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Background: Classification of endometrial carcinomas (ECs) by morphologic features is inconsistent, and yields limited prognostic
and predictive information. A new system for classification based on the molecular categories identified in The Cancer Genome
Atlas is proposed.

Methods: Genomic data from the Cancer Genome Atlas (TCGA) support classification of endometrial carcinomas into four
prognostically significant subgroups; we used the TCGA data set to develop surrogate assays that could replicate the TCGA
classification, but without the need for the labor-intensive and cost-prohibitive genomic methodology. Combinations of the most
relevant assays were carried forward and tested on a new independent cohort of 152 endometrial carcinoma cases, and molecular
vs clinical risk group stratification was compared.

Results: Replication of TCGA survival curves was achieved with statistical significance using multiple different molecular
classification models (16 total tested). Internal validation supported carrying forward a classifier based on the following
components: mismatch repair protein immunohistochemistry, POLE mutational analysis and p53 immunohistochemistry as a
surrogate for ‘copy-number’ status. The proposed molecular classifier was associated with clinical outcomes, as was stage, grade,
lymph-vascular space invasion, nodal involvement and adjuvant treatment. In multivariable analysis both molecular classification
and clinical risk groups were associated with outcomes, but differed greatly in composition of cases within each category, with half
of POLE and mismatch repair loss subgroups residing within the clinically defined ‘high-risk’ group. Combining the molecular
classifier with clinicopathologic features or risk groups provided the highest C-index for discrimination of outcome survival curves.

Conclusions: Molecular classification of ECs can be achieved using clinically applicable methods on formalin-fixed paraffin-
embedded samples, and provides independent prognostic information beyond established risk factors. This pragmatic molecular
classification tool has potential to be used routinely in guiding treatment for individuals with endometrial carcinoma and in
stratifying cases in future clinical trials.

Endometrial cancers (EC) are the most prevalent gynaecologic
malignancies in the developed world and are the fourth most
common cancer in women overall (Siegel et al, 2015). Incidence
rates have increased markedly over the last decades attributable at

least in part to the global epidemic of obesity (Sheikh et al, 2014).
Although the majority of women with EC have good outcomes,
women with advanced disease or more aggressive subtypes may not
be curable with adjuvant therapy. In Canada over the last decade, the
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annual percentage increase in age-standardised mortality rate for EC
is greater than any other cancer in women (Society CC Canadian
Cancer Statistics, 2014) and we are in desperate need of new
approaches, including diagnostic tools, to manage this cancer.

There are many unanswered questions in EC pertaining to
diagnosis and optimal management. Management considerations
include which surgery to perform by either a generalist or
subspecialist, which if any adjuvant therapies to administer,
surveillance strategies and fertility-sparing options in young
women. Currently, there are multiple systems of risk-group
stratification based on post-surgical staging pathologic examination
(principally histotype, tumour grade and stage) that may help guide
treatment(s) (Creutzberg et al, 2000; Fanning, 2001; Keys et al, 2004;
Mariani et al, 2008; Kwon et al, 2009; Colombo et al, 2013; AlHilli
et al, 2014; Bendifallah et al, 2015; Kong et al, 2015). However,
pathologists are unable to reproducibly diagnose histotype and grade
of EC; lack of consensus between expert pathologists has been
demonstrated, even with the addition of immunohistochemistry
(Guan et al, 2011; Gilks et al, 2013; Han et al, 2013; Hoang et al,
2013). This lack of reproducibility is a major barrier to improving
care for women with this disease, and treatments vary within and
between cancer centres globally. Assessment of treatment efficacy
when there is variable histotype and grade assignment hinders our
ability to determine optimal management.

Molecular classification of EC has shown great promise, proving
to be reproducible, and demonstrating associations with clinical
outcomes (Salvesen et al, 2009; Le Gallo et al, 2012; McConechy
et al, 2012; Cancer Genome Atlas Research N et al, 2013). The
Cancer Genome Atlas (TCGA) identified four genomic subgroups.
The group with POLE mutations and its corresponding ‘ultra-
mutated’ phenotype was a novel finding, and particularly
interesting given the very favourable outcomes even with high-
grade tumours. This has been validated in other series of cases with
POLE mutations (Meng et al, 2014; Billingsley et al, 2015; Church
et al, 2015). The other distinct subgroups identified from the
TCGA data included microsatellite instability (MSI), copy-number
low (CN low) and copy-number high (CN high), the latter
consisting mostly of cases diagnosed by referring centre patholo-
gists as high-grade serous cancers. For new cases of EC,
categorisation into one of these four subgroups could potentially
provide prognostic and predictive information for individuals.
Therefore, an ability to classify cases in this manner might offer an
improvement on the current clinical/pathology-based risk group
system (Murali et al, 2014). Unfortunately, methodologies used for
the TCGA study to identify these four genomic subgroups, including
genome sequencing, were costly, complex and unsuitable for wider
clinical application. Our goal was to determine whether the same
molecular subgroups could be identified and the survival curves
reproduced with assays that could be used in routine clinical practice.

Our first aim was to design simple, lower cost, molecular-based
classification methodologies that can recover the TCGA subtypes
described earlier. These proposed classifiers were tested and
compared both on the TCGA data and on a separate cohort of
patients from our centre (n¼ 152). In our second aim, the
pragmatic molecular classification model selected based on results
of the first aim was compared with contemporary clinical risk
group stratification. Improvement in outcome prediction resulting
from the addition of a molecular classifier should lead to better
management for women with EC.

MATERIALS AND METHODS

Samples and clinical data

Patient cohort-vancouver. A retrospective cohort of 152 patients
with primary endometrial carcinoma was identified from the

Vancouver General Hospital cases banked in the OVCARE Tissue
Bank Repository, Vancouver, BC, Canada (McConechy et al, 2012).
These patients were diagnosed with EC between 2002 and 2009.
Patients were excluded if they had a diagnosis of a concurrent cancer
that was being treated at the same time as their endometrial cancer or
any previous treatment, which may have influenced her outcome
(e.g., prior radiotherapy). Exclusion criteria also included uterine
pre-cancers, cancers metastatic to the uterus or no definitive surgery
performed (no hysterectomy). Patients had comprehensive data
collected including details of pathology, surgery, chemotherapy,
radiation and outcomes with a minimum of 2 years potential follow-up.
Patient management was according to BC Cancer Agency Guidelines
(http://www.bccancer.bc.ca/HPI/CancerManagementGuidelines).
Research ethics approval for the Tissue/Biospecimen Bank and this
project was granted from the University of British Columbia
Institutional Review Board and all patients underwent informed
written consent for the use of their biospecimens for research
purposes.

Patient cohort details TCGA, outcomes definitions, manage-
ment of missing data and assay methods
Development of a molecular classification model. In the TCGA
cohort of fully evaluable cases (n¼ 232), roughly 7% of cases were
grouped as POLE ultramutated phenotype, 28% were designated
with microsatellite instability (MSI), 26% copy-number high
(CN high) and 39% copy-number low (CN low) (Cancer Genome
Atlas Research Network et al, 2013). When applying the new
classifier tool to the TCGA cohort, our primary objective was to
classify all patients into the TCGA clusters, but also to minimise the
number of false negatives in the CN high poor prognosis group, to
avoid under-treating women who may have aggressive disease.

In reproducing the TCGA clusters considerations at each step
included:

1. POLE: In TCGA, the POLE ultramutated cluster was identified
based on a POLE mutation, a high percent of C to A
transversions and low percent of C to G transversions, as well
as more than 500 SNVs. For our classifier, PTEN was initially
included in the assessment of the models along with POLE
mutations because, in the TCGA mutational analysis, although
PTEN mutations were seen to some degree across MSI and CN
low subgroups, PTEN and POLE mutations were noted to
co-occur in almost all of the ‘ultramutated’ subgroup and
seemed to better define this category. Hence, we initially
proposed two methods to identify the ultramutated subgroup;
one using the POLE mutation status alone, and one that uses
both the POLE and PTEN mutation status.

2. MSI: The MSI group in the TCGA analysis was based on results
from the MSI assay using seven markers (Cancer Genome Atlas
Research N et al, 2013). In our models, we identified the MSI
phenotype subsequent to POLE ultramutated, as done in TCGA
and also considered switching the order to identify the MSI
cluster first. In practice this is practical as it would be useful to
have this information as early as possible to enable referral to
hereditary cancer programs for Lynch syndrome testing. We
moved from using the MSI assay to using MMR IHC testing
(MLH1, MSH2, MSH6 and PMS2), which we have shown to be
highly concordant with MSI assay (McConechy et al, 2015) and
more cost effective and practical.

3. CN: In TCGA, copy number was assessed with Affymetrix SNP
6.0 microarrays using DNA originating from frozen tissue.
Moving forward, we wished to have a more cost-effective
method that could be achieved on FFPE material; thus, we
mined the TCGA data and found that copy-number status at
three specific loci (FGFR (4p16.3), SOX17 (8q11.23) and MYC
(8q24.12) were most predictive of overall copy-number status,
for example, using just these three loci we were able to identify
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all cases within the CN high cluster. We looked to assess these
three loci by FISH (Supplementary Methods). In addition, TP53
was noted to be mutated in most of the copy-number high cases
in the TCGA cohort and in silico analysis demonstrated that
p53 status was able to reproduce the CN high/low survival
curves. TP53 mutation status was not equivalent to CN high
subgroup in TCGA but identified a subgroup of EC cases with
distinctly worse outcomes. Therefore, CN status was determined
as follows: (i) FISH determination of copy-number status at
three loci most associated with CN high subgroup in TCGA
(FGFR (4p16.3), SOX17 (8q11.23) and MYC (8q24.12), scored
on two thresholds, and (ii) p53 status determined by IHC or
TP53 sequencing, yielding four possible ways to classify CN
high following determination of MSI and POLE groups.

Varying the combinations of the features described above
resulted in eight different ways to classify patients in the TCGA
cohort, and a total of 16 in the Vancouver cohort. We were able to
directly compare the performance of these different scenarios
within the TCGA cohort, because the genomic-based data labels
and outcome details were available to us (with the exception of
immunohistochemistry and FISH). As the TCGA equivalent
genomics data were not available for the Vancouver cohort,
performance measures of the more selective molecular components
were based on survival outcomes. We were able to reproduce the
four genomic subgroups and survival curves in both the TCGA and
Vancouver cohorts, as shown in Supplementary Figure 1 and
Figure 1, respectively.

Statistical methods. Univariable analyses of molecular classifier
categories against overall survival (OS), disease-specific survival
(DSS) and recurrence-free survival (RFS) were examined both
using Kaplan–Meier plots with log-rank significance testing and
Cox proportional hazard regression models. Multivariable cox
proportional hazard regression model analysis was performed to
assess any additional prognostic information that would be
added by the molecular classifier beyond the clinical risk group
classification and the standard prognostic factors (age, BMI,
grade, stage, histology, LVSI and treatment). To assess the
additional prognostic information added by the classifier model
to clinicopathological parameters, two sets of multivariable
analyses were performed: (i) multivariable analyses with ESMO
clincial risk groups, (ii) multivariable analyses with individual
clinicopathological parameters: age, BMI, grade, stage, histology
and LVSI.

Where the percent censoring exceeded 80%, a Firth bias
reducing correction was applied to obtain estimates. P-values from
omnibus likelihood ratio test in all Cox models were reported.
Smoothed plots of weighted Schoenfeld residuals were used to
assess proportional hazard assumptions (Grambsch et al, 1995).
Only complete observations were used for model fitting. A missing
value analysis was done to explore the distribution of missing
values and to ensure they are missing at random.

The performance of the models was first assessed visually based
on their ability to reproduce a similar pattern as the TCGA-
identified (integrated genomic data-based) groups. Furthermore,
the performance was quantified by computing accuracy measures
(in the TCGA cohort where true labels are available) and Harrell’s
C-index in the TCGA and in the Vancouver cohort when
considering survival outcome. The C-index is a measure of the
discriminative ability of the model. A C-index of 0.5 indicates that
the model has no discriminative ability and a C-index of 1
indicates that a model perfectly distinguishes between those who
have an event and those who do not.

Bootstrapping techniques (Steyerberg et al, 2001) were used for
internal validation in both the TCGA data and our own cohort.
Validation using bootstrap re-sampling would estimate the likely

performance of the model on a new sample of patients from a same
clinical setting. One thousand bootstrap samples are used; in each
bootstrap iteration, a sample of size equal to the original cohort is
drawn with replacement from the original cohort. Models assessed
with the C-index were developed in the bootstrap samples and
tested in those subjects not included in the bootstrap sample (Efron
and Tibshirani, 1997). In comparing the TCGA-predicted subtypes
with the actual labels, the sensitivity and the specificity were
obtained from the bootstrap samples alone.

To address the second aim, clinical risk groups were assigned
according to the European Society of Medical Oncologists (ESMO)
criteria (Colombo et al, 2013) and compared with molecular
subgroups in both the TCGA (Supplementary Figure 2) and new
endometrial carcinoma cohorts.

The association of TCGA-inspired endometrial subtypes
(POLE/MMR IHC abn/p53 wt/p53 abn) with other variables such
as demographic (age), clinical (treatment), pathological (stage
(FIGO 2009), grade, histology and LVSI) was tested with non-
parametric tests. Kruskal–Wallis rank sum test was used for
continuous variables (age and BMI), and Fisher’s exact test was
used for all other variables/categorical (stage, grade, histology,
LVSI, any positive nodes and initial adjuvant treatment and clinical
risk groups).

Statistical significance level was set to 0.05. P-values
reported were not corrected for multiple comparisons. All
statistical analyses were performed using the statistical software R
v3.1.0 (R Core Team, 2014).

RESULTS

Application of the molecular classification tool to a new cohort
of endometrial carcinomas. For the Vancouver cohort, beginning
with 152 patients, one patient was excluded for having undergone
neoadjuvant chemotherapy, seven cases were excluded who failed
sequencing or had no DNA available for POLE or TP53
sequencing, and one case had insufficient tumour tissue remaining
to enable MMR IHC status to be determined, leaving 143 fully
evaluable cases. ‘MSI’ status in the Vancouver cohort was
determined by MMR IHC, as we have demonstrated the high
concordance with MSI assay in ECs (McConechy et al, 2015). In
total, 41 of 143 fully evaluable cases had abnormal MMR IHC
(29%) (‘MMR IHC abn’), consistent with the TCGA data (Table 1).

POLE exonuclease domain (EDM) mutations were found in 13
cases in the total cohort. In one case, (VOA 843, Supplementary
Table 1) a low level (5%) validated POLE mutation was found in
exon 12 that is not a known hot spot mutation, and this tumour
also demonstrated isolated MSH6 loss with IHC. As the first step
in our classifier model was to assess MMR IHC this case was
classified as MMR IHC abnormal (not grouped with ‘POLE’). Of
the remaining cases classified as ‘POLE’ mutant (12 of 143 (8.4%)
cases), they were exclusively stage I, with 5 of 12 (42%) grade 3,
and all but one case (92%) showing endometrioid histology
(Table 1). In this small cohort all tumours with POLE EDM
mutations had normal MMR IHC. TP53 mutations were identified
in 3 of 12 POLE mutated cases by sequencing and 1 of 12 cases by
abnormal p53 IHC (score 0 or 2þ ). Full details of the subset of
cases in the Vancouver cohort with POLE mutations, including
chromosome, genomic position and amino-acid change, as well as
TP53 and PTEN mutation details, and the status of MMR IHC
(MLH1, MSH2, MSH6, PMS2) and p53 IHC for these cases are
given in Supplementary Table 1. There were no recurrences or
deaths in the cases with POLE EDM mutations, with an
observation time of over 5 years for this subgroup.

Using p53 IHC status as a surrogate for ‘copy-number high’ to
identify p53 abnormal (‘p53 abn’) subgroup, 25 cases had aberrant
p53 equalling 17.5% of the total cohort of 143, or 28% of cases
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following the exclusion of those classified as ‘MMR IHC abn’ and
‘POLE’ positive (Table 1). Using TP53 sequencing for determina-
tion of ‘p53 abn’ revealed mutations in 27 cases in the total cohort
or 19 of the 88 (22%) cases remaining after the exclusion of those
classified as ‘MMR IHC abn’ and ‘POLE’ EDM mutation positive.
Supplementary Table 2 includes the specifics on POLE, TP53,
PTEN mutations and MMR and p53 IHC for the full cohort
(n¼ 153).

FISH testing was interpretable in 121 cases. Results for threshold
1 (T1) suggest copy-number high status in 12 cases, 11 of which
also had TP53 mutations; however, an additional 15 cases had
TP53 mutations and were not designated ‘CN high’ by FISH.
Similarly, for Threshold 2 (T2) only 9 cases met criteria of ‘CN
high’ designation, 8 of which also had TP53 mutations but 18 other
cases had TP53 mutations and did not qualify for ‘CN high’ status
based on FISH T2. Within the non-MMR IHC abn, non-POLE
cohort, and using TP53 mutation status for comparison the
kappa statistic for level of agreement between testing methods
for T1 was 0.66 (95% CI 0.42–0.84) with a sensitivity,
specificity, positive (PPV) and negative predictive value (NPV)
of 1, 0.56, 0.88 and 1, respectively. For T2 the kappa statistic
was 0.49 (95% CI 0.24–0.72) with corresponding accuracy of 1,
0.39, 0.85 and 1. We also compared p53 IHC to TP53 mutation
status in the whole cohort and in the cohort remaining after
removal of ‘MMR IHC abn’ and ‘POLE’ mutated cases (n¼ 88)
and found a kappa statistic of 0.77 (95% CI 0.59–0.92) with
sensitivity, specificity, PPV and NPV of 0.9, 0.94, 0.98 and 0.74,
respectively.

The Vancouver cohort included the major histological subtypes
(83% endometrioid histotype, the remainder being of serous or
mixed histotypes, with the exception of a single undifferentiated
carcinoma), all stages and grades (Table 1) similar in distribution
to both TCGA (Supplementary Table 3) and the general
population. The estimated median follow-up time in the
Vancouver cohort, as calculated by the reverse Kaplan–Meir
method (Schemper and Smith, 1996), is 5 years. The median
observation time is 4.67 years. A total of 27 recurrences and 28
deaths were observed. A comparison of patient demographics and
clinicopathologic details for the full cohort and within ‘MMR IHC
abn’, ‘POLE’, ‘p53 wt and ‘p53 abn’ categories based on a pragmatic
classification is given in Table 1. The distribution of multiple
parameters differed across the molecular subgroups, notably an
increased presence of LVSI in the ‘MMR IHC abn’ and ‘p53 abn’
subgroups, and one-third of both ‘MMR IHC abn’ and ‘p53 abn’
cases having node positive disease. Stage was also more advanced
in the ‘MMR IHC abn’ and ‘p53 abn’, with 71 and 79% of cases
with disease beyond the uterus, respectively. Not surprisingly,
average age was highest in the ‘p53 abn’ group with the highest
proportion of serous/non endometrioid cases. Women with MMR
IHC abn cases were also older, likely secondary to the higher
proportion of MMR IHC loss at MLH1 in this cohort, with a
known increased frequency of methylation in older individuals.

We had 16 different possible combinations with which we could
analyse outcomes for a molecular classifier, based on defining
MMR IHC as normal or abnormal first or after classification of
POLE cases (one decision), POLE mutations or POLE and PTEN
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Figure 1. Kaplan–Meier survival analyses and log-rank statistics of eight possible models for pragmatic molecular classification of endometrial
cancers applied to the Vancouver cohort (n¼ 143). Overall survival (OS), disease-specific survival (DSS) and recurrence-free survival (RFS) are
shown for each model and molecular subgroups are distinguished by colour (POLE (blue), MMR IHC abn (yellow), p53 wt (green) and p53 abn
(red)). Model 8 is outlined in red and is the model that was used for subsequent univariate and multivariate analysis, was combined with either
European Society of Medical Oncologists clinical risk groups or pathological parameters.
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mutations together (two ways to categorise this step) and copy
number that could be determined by four different options in
surrogate testing (four ways to categorise: p53 IHC, TP53
mutations, FISH for three loci T1 and FISH T2). As the cases
with POLE EDM mutations all had normal MMR IHC, changing
the order of these two tests in the model for this cohort (e.g.
stepwise analysis of MMR IHC first then POLE status vs POLE first
then MMR IHC) made no difference, thus Kaplan–Meier analyses
and the log-rank statistic for 8 models not 16 as shown in Figure 1.

Statistical significance of the log-rank test is noted in the majority
of these models, with the exception of FISH T2 (Models 3 and 6).
Although FISH testing of three loci (MYC, SOX17 and FGFR3)
segregated by the first threshold (T1) may act as a surrogate test for
copy number, it is suboptimal for clinical use because (1) we
achieved results in only a subset of cases, (2) there was a high level
of subjectivity in scoring and (3) the log-rank test for T1 did not
reach statistical significance for all outcome parameters (Models 2
and 5). Addition of PTEN mutation status to POLE mutation
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Figure 1. Continued.
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categorization, however, seemingly helpful in our initial discovery
phase with the TCGA data (Supplementary Figure 1), did not add
apparent benefit to the models in our Vancouver data set (Models
4, 5, 6, 7). Of note, 11 of 12 cases with POLE mutations also
harbour PTEN mutations in this data set.

Assessment of the molecular classification tool compared with
traditional clinical/pathological risk groups. ESMO clinical risk
group stratification assigned based on complete clinicopathologic data
from staging was also demonstrated to be associated with OS, DSS and
PFS in our Vancouver data set (Po0.005 for all) (data not shown).

Harrell’s C-Index measuring the discriminative ability of a
model to predict an event (e.g., outcomes; OS, DSS and RFS) is
shown for each of eight models in Figure 2. We have also shown
the C-index for ESMO clinical risk group stratification, clinical risk
group stratification combined with molecular classification or
pathologic parameters (each component of grade, stage, LVSI and
so on added to the model) combined with molecular classification
demonstrating the improved ability to discriminate EC outcomes
when both traditional and molecular tools are used, with
confidence intervals no longer crossing the threshold of 0.5
(Figure 2). Kaplan–Meier analyses for the eight models, C-indices,
sensitivity and specificity for the molecular classifier models with
and without ESMO clinical risk group stratification were also
applied to the TCGA cohort but appear less able to discern
outcomes (Supplementary Figure 1).

Figure 3 shows a model option (Model 8 in Figure 1, column 8
in Figure 2), based on pragmatic surrogate molecular assays
inclusive of: (1) MMR IHC abnormalities (‘MMR IHC abn’), (2)
‘POLE’ EDM mutations and (3) p53 status determined by IHC, as a
surrogate to delineate ’p53 wt’ and ‘p53 abn’ groups. Subsequent
tables and comparisons of the molecular classifier in univariate and
multivariable analysis used this model specifically for classification.

Univariable analysis was performed to test for associations of
known prognostic impact with outcomes (OS, DSS and RFS).
These include the molecular subtypes resulting from the chosen
model (Model 8), demographic and clinicopathologic parameters
as well as the clinical risk groups (ESMO) (Table 2). Increased
hazard ratios (HR) were demonstrated for p53 abn molecular
subgroup, stage indicative of disease beyond the uterine corpus
(e.g., 4stage I), grade, presence of lymphatic or vascular space
invasion, positive lymph nodes or receiving adjuvant treatment
(Table 2).

Multivariable analysis was performed to determine whether the
molecular classifier adds any additional prognostic information to
the ‘traditional’ clinicopathologic risk group categorisation, defined
here by ESMO criteria (encompassing stage, grade and histology),
and suggests that the molecular tool remains prognostic indepen-
dently of the ESMO risk groups (Table 3) for example, both
predictors are significant in the model, and the hazard ratio for p53
abn group (1.94) is on the same scale as for ESMO risk group
(1.98). We also determined whether the molecular classifier was of

Table 1. Demographic characteristics and traditional prognostic variables for the total cohort (n¼143) and within molecular
subgroups according to the model shown in Figure 3 (MMR IHC/POLE mut/p53 IHC)

Total MMR IHC abn POLE EDM p53 wt p53 abn Assoc. test
Total (%) 143 (100%) 41 (29%) 12 (9%) 63 (45%) 25 (18%)

Age (years)
Mean 63±1 65±2 54±3 60±1 71±2 P¼ 0.000
Range 55–70 56–71 47–59 54–68 65–77

BMIa

Mean 33±1 32±2 28±2 36±2 29±2 P¼ 0.038
Range 24–40 26–36 24–33 26–43 23–33

Stage
Stage I 102 (71%) 24 12 51 14 P¼ 0.002
Stage II/III/IV 41 (29%) 17 0 12 11

Grade
Grade 1 51 (36%) 10 3 35 2
Grade 2 39 (27%) 14 4 18 2 P¼ 0.000
Grade 3 53 (37%) 17 5 10 21

Histology
Endometrioid 119 (83%) 35 11 61 10 P¼ 0.000
Serous/Mixedb 24 (17%) 6 1 2 15

LVSIa

No 79 (58%) 14 5 48 10 P¼ 0.000
Yes 58 (42%) 25 7 12 14

AnyþNodea

No 120 (86%) 31 12 58 18 P¼ 0.001
Yes 19 (14%) 10 0 2 6

Adjuvant Rxa

No Rx 79 (56%) 17 6 46 9 P¼ 0.001
Any Rx 63 (44%) 24 5 17 16

Risk Group
Low 56 (39%) 13 4 35 3 P¼ 0.002
Intermediate 23 (16%) 6 2 11 4
High 64 (45%) 22 6 17 18
Abbreviations: BMI¼body mass index; LVSI¼ lymphovascular space invasion; range¼ interquartile range. Associations between given parameter and molecular subgroups are calculated using
the Kruskal–Wallis rank sum test for continuous variables (age and BMI for this analysis) and Fisher’s exact for categorical variables. Two cases were ‘unclassifiable’ by p53 IHC.
aMissing data for 22 cases for BMI, 6 cases for LVSI, 4 for nodal disease and 1 for treatment.
bSerous/mixed cases included 15 serous carcinomas (10% of total cohort), 7 mixed and 1 undifferentiated.
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additional prognostic benefit to demographic or pathology risk
factors (as were tested in univariable analysis). Comparing
molecular vs clinical models (summative of age, BMI, stage, grade,
histology, LVSI and nodal status), the molecular classifier appears
to be prognostic for OS, as well as DSS and RFS (Supplementary
Table 4) after accounting for the additional demographic and
pathology parameters. However, given the low number of events

and high number of parameters assessed these results must be
interpreted with caution. Visual examination of the Schoenfeld
residual plots indicate no evidence of classifier model (MMR/POLE
mut/p53 IHC) violating the proportional hazard assumption (data
not shown).

Cross tabulation of the four molecular subgroups generated
from MMR IHC/POLE mut/p53 IHC with ESMO risk groups in
the Vancouver data set is shown in Figure 4 (and in Supplementary
Figure 2 for the TCGA cohort). It is apparent these classification
systems are identifying different subgroups of women in both
cohorts but more profoundly in our new Vancouver series where
more precise ESMO classification was achievable. Focusing on the
Vancouver cohort, the ‘low-risk’ clinical risk group can be seen
across all four molecular subgroups, including over 30% of the
POLE mutated cases but also almost 10% of p53 abn tumours.
Greater diversity in outcomes in the ‘low-risk’ group is also noted
as three recurrences and four deaths were observed in this assigned
cohort, exceeding the POLE molecular group (0 events). Not
surprisingly most of the p53 abn cases were ‘high risk’, however,
approximately half of the cases with POLE mutations and MMR
IHC abn phenotype are also ‘high-risk’ patients who under
standard clinical care would go on to receive chemotherapy and
radiation (Figure 4).

DISCUSSION

Endometrial carcinomas, in particular high-grade cancers, cannot
be reliably classified by histomorphologic criteria, even by expert
pathologists and with the addition of immunohistochemistry
(Gilks et al, 2013; Han et al, 2013; Hoang et al, 2013). Interobserver
agreement among pathologists for morphologic risk factors such as
grade and LVSI is poor (K¼ 0.35 and 0.23, respectively) (Guan
et al, 2011), and histotype shows only a moderate degree of
interobserver agreement (K¼ 0.58) (Han et al, 2013). If we are to
move towards precision medicine, more reliable systems of
categorising EC are needed to determine efficacy and appropriate-
ness of treatments (Murali et al, 2014; Bendifallah et al, 2015).
Mutational profiling of endometrial cancers has shown promise
(Ferguson et al, 2005; Salvesen et al, 2009; Le Gallo et al, 2012;
McConechy et al, 2012; Cancer Genome Atlas Research N et al,
2013; Stelloo et al, 2015) but methodologies to assign genomic
subgroups can be expensive and complex, and consequently may
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C
-in

de
x

0.8

0.6

1.0

0.4

0.2

0.0

M
M

R
/P
O
LE

 m
ut

/p
53

 m
ut

M
M

R
/P
O
LE

 m
ut

/fi
sh

 (
th

re
sh

ol
d 

1)

M
M

R
/P
O
LE

 m
ut

/fi
sh

 (
th

re
sh

ol
d 

2)

M
M

R
/P
O
LE

+
P
T
E
N

 m
ut

/p
53

 m
ut

M
M

R
/P
O
LE

+
P
T
E
N

 m
ut

/fi
sh

 (
th

re
sh

ol
d 

1)

M
M

R
/P
O
LE

+
P
T
E
N

 m
ut

/fi
sh

 (
th

re
sh

ol
d 

2)

M
M

R
/P
O
LE

+
P
T
E
N

 m
ut

/p
53

 IH
C

M
M

R
/P
O
LE

 m
ut

/p
53

 IH
C

C
lin

ic
al

 (
E

S
M

O
) 

ris
k 

gr
ou

p

E
S

M
O

 +
 M

M
R

/P
O
LE

 m
ut

/p
53

 IH
C

P
at

h 
pa

ra
m

s 
+

 M
M

R
/P
O
LE

 m
ut

/p
53

 IH
C

Figure 2. Harrell’s C-Index for Models 1 to 8, ESMO clinical risk group,
and combined molecular and risk groups or pathologic parameters as
applied to the Vancouver cohort (n¼ 143). A C-index of 0.5 (dotted
line) indicates that the model has no discriminative ability and a C-index
of 1 indicates that a model perfectly distinguishes between those who
have an event and those who do not. The pragmatic model chosen to
move forward with is outlined in red. Also outlined are the indices for
the molecular classifier combined with clinical risk groups or
pathological parameters, suggesting an improved ability to
discriminate outcomes when taken together.
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not be achievable at all centres. Herein, we present a molecular
classifier for endometrial cancers that is based on the discoveries of
the TCGA, but pared down to key components evaluable by
relatively simple molecular methods. These methods were applied
to a new training set of cases in which we have detailed
clinicopathologic data and outcomes. We are able to reproduce
the four subgroups with distinct survival curves as identified in
TCGA, with significant P-values achieved in survival analyses.
Although our data suggest that p53 IHC and TP53 mutation status
results are not completely equivalent, both methods of assessment
were successful in identifying the ‘p53 abn’ molecular subgroup.
Lower cost and wide availability of p53 IHC in all pathology
departments support IHC as the preferred tool. Moving forward,
the findings from this cohort as they relate to the assessment of p53
status will need to be confirmed in a larger data set. Removing the
FISH assessment, both for practical reasons (work intensive,
subjective, results achievable in lower number of cases, and higher
cost vs p53 IHC) and due to lower performance compared with
other models, seems prudent. At present, we have no surrogate for
the critically important POLE mutation detection and we will carry

forward with next-generation sequencing to achieve this in the
confirmation cohort. We are working to better characterise POLE-
mutated cases in terms of immunophenotype that may influence
our approach in the future.

Thus, three major indispensable components in the model are
maintained: MMR IHC for MSI phenotype, POLE mutation status
and p53 status. The order of the determination of these three major
components is also worth consideration. Initially we proposed
pulling out MMR IHC abnormal cases first, prompting hereditary
cancer referral and yielding information that could be important
for both patients and physicians to learn of early. A young woman
diagnosed with endometrial cancer may be considering conserva-
tive management (e.g., oral or local progesterone therapy), but if
she carries a germline MMR gene mutation with increased
associated lifetime risk of colon, uterine and ovarian carcinoma
this would likely change her course with a recommendation made
to pursue definitive surgical management, or may alter her decision
to preserve her ovaries (as well as prompting colonoscopy
screening) (Lu et al, 2005). Surgery with a specialist (gynaecologic
oncologist) for comprehensive staging rather than general

Table 2. Univariable analysis showing the individual association between the molecular classifier and standard demographic and
pathological variables with outcomes

Outcome No. of events/n Hazard Ratio (95% CI) LRT P-value
Molecular classifier Subgroups
Ref: p53 wt

OS 28/141 MMR IHC abn 1.80 (0.72–4.49 (F) 0.0044

POLE mut 0.23 (0.00–1.77)(F)

p53 abn 3.29 (1.36–8.09)(F)

DSS 22/139 MMR IHC abn 0.36 (0.47–3.78)(F) 0.024
POLE mut 0.25 (0.00–2.03)(F)

p53 abn 2.89 (1.10–7.63)(F)

RFS 27/133 MMR IHC abn 0.85 (0.31–2.12)(F) 0.016
POLE mut 0.16 (0.00–1.25)(F)

p53 abn 2.19 (0.91–5.08)(F)

Age* at Surgery OS 28/143 1.03 (0.99–1.07) 0.093
DSS 22/141 1.01 (0.97–1.05) 0.49
RFS 27/135 1.01 (0.98–1.05) 0.43

BMI* (kg/m2) OS 26/121 0.99 (0.96–1.02) 0.55
DSS 20/119 0.99 (0.95–1.03) 0.49
RFS 25/114 0.98 (0.94–1.02) 0.31

Stage OS 28/143 Stage II–IV 3.41 (1.61–7.21) 0.001
Ref: Stage I DSS 22/141 Stage II–IV 3.80 (1.62–8.89) 0.002

RFS 27/135 Stage II–IV 5.17 (2.36–11.31) 0.000

Grade* OS 28/143 2.02 (1.24–3.30) 0.003
DSS 22/141 2.49 (1.37–4.53) 0.001
RFS 27/135 2.03 (1.22–3.36) 0.004

Histology OS 28/143 Serous/mixed 1.94 (0.85–4.40) 0.13
Ref: Endometrioid DSS 22/141 Serous/mixed 2.24 (0.91–5.51) 0.097

RFS 27/135 Serous/mixed 2.16 (0.94–4.93) 0.086

Presence of LVSI OS 27/137 LVSI present 3.75 (1.64–8.59) 0.001
Ref: absence of LVSI DSS 21/135 LVSI present 5.05 (1.84–13.83) 0.001

RFS 26/130 LVSI present 2.89 (1.29–6.48) 0.008

Any Positive Node OS 26/139 Nodes þ 2.69 (1.13–6.41) 0.040
Ref: no positive nodes DSS 21/137 Nodes þ 3.57 (1.44–8.85) 0.012

RFS 24/131 Nodes þ 3.09 (1.28–7.46) 0.022

Any Adjuvant Rx OS 28/142 Adjuvant Rx 3.07 (1.35–6.97) 0.005
Ref: no Rx DSS 22/140 Adjuvant Rx 4.21 (1.55–11.42) 0.002

RFS 27/134 Adjuvant Rx 3.79 (1.60–8.96) 0.001

Clinical Risk Group* OS 28/143 2.24 (1.33–3.76) 0.001
DSS 22/141 2.98 (1.50–5.93) 0.000
RFS 27/135 2.67 (1.52–4.70) 0.000

Abbreviations: CI¼ confidence interval; DSS¼disease-specific survival; LRT¼ likelihood ratio test; OS¼overall survival; RSF¼ recurrence-free survival. Hazard ratios (HR) are given with 95%
confidence intervals and P-values are from LRT. Molecular classifier subgroups MMR IHC abn, POLE EDM mutated and p53 abn are considered. For continuous variables in this analysis (*) the
HRs reflect a relative increase in risk associated with unit change, for example, HR for each additional year of age. For the categorical variables the reference for comparison is indicated.
(F) indicates that the Firth’s penalised maximum likelihood bias reduction method was used.
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gynaecologist might be favoured secondary to a higher likelihood
of advanced stage, higher grade and LVSI in these patients. Finally,
identification of MMR IHC abn tumours may prove to have
predictive implications in EC, as observed in colorectal cancers
(Bertagnolli et al, 2009; Sargent et al, 2010; Sinicrope et al, 2011),
that would influence choice of treatment. At present, MMR IHC
results can be available at the same time as initial pathologic
diagnosis of malignancy; POLE sequencing is not widely available
and takes weeks; however, we anticipate access to, and turnaround
time for POLE testing will improve greatly in the next several years.
POLE mutation status identifies women with the most favourable
outcomes (Cancer Genome Atlas Research N et al, 2013; Meng
et al, 2014; Church et al, 2015), seeming to supersede other
prognostic factors such as high-grade disease. In a cohort of this
size, and given that all our cases classified as ‘POLE’ had normal
MMR IHC, we were unable to determine whether changing the
order of molecular assessments, such that POLE EDM mutations
were detected first, would be more informative.

Ultimately, the classifier model we have chosen to carry forward
(Figure 3) is based on performance (survival analyses, Harrell’s
C-index), practicality of methods and clinical utility. This classifier
will be assessed, according to the Institute of Medicine guidelines
(2012) for the development of ‘omics based tests, for confirmation
in an independent sample set, then ultimately locked down for
validation testing.

In addition to testing the classifier model in hysterectomy
specimens we have commenced assessment in cases of matched
endometrial biopsy or dilatation and curettage (D&C). Data
from other series suggest that endometrial samplings (pipelle or
D&C) are highly accurate (497% sensitivity) at detecting cancer
(Stovall et al, 1991), but grade and histotype may be discrepant
with the final diagnoses based on examination of the hyster-
ectomy specimens in up to one-half of cases (Francis et al, 2009;
Karateke et al, 2011); in contrast, molecular parameters are
highly concordant between biopsy and hysterectomy (Stelloo
et al, 2014). If we can demonstrate equivalence of a molecular
classification system in diagnostic endometrial samples and
prognostic significance of a classifier, then women and their
physicians could have valuable information that would help
them guide decision making at the earliest time point in their
cancer journey (e.g., at diagnosis). Decisions could be made
before surgical staging regarding the urgency and extent of
surgery, anticipated adjuvant therapy and follow-up plans. This
information would be particularly helpful in guiding young
women, with 14% of endometrial cancers arising in women o50
years of age and 5% in women younger than 40 (Burleigh et al,
2015) Consideration of fertility-sparing options or conservation
of ovaries/hormonal function can be weighed against the risk of
metastatic, or concurrent ovarian disease or worsened prognosis
with deferred surgery.

Table 3. Multivariable analyses comparing molecular classifier model (MMR IHC abn/POLE mut/p53 abn) with clinical risk group
(ESMO)

No. of
events/n

Hazard ratio
(95% CI) LRT P-value

OS
MMR IHC abn/POLE mut/p53 abn: MMR IHC abn POLE p53 abn Ref: p53 wt 28/141 1.30 (0.51–3.33)(F)

0.17 (0.00–1.36)(F)

1.94 (0.77–5.02)(F)

0.031

Clinical risk group (ESMO) 1.98 (1.20–3.55)(F) 0.0055

DSS
MMR IHC abn/POLE mut/p53 abn: MMR IHC abn POLE p53 abn Ref: p53 wt 22/139 0.84 (0.28–2.40)(F)

0.17 (0.00–1.38)(F)

1.42 (0.52–3.91)(F)

0.089

Clinical risk group (ESMO) 2.74 (1.48–5.98)(F) 0.0006

RFS
MMR IHC abn/POLE mut/p53 abn: MMR IHC abn POLE p53 abn Ref: p53 wt 27/133 0.50 (0.18–1.29)(F)

0.10 (0.00–0.77)(F)

1.10 (0.45–2.64)(F)

0.015

Clinical risk group (ESMO) 2.78 (1.64–5.23)(F) 0.0001

Abbreviations: CI¼ confidence interval; LRT¼ likelihood ratio test. For clinical risk group (ESMO) the HR reflects an increase in hazard for each jump in ESMO risk group category. (F) indicates
that the Firth’s penalised maximum likelihood bias reduction method was used.
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Figure 4. Cross-tabulation of clinicopathologic risk groups (ESMO) with molecular classification by proposed model: MMR IHC/POLE mut/p53
IHC. Approximately half of the POLE and MMR IHC abn molecular subgroups are noted to include cases that would be designated as ‘high risk’ by
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be designated to receive minimal (e.g., vaginal brachytherapy) or no therapy. Although both molecular subgroups and clinical risk groups were
associated with outcomes, they may identify different women with EC.
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Our goal is to improve upon the current system of clinico-
pathologic risk group stratification that is based on stage and the
irreproducible variables of grade and histotype assignment
(Fanning, 2001; Keys et al, 2004; Mariani et al, 2008; Kwon et al,
2009; Colombo et al, 2013; Kong et al, 2015), and is not highly
predictive of outcomes (Bendifallah et al, 2015). Using the ESMO
criteria (Colombo et al, 2013) we have demonstrated both in the
TCGA data set and in the training set of cases from our centre that
the clinicopathologic risk groups are not equivalent to the
molecular subgroups identified. What is evident is the number of
cases that would be considered ‘undertreated ‘or ‘overtreated’
depending on categorisation. For example, over one quarter of the
CN high molecular subgroups were designated as low or
intermediate risk and may have been undertreated, with sub-
sequent recurrence and death. Half of the POLE molecular
subgroup and MSI subgroups were identified as ‘high risk’ based
on grade, stage and/or histotype. These women would have
received chemotherapy and radiation based on our centres’ and
consensus guidelines. The prognosis for women with POLE
mutations is excellent, as observed across several series including
our own (Cancer Genome Atlas Research N et al, 2013; Meng
et al, 2014; Church et al, 2015). Whether that is because they
received this aggressive treatment or is independent of this
remains to be determined. It may be that the POLE ultramutated
phenotype is exquisitely sensitive to therapy or, as has been
suggested previously, has a higher immune infiltrate (Hussein
et al, 2014) that may be further stimulated by the introduction
of treatment(s). However, it may be that these women had an
excellent prognosis, independent of treatment and received toxic
therapies with long-term treatment side effects with no survival
benefit.

Clinical risk groups were associated with outcomes in both
TCGA and our own cohorts and should not be abandoned, but in
terms of managing an individual the inconsistency of histotype and
grade classification means that the same women may receive vastly
different treatments depending on where her pathology is read. For
example, a woman with a pathology report, indicating an
endometrial high-grade serous cancer invading less than half her
myometrial wall, with all other sites negative for disease (stage IA)
receives systemic chemotherapy and pelvic radiation based on
being high risk. That same woman whose pathology is interpreted
at another centre as high-grade endometrioid endometrial
cancer would receive vaginal vault radiation only (intermediate
risk). Molecular classification adds prognostic information for
these women and can directly impact care (e.g., referral for
hereditary testing). It will likely prove to be more reproducible
than histopathological assessment, but this needs to be formally
evaluated. The combination of both clinical/pathologic para-
meters (either summarised as ESMO risk groups or taken
separately, e.g., LVSI and grade) and molecular parameters
appears to be an improvement upon either system alone (yields a
higher C-index).

Limitations to this study include a relatively small sample size
that did not allow us to definitively determine the optimal order of
molecular testing. In addition, the distribution of mismatch repair
deficient cases that also harbour POLE mutations varies in the
literature (Billingsley et al, 2015; Church et al, 2015) and were rare
in our small series; therefore, it remains uncertain how best to
classify cases with both POLE EDM mutations and MMR IHC abn.
Finally, our ‘training set’ ofB150 cases reported herein was a
retrospective cohort with potential selection bias related to being
drawn from a tertiary cancer treatment centre. We need to validate
the utility of this molecular classification tool in a larger
independent cohort of endometrial carcinomas. We are working
towards the confirmation and validation of this pragmatic
molecular classification, abiding by REMARK criteria and follow-
ing the IOM guidelines (2012).

In summary, we have demonstrated that a set of simple assays,
applicable to formalin-fixed paraffin-embedded samples, can
reproduce the four TCGA genomically defined prognostic
subgroups. These subgroups are associated with clinical out-
comes, and identify women who may have a risk of recurrence of
their EC that is very different than what is designated by
traditional clinical risk group assessment. We see an opportunity
to test this classifier across cancer centres and on preoperative
endometrial samplings, thus influencing management from time
of diagnosis. Independent of any prognostic ability, molecular
classification has the ability to direct clinical care, such as referral
to hereditary cancer programs for Lynch syndrome testing for
abnormal MMR IHC. Molecular classification in ECs would also
allow stratification of cases for clinical trials and assessment of
treatment efficacy within specific molecular subgroups. This has
been a game-changing approach in ovarian cancers (Kobel et al,
2008; Kurman and Shih Ie, 2011; Despierre et al, 2014) and has
the potential to greatly advance progress in endometrial cancer
research.
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