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discovery that cancer genomes contain thousands of passenger mutations that are irrelevant to tumor
development and are coselected by a small number of driver mutations that constitute the true selection
power in cancer progression. Although often discarded and considered to be irrelevant, the value of passenger
mutations should not be underestimated, as they are the most important markers of the exposure to various

ﬁﬂ;ﬁf’dmbm carcinogens and are essential to assess the etiology of individual tumors.

TP53 gene mutations Over the last century, the history of cancer epidemiology evolved in different stages and concepts from
Cancer etiology occupational observational studies beginning in the 18th century, in vitro and in vivo experimental analyses
Novel generation sequencing and cancer gene analyses, such as Ha-ras or TP53. Mutation spectra of passenger mutations from various types
Molecular epidemiology of cancers not only confirm the findings of molecular epidemiology analysis, but also reveal novel profiles that

will extend this knowledge to single tumors in all types of cancer.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

During the first decade of the 21st century, there has been a
revolution in DNA sequencing with the appearance of novel
generation sequencing (NGS) and the release of hundreds of genome
sequences from various species including the whole genome of single
healthy individuals or the complex heterogeneous genome of tumors
[1,2]. The power of the current NGS methodology can be compared to
that of a magnifying glass allowing the scientist to look not only at
the past with the sequencing of extinct species such as the
Neanderthal genome but also to have a glimpse at the future with
the recent sequencing of the genome of a normal twelve-week-old
fetus using DNA released into maternal blood [3,4]. NGS methodology
is also much more sensitive, allowing the detection of base changes in
a heterogeneous DNA population with a sensitivity as high as 1 in
5000 copies. This is particularly useful in the field of cancer to identify
rare clones that could be responsible for drug resistance or
metastasis.

Conventional sequencing using Sanger's methodology has allowed
the discovery of genetic alterations in cancer genes and NGS expands
this knowledge by providing an accurate picture of each type of
alteration including copy number variations, translocations or
missense mutations [5]. A surprising finding is the much higher
than expected prevalence of somatic single nucleotide substitutions,
which constitute the most frequent genetic alteration detected in
tumor genomes [6]. The majority of these mutations are passenger
mutations (or hitchhiking mutations) that have no active role in
cancer progression and are only coselected by the driver mutations,
which constitute the true driving force for cell transformation [7].
Passenger mutations can be found in coding or noncoding regions of
the genome and can be difficult to distinguish from driving mutations,
but this distinction is essential in order to obtain an accurate picture
of the cancer genome. Several statistical approaches have been
developed to resolve this problem, such as comparing the observed
to expected ratios of synonymous:non-synonymous variants. Alter-
natively, various bioinformatics methods can be used to indicate
whether an amino acid substitution is likely to damage protein
function on the basis of either conservation through species or
whether or not the amino acid change is conservative.

TP53 mutations are found in approximately 50% of human cancers
[8]. The TP53 protein is a transcription factor that binds a very loose
DNA response element (TP53RE) found in several hundred genes that
are differentially activated depending on the cell type, identity, and
extent of damage, and various other parameters that have yet to be
identified [9]. The unique feature of TP53 compared to other tumor
suppressor genes is its mode of inactivation. While most tumor
suppressor genes are inactivated by frameshift or nonsense mutations
leading to absence of protein synthesis (or production of a truncated
product), more than 80% of TP53 alterations are missense mutations
that lead to the synthesis of a full-length protein that accumulates in
the nucleus of the tumor cell. This selection to maintain mutant TP53
in tumor cells is believed to be required for both a dominant negative
activity to inhibit wild-type TP53 expressed by the remaining allele,
and for a gain of function that transforms mutant TP53 into a
dominant oncogene [8].

One of the greatest contributions to the study of TP53 mutations
has been provided by molecular epidemiology and its applications to
human carcinogenesis [10,11]. These studies demonstrate a link
between exposure to various types of carcinogens, specific muta-
tional events in the TP53 gene and the development of specific
cancers.

In this review, we will discuss how the data generated by the
various cancer genome sequencing projects can be compared to the
spectrum of TP53 mutations and how they will dramatically improve
the accuracy of molecular epidemiology studies and extend our
knowledge about the etiology of cancer.

2. Molecular epidemiology: from observational studies to cancer
genome sequencing

Numerous observational studies on occupational cancers were
conducted in the 18th and 19th centuries (Fig. 1 and Supplementary
Table 1). The first half of the 20th century saw the development of
numerous animal models that were used to demonstrate the carcino-
genic potential of chemical substances. Yamagiwa was the first to show
that an experimental cancer could be induced in the rabbit ear by
repeated application of coal tar two to three times a week for several
months [12]. These types of studies were repeated by hundreds of
scientists, leading to the birth of experimental chemical carcinogenesis
and to the establishment of lists of potential carcinogens [13,14]. The
1950s were marked by the discovery of the double helix and the
demonstration that most carcinogens are able to bind to DNA [15]. The
analysis of these carcinogen-DNA interactions at the molecular or
atomic levels represents a major progress over the last 50 years.
Information gleaned from these studies has helped to elucidate the
mechanisms of mutation of many different carcinogens and, more
specifically, their mutation spectra. These studies, originally carried out
in E. coli, also paved the way for development of the Ames test, which is
still routinely used today to screen suspicious compounds for mutagenic
potential and which forms part of the regulatory testing requirements
for new drugs [16]. This approach was then adapted to mammals, either
in cell culture models or directly in animals, particularly rodents.
However, animal studies must be interpreted with caution for various
reasons. First, the metabolism (activation and detoxification) of
carcinogens in rodents is very different from that in primates. Second,
the methods of inducing experimental exposure in the laboratory often
differ from conditions of natural, chronic exposure. Transgenic models
in mice expressing a mutant oncogene or in mice nullizygous for a
tumor suppressor gene also have their limitations. Mice expressing the
mutant Ha-ras oncogene represent a striking example. Mutations in the
Ha-ras gene are very frequent in murine skin tumors, and mice
expressing a Ha-ras transgene have a high incidence of skin tumors
and are highly sensitive to carcinogens. However, this relationship has
not been confirmed by analysis of ras gene mutations in human skin
cancers, as the mutation rate of this gene is relatively low. This example
illustrates the limits and precautions involved in the interpretation of
murine models.

Analysis of mutations in human cancer DNA first started with the K-
ras gene and the demonstration that the spectrum of these mutations
was tumor-specific [17]. Unfortunately, the number of missense
mutations that activate the oncogenic activity of K-ras is restricted to
a small number of codons (12, 13, 61 and, to a lesser extent, 146),
therefore limiting the impact of these studies. However, analysis of the
spectrum of TP53 mutations in various types of cancer has profoundly
extended these studies by establishing, for the first time, a direct link
between carcinogen exposure and several types of human cancer
(Figs. 2 and 3). The most striking example is that of tandem mutations,
specifically induced by ultraviolet radiation, which are only observed in
skin cancers. The relationships between G->T transversion and
lung cancer in smokers or mutation of codon 249 observed in aflatoxin
B1-induced liver cancers are also very demonstrative (Fig. 3). These
studies were possible because TP53 was the only gene that combined
several specific features used to study the origin of carcinogenesis in a
human population: 1) it is mutated in many types of cancers; 2) the
mutation frequency is high; 3) the gene is predominantly modified by
point mutations; 4) the gene is small enough to be relatively easy to
analyze; 5) the number of codons that can be targeted by these
mutations is very high (more than 200) and multiple types of
substitution can be found at a single codon [10,11].

NGS has overcome the limitations of Sanger sequencing and allows
high levels of data throughput that were not available only a few years
ago. NGS therefore provides access to full cancer genome data
allowing unbiased analysis of mutation spectra.
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Fig. 1. Advances in carcinogenesis: Three centuries of analysis can be divided into occupational observational studies (Red), experimental studies (green), mutation profiling either
in the TP53 gene (black) or in the whole genome (blue). References for these studies can be found in Supplementary Table 1.

3. Mutation spectra in brain and colorectal cancer spectrum is also observed for TP53 mutations in other brain tumors
such as astrocytoma (data not shown).

5-Methylcytosine at CpG dinucleotide is a DNA modification with
important implications for the regulation of gene expression [18]. The

coding sequence of the TP53 gene contains 42 CpG dinucleotides that

TP53 mutational events in glioblastoma and colorectal cancer are
fairly similar with a high frequency of G:C->A:T transitions,
predominantly localized at CpG dinucleotides (Fig. 4). A similar
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specific. In several cancers associated with endogenous processes, the frequency of G:C->T:A transition at codons that include a CpG dinucleotide can be as high as 70%. Bases

targeted by the various carcinogens are shown in red.

are scattered along the 10 exons. This frequency is very high
compared to other eukaryotic genes. All these CpG are methylated
in various cell types, but the function of TP53 gene methylation has
never been addressed either in vitro or in vivo [19]. It is currently
unknown whether or not these CpG are associated with the fine-
tuning of p53 gene expression. Although they are methylated in
normal cells, their status in human tumor is unknown. Most TP53 hot
spots for mutations are localized at CpG sites with a mutation
spectrum compatible with 5-methylcytosine deamination (Fig. 3).
These hot spot codons, CGN at positions 175, 248 or 273, encode
arginine residues important for TP53 structure and/or activity. It is
interesting to note that arginine can also be encoded by AGG and AGA
that have the same frequency of usage in human but are not targeted
by methylation. It has not yet been determined whether or not there is
a specific selection to keep CGN in the TP53.

Analysis of the human genome has revealed that CpG are present
at only about 20% of their expected frequency, a paucity thought to be
linked to an endogenous process due to the high mutation rate from
the methylated cytosine [20]. It is generally assumed that the higher
deamination rate of 5-methylcytosine leads to a T/G mismatch which
is not efficiently repaired, resulting in a high rate of C->T transition.
The link between the high level of G:C->A:T transition and this
endogenous process is reinforced by the observation that the majority
of mutations observed in hereditary genetic disease are G:C->A:T
transitions, as shown by the analysis of the Human Gene Mutation
Database (HGMD) that comprised 54.625 mutations in 2.113 genes
(Fig. 5) [21]. An analysis of the mutation spectrum of snp in the
human genome also shows a predominance of G:C->A:T transitions
(Fig. 4).

Large-scale sequencing of CRC genomes has been restricted to
exons. Two types of analysis have been performed i.e. sequencing that
targets exons of specific gene families such as kinases (kinome) and
phosphatases (phosphatome) or exomic sequencing that targets all
potential exons of the human genome [6,22-24]. Exome sequencing
performed in glioblastoma and colorectal cancer confirms that G:C->
A:T transition at CpG sites is the predominant mutational event for
missense mutations and fully supports the TP53 spectrum (Fig. 5).
Although this observation suggests that deamination of 5-methylcy-
tosine is a key event in brain and colorectal cancer, there are no data to
indicate whether this event is more frequent in cancer cells or
whether an endogenous or exogenous mutagen could lead to this
mutation spectrum. Several non-exclusive mechanisms could be
associated with this mutation spectrum. Firstly, it is possible that
other genetic defects can alter the frequency of CpG deamination
and/or their repair rate. Prostate cancer associated with a TMPRSS2-
ERG translocation displays a much higher frequency of transition at
CpG dinucleotides than in the absence of translocation (see below). A
second possible mechanism involves mutation at the G residue, as a
G->A transition will lead to a mutational event that cannot be
distinguished from the C->T on the other strand.

4. Mutation spectra in lung cancer

Epidemiologic studies have provided solid evidence that the
incidence of lung cancer, very rare at the beginning of the century,
has increased in parallel with tobacco exposure, with a male/female
lag-time due to the fact that cigarette use occurred later in women
[25,26]. Cigarette smoke contains more than 3000 different
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substances, including certain substances with demonstrated carcino-
genic activity in animals. In particular, a major component of cigarette
smoke is benzo(a)pyrene (BaP), a mutagen also present in large
quantities in soot and identified as a causal agent of scrotal cancer in
chimney sweeps. There is experimental evidence that benzo(a)
pyrene diol epoxide (BPDE), a mutagenic metabolite of BaP, forms
guanine adducts which persist to generate G->T transversions.

We will not discuss in detail the impassioned and stormy debate
over the relationship between smoking and lung cancer. Similarly, the
relationship between TP53 mutation in lung cancer and exposure to
BaP has also been the subject of heated controversies following
reports that laboratories supported by the tobacco industry have
tended to underestimate the impact of these analyses. This contro-
versy originates from the inclusion of a dubious article in the TP53
database. Inclusion of these publications in studies that analyzed the

relationship between mutational events in smokers and non-smokers
led to results that were ambiguous and favorable to the tobacco
industry [27]. More recent studies, using a specific verification
algorithm and statistical analysis, have demonstrated that data from
these articles are completely artefactual [28]. The TP53 mutation
spectrum in lung cancer using curated databases shows a predom-
inance of G:C->T:A transversions which are not present in other types
of cancer and a very specific hot spot (codons 150-160 with a
preference for codons 157 and 158) (Figs. 3 and 5A). There are several
lines of evidence indicating that the transversions in the TP53 gene
are due to carcinogens present in tobacco smoke [10]: i) only lung
cancer (and, to a lesser extent, Head and Neck SCC and esophageal
cancers which are also tobacco-related) has such a high rate of G:C>T:
A transversions; ii) there is a linear correlation between this
transversion rate and the number of cigarettes smoked; iii) non-
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smokers with lung cancer do not display this high transversion
frequency (Fig. 5B); iv) treatment of human bronchial cells with BPDE
induces the appearance of adducts in codons 157 and 158 [29], a
guanine-rich region which is a hot spot for formation of these adducts.

Two recent lines of research have expanded these observations
and confirmed the association between TP53 mutations in human
cancer and carcinogen exposure. The first line of research concerns a
novel experimental mouse model developed to assess the mutage-
nicity of various physical or chemical carcinogens. The Hupki mouse
model system was constructed using gene-targeting technology and
contains human wild-type TP53 gene from exons 4 to 9 in place of the
homologous murine DNA sequences in both copies of the mouse TP53
gene [30]. The human region encodes the proline-rich domain and the
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Fig. 5. A: Mutation spectrum in lung cancer. A: Data were obtained from the UMD TP53
database (TP53), Hupki cells treated with benzo(a)pyrene (Hupki), exome or whole
genome sequence studies of human tumors. B: Mutation spectrum from smokers (red)
and non smokers (blue) patients. Left: exomic study from Ding et al. (623 genes); Right:
data from the UMD TP53 database. Statistical analysis shows that there are no
significant differences between the spectra observed in lung cancer. Full references and
data are available in Supplementary Table 2.

DNA-binding region. This chimeric gene remains under normal
transcription regulation at the mouse locus. No dysfunction of TP53
activity including nuclear accumulation of TP53 protein after
exposure to DNA-damaging agents, or transcriptional activation of
known TP53 downstream targets, has been observed. This Hupki
mouse develops normally, exhibits no apparent physiologic defects,
remains fertile, and shows no susceptibility to spontaneous cancer
[30]. Exposure of Hupki mouse embryonic fibroblasts to BaP leads to a
high frequency of TP53 missense mutations and G->T transversions
are the most frequent mutational events (Fig. 5A) [31]. Furthermore,
these mutations are localized at codons 157 and 158 in exon 5, the
exact same hot spot observed in lung cancer in heavy smokers [31].

The second line of research concerns the various large-scale
sequencing analyses of lung cancer genomes, as both exomic and
whole genome sequencing have been performed. Analysis of data
from 4 independent exome studies performed in lung cancer shows
that G:C->T:A transversions are the most frequent mutational event
revealing that other genes can be used as probes for carcinogen
exposure [6,32-34] (Fig. 5A). Whole cancer genome sequencing has
also been performed on a lung cancer cell line (NCI-H209) and a
smoker patient with NSCLC. Comparison with the sequence of the
normal DNA from the same individuals provided a clear picture of
more than 50,000 somatic mutational events specific to the tumor
genomes. The majority of these events occurred in non-coding parts
of the genome and can be considered to be passenger mutations that
were simply coselected with the few driving mutations in cancer
genes. Mutational profiling demonstrates a distribution that is
undistinguishable from other distributions whether the analysis was
restricted to a single gene such as TP53 or the multiple genes from
exome sequencing (Fig. 5A). This high frequency of G:C->T:A
transversion observed in lung cancer is never observed in cancer
unrelated to smoking. The mutation spectrum observed in lung cancer
is statistically different from the spectrum observed in CRC (p<0.001,
Chi? test). This analysis indicates that lung cells are the target for
thousands of mutagenic events induced by the various tobacco
carcinogens, only a few of which target cancer genes, while the
remainder are scattered in non-essential regions of the genome, but
carry a specific mutagen signature. Whether or not some of these
passenger mutations occur in normal cells before cellular transfor-
mation is currently unknown, but novel sequencing methodologies
should rapidly resolve this question.

5. Mutation spectra in breast cancer

Breast cancer is a very complex disease with several levels of
heterogeneity both in terms of etiology and the large numbers of
histologic subtypes [35]. Way back in the 18th century (1713 to be
exact), Bernardino Ramazzini observed that breast cancer was more
frequent in nuns [36]. However, this correlation between nulliparity
and cancer was only confirmed by physiologic and molecular
evidence more than 250 years later, with the development of
endocrinology and a better understanding of the role of hormones
in breast cancer. Other factors such as smoking, diet, alcohol
consumption or body size have also been associated with an
increased, albeit low, risk of breast cancer. Genetic factors have also
been shown to account for 27% of all breast cancers, including the
highly penetrant mutations of BRCA1 and BRCA2 and several low
penetrant genes that are either associated with carcinogen metabo-
lism or DNA repair.

Breast cancer can be classified into more than 20 histologic
subtypes with the highly prevalent invasive ductal carcinoma (65-
80%), invasive lobular carcinoma (5-10%) and 17 distinct histologic
special subtypes (up to 25%) [37]. Recent high-throughput microarray-
based gene expression profiling has refined breast cancer subtypes and
has identified molecular signatures associated with prognosis. On the
other hand, progress in identification of the contribution of various risk
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factors to the carcinogenesis of sporadic breast cancer has been very
slow mainly due to the marked heterogeneity of the disease and its risk
factors.

The spectrum of TP53 mutations in breast cancer displays a high
frequency of G:C->A:T transitions and 50% of these transitions occur at
CpG dinucleotides (Fig. 6). This lower frequency of CpG mutations
compared to CRC and glioblastoma (75% and 70%, respectively)
suggests a mechanism other than deamination of 5-methyl-cytosine.
The spectrum of TP53 mutations in breast cancer is very heteroge-
neous among the various published studies, a feature that is not
observed for other types of cancer. An analysis of the TP53 mutation
spectrum in breast tumors from 15 geographically and ethnically
diverse populations showed a significantly distinct pattern [38]. It is
possible that the profile in low-risk populations (Japan) predomi-
nantly reflects a baseline, endogenous process, while mutagens
present in high-risk populations might result in another spectrum
indicating that a fraction of breast cancer mutations occur as a result
of environmental exposure.

The mutation spectra derived from exome studies of various types
of breast cancer or from the whole genome sequence of a breast
cancer also display a high level of heterogeneity and differ from those
of TP53 studies. Three independent exomic studies show a strikingly
similar pattern with a high frequency of G:C->C:G transversions (30-
40%) not observed in the TP53 gene (Fig. 6) [6,22,39]. Although a few
mutagens that specifically induce this type of transversion have been
identified, further studies will be necessary to pinpoint the mecha-
nism resulting in this spectrum. Global analysis of TP53 mutations in
all breast cancers from the database does not indicate a high
frequency of GC->CG transversion, although three individual studies
in white patients in the USA reported a high frequency of this
transversion (19-33%) which is never observed in European or
Japanese patients, emphasizing the importance of the geographical
factors that contribute to breast cancer. A fourth exomic study
conducted by Kan et al. on a series of 183 breast cancers showed a
lower frequency of GC->CG transversion (20%). The authors analyzed
three types of breast cancer, including 59 epidermal growth factor
receptor 2 positive (HER2-positive), 65 Hormone receptor positive
(ER/PR positive) and 59 triple-negative (ER/PR/HER2 negative)
tumors [34]. Although, the global frequency of mutations in these
three subtypes of cancer is similar, their mutation spectrum is
different and the frequency of GC->CG transversions varied from 10%
(ER/PR), to 28% (ER/PR/HER2 negative) and 30% (HER2 positive). It is
therefore clear that pooling data from different types of breast cancer
could mask a specific spectrum. A similar conclusion can be drawn
when patients are derived from different geographical areas. In the
three exomic analyses described above, the mutation spectrum was

performed on global data without taking into account the various
histologic subtypes.

To date, only two studies have described the mutation spectrum of
a whole genome of a breast tumor: a lobular breast tumor (ER/PR
positive) and a triple-negative basal-like breast tumor, but detailed
information for analysis of mutational events is only available for this
second tumor [40,41]. This spectrum, that includes both passenger
and driver mutations, shows a high frequency of transitions (G:C->A:T
and A:T->G:C), but also 15% of G:C->C:G transversions (Supplemen-
tary Fig. 5). The authors indicated that this spectrum was different
from the genome data derived from a lobular carcinoma that
displayed 30% of G:C->C:G transversions. It is therefore obvious that
breast cancers present major differences in terms of mutation
spectrum of reflecting the heterogeneity of their origin. Multiple
non-confounding factors could explain this observation, such as
exposure to different carcinogens, genetic variations in enzymes
associated with xenobiotic metabolism, DNA repair or genetic defects
in the BRCA1/BRCA2 genes. Only a detailed analysis of the mutation
spectrum of multiple breast tumors corresponding to different
histologic types and from different geographical areas will be able
to reveal the molecular etiology of breast cancer.

6. Mutation spectra in skin cancer

Epidemiologic studies over several decades have identified UV
light exposure as the most important risk factor for melanoma (and
other skin cancers) but other factors such as family history of
melanoma, skin type and pigmentation or occupations associated
with the electronic and chemical industries are also important in the
etiology of melanoma [42]. By direct excitation of the DNA molecule,
UV generates DNA photoproducts, mostly cyclobutane pyrimidine
dimers (CPDs) and pyrimidine(6-4)pyrimidone photoproducts (6,4-
PPs) that generate typical mutations, namely C—T transitions, by
misincorporation of adenine rather than cytosine during replication.
Such mutations are commonly found in UV-induced skin cancers, but
are only rarely observed in internal malignancies. These transitions,
including the CC—TT tandem mutations, have been termed “UV-
signature mutations” and pyrimidine dimers are generally accepted to
be the major UV-related premutagenic lesions.

More than 70% of BCC and SCC harbor a TP53 gene mutation, but
this frequency is much lower in melanoma, ranging from 10 to 25%
[43-45]. The TP53 mutation spectrum in skin cancer is unique with a
predominance of C>T transitions at pyrimidine dimers and a high
frequency of tandem mutations, two events that have not been
observed in internal tumors (Fig. 7). This mutation spectrum has also
been observed in UV-induced tumors in the murine TP53 gene of
normal mice or in the human TP53 genome of Hupki mice.

The full genome sequence of the Colo-328 melanoma cell lines is
now available and the mutation spectrum of 76,085 mutations also
displays a UV signature with a high frequency of tandem mutations
and transitions at Py-Py sites (Fig. 7) [46]. As indicated for the NCI-
H209 cell lines, the majority of mutational events observed in the
Colo-829 genome can be considered to be passenger mutations,
supporting their value in this type of analysis. The mutation spectrum
of the 50,000 mutations described in the NCI-H209 cell line is totally
different from the 76,085 mutations in the Colo-829 cell line, mostly
comprising passenger mutations, indicating that they have been
specifically shaped by the different mutagens associated with these
two types of cancer.

7. Mutation spectra in hepatocellular carcinoma

The incidence of HCC varies widely according to geographic location
and between ethnic groups. The predominant factors associated
with HCC include chronic hepatitis B and C viral infection, chronic
alcohol consumption, aflatoxin-B1-contaminated food and virtually all
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Fig. 7. Mutation spectrum in skin cancer. A: Mutation spectrum of the TP53 gene in melanoma (left) and the whole genome of the Colo-328 cell line (right). B: Frequency of tandem
mutations in various cancers. TP53 internal: all TP53 mutations except skin cancer; TP53 melanoma: TP53 mutations in melanoma; TP53 skin: TP53 mutations in skin cancer (except
melanoma); NCI-H209: mutation in the whole genome of the NCI-H209 cell line; pancreatic (OICR): mutation in the genome of a pancreatic tumor; Colo-328: mutations in the whole
genome sequence of the Colo-328 cell line. C: Frequency of transition at pyrimidine-pyrimidine sequences (Py-Py sites) in various cancers. Red: Py-Py sites; Blue: non Py-Py sites.
Full references and data are available in Supplementary Table 2. (Data from the UMDTP53 database: http://p53.free.fr).

cirrhosis-inducing conditions. Analysis of TP53 mutations in HCC has
revealed a unique feature with the discovery of a very specific hot spot at
codon 249 associated with the deleterious mutation R249S (Fig. 3).
Worldwide epidemiologic studies have shown that the mutation in
codon 249 is strictly specific to countries in which food is contaminated
by aflatoxin B. In countries in which aflatoxin B-contaminated food is
not consumed (including Europe and the USA), the rate of p53
mutations in hepatocellular carcinoma is low, and the mutations are
scattered along the central part of p53, as in other types of cancer
(Supplementary Fig. 4). In vitro and in vivo studies in human cells have
demonstrated that aflatoxin B1 binds to codon 249. This observation,
along with the fact that this R249S mutation is highly deleterious for p53
function, explains the existence of this mutational hot spot. It is not clear
whether or not there is also a specific selection for this mutation in
hepatocytes (Ref. [47] for a detailed review).

The spectrum of TP53 mutations in HCC in Europe or in HCC not
related to aflatoxin B1 still shows a larger number of G:C->T:A
transversions, suggesting that other, as yet unidentified mutagens
could also be associated with the etiology of this cancer (Supplemen-
tary Fig. 4). Partial data from two on-going sequencing studies are
available and also show a very heterogeneous mutation spectrum, but
the number of available mutations is still very low (Supplementary
Fig. 4). This heterogeneity most probably reflects the complex
etiology of HCC and only complete sequencing of multiple tumors
from different origins will allow comprehensive analysis of the
mutation spectrum of HCC.

8. Mutation spectra in other types of cancer

Exomic or whole genome sequences from other types of cancer
are also available. In prostate carcinoma, G:C->A:T transition has

been found to be the major mutational event, whether the study is
restricted to the TP53 gene, or is based on the whole exomic
sequence or the whole genomic sequence (Supplementary Fig. 5). In
the genomic sequencing study the whole genome of 7 prostate
tumors has been decrypted and each one displayed a similar
mutation spectrum except for localization of the G:C->A:T transition
[48]. In the three tumors that displayed a TMPRSS2-ERG transloca-
tion, the frequency of transition at CpG dinucleotides was very high.
The TMPRSS2-ERG fusion protein has been shown to induce a
repressive epigenetic program via direct activation of the H3K27
methyltransferase EZH2. Whether or not this change in the
methylation profile is specific to the gene in the androgen receptor
pathway or whether it can be extended to the whole genome is not
known, but variations in the methylation profile of the cancer
genome could change its overall homeostasis and alter DNA repair of
endogenous alterations.

The exomic sequence of 316 ovarian carcinoma has been
established [49]. TP53 mutations were found in almost all tumors
(96%) with a mutational profile identical to previous studies reported
in the TP53 mutation database (Supplementary Fig. 6). Both were
characterized with a high frequency of G:C->A:T transition and a high
frequency (15%) of small insertions and deletions. This is the highest
frequency of frameshift mutations found for any cancer in the
database.

In hematologic malignancies, studies limited to TP53 or based on
the whole genome show a very similar mutation spectrum [50]. All
studies show a high frequency of transition at CpG dinucleotides
(Supplementary Fig. 6). An as yet unresolved question concerns the
origin of these transitions in various types of cancer. Are they due to a
very common mutagenic process or only the fingerprints left by
heterogeneous mechanisms?
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Fig. 8. Shaping mutations in human cancer. In the exposure step, exogenous or endogenous carcinogens lead to the generation of a wide range of DNA adducts. In a second step, most
of the lesions are eliminated by DNA repair. In the fixation step, non-repaired lesions are transformed into stable mutations that are transmitted to daughter cells after cell division,
resulting in three possible outcomes. First, if the mutation leads to a lethal phenotype, the cell dies and this counterselection prevents propagation of this specific alteration. A second
outcome, which is the most common, is that the mutation does not result in any particular phenotype. This is the case for the majority of intergenic or intronic alterations, but also for
certain intragenic mutations that target nonessential amino acid residues. Mutations targeting the third base of nucleotide codons also fall into this category, although it should be
kept in mind that they can lead to defects in RNA stability or splicing. These “neutral mutations” are not involved in any selection process and are expanded at the rate of normal cell
division of the original tissue. Nevertheless, if this particular cell is the target of a second alteration that leads to its clonal expansion, the first mutation will be coselected despite the
absence of associated phenotype. Such mutations, called “passenger mutations,” as opposed to the “driving mutations” that lead to clonal expansion, are very common, and their
frequency is related to the efficiency of the mechanism controlling genetic stability. The third possible outcome for stable somatic mutations is a functional modification that results
in a new phenotype that contributes to the neoplastic process. These true driving mutations are fortunately rare, but a selection process can be modulated by factors such as tissue
specificity, the presence of other somatic genetic modifications, or the individual's genetic background. Both types of mutations are useful in tumor profiling, but accurate detection

of driving mutations, the only mutations useful in clinical practice, is a difficult task.

9. Discussion and prospects

Various endogenous and exogenous mutagens can therefore
account for the various mutations observed in human tumors. These
mutagens shape the landscape of mutations and leave specific
signatures (Fig. 8). Analysis of the various mutation spectra in the
TP53 gene has been very fruitful and has revealed important
information concerning the etiology of lung, liver, urothelial and
skin cancer. With recent progress in sequencing methodology, it is
now possible to extend this type of analysis to the whole genome,
which not only confirms data derived from TP53 studies, but also
demonstrates that all types of alterations, passenger and driver, can be
used to track mutagen fingerprints. Therefore, the various biases that
could interfere with TP53 studies, such as the low frequency of TP53
mutations in some cancers or the small size of the gene, can now be
overcome and the use of passenger mutations for spectrum analysis
offers the following advantages: i) they can be found in large numbers
in a single tumor, allowing single tumor profiling. Current analyses
indicate that 5000 to 50,000 passenger mutations can be found per
tumor genome; ii) due to their origin, they are true neutral mutations
preventing any bias in the mutation spectrum liable to occur during
selection; iii) the lack of selective pressure also allows analysis of each
type of cancer, avoiding the problem of specific gene inactivation in
particular cancers; iv) the large size of the human genome makes this
analysis independent of the target size or sequence allowing detailed
analysis of sequence context that was not possible in small genes. This
last point will be essential for detailed mutational spectra analysis.
Experimental studies have demonstrated that the fingerprints leaved
by all carcinogens were strongly influenced by the sequence context

surrounding the targeted residue. Analysis of this context in the entire
human genome will be of tremendous value to understand how and
why DNA sequence will influence the formation of specific adduct.
Unfortunately, this type of analysis could not be performed in the
present analysis. The format of sequencing data available for the
majority of exomic and full genomic sequencing is already partially
interpreted and sequence context recovery was not possible.
Sequence repositories with fully accessible data need to be estab-
lished in order that scientist from every fields of investigation can
performed every types of analysis. This problem of data format and
data mining of whole genome sequences has been extensively
discussed in a recent review by Chin et al. [51].

Passenger mutations are considered to be unwanted contaminants
of tumor genomes, but the present analysis demonstrates their
usefulness and that it would be a very serious mistake to disregard or
delete these mutations from databases. Distinguishing driver muta-
tions from passenger mutations is still a complex task, but pooling
both types of information does not introduce any bias, as the number
of driver mutations is extremely low and both types of mutations are
somatic. The only problem at the present time concerns the possible
contamination of cancer data by rare germline snp that have not been
excluded but the recent improvement of the snp database, in terms of
both quality and volume of data, should easily resolve this problem.

The International Cancer Genome Consortium (ICGC) has under-
taken a large-scale cancer genome analysis of more than 25,000
tumors in 50 different types/subtypes of cancer [52]. With the
forthcoming release of the third generation sequencer, the number of
tumor genome sequences will increase tremendously and it is not
unrealistic to predict that tumor genome sequencing could be
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performed routinely in the next decade. Analysis of this information in
each type of cancer and at the level of individual patients would
constitute a major breakthrough to identify the etiology of human
cancer. Like an anthropologist faced with a collection of old fossil
bones, our last remaining daunting task will be the reconstitution of
all of the pathways that led to these heterogeneous mutation spectra.
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