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Chapter 5

ABSTRACT

Background: Risk-assessment of endometrial cancer (EC) is based on clinicopathological
factors and molecular subgroup. It is unclear whether adding hormone receptor expression,

L1CAM expression or CTNNBI status yields prognostic refinement.

Methods: Paraffin-embedded tumour samples of women with high-risk EC (HR-EC)
from the PORTEC-3 trial (z=424), and a Dutch prospective clinical cohort called MST
(n=256), were used. All cases were molecularly classified. Expression of LICAM, ER and
PR were analysed by whole-slide immunohistochemistry and C7NNBI mutations were
assessed with a next-generation sequencing. Kaplan-Meier method, log-rank tests and Cox’s

proportional hazard models were used for survival analysis.

Results: In total, 648 HR-EC were included. No independent prognostic value of ER, PR,
L1CAM, and CTNNBI was found, while age, stage, and adjuvant chemotherapy had an
independent impact on risk of recurrence. Subgroup-analysis showed that only in NSMP
HR-EC, ER-positivity was independently associated with a reduced risk of recurrence (HR
0.33, 95%CI 0.15-0.75).

Conclusions: We confirmed the prognostic impact of the molecular classification, age, stage,
and adjuvant CTRT in a large cohort of high-risk EC. ER-positivity is a strong favourable
prognostic factor in NSMP HR-EC and identifies a homogeneous subgroup of NSMP
tumours. Assessment of ER status in high-risk NSMP EC is feasible in clinical practice and

could improve risk stratification and treatment.
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Prognostic refinement of NSMP high-risk EC

INTRODUCTION

Endometrial cancer (EC) is the most common gynaecological malignancy in postmenopausal
women'. Although the majority of patients present with early-stage disease and have a good
prognosis, 15-20% of women with EC have unfavourable disease characteristics that are
associated with an increased risk of distant metastases and EC-related death?*. In the 2016
ESMO-ESGO-ESTRO guideline, high-risk EC was defined as stage I, grade 3 endometrioid
EC (EEC) with deep invasion, stage II or III EEC, or non-endometrioid EC (NEEC)°. For
these patients, adjuvant pelvic external beam radiotherapy (EBRT) was the standard of care
to improve locoregional control’. The randomised PORTEC-3 clinical trial showed that
the addition of adjuvant chemotherapy to EBRT (CTRT) increased overall survival (OS)
and failure-free survival (FFS) of patients with high-risk EC by 5% and 7% at 5 years,
respectively®”’. The greatest OS benefit of CTRT was observed in stage IIT EC and serous
carcinomas (SEC) 7. Unfortunately, histotype and grade assignment of EC is subject to
substantial interobserver variability, hampering the selection of patients that would benefit

from CTRT and reducing overtreatment for those who do not®.

The EC molecular classification, consisting of the POLE ultra-mutated (POLEmut),
mismatch repair-deficient (MMRd), p53-abnormal (p53abn) and no specific molecular
profile NSMP) molecular subgroups, has repeatedly shown to have strong and independent
prognostic value and is also predictive for response to chemotherapy®'¢. For this reason, the
EC molecular classification was incorporated in the latest European treatment guidelines!”*%.
The assessment of the molecular classification is encouraged in all EC, especially in high-
risk tumours, and a novel risk stratification incorporating the molecular classification has
been introduced'”!®. All stage I-II POLEmut EC are classified as low-risk EC and adjuvant
treatment can be safely omitted. In contrast, all p53abn EC with myometrial invasion
are now considered high-risk and adjuvant chemotherapy with or without EBRT is
recommended'”'®. The risk-assessment of patients with MMRd and NSMP EC, however,
still depends on clinicopathological features such as stage, histotype, FIGO grade and the

presence of lymphovascular space invasion (LVSI).

The excellent clinical outcomes of patients with POLEmut EC, the intermediate prognosis
of MMRd EC and poor survival of p53abn EC has consistently been shown across different
cohorts and clinical trials>'®. In contrast, 5-year recurrence-free survival of NSMP EC has
varied between intermediate and poor’'S. This heterogeneity in clinical outcomes hampers

adequate adjuvant treatment recommendations and suggests biological diversity.
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Several molecular alterations that are not included in the current risk stratification have
shown to be associated with clinical outcomes in EC, such as CTNNBI exon 3 mutations,
overexpression of LICAM, lack of oestrogen receptor (ER) and progesterone receptor
(PR) expression, chromosome 1q amplification and other copy number alterations'®!*2%.
However, the prognostic relevance of these molecular alterations in high-risk EC, in the
context of the EC molecular classification, as well as in relation to each other, is less well

understood. These molecular alterations may refine the molecular classification and identify

subsets of NSMP EC with a distinct prognosis.

Using a large set of molecularly classified high-risk EC from the PORTEC-3 trial and a
prospective cohort study, we investigated how ER, PR, LICAM and CTNNBI mutations

and established clinicopathologic and molecular risk factors can improve EC risk-assessment.

METHODS

Patient and tissue selection

This study included patients who participated in the international PORTEC-3 randomised
clinical trial, and the prospective clinical cohort of Medisch Spectrum Twente (MST). The
design and results of the PORTEC-3 trial have been published previously®. In short, this
international phase-II1 trial randomly assigned 660 eligible patients with high-risk EC (1:1)
to postoperative chemoradiotherapy or external beam radiotherapy alone. Inclusion criteria
for the trial were: International Federation of Gynecology and Obstetrics (FIGO) 2009
stage IA grade 3 EEC with LVSI; stage IB grade 3 EEC; stage II-IIIC EEC of any grade;
or non-endometrioid EC with stages IA (with myometrial invasion), IB-IIIC. Upfront
central pathology review confirmed the eligibility of all patients®. The presence of LVSI was
dichotomously scored as present or absent. The study was approved by the ethics committees

at all participating centres. Written informed consent was obtained from all patients.

The prospective cohort study MST included 271 high-risk EC patients who were treated
with adjuvant radiotherapy between 1987 and 2015 at Medisch Spectrum Twente, Enschede,
The Netherlands. Pathology review was performed by MB, SR and TB to confirm high-risk
disease. In contrast to PORTEC-3, LVSI was scored using a 3-tiered scoring system (e.g., no
LVSI, focal LVSI, substantial LVSI) ?°. As focal LVSI was not associated with an increased
risk of recurrence in previous study’, we combined focal LVSI with no LVSI in a final
dichotomous LVSI variable. The current study was approved by the Leiden-Den Haag-Delft

medical ethics committee, and a waiver for informed consent for the MST cohort was given.
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Prognostic refinement of NSMP high-risk EC

Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) tumour material was available for molecular
analyses from 424 (64.2%) PORTEC-3 and 256 (94.5%) MST patients. Whole slide (4 pum)
immunohistochemical (IHC) staining for MMR proteins (MLH1, PMS2, MSH2, and MSHO6)
and p53 on all PORTEC-3 cases was performed and described previously'?. Similar IHC staining
and scoring for MMR proteins and p53 were performed on cases from MST. When no slides
were available for IHC or MMR IHC failed (n=11), MSI status was determined using the MSI
analysis system, version 1.2 (Promega, Madison, WI). In addition, IHC staining for LICAM,
ER and PR was performed on whole slides for all cases. The percentage of positive staining for
L1CAM, ER and PR was noted and a 10% cut-off for positivity was used for all three stains, as
this cut-off is commonly used for the assessment of LICAM, ER and PR expression in EC!***

230 A detailed description of all IHC procedures and scoring is available in the Data Supplement.

Next-generation sequencing

Isolation of tumour DNA for targeted next-generation sequencing (NGS) was performed as
described previously'?. Samples were sequenced using the AmpliSeq Cancer Hotspot Panel
version 5 (PORTEC-3) and version 6 (MST) (Thermo Fisher Scientific, Waltham, MA). The
presence of pathogenic somatic mutations was evaluated, considering a minimum coverage
of 100 reads and variant allele frequency of 10%. A detailed description of DNA isolation
and sequencing is available in the Data Supplement. When no slides were available for ITHC
or p53 IHC failed (n=20), the final p53 status was determined by the 753 mutation status.
In cases with failed NGS, KASPar competitive allele-specific polymerase chain reaction
(LGC Genomics, Berlin, Germany) assays were used to screen for hotspot mutations in
POLE (including codons 286, 297, 411, 456, and 459) as previously reported'?. Evaluation

of IHC and sequencing results was performed blinded to each other and patient outcome.

Statistical analysis

The primary endpoint was recurrence-free survival (RFS); calculated from the date of
randomisation (PORTEC-3) or date of start of adjuvant treatment (MST) to the date of the
event of interest, or date of the last follow-up in patients without events. Secondary endpoints
were locoregional recurrence-free survival (including vaginal and pelvic recurrences), distant
metastasis-free survival (including para-aortic, abdominal and other distant recurrences),
and disease-specific survival (DSS). For locoregional, distant and overall recurrence-free

survival, event-free patients who died due to other causes than EC were censored.
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Differences between groups were tested using the %2 test or Fisher’s exact test for categorical
variables, and with the Mann-Whitney U-test for ordinal and non-normally distributed
continuous variables. Median follow-up time was estimated using the reverse Kaplan—Meier
method. Survival analyses were performed according to Kaplan—Meier’s method and groups
were compared with the log-rank test. Cox’ proportional hazards models were used to evaluate
the prognostic value of (established) clinicopathological and molecular features in the complete
study population, as well as in the molecular subgroups separately. Step-wise backward
likelihood ratio-based variable selection with stratification for cohort was applied to build
multivariable models. The relative importance of variables included in the multivariable models
was based on the variable’s proportion of the y2 statistic. Model validation was performed by
analysis of discrimination and indices of optimism determined by means of model fitting to
1000 bootstrap resamples. In addition, internal validation using the leave-one-out method
was performed by re-estimating on the two cohorts independently. Comparison of fit between
multivariable models was performed by means of Akaike’s information criterion (AIC), model
concordance (C-statistic) and likelihood ratio test for comparison of nested models. A two-
sided p-value <0.05 was considered statistically significant. Statistical analyses were performed
with SPSS (Statistical Package of Social Science) version 25 (IBM, Armonk, NY, USA) and R

(version 3.6.3., https://r-project.org) using the survival package.

RESULTS

Clinicopathologic characteristics

Molecular classification was successfully determined in 411 EC from PORTEC-3 and
237 EC from MST, making a total of 648 molecularly classified high-risk EC eligible for
analyses (Supplementary Fig. S1). There were no significant differences in patient and
tumour characteristics between included and excluded patients (Supplementary Table S1),
except that the included patients more frequently received EBRT and had a slightly lower
5-year overall survival (71.7% vs. 77.0%, p=0.031) compared to the excluded patients
(supplementary table S1).

Characteristics of the included patients from PORTEC-3 and MST are shown in Table 1.
Although MST had inclusion criteria similar to PORTEC-3, minor differences between the
cohorts were observed: patients from MST predominantly received EBRT (n=199, 85.0%),
and some had carcinosarcomas (n=24, 10.1%). Median follow-up time of the complete

cohort was 7.0 years (95% CI 6.7-7.2).
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Prognostic refinement of NSMP high-risk EC

Table 1. Patient, tumour and treatment characteristics

PORTEC-3 MST Total
n= 411 (100.0%) n =237 (100.0%) n =648 (100.0%)

Age

Mean (range) 61.2 (26.7-80.5) 68.5 (25.0-92.0) 63.8 (25.0-92.0)
Histotype and grade

Low-grade endometrioid 162 (39.4) 92 (38.8) 254 (39.2)

High-grade endometrioid 113 (27.5) 66 (27.8) 179 (27.6)

Serous 65 (15.8) 23 (9.7) 88 (13.6)

Clear cell 40 (9.7) 13 (5.5) 53 (8.2)

Mixed 23 (5.6) 8 (3.4) 31 (4.8)

Carcinosarcoma 0 (0.0) 24 (10.1) 24 (3.7)

Un-/dedifferentiated 7 (1.7) 9(3.8) 16 (2.5)

Other 1(0.2) 2 (0.8) 3(0.5)
Stage

1A 54 (13.1) 22 (9.3) 76 (11.7)

B 73 (17.8) 58 (24.5) 131 (20.2)

1I 106 (25.8) 75 (31.6) 181 (27.9)

1 178 (43.3) 82 (34.6) 260 (40.1)
LVSI

Absent 155 (37.7) 186 (78.5) 341 (52.6)

Present 256 (62.3) 51 (21.5) 307 (47.4)
Received treatment

EBRT 204 (49.6) 199 (85.0) 403 (62.5)

EBRT + CT* 207 (50.4) 16 (6.8) 223 (34.6)

VBT 0 (0.0) 19 (8.1) 19 (2.9)
Molecular subgroup

POLEmut 52 (12.7) 15 (6.3) 67 (10.3)

MMRd 138 (33.6) 68 (28.7) 206 (31.8)

p>3abn 99 (24.1) 68 (28.7) 167 (25.8)

NSMP 122 (29.7) 86 (36.3) 208 (32.1)
ERIHC

Negative (<10%) 92 (24.2) 77 (32.5) 169 (27.4)

Positive (=10%) 288 (75.8) 160 (67.5) 448 (72.6)
PRIHC

Negative (<10%) 165 (41.6) 112 (47.9) 277 (43.9)

Positive (>10%) 232 (58.4) 122 (52.1) 354 (56.1)
L1CAM IHC

Negative (<10%) 293 (72.2) 171 (72.2) 464 (72.2)

Positive (210%) 113 (27.8) 66 (27.8) 179 (27.8)
CTNNBI exon 3

No mutation 290 (83.8) 176 (89.3) 466 (85.8)

Mutation 56 (16.2) 21 (10.7) 77 (14.2)

* Two patients received VBT + CT.

Abbreviations: LVSI, lymphovascular space invasion; EBRT, external beam radiotherapy; CT,
chemotherapy; VBT, vaginal brachytherapy; POLEmut, POLE-ultramutated; MMRd, mismatch
repair-deficient; p53abn, p53-abnormal; NSMP, no specific molecular profile.
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Molecular and other prognostic factors and correlation with clinical
outcome

Prognostic value of the molecular classification for locoregional, distant and overall RFS and
CSS was evaluated (Supplementary Fig. S2). For all four outcomes, POLEmut EC showed
an excellent prognosis; even among the 17 patients with stage IIT POLEmut disease, only 1
recurrence was observed. p53abn EC showed the poorest clinical outcomes, while MMRd
and NSMP EC had intermediate clinical outcomes. Kaplan—Meier analysis of RES stratified
by cohort is provided in Supplementary Fig. S3.

Next, we evaluated the prognostic value of ER, PR, LICAM, and CTNNBI and established
risk factors across all cases (Table 2). Independent predictors for lower RES in multivariable
analysis were age at diagnosis above 60 years (HR 1.43, 95% CI 1.02-2.01), stage II (HR
1.78, 95% CI 1.15-2.75) and III disease (HR 3.47, 95% CI 2.37-5.07), and the p53abn
molecular subgroup (HR 2.43, 95% CI 1.65-3.57). Adjuvant CTRT and POLEmut
molecular subgroup were independent predictors for better RES (HR 0.65, 95% CI 0.47-
0.91 and HR 0.11, 95% CI 0.03-0.46, respectively). ER, PR, LICAM and CTNNBI
were not found to be predictive of recurrence in multivariable analysis, after correction for

clinicopathological risk factors and molecular subgroup.

Next, we investigated molecular subgroup-specific prognostic factors (Table 3 and
Supplementary Table S2). As only 1 patient with a POLEmut EC experienced a recurrence,

no multivariable analysis was performed for this molecular subgroup.

Among MMRd EC, both uni- and multivariable analyses showed that stage was a significant
predictor for recurrence (stage I-1I vs. III, HR 2.33, 95% CI 1.36-3.98, p=0.002) (Table
3 and Supplementary Table S2). Histotype and grade did not have prognostic value within
MMRJ, as shown in Supplementary Fig. S3. ER, PR, LICAM, and CTNNBI were also not

associated with recurrence in multivariable analysis of MMRd EC.

Within the subgroup of p53abn EC, uni- and multivariable analyses showed that more
advanced stage was significantly associated with recurrence (stage I-1I vs. III, HR 3.66, 95%
CI 2.34-5.72, p<0.001) (Table 3 and Supplementary Table S2). Furthermore, CTRT was
associated with a decreased risk of recurrence compared to RT alone (HR 0.56, 95% CI
0.33-0.93, p=0.025). No prognostic impact of histotype and grade, and ER, PR, LICAM,
and CTNNBI was found.
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Prognostic refinement of NSMP high-risk EC

Table 2. Univariable and multivariable analysis of clinicopathological and molecular features in
high-risk endometrial cancer patients

Recurrence Univariable analysis Multivariable analysis
n = 643, 207 events HR 95% CI p-value HR 95% CI p-value
Age

<60 years 1 1

>60 years 1.97 1.43-2.72 <.001 1.43 1.02-2.01 0.037
Stage

1 1 1

I 1.09 0.74-1.63 0.66 1.78 1.15-2.75 0.009

111 2.14 1.52-3.00 <.001 3.47 2.37-5.07 <.001
Histology and grade

Endometrioid, low-grade 1 1

Endometrioid, high-grade  1.12 0.79-1.60 0.52 1.48 0.98-2.23 0.06

Non-endometrioid 1.60  1.16-2.19 0.004 1.47  0.96-2.26 0.08
LVSI

Absent 1 1

Present 1.53 1.13-2.06 0.006 1.32 0.97-1.79 0.08
Treatment received

RT (VBT or EBRT) 1 1

RT (VBT or EBRT) + CT 0.81  0.58-1.13 0.21 0.65  0.47-0.91 0.012
Molecular subgroups

MMRd 1 1

POLEmut 0.09  0.02-0.38 0.001 0.11 0.03-0.46 0.002
NSMP 1.00  0.70-1.43 0.99 0.97  0.66-1.42 0.87
p53abn 2.30  1.65-3.21 <.001 2.43 1.65-3.57 <.001

Model fit multivariable model: Akaike’s information criterion (AIC) 2173.77, model concordance
(C-index) 0.712. Bootstrap resampling model validation: C-index re-estimation 0.72. Abbreviations:
HR, hazard ratio; CI, confidence interval; LVSI, lymphovascular space invasion; RT, radiotherapy;
VBT, vaginal brachytherapy; EBRT, external beam radiotherapy; CT, chemotherapy; MMRd,
mismatch repair-deficient; POLEmut, POLE ultra-mutated; p53abn, p53-abnormal; NSMPE no
specific molecular profile; IHC, immunohistochemistry.

Within the subgroup of NSMP EC, ER- and PR-positivity were found to be independently
associated with a more favourable RFS (Table 3 and Supplementary Table S2). As ER and
PR expression were significantly correlated (Spearman’s rho 0.67, p<0.001), we investigated
by Kaplan—Meier analysis of RES whether a combination of ER and PR status was relevant
for prognosis. Figure 1 shows that women with ER-positive NSMP EC have a better RFS
than those with ER-negative NSMP EC, regardless of the PR status. Of note, no ER-
negative and PR-positive NSMP EC were encountered. Further exploration of the relation
of ER, PR and the landscape of pathological and molecular features of NSMP EC revealed
that ER negativity, rather than PR negativity, was associated with aggressive characteristics

such as high-grade, non-endometrioid histology and LICAM overexpression (Fig. 2). Based
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on these findings, ER and not PR status was analysed by multivariable regression, which
showed strong and independent prognostic impact on RES, corrected for stage, histotype
and tumour grade and adjuvant therapy (Table 3). In contrast, non-endometrioid histologic
subtype did not have independent prognostic value (Table 3). Internal validation confirmed
the prognostic effect of ER in NSMP EC (Supplementary Table S3). To evaluate the chosen
cut-off of 10% for ER positivity within NSMP EC we performed a Kaplan—Meier analysis
for RFS by percentage of ER expression in tumour tissue, which showed that a threshold of

10% has more discriminative power than a threshold of 1% (Supplementary Fig. S5).

Table 3. Multivariable analysis of recurrence-free survival including clinicopathological and
molecular features for MMRd, p53abn and NSMP endometrial cancers.

MMRd EC p53abn EC NSMP EC
(n=206, 58 events)  (n=164, 85 events) (n=202, 60 events)

HR 95%CI P HR 95%CI P HR 95%CI r

Age

<60 years 1 NP NP

>60 years 1.55 0.88-2.74 .13
Stage

I-11 1 1 1

I 2.33 1.36-3.98 .002 3.66 2.34-5.72 <.001 2.18 1.27-3.75 0.005
Histology and grade

Endometrioid, low-grade 1

Endometrioid, high-grade NP NP 2.39 1.16-4.94 0.018

Non-endometrioid 1.54 0.63-3.81 0.35
Treatment received

RT (VBT or EBRT) NP 1 1

RT (VBT or EBRT) + CT 0.56 0.33-0.93 .025 0.44 0.22-0.88 0.020
ERIHC

Negative (<10%) NP NP 1

Positive (210%) 0.33 0.15-0.75 0.008

Model fit multivariable models: MMRd (AIC 510.85, C-index 0.63), p53abn (AIC 652.18, C-index
0.67), NSMP (AIC 499.16, C-index 0.70). Bootstrap resampling model validation: MMRd (C-index
re-estimation 0.64), p53abn (C-index re-estimation 0.68), NSMP (C-index re-estimation 0.70).
Abbreviations: MMRd, mismatch repair-deficient; EC, endometrial cancer; p53abn, p53-abnormal;
NSMP, no specific molecular profile; HR, hazard ratio; CI, confidence interval; NB not performed;
LVSI, lymphovascular space invasion; RT, radiotherapy; VBT, vaginal brachytherapy; EBRT, external
beam radiotherapy; CT, chemotherapy.

Finally, we evaluated differences in adjuvant treatment effect (CTRT vs. RT) between ER-
positive and ER-negative NSMP EC (Supplementary Fig. S6). Both patients with ER-
positive and ER-negative NSMP EC appeared to have a small non-significant benefit of
CTRT compared to RT alone.
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Figure 1. Recurrence-free survival for patients with NSMP high-risk endometrial cancer by ER
and PR expression. Kaplan-Meier survival curves of patients with NSMP high-risk endometrial
cancer for recurrence-free survival by ER and PR expression.

Prognostic refinement of the EC molecular classification

We tested the incorporation of ER-negative NSMP and ER-positive NSMP in the molecular
classification by comparing our multivariable model for RES, including the molecular
classifier with four subgroups (Table 2), with the same model including the molecular
classifier with NSMP divided into ER-positive and ER-negative (Supplementary Table S4).
This improved model fit (AIC 2173.77 vs. 2162.38, C-index 0.712 vs. 0.726, p<.001). In
the multivariable model with five (molecular) subgroups, the ER-negative NSMP group
was independently associated with a significantly worse RES (HR 2.27, 95% CI 1.33-3.90,
p=0.003), while the NSMP ER-positive group was not (HR 0.69 95% CI 0.45-1.06,
p=0.09), compared to the reference group MMRd.
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Figure 2. Histopathological and molecular characteristics of NSMP high-risk endometrial
cancers. Histopathological and molecular landscape depicting ER and PR status, the most frequently
mutated genes, histotype and grade assignment and L1CAM status of NSMP high-risk endometrial
cancers (n = 161) with successful ER, PR and L1CAM immunohistochemistry and next-generation
sequencing. IHC immunohistochemistry.

DISCUSSION

In this comprehensive analysis of 648 high-risk EC, we evaluated the prognostic value of ER,
PR, LICAM and CTNNBI mutations and established clinicopathologic and molecular risk
factors in one of the largest cohorts of molecularly classified high-risk endometrial cancers
worldwide. Overall, no independent prognostic value of ER, PR, LICAM and CTNNBI was
found, while the known independent impact of age, stage, the EC molecular classification
and CTRT on risk of recurrence was confirmed. Within the NSMP molecular subgroup
prognosis was clearly different by stage and grade, and women with ER-positive tumours
had a substantially reduced risk of recurrence compared to those with ER-negative tumours.
ER status, which can easily be assessed in routine diagnostics with immunohistochemistry,

has the potential to refine risk stratification of women with high-risk NSMP EC.

In our complete study cohort we did not find independent prognostic relevance of ER,
PR, L1ICAM and CTNNBI status. Subgroup-analysis by molecular subgroup did not show
prognostic relevance of PR, LICAM and CTNNBI status cither. Importantly, ER status was
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an important predictor for RES specifically in NSMP EC, but not in POLEmut, MMRd
and p53abn EC. ER positivity appeared to identify a largely homogeneous group of NSMP
EC with (low-grade) endometrioid histology, frequent alterations in the PI3K- and Wnt-
signalling pathways and relatively favourable clinical outcomes. In contrast, the small group
of ER-negative NSMP EC remained morphologically and molecularly heterogeneous, albeit
all associated with more aggressive features such as non-endometrioid histology and poor
clinical outcomes. Internal validation confirmed the prognostic effect of ER in NSMP EC.
Distinguishing ER-positive and ER-negative NSMP EC in the molecular classification
diagnostic algorithm (Fig. 3) significantly improved prognostication in our cohorts of high-
risk EC, with a clinically relevant difference in 5-year RES between ER-positive and ER-
negative NSMP EC (80.9% vs. 45.3% respectively, p<0.001).

The small group of ER-negative NSMP EC remains morphologically and molecularly
heterogeneous, albeit with a common association of more aggressive features. A notable
proportion of ER-negative NSMP tumours in our cohort were clear cell carcinomas. This
rare type of endometrial cancer is generally associated with aggressive clinical behaviour,
although recent studies suggest that this is molecular subgroup-dependent, with only
NSMP and p53abn clear cell carcinomas having poor clinical outcomes®**. Currently,
NSMP clear cell carcinomas are excluded from the prognostic risk groups of the European
clinical guidelines due to insufficient evidence'”'®. Incorporating ER status of NSMP EC
into the prognostic risk groups will decrease the number of patients that cannot be classified.
Mesonephric-like carcinoma is another rare and aggressive type of EC that has only recently
been recognised. These tumours are often morphologically mistaken for more common EC
histotypes, such as low-grade endometrioid EC. Mesonephric-like carcinomas show intact
MMR proteins and wildtype p53 expression and are thus frequently molecularly classified
as NSMP EC. They are typically characterised by KRAS mutations, absence of PTEN gene
alterations, chromosome 1q gains, expression of TTF-1 and/or GATA-3, and lack of ER
expression®*?¥. Correct identification of mesonephric-like carcinomas is crucial because of
their poor clinical outcomes, including frequent metastases to the lungs, especially when
compared to low-grade endometrioid EC*. By performing ER IHC on all NSMP EC,
pathologists can be alerted when finding negative ER staining in an otherwise apparently
low-grade endometrioid EC. Whether mesonephric-like carcinomas should be categorised
using the molecular classification system is an interesting topic for follow-up studies. Finally,
some ER-negative NSMP tumours may have high levels of copy number alterations without

p53 abnormalities. In the TCGA analyses, pathogenic 753 mutations were present in 90%
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of copy number-high tumours®”. As p53 IHC and/or 753 mutation analysis are used as
surrogate markers for the identification of copy number-high tumours, a small proportion
will be classified as NSMP EC. Previous studies showed that relatively high copy number
alterations, including chromosome 1q gain/amplification, is associated with negative ER

expression and adverse clinical outcomes in NSMP EC¥%,

There is currently no consensus about the IHC expression threshold to define ER positivity
in EC. We used a 10% cut-off, as this is a commonly used threshold in EC*->*. However,
some studies use a 1% threshold®, which is also used for selecting patients for hormonal
therapy in advanced EC'. Our analysis of a large cohort of high-risk NSMP EC showed that
using a 10% threshold yields the best distinction in terms of prognosis. Future studies are
warranted to validate this 10% cut-off for prediction of prognosis and response to hormonal

therapy in EC patients.

The recent incorporation of the EC molecular classification into the clinical guidelines
has improved the risk stratification of EC patients'”'®. For NSMP EC patients, risk group
assignment depends on stage, histotype, grade and LVSI status. Our results suggest that
the addition of ER status can improve risk stratification of patients with NSMP EC. ER-
negative NSMP tumours showed poor clinical outcomes, even comparable to p53abn EC,
independent of other risk factors. Another study, including only high-grade endometrioid
and non-endometrioid EC, reported similar poor clinical outcomes for NSMP EC". In this
study, half of the NSMP EC were non-endometrioid (16% serous EC and 33% clear cell
carcinomas) and plausibly ER-negative. It is, therefore, likely that all ER-negative NSMP
EC have a high risk of recurrence. Our proposed prognostic stratification of NSMP into ER-
positive and ER-negative NSMP EC should be evaluated in future studies that also include
lower risk NSMP EC.

In addition to ER status, the tumour stage, histotype and grade were independent predictors
for recurrence in NSMP EC and may therefore still be relevant in the risk stratification
of ER-positive NSMP EC. In POLEmut, MMRJ, and p53abn endometrioid EC tumour
grading was not informative. Confirmation of this finding in other cohorts may lead to
a simplification in diagnosing and classifying patients in risk groups by limiting tumour
grading to NSMP EEC. Remarkably, we found no significant independent prognostic value
of LVSI across all cases and within the four molecular subgroups. This is probably because
only presence, and not extent of LVSI was registered in PORTEC-3, and only substantial

LVSI has shown to be a strong prognostic factor.
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Figure 3. Incorporation of ER status in the molecular classification of endometrial cancer.
A Addition of a fourth step into the WHO diagnostic algorithm of the endometrial cancer (EC)
molecular classification, including ER immunohistochemistry in NSMP EC. B Recurrence-free
survival Kaplan-Meier curves of patients with high-risk endometrial cancer.
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ER status within NSMP EC may also be predictive for response to adjuvant treatment.
In this study, we found a small non-significant benefit of CTRT in both ER-positive
and ER-negative NSMP EC. Radiotherapy combined with hormonal therapy instead of
chemotherapy may be an equally effective but much less toxic alternative for women with
high-risk ER-positive NSMP EC. Historical trials did not show a significant benefit of
adjuvant hormonal therapy®. However, these trials were done in unselected cohorts, and
testing of hormonal therapy specifically among ER-positive NSMP tumours might be the
way forward. This will be investigated in the RAINBO NSMP-ORANGE randomised
clinical trial (NCT05255653), including women with ER-positive NSMP EC.

In this study, CTNNBI exon 3 mutations were not independently associated with
recurrence. Previous studies showing an association between C7NNBI mutations and
adverse clinical outcomes included more women with low- and (high-)intermediate risk
EC, potentially explaining the difference in prognostic relevance!®**#2. Also, LICAM was
not an independent predictor for recurrence in our study. Overexpression of LICAM was
most prevalent in the clinically unfavourable p53abn molecular subgroup and did not
further delineate clinical outcomes in this group. Also within NSMP EC, overexpression of
L1CAM was not an independent predictor due to its’ association with negative ER and PR
expression. It has been shown that expression of LICAM is dependent on TGE-f signalling

and Wnt/B-catenin activity, which in turn are inhibited by progesterone®*.

Although we find a strong and independent prognostic impact of ER status in NSMP EC
in our study, these findings were not validated in an external validation cohort. However,
internal validation using the leave-one-out method and bootstrap resampling confirmed the
independent prognostic relevance of ER in NSMP EC. We have investigated the molecular
landscape of NSMP EC using IHC and a large targeted NGS panel, which showed
significant differences between ER-positive and ER-negative NSMP tumours. Investigation
of copy number alterations in these tumours could have improved our study as it likely adds

molecular and potentially prognostic information.

In conclusion, the prognostic impact of the molecular classification, age, stage, and
adjuvant CTRT was confirmed in a large cohort of high-risk EC. The prognostic relevance
of tumour grading was limited to NSMP high-risk EC. PR and L1ICAM expression and
CTNNBI mutations had no independent significant prognostic impact. ER-positivity
was independently associated with a lower risk of recurrence in NSMP EC and identified

a large homogeneous subgroup of NSMP tumours that are characterised by a low-grade
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endometrioid histotype and a relatively good prognosis. Assessment of ER status in high-risk
NSMP EC is feasible in clinical practice and has the potential to improve risk stratification

and treatment of patients with NSMP EC.
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SUPPLEMENTARY MATERIAL AND METHODS

Immunohistochemistry staining procedures

For each case, one representative formalin-fixed paraffin-embedded tumour block was selected
by a pathologist during central pathology review. Immunohistochemistry was performed
on 4 pm whole slides. Slides were deparaffinized and rehydrated via graded ethanol series,
followed by endogenic peroxidase activity blocking (0.3% Methanol/H,O,) and antigen
retrieval using a microwave oven procedure in 10 mmol/L Tris-EDTA buffer, pH9.0 for
10 minutes. Tissue sections were incubated overnight with primary antibodies against p53
(clone DO-7, 1:2000, DAKO), MLHI1 (clone ES05, 1:100, DAKO), MSH2 (clone FE11,
1:100, DAKO), MSH6 (clone EPR3945, 1:800, GENE TEX), ER (clone EP1, 1:400,
DAKO), PR (clone PgR636, 1:200, DAKO), and LICAM (clone 14.10, 1:800, BioLegend)
at room temperature or with primary antibody PMS2 (clone EP51, 1:50, DAKO) at 4
degrees. A linker (mouse linker, SM804, DAKO; rabbit linker, SM805, DAKO) was used
afterwards for MLH1, PMS2, MSH2 and MSHG6. A 30 minute incubation with a secondary
antibody (Poly-HRP-GAM/R/R; DPV0O110HRP; Immunologic) was then performed.
DAB+ (K3468, DAKO) was used as chromogen and sections were counterstained with

haematoxylin.

Immunohistochemistry staining scoring

For PORTEC-3 cases, MLH1, PMS2, MSH6 and MSH2 protein expression was evaluated
to determine MMR status. Tumours were considered MMR deficient if more than 10%
of the tumoral nuclei were negative, in the presence of a positive internal control, in at
least one of the MMR proteins. For MST cases, immunohistochemistry staining of MMR
proteins was performed in a two-stepped approach. Cases with more than 10% loss of
PMS2 and/or MSHG6 expression were considered MMR proficient. For cases with retained
expression of PMS2 and MSHG, additional MLH1 and MSH2 immunohistochemistry was
performed to determine final MMR status. Immunohistochemistry for p53 was considered
abnormal if more than 10% of the tumour showed strong positive staining of tumour
nuclei (overexpression), complete absence of staining with a positive internal control (null-
mutant), or significant cytoplasmic staining (cytoplasmic) *. Immunohistochemistry for ER
was considered positive if more than 10% of the tumour showed positive nuclear staining.
The cut-off was chosen as it is most commonly used in the assessment of ER expression in
endometrial cancer®®. Finally, immunohistochemistry for PR and L1ICAM were considered

positive when more than 10% of the tumour showed positive nuclear staining. The same
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as for ER, these cut-off were chosen as they are most commonly used in EC**75. All
immunohistochemistry slides were independently scored by at least two observers (TB, AL,

LV). Discrepant results were resolved at simultaneous viewing.

DNA isolation and sequencing

Tumour DNA was enriched by taking three 0.8 mm tumoral tissue cores or by microdissection
using 5-10 (10p) slides on selected tumoral areas by a pathologist, obtaining a tumour
percentage >70%. DNA isolation was performed automated using the Tissue Preparation
System (Siemens Healthcare Diagnostics). After isolation, the DNA concentration was
measured using a fluorometer (Qubit dsDNA HS, Life Technologies, Carlsbad, California,
USA). DNA samples were sequenced using the AmpliSeq Cancer Hotspot Panel (Thermo
Fisher Scientific, Waltham, MA) version 5 (PORTEC-3) and version 6 (MST). These panels
are designed to detect somatic cancer hotspot mutations covering 82 genes, including the
complete POLE exonuclease domain. Libraries were prepared using 42-84ng of DNA and
cach sample labelled with a unique barcode (IonCode, TheremoFisher). Ion 540 chips
were prepared using Ion Chef System and sequenced using the Ion S5 sequencing System.
Sequencing results were evaluated blinded for patient outcome. A minimum coverage

threshold of 100 reads and a minimum variant allele frequency of 0.1 reads were considered.
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SUPPLEMENTARY TABLES
Table S1. Clinicopathological characteristics, by inclusion or not in the translational study
Included Excluded Total
n= 648 (100%) n =257 (100%) n =905 (100%) p-value
Age 0.16
Mean (range) 63.8 (25.0-92.0) 62.8 (36.1-62.8) 63.6 (25.0-92.0)
Histotype and grade 0.27
Grade 1-2 endometrioid 254 (39.2) 96 (37.4) 350 (38.7)
Grade 3 endometrioid 179 (27.6) 74 (28.8) 253 (28.0)
Serous 88 (13.6) 42 (16.3) 130 (14.4)
Clearcell 53 (8.2) 22 (8.6) 75 (8.3)
Mixed 31 (4.8) 14 (5.4) 45 (5.0)
Carcinosarcoma 24 (3.7) 1(0.4) 25 (2.8)
Un-/dedifferentiated 16 (2.5) 7 (2.7) 23 (2.5)
Other 3 (0.5) 1(0.4) 4(0.4)
Stage 0.11
IA 76 (11.7) 26 (10.1) 102 (11.3)
1B 131 (20.2) 45 (17.5) 176 (19.4)
11 181 (27.9) 68 (26.5) 249 (27.5)
111 260 (40.1) 118 (45.9) 378 (41.8)
LVSI 0.16
Absent 341 (52.6) 122 (47.5) 463 (51.2)
Present 307 (47.4) 135 (52.5) 442 (48.8)
Received treatment 0.001
EBRT 403 (62.5) 133 (51.8) 536 (59.4)
EBRT + CT* 223 (34.6) 121 (47.1) 344 (38.1)
VBT 19 (2.9) 3(1.2) 22 (2.4)
Follow-up time (years) <0.001
Median (95% CI) 7.0 (6.7-7.2) 6.1 (5.9-6.4) 6.6 (6.3-6.9)
Overall survival 0.031
5-year estimate 71.7% 77% 73.2%

* Including two patients who received VBT+CT.

Abbreviations: LVSI, lymphovascular space invasion; EBRT, external beam radiotherapy; CT,
chemotherapy; VBT, vaginal brachytherapy.
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Table S3. Internal validation of prognostic value of ER in NSMP EC patients

PORTEC-3 MST
Overall recurrence (32 events)  Overall recurrence (28 events)
Totaln HR 95% CI P Totalm HR 95% CI P

Histology and grade

Endometrioid, low grade 90 1 58 1

Endometrioid, high grade 13 2.10 0.78-5.70 0.14 13 2.54 0.86-7.50 0.09

Non-endometrioid 14 1.58 0.41-6.08 0.50 14 1.44 0.37-5.6  0.60
Stage

I-1I 52 1 45 1

111 65 2.04 0.95-4.36 0.07 40 2.31 1.01-5.31 0.048
Treatment received*

RT (VBT or EBRT) 55 1

RT (VBT or EBRT) + CT 62 0.50 0.24-1.02 0.06
ERIHC

Negative (<10%) 13 1 19 1

Positive (=10%) 104  0.31 0.09-1.06 0.06 66 0.32 0.10-1.03 0.06

* Analysis of MST patient not corrected for treatment as the majority of patients (93.1%) were
treated with radiotherapy alone. Abbreviations: RFS, recurrence-free survival; HR, hazard ratio; CI,
confidence interval; RT, radiotherapy; VBT, vaginal brachytherapy; EBRT, external beam radiotherapy;
CT, chemotherapy; IHC, immunohistochemistry; NP, not performed.
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Prognostic refinement of NSMP high-risk EC

Table S4. Multivariable analysis of overall recurrence-free survival including the molecular
classifier with NSMP divided into ER-positive and ER-negative

Recurrence Multivariable analysis
n = 643, 207 events HR 95% CI P
Age

<60 years 1

>60 years 1.39 0.99-1.95 .06
Stage

I 1

1I 1.54 0.99-2.41 .06

11 3.25 2.21-4.76 <.001
Histology and grade

Endometrioid, low-grade 1

Endometrioid, high-grade 1.15 0.75-1.76 .52

Non-endometrioid 1.01 0.64-1.60 .97
LVSI

Absent 1

Present 1.29 0.95-1.76 .10
Treatment received

RT (VBT or EBRT) 1

RT (VBT or EBRT) + CT 0.68 0.48-0.95 .023
Molecular subgroups

MMRd 1

POLEmut 0.12 0.03-0.50 .003

p53abn 2.82 1.90-4.19 <.001

ER-positive NSMP 0.69 0.45-1.06 .09

ER-negative NSMP 2.27 1.33-3.90 .003

Model fit multivariable model: Akaike’s information criterion (AIC) 2162.38, model concordance
(C-index) 0.726. Abbreviations: HR, hazard ratio; CI, confidence interval; LVSI, lymphovascular
space invasion; RT, radiotherapy; VBT, vaginal brachytherapy; EBRT, external beam radiotherapy;
CT, chemotherapy; MMRd, mismatch repair-deficient; POLEmut, POLE ultra-mutated; p53abn,
p53-abnormal; NSMP, no specific molecular profile.
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SUPPLEMENTARY FIGURES

PORTEC-3 randomised clinical trial MST prospective cohort
660 patients 271 patients
No material available (n=236) +———— ——  No material available (n=13)
Tumour material available “Tumour material available
424 EC 256 EC
Insufficient marterial (n=3)
i il =10 ol LB e
Failed POLLE sequencing (n szl ) a1
Molccular ¢ ation (WHO 2020) No tumour in block (n=1)
Sequencing POLE exonuelease domain Not high-risk after review (n=9)
IHC MMR and p53 proteins
Succesfully moleeularly classified Suceesfully molecularly classificd
411 EC 237 EC

648 succesfully molecularly
classified high-risk EC included

Figure S1. Flowchart of patient selection. Abbreviations: EC, endometrial cancer; THC,
immunohistochemistry; WHO, World Health Organization; MMR, mismatch repair; HREC, high-
risk endometrial cancer.

128



Prognostic refinement of NSMP high-risk EC

g 1.0 4 ——— = 1.0 4
g 0.8 2 038
. o
8 0.6 g 0.6
g g
£ c
g 04 £ 04
s — POLEmut ] — POLEmut
5 02 — MMRd = 024 — MMRd
2 — p53abn 001 2 — p53abn 001
< < 5 <.
§ 0.0 4 NSMP P S g0 NSMP P
3 T T T T T T T T T T T T
1 2 3 4 5 0 1 2 3 4 5
No. at risk No. at risk
— | 67 64 64 63 62 50 — | 67 64 64 63 62 50
— | 206 193 172 156 150 124 — | 206 183 163 145 137 111
— | 166 136 105 94 80 63 — | 167 120 93 80 72 57
206 192 179 170 158 128 207 190 173 160 146 116
T T T T T T T T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Time (years) D Time (years)
10 = 1.0 4 -
—
g os T o84 R —————
@ 0.6 4 K] 0.6 4
s 3
o
2 04 & 04
o b
5 — POLEmut 3 — POLEmut
g 024 — MMRd § 024 — MMRd
4 — p53abn S — p53abn
0.0 4 NSMP p <.001 004 NSMP p <.001
T T T T T T T T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
No. at risk No. at risk
— | 67 64 64 63 62 50 — | 67 65 64 63 62 50
— | 206 181 161 144 137 111 — | 205 199 181 161 151 124
— | 166 119 92 79 7 56 — | 166 147 112 99 83 64
207 187 173 160 145 116 208 199 188 176 164 135
T T T T T T T T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Time (years) Time (years)

Figure S2. Locoregional, distant and overall recurrence-free survival, and cancer-specific survival
for patients with high-risk endometrial cancer (n = 647). Kaplan-Meier survival curves of patients
with high-risk endometrial cancer (EC) for (A) locoregional recurrence-free survival (RES) for patients
with POLEmut EC (5-year RES 98.5%), MMRd EC (5-year RFS 88.4%), p53abn EC (5-year RFS
83.0%) and NSMP EC (5-year RFS 93.3%), (B) distant RFS for patients with POLEmut EC (5-year
RES 98.5%), MMRd EC (5-year RFS 73.5%), p53abn EC (5-year RFS 48.8%) and NSMP EC (5-
year RES 74.9%), (C) overall RES for patients with POLEmut EC (5-year RFS 98.5%), MMRd EC
(5-year RES 71.4%), p53abn EC (5-year RFS 48.1%) and NSMP EC (5-year RFS 74.5%), and (D)
cancer-specific survival for patients with POLEmut EC (5-year RES 98.5%), MMRd EC (5-year RFS
79.1%), p53abn EC (5-year RFS 54.2%), NSMP EC (5-year RFS 84.8%). Abbreviations: POLEmut,
POLF-ultramutated; MMRd, mismatch repair deficient; p53abn, p53-abnormal; NSMP, no specific
molecular profile.
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Figure S3. Cohort-specific recurrence-free survival by molecular subgroup. Kaplan-Meier survival
curves of patients with high-risk endometrial cancer from (A) PORTEC-3 and (B) MST for recurrence-
free survival by molecular subgroup.
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Supplementary Figure S4. Recurrence-free survival by histologic subtype and FIGO grade.
Kaplan-Meier survival curves of (A) mismatch repair-deficient (MMRd), (B) p53-abnormal (p53abn)
and (C) no specific molecular profile (NSMP) high-risk endometrioid endometrial cancer (EEC) for
recurrence-free survival by histologic subtype and FIGO grade.
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Figure S5. Recurrence-free survival by % of ER protein expression. Kaplan-Meier survival curves
of patients with NSMP high-risk endometrial cancers for recurrence-free survival by different levels of
tumour ER protein expression.
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Figure S6. Recurrence-free survival of NSMP endometrial cancer patients by ER status and
received adjuvant treatment. Kaplan-Meier survival curves of patients with NSMP high-risk
endometrial cancer for recurrence-free survival by ER status and received adjuvant treatment.
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