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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 CTNNBT status yields prognostic refinement.
METHODS: Paraffin-embedded tumour samples of women with high-risk EC (HR-EC) from the PORTEC-3 trial (n = 424), and a Dutch
prospective clinical cohort called MST (n = 256), were used. All cases were molecularly classified. Expression of L1CAM, ER and PR
were analysed by whole-slide immunohistochemistry and CTNNBT 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 CTNNBT 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.

British Journal of Cancer (2023) 128:1360-1368; https://doi.org/10.1038/s41416-023-02141-0

INTRODUCTION

Endometrial cancer (EC) is the most common gynaecological
malignancy in postmenopausal women [1]. 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 [2-4]. In the 2016 ESMO-ESGO-
ESTRO guideline, high-risk EC was defined as stage |, grade 3
endometrioid EC (EEC) with deep invasion, stage Il or Ill EEC, or non-
endometrioid EC (NEEC) [5]. For these patients, adjuvant pelvic
external beam radiotherapy (EBRT) was the standard of care to
improve locoregional control [5]. 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
[6, 7]. The greatest OS benefit of CTRT was observed in stage Ill 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 [8].

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 [9-16]. For this reason, the EC molecular
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classification was incorporated in the latest European treatment
guidelines [17, 18]. The assessment of the molecular classifica-
tion is encouraged in all EC, especially in high-risk tumours, and
a novel risk stratification incorporating the molecular classifica-
tion has been introduced [17, 18]. All stage I-Il 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 [17, 18]. 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 [9-16]. In contrast, 5-year recurrence-free survival of NSMP EC
has varied between intermediate and poor [9-16]. This hetero-
geneity in clinical outcomes hampers adequate adjuvant treatment
recommendations and suggests biological diversity.

Several molecular alterations that are not included in the
current risk stratification have shown to be associated with clinical
outcomes in EC, such as CTNNBT exon 3 mutations, overexpression
of L1CAM, lack of oestrogen receptor (ER) and progesterone
receptor (PR) expression, chromosome 1q amplification and other
copy number alterations. [10, 19-28] 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, L1CAM and CTNNBT 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 [6]. In short, this international phase-lll 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-IlIC EEC of any grade; or non-endometrioid EC with stages IA
(with myometrial invasion), IB-IlIC. Upfront central pathology review
confirmed the eligibility of all patients [6]. 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) [29]. As focal LVSI was not associated with an
increased risk of recurrence in previous study [4], 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.

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 um) immunohistochemical (IHC) staining for MMR
proteins (MLH1, PMS2, MSH2, and MSH6) and p53 on all PORTEC-3 cases was
performed and described previously [12]. Similar IHC staining and scoring for
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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 L1ICAM, ER and PR was performed on whole slides
for all cases. The percentage of positive staining for LICAM, 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 L1CAM, ER and PR expression in
EC. [10, 22-25, 30] 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 [12]. 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 IHC or p53 IHC failed (n = 20), the final p53 status was
determined by the TP53 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 [12].
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 locor-
egional 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.
Differences between groups were tested using the x> 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) clinicopatho-
logical 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
x° 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 (Supple-
mentary 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).
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Table 1. Patient, tumour and treatment characteristics.
PORTEC-3 MST Total
n=411 n =237 n =648
(100.0%) (100.0%) (100.0%)
Age
Mean (range) 61.2 68.5 63.8
(26.7-80.5) (25.0-92.0) (25.0-92.0)
Histotype and grade
Low-grade 162 (39.4) 92 (38.8) 254 (39.2)
endometrioid
High-grade 113 (27.5) 66 (27.8) 179 (27.6)
endometrioid
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)
IB 73 (17.8) 58 (24.5) 131 (20.2)
] 106 (25.8) 75 (31.6) 181 (27.9)
] 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)
p53abn 99 (24.1) 68 (28.7) 167 (25.8)
NSMP 122 (29.7) 86 (36.3) 208 (32.1)
ER IHC
Negative (<10%) 92 (24.2) 77 (32.5) 169 (27.4)
Positive (>10%) 288 (75.8) 160 (67.5) 448 (72.6)
PR IHC
Negative (<10%) 165 (41.6) 112 (47.9) 277 (43.9)
Positive (=10%) 232 (58.4) 122 (52.1) 354 (56.1)
L1CAM [HC
Negative (<10%) 293 (72.2) 171 (72.2) 464 (72.2)
Positive (210%) 113 (27.8) 66 (27.8) 179 (27.8)
CTNNB1 exon 3
No mutation 290 (83.8) 176 (89.3) 466 (85.8)
Mutation 56 (16.2) 21 (10.7) 77 (14.2)

LVSI lymphovascular space invasion, EBRT external beam radiotherapy, CT
chemotherapy, VBT vaginal brachytherapy, POLEmut POLE-ultra-mutated,
MMRd mismatch repair-deficient, p53abn p53-abnormal, NSMP no specific
molecular profile.

*Two patients received VBT + CT.

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%
Cl 6.7-7.2).

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 Il 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 RFS
stratified by cohort is provided in Supplementary Fig. S3.

Next, we evaluated the prognostic value of ER, PR, L1ICAM, and
CTNNB1 and established risk factors across all cases (Table 2).
Independent predictors for lower RFS in multivariable analysis
were age at diagnosis above 60 years (HR 1.43, 95% Cl 1.02-2.01),
stage Il (HR 1.78, 95% Cl 1.15-2.75) and lll disease (HR 3.47, 95% Cl
2.37-5.07), and the p53abn molecular subgroup (HR 2.43, 95% Cl
1.65-3.57). Adjuvant CTRT and POLEmut molecular subgroup were
independent predictors for better RFS (HR 0.65, 95% Cl 0.47-0.91
and HR 0.11, 95% Cl 0.03-0.46, respectively). ER, PR, LICAM and
CTNNB1 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-l vs.
I, HR 2.33, 95%CI 1.36-3.98, p = 0.002) (Table 3 and Supplemen-
tary Table S2). Histotype and grade did not have prognostic value
within MMRd, as shown in Supplementary Fig. S3. ER, PR, L1CAM,
and CTNNB1 were also not associated with recurrence in multi-
variable 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-Il vs. lll, HR 3.66, 95% ClI
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% Cl 0.33-0.93,
p = 0.025). No prognostic impact of histotype and grade, and ER,
PR, L1CAM, and CTNNB1 was found.

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 RFS whether a combina-
tion 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 L1CAM overexpression (Fig. 2). Based on these
findings, ER and not PR status was analysed by multivariable
regression, which showed strong and independent prognostic
impact on RFS, 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).
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Table 2.
Recurrence Univariable analysis
n =643, 207 events HR 95% ClI
Age

<60 years 1

>60 years 1.97 1.43-2.72
Stage

| 1

Il 1.09 0.74-1.63

1] 2.14 1.52-3.00
Histology and grade

Endometrioid, low-grade 1

Endometrioid, high-grade 1.12 0.79-1.60

Non-endometrioid 1.60 1.16-2.19
LvSI

Absent 1

Present 1.53 1.13-2.06
Treatment received

RT (VBT or EBRT) 1

RT (VBT or EBRT) + CT 0.81 0.58-1.13
Molecular subgroups

MMRd 1

POLEmut 0.09 0.02-0.38

NSMP 1.00 0.70-1.43

p53abn 2.30 1.65-3.21

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

Multivariable analysis

p-value HR 95% Cl p-value
1
<.001 1.43 1.02-2.01 0.037
1
0.66 1.78 1.15-2.75 0.009
<.001 3.47 2.37-5.07 <.001
1
0.52 1.48 0.98-2.23 0.06
0.004 1.47 0.96-2.26 0.08
1
0.006 1.32 0.97-1.79 0.08
1
0.21 0.65 0.47-0.91 0.012
1
0.001 0.11 0.03-0.46 0.002
0.99 0.97 0.66-1.42 0.87
<.001 243 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.

HR hazard ratio, C/ 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, IHC

immunohistochemistry.

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.

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 multi-
variable model for RFS, 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
RFS (HR 2.27, 95% Cl 1.33-3.90, p = 0.003), while the NSMP ER-
positive group was not (HR 0.69 95% Cl 0.45-1.06, p =0.09),
compared to the reference group MMRd.

DISCUSSION

In this comprehensive analysis of 648 high-risk EC, we evaluated
the prognostic value of ER, PR, L1CAM and CTNNBT 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, L1CAM and CTNNB1 was found, while the known
independent impact of age, stage, the EC molecular classification
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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, L1CAM and CTNNBIT status.
Subgroup-analysis by molecular subgroup did not show prognostic
relevance of PR, LICAM and CTNNBT status either. Importantly, ER
status was an important predictor for RFS 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 asso-
ciated 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
RFS 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
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Table 3. Multivariable analysis of recurrence-free survival including clinicopathological and molecular features for MMRd, p53abn and NSMP
endometrial cancers.
MMRd EC (n = 206, 58 events) p53abn EC (n = 164, 85 events) NSMP EC (n = 202, 60 events)
HR 95% CI p-value HR 95% ClI p-value HR 95% Cl p-value
Age
<60 years 1 NP NP
>60 years 1.55 0.88-2.74 0.13
Stage
-1l 1 1 1
LI} 233 1.36-3.98 0.002 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 0.025 0.44 0.22-0.88 0.020
ER IHC
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).
MMRd mismatch repair-deficient, EC endometrial cancer, p53abn p53-abnormal, NSMP no specific molecular profile, HR hazard ratio, C/ confidence interval, NP
not performed, LVS/ lymphovascular space invasion, RT radiotherapy, VBT vaginal brachytherapy, EBRT external beam radiotherapy, CT chemotherapy.
1o histotypes, such as low-grade endometrioid EC. Mesonephric-like
' carcinomas show intact MMR proteins and wildtype p53 expression
= o084 and are thus frequently molecularly classified as NSMP EC. They are
2 typically characterised by KRAS mutations, absence of PTEN gene
2 064 alterations, chromosome 1q gains, expression of TTF-1 and/or
& GATA-3, and lack of ER expression [34-38]. Correct identification of
% 04 mesonephric-like carcinomas is crucial because of their poor clinical
5 outcomes, including frequent metastases to the lungs, especially
& 02+ ER+ PR+ NSMP EC when compared to low-grade endometrioid EC [39]. By performing
ER+ PR- NSWP EC ER IHC on all NSMP EC, pathologists can be alerted when finding
— ER-PR-NSMP EC P <0.001 . .. . .
0.0 - negative ER staining in an otherwise apparently low-grade
0 ] > 3 4 5 endometrioid EC. Whether mesonephric-like carcinomas should be
_ Time (years) categorised using the molecular classification system is an interest-
No. at risk ing topic for follow-up studies. Finally, some ER-negative NSMP
147 140 182 123 138 9 tumours may have high levels of copy number alterations without
3 21 16 14 13 n p53 abnormalities. In the TCGA analyses, pathogenic TP53 mutations
—| 1 17 17 16 14 8 were present in 90% of copy number-high tumours [40]. As p53 IHC
o ] 5 3 . . and/or TP53 mutation analysis are used as surrogate markers for the
. . . . . . identification of copy number-high tumours, a small proportion will
Fig. 1 Recurrence-free survival for patients with NSMP high-risk e classified as NSMP EC. Previous studies showed that relatively

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.

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 [31, 32]. Currently,
NSMP clear cell carcinomas are excluded from the prognostic risk
groups of the European clinical guidelines due to insufficient
evidence [17, 33]. 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

high copy number alterations, including chromosome 1q gain/
amplification, is associated with negative ER expression and adverse
clinical outcomes in NSMP EC [27, 28].

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. [23-25, 30] However, some
studies use a 1% threshold [41], which is also used for selecting
patients for hormonal therapy in advanced EC [17]. 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 [17, 18]. For NSMP EC patients, risk group assignment
depends on stage, histotype, grade and LVSI status. Our results
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Fig.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.

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 [13]. 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, MMRd, 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 [4].

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.

British Journal of Cancer (2023) 128:1360- 1368

Historical trials did not show a significant benefit of adjuvant
hormonal therapy [42]. 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, CTNNBT exon 3 mutations were not independently
associated with recurrence. Previous studies showing an association
between CTNNBT mutations and adverse clinical outcomes included
more women with low- and (high-)intermediate risk EC, potentially
explaining the difference in prognostic relevance [19, 20, 43]. Also,
L1CAM was not an independent predictor for recurrence in our
study. Overexpression of L1CAM 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 LICAM was not an independent predictor due
to its’ association with negative ER and PR expression. It has
been shown that expression of L1ICAM is dependent on TGF-8
signalling and Wnt/B-catenin activity, which in turn are inhibited by
progesterone [44-46].

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
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Fig. 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.

tumours could have improved our study as it likely adds molecular
and potentially prognostic information.

In conclusion, the prognostic impact of the molecular classifica-
tion, 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 L1CAM expression and
CTNNBT 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
endometrioid histotype and a relatively good prognosis. Assess-
ment 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.

DATA AVAILABILITY

Requests for data sharing with a research proposal should be addressed to the
corresponding author within 15 years from the date of publication. Depending on
the specific research proposal, the TransPORTEC consortium will determine when, for
how long, for which specific purposes, and under which conditions the requested
data can be made available, subject to ethical consent.

REFERENCES

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J Clin.
2022;72:7-33.

2. Creutzberg CL, van Putten WL, Warlam-Rodenhuis CC, van den Bergh AC, de
Winter KA, Koper PC, et al. Outcome of high-risk stage IC, grade 3, compared with
stage | endometrial carcinoma patients: the Postoperative Radiation Therapy in
Endometrial Carcinoma Trial. J Clin Oncol. 2004;22:1234-41.

British Journal of Cancer (2023) 128:1360 - 1368



20.

21.

22.

23.

24,

. Straughn JM, Huh WK, Orr JW Jr., Kelly FJ, Roland PY, Gold MA, et al. Stage IC

adenocarcinoma of the endometrium: survival comparisons of surgically
staged patients with and without adjuvant radiation therapy. Gynecol Oncol.
2003;89:295-300.

. Bosse T, Peters EE, Creutzberg CL, Jurgenliemk-Schulz IM, Jobsen JJ, Mens JW,

et al. Substantial lymph-vascular space invasion (LVSI) is a significant risk factor
for recurrence in endometrial cancer-A pooled analysis of PORTEC 1 and 2 trials.
Eur J Cancer. 2015;51:1742-50.

. Colombo N, Creutzberg C, Amant F, Bosse T, Gonzalez-Martin A, Ledermann J,

et al. ESMO-ESGO-ESTRO consensus conference on endometrial cancer: diag-
nosis, treatment and follow-up. Ann Oncol. 2016;27:16-41.

. de Boer SM, Powell ME, Mileshkin L, Katsaros D, Bessette P, Haie-Meder C, et al.

Adjuvant chemoradiotherapy versus radiotherapy alone for women with high-
risk endometrial cancer (PORTEC-3): final results of an international, open-label,
multicentre, randomised, phase 3 trial. Lancet Oncol. 2018;19:295-309.

. de Boer SM, Powell ME, Mileshkin L, Katsaros D, Bessette P, Haie-Meder C, et al.

Adjuvant chemoradiotherapy versus radiotherapy alone in women with high-risk
endometrial cancer (PORTEC-3): patterns of recurrence and post-hoc survival
analysis of a randomised phase 3 trial. Lancet Oncol. 2019;20:1273-85.

. de Boer SM, Wortman BG, Bosse T, Powell ME, Singh N, Hollema H, et al. Clinical

consequences of upfront pathology review in the randomised PORTEC-3 trial for
high-risk endometrial cancer. Ann Oncol. 2018;29:424-30.

. Stelloo E, Bosse T, Nout RA, MacKay HJ, Church DN, Nijman HW, et al. Refining

prognosis and identifying targetable pathways for high-risk endometrial cancer; a
TransPORTEC initiative. Mod Pathol. 2015;28:836-44.

. Stelloo E, Nout RA, Osse EM, Jurgenliemk-Schulz 1J, Jobsen JJ, Lutgens LC, et al.

Improved risk assessment by integrating molecular and clinicopathological fac-
tors in early-stage endometrial cancer-combined analysis of the PORTEC Cohorts.
Clin Cancer Res. 2016;22:4215-24.

. Bosse T, Nout RA, McAlpine JN, McConechy MK, Britton H, Hussein YR, et al.

Molecular classification of grade 3 endometrioid endometrial cancers identifies
distinct prognostic subgroups. Am J Surg Pathol. 2018;42:561-8.

. Leon-Castillo A, de Boer SM, Powell ME, Mileshkin LR, Mackay HJ, Leary A, et al.

Molecular classification of the PORTEC-3 trial for high-risk endometrial cancer:
impact on prognosis and benefit from adjuvant therapy. J Clin Oncol.
2020;38:3388-97.

. Leon-Castillo A, Horeweg N, Peters EEM, Rutten T, Ter Haar N, Smit V, et al.

Prognostic relevance of the molecular classification in high-grade endometrial
cancer for patients staged by lymphadenectomy and without adjuvant treat-
ment. Gynecol Oncol. 2022;164:577-86.

. Talhouk A, McConechy MK, Leung S, Li-Chang HH, Kwon JS, Melnyk N, et al. A

clinically applicable molecular-based classification for endometrial cancers. Br J
Cancer. 2015;113:299-310.

. Talhouk A, McConechy MK, Leung S, Yang W, Lum A, Senz J, et al. Confirmation of

ProMisE: a simple, genomics-based clinical classifier for endometrial cancer.
Cancer. 2017;123:802-13.

. Kommoss S, McConechy MK, Kommoss F, Leung S, Bunz A, Magrill J, et al. Final

validation of the ProMisE molecular classifier for endometrial carcinoma in a large
population-based case series. Ann Oncol. 2018;29:1180-8.

. Concin N, Matias-Guiu X, Vergote |, Cibula D, Mirza MR, Marnitz S, et al. ESGO/

ESTRO/ESP guidelines for the management of patients with endometrial carci-
noma. Int J Gynecol Cancer. 2021;31:12-39.

. Oaknin A, Bosse TJ, Creutzber CL, Giornelli G, Harter P, Joly F, et al. Endometrial

cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-
up(dagger). Ann Oncol. 2022. https://doi.org/10.1016/j.annonc.2022.05.009.

. Kurnit KC, Kim GN, Fellman BM, Urbauer DL, Mills GB, Zhang W, et al. CTNNB1

(beta-catenin) mutation identifies low grade, early stage endometrial cancer
patients at increased risk of recurrence. Mod Pathol. 2017;30:1032-41.

Costigan DC, Dong F, Nucci MR, Howitt BE. Clinicopathologic and immunohis-
tochemical correlates of CTNNB1 mutated endometrial endometrioid carcinoma.
Int J Gynecol Pathol. 2020;39:119-27.

Bosse T, Nout RA, Stelloo E, Dreef E, Nijman HW, Jurgenliemk-Schulz IM, et al. L1
cell adhesion molecule is a strong predictor for distant recurrence and overall
survival in early stage endometrial cancer: pooled PORTEC trial results. Eur J
Cancer. 2014;50:2602-10.

Kommoss FK, Karnezis AN, Kommoss F, Talhouk A, Taran FA, Staebler A, et al.
L1CAM further stratifies endometrial carcinoma patients with no specific mole-
cular risk profile. Br J Cancer. 2018;119:480-6.

van der Putten LJM, Visser NCM, van de Vijver K, Santacana M, Bronsert P, Bulten
J, et al. Added value of estrogen receptor, progesterone receptor, and L1 cell
adhesion molecule expression to histology-based endometrial carcinoma recur-
rence prediction models: an ENITEC Collaboration study. Int J Gynecol Cancer.
2018;28:514-23.

Jongen V, Briet J, de Jong R, ten Hoor K, Boezen M, van der Zee A, et al.
Expression of estrogen receptor-alpha and -beta and progesterone receptor-A

British Journal of Cancer (2023) 128:1360 - 1368

L. Vermij et al.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

and -B in a large cohort of patients with endometrioid endometrial cancer.
Gynecol Oncol. 2009;112:537-42.

Trovik J, Wik E, Werner HM, Krakstad C, Helland H, Vandenput |, et al.
Hormone receptor loss in endometrial carcinoma curettage predicts lymph
node metastasis and poor outcome in prospective multicentre trial. Eur J Cancer.
2013;49:3431-41.

Backes FJ, Walker CJ, Goodfellow PJ, Hade EM, Agarwal G, Mutch D, et al.
Estrogen receptor-alpha as a predictive biomarker in endometrioid endometrial
cancer. Gynecol Oncol. 2016;141:312-7.

Depreeuw J, Stelloo E, Osse EM, Creutzberg CL, Nout RA, Moisse M, et al.
Amplification of 1932.1 refines the molecular classification of endometrial car-
cinoma. Clin Cancer Res. 2017;23:7232-41.

Momeni-Boroujeni A, Nguyen B, Vanderbilt CM, Ladanyi M, Abu-Rustum NR,
Aghajanian C, et al. Genomic landscape of endometrial carcinomas of no specific
molecular profile. Mod Pathol. 2022. https://doi.org/10.1038/541379-022-01066-y.
Peters EEM, Leon-Castillo A, Smit V, Boennelycke M, Hogdall E, Hogdall C, et al.
Defining substantial lymphovascular space invasion in endometrial cancer. Int J
Gynecol Pathol. 2022;41:220-6.

Mileshkin L, Edmondson R, O’Connell RL, Sjoquist KM, Andrews J, Jyothirmayi R,
et al. Phase 2 study of anastrozole in recurrent estrogen (ER)/progesterone (PR)
positive endometrial cancer: The PARAGON trial-ANZGOG 0903. Gynecol Oncol.
2019;154:29-37.

DelLair DF, Burke KA, Selenica P, Lim RS, Scott SN, Middha S, et al. The genetic
landscape of endometrial clear cell carcinomas. J Pathol. 2017;243:230-41.

Kim SR, Cloutier BT, Leung S, Cochrane D, Britton H, Pina A, et al. Molecular
subtypes of clear cell carcinoma of the endometrium: opportunities for prog-
nostic and predictive stratification. Gynecol Oncol. 2020;158:3-11.

Oaknin A, Bosse TJ, Creutzberg CL, Giornelli G, Harter P, Joly F, et al. Endometrial
cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-up.
Ann Oncol. 2022. https://doi.org/10.1016/j.annonc.2022.05.009.

Mills AM, Jenkins TM, Howitt BE, Fan J, Ring KL, Cook I. Mesonephric-like endo-
metrial carcinoma: results from immunohistochemical screening of 300 endo-
metrial carcinomas and carcinosarcomas for this often overlooked and potentially
aggressive entity. Am J Surg Pathol. 2022;46:921-32.

Kolin DL, Costigan DC, Dong F, Nucci MR, Howitt BE. A combined morphologic
and molecular approach to retrospectively identify KRAS-mutated mesonephric-
like adenocarcinomas of the endometrium. Am J Surg Pathol. 2019;43:389-98.
Pors J, Cheng A, Leo JM, Kinloch MA, Gilks B, Hoang L. A comparison of GATA3,
TTF1, CD10, and calretinin in identifying mesonephric and mesonephric-like
carcinomas of the gynecologic tract. Am J Surg Pathol. 2018;42:1596-606.
Mirkovic J, McFarland M, Garcia E, Sholl LM, Lindeman N, MacConaill L, et al. Tar-
geted genomic profiling reveals recurrent KRAS mutations in mesonephric-like
adenocarcinomas of the female genital tract. Am J Surg Pathol. 2018;42:227-33.
McCluggage WG. Mesonephric-like adenocarcinoma of the female genital tract:
from morphologic observations to a well-characterized carcinoma with aggres-
sive clinical behavior. Adv Anat Pathol. 2022;29:208-16.

Euscher ED, Bassett R, Duose DY, Lan C, Wistuba |, Ramondetta L, et al.
Mesonephric-like carcinoma of the endometrium: a subset of endometrial car-
cinoma with an aggressive behavior. Am J Surg Pathol. 2020;44:429-43.

Cancer Genome Atlas Research N, Kandoth C, Schultz N, Cherniack AD, Akbani R,
Liu Y, et al. Integrated genomic characterization of endometrial carcinoma.
Nature. 2013;497:67-73.

Kobel M, Atenafu EG, Rambau PF, Ferguson SE, Nelson GS, Ho TC, et al. Pro-
gesterone receptor expression is associated with longer overall survival within
high-grade histotypes of endometrial carcinoma: a Canadian high risk endo-
metrial cancer consortium (CHREC) study. Gynecol Oncol. 2016;141:559-63.
Martin-Hirsch PP, Bryant A, Keep SL, Kitchener HC, Lilford, R. Adjuvant proges-
tagens for endometrial cancer. Cochrane Database Syst Rev. 2011. https:/
doi.org/10.1002/14651858.CD001040.pub2.CD001040.

Liu Y, Patel L, Mills GB, Lu KH, Sood AK, Ding L, et al. Clinical significance of
CTNNB1 mutation and Wnt pathway activation in endometrioid endometrial
carcinoma. J Natl Cancer Inst. 2014;106:dju245.

Colas E, Pedrola N, Devis L, Ertekin T, Campoy |, Martinez E, et al. The EMT
signaling pathways in endometrial carcinoma. Clin Transl Oncol. 2012;14:715-20.
Huszar M, Pfeifer M, Schirmer U, Kiefel H, Konecny GE, Ben-Arie A, et al. Up-
regulation of L1CAM is linked to loss of hormone receptors and E-cadherin in
aggressive subtypes of endometrial carcinomas. J Pathol. 2010;220:551-61.

van der Horst PH, Wang Y, Vandenput |, Kuhne LC, Ewing PC, van ljcken WF, et al.
Progesterone inhibits epithelial-to-mesenchymal transition in endometrial can-
cer. PLoS ONE. 2012;7:e30840.

Vermij L, Powell ME, Leon-Castillo A, de Boer SM, Mileshkin LR, Mackay HJ, et al.
Molecular profiling of NSMP high-risk endometrial cancers of the PORTEC-3
trial-prognostic refinement and druggable targets In: European Society of
Gynaecological Oncology (ESMO) 2021 Congress. Prague, Czech Republic: Eur-
opean Society of Gynaecological Oncology (ESMO); 2021.

1367


https://doi.org/10.1016/j.annonc.2022.05.009
https://doi.org/10.1038/s41379-022-01066-y
https://doi.org/10.1016/j.annonc.2022.05.009
https://doi.org/10.1002/14651858.CD001040.pub2.CD001040
https://doi.org/10.1002/14651858.CD001040.pub2.CD001040

L. Vermij et al.

1368

48. Vermij L, Jobsen JJ, Brinkhuis M, Roothaan SM, Leon-Castillo A, Singh N, et al.
Prognostic relevance of FIGO grading is limited to NSMP endometrial carcinomas.
In: United States & Canadian Academy of Pathology’s (USCAP) 111th Annual
Meeting. Los Angeles, United States, 2022.

ACKNOWLEDGEMENTS

We thank all clinical and pathology teams at participating sites of the PORTEC-3, as
well as the women who participated in the trials and their families. We thank
PORTEC-3 central data manager Karen Verhoeven at the Comprehensive Cancer
Center the Netherlands (IKNL) and the international TransPORTEC research
consortium. A list of the members of the TransPORTEC consortium is provided in
the Data Supplement. We thank Tessa Rutten, Natalja ter Haar and Enno Dreef
(Department of Pathology, Leiden University Medical Center, Leiden, Netherlands) for
their technical support. Part of the results of this study was presented at the
European Society of Gynaecological Oncology (ESGO) 2021 Congress (October 23-25,
2021, Prague, Czech Republic) [47] and the United States and Canadian Academy of
Pathology (USCAP) 2022 Annual Meeting (March 19-24, 2022, Los Angeles, United
States) [48].

AUTHOR CONTRIBUTIONS

LV, TB, NH, VTHBMS, CLC conceptualised the study. LV, ALC and TB carried out
experiments. LV, and NH analysed the data. All authors were involved in writing the
paper and had final approval of the submitted and published version.

FUNDING

The translational study and the PORTEC-3 randomised clinical trial were supported by
the Dutch Cancer Society (TB, 31843, UL2006-4168/CKTO 2006-04). EJC is supported
by a National Institute for Health Research (NIHR) Advanced Fellowship (NIHR300650)
and the NIHR Manchester Biomedical Research Centre (IS-BRC-1215-20007).

COMPETING INTERESTS

The authors declare no competing interests.

TRANSPORTEC CONSORTIUM

Melanie E. Powell*, Stephanie M. de Boer®, Linda R. Mileshkin’, Alexandra Leary®, Emma J. Crosbie
15 Remi A. Nout®, Vincent T. H. B. M. Smit', Carien L. Creutzberg

Hans. W. Nijman

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

The PORTEC-3 randomised clinical trial was approved by the ethics committees at all
participating centres. Written informed consent was obtained from all patients.
Translational study of the MST cohort was approved by the Leiden-Den Haag-Delft
medical ethics committee, and a waiver for informed consent for the MST cohort was
given. The study was performed in accordance with the Declaration of Helsinki.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541416-023-02141-0.

Correspondence and requests for materials should be addressed to Tjalling Bosse.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

1213 Helen J. Mackay',

%, Nanda Horeweg® and Tjalling Bosse ®'™

British Journal of Cancer (2023) 128:1360 - 1368


https://doi.org/10.1038/s41416-023-02141-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-0284-8630
http://orcid.org/0000-0003-0284-8630
http://orcid.org/0000-0003-0284-8630
http://orcid.org/0000-0003-0284-8630
http://orcid.org/0000-0002-1821-3042
http://orcid.org/0000-0002-1821-3042
http://orcid.org/0000-0002-1821-3042
http://orcid.org/0000-0002-1821-3042
http://orcid.org/0000-0002-7008-4321
http://orcid.org/0000-0002-7008-4321
http://orcid.org/0000-0002-7008-4321
http://orcid.org/0000-0002-7008-4321
http://orcid.org/0000-0002-6881-8437
http://orcid.org/0000-0002-6881-8437
http://orcid.org/0000-0002-6881-8437
http://orcid.org/0000-0002-6881-8437

	Prognostic refinement of NSMP high-risk endometrial cancers using oestrogen receptor immunohistochemistry
	Introduction
	Methods
	Patient and tissue selection
	Immunohistochemistry
	Next-generation sequencing
	Statistical analysis

	Results
	Clinicopathologic characteristics
	Molecular and other prognostic factors and correlation with clinical outcome
	Prognostic refinement of the EC molecular classification

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




