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Simple Summary: We studied mismatch repair (MMR) deficiency as a predictive and prognostic
biomarker in endometrial carcinoma. MMR deficiency was associated with poor outcome only when
p53 aberrant and polymerase-ε mutant tumors were excluded from the MMR proficient subgroup, in
accordance with molecular classification based on The Cancer Genome Atlas. MMR deficiency was
associated with an increased risk of death in the absence of various clinicopathologic risk factors,
but the outcome was not worsened when such risk factors were present. The proportion of pelvic
relapses and lymphatic dissemination, defined as primary lymph node involvement or relapses in
regional lymph nodes, were higher in the MMR deficient subgroup. In conclusion, the effect of MMR
deficiency on the outcome of endometrial carcinoma depends on how MMR proficiency is defined.
MMR deficiency is associated with an increased risk of death in the absence of established risk factors
and a unique pattern of disease spread.

Abstract: The aggressiveness of mismatch repair (MMR) deficient endometrial carcinomas was
examined in a single institution retrospective study. Outcomes were similar for MMR proficient
(n = 508) and deficient (n = 287) carcinomas, identified by immunohistochemistry. In accordance
with molecular classification based on The Cancer Genome Atlas (TCGA), tumors with abnormal
p53 staining or polymerase-ε exonuclease domain mutation were excluded from the MMR proficient
subgroup, termed as “no specific molecular profile” (NSMP). Compared with NSMP (n = 218), MMR
deficiency (n = 191) was associated with poor disease-specific survival (p = 0.001). MMR deficiency
was associated with an increased risk of cancer-related death when controlling for confounders
(hazard ratio 2.0). In the absence of established clinicopathologic risk factors, MMR deficiency
was invariably associated with an increased risk of cancer-related death in univariable analyses
(hazard ratios ≥ 2.0). In contrast, outcomes for MMR deficient and NSMP subgroups did not differ
when risk factors were present. Lymphatic dissemination was more common (p = 0.008) and the
proportion of pelvic relapses was higher (p = 0.029) in the MMR deficient subgroup. Our findings
emphasize the need for improved triage to adjuvant therapy and new therapeutic approaches in
MMR deficient endometrial carcinomas.

Keywords: endometrial cancer; mismatch repair; polymerase-ε; p53; The Cancer Genome Atlas

1. Introduction

About 30% of endometrial carcinomas exhibit a defect in the DNA mismatch repair
(MMR) pathway [1]. MMR deficiency contributes to microsatellite instability (MSI), which
is characterized by a high level of gene mutations [2]. MMR deficient endometrial carci-
nomas are mostly sporadic, resulting from hypermethylation of the MLH1 promoter or
less frequently from silencing of the other MMR genes MSH2, MSH6, or PMS2. About 3%
of patients have an inherited mutation in one or more MMR genes (Lynch syndrome) [3].
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Universal tumor testing for MMR deficiency, either by MMR protein immunohistochem-
istry or microsatellite instability (MSI) measurement, is recommended for the screening of
Lynch syndrome and potential responders to immunotherapy [4].

MMR proteins have been extensively studied as predictive and prognostic biomarkers
of endometrial carcinoma. MMR deficiency is reported to predict the presence of high-risk
features of the disease, including old age, advanced stage, and uterine risk factors [5–10].
However, no consistent association between MMR and poor outcome has been found,
although three studies have reported an association with either poor recurrence-free sur-
vival [7,11] or progression-free survival [8] in univariable analyses. We found that MLH1
methylated carcinomas predict diminished disease-specific survival even after controlling
for confounders [9].

MSI is a characteristic signature of one of the four molecular subgroups of endometrial
carcinoma described by The Cancer Genome Atlas (TCGA) [12]. To further elucidate the
role of the MMR system in determining the aggressiveness of endometrial carcinoma,
we studied MMR proteins as predictive and prognostic biomarkers in a cohort that was
classified into molecular subgroups based on TCGA.

2. Materials and Methods
2.1. Study Population and Data Collection

This was a retrospective study of patients who underwent surgical treatment for stage
I–IV endometrial carcinoma at the Department of Obstetrics and Gynecology, Helsinki
University Hospital, between 1 January 2007 and 31 December 2012. Clinicopathologic data
were extracted from institutional medical and pathology records. Stage was determined
according to the International Federation of Gynecology and Obstetrics guidelines revised
in 2009 [13].

Disease-specific survival was calculated as the time from surgery to death from
endometrial carcinoma. Cause of death was mainly based on medical records. Missing
data were complemented from death certificates derived from Statistics Finland.

The following variables were controlled for as confounders in survival analyses:

(i) age [14];
(ii) stage [15];
(iii) uterine risk factors (depth of myometrial invasion, cervical stromal invasion, tumor

size, lymphovascular space invasion) [16–18];
(iv) peritoneal cytology finding [19–22];
(v) L1 cell adhesion molecule (L1CAM) expression [23–26].

The cutoff for age was set at 65 because being over 65 years of age is a poor prognostic
factor in endometrial carcinoma [14]. The choice of 5 cm as a determinant for the analysis
of tumor size was based on the finding that size approximating the entire uterine cavity
is strongly associated with survival in stage I endometrial carcinoma [27]. Lymphovas-
cular space invasion was defined as the presence of adenocarcinoma, of any extent, in
endothelium-lined channels of uterine specimens outside the tumor. Peritoneal cytology
was considered positive if adenocarcinoma cells were detected from the peritoneal washes
obtained during surgery, regardless of the number of cancer cells.

Standard surgery included total hysterectomy and bilateral salpingo-oophorectomy.
Lymphadenectomy was performed in selected patients. Adjuvant therapy decision was
based on stage and histologic findings at surgery. Patients with early stage endometri-
oid carcinoma with high-risk features generally received either vaginal brachytherapy
or whole pelvic radiotherapy. Vaginal brachytherapy was preferred in patients who un-
derwent surgical nodal assessment. Patients with nonendometrioid or advanced-stage
endometrioid carcinoma were treated with combined chemotherapy and radiotherapy. Pa-
clitaxel/carboplatin doublet was the adjuvant chemotherapy of choice. The study followed
the reporting recommendation of tumor marker studies (REMARK) guidelines [28].
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2.2. Molecular Classification

Tumors were categorized into molecular subgroups according to a modified Trans-
PORTEC classifier that recapitulates the four subgroups of the TCGA as follows: (1) mis-
match repair deficient (MMR-D, surrogate to microsatellite instability hypermutated in
the TCGA classification system); (2) p53 abnormal (p53 abn, surrogate to copy-number
high); (3) polymerase-ε (POLE) ultramutated; and (4) “no specific molecular profile” (NSMP,
surrogate to copy-number low) [29,30]. A tissue microarray was constructed on primary
tumor samples as previously described [26]. The following monoclonal antibodies were
used for chromogenic immunohistochemistry: MLH1 (ES05, Dako, Santa Clara, CA, USA);
MSH2 (G219-1129, BD Biosciences, San Jose, CA, USA); MSH6 (EPR3945, Abcam, Cam-
bridge, UK); PMS2 (EPR3947, Epitomics, Burlingame, CA, USA); p53 (DO-7, Dako); and
L1CAM antibody clone 14.10 (SIG-3911, Covance, Princeton, NJ, USA). Tissue microarray
slides were scanned with a three-dimensional Histech Pannoramic 250 Flash II scanner
by Fimmic Oy (Helsinki, Finland). Slide images were managed and analyzed with Web-
Microscope Software (Fimmic Oy). Virtual slides were scored by a pathologist blinded to
clinical data. Equivocal cases were examined by a second investigator and a consensus
was reached. MMR status was considered deficient when a complete loss of nuclear ex-
pression in carcinoma cells of one or more MMR proteins (MLH1, MSH2, MSH6, PMS2)
was detected by immunohistochemistry. Aberrant p53 staining was defined as strong
and diffuse nuclear staining or completely negative (“null”) staining in carcinoma cells.
Weak and heterogeneous staining was classified as wild-type expression. Stromal and
inflammatory cells served as internal controls for MMR and p53 staining. A membranous
staining of ≥10% was considered positive for L1CAM expression [26]. POLE exonuclease
domain mutation (EDM) screening of hot spots in exons 9, 13, and 14 was performed by
direct sequencing [31]. Only samples with high-quality sequence for all four examined
POLE hot spots were included in the study.

2.3. Statistical Analyses

Pearson χ2 or 2-sided Fisher exact test was used for comparison of categorical variables,
and analysis of variance and Kruskal–Wallis test were used for comparison of continuous
variables after testing for normality by Shapiro–Wilk test. Survivals were estimated using
univariable and multivariable Cox regression analyses and the Kaplan–Meier method.
Differences between groups were compared using the log rank test. Statistical significance
was set at p < 0.05. Data were analyzed using the Statistical Package for the Social Sciences
v25 software (IBM Corp., Armonk, NY, USA).

3. Results

Among 795 patients, defined as the complete cohort, immunohistochemistry con-
firmed intact MMR protein expression in 508 (63.9%) and MMR deficiency in 287 (36.1%)
(Table 1). Comprehensive molecular characterization was successful for 515 tumors, defined
as the “TCGA cohort”. Of these tumors, 218 (42.3%) were classified as NSMP, 191 (37.1%)
as MMR-D, 69 (13.4%) as p53 abnormal (abn), and 37 (7.2%) as POLE EDM. Twenty cases
(3.9%) displayed multiple molecular features. Four cases were classified as POLE EDM
tumors [32]: three displayed POLE EDM and either MMR-D or p53 abn, and one had all
three molecular alterations. Sixteen cases were classified as MMR-D tumors [33], displaying
both MMR-D and p53 abn. Median follow-up time was 82 months (range 1–136) for the
complete cohort and 81 months (range 1–136) for the TCGA cohort.

Kaplan–Meier analyses were performed separately for the complete cohort and the
TCGA cohort (Figure 1). Disease-specific survival was similar for MMR proficient and
deficient cases in the complete cohort. In contrast, MMR deficiency was associated with
poor survival in the TCGA cohort. These findings also applied to tumors that were confined
to the uterine corpus (stage I).

Subsequent analyses were performed on the TCGA cohort. Clinicopathologic data for
MMR-D and NSMP subgroups are shown in Table 2. Baseline characteristics were balanced
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between subgroups with the exception of older age, lower body mass index, higher rate
of pelvic–aortic lymphadenectomy, lower proportion of well-differentiated endometrioid
carcinomas, and higher proportion of cervical stromal invasion and lymphovascular space
invasion in the MMR-D subgroup.

Univariable Cox regression disease-specific survival analyses are shown in Supple-
mentary Table S1. Disease extent beyond the uterine corpus, high-risk histotype, deep
myometrial invasion, large tumor size, lymphovascular space invasion, and positive peri-
toneal cytology were associated with an increased risk of death in MMR-D and NSMP
subgroups. Further, cervical stromal invasion was associated with an increased risk of death
in the MMR-D subgroup, and old age and positive L1CAM expression were associated
with increased risk of death in the NSMP subgroup.

Table 1. Characteristics of the complete cohort (n = 795).

Age (Years) (Median (Interquartile Range)) 68 (60–75)

Body mass index (kg/m2) (edian (interquartile range)) 27.3 (23.7–32.4)

Pelvic lymphadenectomy 447 (56.2%)

Pelvic-aortic lymphadenectomy 118 (14.8%)

Stage
IA 431 (54.2%)
IB 164 (20.6%)
II 54 (6.8%)

IIIA 39 (4.9%)
IIIB 7 (0.9%)

IIIC1 46 (5.8%)
IIIC2 24 (3.0%)
IVA 0 (0%)
IVB 30 (3.8%)

Mismatch repair deficiency 287 (36.1%)

Histology
Endometrioid carcinoma 702 (88.3%)

Clear cell carcinoma 32 (4.0%)
Serous carcinoma 29 (3.6%)
Carcinosarcoma 17 (2.1%)

Undifferentiated carcinoma 14 (1.8%)
Neuroendocrine carcinoma 1 (0.1%)

Grade (For endometrioid only, n = 702)
1 402 (57.3%)
2 193 (27.5%)
3 107 (15.2%)

Aberrant p53 1 134 (17.1%)

Polymerase-ε ultramutated 2 33 (6.4%)

Adjuvant therapy
Vaginal brachytherapy 383 (48.2%)

Whole pelvic radiotherapy 115 (14.5%)
Chemotherapy 34 (4.3%)

Chemotherapy and vaginal brachytherapy 50 (6.3%)
Chemotherapy and whole pelvic radiotherapy 100 (12.6%)

1 Data missing for 11 patients; 2 data missing for 277 patients.



Cancers 2021, 13, 3124 5 of 11

Table 2. Characteristics of the study population according to subgroups based on The Cancer Genome Atlas.

Variable MMR-D (n = 191) NSMP (n = 218) p

Age (years) (median (interquartile range)) 70 (61–77) 66 (60–73) 0.003

Body mass index (kg/m2) (median (interquartile range)) 27.1 (23.3–32.7) 28.5 (24.3–33.2) 0.042

Pelvic lymphadenectomy 106 (55.5%) 129 (59.2%) 0.453

Pelvic-aortic lymphadenectomy 34 (17.8%) 19 (8.7%) 0.006

Stage

0.077

IA 84 (44.0%) 123 (56.4%)
IB 44 (23.0%) 42 (19.3%)
II 19 (9.9%) 23 (10.6%)

IIIA 13 (6.8%) 9 (4.1%)
IIIB 2 (1.0%) 1 (0.5%)

IIIC1 18 (9.4%) 13 (6.0%)
IIIC2 7 (3.7%) 1 (0.5%)
IVA 0 (0%) 0 (0%)
IVB 4 (2.1%) 6 (2.8%)

Histology

<0.001
Endometrioid grade 1–2 133 (69.6%) 193 (88.5%)

Endometrioid grade 3 41 (21.5%) 13 (6.0%)
Nonendometrioid 17 (8.9%) 1 12 (5.5%) 2

Myometrial invasion ≥ 50% 89 (46.6%) 83 (38.1%) 0.081

Cervical stromal invasion 42 (22.1%) 3 31 (14.2%) 0.038

Tumor size > 5 cm 49 (27.4%) 4 44 (21.8%) 5 0.205

Lymphovascular space invasion 62 (32.5%) 49 (22.5%) 0.023

Positive peritoneal cytology 10 (5.3%) 6 11 (5.1%) 7 0.917

L1 cell adhesion molecule 17 (8.9%) 3 14 (6.7%) 8

Adjuvant therapy

0.081

Vaginal brachytherapy 83 (43.5%) 116 (53.2%)
Whole pelvic radiotherapy 35 (18.3%) 28 (12.8%)

Chemotherapy 8 (4.2%) 7 (3.2%)
Chemotherapy and vaginal brachytherapy 10 (5.2%) 10 (4.6%)

Chemotherapy and whole pelvic radiotherapy 35 (18.3%) 24 (11.0%)

Abbreviations: MMR-D, mismatch repair deficient; NSMP, no specific molecular profile.1 Clear cell, n = 5; serous, n = 3; undifferentiated,
n = 6; carcinosarcoma, n = 3; 2 clear cell, n = 5; serous, n = 2; undifferentiated, n = 3; carcinosarcoma, n = 2; 3 data missing for 1 patient;
4 data missing for 12 patients; 5 data missing for 16 patients; 6 data missing for 4 patients; 7 data missing for 3 patients; 8 data missing for
8 patients.

To assess the independent effect of MMR status on patient outcome, we performed
a multivariable Cox regression analysis of disease-specific survival (Table 3). MMR defi-
ciency was independently associated with poor outcome, similarly to endometrioid grade
3 histology, deep myometrial invasion, large tumor size, lymphovascular space invasion,
and positive peritoneal cytology.

Hazard ratios for disease-related death in the presence and absence of various clinico-
pathologic risk factors are shown in Table 4. MMR deficiency was invariably associated
with an increased risk of death in the absence of risk factors. In contrast, outcomes for
MMR-D and NSMP subgroups did not differ in the presence of these factors.

Lastly, we examined the association of MMR status on types of relapses in stage I
endometrial carcinoma (Table 5). Compared with the NSMP subgroup, the proportion of
pelvic relapses was higher in the MMR-D subgroup. Lymphatic dissemination, defined as
primary lymph node involvement or relapses in regional lymph nodes, was more common
in the MMR-D subgroup (Table 6).
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Table 3. Multivariable Cox regression disease-specific survival analysis (n = 364).

Variable n HR (95% CI) p

Mismatch repair deficiency 173 2.0 (1.1–3.6) 0.024

Age (continuous variable) 364 1.0 (0.98–1.0) 0.635

Stage II–IV 104 2.0 (0.71–5.6) 0.188

Histology 0.111
Endometrioid grade 1–2 289 1

Endometrioid grade 3 48 2.0 (1.0–3.9) 0.041
Nonendometrioid 27 1.6 (0.72–3.7) 0.239

Myometrial invasion ≥ 50% 148 2.2 (1.1–4.4) 0.033

Cervical stromal invasion 67 0.59 (0.28–1.2) 0.162

Tumor size > 5 cm 91 1.8 (1.0–3.3) 0.047

Lymphovascular space invasion 99 2.6 (1.4–4.7) 0.001

Positive peritoneal cytology 19 4.3 (2.1–9.0) <0.001

Positive L1 cell adhesion molecule 28 1.5 (0.69–3.3) 0.306

Adjuvant therapy 0.882
None 48 1

Vaginal brachytherapy 175 0.60 (0.17–2.1) 0.421
Whole pelvic radiotherapy 57 0.72 (0.22–2.4) 0.591

Chemotherapy ± VBT/WPRT 84 0.81 (0.25–2.6) 0.719
Abbreviations: CI, confidence interval; HR, hazard ratio; VBT, vaginal brachytherapy; WPRT, whole
pelvic radiotherapy.

Table 4. Univariable Cox regression disease-specific survival analyses for endometrial carcinomas
according to subgroups based on The Cancer Genome Atlas.

Variable N MMR-D
(n = 191)

N NSMP
(n = 218)

HR (95% CI)
(ref: NSMP) p

Age ≤ 65 years 70 (36.6%) 102 (46.8%) 2.9 (1.2–6.8) 0.015

Age > 65 years 121 (63.4%) 116 (53.2%) 1.8 (1.0–3.3) 0.051

Low-risk histology 1 133 (69.6%) 193 (88.5%) 2.8 (1.4–5.6) 0.003

High-risk histology 2 58 (30.4%) 25 (11.5%) 0.70 (0.35–1.4) 0.332

Myometrial invasion < 50% 102 (53.4%) 135 (61.9%) 2.8 (1.0–7.4) 0.041

Myometrial invasion ≥ 50 89 (46.6%) 83 (38.1%) 1.8 (0.99–3.1) 0.053

Cervical stromal invasion − 148 (77.9%) 3 187 (85.8%) 2.0 (1.1–3.5) 0.024

Cervical stromal invasion + 42 (22.1%) 31 (14.2%) 2.3 (0.92–6.0) 0.073

Tumor size ≤ 5 cm 130 (72.6%) 4 158 (78.2%) 5 2.3 (1.1–4.5) 0.020

Tumor size > 5 cm 49 (27.4%) 44 (21.8%) 1.7 (0.80–3.5) 0.170

Lymphovascular space invasion − 129 (67.5%) 169 (77.5%) 2.2 (1.0–4.9) 0.046

Lymphovascular space invasion + 62 (32.5%) 49 (22.5%) 1.7 (0.89–3.1) 0.108

Peritoneal cytology − 177 (94.7%) 6 204 (94.9%) 7 3.1 (1.7–5.7) <0.001

Peritoneal cytology + 10 (5.3%) 11 (5.1%) 0.73 (0.25–2.1) 0.567

L1 cell adhesion molecule − 173 (91.1%) 3 196 (93.3%) 8 2.9 (1.6–5.1) <0.001

L1 cell adhesion molecule + 17 (8.9%) 14 (6.7%) 0.76 (0.25–2.4) 0.639
Abbreviations: CI, confidence interval; HR, hazard ratio; MMR-D, mismatch repair deficient; NSMP, no specific
molecular profile. 1 Grade 1–2 endometrioid carcinoma; 2 grade 3 endometrioid and nonendometrioid carcinoma;
3 data missing for 1 patient; 4 data missing for 12 patients; 5 data missing for 16 patients; 6 data missing for
4 patients; 7 data missing for 3 patients; 8 data missing for 8 patients.
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Table 5. Relapse types in stage I MMR-D and NSMP endometrial carcinomas.

Relapse Type MMR-D (n = 128) NSMP (n = 165) p

Vaginal 0 (0%) 4 (2.4%) 0.134

Pelvic 11 (8.6%) 4 (2.4%) 0.029

Other intra-abdominal 3 (2.3%) 7 (4.2%) 0.522

Extra-abdominal 5 (3.9%) 3 (1.8%) 0.303
bbreviations: MMR-D, mismatch repair deficient; NSMP, no specific molecular profile. Fisher exact test, 2-sided.

Table 6. Occurrence of primary lymph node involvement and recurrences in regional lymph nodes
in MMR-D and NSMP endometrial carcinomas.

Type of Lymph Node Metastasis or Relapse MMR-D (n = 191) NSMP (n = 218) p

Stage IIIC1 18 (9.4%) 13 (6.0%)

Stage IIIC2 7 (3.7%) 1 (0.5%)

Stage IV with lymph node involvement 1 (0.5%) 1 (0.5%)

Stage IV with lymph node relapse 3 (1.6%) 1 (0.5%)

Stage I–IIIB with pelvic lymph node relapse 5 (2.6%) 3 (1.4%)

Stage I–IIIB with para-aortic lymph node relapse 2 (1.0%) 3 (1.4%)

Stage I–IIIB with pelvic-aortic lymph node relapse 2 (1.0%) 1 (0.5%)

Combined 38 (19.9%) 23 (10.6%) 0.008

Abbreviations: MMR-D, mismatch repair deficient; NSMP, no specific molecular profile. Pearson χ2 test.
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4. Discussion

Our study shows no association between endometrial cancer-related survival and
MMR deficiency, assessed solely by MMR protein immunohistochemistry (Figure 1). How-
ever, when MMR proficient carcinomas were defined as those lacking a specific molecular
profile, according to a TCGA-based approach, MMR deficiency was associated with poor
survival (Figure 1, Table 3).

These findings indicate that a complete classification into molecular subgroups should
ideally be performed to appreciate the prognostic significance of MMR status in endometrial
carcinoma. A two-tiered classification into MMR proficient and deficient tumors results in
the inclusion of the copy-number high and POLE ultramutated subgroups, that is, those
associated with the respectively poorest and best outcomes [12] in the MMR proficient
category. Thus, the prognostic role of MMR proficiency can be distorted by this approach.
It is likely that MMR proficient tumors were heterogeneous in earlier studies based on
the identification of MMR deficiency alone [5–11], which could explain the inconsistent
findings on the association of MMR status with patient outcome.

Raffone et al. [34] performed a meta-analysis of individual studies [29,35–39] that
provided data about prognosis of TCGA-based subgroups in endometrial carcinoma.
An MSI hypermutated subgroup showed a 1.5–2-fold increased risk of overall mortality
compared with the NSMP subgroup, which became nonsignificant after adjusting for
clinicopathologic factors. An MSI hypermutated subgroup independently worsened overall
survival in one study [29], whereas the effect was not significant in five studies [35–39]. We
assume that diverse study populations and different selection of confounding variables
may explain the discrepant results. The generalizability of the present study may be
increased by the fact that our patient sample was unselected with regard to factors such as
stage, histology, and tumor size, and a comprehensive set of confounders was included in
the multivariable model of disease-specific survival (Table 3).

Patients with MMR-D endometrial carcinomas were older, and their tumors more
frequently had aggressive features, including high grade and nonendometrioid histology,
cervical stromal invasion, and lymphovascular space invasion (Table 2). These differences
may not alone explain the poor outcome in the MMR-D subgroup, based on the apparent
independent effect of MMR status on survival in multivariable analysis (Table 3). This
prompted us to explore the prognostic effect of MMR status in the absence and presence of
established clinicopathologic risk factors (Table 4). Importantly, MMR-D was invariably
associated with an increased risk of disease-related death in the absence of risk factors, but
the risk was similar for MMR-D and NSMP subgroups when such factors were present.
Thus, compared with the NSMP subtype carcinomas, MMR-D subtype carcinomas at
risk for relapse and poor outcome appear to be less adequately identified by traditional
risk factors.

In agreement with a previous study where MMR deficient endometrial carcinomas
were more likely to recur in retroperitoneal lymph nodes [10], we observed that MMR-D
subtype carcinomas were prone to lymphatic dissemination (Table 6). Stage I MMR-D sub-
type carcinomas tended to recur in the pelvis (Table 5), which may reflect the relationship
between MMR status and response to adjuvant therapy [40]. We have demonstrated that
adjuvant therapies currently used in clinical practice are not associated with improved
outcome in MMR-D subtype endometrial carcinomas, as opposed to the NSMP subtype for
which adjuvant therapies are associated with a reduced risk of cancer-related death [40].

MSI hypermutated cancers have a high mutation rate and increased neoantigen load,
which represent a favorable feature for the implementation of immunotherapy [41]. Thus,
immunotherapy is an obvious alternative to more conventional adjuvant therapies in these
types of tumors. Clinical benefit of treatment with pembrolizumab, an immune checkpoint
inhibitor, in previously treated unresectable or metastatic MSI hypermutated non-colorectal
cancers has been demonstrated, with an objective response rate of 34.3% [42].

Our study has some limitations, including its retrospective nature and incomplete
molecular characterization of 35% of the primary tumor samples. However, the work
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is strengthened by detailed clinicopathologic annotation and long follow-up time with
cancer-related mortality rather than overall mortality as the outcome of interest.

5. Conclusions

The effect of MMR deficiency on the outcome of endometrial carcinoma depends on
how MMR proficiency is defined. The poor outcome of MMR deficient carcinomas in the
absence of established risk factors emphasizes the need for improved risk stratification
of this disease subtype. The observed tendency for pelvic/lymphatic spread of MMR
deficient carcinomas may need to be addressed in the design of adjuvant therapy trials.

Supplementary Materials: The following are available online https://www.mdpi.com/article/
10.3390/cancers13133124/s1, Table S1: Univariable Cox regression disease-specific survival analyses
for MMR-D and NSMP endometrial carcinomas.

Author Contributions: M.L., A.P. and R.B. contributed to the design and implementation of the
research, to the analysis of the results, and to the writing of the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by Helsinki University Hospital research funds (Grant number:
TYH2018204).

Institutional Review Board Statement: This study was approved by the Institutional Review Board
of the Helsinki University Hospital (journal number 135/13/03/03/2013).

Informed Consent Statement: Participant consent was waived because this was a retrospective
study. Instead, the Institutional Review Board called for an approval by the National Supervisory
Authority for Welfare and Health, which was granted (journal number 753/06.01.03.01/2016).

Data Availability Statement: All relevant data are within the paper.

Acknowledgments: Open access funding provided by University of Helsinki.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Helland, Å.; Børresen-Dale, A.-L.; Peltomäki, P.; Hektoen, M.; Kristensen, G.B.; Nesland, J.M.; De La Chapelle, A.; Lothe, R.A.

Microsatellite instability in cervical and endometrial carcinomas. Int. J. Cancer 1997, 70, 499–501. [CrossRef]
2. Parsons, R.; Li, G.-M.; Longley, M.J.; Fang, W.-H.; Papadopoulos, N.; Jen, J.; de la Chapelle, A.; Kinzler, K.W.; Vogelstein, B.;

Modrich, P. Hypermutability and mismatch repair deficiency in RER+ tumor cells. Cell 1993, 75, 1227–1236. [CrossRef]
3. Ryan, N.A.J.; Glaire, M.A.; Blake, D.; Cabrera-Dandy, M.; Evans, D.G.; Crosbie, E.J. The proportion of endometrial cancers

associated with Lynch syndrome: A systematic review of the literature and meta-analysis. Genet. Med. 2019, 21, 2167–2180.
[CrossRef] [PubMed]

4. Domchek, S.M.; Robson, M.E. Update on Genetic Testing in Gynecologic Cancer. J. Clin. Oncol. 2019, 37, 2501–2509. [CrossRef]
[PubMed]

5. McMeekin, D.S.; Tritchler, D.L.; Cohn, D.; Mutch, D.G.; Lankes, H.A.; Geller, M.A.; Powell, M.A.; Backes, F.J.; Landrum, L.M.;
Zaino, R.; et al. Clinicopathologic Significance of Mismatch Repair Defects in Endometrial Cancer: An NRG Oncol-
ogy/Gynecologic Oncology Group Study. J. Clin. Oncol. 2016, 34, 3062–3068. [CrossRef] [PubMed]

6. Shikama, A.; Minaguchi, T.; Matsumoto, K.; Akiyama-Abe, A.; Nakamura, Y.; Michikami, H.; Nakao, S.; Sakurai, M.; Ochi, H.;
Onuki, M.; et al. Clinicopathologic implications of DNA mismatch repair status in endometrial carcinomas. Gynecol. Oncol. 2016,
140, 226–233. [CrossRef]

7. Cosgrove, C.M.; Cohn, D.; Hampel, H.; Frankel, W.L.; Jones, D.; McElroy, J.P.; Suarez, A.A.; Zhao, W.; Chen, W.; Salani, R.; et al.
Epigenetic silencing of MLH1 in endometrial cancers is associated with larger tumor volume, increased rate of lymph node
positivity and reduced recurrence-free survival. Gynecol. Oncol. 2017, 146, 588–595. [CrossRef]

8. Carr, C.; Son, J.; Yao, M.; Priyadarshini, A.; Marquard, J.; Vargas, R.; Michener, C.; AlHilli, M.M. Clinicopathologic characteristics
and outcomes of endometrial Cancer patients with mismatch repair deficiency in the era of universal Lynch syndrome screening.
Gynecol. Oncol. 2020, 159, 712–720. [CrossRef] [PubMed]

9. Pasanen, A.; Loukovaara, M.; Bützow, R. Clinicopathological significance of deficient DNA mismatch repair and MLH1 promoter
methylation in endometrioid endometrial carcinoma. Mod. Pathol. 2020, 33, 1443–1452. [CrossRef]

10. Kim, S.R.; Tone, A.; Kim, R.H.; Cesari, M.; Clarke, B.A.; Eiriksson, L.; Hart, T.; Aronson, M.; Holter, S.; Lytwyn, A.; et al.
Understanding the clinical implication of mismatch repair deficiency in endometrioid endometrial cancer through a prospective
study. Gynecol. Oncol. 2021, 161, 221–227. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers13133124/s1
https://www.mdpi.com/article/10.3390/cancers13133124/s1
http://doi.org/10.1002/(SICI)1097-0215(19970304)70:5&lt;499::AID-IJC1&gt;3.0.CO;2-T
http://doi.org/10.1016/0092-8674(93)90331-J
http://doi.org/10.1038/s41436-019-0536-8
http://www.ncbi.nlm.nih.gov/pubmed/31086306
http://doi.org/10.1200/JCO.19.00363
http://www.ncbi.nlm.nih.gov/pubmed/31403865
http://doi.org/10.1200/JCO.2016.67.8722
http://www.ncbi.nlm.nih.gov/pubmed/27325856
http://doi.org/10.1016/j.ygyno.2015.11.032
http://doi.org/10.1016/j.ygyno.2017.07.003
http://doi.org/10.1016/j.ygyno.2020.09.039
http://www.ncbi.nlm.nih.gov/pubmed/33046272
http://doi.org/10.1038/s41379-020-0501-8
http://doi.org/10.1016/j.ygyno.2021.01.002
http://www.ncbi.nlm.nih.gov/pubmed/33478752


Cancers 2021, 13, 3124 10 of 11

11. Backes, F.J.; Haag, J.; Cosgrove, C.M.; Suarez, A.; Cohn, D.E.; Goodfellow, P.J. Mismatch repair deficiency identifies patients with
high-intermediate–risk (HIR) endometrioid endometrial cancer at the highest risk of recurrence: A prognostic biomarker. Cancer
2019, 125, 398–405. [CrossRef]

12. The Cancer Genome Atlas Research Network; Kandoth, C.; Schultz, N.; Cherniack, A.D.; Akbani, R.; Liu, Y.; Shen, H.;
Robertson, A.G.; Pashtan, I.; Shen, R.; et al. Integrated genomic characterization of endometrial carcinoma. Nature 2013,
497, 67–73. [PubMed]

13. Pecorelli, S. Revised FIGO staging for carcinoma of the vulva, cervix, and endometrium. Int. J. Gynecol. Obstet. 2009, 105, 103–104.
[CrossRef] [PubMed]

14. Benedetti Panici, P.; Basile, S.; Salerno, M.G.; Di Donato, V.; Marchetti, C.; Perniola, G.; Palagiano, A.; Perutelli, A.; Maneschi, F.;
Lissoni, A.A.; et al. Secondary analyses from a randomized clinical trial: Age as the key prognostic factor in endometrial
carcinoma. Am. J. Obstet. Gynecol. 2014, 210, 363.e1–363.e10. [CrossRef]

15. Lewin, S.N.; Herzog, T.J.; Barrena Medel, N.I.; Deutsch, I.; Burke, W.M.; Sun, X.; Wright, J.D. Comparative performance of the
2009 International Federation of Gynecology and Obstetrics´ staging system for uterine corpus cancer. Obstet. Gynecol. 2010,
116, 1141–1149. [CrossRef]

16. Kwon, J.S.; Qiu, F.; Saskin, R.; Carey, M.S. Are uterine risk factors more important than nodal status in predicting survival in
endome-trial cancer? Obstet. Gynecol. 2009, 114, 736–743. [CrossRef] [PubMed]

17. Barrena Medel, N.I.; Herzog, T.J.; Deutsch, I.; Burke, W.M.; Sun, X.; Lewin, S.N.; Wright, J.D. Comparison of the prognostic
significance of uterine factors and nodal status for endometrial cancer. Am. J. Obstet. Gynecol. 2011, 204, 248.e1–248.e7. [CrossRef]
[PubMed]

18. Nugent, E.; Bishop, E.; Mathews, C.; Moxley, K.; Tenney, M.; Mannel, R.; Walker, J.; Moore, K.; Landrum, L.; McMeekin, D. Do
uterine risk factors or lymph node metastasis more significantly affect recurrence in patients with endometrioid adenocarcinoma?
Gynecol. Oncol. 2012, 125, 94–98. [CrossRef] [PubMed]

19. Seagle, B.-L.L.; Alexander, A.L.; Lantsman, T.; Shahabi, S. Prognosis and treatment of positive peritoneal cytology in early
endometrial cancer: Matched cohort analyses from the National Cancer Database. Am. J. Obstet. Gynecol. 2018, 218, 329.e1–329.e15.
[CrossRef]

20. Matsuo, K.; Matsuzaki, S.; Nusbaum, D.J.; Machida, H.; Nagase, Y.; Grubbs, B.H.; Roman, L.D.; Wright, J.D.; Harter, P.; Klar, M.
Malignant peritoneal cytology and decreased survival of women with stage I endometrioid endometrial cancer. Eur. J. Cancer
2020, 133, 33–46. [CrossRef]

21. Matsuo, K.; Matsuzaki, S.; Roman, L.D.; Klar, M.; Wright, J.D. Proposal of an endometrial cancer staging schema with stage-specific
incorporation of malignant peritoneal cytology. Am. J. Obstet. Gynecol. 2021, 224, 319–321. [CrossRef] [PubMed]

22. Takenaka, M.; Kamii, M.; Iida, Y.; Yanaihara, N.; Suzuki, J.; Takahashi, K.; Yanagida, S.; Saito, M.; Takano, H.; Yamada, K.; et al.
Re-thinking the prognostic significance of positive peritoneal cytology in endometrial cancer. Gynecol. Oncol. 2021, 161, 135–142.
[CrossRef] [PubMed]

23. Zeimet, A.G.; Reimer, D.; Huszar, M.; Winterhoff, B.; Puistola, U.; Azim, S.A.; Müller-Holzner, E.; Ben-Arie, A.; Van Kempen, L.C.;
Petru, E.; et al. L1CAM in Early-Stage Type I Endometrial Cancer: Results of a Large Multicenter Evaluation. J. Natl. Cancer Inst.
2013, 105, 1142–1150. [CrossRef]

24. Bosse, T.; Nout, R.; Stelloo, E.; Dreef, E.; Nijman, H.; Jürgenliemk-Schulz, I.; Jobsen, J.; Creutzberg, C.; Smit, V. L1 cell adhesion
molecule is a strong predictor for distant recurrence and overall survival in early stage endometrial cancer: Pooled PORTEC trial
results. Eur. J. Cancer 2014, 50, 2602–2610. [CrossRef] [PubMed]

25. Dellinger, T.H.; Smith, D.; Ouyang, C.; Warden, C.D.; Williams, J.C.; Han, E.S. L1CAM is an independent predictor of poor
survival in endometrial cancer—An analysis of The Cancer Genome Atlas (TCGA). Gynecol. Oncol. 2016, 141, 336–340. [CrossRef]
[PubMed]

26. Pasanen, A.; Tuomi, T.; Isola, J.; Staff, S.; Bützow, R.; Loukovaara, M. L1 Cell Adhesion Molecule as a Predictor of Disease-Specific
Survival and Patterns of Relapse in Endometrial Cancer. Int. J. Gynecol. Cancer 2016, 26, 1465–1471. [CrossRef]

27. Schink, J.C.; Miller, D.S.; Lurain, J.R.; Rademaker, A.W. Tumor size in endometrial cancer. Cancer 1991, 67, 2791–2794. [CrossRef]
28. McShane, L.M.; Altman, D.G.; Sauerbrei, W.; Taube, S.E.; Gion, M.; Clark, G.M.; The Statistics Subcommittee of the NCI-EORTC

Working Group on Cancer Diagnostics. Reporting recommendations for tumor marker prognostic studies. J. Clin. Oncol. 2005,
23, 9067–9072. [CrossRef] [PubMed]

29. Stelloo, E.; Nout, R.A.; Osse, E.M.; Juergenliemk-Schulz, I.J.; Jobsen, J.J.; Lutgens, L.C.; Van Der Steen-Banasik, E.M.; Nijman, H.W.;
Putter, H.; Bosse, T.; et al. Improved Risk Assessment by Integrating Molecular and Clinicopathological Factors in Early-stage
Endometrial Cancer—Combined Analysis of the PORTEC Cohorts. Clin. Cancer Res. 2016, 22, 4215–4224. [CrossRef]

30. Kolehmainen, A.; Pasanen, A.; Tuomi, T.; Koivisto-Korander, R.; Bützow, R.; Loukovaara, M. Clinical factors as prognostic
variables among molecular subgroups of endometrial cancer. PLoS ONE 2020, 15, e0242733. [CrossRef]

31. Pasanen, A.; Ahvenainen, T.; Pellinen, T.; Vahteristo, P.; Loukovaara, M.; Bützow, R. PD-L1 expression in endometrial carcinoma
cells and intratumoral immune cells: Differences across histologic and TCGA-based molecular subgroups. Am. J. Surg. Pathol.
2020, 44, 174–181. [CrossRef] [PubMed]

32. León-Castillo, A.; Britton, H.; McConechy, M.K.; McAlpine, J.N.; Nout, R.; Kommoss, S.; Brucker, S.Y.; Carlson, J.W.; Epstein, E.;
Rau, T.T.; et al. Interpretation of somatic POLE mutations in endometrial carcinoma. J. Pathol. 2020, 250, 323–335. [CrossRef]
[PubMed]

http://doi.org/10.1002/cncr.31901
http://www.ncbi.nlm.nih.gov/pubmed/23636398
http://doi.org/10.1016/j.ijgo.2009.02.012
http://www.ncbi.nlm.nih.gov/pubmed/19367689
http://doi.org/10.1016/j.ajog.2013.12.025
http://doi.org/10.1097/AOG.0b013e3181f39849
http://doi.org/10.1097/AOG.0b013e3181b96ec6
http://www.ncbi.nlm.nih.gov/pubmed/19888029
http://doi.org/10.1016/j.ajog.2010.10.903
http://www.ncbi.nlm.nih.gov/pubmed/21247552
http://doi.org/10.1016/j.ygyno.2011.11.049
http://www.ncbi.nlm.nih.gov/pubmed/22155415
http://doi.org/10.1016/j.ajog.2017.11.601
http://doi.org/10.1016/j.ejca.2020.03.031
http://doi.org/10.1016/j.ajog.2020.10.045
http://www.ncbi.nlm.nih.gov/pubmed/33127431
http://doi.org/10.1016/j.ygyno.2021.01.007
http://www.ncbi.nlm.nih.gov/pubmed/33551195
http://doi.org/10.1093/jnci/djt144
http://doi.org/10.1016/j.ejca.2014.07.014
http://www.ncbi.nlm.nih.gov/pubmed/25126672
http://doi.org/10.1016/j.ygyno.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26861585
http://doi.org/10.1097/IGC.0000000000000801
http://doi.org/10.1002/1097-0142(19910601)67:11&lt;2791::AID-CNCR2820671113&gt;3.0.CO;2-S
http://doi.org/10.1200/JCO.2004.01.0454
http://www.ncbi.nlm.nih.gov/pubmed/16172462
http://doi.org/10.1158/1078-0432.CCR-15-2878
http://doi.org/10.1371/journal.pone.0242733
http://doi.org/10.1097/PAS.0000000000001395
http://www.ncbi.nlm.nih.gov/pubmed/31651527
http://doi.org/10.1002/path.5372
http://www.ncbi.nlm.nih.gov/pubmed/31829442


Cancers 2021, 13, 3124 11 of 11

33. León-Castillo, A.; Gilvazquez, E.; Nout, R.; Smit, V.T.H.B.M.; McAlpine, J.N.; McConechy, M.; Kommoss, S.; Brucker, S.Y.;
Carlson, J.W.; Epstein, E.; et al. Clinicopathological and molecular characterisation of ´multiple-classifier´ endometrial carcino-
mas. J. Pathol. 2020, 250, 312–322. [CrossRef] [PubMed]

34. Raffone, A.; Travaglino, A.; Mascolo, M.; Carbone, L.; Guida, M.; Insabato, L.; Zullo, F. TCGA molecular groups of endometrial
cancer: Pooled data about prognosis. Gynecol. Oncol. 2019, 155, 374–383. [CrossRef] [PubMed]

35. Talhouk, A.; McConechy, M.K.; Leung, S.; Li-Chang, H.H.; Kwon, J.S.; Melnyk, N.; Yang, W.; Senz, J.; Boyd, N.; Karnezis, A.N.;
et al. A clinically applicable molecular-based classifica-tion for endometrial cancers. Br. J. Cancer 2015, 113, 299–310. [CrossRef]
[PubMed]

36. Talhouk, A.; McConechy, M.K.; Leung, S.; Yang, W.; Lum, A.; Senz, J.; Boyd, N.; Pike, J.; Anglesio, M.; Kwon, J.S.; et al.
Confirmation of ProMisE: A simple, genomics-based clinical classifier for endometrial cancer. Cancer 2017, 123, 802–813.
[CrossRef]

37. Bosse, T.; Nout, R.A.; McAlpine, J.N.; McConechy, M.K.; Britton, H.; Hussein, Y.R.; Gonzalez, C.; Ganesan, R.; Steele, J.C.;
Harrison, B.T.; et al. Molecular Classification of Grade 3 Endometrioid Endometrial Cancers Identifies Distinct Prognostic
Subgroups. Am. J. Surg. Pathol. 2018, 42, 561–568. [CrossRef]

38. Cosgrove, C.M.; Tritchler, D.L.; Cohn, D.E.; Mutch, D.G.; Rush, C.M.; Lankes, H.A.; Creasman, W.T.; Miller, D.S.; Ramirez, N.C.;
Geller, M.A.; et al. An NRG Oncology/GOG study of molecular classification for risk prediction in endometrioid endometrial
cancer. Gynecol. Oncol. 2018, 148, 174–180. [CrossRef]

39. Kommoss, S.; McConechy, M.; Leung, S.; Bunz, A.; Magrill, J.; Britton, H.; Grevenkamp, F.; Karnezis, A.; Yang, W.; Lum, A.;
et al. Final validation of the ProMisE molecular classifier for endometrial carcinoma in a large population-based case series. Ann.
Oncol. 2018, 29, 1180–1188. [CrossRef]

40. Loukovaara, M.; Pasanen, A.; Bützow, R. Mismatch repair protein and MLH1 methylation status as predictors of response to
adjuvant therapy in endometrial cancer. Cancer Med. 2021, 10, 1034–1042. [CrossRef]

41. Kurnit, K.; Reid, P.; Moroney, J.W.; Fleming, G.F. Immune checkpoint inhibitors in women with gynecologic cancers: Practical
considerations. Gynecol. Oncol. 2020, 158, 531–537. [CrossRef] [PubMed]

42. Marabelle, A.; Le, D.T.; Ascierto, P.A.; Di Giacomo, A.M.; De Jesus-Acosta, A.; Delord, J.-P.; Geva, R.; Gottfried, M.; Penel, N.;
Hansen, A.R.; et al. Efficacy of Pembrolizumab in Patients with Noncolorectal High Microsatellite Instability/Mismatch
Repair–Deficient Cancer: Results from the Phase II KEYNOTE-158 Study. J. Clin. Oncol. 2020, 38, 1–10. [CrossRef] [PubMed]

http://doi.org/10.1002/path.5373
http://www.ncbi.nlm.nih.gov/pubmed/31829447
http://doi.org/10.1016/j.ygyno.2019.08.019
http://www.ncbi.nlm.nih.gov/pubmed/31472940
http://doi.org/10.1038/bjc.2015.190
http://www.ncbi.nlm.nih.gov/pubmed/26172027
http://doi.org/10.1002/cncr.30496
http://doi.org/10.1097/PAS.0000000000001020
http://doi.org/10.1016/j.ygyno.2017.10.037
http://doi.org/10.1093/annonc/mdy058
http://doi.org/10.1002/cam4.3691
http://doi.org/10.1016/j.ygyno.2020.06.499
http://www.ncbi.nlm.nih.gov/pubmed/32641238
http://doi.org/10.1200/JCO.19.02105
http://www.ncbi.nlm.nih.gov/pubmed/31682550

	Introduction 
	Materials and Methods 
	Study Population and Data Collection 
	Molecular Classification 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

