
Modern Pathology (2019) 32:1508–1520
https://doi.org/10.1038/s41379-019-0298-5

ARTICLE

Quantitative next-generation sequencing-based analysis indicates
progressive accumulation of microsatellite instability between
atypical hyperplasia/endometrial intraepithelial neoplasia and
paired endometrioid endometrial carcinoma

David B. Chapel1 ● Sushant A. Patil1 ● Andrei Plagov1 ● Rutika Puranik1 ● Anastasiya Mendybaeva1 ●

George Steinhardt1 ● Pankhuri Wanjari1 ● Ricardo R. Lastra1 ● Sabah Kadri1 ● Jeremy P. Segal1 ●

Lauren L. Ritterhouse 1

Received: 13 March 2019 / Revised: 3 May 2019 / Accepted: 4 May 2019 / Published online: 11 June 2019
© United States & Canadian Academy of Pathology 2019

Abstract
Atypical hyperplasia/endometrial intraepithelial neoplasia is an accepted precursor to endometrioid-type endometrial carcinoma.
Mismatch repair-deficient endometrial carcinomas are also known to be a biologically and clinically distinct subset of tumors.
However, the development of microsatellite instability in endometrial carcinogenesis has not yet been evaluated by novel next-
generation sequencing-based methods. We examined 17 mismatch repair-deficient endometrioid endometrial carcinomas and
their paired atypical hyperplasia/endometrial intraepithelial neoplasia precursors using a next-generation sequencing panel with
quantitative microsatellite instability detection at 336 loci. Findings were compared to histological features, polymerase chain
reaction-based microsatellite instability testing, immunohistochemical expression of mismatch repair proteins, and tumor
mutational burden calculations. All 17 endometrial carcinomas and 8/17 atypical hyperplasia/endometrial intraepithelial
neoplasia showed microsatellite instability by next-generation sequencing-based testing. Endometrial carcinoma specimens
showed significantly more unstable microsatellite loci than paired atypical hyperplasia/endometrial intraepithelial neoplasia
(mean: 40.0% vs 19.9 unstable loci, respectively). Out of nine microsatellite-stable atypical hyperplasia/endometrial
intraepithelial neoplasia specimens, four showed mismatch repair loss by immunohistochemistry. All atypical hyperplasia/
endometrial intraepithelial neoplasia and endometrial carcinoma specimens with microsatellite instability were also mismatch
repair-deficient by immunohistochemistry. Tumor mutational burden was significantly greater in endometrial carcinoma than in
paired atypical hyperplasia/endometrial intraepithelial neoplasia specimens, and tumor mutational burden was significantly
correlated with percent unstable microsatellite loci. Paired atypical hyperplasia/endometrial intraepithelial neoplasia and
endometrial carcinoma specimens show progressive accumulation of unstable microsatellite loci following loss of mismatch
repair protein expression. Comprehensive next-generation sequencing-based testing of endometrial carcinomas offers new
insights into endometrial carcinogenesis and opportunities for improved tumor surveillance, diagnosis, and management.

Introduction

Endometrial carcinoma is the most common cancer of the
female reproductive tract in the United States, and the
fourth most common cancer in American women overall,
with nearly 62,000 new cases diagnosed annually [1]. The
endometrioid histotype of endometrial carcinoma classi-
cally arises in perimenopausal and early postmenopausal
women, in the setting of increased estrogen exposure [2].
Endometrioid endometrial carcinoma develops from clo-
nal proliferations of architecturally crowded, cytologically
atypical endometrial glands [3–10], termed “atypical

This study was presented at the 108th annual meeting of the United
States and Canadian Academy of Pathology in National Harbor,
Maryland, USA, where it was awarded a Stowell-Orbison Certificate
of Merit. This work was awarded first prize in the 2018 Resident
Research Competition of the Chicago Pathology Society.

* Lauren L. Ritterhouse
lritterhouse@partners.org

1 Department of Pathology, University of Chicago, 5841S.
Maryland Ave, Chicago, IL, USA

Supplementary information The online version of this article (https://
doi.org/10.1038/s41379-019-0298-5) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-019-0298-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-019-0298-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-019-0298-5&domain=pdf
http://orcid.org/0000-0002-7655-630X
http://orcid.org/0000-0002-7655-630X
http://orcid.org/0000-0002-7655-630X
http://orcid.org/0000-0002-7655-630X
http://orcid.org/0000-0002-7655-630X
mailto:lritterhouse@partners.org
https://doi.org/10.1038/s41379-019-0298-5
https://doi.org/10.1038/s41379-019-0298-5


hyperplasia/endometrial intraepithelial neoplasia” in the
2014 World Health Organization Classification of
Tumours of the Female Reproductive Organs [11].

Approximately one quarter of endometrioid endo-
metrial carcinomas exhibit loss of function of one or more
of the mismatch repair proteins MLH1, MSH2, MSH6,
or PMS2, resulting in the accelerated accrual of length-
affecting errors in homopolymer tracts (repetitive stretches
of the same nucleotide), resulting in a molecular signature
termed microsatellite instability [12–14]. Loss of mis-
match repair function has been previously shown to be
a relatively early molecular alteration in a subset of
endometrial carcinomas [15, 16]. Early studies showed
that MLH1 promoter hypermethylation can occur in
the absence of an established microsatellite instability
molecular signature, and that endometrial carcinoma
shows microsatellite instability when associated with
microsatellite-unstable atypical hyperplasia/endometrial
intraepithelial neoplasia [15, 16]. In contrast,
microsatellite-unstable endometrial carcinoma was asso-
ciated with microsatellite-stable atypical hyperplasia/
endometrial intraepithelial neoplasia in approximately half
of cases [7, 9, 15, 16]. Larger, more recent studies suggest
high concordance of mismatch repair protein expression
between paired atypical hyperplasia/endometrial intrae-
pithelial neoplasia and endometrial carcinoma specimens
[17, 18]. Although some data suggest that mismatch repair
immunohistochemistry performed on specimens contain-
ing only atypical hyperplasia/endometrial intraepithelial
neoplasia may accurately detect Lynch syndrome, spora-
dic mismatch repair deficiency may be underreported by
this approach, and routine mismatch repair testing on
atypical hyperplasia/endometrial intraepithelial neoplasia
specimens is not currently a widespread clinical practice
[7, 9, 18].

Clinically, mismatch repair-deficient endometrial carci-
noma arising in patients with Lynch syndrome [19, 20]
must be distinguished from sporadic mismatch repair-
deficient carcinomas, which result most commonly from
silencing of MLH1 through promoter hypermethylation
[18], or alternately through somatic mutations in mismatch
repair protein genes. Screening of endometrial carcinomas
for Lynch syndrome begins either with immunohis-
tochemistry to detect loss of mismatch repair protein
expression in tumor cells, or with polymerase chain
reaction-based microsatellite instability testing [21]. An
abnormal screening result prompts additional testing to
identify or rule out a germline mutation, as recently
reviewed [17, 21].

Mismatch repair immunohistochemistry is currently
the favored tool for mismatch repair testing, given its
cost effectiveness, broad availability, and relative
ease of interpretation. In contrast, polymerase chain

reaction-based microsatellite instability testing relies on
comparison of microsatellite loci in tumor DNA to
paired non-tumor DNA from the patient, to detect
microsatellite length-affecting alterations in the tumor.
Widely adopted sets of microsatellites used for poly-
merase chain reaction-based microsatellite instability
analysis have typically included 5–10 loci, with tumors
classified as microsatellite-stable, microsatellite instabil-
ity-low, and microsatellite instability-high, depending on
the number of loci showing microsatellite instability.
Polymerase chain reaction-based microsatellite instability
calling assays are largely designed to test colorectal can-
cers, and may produce only subtle shifts in endometrial
cancers [22]. Nonetheless, they can be used to detect
microsatellite instability in endometrial carcinoma
[23, 24] and can play an important role in the workup of
tumors with ambiguous results on mismatch repair
immunohistochemistry.

Recently, novel next-generation sequencing-based
methods have been developed for detecting and quantifying
unstable microsatellite loci and classifying tumor micro-
satellite stability [25–28]. Like polymerase chain reaction-
based microsatellite instability methods, next-generation
sequencing-based microsatellite instability calling tools,
compare the number and proportion of discrete micro-
satellite read lengths in tumor and normal tissue. But in
contrast to polymerase chain reaction-based methods, next-
generation sequencing-based microsatellite instability tools
have the ability to evaluate hundreds of microsatellite loci,
permitting comparison of tumor microsatellites to a popu-
lation microsatellite profile derived from a large number of
non-tumor specimens and obviating the need for paired
normal patient DNA. In addition, although next-generation
sequencing-based microsatellite instability calling methods
also employ tumor-specific cutoffs [29], analysis of hun-
dreds of microsatellites removes much of the bias inherent
to the small microsatellite sets used in polymerase chain
reaction-based testing designed for colorectal cancer.

Mismatch repair immunohistochemistry and micro-
satellite instability testing have also taken on a predictive
role in immunotherapy eligibility [30, 31]. On 23 May
2017, the Food and Drug Administration granted their
first tissue/site-agnostic approval, with an accelerated
approval for pembrolizumab immunotherapy for patients
with mismatch repair-deficient or microsatellite
instability-high solid tumors that are unresectable or
metastatic, have progressed after prior therapy, and lack
alternate treatment options [32]. Furthermore, analyses of
the Cancer Genome Atlas data have classified mismatch
repair-deficient endometrial carcinomas as a discrete
prognostic subgroup which led to a novel molecular
model for classification of endometrial carcinoma
[12, 13]. Finally, next-generation sequencing results can

Quantitative next-generation sequencing-based analysis indicates progressive accumulation of. . . 1509



also be used to calculate tumor mutational burden, a
holistic measure of accumulated mutations with a growing
role in clinical management [33].

Utilizing an in-house developed next-generation
sequencing panel incorporating quantitative microsatellite
instability detection across 336 loci, we designed a retro-
spective analysis of endometrioid endometrial carcinoma
and their paired atypical hyperplasia/endometrial intrae-
pithelial neoplasia. In addition to evaluating tumors’ clin-
icopathologic features and somatic mutations, this study
seeks to better clarify the evolution of the microsatellite
instability signature between atypical hyperplasia/endo-
metrial intraepithelial neoplasia and paired endometrial
carcinomas, as well as to examine the relationship between
mismatch repair immunohistochemistry, next-generation
sequencing-based microsatellite instability detection, and
polymerase chain reaction-based microsatellite instability
detection in these specimens.

Materials and methods

Case selection and histomorphologic evaluation

This study was approved by the University of Chicago
Institutional Review Board (#17–173) with waiver
of consent. Pathology reports were reviewed for all hys-
terectomies performed at the University of Chicago
between January 2007 and July 2018. All hematoxylin
and eosin-stained slides were reviewed for cases with (1)
endometrioid histotype, mixed histotype with endome-
trioid elements (including dedifferentiated endometrial
carcinoma), or undifferentiated histotype, (2) associated
atypical hyperplasia/endometrial intraepithelial neoplasia
component, and (3) known immunohistochemical mis-
match repair deficiency in the carcinoma component. For
inclusion in the study cohort, we required foci of both
atypical hyperplasia/endometrial intraepithelial neoplasia
and endometrial carcinoma that were sufficiently discrete
for separate macro-dissection. For purposes of this study,
we adopted the approach of Russo et al. [3], and con-
sidered lesions to constitute atypical hyperplasia/endo-
metrial intraepithelial neoplasia if they met criteria for
either endometrial intraepithelial neoplasia or atypical
hyperplasia on review by two surgical pathologists (DBC
and RRL). Hematoxylin and eosin-stained photo-
micrographs of each dissected specimen are available in
Supplemental Fig. 1.

UCM-OncoPlus next-generation sequencing

Genomic DNA was isolated from macro-dissected for-
malin-fixed paraffin-embedded sections for the carcinoma

and atypical hyperplasia/endometrial intraepithelial neo-
plasia components using the QIAamp DNA FFPE Tissue
Kit (Qiagen, Valencia, CA) according to the manu-
facturer’s instructions. Next-generation sequencing was
performed using the targeted, hybrid capture 1,213-gene
UCM-OncoPlus panel, as previously described [34]. In
brief, following extraction, DNA was quantified using the
Qubit fluorometric assay (Thermo Fisher Scientific, Foster
City, CA) and further assessed for quantity and quality
using a quantitative polymerase chain reaction assay
(hgDNA Quantitation and QC kit, Kapa Biosystems,
Wilmington, MA). Library preparation and sequencing
were performed as previously described [34]. In brief,
100 ng DNA was fragmented using the Covaris S2
(Covaris, Woburn, MA). The fragmented DNA was
amplified using the KAPA HTP Library Preparation Kit
(Kapa Biosystems) along with a set of patient-specific
indexes (Roche, Indianapolis, IN). The pooled library was
captured using a custom SeqCap EZ capture panel
(Roche) featuring a collection xGen Lockdown Probes
(IDT, Coralville, IA) for 1213 genes. The pooled, cap-
tured library was sequenced on the Illumina HiSeq
2500 system (Illumina, San Diego, CA) in rapid run mode
(2 × 101 bp paired end sequencing). Somatic mutation
calling was performed across all 1213 genes using a
custom in-house bioinformatics pipeline previously
described [34]. Variants were annotated using Alamut
Batch, Version 1.4 (Rouen, France).

Next-generation sequencing-based microsatellite
instability testing

As part of UCM-OncoPlus, a microsatellite instability
detection module using data from 336 incidentally cap-
tured homopolymers across the 1213 captured genes was
utilized. A metric similar to that proposed by Kautto et al.
was employed to quantify the stability of each homo-
polymer locus [24]. For each locus, distribution over
different homopolymer lengths (normalized to a fraction
of total depth at the locus) was generated. Then, the
absolute value of the stepwise difference between that
sample distribution and a normal distribution was calcu-
lated as a distance score (d). The baseline distribution for
normal samples was generated using average values
across 23 non-tumor samples from our institutional
population. To call a particular locus unstable, the ‘d’
score must be greater than the mean plus 3 standard
deviations from the non-tumor population baseline. After
excluding loci not meeting the quality depth threshold
(depth of 50 reads with a Q30), the number of unstable
loci in each specimen was expressed as a percentage.
Thresholds for assigning microsatellite instability were
defined using training sets of mismatch repair-retained
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and mismatch repair-deficient tumors, as determined by or
immunohistochemistry. Samples with <9% unstable loci
were classified as microsatellite-stable, 9–15% unstable
loci as indeterminate, and >15% unstable loci as
microsatellite-unstable. Note that, unlike in polymerase
chain reaction-based microsatellite instability calling, our
next-generation sequencing-based method does not sub-
classify microsatellite-unstable tumors as microsatellite
instability-low or microsatellite instability-high.

Tumor mutational burden calculation

Tumor mutational burden was calculated from OncoPlus
data and quantified as mutations/megabase over a 1132 gene
territory. Both synonymous and non-synonymous coding
(exonic) variants were included. Variants that met any of the
following criteria were excluded from the calculation: <10%
variant allele frequency, variants present in 1000 Genomes
database (http://www.internationalgenome.org), and var-
iants present in the Exome Aggregation Consortium
(ExAC) database (http://exac.broadinstitute.org). Population
database variants were rescued if there were >10 entries in
the Catalogue of Somatic Mutations in Cancer (COSMIC)
database (https://cancer.sanger.ac.uk/cosmic) with an ExAC
frequency of <0.001 or if the variant was an insertion/
deletion and present in the ExAC database with QC flags
(RF, AC0) and had an ExAC frequency no greater
than 0.01.

Polymerase chain reaction-based microsatellite
instability testing

A fluorescent polymerase chain reaction-based assay, MSI
Analysis System, (Version 1.2, Promega, Madison, WI) was
used to detect microsatellite instability in a subset of cases
(Cases 2, 3, 4, 6, 7, 8, 11, and 12). This system includes
fluorescently labeled primers for co-amplification of seven
markers including five mononucleotide repeat markers
(BAT-25, BAT-26, NR-21, NR-24, and MONO-27) and
two pentanucleotide repeat markers (Penta C and Penta D).
Polymerase chain reaction-based microsatellite instability
testing was performed on a subset of tumor and matched
normal ovarian formalin-fixed paraffin-embedded tissues
from the patient’s hysterectomy specimens. Resulting
electropherograms were interpreted by two molecular
pathologists (LLR, JPS).

Mismatch repair protein immunohistochemistry

For each case, immunohistochemistry for MLH1, MSH2,
MSH6, and PMS2 was performed on the carcinoma
and atypical hyperplasia/endometrial intraepithelial neoplasia

components, using the same block selected for next-
generation sequencing and using a previously published
immunohistochemistry protocol [17]. In brief, the following
antibody clones were used (each at 1:50 dilution): MLH1
(Dako M3640, mouse monoclonal, clone ES05),
MSH2 (Dako M3639, mouse monoclonal, clone FE11),
MSH6 (Dako M3646, mouse monoclonal, clone EP49), and
PMS2 (Dako M3647, mouse monoclonal, clone EP51).
Mismatch repair deficiency was defined by one of the fol-
lowing patterns: complete loss of tumor nuclear staining for
both MLH1 and PMS2, both MSH2 and MSH6, MSH6 only,
or PMS2 only, in the presence of a positive internal control.
Mismatch repair retention was defined by tumor nuclei
staining for all four proteins. Discrete foci of subclonal
mismatch repair protein loss (heterogeneous expression)
were noted, if present.

Analysis of somatic mutations

All variants identified by UCM-OncoPlus were pre-
filtered to remove any variants at >1% frequency in the
ExAC database, all synonymous variants, and splicing
variants occurring >2 bp from the exon. Remaining var-
iants were individually reviewed by a molecular pathol-
ogist to assess variant pathogenicity. Variants were
considered pathogenic if they met either of the following
criteria: loss-of-function mutations in known tumor sup-
pressor genes (e.g. canonical splice sites, frameshift, or
nonsense) or variants that occurred at a known hotspot
location within the gene. The final list of pathogenic
mutations for atypical hyperplasia/endometrial intrae-
pithelial neoplasia and carcinoma components were
compared for each case. Presence of one or more shared
pathogenic somatic mutations and/or presence of >10%
shared unstable microsatellite loci were considered to
constitute evidence of clonality in paired atypical
hyperplasia/endometrial intraepithelial neoplasia and
carcinoma specimens.

Statistical analyses

All statistical analyses were performed in GraphPad Prism
(GraphPad Software, San Diego, CA). Contingency ana-
lyses between non-continuous variables were performed
using Fisher’s exact and chi-squared tests. Comparisons of
two sets of continuous variables were performed using the
(non-parametric) Mann–Whitney U test, and comparisons
of multiple sets of continuous variables were performed
using the (non-parametric) Kruskal–Wallis one-way analy-
sis of variance followed by Tukey’s test of multiple com-
parisons. Comparisons of two continuous variables were
performed using linear regression.
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Results

Cohort characteristics

The study cohort included 17 women who had undergone
hysterectomy with bilateral salpingo-oophorectomy for
endometrial carcinoma (Supplemental Table 1). Median age
at diagnosis was 65 years (range, 44–77 years). Sixteen
cases were stage 1A, and one case was stage 1B [35].
Median tumor size was 3.6 cm (range, 0.8–11.5 cm). Six
tumors were FIGO grade 1, eight were FIGO grade 2, and
three were FIGO grade 3. One FIGO grade 3 tumor (Case
11) had a substantial discrete component of grade 1 pattern
growth, which was sequenced separately. No tumor showed
extrauterine spread or lymph node involvement. No patients
received neoadjuvant therapy.

Mismatch repair protein immunohistochemistry

Seventeen of 17 endometrial carcinoma specimens were
mismatch repair-deficient by immunohistochemistry
(MLH1/PMS2 loss in 16 cases; MSH2/MSH6 loss in 1
case [Case 2]). No cases exhibited heterogeneous mis-
match repair protein expression. By immunohistochem-
istry, paired carcinoma and atypical hyperplasia/
endometrial intraepithelial neoplasia specimens showed
concordant mismatch deficiency in 12/17 (71%) cases
(Fig. 1), including in 12/15 cases with evidence for
clonality between atypical hyperplasia/endometrial
intraepithelial neoplasia and carcinoma specimens. In 4
cases (Cases 5, 6, 9, and 12) the atypical hyperplasia/
endometrial intraepithelial neoplasia component retained
all mismatch repair proteins. Immunohistochemistry
could not be performed in one case due to inadequate
material in the sequenced tissue block. MLH1 promoter
hypermethylation data were available in 5 cases with
MLH1/PMS2 deficiency; promoter hypermethylation was
present in all tested cases.

Polymerase chain reaction-based microsatellite
instability testing

Polymerase chain reaction-based microsatellite instability
calling was performed on 8 paired atypical hyperplasia/
endometrial intraepithelial neoplasia and endometrial
carcinoma specimens. All carcinoma specimens were
microsatellite instability-high. Among atypical hyperpla-
sia/endometrial intraepithelial neoplasia specimens,
three were microsatellite-stable (Cases 3, 6, and 12),
two were microsatellite instability-low (1 of 5 loci
unstable; Cases 7 and 8), and three were microsatellite
instability-high (5 of 5 loci unstable; Cases 2, 4, and 11)
(see Figs. 4 and 6).

Next-generation sequencing-based microsatellite
instability testing

By next-generation sequencing-based microsatellite
instability testing, 17/17 carcinoma specimens and 8/17
(47%) atypical hyperplasia/endometrial intraepithelial neo-
plasia specimens exhibited microsatellite instability. Three
out of 17 (17.6%) atypical hyperplasia/endometrial intrae-
pithelial neoplasia specimens were indeterminate, and 6/17
(35.3%) were microsatellite-stable (Fig. 2a). In the single
case with three separately sequenced elements, the percent
unstable microsatellite loci increased sequentially from
47.3% in the atypical hyperplasia/endometrial intraepithe-
lial neoplasia to 53.0% in the low-grade carcinoma and
64.3% in the high-grade carcinoma. The number of unstable

Fig. 1 Paired atypical hyperplasia/endometrial intraepithelial neoplasia
and carcinoma show concordant mismatch repair protein expression
profiles in Case 7. The atypical hyperplasia/endometrial intraepithelial
neoplasia focus a shows complete loss of MLH1 (not shown) and
PMS2 (b), with retention of MSH2 (not shown) and MSH6 (c). The
carcinoma component (d) shows an identical pattern, with loss of
MLH1 (not shown) and PMS2 (e) but retention of MSH2 (not shown)
and MSH6 (f). (a, d: hematoxylin and eosin, original magnification
100 × ; b, c, e, f: immunohistochemical stains with brown diamino-
benzidine peroxidase-based detection, original magnification ×100 )
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microsatellite loci shared between paired atypical hyper-
plasia/endometrial intraepithelial neoplasia and carcinoma
specimens ranged from 3 to 126 loci (mean, 46 unstable
loci; median, 29 unstable loci) (Fig. 3). The percentage of
unstable microsatellite loci shared between paired atypical
hyperplasia/endometrial intraepithelial neoplasia and carci-
noma specimens ranged from 4.1% (Case 5: 3 shared
unstable loci, of 73 total) to 51.7% (Case 1: 46 shared
unstable loci, of 89 total).

By next-generation sequencing-based microsatellite
instability testing, the atypical hyperplasia/endometrial
intraepithelial neoplasia elements showed a mean of 19.9%
unstable microsatellite loci (median, 12.9% unstable
microsatellite loci; range 2.4–55.9%). The endometrial
carcinoma specimens showed a mean of 40.0% unstable
microsatellite loci (median, 38.7% unstable microsatellite
loci; range 19.6–64.3%). Carcinoma specimens showed
significantly more unstable microsatellite loci than paired

Fig. 2 a Endometrial carcinomas show significantly more unstable
microsatellite loci than their paired atypical hyperplasia/endometrial
intraepithelial neoplasia precursors (p < 0.0001 by paired-samples
t-test). All endometrial carcinoma specimens were microsatellite-
unstable by next-generation sequencing-based calling (>15% unstable
loci, dashed line). Among atypical hyperplasia/endometrial intrae-
pithelial neoplasia specimens, eight showed microsatellite instability,
six were microsatellite-stable (<9% unstable loci, dotted line), and
three were indeterminate (9–15% unstable loci). b Endometrial car-
cinomas also show significantly greater tumor mutational burden than

paired atypical hyperplasia/endometrial intraepithelial neoplasia pre-
cursors (p < 0.0001 by paired-samples t-test). c The difference in tumor
mutational burden between atypical hyperplasia/endometrial intrae-
pithelial neoplasia and paired endometrial carcinoma specimens is
significantly correlated with the difference in percentage of unstable
microsatellites between atypical hyperplasia/endometrial intraepithe-
lial neoplasia and paired carcinoma specimens (p= 0.0002; R2=
0.60). EIN/AH, atypical hyperplasia/endometrial intraepithelial neo-
plasia. EC, endometrial carcinoma. MB, megabase. TMB, tumor
mutational burden. “Δ” indicates an arithmetic difference

Fig. 3 Paired atypical hyperplasia/endometrial intraepithelial neoplasia
and carcinoma specimens show substantial but variable overlap in
percentage of unstable microsatellite loci, ranging from 4.1% shared
unstable loci in Case 5 (3 shared unstable loci, of 73 total) to 51.7%

shared unstable loci in Case 1 (46 shared unstable loci, of 89 total).
AH/EIN, atypical hyperplasia/endometrial intraepithelial neoplasia.
EC, endometrial carcinoma
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atypical hyperplasia/endometrial intraepithelial neoplasia
specimens (mean, 20.1 percentage points; median, 18.9
percentage points; p < 0.0001; see Fig. 2a).

Only one case (Case 17) showed fewer unstable micro-
satellite loci in the carcinoma specimen than in the paired
atypical hyperplasia/endometrial intraepithelial neoplasia
specimen, with a decrement in unstable microsatellite loci
of 2.8 percentage points. Case 17 was the only case in
which the carcinoma and atypical hyperplasia/endometrial
intraepithelial neoplasia specimens were dissected from
different surgical pathology cases: the atypical hyperplasia/
endometrial intraepithelial neoplasia from a hysterectomy
and the carcinoma from a biopsy performed 4 weeks prior,
as no residual carcinoma was present in the hysterectomy.

Concordance of Next-Generation Sequencing-based
Microsatellite Instability Calling, Polymerase Chain
Reaction-based Microsatellite Instability Calling, and
Mismatch Repair Immunohistochemistry

Polymerase chain reaction-based and next-generation
sequencing-based microsatellite instability calling were con-
cordant in all tested carcinoma specimens. In the atypical
hyperplasia/endometrial intraepithelial neoplasia specimens,
polymerase chain reaction-based and next-generation
sequencing-based testing were concordant in 3 of 3 micro-
satellite instability-high specimens and in 3 of 3
microsatellite-stable specimens. Of the 2 atypical hyperpla-
sia/endometrial intraepithelial neoplasia specimens called
microsatellite instability-low by polymerase chain reaction-
based testing, one was microsatellite-stable (8% unstable
loci) and one was microsatellite-unstable (15.2% unstable
loci) by next-generation sequencing (reference ranges: 0–9%
loci unstable=microsatellite-stable; 9–15%= indeterminate;
>15%=microsatellite-unstable; Fig. 4).

Mismatch repair immunohistochemistry was concordant
with both polymerase chain reaction-based and
next-generation sequencing-based microsatellite instability
testing in 17/17 carcinoma specimens. All 8 atypical
hyperplasia/endometrial intraepithelial neoplasia specimens
with microsatellite instability on next-generation sequen-
cing-based testing were also mismatch repair-deficient by
immunohistochemistry. Similarly, 3 out of 3 atypical
hyperplasia/endometrial intraepithelial neoplasia specimens
called indeterminate by next-generation sequencing-based
microsatellite instability testing were mismatch repair-
deficient by immunohistochemistry. In contrast, of 6
atypical hyperplasia/endometrial intraepithelial neoplasia
specimens called microsatellite-stable by next-generation
sequencing-based microsatellite instability testing, one was
mismatch repair-deficient by immunohistochemistry (Case
8), four retained all mismatch repair proteins (Cases 5, 6, 9,
and 12; Fig. 5), and one had insufficient tissue for

Fig. 4 Next-generation sequencing-based and polymerase chain
reaction-based microsatellite instability calling methods are highly
concordant in both endometrial carcinoma and atypical hyperplasia/
endometrial intraepithelial neoplasia specimens. In one discordant case
(Case 7), an atypical hyperplasia/endometrial intraepithelial neoplasia
specimen exhibited microsatellite instability by next-generation
sequencing-based testing and was called microsatellite instability-
low by polymerase chain reaction-based testing, and in a second
discordant case (Case 8), an atypical hyperplasia/endometrial intrae-
pithelial neoplasia specimen was called microsatellite-stable by next-
generation sequencing-based testing and microsatellite instability-low
by polymerase chain reaction-based testing. In both cases, this dis-
crepancy reflects the borderline percentage of unstable microsatellites
detected by the next-generation sequencing-based method, and both
lesions appear to represent a transition between the microsatellite-
stable state and an outright microsatellite instability signature. Note
that, in Case 11, the top “Carcinoma” cell represents the low-grade
carcinoma component, and the bottom “Carcinoma” cell represents
the high-grade carcinoma component. AH/EIN, atypical hyperplasia/
endometrial intraepithelial neoplasia. MSI, microsatellite instability.
MSS, microsatellite-stable. NGS, Next-generation sequencing-based
microsatellite instability calling method. PCR, Polymerase chain
reaction-based microsatellite instability calling method

Fig. 5 Clonally related atypical hyperplasia/endometrial intraepithelial
neoplasia and carcinoma pairs showed discordant mismatch repair
protein expression profiles in few cases. In Case 5, the atypical
hyperplasia/endometrial intraepithelial neoplasia focus (a) shows
retention of PMS2 (b) as well as MLH1, MSH2, and MSH6 (not
shown). The paired carcinoma (c) shows loss of MLH1 (not shown)
and PMS2 (d) but retained expression of MSH2 and MSH6 (not
shown). (a, c: hematoxylin and eosin, original magnification ×100;
b, d immunohistochemical stains with brown diaminobenzidine
peroxidase-based detection, original magnification ×100)
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immunohistochemistry (Case 3). Interestingly, among
all microsatellite-stable atypical hyperplasia/endometrial
intraepithelial neoplasia specimens, Case 8 showed the
highest percentage (8%) of unstable microsatellite loci and
was called microsatellite instability-low by polymerase
chain reaction-based testing (1/5 loci unstable).

Correlation of microsatellite instability with
clinicopathologic features

Percentage of unstable loci in carcinoma specimens was
significantly related to tumor grade, with FIGO grade 1
carcinoma showing significantly fewer unstable micro-
satellite loci than FIGO 2 or FIGO 3 carcinoma (p= 0.017).
In contrast, percentage of unstable loci in atypical hyper-
plasia/endometrial intraepithelial neoplasia specimens was
not significantly related to (1) grade of the paired carcinoma
(p= 0.49; note that two grade 3 carcinomas were associated
with microsatellite-stable atypical hyperplasia/endometrial
intraepithelial neoplasia), (2) whether the atypical hyper-
plasia/endometrial intraepithelial neoplasia had been dis-
sected from the same or different block as the paired
carcinoma (p= 0.99), or (3) tumor size (p= 0.54). Age at
diagnosis was not significantly related to the percentage of
unstable loci in the atypical hyperplasia/endometrial
intraepithelial neoplasia or carcinoma components (p= 0.37
and= 0.57, respectively). In an unsupervised clustering
analysis, the sole case with MSH2/MSH6 deficiency (Case

2) did not show a distinct pattern of unstable microsatellite
loci, compared to the 16 MLH1/PMS2-deficient cases (data
not shown).

Recurrent variants in atypical hyperplasia/
endometrial intraepithelial neoplasia and
endometrioid endometrial carcinoma

Among recurrently mutated genes in endometrioid endo-
metrial carcinoma [36–38], 42 total pathogenic somatic
mutations were identified in the 17 atypical hyperplasia/
endometrial intraepithelial neoplasia specimens and 83 total
pathogenic somatic mutations in 17 endometrial carcinoma
specimens, with at least one shared mutation in 13/17
(76.5%) paired atypical hyperplasia/endometrial intrae-
pithelial neoplasia and carcinoma specimens (Fig. 6). PTEN
was the most commonly mutated gene, with 22 pathogenic
mutations, detected in 17 out of 17 carcinoma specimens
and 11 out of 17 atypical hyperplasia/endometrial intrae-
pithelial neoplasia specimens. At least 1 PTEN mutation
was shared by paired atypical hyperplasia/endometrial
intraepithelial neoplasia and carcinoma specimens in 10 of
17 cases. At least one PTEN frameshift mutation occurred
in 9 cases, and included two recurrent frameshifts
(p.Lys267Argfs*9 in five cases, and p.Asn323Metfs*21 in
two cases) and four frameshifts occurring in only one case
(p.Glu235Alafs*7, p.Asn262Glnfs*35, p.Ile101Argfs*8,
and p.Tyr225Phefs*17).

Fig. 6 Comparison of somatic mutations and percentage of unstable
microsatellite loci in paired atypical hyperplasia/endometrial intrae-
pithelial neoplasia and carcinoma specimens. Thirteen of 17 paired
atypical hyperplasia/endometrial intraepithelial neoplasia and carci-
noma specimens shared at least one pathogenic somatic mutation in a
gene known to be significant in pathogenesis of endometrioid endo-
metrial carcinoma [36–38]. A single case (Case 2) showed shared
biallelic pathogenic mutations in a mismatch repair protein gene
(MSH2), which was not present on germline testing. In two cases
(Cases 4 and 13) lacking a shared somatic mutation in an endometrial

carcinoma-related gene, substantial overlap of unstable microsatellite
loci was observed between atypical hyperplasia/endometrial intrae-
pithelial neoplasia and carcinoma specimens, favoring a clonal rela-
tionship. AH, atypical hyperplasia/endometrial intraepithelial
neoplasia. EC, endometrial carcinoma. NGS-MSI (%), percentage of
unstable microsatellite loci on next-generation sequencing-based
microsatellite instability testing. PCR-MSI, polymerase chain reaction-
based microsatellite testing result (MSS, microsatellite stable; MSI-L,
microsatellite instability-low; MSI-H, microsatellite instability-high)
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PIK3CA was the second-most commonly mutated gene,
with 17 pathogenic mutations detected in 13 out of 17
carcinoma specimens and 4 out of 17 atypical hyperplasia/
endometrial intraepithelial neoplasia specimens, with a
shared PIK3CA mutation identified in just one atypical
hyperplasia/endometrial intraepithelial neoplasia and carci-
noma pair. ARID1A was the third-most commonly mutated
gene, with 13 pathogenic mutations in 10 out of 17 carci-
noma specimens and 6 out of 17 atypical hyperplasia/
endometrial intraepithelial neoplasia specimens, including
shared mutations in 4 atypical hyperplasia/endometrial
intraepithelial neoplasia and carcinoma pairs. Somatic
pathogenic mutations shared by paired atypical hyperplasia/
endometrial intraepithelial neoplasia and carcinoma speci-
mens were also observed in CTCF, FBXW7, BCOR, KRAS,
CTNNB1, CCND1, and ERBB2. In one case (Case 2) with
MSH2/MSH6 loss, genetic testing for germline mutations in
MSH2, MSH6, and EPCAM was negative. Double somatic
mutations in MSH2 were detected in both the atypical
hyperplasia/endometrial intraepithelial neoplasia and carci-
noma specimens.

Among those genes recurrently mutated in endometrioid
endometrial carcinoma [36–38] (see Fig. 6), our carcinoma
specimens contained significantly more pathogenic somatic
mutations than their paired atypical hyperplasia/endometrial
intraepithelial neoplasia specimens (median: 5 mutations
vs 3 mutations, respectively; p= 0.0001). Furthermore,
the number of pathogenic mutations in these genes of
interest was significantly correlated with the percentage of
unstable microsatellite loci in a given atypical hyperplasia/
endometrial intraepithelial neoplasia or carcinoma specimen
(p= 0.039). The number of pathogenic mutations in these
genes of interest was not significantly different in FIGO
grade 1, grade 2, and grade 3 carcinomas.

Tumor mutational burden

The atypical hyperplasia/endometrial intraepithelial neo-
plasia elements showed a mean of 9.1 mutations/megabase
(median, 5.0 mutations/megabase; range 2.0–27.0 muta-
tions/megabase). The endometrial carcinoma specimens
showed a mean of 17.5 mutations/megabase (median, 16.6
mutations/megabase; range 6.7–33.1 mutations/megabase).
Carcinoma specimens showed a significantly higher tumor
mutational burden than paired atypical hyperplasia/endo-
metrial intraepithelial neoplasia specimens (p < 0.0001;
Fig. 2b). Tumor mutational burden was significantly cor-
related with the percentage of unstable microsatellite loci in
atypical hyperplasia/endometrial intraepithelial neoplasia
specimens (p < 0.0001, R2= 0.87) and in carcinoma speci-
mens (p < 0.0001, R2= 0.67). The increment in the per-
centage of unstable microsatellite loci between atypical
hyperplasia/endometrial intraepithelial neoplasia and

carcinoma specimens in a given case and the increment in
tumor mutational burden in that case were significantly
correlated (p= 0.0002, R2= 0.60; Fig. 2c).

Discussion

This multimodal investigation of paired atypical hyperpla-
sia/endometrial intraepithelial neoplasia and endometrioid
endometrial carcinoma specimens provides novel insights
into the role of mismatch repair deficiency in the onco-
genesis of a subset of endometrial carcinomas, and further
clarifies the relationship between immunohistochemical
testing for mismatch repair proteins and molecular testing
for microsatellite instability.

Data first published more than 20 years ago [15, 16, 39]
support a model of endometrial carcinogenesis wherein a
subset of tumors undergoes early hypermethylation of the
MLH1 gene, followed by expression of the microsatellite
instability signature. Our study provides additional insights.
First, our data indicate that, in clonally related atypical
hyperplasia/endometrial intraepithelial neoplasia and endo-
metrial carcinomas, loss of mismatch repair protein
expression is an early event, already present in the atypical
hyperplasia/endometrial intraepithelial neoplasia precursor
in 12 out of 15 (80%) cases with evidence for clonality.
Even in mismatch repair-deficient endometrioid endometrial
carcinoma, however, loss of mismatch repair does not
appear to be the initiating oncogenic event, as shown by 3
cases with a mismatch repair-proficient, microsatellite-
stable atypical hyperplasia/endometrial intraepithelial
neoplasia precursor and a clonally related mismatch repair-
deficient, microsatellite-unstable carcinoma. Additional
important early molecular events in endometrial carcino-
genesis are further suggested by shared PTEN mutations in
atypical hyperplasia/endometrial intraepithelial neoplasia
and carcinoma specimens in 13 out of 15 cases with evi-
dence of clonality—a finding in keeping with recently
published work [3]. Conversely, although PIK3CA muta-
tions were present in 13 out of 17 carcinomas, they were
present in only 4 atypical hyperplasia/endometrial intrae-
pithelial neoplasia specimens and were shared between
paired atypical hyperplasia/endometrial intraepithelial neo-
plasia and carcinoma specimens in just one case, suggesting
that mutations in PIK3CA are a relatively late event in
endometrial carcinogenesis.

Importantly, our data further indicate that the micro-
satellite instability molecular signature develops in mis-
match repair-deficient tumors when sufficient time permits
accumulation of variant microsatellite lengths, over multiple
cycles of cell replication. Among 12 mismatch repair-
deficient atypical hyperplasia/endometrial intraepithelial
neoplasia specimens, 3 were microsatellite-stable, 3
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indeterminate, and 6 microsatellite-unstable by next-
generation sequencing-based testing. These cases might be
considered, respectively, as “early,” “middle,” and “late”
snapshots of the molecular sequelae of loss of mismatch
repair function. In contrast to the variable relationship
between loss of mismatch repair proteins and microsatellite
instability signature in atypical hyperplasia/endometrial
intraepithelial neoplasia specimens, mismatch repair loss
and microsatellite instability signature are much more
strongly correlated in carcinoma specimens, with con-
cordance in all 17 carcinomas in this study. This strong
correlation suggests that the accumulation of unstable
microsatellites is a sine qua non for progression from aty-
pical hyperplasia/endometrial intraepithelial neoplasia to
frank carcinoma in mismatch repair-deficient cases. Toge-
ther, these data offer further support for a complex phylo-
genetic relationship between atypical hyperplasia/
endometrial intraepithelial neoplasia and associated endo-
metrioid endometrial carcinoma, in which carcinoma arises
from a subclone within the atypical hyperplasia/endometrial
intraepithelial neoplasia, with both the emergent carcinoma
and the originating atypical hyperplasia/endometrial
intraepithelial neoplasia then continuing to evolve and
accumulate additional non-shared mutations [3].

Multiple older molecular studies of paired clonal atypical
hyperplasia/endometrial intraepithelial neoplasia and carci-
noma specimens are available [4–6, 15, 16, 39], but we are
aware of only one more recent study using next-generation
sequencing to examining clonal evolution of atypical hyper-
plasia/endometrial intraepithelial neoplasia and carcinoma [3].
In a small but well-designed study, Russo and colleagues
sequenced six cases of paired atypical hyperplasia/endo-
metrial intraepithelial neoplasia and endometrial carcinoma
(including three mismatch repair-deficient tumors) and
showed clonality in all cases on the basis of shared somatic
mutations, shared copy number alterations, and concordant
mismatch repair protein expression between the atypical
hyperplasia/endometrial intraepithelial neoplasia and carci-
noma components. They did not utilize next-generation
sequencing-based microsatellite instability calling. In keep-
ing with our data, their report finds that loss of mismatch
repair function is an early event in mismatch repair-deficient
endometrial cancers. However, our substantially larger cohort
provides further insight. Namely, approximately one fifth of
mismatch repair-deficient endometrioid endometrial carcino-
mas are clonally related to atypical hyperplasia/endometrial
intraepithelial neoplasia with retained expression of mismatch
repair proteins, indicating that mismatch repair loss is not a
truncal molecular event in all cases, and suggesting that
“mismatch repair-deficient” endometrial carcinoma group
described by the Cancer Genome Atlas group harbors mole-
cular heterogeneity, although the clinical significance of this
variability remains unclear.

Our study further clarifies the nature of the microsatellite
instability-low phenotype in polymerase chain reaction-based
microsatellite instability assay. The two cases called micro-
satellite instability-low by polymerase chain reaction-based
testing in our study were called either microsatellite-stable
(Case 8, with 8% unstable loci) or microsatellite-untable
(Case 7, with 15.2% unstable loci) by next-generation
sequencing-based microsatellite instability testing. These
data suggest that the microsatellite instability-low phenotype
may not be a distinct molecular subgroup, but instead may
represent mismatch repair-deficient tumors in transition to an
outright microsatellite-unstable molecular phenotype.

Our data support that somatic mutations in mismatch
repair protein genes are rare in the setting of MLH1/PMS2-
deficient endometrial carcinomas. Among 16 MLH1/PMS2-
deficient cases, no somatic mutations were seen in MLH1 or
PMS2, consistent with MLH1 promoter hypermethylation in
these cases. In contrast, the single MSH2/MSH6-deficient
case in our cohort had biallelic somatic MSH2 mutations,
emphasizing the importance of tumor sequencing in mis-
match repair-deficient tumors with no detectable germline
mutation. Three MLH1/PMS2-deficient cases (Cases 1, 11,
and 14) showed a heterozygous frameshift mutation in
MSH6 in either the atypical hyperplasia/endometrial intrae-
pithelial neoplasia or carcinoma specimen, arising in a poly-
C homopolymer at codon 1088 of MSH6 as a passenger
mutation secondary to instability of coding microsatellites
[40]. Note that unstable coding microsatellites can also
introduce frameshifts in PTEN [40], as we also observed.
Specifically, we identified two PTEN frameshifts occurring
in multiple cases and in association with poly-A homo-
polymers, as well as four PTEN frameshifts unique to indi-
vidual cases and not associated with homopolymers. This
indicates that some PTEN frameshift mutations in mismatch
repair-deficient endometrial carcinomas are secondary to
microsatellite instability, whereas some PTEN frameshifts
occur independent of microsatellite instability, in keeping
with the Cancer Genome Atlas study of endometrial cancers,
in which 30% of PTEN mutations in microsatellite-stable
carcinomas were frameshift mutations [36].

Our data also show a significant increase in overall tumor
mutational burden between paired atypical hyperplasia/
endometrial intraepithelial neoplasia and carcinoma, ana-
logous to the increase in unstable microsatellite loci
between paired specimens. Furthermore, the increment in
the percentage of unstable microsatellites between atypical
hyperplasia/endometrial intraepithelial neoplasia and carci-
noma specimens in a given case correlated strongly with the
increment in overall tumor mutation burden in that case.
Although this result is not unexpected, given the role that
mismatch repair deficiency plays in the accumulation of
tumor mutations, these data nonetheless provide additional
evidence for accumulation of mutations during endometrial
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carcinogenesis. Practically, this result also highlights the
importance of carefully selecting tumor tissue for sequen-
cing, particularly as the clinical applications of tumor
mutational burden are further clarified [33]. This caveat is
especially relevant, as tumor mutational burden (unlike
mismatch repair deficiency) has no immunohistochemical
cognate for correlation with molecular results [41, 42].

In addition to their implications for endometrial carci-
nogenesis, these data are also clinically relevant. First, they
support earlier observations [15, 16] that abnormal mis-
match repair immunohistochemistry or microsatellite
instability results in an atypical hyperplasia/endometrial
intraepithelial neoplasia specimen correlate strongly with an
abnormal result in the paired carcinoma, which may justify
mismatch repair immunohistochemistry or microsatellite
instability testing in atypical hyperplasia/endometrial
intraepithelial neoplasia for diagnostic or prognostic pur-
poses [7, 9], particularly in cases where carcinoma tissue is
not available for testing.

Next-generation sequencing-based methods for micro-
satellite instability detection are of substantial clinical value.
As noted above, the ability to evaluate hundreds of micro-
satellite loci with a single test significantly reduces the
tumor-specific bias inherent to small panels of microsatellite
loci [28]. Tellingly, Hause and colleagues, in their analysis
of the microsatellite fingerprints of 18 different tumor types,
found only 30% overlap in unstable microsatellite loci
between endometrial and colorectal carcinoma [25]. This is
in keeping with a recent report that, even when using next-
generation sequencing-based methods, accuracy of Lynch
syndrome screening is improved when different cutoffs
are used for calling MSI in endometrial versus colorectal
carcinoma [32]. Despite the complex landscape of
microsatellite instability across tumor types, large-panel
next-generation sequencing-based microsatellite instability
testing has greater adaptability than smaller polymerase
chain reaction-based microsatellite instability panels;
provides more granular locus-specific data, which may
prove to have further diagnostic, prognostic, or predictive
value; and opens the door to improved single-test molecular
classification of endometrial carcinomas, as promulgated in
the ProMisE model [12, 13].

Our study has limitations to consider. First, assessments of
clonality are more complicated by the absence of matched
germline sequencing for each tumor. However, we strictly
filtered potential germline variants, and identified shared
somatic mutations in 13/17 paired atypical hyperplasia/
endometrial intraepithelial neoplasia and carcinoma speci-
mens, providing evidence for clonality. In two additional
cases, paired atypical hyperplasia/endometrial intraepithelial
neoplasia and carcinomas shared a significant proportion of
unstable microsatellite loci (17% in Case 13 and 40% in
Case 4), despite lacking shared somatic mutations.

Second, examining each case (with the exception of Case
17) at a single point in time precludes conclusions about the
rate at which unstable microsatellites accumulate, the time-
frame for progression from loss of mismatch repair protein
expression to a true microsatellite instability signature, and the
factors affecting the kinetics of unstable microsatellite accu-
mulation. However, our data show that spatial proximity of
the atypical hyperplasia/endometrial intraepithelial neoplasia
and paired endometrial carcinoma does not predict the
microsatellite instability status in the atypical hyperplasia/
endometrial intraepithelial neoplasia. Additional studies of
patients with multiple diagnoses of atypical hyperplasia/
endometrial intraepithelial neoplasia in sequential endometrial
biopsies would be valuable in further clarifying the kinetics of
unstable microsatellite accumulation.

Third, our cohort had significantly higher representation
of MLH1/PMS2-deficient tumors, compared to previous
studies with age-restricted cohorts, which are substantially
more enriched in Lynch syndrome patients and in patients
with mismatch repair protein deficiencies other than MLH1/
PMS2 [7, 9]. The preponderance of MLH1/PMS2-deficient
cases in our cohort limits extrapolation to cases with other
mismatch repair protein deficiencies and to Lynch syn-
drome patients, which may show some biological differ-
ences. However, because MLH1-hypermethylated MLH1/
PMS2-deficient tumors account for the majority of mis-
match repair-deficient endometrial carcinomas [43], our
data have the potential to guide further investigation and
management of a significant proportion of all endometrial
carcinomas. Similarly, our cohort included only
endometrioid-type endometrial carcinomas. While endo-
metrioid tumors constitute up to 93% of mismatch repair-
deficient endometrial carcinomas, mismatch repair defi-
ciency and microsatellite instability are also observed in
other types of endometrial carcinoma [12, 13], and further
study is needed to generalize our findings to all mismatch-
deficient endometrial carcinomas and their precursors.

Finally, because we used mismatch repair deficiency in
the carcinoma as a criterion for inclusion, we are unable to
comment on the potential for microsatellite-stable endo-
metrial carcinomas to develop from microsatellite-unstable
atypical hyperplasia/endometrial intraepithelial neoplasia
precursors, although existing data argue that if this occurs, it
is exceptionally rare [3, 7, 15, 16] and would likely result
from spatial heterogeneity of the sequenced tumor. Analo-
gous studies examining the relationship between paired
atypical hyperplasia/endometrial intraepithelial neoplasia
and carcinoma specimens in other molecular subtypes of
endometrial carcinoma would be of interest.

This next-generation sequencing-based study of paired
atypical hyperplasia/endometrial intraepithelial neoplasia
and carcinoma specimens shows progressive accumulation
of unstable microsatellite loci following loss of mismatch
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repair protein expression, in this subset of endometrial
carcinomas. Next-generation sequencing-based testing
offers new opportunities to better understand the develop-
ment of endometrial carcinomas, with implications for
tumor surveillance, diagnosis, and management. Additional
studies are needed to clarify the relationship between car-
cinomas and their precursors in other molecular subtypes of
endometrial carcinoma, and to examine serial atypical
hyperplasia/endometrial intraepithelial neoplasia and carci-
noma specimens from conservatively managed patients to
better clarify the time course of molecular alterations in
endometrial carcinogenesis.
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