CANCER RESEARCH | CANCER BIOLOGY

Cell State of Origin Impacts Development of Distinct

Endometriosis-Related Ovarian Carcinoma Histotypes
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Clear cell ovarian carcinoma (CCOC) and endometrioid ovarian
carcinoma (ENOC) are ovarian carcinoma histotypes, which are
both thought to arise from ectopic endometrial (or endometrial-
like) cells through an endometriosis intermediate. How the same
cell type of origin gives rise to two morphologically and biologically
different histotypes has been perplexing, particularly given that
recurrent genetic mutations are common to both and present in
nonmalignant precursors. We used RNA transcription analysis to
show that the expression profiles of CCOC and ENOC resemble
those of normal endometrium at secretory and proliferative
phases of the menstrual cycle, respectively. DNA methylation
at the promoter of the estrogen receptor (ER) gene (ESRI) was
enriched in CCOC, which could potentially lock the cells in the
secretory state. Compared with normal secretory-type endome-

Introduction

Cell-of-origin and genetic mutations are often considered the most
important determinants in the initiation and shaping of the final
molecular and phenotypic landscape of cancer cells (1, 2). This
framework, however, is insufficient to explain the two ovarian carci-
noma histotypes, which share the same cell of origin and common
genetic mutations, yet present striking differences in cellular pheno-
type and clinical behavior.

Epithelial ovarian cancer, or ovarian carcinoma, has historically
been treated as one disease entity. In recent years, it has become clear
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trium, CCOC was further defined by increased expression of
cysteine and glutathione synthesis pathway genes and down-
regulation of the iron antiporter, suggesting iron addiction and
highlighting ferroptosis as a potential therapeutic target. Overall,
these findings suggest that while CCOC and ENOC arise from the
same cell type, these histotypes likely originate from different cell
states. This “cell state of origin” model may help to explain the
presence of histologic and molecular cancer subtypes arising in
other organs.

Significance: Two cancer histotypes diverge from a common cell
of origin epigenetically locked in different cell states, highlighting
the importance of considering cell state to better understand the cell
of origin of cancer.

that different histotypes of ovarian carcinoma have distinct etiologies
as well as genetic and epigenetic underpinnings of the disease (3-6).
High-grade serous ovarian carcinoma (HGSOC) is the most common
histotype (~75%), and one of the first cancers to be comprehensively
characterized by The Cancer Genome Atlas (TCGA) Project. Other
histotypes are not included in TCGA and remain poorly understood.
Clear cell ovarian carcinoma (CCOC) accounts for approximately 5%
to 12% of ovarian carcinomas cases. It is generally unresponsive to
chemotherapy and has a worse prognosis than HGSOC when discov-
ered at late stages (7). Notably, CCOC is more common in East Asian
women (8), and accounts for as much as 30% of ovarian carcinoma in
the Japanese population. Endometrioid ovarian carcinoma (ENOC)
accounts for an additional 5% to 10% of epithelial ovarian carcinomas.
Other histotypes, such as mucinous ovarian carcinoma (MOC) and
low-grade serous carcinoma (LGSOC) are less common and comprise
approximately 3% and 5% to 8% of all ovarian carcinomas, respec-
tively (9). Despite similarity in nomenclature, LGSOCs exhibit distinct
clinical behavior and molecular profiles compared with HGSOC
tumors. Primary MOCs, which develop from benign and borderline
tumors at the ovary (10), are often confused with metastases origi-
nating from mucus-secreting cells that line the gastrointestinal tract,
endocervix, and other organ sites (9).

The origin of ovarian cancer has been the subject of intense debate
for over two decades (3). It was only recently that most researchers
agreed on a unique feature of ovarian carcinoma: most ovarian
carcinoma histotypes arise from cells that are not native to the
ovary (11). HGSOC likely originates from the fallopian tube epithe-
lium (FTE; ref. 12), whereas ENOC and CCOC are thought to arise
from ovarian endometriotic cysts, particularly atypical endometri-
osis (13). Endometriosis is a chronic disease that affects approximately
10% of uterus-bearing individuals of reproductive age in the United
States (14-16), characterized by the presence of endometrium-like
tissue outside of the uterine cavity, elevated systemic inflammation,
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and a diversity of clinical symptoms. Endometriotic tissue thickens
and bleeds in response to changes in hormone levels during the
menstrual cycle, similar to the eutopic endometrium.

The two endometriosis-associated histotypes display distinct cel-
lular phenotypes and clinical behaviors, particularly with CCOC being
chemoresistant and ENOC associated with better prognosis (7). Inter-
estingly, ENOC and CCOC have very similar mutation profiles (17, 18).
In contrast to the observation of near-universal, early-occurring TP53
mutations in HGSOC, these two histotypes instead share frequent
somatic mutations affecting PIK3CA and the chromatin regulator
ARIDIA (17, 18). Importantly, these mutations are also frequently
present in nonmalignant endometriotic lesions (19-22), suggesting
that they may not be directly responsible for malignant transforma-
tion, let alone for histotype divergence. Previous studies on epigenomic
and transcriptomic profiles of FTE, including ENOC and CCOC,
focused primarily on clustering and molecular subtype identification,
prognostic markers, or comparison to HGSOC (23-25). Little work
has been done to understand the divergence between ENOC and
CCOC, with only a single study suggesting that CCOC arises from a
particular cell type located in the endometrium (26), a theory that has
garnered some controversy (27).

These histotypes show important differences in gene expression,
which have provided some insight into their biology. The most well-
known difference between histotypes is the universal overexpression of
hepatocyte nuclear factor-1B (HNFIB) in clear cell tumors (28, 29).
Germline variants of HNFIB are associated with susceptibility to
ovarian cancer histotypes (5), with opposing effects for CCOC and
ENOC, the protective allele for ENOC is risk-conferring for CCOC,
and vice versa. The “clear cell” phenotype observed in CCOC is
associated with the accumulation of intracellular glycogen. HNFIB
regulates multiple genes in the glycolytic and glucose metabolism
pathways and is linked to increased glucose uptake and lactate
secretion (30). However, there remains a lack of understanding of
this apparent miswiring in CCOC.

The poor prognosis and lack of effective treatment options for
advanced stage CCOC make it a research priority (31, 32). With RNA
transcription and DNA methylation analysis of CCOC and ENOC
tumors, we observe that they transcriptionally resemble two menstrual
cycle states of normal endometrium. We propose that while these
histotypes originate from the same cell type, they arise from different
cell states (here defined as transitory transcriptional program in the
same cell type). Furthermore, the histotypes appear to be epigenetically
locked into the different menstrual cycle states through epigenetic
control of estrogen signaling. In addition, by comparing different
histotypes to their corresponding cell states of origin, we dissected
cancer-specific pathways and processes that may offer therapeutic
opportunities for these histotypes, particularly CCOC.

Materials and Methods

Patient samples and preparation

Ovarian carcinoma samples were selected from the UBC/VGH
Gynecological Tissue Bank. Patients were recruited with written
informed consent for prospective molecular analysis. Representative
formalin-fixed paraffin-embedded (FFPE) slides from each case were
subjected to a centralized pathology review to confirm the histotype.
Frozen tissue specimens were also reviewed to ensure minimal cellu-
larity for analysis. DNA and/or total RNA were extracted from frozen
tissue sections (10-40 10 um sections depending on tissue face size)
using Qiagen QIAamp DNA or RNA Blood and Tissue Kits (Qiagen),
following the manufacturer’s protocols.
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For normal-appearing uterine tissue, FFPE biopsies from women
between the ages of 21 to 44, which had undergone biopsy for
abnormal uterine bleeding were categorized into menstrual cycle phase
(proliferative or secretory) by histomorphology (33). We excluded
specimens with any visible pathology, coexisting malignancy, or
known somatic alterations (33).

DNA methylation profiling

Three major histotypes of epithelial ovarian cancer were examined
using the Infinium HumanMethylation450 BeadChip (HM450 array),
including 60 HGSOC, 48 CCOC, and 19 ENOC samples. Bisulfite
conversion was performed on 1 ug of genomic DNA from each sample
using the EZ-96 DNA Methylation Kit (Zymo Research) according to
the manufacturer’s instructions. We assessed the amount of bisulfite-
converted DNA and completeness of bisulfite conversion using a panel
of MethyLight-based quality control (QC) reactions, as described
previously (34). Bisulfite-converted DNA was whole-genome ampli-
fied and enzymatically fragmented prior to hybridization to the arrays.
These samples were processed in the same facility using the same
protocol as TCGA samples.

Transcriptome profiling

cDNA libraries for 28 CCOC and 29 ENOC were prepared using a
strand-specific RNA-Seq Sample Preparation Kit (stranded, polyA+)
from Illumina. Data were generated from paired-end sequencing at
Canada’s Michael Smith Genome Sciences Centre on Illumina plat-
forms: HiSeq 2500 using V3 or V4 chemistry and paired-end 125 base
reads targeting 200 million paired-end reads per sample.

DNA methylation data processing and sample quality control

Raw IDAT files were processed using the R package SeSAMe (35)
with background correction, nonlinear dye bias correction, and non-
detection masking (any data point not significantly different from the
background was replaced with NA). Probes with design issues were
masked (35). DNA methylation f values, ranging from 0 to 1 (with “0”
indicating fully unmethylated and “1” fully methylated), were calcu-
lated as the quantitative percentage of methylated signals over both
methylated and unmethylated signals.

SNP probes (‘rs’ probes) were used to examine potential sample
swaps that could occur in genomic studies. No swaps were identified.
DNA methylation B values for three MIRI141/200C promoter probes
(“cgl2161331,” “cgl8185189,” “cg19794481”) were examined to track
mesenchymal content within each sample. MIR141/200C is consid-
ered a master regulator of epithelial/mesenchymal phenotype transi-
tion, and this process is controlled by its promoter methylation
state (36). Methylation levels at these three probes were highly
correlated with the mesenchymal content in the flow sorting
results (37). Tumor samples with a mesenchymal content of >65%
were removed, together with one CCOC sample with an ambiguous
pathology report. In total, 54 HGSOC, 41 CCOC, and 18 ENOC were
included for further methylation analysis.

Transcriptome data processing and sample quality control
In-house generated CCOC and ENOC RNA-seq data were com-
bined with publicly available paired-end RNA-seq data for 84 HGSOC
tumor samples, 20 normal endometrium, and 3 normal epithelial
brushings of the fallopian tube. Each raw sequencing file (FASTQ
format) was aligned to the human reference genome (GRCh37) using
STAR version 2.7 (38) with default settings. Estimation of gene-level
abundance was performed using RSEM version 1.3.1 (39). Raw read
count output from RSEM was further batch-corrected using the R
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package sva (function ComBat_seq) and normalized using Reads Per
Kilobase of transcript per million mapped reads (RPKM) with library
size scale factors estimated using R package edgeR. Log2-transformed
RPKM values were used to visualize downstream expression. Uniform
Manifold Approximation and Projection (UMAP) was performed
using the R package uwot. Two CCOC and two ENOC samples were
removed because of clear grouping with different histotypes in the
UMAP analysis and ambiguous pathology reports. Furthermore, three
CCOC samples were excluded because of their high mesenchymal
content, as assessed using the HM450 array. In total, 84 HGSOC, 23
CCOC, 27 ENOG, and all normal samples were included in further
tumor transcriptomic analysis.

Validation of RNA-seq data for expression of key genes through
menstrual cycle

Affymetrix Human Genome U133 Plus 2.0 Array data from GSE4888
(40) were downloaded in MINiML format. The data represented the
output of the Gene Chip Operating System version 1.1 using Affymetrix
default analysis settings and global scaling as the normalization
method. Array probes corresponding to HNFIB and ESRI were obtain-
ed from the hgul33plus2.db Bioconductor R package, specifically the
ProbeAnnDbBimap class object, hgul33plus2ALIAS2PROBE. Patients
with no menstrual phase information were excluded (n = 6). Next, to
account for probe intensity differences, z scores were calculated for each
probe (ESRI, n = 9; HNFIB, n = 2) using the remaining 22 samples. The
z-scores were plotted using phase grouping.

DNA methylation analyses

Unsupervised hierarchical clustering was performed on the top
variable CpG probes (N = 10,000, filtered by SDs) across all ovarian
tumor samples measured on the HM450 array using the R function
hclust. Differentially methylated regions (DMR) were calculated
using the R package DMRcate (41), based on its default FDR cutoff
of 0.05 and MIR200c methylation was used as a covariate to adjust
for purity. The B cut-off was set at 0.2. The significant DMRs were
divided into hypermethylated in CCOC and hypermethylated in
ENOC whereafter a locus overlap analysis (LOLA) for enrichment
of genomic features (LOLA) was done using the LOLA core
database with the “ucsc_features” and “encode_tfbs” collections.
The userUniverse parameter was specified as 200 bp, centered on all
450k array probes. ESRI promoter methylation was visualized using
the VisualizeGene function from SeSAMe. Silencing events for
MLHI1 were called using its corresponding promoter probe
cg00893636 at a beta cut-off of 0.1. Probes hypermethylated in
CCOC relative to ENOC and overlapping with the ERalpha tfbs
dataset were extracted and plotted as a heatmap ordered by average
methylation in the normal endometrium.

Transcriptomic analyses

Differential gene expression analysis was performed using the R
package edgeR v3.34.1 (42), with batch-corrected read counts as input.
Genes with less than three read counts in more than 80% of samples were
filtered out prior to differential analysis to minimize multiple testing on
minimally expressed features. Differentially expressed genes were
defined on the basis of an FDR cutoff of 0.05, and an absolute fold
change greater than 2. The top-ranked differentially expressed genes
(DEG) were ordered on the basis of their fold changes after satisfying an
FDR significance level of 0.05. Pathway enrichment analysis and visu-
alization were performed using the R package clusterProfiler v4.0.5, with
biological process ontology terms or Kyoto Encyclopedia of Genes and
Genomes (KEGG) gene sets (43). Upset plots were generated using
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UpSetR package v1.4.0. Enrichment networks were visualized using
the cnetplot function in the R package enrichplot v1.12.3.

DNA methylation datasets for normal endometrium and
fallopian tube samples

Additional DNA methylation data for normal endometrial and
fallopian tube samples were downloaded from TCGA (44). Data on
additional FTE samples were obtained from GSE65820 (45), and
GSE81224 (46). Early- and mid-secretory methylation endometrial
samples were obtained from the GSE90060 dataset (47).

IHC

THC for HNF1B was performed on a Leica Bond platform using
anti-HNF1B primary antibody (HPA002083 rabbit polyclonal;
Millipore Sigma) at 1:200 using ER1 antigen retrieval (Leica) followed
by polymer detection (29, 48, 49). Staining was interpreted using
established standards (29, 48-50), where nuclear staining was visible
and scored as negative/absent (complete absence or focal in <50% of
epithelial cells) or positive/present (diffuse staining of >50% of epi-
thelial cells). A positive control of ovarian clear cell carcinoma was
used in each staining batch (29, 50).

Data availability

Transcriptome and methylation array data generated in this
study were deposited in the NCBI Gene Expression Omnibus Series
GSE226872 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE226872). All other raw data generated in this study are available
upon request from the corresponding author. Publicly available data
generated by others were used by the authors. Raw RNA-seq datasets of
normal endometrium samples and normal epithelial brushings of
the fallopian tube were downloaded from GSE132711 (51) and
GSE114493 (52), respectively. Sequencing data for primary tumor
tissues from HGSOC were downloaded from GSE102073 (52). Func-
tional gene sets were downloaded from the Molecular Signatures
Database (v7.2). Expression data shown in Fig. 3A were from
GSE4888. The images presented in Fig. 3D were cropped from these
images retrieved from the Human Protein Atlas with the links below, as
orthogonal datasets to validate our discovery with two different
antibodies: (1) Antibody 1 (CAB068192): 33-year-old female (Patient
ID 2941) and (2) Antibody 2 (HPA002083): 27-year-old female
(Patient ID 2004; https://www.proteinatlas.org/ENSG00000275410-
HNF1B/tissue/endometrium#img).

Results

Tumor sample quality control, purity, and composition

In bulk tumor-based studies, tumor purity and composition have a
substantial impact on molecular readout due to mixed signals from
tumor and stromal cells. To exclude any potential impact of tumor
purity on our analysis and to capture the tumor microenvironment as
an important feature of the tumors, we first used multiple orthogonal
deconvolution methods to estimate tumor purity and stromal com-
position, including canonical marker genes for multiple cell types
(Fig. 1). These included two DNA methylation-based methods and
one RNA-seq-based method.

The first method estimated the composition of immune cells and
ovarian stroma in tumors with a cell type-specific methylation signa-
ture, as described previously (53, 54). The endometriosis-derived
histotypes, CCOC and ENOC, had comparable levels of immune cell
infiltration, both significantly lower than that of HGSOC (Wilcox tests,
P < 0.05, Fig. 1A). CCOC was characterized by extensive stromal
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content, particularly when compared with ENOC (Wilcox test P = 0.007,
Fig. 1B). Interestingly, ARIDIA mutants had significantly lower tumor
purity in CCOC (Wilcox test, P = 0.029; Supplementary Fig. S1A) but not
in ENOC. The overall immune cell fraction did not differ according
to ARIDIA status (Supplementary Fig. S1B), whereas samples with
mutations tended to have lower stroma content in both CCOC and
ENOC (Supplementary Fig. S1C).

The second method used the DNA methylation fraction (measured
by the beta value) at the polycistronic MIR141/200C promoter region.
This promoter region is fully unmethylated in epithelial/carcinoma
cells and fully methylated in mesenchymal stromal cells. Thus, the
methylation level can be used as a direct surrogate for mesenchymal
contamination in tumors of epithelial origin (37). This fraction should
include two major nontumor components from Method 1. Indeed, the
sum of leukocyte and stroma contents from Method 1 showed a high
correlation with the total mesenchymal content assessed by Method 2
(Spearman p = 0.93, P < 2.2e—16, Fig. 1C), validating each other.

Next, we visualized the mRNA levels of key marker genes in the
known cell populations (Fig. 1D). Canonical histotype markers were
plotted as controls (top). Although these gene products are typically
used as protein markers, the mRNA level often correlates with the final
protein level and should show cell-type specificity. As expected, the
mRNA levels of these marker genes showed clear segregation accord-
ing to histotype. This validated the pathology-reviewed histotype labels

AACRJournals.org

of each sample. Consistent with the DNA methylation-based estimates,
CCOC and ENOC were depleted in T cells compared with HGSOC
(Supplementary Fig. S1D). There were no observed differences
between subtypes for expression of CD4*, CD8"* or monocyte/
macrophase markers (Supplementary Figs. SIE-S1G). In contrast,
the stromal content in CCOC observed in DNAm-based estimates
appeared to be attributable to endothelial cells. DNA methylation-
based estimates again correlated well with the expression levels of
marker genes (Fig. 1E and F).

On the basis of these analyses, we excluded three samples profiled
using DNA methylation arrays with low purity (less than 35% tumor)
from subsequent analyses (Supplementary Table S1).

Histotype differences reflect menstrual cycle differences

UMAP showed that tumors largely clustered by annotated histol-
ogies with a few exceptions (Supplementary Fig. S2). A sample with
both gene expression and DNA methylation data were annotated as
ENOC, but consistently showed clustering with CCOC for both data
types (Supplementary Fig. S2). Pathology report review revealed
documentation ambiguity in this sample and in three others; these
samples were excluded from subsequent analyses (Supplementary
Table S2).

To provide a reference point for the ovarian cancer datasets, we
included transcriptomic data from two normal tissue types: FTE and
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endometrium (Supplementary Table S2). When the UMAP included
these additional normal samples, the FTE samples clustered with
HGSOC (Fig. 2A); this is expected, as FTE has been suggested as the
cell of origin for HGSOC. The normal endometrium, however, unex-
pectedly split into two clusters, with one group of endometrial samples
clustering with CCOC and the other cluster with ENOC (Fig. 2A).
Examination of all covariates associated with normal endometrium
revealed that this split correlated with the menstrual cycle phase of the
endometrium: the mid-secretory endometrium (secE) clustered with
CCOC, whereas the proliferative endometrium (proE) clustered with
ENOC.

Globally, CCOC-ENOC differences correlated with normal secE-
proE differences (Spearman p = 0.31, P < 2.2e-16; Fig. 2B). Next, we
identified DEGs between CCOC and ENOC, with absolute fold
changes greater than 2 (N = 2,873; FDR < 0.05; Supplementary
Table S3). When clustered on these genes, normal endometrium
samples again clustered by menstrual cycle phase, with expression
patterns in proE reflecting ENOC and secE reflecting CCOC (Fig. 2C).
This included differential expression of estrogen receptor 1 (ESRI),
progesterone receptor (PGR), and HNFIB.

Next, we identified genes upregulated in both CCOC relative to
ENOC (Supplementary Table S3) and secE relative to proE (Supple-
mentary Table S4) and tested them for enrichment of biological
pathways using the MSigDB C2 collections (Fig. 2D). CCOC and
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secE shared upregulation of several hallmark pathways, such as
epithelial to mesenchymal transition (Fig. 2D; node #14), hypoxia
(node #11), inflammatory response (node #7), and extracellular matrix
organization (node #3). ENOC- and proE-shared upregulated genes
were involved in early and late estrogen responses (Fig. 2E). Expres-
sion across key pathways characteristic of CCOC/ENOC differences,
such as hypoxia, glucan, phospholipid, and xenobiotic metabolism,
also showed similar parallelism between the cancer and normal tissue
subgroups (Fig. 2F), emphasizing that these known histotype differ-
ences can be at least partially explained by cell states corresponding to
menstrual cycle phases and are not necessarily cancer-specific.

Validation of HNF1B expression in normal endometrium
Expression of HNF1B has been deemed as a central feature of CCOC
cancer cells, but our data suggest that it is not cancer-specific, but
rather tied to specific menstrual phases of normal endometrium. To
validate this, we used a public microarray-based normal endometrium
RNA expression dataset (40) with annotated menstrual cycle phase
information. In this orthogonal external dataset, HNFIB showed
menstrual cycle variation, with the highest HNFIB expression level
in the mid-secretory phase (Fig. 3A). ESRI is well established to have
prominent expression in the glandular epithelium in the proliferative
and early secretory phases (55, 56) and is included as a control. We
validated HNF1B protein expression by IHC in the normal human
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Figure 3.

Validation of HNFIB expression in
normal mid-secretory endometrium.
A, Expression z-scores averaged from -
all probes for ESRT and HNFIB on an
external microarray-based dataset
(GSE4888), validating expression of
HNF1B in mid-to-late secretory phase.
B, IHC staining of endometrium at
various menstrual cycle phases for
HNF1B. Control specimens used are
tissues from endometrioid endometri-
al carcinoma (negative) and clear cell

ESR1

“‘..

Z score (MRNA)

Originating Cell State Impacts Ovarian Cancer Subtype

HNF1B

==

carcinoma of the ovary (positive) that
have been previously described as
being negative or positive for HNFIB B
(respectively). These were rerun in the

same experimental lot as endometri-

um samples. Note that stromal cells
further serve as internal negative con-

trol in the CCOC control specimen as
staining is restricted to nuclei of tumor
epithelium. C, Tabulation of HNFIB IHC
results from a panel of 12 normal endo-
metrium samples shows segregation

by menstrual cycle phase. D, HNFIB

IHC results from Human Protein Atlas,

with two different antibodies, for two C
normal endometrium samples at the
secretory phase showing strong stain-
ing for HNF1B.
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endometrium, independently dated during pathology review (Fig. 3B;
ref. 33). This confirmed strong mid-secretory expression, consistent
with the mRNA results. Specifically, HNF1B protein expression was
low in the proliferative and early secretory phases but became positive
in the mid- and late-secretory phases (Fig. 3C; P = 0.002, Fisher exact
test between proliferative and mid/late secretory). Finally, images from
the human protein atlas of the two available HNF1B antibodies
validated HNF1B expression in the normal secretory endometrium
(proteinatlas.org; Fig. 3D; ref. 57).

Epigenetic mechanisms lock in cellular states

Transcriptional state per se is not heritable through cell division.
Genetic or epigenetic alterations are required to propagate tran-
scriptional states from parent to daughter cells during tumor cell
proliferation. Therefore, to understand how initial cell states can be
maintained during tumor initiation and progression, we examined
DNA methylation in different histotypes. We identified 1,339
DMRs between CCOC and ENOC; 1,018 were hypermethylated
in CCOC, and 321 were hypermethylated in ENOC (FDR <0.05;
Supplementary Table S5).

With these DMRs, we used LOLA (58) to test for the enrichment of
transcription factor binding sites (TFBS) separately in CCOC hyper-
methylated DMRs or ENOC hypermethylated DMRs (Supplementary
Table S6). Sites of higher methylation in CCOC than in ENOC were
enriched for binding sites of estrogen receptor (ER; ref. Fig. 4A) and
other TF related to ER signaling, such as FOXA1/2 and GATA3 (59).

Indeed, ENOC had much lower methylation across regions iden-
tifiable as ER-binding sites (Fig. 4B), consistent with the overactiva-
tion of ER signaling in this histotype. In contrast, CCOC contained the
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majority of methylated ER-binding sites. In addition, the estrogen
receptor (ESRI) gene was methylated across the CCOC samples
(Fig. 4C). This promoter hypermethylation appeared to be cancer-
specific, as the region was uniformly unmethylated in the normal
endometrium of all phases, despite the modulation in transcription
level through the menstrual cycle (some methylation in tumor-
adjacent normal is presumably due to tumor contamination or field
effects). This lack of methylation in the normal endometrium likely
provides a permissive state that allows for maximum flexibility during
normal cycling (Fig. 4D, top). Active expression repels the DNA
methyltransferase (DNMT) machinery (60), whereas periods of low or
no expression may allow for aberrant accumulation of methylation at
the ESR1 promoter in CCOC or its progenitors. In this model (Fig. 4D,
bottom), DNA methylation at both the ESRI promoter likely
inhibited the response to estrogen signaling in CCOC precursors
and restricted cells to a secretory-like state. Extensive DNA meth-
ylation at ER binding sites suggests inactive ER-associated regulatory
elements in CCOCs.

Transcriptomic comparison with corresponding normal tissue
types for cancer-specific changes

To isolate cancer-specific transcriptional changes, we compared
each cancer type to the corresponding normal tissue and cell state that
it most resembled: CCOC versus secE, and ENOC versus proE
(Supplementary Tables S7 and S8). In this analysis, Hepatitis A virus
receptor/kidney injury molecule 1 (HAVCRI) was the most over-
expressed protein-coding gene in CCOC (Fig. 5A). HAVCRI was not
expressed in the normal endometrium in either phase, and its expres-
sion was limited or absent in ENOC (Fig. 5B). Likewise, the promoter
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Epigenetic differences between CCOC and ENOC reveal how cell state differences are propagated through mitosis. A, —Log;o (P value) for TFBS enrichment for
probes hypermethylated in ENOC compared with CCOC (y-axis) and CCOC compared with ENOC (x-axis). Each dot represents a TFBS region set. Labels are shown
for region sets related to chromatin architecture (enriched for hypermethylation in ENOC) and those related to estrogen signaling (enriched for hypermethylation
in CCOC). B, Heatmap of probes (rows) overlapping ERo. TFBSs sorted by average methylation in endometrium. Boxplots show the methylation distribution for
these probes for samples (columns). CCOC shows gain of methylation at ERa binding sites compared with normal endometrium. C, In addition, the promoter of
ERo’s encoding gene, ESRI, gains methylation in CCOC at most probes around the transcription start site; ESR] transcription start site is unmethylated in normal
endometrium. D, A model for ESRT promoter methylation in normal endometrium and tumors. In normal endometrium, regardless of the phase, the ESRT promoter
is unmethylated, which allows for cyclic modulation by transcription factors through normal monthly cycling. In the cell of origin of CCOC, which is likely secretory
endometrium-like, ESRT is not expressed, and DNA methylation can accumulate stochastically and then become clonally expanded.

region for HAVCRI was unmethylated in CCOC compared with that
in ENOC and other normal tissue types in the female reproductive
tract (Fig. 5C), and the expression level was inversely correlated with
DNA methylation levels (Fig. 5D). Residual methylation in CCOC
appears to be attributable to the presence of noncarcinoma cells in the
bulk tumor (as measured by MIR200C promoter methylation level
in Fig. 5C) and increased as tumor purity decreased, suggesting
consistent clonal loss of methylation of HAVCRI across CCOC. Other
top upregulated transcripts included LINC01671 (AP001626.1),
RBBP8 N-terminal like (RBBP8NL), and laminin subunit alpha 1
(LAMATI), among many others. FGF receptor 3 (FGFR3) was also
consistently upregulated in CCOC compared with secE, consistent
with the dense stroma observed in CCOC.

Top downregulated genes in CCOC compared with secE include T
Cell Receptor Delta Constant (TRDC), a surface marker for y3 T cells;

32 Cancer Res; 84(1) January 1, 2024

chemokine (C motif) ligand 2 (CXL2), a chemokine expressed in
activated cells; granzyme A (GZMA) and granzyme B (GZMB),
characteristic genes of cytotoxic cells. We also examined the expres-
sion levels of key marker genes for immune cells and related cell types
in CCOC, ENOC, and normal endometrium (Supplementary
Fig. S3). The microenvironment of CCOC was similar to that of
secE, both featuring an abundance of endothelial cells. However,
consistent with the granzyme results, killer cell immunoglobulin-like
receptor (KIR) genes (KIR2DL4, KIR2DL1, KIR2DS4, etc.) were
significantly lower in CCOC than in secE (Supplementary Fig. S3).
It appears that although CCOC largely resembles secE in terms of
cell composition, its microenvironment is characterized by a lack of
activated cytotoxic cells.

For the ENOC-proE comparison (Fig. 5E), the top up genes were
enriched for solute carriers (SLC), including SLC6A14, which is
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Figure 5.

Comparison with matched normal yields cancer-specific alterations. A, Volcano plot showing gene expression alterations between CCOC and secE. X-axis is log,-fold
change and y-axis is negative logio-transformed FDR. Top ranked DEGs are labeled in black (upregulated in CCOC relative to secE) and blue (downregulated).
B, HAVCRI is expressed only in CCOC samples; lines indicate first quartile, median, and third quartile. C, HAVCRT shows demethylation in three probes near the

transcription start site in CCOC samples only. D, For samples with matched expres:

sion and methylation data, HAVCRI expression corresponds to methylation at the

transcription start site as illustrated by the probe cg07320595. E, As in A, but for ENOC vs. proE. F, Expression by sample group boxplots for PTHLH showing that this
gene is downregulated in ENOC relative to proE but upregulated in CCOC relative to secE. These demonstrate that using a matched normal is critical because the
merged signals from whole endometrium without regard to phase would obscure the change in ENOC relative to its putative cell state of origin. G, Methylation at the

PTHLH gene shows some hypermethylation at the transcription start site in ENOC,

expression is significantly associated with methylation at the transcription start si
PTHLH in ENOC samples.

responsible for non-polar amino acids, and SLC6A20, a proline
transporter. Potassium channel genes (KCN) were also visibly
enriched for the top expressed genes and resulted in a single
biological process term enriched for ENOC-proE DEGs: chronic
inflammatory response (P = 2.7e—5), and nine molecular function
terms were enriched (FDR <0.05), including RAGE receptor bind-
ing, carboxylic acid transporter activity, Toll-like receptor binding,
and long-chain fatty acid binding. The most downregulated gene in
ENOC compared with proE was parathyroid hormone-like hor-
mone (PTHLH), which encodes a parathyroid hormone-related
protein (PTHrP). Interestingly, PTHLH was upregulated in CCOC
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but this does not fully explain the expression. H, As in D but for PTHLH. Athough
te probe cg08533745, it does not seem to fully explain suppressed expression of

(Fig. 5F). This downregulation of ENOC appeared to be mediated
by DNA hypermethylation (Fig. 5G and H). Related to this, the
receptor of PTHrPs, PTHIR was also 10 times lower in ENOC than
in CCOC (Supplementary Table S3).

Notably, only a very small subset of genes was consistently up- or
downregulated (39 and 8 genes, respectively) in both histotypes
compared with their normal counterparts (Supplementary Fig. S4).
Most of these common genes appeared to be associated with cell type
differences in the microenvironment (e.g., GZMA), instead of tumor
cell-specific changes. Taken together, the oncogenic pathways are
likely divergent in these two histotypes.

Cancer Res; 84(1) January 1, 2024
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Pathway enrichment for CCOC-ENOC contrasted with
secE-proE comparisons

We reasoned that dissecting the differences between CCOC and
ENOC into those shared with the normal secE-proE difference, and
those that were unique to CCOC and ENOC, will help better delineate
key molecular drivers of tumorigenesis for both histotypes. Genes
upregulated in CCOC relative to ENOC (fold change >2, FDR <0.05)
were three times as likely to overlap with those upregulated in secE,
compared with those upregulated in proE. Similarly, genes upregulated
in ENOC were three times more likely to overlap with those upregu-
lated in proE (Fig. 6A).

In addition to those shared with secE, 967 genes were upregulated
exclusively in CCOC. These genes were enriched for only two bio-
logical process terms: homocysteine metabolism and regulation of
anatomic structure. In particular, cystathionine gamma-lyase (CTH)
was upregulated 3.9 times (FDR = 5.le—12) and cystathionine
B-synthase (CBS) was upregulated 2.2 times (Fig. 6B; FDR =
0.0045) compared with ENOC (Supplementary Table S3). Both CTH
and CBS are key genes involved in cysteine synthesis via homocysteine

transulfuration. Interestingly, in the CCOC-ENOC comparison with-
out considering how secE and proE compared, cysteine and methi-
onine metabolism was the top enriched KEGG pathway (Fig. 6C;
Supplementary Table S9). Given these two results indicating the
importance of cysteine synthesis, we explored the expression behavior
of all genes involved in cysteine/glutathione metabolism and homeo-
stasis (Fig. 6D). Strikingly, 22 of 24 genes in these pathways exhibited a
significant difference between CCOC and ENOC (Supplementary
Table S10), with many genes mirroring the difference between secE
and proE (Supplementary Fig. S5). The cysteine transporter SLC3A1
(rBAT) was also nine times upregulated in CCOC compared with
ENOC (FDR = 1.8E—16; Supplementary Fig. S5). The increased
cysteine influx and biogenesis of cysteine converged, highlighting the
importance of cysteine in CCOC. Interestingly, the other cysteine
transporter, SLC7A11 (xCT), was downregulated by over two-fold in
CCOC (FC = 0.41, P = 9E—7). This downregulation was significant,
considering that SLC7A11 expression was 4-fold higher in secE than
in proE cells. Unlike rBAT, xCT takes up cysteine via a 1:1 exchange of
glutamate, which might not be favored by cells if glutamate is needed.
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used for enrichment testing. B, CTH and CBS are two highly differentially expressed genes between ENOC and CCOC, whereas not different between two
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In addition, y-glutamyl transpeptidase (GGT) cleaves extracellular
glutathione such that cells have access to more cysteine, and the
expression level of GGT is directly related to cisplatin treatment in
prostate cancer (61). Interestingly, GGTI and GGT2 were upregulated
in CCOC and secE, whereas GGT6 was significantly downregulated
(Supplementary Table S10). The glycine importer SLC6A17 was also
highly upregulated in a few CCOC samples, whereas the glutathione
exporter CFTR was downregulated (Supplementary Table S10), likely
indicating a dependence on increased intracellular glutathione levels.
Indeed, GLRX (Glutaredoxin) was the 11th most differentially
expressed gene between CCOC and ENOC (FDR = 1.5E—33; fold
change = 5.5; Supplementary Table S3).

Closely related to this observation, CCOC and ENOC also exhibited
striking differences in iron storage and transportation (Fig. 6E). The
iron antiporter ferroportin (SLC40A1) was 5-fold downregulated
(P < 0.0001) in CCOC, despite secE expressing far more SLC40A1 than
proE. This apparent “switch” highlights the importance of shutting
down iron outflow for CCOC. In addition, lactoferrin (LTF) was 14-fold
downregulated in CCOC compared with ENOC. Transferrin (TF) was
1.8-fold downregulated (unadjusted P = 0.04), and ferritin light chain
(FTL) was 1.65-fold higher (unadjusted P = 0.003) in CCOC. These
suggest iron addiction in CCOC. Human glutathione peroxidase 4
(GPX4), which prevents cells from entering ferroptosis with iron-
induced ROS, was highly expressed in CCOC and secE together with
the closely related GPX3, consistent with a high-iron state in CCOC.

Discussion

The study of cells-of-origin is an important aspect of cancer
research (2). Traditionally, cell type has been the focus of research
for the cell-of-origin for a particular cancer type. It is believed that
cells-of-origin and genetic mutations jointly shape the character-
istics of the cancer cells (1). However, in the case of ENOC and
CCOC, which share the same cell-of-origin and have overlapping
mutational profiles, how they yield phenotypically different cancer
entities is an intriguing question.

Our results suggest that the same cell type in different cell states—
endometrial or endometriotic progenitor/stem cells in proliferative
and mid-to-late secretory phases—are likely associated with different
transformation paths towards ENOC and CCOC, respectively. This
offers a potential explanation for the presence of molecular and/or
histologic subtypes of cancers arising in many different organs (1), in
which the progenitor cell may have been “locked” at different cellular
states that the particular cell lineage can adopt. These cells share the
same functional type, and similar epigenetic profiles, but upon
response to external signals—such as hormones—can adopt a different
transcriptional state, reversible upon signal withdrawal. Deposition of
epigenetic marks, such as DNA methylation, can be influenced by the
current transcriptional state. Active transcription repels the DNA
methylation machinery, whereas the latter can deposit the methyl
mark to promoters of genes that are not expressed (60), subsequently
“locks in” the unexpressed state, providing mitotically heritable var-
iation for selection during clonal evolution. In the case of CCOC, the
lack of ESRI transcription in the secretory state permits stochastic
deposition of DNA methylation at this promoter. This DNA meth-
ylation gain persists through mitotic division and prevents transcrip-
tional changes in response to estrogen. Frequent clonal loss of the
chromatin remodeler ARIDIA in CCOC/ENOC may also reflect an
oncogenic advantage for the cell-of-origin to not respond to such
extrinsic signals and somehow stay “locked in” to existing cell
states (62). We discuss this model in a cancer type that arise from
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the female reproductive tract, which exhibits exceptional plasticity,
with both monthly modulation and remodeling during pregnancy.
Nonetheless, cells in other tissues can also adopt various states under
normal conditions, and subtypes arising in these other organ sites can
be explained by a difference in initial cell state upon transformation,
which is subsequently maintained through mitotic divisions by epi-
genetic mechanisms. For example, breast carcinoma histotypes may
arise through a similar mechanism.

The cell state difference associated with the menstrual cycle offers a
plausible explanation for the many known differences between CCOC
and ENOC. The most well-known characteristics of CCOC that
differentiate it from ENOC are (i) hobnail appearance, (ii) glyco-
gen-filled cytoplasm, (iii) HNF1B expression, and (iv) resistance to
chemotherapy. Accordingly, (i) the hobnail appearance is often seen as
part of the Arias-Stella reaction in secretory (and gestational) endo-
metrium (63). (ii) Intracellular glycogen concentration is also known
to be low in proliferative endometrium and increases by over 10-fold
by the early secretory phase (64). (iii) Our study validated the CCOC
diagnostic biomarker HNF1B expression, both RNA and protein, in
the mid-secretory endometrium and showed it to be absent in the
proliferative endometrium. (iv) Resistance to chemotherapy may be
explained, in part, by upregulated xenobiotic metabolism in the
CCOC and secretory endometrium. On the other hand, the sim-
ilarity between ENOC and proliferative endometrium also makes
immediate sense—“endometrioid” literally means endometrium-like,
and cancer represents a heightened proliferative state. Consistent with
the biological similarities between ENOC and proE, progesterone
treatment, which induces exit from the proliferation phase, can reduce
the survival of primary cultures of endometrioid ovarian cancer (65).
Hormone receptor positivity (66) and hormone responsiveness are
well recognized in ENOC, and targeting is not uncommon. Nonethe-
less, 20% of ENOC are ER-negative (66), likely representing a further
change from this base state.

The separation of these normal cell features from cancer-specific
alterations is helpful to better define how cancer develops and point to
true cancer-specific changes. HNF1B has been recognized as the most
important CCOC marker, but here we show it is also expressed in the
normal secretory endometrium. Instead, our analyses highlighted
clonal loss of HAVCRI promoter DNA methylation as a potential
driver. Germline alterations in HAVCRI are common in early-onset
clear cell renal cell carcinoma (ccRCC), and elevated expression
promotes angiogenesis via IL6 (67, 68). The IL6/STAT3/HIF1A axis
has been identified as a key pathway in CCOC (69). In our data, IL6
RNA expression was 14.7 times higher on average in CCOC than in
ENOC (Supplementary Table S3). The mechanism of HAVCRI over-
expression in ccRCC has been elusive, with only gene amplification
examined and excluded (67). Our results suggest that DNA demeth-
ylation is a potential mechanism for the high expression observed in
CCOC, and could also be responsible for HAVCRI overexpression
observed in other clear cell tumors. In addition, PTHLH was the top
downregulated gene for ENOC. PTHLH was identified in a study of
humoral hypercalcemia of malignancy (HHM), a paraneoplastic
syndrome in which elevated levels of PTHrP lead to increased oste-
oclastic bone resorption and serum calcium levels. High expression of
PTHLH in CCOC has been reported previously (70) and implicated in
other cancer types (71). However, its promoter hypermethylation and
associated transcriptional downregulation have not yet been reported,
as in the case of ENOC. Parathyroid hormone 1 receptor (PTHIR) was
also highly downregulated in ENOC. These suggest that HHM may be
a CCOC-specific phenomenon, and the contrast between CCOC and
ENOC with regard to this pathway warrants further exploration.

Cancer Res; 84(1) January 1, 2024

35



Beddows et al.

Our analysis also highlights a key therapeutic vulnerability of
CCOC. On the basis of transcriptional analysis, this histotype
demonstrates an apparent dependence on cysteine and iron. Endo-
metriotic cysts contain chocolate-colored fluids from the menstru-
ation-like blood. ENOC and CCOC appear to adopt different
approaches to address the abundance of iron in the microenviron-
ment. Although ENOC appears to keep iron out of the cells, likely
with E2-driven intracellular iron efflux (72), we hypothesize that
CCOC accumulates iron and likely relies on cysteine to counteract
the high intracellular iron, based on gene expression profiles.
Consistent with this hypothesis, a recent study showed that a subset
of stromal cells with elevated expression of iron export proteins
donate iron to the associated CCOCs (73). Increased iron content in
cancer cells is associated with resistance to chemotherapy, a known
feature of CCOC, and creates an attractive therapeutic target. A
recent study (74) screened four clear cell ovarian cancer cell lines
and showed that cysteine inhibition leads to ferroptosis in these
cells. Another recent study (75) showed that cysteine deprivation
resulted in cell death via oxidative stress and iron-sulfur cluster
biogenesis deficits. Both these studies were done in cell lines only,
but validated the key pathways discovered in our analysis based on
primary human tumors. Our analysis provides transcriptomic
explanations for these experimental results, and further underscores
the importance of cysteine and iron metabolism in targeting CCOC,
for which better therapeutic options are sorely needed. This depen-
dency on cysteine and ferroptosis appears to be central to clear cell
carcinomas across tissue types (76).

Finally, CCOC and ENOC both resembled their corresponding
normal tissues (secE and proE, respectively) not only in transcrip-
tional states, but also in cellular composition of the microenviron-
ment. For example, we showed CCOC and secE were both rich in
endothelial cells, compared with ENOC and proE. CCOC and secE
only appeared to differ in terms of cellular composition was the lack
of activated cytotoxic cells, such as NK cells (Supplementary Fig. S3).
The mechanism for NK inactivation in these tumors may be worth
exploring. Other aspects of the tumor microenvironment and how
they might affect the fate choice are also interesting questions. In
particular, stroma is a potent regulator of the epithelial state,
particularly in the female reproductive tract. The type and amount
of stroma associated with endometriotic cells in establishing the
lesion may affect the fate of epithelial cells. Because ENOC and
CCOC display important differences in genes involved in iron
homeostasis, the abundance of iron in the lesion may also contribute
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