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Purpose: To explore the clinical utility of immunohistochemistry (IHC)-based molecular classification and evaluate the distribution
patterns and clinical implications of hormone receptor (HR) expression across different molecular classifications in endometrial cancer
(EC).

Patients and Methods: This study retrospectively conducted simplified molecular classification based on IHC analysis of mismatch
repair (MMR) and p53 protein from 322 EC patients admitted to the Obstetrics and Gynecology Department of Tianjin Medical
University General Hospital from March 2017 to April 2024. 121 patients underwent WHO molecular classification by gene
sequencing and IHC analysis. The application value of IHC-based simplified molecular classification was evaluated. The association
between HR expression and molecular classification, and their combined value in predicting survival were analyzed.

Results: In [HC-based simplified molecular classification, 23.3% (75/322), 59.9% (193/322), and 16.8% (54/322) patients were
included in the MMR deficient (MMRd) group, MMR proficient (MMRp) group, and p53-abnormal (pS3abn) group, respectively. This
classification correlated significantly with various clinicopathological features such as age (p=0.001), body mass index (p=0.016),
FIGO stage (p=0.002), histological subtype (p<0.001), and tumor differentiation (p<0.001). Furthermore, differences in disease-free
survival (DFS) among these groups were statistically significant (p=0.002). Subgroup analyses revealed that HR expressions
significantly affected DFS within molecular classification groups. Patients with positive estrogen receptor (ER) or progesterone
receptor (PR) expression demonstrated better DFS than those with negative expression in these groups (ER in MMRp: p<0.001, PR in
MMRp: p<0.001, ER in MMRd: p<0.001, PR in MMRd: p=0.032, ER in p53abn: p=0.052, PR in p53abn: p=0.019).

Conclusion: THC-based simplified molecular classification is an economically viable and clinically applicable method that effectively
stratifies patients by clinicopathological features and prognosis. Moreover, this approach allows stratification into different prognostic
risk groups based on HR expression in molecular classification subgroups.
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Introduction

Endometrial cancer (EC) is among the most prevalent gynecological malignancies, showing a rising incidence
globally. In addition, the incidence in patients younger than 40 years has been consistently increasing.! In 1983,
Bokhman divided EC into two subtypes according to clinical and endocrinological characteristic.” Type I, constituting
80-90% of EC cases, is linked to unopposed estrogen stimulation and exhibits higher levels of estrogen receptor (ER)
and progesterone receptor (PR). This subtype often affects younger women with metabolic or reproductive risk factors.'~
Histopathologically, it is primarily composed of grade I (G1) or grade II (G2) endometrioid carcinoma (EEC), which is
responsive to progesterone therapy and generally has a favorable prognosis. Conversely, type 11 makes up 10-20% of EC

cases, features lower ER and PR expression, and typically affects older patients not influenced by estrogen. This subtype
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includes histopathological forms such as grade III (G3) EEC, endometrial serous carcinoma (ESC), endometrial clear cell
carcinoma (ECCC), uterine carcinosarcoma (UCS), and undifferentiated/dedifferentiated endometrial carcinoma
(UDEC), which are less responsive to progesterone therapy and associated with a poorer prognosis.®*

ER and PR have long been established as traditional biomarkers for prognostic evaluation and hormonal therapy (HT)
in EC.>% HT has been applied for EC since the 1950s’* with low toxicity but it is primarily reserved for fertility-sparing
interventions in young patients with early-stage EC and as systemic palliative care for advanced recurrent cases of the
disease.”'® For advanced recurrent EC, studies report an overall response rate (ORR) of 30% (95% CI 25-36), which
increases to 55.4% in PR-positive EC."" However, these studies are dated, and there is significant heterogeneity among
them, largely due to variations in the types of progestin drugs and dosages used. Consequently, the evidence remains
inadequate to conclusively determine that relying solely on hormone receptor (HR) expression can effectively and
accurately identify patients who would benefit from HT.

Recent years have seen significant advancements in the genomic and molecular research of EC, enhancing our
understanding and aiding in the development of diagnostic classifications and tailored therapies.'*'* In addition to
conventional HR, an increasing number of studies have demonstrated the prognostic value of other molecular biomarkers
in EC, such as POLE, CTNNBI, TP53, LICAM, and ARIDIA.'*" Molecular classifications based on immunohisto-
chemistry (IHC) and genetic sequencing have been employed to guide prognostication and treatment recommendations.
However, sequencing tests are not universally available across all regions due to financial and technological constraints.
For instance, Perrone et al have demonstrated that a simplified molecular classification based on MMR and p53 THC,
without POLE sequencing, effectively categorizes EC according to clinical characteristics and prognostic outcomes,
accurately reflecting the risk stratification associated with EC.'® This supports the utility and reliability of THC for
molecular classification of EC in everyday clinical settings.'’ 2

Moreover, within this updated framework of molecular classification for EC, the relevance of traditional prognostic
markers like HR continues to be a subject of debate, primarily due to the scarcity of conclusive evidence.?'** To address
this gap in the literature, we initiated this retrospective study with the goal of assessing the prognostic value of molecular
classification using IHC. Additionally, we incorporated HR expression into the IHC stratification to enhance both
prognostic and predictive accuracy.

Materials and Methods

Patients

We conducted a retrospective analysis of all EC patients who underwent surgical staging at the Department of
Gynecology and Obstetrics, Tianjin Medical University General Hospital, from March 2017 to April 2024. The following
inclusion criteria were applied: 1) patients who underwent EC staging surgery, with postoperative pathological con-
firmation of EC, 2) availability of complete clinical, pathological, and treatment records. The exclusion criteria include: 1)
patients who received preoperative HT, 2) patients who received primary non-surgical treatments or incomplete surgical
staging. We collected data on various variables including baseline demographic characteristics, perioperative details, final
pathology findings, IHC results, types of adjuvant therapy, and oncologic outcomes (disease-free survival, DFS). DFS
was defined as the period from the date of surgery (diagnosis) to the first recurrence of the disease. The overall
observation period extended from the date of diagnosis to the last follow-up on May Ist, 2024.

Immunohistochemical Staining and Evaluation

Tumor samples, collected from surgical specimens, including endometrial biopsies and/or hysterectomies, were sectioned
into 0.5 cm slices, promptly fixed in 10% formalin, and subsequently embedded in paraffin. Coronal sections of 3 pm
thickness were then prepared from these paraffin blocks. For immunohistochemical staining, formalin-fixed, paraffin-
embedded (FFPE) tissue sections were processed using the IHC Protocol F Program on the Leica BOND-MAX™
Detection System (Leica Biosystems, Wetzlar, Germany), following the manufacturer’s guidelines. The antigen retrieval
step involved heating the samples in a microwave for 20 minutes in EDTA buffer (pH 9.0). The primary mouse
monoclonal antibodies including MLHI1 (clone ES05), MSH2 (clone FEI1l), MSH6 (clone EP49), PMS2
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(clone EPS1), p53 (clone DO-7), ER (clone EP1), PR (clone PgR636), and programmed cell death ligand-1 (PD-L1)
(clone 73-10) (purchased from DakoCytomation, Glostrup, Denmark) were applied individually and incubated overnight
at 4°C.

All sections were evaluated independently by two pathologists. To prevent false-negative outcomes, normal endo-
metrial tissues adjacent to the tumor were used as an internal positive control. In cases where a consensus was not
reached, a third pathologist was consulted. The MMR proteins were evaluated in accordance with the published
guidelines.”® p53 expression was considered wild-type if 1%-80% of the tumor cell nuclei showed positive staining of
varying intensities. Abnormal p53 expression was defined by the complete absence of nuclear staining in tumor cells with
a positive internal control or when more than 80% of tumor cell nuclei were positively stained.”” ER and PR were
considered positive when nuclei were stained in >1% of the tumor cells®' (Figure 1).

All patients were divided into 3 groups according to IHC-based simplified molecular classification: (1) MMR
deficient (MMRd) group: Patients showing deficiency in one or more MMR proteins (MLH1, MSH2, MSH6, or
PMS2), irrespective of p53 protein expression, were placed in the MMRd group; (2) MMR proficient (MMRp) group:
Patients with no deficiencies in MMR proteins and no abnormal p53 protein expression were assigned to the MMRp
group; (3) pS3-abnormal (p53abn) group: Patients exhibiting abnormal expression of p53 protein, but without any MMR
protein deficiencies, were classified into the p5S3abn group. The co-expressing abnormal p53 protein and MMRd EC were
considered MMRd group according to this literature.

Next-Generation Sequencing (NGS)

Genomic DNA (gDNA) was isolated from the FFPE samples using a QlAamp DNA FFPE Tissue Kit (Qiagen, Valencia,
USA). The quality and size of the DNA fragments were evaluated using a Qubit dsDNA High Sensitivity Assay Kit (Life
Technologies, Carlsbad, USA). After validation, gDNAs were randomly fragmented, and their quality and fragment size
were assessed using a LabChip GX Tough Nucleic Acid Analyzer (PerkinElmer, USA). These samples were then
prepared into libraries and sequenced following the manufacturer’s guidelines. Whole exome sequencing (WES) was

Figure | Representative photomicrographs displaying immunohistochemical staining used to evaluate MMR, p53, ER, and PR. All images are shown at a magnification of x400.
Figure panels are as follows: (A) MLH | positive; (B) MLH | loss; (C) PMS2 positive; (D) PMS2 loss; (E) MSH2 positive; (F) MSH2 loss; (G) MSH6 positive; (H) MSH6 loss; (1) p53
wild-type; (J) p53abn (overexpression); (K) ER positive; (L) ER negative; (M) PR positive; (N) PR negative.
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conducted using the xGen™ Exome Hyb Panel V2 (OrigiMed, Shanghai, China), and the sequenced libraries were
processed on a NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA) achieving a mean depth of 500x. Library
construction and sequencing activities took place at the Molecular Diagnostics Service Laboratory at OrigiMed,
Shanghai, China, which complies with Clinical Laboratory Improvement Amendments/College of American
Pathologists standards. Sequencing data were aligned to the human genome reference sequence hgl9 (GRCh37). The
various duplicate reads were removed by Picard (https://broadinstitute. github. io/picard/) and recalibrated by the

BaseRecalibrator tool from GATK (https://software.broadinstitute.org/gatk/). Genomic alterations (GAs) including

Single nucleotide variants (SNVs), insertion-deletion polymorphisms (Indels), copy number variation (CNV), gene
fusions, and gene rearrangements were identified by using MuTect (v1.7), PINDEL (v0.2.5), and Control-FREEC
(v9.7), respectively.*° The functional impact of the GAs was annotated by SnpEff3.0.25 The results were annotated
to several databases, including the Reference Sequence, 1000 Genomes (https://www.internationalgenome.org/), Genome

Aggregation Database, the Exome Aggregation Consortium, Sorting Intolerant from Tolerant, PolyPhen, NHLBI GO
Exome Sequencing Project 6500 (ESP6500), and Catalog of Somatic Mutations in Cancer (COSMIC) databases (https://
cancer.sanger.ac.uk/cosmic). By comparing tumor tissues with matched blood samples, germline mutations were

excluded, focusing analysis on somatic mutations. Patients who underwent NGS and ITHC were classified into four
groups according to the WHO molecular classification.*’

Microsatellite Instability (MSI) and Tumor Mutational Burden (TMB)

MSI status was assessed using the Microsatellite Analysis for Normal Tumor InStability (MANTIS) tool*®

and micro-
satellite regions were confirmed through manual inspection with the Integrated Genomics Viewer (IGV).

The TMB for each sample was calculated by totaling the number of somatic SNVs and Indels per megabase (Mb) of
the targeted coding area, following previously established methods. A threshold of 10 was used to distinguish between
TMB-high (TMB-H) and TMB-low (TMB-L).*’

Statistical Analysis

Approximately-normally distributed continuous variables were summarized using means and standard deviations and
compared using analysis of variance (ANOVA) tests. Variables not adhering to normality were summarized using
medians and interquartile ranges and compared using the Kruskal-Wallis test. Categorical variables were described
using frequencies and percentages and assessed using Pearson’s chi-square tests or Fisher’s Exact tests when appropriate.
Bonferroni adjustments were applied to control for multiple comparisons in pairwise tests. Survival outcomes were
evaluated using Kaplan—-Meier methods, with differences between groups tested using the Log rank test. Cox propor-
tional hazards models were employed to assess the prognostic significance of clinicopathological and molecular features
across the entire cohort and within specific subgroups. The concordance between IHC and NGS methods was also
quantified. Significance for all statistical tests was set at a two-sided P value of 0.05. All statistical analyses were
conducted using SPSS software, version 27.0 (IBM Corporation, New York).

Ethical Approval
The study received approval from the Ethics Committee at Tianjin Medical University General Hospital. All patients
provided written informed consent for the use of their biospecimens and clinical data for research purposes.

Results

Clinicopathologic Characteristics in All Study Populations

During the study period from March 2017 to April 2024, a total of 322 patients were enrolled in the study and underwent
[HC-based simplified molecular classification. The classification grouped 23.3% (75/322) of patients as MMRd, 59.9%
(193/322) as MMRp, and 16.8% (54/322) as p53abn. Table 1 illustrates the distribution of clinical and pathological
parameters for each group. Significant differences were observed among the three groups in terms of age (p=0.001), BMI
(p=0.016), FIGO stage (p=0.002), histological subtype (p<0.001), and differentiation (p<0.001). The p53abn group
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Table | Distribution of Clinicopathologic Characteristics in All Study Population

Total MMRd MMRp p53abn p-value

Number of patients 322 (100) 75 (23.3%) 193 (59.9%) 54 (16.8%)

Age at diagnosis Median (range) 61 (32-87) 60 (35-87) 60 (32-79) 68 (42-82)*° 0.001
BMI Median (range), kg/m? 26.9 (16.5-41.5) | 25.6 (17.4-38.5) | 27.7 (18.7-41.5)° | 25.6 (16.5-39.5) 0.016
Hypertension 172 (53.4%) 40 (53.3%) 100 (51.8%) 32 (59.3%) 0.632
Diabetes 103 (32.0%) 18 (24.0%) 67 (34.7%) 18 (33.3%) 0.216
Early stage (I-I) 280 (87.0) 63 (84.0%) 177 (91.7%) 40 (74.0%) 0.002
Advanced stage (lll-1V) 42 (13.0%) 12 (16.0%) 16 (8.3%) 14 (26.0%)

Histological subtype <0.001*
EEC 284 (88.3%) 66 (88.0%) 187 (96.9%) 31 (57.4%)

ESC 20 (6.2%) 4 (5.4%) 0 (0.0%) 16 (29.6%)
ECCC 10 3.1%) 3 (4.0%) 3 (1.6%) 4 (7.4%)
UDEC 2 (0.6%) I (1.3%) 1 (0.5%) 0 (0.0%)
Carcinosarcoma 4 (1.2%) 0 (0.0%) 1 (0.5%) 3 (5.6%)
Mixed carcinoma 2 (0.6%) I (1.3%) 1 (0.5%) 0 (0.0%)
Histological differentiation <0.001
Gl 194 (60.2%) 42 (56.0%) 137 (71.0%) 15 (27.8%)
G2 53 (16.5%) 14 (18.7%) 32 (16.6%) 7 (13.0%)
G3 75 (23.3%) 19 (25.3%) 24 (12.4%) 32 (59.2%)
Non-aggressive 247 (76.7%) 56 (74.7%) 169 (87.6%) 22 (40.7%) <0.001
Aggressive 75 (23.3%) 19 (25.3%) 24 (12.4%) 32 (59.3%)

Myometrial invasion 0.893
<12 239 (74.2%) 55 (73.3%) 145 (75.1%) 39 (72.2%)
=1/2 83 (25.8%) 20 (26.7%) 48 (24.9%) 15 (27.8%)

LVvSI 17 (5.3%) 5 (6.7%) 7 (3.6%) 5 (9.3%) 0.197*

Lower uterine segment 58 (18.0%) I (14.7%) 32 (16.6%) 15 (27.8%) 0.115
LNM 20 (6.2%) 5 (6.7%) 9 (4.7%) 6 (11.1%) 0.185%

Notes: *Significantly different from MMRp, p<0.001; ®Significantly different from MMRd, p=0.031; “Significantly different from MMRd, p=0.031;
*Fisher’s exact test.

Abbreviations: MMRd, MMR deficient; MMRp, MMR proficient; p53abn, p53-abnormal; BMI, body mass index; ECC, endometrioid carcinoma;
ESC, endometrial serous carcinoma; ECCC, endometrial clear cell carcinoma; UDEC, undifferentiated/dedifferentiated endometrial carcinoma;
Gl, grade |; G2, grade 2; G3, grade 3; LVSI, lymphatic vascular space infiltration; LNM, lymph node metastasis.

showed a higher percentage of adverse clinic-pathological features, including advanced stages, poor differentiation, and
aggressive histological subtypes. In contrast, the MMRp group typically exhibited the most favorable clinic-pathological
profile, characterized by early-stage cancer, high differentiation, and less aggressive histological subtypes.

During the study, 121 patients were classified according to the WHO molecular classification using gene sequencing
and IHC analysis. The classifications included 5.8% (7/121) in the POLE mutation (POLEmut) group (Table S1), 23.1%
(28/121) in the MMRd group, 20.7% (25/121) in the p53abn group, and 50.4% (61/121) in the non-specific molecular
profile (NSMP) group. Table S2 presents the distribution of clinical and pathological parameters across these groups.
There were significant differences observed in age (p<0.001), histological subtype (p<<0.001), histological differentiation
(p<0.001), TMB status (p<0.001), MSI status (p<0.001), and PD-L1 expression (p=0.004) among the four groups.
Notably, the p53abn group displayed a higher proportion of unfavorable clinicopathological characteristics, such as poor

histological differentiation and aggressive histological subtypes.

Distribution of HR Expression

Table 2 displays the distribution of HR expression within the subgroups of the IHC-based simplified molecular
classification. Significant variations in ER and PR expressions were observed across the three groups (p<0.001 for
both). The highest frequencies of ER and PR expression were found in the MMRp group (95.9% and 93.8%,
respectively), while the lowest were in the p53abn group (68.5% and 57.4%, respectively).
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Table 2 Distribution of HR Expression Among IHC-Based Simplified Molecular
Classification Subgroups

Total MMRd MMRp p53abn p-value

Number of patients | 322 (100.0%) | 75 (23.3%) | 193 (59.9%) | 54 (16.8%)

ER <0.001
Negative 30 (9.3%) 9 (12.0%) 7 (3.6%) 14 (25.9%)

Positive 287 (89.1) 65 (86.7%) | 185 (95.9%) | 37 (68.5%)

Unknown 5 (1.6%) 1 (1.3%) I (0.5%) 3 (5.6%)

PR <0.001
Negative 40 (12.4%) 8 (10.7%) Il (5.7%) 21 (38.9%)

Positive 278 (86.4%) | 66 (88.0%) | 181 (93.8%) | 31 (57.4%)

Unknown 4 (1.2%) 1 (1.3%) I (0.5%) 2 (3.7%)

Abbreviations: MMRd, MMR deficient; MMRp, MMR proficient; p53abn, p53-abnormal; ER, estrogen receptor;
PR, progesterone receptor.

Table S3 shows the distribution of HR expression across the WHO molecular classification subgroups. Significant
differences in ER and PR expressions were noted among the four groups (p<0.001 for both).

Survival Analysis

Survival analysis was conducted using Kaplan-Meier survival curves based on IHC-based simplified molecular classi-
fication, to evaluate the prognostic differences among the three subgroups. Significant variations in DFS were observed
among the three groups (p=0.002, Figure 2), with the p53abn group exhibiting the poorest DFS prognosis.

Survival analysis was also conducted to assess the impact of HR expression on DFS across different subgroups. In
both the MMRd and MMRp groups, significant associations were found between the expression of ER and PR with DFS
(MMRp: p<0.001, p<0.001, MMRd: p<0.001, p=0.032, Figure 3A-D). Patients with positive ER or PR expression
demonstrated better DFS than those with negative expression in these groups. Additionally, in the p53abn group, PR
expression was significantly associated with DFS (p=0.019, Figure 3F), with patients exhibiting positive PR expression
having improved DFS compared to those with negative PR expression, while ER expression was not significantly
associated with DFS (p=0.052, Figure 3E).

Survival analysis based on the WHO molecular classification revealed that within the NSMP group, the expression of
ER or PR was significantly related to better DFS (»p<0.001, p=0.015, Figure S1). Patients with positive ER or PR
expression exhibited improved DFS compared to those with negative expression.

MMRp

—— MMRd
100 = a,

4 —— p53abn

P=0.002

0 T T T 1
0 20 40 60 80

Follow-up time (month)

Disease-specific survival (%)

Figure 2 Estimated DFS for subgroups based on the IHC-based simplified molecular classification within the overall study population.
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Figure 3 (A) Estimated DFS in MMRp group based on ER status; (B) Estimated DFS in MMRp group based on PR status; (C) Estimated DFS in MMRd group based on ER status;
(D) Estimated DFS in MMRd group based on PR status; (E) Estimated DFS in p53abn group based on ER status; (F) Estimated DFS in p53abn group based on PR status.
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Table S4 lists factors that influence DFS, including age, BMI, histological subtype, FIGO stage, LVSI, LNM,
involvement of the lower uterine segment, myometrial invasion, and the expression of ER and PR. The multivariate
analysis identified an aggressive histological subtype and involvement of the lower uterine segment as significant
predictors of poor DFS (HR=24.89, 95% CI=2.05-301.97, p=0.012; HR=4.64, 95% CI=1.00-21.52, p=0.050; Table S4).

MMR-IHC versus MSI-NGS Concordance

Concordance between MMR status determined by MMR-IHC and MSI-NGS was evaluated in 117 out of 322 cases
(Table S5). Among 90 cases identified as MMRp via IHC, 86 were found to have microsatellite stability (MSS) when
assessed by NGS. Conversely, of the 27 cases labeled as MMRd by THC, 21 were classified as MSI-high (MSI-H) by
NGS (Figure S2A). The overall agreement between MMR-IHC and MSI-NGS reached 91.5% (107/117), which
increased to 92.2% (106/115) when MMRd cases with POLE mutations were excluded (Figure S2B). Among the 6
discordant cases, where MMRJ status by IHC did not match MSS status by NGS, four cases exhibited loss of MLH1 and
PMS2, one case showed loss of MSH6, and one displayed loss of PMS2 along with a non-hotspot POLE mutation
(A1946Sfs*4, exon43, InDel).

p53-IHC versus TP53-NGS Concordance

The alignment between p53 protein expression assessed by p53-IHC and 7P53 gene mutations assessed by TP53-NGS
was examined in 117 out of 322 cases. Among these, 30 cases showing abnormal p53 expression by IHC had
corresponding TP53 mutations identified by NGS in 28 cases. For the 87 cases exhibiting wild-type p53 expression
by IHC, 76 cases showed no 7P53 mutations by NGS (Figure S3A). The agreement between p53-IHC and 7P53-NGS
was noted to be 88.9% (104/117). This concordance rate improved to 91.6% (98/107) when cases with 7P53 mutations
that also had either a concurrent POLE mutation and/or were MMRd were excluded (Figure S3B). Among 13 discordant
cases, eight involved 7P53 missense mutations, and in three of these cases, the variant allele frequency (VAF) was less
than 10% (Table 3).

Table 3 Detailed Information of Discordant p53-IHC versus TP53-NGS Cases in the Study

CASE FIGO Histotype WHO Molecular MsI TP53 Mutation p53-IHC MMR-IHC
Stage and Grade Classification Status
Description Variant VAF
Type

[ llcl EEC,GI NSMP MSS R273C exon8 Missense | 51.0% WT MMRp

2 lllb ECCC NSMP MSS R306* exon8 Nonsense | 41.0% WT MMRp

3 la EEC,GI MSI-H MSI-H c.375G>A exon4 | Splice site | 37.0% WT MMRd PMS2 loss
4 IVb EEC,G3 MSI-H MSI-H p.G245S exon?7 Missense | 36.6% WT MMRd MSH?2 loss

(c.733G>A)

5 la EEC,GI NSMP MSS RI8IH exon5 Missense | 23.0% WT MMRp

6 Ib EEC,G2 NSMP MSS C242S exon? Missense 13.0% WT MMRp

7 la EEC,GI NSMP MSS RI75L exon5 Missense 13.0% WT MMRp

8 IVb EEC,G2 NSMP MSS exon4del longInDel LongInDel | 11.0% WT MMRp

(594bp deletion)

9 la EEC,G2 MSI-H MSI-H S127P exon5 Missense 2.0% WT MMRd loss of MLHI
and PMS2

10 la EEC,GI NSMP MSS R248Q exon7 Missense 2.0% WT MMRp

I Il ECCC,G3 MSI-H MSI-H R337C exonl0 Missense 1.0% WT MMRd loss of MSH2
and MSHé

12 Ib EEC,G2 p53abn MSS - - - - Abnormal | MMRp

13 la EEC,GI p53abn MSS - - - - Abnormal | MMRp

Abbreviations: VAF, variant allele frequency, EEC, endometrioid carcinoma; G, grade |; G3, grade 3; G2, grade 2; ECCC, endometrial clear cell carcinoma; NSMP, non-
specific molecular profile; MSI-H, MSI-high; p53abn, p53-abnormal; MSS, microsatellite stability; WT, wild-type; MMRd, mismatch repair deficient; MMRp, mismatch repair
proficient.
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Discussion
IHC-Based EC Risk Stratification in Clinical Practice

In clinical settings, widespread routine genomic profiling for all EC patients is not readily available. This is due to the
labor-intensive, time-consuming, and costly nature of genomic methods, compounded by the lack of standardized
procedures across different institutions and laboratories. Alternatively, IHC-based simplified molecular classification
offers a more reproducible, cost-effective, and scalable testing option with accuracy comparable to genomic profiling in
EC. Consistent with our findings, Perrone et al'® assessed the utility of IHC-based simplified molecular classification by
examining histological characteristics and clinical outcomes. Their study found that this classification method was
significantly correlated with FIGO stage, grade, histotype, presence of LVSI, myometrial invasion, and tumor dimension,
and reflected the EC risk stratification, which is confirmed in overall survival (OS) and DFS. Specifically, the p53abn
group displayed the poorest prognosis, characterized by an older median age, a higher incidence of advanced stages (III-
IV), aggressive histological types, the presence of LVSI, and deep myometrial invasion. Conversely, the MMRp group
showed the best prognosis, featuring a younger median age, a lower incidence of advanced stages, less aggressive
histological types, and lesser extents of LVSI and myometrial invasion.

However, the short duration of follow-up in our study has not yet allowed for the collection of OS data, necessitating
further follow-up to confirm the prognostic value of the IHC-based simplified molecular classification. Overall, our
findings, along with previous studies, suggest that [HC-based simplified molecular classification can initially categorize
the clinical and histological features, as well as the prognosis of EC patients. This classification provides valuable clinical
insights, particularly when POLE sequencing is not available.

Potential Implications for HR in Molecular Classification

HR is crucial in the development of EC. Studies have shown that the absence of ER and PR in EC is associated with
poorer survival outcomes.>° The expressions of ER and PR in EC tissues are frequently used as predictive biomarkers to
guide HT.” Hence, Exploring the role of HR within the framework of molecular classification could enhance risk
stratification in EC, highlighting the importance of low-toxicity HT.

Perrone et al identified ER status as a prognostic marker for both DFS and OS in the MMRp group.'® In this study, we
explored the distribution and clinical relevance of ER and PR expressions under both the IHC-based simplified molecular
classification and WHO molecular classification. Statistically, the IHC-based simplified molecular classification was
strongly associated with positive ER and PR expressions. Interestingly, positive ER and PR expressions were less
common in the p53abn group and more prevalent in the MMRp group, suggesting variability in HT efficacy across
different EC patient groups. Our subgroup analysis indicated that HR expression could enhance the risk stratification
provided by the IHC-based simplified molecular classification. Similarly, the WHO molecular classification was
statistically associated with positive ER and PR expressions. The lower frequency of positive ER and PR expressions
in the p53abn group aligns with current evidence and guidelines, which advise against conservative therapy in p53abn
EC cases.’

The NSMP group is the most prevalent molecular subtype, representing 39.0-50.4% of cases. It is categorized as
a diagnosis of exclusion, lacking any of the three key molecular features: POLEmut, p53abn, or MMRd. This group
encompasses a variety of clinicopathologic types, molecular characteristics, and clinical prognoses. The majority of cases
within the NSMP group are characterized by non-aggressive behavior and a moderate prognosis, making them suitable
candidates for HT*°* However, there remains a small fraction of cases that are aggressive. NSMP EC constitutes 42%,
25%, 14%, 28%, and 36% of ECCC, UDEC, UCS, G3 EEC, and neuroendocrine ECs, respectively.31 Recently, some
studies have explored the diverse prognostic outcomes within the NSMP group, attributed to variations in HR expression,
which reflect differing molecular signatures.

Vermij et al highlighted the importance of ER expression for better prognostication in NSMP EC, including specific
stages and grades such as stage la G3 EEC with LVSI, stage Ib G3 EEC, stage [I-IlIc EEC, Ia stage with myometrial
invasion, and Ib-III stage non-EEC. In high-risk NSMP EC, there is a significant difference in 5-year recurrence-free
survival (RFS) between ER-positive and ER-negative groups within this category (80.9% vs 45.3%, p<0.001).%
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Jamieson et al identified the low-risk (G1-G2, ER-positive [>1%]) and high-risk (G3, and/or ER-negative) subgroups of
NSMP EC based on grade and ER expression, demonstrating a significant difference in 5-year progression-free survival
(PFS) between these groups (6.1% vs 24.6% p<0.001).** Additionally, the ongoing RAINBO trial is exploring the
efficacy of HT as an adjuvant treatment in the NSMP group (ClinicalTrials.gov identifier: NCT05255653).

There are still some limitations with current studies. First, there is a lack of validated and standardized cutoff values
for ER or PR expression in EC. Additionally, tumors often exhibit spatial and temporal heterogeneity, which complicates
diagnosis and treatment. For some patients undergoing HT, HR expression data are derived from tumor biopsies rather
than definitive hysterectomy specimens. This can lead to discrepancies in HR expression across different tumor sites,
potentially misguiding HT decisions. Furthermore, as treatment progresses or the tumor evolves, HR expression may
decrease, thereby reducing the sensitivity to HT.> Collectively, previous research and our findings suggest that molecular
classification could develop into a more dynamic tool for therapeutic and prognostic applications by incorporating HR
markers for subgroups in routine clinical practice. Future studies involving larger populations are necessary to sub-

stantiate these observations.

The Concordance Between IHC and NGS in MMR and TP53 Mutation Status

Previous studies demonstrated the reliability of IHC. Liu et al. Liu et al found a high overall agreement of 94.3% between
MMR-IHC and MSI-NGS, based on 200 out of 212 cases aligning, although 12 cases were discordant, including
instances of 3 POLE mutations and 6 cases with MLHI gene promoter methylation.'” Vermij et al observed that the
concordance between p53-IHC and TP53-NGS was 90.7%, which increased to 94.5% when cases with MMRd and
POLEmut cases were excluded. Notably, the VAF of variants included in their study was at least 10%.%° Thiel et al also
evaluated the agreement between p53-IHC and 7P53-NGS in the GOG-86P cohort, finding an overall concordance of
88%, which increased to 92% when cases with 7P53 mutations that also had concurrent POLE mutations and/or were
MMRd were excluded.'® In our study, we noted that among the discordant cases, which constituted 23.1% (3/13), the
VAF was less than 10%, potentially explaining the lower concordance rate between p53b-IHC and 7P53-NGS compared
to other studies.

Several factors may contribute to the discrepancies between IHC and NGS. First, the increasing recognition of
intratumoral heterogeneity and subclonal deletions, particularly with driver mutations like POLE mutations, offers
a potential explanation, although there is currently limited clinical evidence to support this.*®*” It could also be
associated with the differences in the tumor cellularity in the sections used for IHC and sequencing. Additionally,
changes in non-coding regulatory regions, MDM2 amplification, or unidentified mechanisms might lead to the loss of
p53 protein without an accompanying 7P53 mutation.'® Other factors, such as redundant pathways and MLH1 gene
promoter methylation, can also contribute to the discrepancies observed between MMR-IHC and MSI-NGS.'”-#

Although our study highlights the utility of simplified molecular classification based on IHC and the integration of
HR expression to enhance prognostic and predictive value, several limitations should be acknowledged. First, this is
a retrospective, single-center study with a relatively short follow-up period and a limited sample size, which may lead to
potential biases. Additionally, while HR expression was incorporated into the IHC-based stratification, other molecular
biomarkers, such as CTNNBI, LICAM, and ARIDIA, were not evaluated. The introduction of these markers could
provide further prognostic insights and refine risk stratification.

Conclusion

In conclusion, our study has demonstrated that a simplified molecular classification based on IHC can effectively provide
an initial stratification of clinical and histological features, as well as the prognosis of patients with EC. Additionally, the
integration of HR expression into this classification allows for more detailed subgrouping within the molecular
categories. This refined stratification holds promise for emphasizing the importance of HT in treating EC, suggesting
that HR expression could play a critical role in tailoring treatment plans to better meet the individual needs of patients,

potentially enhancing therapeutic outcomes and personalizing care strategies.
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