
Page 1 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(2):129 | http://dx.doi.org/10.21037/atm-20-7553

Distinctive genomic characteristics in POLE/POLD1-mutant 
cancers can potentially predict beneficial clinical outcomes in 
patients who receive immune checkpoint inhibitor 

Junjun He1#, Wei Ouyang2#, Wugan Zhao3#, Lin Shao4, Bing Li4, Bihao Liu5, Dejuan Wang5, Han Han-Zhang4, 
Zhou Zhang4, Liang Shao4, Wencai Li3

1Key Laboratory of Pancreatic Disease Research of Zhejiang Province, First Affiliated Hospital of Zhejiang University School of Medicine, 

Hangzhou, China; 2Department of Oncology, Zhuzhou Central Hospital, Xiangya School of Medicine, Central South University, Zhuzhou, China; 
3Department of Pathology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China; 4Burning Rock Biotech, Guangzhou, China; 
5Department of Urology, The Sixth Affiliated Hospital of Sun Yat-sen University, Guangzhou, China 

Contributions: (I) Conception and design: J He, W Li; (II) Administrative support: W Ouyang, W Zhao, L Shao; (III) Provision of study materials or 

patients: J He, W Ouyang, W Zhao, B Liu, D Wang; (IV) Collection and assembly of data: J He, W Ouyang, W Zhao, B Liu; (V) Data analysis and 

interpretation: L Shao, B Li, H Han-Zhang, Z Zhang; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.
#These authors contributed equally to this work. 

Correspondence to: Wencai Li, MD. Department of Pathology, The First Affiliated Hospital of Zhengzhou University, 1 East Jianshe Road, District 27, 

Zhengzhou 450052, China. Email: liwencai@zzu.edu.cn.

Background: Mutations in POLE /POLD1 proofreading domain can cause deficiencies in DNA repair, 
conferring ultramutated cancer phenotypes. Preliminary clinical studies have revealed an association between 
POLE/POLD1 mutations and beneficial clinical outcomes to immune checkpoint inhibitor (ICI) therapy 
This study aims to investigate the genomic characteristics of POLE/POLD-mutant tumors and the prognostic 
value of POLE/POLD mutation for ICI treatment.
Methods: Genomic data of 21,074 patients with 23 cancer types were retrieved from Burning Rock 
variant database (BR VarDB). The prevalence and spectra of POLE and POLD1 mutations were assessed 
and compared with that in The Cancer Genome Atlas (TCGA) samples. The correlations of POLE/POLD1 
mutation with tumor mutational burden (TMB) and microsatellite instability (MSI) were investigated. The 
prognostic value of POLE/POLD1 mutations was also explored in 2,487 ICI-treated patients from published 
studies. 
Results: BR VarDB samples displayed a similar mutational prevalence of POLE (3.2% vs. 3.2%) and 
POLD1 (1.4% vs. 1.6%, P=0.248) versus TCGA samples, but a slightly lower frequency of POLE and POLD1 
co-mutations (0.21% vs. 0.43%, P<0.001). POLE/POLD1-mutant tumors harbored increased TCT→TAT 
and TCG→TTG transversions, and genomic signatures associated with DNA mismatch repair (MMR) 
deficiency and ultra-hypermuation. Furthermore, tumors with POLE/POLD1 proofreading mutation showed 
a significantly higher TMB than tumors with non-proofreading mutations (P<0.01), although both possessed 
a higher TMB than POLE/POLD1 wild-type (WT) tumors (P<0.0001 and P<0.0001, respectively). MSI was 
commonly observed in tumors harboring dominant clone of POLE/POLD1 mutation (10.2%), but occurred 
rarely in POLE/POLD1 WT tumors (0.5%) and tumors with accumulating sub-cloned POLE/POLD1 
mutation (0%). Survival analysis revealed that POLE/POLD1 mutation was not independently correlated 
with longer survival after adjusting for TMB and other factors (HR =0.86, P=0.372). However, patients 
harboring POLE/POLD1 mutation demonstrated a higher response rate than patients with POLE/ POLD1 
WT tumors (35.2% vs. 19.6%, P=0.0165). 
Conclusions: We delineated distinctive genomic characteristics in POLE/POLD1-mutant tumors, 
suggesting the potential predictive role of POLE/POLD1 mutations, especially those in the proofreading 
domain, for beneficial outcomes of immunotherapy. Our results also suggest that MSI caused by a loss-
of-function mutation in the MMR pathway tends to result from POLE/POLD1 proofreading deficiency in 
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Introduction

The recent clinical success of immune checkpoint inhibitors 
(ICIs) has paved an entirely new avenue for cancer treatment. 
To date, numerous ICI agents have been approved to 
treat a variety of tumors (1). Despite ICIs representing a 
significant breakthrough in cancer therapy, there are still 
several challenges that limit their application (2-5), including 
the failure of most recipients to respond to treatment. 
Biomarkers, such as the expression of programmed death-
ligand 1 (PD-L1), high microsatellite instability (MSI-H), 
and tumor mutational burden (TMB) have shown promising 
value for predicting the prognosis of ICI-treated patients and 
have been explored extensively (6-9). However, discrepancies 
exist between different studies. 

High fidelity of DNA replication in eukaryotes, the 
prerequisite for preventing mutagenesis and tumor 
formation, is attributable to the combination of highly 
accurate DNA replication and exonuclease proofreading by 
the DNA polymerases Polδ and Polε, and post-replication 
correction by the DNA mismatch repair (MMR) system 
(10). The POLE and POLD1 genes encode the major 
catalytic and proofreading subunits of the Polε and Polδ 
enzyme complexes, respectively. DNA-repair deficiencies 
resulting from germline or somatic mutations in the POLE/
POLD1 exonuclease (A.K.A. proofreading) domain have 
been shown to contribute to remarkably ultramutated 
phenotypes in endometrial and colorectal cancers (11-
14). The most common POLE mutations identified in 
tumor genome include P286R/H, V411L and S459F; 
whereas very few somatic POLD1 mutations have been 
found (15,16). It has been reported that 1–3% of colorectal 
cancers and approximately 7% of endometrial cancers 
harbored POLE mutation (12,17). Preliminary clinical 
studies have also revealed the association between POLE/
POLD1 proofreading mutations and beneficial clinical 
outcomes to ICI therapy in endometrial cancer (18), non-
small cell lung cancer (19), colorectal cancer (20), and 

cervical carcinosarcoma (21). A recent study investigated 
the prevalence of POLE/POLD1 mutations across 
multiple cancer types in of 47,721 patients from cBioPortal 
database and demonstrated a potential predictive value of 
POLE/POLD1 mutations for positive outcomes to ICI  
treatment (22). However, functional evidences have been 
reported for only a small number of hotspot mutations in or 
close to the proofreading domains of POLE and POLD1; 
thus, the effects of the non-hotspot mutations on TMB and 
clinical outcomes remain elusive (23).

Tumors with deficient MMR function often present with 
a high frequency of insertion/deletion in short repetitive 
sequences in the genome, which is known as microsatellite 
instability (MSI) event. MSI occurs in approximately 
15% of sporadic colorectal cancers (24), and also has been 
observed in endometrial, ovarian, stomach and urinary tract 
cancers (25). POLE/POLD1-mutated cancers are primarily 
microsatellite stable (MSS) (26,27), probably because cells 
cannot sustain an excessive accumulation of mutations 
caused by the simultaneous loss of proofreading and MMR 
functions (28,29). However, recent studies revealed that 
a subset of POLE-mutated endometrial and colorectal 
cancers also display MSI-H (30,31). How POLE/POLD1 
proofreading and MMR deficiencies interact and drive 
hypermutation in such cancers has not been well-elucidated 
and merits further exploration.

In the present study, we retrieved the genomic data 
of 21,074 patients with various cancers from an in-house 
database, with the aim of investigating the prevalence 
and spectra of POLE and POLD1 mutations, and their 
correlation with TMB and MSI in Chinese population. We 
also explored their prognostic value for ICI treatment and 
association with tumor immune infiltration by extracting 
and re-analyzing data from published studies. 

We present the following article in accordance with the 
MDAR checklist (available at http://dx.doi.org/10.21037/
atm-20-7553).

POLE/POLD1-mutant tumors with MSI.
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Methods 

Study design, patients, and samples 

The study design is detailed in Figure S1. The genomic 
data of 21,074 Chinese patients with 23 types of cancers 
were retrieved from the Burning Rock variant database (BR 
VarDB). Cancers included lung cancer (66.9%), colorectal 
cancer (11.0%), breast cancer (5.3%), gastric cancer 
(2.7%), ovarian cancer (1.5%), sarcoma (1.1%), liver cancer 
(0.9%), pancreatic cancer (0.8%), cervical cancer (0.7%), 
esophageal cancer (0.7%), head-neck cancer (0.7%), kidney 
cancer (0.6%), endometrial cancer (0.5%), biliary duct 
cancer (0.5%), melanoma (0.3%), gallbladder cancer (0.3%), 
prostate cancer (0.3%), GIST (0.3%), bladder cancer 
(0.2%), glioma (0.2%), thyroid cancer (0.1%), lymphoma 
(0.04%), and ureteral cancer (0.02%) (Figure S2A). 

Samples were derived from participating hospitals and 
had been sequenced with one of the following panels 
(Burning Rock, Guangzhou, China): OncoScreen Plus 
(520 cancer-related genes and MSI loci), ColonCore 
(36 colorectal cancer-related genes and MSI loci), or 
LungPlasma (168 lung cancer-related genes) in a Clinical 
Laboratory Improvement Amendments (CLIA)/CAP-
certified laboratory. The three panels have identical 
coverage for POLD1/POLE. Plasma samples with a 
maximum allele frequency (max AF) <0.5% were excluded. 
A total of 21,074 samples (1 from each patient), including 
11,380 tumor tissue, 8,640 plasma, 843 pleural fluid, and 
211 cerebrospinal fluid samples, were retained for further 
analysis. Detailed characteristics of the BR VarDB samples 
are shown in Figure S2. Additionally, POLE and POLD1 
mutational data from 10,967 samples spanning 16 cancer 
types were obtained from The Cancer Genome Atlas 
(TCGA) database for comparison (https://www.cancer.gov/
tcga). TMB was evaluated for 11,801 BR VarDB samples 
sequenced with the OncoScreen Plus panel, and MSI 
status was determined for 13,487 samples sequenced by the 
OncoScreen Plus or ColonCore panel. Subsequently, the 
associations of POLE/POLD1 mutation with TMB and 
MSI status were assessed. 

The mutational profiles and clinical outcomes of 2,911 
patients who received treatment with ICIs were retrieved 
from published data (1,910 pan-cancers (32,33), 429 
NSCLCs (NCT01903993& (NCT02008227) (34), and 
148 melanomas (35,36). The associations between POLE/
POLD1 mutations and clinical outcomes including overall 
survival (OS) and overall response rate (ORR) were analyzed. 

The study was conducted in accordance with the 

Declaration of Helsinki (as revised in 2013). The study was 
approved by the institutional review board (IRB) of The First 
Affiliated Hospital of Zhengzhou University. Informed consent 
was not required due to the retrospective nature of the study.

Variant calling and mutational signature characterization

FASTQ format data were mapped to the reference human genome 
(hg19) using the Burrows-Wheeler Aligner v.0.7.10 (37) with 
default parameters. The Genome Analysis Tool Kit v.3.2 (38)  
and VarScan v.2.4.3 (39) were used for local alignment 
optimization, duplication marking, and variant calling. 
Base calling required at least 8 supporting reads for single 
nucleotide variations and 2 and 5 supporting reads for 
insertion-deletion variations, respectively. Variants with a 
depth <100 or population frequency >0.1% in the databases 
(ExAC, 1,000 Genomes, dbSNP, or ESP6500SI-V2) 
were filtered out and excluded from further analysis. The 
remaining variants were annotated with ANNOVAR (2016-
02-01 release) (40) and SnpEff v.3.6 (41). DNA translocation 
analysis was performed using Factera v.1.4.3 (42). The 
copy number variation (CNV) was called with an in-house 
algorithm based on sequencing depth. COSMIC-reported 
mutational signatures in the tumor genome were quantified 
using the MuSiCa tool (http://bioinfo.ciberehd.org/
GPtoCRC/en/tools.html) (43). 

Assessment of TMB and MSI

TMB was computed for each patient as the ratio between 
the total number of nonsynonymous mutations detected 
with the total size of the coding region of the panel using 
the formula below. Mutations occurring on the kinase 
domain of epidermal growth factor receptor (EGFR) or 
anaplastic lymphoma kinase (ALK) were excluded from the 
mutation count. 

( ) mutation count except for copy number variati ons and fusion
TMB=

total size of coding region counted

The MSI status was determined based on a read-
count distribution approach previously described (44). 
Briefly, each microsatellite locus was characterized with 
the coverage ratio of a specific set of repeat lengths and 
categorized as unstable if the coverage ratio was less than 
[mean − 3 × SD] of the reference ratio. A tumor sample 
was determined as MSI-H if more than 40% of the marker 
loci were length-instable, MSS if the percentage of length-
instable loci were <15%, or MSI-L for if the percentage was 
between 15% and 40%.

https://cdn.amegroups.cn/static/public/ATM-20-7553-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-20-7553-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-20-7553-supplementary.pdf
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Statistical analysis 

Statistical analysis was performed using R version 3.3.3 
software (Lucent Technologies, New Jersey, USA). Differences 
between POLE/POLD1 mutant and wildtype groups were 
calculated and presented using Fisher’s exact test, paired two-
tailed Student’s t-test, or analysis of variance, as appropriate. 
Kaplan-Meier analysis was performed to estimate survival 
functions, and differences in the survival curves between 
groups were determined using the log-rank test. Cox 
multivariate proportional-hazards analysis was carried out 
to investigated potential predictors of survival. A P value of 
P<0.05 was considered to be statistically significant. 

Results

The prevalence and spectra of POLE and POLD1 
mutations 

First, the prevalence of POLE and POLD1 mutations was 
compared between samples from BR VarDB and the TCGA 

database. All 16 TCGA cancer types were included in the 
BR VarDB. POLE/POLD1 mutation(s) were detected 
in 4.4% of the BR VarDB samples compared to 4.35% 
of samples from the TCGA database (P=0.845). POLE 
was mutated in 3.2% of tumors in both the BR VarDB 
and TCGA datasets, while POLD1 mutation was present 
in 1.4% and 1.6% of BR VarDB and TCGA tumors, 
respectively (P=0.248). POLE and POLD1 co-mutation was 
slightly more common among TCGA tumors than in BR 
VarDB tumors (0.43% vs. 0.21%, P<0.001). In BR VarDB 
samples, POLE / POLD1 mutations were most commonly 
seen in cancers of the endometrium (10.1%), colorectum 
(8.3%), cervix (5.9%), esophagus (4.8%), and ovary (4.2%) 
(Figure 1), whereas POLE/POLD1 mutations exhibited the 
highest frequency in endometrial cancer (19.1%), melanoma 
(12.3%), stomach adenocarcinoma (9.1%), colorectal cancer 
(8.8%), and lung cancer (6.4%) in the TCGA dataset. 
Compared with TCGA, the BR VarDB dataset showed 
significantly lower rates of POLE/POLD1 mutations in 
endometrial cancer (P=0.031), stomach adenocarcinoma 

Figure 1 The prevalence of POLE/POLD1 mutations in different cancers. Only SNV and small indels were included. Fisher’s exact test was 
used to examine the difference in the prevalence between the TCGA and Burning Rock databases. *P <0.05, **P<0.01, ***P<0.001. SNV, 
single neucleotide variant; TCGA, The Cancer Genome Atlas; GIST, gastrointestinal stromal tumor 
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Figure 2 The spectra of POLE and POLD1 mutations. (A) POLE; (B) POLD1. DNA-pol_B-exo, DNA polymerase exonuclease domain.

B

A

(P<0.001), lung cancer (P<0.001), and melanoma (P<0.001) 
but a higher rate of the mutations in ovarian cancer (P<0.01). 

Next, we explored the spectra of POLE and POLD1 
mutations identified in the BR VarDB. Of the 670 POLE 
mutations 78.5% were missense, and 11%, 5.2%, 4.3%, and 
0.9% were splicing, frameshift, stop-gained variants, and 
in-frame indel mutations, respectively. Of the 331 POLD1 
mutations 81.9%, 5.7%, 8.8%, and 3.0% were missense, 
splicing, frameshift, and stop-gained mutations, respectively. 
Of the 928 POLE/POLD1 mutation types in total, 130 and 
798 were in the proofreading and non-proofreading domain, 
respectively. The mutation rates of POLE (proof vs. non-
proof: 0.28 vs. 0.32 mut/aa, P=0.82) and POLD1 (proof vs. 
non-proof: 0.34 vs. 0.39 mut/aa, P=0.79) were comparable 
in the proofreading domain versus the non-proofreading 
domain. p.M820L was the most commonly occurring 
mutation in POLE across all cancer types (n=16), as well as 
in lung cancer (n=13), followed by P286R/T (n=7), E18K/
Q (n=5), and K1550fs (n=5) (Figure 2A). p. D987fs/N (n=10) 
was the hotspot mutation observed in POLD1 (Figure 2B). 

The distinctive mutational signatures in POLE/POLD1-
mutated tumors

To obtain a deeper insight into the distinct mechanism 

of mutations in the genome of POLE/POLD1-mutated 
tumors, we compared the mutational signatures of POLE/
POLD1-mutated and POLE/POLD1 wild-type (WT) 
tumors. First, we incorporated the sequence context in 
which substitution mutation occurred, by considering the 
bases 5’-and 3’-flanking to each mutated base (Figure 3A). 
Six types of base substitution and 16 possible sequence 
contexts for each mutated base generated 96 possible 
mutated trinucleotides. The two groups displayed similar 
patterns of contexts with some subtle differences. POLE/
POLD1-mutated tumors harbored more TCT→TAT 
and TCG→TTG transversions than POLE/POLD1 WT 
tumors, which manifested as a distinctive missense and 
truncation mutational pattern in oncoproteins and tumor 
suppressors (27). POLE/POLD1-mutated tumors also had 
fewer CTG→CGG and TCA→TTA transversions than 
POLE/POLD1 WT tumors. 

Next, we interrogated COSMIC-reported mutational 
signatures that had been well deciphered to correlate with 
specific mutational processes (Figure 3B). The signatures 
of tumors with POLE/POLD1-mutations were more 
predominantly associated with DNA MMR deficiency 
and ultra-hypermuation than those of POLE/POLD1 
WT tumors. In contrast, the mutational signature of 
homologous recombination deficiency was only enriched in 
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Figure 3 The mutational signatures of POLE/POLD1-mutated tumors and POLE/POLD1-wild-type tumors. (A) The distribution of 96 
substitution classifications defined by the substitution class and sequence context immediately 3’- and 5’- to the mutated base. (B) The 
COSMIC-reported mutational signatures detected inPOLE/POLD1-mutated and POLE/POLD1-wild-type tumors. DSMR, DNA double-
strand breaks repair; MMR, mismatch repair; INDEL, insertion and deletion.

BA

POLE/POLD1 WT tumors, which also exhibited elevation 
of signatures associated with age and smoking. 

POLE/POLD1 mutation affected TMB and MSI status in 
tumors

Next, we investigated the correlation of POLE/POLD1 
mutation with TMB. Tumors were classified into three 
groups based on the presence and location of the POLE/
POLD1 mutation (Figure 4A). Tumors with a proofreading 
mutation in POLE/POLD1 had a significantly higher TMB 
than tumors with non-proofreading mutations (P<0.01), and 
both possessed a higher TMB than POLE/POLD1 WT 
tumors (P<0.0001 and P<0.0001, respectively). The same 
tendency was observed in the subsets of POLE-mutated 
tumors and POLD1-mutated tumors, which suggested that 
mutations occurring in the proofreading domains of the two 
genes affect the TMB more than those in other locations. 

To identify specific POLE/POLD1 mutations that might 
serve as drivers for hypermutation, mutations occurring 
only in hypermutated (defined as TMB >50/Mb) and MSS 
tumors were investigated (Table 1). A total of 14 POLE and 
9 POLD1 mutations were identified in 16 tumors. Among 
them, POLE p.V411L (n=2), p.P286R (n=1), p.Q292* 
(n=1), and p.D406N (n=1) were located in the proofreading 
domain, and tumors harboring these mutations had an 
extremely high TMB (>100/Mb). Except for p.D406N 
(AF =0.77%), all of these proofreading mutations appeared 
with high abundances in plasma (AF range, 7.8–16%). 
No POLD1 proofreading mutations were identified in 
hypermutated tumors. Two of the 9 POLD1 mutations, 
p.P269S (AF: 4.6%) and p.E245K (AF: 1.18%), were 

located close to the upstream of the proofreading domain. 
To elucidate the interaction and effects of POLE/

POLD1 mutation and MSI in tumorgenesis, tumors were 
stratified into different categories according to the clone-
ratio of POLE/POLD1 mutation, which was defined as 
the mutational abundance normalized by maximum allelic 
fraction (AF) in the specific sample (AF/max AF). If the 
POLE/POLD1 mutation was a driver of the hypermutation 
and occurred before MSI, then tumors would accumulate 
the dominant clone of the driver mutation; conversely, 
if the POLE/POLD1 mutation appeared as passenger 
of MSI, then it would occur at a much lower ratio. 
Interestingly, tumors harboring dominant POLE/POLD1 
mutation (AF/maxAF> 0.1) were remarkably more likely 
to be MSI-H than POLE/POLD1 WT tumors (10.2% vs. 
0.5%, P<0.001). Moreover, all the tumors harboring sub-
cloned POLE/POLD1 mutation (AF/max AF ≤0.1) were 
determined to be MSS (Figure 4B). The clone-ratio of 
POLE/POLD1 mutation was comparable between MSI-H 
and MSS tumors (P=0.97, Figure 4C).

The prognostic value of POLE/POLD1 mutation in ICI-
treated cancer patients

Published mutational data and clinical survival information 
from 1661 ICI-treated patients with various cancers were 
retrieved (32), and the prognostic value of POLE/POLD1 
mutation was subsequently investigated. Univariate 
analysis revealed POLE/POLD1-mutant patients to have 
a longermedian OS vs. POLE/POLD1-WT patients (34 
vs. 17 months, P=0.0016, Figure 5A). However, the positive 
prognostic role of POLE/POLD1 mutation was not found 
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Figure 4 The correlations of POLE/POLD1 mutation with TMB and MSI. (A) The correlation of POLE/POLD1 mutations with TMB, 
Proofmut: mutation occurring in the proofreading domain, Othermut: mutation in the non-proofreading domain; *P<0.05, **P<0.01, 
****P<0.0001; (B) The correlation of POLE/POLD1 mutation with MSI-H, DominantMut: mutation with a clone ratio (AF/max AF) >0.1; 
SubCloneMut, mutation with a clone ratio ≤0.1. (C) The clone ratio of POLE/POLD1 mutation in tumors with different MSI status. TMB, 
tumor mutational burden; MSI, microsatellite instability.

B C

A

P<0.001

P=0.97

to be significant in the multivariate analysis (HR =0.86, 
95% CI: 0.62–1.19, P=0.372, Figure 5B).

The ORR for ICI therapy was calculated and compared 
between POLE/POLD1-mutant and WT patients from four 
studies that provided information on both mutations and best 
tumor response (Table 1). Two of the studies reported a trend 
of a higher ORR in patients with POLE/POLD1 mutations. 
Analysis of the pooled data revealed a significantly higher 
ORR in POLE/POLD1-mutant patients than in POLE/ 
POLD1 WT patients (35.2% vs. 19.6%, P=0.0165).

Moreover, we investigated the association of POLE/

POLD1 mutation with tumor microenvironment using 
the data derived from TCGA database (N=10,468). A 
significantly elevated fraction of CD8+ tumor-infiltrating 
lymphocytes (TILs) (17.1% vs. 15.9%, P=5.1×10−4) and a 
lower fraction of CD4+ TILs (11.8% vs. 12.4%, P=4.8×10−5) 
were observed in POLE/POLD1-mutant tumors compared 
to POLE/POLD1 WT tumors (Figure 5C). 

Discussion

Polymerase proofreading domain mutations can cause 
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Table 1 Analysis of POLE/POLD1 mutations and the ORR in patients treated with ICIs 

Cancer ICI agent
POLE/POLD1 wild type POLE-mutant POLD1-mutant POLE/POLD1-mutant

Reference
 No. ORR No. ORR P value No. ORR P value No. ORR P value

NSCLC Anti-
PD-L1

396 13.1% 20 30% 0.0330 13 31% 0.0649 33 30.3% 0.0070 (28)

Pan-
cancers

ICIs 237 27% 5 60% 0.1034 7 42.9% 0.3539 12 50% 0.0840 (29)

Melanoma Anti-
CTLA-4

105 16.19% 4 0% 0.3833 1 0% 0.6621 5 0% 0.3300 (30)

Melanoma Anti-PD-1 34 52.9% 2 100% 0.1990 2 50% 0.937 4 75% 0.4067 (31)

Total – 772 19.559% 31 35.48% 0.0300 23 34.78% 0.0723 54 35.185% 0.0165

P value was calculated using Fisher’s exact test to compare the ORRs of mutant and wild-type patients. ORR, overall response rate; ICI, 
immune checkpoint inhibitor; NSCLC, non-small cell lung cancer. 

deficiency in exonuclease activity and thus result in 
increased mutation rate, which subsequently may confer 
the tumorigenesis (27). Besides, proofreading mutation in 
POLE are associated with better prognosis in endometrial 
cancer patients, who underwent adjuvant treatment of 
chemotherapy or radiotherapy following surgery (45,46).

By interrogating the genomic profiles of 21,074 Chinese 
cancer patients spanning 23 cancer types, we revealed a 
mutational prevalence of 3.2% for POLE and 1.4% for 
POLD1. Consistent with the results of the current study, 
Yao et al. demonstrated a mutation rate of 3.4% for POLE 
and 2.3% for POLD1 in 1,392 Chinese patients with 
lung, colorectum, liver, pancreatic, or stomach cancer (47).  
Another study that interrogated the mutational data of 
47,721 patients from the cBioPortal database described 
mutation frequencies of 2.79% and 1.37% for POLE and 
POLD1, respectively, across multiple cancer types (22). We 
observed a comparable mutational frequency for POLE/
POLD1 in the TCGA database (4.34%) versus BR VarDB 
(4.4%). Of note, TCGA tumors had a slightly higher 
frequency of co-occurring POLE and POLD1 mutations 
than our cohort (0.43% vs. 0.21%, P<0.001), which might 
be explained by differences in ethnicity or the differential 
distribution of histological subtypes. 

Previous studies have reported controversial results 
regarding the association of POLE/POLD1 mutation with 
MSI status (13,47-49). In our study, POLE/POLD1-mutant 
tumors showed higher enrichment of genomic signatures 
correlated with POLE and MMR deficiencies compared 
with POLE/POLD1 WT tumors (Figure 3B). Genomic 
signatures for concurrent loss of polymerase proofreading 
and MMR function have been identified in POLE/POLD1-

mutant endometrial cancer (50), which appeared in a 
non-additive manner and could represent the biological 
interaction of POLE/POLD1- and MMR-mediated DNA 
repair. It is possible that MSI could result in a mutation 
in POLE/POLD1 proofreading domain; or vice versa, 
the defective POLE/POLD1 proofreading function could 
cause a loss-of-function mutation in the MMR pathway, 
leading to MSI. If the former assumption is true, then we 
would expect POLE/POLD1 mutations to accumulate 
in MSI tumors as subclones; however, this conflicts with 
our observations in this study (Figure 4C). Moreover, we 
observed that while MSI frequently appeared in tumors 
harboring the dominant clone of the POLE/POLD1 
mutation, it rarely occurred in POLE/POLD1 WT tumors 
or in tumors accumulating sub-cloned POLE/POLD1 
mutations (Figure 4B). Collectively, our results indicate that 
POLE/POLD1 mutations are drivers of hypermutation, 
and MMR, leading to MSI, appears as the outcome in these 
tumors, which is in keeping with previous reports (30,50). 

A recent study conducted in a pan-cancer cohort of 
1,661 patients revealed POLE/POLD1 mutations to have 
a promising predictive value for positive outcomes after 
ICI treatment (22). However, Rousseau et al. questioned 
the results of this study due to the fact only a few hotspot 
mutations in or close to the proofreading domain of 
POLE/POLD1 had functional evidences (23). They also 
pointed out that the longer survival observed in POLE/
POLD1-mutant patients was more than likely attributable 
to high TMB, given that the study mainly encompassed 
hypermutated tumors. Therefore, we carried out a 
multivariable Cox regression analysis on the same dataset 
with adjustment for factors including TMB (Figure 5B),  
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Figure 5 The prognostic value of POLE/POLD1 mutation for ICI treatment. (A) Comparison of overall survival in POLE/POLD1-mutant 
patients versus POLE/POLD1 wild-type patients. (B) A forest plot of multivariate analysis of the factors associated with overall survival. Data 
were retrieved from 1,661 ICI-treated patients from MSK-IMPACT (32). (C) Comparison of the fraction of tumor-infiltrating lymphocytes 
in POLE/POLD1-mutant patients versus POLE/POLD1 wild-type patients. Data were retrieved from TCGA database (N=10,468).

and revealed that POLE/POLD1 mutation was not 
independently associated with OS. Interestingly, we 
found a significantly higher TMB in tumors harboring 
mutations in the proofreading domain versus those with 
mutations in other regions of POLE/POLD1 (Figure 4A). 
Together, our observations suggest that mutations in the 

proofreading domain of POLE/POLD1 are more likely to 
result in DNA repair defects and an extremely high TMB, 
which subsequently generate numerous neoantigens that 
contribute to sensitivity to ICI treatment (23,30). Advantage 
of POLE/POLD1 mutation as predictor. 

POLE p.V411L and p. P286S/H/R are the most 

B

C

A

P=0.54 P=4.8e−05 P=0.00051

P=0.018P=0.81P=0.67

P=0.0016

Overall survival (months)
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Table 2 POLE/POLD1 mutations only occurring in tumors with hypermutation and microsatellite stability 

Patient ID Sample Gene Variant AF Domain Cancer TMB (mut/MB)

19030311 Plasma POLE p.V411L 16.57% Proofreading Colorectal 450.8

POLD1 p.S737Y 16.14% Others Colorectal 450.8

19004535 Plasma POLE p.P286R 7.80% Proofreading Ovarian 317.5

1826769 Plasma POLD1 p.D877N 24.30% Others Lung 281.0

POLD1 c.3218+2T>C 27.28% Others Lung 281.0

19019573 Plasma POLE p.Q292* 11.45% Proofreading Colorectal 215.1

POLD1 p.P116fs 11.61% Others Colorectal 215.1

POLD1 p.E976K 13.69% Others Colorectal 215.1

1819517 FFPE POLE p.V411L 21.84% Proofreading Colorectal 155.6

1844301 Plasma POLE p.K1276N 1.50% Others Breast 133.3

19032161 Plasma POLE p.D406N 0.77% Proofreading Gastric 121.4

POLD1 c.2006+5G>T 3.34% Others Gastric 121.4

1814831 Plasma POLE p.T483A 7.52% Others Colorectal 105.6

POLD1 p.P269S 4.60% Others Colorectal 105.6

POLD1 p.D987fs 7.78% Others Colorectal 105.6

1804956 Plasma POLE p.R1364fs 27.92% Others Esophagus 84.1

19003779 Plasma POLE p.R1858H 7.40% Others Colorectal 78.6

19018400 Plasma POLE p.R2145* 2.04% Others Ovarian 75.4

1812625 FFPE POLE p.Q2061L 33.71% Others Lung 64.3

19001579 Plasma POLE c.1473+1G>T 11.40% Others Lung 54.8

1835600 Tissue POLE p.R2026S 23.86% Others Lung 51.6

19006358 FFPE POLE p.R2026S 23.77% Others Lung 50.8

1841448 Plasma POLD1 p.E245K 1.18% Others Other 50.8

Tumors with a TMB >50/Mb were defined as hypermutated. TMB, tumor mutational burden; AF, allele frequency. 

commonly found proofreading mutations associated 
with hypermutation in tumors (51). In our cohort, these 
mutations were identified respectively in two colorectal 
cancers and one ovarian cancer with extremely high TMB 
(155–450/Mb) (Table 2). We also uncovered two novel 
proofreading mutations, POLE p.Q292* and p.D406N, 
in a colorectal cancer and a gastric hypermutated cancer, 
respectively. Intriguingly, our study revealed a higher 
TMB in tumors with non-proofreading mutations than 
in POLD1/POLE WT tumors (Figure 4A), as well as a 
better ORR in POLE/POLD1-mutant patients, regardless 
of mutation location (Table 1). These observations are 
in agreement with the discovery of driver mutations in 
POLD1/POLE outside the exonuclease domain (30), 

suggesting that other domains may also function in 
proofreading. We also identified several mutations in 
the non-proofreading domain of POLE or POLD1 that 
potentially drive the hypermutation (Table 2). Among 
them, POLD1 p.E245K has been reported to be a driver  
mutation (30). Nonetheless, further functional experiments 
and clinical studies are required to verify the role of these 
newly identified mutations. 

In this study, an elevated fraction of CD8+ TILs was 
observed in POLE/POLD1-mutant tumors, which is in 
accordance with what has been reported in POLE-mutant 
colorectal and endometrial cancers (17,52). van Gool et al. 
showed that POLE-mutant endometrial cancers harbored 
an increased number of CD8+ TILs and elevated expression 
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of CD8A, accompanied by up-regulation of T cell 
exhaustion markers. Their findings indicated an enhanced 
cytotoxic T-cell response in POLE/POLD1-mutant 
cancers, which is probably attributable to a high neoantigen 
load (51,53). 

In conclusion, our study investigated the prevalence and 
spectra of POLE and POLD1 mutations in 21,074 Chinese 
cancer patients and described differential mutational 
signatures in POLE/POLD1-mutated and WT cancers. 
Furthermore, POLE/POLD1 mutations were found to 
drive a higher TMB in tumors, with those occurring in the 
proofreading domain affecting the TMB more. Therefore, 
POLE/POLD1 mutations in the proofreading domain 
might have a prognostic value for cancer patients who 
receive ICI treatment. Our results also indicate that MSI 
caused by a loss-of-function mutation in the MMR pathway 
is the outcome of POLE/POLD1 proofreading deficiency 
in POLE/POLD1-mutant and MSI tumors. 
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Figure S1 Flowchart of the study design. BR VarDB, Burning Rock variant database; TMB, tumor mutational burden; MSI, microsatellite 
instability; ICI, immune checkpoint inhibitor; NSCLC, non-small cell lung cancer. 

Figure S2 The characterization of the retrieved BR VarDB samples (n=21,074). (A) Cancer types according to the number of samples. 
(B) Distribution of the different sample types. (C) Distribution of the next-generation sequencing panels used for genomic profiling. (D) 
Comparison of the frequency of POLE/POLD1 mutation in different sample types. PLA, plasma; CSF, cerebrospinal fluid; FLD, pleural 
fluid; FFP/TIS, formalin fixed paraffin-embedded or surgically resected issues.
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