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Cancer mutation databases are expected to play central roles in
personalized medicine by providing targets for drug development
and biomarkers to tailor treatments to each patient. The accuracy of
reported mutations is a critical issue that is commonly overlooked,
which leads to mutation databases that include a sizable number of
spurious mutations, either sequencing errors or passenger muta-
tions. Here we report an analysis of the latest version of the TP53
mutation database, including 34,453 mutations. By using several
data-driven methods on multiple independent quality criteria, we
obtained a quality score for each report contributing to the data-
base. This score can now be used to filter for high-confidence muta-
tions and reports within the database. Sequencing the entire TP53
gene from various types of cancer using next-generation sequenc-
ing with ultradeep coverage validated our approach for curation. In
summary, 9.7% of all collected studies, mostly comprising numer-
ous tumors with multiple infrequent TP53 mutations, should
be excluded when analyzing TP53 mutations. Thus, by combining
statistical and experimental analyses, we provide a curated muta-
tion database for TP53 mutations and a framework for mutation
database analysis.
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Conventional sequencing using Sanger’s methodology has
allowed for the discovery of genetic alterations in cancer genes
(1). Next-generation sequencing (NGS) techniques have ex-
panded this knowledge by providing a more complete description
of each type of alteration, including copy-number variations,
translocations, and missense mutations (2, 3). The majority of
these mutations are passenger mutations (or hitchhiking muta-
tions) that have no active role in cancer progression and are only
coselected with the driver mutations (4).

Since the first publication on 7P53 mutations in 1989, more than
2,700 articles have been published describing more than 35,000
TP53 mutations in various tumor types and cell lines (5, 6). TP53
mutation studies have applied a variety of analyses, including
molecular epidemiology, clinical surveys, and structural analyses
(7, 8). Such studies require highly curated 7P53 mutation data
from the Locus Specific Database (LSDB) established and
maintained since 1989 (9, 10).

The unique feature of 7P53 compared with other tumor-sup-
pressor genes is its mode of inactivation. Although most tumor-
suppressor genes are inactivated by mutations, leading to absence
of the protein (or synthesis of a truncated product), more than
80% of TP53 alterations are missense mutations encoding a stable
full-length protein (11). Moreover, each tumor generally harbors
a single mutation in the 7P53 gene that reduces the transactivation
activity of the TP53 protein, leading to loss of its antiproliferative
and proapoptotic properties.

Previous studies have raised concerns about the accuracy of the
various TP53 databases, because they include all mutations pub-
lished in peer-reviewed journals (12-14). Statistical analysis showed
that the use of nested PCR with DNA obtained from formalin-
fixed, paraffin-embedded (FFPE) tissues led to increased detection
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of spurious TP53 mutations (13). Furthermore, the dogma that
each tumor harbors a single 7P53 mutation has recently been
challenged by several studies. In breast cancer, several reports have
described a high frequency of TP53 mutations (more than 60%
compared with the general frequency of 20%) with an average of
four mutations per tumor (15, 16).

To define an accurate landscape of 7P53 mutations in human
cancers, we performed statistical evaluation of 34,453 published
TP53 mutations and analysis of the entire 7P53 gene in human
tumors by ultradeep sequencing. The results described below
provide important information that can be used in future studies
on various molecular aspects of 7P53 and other cancer genes in
human patients.

Results

Curating the TP53 Database Using a Single Quality Criterion. One
unique feature of the mutant TP53 database is the accessibility of
quantitative measurements of 7P53 transcriptional activity for
most 7P53 mutants found in human cancer (17-19). A clear in-
verse correlation between the frequency of 7P53 mutants and their
transcriptional activity has been observed (Fig. S1). Hot-spot TP53
mutants sustain a significant loss of transcriptional activity, with
aremaining activity ranging from 0 to 20% compared with the wild-
type protein. On the other hand, half of the infrequent mutants
have an activity greater than 50% compared with wild-type TP53,
suggesting that the impact on tumor formation—if any—of these
mutations is limited (Figs. S1 and S2). Such analysis performed
with the latest release of the database (34,453 mutations, 2,756
publications) confirmed our previous analysis done in 2006 based
on 21,000 mutations (13, 18). The present analysis was also ex-
tended to mutant 7P53 found either in cell lines or in germ line,
because the latest release of the database contains sufficient entries
for statistical analysis (Fig. 14). Importantly, the database of TP53
mutations in cell lines has been carefully curated to remove du-
plicate entries and erroneous cell lines (20). 7P53 mutants repor-
ted in germ line or cell lines are less active (the great majority being
completely inactive) compared with mutants detected in tumors
(P < 0.0001, nonparametric Mann-Whitney statistical analysis)
(Fig. 14). No statistical difference was observed between cell-line
and germ-line TP53 mutations regarding loss of activity.

Curating the TP53 Database Using Data-Driven Approaches. It is
possible that a significant number of 7P53 mutants observed in
human tumors, particularly rare mutants with no loss of activity,
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tion, 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. The
Mann-Whitney U test was used to evaluate statistical sig-
nificance. N.S., not significant. (B) Distribution of the EVT
criterion. The number of TP53 mutations per tumor is very
heterogeneous. The EVT criterion ranges from 1 to 5.7 with
660 publications with a value of 1 and 26 publications with
a value greater than 2. This heterogeneity is not cancer-
specific and can be observed in all types of neoplasia. (C)
Activity of mutant TP53 in tumors with only one mutation
(SM), two mutations (DM), or more than two mutations
(MM). The Mann-Whitney U test was used to evaluate
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are passenger mutations. To address this concern, we used other
independent criteria [compared with the remaining activity (ACT)
that was used previously] to evaluate the quality of the pub-
lications in the database (see Table S1 and SI Materials and
Methods for a full description of the various criteria). FREQ is
related to the frequency of the mutations in the database, WT to
the frequency of synonymous mutations, and EVT to the number
of mutations (events) per tumor. Criteria T2, T3, and T4+ (fre-
quency of tumors with two, three, or more than three mutations,
respectively) take into account the dispersion of multiple muta-
tions in single tumors. The last criterion, REC (mutation re-
currence), is related to the frequency of each mutant in the
publication and allows detection of unusual mutation hot spots
(Table S1). The EVT criterion, number of mutation per tumor, is
of particular interest because it has increased significantly in the
past few years, with recent studies describing large series of tumors
with multiple 7P53 mutations. In 50% of all publications, EVT
equals one, as only one 7P53 mutation per tumor was detected
(Fig. 1B and Fig. S3). The remaining publications report multiple
TP53 mutations per tumor, ranging from 2 to 14, leading to an
average number of mutations per tumor greater than one (Fig. 1B).
Tumors with multiple mutations are not restricted to a specific type
of cancer or a specific genotype (Fig. 1B). Tumors with two or more
mutations contain a high frequency of mutants with either partial
or no loss of activity, suggesting that they are either spurious or
passenger mutations (Fig. 1C). Tumors with two mutations could
arise from a driver/passenger mutation configuration in which
a single “neutral mutation” with WT activity is coselected by an
inactive driving mutation. However, analysis of the loss of activity
of TP53 mutants in tumors with two mutations showed that it is
a random event.

To evaluate all these criteria in a combined analysis, we used
principal component analysis (PCA) (Materials and Methods).
The first four components captured 66% of the total variance
and were therefore used to calculate the number of SDs by which
each sample deviated from the median. We identified 129 studies
(9.7%) that deviated from the median by >2 SD (Dataset S1).
We then compared the outliers’ profiles across quality parame-
ters using hierarchical clustering (Fig. 2), which, as expected,
showed that outliers were identified by different patterns across
the quality criteria.
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statistical significance. NS, not significant; **P < 0.001;
**%P < 0.0001. A log scale was used for the y axis.

To further characterize groups of studies with similar profiles
across quality parameters, we used k-means clustering. By iden-
tifying five clusters, we detected subgroups that were biologically
informative and distinct in the PCA. Clusters two and four (1,055
publications) included reports with a low value for ACT, WT,
EVT (including T2, T3 and T4), and REC. These clusters differed
only by the FREQ parameter that is related to the frequency of
mutations. Cluster four had a higher FREQ value compared with
cluster two (Fig. S4). Closer examination revealed that group four
included studies of colorectal and brain cancers with a high fre-
quency of hot-spot mutations at codons 175, 248, and 273, whereas
group two included studies of cancer types, such as head and neck
squamous cell carcinoma (SCC), breast carcinoma, and nonsmall-
cell lung cancer (NSCLC), in which the distribution of TP53
mutations was more heterogeneous and did not include hot-spot
mutations (Fig. S5). Therefore, publications in both clusters can
be considered to have a normal pattern of 7P53 mutations in ac-
cordance with the PCA, as they included only 4 of the 129 outliers.
On the other hand, cluster one (17 publications) displayed outlier
values for all parameters except REC. In the above PCA ap-
proach, all these studies deviated from the median by >3 SD.
Clusters three and five (247 publications) included publications
with infrequent mutants with partial loss of activity and a high
value for REC and WT criteria (Fig. S4). These two clusters in-
cluded 85% of outlier studies.

Data-Driven Quality Scores Are Independent of the ACT Criterion. In
previous studies, 7P53 mutation analysis was performed using the
ACT criterion only (Fig. S2) (13). We therefore repeated the PCA
as described above but omitted the ACT criterion to assess to what
extent the ACT criterion contributed to the analysis (Fig. S54). This
analysis was very similar to the PCA based on all parameters and
identified 127 outlier studies, including 116 (90%) common outlier
studies. The remaining 11 novel outliers were all of borderline
significance in the PCA, comprising all parameters (SD greater than
1.6 but less than 2).

The overlap between the PCA approach and the previously
described ACT-only approach was assessed for colorectal and
breast carcinoma (13) (Fig. 3). In colorectal carcinoma, two
outlier studies were identified using either PCA or the previous
analysis based on the remaining activity (Fig. 34 and Fig. S24).
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Fig. 2. Quality criteria profiles for outlier studies. Scaled data from all
parameters were collected from those studies tagged as outliers (129) and
used for hierarchical clustering analysis. Green indicates positive scaled val-
ues and red indicates negative scaled values. Four clusters were identified, all
including publications with a large number of infrequent TP53 mutants.
Cluster A presented high values for most criteria and low values for FREQ,
identifying outliers with the highest SD in the PCA. Cluster B was pre-
dominantly composed of tumors with a high frequency of two mutations
(T2). Cluster C was driven by publications with an unusually large number of
tumors with synonymous mutations (WT), tumors with two mutations (T2),
and with high TP53 activity (ACT). Cluster D included tumors with unusual
hot-spot mutations (REC). Interestingly, two publications with a high FREQ
criterion were also identified (red asterisks at the bottom of the figure), but
low values were observed for the other criteria. Examination of these two
publications showed that they included only mutants at hot-spot codons
175, 248, and 273. No methodological bias was observed in these reports.

This status did not change when the ACT criterion was omitted
from the PCA, indicating that other criteria were abnormal in
these two publications (Fig. 34). Similar results were observed
for other types of cancer, such as head and neck SCC or NSCLC.
In breast cancer, among the eight outlier studies detected by
PCA, five were previously tagged as outliers based solely on the
ACT analysis (Fig. 3B). Within each of the three novel outlier
studies, more than half of the tumors harbored multiple 7P53
mutations and numerous synonymous mutations (Fig. 3B, Table
1, and Fig. S2). Omitting the ACT criterion from the PCA led to
reclassification of only a single outlier study (2108). Twenty
percent of all breast cancer 7P53 mutations included in the da-
tabase were derived from the eight outlier publications identi-
fied. These outliers did not show similar profiles across the
criteria, and were therefore not defined as outliers because TP53
mutations in breast cancer differ from those observed in other
cancer types. Furthermore, these abnormal features were not
observed for the remaining 50 publications of 7P53 mutations
using breast cancer tissues or cell lines. Notably, two in-
dependent studies of different patients published by the same
laboratory displayed identical anomalies, suggesting local tech-
nical problems (Table 1). These observations indicate that ACT
is not the only important parameter in the PCA approach. Re-
peating PCA without the EVT criteria, another parameter that
varies considerably between publications, did not induce a major
shift in the results, as 125 (95%) of all publications remained
outliers (SD > 2) compared with the analysis using all criteria
(Fig. S5B). Thus, the PCA-analysis approach is robust and
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captures additional information compared with previous rank-
ings based on ACT only.

TP53 Mutations in Cell Lines, Nonneoplastic Tissue, or Germ Lines.
The genetics of tumor cell lines are very similar to primary tumors,
including TP53 status, which remains identical between a cell line
and the original tumor. Molecular analysis of 7P53 alterations in
cell lines is not subject to methodological bias because the obtained
high DNA quality does not demand nested PCR or complicated
prescreening procedures. Furthermore, for numerous cell lines,
the TP53 status has been confirmed by several independent labo-
ratories and the 7P53 database has been curated for duplicate
entries (20). The majority of all cell lines that harbor 7P53 muta-
tions (1,492; TP53 database 2011) have a single 7P53 mutation
with low remaining activity (Fig. 1). Most of the published cell-line
reports described only a few mutations (i.e., <6) and we therefore
grouped these into a single set to assess their performance in the
PCA-based approach described above. The distance from the
median for the 1,492 cell lines in PCA components one to four was
0.39 SD, indicating that the distribution of 7P53 mutations was
very similar to that of nonoutlier studies. This analysis suggests that
assessing the genetic status of cell lines is a good training set for
analysis of tumor genomes. Using a similar strategy for germ-line
TP53 mutations resulted in a value of 0.27 SD (322 mutations),
confirming that most of these mutations are correct.

Occasional 7P53 mutations have been reported in various
nonneoplastic diseases, including gastritis, liver cirrhosis, or
rheumatoid arthritis. Sufficient rheumatoid arthritis cases have
been published to allow analysis (62 cases, 120 mutations). PCA
showed that 7P53 mutations in rheumatoid arthritis deviated
from the median by >2 SD (2.47). For other nonneoplastic dis-
eases, the number of SD was 1.7, suggesting that caution is re-
quired before drawing any definitive conclusions.

Deep-Sequencing of the TP53 Gene Validates the TP53 Database
Curation Strategy. The k-means approach indicated that the num-
ber of TP53 mutations per tumor (EVT) is markedly hetero-
geneous among the various 7P53 reports (Fig. S4). Although EVT
was between 1 and 1.1 in the majority of publications, it was higher
in a few publications describing multiple mutations in various
tumors. Ultradeep sequencing using NGS could elucidate this is-
sue, as a high coverage allows identification of low-frequency
mutations. We focused our analysis on lung, colorectal, and breast
tumors, because these three types of cancer are very frequent in the
human population, display a high frequency of TP53 alterations,
and have already been extensively analyzed for T7P53 mutations
using conventional sequencing.

One-hundred NSCLC tumors were first fully analyzed for 7P53,
KRAS, and EGFR mutations using a conventional sequencing
methodology (Dataset S2). The frequency of the various genetic
alterations found in this series of patients was congruent with the
literature, and the pattern of mutation events for TP53 showed
a high frequency of G—T transversions compatible with smoking
behavior (Fig. S6). Twenty representative lung tumors were ana-
lyzed using the SOLID platform for 7P53 mutations in exons 2-10
at a very high coverage (mean depth 18,000) (Fig. S7). Although
such a high coverage is not necessary for detection of a mutation in
samples containing large amounts of tumor material, it is suitable
for detection of minor clones that could contain 7P53 mutations
that may not be detected by conventional sequencing. The TP73
gene, a member of the 7P53 family that is not mutated in human
cancer, was analyzed as a negative control in a subset of tumors
(Fig. S7). Ultradeep sequencing confirmed the TP53 status
detected by conventional DNA sequencing in all but one tumor
(Dataset S2). An exonic mutation in a lung cancer specimen pre-
viously found to be wild-type was detected, but review of the results
of the Sanger chromatogram indicated that this mutation was
present but missed during base calling (Dataset S2). Furthermore,
NGS identified two previously uncharacterized exonic mutations in
exons 3 and 10 that were not analyzed by conventional sequencing
(Dataset S2). No TP73 mutations were identified in this analysis,
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Fig. 3. Ranking TP53 reports in colorectal and breast cancer. For each publication describing TP53 mutations in colorectal and breast cancer, the mean (dots)
and 99% confidence interval (bars) of TP53 activity were graphically displayed. Data for all studies on colorectal (A) or breast cancer (B) are shown on the far
right of the graph. The y axis corresponds to TP53 transactivation activity, with a value of —1.23 for the negative control and a value of 2.03 for 100% of wild-
type activity (see S/ Materials and Methods and Fig. S2). A publication code is indicated on the x axis. Studies are presented from left to right in decreasing
order using data from the PCA. A green box indicates outlier studies obtained by PCA, whereas studies displayed in red are outliers detected exclusively by
using the ACT criterion. PCA analysis was performed using either all criteria including ACT (+ACT) or without ACT (—ACT). A change of status was observed for
only one study (2018) in breast cancer. The mean activity of TP53 mutants described in this publication is the highest for breast cancer indicating that the ACT
parameter was a strong component in the analysis (distance from the median decreased from 2.2 to 1.8 SD). No changes were observed for colorectal cancer.

confirming that a stringent analysis approach was used. In20 breast ~ S2). In colorectal cancers that were not analyzed by conventional
cancers, all but one exonic 7P53 mutations were confirmed and  sequencing, exonic 7P53 mutations were found in 14 of 20 tumors
a single previously undescribed exonic mutation was detected in ~ (Dataset S2). In breast and colorectal carcinoma, intronic muta-
a tumor that was negative by conventional sequencing (Dataset  tions were found in two and six samples, respectively (Dataset S2).

Table 1. TP53 mutations in breast cancer from outlier studies

Reference WT ACT T1 T2 T3+ Detection
2395 22% (37/167) 50% (65/130) 28% (15/53) 19% (10/53) 53% (28/53) PCA and ACT alone
1266 38% (22/58) 39% (14/36) 14% (4/28) 72% (20/28) 14% (4/28) PCA and ACT alone
2336* 0/158 57% (90/158) 70% (87/125) 30% (38/125) 0/125 PCA and ACT alone
2125 36% (75/206) 47% (61/131) 55% (68/124) 33% (41/124) 12% (15/124) PCA and ACT alone
2108 11% (3/26) 56% (13/23) 82% (18/22) 18% (4/22) (0/22) PCA and ACT alone
403 19% (7/36) 25% (6/24) 52% (12/23) 31% (7/23) 17% (4/23) PCA only

958 18% (9/50) 39% (15/38) 68% (23/34) 26% (9/34) 6% (2/34) PCA only

1762 11% (2/48) 40% (9/22) 76% (28/37) 19% (7/37) 5% (2/37) PCA only

2124* (0/33) 39% (13/33) 76% (19/25) 20% (5/25) 4% (1/25) ACT alone’

2529 (0/68) 42% (29/68) 100% (68/68) (0/68) (0/68) ACT alone’

All breast cancer 7% (229/3,173) 15.5% (483/3,119) 93% (2,544/2,793) 5% (184/2,793) 2% (68/2,793)

485* (0/85) 7% (6/85) 100% (85/85) 0 0

2392F (0/71) 1% (1/71) 99% (69/70) 1% (1/70) 0

Breast cancer cell lines 0/68 2.9% (2/68) 98.5% (67/68) 1.5% (1/68) 0

ACT, Mutant with partial or full activity vs. all mutants; T1, tumor with a single mutation vs. all tumors with p53 mutation; T2, tumor with two mutations vs.
all tumors with p53 mutation; T3+, Tumor with three or more than three mutations vs. all tumors with p53 mutation; WT, synonymous mutation vs. total
mutation.

*Studies 2336 and 2124 described different sets of patients, but all derived from the same laboratory.

"These two studies were not defined as outliers by PCA but they fall just below the 2SD mark (Fig. 3B and Dataset S1).

*Reference studies in breast cancer. The TP53 status from the same tumor set was analyzed using a combination of DNA sequencing (exon 2-11), cDNA
sequencing, and functional assay in yeast in different laboratories.
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None of these mutations were localized in splice site signals and
their consequences are therefore unknown.

Defects in DNA repair can lead to an increased rate of somatic
mutations and could be an explanation for the high frequency of
multiple 7P53 mutations observed in tumors. Colorectal cancers
used for NGS included five tumors with high microsatellite in-
stability, indicating deficient mismatch repair. Five breast cancers
had BRCA1 germ-line mutation, a gene associated with reduced
capacity to repair DNA double-strand breaks. These 10 tumors
with DNA repair-gene defects were not associated with an in-
creased incidence of multiple 7P53 mutations (Dataset S2).
Overall, in the 60 tumors analyzed for TP53 mutations using deep
sequencing, the number of events per tumor was 1.12, a value very
close to that of 1.11 found for the whole database. These results
confirm the validity of the EVT parameter in database curation
and indicate that tumors with multiple 7P53 mutations are indeed
very infrequent.

Discussion

Over the last 20 years, more than 33,500 7P53 mutations have
been reported in various cancer types. These mutations have been
used for many analyses, ranging from molecular epidemiology,
clinical stratification of patients, or structure-function studies of
the TP53 protein (6, 7, 21). All these studies depend on the ac-
curacy of the 7P53 LSDB.

Previous studies of the 7P53 database have shown that 6% of
reported 7P53 mutations conserved partial or full transcriptional
activity (18, 22). Furthermore, a substantial number of tumors
harboring multiple 7P53 mutations have been described. Recent
studies on cancer genome sequencing have shown that neutral
passenger mutations coselected by driver mutations are very fre-
quent in human cancer. However, several observations suggest
that the 7P53 mutation database does not include a substantial
number of passenger mutations.

First, it has been estimated that the frequency of mutations in
a tumor genome is 1.2 mutations per megabase (23). Based on
the estimate that 30 Mb of the TP53 gene has been sequenced (1
kb of DNA for each 35,000 tumors), only 35 passenger mutations
would be included in the database. Second, Kato et al. showed
that the TP53 gene is likely a cold spot for passenger mutations
(17). Using a library of TP53 mutants representing all possible
amino acid substitutions caused by a point mutation, they
showed that the majority of TP53 mutants for the central DNA
binding domain were inactive, whether or not they were found in
human cancer. This work (as well as data from other groups)
demonstrated the sensitivity of the 7P53 DNA binding domain
to modifications. Finally, statistical analysis showed that the
majority of these active 7P53 mutants were aggregated in a small
number of publications associated with the use of DNA extracted
from FFPE tissue and nested PCR (13). It has now been clearly
established that this type of DNA material can lead to amplifi-
cation and sequencing errors if control experiments are not
carefully performed (24, 25).

Analysis of a new release of the TP53 mutation database with an
additional 10,000 mutations confirmed these studies by showing
a highly heterogeneous distribution of the ACT criterion (Fig. 1
and Figs. S1 and S2). Furthermore, we found that this heteroge-
neity was specific for tumors and was not observed in cell lines or
germ-line mutations. This finding can be related to several tech-
nical issues. The genetic material used for analysis of germ-line or
cell-line mutations is more homogenous than tumor specimens
that can be contaminated by normal cells. Furthermore, genetic
material extracted from peripheral blood lymphocytes or cell lines
is of higher quality for genetic studies than tumor DNA obtained
from tissue. Finally, germ-line mutation analyses are carefully
controlled and performed under strict quality procedures, as they
are usually linked with a familial analysis that will direct clinical
decisions. As cell lines are very similar to their original tumors, they
would represent a good control for the various ranking analyses.

Previously, 7P53 mutant ranking was performed with a func-
tional assay based on the transcriptional activity of 7P53 (18).

Edlund et al.

Although this assay is highly correlated with 7P53 function, it is
possible that it may not capture the multiple antitumor effects of
the TP53 gene. We therefore used other criteria to evaluate the
quality of the reports included in the 7P53 database to provide
a curated database. These novel criteria are more objective,
unrelated from any 7P53 function, and largely independent of
each other. Our PCA approach led to accurate quality ranking of
the various publications included in the 7P53 database. Outlier
studies included publications with a high rate of tumors with
multiple anomalies, such as a high frequency of tumors with
multiple mutations, variants that do not change the amino acid,
or infrequent mutations. Although detection of a few of these
anomalies in a genomic analysis would not be a problem, accu-
mulation of these anomalies in a single study is suspect. Ranking
performed by PCA without the ACT or EVT criteria led to
a very similar ranking, indicating that this methodology is robust
and integrates information from multiple criteria.

Although 84% of the tumors described in the database carry
only one mutation, the status of the remaining tumors were more
heterogeneous, leading to a high heterogeneity of the EVT cri-
teria. Several biological explanations can be proposed to account
for this observation, including passenger mutations, a hyper-
mutator phenotype, or heterogeneous tumors with multiple minor
clones harboring different 7P53 mutations.

We therefore confirmed in silico results that deemed several
studies with high EVT as outliers by sequencing the 7P53 gene of
60 tumors from different cancer types using NGS. This approach
allows for detection of very rare variants with a much higher
sensitivity than that of the Sanger method (mean depth 18,000).
This method was applied to cancer types representing different
groups with distinct mutation etiology, including tobacco exposure
(lung cancer) or DNA-repair deficiency (BRCA1 mutation in
breast cancer or microsatellite instability in colorectal carcinoma).
The observed frequency of 7P53 mutations per tumor was iden-
tical to the entire database and no major differences were found
between Sanger sequencing and NGS. To further examine the
frequency of TP53 mutations, we also analyzed the complete ge-
nome sequences published for various types of cancer using
NGS methodology. Data mining for 7P53 mutations confirmed
our results and showed that the majority of human tumors harbor
a single 7P53 mutation.

Taken together, our multicriteria analysis showed that the
TP53 mutation database contains a nonnegligible number of
publications with artifactual results (129 of 1,315). Although only
publications with six or more mutations were analyzed, they
corresponded to 86% of the mutations included in the database.

The present study has multiple implications, some of them far
beyond the scope of the TP53 mutation database. Previous ver-
sions of the TP53 database included warning information solely
based on the loss of TP53 transcriptional activity. The latest
release of this database will therefore include a quality score (the
number of SDs from the median in the PCA) that will allow each
user to select filtered content (http://p53.free.fr). Although some
publications are notoriously erroneous, we believe that it is im-
portant to keep them in the database because they can be used
for future ranking analysis. One of the major changes concerns
breast cancer, because the eight outlier studies correspond to
20% of TP53 mutations for breast cancer and three have a high
frequency of tumors with multiple infrequent 7P53 mutation
(Dataset S1). In one study, multiple discordant 7P53 mutations
were detected in both tumors and stromal cells. Data presented
in this publication have been highly debated and have not been
reproduced by independent laboratories (26-28). This sub-
stantial refinement of the database calls for a new meta-analysis
to reassess the clinical importance of 7P53 mutations in
breast cancer.

Here we propose a unique approach involving multiple in-
dependent discriminating criteria and unbiased statistical anal-
ysis to detect error-prone publications. The criteria we applied
are not restricted to the 7P53 database and can therefore be
applied to other genes. Indeed, contamination of other mutation
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databases is a well-known problem and for example, studies on
EGFR or KRAS mutations found in FFPE tissue have also been
highly debated (29-31).

Our results shed further light on the dark side of molecular
genetics, as quoted by Kern and Winter (32). Using a scoring
system based on methodology and mutation frequency, they
showed that 50% of mutation reports could be erroneous, with
a higher score for studies that use FFPE tissue (33).

LSDBs for cancer gene mutations have been developed using
data from the published literature. With progress in cancer
genomics and the development of integrated analysis of tumors,
data from these LSDB will be integrated into a central database.
Expert curation procedures will therefore be essential to ensure
that these central databases are not contaminated by spurious
information.

Materials and Methods

TP53 Mutation Database Analysis. The TP53 database used in the present
study contains 34,453 mutations derived from 2,756 publications (2012 R1
release at http:/p53/free.fr). Selection of the various subsets used for this
analysis is described in detail in S/ Materials and Methods. PCA-analysis was
performed on 1,319 publications (27,048 mutations) that described six or
more mutations. Germ line and cell lines were not included in the PCA
analysis initially but added separately to assess their performance (Fig. S8).
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PCA Analysis. In PCA, the dimensionality of the data are reduced and com-
ponents that capture nonoverlapping variance of the data are obtained. The
components are ordered so that the first component captures most of the
variance. Each study can then be described in terms of the difference compared
with the medianin asingle component or a Euclidian distance in a combination
of several components. All quality parameters were collected for all studies
with more than five tumors. Data were scaled (within the quality parameters)
and used directly as an input for PCA [using the prcomp function in R (www.
r-project.org)]. The first four components were used to derive medians per
component. The values for the first four components for each study were
then compared with the medians across all studies using Euclidian dis-
tances. The SD for the distances obtained across all studies was calculated
and the distance to the median for each study was related to the SD across
all studies to obtain a measure of the outlier behavior for each study.
Studies that showed a distance/SD > 2 were tagged as outliers and were
compared using hierarchical clustering using the scaled data that was used
as input for the PCA (values >5 were set to 5 to improve visualization in
the heatmap).
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TP53 Mutation Database Analysis. The 7P53 mutation database
used in the present studies was developed with the Universal
Mutation Database (UMD) software (34,453 mutations derived
from 2,756 publications, http://pS3/free.fr). Selection of the
various subsets used for this analysis is described in detail in Fig.
S8. Analysis was performed on 1,319 publications (27,048 mu-
tations) that described six or more mutations. Germ line and cell
lines were not included in this analysis.

The various criteria used for this analysis were established as
follows (Table S1):
Activity. TP53 mutant transcriptional activity (ACT) has been
described in detail in a previous report (1). Briefly, 2,314 haploid
yeast transformants containing pS3 mutations and a green fluo-
rescent protein reporter plasmid were constructed. 7P53 mutant
activity was tested by measuring the fluorescent intensity of
green fluorescent protein that is controlled by various promoter
sequences known to be regulated by 7P53. The activity of yeast
without p53 or with wild-type p53 was —1.58 and 2.03, re-
spectively. The activity of the majority of p53 mutants was be-
tween these two values. For each publication, the mean of the
biological activity of all mutants was calculated by using the ac-
tivity measured on the WAF1 promoter (Fig. S3F).
Synonymous mutations. No synonymous mutations (WT) were
reported in 70% of publications. In the remaining reports, syn-
onymous mutations were detected with frequencies ranging from
a few percentages for most publications to up to 50% in a few
reports (Fig. S3C). This high frequency of synonymous mutations
is not associated with a specific type of cancer or any particular
feature in the tumor panel analyzed.
Event per tumor. Each publication in the database included the
number of mutations and the number of tumors harboring 7P53
mutations (EVT). In 498 of 1,041 publications, this value was
one, as only one mutation per tumor was detected. In the re-
maining publications, the number of mutations per tumor was
more heterogeneous, ranging from 1 to 14 (Fig. S34). For each
publication, the EVT criterion was calculated as the ratio be-
tween the number of events and the number of tumors.
Multiple mutations. The EVT criterion does not take into account
the dispersion of multiple mutations (T2, T3, and T4+) in the
publication. Multiple tumors with two mutations could therefore
lead to the same results as a few tumors with five mutations. In
each publication, criteria T2, T3, and T4+ correspond to the
frequency of tumors with two, three or more than three muta-
tions, respectively (Fig. S3B).
Mutation recurrence. The TP53 mutation database contains several
hot-spot mutations that have been well characterized (REC) and
confirmed in numerous publications. These hot-spot mutations
include mutants R175H, R278Q, and R273H associated with
CpG deamination in all types of cancer, V157F and R158L in
lung cancer associated with benzo(a)pyrene exposure, and
R249S in hepatocellular carcinoma associated with aflatoxin Bl
exposure. Some publications have also reported unusual hot-spot
mutations of infrequent mutants that were not confirmed by
subsequent studies. This feature is known to be associated with
PCR contamination. Each mutant of the 7P53 database was
associated with a repetition tag (REP_tag) corresponding to its
frequency among all publications in the database. The average
value of this tag was calculated for each publication to define the
REC criterion (Fig. S3E). For hot-spot mutations described in
multiple independent studies, the REC value was very low. For
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other mutations, such as P89S described 22 times in a single
study of breast cancer, the REC value was high.

Mutant frequency. Each TP53 mutant was associated with a fre-
quency tag (FREQ) corresponding to its occurrence in the da-
tabase. This value ranged from one for numerous 7P53 mutants
to 1,311 for the hot-spot mutant R175H. For each publication,
the average value per publication of this tag was calculated to
define the FREQ criterion (Fig S3D). In a preliminary analysis,
we detected outlier publications with very high FREQ parame-
ters. More detailed examination of these publications showed
that analysis was focused on detection of hot spot mutations
using nonsequencing methodology, such as allele-specific oligo-
nucleotide or restriction site mutation. All publications using
biased methodology for the detection of specific TP53 mutations
were excluded from the analysis.

Publication Analysis and Ranking According the Activity Value. For
data analysis and presentation of the results, we used a similar
approach to that used for meta-analyses comparing clinical trials
(1). For each cancer, the mean and 95% confidence interval (CI) of
p53 activity in each publication were graphically displayed. The
global mean value used as a reference corresponds to the mean
and 95% CI of all studies for the specific cancer. In this statistical
analysis, the width of the 95% CI depends on both the scatter of the
individual values (SD) and the sample size: the variance increases
as the sample size decreases. Therefore, only publications re-
porting 15 or more mutations were analyzed to avoid the increased
variance associated with studies including few samples. Most re-
ports display a homogeneous distribution with a 95% CI that in-
cludes the reference value. However, for several publications, the
distributions differed significantly from the mean, (their 95% CI
excludes the mean) and were considered to be outliers (2).

Sample Preparation. Fresh-frozen tumor tissue from surgically
resected nonsmall-cell lung cancer (NSCLC) patients was collected
between 1995 and 2005 at Uppsala University Hospital, Uppsala,
Sweden. One-hundred specimens from a cohort of 382 patients
were selected for this study (3). For colorectal cancer (CRC),
fresh-frozen tumor samples from 20 stage II and III colon ade-
nocarcinoma patients, operated at Uppsala University Hospital
between 1992 and 2002, were selected. Breast cancer patients have
been previously described (4). Collected characteristics of the
patients used for this study are described in Dataset S2. Patient
samples were used in accordance with the Swedish Biobank
Legislation and Ethical Review Act (approval by Uppsala Ethical
Review Board, reference number: 2009-224). For lung and co-
lorectal tumors, a H&E-stained 4-pm tape-transfer section (Cry-
oJane, Instrumedics) was prepared from each fresh-frozen optimal
cutting temperature-embedded tumor sample and thoroughly ex-
amined by a pathologist to ensure that the sample contained
representative tumor tissue and more than 50% tumor cells.

Molecular Analysis. Conventional sequencing for TP53 (exon 4-9)
was performed on tumor tissue from 100 NSCLC patients using
BigDye Terminator v1.1 (Applied Biosystems). Pyrosequencing
using the PyroMark Q24 KRAS Kit (Qiagen) was performed to
detect mutations in KRAS codons 12/13 (exon 2) and 61 (exon
3) in 100 NSCLC samples. PCR amplification and sequencing of
EGFR exon 18-21 was performed using BigDye Terminator v1.1
(Applied Biosystems) on the 3130 x 1 Genetic Analyzer (Applied
Biosystems). Determination of microsatellite instability (MSI)
status for colon cancers was performed by using the MSI Anal-
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ysis System version 1.2 (Promega) analyzing five mononucleotide
repeat markers (BAT25, BAT26, NR-21, NR-24, and MONO-
27). Samples were denoted MSI-high (MSI-H) if two or more of
the five markers showed instability and MSI-low (MSI-L) if only
one marker showed instability. Primer sequences and PCR con-
ditions are available on request.

Next-Generation Sequencing and Data Analysis. Twenty patients
each from lung, colorectal, and breast cancer were selected (60
samples in total). The pattern and mutational events of TP53
mutations in these three types of cancer are highly representative
of the diverse mutation etiology. The high frequency of G-T
transversion in lung cancer links these mutations to tobacco
carcinogens and the high frequency of G—A transition at CpG
sites in colon cancer suggests an endogenous mechanism based
on spontaneous S-methylcytosine deamination. In breast cancer,
the mutation pattern also suggests exogenous events unrelated to
tobacco smoking, but their origin has yet to be identified. Finally,
the genetic background of patients with colorectal and breast
cancer, such as germ-line mutation of genes associated with
DNA repair (h(MSH2, h(MLHI1 for CRC and BRCA1/2 for breast
cancer), could be associated with increased genetic instability
and a higher rate of endogenous mutations.

NSCLC specimens with known p53 mutation status were
chosen to represent both patients with wild-type p53 (n = 5) and
patients with one or two p53 mutations (n = 15). None of these
patients had a history of other cancer or had received neo-
adjuvant therapy (Dataset S2). All major histologic subgroups
were represented (nine adenocarcinomas, six squamous cell
carcinomas, and five large cell carcinomas) (Dataset S2). Pa-
tients with colon cancer were either MSI-H (n = 5) or low (n =
15) (Dataset S2). Five of the 20 patients with breast cancer
harbored a BRCA1 germ-line mutation (Dataset S2).

For deep sequencing, five primer pairs were designed to
amplify a total of 9,984 bp of the TP53 gene, covering exons 2-11

. Soussi T, Kato S, Levy PP, Ishioka C (2005) Reassessment of the TP53 mutation database
in human disease by data mining with a library of TP53 missense mutations. Hum
Mutat 25:6-17.
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biological activity reveals a methodologic bias in mutation detection. Clin Cancer Res
12:62-69.

3. Micke P, et al. (2011) Gene copy number aberrations are associated with survival in

and all introns (Fig. S7). Amplicon size ranged from 1,418-2,268
bp. Sequencing libraries were prepared from 0.5 pg of purified
DNA according to the manufacturer’s instructions (Applied
Biosystem). Emulsion PCR was performed according to the
manufacturer’s instructions (ABI), and was then applied to
standard slides and sequenced with a 50-bp read length, using an
ABI SOLID 3 sequencing system. All analyses were performed
using the human reference sequence build GRCh37.p5 (http://
www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/human/index.
shtml). For detection of point mutations, the SOLID reads were
aligned to a reference in a 10-kb window surrounding the re-
sequenced 7TP53 region. Alignment was performed using the
SOLID system analysis pipeline tool (corona lite) allowing for
up to four mismatches for each 50-bp read. SNP identification
and estimation of allele frequencies in the resequenced pools
of individuals were performed as described previously (5). By
applying this method, we obtained a list of single base-pair sub-
stitutions together with their estimated allele frequencies in each
of the samples. For detection of small indels, the SOLID reads for
each sample were aligned to chromosome 17 using either Bur-
rows-Wheeler Alignment Tool or NovoalignCS aligner (6). Both
tools generate gapped alignments and have built-in support for
SOLID color space. The alignments were subsequently sorted and
indexed using SAMtools (7). The variant calling for each sample
was performed using mpileup + bcftools utilities from SAMtools
package. The results were filtered for indels that were supported
by 100 or more reads on both strands. The selected indels were
visualized in Integrative Genomics Viewer and manually inspected
(8). Identified SNPs and indels were matched against dbSNP
(v131), and those not present in the database were classed as novel
variants. Annotation of SNPs and small indels to determine the
functional consequences on TP53 was performed using ANNO-
VAR software (9). Primer sequences and PCR conditions for
TP53 and TP73 amplification are available on request.
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Fig. S1.

Activity of mutant TP53 according to their frequency in the database. Mutant TP53 were classified into eight categories according to their occurrence

in the database (green). Box-and-whisker plots show the upper and lower quartiles and range (box), median value (horizontal line inside the box), and full-
range distribution (whisker line). The y axis corresponds to TP53 transactivation activity, black triangles correspond to 0% (Lower) and 100% (Upper). Analysis
was performed for missense mutants found in tumors excluding cell lines and germ-line mutations. P values listed above each bar refer to the comparison with
the 160+ category. The Mann-Whitney U test was used to evaluate statistical significance. NS, not significant; ***P < 0.0001. WAF1 activity corresponds to the

raw data reported by Kato et al., included in the UMD TP53 database (1, 2).
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Fig. S2. Analysis of p53 loss of transcriptional activity in publications included in the database. For each type of cancer, the mean and 95% Cl of p53 activity in
each publication is graphically displayed (1). The reference value corresponds to the mean and 95% Cl of all studies for the specific cancer. Although the mean
value of the entire database can be used as the reference value, we believe that the use of an individual reference value for each type of cancer more closely
reflects the heterogeneous etiology and pattern of p53 mutations in various cancers (1). Dots: mean p53 activity as measured by transactivation with the WAF1
promoter; bars: 95% Cl. The mean and 95% Cl of p53 activity for all studies combined for a specific type of cancer is shown on the far left of each 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 number indicates the number of p53 mutants included in this study. Studies are presented from left to right in decreasing order of number of samples
analyzed in each publication. The y axis corresponds to p53 transactivation activity, with a value of —1.5 for the negative control and a value of 2.03 for 100%
of wild-type activity. Only studies with 15 or more TP53 mutations are shown on the graph except for CLL (5 or more mutations). Outlier studies are shown in
red. (A) Colorectal carcinoma; studies with 15 or more TP53 mutations. (B) Colorectal carcinoma; studies with five or more TP53 mutations showing that the
mean of TP53 loss of function is similar independently of the number of mutations in a single article. (C) Glioblastoma: studies with 15 or more TP53 mutations.
(D) Astrocytoma: studies with 15 or more TP53 mutations. (E) Head and neck squamous cell carcinoma studies with 15 or more TP53 mutations. (F) B-cell chronic
lymphocytic leukemia: studies with five or more TP53 mutations. (G) Bladder carcinoma: studies with 15 or more TP53 mutations. (H) Gastric carcinoma: studies
with 15 or more TP53 mutations. (/) Breast carcinoma: studies with 15 or more TP53 mutations. (J) Ovarian carcinoma; studies with 15 or more TP53 mutations.
(K) Lung (NSCLC) carcinoma: studies with 15 or more TP53 mutations. (L) Germ-line mutations; all studies. Outlier studies (red dots) correspond to the de-
scription of the R337H mutation, a founder mutations described in Brazil and associated with inherited pediatric adrenocortical carcinoma. This mutant
displays only a partial defect in transactivation, but has been shown to be very sensitive to pH. These analyses were performed using TP53_MUTAnNal,
a software developed for the analysis of TP53 mutations (B.L. and T.S.). The latest version of the TP53 database (34,453 mutations) was used for this analysis,
confirming our previous analysis performed in 2006 based on 21,000 mutations (1).
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Fig. S3. (A-F) Distribution of the various discriminating criteria among the 1,319 publications with more than five TP53 mutations.
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Fig. S4. Box plots showing the distribution of the various parameters identified in the five k-means clusters (1 to 5) of all studies.

Edlund et al. www.pnas.org/cgi/content/short/1200019109 9 of 14


www.pnas.org/cgi/content/short/1200019109

PNAS

A ALL:129
—t—
—
-ACT: 127
B ALL:129
—t—
—
-EVT: 128

Fig. S5. Independence of the various criteria. Venn diagrams display the comparison of the principal component analysis (PCA) analysis using all criteria (ALL)
with a set of criteria either missing ACT (—ACT, A) or missing EVT (—EVT, B). Numbers of outliers are indicated. Among the 129 outliers detected with all criteria,
116 and 125 were also identified when ACT or EVT, respectively, was omitted.
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Fig. S6. (A) Frequency of TP53 mutation hot spots in various cancers. The frequency of the most common TP53 mutants is shown for six different types of
cancer. Red asterisks indicate that the hot spot mutation belongs to the 10 most-common mutations found in the TP53 database. In brain and colorectal cancer,
the two most frequent mutations (R175H and R248Q) account for 19% and 16% of all mutations, respectively. In NSCLC, the two most frequent mutations
(R248L and R249S) account for only 4% of all mutations. (B) Comparison of the mutational events of the Uppsala cohort used in the present analysis (n = 100
patients, 71 mutations) and data for NSCLC patients from the UMD TP53 database (3,222 mutations). Fr: frame-shift mutations.
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Fig. S7. Strategy used for the analysis of TP53 and TP73 gene mutations using the SOLiD next-generation platform. The five amplicons used for amplification
of the TP53 gene are shown in red. This figure is based on the University of California at Santa Cruz genome browser and displays the coverage obtained for
one sample.
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Fig. 8. The UMD TP53 database (http://p53.free.fr). Schematic overview of the analytic pipeline used for analysis of TP53 mutations. Data unrelated to cancer
(nonneoplastic diseases, such as rheumatoid arthritis) have been removed to generate a cancer-specific subset of the database used for the various analyses.
The somatic, germ-line, and cell-line subsets were used to generate data for Fig. 1. Only publications describing six or more TP53 mutations found in tumors
were used for PCA. The following publications were also removed: (i) reports using targeted methodologies, such as the use of allele-specific oligonucleotides
for the detection of hot spot mutations; (ii) reports focusing their analysis on a single exon; and (iii) reports that published a specific subset of mutations, such
as only novel mutations or insertions and deletions.
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Table S1. Criteria used for ranking publications in the TP53 mutation database

Criteria

Description

Possible origin of the
variation*

Comment

Activity (ACT)

Synonymous mutations
(SYN)

Multiple mutations
(EVT)

Recurrence (REC)S

Frequency (FREQ)

TP53 mutant transcriptional
activity monitored in a
yeast assay.

Mutations that do not change
the amino acid.”

Tumors that contain more than
one TP53 mutation.

Publications that report identical
mutations in multiple tumors
even though the mutations
are either infrequent or absent
from the database.

Frequency of the mutant in the
database. TP53 mutation
frequency in the database
ranges from 1,300 for hot-
spot mutations to 1 for
infrequent mutants?.

Low frequency: passenger
mutations

High frequency: spurious
mutations

Low frequency: passenger
mutation; mutation with
an unknown consequence
on RNA stability or
translation

High frequency: spurious
mutations

Low frequency: passenger
mutations; association
of two cooperating weak
mutants; tumor with a
hypermutator phenotype*

High frequency: spurious
mutations

Reproducible finding:
association with
carcinogen exposure.

Irreproducible finding:
spurious mutations or
contamination

Low frequency: passenger
mutation

High frequency: spurious
mutations

TP53 mutants associated with significant
remaining activity are predominantly
found among infrequent mutations in
the database (Fig. S1)

Publications reporting a high frequency
of tumors with SYN mutation (up to 50%)
are also associated with a high frequency
of multiple mutations per sample

Tumors with multiple TP53 mutations are
not associated with any specific cancer type

Several novel hot spots have never been
confirmed in subsequent studies (e.g., P89S
is found 25 times in the database but 22
times in a single publication)

Hot spot mutations are more likely associated
with driver mutations, whereas infrequent
mutations could be passenger mutations.

*This refers to the variation observed in a single study.
"Natural exonic polymorphisms are not included in the database (P72R: rs1042522; R213R: rs1800372; P47S: rs1800371). Mutant (c.375G > T) T125T, erroneously
reported in various publications and in the SNP database as a natural SNP, is not included in this category because it has been experimentally demonstrated to
be detrimental for TP53 gene splicing.
*Increase of TP53 mutations in tumors with genetic instability has never been observed. The frequency of TP53 mutations is low in hereditary nonpolyposis
colorectal cancer harboring a defect of DNA mismatch repair.
SExcept for liver cancer (R2495), no cancer specific hot spot for TP53 mutation have been associated with any type of cancer.

YThe majority of TP53 hot spots for mutations are associated with GC—AT transition, at methylated CpG dinucleotide and are detected in all types of cancer.
High frequency of mutations at codons 249 and 157/158 are associated with carcinogen exposure in liver and lung cancer, respectively.

Dataset S1. Outliers studies obtained from the PCA that deviated from the median by >2 SDs

Dataset S1 (XLSX)

Dataset S2. Patient characteristics and genotypes using conventional and deep sequencing

Dataset S2 (XLSX)
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