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ABSTRACT
Background  Only a subset of polymerase epsilon (POLE) 
mutations is associated with hypermutant phenotype; we 
hypothesized that only loss-of-proofreading (LOP) POLE 
mutations are associated with favorable immunotherapy 
response.
Methods  This retrospective cohort study included a 
pan-cancer cohort of 69,223 patients from cBioPortal 
and a cohort of patients with 41 POLE mutant metastatic 
colorectal (CRC) treated with immunotherapy at the MD 
Anderson Cancer Center between January 2017 and May 
2023. We evaluated prognosis according to POLE mutation 
functionality.
Results  In the pan-cancer cBioPortal cohort 
(n=69,223) POLE was mutated in 2.8% (1,965) of 
tumors; of these, only 7.5% (n=148) had LOP POLE 
mutations (0.0% of entire cohort). Endometrial 
cancer (6.6%) and CRC (1.2%) were the only tumor 
types with greater than 1% incidence of LOP POLE 
mutation. Overall survival was similar between non-
LOP POLE and POLE wildtype patients (HR=0.94, 
95% CI 0.82 to 1.07, p=0.34); conversely, LOP POLE 
patients had significantly better outcomes (HR=0.23, 
95% CI 0.16 to 0.32, p<0.0001). In the clinical cohort, 
all nine patients with LOP POLE mutations achieved 
durable clinical benefit (objective response rate (ORR) 
88.9%, complete response rate (CR) 33.3%, disease 
control rate (DCR) 100%) and median progression-
free survival (PFS) was not reached at the time of 
analysis, after median follow-up of 32 months. None 
of the nine patients with microsatellite stable (MSS), 
non-LOP POLE tumors achieved an ORR of 0%, with 
median PFS of 3.7 months (HR 0.05 LOP relative 
to non-LOP POLE, 95% CI 0.01 to 0.19, p<0.0001). 
Interestingly, median PFS on first-line cytotoxic agents 
was significantly shorter for patients with LOP POLE 
compared with patients with MSS non-LOP POLE 
mutant tumors (2.1 vs 9.7 months, HR 3.33, 95% CI 
0.87 to 12.74, p=0.012).
Conclusions  Identifying the subset of POLE 
mutations that cause LOP is critical to distinguish 
patients likely to respond to immunotherapy. Patients 
with CRC with LOP POLE mutant tumors experienced 
deep, sustained response to immunotherapy but were 
resistant to standard cytotoxic chemotherapy, in stark 
contrast to those with non-LOP POLE mutations.

INTRODUCTION
A subset of DNA polymerase epsilon (POLE) 
mutations cause proofreading defects while 
preserving polymerase function, resulting in 
error-prone DNA replication and remarkably 
high tumor mutational burden (TMB).1–3 
In these tumors, an increase in tumor-
infiltrating lymphocytes (TILs) has consis-
tently been seen relative to POLE wild-type 
tumors.4 5 Taken together, POLE mutational 
status has been proposed as a predictive 
biomarker for response to programmed cell 
death protein-1/programmed death-ligand 
1 (PD-1/PD-L1) inhibition.5 6 However, most 
POLE mutations are either passengers with no 
pathogenic function or inactivate polymerase 
function,7 and not all patients with POLE 
mutant tumors respond to immunotherapy. 
Indeed, Rousseau et al reported an objective 
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response rate (ORR) of 37% and median PFS of 5.3 
months in patients with POLE mutated pan-cancer treated 
with nivolumab, and a recent phase II trial reported an 
ORR of 21.4% with toripalimab.5 8 In order to generate 
high somatic mutation rates Pol ε must maintain its poly-
merase function but lose exonuclease (aka proofreading) 
function, resulting in error-prone synthesis. Recently, a 
comprehensive list of such loss-of-proofreading (LOP) 
POLE variants has been identified using the unique 
somatic mutation signature that results from this error-
prone DNA synthesis.1 Here we explore the implications 
of LOP POLE mutation in a large pan-cancer dataset and 
a cohort of patients with colorectal cancer (CRC) treated 
with immune checkpoint inhibitors.

METHODS
cBioPortal cohort: A pan-cancer search of 69,223 tumors 
on cBioPortal identified 1,965 tumors with POLE muta-
tions; the search was conducted on July 6, 2023. Of these 
POLE mutant tumors, total mutation count and exome 
coverage were available to allow for TMB calculation of 
407 tumors. A previously identified comprehensive list of 
LOP POLE variants9 (online supplemental table 1) was 
used to define LOP POLE and non-LOP tumors.

Clinical cohort: The University of Texas MD Anderson 
Cancer Center Foundry database10 was used to identify 
all adult patients diagnosed with metastatic CRC with 
POLE mutation. Patients were treated by CRC specialist 
oncologists within the Gastrointestinal Medical Oncology 
Department at MD Anderson, and follow-up visits, 
imaging, and laboratory assessment were conducted per 
institutional guidelines for the treatment of CRC. It is our 
practice to perform next-generation sequencing (NGS) 
molecular profiling on all patients with metastatic CRC 
who are candidates for systemic therapy. Targeting clin-
ical genetic testing was performed at MD Anderson’s 
molecular diagnostic laboratory using a clinically vali-
dated institutional multigene NGS panel, accredited by 
the College of American Pathologists (CAP) and certified 
by Clinical Laboratory Improvement Amendments. Over 
the course of the study, the panel was expanded from 141 
to 610 genes; however, all panels included the full length 
(2,287 codons) of POLE.

The University of Texas MD Anderson Cancer Center 
internal database was used to identify all adult patients 
diagnosed with metastatic CRC with POLE mutation. 
Querying a pan-cancer molecular database identified 
1,496 patients with any POLE mutation; of these, 132 
had a diagnosis of CRC. Of these POLE mutant patients 
with CRC, 49 were treated with immune therapy between 
January 2017 and May 2023. 2 patients were excluded 
because of stage III disease and not stage IV, resulting in 
a cohort of 41 patients with confirmed metastatic carci-
noma of colon or rectum, POLE mutation, and treated 
with immunotherapy (online supplemental figure 1).

Mutational landscape prevalence and enrichment anal-
ysis: Mutation profiles and associated clinical information 

from eight different cohorts of patients with CRC CPTAC-2 
Prospective11, CaseCCC12, DFCI13, Genentech14, MSKCC 
(Colorectal Adenocarcinoma Triplets)15, MSKCC (meta-
static CRC)16, MSK-IMPACT (rectal cancer)17, and TCGA-
COREAD (Firehose Legacy and Pan-Cancer Atlas)18 
were downloaded from cBioPortal (https://www.cbio-
portal.org/) on March 27, 2021. Mutation profiles of 
1941 patients with microsatellite stable (MSS) CRC were 
further divided into POLE LOP mutants and POLE wild-
type patients. MutSigCV (V.1.3.01) was used to identify 
the genes mutated significantly more frequently than 
random13; multiple hypotheses corrected threshold (q 
value) value of 0.1 was considered statistically significant. 
g:Profiler (http://biit.cs.ut.ee/gprofiler) webserver was 
used to perform Reactome pathway enrichment analysis 
on the identified list of driver genes with false discovery 
rate (FDR) threshold of 0.01.19

Statistical analysis: The Kaplan-Meier method was 
used for generation of survival curves with log-rank test 
used to test the difference in survival between groups. 
Overall survival (OS) was defined as the time of diagnosis 
until death in the cBioPortal cohort. For MD Anderson 
patients, progression-free survival (PFS) (including both 
non-immunotherapy (IO) and IO) was defined from the 
start of a particular therapy until its discontinuation due 
to radiological evidence of tumor progression or death. 
OS was defined as time from treatment start (either IO 
or first cytotoxic line analysis) to death or last contact. 
Median follow-up was evaluated with the reverse Kaplan-
Meier method.20 Tumor response was determined 
considering the most informative data available, either 
radiological or pathological.21

RESULTS
Prevalence of LOP POLE mutations
We evaluated the prevalence of LOP POLE mutations in 
a pan-cancer cohort from cBioPortal (n=69,223 samples) 
containing a diverse mix of 34 different tumor types. 
POLE mutation occurred in 1,965 cases (2.8%); of these, 
only 148 (7.5% of POLE mutations, 0.002% of total 
cohort) matched our comprehensive list of LOP POLE 
mutations. Endometrial and CRCs had the highest prev-
alence of any POLE mutation, 22.9% and 7.3%, respec-
tively (figure 1A), consistent with prior report.6 Although 
endometrial and CRCs were also the top two tumor types 
in terms of fraction of POLE mutations that cause LOP 
(28.7% for endometrial cancer and 18.1% for CRC), 
LOP mutations were still a minority (figure 1B). In terms 
of overall prevalence of LOP POLE mutations, endome-
trial (6.6%) and CRC (1.3%) were the only two cancer 
types with prevalence greater than 1% (figure 1C). LOP 
POLE mutations were concentrated in the exonuclease 
domain or immediately adjacent (online supplemental 
figure 2 A,B). In contrast, non-LOP mutations were 
spread throughout the coding region of POLE (online 
supplemental figure 2C).
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LOP pole mutations have remarkably high tumor mutational 
burden
We found very high TMB for LOP POLE tumors in the 
cBioPortal cohort, over 10-fold higher compared with 
non-LOP POLE mutant tumors when filtering out tumors 
with other known causes of elevated TMB (microsatellite 
instability, smoking, and UVA exposure), with an average 
of 200.9 Mt/Mb (N=76) versus 18.2 Mt/Mb (N=229, 
median 6.2 Mt/Mb), respectively, p<0.0001; figure  2A. 
Clinically, TMB of 10 mut/Mb or greater is currently a 
US Food and Drug Administration approved indication 
for use of IO22 23; using this as a surrogate cut-off of high 
TMB, 74 of 76 tumors with an LOP POLE mutation had 
high TMB for a positive predictive value (PPV) of 97.4%. 
In contrast, if all POLE mutations are considered, only 
81 of 229 tumors have high TMB for a PPV of 35.4%. 
Moreover, we also evaluated the machine learning-based 
algorithm PolyPhen-2, used by some molecular tumor 
boards to assign variant functionality (segregating them 
into “damaging” and “benign” categories)24–26 to classify 
POLE mutations. The PPV of PolyPhen-2 to identify high 
TMB tumors was only 64.0% (online supplemental figure 

3A). These data suggest that LOP POLE mutation alone is 
an excellent predictor of high TMB and potentially could 
be used by itself as a marker of immunotherapy eligibility 
in clinical situations when TMB data is not available.

  Patients with LOP POLE mutations had remarkably 
better OS relative to wildtype (median not-yet-reached vs 
63.4 months, HR=0.25, 95% CI 0.18 to 0.34, p<0.0001) as 
well as patients with non-LOP POLE mutations (not-yet-
reached vs 50.7 months, HR=0.23, 95% CI 0.16 to 0.32, 
p<0.0001, figure  2B). In contrast, the OS of patients 
with non-LOP POLE mutations was no different than 
wildtype (50.7 vs 63.4 months, HR=0.94, 95% CI 0.82 to 
1.07, p=0.34). Similarly, there was no survival difference 
between patients with POLE damaging mutations as 
defined by PolyPhen-2 compared with those defined as 
benign (HR=1.08, 95% CI 0.82 to 1.44, p=0.57, (online 
supplemental figure 3B). Endometrial adenocarcinoma 
was the tumor type with the greatest number of LOP POLE 
mutant tumors allowing for evaluation of survival asso-
ciation in a single tumor type. Patients with LOP POLE 
mutant endometrial cancer had universally favorable 
outcomes with 54 of 56 patients still alive with median 

Figure 1  Epidemiology. (A) Prevalence of POLE mutations in different cancer types. (B) Fraction of POLE mutations that cause 
LOP by cancer type. (C) Frequency of LOP variant POLE mutation by different cancer type, not CRC and endometrial cancers 
are only tumor types with >1% incidence. CRC, colorectal cancer; LOP, loss-of-proofreading; POLE, polymerase epsilon.

Figure 2  Identification of LOP and non-LOP mutations in the validation cohort. (A) TMB value in damaging and benign POLE 
mutations according to PolyPhen-2 dataset. (B) TMB of tumors with LOP POLE mutation versus non-LOP, MSI-H (microsatellite 
instability high), smoking and UV. (C) Kaplan-Meier investigating the survival according to LOP and non-LOP POLE mutation in 
the pan-cancer population, showing a different prognostic value according to the functionality of the alteration (p<0.0001). (D) 
Kaplan-Meier investigating the survival according to PolyPhen-2 definition of damaging and benign POLE mutations, showing 
no difference. (E) Kaplan-Meier investigating the prognostic value of LOP versus non-LOP POLE mutation in the uterine 
carcinoma subgroup showing a better outcome for LOP POLE mutations (p=0.0015). LOP, loss-of-proofreading; OS, overall 
survival; POLE, polymerase epsilon; TMB, tumor mutation burden.
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follow-up of 37.1 months; this survival was superior rela-
tive to patients with non-LOP POLE mutation (HR=0.13, 
95% CI 0.35 to 0.48, p=0.0015, figure  2C). Survival for 
patients with non-LOP POLE mutant endometrial cancer 
was not different relative to wildtype (HR=1.19, 95% CI 
0.55 to 2.70, p=0.63) similar to a recent report.27 Although 
a prior pan-cancer analysis of cBioPortal data suggested 
that any POLE mutation was associated with favorable 
OS6, our results strongly suggested that favorable prog-
nosis is only seen for tumors with LOP POLE mutations.

Mutational landscape of LOP POLE mutant CRC
In order to understand the biology that may contribute to 
oncogenesis in POLE LOP tumors, we evaluated the prev-
alence of co-mutated genes in POLE LOP CRC tumors 
and compared these to MSS, POLE wild-type CRC. Tradi-
tional co-mutation analysis cannot be performed with 
POLE LOP tumors due to POLE LOP causing an approxi-
mate 100-fold increase in overall mutation rate.12 18 Apart 
from APC being the most commonly mutated gene in 
both cohorts, overall, the mutational landscape of LOP 
POLE mutant CRC was found to be quite distinct from 
MSS POLE wild-type CRC.18 Although TP53 and KRAS 
were significantly mutated in LOP POLE CRC, mutations 
in these genes were less frequent than genes such as 
PDGFRA, TET1, EPHA7, and PTEN, which were not signifi-
cantly mutated in POLE wild-type CRC (figure 3A–B). To 
understand these differences at a pathway level, Reactome 
enrichment analysis was performed, which identified that 
PI3K/AKT signaling, CD28 co-stimulation, ubiquitin-
specific protease, and defective DNA mismatch repair by 
MSH2 and MSH2 pathways were significantly enriched 
(FDR<0.01) in the POLE LOP mutant group (figure 3C). 

The percentage of overlap of statistically enriched path-
ways between LOP POLE and POLE wild-type CRC was less 
than random expectation (figure 3D). These differences 
in somatic mutation patterns suggest that the pathogen-
esis of LOP POLE CRC differs from that of wild-type POLE 
CRC following initial APC mutation and suggests that 
these tumors will have different biological properties.

Patients with LOP POLE mutant CRC have excellent response 
to immune therapy
The MD Anderson institutional database was queried 
identifying 41 patients with confirmed POLE mutant 
metastatic CRC who were treated with immune check-
point inhibitors (online supplemental table S2). Using 
a comprehensive list of LOP mutations,9 we divided the 
population into three cohorts: LOP POLE mutant, non-
LOP POLE mutant and microsatellite instability high 
(MSI-H), and non-LOP POLE mutant and MSS. Of the 
nine LOP POLE mutation patients, only one was also 
MSI-H. Eight out of nine patients with LOP POLE muta-
tion (88.9%) achieved an objective response including 
three with complete response and five with partial 
response; one patient had stable disease for a disease 
control rate of 100% (figure  4A). One patient experi-
enced progression after 27 months while on treatment 
with ipilimumab and nivolumab but later achieved a 
pathologic complete response on an investigational 
BTN1A1 checkpoint inhibitor. With a median follow-up 
time of 32 months none of the other eight patients have 
progressed, and all nine patients are still alive and still 
being followed (figure  4B). In contrast, none of the 
nine patients with non-LOP POLE mutation and MSS 
tumors achieved an objective response to IO therapy with 

Figure 3  Rate of mutations (%) of the driver genes in different groups of colorectal patients. (A) Prevalence of top 29 mutated 
genes in MSS LOP POLE tumors. (B) Prevalence of top 29 mutated genes in MSS POLE wild type tumors. (C, D) Pathway 
analysis performed in Reactome, showing different pathway involvement in MSS LOP POLE and POLE wt CRC tumors. CRC, 
colorectal cancer; LOP, loss-of-proofreading; MSS, microsatellite stable; POLE, polymerase epsilon; WT, wildtype.
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progression at first evaluation in six cases (66.7%) and a 
median PFS of 3.7 months (HR 0.05, 95% CI 0.01 to 0.19, 
relative to LOP POLE, log-rank p<0.0001, online supple-
mental figure 4). Similarly, there was a dramatic differ-
ence in OS with median OS not yet reached for the LOP 
POLE mutant group compared with 19.0 months for MSS 
non-LOP patients (HR=0.05 p=0.006, figure  4C). The 
response to immunotherapy seen in patients with LOP 
POLE mutant tumors was superior to patients with MSI-H, 
non-LOP POLE mutant tumors, where objective response 
was observed in six patients (66.7%) with a median PFS 
not reached for both subgroups. Eight of nine patients 
with LOP POLE mutations received standard cytotoxic 
chemotherapy as first-line therapy (either oxaliplatin or 
irinotecan-based). Interestingly, median PFS for first-line 
chemotherapy was only 2.1 months for these patients, 
significantly shorter compared with the non-LOP POLE 

and MSS mutant subgroup (2.1 vs 9.7 months, HR 3.33, 
95% CI 0.87 to 12.74, p=0.021, figure 4D).

DISCUSSION
POLE mutation status has been evaluated as a biomarker 
for patient outcome and immunotherapy response. 
However, there has been active debate regarding outcome 
stratification within POLE-mutated patients,6 28 with some 
reports advocating that all POLE mutations are associ-
ated with favorable survival,6 8 others restricting to a small 
number of hotspot mutations,29 30 and others indicating 
all POLE mutations in the exonuclease domain.31 32 Poor 
data are available for prognosis and treatment response 
in MSS non-LOP POLE mutant tumors and multiple 
active clinical trials using immune agents enroll patients 
with any POLE mutation.33 Similarly, the recently updated 

Figure 4  MDA clinical cohort. (A) Waterfall plot showing the significant response differences between different cohorts of 
patients. (B) Swimmer plot of LOP and non-LOP POLE mutated MSS patients showing the treatment duration for different class 
of drugs (cytotoxic vs IO), which differs between non-LOP and LOP POLE mutated patients. (C) Kaplan-Meier evaluation of OS 
in LOP-POLE, non-LOP-POLE MSS and MSI-H immunotherapy treated mCRC (metastatic colorectal cancer) subgroups. (D) 
Kaplan-Meier evaluation of PFS in LOP-POLE, non-LOP-POLE MSS mCRC subgroups treated with cytotoxic agents in the first-
line setting. IO, immunotherapy; LOP, loss-of-proofreading; MSS, microsatellite stable; OS, overall survival; PFS, progression-
free survival; POLE, polymerase epsilon.
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International Federation of Gynecology and Obstetrics 
(FIGO) staging for endometrial cancer uses a molecular-
based classification which downstages early stage tumors 
with “pathogenic” POLE mutation, but does not define 
which mutant alleles are pathogenic.34 These guidelines 
reference the POLE/ultra-mutated subtype of endo-
metrial cancer identified by The Cancer Genome Atlas 
(TCGA);1 however, many NGS panels, particularly those 
outside academic institutions, do not calculate TMB; 
thus, it is not possible to know if a specific POLE allele is 
associated with ultra mutation without prior knowledge. 
Additionally, confusion may come because mutations 
that disrupt the function of the entire POLE gene (such 
as frameshifts) or disrupt the polymerase function would 
be correctly identified as pathogenic by automated muta-
tion assessing algorithms, as was seen with PolyPhen-226; 
however, these mutations do not cause hypermutation. 
Here we highlight the difference in prognosis and treat-
ment response between different mutant POLE alleles, 
and we demonstrate that the outcome of non-LOP POLE 
mutant is similar to POLE wild-type patients in both 
pan-cancer and endometrial cohorts, underlying the 
importance of correctly categorizing the proofreading 
functionality to address outcome prediction.9 Given that 
it is not always possible to assess TMB on clinical samples, 
given these data, we suggest that national guidelines such 
as FIGO or NCCN (National Comprehensive Cancer 
Network) categorize mutant POLE alleles as either LOP 
or non-LOP to more precisely define patients with ultra-
mutant tumors. Moreover, although a more precise defi-
nition of pathogenicity could help in alleles identification 
and patients’ selection, incorporating into guidelines a list 
of variants could improve the treatment choice algorithm 
in clinical care, particularly outside academic institutions.

To spotlight the very relevant clinical significance of 
distinguishing LOP from non-LOP POLE mutations, 
we identified a cohort of patients with POLE mutant 
CRC treated with immunotherapy. To our knowledge, 
these 41 patients represent the largest cohort of POLE 
mutant patients treated with immunotherapy, and the 
only cohort in a single tumor type. We observed a deep, 
sustained response to immunotherapy in nine patients 
with LOP POLE in this CRC cohort, with progression only 
seen in one patient. This result is superior to the result 
of a recent pan-cancer study showing activity of immune 
therapy in LOP POLE patients but with median PFS of 
only 9.6 months.5 Similar to prior reports, we found that 
patients with MSS CRC with non-LOP POLE mutations did 
not benefit from immunotherapy. Despite the intrinsic 
limitations of a retrospective and size-limited cohort, 
both related to the very rarity of the condition, we believe 
our study is presenting strong and crucial results, which 
should be further confirmed in prospective cohorts. Inter-
estingly, we found that patients with CRC with LOP POLE 
mutations had particularly poor response to first-line 
cytotoxic chemotherapy. Although this finding should 
be investigated in a larger number of patients and ideally 
in a prospective setting, these retrospective data strongly 

suggest that patients with CRC with LOP POLE mutation 
should be treated with frontline immunotherapy, similar 
to MSI-H CRC.35 36

CONCLUSION
Non-LOP POLE mutant tumors have similar outcomes 
compared with POLE wildtype, with favorable prognosis 
limited to LOP POLE patients. Retrospective analysis of a 
cohort of POLE mutant CRC identified that patients with 
LOP POLE mutation had deep, sustained response to 
immunotherapy, and that cytotoxic agents have poor effi-
cacy as first-line treatment for this subgroup of patients. 
Further investigations in bigger and prospective cohorts 
are strongly encouraged given our results.

Author affiliations
1Gastrointestinal Medical Oncology, University of Texas System, Houston, Texas, USA
2Oncology Unit 1, Veneto Institute of Oncology-IRCCS, Padova, Italy
3Department of Surgery, Oncology and Gastroenterology, University of Padua, 
Padova, Italy
4University of New Mexico Hospital, Albuquerque, New Mexico, USA
5Department of Investigational Cancer Therapeutics, Division of Cancer Medicine, 
University of Texas MD Anderson Cancer Center, Houston, Texas, USA
6The Institute for Applied Cancer Science, The University of Texas MD Anderson 
Cancer Center, Houston, Texas, USA

Acknowledgements  The patient population and various related data elements 
were identified and retrieved through a search of the Tumor Registry database 
maintained by the Department of Tumor Registry. We thank the Department of 
Pharmacy for its assistance with pharmacy informatics. We also thank the Syntropy 
platform, Palantir Foundry (“Foundry”) for data aggregation.

Contributors  JPS, GM and FAZ conceptualized and designed the study. GM, FAZ, 
MAZ and AMY acquired the data. JPS, GM, SC and FAZ interpreted and analyzed the 
data. JPS, TAY, MJO, SK and MGW provided resources and methodology. GM, JPS, 
FAZ, FB, SL and SK drafted the manuscript and figures. All authors revised, edited, 
and approved the final version of the manuscript. JPS as guarantor accepts full 
responsibility for the work and/or the conduct of the study, had access to the data, 
and controlled the decision to publish.

Funding  This work was supported by the Col. Daniel Connelly Memorial Fund, the 
Andrew Sabin Family Fellowship Award, the National Cancer Institute Cancer Center 
Support Grant (P30 CA016672), the Cancer Prevention & Research Institute of Texas 
(RR180035 & RP240392 to JPS, JPS is a CPRIT Scholar in Cancer Research), and a 
Conquer Cancer Career Development Award (2022CDA-7604125121). Any opinions, 
findings, and conclusions expressed in this material are those of the author(s) and 
do not necessarily reflect those of the American Society of Clinical Oncology or 
Conquer Cancer.

Competing interests  JPS is an advisor for Engine Biosciences and NaDeNo 
Nanosciences and receives research funding from Celsius Therapeutics, Boston 
Gene, and Genentech. MJO is an advisor for Takeda Pharmaceuticals; Pfizer; 
Merck; GlaxoSmithKline and receives research funding from Roche; Takeda; 
Merck; BMS. TAY is an advisor for AbbVie, AstraZeneca, Acrivon, Adagene, Almac, 
Aduro, Amphista, Artios, Athena, Atrin, Avoro, Axiom, Baptist Health Systems, Bayer, 
Beigene, Boxer, Bristol Myers Squibb, C4 Therapeutics, Calithera, Cancer Research 
UK, Clovis, Cybrexa, Diffusion, EMD Serono, F-Star, Genmab, Glenmark, GLG, Globe 
Life Sciences, GSK, Guidepoint, Idience, Ignyta, I-Mab, ImmuneSensor, Institut 
Gustave Roussy, Intellisphere, Jansen, Kyn, MEI Pharma, Mereo, Merck, Natera, 
Nexys, Novocure, OHSU, OncoSec, Ono Pharma, Pegascy, PER, Pfizer, Piper-Sandler, 
Prolynx, Repare, resTORbio, Roche, Schrodinger, Theragnostics, Varian, Versant, 
Vibliome, Xinthera, Zai Labs and ZielBio and a shareholder in Seagen and receives 
research funding from Acrivon, Artios, AstraZeneca, Bayer, Beigene, BioNTech, 
Blueprint, BMS, Clovis, Constellation, Cyteir, Eli Lilly, EMD Serono, Forbius, F-
Star, GlaxoSmithKline, Genentech, Haihe, ImmuneSensor, Ionis, Ipsen, Jounce, 
Karyopharm, KSQ, Kyowa, Merck, Mirati, Novartis, Pfizer, Ribon Therapeutics, 
Regeneron, Repare, Rubius, Sanofi, Scholar Rock, Seattle Genetics, Tesaro, Vivace 
and Zenith. FB reports participation in the advisory board for AAA Novartis, Teysuni, 

https://paperpile.com/c/1wSN9q/ex5SN


7Maddalena G, et al. J Immunother Cancer 2025;13:e012190. doi:10.1136/jitc-2025-012190

Open access

Takeda; personal honoraria as invited speaker from Eli-Lilly, MSD, Bayer, BMS, 
Pierre-Fabre, AstraZeneca. SL reports personal honoraria as invited speaker from 
Amgen, AstraZeneca, Bristol-Myers Squibb, Incyte, GSK, Lilly, Merck Serono, MSD, 
Pierre-Fabre, Roche, Servier; participation in advisory board for Amgen, Astellas, 
AstraZeneca, Bayer, Bristol-Myers Squibb, Daiichi-Sankyo, GSK, Incyte, Lilly, Merck 
Serono, MSD, Servier, Takeda, Rottapharm, Beigene, Fosum Pharma, Nimbus 
Therapeutics.

Patient consent for publication  Not applicable.

Ethics approval  This retrospective study was conducted as part of the LAB09-
0373 protocol (PI Kopetz), approved by the MD Anderson Institutional Review Board 
with a waiver of informed consent.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  All data relevant to the study are included in the 
article or uploaded as supplementary information. Retrospective data of patients 
were retrieved from publicly available datasets found in cBioPortal and TCGA. 
Additional details of the CRC cohort can be obtained from corresponding author 
pending appropriate IRB approval.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See https://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Giulia Maddalena https://orcid.org/0000-0002-1714-1171
Sara Lonardi https://orcid.org/0000-0002-7593-8138
Michael J Overman https://orcid.org/0000-0001-5377-135X
John Paul Shen https://orcid.org/0000-0003-4588-2775

REFERENCES
	 1	 Henninger EE, Pursell ZF. DNA polymerase ε and its roles in genome 

stability. IUBMB Life 2014;66:339–51. 
	 2	 Rayner E, van Gool IC, Palles C, et al. A panoply of errors: 

polymerase proofreading domain mutations in cancer. Nat Rev 
Cancer 2016;16:71–81. 

	 3	 Palles C, Cazier J-B, Howarth KM, et al. Germline mutations affecting 
the proofreading domains of POLE and POLD1 predispose to 
colorectal adenomas and carcinomas. Nat Genet 2013;45:136–44. 

	 4	 Raffone A, Travaglino A, Raimondo D, et al. Tumor-infiltrating 
lymphocytes and POLE mutation in endometrial carcinoma. Gynecol 
Oncol 2021;161:621–8. 

	 5	 Rousseau B, Bieche I, Pasmant E, et al. PD-1 Blockade in Solid 
Tumors with Defects in Polymerase Epsilon. Cancer Discov 
2022;12:1435–48. 

	 6	 Wang F, Zhao Q, Wang Y-N, et al. Evaluation of POLE and POLD1 
Mutations as Biomarkers for Immunotherapy Outcomes Across 
Multiple Cancer Types. JAMA Oncol 2019;5:1504–6. 

	 7	 Campbell BB, Light N, Fabrizio D, et al. Comprehensive Analysis of 
Hypermutation in Human Cancer. Cell 2017;171:1042–56. 

	 8	 Jin Y, Huang R-J, Guan W-L, et al. A phase II clinical trial of 
toripalimab in advanced solid tumors with polymerase epsilon/
polymerase delta (POLE/POLD1) mutation. Signal Transduct Target 
Ther 2024;9:227. 

	 9	 Maddalena G, Zeineddine FA, Rivero-Hinojosa S, et al. Defining the 
subset of mutations in polymerase epsilon (POLE) associated with 
loss-of-proofreading (LOP) functionality. Ann Oncol 2024;35:678–80. 

	10	 Bhutiani N, Yousef MMG, Yousef A, et al. Automated, High-
Throughput Platform to Generate a High-Reliability, Comprehensive 
Rectal Cancer Database. JCO Clin Cancer Inform 2024;8:e2300219. 

	11	 Vasaikar S, Huang C, Wang X, et al. Proteogenomic Analysis of 
Human Colon Cancer Reveals New Therapeutic Opportunities. Cell 
2019;177:1035–49. 

	12	 Guda K, Veigl ML, Varadan V, et al. Novel recurrently mutated 
genes in African American colon cancers. Proc Natl Acad Sci U S A 
2015;112:1149–54. 

	13	 Giannakis M, Mu XJ, Shukla SA, et al. Genomic Correlates 
of Immune-Cell Infiltrates in Colorectal Carcinoma. Cell Rep 
2016;15:857–65. 

	14	 Seshagiri S, Stawiski EW, Durinck S, et al. Recurrent R-spondin 
fusions in colon cancer. Nature New Biol 2012;488:660–4. 

	15	 Brannon AR, Vakiani E, Sylvester BE, et al. Comparative sequencing 
analysis reveals high genomic concordance between matched 
primary and metastatic colorectal cancer lesions. Genome Biol 
2014;15:454. 

	16	 Yaeger R, Chatila WK, Lipsyc MD, et al. Clinical Sequencing Defines 
the Genomic Landscape of Metastatic Colorectal Cancer. Cancer 
Cell 2018;33:125–36. 

	17	 Ganesh K, Wu C, O’Rourke KP, et al. A rectal cancer organoid 
platform to study individual responses to chemoradiation. Nat Med 
2019;25:1607–14. 

	18	 The Cancer Genome Atlas Network. Comprehensive molecular 
characterization of human colon and rectal cancer. Nature New Biol 
2012;487:330–7. 

	19	 Raudvere U, Kolberg L, Kuzmin I, et al. g:Profiler: a web server for 
functional enrichment analysis and conversions of gene lists (2019 
update). Nucleic Acids Res 2019;47:W191–8. 

	20	 Shuster JJ. Median follow-up in clinical trials. J Clin Oncol 
1991;9:191–2. 

	21	 Eisenhauer EA, Therasse P, Bogaerts J, et al. New response 
evaluation criteria in solid tumours: revised RECIST guideline (version 
1.1). Eur J Cancer 2009;45:228–47. 

	22	 Marabelle A, Fakih M, Lopez J, et al. Association of tumour 
mutational burden with outcomes in patients with advanced solid 
tumours treated with pembrolizumab: prospective biomarker analysis 
of the multicohort, open-label, phase 2 KEYNOTE-158 study. Lancet 
Oncol 2020;21:1353–65. 

	23	 FDA approves pembrolizumab for adults and children with tmb-h 
solid tumors. US Food and Drug Administration; 2024. Available: 
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-​
approves-pembrolizumab-adults-and-children-tmb-h-solid-tumors 
[Accessed 11 Dec 2024].

	24	 Johnson A, Khotskaya YB, Brusco L, et al. Clinical Use of Precision 
Oncology Decision Support. JCO Precis Oncol 2017;2017:1–12. 

	25	 Zeng J, Johnson A, Shufean MA, et al. Operationalization of 
Next-Generation Sequencing and Decision Support for Precision 
Oncology. JCO Clin Cancer Inform 2019;3:1–12. 

	26	 Adzhubei IA, Schmidt S, Peshkin L, et al. A method and server 
for predicting damaging missense mutations. Nat Methods 
2010;7:248–9. 

	27	 Zheng S, Donnelly ED, Strauss JB. Race, Prevalence of POLE and 
POLD1 Alterations, and Survival Among Patients With Endometrial 
Cancer. JAMA Netw Open 2024;7:e2351906. 

	28	 Eng C. POLE mutations in colorectal cancer: a new biomarker? 
Lancet Gastroenterol Hepatol 2016;1:176–7. 

	29	 McAlpine JN, Chiu DS, Nout RA, et al. Evaluation of treatment 
effects in patients with endometrial cancer and POLE 
mutations: An individual patient data meta-analysis. Cancer 
2021;127:2409–22. 

	30	 León-Castillo A, Britton H, McConechy MK, et al. Interpretation 
of somatic POLE mutations in endometrial carcinoma. J Pathol 
2020;250:323–35. 

	31	 Concin N, Creutzberg CL, Vergote I, et al. ESGO/ESTRO/ESP 
Guidelines for the management of patients with endometrial 
carcinoma. Virchows Arch 2021;478:153–90. 

	32	 Ambrosini M, Rousseau B, Manca P, et al. Immune checkpoint 
inhibitors for POLE or POLD1 proofreading-deficient metastatic 
colorectal cancer. Ann Oncol 2024;35:643–55. 

	33	 RAINBO Research Consortium. Refining adjuvant treatment in 
endometrial cancer based on molecular features: the RAINBO clinical 
trial program. Int J Gynecol Cancer 2023;33:109–17. 

	34	 Berek JS, Matias-Guiu X, Creutzberg C, et al. FIGO staging of 
endometrial cancer: 2023. J Gynecol Oncol 2023;34:e85. 

	35	 Quintanilha JCF, Graf RP, Fisher VA, et al. Comparative Effectiveness 
of Immune Checkpoint Inhibitors vs Chemotherapy in Patients 
With Metastatic Colorectal Cancer With Measures of Microsatellite 
Instability, Mismatch Repair, or Tumor Mutational Burden. JAMA 
Netw Open 2023;6:e2252244. 

	36	 Zhu C, Han G, Wu B. Cost-effectiveness analysis of pembrolizumab 
versus chemotherapy as first-line treatment for mismatch-
repair-deficient (dMMR) or microsatellite-instability-high (MSI-H) 
advanced or metastatic colorectal cancer from the perspective 
of the Chinese health-care system. BMC Health Serv Res 
2023;23:1083. 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-1714-1171
https://orcid.org/0000-0002-7593-8138
https://orcid.org/0000-0001-5377-135X
https://orcid.org/0000-0003-4588-2775
http://dx.doi.org/10.1002/iub.1276
http://dx.doi.org/10.1038/nrc.2015.12
http://dx.doi.org/10.1038/nrc.2015.12
http://dx.doi.org/10.1038/ng.2503
http://dx.doi.org/10.1016/j.ygyno.2021.02.030
http://dx.doi.org/10.1016/j.ygyno.2021.02.030
http://dx.doi.org/10.1158/2159-8290.CD-21-0521
http://dx.doi.org/10.1001/jamaoncol.2019.2963
http://dx.doi.org/10.1016/j.cell.2017.09.048
http://dx.doi.org/10.1038/s41392-024-01939-5
http://dx.doi.org/10.1038/s41392-024-01939-5
http://dx.doi.org/10.1016/j.annonc.2024.04.009
http://dx.doi.org/10.1200/CCI.23.00219
http://dx.doi.org/10.1016/j.cell.2019.03.030
http://dx.doi.org/10.1073/pnas.1417064112
http://dx.doi.org/10.1016/j.celrep.2016.03.075
http://dx.doi.org/10.1038/nature11282
http://dx.doi.org/10.1186/s13059-014-0454-7
http://dx.doi.org/10.1016/j.ccell.2017.12.004
http://dx.doi.org/10.1016/j.ccell.2017.12.004
http://dx.doi.org/10.1038/s41591-019-0584-2
http://dx.doi.org/10.1038/nature11252
http://dx.doi.org/10.1093/nar/gkz369
http://dx.doi.org/10.1200/JCO.1991.9.1.191
http://dx.doi.org/10.1016/j.ejca.2008.10.026
http://dx.doi.org/10.1016/S1470-2045(20)30445-9
http://dx.doi.org/10.1016/S1470-2045(20)30445-9
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-adults-and-children-tmb-h-solid-tumors
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-adults-and-children-tmb-h-solid-tumors
http://dx.doi.org/10.1200/PO.17.00036
http://dx.doi.org/10.1200/CCI.19.00089
http://dx.doi.org/10.1038/nmeth0410-248
http://dx.doi.org/10.1001/jamanetworkopen.2023.51906
http://dx.doi.org/10.1016/S2468-1253(16)30030-9
http://dx.doi.org/10.1002/cncr.33516
http://dx.doi.org/10.1002/path.5372
http://dx.doi.org/10.1007/s00428-020-03007-z
http://dx.doi.org/10.1016/j.annonc.2024.03.009
http://dx.doi.org/10.1136/ijgc-2022-004039
http://dx.doi.org/10.3802/jgo.2023.34.e85
http://dx.doi.org/10.1001/jamanetworkopen.2022.52244
http://dx.doi.org/10.1001/jamanetworkopen.2022.52244
http://dx.doi.org/10.1186/s12913-023-10037-1

	Prognosis and treatment response stratification according to loss of proofreading (LOP) ﻿POLE﻿ variants
	Abstract
	Introduction﻿﻿
	Methods
	Results
	Prevalence of LOP POLE mutations
	LOP pole mutations have ﻿﻿remarkably﻿﻿ high ﻿tumor mutational burden﻿﻿﻿﻿﻿
	Mutational landscape of LOP POLE mutant CRC
	Patients with LOP POLE mutant CRC have excellent response to immune therapy﻿﻿﻿﻿

	Discussion
	Conclusion
	References


