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ABSTRACT

POLE driver mutations in the exonuclease domain (ExoD driver) are preva-
lent in several cancers, including colorectal cancer and endometrial cancer,
leading to dramatically ultra-high tumor mutation burden (TMB). To un-
derstand whether POLE mutations that are not classified as drivers (POLE
Variant) contribute to mutagenesis, we assessed TMB in 447 POLE-mutated
colorectal cancers, endometrial cancers, and ovarian cancers classified as
TMB-high >10 mutations/Mb (mut/Mb) or TMB-low <10 mut/Mb. TMB
was significantly highest in tumors with “POLE ExoD driver plus POLE
Variant” (colorectal cancer and endometrial cancer, P < 0.001; ovarian
cancer, P < 0.05). TMB increased with additional POLE variants (P <
0.001), but plateaued at 2, suggesting an association between the presence
of these variants and TMB. Integrated analysis of AlphaFold2 POLE mod-

els and quantitative stability estimates predicted the impact of multiple

Introduction

DNA polymerase epsilon (POLE) is an essential mediator of accurate DNA
replication, based in part on its roles in DNA synthesis and DNA proofreading
(1). POLE mutations that impair DNA proofreading lead to increased mutage-
nesis, and in the germline confer an increased risk of colorectal, endometrial,
and other cancers (2-9). Somatic POLE mutations affecting proofreading
are relatively rare, typically observed in approximately 2%-8% of colorectal
cancers and approximately 7%-15% of endometrial cancers, and less com-

monly in other tumors (3). Tumors harboring POLE mutations that lead to
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POLE variants on POLE functionality. The prevalence of immunogenic
neoepitopes was notably higher in the “POLE ExoD driver plus POLE
Variant” tumors. Overall, this study reveals a novel correlation between
POLE variants in POLE ExoD-driven tumors, and ultra-high TMB. Cur-
rently, only select pathogenic ExoD mutations with a reliable association
with ultra-high TMB inform clinical practice. Thus, these findings are
hypothesis-generating, require functional validation, and could potentially

inform tumor classification, treatment responses, and clinical outcomes.

Significance: Somatic POLE ExoD driver mutations cause proofreading
deficiency that induces high TMB. This study suggests a novel modifier
role for POLE variants in POLE ExoD-driven tumors, associated with ultra-
high TMB. These data, in addition to future functional studies, may inform

tumor classification, therapeutic response, and patient outcomes.

proofreading defects are typically ultra-hypermutated [>100 mutations/Mb
(mut/Mb)] and have a specific context of mutational signatures (COSMIC sig-
natures 10a and 10b; ref. 10). The increased tumor mutation burden (TMB) in
such tumors is typically associated with the benefit from immune checkpoint
inhibitor (ICI) therapy (11). Furthermore, recent studies have also shown that
specific pathogenic POLE mutations are associated with clinical benefit from
ICI therapy, but also superior progression-free survival and overall survival
(11, 12). This, understanding how POLE mutations impact TMB has important

clinical implications for patient outcomes and treatment decisions (11, 13, 14).
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Somatic mutations associated with enhanced TMB, and proofreading defi-
ciency are typically observed as hotspot mutations in the exonuclease domain
(ExoD) of POLE, such as P286R, V411L, S297F, A456P, and S459F (10), consid-
ered driver mutations. Current evidence suggests that most mutations located
outside the ExoD or those leading to a truncated protein, do not have an impact
on the proofreading function of the polymerase or on the tumor mutational
landscape. However, POLE variants of uncertain significance (VUS), typically
in the non-ExoD or non-hotspot regions of ExoD, are sometimes concurrent
with a POLE ExoD driver mutation and/or microsatellite instability (MSI; refs.
9,15, 16). Here, we performed a retrospective analysis of 447 genomic profiles
of tumors with POLE mutations to investigate the effect of co-occurring POLE
non-pathogenic variants on TMB, and other tumor molecular features, and
POLE protein stability. The data presented here are hypothesis-generating and
suggest that non-pathogenic POLE variants may further increase POLE ExoD

driver-associated mutation rates and tumor neoantigens.

Materials and Methods

Characterization of the Discovery Cohort
(Caris Life Sciences)

We conducted a retrospective analysis on the genomic profiles of 1,870 pa-
tients with colorectal cancer, 4,481 patients with endometrial cancer, and 8,190
patients with ovarian cancer that underwent genomic profiling by Caris Life
Sciences (CLS) as part of their routine comprehensive tumor molecular pro-
filing. This study was conducted in accordance with 45 CFR 46.101(b), and
utilized retrospective, deidentified patient data, making it Institutional Review
Board (IRB) exempt, with no need for patient consent. All data were obtained
through a Data Use Agreement between CLS and Dr. Michael Hall at the Fox
Chase Cancer Center (IRB 15-8003).

CLS performed next-generation sequencing on genomic DNA from formalin-
fixed paraffin-embedded tumor samples using the NextSeq platform (Illumina,
Inc.). Here, 592 whole-gene targets were enriched using a custom-designed
SureSelect XT assay (Agilent Technologies); a total of 1.4 MB was assessed.
All reported variants were detected with >99% confidence based on allele
frequency and amplicon coverage. The average sequencing depth of coverage
was >500 and the analytic sensitivity was 5%. In the sequencing panel, splice
junctions are covered with mutations observed at £30 nucleotides from the
boundaries of BRCAI/2 genes and £10 nucleotides of the other genes. Splic-
ing variants were annotated only for mutations detected in £2 nucleotides
from the exon boundaries. CLS employed standard practices for TMB analysis
(17). TMB was measured by counting all non-synonymous missense, nonsense,
inframe insertion/deletion, and frameshift mutations found per tumor, and
the threshold to define TMB-high (TMB-H) was >10 mut/Mb based on the
KEYNOTE-158 pembrolizumab trial (18). No normal samples were sequenced,
variants previously reported as germline alterations in dbSNP151, Genome Ag-
gregation Database (gnomAD) databases, or benign variants identified by CLS
geneticists were excluded from the TMB calculations. All tests have met the
Clinical Laboratory Improvement Amendments/College of American Patholo-
gists (CAP) and ISO requirements. Comprehensive MSI profiling was executed
using next-generation sequencing, following the guidelines set forth by CAP
for MSI and mismatch repair (MMR) testing (19).

CLS provided patient clinical and demographic data that were collected from
electronic medical records between June 2016 and June 2019. Clinically reported

TMB values from CLS, tumor lineage, primary tumor site, patient diagno-
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sis, specimen location, age, sex, microsatellite stable/ microsatellite instable
(MSS/MSI) status, POLE variants, and variants in the 592-targeted gene so-
matic panel were obtained from CLS. The pathogenicity of each POLE mutation
was annotated on the basis of the American College of Medical Genetics and

» «

Genomics designation as “pathogenic,” “likely pathogenic,” “VUS,” “presumed
benign,” or “benign” (20). To stratify patients into groups, we used a list of
known POLE ExoD drivers (n = 20): D275G, P286R, S297F/Y, F367C/L/V,
VA411L, L424F, P436R/S/Y, M444K/L, A456P, S459F/Y, S461L/P, A465V (10).
Total POLE-mutated colorectal cancer, endometrial cancer, and ovarian can-
cer patient tumor count was n = 447 (colorectal cancer, n = 92; endometrial
cancer, n = 307; ovarian cancer, n = 48). TMB threshold of <10 was used to
get MSS TMB-low (TMB-L), MSI TMB-L, or TMB>10 to get MSS/TMB-H,
and MSI/TMB-H. The age distribution of the patients with colorectal can-
cer, endometrial cancer, and ovarian cancer within each of the four groups
was used to determine the percentage of frequency of the mutations within
each cohort for colorectal cancer, endometrial cancer, ovarian cancer, and for
all the cancers combined. We plotted the age distribution in Graphpad Prism
V.9 (https://www.graphpad.com/) and smoothened the curve using Fit Spline
(5 knots). The mutational landscape and patient demographic/clinical charac-
teristics (PD-L1 by IHC, MSI comprehensive, age, and sex) of the four groups
for each cancer type were plotted using the GenVisR package of R (21). For each
cancer type, from the 592-targeted gene panel, we identified the top 10% of mu-
tated genes. These genes were identified by setting a threshold of at least more
than 50% of the patients in any Group per cancer type must have a mutation in

that specific gene.

The Cancer Genome Atlas Validation Cohort

Sequencing data from 46 POLE proofreading-deficient The Cancer Genome
Atlas (TCGA) tumor samples (independently of tumor type) and their MSI
status (endometrial cancer, n = 30; colorectal cancer, n = 6; breast cancer,
n = 1; other, n = 9), were obtained from cBioPortal (22, 23). The webtool Sin-
gle Mutational Signatures in Cancer (MuSiCa) was used to calculate the TMB
in those tumors (24). Similar to the discovery cohort, POLE alterations and
the TMB data were used to segregate the data into either “POLE ExoD driver”
(n = 17; endometrial cancer, n = 12; colorectal cancer, n = 3; other, n = 2) or
“POLE ExoD driver plus POLE Variant” (n = 29; endometrial cancer, n = 18;
colorectal cancer, n = 3; breast cancer, n = 1; other, n = 7); these cohorts were
compared using a Mann-Whitney statistical test. The analysis was performed
by including and excluding data for MSI-high (MSI-H) tumors (n = 6).

Structural Mapping and Functional Analysis of POLE
Variants of Interest

To understand the possible structural impact of POLE variants, we used struc-
tural modeling on three-dimensional models of human POLE. Initially, we
created models through traditional template-driven homology modeling (25)
based on yeast POLE structures [PDB codes 4M80O (26) and 6WJV (27)].
Subsequently, we employed Rosetta FastRelax methods (28-30), side-chain
rebuilding with SCWRL4 (31, 32), and analysis with UCSF Chimera (33) soft-
ware. To enhance the accuracy of the full-length human protein model, we
adopted the AlphaFold2 (AF2) program for protein structure prediction. While
AF2 does not require close homology templates (34, 35), we set AF2 to al-
low us to choose specific templates, such as those for yeast POLE, to improve
model conformation with respect to either DNA ligands or other cooperating

subunits.
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In the case of human POLE, we accounted for accessory subunits observed in
the yeast holoenzyme cryo-EM structure, comprising yeast DNA POLE sub-
units A, B, C,and D [PDB code 6W]V (27)]. Adjusting the depth of the multiple
sequence alignments helped produce a model aligning well with the yeast ho-
molog with an RMSD of 1.02 A2 for 1,002 alpha-carbon pairs in the NTD half,
as well as the linker and C-Lobe found in a similar position seen in the template
structure (PDB:6WJV). As the yeast protein is known to undergo a significant
conformational change upon binding to DNA in two major alpha helices in the
finger region, we also generated an AF2 model of the N-terminal half of human
POLE based on the structure of the yeast POLE crystallized in the presence
of a primer-template DNA molecule [PDB code 4M8O (26)]. This model was
subjected to the same AAG monomer process to score all the variants that are
located in the N-Lobe portion of POLE (amino acids 1 to 1,183).

To assess quantitatively the effects of missense mutations in POLE, we employed
applications found in the Rosetta Molecular Modeling Suite (28, 36). The AAG
(or Gibbs free energy) values indicate changes in stability, with negative values
suggesting increased stability and positive values indicating destabilization. The
AAG is given in Rosetta energy units, which have been calibrated to be equiv-
alent to kcal/mol units (28). It should be noted that this calculated change in
stability does not always correlate with effects on protein function. These cau-
tions notwithstanding, calculations were performed for more than 170 variants
in human POLE found in colorectal cancer, endometrial cancer, and ovarian
cancer. We set a cutoff of 1.45 kcal/mol for significant stabilization or destabi-
lization, considering the SD across decoy sets. Highly destabilizing or stabilizing
mutations were labeled as significant. This approach combines structural mod-
eling and energy calculations to assess the impact of missense mutations in
human POLE, especially in the context of cancer-associated variants. Also see
ref. 37 for more detailed methods.

POLE Single Base Substitution Mutational Signatures,
and 3-Nucleotide Sequence Context Analysis for POLE
Variants, and Variants in KRAS, PTEN, and PIK3CA

Single base substitution (SBS) 10a and 10b cosmic mutational signatures for
POLE ExoD defects were analyzed as described previously (38). Signatures for
the colorectal cancer and the endometrial cancer Group 3 cohorts are shown.
For assessing the 3-nucleotide sequence context of mutations, all POLE ExoD
driver-associated COSMIC mutational signatures (SBS 10a, SBS 10b, SBS 14,
and SBS 28) were assessed (39-41). Each of these signatures has a primary mu-
tation which has been described as a “hotspot” (39); SBS 10a is C>A in TCT
context; SBS 10b is C>T in the TCG context; SBS 14 is C>A in the NCT con-
text (N is any base); and SBS 28 is T>G in the TTT context. In addition to these
primary “hotspots,” all mutations that constitute >1% of the genome signature

of interest were counted, capturing 88%-89% of each signature in the analysis.

Neoantigen Prediction

Missense mutations from the top 10% of mutated genes in Groups 2 and 3
endometrial cancers and colorectal cancers in the CLS data were selected for
neoantigen prediction. To specifically contrast the immunogenicity between
Groups 2 and 3, we focused on mutations that were exclusive to Group 3. This
was based on the criteria that mutations either did not appear in Group 2 or,
if they did, appeared no more than once (<1), and occurred at least twice in
Group 3 (>2). The genes, amino acid change, and sequence (obtained from
UniProt) were entered into DeepNeo (42) to determine the HLA class, pep-
tide sequence, MHC binding prediction score, and T-cell reactivity prediction

score of associated neoantigens. On the basis of these results, DeepNeo catego-
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rized the neoantigens as “immunogenic neoantigen” if both MHC binding and
T-cell reactivity >0.5, “nonimmunogenic neoantigen” if MHC binding >0.5
and T-cell reactivity <0.5, “no biological significance” if MHC binding <0.5
and T-cell reactivity >0.5, and “no neoantigen and no immunogenicity” if both
MHC binding and T-cell reactivity <0.5. Combining results from DeepNeo,
a modified neoantigen burden was calculated as the number of immunogenic
neoantigens that were predicted for each tumor. The modified neoantigen bur-
den was combined for colorectal cancer and endometrial cancer data and was
compared with TMB data per tumor, graphed in GraphPad Prism. Finally, the
immunogenicity of each neoantigen based on HLA class and peptide sequence
was validated through an analysis in Neodb (43), which is the largest database
for experimentally validated neoantigens, as well as a platform for the discovery

of novel neoantigens.

Statistical Analysis

We used descriptive statistics to determine medians and quartiles for age distri-
butions. The median TMB (mTMB) with range was reported for each individual
cohort for each cancer type (colorectal cancer, endometrial cancer, and ovar-
ian cancer) for the CLS dataset. We combined data from multiple cancer types,
where appropriate, to report mTMB with range in MSI-H and MSS or MSI-low
tumors. We used Mann-Whitney tests, where appropriate, to determine the
clinical significance of the mTMB difference between the compared cohorts;
P < 0.001; *%, P < 0.01; *, P < 0.05; NS, nonsignificant. Where mentioned,
corrections for multiple testing were performed for more than two comparisons
using the Benjamini-Hochberg FDR test. A correlation between TMB versus
neoantigen burden data was conducted by a Spearman rank correlation with
P < 0.05 considered statistically significant for each comparison. These P values

were not adjusted for multiple comparisons.

Data Availability Statement

The deidentified genomic sequencing data are owned by CLS and are
not publicly available. The datasets analyzed during the current study are
available from the authors upon reasonable request and with permission
of CLS. Qualified researchers may contact the corresponding author with
request. Finally, the wildtype (WT) AF2 structure models generated in
this study are available at https://zenodo.org/record/7395412#.Y 44 AwOzM]Jqs
(DOI10.5281/zenodo.7395412).

Results

POLE Variants in Colorectal, Endometrial, and
Ovarian Tumors

The clinical and demographic characteristics for patients with colorectal cancer,
endometrial cancer, and ovarian cancer genomically profiled for POLE, TMB,
and (where relevant) MSI/MSS status by CLS are in Table 1. POLE mutations
were observed in 4.9% of colorectal cancers (92/1,870), 6.9% of endometrial
cancers (307/4,481), and 0.6% of ovarian cancers (48/8,190; Fig. 1A).

Within this dataset of tumors harboring POLE mutations (n = 447/14,541),
low TMB (TMB-L, <10 mut/Mb) was observed in 39.1% of colorectal cancers
(36/92), 30.9% of endometrial cancers (95/307), and 50.0% of ovarian cancers
(24/48; Fig. 1A; Table 1). TMB-L tumors had POLE variants but no established
POLE ExoD driver mutations (as defined in ref. 10 and Materials and Meth-
ods). This group is subsequently referred to as “POLE variants TMB-L” (Group
1; Fig. 1A; Table 1; Supplementary Table S1). In contrast, high TMB (TMB-H,
>10 mut/Mb) was observed in 60.9% of colorectal cancers (56/92), 69.1% of

Cancer Res Commun; 4(1) January 2024
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FIGURE 1 Characterization of POLE mutations in the CLS and TCGA dataset. A, Flowchart and analysis tree for colorectal cancer (CRC), endometrial
cancer (EC), and ovarian cancer (OC) tumors by POLE mutations, TMB, and MSI/MSS status. Among 1,870 colorectal cancer, 4,481 endometrial cancers,
and 8,910 ovarian cancer tumor genomic profiles, a total of 447 carried POLE mutations. Clinically relevant TMB cut-off points were used to define the
TMB-H (=10 mut/Mb) and TMB-L (<10 mut/Mb) cohorts. POLE mutation cohorts along with TMB and MSI/MSS status were defined. TMB-L tumors
with POLE variants but no established POLE ExoD driver are referred to as “POLE Variants TMB-L” (Group 1, MSS or MSI). TMB-H tumors with known
POLE ExoD driver only were referred to as “POLE ExoD Driver” (Group 2, MSS or MSI). TMB-H tumors with co-occurring POLE ExoD driver and POLE
variant(s) were referred to as “POLE ExoD Driver 4+ POLE ExoD Variant” (Group 3, MSS or MSI). TMB-H tumors with only POLE variant(s) and no POLE
ExoD driver were referred to as “POLE Variant TMB-H” (Group 4, MSS or MSI). B, Age distribution of patients in the CLS cohort with POLE-mutated
tumors (n = 447) designated as Group 1(green), Group 2 (red), Group 3 (purple), and Group 4 (blue). mMTMB comparisons between Group 2 and 3
colorectal cancers (C), endometrial cancers (D), and ovarian cancers (E). mTMB comparisons between Group 2 (Continued on the following page.)
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(Continued) and 3 genomic profiles of colorectal cancer (F), endometrial cancer (G), and ovarian cancer (H). MSI-H tumor profiles were removed from
this analysis. TCGA cohort mTMB comparisons between Group 2 and 3 tumors, in I MSI-H or MSS tumor profiles were included and in J only MSS tumor
profiles were included. Because of smaller sample size per tumor type, analyses were pooled. A Mann-Whitney test was performed and ***, P < 0.007;

*, P < 0.05; NS, nonsignificant.

endometrial cancers (212/307), and 50.0% of ovarian cancers (24/48; Fig. 1A;
Table 1). TMB-H tumors could be segregated into three groups, subsequently
referred to as “POLE ExoD driver” (Group 2), “POLE ExoD driver plus POLE
Variant” (Group 3), and “POLE Variant TMB-H” group (Group 4, lacking an
established ExoD driver; Table 1; Fig. 1A; Supplementary Table S1). The Group
2 and 3 tumors typically had a single established POLE ExoD driver; however,
five tumors had more than one (Supplementary Table S1). Typically, Groups
2 and 3 occurred in younger patients, while Groups 1 and 4 tumors occurred
more frequently in older patients (median ages at diagnosis: 55.5, 55, 62, and

65, respectively; Fig. 1B; Supplementary Table S2).

Interestingly, Group 3 had the highest mTMB compared with Groups 1 and 2,
across the three cancer types (P < 0.001 for colorectal cancer and endometrial
cancer, P < 0.05 for ovarian cancer; Fig. 1C-E; Supplementary Table S3), even
when MSI-H tumors were excluded from the analysis [significant differences
(P < 0.001) for colorectal cancer and endometrial cancer, but not for ovarian
cancer, likely due to small sample size; Fig. IF-H; Supplementary Table S3]. We

validated our findings by analyzing the sequencing data from TCGA, which in-
cluded 46 tumors (78% endometrial cancer or colorectal cancer) with POLE
variants (access date: February 2022). In this dataset, a significantly higher
mTMB was observed in Group 3 (POLE ExoD driver plus POLE Variant) ver-
sus Group 2 (POLE ExoD driver; P < 0.001; Fig. 1I; Supplementary Table S4),
even when excluding MSI-H tumors from the analysis (P < 0.001; Fig. 1J;
Supplementary Table S4).

Because of the consistent findings in the CLS dataset across all three cancer
types, we merged them to enhance the statistical power. As expected previously
(39), P286R and V411 L were the two most common POLE ExoD drivers across
the three cancer types in the CLS dataset, present in 67% of tumors with a POLE
ExoD driver. Analyzing tumors by specific POLE ExoD driver (P286R, V411 L,
or any other ExoD driver) confirmed the independent nature of the associa-
tion, that is, increased mTMB with addition of POLE variants is independent
of the POLE ExoD driver (Fig. 2A). When assessing how TMB changed with
an increasing number of POLE variants in the presence of a POLE ExoD driver

TABLE 1 POLE variant groups, patient clinical and demographic characteristics for the CARIS cohort

POLE ExoD driver TMB-H

Clinicopathologic POLE variant TMB-L POLE ExoD driver POLE ExoD driver + POLE POLE Variant TMB-H
factors (Group 1) (Group 2) Variant (Group 3) (Group 4)
Colorectal cancer

No. of patients 36/92 11/92 24/92 21/92

mTMB 6.0 (3-9) 15 (61-216) 264.5(114-414) 33 (10-461)
MSS 36 n 21 1

MSI 0 3 10

<50 yrs 6 5 14 8

>50 yrs 30 6 10 13

Female 19 1 6 8

Male 17 10 18 13
Endometrial cancer

No. of patients 95/307 37/307 57/307 18/307
mTMB 7(3-9) 52 (21-314) 219 (53-520) 17.50 (10-273)
MSS 90 35 41 23

MSI 5 2 16 95

<50 yrs 10 5

>50 yrs 89 31 47 n3

Ovarian cancer

No. of patients 24/48 12/48 8/48 4/48

mTMB 5.0 (4-9) 69 (31-379) 145 (51-394) 14.50 (10-21)
MSS 24 12 6 2

MSI 0 0 2 2

<50 yrs 4 5 3

>50 yrs 20 8 3 1

Abbreviations: MMR, mismatch repair; MSI, microsatellite instability; MSS, microsatellite stability; mTMB, median tumor mutational burden; yrs, years.
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FIGURE 2 A, mTMB comparisons in Group 2 and 3 tumors by ExoD driver alone [P286R, V411L, or other driver(s) combined] or in conjunction with
POLE variants. Each filled round circle represents a tumor genomic profile; data are shown for the driver alone and/or plus POLE variant. Data in “other
drivers” were combined because of lower numbers. The data are segregated for MSS or MSI status where relevant. A few statistical comparisons were
not performed because of <2 datapoints. B, mTMB comparisons in Group 2 and 3 tumors by the increasing number of POLE variants. Data are
combined analysis of colorectal cancer, endometrial cancer, and ovarian cancer genomic profiles in the Caris dataset. Each filled round circle represents
a tumor genomic profile; data are shown for Group 2 ExoD drivers, and for Group 3 by the ExoD driver plus the number of variants [1, 2, and

>2 variant(s)]. A and B, A Mann-Whitney test was performed and ****, P < 0.0007; ***, P < 0.001; **, P < 0.01; NS, nonsignificant. Corrections for
multiple comparisons were performed using the Benjamini-Hochberg FDR test. C-E, 3-nucleotide context of POLE variants in Group 3 tumors. All
COSMIC mutational signatures associated with POLE ExoD driver defects (SBS 10a, SBS 10b, SBS 14, and SBS 28) were assessed (39). Pie chart
distribution of SBS 10a, SBS 10b, SBS 14, and SBS 28 in colorectal cancer (C), endometrial cancer (D), and ovarian (Continued on the following page.)
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Features of Ultra-Hypermutation in POLE-driven Tumors

(Continued) cancer (E). Each of these signatures has a primary mutation which has been described as a “hotspot” (39); SBS 10a is C>A in TCT context;
SBS 10b is C>T in the TCG context; SBS 14 is C>A in the NCT context (N is any base); and SBS 28 is T>G in the TTT context. In addition to these primary
“hotspots,” all mutations that comprise >1% of the genome signature of interest were counted, capturing 88%-90% of each signature in the analysis.

(Fig. 2B), mTMB significantly, and progressively, increased as the number of
POLE variants increased from 0 to 2; however, it plateaued after acquiring two
POLE variants (Fig. 2B, P < 0.001). This indicates that the association between
the increasing mTMB and the additional POLE variant(s) in Group 3 tumors

may not solely reflect increased mutagenesis.

Location and Nature of the POLE Variants Identified in
Group 3 Tumors

The POLE variants that accompanied the ExoD drivers (Group 3) included:
12 ExoD variants (all missense), and 143 non-ExoD variants [12 disruptive (2
frameshift and 10 nonsense), and 131 missense]. Group 3 tumors had COSMIC
mutation signatures SBS 10a/10b as would be expected with the presence of an
established POLE ExoD driver (Supplementary Fig. S1). To investigate whether
POLE variants in Group 3 tumors resulted from increased proofreading defects
linked to the POLE ExoD driver, we analyzed the 3-nucleotide context of POLE
variants in Group 3 tumors. Park and colleagues employed the 3-nucleotide
context approach to demonstrate that, in the presence of a POLE ExoD driver,
tumor mutations predominantly emerge within certain nucleotide trios (40).
These trios have been linked to COSMIC mutational signatures SBS 10a, 10b, 14,
and 28, all of which are indicative of a POLE proofreading defect (39-41). Thus,
we assessed each POLE variant in Group 3 tumors, according to the cancer type
and overall, considering the 3-nucleotide context associated with COSMIC mu-
tational signatures SBS 10a, 10b, 14, and 28 [Fig. 2C-2E; Supplementary Fig.
S2A (overall)]. In colorectal cancer, the primary mutation associated with SBS
10b (TCG>TTG) comprised 36.1% of POLE variants. TCT>TAT is considered
primary for both SBS 10a and SBS 14 and comprised 13.9% of POLE variants
(Fig. 2C). Overall, in colorectal cancer, 77.8% of the POLE variants occurred
in POLE ExoD signature sequence contexts (Fig. 2C). In endometrial cancer,
TCG>TTG substitutions comprised 17.3% of POLE variants, and TCT>TAT
comprised 4.8% of variant POLE variants. Interestingly, GCG>GTG, which is
a minor mutation associated with both the SBS 10a and SBS 10b signatures,
comprised 26.9% of POLE variants. This specific mutation has been previously
associated with POLE driver mutations with defective MMR (39). CCG>CTG,
which is a minor mutation in SBS 14, was also a common mutation in Group
3 tumors (10.6% of POLE variants). Overall, in endometrial cancer, 75% of the
POLE variants occurred in POLE ExoD signature sequence contexts (Fig. 2D).
In ovarian cancer, there were two TCG>TTG mutations of SBS 10b and two mi-
nor mutations of SBS 14. The ovarian cancer group has a small sample size: of
these, 62.5% of the POLE variants occurred in POLE ExoD signature sequence
contexts (Fig. 2E). In summary, the analysis of the selected COSMIC mutational
signatures provides compelling evidence that most POLE variants within Group
3 tumors are within the distinct mutation context of the POLE proofreading
defect.

POLE Variants in MSS TMB-H Subset of Group 4

In Group 4 tumors, the POLE variants were: 27 ExoD variants (two deletion-
insertion, one splice site variant, and 24 missense variants) and 127 non-ExoD
variants (eight nonsense mutations, 10 frameshift mutations, five deletions, one
duplication, one insertion, two canonical splice site variants, and 100 missense

variants; Supplementary Fig. S2B; Supplementary Table S1). When segregating
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by cancer type, POLE variants in Group 4 were observed in colorectal cancer
(n = 21), endometrial cancer (n = 118), and in ovarian cancer (n = 4).
Among the MSS TMB-H subset of Group 4 tumors, POLE variants associ-
ated with TMB-H were observed in colorectal cancer and endometrial cancer
(n = 14); most variants were missense (8/14), but nonsense and other alter-
ations were also observed (6/14). Here, six variants were in the CTD (E1376D,
R1386W, Q1475X, P1547S, Y1889X, S1930X) and two variants were in the poly-
merase domain (R680C, palm; R1125X, thumb). ExoD variants (3/14) were
observed as missense [M295R (in colorectal cancer and endometrial can-
cer)], F320V, M444I (also reported in ref. 44), or as chromosomal alterations
(F285_P286delinsLR and N423_L424delinsKI). We speculate that the POLE
variants in MSS tumors with TMB-H could be potential new drivers; requiring

functional validation.

Molecular Features of POLE-mutated Tumor Groups

To assess whether the presence of the non-driver POLE variants was reflected in
the nature of observed oncogenic driver mutations, we analyzed the molecular
features of each individual group per cancer type in the CLS dataset (Fig. 3, col-
orectal cancer, and endometrial cancer; Supplementary Fig. S3; ovarian cancer;
Supplementary Table S1 for all the data in the figures). The data show comu-
tated genes either unique to and/or more prevalent in Groups 2 and 3 tumors,
such as LRPIB, ATM, BRCAL, BRCA2, SETD2, ARIDIA, and KMT2D.

In colorectal cancer, APC was the most common comutated gene as expected;
however, Groups 1and 4 APC mutations were typically nonsense and frameshift
while Groups 2 and 3 mutations were missense (Fig. 3A; Supplementary
Table S1). In KRAS-mutated colorectal cancer, the most frequent mutations
in Group 1 were KRAS GI2V or GI2D, whereas in Group 4, most com-
mon were KRAS GI3D or GI2D (Supplementary Table S1). In contrast, KRAS
Al46T—overall, aless commonly observed KRAS mutation (45)—was the most
frequent KRAS mutation in Groups 2 and 3, and not found in Groups 1 and
4. The nucleotide context of the KRAS A146T is a POLE mutation signature
(Supplementary Table S1).

In endometrial cancer, ARIDIA, PTEN, and PIK3CA were commonly mu-
tated across all groups (Fig. 3B). ARIDIA mutations in Groups 1 and 4 were
frameshift, typically missense in Group 3, and a mix of missense, nonsense,
and frameshift in Group 2. The preference for the PTEN R130 hotspot inac-
tivating mutation (R130%, RI30G/Q; refs. 46-49) differed between the groups
(Supplementary Table S1); PTEN R130Q was most frequent in Groups 2 and
3, and its nucleotide context is a POLE mutation signature (40). Other rele-
vant PTEN mutations either unique or more frequent in Groups 2 and 3 were
E7*, RI5K, E299*/X, R142W, F154L/V, R173C, F341V/C; some of these have
been previously observed in POLE MSS high TMB colorectal cancers (49) and
their nucleotide context is a POLE mutation signature (ref. 40; Supplemen-
tary Table S1). Frameshift PTEN mutations were not found in Groups 2 and
3. In PIK3CA-mutated endometrial cancers, preference for the type of activat-
ing gain-of-function mutation (R88Q, E452K, E454K, H1047R, M1043I; ref. 50)
differed between the groups; PIK3CA R88Q was most frequent in Groups 2
and 3, and its nucleotide context is a POLE mutation signature (Supplementary
Table SI).
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FIGURE 3 Molecular features of colorectal cancer (A) and endometrial cancer (B). The mutational landscape and patient demographic/clinical
characteristics (PD-L1 by IHC, MSI comprehensive, age, and sex) of the four cohorts for each cancer type were plotted using the GenVisR package of R.
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Neoantigen prediction in Group 2 and 3 tumors for colorectal and endometrial
tumors demonstrated that the abundance of tumor neoantigens was signifi-
cantly greater in Group 3 tumors (Supplementary Fig. S4; Supplementary Table
S5). Finally, in all cancers studied, we did not observe any correlation between
PD-LI expression and presence of a POLE ExoD driver (Fig. 3; Supplemen-
tary Fig. S3; Supplementary Table S1). Together, these data highlight the unique
landscape of POLE ExoD-mutated Groups 2 and 3 tumors. Importantly, no

additional genetic factors that differ between these groups were identified.

POLE Missense Variants in Groups 2, 3, and 4 Tumors;
Association with Protein Stability

The values for the WT AF2 structure models are highly reproducible: for
instance, the SD of the mean energies for 5 runs without DNA was only
0.16 kcal/mol. Using a cutoff of 1.45 kcal/mol for significant AAG, Group 2
and 3 tumors were annotated by mTMB and the number of POLE variants
(Fig. 4A, DNA unbound model; see Supplementary Fig. S5A, DNA bound
model). Group 2 tumors contained mostly destabilizing ExoD driver mutations
according to Rosetta ddG_monomer (Fig. 4A, AAG > +1.45 kcal/mol). In
contrast, the POLE variants in Group 3 tumors are mostly stabilizing (Fig. 4A,
AAG < —1.45 kcal/mol). Furthermore, Group 3 tumors with a P286R driver
generally had one or two additional POLE variants, where most are structure
stabilizing (Fig. 4B; see Supplementary Fig. S5B, DNA bound model). Group 3
tumors with V411 L driver that had the highest mMTMBs tended to have multiple
POLE variants (2 to 8) per tumor, with a range of structure stabilizing or desta-
bilizing variants. For Group 3 tumors with other drivers, most POLE variants

were structure stabilizing.

To further analyze POLE missense variants in Groups 2, 3, and 4, the AF2
POLE structure models were used to annotate and analyze each variant by
the domain (Supplementary Fig. S6A and S6B; Supplementary Fig. S2B; n =
168 variants). A total of 35 destabilizing (AAG > +1.45 kcal/mol) and 17
stabilizing (AAG < —1.45 kcal/mol) missense variants were located at the
N-terminal lobe (NTL) in the DNA-unbound model. Overall, we found that
structure-destabilizing missense variants were more prevalent in the NTL than
the C-terminal lobe (CTL) (see Supplementary Table S6; red = stabilizing;
green = destabilizing). The 20 ExoD driver residues (Supplementary Fig. S6C;
Supplementary Table S6) are almost all buried in the hydrophobic core of the
ExoD, even though they are not all hydrophobic. The most destabilizing driver
mutations in both the without-DNA (all >4.0 kcal/mol) and with-DNA (all
>2.8 kcal/mol) are of hydrophobic amino acids: P286R, L424F, P436S, P436Y,
P436R, M444K, A456P. Other structure destabilizing driver mutations of hy-
drophobic amino acids are F367C, S459Y, and S461P. These drivers are almost
all either in the central helix of the ExoD [“Exo III motif” (51)] or in contact with
it (Supplementary Fig. S6C); implying an effect on stability or dynamics of the
ExoD.

In Group 3 tumors with P286R driver, all but one of the 20 mutations at 17 sites
have TMB above the median value for P286R driver alone (mTMB = 103; Sup-
plementary Table S7; Supplementary Fig. S6D and S6E). In Group 3 tumors
with V411 L driver, there are seven tumors with V411 L 4 one variant, and they
all have TMB above the median value of V411 L driver alone (mTMB = 44; Sup-
plementary Fig. S6D and S6F; Supplementary Table S7). Supplementary Figure
S6G shows POLE variants from the NTD subdomain and the ExoD domain
with striking A AG values, some with the most highly destabilizing AAG val-
ues. Overall, future biochemical and cellular studies will support the impact of

these variants.
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Features of Ultra-Hypermutation in POLE-driven Tumors

Discussion

It is currently not known why tumors of a given cancer type and with the same
POLE ExoD driver have different levels of TMB, that is, some show hypermu-
tation (10-100 mut/Mb) while others are ultra-hypermutated (>100 mut/Mb).
This study uncovers a distinct subset of highly mutated POLE ExoD-mutated
tumors with additional POLE variants in several folded domains of POLE. Our
findings indicate, at least in a subset of tumors, ultra-hypermutation may be
associated with the acquisition of one or more additional variants in POLE,
beyond the established ExoD driver. In fact, the 3-nucleotide context of these
POLE variants suggests that they are secondary to the ExoD proofreading
defect in those tumors. In the three cancer types studied, colorectal cancer, en-
dometrial cancer, and ovarian cancer, TMB was significantly higher when the
corresponding POLE ExoD driver mutation was present in conjunction with
one or more additional POLE variant(s). Notably, this association remained
significant in colorectal cancer and endometrial cancer tumors even after MSI-
H tumors were excluded from the analysis (but not for ovarian cancer, likely
due to the smaller sample size). Our findings were further validated in poly-
merase ¢ proofreading-deficient tumors from TCGA. The results shown also
suggest that the observed increase in mTMB is not solely due to increased mu-
tagenesis but rather implicate a modifier role for the additional POLE variants.
As observed before (12), tumors with POLE ExoD driver mutations were diag-
nosed earlier than proofreading proficient tumors without a POLE ExoD driver.
Moreover, we also observed a trend to earlier age of onset for colorectal cancers
and endometrial cancers with POLE ExoD driver occurring in conjunction with
other POLE variants.

Restricting TMB analysis to specific ExoD hotspot drivers showed that both
stronger (e.g., P286R) and weaker (e.g., V411L) ExoD drivers had additional
POLE variant(s). However, tumors with V411 L or other drivers had more POLE
variants versus tumors with P286R, which at most harbored one additional
POLE variant. Recent studies have revealed several differences in proofreading-
defective POLE-mutated tumors. It has been shown that all ExoD mutations do
not have strong mutagenic effects, and sometimes mutations in the polymerase
domain can be associated with hypermutation (10, 39). Typically, patient tumor
genomic profiles and tumor cell lines do not exhibit evidence of LOH for the
POLE ExoD driver mutation (52). Our data suggest that while inactivation of
exonuclease activity is sufficient to drive mutagenesis, it may not always be suf-
ficient to drive ultra-hypermutagenesis, especially in the case of ExoD drivers
with weaker mutagenic effect (e.g., V411L). The 3-nucleotide sequence contexts
of the POLE variants in Group 3 tumors strongly suggest that the POLE ExoD
driver mutation first made the DNA synthesis error, and the cells with the ad-
ditional POLE variant subsequently proliferated and expanded during tumor
development. While most additional POLE variants were secondary, a minor
subset did not fall under the signature sequence contexts associated with POLE
defects and could be pre-existing; limitations of retrospective data prevent fur-
ther analysis on when these mutations emerged. Finally, we found five tumors
that carried two known ExoD drivers as opposed to a single ExoD driver; limi-
tations of retrospective data prevent further analysis on which ExoD driver was

acquired first.

The sheer number of mutations in proofreading-defective tumors makes it dif-
ficult to identify mutations that have a functional impact. Our analysis found
enriched POLE variants and several oncogenic driver mutations (e.g., KRAS
Al146T) occur in the POLE proofreading defect mutation signature contexts.

In addition, the comutation analysis also emphasizes the unique mutational
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Comparison of mTMB and AAG for Group 2 and 3 tumors by the number of POLE Variants
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FIGURE 4 Comparison of mTMB and AAG values in Group 2 and 3 tumors in the CLS dataset. With AF2 DNA unbound model and Rosetta
ddG_monomer, we generated 25 repacked decoys for each mutation and compared the average energy score for these decoys with an average
for 25 decoys of the WT protein. For mutations in the NTL, we performed calculations on both models (Continued on the following page.)
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Features of Ultra-Hypermutation in POLE-driven Tumors

(Continued) (with and without DN). For those in the CTL, we performed calculations only on the DNA unbound model. We used a cutoff of £1.45
kcal/mol for significant AAG, corresponding to approximately 3 SDs of the differences of the mean Rosetta scores for WT and mutant structures.
A, Comparison of mMTMB and AAG values in Group 2 and Group 3 tumors by the number of POLE variants. Data for colorectal cancer, endometrial
cancer, and ovarian cancer genomic profiles were combined, and AAG values were plotted against the mTMB. For Group 2 or 3 data with +1POLE
variant plots, each filled round circle represents a single tumor genomic profile. B, Comparison of mTMB and AAG values in Group 2 and Group 3
tumors by POLE ExoD driver. Data for colorectal cancer, endometrial cancer, and ovarian cancer genomic profiles were combined, and AAG values

were plotted against the mTMB. A and B, Group 3 tumors with multiple variants, a circle next to another circle (without any space) represents a single
tumor. For clarity, AAG values for ExoD drivers in Group 3 tumors are not shown (they are same as in Group 2). Color in each filled circle—green and
shades of green, structure-destabilizing variants (positive AAG); white, variants that are within the SDs of +1.45 kcal/mol and are structure neutral; red
and shades of red, structure-stabilizing variants (negative AAG). Yellow, nonsense, or frameshift variants.

profile of POLE-driven Groups 2 and 3 tumors. Mutations in LRPIB, ARIDIA,
KMT2D, and SETD2 have been associated independently as biomarkers of bet-
ter outcome from checkpoint blockade immunotherapy (53-56). Moreover,
comutations in BRCAI or BRCA2 suggest the potential use of PARP inhibitor
therapy for Groups 2 and 3 tumors. Furthermore, findings of mutations in genes
such as BRCA genes, ATM, SETD2, ARIDIA involved in DNA damage surveil-
lance, and chromatin modification provide evidence to support the notion that
the pathogenesis of POLE-driven tumors involves a compromised DNA dam-
age response or repair mechanism (40). APC mutations in colorectal cancer are
typically truncating (57-59). The missense APC mutations, found exclusively
in Groups 2 and 3, have been reported to alter protein activity in a more subtle
manner through the expression of differentially spliced forms of APC (57). The
results consistently indicated that there are no other substantial genetic factors
differing between Group 2 and 3 tumors to account for the increased muta-
genicity observed in Group 3 tumors. This study offers intriguing insights into
the abundance of neoantigens in Group 3 tumors, though this aspect warrants
deeper exploration. For a comprehensive understanding of potential clinical
impacts, subsequent analyses of immunogenic epitopes should consider a wider
range of pertinent features, as thoroughly discussed in ref. 60. Moving forward,
research should focus on establishing the clinical significance of our findings to
refine therapeutic approaches.

Previously, only simple homology models of human POLE from yeast POLE
structures have been used in the structure-function analysis of POLE mutations
(11, 61). The use of AF2 in this study to model human POLE more accurately
allowed us to calculate protein stability changes in the mutant versus the WT
proteins to provide unique insights into the known ExoD drivers and POLE
variants. Protein stability can more accurately predict changes due to muta-
tions especially missense mutations in proteins (62). We found that while most
established ExoD drivers are predicted to be structure destabilizing, there are
few established drivers that are either predicted to be structure stabilizing or
have no significant predicted impact on stability. For the POLE variants that
co-occurred with the ExoD driver, the impact on stability differed by regions or
domains; more structure-destabilizing variants were more prevalent in the NTL
compared with the CTL. It is possible to speculate that variants in certain re-
gions/domains of POLE (occurring in conjunction with the driver) may lead to
other mechanisms increasing mutagenesis beyond simple defects in proofread-
ing. In fact, these other mechanisms beyond simple proofreading defect have
already begun to be associated with driver mutations; for example, the P286R
mutation is thought to produce a hyperactive DNA polymerization state which

amplifies the proofreading defect (63).

Our study is hypothesis generating and nominates several questions that need

to be addressed in future studies using biochemical activity assays and/or cellu-
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lar models. These future studies should aim to investigate the secondary POLE
variants described here in an isogenic genetic background with and without
an ExoD driver allele. This approach would provide direct evidence regarding
whether the secondary POLE variants are a cause or a consequence of high mu-
tation rate. Moreover, the data in this study may have implications for clinical
management of patients with POLE-mutated tumors. It is important to un-
derstand whether there is a systematic clinical benefit associated with tumors
carrying specific ExoD drivers plus additional variant(s). Recent studies sug-
gest that this may indeed be the case (11-13). Garmezy and colleagues recently
reported better clinical outcomes in patients with POLE pathogenic variants
and in patients with POLE VUS (12). They showed that most VUS that corre-
lated with better outcomes affected other regions of POLE apart from the ExoD
(12). Rousseau and colleagues found that individuals with tumors bearing POLE
VUS within the ExoD catalytic site, or the DNA binding site showed clinical
benefit from nivolumab (11). Another study observed that high TMBs (me-
dian: 275.38/Mb) in tumors with POLE proofreading and MMR deficiency were
significantly associated both with response to ICIs and survival (13). This sug-
gests not all tumors with high TMB may exhibit the same clinical benefit, and
that analysis by specific TMB thresholds (which would largely include Group 3
tumors identified in this study) may demonstrate better outcomes. Further in-
vestigation is needed to fully elucidate the clinical implications of the findings
presented here. In the meantime, only select pathogenic POLE mutations in the
ExoD, linked to ultra-mutation, have shown clinical benefit. In the absence of a
pathogenic POLE ExoD mutation, the presence of a POLE non-ExoD mutation
should be considered a VUS and not alter clinical practice.

This study has several limitations: the data are retrospective, and the analysis
presented here cannot fully capture the impact of POLE variants in conjunction
with POLE ExoD drivers based on limitations in the dataset on response to ther-
apy, exposures, ancestry/ethnicity. The study cannot always exclude the variants
analyzed as germline versus somatic. In addition, larger sample sizes and longer
clinical follow-up studies are needed to investigate the long-term outcomes of
patients with such tumors. Overall, these data support future mechanistic stud-
ies on the synergy between additional POLE variants and POLE ExoD driver
mutations. This could be pivotal in comprehending not just tumor development

but also potential impact on clinical outcomes.
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