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Introduction
The human TP53 tumor suppressor gene is located on the 
short arm of chromosome 17, encompassing 11 exons that give 
a ~2-kb messenger RNA through transcription.1 The p53 pro-
tein, encoded by TP53, responds to diverse cellular stresses to 
regulate the expression of target genes, thereby inducing cell 
cycle arrest, apoptosis, senescence, DNA repair, or changes in 
metabolism.2 Loss or disruption of p53 function due to a muta-
tion can lead to uncontrolled cell proliferation and cancer.3 
Some p53 mutants gain new functions, exhibit oncogenic 
properties, and exert a dominant negative effect by preventing 
wild-type (WT) p53 from binding to the promoter of its target 
genes.4 Aberrations in TP53 could cause a burst of somatic 
mutations in tumor cells, disrupting the age-related accumula-
tion patterns.5

TP53 is the most frequently altered gene in human can-
cers.6 Most somatic TP53 mutations are single-base substitu-
tions distributed throughout exons 5 to 8.7 Notably, about 20% 
of these mutations alter 1 of 3 codons (175, 248, or 273) of the 
393 amino acids in p53 protein.7,8 The clinical significance of 
TP53 (p53) status for patient outcome has been and continues 
to be a controversial topic of cancer research. Numerous retro-
spective studies have associated its mutation and abnormal p53 

protein expression with poor patient survival.9 Such an associa-
tion was demonstrated most by the relevant studies in breast, 
head and neck, hematopoietic, liver, and lymph node cancers. 
Nevertheless, for other cancer types, it still remains unclear 
whether TP53 status and/or its mutational characteristics 
could serve as a potential biomarker for patient outcomes. For 
example, the publications disassociating TP53 mutation from 
patient survival are largely as many as those relating TP53 
mutation to poor survival.9

Beyond the genotypes, more prognostic value of mutations 
in TP53 may be hidden in their tumor-specific characteristics 
as well as the interaction with other genomic aberrations. 
Skaug et al10 and Huang et al11 showed that for patients with 
non–small cell lung cancer (NSCLC), mutations in exon 8 of 
the TP53 gene were more fatal than those in exons 5 and 7. 
Molina-Vila et  al12 found that nondisruptive p53 mutations, 
including in-frame deletions outside of the L2 and L3 loop 
domains and missense single-base substitutions, were associ-
ated with shorter survival in patients with NSCLC. Contrary 
to this finding in NSCLC, several studies on head and neck 
squamous cell carcinomas (HNSCs) showed that tumors con-
taining mutations in the DNA-binding regions (L2, L3, and 
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loop-sheet-helix domains) of TP53 led to a significantly worse 
prognosis and response to radiotherapy than tumors outside 
those regions.13,14 A recent publication reported that the com-
bination of TP53 mutation and loss of chromosome 3p associ-
ated with a remarkable decrease in short-period survival rates 
for patients with HNSC.15

In this article, to characterize the TP53 somatic mutations 
in tumor cells of multiple cancer types and to determine their 
prognostic implications, we performed an integrative study on 
the clinically annotated genomic data published by The Cancer 
Genome Atlas (TCGA). Our analysis was primarily focused 
on several less investigated features of the mutation spectra, 
such as the evolutionary selection of mutant alleles in TP53 
during mammalian evolution, with an extension to the pan-
cancer patterns of exclusivity and co-occurrence relationships 
between TP53 mutations and the alterations in other cancer 
driver genes.

Materials and Methods
Data

Clinical and somatic data were downloaded from TCGA data-
base (http://cancergenome.nih.gov/) on April 24, 2015. For 
each cancer type, TCGA collected multiple (version) somatic 
mutation data sets. Those data, contributed by different insti-
tutes, were generated using various sequencing platforms, 
somatic mutation–calling algorithms, and computational tools. 
Except for ovarian serous cystadenocarcinoma (OV), we chose 

1 representative data set for each cancer type according to the 
following criteria. First, the selected data set contains the larg-
est number of tumor samples (or patients). Second, if 2 or more 
data sets are of the same size, we chose the one in which the 
mutations were measured by the IlluminaGA DNASeq plat-
form and were called by the latest automated system. Finally, if 
the decision could not be reached by the previous 2 steps, we 
selected the data set provided by the UCSC Genome Browser. 
For OV, we used the data sets from Massachusetts Institute of 
Technology and Washington University in St Louis. The basic 
information of the used somatic and clinical data sets is sum-
marized in Supplementary Table 1. Synonymous mutations 
and those under the categories of “intron” and “rna” were 
excluded from further analysis.

Basewise conservation

A table containing PhyloP scores (Placental Mammal Basewise 
Conservation by PhyloP) of TP53 gene calculated by phyloge-
netic methods16 and the PHAST package (http://compgen.
cshl.edu/phast/) was retrieved from the UCSC Genome 
Browser database. In this table, sites predicted to be conserved 
are assigned positive scores, whereas sites predicted to be fast-
evolving are assigned negative scores. The absolute values of 
the scores represent −log10(P values) under a null hypothesis of 
neutral evolution. For a mutation under several “indel” catego-
ries, the score of the base at the start position was used in the 
comparison analysis.

Table 1. Summary of tumor samples and somatic TP53 mutations of 12 TCGA cancer types.

CANCER
 

TUMOR 
SAMPLESa

MUTANT 
RATIOb

VARIANT CLASS RATIOC

INDEL MISSENSE NONSENSE SPLICE

BLCA 233 0.51 0.09 0.72 0.17 0.02

GBM 285 0.29 0.09 0.81 0.04 0.06

HNSC 504 0.71 0.18 0.55 0.16 0.11

LUAD 488 0.62 0.12 0.57 0.19 0.12

LUSC 178 0.79 0.12 0.68 0.14 0.07

BRCA 967 0.32 0.19 0.6 0.14 0.07

OV 370 0.83 0.13 0.66 0.11 0.1

UCEC 248 0.28 0.12 0.77 0.09 0.01

COAD 216 0.56 0.05 0.78 0.12 0.05

ESCA 171 0.74 0 0.73 0.18 0.09

LIHC 197 0.27 0 0.78 0.12 0.1

STAD 288 0.45 0.18 0.64 0.12 0.05

Abbreviations: BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma 
multiforme; HNSC, head and neck squamous cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; 
STAD, stomach adenocarcinoma; UCEC, uterine corpus endometrial carcinoma.
aTumor samples with both clinical and somatic mutation data.
bProportion of tumors with somatic TP53 mutation burden.
cProportions of different variant categories among the total TP53 mutations.

http://cancergenome.nih.gov/
http://compgen.cshl.edu/phast/
http://compgen.cshl.edu/phast/
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Statistical analysis

Survival analysis was performed using R package “survival.” 
The Kaplan-Meier survival curves were created by the function 
“survfit().” P values for the effect of TP53 status (or a mutation 
feature) on patient survival time were calculated by the func-
tion “coxph().” Benjamini-Hochberg false discovery rate (FDR) 
was calculated using the function “p.adjust()” in the R package 
“stats.” The mutational association (or relationship) between 
TP53 and another gene was measured by the Yule phi coeffi-
cient (a Pearson correlation applied to dichotomous data)17 
between the numbered genotypes (1 and 0 were assigned to 
mutant and WT, respectively). The statistical significance was 
further evaluated with the P value calculated using a logistic 
regression model, in which TP53 genotype and the genotype of 
the paired gene were the independent variable and dependent 
variable, respectively. A co-occurrence (or mutual exclusivity) 
relationship was determined by P < .05 and r > 0 (or r < 0). The 
analysis was performed using the “corr()” and “glm()” function 
in the R package “stats.” The obtained results (ie, P values) are 
similar to the Fisher test that had been used by Kandoth et al.18 
Hierarchical clustering analysis was conducted using the 
“hclust()” function in the R package “stats.” The detailed imple-
mentation is described in the “Results” section and the legend 
of Figure 4.

Results
Among the 33 cancer types with clinically annotated multi-
omic data available at TCGA database by April 24, 2015, 12 
were studied in this work by considering the genetic diver-
sity of patients and the prevalence of somatic TP53 muta-
tions in these tumors. Each of the selected cancer types had 
at least 14 patients from a minority population (ie, black 
American or Asian) besides the dominant white Americans, 
and the ratio of samples with TP53 nonsynonymous muta-
tions was more than 25% (Table 1). The studied cancer 
types included bladder urothelial carcinoma (BLCA), glio-
blastoma multiforme (GBM), HNSC, lung adenocarcinoma 
(LUAD), lung squamous cell carcinoma (LUSC), breast 
invasive carcinoma (BRCA), ovarian serous cystadenocarci-
noma (OV), uterine corpus endometrial carcinoma (UCEC), 
colon adenocarcinoma (COAD), esophageal carcinoma, 
liver hepatocellular carcinoma, and stomach adenocarci-
noma (STAD). The sample sizes of those cancer types 
ranged from 171 to 967.19

TP53 status

We performed a series of survival analyses on the 12 cancers 
using a Cox proportional hazards (PH) regression model. In 
the modeling, TP53 (p53) status (ie, WT versus mutant) was 
treated as the stratification factor of primary interest and the 
patient age at the initial clinical date was included as a covari-
ate. The results demonstrated association between TP53 

mutation and overall poor patient survival in 4 cancer types, 
namely, HNSC, LUAD, BRCA, and COAD (Supplementary 
Figure 1). We also noticed that although the P value calculated 
from the hypothesis test was larger than 0.05 for UCEC, the 
long-term (more than 50 months) survival advantage of TP53 
WT patients was apparent in this cancer type. The mechanism 
underlying this dilemma could be that the statistical model 
does not fit the cases with unparallel survival curves. In other 
words, the primary assumption of a Cox PH model, i.e., the 
survival curves for 2 strata must have hazard functions that are 
proportional over time, was apparently not satisfied in the 
UCEC data. Moreover, it is worth noting that although most 
of these observed associations were only moderately signifi-
cant, they were largely consistent with the previously published 
results (see “Discussion” section) and, therefore, could be 
regarded as confirmatory findings.

TP53 mutations outside hot-spot regions

We depicted the physical distributions of TP53 mutations over 
the coding regions in Supplementary Figure 2. The bar plots 
clearly showed that the mutations are spread beyond the classi-
cal “hot-spot” regions (ie, exons 5-8, which encode DNA-
binding domains20). In several cancers, including HNSC, 
LUAD, LUSC, BRCA, and STAD, the presence of nonsyn-
onymous mutations in exon 4 was not rare. Occasionally, muta-
tions also occurred in exons 2, 3, and 9 in these cancer types. 
The amino acids encoded by exons 2 to 4 constitute the trans-
activation domains of p53 and the proline repeat domain that 
binds directly to the transcriptional coactivator p300 and allos-
terically controls DNA-dependent acetylation of p53.21,22 
Powell et al23 found that mutations within exon 4 were particu-
larly associated with poor prognosis in breast cancer. Hereby, 
we first partitioned the TP53-mutated patients within a spe-
cific cancer type into 2 groups (ie, E2-4 and E5-9) based on the 
presence or absence of a mutation burden in exons 2 to 4 and 
then compared their survival curves with the TP53 WT coun-
terpart. The result showed that for patients with BRCA and 
LUAD, the mutations in exons 2 to 4 were more lethal than 
those in other exons (Figure 1). In BRCA, the P values were 
less than 2 × 10−5 (Benjamini-Hochberg FDR <2 × 10−4) in the 
comparison of E2-4 vs WT and larger than 0.05 in the com-
parison of E5-9 vs WT. In LUAD, no patient with somatic 
mutations in exons 2 to 4 lived longer than 50 months after the 
initial clinical date.

Natural selection of mutant alleles in TP53 during 
mammalian evolution

p53 is highly conserved from placozoans to man, in the struc-
ture, function, and interaction with other proteins.1,24 Cancer 
appears to be most common in mammals among vertebrates, 
and the basic cancer-causing mechanisms are similar in mam-
malian species.25-27 Therefore, the TP53 mutations observed in 
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human tumors could be subject to the natural selection mecha-
nisms during mammalian evolution.

We evaluated the conservation of human TP53 gene 
sequence by the basewise PhyloP scores (see “Materials and 
Methods” section). The DNA bases where mutants were 
selected against were determined by the criterion of PhyloP 
score less than 1.301, which corresponded to P < .05 in the test 
with neutral evolution as the null hypothesis. We found that 
cancer-related TP53 variants tended to be negatively selected 
in the evolution of mammals. This conclusion was drawn from 
the following observations as shown in Figure 2A and 2B. First, 
across the TP53 gene sequence, the peaks of smooth-spline 
curve of PhyloP scores were positive and overlapped with all 
the 10 encoding exons (exons 2-11). Second, of the DNA bases 
in which the somatic mutations arose, those with PhyloP scores 
more than 1.301 accounted for a large proportion consistently 
across the 12 cancer types. The ratio was ~40% higher than that 
of the entire base set of exons 4 to 9, in which more than 99% 
of the somatic mutations in tumors were located.

We were particularly interested in the potential prognostic 
implications of the evolutionary conservation of somatic TP53 
mutants. As such, based on the presence or absence of a nega-
tively selected TP53 variant in mammalian evolution, we parti-
tioned the TP53-mutated samples of each cancer type into 2 
groups (Con and nCon) and then performed survival analysis 
with this classification as the stratification factor of primary 
interest. The results showed that the class effect on patient out-
come was moderately significant (P < .05, Benjamini-Hochberg 
FDR <0.15) only in BLCA and GBM (Figure 3). In the for-
mer, the survival curves stratified clearly and Con patients had 
better prognosis. In the latter, the nCon patients lived longer.

Specif ic mutual-exclusivity and co-occurrence 
patterns

Mutual exclusivity and co-occurrence are 2 important charac-
teristics of somatic mutation spectra in cancers. In this study, 
we identified 95 (or 97) statistically significant mutual-
exclusivity (or co-occurrence) relationships between TP53 and 
other 117 cancer driver genes. Those genes were part of the 291 
“high-confidence” genes pinpointed by Tamborero et  al19 
through the Pearson correlation and logistic regression analy-
sis. The distribution of these identified relationships was 
skewed across various cancer types, as most of the mutual-
exclusivity relationships occurred in COAD, whereas most of 
the co-occurrence relationships concentrated in LUAD. We 
further organized these relationships by a hierarchical cluster-
ing algorithm and visualized the patterns with a heat map, in 
which the involved genes were partitioned into 6 groups 
(Figure 4). The groups highlighted in gray and cyan contained 
the 6 genes we focused on in the subsequent analysis.

PIK3CA, PTEN, KRAS, APC, CDKN2A, and ATM are 
among the most common cancer driver genes.19,28 We found 
that there existed a “conserved” pattern (Figure 5) in the 
mutual-exclusivity and co-occurrence relationships between 
TP53 mutations and the alterations of these genes. That is, 
the mutational associations for a specific gene pair were 
always in the same category, co-occurrence or mutual-exclu-
sivity, across the cancer types. For example, consistently sig-
nificant mutual-exclusivity relationship between PIK3CA 
and TP53 was shown in 4 cancers (BRCA, STAD, COAD, 
and HNSC), but none of those cancer types held a signifi-
cant co-occurrence relationship between these 2 genes. We 

Figure 1. Lethality of TP53 mutations in exons 2 to 4 for patients with BRCA and LUAD. Green: WT group, tumors without TP53 mutation burden. Red: 

E1-4 group, tumors with TP53 mutation(s) within exons 1 to 4. Blue: E5-9 group, tumors with TP53 mutation(s) outside exons 1 to 4. P value-1 (or P 

value-2) is calculated using Cox proportional hazards model, corresponding to the difference between the groups E5-9 (or E1-4) and WT. BRCA indicates 

breast invasive carcinoma; LUAD, lung adenocarcinoma; WT, wild type.
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further noted that these significant relationships were pri-
marily present in several cancers where patient outcome was 
associated with TP53 status and/or the positional and evolu-
tionary characteristics of the mutations, as shown in 
Supplementary Figure 1, Figure 1, and Figure 2. It is worth 
noting that these results obtained by a cherry-picking way 
will be helpful for a more accurate understanding of mutual 
exclusivity and co-occurrence of genomic alterations in can-
cer (see “Discussion” section).

A general co-occurrence pattern

It is well known that most cancers, including those with mutated 
TP53, are driven by multiple genetic mutations. Therefore, a 
general TP53-involved co-occurrence mutation pattern (or 
model) can be expressed by [Mp53, Mother], where Mp53 is the 
genotype (ie, mutant and WT) of TP53 gene in a tumor and 

Mother is the number of mutations on other cancer driver genes. 
We found an interesting prognostic implication hidden in this 
simple mutation model. That is, Mother could serve as a predic-
tive signature for favorable clinical outcome of patients (P < .05; 
Benjamini-Hochberg FDR <0.11) in the TP53-mutated groups 
of 4 cancers (ie, BLCA, GBM, LUAD, and OV). However, 
such an observation did not exist in any of the corresponding 
TP53 WT groups. Table 2 presents the results of the survival 
analysis. In the used Cox PH model, a negative regression coef-
ficient indicates that the hazard function decreases (or equiva-
lently, survival time increases) as the quantity of the predictive 
variable increases.29 Notably, this finding indicates that TP53 
mutation is also related to the prognosis of OV tumors, whereas 
the relevance cannot be detected by directly analyzing the asso-
ciation between TP53 genotypes (and other mutational fea-
tures) and the survival times of patients.

Figure 2. The evolutionary conservation of somatic TP53 mutation sites. (A) The distribution of PhyloP scores (Placental Mammal Basewise 

Conservation by PhyloP) over the TP53 gene sequence. The exon regions (e2, e3, . . ., e11) are marked by a gray background. The red smooth curve was 

generated by the “smooth.spline()” function in R package “stats.” (B) The proportions of neutral-evolution, conserved, and fasting-evolution sites (bases) 

in the entire sequences of exons 4 to 9 and in the sites where somatic mutations occur over 12 cancer types. The total base number of exons 4 to 9 of 

TP53 genes is printed at the top of the first column. The total number of nonsynonymous TP53 mutations in the cancer samples of each cohort is printed 

at the top of the corresponding cancer-type column. Additional notes: (1) in the context of this study, “evolutionary conservation” of a DNA base carries the 

same meaning as “negative selection to a variant” in the site, and we use these 2 terms interchangeably, and (2) we use the PhyloP scores to divide the 

sequence bases into 3 groups (ie, “conserved,” “neutral-evolution,” and “fasting-evolution”) rather than to identify the sites that significantly deviated from 

neutral evolution. As a result, two less strict cutoffs (ie, 1.301 and −1.301, corresponding to P < .05) are adopted. BLCA indicates bladder urothelial 

carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head 

and neck squamous cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; OV, 

ovarian serous cystadenocarcinoma; STAD, stomach adenocarcinoma; UCEC, uterine corpus endometrial carcinoma.
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Discussion
It has been proposed that a pivotal step toward personalized 
cancer medicine is the determination of molecular tumor 
subtypes (groups), especially those with potential applicabil-
ity in clinical routines.30,31 In this study, we found that the 
mutations in exons 2 to 4 of TP53 gene defined a poor prog-
nosis group in BRCA and LUAD. Similar results have been 
reported for BRCA23 but not for LUAD, according to our 
knowledge. Meanwhile, we noticed that prevalence of muta-
tions in these exon regions was an important characteristic of 
several cancers, including HNSC, LUAD, LUSC, BRCA, 
and STAD, where drinking and smoking are 2 common risk 
factors.32–38 Due to this finding, an interesting question worth 
further study is whether alcohol and/or tobacco is a specific 
mutagen responsible for the alterations in exons 2 to 4 of 
TP53 gene.

Our analysis shows that TP53 variants tend to be nega-
tively selected in the evolution of mammals. While being 
consistent with the existing knowledge that recurrent muta-
tions in tumors can be differentiated from single mutations 
by the evolutionary conservation-based functional impact 
score,39,40 this observation cannot be sufficiently explained 
by the survival disadvantage that is exerted on the carrier of 
the mutations (in a specific species) by the increased risk of 
cancer. The reason is that most cancer incidences could be 
postponed until the postreproductive portion of life spans 
across mammalian taxa.41 As a result, the survival disadvan-
tage of the individuals with a germline mutation burden in 
TP53 gene is not equivalent to a lower fitness in evolution. 
In this regard, the negative selection of TP53 mutants may 
involve reproduction-related mechanisms that could be 

interrupted by the loss or disruption of p53 function in DNA 
repair. This hypothesis is supported by the varied clinical 
implications of a TP53 mutation occurred in evolutionarily 
conserved DNA bases for different cancers (Figure 3). In 
particular, the favorable prognosis of the BLCA patients 
with mutations in conserved sites of TP53 sequence suggests 
that the lower evolutionary fitness of TP53 mutants cannot 
be simply attributed to the cancer-caused death.

Mutual exclusivity and co-occurrence of genomic altera-
tions have been heavily studied in the past years.18,42-46. A 
proposed naive rule is that mutations in genes functioning 
in different pathways can occur in the same cancer, whereas 
those in genes functioning in the same pathway are rarely 
mutated in the same sample.42,47 Nevertheless, previous 
studies also showed that certain combinatorial mutational 
patterns were inconsistent with this rule and demonstrated 
tissue-specific variations.42 Our work showed that the rule 
was systematically violated when the analysis was focused 
on the specific relationships between TP53 mutations and 
genetic alterations occurred in several other major cancer 
driver genes (ie, PIK3CA, PTEN, KRAS, APC, CDKN2A, 
and ATM). For example, the CDKN2A gene encodes the 
p16 and p14ARF proteins that inhibit the activity of CDK4 
and CDK6 complex, thus blocking the transition between G 
and S phases in cell cycle.8,48 Activation of p53 results in the 
transcriptional upregulation of CDKN1A and increases the 
expression of p21, a universal inhibitor of cyclin-dependent 
kinases (CDKs).8,49 However, as shown in Figure 5, this 
common involvement of TP53 and CDKN2A in the CDK 
pathway, a critical component of cancer pathways, did not 
lead to the mutual exclusivity of their mutations 

Figure 3. The prognostic implications of the evolutionary conservation of somatic TP53 mutants in patients with BLCA and GBM. Blue: “Con” group in 

which tumors with a burden of TP53 mutation(s) that aroused in the evolutionarily conserved sites (DNA bases). Red: “nCon” group in which tumors with a 

burden of TP53 mutation(s) that aroused in evolutionarily neutral or fast-evolving sites (DNA bases) but not in evolutionarily conserved sites. BLCA 

indicates bladder urothelial carcinoma; GBM, glioblastoma multiforme.
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in any cancer. Oppositely, the measure of their mutational 
co-occurrence was significant in HNSC and LUAD. 
Another example, PIK3CA gene plays roles in the PI3K/
ART pathway,50 which regulates cell proliferation and apop-
tosis in a different manner from the p53 pathway, but, our 
results showed that the alterations in PIK3CA and TP53 
tended to occur in a mutually exclusive way within 4 cancers 
(ie, BRCA, STAT, COAD, and HNSC). A clinical charac-
teristic shared by these cancers was that patient survival was 
associated with TP53 status and/or the mutation features. 
Underlying this prognostic stratification are the intrinsic 
subtypes (within the same cancer) that are approximately 
determined by the mutations in TP53 and the other driver 
genes such as PIK3CA.

In most cancer types, an average tumor sample contains 
at least half of hundreds of nonsynonymous somatic altera-
tions, including a few cancer driver mutations that are fixed 
by conferring the recipient cells’ fitness advantage and 
numerous passenger mutations that are fixed by the Muller 
ratchet and hitchhiking.40,51 By definition, a passenger 
mutation has minor or ignorable impact on cell growth and 
proliferation. However, a recently emerging theory pro-
poses that some passenger mutations could be deleterious 
to the host cells and their accumulation may build strength 
to alter cancer progression.40,52 Our previous analyses of 
TCGA data suggested that some passenger mutations 
would exert significant impacts on the resistance of cancer 
cells to the treatments in ovarian carcinomas.53 For exam-
ple, the patients with 2 or multiple somatic mutations in 
the genes encoding lysosomal membrane proteins had sig-
nificantly poorer prognosis in terms of survival months 
after the initial clinical dates. Significant interactive effects 
of cancer driver mutations and passenger mutations on the 
clinical outcome of patients was implied by another recent 
publication, which showed that high mutation number 
forecasted a remarkably favorable outcome in ovarian 
patients carrying mutations in BRCA1 and BRCA2 genes.54 
In this study, we found that among TP53-mutated tumors, 
the total mutation burden in other driver genes was a pre-
dictive signature for good patient survival in several can-
cers. This result is of special significance. First, it holds 
potential applicability in clinical routines in the relevant 
cancer, that is, BLCA, GBM, LUAD, and OV. Second, for 
the first time (to our knowledge), it suggested the potential 
existence of epistatic effects between the mutations in dif-
ferent cancer driver genes on clinical outcomes. Third, it 
suggests that TP53 status may influence the sensitivity of 
tumors to the treatment therapies that kill cancer cells by 
inducing new somatic mutations.52,55,56

In summary, through an integrative analysis of the genomic 
and clinical data of 12 cancers generated by TCGA, we pin-
pointed a set of significant prognostic features and patterns of 
somatic TP53 mutations. We further scrutinized the biological 
implications of our findings.

Figure 4. The co-occurrence or mutual-exclusivity relationships between 

somatic TP53 mutations and the alterations in other 117 cancer driver genes 

over 11 cancer types. Ovarian serous cystadenocarcinoma (OV) was not 

included in this figure due to the lack of significant mutational relationships. 

The cell color, that is, green, red, or gray, indicates co-occurrence, mutual 

exclusivity, or the lack of association, respectively. The gene clusters, 

indicated by the color bar on the left side of the figure, are determined by a 

hierarchical clustering analysis (Manhattan distance and Ward method) with 

a sparse matrix (ie, M) as the input. In the matrix, rows and columns 

represent genes and cancer types, respectively. When the ith gene has a 

significant co-occurrence (or mutual exclusivity) relationship (P < .05) with 

TP53 in somatic mutation for jth cancer, the element mij of M is 1 (or −1); 

otherwise, it is 0. BLCA indicates bladder urothelial carcinoma; BRCA, 

breast invasive carcinoma; COAD, colon adenocarcinoma; ESCA, 

esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and 

neck squamous cell carcinoma; LIHC, liver hepatocellular carcinoma; 

LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; STAD, 

stomach adenocarcinoma; UCEC, uterine corpus endometrial carcinoma.
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Figure 5. The conserved correlation (ie, co-occurrence or mutual exclusivity) patterns between TP53 mutations and the alterations in the partner genes, 

including PIK3CA, PTEN, KRAS, APC, CDKN2A, and ATM. Circle label: the cancer type whose data were used to evaluate the mutational relationships. 

Color of circle label (or circle) indicates the proportion (x) of tumors with a mutation burden on TP53 (or the partner gene): orange: 0 0 2< <x . ; red: 

0 2 0 4. .x <⩽ ; green: ⩽0 4 0 6. .x < ; and blue: x 0 6.⩾ . BLCA indicates bladder urothelial carcinoma; BRCA, breast invasive carcinoma; COAD, colon 

adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; LIHC, liver 

hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; STAD, stomach adenocarcinoma; UCEC, uterine corpus 

endometrial carcinoma.
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