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PURPOSE Clinical utility of up-front multigene panel testing (MGPT) is directly related to the frequency of
pathogenic variants (PVs) in the population screened and how genetic findings can be used to guide treatment
decision making and cancer prevention efforts. The benefit of MGPT for many common malignancies remains to
be determined. In this study, we evaluated up-front MGPT in unselected patients with endometrial cancer (EC)
to determine the frequency of PVs in cancer susceptibility genes.

METHODS Patients with EC were prospectively enrolled at nine Ohio institutions from October 1, 2017, to
December 31, 2020. Nine hundred and sixty-one patients with newly diagnosed EC underwent clinical germline
MGPT for 47 cancer susceptibility genes. In addition to estimating the prevalence of germline PVs, the number of
individuals identified with Lynch syndrome (LS) was compared between MGPT and tumor-based screening.

RESULTS Likely pathogenic variants or PVs were identified in 97 of 961 women (10.1%). LS was diagnosed in 29
of 961 patients (3%; 95% Cl, 2.1 to0 4.3), with PVs in PMS2 most frequent. MGPT revealed nine patients with LS
in addition to the 20 identified through routine tumor-based screening. BRCAI1 and BRCAZ2 PVs were found in
1% (10 of 961; 95% ClI, 0.6 to 1.9) of patients and that group was significantly enriched for type Il ECs.

CONCLUSION This prospective, multicenter study revealed potentially actionable germline variants in 10% of
unselected women with newly diagnosed EC, supporting the use of up-front MGPT for all EC patients. The
discovery that BRCA1 or BRCAZ heterozygotes frequently had type Il cancers points to therapeutic opportunities
for women with aggressive histologic EC subtypes.
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Creative Commons Attribution Non-Commercial No Derivatives 4.0 License @@@@

INTRODUCTION

Endometrial cancer (EC) is the most common gyne-
cologic malignancy in developed countries.! Risk
factors include age, obesity, and inherited cancer
susceptibility.? Lynch syndrome (LS), which is caused
by germline pathogenic variants (PVs) in the mismatch
repair (MMR) genes MLHI1, MSHZ2 (EPCAM), MSHS,
and PMS2, accounts for 2%-5% of all ECs.>®

There is substantial variability in the penetrance and
expressivity of the different LS genes. MLHI and
MSH2 confer similar high risk for EC (21%-57%)

MSH6 mutations have later-onset disease and fewer
cancers overall.” The incidence of pathogenic germ-
line MSH6 variants in unselected patients with EC is
higher than other LS genes.2 PMS2, like MSH6, has
lower penetrance than MLHI and MSH2.°

Identification of LS in patients with EC affords cancer
prevention opportunities for both index cases and their
family members. Universal tumor screening for pa-
tients with EC using immunohistochemistry (IHC) and
reflex MLH1 promoter hypermethylation testing has
helped identify women at risk of LS, especially when
family history is noncontributory. However, not all

and colorectal cancer (33%-61%), as well as for a
variety of other malignancies.® Early-onset cancers,
synchronous and metachronous tumors, and strong
family histories of cancer are hallmarks of LS associ-
ated with MLHI and MSHZ2. LS families segregating

centers have adopted universal tumor testing. Fur-
thermore, even with a positive tumor screen result,
confirming the diagnosis of LS depends on successful
referral for genetic counseling and that patients follow
through with germline testing.>!° There is evidence of
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Multigene Panel Testing for All Endometrial Cancer Patients

CONTEXT

Key Objective

We sought to determine the true burden of cancer susceptibility in women with endometrial cancer using up-front multigene
panel testing (MGPT) in a prospective multicenter study. The study compares tumor immunohistochemistry screening for
Lynch syndrome (LS) and up-front gene testing findings. We document the frequency and types of cancer susceptibility
alleles identified in what is the largest prospective series reported to date.

Knowledge Generated

PMS2 pathogenic variants are as frequent as MSH6 pathogenic variants in unselected patients with endometrial cancer. Up-
front MGPT identifies women carrying LS and hereditary breast and ovarian cancer pathogenic or likely pathogenic gene
variants that do not meet National Comprehensive Cancer Network criteria for genetic counseling and testing.

Relevance

Up-front MGPT is feasible for LS screening and obviates the need for follow-up germline testing when there is a tumor
immunohistochemistry abnormality. It also identifies women who carry cancer susceptibility alleles that would otherwise go
undetected.

significant drop-off between finding an abnormal IHC result
and completion of genetic testing.'®! A recent countrywide
initiative in Canada found that despite universal tumor
testing, LS was underdiagnosed.*?

Mutations in cancer susceptibility genes (CSGs) other than
those associated with LS are thought to play a smaller role in
EC risk.?® Although multigene panel testing (MGPT) studies
performed for women with EC have identified PVs in other
CSGs,'*'® the true burden of PVs in other CSGs remains
unknown. The modest number of cases investigated (381
in the study by Ring et al,** 156 in Cadoo et al,'> and 98 in
Samadder et al'®), coupled with the fact that the cohorts
overrepresent women with nonendometrioid, high-grade,
and higher-stage tumors, limits our understanding of how
frequent PVs in other CSGs are in the general EC
population.

There is a growing body of evidence that incidental findings
that come with MGPT are clinically relevant and can be used
to guide both treatment and prevention strategies for patients
with cancer and their relatives.!”*® Determining the mo-
lecular underpinnings of cancer is a cornerstone of precision
oncology. Genetic testing for patients with cancer has be-
come central to approaches to prevent second malignan-
cies, treatment, and risk stratification, and for guiding the
care of unaffected relatives. This is particularly important
when the link between inherited factors and cancer risk have
been well-established, and screening and prevention strat-
egies exist or could be reasonably developed.

This study aimed to prospectively determine the frequency
and spectrum of PVs causing LS and PVs in other CSGs by
using up-front germline MGPT in a large and unselected
series of patients with EC recruited from multiple gyne-
cologic oncology practices. Secondary objectives included
determining whether MGPT increases LS diagnoses and
evaluating the relationship between PVs and clinicopath-
ologic features.
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METHODS
Study Design and Participants

The Ohio Prevention and Treatment of Endometrial Cancer
(OPTEC) Initiative is a prospective collaborative study led by
The Ohio State University (OSU) Comprehensive Cancer
Center (NCT03460483).° Collaborating centers are high-
volume centers where women diagnosed with EC are cared
for by board-certified gynecologic oncologists (Appendix
Table Al). Two institutions are National Cancer Institute
(NCl)—designated Comprehensive Cancer Centers. The
study was approved by the Institutional Review Boards at
each participating center with OSU serving as the Institu-
tional Review Board of record. Written informed consent
was obtained. All study-related services and/or procedures
provided were at no cost to participants.

Women who had a hysterectomy or diagnostic biopsy
proving a newly diagnosed EC from October 1, 2017, to
December 31, 2020, were eligible. Clinical and family
history data, pathology reports, tumor block, and blood and/
or saliva specimen were collected and relevant demo-
graphic and clinicopathologic data were extracted from
those records.

Genetic Testing and LS Risk Prediction

Germline testing was completed at Invitae Corporation
using the 47-gene Common Hereditary Cancers Panel
(Appendix Table A2). Patients with likely pathogenic (LP)
variants or PVs received genetic counseling as part of the
study. For the purposes of clinical management, patients
with LP variants are counseled the same as those with PVs.
Variants in CSGs other than LS-related genes were clas-
sified as high, moderate, or low penetrance or autosomal
recessive on the basis of National Comprehensive Cancer
Network (NCCN) designations® and expert opinion.

The Dana-Farber Cancer Institute online calculator®* was
used to determine PREMM5 scores.
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Tumor Studies

Most participating centers performed MMR IHC in Clinical
Laboratory Improvement Amendments—certified laborato-
ries as part of universal screening. One center did not have
routine screening, and one screened a subset of cases. All
four MMR proteins were evaluated per the local institutions’
IHC methods and interpretation guidelines.?? Reflex MLHI
methylation testing was performed for tumors lacking
MLH1 and PMS2 expression.!” For the LS cases that did
not have universal IHC performed, blinded IHC was per-
formed in the Clinical Laboratory Improvement Amend-
ments—certified laboratory at OSU. In addition, for a subset
of cases with equivocal findings, tumor IHC was repeated
(interpretation by A.S.) and/or microsatellite instability
typing was performed using the Promega v1.2 panel.’’

Statistical Analyses

Fisher's exact test was used to test for differences in
proportions and Student’s t test for between-group com-
parisons of continuous variables. The rates of mutations in
PMS2 and BRCA genes were compared between the
present OPTEC cohort and previously published
population-based genetic testing studies using Fisher's
exact test and Clopper-Pearson 95% Cls. These are il-
lustrated with forest plots (Appendix Fig Al). All tests of
statistical significance were two-sided, and statistical sig-
nificance was considered as P value < .05.

RESULTS

Nine hundred sixty-three patients were recruited at nine
centers and their affiliated sites (Appendix Table Al). The
cohort represents an unselected subset of patients treated
during the enrollment period. Two patients were excluded
(one wrong diagnosis and inability to confirm the EC for the
second; Fig 1). The 961 patients with EC represent ap-
proximately 12% of the estimated total number of EC cases

in Ohio during the study period. Baseline patient and tumor
characteristics are presented in Table 1.

The clinical and demographic features (age, body mass
index [BMI], histology, stage, and grade) are largely con-
sistent with those for the United States overall.?® A note-
worthy exception is the racial makeup of our study
population is only 4% Black compared with the estimated
9% for the state of Ohio and 13% for the United States
overall. Among the 778 women who had universal LS
screening, 29% had IHC abnormalities.

Clinicopathologic features (age, race, BMI, stage, and
grade) were similar for patients enrolled at the two NCI sites
and the seven other practices, apart from a modest excess
of nonendometrioid histologies at the NCI sites (16.8% v
12.2%; P = .05).

MGPT Findings

LP variants or PVs were identified in 97 women (10.1%).
Three patients carried two PVs. An additional 321 women
(33.4%) carried germline variants of uncertain significance
(VUSs; Fig 1, Data Supplement).

LS genes. Three percent (29 of 961; 95% Cl, 2.1 to 4.3) of
patients were found to have LP variants or PVs in an MMR
gene and consequently a LS diagnosis. The most common
gene defects were in PMS2 (11) and MSH6 (10), followed
by MSH?2 (six) and MLH1 (two). Of the 29 LS variants, 24
were classified as PVs and five as LP variants (Table 2). Of
note, one MSH6 PV (p.Asn1065llefs*13) was reported as
possibly mosaic.

Clinicopathologic features for LS cases were similar to the
study population as a whole. Most LS patients had early-
stage endometrioid tumors. LS cases were significantly
younger (mean 55.5 v 61.6 years; P = .002), and BMIs
were lower (29.1 v36.8; P < .001) compared with non-LS
patients. Although the LS cohort together represents

Patients with endometrial cancer enrolled (N = 963)

FIG 1. Study profile. There were
100 P/LP variants identified in 97
patients; three patients were found to
carry two P/LP variants each. One
PMS2 LS patient was also heterozy-
gous for a BRCA2 PV. Two patients
were each found to have two PVs in
other CSGs. One additional patient
was found to have a TP53 likely
mosaic PV (not included in any
category). CSGs, cancer suscepti-
bility genes; LS, Lynch syndrome;
NCI, National Cancer Institute; P/LP,
pathogenic/likely pathogenic; PVs,
pathogenic variants.

NCI comprehensive cancer centers (n = 425)

Other gynecologic oncology centers (n = 538)

Excluded

(n=2)
Wrong diagnosis (n=1)
Unable to confirm diagnosis (n=1)

Patients underwent multigene panel testing (n = 961)

LS (n = 29)°

Patients with P/LP variants in other
CSGs (n = 68)°

Patients with no P/LP variants found
(n = 863)
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TABLE 1. Clinicopathologic Data (n = 961)
Characteristic

Hospital setting, No. (%)

NCI Comprehensive Cancer Center—affiliated 424 (44)

Others

537 (56)

Age at diagnosis, years

Median (range) 62 (26-96)
Mean 61.46
Self-identified ethnicity/race, No. (%)
Black 38 (4)
White 902 (94)
Asian 9 (1)
Native Hawaiian and Pacific Islander 1(<1)
Unknown and others 11(1)

BMI, No. (%)

Median BMI (range)

36.04 (17.76-67.73)

Mean 36.62
Underweight and normal < 25 93 (10)
Overweight 25-29.9 185 (19)
Class | obesity 30-34.9 167 (17)
Class Il obesity 35-39.9 182 (19)
Class Ill obesity > 40 333 (35)
Stage (FIGO 2009), No. (%)
I 782 (82)
I 28 (3)
11l 103 (11)
\Y 35 (4)
Histology, No. (%)
Endometrioid 819 (85)
Mixed 31(3)
Clear cell 10 (1)
Serous 61 (6)
Carcinosarcoma 16 (2)
Dedifferentiated/undifferentiated 9 (1)
Poorly differentiated NOS 2(<1)
Others 11(1)
Endometrioid grade,® No. (%)
1 510 (63)
2 250 (31)
3 56 (7)
Universal IHC test results, No. (%)
Patients had universal IHC testing 778 (81)
MMR intact 553 (71)
MMR abnormalities 225 (29)

NOTE. Incomplete data for the following variables: stage—13 cases, BMI—one
case, and histology—two cases.

Abbreviations: BMI, body mass index; FIGO, International Federation of
Gynecology and Obstetrics; IHC, immunohistochemistry; MMR, mismatch repair;
NCI, National Cancer Institute; NOS, not otherwise specified.

2Endometrioid grade—three endometrioid cases are not included. Grade was
unknown for two cases. One case was reported as endometrioid with
neuroendocrine features and classified as high grade.
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younger women with lower BMIs, when considered by
gene, there was a nonsignificant trend toward higher BMIs
and older age among PMSZ2 heterozygotes.

MGPT identified 10 patients with LS (34.5% of all LS cases)
that would not otherwise have been recognized: six patients
did not have MMR IHC performed and four patients (one
MSH6 and three PMS2) who had universal tumor
screening had IHC and/or methylation findings that would
not have triggered germline testing (Table 2).

IHC was performed for LS cases that did not have prior
testing (Table 3). IHC findings were largely consistent with
the expected patterns of MMR expression for those women
with LP variants or PVs involving MSH2, MLH1, and MSHe.
All six MSHZ2 heterozygotes and both MLH1 heterozygotes
had expected MMR expression patterns (absent MSH2 and
MSH6 and absent MLH1 and PMS2, respectively). Nine of
10 MSHE6 heterozygotes had isolated MSH6 loss, including
the patient with the possibly mosaic result (p.Asn1065I-
lefs*13). One patient with a LP missense MSH6 variant
(p.Gly686Asp) had normal IHC for all four MMR proteins.

Screening IHC findings for women with germline PMS2 PVs
were highly variable and highlight the challenges associ-
ated with using IHC to identify PMS2-LS (Table 3). Only five
of the 10 PMS2 heterozygotes for which tissues were
available had isolated PMS2 absence on the basis of initial
clinical reports. Two cases had normal staining for all four
MMR proteins (p.Serd6lle and p.Pro246Cysfs*3). The first
case with intact MMR protein expression (p.Serd6lle) was
reclassified as having isolated loss of PMS2 on review
requested by her gynecologic oncologist. The second case
with intact MMR expression was found in a patient with
carcinosarcoma who was heterozygous for PMS2
p.Pro246Cysfs*3 and BRCAZ2 PVs. Her tumor was
microsatellite-stable (Appendix Fig A2). Together, MSI and
IHC findings indicate that although this patient has a di-
agnosis of LS, her EC is not likely to be causally associated
with PMS2.

The three remaining PMS2 PV cases were reported as
having MLH1 abnormalities in addition to PMS2 loss. IHC
was repeated for all three cases. One case (p.Argb63*),
whose tumor was originally interpreted as having loss of
both PMS2 and MLH1 with no MLH1 promoter methyla-
tion, revealed isolated loss of PMS2 on repeat IHC. The
second (c.2174+1G>A [splice donor]) had focal weak
staining of MLH1 (5%-20%) and loss of PMS2 on initial and
repeat IHC using an independent block. This case had no
MLH1 promoter methylation. The third (deletion exon 12)
had absent PMS2, partial absent MLH1, partial absent
MSH6, and normal MSH2 on initial IHC. Repeat IHC
showed intact MLH1 and MSH2 and loss of MSH6 and
PMS2. This case had MLHI1 methylation.

Five of the 29 patients with LS in our series (two MLH1, two
MSHZ2, and one PMS2) had prior knowledge of LS in the
family before study enrollment. Of the remaining 24
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TABLE 2. P/LP Variants in Genes Causing Lynch Syndrome

Screening IHC
Consistent With

Levine et al

Tumor Germline
Gene Finding Screening Finding? Clinicopathologic Data
Age at
Diagnosis Second Cancer PREMM5
P/LP Variant (years) Histology Stage Grade  (age in years) (%)
PMS2
P2 ¢.736_ Yy N 56 Carcinosarcoma IA High No 5.3
741delinsTGTGTGTGAAG
(p.Pro246Cysfs*3)
P c.1553delA Y Y 40 Endometrioid IA 1 No 3.6
(p.Glub18Glyfs*77)
¢.1687C>T (p.Argh63*) 81 Endometrioid IA 1 No 1.7
¢.2174+1G>A (splice donor) 62 Endometrioid IA 1 No 4.3
c.736_ 47 Endometrioid Il 3 No 49
741delinsTGTGTGTGAAG
(p.Pro246Cysfs*3)
P Deletion (exons 5-9) N® — 65 Endometrioid IA 3 No 2.4
P ¢.1831dup (p.lle611Asnfs*2) Y Y 60 Endometrioid [1C1 2  Breastcancer (49) 2.5
P Deletion (exons 8-15) Y Y 60 Endometrioid IA 2 No 3.0
P Deletion (exon 12) Y N 51 Endometrioid IA 2 No 3.2
P c.137G>T (p.Serd6lle) Y N 67 Endometrioid B 3 Pancreatic IPMN® 1.7
(68)
P ¢.2445+1G>A (splice donor) Y Y 60 Endometrioid IA 1 No 2.8
MSH6
P ¢.3724C>A (p.Argl242Ser) 57 Clear cell IA High No 6.9
P ¢.2731C>T (p.Arg911%) 47 Mixed IA High No 7.2
endometrioid/
clear cell/serous
P €.3930_3970dup41 Y Y 58 Endometrioid 1A 1 No 5.7
(p.Glu1324Glyfs*17)
P ¢.1590del N — 72 Endometrioid B 1 No 6.7
(p.Serb32Leufs*39)
LP  ¢.1109T>C (p.Leu370Ser) — 60 Endometrioid IA 2 Colon cancer (60) 7.3
LP  ¢.2057G>A (p.Gly686Asp) N 41 Endometrioid IA 1  Bilateral ovarian 1.6
endometrioid
cancer (41)
P €.3108_3109del N — 57 Endometrioid B 2 No 2.1
(p.Phel037Leufs*2)
c.1352del (p.Phe451Serfs*2) 47 Endometrioid IA 1 No 4.1
€.3984_3987dup Y 67 Endometrioid IA 3 No 2.4
(p.Leul330Valfs*12)
P ¢.3194_3197del Y Y 62 Endometrioid IA 1 No 2.5
(p.Asn1065llefs*13)
MSH2
P ¢.942+3A>T (intronic) Y 42 Endometrioid I1C1 2 No 4.7
P Deletion (exons 1-6) Y 46 Endometrioid IA 1 No 9.1
LP  Deletion (exons 7-10) N — 48 Endometrioid IA 1 No 1.7
P ¢.942+3A>T (intronic) Y Y 47 Endometrioid 1A 1 No 1.7

1592 © 2021 by American Society of Clinical Oncology
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Multigene Panel Testing for All Endometrial Cancer Patients

TABLE 2. P/LP Variants in Genes Causing Lynch Syndrome (Continued)
Screening IHC
Consistent With

Tumor Germline
Gene Finding Screening Finding? Clinicopathologic Data
Age at
Diagnosis Second Cancer PREMM5

P/LP Variant (years) Histology Stage Grade (age in years) (%)

P Deletion (exons 1-6) Y Y 44 Endometrioid IA 1 No 1.1

B Deletion (exons 1-6) Y Y 52 Endometrioid 1B 1 No > 50
MLH1

P Gain (exons 6-12) N — 57 Endometrioid IA 2 No 8.1

LP  ¢.791-2A>G (splice acceptor) Y Y 56 Endometrioid IA 1 No 4.4

NOTE. “—" indicates no IHC result as tumor screening was not performed.

Abbreviations: IHC, immunohistochemistry; N, no; P/LP, pathogenic/likely pathogenic; PREMM, Prediction of mutations in MLH1, MSH2, MSH6, PMS2

and EPCAM, Y, yes.
@Also has BRCAZ2 pathogenic variant.
®Intraductal papillary mucinous neoplasm.
°Possibly mosaic result.
%Yes for IHC screening at referring center.
®No IHC screening at referring center.

patients, 21 ultimately had IHC results or a personal or
family history that fulfiled NCCN criteria for germline
testing.® Family history did not predict nearly one third of
patients with LS (see PREMM5 Model scores, Table 2).

In addition to the LP variants or PVs identified, there were
56 MMR VUSs, most of which were found in women who
had intact MMR IHC. However, two patients had unex-
plained IHC abnormalities: one had MLHI p.Val201leu
VUS with absent MLH1 and PMS2 and no MLHI promoter
methylation; the other had MSH6 p.Alal162Asp VUS with
specific loss of MSH6. The patient with the MSH6VUS had
colon cancer at age 38 years and a family history unre-
markable for LS. The MLH1 VUS patient had no history
suggestive of LS.

Other CSG findings. Sixty-eight women (7.1%) were found
to have LP variants or PVs in 16 different CSGs (Table 4).
Three women each carried two PVs. In aggregate, there
were no differences in age, stage, grade, and histology for
those 68 women compared with the rest of the cohort, LS
excluded. Twenty-one patients (2.2% of study population)
had LP variants or PVs in high-penetrance CSGs other than
the LS genes. Nineteen of the 21 had LP variants or PVs in
genes associated with breast and/or ovarian cancer.

Ten patients were found to have PVs in BRCAI or BRCAZ2
(1.04% of the study population; 95% Cl, 0.6 to 1.9). Among
the patients with BRCA PVs, there were significantly more
type Il (grade 3 endometrioid or nonendometrioid histol-
ogies) cancers compared with the rest of the cohort (6 of
10; P = .005; Table 4). Several had prior or synchronous
malignancies with three patients having prior breast cancer
diagnoses: two had histories of tamoxifen use. One patient

JCO Precision Oncology

had synchronous fallopian tube high-grade serous cancer
at the time of her EC diagnosis. Half of the patients har-
boring BRCA1/2 PVs (5 of 10) had prior knowledge of the
mutation at the time of OPTEC enrollment. Eight BRCA1/2
heterozygotes met NCCN criteria for genetic testing on the
basis of either knowledge of a mutation in the family or
family history.2°

We identified one compound heterozygote for NTHL1 LP
variants and PVs in a patient with a breast cancer (age 38
years) who had tamoxifen therapy. Another patient with
active lymphoma was reported as possibly mosaic for a
TP53 PV. Because we were unable to determine if the
mosaicism in her blood DNA reflected somatic mosaicism,
circulating tumor cell DNA, or clonal hematopoiesis, we
chose not to include her among cases with LP variants or
PVs.

MGPT identified 24 high- or moderate-penetrance variants
in LS and/or hereditary breast and ovarian cancer genes in
women who would not have been recommended for MGPT
on the basis of NCCN family history and MMR IHC criteria.
This represents an approximately 2.5% increase in yield
with up-front germline testing.

Moderate- and low-penetrance PVs made up nearly half of
all variants reported (Table 4). CHEK2 and MUTYH variants
were most frequent, consistent with general population
frequencies.

DISCUSSION

To our knowledge, this is the largest MGPT study for newly
diagnosed EC to date. The prospective nature of the study,
uniformity of testing, and the fact that incident cases were
unselected for features suggestive of inherited cancer risk
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TABLE 3. Tumor IHC Result and MLH1 PH Results for LS Cases

LS Cases MLH1 MSH2  MSH6 PMS2  MLH1 Methylation
MLHI1
Gain (exons 6-12) - + + - Not tested
¢.791-2A>G (splice acceptor) - + + - Absent
MSH2
€.942+3A>T (intronic) + - - + Not tested
Deletion (exons 1-6) + - - + Not tested
Deletion (exons 7-10) + - - + Not tested
€.942+3A>T (intronic) + - - + Not tested
Deletion (exons 1-6) + - - + Not tested
Deletion (exons 1-6) + - - + Not tested
MSH6
¢.3724C>A (p.Argl242Ser) + + - + Not tested
c.2731C>T (p.Arg911%) + + - + Not tested
€.3930_3970dup41 (p.Glul324Glyfs*17) + + - + Not tested
¢.1590del (p.Ser532Leufs*39) + + - + Not tested
¢.1109T>C (p.Leu370Ser) + + - + Not tested
¢.2057G>A (p.Gly686Asp) + + + + Not tested
€.3108_3109del (p.Phel1037Leufs*2) + + - + Not tested
c.1352del (p.Phe451Serfs*2) + + - + Not tested
€.3984_3987dup (p.Leul330Valfs*12) + + - + Not tested
¢.3194_3197del (p.Asn1065llefs*13) + + - + Not tested
PMS2
€.736_741delinsTGTGTGTGAAG (p.Pro246Cysfs*3)? + + + + Not tested
+ + + + Not tested
¢.137G>T (p.Serdé6lle) + + + + Not tested
+ + + - Not tested
c.1687C>T (p.Argb63*) — (focal) + + - Absent
+ + + - Not tested
¢.2174+1G>A (splice donor) — (focal) + + - Absent
— (focal) + + - Absent
Deletion (exon 12) — (focal) + — (focal) - Present
+ + - - Not tested
Deletion (exons 5-9) NA NA NA NA NA
€.736_741delinsTGTGTGTGAAG (p.Pro246Cysfs*3) + + + - Not tested
¢.1831dup (p.lle611Asnfs*2) + + + - Not tested
c.1553delA (p.Glub18Glyfs*77) + + + - Not tested
Deletion (exons 8-15) + + + - Not tested
€.2445+1G>A (splice donor) + + + - Not tested

NOTE. For the five PMS2 cases with IHC repeated, initial screen IHC report (top) and study confirmation IHC (bottom) are shown.

Abbreviations: IHC, immunohistochemistry; LS, Lynch syndrome; NA, not applicable, no remaining tissue; PH, promoter hypermethylation;
PVs, pathogenic variants.

2Patient also heterozygous for BRCA2 PV.

allow for reliable estimates of the incidence of germline LP  hospitals that are not affiliated with Comprehensive Cancer
variants or PVs. Furthermore, the multi-institutional re- Centers, improves the generalizability of findings from this
cruitment, with more than half of the patients treated at cohort.
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TABLE 4. P/LP Variants in Other CSGs

Age Second Primary Cancer
Gene P/LP Variant (years) Histology (grade) (age in years)
High penetrance
BRCAI? P c.5558dup (p.Tyr1853*) 56 Carcinosarcoma Breast cancer (40)
BRCAI P c.2681_2682del (p.Lys894Thrfs*8) 62 Endometrioid (G3) =
BRCA1 P c.68_69del (p.Glu23Valfs*17) 68 Endometrioid (G1) =
BRCAI P ¢.1874_1877dup (p.Val627Serfs*4) 46 Endometrioid (G1) =
BRCA2 P c.6037A>T (p.Lys2013*) 56 Carcinosarcoma —
BRCA2 P ¢.3689del (p.Ser1230Leufs*9) 72 Clear cell Breast cancer (46)
BRCA2 P ¢.658_659del (p.Val220llefs*4) 67 Undifferentiated —
BRCA2 P c.4780del (p.Met1594Cysfs*23) 66 Mixed mucinous/endometrioid Breast cancer (50)
BRCAZ2 P ¢.5158dup (p.Serl720Phefs*7) 69 Endometrioid (G3) —
BRCA2 P ¢.9026_9030delATCAT (p.Tyr3009Serfs*7) 67 Endometrioid (G1) Fallopian tube high-grade
serous cancer (67)
CDKNZ2A P ¢.-34G>T (noncoding) 65 Carcinosarcoma —
SDHA LP  ¢.150+1G>A (splice donor) 71 Endometrioid (G1) =
BRIP1 P ¢.1372G>T (p.Glu458*) 57 Endometrioid (G3) —
BRIP1 P ¢.2400C>G (p.Tyr800%) 66 Endometrioid (G2) Basal cell carcinoma (64)
BRIP1 P ¢.2038_2039dup (p.Leu680Phefs*9) 62 Endometrioid (G1) Skin cancer (50)
BRIPI P ¢.2400C>G (p.Tyr800*) 63 Endometrioid (G1) =
BRIPI P ¢.2392C>T (p.Arg798*) 74 Endometrioid (G2) =
BRIP1 P ¢.2392C>T (p.Arg798*) 61 Endometrioid (G2) Renal cell carcinoma (52)
PALB2 P ¢.2257C>T (p.Arg753*) 60 Endometrioid (G1) =
PALB2 P Deletion (exons 8-10) 5S) Endometrioid (G1) —
RAD5IC P Deletion (exon 4) 51 Endometrioid (G1) =
Moderate penetrance
ATM P ¢.1402_1403del (p.Lys468Glufs*18) 53 Endometrioid (G1) Melanoma (40)
ATM c.8147T>C (p.Val2716Ala) 51 Endometrioid (G2) —
NBN: c.657_661del (p.Lys219Asnfs*16) 63 Serous Melanoma (62)
NBN® LP  ¢.37+1G>A (splice donor) 67 Endometrioid (G1) Melanoma (62)
NBN® P c.657_661del (p.Lys219Asnfs*16) 74 Endometrioid (G2) Squamous cell skin cancer
(67)
NBN® P c.272del (p.Leu91*) 75 Endometrioid (G2) —
NFI¢ P ¢.1260+1604A>G (intronic) 73 Endometrioid (G1) —
NFI° P c.1748A>G (p.Lys583Arg) 59 Endometrioid (G2) Basal cell carcinoma (55)
CHEK2 P c.444+1G>A (splice donor) 42 Undifferentiated —
CHEK2 P c.1100del (p.Thr367Metfs*15) 65 Endometrioid (G3) —
CHEK2 P c.1100del (p.Thr367Metfs*15) 64 Endometrioid (G2) —
CHEK2 P ¢.1100del (p.Thr367Metfs*15) 54 Endometrioid (G1) —
CHEK2 P ¢.1100del (p.Thr367Metfs*15) 81 Endometrioid (G2) —
CHEK2 P ¢.1100del (p.Thr367Metfs*15) 51 Endometrioid (G2) —
CHEK2 P c.1100del (p.Thr367Metfs*15) 62 Endometrioid (G1) —
CHEKZ P ¢.1100del (p.Thr367Metfs*15) 55 Endometrioid (G1) Skin cancer (ND)
CHEK2 P ¢.1100del (p.Thr367Metfs*15) 50 Endometrioid (G1) Breast cancer (45)
CHEK2 LP  ¢.349A>G (p.Argl17Gly) 71 Endometrioid (G1) —
CHEK2 P c.444+1G>A (splice donor) 53 Endometrioid (G1) Thyroid cancer (38)
CHEK2 €.629_632del (p.Ser210Phefs*6) 57 Endometrioid (G1) —
CHEK2 LP  ¢.190G>A (p.Glub4Lys) 50 Endometrioid (G1) Ovarian endometrioid

cancer (50)
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Age Second Primary Cancer
Gene P/LP Variant (years) Histology (grade) (age in years)
Low penetrance
CHEK2 P c.470T>C (p.lle157Thr) 71 Mixed endometrioid/clear cell —
CHEK2 P c.470T>C (p.lle157Thr) 44 Endometrioid (G1) Thyroid cancer (39)
CHEK2 P ¢.470T>C (p.lle157Thr) 65 Endometrioid (G2) —
CHEK2® P ¢.470T>C (p.lle157Thr) 60 Endometrioid (G1) =
RAD50 LP  ¢c.3G>A (p.Metl?) 64 Serous —
RAD50 P ¢.3050G>A (p.Trpl017*) 54 Endometrioid (G1) =
RAD50 c.2165dup (p.Glu723Glyfs*5) 69 Endometrioid (G1) Basal cell carcinoma (58)
Low penetrance/recessive
MUTYH P ¢.1187G>A (p.Gly396Asp) 82 Dedifferentiated —
MUTYH LP  ¢.934-2A>G (splice acceptor) 68 Serous —
MUTYH P ¢.1187G>A (p.Gly396Asp) 71 Endometrioid (G1) —
MUTYH P ¢.1187G>A (p.Gly396Asp) 72 Endometrioid (G3) —
MUTYH P ¢.1187G>A (p.Gly396Asp) 69 Endometrioid (G3) —
MUTYH P ¢.1187G>A (p.Gly396Asp) 67 Endometrioid (G1) Melanoma (64)
MUTYH P ¢.1187G>A (p.Gly396Asp) 66 Endometrioid (G2) —
MUTYH P c.1147del (p.Ala385Profs*23) 58 Endometrioid (G1) —
MUTYH P ¢.1187G>A (p.Gly396Asp) 55 Endometrioid (G1) —
MUTYH P ¢c.536A>G (p.Tyr179Cys) 59 Endometrioid (G1) Follicular lymphoma (57)
MUTYH P ¢.1187G>A (p.Gly396Asp) 57 Endometrioid (G1) —
MUTYH P ¢.1187G>A (p.Gly396Asp) 48 Endometrioid (G2) —
MUTYH LP  ¢.821G>A (p.Arg274GIn) 52 Endometrioid (G2) —
MUTYH® P c.1227_1228dup (p.Glu410Glyfs*43) 55 Endometrioid (G1) Skin cancer (ND)
MUTYH c.536A>G (p.Tyr179Cys) 60 Endometrioid (G2) —
Recessive’
MSH3 c.802C>T (p.Arg268*) 61 Endometrioid (G3) —
MSH3 ¢.2686G>T (p.Gly896*) 61 Endometrioid (G2) =
MSH3 LP  ¢.1897-1G>A (splice acceptor) 60 Endometrioid (G1) —
NTHL1 P ¢.268C>T (p.GIn90*) 65 Endometrioid (G2) —
NTHL1 P c.227del (p.Gly76Valfs*27) 65 Endometrioid (G1) =
NTHLI® P/LP  ¢.268C>T (p.GIn90*)/c.139+1G>A (splice 42 Endometrioid (G2) Breast cancer (38)
donor)
Others (male risk only, prostate cancer)
HOXB13 LP  ¢.251G>A (p.Gly84Glu) 58 Endometrioid (G1) —

NOTE. Analyses of CSG aggregate data included patients with BRCA2 and PMS2 pathogenic variants. One patient was found to have a possibly mosaic
TP53 PV (c.690_702del (p.lle232Thrfs*11)). She developed synchronous G2 endometrioid endometrial cancer and small-cell lymphoma at age 66 years.

Abbreviations: CSG, cancer susceptibility genes; ND, no data, age unknown; P/LP, pathogenic/likely pathogenic; PVs, pathogenic variants.

@Patient with second PV in PMS2.

®Patient with PVs in PALB2 and CHEKZ.

°Cancer risk associated with NBN variants remains unclear.

dHighly penetrant with respect to neurofibromatosis, classified as moderate risk here in reference to cancer risks associated with NFI.

¢Patient with PVs in CHEK2 and MUTYH.

Recessive = MYH-associated polyposis; heterozygotes are considered low penetrance for colon cancer risk.

gCompound heterozygote.

The 3% rate (95% Cl, 2.1 to 4.3) of LS is consistent with
prior estimates. The most common genetic cause of LS in

represent 72% of LS cases. The importance of MSH6in the
development of EC came to light nearly two decades ago,®

this cohort was PMS2, and together MSH6 and PMS2 and the rate of MSH6E LP variants or PVs in OPTEC is
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consistent with prior estimates of incidence. Our finding
that 1% of patients with EC harbored PMS2 PVs is
somewhat unexpected and demonstrates the importance
of PMS2 in EC risk.

Delayed development of clinical testing for PMS2and lower
penetrance of PMSZ-associated LS contributed to the
historical assumption that PMS2 is a rare cause of LS.
MGPT revealed that PVs in PMS2 are not uncommon.?* As
testing techniques evolved, it became apparent that de-
letions, often previously not tested, contributed to a sub-
stantial portion of LS-causing PMS2 variants.”® This
becomes important when comparing our PMS2 PV rate
with other cohorts. If the testing method used in other
studies could not detect deletions, then the number of
PMS2 variants would underestimate PV incidence. PMS2
deletions accounted for 3 of 11 (27%) of the PVs found in
OPTEC, and this rate mirrors the frequency found in a
recent large colorectal cohort.?®

Although cancer risks associated with PMS2are lower than
other MMR genes, penetrance of PMS2 PVs remains to be
determined.®?”:28 Comparison with three large population-
based studies revealed the frequency of PMS2 PVs in
OPTEC (excluding the three deletion cases) is significantly
higher than expected (Appendix Fig A1).2°3! MSI and IHC
confirmed that EC was causally associated with PMS2 PVs
in 8 of 10 cases (the patient with both PMS2 and BRCA2
PVs being a clear exception and the patient with MLH1
promoter methylation not easily explained). Together these
findings demonstrate the important role PMS2 plays in EC
risk.

IHC screening to identify patients with PMS2-LS is par-
ticularly problematic.®? Only half of PMS2 heterozygotes
had isolated loss of PMSZ2 in their tumors. The complex IHC
patterns seen, including the three cases reported as having
MLH1 abnormalities in addition to PMS2 loss, have been
previously described as consistent with PMS2-related
disease.*

Our study revealed that MGPT identified more patients with
LS than universal LS tumor screening. This benefit may be
particularly important for identifying the lower-penetrance
MSH6 and PMS2 variants as family history is unlikely to
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trigger referral for germline testing and IHC can be prob-
lematic. Acknowledging that many centers do not routinely
screen for tumor MMR defects, implementing MGPT in the
up-front setting would be a more direct way to identify
patients with EC with LS and other highly penetrant cancer
syndromes. MMR IHC will, however, remain an integral
component of determining candidacy for immune check-
point blockade therapy.

More than 7% (68 of 961) of the OPTEC patients were
heterozygous for LP variants or PVs in 16 different CSGs,
other than the LS genes. The high frequency of BRCAI and
BRCAZ2 PVs in our cohort (1.04%; 95% Cl, 0.6 to 1.9) is
noteworthy. Comparing OPTEC findings with the unse-
lected populations in United States, United Kingdom, and
Australia, the prevalence of BRCA PVs was significantly
higher (Appendix Fig A1).293!

The specific association between germline BRCA PVs and
type Il ECs known to have worse outcomes is an important
finding. Hysterectomy at the time of risk-reducing surgery
for BRCA carriers would greatly reduce the chance of
developing aggressive type |l ECs and would eliminate the
increased EC risk associated with the widespread tamoxifen
use for prevention and treatment of BRCA-related breast
cancer. Furthermore, if BRCA carrier ECs are deficient in
homologous repair, poly (ADP-ribose) polymerase inhibi-
tion may be a therapeutic option.

MGPT revealed actionable results in an additional 58
women. Because of the small numbers of PVs seen in CSGs
otherthan the LS and BRCA loci and the fact that we did not
investigate patient tumors, we are unable to speculate as to
whether those variants are causally associated with EC.

In summary, we found that 10.1% of patients with EC have
germline LP variants or PVs in a CSG, which is similar to the
rates found in patients with colorectal and breast
cancer.*®32 We confirm that LS accounts for approximately
3% of all EC patients and demonstrate that approximately
1% of patients with EC carry BRCAI or BRCAZ LP variants
or PVs. Our data support the up-front use of MGPT for all EC
patients to improve LS detection and to better understand
the role genetic risk plays in this common malignancy.
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FIG A1. OPTEC PMS2and BRCA1/2 PV frequency compared with general population. Forest plot demonstrating the increased
frequency of (A) PMS2 and (B) BRCA1/2 PVs in the prospective OPTEC cohort. Frequencies and 95% Cls (Clopper-Pearson
exact tests) for OPTEC, three large population studies and the three control populations combined are shown. The OR of the
combined population studies is 13.0 (95% Cl, 5.3 t0 27.4; P=5.14 x 1077) for PMS2and 2.1 (95% Cl, 1.0 to 3.9; P=.03) for
BRCA1/2. Because the population studies did not report deletion and insertion mutations, we did not include the cases with scale
mutations in our calculation to avoid inflations of the ORs. All, HNV, UKB, and ASPREE combined; ASPREE, ASPirin in Reducing
Events in the Elderly trial*®; HNV, Healthy Nevada Project®!; OPTEC, Ohio Prevention and Treatment of Endometrial Cancer; OR,
odds ratio; PVs, pathogenic variants; UKB, UK Biobank.?®
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FIG A2. Promega v1.2 MSI typing for tumors from patients with germline pathogenic PMS2 variants. Tumor 2006-EC is a representative MSI-high
case with MLH1 methylation and absent MLH1 and PMS2. Fragment sizes not evident in matched normal DNA are seen with five mononucleotide
repeats. Tumor 2343-EC (PMS2 p.Pro246Cysfs*3) is microsatellite-stable. Aberrant fragment sizes are marked with red brackets. EC, endometrial
cancer; MSI, microsatellite instability; N, normal DNA; T, tumor DNA.
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TABLE A1. OPTEC Collaborating Centers

Collaborating Centers Locations
The Ohio State University Medical Center® Columbus, OH
University Hospitals Seidman Cancer Center® Cleveland, OH
Mentor, OH
Westlake, OH
Aultman Hospital Canton, OH
MetroHealth Cleveland, OH
Summa Health Akron, OH
Mercy Health Toledo Toledo, OH
TriHealth Cincinnati, OH
OhioHealth Columbus, OH
Marion, OH
Mansfield, OH
University of Cincinnati Cincinnati, OH

Abbreviations: NCI, National Cancer Institute; OPTEC, Ohio
Prevention and Treatment of Endometrial Cancer.
®NCl-designated Comprehensive Cancer Centers.
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TABLE A2. Invitae Common Hereditary Cancers Panel—47 Genes
APC
ATM
AXIN2
BARD1
BMPRIA
BRCAI
BRCA2
BRIP1
CDH1
CDK4
CDKNZ2A
CHEK2
CTNNA1
DICERI
EPCAM
GREM1
HOXB13
KIT
MEN1
MLHI
MSHZ2
MSH3
MSH6
MUTYH
NBN
NF1
NTHL1
PALB2
PDGFRA
PMS2
POLDI
POLE
PTEN
RAD50
RAD51C
RAD51D
SDHA
SDHB
SDHC
SDHD
SMAD4
SMARCA4
STK11
TP53
TSCI
1s¢c2
VHL
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