subtype classification
From the 50 genes included in the PAM50 classifier, 49 were present on the DASL array. Ex-
pression values from these genes obtained in the microarray experiments were used to classify
samples in the four subtypes defined with PAM50. Correlation of PAM50 centroids was com-
puted on summarized values. Classification was considered as the centroid with the biggest
correlation. Expression values of probes corresponding to the same gene were averaged and the
correlation was computed on these values. P-value was calculated as the proportion of times
that the maximum correlation to each centroid is greater than or equal to the maximum ob-
served correlation in 100,000 resamplings of the unsummarized data.

Integrated analysis of miRNA-mRNA relationships
The significantly modulated (up- or down-regulated) miRNAs and mRNA were used as input
to the Ingenuity Pathways Analysis (IPA) suite (Ingenuity Systems, Redwood City, CA) for
identifying potentialmiRNA-mRNA regulatory relationships. Only relationships defined as
experimentally observed or high confidence predictions were considered. Predictions were
based on data deposited in various databases (TargetScan, TarBase, miRecords, miRanda,
DIANA-microT, miTarget, PicTar and PITA) taking into account stringent criteria such as
strong evolutionary conservation, seed site number in the mRNA, site sequence context, ther-
modynamics parameters and pairing stability. From the list of interactions and networks found
by the IPA suite (S10 Table), a reduced complexity network was built for each list (miRNAup/
mRNAdn and miRNAdn/mRNAup), taking into account only interactions involving mRNA
of genes involved in cancer (based on IPA disease annotations) and a miRNA connectivity
score above 4. Networks were visualized using the Cytoscape 3.1.0 software. For the miR-
NAdn/mRNAup network, clusters were selected using the MCL algorithm of the ClusterMaker
plugin using the default settings as reported elsewhere [18–20].
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Exome sequencing and somatic mutation analysis
GenomicDNAs from tumor tissue and from peripheral blood were used for library preparation
with the 5500XL SOLiD Fragment Library Core Kit (Life Technologies) and exome capture with
the TargetSeq Exome Kit (Life Technologies) with minor modifications. Single fragment sequenc-
ing was then performed with the SOLiD 5500XL platform (Life Technologies). Briefly 1.5–3 ug of
DNA were sonicated with a Covaris S220 to 160 bp mean size (120–200 bp range) with the pro-
gram: 10% duty cycle; intensity 5; 100 cycles per burst; 6 cycles of 60 seconds for bloodDNA and
6 cycles of 100s for FFPEDNA; in frequency sweeping mode. Sheared fragments were end-
repaired, size-selected (100–250 bp) using the Agencourt AMPure XPmagnetic beads (Beckman
Coulter), dA-tailed and ligated to P1-T and Barcode-T adaptors and amplified in 6–8 PCR cycles.
Quality controls included quantitation ofDNA after size-selection, ligation of adaptors and ampli-
fication ofDNAs using the Qubit dsDNAHS Assay Kit and the Qubit 2.0 fluorometer, andDNA
profiling of at the same steps using theHigh SensitivityDNA Kit and the 2100 Bioanalyzer (Agi-
lent). 62.5 ng of amplified material were pooled in batches of four and used for the exome capture
with the TargetSeq Exome Enrichment kit which is designed to target 37.3 Mb of exomic sequence
representing>98% VEGA, CCDS coding regions, and RefSeq exons. The pooled barcoded librar-
ies were purified withDynabeads M-270 Streptavidin (Invitrogen) and amplified by 6–8 PCR cy-
cles and purified with Agencourt AMPure XP (Beckman Coulter). Emulsion PCRs were done
with the SOLiD EZ Bead system (Lifetechnologies). Captured and emulsion amplified libraries
were sequenced with the SOLiD 5500XL (1x75bp) using the Exact Call Chemistry (ECC) module
to a calculated average coverage of 100X for tumors and 50X for bloodDNA across targeted
regions.

Exome data analyses (mapping and variant calling) were performed with LifeScope suite soft-
ware (Lifetechnologies), using a combination of LifeScope targeted resequencing (TR) and low fre-
quency variant detection (LFVD) workflows with the default parameters: (i) the color space reads
generated by the SOLiD5500XL were mapped against the human genome reference version hg19
generating bam files which were then enriched for targets and good quality reads; (ii) single-
nucleotide variants (SNVs) were called on enriched bam in both TR and LFVD workflows and
small insertions and deletions (indels) were called on enriched bam in TR workflow. The LFVD
aligned BAM files were submitted to the Sequence Read Archive [SRA: PRJNA261515]. The Vari-
ant Call Format (VCF) output files were annotated using the Annovar software including func-
tional annotations as well as frequencies in known databases and in our custom SOLID catalogue
of variants. Finally the VCF files were annotated using a custom “back-to-bam” script that added
the number of reads found at each position with each allele and on each strand. Only variants
present in both strands and in uniquely mapped reads were considered. Annotation of variants
was done with ANNOVAR. Tumor-specific somatic mutations were obtained by subtracting
tumor mutations found in the pairedDNA blood sample. Somatic mutations were further filtered
as follows. Exclusion criteria: mutations where the variant allele was found in less than two se-
quence read start sites; mutation in the context of an homopolymer tract of more than six repeat-
ed nt upstream or downstream; synonymous mutation; mutation with depth>800X (to eliminate
false-positive variants over-represented by misalignment); allelic frequency>0.1% in either the
1000 Genomes project or theWhole Exome Sequencing Project (Washington University, which
includes 6500 sequenced samples); allelic frequency>5% in the IARC generic catalogues of se-
quenced samples and a TCGA dataset of 650 samples (to eliminate systematic sequencing errors).
Inclusion criteria: mutation found in an exonic or splice site; mutation not present in a duplicated
genomic region; mutation predicted as deleterious by SIFT or PolyPhen-2.

To further select potentially pathogenic alterations, mutations were annotated as driver
events if present in genes (1) defined as tumor suppressors or oncogenes in GSEA (Broad
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Institute) database, (2) considered as drivers by Vogelstein et al [21], (3) identified as signifi-
cantly mutated genes in the five studies of breast cancer available in the TCGA database. Col-
lectively, these databases contain more than 6,000 sequenced tumors. All filtered variants were
verified by manual inspection of the BAM files using the Integrated Genome Viewer (Broad In-
stitute). Recurrent somatic mutations were confirmed experimentally by sequencing both the
tumor and blood DNA samples with the Ion Torrent PGM platform using targeted amplicon
sequencing at 500X minimum coverage, following manufacturer’s instructions.

Results

Deregulated transcriptional programs
To characterize the transcriptional programs expressed in TNBC tumors fromMexican
women, archived tumor samples were analyzed by whole gene expression profiling using FFPE
specific reagents for RNA extraction and analysis (see Methods). The FFPE-designed WG
DASLHT (Illumina) expression assay covers 20,727 unique genes. We first classified samples
using the PAM50 classifier and found that 75% (9/12) of the tumors belonged to basal-like mo-
lecular subtype while 25% corresponded to theHER2 subtype (Fig 1, S2 Table). Differential
gene expression analysis (DGEA) was then performed using two independent public control
datasets (obtained on the same type of analysis platform) of normal breast tissues as paired
normal tissues were not available from the tissue archive (see Materials and Methods). Using
the first control set (GSE32124, 33 samples of normal tissues), 7,459 of 20,727 (36.0%) genes
were differentially expressed in the tumor tissues, with 18.0% and 17.9% of genes up- and
down-regulated respectively (S3 and S4 Tables). Using the second control set (GSE17072, five
samples of normal tissues), 1,590 of 20,727 (7.7%) genes were found differentially expressed
with 4.4% and 3.3% of genes up- and down-regulated respectively (S5 Table). There was a near
90% overlap between these two independent analyses, with only one gene related to cancer that
had contradictory direction of regulation (S1 Fig). Therefore, considering the stringency of the
statistics used (T-test p = 0.01, FDR = 0.01), the substantial overlap between both analyses, and
the fact that the larger number of controls may resemble more accurately the transcriptional
nature of the normal breast tissue, we used results obtained with the GSE32124 dataset (33 con-
trols). This DGEA analysis showed that, among genes expected to be overexpressed in the
TNBC phenotype,MKI67, TOP2A, CCNE1, CCNE2, EGFR, FGFR1, FGFR2, VEGFA,HIF1A,
ARNT, FOXM1 and the BRCA1-repressor ID4 were found up-regulated (S3 Table). Interest-
ingly,MYCmRNA was not up-regulated, but there was a significant enrichment of 37 overex-
pressed genes in the gene set corresponding to cytogenetic band 8q24 that includesMYC gene
(S6 Table). Significant enrichment was also found for other cytogenetic bands associated with
breast cancer, including 1q21, 1q22, 1q32, 3q23 and 3q28 (S6 Table). Among other up-
regulated genes, those that contain transcription-binding sites forMYC,MAX,MYB, ELK1,
ETS1, ETS2, ETV7,MAF and E2F were significantly enriched (S7 Table). Significant enrich-
ment was also found for growth promoting and tumor progression pathways such as EGFR,
MYC, VEGFR and E2F; for biological processes linked to proliferation such as telomere main-
tenance, cell cycle, DNA repair, DNA replication chromosome organization; and for gene sets
associated with ductal invasive breast cancer and exposure to EGF orMYC activity (Fig 2A).
Interestingly, the isoforms of the apolipoprotein B mRNA-editing enzyme catalytic polypep-
tide-like (APOBEC3A, APOBEC3B and APOBEC3H), implicated in breast cancer carcinogene-
sis, were also up-regulated (S3 Table). In addition, 10 of the 14 genes associated with the Basal-
like Immune Activated (BLIA) subtype of TNBC recently reported by Burstein et al., where up-
regulated, including CXCL11, RARRES1, GBP5, CXCL10, CXCL13, LAMP3, STAT1, CTLA4,
TOP2A, LCK [22].
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Fig 1. PAM50 classification of TNBC samples. The hierarchically-clustered normalized expression values of the PAM50 classifier genes is shown for the
12 triple negative breast cancers (TNBCs) analyzed and the five centroids. The samples were classified according to their correlation with the PAM50
centroids. Red and blue boxes represent overexpressed and down-regulated genes, respectively.

doi:10.1371/journal.pone.0126762.g001
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Consistent with the triple negative phenotype, ESR1 and ERBB2 were down-regulated (al-
though PGR levels did not show a statistically significant down-regulation) (S4 Table). Within
down-regulated genes, there was significant enrichment for TP53 targets, genes down-
regulated in basal-like breast cancer, respiratory electron transport and cell adhesion pathways,
MYC repressors, BRCA, CHEK2 and ATM networks (Fig 2B and S4 Table).

miRNA expression analysis and networks of miRNA:mRNA connectivity
The expression profile of 754 miRNAs was determined in the 12 tumor samples using TaqMan
arrays. To identify deregulated miRNAs, a control dataset of six normal tissues (deposited in
GSE35412) obtained with the same analysis platform was used for differential expression anal-
ysis (see Materials and Methods). We found a pattern characterized by high expression of on-
cogenic miRNAs and repression of tumor suppressor miRNAs (S8 and S9 Tables). The clusters
of highest enrichment in the up-regulated miRNAs were the miR-1283 (7 miRNAs), miR-1185
(6 miRNAs) and miR-17 cluster (5miRNAs). Consistent with its polycistronic nature, all
members of the miR-17-92 oncogenic cluster showed co-regulation, with the exception of
miR-19a. Furthermore, the miR-17 and miR-548 families were the most enriched ones with
five and seven members involved, respectively. Overall, the top five up-regulated miRNAs were
miR-624, miR-339-5p, miR-191 and miR-651. The top five up-regulated oncogenic miRNAs
were miR-93, miR-20a, miR-214, miR-146b and miR-92a (percentile rank of overexpressed
miRNAs 92.9, 91.4, 84.3, 75.8 and 68, respectively). Strongly down-regulated tumor suppress-
ing miRNAs included miR-1, miR-34c, let-7a, let-7b, miR-127, with a percentile rank of inhibi-
tion of 96.2, 84.2, 69.1, 61.6, 59.3, respectively. Other down-regulated tumor suppressors were
let-7c, miR-101, let-7e, miR-125b, miR-141, miR-126, miR-34a, miR-34c and miR-200a.

In order to identify potential networks of post-transcriptional regulation of gene expression,
we analyzed inverse relationships of miRNAs and their target mRNAs in the differentially ex-
pressed paired profiles focusing on genes involved in cancer (see Materials and Methods). We
found a repressive network composed of 53 overexpressed miRNAs and 68 down-regulated
genes (Fig 3A, S10 Table). The repressed genes were significantly enriched for the ontology
terms “regulation of apoptosis” and “tight junction”. Tumor associated miRNAs present in this

Fig 2. Enriched pathways from the differential gene expression analysis. (A) Up-regulated pathways from KEGG, PANTHER, REACTOME and
Chemical and Genetic perturbations (GSEA). (B) Down-regulated pathways from the same sources. Enrichment is shown as-log10(P) values.

doi:10.1371/journal.pone.0126762.g002
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Fig 3. Networks of connectivity betweenmiRNA andmRNA. (A) Networks of (A) up-regulated miRNAs and down-regulated mRNAs, (B) down-regulated
miRNAs and up-regulated mRNAs, identified in the TNBC samples (only high confident interactions and genes involved in cancer were selected).

doi:10.1371/journal.pone.0126762.g003

Omics Analysis of Archived Breast Cancer Tissues

PLOS ONE | DOI:10.1371/journal.pone.0126762 May 11, 2015 9 / 18

155



network included miR-18a, miR-93, miR-146b, miR-200c, miR-214, miR-223, miR-650 and
miR-1285, collectively repressing 9 tumor suppressors genes (including ARID2, ATM, CYLD,
KLF6, NBN, SDHD, SMAD4, SMARCA4, TNFAIP3), nine oncogenes (including BCL2, CREB1,
CREBBP, FOXO1,MYC,MYH11,MYH9, NOTCH1), growth inhibitors (BMPR2, BTG2, BTG3,
LITAF and PA2G4), chromatin remodelers, six claudin genes (CLDN11, CLDN14, CLDN5,
CLDN7,CLDN8, CLDND1) 11 DNA-repair/ATM pathway genes (ATF4, CREB3, CREB5,
DCLRE1C, ERCC1, PARP1, POLR2C, RAD23B, RAD51, RPA1, XRCC5) and six proapoptotic
genes (BAK1, BCL2L1,MCL1, SMAD3, SMAD5, SMAD7). Interestingly, the transcripts of the
estrogen receptor (ESR1),HER2 (ERBB2) and E-cadherin (CDH1) were part of this suppressive
network (Fig 3A). In the reverse association, there were 32 connected clusters of down-
regulated miRNAs and up-regulated target mRNAs. Seven of these clusters harbored four or
more genes (Fig 3B) and showed a significant functional enrichment for kinase and cell cycle
activity, and for focal adhesion pathways. The clusters with the highest number of mRNAs in-
cluded tumor suppressing miRNAs such as miR-1 (connected to 63 mRNAs), miR-15b (linked
to 43 mRNAs), let-7b (connected to 37 mRNAs), miR-125a (connected to 13 mRNAs) and
miR-204 (linked to 7 mRNAs) (Fig 3B). Oncogenes present in these clusters included EGFR,
FGFR1,HRAS, KRAS, FOXP1,HMGA1,MET,MLLT1, NOTCH2, PAFAH1B2, PICALM,
PLAG1, RUNX1, TPM3, and five growth factors (BMP1, CSF1, IL1RN, TGFB3 and VEGFA),
some of which are typically overexpressed in TNBC (Fig 3B).

Landscape of somatic mutations
The 12 tumors and their paired blood DNA were sequenced by whole exome sequencing at a
mean coverage of 123x (range, 54–269) and 65x (range, 56–82) respectively (Table 1). Using a
dedicated bioinformatics pipeline combining high mapping and calling stringency, and exclu-
sion of platform-specific sequencing errors (see Materials and Methods), we found a mean fre-
quency of 1.7 mutations/exome Mb (range, 0.46–5.56), which is concordant with previous
studies in TNBC [7,23]. To define potential driving mutations, we applied a filtering approach
based on mutation position (splicing sites, exonic), nature of the mutation (non-synonymous
with predicted deleterious impact on protein), its genomic context, absence in human popula-
tions without cancer, and the biological relevance of the affected gene (see Materials and Meth-
ods). With this strategy, we found samples with 1 to 20 driving mutations with a mean of 5.25
driving mutations per sample (Fig 4; S11 Table). Two tumors with only one driving mutation
had TP53 affected. Recurrent driving genes with pathogenic mutations were TP53 (54%), RB1
(27%), ARID1A (18%), BRCA1 (18%), KDM6A (18%), PTEN (18%) and SETD2 (18%). Other
relevant cancer genes that were mutated in only one sample included ATR, ATX, BRCA2,
CDH1, GATA3, PAX7, PIK3CA and ESR1. Thirty percent of the mutated driving genes were
druggable with 91 anti-neo-neoplastic agents, of which 18 are drugs approved by the Food and
Drug Administration (FDA) (S12 Table). Interestingly, pathogenic mutations were found in 19
DNA repair genes and tumors with higher numbers of mutations in DNA repair genes showed

Table 1. Whole exome sequencing summary statistics.

Metric Value (range)

Tumors-normal pairs sequenced 12

Total sequenced (GB) 198.43

Mean fold tumor target coverage (range) 123x (54–269)

Mean fold normal target coverage (range) 65x (56–82)

Mean somatic mutation rate per megabase (range) 1.7 (0.46–5.56)

doi:10.1371/journal.pone.0126762.t001
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higher mutation load (Fig 4; S2 Fig). Given that we found three isoforms of the APOBEC3 cyti-
dine deaminase overexpressed in these tumors, we looked for the expected signature of the
APOBEC3 family of enzymes. The APOBEC signature is characterized by C to T and C to G
mutations in a TCW sequence context [24–26]. In our set of tumors the main mutation type
was C to T with a majority occurring in the context of 5’-TCT-3’, resembling the APOBEC sig-
nature. Mutations with this signature were found in cancer driving genes such as ATRX,
FGFR2, SETBP1 and TP53.However, there was no correlation between APOBECmRNA ex-
pression and the total number of C to T transitions in the context of TCW at the sample level.

Summary integrated analysis
TP53 pathway. TP53 was found mutated in 50% of the samples with a high proportion of

truncating mutations (50%; Fig 4). Evidence for TP53 inactivation by other mechanisms was
also found. Indeed, the p53 inhibitorsMDM2 andMDM4 were up-regulated at the mRNA
level, and severalmiRNA acting downstream of p53 or impacting p53 were deregulated. A set
of onco-suppressive microRNAs with p53 binding sites in their promoters were down-
regulated. These microRNAs, that included miR-15b, miR-205, miR-34a, miR-34c, miR-192,
miR-200a and miR-107 target p53 inhibitors (such asMDM2), cell cycle genes (CDK4/6, E2F,
CCNE1/2, CDC7), oncogenes (MET), growth factors (IGF1), antiapoptotic genes (BCL2), meta-
bolic genes (LDHA), stemness genes (NANOG, SOX2, KLF4, OCT4, CD44), proangiogenic
genes (ANRT) [27–29] or genes involved in proliferation and metastasis (LAMC1). miR-449b

Fig 4. Summary results of whole exome sequencing for all matched samples (n = 12). Top panel, details of mutations found in tumors in each specific
samples (blue squares are single-nucleotide variants (SNVs) and red squares are insertions and deletions (Indels). Right panel shows the mutations per
exome, the amount of mutations in driving and DNA repair genes and total number of mutations per tumor. Lower panel shows gene annotations derived
from present results and other studies: Recurrent gene mutated in more than one sample in present series; Mutated in triple negative breast cancer (TNBC)
[7], significantly mutated in TNBC from TCGA [49,50]; Oncogenes and tumor suppressors class derived from references [21,51]; Epigenetic modifiers class
derived from references [52,53]; Clinical target, genes that are targets of drugs in clinical trials or approved by FDA. (http://www.fda.gov/Drugs/
InformationOnDrugs/ApprovedDrugs/default.htm).

doi:10.1371/journal.pone.0126762.g004
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and miR34 which block the p53 repressors SIRT1 and HDAC1 were down-regulated. miR-
1285, which is a direct repressor of TP53 was overexpressed [30]. Finally, The MDM-blocking
miRNA miR-192 was down-regulated (Fig 5).

PIK3CA/PTEN pathway. Only three samples showed direct activation of the PIK3CA
pathway, with one sample (8%) carrying an activating mutation in PIK3CA (p.H1047L) and
two samples carrying PTEN inactivating mutations. However, there was evidence for global ac-
tivation of this pathway in the miRNA/mRNA expression analyses (Fig 5). Indeed, key
PIK3CA effectors were overexpressed (AKT1, PIK3CB, PIK3CD, PTK2, KRAS, CD19,
HSP90AA1 and the integrins ITGA1, ITGA5, ITGA8, ITGB4, ITGB6 and ITGB8), and the
PTEN-targeting miRNAs miR-21, miR-222 and the AKT downstream targetsMDM2, NOS3,
YWHAZ were up-regulated. In addition the FOXO1, BAD, CDKN1A, CDKN1B genes, which
encode proteins repressed by AKT were found down-regulated, as well as the AKT inhibitors
miR-125b, miR-149, miR-184, miR-708, PPP2CA, PPP2R1A, PPP2R1B and PPP2R5E (S3 Fig).

RB1 pathway. An overall down-regulation of the Rb pathway was apparent, with muta-
tions in RB1 in three samples and global up-regulation ofMDM2 (RB1 repressor) and of
RB1-targeting miRNAs (miR-215, miR-106a, miR-17, miR-20a, miR-93, miR-215, miR-21).

DNA repair pathway. Mutations in DNA repair genes were found in all samples but one,
including four deleterious somatic mutations in BRCA1/2 genes. Although no change was ob-
served at mRNA level in BRCA genes, some of their important molecular partners were down-

Fig 5. Integrated molecular portrait of triple negative breast tumors fromMexican women using archived clinical samples. Data from whole exome
sequencing and miRNA and mRNA expression experiments were integrated. Tumor suppressor pathways and DNA repair genes are repressed through
different mechanisms, while tumor growth and progression pathways and genes related to endogenous mutation promotion exhibit up-regulation. Gene,
miRNA and Pathway expression levels are depicted in red for up-regulation and blue for down-regulation; genes without differential expression are marked in
white. Mutations are shown as lightning icons.

doi:10.1371/journal.pone.0126762.g005
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regulated including BCCIP, RAD51C, DMC1, DCLRE1C (Artemis), XRCC2, XRCC5 and RPA1
(Fig 5). Furthermore, the BRCA1-targeting miR-146b was among the top up-regulated miR-
NAs, which may result in BRCA1 repression through translation inhibition [31]. These results
suggest a low capacity for genome maintenance and may thus reflect a genomic instability state
in these tumors [32–34].

FOXM1 pathway. Consistent with other TNBC studies, FOXM1mRNA was overex-
pressed in these tumors and several FOXM1 transcriptional targets were found up-regulated
(AURKB, BIRC5, CCNB1, CCNB2, CENPA, CENPF, NEK2, SKP2, XRCC1 andMMP9). Fur-
thermore, FOXM1, the inducers RAF1,HIF1A, CCNA, CCNB and CCNE were overexpressed,
while the repressors miR-149 and miR-186 were down-regulated (S4 Fig). There was thus evi-
dence for FOXM1 pathway activation in these tumors.

Epigeneticmodifiers. Interestingly, we found a total of 14 mutations in chromatin re-
modeling genes, including recurrent mutations in ARID1A, KDM6A and SETD2 (Fig 4). Addi-
tionally, the expression levels of several genes with epigenome regulatory activity were altered,
including 51 up-regulated and 23 down-regulated (S13 Table).

Invasiveness. Invasive/EMT-like phenotype has been reported in TNBC and could reflect
the metastatic nature of these tumors. Although regulators of invasiveness such as Snail, Slug
and Twist were not found deregulated, molecular markers likeMMP9 and Fibronectin and
miRNA related to invasion (miR-222) were up-regulated, while CDH1 was repressed. These re-
sults may reflect an invasive-like signature.

Discussion
This study represents the most comprehensive genomic analysis performed on clinical FFPE sam-
ples of TNBC from an ethnically homogenous cohort of Latin American women. Combining
whole exome sequencing, miRNA and mRNA transcriptomic profiling, we found a gene expres-
sion program and a profile of somatic mutations consistent with findings reported in recent inte-
grated genomic analyses of large series of high quality breast cancer samples, including two
studies focused on TNBC [7,35]. Although we analyzed a small set of samples (12 tumors), these
samples have been carefully selected as molecularly homogeneous TNBC based on IHC analyses
with more than 70% tumor cellularity. Our transcriptional analysis found that 9 out of 12 samples
(75%) had an expression pattern of basal-like breast cancer (based on the PAM50 gene signature).
These findings are thus consistent with the fact that basal-like subtype of breast cancer is found in
70–80% of TNBC [8]. Moreover, our samples may be more similar to the immune-activated
basal-like subtype of TNBC that has recently identified in several sample sets [22].

The tumors analyzed harbored one to 20 driving mutations per tumor. TP53was the most fre-
quently mutated gene, with a high proportion of truncating mutations, a feature previously de-
scribed in basal-like breast cancer [36]. RB1 was the second most frequent hit as reported before
[7,35]. PIK3CA gene, which is frequently mutated in breast cancer, except in the TNBC/basal-like
subtype, was also found rarely mutated (in 1/12, 8.3% of samples). Overall, half of the samples
(6/12) carried genetic alterations potentially actionable by currently available drugs approved by
the FDA.Deregulated transcriptional programs were characterized by growth and tumor promot-
ing signals, with in particular the overexpression of EGFR, PDGFR and VEGF pathways, recog-
nized as some of the main pathways driving TNBC [7,37]. The combined analysis of mutations
and transcriptional programs showed that well-recognized pathways deregulated in basal-like tu-
mors were found deregulated in these set of TNBC tumors (see Summary integrated analysis sec-
tion and Fig 5). Thus, no specific molecular characteristics were found in these series of tumors,
suggesting that TNBC in Mexican women develops through similar mechanisms to TNBC in
other populations. It is of note that our analysis was focused on genes involved in cancer pathways
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and on well-defined molecular interactions, as our primary aim was to assess whether the major
molecular alterations detected in this series of tumors matched the one described in other TNBC
cases.However, this study shows that TNBC oncogenic molecular programs converge in key de-
regulated pathways that may be targeted, not only by chemotherapeutic agents and protein-
targeting drugs, but also oncogenic miRNA blockers.

One of the challenging limitations of our study was the lack of normal tissue for the analysis of
mRNA and miRNA differential expression. We circumvented this issue by employing public ex-
pression data of normal breast tissue obtained on the same or similar arrays as the one used here
and by applying high stringency statistics, an approach that has been successfully applied in other
breast cancer studies [38,39]. For theDGEA with mRNA we compared the performance of two
datasets and found a high degree of concordance and no notable difference in the sense of regula-
tion of the genes. For miRNA analysis, we could identify only one control set.Despite this limita-
tion, the overall pathway and miRNA analyses confirmed expected molecular alterations found in
other breast cancer and TNBC genomic studies, and corroborated the histological classification,
which collectively reinforced the validity of our analysis.

While other studies showed the possibility of using FFPE samples for Next-Generation Se-
quencing (NGS) analysis [40,41], this remains challenging. For mRNA analysis we used reagents
specially dedicated to FFPE samples that allow the detection of molecules in partially degraded
samples [42,43]. In contrast, the stability of miRNA in FFPE samples has been described to be
high in different studies [44,45] and we used a classical TaqMan platform that has been validated
for FFPE samples [46,47]. Tissue fixation with formalin is known to increase C to T substitution
artifacts during the PCR steps. In breast cancer, the up-regulation of the APOBEC3 enzymes has
been identified as a major source of C to T mutations within the TCW sequence context [48]. In
our analysis, although we found an overall up-regulation of APOBEC3B, APOBEC3A and APO-
BEC3HmRNA and a mutation signature enriched for C to T transitions, the level of mRNA ex-
pression of APOBECmembers at the sample level did not correlate with the overallmutation load
or the abundance of C to T mutations. Whether potential C>T artifacts due to the FFPE origin of
the samples may have masked APOBECmutation signature thus remains unclear. It is of note
that, although we could not test allmutations in validation experiments due to lack of sufficient
material, we could validate 20/22 (91%) mutations in recurrently mutated genes using targeted
resequencing with the Ion Torrent (data not shown). Thus, although mutation confirmation is
important for interpreting sequencing data from FFPE material, our work confirms the feasibility
of using these biospecimens for NGS analysis. It is expected that technology developments will
soon improve the quality of sequencing obtained with these samples.

Conclusions
Our results show that an integrated molecular analysis including exome and miRNA:mRNA
transcriptome is feasible on archival FFPE samples. The possibility to use FFPE material,
which represents the most frequent sample type in biorepositories, is of broad interest since it
opens the opportunity to perform large retrospective studies on treatment outcomes, to investi-
gate rare tumor types and to explore the geographic diversity of breast cancer.
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Base changes in tumour DNA have the power to reveal
the causes and evolution of cancer
M Hollstein1,2, LB Alexandrov3,4, CP Wild5, M Ardin1 and J Zavadil1

Next-generation sequencing (NGS) technology has demonstrated that the cancer genomes are peppered with mutations. Although
most somatic tumour mutations are unlikely to have any role in the cancer process per se, the spectra of DNA sequence changes in
tumour mutation catalogues have the potential to identify the mutagens, and to reveal the mutagenic processes responsible
for human cancer. Very recently, a novel approach for data mining of the vast compilations of tumour NGS data succeeded in
separating and precisely defining at least 30 distinct patterns of sequence change hidden in mutation databases. At least half of these
mutational signatures can be readily assigned to known human carcinogenic exposures or endogenous mechanisms of mutagenesis.
A quantum leap in our knowledge of mutagenesis in human cancers has resulted, stimulating a flurry of research activity. We trace
here the major findings leading first to the hypothesis that carcinogenic insults leave characteristic imprints on the DNA sequence of
tumours, and culminating in empirical evidence from NGS data that well-defined carcinogen mutational signatures are indeed
present in tumour genomic DNA from a variety of cancer types. The notion that tumour DNAs can divulge environmental sources of
mutation is now a well-accepted fact. This approach to cancer aetiology has also incriminated various endogenous, enzyme-driven
processes that increase the somatic mutation load in sporadic cancers. The tasks now confronting the field of molecular
epidemiology are to assign mutagenic processes to orphan and newly discovered tumour mutation patterns, and to determine
whether avoidable cancer risk factors influence signatures produced by endogenous enzymatic mechanisms. Innovative research
with experimental models and exploitation of the geographical heterogeneity in cancer incidence can address these challenges.

Oncogene advance online publication, 6 June 2016; doi:10.1038/onc.2016.192

INTRODUCTION
Cancer is a genetic disease, and mutations in genes that drive
cancer constitute the overriding molecular events leading to
malignant growth. During the first decade of the next-generation
sequencing (NGS) revolution, the focus of whole-genome and
whole-exome cancer sequencing projects was to describe the
genome landscape of major human cancers, that is, to identify
groups of genes (driver genes) that contribute to the growth of
different types of tumours when mutated.1,2 This massive effort
has made it clear that the set of mutated driver genes in cancer
genomes typically consists of fewer than 10 in any given tumour.
Driver genes provide a blueprint of the malignant process, and
offer targets for specific therapies.3–5 In less than a decade, NGS
identified most genes in the genome that can provide a growth
advantage to a cell if mutated. Fewer than 1% of all human genes
appear to have this potential to drive neoplastic development.
A characteristic subset of driver genes harbouring deleterious
mutations has been identified for each major cancer type,
corroborating the notion that cancer is many diseases, each type
following an underlying developmental path. Although there is
considerable heterogeneity in the genome landscapes of different
cancers, it appears that all driver gene products affect a common
set of biological pathways.5,6

Although the first goal of tumour NGS data analysis was to
identify driver gene mutations buried amongst a plethora of

accumulated sequence changes, it became apparent that the
frequency and types of common base substitutions differed
substantially across cancer types. Furthermore, mutation pattern
heterogeneity could arise in distinct sets of tumours of the
same type.3,7 Although it is generally accepted that some of this
diversity stems from differences in patient exposure history,
cursory perusal of mutation profiles did not lead significantly
further in identifying the sources of mutations beyond what had
been achieved previously through mutation spectra analysis of
single cancer genes. Once methods were applied to parse
enigmatic mutation catalogues into specific mutational signatures,
however, the picture changed entirely. Computational mining of
information previously locked in mutation databases allowed tight
associations to be made between specific cancer risk factors and
unique patterns of sequence changes in tumours.

ESSENTIAL OBSERVATIONS FROM SEQUENCING SINGLE
CANCER GENES IN TUMOURS: IMPLICATIONS FOR
CANCER AETIOLOGY
Mutation patterns amongst different cancer types are different
Mutation analysis of individual cancer genes, which preceded
scrutiny of NGS mutational catalogues, provided the first evidence
that carcinogenic insults leave mutational ‘fingerprints’ on tumour
DNA. In the decades leading up to tumour NGS studies, catalogues
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of DNA sequence changes in frequently mutated genes such as
the TP53 tumour suppressor gene or the K-ras, and B-raf
oncogenes offered a first glimpse of the mutational pathways
operating in human cancers. Analysis of skin and lung tumours
provided convincing demonstration of an environmental impact
on tumour mutation patterns.8–10 Numerous reports contributed
to the understanding that exposure to ultraviolet (UV) light, the
primary cause of skin cancer, is responsible for the uniquely
characteristic C to T transitions at dipyrimidines in skin tumours,
and that tobacco smoking causes G to T transversions, the
predominant sequence changes present in lung tumours.11 (Note:
When possible, we describe a mutation by naming the base
proposed to carry the pre-mutagenic lesion rather than by using
the COSMIC system (Catalogue of Somatic Mutations in Cancer;
cancer.sanger.ac.uk), which uniformly names the pyrimidine of
the Watson-Crick base pair. When the pre-mutagenic lesion is
currently unknown, we employ the COSMIC system.) Despite the
limited scope of single-gene sequencing, these and other valuable
insights from such projects continue to emerge, particularly from
the analysis of TP53. One reason why sequencing TP53 is
particularly informative in revealing sources of mutagenic insult
is that any one of numerous single base changes along the coding
sequence is sufficient to disrupt its proper function.12,13 Such
diversity of potential mutations and sequence contexts can reveal
discrete mutation profiles. Each TP53 mutation in a set of tumours
of a specific type is classified according to the type of
base change, strand orientation, and sequence location, and the
frequencies of specific alterations are then analysed. The tumour-
specific patterns that emerge (such as the TP53 G to T
transversions on the non-transcribed strand in smokers’ lung
tumours clustering at hotspots in codons 157, 158 and 273)
represent rudimentary ‘signatures’ produced by the action of
mutagenic processes.11,14 As fundamental DNA-damaging proper-
ties of human carcinogenic agents such as UV light and tobacco
carcinogens had been well-characterized in the laboratory,15–17

the effects of these agents on DNA were promptly recognized in
skin and lung tumour TP53 mutation spectra, a major step forward
at the time.
Within this single-gene framework, however, the mutation

spectrum is small in scale and the approach is fraught with
limitations. First, as each patient analysis typically contributes just
one mutation, fingerprints only begin to emerge as data from
many individuals are pooled. Second, as driver gene mutations
are selected during cancer development, the types of tumour
mutations likely to be detected are generally limited to the
specific changes and gene locations capable of unleashing
oncogenic potential are not necessarily characteristic of the
genome’s mutation load as a whole. The B-raf mutation spectrum
in melanomas illustrates the limitations in single-gene analysis in
revealing sources of a somatic mutation burden. In the B-raf driver
gene, the mutagenic risk factor fails to leave its identifying
fingerprint.8 Almost all B-raf mutations in melanoma are T to A
transversions, yet the primary risk factor is UV light, powerful
mutagen that produces C to T and CC to TT base changes at
pyrimidine dinucleotides. An explanation for this anomaly is that
most oncogenic B-raf mutations occur at a hotspot, the second
nucleotide of B-raf codon 600. The sequence context (ACA GTG
AAA) cannot capture the hallmark dinucleotide target of UV
radiation. In contrast, melanoma mutations in TP53 are dispersed
across the locus and do indeed display the UV-characteristic C to T
transitions at dipyrimidines and CC to TT tandem mutations.
(Of general note, not all mutations that a carcinogen induces
will be typical of its action on DNA. Thus, T to A mutations in the
B-raf gene of melanoma, although uncharacteristic of UV
exposure, may well have arisen from exposure to UV, even
though a T to A substitution is not the most likely molecular
change that sunlight generates.)

Within a cancer type, mutation patterns in a single gene can
diverge widely when groups of patients with different exposure
histories are examined
Whilst it was highly plausible that risk factors are responsible for
some of the mutation pattern diversity amongst different
types of cancer, demonstration of a specific risk factor mutation
pattern present in tumours from exposed patients, but absent in
non-exposed patients with the same type of cancer, strengthens
the argument considerably. Extensive supporting evidence has
come from TP53 analysis of lung, urothelial and liver cancers.
The G to T mutation fingerprint discovered in lung cancers and
linked to tobacco smoking is not evident in lung cancer patients
who are never-smokers, and the greater the tobacco smoke
exposure, the more pronounced is the G to T mutation load in
sentinel driver genes such as TP53.10 In urothelial cancers from
patients exposed to the plant carcinogen aristolochic acid (AA),
there is a striking preponderance of TP53 A to T mutations on the
non-transcribed strand of DNA, the primary type of mutation
induced in laboratory mutagenesis experiments with AA.18,19

The signature does not appear in patients with no history of AA
exposure. Finally, a unique liver cancer TP53 mutation pattern,
characterized by strand-biased G to T substitutions predominantly
at codon 249, is present in hepatocellular carcinomas (HCC) from
geographical regions (for example, parts of China and sub-Saharan
Africa) where there is chronic, high-level exposure to aflatoxin
B1 (AFB1), and hepatitis B virus infection is prevalent.17,20,21 In
populations where other risk factors prevail and exposure to AFB1
is minimal or absent, TP53 mutations in HCC are diverse in type
and location.22 A variety of laboratory test systems demonstrated
that AFB1 induces primarily G to T mutations. The codon 249 G to
T hotspot mutation has shown its use as a powerful molecular
biomarker of HCC risk and disease burden in regions where
exposure to AFB1 is high, but it would be of little value as a
biomarker in cohorts with no exposure to this carcinogen.
Overall, DNA sequencing of TP53 continues to generate

evidence supporting the prediction that two cohorts with the
same cancer type but exposed to different environmental risk
factors can have different characteristic mutations in their
tumours. Mutation spectra in oncogenes and tumour suppressor
genes have also indicated that the multiplicity of distinct risk-
associated TP53 mutation patterns in human tumours presaged
the diversity in mutation patterns now emerging from tumour
NGS data.

THE GAME CHANGER: GENOME-WIDE SEQUENCING DATA
AND COMPUTATIONAL ANALYSIS
Mutation research has been witness to three seminal advances,
each of which prompted a flurry of activity in laboratories
around the world. First, in the 1970s, development of the rapid
Salmonella/microsome assay for testing mutagenicity of chemi-
cals, and subsequently the report on test results with 300
chemicals, established the fact that the majority of known and
suspected human carcinogens are mutagenic.23 More than a
decade later, Vogelstein and colleagues discovered that colorectal
cancers harbour a variety of inactivating point mutations in
TP53.24 This finding prompted a deluge of reports describing TP53
mutations in a variety of human tumours. The fact that the
mutations were found in target sequences large and complex
enough to reveal different mutation patterns in various tumour
types was a turning point because tumour TP53 mutations
provided the first comprehensive evidence in clinical samples
that exposure to mutagenic carcinogens leave fingerprints on
tumour DNA.25 With the advent of NGS technologies, the third
quantum leap in mutation research on cancer aetiology is now
upon us. NGS-derived mutation data constitutes a blurred mixture
of fingerprints from different mutagenic processes, however,
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necessitating de-confounding computational procedures to iden-
tify discrete mutational signatures in simple mathematical terms.26

The somatic mutations found in cancer genomes are approxi-
mated as a linear mixture of multiple mutational signatures, each
contributing a different number of mutations to different
genomes:

Mutations ¼ Signatures ´ Exposures

In principle, the known set of mutations in cancer genomes is
used to find the optimal set of signatures and respective
exposures that best describe the original catalogues of somatic
mutations. This problem can be considered as a specific case of a
blind source separation problem, and the challenge is to
unscramble not-observed latent variables (that is, mutational
signatures and their exposures) from a set of mixtures (that is,
somatic mutations in cancer genomes). To ‘unmix’ and reconstruct
the original sources from the records, a blind source separation
algorithm is needed for best possible extraction of original signals
from mixtures. The unmixing and reconstruction of the original
signals is based on constrained and/or regularized optimization
procedure minimizing an objective cost function together with a
few imposed constraints, such as maximum variability, statistical
independence, non-negativity, smoothness, sparsity, simplicity,
and so on. The choice of optimization constraints is based on prior
knowledge about the processed data, and hence the constraints
could be different for every particular case. The non-negative
nature of somatic mutations requires at the very least applying a
non-negative constraint for solving the cancer genomics blind
source separation problem. Alexandrov et al.26 used a widely
applied approach designated non-negative matrix factorization
(NMF; Figure 1) to provide an effective solution.27 NMF does not
seek statistical independence or constrain any other statistical

property of the mixed signals, and thus allows the estimated
sources to be partially or entirely correlated. When tumour
mutational catalogues are analysed with mathematical procedures
such as NMF, numerous carcinogenic fingerprints hidden in a
vast set of human NGS-analysed tumours can be separated and
identified with unprecedented clarity, fast-forwarding our under-
standing of mutation origins during the evolution of cancer.26,28

Despite the apparent neutrality of bystander mutations in the
cancer process, their sheer numbers promise to provide a far more
powerful way than individual onco-mutation analysis to observe
signatures of mutagenic activity. Understanding the mutagenic
processes corresponding to NGS mutational signatures, however,
continues to rely on finding matches with experimentally induced
signatures or other laboratory data.

Diverse mutational processes are responsible for the
heterogeneity in tumour NGS mutation spectra amongst
different cancer types
The first NMF-based pan-analysis of NGS data from a broad
assortment of different cancers demonstrated unequivocally that
tumour types differ in their genome-wide mutation profiles,
and presented compelling argument that distinct risk factors
associated with each cancer type are likely to explain much
of the heterogeneity in mutation spectra across tumour types.28

Twenty-one distinct mutational signatures were extracted from
mutation data on 30 types of cancer from 7042 patients in this
unprecedented study, and a known cancer risk factor or
endogenous molecular process was putatively assigned to many
of the signatures. The number of distinct mutational signatures is
now at 30 (source: COSMIC) and may soon approach 50 as the
results of pan-cancer analyses become validated, and as patients

Case 2, high exposure riskCase 1, low exposure risk

Case 1 Case 2

3 signatures found by NMF 

Figure 1. When patients with the same cancer type have different exposure histories, the mutation patterns in their tumours can be strikingly
different. Two representative cases of upper urinary tract urothelial tumours from regions of either low or high risk of exposure to the
carcinogen aristolochic acid97 were analysed using whole-exome sequencing. The single-base substitution distribution spectra are shown on
top. Performing NMF on the studied case series identified three distinct mutational signatures (A, B and C; middle panel). The pie charts show
the proportionate contribution of individual signatures to the mutational load in each tumour. The absence of signature A in case 1 argues
that the two tumours have distinct aetiologies.
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from geographic areas not previously tested become examined.
Table 1 describes five signatures assigned to specific human
carcinogenic exposures. (Note: In the following discussion,
different signatures are referred to according to their unique
identifying number. See http://cancer.sanger.ac.uk/cosmic/
signatures)
The diversity in mutation patterns amongst cancer types can be

illustrated by a comparison of signatures in small cell lung cancer,
acute myeloid leukaemia and cutaneous melanoma.28 In each of
these cancer types one signature (but not the same one)
contributed 485% of the total mutational burden. The tobacco
smoking-associated signature 4, characterized by G to T transver-
sions with transcriptional strand bias, dominated in small
cell lung cancers, whereas acute myeloid leukaemia mutations
were overwhelmingly C to T transitions at CpG dinucleotides
(signature 1), presumably attributable to spontaneous deamina-
tion of 5-methylcytosine, and clearly distinguishable from the
UV signature C to T transitions at dipyrimidines (signature 7) in
melanoma.

The mutation spectrum derived from NGS of a tumour is
composed of superimposed signatures left by various mutagenic
insults
In most cancer types, parsing of NGS mutational catalogues
demonstrated the presence of several distinct mutational
signatures, in keeping with cancer aetiologies where multiple
exposures are thought to significantly contribute to risk. The fact
that in NGS analysis, each tumour provides an entire spectrum of
mutations (rather than a set of tumours required for single gene-
based analysis) has offered unprecedented opportunity to explore
the multi-factor aspect of human cancer. Despite caveats
mentioned below regarding signatures in branch mutations
accumulating during clonal evolution, genome-wide mutations
in a tumour can be displayed as a weighted composite of distinct
mutational signatures, allowing a first approximation of the
relative contribution of each risk-associated signature to the total
mutation burden in the tumour. With NMF or similar mathematical
approaches,27–30 a rough estimate of the relative impact of

multiple risk factors on the total mutation load can be obtained, a
goal that was out of reach in the single-gene mutational analysis
era. In the initial study applying NMF to NGS data from 30
different tumour types, liver cancer displayed the greatest number
of distinct mutational signatures, presumably reflecting the multi-
factorial aetiology of cancer at this site discernible from the data
archives used. Seven signatures were identified, amongst them
signature 16, apparently unique to liver cancers, which was
detected in 90% of the tumours sequenced, and contributed
anywhere from a few percentages to over half of all the somatic
mutations recorded in a given sample. The cause of signature
16 mutations, characterized by strand-biased A to G transitions at
NpApT sites, is unclear. This observation is intriguing because HCC
is one of the few cancers with several known major risk factors,
notably infection by hepatitis B or C viruses, alcohol consumption
and exposure to AFB1. A recent study uncovered signature 24, one
of the signatures characterized by frequent strand-biased G to
T transversions, in six hepatitis B virus-infected HCC patients
originating from subtropical Africa.31 Extended cohort-specific as
well as experimental studies are warranted to strengthen the
proposed link between this signature and aflatoxin B1 exposure.
At present, of the first 30 distinct signatures defined, 60% have

been provisionally assigned to known carcinogens or mutational
processes. The remaining orphan signatures highlight the dearth
of experimental mutation research, sending out a priority
research call.

Specific endogenous mutational processes have a major impact
on the mutation burden in human populations
The risk of sporadic adult cancer increases exponentially
with age.32 Deamination of 5-methylcytosine, a well-studied
endogenous spontaneous mutagenic process known to erode
DNA sequence integrity, presents as C to T transitions at CpG
dinucleotides, the ubiquitous age-associated signature labelled
signature 1.33 Tumour mutation catalogues from almost all 30
types of cancers in the seminal study of Alexandrov et al.28 had at
least some trace of this signature, and in some cancers signature 1
predominated.

Table 1. Mutational signatures assigned to IARC Group 1 carcinogen exposures

Name Exposure Group 1
carcinogen

Chemical class Characteristic pre-mutagenic
DNA lesion

Signature
hallmarks

Prominent
trinucleotide
target in the
signature

Signature 4 Tobacco smoke Benzo[a]pyrene PAH (+)benzo[a]pyrene-7,8-dihydrodiol-9,
10-epoxide-dG adduct

G to T
GG to TT tandem mutations
Transcriptional strand bias

GGG
GGA

Signature 7 Sunlight Ultraviolet light NA Py-Py photodimers C to T at dipyrimidines
CC to TT tandem mutations
Transcriptional strand bias

TCC

Signature 11 Chemotherapy Temozolomide Alkylating agent O6-methylguanine G to A
Transcriptional strand bias

GGG
GGA

Signature 22 Dietary contaminant (grain);
herbal medicine

Aristolochic acid Plant alkaloid 7-(deoxyadenosin-N(6)-yl)
aristolactam I adduct

A to T
Transcriptional strand bias

CAG

Signature 24 Dietary contaminant
(groundnuts)

Aflatoxins Fungal toxin 8,9-dihydro-8-(N7-guanyl)-9-
hydroxyaflatoxin B1 adduct

G to T
Transcriptional strand bias

GGC

Signature 29 Tobacco chewing Unspecified Unspecified Unspecified G to T
Transcriptional strand bias

TGC
GGC
TGT

Abbreviations: IARC, International Agency for Research on Cancer; NA, not applicable; PAH, polycyclic aromatic hydrocarbon; Py, pyrimidine. Group 1 refers to
the IARC classification of substances for which there is sufficient evidence of carcinogenicity to humans. The third column lists sources of exposure with
documented links to cancer risk. Bases and context sequence are shown to reflect the base targeted by the mutagen (for example, as 5′-GGA-3′ for B[a]P, but
as 5′-TCC-3′ for UV). The targeted base in its preferred sequence context is underlined in the last column. The targeted trinucleotides in the last column are
extracted from signature analysis of human tumours; analysis of experimental models with single, controlled exposures recapitulates major features from the
human data (Figure 2).
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The accumulation of this and other classes of mutational events,
such as those stemming from spontaneous base hydrolysis or the
inherent infidelity of DNA replication and repair,34 is to a certain
extent essentially inevitable, as are some cancers. A recent study
suggested that 10–30% of cancers can be primarily attributed to
intrinsic factors,35 although some argument persists regarding the
proportion of human cancers that presumably cannot be avoided
by changes in lifestyle or environment.36 However, much remains
to be understood with regard to the effect of external exposures
on endogenous pro-mutagenic processes mentioned. On the
basis of geographical disparities in cancer incidence within cancer
types,37,38 current estimates suggest ~ 90% of the global cancer
burden could in principle be avoided, a large fraction of which
may harbour mutational signatures that could be linked to patient
exposure history. In contrast, two signatures of endogenous
mutational processes discernible in practically all cancer types,
signature 1 (C to T at CpG) mentioned above, and signature 5 (a
diffuse pattern produced by unknown underlying molecular
mechanism(s)), have been linked to age, the most inevitable and
ubiquitous cancer risk factor. These two mutation patterns,
attributed to ‘clock-like’ cellular processes, are the only signatures
described thus far for which a correlation was found between the
number of such mutations and the chronological age of patients
at diagnosis.33 Although it is unclear to what extent genetic
background or external factors can accelerate this internal clock in
normal cells, the tumours in which these signatures predominate
are more likely to be those that contribute to the baseline
incidence of cancer in humans.35

Surprisingly, of the first 30 signatures revealed by NMF, almost
half correspond to patterns generated by enzymatic processes
affecting DNA homoeostasis.39 For example, signatures 9 and 10
are similar to mutation patterns left in the wake of DNA repair
polymerases eta and epsilon, respectively, and signatures 6, 15 and
20 imply defective DNA mismatch repair. Further, signature 3 has
been found in the majority of samples harbouring pathogenic
BRCA1/2 mutations indicating that this signature reflects failure of
DNA double strand repair by homologous recombination.40 It has
been long recognized that cancer patients with inherited
deleterious mutations in DNA repair enzymes have tumours with
a hypermutator phenotype.41 However, inherited cancer syn-
dromes of this class are relatively rare, so the demonstration that
enzymatic DNA maintenance mechanisms appear to contribute to
diverse types of sporadic cancers raises the question as to whether
avoidable, known cancer risk factors can influence the impact
from these pathways on the human mutation burden. In
particular, the extent to which cancer risk factors that do not act
through a direct mutational mechanism exert an influence on
genome-altering cellular processes is one of the most enticing
areas of cancer research, offering rich opportunities for laboratory
science and epidemiology.
It is worth remembering that the human tumours subjected to

NGS in the first phase of studies were not selected to address
hypotheses about aetiology. Patients were not necessarily
representative of the patient population for a given type of
cancer, being typically recruited from a small number of high-
income countries, and little epidemiological data were available or
collected on the exposure history of the subjects. It is thus
premature to draw conclusions about the number or prevalence
of distinct mutational signatures occurring for a given cancer
worldwide.

Modulation of the activity of the APOBEC (apolipoprotein B mRNA
editing enzyme, catalytic polypeptide-like) family of deaminases
Remarkably, the first signature analysis of NGS data28 revealed
that 16 of the 30 cancer types displayed signatures that matched
the mutator activities of APOBEC deaminases (signatures 2 and
13). In connection with its eponymous function, this large family of

enzymes has several biological tasks, including viral restriction and
suppression of retrotransposition.42 The collateral damage these
enzymes inflict on single-stranded genomic DNA has been
characterized extensively in experimental model systems, facil-
itating recognition of their mutational impact on human tumour
DNA.43–46 On the basis of this characterization, a role for
APOBEC3A and/or APOBEC3B in human cancer is more likely
than for other members of the family. The putative contribution of
the APOBEC3 enzyme activity to the total tumour mutation load
reported in several independent NGS studies of breast
tumours47,48 is an important clue in elucidating the incompletely
understood aetiology of sporadic breast cancer. With respect to
APOBEC3 dysregulation in this cancer type, alterations at the gene
locus itself (coding sequence or promoter mutation, gene copy-
number polymorphism) and induction of enzymatic activity by
factors in the cellular environment may be responsible. 49–51

In-depth exploration of APOBEC expression modulation by
cancer risk factors is needed in the wake of these recent surprising
discoveries on the putative impact of APOBEC on the human
mutation burden. Interestingly, significant numbers of signature 2
mutations are present in cervical cancer and in head and neck
tumours,52 two types of cancer with human papillomavirus (HPV)
involvement.53 Elevated APOBEC3 activity in HPV-infected cells
would be a further manifestation of the APOBEC gene family
responses to viral infection.54,55 In a recent study, mutations
related to the APOBEC signatures 2 and 13 found in HPV-positive
head and neck cancers were reported enriched relative to the
HPV-negative counterparts.56 In most cancer types exhibiting
APOBEC dysregulation, however, the underlying causes remain
enigmatic, with the exception of the small numbers of tumours
found to harbour gene copy polymorphisms or deleterious
mutations involving the APOBEC locus.

Physicochemical mutational processes, ‘amorphous’ risk factors
and co-mutagenic agents: SEVERAL elephants in the room?
In general, the mutagenic impact of reactive chemicals in the
internal environment of the cell, and external influences on the
mutagenic potential of endogenous enzymes are difficult to
assess. Furthermore, it is not known how or to what extent
established but ‘amorphous’ risk factors with no assigned
genome-wide mutational signature, such as obesity, chronic
inflammation, physical inactivity, and reproductive history, mod-
ulate mutation patterns. The chemical properties of reactive
oxygen species, nitrogen radicals and lipid peroxidation products
associated with oxidative stress and chronic inflammation link
them directly to DNA damage and these molecules are considered
an important source of tumour mutations.57,58 Nevertheless,
information on the relative contribution from such sources to
tumour mutation load is imprecise, and the specific patterns in
base substitution distribution they might produce are ill-defined.
Attack on DNA by endogenous cellular chemicals has been shown
in numerous studies to elicit specific classes of base substitution,
however. A recent study reported that DNA exposed to
hydrochlorous acid, a chemical secreted by neutrophils in
inflamed tissues, acquired 5-chlorocytosine residues, a modifica-
tion that caused transitions to T, a common mutation type overall
in human cancers even when the particular subclass CpG to TpG,
attributable to deamination of 5-methylcytosine (signature 1), is
not considered.59

Mathematical analysis of data from fit-for-purpose NGS studies,
for example by comparing mutations in distinct risk cohorts,
should bring more clarity to this prickly topic.60 ‘Amorphous’ risk
factors present no small challenge; whereas many chemical
carcinogens produce unique DNA adducts that serve as traces
of exposure, episodic exposures from endogenous chemical flux,
or exposure to a non-mutagenic agent acting on endogenous
mutational processes from a distance, are difficult to pinpoint.
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Finally, some risk factors may impact risk primarily by modulating
a different trajectory of cancer development such as immune
surveillance of cancerous cells, and not by increasing the
mutation load.

Episodic exposures in cancer evolution
Two recent reports on the multi-clonal evolution of lung cancer
and the role of APOBEC3B activity, in which truncal (early)
mutations were compared against branch (more recent) muta-
tions illustrate how temporal shifts in mutation patterns feed into
the mutational landscape of a full-blown cancer.61,62 The two
studies, which traced lung cancer development by sampling
tumours at multiple locations, concluded that APOBEC3B dysfunc-
tion typically exerts effects later in the evolution of the primary
clone. The enzyme’s signature was evident amongst branch
mutations but not in truncal mutations. Thus, whilst parsing of a
mutational catalogue can estimate the relative importance of
multiple signatures, and hence exposures in the natural history of
the cancer, the percentage of the total mutation burden in the late
stages of cancer that are attributable to a given signature/
exposure may not necessarily indicate the relative importance of
multiple environmental exposures in initiating a cancer. Obtaining
multiple biopsies of an exposed organ or cancer to assess tissue
burden of mutant cells, or to retrace the evolution of the
mutational load and the timing of distinct mutational insults, is a
strategy that gains power from NGS and mutational signature
analysis.61,63–68 In principle, one could revisit the migrant studies
or time-trend studies of descriptive epidemiology but with
genome-wide mutational analysis. For example, changes in
mutation pattern following changes in risk factor exposure over
a lifetime could be tracked in cancers from migrant populations,
particularly when the difference in exposure patterns and cancer
incidence between the patients’ country of origin and the
subsequent place of residence is extreme. An example would be
migrants from Africa to Europe where exposure to the dietary
carcinogen AFB1 is markedly different. The International Agency
for Research on Cancer World Cancer Report 2014 contains
numerous examples of widely differing exposure patterns and
more than 10-fold geographical discrepancy in incidence for a
number of common cancers.38 Alternatively, one could examine
cancer types that have seen rapid changes in incidence over time,
an example being the increases in countries undergoing rapid
development, offering opportunities to compare spectra for the
same tumour in the same population but in the face of different
environmental and lifestyle exposures.

EXAMPLES OF MUTATION SPECTRA HETEROGENEITY WITHIN
A CANCER TYPE, ATTRIBUTABLE TO DIFFERENCES IN RISK
FACTOR EXPOSURES
Evidence for a direct role of external risk factors in shaping human
tumour mutation spectra is now accumulating from NGS projects
specifically designed to capture this information by comparison of
groups of patients with the same type of cancer, but differing in
exposure to a known cancer-causing agent. Investigations along
these lines show that mutation patterns can indeed be hetero-
geneous within a cancer type and that differences in risk factor
exposures explain this variation. Three prominent examples are
discussed here that parallel observations from earlier single-gene
studies.

Mutation patterns attributable to tobacco smoking
The great majority of lung cancers worldwide arise in patients who
smoke or have smoked tobacco. The outstanding features of the
lung cancer NGS mutation spectrum, corroborated by several
projects involving hundreds of lung cancer patients, are (i) the
presence of a distinct strand-biased G to T transversion signature

in smokers but, crucially, absent in never-smokers, and (ii) the high
numbers of somatic mutations per tumour.7,28,69,70 Computational
methods have defined signatures provisionally attributable to
tobacco smoke exposure although preferred sequence contexts
where presumptive tobacco-associated transversions accumulate
in respiratory tract cancers are not fully established, perhaps
reflecting the chemical complexity of tobacco smoke. It is unlikely
that NMF of mutational catalogues will differentiate between
fingerprints of two distinct carcinogens that both induce strand-
biased G to T substitutions should the preferred sequence
contexts of the two chemicals overlap significantly. Tobacco
smoke (along with alcohol consumption and HPV infection) is a
principal risk factor for head and neck cancers as well as lung
cancer. As expected, NGS analysis of 74 head and neck cancers,
89% of which were from patients with a history of tobacco use,
identified a prominent strand-biased G to T mutation pattern
similar to findings in smokers’ lung tumours.71 The highest
prevalence of the transversions occurred in tumours with the
highest mutation burden overall, suggesting that G to T mutations
could serve as a readout of tobacco smoke exposure. The
mutagenic impact of tobacco carcinogens across various tissues
is not uniform, however; bladder cancers of smokers do not have
the same mutation profile as smokers’ lung tumours.72 Differences
in tissue distribution and metabolism of carcinogens in tobacco
smoke are two of the many factors potentially responsible for
multiple tumour type-specific mutation patterns produced by a
given exposure. With respect to head and neck cancers, the tissue-
specific effect of tobacco smoke is a particularly complex issue
when tumours of many different cell types and subsites are
grouped together for analysis. A recent NGS study that addressed
this problem revealed that mutations in tongue squamous cell
carcinomas do not exhibit a pattern corresponding to the
spectrum found in smokers’ lung cancers, whereas mutations in
tumours of the larynx do.73

The AA fingerprint
Epidemiological and experimental evidence have long conspired
to incriminate AA in the aetiology of upper urinary tract urothelial
carcinoma (UTUC).74 AA is a potent plant mutagen that
contaminates grain in some regions, such as rural areas along
the lower Danube River, and is present in Aristolochia-containing
herbal medicines popular in a number of countries. In two recent
groundbreaking NGS studies in which the specified objective was
to examine genome-wide mutation patterns in AA-associated
UTUC,75,76 the causal link between AA exposure and cancer could
be established beyond reasonable doubt because of the
convergence of several findings. First, the AA mutational signature
was confined primarily to patients with documented exposure to
AA (measurements of AA-derived adducts on adenine and/or
patient exposure history). Second, the AA signature was repro-
duced in cells experimentally, and third, AA signature mutations
(A to T transversions on the non-transcribed DNA strand at CpApG
trinucleotides) were detected in somatically mutated driver genes.
Clear cell and chromophobe renal cancers of patients from some
regions of Eastern Europe also display this remarkably distinctive
mutation pattern.77,78 From mutational signature analysis it is now
suspected that AA exposure may also be a contributing factor in
causing hepatobiliary and bladder cancers.76,79,80

The mutational signature of a chemotherapeutic alkylating agent
Temozolomide (TMZ) is a human carcinogen, and a strong DNA
alkylating agent used in the treatment of brain cancer and
melanoma. Given its mutagenic properties, it came as no surprise
to find that recurrent tumours of glioma patients treated with the
compound displayed a heavy burden of G to A transitions, a base
substitution induced by this class of chemicals when the alkylated
deoxyguanine (O6-methyldeoxyguanine) mispairs with thymine.
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The naturally occurring ‘control group’, patients not offered TMZ
therapy, also have C:G to T:A transitions in their recurrent tumours,
but these occur primarily at the CpG sequence contexts
(attributable to spontaneous deamination of methylated cytosine),
unlike the TMZ-associated transitions clustering at CpC and CpT
dinucleotides.28 In a study of 23 patients, the mutation burden in
recurrent tumours of patients treated with TMZ was up to 10-fold
higher than in cancers of individuals not exposed to TMZ, and
98% of this mutation load were ‘TMZ-type’ transitions.81 The study
also revealed that TMZ exposure influenced not only the type of
mutation but also the identity of the driver genes mutated in the
tumours. In other words, this study suggests that a risk factor can
participate in determining not only which types of mutations

appear in the tumour, but also which genes become dysfunctional
and drive the cancer process.

ORPHAN SIGNATURES AND THE CALL FOR MORE
MUTAGENESIS STUDIES IN EXPERIMENTAL MODELS
Genome-wide mutation data have unveiled ‘orphan’ signatures
undecipherable with the experimental and epidemiological data
currently at hand, providing a major incentive for further targeted
experimental work to decode enigmatic patterns and link them to
causes of cancer. The oesophageal adenocarcinoma-linked muta-
tion profile characterized by T to G substitutions at NpTpT is an
example of a profile not readily linked to the major risk factors for

UTUC Taiwan n=26

UTUC BEN n=11

Hupki MEF (AA) n=4

Smokers lung ADCA n=10

Hupki MEF B[a]P n=3

HMEC B[a]P n=5

TMZ GBM n=8

Hupki MEF (MNNG) n=4

Mouse lung CA (MNU) n=26

Figure 2. A carcinogen’s fingerprint in human tumour DNA can be reproduced in experimental systems. Mutation distribution spectra (showing
frequency of base substitution type and context) from exome sequencing of primary human tumours, cells exposed in culture, or tumours of
exposed mice. (a) Upper panels: spectra in upper urinary tract urothelial carcinomas (UTUC) of patients from Taiwan, China and from Balkan
Endemic nephropathy (BEN) regions of Europe, two populations known to be exposed to AA.75,76,97 The lower panel shows that exposure of
Hupki MEF to AA92 induces a similar mutational profile. Pooled data from multiple samples are shown for each data set. (b) Mutational spectra
observed in lung adenocarcinomas (ADCA) of heavy smokers (upper panel) have features in common with spectra in Hupki MEF92 (middle panel)
and human mammary epithelial cells (HMEC, lower panel) exposed to B[a]P,83 a tobacco carcinogen. (c) Spectra attributable to alkylation agents;
upper panel: temozolomide treatment-related glioblastoma (TMZ GBM);81 middle panel: lung carcinoma of mice treated with methylnitrosourea
(MNU);90 lower panel: Hupki MEF cells treated with methylnitrosoguanidine (MNNG).92 The bar graphs to the right show strand bias ratios. Strand
bias reflects transcription-coupled repair of chemically damaged DNA bases (NT, non-transcribed strand; T, transcribed strand). Asterisks indicate
Χ2 test P-values for strand bias significance (*Po10E− 5; **Po10E− 20; ***Po10E− 320; P= 0 for UTUC Taiwan, in top panel of (a)). Note the less
pronounced transcriptional strand bias ratios associated with the effects of alkylating agents.
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the cohort in which the signature was observed, namely physical
inactivity, obesity and gastro-intestinal reflux.82 This illustrates
how a mutational signature per se reveals little about its author.
Without hypotheses on the nature of the cancer risk factor from
epidemiological and patient exposure data, and without experi-
mental information on the mutagenic and chemical properties
of carcinogens or endogenous mutational processes, a signature is
undecipherable. A key demonstration of the convergence of
multiple lines of information to establish cause was provided by
the example cited above linking AA exposure to the unusual
tumour A to T mutational signature. The only clues the signature
could have provided entirely on its own were that: (a) the
transversions were probably induced by an external agent, as this
base substitution is a universally rare type of sequence change,
and (b) the inducing agent probably generated bulky adducts on
DNA bases, because these lead to transcription-coupled repair and
thus a strand bias in the mutations that persist unrepaired. It was
the confluence of experimental studies, epidemiology and patient
exposure information that provided the necessary basis upon
which a plausible cause of this signature was derived. Information
on pro-mutagenic DNA adducts and other DNA lesions as well as
the mutation spectra they generate in experimental systems
have been essential factors in the assignment of signatures to risk
factors.
The genome-wide impact of carcinogens and endogenous

enzymes on DNA sequences can be efficiently captured in animal
models, lower organisms and in cell-based in vitro assays.76,83–90 For
example, exposure of normal murine embryonic fibroblasts (MEF) to
known human carcinogens and sequencing of clones following
immortalization is a rapid procedure that can generate mutational
signatures corresponding to signatures in human tumours from
patients exposed to the same agents (Figure 2).91,92 This simple
experimental procedure93,94 is also suited to investigation of
signatures linked to endogenous mutational processes. As proof of
principle, we compared mutational signatures in immortalized MEF
clones derived from MEFs isolated from mice harbouring an
activation-induced cytidine deaminase (AID) transgene against
signatures in non-transgenic mice, and demonstrated the expected
excess of AID signature mutations in the clones derived from AID-
expressing mice.92 AID, a hypermutator enzyme that promotes
antibody diversity, causes off-target mutations in B-cell lymphomas
and possibly other cancer types when inappropriately expressed.95,96

Another source of experimentally induced genome-wide mutation
patterns is potentially available from past in vivo toxicology projects.
There is an untapped reservoir of archived tumour samples from
animal carcinogen tests that can be mined using robust protocols for
extraction and NGS of DNA derived from formalin-fixed, paraffin-
embedded tumours already developed for human studies,77,97,98

allowing immediate access to information from this valuable source.

CONCLUDING REMARKS
Mutational signature analysis clearly incriminates environmental
factors in shaping tumour mutation spectra. Risk factor-linked
diversity in mutational signatures provides a framework for
establishing which and to what extent certain factors do indeed
contribute to the mutation burden of a tumour. The diversity is
likely to be even more evident when well-designed international
comparisons of mutation profiles are conducted, for example, with
studies that take advantage of unusually high rates of incidence of
specific tumour types in relatively restricted geographic areas
(for example, gallbladder cancer in Chile). New tools for de-
convoluting inherent genetic components and external factors in
migrant studies are now at hand.31,99 Heterogeneity of mutation
signatures in a single cancer type implies that a one-size-fits-all
approach to early detection biomarkers and molecular therapies
requires refinement.

The resounding discovery from NMF-based analysis of NGS data
that specific endogenous enzymatic processes appear responsible
for prominent mutational signatures in a broad variety of cancers
sends out a research call to identify environmental or lifestyle
factors that could act by proxy, stimulating the endogenous
mutators. It is important to know whether and which avoidable
factors regulate these endogenous mutational processes in the
natural history of cancer. An interdisciplinary approach that
harnesses epidemiology, experimental models, NGS and mathe-
matical analysis of mutations should meet these challenges.
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ABSTRACT: TP53 gene mutations are one of the
most frequent somatic events in cancer. The IARC
TP53 Database (http://p53.iarc.fr) is a popular resource
that compiles occurrence and phenotype data on TP53
germline and somatic variations linked to human cancer.
The deluge of data coming from cancer genomic stud-
ies generates new data on TP53 variations and attracts
a growing number of database users for the interpreta-
tion of TP53 variants. Here, we present the current con-
tents and functionalities of the IARC TP53 Database and
perform a systematic analysis of TP53 somatic mutation
data extracted from this database and from genomic data
repositories. This analysis showed that IARC has more
TP53 somatic mutation data than genomic repositories
(29,000 vs. 4,000). However, the more complete screen-
ing achieved by genomic studies highlighted some over-
looked facts about TP53 mutations, such as the presence
of a significant number of mutations occurring outside the
DNA-binding domain in specific cancer types. We also
provide an update on TP53 inherited variants including
the ones that should be considered as neutral frequent vari-
ations. We thus provide an update of current knowledge
on TP53 variations in human cancer as well as inform
users on the efficient use of the IARC TP53 Database.
Hum Mutat 00:1–12, 2016. C© 2016 Wiley Periodicals, Inc.

KEY WORDS: annotations; cancer; germline variations;
locus-specific database; mutation hotspots; somatic mu-
tations; TP53

Introduction
For over 20 years, the tumor suppressor gene TP53 (MIM#

191117) has been recognized as the most frequently somatically al-
tered gene in human cancer, a fact confirmed by recent genome-wide
analyses [Kandoth et al., 2013]. This master role in cancer has driven
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a large and diverse number of studies on the characteristics and role
of TP53 gene alterations in all types of human cancers as well as on
the biology of the p53 protein and its mutated forms. The functional
impact of all p53 mutant proteins has been extensively investigated
in various types of experimental assays reflecting the versatile bio-
logical activities of p53 [Petitjean et al., 2007]. Hundreds of clinical
studies on the prognostic or predictive role of TP53 somatic muta-
tions have also been published [Olivier et al., 2005]. TP53 mutations
may also be inherited causing the Li–Fraumeni syndrome (LFS) that
predisposes to a wide spectrum of early-onset cancers [Malkin et al.,
1990]. How different types of germline mutation influence the spec-
trum of tumors observed in LFS is an ongoing research topic. The
data generated on all these aspects of TP53 and published in an
unstructured way in peer-reviewed articles have been curated and
integrated in the IARC TP53 Database (http://p53.iarc.fr/), provid-
ing the scientific community with a unique resource to retrieve and
mine this information [Petitjean et al., 2007].

The knowledge accumulated so far on TP53 mutations is based
on the Sanger sequencing technology and is biased by the fact that
many studies did not sequence the entire gene but focused on
hotspot regions. Moreover, many studies have used prescreening
strategies, such as immunohistochemistry, thus may have missed
mutations resulting in unchanged or loss of protein expression.
Since the advent of next-generation sequencing (NGS) technolo-
gies, thousands of tumors have been sequenced genome- or exome-
wide, generating new data on the prevalence and type of TP53
mutations in various cancer types. These data, obtained using a
technology that is more sensitive and less biased, constitute a new
source of information to revisit our knowledge on TP53 mutations
in human cancers. At the same time, the information contained
in the IARC TP53 Database can be of great help to interpret vari-
ants found in NGS studies, as the data coverage of this database
remains broader than the one currently available in NGS data
repositories.

In the last 5 years, several developments have been made to
the IARC TP53 Database, adding new types of data and new an-
notations and upgrading the Web interface to expand its search
and mining functionalities. Here, we present the current contents
and functionalities of the database and how they can be used
to interpret TP53 variants. We also present a systematic analy-
sis of TP53 mutations accumulated in The Cancer Genome Atlas
(TCGA) and International Cancer Genome Consortium (ICGC)
data repositories and compare these new data with those re-
ported in the IARC database to revisit our knowledge on the
landscape of TP53 somatic mutations in human cancers and
cell-lines.

C© 2016 WILEY PERIODICALS, INC.
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Methods

Data Sources

IARC data correspond to datasets extracted from the R18 release
of the IARC TP53 Database (http://p53.iarc.fr/). For the dataset of
somatic mutations, we excluded NGS studies, cell-lines, body fluids,
xenographs, non-primary tissues, studies identified as poor-quality
and considered only studies that used DNA as starting material and
that screened at least exons 5 to 8.

NGS data were extracted from publicly available data from
TCGA and ICGC data portals. TCGA data were downloaded on
26 March 2015 via a https protocol: https://tcga-data.nci.nih.gov/
tcgafiles/ftp_auth/distro_ftpusers/anonymous/tumor/). Data avail-
able in ICGC data repository were downloaded via https://dcc
.icgc.org/releases using the release R19 (June 2015, accessed on 10
August 2015) and excluding TCGA data to avoid duplicates. Only
samples corresponding to primary tumors were extracted by se-
lecting the following features in the annotations: “primary solid
tumor,” “primary blood derived cancer,” “peripheral blood” for
leukemias”, “primary tumor—other” for both myeloid and pancre-
atic cancers, “primary tumor—lymph node” for lymphomas, ex-
cept for melanoma were both primary tumors and metastasis were
included.

The resulting NGS dataset included somatic mutation data for 32
cancer types corresponding to the major cancers (see Supp. Table
S1 for the detailed list).

Cell-lines data were extracted from the Cancer Cell Line Encyclo-
pedia (CCLE) resource. Affymetrix U133Plus2 mRNA expression,
Affymetrix SNP 6.0 data, exome sequencing data [Hodges et al.,
2007], and OncoMap data [MacConaill et al. 2009] have been
obtained from the CCLE Website (http://www.broadinstitute.org/
ccle/home). TP53 mutation calls have been obtained from two
files available from the CCLE Website: CCLE hybrid capture1650
hg19 NoCommonSNPs NoNeutralVariants CDS 2012.5.07.maf

(22-May-2012) and 1650 HC plus RD muts.maf.annotated (24-
Nov-2014). Genomic characterization section in Supplementary
Methods of Barretina et al. (2012) provides detailed description
of sequencing data generation and variant calling pipeline.
CCLE RNA-seq BAM files from CGHub and/or Hybrid Capture
(HC) sequencing BAM files available from the Broad Institute
CCLE Website were reviewed using the Integrative Genomics
Viewer [Robinson et al., 2011] for 93 cell-lines scored as TP53
wild-type by CCLE, but with documented mutation in other
studies (COSMIC or IARC sources). Copy Number (CN) ratio
is the ratio of signal intensity in a tumor sample versus normal
reference samples normalized to total DNA quantity; thus a
CN ratio of 1 corresponds to a diploid locus. CN ratio <= 0.6
indicates “allelic loss.” CN ratio <= 0.25 indicates “bi-allelic
loss.”

All mRNA expression values are MAS5 normalized, with
a 2% trimmed mean of 150 [Hubbell et al., 2002]. TP53
Affymetrix (201746 at) mRNA MAS5-150 normalized expression
values <=32 are considered to be indicative of “mRNA loss.” Mu-
tations were classified into functional types according to IARC
annotations.

Reference Sequences

All TP53 variants are described on the following reference se-
quences: hg19 genome, NM 000546.5 NCBI transcript, and P04637
UniProtKB protein.

Statistics

Codon distributions were calculated for all point mutations in
exonic regions and for indel separately. Data management and sta-
tistical analyses were performed using the R and Bioconductor soft-
wares [Gentleman et al. 2004; R Development Core Team, 2014].
Figures were drawn using the ggplot2 package in R.

IARC TP53 Database Structure and Contents

Datasets

The IARC TP53 Database integrates different datasets structured
around a central module that describes TP53 variations and their se-
quence context (Fig. 1). These datasets correspond to six main types
of data: somatic variations, germline variations, variants found in
cell-lines, functional assessment of variants, variants found in mu-
tagenesis assays, and mouse-models of variants. Data on somatic
variations include a compilation of somatic mutations found in tu-
mor tissues, of the prevalence of somatic mutations by cancer type,
and of studies investigating the prognostic and predictive value of
somatic mutations. Detailed information on tumor histopathology,
patient clinical, life-style, and demographic features are provided
when available from original publications. Data on germline varia-
tions are a compilation of published and unpublished cases of TP53
inherited variants, with detailed pedigree data. The prevalence of
germline variations in various case series is also available in a re-
cently implemented dataset. Germline variations frequent in healthy
populations are also compiled. Data on the predicted and experi-
mentally assessed functional impacts of missense substitutions are
available in two datasets, one compiling data from diverse studies
and one corresponding to a systematic screen of all missense mu-
tants from one study using yeast assays. Data on TP53 gene status
in over 2,500 human cell-lines are annotated with Web links to
the American Type Culture Collection (ATCC) cell-line repository
and the COSMIC cell-line database. Data on mouse models carry-
ing a mutant Trp53 gene are listed with links to source databases.
Finally, data on experimentally induced mutations are compiled
in a new dataset. This dataset includes studies using the human
TP53 gene in eukaryotic cell assays designed to test the mutagenic-
ity of carcinogenic compounds. The current dataset has data on
over 900 experimentally induced mutations obtained after expo-
sure with 18 different carcinogens in different types of assays, in-
cluding the Hupki MEF assay [Luo et al., 2001], and a yeast reporter
system [Yu et al., 2002]. These two assays involve a step of clonal
expansion before mutation assessment, thus mimic the biological
selection of functional mutations in processes relevant to cancer
development.

All these datasets can be fully downloaded or queried through
our Web search interface (see detailed list of datasets and statistics
about their contents in Supp. Table S2).

Annotations

A wide range of annotations are provided for each dataset de-
scribed above. They include: the description of gene variations and
their functional impact; tumor histopathological classification; pa-
tient clinical characteristics and demographics; family structure and
data sources. Gene variations are mapped to the genome build hg19
and to the canonical transcript and protein sequences (LRG 321 t1,
NM 000546, Uniprot P04637). Predicted nucleotide and amino-
acid substitution rates were derived from the comparison of
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Figure 1. Overview of the structure and contents of the IARC TP53 Database.

human-mouse aligned sequence of chromosomes 21 and 10 and
taking into account the trinucleotide sequence context [Lunter and
Hein 2004; Mathe et al., 2006]. These rates reflect background mu-
tation rates (due to replication errors and other endogenous pro-
cesses) that can be used to weight mutation frequencies. Annotations
on the functional consequences of mutations include experimen-
tally assessed activities (such as promoter-specific transactivation,
dominant-negative effect, gain of function, splicing, and so on) as
well as predictions based on tools such as SIFT [Kumar et al., 2009],
AGVGD [Mathe et al., 2006], Polyphen [Adzhubei et al., 2010], or
HumanSpliceFinder [Desmet et al., 2009].

Annotations are based on international standards (ICD-O for tu-
mor classifications, HUGO Mutation Database Initiative/Human
Genome Variation Society [HGVS] nomenclature for muta-
tion description) or internally developed systems (for describ-
ing functional impact in experimental assays). Detailed descrip-
tions of all datasets and annotations are documented online
(http://p53.iarc.fr/Manual.aspx).

Website Features
The Website has been redesigned to comply with recent Web

standards and accommodate new search features and datasets. Ad-
vanced search options are available for all datasets allowing searches
by various criteria, including mutation features, sample and patient
characteristics, screening method, and publication citation. Selected
subsets of data are summarized in graphical or tabular formats and
can be downloaded. Entire datasets can also be fully downloaded. A
number of resources such as protocols, guidelines, and recommen-
dations on reporting mutation data, links to relevant publications
and related Websites are also provided. Finally, a slide-show on TP53
gene biology and the relevance of TP53 mutations in cancer can be
downloaded. Below we describe one example of a search option and
its display outputs.

Searching for Occurrence and Functional Impacts of
Specific Variants

The “gene variations” search option allows searching for a sin-
gle variant or a list of variants described at the genomic, cod-
ing or protein level using the HGVS recommended nomenclature
(http://www.hgvs.org/varnomen/). Groups of variants may also be
searched for based on various criteria related to their transcript
and protein positions, mutation types and functional impacts (not
shown). In this example, we selected one variant described in the
protein sequence (Fig. 2A). On the results page (Fig. 2B), the se-
lected variant is displayed in a table that provides summary data
on its location in the coding sequence, predicted and experimen-
tally assessed functional classifications and frequency counts in the
somatic, germline, and cell-line datasets. From this table, several
options are available. First, mutation distributions by localization,
type or functional impacts may be graphically displayed (Fig. 2C).
Second, further annotations on the characteristics and functional
impacts of a specific variant can be obtained (Supp. Fig. S1). This
option requires the selection of a single variant and will return
summary data from all datasets. This includes detailed sequence
context of the variant, predicted effects on splicing and protein
structure/function, experimental assessments of transactivation ac-
tivity in yeast and human cell assays, mouse models carrying the
variant, and exposure under which the variant was observed in
experimental mutagenesis assays. Finally, all variants in the table
or a selected subset may be used to query the “cell-lines,” “so-
matic,” and “germline” datasets. The cell-line query will return a
table showing the characteristics of the cell-lines carrying the se-
lected variants, including, when available, links to the ATCC catalog
and to the COSMIC database (allowing to view other genomic
alterations reported in the selected cell-line) (Fig. 2D). The tumor
spectrum query will return two bar graphs showing the tumor distri-
butions of the selected variants in the somatic and germline datasets
(Fig. 2E).
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Figure 2. Example of screenshots of database query outputs using the Web search interface.

Thus, with this search option it is possible to retrieve all avail-
able structural and phenotypic data derived from bioinformatics
predictions, experimental assays and human observations, for a
specific variant or a group of variants. This unique knowledgebase
is very useful for interpreting the functional relevance of variants.

TP53 Germline Variations: Identifying
Disease-Causing Versus Neutral Variations

The dataset of germline variations provides a compilation of all
TP53 germline variants identified in cancer families and reported
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Figure 3. Time trend in the reporting of germline variations.

in the scientific literature since 1990. Variant annotations include
the description of the pedigree structure, the characteristics of each
individual in the pedigree (such as age, gender, variant carrier status,
and relationship with proband) and the characteristics of all tumors
identified in these individuals. The available data and annotations
allow advanced genotype–phenotype relationship analyses. We and
others have identified such genotype–phenotype relationships us-
ing limited datasets available at that time [Birch et al., 2001; Olivier
et al., 2003]. Since then, the dataset has almost tripled (767 pedigrees
in 2013 compared with 265 in 2003). In fact, the number of variants
reported every year shows a marked increase after 2005 (Fig. 3).
Although it coincides with the advent of cheaper sequencing tech-
nologies, all variants included in R18 have been screened by Sanger
sequencing.

With the volume of data currently accumulating from NGS stud-
ies and clinical genetics laboratories, more TP53 germline variants
are expected to be found and interpreting their phenotype will be
crucial to adapt clinical surveillance and management in carriers.
In the current R18 release, there are 891 families carrying a TP53
mutation, representing 210 unaffected carriers and 2,165 individu-
als affected with over 3,000 tumors. Missense variants are the most
frequent (73%) as previously described [Olivier et al., 2003]. The
distribution of single base substitution variants in these families
and the spectrum of tumors observed in carriers are similar to
what was derived from earlier datasets except for a higher preva-
lence of mutations at codon 337 and of adrenal cortical carcinoma
(ADC) tumors (Fig. 4A and B). This is due to a founder vari-
ant, p.R337H (c.1010G>A), discovered in Brazil as linked to ADC
[Ribeiro et al., 2001]. This variant is highly prevalent in Brazil and
has been analyzed in many studies that have been included in the
IARC TP53 Database. These studies have shown that the type of
tumors arising in carrier is not restricted to ADC, as other LFS
tumor types have been observed in carriers of this germline mu-
tation [Achatz et al., 2007]. Other frequently mutated codons are
classical hotspots common to both somatic and germline variants.
The spectrum of tumors in TP53 carriers (Fig. 4B) confirms pre-

vious observations such as the higher proportion of male among
individuals affected with brain and stomach cancers, and females
among those affected with ADC [Olivier et al., 2003]. The age
distribution of the most frequent cancers is also similar to pre-
vious analyses. ADC, brain tumors, and soft tissues sarcomas affect
mainly children, bone sarcomas are more prevalent in adolescents,
and the incidence peak of breast cancer in women is under 30
years (Supp. Fig. S2). Brain tumors and soft tissues sarcomas show
a biphasic distribution (Supp. Fig. S2), the later onset cases cor-
responding to different cancer subtypes compared with the early
onset cases [Olivier et al., 2003]. A detailed genotype–phenotype
analysis is beyond the scope of this article but the data accumu-
lated is a unique resource to investigate the phenotype of TP53
germline mutations and to interpret variants found in NGS-based
studies.

Among inherited variants, approximately one hundred have been
described as frequent (above 1%) in unaffected human populations
(included in the “POLYMORPHISM” dataset). These variants are
considered as neutral, although some of them have been shown
to be associated with cancer susceptibility [Whibley et al., 2009,
Sagne et al., 2013]. Of all TP53 variants in dbSNP147, 21 are most
probably deleterious variants (predicted deleterious by SIFT, exhibit
loss of function in yeast assays and are frequently found as somatic
mutations) but are not recorded as pathogenic based on ClinVar
annotations (Supp. Table S3A). These variants have reported MAFs
below 0.0001 or have never been reported in control populations.
In fact, among the 100 most frequent somatic variants in the IARC
database (all predicted as deleterious or causing loss of function
in experimental assays), 65 are present in dbSNP147 (Supp. Table
S3B) and only 34 are annotated as pathogenic. Using dbSNP to filter
out germline neutral variants, even taking into account annotations
on pathogenicity, should thus be done with caution as some true
somatic and deleterious variants could be filtered out. We thus
recommend considering only variants annotated as validated SNP
in the IARC TP53 Database as likely TP53 germline calls that should
be filtered out.
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Figure 4. Mutation and tumor patterns in confirmed TP53 germline mutation carriers. A: Codon distribution of TP53 variations in confirmed
mutation carriers (tumor counts). B: Distribution of tumor types and gender by cancer type in confirmed carriers.

TP53 Somatic Mutations: New Insights from NGS
Data

TP53 is a Master Driver Gene in Most Cancers

Curated somatic mutation data from TCGA and ICGC exome
sequencing projects (referred thereafter as NGS data) were analyzed

to extract the prevalence of TP53 mutations in 32 cancer types ana-
lyzed by NGS. Prevalence data for the same cancer types were then
extracted from the IARC TP53 Database (referred to as IARC data)
including only studies based on Sanger sequencing technology (R18
release, NGS studies excluded, see Methods). The overall mutation
prevalence for all cancers combined was 29% in IARC data and
35% in NGS data. The range of cancer-specific prevalences was very
similar between IARC and NGS data although prevalences in NGS
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Figure 5. Prevalence of TP53 somatic mutation in data extracted from IARC and NGS data for the 29 cancer types covered by both datasets.

studies tended to be higher than those derived from IARC (Fig.
5 and Supp. Table S4). Cancers with the highest mutation preva-
lence included ovarian cystadenocarcinomas, adeno, and squamous
carcinomas of the esophagus and lung, head and neck squamous
carcinomas, carcinomas of the pancreas, colorectal carcinomas, and
female genital tract carcinosarcomas. This later cancer is interesting
as only one small study, reporting nine out of nine mutated sam-
ples, was compiled in the IARC database. One NGS study reports
51 out of 56 mutated cases, thus confirming that this rare aggres-

sive cancer is among the top TP53 mutated cancers. The fact that
higher prevalences are found in NGS studies may be due to several
factors. First, the entire gene is screened in NGS studies, while in
the IARC database half of the studies have only screened exons 5
to 8 where most mutations are located. Mutations outside this re-
gion may thus have been missed. Second, NGS is more sensitive
than Sanger sequencing and may thus detect more mutations with
low allelic fractions. It is interesting to note that cancer types that
show the largest discrepancy are cancers associated with smoking
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Figure 6. Prevalence of cancer gene somatic mutation for all genes reported in the cancer gene census. The overall (pooled samples) and
cancer-specific prevalences from the NGS dataset are shown. Each dot corresponds to a cancer gene, with the diamond corresponding to the
TP53 gene. Numbers in parenthesis correspond to the total number of samples analyzed.

(carcinomas of the esophagus, lung, and head and neck). Because
smoking is a strong mutagen, it would be interesting to investi-
gate whether smoking-related cancers accumulate higher number
of low allelic fraction mutations (potentially neutral passenger mu-
tations) that would have been missed by Sanger sequencing in the
IARC dataset. For cancers known to be rarely mutated, NGS studies
confirmed the low prevalence (<15%) of TP53 mutations in these
cancer types. In myeloid, thyroid, testis, and pilo-astrocytic groups

of tumors, NGS studies showed prevalences close to zero, whereas
IARC data showed prevalences around 10%. This difference may be
due to differences in tumor subtypes between the two datasets or to
variability due to small numbers.

Using NGS data, we also calculated mutation frequen-
cies for the 572 cancer genes listed in the cancer census
(http://cancer.sanger.ac.uk/census/). Among these genes, TP53 is
the most frequently mutated overall (Fig. 6, top box plot), and it is
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Figure 7. Codon distributions of TP53 point mutations (top) and indels (bottom) in IARC and NGS datasets.

among the top three mutated genes in a majority (17 out of 32) of
cancers (Fig. 6).

These data confirm that TP53 is the most frequently mutated
gene in human cancer overall, and highlight the fact that cancer-
specific mutation prevalences are higher than previously determined
by Sanger sequencing studies.

TP53 Hotspot Mutations

To further evaluate similarities and differences between IARC
and NGS data at mutation position resolution, we plotted the over-
all codon distribution of point mutations and indels for IARC and
NGS datasets. As shown in Figure 7, the distributions are very sim-
ilar in the central portion of the protein corresponding to exons
5 to 8, the DNA-binding domain preferentially screened in studies
compiled in the IARC TP53 Database. The well-known hotspots
for single base substitutions include codons 175, 220, 245, 248, 273,
and 282, where missense mutations affect either the 3D structure of
the p53 protein or its contact with DNA and result in loss of func-
tion. Other hotspots, notably codons 196 and 213 are sites where
nonsense mutations accumulate. Interestingly, hotspots for indels
are also evident in both datasets, such as codons 152, 209, and 241.
The codon 152 hotspot is located within a GC-rich region includ-
ing a stretch of five cytosines, a sequence context known to favor
strand slippage during replication. Mutations at this hotspot are
single nucleotide insertions and deletions. At codon 209, a deletion
of two nucleotides (TC) is observed in both datasets. For codon 241,
single deletions of C or T are observed within a TTCCT sequence
context. It remains to be determined whether sequence contexts
at codons 209 and 241 are more prone to replication/repair er-
rors that may explain the high frequency of indels at these two
hotspots.

The unbiased screening with NGS shows that a significant num-
ber of mutations occur outside exons 5 to 8, in particular in the
oligomerization domain located in the C-terminus of the protein
(codons 323–356) where approximately 6% of point mutations and
7% of indels are found (Supp. Table S5). Three hotspots in the
oligomerization domain have been underestimated in IARC data at
codons 331, 337, and 342. Truncating mutations (nonsense, splice,
and deletions) occur at codons 331 and 342, whereas missense mu-
tations resulting in loss of function are more frequent at codon 337.
The oligomerization domain is important for p53 activity because its
transactivation activities require the formation of tetramers. Muta-
tions in this domain are thus more prevalent than previously recog-
nized. Overall, based on NGS data, about 15% of all mutations occur
outside the DNA-binding domain, which may also explain the dif-
ferences in mutation prevalence between IARC and NGS data. How-
ever, mutations outside the DNA-binding domain do not occur at
the same frequency in all cancer types. Indeed, in glioblastomas, less
than 4% of point mutations are located outside the DNA-binding
domain, whereas in some cancers such as lung adenocarcinoma,
esophagus squamous cell carcinoma, or breast cancer, 15%–20%
of mutations may occur outside the DNA-binding domain (Supp.
Table S5).

To further compare codon distributions between the two datasets
by cancer type, we analyzed cancer types with sufficient data in both
datasets (at least 60 point mutations). In low grade astrocytomas,
more than 20% of point mutations occur at codon 273 where a
missense mutation, p.R273C, is predominant in both datasets (Fig.
8, ASTRO). Although codon 273 is a general hotspot, this specific
substitution stands out from other hotspots in both datasets only
in low grade astrocytomas. Its possible functional impact in astro-
cytoma development remains to be determined. In hepatocellular
carcinoma (HCC), a well-known hotspot at codon 249 is the site of
over 30% of point mutations in IARC data. The specific mutation
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Figure 8. Codon distributions of TP53 point mutations in low grade astrocytoma (ASTRO) and in hepatocellular carcinoma (HCC) in IARC and
NGS datasets.

at this site, p.R249S, is linked to exposure to aflatoxin B1 (AFB1) in
populations exposed to both AFB1 and hepatitis B virus in Africa
and Asia [Bressac et al., 1991; Hsu et al., 1991]. Interestingly, it is
also the most prevalent point mutation in NGS data, although with
a frequency below 10% (Fig. 8, HCC). In this dataset, the seven cases
with this mutation were from the TCGA data source, which has only
records from Northern American populations. However, the seven
cases were documented as African or Asian. In IARC data, 75% of
HCC cases are from Asian or African populations. The difference
in p.R249S mutation proportion in the two datasets may thus be
explained by the difference in populations, and their underlying
mutagenic exposures, covered in the two datasets. In bladder can-
cer, two hotspots at codons 280 and 285 are similarly represented
in IARC and NGS data (Supp. Fig. S3). These hotspots have been
linked to tobacco smoking and aromatic amines but their exact ori-
gin and functional role in bladder cancer remain unknown [Pfeifer
et al., 2002]. Several tobacco-related hotspots (G>T mutations at
codons 158, 249, 248, and 273) are also similarly represented in
both datasets in lung cancer (Supp. Fig. S3). Overall, cancer-specific
hotspots are very similar between IARC and NGS datasets (Supp.
Fig. S3).

In conclusion, these data show that up to 20% of TP53 somatic
mutations may occur in the N- and C-terminus of p53 protein, a
proportion underestimated in previous analyses. They also show
that cancer-specific hotspots, several of which have been linked to

specific mutagens or mutational processes, are well conserved across
populations covered in IARC and NGS studies.

TP53 Status in Human Cell-Lines: Reassessment
Using Omics Data from the CCLE Project

Because TP53 has been shown to be mainly inactivated by gene
mutations, the TP53 status of cancer cell-lines reported in the lit-
erature has been determined by direct sequencing of the gene. The
IARC dataset on cell-line status includes over 2,000 cell-lines for
which TP53 gene status has been assessed by Sanger sequencing.
Other less frequent modes of inactivation have been described in-
cluding inhibitory protein–protein interactions, copy number vari-
ations (CNV) and loss of mRNA expression. The extents to which
these alternative mechanisms occur in human cancers and par-
ticipate in TP53 inactivation remain unclear. Recently, the CCLE
(http://www.broadinstitute.org/ccle/home) project has performed
omics analyses, including gene expression, chromosomal CN, and
DNA and RNA sequencing data from over 1,000 cancer cell-lines
[Barretina et al., 2012].

We have analyzed CCLE data and data from IARC and COMSIC
to reassess TP53 status in these cell-lines taking into account gene
sequence together with CNV and mRNA expression. A total of 997
cell-lines were analyzed (Supp. Table S6). TP53 mutations were not
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detected by CCLE screen in 320 cell-lines and among them, 11 had
bi-allelic loss of TP53 accompanied by loss of mRNA expression
(TP53 CN ratio <= 0.25 and TP53 MAS5-150 <= 32), four had loss
of mRNA expression with mono-allelic loss of TP53 (TP53 CN
ratio >0.25 and <=0.6, and TP53 MAS5-150 <= 32), and 16 had loss
of mRNA expression without CNV changes. These lines may thus
be considered as defective for TP53 activity. In three of these 31
cell-lines, a TP53 mutation has been reported by others (data from
COSMIC or IARC database, see Supp. Table S6) and may thus have
been missed by CCLE screens, although we cannot exclude that the
difference may be due to clonal divergence between the cell-lines
analyzed by CCLE and the other studies. Interestingly, in some cell-
lines with bi-allelic deletion such as cor-l23, hs766t and sk-n-mc,
a robust TP53 mRNA expression was observed. Deletion of coding
exons 2,3,4 have been reported in these cell-lines [Lu et al., 2001;
Slebos et al., 1998; Westwood et al., 2002]. Such cases may hint to
the possibility that some of TP53 isoforms may be due to deletions
of subsets of TP53 exons and may not be naturally occurring in the
normal healthy tissues.

Among the 714 cell-lines carrying a TP53 gene mutation, mRNA
expression correlated with mutation type. Indeed, mRNA expres-
sion levels were lower in cell-lines with truncating mutations
(frameshift, nonsense, and splice mutations) compared with cell-
lines with missense mutations or inframe indels (median MAS5-150
normalized expression values: 39 vs. 331; average: 107 vs. 412, re-
spectively). If only cell lines with bi-allelic truncating mutations (at
least 95% of reads are mutated) are considered, decrease in TP53
mRNA expression levels is even more pronounced (median MAS5-
150 normalized expression values: 37 and average: 71). This loss of
expression in samples with truncating mutations may be explained
by the established nonsense-mediated decay mechanism.

Pharmacogenomics data, such as the one available from the Ge-
nomics of Drug Sensitivity in Cancer project [Yang et al., 2013], can
provide additional insights into TP53 and TP53 pathway function-
ality in the cell-line in question. Indeed, from a pharmacogenomics
perspective loss of TP53 functionality by different mechanisms have
very similar consequences [Sonkin et al., 2013] and studies have
shown that it is critical to account for multiple mechanisms of
TP53 inactivation in order to correctly interpret pharmacological
responses [Saiki et al., 2015, Sonkin, 2015]. The TP53-MDM2 in-
hibitor, Nutlin-3a, has been shown to be effective only in cell-lines
that have a functioning or at least partially functioning TP53 path-
way [Efeyan et al., 2007]. A total of 475 cell-lines included in the
CCLE panels have been analyzed in other studies for their sensitivity
to two inhibitors currently tested in a number of clinical trials [Jeay
et al., 2015; Saiki et al., 2015]. Matching data from these studies to
the updated TP53 status (Supp. Table S6), revealed that 69% (79 out
of 115) of wild-type (WT) cell-lines were sensitive and 96% (341
out of 355) of mutated cell-lines were insensitive to one of the TP53-
MDMD2 inhibitors. Five cell-lines with loss of mRNA expression,
but no mutation detected, were all insensitive to TP53-MDMD2
inhibitors. In 36 WT cell-lines that were insensitive to TP53-MDM2
inhibitors, it is possible that a TP53 alteration may have been missed
in few cell-lines. However, insensitivity to TP53-MDM2 inhibitors
could be potentially due to other mechanisms or to an alterna-
tive mechanism of TP53 inactivation. The melanoma cell-line C32
for example has an MDM4 amplification which is known to result
in TP53 inhibition via MDM4-TP53 protein–protein interaction
[Wade et al., 2013] and may be the reason for C32 insensitivity to
TP53-MDM2 inhibitor(s).

The IARC TP53 Database contains mutation information for
cell-lines from multiple sources, this helps to increase certainty
of the TP53 status and highlight potential discrepancies. In the

analysis performed here, 93 cell-lines scored as TP53 wild-type by
CCLE, contained documented mutation in other studies (COSMIC
or IARC sources). Careful manual review of CCLE RNA-seq BAM
files and/or HC sequencing BAM files for these lines identified the
expected mutation in 70 cases. This highlights the importance of
considering multiple sources of TP53 alterations, especially if TP53
status is critical for the particular research. In 13 cases, CCLE BAM
files contained no evidence of mutation. These discrepancies could
be due to several reasons, including false positive calls, misalign-
ment, cell-lines misidentification, or clonal divergence due to cell
passaging.

Overall, these data show that TP53 is inactivated in a majority of
cell-lines (74%, 737 out of 997), with less than 3% (19 out of 737)
of cell-lines that are altered by large bi-allelic deletions that were
detected by CN analysis.

Conclusions
The IARC TP53 Database has been a reference resource for all

data reported on TP53 gene mutations and their phenotypic con-
sequences over the last 20 years. The wide range of data types and
annotations gathered from various resources and centralized in this
unique resource provides a powerful framework for the analysis of
the relevance of TP53 variants in various aspects of cancer medicine
(etiology, diagnosis, and prognosis). Massive genome-wide screens
of human tumor samples have confirmed the master role of TP53
in tumor suppression. It is indeed the most altered gene in human
cancers. These screens are also generating new data on TP53 somatic
mutations at high speed. These NGS-derived data are not curated in
the IARC TP53 Database as they are freely available from other pub-
lic repositories (COSMIC, ICGC, TCGA, cBioportal). The analysis
presented here shows that the number of TP53 somatic mutations
in the IARC database is larger than what is currently available in the
genomic repositories (29,000 vs. 4,000 mutations). However, the
higher sensitivity and more complete screening achieved by NGS
highlighted some hitherto overlooked facts about TP53 mutations,
such as the presence of a significant number of mutations occur-
ring outside the DNA-binding domain in certain cancer types or
the loss of TP53 expression through unknown mechanisms. Despite
the accumulated data, there are still many unresolved questions
concerning TP53 functions, including its mode of inactivation in
some cancer types and the phenotype of different mutants. It is ex-
pected that continuing integration of knowledge derived from data
accumulating from various omics technologies and system biology
approaches into resources such as the IARC TP53 Database will help
resolve these questions.

Acknowledgments

We thank all authors of the articles compiled in the database in particular
those who provided additional information or data in advance of print. We
also thank Sylvie Nouveau and the LIB Group at IARC for their assistance
in the collection of articles. The development of the IARC TP53 Database is
funded by IARC.

Disclosure statement: The authors have no conflict of interest to declare.

References

Achatz MI, Olivier M, Le Calvez F, Martel-Planche G, Lopes A, Rossi BM, Ashton-
Prolla P, Giugliani R, Palmero EI, Vargas FR, Da Rocha JC, Vettore AL, et al. 2007.
The TP53 mutation, R337H, is associated with Li-Fraumeni and Li-Fraumeni-like
syndromes in Brazilian families. Cancer Lett 245:96–102.

HUMAN MUTATION, Vol. 00, No. 0, 1–12, 2016 11

189



Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, Kondrashov
AS, Sunyaev SR. 2010. A method and server for predicting damaging missense
mutations. Nat Methods 7:248–249.

Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, Wilson CJ,
Lehar J, Kryukov GV, Sonkin D, Reddy A, Liu M, et al. 2012. The Cancer Cell Line
Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature
483:603–607.

Birch JM, Alston RD, McNally RJ, Evans DG, Kelsey AM, Harris M, Eden OB, Varley
JM. 2001. Relative frequency and morphology of cancers in carriers of germline
TP53 mutations. Oncogene 20:4621–4628.

Bressac B, Kew M, Wands J, Ozturk M. 1991. Selective G to T mutations of p53 gene in
hepatocellular carcinoma from southern Africa. Nature 350:429–431.

Desmet FO, Hamroun D, Lalande M, Collod-Beroud G, Claustres M, Beroud C. 2009.
Human Splicing Finder: an online bioinformatics tool to predict splicing signals.
Nucleic Acids Res 37:e67.

Efeyan A, Ortega-Molina A, Velasco-Miguel S, Herranz D, Vassilev LT, Serrano M.
2007. Induction of p53-dependent senescence by the MDM2 antagonist nutlin-3a
in mouse cells of fibroblast origin. Cancer Res 67:7350–7357.

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, Ellis B, Gautier
L, Ge Y, Gentry J, Hornik K, Hothorn T, et al. 2004. Bioconductor: open software
development for computational biology and bioinformatics. Genome Biol 5:R80.

Hodges E, Xuan Z, Balija V, Kramer M, Molla MN, Smith SW, Middle CM, Rodesch MJ,
Albert TJ, Hannon GJ, McCombie WR. 2007. Genome-wide in situ exon capture
for selective resequencing. Nat Genet 39:1522–1527.

Hsu IC, Metcalf RA, Sun T, Welsh JA, Wang NJ, Harris CC. 1991. Mutational hotspot
in the p53 gene in human hepatocellular carcinomas. Nature 350:427–428.

Hubbell E, Liu WM, Mei R. 2002. Robust estimators for expression analysis. Bioinfor-
matics 18:1585–1592.

Jeay S, Gaulis S, Ferretti S, Bitter H, Ito M, Valat T, Murakami M, Ruetz S, Guthy
DA, Rynn C, Jensen MR, Wiesmann M, et al. 2015. A distinct p53 target gene set
predicts for response to the selective p53-HDM2 inhibitor NVP-CGM097. Elife 4.

Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, Xie M, Zhang Q, McMichael
JF, Wyczalkowski MA, Leiserson MD, Miller CA, et al. 2013. Mutational landscape
and significance across 12 major cancer types. Nature 502:333–339.

Kumar P, Henikoff S, Ng PC. 2009. Predicting the effects of coding non-synonymous
variants on protein function using the SIFT algorithm. Nat Protoc 4:1073–1081.

Lu X, Errington J, Curtin NJ, Lunec J, Newell DR. 2001. The impact of p53 status on
cellular sensitivity to antifolate drugs. Clin Cancer Res 7:2114–2123.

Lunter G, Hein J. 2004. A nucleotide substitution model with nearest-neighbour inter-
actions. Bioinformatics 20 Suppl 1:I216–I223.

Luo JL, Yang Q, Tong WM, Hergenhahn M, Wang ZQ, Hollstein M. 2001. Knock-in
mice with a chimeric human/murine p53 gene develop normally and show wild-
type p53 responses to DNA damaging agents: a new biomedical research tool.
Oncogene 20:320–328.

MacConaill LE, Campbell CD, Kehoe SM, Bass AJ, Hatton C, Niu L, Davis M, Yao K,
Hanna M, Mondal C, Luongo L, Emery CM, et al. 2009. Profiling critical cancer
gene mutations in clinical tumor samples. PLoS One 4:e7887.

Malkin D, Li FP, Strong LC, Fraumeni JF, Jr, Nelson CE, Kim DH, Kassel J, Gryka MA,
Bischoff FZ, Tainsky MA. 1990. Germ line p53 mutations in a familial syndrome
of breast cancer, sarcomas, and other neoplasms. Science 250:1233–1238.

Mathe E, Olivier M, Kato S, Ishioka C, Hainaut P, Tavtigian SV. 2006. Computa-
tional approaches for predicting the biological effect of p53 missense mutations: a
comparison of three sequence analysis based methods. Nucleic Acids Res 34:1317–
1325.

Olivier M, Goldgar DE, Sodha N, Ohgaki H, Kleihues P, Hainaut P, Eeles RA. 2003.
Li-Fraumeni and related syndromes: correlation between tumor type, family struc-
ture, and TP53 genotype. Cancer Res 63:6643–6650.

Olivier M, Hainaut P, Borresen-Dale AL. 2005. Prognostic and predictive value of TP53
mutations in human cancer. In:Hainaut P, Wiman K, editors. 25 Years of p53
Research. Dordrecht, The Netherlands: Springer. p 320–328.

Petitjean A, Mathe E, Kato S, Ishioka C, Tavtigian SV, Hainaut P, Olivier M. 2007.
Impact of mutant p53 functional properties on TP53 mutation patterns and
tumor phenotype: lessons from recent developments in the IARC TP53 database.
Hum Mutat 28:622–629.

Pfeifer GP, Denissenko MF, Olivier M, Tretyakova N, Hecht SS, Hainaut P. 2002. To-
bacco smoke carcinogens, DNA damage and p53 mutations in smoking- associated
cancers. Oncogene 21:7435–7451.

R Development Core Team. 2014. R: a language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.

Ribeiro RC, Sandrini F, Figueiredo B, Zambetti GP, Michalkiewicz E, Lafferty AR,
DeLacerda L, Rabin M, Cadwell C, Sampaio G, Cat I, Stratakis CA, et al. 2001. An
inherited p53 mutation that contributes in a tissue-specific manner to pediatric
adrenal cortical carcinoma. Proc Natl Acad Sci USA 98:9330–9335.

Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, Mesirov
JP. 2011. Integrative genomics viewer. Nat Biotechnol 29:24–26.

Sagne C, Marcel V, Amadou A, Hainaut P, Olivier M, Hall J. 2013. A meta-analysis
of cancer risk associated with the TP53 intron 3 duplication polymorphism
(rs17878362): geographic and tumor-specific effects. Cell Death Dis 4:e492.

Saiki AY, Caenepeel S, Cosgrove E, Su C, Boedigheimer M, Oliner JD. 2015. Identifying
the determinants of response to MDM2 inhibition. Oncotarget 6:7701–7712.

Slebos RJ, Resnick MA, Taylor JA. 1998. Inactivation of the p53 tumor suppressor gene
via a novel Alu rearrangement. Cancer Res 58:5333–5336.

Sonkin D. 2015. Expression signature based on TP53 target genes doesn’t predict
response to TP53-MDM2 inhibitor in wild type TP53 tumors. Elife 4.

Sonkin D, Hassan M, Murphy DJ, Tatarinova TV. 2013. Tumor suppressors status in
cancer cell line Encyclopedia. Mol Oncol 7:791–798.

Wade M, Li YC, Wahl GM. 2013. MDM2, MDMX and p53 in oncogenesis and cancer
therapy. Nat Rev Cancer 13:83–96.

Westwood G, Dibling BC, Cuthbert-Heavens D, Burchill SA. 2002. Basic fibroblast
growth factor (bFGF)-induced cell death is mediated through a caspase-dependent
and p53-independent cell death receptor pathway. Oncogene 21:809–824.

Whibley C, Pharoah PD, Hollstein M. 2009. p53 polymorphisms: cancer implications.
Nat Rev Cancer 9:95–107.

Yang W, Soares J, Greninger P, Edelman EJ, Lightfoot H, Forbes S, Bindal N, Beare D,
Smith JA, Thompson IR, Ramaswamy S, Futreal PA, et al. 2013. Genomics of Drug
Sensitivity in Cancer (GDSC): a resource for therapeutic biomarker discovery in
cancer cells. Nucleic Acids Res 41:D955–961.

Yu D, Berlin JA, Penning TM, Field J. 2002. Reactive oxygen species generated by
PAH o-quinones cause change-in-function mutations in p53. Chem Res Toxicol
15:832–842.

12 HUMAN MUTATION, Vol. 00, No. 0, 1–12, 2016

190



Appendices

Appendix IV: Modeling cancer driver events in vitro
using barrier bypass-clonal expansion assays and mas-
sively parallel sequencing

Hana Huskova, Maude Ardin, Annette Weninger, Karina Vargova, Sarah Barrind, Stephanie

Villar, Magali Olivier, Tomas Stopka, Zdenko Herceg, Monica Hollstein, Jiri Zavadil and Michael

Korenjak

Under first revision, Oncogene, 2017

191





 

1 
 

Modeling cancer driver events in vitro using barrier bypass-clonal expansion assays and 1 
massively parallel sequencing 2 
 3 
Hana Huskova1,2, Maude Ardin1, Annette Weninger3, Karina Vargova2, Sarah Barrin4, Stephanie 4 
Villar1, Magali Olivier1, Tomas Stopka2, Zdenko Herceg5, Monica Hollstein1,3,6,*, Jiri Zavadil1,* and 5 
Michael Korenjak1,* 6 
 7 
1 Molecular Mechanisms and Biomarkers Group, International Agency for Research on Cancer, 8 
69008 Lyon, France. 9 
2 Biocev, First Faculty of Medicine, Charles University in Prague, 25250 Vestec, Czech Republic. 10 
3 Deutsches Krebsforschungszentrum, D-69120 Heidelberg, Germany. 11 
4 Dynamics of T cell interactions Team, Institut Cochin, Inserm U1016, 75014 Paris, France. 12 
5 Epigenetics Group, International Agency for Research on Cancer, 69008 Lyon, France. 13 
6 Faculty of Medicine and Health, University of Leeds, Leeds LS2 9JT, United Kingdom. 14 
 15 
*To whom correspondence should be addressed. Michael Korenjak, Tel: +33 4 72 73 85 39, Fax: +33 16 
4 72 73 83 22, Email: korenjakm@iarc.fr. Correspondence may be also addressed to: Jiri Zavadil, 17 
Tel: +33 4 72 73 85 39, Fax: +33 4 72 73 83 22, Email: zavadilj@iarc.fr, and Monica Hollstein, Tel: 18 
+44 19 43 60 55 48, Fax: +33 4 72 73 83 22, Email: M.Hollstein@leeds.ac.uk. 19 

20 
21 

Author contributions: 22 
MK, HH: Designed the study, acquired data and led the analysis and interpretation of results. Wrote 23 
the manuscript and approved the final version. 24 
JZ, MH: Conceived and designed the study and interpreted the results. Revised the manuscript and 25 
approved the final version. 26 
MO: Designed the study and analysed data. Revised the manuscript and approved the final version. 27 
MA, AW, KV, SB, SV: Acquired and analysed data. Revised the manuscript and approved the final 28 
version. 29 
TS, ZH: Interpreted the results, revised the manuscript and approved the final version. 30 
 31 
Running Title: In vitro-modeling of cancer driver events32 

33 
Conflict of interest: The authors declare no conflict of interest 34 

35 

36 

37 

38 

193



 

2 
 

ABSTRACT 39 

The information on candidate cancer driver alterations available from public databases is often 40 

descriptive and of limited mechanistic insight, which poses difficulties for reliable distinction between 41 

true driver and passenger events. To address this challenge, we performed in-depth analysis of 42 

whole-exome sequencing data from cell lines generated by a barrier bypass-clonal expansion (BBCE) 43 

protocol. The employed strategy is based on carcinogen-driven immortalization of primary mouse 44 

embryonic fibroblasts and recapitulates early steps of cell transformation. Remarkably, almost 200 45 

COSMIC Cancer Gene Census genes were found mutated, many of them recurrently, in a set of 46 

twenty-five immortalized cell lines. These recurrent alterations affected pathways regulating DNA 47 

damage response and repair, transcription and chromatin structure, cell cycle, and cell death, as well 48 

as developmental pathways. The functional impact of the mutations was strongly supported by the 49 

manifestation of several known cancer hotspot mutations among the identified alterations. When 50 

investigating the contribution of additional, putative cancer driver mutations to the immortalized 51 

phenotype, we identified a novel Ras-mediated dependence of coding Smarcd2 and Smarcc1 52 

mutations on PRC2 histone methyltransferase activity. This interplay is in keeping with the roles of 53 

mutations in other BAF complex subunits in cancer cells. We propose that the information on the 54 

genetic contents generated by deep sequencing of the BBCE cell lines constitutes a unique resource 55 

that can yield mechanistic insights into driver events relevant to human cancer development. 56 

57 

Keywords: cancer driver, mutation, carcinogen, primary cell immortalization, massively parallel 58 

sequencing59 
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INTRODUCTION 65 

During the course of their lifetime, eukaryotic cells are exposed to various mutagenic processes that 66 

cause DNA damage and mutations. Mutation analysis can help uncover specific mutational 67 

signatures associated with active or past mutational processes (1-3), as well as shed light on 68 

biological mechanisms critical for tumor development. Most alterations found in tumors are passenger 69 

mutations that accumulate during tumorigenesis but do not critically affect cell fitness. However, a 70 

small subset of alterations, so-called cancer driver mutations, can confer a selective growth 71 

advantage to a cell, which, in turn, can lead to the expansion of a clonal cell population and tumor 72 

development (4). Discriminating driver from passenger events is one of the priorities in cancer 73 

research. In order to pinpoint candidate cancer driver alterations amongst the myriad of somatic 74 

mutations available from cancer genome sequencing studies, numerous computational approaches 75 

have been developed. These are either gene-centred methods that are based on the mutation 76 

frequency of individual genes compared to the background mutation rate (5-10), or network 77 

approaches that identify driver genes based on mutual exclusivity of genomic alterations (11-16). 78 

Application of these approaches to mutation data generated by large sequencing consortia led to the 79 

following important observations: First, hundreds of high-confidence candidate driver genes have 80 

been extracted using these methods, many of which are novel findings (17-19). Almost 600 genes 81 

have been implicated in cancer development to date and are included in the Cancer Gene Census 82 

(20). Second, even analyses that are based on highly overlapping mutation datasets vary 83 

considerably in the candidate drivers that they identify (17, 18), raising the possibility of a sizable 84 

number of false positives among the candidate driver events. 85 

Despite the progress made in recent years, much of the knowledge regarding candidate cancer driver 86 

alterations remains descriptive and of limited mechanistic insight, emphasizing the need for rapid and 87 

robust systems that provide well-controlled experimental investigation of the functional impact of 88 

candidate driver events. The necessity of a cell to bypass senescence and become immortal in order 89 

for a tumor to develop is well established (21). Senescence bypass in rodent cells, which express 90 

telomerase and possess long telomeres, can be achieved by mutations in oncogenes and tumor 91 

suppressor genes, most importantly those belonging to the p53-p19ARF tumor suppressor pathway 92 

(22). In contrast, human cells must also reactivate telomerase in order to bypass senescence, which 93 

likely explains why immortalization following exposure of primary diploid human cells to carcinogenic 94 
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insult is difficult to achieve and has rarely been reported (23-25). Therefore, rodent cell lines have 95 

been extensively studied for their potential to model the events associated with cell immortalization 96 

and transformation (22, 26). However, some of the major concerns regarding their applicability 97 

include the dependence of these assays on phenotypic readouts to assess transformation and an 98 

incomplete understanding of mechanisms. Recent advances in genome sequencing, together with the 99 

development of highly specific pharmacological inhibitors, have created exciting opportunities for 100 

mechanistic characterization of candidate cancer driver alterations using in vitro carcinogen exposure 101 

assays.  102 

In the present study, we explored how whole-exome sequencing (WES) of carcinogen-immortalized 103 

primary mouse embryonic fibroblasts (MEFs) can be utilized to identify candidate cancer driver 104 

events. The MEF exposure system takes advantage of a biological barrier, which creates a selective 105 

pressure for clonal outgrowth of immortalized cells that have acquired a genetically-driven growth 106 

advantage. Importantly, it has already been shown that such barrier bypass-clonal expansion (BBCE) 107 

protocols select for immortalized cells with human TP53 hotspot mutations (26-29). We present a 108 

comprehensive analysis of exome-wide sequencing of DNA from twenty-six immortalized MEF cell 109 

lines derived upon carcinogen exposure or other stimulus. Our results reveal frequent alterations in 110 

high-confidence cancer genes and genes affecting biological pathways implicated in critical steps of 111 

cell transformation, and bona fide cancer driver mutations. On the basis of these results and our 112 

functional studies of established and candidate cancer driver alterations using specific 113 

pharmacological inhibitors, we propose the MEF BBCE assay coupled with massively parallel 114 

sequencing as a tool for characterizing the functional impact of cancer driver-like events. 115 

116 

117 
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120 
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MATERIAL AND METHODS 122 

Cell lines. Sixteen of the 26 Hupki (humanized p53 knock-in) MEF cell lines (Table S1) were 123 

generated from carcinogen-exposed and unexposed primary MEFs (27-32). The additional 10 cell 124 

lines were established for this study using the same procedure (33, 34). Briefly, carcinogen-exposed 125 

or untreated primary cells were cultivated until senescence bypass and immortalized cell lines with 126 

non-synonymous TP53 mutations were preferentially chosen for WES (Table S1). Clonal populations 127 

were generated from cell lines AA_2, AA_3 and MNNG_4 by dilution cloning.  128 

Whole exome sequencing and data processing. WES data used in this study were generated 129 

previously for 14 of the 26 cell lines (30); for this report, 12 additional cell lines were sequenced and 130 

the data processed as described in Olivier et al. (30). An average of 51.44 million reads (100 bp) were 131 

sequenced per sample, of which 98% were mapped and 75% on target (mm9 reference genome), 132 

with a mean depth-of-coverage of 54. Variants were called with MuTect software (version 1.1.4) using 133 

default parameters. Each immortalized cell line was compared to two or three primary MEF cultures 134 

and only overlapping calls were considered, to ensure robust variant calling and exclude potential 135 

polymorphisms. 136 

Pathway analysis. RefSeq-annotated mouse genes containing non-synonymous single-base 137 

substitutions were analyzed using DAVID (35) and Ingenuity Pathway Analysis (IPA, Ingenuity 138 

Systems, Redwood City, CA). If RefSeq gene names were not recognized, aliases were used. Gene 139 

Ontology and KEGG pathways were interrogated by DAVID using relaxed criteria, as deregulation of 140 

biological processes in transformed cells can occur in the absence of multiple hits. IPA was run with 141 

default settings and canonical pathways were extracted using either standard (p<0.05) or relaxed 142 

criteria (p<0.175). The identified biological processes and pathways were prioritized based on 143 

recurrence among cell lines and cancer relevance. 144 

Identification of candidate cancer driver mutations. Variants were filtered for exonic non-145 

synonymous and splicing mutations and cross-referenced with cancer-related and chromatin 146 

associated genes (4, 20, 36, 37). Mutations were prioritized using a simple scoring system. A score of 147 

1 was added if the mutation was of the exposure-predominant type and therefore likely to have been 148 

introduced early in the assay. A score of 1 was added if the mutation was in a known human hotspot, 149 

if it was truncating or if it was a splice site mutation. For other mutations, a score of 0.5 was added if 150 
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the mutation was located in a functional domain and if the mutation was predicted deleterious in the 151 

protein by SIFT via Variant Effect Predictor (38). A score of 0.5 was also added if the allelic frequency 152 

of the mutation was higher than 25 %. 153 

Sanger sequencing. Primers for sequencing are listed in Table S3. 154 

Inhibitor treatment. Cells were treated with 20 M Mek inhibitor U0126 (Sigma Aldrich), 4 M and 8 155 

M Ezh2 inhibitor GSK126 (Xcess Biosciences), and DMSO carrier (Sigma Aldrich).  156 

MTT proliferation assay. Cells were plated in 96-well plates and treated as indicated. Cell viability 157 

was measured using CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega). Plates 158 

were incubated for 2 hours at 37°C and absorbance was measured in a microplate reader at 492 nm.   159 

Colony formation assay. Cells were seeded in 6-well plates to ensure ~5 000 cells at treatment 160 

onset for each cell line and condition. Colonies were visualized after 7 days using crystal violet 161 

staining. 162 

Immunoblotting and antibodies. Electrophoresis was performed using 4-20% Mini-Protean TGX 163 

Precast Protein Gels (BioRad). The following antibodies were used for immunoblotting: phospho-164 

Erk1/2 (9101, 1:1 000, Cell Signaling), total Erk1/2 (9102, 1:1 000, Cell Signaling), histone H3K27me3 165 

(ab6002, 1:4 000, Abcam), histone H3 (ab1791, 1:20 000, Abcam), Ccnd1 (NCL-L-CYCLIN D1-GM, 166 

1:100, Novocastra), Actin (08691001, 1:25 000, MP Biomedicals),.  167 

Analysis of Ep400 and Trrap mutations in human tumor data. Published studies included in 168 

cBioPortal for Cancer Genomics (39, 40) were mined for samples with non-synonymous mutations 169 

and small indels in Ep400 and Trrap. The data were visualized using OncoPrinter version 1.0.1. 170 

Mutual exclusivity was tested using χ2-test. 171 

172 
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RESULTS 176 

WES of MEF clones from BBCE assays as a means to identify potential cancer driver events 177 

While analyzing WES data from 14 immortalized cell lines to identify mutational signatures introduced 178 

by specific carcinogens, we noticed frequent mutations in known and suspected cancer driver genes 179 

(30). Therefore, we expanded our effort and generated additional cell lines, in order to perform 180 

exome-wide, systematic sequencing analysis of cancer driver-like events followed by in-depth 181 

functional characterization of selected alterations (Fig. 1). Twenty-six cell lines were derived from 182 

primary MEFs (27-29, 31, 32), 19 of which were generated by treatment with a potent human 183 

carcinogen (aristolochic acid (AA), aflatoxin B1 (AFB1), benzo[a]pyrene (B[a]P), N-methyl-N’-nitro-N-184 

nitrosoguanidine (MNNG) or ultraviolet light subclass C (UVC)). Five of the immortalized lines arose 185 

spontaneously from untreated cells and were included in the analysis. In addition, we examined two 186 

cell lines from MEFs genetically engineered to express activation-induced cytidine deaminase (AID) 187 

(Table S1). The immortalized cell lines differ in their morphologies (Data S1 and S2), suggesting that 188 

the cells can take distinct immortalizing paths, each driven by different sets of acquired mutations.  189 

WES was carried out at a depth-of-coverage of 25-50x on primary MEFs and the 26 immortalized cell 190 

lines (this study; (30). Twenty-five of these lines were used as a test set for analyses, and one line 191 

was used as a control in subsequent functional validation experiments. Due to the clonal nature of the 192 

immortalized cell lines, sequencing at relatively low coverage was sufficient to identify high-193 

confidence variant sequences (Fig. 1). In most cell lines, the majority of non-synonymous mutations 194 

were detected at an allelic frequency (AF) ranging from 25 to 75%, as might be expected for the 195 

accumulation of heterozygous mutations combined with clonal expansion in the MEF BBCE assay 196 

(Fig. S1). The number of mutations varied substantially depending on the compound or treatment 197 

protocol and was highest in MNNG- and B[a]P-treated cells (Table S2). In the analyzed set of cell 198 

lines, we identified 16 082 single base substitutions, about half of which were non-synonymous, with 199 

missense mutations accounting for the vast majority of non-synonymous alterations (Fig. 2A, Table 200 

S2, Data S3). Most carcinogen-induced mutations could be attributed to the predominant substitutions 201 

found in human tumors associated with the same exposure (Table S2) and amounted to about double 202 

the frequency of the two most common mutation types in spontaneously immortalized cells (69% vs 203 

37%). Among other criteria, this exposure-specific enrichment of mutations introduced early and in a 204 
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controlled manner was subsequently exploited to identify and track alterations with a potential 205 

functional impact on immortalization (see below).  206 

207 

Hotspot mutations and recurrently mutated cancer genes 208 

The clustering of mutations in certain regions of a gene (hotspots) is potentially indicative of cancer 209 

driver events. Interestingly, we identified well-known human cancer hotspot mutations in several 210 

clones: missense mutations in Hras (c.A182T/p.Q61L) and Kras (c.A182G/p.Q61R) and a hotspot 211 

mutation in the gene encoding the chromatin remodeling factor Smarcb1 (c.G158A/p.R53Q) (Fig. 2B). 212 

The applicability of the human mutation data to the mouse proteins is strongly supported by the 213 

sequence homology of the proteins between the two species (Fig. 2B) and is well-established for the 214 

Ras Q61L and Q61R mutations (41). 215 

Natural selection favors cells that carry functional mutations in driver genes, which explains why these 216 

genes are recurrently mutated in cancer. In a proof-of-principle analysis, we compared recurrently 217 

mutated genes in the MEFs to human cancer genes (4, 20) and high-confidence epigenetic modifier 218 

genes (due to their recent emergence as critical cancer drivers) (36, 42). In total, 68 cancer and 219 

epigenetic modifier genes were found recurrently mutated in the MEF cell lines (Fig. 2C). Besides 220 

TP53, the mutated status of which was used in most cell lines as an additional indicator of clonality 221 

and thus preferentially chosen for WES, several other well-established tumor suppressors (Apc, Atm, 222 

Brca2, Ptch1) and oncogenes (Hras, Abl1, Egfr, Myc) were among the recurrently affected genes. 223 

Recurrent, non-synonymous mutations were also found in a number of genes encoding epigenetic 224 

modifiers, most frequently affecting histone H3K4-methylation, histone acetylation and ATP-225 

dependent chromatin remodeling (Kmt2b, Kmt2d, Ep400, Baz1a) (Fig. 2C). 226 

Cancer driver events often contribute to the deregulation of critical biological processes such as cell 227 

proliferation, apoptosis or DNA repair (4, 21). To assess whether similar processes are also affected 228 

in the MEF BBCE assay system, we analyzed the non-synonymous mutations from each one of the 229 

25 cell lines for commonly targeted biological processes and pathways, integrating DAVID and 230 

Ingenuity Pathway Analysis (IPA) (see Material and Methods for details). In concordance with the 231 

importance of deregulation of cell proliferation, apoptosis and DNA repair during cellular 232 

transformation, we identified these processes to be among the most frequently and recurrently altered 233 

in the set of immortalized cell lines (Data S4). In addition, cell matrix organization, 234 
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transcription/chromatin structure, pluripotency, cancer-related signaling pathways and drug 235 

metabolism (probably due to selective pressure inflicted by carcinogen treatment) were also affected 236 

in the majority of cell lines. These findings suggest that MEF BBCE assays can contribute to the 237 

identification and characterization of cancer driver-like events. 238 

 239 

A systematic prioritization scheme for high-confidence candidate driver events  240 

In order to explore the functional impact of potential driver alterations on cell transformation and the 241 

propagation of immortalized cell lines, we first devised a ranking system to select alterations of high 242 

interest from the overall mutation pool. Starting from a list of mutations in established and suspected 243 

cancer genes, alterations were scored based on multiple criteria, including carcinogen-specificity, 244 

allelic frequency and potential functional impact (hotspot, truncation, functional domain, predicted 245 

deleterious in silico) (see Material and Methods for details). Using this strategy, we identified 246 

candidate driver events in several exposed cell lines, and we focused our subsequent analyses on 247 

two cell lines, derived from AA and MNNG treatment (AA_2; MNNG_4). As shown in Table 1, the 248 

highest-scoring mutations were distributed among biological processes closely linked to cell 249 

transformation and cancer development. Some of them affected well-known cancer genes, such as 250 

TP53, Hras, Jak2, Apc, Atm or Brca1, or were genes that have previously been implicated in the 251 

regulation of cellular senescence. Next, we derived multiple cultures by single-cell subcloning to 252 

confirm the overall clonal nature of the immortalized AA_2 and MNNG_4 cell lines by Sanger 253 

sequencing (Fig. S2 and S3). With the exception of three mutations, all tested candidate driver events 254 

were found consistently altered across the subclones. These results confirm the clonality of AA_2 and 255 

MNNG_4 regarding the highest-scoring mutations, permitting follow-up studies on the interplay of co-256 

occurring alterations. 257 

 258 

The oncogenic Ras Q61L hotspot mutation mediates increased proliferation in cells derived 259 

from BBCE assays 260 

Hras (c.A182T/p.Q61L) is a well-characterized driver mutation, which results in constitutive activation 261 

of the Ras signaling pathway. Phenotypic comparison of AA_2-1 with two immortal clones lacking the 262 

activating Hras mutation (AA_3-3, Spont_5) revealed clear differences in cell morphology (Fig. 3A, 263 

top panel). AA_2-1 grew in multilayers and the cells appeared less tightly attached to the surface than 264 
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AA_3-3 and Spont_5, reminiscent of a partial transition towards anchorage-independent growth. 265 

Moreover, the doubling time of AA_2-1 was approximately 12 hours, whereas the other two cell lines 266 

had doubling times of around 24 hours, which reflects the standard generation time for most 267 

immortalized MEFs in this study. These differences could, at least in part, be due to constitutive 268 

activation of the Ras pathway in AA_2-1. Therefore, we treated all three cell lines with the Mek 269 

inhibitor U0126 to inhibit the Ras/Raf/Mek/Erk signaling pathway. Using immunoblotting, we observed 270 

the most pronounced decrease in phospho-Erk levels at early exposure times (up to 8 hours), and a 271 

delayed downregulation of the Ras pathway target Ccnd1 at 24 hours (Fig. 3B). Treatment of cells 272 

with 20μM U0126 for 24 hours almost completely reverted the AA_2-1 phenotype, but it had no effect 273 

on the morphology of the other cell lines (Fig. 3A). Next, we determined the proliferation rate of AA_2, 274 

AA_3-3 and Spont_5 in response to Mek inhibitor treatment (Fig. 3C). In contrast to the Hras wild-275 

type cell lines, AA_2 showed a small (7%) but statistically significant decrease in proliferation upon 276 

treatment. Given the role of Hras in translating exogenous mitogenic signals, we hypothesized that 277 

the effect of the inhibitor on mutant Hras would be potentiated in conditions that limit such exogenous 278 

signals. Indeed, upon serum starvation of the cells, Mek inhibitor treatment resulted in a striking 279 

decrease in cell proliferation (Fig. 3C). As this effect was not observed in Hras wild-type cells, it 280 

suggests that only the mutant cell lines have developed a dependency on the Ras signaling pathway, 281 

and this might be partly responsible for their overall increased proliferation rate. 282 

 283 

Novel BAF complex mutations confer sensitivity to Ezh2 inhibition in a Ras-dependent manner 284 

in carcinogen-immortalized MEFs 285 

Recent studies have highlighted loss-of-function mutations in subunits of the SWI/SNF (BAF) 286 

chromatin remodeling complex in a large number of human cancers (43). Intriguingly, we observed an 287 

equally frequent rate of non-synonymous mutations in genes encoding BAF complex subunits in our 288 

set of MEF lines (9 out of 26 cell lines). Moreover, all identified BAF complex mutations were mutually 289 

exclusive across the BBCE cell line panel (Fig. 4A), in keeping with the mostly non-overlapping nature 290 

of mutations in BAF subunits in sequencing data derived from more than 3 000 TCGA samples (19).  291 

Previous elegant work revealed an increased dependence of BAF mutant animal tumors and human 292 

cancer cell lines on the PRC2 histone methyltransferase complex, and this dependency is alleviated 293 

in human cancer cells with oncogenic RAS mutations (44, 45). We set out to test whether we could 294 
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recapitulate this functional relationship in immortalized MEF cell lines harboring either a BAF complex 295 

mutation alone (Smarcd2; MNNG_4), or a combination of BAF and oncogenic Ras mutations 296 

(Smarcc1, Hras Q61L; AA_2). SMARCD2 and SMARCC1 mutations had not yet been characterized 297 

in the context of PRC2 inhibition. Spontaneously immortalized Spont_5 cells (BAF & Ras wild-type), 298 

MNNG_4-2 (BAF mutant, Ras wild-type) and AA_2-1 (BAF & Ras mutant) were treated with Ezh2 299 

inhibitor (GSK126), and cell viability was assessed using MTT and colony formation assays (Fig. 4B, 300 

C). Spont_5 cells exhibited a significant decrease in cell viability following treatment, but both assays 301 

indicated that a fraction of cells survived. In contrast, the MNNG_4-2 cell line was highly sensitive to 302 

GSK126 treatment and showed no remaining viability under the same treatment conditions. The 303 

observed GSK126 sensitivity of both BAF wild-type and mutant cells, with a more pronounced effect 304 

in the mutants, recapitulates previous findings in MEFs isolated from wild-type and Arid1a mutant 305 

animals (45). Finally, AA_2-1, which harbors BAF and Ras alterations, was much more resistant to 306 

the Ezh2 inhibitor than the other cell lines. Importantly, the same order of sensitivity was observed in 307 

both the MTT and the colony formation assays. Immunoblotting analysis showed a striking decrease 308 

in H3K27me3 levels upon inhibitor treatment with no observable differences amongst the three cell 309 

lines (Fig. 4D). Taken together, we show that mutations in Smarcd2 and Smarcc1 confer a 310 

(oncogenic) Ras-dependent sensitivity to Ezh2 inhibition, consistent with previous findings for other 311 

BAF complex subunits in human cancer cell lines.312 

313 

314 

315 

316 

317 

318 

319 

320 
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DISCUSSION 321 

Building on knowledge gained from single-gene sequencing studies, large-scale tumor sequencing 322 

efforts have transformed the field of cancer genetics over the last years. This has led to an explosion 323 

in the number of genes that have been implicated in cancer development. In this study we report that 324 

a simple, cell-based in vitro carcinogen exposure assay, combined with massively parallel 325 

sequencing, can contribute to the identification of candidate cancer driver events from human tumor 326 

sequencing data. The MEF BBCE assay system provides functional information regarding the impact 327 

of particular alterations in the Ras pathway and BAF chromatin remodelling complex on the 328 

immortalized cell phenotype and, potentially, on subsequent steps leading to transformation. Given 329 

that driver mutations from spontaneous processes or from insult continue to accumulate in the 330 

immortalized MEF lines, it is likely that WES of well-established cell lines captures events that 331 

contribute to both immortalization and transformation. 332 

Several key characteristics of the BBCE assay highlight its applicability as a promising in vitro 333 

screening strategy for the identification and investigation of driver events. First, senescence bypass 334 

and immortalization of MEFs, a well-known in vitro phenomenon with parallels to the conversion of 335 

normal cells to tumor cells in vivo (22, 25, 30), captures cancer driver events, as previously shown for 336 

human tumor p53 hotspot mutations (26-28). Second, MEF BBCE assays with individual genotoxic 337 

compounds can help to unravel the effects of complex combinations of factors (genotoxic and non-338 

genotoxic) that contribute to human tumorigenesis, and the use of strong mutagens with characteristic 339 

single-base substitution patterns can facilitate the recognition of early driver mutations. Third, genome 340 

editing using the CRISPR/Cas9 system is used extensively in mouse cells and can be employed to 341 

study the functional impact of candidate driver events by correcting them to the wild-type sequences. 342 

Recent work has led to significant improvements in the efficiency of homology-directed repair-343 

mediated genome editing (46, 47), allowing medium- to high-throughput functional screening of 344 

cancer driver-like events identified in cell lines generated from BBCE assays. Furthermore, the MEF 345 

BBCE assay is a simple and relatively fast in vitro procedure that uses primary normal diploid cells 346 

that can immortalize within a period of 6-8 weeks (27).   347 

Potential limitations of the MEF BBCE assay system include inadequate metabolic activation of 348 

certain pro-carcinogens, the high rate of spontaneous immortalization, and potential species-specific 349 

differences in key biological pathways involved in cell transformation. Many of these concerns can be 350 
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addressed by simple adjustments to the assay protocol, such as the use of exogenous human liver 351 

S9 fraction to activate pro-carcinogens. It is of note, however, that MEFs in culture have been shown 352 

to convert a variety of pro-carcinogens to their reactive intermediates (26-28, 31, 32, 48, 49). 353 

Frequent spontaneous immortalization of MEFs has been attributed to high mutation rates resulting 354 

from oxidative stress under standard culture conditions (20% oxygen) (50, 51). Growth of MEFs under 355 

physiological oxygen levels (3%) can reduce background mutation and spontaneous immortalization 356 

rates, which should improve the stringency of the MEF system. 357 

Tumor sequencing databases put the mutation frequency of all three human RAS genes combined 358 

between 9 and 30% (all cancer types), with 98% of mutations affecting amino acid residues G12, G13 359 

or Q61 (52). The Q61L alteration, found in AA_2, is one of the most highly transforming mutations in 360 

this residue in NIH-3T3 cells (53). It locks Ras in a constitutively active state and is the most frequent 361 

HRAS mutation in human prostate adenocarcinoma (54). Positive selection for Ras pathway 362 

activation during the immortalization/transformation process is further highlighted by another 363 

oncogenic mutation, Kras (c.A182G/p.Q61R), in a cell line derived from UVC-exposure.  The Q61L 364 

and Q61R Ras protein alterations found in our in vitro exposure system are the most predominant 365 

cancer-associated changes identified at this position (54). 366 

Genome sequencing studies established the BAF ATP-dependent chromatin remodeling complex as 367 

one of the most commonly mutated human tumor suppressors (55, 56). Our finding that more than 368 

30% of cell lines derived from MEF BBCE assays harbor non-synonymous mutations in BAF subunits 369 

resembles their mutation frequency in human cancers (>20%). The presence of a known cancer 370 

hotspot mutation in Smarcb1 among the in vitro-induced mutations, and the non-overlapping nature of 371 

mutations in BAF complex components in human cancers (19) and exposed MEFs (Fig. 4A) support 372 

the selective deregulation of common pathways. We also observed near mutual exclusivity of 373 

mutations in genes encoding the Ep400 and Trrap subunits of the NuA4 histone acetyltransferase 374 

complex in our cell line panel as well as in a set of 474 TCGA samples (Fig. S4). Although based on a 375 

limited number of 25 BBCE cell lines, these findings are consistent with the notion from cancer 376 

genome sequencing that the selection of a mutation in a single component is sufficient to alter the 377 

activity of a pathway or protein complex while obviating the need for additional changes (19). 378 

Extended sequencing analysis of additional BBCE cell lines is warranted to further investigate 379 

broader commonalities between MEFs and human tumors. 380 
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Mutation in several BAF complex subunits (SMARCB1, SMARCA4, SMARCA2, ARID1A, PBRM1), 381 

sensitizes cancer cells to either inactivation of the EZH2 Polycomb protein, or treatment with an EZH2 382 

inhibitor, and this effect is alleviated upon co-occurring RAS mutation (44, 45). In agreement with 383 

these findings, the MEF BBCE assay system revealed a high sensitivity of cells harboring a Smarcd2 384 

mutation to Ezh2 inhibitor treatment, whereas a cell line with simultaneous Smarcc1 and Ras 385 

mutations was relatively unresponsive (Fig. 4B, C). The mechanism for this antagonism may be 386 

based on the defective removal of Polycomb complexes and their respective H3K27me3 histone 387 

modification mark in BAF mutant cells (44). Interestingly, Polycomb repressive complexes have also 388 

been postulated to cooperate with DNA methylation in the epigenetic reprogramming of pluripotency 389 

genes during MEF immortalization (57). Compared to other BAF complex subunits, among them 390 

several suspected cancer drivers, both SMARCD2 and SMARCC1 are infrequently mutated in human 391 

cancer. However, their significant positive selection in the in vitro assay, combined with the results 392 

from the Ezh2 inhibitor experiment, certainly warrants additional studies regarding the role of 393 

SMARCD2 and SMARCC1 in tumor development. In fact, saturation analysis suggests the existence 394 

of many more infrequently mutated cancer drivers (18).   395 

It is important to keep in mind that, due to the criteria applied for choosing cell lines for exome 396 

sequencing, which usually included the presence of heterozygous or homo/hemizygous TP53 397 

mutations as an indicator of clonality, most candidate driver events we identified act as such in the 398 

context of TP53 alterations. This situation resembles what is commonly found in human tumors. 399 

Some immortalized cell lines, however, retain wild-type p53. It will be interesting to see if in this 400 

context other key regulators of the p53 pathway are affected (58), and if CRISPR/Cas9-mediated 401 

correction of potential driver events in the same gene, protein complex or pathway, results in diverse 402 

functional outcomes depending on p53 status. 403 

Assessment of tumorigenicity in nude mice of immortalized cell lines that have undergone massively 404 

parallel sequencing analysis, and the development of clonal expansion assays using normal diploid 405 

human cells, as previously reported for mammary epithelial cells (23), are two promising avenues for 406 

future research. Moreover, the ever-evolving arsenal of molecular readouts, and the possibility of 407 

studying candidate events in an isogenic background using CRISPR/Cas9-mediated mutation 408 

correction, reinforce the potential of BBCE assays for the detailed functional characterization of 409 

candidate cancer driver events. 410 
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FIGURE LEGENDS 434 

Figure 1. Study design. Mouse embryonic fibroblasts (MEF) were treated with a carcinogen in an 435 

early passage and cultivated until senescence bypass. The resulting cell line was subjected to whole 436 

exome sequencing on an Illumina HiSeq2500 sequencer and data were analyzed using the indicated 437 

pipeline. Sequence variants were systematically analyzed to identify cancer driver-like events, which 438 

were further investigated in functional assays with the help of small molecule inhibitors.        439 

Figure 2. Global mutation analysis. (A) Overview of whole-exome sequencing results from 25 MEF 440 

BBCE cell lines. (B) Cancer hotspot mutations identified in MEF BBCE cell lines. Plots, showing 441 

mutations in HRAS, KRAS and SMARCB1 based on TCGA data, were generated using cBioPortal 442 

(39, 40). The mutated residue in MEFs is highlighted by a red circle. Alignment of human and mouse 443 

protein sequence around the mutated residue is shown in the inset, the mutated codon is indicated 444 

above the alignment. The overall similarity of human and mouse protein sequence is indicated in 445 

square brackets. (C) Recurrently mutated cancer and epigenetic modifier genes in the MEF BBCE 446 

cell lines. Genes listed in the Cancer Gene Census (black, (20)), oncogenes (red) and tumor 447 

suppressor genes (blue) by Vogelstein et al. (4) and epigenetic modifiers (green, (36) modified) are 448 

indicated. Epigenetic modifiers that are also listed in the Cancer Gene Census are indicated in bold 449 

black. Epigenetic modifiers that are also listed as tumor suppressor genes by Vogelstein et al. are in 450 

bold blue. Epigenetic modifiers that are also listed as oncogenes by Vogelstein et al. are in bold red. 451 

Cell lines are arranged concentrically and grouped by carcinogen exposure. Red and black dots 452 

represent exposure-predominant and exposure non-predominant mutation types, respectively.453 

Figure 3. Morphology and survival of Ras-mutant and Ras-wild type cell lines upon Mek inhibitor 454 

treatment. (A) Morphology of Ras-mutant (AA_2-1) and Ras-wild type (AA_3-3, Spont_5) cells after 455 

24-hour treatment with 20 M of Mek inhibitor U0126. (B) Immunoblot showing levels of Erk1/2 456 

phosphorylation, total Erk1/2 protein and a target of MAP kinase pathway (Ccnd1) in AA_2-1 cells 457 

upon Mek inhibitor U0126 treatment. The immunoblot was carried out using whole-cell protein 458 

extracts. Actin was used as loading control. For clarity reason the blot was cropped for display. (C) 459 

Proliferation of Ras-mutant and Ras-wild type cells after 24-hour treatment with 20 M of Mek 460 

inhibitor U0126 in complete (15% FBS) and serum-free (0% FBS) growth medium. Relative 461 

absorbance (related to treatment with DMSO carrier), indicative of cell viability, was measured. 462 

208



 

17 
 

Columns represent the mean value and standard error of the mean derived from 3 independent 463 

experiments. Significance of two sample two-tailed Wilcoxon test is displayed, · p<0.05, * p<0.01.  464 

Figure 4. Effect of Ezh2 inhibitor treatment in BAF-mutant, BAF-wild type and BAF/Ras double 465 

mutant MEF BBCE cell lines. (A) BAF complex members affected by non-synonymous mutations in 466 

MEF BBCE cell lines. (B) Cells mutant in Ras and BAF (AA_2-1), wild type in Ras and BAF (Spont_5) 467 

and cells with BAF mutation in a wild type-Ras background (MNNG_4-2) were seeded at low density 468 

in standard 6-well plates and treated with Ezh2 inhibitor GSK126 for 7 days. Cells were then 469 

visualized using crystal violet. The result is representative of 3 independent experiments. (C) Cells 470 

mutant in Ras and BAF (AA_2-1), wild type in Ras and BAF (Spont_5) and cells with BAF mutation in 471 

a wild type-Ras background (MNNG_4-2) were plated in 96-well plates and treated with GSK126 for 472 

up to 96 hours. Relative absorbance (related to treatment with DMSO carrier), indicative of cell 473 

viability, was measured at 24, 48, 72 and 96 hours. Columns represent mean value and standard 474 

error of the mean derived from 3 independent experiments. (D) Immunoblots for the H3K27me3 475 

chromatin mark in all tested cell lines upon GSK126 treatment. Immunoblot was carried out using 476 

acid-extracted histones. Histone H3 immunoblot was performed to control for the baseline level of the 477 

protein. For clarity reason the blot was cropped for display. 478 
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Supplementary Information accompanies the paper on the Oncogene website 490 

(http://www.nature.com/onc). 491 
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Supplementary Information 

SUPPLEMENTARY DATA, TABLES AND FIGURES LEGENDS 

Data S1. A 24-hour time-lapse video of the AA_2 cell line immortalized upon exposure to aristolochic acid. Movie in 

mpeg format. 

Data S2. A 48-hour time-lapse video of a spontaneously immortalized MEF cell line.  Movie in mpeg format. 

Data S3. Single base substitutions identified in immortalized MEF cell lines. Excel file (xlsx). 

Data S4. Selection of biological processes and pathways recurrently affected in immortalized MEFs. Excel file (xlsx). 

Table S1. Overview of TP53 mutations in the cell line collection. In this pdf file. 

Table S2. Summary of the distribution and types of mutations in immortalized MEFs. In this pdf file. 

Table S3. List of primers used for Sanger sequencing. In this pdf file. 

Figure S1. Distribution of mutations based on their allelic frequencies in 25 MEF BBCE cell lines. 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. In this pdf file. 

Figure S2. Sanger sequencing of candidate driver mutations in clones derived from AA_2 cell line. DNA sequence is 

displayed above the chromatogram of the first clone using IUPAC code. In this pdf file. 

Figure S3. Sanger sequencing of candidate driver mutations in clones derived from MNNG_4 cell line. DNA 

sequence is displayed above the chromatogram of the first clone using IUPAC code. If a base is not identical in all 

clones, it is marked with the respective IUPAC letter in each respective chromatogram. In this pdf file. 

Figure S4. Mutations in Ep400 and Trrap. (A) Ep400 and Trrap, core subunits of the NuA4 complex, are affected by 

non-synonymous mutations in seven MEF BBCE cell lines. (B) Detailed information regarding non-synonymous 

mutations in Ep400 and Trrap in MEF BBCE cells. (C) Distribution of non-synonymous mutations, as well as small 

insertions and deletions affecting EP400 and TRRAP in human tumor samples listed in the cBioPortal for Cancer 

Genomics. Starting from a total of 11966 samples, 474 harbored well-annotated mutations; 239 had mutations in 

Ep400 and 292 had mutations in Trrap. Fifty-seven samples had both Ep400 and Trrap mutations. Results of χ2-test 

for mutual exclusivity of EP400 and TRRAP mutations is indicated, * p < 10-15. In this pdf file. 
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Table S2: Summary of the distribution and types of mutations in immortalized MEFs.

Cell line Mutations Non-synonymous Missense Nonsense Predominant 
Mutation Type 

AA_1 680 347 319 28 

T:A>A:T 

AA_2 615 326 298 28  
AA_3 445 227 213 14  
AA_4 357 180 171 9  
AA_5 265 146 130 16  
AA_6 280 126 123 3  
AA_7 583 310 297 13  
MNNG_1 1232 556 539 17 

C:G>T:A MNNG_2 1133 459 436 23  
MNNG_3 1259 530 505 25  
MNNG_4 1541 663 637 26  
Spont_1 279 124 122 2 

C:G>T:A,  
T:A>C:G 

Spont_2 355 173 166 7  
Spont_3 116 69 68 1  
Spont_4 335 165 159 6  
AFB1_1 237 115 111 4 

C:G>A:T,  
C:G>T:A AFB1_2 318 154 145 9  

AFB1_3 360 205 195 10  
B[a]P_1 1262 675 644 31 

C:G>A:T, 
C:G>G:C B[a]P_2 716 356 342 14  

B[a]P_3 1395 696 657 39  
AID_1 362 158 155 3 C:G>T:A 
AID_2 625 250 245 5  
UVC_1 366 171 167 4 C:G>T:A,  

T:A>C:G UVC_2 966 455 446 9  

AA - aristolochic acid, AFB1 - aflatoxin B1, AID - activation-induced cytidine deaminase, B[a]P - 
benzo[a]pyrene, MNNG - N-methyl-N’-nitro-N-nitrosoguanidine, Spont - spontaneous 
immortalization, UVC - UV light class C. 
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truncating mutation

EP400

TRRAP

inframe mutation missense mutation

Gene symbol Cell line transcript ID cDNA change AA change
Ep400 AA_1 NM_029337 c.C602G p.A201G
Ep400 AA_2 NM_029337 c.A970T p.R324X
Ep400 UVC_2 NM_173066 c.T7649C p.V2550A
Ep400 MNNG_1 NM_173066 c.C7315T p.P2439S
Trrap MNNG_1 NM_001081362 c.G8246A p.R2749Q
Trrap B[a]P_2 NM_001081362 c.G8293C p.G2765R
Trrap MNNG_4 NM_001081362 c.G6952A p.V2318M
Trrap Spont_2 NM_001081362 c.A8125G p.T2709A
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