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ABSTRACT

Human endometrium undergoes cyclic regeneration involving
stem/progenitor cells, but the role of resident endometrial
mesenchymal stem cells (eMSC) as progenitors of endometrial
stromal fibroblasts (eSF) has not been definitively demonstrated.
In endometriosis, eSF display progesterone (P,) resistance with
impaired decidualization in vivo and in vitro. To investigate
eMSC as precursors of eSF and whether endometriosis P,
resistance is inherited from eMSC, we analyzed transcriptomes
of eutopic endometrium eMSC and eSF isolated by fluorescence-
activated cell sorting (FACS) from endometriosis (eMSCen do?
eSF_ do) and controls (eMSCmmml, eSmeml) and their derived
primary cultures. Differentially expressed lineage-associated
genes (LG) of FACS-isolated eMSC and eSF were largely
conserved in endometriosis. In culture, eSF_ = maintained in
vitro expression of a subset of eSF LG and decidualized in vitro
with P,. The eMSC__ . cultures differentiated in vitro to eSF
lineage, down-regulating eMSC LG and up-regulating eSF LG,
showing minimal transcriptome differences versus eSF qntrol
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cultures and decidualizing in vitro. Cultured eSF_ , displayed
less in vitro LG stability and did not decidualize in vitro. In vitro,
eMSC_ = differentiated to eSF lineage but showed more
differentially expressed genes versus eSF,_, cultures, and did
not decidualize in vitro, demonstrating P, resistance inherited
from eMSC__ , . Compared to controls, cultures from tissue-
derived eSF__, uniquely had a pro-inflammatory phenotype not
present in eMSC__, differentiated to eSF in vitro, suggesting
divergent niche effects for in vivo versus in vitro lineage
differentiation. These findings substantiate eMSC as progenitors
of eSF and reveal eSF in endometriosis as having P, resistance
inherited from eMSC and a pro-inflammatory phenotype
acquired within the endometrial niche.

differentiation, endometriosis, endometrium, fibroblasts,

mesenchymal stem cells

INTRODUCTION

Human endometrium is a dynamic steroid hormone-depen-
dent tissue that undergoes proliferation under the influence of
estradiol (E,) and differentiation of its cellular constituents in
response to progesterone (P,), preparing for embryo implanta-
tion. In the absence of pregnancy, it undergoes desquamation
and subsequent regeneration without scarring [1], a process that
involves epithelial, mesenchymal, and endothelial adult stem/
progenitor cells [2-4]. Endometrial mesenchymal stem cells
(eMSC) are clonogenic, multipotent pericytes that can differen-
tiate into adipogenic, osteogenic, chondrogenic, and myogenic
lineages [4-7]. Expression profiling, hierarchical clustering
(HC), and principal component analyses (PCA) support a
common lineage of eMSC and endometrial stromal fibroblasts
(eSF) [4, 8]. However, whether eMSC are in fact progenitors of
eSF has not been definitively demonstrated [4, 9] and was one of
the aims of the current study.

Human eMSC display colony formation, side population
phenotype, or stem cell surface marker expression (W5C5/
SUSD2", CD146"%, PDGFRB ™), and SUSD2" eMSC give rise

Article 118

‘610" poidal|oiq Mmm Wol) peapeojumoq

Downl oaded from https://acadeni c. oup. coni biol reprod/article-abstract/94/5/118, 1-20/2440127
by University of California, San Fransisco user
on 06 December 2017



BARRAGAN ET AL.

to endometrial stromal-like tissues in vivo [2, 10, 11]. Multiple
groups have confirmed the presence of eMSC in human
endometrium [2, 4, 6, 8, 9, 12, 13], and cultured SUSD2™ cells
respond to medroxyprogesterone with activation of the PKA
pathway [14], demonstrating the potential of eMSC differen-
tiation to a cell type that is progestin responsive.

The eSF plays a central role in endometrial function. Its
responsiveness to P, is essential for establishment and
maintenance of pregnancy [1], and the cell has a major role
in tissue desquamation in the absence of pregnancy and overall
tissue homeostasis [15, 16]. During the cycle, P, induces eSF
differentiation (decidualization) to an epithelial-like cell with
characteristic morphology, transcriptome, and unique biomark-
ers, including IGFBP1 [17], mediated through PRA, PRB,
MAPK, PKA, and other signaling pathways [18]. In response to
P,, eSF create unique niches for angiogenesis and leukocyte
recruitment, preparing for embryo implantation, immune
tolerance, modulation of trophoblast invasion, and blood supply
to the conceptus [19, 20]. Dysfunction of this differentiation
process can lead to infertility or poor pregnancy outcome [21].
In endometriosis, an estrogen-dependent inflammatory disorder
[22, 23], eSF are resistant to P4 [24-26], consistent with
infertility and poor pregnancy outcomes observed in women
with this disease [21, 22, 26, 27].

Herein, we investigated whether eMSC are precursors of
eSF and if so, whether the observed P, resistance in
endometriosis is unique to eSF in the endometrial niche or is
inherited from the eMSC progenitor. To address these
fundamental questions, we studied eMSC and eSF freshly
isolated from endometrium of women with and without
endometriosis, and their respective short- and long-term
cultures. The data substantiate eMSC as progenitors of eSF
and reveal novel aspects of the eSF disease phenotype in
endometriosis wherein P, resistance is inherited from the
eMSC and a pro-inflammatory component is acquired by the
eSF lineage within the endometrial niche.

MATERIALS AND METHODS

Human Endometrial Tissues

Endometrial tissue samples were obtained through the National Institutes of
Health (NIH)/University of California, San Francisco (UCSF) Human
Endometrial Tissue and DNA Bank in accordance with the guidelines of the
Declaration of Helsinki. The UCSF Committee on Human Research approved
the study (protocol no. 10-02786, expiration 12/01/16), and written informed
consent was obtained from all participants. Endometrial tissues were obtained
prospectively by biopsy using a Pipelle catheter (Cooper Surgical) from 13
healthy volunteers and women undergoing benign gynecological surgery and
documented to be free of endometriosis (controls) as well as from eight women
with endometriosis (endo) diagnosed at laparoscopy and confirmed histolog-
ically. Participant characteristics are shown in Supplemental Table S1
(Supplemental Data are available online at www.biolreprod.org).

Endometrial Cell Isolation and Flow Cytometry

Pure populations of eMSC and eSF were isolated within 24 h of tissue
collection by fluorescence-activated cell sorting (FACS) using fluorochrome-
conjugated antibodies (BD Biosciences) as described previously [4, 8]. Briefly,
fresh endometrial tissue samples were enzymatically digested and single cells
separated through a 40 um sieve, washed with phosphate buffered saline (PBS),
treated with DNase, and contaminant erythrocytes lysed before processing for
FACS. The FACS protocol used four-color sorting to exclude cluster of
differentiation 45-positive (CD45") leukocytes and epithelial cell adhesion
molecule-positive (EPCAM*) endometrial epithelial cells, followed by sorting
the CD45 /EPCAM ™ cells into eMSC co-expressing melanoma cell adhesion
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molecule (MCAM, CDI146) and platelet-derived growth factor receptor B
(PDGFRB, CDI140b), and into eSF, which are CD146 /PDGFRB™. Dry cell
pellets of freshly sorted CD146'/PDGFRB" (eMSCp,s) and CD146 /
PDGFRB" (eSF, acs) Wwere stored at —80°C until processed for RNA
extraction. When FACS yields allowed, aliquots of the freshly sorted eMSC
and eSF were immediately processed for cell culture as described below.

Cell Culture

Clonal growth, which typically spans longer culture times compared to
high-density cultures, was chosen for the current experimental design (Fig. 1)
based on previous studies defining clonal growth as selection/characterization
criterion for eMSC in culture [5, 9, 28]. Freshly sorted eMSC and eSF were
plated at clonal density (10-20 viable cells/cm?) and grown in culture medium
composed of 75% high-glucose phenol red-free Dulbecco modified Eagle
medium (Life Technologies) and 25% MCDB-105 (Sigma), supplemented with
10% charcoal-stripped fetal bovine serum (Gemini), 1 mM sodium pyruvate
(Sigma), 1% antibiotic-antimycotic solution (Life Technologies), and 5 pg/ml
insulin (Gemini). Primary eMSC and eSF clonal cultures were monitored for
colony formation, and replicate cultures were harvested at early (273 wk,
eMSCEarly, eSFEmy) and late (4—8 wk, eMSC, ., eSFLaw) stages of colony
development, according to individual culture colony-forming efficiency and
growth. All colonies in individual primary clonal culture plates were pooled at
the time of harvest. Cells were harvested with 0.25% trypsin and 1 mM
ethylenediaminetetraacetic acid and cell aliquots frozen as dry pellets for RNA
extraction or cryopreserved in culture medium containing 10% dimethylsulf-
oxide to be used for subsequent in vitro decidualization (see below).

RNA Isolation and cDNA Preparation for Microarray
Analysis

Total cellular RNA was isolated using the Arcturus PicoPure RNA Isolation
Kit (Applied Biosystems, Life Technologies) and subjected to DNase treatment
using the RNase-Free DNase Set (Qiagen). Reverse transcription and
amplification of isolated RNA into cDNA were performed using NuGEN
Ovation V2 (NuGen). The integrity of the cDNA was assessed with the Agilent
2100 Bioanalyzer (Agilent Technologies), and individual samples meeting
yield and quality standards were further processed and hybridized to
Affymetrix Human Gene 1.0 ST arrays (Affymetrix), probing 36079 genes.
Arrays were scanned according to the protocol described in the WT Sense
Target Labeling Assay Manual from Affymetrix (version 4, FS450_0007).

Microarray Gene Expression Data Analysis

Microarray data analysis was performed using GeneSpring 11.02 software
(Agilent Technologies), essentially as previously described [4]. Briefly,
intensity values of the probe sets (genes) were normalized and log to base 2
transformed using the robust multiarray analysis algorithm. Across-sample
normalization was to the median of all samples. Differential expression analysis
was conducted using one-way ANOVA with Benjamini-Hochberg multiple-
testing correction for false discovery rate for a significance threshold of P <
0.05 and >1.5-fold change cutoff. The various experimental group compar-
isons used for differential expression analysis are summarized in Supplemental
Table S2A. Unsupervised PCA algorithm was applied to all samples, using all
36079 genes on the microarray, and HC analysis was conducted using only
differentially expressed genes from all samples and among all experimental
conditions. Raw data files have been uploaded to the National Center for
Biotechnology Information Gene Expression Omnibus database under
accession number GSE73622. Biofunctional pathway analysis was conducted
using Ingenuity Pathway Analysis (Qiagen), which identifies the activation
states of biological pathways, networks, and cellular functions based on the
differential gene expression analysis described above.

Validation of Microarray Data by Quantitative RT-PCR

Differentially expressed genes of select subsets of cell type and disease
groups were validated by quantitative RT-PCR (Q-RT-PCR). A total of 28
cDNA samples from FACS-isolated endometrial cell populations, including
freshly sorted cells from control (eMSCF ACS.control 1= 3; eSF
and endometriosis groups (eMSCF ACS.endo = 35 €SFL. g endo
and corresponding late stage primary clonal cultures (eMSC
eMSC n= 3; eSF n =15; eSF

FACS.control n= 3)
n = 3) groups

Late.control n= ?’
n= 3) were assayed in
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FIG. 1.

Experimental design. Pure populations of endometrial mesenchymal stem cells (eMSC) and endometrial stromal fibroblasts (eSF) were isolated by

fluorescence-activated cell sorting (FACS) after enzymatic digestion of endometrial tissue. The four-color FACS excluded leukocytes and epithelial cells,
sorting the remaining cells according to the binding of fluorescein isothiocyanate (FITC)-labeled antibody to cluster of differentiation 146 (CD146) and of
phycoerythrin (PE)-labeled antibody to platelet-derived growth factor receptor beta (PDGFRB), isolating two populations: FITC*/PE* eMSC co-expressing
CD146 and PDGFR, and FITC/PE™ eSF that express PDGFRB but not CD146. An aliquot of each freshly sorted population was processed for RNA
extraction and microarrray analysis. When FACS yields were sufficient, the remainder of the sorted eMSC and eSF were established in primary culture at
clonal density (1 0-20 viable cells/cmz). Replicates of primary eMSC and eSF clonal cultures were harvested at early (2-3 wk) and late (4-8 wk) stages of
colony development and processed for RNA extraction and microarrray analysis. Cells harvested from late cultures were also used for in vitro

decidualization assays.

duplicate by Q-RT-PCR using the Fluidigm (96.96 or 48.48) Dynamic Array
Integrated Fluidic Circuits and the BioMark HD system (www.fluidigm.com/
biomark-system.html) as previously described [4, 8]. Briefly, cDNA was
preamplified to generate a pool of target genes using Tag-Man Pre-Amp
master mix (Applied Biosystems), 100 ng cDNA, and 500 nM for each primer
pair. Samples were then treated with exonuclease (Exonuclease I; New
England BioLabs). Using previously generated optimal dilution curves,
samples were diluted 1:5 in a Tris-ethylenediaminetetraacetic acid dilution
buffer (TEKnova). Q-RT-PCR was performed using SsoFast Evagreen
supermix with low ROX binding dye (Biotium Inc.) and a primer
concentration of 5 uM. Data were processed by user-detected threshold
settings and linear baseline correction using Biomark real-time PCR Analysis
Software (version 3.0.4). Melt curves were assessed using the melting
temperature threshold. The comparative cycle threshold (Ct) method was used
as described [8] to obtain relative expression for each group comparison.
Expression was normalized to an internal calibrator for cultured and sorted
cells (ACt), then to the normalized controls (AACt). The AACt values were
expressed as log 2 (Z’AAC‘), which were used to calculate relative fold
changes (docs.appliedbiosystems.com/pebiodocs/04303859.pdf).

3

Decidualization In Vitro

Cells from late primary cultures of subject-paired eMSC and eSF from three
control and two endometriosis subjects were used to assess in vitro
decidualization. Cryopreserved cells from eMSC- and eSF-derived cultures
(see above) were thawed, replated at 10-20 X 10* viable cells/cm?, and grown
in serum-containing culture medium as described for primary cultures.
Confluent replicate cultures were treated with 10 nM E, plus 1 pM P,
(EZP 4) or ethanol vehicle for 14 days in serum-free medium supplemented with
epidermal growth factor, bovine serum albumin, ascorbic acid, and transferrin
[29]. Decidualization was assessed by determining concentrations of the
decidual biomarker IGFBP1 in conditioned media by enzyme-linked
immunosorbent assay (ELISA) using kits from Alpha Diagnostic according
to the manufacturer’s instructions. All samples were assayed in duplicate, and a
standard curve was run for each assay. Inter- and intra-assay coefficients of
variation were 5.0%—7.4% and 2.4%—3.4%, respectively.

Statistical Analyses

Differences in relative expression by Q-RT-PCR were analyzed for each
pairwise comparison using the #-test for equal/unequal variance as appropriate.
Equality of variances was tested utilizing the F-test (Microsoft Excel). The
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Dixon Q-test was used to remove outliers [30]. Correlation between microarray
and Q-RT-PCR data was evaluated with nonparametric Spearman and Kendall
rank correlation, where positive rho and tau coefficients indicate agreement
between microarray and Q-RT-PCR. P values were based on a two-tailed null
hypothesis of no association [31]. ELISA data were analyzed by ANOVA and
Sheffe post hoc test using StatView 5.0.1 (SAS Institute Inc.).

Ingenuity Pathways Analysis

Gene ontology and functional annotations were evaluated for the various
experimental group comparisons from differential expression analysis of
microarray data. RefSeq identifications and fold changes of differentially
expressed genes in each comparison were imported into the Core Analysis
function of Ingenuity Pathway Analysis. Inhibition or activation of pathways
was predicted for functional groups of genes based on collective mRNA
expression levels, and significance was determined using the right-tailed Fisher
exact test. P values reflected the number of analysis-specific genes in a given
pathway compared with the total number of occurrences of these genes in all
pathways in the Ingenuity Knowledge Base. Results are shown for pathways
with a bias-corrected Z score < —2.0 or bias-corrected Z score > 2.0 with P <
0.05 for inhibited or activated pathways, respectively.

RESULTS

A meaningful assessment of the potential of eMSC to give
rise to progeny differentiated to the eSF lineage requires a clear
definition of the corresponding phenotypes of these two closely
related cell types, particularly in view of recent awareness of
the similarities between mesenchymal stem cells and fibro-
blasts isolated from diverse human tissues [32—-34], although
studies are often confounded by unaccounted changes during
ex vivo expansion in culture. In human endometrium, the
distinct in vivo phenotypes of purified eMSC and eSF
populations are well established [4], but the in vitro eSF
phenotype vis-a-vis the eMSC is not clearly defined. Because
this gap in knowledge is a major drawback for ex vivo studies
on derivation of eSF lineage-differentiated cells from progen-
itors, it is critical to define, initially, the normal in vitro eSF
phenotype compared to the corresponding in vivo eSF, serving
as the cornerstone to address the fundamental questions of
eMSC as eSF progenitor and the origin of the abnormal eSF
phenotype in endometriosis. Thus, the experimental design of
the current study (Fig. 1) involved the transcriptional profiling
of freshly isolated eMSC and eSF obtained by FACS from
subjects without or with endometriosis, obtaining short- and
long-term primary clonal cultures from these cell populations
(Figs. 2-5 and Tables 1-13), as well as assessing cultured cell
responses to P, (Fig. 6)—pathognomonic of the eSF.

Gene Expression Profiling

Global gene expression differences among the various cell
types isolated from endometrium of subjects without or with
endometriosis by FACS and after short- and long-term primary
cultures were evaluated after microarray analysis (Fig. 1).
Differential gene expression comparisons among the different
endometrial cell types and conditions are shown in Supple-
mental Table S2A (validation of select genes in Supplemental
Table S3) and the corresponding differentially expressed genes
(>1.5-fold change, P < 0.05) are shown in toto in
Supplemental Tables S2B, S4, and S5.

The Transcriptome Segregates Samples by Culture
Condition, Cell Type, and Disease Category

Microarray analysis revealed major differences in the
transcriptomes of freshly isolated tissue-derived cells compared
to their cultured counterparts (Supplemental Table S2B). PCA
(Fig. 2A) and HC (Fig. 2B) of the data showed that groups
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clustered primarily by whether they were analyzed immediately
after FACS isolation from the tissue or after being grown in
primary culture (Fig. 2). Accordingly, the first branching in the
HC dendrogram (Fig. 2B) segregated freshly isolated tissue-
derived cells (right branch) from cultured cells (left branch).
Further branching within tissue-derived cells was according to
cell type (eMSC, eSF) and then by disease category
(endometriosis, no endometriosis [controls]), reflecting strong-
ly conserved gene expression by cell lineage followed by
subclustering within lineages by the effect of disease. In
contrast, subclustering within culture-derived cells was more
complex and indicative of a progressive change in phenotype
of one or both cell types and/or widening differences between
control and endometriosis cells in culture. The first two
branches segregated successively the nonendometriosis early
cultures from the other groups, and the third and fourth
branches separated endometriosis early cultures from all late
cultures. Late cultures clustered singularly first by disease
(endometriosis, no endometriosis [controls]) and then by cell
lineage (eMSC, eSF), suggesting a convergence of cell
phenotypes in the late cultures and/or magnification of the
disease effect.

Lineage-Associated Gene Expression In Vivo and In Vitro:
Controls

Lineage-associated genes in vivo. Genes differentially
expressed in FACS-isolated, uncultured eMSC versus eSF from
women without endometriosis (eMSCF ACS control? eSFF Acshcomol)
defined the distinct phenotypes of these cell lineages. In the
comparison of eMSCr, ¢ ..., versus eSF_, o - (Fig. 3),
there were 550 genes up-regulated >1.5-fold (P < 0.05) and
1370 genes down-regulated >1.5-fold (P < 0.03) (i.e., the latter
being 1370 up-regulated in eSF, ¢ . 1wor VS- EMSCr, s control)-
Some of the most highly up-regulated genes are shown in Table 1,
and the complete gene lists are found in Supplemental Table S2B.
Expression of these genes is characteristic of eMSC from normal
controls and also from endometriosis (see below). This highly
conserved lineage-associated molecular phenotype that identifies
eMSC is characterized by up-regulation of pericyte markers,
hypoxia-related genes, and genes involved in Notch activation,
Wnt inhibition, SLIT ligands, and growth factor-signaling
pathways, as previously reported [4]. New in the current study
are eSF lineage-associated genes that confer a highly conserved
molecular phenotype of this cell type in vivo in normal controls
and also in endometriosis (see below) (Table 1, select genes),
including up-regulation of phospholipase A2 (PLA2S)and CD10
(MME, membrane metalloendopeptidase) as well as genes
involving hormone receptors and hormone metabolism, growth
factors, cytokines and chemokines and their receptors, Wnt
ligands and inhibitors, ROBO receptors, and Hedgehog signaling.
Herein, these lineage-specific genes served to guide assessment of
lineage fidelity of eMSC and eSF in vitro. Select eMSC and eSF
lineage-associated genes were validated by Q-RT-PCR, which
demonstrated high and statistically significant positive associa-
tions (Supplemental Table S3, A and B).

The eSF demonstrate lineage-phenotype stability in
vitro. Because a goal of this study was to determine if eMSC
differentiate to eSF, the question arose regarding in vivo (i.e.,
FACS isolated fresh from tissue) eSF lineage gene fidelity in
short- and long-term primary culture, considering the potential
confounding effect of cellular adaptation to the ex vivo culture
environment. Predictably, major changes in gene expression
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FIG. 2.

Clustering analyses. A) Principal component analysis (PCA) plot shows distribution of individual samples within the three-dimensional space

defined by the three principal components accounting for the highest variances among probeset intensity values. In this two-dimensional representation of
a three-dimensional image, the size of a symbol provides the perspective view of depth for its position, with smaller size symbols being closer to the origin
and vice versa. The perspective shows two major clusters, one encircled by a blue line consisting of eMSC (triangles) and eSF (squares) analyzed
immediately after FACS isolation; another cluster encircled by a red line corresponding to all cultured cells, including early eMSC (circles), early eSF
(diamonds), late eMSC (ovals), and late eSF (rectangles), with blue symbols corresponding to control and red symbols to endo samples. Further
subclustering by cell type is not clearly discernible in this particular perspective, but can be appreciated in a different orientation of the plot within the
FACS cluster (not shown). B) Hierarchical clustering (HC) dendrogram, showing heat map bars representing average expression values in each
experimental group indicated by the color spectrum shown from blue (low expression) to red (high expression). First branching segregates freshly FACS-
isolated cells (right branch) and cultured cells (left branch), with further subbranching of FACS-isolated cells according to cell type (eMSC, eSF) and then
by disease category (endo, control). Subbranching within cultured cells segregates successively first eMSC early control and second eSF early control from
other groups, then the third and fourth branches separate eMSC early endo and eSF early endo, respectively, from all late cultures that cluster singularly
first by disease (endo, control) and then by cell lineage (eMSC, eSF). Control, no endometriosis; Endo, endometriosis.

occurred primarily during the in vivo to ex vivo transition from
uncultured cells (FACS isolated) to early primary culture
(Supplemental Table S2B). In the case of eSF__ ', 1146 genes
were down-regulated > 1.5-fold (P < 0.05) in early cultures
compared to uncultured (FACS isolated) cells. More than half
(581) of these corresponded to genes down-regulated in

5

common by all early cultures regardless of cell type (eMSC/
eSF) or disease (endometriosis/control), and thus represented
nonspecific adaptational changes. Notwithstanding adaptation
to the ex vivo culture environment, eSFC -derived late
cultures stably expressed a substantial subset (337, 44%) of the
lineage genes defining the in vivo eSF phenotype (i.e., highly
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FIG. 3. Number of differentially expressed genes in FACS-isolated and cultured eMSC versus eSF. Data represent average values for the number of

differentially expressed genes (P < 0.05, >1.5-fold change) in each experimental group for eMSC versus eSF in freshly FACS-isolated samples (FACS) and
in early (2-3 wk culture) and late (4-8 wk culture) primary clonal cultures from women without (A, control), or with endometriosis (B, endometriosis).
Stacked bars show breakdown of the total number of differentially expressed genes into up-regulated (brown stack, black characters) and down-regulated
(blue stack, red characters). Data show a progressive reduction in the number of eMSC versus eSF differentially expressed genes over time in culture in

both control (A) and endometriosis (B).

expressed by eSF__ vs. eMSC_ . in vivo), and these
provided an in vitro signature for the eSF lineage phenotype
(Fig. 4A, left panel [Venn diagram], Table 2, and Supplemental
Tables S4A and S3C, Q-RT-PCR validation). Thus, eSF
demonstrated lineage phenotypic stability in vitro and notably
did not increase expression of the majority of eMSC lineage
genes. Specifically, 77% of lineage genes down-regulated in
eSF__ . versus eMSC__ in vivo were also down-regulated
in cultured eSF__ (Table 3 and Supplemental Table S4A)
despite up-regulating 1417 genes during the in vivo to ex vivo
transition from uncultured cells (FACS isolated) to early
primary culture.

The eMSC differentiate in vitro to eSF-like cells. In
contrast to the in vitro phenotypic stability observed ineSF___
cultured eMSC__ - displayed marked changes in expression of
lineage genes (Figs. 4A, center panel, and 5, A and B, Tables 2
and 3, and Supplemental Table S5A). There was down-
regulation of 211 eMSC lineage genes (Fig. SA and Table 4)
and up-regulation of 461 eSF lineage genes (Fig. 5B and Table
5) (complete gene list in Supplemental Table S5A). In culture,
81% of eMSC lineage-associated genes were down-regulated,
suggesting that eMSC lose in vitro most of their stemness
regarding lineage genes. Importantly, they concomitantly up-
regulated 55% of eSF lineage genes (Figs. 4A and 5B, Tables 4
and 5, and Supplemental Tables S4A and S3D, Q-RT-PCR
validation). Thus, changes in expression of lineage-associated
genes in eMSC-derived cultures suggested a transition to an
eSF-like phenotype. Consistent with this finding was a
progressive reduction in the number of cell lineage differentially

6

expressed genes (eMSC_ - vs. eSF_ ) through early and
late cultures, resulting in minimal transcriptome differences (19
genes differentially expressed ranging from —1.64-fold change
to +1.75-fold change, P < 0.05) in late cultures (4-8 wk) of
eMSC__ ., versuseSF_ = (Supplemental Table S2B and Figs.
3A and 4A). In addition, late cultures of eMSC___  displayed
polygonal cell morphology typical of postconfluent eSF,
consistent with eMSC differentiation to the eSF lineage (data
not shown). Table 6 (Supplemental Table S7, full list) shows
select co-expressed eSF lineage genes in eSF - and
eMSC__ -derived late cultures, demonstrating that eSF and
eMSC converge in vitro to an eSF molecular phenotype.
Supplemental Table S3D shows high concordance of genes
validated by Q-RT-PCR.

Lineage-Associated Gene Expression In Vivo and In Vitro:
Endometriosis

Lineage-associated genes and cellular functions in vivo.
While the in vivo eMSC and eSF molecular phenotypes were
largely conserved in endometriosis (>95% of the 200 most
highly expressed eMSC and eSF lineage genes; Table 1,
select genes), overall there were fewer differentially ex-
pressed genes (521 up-regulated >1.5-fold change, P < 0.05)
in eMSC isolated by FACS from women with endometriosis
(eMSCpL, s engo) Versus eSFL, o ., compared to 550 genes
in control eMSCF ACS.contro] YETSUS eSFF ACS.control (Fig. 3B,

Supplemental Table S2B, full list, and Table 1, select lineage-
associated genes). Similarly, there were fewer differentially
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FIG. 4. Expression of eSF lineage-associated genes in FACS-isolated and cultured eMSC and eSF. A) Controls. B) Endometriosis. Left panels show
corresponding Venn diagrams of up-regulated genes (P < 0.05, >2-fold change) in eSF versus eMSC immediately after FACS isolation (eSF FACS vs. eMSC
FACS, blue circles) representing eSF lineage genes in vivo and in eSF early (red circles) and eSF late (green circles) cultures versus eMSC FACS.
Overlapping parts of the circles represent common up-regulated genes among the respective groups, with the corresponding number of common genes
highlighted. The overall number of eSF lineage genes expressed in cultured eSF (surrounded by dotted line) represents the in vitro expressed eSF lineage
genes whose expression levels in eMSC and eSF are shown as heat maps in the center and right panels, respectively. Heat map bars represent expression of
in vitro expressed eSF lineage genes in individual samples from eMSC (center panel) or eSF (right panel) immediately after FACS isolation (eMSC FACS,
eSF FACS) or from early (eMSC early, eSF early) or late (eMSC late, eSF late) cultures. Expression values are indicated by the color spectrum shown from
blue (low expression) to red (high expression). Data shown in both controls (A) and endometriosis (B) eSF lineage gene expression by eMSC is low in
freshly FACS-isolated cells (eMSC FACS) but increases in early (eMSC early) and late (eMSC late) cultures, while in eSF, the expression levels of freshly
FACS-isolated cells (eSF FACS) are maintained in early (eSF early) and late (eSF late) cultures. Uneven numbers of samples per group in the eSF datasets
(right panels) are the result of sample dropout due to failed quality control at either prehybridization (low/poor quality RNA amplification) or
posthybridization (array quality control) or missing samples due to insufficient FACS yields for setting up primary cultures after allocating for analysis of
freshly isolated cells.

expressed genes in eSF, g .4, Versus eMSCp, ¢ .4, (1122
genes up-regulated >1.5-fold change, P < 0.05) from women
with disease, compared to 1370 genes in control eSF, ¢ .~
versus eMSCp, ¢ ... (Fig. 3B, Table 1, and Supplemental
Table S2B). These data suggest that in endometriosis the
endometrial mesenchymal lineage cells retain their molecular
barcode phenotype in vivo, albeit with somewhat less fidelity
than their counterparts in endometrium from women without
disease.

Head-to-head comparisons of FACS-isolated eMSC and
eSF from women with versus without endometriosis were
conducted (Supplemental Table S2B). In eMSC

versus eMSC

and 132 genes down-regulated. Of note are up-regulation of
numerous SNORDs, INHBA, and 61 eSF lineage genes
including DIO2, the chaperone HSPA6, PDGFRA, MME,
PDGFC, LOX, and WNT5A. Among down-regulated genes
were 22 eMSC lineage genes including GJD4, SLC38AI11,
THBS4, ORSIE2, and FLTI. Pathway analysis revealed
altered eMSC cellular functions (Table 7 and Supplemental
Table S6A), with activation of protein degradation and
inhibition of cell viability, colony formation, and prolifera-
tion.

In eSFF ACS.endo VETSUS eSFF ACS.control’ there were 170 up-
regulated genes, 22 of them eMSC lineage genes, including
HAS2, ANGPT2, BGN, FRZB, AHR, and TGFB2, as well as
genes associated with inflammation (CXCL2, ILS, C3, NFKBI,
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FIG. 5. Expression of eMSC and eSF lineage-associated genes in FACS-isolated and cultured eMSC. Data correspond to differential expression analysis of
the entire dataset consisting of n = 48 samples. Symbols/colors do not represent the same genes in different plots. Values represent the average relative
expression (P < 0.05, >2-fold change) compared to freshly FACS-isolated eSF (eSF FACS) for each gene in the individual groups of eMSC from controls (A,
B) or endometriosis (C, D): freshly FACS-isolated (eMSC FACS), early culture, and late culture. Genes up-regulated in eMSC FACS versus eSF FACS (A:
control, 211 genes; C: endometriosis, 201 genes) correspond to in vivo eMSC lineage genes and are down-regulated in eMSC early and late cultures.
Genes down-regulated in eMSC FACS versus eSF FACS (B: control, 461 genes; D: endometriosis, 227 genes) correspond to in vivo eSF lineage genes and
are up-regulated in eMSC early and late cultures.

matrix metalloproteinases). There were 243 genes down- Pathway analysis (Table 7 and Supplemental Table S6C)
regulated, including 62 eSF lineage genes (PLA2G7, TOX, revealed increased recruitment of cells, including leukocytes
OMD, LCPI, DKKI, FGF9, ILI7RB, GREBIL) as well as and phagocytes, tumor development/proliferation of cancer
several genes involved in cell cycle control and cytokinesis. cells and epithelial cells, hypersensitive reaction, epithelial cell

TABLE 1. Highly conserved in vivo eMSC and eSF lineage-associated molecular phenotypes.*

eMSC lineage phenotype conserved in control and endometriosis eSF lineage phenotype conserved in control and endometriosis

Pericyte markers: RGS5, ANGPT2, FLT1, PDGFRB, MCAM Highly expressed: PLA2G7 (phospholipase A2), MME (membrane
metalloendopeptidase, CD10)

Hypoxia related: HIGD1, AHR Hormone receptors: PGR, PRLR

Notch activation: JAG1, NOTCH1, NOTCH3, HEY1, HEY2, HEYL Hormone metabolism/action: HSD17B11, HSD17B8, DIO2, TRIP11 (thyroid
hormone receptor interactor 11)

TGFB/SMAD activation: TGFB1, TGFB2, TGFBR2, BMP8A Growth factors/receptors: IGF1, IGF2, FGF7, FGF9, FGF10, FGF12, HGF, VEGFC,
PDGFC, PDGFRA

cAMP inhibition: PDETA, PDE3A Cytokines-chemokines/receptors: IL15, IL33, CXCL12, IL13RAT1, IL13RA2, IL17RB

Wnt inhibition: FRZB Wnt pathway: WNT2, WNT5A, RSPO3, SFRP4, DKK1

SLIT/ROBO pathway: SLIT2, SLIT3 SLIT/ROBO pathway: ROBO2

Growth factors: PDGFA, NGF Hedgehog signaling: PTCH1, HHIP

Cytokines-chemokines/receptors: IL1RAP

* Complete gene lists in Supplemental Table S2B.
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TABLE 2. Expression of eSF lineage-associated genes in FACS-isolated control eSF and derived early and late cultures.*
Relative expression (fold change vs. eMSCFACS)

Gene symbol eSF FACS eSF early" eSF late Gene description

MME 25.24 12.46 8.62 Membrane metalloendopeptidase

PDGFRA 14.55 6.18 7.30 Platelet-derived growth factor receptor, alpha polypeptide

TOX 7.85 2.71 2.94 Thymocyte selection-associated high mobility group box

CALB2 6.56 3.14 5.14 Calbindin 2

GJAT 6.41 4.03 6.92 Gap junction protein, alpha 1, 43kDa

PAPPA|PAPPAS 5.36 3.00 5.78 Pregnancy-associated plasma protein A, pappalysin 1|PAPPA antisense RNA
(nonprotein coding)

IGF2[INS-IGF2 4.92 4.29 2.19 Insulin-like growth factor 2 (somatomedin A)|INS-IGF2 readthrough transcript

FGF9 4.87 6.85 3.42 Fibroblast growth factor 9 (glia-activating factor)

ASAM 4.48 2.93 3.87 Adipocyte-specific adhesion molecule

PDGFD 4.48 3.25 5.19 Platelet derived growth factor D

CNTN1 4.35 NS 2.66 Contactin 1

LCP1 4.32 2.69 2.20 Lymphocyte cytosolic protein 1 (L-plastin)

FGF7 4.03 2.89 7.47 Fibroblast growth factor 7

LOX 4.01 12.33 21.61 Lysyl oxidase

DKK1 4.01 12.01 5.38 Dickkopf homolog 1 (Xenopus laevis)

DIO2 3.96 NS 2.77 Deiodinase, iodothyronine, type Il

WNT2 3.85 NS 5.52 Wingless-type MMTV integration site family member 2

KGFLP1|FGF7 3.74 3.20 6.56 Keratinocyte growth factor-like protein 1|fibroblast growth factor 7

ROBO2 3.04 NS 3.24 Roundabout, axon guidance receptor, homolog 2 (Drosophila)

FAT4 2.95 NS 2.21 FAT tumor suppressor homolog 4 (Drosophila)

WNT5A 2.94 5.95 8.97 Wingless-type MMTV integration site family, member 5A

CDH2 2.79 6.65 8.68 Cadherin 2, type 1, N-cadherin (neuronal)

SEMA3C 2.72 NS 5.43 Sema domain, immunoglobulin domain (lg), short basic domain, secreted,
(semaphorin) 3C

VEGFC 2.64 5.06 4.34 Vascular endothelial growth factor C

GREB1L 2.61 4.23 2.17 Growth regulation by estrogen in breast cancer-like

PDGFC 2.51 6.91 6.35 Platelet derived growth factor C

CTSK 2.47 2.12 2.80 Cathepsin K

ILT3RA1 2.31 2.98 2.96 Interleukin 13 receptor, alpha 1

IL13RA2 2.30 7.08 2.12 Interleukin 13 receptor, alpha 2

TRIPT1 2.03 2.78 2.70 Thyroid hormone receptor interactor 11

* Complete gene list in Supplemental Table S4A.

NS, no differential expression versus eMSC, - (

movement and cell migration, angiogenesis, and formation of
vascular lesions. Decreased cellular functions (Table 7 and
Supplemental Table S6C) included cell proliferation, hyper-
trophy, tumor growth, chromosome alignment, cytokinesis, and
checkpoint control and chromosomal congression in DNA
replication, recombination, and repair.

at P < 0.05, >2-fold change).

The eMSC,__ . Differentiate In Vitro to eSF-Like Cells
Expressing a Limited Subset of Lineage-Associated Genes in

eMSC,, ,-Derived Cultures

The eMSC from women with endometriosis underwent
major transcriptome changes during primary clonal culture
(Figs. 3B, 4B, and 5, C and D), similar to those without

The gsFendo Demonstrate Less Robust Lineage-Phenotypic disease (Figs. 3A, 4A, and 5, A and B). There was a
Stability In Vitro progressive reduction in the overall number of differentially
The eSF,__, -derived cultures showed less robust eSF expressed genes in eMSC_ ,, versus eSF_ , in early and late

phenotypic stability compared to eSF__ -derived cultures
(Fig. 4B, left panel). Specifically, eSF_ , stably expressed a
smaller subset (136, 33%) of eSF lineage genes compared to
eSF lineage genes stably expressed in eSF___ (332, 44%) and
maintained down-regulation of fewer (64%) eMSC lineage
genes compared to eSF__ - (77%) (Tables 8 and 9 and
Supplemental Table S4B). In addition, eSF_ , lost in vitro
expression of some eSF lineage genes stably expressed by
eSF__ .. (Table 10 and Supplemental Tables S2A and S4, A

and B).

9

cultures (Fig. 3B), while eSF lineage genes were up-regulated
in cultured eMSC and stably expressed in cultured eSF (Fig.
4B); however, there was greater transcriptome differences in
late eMSC_ ,  cultures versus late eSF_ , cultures (78 genes
differentially expressed ranging from —2.73-fold change to
+2.81-fold change, P < 0.05) compared with 19 genes
differently expressed in late cultures from controls (Supple-
mental Table S2B). Moreover, while late cultures of
eMSC,_ . demonstrated similar numbers of down-regulated
eMSC lineage genes (201) compared to late culture
eMSC_ ..., (211), eMSC, , had notably fewer up-regulated
eSF lineage genes (227) compared to eMSC_ = (461)
during in vitro differentiation (Tables 11, 12 [select genes];
Supplemental Table 5B [full gene list]). These observations
suggest that eMSC, . have impaired lineage differenti-
ation compared with eMSC because the latter
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TABLE 3. Expression of eMSC lineage-associated genes in FACS-isolated control eSF and derived early and late cultures.*
Relative expression (fold change vs. eMSCFACS)

Gene Symbol eSF FACS eSF early eSF late Gene description

RGS5 -39.19 —54.46 —12.40 Regulator of G-protein signaling 5

ANGPT2 —25.49 —4.89 —16.67 Angiopoietin 2

GPR116 —15.92 —18.88 —18.13 G protein-coupled receptor 116

HIGD1B|EFTUD2 —14.80 —11.47 —13.31 HIG1 hypoxia inducible domain family, member 1B|elongation
factor Tu GTP binding domain containing 2

CDHé6 —14.30 —13.13 —10.09 Cadherin 6, type 2, K-cadherin (fetal kidney)

MCAM —11.22 -9.14 —8.51 Melanoma cell adhesion molecule

OR51E1 —11.09 -11.23 —11.18 Olfactory receptor, family 51, subfamily E, member 1

BGN ~9.96 ~9.19 —2.78 Biglycan

PDETA —8.65 -8.93 —7.26 Phosphodiesterase 1A, calmodulin-dependent

GJA4 -8.37 —-8.31 —8.45 Gap junction protein, alpha 4, 37kDa

JAG1 —8.26 —13.68 —-11.23 Jagged 1

FRZB —8.25 —5.23 —5.04 Frizzled-related protein

PDGFA|LOC100132080 -7.79 —2.62 -2.99 Platelet-derived growth factor alpha polypeptide|hypothetical
LOC100132080

PDE3A —7.63 —15.50 —9.47 Phosphodiesterase 3A, cGMP-inhibited

MYH11 —7.01 —7.90 —7.34 Myosin, heavy chain 11, smooth muscle

LPL —7.00 -7.99 —8.60 Lipoprotein lipase

MEF2C —6.60 -10.17 -8.33 Myocyte enhancer factor 2C

OR51E2 —6.59 —6.35 -6.73 Olfactory receptor, family 51, subfamily E, member 2

HTR1F —6.35 —5.45 —-6.37 5-Hydroxytryptamine (serotonin) receptor 1F

AOC3 —6.30 —7.18 -8.11 Amine oxidase, copper containing 3 (vascular adhesion protein 1)

SLIT2 —6.24 —3.96 —3.44 Slit homolog 2 (Drosophila)

SERPINI1 —5.82 —3.59 —4.00 Serpin peptidase inhibitor, clade I (neuroserpin), member 1

BMP8A -5.79 —6.84 —5.31 Bone morphogenetic protein 8a

PTP4A3 -5.75 —7.84 —6.72 Protein tyrosine phosphatase type IVA, member 3

THBS4 —5.72 —6.38 —5.97 Thrombospondin 4

FLT1 —5.34 -2.13 -2.71 Fms-related tyrosine kinase 1 (vascular endothelial growth factor/
vascular permeability factor receptor)

HEY2 —4.92 -9.07 —8.37 Hairy/enhancer-of-split related with YRPW motif 2

HEYL —4.49 —12.05 —12.07 Hairy/enhancer-of-split related with YRPW motif-like

NOTCH3 —4.02 —4.68 —4.13 Notch 3

* Complete gene list in Supplemental Table S4A.

differentiate to eSF phenotype with more fidelity to both
tissue-derived and late culture eSF__ .
The eSF- and eMSC-Derived Late Cultures from
Endometriosis Versus Controls

In comparing eSF, . to eSF . there were 60
genes up-regulated and 67 genes down-regulated (>1.5-fold
change, P < 0.05) (Supplemental Table S2B). Pathway
analysis (Table 13 and Supplemental Table S6D) revealed
increased proteolysis, antigen presenting cells, cell invasion,
migration of phagocytes and epithelial cells, and decreased
differentiation of adipocytes and connective tissue and tumor
size. Similarly, in eMSCLm.en 4o Versus eMSCLate.COer], there
were 60 genes up-regulated and 78 genes down-regulated
(>1.5-foldchange, Supplemental Table S2B). However, path-
way analysis (Table 13 and Supplemental Table S6B) showed
a more muted pathway activation profile in eMSC-derived late
cultures from endometriosis versus control women, with only
activation of pathways involved in protein degradation
(especially matrix degradation) and decreased pathway activa-
tion involving genes expressed in lipid metabolism.

Decidualization In Vitro

The eSF uniquely differentiate to a decidual phenotype in
response to P4 both in vivo and in vitro. This process,

involving complex functional, biochemical, and morphological
changes, with concomitant secretion of biomarkers, for
example, IGFBP-1 [18], is compromised in women with
endometriosis [24, 25]. To determine if late eMSC cultures that
have acquired in vitro an eSF molecular phenotype respond to
P, as do eSF derived from the same tissue and cultured in
parallel, cells from subject-matched eMSC- and eSF-derived
late cultures from women without and with endometriosis were
treated with P, (and E,), and secreted IGFBP1 was measured in
the conditioned media. The eMSC_ -derived cultures
showed robust decidualization in response to E,P,, secreting
equal or higher amounts of IGFBP1 (285 = 35 ng/ml) as E,P,-
treated eSF_ -derived cultures (132 = 11 ng/ml) and
significantly different (P < 0.0001) from vehicle-treated
cultures (Fig. 6). As anticipated, eSF,_, -derived cultures
showed P, resistance with inability to decidualize as evidenced
by low/undetectable (25 = 11 ng/ml) secreted IGFBP1 after 14
days of treatment with E,P, that was not significantly different
(p = 0.99) from vehicle-treated cultures. Remarkably, the in
vitro differentiated progeny of eMSC — eSF from women with
endometriosis also failed to decidualize in response to E,P,
with low/undetectable secreted IGFBP1 (0.12 = 0.05 ng/ml)
and not significantly different from vehicle-treated cultures (P
> 0.99) or from the low/undetectable IGFBP1 secretion in
endometriosis subject-paired eSF cultures (P = 0.96).
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TABLE 4. Expression of eMSC lineage-associated genes in FACS-isolated control eMSC and derived early and late cultures.*

Relative expression (fo[d change vs. eSFFACS)

Gene symbol eMSC FACS eMSC early” eMSC late’ Gene description

RGS5 39.19 2.01 2.99 Regulator of G-protein signaling 5

ANGPT2 25.49 NS 2.24 Angiopoietin 2

SLC38AT11 20.05 NS NS Solute carrier family 38, member 11

GPR116 15.92 NS NS G protein-coupled receptor 116

HIGD1B|EFTUD2 14.80 NS NS HIG1 hypoxia inducible domain family, member 1B|elongation
factor Tu GTP binding domain containing 2

CDH6 14.30 NS NS Cadherin 6, type 2, K-cadherin (fetal kidney)

MCAM 11.22 2.45 NS Melanoma cell adhesion molecule

OR51ET 11.09 NS NS Olfactory receptor, family 51, subfamily E, member 1

GUCY1A3 9.96 3.00 —2.51 Guanylate cyclase 1, soluble, alpha 3

BGN 9.96 NS 2.89 Biglycan

GUCY1B3 9.91 2.37 —2.26 Guanylate cyclase 1, soluble, beta 3

ATP8B1 9.72 6.97 6.75 ATPase, aminophospholipid transporter, class I, type 8B, member 1

PDETA 8.65 NS NS Phosphodiesterase 1A, calmodulin-dependent

PLXDC1 8.50 NS NS Plexin domain containing 1

GJA4 8.37 NS NS Gap junction protein, alpha 4, 37kDa

JAG1 8.26 NS NS Jagged 1

FRZB 8.25 NS 2.17 Frizzled-related protein

PDGFA|LOC100132080 7.79 3.47 2.80 Platelet-derived growth factor alpha polypeptide|hypothetical
LOC100132080

PDE3A 7.63 2.00 NS Phosphodiesterase 3A, cGMP-inhibited

* Complete gene list in Supplemental Table S5A.

T NA, no differential expression versus eSF_, - (at P < 0.05, >2-fold change).

TABLE 5. Expression of eSF lineage-associated genes in FACS-isolated control eMSC and derived early and late cultures.*

Relative expression (fold change vs. eSFFACS)

Gene symbol eMSC FACS eMSC early® eMSC late’ Gene description

MME —25.24 -2.15 -2.91 Membrane metalloendopeptidase

PDGFRA —14.55 -2.39 -2.27 Platelet-derived growth factor receptor, alpha polypeptide

CALB2 —6.56 —3.01 NS Calbindin 2

GJAT —6.41 NS NS Gap junction protein, alpha 1, 43kDa

ITGBL1 —6.39 —2.81 NS Integrin, beta-like 1 (with EGF-like repeat domains)

QPCT —5.71 -9.23 NS Glutaminyl-peptide cyclotransferase

PTPLAD2|KIAA1797 —5.66 NS NS Protein tyrosine phosphatase-like A domain containing 2|KIAA1797

PAPPA|PAPPAS -5.36 -2.15 NS Pregnancy-associated plasma protein A, pappalysin 1|PAPPA
antisense RNA (nonprotein coding)

NT5E —5.14 NS NS 5’-Nucleotidase, ecto (CD73)

IGF2|INS-IGF2 —4.92 —2.35 NS Insulin-like growth factor 2 (somatomedin A)|INS-IGF2 readthrough
transcript

FGF9 —4.87 NS NS Fibroblast growth factor 9 (glia-activating factor)

JAZF1 —4.63 —2.26 NS JAZF zinc finger 1

ASAM —4.48 NS NS Adipocyte-specific adhesion molecule

PDGFD —4.48 —2.05 NS Platelet derived growth factor D

LCP1 —4.32 NS NS Lymphocyte cytosolic protein 1 (L-plastin)

LCMT1 —4.21 NS NS Leucine carboxyl methyltransferase 1

FGF7 —4.03 NS NS Fibroblast growth factor 7

LOX —4.01 2.83 4.82 Lysyl oxidase

DKK1 —4.01 3.44 NS Dickkopf homolog 1 (X. laevis)

DIO2 -3.96 —4.68 NS Deiodinase, iodothyronine, type Il

NIPAL2 -3.93 NS NS NIPA-like domain containing 2

CMBL -3.92 NS NS Carboxymethylenebutenolidase homolog (Pseudomonas)

DDX60L -3.91 NS NS DEAD (Asp-Glu-Ala-Asp) box polypeptide 60-like

MUMTL1 -3.87 NS NS Melanoma associated antigen (mutated) 1-like 1

WNT2 -3.85 —3.01 NS Wingless-type MMTV integration site family member 2

FANCL|VRK2 -3.79 NS NS Fanconi anemia, complementation group L|vaccinia related kinase 2

MFAP4 -3.77 NS 2.35 Microfibrillar-associated protein 4

TMEMA45A -3.76 —-2.23 NS Transmembrane protein 45A

* Complete gene list in Supplemental Table S5A.
" NS, no differential expression versus eSFFACS (at P < 0.05, >2-fold change).
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TABLE 6. Select co-expressed eSF lineage genes in control eSF- and eMSC-derived late cultures.*

Relative expression (fold change vs. eMSC

FACS)

Gene symbol eSF FACS eSF late eMSC late Gene description

MME 25.24 8.66 8.62 Membrane metalloendopeptidase

PDGFRA 14.55 6.42 7.30 Platelet-derived growth factor receptor, alpha polypeptide

TOX 7.85 3.46 2.94 Thymocyte selection-associated high mobility group box

CALB2 6.56 5.21 5.14 Calbindin 2

GJAT 6.41 5.94 6.92 Gap junction protein, alpha 1, 43kDa

PAPPA|PAPPAS 5.36 5.61 5.78 Pregnancy-associated plasma protein A, pappalysin 1|PAPPA
antisense RNA (nonprotein Coding)

IGF2|INS-IGF2 4.92 2.69 2.19 Insulin-like growth factor 2 (somatomedin A)|INS-IGF2 readthrough
transcript

FGF9 4.87 4.11 3.42 Fibroblast growth factor 9 (glia-activating factor)

ASAM 4.48 3.76 3.87 Adipocyte-specific adhesion molecule

PDGFD 4.48 4.50 5.19 Platelet derived growth factor D

CNTN1 4.35 2.04 2.66 Contactin 1

LCP1 4.32 2.65 2.20 Lymphocyte cytosolic protein 1 (L-plastin)

FGF7 4.03 6.22 7.47 Fibroblast growth factor 7

LOX 4.01 19.30 21.61 Lysyl oxidase

DKK1 4.01 5.14 5.38 Dickkopf homolog 1 (X. laevis)

DIO2 3.96 2.08 2.77 Deiodinase, iodothyronine, type Il

WNT2 3.85 3.47 5.52 Wingless-type MMTV integration site family member 2

KGFLP1|FGF7 3.74 6.49 6.56 Keratinocyte growth factor-like protein 1|fibroblast growth factor 7

ROBO2 3.04 3.17 3.24 Roundabout, axon guidance receptor, homolog 2 (Drosophila)

FAT4 2.95 2.29 2.21 FAT tumor suppressor homolog 4 (Drosophila)

WNT5A 2.94 8.09 8.97 Wingless-type MMTV integration site family, member 5A

CDH2 2.79 7.36 8.68 Cadherin 2, type 1, N-cadherin (neuronal)

SEMA3C 2.72 5.00 5.43 Sema domain, immunoglobulin domain (Ig), short basic domain,
secreted, (semaphorin) 3C

VEGFC 2.64 4.17 4.34 Vascular endothelial growth factor C

GREB1L 2.61 2.27 2.17 Growth regulation by estrogen in breast cancer-like

PDGFC 2.51 6.29 6.35 Platelet derived growth factor C

CTSK 2.47 2.81 2.80 Cathepsin K

ILT3RA1 2.31 2.93 2.96 Interleukin 13 receptor, alpha 1

IL13RA2 2.30 2.55 2.12 Interleukin 13 receptor, alpha 2

TRIP11 2.03 2.90 2.70 Thyroid hormone receptor interactor 11

* Complete gene list in Supplemental Table S7.

TABLE 7. Pathway analysis: altered cellular functions in endometriosis versus control in vivo.*

Predicted
Category Function activation state Activation z-score  No. molecules
eMSC
Protein degradation Proteolysis of gelatin Increased 2.20 5
Developmental disorder Hypertrophy of cells Decreased —2.09 16
Cell death and survival Cell viability Decreased —2.40 47
Cell death and survival Cell survival Decreased —2.57 48
Cellular growth and proliferation Colony formation Decreased -3.06 28
Cellular growth and proliferation Proliferation of cells Decreased —3.51 108
eSF
Cell-to-cell signaling and interaction Recruitment of cells Increased 3.36 19
Immune cell trafficking Recruitment of leukocytes Increased 3.21 17
Inflammatory response Recruitment of phagocytes Increased 2.46 13
Cancer Development of tumor Increased 2.41 21
Immunological disease Hypersensitive reaction Increased 2.36 25
Cellular movement Cell movement of epithelial cells Increased 2.21 12
Cardiovascular system development and function Angiogenesis Increased 2.15 45
Cellular growth and proliferation Proliferation of cancer cells Increased 2.14 24
Cellular growth and proliferation Proliferation of epithelial cell lines Increased 2.14 16
Cellular movement Migration of cells Increased 2.02 92
Organismal injury and abnormalities Formation of vascular lesion Increased 2.00 10
DNA replication, recombination, and repair Chromosomal congression of chromosomes  Decreased —2.00 6
DNA replication, recombination, and repair Checkpoint control Decreased —2.00 10
Cell cycle Cytokinesis Decreased —2.06 24
Cell cycle M phase of tumor cell lines Decreased —2.09 18
DNA replication, recombination, and repair Alignment of chromosomes Decreased -2.14 14
Cancer Growth of tumor Decreased -2.29 37
Cell cycle Cycling of centrosome Decreased —2.42 8
Developmental disorder Hypertrophy of cells Decreased —2.49 17
Cellular growth and proliferation Proliferation of cells Decreased —2.56 153
* Complete lists in Supplemental Tables S6, A and C.
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TABLE 8. Expression of eSF lineage-associated genes in FACS-isolated endometrosis eSF and derived early and late cultures.*

Relative expression (fold change vs. eMSCFACS)

Gene symbol eSF FACS eSF early" eSF late’ Gene description

MME 7.85 5.22 5.21 Membrane metalloendopeptidase

PDGFRA 6.91 4.24 3.41 Platelet-derived growth factor receptor, alpha polypeptide

GJAT 4.66 5.52 5.46 Gap junction protein, alpha 1, 43kDa

TOX 4.60 3.89 3.93 Thymocyte selection-associated high mobility group box

CNTNI1 4.32 NS NS Contactin 1

ASAM 4.16 3.09 2.91 Adipocyte-specific adhesion molecule

IGF2|INS-IGF2 3.83 NS NS Insulin-like growth factor 2 (somatomedin A)|INS-IGF2 readthrough
transcript

PAPPA|PAPPAS 3.68 4.14 5.07 Pregnancy-associated plasma protein A, pappalysin 1|PAPPA
antisense RNA (nonprotein coding)

ROBO2 3.32 3.64 3.69 Roundabout, axon guidance receptor, homolog 2 (Drosophila)

DKK1 3.10 4.50 5.75 Dickkopf homolog 1 (X. laevis)

FGF7 3.01 2.28 4.69 Fibroblast growth factor 7

FGF9 2.95 4.10 2.87 Fibroblast growth factor 9 (glia-activating factor)

WNT2 2.84 3.58 3.50 Wingless-type MMTV integration site family member 2

LCP1 2.66 2.43 3.92 Lymphocyte cytosolic protein 1 (L-plastin)

DIO2 2.62 NS NS Deiodinase, iodothyronine, type Il

CDH2 2.54 4.07 4.42 Cadherin 2, type 1, N-cadherin (neuronal)

SEMA3C 2.48 2.32 2.74 Sema domain, immunoglobulin domain (Ig), short basic domain,
secreted, (semaphorin) 3C

KGFLP1|FGF7 2.42 NS 3.54 Keratinocyte growth factor-like protein 1|fibroblast growth factor 7

FAT4 2.19 NS NS FAT tumor suppressor homolog 4 (Drosophila)

LOX 2.15 7.44 7.51 Lysyl oxidase

WNT5A 2.07 4.53 3.91 Wingless-type MMTV integration site family, member 5A

* Complete gene list in Supplemental Table S4B.

NS, no differential expression versus eMSC at P < 0.05, >2-fold change).

FACS (

TABLE 9. Expression of eMSC lineage-associated genes in FACS-isolated endometrosis eSF and derived early and late cultures.*

Relative expression (fold change vs. eMSCFACS)

Gene symbol eSF FACS eSF early eSF late Gene description

RGS5 —26.46 -10.78 —15.59 Regulator of G-protein signaling 5

GPR116 —25.59 —28.75 —26.09 G protein-coupled receptor 116

HIGD1B|EFTUD2 —17.50 -17.19 —15.49 HIG1 hypoxia inducible domain family, member 1B|elongation
factor Tu GTP binding domain containing 2

CDH6 -17.39 —15.57 —15.92 Cadherin 6, type 2, K-cadherin (fetal kidney)

ANGPT2 —15.09 -8.29 -12.86 Angiopoietin 2

OR51E1 —10.03 —9.40 -9.70 Olfactory receptor, family 51, subfamily E, member 1

MCAM —8.48 —6.78 —7.24 Melanoma cell adhesion molecule

LPL —7.25 —4.99 —8.34 Lipoprotein lipase

JAG1 —7.21 —12.51 -12.33 Jagged 1

FRZB —6.88 —6.81 —6.01 Frizzled-related protein

MYH11 —6.42 —7.44 -7.21 Myosin, heavy chain 11, smooth muscle

PDGFA|LOC100132080 —6.40 -3.74 -3.19 Platelet-derived growth factor alpha polypeptide|hypothetical
LOC100132080

PTP4A3 —6.38 -8.27 -7.73 Protein tyrosine phosphatase type IVA, member 3

PDETA —6.01 —6.77 -6.33 Phosphodiesterase 1A, calmodulin-dependent

PDE3A -5.90 —11.47 —10.65 Phosphodiesterase 3A, cGMP-inhibited

HTR1F —5.78 —5.88 —5.55 5-Hydroxytryptamine (serotonin) receptor 1F

AOC3 —5.54 —6.25 —6.74 Amine oxidase, copper containing 3 (vascular adhesion protein 1)

MEF2C —5.54 —5.83 —6.77 Myocyte enhancer factor 2C

BGN ~5.30 ~5.92 ~7.61 Biglycan

HEY2 -5.15 —9.05 —8.58 Hairy/enhancer-of-split related with YRPW motif 2

SLIT2 —-5.05 —6.25 —4.51 Slit homolog 2 (Drosophila)

BMP8A —4.29 —4.26 —4.67 Bone morphogenetic protein 8a

NOTCH3 —3.80 —3.44 —3.28 Notch 3

SERPINI1 -3.75 —3.45 —2.54 Serpin peptidase inhibitor, clade | (neuroserpin), member 1

HEYL -3.69 —8.22 -9.28 Hairy/enhancer-of-split related with YRPW motif-like

GJA4 -3.33 -3.37 -3.32 Gap junction protein, alpha 4, 37kDa

OR51E2 —3.30 —3.72 —3.56 Olfactory receptor, family 51, subfamily E, member 2

THBS4 -2.73 —2.66 -2.73 Thrombospondin 4

* Complete gene list in Supplemental Table S4B.
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TABLE 10. Impaired in vitro expression by eSF_ , cultures of eSF lineage genes stably expressed by eSF___ .*

eSFFACS versus eMSCFACS eSFLate versus eMSCFACS
Gene symbol Control Endo Control Endo’ Gene description
IGF2 4.92 3.83 2.19 NS Insulin-like growth factor 2 (somatomedin A)
CNTN1 4.35 4.32 2.66 NS Contactin 1
DIO2 3.96 2.62 2.77 NS Deiodinase, iodothyronine, type Il
FANCL 3.79 2.68 2.10 NS Fanconi anemia, complementation group L
TMEM45A 3.76 2.18 2.26 NS Transmembrane protein 45A
ABLIM1 3.27 2.11 2.93 NS Actin binding LIM protein 1
SNORD113-3 3.01 2.33 3.02 NS Small nucleolar RNA, C/D box 113-3
SSX21P 2.97 2.56 2.18 NS Synovial sarcoma, X breakpoint 2 interacting protein
FAT4 2.95 2.19 2.21 NS FAT tumor suppressor homolog 4 (Drosophila)
BBS10 2.85 2.01 2.01 NS Bardet-Bied!| syndrome 10
DPY19L4 2.82 2.23 2.17 NS dpy-19-like 4 (Caenorhabditis elegans)
DDX60 2.73 2.23 2.21 NS DEAD (Asp-Glu-Ala-Asp) box polypeptide 60
SIPATL1 2.64 2.41 2.73 NS Signal-induced proliferation-associated 1 like 1
CCDC66 2.57 2.09 2.56 NS Coiled-coil domain containing 66
ZNF175 2.51 2.44 2.59 NS Zinc finger protein 175
TMEM135 2.47 2.24 2.20 NS Transmembrane protein 135
TCEAL7 2.45 2.09 2.11 NS Transcription elongation factor A (SI)-like 7
TMEM106B 2.42 2.16 2.32 NS Transmembrane protein 106B
TTC14 2.41 2.05 2.51 NS Tetratricopeptide repeat domain 14
RGS7 2.38 2.01 2.47 NS Regulator of G-protein signaling 7
AKAP9 2.28 2.06 2.40 NS A kinase (PRKA) anchor protein (yotiao) 9
BHLHE41 2.04 2.36 2.19 NS Basic helix-loop-helix family, member e41
PPP2R3A 2.03 2.07 2.04 NS Protein phosphatase 2, regulatory subunit B”, alpha

* Complete gene lists in Supplemental Tables S2A, S4A, and S4B.

N - . .
NS, no differential expression versus eMSC_, ¢ t.40

DISCUSSION
The eMSC: Progenitors of Stromal Fibroblasts

We have previously identified evidence supporting a
common lineage of eMSC and eSF, based mainly on
expression profiling and cluster analyses (PCA and HC) of
differentially expressed genes [4, 8]. Herein, we present data

(at P < 0.05, >2-fold change).

that confirm that eMSC are bona fide progenitors of eSF,
differentiating in vitro to cells that share similar eSF lineage-
associated genes compared with eSF freshly isolated from
endometrium and also eSF cultured in parallel under identical
conditions. In addition these eMSC-derived eSF display
hallmark features of human eSF, namely, characteristic culture
morphology and the ability to respond to P, with induction of

TABLE 11.  Expression of eMSC lineage-associated genes in FACS-isolated endometriosis eMSC and derived early and late cultures.*
Relative expression (fold change vs. eSFFACS)

Gene Symbol eMSC FACS eMSC early® eMSC late’ Gene description

RGS5 26.46 NS NS Regulator of G-protein signaling 5

GPR116 25.59 NS NS G protein-coupled receptor 116

PI15 19.02 NS NS Peptidase inhibitor 15

HIGD1B|EFTUD2 17.50 NS NS HIG1 hypoxia inducible domain family, member 1B|elongation
factor Tu GTP binding domain containing 2

CDHe6 17.39 NS 2.07 Cadherin 6, type 2, K-cadherin (fetal kidney)

ANGPT2 15.09 NS NS Angiopoietin 2

GUCY1B3 10.50 —2.41 -2.17 Guanylate cyclase 1, soluble, beta 3

OR51ET 10.03 NS NS Olfactory receptor, family 51, subfamily E, member 1

PLXDC1 9.90 NS NS Plexin domain containing 1

GUCYTA3 9.66 -3.61 —3.22 Guanylate cyclase 1, soluble, alpha 3

SLC38A11 8.79 NS NS Solute carrier family 38, member 11

MCAM 8.48 2.06 NS Melanoma cell adhesion molecule

ABCC9 7.89 —3.52 —2.84 ATP-binding cassette, subfamily C (CFTR/MRP), member 9

LPL 7.25 2.90 NS Lipoprotein lipase

JAG1 7.21 NS NS Jagged 1

FRZB 6.88 NS NS Frizzled-related protein

ELOVL2 6.52 NS NS Elongation of very long chain fatty acids (FEN1/Elo2, SUR4/Elo3,
yeast)-like 2

MYH11 6.42 NS NS Myosin, heavy chain 11, smooth muscle

PTP4A3 6.38 NS NS Protein tyrosine phosphatase type IVA, member 3

* Complete gene list in Supplemental Table S5B.

NS, no differential expression versus eSF., o (at P < 0.05, >2-fold change).
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TABLE 12.  Expression of eSF lineage-associated genes in FACS-isolated endometriosis eMSC and derived early and late cultures.*
Relative expression (fo[d change vs. eSFFACS)

Gene Symbol eMSC FACS eMSC early” eMSC late Gene description

MME —7.85 NS NS Membrane metalloendopeptidase

NT5E —4.97 2.86 2.47 5’-Nucleotidase, ecto (CD73)

GJAT —4.66 NS NS Gap junction protein, alpha 1, 43 kDa

SCD —4.65 17.21 8.15 Stearoyl-CoA desaturase (delta-9-desaturase)

TOX —4.60 NS NS Thymocyte selection-associated high mobility group box

QPCT —4.17 -5.35 NS Glutaminyl-peptide cyclotransferase

ASAM —4.16 -2.19 NS Adipocyte-specific adhesion molecule

MFAP4 —4.05 NS NS Microfibrillar-associated protein 4

PLA2R1 -3.76 -2.14 NS Phospholipase A2 receptor 1, 180 kDa

PAPPA|PAPPAS —3.68 NS NS Pregnancy-associated plasma protein A, pappalysin 1|PAPPA

antisense RNA (nonprotein coding)

SNCAIP —-3.61 -2.49 NS Synuclein, alpha interacting protein

MUMTL1 -3.46 NS NS Melanoma associated antigen (mutated) 1-like 1

ROBO2 -3.32 —2.74 NS Roundabout, axon guidance receptor, homolog 2 (Drosophila)

FRRS1 -3.29 NS NS Ferric-chelate reductase 1

PSD3 —3.27 NS NS Pleckstrin and Sec7 domain containing 3

uUST -3.22 NS NS Uronyl-2-sulfotransferase

PDPN -3.19 NS NS Podoplanin

JAZF1 —-3.17 NS NS JAZF zinc finger 1

DKK1 -3.10 3.15 NS Dickkopf homolog 1 (X. laevis)

FGF7 —3.01 NS NS Fibroblast growth factor 7

* Complete gene list in Supplemental Table S5B.

NS, no differential expression versus eSF_, ¢ (at P < 0.05, >2-fold change).

decidualization markers (e.g., IGFBP1) and morphological
changes [29]. Based on the findings of the current study, we
propose the model of eMSC — eSF — decidualized eSF
shown in Figure 7.

The gene expression profiles identified herein have enabled
lineage-associated gene assignments for eMSC and for eSF.
For the former, our findings are consistent with previously
published work [4]. For the latter, the unique eSF signature
displayed considerable fidelity when eSF were cultured in vitro
and when eMSC were differentiated in vitro to eSF. The case
has been argued for close similarities between mesenchymal
stem cells and fibroblasts isolated from diverse human tissues
[32-34] even though studies are often confounded by
unaccounted changes during ex vivo expansion in culture.
Mindful of these broader outstanding issues, in the current
study, the definitions of in vitro lineage phenotypes were
anchored in the gold standard of the in vivo lineage phenotypes
as established in our previous studies [4, 8] and extended
herein. The current data show a distinct in vivo eSF lineage
molecular phenotype that, notwithstanding adaptation to ex
vivo culture, is substantially recapitulated in vitro by the
surface marker-selected homologous population. In contrast,
surface marker-selected eMSC showed a progressive shift in
vitro, arguably not random and demonstrably specific to an eSF
phenotype. Indeed, the two eMSC/pericyte markers MCAM
(CD146) and SUSD2 were down-regulated in early eMSC
cultures (Supplemental Table S2B), and late eMSC cultures
analyzed by flow cytometry (n = 3, data not shown) showed a
shift toward an eSF (CD146 /PDGFRB™) phenotype, with
>90% of the population exhibiting reduced CD146 protein
expression while remaining PDGFRB ™. This is consistent with
a recent study by Murakami et al. [14] showing down-
regulation of SUSD2 expression in primary cultures of purified
SUSD2 */perivascular cells from human endometrium. How-
ever, that study also found up-regulation of SUSD2 expression
in primary cultures of endometrial SUSD2™ /nonperivascular
cells. This is in contrast with our current data from control eSF

cultures showing no change in SUSD2 expression (Supple-
mental Table S4A). These divergent results likely reflect the
differences in experimental conditions between the two studies
and also imply an inherent plasticity of these endometrial cell
populations, which can respond to shifting environmental cues
with distinct changes in cell fate/lineage commitment. Such
phenotypic plasticity would be of particular significance in
cyclic endometrium wherein changes in the hormonal milieu
and tissue microenvironment would introduce distinct envi-
ronmental cues and impose significant demands on acute
cellular responses to maintain tissue homeostasis. Of note, in
the current study, in contrast to controls, primary cultures of
endometriosis eSF showed up-regulation of SUSD2 gene
expression (Supplemental Table S4B). This is consistent with
the subpar overall in vitro phenotypic stability observed in
endometriosis versus control eSF in the current study and
underscores that the presence of endometriosis can be a
confounder if not properly controlled for when procuring
tissues for in vitro studies of endometrial cell populations.

In a broader context, our findings are consistent with the
reported similarity of mesenchymal stem cells and fibroblasts
isolated from nonendometrial tissues [32-34]. However, our
data show that for endometrial (eMSC) cells, the shared in vitro
phenotype conformed to the tissue eSF, not the eMSC. This
may reflect an inherent plasticity of the eMSC and/or a
preexisting commitment of the isolated tissue eMSC to the eSF
lineage. On the other hand, the demonstrated phenotypic
stability of eSF in vitro may relate to the highly specialized
nature of the eSF compared to fibroblasts in other tissues as
they uniquely undergo decidual differentiation, thus playing a
key role in the establishment and maintenance of pregnancy
[18]. Indeed, while many eSF lineage-associated genes reflect
key functions shared by cultured fibroblasts from various
human tissues, including immune modulation (e.g., IDO,
PGE2, IGFss, specific interleukins, and cytokines), and specific
fibroblast-derived factors (e.g., FGF's) [32], more specific to
human endometrium are the expression of CD10, a cell surface
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TABLE 13. Pathway analysis: altered cellular functions in late cultures derived from eMSC__, and eSF_ , versus eMSC. and eSF. _ .
Diseases or functions Predicted Activation No.
Category annotation P value activation state  z-score molecules Molecules
eSF derived late cultures
from endometriosis
versus control
Protein degradation Proteolysis 3.73E—-05  Increased 2.60 9 CASP1,CTSK,MMP1,MMP10,MMP12,
MMP3,SNCA, TGM2, TRHDE
Hematological system Quantity of antigen 1.28E—-03  Increased 2.43 7 IL7R, MMP12,MMP3,PTGER2,SNCA,
development and presenting cells SPP1,TGM2
function
Cardiovascular disease Heart disease 1.07E=10  Increased 2.35 28 ACTC1,ANKRD1,CA12,CASP1,COX7AT1,
CXCL12,DSPEPAS1,FABP3,HGF,
KCNMAT,KCNMB2,LAMA4,LTBP1,
mir21,MMP1,MMP3,MYH10,NEXN,
PDLIM5,PLN,RGS4,RGS5,SEMA3A,
SORBS1,SPP1,TGM2,THBS2
Protein degradation Proteolysis of gelatin 3.26E—07 Increased 2.20 5 CTSK,MMP1,MMP10,MMP12,MMP3
Cellular movement Invasion of tumor cells 6.03E—04  Increased 2.19 6 CD24,CXCL12,HGF,mir-21,MMPT1,
MMP3
Immune cell trafficking/ ~ Migration of phagocytes 1.91E—-03 Increased 2.18 7 CXCL12,EPAST,HGF,MMP12,QPCT,
inflammatory response SEMA3A,SPP1
Cellular movement Migration of epithelial cells 5.22E—05  Increased 2.17 6 CXCL12,HGFMMP1,MMP10,MYC,
RGS4
Tissue development Accumulation of cells 3.40E—04 Increased 2.02 9 BGN,CD24,CXCL12,EDIL3,HGFMMP3,
MYC,SPP1,WEE1
Connective tissue Differentiation of 2.16E—-04  Decreased —2.00 7 GPC4,LAMA4,MMP1,MMP3,MYC,
development and adipocytes SEMA3A,SPP1
function
Cellular development Differentiation of 7.76E—05  Decreased -2.07 13 BGN,GPC4,HGF INHBA,LAMA4,MMP1,
connective tissue cells MMP3,MYC,NFIB,PTGER2,SEMA3A,
SFRP4,SPP1
Cancer Quantity of tumor 9.00E-04  Decreased —2.21 5 CYP1B1,IGF2,MMP3,MYC,NQO1
eMSC derived late cultures
from endometriosis
versus control
Protein degradation Proteolysis 1.74E—03  Increased 2.41 7 CTSK,LPL, MMP1,MMP10,MMP12,
MMP3,SERPINB7
Protein degradation Proteolysis of gelatin 4.34E-07  Increased 2.20 5 CTSK,MMP1,MMP10,MMP12,MMP3
Gene expression Expression of gene 3.33E-03 Decreased —2.00 5 ANK3,CDKT1,FGF9,IGF2,SFRP4
Lipid metabolism Concentration of 4.27E-03  Decreased —2.48 7 FABP4,FGF7,LPLNQOT1,PPP1R3C,SPP1,
triacylglycerol TXNIP
Lipid metabolism Concentration of 1.89E—-03  Decreased —2.68 8 FABP4,FGF7,IGF2,LPL,NQOT1,PPP1R3C,
acylglycerol SPP1,TXNIP

* Complete lists in Supplemental Tables S6, B and D.

marker/zinc-dependent endopeptidase [15, 24] and genes
involved in hormone action and metabolism and growth factor
signaling, including Wnt, SLIT/ROBO, and Hedgehog path-
ways, which are involved in the steroid hormone response of
the tissue across the cycle [35-37].

In the current study, FACS-isolated eMSC readily differen-
tiated to the eSF lineage under standard conditions used to
culture eSF. This may reflect the absence in this particular
culture environment of key elements of the eMSC niche
required to maintain the stem/progenitor phenotype and/or the
presence of factors promoting lineage differentiation [38]. The
requirement of specific factors to maintain stemness in vitro as
well as the use of inducers for specific lineage differentiation in
vitro are well documented in the literature [39]. Therefore, in
the case of eMSC, it is possible that changes in the culture
environment such as extracellular matrix, bioactive molecules
(e.g., growth factors/cytokines, hormones, and agonists/antag-
onists of cellular-signaling pathways), and/or oxygen concen-
tration may influence stability of the stem/progenitor
phenotype and/or specific lineage differentiation. In this regard,
in a recent study, Gurung et al. [40] identified TGFf signaling
as a factor involved in the loss of eMSC stemness during

culture. The cells in that study were serially passaged eMSC in
serum-free medium with bFGF/EGF, which implies involve-
ment of autocrine TGFp. In this context, our data show that
FACS-isolated eMSC express higher TGFp ligands (TGFBI,
2) and receptors (TGFBR2) versus FACS-isolated eSF (Table
1, Supplemental Table S2B), consistent with autocrine TGFf
signaling in PDGFRB/CD146"/SUSD2" cells, potentially
implying active exiting from the stem cell compartment within
this population in vivo. This would be consistent with the
spontaneous differentiation of eMSC cultures observed in our
study, where primary eMSC cultures show overall down-
regulation of TGFP ligands (TGFBI1, 2, 3) and receptors
(TGFBRI1, 3) versus FACS-isolated eMSC, indicating a shift
toward an eSF-like, low TGFf-signaling phenotype. While
many other relevant biological questions remain to be
addressed in future studies, the fact that eSF derive from
eMSC underscores the importance of the endometrial niche in
proper eMSC functioning and lineage differentiation to
functional fibroblasts as well as the inherent niche environment
effect on the differentiated eSF as they assume their important
roles within the endometrium.
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FIG. 6. Impaired in vitro decidualization of eSF- and eMSC-derived
cultures from women with endometriosis. Cells from late primary cultures
of subject-paired eMSC and eSF from three control and two endometriosis
subjects were subcultured and grown to confluence. Confluent replicate
cultures were treated with estradiol plus progesterone (E,P,) or ethanol
(vehicle) for 14 days. Decidualization was assessed measuring concen-
trations of the decidual biomarker insulin-like growth factor binding
protein-1 (IGFBP-1) in conditioned media by ELISA. Values represent the
mean * SD of IGFBP1 concentration in conditioned media of eSF cultures
from control (eSF control, n=15) or endometriosis (eSF endometriosis, n=
6) treated with vehicle (blue bars) or E,P, (red bars), and of subject-paired
eMSC cultures from control (eMSC control, n = 15) or endometriosis
(eMSC endometriosis, n = 6) treated with vehicle (blue bars) or E,P, (red
bars). Results of significance testing of the differences between E,P,-
treated (red bars) and the corresponding vehicle-treated cultures (blue
bars) are indicated: *P < 0.05 compared to vehicle; ns, not significant (P
> 0.05) compared to vehicle. Mean IGFBP1 concentrations in all vehicle-
treated groups (blue bars) and in the E2P4—treated endometriosis eMSC
group (eMSC endometriosis, red bar) were <1 ng/ml. IGFBP1 concentra-
tions in the E,P,-treated endometriosis eSF group (eSF endometriosis, red
bar) were low and highly variable (25 + 26 ng/ml), as frequently seen in
P,-resistant eSF.

A key outstanding question is whether eMSC have unique
properties in comparison to other sources of mesenchymal stem
cells (MSC) (e.g., bone marrow, adipose, placental, cord). In
this regard, an earlier study from our group [41] found that
bone marrow MSC did not decidualize in response to P, in
contrast to eSF and expressed a limited subset of decidualiza-
tion-associated genes (20 of 353 genes expressed by eSF) only
after prolonged exposure to cAMP (14-21 days) as compared
to eSF that decidualized after 2—4 days with cAMP. These data
indicate MSC isolated from human endometrium have unique
properties compared to MSC from this other tissue source, and
potentially also compared to bone marrow-derived MSC in the
systemic circulation.

The eMSC and eSF in Endometriosis

Endometriosis is an estrogen-dependent, P, -resistant disor-
der wherein eutopic endometrial tissue refluxed at menses
seeds the peritoneum and surrounding organs and adheres to
and establishes a blood supply, proliferates, and elicits an
inflammatory response resulting in pelvic pain and infertility
[22]. The latter is believed due to the inflammatory milieu’s
effects on oocyte quality and sperm and embryo viability, and
on impaired implantation due to the marked pro-inflammatory
phenotype within the eutopic endometrium [37]. Endometrial
tissue and stromal fibroblast gene expression, proteome
profiles, hormone responsiveness, cellular differentiation, and

cell-signaling pathways differ in women with endometriosis
versus unaffected women [25, 42, 43] due in part to P4 receptor
mutations, P4 receptor co-regulator and epigenetic abnormal-
ities, as well as local synthesis of E, and epigenetic alterations
[44-46]. The pathogenesis of these abnormalities has largely
eluded definition, although a role for inflammation has been
suggested [23]. In the setting of endometriosis, our data
demonstrate that eSF freshly isolated from the tissue have a
marked pro-inflammatory transcriptional profile with activation
of pathways involved in cell-cell signaling, immune -cell
trafficking, the inflammatory response, epithelial migration,
angiogenesis, and formation of vascular lesions. Part of this
pro-inflammatory phenotype is retained in vitro after eSF are
established in culture together with P, resistance. This is
consistent with whole tissue transcriptomic analysis revealing
marked immune activation within the endometrium of women
with endometriosis [37]. Of note when eMSC are differentiated
to eSF in vitro, the latter, while displaying P, resistance, do not
exhibit a comparable pro-inflammatory phenotype, suggesting
that in vivo eSF acquire their pro-inflammatory characteristics
within the endometrial niche (model in Fig. 7). What
contributes to this phenotype is unclear, although mediators
of systemic inflammation in endometriosis [22] may be
candidates.

The eMSC are pericytes believed to facilitate tissue repair
and regeneration after menses [9, 47]. It is of interest that
eMSC,_ | do compared with eMSC__ " are transcri.ption.ally
characterized by reduced cell growth and proliferation,
clonogenic potential and cell survival, and increased ECM
proteolysis. Whether and how eMSC acquire these character-
istics within the endometrial niche is uncertain, and whether the
systemic inflammatory component of endometriosis plays a
role in affecting eMSC functionality warrants further investi-
gation.

Roles of eMSC and eSF in the pathogenesis of endometri-
osis when refluxed into the peritoneal cavity have been
proposed [18, 47, 48]. The persistence of altered transcriptomic
signatures of eSF and eMSC in eutopic endometrium and eSF
P, resistance in endometrium and peritoneal lesions coupled
with the potential of eMSC to differentiate into lineage cells
refractory to P, in the setting of endometriosis gain further
importance in understanding the pathogenesis and pathophys-
iology of this disorder.

Clinical Implications of Molecular Disease Phenotypes

Given the central role of decidualization in pregnancy
establishment and maintenance, abnormalities in decidualiza-
tion have been invoked as underlying causes for pregnancy
complications in women with endometriosis wherein there is
P, resistance in the eSF differentiation process. Higher rates of
implantation-related disorders (placental abnormalities, miscar-
riage, preterm birth, postpartum hemorrhage) have been
reported in pregnancies achieved in women with endometri-
osis, either in spontaneous conceptions or through assisted
reproductive technologies [21, 49-52]. Deficient spiral artery
remodeling during pregnancy has also been considered
causative of poor pregnancy outcomes in women Wwith
endometriosis, a function facilitated by decidualized eSF
[53]. Which regions, pathways, and biological functions of
the decidua (basalis, parietalis, capsularis) during implantation
and pregnancy are affected in women with endometriosis
remains an area of active investigation. In addition, endome-
triosis has been identified in the decidua in contact with the
fetal membranes during pregnancy [54], and whether this
involves inherited phenotypes from eMSC and eSF or other
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FIG. 7. Model of disease phenotype of eMSC and eSF in endometriosis. Top panel: normal eMSC progenitors differentiate both in vivo and in vitro to eSF
that decidualize in response to P,. Bottom panel: in endometriosis, in vivo differentiated eSF inherit P, resistance from eMSC progenitors failing to
decidualize, and also acquire a pro-inflammatory phenotype within the endometrial niche. The eMSC from endometriosis differentiate in vitro to eSF that
inherit P, resistance with impaired decidualization, but eMSC differentiated to eSF outside of the endometrial niche do not acquire the pro-inflammatory

phenotype displayed by their in vivo differentiated counterparts.

mechanisms is not clear. Furthermore, the conventional
wisdom has been that eSF play a central role in endometrial
tissue homeostasis in the nonpregnant state, including tissue
integrity, epithelial functionality, menstruation, and regenera-
tion. Given that eSF are daughters of eMSC, how eMSC may
be affected by organismal changes is an important consider-
ation for endometrial tissue homeostasis as well as pregnancy
success and disease pathogenesis. Thus, how upstream
abnormalities in eMSC progenitors are acquired and affect
these processes are important questions to be answered in
future studies.

Our data are consistent with eMSC as the progenitor of eSF
with the latter inheriting the P,-resistance phenotype from their
eMSC progenitors in endometriosis. In addition, there was a
pronounced pro-inflammatory phenotype not evident in the
eMSC progenitors in vivo and not manifested in their in vitro
differentiated progeny, indicating acquisition during/after eSF
lineage differentiation within the endometrial niche in the
setting of endometriosis. This study raises questions about
mechanisms underlying eMSC abnormalities in endometriosis
predisposing to transmitting the propensity to P, resistance to
their progeny eSF along with how and why eSF acquire a pro-

inflammatory phenotype in the endometrial niche in endome-
triosis. The strengths of our study include the use of in vitro
culture models allowing functional assessment of the hormone
responsive phenotype. Limitations of the study include a
relatively small number of samples for analysis and the
inherent changes introduced by ex vivo cellular adaptation.
Indeed, the latter is an unavoidable compromise with most in
vitro model systems, and herein we have addressed this
shortcoming by including the relevant data from noncultured
freshly isolated cells to provide the in vivo reference standards
and further thoroughly assessing the transcriptomic changes
during the in vivo to ex vivo transition to identify potential
liabilities of this experimental confounder.
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