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SUMMARY
A role for cancer cell epithelial-to-mesenchymal transition (EMT) in cancer is well established. Here, we show
that, in addition to cancer cell EMT, ovarian cancer cell metastasis relies on an epigenomicmesenchymal-to-
epithelial transition (MET) in host mesenchymal stem cells (MSCs). These reprogrammed MSCs, termed car-
cinoma-associated MSCs (CA-MSCs), acquire pro-tumorigenic functions and directly bind cancer cells to
serve as a metastatic driver/chaperone. Cancer cells induce this epigenomic MET characterized by
enhancer-enriched DNA hypermethylation, altered chromatin accessibility, and differential histonemodifica-
tions. This phenomenon appears clinically relevant, as CA-MSCMET is highly correlatedwith patient survival.
Mechanistically, mirroring MET observed in development, MET in CA-MSCs is mediated by WT1 and EZH2.
Importantly, EZH2 inhibitors, which are clinically available, significantly inhibited CA-MSC-mediated metas-
tasis in mouse models of ovarian cancer.
INTRODUCTION

Ovarian cancer, the deadliest gynecologic cancer, kills roughly

14,000 U.S. women yearly and 70% of all women with the dis-

ease. This high mortality is due to early, diffuse intra-abdominal

metastatic spread. Ovarian cancer quickly colonizes the perito-

neal cavity, building a complex tumor microenvironment (TME)

that supports ovarian cancer survival, growth, and spread. This

TME is a complex bionetwork of tumor, immune, and stromal

cells (Tothill et al., 2008; Verhaak et al., 2013; Konecny et al.,

2014; Karlan et al., 2014; Zhang et al., 2003).

Efforts to determine what drives the formation and function of

the ovarian TME led to the identification of a critical stromal

stem cell, the carcinoma-associated mesenchymal stem/stro-

mal cell (CA-MSC) (McLean et al., 2011). CA-MSCs are benign

stromal cells that meet all the criteria for mesenchymal stem/

stromal cells (MSCs) as defined by the International Society

for Cellular Therapy (ISCT) (Dominici et al., 2006). Karyotype

analysis, high-resolution genotyping, and in vivo tumor initiation

assays demonstrated that CA-MSCs have normal genomes
C
This is an open access article under the CC BY-N
and lack tumor-related mutations and that isolated CA-MSCs

lack malignant potential (McLean et al., 2011; Verardo et al.,

2014). CA-MSCs are distinct from carcinoma-associated fibro-

blasts (CAFs) and other more terminally differentiated stromal

cells with long-term proliferative capacity, lineage differentia-

tion capacity, and a unique gene expression pattern (Augsten,

2014; Coffman et al., 2019). CA-MSCs enhance ovarian cancer

growth and chemotherapy resistance, increase the cancer

stem cell-like (CSC) pool, and dramatically alter the stromal

TME, increasing tumor-associated fibrosis and inducing angio-

genesis (Coffman et al., 2016b; Spaeth et al., 2009). CA-MSCs

arise from resident tissue MSCs (Coffman et al., 2019). Howev-

er, the mechanism driving the formation of a CA-MSC—and,

thus, the ability to target these critical stromal cells—remains

unknown. CA-MSCs have widespread, durable expression

changes without gain of genomic mutations. These ‘‘mitotically

and/or meiotically heritable changes in gene function that

cannot be explained by changes in DNA sequence’’ are evoc-

ative of the exact definition of ‘‘epigenetics’’ by Riggs and col-

leagues (Martienssen et al., 1996). Therefore, we hypothesized
ell Reports 33, 108473, December 8, 2020 ª 2020 The Author(s). 1
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that epigenetic reprogramming drives this conversion of a

normal MSC into a CA-MSC. While cancer-related epigenetic

changes are well documented in tumor cells, reciprocal

changes in the stroma are less recognized (Sharma et al.,

2010; Shen and Laird, 2013).

Here, we demonstrate that CA-MSCs, compared to normal

MSCs, have a unique epigenetic landscape characterized

by enhancer-enriched DNA hypermethylation, enrichment in

repressive histone modifications, and altered chromatin acces-

sibility. We demonstrate that normal MSCs undergo cancer-

mediated epigenetic reprogramming to form a cancer-support-

ive CA-MSC. Unexpectedly, this reprogramming induces a

partial mesenchymal-to-epithelial transition (MET), a process

not previously recognized in cancer-associated stroma. This

MET leads to increases in cell contact pathways and functional

demonstration of increased binding of CA-MSCs to tumor cells.

Direct binding of CA-MSCs to tumor cells increases ovarian can-

cer metastasis through a process of co-metastasis where CA-

MSCs and tumor cells travel in complex to effectively colonize

metastatic sites. We identify EZH2 and WT1 as potential media-

tors of CA-MSC epigenetic mesenchymal-to-epithelial reprog-

ramming. Interrupting this reprogramming with an EZH2 inhibitor

decreases the ability of ovarian cancer cells to metastasize in an

orthotopic mouse model. Thus, in contrast to tumor cell epithe-

lial-to-mesenchymal transition (EMT), stromal MET is critical to

ovarian cancer metastasis. Importantly, in patients, this stromal

MET phenotype can be altered and may present a novel thera-

peutic target.

RESULTS

CA-MSCs Have a Unique DNA Methylation Profile
Compared to Normal Tissue MSCs
We hypothesized that CA-MSCs undergo epigenetic alterations,

which drives their mitotically stable pro-tumorigenic phenotype.

We used the Infinium MethylationEPIC (850K/EPIC/HM850)

array to profile 13 CA-MSCs derived from high-grade serous

ovarian cancer (HGSC) samples, 20 omental/adipose/fallopian

tube (FT)-derived normal MSCs, and six patient tumor cell sam-

ples (Table S1). We performed data quality and sample quality

controls, including purity determination and potential sample

swaps. The promoter of MIR200C/141 is unmethylated in epithe-

lial cells andmethylated in mesenchymal cells (Vrba et al., 2010),

and the methylation level (beta value) of MIR200C/141 directly

corresponds to the fraction of non-epithelial cells (George

et al., 2019; Cherniack et al., 2017). As expected, our MSCs

had close to 100% methylation at the MIR200C/141 promoter

site, consistent with a non-epithelial origin and high sample pu-

rity. In contrast, primary human tumor cell samples demon-

strated lack of methylation at this locus (Figure 1A). One CA-

MSC sample had low MIR200C/141 promoter methylation,

consistent with tumor cell contamination, and this sample also

clustered with sorted tumor cells (Figure S1) and was removed

from all further analysis.

We also downloaded and reprocessed external DNA

methylation data on normal cell types from prior publications

(Patch et al., 2015; Klinkebiel et al., 2016), including normal

FT epithelium (FTE) and ovary stroma, profiled on the earlier
2 Cell Reports 33, 108473, December 8, 2020
generation Infinium HumanMethylation450 (450K) array. The

intersect between the two platforms (450,161 CpGs) were

used in joint analysis with these external normal controls. Uni-

form Manifold Approximation and Projection (UMAP) reveals

clustering coinciding with sample type (Figure 1B), with a

few exceptions. (1) One CA-MSC (CAMSC-OM08) grouped

with the normal ovary stroma. After final pathology review,

this sample was found to be derived from an ovarian carcino-

sarcoma, not HGSC. (2) One sample, CAMSC-OM01, grouped

with CA-MSCs on the UMAP but clustered with the normal

MSCs on the unsupervised hierarchical clustering (Figure 1C)

and, overall, demonstrated an intermediate profile between

normal MSCs and CA-MSCs. This sample was derived from

tumor-adjacent omentum without clear malignant involvement

and may represent a mixture of normal MSCs and CA-MSCs.

(3) MSC-FT-BrcaR, derived from the right FT of a patient with

a germline BRCA2 mutation undergoing risk reduction surgery,

grouped with CA-MSCs. In contrast, MSCs derived from the

left FT of the same patient grouped with normal MSCs as ex-

pected. The expression-based CA-MSC classifier score,

which accurately distinguishes normal MSCs from CA-MSCs

(Coffman et al., 2019) for the left FT MSCs, was 0.01 (consis-

tent with a normal MSC) and for the right FT MSCs, it was 0.95

(approaching the CA-MSC threshold of 0.96), in line with the

methylation grouping and indicating that certain stromal cells

derived from a high-risk patient more closely align with can-

cer-associated stroma. As expected, flow-sorted tumor cells

were the closest to the normal FTE, the presumed cell of origin

for HGSC.

MSCsDerived fromPatients with Complete Response to
Chemotherapy Resemble Normal MSCs
Interestingly, MSCs derived from the omentum of patients

treated with neoadjuvant chemotherapy who achieved a patho-

logic complete response in the omental tissue clustered with the

normal MSCs (n = 4; MSC-OMneo1-4). Likewise, the expression

classifier scores of these MSCs ranged from 0.01 to 0.15 (within

the normal MSC range). Radiographic evidence of omental

involvement prior to neoadjuvant chemotherapy was docu-

mented in all cases.

CA-MSCs Demonstrate Epigenetic Alteration
Characterized by Hypermethylation at Distal
Enhancers
The top 10,000 most variably methylated probes across all MSC

samples demonstrated a clear delineation between CA-MSCs

and normal MSCs (Figure 1C). CA-MSCs demonstrated distinct

gains in DNA methylation versus normal MSCs (Figures 1D and

1E). Greater than 128,000 (32% out of �401,000 filtered probes)

differentially methylated cytosines (DMCs), mapping to 22,991

differentially methylated regions (DMRs), were identified based

on a threshold of a false discovery rate (FDR) < 0.05. Such differ-

ence ismore pronounced at distal rather than proximal sites (Fig-

ures 1F, S1B, and S1C), with distal regions three times more

likely to acquire hypermethylation of >0.2 beta value difference

compared to proximal regions. In other words, the observed

DNA methylation changes preferentially occurred in enhancer

regions.
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Figure 1. CA-MSCs Have Unique DNA Methylation Profiles compared to Normal-Tissue MSCs

(A) DNA methylation at the MIR141/MIR200C promoter separates epithelial and mesenchymal samples. Rows indicate MIR141/MIR200C promoter region

probes. Columns indicate cell type. Column-side color bars indicate sample group or tissue source. A blue-to-red gradient indicates a beta value of 0–1 (DNA

methylation level of 0% to 100%) in all heatmaps. FT, fallopian tube; AD, adipose; OM, omentum; OV, ovary; OMmets, omentum metastasis.

(B) UMAP of DNAmethylation. Each dot represents an individual sample. The two dimensions are the intersect set of 438,064 CpG loci present on both the EPIC

and HM450 platforms.

(C) CA-MSCs have differential DNAmethylation versus MSCs. Top variable CpG probes (rows) (N = 10,000; filter with standard deviation) of 13 CA-MSCs and 19

MSCs (columns). MIR141/200C promoter methylation—average of the three probes in (A)—indicates the mesenchymal component proportion per sample.

(D) Overall distribution (smoothed probability density distribution) per sample of DNAmethylation beta values (x axis) for CA-MSCs (purple lines) andMSCs (green

lines).

(E) Histogram of DNA methylation distribution (beta value) group differences between CA-MSCs and normal MSCs. Red indicates methylation difference >

0 (hypermethylation in CAMSCs); black indicates methylation difference < 0 (hypomethylation in CAMSCs).

(F) Distal regions show more frequent DNA methylation gain in CA-MSCs versus MSCs. Density and histogram plots for proximal and distal CpG probe set

(vertical in order). Proximal probes, overlapping with transcript promoters (±500 bp around the transcription start site; TSS). Distal probes, located near TFBSs

(±100 bp) but not within ±2 bp from the TSS. Distal elements are almost three times more likely to acquire a DNA methylation gain greater than 0.2 in CA-MSCs.

(G) DNA methylation heatmap showing differential methylation cytosine sites (DMCs; N = 17,883) between CA-MSCs and MSCs.
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CA-MSC DNA Methylation Profile Demonstrates
Similarity to that of Epithelium
To understand the implications of such DNA methylation alter-

ations, we examined sites with absolute beta value difference

of greater than 0.2 in CA-MSCs versus normal MSCs (n =

36,606 in HM850 loci; n = 17,904 in HM850/HM450 intersect).

Unexpectedly, at these differential methylation loci, CA-MSCs

closely resembled FTE samples (Figure 1G), while normal

MSCs were more similar to dermal fibroblasts. Similarly, CA-

MSCs bore more resemblance to sorted HGSC cells, which

are also epithelial in origin.
Intrigued by this result, we further examined all sites (instead of

just CA-MSC versusMSCdifferential sites) in the HM850/HM450

intersect. It was clear that, although globally, CA-MSCs exhibit

increased similarity to FTE samples (Figure S1D), they were

distinct. We continued to investigate sites shared between, or

unique to, MSCs, CA-MSCs, and FTE samples. CA-MSCs had

a DNAmethylation profile that combined MSC and FTE features,

with a limited set of CA-MSC-specific hyper- and hypo-methyl-

ated sites, compared to shared sites with eitherMSC or FTE (Fig-

ure 2A). Therefore, CA-MSCs likely demonstrated an intermedi-

ate state between MSC and FTE. Importantly, CA-MSCs remain
Cell Reports 33, 108473, December 8, 2020 3
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distinct from cancer cells. CA-MSCs do not acquire tumor cell-

relatedmutations, as demonstrated by our group and others pre-

viously (McLean et al., 2011; Verardo et al., 2014). We further

confirmed the lack of p53 hotspot mutations in CA-MSCs by

searching for the top 50 p53 mutations curated in the Catalogue

of Somatic Mutations in Cancer database (COSMIC v90;

GRCh37) (Tate et al., 2019) and verified that these hotspot muta-

tions were not present in CA-MSC RNA-sequencing (RNA-seq)

data (Coffman et al., 2019). CA-MSCs are also distinct from other

epithelial and mesenchymal malignancies, including uterine car-

cinosarcoma and soft tissue sarcomas (Figure 2A).

QuantitativeMethylation-Specific PCR (qMSP) Validates
DMRs
To confirm the DNA methylation differences noted in the EPIC/

HM850 array, we selected a panel of five top DMRs (CA-MSCs

versus MSCs): two regions of hypermethylation (SASH1 nd

C13orf45), and three regions of hypomethylation (ELN, GATA6,

and MARVELD2). Average beta values for each CpG as deter-

mined by the microarray are plotted in Figure 2B. The qMSP as-

says were designed for each locus. qMSP was performed on an

independent set of 6 additional normal MSCs and 9 CA-MSCs.

Across the five loci tested, the pattern of methylation in CA-

MSCs and normal MSCs was confirmed (Figure 2C).

CA-MSC-Associated DMRs Persist throughout Lineage
Differentiation and Are Acquired during Cancer-
Mediated Reprogramming of MSCs
To determine whether the observed differential DNAmethylation

is carried through differentiation and possibly impacts the

phenotype of stromal fibroblast and adipocyte cells, we used

the qMSP panel to characterize normal MSC and CA-MSC

in vitro lineage-directed differentiation into fibroblasts or adipo-

cytes (Figures S2A and S2B). These cells maintained their

methylation status at these loci even after differentiation, indi-

cating that CA-MSC reprogramming is independent of lineage-

specific differentiation.

Given our previous work demonstrating that normal MSCs are

induced by tumor cells to become CA-MSCs, we analyzed

in vitro indirect cancer stimulation of normal MSCs (which yields

a partial conversion to a CA-MSC) for the development of CA-

MSC-specific DMRs with the qMSP assays discussed earlier.

Three of the five loci tested demonstrated CA-MSC-like alter-

ations, with acquisition of DNA methylation at SASH1 and loss

of methylation at ELN and MARVELD2. C13orf45 and GATA6

loci remained unchanged (Figure 2D). This finding suggests a

partial conversion to a CA-MSC DNA methylation profile with

in vitro cancer stimulation. This is consistent with a change in

the CA-MSC classifier score from 0.1 in normal MSCs (consis-
Figure 2. Verification of Differential DNA Methylation Loci Demonstra

programming

(A) DNAmethylation heatmap of CpGprobes hyper- or hypomethylated in CA-MSC

sarcoma (SARC), or uterine carcinosarcoma (UCS). A blue-to-red gradient indica

(B) Top DMRs within five different genes chosen for quantitative methylation-spe

indicates probe location. Error bars represent SEM.

(C and D) qMSP of top DMRs validates differential methylation in 9 independent

partial CA-MSCmethylation pattern. Means and SEMof 3 independent samples a
tent with a normal phenotype) to 0.62 after indirect cancer stim-

ulation (the threshold for CA-MSC is 0.96).

CA-MSCs Have Altered Chromatin Accessibility
We next analyzed the chromatin accessibility of CA-MSCs

versus normal MSCs using the Assay for Transposase-Acces-

sible Chromatin with high-throughput sequencing (ATAC-seq).

Clustering based on ATAC-seq peaks accurately separated

normal MSCs from CA-MSCs (Figure 3A). DESeq2 identified

5,129 statistically differential peaks with an adjusted p < 0.05.

Power was limited in this analysis, partly due to the small sample

size after removing samples that failed quality control. However,

even in the majority of sites that did not reach statistical signifi-

cance, CA-MSCs in general demonstrated a decrease in acces-

sibility compared to normal MSCs after normalizing for library

size (Figure 3B), consistent with the observed widespread gain

of DNAmethylation in CA-MSCs. The differential peaks between

CA-MSCs and MSCs were enriched for intergenic regions and

depleted of CpG islands (Figures S3A and S3B). Overall, sites

with reduced accessibility in CA-MSCs tended to have higher

DNA methylation (Figure 3C).

DNA Methylation and Chromatin Accessibility
Correspond to Transcriptomic Differences in CA-MSCs
versus MSCs
We incorporated our DNA methylation and chromatin accessi-

bility data (Figure 3D) with previously reported RNA-seq data

(Coffman et al., 2019). In general, genes with gained peaks or

lost peaks segregated based on gene expression. Genes exem-

plified byWT1, LRRN4, KRT8, KRT18, and COL4A6 were signif-

icantly overexpressed in CA-MSCs and demonstrated hypome-

thylation and open ATAC peaks. In contrast, genes such as

COL15A1,EBF2,EDNRB, andCOLEC12, which have decreased

expression in CA-MSCs, demonstrated hypermethylation and

reduced ATAC peaks.

Gene Expression Pathway Analysis Demonstrates that
CA-MSCs Have Altered Collagen Synthesis and Undergo
a Partial MET
Pathway analysis of the most differentially expressed genes

demonstrated an upregulation of multiple pathways associated

with alterations in extracellular matrix and cell:cell and cell:matrix

adhesion (Figures S3C and S3D). We validated alterations in

collagen with increased expression of collagen IV (COL4A6)

and decreased expression of collagen XV (COL15A1) in CA-

MSCs versus normal MSCs (Figure S4A). We also demonstrated

that CA-MSCs deposit significant extracellular collagen IV during

in vitro culture, while normal MSCs deposit extracellular collagen

XV (Figure S4B). Collagen IV and XV are basement membrane
ting that Methylation Differences Are Acquired during CA-MSC Re-

, FTE, andMSC compared to normal ovarian stroma (ovary), fibroblast, HGSC,

tes a beta value of 0–1.

cific PCR (qMSP) validation. The y axis indicates mean beta values; the x axis

CA-MSCs and 6 MSCs. Cancer stimulation of normal MSCs in vitro induces a

re represented. The p values in (D) compare CSMSCswith normal or CA-MSCs.
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proteins with apparently opposing roles in cancer; collagen IV is

associated with invasion and metastasis, while collagen XV is

found largely in normal tissues and decreases with cancer initia-

tion (Clementz and Harris, 2013; Burnier et al., 2011). We also

demonstrate that collagen IV is prevalent in ovarian cancer

omental metastasis, while collagen XV is more abundant in

normal omental tissue (Figure S4C).

We next focused on cell:cell and cell:matrix adhesion path-

ways, which were altered in CA-MSCs versus normal MSCs.

CA-MSCs demonstrate increases in cell adhesion pathways, a

largely epithelial feature, and downregulation of mesenchymal

genes (Figures S3C and S3D). We took the top 25 epithelial

and mesenchymal signature genes (E-genes and M-genes,

respectively) from a previous study (Creighton et al., 2013),

which were ranked based on the Pearson’s correlations of

gene expression with the EMT score calculated from the canon-

ical EMT markers (Lee et al., 2006). CA-MSCs clearly exhibited

higher expression of the E-genes and lower expression for the

M-genes. A quantitative EMT score derived with a 16-gene

signature from the same study also suggested that CA-MSCs,

indeed, had a more ‘‘epithelial’’ signature, while normal MSCs

had a more ‘‘mesenchymal’’ signature (Figure 4A). Gene set

enrichment analysis (GSEA) showcased the downregulation of

several EMT-related gene sets as well (Figure 4B). This observa-

tion coalesces with the DNAmethylation results, which also sug-

gest a partial MET in CA-MSCs.

To test whether CA-MSCs exhibit an increase in epithelial

phenotypic characteristics such as increased cell adhesion ca-

pacity, we performed in vitro cell adhesion assays of tumor

cells to normal MSCs or CA-MSCs. CA-MSCs had a 3-5 fold

increase in tumor cell binding capacity after 30 min of co-incu-

bation. This pattern is true, regardless of MSC or CA-MSC

origin (FT or omentum), and is consistent across two ovarian

cancer cell lines and one primary patient tumor cell line tested

(Figures 4C and S5A). The increased tumor cell binding con-

firms the pathway analysis showing increased cell:cell adhesion

in CA-MSCs.

CA-MSCs Are Found in Direct Contact with Ovarian
Cancer Cells in Both Patient Tissue and Ascites
To understand the physiologic relevance of a partial MET result-

ing in enhanced adhesion of CA-MSCs to tumor cells, we

analyzed tissue from metastatic ovarian cancer and isolated

cellular complexes from the ascites of ovarian cancer patients.

Metastatic tissue and cytospins of ascites cellular complexes
Figure 3. CA-MSCs Have Altered Chromatin Accessibility compared

Expression Changes
(A) Principal-component analysis (PCA) on the merged peak regions from ATAC

(B) ATAC-seq heatmap per sample centered at the summits of all the merged p

against sequencing library size per sample. Signal profile is indicated on top of ea

the peak summits.

(C) DNA methylation patterns around the summits for peak group gained, unchan

peaks within each group is plotted as the x axis. The y axis indicates the averag

(D) Integration of DNA methylation, gene expression, and ATAC-seq calls. Prob

plotted as the x axis. Expression fold changes (log2-scaled) for the corresponding

overlapping ATAC-seq peak orientations: red, open; blue, closed; and black, un

alterations (50 gene fold change rank), and combined methylation and gene expre

labeled with gene names.
were analyzed with immunofluorescent confocal microscopy

for Epcam (Pacific Blue)-positive tumor cells and CD90 (fluores-

cein isothiocyanate; FITC)/CD73 (red fluorescent protein [RFP])-

positive CA-MSCs confirming physical interactions between

CA-MSCs and tumor cells in both tissue and ascites (Figure 4D).

To quantify the proportion of MSCs within malignant tissue and

ascites compared to benign tissue, tissue or ascites cellular

complexes were dissociated into single-cell suspensions.

MSCs were identified via CD90, 73, 105+/CD45, 34, 14, 19�,

and the percentage of MSCs within each tissue was quantified

(Figure S3E). Overall, there was an increase in MSC populations

within malignant tissue versus benign tissue. To further verify

that CA-MSCs are distinct from tumor cells, lack of significant

PAX8 expression in CA-MSCs was confirmed within ascites

complexes with immunohistochemistry (Figure S5B). PAX8

protein levels were also assessed by western blot in ascites

CA-MSCs, omental metastasis CA-MSCs, normal MSCs, and

tumor cells demonstrating significantly less PAX8 in MSCs

versus tumor cells and no difference in low PAX8 protein

levels between CA-MSCs and normal MSCs (Figure S5C). All

CA-MSCs were verified for appropriate surface marker expres-

sion and differentiation capacity (Figures S5D and S5E) to

meet ISCT criteria for MSCs (Dominici et al., 2006).

CA-MSCs Enhance Ovarian Cancer Metastasis
We next assessed the role of CA-MSCs in ovarian cancer metas-

tasis. We tested whether CA-MSCs support critical steps in

ovarian cancer metastasis, includingmigration/invasion and sur-

vival under non-adherent conditions. CA-MSCs allowed to

directly interact with tumor cells (CAOV3, OVSAHO, and OV-

CAR3) significantly enhanced tumor cell migration and invasion

through a Matrigel-coated Transwell culture (Figure 4E). CA-

MSCs also enhanced the ability of tumor cells to grow under

non-adherent conditions as spheres (Figure 4F). Fluorescent mi-

croscopy of CA-MSCs (expressing mT) and tumor cells (ex-

pressing GFP) demonstrated that CA-MSCs and tumor cells re-

mained in physical contact duringmigration/invasion and sphere

formation, indicating co-migration and formation of heterocellu-

lar spheres (Figure 4Fi). Increasing the ratio of tumor cells to CA-

MSCs from 1:1 to 10:1 under non-adherent conditions resulted in

each tumor cell sphere containing at least one CA-MSC, even at

lowCA-MSCconcentrations (Figure 4Fii). This indicates a prefer-

ential direct binding between these cell types. This also mirrors

the ratio of tumor cells to CA-MSCs (�10:1) found in patient as-

cites cellular complexes (Figure S5F).
to Normal MSCs, which Correspond to DNA Methylation and RNA

-seq.

eaks. The heatmap is based on a 10-bp-binned ATAC-seq signal, normalized

ch heatmap. The y axis indicates signal strength at base resolution surrounding

ged, and lost calculated from (B). Line plot centered on the summits of all the

e of overlapping methylation difference.

e-level DNA methylation difference (CA-MSC � MSC) for promoter probes is

genes are plotted as the y axis. Dots/gene labels are colored based on gene-

altered peaks in CA-MSCs versus MSCs. Genes with the largest expression

ssion differences (absolute beta value difference > 0.5 and fold change > 2) are
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Direct Tumor Cell:CA-MSC Interactions Mediate
Enhancement of Ovarian Cancer Metastasis
To confirm that the enhancement of metastatic steps is medi-

ated through direct CA-MSC:tumor cell interactions, we

repeated the aforementioned experiments but prevented the

direct interaction between CA-MSCs and tumor cells by encap-

sulating CA-MSCs in alginate or separating the cells by a perme-

able membrane (allowing paracrine signaling without direct con-

tact). Luciferase-secreting CA-MSCs were used to verify the

continued viability and effective protein secretion of encapsu-

lated CA-MSCs (Figure S5G). Alginate encapsulated CA-MSCs

failed to enhance tumor cell migration/invasion (Figure 4E). Simi-

larly, CA-MSCs separated from tumor cells by a permeable

membrane did not enhance tumor cell sphere formation (Fig-

ure 4F). Together, this indicates direct CA-MSC and tumor cell

adhesion is critical to in vitro enhancement of metastasis.

We next assessed the impact of CA-MSCs in a murine model

of metastasis. Ovarian cancer cells (OVCAR3) were implanted

orthotopically in the ovarian bursa alone, with CA-MSCs or

with alginate encapsulated CA-MSCs. Mice with tumor cells

plus CA-MSCs demonstrated significant increases in metastasis

and systemic illness, as measured by decreased weight over

time, compared to mice with tumor cells alone or encapsulated

CA-MSCs (Figure 4G). Mice with tumor cells with direct CA-

MSC contact demonstrated significantly more intra-abdominal

metastasis with co-localization of tumor cells and CA-MSCs at

metastatic implants consistent with tumor cell:CA-MSC co-

migration (Figures 4H and 4I). Mice with tumor cells alone or

with encapsulated CA-MSCs demonstrated large localized

ovarian tumors but did not develop ascites, distant abdominal

metastasis, or lung or parenchymal liver metastasis (Figure 4H).

CA-MSCs within the alginate capsule remained viable and were

re-isolated at the time of necropsy. The ratio of tumor cells to CA-

MSCswas calculated between primary tumor andmetastatic tis-

sues. A trend toward increased CA-MSCs within metastatic tis-

sues was observed (p = 0.06, two-sided Wilcoxon signed-rank

test; Figure 4I). Collectively, this indicates that CA-MSCs signif-
Figure 4. CA-MSCs Undergo a Partial Mesenchymal-to-Epithelial Tran

Ovarian Cancer Metastasis

(A) Heatmap of epithelial- and mesenchymal-signature genes indicates a partial

(B) GSEA results support a potential MET in CA-MSCs. Genes are ranked based

The y axis indicates normalized enrichment scores.

(C) CA-MSCs demonstrate greater cancer cell adhesion versus normal MSCs. Q

fluorescent microscopy, cell counts per low power field (LPF).

(D) Immunofluorescence of human HGSCmetastatic omental tissue and cellular c

tumor cells (TCs) in contact with CA-MSCs. Scale bars, 20 mm.

(E) CA-MSCs enhance the invasion of TCs through Matrigel-coated Transwells. T

enhanced invasion.

(F) CA-MSCs enhance TC sphere growth via direct CA-MSC:TC interactions. Sph

and compared to TCs alone and TCs allowed to directly or indirectly interact wi

heterocellular spheres. (ii) Quantification of spheres with at least one CA-MSC p

(G) Orthotopic mouse model with increased metastasis when CA-MSCs are in

significant decrease in weight between time points, p < 0.05).

(H) Quantification of organs with metastasis at necropsy demonstrating increased

decreased with enc. CA-MSC. distant abd mets, distant abdominal metastasis.

(I) CA-MSCs co-localize with TCs at the primary andmetastatic tumor andmetasta

TC-to-CA-MSC ratio in the TC + CA-MSC group.

For all pooled data, means and SEM are represented.
icantly enhance ovarian cancer metastasis via direct binding and

co-metastasis with cancer cells.

WT1 Is a Driver ofMET andMediates CA-MSCFormation
One of the most significantly differentially regulated genes with

increased RNA expression, decreased DNA methylation, and

increased ATAC peak was WT1 (Figures 3D and 5A). WT1

expression is often found in cells going through METs or cells

with mixed epithelial and mesenchymal properties, such as po-

docytes (Moore et al., 1998). WT1 overexpression has been re-

ported to induce MET and is a regulator of MET during develop-

ment (Hohenstein and Hastie, 2006; Essafi et al., 2011). While

known as a tumor marker, WT1 is present in tumor-associated

stroma (He et al., 2008; Hylander et al., 2006). Independent

qRT-PCR validation of WT1 expression demonstrated �100-

fold increased expression in CA-MSCs versus normal MSCs

with corresponding increase in protein (Figures 5B and 5C).

Further, cancer-stimulated (CS) reprogramming of CA-MSCs

induced WT1 expression (Figure 5C).

Interestingly, while Figure 3D showed a decrease in WT1 pro-

moter methylation associated with WT1 overexpression, upon

close examination of the entire WT1 region (Figure 5A), we

discovered that, at the promoter (differentially methylated region

1, green box), DNA methylation differences were carried by only

a subset of the normal MSC samples. However, within the WT1

gene body, there were two more differentially methylated re-

gions, highlighted by cyan (region 2) and orange (region 3) boxes.

These two regions were consistently methylated in normalMSCs

and unmethylated in CA-MSCs. Each of these differentially

methylated regions overlapped with a site with differential

accessibility between CA-MSCs and MSCs as determined by

ATAC-seq. These ATAC-seq differential peaks were statistically

significant, even with the small sample size. In ENCODE histone

modification data, both regions had enhancer marks in K562

cells, a malignant leukemia cell line, but not in normal human

lung fibroblast (NHLF), a cell type that normal MSCs appear to

resemble based on DNA methylation results. We further
sition (MET), Leading to Increased Tumor Cell Binding and Increased

MET in CA-MSCs. EMTness score is indicated as column annotation.

on CA-MSCs versus MSCs fold changes. Red stars indicate significance level.

uantification of adherent cancer cells to plastic, normal MSCs or CA-MSCs via

omplexes isolated frommalignant ascites. Confocal microscopy demonstrates

Cs that invaded were counted per LPF. Alginate encapsulation (enc.) prevents

eres containing GFP-TCs were quantified via fluorescent microscopy per LPF

th CA-MSCs. (i) Representative picture of GFP-TCs and mT-CA-MSCs within

er TC sphere at 1:1 and 10:1 TC:CA-MSC ratios.

contact with TCs. Mouse weight over time per group is plotted (*, ** indicate

lung, liver, and intra-abdominal metastasis in the TC +CA-MSC group, which is

tic tumor sites have an increased proportion of CA-MSCs. Quantification of the
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Figure 5. WT1 Is Associated with a Permissive Epigenetic State in CA-MSCs and Participates in the Formation of a CA-MSC
(A) Integrated view of epigenetic profiles forWT1.WT1 transcripts are plotted under the chromosome ideogram. Arrows indicate transcript direction. Normalized

read count (10-bp bins) for ATAC-seq is plotted under transcripts. Significantly gained peaks (Sig. ATAC-seq Peaks) in CA-MSCs are indicated by black boxes.

Layered H3K4me1 (enhancer mark), H3K4me3 (promoter mark), and H3K27ac (active chromatin mark) ChIP-seq tracks from ENCODE for two cell types, K562

(purple) and NHLF (pink), are plotted below. H3K27ac ChIP-seq signal from four MSCs (This Study) is plotted. Each track represents one sample, with called

peaks as shaded boxes under each H3K27ac track and colored according to peak strength. DNA methylation level for each CpG is plotted as a heatmap. Blue,

DMR probe; green, CGI probe. Three regions of interest discussed in the text are highlighted with green (region 1), cyan (region 2), and orange (region 3) shaded

boxes. The locations for these regions are indicated in the heatmap with the same color.

(B) In (i): western blot of WT1 in MSCs and CA-MSCs. Actin is the loading control. In (ii): densitometry of western blot results (from a total of 10 independent MSCs

and CA-MSCs).

(C) WT1 fold expression change in normal MSCs versus CA-MSCs, cancer-stimulated (CS) MSCs, WT1 OE MSCs, and WT1 siRNA knockdown (KD) MSCs.

(D) Quantification of CA-MSC conversion in CS scrambled control MSCs,WT1 OE MSCs alone, and CSWT1 KD MSCs. The y axis indicates CA-MSC classifier

score, CA-MSC threshold (0.96), and MSC threshold (0.3). Means and SEM of 3 independent experiments are represented. *Group versus scrambled control

without CS; **Group versus scrambled control with CS.
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performed H3K27ac ChIP-seq with additional normal MSCs and

CA-MSCs and confirmed the presence of H3K27ac marks at

these putative WT1 enhancer elements discovered through dif-

ferential DNA methylation in CA-MSCs. Hi-C data, DNase I-hy-

persensitive site (DHS) linkage data for k562 cells (Thurman

et al., 2012), and regulatory interactions curated in GeneHancer

database (Fishilevich et al., 2017) available through the 3D

Genome Browser (Wang et al., 2018) all supported interactions

between the two potential enhancers and the promoter region

of geneWT1 (Figure S6). These results suggest that hypomethy-
10 Cell Reports 33, 108473, December 8, 2020
lation at these cryptic enhancers, associated with enhanced

accessibility, likely turned this region, normally methylated in

normal MSCs into an active enhancer, and greatly promotes

WT1 expression. Given the global trend of hypermethylation in

CA-MSCs, this specific hypomethylation is even more likely to

be a driver event.

To determine whetherWT1 is important in the formation of CA-

MSCs, we created WT1 overexpressing (OE) normal MSCs via

lentiviral transduction. Compared to lenti-GFP control MSCs,

WT1 expression increased to levels approximating those of
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CA-MSCs (Figure 5C). Analysis of the CA-MSC classifier score in

WT1 OE MSCs versus control MSCs demonstrated increase in

the classifier score from 0.01 (a normal MSC score) to 0.99 (a

CA-MSC score). This indicates that WT1 overexpression drives

the conversion of a normal MSC to a CA-MSC. We also per-

formed small interfering RNA (siRNA)-mediated knockdown

(KD) of WT1 in normal MSCs. WT1 KD MSCs underwent cancer

stimulation via hypoxic direct co-culture with ovarian cancer

cells, which we previously demonstrated was the most effective

in vitro condition to convert a normalMSC to aCA-MSC. CSWT1

KDMSCs, compared to CS control MSCs, demonstrated a 23%

decrease in CA-MSC classifier score. We previously demon-

strated a strong correlation between increasing classifier score

and acquisition of tumor-promoting properties with full CA-

MSC conversion occurring when classifier scores reach

R0.96. Importantly, no WT1 KD MSCs reached the 0.96

threshold for full CA-MSC conversion (Figure 5D).

CA-MSC Expression Pattern Correlates with Altered
EZH2 Binding Sites
DNA methylation alterations at enhancer regions can serve as a

readout of overall activity of transcription factors, where hyper-

methylation often indicates an inactive transcription factor bind-

ing site (TFBS), and hypomethylation likely marks an active state

(Yao et al., 2015). Enrichment analysis for annotated TFBSs iden-

tified EZH2 binding sites as the most significantly enriched cate-

gory with hypermethylation in CA-MSCs (Figure 6A). Concor-

dantly, binding sites of SUZ12, a member of the polycomb

repressive complex 2 (PRC2) along with EZH2, were also

enriched.

Interestingly, EZH2/SUZ12 binding sites were also enriched in

loci with hypomethylation (Figure 6A), indicating a likely redistri-

bution of EZH2/SUZ12 targeting. Consistent with this observa-

tion, GSEA (Figure 6B) demonstrated an enrichment in 334

EZH2 targets as marked by 1,241 common H3K27me3 peaks

from MSCs derived from four different cell types (Figure S7A)

in both up- and downregulated genes in CA-MSCs versus

normal MSCs.

CA-MSCs Are Enriched with PRC2-Related Histone
Marks
Given the role of EZH2 in histone modifications at H3K27, we

investigated global changes in histone modifications between

CA-MSCs and normal MSCs. We performedmass spectrometry

on the most common 80 histone modifications in CA-MSCs and

MSCs. Out of the 80 modifications tested, six histone marks

were differentially represented in CA-MSCs versus MSCs (p <

0.1): H3K27ac, H3K27me3, H1K26me1, H3K79me1,

H3K27me2, and H4K16ac (Figure 6C). Differential histone modi-

fication was verified via western blot of independent MSCs and

CA-MSCs (3 MSCs and 5 CAMSCs not used in the mass spec-

trometry screen). All histone differences were confirmed with

the exception of H3K79me1 (Figures S7B and S7C). H3K27ac,

H1K26me1, and H4K16ac are generally associated with tran-

scriptional activation and were decreased in CA-MSCs. In

contrast, H3K27me3 and H3K27me2 are associated with tran-

scriptional repression and were increased in CA-MSCs. Three

of the top six differential histone modifications are directly
related to the PRC2: H3K27me2, H3K27me3, and H3K27ac.

This supports a role for EZH2 differential targeting in CA-MSC

formation.

Further supporting a role for differential EZH2 targeting in CA-

MSCs, during CA-MSC reprogramming, EZH2 RNA expression

is increased (Figure 6D). This induction occurs with paracrine tu-

mor signaling during indirect tumor cell:MSC co-culture, condi-

tions that, as we demonstrated earlier, induced DNAmethylation

changes in three of the five CA-MSCDMRs assessed in Figure 2.

This indicates that EZH2 induction happens early in CA-MSC re-

programming and is not dependent on the physical interaction

between CA-MSC and tumor cells necessary for the enhance-

ment of metastasis. This induction is also seen with in vivo can-

cer stimulation in a xenograft mouse model as previously

described (Coffman et al., 2019). This implies a role for EZH2 dur-

ing the initial stages of CA-MSC formation.

EZH2 Inhibition in Combination with WT1 KD Blocks the
Formation of a CA-MSC
Given our findings indicating altered EZH2 genomic targeting

and known interaction between WT1 and EZH2/PRC2 targeting

(Xu et al., 2011), we tested whether EZH2 and WT1 directly

interact in CA-MSCs. Using co-immunoprecipitation (coIP) with

an anti-EZH2 antibody in CA-MSCs, we demonstrated that

WT1 is pulled down with EZH2 (Figure 6E). Further, using a prox-

imity ligation assay (PLA), we demonstrated that WT1 and EZH2

do not interact in normal MSCs; however, during CS MSC re-

programming, WT1/EZH2 PLA signal is present in the nucleus,

supporting a direct interaction during CA-MSC formation (Fig-

ure 6F).We then testedwhether EZH2 inhibition, alone or in com-

bination with WT1 KD, would further decrease the development

of a CA-MSC. To verify lack of toxicity, we performed viability

studies with an EZH2 inhibitor, GSK126. At doses of 20 nM

(Ki = 0.59 nM, half maximal inhibitory concentration [IC50] =

9.9 nM), there was no significant decrease in cell viability of tu-

mor cells or MSCs (Figure S8A). Next, WT1 KD and scrambled

control MSCs were treated with 20 nM GSK126 during cancer

stimulation. GSK126 treatment of scrambled control MSCs led

to a 38% decrease in CA-MSC classifier score. GSK126 treat-

ment of WT1 KD MSCs resulted in a 55% decrease in CA-

MSC classifier score (Figure 6G). Importantly, none of the

GSK126-treated MSCs reached the threshold of complete re-

programming, as defined as a classifier scoreR0.96. Similar re-

sults were seen using a different EZH2 inhibitor, Tazemetostat

(Figure S8B). Collectively, this demonstrates that WT1 and

EZH2 jointly mediate the formation of a CA-MSC.

EZH2 Inhibition Limits Ovarian Cancer Metastasis
We next tested whether EZH2 inhibition impacted ovarian can-

cer metastasis. Using the ovarian bursal orthotopic mouse

model discussed earlier, OVCAR3 tumor cells and CA-MSCs

were injected into the right ovarian bursa. A subset of mice

bearing luciferase-expressing OVCAR3 cells underwent serial

In Vivo Imaging System (IVIS) imaging to monitor tumor growth.

By 7 days, localized tumor engraftment was noted, and by

14 days, intraperitoneal metastasis developed (Figure 6H).

After 14 days, 10 mice were treated with cisplatin alone and

10 mice were treated with cisplatin plus GSK126, starting after
Cell Reports 33, 108473, December 8, 2020 11



Figure 6. EZH2 and WT1 Impact CA-MSC Reprogramming and Ovarian Cancer Metastasis

(A) Transcription factor binding site (TFBS) enrichment for distal DMCs hypermethylated (top) and hypomethylated (bottom) in CA-MSCs. The x axis indicates

negative log10-transformed FDRs.

(B) GSEA plot indicates enrichment of the Polycomb group (PcG) target genes on both ends of the ranked gene list (ordered by gene fold changes in CA-MSCs

versus MSCs).

(C) Boxplots of top histone modifications differentially represented in CA-MSCs versus MSCs identified by mass spectrometry.

(D) EZH2 expression is increased during in vitro and in vivo cancer stimulation with ovarian cancer cells. Fold change compared to normal MSC.

(E) EZH2 directly interacts with WT1. The coIP of EZH2 pulls down WT1.

(F) Proximity ligation assay (PLA) with EZH2 and WT1. Cancer stimulation yields nuclear signal indicating that WT1 and EZH2 are within 40 nm during CA-MSC

reprogramming. Scale bars, 20 mm.

(G) WT1 knockdown (KD) with EZH2 inhibition partially blocks CA-MSC formation. Quantification of CA-MSC reprogramming in WT1 KD MSCs or scrambled

control after cancer stimulation (CS) ± EZH2 inhibitor GSK126. The y axis indicates CA-MSC classifier score. CA-MSC threshold (0.96) and normal MSC threshold

(0.3) depicted. *Comparison to scrambled control; **Comparison to CS scrambled control without GSK126.

(H) IVIS imaging of mice bearing luciferase-expressing cancer cells and CA-MSCs. Luciferase signal was detected within the abdomen in all mice by day 14,

indicating development of metastasis.

(I) EZH2 inhibition with GSK126 significantly (p < 0.05) decreased metastatic disease at time of necropsy. Quantification of organs involved with gross metastatic

disease at day 31.

(J) Quantification of viable CA-MSCs within the primary ovarian tumor at time of necropsy.

For pooled results, mean and SEM are indicated.
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the first dose of cisplatin and continued as maintenance for

3 weeks. Five additional mice were left untreated as a control.

IVIS imaging demonstrated decreased luciferase signal in the

primary tumors of cisplatin-treated mice versus control and

decreased metastatic signal in the cisplatin + GSK126-treated
12 Cell Reports 33, 108473, December 8, 2020
mice. All mice were sacrificed on day 31 when the control group

met endpoint criteria of 10% weight loss. At the time of nec-

ropsy, both the control and cisplatin-alone groups demon-

strated 100% rates of gross lung, liver, and intra-peritoneal

metastasis and 40%–75% rates of bowel obstruction. In



Figure 7. WT1 Stromal Expression Correlates

with Ovarian Cancer Disease Status, and CA-

MSC Normalization Is Associated with Improve-

ment in Patient Outcomes

(A) WT1 immunohistochemistry of HGSC patient

omentum after neoadjuvant therapy ± residual carci-

noma. Stromal nuclei are indicated by red arrows. Scale

bar, 20 mm.

(B) Quantification of WT1 stromal staining (H score) in

tissue with residual carcinoma (n = 5) and without re-

sidual carcinoma (n = 7).

(C) Kaplan-Meier plot of progression-free survival (PFS)

in women with normalized MSCs versus women with

persistent CA-MSCs after neoadjuvant therapy.
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contrast, mice with cisplatin and GSK126 treatment demon-

strated 40% lung, 30% liver, and 50% intra-peritoneal metas-

tasis, with no bowel obstructions, consistent with significant

decrease in metastasis to all organs examined (Figure 6I). The

primary tumor volume in the control group was 315 mm3 versus

97mm3 in the cisplatin-only group and 80mm3 in the cisplatin +

GSK126 group, consistent with a significant reduction in pri-

mary tumor size with cisplatin treatment (p < 0.001) without a

significant change in size with GSK126 addition (p = 0.58).

This is consistent with our in vitro data demonstrating that

EZH2 inhibition does not impact OVCAR3 cancer cell survival

or proliferation and provides strong evidence that EZH2 inhibi-

tion targets CA-MSC-specific promotion of metastasis. We

also assessed the presence of viable human CA-MSCs within

the primary ovary tumor. Primary ovary tumors from the control

and cisplatin-treated mice contained 9% and 7% viable CA-

MSCs, respectively. In the cisplatin + GSK126 mice that

developed metastasis, the primary tumor had 10.5% viable

CA-MSCs compared to 1.2% viable CA-MSCs in the primary

tumors of mice without metastasis (p = 0.003) (Figure 6J),

demonstrating a strong correlation between viable CA-MSCs

and the ability to form metastasis. This supports a potential

therapeutic role for EZH2 inhibitors in treating and/or limiting

CA-MSC-mediated ovarian cancer metastasis.

As ovarian cancer demonstrates both transcoelomic and he-

matogenous metastasis, we also used a previously described

tail vein injection model of ovarian cancer, which yields robust

intra-abdominal metastasis (Coffman et al., 2016a), to test the ef-

fect of EZH2 inhibition on hematogenous metastasis. Similarly,

GSK126 decreased intra-abdominal metastasis by 50%–90%,

adding additional evidence for a potential therapeutic role of
EZH2 inhibitors in limiting ovarian cancer

metastasis (Figures S8C and S8D).

Ovarian Cancer Stroma Is Marked by
WT1 Expression and Stromal WT1 Loss
Is Associated with Treatment Response
We next explored whether the CA-MSC

phenotype correlated with disease response

in patient tissue. As CA-MSCs are marked

by high WT1 expression, we investigated

whether WT1 overexpression could serve as

amarker of cancer-supportive stroma (associ-
ated with a CA-MSC phenotype) versus normalized stroma

(associated with a normal MSC phenotype). Our findings indi-

cated that CA-MSCs derived from tissue that achieved a com-

plete pathologic response to neoadjuvant chemotherapy un-

dergo phenotypic normalization and resemble normal MSCs

with low WT1 expression. We therefore investigated tissue ob-

tained from interval debulking surgeries of patients treated with

neoadjuvant platinum-based chemotherapy. We identified 5

patients with residual omental disease and 7 patients without

residual omental disease (all HGSC histology, stage III/IV dis-

ease, with initial radiographic omental involvement). Sections

were stained for WT1 and stromal WT1 levels were quantified

by an H score (Figures 7A and 7B). WT1 was clearly present in

stromal cells associatedwith residual disease (averageH score =

154) but lost in tissue which achieved a pathologic complete

response (average H score = 31; p < 0.0001). This indicates

that the CA-MSC phenotype drives the tumor stromal microen-

vironment characterized by retained WT1 overexpression and

also indicates that normalization of the CA-MSC phenotype is

possible and associated with treatment response (Figure 7).

Normalized Epigenetic Profile of MSCs Correlates with
Improved Clinical Outcome
To further determine the clinical significance of the CA-MSC

phenotype, we studied MSCs from a cohort of patients (n = 29)

treatedwith neoadjuvant therapy. Patients were treatedwith plat-

inum-based chemotherapy orwithmetformin as part of a phase-II

clinical trial (ClinicalTrials.gov: NCT01579812) (Brownet al., 2020).

All patients had stage III/IV disease, and all patients had viable

tumor at the time of surgical debulking. MSCs were isolated

from resected tissue at time of interval surgical debulking. MSCs
Cell Reports 33, 108473, December 8, 2020 13
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from15/29 (52%) patients retained theCA-MSCphenotype,while

MSCs from14/29 (48%) had a normal-likeMSCphenotype (with a

normalMSCDNAmethylation profile and normal classifier score).

Despite small numbers, the group with normalized MSCs had

significantly improved progression-free survival (PFS). Mean

PFS in the CA-MSC group was 266 days versus 870 days in the

normalized MSC group (log rank, p = 0.003) (Figure 7C). Distribu-

tionof age, stage, and treatment typewerenot different (p= 0.5 for

age, and p = 0.6 for stage and treatment type) between the two

groups, and inaCoxproportional hazardmodeladjusting for treat-

ment type, anormalizedMSCphenotype remainedasasignificant

protective factor (p = 0.005; hazard ratio [HR] = 0.23). Overall, this

indicates that the CA-MSC phenotype is clinically important, is

potentially reversible, andmaypresent a novel therapeutic avenue

in ovarian cancer.

DISCUSSION

Since described about a decade ago (Polyak and Weinberg,

2009; Klymkowsky and Savagner, 2009; Thiery et al., 2009; Yil-

maz and Christofori, 2009; Barrallo-Gimeno and Nieto, 2005),

partial transition to a mesenchymal phenotype in the epithelial

compartment (i.e., EMT) in carcinomas has been well estab-

lished as a hallmark of cancer with increased metastatic poten-

tial (Hanahan andWeinberg, 2011). Here, we describe alterations

in the other direction—MET—in stromal progenitors of the TME

that also contribute to cancer metastasis.

Asstromalprogenitorcells,CA-MSCs influence the formationof

the TME. We demonstrate that CA-MSCs have a unique epige-

netic landscape different from that of both tumor cells and normal

MSCs, characterized by DNA hypermethylation, altered chro-

matin accessibility, and gain of repressive histonemarks. Thema-

jority of differential DNAmethylation occurs in enhancer regions. It

has been previously shown that enhancers are the most dynami-

cally utilized compartment (Sur and Taipale, 2016; Calo and Wy-

socka, 2013; Shlyueva et al., 2014) and closely relate to cellular

identity. It has become increasingly clear that DNA methylation

patterns are good markers for enhancer activity (Thomassin

et al., 2001; Lister et al., 2009; Stadler et al., 2011; Yao et al.,

2015; Blattler and Farnham, 2013). A recent publication (Corces

et al., 2018) showed that DNA methylation tracks results from

ATAC-seq for distal enhancers. As an example, DNA methylation

alteration at the WT1 loci helped to identify potential enhancers

that are also marked by H3K27ac and ATAC-seq accessibility

and/or curated as enhancers by GeneHancer (Fishilevich et al.,

2017). Interestingly, at loci where CA-MSCs and MSCs differed,

theDNAmethylation profile of CA-MSCs resembles that of benign

FTE and sorted carcinomas, while normal MSCs more closely

resemble normal fibroblasts. While remaining mesenchymal in

lineage,apartialMETappears tooccurduringCA-MSCformation,

which facilitates direct binding to cancer cells, resulting in co-

metastasis. Thisprocessof cancer cell and stromal cell co-metas-

tasis is akin to the cancer ‘‘seed’’ traveling with its ‘‘soil’’ to

enhance survival duringmetastasis and aid in distant colonization

where theCA-MSC,asa stromalprogenitor cell,mayplayacritical

role in establishing themetastaticTME.Thispresentsanewmodel

of ovarian cancer metastasis where ovarian cancer cells repro-

gramnormalMSCs intoCA-MSCs, inducinga partialMET that en-
14 Cell Reports 33, 108473, December 8, 2020
ables tumor cell:CA-MSC binding, co-metastasis, and establish-

ment of new sites of disease with the supportive stromal TME

already formed.

While stromal MET has not been previously identified in can-

cer, MSC MET has been reported in benign conditions. De-dif-

ferentiation of mesenchymal cells such as fibroblasts into

induced pluripotent stem cells (iPSCs) requires MET (Li et al.,

2010; Shu and Pei, 2014). During embryogenesis, stem cells

often transition from EMT to MET stages, and MET in stem cell

reprogramming is associated with epigenetic changes, consis-

tent with our findings (Wu et al., 2016). Also, normal epithelial

or mesothelial progenitor cells that line the female reproductive

tract may contribute to CA-MSC formation through acquiring

mesenchymal features and increased differentiation capacity.

We are actively investigating this possibility.

WT1, one of the most significantly upregulated genes in CA-

MSCs, is an important mediator of MET during development

and thought to be important in maintaining the potential to transi-

tion between EMT and MET (Miller-Hodges and Hohenstein,

2012). Interestingly, WT1 impacts epigenetic regulation through

directly binding the polycomb protein EZH2 and the DNAmethyl-

transferases DNMT1 and DNMT3A (Xu et al., 2011; Szemes et al.,

2013). Given the differential histone modifications (particularly

related to PRC2 targets including H3K27me3) and DNA methyl-

ation changes in CA-MSCs, WT1 may be an important mediator

of these epigenetic modifications. Indeed, PLA and coIP indicate

that a WT1/EZH2 interaction in CA-MSCs and KD ofWT1 in com-

bination with EZH2 inhibition during cancer stimulation blocked

the formation of a CA-MSC. Pharmacologic inhibition of EZH2,

while not impacting ovarian cancer cell proliferation or survival,

significantly decreased CA-MSC-mediated ovarian cancer

metastasis in an orthotopic mouse model. Importantly, while

mice had documented intra-abdominal metastasis at the time of

treatment initiation, only half of the mice had residual metastatic

disease after cisplatin and EZH2 treatment. This indicates that

EZH2 inhibition may play a role in limiting and/or treating already

established ovarian cancer metastasis as is found at the time of

clinical presentation in over 70% of ovarian cancer patients.

Dichotomous roles for MSCs in cancer growth have been re-

ported with both tumor-promoting and tumor-suppressive func-

tions (Klymenko and Nephew, 2018). Our work implies that the

CA-MSC methylation profile drives the clinical impact of MSCs

in ovarian cancer with a CA-MSC profile supporting cancer

growth and a normal MSC profile restricting cancer growth.

This is exemplified by a 20-month increase in PFS in women

with normalized MSCs versus those with CA-MSCs. Ultimately,

understanding the mechanistic steps leading to CA-MSC devel-

opment and the ability to reverse, replace, or create MSCs resis-

tant to reprogramming is essential to effective therapeutic tar-

geting of the TME and represents a novel and powerful

approach to ovarian cancer treatment.
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Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and Code Availability
The DNA methylation EPIC array, ATAC-sequencing and ChIP-sequencing datasets generated in this study is available at NCBI

without restriction. The accession number for the EPIC array is GSE138072, for the ATAC-seq data is SRP289005, and for the

ChIP-seq data is SRP289183.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cancer cell lines
Ovarian cancer cell lines CAOV3 and OVCAR3 were purchased through ATCC. OVSAHO and the primary patient cell line, PT412,

were kind gifts fromDr. R. Buckanovich. All cells were grown in DMEM (Dulbecco’s Modified Eagle Medium), 10% fetal bovine serum
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(FBS), and 1% penicillin-streptomycin. Cells were incubate at 37�C in a humidified incubator equilibrated with 5% CO2. All cell lines

were tested and verified negative for mycoplasma (last test 9/2019).

Human primary cell lines
Cancer associated mesenchymal stem cells (CA-MSCs) were derived from surgical resection of human ovarian cancer involving the

fallopian tube, ovary and/or omental metastatic deposits. Normal mesenchymal stem cells (MSCs) were derived from surgical sam-

ples (fallopian tube or omentum) of women undergoing surgery for benign indications or risk reduction surgery. Patient’s samples

were obtained in accordance with protocols approved by the University of Michigan’s IRB (HUM0009149) and University of Pitts-

burgh’s IRB (PRO17080326). CA-MSCs and MSCs were grown in MEBM (Mammary Epithelial cell Basal Medium) supplemented

with: 1% B27, 20ng/ml epidermal growth factor (EGF), 1% penicillin-streptomycin, 20ug/ml gentamycin, 1 ng/ml hydrocortisone,

5ug/ml insulin, 100um beta-mercaptoethanol, 10ng/ml recombinant human basic- fibroblast growth factor (bFGF), and 10% fetal

bovine serum (FBS). Cells were incubate at 37�C in a humidified incubator equilibrated with 5% CO2.

Mice
All experimental procedures were performed in accordance with protocol approved by the Institutional Animal Care and Use Com-

mittee at University of Pittsburgh. Female NSG (NOD scid gamma) mice (6-8 week-old) were used. All mice were group housed and

kept under 12h:12h L/D conditions. Food and water were available ad libitum to all mice 24 hour period.

METHOD DETAILS

Tissue harvesting
Patients samples were obtained in accordance with protocols approved by the University of Michigan’s IRB (HUM0009149) and Uni-

versity of Pittsburgh’s IRB (PRO17080326). Tissue was processed for DNA, RNA and protein isolation as previously described (Coff-

man et al., 2016b, 2019). MSCs were isolated as previously described (McLean et al., 2011). Briefly, CA-MSCs were derived from

surgical resection of human ovarian cancer involving the FT, ovary and/or omental metastatic deposits. Normal FT and omental

MSCs were derived from surgical samples of women undergoing surgery for benign indications or risk reduction surgery. Cells

were plated in supplemented MEBM, MSCs were selected for plastic adherence and cell surface marker expression (CD105,

CD90, CD73 positive; CD45, CD34, CD14, CD19 negative). Adipocyte, osteocyte, and chondrocyte differentiation capacity was veri-

fied (following guidelines presented by the ISCT on the minimal criteria for defining multipotent mesenchymal stem cells (Dominici

et al., 2006)) (Figures S8C and S8D). To ensure lack of fibroblast contamination, cells were screened for fibroblast markers fibroblast

surface protein (FSP) via flow cytometry and alpha smooth muscle actin via immunohistochemistry (Figures S8C and S8D). Any cell

line with a population > 5% differing from above criteria were FACs purified. Fibroblast differentiation was performed as previously

described by growing MSCs with connective tissue growth factor (100 ng/ml) and ascorbic acid (50 mg/ml) for 2 weeks (Coffman

et al., 2019). MSCs were maintained in culture as previously described and used at passage 5 or below (McLean et al., 2011). All

cell lines were tested and verified negative for mycoplasma (last test 9/2019).

DNA methylation array
DNA was isolated from CA-MSCs derived from omental metastasis in 6 patients with high grade serous ovarian cancer (HGSC), 1

patient with ovarian carcinosarcoma, 1 patient with high grade serous carcinoma involving the FT, and 3 patients with high grade

serous carcinoma involving the ovary. Samples from 4 patients with omental with initial radiographic involvement of HGSC treated

with neoadjuvant chemotherapy and pathologic complete response in the omentum, 5 benign patient FT samples, 1 set of bilateral

FTs from aBRCA2 germline patient, 4 benign patient normal omental MSCs and 2 adiposeMSCs purchased through ATCCwere also

included. All normal MSCs were derived from patients undergoing surgery for benign indications. ‘‘A’’ and ‘‘B’’ indicate samples from

the same patient from 2 distinct anatomic locations. A list of all samples with anatomic and histologic information is provided in Table

S1. All MSCs used for DNAmethylation analysis were at passage 5 or below. DNA underwent bisulphite conversion followed by anal-

ysis on the Illumina MethylationEPIC Beadchip microarray through the Genomics core at the University of Michigan and Van Andel

Research Institute.

Assay for Transposase Accessible Chromatin with sequencing (ATAC-seq)
Nuclei were isolated from 4 CA-MSCs derived from omental metastasis of patients with high grade serous ovarian cancer, 2 normal

omental MSCs and 2 adiposeMSCs purchased from ATCC. All MSCs used for ATACseq analysis were at passage 5 or below. ATAC-

seq was performed through Active Motif.

Histone mass spectrometry
CA-MSCs and MSCs used for ATAC-seq were also used for mass spectrometry to measure the relative abundance of 80 histone

modifications through Active Motif. Histones were extracted from frozen cell pellets and digested with trypsin. Samples were

analyzed on a triple quadrupole (QdQ) mass spectrometer directly coupled with an UltiMate 3000 Dionex nan-liquid chromatography
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system. Three separate mass spec runs for each sample. Each modified and unmodified form of the monitored amino acid residue

was quantified as the percentage of the total pool of modifications with mean and standard deviation reported.

Quantitative real-time PCR
RNAwas isolatedwith the RNeasyMini Kit (QIAGEN, Hilden, Germany) and on-columnDNase treatment (QIAGEN, Hilden, Germany).

RNA concentration was determined with NanoDrop ND-1000 Spectrophotometer. cDNA was synthesized with the SuperScript III

First-Strand Synthesis System for RT-PCR (Invitrogen, Grand Island, NY) as previously described [21]. SYBR green- based RT-

PCR was performed using the 7900HT Sequence Detection System (Applied Biosystems, Foster City, California) and respective

primers. The comparative Ct method was used for data analysis with GAPDH as the comparator gene.

Immunoblotting
Cell pellets were homogenized in RIPA buffer (Pierce, Rockford, IL) with complete protease inhibitor (Roche, Basel, Switzerland).

Insoluble material was removed by centrifugation at 16,000 g at 4oC for 15mins. Protein concentrations were determined using

the Bradford Protein Assay Kit (Bio-Rad, Hercules,CA). Equal amounts of protein were separated on 4%–12%NuPAGE SDS gel (In-

vitrogen, Grand Island, NY) and transferred onto a PVDFmembrane. Anti-H3K27me3, anti-H3K27me2, anti-H4K16ac, anti-H3K27ac,

anti-H3K79me1, anti-H3, anti-H4, anti-WT1 and anti-EZH2 (1:1000 dilution, Active Motif), anti-PAX8 (1:1000, Abcam) and anti-B-

actin (1:10,000 dilution, Sigma-Aldrich, St. Louis, MO) were used. Bands were visualized using the ECL Kit (Pierce, Rockford, IL).

Quantitative Methylation Specific PCR (qMSP)
Bisulfite Conversion and DNA Yield

Bisulfite conversion of extracted cellular or tissue DNAwas performed using the DNAMethylation-Lightning Kit (Zymo Research) ac-

cording to manufacturer’s instructions and eluted into 40 ml DNA Elution buffer (Zymo Research). Post-bisulfite treatment DNA yields

were quantified by MethyLight assay for the methylation-independent bisulfite converted (BSC) consensus ALU sequence, as pre-

viously described (Weisenberger et al., 2005), using primer and probe sequences: forward primer, 50- GGT TAG GTA TAG TGG TTT

ATA TTT GTA ATT TTA GTA �30; reverse primer, 50- ATT AAC TAA ACT AAT CTT AAA CTC CTA ACC TCA �30, spanning a 98-bp

locus, and 100nM probe, 50- \56-FAM\ CCT ACC TTA ACC TCC C �30 with Minor Groove Binder (MGB; ThermoFisher Scientific).

PCR was performed using 10X Master Mix to yield a final volume of 25 ml and final working concentrations of 16.6mM (NH4)2SO4,

67mM Tris pH 8.8, 6.7mM MgCl2 10mM b-mercaptoethanol, 200mM of each deoxynucleotide triphosphate (dNTP) and 0.04 U/ml

of Platinum Taq polymerase (ThermoFisher Scientific). Cycling conditions were 95�C for 5 minutes, followed by 50 cycles of (95�C
for 5 s, 60�C for 30 s and 72�C for 30 s). Standards for quantification were created by serial dilution of pre-quantified BSC human

male DNA (Promega). Amplification reactions were performed in duplicate using 96 well-plates using a CFX96 Touch Real-time

PCR Detection System (Bio-Rad).

Locus-specific methylation analysis
qMSP assays (Lo et al., 1999) were developed and analytically-validated for five select loci: SASH1, c13orf45, ELN, GATA6, and

MARVELD2, for which primer sequences and assay specifications are detailed in Table S1. A standard curve was created using serial

dilutions of BSC Epitect unmethylated control DNA (QIAGEN) mixed with BSC CpG-Methylated HeLa Genomic DNA (New England

BioLabs) (Lo et al., 1999).

Data Analysis
MSP results were analyzed using the CFX Manager v3.1 (Bio-Rad) using regression to obtain the mean quantification cycle (Cq) for

each respective sample. Percent methylation was calculated for each sample using the BSC-ALU and BSC Control DNA standard

curves, according to the formula % methylation = (# locus copies methylated in sample)/ (# ALU-calculated genomic copies in

sample).

CA-MSC encapsulation
CA-MSCs were encapsulated into 3% alginate as previously described (Schmitt et al., 2015). Briefly, 3% w/v sodium alginate was

dissolved in PBS, filtered for sterility with a 0.2um filter. Cells were mixed with the alginate solution and added dropwise into a 5mM

solution of calcium chloride to allow for gelation. Alginate beads were washed 2x with PBS prior to use in assays. Cell viability over

time was verified by transection of the alginate capsule after 2 weeks incubation in standard culture media (DMEM, 10% FBS, 1%

pen/strep) and re-isolation and growth of previously encapsulated CA-MSCs. Also, CA-MSCs lentivirally transduced with a secreted

luciferase construct were encapsulated in alginate and the media was sampled for secreted luciferase overtime using the Ready-to-

glow Secreted luciferase reporter system (Takara).

Sphere assays
CA-MSCs transducedwith lentiviral mT construct weremixedwith lentiviral labeledGFP tumor cells (CAOV3, OVSAHO, OVCAR3) (as

previously described (Coffman et al., 2019)) in a 1:1 ratio in ultra-low attachment 6 well plates grown in serum free supplemented

MEBM as previously described (Coffman et al., 2019). Alternatively, CA-MSCs were added to the top of a 0.4um transwell system
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and tumor cells seeded in the bottom to prevent direct contact. After 5 days, the number of GFP+ spheres were counted. Experi-

ments were repeated independently 3 times per tumor cell type.

Migration/Invasion assays
8um transwells were coated with growth factor reduced Matrigel and allowed to solidify. GFP-tumor cells (CAOV3, OVSAHO, OV-

CAR3) with or without mT-CA-MSCs were added to the top of the transwell. Supplemented DMEM was added to the bottom of

the transwell and cell migration/invasion through the coated membrane was quantified after 24hrs via fluorescent microscopy. Algi-

nate encapsulated CA-MSCs were added in place of control CA-MSCs to determine the impact of preventing CA-MSC:tumor cell

direct interaction. Experiments were repeated independently 3 times per tumor cell type.

Adhesion assay
5x10̂ 4 MSCs or CA-MSCs were cultured overnight in 12 well-plate to form a mono-layer. 5x10̂ 4 fluorescently labeled tumor cells

(OVSAHO, OVCAR3 or pt412) were then added. After 30 minutes, cells were washed twice with PBS and the attached tumor cells

were counted using a fluorescencemicroscope and quantified as the number of adherent cells per low power field (10x). Experiments

were repeated independently 3 times per tumor cell type.

Cancer stimulation, cancer cell:MSC co-culture
MSCs were grown in a 1:1 ratio with ovarian tumor cells allowing for direct interaction or with use of a transwell system(0.4um) to

separate the two cell types to allow only indirect co-culture as previously described (Coffman et al., 2019). Cells were grown in

1:1 mixture of CA-MSC media (supplemented MEBM) and tumor cell media (supplemented DMEM) for 5 days under hypoxic con-

ditions (1% O2). Cells were isolated via FACs separation with fluorochrome labeled MSCs or tumor cells or removed from their

respective transwell chamber.

CA-MSC classifier
As previously described (Coffman et al., 2019), we created a regression model based on the expression of 6 genes which accurately

distinguishes normal MSCs fromCA-MSCs: Annexin A8-like protein 2 (ANXA8L2), Collagen Type XV Alpha 1 Chain (COL15A1), Cyto-

kine Receptor Like Factor 1 (CRLF1), GATA Binding Protein 4 (GATA4), Iroquois Homeobox 2 (IRX2), and TGF-b2. Expression values

are the delta CT values compared to GAPDH levels. The regression equation is:

1=ð1+ LOGITððððB1 � ANAX8LÞ+ ðB2 � COL15Þ+ ðB3 � CRLF1Þ+ ðB4 �GATA4Þ
+ ðB5 � IRX2Þ+ ðB6 � TGFbÞÞ+ � 7:62691ÞÞÞÞ;B1= � 0:00622;B2= 0:175026;
B3= 0:886027;B4= � 0:34594;B5= 0:416952;B6= � 0:00824
Ascites complex isolation and flow cytometric analysis
Cellular complexes were isolated from ovarian cancer patients’ ascites as follows: Bulk ascites was obtainedwithin 2 hours of patient

paracentesis and large debris was removed via passage through a 1000um pluriStrainer (pluriSelect). Red blood cells were lysed

using ACK lysis buffer (ThermoFisher Scientific). Cells were treated with DNase I to a final concentration of 0.1mg/ml with 15min in-

cubation. Cells then underwent serial centrifugation at 400 g for 5 mins and washing with 2% FBS in PBS with visual inspection of

cells after each spin. Washing and centrifugation was continued until only cellular complexes, with minimal single cells, were visu-

alized. Cell complexes were used for down-stream applications. For flow cytometric analysis, the isolated complexes were enzymat-

ically dissociated into a single cell suspension with trypsin (0.25%, 5-10min incubation). Cells were then stained with anti-CD90, anti-

CD73, anti-CD105 (Stem-cell Technology), and anti-EpCAM (Novus) antibodies for 20 minutes at RT. The percentage of CAMSC

(CD90, 73, and 105+) and tumor cells (EpCAM+) were calculated on live cells gating.

Immunofluorescence staining
Cellular complexes were isolated from ovarian cancer patients’ ascites as above and immobilized on slides using the cytospin centri-

fuge as previously described (Koh, 2013). Then, the cellular complexes were fixed using methanol for 10 minutes. Immunofluores-

cence conjugated antibodies (anti-CD90, anti-CD73, anti-CD105 (Stem-cell Technology), and anti-EpCAM (Novus)) were added after

permeabilize the cellular complexes with 0.1% Triton 100X. The stained cellular complexes were examined using Nikon A1 confocal

microscope.

Orthotopic ovarian cancer mouse model
5x10̂ 5 OVCAR3 cells were injected alone (n = 5) or with control CA-MSCs (5x10̂ 5 cells) (n = 5) or encapsulated CA-MSCs (5X10̂ 5

cells) (n = 5) into the ovarian bursa of NSG mice. Mouse weight and health were monitored over time and mice were sacrificed when

the first group of mice met endpoint criteria of > 10% weight loss and necropsy was performed.

For experiments assessing the impact of EZH2i on metastasis, OVCAR3 and CA-MSCs were injected into the ovarian bursa as

above (n = 10 mice per group in cisplatin treated arms, n = 5 mice in the control arm). Two mice per group contained OVCAR3 cells

expressing luciferase. These mice underwent weekly IVIS imaging as previously described (Coffman et al., 2016b). On day 14, mice
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were treated with cisplatin (0.5mg/kg every other day x 3 doses) or vehicle control. Mice in the dual treatment arm started treatment

on day 15with GSK126 150mg/kg 3xweekly ongoing or vehicle control. Mice weremonitored daily and all mice were sacrificed when

one group met endpoint criteria of 10% weight loss.

Tail vein injection model
5x10̂ 5 OVCAR3 cells were injected into NSGmice (n = 10 per group). Mice in the EZH2 inhibition group were treated with 300mg/kg

of GSK126 (selleckchem) 3 x weekly for 1 week prior to injection and then 150mg/kg 3 x weekly for 2 weeks immediately after injec-

tion. Mice in the control group underwent parallel treatment with vehicle control and were treated with 150mg/kg 3x weekly for

2 weeks starting 2 weeks after treatment. Mice were euthanized at 4 weeks post tumor cell injection and necropsy performed. Quan-

titative human specific PCR was performed on whole lung isolates as previously described (Alcoser et al., 2011).

Chromatin Immunoprecipitatio
Normal and CA-MSC cells were fixed in buffer containing 1% formaldehyde, 50 mMHEPES-KOH pH 7.6, 100mMNaCl, 1 mMEDTA

pH 8.0, 0.5mMEGTA pH 8.0) for 10min at room temperature with shaking before being quenched with 125mMglycine 5min at room

temperature. Cells were collected by scraping in cold PBS, washed 2X with cold PBS, flash frozen in liquid N2, and stored at �80�C
until use. Cells were lysed in LB1 (50 mMHEPES-KOH pH 7.6, 140 mMNaCl, 1 mM EDTA, 10%Glycerol, 0.5%NP-40, 0.25% Triton

X-100, Protease inhibitor cocktail (Roche cOmplete Mini tablets, EDTA-free)) for 20 min with rotation at 4�C and cleared by centri-

fugation at 300 x g for 5 min at 4�C. Supernatant with intact nuclei was set aside. Cell pellets were lysed again in 4x LB1 (LB1

with 2% NP-40 and 1% Triton X-100) for 20 min. Intact nuclei from this and the saved supernatant were collected by centrifugation

at 1,700 x g for 5 min at 4�C. Nuclei were resuspended and washed in LB2 (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.5 mM EGTA,

200 mM NaCl, protease cocktail inhibitor) for 10 min with rotation at 4�C. Nuclei were collected by centrifugation at 1,700 x g for

5 min at 4�C and gently rinsed 2x with LB3 (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 0.01% NP-40, protease cocktail

inhibitor) while avoiding disturbing pellet. Nuclei were resuspended in 1 mL LB3 and transferred to a 1 mL milliTUBE (Covaris). Chro-

matin was sheared to a range of 300-600 base-pair fragments using a Covaris E220 evolution Focused ultrasonicator with the

following parameters: Peak power (140.0), Duty Factor (5.0), Cycles/Burst (200), Duration (600 s), Temperature (4�C). Sheared chro-

matin was quantified by Bradford Assay, and 450 mg of chromatin was brought to 500 mL in LB3 and then an additional 500 mL of

ChIP Cocktail Mix (40mMTris-HCl pH 7.6, 150mMNaCl, 1mMEDTA pH 8.0, 1%Triton X-100, 0.5%NP-40, Protease inhibitor cock-

tail) was added. Prepared chromatin was pre-cleared by incubation with 20mL of pre-washed Dynabeads Protein Gmagnetic beads

(Invitrogen #10004D) for 3 hours at 4�C with rotation. After bead removal, 10% input (100 ml) of pre-cleared chromatin was removed

and set aside. Pre-cleared chromatin was immunoprecipitated with 5 mL of H3K27me3 antibody (Cell Signaling #9733) or H3K27ac

antibody (Active Motif #39133) overnight at 4�C with constant rotation. Protein G magnetic beads (35 ml/IP) were blocked in buffer

containing PBS, 0.5% BSA, and 20 mg Herring Sperm DNA (Sigma #D7290) with rotation at 4�C overnight. Blocked beads were

washed 3X with PBS and 0.5% BSA, then 2X with WB1 (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 5 mM EDTA pH 8.0, 0.5% NP-

40, 1% Triton X-100). Immuno-chromatin complexes were incubated with blocked beads for 3 hours with rotation at 4�C. Beads
were then washed 3X for 5 min with rotation at 4�C with WB1, 3X with WB2 (50 mM Tris-HCl pH 7.6, 500 mM NaCl, 5 mM EDTA

pH 8.0, 0.5% NP-40, 1% Triton X-100), 2X with WB1, and 1X with Low Salt TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0,

50 mM NaCl). Beads were incubated in 50 mL of Elution Buffer (10 mM Tris-HCl pH 8.0, 10 mM EDTA, 150 mM NaCl, 5 mM DTT,

1% SDS) at 65�C for 15 min in 50 mL volume. The elution step was repeated, and eluates combined. Eluents and input were incu-

bated overnight at 65�Cwith constant shaking to reverse crosslinks, followed by incubation at 37�C for 1 hour with DNase-free RNase

A, then incubation at 37�C for 2 hours with 10 mL of Proteinase K (20 mg/ml stock). DNA was isolated with a 1.5x ratio of KAPA Pure

Beads (KAPA Biosystems #KK8000) to DNA volume. After quantification with a Qubit dsDNAHigh Sensitivity Assay kit (ThermoFisher

Scientific #Q32851), library preparation was done using a KAPA HyperPrep Kit (Kappa Biosystems #07962347001).

Transcriptome data re-processing
RawmRNA sequencing data (FASTQ format) of 4 normal omental MSCs and 10 ovarian CA-MSCs, using Illumina TruSeq RNA Sam-

ple Preparation V2 kit (Illumina San Diego, CA, USA) and Illumina HiSeq2000 instrument 100 bp PE sequencing, were download

through NCBI’s Gene Expression Omnibus (GEO) with GEO Series accession number GSE118624 (https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE118624) (Coffman et al., 2019). Each raw sequencing file was aligned to the human reference genome

(GRCh37) using STAR version 2.7 (Dobin et al., 2013), with default settings. Estimation of gene-level abundancewas carried out using

RSEM version 1.3.1 (Li and Dewey, 2011). Raw reads count from RSEM were further normalized using R package edgeR (function

cpm), and log-transformed for downstream analysis, with one CA-MSC sample (GSM3335697) removed due to potential tumor cell

contamination.

DNA methylation data processing and QC
Raw IDATs files were processed using R package SeSAMe (Zhou et al., 2018) with noob background correction, non-linear dye bias

correction, and non-detection masking (any data point not significantly different from background was replaced with NA). Probes

with design issues (Zhou et al., 2017) were also masked. DNA methylation beta values, ranging from 0 to 1 (with ‘‘0’’ indicating fully

unmethylated and ‘‘1’’ fully methylated), were calculated as quantitative percentage of methylated signals over both methylated and
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unmethylated signals. All IDATs and processed beta values have been uploaded and made available through Gene Expression

Omnibus (GEO) under the accession number GSE138072.

SNP probes (‘rs’ probes) were used to examine potential sample swaps which can occur in genomic studies. No such swap was

identified. DNA Methylation beta values for three MIR141/200C promoter probes (‘‘cg12161331,’’ ‘‘cg18185189,’’ ‘‘cg19794481’’)

were examined to track mesenchymal content within each sample. MIR141/200C is considered to be a master regulator for epithe-

lial/mesenchymal phenotype transition, and this process is controlled by its promoter methylation state (Vrba et al., 2010). Methyl-

ation level at these three probes used highly correlated with mesenchymal content in flow sorting results (George et al., 2019). Two

samples had a failure rate of > 40%with our stringent backgroundmasking (Zhou et al., 2018) likely due to DNAdegradation, but were

kept in the study, using data points that passed the stringent filter.

ATAC sequencing (ATAC-seq) data processing
Quality control was carried out using the PEPATAC pipeline adopted by the TCGA ATAC-seq project (Corces et al., 2018). We fol-

lowed current ENCODE QC standards and excluded four samples due to insufficient transcription start site (TSS) enrichment value

(less than 6), therefore were removed from further analysis. Next, raw sequencing reads were mapped to the human reference

genome (GRCh37) using Burrows-Wheeler Alignment tool (BWA) with default settings (Li and Durbin, 2009), followed by peak calling

with software MACS2 (Zhang et al., 2008). Specifically, parameters of–nomodel and -f BAMPE were specified in calling open chro-

matin regions, for pileup of the whole fragments. Sample-based open peaks were thenmerged across all the samples, and fed into R

package DESeq2 (Love et al., 2014) to generate a normalized reads count matrix against effective library sizes.

ChIP sequencing (ChIP-seq) data processing
Raw sequencing reads for histone marks H3K27me3 and H3K27ac were mapped to the human reference genome (GRCh37) using

Burrows-Wheeler Alignment tool (BWA) with default settings (Li andDurbin, 2009). Reads for samples withmultiple runsweremerged

ahead of mapping. Normalized signal within 10 bp bins across the genome was calculated using deeptools2 (Ramı́rez et al., 2016),

with parameters ‘‘—normalizeUsing RPGC.’’ RPGC (per bin) equals the number of reads per bin divides by scaling factor for 1x

average coverage. A scaling factor was computed with R package csaw (Lun and Smyth, 2016), to generate effective library size.

Peak calling procedure was carried out using MACS2 (Zhang et al., 2008) with default settings.

Public available data resources
DNA methylation data (Illumina HM450 array) of ovarian stroma samples (N = 4 from the TCGA UCEC project; these samples were

annotated as ‘normal ovary’ and pathologist evaluation of available slides confirms ovarian stroma histology) were downloaded from

the Genomic Data Commons (GDC) Data Portal (https://portal.gdc.cancer.gov), together with that of Uterine Carcinosarcoma (UCS;

N = 57) and Sarcoma (SARC; N = 261). Pure, uncultured fallopian tube epithelium samples (FTE; N = 4) were downloaded through

GEO database, with one sample GSM2146822 taken from Series GSE81224 (Klinkebiel et al., 2016), and the other three samples

(GSM1606969, GSM1606970, and GSM1606973) from Series GSE65820 (Patch et al., 2015). Other FTE samples in the same studies

either had insufficient epithelial purity or had undergone in vitro culturing and therefore not included. All DNA methylation microarray

data were reprocessed from raw IDATs in the same way as described above for the MSCs. Gapped H3K27me3 chromatin peak files

ofMSC-derived from adipose, bonemarrow, chondrocyte, andH1 stem cell were downloaded through theNIHRoadmap Epigenom-

ics projects (http://www.roadmapepigenomics.org/data/). EZH2 target genes were then defined as genes overlapping with

H3K27me3 marked regions shared by all four different cell types.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± SEM unless otherwise stated. Details are found in the Results section and figure legends. All exper-

iments were preformed on at least three patient derived CA-MSCs. Student’s unpaired t test or ANOVA were used to determine the

statistical significance. Differences were considered significant at p < 0.05.

Identification of differential genes
Differential gene expression analysis was carried out using R package Limma (Ritchie et al., 2015). Specifically, differentially ex-

pressed genes were identified based on a p value less than 0.05, and an absolute log-transformed fold change greater than 1.5. Fol-

lowed by functional enrichment analysis using R package clusterProfiler (Yu et al., 2012), with FDR cutoff at 0.05 for KEGG pathway,

Gene Ontology (Biological Process), and Gene Set Enrichment Analysis (GSEA). In particular for GSEA, genes were ranked based on

log-transformed fold changes by comparing sample group of CA-MSC to MSC.

Unsupervised DNA methylation analysis
Unsupervised hierarchical clustering was performed on top variable CpG probes (N = 10,000, filtered by standard deviations) across

all CA-MSC and MSC samples measured on the EPIC array with the R function hclust(). Uniform Manifold Approximation and Pro-

jection (UMAP) was performed with the R package uwot.
e7 Cell Reports 33, 108473, December 8, 2020

https://portal.gdc.cancer.gov
http://www.roadmapepigenomics.org/data/


Article
ll

OPEN ACCESS
Identification of CA-MSC/FTE/MSC-specific probe sets
For global comparison of CAMSC/FTE/MSCs, different probe categories are defined as such: 1) CA-MSC and FTE shared hyper-

methylated probes: mean methylation difference > 0.4 in both CA-MSC to MSC, and FTE to MSC comparisons; 2) CA-MSC-specific

hyper-methylated probes: mean methylation difference > 0.4 when comparing CA-MSC to MSC, but absolute mean methylation dif-

ference < 0.1 when comparing FTE to MSC; 3) FTE-specific hyper-methylated probes: mean methylation difference > 0.4 when

comparing FTE to MSC, but absolute methylation difference < 0.1 when comparing CA-MSC to MSC; 4) CA-MSC and FTE shared

hypo-methylated probes: mean methylation difference <�0.4 in both CA-MSC to MSC, and FTE to MSC comparisons; 5) CA-MSC-

specific hypo-methylated probes: mean methylation difference < �0.4 when comparing CA-MSC to MSC, but absolute methylation

difference < 0.1 when comparing FTE to MSC; 6) FTE-specific hypo-methylated probes: mean methylation difference < �0.4 when

comparing FTE to MSC, and absolute mean methylation difference < 0.1 when comparing CA-MSC to MSC.

Identification of differential DNA methylation and functional enrichment analysis
Differentially methylated cytosines (DMCs) were calculated using R package DMRcate (Peters et al., 2015), by comparing sample

group of CA-MSC to MSC, based on its default FDR cutoff of 0.05. We removed probes with any missing value (NA) in any of the

samples, leaving a total of �401,000 probes for any analyses involving DMR/DMC calling. DMCs were split into hypermethylated

(hyper-) and hypomethylated (hypo-) DMCs, by comparing group of CA-MSC to MSC. Enrichment or depletion of various genomic

features (annotated with R package annotatr for each probe) in hyper- and hypo DMCs were measured as odds ratios, together with

significance level calculated using Chi-square test. And the probe set for DMR/DMC calling was used as the background for the

enrichment or depletion analysis.

Transcription factor binding site enrichment analysis
DMCs were mapped to genes captured by mRNA sequencing, if they were located within gene promoter regions defined as ± 1.5 kb

away from transcription start sites (TSSs). Annotation of CpG probes against transcription factor binding sites (TFBSs) were adopted

from our previous study (Zhou et al., 2017). We then performed enrichment analysis of TFBSs over differentially methylated probes at

distal regulatory elements (i.e., potential enhancers). Distal probes were defined as probes located within TFBSs, but not overlapping

with ± 2 kb flanking regions surrounding TSSs. For each set of hyper- or hypo-DMCs, hypergeometric test was applied to calculate

the enrichment of binding sites for each TF within the set of DMCs within all distal probes. Significance cutoff was made at p = 1e-3

after false discovery rate (FDR) correction.

Identification of differential ATAC-seq peaks, functional enrichment, and PCA analysis
Log-transformed reads count were used for further differential peak analysis, with reads counts of replicates from the same sample

averaged. Enrichment or depletion of differential ATAC-seq peaks against various genomic features was carried out in a similar way

as in differential methylation analysis. Peaksmerged from all the samples were served as the background. Principal component anal-

ysis (PCA) was performed, based on the normalized reads count matrix. Peak summit centered heatmap per sample was generated

with deepTools using normalized 10 base pair bin-based ATACseq signal (Ramı́rez et al., 2016).

Key Resources Table references
(Corces et al., 2018; Li, 2013; Zhang et al., 2008; Ripley, 2001; Dobin et al., 2013; Li and Dewey, 2011; Ramı́rez et al., 2016; Subra-

manian et al., 2005; Karolchik et al., 2003; Zhou et al., 2017; Yue, 2018; Coffman et al., 2019)
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Figure S1. Additional DNA methylation differences in CA-MSCs vs MSCs, Related to Figure 
1. 

A. DNA methylation heatmap of top differentially methylated loci (FDR<0.05, and absolute 
group beta value difference > 0.4) between tumor samples and CA-MSCs. Probes are 
plotted as rows, with samples plotted as columns. Sample group of tumor, normal MSC, 
and CA-MSC is plotted as column annotation, together with sample isolation source if 
samples are normal MSCs or CA-MSCs. A blue-to-red gradient indicates a beta value of 
0-1 (DNA methylation level of 0% to 100%).  Sample CA-MSC_OM10 with heavy epithelial 
contamination is highlighted. Isolation site abbreviations: FT, fallopian tube; AD, adipose; 
OM, omentum; OV, ovary; OMmets, metastasis from omentum.  

B,C. Enrichment of CA-MSC hyper-methylated loci (B)  and hypo-methylated loci (C) against 
different genomic features of CpG and genic annotations. CpG annotations include open 
sea (cpg_inter), CpG shores (cpg_shores), CpG shelves (cpg_shelves), CpG islands 
(cpg_islands). Genic annotations contain 1-5Kb upstream of the TSS (genes_1to5kb), the 
promoter (< 1Kb upstream of the TSS; genes_promoters), 5’UTR (genes_5UTRs), first 
exons (genes_firstexons), exons (genes_exons), introns (genes_introns), CDS 
(genes_cds), 3’UTR (genes_3UTRs), and intergenic regions (the intergenic regions 
exclude the previous list of annotations; genes_intergenic). Odds ratio and 95% 
confidence interval (CI) for each feature are shown. Significance level is labeled in 
parentheses.  

D. Scatter plots showing DNA methylation beta values in CA-MSC (shared y axis) versus 
fallopian tube epithelium (FTE) samples (x axes), stratified by the methylation level in 
normal MSCs. Each dot represent one CpG, as measured by one DNA methylation probe. 
Linear regression lines are plotted in blue, with corresponding regression coefficient (aka. 
slope) indicated on top of each panel. 
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Figure S2. DNA methylation changes persists with MSC differentiation, Related to Figure 
2. 

A,B. DNA methylation levels at the five-locus panel for MSCs (A) and CA-MSCs (B) with  
adipose( ’adi’) and fibroblast (‘fibro’) lineage differentiation. Y axis indicates % methylation as 
determined by MSP.  Ttest between MSCs at each loci p>0.05. Mean & SEM of 3 independent 
samples are represented. 
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Figure S3. Additional ATAC-seq, pathway analysis and cellular abundance of CA-MSCs vs 
MSCs, Related to Figure 3 and 4. 

A,B. Enrichment of CA-MSC closed (A) and open (B) ATAC-seq peaks against different 
genomic features of CpG and genic annotations defined as in Supp Figure S1B,C. Odds 
ratio and 95% confidence interval (CI) for each feature are shown. Significance level is 
labeled in parentheses. 

C. Gene ontology (GO) enrichment analysis (biological concept of Biological Process; 
GOBP). The numbers of up- and down-regulated genes comparing CA-MSCs to MSCs 
are labeled underneath the plot. Each dot represents a GOBP term, with dot size indicating 
enrichment score (ES), and dot color representing significance level. Two cell adhesion 
related processes are highlighted for genes upregulated in CA-MSCs.  

D. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis. Two pathways 
relevant to cell adhesion are highlighted for upregulated genes, and two pathways relevant 
to EMT (epithelial-mesenchymal transition), the reverse process of MET, are highlighted 
for downregulated genes. 

E. MSC quantification from benign and HGSC involved human tissues and ascites. MSCs 
quantified via flow cytometry (CD90, 73, 105+/CD45, 34, 14, 19- population) and 
represented as percentage of total viable cell population.  
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Figure S4. CA-MSCs have altered collagen secretion associated with increased metastasis, 
Related to Figure 3. 

A. qRT-PCR of COL15 and COL4 expression in normal MSCs and CA-MSCs. Fold change 
compared to normal MSC is expressed. Results are the mean and SEM of 3 independent 
cell lines. 

B. Immunofluorescence of COL4 (red) and COL15 (green) during adherent CA-MSC and 
normal MSC culture demonstrating increased CA-MSC secretion of COL4 and decreased 
secretion of COL15. Scale bar=10microns. 

C. Immunofluorescence of COL4 and COL15 in benign omentum and omental HGSC 
metastasis demonstrating increased COL4 and decreased COL15 in omental metastasis. 
Scale bar=20microns 
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Figure S5. Additional tumor cell adhesion and CA-MSC verification, Related to Figure 4. 

A. OVCAR3 binding to plastic, normal omentum (OM) MSCs, CA-MSCs derived from the OM 
and ovary (OV) demonstrates increased tumor cell adhesion to CA-MSCs. Results 
quantified by counting fluorescent tumor cells per high power field (HPF). Mean & SEM of 
3 independent experiments is represented. 

B. Immunohistochemistry of cytospin of CA-MSC:tumor cell complexes isolated from patient 
ascites demonstrating strong PAX8 expression in tumor cells and not CA-MSCs. Scale 
bar=20microns 

C. PAX8 western blot of ovarian tumor cells and CA-MSCs isolated from ascites, omental 
metastasis and normal MSCs demonstrating CA-MSCs have minimal PAX8 expression 
which is similar to normal MSC levels and less than tumor cell levels. 

D. CA-MSCs isolated from tissue and ascites complexes were verified to meet MSC 
differentiation and surface expression criteria. Representative flow cytometry plots 
characterizing MSCs based on CD105,73,90 positivity and CD34,45,11b negativity and 
negativity for the fibroblast marker, fibroblast surface protein (FSP). Last plot 
demonstrates the population triple positive for CD105, 73 and 90. Y axis represent side 
scatter unless otherwise noted. 

E. Immunohistochemistry of undifferentiated and differentiated MSCs (adipocyte: oil red o; 
osteocyte: alizarin red; chondrocyte: alcian blue). Immunofluorescence of alpha-smooth 
muscle actin (αSMA) in undifferentiated and fibroblast differentiated MSCs demonstrating 
staining only after fibroblast directed differentiation.  

F. Ratio of tumor cells to CA-MSCs in cellular complexes isolated from ascites. N=4 
independent patients. 

G. Secreted luciferase levels (OD measurement) in control media versus media from 
luciferase-secreting CA-MSCs in standard culture or alginate encapsulated CA-MSCs. 
Mean and SEM of 3 independent experiments. 
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Figure S6. The 3D Genome Browser view in combination with the UCSC genomic view for 
gene WT1 locus, Related to Figure 5.  

A. Circular chromosomal conformation capture (4C) data in cell line K562 is plotted as a 
curve line (resolution is 5kb), where the center is the bait region (WT1 TSS, covered by 
green box, Region 1) and a peak signal indicates there is a chromatin interaction event 
between the TSS and a potential distal regulatory region supported by HiC reads 
covering both regions (y-axis).  

B-F. (B) DNase I-hypersensitive sites (DHS) linkage track and (C) UCSC tracks of HiC  
heatmap in K562, (D) gene track, (E) H3K27ac histone marks, and (F) enhancer, 
promoter, and regulatory interactions curated in GeneHancer database. Intense DHS 
interactions between the WT1 promoter region (green box, Region 1) and the first 
potential enhancer within its gene body (cyan box, Region2) also supports the potential 
interactions. Dashed green lines and circle show consistency between the UCSC HiC 
heatmap track (resolution is 5kb) and the peak covered by cyan box (Region 2) from 
the 4C curve view. Orange box (Region 3) marks a second enhancer within gene WT1, 
which overlaps with known enhancer annotation, and interaction with the WT1 promoter 
curated in the GeneHancer database. 
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Figure S7. H3K27me3 peak overlap and verification of histone mass spectrometry, Related 
to Figure 6. 

A. Venn diagram showing H3K27me3 peak overlaps among MSCs derived from different 
sources of adipose, chondrocytes, bone marrow, and H1 cell line. The common set of 
1,241 narrow peak regions (as in red) is defined as the EZH2 targets, if they are located 
within their transcriptional regions plus 2 kb upstream flanking regions of their TSSs. 

B. Western blot verification of differential histone modifications identified by mass 
spectrometry.  

C. Densitometry quantification of western blot analysis of histone modifications normalized 
to actin (for H4K16ac and H1K26me1) and H3 (for H3 modifications), in 5 CA-MSCs 
compared to  3 MSCs. T- test p values between CA-MSC and normal MSC are labeled on 
top of the bar set for each histone type. 
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Figure S8. EZH2 inhibition does not impact tumor cell viability and additional EZH2 
inhibitors similarly decrease CA-MSC formation, Related to Figure 4, 6 and STAR methods 
tissue harvesting. 

A. Viability of tumor cells PT412 and OVCAR3 and normal MSCs after 5 days treatment 
with 20nM GSK126 compared to vehicle control. 

B. Quantification of the percent of conversation to CA-MSC in WT1 KD MSCs or 
scrambled control after cancer stimulation (CS) with hypoxic direct cancer cell co-
culture with and without a different EZH2 inhibitor, Tazemetostat. Values are 
normalized to scrambled control conversion based on CA-MSC classifier score. *, ** = 
comparison to treatment group scrambled control; $ = comparison to CS scrambled 
control without Tazemetostat. Mean & SEM of 3 independent experiments are shown. 

C. EZH2 inhibition limits metastasis formation. Percentage of metastasis formation (y-
axis) at different organ sites (x-axis) is shown between EZH2 inhibition and control 
group in a tail vein injection metastasis model. 

D. Pulmonary tumor burden is shown between EZH2 inhibition and control group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SampleName SampleID PatientID SampleGroup SampleEPIC Source SourceCode

CAMSC_OM01 493_camsc s493 CAMSC 201557520003_R03C01 CA-MSCs derived from the omental metastasis of patients with high grade serous ovarian cancer CAMSC-OMmets

CAMSC_OM02 549_camsc s549 CAMSC 201557520040_R03C01 CA-MSCs derived from the omental metastasis of patients with high grade serous ovarian cancer CAMSC-OMmets

CAMSC_OM03a CAMSC1 s0009 CAMSC 200516380137_R01C01 CA-MSCs derived from the omental metastasis of patients with high grade serous ovarian cancer CAMSC-OMmets

CAMSC_OM03b CAMSC2 s0009 CAMSC 200516380137_R02C01 CA-MSCs derived from the omental metastasis of patients with high grade serous ovarian cancer CAMSC-OMmets

CAMSC_OM05 CAMSC3 s0003 CAMSC 200516380137_R03C01 CA-MSCs derived from the omental metastasis of patients with high grade serous ovarian cancer CAMSC-OMmets

CAMSC_OM06a CAMSC6 s0006 CAMSC 200516380137_R06C01 CA-MSCs derived from the omental metastasis of patients with high grade serous ovarian cancer CAMSC-OMmets

CAMSC_OM06b CAMSC7 s0006 CAMSC 200516380137_R07C01 CA-MSCs derived from the omental metastasis of patients with high grade serous ovarian cancer CAMSC-OMmets

CAMSC_OM08 CAMSC8 s0008 CAMSC 200516380137_R08C01 CA-MSCs derived from the omental metastasis of patients with ovarian carcinosarcoma CAMSC-OMmets

CAMSC_OM09 CAMSC9 s0009 CAMSC 200526210119_R01C01 CA-MSCs derived from the omental metastasis of patients with high grade serous ovarian cancer CAMSC-OMmets

CAMSC_OM10 406_camsc s406 CAMSC 201557520040_R02C01 CA-MSCs derived from the omental metastasis of patients with high grade serous ovarian cancer CAMSC-OMmets

CAMSC_FT01 19-175 FT.camsc s19-175 CAMSC 203020780110_R04C01 CAMSCs derived from fallopian tube invovled with high grade serous ovarian cancer CAMSC-FT

CAMSC_OV01 19-90 ov.camsc s19-90 CAMSC 203020780110_R05C01 CAMSCSs derived from ovary involved with high grade serous ovarian cancer CAMSC-OV

CAMSC_OV02 19-95 ov.camsc s19-95 CAMSC 203020780110_R06C01 CAMSCSs derived from ovary involved with high grade serous ovarian cancer CAMSC-OV

CAMSC_OV03 19-263 ovcamsc s19-263 CAMSC 203038250154_R06C01 CAMSCSs derived from ovary involved with ovarian cancer CAMSC-OV

MSC_OMneo01 18-0030 neo n.om s18-0030 MSC 203020780110_R08C01 MSCs derived from omentum that was initially involved with high grade serous ovarian cancer but had a complete pathologic response to neoadjuvant chemotherapy MSC-OMneo

MSC_OMneo02 18-0054 neo n.om s18-0054 MSC 203013220061_R01C01 MSCs derived from omentum that was initially involved with high grade serous ovarian cancer but had a complete pathologic response to neoadjuvant chemotherapy MSC-OMneo

MSC_OMneo03 18-0048 neo n.om s18-0048 MSC 203013220061_R02C01 MSCs derived from omentum that was initially involved with high grade serous ovarian cancer but had a complete pathologic response to neoadjuvant chemotherapy MSC-OMneo

MSC_OMneo04 19-107 n.om (neo) s19-107 MSC 203013220061_R03C01 MSCs derived from omentum that was never involved with cancer (stage II ovarian cancer) but patient had neoadjuvant chemotherapy MSC-OMneo

MSC_FT01 19-120 n.FT s19-120 MSC 203013220061_R04C01 MSCs derived from normal fallopian tube MSC-FT

MSC_FT02 19-197 n.FT s19-197 MSC 203013220061_R05C01 MSCs derived from normal fallopian tube MSC-FT

MSC_FT03 19-128 n.FT s19-128 MSC 203013220061_R06C01 MSCs derived from normal fallopian tube but with hydrosalpinx MSC-FT

MSC_FT04 AL n.FT s0007 MSC 203013220061_R07C01 MSCs derived from normal fallopian tube MSC-FT

MSC-FT-BrcaL 19-257 LFT BRCA2 s19-257 MSC 203038250154_R02C01 MSCs derived from left fallopian tube with BRCA2 mutation MSC-FT

MSC-FT-BrcaR 19-257 RFT BRCA2 s19-257 MSC 203038250154_R03C01 MSCs derived from right fallopian tube with BRCA2 mutation MSC-FT

MSC_FT07 19-223 #2 nFT s19-223 MSC 203038250154_R04C01 MSCs derived from normal fallopian tube MSC-FT

MSC_AD01 amsc_1125 s1125 MSC 201557520040_R04C01 MSCs derived from adipose purchased through ATCC MSC-AD

MSC_AD02 amsc_2118 s2118 MSC 201557520003_R05C01 MSCs derived from adipose purchased through ATCC MSC-AD

MSC_OM01a MSC1 s0001 MSC 200526210119_R02C01 MSCs derived from normal omental tissue undergoing surgery for benign indications MSC-OM

MSC_OM01b MSC2 s0001 MSC 200526210119_R03C01 MSCs derived from normal omental tissue undergoing surgery for benign indications MSC-OM

MSC_OM01c MSC5 s0001 MSC 200526210119_R06C01 MSCs derived from normal omental tissue undergoing surgery for benign indications MSC-OM

MSC_OM01d MSC6 s0001 MSC 200526210119_R07C01 MSCs derived from normal omental tissue undergoing surgery for benign indications MSC-OM

MSC_OM05 18-691 n.om CC s18-691 MSC 203013220061_R08C01 MSCs derived from normal omentum from patient with a stage II clear cell endometrial cancer MSC-OM

MSC_OM05b 18-691 n.om CC s18-691 MSC 203038250154_R01C01 MSCs derived from normal omentum from patient with a stage II clear cell endometrial cancer MSC-OM

MSC_OM07 19-319 n.om s19-319 MSC 203038250154_R05C01 MSCs derived from normal omentum MSC-OM

Table S1



 

 

Table S1. Sample list summary, Related to Figure 1 and STAR methods DNA methylation array 
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