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Abstract

Background
Endometrial cancer (EC) risk in BReast CAncer gene 1/2 (BRCA1/2) mutation carriers is
uncertain, therefore we assessed this in a large Dutch nationwide cohort study.

Methods

5,980 BRCA1/2 (3,788 BRCA1, 2,151 BRCA2, 41 both BRCA1/BRCA2) and 8,451 non-BRCA1/2
mutation carriers were selected from the HEBON-cohort. Follow-up started at date of
nationwide PALGA coverage (January 1, 1989) or at the age of 25 years (whichever came
last), and ended at date of EC diagnosis, last follow-up or death (whichever came first).
EC risk in BRCA1/2 mutation carriers was compared to: 1) general population, estimating
standardized incidence ratios (SIRs) based on Dutch population-based incidence rates; and
2) non-BRCA1/2 mutation carriers, using Cox-regression analyses, expressed as hazard ratio
(HR). Statistical tests were two-sided.

ET

Fifty-eight BRCA1/2 and 33 non-BRCA1/2 mutation carriers developed EC over 119,296 and
160,841 person-years, respectively (SIR = 2.83, 95% confidence interval (Cl) = 2.18-3.65; and
HR =2.37, 95% Cl = 1.53-3.69, respectively). BRCA1 mutation carriers showed increased risks
for EC overall (SIR = 3.51, 95% Cl = 2.61-4.72; HR = 2.91, 95% Cl = 1.83-4.66), serous-like EC
(SIR: 12.64, 95% Cl = 7.62-20.96; HR = 10.48, 95% Cl = 2.95-37.20), endometrioid EC (SIR =
2.63, 95% ClI = 1.80-3.83; HR = 2.01, 95% Cl = 1.18-3.45) and TP53-mutated EC (HR = 15.71,
95% Cl = 4.62-53.40). For BRCA2 mutation carriers, overall (SIR = 1.70, 95% Cl = 1.01-2.87),
and serous-like EC risks (SIR = 5.11, 95% Cl = 1.92-13.63) were increased when compared to
the general population. Absolute risks by 75 years remained low (overall EC = 3.0%; serous-
like EC = 1.1%).

Conclusions
BRCA1/2 mutation carriers have a 2- to 3-fold increased risk for EC, with highest risk observed
for the rare subgroups of serous-like and p53-abnormal EC in BRCA1 mutation carriers.
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Introduction

Women with a pathogenic germline mutation in the BReast CAncer genes (BRCA1 and
BRCA2) have strongly increased breast carcinoma (BC) and tubo-ovarian carcinoma (OC) risks.
Penetrance studies of BRCA1/2 mutations report cumulative BC risks at age of 70 years of
50-59% for female BRCA1 mutation carriers and 42-51% for female BRCA2 mutation carriers,
together with OC risks of 34-45% and 13-21%, respectively.

Whether BRCA1/2 mutations also confer elevated life-time risk for endometrial cancer
(including uterine sarcomas; EC) is unclear. Studies have reported an increased EC risk in
BRCA1/2 mutation carriers compared to country-specific incidence rates (standardized
incidence ratios (SIRs), range = 1.9 to 5.3),%* but others found no clearly increased EC risk,>”’
or found that increased risk was restricted to a rare but aggressive subgroup of EC, ECs with
serous-like histology (e.g. uterine serous carcinomas, carcinosarcomas; SIR range = 14.8 to
32.2; Supplementary Table 1).5? Furthermore, it has been suggested that the apparent
increase in EC risk is not related to the BRCA1/2 mutation, but to previous BC related
tamoxifen-treatment.? 3 These conflicting data in previous cohort studies can be attributed
to a limited number of ECs (n=2-17) as a result of small cohort sizes (315-4,456), low mean/
median age at enrolment with limited follow-up periods, or absence of outcome validation
(n=5).2%1

More recently, studies have suggested that in addition to EC of serous-like histology, a larger
group of p53-abnormal ECs (one of the four molecularly-defined subgroups),’®* 1> are more
common in BRCA1/2 mutation carriers. EC risks for this molecular subgroup have not yet
been determined.

Accurate estimation of EC risk in BRCA1/2 mutation carriers is important to counselling and
clinical management. Therefore, the aim of this study was to confirm and quantify the risk
of EC in a large cohort of BRCA1/2 mutation carriers compared to both the general Dutch
population and to non-BRCA1/2 mutation carriers.

Methods

Study population

BRCA1/2 mutation carriers (n=6,072) were selected from the “HEreditary Breast and Ovarian
cancer study, the Netherlands (HEBON cohort study)”, an ongoing nationwide cohort study of
hereditary breast and ovarian cancer (HBOC) families in the Netherlands (for details see!®’
and Supplementary methods). The HEBON cohort study has been approved by medical
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ethical committees of all participating centers. The current study was approved by the
Institutional Review Board of the Netherlands Cancer Institute.

BRCA1/2 mutation carriers

Women with a class 5/pathogenic or class 4/likely pathogenic BRCA1 or BRCA2 mutation
were eligible.!® The initial cohort consisted of 6,072 BRCA1/2 mutation carriers, of whom
3,716 provided written informed consent allowing connection to disease registries, 876 who
died before they could be invited to join the HEBON cohort, and 1,480 whose connection to
disease registries (see below) was approved by the medical ethical committee because they
did not respond to a request to participate and did not actively deny the request after three
invitations to do so (Figure 1).

Dutch population-based cancer incidence rates (comparison group 1)

Age, calendar year- and country-specific EC incidence rates (crude rates/100,000 person-
years, stratified by age and calendar time) were obtained from the Netherlands Cancer
Registry (NCR) for the calendar years 1989-2015 (May 2020). All tumors with an International
Classification of Diseases for Oncology, Third edition, First revision (ICD-0-3.1; http://codes.
iarc.fr/) topographical code of either C54 (Corpus Uteri) and C55 (Uterus, NOS) were included.

In addition, age, calendar year and country-specific EC incidence rates were obtained from
the NCR for the following five histologic subgroups based on the morphological ICD-0-3.1
codes: 1) Endometrioid (including mucinous), 2) Serous-like (e.g. uterine serous carcinoma,
carcinosarcoma, mixed carcinomas), 3) Clear Cell Carcinoma, 4) Sarcoma and 5) Other (e.g.
neuroendocrine carcinoma), see Supplementary Table 2.

Non-BRCA1/2 mutation carriers (comparison group 2)

Non-BRCA1/2 mutation carriers (n=8,575, within-cohort comparison group) were also
selected from the HEBON cohort (Figure 1). Women were eligible if they: 1) were a member
of a family with a proven likely pathogenic or pathogenic BRCA1 or BRCA2 mutation (not
including variants of unknown significance), and 2) tested negative for this likely pathogenic
or pathogenic BRCA1/2 mutation.

Pathology review and assessment of histologic- and molecular subgroup
To confirm endometrial origin and define histologic and molecular subgroups, pathology
reports, H&E-slides and FFPE tumor tissue blocks of ECs of both BRCA1/2 and non-BRCA1/2-
mutation carriers were collected via PALGA and centrally revised by at least one expert
gynaecopathologist. If pathology review was not possible, histologic subtype and grade were
extracted from pathology reports or based on the morphological ICD-0-3.1 code. Although
some cases of rare uterine
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sarcoma’s were included in the study, for simplicity the term ‘ endometrial cancer’ (EC) is
used throughout the manuscript.

After review, ECs were classified into the same five histologic subgroups as described for
comparison group 1, and were molecular classified similarly to as what has been previously
described; p53-abnormal or “other” (including POLE-mutant, mismatch repair (MMR)-
deficient and no surrogate marker profile group (NSMP)).2% 4 For cases that were not available
for review, assignment to molecular groups was based on histology (see the Supplementary
Methods).

Data collection and data handling

Pseudonymized data were retrieved for BRCA1/2 and non-BRCA1/2 mutation carriers from
the central HEBON database. With regular input from the NCR, the Dutch Pathology Registry
(PALGA)*® and the municipal administration (BRP), the HEBON cohort study gathers data
centrally, including cancer incidence, date of cancer diagnosis, RRSO, and date of death. In the
case of BC, these data also include hormone treatment (HT, type and duration not specified).
PALGA is a nationwide archive containing excerpts of all histo- and cytopathology reports in
the Netherlands since 1991.%° For details see the Supplementary Methods.

Statistical analysis

Period at risk for EC. Both BRCA1/2 and non-BRCA1/2 mutation carriers were assigned a
starting date for follow-up based on either nationwide PALGA coverage (Jan 1, 1989) or the
date at which women are considered to be at risk for EC (225 years of age), whichever was
later. Follow-up ended on the date of EC diagnosis (ICD-0-3 topographical code C54/C55),
date of death, or date of end of follow-up (January 1, 2016 for BRCA1/2 mutation carriers who
provided informed consent; January 1, 2012 for all others), whichever was earlier. Women
were excluded from analyses if an EC occurred before Jan 1, 1989 or before the age of 25
(Supplementary Figure 1). We were not informed about the extent of OC surgery and RRSO
(whether or not this included a hysterectomy), and therefore the date of OC/RRSO was not
used as censoring event.

Comparison 1: BRCA1/2 mutation carriers versus Dutch country-specific incidence rates.
For the BRCA1/2 mutation carrier cohort, expected EC incidence was estimated based on
calculated person-time at risk, stratified by age, and calendar-time. SIRs were calculated by
dividing observed ECs by expected ECs, and 95% confidence intervals (Cls) and 2-sided p
values were estimated assuming a Poisson distribution. SIRs were also stratified for histologic
subgroup after pathology review, mutation type (BRCA1/BRCA2), and attained age.

Comparison 2: BRCA1/2 mutation carriers versus non-BRCA1/2 mutation carriers. Differences
in EC occurrence between BRCA1/2 and non-BRCA1/2 mutation carriers were analysed using
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Cox regression and expressed as Hazard Ratio (HR), with accompanying 95% Cl adjusted for
age. HRs were also calculated after stratification for mutation type and for histologic and
molecular subgroup following pathology review. Women carrying both a BRCA1- and BRCA2
mutation (n=41, no ECs) were analysed in both the BRCA1- and BRCA2-mutation carrier group.

The following sensitivity analyses were performed. First, to exclude potential confounding by
tamoxifen use for BC, two separate sensitivity analyses were performed; for the first, patients
were censored at date of (first) BC diagnosis that led to HT (type and duration not specified),
and for the second, patients were censored at date of (first) BC diagnosis (both analyses
included cases with DCIS). Second, to exclude testing bias (testing BRCA1/2 mutation because
of EC diagnosis), person-years at risk began on the date of the BRCA1/2 DNA test. Third, to
minimize potential bias due to unequal observation periods, the end date for follow-up was
set to January 1, 2012 for all BRCA1/2 and non-BRCA1/2 mutation carriers.

Baseline characteristics between BRCA1/2 and non-BRCA1/2 mutation carriers were compared
using the Chi-square test (categorical variables) and the Mann-Whitney U-test (numerical
variables). Median follow-up time was estimated using the Reverse Kaplan-Meier Method.
The cumulative risk of developing EC, and EC of serous-like and endometrioid histology up
to age of 75 years was estimated using competing risk analyses.

A p value of <0.05 was considered statistically significant. Statistical analyses were performed
using IBM SPSS version 23.0 and STATA Statistical Software version 14.1 (College Station, TX:
StataCorp LP).

Results

Cohort characteristics

A total of 5,980 BRCA1/2 and 8,451 non-BRCA1/2 mutation carriers were included (Figure
1). Cohort characteristics and follow-up details are described in Table 1. The total number of
person-years at risk and events (overall and stratified by histologic subgroup) per 5-year age
category are shown in Supplementary Table 3. Details on EC characteristics and pathology
review are described in Supplementary Table 4-6.

EC Risk in BRCA1/2 mutation carriers compared to the Dutch country-
specific incidence rates

Overall EC risk in BRCA1/2 mutation carriers was increased 2.83-fold (95% Cl = 2.18-3.65)
compared to Dutch EC incidence rates (BRCA1, SIR = 3.51, 95% Cl = 2.61-4.72; BRCA2, SIR =
1.70, 95% Cl =1.01-2.87), Table 2.
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HEBON cohort

BRCA1/2 families

BRCA1/2 mutation BRCA1/2 mutation

positive negative

n=6072 n=8575
Excluded: Excluded:
- <25 years of age at end - <25 years of age at end

I follow-up (n=58) |- follow-up (n=119)

- Endpoint/censoring event - Endpoint/censoring event
before start follow-up (n=29) before start follow-up (n=5)
- No pathogenic gBRCA

mutation (n=4)
- Unknown date of birth (n=1)

BRCA carriers non-BRCA carriers
n=5980 n=8451
| I
Endometrial cancer, n=582 Endometrial cancer, n=33°
Death, n=1140 Death, n=724
End follow-up, n=4782 End follow-up, n=7694
< >

Comparison 2

Figure 1. Schematic overview of the BRCA1/2 mutation carrier cohort and the non-BRCA1/2 mutation
carrier cohort. a. Four events were excluded as they occurred outside of the observation period: two
before the start of follow-up (January 1, 1989) and two after the end of follow-up (once on January
1, 2012 and once on January 1, 2016). b. Seven events were excluded: five events occurred after the
observation period ended (January 1, 2012) and two events were excluded because the tumors were
considered of non-endometrial origin after pathology review.

When ECs were stratified by histologic subgroup, BRCA1/2 mutation carriers were at increased
risk for endometrioid EC (SIR = 2.08, 95% Cl = 1.49-2.89) and for EC of serous-like histology
(SIR=9.77,95% Cl = 6.23-15.31), Table 2. BRCA1 mutation carriers displayed greater risk for
endometrioid EC (SIR = 2.63, 95% Cl = 1.80-3.83), and especially for EC of serous-like histology
(SIR =12.64, 95% Cl = 7.62-20.96). Risk for EC of serous-like histology in BRCA2 mutation
carriers was lower (SIR =5.11, 95% Cl 1.92-13.63).

Overall EC risks were highest in the youngest age category of 25-40 years (SIR =9.84, 95% Cl =
2.68-25.20), although confidence intervals were broad and the majority of events occurred in
older age categories, Table 3. For EC of serous-like histology, the highest risks were observed
in the age category 60-80 years (SIR = 11.27, 95% Cl = 5.99-19.27).
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Table 1. Demographic characteristics of BRCA1/2 mutation carriers and non-BRCA1/2 mutation carriers

Demographic characteristics BRCA1/2 carriers non-BRCA1/2 carriers
Total, No. (%) 5980 (100) 8451 (100)°

BRCA1 mutation, No. (%) 3788 (63.3) 0(0)

BRCA2 mutation, No. (%) 2151 (36.0) 0(0)

BRCA1 and BRCA2 mutation, No. (%) 41 (0.7) 0(0)
Median age at start of follow-up (years, IQR) 27.4 (25.0-37.8) 28.0(25.0-38.2)

<40 years, No. (%) 4737 (79.2) 6657 (78.8)

40-49 years, No. (%) 775 (13.0) 1197 (14.2)

50-59 years, No. (%) 321 (5.4) 395 (4.7)

>60 years, No. (%) 147 (2.5) 202 (2.4)

Median age at end of follow-up (years, IQR)
Median observation period (years, IQR)
Total person-years at Risk (SD)

51.9 (42.5-61.6)
22.5(15.2-27.0)
119296 (7.1)

50.7 (42.1-60.7)
23.0 (16.4-23.0)
160841 (5.8)

Of which post BRCA DNA test (SD)? 56579 (6.3) 48044 (5.1)
Ovarian Cancer History, No. (%)° 716 (12.0) 267 (3.2)
Before start observation period, No. (%) 34 (0.6) 19 (0.2)
During observation period, No. (%) 682 (11.4) 248 (2.9)
Endometrial Cancer and simultaneous/history of 5(0.08) 5(0.06)
Ovarian Cancer®
Breast Cancer History, No. (%)% 2762 (46.2) 2788 (33.0)
Before start observation period, No. (%) 291 (4.9) 140 (1.7)
During observation period, No. (%) 2471 (41.3) 2648 (31.3)
Hormone Treatment
HT-BC, No. (%) 755 (12.6) 1155 (13.7)
Before start follow-up, No. (%) 14 (0.2) 4(0.0)
During follow-up, No. (%) 741 (12.4) 1151 (13.6)
HT-BC unknown, No. (%)f 209 (3.5) 127 (1.5)
Before start follow-up, No. (%) 72 (1.2) 39 (0.5)
During follow-up, No. (%) 137 (2.3) 88 (1.0)
RRSO History, No. (%)# 3619 (60.5) 695 (8.2)
Before start follow-up, No. (%) 19 (0.3) 25(0.3)
During follow-up, No. (%) 3600 (60.2) 670(7.9)
History RRSO unknown, No. (%) 119 (2.0) 4324 (51.2)

2Includes 96 women with a BRCA variant of unknown significance, of whom two developed a endometrial carci-
noma (none carried the (likely) pathogenic familial variant). Abbreviations: BC: Breast Cancer, HT: Hormone Treat-
ment, RRSO: Risk-Reducing Salpingo-oophorectomy

Post BRCA DNA test; Person-years from date BRCA1/2-DNA test until end of follow-up. The date of BRCA1/2-muta-
tion test was missing for 1,682 (28.1%) carriers and 1,214 (14.4%) non-carriers. For these women, the date of
BRCA1/2 DNA test was considered to be January 1, 1995. BRCA1/2 DNA tests were performed from 1995 until 2012
(median year 2007).

‘Date of OC diagnosis unknown for two non-BRCA mutation carriers.

dFor details, see Supplementary Table 5 and 6.

¢DCIS was considered as BC. Considered the first BC if women had a history of more than one BC.

Date of diagnosis unknown for one BC in the BRCA mutation carrier group.

gIncludes adnexextirpation for reasons other than RRSO, e.g. during hysterectomy or for OC.
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Table 2. Observed and expected endometrial cancer rates in BRCA1/2 mutation carriers, compared
to the Dutch country-specific incidence rates

BRCA1/2 Dutch
carriers population

EC subgroups Observed Expected SIR (95% Cl) P?

All endometrial cancers 58 20.53 2.83(2.18-3.65) <0.001
BRCA1 44 12.53 3.51(2.61-4.72) <0.001
BRCA2 14 8.23 1.70 (1.01-2.87)  0.04

Endometrioid 35 16.85 2.08 (1.49-2.89) <0.001
BRCA1 27 10.27 2.63 (1.80-3.83) <0.001
BRCA2 8 6.77 1.18 (0.59-2.36) 0.37

Serous-like 19 1.95 9.77 (6.23-15.31)  <0.001
BRCA1 15 1.19 12.64 (7.62-20.96) <0.001
BRCA2 4 0.78 5.11(1.92-13.63)  0.01

Sarcoma 3 1.3 2.30(0.74-7.14) 0.14
BRCA1 1 0.81 1.24 (0.17-8.78) 0.55
BRCA2 2 0.51 3.95(0.99-15.81) 0.09

Clear cell 1 0.29 3.40 (0.48-24.11) 0.25
BRCA1 1 0.18 5.58 (0.79-39.65) 0.16
BRCA2 0 0.12 NA NA

3p values were estimated assuming a Poisson distribution. Abbreviations: SIR: Standardized Incidence
Ratio, Cl: Confidence Interval NA: not applicable

EC Risk BRCA1/2 mutation carriers compared to non-BRCA1/2 mutation
carriers

In total, 58 BRCA1/2 mutation carriers developed ECs compared to 33 non-BRCA1/2 mutation
carriers, over 119,296 and 160,841 at risk person-years, respectively (HR = 2.37, 95% Cl =
1.53-3.69), Table 4. BRCA1 mutation carriers displayed higher relative EC risk (HR = 2.91,
95% Cl = 1.83-4.66) compared to BRCA2 mutation carriers (HR = 1.45, 95% Cl = 0.75-2.81).

Combined BRCA1/2 histologic subgroup analysis showed strongly increased risks for EC with
serous-like histology (HR = 8.08, 95% Cl = 2.34-27.94), with BRCA1 showing higher relative
risk (HR = 10.48, 95% Cl = 2.95-37.20) than BRCA2 mutation carriers (HR = 4.13, 95% Cl =
0.83-20.50), Table 4. The highest HR was observed for p53-abnormal EC in BRCA1 mutation
carriers (HR = 15.71, 95% Cl = 4.62-53.40). The risk for endometrioid EC in BRCA1 mutation
carriers was increased two-fold (HR = 2.01, 95% CI = 1.18-3.45), unlike BRCA2 (HR = 0.93,
95% Cl =0.41-2.11).
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Table 3. Observed and expected endometrial cancer rates in BRCA1/2 mutation carriers compared
to the Dutch country-specific incidence rates, according to attained age

BRCA1/2 carriers Dutch population

EC subgroup, age categories Observed Expected SIR (95% Cl)

All endometrial cancers 582 20.53 2.83(2.18-3.65)
25-40 years 4 0.41 9.84 (2.68-25.20)
40-60 years 25 10.0 2.50 (1.62-3.69)
60-80 years 28 9.56 2.93 (1.95-4.24)

Serous-like 19 1.95 9.77 (6.23-15.31)
25-40 years 0 0.02 0.00 (0.00-149.82)
40-60 years 6 0.69 8.68 (3.19-18.90)
60-80 years 13 1.15 11.27 (5.99-19.27)

20ne endometrial cancer occurred after 80 years of age. Given the low number of person-years after
80 years of age, this age category is not presented in the table. Abbreviations: SIR: Standardized
Incidence Ratio, Cl: Confidence Interval.

When only follow-up after the date of BRCA1/2 DNA test is considered, EC risk among
mutation carriers remained increased, with higher HRs compared to the main analyses,
though with broader confidence intervals, Table 4. When excluding cases for which the
BRCA1/2 DNA test date was unknown, HRs remained roughly similar, Supplementary Table 7.

To eliminate potential confounding by tamoxifen, a sensitivity analyses was performed by
additionally censoring at the time of (first) HT-treated BC. This yielded HRs that were similar to
the main analyses, both regarding overall EC risk and stratified for mutation-type/histologic/
molecular subgroup, Table 4. For additional sensitivity analyses, see Supplementary Table 7.

When overall EC risk and EC risk stratified by histologic subgroup were compared between
non-BRCA1/2 carriers and Dutch country-specific incidence rates, no statistically significant
differences were observed (Supplementary Table 8).

At the age of 75 years, the estimated cumulative risk (‘life-time risk’) for BRCA1/2 mutation
carriers to develop EC was 3.0% (95% Cl = 2.20%-3.91%; BRCA1: 3.4%, 95% Cl = 2.46%-4.81%;
BRCA2:2.0%, 95% Cl = 1.09%-3.30%), for the subgroup of EC with serous-like histology, this
was 1.1% (95% Cl = 0.69%-1.80%; BRCA1: 1.4%, 95% Cl = 0.79%-2.37%; BRCA2: 0.6%, 95% ClI
=0.21%-1.60%), see Supplementary Table 9.
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Discussion

We presented data from a large cohort study that assessed EC risk among BRCA1/2 mutation
carriers (n=5,980). Strengths of the study compared to earlier studies are, high number of
events (n=58), long follow-up (median = 22.5 years) and pathology review to validate the
outcome. We found that BRCAI and BRCA2 mutation carriers show a 2-3 fold increased EC
risk, with highest increased risks found for the subgroups EC of serous-like histology (8-10
fold) and p53-abnormal EC (11-12 fold). We also showed that increased risk cannot be fully
explained by previous HT use and is therefore most likely causally associated with BRCA1/2
mutations.

Conflicting data from earlier cohort studies, most likely due to lack of power, has resulted in
uncertainty regarding increased EC risk in BRCA1/2 mutation carriers (Supplementary Table
1),%° as only three of eight reported statistically significantly increased overall EC risk (SIR
range = 1.9-5.3). Those figures broadly agree with results from this study (2-3 fold increase).?*
A striking observation reported in three of the seven studies that stratified for histotype® +*
was the statistically significantly increased risk (SIR range = 14.3-32.2) for EC of serous-like
histology, which seemed to be restricted to BRCA1 mutation carriers.*®° Our study confirms
that finding, with the highest risk indeed observed for BRCA1 mutation carriers (10-13 fold),
but with BRCA2 mutation carriers also showing 5-fold increased risk compared to the general
population. By contrast, endometrioid EC risk was only increased for BRCA1-mutation carriers
(2-3 fold). That BRCA mutations contribute to the development of EC is further supported by
the recent study of Hughley and colleagues,? in which they present the ‘etiological index’:
a case-only measure of BRCA1/2 mutation associated cancer risks based on the fraction of
tumors harboring biallelic BRCA1/2 inactivation. While the BRCA1/2 etiological index for
nonestablished BRCA1/2-associated cancers was 1.6, the respective BRCA1 etiological index
of endometrial cancer was 4.0, supporting an etiological role in cancer causation.

A history of tamoxifen use is considered an important confounder when assessing EC
risk.? 22 These patients also seem to develop less favourable histologic subtypes such as
carcinosarcomas, sarcomas and p53-abnormal tumors.?* 2> As we were not informed about
the type of HT (tamoxifen, aromatase inhibitor) women received for their BC, a potential
effect was eliminated by censoring for all HT-BC in a sensitivity analysis. We nonetheless
found persistent increased risk for EC overall, EC of serous-like histology and p53-abnormal
EC, and can therefore conclude that increased EC risk in BRCA1/2 mutation carriers can, at
best, be only partly explained by previous HT/tamoxifen use.

Highest increased EC risks were found for EC with serous-like histology, and more specifically
p53-abnormal EC. We have previously shown that ECs in BRCA1/2 mutation carriers are
noticeably enriched for tumors of the p53-abnormal molecular subgroup, that these tumors
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demonstrate LOH of BRCA wildtype allele,*® and that ECs of this subgroup are frequently
homologous recombination deficient (HRD) or show genomic scars associated with HRD.> 24
The molecular alterations in these tumors are similar to those found in high-grade serous OC
and basal-like BC, tumor subtypes particularly associated with the BRCA1/2-associated HBOC
syndrome.'®2>27 Dye to the above observations, we would argue that ECs with serous-like
histology and especially ECs of the p53-abnormal molecular subgroup should be regarded
as part of the BRCA1/2-associated HBOC syndrome.

A limitation of this study was the possibility of a cancer-related testing bias. EC is not an
indication for BRCA1/2 DNA testing, therefore, although person-time before BRCA DNA
testing was included in the main analysis, it is unlikely that this influenced the results. Only
including person-time after BRCA1/2 DNA testing resulted in higher HRs (though with broader
confidence intervals) compared to the main analysis. This might be due to the older age of
the post-BRCA1/2 DNA testing cohort, as higher SIRs were observed for older age categories
(Table 3). Another potential limitation is the presence of left censoring, as the possible
occurrence of EC in the period before the NCR and PALGA databases achieved nationwide
coverage has naturally not been recorded but cannot be entirely excluded. However, since the
majority of women were young at start of follow-up and the majority of ECs are recorded >40
years of age (54 of 58 BRCA1/2 and 31 of 33 non-BRCA1/2 mutation carriers) any influence
is likely minor. Data on previous hysterectomies was unavailable, but as a BRCA1/2 mutation
is not an indication for hysterectomy in the Netherlands this is unlikely to have affected our
results. Pathology review could not be performed for all ECs, nor for the Dutch population
controls, therefore, a subset of ECs might have been misclassified. This is especially relevant
for high-grade EC (review resulted in histologic subgroup changes for 22% of EC in BRCA1/2
mutation carriers) which are more difficult to classify and more common in BRCA1/2 mutation
carriers.’> ' We were not informed about body weight and the use of hormone replacement
therapy (HRT) for the majority of cases. Especially obesity, but not modern combined HRT, is
a well-known risk factor for endometrial cancer (both endometrioid and non-endometrioid
subtypes).?®3! However, there is no reason to believe that BRCA1/2 mutation carriers are
more frequently obese.

Our results provide important additional information with regard to EC risks, that is essential
for adequate genetic counselling of BRCA1/2 mutation carriers. Despite the observed
increased overall EC risks in BRCA1/2 mutation carriers, the cumulative overall EC risk (3.0%)
and risk for EC of serous-like histology (1.1%) by 75 years remains low (Supplementary Table
9), as the life-time risk of developing EC is low in the general population (approximately
1%-1.4%, with ECs of serous-like histology being even less common: 10% of all ECs).% 3% 33
Therefore we should not recommend a concurrent risk-reducing hysterectomy at the time
of RRSO routinely, especially since this will increase the complication risk of the procedure.
Nevertheless, risk-reducing hysterectomy should be considered especially in the presence
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of other EC risk factors or when a hysterectomy is considered for other (benign) uterine
pathology. Taken together, given the observed relative and absolute risks, the potential
hazards and possible benefits of risk-reducing hysterectomy need to be carefully weighed,
and shared decision making is crucial in order to conclude about an individually-tailored
treatment advice with regard to risk-reducing surgery BRCA1/2 mutation carriers.

Secondly, ECs that harbor BRCA1/2 mutations (germline and somatic) will likely benefit from
PARP-inhibitor treatment. PARP inhibitors are proven effective maintenance treatment for
BRCA-associated platinum-sensitive OC,** and trials are currently testing efficacy in EC.

Thirdly, although previous studies have reported low incidences of BRCA1/2 mutations when
screening EC patients with a history of BC (3.8%, not selected for histotype)* or an unselected
cohort of patients with uterine serous carcinomas (2%)3, BRCA1/2 mutation incidences in
women with p53-abnormal EC, especially with a history of BC, should be studied to determine
the potential value of BRCA1/2 screening in this patient population.

In summary, BRCA1/2 mutation carriers do have an important increased risk of EC. This is
especially the case for the EC subgroups with unfavourable clinical outcome: serous-like EC
and p53-abnormal EC. The observed increase in risk cannot be explained by previous BC-
related hormone treatment. Importantly, life-time EC risk through 75 years remains low.
This report adds critical evidence to the ongoing discussion whether or not EC is a BRCA1/2-
associated disease, and further supports the mounting evidence that at least serous-like and
p53-abnormal EC should be considered to be an integral part of the BRCA1/2-associated
HBOC syndrome.
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Supplementary methods

HEBON cohort study

Women are eligible for inclusion in the “HEreditary Breast and Ovarian cancer study, the
Netherlands (HEBON cohort study)*? if they have undergone genetic testing for BRCA1/2
and CHEK?2 in one of the participating centres (all Dutch academic medical centres and the
Netherlands Cancer Institute). The HEBON cohort study collects data from participants

via questionnaires and input from the Netherlands Cancer Registry (NCR), the Dutch
Pathology Registry (PALGA)? and the municipal administration (BRP). The HEBON cohort
study is performed in accordance with the declaration of Helsinki.

Data collection

Data entry into the central HEBON database is exclusively performed by trained data
managers. Data on the type of mutation (BRCA1, BRCA2) and the date of the BRCA1/2 DNA
test were retrieved from the hospitals where screening took place. Data on personal cancer
history (based on topographical and morphological codes; ICD-0-3 codes; http://codes.iarc.
fr/), date/age/year of cancer diagnosis and treatment history (latter only available for breast
cancer (BC) and tubo-ovarian cancer (OC)) were retrieved from the NCR, which registers all
cancer diagnoses in the Netherlands and includes other variables such as treatment history.
If additional data were found in pathology reports obtained via PALGA (e.g. on treatment
history), these were added to the previously mentioned variables. Data on risk-reducing
salpingo-oophorectomies (RRSO) and date of RRSO was obtained via PALGA. Data on deaths
and date of deaths were obtained via the BRP, supplemented with data from the NCR,
pathology reports and information obtained from family members.

For BRCA1/2 mutation carriers who provided informed consent the most recent data input
from the NCR and PALGA was in June and December 2017 (tumour registration/data complete
up to January 2016). For all other women (BRCA1/2 and non-BRCA1/2 mutation carriers),
the most recent NCR and PALGA input dates to April and June 2015, respectively (tumour
registration/data complete up to January 2012). The most recent data from the BRP were
received in December 2016 for BRCA1/2 mutation carriers with informed consent, and June
2012 for all other women.

Data handling and missing variables

Four women (BRCA1/2 mutation carriers, n=3/5,980 (0.05%); non-BRCA1/2 mutation carriers,
n=1/8,451 (0.1%)) were registered as deceased in the HEBON database while the date/age/
year of death was unknown. In these cases, the date of death was considered to be between
the last live contact and the end of follow-up.



Endometrial cancer risk in women with germline BRCA1 or BRCA2 mutations | 143

For 2,896 women (BRCA1/2 mutation carriers, n=1,682/5,980 (28.1%); non-BRCA1/2 mutation
carriers, n=1,214/5,980 (14.4%)), the date of the BRCA1/2 DNA test was unknown. In these
cases the date of a BRCA1/2 DNA test was considered to be 01-01-1995 (date from which
BRCA1/2 DNA testing became regularly available).

The date/age/year of BC diagnosis was unknown for one BRCA2 mutation carrier. In the
subanalyses where BC was added as censoring event, the first occurring censoring event
other than date of BC was used for censoring. For the description of baseline characteristics,
BC was considered to have occurred during the observation period.

The date/age/year of OC diagnoses was unknown for two non-BRCA1/2 mutation carriers. For
the description of baseline characteristics, OC diagnoses were considered to have occurred
during the observation period.

Data on a history of RRSO were manually curated for all women who developed endometrial
cancer (including uterine sarcomas; EC) during follow-up, using the pathology reports (if
available) retrieved from PALGA.

Data on whether or not women received hormone treatment (HT) for a specific BC was
retrieved by the NCR from medical files, and centrally collected by HEBON. This variable
was available for the majority of BCs, but the type and duration of HT was not specified.
If a women had both a history of HT-treated BC and a tumour with an unknown HT status
(BRCA1/2 mutation carriers n=17, non-BRCA1/2 mutation carriers n=8), the date of HT-treated
BC was used for all analyses that included HT-status.

Pathology review and histologic and molecular subgrouping

Pathology reports, hematoxylin and eosin (H&E) stained slides and formalin-fixed paraffin-
embedded (FFPE) tumour tissue blocks for ECs of HEBON cohort BRCA1/2 and non-BRCA1/2
mutation carriers were collected via PALGA and centrally reviewed by at least one expert
gynaecopathologist to confirm histotype and endometrial origin. All specimens were handled
in compliance with the Code of Conduct for dealing responsibly with human tissue in the
context of health research (2011) drawn up by the Federation of Dutch Medical Scientific
Societies.

Assignment of histologic subgroups

Histologic subtype diagnosis for cases that were available for pathology review were based
on The World Health Organization (2014) criteria. Pathology review was primarily based on
morphology (H&E slides without immunohistochemical stains), with the exception of high-
grade EC without defining features (ambiguous EC). All cases with high-grade histology without
defining features/for which histotype was difficult to establish (“ambiguous”) were reviewed
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by at least two gynaecopathologists. When both agreed that the case was “ambiguous”,
TP53-mutation status/P53-IHC expression was used for further differentiation. TP53-wildtype/
p53-wildtype ambiguous carcinomas were considered to be of the “endometrioid” histologic
subgroup, and TP53-mutant/p53-abnormal ambiguous carcinomas were considered to be
of the “serous-like” histologic subgroup. For cases that were not available for revision,
histologic subtype and grade were extracted from pathology reports or, if unavailable, from
the morphological ICD-0-3.1 code.

After pathology review, ECs were divided in the same histologic subgroups as the comparison
group 1: (1) endometrioid (including TP53-wildtype/p53-wildtype ambiguous carcinomas),
(2) serous-like (including TP53-mutant/p53-abnormal ambiguous carcinomas), (3) clear cell
carcinoma, (4) sarcoma and (5) other.

Histologic, molecular and clinical characteristics of a subset of ECs in BRCA1/2 mutation
carriers were comprehensively described previously (case-ID; 1-41).?

Assignment of molecular subgroups

In the case of the BRCA1/2 mutation carriers included in the study by de Jonge and colleagues,?
the UCM-OncoPlus Assay* on FFPE-isolated tumour DNA was used for TP53 mutation analyses.
For the ECs in BRCA1/2 mutation carriers included in this study, but for which mutation
analysis failed/was not available (n=3), and for the ECs of both BRCA1/2 mutation carriers
(CaselD 42-62) and non-BRCA1/2 mutation carriers (CaselD 101-140) that were not included
in the study by de Jonge and collegues,? p53 immunohistochemistry was used as a surrogate
marker to determine TP53 mutation status. This was either performed manually (clone DO-7,
1:2000, DAKO) as described previously? or using the Dako Omnis autostainer (Agilent, Santa
Clara, CA). For the Dako Omnis autostainer, slides were deparaffinized and antigen retrieval
was achieved on board using EnVision FLEX High pH Target Retrieval Solution for 30 minutes
at 97 °C. Slides were then incubated on board at 32 °C with the following primary antibodies:
p53, clone DO-7, Ready-To-Use (Dako) for 25 minutes; PMS2, clone EP51.2, ready-to-use for
(Dako) for 25 minutes and MSH6 1:400; clone EPR3945 (Abcam) for 20 minutes. For PMS2,
this was followed by incubation with a secondary antibody (EnVision FLEX+ rabbit LINKER)
for 10 minutes. EnVision FLEX DAB+ was used as chromogen for 5 minutes, followed by
counterstaining of the slides for 6 minutes using Mayer’s hematoxylin.

Focal, weak and heterogeneous (not subclonal) nuclear p53 staining was considered as p53
“wild-type”. Diffuse and strong nuclear staining >90% or completely absent nuclear staining
“null pattern” (with positive internal control) was considered as p53-abnormal/mutant. In
cases where p53 IHC was inconclusive, molecular analysis using next-generation sequencing
was performed to determine final TP53 mutation status (n=1). If a EC showed abnormal p53
expression or a TP53 mutation, additional staining for MMR proteins (PMS2, MSH6) was
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performed. Expression of MMR proteins was scored in three categories (retained, loss and
subclonal/regional loss of protein expression) as described previously reported by Stelloo
and colleagues.® Tumours in which at least one of the mismatch repair proteins showed loss
of expression were considered MMR-deficient (MMRd).

Using these surrogate markers, tumours were subsequently classified in one of the molecular
subgroups as previously described:®® (1) p53-abnormal or (2) other (including POLE-mutant:
only analysed for cases included in the study by de Jonge and colleagues;* mismatch repair
(MMR)-deficient and no surrogate marker profile group (NSMP)). In case both a TP53
mutation/abnormal p53 expression and a MMRd phenotype were present (not considering
subclonal/regional loss of MMRd), cases were assigned to the “other” group.®®

For cases in which no FFPE block was available for p53 analysis, p53 status was based
upon histologic subtype and grade. These were used for classification in the molecular
subgroups and subsequent analyses: EEC grade1/2, adenocarcinoma NOS grade 1/2, EEC/
adenocarcinoma NOS grade not specified and clear cell carcinomas were assigned to the
TP53-wildtype group.5 1! EEC grade 3 and adenocarcinoma NOS grade 3 were considered
50% TP53 wildtype, 50% TP53 mutant.® 2 Uterine serous carcinomas and carcinosarcomas
were considered TP53 mutant.>
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Supplementary Table 4. Details on the included endometrial cancers in the cohort

Non-BRCA p
BRCA carriers carriers value®

Endometrial cancer, No. (%) 58 (100) 33 (100)

Median age at diagnoses, yrs (range) 60.2 (33.1-85.4) 57.4(29.7-79.8) 0.49

Histotype (after review)

Endometrioid

grade 1, No. (%) 18 (31.0) 14 (42.4)

grade 2, No. (%) 3(5.2) 2(6.1)

grade 3, No. (%) 6(10.3) 1(3.0)
Mucinous, No. (%) 1(1.7) 0(0)
Serous, No. (%) 9(15.5) 1(3.0)
Carcinosarcoma, No. (%) 4(6.9) 2(6.1)
Ambiguous, No. (%) 6 (10.3) 0(0)
Low grade endometrial stromal sarcoma, No. (%) 1 (1.7) 0(0)
Leiomyosarcoma, No. (%) 1(1.7) 0(0)
Adenosarcoma, No. (%) 1(1.7) 0(0)
Not reviewed, No. (%) 8(13.8) 13 (39.4)

Histologic groups 0.02
Endometrioid, No. (%) 35 (60.3) 30(90.9)
Serous/Serous-like®, No. (%) 19 (32.8) 3(9.1)

Sarcoma, No. (%) 3(5.2) 0(0)
Clear cell, No. (%) 1(1.7) 0(0)
Other, No. (%) 0(0) 0(0)

Occurrence EC
After BRCA1/2 DNA test, No. (%) 28 (48.3) 7(21.2)

Before BRCA1/2 DNA test, No. (%) 20 (34.5) 22 (66.7)
Date BRCA1/2 DNA test unknown, No. (%) 10(17.2) 4(12.1)

Pathology review 0.01
Available, No. (%) 50 (86.2) 20 (60.6)

Not available, No. (%) 8(13.8) 13 (39.4)

Histologic group change after review 0.0102
Yes, No. (%) 11 (19.0) 0(0.0)

No, No. (%) 39 (67.2) 20 (60.6)
Not reviewed, No. (%) 8(13.8) 13 (39.4)

p53-abnormal, including cases not available for <0.001

review
Yes, No. (%) 27 (46.6) 3(9.1)
No, No. (%) 31 (53.4) 30(90.9)

P53-abnormal, excluding cases not available for <0.001

review
Yes, No. (%) 27 (46.6) 2(6.1)
No, No. (%) 23(39.7) 17 (51.5)
Not available, No. (%) 8(13.8) 14 (42.4)

P53-status based on; <0.001
Mutation analyses, No. (%) 37 (63.8) 0(0.0)

IHC, No. (%) 13 (22.4) 19 (57.6)
Histotype, No. (%) 8(13.8) 14 (42.4)

Abbreviations: EC: Endometrial cancer, IHC: immunohistochemistry

3p values were calculated using the Chi-square test (categorical variables) and the Mann-Whitney
U-test (numerical variables). *Includes six carcinomas of ambiguous morphology that were classified
as serous-like based on p53-status.
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Supplementary Table 8. Observed and expected endometrial cancer rates in nonBRCA1/2 mutation

carriers, compared to the Dutch country-specific incidence rates

non-BRCA1/2 Dutch
carriers population
P
EC subtype Observed Expected SIR (95% Cl) value®
All endometrial cancers 33 26.81 1.23(0.88-1.73) 0.14
Histologic groups
Endometrioid 30 22.14 1.35(0.95-1.94) 0.06
Serous-like 3 2.39 1.26 (0.40-3.89) 0.43
Sarcoma 0 1.73 NA NA
Clear cell 0 0.36 NA NA

Abbreviations: SIR: Standardized Incidence Ratio, Cl: Confidence Interval. NA: not applicable
3p values were estimated assuming a Poisson distribution.

Supplementary Table 9. Cumulative endometrial cancer risks for BRCA1/2 mutation carriers by the

age of 75 years
Cumulative risk
EC subtype (%, 95% Cl)
All Endometrial cancers 2.97 (2.20-3.91)
BRCA1 3.49 (2.46-4.81)
BRCA2 1.97 (1.09-3.30)

Histologic groups
Serous-like
BRCA1
BRCA2
Endometrioid
BRCA1

1.14 (0.69-1.80)
1.42 (0.79-2.37)
0.64 (0.21-1.60)
1.70 (1.14-2.44)
1.97 (1.23-3.01)

Abbreviations, Cl: confidence interval
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Scenarios 01-01-2016
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Legend:
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F - -— Person-years at risk
Person-years outside/not included in observation period

Supplementary Figure 1. Schematic overview of the composition of different observation period
scenarios. Follow-up started on the date of nationwide PALGA coverage (01-01-1989) or on the date
of attaining 25 years of age (whichever was later). Follow-up ended at date of endometrial cancer
diagnosis, date of death, or date of end of follow-up (01-01-2016 for BRCA1/2 mutation carriers who
provided informed consent, 01-01-2012 for all others). The observation period comprised both person-
years at risk before BRCA DNA testing (dashed line) and person-years at risk after BRCA DNA testing
(continuous line). Scenario 1 displays the maximum possible observation period. In case endometrial
cancer or death occurred before the start of follow-up (scenarios 7 and 8), or age 25 was reached after
end of follow-up (scenario 9), cases were excluded. Endometrial cancers that occurred after end of
follow-up (scenario 6) were not included as events in the study. Abbreviations; EC: Endometrial cancer



