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Endometrial endometrioid adenocarcinoma (EEA) is conventionally considered to be a single pathologic
entity that develops through a hyperplasia-carcinoma sequence under the inﬂuence of estrogen. Previously, another EEA subtype was described and proposed to arise directly from normal endometrium. These
conventional and de novo subtypes are designated groups 1 and 2, respectively. To identify the molecular
mechanisms of these distinct tumorigenic processes, we conducted comprehensive integrated analyses of
genomic data with hormonal status for group 1 paired carcinoma and hyperplasia and group 2 carcinoma
samples. Although group 1 carcinomas mostly exhibited genomically stable characteristics and the
activation of estrogen signaling, group 2 EEAs showed enriched hypermutator and CpG island methylator
phenotypes. Pairwise comparisons of hyperplasia and carcinoma, along with time-course analyses of the
hyperplasia-carcinoma sequence, revealed the acquisition of driver mutations in the evolutionary process
of hyperplasia but not in the transition from hyperplasia to carcinoma. The current study conﬁrms the
existence of two different histopathologic programs during EEA development that harbor distinct molecular bases and demonstrates the biological relevance of these differential tumorigenic processes.
(Am J Pathol 2020, 190: 234e251; https://doi.org/10.1016/j.ajpath.2019.09.022)

Endometrial cancer is the most common gynecologic malignancy in industrialized countries, with the incidence
increasing globally. In the widely accepted dualistic model,
endometrial cancer is divided into two clinical/epidemiological entities: type 1 cancers, which occur in young and
obese patients, are associated with excess estrogen, a
favorable prognosis, and endometrioid histology, and are
often accompanied by and/or following endometrial hyperplasia (EH); versus type 2 cancers, which represent tumors
that arise in older and nonobese patients, are related to poor
prognosis and nonendometrioid histotypes, and are typically
of serous histology, without associated hyperplastic
lesions.1e6 Endometrial endometrioid adenocarcinoma
(EEA) has been conventionally thought to develop from EH
as a precursor lesion through a process called hyperplasiacarcinoma sequence. Although signs of hyperestrogenismdas exempliﬁed by the presence of EH and
delayed menopausedare typical features of patients with
EEA,3e6 a handful of previous studies have described a

nonnegligible fraction of patients with EEAs (17% to 77%)
who microscopically lack concurrent hyperplasia7e12; such
EEAs are proposed to arise de novo from background
normal, but often atrophic, endometria of menopaused
women. In line with previous literature,2,12 EEAs with and
without EH are herein designated group 1 and 2 EEAs,
respectively. Although patients with group 2 EEA are less
likely to have hyperestrogenic phenotypesdsimilar to that
seen with type 2 endometrial cancer8,10e12dthe biological
and clinicopathologic properties and tumorigenic processes
of group 2 EEAs are largely unknown. Similarly, despite
previous endeavors to understand the molecular
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mechanisms involved in the development of conventional
group 1 EEA,3e5,13 the processes involved in the transitions
from normal endometrium to EH and from EH to EEA
remain unclear.
Numerous previous studies have identiﬁed recurrent
somatic mutations in well-described cancer genes, including
PTEN, PIK3CA, ARID1A, CTNNB1, and KRAS, which can
drive EEA tumorigenesis.5 Several reports using nextgeneration sequencing technology have conﬁrmed the signiﬁcance of these driver alterations in EEA.13e18 Others
have also highlighted that EH shares several molecular aberrations with EEA.19e25 Such aberrations in EH include
truncating mutations in PTEN with high frequency (21% to
55%) and activating mutations in PIK3CA and KRAS with
lower frequencies (0% to 7% and 10% to 22%,
respectively)19e25; these ﬁndings were recently conﬁrmed in
two next-generation sequencing studies.14,17 These observations suggest the likelihood of stepwise alterations to
driver genes in the hyperplasia-carcinoma sequence.26
Nevertheless, genomic alterations along this sequence
remain to be elucidated, presumably because few pairwise
analyses have been performed on hyperplasia and carcinoma from the same patient.25,27 In addition, no sequential
time-course study is available thus far. Such genomic information would help to gain an understanding of the biological underpinnings of group 1 EEA tumorigenesis and to
determine possible treatment strategies for EH.
Proﬁling the pattern of somatic genomic aberrations by
The Cancer Genome Atlas (TCGA) identiﬁed four molecular subtypes in endometrial cancer: polymerase
ε-mutated (POLE), microsatellite instability (MSI), copy
number high (CNH), and copy number low (CNL) subtypes.13 These molecular subtypes were shown to be
tightly linked with histotype (endometrioid or serous),
histologic grade (1/2 or 3), patient prognosis, and other
clinicopathologic characteristics.13,28,29 More important,
tumors with endometrioid histology with the same histologic grade were still heterogeneous and could be subdivided into these four subgroups.13,28,29 Because genomic
aberrations are derived from various forms of DNA repair
or proofreading deﬁciencies, each tumor belonging to the
POLE, MSI, or CNH subtypedexhibiting a hypermutator
phenotypedoften has a causative defect in a corresponding DNA repair/proofreading system. POLE tumors are
characterized by a substantial number of single-nucleotide
variants (SNVs) due to mutations in the exonuclease
domain of the gene coding for DNA polymerase ε
(POLE ), which leads to defective proofreading in DNA
synthesis. Tumors with the MSI subtype exhibit a high
proportion of insertions/deletions (indels) caused by
MLH1 gene silencing, with hypermethylation of the promoter or germline/somatic inactivation of DNA mismatch
repair genes, such as MSH2, MSH6, and PMS2. Elevated
copy number (CN) abnormality is a predominant characteristic of the CNH subtype, which coincides frequently
with mutated TP53 and less frequently with germline/
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somatic mutations and epigenetic changes in the genes of
the homologous recombination repair pathway components, including BRCA1 and BRCA2.13,30,31 Endometrial
CNH tumors are typically serous but occasionally exhibit
endometrioid histology.32,33 EEAs with CNL are genomically stable without any DNA repair deﬁciency but transcriptomically exhibit estrogen activation.13 Because DNA
repair/proofreading deﬁciency is a relevant contributor to
the tumorigenic process,34 it would be informative to be
able to relate this molecular subtyping scheme with such
histologic tumorigenic subgroups.
The aims of this study are twofold: ﬁrst, to identify the
clinical and biological differences between group 1 and 2
tumorigenic processes; and, second, to detail the stepwise
emergence of driver events in the hyperplasia-carcinoma
sequence during group 1 EEA development. Herein, we
address these questions by analyzing genomic and epigenomic
data with hormonal status derived from synchronous pairs of
group 1 hyperplasia and carcinoma, together with time-course
sequential sampling, and group 2 carcinoma samples. The
current study highlights a differential mutational burden for the
tumorigenic programs associated with groups 1 and 2 and the
acquisition of driver mutations in the evolutionary process of
hyperplasia but not in the transition from EH to EEA.

Materials and Methods
Ethical Approval
Ethical approval was obtained from internal review boards
of the Japanese Foundation for Cancer Research. Recruited
patients provided written informed consent.

Histopathologic Diagnosis
Pathologic diagnosis and classiﬁcation of endometrial carcinoma were performed on the basis of the World Health
Organization Classiﬁcation of Tumors 200335 by three independent gynecologic pathologists (Y.S., K.H., and Y.T.).
Staging was performed according to the 2008 modiﬁed International Federation of Gynecology and Obstetrics system.36 Pathologic deﬁnition of endometrial hyperplasia (EH)
was as previously described.37 Differential diagnosis for
hyperplasia and carcinoma was performed according to the
criteria of Silverberg and Kurman.38 Tumorigenic subtypes
of endometrioid carcinoma were rigorously evaluated by the
presence or absence of EH adjacent to the carcinoma in the
entire endometrium of the uterus after hysterectomy, as
previously described.12 Because carcinoma can grow into
and over adjacent hyperplasia, smaller EEAs (<15 mm along
the major axis) were selected to minimize misclassiﬁcations.
Although each of the 35 group 1 tissues contained EH
without atypia, 22 also included atypia lesions. Atypical
hyperplasia was removed with laser-capture microdissection,
and all genomic assays for hyperplasia samples were performed only using EH without atypia. Patient clinical
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characteristics were obtained through medical records. Patients had not received chemotherapy or radiation therapy
before surgical treatment. Four patients (three in group 1; one
in group 2) were treated with oral progestin.

Endometrial Carcinoma Samples and Sample
Preparation for Transcriptomic, Genomic, and
Epigenetic Analysis
Surgical EEA specimens were dissected and processed for
histopathologic or immunohistochemical examinations
(formalin ﬁxed) as well as exome, methylome, and transcriptome analyses (snap frozen) (Supplemental Tables S1
and S2). Endometrial samples for the time-course exome
study were obtained from endometrial curettage and were
formalin ﬁxed and parafﬁn embedded (FFPE).
Frozen tumor tissues were cut into sections (10 mm thick).
Laser-capture microdissection with an LMD7000 microscope (Leica, Wetzlar, Germany) was used to dissect carcinoma from hyperplasia in group 1 tumors, enrich for
cancer cells in group 2 tumors, and distinguish EH without
atypia from EH with atypia, as described above.
DNA was extracted from tumor/matched normal tissue
samples and whole blood using a QIAamp DNA Micro Kit
(Qiagen, Hilden, Germany) and checked using the NanoDrop
2000 (ThermoFisher, Waltham, MA) and Qubit 2.0 ﬂuorometer (ThermoFisher). DNA samples of appropriate purity
(OD260/280 nm > 1.7) and concentration (ratio of doublestranded DNA/single-stranded DNA concentration > 0.35)
were further processed for exome and DNA methylation
microarray analyses. RNA from carcinoma and hyperplasia
lesions was extracted using the RNeasy Kit (Qiagen) and
checked using the NanoDrop 2000 and the 2100 Bioanalyzer
(Agilent, Santa Clara, CA). Selected RNA samples (RNA
purity: OD260/280 nm > 1.7; and integrity > 5.0) were further
processed for RNA expression microarray analyses.

Immunohistochemical Evaluation of Estrogen and
Progesterone Receptors
For immunohistochemistry, sections (4 mm thick) from
FFPE tissue samples were stained using an automated slide
staining system and detection kit (Ventana Medical Systems, Inc., Tokyo, Japan). Antieestrogen receptor (ER)
rabbit monoclonal antibody [CONFIRM anti-ER (SP1);
Ventana Medical Systems, Inc.] and antieprogesterone receptor (PR) rabbit monoclonal antibody [CONFIRM antiPR (1E2); Ventana Medical Systems, Inc.] were used. An
immunoreactivity score was used for positive staining:
positive nuclei score (0 indicates no staining; 1, 1% to 10%
of tumor nuclei; 2, 11% to 50% of tumor nuclei; 3, 51% to
80% of tumor nuclei; and 4, 81% of tumor nuclei)
multiplied by the staining intensity score (0 indicates
negative; 1, weakly positive; 2, moderately positive; and 3,
strongly positive).39
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Library Preparation and Sequencing for Exome Analysis
A total of 187 specimens (34 group 1 normal/hyperplasia/carcinoma trios plus 1 group 1 normal/carcinoma pair and 34 group
2 normal/carcinoma pairs) (Supplemental Tables S1 and S2)
and 15 time-course samples of hyperplasia and carcinoma from
ﬁve group 1 cases were subjected to exome sequencing analyses
using the SureSelect Human All Exon V4 or V5 (Agilent
Technologies, Santa Clara, CA) system. The KAPA HyperPlus
Kit (KAPA Biosystems, Wilmington, MA) was used to
construct libraries from DNA from FFPE tissues. Captured
DNA was multiplexed and sequenced with a HiSeq2500 or
HiSeq2000 (Illumina, San Diego, CA), with a median coverage
of 222 to 363 reads per tumor, 112 to 191 reads per normal
sample, and 132 to 300 reads per FFPE sample.

Bioinformatical Tools to Analyze Sequencing Data
Sequenced reads were aligned to the reference human
genome (hg19) with Burrows-Wheeler Aligner version
0.6.1.40 GenomeAnalysisTK (GATK) version 1.5-30 41 was
used to recalibrate the variant quality score and to perform
local realignment.
Somatic SNVs were called with VarScan version 2.3.7,42
MuTect version 1.1.4,43 and Karkinos version 3.0.22 (http://
sourceforge.net/projects/karkinos, last accessed August 27,
2019).44 VarScan version 2.3.7, SomaticIndelDetector
version 1.5-30,45 and Karkinos version 3.0.22 were used to
detect somatic indels. Somatic SNVs and indels were taken
as genuine mutations when found at least twice among the
three callers. Somatic copy number variants were detected
by EXCAVATOR version 2.2.46 GISTIC version 2.0.2247
was used to present altered copy numbers as a heat map,
along with chromosome position. Aberrant CN changes
were deﬁned as gain (CN  3), ampliﬁcation (CN  4), loss
(CN Z 1), and homozygous deletion (CN Z 0).
ExomeCNV version 1.448 was used to infer tumor content for group 1 hyperplasia and carcinoma and group 2
carcinoma. There was no statistical difference in median
tumor content (0.782, 0.761, and 0.726, respectively).
Tumor mutational burden per megabase in the captured
exome was computed as described.49 The number of
missense SNVs per sample was counted and divided by the
number of bp (30,435,778 bp) in the captured regions of the
coding exome.

Molecular Classiﬁcation of EEA Samples by TCGA
Subtyping Scheme
EEA classiﬁcation was performed using the molecular subtyping scheme developed by TCGA.13 Samples assigned to
the POLE subtype had mutations in the exonuclease domain
(residues 286 to 459 in the amino acid sequencing) of the
POLE protein. Microsatellite instability high (MSI subtype)
tumors were assigned on the basis of deviations from paired
normal control in electropherograms of two or more among six
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DNA markers (BAT25, BAT26, D2S123, D5S346, D17S250,
and BAT40).50 CNH subtype tumors were annotated on the
basis of their similarity to the cluster 4elike cluster13 in the
unsupervised hierarchical clustering analysis, with signiﬁcantly altered copy number segment values identiﬁed with
GISTIC.51 The remaining EEA samples, after excluding
POLE, MSI, and CNH, were designated as CNL subtype.13

Driver and Passenger Genes and Mutations
Driver genes were deﬁned for endometrial cancer as highly
signiﬁcantly mutated or signiﬁcantly mutated genes,
according to the TumorPortal (http://www.tumorportal.org,
last accessed August 27, 2019).52 Because a mutation on
a signiﬁcantly mutated gene is not necessarily a driver
mutation, it was assumed that detected variants were more
likely to be driver mutations if they were at least registered
once previously in the TumorPortal or Catalogue Of
Somatic Mutations In Cancer (COSMIC) database.

Filters for FFPE Samples in Time-Course Analysis
Sequencing noise (ie, caused by damaged DNA in FFPE
samples) was ﬁltered by removing the following: i) mutant
alleles called at poorly mapped reads (mapping
quality < 30); ii) mutant alleles with a read depth < 50; iii)
indels called at the edge of homopolymeric nucleotides
(more than four of the same successive nucleotides); and iv)
recurrent mutant alleles across cases in the cohort but not
recurrent in the TumorPortal or COSMIC database. Mutant
alleles on aneuploid chromosomes were also removed to
evaluate allele frequency. The same ﬁlters were applied to
sequencing data from fresh frozen samples. Hyperplasia or
carcinoma sample reads from each patient in the time-course
series were subjected to pairwise local realignment using
GATK along with a matched normal sample to reduce
erroneous calls by misalignment.45

Time-Course Analysis of Clonal Architecture
Herein, a subclone was deﬁned in a tumor by its allele frequencies as a cluster of reads with somatic mutations. After
ﬁltering (described above), mutant allele frequencies for the
remaining somatic SNVs/indels in each of the time-course
samples from each patient were ﬁrst clustered using unsupervised hierarchical clustering [with euclidean distance and Ward
linkage; R software version 3.5.1 (http://www.r-project.org, last
accessed August 27, 2019)]. Because unsupervised hierarchical
clustering has poor resolution in clustering variants with low
allele frequencies, SciClone version 1.0.7 (minimal
depth Z 50, maximal number of clusters Z 10, and copy
number margins Z 0.25)53 was also used when maximal
mutant allele frequency in a cluster was <0.2. The resultant
clusters were then manually compiled. After this, 7 to 10 (median, 8) clusters in a tumor series were assigned in one case. The
nested relationships among clusters were estimated on the basis
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of cluster size and the spatiotemporal ﬂuctuations of each
cluster. Adobe Illustrator and Photoshop (CS6) (both from
Adobe, San Jose, CA) were used to visualize the relationship
among clones/subclones in each case, as previously described.54

DNA Methylome Analysis
DNA was prepared from 34 pairs of group 1 hyperplasia and
carcinoma (plus one carcinoma missing the adjacent hyperplasia data) and 34 group 2 carcinomas (Supplemental Tables
S1 and S2). DNA methylation status was analyzed using 500
ng DNA from each of the 103 tumors using Inﬁnium
MethylationEPIC BeadChip Arrays (Illumina), according to
the manufacturer’s instructions. All arrays fulﬁlled the
experimental criteria for each experimental step (staining,
extension, hybridization, target removal, and bisulﬁte conversion). Fluorescence signals were converted into b values
using Illumina Genome Studio software version 2011.1 after
background subtraction and normalization. Missing values
were ﬁltered from a total of 866,895 probes, with signals
from 750,190 probes used for subsequent analyses.
CpG methylation in the promoter region of MLH1 was
determined by ﬁrst selecting inversely correlated probes with
MLH1 expression with correlation coefﬁcients <0.8 (Pearson correlation). Variably methylated probes were then
selected with the variance of b values > 0.025, and MLH1
promoter hypermethylation was determined if the mean b
value was >0.5. Highly variably methylated probes (top 6963
probes showing top 5% variance on CpG islands of promoter
regions) were subjected to unsupervised consensus clustering
using R with Bioconductor ConsensusClusterPlus.
DNA methylation target genes were selected if they met
the following criteria: i) genes with probes on CpG islands
and/or with annotations of differentially methylated regions;
ii) genes with variably methylated probes (b value
median < 0.1); iii) genes with probes inversely correlated
with the expression value of the gene (Spearman correlation
r < 0.65); iv) genes with probes for which more than a
half of the samples were hypomethylated (median b
value < 0.1); and v) genes with more than ﬁve probes that
also sufﬁced the conditions of i) through iv). The degree of
gene expression silencing due to DNA methylation (%
silencing) was calculated as follows: (100%  the % of the
given expression value of each gene for a sample)/(the
maximal expression value across the samples).

Expression Microarrays
Expression assays were performed with Affymetrix Human
U133 Plus 2.0 arrays (Affymetrix, Santa Clara, CA) using
RNA extracted from 33 group 1 hyperplasias, 31 group 1
carcinomas (30 pairs of concomitant hyperplasia and carcinoma from the same patients with an additional 3 unpaired
hyperplasia and 1 unpaired carcinoma) and 33 group 2 carcinomas (Supplemental Tables S1 and S2). All arrays met the
standard quality control metrics, including hybridization
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controls, labeling controls, global array metrics, and algorithm
parameters, and were used to compute robust multichip
average expression values using Affymetrix Expression
Console software version 1.1.2. All expression values on the
arrays were used in further analyses without ﬁltering.
To identify group 1 or 2 speciﬁc pathway enrichment in the
transcriptome, single-sample Gene Set Enrichment Analysis
(ssGSEA) was performed on expression microarray data using
R software with Bioconductor gene set variation analysis for
microarray and RNA-seq data (GSVA) and the Molecular
Signature DataBase version 5.055e57 (http://software.
broadinstitute.org/gsea/msigdb/index.jsp, last accessed August
27, 2019; Broad Institute, Cambridge, MA). The data set was
ﬁrst collapsed into gene symbols, and genes were ranked by
the signal/noise ratio metric for phenotypes with 1000
permutations. The hypergeometric distribution test was
employed to determine whether an annotation of interest (such
as DNA methylation) was enriched in a group. As a threshold
for the distribution, q < 0.05 computed from signiﬁcance
analysis of microarrays (SAM) was used in a binary comparison.
For transcriptomic subtyping, consensus clustering58 was
employed to identify clusters corresponding to internal
subgroups in EEA using R with Bioconductor ConsensusClusterPlus.59 On the basis of variance in the expression
across samples, 4889 genes (top 19% variable expression,
selected by pvclust in R package) were selected and used for
k-means clustering with euclidean distance and a subsampling ratio of 0.8 for 1000 iterations. Ingenuity Pathway
Analysis version 458397M was employed to annotate a
cluster of genes with the top canonical pathways.

Statistical Analysis
U-test and Fisher exact test were used to statistically evaluate the correlation between clinicopathologic parameters
and EEA groups using GraphPad Prism version 8.3.0
(GraphPad Software, San Diego, CA) or R software.

Data Access
The raw data generated in this study have been submitted to
the National Bioscience Database Center [https://ddbj.nig.
ac.jp/jga/viewer/view/study;
accession
number
JGAS00000000174 (Exome BAM ﬁles)] and National
Center for Biotechnology Information Gene Expression
Omnibus [https://www.ncbi.nlm.nih.gov/geo; accession
numbers GSE106191 (RNA expression microarray
cell intensity ﬁles) and GSE136791 (DNA methylome
microarray intensity data ﬁles)].

Results
A Classiﬁcation Scheme of Endometrial Endometrioid
Adenocarcinoma and Samples
Among the 1616 endometrial carcinomas that were surgically removed at the Cancer Institute Hospital (Tokyo,
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Japan) between 1986 and 2013, 1381 cases were diagnosed
as EEA. After size (< 15 mm) selection by microscopic
examination, 212 cases were determined eligible for the
current study. The tumor specimens were subsequently
assessed for the presence or absence of endometrial complex
hyperplasia (regardless of atypia) in the endometria adjacent
to EEA.12 Of the 212 cases, 104 and 108 cases were classiﬁed as group 1 (with EH) and group 2 (without EH),
respectively. Among the clinical characteristics for these
212 patients, statistically signiﬁcant differences between
two groups were observed for age at diagnosis, body mass
index, menopausal status, and histologic grade: patients
with group 1 EEA were younger at age of onset, had higher
body mass indexes, and were more often premenopausal,
whereas group 2 EEAs comprised a higher number of highgrade carcinomas (Figure 1). These distinctions are reminiscent of the results from previous histopathologic classiﬁcation studies.8,11,60 There were no differences in other
parameters, such as number of gravida and partus, or International Federation of Gynecology and Obstetrics staging
(Figure 1) (data not shown). Likewise, there was no difference in the proportions of metabolic complications, such
as hypertension or diabetes mellitus, which are typical risk
factors for EEA (data not shown).12 Patient outcomes in
terms of 5-year survival were equally good for both groups,
probably because most patients were diagnosed at clinical
stage 1 (data not shown). After selecting tumors on the basis
of histologic grade (1 or 2), fresh-frozen tumor samples
were processed for further genomic analyses (Figure 1).
Although there was no signiﬁcant difference in the distribution of International Federation of Gynecology and Obstetrics stage between the two groups, group 2 included
more higher-grade carcinomas among the samples in the
whole cohort and in those samples subjected to genomic
analysis (Figure 1). To gain deeper insight into the developmental processes of these two distinct EEA tumorigenic
subtypes, genomic, epigenetic, and transcriptomic analyses
were conducted with stringent histopathologic classiﬁcation
(Figure 1). In total, 35 carcinoma and 34 hyperplasia samples from 35 cases of group 1 EEAs (each case was paired,
except for one case with insufﬁcient hyperplasia sample for
genomic analyses) and 34 carcinomas from 34 cases of
group 2 EEAs were subjected to genomic assays (Figure 1
and Supplemental Tables S1 and S2). There were 29 and
6 histologic grade 1 and 2 carcinomas, respectively, in
group 1 samples and 21 and 13 grade 1 and 2 tumors,
respectively, in group 2 samples (P Z 0.0499 by Fisher
exact test) (Figure 1). All histologic grade 3 carcinomas
included in group 2 were not subjected to genomic analyses.

Genomic Aberration Proﬁles in Group 1 and 2
Carcinomas
In exome analyses, highly variable genomic aberration
proﬁles across the EEA samples in terms of the number of
SNVs, indels, and abnormal copy number segments
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Figure 1

Genomic analyses of endometrial endometrioid adenocarcinoma (EEA) that develops through two distinct tumorigenic pathways. A: Classiﬁcation
scheme of endometrial carcinoma and the current genomic study design. The scheme presents a method for classiﬁcation based on histopathologic properties
of the tumor. Among 1381 type 1 EEAs, 212 cases passed the eligibility criteria, for which tumor size must be <15 mm in diameter on microscopic examination. These cases were subjected to clinicopathologic analysis. On the basis of the presence or absence of adjacent hyperplasia, 104 and 108 EEAs were then
classiﬁed as group 1 and 2 tumors, respectively. A total of 34, 35, and 34 exome, 33, 31, and 33 transcriptome (with expression microarrays), and 34, 35, and
34 DNA methylome analyses were conducted on group 1 paired hyperplasia and carcinomas and group 2 carcinomas, respectively. All three genomic assays
were performed for 31 group 1 and 33 group 2 cases (Supplemental Tables S1 and S2). B: Representative histopathology of group 1 (left panel) and group 2
(right panel) EEAs. Sections were stained with hematoxylin and eosin. C: Histologic grade and International Federation of Gynecology and Obstetrics (FIGO)
stage. Top row: Cases for the whole cohort with clinicopathologic analysis are shown. Bottom row: Cases with genomic analysis are shown. P values were
calculated with Fisher exact test. n Z 212 in total (104 group 1 and 108 group 2 patients; C, top panels); n Z 69 in total (35 group 1 and 34 group 2
patients; C, bottom panels). *P < 0.05, **P < 0.01. Scale bar Z 500 mm (B).

(Figure 2A), and signiﬁcant differences between group 1
and 2 carcinomas (Figure 2B), were detected: group 2 carcinomas had a higher number of SNVs and indels than
group 1 carcinomas (P < 0.0001 and P Z 0.0061,
respectively) (Figure 2B), but similar proportions of
abnormal copy number segments (P Z 0.5319) (Figure 2B).
Accordingly, tumor mutational burden per megabase in the
captured exome49 was higher for group 2 carcinomas
(Figure 2C). This distinction prompted us to apply TCGA
subtyping to classify EEA samples in the current cohort
(herein designated as the Japanese Foundation for Cancer
Research genomic cohort). Of the 69 carcinomas in the
Japanese Foundation for Cancer Research cohort (35 and 34
group 1 and 2 carcinomas, respectively) 11, 14, 3, and 41
carcinomas were assigned to the POLE, MSI, CNH, and
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CNL subtypes, respectively (Figure 2D). These subtypes are
consistent with genetic and/or epigenetic abnormalities
found in genes for mismatch repair or homologous recombination pathways (data not shown). When TCGA samples
were used at stage 1 and grade 1/2 for comparison, the
proportions of the four molecular subtypes in the Japanese
Foundation for Cancer Research cohort did not differ from
those in TCGA cohort (Figure 2D).13 However, the proportions were signiﬁcantly different between group 1 and 2
carcinomas: Most (31/35; 88.6%) of the group 1 carcinomas
were classiﬁed as CNL subtype, whereas many (24/34,
70.6%; Fisher, P < 0.0001) of the group 2 carcinomas were
classiﬁed as subtypes other than CNL (POLE, MSI, and
CNH) (Figure 2D). These observations imply a differential
mutational burden between group 1 and group 2 carcinomas
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Figure 2

Genomic aberration proﬁles of group 1 and group 2 endometrial endometrioid adenocarcinomas (EEAs). A: Relationship of genomic deregulation
in group 1 and 2 carcinomas. Number of single-nucleotide variants (SNVs) and insertions/deletions (indels; top panel), number of abnormal copy number (CN)
segments (CN 1 or 3; middle panel), and frequency of nucleotide substitutions (bottom panel), sorted according to the number of SNVs, are shown with
sample labeling for tumorigenic and The Cancer Genome Atlas (TCGA) subtypes (bottom). B: Differential mutational burden in group 1 and 2 tumors. Top
panel: Number of SNVs. Middle panel: Number of indels. Bottom panel: Number of copy number variants (CNVs). CNV number is the number of abnormal CN
segments that were counted if CN 1 or 3. The discontinuous distribution of the numbers of SNVs, indels, and CNVs is associated with TCGA molecular
subtype. Statistical binary comparison was performed with U-test. C: Tumor mutational burden in group 1 and 2 tumors. The tumor mutational burden in the
captured exome (number of SNVs per megabase) per sample is shown as dot plots. Statistical binary comparison was performed with U-test. D: Distribution of
TCGA molecular subtypes [polymerase ε mutated (POLE), microsatellite instability (MSI),13 copy number high (CNH), and copy number low (CNL)] in group 1
and 2 carcinomas. Left panel: TCGA subtype components in 122 TCGA (only grade 1 and 2 tumors at clinical stage 1) and 69 Japanese Foundation for Cancer
Research (JFCR) EEA samples. Right panel: TCGA subtype components in 35 group 1 and 34 group 2 carcinoma samples are shown as a stacked bar chart. POLE,
MSI, and CNH EEAs are predominantly enriched in group 2 tumors, whereas most of the carcinomas in group 1 exhibit CNL characteristics (P < 0.0001; Fisher
exact test). **P < 0.01, ***P < 0.001.

and suggest the potential involvement of DNA repair/
proofreading deﬁciencies in these distinct tumorigenic
processes.

Distribution of Driver Mutations in Group 1 and 2
Carcinomas
It was next determined whether a speciﬁc gene mutation(s) drives the differential EEA tumorigenic programs
of group 1 and 2 carcinomas. Binary comparisons using
Fisher exact tests identiﬁed a signiﬁcant number of
mutated genes in SNVs and indels, which were correlated
with group 2 carcinomas (P < 0.05; 1875 genes among
total 16,102 genes) but not with group 1 carcinomas.
Because these group 2ecorrelated gene mutations were
dominantly derived from hypermutator tumors of the
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POLE or MSI subtypes (Figure 2D), the somatic variants
enriched in group 2 (Figure 3) are likely to be passengers. In support of this notion, no signiﬁcant difference
was detected between group 1 and 2 CNL samples
(n Z 31 and n Z 10, respectively; data not shown). This
group 2 dominancy was lost for more signiﬁcant driver
genes (signiﬁcantly mutated and highly signiﬁcantly
mutated genes in TumorPortal), particularly for the four
endometrioid genes (PTEN, PIK3CA, CTNNB1, and
KRAS )61 (Figure 3). In other words, there was a
less-biased distribution of more relevant driver genes
among group 1 and 2 tumors. No signiﬁcant difference
was found in copy number aberrations between
the two groups (Figure 3). Collectively, these observations imply that group 1 and 2 EEAs rely on the same or
similar sets of driver events during tumorigenesis.
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Figure 3 Distribution of driver mutations in group 1 and group 2 carcinomas. A: Oncoprint of driver mutations. Sample labeling for tumorigenic (groups 1
and 2) and The Cancer Genome Atlas (TCGA) subtypes [polymerase ε mutated (POLE), microsatellite instability (MSI),13 copy number high (CNH), and copy
number low (CNL)] is shown above the Oncoprints. Top panel: Oncoprint of driver single-nucleotide variants (SNVs)/insertions/deletions (indels) in 35 group 1
and 34 group 2 carcinomas. Highly signiﬁcantly (HS) and signiﬁcantly (S) mutated genes follow the assignment in the TumorPortal (http://www.tumorportal.
org, last accessed August 27, 2019). Four endometrioid genes (PTEN, PIK3CA, CTNNB1, and KRAS )13,61 are indicated by arrows. The detected variants are shown
if they were registered at least once in TumorPortal or COSMIC database, had >0.2 in the mutant allele frequency after tumor content adjustment, and were
detected in more than two samples in the cohort. The P values in binary comparisons with Fisher exact tests are shown on the left. Blue font indicates a
signiﬁcant P value with group 2 enrichment. Bottom panel: Oncoprint of signiﬁcant copy number alterations detected by GISTIC. The analysis detected only
the regions with ampliﬁcation [copy number (CN)  4] and not those with homozygous deletion (CN Z 0). Copy number gain (CN Z 3) or loss (CN Z 1) was
not regarded as functionally signiﬁcant in this analysis. The P values in binary comparisons with Fisher exact tests are shown on the left. B: Average number of
driver genes (SNVs and indels) per case. Proportions for group 1 and 2 carcinomas are shown in bar plots. The four endometrioid genes (PTEN, PIK3CA, CTNNB1,
and KRAS ) were not used for calculations of HS or Sgenes in TumorPortal (http://www.tumorportal.org, last accessed August 27, 2019) for SNVs and indels.

Epigenetic Landscape in Group 1 and 2 Carcinomas
DNA methylation microarray assays were conducted with
group 1 and 2 carcinoma samples to classify epigenetic
subtypes (Figure 4A). Unsupervised hierarchical clustering
of variably methylated CpG island probes (6963 probes; top
5% variance) led to the identiﬁcation of three major clusters
(designated ES1, ES2, and ES3) with differential intensities
of CpG island methylation (Figure 4A). Most (9/11; 81.8%)
of the ES2 cluster comprised group 2 carcinomas, whereas
approximately half (33/58; 56.9%) of the ES1 and ES3
clusters comprised group 1 carcinomas (Fisher exact test;
P Z 0.0234). Because CpG islands of tumors in the ES2
cluster were the most highly and widely methylated among
the three clusters (data not shown), tumors in the ES2
cluster were considered to have a CpG island methylator
phenotype.13 Furthermore, ﬁve of the eight EEAs displaying MLH1 promoter hypermethylation (b value > 0.5)
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coincided in the ES2 subtype. Correlating these epigenetic
subtypes with TCGA molecular subtypes, signiﬁcant
enrichment of MSI tumors was found among the ES2
cluster (Fisher exact test; P < 0.0001).
To assess characteristic DNA methylation proﬁles for
each tumorigenic subtype, a binary comparison was
performed using SAM to compare group 1 and 2 carcinomas. Using 18,034 variably methylated probes at CpG
sites on the array (variance > 0.025), regardless of
genomic context (such as promoter, gene body, and untranslated region), all CpG sites correlated with group 2
carcinomas but not with group 1 carcinomas (SAM
q < 0.05) (Figure 4B). Combinatorial correlative analysis
with the transcriptome data identiﬁed UBB, CHFR,
MTERF, and MLH1 as epigenetic silencing target genes
with group 2 enrichment, implicating an important role
for these genes in the tumorigenic program of group 2
EEAs (Figure 4C).
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Figure 4

Epigenetic and transcriptomic features of group 1 and 2 endometrial endometrioid adenocarcinomas (EEAs). A: Epigenetic intrinsic subtypes. Epigenetic
subtypes were identiﬁed through unsupervised hierarchical clustering with variably methylated 6963 CpG island probes (top 5% variable DNA methylation). Top panel:
Sample labeling for epigenetic [epigenetic subtype 1 (ES1), ES2, and ES3], tumorigenic (groups 1 and 2), and The Cancer Genome Atlas (TCGA) subtypes [polymerase ε
mutated (POLE), microsatellite instability (MSI), copy number high (CNH), and copy number low (CNL)] and MLH1 promoter hypermethylation status are shown below
the dendrogram. The relationship between tumorigenic (bottom left panel) and TCGA molecular subtype (bottom right panel) with epigenetic subtype in EEA is also
shown. A bar represents the number of cases with group 1 and 2 carcinomas or tumors with TCGA molecular subtype assignment in an epigenetic subtype. B: Distinctions in the methylome of group 1 and group 2 carcinoma samples. The result from binary comparisons between group 1 and 2 carcinomas by signiﬁcance analysis
of microarray (SAM) is shown as a heat map of b values of probes for variably methylated CpG islands (18,034 probes with variance > 0.025). b Values are shown after
sorting along SAM scores. Sample labeling for tumorigenic, TCGA, and epigenetic subtypes and MLH1 promoter hypermethylation status are shown above the heat map.
Red and blue arrows adjacent to the heat map indicate directions for group 1 and 2 correlations, respectively. C: Extent of DNA methylation and gene silencing for
UBB, CHFR, MTERF, and MLH1. Sample labeling for tumorigenic, TCGA, and epigenetic subtypes is also shown above the color map. D: Transcriptomic intrinsic subtypes.
Top panel: Heat map for genes used for transcriptomic subtyping is shown. Consensus clustering identiﬁes three transcriptional subgroups [transcriptomic subtype 1
(TS1), TS2, and TS3] in EEAs. The expression levels of genes are shown (green indicates low expression; and red, high expression) with representative gene ontology
annotated from Top Canonical Pathways with statistical signiﬁcance (P < 0.05) by Ingenuity Pathway Analysis. Relationship between transcriptomic subtypes with
tumorigenic (bottom left panel) and TCGA (bottom right panel) subtypes. A bar represents the number of cases with group 1 and 2 carcinomas or with tumors with
TCGA molecular subtype assignment in a transcriptomic subtype. E: Pathway deregulation in group 1 and 2 carcinomas identiﬁed by expression proﬁling. Group 1 and 2
carcinoma-speciﬁc enrichment in transcriptomic pathway activities was revealed by binary comparisons of group 1 and 2 carcinomas. Pathway activities with q < 0.05,
derived from SAM analysis of single-sample Gene Set Enrichment Analysis scores, are shown with the heat map. Green and red indicate low and high activities for each
gene set, respectively. A total of 1856 and 2180 pathways are highly enriched in group 1 and 2 carcinomas, respectively. Group 1 carcinomas are characterized by the
up-regulation of DNA Methylation Target genes, Insulin/Insulin-Like Growth Factor (IGF) Pathway, and ESR1 Coregulation, whereas DNA Damage and DNA Repair
related gene sets are more enriched in group 2 carcinomas, with statistical signiﬁcance by hypergeometric tests. n Z 31 (E, group 1 carcinomas); n Z 33 (E, group 2
carcinomas). *P < 0.05, **P < 0.01, and ****P < 0.0001.

Transcriptomic Characterization of Two Distinct
Tumorigenic Subtypes in EEA
After expression microarrays were obtained with Affymetrix U133 Plus 2.0 chip, K-means consensus clustering
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was performed with highly variably expressed genes (top
19% variably expressed; gene number Z 4889). Three
transcriptionally intrinsic subtypes (TS1, TS2, and TS3)
were identiﬁed in EEAs, with seven gene clusters
(Figure 4D). TS1, TS2, and TS3 were characterized by the
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expression of cell cycle, pyrimidine deoxyribonucleotide
biosynthesis, and epithelial-mesenchymal transition genes,
respectively. Group 1 and 2 carcinomas tended to
distribute to TS1 and TS2/3 subtypes, respectively (Fisher;
P < 0.0001) (Figure 4D). TCGA subtypes also exhibited a
skewed distribution, with TS1 and TS2/3 subtypes predominantly allocated to non-CNL (POLE/MSI/CNH) and
CNL subtypes, respectively (Figure 4D).
ssGSEA was conducted, and the scores of group 1 and 2
carcinoma samples were compared with SAM in a binary
manner. Through pathway analysis, an up-regulation was
found in annotations of ESR1 coregulation [eg, van ’t Veer
Breast Cancer ESR1 up  down (UP  DN) and Doane
Breast Cancer ESR1 UP  DN; hypergeometric distribution;
P Z 0.0026] and those of insulin/insulin-like growth factor
(IGF) pathways in group 1 (eg, Insulin-Like Growth Factor
Receptor Binding and IGF1 Pathway; P Z 0.0022, respectively). In group 2, suppression of multiple gene sets of DNA
methylation targets (eg, Wang Methylated in Breast Cancer
and Weber Methylated in Colon Cancer; P Z 0.0010);
activation of DNA damage-related gene sets (DNA Damage
Response Signal Transduction, Damaged DNA Binding, and
DNA Damage Checkpoint; P < 0.0001), and activation of
DNA repair-related gene sets (eg, KEGG Base Excision
Repair and DNA Repair; P < 0.0001) was found (Figure 4E).
Among 12,406 Molecular Signature DataBase version 5.0
gene sets used in the SAM, there were 14 gene sets related
to ER downstream genes: most of these were derived from
breast cancer data, with no gene set curated from endometrial cancer or tissue data in Molecular Signature DataBase.
Previous studies have identiﬁed seven estrogen-induced
genes in human in vivo endometrium: IGF1, IGF1R, PGR,
KIAA1324, SFRP1, SFRP4, and ALDH1A2.62e64 To detect
ER signaling in endometrial tumors with ssGSEA, an
Endometrial ER Downstream gene set was generated using
these seven genes (Figure 5, B and D). The gene set
conﬁrmed a signiﬁcant elevation in estrogen signaling activity in group 1 EEAs (Figure 5B). Spearman correlation
analyses between the ssGSEA score for this gene set and the
immunoreactivity scores for ER and PR revealed marginal
(P Z 0.0514 and r Z 0.2465) and strong (P < 0.0001 and
r Z 0.5939) correlations, respectively. This observation
also supports the utility of PR immunoreactivity score as a
surrogate marker of estrogen signaling activity.

Hormonal Status of Tumorigenic Subtypes
Signiﬁcant differences were identiﬁed for age at diagnosis,
body mass index, menopausal status, and histologic grade
between the two groups (group 1, n Z 104; group 2,
n Z 108 patients). Patients in group 1 were younger at
onset, had higher body mass indexes, and were more often
premenopausal, whereas those in group 2 had more highgrade carcinomas (Figure 5A). These tendencies remained
after selecting only those samples used for genomic analyses (Figure 5A). Furthermore, these tendencies may point
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to higher concentrations of serum estradiol in patients with
group 1 carcinomas (Figure 5C).1e3
Transcriptomic and immunohistochemical examinations
conﬁrmed up-regulation of ER and PR signaling in group 1
carcinomas compared with group 2 carcinomas (Figures 4E
and 5B), consistent with previous observations.65 More
important, these higher ER/PR protein levels in group 1 carcinomas were also observed in samples from premenopausal
and CNL-subtype patients, for whom tumor growth is
considered to be largely promoted by estrogen signaling
(Figure 5D).13 Endometrial estrogen signaling downstream
genes exhibited signiﬁcantly higher activity in group 1 carcinomas than group 2 carcinomas in premenopausal and postmenopausal comparisons for all subtypes, but the statistical
signiﬁcance was not observed for CNL, maybe because of the
small number of samples (Figure 5D). Age at diagnosis and
body mass index were not different between group 1 and 2
premenopausal patients with CNL tumors. There was thus a
difference in the hormonal status of group 1 and 2 tumors, even
in estrogen-promoting tumors in the hormonally active phase.

Genomic/Epigenetic/Hormonal Alterations in
Transition of Hyperplasia-Carcinoma Sequence
To examine whether carcinoma acquires genomic and/or
epigenetic aberration(s) in the transition between hyperplasia
and carcinoma, the mutational burden of paired hyperplasia
and carcinoma samples was ﬁrst compared. Wilcoxon signed
rank tests for the number of SNVs, indels, and copy number
variants revealed no difference in the mutational burden between hyperplasia and adjacent carcinoma within the same case
(Figure 6A). In TCGA subtypes, hyperplasia and carcinoma
pairs showed 97.1% concordance (33/34 pairs) (Figure 6B),
along with the identiﬁcation of shared mutations between hyperplasia and carcinoma. On average, 219.1 of the SNVs/indels
were shared, along with 72.7 and 50.1 hyperplasia- and
carcinoma-speciﬁc SNVs/indels, respectively. Among the
highly signiﬁcantly mutated genes, 1.5 genes were shared,
whereas 0.2 driver mutations per sample existed only in carcinoma (Figure 6C). Further narrowing down our analysis to
four endometrioid genes (PTEN, PIK3CA, CTNNB1, and
KRAS) increased the number of shared mutations to 1.8 genes.
No speciﬁc genes with SNVs/indels were differentially and
recurrently detected between the pairs. No shifts from subclonal mutations were observed in hyperplasia to clonal mutations in carcinoma, and there was no distinction in the copy
number variants, including loss of heterozygosity in tumor
suppressor genes, between hyperplasia and carcinoma samples
(Figure 6D). Transcriptome and DNA methylome analyses
also revealed commonality between pairs of hyperplasia and
carcinoma (Figure 6, E and F). Moreover, no statistical
distinction with stringent q values was detected in differentially expressed or methylated genes between the pairs
(data not shown). Nevertheless, signiﬁcant down-regulation
of ER and PR protein levels and endometrial ER downstream mRNAs were observed in carcinoma compared with
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Figure 5 Distinctions in hormonal status between group 1 and 2 carcinoma patients. A: Menopausal status, age at diagnosis, and body mass index (BMI).
Top row: Distinctions in the whole cohort with clinicopathologic analysis are shown. Bottom row: Only the results from the samples with genomic analysis are
shown. P values were calculated with Fisher exact tests (menopausal status) or with U-tests (age and BMI). B: Activity of estrogen signaling. Dot plots
represent immunoreactivity scores (IRSs) for estrogen receptor (ER) and progesterone receptor (PR) proteins (left and middle panels) and for single-sample
Gene Set Enrichment Analysis score (SGS) of the Endometrial ER Downstream gene set (right panel) in group 1 carcinoma and group 2 carcinoma. Statistical
binary comparison was performed with U-test. C: Serum estradiol level of group 1 and group 2 patients. Statistical binary comparison was performed with Utest. The patients for whom serum estradiol was measured are distinct from the patients whose tumors were rendered to genomic testing and immunostaining
of hormonal receptors (Figure 1). D: Age at diagnosis, BMI, IRS of ER and PR, and SGS of the Endometrial ER Downstream gene set in premenopausal or
postmenopausal patients between group 1 carcinoma and group 2 carcinoma. The results from tumors of all The Cancer Genome Atlas (TCGA) molecular
subtypes and those of only copy number low (CNL) subtype tumors. Statistical binary comparison was performed with U-test. n Z 212 in total (104 group 1
and 108 group 2 patients; A, top panels); n Z 69 in total (35 group 1 and 34 group 2 patients; A, bottom panels); n Z 29 (C, group 1 patients); n Z 30 (C,
group 2 patients); n Z 69 (D, tumors of all TCGA molecular subtypes); n Z 41 (D, tumors of only CNL subtype). *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001.

hyperplasia within the paired comparisons (Figure 7, A and
B). Overall, these observations suggest that the transition
from hyperplasia to carcinoma does not require additional
genomic/epigenetic alterations as driver events but is
coupled with a decreased dependence on estrogen.

Clonal Evolution in Hyperplasia-Carcinoma Sequence
Because the pairwise analyses above did not identify when
driver mutations are acquired, longitudinal time-course analyses of a series of hyperplasia and carcinoma were conducted from ﬁve cases. In a representative case (CU076),
the clustering analysis detected four clones with nine
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clusters during disease development. For this case, a loss of
three hyperplasia clones was noted without driver mutations
at the time of surgery (time point, 49 months) (Figure 8A)
and a dominance of one clone (beige) that had two driver
mutations (PTEN and CTNNB1) was noted at time point
0 months (ﬁrst biopsy sample by endometrial curettage) and
acquired additional driver changes over time (SNV in
CHD4 and indel in ARID5B) (Figure 8A). Further sequential
time-course analyses of the other four cases (Figure 8B)
showed the presence of driver mutations in carcinoma
clones that were frequently absent in hyperplasia clones.
Among the ﬁve cases, 10 of the 14 clonesdwhich could not
have obtained dominancy at the time of surgeryddid not
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Figure 6 Extensive similarity of genomic, epigenetic, and transcriptomic features in paired hyperplasia (H) and carcinoma (C) samples. A: Mutational
burden in hyperplasia and carcinoma. Top panel: Number of single-nucleotide variants (SNVs). Middle panel: Number of insertions/deletions (indels). Bottom
panel: Number of copy number variants (CNVs). A statistical binary comparison was performed with Wilcoxon signed rank test. P values are shown beneath the
panel. B: The Cancer Genome Atlas (TCGA) molecular subtyping of hyperplasia and carcinoma. TCGA subtypes for hyperplasia and carcinoma are shown with
color codes. Case identiﬁers are shown to the left. Among 34 cases, 33 pairs of hyperplasia and carcinoma showed concordant subtypes; one case (CU096) did
not. C: Shared genes between hyperplasia and carcinoma or genes speciﬁc to hyperplasia or carcinoma in SNVs and indels. Left panel: Number of cases with
SNVs and indels per gene. Genes with SNVs or indels were counted and are shown as a bar plot per sample. Four endometrioid genes (PTEN, PIK3CA, CTNNB1,
and KRAS )13,61 are indicated by arrows. Middle panel: Proportion of genes for an individual patient. Right panel: Average number of driver genes (SNVs and
indels) per case. Proportions for group 1 and 2 carcinomas are shown in bar plots. The four endometrioid genes (PTEN, PIK3CA, CTNNB1, and KRAS ) were not
used for calculations of highly signiﬁcantly mutated genes (HS) or signiﬁcantly mutated genes (S) in TumorPortal (http://www.tumorportal.org, last accessed
August 27, 2019) for SNVs and indels. D: Shared segments between hyperplasia and carcinoma or segments speciﬁc to hyperplasia or carcinoma in CNVs. A
GISTIC output presented as a heat map shows the number of gained (red) or lost (blue) copy number segments. Chromosome (Chr.) position is shown to the
left. There was no signiﬁcantly altered segment in CNVs in pairs of hyperplasia and carcinoma (Wilcoxon signed rank test). E: Similarities in the transcriptome
between hyperplasia and carcinoma. Spearman r values derived from the correlation analysis are shown as a heat map with labeling of TCGA molecular
subtypes. Highly variably expressed (1029) genes (selected by pvclust in R package) were used for the Spearman correlation. F: Similarity in the DNA
methylome between hyperplasia and carcinoma. Spearman rho values derived from the correlation analysis are shown in the heat map labeled by TCGA
molecular subtype. Highly variably methylated (6642) probes (selected by pvclust in R package) were used for the Spearman correlation. CNH, copy
number high; CNL, copy number low; MSI, microsatellite instability; POLE, polymerase ε mutated.

retain driver alterations. Clones, even with driver mutations,
sometimes disappear during the process of clonal evolution.
None of the ﬁve cases showed an acquisition of copy
number alteration, including loss of heterozygosity in tumor
suppressor genes, during the sequence (data not shown).
These observations imply that driver events are acquired in
hyperplasia but not in the transitional phase from hyperplasia to carcinoma.
Time-course immunostaining of PR protein showed a
decrease in estrogen signaling activity during the hyperplasiacarcinoma sequence in four of the cases, except EN587,
which acquired an ESR1-activating mutation between 41 and
45 months (Figure 7C and Figure 8B). In three of the four
cases, a down-regulation in PR protein occurred during the
transition phase from hyperplasia to carcinoma (Figure 7C).
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Discussion
Careful microscopic inspections in previous studies have
identiﬁed two distinct tumorigenic processes in EEA
development, referred to as group 1 and 2 pathways.2,7e12
Although this classiﬁcation cannot be used in practice to
assign clinical samples to diagnostic categories, the subtyping scheme provides an understanding of the molecular
mechanisms of EEA tumorigenesis. The present research
adds several important ﬁndings to previous efforts. First,
this study shows that the group 1 carcinogenic process is
tightly linked with functional alterations, such as the activation of estrogen signaling in cancer cells, probably by
extrinsic stimuli. As such, group 1 tumors mostly belong to
the CNL subtype. Second, group 2 tumorigenesis is

245

Sugiyama et al

A

B

C

Figure 7 Hormonal status of pairs of hyperplasia and carcinoma and series of tumors in hyperplasia-carcinoma sequence. A: Expression levels of estrogen
receptor (ER) and progesterone receptor (PR) proteins in group 1 hyperplasia and carcinoma. The immunoreactivity score (IRS; left panels) and immunohistochemical (IHC) staining (right panels) results are shown for representative cases (EN354 and EN394). Statistical binary comparison was performed with
Wilcoxon rank sum test. B: Single-sample Gene Set Enrichment Analysis score (SGS) of the Endometrial ER Downstream gene set in group 1 hyperplasia and
carcinoma. C: Time-course presentation of PR IRSs in hyperplasia-carcinoma sequence. Line graphs for PR IRSs for CU076 (top left panel) and EN587, EN634,
CU083, and EN572 (right panels) are shown. As a representative case, time-course microscopic images of hematoxylin-eosin staining (HE) and PR IHC staining
for CU076 hyperplasia and carcinoma are also shown (bottom left panels). Samples with ESR1-activating mutations are indicated when detected in the line
chart. n Z 35 (A and B). *P < 0.05, **P < 0.01, and ****P < 0.0001. Original magniﬁcation, 400 (A and C). M, months.

associated with a high mutational burden derived from DNA
repair deﬁciency, such as POLE mutations, mismatch repair
deﬁciency, and homologous recombination deﬁciency, and
is frequently accompanied by genome-wide DNA hypermethylation. On the basis of these observations and
considering previous studies, the tumorigenic programs of
EEA development can be broadly divided into two molecular mechanisms provoked by an excess of unopposed
estrogen and by a mutation load comprising multiple forms
of DNA repair deﬁciency (Figure 9).
In the time-course sample analyses, many hyperplasia
subclones appeared and disappeared without any identiﬁable
driver mutations, suggesting that the growth of hyperplasia
cells is promoted by extrinsic factors, such as estrogen.
Driver acquisition seemingly occurs during the evolutionary
phase of hyperplasia not at the transitional point from
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hyperplasia to carcinoma. This hypothesis is not inconsistent
with the ﬁndings of previous cohort studies using unpaired
hyperplasia and carcinoma samples, where there is a lower
detectability of several driver mutations in hyperplasia than in
carcinoma.19e24 Transcriptome and DNA methylome analyses further point to the extensive similarity of each pair of
precursor and derivative despite their histologic differentiation. Herein, driver acquisition is assumed as a process of
selection and expansion of a hyperplasia subclone. However,
there is a discrepancy between the timing of the acquisition of
driver genetic changes and that of reduced estrogen dependence (decreased immunoreactivity score of ER/PR and
down-regulation of ER downstream gene expression), which
occurs in the transition phase from hyperplasia to carcinoma,
as previously reported.66,67 This observation suggests a molecular mechanism by which reduced estrogen dependence is
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Figure 8 Diagram of clonal architecture in the time course of hyperplasia (H)ecarcinoma (C) sequence. A: Clonal architecture of hyperplasia and carcinoma in
the case, CU076. Clustering analysis detected nine clusters during disease development. A cluster was drawn as a spindle shape or a horn shape, with a color
indicating an individual cluster. The dominant clone at the time of surgery is illustrated in beige. The allele frequency for a cluster is reﬂected as the width at each
time point. Time point 0 is deﬁned as the time when the ﬁrst sample was taken at biopsy by endometrial curettage. The Cancer Genome Atlas (TCGA) driver mutations
[highly signiﬁcantly mutated genes and signiﬁcantly mutated genes in TumorPortal (http://www.tumorportal.org, last accessed August 27, 2019)] are indicated at
the putative time point when a subclone acquired a mutation. Histopathologic ﬁndings of tumors are shown beneath the diagram. Dashed lines indicate time points.
Hyperplasia and carcinoma samples were taken simultaneously at surgery at time point of 49 months. B: Clonal architecture for EN587, EN634, CU083, and EN572
cases. Nine, eight, nine, and seven clusters (subclones) were detected for the time-course samples for EN587, EN634, CU083, and EN572, respectively. TCGA driver
mutations are indicated at the putative time points when a subclone acquired a mutation. The dominant cluster at the time of surgery is shown in beige. A mutation
in ESR1dnot included in the list of TCGA driver genes but recently considered as a driver for endometrial cancer13dis shown in EN587. Dashed lines indicate a
different sample of either hyperplasia or carcinoma at the same time point. Original magniﬁcation, 400. M, months.

coupled with hyperplasia-carcinoma transformation; however, such a mechanism could not be identiﬁed in the current
study. More genomic data and/or detailed clinicopathologic
information of endometrial hyperplasia would help to understand the mechanism; such information is not currently
available in the public databases, including TCGA.
Although the cell of origin has not yet been identiﬁed
for endometrioid and serous carcinomas, one possible hypothesis is that a common ancestor acquires distinct driver
events, such as mutations in PTEN and TP53, which drive
tumorigenic programs for endometrioid and serous histologies, respectively.68 Although a mutation in PTEN (and/or
the other endometrioid drivers) promotes EEA development
via endometrial hyperplasia (group 1) or directly from normal
atrophic endometria (group 2), as presented in the current
study, endometrial serous carcinoma typically develops from
normal atrophic endometria and occasionally via endometrial
intraepithelial carcinoma as a precursor lesion.69
In the tumorigenesis of group 2 endometrioid carcinoma,
cancer cells arise in the background of atrophic normal
endometrium typically in postmenopausal women. The
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atrophic endometrium is generally considered to have a low
proliferative capacity; however, in a previous study, Ki-67, a
standard cell-proliferation marker, was expressed in the atrophic endometria of more than half of the postmenopausal
women tested.70 Therefore, group 2 carcinoma cells can be
derived from atrophic endometrial cells with proliferative
potential; albeit, the de novo carcinogenic process thus far
remains unclear. Herein, 24 of 34 (70.6%) group 2 tumors had
a high mutational load due to DNA repair deﬁciency. This
high mutational load can provide cells with a chance to acquire
driver mutations during tumorigenesis. That the remaining
carcinomas possess the CNL phenotype, which is thought to
depend on estrogen stimulation,13 indicates that a CNL tumor
can occur directly from atrophic endometrium but not necessarily through estrogen-dependent hyperplasia. Smaller tumor
samples (<15 mm along the major axis) were selected, and
rigorous and careful microscopic examinations were performed to identify hyperplasia tissue within the entire endometrium to minimize misclassiﬁcations between groups 1 and
2.12 However, carcinoma can physically take over regions of
adjacent hyperplastic tissue, and not identifying these regions
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Figure 9 Schematic presentation of two distinct
tumorigenic pathways in endometrial endometrioid
adenocarcinoma development. CNH, copy number high;
CNL, copy number low; MSI, microsatellite instability;
POLE, polymerase ε mutated.

of hyperplasia might lead to a misclassiﬁcation of group 1
CNL carcinomas to group 2. Nevertheless, both postmenopausal and premenopausal group 2 CNL carcinomas had
lower expression levels of endometrial estrogen downstream
genes accompanied by a down-regulation in ER/PR proteins
and, thus, were considered to be less dependent on the estrogen
signal. This ﬁnding implies that a weak estrogen stimulation,
one that is incapable of promoting the hyperplasia-carcinoma
sequence, could still promote de novo carcinogenesis from
atrophic endometria. Indeed, the serum estradiol concentrations of group 2 patients were lower than those of group 1
patients, supporting this hypothesis.
A previous study71 identiﬁed two distinct transcriptomic
subgroups within the CNL subtype, which may be related to
the tumorigenic subtypes in the current study. Among
cluster I and cluster II, cluster II is characterized by Wnt
pathway activation and enriched CTNNB1-activating mutations.71 In the present consensus clustering analysis, TS2
and TS3 were both predominantly of the CNL subtype. TS3
had an up-regulated expression of epithelial-mesenchymal
transition related genes and CTNNB1-activating mutations;
63.2% (12 of 19) of CTNNB1-activating mutations distributed to TS3, which is consistent with the ﬁndings that
epithelial-mesenchymal transition is triggered by b-catenin
activation in several cancer types.71,72 Herein, we consider
our TS2 and TS3 are reminiscent of cluster I and cluster II,
respectively, in the previous analysis.71 In the present
consensus clustering analysis, among 31 group 1 carcinomas, 16 samples (51.6%) and 10 samples (32.3%) were
clustered to TS2 and TS3, respectively, whereas many of the
carcinomas in group 2 (69.7%; 23/33) were clustered as
TS1. Given that there is no signiﬁcant difference between
group 1 and 2 carcinomas in CTNNB1 mutation positivity,
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as presented, and in ssGSEA scores of epithelialmesenchymal transitionerelated gene sets (data not
shown), it can be concluded that group 1 and 2 tumorigenic
subtypes are mostly independent of the transcriptomic
subtype characterized by the CTNNB1-activating mutation
and epithelial-mesenchymal transition phenotype.
Only three samples were detected with MSI among the 35
cases of group 1 hyperplasia/carcinomas (8.6%)
(Figure 2D). Many previous studies with limited sample
size, typically <10 samples, have detected MSI or MLH1
hypermethylation in hyperplasia with variable frequencies
(17% to 50%),73e78 which may oppose our notion. However, the frequencies were 7.4% (MSI) and 3.4% (mismatch
repair protein deﬁciency) in two studies that analyzed >50
hyperplasia samples,79,80 comparable with the ﬁndings of
this study. Another study81 also supported this ﬁnding,
showing evidence that carcinomas with MSI arose more
frequently in atrophic endometrium.
In breast cancer, molecular subtype is critically determined by the set of driver events, the cell type of origin, and
the hormonal environment.82e85 In the present study, we
unraveled the relations between tumorigenic subtype and
molecular subtype, driver changes, and hormonal inﬂuences. The cell of origin for EEA in normal endometrium
has yet to be elucidated, and its identiﬁcation will help to
greatly enhance our understanding of the detailed molecular
mechanisms of these two distinct tumorigenic programs.
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