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A B S T R A C T

Polymerases ε and δ maintain genome integrity through exonuclease proofreading. Germline and 
somatic pathogenic variants (PVs) in the exonuclease domain (ED) of POLE and POLD1 impair 
proofreading, causing hypermutated tumors. Despite shared mutational features that make these 
tumors highly immunogenic, molecular and clinical distinctions between POLE and POLD1 muta-
tions and between somatic and germline variants remain incompletely understood. We compared 
the molecular and clinical characteristics of POLE and POLD1 ED PVs (n = 31), assessing their 
location, pathogenicity, clinical phenotypes, mismatch repair (MMR) status, tumor mutational 
burden, and signatures. We analyzed 360 proofreading-deficient tumors (source: The Cancer 
Genome Atlas [TCGA] and Catalogue Of Somatic Mutations In Cancer [COSMIC]) and 70 families 
(249 individuals) with polymerase proofreading-associated polyposis. All germline and somatic PVs 
had high AlphaMissense scores (0.87-1) and clustered within or near Exo motifs. Recurrent, non-
founder germline PVs, POLE L424V and POLD1 S478N, showed low/modest REVEL scores. Somatic 
variants occurred mainly in endometrial cancers (75% of proofreading-deficient TCGA cancers), 
whereas colorectal cancer predominated in polymerase proofreading-associated polyposis (56% of 
carriers). Cancer risks and tumor spectra differed between POLE and POLD1 PV carriers. Aggressive 
hereditary phenotypes were linked to either specific POLE PVs (eg, S297F, V411L, P436R, M444K, 
A456P, and S461T) or the co-occurrence of germline ED PVs with germline MMR gene PVs. Distinct 
hypermutator profiles were confirmed for polymerase ε and polymerase δ proofreading deficiencies 
via unique mutational signatures (Polymerase ε: SBS10a/b, SBS28; Polymerase δ: SBS10c/d). Tumors 
with combined proofreading and MMR deficiencies had significantly higher tumor mutational 
burden and a shift in the associated mutational spectra. Unlike POLE, POLD1 ED PVs exhibited 
haplosufficiency, typically requiring a somatic second hit (eg, loss of heterozygosity) or MMR 
deficiency to drive hypermutation. In conclusion, differences between POLE and POLD1 and be-
tween somatic and germline mutations influence clinical presentation, mutagenic potential, and 
reliance on cooperating defects in tumorigenesis. These insights advance the understanding of
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proofreading-deficient cancers, with implications for diagnostics, genetic counseling, and precision 
oncology.

© 2025 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian 
Academy of Pathology. This is an open access article under the CC BY license (http:// 

creativecommons.org/licenses/by/4.0/).

Introduction

Replicative polymerases ε (Pol ε) and δ (Pol δ) have an 
exonuclease domain (ED) responsible for proofreading, ensuring 
high replication fidelity. 1,2 POLE and POLD1 genes encode the 
largest subunit of the corresponding polymerases, which con-
tains the catalytic polymerase and ED. The proofreading function, 
provided by the exonuclease, is essential to maintain genomic 
stability, and its disruption leads to hypermutation, contributing 
to tumorigenesis.

Somatic POLE ED pathogenic variants (PVs) are well-known 
cancer drivers (https://www.intogen.org/search?gene=POLE), 3 

occurring in 8% to 10% of endometrial cancers and 1% to 3% of 
colorectal cancers (CRCs). 4-19 These PVs are also found in glio-
blastoma, ovarian, pancreatic, gastric, and other cancers, 
although at lower frequencies. Somatic POLD1 ED PVs are rarely 
identified in tumors. Germline PVs (gPVs) in POLE and POLD1 EDs 
cause a rare cancer predisposition syndrome―polymerase 
proofreading-associated polyposis (PPAP)―characterized by an 
increased risk of gastrointestinal polyposis, CRC, endometrial 
cancer, and other malignancies. 20,21

Both somatic and germline proofreading deficiencies result in 
hypermutated tumors, typically exceeding 10 mutations per 
megabase (Mb) and frequently surpassing 100 mutations/Mb, 
classifying them as ultramutated. These tumors exhibit distinc-
tive mutational spectra, notably enriched for TCT>TAT, TCG>TTG, 
and TTT>TGT substitutions. Copy number alterations are rare in 
this context. 14,6,22-25

Mutational signatures SBS10a, SBS10b, and SBS28 are associated 
with Pol ε proofreading deficiency, whereas SBS10c and SBS10d are 
linked to Pol δ proofreading deficiency. 21,23,26-28 Importantly, tu-
mors with proofreading deficiency exhibit high immunogenicity 
due to their elevated tumor mutational burden (TMB), which has 
both prognostic and therapeutic implications. These tumors are 
often responsive to immune checkpoint inhibitors. 29-31

In this study, we compare the characteristics of known so-
matic and germline pathogenic ED variants and evaluate the 
molecular and clinical features of the associated tumors.

Materials and Methods

Germline and Somatic Pathogenic Variants

Germline variants classified as pathogenic, likely pathogenic, 
or variant of unknown significance (VUS) with strong evidence 
of pathogenicity (“hot VUS”)―hereinafter referred to as 
gPVs―were included in the study. Variant classification was 
performed following the specifications developed by our group 
for the classification of POLE and POLD1 ED variants based on the 
guidelines provided by the American College of Medical Ge-
netics and Genomics and the Association for Molecular Pathol-
ogy (ACMG/AMP) 32 (Supplementary Table S1; last update of 
evidence: May 2024). 21 The term “hot VUS” was applied to those 
variants that did not reach the “likely pathogenic” classification 
due to the lack of only 1 supporting piece of evidence.

Somatic driver PVs were considered when the variant was 
identified in at least 1 tumor that harbored the corresponding 
gene-specific mutational signature(s), in the absence of another 
variant (P, LP, or VUS) in the ED of the same polymerase gene. For 
Pol δ proofreading- and mismatch repair-deficient (dMMR) tu-
mors, contributions >50% for SBS20 were considered, due to the 
lower specificity of this signature. 21

Variant Nomenclature

Variant nomenclature follows the Human Genome Variation 
Society (HGVS) recommendations (v.21.0.4), 34 with nucleotide 1 
corresponding to the A of the ATG translation initiation codon. All 
variants were annotated according to RefSeq IDs LRG_789; 
NM_006231.4 (POLE) and LRG_785; NM_001256849.1 
(≈NM_002691.4) (POLD1). POLE ED includes amino acids 268 to 
471, and POLD1 ED, amino acids 304 to533 (based on NCBI: 
“region_name DNA_polB_epsilon_exo and DNA_polB_delta_ 
exo”).

In Silico Analyses

Pathogenicity predictions were obtained using REVEL 35,33 and 
AlphaMissense. 36 The scores were obtained from Ensembl 
Variant Effect Predictor (VEP). 37

Direct contact of an amino acid with the DNA (positioned for 
proofreading) was defined when any atom of the amino acid is 
accessible to the cavity where the DNA binds and is at less than 6
Å from the DNA, and indirect contact when it is accessible to the 
cavity by at ≥ 6 Å from the DNA. No contact was considered when 
the atoms of an amino acid are not accessible to the DNA-binding 
cavity. Methodologic details and predictions for each residue of 
the ED of Pol ε and Pol δ are available elsewhere. 21

Families With Polymerase Proofreading-Associated Polyposis

A total of 70 families carrying any of the POLE or POLD1 gPVs 
listed in Table 1 were identified in the literature (Supplementary 
Table S1). These families, with a total of 249 heterozygous carrier 
individuals, were considered for the phenotypic characterization 
of the hereditary cancer syndrome.

Polymerase Proofreading Tumors From The Cancer Genome Atlas 
(TCGA) And The Catalogue Of Somatic Mutations In Cancer 
(COSMIC)

A total of 78 polymerase proofreading-deficient cancers from 

The Cancer Genome Atlas (TCGA) were included in the study: 74 
harbored PVs in POLE ED, and 4 in POLD1. The cancer types rep-
resented among the proofreading-deficient tumors included 55 
endometrial adenocarcinomas, 11 CRCs, 3 gliomas, 2 breast can-
cers, 2 cervix cancers, 1 bladder cancer, 3 extracolonic gastroin-
testinal cancers, and 1 prostate cancer (Supplementary Table S2). 
Histopathologic information was obtained from TCGA portal, and
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overall survival (Kaplan-Meier) curves comparing TCGA endo-
metrial and CRCs with and without PVs in POLE or POLD1 ED were 
obtained through cBioPortal (https://www.cbioportal.org/). 5 

Tumor sequencing data from 282 proofreading-deficient can-
cers (with confirmed somatic PVs and excluding cultured samples 
and tumors of unknown origin) were obtained from the Catalogue 
Of Somatic Mutations in Cancer (COSMIC; accessed May 2024): 
281 harbored exonuclease PVs in POLE and 1 in POLD1. Cancer 
types represented included 214 endometrial carcinomas, 43 CRCs,

10 ovarian cancers, 8 brain tumors, and 7 tumors in other locations 
(Supplementary Table S2).

All variants in TCGA and COSMIC tumors were somatic in na-
ture, and therefore, no overlapping with the PPAP cases occurred.

Tumor Mismatch Repair Deficiency Determination

Scores of microsatellite instability (MSI) estimated by 
MANTIS and MSIsensor were retrieved from TCGA.

Table 1
List of germline variants classified as pathogenic, or likely pathogenic according to gene-specific recommendations of the ACMG/AMP guidelines 21 and of somatic variants 
classified as drivers based on the presence of the corresponding proofreading-deficient mutational signatures (see Materials and Methods)

ED variant Variant 
classification a

AM REVEL Exo Motif b DNA-binding cleft 
(distance to DNA) c

No. of tumors with 
somatic variant 
(MSS/MSI) d

No. of families with 
germline variant 
(affected/ 
unaffected 
heterozygotes) e

Predominantly germline variants

POLE:c.830A>G; p.E277G LP 1 0.835 Exo I -catalytic site Yes (<6Å) - 1 (7/0)
POLE:c.833C>A; p.T278K LP 1 0.666 Exo I Yes (<6Å) - 1 (4/0)
POLE:c.881T>G; p.M294R LP 0.99 0.815 Flanking Exo I Yes (<6Å) - 3 (7/2)

POLE:c.1089C>G; p.N363K P 0.99 0.735 Exo II Yes (<6Å) - 4 (41/0)
POLE:c.1102G>A; p.D368N Hot VUS 0.99 0.529 Exo II Yes (<6Å) - 1 (6/1)
POLE:c.1270C>G; p.L424V P/SomD 0.96 0.654 Exo IV Yes (<6Å) 6 (4/0) 30 (71/4)
POLE:c.1373A>T; p.Y458F LP 0.87 0.492 Exo III Yes (<6Å) - 1 (25/2)
POLE:c.1381T>A; p.S461T LP 0.91 0.587 Exo III Yes (>6Å) - 1 (1/0)
POLD1:c.946G>C; p.D316H LP 1 0.743 Exo I -catalytic site Yes (<6Å) - 1 (2/0)
POLD1:c.1204G>A; p.D402N LP 1 0.484 Exo II Yes (<6Å) - 2 (2/0)
POLD1:c.1421T>C; p.L474P P 1 0.913 Exo IV Yes (<6Å) - 5 (14/8)
POLD1:c.1433G>A; p.S478N P/SomD 0.99 0.377 Exo IV Yes (>6Å) 2 (1/1) 6 (16/1)
Predominantly somatic variants

POLE:c.857C>G; p.P286R P/SomD 1 0.837 Flanking Exo I Yes (<6Å) 161 (46/4) 1 (1/0)

POLE:c.890C>A; p.S297Y SomD 1 0.792 Flanking Exo I No 1 (0/1) -
POLE:c.890C>T; p.S297F P/SomD 1 0.799 Flanking Exo I No 21 (5/1) 1 (1/0)
POLE:c.1087A>G; p.N363D SomD 0.98 0.536 Exo II Yes (<6Å) 1 (0/1) -
POLE:c.1100T>C; p.F367S SomD 1 0.784 Exo II Yes (<6Å) 3 (2/1) -
POLE:c.1102G>T; p.D368Y SomD 0.99 0.74 Exo II Yes (<6Å) 2 (1/1) -
POLE:c.1231G>T; p.V411L P/SomD 0.95 0.457 Flanking Exo IV Yes (>6Å) 107 (29/8) 2 (2/0)
POLE:c.1270C>A; p.L424I SomD 0.94 0.593 Exo IV Yes (<6Å) 4 (2/2) -
POLE:c.1307C>G; p.P436R LP/SomD 1 0.592 Exo V Yes (>6Å) 6 (2/1) 1 (1/0)
POLE:c.1366G>C; p.A456P LP/SomD 1 0.62 Exo III No 22 (7/1) 1 (1/0)
POLE:c.1376C>T; p.S459F SomD 1 0.418 Exo III Yes (>6Å) 11 (8/1) -
POLE:c.1382C>T; p.S461L SomD 0.99 0.582 Exo III Yes (>6Å) 1 (0/1) -
POLE:c.1394C>T; p.A465V SomD 0.98 0.599 Exo III Yes (>6Å) 5 (1/3) -

Germline and somatic variants

POLE:c.824A>T; p.D275V Hot VUS 1 0.817 Exo I -catalytic site Yes (>6Å) 1 (1/0) 1 (2/0)
POLE:c.857C>T; p.P286L LP/SomD 0.99 0.812 Flanking Exo I Yes (<6Å) 2 (1/1) 1 (15/1)
POLE:c.1331T>A; p.M444K LP/SomD 0.99 0.621 Flanking Exo V Yes (<6Å) 2 (2/0) 1 (1/0)
POLD1:c.947A>G; p.D316G LP/SomD 1 0.773 Exo I -catalytic site Yes (<6Å) 1 (0/1) 1 (2/0)
POLD1:c.946G>A; p.D316N P/SomD 0.99 0.587 Exo I -catalytic site Yes (<6Å) 2 (0/2) 2 (5/1)
POLD1:c.952G>A; p.E318K SomD 1 0.6 Exo I -catalytic site Yes (<6Å) 1 (0/1) 2 (2/0)

Germline VUS lacking only 1 supporting evidence to be classified as (L)P were also included and called “hot VUS.” Variants were categorized as predominantly germline, 
predominantly somatic, or both germline and somatic, according to their relative prevalence in tumors (somatic) or as a germline alteration. In silico pathogenicity 
prediction scores, and location of the variants with respect to the exonuclease Exo Motif and within the DNA-binding cleft of the exonuclease, were included in the table. 
ACMG/AMP, the American College of Medical Genetics and Genomics and the Association for Molecular Pathology; AM, AlphaMissense; COSMIC, the Catalogue Of So-
matic Mutations In Cancer; LP, likely pathogenic; MSI, microsatellite instability (number of tumors with MSI); MSS, microsatellite stability (number of tumors with MSS); 
P, pathogenic; SomD, somatic driver; TCGA, The Cancer Genome Atlas; VUS, variant of unknown significance.

a See Material and Methods to know about the criteria applied for variant classification, and Supplementary Table S1 for details on the evidence used for the clas-
sification of germline variants.

b Regions within ±15 amino acids of the Exo motifs were considered flanking.
c This data indicates if the affected amino acid is located within the DNA-binding pocket of the exonuclease (yes), or if it is outside (no). See Materials and Methods 

section for details.
d TCGA and COSMIC cancers considered. MMR deficiency status (MSI/MSS) was only available for 60 of 282 COSMIC tumors, whereas all TCGA cases included this 

information. pMMR tumors include those categorized as MSS, low-MSI and low-MSI/MSS in the databases. dMMR tumors were considered when categorized as MSI or 
high-MSI.

e Any type of cancer and/or the presence of gastrointestinal adenomas were considered. Details of the families and phenotypes in Supplementary Table S1.
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Thresholds of 0.4 for MANTIS and 3.5 for MSIsensor were 
applied. 38,39 Tumors were classified as dMMR if at least 1 of 
the 2 scores exceeded the respective threshold. When 
available, MSI status from the Bethesda panel was priori-
tized for classification. 40,41 For samples with undefined 
MMR status, classification was inferred based on COSMIC 
mutational signatures: tumors were considered dMMR if the 
contribution of dMMR-associated signatures exceeded 20% 
of the total signature profile.

For tumors obtained from COSMIC, MMR status was taken 
directly from the database annotations. Microsatellite stable 
(MSS) and MSI-low tumors were considered mismatch repair 
proficient (pMMR), whereas MSI-high tumors were classified as 
dMMR.

Tumor Mutational Burden and Signatures

Exome sequencing data (BAM files) or targeted sequencing 
data (covering ≥100 genes) from tumors harboring POLE and 
POLD1 ED variants were obtained from TCGA and COSMIC v.94 
(accessed May 2024). Of the tumors meeting these criteria, all but
1 had exome sequencing data available. The remaining case, 
sourced from COSMIC, had been sequenced using a 410-gene 
targeted panel.

Sequencing data were processed to calculate TMB and muta-
tional signatures as previously described. 21 In total, 78 TCGA and 
12 COSMIC tumors were analyzed. Signature attribution was 
performed using FitMS through the Signal web application 
(https://signal.mutationalsignatures.com/), 42 accessed in May 
2024, without selection of tissue-specific signatures. For POLE 
variants, COSMIC v3 signatures were considered, which include 
SBS10a, SBS10b, SBS28, and SBS14. For POLD1 variants, the Cancer 
Reference Signatures were considered, which include SBS10d and 
SBS20. Although SBS10c is also associated with Pol δ proofreading 
deficiency, it is typically observed only in normal tissues―such as 
sperm, blood, or normal colon crypts―from individuals carrying 
germline POLD1 ED variants. 26,43 Since this study focuses on tu-
mor samples, where SBS10c is generally absent, it was excluded 
from the analysis. Furthermore, SBS10c is not included in the 
Cancer Reference Signatures used by Signal, reflecting its limited 
relevance in cancer.

Statistical Analysis

Statistical analyses were conducted using R statistical soft-
ware (v4.4.1, R Foundation for Statistical Computing) and 
GraphPad QuickCalcs (www.graphpad.com). Group comparisons 
were performed using parametric tests, including Spearman t 
tests and analysis of variance. Differences in frequencies were 
assessed using the proportional and Fisher exact tests. Survival 
curves were compared using log-rank tests, as provided in cBio-
Portal. All statistical tests were 2-sided, with significance set at 
P < .05.

Unsupervised hierarchical clustering of TCGA tumors with and 
without POLE ED PVs was based on the contribution percentages 
of Pol ε proofreading-deficient signatures (SBS10a, SBS10b, SBS14, 
and SBS28), dMMR signatures (SBS6, SBS15, SBS21, SBS26, and 
SBS44), and “other signatures,” encompassing any assigned 
COSMIC v.3 SBS and unassigned signatures (FitMS-Signal results). 
Euclidean distance was used to compute sample distances, and 
the Ward-D2 method was applied for clustering. The

ComplexHeatmap package was used for both clustering compu-
tation and heatmap visualization.

Results

A diagram that summarizes the design of this study is 
included as Figure 1.

Nature, Frequency, and Location of Germline and Somatic 
Exonuclease Domain Pathogenic Variants Affecting Polymerase 
Proofreading

Based on the criteria detailed in the Materials and Methods 
section for the inclusion of germline and somatic variants 
(Supplementary Tables S1 and S3), a total of 31 PVs, all of them of 
missense nature, were identified for this study (Table 1). The 
relative frequency of each PV and its location in the ED linear 
sequence are represented in Figure 2.

Among the 22 gPVs―classified as P, LP, or hot VUS―identified 
in individuals with PPAP, 12 were categorized as predominantly 
germline. The most recurrent variants (ie, identified in ≥3 un-
related families), listed in order of decreasing frequency, were: 
POLE L424V, POLD1 S478N, POLD1 L474P, POLE N363K, and POLE 
M294R (Table 1).

In total, 20 somatic driver variants were identified across tu-
mors from TCGA and COSMIC data sets―16 in POLE and 4 in 
POLD1. Thirteen of these were classified as predominantly so-
matic. The most recurrent somatic hotspots (defined as occurring 
in ≥10 tumors), in order of decreasing frequency, were: POLE 
P286R, V411L, A456P, S297F, and S459F (Table 1).

Of the 31 PVs identified―either as gPVs or somatic 
drivers―13 were found in both PPAP germline and somatic 
contexts. Notably, the germline-to-somatic distribution of these 
shared variants was often highly unbalanced: Variants such as 
POLE P286R, V411L, S297F, A456P, and S459F are somatic hotspots 
but rarely observed in the germline, while POLE L424V and POLD1 
S478N are the most frequent gPVs in PPAP and are seldom 

detected as somatic alterations in tumors (Table 1; Fig. 2). 
Polymerase proofreading activity relies on highly conserved 

motifs within the ED―the so-called Exo motifs (I-V)―and 2 
catalytic residues located in EXO I that coordinate metal ion 
binding: D275 and E277 in POLE, and D316 and E318 in 
POLD1. 44,45 Germline and somatic PVs cluster within or near the 
Exo motifs (Fig. 2).

In POLE, ED PVs―whether germline or somatic―are broadly 
distributed across all 5 Exo motifs and their flanking regions. All 
known pathogenic POLD1 ED variants, which affect only 5 protein 
residues to date, are located within Exo motifs I, II, or IV. Notably, 
the exonuclease catalytic sites are affected by both somatic and 
germline variants in both genes (Fig. 2).

Beyond their linear position in the ED, pathogenicity may also 
relate to a variant’s location within the DNA-binding cleft of the 
exonuclease’s 3-dimensional structure. Variants that either 
directly contact the DNA or are embedded within the 
DNA-binding region are thought to have a greater impact on 
proofreading function and/or may induce a stronger mutagenic 
effect. 46—49 The majority of the 31 variants classified gPVs or 
somatic drivers affect residues that form the DNA-binding cleft of 
the exonuclease (28/31; 90%). Of these, 71% (20/28) affect amino 
acids with atoms that are at less than 6 Å from the DNA, that is, in 
direct contact with it (Table 1).
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Figure 1.
Schematic representation of the study design.
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Figure 2.
Location in the exonuclease domain sequence of POLE and POLD1 of somatic (blue dots) and germline (red dots) variants. Exo motifs (I—V) are represented in the diagram as 
thick black lines (POLE: I, aa 271-285; II, aa 359-372; III, aa 453-466; IV, aa 420-428; and V, aa 430-438. POLD1: I, aa 312-326; II, aa 393-406; III, aa 506-519; IV, aa 470-478; and 
V, aa 485-493). The size of each colored dot represents the frequency of the corresponding variant: large dots represent the most frequent somatic mutation hotspots (≥10 
tumors in Table 1) and the most prevalent germline variants (≥5 families in Table 1); medium-size dots, less recurrent variants (somatic: 3-9 tumors; germline: 3-4 families); 
and small dots, variants identified in ≤ 2 tumors or ≤ 2 families. aa, amino acid.
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POLE and POLD1 gPVs and somatic drivers exhibit consistently 
high AlphaMissense scores (mean, 0.98; median, 0.99; range, 
0.87-1), with 93.5% (29/31) scoring ≥0.94 (Table 1). In contrast, 
REVEL scores are more variable and generally lower, with a mean 
score of 0.658 (range, 0.377-0.913) across all 31 variants. There 
was no significant difference in REVEL scores between predom-
inantly germline variants (mean, 0.653; range, 0.377-0.913) and 
somatic drivers (mean, 0.642; range, 0.418-0.837). Additional 
details on REVEL predictions are provided in Supplementary 
Results section.

Clinical Phenotype I: Tumor Spectrum of Polymerase Proofreading-
Associated Polyposis (Hereditary Cancer Syndrome)

Table 2 summarizes the clinical phenotypes observed in PPAP, 
based on data from 249 heterozygous carriers across 70 families 
reported in the literature (clinical features of each individual are 
detailed in Supplementary Table S4). As previously described by 
our group, 21 the primary PPAP-associated tumor types are colo-
rectal, endometrial, ovarian, breast, brain, and upper gastroin-
testinal cancers, as well as polyposis (>10 adenomas). All these 
tumor phenotypes show a prevalence >10% among cancer-
affected heterozygotes and are frequently associated with mul-
tiple primary cancers.

Although current sample sizes remain limited―particularly 
for POLD1―emerging data suggest distinct cancer risks and tu-
mor spectra for POLE vs POLD1 ED gPV carriers. Reported

phenotypes indicate that endometrial cancer is more commonly 
diagnosed in heterozygous carriers of POLD1 PVs, whereas 
ovarian cancer has so far been observed exclusively in POLE 
heterozygotes. Notably, up to 20% of POLD1 ED heterozygotes and 
only 5% of POLE heterozygotes have been reported without tu-
mors or caf � e-au-lait macules, suggesting variable penetrance
between the 2 genes (Table 2; Fig. 3A).

Clinical Phenotype II: Constitutional Mismatch Repair 
Deficiency-Like Presentations (Aggressive Hereditary Forms)

Although PPAP-associated tumors―both benign (eg, polyps) 
and malignant―are typically diagnosed in adulthood, with mean 
ages at cancer diagnosis ranging 30-60 years (Table 2), a subset of 
cases presents with unusually aggressive phenotypes. These 
include polyposis and cancers―such as CRC and brain tumor-
s―manifesting in childhood, adolescence, or early adulthood 
(Table 3). 50—56 The mean age at CRC diagnosis in reported cases is 
16 years, with brain tumors, including medulloblastomas,
developing as early as 4-5 years. Caf � e-au-lait macules and
nonmalignant tumors (eg, pilomatricomas) are often reported in 
these cases, whose phenotype mimics constitutional mismatch 
repair deficiency (CMMRD).

Notably, 3 of the 6 POLE variants linked to aggressive PPAP 
phenotypes―V411L, S297F, and A456P―are among the most 
recurrent somatic drivers. The M444K variant has been identified 
in 2 tumors as a somatic driver and in 1 CMMRD-like case as a 
germline variant. S461T had not been previously reported as

Table 2
Clinical phenotypes of individuals carrying a gPV in the ED of POLE or POLD1

Clinical phenotypes POLE or POLD1 ED PV 
heterozygotes
Affected vs total no. of 
heterozygotes
Median age at diagnosis 
(range)

POLE ED PV heterozygotes 
Affected vs total no. of 
heterozygotes
Median age at diagnosis 
(range)

POLD1 ED PV heterozygotes 
Affected vs total no. of 
heterozygotes
Median age at diagnosis 
(range)

POLE vs POLD1 PV ED 
heterozygotes
(2-tailed Fisher exact test)

Colorectal cancer 
Median age (range)

139/249 (56%) 
Age (y): 42 (13-88)

115/196 (59%) 
Age (y): 43 (13-88)

24/53 (45%)
Age (y): 34.5 (17-80)

P = .0884

Endometrial cancera, female
Median age (range)

28/127 (22%)
Age (y): 50 (30-57)

15/94 (16%)
Age (y): 50 (30-56)

13/33 (39%)
Age (y): 51 (31-57)

P = .0077

Breast cancer a , female
Median age (range)

13/127 (10%)
Age (y): 52 (38-65)

8/94 (9%)
Age (y): 48.5 (38-65)

5/33 (15%)
Age (y): 57 (52-65)

P = .3202

Ovarian cancer a , female
Median age (range)

9/127 (7%)
Age (y): 40 (33-57)

9/94 (10%)
Age (y): 40 (33-57)

0/33 (0%) P = .1104

Brain cancer
Median age (range)

23/249 (9%)
Age (y): 30 (4-66)

22/196 (11%)
Age (y): 30 (4-66)

2/53 (4%) 
Age (y): 26 d

P = .1210

Extracolonic GI cancers
Median age (range)

20/249 (8%)
Age (y): 48 (34-78)

19/196 (10%)
Age (y): 48 (34-78)

1/53 (2%) 
Age (y): 36

P = .0851

Other cancers
Median age (range)

14/249 (6%)
Age (y): 48 (17-78)

11/196 (6%)
Age (y): 47 (31-78)

3/53 (6%)
Age (y): 52 (17-58)

P = 1.0000

Multiple primary cancers 83/249 (33%) 63/196 (32%) 20/53 (38%) P = .5116
GI polyposis b

Median age (range)
69/249 (28%)
Age (y): 40 (13-71)

57/196 (29%)
Age (y): 38 (13-71)

12/53 (23%)
Age (y): 41 (19-58)

P = .3918

CALMs (reported) 13/249 (5%) 13/196 (7%) 0/53 (0%) P = .0765
No cancer 63/249 (25%) 45/196 (23%) 18/53 (34%) P = .1112
No cancer, no benign tumor 

phenotype, and no CALMs 
Median age (range)

20/249 (8%)
Age (y): 34 (18-44) c

10/196 (5%)
Age (y): 34 (2-44)

10/53 (19%)
Age (y): 31 (18-44)

P = .0028

Cases with variants classified as P, LP, hot VUS or somatic drivers (Table 1) reported in the literature were included (last search: May 2024). Polyp information and other 
phenotypic details are shown in Supplementary Table S4.
CALMs, Caf � e-au-lait macules; GI, gastrointestinal; PV, pathogenic variant (includes pathogenic, likely pathogenic and “hot VUS”).

a Only female heterozygotes were considered. No male heterozygotes were diagnosed with breast cancer.
b Individuals reported as having >10 polyps (type not determined), >10 adenomas, polyposis, multiple polyps or multiple adenomas. Sixty-nine heterozygotes fulfilled 

this criterion, 13 had <10 but ≥5 polyps, 64 had 1 to 4 polyps, and 112 had 0 polyps at the time of ascertainment or no data regarding polyps.
c Available age information in 4 of 20 individuals.
d Available information on age at brain cancer diagnosis for 1 of 2 patients.
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either a somatic or germline variant except in the case described 
here. To date, no aggressive PPAP phenotypes have been linked to 
germline POLD1 PVs following a monogenic model. 

CMMRD-like phenotypes may also arise through digenic in-
heritance, where a POLE or POLD1 ED germline variant co-occurs 
with a germline variant in an MMR gene. This has been docu-
mented in 2 unrelated families (Table 3). 50—56 One involved 2 
siblings carrying both POLD1 c.946G>A p.(D316N) and PMS2 
c.2007-786_2174+493del1447. 56 Another involved a 4-year-old 
medulloblastoma patient who inherited POLE c.830A>G p. 
(E277G) and carried a de novo PMS2 c.2148dupC variant. 57 A 
potential third case, reported by the European Consortium “Care 
for CMMRD” (C4CMMRD) in 2019, involved a patient diagnosed 
with duodenal cancer at the age of 14 years who inherited a 
maternal PMS2 germline variant and a paternal POLE ED VUS. 58

Clinical Phenotype III: Proofreading-Deficient Cancers (Somatic 
Pathogenic Variants)

Among the 360 tumors from TCGA and COSMIC datasets 
harboring somatic drivers in the ED of POLE and POLD1, 355 
(98.6%) harbored PVs in POLE and 5 (1.4%) in POLD1. POLE ED-
mutated tumor types included endometrial cancer (n = 269; 
74.72%), CRC (n = 54; 15%), glioma (n = 11; 3.06%), and ovarian

cancer (n = 10; 2.78%), with a small number of other tumor types 
represented (Fig. 3B).

Analysis of the tumor spectra associated with the most 
prevalent somatic drivers―POLE P286R, V411L, A456P, S297F, and 
S459F―revealed potential genotype-phenotype correlations, 
suggesting that certain variants may be preferentially associated 
with specific tumor types (Fig. 3C; Fisher exact test: 0.0005). 

Histopathologic data provided further characterization of the 
proofreading-deficient subtype. Among 234 POLE ED-mutated 
endometrial cancers with available histologic classification, 192 
(92.3%) were of endometrioid subtype, including 3 with mixed 
histologic features. Of the 79 endometrial cancers with histologic 
grading information, 56 (71%) were high-grade tumors (grade 3), 
consistent with prior reports. 59 All 54 (100%) CRCs were adeno-
carcinomas. Among the 10 central nervous system tumors with 
available histology, 8 (80%) were glioblastomas multiforme and 2 
(20%) were astrocytomas. Of the 10 ovarian cancers, 9 (90%) 
exhibited endometrioid histology.

Consistent with previous analyses, 29 comparison of the overall 
survival of TCGA patients diagnosed with endometrial cancer 
with and without POLE or POLD1 ED PVs confirmed the favorable 
prognosis associated with the proofreading-deficient subtype 
(source: TCGA; Kaplan-Meier curves and survival analysis 
generated via cBioPortal [https://www.cbioportal.org/]; Fig. 3D). 
The differences observed among CRC subtypes did not reach

A B

C D

Figure 3.
(A) Prevalence of different tumor types and non-tumoral phenotypes among heterozygous carriers of POLE and POLD1 ED pathogenic variants, based on the information 
detailed in Table 2. Phenotypic prevalences were compared between POLE and POLD1 ED PV heterozygotes using a 2-tailed Fisher’s exact test (significance levels: *P < .05, **P < 
.01, ***P < .001). (B) TCGA and COSMIC tumor types harboring POLE or POLD1 somatic driver variants and relative frequency of the different tumor types. (C) Distribution of 
tumor types according to the presence of the most recurrent somatic POLE mutation hotspots. (D) Kaplan-Meier survival curves showing overall survival for TCGA endometrial 
cancer patients with (n = 55) or without (n = 474) somatic pathogenic variants in the ED of POLE or POLD1. Log-rank test: P = 2.594 × 10 -3 (Source: cBioPortal). ca., cancer;
CALMs, caf � e-au-lait macules; CRC, colorectal cancer; EC, endometrial cancer; ED, exonuclease domain; GI, gastrointestinal; gPV, germline pathogenic variant; PV, pathogenic
variant.
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statistical significance, likely due to the small number of TCGA 
proofreading-deficient CRC patients (n = 11; Supplementary 
Fig. S1).

Tumor Molecular Features: Mismatch Repair Deficiency Status and 
Mutational Burden

To ensure high-quality data for comparative analysis, 
sequencing data from PPAP tumors―primarily derived from

formalin-fixed paraffin-embedded samples―were excluded. Due 
to the rarity of somatic POLD1 ED PVs and the unique charac-
teristics of Pol δ proofreading deficiency, these were analyzed 
separately.

A total of 86 tumors from TCGA and COSMIC met the 
sequencing quality criteria (see Materials and Methods) and 
harbored 1 of 24 POLE ED variants listed in Table 1 
(Supplementary Table S3).

Sixteen POLE PVs were represented: 1 predominantly germ-
line (L424V), 13 predominantly somatic (P286R, S297Y, S297F,

Table 3
Characteristics of reported heterozygous carriers of POLE and POLD1 ED pathogenic variants who developed aggressive phenotypic traits resembling CMMRD phenotypes

Germline ED variant a De novo Digenic inheritance with an 
MMR pathogenic variant

Phenotype (age [y] at diagnosis) Publication

POLE:c.890C>T; p.S297F 
[somatic hotspot]

de novo No CRC (20 y; pMMR); 50-60 adenomas; epithelioma/ 
pilomatricoma (28 y); glioblastoma (29 y; 2 somatic MSH6 
pathogenic variants; TMB 320 mut/Mb); multiple CALMs 
and skin papules and cysts.

Sehested et al, 2022 50

POLE:c.1231G>T; p.V411L 
[somatic hotspot]

b Probably 
de novo

No CRC (14 y; pMMR); >10 polyps (14 y); 6 CALMs; 
pilomatricoma.

Wimmer et al, 2017 51

POLE:c.1307C>G; p.P436R n.a. No CRC (17 y); anaplastic astrocytoma (17 y). Galati et al, 2020 52 

Shuen et al, 2019 53

POLE:c.1331T>A; p.M444K n.a. No Tectal plate glioma (11 y); CRC (13 y; pMMR; TMB 169 mut/ 
Mb); >100 adenomas (13 y); several CALMs; intramuscular 
venous malformation in right shoulder (3 y).

Sehested et al, 2022 50

POLE:c.1366G>C; p.A456P 
[somatic hotspot]

b Probably 
de novo

No Anaplastic medulloblastoma (5 y; pMMR; TMB >150 mut/ 
Mb), osteochondroma (5 y) and 3 pilomatricomas (5 y), 
renal cyst (5 y) >100 hyperpigmented macules and papules, 
including some with CALM features.

Lindsay et al, 2019 54

POLE:c.1381T>A; p.S461T de novo No Medulloblastoma (4 y; MSH6 loss; TMB 266 mut/Mb); 
multiple hyperpigmented skin spots, >6 reminiscent of 
CALMs.

Sehested et al, 2022 50

POLE:c.830A>G; p.E277G No PMS2:c.2148dupC (de novo) Medulloblastoma (4 y; PMS2 loss; dMMR; TMB 144-276 
mut/Mb; SBS10a, SBS14 and dMMR signatures); CALMs.

Michaeli et al, 2022 55

POLD1:c.946G>A; p.D316N No PMS2:c.2007-
786_2174+493del1447

Sibling I: CRC (17 y; dMMR); multiple adenomas (17 y); 2x 
CRC (27 y); urothelial carcinoma (34 y); nephrogenic 
adenoma of urinary bladder (36 y).

Schamschula et al 
2022 56

Sibling II (deceased at 21 y): 2x CRC (19 y); ≥7 adenomas 
(19 y).

CALMs, caf� e-au-lait macules; CRC, colorectal cancer; dMMR, mismatch repair deficiency; n.a., not available information; pMMR, mismatch repair proficiency; TMB, tumor 
mutation burden; y, years.

a There are 2 more individuals listed in Table 1 that carry in the germline a predominantly somatic variant (POLE V411L and P286R). However, there are no phenotypic 
details (except for having been diagnosed with CRC) in the publication where they were reported, 57 which is the reason why they were not included in the table.

b No family history of early-onset cancers or gastrointestinal polyposis, or other PPAP-associated features; mother wildtype (paternal branch not tested).

Table 4
MMR status and TMB of the 86 TCGA and COSMIC tumors with any of the 24 POLE ED PVs included in the study

Total pMMR cancers dMMR cancers

No. of tumors 86 63 (73%) 23 (27%)
TMB (median; range)
Hypermutated (10-99 mut/Mb) 
Ultramutated (≥100 mut/Mb)

160 mut/Mb (2.6-938) 
23/86 (27%)
60/86 (70%)

129 mut/Mb (2.6-938) 
23/63 (37%)
38/63 (60%)

228 mut/Mb (109-532) 
0/23 (0%)
23/23 (100%)

MUTATIONAL SIGNATURES
Contribution of SBS10a, 10b, 28, and 14 (median; range)

SBS10a: 23% (0%-49%)
SBS10b: 34.5% (0%-65%)
SBS28: 0% (0%-19%)
SBS14: 0% (0%-38%)
TOTAL: 69% (0%-87%)

SBS10a: 30% (0%-49%)
SBS10b: 39% (0%-65%)
SBS28: 0% (0%-19%)
SBS14: 0% (0%-29%)
TOTAL: 76% (17%-87%)

SBS10a: 0% (0%-28%)
SBS10b: 10% (0%-52%)
SBS28: 0% (0%-0%)
SBS14: 11% (0%-38%)
TOTAL: 29% (0%-68%)

No. of tumors with proofreading-deficient SBS signatures SBS10a: 65/86 (76%) 
SBS10b: 77/86 (90%)
SBS28: 18/86 (21%)
SBS14: 27/86 (31%)
Any of the 4: 85/86 (99%)

SBS10a: 59/63 (94%)
SBS10b: 62/63 (98%)
SBS28: 18/63 (29%)
SBS14: 9/63 (14%)
Any of the 4: 63/63 (100%)

SBS10a: 6/23 (26%) 
SBS10b: 15/23 (65%)
SBS28: 0/23 (0%)
SBS14: 17/23 (74%)
Any of the 4: 22/23 (96%)

Each tumor’s characteristics are detailed in Supplementary Table S3.
dMMR, mismatch repair deficiency; mut/Mb, mutations per megabase; pMMR, mismatch repair proficiency; PV, pathogenic variant; SBS, single base substitution; TMB, 
tumor mutation burden.

Julen Viana-Errasti et al. / Mod Pathol 38 (2025) 100843

8



N363D, F367S, D368Y, V411L, L424I, P436R, A456P, S459F, S461L, 
and A465V), and 2 present in both germline and somatic contexts 
(P286L and M444K).

Among the 86 POLE-mutated tumors, 61 were pMMR, 21 were 
dMMR, and 4 had unknown MMR status. Samples with undefined 
MMR status were categorized based on dMMR-associated 
mutational signatures (>20% contribution), resulting in 63 
pMMR and 23 dMMR proofreading-deficient tumors (Table 4). 
Eighty-two tumors harbored POLE ED PVs categorized as pre-
dominantly somatic, whereas 2 tumors (both pMMR) had so-
matic POLE L424V, categorized as predominantly germline. Two 
tumors carried POLE ED variants (P286L and M444K) found in 
both germline and somatic cases.

As already mentioned, 73% (63/86) of Pol ε proofreading-
deficient tumors were pMMR, whereas 27% (23/86) were 
dMMR. When stratified by tumor type, 26% (14/53) of endo-
metrial cancers, 16% (3/19) of CRCs, and 43% (6/14) of other 
cancer types exhibited dMMR. However, these differences did 
not reach statistical significance (Fisher exact test results:

endometrial vs CRC, P = .531; endometrial vs other, P = .325; 
CRC vs other, P = .122).

Consistent with prior (non-TCGA) studies, 27 dMMR cancers 
exhibited significantly higher TMB than their pMMR counterparts 
(median TMB: 228 mut/Mb vs 129 mut/Mb; P = .0003, Mann-
Whitney U test; Table 4; Fig. 4A).

MMR status analysis stratified by variant revealed that 
most tumors with recurrent somatic driver variants (hot-
spots) were pMMR (78%-92%), supporting the hypothesis 
that these variants alone are sufficient to drive hyper-
mutation. However, preliminary data suggest that certain 
somatic POLE ED variants―such as A465V and L424I―may 
require co-occurring MMR deficiency to drive hyper-
mutation (Fig. 4B). Notably, 2 of 4 tumors with somatic 
L424I were dMMR (with no other POLE ED driver), whereas 
the other 2 were pMMR but harbored a second somatic 
POLE ED driver (F367S or P286R). For POLE A465V, 3 tumors 
were dMMR (with no additional POLE ED drivers), whereas 
only 1 was pMMR.
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Figure 4.
(A) TMB (mut/Mb) of 63 pMMR and 23 dMMR Pol ε proofreading-deficient tumors. Lower and upper whiskers of the boxplots represent percentile 10 and 90, respectively. 
Bottom and top edges of the box represent the first and the third quartile, respectively, and the central line, the median. (B) Percentage of pMMR and dMMR tumors for each 
POLE ED somatic driver variant. Variants with MMR status information from at least 3 tumors are included in the graph. Variants are classified as somatic hotspots following 
the criteria described in this article (present in ≥10 tumors). The “no hotspots” group includes all tumors with MMR status information and a POLE somatic variant that is not 
considered a somatic hotspot. (C) Heatmap representing the unsupervised hierarchical clustering analysis of 86 tumors with POLE ED PVs and 71 tumors without POLE ED 
variants, using the Pol ε proofreading deficiency-associated mutational signatures SBS10a, SBS10b, SBS14, and SBS28, MMR deficiency signatures grouped together (SBS6, 
SBS15, SBS21, SBS26, and SBS44), and “other signatures” that includes any other COSMIC v3 SBS assigned and “unassigned” mutational signatures. ED, exonuclease domain; 
dMMR, MMR deficient; MMR, DNA mismatch repair; pMMR, MMR proficient; PV, pathogenic variant.
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Tumor Molecular Features: Mutational Signatures

COSMIC mutational signatures linked to Pol ε proofreading 
deficiency were detected in 99% (85/86) of tumors at contribu-
tions >5% (range, 8%-87%). SBS10b and SBS10a were the most 
prevalent, present in 90% (77/86) of tumors. Stratified by MMR 
status, 98% (62/63) of pMMR and 65% (15/23) of dMMR tumors 
had SBS10a and/or SBS10b. SBS14 was found in 14% (9/63) of 
pMMR and 74% (17/23) of dMMR tumors, whereas SBS28― 

despite its specificity for Pol ε proofreading deficiency―was 
detected in only 21% (18/86) of tumors, all pMMR (Table 4; 
Supplementary Table S3).

To assess the specificity of POLE-associated signatures, we 
performed unsupervised hierarchical clustering incorporating 
SBS10a, SBS10b, SBS14, SBS28, MMR-associated signatures (SBS6, 
SBS15, SBS21, SBS26, and SBS44), and other signatures as a group 
(Fig. 4C). The analysis included 86 POLE ED-mutated tumors (63 
pMMR and 23 dMMR) and 71 randomly selected TCGA tumors 
without POLE/POLD1 ED variants (gastric, colorectal, and endo-
metrial cancers; 49 pMMR, 22 dMMR) (Supplementary Table S3). 
As previously observed, 21 SBS10a, SBS10b, SBS28, and SBS14 were 
highly specific (100%) for Pol ε proofreading deficiency. The un-
supervised clustering effectively separated proofreading-
deficient from dMMR tumors, although 4 POLE-mutant tumors 
overlapped with dMMR POLE-wildtype cases, likely due to a high 
contribution of dMMR and/or other signatures. However, these 4 
tumors still exhibited POLE-associated signatures, distinguishing 
them from POLE-wildtype cases.

A direct comparison of tumors with predominantly somatic vs 
germline variants was not feasible due to limited cases: only 2 
tumors harbored a predominantly germline variant (L424V) as a 
somatic event. Notably, these tumors exhibited some of the 
lowest TMBs in the series (2.6 and 4.4 mut/Mb) but retained clear 
Pol ε proofreading deficiency-associated signatures: SBS10a (0% 
and 23%) and SBS10b (17% and 26%).

Recessive Effect of Polymerase δ in Hereditary Cases Versus Co-
Occurrence of a POLD1 Exonuclease Domain Somatic Driver and 
Mismatch Repair Deficiency in Sporadic Tumors

Compared with POLE, somatic POLD1 ED PVs are rare. In TCGA 
and the COSMIC data sets, only 6 tumors (5 endometrial cancers 
and 1 CRC) harbored a somatic POLD1 ED driver. One dMMR 
endometrial cancer had a co-occurring POLE V411L and displayed 
POLE-associated mutational signatures. The pMMR tumor, a CRC 
listed in COSMIC as low-MSI, lacked sequencing data for muta-
tional signature analysis. The remaining 4 tumors (all dMMR) 
showed >80% contribution of SBS20, linked to combined MMR 
and Pol δ proofreading deficiencies (Supplementary Table S2). To 
validate this, we analyzed the Memorial Sloan Kettering Clin-
icogenomic Harmonized Oncologic Real-world Dataset (MSK-
CHORD) via cBioPortal (https://www.cbioportal.org/), 5,60,61 

which included 6 tumors with POLD1 somatic drivers (3 D402N, 2 
S478N, and 1 D316N), 5 of which were dMMR, supporting TCGA 
and the COSMIC findings.

In contrast, most tumors from POLD1 ED gPV heterozygotes 
are pMMR (13/16, Supplementary Table S5). We previously 
demonstrated that POLD1 gPVs require a somatic second hit 
(copy-neutral loss of heterozygosity [LOH]) to induce hyper-
mutagenesis and carcinogenesis. 43 This mechanism has been 
observed, to date, in all analyzed tumors from POLD1 ED gPV 
heterozygotes, 43,62 including 1 adenoma, 1 endometrial cancer,

and 2 CRCs (Supplementary Table S5). These tumors consistently 
exhibited the Pol δ proofreading deficiency-associated signature 
SBS10d. 43

Discussion

This study reveals key distinctions between somatic and 
germline ED variants affecting Pol ε and Pol δ polymerase 
proofreading. Predominantly somatic variants seem to be more 
aggressive and mutagenic, with gPVs in these sites often leading 
to severe, early-onset phenotypes (CMMRD-like). Variants with 
extreme mutagenic potential, if they occur in the germline, may 
be incompatible with life, and if/when viable, these exhibit high 
penetrance, increasing cancer risk at an early age. On the other 
hand, differences in tumor phenotypes and penetrance might 
occur between POLE and POLD1 ED gPVs.

Recurrent gPVs, such as POLE L424V and POLD1 S478N, 
show lower REVEL pathogenicity scores and may be asso-
ciated with lower TMB. The lower mutagenic potential of 
these variants suggests negative selection does not occur, 
which aligns with their higher frequency in germline cases. 
An exception is POLD1 L474P, which has a high REVEL 
pathogenicity score despite being the second most recurrent 
POLD1 gPV. However, this is a regional founder variant, 63 

rather than a germline mutational hotspot. Comparing he-
reditary and sporadic tumors is challenging due to vari-
ability in tissue conservation, tumor types, stages, and MMR 
status. Future studies using controlled in vitro systems 
could provide clearer insights into the relative mutagenic 
strength of somatic and germline PVs.

The cooperation between polymerase proofreading defi-
ciency and MMR deficiency in tumorigenesis is well sup-
ported, based on available tumor data and the existence of 
CMMRD-like cases caused by the co-occurrence of POLE or 
POLD1 and MMR gene gPVs. Tumors harboring both de-
ficiencies exhibit significantly higher TMBs and distinct 
mutational spectra, with SBS14 enrichment in POLE-mutated 
tumors and SBS20 in POLD1-mutated tumors. Some POLE 
variants, such as L424I and A465V, probably with less 
mutagenic potential, may require concurrent MMR deficiency 
or other DNA repair defects to induce hypermutation and 
drive tumor formation.

Although Pol ε and Pol δ are both replicative polymerases with 
exonuclease proofreading capabilities, POLE and POLD1 differ in 
their tumorigenic mechanisms. POLE ED PVs are typically hap-
loinsufficient, meaning a single allele alteration is sufficient to 
cause hypermutability. In contrast, POLD1 ED PVs are hap-
losufficient, necessitating either a second hit―typically LOH―or 
MMR deficiency to drive mutagenesis. 26,43,64 POLD1 gPVs pre-
dominantly follow a second hit model (LOH), whereas somatic 
POLD1 PVs frequently co-occur with MMR deficiency.

Pol δ’s extrinsic proofreading function provides a possible 
explanation for these differences. Although Pol ε primarily 
proofreads its own replication errors, Pol δ can also proofread 
errors from other replicative polymerases. 43 This extrinsic 
proofreading, combined with efficient MMR on the lagging 
strand, where Pol δ exerts its replicative activity, 65 likely miti-
gates the mutagenic impact of heterozygous POLD1 variants. 
Consequently, POLD1 ED heterozygous variants alone do not 
significantly elevate error rates, whereas MMR deficiency is 
necessary to prevent error correction on the lagging strand. 56

It remains unclear why somatic POLE PVs are primarily found 
in endometrial cancers (accounting for 75% proofreading-
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deficient tumors in TCGA), whereas POLE/POLD1 gPVs are pre-
dominantly associated with increased risk of CRC (with 56% of 
reported gPV carriers affected with this tumor type; Fig. 3A, B). 
One possible explanation is ascertainment bias―germline testing 
of POLE and POLD1 is often guided by the presence of CRC and/or 
polyposis, potentially underestimating endometrial cancer risk in 
heterozygous carriers. Additionally, the variable extent of endo-
metrial cancer detection in these individuals may further skew 

the observed distribution toward CRC. On the other hand, somatic 
POLE testing is now widely implemented across many clinical 
centers as a biomarker for immunotherapy eligibility in endo-
metrial cancer, which should, in theory, facilitate the identifica-
tion of hereditary cancer cases enriched in endometrial cancer. 
However, this has not been the case, suggesting the presence of 
biological, cellular, or environmental factors that could be influ-
encing this tissue specificity. Understanding the mechanisms 
underlying this tissue preference could offer insights into 
tumorigenesis in POLE/POLD1-associated cancers and aid in the 
development of prevention strategies.

Our analysis has identified, for the first time, statistically sig-
nificant differences in tumor type distributions among different 
somatic POLE ED hotspot variants (Fig. 3C). Nevertheless, these 
findings remain preliminary due to limited sample sizes, with 
only 11 and 21 tumors representing the variants showing the 
most evident differences. Until larger tumor cohorts are analyzed 
to validate these observations, conclusions should be drawn with 
caution.

Since PPAP was first described in 2013, 20 accumulating data 
suggest that disease penetrance and phenotypic expression vary 
depending on the gene (POLE vs POLD1) and the specific variant 
involved (Tables 2 and 3). Highly mutagenic variants result in 
more severe phenotypes, characterized by early-onset tumors 
and a broader spectrum of malignancies and nonmalignant 
manifestations. The presence of co-occurring germline variants in 
POLE or POLD1 and an MMR gene should be considered, partic-
ularly in cases resembling CMMRD.

The main limitation of this study is the lack of access to high-
quality sequencing data from tumors developed in PPAP patients. 
In most cases, sequencing has been performed on DNA extracted 
from formalin-fixed paraffin-embedded samples, which gener-
ally yields lower-quality data that are not directly comparable 
with TCGA exome data generated from fresh-frozen tumor 
specimens. Furthermore, most of these data sets are not publicly 
available for independent reanalysis. Access to high-quality 
sequencing data from PPAP-associated tumors would allow for 
more accurate and comprehensive comparisons between he-
reditary and sporadic polymerase proofreading-deficient cancers. 
In addition, validating some of our findings―derived from a 
limited number of tumors―will require sequencing data from a 
larger cohort of polymerase proofreading-deficient tumors. 
Finally, assessing the mutagenic potential of ED variants in a 
robust and reproducible manner would necessitate controlled 
in vitro experiments, tracking mutation accumulation over time. 

This study advances our understanding of cancer risks asso-
ciated with POLE and POLD1 PVs, providing insights that may 
improve clinical management, genetic testing interpretation, and 
research directions. Larger, diverse clinical data sets will be 
crucial for validating these findings and uncovering additional 
genotype-phenotype correlations. Understanding the interplay 
between polymerase proofreading deficiencies and other DNA 
repair mechanisms is essential for refining diagnostic and ther-
apeutic strategies based on specific molecular/mutational pro-
files. Future research integrating experimental and clinical data

will enhance patient care by further elucidating the molecular 
features of proofreading-deficient tumors.
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