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Abstract. Immune checkpoint inhibitors (ICIs) have emerged 
as one of the most promising therapeutic options for patients 
with advanced cancer. The aim of the present study was to inves‑
tigate the prognostic value of somatic mutations in mismatch 
repair (MMR) genes in metastatic cancers after ICI treatment, 
as well as their association with tumor mutational burden 
(TMB). Information regarding gene mutations in mismatch 
repair and the survival time of patients with advanced cancer 
following ICI treatment was collected from the cBioPortal 
database. The prognostic value of somatic mutations in MMR 
genes and the association between the mutation status and 
TMB score were analyzed among multiple types of cancer. 
Somatic mutation frequency in the MMR genes was identified 
to be 7% among all patients, which varied across different types 
of cancer. Somatic mutations in the MMR genes were associ‑
ated with improved overall survival time in all tested patients 
(P=0.004). Following stratification by type of ICI treatment, a 
significant association was observed between somatic muta‑
tions in the MMR genes and overall survival time in patients 
treated with cytotoxic T‑lymphocyte‑associated protein 4 
inhibitors (P=0.01). In addition, marked but non‑significant 
association between somatic mutations in the MMR genes 
and overall survival time was revealed in patients adminis‑
tered with programmed death‑1/programmed death‑ligand‑1 
inhibitors (P=0.09). Multivariate Cox proportional hazards 
regression analysis demonstrated that somatic mutations 

in MMR genes were significantly associated with overall 
survival time (hazard ratio, 0.683; 95% confidence interval, 
0.497‑0.938; P=0.01). Patients with somatic mutations in the 
MMR genes demonstrated higher TMB compared with those 
not harboring mutations (P<0.01). The results of the present 
study suggested that somatic mutations in the MMR genes 
may be used as a prognostic marker of a positive outcome in 
patients with metastatic cancer receiving ICI treatment, since 
somatic mutations in the MMR genes may be one of the main 
factors affecting the tumor mutation load.

Introduction

Mismatch repair (MMR) deficiency (dMMR) has been used 
as a predictive biomarker to guide the clinical application 
of immune checkpoint inhibitor (ICI) therapy (1‑3). dMMR 
mainly results from germline mutations and epigenetic 
alterations in any of the MMR genes, including MutL homo‑
logue 1 (MLH1), MutS protein homologue 2 (MSH2), MutS 
homologue 6 (MSH6) and PMS1 homologue 2 (PMS2) (4). In 
addition, dMMR can be caused by deletions in the epithelial 
cell adhesion molecule (EPCAM) gene, which leads to the 
inhibition of MSH2 gene expression via promoter methyla‑
tion (5). A previous study has reported that patients with cancer 
combined with dMMR and/or high microsatellite instability 
(MSI‑H), who had no apparent germline mutations or MLH1 
promoter hypermethylation, acquired somatic mutations in 
MMR genes, leading to a hypermutated tumor phenotype (6). 
Accumulating evidence supports the use of tumor mutational 
burden (TMB) as a biomarker for predicting the therapeutic 
response in patients with advanced cancer receiving ICIs, 
including antibodies that target cytotoxic T lymphocyte 
antigen 4 (CTLA‑4) or programmed death 1/programmed 
death ligand 1 (PD‑1/PD‑L1) (7‑10). TMB is associated with 
the production of new antigens, which may trigger antitumor 
immunity  (11‑13). A number of panels created based on 
targeted sequencing technology, such as the Memorial Sloan 
Kettering‑Integrated Mutation Profiling of Actionable Cancer 
Targets (MSK‑IMPACT) panel, have been approved by the US 
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Food and Drug Administration (FDA) for the clinical evalua‑
tion of TMB (14,15).

Hypermutation ability is an important feature of tumor 
development that may lead to the production of new antigens, 
which may be the result of functional defects in DNA repair, 
including that of dMMR (16,17). Thus, it may be hypothesized 
that somatic mutations in genes associated with MMR may in 
turn affect MMR function, which may be of the underlying 
causes of the therapeutic effects exhibited by ICIs, making 
it a potential prognostic biomarker of ICI treatment. The 
Memorial Sloan Kettering Cancer Center (MSKCC) have 
disclosed their mutation data obtained from 1,661 patients 
with advanced cancer who received ICI treatment obtained by 
next generation sequencing (8), which are publicly available on 
the cBioPortal database. In the present study, these data were 
obtained with the aim of analyzing the prognostic value of 
somatic mutationsin genes involved in MMR in 1,661 patients 
with advanced cancer treated with ICIs; the potential associa‑
tion between somatic mutations in the MMR genes and TMB 
were also investigated.

Materials and methods

Data retrieval. Information regarding somatic mutations in 
genes associated with MMR and survival time in patients with 
advanced cancer who were treated with ICIs was downloaded 
from The Cancer Genome Atlas Database, an open access 
database that is publicly available at http://www.cbioportal.
org (18,19). The MSK‑IMPACT Clinical Sequencing Cohort 
(https://www.cbioportal.org/study/summary?id=tmb_
mskcc_2018) was selected as the data source, containing 
only patients with advanced cancer who were administered 
with ICIs (8), and the number of samples was 1,661. Only 
data including mutations was obtained. The queried targeted 
genes included 4 main genes associated with MMR: MLH1, 
MSH2, MSH6 and PMS2. Genomic and survival data from 
1,661 patients with various types of cancer sequenced using 
the MSK‑IMPACT assay were subsequently downloaded 
from the cBioPortal website after submitting the query' 
MLH1, MSH2, MSH6 and PMS2' in the input box. In total, 
1,661 pieces of mutation and survival data, each containing 
the mutation status of the MMR genes, survival time and the 
status of patient (deceased or censored), were downloaded and 
analyzed. The TMB score was defined as the total number of 
nonsynonymous mutations in the somatic coding region which 
was normalized to the total number of megabases sequenced.

Statistical analysis. Statistical analyses were performed using 
the SPSS (version 17.0; SPSS, Inc.) and GraphPad Prism 7 
(GraphPad Software, Inc.) software. The survival curves were 
produced using the Kaplan‑Meier method and compared using 
log‑rank tests. Overall survival (OS) data was obtained from 
the cBioPortal website. The definition of OS was the time 
between the date of first ICI treatment and the time of death or 
last follow‑up visit (8). Hazard ratios of somatic mutations in 
the MMR genes for overall survival following adjustments for 
other prognostic factors was assessed using Cox proportional 
hazards regression. Unpaired t‑test or one‑way analysis of 
variance (ANOVA) was used for comparing the TMB scores 
between different groups, and the TMB scores were expressed 

as the mean ± SD. All P‑values were two‑sided. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Somatic mutation analysis of genes associated with MMR. 
The genomic profiles of four MMR genes, specifically MLH1, 
MSH2, MSH6 and PMS2, in 1,661 patients were queried. 
Patients with any form of somatic mutations in these genes 
were assigned to the MMR mutation group. The queried genes 
were identified to be altered in 114 of the 1,661 patients; the 
total somatic mutation frequency of the MMR genes among 
all patients was 7%. Variations were observed in the somatic 
mutation frequencies of the MMR genes among different 
types of tumors (Table  I). Only patients with colorectal 
cancer possessed >20% somatic mutations. Tumors with 
somatic mutation frequencies of >7% included melanoma and 
cancer of unknown origin. Of note, patients with melanoma 
and somatic mutations in MMR exhibited superior survival 
benefits following ICI treatment in the present study.

Prognostic value of somatic mutations in the MMR genes in 
patients with metastatic cancer following ICI treatment. The 
prognostic value of somatic mutations in genes associated with 
MMR was first determined. Kaplan‑Meier survival curves 
indicated that MMR gene mutation was a positive prognostic 
factor for OS. The median OS times for patients with MMR 
gene mutations and those in the wild‑type group were 59.0 and 
17.0 months, respectively (P=0.004; Fig. 1A), and the hazard 
ratio (HR) was 0.637 (95% CI, 0.491‑0.827), which was less 
than 1.0. Since mutations in the MMR genes include delete‑
rious variants, variants of unknown significance and benign 
variants, the survival time in 114 cases were analyzed further; 
the Kaplan‑Meier survival curve demonstrated that there was 
no significant difference in the OS time among the three types 
of mutations (P=0.727; data not shown).

The prognostic value of somatic mutations in the MMR 
genes in different types of tumors was next analyzed. 
Mutations in the MMR genes were significantly associated 
with prolonged survival in patients with melanoma (P=0.010; 
Fig. 1B). In patients with colorectal and bladder cancer, the 
associations were not statistically significant, although the 
HRs were 0.608 (95% CI, 0.294‑1.256) and 0.578 (95% CI, 
0.271‑1.235), respectively (data not shown).

To confirm the prognostic value of somatic mutations in 
genes associated with MMR in patients treated with ICIs, 
Cox proportional hazards regression analysis was performed. 
The presence of somatic mutations in the MMR genes was 
demonstrated to be significantly associated with OS following 
adjustment for age, sex, ICI treatment and tumor type (Table II).

Association between somatic mutations in the MMR genes 
and TMB score. To verify whether the presence of somatic 
mutations in MMR genes may affect tumor mutation load, 
analysis of TMB scores in groups of patients with different 
mutation status of the MMR genes was performed. Among 
all 1,661 patients, the TMB score in the MMR gene muta‑
tion group was significantly higher compared with that in 
the wild‑type MMR gene group (P<0.0001; Fig. 2A). In the 
114 patients with MMR gene mutations, the difference in 
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the TMB scores among the three types of variants were not 
significant (F=0.6028; P=0.5490) (one‑way ANOVA; data not 
shown). Following stratification by type of cancer, the associa‑
tion between TMB score and MMR mutation status remained 
significant, and the TMB scores were higher in patients with 
MMR mutations, including melanoma (t=3.542; P=0.0017), 
non‑small cell lung cancer (t=2.550, P=0.0230), colorectal 
cancer (t=6.533; P<0.0001), bladder cancer (t=2.155, P=0.0490) 
and other types of cancer (t=8.080; P<0.0001) (Fig. 2B‑F). 
The other types of cancer included renal cell carcinoma, head 
and neck cancer, esophagogastric cancer, glioma and cancer 
of unknown primary origin; somatic mutations in the MMR 
genes were infrequent in these types of tumors, the data from 
these patients were combined for this analysis.

The association between somatic mutations in MMR genes 
and TMB score in patients treated with different types of ICI 

was subsequently analyzed. The TMB scores were significantly 
higher in patients with MMR mutations treated with the CTLA‑4 
inhibitor (P=0.0039), PD‑1/PD‑L1 inhibitor (P<0.0001) and a 
combination of the two drugs (P=0.0096) compared with those 
in the corresponding wild‑type groups (Fig. 3).

Co‑mutation analysis of the MMR genes and other genes with 
the highest frequency. To clarify the reasons for the presence of 
somatic mutations in the MMR genesis associating with TMB, 
the profiles of genes with the high frequency of mutations along‑
side those of MMR were screened. A total of 286 genes were 
identified to be significantly co‑mutated with somatic mutations 
in the MMR genes. Compared with those in the wild‑type 
group, the top 10 gene mutation frequencies in the MMR gene 
mutation group were significantly increased (Table III).

Discussion

The application of ICIs has been beneficial to the survival 
of patients with tumors of certain molecular phenotypes, 
including tumors with MMR or a high TMB. Compared 
with patients with advanced cancer with a low TMB, a 
retrospective large‑sample clinical study from the MSKCC 
has confirmed that patients with a high TMB were more 
likely to benefit from ICI treatment (8). In the present study, 
to clarify whether somatic mutations in the MMR genes may 

Table I. Total somatic mutation frequency of MMR genes across different types of tumors.

Type	 CC	 CUP	 M 	 BLC	 NSCLC	 HNC 	 Glioma 	 EC	 BC	 RCC	 SCNM

Mutation frequency, %	 21.82	 7.95	 7.5	 6.98	 4.86	 6.47	 5.13	 4.76	 4.54	 1.99	 100

MMR, mismatch repair; NSCLC, non‑small cell lung cancer; M, melanoma; BLC, bladder cancer; RCC, renal cell carcinoma; HNC, head 
and neck cancer; EC, esophagogastric cancer; CC, colorectal cancer; CUP, cancer of unknown primary origin; BC, breast cancer; SCNM, skin 
cancer non‑melanoma.

Table II. Hazard ratios for overall survival analysis.

Variable	 HR	 95% CI	 P‑value

Mutation status of MMR 
genes 
  Wild‑type (reference)	 1
  Mutation	 0.683	 0.497‑0.938	 0.018a

Treatment			   0.001a

  CTLA‑4 (reference)	 1
  PD‑1/PDL‑1	 1.423	 0.999‑2.025	 0.050
  Combination	 1.528	 1.219‑1.914	 <0.001a

Age			   0.035a

  <30	 1
  31‑50	 0.871	 0.582‑1.304	 0.502
  51‑60	 0.648	 0.435‑0.966	 0.033a

  61‑70	 0.708	 0.476‑1.052	 0.087
  >71	 0.725	 0.484‑1.087	 0.120
Tumor type			   <0.001a

  Other (reference)	 1
  Bladder cancer 	 0.901	 0.628‑1.294	 0.574
  Colorectal cancer	 0.575	 0.427‑0.774	 <0.001a

  Melanoma	 1.305	 1.025‑1.661	 0.031a

  Non‑small lung cancer	 1.078	 0.854‑1.361	 0.529

aP<0.05. MMR, mismatch repair; HR, hazard ratio; CI, confidence 
interval; CTLA‑4, cytotoxic T lymphocyte antigen 4; PD‑1/PD‑L1, 
programmed death 1/programmed death ligand 1.

Table III. Top 10 genes with the highest frequency between the 
MMR gene mutation and wild‑type groups.

	 Mutation frequency, %
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene	 MMR mutation	 MMR wild‑type	 P‑value

KMT2D	 50.00	 11.57	 1.50x10‑21

NOTCH1	 31.58	 4.85	 1.88x10‑17

CREBBP	 28.95	 4.72	 2.39x10‑15

RNF43	 21.05	 2.33	 5.23x10‑14

NOTCH3	 25.44	 4.14	 1.68x10‑13

KMT2C	 33.33	 8.08	 4.16x10‑13

ARID1B	 23.68	 3.62	 4.27x10‑13

ARID1A	 35.96	 9.63	 5.92x10‑13

PTPRS	 22.81	 3.36	 6.55x10‑13

GLI1	 23.40	 2.83	 1.64x10‑12

MMR, mismatch repair.
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be applied as a prognostic marker for patients receiving ICI 
treatment, relevant clinical and genomic data from the same 
cohort of patients treated with ICI were downloaded from the 
cBioPortal database. The association between the presence of 
somatic mutations in MMR genes and OS was analyzed, and 
the results demonstrated that somatic MMR gene mutations 
were significantly associated with improved OS in all patients 
with cancer, especially those with melanoma, compared with 
those with wild‑type MMR genes. In addition, the TMB score 
was also found to be significantly higher in patients with MMR 
gene mutations compared with that in patients without MMR 
gene mutations. Somatic mutations in the MMR genes include 
three types of mutation variants, which are deleterious vari‑
ants, variants of unknown significance and benign variants. It 
was demonstrated that there was no significant difference in 
the total survival times and the TMB scores among the three 
types of mutation variants.

The MMR system is mainly composed of four specific 
DNA MMR enzymes encoded by MLH1, PMS2, MSH2 and 
MSH6, the main function of which is to identify and repair 
mismatched bases during DNA replication. dMMR leads to 
microsatellite instability, susceptibility to cancer, accumulation 
of mutation burden of cancer‑associated genes and the produc‑
tion of neoantigens, thus increasing the antitumor immune 
response. dMMR has been used as a potential biomarker 
inpredicting the responses of patients with solid tumors to ICIs, 
irrespective of cancer type (2,20). dMMR mainly result from 
germline mutations, transcriptional inactivation of the afore‑
mentioned MMR genes through epigenetic alterations (21,22), 
deletions in the EPCAM gene, leading to the constitutive 
repression of MSH2 expression by promoter methylation (5), 
or inflammation‑mediated transcriptional repression  (23). 
FDA has approved the use of a PD‑1 antibody for the treatment 
of adult and pediatric patients with unresectable or metastatic 

Figure 2. Association between the occurrence of somatic mutations in genes associated with MMR and TMB scores in patients with different types of cancer. 
(A‑F) The TMB score in patients with somatic mutations in the MMR genes was significantly higher compared with that in the wild‑type group (A) in all 
patients and (B) in melanoma (C) in colorectal cancer (D) in bladder cancer (E) in NSCLC and (F) in other types of cancer across most types of cancer. 
*P<0.0001, **P<0.01. MMR, mismatch repair; TMB, tumor mutational burden.

Figure 1. Association between the occurrence of somatic mutations in genes associated with MMR and patient survival. (A and B) Kaplan‑Meier survival 
curves demonstrated that the presence of somatic mutations in MMR genes was associated with longer survival (A) in the entire cohort and (B) in patients with 
melanoma. MMR, mismatch repair.
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solid tumors with MSI‑H or dMMR (1). Since mutations in the 
MLH1, MSH2, MSH6 and PMS2 genes appear to be the main 
causes of functional defects in MMR proteins (20), these four 
genes were selected for analysis in the present study. As showed 
in Table I, patients with colorectal cancer possessed >20% 
somatic mutations. Tumors with somatic mutation frequencies 
of >7% included melanoma and cancer of unknown origin. Of 
note, patients with somatic mutations of MMR in melanoma 
exhibited superior survival benefits following ICI treatment in 
the present study.

A previous study reported that although a number of 
patients with tumors with dMMR did not harbor germline 
mutations in the MMR genes, ~70% of them had somatic 
mutations in genes associated with the MMR genes  (6), 
suggesting this to be a potential cause of MSI‑H or high 
TMB. Therefore, it may be hypothesized that somatic muta‑
tions in the MMR genes may serve as a novel prognostic 
biomarker for the outcome of ICI treatment. The present 
study demonstrated that the occurrence of somatic mutations 
in the MMR genes had a similar effect as TMB predicting 
the outcome of ICI treatment; it was not only associated with 
longer OS times in all patients treated with ICIs, but also in 
those with melanoma. Cox proportional hazards regression 
analysis revealed that somatic mutations in the MMR genes 
may serve as a prognostic indictor for longer OS in patients 
with cancer following ICI treatment. In addition to dMMR, 
MSI‑H and high TMB scores being good predictors of ICI 
efficacy, the association between somatic mutations in genes 
associated with MMR and ICI efficacy may provide a new 
method for exploring the mechanism underlying the effects 
of dMMR on the efficacy of ICIs.

Somatic mutations in the MMR genes may be partly caused 
by dMMR due to the mismatched genes not being repaired 
in time, in turn increasing the TMB and tumor immunoge‑
nicity (6). The results of the present study demonstrated that 
somatic mutations in the MMR genes were associated with 
the TMB score. Following analysis of the entire cohort or in 
the stratified categories of patients with tumors treated with 
ICIs, the TMB score was revealed to be significantly higher 
in the group with MMR gene mutations compared with that 
in the wild‑type group. This association remained significant 
in the different ICI treatment groups, suggesting that somatic 
mutations in the MMR genes may serve as a prognostic marker 
for the ICI treatments.

In addition to MMR, other types of DNA damage 
repair/response are also important for maintaining genomic 
integrity under normal cellular conditions  (24). Failure to 
repair DNA damage can also result in a variety of genomic 
aberrations, leading to increased mutational load and neoan‑
tigen burden (25). However, this was beyond the scope of the 
present study and requires further analysis.

In the present study, a total of 286 genes were identified 
to be co‑mutated with the MMR genes, which may be the 
result of dMMR. These co‑mutations may be the underlying 
cause of the effects of MMR gene mutations on the TMB 
score. New antigens may be produced from the genetic 
mutations, which need to be further verified (11,26). In the 
present study, the top 10 genes with the highest frequencies 
of mutation associated with MMR gene mutations have been 
listed in Table III. Histone‑lysine N‑methyltransferase 2D 
(KMT2D), belonging to a family of mammalian histone H3 
lysine 4 (H3K4) methyltransferases, is frequently mutated 
in developmental diseases, such as in various forms of 
cancer  (27). A study showed that ARID1A (the AT‑rich 
interaction domain 1A, also known as BAF250a), KMT2D 
and SOX9 is sufficient to detect mismatch repair‑deficient 
colorectal adenocarcinomas with 76% sensitivity and 98% 
specificity  (28). ARID1A is one of the most commonly 
mutated genes in cancer, and its deficiency is correlated 
with microsatellite instability and increased mutation load 
across multiple human cancer types (29). Notch1 inhibition 
reduces immune‑suppressive cells. The inhibition of Notch1 
improves the antitumor activity of nivolumab and ipilim‑
umab, particularly when given in combination  (30). One 
gene implicated in ALL relapse encodes cyclic adenosine 
monophosphate (cAMP) response element binding protein 
(CREB) binding protein (CREBBP/CBP), a member of the 
KAT3 family of histone acetyltransferases (HAT). CREBBP 
knockdown enhances RAS/RAF/MEK/ERK signaling in 
Ras pathway mutated acute lymphoblastic leukemia but does 
not modulate chemotherapeutic response (31). Mutation of 
ARID1A and CREBBP may be poor prognostic factors for 
follicular lymphoma receiving immunochemotherapy (32). 
Genomic alteration frequency of ring finger protein 43 
(RNF43) are higher in PD‑L1‑positive patients with biliary 
tract cancer (BTC) compared with PD‑L1‑negative patients, 
which suggest that mutation status of RNF43 may be a poor 
prognostic factor for BTC receiving immunotherapy (33). 

Figure 3. Association between the occurrence of somatic mutations in genes associated with MMR and TMB scores in patients treated with different types of 
immune checkpoint inhibitors. (A‑C) The TMB scores were higher in patients with MMR gene mutations in patients treated with (A) the CTLA‑4 inhibitor, 
(B) the PD‑1/PDL‑1 inhibitor and (C) a two‑drug combination. *P<0.0001, **P<0.01. MMR, mismatch repair; TMB, tumor mutational burden; CTLA‑4, 
cytotoxic T lymphocyte antigen 4; PD‑1, programmed death 1; PD‑L1, programmed death‑ligand 1.
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Treg cell expansion requires Notch3 signaling, which imply 
that the mutation status of Notch3 may affect the function 
of Treg cells (34). NOTCH1/2 and KMT2C/D were the most 
frequently mutated genes in recurrent or metastatic skin 
squamous cell cancer (35). PTPRS, a receptor‑type protein 
tyrosine phosphatase, appears to regulate RAS pathway acti‑
vation through ERK. Native mutations in PTPRS, may reduce 
its phosphatase activity while increasing ERK activation and 
downstream transcriptional signaling  (36). Glioma onco‑
gene homolog 1 (GLI1) is an oncogenic transcription factor 
playing important roles in cancer. Patients with GLI1 activa‑
tion and breast tumors had worse metastasis‑free survival 
compared with those with low levels (37). The association 
between the aforementioned gene variants and the efficacy 
of immunologic checkpoint inhibitors is not clear and needs 
to be further verified. However, the role of these mutated 
genes in MMR and the possible underlying mechanisms in 
regulating the efficacy of ICIs remain to be fully elucidated.

In the present study, the effects of chemotherapy and radio‑
therapy on the dMMR involvement in predicting the efficacy 
of ICIs were not examined. The majority of patients with 
advanced cancer receive multiple courses of radiotherapy and 
chemotherapy, which may affect the increase in TMB and the 
efficacy of ICIs; this requires further exploration.

In a conclusion, the results of the present study suggested 
that somatic mutations in the MMR genes may be used as a 
prognostic marker of a positive outcome in patients with meta‑
static cancer receiving ICI treatment; since somatic mutations 
in the MMR genes may be one of the main factors affecting 
the tumor mutation load.
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