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Mesenchymal gene program–expressing 
ovarian cancer spheroids exhibit enhanced 

mesothelial clearance
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Huiying Piao,2 Tan A. Ince,4 Michael G. Drage,5 Judy Dering,6 Gottfried E. Konecny,6  
Ursula Matulonis,2 Gordon B. Mills,7 Dennis J. Slamon,6 Ronny Drapkin,2,5 and Joan S. Brugge1
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David Geffen School of Medicine, UCLA, Los Angeles, California, USA. 7Department of Bioinformatics and Computational Biology,  

The University of Texas MD Anderson Cancer Center, Houston, Texas, USA.

Metastatic dissemination of ovarian tumors involves the invasion of tumor cell clusters into the mesothelial 
cell lining of peritoneal cavity organs; however, the tumor-specific factors that allow ovarian cancer cells to 
spread are unclear. We used an in vitro assay that models the initial step of ovarian cancer metastasis, clear-
ance of the mesothelial cell layer, to examine the clearance ability of a large panel of both established and pri-
mary ovarian tumor cells. Comparison of the gene and protein expression profiles of clearance-competent and 
clearance-incompetent cells revealed that mesenchymal genes are enriched in tumor populations that display 
strong clearance activity, while epithelial genes are enriched in those with weak or undetectable activity. Over-
expression of transcription factors SNAI1, TWIST1, and ZEB1, which regulate the epithelial-to-mesenchymal 
transition (EMT), promoted mesothelial clearance in cell lines with weak activity, while knockdown of the 
EMT-regulatory transcription factors TWIST1 and ZEB1 attenuated mesothelial clearance in ovarian cancer 
cell lines with strong activity. These findings provide important insights into the mechanisms associated with 
metastatic progression of ovarian cancer and suggest that inhibiting pathways that drive mesenchymal pro-
grams may suppress tumor cell invasion of peritoneal tissues.

Introduction
Ovarian cancer has the highest mortality rate of all gynecological 
cancers and the fifth highest mortality rate of all cancers in the 
United States (1). Because early disease is asymptomatic, ovarian 
cancer is rarely diagnosed until late stages, when the cancer has 
spread beyond the primary tumor site (2). Ovarian cancer metas-
tasis involves detachment of tumor cells from the primary tumor 
site and attachment on the surface of other intra-abdominal 
organs (3, 4), including the omentum, peritoneum, diaphragm, 
and small bowel mesentery (5). Generally, tumor nodules develop 
on the surface of the peritoneal organs and undergo extensive 
expansion, leading to significant clinical complications, including 
bowel obstruction.

All of the organs within the peritoneal cavity are lined with a 
continuous monolayer of mesothelial cells (6–8). Electron micro-
graph studies of ovarian cancer nodules attached to peritoneal 
cavity organs revealed that mesothelial cells are absent from 
underneath the attached tumor mass (7–10), suggesting that 
mesothelial cells can act as a protective barrier against ovarian 
cancer metastasis and that mesothelial cells are excluded during 
processes leading to successful tumor cell implantation on peri-
toneal tissue. This is supported by in vitro evidence that attach-
ment and invasion of ovarian cancer cells into a 3D collagen gel 
is delayed when the gel is covered with a mesothelial monolayer 

(11) and that ovarian cancer cells are able to attach more firmly 
to ECM components compared with either plastic culture dishes 
or mesothelial cell monolayers (12, 13).

Ovarian cancer cells can attach and spread on multiple ECM pro-
teins associated with the mesothelium and underlying basement 
membrane, including collagen I, collagen IV, laminin, vitronectin, 
and fibronectin; α and β integrins, as well as CD44, have been 
shown to serve as tumor cell receptors for these ligands (9, 12–21). 
While ovarian cancer cell adhesion and spreading on mesothelial 
monolayers has been well characterized, there has been much less 
focus on understanding the mechanisms associated with ovarian 
cancer cell invasion into and displacement of cells in the mesothe-
lial monolayer. Several groups have examined the ability of single 
ovarian cancer cells to transverse through a mesothelial monolayer 
and found that inhibiting VCAM, α4 integrin, β1 integrin, MMP-2,  
or MMP-9 could decrease the extent of transmesothelial invasion 
(21–23). In addition, studies from our laboratory have shown that 
ovarian cancer multicellular spheroids are able to attach to and 
clear a hole in a mesothelial cell monolayer through an integrin- 
and force-dependent process involving α5 integrin, talin I, and 
myosin II. Inhibiting any of these molecules significantly decreases 
mesothelial clearance ability (24).

In this study, we sought to further understand the mechanisms 
by which ovarian cancer multicellular spheroids clear the meso-
thelial monolayer by characterizing the clearance abilities of a 
panel of 20 established ovarian cancer cell lines and 21 primary 
ovarian cancer cell samples. Comparison of the gene and protein 
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expression profiles of ovarian cancer spheroids that are compe-
tent or incompetent to clear mesothelial monolayers revealed dis-
tinct differences in the expression of mesenchymal and epithelial 
cell markers that correlated with clearance competency. Modula-
tion of mesenchymal transcription factors to promote or inhibit 
mesenchymal gene expression altered the clearance ability of the 
tumor cell lines. These studies provide important new insights 
into the mechanisms involved in mesothelial cell invasion and the 
pathogenesis of ovarian cancer progression.

Results
Differential ability of ovarian cancer spheroids to clear a mesothelial 
monolayer. We have shown previously that OVCA433 ovarian cancer 
multicellular spheroids are able to attach to, intercalate into, and 
form a hole in a mesothelial cell monolayer, while OVCAR5 ovarian 
cancer multicellular spheroids are unable to clear the monolayer 
(24). To explore the differences in gene and protein expression 
that distinguish clearance-competent ovarian cancer multicellular 
spheroids from clearance-incompetent spheroids, we first analyzed 
the ability of preformed multicellular spheroids from 20 different 
ovarian cancer cell lines to form a hole in GFP-expressing ZT meso-
thelial monolayers using time-lapse video microscopy (Figure 1A).

After 8 hours of coculture, clearance ability was scored. The cell 
lines with a normalized clearance area greater than 1 are referred 
to as clearance competent, while the cell lines with a normalized 
clearance area less than 1 are referred to as clearance incom-
petent. Eleven ovarian cancer cell lines (ES2, CP70, OVCAR3, 
OVCA433, OV207, A2780, TOV112D, DOV13, OVCA432, HEYC2, 
and OV2008) were able to clear the mesothelial monolayer, 
3 (OVSAHO, C13, and OAW28) cleared weakly, and 6 (PE06, 
CAOV3, OVCA429, EFO21, MCAS, and RMG1) did not clear  
(Figure 1B, Supplemental Figure 1, and Supplemental Video 1;  

supplemental material available online with this article; 
doi:10.1172/JCI69815DS1). These results indicate that there is a 
continuum of clearance abilities among ovarian cancer spheroids.

Ovarian cancer spheroid clearance ability correlates with the expres-
sion of mesenchymal and epithelial markers. To explore differences 
between cell lines with distinct clearance competencies, relative 
gene expression was measured in the 20 ovarian cancer cell lines 
using an Agilent Human 44K expression microarray. A total of 
1,426 unique genes were identified as distinguishing the clear-
ance-competent cell lines from the clearance-incompetent cell lines  
(P < 0.05, Supplemental Table 1). Enrichment analysis demon-
strated that this set was enriched for genes in the GeneGo Pathway 
Maps: “TGF-β–dependent induction of epithelial-to-mesenchymal 
transition (EMT) via SMADs” and “regulation of epithelial-to-mes-
enchymal transition” (P < 7.37 × 10–5 and P < 5.69 × 10–4 respec-
tively, GeneGo). To further validate this pathway enrichment, we 
analyzed the overlap between our set of differentially expressed 
genes and an EMT signature consisting of a 159-gene EMT core 
signature (25) and 6 established EMT transcriptional regulators 
(TWIST1, TWIST2, ZEB2, SNAI1, SLUG, OVOL1) (26). The genes 
differentially regulated in clearance-competent cell lines were  
2.4-fold enriched for genes in the core EMT signature (P = 1.94 × 10–8,  
Figure 1C; fold enrichment is defined as the observed frequency 
divided by the expected frequency). Genes characteristic of a 
mesenchymal phenotype were enriched in the clearance-compe-
tent ovarian cancer cell lines, while genes characteristic of an epi-
thelial phenotype were enriched in the clearance-incompetent cell 
lines (Figure 1C). Interestingly, OVCA432, HEYC2, and OV2008 
cells, which exhibited borderline clearance activity, expressed the 
weakest mesenchymal signature.

Protein expression of the epithelial marker, E-cadherin, and the 
mesenchymal marker, vimentin, was confirmed in the ovarian can-
cer cell lines by Western blot analysis (Figure 1D). Consistent with 
the microarray data, average E-cadherin protein expression was 
lower in the clearance-competent cell lines compared with that in 
the clearance-incompetent cell lines (Figure 1E), whereas, average 
vimentin protein expression was higher in the clearance-compe-
tent cell lines compared with that in the clearance-incompetent cell 
lines (Figure 1F). The 2 weakest cell lines in the clearance-compe-
tent group, OVCA432 and HEYC2, expressed E-cadherin. OVCAR3 
cells represent an outlier — both with respect to mRNAs in the 
EMT signature and E-cadherin protein expression. It is possible 
that OVCAR3 cells have an additional alteration that could drive 
intercalation independent of the mesenchymal signature; e.g., 
these cells carry gene amplifications of PIK3CA and AKT2, which 
regulate actin cytoskeletal changes and tumor cell invasion (27). 
Taken together, these data suggest that clearance-competent cell 
lines are enriched for mesenchymal markers, while clearance-in-
competent cells are enriched for epithelial markers.

Overexpression of TWIST1, ZEB1, or SNAI1 promotes mesothelial clear-
ance. To determine whether mesenchymal gene programs func-
tionally regulate mesothelial clearance, we modulated the expres-
sion of several EMT transcription factors in the ovarian cancer 
cell lines and measured the effects on clearance ability. First, we 
examined whether overexpression of the EMT transcription fac-
tors TWIST1, ZEB1, and SNAI1 in a clearance-incompetent cell 
line (MCAS) could promote clearance ability. TWIST1 and ZEB1 
were chosen because their expression was significantly correlated 
with clearance ability (Figure 1C). SNAI1 was chosen because it is 
known to be a strong inducer of EMT (28).

Figure 1
Ovarian cancer cell line spheroids display differential clearance ability 
that correlates with epithelial and mesenchymal marker expression. 
(A) Representative images from mesothelial clearance assays of 2 
clearance-competent or clearance-incompetent ovarian cancer cell 
lines. The extent of clearance of a ZT mesothelial monolayer (green) 
by OVCA433 or CAOV3 ovarian cancer spheroids (red) was imaged at 
0, 4, and 8 hours after coincubation. (B) Quantification of clearance by 
ovarian tumor cell lines. Clearance area was measured in 20 estab-
lished ovarian cancer cell lines by coculturing preformed multicellular 
spheroids with ZT mesothelial cell monolayers. After 8 hours of coincu-
bation, the negative space created in the mesothelial monolayer by the 
ovarian cancer spheroid was measured and divided by the initial size 
of the ovarian cancer spheroid at time 0 to determine the normalized 
clearance area. Cell lines with a normalized clearance area >1 were 
classified as clearance competent and <1 were classified as clearance 
incompetent. >10 spheroids scored over 2 replicates. (C) Analysis of 
enrichment of mRNAs associated with EMT. Heat map showing mRNA 
expression of genes associated with the Taube EMT core signature 
and 3 additional transcription factors that are significantly (P < 0.05) 
differentially expressed in the clearance-competent and clearance-in-
competent ovarian tumor cell lines. Ovarian cancer cell line data in the 
left column and manipulations to HMLE cells from Taube et al. (25) in 
the right column. Both data sets were log2 transformed for visualization. 
(D) Western blot analysis of E-cadherin and vimentin expression in the 
20 established ovarian cancer cell lines. (E and F) Average (E) E-cad-
herin or (F) vimentin protein expression levels in clearance-competent 
and clearance-incompetent cell lines measured by densitometry:. Error 
bars denote SEM. *P < 0.05, Student’s t test. Scale bar: 100 μm.
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We were unable to establish stable lines of MCAS cells overex-
pressing TWIST1, ZEB1, and SNAI1, most likely because EMT-in-
ducing transcription factors can suppress proliferation when 
overexpressed in tumor cell lines (29–31); therefore, we inducibly 
overexpressed these genes in the clearance-incompetent MCAS 
cell line. Expression was induced for 7 to 14 days by supplement-
ing the growth medium with 20 nM 4-hydroxytamoxifen (4-OHT) 
(for the TWIST1 and SNAI1 vectors) or 1 μg/ml doxycycline (for 
the ZEB1 vector) every other day. Induction of SNAI1, ZEB1, or 
TWIST1 resulted in a 72-fold, 10-fold, or 3.6-fold increase in 
SNAI1, ZEB1, or TWIST1 mRNA, respectively (Figure 2, A–C). 
The expression of several EMT markers was measured by qPCR 
in the SNAI1-, ZEB1-, and TWIST1-overexpressing cells. These 
markers were chosen because they were differentially expressed 
in the clearance-competent and clearance-incompetent cell lines 
and are part of the Taube core EMT signature (25) (Figure 1C). 
SNAI1 overexpression produced the most dramatic change in 
marker expression, inducing the mesenchymal markers TSHZ1, 
COL5A, and FBN1 and suppressing the epithelial markers E-cad-
herin, MYO5C, KRT18, KRT8, ANXA3, and ST14 (Figure 2D). ZEB1 
overexpression induced the expression of the mesenchymal mark-
ers TSHZ1 and FBN1 and decreased the expression of E-cadherin, 
while the expression of other epithelial markers was unchanged 
(Figure 2E). TWIST1 overexpression induced the expression of the 
mesenchymal marker N-cadherin and decreased the expression 
of the epithelial markers E-cadherin and keratin 8 (Figure 2F).  
Furthermore, phase-contrast imaging of attached cells showed 
that, while control MCAS cells grouped in small clusters and 
showed an epithelial-like morphology, TWIST1-, ZEB1-, and 
SNAI1-overexpressing MCAS cells did not cluster as tightly and 
were more elongated (Figure 2G). Failure to see a more dramatic 
switch in the TWIST1- and ZEB1-overexpressing cells (low fold 
change, only a small number of cells phenotypically different;  
Figure 2, B, C, and G) could reflect the fact that EMT transcrip-
tion factor overexpression suppresses proliferation (32), suggest-
ing that only a small number of cells in the population can sus-
tain the EMT switch.

Mesothelial clearance analysis revealed that SNAI1, ZEB1, or 
TWIST1 overexpression significantly increased the clearance ability 
of MCAS spheroids compared with that of untransfected and unin-
duced controls (Figure 2, H and I, and Supplemental Figure 2), and 
the degree of increase in clearance ability correlated with the strength 
of epithelial and mesenchymal marker change (Figure 2, D–F). Taken 
together, these results suggest that the overexpression of EMT tran-
scription factors can increase mesothelial cell clearance ability.

Knockdown of TWIST1 and ZEB1 reduces mesothelial clearance. To 
further evaluate the regulation of clearance by transcription fac-
tors that modulate EMT, we decreased the expression of EMT 
transcription factors in clearance-competent cell lines. Since 
TWIST1, ZEB1, and ZEB2 expression correlated significantly 
with clearance ability (Figure 1C), we knocked down the expres-
sion of TWIST and ZEB transcription factor family members 
in OVCA433 cells. Knockdown of ZEB1, TWIST1, ZEB2, and 
TWIST2 genes with siRNA SMARTpools significantly decreased 
their respective mRNA expression levels, as measured by qPCR 
48 hours after treatment (Figure 3, A–D). Western blot analysis 
revealed that E-cadherin protein expression was increased in both 
the TWIST1 and ZEB1 siRNA knockdown cells, while vimentin 
protein expression was unchanged (Figure 3I). qPCR analysis of 
other EMT markers revealed that ZEB1 knockdown produced the 
most dramatic effect, consistent with the strong level of E-cad-
herin protein expression; EXPH5, KRT18, KRT8, and ANXA3 
mRNAs were significantly increased in the ZEB1 knockdown cells, 
while COL5A2 mRNA was significantly decreased (Figure 3E). The 
effects of TWIST1 and ZEB2 knockdown on EMT marker gene 
expression were less significant (Figure 3, F and G), and there was 
no significant marker expression change in TWIST2 knockdown 
cells (Figure 3H). The weak effects on gene expression, particularly 
the lack of decrease of vimentin and other mesenchymal markers, 
could reflect the need for a longer knockdown time to reverse the 
expression of the mesenchymal gene program (33, 34). Neverthe-
less, knockdown of TWIST1 and ZEB1 by siRNA in OVCA433 cells 
enhanced E-cadherin expression and that of several other epithe-
lial markers; therefore, we examined the effects of knockdown on 
mesothelial clearance.

The TWIST1, TWIST2, and ZEB1 siRNA SMARTpools signifi-
cantly decreased mesothelial clearance, while the ZEB2 SMART-
pools did not (Figure 3J). To validate these findings, we tested 
the individual siRNAs that comprised the TWIST1, ZEB1, and 
TWIST2 SMARTpools for clearance inhibition; the reduction in 
clearance was consistent with the extent of knockdown for TWIST1 
and ZEB1 but not TWIST2 (Supplemental Figure 3). Finally, 
ZEB1 expression was knocked down using shRNA-expressing len-
tiviral vectors. Three of the four hairpins significantly decreased 
ZEB1 mRNA expression (Figure 3K), and the levels of mesothe-
lial clearance correlated with ZEB1 knockdown (Figure 3Q).  
Western blot analysis revealed that E-cadherin expression inversely 
correlated with ZEB1 knockdown (Figure 3L). While there was 
variation in the extent of upregulation or downregulation of 
EMT markers, overall, the expression of mesenchymal genes was 
decreased and the expression of epithelial genes was increased in 
the cells with significant ZEB1 downregulation (Figure 3, M–P). 
Similar to shRNA-mediated downregulation of ZEB1, stable 
knockdown of TWIST1 using shRNA lentiviral expression vec-
tors resulted in decreased mesothelial clearance and increased 
expression of the epithelial markers (Supplemental Figure 4). 
Moreover, siRNA knockdown of TWIST1 and ZEB1 in a second 

Figure 2
Overexpression of EMT transcription factors increases mesothelial 
clearance ability. (A–C) qRT-PCR measurements of mRNA levels of 
(A) SNAI1, (B) ZEB1, or (C) TWIST1 in MCAS cells infected with the 
control WZL-empty vector, WZL-TWIST, or WZL-SNAI1 or MCAS rTTA 
cells infected with control FUW-LPT2 or FUW-LPT2 ZEB1. TWIST1 
and SNAI1 cells were treated with vehicle (uninduced) or 20 nM 
4-OHT, while ZEB1 cells treated with vehicle or 1 μg/ml doxycycline. 
(D–F) qRT-PCR measurements of mRNA levels of EMT markers in 
(D) TWIST1-, (E) ZEB1-, or (F) SNAI1-overexpressing cells. Measure-
ments were normalized to RPLPO mRNA levels and expressed as 
fold changes compared to controls. Data are shown as the mean of 3 
biological replicates for each condition. Each biological replicate was 
derived from an average of 3 technical replicates. (G) Phase-contrast 
images of control, TWIST1-, ZEB1-, and SNAI1-overexpressing MCAS 
cells induced with 20 nM 4-OHT or 1 μg/ml doxycycline for 7 to 14 days.  
Original magnification, ×10. (H and I) Normalized average clearance 
area of ZT mesothelial monolayers 8 hours after coculture with unin-
duced and 20 nM 4-OHT– or 1 μg/ml doxycycline-induced MCAS 
spheroids carrying control WZL-empty vector, inducible WZL-TWIST, 
WZL-SNAIL, control FUW-LPT2, or FUW-LPT2 ZEB1 expression vec-
tors. >20 spheroids averaged per condition. Error bars denote SEM.  
*P < 0.05, Student’s t test. Scale bar: 100 μm.
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cell line, OVCA432, also significantly decreased mesothelial clear-
ance (Supplemental Figure 5). In conclusion, ZEB1 and TWIST1 
are required for efficient mesothelial clearance in OVCA433 and 
OVCA432 cell lines, and reduction in these transcription factors 
increases the epithelial phenotype of ovarian tumor cells lines.

Vimentin regulates mesothelial clearance ability. Vimentin, an inter-
mediate filament protein and downstream effector of EMT tran-
scription factors (26), is enriched in the clearance-competent 
ovarian cancer cell lines (Figure 1). Because vimentin expression 
has been implicated in cell motility (35), we wanted to determine 
whether vimentin could also regulate mesothelial clearance. 
Vimentin expression was reduced in OVCA433 cells using siRNA 
SMARTpools, causing a downregulation of vimentin protein 
expression and significantly decreased clearance. (Figure 3, R 
and S, respectively). Furthermore, knockdown of vimentin using 
shRNA hairpins significantly decreased mesothelial clearance 
(Supplemental Figure 6) in a second cell line, CP70 (Supplemental 
Figure 7). Overall, these results are consistent with the possibility 
that EMT-mediated regulation of vimentin expression contributes 
to the ability of tumor cells to clear and invade mesothelium.

Differential clearance ability in primary ovarian cancer cells from the 
ascites fluid of patients with ovarian cancer correlates with the expression of 
E-cadherin and vimentin. To determine whether similar correlations 
between clearance activity and epithelial or mesenchymal pheno-
types could be observed in primary ovarian cancer cell samples, 
we examined mesothelial clearance activity of primary serous pap-
illary ovarian tumor cells derived from ascites fluid of 21 patients 
with high-grade serous ovarian cancer (DF9, DF14, DF24, DF29, 
DF43, DF59, DF68, DF106, DF118, DF141, DF143, DF147, DF155, 
DF160, DF163, DF164, DF166, DF168, DF172, DF173, DF176). 
Minimally processed frozen vials of primary ovarian cancer cells 
were plated on tissue culture plastic for 48 hours. The attached cells 
were trypsinized and divided into 3 aliquots. One aliquot was plated 
on untreated tissue culture plates for 24 hours and then lysed for 

Western blot and reverse-phase protein array (RPPA) analysis to 
measure the expression of epithelial and mesenchymal markers. 
A second aliquot was plated on poly-HEMA–coated culture dishes 
and grown in suspension for 24 hours before being lysed for marker 
analysis. The third aliquot was plated at 100 cells per well in 96-well 
poly-HEMA–coated culture dishes to form multicellular spheroids, 
and, after 16 hours in suspension, the spheroids were analyzed for 
clearance activity (Figure 4A). Cells from several representative clear-
ance-competent DF cell populations (DF143, DF164, and DF163) 
were stained for PAX8, a Müllerian marker expressed by serous 
papillary ovarian tumors (36, 37), after spreading on mesothelial 
monolayers (Figure 4B) or glass (Supplemental Figure 9); all of these 
lines expressed nuclear PAX8, confirming the ovarian carcinoma 
origin of clearance-competent cells. After 8 hours of coculture in the 
mesothelial clearance assay, 14 of the primary cell lines were found 
to be clearance competent (normalized clearance area >1), while 7 
of the primary cell populations were clearance incompetent (nor-
malized clearance area <1) (Figure 4C, Supplemental Figure 8, and 
Supplemental Video 2). Quantification of the levels of expression 
of E-cadherin and vimentin from Western blot analyses revealed a 
significant enrichment of E-cadherin in the clearance-incompetent 
DF lines, while vimentin was enriched in the clearance-competent 
DF tumor cells (Figure 4, D–F). These results were very consistent 
with the findings from the established ovarian cancer cell lines.

We also examined the expression of E-cadherin and vimentin by 
immunofluorescent staining of sections from the cell blocks of the 
ascitic fluid from which the DF cell populations were derived (Fig-
ure 4G). Consistent with the Western blot data, ovarian cancer cells 
from DF174 and DF176, 2 clearance-incompetent cell populations, 
were positive for E-cadherin, but not vimentin, while ovarian cancer 
cells from DF164, a clearance-competent line, strongly stained for 
vimentin and only weakly stained for E-cadherin. The stromal and 
hematopoietic cells in samples DF147 and DF164 expressed high 
levels of vimentin. These cells were likely cleared by the filtration 
step that was used for processing the ascitic fluid samples, since 
there were low levels of vimentin in the cultured DF147 cells.

Protein expression profile of clearance-competent and clearance-incom-
petent primary ovarian cancer spheroids. To better characterize the 
primary tumor samples, the expression levels of 151 proteins and 
phosphoproteins representing major signaling pathways and some 
EMT marker proteins were measured in the 21 primary ovarian can-
cer cell populations using RPPA. To identify the proteins that are 
differentially expressed between primary cell populations with dif-
ferent levels of clearance activity, a multiple linear regression model 
was constructed using the normalized clearance area data from the 
mesothelial clearance assay and the relative protein expression 
data from the RPPA analysis. In this analysis, only cell populations 
with a clearance-competent value >2.5 or a clearance-incompetent 
value <1.0 were used, and the results are depicted in a heat map 
with the antibody probes that have a significant linear relationship 
(P < 0.05) with normalized clearance area (Figure 5A). Consistent 
with the above findings, epithelial proteins, including E-cadherin, 
claudin 7, and HER3, were enriched in the primary cell populations 
that displayed the weakest clearance activity. Mesenchymal markers 
are not well represented in the list of antibodies available for RPPA 
analysis, so the expression of mesenchymal proteins could not be 
evaluated in this analysis. However, YAP, which induces EMT when 
overexpressed in mammary epithelial cells (38), was strongly cor-
related with clearance-competent cell populations. The eEF2 and 
eEEF2 kinases were also enriched in this population.

Figure 3
Knockdown of EMT transcription factors or vimentin inhibits meso-
thelial clearance. (A–D) qRT-PCR measurements of mRNA levels of 
(A) ZEB1, (B) TWIST1, (C) ZEB2, and (D) TWIST2 in OVCA433 cells 
transfected with siRNA SMARTpools targeting luciferase (control), 
ZEB1, TWIST1, ZEB2, or TWIST2. (E–H) qRT-PCR measurements 
of mRNA levels of EMT markers in (E) ZEB1, (F) TWIST1, (G) ZEB2, 
or (H) TWIST2 siRNA–treated OVCA433 cells. Measurements were 
normalized to RPLPO mRNA levels and expressed as fold changes 
compared to controls. Data are shown as the mean of 3 biological repli-
cates for each condition. Each biological replicate was derived from an 
average of 3 technical replicates. (I, L, and R) Western blot analysis of 
E-cadherin and vimentin in OVCA433 cells transfected with (I) siRNA 
SMARTpools targeting luciferase, TWIST1, or ZEB1; (L) with empty 
vector control or shRNAs targeting ZEB1; and (R) with siRNA SMART-
pools targeting luciferase or vimentin. (J, Q, and S) Normalized average 
clearance area of ZT mesothelial monolayers at 8 hours after coincuba-
tion with OVCA433 spheroids transfected with (J) luciferase, TWIST1, 
TWIST2, ZEB1, or ZEB2 siRNA SMARTpools; (Q) empty vector control 
or shRNAs targeting ZEB1; and (S) siRNA SMARTpools targeting luci-
ferase or vimentin. >60 positions scored per condition in 3 independent 
experiments. (K) qRT-PCR measurements of mRNA levels of ZEB1 in 
OVCA433 cells transfected with empty vector control (LKO) or shRNAs 
targeting ZEB1. (M–P) qRT-PCR measurements of mRNA levels of EMT 
markers in OVCA433 cells transfected with ZEB1 (M) shRNA 1, (N) 
shRNA 2, (O) shRNA 4, or (P) shRNA 5 normalized to control marker 
expression. Error bars denote SEM. *P < 0.05, Student’s t test.
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Figure 4
Spheroids from primary ovarian cancer cell lines display differential clearance ability that correlates with epithelial and mesenchymal marker expres-
sion. (A) Schematic outlining the treatment of the DF primary cell populations. (B) Representative images of immunofluorescence for PAX8 (red) and 
DAPI (blue) in DF164, DF143, and DF163 spheroids invading GFP-expressing (green) mesothelial monolayers for 8 hours. (C) Normalized clearance 
area was measured in 21 primary ovarian cancer cell populations. Samples with an average normalized clearance area >1 were characterized as 
clearance competent. Samples with an average normalized clearance area <1 were characterized as clearance incompetent. >20 spheroids were 
analyzed per condition. (D) Western blot analysis of E-cadherin and vimentin expression in 21 primary ovarian cancer cell lines. (E and F) Average 
(E) E-cadherin or (F) vimentin protein expression levels in clearance-competent and clearance-incompetent cell lines measured by densitometry. 
(G) Immunohistochemical analysis of sections from paraffin-embedded blocks of cells from the original ascitic fluid that the DF cell populations were 
derived from. Sections were stained with antibodies directed against E-cadherin or vimentin. Representative images from sections from clearance-in-
competent (DF147 and DF176) and clearance-competent (DF164) primary cells. The E-cadherin and vimentin images from DF147 and DF164 were 
from the same area of the tumor; however, the tumor cells in the DF176 tumors were so discohesive that it was not feasible to find the same cells 
in both sections. All of the cell blocks were stained with PAX8 to confirm the Müllerian identity of the tumor cells (data not shown). Error bars denote 
SEM. *P < 0.05, Student’s t test. Scale bar: 100 μm.
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The RPPA data described above were derived from primary ovar-
ian cancer cells that were able to initially attach to a cell culture 
dish 48 hours after thawing from a stock vial. For several of the 
primary cell populations, a proportion of the cells were unable to 
attach to the culture dish after 48 hours. These nonadherent cells 
did not display activity in the mesothelial clearance assay (data not 
shown). Interestingly, the protein expression profiles of the non-
attached cell populations derived from the clearance-competent 
cell populations were very similar to the protein expression pro-
files of the clearance-incompetent DF populations (being enriched 
for epithelial markers and other proteins in this signature) and 

clearly distinguished from cell populations of the same tumor 
that initially attached to tissue culture plates (Figure 5B). In con-
trast, for those tumors in which the attached cells were classified 
as clearance incompetent, the protein expression pattern of the 
unattached population and attached population of the same cell 
line were indistinguishable (Figure 5B).

Histologic sections from the DF155 primary tumor (one of the 
tumors in which the ascites samples displayed heterogeneous cell 
populations with differential abilities to attach to culture plates) 
stained for both E-cadherin and vimentin (Figure 5C). Both E-cad-
herin and vimentin were focally expressed in some, but not all, 

Figure 5
RPPA analysis reveals distinct populations of cells within some primary ovarian cancer cell lines. (A) RPPA analysis of the DF ovarian tumor cell 
populations. Antibodies that distinguish clearance-competent (normalized clearance area >2.5) and clearance-incompetent lines (normalized 
clearance area <1.0) are shown (P < 0.05, Student’s t test). (B) RPPA analysis of 4 clearance-competent and 2 clearance-incompetent ovarian 
cancer cell lines. Antibodies were chosen based on analysis in A. NA, population of cells that did not attach to the tissue culture dish 48 hours after 
thawing; A, population of cells that attached to the tissue culture dish 48 hours after thawing; AS, population of cells that attached to the tissue cul-
ture dish 48 hours after thawing followed by 24 hours of incubation in suspension in poly-HEMA–coated culture dishes. (C) Immunohistochemical 
analysis of sections from the primary tumor DF155, which were stained with antibodies directed against E-cadherin or vimentin. Scale bar: 100 μm.
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of the ovarian cancer cells. E-cadherin expression and vimentin 
expression were almost entirely mutually exclusive (Figure 5C, 
see arrows), supporting the existence of two distinct tumor pop-
ulations. Taken together, these results suggest that primary ovar-
ian cancer effusions contain a heterogeneous population of cells 
with differential ability to clear monolayers. The cells that exhibit 
mesenchymal markers display the strongest clearance activity.

EMT gene signature in patients with epithelial ovarian cancer. To 
address the significance of our findings to human ovarian can-
cer, we examined and compared the characteristics of our patient 

population to that of Tothill et 
al. (39). Tothill et al. used gene 
expression profiling to charac-
terize 285 predominantly high-
grade and advanced serous can-
cers of the ovary, fallopian tube, 
and peritoneum. A small number 
of endometrioid and low-grade 
serous tumors were also included 
in the analysis. They defined 6 
subgroups (C1–C6) with distinct 
molecular and histopathologic 
characteristics (39). One subgroup 
(C5) expressed genes associated 
with mesenchymal development 
(including increased expression of 
homeobox genes, WNT/β-catenin 
pathway components, and N- and 
P-cadherin). When we compared 
the gene expression profiles of the 
ovarian tumors in the Tothill study 
to the clearance-associated EMT 
signature (Figure 1), we found 
that 16% (45 of 285) of the Tothill 
tumors expressed this EMT signa-
ture (Figure 6A). The median over-
all survival and relapse-free survival 
times were significantly shorter 
for patients bearing tumors with 
the EMT signature (Figure 6B).  
Interestingly, the majority of the 
45 tumors that expressed our 
EMT signature did not fall into 
the Tothill “mesenchymal signa-
ture” C5 subgroup (3 of 45), but 
rather the tumors fell into the C1 
“stromal signature” subgroup (34 
of 45). Several of the genes that 
define our EMT signature were also 
found in the Tothill C1 “stromal 
signature” (COL5A2, DCN, FBN1, 
ZEB1, and PMP22). More impor-
tantly, C1 tumors were uniquely 
enriched for vimentin (average 
2.14-fold) and had the poorest 
survival as a group compared with 
the other high-grade groups in 
the study. Interestingly, 8 of 18 of 
the DF cell populations that had 
available clinical information were 

derived from primary peritoneal tumors, and 7 of 8 of these 
expressed vimentin protein. In the Tothill study, 71% of the pri-
mary peritoneal carcinomas fell into the C1 subgroup compared 
with 25% (59 of 233) of cancers with an ovarian or tubal origin  
(P ≤ 0.0001 by Fisher’s exact test). Although we only had access 
to a limited amount of clinical data, which resulted in a small 
clinical sample size, this signature may be more common among 
primary peritoneal carcinomas and contribute to the poorer prog-
nosis seen among primary peritoneal carcinomas compared with 
carcinomas from a primary ovarian or tubal tumor.

Figure 6
Mesenchymal gene signature in ovarian cancer data sets. (A) Samples in the Tothill ovarian data 
set (39) that significantly express the EMT signature in Figure 1 (Spearman’s rho ≥ 0.295, P < 0.05).  
(B) Probability of 5-year survival and 5-year relapse-free survival in EMT signature overlapping (red) 
versus nonoverlapping (black) Tothill samples.
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Taken together, our data suggest that vimentin expression 
identifies a population of tumor cells with an enhanced capacity 
to clear mesothelium. These tumors possess an EMT signature, 
which is associated with a poor clinical outcome.

Discussion
In the current study, we conducted a comprehensive analysis of 
the gene and protein expression profiles of ovarian cancer spher-
oids with differential mesothelial clearance abilities. Using 20 
established ovarian tumor cell lines, we identified a gene expres-
sion profile that correlated with mesothelial clearance activity. 
The expression of genes in an EMT core signature was enriched 
in the cell lines that showed strong mesothelial clearance activ-
ity compared with those with weak or undetectable activity, and 
manipulation of EMT transcription factors in these cell lines 
modulated the clearance activity as predicted. Importantly, this 
expression pattern was confirmed in primary tumor cell cultures 
using several EMT markers. Vimentin (a mesenchymal marker) 
was expressed at higher levels in primary tumor cells with high 
clearance activity, while E-cadherin, claudin 7, and HER3 (epi-
thelial markers) expression was increased in primary cells with 
low clearance activity. These correlations were detected even in 
subpopulations within individual primary tumor cell samples. 
These studies provide clear insights into the molecular features 
that correlate with mesothelial invasive ability.

It has been proposed that cancer cells hijack EMT transcrip-
tional programs to dissociate from the primary tumor and invade 
distant sites (26, 40–42). Ovarian cancer cells do not face these 
barriers in metastasizing to the peritoneum. Instead, they are dis-
placed from primary tumors directly into the peritoneal cavity in 
which they can transit to other peritoneal tissues and then invade 
through the mesothelial lining to colonize new sites.

EMT has been implicated in ovarian carcinoma (43–45). It has 
been proposed that EMT is involved in the delamination of ovar-
ian cancer cells from primary tumor sites, a process that would 
facilitate tumor dissemination. Cytokines present in ascitic effu-
sions (e.g., VEGF, TNF-α, IL-6, IL-8, bFGF, lysophosphatidic acid) 
could also trigger or stabilize EMT through paracrine-autocrine 
loops). Several groups have shown that EMT markers, including 
α2β1 integrin, N-cadherin, and vimentin, can be upregulated in 
primary ovarian tumor spheroids when cultured in suspension 
in vitro (20, 45, 46). Our studies indicate that EMT would also 
enhance tumor cell invasion into the mesothelial layer of the 
peritoneal cavity. This would be consistent with the evidence that 
lower E-cadherin mRNA expression in ovarian carcinoma effu-
sions correlates with poor survival (44). In addition, high expres-
sion of E-cadherin has been shown to be associated with better 
survival in a large recent study of high-grade serous ovarian carci-
nomas, with opposite findings for N-cadherin and P-cadherin (47)

Once attached to and spread on the peritoneum, ovarian can-
cer spheroids may undergo mesenchymal-to-epithelial transi-
tion, which is predicted to promote enhanced proliferation at 
the attachment site (43, 45, 48). Consistent with this prediction, 
E-cadherin expression was shown to be significantly elevated in 
metastatic ovarian lesions compared with that in their respective 
primary tumors (49).

Our studies indicate that EMT transcription factors promote 
mesothelial invasion by ovarian cancer cells. Overexpression of 
SNAI1, ZEB1, or TWIST1 in clearance-incompetent cell lines 
significantly (P < 0.05) increased mesothelial clearance ability. 

Conversely, inhibition of TWIST1 and ZEB1 in clearance-com-
petent ovarian cancer cell lines significantly (P < 0.05) decreased 
mesothelial clearance. Previous reports have used in vitro migra-
tion assays to examine the role of EMT transcription factors in 
modulating other phenotypic aspects of the invasive behavior of 
ovarian tumor cell lines (reviewed in ref. 45). For example, down-
regulation of SNAI1 or TWIST1 expression in ES2 or HEY cells, 
respectively, suppressed invasion through Matrigel (50, 51). Sim-
ilar differences in invasive behavior caused by EMT transcription 
factor modulation have been described in many other tumor cell 
lineages (reviewed in refs. 52, 53). A recent study reported a cor-
relation among expression of CD157, an ectoenzyme regulating 
leukocyte diapedesis; expression of mesenchymal markers; and 
enhanced mesothelial invasion in ovarian cancer cells (54).

Recently, Kwon et al. correlated the ability of ovarian cancer 
spheroids to remodel extracellular matrices with the expression 
of epithelial and mesenchymal markers (55), dividing the cell lines 
into two groups: one that remodeled the ECM by degradation and 
one that remodeled the ECM by Rho-kinase–mediated (ROCK-
mediated) reorganization. These investigators suggested that 
ovarian cancer cells could use two distinct strategies to remodel 
ECM during ovarian cancer metastasis. Interestingly, the cell lines 
that used ROCK-mediated reorganization of the ECM expressed 
mesenchymal markers, including N-cadherin and vimentin, while 
cell lines that remodeled the ECM via degradation expressed epi-
thelial markers, including E-cadherin and pan-keratin.

Based on these data and our previous report showing that myo-
sin II, which is a substrate of ROCK, is required for mesothelial 
clearance (24), it is plausible to hypothesize that ROCK-dependent 
regulation of myosin II is required for mesenchymal ovarian can-
cer spheroids to invade mesothelial monolayers.

While we have shown that tumor cells expressing genes associ-
ated with a mesenchymal program display more effective meso-
thelial clearance in vitro, the contribution of these cells to ovar-
ian cancer progression remains unclear. Studies have found that 
higher SNAI1 or TWIST1 expression in primary ovarian carcino-
mas, ovarian cancer effusions, and metastases is associated with 
shorter overall and progression-free survival (reviewed in ref. 43). 
In addition, the expression of SNAI1 and TWIST1 is significantly 
higher in later stage ovarian tumors (III and IV) compared with 
that in early-stage ovarian tumors (reviewed in ref. 43). Consis-
tently, increased expression of E-cadherin is associated with bet-
ter survival, while loss of E-cadherin expression is associated with 
poor survival in several studies (reviewed in refs. 43, 45).

Vimentin and E-cadherin expression may also reflect the car-
cinoma site of origin. While collectively referred to as “ovarian 
cancers,” serous carcinomas may originate from the ovary itself, 
the fallopian tube, or the peritoneum. Pathologists classify 
serous tumors by the most likely primary site. Once considered 
a rare tumor, the fallopian tube is now considered the site of 
origin for most serous tumors (56–59). Primary peritoneal car-
cinomas, however, continue to be uncommon, accounting for 
about 15% of serous carcinomas. These tumors are diagnosed 
when the fallopian tubes and ovaries are surgically absent or 
when all sites seen are consistent with metastatic foci and no 
dominant mass or precursor lesion is evident in the ovaries or 
fallopian tubes. Among the 21 patients from whom the DF 
cell lines were derived, 18 had clinical information regarding 
the primary site (2 patients never had surgical staging, and 1 
patient did not consent to her clinical information being used).  
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were enriched for tumor cells by filtration using a 40-μm nylon cell strainer 
(BD Falcon) to isolate tumor cell spheres. Tumor cells were frozen after iso-
lation, and aliquots were thawed and cultured in WIT- medium optimized 
for ovarian tumor cells as needed for the experiments described.

Mesothelial clearance assay
Preparation of spheroids and mesothelial monolayer. The mesothelial clearance 
assay was performed as previously described (24) with minor alterations. 
Briefly, to generate multicellular spheroids, ovarian cancer cells were disso-
ciated by trypsinization, resuspended in cell culture medium, and counted. 
100 cells per well were plated in poly-HEMA–coated 96-well round bottom 
plates (Corning), and the plates were incubated at 37°C for 16 hours to 
promote spheroid formation. Concurrently, 5,000 ZT mesothelial cells 
per well were plated on fibronectin-coated (5 μg/ml, Sigma-Aldrich) 384-
well glass-bottom culture dishes (Corning). The mesothelial cells were 
incubated at 37°C for 16 hours to form confluent monolayers. After the 
16-hour incubations, the ovarian cancer multicellular spheroids were 
transferred to the wells containing the mesothelial monolayers.

Live cell imaging. Imaging was performed using a Nikon Ti-E Inverted 
Motorized Widefield Fluorescence Microscope with the integrated Per-
fect Focus System and low (×20, 0.75 NA) magnification/NA DIC optics, 
Nikon halogen transilluminator with 0.52 NA LWD condenser, Nikon 
fast (<100-ms switching time) excitation and emission filter wheels, Sutter 
fast transmitted and epifluorescence light path Smart shutters, Nikon lin-
ear-encoded motorized stage, Hamamatsu ORCA-AG cooled CCD camera, 
custom-built microscope incubation chamber with temperature and CO2 
control, Nikon NIS Elements AR software v3, and TMC vibration-isolation 
table. Over 20 spheroids were imaged per condition. Phase-contrast and 
GFP images were captured every 10 minutes for 8 hours.

Quantification of mesothelial clearance area. The nonfluorescent area, created 
by the invading spheroid, in the GFP mesothelial monolayer images was 
measured at 8 hours and divided by the initial area of the cancer spheroid at 
time 0. All measurements were taken using Nikon NIS Elements software.

Quantification of percent hole formation. For each condition, after 8 hours 
of coincubation, the number of positions with a mesothelial clearance 
area >1 were counted, divided by the total number of positions, and mul-
tiplied by 100.

Microarray analysis
Microarray hybridizations were performed in the ovarian cell lines at baseline 
using the Agilent Human 44K array chip. Briefly, cells were grown to log phase 
and then RNA was extracted using the RNeasy Kit (Qiagen). The purified 
RNA was eluted in 30 to 60 μl diethylpyrocarbonate water, and the quantity 
of RNA was measured by spectral analysis using the Nanodrop Spectropho-
tometer (NanoDrop Products). RNA quality was determined by separation 
of the RNA via capillary electrophoresis using the Agilent 2000 Bioanalyzer 
(Agilent Technologies). Characterization of individual ovarian cancer cell line 
transcripts was performed by comparison to a mixed reference cRNA pool 
consisting of equal amounts of RNA from 40 ovarian cancer cell lines and 
was conducted on a single microarray slide in which the cell line mixture RNA 
was labeled with cyanine-3 and RNA from the individual cell line was labeled 
with cyanine-5. Microarray slides were read using an Agilent Scanner, and the 
Agilent Feature Extraction software version 7.5 was used to calculate gene 
expression values. Data were prefiltered using a P value threshold of P < 0.01  
in at least one cell line, and differentially expressed genes were identified 
using the limma package of bioConductor R and a P value threshold of 0.05. 
Microarray data are available at the GEO (GEO accession no. GSE26805).

Enrichment was assessed in two ways: (a) differentially expressed genes 
were assessed for enrichment of GeneGO categories using GeneGO soft-
ware (http://www.genego.com) or (b) the differentially expressed genes 

8 of 18 (44%) of these patients were diagnosed with a primary 
peritoneal carcinoma, and all but one of the DF cell lines derived 
from a primary peritoneal carcinoma expressed vimentin.

Interestingly, in the report by Tothill et al. (39), primary perito-
neal carcinomas were much more likely to correspond to the C1 
molecular subtype than primary tubal or ovarian serous carcino-
mas. 71% (24 of 34) of primary peritoneal cancers examined in the 
Tothill et al. study were characterized as C1 subtype cancers, while 
only 25% (59 of 233) of primary ovarian or tubal cancers were char-
acterized as C1 subtype cancers (P < 0.0001 by Fisher’s exact test). 
Relevant to our study, the C1 molecular subtype was unique among 
the 6 subsets described by Tothill in the increased expression of 
vimentin (by an average of 2.14-fold). The C1 molecular subtype 
was also associated with the poorest progression-free and overall 
survival among the high-grade molecular subtypes they identified. 
This may be consistent with a study showing that patients with 
primary peritoneal carcinomas fare worse than patients with serous 
carcinomas from other primary sites (60).

The decreased survival in our EMT signature tumor subgroup 
may be due, at least in part, to the increased ability of these cells 
to invade the mesothelial lining of peritoneal cavity organs. How-
ever, given that ovarian tumors show intratumoral heterogeneity 
with respect to epithelial and mesenchymal markers (as detected 
in tumor DF155 in our study), analyses involving RNA or protein 
expression of the total population of cells may mask the existence 
of mesenchymal cells that could contribute to mesothelial clear-
ance. It remains to be established whether inhibitors that block 
intercalation will be useful clinically in preventing new metastases. 
The potential associated complications following surgical debulk-
ing of peritoneal masses will also need to be evaluated.

Our study provides insight into the molecular mechanisms that 
mediate mesothelial clearance by ovarian cancer multicellular 
spheroids. We have shown that ovarian cancer spheroids display-
ing mesenchymal characteristics are more efficient at clearing a 
mesothelial monolayer. Furthermore, we found heterogene-
ity with respect to the expression of mesenchymal markers and 
competence for mesothelial clearance in primary tumor popu-
lations. These studies raise the possibility that inhibition of the 
mesenchymal program could reduce seeding of new ovarian cancer 
metastatic lesions following surgical debulking.

Methods

Cell culture
Established cell lines. All of the established ovarian cancer cell lines, as well as 
the ZT mesothelial cells, were cultured in a 1:1 ratio of medium MCDB 105 
(Cell Applications Inc.) and Medium 199 (GIBCO) supplemented with 10% 
FBS (GIBCO) and 5% penicillin-streptomycin (GIBCO). The established 
ovarian cancer cell lines were provided by Dennis J. Slamon. ZT mesothe-
lial cells were obtained from a benign pleural effusion. These cells were 
immortalized by ectopic expression of SV40 T antigen and overexpression 
of human telomerase (fused to GFP), as previously described (61).

Primary tumor cells. Under institutional review board approval (Dana-
Farber/Harvard Cancer Center Review Board, Boston, Massachusetts, 
USA; IRB no. 02-051) and with informed consent, primary ovarian carci-
noma cells (DF lines) were isolated directly from peritoneal paracentesis of 
patients with advanced-stage ovarian cancer at the time of initial cytore-
ductive surgery, as previously described (62). Red blood cells were lysed, as 
previously described (62), and only samples that were >80% pure tumor 
cells were used. In cases in which there was more heterogeneity, the samples 
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in 100 μg/ml puromycin. ZEB1 expression was induced with 1 μg/μl 
doxycycline for 7 days. siRNA SMARTpools against TWIST1, TWIST2, 
ZEB1, ZEB2, vimentin, and E-cadherin were used to attenuate the expres-
sion of the corresponding genes (Dharmacon). Lentiviruses lacking an 
shRNA sequence (pLKO), as a control, or plasmids containing TWIST1 
hairpins (OpenBiosystems; G11 seq: 5′-CCGGCGCCTTCTCGGTCT-
GGAGGATCTCGAGATCCTCCAGACCGAGAAGGCGTTTTT-3′, G12 
seq: 5′-CCGGTCCGCAGTCTTACGAGGAGCTCTCGAGAGCTCCTCG-
TAAGACTGCGGATTTTT-3′) were used to attenuate the expression of 
TWIST1 in OVCA433 cells. pLKO, as a control, or plasmids containing 
vimentin hairpins (OpenBiosystems; A11 seq: 5′-CCGGGCTAACTAC-
CAAGACACTATTCTCGAGAATAGTGTCTTGGTAGTTAGCTTTTT-3′, 
B1 seq: 5′-CCGGGCAGGATGAGATTCAGAATATCTCGAGATATTCT-
GAATCTCATCCTGCTTTTT-3′, B2 seq: 5′-CCGGCGCCATCAACAC-
CGAGTTCAACTCGAGTTGAACTCGGTGTTGATGGCGTTTTT-3′, 
B3 seq: 5′-CCGGGACAGGTTATCAACGAAACTTCTCGAGAAGTTTC-
GTTGATAACCTGTCTTTTT-3′) were used to attenuate the expression 
of vimentin in OVCA433 cells. pLKO, as a control, or plasmids contain-
ing ZEB1 hairpins (Arizona State University; 1 seq: CCGGGCAACAA-
TACAAGAGGTTAAACTCGAGTTTAACCTCTTGTATTGTTGCTTTTT, 
2 seq:  CCGGGCTGCCAATAAGCAAACGATTCTCGAGAATC-
GTTTGCTTATTGGCAGCTTTTT, 3 seq: CCGGCCTCTCTGAAAGAA-
CACATTACTCGAGTAATGTGTTCTTTCAGAGAGGTTTTT, 4 seq: 
CCGGGCTGTTGTTCTGCCAACAGTTCTCGAGAACTGTTGGCAGAA-
CAACAGCTTTTT) were used to attenuate the expression of ZEB1 in 
OVCA433 cells. Lentivirus-infected cells were selected in medium contain-
ing 1 μg/ml puromycin (Dulbecco).

Quantitative real-time PCR
RNA was isolated from ovarian cancer cells using the TRIzol reagent 
(Invitrogen) according to the manufacturer’s instructions. The RNA was 
reverse transcribed into cDNA using the qScript cDNA Synthesis Kit 
(Quanta) according to the manufacturer’s instructions. cDNA levels were 
quantitated by the SYBR green method on the T900HT (Life Technolo-
gies) in a 384-well format. Triplicate samples were quantified along with 
minus reverse transcriptase and minus template controls. Amplification 
was continued for 40 cycles as follows: 94°C for 10 seconds, 55°C for  
15 seconds, 65°C for 30 seconds. Relative expression was determined by 
normalizing to the PRLPO endogenous control.

RPPA
A vial of primary ovarian cancer cells from each of the DF lines was thawed 
and plated on 10-cm cell culture dishes. After 48 hours, the attached cells 
were trypsinized and split into 3 wells of a 6-well cell culture dish. Cells 
were allowed to reattach overnight to form confluent monolayers. RPPA 
analysis was performed as previously described (63). Briefly, cells were col-
lected by washing with ice-cold PBS, scrapping, and centrifugation at 900 g  
at 4°C for 10 minutes. Pellets were resuspended in RPPA lysis buffer (1% 
Triton X-100, 50 mM HEPES pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM  
EGTA, 100 mM NaF, 10 mM NaPPi, 10% glycerol, 1 mM Na3VO4, and 
protease inhibitor [Roche]) and incubated on ice with occasional shaking 
for 20 minutes. The lysates were centrifuged at 13,000 g, 4°C, for 10 minutes.  
Lysed were denatured by adding 1% SDS and boiling for 5 minutes. Each 
sample was diluted in five 2-fold serial dilutions and printed onto nitro-
cellulose-coated glass slides (Grace Biolabs) with an automated robotic 
Aushon arrayer (Aushon Biosystems). Each slide was probed with a vali-
dated primary and secondary antibody, as described previously (63); 151 
antibodies were used in total. Signal intensity was measured by scanning 
the slides with ImageQuant (Molecular Dynamics) and quantified using 
the MicroVigene automated RPPA module (VigeneTech Inc.).

were merged to an EMT signature consisting of the Taube EMT core sig-
nature (25) and 6 additional transcription factors (SNAI1, SNAI2, ZEB2, 
TWIST1, TWIST2, OVOL1). The background population set was 15,900 
unique genes after prefiltering the ovarian cell line expression data. 
Enrichment P values were calculated with hypergeometric distribution 
implemented in the phyper function in R. Fold enrichment was defined 
as the observed frequency divided by the expected frequency. Hierarchical 
cluster diagrams were built using a Pearson uncentered distance measure 
with average linkage rules in Cluster (v.3.0) and then visualized in Java 
Tree View (v1.1.0).

Five-year survival analysis
The EMT signature was merged to the Tothill data downloaded from GEO 
(GEO accession no. GSE9891) (39) using Affymetrix gene identifiers. In 
order to deal with multiple probes per gene, the probe with the highest vari-
ance was selected. Only patients with a follow-up time of less than 5 years 
were included in the survival analysis. Patients were divided into 2 groups 
based on correlation or lack of correlation with the EMT signature; sam-
ples with the EMT signature were defined as Spearman ρ ≥ 0.295 (P < 0.05).  
Kaplan-Meier curves were generated using the survival package in R. Log-
rank P values were computed with the survdiff function.

Western blot analysis
Cells were lysed in RIPA buffer (50 mM HEPES pH 7.4, 1% Triton X-100, 
1% sodium deoxycholate, 0.1% SDS, 0.1 M NaCl, 1 mM sodium orthova-
nadate, 0.1 M sodium pyrophosphate, 100 mM NaF, and 1 mM PMSF). 
Lysates were clarified by centrifugation at 13,000 g for 10 minutes at 4°C, 
protein concentration was quantified using the BCA assay (Pierce), and 
absorbance was read on a BioTEK Micro-Volume Spectrophotometer 
System (Epoch). 15 μg lysates were boiled in 1× sample buffer (0.04 M 
Tris-HCl pH 6.8, 1% SDS, 1% β-mercaptoethanol, and 10% glycerol) for  
10 minutes and resolved by SDS-PAGE. Proteins were transferred to 
Immobilon membranes (Whatman) and blocked with 5% BSA in PBS 
(140 mM NaCl, 0.27 mM KCl, 0.43 mM Na2HPO4, 0.14 mM KH2PO4  
pH 7.3) for 30 minutes at room temperature. Membranes were incubated 
overnight at 4°C with one or more of the following antibodies: anti– 
E-cadherin monoclonal antibody (1:1,000, BD), anti-vimentin polyclonal 
antibody (1:1,000, Cell Signaling), anti-GAPDH polyclonal antibody 
(1:20,000, Abcam), or anti-tubulin polyclonal antibody (1:20,000, Abcam). 
Membranes were then probed with secondary antibodies linked to HRP 
(1:5000, Santa Cruz) or secondary antibodies linked to fluorophores 
(1:5,000, LI-COR). Western blot membranes incubated with HRP were 
developed using an enhanced chemiluminescent substrate (VWR) and 
visualized using a Kodak film developer and an Epson 3000 scanner. 
Fluorophore-treated Western blot membranes were visualized using the 
Odyssey Imaging System (LI-COR Biosciences). Protein expression levels 
were quantified from the Western blot membranes visualized using the 
Odyssey imaging system by measuring the mean pixel density of the band 
in question using ImageJ software and dividing by the mean pixel density 
of the corresponding loading control band.

cDNA plasmids, siRNAs, shRNAs
To ectopically express TWIST1 or SNAI1, the retroviral vector (pWZL 
Blast ER) encoding the genes for TWIST1 or SNAI1 was transfected into 
MCAS ovarian cancer cells (Addgene plasmids 18799 and 18798, respec-
tively). Cells were selected in 50 μg/ml blasticidin and induced with 20 nM  
4-OHT for 7 days. To ectopically express ZEB1, aTET-ON system was 
used: MCAS cells were first transfected with pBABE-rtTA and selected 
with 50 μg/ml hygromycin B. MCAS cells stably expressing rtTA were 
then transfected with the lentiviral vector pFUW-LPT2-ZEB1 and selected 
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Statistics
Two-tailed Student’s t tests were used for all statistical analyses unless 
otherwise specified. P values of less than 0.05 were considered significant.
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Relative protein levels were then determined for each sample. Signal 
intensity data were collected and analyzed using software developed spe-
cifically for RPPA analyses (http://www.VigeneTech.com). Log-transformed 
intensity data were subjected to Student’s t tests in bioConductor R. Signifi-
cant antibody probes were defined as P < 0.05. Log-transformed and cen-
tered heat maps were generated using Cluster 3.0 and Java TreeView 1.1.1.

Immunohistochemistry
After institutional review board approval (Dana-Farber/Harvard Cancer 
Center Review Board), sections of formalin-fixed, paraffin-embedded cell 
blocks were obtained from the Cytology Division in the Department of 
Pathology at the Brigham and Women’s Hospital to evaluate the expres-
sion of vimentin and E-cadherin. The prepared blocks corresponded to the 
ascites from the DF lines used in this study. Immunohistochemistry was 
performed using the Envision Plus/HRP system (Dako) and a polyclonal/
monoclonal antibody to vimentin (Dako, clone 3B4, 1:400) and E-cad-
herin (Dako, clone NCH-38, 1:75) as previously described (36, 62). In brief, 
paraffin-embedded sections were incubated in hydrogen peroxidase and 
absolute alcohol for 30 minutes to block endogenous peroxidase activity. 
Antigen retrieval was performed using pressure cooker pretreatment in a 
citrate buffer (pH 6.0). Tissue sections were subsequently incubated with 
the primary antibody for 40 minutes at 25°C. After tris-buffered saline 
rinses, the tissue was incubated using the Envision Plus secondary anti-
body for 30 minutes followed by diaminobenzidine for 5 minutes. Slides 
were counterstained with Mayer hematoxylin.

Immunofluorescence
Cells were fixed with 4% formaldehyde, permeabilized with 0.1% Triton 
X-100, and blocked with blocking buffer (10% BSA and 1% goat serum in 
PBS) for 1 hour. Cells were then incubated with anti-PAX8 antibody (1:200, 
Proteintech) for 1 hour followed by anti-mouse Alexa Fluor 568 secondary 
antibody (1:300, Invitrogen) for 1 hour. Cells were counterstained with DAPI 
for 15 minutes to visualize nuclei. Imaging was performed using a Nikon Ti-E 
Inverted Motorized Widefield Fluorescence Microscope as described above.
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