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Transformation of Epithelial Ovarian Cancer Stemlike Cells
into Mesenchymal Lineage via EMT Results in Cellular
Heterogeneity and Supports Tumor Engraffment
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Ovarian cancers are heterogeneous and contain stemlike cells that are able to self-renew and are responsible for sustained
tumor growth. Metastasis in the peritoneal cavity occurs more frequently in ovarian cancer than in other malignancies, but the
underlying mechanism remains largely unknown. We have identified that ovarian cancer stemlike cells (CSCs), which were de-
fined as side population (SP) cells, were present in patients’ ascitic fluid and mesenchymally fransformed cell lines, ES-2 and
HO-8910PM. SP cells, which were sorted from both cell lines and implanted into immunocompromised mice, were localized to the
xenografted tumor boundary. In addition, SP cells exhibited an epithelial phenotype and showed a distinct gene expression pro-
file with reduced expression of cell adhesion molecules (CAMs), indicating that SP cells exert an important role in ovarian cancer
progression on the basis of their delicate interaction with the surrounding microenvironment and anatomical localization in tu-
mors. In contrast, non-SP cells exhibited a more mesenchymal phenotype and showed more increased invasive potential than SP
cells. This heterogeneity was observed as an endogenous fransformation via the epithelial-mesenchymal transition (EMT) process.
Inhibition of the EMT process by Snaill silencing reduced the SP cell frequency, and affected their invasive capacity and en-
graffment. These findings illustrate the interplay between epithelial ovarian CSCs and the EMT, and exert a link to explain fumor
heterogeneity and its necessity for ovarian cancer maintenance, metastasis and progression.
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INTRODUCTION

The question of whether tumor growth
is driven by cancer stem cells (CSCs) has
been discussed for decades (1-4). The
elucidation of the molecular mechanisms
that govern CSC function might advance
our understanding of tumorigenesis and
provide potential new targets for anti-
cancer therapy. CSCs in solid tumors

have been identified by utilizing various
surface marker combinations, including
CD44" and CD24  (5), CD133" (6),
CD133" and CXCR4" (7), CD44" and
CD24" (8), ATP-binding cassetteB5 (9),
epithelial cell adhesion molecule
(EpCAM; 10) and aldehyde dehydroge-
nase (ALDH) activity (11). Side popula-
tion (SP) cells from various tumor tissues
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which exhibit stemlike features have
been isolated using the fluorescent DNA-
binding dye Hoechst 33342 (12-14).
However, CSC phenotype may not be
uniform between cancer subtypes of the
same organ or even tumors of the same
histological subtype. Cellular and func-
tional heterogeneity within the tumor
cells may lead to different disease mani-
festations, variable response to cancer
treatment and drug resistance of tumor
cells (15).

Ovarian cancer is the most lethal gy-
necological malignancy. The majority of
patients present at an advanced stage
with widely metastatic sites within the
peritoneal cavity, leading to high mortal-
ity (16). However, the mechanism for
how ovarian cancer cells metastasize
within the peritoneal cavity is not
known.

There are several lines of evidence
that the process of epithelial-mesenchy-
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mal transition (EMT) is fundamental to
ovarian carcinogenesis and progression
(17-19). The notion of epithelial plastic-
ity was described originally during em-
bryonic development as transdifferentia-
tion. An example of this is the critical
relationship of the embryonic Miillerian
duct to the development of the normal
female gonad and reproductive tract
(20). In contrast, in the adult, there is de-
bate whether ovarian tumors actually
arise from the ovarian surface epithe-
lium or instead from tissues of Miillerian
system, which exhibits both epithelial
and mesenchymal features (21,22). The
elucidation of the epithelial or mes-
enchymal markers on ovarian cancer
stem cells and clarification of the inter-
play between the EMT and ovarian
CSCs might advance our understanding
of ovarian tumorigenesis and metastasis,
and provide potential new targets for
anticancer therapy.

Recently, several groups have reported
that the EMT resulted in an increase of a
stem cell subset expressing CD44" /
CD24" surface marker. EMT also exerts a
high incidence of tumor formation in
breast cancer cells (23). However, it has
been indicated recently that a mesenchy-
mal-like phenotype does not correlate
with the acquisition of global stem
cell/ progenitor features (10). This has
raised a controversial issue in investigat-
ing the relationship between CSCs and
the EMT.

In this study, we utilized Hoechst
33342-effluxing assay for detection and
enrichment of drug-resistant stemlike SP
cells from ovarian cancer patients and
ovarian cancer cell lines. We demon-
strated that ovarian cancer SP cells were
present in patients” ascites and mes-
enchymally transformed cell lines. When
ovarian cancer SP cells were injected
with non-SP cells into immunocompro-
mised mice, most SP cells were localized
to the xenografted tumor boundary.
Stemlike SP cells exhibited decreased ad-
hesive and invasive potential compared
with more differentiated non-SP cells. In
addition, we provide some evidence sup-
porting the hypothesis that ovarian can-

cer stemlike cells are of epithelial origin
and need to undergo the process of EMT
concomitant to their transformation.
These cells form two distinct pools of
cancer cells resulting in tumor heteroge-
neity, a necessary condition for tumor en-
graftment and progression.

MATERIALS AND METHODS

Clinical Samples Collection, Cell
Culture and Side Population Sorting

The samples were obtained from pa-
tients who were diagnosed with ovarian
tumors with peritoneal metastasis or as-
cites and who had not received chemo-
therapy from April 2011 to September
2011 in the Obstetrics and Gynecology
Hospital, Fudan University. Informed
consents were obtained from all patients.
Detailed pathological information is
listed in Supplementary Table S1.

Human epithelial ovarian cancer cell
lines, ES-2, SK-OV-3, CAOV-3 and
OVCAR-3 were obtained from American
Type Culture Collection (Manassas, VA,
USA). Another human epithelial ovarian
cancer cell line, HO-8910 and its highly
metastasizing daughter line HO-8910PM
(24), were purchased from the cell bank
of Shanghai Institute of Biochemistry
and Cell Biology, China. Cells were
maintained in DMEM, RPMI 1640, or
McCoy’s 5A (Gibco, Life Technologies,
Carlsbad, CA, USA) containing 10% fetal
bovine serum (FBS; Hyclone, Thermo
Scientific, Logan, UT, USA) and 1% peni-
cillin/streptomycin (Gibco) according to
manufacturer’s recommendations. For
TGE-B1 stimulation, 10 ng/mL TGF-p1
(R&D Systems, Minneapolis, MN, USA)
was added and the media were changed
every 2 d.

The procedure of Hoechst 33342 stain-
ing was described before (25). Briefly,
single cells were suspended to 1 x 10°
cells/mL in the DMEM /2% FBS and
stained with 5 ug/mL of fluorescence
dye Hoechst 33342 (Sigma-Aldrich, St
Louis, MO, USA) at 37°C for 90 min.
Hoechst 33342-low cells were then ana-
lyzed and sorted on ultraviolet laser cy-
tometry (Beckman Coulter, Brea, CA,
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USA). Verapamil was added before
Hoechst 33342 staining to reliably deter-
mine the identity and purity of side pop-
ulation. Detailed information is available
in Supplementary Methods.

Flow Cytometry Analysis

Single cells were stained with phyco-
erythrin (PE)-conjugated antibody
against breast cancer resistance protein-1
(BCRP1; EMD Milipore, Billerica, MA,
USA) The samples were analyzed on a
FACSCalibur (BD Biosciences, San Jose,
CA, USA) machine with CellQuest acqui-
sition software. Data analysis was per-
formed using FlowJo Software (Tree Star,
Ashland, OR, USA).

For apoptosis analysis, Annexin V-PE
Apoptosis Detection Kit (EMD Millipore)
was used according to the manufac-
turer’s instruction. Cells were cultured
for 4 d without changing medium.
Hoechst 33342 dye was added 90 min be-
fore incubation with annexin V to iden-
tify the SP or non-SP cells. The apoptosis
ratio of SP cells and non-SP cells were
analyzed by FlowJo Software.

Reverse Transcription-Polymerase
Chain Reaction (RT-PCR) Analysis

Total RNA was extracted by using TRI-
zol reagent (Invitrogen, Life Technolo-
gies). One microgram of RNA was used
for each reverse transcription (RT) reac-
tion. RT and polymerase chain reaction
(PCR) were performed by using Prime-
Script RT-PCR Kit (Takara, Shiga, Japan).
Quantitative RT-PCR analyses were per-
formed by using ABI PRISM 7500 Fast
Real-Time PCR Systems (Applied Biosys-
tems, Life Technologies) and SYBR Green
Real-Time PCR Master Mix (Takara).
Oligonucleotide primers used are listed
in Supplementary Table S2.

In Situ Immunofluorescence Staining
Single cells were cultured in chamber
slides and were stained with antibody
against vimentin (VIM) (R&D Systems)
followed by Rhodamine Red-coupled
goat anti-rat IgG (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) in the
dark. For actin filament (F-actin) stain-
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Figure 1. SP component presented in patients’ ascitic fluid and localized on tumor boundary. (A) Percentage of SP subpopulation was
determined in the cells from ascitic fluid (upper panel) and primary tumor mass (lower panel). Each column of ascetic fluid and primary
tumor was obtained from the same patient. (B) Percentage of SP subsets in different ovarian cancer cell lines was determined by flow
cytometry after Hoechst 33342 staining. Hoechst 33342-low cell populations were shown to decrease in the presence of verapamil (lower
panels). (C) RNA samples from ES-2, HO-8910, HO-8910PM, SK-OV-3 and OVCAR-3 were exfracted and analyzed for expression of CDHT,
CDH2, FN, Snaill and VIM by RT-PCR. (D) Localization of SP cells in xenografted tumor. GFP-non-SP cells and RFP-SP cells were isolated and
co-injected info nude mice. Xenografted tumor was removed, frozen and sectioned. Expression of GFP and RFP was detected under mi-

croscope. Scale bar = 100 um.

o
@
T
o
c
i
a
w

ing, live adherent cells were stained (Invitrogen) for 30 min. Fluorescence In Vitro Colony Formation Assay

with 5 ug/mL Hoechst 33342 for 90 images were acquired by using Leica Single cells were cultured in semisolid
min and then were fixed and stained TCS SP5 MP confocal and multiphoton soft agar or in suspended serum-free
with Alexa568 conjugated-phalloidin microscope. media in the presence or absence of
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Figure 2. Cell adhesive and invasive capacity of different subpopulations from ovarian can-
cer cells. (A) Expression of genes relafing to cell adhesion in non-SP cells compared with
those in SP cells was performed by microarray analysis from HO-8910PM cell line. The graph
shows the relative expression level of selected genes in non-SP cells to that in SP cells. Data
represent the average of three independent experiments (p < 0.05). Detailed information is
available in Supplementary Table S3. (B) Sorted ES-2-SP cells and ES-2-non-SP cells were cul-
tured in suspension for 1 wk and were transferred intfo attaching culture condition. Fine
fiberlike structures were observed (arrowed) between non-SP colonies and images were
taken no longer than 4 h after colony transfer. Scale bar = 100 um. (C) Freshly-sorted SP cells
and non-SP cells from ES-2 cells (upper panels) and HO-8910PM cells (lower panels) were
suspended in serum-free media and plated onto top chamber of Matrigel-covered micro-
pore franswell (n = 4). Cells transmigrated into membrane were stained with hematoxylin
and counted under microscope. Scale bar = 100 um (upper panels), 50 um (lower panels).

20 ng/mL recombinant human epidermal
growth factor (thEGF) (R&D Systems) and
10 ng/mL recombinant human basic fibro-

blast growth factor (thFGF) (R&D Systems)
to induce aggregates formation. Details are
provided in Supplementary Methods.
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Transwell Invasion Assay

Ice-melted Matrigel was diluted with
cold DMEM /F12. Fifty uL of dilution
was added to the top chamber and incu-
bated at 37°C for 30 min for gelation.
Sorted SP cells and non-SP cells were re-
suspended in serum-free DMEM/F12 at
the concentration of 10,000 ES-2-derived
cells/mL or 150,000 HO-8910PM-derived
cells/mL. One hundred uL of cells was
plated in the top well. Six hundred uL of
DMEM/F12 containing 20% FBS was
added in the lower chamber of the inner
sets. After culturing for 48 h, the invaded
cells were stained with hematoxylin and
detected under the microscope. Results
presented represent quadruplicate exper-
iments and are expressed as mean + SD.

Lentiviral Transduction and Snail
Knockdown

Lentivirus driving GFP or RFP gene was
transduced into ES-2 and HO-8910PM cells
to generate fluorescence-expressing cells.
Snaill-specific ShRNA duplex (5-GCGAG
CUGCA GGACU CUAA-3') (26), and a
nonspecific control duplex oligo (5'-
GGCTA CGTCC AGGAG CGCA-3') were
cloned into pGCsi-U6-Neo-GFP lentiviral-
based vectors. GFP-positive cells were en-
riched by fluorescence-activated cell sort-
ing (FACS; Beckman Coulter). Snaill
expression was detected by RT-PCR and
Western blotting analysis. Details are pro-
vided in Supplementary Methods.

Microarray Assay

Total RNAs were extracted with
TRIzol reagent (Invitrogen) and were
amplified, hybridized and scanned with
Agilent microarray scanner. The signifi-
cantly enriched genes were selected ac-
cording to the following criteria: p < 0.05
and fold change >2. Detailed information
is available in Supplementary Methods.

In Vivo Xenograft Transplantation
Sorted SP cells and non-SP cells were in-
jected subcutaneously into the dorsal skin
of female nude mice (BALB/c-nu/nu) at
the age of 4 wks. The engrafted mice were
inspected every day for tumorigenicity by
visual observation and palpation. When



the tumors were approximately ~1.0 cm in
the largest diameter or at 6 months after
transplantation, the animals were eutha-
nized by cervical dislocation. The protocol
was approved by the institutional commit-
tee and complied with the Guide for the
Care and Use of Laboratory Animals (27).

Statistical Analysis

Data are expressed as mean + SD of at
least three independent experiments. The
significance of difference in the mean
value was determined using two-tailed
Student t test. A p value of <0.05 was
considered significant.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Stemlike SP Cells Presented in
Patients’ Ascitic Fluid and Localized
on Tumor Boundary

The presence of a side population
within some ovarian cancer cell lines and
primary tumors has been reported previ-
ously (14,28). However, the relationship
between ovarian cancer SP cell appear-
ance and clinical manifestations remained
largely unknown. We analyzed SP per-
centages in the tumor cells obtained from
patients diagnosed with ovarian cancer
who had peritoneal metastasis or ascites.
We found that SP cells were at a rela-
tively higher level in the cells from ascitic
fluid whereas it was relatively low or un-
detectable in the cells obtained from pri-
mary tumor mass of the same patient
(Figure 1A). Our findings showed similar
results to that of other researchers (29).

To explore the underlying mechanism, it
is necessary to purify ovarian cancer SP
cells from primary tumors and from ascitic
fluid. However, because the cell number is
quite low in ascitic fluid, it is methodologi-
cally difficult to sort enough primary SP
cells for further analysis. Thus, we ana-
lyzed additional, previously not character-
ized human ovarian cancer cell lines, in-
cluding ES-2, SK-OV-3, CAOV-3, HO-8910
and HO-8910PV,, regarding the presence
of a side population. There were >3% of
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Figure 3. Identification of ovarian cancer stemlike SP cells and characterization of different
growth pattern. (A) HO-8210PM-SP celis (red line) and nonselected HO-8910PM cells (blue
line) were analyzed for BCRP expression by flow cytometry. The histogram curves were over-
laid on relative isotype-matched control antibody (tint). Data are representative of three in-
dependent experiments. (B) RNA samples from freshly sorted ES-2-SP cells, freshly sorted ES-
2-non-SP cells and nonselected ES-2 cells were isolated and analyzed for expression of
Oct-4, Nanog and BCRP by RT-PCR. (C) RNA samples from freshly sorted (F) SP cells, freshly
sorted non-SP cells, cultured (C) SP cells and cultured non-SP cells were isolated and ana-
lyzed for expression of Oct-4, Nanog and BCRP by RT-PCR (all from HO-8910PM cells). (D)
Soft agar colony assay of SP cells and non-SP cells sorted from ES-2 and HO-8910PM lines.
After being plated for 14 d, the colonies of diameter >50 um were counted under a dissect-
ing microscope. Data are defined as the percentage of colony number in SP cells or non-
SP cells relative to colony number in nonselected cells. Data represent three independent
experiments (*p < 0.05, **p < 0.01). (E) Percentage of apoptotic cells in SP cells (red) or non-
SP cells (blue) were determined by PE-conjugated annexin-V staining. The histogram curves
were overlaid by the SP cells or non-SP cells respectively without annexin-V staining (fint). (F)
Sorted ES-2-SP and ES-2-non-SP cells were cultured in serum-free media in the presence of
EGF and FGF-basic for 1 wk in ultra-low attach tissue culture plate (left panels). The sus-
pended spheres were transferred fo regular tissue culture plates to induce adhesive
growth. The images were taken 4 h, 24 h and 48 h after the spheres had been transferred.
Under phase-contrast microscope, the colonies display compact (SP cells) or loose (non-SP
cells) appearance after 4 h or 24 h attachment. Scale bar = 50 um.

cells in ES-2 or HO-8910PM line that exhib-
ited Hoechst-low staining, whereas SP
population was at a relatively low level or
not detectable in the cell lines of SK-OV-3,
CAOV-3 and HO-8910 (Figure 1B). Thus
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we used ES-2 and HO-8910PM lines for
our ovarian CSCs sorting procedure.

The phenotypical heterogeneity in
ovarian cancers has been shown to be in-
trinsically linked with the transformation
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between epithelial and mesenchymal fea-
tures (30). Based on cell line information,
ES-2 is a poorly differentiated ovarian
clear cell carcinoma line and HO-8910PM
is a highly metastasizing daughter line
generated from a poorly differentiated
ovarian serous papillary cystadenocarci-
noma line (24). Both cell lines expressed
lower lever of epithelial marker, E-cad-
herin (CDH1), whereas mesenchymal
markers, including N-cadherin (CDH?2),
fibronectin (FN), VIM and Snaill were at
relatively high levels compared with
other cell lines tested (Figure 1C). Of
note the different expression of the EMT-
related genes were highly correlated
with the presence of the SP population in
these cell lines.

Tumor cells in ascitic fluid are cells
that detach from the primary tumor and
disseminate within the abdominal cavity
and intensively seed neighboring organs
(16). Cell localization might determine
the fate of those cells that detach and
drop into abdominal cavity. To distin-
guish different subpopulations within
the same tumor tissue, we transduced
green fluorescence protein (GFP) or red
fluorescence protein (RFP) gene into
HO-8910PM and ES-2 cells, respectively.
RFP-SP cells and GFP-non-SP cells were
isolated by flow cytometry and mixed at
the ratio of 4% SP cells and 96% non-SP
cells which mimics the ratio of SP to non-
SP cells in these cell lines. Total numbers
of 2 x 10° of HO-8910PM cells/ mouse
and 1 x 10° of ES-2 cells/ mouse were co-
injected subcutaneously into nude mice.
The tumors were dissected and detected
under microscope. Cells from the SP
population (RFP") appeared to grow as a
compact group, the majority of which
were localized on the boundary of the
tumor (see items marked with arrows in
Figure 1D), while non-SP cells (GFP")
were distributed diffusively in tumor tis-
sues (Figure 1D).

Ovarian Cancer Stemlike Cells
Display Decreased Adhesive and
Invasive Capacity

When we plated SP cells in regular
culture conditions, we found that SP

cells were less able to attach to the cul-
ture dish surface than non-SP cells (Sup-
plementary Figure S1A). It indicated
that there is an endogenous difference
in cell adherent capability between SP
cells and non-SP cells. To assess whether
the different adherence of ovarian can-
cer SP cells or non-SP cells are corre-
lated with cell adjacent interaction, we
investigated gene expression profiles by
microarray analysis. We found that nu-
merous adhesion receptors and extracel-
lular matrix (ECM) transcripts, includ-
ing integrin-p, intercellular adhesion
molecule-5 ICAM5), cell adhesion
molecule-1 (CADM1), claudins, colla-
gens, laminins and FN were downregu-
lated in SP cells compared with those in
non-SP cells (Figure 2A, Supplementary
Table S3). In addition, when the sus-
pended aggregates were cultured in
serum containing medium to grow ad-
herently, minute fiberlike structures
were observed between non-SP colonies
whereas they were absent in SP derived
colonies (Figure 2B). This again indi-
cates that ovarian cancer SP cells exhibit
less potential to interact with each other
and have reduced adherence capacity to
the ECM.

In cancer cells, F-actins are organized
into bundles dynamically assembling
and disassembling for cells to move and
change shape (31). By phalloidin stain-
ing, we observed that in Hoechst 33342-
positive ovarian cancer non-SP cells,
F-actins were seen as organized bundles
whereas these structures were less ap-
parent in Hoechst 33342-negative SP
cells (Supplementary Figure S1B). To
further quantify the mobility and inva-
siveness of different ovarian cancer cell
subpopulations, isolated ovarian cancer
SP cells and non-SP cells were plated
into upper chamber of a micropore tran-
swell, which was covered with gelated
Matrigel matrix. As shown in Figure 2C,
more non-SP cells from ES-2 or HO-
8910PM lines were detected to invade
into Matrigel matrix after 48 h in culture,
indicating that freshly-sorted ovarian
cancer SP cells are less invasive than
non-SP cells.
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Characterization of Different Growth
Patterns between SP Cells and Non-SP
Cells

SP cells in various cancers have
demonstrated tumorigenicity and behave
with stemlike features (14,32-36). To see
if SP cells from ES-2 and HO-8910PM cell
lines exhibit some stem cell like features
in vitro, we sorted Hoechst 33342-low
cells for analysis of Oct-4 and Nanog ex-
pression. BCRP1, a drug efflux protein
relating to cellular drug resistance (12),
was analyzed by FACS and RT-PCR.
Sixty-three percent of HO-8910PM SP
cells expressed BCRP1 whereas expres-
sion in non-SP cells was 3.99% (Fig-
ure 3A). SP. cells from ES-2 or HO-8910PM
cell lines exhibited marked elevation in
BCRP1 expression at the mRNA level, as
well as in expression of pluripotent
genes, Oct-4 and Nanog (Figures 3B, C).
SP cells from both cell lines showed
higher colony forming capability in semi-
solid soft agar than non-SP cells at equal
initiating cell numbers (Figure 3D). In
addition, SP cells showed less tendency
to cause apoptosis than non-SP cells
(10.2% versus 22.2%) indicating that can-
cer stemlike cells are more resistant to
environmental pressure (Figure 3E).

A limited dilution assay for single-cell
derived colony formation was used to
further investigate the cell proliferation.
Single SP cells were able to form sus-
pended aggregated colonies within 4 d
and continued to proliferate even after
2 wks (Supplementary Figure S2A)
whereas non-SP cells failed to sustain cell
growth beyond 2 wks of culture proce-
dure. The frequency of Hoechst-effluxing
cells was reassessed after culturing pro-
cedure. Ninety percent of SP cells differ-
entiated into non-SP cells while 10% of
cultured-SP cells retained the capability
to efflux the Hoechst dye, indicating that
ovarian cancer SP cells can generate both
SP and non-SP cells. After 2 wks of culti-
vation, 1% to 2% of cultured non-SP cells
regained Hoechst-effluxing capability, in-
dicating that a small fraction of non-SP
cells can reestablish SP cell phenotype.
However, as shown in Supplementary
Figure S2B, the percentage of Hoechst-



Table 1. Tumorigenicity of HO-8910PM cells
at subcutaneous injection site.

Tumors incidence/
number of injections

Group 2x10° 1x10° 5x10*
SP 3/3 3/3 5/5
non-SP 3/3 2/3 1/5

effluxing cells in cultured non-SP cells
was far less than in cultured SP cells (2%
versus 10%), indicating that ovarian can-
cer SP cells possess a higher capability to
generate Hoechst-effluxing cells than
non-SP cells. Moreover, when the cells
were treated with mitoxantrone, one of
the chemotherapeutic agents used to
treat patients with ovarian cancer (37),
colony formation was inhibited by 45%
in ES-2 SP cells whereas the ES-2 non-SP
cells showed 65% inhibition (Supplemen-
tary Figure S2C). Thus, SP cells in ES-2
and HO-8910PM lines display more
pluripotent capacity and less sensitivity
to chemotherapy than non-SP cells.

To assess the tumorigenicity of ovarian
caner SP cells in vivo, sorted SP cells or
non-SP cells from ES-2 or HO-8910PM
cells were injected into nude mice. SP
cells, either freshly sorted or cultured for
2 wks, were shown to have a higher effi-
cacy to form tumors in vivo compared
with non-SP cells at the equal initiating
number of cells/mouse (Tables 1 and 2).

To gain more detailed information
about the biological nature of ovarian
cancer SP cells, we took a closer look at
the cell behavior in in vitro conditions. SP
cells from both lines formed characteris-
tic circular, cobblestonelike colonies in
serum-containing medium. In contrast,
non-SP cells from both lines immediately
attached to the bottom of the culture
dishes and grew sparsely, with a
branched cytoplasm in appearance (Sup-
plementary Figures S1A, D).

To mimic the growth pattern of ovarian
cancer cells in ascites, SP cells and non-SP
cells were inoculated in ultra-low attach-
ment plates in the presence of EGF and
bFGF in serum-free media to induce an-
chorage-independent, autonomous, three-
dimensional spheroids. Nonadherent
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Table 2. Tumorigenicity of ES-2 cells at subcutaneous injection site.

Tumors incidence/number of injections

Group 0.75-1) x 10° 1x 10° 1x10° 1 x 10
Cultured SP 4/5 4/5 3/5 3/5
Cultured non-SP 5/5 5/5 3/5 0/5
Nonselected 5/5 5/5 3/5 1/5

spherical clusters of cells were observable
1 wk after plating, with no visual differ-
ence between the two subpopulations
under phase-contrast microscope (Figure
3F, left panel). However, after transfer to
serum-containing medium, the spheroids
shortly adhered to the regular tissue cul-
ture bottom with a distinct compact or
loose appearance. Seventy-two percent of
ES-2 SP-derived spheroids, compared
with 44% of those from non-SP cells, were
compact with a relatively confined mar-
gin shortly after attachment (p < 0.001).
Within 4 h, most non-SP spheroids pos-
sessed fingering tumor fronts beyond the
borders of the main tumor clusters, in
which majority of cells acquired a
fibroblast-like, elongated spindle-shaped
appearance with loose cell:cell interaction.
In contrast, SP spheroids were less capa-
ble of stretching and did not form satellite
structures until 48 h after attachment (Fig-
ure 3F). To further assess cell infiltrative
capability in extracellular matrix, the per-
centage of colony diameter >50 um in
semisolid agar was estimated under the
microscope. Similar to that observed in
serum-free condition, colonies from non-
SP cells were looser and more widespread
suggesting further migration distance of
non-SP cells compared with SP cells (Sup-
plementary Figure S2E).

Heterogeneous Expression of
Epithelial and Mesenchymal Markers
on Ovarian Cancer Subpopulations
We detected that ovarian cancer non-SP
cells displayed a much higher adherent
capacity than SP cells. This raises the pos-
sibility that ovarian CSCs need to un-
dergo an endogenous transformation
from SP cells into non-SP. cells, to induce a
more invasive phenotype and orchestrate
cancer cell engraftment. Compared to SP
cells, the growth pattern of ovarian cancer

non-SP cells, including fibroblast-like
morphology, invasive capacity into ECM
and increased expression of adherent
junctions indicates that transformation
from SP cells to non-SP cells allows the
cells to acquire a migratory mesenchymal
behavior. This acquired behavior benefits
their integration into surrounding tissue.

To determine if there is any change in
the expression profile of epithelial or mes-
enchymal markers between ovarian can-
cer SP and non-SP cells, we examined the
expression of genes known to regulate the
EMT process, such as Snaill, Snail2,
S100A4, SIP1, keratins and SMADs. The
mesenchymal markers (Snaill, Snail2 and
S100A4) were shown to have a lower ex-
pression while epithelial markers (ker-
atin8, keratin15, SMAD2 and SMAD3)
had a higher expression in SP cells com-
pared with non-SP cells (Figure 4A).

We then investigated the expression
pattern of VIM (38), the essential regula-
tor of the EMT in freshly sorted SP cells,
freshly sorted non-SP cells and cultured
SP cells from HO-8910PM cells. We found
that VIM was only detectable on the cell
surface in SP cells whereas in non-SP
cells, VIM was found diffusely distrib-
uted both in the cytoplasm and on the
cell membrane. After 3 d in culture, pro-
liferating SP cells underwent changes in
cell morphology. They displayed elonga-
tion in shape and expression of VIM was
spatially distributed into the cytoplasm
as well as on the cell membrane (Figure
4B). In addition, we detected the dynamic
changes in the expression of EMT-related
genes after culturing of sorted cell sub-
sets. Freshly sorted ES-2-SP cells ex-
pressed lower levels of mesenchymal
markers, including CDH2, FN, VIM and
Snaill than non-SP cells. However, dur-
ing the culture in serum-free medium
and subsequently in serum-containing
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Figure 4. Different expression of epithelial
and mesenchymal markers. (A) Expression
of genes encoding Snaill, Snail2, ST00A4,
SIP1, SMAD2, SMADS, KRT8 and KRT15 in HO-
8910PM-SP cells relative o non-SP cells were
determined by real-fime RT-PCR (p < 0.05).
(B) Sorted HO-8910PM-SP cells and non-SP
cells were cultured for 12 h or 3 d and sub-
sequently stained with antibody against VIM
followed by Rhodamine Red-coupled goat
anti-rat IgG or stained only with Rhodamine
Red-coupled goat anti-rat IgG (control).
Scale bar = 15 um. (C) RNA samples from ES-
2 SP or non-SP cells were extracted and an-
alyzed for expression of CDH1, CDH2, FN,
Snaill and VIM by RT-PCR. Samples were
collected from freshly-sorted cells (F), cells
cultured in suspended serum-free media in
the presence of EGF and FGF-basic for 1 wk
(S), or cells cultured in suspension for 1 wk
and then plated in serum containing me-
dium for additional 1 wk (A).

medium, the expression levels of FN,
VIM and CDH2 increased in the cells de-
rived from the SP population, whereas no
obvious changes were observed in cells
from non-SP cells (Figure 4C). The hetero-
geneity of ovarian cancer SP cells and
non-SP cells during 2 wks in culture may

explain the increased adherence during
transformation from SP cells to non-SP
cells which is related, at least in part, to
the EMT.

TGF-B1 Enhances EMT-Related Gene
Expression during Ovarian Cancer
Stemlike Cell Differentiation

It has been demonstrated that TGF-f
family members are involved in the reg-
ulation of embryonic development and
cancer initiating cells (39). TGF-f1 has
been shown to be the main factor result-
ing in a more invasive phenotype in ep-
ithelial tumors via the EMT process (40),
and to repress the transcription of
BCRP1/ABCG2 resulting in decrease of
SP population (41). To determine the im-
pact of TGF-p1 on ovarian cancer SP
cells, we cultured HO-8910PM cells in
the presence of TGF-B1. After treatment
with TGF-p1 for 3 d, the frequency of SP
cells was reduced markedly from 2.25%
to 0.39% (Figure 5A), which is consistent
with the previous findings (41).

To identify molecular regulators of the
TGF-p1 mediated transformation of ovar-
ian cancer SP cells, microarray analysis
was performed to compare the gene ex-
pression pattern on freshly-sorted SP
cells, freshly-sorted non-SP cells, TGF-31-
stimulated SP cells (TSS) and human
fibroblasts (HF). A cluster analysis of or-
thologous genes in various cell groups
was performed based on the gene expres-
sion profiles. The analysis of expressing
genes showed that freshly sorted SP cells
and TGF-p1-stimulated SP cells clustered
together. Freshly sorted non-SP cells and
HF also were clustered together. In con-
trast, SP cells and non-SP cells were clus-
tered separately (Figure 5B). These results
again point to a different nature of these
subpopulations even within the same
tumor cell line.

We further performed real-time PCR
analysis to investigate the variation trend
of EMT-related genes on different subpop-
ulations. TGF-B1 was added to stimulate
the cells and expression levels of Snaill,
Snail2 and CDH2 were determined at dif-
ferent time points during stimulation. We
found that TGF-p1 effectively stimulated
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transformation of HO-8910PM SP cells
into mesenchymal features. During 2 wks
of cultivation, expression of CDH2, Snaill
and Snail2 in HO-8910PM SP cells were
increased significantly in the presence of
TGF-B1 compared with those in the ab-
sence of TGF-f1 (Supplementary Figure
S3). Snaill was more highly regulated in
TGF-B1-stimulated SP cells compared with
TGF-B1-stimulated non-SP cells during the
entire course of culture, whereas the dif-
ferences in Snail2 or CDH2 were not so
apparent (Figure 5C). CDH1 was ex-
pressed at low levels on ES-2 and HO-
8910PM cells (Figure 4C). However, ex-
pression of CDH2, which implies CDH1 to
CDH2 switch (EN switch), increased and
the highest expression was observed on d
13 of stimulated non-SP cells (Figure 5C).
Additionally, we found that actin fila-
ments in non-SP cells were stained as
well-oriented stress fibers or three-
dimensional networks in the presence or
absence of TGF-B1. However, as shown in
Figure 5D, F-actin in freshly sorted SP
cells displayed lower, unbundled expres-
sion. After differentiation for 3 d, actins
in SP cells were barbed, but still less orga-
nized and more disorderly compared
with those in non-SP cells. TGF-B1 stimu-
lated actin polymerization in SP cells and
the cells grew with more polarization and
extension during the stimulation.

Inhibition of Snaill-Regulated EMT
Reduced Invasiveness of Ovarian
Cancer Stemlike Cells and
Tumorigenicity

We proceeded to determine whether
the EMT process has an impact on ovar-
ian cancer stem cell maintenance. Snaill
has been detected as an important regu-
lator of the EMT (42) and expressed at a
higher level in ovarian cancer non-SP
cells compared with SP cells (Figure 4A).
We designed a shRNA lentiviral con-
struct specifically against human Snaill
gene and transduced it into HO-8910PM
cells. Expression of Snaill was efficiently
suppressed at both mRNA and protein
levels (Figures 6A, B). As anticipated, the
resulting cells lost their fibroblast-like
appearance (Figure 6C), increased the ex-



pression of mRNA encoding epithelial
markers (CDH1), and decreased that of
encoding mesenchymal markers (CDH2
and FN) (see Figures 6A, B). These re-
sults indicate functional suppression of
cellular mesenchymal transformation.

We further detected that the percentage
of SP cells was decreased markedly after
Snaill downregulation (0.38 + 0.06% in
shSnaill cells compared with 3.03 + 0.05%
in vector control cells, p < 0.01) (Figure
6D). It indicates that Snaill-regulated
EMT is crucial to ovarian cancer SP cell
maintenance. This is consistent with our
findings that ovarian cancer SP cells were
present in more mesenchymally trans-
formed cell lines (Figures 1B, C). In addi-
tion, shSnaill cells displayed an affected
invasive capability compared with the
cells transduced with a control vector
(Figure 6E). Tumorigenicity was reduced
after Snaill inhibition (Table 3). We per-
formed an annexin-V assay to see
whether regulation of Snaill induces SP
cell apoptosis and thus results in reduced
tumorigenicity. As demonstrated in Fig-
ure 6F, shSnaill-SP cells consistently
showed less annexin-V affinity frequency
than shSnaill-non-SP cells (3.8% versus
8.4%), indicating that shSnail1-SP cells re-
tained a higher resistance to apoptosis
than shSnaill-non-SP cells. It clarified
that inhibition of Snaill-regulated EMT in
ovarian cancer cells results in not apopto-
sis but suppression of cellular invasive-
ness both in vitro and in vivo.

DISCUSSION

CSCs have been documented in a vari-
ety of neoplasm, and the EMT has been
indicated as a program required for cellu-
lar remodeling during embryogenesis,
wound healing and acquisition of malig-
nant traits (43). Recent studies have de-
scribed a convergence of both lines of re-
search, indicating that CSCs occur in part
as a result of EMT (23,44). Some studies
reported that the EMT resulted in in-
creased numbers of CSCs with mesen-
chymal phenotype and metastatic proper-
ties, the majority of which were performed
on breast cancer stem cells selected by
CD44"/CD24" expression (23,45). In con-
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HO-8910PM cells). (B) Microarray analyses were performed to compare gene expression
profiles of freshly sorted SP cells, freshly sorted non-SP cells, TGF-f1 induced SP cells (all
from HO-8910PM cells) and human fibroblast cell line, HS-27. The hierarchical cluster analy-
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presence or absence of TGF-B1. Live cells were stained with Hoechst 33342 and subse-
quently fixed and co-stained with Alexab68 conjugated-phalloidin. Scale bar = 30 um.

trast, other studies indicated that stem
cell/ progenitor properties reside predomi-
nantly within normal epithelial breast
basal subpopulation, which was sorted by
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EpCAM. They proposed that generation
of mesenchymal-like cells via EMT in nor-
mal basal breast cells and claudin-low
breast cancers reflects cellular differentia-
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tion (10). These two lines of reports reflect
a controversy in investigating the relation-
ship between CSCs and the EMT.

Ovarian cancers, a heterogeneous group
of tumors, consist of various pathologic
subtypes and show different clinical be-
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Table 3. Subcutaneous tumorigenicity of
Sh-Snaill HO-8910PM cells.

Tumors incidence/
number of injections

Group 2x10° 1.5x10° 1x10°
Vector control 6/6 6/6 6/6
Sh-Snail1 6/6 3/5 0/6

haviors. The question of whether ovarian
cancers occur from ovarian epithelium or
instead from Miillerian extraovarian tis-
sues which possess both epithelial and
mesenchymal properties, has been dis-
cussed for years (21,46). The uncertain
pathological origin of ovarian cancers chal-
lenges our understanding of these cancers
(29,47). The characterization of ovarian
CSCs might help to answer this question.

There is increasing evidence by the iso-
lation of tumor subsets for the existence of
CSCs in ovarian cancers. A number of cell
surface markers have proven to be useful
for the isolation of subsets enriched for
ovarian CSCs, including CD133" (48,49),
CD133" ALDH" (11), CD44" CD117" (50),
EpCAM (51) and Hoechst 33342 exclusion
of the SP cells (14). Among them, the pres-
ence of SP cells has allowed identification
of cancer stemlike cells and reflects a
mechanism of oncogenesis and drug re-
sistance on the basis of drug efflux pro-
teins (12,14). Additionally, the markers
mostly used for sorting ovarian CSCs,
CD44 and CD133, also are markers repre-
sentative of mesenchymal lineage (52,53).
The population which was sorted by ex-
pression of CD44 and CD133 might gate
out an epithelial pluripotent subpopula-
tion. It would result in a similar issue if
CSCs were sorted by using the epithelial
marker, EpCAM (10). Whether ovarian
CSCs express epithelial or mesenchymal
markers remains largely unknown.

In this study, we utilized the Hoechst
33342 effluxing assay instead of surface
markers to purify ovarian cancer stemlike
cells. This technique excludes possible cel-
lular differences which result from sorting
methods using epithelial or mesenchymal
markers. It has been indicated that a very
small population of ovarian cancer SP
cells has the potential to initiate tumor



growth in vivo. As demonstrated previ-
ously by others (14,25), we report here
that SP components from ovarian cancer
cells exhibited some specific stemlike
properties compared with non-SP cells,
including self-renewal capacity, pluripo-
tent genes expression and tumorigenicity.
Ovarian cancer SP cells showed higher
drug resistance than non-SP cells. In addi-
tion, we showed that ovarian cancer SP
cells expressed epithelial markers, includ-
ing KRT8, KRT15 and round-shaping
growth pattern, whereas the expression of
mesenchymal markers, CDH2 and VIM
were at a decreased levels compared with
non-SP cells from the same cancer cell
line. Ovarian cancer SP cells grew clonally
as a compact group, while non-SP cells
were distributed diffusively in tumor tis-
sues. Thus, we provide the evidence that
ovarian cancer stemlike SP cells exhibits
epithelial features.

It is thought that ovarian cancer cells
metastasize through a passive mechanism
once the cancer cells have detached as
single cells or clusters from the primary
ovarian tumor (16,17,54). We present data
here that, from the same patient, percent-
ages of ovarian cancer SP component in
ascitic fluid were relatively higher than
those in primary tumor. The reduced ex-
pression of various integrins and compo-
nents of the extracellular matrix on ovar-
ian cancer SP cells, such as FN, laminin
and collagen suggest that the adhesive in-
teraction between ovarian cancer stemlike
cells and the surrounding microenviron-
ment is delicate. In addition, we found
that ovarian cancer SP cells were localized
to xenografted tumor boundary. These re-
sults indicate that SP cells exert an impor-
tant role in ovarian cancer progression on
the basis of their delicate interaction with
surrounding microenvironment and
anatomical localization in tumors. The
distinct cellular subpopulations within
the same cell lines determinate the hetero-
geneous nature in tumors.

To execute the process of tumor progres-
sion, ovarian cancer cells need to be en-
grafted and the process is niche-dependent
and governed by an underlying molecular
mechanism (55,56). We showed that freshly

sorted ovarian cancer SP cells behaved
with a reduced invasive capability. In con-
trast, ovarian cancer non-SP cells, presum-
ably more differentiated tumor cells, pos-
sessed higher migratory and invasive
properties and were more able to interact
with the surrounding microenvironment
than stemlike SP cells. In addition, trans-
formation of ovarian cancer SP cells into
non-SP cells was orchestrated by genes as-
sociating with the EMT program, such as
Snails, S100A4, SMADs, keratins and ad-
herents, and facilitated execution of most
steps of the invasion cascade by induction
of F-actin stress fibers. This suggests that
the differentiation of ovarian CSCs is de-
pendent on the genes turning on or off,
and is related to the endogenous process of
EMT. In contrast to the results from the
CD44"/CD24  breast cancer stemlike cells
(23), our data indicates that transformation
of ovarian cancer stemlike SP cells into
more differentiated non-SP cells is con-
comitant to the EMT process.

Our in vivo data also demonstrated that
the inhibition of the transformation from
epithelial phenotype into more mesenchy-
mal phenotypes markedly reduced ovar-
ian cancer cell engraftment. It indicated
that in ovarian cancer tumorigenicity,
mesenchymal non-SP cells displayed en-
hanced invasive features while epithelial
SP cells enabled sustained tumor growth
and hence, both cell types regulate cancer
progression. On the basis of increasing in-
teraction with the surrounding environ-
ment which was generated by differenti-
ated cells, ovarian cancer SP cells were
evidently more tumorigenic than non-SP
cells with an adaptive change involving,
at least in part, the process of EMT.

We have demonstrated here that the
ovarian cancer cell lines contained higher
percentage of SP cells and also expressed
mesenchymal traits and typical mesen-
chymal gene expression patterns. It indi-
cates that incidence of ovarian cancer SP
cells in different cell lines is highly corre-
lated with the expression of the EMT-
related genes. Inhibition of the EMT pro-
cess by Snaill silencing decreased the
ovarian cancer SP cell frequency, affected
their invasive capacity and thus resulted
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in reduced tumorigenicity in vivo. Taking
these together, it again emphasizes the
heterogeneity even within the same can-
cer cell line and demonstrates that the
Snaill-regulated EMT is essential to ep-
ithelial ovarian CSC maintenance.

CONCLUSION

Collectively, our findings indicate the
flexibility of the niche function and pres-
ent an intriguing model for how epithelial
ovarian cancer stem cells, which have ac-
cumulated mutations over time, may
evolve their pathological behaviors. It sup-
ports a growing body of evidence that the
CSC-containing population in some can-
cers do reestablish the heterogeneity via
the EMT, which may be responsible for
drug resistance, tumor progression and
metastasis. Future investigations need to
address how to aim this mechanism as a
potential target in anticancer therapy.
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