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Abstract: P53 suppresses tumorigenesis through multiple cellular functions/mechanisms, including genomic sta-
bility surveillance. Recently, it has also be reported for its role in cancer immune response modulation. Deficiency 
in DNA repair pathways lead to the accumulation of genomic alterations and tumor mutation burden and in con-
sequence resulting in the activation of immune response. We investigated the interaction of p53 and DNA repair 
gene mutations and their impact on tumor mutation burden and immune response in human malignancies by min-
ing cBioPortal data of a range of human cancers. We found that in the majority of human cancers, p53 mutations 
are equally distributed between DNA repair gene mutation positive and negative cases and in a number of human 
cancers, p53 and DNA repair gene mutations have a tendency of co-occurrence. Only in colorectal cancer, there is 
a tendency of ‘mutual exclusivity’ of mutations in p53 and DNA repair genes. In most tumors, p53 and DNA repair 
gene mutations have synergistic/additive effect in increasing tumor mutation burden, but not in colorectal cancer 
where they are mutually exclusive. The impact of p53 and DNA repair gene mutations and their interaction on tumor 
microenvironment immune cells are complex and tumor type specific and not always correlated with tumor mutation 
burden. In colorectal cancers, these two types of mutations resulted in similar immune cell subpopulation changes 
and in tumors where the mutations have a tendency of co-occurrence, p53 showed dominant roles on immune 
response, although they can also counter-act each other for their effect on certain immune cell subtypes. 
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Introduction

p53 plays a critical role in suppressing tumor 
development and is inactivated by gene muta-
tions and/or deletions in half of human can- 
cers [1, 2]. The well-established mechanisms 
of p53 tumor suppression are induction of cell 
apoptosis, cell cycle arrest and cell senescence 
[1, 2]. However, combined loss of cell cycle  
suspension, apoptosis and senescence did  
not result in spontaneous tumorigenesis as 
observed upon loss of p53 [3-5], indicating  
that there are other critical molecular/cellular 
mechanisms that p53 activates to suppress 
tumorigenesis, such as metabolic [3] and 
immune response [6-12] pathways. Exploring 

the known defective molecular pathways in p53 
mutated cancer cells has led to novel forms of 
tumor therapy strategies [2, 13, 14], thus fur-
ther illustration of the role, underlying mecha-
nisms and interacting molecular pathways of 
p53 in tumorigenesis would improve cancer 
therapeutic approaches for p53 mutated 
tumors. 

It has been reported recently that DNA repair 
pathways were critical mediators of p53-de- 
pendent tumor suppression [15]. DNA repair 
processes are critical for cells to maintain 
genomic stability. Deficiency in DNA repair pro-
cesses, frequently caused by DNA repair gene 
(DRG) mutations, leads to genomic instability 
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and consequently accumulation of genomic 
alterations [16]. There are several DNA repair 
pathways, including mismatch repair, base-
excision repair, nucleotide-excision repair, tr- 
anslation synthesis, homologous recombina-
tion, non-homologous end joining, the Fanconi 
anemia and the O6-methylguanine DNA me- 
thyltransferase pathways [16]. The DNA repair 
system is a very complex network, including 
many genes and cellular pathways that affect 
genomic changes and they can be defined  
more or less strictly based on if genes are 
directly or indirectly involved in DNA damage 
repair. The DRG database created and main-
tained by R. Wood and M. Lowery, providing  
a valuable reference of DRGs, has listed  
more than 200 genes in over 14 DNA damage 
repair/response pathways (https://www.mdan-
derson.org/documents/Labs/Wood-Labora- 
tory/human-dna-repair-genes.html) and the 
number is expected to further increase [17, 18]. 
Among them, deficiency in mismatch repair 
(MMR) pathways leads to microsatellite insta-
bility and consequently increased tumor muta-
tion burden (TMB) and neoantigen load in 
tumor cells, which can predict anti-PD-1/PD-L1 
immunotherapy response better than the pre-
dicting value of PD-L1 expression level [19]. 

In the paper published by Janic et al. [15],  
the authors demonstrated in mouse models 
that DNA repair processes are critical media-
tors of p53-dependent tumor suppression as 
knockdown of p53 target genes implicated in 
DNA repair, including MLH1, MSH2, RNF144B, 
CAV1 and DDIT4, accelerated MYC-driven  
lymphoma development to a similar extent as 
knockdown of p53, although not all DRGs had 
equal effect in tumorigenesis. To translate this 
research finding from mouse models into 
human cancers, they analyzed leukemia, lym-
phoma and colorectal cancer data in the cBio-
Portal data [20, 21], and reported that p53  
and DRG mutations were mutually exclusive in 
those human malignancies [15]. This may pro-
vide new insight into p53 tumor suppression 
mechanisms and would help with the develop-
ment of novel therapeutic approaches. We  
analyzed cBioPortal data in a broad range of 
human cancers to fully assess the association 
of mutations in p53 and these p53 target  
DRGs [15], as well as their impact alone and in 
combination on TMB and non-silence muta-
tions, which potentially generate neoantigens. 
As both DRG mutation induced TMB/neoanti-

gen load and p53 mutation are associated with 
tumor infiltrating lymphocytes (TILs), we also 
investigated their potential effect on tumor 
microenvironment (TME) immune cells, in par-
ticular the interaction of these two types of 
mutations. Since out of the DNA repair path-
ways, deficiency in MMR pathway, which 
increases tumor mutation burden (TMB) and 
neoantigen load, predicts anti-PD-1/PD-L1 
immunotherapy response well [19], we also 
investigated the interaction of p53 mutation 
with mutations of DRGs including all the MMR 
genes in addition to the p53 target DRGs.

Materials and methods

Data mining using cBioPortal online tools

The cBioPortal [20, 21] online data mining  
was performed at the website https://www.
cbioportal.org by selecting the dataset(s) of  
relevant cancer types. To enable the compari-
son of our results to the previously published 
results [15], we attempted to use the data  
sets of colorectal cancers and hematological 
malignancies as previously analyzed that the 
combined colorectal adenocarcinoma analysis 
included data from Colorectal Adenocarcinoma 
(DFCI, Cell Reports 2016), Colorectal Adeno- 
carcinoma (Genentech, Nature 2012), Colo- 
rectal Adenocarcinoma (TCGA, Firehose Le- 
gacy), Colorectal Adenocarcinoma Triplets 
(MSKCC, Genome Biol 2014) and Metastatic 
Colorectal Cancer (MSKCC, Cancer Cell 2018) 
and the combined hematological malignancies 
analysis included data from Acute Lympho- 
blastic Leukemia (St Jude, Nat Genet 2015), 
Acute Myeloid Leukemia (TCGA, Firehose 
Legacy), Chronic Lymphocytic Leukemia (Bro- 
ad, Cell 2013), Chronic Lymphocytic Leukemia 
(IUOPA, Nature 2015), Cutaneous T Cell Lym- 
phoma (Columbia U, Nat Genet 2015), Diffuse 
Large B-Cell Lymphoma (Broad, PNAS 2012), 
Hypodiploid Acute Lymphoid Leukemia (St 
Jude, Nat Genet 2013), Lymphoid Neoplasm 
Diffuse Large B-cell Lymphoma (TCGA, Fire- 
hose Legacy), Mantle Cell Lymphoma (IDIBIPS, 
PNAS 2013), Multiple Myeloma (Broad, Can- 
cer Cell 2014) and Primary Central Nervous 
System Lymphoma (Mayo Clinic, Clin Cancer 
Res 2015), and followed the same analysis 
approach. 

For the further TCGA data analysis, we exclud-
ed amplification of p53 or DRGs, as amplifica-
tions are unlikely to cause loss of function of 
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these genes. All other genomic alterations, 
including in-frame mutation (putative driver 
and unknown significance), missense mutation 
(putative driver and unknown significance), 
truncating mutation (putative driver and un- 
known significance), germline mutation and 
deep deletions to p53 or the relevant DRGs 
were counted. Correlation analysis of genomic 
alterations between p53 and the 10 p53  
target DRGs (MLH1, MSH2, PMS2, RNF144B, 
CAV1, DDIT4, FANCC, POLK, ERCC5, MGMT) 
[15] was firstly performed in the TCGA provi-
sional dataset available in April 2019 by sub-
mitting each of these genes for querying. We 
then performed correlation analysis of genomic 
alterations both between p53 and the 10 p53 
target DRGs and between p53 and DRGs 
including MMR genes in addition to the 10 p53 
target DRGs (MLH1, MSH2, PMS2, RNF144B, 
CAV1, DDIT4, FANCC, POLK, ERCC5, MGMT, 
MSH6, MSH3, MLH3, PMS1, MSH4, MSH5, 
EPCAM, PMS2P3 and HFM1) in the TCGA Pan-
Cancer dataset available in June 2021 by sub-
mitting each of these genes for querying.  
The number of p53 target DRG (10_DRGs) 
mutation positive cases were calculated by 
including samples with mutations in any of the 
ten p53 targeted DRGs. The number of all the 
MMR and p53 target DRG (19_DRGs) mutation 
positive cases were calculated by including 
samples with mutations in any of the 19 DRGs.

Heatmaps were displayed by clicking on 
“OncoPrint”. The correlations between genomic 
alterations of p53 and these DRGs were gener-
ated by clicking on “Mutual Exclusivity”.

We used TCGA abbreviations for tumor type 
names, except colorectal cancer (COADREAD) 
which contains COAD and READ, glioma which 
contains GBM and LGG, and renal cancer which 
contains all TCGA renal tumor subtypes includ-
ing KICH, KIRC and KIRP, due to the similarity 
between them and/or the limited number of 
tumor subtype samples for statistical analysis.

Correlation analysis

The “alterations_across_samples.tsv” file for 
the dataset(s) of each cancer type was  
downloaded from cBioPortal website [20, 21]. 
Correlation analysis was run using Fisher exact 
test with one-tail according to cBioPortal [20, 
21]. Tendency of co-occurrence or mutual 
exclusivity was determined by odd ratio (OR) or 

Log2_OR [20, 21]. Heatmap was plotted using 
ggplot2 package. All these analyses were run in 
R 3.6.3 statistic software.

Analysis of tumor mutation load and tumor mi-
croenvironment immune cell changes among 
p53 and DRG mutation only, double positive 
and double negative groups

The TCGA Pan-Cancer mutation load, immune 
cells, leucocyte fractions, leucocyte proportion 
of tumor stromal fraction and TIL regional frac-
tion data were acquired from Thorsson V et al. 
study (https://gdc.cancer.gov/about-data/pub-
lications/panimmune) [9]. The details were 
shown as follows: 1) The mutation load, includ-
ing silence and non-silence mutation data, 
were obtained from mutation-load_updated.txt 
file. Then duplicated data demonstrating zero 
value were excluded. The tumor mutation  
burden (TMB) was calculated by sum of the 
silence and non-silence mutation data. 2) The 
TCGA immune cells (CIBERSORT) data were 
acquired from TCGA.Kallisto.fullIDs.cibersort.
relative.tsv file. Then data from normal samples 
were deleted. 3) The total tissue and stromal 
leucocyte fractions data and TIL regional frac-
tion data were acquired from supplementary 
file (Table S1. PanImmune Feature Matrix of 
Immune Characteristics) of Thorsson et. al 
study [9]. 4) The stromal leucocyte proportion = 
leucocyte fractions/stromal fraction, as de- 
scribed in the method parts of Thorsson et. al 
study [9].

TCGA Pan-Cancer p53 and DRGs genetic alter-
ation data, including mutation, deletion and 
fusion, were download from cBioPortal [20, 21], 
as was mentioned previously. According to p53 
and DRG mutation status, four patient groups 
were generated (single type mutations, both 
types of mutations and none of them).

Afterwards, boxplots were plotted using ggpubr 
package and wilcoxon test was run in R 3.6.3 
statistic software.

Results

The co-occurrence of mutations in p53 target 
DRGs and p53 is more common than mutual 
exclusivity in human cancers

Our reanalysis using the same approach and 
similar cBioPortal data as previously reported 
[15] produced similar distribution patterns  
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of p53 mutation in relation to these DRG  
mutations in hematological malignancies and 
colorectal cancers [15]. However, we only found 
an inverse correlation of p53 and these DRG 
mutations in colorectal cancers (Figure S1A), 
but not hematological malignancies (Figure 
S1B). In hematological malignancies, where  
the frequencies of mutations in both p53  
and DRGs are very low (each DRG mutation 
rate is < 1%), the chance of these two types of 
mutations co-existing in the same patient is 
expected to be rare. Hence, neither in the origi-
nal publication (data showed in Figure S19 of 
the publication) [15] nor in our analysis (Figure 
S1B), is mutual exclusivity of mutations in p53 
and these 10 p53 target DRGs statistically sig-
nificant (all P>0.4).

To further determine if mutual exclusivity of 
p53 and these p53 target DRG mutations  
commonly exist in human cancers, we further 
analyzed the TCGA data for other cancers us- 
ing the same analysis approach. As amplifica-
tions are unlikely to cause loss of function of 
p53 or DRGs, in the further correlation analysis 
we excluded amplification of these genes. We 
also performed the correlation analysis be- 
tween mutations of p53 and any of these 10 
p53 target DRGs in combination to increase 
the statistical power compared to individual 
DRGs. With this combination, we still only found 

a significant inverse correlation between these 
two types of mutations in colorectal cancers, 
but not in hematological malignancies (Table 1; 
Figure S2). 

In our further analysis of other human cancers, 
we found that p53 mutations are equally dis-
tributed between DRG mutation positive and 
negative cases in many human cancer types, 
including prostate, ovarian, liver, head and 
neck, stomach and endometrial cancers (Table 
1; Figure S2). Only in LUSC is there a trend 
(P=0.158) of inverse correlation between p53 
and any of these DRG mutations with MLH1 
mutation being significantly (P=0.006) inverse-
ly correlated with p53 mutation prior to multiple 
testing correction. Most importantly, in breast 
cancer (BRCA), skin cutaneous melanoma 
(SKCM), adrenocortical carcinoma (ACC), and 
glioma, we found that mutations in p53 and 
DRGs are closely associated with each other 
and these DRG mutations have a significant 
(P=6.72×10-4, 6.65×10-5, 8×10-3 and 1.65× 
10-4, respectively) tendency of co-occurrence 
with p53 mutation (Table 1; Figure S2).

As recently more cancer samples have been 
sequenced and included more cancer types in 
the TCGA Pan-Cancer study, we further ana-
lyzed the TCGA Pan-Cancer data in cBioPortal 
to investigate association of p53 mutation with 

Table 1. Correlation of mutations in p53 and the 10 p53 target DNA repair genes together in human 
tumors based on TCGA-Provision datasets from cBioPortal [20, 21]
TCGA
Provisional Dataset

p53 mutation
Log2_OR Tendency p value

DRG mutation cases DRG wildtype cases
Colorectal cancer* 36.0% (552/938) 58.8% (41/114) -1.348 Mu-ex 2.82×10-6

SKCM 41.5% (33/246) 13.4% (17/41) 2.193 Co-oc 6.65×10-5

Glioma# 81.0% (306/773) 39.6% (17/21) 2.697 Co-oc 1.65×10-4

BRCA 51.6% (275/901) 30.5% (32/62) 1.280 Co-oc 6.72×10-4

ACC 54.5% (12/77) 15.6% (6/11) 2.700 Co-oc 0.008
CHOL 25.0% (5/31) 16.1% (1/4) 0.794 - 0.546
HNSC 74.5% (328/457) 71.8% (35/47) 0.198 - 0.420
Haematological malignancy* 3.8% (114/1348) 8.5% (1/26) -1.197 - 0.349
LIHC 35.0% (113/346) 32.7% (7/20) 0.151 - 0.501
LUAD 59.5% (84/193) 43.5% (22/37) 0.928 - 0.055
LUSC 73.3% (123/148) 83.1% (22/30) -0.839 - 0.158
OV 88.2% (244/277) 88.1% (30/34) 0.021 - 0.621
PRAD 20.0% (76/432) 17.6% (12/60) 0.228 - 0.381
STAD 55.9% (159/334) 47.6% (33/59) 0.482 - 0.150
UCEC 27.3% (59/209) 28.2% (9/33) -0.069 - 0.546
*Combined study as shown in method part; #TCGA, Cell 2016.
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DRG mutations and the potential of additional 
cancer types, in which mutations in p53 and 
DRGs are mutually exclusive. Consistent with 
the above analysis, p53 mutations are equally 
distributed between DRG mutation positive 
and negative cases in many human cancer 
types (Table 2; Figure S3). Most importantly,  
in addition to BRCA, SKCM, ACC, and glioma, 
we also found in BLCA and SARC that muta-
tions in p53 and DRGs are closely associated 
with each other and these DRG mutations have 
a significant (P=0.013 and 0.012 respectively) 
tendency of co-occurrence with p53 mutation. 
In THYM, there is also a trend (P=0.118) of co-
occurrence of these two types of mutations 
(Table 2; Figure S3). Mutual exclusivity of  

mutations in p53 and DRGs was still only 
observed in colorectal cancer, although in 
UCEC, there was a trend (P=0.063) of reverse 
correlation between p53 and any of these DRG 
mutations, with PMS2 mutation being signifi-
cantly (P=0.030) reversely correlated with p53 
mutation prior to multiple testing correction 
(Table 2; Figure S3).

DRG and p53 mutations increase TMB in most 
of human cancers and they commonly have 
synergistic/additive effect

To investigate if p53 mutation has a similar 
effect as DRG mutations and their combined 
effect, we analyzed the consequence of TMB 

Table 2. Correlation of mutations in p53 and the 10 p53 target DNA repair genes together in human 
tumors based on TCGA-Pan-Cancer datasets from cBioPortal [20, 21]
TCGA 
Pan-Cancer Dataset

p53 mutation
Log2_OR Tendency p value

DRG mutation cases DRG wildtype cases
Colorectal cancer 48.5% (32/66) 61.1% (281/460) -0.738 Mu-ex 0.035
SKCM 32.6% (28/86) 14.1% (39/277) 1.559 Co-oc 0.000196
GBM 77.8% (7/9) 32.0% (118/369) 2.896 Co-oc 0.007
LGG 75.0% (15/20) 47.7% (234/491) 1.720 Co-oc 0.014
Glioma 75.9% (22/29) 40.9% (352/860) 2.181 Co-oc 0.000185
BRCA 53.1% (34/64) 34.0% (317/932) 1.137 Co-oc 0.002
ACC 55.6% (5/9) 16.3% (13/80) 2.688 Co-oc 0.015
BLCA 64.5% (40/62) 48.3% (166/344) 0.963 Co-oc 0.013
SARC 78.6% (11/14) 44.4% (106/239) 2.202 Co-oc 0.012
CESC 19.0% (4/21) 8.6% (22/257) 1.330 - 0.119
ESCA 94.4% (17/18) 86.6% (142/164) 1.397 - 0.302
HNSC 67.5% (27/40) 71.5% (326/456) -0.272 - 0.355
Renal cancer 6.7% (2/30) 5.6% (37/663) 0.273 - 0.514
LAML 0.0% (0/5) 9.2% (17/185) <-3 - 0.623
DLBC 0.0% (0/3) 14.7% (5/34) <-3 - 0.638
LIHC 31.6% (6/19) 32.3% (108/334) -0.05 - 0.583
LUAD 60.0% (36/60) 51.0% (228/447) 0.527 - 0.12
LUSC 82.1% (46/56) 86.7% (358/413) -0.501 - 0.231
OV 88.4% (38/43) 92.1% (327/355) -0.62 - 0.277
PAAD 66.7% (4/6) 61.5% (104/169) 0.322 - 0.580
PRAD 20.5% (8/39) 15.8% (71/450) 0.462 - 0.283
STAD 54.2% (32/59) 48.5% (182/375) 0.33 - 0.25
MESO 66.7% (2/3) 15.2% (12/79) >3 - 0.074
PCPG 0.0% (0/2) 1.9% (3/159) <-3 - 0.963
TGCT 0.0% (0/5) 1.4% (2/139) <-3 - 0.932
THYM 33.3% (1/3) 3.3% (4/120) >3 - 0.118
THCA 0.0% (0/7) 0.6% (3/475) <-3 - 0.957
UCEC 31.2% (34/109) 39.8% (159/400) -0.541 - 0.063
UCS 100.0% (3/3) 90.6% (48/53) >3 - 0.751
UVM 0.0% (0/1) 0.0% (0/79) >3 - 1.000
-: Tendency not clear or no tendency; Co-oc: co-occurrence; Mu-ex: mutual exclusivity.
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changes in association with p53 and DRG 
mutations. We analyzed both total TMB (calcu-
lated using both silence and non-silence muta-
tion) which reflects the deficiency in certain 
DRGs, and non-silence mutations which poten-
tially produce neoantigens. We firstly analyzed 
the 10 p53 target DRGs [15]. Surprisingly, we 
found that while DRG mutation induced dra-
matic (9 fold) increase of TMB (P=2.18×10-13) 
and non-silence mutations (P=7.91×10-13) in 
colorectal cancers, p53 mutation alone did  
not increase but instead slightly decreased 
TMB (P=0.003) and decreased non-silence 
mutations (P=0.005) induced by DRG muta-
tions, suggesting that p53 did not play the 
same role as DRGs to prevent the accumula-
tion of genome-wide mutations in colorectal 
cancer cell genome (Figure 1A and 1B). 
Dramatic (>10 fold) increase of TMB and non-
silence mutations by DRG mutations, while 
slightly (low fold change) but significant 
decrease of TMB (P=0.004) and non-silence 
mutation load (P=0.007) by p53 mutation was 
also seen in uterine endometrial cancers 
(UCEC). However, in UCEC, p53 mutation did 
not prevent the increase of TMB and non-
silence mutation load induced by DRG muta-
tions in the cases with both DRG and p53 
mutations (Figure 1A and 1B). The other can-
cer types where DRGs potentially dramatically 
(>10 fold) increased TMB and non-silence 
mutation load were BRCA and PAAD, although 
the p-values were >0.05 (P=0.058 and P=0.08 
respectively) in PAAD due to limited number of 
cases with only DRG mutations. In these two 
types of cancers, p53 mutation also signifi- 
cantly increased both TMB and non-silence 
mutation load (Figure 1A and 1B).

Equally interestingly, in most of the cancers 
where p53 and DRG mutations are not mutually 
exclusive, such as CESC, HNSC, LIHC, LUAD, 
LUSC, OV, PAAD, Renal cancer, and even in 
most of cancers where p53 and DRG mutations 
showed strong co-occurrence (ACC, BLCA, 
BRCA and SKCM), both p53 and DRG muta-
tions increased TMB and non-silence muta-
tions, although the increase is not statistically 
significant in the p53 mutation alone group of 
ACC for TMB (P=0.057) and in the DRG muta-
tion alone group for both TMB and non-silence 
mutation load in LIHC (P=0.12 and 0.137 
respectively), PAAD (P=0.058 and 0.08 respec-
tively) and SKCM (P=0.063 and 0.058 respec-
tively). Moreover, except BLCA, BRCA, LUSC, 
PAAD and SARC, p53 and DRG mutations have 

synergistic or additive effect in causing global 
genomic mutations including both TMB and 
non-silence mutations.

In ESCA and gliomas, neither DRGs or p53 
mutations significantly affected TMB or non-
silence mutations, but in gliomas with both 
types of mutations there was a trend of many 
fold increase in both TMB (P=0.185) and non-
silence mutation load (P=0.132). In PRAD  
and SARC, mutations of p53 but not DRGs 
increased TMB or non-silence mutations, and 
in PRAD with both types of mutations there  
was a trend to dramatically increase (>10 fold) 
both TMB (P=0.037) and non-silence mutation 
load (P=0.066).

Overall, the effect of p53 and DRGs mutations 
on TMB and non-silence mutations varies in  
different tumor types, although in most can-
cers each of them promotes the accumulation 
of global genomic mutations, including muta-
tions that may generate neoantigens and they 
work together to further increase TMB and  
non-silence mutation load (Figure 1A and 1B).

We also analyzed the effect of mutations of 
p53 and of the 19 MMR and P53 target DRGs 
on TMB and non-silence mutations. The results 
are similar to the above by analyzing the 10 
p53 target DRG [15] mutation analysis in rela-
tion to p53 mutation, except that p53 and  
DRG double mutations induced an increase of 
TMB in CESC, glioma and renal cancer and the 
increase of non-silence mutations in CESC, gli-
oma and PRAD became significant (P<0.05); 
while DRG mutation alone induced an increase 
of TMB and non-silence mutations, both be- 
come statistically significant (P<0.05) in glio-
ma, LIHC, PAAD, PRAD and SKCM, due to 
increased number of cases with such muta-
tions. However, in OV DRG mutation alone 
group, the increase of TMB (P=0.062) and non-
silence mutation load (P=0.055) were no lon-
ger statistically significant, and in ACC p53 
mutation alone group, the increase of non-
silence mutation load did not remain statisti-
cally significant (P=0.063) (Figure S4).

Different effects of DRG and p53 mutations 
on TME immune cells and the distinguished 
DRG and p53 mutation interaction patterns 
between cancers where they are mutually ex-
clusive and co-occur

We further investigated different immune cell 
components in the tumor microenvironment 
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Figure 1. Boxplot of global mutations among four groups of samples based on p53 and the 10 DRG (p53 target) 
mutation status in each type of cancer with wilcoxon test. A. TMB (Silent and non-silent mutations/MB). B. Non-
silent mutations/MB. MB: megabase; None: without any mutation in both type of genes; Both: with mutations in 
both type of genes; TP53: with p53 mutation but not DRG mutation; DRGs: with any of the 10 DRG mutations but 
not p53 mutation.
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based on CIBERSORT deconvolution analysis of 
RNA-seq data in the tumor types where muta-
tions of p53 and the 10 p53 target DRGs are 
either mutually exclusive (colorectal cancers) or 
co-occur (ACC, BRCA, BLCA, glioma and SKCM) 
for the impact of mutations of p53 and p53 tar-
get DRGs on them. 

In colorectal cancers, mutation of DRGs alone 
correlated (significantly or with a trend) with 
increase of activated memory CD4+ T cells 
(P=0.0053), activated natural killer cells (NKs) 
(P=0.044), M1 (P=1×10-6), mono- (P=0.044) 
and total (P=0.014) macrophages, resting  
mast cells (P=0.18) and neutrophils (P=0.003); 
and decrease of plasma cells (P=0.0058), 
Tregs (P=0.037) and eosinophils (P=0.084) 
(Figure 2). Mutation of p53 alone correlated 
(significantly or with a trend) with increase  
of activated NKs (P=0.062), M0 (P=0.00032), 
M1 (P=0.028), mono- (P=0.0027) and total 
(P=0.003) macrophages, resting mast cells 
(P=0.0022) and total B cells (P=0.018); and 
decrease of activated mast cells (P=1.2×10-5), 
eosinophils (P=0.034), neutrophils (P=0.042), 
and total mast cells (P=0.0037) (Figure 2).

Mutations of both types correlated (significant-
ly or with a trend) with increase of activated 
memory CD4+ T cells (P=0.057), activated  
NKs (P=0.041), M1 (P=1.1×10-5), mono- (P= 
0.18) and total (P=0.13) macrophages and 
resting mast cells (P=0.065); and decrease of 
resting memory CD4+ T cells (P=0.19), activat-
ed dendritic cells (DCs) (P=0.061), monocytes 
(P=0.28) and eosinophils (P=0.093) (Figure 2).

While p53 and DRG mutations differentially 
correlated with the changes of certain types  
of tumor microenvironment immune cells, both 
of them had the same effect on most of the 
altered immune cells, including the increase of 
activated NKs, M1, mono- and total macro-
phages, resting mast cells; and decrease of 
eosinophils, and the effect remained the same 
when both mutations occurred. Interestingly, 
here we observed that both p53 and DRG 
mutations were generally associated with an 
increase of anti-tumor immune response [22, 
23], although they correlated with TMB 
differentially.

In ACC, where tumor immune cell infiltration is 
low, mutation of DRGs alone correlated (signifi-
cantly or with a trend) with an increase of eosin-

ophils (P=0.071) and total mast cells (P=0.25); 
and decrease of resting (P=0.11) and total 
(P=0.029) NKs (Figure S5). Mutation of p53 
alone was correlated (significantly or with a 
trend) with the increase of naïve CD4+ T cells 
(P=0.11) and M0 macrophage (P=0.097), and 
decrease of resting NKs (P=0.15), monocytes 
(P=0.07), resting (P=0.064) and total (P=0.01) 
mast cells (Figure S5).

Mutations of both types correlated (only with  
a trend but not statistically significant) with  
an increase of memory (P=0.12) and total 
(P=0.073) B cells and M0 macrophage (P= 
0.064); and decrease of activated NK (P= 
0.054), monocytes (P=0.17) and M2 macro-
phages (P=0.10). The only TME immune cells 
potentially similarly affected (decreased) by 
p53 and DRG mutations were resting NKs, but 
in cases with both p53 and DRG mutations, 
this decreased effect disappeared, indicating 
the two mutations may decrease resting NKs 
through different mechanisms which counter-
act each other when they occur at the same 
time. For total mast cells, the two types of 
mutations had opposite effects, which is neu-
tralized in cases with both types of mutation. 
The potential increase of eosinophils and 
decrease of total NK by DRG mutation and 
increase of naïve CD4+ T cells and decrease of 
resting mast cells by p53 mutation were also 
diminished by the co-occurrence of the other 
type of mutation. 

In BLCA, mutation of DRGs alone correlated 
(significantly or with a trend) with an increase  
of plasma cells (P=0.0015), CD8+ T cells 
(P=0.065), activated (P=0.044) and total (P= 
0.27) NK cells, M1 macrophages (P=0.017), 
resting DCs (P=0.16) and total lymphocytes 
(P=0.067); and a decrease of memory B cells 
(P=0.065), naïve CD4+ T cells (P=0.29), rest- 
ing NK cells (P=0.12), M0 macrophages 
(P=0.11), resting (P=0.12) and total (P=0.11) 
mast cells and eosinophils (P=0.037) (Figure 
S6). Mutation of p53 alone was correlated  
(significantly or with a trend) with the increase 
of plasma cells (P=0.062), CD8+ T cells (P= 
0.08), activated memory CD4+ T cells (P= 
0.044), resting (P=0.066) and total (P=0.031) 
NK cells, M0 (P=0.11), mono- (P=0.005), M1 
(P=7.56×10-6) and M2 (P=0.191) macrophages 
and activated mast cells (P=0.14); and a 
decrease in memory (P=0.0065) and total 
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Figure 2. Boxplot of immune cells (CIBERSORT) among four groups of cancers based on p53 and the 10 DRG (p53 
target) mutation status with wilcoxon test in colorectal cancer. None: without any mutation in both type of genes; 
Both: with mutations in both type of genes; TP53: with p53 mutation but not DRG mutation; DRGs: with any of the 
10 DRG mutations but not p53 mutation.
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(P=0.00073) B cells, naïve CD4+ T cells (P= 
0.27), Tregs (P=0.21), monocytes (P=0.016), 
resting (P=0.0035) and total (P=0.067) mast 
cells, total eosinophils (P=0.064) and lympho-
cytes (P=0.16) (Figure S6).

Mutations of both types correlated (significant-
ly or with a trend) with an increase of resting 
(P=0.033) and activated (P=0.043) memory 
CD4+ T cells, M0 (P=0.013) and M1 (P=0.092), 
M2 (P=0.13), mono- (P=0.044) and total (P= 
0.016) macrophages, resting (P=0.23) and 
total (P=0.19) NK cells, activated mast cells 
(P=0.064) and CD4+ T cells (P=0.097); and a 
decrease of naïve CD4+ T cells (P=0.053), 
monocytes (P=0.0059), resting (P=0.088) and 
total DCs (P=0.093), resting (P=0.0085) and 
total (P=0.21) mast cells and eosinophils 
(P=0.024) (Figure S6). 

Mutations of p53 and DRGs individually result-
ed in the same effect on a number of immune 
cell types, including the increase of plasma 
cells, CD8+ T cells, total NK cells and M1 mac-
rophages and a decrease of memory B cells, 
naïve CD4+ T cells, resting and total mast cells 
and eosinophils. However, the effects were 
either not additive (for increasing total NK  
cells and decreasing resting and total mast 
cells and eosinophils) or even reduced (for 
increasing plasma cells, CD8+ T cells and M1 
macrophages and decreasing memory B cells) 
in cases with both types of mutations com-
pared to their individual effects in cases with 
only one type of mutation (Figure S6). Only  
for naïve CD4+ T cells, where the individual 
decreasing effects of both p53 and DRG  
mutations were not significant (less than 1/3 
and P=0.27 and 0.29 respectively), the decr- 
ease was much more apparent (60% with 
P=0.053) in cases with both types of muta-
tions. For resting memory CD4+ T cells, while 
neither p53 nor DRG mutations had an effect, 
a significant influence (increasing the cell num-
ber) was also only found in cases with both 
types of mutations. Similar effect was also 
observed for total DCs cells. P53 and DRG 
mutations displayed an opposing effect on 
resting NK, M0 macrophages and total lympho-
cytes with p53 effect dominant in cases with 
both types of mutations (Figure S6).

In BRCA, mutation of DRGs alone correlated 
(significantly or with a trend) with an increase of 
activated memory CD4+ T cells (P=0.28), M1 

(P=0.04), M2 (P=0.075), mono- (P=0.031) and 
total (p=0.04) macrophages and total NKs 
(P=0.16); and decrease of naïve (P=0.032), 
memory (P=0.077) and total (P=0.0013) B 
cells, resting (P=0.087), activated (P=0.17)  
and total (P=0.041) mast cells (Figure S7). 
Mutation of p53 alone was correlated (signifi-
cantly or with a trend) with the increase of  
activated memory CD4+ T cells (P=2×10-13),  
follicular T helper cells (P=4.2×10-7), Tregs 
(P=7.7×10-7), resting NK (P=0.025), M0 (P= 
3.3×10-15) and M1 (P=9.06×10-20), mono- 
(P=0.00073) and total (P=1.4×10-4) macro-
phages, activated dendritic cells (P=0.021)  
and activated mast cells (P=0.06); and 
decrease of CD8+ T cells (P=0.073), mono-
cytes (P=3×10-5), M2 macrophages (7.7×10-6), 
resting dendritic cells (P=0.029), resting 
(P=9.65×10-35) and total (P=3.45×10-36) mast 
cells (Figure S7).

Mutations of both types correlated (signifi- 
cantly or with a trend) with an increase of acti-
vated memory CD4+ T cells (P=3.8×10-6), fol-
licular T-helper cells (P=1.2×10-5), Tregs (P= 
0.0043), M0 (P=0.0062) and M1 (P=5.3×10-6) 
macrophages, activated dendritic cells (P= 
0.14) and activated mast cells (P=0.12); and 
decrease M2 macrophages (P=0.0023), rest-
ing (P=4.9×10-10) and total (P=1.5×10-10) mast 
cells (Figure S7). Although the mutations of  
p53 and DRGs resulted in the same effect on  
a number of immune cell types, including the 
increase of activated memory CD4+ T cells, 
M1, mono- and total macrophages, and 
decrease of resting and total mast cells, the 
effect was generally stronger for p53 muta-
tions. These two mutation types also have their 
own effect on a few types of tumor microenvi-
ronment immune cells, and opposite effects  
on M2 macrophages and activated mast cells. 
In cases with both mutations, the effect of  
p53 mutation played a dominant role and all 
the immune cell alterations were increased/
decreased with similar levels as observed in 
cases with p53 mutation alone.

In glioma, where neither p53 nor DRG muta-
tions significantly affects TMB and tumor infil-
trating immune cells are generally rare, p53 
mutation significantly influenced most of the 
TME immune cell types and DRG mutations 
also potentially affected a number of immune 
cell subtypes, although the impact may be lim-
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ited due to limited cases of gliomas with DRG 
mutations (Figure S8). Mutation of DRGs alone 
had a trend (but none of them statistically sig-
nificant, potentially due to limited number  
of samples) of correlation with increase of 
memory B cells (P=0.13), naïve CD4+ T cells 
(P=0.24) and activated mast cells (P=0.21); 
and decrease of gamma delta T cells (P=0.19), 
M0 macrophage (P=0.24) and neutrophils 
(P=0.29) (Figure S8). Mutation of p53 alone 
was correlated (significantly or with a trend) 
with the increase of resting memory CD4+ T 
cells (P=0.055), activated NKs (P=0.052), 
monocyte (P=1.4×10-8), M2 (P=0.008) and 
mono- (P=1.4×10-5) macrophages, activated 
DCs (P=0.046), activated (P=0.003) and total 
(P=0.057) mast cells and eosinophils (P= 
0.0017); and decrease of memory (P=0.0086) 
and total (P=0.0022) B cells, CD8+ T cells 
(P=1.1×10-10), naïve CD4+ T cells (P=0.048), 
follicular T-helper (P=2.3×10-5), Tregs (P= 
1.6×10-4), resting (P=0.0047) and total (P= 
0.019) NKs, M0 (P=5.3×10-4) and M1 (P= 
3×10-4) macrophages, neutrophils (P=0.032) 
and total lymphocytes (P=1.1×10-11) (Figure 
S8).

Mutations of both types correlated (signifi- 
cantly or with a trend) with increase of M2 
(P=0.011), mono- (P=0.0027) and total (P= 
0.01) macrophages and activated mast cells 
(P=0.25); and decrease of memory (P=0.10) 
and total (P=0.014) B cells, CD8+ T cells 
(P=0.087), follicular T-helper (P=0.046), Tregs 
(P=0.085), neutrophils (P=0.046) and total 
lymphocytes (P=0.002) (Figure S8). In general, 
p53 mutation had strong impact on TME 
immune cells, which was not mediated by its 
effect on TMB, and suppressed anti-tumor 
immune response, while DRG mutations had 
limited impact on tumor infiltrating immune 
cells. The two types of mutations had similar 
effects on M0 macrophage, activated mast 
cells and neutrophils, but opposite effects on 
memory and total B cells and naïve CD4+ T 
cells, where the effect of p53 mutation was 
dominant. For total macrophages, although 
each of the two types of mutations alone did 
not have significant effects, together they 
increased macrophage infiltration. 

In SKCM, the impact of both p53 and DRG 
mutations on tumor microenvironment immune 
cells were limited. Mutation of DRGs alone cor-

related (significantly or with a trend) with 
increase of naïve B cells (P=0.16), Tregs (P= 
0.014), M1 macrophages (P=0.19), resting 
(P=0.021) and total (P=0.044) DCs; and de- 
crease of resting NKs (P=0.072) and activated 
mast cells (P=0.017) (Figure S9). Mutation of 
p53 alone was correlated (significantly or  
with a trend) with the increase of naïve (P= 
0.24) and total (P=0.14) B cells, M1 macro-
phages (P=0.025) and CD4+ T cells (P=0.13); 
and decrease of gamma delta T cells (P= 
0.09), M0 macrophage (P=0.15) and activated 
mast cells (P=0.0067) (Figure S9). Mutations  
of both types had a trend (but none of them 
statistically significant) of correlation with a 
slight increase of resting CD4+ memory T cells 
(P=0.18) and decrease of Tregs (P=0.18) 
(Figure S9). While the mutations of p53 and 
DRG potentially posed the same effect on 
increasing naïve B cells and M1 macrophages 
and decreasing activated mast cells, the 
effects were not apparent or disappeared in 
cases with both types of mutations. Most of  
the genetic effects on immune cells were ex- 
clusive to only one type of mutation and the  
co-occurrence of the other mutations dimin-
ished the effect, such as, DRG mutations 
increased Tregs, resting and total DCs and 
decreased resting NKs, and p53 mutation 
increased CD4+ T cells as well as decreased 
gamma delta T cells and M0 macrophages. 

Overall, in different tumor types, p53 and DRG 
mutations were associated with changes of  
different types of immune cells, which were not 
always correlated to TMB. There were a few 
interacting patterns between p53 and DRG 
mutations which were clearly different be- 
tween tumor types with these mutations being 
either mutually exclusive (colorectal) or co-
occurring. In colorectal cancers we observed 
generally the same effect of p53 and DRG 
mutations, which remained in both mutation 
cases without apparent synergistic/additive 
effect, supporting redundant roles. In tumor 
types where these two types of mutations  
tend to co-occur, either one type of mutation 
counteracts the effect of the other (in ACC, 
BLCA and SKCM, p53 significantly increased 
TMB and worked synergistically with DRG  
mutations) or p53 mutation had a dominant 
effect on immune cell changes (in BRCA and 
glioma) in the patient groups with both types of 
mutations.
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The impact of DRG and p53 mutations on 
overall TME immune cells in human cancers 

Next, we investigated the impact of these DRG 
and p53 mutations and their interaction on 
overall total proportion of TME immune cell 
changes. As we have analyzed above individual 
immune cell type changes for p53 target  
DRGs, and the results are similar to the 19 
MMR and p53 target DRGs, we focused our 
analysis here on the influence of all the 19 
MMR and p53 target DRGs on immune cell  
infiltration. We firstly analyzed leucocyte frac-
tion in the tumor tissue and found that in most 
of the tumor types, mutations of the 19 DRGs 
and p53 did not correlate with significant  
cancer tissue infiltrating leucocyte fraction 
changes. Mutations of the 19 DRGs alone  
significantly increased leucocyte fraction in 
colorectal cancer and UCEC, while a significant 
decrease was observed in HNSC (Figure 3). 
p53 mutation alone significantly increased  
leucocyte fraction in BRCA and OV, but signifi-
cantly decreased it in ESCA, HNSC, renal can-
cer, LUSC and STAD (Figure 3). In the p53  
mutation alone group, although TMB did not 
correlate clearly with tumor infiltrating leuco-
cyte fraction changes across the tumor types, 
in TCGA database the two squamous cancer 
types (HNSC and LUSC) are significantly associ-
ated with decreased leucocyte fraction. These 
data suggest that p53 mutation may affect leu-
cocyte fraction in a cell type or tumor content 
specific manner, but not through p53 mutation 
associated TMB or neoantigen changes. In 
cases with both DRG and p53 mutations, the 
effect on leucocyte fractions by DRGs in UCEC 
and HNSC and p53 in BRCA, HNSC, LUSC, OV 
and STAD was not reduced by the co-existence 
of the other type of mutations. In colorectal 
cancer and SKCM, DRG mutation induced leu-
cocyte fraction increase was reduced by the 
occurrence of p53 mutation, and in ESCA p53 
mutation induced leucocyte fraction decrease 
was reduced by the occurrence of DRG muta-
tions (Figure 3).

Analyzing leucocyte fractions only in the  
stromal component, the significant increase/
decrease effect of DRG and p53 mutations 
alone and in combination observed in total tis-
sue remained for BRCA, and colorectal can-
cers. In colorectal cancers, although DRG 
mutations significantly associated with in- 

creased stromal leucocyte fraction, it remain- 
ed significant in the group with both types  
of mutations despite that p53 induced signifi-
cant decrease of stromal leucocyte fraction. In 
ESCA, LUSC, OV, renal cancer and SKCM, the 
effect of DRG and p53 mutations disappeared 
(no longer remained significant). The p53  
mutation alone was significantly associated 
with decreased stromal leucocyte fraction in 
colorectal cancers, glioma, HNSC and STAD, 
and increased stromal leucocyte fraction in 
BRCA (Figure S10).

Tumor infiltrating lymphocytes (TILs) play a 
major role in anti-tumor immune response.  
Our further data analysis showed that the 
impact of DRG and p53 mutations on TILs  
were different from the overall leucocyte frac-
tions. While we found that DRG mutation alone 
also only significantly increased TILs in certain 
tumor types and never decreased TIL in any 
tumor type, the TIL increase was only statisti-
cally significant in BRCA (P=0.002) and UCEC 
(P=1.78×10-4). p53 mutation alone increased 
TIL in a number of cancer types, including  
BLCA (P=0.001), BRCA (P=1.09×10-13) and 
SKCM (P=0.025). In BLCA (P=0.002), BRCA 
(P=6.32×10-9) and UCEC (P=0.043), TILs re- 
mained significantly increased in cases with 
both DRG and p53 mutations. Consistent with 
the interacting effect of DRG and p53 muta-
tions on certain immune cell subtype and the 
total leucocyte proportion in the tumour tis-
sues, DRG mutations reduced the TIL increase 
effect of p53 mutation in SKCM (Figure 4).

Discussion

In this study we analyzed the cBioPortal/TCGA 
data for the distribution association (co-occur-
rence or mutual exclusivity) of p53 and DRG 
mutations; and the differences of TMB, non-
silence mutation load and microenvironment 
immune cells in four patient groups of p53  
and DRG mutation status (single type muta-
tions, both types of mutations and neither 
mutation) in a large number of human cancer 
types with sufficient number of cases of whole 
genome DNA and RNA sequencing data. We 
found that mutual exclusivity of p53 and DRG 
mutations is rare in human cancers and both 
types of mutations were associated with 
increased TMB and the co-occurrence of these 
two types of mutations has synergistic/additive 
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effect. Although p53 mutation is associated 
with the increase of TILs in several cancer 
types, the impact of p53 and DRG mutations 

on TME immune cells and the interaction 
between the two types of mutations are cancer 
type and immune cell type specific.

Figure 3. Boxplot of leucocyte fraction among four groups of samples based on p53 and the 19 DRG (MMRs and 
p53 target) mutation status in each type of cancer with wilcoxon test. None: without any mutation in both type of 
genes; Both: with mutations in both type of genes; TP53: with p53 mutation but not DRG mutation; DRGs: with any 
of the 19 DRG mutations but not p53 mutation.
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Figure 4. Boxplot of TIL regional fraction among four groups of samples based on p53 and the 19 DRG (MMRs and 
p53 target) mutation status in each type of cancer with wilcoxon test. None: without any mutation in both type of 
genes; Both: with mutations in both type of genes; TP53: with p53 mutation but not DRG mutation; DRGs: with any 
of the 19 DRG mutations but not p53 mutation.
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Our initial distribution analysis in human malig-
nancies revealed that different correlation pat-
terns of p53 and DRG mutations existed 
depending on tumor types. The random distri-
bution of p53 and DRG mutations in most of 
human malignancies and the tendency of co-
occurrence of them in a number of tumors  
suggest that DNA repair processes are unlikely 
to be the mediators of p53-dependent tu- 
mor suppression as previously reported [15] in 
most of human tumors. On the contrary, the 
tendency of co-occurrence of these two types 
of mutations may indicate that cooperation 
between them promote tumorigenesis in cer-
tain types of human tumors. For example, as 
p53 can activate cell senescence, apoptosis, 
cell cycle arrest and anti-tumor immunity [2, 
6-11], loss of p53 function by its mutation 
enables cancer cells with DRG mutations and 
the resulted high neoantigens to escape the 
p53-mediated tumor suppressor role.

The general consequence of DRG mutations  
is the increase of TMB [24]. As p53 has a 
genomic stability surveillance role [1], p53 
mutation also has the potential to increase 
TMB and may be mediated through the activa-
tion of DRG genes in colorectal cancers,  
where p53 and DRG mutations are mutually 
exclusive due to the functional redundancy of 
the two types of mutations in inducing TMB 
[15]. Surprisingly, p53 has no effect in in- 
creasing TMB in colorectal cancers and it sig-
nificantly reduced DRG mutation induced TMB 
rates in cases with both types of mutations. 
Therefore, the data further supports that the 
tumor suppressive role of p53 may not be  
mediated by DRG genes through their function 
of DNA repairing. Our data analysis also con-
firmed the general expectation that TMB and 
non-silent mutations were highly correlated 
across different cancers, although there were 
some slightly different results between TMB 
and non-silent mutation analysis in certain 
tumour types. However, although none of them 
significantly affected TIL abundance and they 
affected total TME immune cells differentially 
as they did on TMB and non-silence mutation 
load, our data showed that the p53 and DRG 
mutations had similar effects on most of the 
immune cell subtypes in colorectal cancers, 
and the effect seems redundant (no additive 
effect in cases with both types of mutations). 
This also suggests that DRGs may also modu-

late anti-tumor immune response through 
molecular pathways/mechanisms separating 
from their well-established function in DNA 
damage repair and prevention of the accumula-
tion of TMB, which may be shared with p53 in 
regulating certain types of immune cells. It has 
recently been reported that DRG mutations 
predict immune checkpoint inhibitor response 
beyond TMB although the mechanisms are  
not clear yet [25]. Further investigation is 
warranted.

To further investigate the role of p53 and DRG 
mutations in human cancers, we investigated 
the impact of p53 and DRG mutations alone  
or together on TMB in other human tumors. If 
their role in increasing TMB are redundant,  
we will not see synergistic/additive effect of 
increasing TMB in cases with both types of 
mutations. As expected, we observed the 
increase of TMB in cases with DRG mutations 
alone for most tumor types with sufficient 
cases with DRG mutations, except ESCA, glio-
ma and SARC. While p53 mutation also 
increased TMB in most of the cancer types, in 
the majority of these tumors p53 and DRG 
mutations had synergistic/additive effect of 
increasing TMB. Therefore, the data further 
support that in the majority of human cancers, 
the tumor suppressive role of p53 may not be 
mediated by DRG genes through their function 
of DNA repair. Although in certain human can-
cers some DRGs may mediate the tumor sup-
pressive role of p53, it is not a common p53 
pathway of action in human tumorigenesis. 

One important finding of this study is the coop-
eration of p53 and DRG mutations to synergis-
tically/additively increase TMB in many human 
tumor types, which may be explained by the 
cooperation of the well-established effects of 
DRG mutations in TMB induction and p53 
mutations in permitting the survival of high 
TMB tumor cells. In these cancers, the function 
of p53, either by the traditional role in sup-
pressing [2] or p53 promoted anti-tumor 
immune response [6-11], may prevent tumor 
cells from accumulation of genomic mutation 
independent from DRGs. In breast cancer, 
where both p53 and DRG mutations increased 
TMB and non-silence mutation load without 
additive effect, the two types of mutations 
showed strong co-occurrence. The counter-
active effect of these two types of mutation on 
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many TME immune cell types may explain the 
advantage of their co-occurrence during BRCA 
development and/or progression, by avoiding 
immune surveillance induced by TMB and  
neoantigen, which are caused by the muta-
tions. Further investigation and understand- 
ing of the counter-active effect on immune 
response may open important novel therapeu-
tic strategies. It will also be interesting in fur-
ther investigating why DRG mutation failed to 
increase TMB in glioma.

It has now been well established that the  
host immune response plays a critical role in 
tumorigenesis and cancer cell evolution [26]. 
As non-silence mutations have the potential to 
cause neoantigens and induce anti-tumor 
immune response, both p53 and DRG muta-
tions have the potential to induce anti-tumor 
immune response, either through the induction 
of neoantigens or via the immune activation 
role of p53, independent from increasing neo-
antigens [6, 7, 11, 12]. Interestingly, we found 
that in colorectal cancer where p53 and DRG 
mutations were mutually exclusive, although 
these two types of mutations did not have the 
same effect on TMB, they had similar effect on 
TME immune cell population changes without 
apparent additive effect. This finding suggests 
that certain undiscovered novel cellular path-
ways irrelevant to DNA damage repair may be 
shared by p53 and DRGs. It has been reported 
that p53 mutation increases cancer promoting 
inflammation through the activation of NF-kB 
[7]. Further mechanistic investigations are 
warranted.

Although our results of the general impact of 
p53 mutation on TILs is consistent with the pre-
vious study without considering the interaction 
of p53 and DRG mutations [9], we observed a 
different effect of p53 and DRG mutations on 
TME immune cells in a tumor type specific man-
ner. Different effects of p53 mutations and 
TMB on TME immune cells in various human 
tumors have been observed in previous studies 
[7, 10, 12]. In certain tumor types, p53 muta-
tion is associated with increased anti-tumor 
immune response [10, 27], which may selec-
tively kill cancer cells with increased TMB and 
non-silence mutation load.

Importantly, we observed various interacting 
patterns between these two types of muta-
tions, including synergistic/additive effect, 

counteracting effect and effects generated 
only when both mutations occur together while 
neither of them showed effects individually, 
depending on tumor types and immune cell 
subtypes. Mismatch repair deficiency and mic-
rosatellite instability have been developed  
as biomarkers to predict anti-PD-1/PL-L1 
immunotherapy response and it was the first 
time that the FDA approved a cancer treat- 
ment based solely on the genetic profile irre-
spective of the tumor type [28-30]. However, 
not all cancers with mismatch repair deficien-
cy/microsatellite instability respond to anti-
PD-1/PL-L1 immunotherapy and the reasons 
are not clear yet [29, 30]. We showed here  
that in several cancers including ACC, BRCA, 
glioma and SKAM, p53 mutation induced 
immune response either counteracted or  
dominated DRG mutation induced immune 
response, suggesting that p53 mutation status 
may be a critical factor to consider when using 
mismatch repair deficiency or microsatellite 
instability as a predictive biomarker for anti-
PD-1/PL-L1 immunotherapy of certain can- 
cers.

In certain tumors, we observed different effects 
of p53 and TMB mutations on immune cells 
from the previous study investigating the 
impact of p53 mutation and TMB [10]. This may 
be explained by the difference in grouping of 
tumor samples for data analysis and certain 
varying effects of DRG mutations and TMB on 
immune cells. This also further supports the 
importance of considering the interacting 
genes needed for a molecular change on 
immune response in a tumor type specific  
manner, which may be critical for the design/
selection of therapeutic strategies including 
immunotherapy. Based on our findings of p53 
and DRG mutations in influencing TME im- 
mune cells, further mechanistic investigations 
of the functions of p53 and DRGs and their 
interaction in individual tumor types are 
encouraged.

In summary, we analyzed many human tumors 
in TCGA for the distribution association (co-
occurrence or mutual exclusivity) of p53 and 
DRG mutations and their impact alone and in 
combination on TMB, potential neoantigen gen-
erating non-silence mutation load and tumor 
microenvironment immune cell changes. We 
found that in most cancer types, both p53 and 
DRG mutations are associated individually with 
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increased TMB and their role in general has a 
synergistic/additive effect instead of redun-
dant in cases where the two types of muta- 
tions co-occur. The impact of p53 and DRG 
mutations and their interaction on TMB and 
tumor microenvironment immune cells are 
complex and in a cancer type and immune cell 
subtype specific manor. p53 mutation can 
induce TME immune cell changes through  
multiple molecular pathways. While DRG muta-
tions may induce TME immune cell changes 
mainly through increasing TMB and non- 
silence mutation load, novel function of DRG 
may exist. This study provides new insights into 
the interaction of p53 and DRG mutations in 
tumorigenesis and their impact on TMB and 
immune response. The difference in associa-
tion of p53 and DRG mutation patterns and 
their role in tumorigenesis and cancer immune 
response suggest that different therapeutic 
strategies should be developed accordingly.
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Figure S1. P53 and the 10 p53 target DNA repair gene mutation distribution in human malignancies analyzed in the same way as in the publication by Janic et al. 
[15] based on cBioPortal [20, 21] data. A. Colorectal cancer (combined study); B. Hematological malignancies (combined study).
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Figure S2. Distribution of p53 and the 10 p53 target DNA repair gene mutations (excluding amplification) in human 
malignancies based on TCGA-Provision datasets from cBioPortal [20, 21] data. A. Colorectal cancer (combined 
study); B. Skin cutaneous melanoma; C. Glioma; D. Breast invasive carcinoma; E. Adrenocorticalcarcinoma; F. Chol-
angiocarcinoma; G. Head and neck squamous cell carcinoma; H. Hematological malignancies (combined study); 
I. Liver hepatocellular carcinoma; J. Lung adenocarcinoma; K. Lung squamous cell carcinoma; L. Ovarian serous 
cystadenocarcinoma; M. Prostate adenocarcinoma; N. Stomach adenocarcinoma; O. Uterine corpus endometrial 
carcinoma. DRGs: mutation in any of the 10 p53 target DNA repair genes in combination; e-n: ×10-n; OR: odd ratio; 
Mu-ex: mutual exclusivity; Co-oc: co-occurrence; Inf: Infinity. 
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Figure S3. Distribution of p53 and the 10 p53 target DNA repair gene mutations (excluding amplification) in human 
malignancies based on TCGA-Pan-Cancer datasets from cBioPortal [20, 21] data; DRGs; mutation in any of the 10 
p53 target DNA repair genes in combination.



P53 and DNA repair pathway interact to impact TMB and immune response

15 

Figure S4. Boxplot of global mutations among four group of samples based on p53 and the 19 DRG (MMRs and p53 
target) mutation status in each type of cancer with wilcoxon test. A. TMB (Silent and non-silent mutations/MB), B. 
Non-silent mutations/MB. MB: megabase. None: without any mutation in both type of genes; Both: with mutations 
in both type of genes; TP53: with p53 mutation but not DRG mutation; DRGs: with any of the 19 DRG mutations but 
not p53 mutation.
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Figure S5. Boxplot of immune cells (CIBERSORT) among four groups of cancers based on p53 and the 10 DRG 
(p53 target) mutation status with wilcoxon test in ACC. None: without any mutation in both type of genes; Both: with 
mutations in both type of genes; TP53: with p53 mutation but not DRG mutation; DRGs: with any of the 10 DRG 
mutations but not p53 mutation.
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Figure S6. Boxplot of immune cells (CIBERSORT) among four groups of cancers based on p53 and the 10 DRG (p53 
target) mutation status with wilcoxon test in BLCA. None: without any mutation in both type of genes; Both: with 
mutations in both type of genes; TP53: with p53 mutation but not DRG mutation; DRGs: with any of the 10 DRG 
mutations but not p53 mutation.
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Figure S7. Boxplot of immune cells (CIBERSORT) among four groups of cancers based on p53 and the 10 DRG (p53 
target) mutation status with wilcoxon test in BRCA. None: without any mutation in both type of genes; Both: with 
mutations in both type of genes; TP53: with p53 mutation but not DRG mutation; DRGs: with any of the 10 DRG 
mutations but not p53 mutation.



P53 and DNA repair pathway interact to impact TMB and immune response

19 

Figure S8. Boxplot of immune cells (CIBERSORT) among four group of cancers based on p53 and the 10 DRG (p53 
target) mutation status with wilcoxon test in glioma. None: without any mutation in both type of genes; Both: with 
mutations in both type of genes; TP53: with p53 mutation but not DRG mutation; DRGs: with any of the 10 DRG 
mutations but not p53 mutation.
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Figure S9. Boxplot of immune cells (CIBERSORT) among four group of cancers based on p53 and the 10 DRG (p53 
target) mutation status with wilcoxon test in SKCM. None: without any mutation in both type of genes; Both: with 
mutations in both type of genes; TP53: with p53 mutation but not DRG mutation; DRGs: with any of the 10 DRG 
mutations but not p53 mutation.
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Figure S10. Boxplot of leucocyte proportion of tumor stromal fraction among four groups of samples based on p53 
and the 19 DRG (MMRs and P53 target) mutation status in each type of cancer with wilcoxon test. None: without 
any mutation in both type of genes; Both: with mutations in both type of genes; TP53: with p53 mutation but not 
DRG mutation; DRGs: with any of the 19 DRG mutations but not p53 mutation.


