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The comprehensive genomic analysis of endometrial carcinoma (EC) by The Cancer Genome Atlas (TCGA) led to the discovery of
four distinct and prognostically significant molecular subgroups. Molecular classification has the potential to improve risk-
stratification when integrated with clinicopathologic features and has recently been included in national and international patient
management EC guidelines. Thus, the adoption of molecular classification into routine pathologic and clinical practice is likely to
grow significantly in the upcoming years. Establishing an efficient and standardized workflow for performing molecular
classification on ECs, and reporting both the molecular and histologic findings in an integrative manner, is imperative. Here we
describe our effort to implement rapid and routine molecular classification on all ECs diagnosed at our institution. To this effect, we
performed immunohistochemistry as a surrogate marker for identifying genetic and/or epigenetic alterations in DNA mismatch
repair (e.g., MLH1, PMS2, MSH6, MSH2), and TP53 genes. In addition, we have developed and employed a single-gene POLE SNaPshot
assay, which is a rapid and analytically sensitive method for detecting select POLE exonuclease domain mutations (EDMs). We
report our molecular testing workflow and integrative reporting system as well as the clinicopathologic and molecular features of
310 ECs that underwent routine molecular classification at our institution. The 310 ECs were molecularly classified as follows: 15
(5%) POLE mutant (POLEmut), 79 (25%) mismatch repair-deficient (MMRd), 135 (44%) no specific molecular profile (NSMP), and 81
(26%) p53 abnormal (p53abnl). This work provides an initial framework for implementing routine molecular classification of ECs.
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INTRODUCTION
EC is the most common gynecological cancer in the Western
world and continues to increase in incidence1. Traditionally, the
histologic subtype and clinicopathologic features such as patient
age, tumor grade, stage, and lymphovascular invasion (LVI) have
been used as prognostic indicators to direct surgery and adjuvant
treatment. However, risk-stratification based on these factors is
not entirely reliable and there is considerable interobserver
variability in their assessment; thus developing additional
strategies to guide surgical management, adjuvant therapy, and
surveillance decisions is critical2–6.
Recently, there has been growing evidence that molecular

classification of ECs can improve and further individualize risk-
stratification. In the 2013 landmark EC study, TCGA identified four
molecularly distinct endometrial cancer subgroups, each of which
is associated with a different clinical outcome: (1) “ultramutated”
tumors harboring exonuclease domain mutations (EDMs) in the
DNA polymerase epsilon gene (POLEmut), 2) “hypermutated”
tumors characterized by microsatellite instability (MSI-H/MMRd), 3)
“copy number low” tumors, which lack TP53 and POLE mutations
and are microsatellite stable (also referred to as “no specific
molecular profile” or NSMP) and 4) “copy number high” tumors

which have high numbers of copy number alterations indicative
of chromosomal instability and recurrent TP53 mutations (also
referred to as “serous-like” or p53abnl)7. This molecular classifica-
tion has particular utility in the setting of high-grade EC, which
exhibits poor diagnostic interobserver agreement by morphology
alone8. Multiple independent retrospective and prospective
studies have since demonstrated the molecular reproducibility
and prognostic significance of these four subgroups as well as the
potential for molecular classification to improve risk-stratification
when integrated with clinicopathologic features9–13.
The integration of molecular classification with the clinico-

pathologic features of ECs is now included in the latest National
Comprehensive Cancer Network (NCCN) and the joint European
Society of Gynaecological Oncology (ESGO), European Society for
Radiotherapy and Oncology (ESTRO), and European Society of
Pathology (ESP) guidelines14,15. Prospective trials using an
integrative molecular and clinicopathologic risk-stratification
approach are underway to help refine management and prevent
over- or under-treatment16. Initial results of the prospective
PORTEC-3 trial showed the strong prognostic value of molecular
classification in high-risk EC regardless of histotype, suggesting
that de-escalation of adjuvant treatment should be considered for
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POLEmut tumors17. At this time, molecular classification has
largely been performed in the clinical trial and/or research setting
and has yet to be incorporated into routine clinical workflow and
practice. Talhouk and colleagues proposed implementation of a
step-wise algorithm for clinical testing referred to as the ProMisE
(Proactive Molecular Risk Classifier for Endometrial Cancer)
classifier9,11. While immunohistochemistry (IHC) is an effective
surrogate marker for identifying the majority of aberrancies in DNA
mismatch repair proteins (e.g., MLH1, PMS2, MSH2, and MSH6)
and p53 in ECs, nucleic acid-based approaches (e.g., next-
generation sequencing, Sanger sequencing, SNaPshot) are still
required to assess POLE mutational status18,19.
As molecular classification becomes more widely adopted into

clinical practice, effective integration of molecular testing into the
routine diagnostic workflow for ECs is imperative. Herein we
summarize our institutional experience in performing routine
prospective molecular classification on all in-house ECs using a
POLE hotspot SNaPshot assay and immunohistochemistry for p53
and MMR proteins. We also describe a roadmap for our
implementation of this clinically applicable molecular classification
and integrative reporting workflow.

MATERIALS AND METHODS
Case selection
Molecular classification was performed on all in-house ECs from June 2019
to March 2021 with available tissue for IHC and molecular testing. The
molecular classification scheme utilized is based on the four molecular
subgroups identified by TGCA studies: POLE mutant (POLEmut), mismatch
repair-deficient (MMRd), p53 abnormal (p53abnl), and no specific
molecular profile (NSMP)7. The cases that underwent molecular classifica-
tion included all patients diagnosed with endometrial carcinoma seen by
either a gynecologic oncologist or radiation oncologist at Stanford
Medicine. The pre-operative endometrial biopsy, hysterectomy specimen,
or secondary recurrent/metastatic disease underwent testing, depending
on specimen availability and tumor cellularity.

Immunohistochemistry
IHC for p53, MLH1, PMS2, MSH2, and MSH6 was performed on all cases. A
full list of immunohistochemistry reagents and conditions is provided in
Suppl. Table 1. Methods of IHC interpretation are described in Suppl.
Table 2. Appropriate internal positive controls (i.e., stroma and/or immune
cells) were present and evaluated for all IHC stains.

MLH1 promoter hypermethylation
Tumors that exhibited absent nuclear MLH1 and PMS2 staining by IHC
underwent MLH1 promoter hypermethylation testing at GoPath Labora-
tories (Buffalo Grove, IL). Tumors that showed an abrupt subclonal loss of
MLH1 and PMS2 immunoreactivity with intact MSH2 and MSH6 expression
did not undergo promoter hypermethylation analysis; however, this
pattern has been repeatedly shown to be due to somatic/epigenetic
inactivation of MLH1 (promoter hypermethylation) and interpreted as
such20–22.

POLE SNaPshot assay
All cases underwent POLE mutational analysis using a hotspot SnaPshot
assay performed on formalin-fixed paraffin-embedded (FFPE) tissue23. The
POLE SNaPshot assay was initially conceived and designed in 2018 to cover
the most common hotspot positions in published literature indexed in
PubMed and publicly available cancer databases (COSMIC (https://cancer.
sanger.ac.uk/cosmic; accessed December 2018)) and cBioportal (https://
www.cbioportal.org; accessed December 2018). The assay covers the nine
most common likely pathogenic and pathogenic POLE variants within
exons 9, 11, 13, and 14 of the exonuclease domain, accounting for
~90–95% of all clinically relevant POLE EDMs variants reported in ECs to
date7,24–28 (Table 1). See Devereaux et al. for a more detailed description of
variant coverage and interpretation of pathogenicity23.
Briefly, the SNaPshot technique involves an initial PCR amplification

of the relevant gene target regions, followed by multiplexed single-
nucleotide primer extension as previously described29. The POLE gene
reference sequence NM_006231.4 from NCBI was used for all primer

design. Four primer sets were designed to amplify exons 9, 11, 13, and 14
and 15–20 nucleotide-long extension primers were designed to anneal
immediately adjacent to the nucleotide positions of interest. Capillary
electrophoresis using an ABI 3500xl: 24-capillary array (Applied Biosystems,
Foster City, CA) was then utilized to detect the size of the extension
product and the fluorescent signal of the SNaPshot products. The resulting
data were analyzed using GeneMapper v5.0 with pre-specified detection
parameters. Additional details of the POLE SNaPshot validation and
methodology are described in Devereaux et al.23.
The analytic sensitivity (limit of detection) of the assay was conservatively

approximated at a 10% variant allele fraction (VAF), with documented
detection as low as 5% VAF for most variants23.

Statistics
Comparisons of the association between continuous clinicopathologic
variables were performed using a chi-square test. A p value of <0.05 was
considered significant.

RESULTS
Implementation of routine and integrative molecular
classification
Prior to initiating molecular classification of all ECs at our
institution, a pathology workflow was developed to ensure both
efficiency and standardization of case testing and integrative
reporting. All EC cases first undergo traditional histologic
evaluation. Subsequently, the most optimal, well-fixed FFPE
tissue block exhibiting the highest tumor cellularity is selected
for ancillary studies, including p53 and MMR protein (MLH1,
PMS2, MSH2, and MSH6) IHC, which serves as a surrogate marker
for alterations in those genes, as well as POLE hotspot mutational
analysis by the SnaPshot assay. POLE mutational analysis is
routinely performed in the molecular laboratory on a weekly
basis and the results are reported directly in the electronic
medical record. Based on prior validation studies, the POLE assay
was conservatively determined to be able to reliably detect POLE
variants down to a 20% tumor cellularity, which corresponds to a
VAF of ~10% for a single allele mutation. Of note, molecular
testing is still performed on tumors with estimated tumor
cellularity of 5–20% given that there is some subjectivity in
tumor cellularity estimates and some variants may still be
detected below a 10% VAF. However, when the tumor cellularity
is estimated to be below 20%, the report includes a disclaimer,
warning of the risk of a false-negative result, and recommends a
more sensitive molecular testing method (e.g., next-generation
sequencing), if clinically indicated. A summary of the IHC and
POLE results and the final molecular classification subgroup are
integrated into the pathology report.
In the majority of EC cases (95%), the morphology is

unambiguous and a diagnostic report is issued based on
histologic findings to expedite clinical triage and management.
Once POLE testing is complete, an addendum to the initial case

Table 1. Recurrent pathogenic and likely pathogenic POLE mutations
in ECs detected by the SNaPshot assay.

Exon Amino acid change Nucleotide substitution

9 p.Pro286Arg c.857C>G

9 p.Ser297Phe c.890C>T

11 p.Phe367Ser c.1100T>C

13 p.Val411Leu c.1231G>C/T

13 p.Leu424Ile c.1270C>A

13 p.Pro436Arg c.1307C>G

13 p.Met444Lys c.1331T>A

14 p.Ser459Phe c.1376C>T

14 p.Ala456Pro c.1366G>C
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report is issued to provide the results of the immunohistochemical
and POLE molecular testing as well as assign a molecular
classification subgroup. Of note, in select cases, all or a subset
of the IHC are reported in the initial primary report when
diagnostically indicated or on request; however, these results are
then re-summarized in the addendum in the context of the final
molecular status (Fig. 1A).
Alternatively, a minority of cases (5%) exhibit a high-grade and/

or ambiguous morphologic pattern that is diagnostically challen-
ging and raises a broad differential (e.g., serous carcinoma or clear
cell carcinoma) that can be further refined with ancillary IHC and/
or POLE molecular testing. In these instances, the case is held until
IHC and POLE testing is complete, and a diagnostic report is then
issued taking into account both the morphologic findings and the
molecular context (Fig. 1B). This workflow is designed to improve
diagnostic reproducibility given that subset of high-grade ECs is
known to have poor interobserver agreement by morphologic
assessment alone8,30,31.
Molecular classification for each case is integrated into the

pathology report using standardized text and formatting for
both the purpose of efficient reporting and reader interpreta-
tion. The addendum report includes four parts: (1) a descriptive
header referencing the molecularly-defined subgroups identi-
fied by TCGA studies, (2) descriptive interpretive comments
for the POLE hotspot assay and each of the IHC results, (3)
the individual results for each assay, and (4) a final molecular
classification designation (e.g., POLEmut, MMRd, NSMP or
p53abnl). The POLE molecular testing result comment in the
surgical pathology report is derived from the finalized molecular
report, which is then referenced for a more detailed description
of the assay.
Of note, a small number of tumors may demonstrate more

than one molecular feature and are referred to as “multiple-
classifier” ECs. For instance, ECs may display MMRd and p53abnl
(MMRd-p53abnl), POLEmut and p53abnl (POLEmut-p53abnl), or
POLEmut and MMRd (POLEmut-MMRd) aberrations. In a “multiple-
classifier” scenario we report a single final molecular classification

subgroup for the EC, making note of the secondary classifier in the
interpretive comment section. This reporting decision is based on
the findings of Leon-Castillo et al., which show that genetic
signatures, copy number alterations, and clinical outcome of the
MMRd-p53abnl and POLEmut-p53abnl ECs hierarchically cluster
with those of single classifier MMRd and POLEmut tumors,
respectively, and are significantly different from the single
classifier p53abnl tumors. This phenomenon is likely explained
by the fact that the p53 classifier in these scenarios is a secondary
passenger event and typically subclonal, which also tends to be
reflected in the p53 IHC pattern32. Multiple classifier MMRd-
POLEmut and POLEmut-MMRd ECs may also be observed, but
show different genetic architectures/signatures and clinical out-
comes based on whether the loss of POLE and MMR protein
function is a primary or secondary event. For instance, ECs
harboring pathogenic POLE variants that also demonstrate
abnormal MMR IHC patterns typically show subclonal loss of
MMR protein(s) and are genetically and biologically more similar
to single-classifier POLEmut ECs. In contrast, MMRd tumors with
secondary POLE variants typically show complete loss of MMR
protein(s) by IHC, harbor nonpathogenic POLE variants,
and are genetically and biologically akin to single-classifier
MMRd ECs. Example addendum reports for “single classifier”
POLEmut and “multiple classifier”MMRd-p53abnl ECs are shown in
Supplementary Fig. 1.

Clinicopathologic characteristics of cohort
A total of 315 ECs were diagnosed in-house or as part of a
secondary pathology review upon transferring care to our institute
between June 2019 to March 2021. Of the 315 ECs, 310 had
available tissue to perform both IHC and POLE molecular testing.
Pre-operative endometrial biopsies (51%; 159/310) were the most
commonly tested specimens, followed by hysterectomy (46%;
142/310) and metastasis or recurrence (3%; 9/310) specimens. The
310 ECs were classified into one of the four molecular subgroups:
15 (5%) POLEmut, 79 (25%) MMRd, 135 (44%) NSMP and 81
(26%) p53abnl. Multiple classifiers were detected in 1.3% (4/310)

Fig. 1 Molecular classification testing scheme and integrative reporting workflow. A In the majority of cases, the histotype is unambiguous
and the diagnostic report is issued in week 1, and the subsequent results of the IHC and POLE molecular testing are reported in a molecular
classification addendum in week 2. If diagnostically indicated or requested, IHC may be reported in the primary report with the findings re-
summarized in the addendum in the context of the final molecular classification. B In a minor subset of cases, the morphology is ambiguous
and/or is suspicious for an underlying POLE mutation; therefore, the diagnostic report is issued upon completion of testing in the context of
the molecular classification during week 2.
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ECs, including 2 POLEmut-MMRd and 2 MMRd-p53abnl tumors. In
all of the “multiple classifier” cases, the secondary alteration was
subclonal by IHC. There were significant differences in age,
histotype, grade, stage, and LVI among the molecular subgroups.
A summary of the clinicopathological characteristics and the
molecular classification details are shown in Table 2 and Fig. 2,
respectively.
Of note, in 27 of the 310 (8.7%) of the cases that underwent

POLE testing, tumor cellularity was estimated to be 5-15%, which

is considered below the validated analytic sensitivity of the assay.
The majority (81.5%; 22/27) of cases with low tumor cellularity
were hysterectomy specimens, which usually contained pre-
dominately myometrial tissue whereas 18.5% (5/27) consisted of
scant endometrial biopsy specimens. No POLE variants were
detected by the SNaPshot assay in the 27 cases exhibiting low
tumor cellularity; therefore, they were assigned to either the
NSMP (22/27), MMRd (2/27), or p53abnl (3/27) subgroups based
on the IHC results.

Table 2. Clinicopathologic features of ECs in the institutional cohort.

Clinicopathologic features Total
(n= 310)

POLEmut
(n= 15; 5%)

MMRd
(n= 79; 25%)

NSMP
(n= 135; 44%)

p53abnla

(n= 81; 26%)
p value

Age 9.06 × 10–6

Median (range) 64 (31–88) 54 (42–79) 64 (36–84) 60 (31–88) 69 (34–87)

<60 121 (39%) 10 (67%) 29 (37%) 65 (48%) 17 (21%)

≥60 189 (61%) 5 (33%) 50 (63%) 70 (52%) 64 (79%)

Tumor type 1.00 × 10–4

Endometrioid 220 (71%) 14 (93%) 66 (84%) 127 (94%) 13 (16%)

Serous 31 (10%) (0%) (0%) (0%) 31 (38%)

Carcinosarcoma 29 (9%) (0%) 1 (1%) 2 (1%) 26 (32%)

Dedifferentiated/
Undifferentiated

9 (3%) (0%) 8 (10%) 1 (1%) (0%)

Clear cell carcinoma 3 (1%) (0%) (0%) 1 (1%) 2 (2%)

Mixed endometrioid/clear cell 2 (1%) (0%) 1 (1%) (0%) 1 (1%)

Mesonephric-like 2 (1%) (0%) (0%) 2 (1%) (0%)

High-grade carcinoma, NOS 14 (5%) 1 (7%) 3 (4%) 2 (1%) 8 (10%)

Grade 1.00 × 10–4

1–2 185 (60%) 11 (73%) 51 (65%) 119 (88%) 4 (5%)

3 32 (10%) 3 (20%) 13 (16%) 7 (5%) 9 (11%)

N/A (non-endometrioid) 93 (30%) 1 (7%) 15 (19%) 9 (7%) 68 (84%)

Depth of myometrial invasion 0.3943

Non-myoinvasive 56 (18%) 3 (20%) 9 (11%) 30 (22%) 14 (17%)

Inner-half (<50%) 104 (34%) 4 (27%) 30 (38%) 44 (33%) 26 (32%)

Outer-half (≥50%) 115 (37%) 4 (27%) 29 (37%) 50 (37%) 32 (40%)

NA 35 (11%) 4 (27%) 11 (14%) 11 (8%) 9 (11%)

LVI 8.99 × 10–4

No 167 (54%) 7 (47%) 35 (44%) 89 (66%) 36 (44%)

Yes 99 (32%) 2 (13%) 32 (41%) 31 (23%) 34 (42%)

Suspicious 12 (4%) 2 (13%) 1 (1%) 6 (4%) 3 (4%)

N/A (biopsy or
metastasis only)

32 (10%) 4 (27%) 11 (14%) 9 (7%) 8 (10%)

FIGO Stage 6.99 × 10–4

I 177 (57%) 9 (60%) 50 (63%) 87 (64%) 31 (38%)

II 12 (4%) 1 (7%) 3 (4%) 5 (4%) 3 (4%)

III 66 (21%) 3 (20%) 10 (13%) 28 (21%) 25 (31%)

IV 24 (8%) (0%) 5 (6%) 5 (4%) 14 (17%)

N/A (biopsy only) 31 (10%) 2 (13%) 11 (14%) 10 (7%) 8 (10%)

Molecular classification
analysis

—

Endometrial biopsy 159 (51%) 12 (80%) 51 (65%) 54 (40%) 42 (52%)

Hysterectomy 142 (46%) 3 (20%) 25 (32%) 76 (56%) 38 (47%)

Metastasis or recurrence 9 (3%) (0%) 3 (4%) 5 (4%) 1 (1%)

LVI lymphovascular invasion, N/A not applicable.
Fisher’s exact test was performed with statistically significant (p < 0.05) values displayed in bold.
aA single EC exhibiting mixed clear cell and endometrioid morphology showed a subclonal aberrant (null and strong, diffuse nuclear) p53 staining pattern;
however, MMR proteins were intact by IHC and no pathogenic POLE mutation was detected by the SNaPshot assay.
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POLEmut group
Although all ECs routinely underwent MMR and p53 IHC at our
institution prior to this molecular classification initiative, this was
the first time the POLE status was routinely determined in our
practice. A total of 15 ECs harboring pathogenic or likely
pathogenic POLE mutations (POLEmut) were identified in this
prospective institutional cohort. While POLEmut tumors repre-
sented 5% (15/310) of all ECs, they represented 6.4% (14/220) of
all endometrioid ECs and 8% (4/49) high-grade endometrioid ECs
or ambiguous high-grade carcinomas, not otherwise specified.
Eleven tumors were FIGO grade 1–2, three tumors were FIGO
grade 3, and one tumor showed features of a high-grade
endometrial carcinoma that could not be definitively histotyped.
The POLE SNaPshot assay detected the following POLE variants: p.
Pro286Arg (c.857C>G; exon 9) (n= 6), p.Val411Leu (c.1231G>C/T;
exon 13) (n= 5), p.Ala456Pro (c.1366G>C; exon 14) (n= 2), p.
Pro436Arg (c.1307C>G; exon 13) (n= 1) and p.Phe367Ser
(c.1100T>C; exon 11) (n= 1). Two of the POLEmut cases exhibited
‘multiple classifier’ features with subclonal loss of MSH6 or both
MSH6 and MSH2; however, both were designated POLEmut in the
final classification. This POLEmut designation was based on the
fact that both ECs harbored known pathogenic POLE variants (p.
Val411Leu and Phe367Ser) and showed subclonal loss of the
MMR proteins by IHC, which is a feature consistent with a
secondary passenger genetic alteration occuring in the setting of
a POLE ultramutator phenotype (Fig. 3). Of the 12 POLEmut tumors
that had undergone hysterectomy and staging, 75% (9) were early
stage (FIGO I or II) and 25% (3) were advanced stage (FIGO III). In
all of the FIGO stage III POLEmut tumors lymphovascular space
invasion was either considered to be suspicious or definitive; one
case was associated with ovarian metastasis (FIGO IIIA) and two
cases with pelvic lymph node metastasis (FIGO IIIC1). All eleven
cases that underwent hysterectomy with available follow-up were

without evidence of disease after 1–20 month interval (median=
14). A summary of the clinicopathologic features of the POLEmut
cases is presented in Table 3.

DISCUSSION
With molecular classification now incorporated into NCCN and
ESGO/ESTRO/ESP endometrial carcinoma guidelines and the
cumulative clinical trial data demonstrating its importance for
risk stratification, it is likely that molecular status will increasingly
become integrated into gynecologic oncology practice. In
anticipation of this shift to a more integrative morphologic and
molecular diagnostic approach, we have established and imple-
mented a diagnostic workflow and reporting system and describe
our institutional experience with performing routine molecular
classification on ECs.
At present, molecular classification of ECs has largely been

performed in the clinical trial and retrospective research setting
and has yet to be incorporated into routine pathology practice.
Determining an efficient, cost-effective, and technically feasible
approach is required to stratify ECs into the four molecular
subgroups. IHC has proven to be a useful surrogate marker for
identifying the majority of loss of function alterations in mismatch
repair genes (e.g., MLH1, PMS2, MSH2, and MSH6), and p53 in ECs,
and IHC is available in most pathology settings. However, nucleic
acid-based approaches are required to assess POLE mutational
status and this has created a major barrier to routine identification
of these tumors, particularly without employing a next-generation
sequencing-based approach, which is both costly and time-
consuming, or a Sanger sequencing approach, which has a low
analytic sensitivity (20% VAF or >40% tumor cellularity for a single
allele mutation). In order to fill this current gap in POLE molecular
testing for ECs, commercial and lab-developed single-gene POLE

POLEmut
(n=15)

p53abnl
(n=81)

NSMP
(n=135)

MLH1 and PMS2 loss 
-MLH1 promoter hypermethylated (n=59)
-Subclonal MLH1/PMS2 loss (n=6)

PMS2 loss (n=2)
MSH2 and MSH6 loss (n=6)
MSH6 loss (n=4)

MSH6 loss and
subclonal p53ab (n=2)

p.Pro286Arg (c.857C>G) (n=6)
p.Val411Leu (c.1231G>C/T) (n=4)
p.Ala456Pro (c.1366G>C) (n=2)
p.Pro436Arg (c.1307C>G) (n=1)

p.Val411Leu (c.1231G>C) and
subclonal MSH2/MSH6 loss (n=1)

p.Phe367Ser (c.1100T>C) and
subclonal MSH6 loss (n=1)

Multiple classifier:

Multiple classifier:

Final cohort of ECs (n=310)

Institutional ECs (n=315)

Excluded (tissue unavailable for 
IHC and POLE testing) (n=5)

IHC:

POLE hotspot SNaPshot

p53
MLH1 
PMS2
MSH6
MSH2

Single classifier: Single classifier: Diffuse, strong nuclear (n=66)
Complete absent, null (n=13)
Cytoplasmic (n=1)
Subclonal diffuse, strong nuclear 

and null (n=1)

MMRd
(n=79)

Fig. 2 Summary of molecular classification of ECs during routine institutional testing. Diagram of the institutional cohort by molecular
classification subgroups. All ECs are assessed for aberrancies in p53 and MMR proteins (MLH1, PMS2, MSH2, and MSH6) by IHC and undergo
hotspot POLE mutational testing. Based on the molecular features, ECs are assigned to one of the four molecular subgroups as defined by
TCGA studies: POLE mutant (POLEmut), mismatch repair-deficient (MMRd), p53 abnormal (p53abnl) and no specific molecular profile (NSMP).
MLH1 promoter hypermethylation studies are performed on ECs showing non-subclonal MLH1/PMS2 loss. A small subset of tumors harbor
more than on classifying features and are referred to as “multiple-classifier” ECs.
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assays that are sensitive, rapid, and cost-effective for detecting
clinically relevant pathogenic POLE variants are likely to emerge in
upcoming years and play a key role in more widespread adoption
of EC molecular classification. At our institution, we developed and
validated a novel POLE SNaPshot assay to interrogate pre-selected
nucleotide positions within the EDM of POLE in order to perform
molecular classification of ECs23.
We performed MMR and p53 immunohistochemistry and POLE

mutational testing on all ECs diagnosed at our institute in order to
better understand their molecular and clinicopathlogic features.
At the time of project initiation molecular classification had not
been incorporated into national or international EC guidelines
and there was uncertainty regarding billing and insurance
coverage of POLE molecular testing. Therefore, the cost of all
POLE molecular testing was entirely funded by an institutional
pathology departmental grant (value-based care grant) during this
investigational and early implementation phase of molecular
classification. Since the start of our testing initiative, molecular
classification of EC has been included in the NCCN and ESGO/
ESTRO/ESP guidelines, which we hope will lead to new and more
consistent insurance policies related to the molecular testing of
ECs in the future.
Determining an algorithm for molecular testing of ECs is likely

to be institution-specific. Talhouk and colleagues developed and
validated the ProMisE (Proactive Molecular Risk Classifier in
Endometrial cancer) classifier which is based on a step-wise
approach to molecular classification testing. The ProMisE classifier
starts with an assessment of MMR proteins by IHC to enable
prompt referral for hereditary cancer testing if positive. If MMR

proteins are intact, POLE EDM mutational analysis is performed
and, if negative, p53 IHC is performed9,11. This step-wise approach
is cost-effective and enables stratification of ECs into the four
group molecular subgroups in the majority of cases; however,
POLEmut ECs may be missed if MMR IHC is performed first and
shows loss, particularly if the subclonal pattern that may otherwise
prompt POLE molecular testing is subtle and not appreciated. In
addition, a step-wise testing approach may lead to delays in
molecular classification.
Importantly, incorporating molecular testing into the routine

clinical workflow has the potential to improve diagnostic reprodu-
cibility and prognostication and, therefore, oncologic management.
Historically, there has been poor interobserver agreement in
diagnosing high-grade ECs using morphologic assessment alone;
however, molecular subtyping has the potential to aid in improving
diagnostic reproducibility8,30,31. For instance, POLEmut tumors can
exhibit ambiguous histomorphologic patterns that morphologically
overlap with serous and clear cell carcinomas, but have much less
aggressive tumor biology and better prognosis33–35. In the course of
our study, we encountered high-grade ECs exhibiting an ambiguous
morphologic pattern that were MMR proficient and p53 “wild-type”
or “non-aberrant” by IHC. In these instances, a diagnostic report was
not issued until the POLE mutational status was determined to
enable interpretation of morphologic findings in context of the
molecular status. Molecular status continues to become increasingly
important for predicting prognosis across and within the different
EC histotypes, including clear cell carcinomas, dedifferentiated/
undifferentiated carcinomas, carcinosarcomas, and endometrioid
carcinomas7,33,34,36–38.

Fig. 3 An example multiple classifier POLEmut-MMRd EC harboring a pathogenic POLE mutation and showing subclonal MSH6 loss by
IHC. A POLEmut (p.Phe367Ser) EC exhibiting heterogeneous morphologic and immunohistochemical staining patterns, including A high-
grade appearing areas with solid growth, numerous tumor infiltrating lymphocytes and B intact, albeit decreased, MSH6 expression as well as
more low-grade areas with glandular growth (C) and loss of MSH6 expression by IHC (D). In the setting of a pathogenic POLE mutation
resulting in an ultramutator phenotype, subclonal loss of MSH6 by IHC is likely due to a secondary or passenger genetic alteration.
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Within our institutional cohort of 310 cases, the distribution of
the different molecular subgroups is similar to that reported in the
literature7,9,39,40. Specifically, 15 (5%) POLEmut, 79 (25%) MMRd,
135 (44%) NSMP, and 81 (26%) p53abnl ECs were detected.
POLEmut tumors are enriched in and comprise 6.4% (14/220) of
the endometrioid ECs and 8% (4/49) high-grade endometrioid ECs
or ambiguous high-grade carcinomas, not otherwise specified.
Notably, 25% (3/12) of the POLEmut ECs that underwent
hysterectomy were high-stage (FIGO IIIA and IIIC). One of the
limitations of this cohort is the short follow-up interval precluding
any longitudinal analysis; however, we plan to continue to
prospectively follow this cohort. Another potential limitation of
our current approach is over 8% of our cases (n= 27) had low
tumor cellularity (<20%); therefore, molecular testing of these low
tumor cellularity cases via a method with a higher analytic
sensitivity such NGS would have been beneficial to more
definitively ensure a negative POLE status. Alternatively, enriching
tumor cells by macrodissection off glass slides or coring blocks
may also increase the tumor cellularity. In the future, we will
consider implementing tumor macrodissection to enrich the
tumor cellularity in these scenarios; however, this becomes a
more time-intensive and technically skilled process. Lastly, while
our lab-developed POLE assay is quite sensitive for detecting
the more common pathogenic POLE variants in ECs, this assay will
not detect rarer variants. Notably, one of the cases in our cohort
exhibited a subclonal p53 aberrancy, however, no POLE hotspot
mutations were detected by the SNaPshot assay and MMR
proteins were intact by IHC. It is possible that this EC harbors a
rare POLE mutation not detected by the assay. Alternatively, the
possibility of a genetic alteration in one of the MMR proteins that
still produce a wild-type immunoreactivity pattern by IHC cannot
be excluded. Based on our experience, it is evident that there will
be occasional ECs that could benefit from more extensive
molecular characterization by next-generation sequencing to
more firmly establish the ultimate molecular classification.
As molecular classification is performed more routinely, both

efficient and effective integration of the molecular status with the
clinicopathologic features becomes critical for oncologic manage-
ment. At our institution, the molecular classification is reported
within two weeks, which is a relatively short timeframe that has not
delayed patient care. Since the implementation of molecular
classification, the molecular subgroup has been incorporated into
tumor board presentations and discussions. Currently, the multi-
institutional PORTEC-4a trial is underway to evaluate the role of
molecular status in determining the adjuvant treatment of ECs by
comparing standard approaches versus individualized treatment
based on the molecular risk profile of a patient’s tumor. Results of
the PORTEC-4a trial are anticipated to show whether de-escalating
treatment in cases with a favorable molecular profile is safe and
cost-effective. Although gynecologic oncologists are still awaiting
the PORTEC-4a outcome data and the publication of new
recommendations and guidelines to change oncologic manage-
ment, knowing the molecular status of ECs has still been valuable for
the gynecologic and radiation oncologists at our institution. For
instance, having the molecular status can help to resolve otherwise
morphologically ambiguous high-grade tumors. In addition, assign-
ing surveillance alone without adjuvant therapy is much more
reassuring in the setting of a stage IA grade 2 endometrioid EC of
the POLEmut subgroup, which is well-established to have an
excellent prognosis, compared to a stage IA grade 2 endometrioid
EC of the p53abnl subgroup. Lastly, the majority of gynecologic and
radiation oncologists find that our standardized method of reporting
molecular classification in an addendum is effective for commu-
nicating testing results. Consideration may be given to issuing a
second, independent molecular classification report rather than an
addendum report depending on the availability of electronic
medical record settings and alerts, in order to avoid missing the
information contained in a molecular addendum.

While a simplified, rapid molecular testing approach such as
the one described herein may suffice in many instances, more
extensive molecular testing by next-generation sequencing is
still valuable and complimentary. For instance, a broader NGS
gene panel that molecularly confirms the IHC findings deter-
mines additional genetic alterations, microsatellite instability,
and/or tumor mutation burden (TMB) may be required for
clinical trials, especially in the setting of metastatic or recurrent
disease. While MMR and p53 IHC are excellent surrogate markers
for molecular alterations in the MMR (MLH1, PMS2, MSH2, and
MSH6) and TP53 genes, there is a small subset of cases that will
be missed by IHC alone. For instance, some genetic alterations
disrupt protein function, yet still result in a wild-type immunor-
eactive pattern by IHC41,42. In addition, NGS enables the
detection of more POLE variants and their further characteriza-
tion. For rare POLE variants, pathogenicity is best determined in
the context of a high TMB (100 mutations/megabase) and the
genomic architecture or signatures (e.g., COSMIC mutational
signature 10, which exhibits strand bias for C>A mutations in
TpCpT and T>G mutations in TpTpT contexts, is associated with
pathogenic POLE variants)43. It remains to be seen whether
single-gene POLE sequencing efforts will prevail or if we are
moving toward targeted NGS panels for all or certain subsets of
EC. In truth, this will largely be determined by turn-around
requirements, cost, and insurance reimbursements.
In summary, we report our institutional experience performing

routine molecular classification on all in-house ECs at our institute
and implementing a clinically applicable molecular classification
and integrative reporting workflow. To our knowledge, this is the
first prospective implementation of molecular classification of ECs
at diagnosis independent of a clinical trial.
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