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ABSTRACT: More than 50% of human tumors carry
TP53 gene mutations and in consequence more than
45,000 somatic and germline mutations have been gath-
ered in the UMD TP53 database (http://p53.fr). Analyses
of these mutations have been invaluable for bettering our
knowledge on the structure–function relationships within
the TP53 protein and the high degree of heterogeneity of
the various TP53 mutants in human cancer. In this re-
view, we discuss how with the release of the sequences of
thousands of tumor genomes issued from high-throughput
sequencing, the description of novel TP53 mutants is now
reaching a plateau indicating that we are close to the full
set of mutants that target the elusive tumor-suppressive
activity of this protein. We performed an extensive and
thorough analysis of the TP53 mutation database, focus-
ing particularly on specific sets of mutations that were
overlooked in the past because of their low frequencies,
for example, synonymous mutations, splice mutations, or
mutations-targeting residues subject to posttranslational
modifications. We also discuss the evolution of the statis-
tical methods used to differentiate TP53 passenger muta-
tions and artifactual data from true mutations, a process
vital to the release of an accurate TP53 mutation database
that will in turn be an invaluable tool for both clinicians
and researchers.
Hum Mutat 35:672–688, 2014. C© 2014 Wiley Periodicals, Inc.
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Introduction
“TP53 (MIM #191170) is the most frequently mutated gene in


human cancer.” This sentence, found in the introductions of thou-
sands of publications, can be traced back to 1990, 1 year after the
description of the first TP53 mutations in lung and colorectal carci-
noma [Baker et al., 1989; Takahashi et al., 1989]. Hundreds of novel
cancer genes were subsequently identified, but none were capable
of stealing this infamous crown from TP53. Even whole-genome se-
quencing of several thousand cancer genomes has not revealed any
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new suitors for the throne and to this day TP53 mutations are still
frequently found among the five most significantly mutated genes
in the most common human cancers [Stratton, 2011; Kandoth et al.,
2013].


Nonetheless, the frequency of TP53 mutations is highly variable
depending on the type of cancer (Fig. 1). Although nonsynonymous
single-nucleotide variants (nsSNVs) are the most common TP53
alterations, it is worth noting that osteosarcoma is one of the few
cancers that display a high frequency of TP53 gene deletion, an
observation made in 1987 and confirmed by more recent whole-
genome analysis, although the basis of this observation remains
unknown [Masuda et al., 1987; Barretina et al., 2010]. The frequency
of TP53 alterations appears to range from less than 5% in cervical
carcinoma to 90% in ovarian carcinoma (Fig. 1), but these numbers
must be taken with caution due to several factors.


First, most cancer types are heterogeneous entities comprising
several subtypes [Ogino et al., 2012]. Diversities in cancer were ini-
tially defined via histological criteria and then confirmed by multiple
molecular analyses that linked them to specific landscapes of genetic
alteration. For example, two types of lung cancer have been identi-
fied: small cell lung cancer (SCLC) and non-SCLC (NSCLC). This
latter is in turn divided into three main subtypes: adenocarcinoma
(Adc), squamous cell carcinoma (SCC), and large cell carcinoma
(LC) [Cooper et al., 2013]. The mutational profiles of the subtypes
are different [CLCG Project, 2013]. KRAS mutation is frequent in
Adc, but less so in the other subtypes (Supp. Fig. S1A). Similarly, the
frequency of TP53 mutation varies across the types and subtypes,
ranging from 50% in Adc and LC to 80% in SCLC and SCC (Supp.
Fig. S1A). Mutational events are also distinct as the association of
each subtype with smoking history is heterogeneous. Breast carci-
noma too is a heterogeneous disease with multiple subtypes. Recent
molecular profiling studies have identified four major subtypes: lu-
minal A, luminal B, basal like, and HER2 [Weigelt et al., 2010]. The
frequency of TP53 alteration in these subtypes ranges from 12% in
luminal A to more than 80% in basal like (Supp. Fig. S1B) [Curtis
et al., 2012]. Furthermore, for unknown reasons, basal-like tumors
display a high frequency of TP53 nonsense and frameshift muta-
tions compared with other breast cancer subtypes [Dumay et al.,
2013]. In colon cancer, TP53 mutations occur less frequently in
tumors with deficiencies in mismatch repair genes associated with
high-microsatellite instability [Pugh et al., 2012].


A second factor influencing the frequency of TP53 mutations is
the stage of development of the tumor. In prostate cancer, the fre-
quency of TP53 mutations is low in primary tumors (10%–20%)
but can reach 50% in metastatic tumors [Schlomm et al., 2008].
In leukemia and lymphoma, TP53 mutations are found more fre-
quently at relapse, during blastic phase (CML) or in acute trans-
formation (MDS) [Xu-Monette et al., 2012] and Malcikova et al.
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Figure 1. Frequency of cancer deaths worldwide and relationship to
the frequency of TP53 mutations. a: The frequency of TP53 mutations
in lung cancer varies among the diverse subtypes (Supp. Fig. S1A). b:
The frequency of TP53 mutation in liver cancer can vary depending
on the etiology of the tumor, for example, viral infection or exposure
to food contaminants such as aflatoxin B1. c: The frequency of TP53
mutations in breast cancer varies among the diverse subtypes (Supp. Fig.
S1B). d: TP53 mutation is negatively correlated to human papillomavirus
infection in cervical cancer. e: TP53 mutation in prostate cancer is more
frequent in metastatic tumors. f: The frequency of TP53 mutations in
leukemia and lymphoma is highly heterogeneous among the various
types, usually uncommon at diagnosis but can reach 50% at relapse or
during blastic transformation. Cancer death numbers from GLOBOCAN
2008 (http://globocan.iarc.fr).


(2014) in this special issue. Further longitudinal analyses will be
needed to assess the chronology of TP53 mutation in various types
of cancer and to understand how other genetic and/or epigenetic
modifications cooperate with these mutations.


The third factor that strongly modulates TP53 mutation fre-
quency is exogenous features such as viral or bacterial infection
[Levine, 2009; Moody and Laimins, 2010; Schetter and Harris,
2012]. Most human viruses impair TP53 activity, thus constrain-
ing the cell to proficient viral DNA replication, a mechanism that
was, on another note, at the root of the discovery of TP53 [Kress
et al., 1979; Lane and Crawford, 1979; Linzer and Levine, 1979].
In cervical cancer, the human papillomavirus E6 protein targets the
TP53 protein to the proteasomal degradation pathway [Scheffner
et al., 1990]. This interaction is the most significant association be-
tween a viral protein and its cellular target. In liver cancer associated
with hepatitis B virus (HBV) infection, this interplay between viral
proteins and TP53 is less clear as many HBV-positive hepatocellular
carcinomas display TP53 mutation [Hussain et al., 2007]. Further-
more, recent evidence suggests that bacterial infection may trigger
the TP53 pathway and activate specific TP53 isoforms [Terrier et al.,
2013].


Finally, the highly heterogeneous geographical distribution of
carcinogen exposure shapes TP53 mutation both qualitatively and
quantitatively. Thus, patient cohorts originating from different areas
of the globe will have different landscapes of mutation, in TP53 and
other regions of the genome [Ozturk, 1991; Hartmann et al., 1997].


The TP53 Network: A Target in Human Cancer
The TP53 protein acts as a central hub that receives, integrates, and


transmits multiple signals, generated during various stress events,


to ensure cell and tissue homeostasis. Although the most important
activity of TP53 is to act as a direct transcription activator for several
hundred genes, it is also able to act as a transcription repressor.
Moreover, it has several transcription-independent activities that
make the investigation of this protein very complex. Discussing all
the aspects of the various signaling pathways regulated by TP53 is
beyond the scope of this article. However, several recent reviews are
available [Aylon and Oren, 2011; Levine et al., 2011; Berkers et al.,
2013].


Although gene mutation is the major determinant of TP53 in-
activation, it is indisputable that the inactivation of genes closely
associated with the TP53 networks could substitute for inactiva-
tion of TP53 itself. There should be significant heterogeneity among
these related entities for several reasons. First, many of these path-
ways have significant tissue specificity, as illustrated by the specific
requirements of particular types of cancer to target a specific set of
driver mutations. The observation of gene deletions in sarcoma, and
not TP53 mutations per se, is one of the many arguments that com-
fort tissue specificity heterogeneity [Masuda et al., 1987; Barretina
et al., 2010]. Second, TP53 is associated with multiple networks that
control the cellular response to several types of stress, and each one
can be the driving force selected to impair TP53 at different steps
of neoplastic transformation. TP53 has been shown to be an im-
portant player in angiogenesis, DNA damage response, oncogene
activation, and aneuploidy propagation prevention to name just a
few of its many roles [Vousden and Lane, 2007]. Whether the same
set of TP53 activities and partners must be targeted for each func-
tion of TP53 is currently unknown. Finally, it is obvious that as a
partner becomes more distant from TP53 in the network, its asso-
ciation with TP53 becomes weaker and the effect of its inactivation
increasingly independent of TP53.


Via the sequencing of several thousand cancer genomes and the
systematic identification of significant mutated genes in different
types of cancer, the analysis of mutual exclusivity (or association)
of different genomic alterations is possible [Ciriello et al., 2012].
Mutually exclusive genomic events identify genes that are active in
common biological pathways where alteration of both genes would
not add a selective advantage compared with alteration in one.
Furthermore, these mutually exclusive events provide strong genetic
evidence that the altered genes are functionally linked in a common
biological pathway.


Figure 2A presents the most obvious branches of the TP53 net-
work that are impaired in human cancer. The MDM2 and MDM4
proteins are the prevailing targets since they act as direct negative
regulators of TP53, downregulating its transcriptional activity (both
MDM2 and MDM4) or targeting it to the ubiquitin–proteasome
protein degradation pathway (MDM2 only) [Wade et al., 2013].
The MDM2 gene is amplified in several tumors including breast
carcinoma, glioblastoma, and sarcoma, whereas MDM4 is ampli-
fied in melanoma, retinoblastoma, and breast carcinoma (Fig. 2B)
[Oliner et al., 1993; Laurie et al., 2006; Wade et al., 2013]. Also,
an abnormal accumulation of the mdm2 protein can occur in the
absence of gene amplification, suggesting multiple mechanisms of
deregulation and thus warranting different diagnostic procedures.
In sarcoma, glioblastoma, or lung Adc, the distribution of TP53,
MDM2, and MDM4 alterations is highly exclusive, confirming that
they target the same pathway in these types of cancer (Fig. 3A–C).
We currently do not know whether the phenotype resulting from
downregulation of TP53 via the oncogenic activities of MDM2 in
these tumors is the same as that resulting from an oncogenic mutant
TP53. The CDNK2A gene encodes the 19/ARF protein that nega-
tively regulates the interaction between TP53 and MDM2 by target-
ing the latter in the nucleolus upon an oncogenic stress (Fig. 2A)
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Figure 2. Heterogeneity of TP53 inactivation in human cancer. A1: TP53 mutations are found in as much as 50% of human cancers but their
penetrance is highly heterogeneous, as reflected by the diversity of remaining transactivation activity, which ranges from 0% to 100%. 2: Various
DNA viruses, such as SV40, HPV, or adenoviruses, encode proteins that target and impair the TP53 protein. 3: MDM2 and MDM4 accumulation is
found in numerous cancers, such as sarcoma or glioblastoma, that express wild-type TP53. 4: Inactivation of the CDKN2A locus that expresses p16
and p19ARF can be detected in various types of cancer. 5: Destabilization of TP53 mRNA can occur either via dysregulation of miRNA expression
or mutation of the 3′UTR of the RNA. B: Tissue specificity is an important component in the heterogeneity of TP53 inactivation as shown by the
specific, mutually exclusive pattern of GATA3, TP53, PIK3CA, and FOXA1 alteration in breast cancer (see also Fig. 3D).


Figure 3. OncoPrint of genetic alterations for TP53 and TP53-related genes in various cancers. The OncoPrint view provides an overview of
genomic alterations in particular genes (horizontal rows) affecting particular individual samples in a large cohort (vertical columns). For each
patient, alteration in a specific set of genes is immediately identified in a single column. Blue color: gene deletion; red color: gene amplification;
green bars: mutations; gray color: no alteration. A: In sarcoma, the frequency of TP53 mutations is very low as deletion is the major mechanism for
TP53 inactivation. MDM2 amplification is found predominantly in tumors that express wild-type TP53. B: In lung Adc, TP53 mutations are frequent
but MDM2/MDM4 alteration can be identified in 15% of wild-type tumors. C: In glioblastoma, MDM2 or MDM4 amplification is found in tumors that
do not express mutant TP53. D: In breast carcinoma, alterations in GATA3, TP53, FOXA1, and PIK3CA are mutually exclusive, suggesting that they
act in a common pathway. These mutual exclusivities to TP53 mutations have been shown to be statistically significant. Data issued from TCGA
portal analyses, http://www.cbioportal.org/public-portal/index.do (December 9, 2013) [Cerami et al., 2012; Gao et al., 2013].


[Li et al., 2011]. Deletion or methylation of this gene is frequently
observed in human cancer, particularly in tumors with wild-type
TP53 (Fig. 3C). In breast carcinoma, TP53, PIK3CA, GATA3, and
FOXA1 mutations appear almost mutually exclusively relative to one
another (Figs. 2B and 3D). GATA3 mutations are more frequent in
luminal-A type cancers presenting a low frequency of TP53 muta-
tions, suggesting that both genes act on a similar pathway, at least for
this specific subtype [Curtis et al., 2012]. The GATA3 transcription
factor is an essential component for the differentiation of mammary
stem/progenitor cells into luminal cells, but its relationship with the
TP53 pathway is still unclear [Zheng and Blobel, 2010]. The inverse
correlation between TP53 mutations and PIK3CA is also specific to
breast cancer, as it is not observed in lung or colorectal carcinoma
(Fig. 3D).


The TP53 network is also under the direct or indirect control
of a number of miRNAs having either positive or negative effects
on TP53 (Fig. 2A) [He et al., 2007; Wrighton, 2009]. Direct neg-
ative regulation can occur via the binding of specific miRNAs to
the 3′UTR of the TP53 mRNA (miR-125b, miR-504, and miR33
among others). Conversely, some miRNAs have a net positive effect
because they target MDM2 or other negative regulators of TP53. It
would be temptingly simple to state that either the upregulation of
miRNAs associated with a negative effect or the downregulation of
those associated with a positive effect will impair the TP53 pathway.
However, such a picture would be oversimplified and would not take
into account the fact that most miRNAs have multiple targets and
that the deregulation of any one of them may lead to a multitude of
effects. In addition to TP53, mir-125b also directly represses other
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target genes including BBC3 (PUMA), CCNC, CDC25A, or BAK1
[Hermeking, 2012]. Indeed, knowledge is lacking as to whether or
not alterations in miRNA networks upstream or downstream of the
TP53 pathway can substitute for TP53 mutations and this issue will
be complex to assess, as several parameters (such as tissue specificity)
are tightly associated with miRNA expression.


Trends in TP53 Reports
Before the release of cancer genome high-throughput sequencing


studies, mutation reports were highly stable because modifications
to published data were very infrequent. Despite the obvious er-
rors due to sequencing artifacts, incorrect data analysis or badly
managed typography, authors almost never changed or retracted
their works, and many dubious mutation reports still pollute the
scientific literature. In contrast, mutations obtained via NGS are di-
rectly stored in large databases after being processed. Raw data from
tumor DNA sequencing must go through a pipeline of different
algorithms that successively remove background noise associated
with the methodology, then neutral variants stored in the dbSNP at
the NCI (http://www.ncbi.nlm.nih.gov/SNP/) before finally label-
ing a modification as a specific tumoral variant [Chin et al., 2011].
Thereafter, the greatest challenge is distinguishing driver mutations
from random passenger mutations. The former confer a growth
advantage and, by definition, reside in the subset of genes known
as cancer genes, whereas the latter are distributed randomly in the
genome at positions that do not lead to phenotypic change.


While updating the most recent release of the TP53 mutation
database, we noticed many fluctuations in the various datasets of
TP53 mutations associated with specific studies. For example, TP53
data from the TCGA study on ovarian cancer have been modified
several times since their publication in 2010 [Bell et al., 2011]. Some
modifications were due to improvements in the pipeline used to
identify significant mutated genes and the use of novel algorithms
to predict mutational effects on protein structures and functions
[Lawrence et al., 2013]. The significance of other modifications was
more obscure. For example, we noticed that all synonymous single-
nucleotide variants (sSNVs) had been removed from the cbioportal
database (http://www.cbioportal.org/public-portal/) but not from
others. Similar observations were made for other sets of data. Al-
though sSNVs are often associated with passenger mutations, they
can also have drastic effects on splicing or RNA stability. In the case
of TP53, several sSNVs have been clearly identified as detrimental
for TP53 splicing (see the section Silent Mutations).


This fluctuation and heterogeneity in the various data sets will
make it difficult for curators to carefully update mutation databases
and be among the many reasons for the disappearance of locus-
specific databases in their current format [Soussi, 2014].


The trend of TP53 mutation description since 1989 is shown
in Figure 4 (see Soussi in this issue for a more in-depth discus-
sion on mutation evolution [Soussi, 2014]). This graph, updated
from its original publication in 2011, shows a renewal of trends
due to the release of more than 4,000 mutations by the various tu-
mor genome sequencing projects and the widespread use of NGS
platforms [Soussi, 2011a]. Before this rebound, the numbers for
publications and mutations published each year had culminated at
about 200 and 2,400, respectively, before beginning to decline at
about the turn of the century and through to 2009 (Fig. 4A and B,
blue column). As discussed in the accompanying article, this was
largely due to space considerations in scientific journals [Soussi,
2014]. After the nadir of 2009, the results of large studies using
NGS started becoming available and led to a powerful rebound of


new data in the early 2010s (Fig. 4A and B, red column). Since the
TP53 gene is the most frequently mutated gene in human cancer,
we can expect that the large sequencing projects still underway will
continue to generate great amounts of TP53 mutation data.


The current issue of the TP53 database contains 45,000 mutations
with 1,540 variants issued from single-nucleotide substitutions and
2,000 frameshift mutants issued from small insertions or deletions.
The trend in the number of variants being published for the first
time, TP53 variant novelty, is shown in Figure 4C and D. During the
first years, this trend was high because the pool of potential inactive
TP53 variants was large. Variant novelty peaked in the years 1993-95
then began decreasing regularly as studies describing TP53 variants
became increasingly redundant (Fig. 4C).


It is interesting to note that this trend is highly specific for SNVs as
the rate of frameshift mutation novelties has remained stable over
the past 20 years and is furthermore similar across conventional
Sanger sequencing and NGS studies (Fig. 4C and D). The novel
TP53 variants detected between 2010 and 2013 are mostly localized
in exons 2, 3, 4, and 10, which were not commonly analyzed in
previous studies.


TP53 SNV novelty is reaching a plateau, suggesting that we may
now have the full set of variants selected for a loss of tumor-
suppresser function (Fig. 4D). With this set of variants in hand, it
is now possible to paint an accurate landscape of the TP53 residues
that are essential for the tumor-suppressive effect of TP53.


Curation of the TP53 Mutation Database
There is a marked difference in the frequency of the 45,000


somatic mutations included in the current updated issue of the
database (http://p53.fr). Although the database is composed mainly
of true driver mutations, it also contains a significant number of
nondriver mutations; indeed, their identification is essential for
providing an accurate database. Several algorithms have been de-
veloped to infer the pathogenicity of nsSNVs in human diseases.
Some of them, such as Sift or Mut Assessor, can be used for any
gene, whereas other are more specific to TP53 and rely on spe-
cific features of the protein [Ng and Henikoff, 2006; Reva et al.,
2011]. It is beyond the scope of this article to review these proce-
dures, but briefly their sensitivity does not exceed 75%–80% with
a bias toward hot-spot mutations. Furthermore, they can have a
high false-positive detection rate. For example, the passenger muta-
tion, p.R175C, is identified as highly damaging by most algorithms
because it is localized in a highly conserved residue.


For more than 10 years, we have been concerned by the quality of
the data included in the TP53 database [Soussi and Beroud, 2001,
2003; Soussi et al., 2005, 2006a, 2006b; Edlund et al., 2012]. To
circumvent obviously biased manual curation, we have developed
and refined several statistical procedures to provide a highly curated
set of TP53 mutations (Supp. Fig. S2).


Mutant diversity in the database can be apprehended from two
angles: TP53 variants can be considered irrespectively of the context
of the mother publication, or they can be investigated in relation to
the other variants described in the same publication.


Heterogeneity of TP53 Variants


The most uncontested and solid information for TP53 variants
is their frequency in the database. Five missense variants are found
more than 1,000 times, 61 between 100 and 1,000 times, 445 be-
tween 10 and 100 times, and 1,147 less than 10 times (Fig. 5). Fre-
quent mutants are undeniably driver mutations selected during the
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Figure 4. Trends in publications on TP53 mutation. Number of publications reporting TP53 mutations (A) and number of mutations (B) published
since 1989 with blue and red bars corresponding to conventional Sanger sequencing and NGS, respectively. C: Number of novel TP53 variants
published each year (mutant novelty) with blue and red corresponding to amino acid substitutions and indels, respectively, and light and dark
colors corresponding to variants detected by conventional Sanger sequencing and NGS, respectively. D: Cumulated TP53 novelty since 1989 with
blue and red corresponding to amino acid substitutions and indels, respectively. Since 2008, the number of novel TP53 variants detected in human
tumors has plateaued, whereas the rate of detection of novel frameshift mutations has remained constant for more than 20 years. Data used for
this analysis and those presented in the subsequent figures were issued from the 2014 release of the UMD TP53 database (http://p53.fr).


Figure 5. Frequency of TP53 mutants in the UMD TP53 database. Only
missense and nonsense TP53 variants are shown in this graph.


progression of neoplasia. Functional analyses that include both in
vitro and in vivo analyses have shown that all TP53 hot-spot muta-
tions displayed a clear loss of activity (Fig. 6A–C) [Ory et al., 1994;
Kato et al., 2003].


The situation is less clear for mutants appearing less frequently,
and establishing the border between significant and nonsignificant
mutants is not an easy task. Infrequent mutants, and more par-
ticularly those described only once or twice (630 variants, 2% of


the database), may be rare driver mutations with low penetrance,
passenger mutations, or sequencing artifacts.


The transcriptional activity of more than 2,000 mutants was
quantified in a yeast system using various response elements found
in common TP53 target genes such as CDKN1A, BAX, or MDM2
[Kato et al., 2003]. A global analysis of all TP53 mutants found in
human cancer indicated that loss of activity is very heterogeneous,
ranging from total inactivation to activity greater than that of the
wild-type protein (Fig. 6A and B). TP53 mutants can be catego-
rized according to their origin, tumor, cell line, or germline. For the
latter two, the detection of TP53 mutations is less prone to sequenc-
ing artifacts, as the DNA is of better quality and the mutations are
either heterozygote or homozygote, which eases analysis. Another
advantage in cell lines is that TP53 status benefits from accruing
verification over multiple studies and this redundancy results in
a good panel of certified TP53 mutants. For germline mutations,
sequencing is performed in clinical genetics laboratories with strin-
gent quality controls that are not mandatory in research laborato-
ries. The pattern of TP53 germline mutations is similar to somatic
mutations with a high frequency of transition at CpG dinucleotide
(see the review of Kamihara et al. [2014] in this issue). For tu-
mors, sample origin is highly variable, ranging from frozen cells
or tissue to formalin-fixed paraffin-embedded (FFPE) specimens
obtained after microdissection. These various features explain the
differences in the distribution of TP53 mutant activity: as shown in
Figure 6A, the great majority of mutant TP53 reported in cell lines
or in constitutional DNA are inactive, whereas those observed in
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Figure 6. TP53 mutation heterogeneity. Each TP53 mutant is associated with a quantitative value assessed in a yeast assay [Kato et al., 2003;
Soussi et al., 2006a]. The activity without p53 or with wild-type p53 was −1.5 and 2.5, respectively, and the activity of the majority of TP53 mutants
was situated between these two values. A: Analysis of mutant TP53 activity according to the origin of the sample. The y-axis corresponds to the
remaining transcriptional activity of TP53 mutants [Kato et al., 2003]. Box-and-whisker plots show the interquartile range (boxes), median values
(horizontal lines inside the boxes), and full-range distributions (whisker lines) for TP53 activity. All: entire database; tumors: tumors only; cell lines:
cell lines only; germline: germline only; Sanger (tumor): tumors analyzed by conventional DNA sequencing; NGS (tumors): tumors sequenced by
NGS (mostly from frozen samples). For germline mutations, the R337H mutation, very frequently found in patients with adrenocortical carcinoma
in Brazil, was only added once to the database because it has been shown to be a founder mutation. B: Distribution of the remaining activity of
all mutant TP53. Mutant TP53 are classified into eight categories according to their frequencies in the database. The y-axis corresponds to the
remaining transcriptional activity of TP53 mutants. C: Meta-analysis of publications reporting TP53 mutations in breast carcinoma. Dots: for each
publication, the quantitative value of all TP53 mutants was averaged. Bars: 95% CI.I. The mean and 95% CI of p53 activity for all studies and all
breast carcinomas is shown on the far left of the graph. Horizontal line, mean of the combined studies. The publication code is indicated on the
x-axis: the first number is an anonymous ID for the publication and the second is the number of p53 mutants included in that study. Studies are
presented from left to right in decreasing order of the number of TP53 variants they described. The y-axis corresponds to TP53 transactivation
activity. Only studies reporting 20 or more TP53 mutations are shown on this graph. a: Publication associated with a high frequency of tumors with
more than one mutation (30%), mutants with significant activities (60%), and an unusual hotspot of mutations. b: Publication associated with a high
frequency of sSNVs (36%), tumors with more than one mutation (45%), and mutants with significant activities (50%). c: Publication associated with
a high frequency of sSNVs (22%), tumors with more than one mutation (70%), and mutants with significant activities (50%).


tumors display a larger heterogeneity. The updated TP53 database
now includes 6,500 mutations (250 variants) obtained via NGS of
DNA extracted from frozen tissue. Loss-of-function in this specific
set of mutants displays a distribution similar to that observed for
cell lines or germ cells, a good indicator of the high quality of these
NGS studies (Fig. 6A).


Combining a functional analysis with a determination of the
frequency of each mutant in the entire database leads to the striking
observation of a clear inverse correlation between the frequency of
TP53 mutants and their activity: frequent TP53 mutants are always
inactive, whereas approximately half of the mutants reported only
once have activity greater than 50% compared with wild-type TP53,
further underlining the very limited importance of these mutations
during transformation (Fig. 6B).


Heterogeneity of TP53 Publications


In 2006, we developed a novel method to rank publications re-
porting TP53 mutations in various cancers [Soussi et al., 2006a]. For


each article, the mean and 99% confidence interval of the residual
activity of the reported TP53 mutants were calculated and displayed
graphically among those of other publications for similar types of
cancer. For this method, mutations were analyzed in a context of
study homogeneity, that is, studies sharing a similar origin for the
DNA sample and employing similar methodologies to detect mu-
tations. In an ideal context, mutant distribution should be similar
among the various publications with rare mutations being evenly
dispersed. These analyses led to the identification of multiple outlier
studies that reported a high frequency of TP53 mutants that did not
sustain loss-of-activity (Fig. 6C).


In 2012, we developed a novel multiparametric analysis of all mu-
tation reports using several independent quality criteria and showed
that outlier studies cumulated a higher number of recurring inde-
pendent singularities such as multiple mutations in a given tumor,
rare mutants, sSNVs, or identical mutations, all of which are known
to be associated with sequencing artifacts [Edlund et al., 2012].
Some criteria, such as multiple TP53 mutations in a given tumor
or a high frequency of sSNVs, may be observed in a few patients
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having a specific genetic background or a particular exposure to a
mutagen, but they should concern only a few tumors in large co-
horts. No studies using NGS and frozen tissue have shown any of
these singularities, which furthermore have never been observed in
cell lines. The majority of the outlier studies used DNA extracted
from FFPE specimens, which are known to be highly heterogeneous
in quality and vulnerable to DNA damage caused by the various
fixation procedures [Soussi et al., 2014].


This problem is present throughout the database, but stands out
particularly for breast cancer. In that setting, we noticed that eight
studies, corresponding to 20% of the published TP53 breast can-
cer mutations, were classified as outliers in the statistical analysis
(Fig. 6C).


As is the case for the missclassification or the cross-contamination
of cell lines, the publication of erroneous somatic mutation se-
quences is a widespread problem extending beyond TP53 mutation
reports [Berglind et al., 2008; Leroy et al., 2014]. We hope that re-
searchers and journal editors will stop “burying their heads in the
sand” and start taking full responsibility for their actions. Keeping
these false sequences out of the literature and removing them when
they get there requires fastidious attention. Indeed, once in the lit-
erature this pollution can do great harm by skewing the results of
meta-analyses or participating in the dissemination of distorted in-
formation. For example, one of the most significant outlying TP53
studies in breast cancer has been cited more than 150 times despite
the publication of several letters of concern about its analyses.


The recent increase in the number of retracted articles and the
discovery of cases of massive fraud in science will be an acute concern
in the coming years [Gupta, 2013]. It is relatively easy to construct
fraudulent mutation reports and relatively difficult to identify them;
how many there may be, if any, is currently unknown.


To conclude on a note of optimism, we can hope that the bulk
of data being produced by large-scale sequencing projects will not
only improve the quality of the various cancer mutation databases
but also dilute artifactual studies, reducing their contributions to
insignificance.


The Signature of the Mutational Process in
Human Cancer: The TP53 Contribution


For many years, the molecular epidemiology of human cancer was
restricted to a few genes. Early work on the ha-ras gene showed that
mutations had tumor-specific spectrums [Rodenhuis et al., 1988].
Unfortunately, missense mutations that activate the oncogenic ac-
tivity of ha-ras are restricted to just a few codons (12, 13, and, to a
lesser extent, 61 and 146), consequently limiting the impact of stud-
ies. In contrast, analyses of TP53 mutations have been successfully
used to establish links between exposure to carcinogens and various
types of cancer (Supp. Fig. S3). Many reviews detailing these various
findings are available [Brash, 1997; Giglia-Mari and Sarasin, 2003;
Staib et al., 2003; Toyooka et al., 2003; Slade et al., 2009; Boffetta,
2010; Soussi, 2011b; Schetter and Harris, 2012].


In vitro and animal studies performed during the twentieth
century identified specific mutational signatures associated with
various mutagens [Soussi, 2011b]. Numerous sequencing studies
performed on the TP53 gene made it possible to identify these sig-
natures in human cancers associated with specific exposures. The
most remarkable example is that of tandem mutations, which are
only observed in skin cancers and specifically induced by ultraviolet
radiation (Supp. Fig. S3). The relationship between G->T transver-
sion and lung cancer in smokers is also very noteworthy as is the
mutation of codon 249 observed in aflatoxin B1-induced liver can-


cers (Supp. Fig. S3). The studies leading to these discoveries were
possible because TP53 was the only gene that united several specific
features used to study the origin of carcinogenesis in humans: (1)
mutation in many types of cancer; (2) high mutation frequency; (3)
predominantly modified by point mutations; (4) small enough to
be relatively easy to analyze; (5) large number of codons that can be
targeted by mutations (more than 200); and (6) multiple types of
substitution can be identified in a single codon.


With the recent progress in sequencing methodologies, it is now
possible to extend this type of analysis to the entire genome, a pro-
cess that not only confirms the information derived from TP53
studies, but also demonstrates that all types of alterations, passen-
ger and driver, can be used to track mutagen fingerprints (Fig. 7)
[Stratton et al., 2009]. Therefore, 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.
The use of passenger mutations for spectrum analysis offers the
following advantages: (1) they can be found in large numbers in a
single tumor (current analyses indicate that several tens of thou-
sands of passenger mutations can be found per tumor genome),
thus enabling single tumor profiling; (2) the large size of the hu-
man genome makes the analysis independent of the target size or
sequence, allowing a detailed analysis of sequence context that was
impossible in small genes; (3) due to their origin, they are true
neutral mutations preventing any mutational profile bias that could
occur during selection; (4) the lack of selective pressure allows an
analysis of each type of cancer, avoiding the problem of specific gene
inactivation in particular cancers [Alexandrov et al., 2013a, 2013b;
Kandoth et al., 2013; Lawrence et al., 2013].


In lung cancer, the patterns of mutational events are very similar
and show a striking similarity to the mutational events observed
in the TP53 gene (Fig. 7) [Pleasance et al., 2010]. The predomi-
nance of GC->TA transversions is a typical signature of carcinogen
exposure associated with smoking. These observations are simi-
lar regardless of the strategy used to sequence the cancer genome
(exome or whole-genome sequencing). For other types of cancer,
such as colorectal cancer or brain tumors, the pattern of muta-
tions found in the whole genome is also similar to that described
for TP53 (Fig. 7). They are predominantly GC->AT transitions, thus
implicating an endogenous methylation-driven process (most prob-
ably deamination of 5-methylcytosine [5-mC]) as a major causative
factor. Some upper urinary tract urothelial cell carcinomas (UTC)
have been associated with exposure to aristolochic acid (AA), a nat-
ural compound found in traditional herbal preparations used as
health supplements and remedies. The analysis of TP53 mutations
in UTC associated with AA exposure shows a high frequency of
AT>TA transversion, a signature specific to the mutagenic effect of
AA [Grollman et al., 2007]. Further sequencing of the entire genome
of similar tumors confirms this particular landscape (Fig. 7) [Hoang
et al., 2013; Poon et al., 2013]. Considering this association between
cancer and exposition to carcinogens, the sequencing of genomes
from liver cancer associated with aflatoxin B1 exposure will be very
interesting, as the signature on the TP53 gene is specific to codon
249. The identification—or lack of identification—of other muta-
tion hotspots will provide more insight on the specificity of DNA
adduct formation.


Recent analyses have uncovered other patterns of mutations as-
sociated with apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like (APOBEC) cytidine deaminases, with a high fre-
quency of C>T or C>G substitutions in the nucleotide context se-
quence TCW (W: A or T) [Burns et al., 2013; Roberts et al., 2013].
Using the TP53 gene for specific patterns of mutations in various
trinucleotide contexts is not really feasible since exonic mutations
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Figure 7. Spectrum of mutations in human cancer deduced from sequencing studies of the TP53 gene (left columns) or full genome sequencing
(right columns). The high frequency of GC>TA transversions in lung cancer is associated with tobacco smoking. The three spectrums on urothelial
cancer (UTC) are developed from analyses of patients exposed to AAs, a setting that presents a very particular landscape of mutations dominated
by A to T transversion. Full genome sequencing data were calculated from the pan-cancer studies [Kandoth et al., 2013] and urothelial data from
the work of Poon et al. (2013) and Hoang et al. (2013).


are shaped by both the nucleotide sequences and the resulting amino
acids that must be selected by the mutation. Other specific patterns
have also been uncovered but it is still unclear as to whether they have
endogenous or exogenous origins; in vitro and in vivo mutagenesis
assays will be required to uncover their etiology [Alexandrov et al.,
2013a; Lawrence et al., 2013]. Further large-scale analyses of tumor
genomes, such as the cancer 10K project focused on sequencing the
genomes of 10,000 tumors of each of the most common cancers,
may be of great help in increasing specific cancer etiology knowledge
highly valuable for the development of preventive medicine.


Distribution of TP53 Mutations
The high concentration of mutations in exons 5–8 encoding the


DNA-binding domain of the TP53 protein was already obvious
25 years ago [Hollstein et al., 1991; Caron de Fromentel and Soussi,
1992]. Although bias could occur due to the systematic analysis of
these exons, sequencing the full-length gene has just softened the
distribution (Fig. 8A and B).


The distribution of mutations in the TP53 protein is unique
among all cancer genes, both oncogenes and tumor suppressors. All
but five residues of the 393 amino acid long TP53 protein have been
the target of at least one mutation in human cancer and each residue
in the core domain has been found to be mutated a minimum of
five times. This vast scattering of TP53 mutations is due to the high
fragility of the core region; indeed, large-scale mutational analysis of
each of its residues confirms its extreme sensitivity to substitutions.


It is important to keep in mind that the present analysis focuses on
the major isoforms of the TP53 protein. As extensively discussed in
an accompanying paper, a substantial number of mutations do not
target all TP53 isoforms [Soussi et al., 2014]. Furthermore, beta and
gamma exons localized in intron 9 have never been formally analyzed
for mutations and only a handful of mutations have been described.
A more intensive analysis of this region in human tumors must
be undertaken. Any potential discoveries of mutation targeting will
shed light on a putative tumor-suppressive activity for its isoforms.


Figure 8. TP53 mutations distribution. A: Occurrence of SNVs (mis-
sense and nonsense, blue bars) and frameshift mutations (red bars)
among the various exons of the TP53 gene. A lack of screening for exon
4 in multiple studies created a partial analytical bias that could not be
circumvented by immunohistochemistry since frameshift mutations do
not lead to TP53 accumulation. B: Distribution of TP53 mutations in the
TP53 protein. For nonsense mutations, hotspot codons at positions 196
and 213 are easily explained as the codons, both CGA, contain a CpG
dinucleotide that will sustain a high frequency of C>T events.
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The TP53 protein contains 64 amino acid residues that are con-
served in all vertebrates. Two of them, resulting from codons 19 and
23, have never been the target of a single substitution in human can-
cer. This is not surprising since Phe19 and Trp23 are essential for the
binding of MDM2 to TP53, and any substitutions at these positions
would be lethal for the cell [Kussie et al., 1996]. Residue Leu26, also
important for MDM2 binding, is not fully conserved in every TP53
but similarly to Phe19 and Trp23, it has never been found mutated.
Among the other conserved residues, all but three, Lys121, Val97,
and Pro98, are frequently substituted in human cancer (between 25
and 2,000 times).


Lysine 121 is localized in the L1 loop of the protein (residues
113–123), a cold spot region for mutation. Neighboring residue
120 is essential for DNA binding as it makes direct contact with a
guanine base in the major groove of the DNA [Cho et al., 1994]. Sev-
eral authors have shown that artificial mutations in the L1 domain
changed the specificity of DNA binding and mutants at positions
120, 121, or 123 displayed an increased affinity for some p53RE and
increased apoptotic activity [Saller et al., 1999; Zupnick and Prives,
2006]. Although these observations explain why such mutants are
not selected during tumorigenesis, the modular role of this L1 loop
in distinguishing various TP53 target genes has not yet been identi-
fied. The function of the two other cold spot codons at positions 97
and 98 is currently unclear.


Frameshift Mutations


Frameshift mutations account for 11% of all mutations found in
the TP53 database but their distribution differs from that of mis-
sense mutations (Fig. 8B). Small insertions, deletions, or indels are
found more frequently than SNVs in exons 4, 9, and 10, which
do not encode the core regions of the protein (Fig. 8B). Immuno-
histochemical analyses performed either on tumors or in cell lines
clearly show that these mutations lead to a total absence of TP53
protein expression and could therefore be considered as TP53 null.
Three positions could be characterized as hotspot mutations since
they correspond to more than 1.5% of the total indel events in the
database (Fig. 8B). Codons 151 and 152 contain a monotonic run of
five cytosines that is known to induce strand slippage during DNA
replication. The major event detected at this position is a single-
nucleotide insertion or deletion (c.454 455ins1 or c.454del1C) (mu-
tation description in this manuscript uses the full-length TP53 tran-
script [LRG 321t1 or NM 000546.5] and the full-length protein
[LRG 321p1 or NP 000537.3] as a reference). See Soussi et al., 2014
in the present issue and “http://www.lrg-sequence.org” for more in-
formation on TP53 mutation nomenclature. Codons 240 and 241,
associated with a c.721delT or a c.723delC, contain a TTCC sequence
but whether it induces replication errors remains to be determined.
Codon 209 is associated with the c.625 626delAG mutational event,
although juxtaposing an AAA triplet sequence, it does not contain
an obvious sequence to explain its high frequency of mutation.


Silent Mutations


The UMD TP53 database contains 1560 sSNVs that target 265
different residues in the TP53 protein. This number does not include
sSNVs identified in tandem mutations across two adjacent codons
as they are the result of a single mutational event that generates
two TP53 variants, and thus cannot be considered as independent
events. The frequency of sSNVs is largely underestimated because
this type of modification is often discarded before publication as an
“irrelevant change that does not affect the protein.” This is highly


unfortunate as it is now well established that sSNVs can have critical
consequences on RNA splicing or stability as well as on translation
efficiency [Sauna and Kimchi-Sarfaty, 2011].


Nineteen sSNVs in the TP53 gene are found more than 10 times in
the most recent issue of the database (Table 1). They can be divided
in three categories: those that are truly pathogenic (P), those that
are truly sequencing artifacts (A), and those that have an unknown
status (U). The sSNVs at codon 125 that encode a threonine can be
issued from two different mutation events (c.375G>A or c.375C>T)
and is found 54 times in the database, both as somatic and germline
mutations. This nucleotide is localized at the end of exon 4, just
before the donor site in intron 4, and impairs TP53 splicing (see
the section Splicing Mutations) [Varley et al., 1998]. This mutation
is the most frequent sSNV in the TP53 database. Similarly, sSNV
c.672G>A (codon 224 encoding a glutamic acid), found 17 times
in the database and localized at the end of exon 5, is likely to be
detrimental for TP53 splicing.


Several other sSNVs are obviously sequencing artifacts. c.477C>T
(codon 159 encoding an alanine), is reported 19 times in the database
and has been described in 12 different publications, six of which were
found to be outlier studies as defined in the previous section. One
of these articles reported the mutation seven times. The 19 cases of
mutation were identified in FFPE tumor tissue. Similarly, mutation
c.477C>T (codon 177 encoding a proline), reported 17 times in the
database, is associated with 13 publications, 11 of which are tagged
as outliers.


Having categorized the sSNVs that are deleterious for TP53 func-
tion and those that are obviously sequencing artifacts, there remains
seven sSNVs that have an unknown status but are reported more
than 10 times in the database.


The remaining uncommon SNVs are more difficult to assess but
it is likely that they comprise a mix of passenger mutations and
sequencing artifacts (Supp. Table S1); the probability of a rare driver
mutation is unlikely.


Splice Mutations


Eukaryotic gene splicing is highly complex, involving signal se-
quences localized not only in introns but also in exon [Wang and
Cooper, 2007]. Although mutations at donor and acceptor splice
sites or branch point sequences localized in introns are well known
to impair splicing, it is more difficult to associate splicing defects
with exonic mutations. Exonic splicing enhancer (ESE) and exonic
splicing silencer (ESS) are DNA sequence motifs (six bases) local-
ized within an exon [Crotti and Horowitz, 2009]. They modulate
the splicing of premRNA either positively (ESE) or negatively (ESS).
These regulatory sequences were first described more than 15 years
ago, but their identification remains difficult, although there are sev-
eral computer programs that predict ESE and ESS in the TP53 gene.
We currently do not know whether mutations at these positions
impair splicing in addition to other defects such as DNA binding.


Splice mutations in the TP53 gene are underestimated but they
remain nonetheless uncommon. In the current version of the TP53
database, they represent 2% of all mutations but this number rises
to 4% if we select only NGS studies that target the entire TP53 gene.
These numbers take into account only those mutations that target
the two conserved intronic nucleotides GT and AG localized at the
exon/intron boundaries (Figs. 9 and 10). We currently do not know
whether mutations can be localized at other positions in the splice
sites or in the branching point signals, but if it is possible, the event
should remain relatively infrequent as there is a strong selection for
the tumor to express a mutant TP53.
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Table 1. Synonymous Variants in the TP53 Database


cDNA variant Codon Reportsa Frequencyb CpGc Comment Significance


c.375G>A 125 (Thr) 24/1 29/1 Yes Splice mutation Deleterious
c.375G>T 125 (Thr) 14/0 24/0 No Splice mutation Deleterious
c.477C>T 159 (Ala) 7/6 7/12 No DNA used in the 13 publications was extracted


from FFPE tissue
Sequencing artifact


Six out of 13 publications were classified as outliers
Seven mutants were reported in a single publication


c.531C>T 177 (Pro) 6/7 6/11 No High frequency in outlier studies Sequencing artifact
c.672G>A 224 (Glu) 12/2 14/3 No Splice mutation Deleterious
c.483C>T 161 (Ala) 9/6 9/7 No High frequency in outlier studies Sequencing artifact
c.741C>T 247 (Asn) 10/6 10/6 No High frequency in outlier studies Sequencing artifact
c.465C>A 155 (Thr) 7/4 10/6 No Unknown; passenger mutation?
c.750C>T 250 (Pro) 9/4 10/5 No Unknown; passenger mutation?
c.459C>T 153 (Pro) 10/4 10/5 Yes Unknown; passenger mutation?
c.678C>T 226 (Gly) 2/5 2/12 No High frequency in outlier studies Sequencing artifact
c.462C>T 154 (Gly) 10/4 10/4 No Unknown; passenger mutation?
c.456G>A 152 (Pro) 6/5 7/6 Yes High frequency in outlier studies Sequencing artifact
c.732C>T 244 (Gly) 6/5 7/6 Yes High frequency in outlier studies Sequencing artifact
c.519G>A 173 (Val) 8/4 9/4 No High frequency in outlier studies Sequencing artifact
c.744G>A 248 (Arg) 4/4 4/8 Yes High frequency in outlier studies Sequencing artifact
c.423C>T 141 (Cys) 7/3 8/4 No Unknown; passenger mutation?
c.417G>A 139 (Lys) 8/3 8/3 No Unknown; passenger mutation?
c.861G>A 287 (Glu) 8/2 8/3 No Unknown; passenger mutation?


aNumber of publications that report each TP53 variant. The two numbers correspond to validated and outliers studies, respectively [Edlund et al., 2012].
bFrequency of each mutant in the 2014 issue of the UMD TP53 database. The two numbers correspond to variants from validated and outliers studies, respectively.
cIndicates whether the mutation is localized at a CpG dinucleotide.


Figure 9. Distribution of splice mutations in the TP53 gene. Substitu-
tions targeting the two conserved intronic nucleotides at the donor site
(GT) or the acceptor site (AG) have been summed for each site. For intron
4 and 5, exonic sSNVs that impair donor sites have also been included,
which explains the high frequency of mutations at these positions. For
introns 2 and 3 as well as for the two novel exons β and γ in intron 9, the
absence of mutation reflects predominantly the lack of studies having
analyzed these regions.


As discussed in the previous section, exonic mutations localized
close to an intron/exon boundary can be detrimental to correct
splicing (Fig. 10). These events are easy to spot when the nucleotide
is at the third position of a codon as most mutations will lead to an
sSNV (Fig. 10). Analysis of the TP53 gene revealed that four introns
(3, 4, 6, and 9) cause no codon interruption. This includes codons
125 and 224 described in the previous section as well as codons 261
and 331 that display sSNVs at low frequencies in the database (three
and six times, respectively) (Table 1 and Supp. Table S2).


The distribution of splice mutations is similar to that of missense
mutations (Fig. 9). However, more research is needed to determine
whether this is due to a bias associated with the high number of
studies that have focused on these regions or representative of true
selection. Although NGS studies encompassing the whole TP53 gene
share similar distributions, more studies are needed to ascertain this
observation. This landscape of mutations does not include potential
alteration of splicing effects in exons beta and gamma localized
inside intron 9 as they were blind from analysis.


Transition at CpG Dinucleotides


Across the entire TP53 gene, 425 CpG dinucleotides have been
observed, 42 of which are localized in coding exons. The cytosines
in these 42 CpG sites are methylated in normal tissue but the ex-
act purpose of this modification for TP53 regulation is currently
unknown [Tornaletti and Pfeifer, 1995]. Cytosine methylation also
causes genome instability and probably a third of all transition
mutations responsible for genetic diseases and cancers in humans
[Cooper and Youssoufian, 1988]. These effects are due to the much
higher spontaneous deamination of 5-mC as compared with cy-
tosine. Deamination of 5-mC leads to T:G mismatches, whereas
deamination of cytosine generates U:G mismatches. Both are rec-
ognized by mismatch-specific DNA glycosylases within the base
excision repair system. Several lines of evidence suggest that other
mechanisms may also be associated with the high frequency of
substitution at CpG dinucleotides. Exogenous carcinogens, such as
Benzo(a)pyrene or UV sunlight, have greater affinity for methy-
lated CpG dinucleotides than for their unmethylated counterparts
[Denissenko et al., 1997; You et al., 2000]. It is also possible that en-
dogenous mutagens, derived from an altered cell metabolism, target
methylated CpG dinucleotides resulting in a high rate of transition.


CpG in coding regions can take three forms depending on their
location inside a codon: CGN, NCG, or NNC-GNN, referred here
as type I, II, and III, respectively (Fig. 11). The symmetrical nature
of a CpG dinucleotide induces methylation of the involved cytosines
on the two DNA strands. Transition in type I CpG always results
in amino acid substitution or the synthesis of a nonsense mutant
regardless of whether it is the first or the second base that is changed
(Fig. 11A). Specific targeting of the C on the coding strand will lead
to a C to T transition, whereas targeting of the C on the noncoding
strand will lead to a similar event that will be translated as a G to
A transition on the coding strand. Transition in type II CpG will
result in mutation only when the C on the coding stand is modified;
a mutation of the opposite stand will alter the third base of the
codon, which generally does not change the amino acid residue due
to degeneration of the genetic code (Fig. 11B). Inversely, transition
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Figure 10. Distribution of TP53 mutation in and around introns 3, 4, 6,
and 9. For each intron, the preceding and following codons (blue upper-
case letters in white boxes) are shown, as are splice junctions (blue
lower-case letters in gray boxes). Codon numbers are shown on the left
margin. The number of substitutions found at each position is indicated
on the left and illustrated graphically by red or green bars, representing
nsSNVs and sSNVs, respectively.


in type III CpG will lead to an amino acid change only when the C
on the noncoding strand is modified (Fig. 11C).


All but one of the 42 “coding” CpG dinucleotides in the TP53
gene have been found to be mutated at least once in human cancer,
corresponding to 25% of all the mutations in the database, but there
is a high degree of heterogeneity in their frequency (Fig. 11 and Supp.
Fig. S4). The inverse relationship between this frequency and the
loss-of-activity of the resulting variant is striking and demonstrates
that many mutants resulting from these substitutions are not truly
selected during neoplasia because they are still active. In contrast, the
most frequent mutants issued from transition at CpG dinucleotides
correspond to the TP53 hotspot of mutations and display a clear
loss-of-function (Supp. Fig. S4).


Examination of the frequency of transition at the two hotspot
codons, 248 and 273 (type I CpG, more than 1,000 hits), shows a
roughly equal frequency of C>T and G>A transitions (Fig. 11A),
which is not surprising since the deamination of C residues in both
strands of a symmetrical CpG dinucleotide will occur and be re-
paired at a similar rate. Therefore, the two TP53 variants resulting
from these substitutions should occur at the same frequency if they
both act as driver mutations with similar properties. The four TP53
variants issued from transitions at codon 248 or 273 (p.R248Q,
p.R248W, p.R273H, and p.R273C) have been extensively analyzed


Figure 11. Distribution of G>A (red) and C>T (blue) transitions at
each CpG dinucleotide of the TP53 gene. Black or green arrows indicate
codons that show disequilibrium in the frequency of their transitions or
that lead to an sSNV. For type I CpG, the insert displays CpG mutated
less than 200 times for a better view of infrequent mutations.


and their loss-of-function has been confirmed both in vitro and in
vivo.


In contrast, codon 175, also including a type I CpG, shows a
marked disequilibrium in the distribution of mutations, with 1889
G>A (p.R175H) and only 45 C>T (p.R175C) (Fig. 11A).


We reported the disequilibrium for codon 175 as early as 1994 as
it was already obvious in a mutation database composed of only a
few hundred entries [Ory et al., 1994]. To analyze the role of this
codon in TP53 function and/or loss-of-function, we constructed
a library of 15 different p53 mutations at position 175 [Ory et al.,
1994]. We found that the G>A transition led to variant p.R175H, the
most frequent mutant in the database. The biochemical and biolog-
ical function of p.R175H mutant (c.524G>A) are impaired entirely,
and it is furthermore associated with various gain-of-function ac-
tivities [Blandino et al., 1999]. On the other hand, the p.R175C
mutant (c.523C>T) is not impaired for any TP53 function [Ory
et al., 1994]. Considering this body of evidence, we hypothesize that
p.R175C may be a passenger mutation coselected during neoplastic
transformation. This hypothesis is supported by the following ob-
servations: (1) 30% of tumors with the p.R175C variant also have
other TP53 mutations; (2) the variant is highly uncommon in cell
lines; and (3) it has never been described as a germline mutation.


Disequilibrium has also been observed at codons 196 (432
p.R196∗ vs. 11 p.R196Q), 213 (611 p.R213∗ vs. 84 p.R213Q), 267 (71
p.R1267W vs. 28 p.R267Q), 282 (881 p.R282W vs. 35 p.R282Q), 306
(302 p.R306∗ vs. 3 p.R306Q), and 342 (173 p.R342∗ vs. 4 p.R342Q)
with ratios ranging from 2.5 (for codon 213) to 100 (for codon 306)
(Fig. 11A). It is worth noting that an arginine to glutamine substitu-
tion is observed among all the variants found at low frequencies. This
substitution manifests as the tolerated transformation of the posi-
tively charged polar amino acid arginine to another polar residue,
glutamine, suggesting that these mutations have only a mild effect
on TP53 activity.
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Three of the above-mentioned variants are found at very low
frequencies (p.R196Q, p.R306Q, and p.R342Q) and are obviously
passenger mutations, whereas two others, p.R213Q and p.R267Q,
are found with significant frequency, suggesting that they are low-
penetrant mutants. It is also noteworthy that four of the five frequent
variants are nonsense mutations but whether this is due to coinci-
dence or a greater aptitude for selection during transformation for
these variants is an open question.


For type II and III CpG, only two mutants, p.P152L (type II, found
138 times) and p.G245S (type III, found 689 times), are obviously
driver mutations associated with impaired transcriptional activity
(Fig. 11B and C). sSNVs localized at codon 125 are discussed in
previous sections.


Other transitions, some resulting in sSNVs others in nsSNVs,
occur from one to 24 times in the database and their status as
true mutations is questionable (Supp. Fig. S4). Most of the nsSNVs
retain a significant residual activity and several of them are found
in tumors with multiple TP53 mutations.


Posttranslational Modification
Like many eukaryotic transcription factors, the TP53 protein is


the target of multiple posttranslational modifications (PTMs) that
modulate its activity [Meek and Anderson, 2009], (see also the re-
view of Nguyen et al. [2014] in the present issue). Several proteins
coded from driver genes such as CCND1 or CTNNB1 are impaired
by mutations that target residues modified by phosphorylation. An-
alyzing the impact of mutations on PTM is rather tricky as these
protein sites include several continuous residues around the mod-
ified amino acid, and mutations changing the net charge or the
hydrophobicity of these neighboring residues can also be detrimen-
tal for modifications.


Twelve different types of modification targeting 62 out of the 393
residues of the TP53 protein have been uncovered, the most frequent
being phosphorylation and ubiquitination [Meek and Anderson,
2009] and Nguyen et al. (2014) in the present issue. All but six of the
modification-susceptible residues have been found to be mutated in
various cancers, corresponding to 5% of the mutants in the database
(Fig. 12). The frequency of these mutations is highly heterogeneous
but as discussed later in this review, assessing the impact on PTM for
residues in the core region of TP53 is difficult to conceptualize, as
these mutations will also impair DNA binding and transcriptional
activity (Fig. 12). In contrast, most PTM sites localized outside
the core domain are not mutated at a high frequency and those
mutations that do occur do not impair TP53 transcriptional activity
significantly, suggesting that they are either passenger mutations
or sequencing errors (Fig. 12). The only exception is residue 337
localized in the oligomerization domain and discussed in the next
section. It should be noted that PTMs on a specific residue are
modulated by the neighboring residues, which are important for
recognition by modifying enzymes. Therefore, mutations close to
PTM sites could be also deleterious. Analysis of the distribution of
TP53 mutations close to the various PTM sites does not reveal any
specific clustering.


This lack of selection for PTM sites as driver mutations is in line
with observations made in murine models [Olsson et al., 2007]. For
example, mice expressing single TP53 mutants at various phospho-
rylation sites displayed only very mild—if any—specific phenotypes
and were not highly prone to cancer ([Donehower, 2014; Nguyen
et al., 2014] in this special issue). Similarly, mice with triple mu-
tations at the three acetylation sites localized in the DNA binding
domain did not display early onset of tumors, suggesting that acety-


Figure 12. Impact of mutations in the various PTM sites of the TP53
protein. The heat map corresponds to the residual transcriptional activity
of TP53 variants ranging from 0% to 100% compared with wild-type
TP53. Each column represents a transcription promoter and each row
represents a mutant TP53 at a PTM site. Activities are displayed from red
(lowest) to red (highest) [Kato et al., 2003]. The frequency of each variant
in the database is shown on the right site of the heat map as a red bar
ranging from one to 160. Position for frequent mutants at codon 132, 141,
258, and 259 is shown on the left (see Supp. Fig. S5 for a more detailed
figure) The most frequent mutants are also impaired for transactivation,
making it difficult to evaluate the contribution of a deficient PTM.


lation at these sites is not essential for the tumor-suppression activity
of TP53 [Li et al., 2012].


Oligomerization Domain
Tetramerization is an important feature of TP53 and required


for its DNA-binding activity. An unstressed cell contains predomi-
nantly dimers of TP53 that oligomerize quickly after DNA damage
[Rajagopalan et al., 2011; Gaglia et al., 2013]. The oligomerization
domain (residues 326–355) consists of a beta-sheet (residues 326–
333), followed by an alpha-helix (residues 335–356) [Clore et al.,
1994]. This domain is encoded by exon 9 and 10 and the splitting
occurs between codons 331 and 332. As TP53 isoforms beta and
gamma do not include the coding region of exon 10, mutations in
this region will target predominantly TP53 proteins that express full-
length carboxy terminus. The formation of TP53 tetramers follows
a particular kinetic with the quick formation of dimeric molecules
followed by a slow association of these dimers into tetramers. In
tumor cells expressing both wild-type and mutant TP53, poised
dimers containing a wild and a mutant subunit have not been
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Figure 13. Mutation in the oligomerization domain of TP53. The lower
heat map corresponds to the residual transcriptional activity of TP53
variants ranging from 0% to 100% compared with wild-type TP53 on
eight different transcription promoters. Each column represents a TP53
mutant and each row represents a transcription promoter. Activities are
displayed from red (lowest) to red (highest) [Kato et al., 2003]. The upper
heat map corresponds to oligomerization status of the various mutant
measured by cross-linking experiments indicating whether the protein
is still a tetramer (green colors) or formed only monomers (red colors)
[Kato et al., 2003]. The frequency of each variant is shown above the
upper heat map as red bars ranging from one to 50 (see Supp. Fig. S6
for a more detailed figure). The beta strand and the alpha-helix as well
as the nuclear export signal are shown below the heat map.


observed and consequently it appears as if only wt2/Mut2 tetramers
are formed [Natan et al., 2009]. The oligomerization domain also in-
cludes a nuclear export signal (residue 340–351) exposed only when
the protein is dimeric, suggesting a link between TP53 transport in
the nucleus and DNA damage [Stommel et al., 1999].


At first glance, the importance of this domain for TP53 activity
should lead to the observation of a high frequency of TP53 muta-
tion. In fact, the opposite trend is observed: only a few mutations
have been observed with the exception of codon 337 (Fig. 13). The
oligomerization domain has been extensively analyzed and multiple
functional data, such as transactivation or oligomeric state defined
via multiple criteria or by biological activity, are available for many
substitutions whether or not they were found in human cancer
(Fig. 13) [Kawaguchi et al., 2005; Kamada et al., 2011]. The heat
map summarizing these data shows that the most frequent mutants
display a significant loss of transcriptional activities, a dysfunction
in tetramerization, and impairment for apoptosis (Fig. 13). The
only exceptions are mutants at codon 331 (significantly mutated in
human cancer) that do not display any particular loss-of-function.
An explanation for this may be that the codon is at the extremity
of exon 9 and any mutation could impair splicing (see Pleiotropic
Effects of TP53 SNVs in Human Cancer).


Arginine 337 forms an intermolecular salt bridge with aspartic
acid at position 352 in TP53 dimers and is involved in the stabiliza-
tion of the dimer [Clore et al., 1995]. Several variants at this posi-
tion (p.R337C, p.R337L, or p.R337G) display impaired oligomeriza-
tion and biological activities, and are frequently mutated in human
cancer (Fig. 13). This position also includes p.R337H, found as a
germline variant associated with pediatric adrenocortical carcino-
mas in Brazil, where this low-penetrant mutation is thought to be
carried by thousands of people [Ribeiro et al., 2001; Custodio et al.,
2013]. Haplotype analysis indicates a founder effect for p.R337H
[Letouze et al., 2012]. As a somatic event, it is quite infrequent in
the database (10 occurrences). Although the transcriptional activity
of this mutant is close to that of the wild-type protein, it is very sen-
sitive to pH change due to the protonation of the histidine residue
[DiGiammarino et al., 2002].


Taken together, these data suggest that the oligomerization
domain is not a primary target of the selection forces that
drive neoplasia and inactivate TP53. Further structural and in
vivo analyses of residue 337, which is found as a fascinat-
ing founder germline mutation and targeted by several so-
matic events, will provide valuable information on the relation
between oligomerization and TP53 function in normal and tumor
cells.


Pleiotropic Effects of TP53 SNVs in Human
Cancer


As most TP53 mutations are localized in the core region of the
protein that contains the DNA-binding domain (residues 100–300),
a binary relationship between TP53 mutations and inactivation of
the transcriptional activity of the protein has been established. This
relation is supported by multiple in vitro and in vivo studies and it is
highly likely that the tumor-suppression function of TP53 is linked
to a complex transcriptional program. Recent studies in mouse
models have suggested that growth arrest, apoptosis, and senes-
cence were not essential for tumor-suppression function [Brady
et al., 2011; Li et al., 2012; Valente et al., 2013]. Consequently, novel
target genes and novel pathways must be identified to obtain a more
accurate understanding of the heterogeneous behavior of the diverse
TP53 variants.


Sequencing of the coding regions of cancer genes has led to a
protein-centric view of the consequences of the various SNVs in-
cluded in the TP53 database. The concept of a eukaryotic gene and
its various products must evolve to take into account and fully un-
derstand the multiple consequences of SNVs. Although the protein
is the final product after translation, a single SNV can have multiple
effects on posttranscriptional modifications, translation efficiency,
or PTMs, leading to the synthesis of RNA and/or protein variants
that carry a combination of multiple defects.


We identified at least five different effects that can be caused by
SNVs on the TP53 gene or protein, such as splicing, DNA bind-
ing/transactivation, differential targeting of the various isoforms,
isoform translation, and PTMs (Fig. 14). Most substitutions can
impair DNA binding and transcriptional activity and additional
effects can pile up. The TP53 gene is transcribed into eight dif-
ferent mRNAs and translated into 12 protein isoforms [Khoury
and Bourdon, 2010]. Several isoforms lack the amino terminus and
translation starts at codons 40, 133, or 160. Others do not contain
the carboxy terminus due to alternative splicing with two newly
discovered exons localized in intron 9. Depending on the position
of the mutation, not all isoforms will be impaired. Indeed, mutants
at codons 110, 127, or 342 are found more than 100 times in the
database despite the fact that they do not target all TP53 isoforms
(Fig. 14). To what extent these mutations contribute to the inactiva-
tion of the TP53 pathway is currently unknown, as is the significance
of the expression of the remaining wild-type isoforms.


The ATG codons 133 and 160 assign amino acids to the DNA-
binding site of the TP53 protein but they also act as start codons
for isoforms Delta133 and Delta160. Mutations at these positions
not only impair the transcriptional activity of the full-length pro-
tein, they also prevent the translation of the isoforms (Fig. 14).
Translation efficiency is modulated by an overall sequence context,
the Kozack sequence, that includes nucleotides adjacent to the start
codon and therefore mutations in contiguous codons can increase
or decrease the level of the deltaN isoforms.


As discussed in the previous section, several PTMs such as ubiq-
uitination or neddylation contribute to the stability of the protein.
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Figure 14. Potential cumulative effects of TP53 mutations. Nine representative residues of the TP53 protein are shown in this figure. The multiple
possible consequences of a mutation on various TP53 characteristics are listed on the left. Black boxes: nucleotides leading to a confirmed
modification of the characteristics; gray boxes: nucleotide substitutions leading to a potential modification of the characteristics. The number of
substitutions at each position is shown as a bar below the sequence. Red: substitutions that change the residue; green: substitutions that do not
change the residue. For PTM, substitutions will change the residue and therefore abolish TP53 modification, but whether this change will impair the
tumor-suppressive effect of TP53 is unknown. Codon 132 cumulates multiple potential defects such as defects in DNA binding and transactivation
and impaired ubiquitination, and will furthermore not target all isoforms. Base substitutions could affect the efficiency of translation starting at
codon 133. Moreover, codon 133 mutations will impair the synthesis of delta 133 isoforms, DNA binding, and transactivation of full-length proteins
as well as delta40 isoforms. It may also impair PTM at residue 132 by changing the recognition site of the ubiquitin enzyme.


Frequent mutations localized in the core region of the protein
(residues Lys132 or Cys141) are modified by PTM and it is diffi-
cult to assess whether loss of DNA binding or PTM or both impair
TP53 function (Fig. 14). For codon 337, the situation is even more
complex as the residue, localized in the oligomerization domain
and translated via exon 10, is not present in eight out of 12 isoforms
and has furthermore been shown to be methylated. Therefore, the
net consequence of any change at this residue will be complex with
multiple potential consequences targeting only a subset of TP53
proteins. This is not a trivial point; as discussed previously, it is
estimated that thousands of individuals carry the low-penetrant
p.R337H TP53 mutation in Brazil. Structural and functional analy-
ses have suggested that DNA binding and transactivation are mod-
erately impaired, but most of the experiments were performed
in vitro using the full-length isoform. More in vivo analyses are
needed to fully understand how this mutation impairs the TP53
pathway.


Most of the information needed for correct splicing is not at
the splice site itself and exonic sequences can have a profound
impact on splicing efficiency. For a gene such as TP53 that ex-
presses eight differentially spliced mRNA translated into 12 iso-
forms with sometimes opposing effects, a delicate equilibrium of
the ratio of each protein is required. We can expect that several
exonic mutations will be deleterious for both RNA splicing and
protein function (Fig. 14). RNAseq technology will be of great
aid in addressing this question as it will enable the quantitative
and qualitative assessment of the status of all TP53 mRNAs in a
tumor.


It is possible that these sidecar effects carry little weight com-
pared with mutations affecting the main activity of TP53 directly,
or that the loss of TP53 function is indeed the cumulative re-
sult of multiple defects. Exploring the contributions of the di-
verse variants will be very laborious but also surely mandatory if
we hope to understand how each mutant ultimately affects TP53
function.


Conclusion
The analysis of TP53 mutations in human cancer has been at the


forefront of molecular epidemiology and led to the identification of
specific patterns of mutation associated with carcinogen exposure
[Schetter and Harris, 2012]. Whole-genome sequencing of tumors
has confirmed that the global mutation landscape is similar to that
previously described in the TP53 gene [Alexandrov et al., 2013a;
Kandoth et al., 2013]. Thanks to the large size of the human genome,
novel original mutation signatures have been uncovered in specific
tumor types and will contribute greatly to our understanding of
cancer etiology. Novel patterns of mutation specific to TP53 are also
emerging and in turn raising interesting questions. For example, the
observation that basal-like breast cancers and ovarian cancer share
a high frequency of TP53 mutations (more than 80%) with a high
number of frameshift mutations needs to be confirmed and inves-
tigated. Analyzing whether this is a consequence of deficient DNA
repair or specific selection for null TP53 status will be of interest.


The end of the twentieth century was dominated by the con-
cept that single gene alterations could be used as efficient clinical
biomarkers. As a result, much time was invested looking for the
“Holy Grail” gene. TP53 was one of the genes at the forefront of these
studies, resulting in thousands of publications, and yet only a hand-
ful of biomarkers are currently in clinical testing [Hutchinson and
DeVita, 2009]. Great expectations were put on the use of TP53 mu-
tations as clinical biomarkers for predicting prognosis or response
to treatments, hopes supported by the central function of TP53 in
the cellular response to DNA damage induced by chemotherapeutic
drugs. After 25 years spent scrutinizing TP53 status in all types of
cancer and after thousands of analyses and meta-analyses, we now
have a much clearer vision of TP53 and can thus nuance our ex-
pectations and focus on specific niches where TP53 mutations do
indeed have clinical value. Monitoring TP53 mutations in CML or
in MDS before relapse or transformation is an example of a direct
and clinically pertinent application.
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The analysis of germline mutations in various cancer-prone fami-
lies is also an essential clinical aspect of TP53 and novel observations
suggest that its value goes beyond Li–Fraumeni syndrome [Kami-
hara et al., 2014]. Indeed, TP53 germline mutations have also been
observed in families at high risk of breast cancer, albeit at very low
frequency, suggesting that the spectrum of tumors associated with
these mutations may be shaped by some currently unknown genetic
factor.


For many other cancer types, the value of TP53 mutations per
se has not been powerful enough to warrant its use in the clinic.
Before all else, we need to improve the diagnosis of TP53 alterations
qualitatively, taking into account the entire sequence of the gene, in-
cluding the newly discovered exons. Furthermore, we can acquire a
more limpid picture of the landscape of TP53 inactivation in various
types of cancer by looking at the whole TP53 pathway, including the
miRNA network that regulates TP53 function. One of the predom-
inant issues that has emerged from the cancer genome projects is
the identification of specific landscapes of genetic and epigenetic al-
terations targeting specific pathways, beyond the question of tissue
specificity. In this information-rich context, it should be possible
to define specific niches where TP53 alterations can act as strong
biomarkers. Finally, if we wish to define the true clinical value of
the molecule and its mutations, we must identify the exact nature
of the tumor-suppressive function(s) of TP53 that are impaired in
human cancer.


New methodologies offering increased sensitivity for the detec-
tion of mutations in an excess of normal DNA have made feasible
the use of circulating tumor DNA as a source of material for ge-
netic analyses [Diehl et al., 2005; Dawson et al., 2013]. Thanks to
their high frequency, TP53 mutations will be among the most useful
targets in this novel setting.


TP53-based therapy has been in the pipeline of numerous aca-
demic and pharmaceutical laboratories [Lane et al., 2010; Seliv-
anova, 2010; Hong et al., 2014]. In the wake of the disappointment
surrounding gene and viral therapies, a new generation of chemical
drugs targeting mutant TP53 is under development and several can-
didates are currently in clinical trials [Lehmann et al., 2012]. Drugs
to inhibit the interaction between wild-type TP53 and MDM2, thus
increasing TP53 activity, are also in development. In particular,
these therapies hold the promise of offering efficacy in all types of
tumors, whether they express wild-type or mutant TP53 [Vassilev,
2004; Zhao et al., 2010].


For all of the various settings and perspectives described above, the
TP53 databases have been invaluable resources. They have played—
and continue to play—key roles in linking clinical and basic research
and developing numerous working hypotheses. Disabling the TP53
pathway is ubiquitous in human cancer and perhaps even manda-
tory. Understanding how the various mutations shape tumors and
deciphering the heterogeneity of the various targets in different
tissues will be precious not only for treating cancer but also for
understanding the roles of TP53 in normal cells.
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