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Endometrial intraepithelial neoplasia (EIN) and atypical endometrial hyperplasia (AH) are histomorphologically
defined precursors to endometrioid adenocarcinoma, which are unified as EIN/AH by the World Health Organi-
zation. EIN/AH harbors a constellation of molecular alterations similar to those found in endometrioid adenocar-
cinoma. However, the process of clonal evolution from EIN/AH to carcinoma is poorly characterized. To
investigate, we performed next-generation sequencing, copy number alteration (CNA) analysis, and immunohis-
tochemistry for mismatch repair protein expression on EIN/AH and endometrioid adenocarcinoma samples from
6 hysterectomy cases with spatially distinct EIN/AH and carcinoma. In evaluating all samples, EIN/AH and car-
cinoma did not differ in mutational burden, CNA burden, or specific genes mutated (allP N .1). All paired EIN/
AH and carcinoma samples shared at least one identical somatic mutation, frequently in PI(3)K pathway
members. Large CNAs (N10 genes in length) were identified in 83% of cases; paired EIN/AH and carcinoma
samples shared at least one identical CNA in these cases. Mismatch repair protein expression matched in all
paired EIN/AH and carcinoma samples. All paired EIN/AH and carcinoma samples had identical The Can-
cer Genome Atlas subtype, with 3 classified as “copy number low endometrioid” and 3 classified as “micro-
satellite instability hypermutated.” Although paired EIN/AH and carcinoma samples were clonal, private
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mutations (ie, present in only one sample) were identified in EIN/AH and carcinoma in all cases, frequently
in established cancer-driving genes. These findings indicate that EIN/AH gives rise to endometrioid adeno-
carcinoma by a complex process of subclone evolution, not a linear accumulation of molecular events.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Endometrial intraepithelial neoplasia (EIN) and atypical
endometrial hyperplasia (AH) are histomorphologically defined
precursors to endometrioid adenocarcinoma (EMC). Although
they have somewhat different morphologic definitions [1-4],
many features are shared, and these are considered the same
process by the World Health Organization (WHO), named
EIN/AH in the most recent WHO manual of gynecologic
tumors [5].

Several lines of evidence support that EIN/AH is a direct pre-
cursor to EMC. First, women with a diagnosis of EIN/AH have
a greatly increased risk of developing EMC [3]. Second, uteri
containing EIN/AH sampled on biopsy often have EMC upon
examination of the uterus at hysterectomy [6]. Third, and per-
haps most compelling, several studies have shown that EIN/
AH harbors a constellation of molecular alterations similar to
those seen in endometrioid EMC, including microsatellite in-
stability and somatic mutations in PTEN, PIK3CA, KRAS,
and CTNNB1, among others [7-14].

Early evidence indicates that cancer precursors evolve to
invasive carcinoma via complex and dynamic processes. For
example, histologically identifiable Barrett mucosa progresses
to invasive adenocarcinoma through a complex set of subclo-
nal evolutions, not a linear accumulation of mutational events.
This is evidenced by Barrett mucosa and adjacent adenocarci-
noma harboring both public mutations (present in both lesions)
and private mutations (present in only one lesion), frequently
in established cancer-driving genes [15].

In the present study, we performed next-generation sequenc-
ing on paired EIN/AH and EMC from a series of hysterectomy
specimens. Our results show that progression from EIN/AH to
EMC occurs through a complex process of clonal evolution,
not linear accumulation of mutational events, similar to evolu-
tion from Barrett mucosa to esophageal adenocarcinoma.

2. Materials and methods

2.1. Patient selection and slide review

This study was performed with approval from the Penn State
College ofMedicine Human Subjects Protection Office (Institu-
tional Review Board). Hysterectomy specimens performed for
EMC were identified. Cases were selected if, and only if, (1)
distinct EIN/AH and fully developed EMCwere present in spa-
tially distinct locations in the endometrium (ie, EIN/AH and

EMC were not intermixed); (2) the specimen was well fixed;
and (3) 2 separate subspecialized gynecological pathologists
(J. I. W. and R. Z.; see below) agreed on the diagnosis of
EIN/AH and EMC in the selected foci, blinded to the others'
diagnoses. Patient demographic and staging information were
obtained by medical record review. Staging information was
determined per The American Joint Committee on Cancer
manual, seventh edition [16].

2.2. Definition of EIN/AH in the present study

The histomorphologic criteria for EIN and AH are distinct.
EIN is defined as a focus of crowded endometrial glands with
glandular area greater than stromal area and linear dimension
at least 1 mm. The nuclei of EIN must be distinct from the
background endometrium, and carcinoma and benign mimics,
such as tubal metaplasia, must also be excluded [1,2,4]. AH is
less precisely defined as crowded endometrial glands with
atypical nuclei, described as enlarged and round with loss of
polarity [5]. Strictly applying criteria for EIN places approxi-
mately 60% of cases of AH in this category [2]. Examples
are presented in Fig. 1.

Although histomorphologic criteria differ between EIN and
AH, the most recent edition of the WHO manual considers
EIN and AH to represent the same disease process [5]. Thus,
for the present study, we considered a focus as EIN/AH if it
met histomorphologic criteria for either EIN or AH as agreed
upon by 2 subspecialized gynecological pathologists.

2.3. DNA extraction

Distinct areas of EIN/AH and EMC, as well as normal con-
trol tissues (lymph node, ovary, or myometrium), were extract-
ed directly form paraffin blocks by punch biopsy in the
specific areas of interest. To ensure against contamination
from different tissues deeper in the block, exhaustive deeper
sections were obtained on all cases after punches were taken,
and the hematoxylin and eosin (H&E) slides from these deeper
sections were reviewed. Cases were excluded if different neo-
plastic tissue was present on deeper sections. DNA was ex-
tracted from each sample using the QIAamp DNA formalin-
fixed, paraffin-embedded tissue kit (#56404; Qiagen, Hilden,
Germany). The extraction procedure was performed as out-
lined by the manufacturer. DNA concentration and quality
for all samples were measured using the Agilent 2200 Tapes-
tation Instrument (Agilent Technologies, Santa Clara, CA).
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