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Abstract

Epithelial-mesenchymal transition (EMT) is a critical process for embryogenesis but is abnormally
activated during cancer metastasis and recurrence. This process enables epithelial cancer cells to
acquire mobility and traits associated with stemness. It is unknown whether epithelial stem cells or
epithelial cancer stem cells are able to undergo EMT, and what molecular mechanism regulates
this process in these specific cell types. We found that Epithelial Ovarian Cancer Stem cells (EOC
stem cells) are the source of metastatic progenitor cells through a differentiation process involving
EMT and Mesenchymal-Epithelial Transition (MET). We demonstrate both in vivo and in vitro
the differentiation of EOC stem cells into mesenchymal spheroid-forming cells (MSFCs) and their
capacity to initiate an active carcinomatosis. Furthermore, we demonstrate that human EOC stem
cells injected i.p in mice are able to form ovarian tumors, suggesting that the EOC stem cells have
the ability to “home” to the ovaries and establish tumors. Most interestingly, we found that
TWISTL1 is constitutively degraded in EOC stem cells, and that the acquisition of TWIST1
requires additional signals that will trigger the differentiation process. These findings are relevant
for understanding the differentiation and metastasis process in EOC stem cells.

Introduction

Epithelial ovarian cancer (EOC) is the leading cause of gynecologic cancer deaths with a 5-
year survival rate of only 15%. Although 80-90% of patients initially respond to first-line
chemotherapy agents carboplatin and paclitaxel, less than 15% remain in complete
remission and most patients recur within 5 years (1) (2, 3) (4). When the disease recurs, it
usually presents as a carcinomatosis, or widespread metastatic disease, which is often not
amenable to surgical debulking (5-7). In these patients, the only other option is the
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administration of chemotherapy. Unfortunately, recurrent ovarian cancer is extremely
chemoresistant to currently available agents (8). This profile makes recurrent ovarian cancer
very difficult to treat, with most patients succumbing to the disease. As such, recurrence and
metastasis are the major causes of mortality in ovarian cancer (7, 9).

The establishment of metastatic disease involves multiple steps. In vessel-dependent
metastasis, as seen in breast cancer, the process involves local invasion of cancer cells,
intravasation, cancer cell survival in the circulation, extravasation, and colonization (10)
(11). Ovarian cancer metastasis however, is not vessel-dependent. Metastatic ovarian cancer
presents as localized intra-abdominal carcinomatosis and rarely spreads to distant sites. The
main route of metastasis formation in ovarian cancer is direct dissemination to the peritoneal
cavity and/or lymphatic dissemination (2). Unfortunately, the cellular and molecular
processes required for the formation of ovarian cancer metastasis are not clearly understood.

The process of epithelial-mesenchymal transition (EMT) has been extensively utilized to
explain how an epithelial cancer cell is able to acquire the capacity to migrate and
metastasize. EMT was originally described as a developmental process in which epithelial
cells break cell-cell contact and cell-extracellular matrix connections, which allows
movement to other locations in the body during critical stages of embryonic development
(12); (13). It has also been shown that through EMT, epithelial cancer cells can undergo a
phenotypic switch that allows these polarized and immobile epithelial cells to become
motile mesenchymal cells (14); (15, 16) . After migration to distant sites, the process can be
reversed and the migratory mesenchymal cells can undergo mesenchymal-epithelial
transition (MET) and revert back to an epithelial phenotype, thereby establishing a similar
epithelial cancer in secondary sites. (17).

Several studies have provided convincing evidence that EMT plays an essential role in
modulating the motility and invasiveness of ovarian cancer cells. However, given the
heterogeneity of ovarian cancer tumors, it is not known if all or only certain and specific
cancer cell populations have the plasticity to undergo EMT. The demonstration that
metastatic sites have heterogeneous histological characteristics suggests that the cells
capable of undergoing this process have the ability to self-renew as well as differentiate —
properties that are unique to cancer stem cells (CSCs). Indeed, EMT has been linked to the
ability of self -renewal and generation of multiple lineages (15).

Studies of neoplastic tissues have provided evidence of the existence of CSCs, which have
the ability to recreate the heterogeneity of the original tumor in mice (18). CSCs, which are
able to self-renew and differentiate, similar to normal stem cells, are not only the potential
origin of the tumor, but also the possible source of recurrence and chemoresistance. Recent
studies have shown that EMT can induce mammary epithelial cells or breast epithelial
cancer cells to enter into a stem-like stage (19),(15),(20). However, whether epithelial stem
cells or epithelial cancer stem cells are able to undergo EMT is unknown.

We and others have reported the presence of ovarian cancer stem cells using different cell
surface markers (21-29). Although, the initial studies were done using cells lines, more
recent reports confirmed their presence in different types of ovarian cancer tissues (22). In

Oncogene. Author manuscript; available in PMC 2013 July 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yinetal.

Page 3

our studies, we reported the identification of a unique population of EOC cells with
characteristics of CSCs (21, 30-32). These cells are characterized by the expression of
CD44 and MyD88 (CD44+MyD88+ EOC stem cells). Additional characteristics associated
with CSCs present in CD44+MyD88+ EOC stem cells includes tumorigenicity, capacity to
recapitulate the heterogeneity of the original tumor in mice, ability to self-renew, expression
of pleuripotency markers (CD44, MyD88, b-catenin, Oct-4, and SSEA-4 (32),
chemoresistance, and capacity to differentiate into multiple cell types (21). CD44+/MyD88+
EOC stem cells give origin to CD44-MyD88- EOC cells (mature EOC cells), which have
lost the capacity to self-renew, are more sensitive to chemotherapy, and are terminally
differentiated (21, 31). These two cell populations can be identified and isolated from
ovarian cancer tumors (22). Furthermore, pure populations of CD44+/MyD88+ EOC stem
cells can differentiate, in vivo and in vitro, into CD44-MyD88- mature EOC cells (21).

Depending on the environment, CD44+/MyD88+ EOC stem cells can also differentiate into
endothelial cells and therefore serve as tumor vascular progenitors (33). CD44+/MyD88+
EOC stem cells are different from their more differentiated progeny, CD44-/MyD88- mature
EOC cells. Although both types are malignant cells, only CD44+/MyD88+ EOC stem cells
have the capacity to self renew and to recapitulate the heterogeneity of the original tumor
(21, 22). However, it is unknown whether CD44+/MyD88+ EOC stem cells have the
capacity to give origin to cells with metastatic capacity. A process that would require
CD44+/MyD88+ EOC stem cells to undergo EMT.

Although the acquisition of mesenchymal traits by the epithelial cancer cells appears to
enable the dissemination of cancer cells from the primary site, the mechanisms that initiate
and control these processes have been difficult to elucidate. TWIST1 is a basic helix—loop-
helix (bHLH) transcription factor that regulates gastrulation and mesoderm differentiation
during embryonic development. Moreover, it regulates genes that are essential for
morphogenesis and cell migration. Recent data suggest that TWIST1 plays an important role
in cancer metastasis by inducing EMT (34-37), and that hypoxia can stabilize hypoxia-
inducible factor-1a (HIF-1a) leading to increased TWIST expression both at the mRNA and
protein levels (36, 38). However, the mechanisms that regulate TWIST1 expression and
function during EOC stem cell differentiation and during the process of metastasis are not
well defined.

In the present study, we demonstrate that CD44+/MyD88+ EOC stem cells have the
capacity to undergo EMT and in doing so generate mesenchymal spheroid-forming cells
(MSFCs) with metastatic potential. The MSFCs are capable of forming tumors in vivo, not
only in the peritoneum, but also in mice ovaries. Furthermore, we demonstrate that TWIST1
is constitutively degraded in EOC stem cells, and inhibition of TWIST1 expression prevents
EOC stem cell differentiation. This may explain how EOC stem cells are able to keep their
stemness through symmetric division even in regular cell culture conditions without adding
any additional growth factors. These findings also suggest that CD44+/MyD88+ EOC stem
cells are the possible source of metastatic ovarian cancer and highlight the central role of
TWISTL in regulating EMT in CD44+/MyD88+ EOC stem cells. The identification of the
cellular source of metastatic ovarian cancer and the key players involved is fundamental not
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only for the better understanding of the origin of metastasis but also for developing new
therapies.

Results

CD44+/MyD88+ EOC stem cells generate mesenchymal cells with migratory and
tumorigenic capacity

A pure population of CD44+/MyD88+ EOC stem cells is able to form subcutaneous tumors
in mice and generate a xenograft composed of almost 90% CD44-/MyD88- mature EOC
cells (21). The capacity of CD44+/MyD88+ EOC stem cells to give origin to CD44-/
MyD88- mature EOC cells is further demonstrated by monitoring the loss of these markers
in a culture of 100% CD44+/GFP+ EOC stem cells. As shown in Supp. Figure 1,
CD44+/GFP+ EOC stem cells are able to differentiate both in vitro and in vivo into 100%
CDA44-/GFP+ cells (22). The demonstration that the cells remained GFP+ while losing CD44
suggests that the CD44+ EOC stem cells can indeed generate CD44-mature EOC cells.
Since CD44+/MyD88+ EOC stem cells have lower doubling time than CD44-/MyD88-
mature EOC cells, the process of differentiation allows local tumor expansion by generating
daughter epithelial cells with faster growth kinetics (21, 39, 40).

Metastasis represents another form of tumor expansion but requires the generation of cells
with migratory and invasive capacity. We previously reported that freshly trypsinized
CD44+/MyD88+ EOC stem cells can survive in low-attachment conditions and form viable
compact spheroids (21, 41), suggesting another form of differentiation. To determine if this
differentiation provided CD44+/MyD88+ EOC stem cells with invasive advantages, we
used trans-well inserts coated with high-density Matrigel. CD44+/MyD88+ EOC stem cells
or the derived spheroids were placed in the upper compartment of the chamber and media
were placed in the lower compartment. Our results showed that the derived spheroids have
enhanced invasion capacity compared to the progenitor CD44+/MyD88+ EOC stem cells
(Supp. Fig. 2). CD44-/MyD88- mature EOC cells did not show any migratory capacity.

We next determined whether the CD44+/MyD88+ EOC stem cells could spontaneously
differentiate in vitro from epithelial cells into spheroid-forming cells. We hypothesized that
when grown in very high confluence, a monolayer of CD44+/MyD88+ EOC stem cells will
spontaneously undergo differentiation. Thus, CD44+/MyD88+ EOC stem cells were
maintained in high confluence (Fig. 1A, i) and low serum condition (1% FBS) in vitro,
resembling the in vivo conditions of rapidly growing solid tumors. After about 2—4 weeks,
we observed several foci of cells acquiring a differentiated phenotype based on their
morphologic characteristics (Fig. 1A, ii-v). In each of these foci, we observed epithelial cells
in the distal periphery; cells that lost their epithelial morphology and look more like
fibroblast cells “ migrating” away from the epithelial cells; and a centrally located cluster of
round cells (Fig. 1A, ii-iv). (Supp. Fig. 3A, B). When followed for the next few weeks, the
clusters of round cells eventually detached from the tissue culture flask and formed compact
spheroids (Fig. 1A, v). The viability of the spheroids was maintained when transferred to
low- attachment tissue culture plates (Fig. 1A, vi). Interestingly, spheroids derived from
CD44+/MyD88+ EOC stem cells show morphologic similarities to malignant ascites freshly
isolated from ovarian cancer patients (Supp. Fig. 3C).
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To further demonstrate that the mesenchymal spheroid-forming cells (MSFCs) originated
from the CD44+/MyD88+ EOC stem cells, we repeated the same experiments using GFP-
labeled CD44+/MyD88+ EOC stem cells. As shown in Supp. Fig 4, a monolayer of GFP+
CD44+/MyD88+ EOC stem cells is able to generate GFP+ MSFCs in vitro. Interestingly,
when transferred to tissue culture plates, the GFP+ MSFCs are able to re-form a monolayer
culture of GFP+ cancer cells, which morphologically resemble epithelial ovarian cancer
cells (Fig 1A, vii-ix)(Supp. Fig. 4). These results suggest that MSFCs can revert back to an
epithelial phenotype depending on culture conditions. None of the changes described above
were observed when CD44-/MyD88- EOC cells were cultured in similar conditions. This
suggests that the capacity to undergo these changes are unique to CD44+/MyD88+ EOC
stem cells.

The observed cellular differentiation (acquisition of anchorage-independent growth,
enhancement of migratory capacity, and re-acquisition of epithelial morphology), resemble
processes that are associated with EMT and MET. Therefore, our next objective was to
characterize the molecular phenotype of the cells during the differentiation process
described above. CD44 and CK18 are highly expressed in CD44+/MyD88+ EOC stem cells
(21, 24); therefore we used them as initial markers to monitor differentiation. While CD44+/
MyD88+ EOC stem cells are 99.9% CD44+/ CK18+, the derived MSFCs are negative for
the epithelial marker CK18 and are only 67% CD44+ (Fig. 1B). Further evaluation by
Western blot showed that the MSFCs also lost MyD88 and B-catenin - two proteins that are
highly expressed in the CD44+/MyD88+ EOC stem cells (Fig. 1C). Interestingly, the
MSFCs acquired TWIST1, SLUG, and VIMENTIN, which are proteins associated with the
process of EMT (Fig. 1C) suggesting that the process of differentiation from EOC stem cells
into MSFCs involves EMT.

To further confirm the occurrence of EMT, we used two clones of CD44+/MyD88+ EOC
stem cells and their derived MSFCs for the Human EMT RT2 Profiler PCR Array, which
profiles the expression of 84 key genes. Fifty-one of these genes are directly associated with
the EMT/MET process, while the rest are associated with cell growth, proliferation, and
cytoskeleton organization. The results of the array showed that 31 out of the 51 genes
associated with EMT/MET were differentially expressed between the CD44+/MyD88+
EOC stem cells and the MSFCs (Fig. 2A). To validate these results, we used 5 different
clones of CD44+/MyD88+ cells and 5 clones of derived MSFCs cells, and we evaluated 9 of
these genes at the mRNA as well as at the protein level. We tested the mesenchymal marker
VIMENTIN (42); epithelial markers CK19/KRT19, (43) and CK7/KRT7 (44); transcription
factors FOXC2 (15, 45), TWIST1, TCF4/E2-2 (46) and SLUG; and EMT-associated
cytokine, TGFp. Real-time PCR results showed that the EMT inducers and mesenchymal
markers FOXC2, SLUG, TWISTL, and VIMENTIN were increased and that the epithelial
markers KRT19 and KRT7 were decreased during the differentiation process from CD44+/
MyD88+ EOC stem cells to MSFCs (Fig. 2B). Western blot analysis further confirmed the
induction of mesenchymal markers VIMENTIN, FOXC2, SLUG, and TWIST1 (Fig. 2B).
Finally, the induction of TGFp during differentiation was confirmed both at the mRNA and
secreted protein level (Fig. 2B-C)

Oncogene. Author manuscript; available in PMC 2013 July 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yinetal. Page 6

CD44+/MyD88+ EOC stem cells undergo EMT in vivo to form metastatic tumors

Epithelial cancer cells, if injected in mouse peritoneum, mostly undergo apoptosis. This is
due to the lack of cell-to-cell and/or surface contact (anoiksis), limited nutrients, as well as
limited oxygen (47). We previously showed that CD44+/MyD88+ EOC stem cells injected
subcutaneously (s.c.) in the presence of high-density Matrigel could develop solid s.c.
tumors (21). In the present study, we evaluated the outcome of intra-peritoneally (i.p)
injected CD44+/MyD88+ EOC stem cells. Thus, EOC stem cells (3 x 10%) were injected i.p.
in nude mice in the absence of Matrigel. After 25 days, we observed multiple small
implants, which progressed to carcinomatosis within 35 days post-injection (Fig. 3A-B).
Analysis of the mice ovaries showed prominent ovarian tumors, (Fig. 3B, C, Di). Analysis
of tumor implants from other organs (i.e. small intestines, colon, liver) showed superficial
attachment but not invasion (Fig. 3A, B). Thus, invasion was only observed in the ovaries.
All the animals injected with CD44+/MyD88+ EOC stem cells developed ovarian tumors at
least on one side. No tumors were observed when CD44-/MyD88- mature EOC cells were
injected under similar conditions (Fig. 3Dii). Furthermore, when we injected CD44+/
MyD88+ EOC stem cells in the fallopian tube of the mice, we were able to observe ovarian
tumors and also metastatic lesions in the peritoneum (Data not shown). This suggests that
the capacity to survive and to establish carcinomatosis is limited to the CD44+/MyD88 EOC
stem cells.

We next determined if the in vitro-derived MSFCs behave similarly in vivo as the CD44+/
MyD88+ EOC stem cells. Thus, CD44+/MyD88+ EOC stem cells were induced to undergo
in vitro differentiation into MSFCs as described above. Once the cells formed compact
spheroids, they were collected and injected i.p. in nude mice and tumor formation evaluated
after 30 days. The MSFCs were able to form ovarian tumors and carcinomatosis, similar to
those observed with CD44+/MyD88+ EOC stem cells. More importantly, comparative
analysis of tumor histology showed that tumors formed by the CD44+/MyD88+ EOC stem
cells and the MSFCs have identical epithelial morphology (Supp Fig. 5). These results
suggest that in order to generate metastatic tumors, CD44+/MyD88+ EOC stem cells
undergo EMT to produce generate MSFCs with metastatic capacity. CD44-/MyD88- mature
EOC cells do not form spheroids nor do they form tumors when injected in the peritoneum
or fallopian tubes.

Differentiation of CD44+/MyD88+ EOC stem cells into mesenchymal cells is associated
with TWIST1 expression

TWISTL1 is a major regulator of EMT during embryogenesis and is over-expressed in
metastatic tumors. As mentioned above, EMT gene array results showed acquisition of
TWISTL in the process of differentiation from EOC stem cells to MSFCs. Therefore we
evaluated TWIST1 expression and its association with CD44+/MyD88+ EOC stem cell
differentiation using immunofluorescence. TWIST1+ cells were observed in cell cultures of
CD44+/MyD88+ EQOC stem cells that displayed foci of cells with fibroblast morphology
(Fig. 4A, ii). TWIST1 was not observed in the surrounding CD44+/MyD88+ EOC stem
cells, which displayed the classic epithelial morphology. Furthermore, TWIST1 expression
is high in the MSFCs (Fig. 4A, iii) and its expression is mainly nuclear (Fig. 4A, iv). This
suggests an early role for TWIST1 during the differentiation process.
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TWIST1 protein is constitutively degraded in the CD44+/MyD88+ EOC stem cells

To further characterize the role of TWIST1 in the EMT process observed in our system, we
transfected CD44+/MyD88+ EOC stem cells with a plasmid containing full length TWIST1
(PEMSV-TWIST). Although we saw a significant increase in TWIST1 mRNA after
transfection (data not shown), this was not associated with a corresponding increase in
TWIST1 protein (Fig. 4B, i). This suggests that CD44+/MyD88+ EOC stem cells have an
active mechanism to prevent the accumulation of TWIST1 protein even in the presence of
its MRNA. This regulation could be at the RNA level (via microRNAS) or at the protein
level (via degradation). Evaluation of the involvement of the ubiquitin—proteasome system
was determined using the proteasome inhibitor, MG132. Thus, wild type or pEMSV-TWIST-
transfected CD44+/MyD88+ EOC stem cells were treated with MG132, and TWIST1
expression were determined by Western blot. MG132 was able to increase the levels of
endogenous TWIST1 (Fig. 4B, ii) as well as the ectopically expressed TWIST1 (Fig.4B, iii).
Thus, blocking proteasome activity allowed the accumulation of both the endogenous, as
well as the ectopically expressed TWIST1 in the CD44+/MyD88+ EOC stem cells. These
data suggest that TWIST1 expression in CD44+/MyD88+ EOC stem cells is regulated at the
protein level.

E12 stabilizes TWISTL1 protein expression in CD44+/MyD88+ EOC stem cells

TWISTL1 is a Class 1l basic-helix-loop-helix (bHLH) transcription factor and can form
heterodimers with Class | bHLH proteins (E proteins). Previous studies have shown that
binding of Class Il transcription factors to Class | proteins can enhance the activity of the
Class Il transcription factors (48, 49). We hypothesize that this binding may also be required
to stabilize Class Il proteins such as TWIST1. We evaluated the role of the Class | E protein,
E12, which is expressed in MSFCs but not in CD44+/MyD88+ EOC stem cells (Fig. 4C, ii).
Thus, pPEMSV-TWIST and pEMSV-E12 were co-transfected in CD44+/MyD88+ EOC stem
cells. As shown in Figure 4C, co-expression with E12 is able to stabilize TWIST1 levels in
CD44+/MyD88+ EOC stem cells (Fig. 4C, i).

We then evaluated whether the acquisition of TWIST1 and E12 occurs in CD44+/MyD88+
EOC stem cells in vivo. Thus, we determined the expression of these proteins in the tumors
obtained when CD44+/MyD88+ EOC stem cells were injected i.p. in mice. While CD44+/
MyD88+ EOC stem cells in culture do not express either TWIST1 or E12, the resulting
mouse xenografts expressed high levels of both proteins (Fig. 4C, ii).

Hypoxia/HIF-1 induces TWIST1 expression in CD44+/MyD88+ EOC stem cells

Next, we looked at the potential signal(s) that would trigger TWIST1 expression and initiate
the differentiation process. A common factor found in our different models (peritoneum and
tumor confluence) is low oxygen (hypoxia) and low nutrients. The peritoneal environment is
characterized in part by hypoxia, which is a stimulus for the induction of HIF-1. Since HIF-1
is known to be upregulated in metastatic lesions, we hypothesized that hypoxic conditions
may induce HIF-1 expression and promote differentiation by enhancing TWIST1 expression
in CD44+/MyD88+ EOC stem cells. To test this hypothesis we treated CD44+/MyD88+
EOC stem cells with the hypoxia mimetic, cobalt chloride hexahydrate (CCH) and
determined the expression of TWIST1 and E12. As shown in Figure 5A, CCH induced
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HIF-1 expression in a time-dependent manner. The induction of HIF-1 expression in
CD44+/MyD88+ EQOC stem cells correlates with the induction of TWIST1 and E12
expression. This was further confirmed when we evaluated the expression of CD44 in
CD44+/MyD88+ EOC stem cells cultured under hypoxic and “starvation” conditions (1%
O, and supplemented with 1% FBS). We found a significant decrease in CD44 expression
(98% vs 17%) and also a significant change in their morphology and cell size (1% vs 66%
small cells) suggestive of differentiation (Fig. 5B). These results imply that hypoxia and
starvation are potent stimuli for CD44+/MyD88+ EOC stem cells to undergo EMT and give
origin to MSFCs with metastatic potential.

Finally, we wanted to test whether inhibition of TWIST1 expression could alter the effect of
hypoxia on CD44+/MyD88+ EOC stem cell differentiation. Thus, CD44+/MyD88+ EOC
stem cells were transfected with shRNA for TWISTL1 (in order to prevent its expression
during differentiation) and then cultured under the hypoxic and starvation conditions
described above. As shown in Figure 5C, inhibition of TWIST1 expression prevented
CD44+/MyD88+ EOC stem cell differentiation. Taken together, these results support the
requirement for TWIST1 in CD44+/MyD88+ EOC stem cell differentiation into MSFCs.

Discussion

The present data suggest that CD44+/MyD88+ EOC stem cells could be a source of ovarian
cancer metastasis by generating MSFCs with enhanced migratory capacity and ability to
recreate an epithelial ovarian cancer tumor in a secondary site. This process is the result of
EMT and is regulated by TWIST1.

In spite of debulking and chemotherapy, 60-80% of patients with ovarian cancer will
present with recurrence and carcinomatosis in less than five years. The source of metastatic
ovarian cells and how EOC cells acquire migratory properties and survive without cell-to-
cell contact has not been elucidated. Previously, we reported that the CD44+/MyD88+ EOC
stem cells could differentiate into a CD44-/MyD88- epithelial culture, which has lost
stemness markers. In addition, we have shown that CD44+/MyD88+ EOC stem cells can
give origin to different cell types including endothelial-like cells (21, 33). In this present
study, we report a third type of differentiation. Under specific conditions, CD44+/MyD88+
EOC stem cells can form MSFCs with enhanced migratory/metastatic potential.

Ovarian cancer metastasis typically presents on local pelvic and abdominal organs and
rarely involves metastasis to distant sites. Therefore, in contrast to other types of cancer, no
anatomical barrier exists between the primary ovarian tumor and the metastatic sites. In
ovarian cancer, small clusters of cells shed by the primary ovarian tumor can implant on
peritoneal surface and form metastatic nodules. In order to initiate the shedding of cancer
cells, the epithelial cancer cells comprising the solid tumor need to undergo a transformation
into mesenchymal-like cells to acquire the capacity to migrate. Once the solid tumor has
shed, then metastatic sites can be established. We were able to demonstrate this process both
invitro and in vivo and showed that the generation of MSFCs from CD44+/MyD88+ EOC
stem cells is associated with migratory potential, which is required for the process of
metastasis formation. Interestingly, the MSFCs present unique characteristics, which differ
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from the CD44+/MyD88+ EOC stem cells from which they are derived. None of these
characteristics are observed in CD44-/MyD88- mature EOC cells.

EMT is a complex process by which epithelial cells lose cell-cell adhesion and apical-basal
polarity but acquire mesenchymal features such as motility, invasiveness, and resistance to
apoptosis (50-52). In our in vitro system we demonstrated these changes during the
formation of MSFCs from CD44+/MyD88+ EOC stem cells. We showed morphological
changes from epithelial to fibroblast-like mesenchymal cells, loss of cell-cell contact,
capacity to form viable spheroids, and acquisition of migratory properties. We also showed
that the formation of MSFCs from CD44+/MyD88+ EOC stem cells is associated with
increased expression of mesenchymal markers (vimentin, thrombospondin, vitronectin) and
decreased expression of epithelial markers (CK19, CK18, occluding, desmoplakin and
Mucin-1) typically observed during EMT. In addition, we demonstrated increased
expression of extracellular matrix components (collagen 1V and fibronectin), altered
expression of transcription factors (B-catenin, Snail, Slug, TWIST-1, Sox 10 and NFkB),
and activation of specific kinases (ERK, AKT) (52). These changes were observed in vitro
during the formation of MSFCs from CD44+/MyD88+ EOC stem cells and also in vivo
when CD44+/MyD88+ EOC stem cells were injected i.p. or in the fallopian tubes of nude
mice and formed carcinomatosis.

The general understanding has been that the process of EMT is associated with the
generation of CSCs. Our data suggest that, at least in ovarian cancer, epithelial cancer stem
cells can also undergo EMT, a transdifferentiation process. During this differentiation
process from CD44+/MyD88+ EOC stem cells to MSFCs, there is a significant change in
gene expression associated with the observed morphologic and functional changes. We
observed a decrease in a few of the stemness genes such as CD44, MyD88, and CTNNB1
(gene of B-CATENIN). Instead the cells acquired mesenchymal markers as mentioned
above. However, the MSFCs still conserve some stemness properties and high degree of
plasticity since they can create a monolayer culture again once they are placed on tissue
culture plates. The newly-formed monolayer culture obtained from the MSFCs have
morphologic characteristics of epithelial cells, but lack stemness markers such as CD44,
MyD88. The observed process resembles MET although the signals associated with this
process need further investigation.

An important characteristic of the MSFCs is their capacity to migrate. This capacity was
observed both in vitro as well as in vivo. When injected i.p. or intra uterine in mice, these
cells are able to survive and establish xenografts in adjacent organs, including the mouse
ovary. In the ovaries we observed three processes; 1) attachment to the surface of the ovary,
2) invasion of the ovarian stroma; and 3) differentiation into fast dividing epithelial ovarian
cancer cells and expansion of the tumor. The changes in gene expression observed during
EMT provide the biological basis for these processes. For adhesion, we observed the
expression of adhesion molecules such as CTNNB1, COL1A2, COL3A1, COL5A2, ERBBS3,
and FOXC2. For the process of migration and motility we observed the increase in the
expression of CALD1, NODAL, PDGFRB, TGFB1, VIM, MMP2, MMP9, TGFB1, TGFB2,
and TIMPZ1,; and finally for differentiation we found increased expression of BMP7,

Oncogene. Author manuscript; available in PMC 2013 July 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yinetal.

Page 10

COL3A1, COL5A2, CTNNB1, ERBB3, FOXC2, FZD7, GSC, KRT14, NODAL, SNAI2,
S0X10, TGFB2, TGFB3, TWIST1, WNTL. (Supplementary Table.2)

TWIST-1 is temporally expressed during normal development, but constitutively expressed
in some forms of cancer (53); (36, 54). Indeed, we found that TWIST-1 is highly expressed
in the MSFCs but not in the CD44+/MyD88+ EOC stem cells. Furthermore, we demonstrate
that the differentiation of EOC stem cells to MSFCs depends on TWIST-1 expression.

Previous studies have shown that over-expression of TWIST-1 in normal or malignant
mammary epithelial cells sufficiently leads to EMT and can generate mesenchymal cells
(15, 36). In EOC cells however, we demonstrate that the expression of TWIST-1 is highly
regulated. While inhibition of TWIST-1 expression prevents EMT, the over-expression of
TWIST-1 alone in CD44+/MyD88+ EOC stem cells is not enough to induce EMT. These
data suggest a different mechanism of TWIST-1 regulation in differentiated epithelial cells
and epithelial cancer stem cells. In CD44+/MyD88+ EOC stem cells, the induction of EMT
requires additional signals that will trigger the differentiation process. One of the
mechanisms regulating TWIST-1 expression in CD44+/MyD88+ EQOC stem cells involves
the proteasome. Our data suggest that maintenance of an epithelial phenotype is a primordial
objective of the CSCs and is achieved by mechanisms that actively prevent the expression of
TWIST-1. Under stress conditions, such as low nutrients or/and hypoxia, the factors
produced (TGFp or HIF-1a) can reverse the inhibition on TWIST-1 expression leading to
EMT. This is further supported by our findings, which show that the increase in TWIST-1
during EMT is accompanied by an increase in E12 expression.

E12 is a class | HLH transcription factor, and has emerged as a key regulator of both B and
T lymphocyte differentiation (55, 56). E proteins continue to be essential at subsequent
stages of development. Recent studies have reported that TWIST-1 requires E12 to be
functional transcription factor (55). Therefore, we propose that TWIST-1 and E12 are
essential factors to trigger the process of transition from CD44+/MyD88+ EOC stem cells to
MSFCs, and therefore formation of metastasis.

Most epithelial tissues maintain their structure and characteristics throughout adult life due
to the presence of multipotent epithelial stem cells (57). Despite some common
characteristics, there are significant morphological and functional differences among
epithelial cells; however, it is not very clear what are the molecular mechanisms controlling
epithelial stem cell maintenance, activation, lineage determination, and differentiation in
each of the different epithelial tissue. Our finding that TWIST-1 plays a central role in EOC
stem cell differentiation may contribute in the understanding of ovarian epithelial stem cell
maintenance and differentiation process.

A striking finding in the animal studies was the presence of mouse ovarian tumors following
the i.p. or intra-uterus injection of CD44+/MyD88+ EOC stem cells or MSFCs. The
demonstration that these cells are able to reach the ovaries in a very specific manner
indicates that these cells have the ability to “home” to the ovaries and that the ovary has the
optimum environment to support their growth. These data advocate the possibility that
ovarian cancer may originate from transformed cells outside of the ovaries (i.e. fallopian
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tubes as some studies have suggested) but still present clinically as an “in situ” ovarian
cancer (58, 59).

In summary, we demonstrated that CD44+/MyD88+ EOC stem cells could be a source of
ovarian cancer metastasis by generating MSFCs through EMT. Regulation of TWIST-1
expression and function is a critical step in this process and therefore it represents a potential
marker and target for monitoring and preventing ovarian cancer metastasis.

Materials and methods

Reagents and antibodies

Cobalt (1) chloride hexahydrate (sc-203004) was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). MG132 (#C2211) was purchased from Sigma (St. Louis, MO,
USA). Beta-actin antibody was purchased from Sungene Biotech, (Tianjin, China) clone
KM9001. Additional antibodies are listed in supplemental material.

Cell culture and culture conditions

Cells used in these studies were isolated from either ovarian cancer tissues or ovarian ascites
and grown as previously described (60). The isolation and characterization of the CD44+/
MyD88+ EOC stem cells has been previously reported (21, 31). All patients signed consent
forms, and the use of patient samples was approved under the Yale University’s Human
Investigations Committee (HIC no. 10425).

In short, CD44+/MyD88+ EOC stem cells are maintained in 60-80% confluence in RPMI
(GIBCO, Cat. 2340-021)+10%FBS (Gemini Bio-products, Woodland, CA, Cat. 100-106)
with out grow factors and hormones. The confluence of the culture is critical to prevent
differentiation. Differentiation is induced by maintaining the cells at 100% confluence for 5-
10 days. Media is changed every four days.

The primary cultures are maintained at low number of passages (5-10). We have
immortalized two CD44+/MyD88+ EOC stem cells lines and two derived CD44-/MyD88-
EOC cells. These clones have been used for establishing GFP- cells. The experiments
described in this study are from passages 25-40. We are extremely careful to maintain low
passage number for the cells in order to prevent changes associated with long-term cultures.

CD44-/MYD88- EOC cells are derived in vitro or in vivo from CD44+/MyD88+ Type EOC
stem cells and have lost their tumor initiating capacity but conserves the epithelial
phenotype and have a high growth rate (21).

Details for the conditions on the hypoxia culture conditions are described in the
supplementary material.

Mouse xenograft studies

CD44+/MyD88+ EOC stem cells (3x108 cells) or MSFCs (3x108 cells) were re-suspended
in 200 pl total volume of RPMI 10%FBS. Uterus from nude mice was exposed by lateral
incision and 25 pl were injected into the fallopian tube of each side using a 30 G needle.

Oncogene. Author manuscript; available in PMC 2013 July 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yinetal.

Plasmids

Page 12

Intra-peritoneal injection in nude mice was done using 26G needle. Control groups were
injected with the same amount of CD44-/MyD88- EQOC cells using similar conditions as
described for CD44+/MyD88+ EOC stem cells. Tumor samples were collect and snap
frozen in liquid nitrogen or fixed in 4% paraformaldehyde for further studies. For each
experiment we used a n=6

PEMSV-TWIST1 and pEMSV-E12 were given by Dr. Ernst-Martin Fuchtbauer, University
of Aarhus, Denmark, pFUGW was given by Dr. Wange Lu, University of Southern
California, USA. Lentivirus vector of ShRNA of TWIST1, TWIST1-siRNA3, was purchased
from Addgene (#1784). The full length open reading frame (ORF) of the cDNA encoding
TWIST1 was obtained by PCR amplification from the pPEMSV-TWIST1, and was cloned
into pFUGW, which was used to generate lentivirus. The pFUGW and pFUGW-TWIST1 can
express GFP since it contains a GFP coding sequence. The primers of TWIST1 for vector
construction is shown in Supplementary Table 1.

Plasmid transfection

Ovarian cancer stem cells (5*10°) were mixed with 10 ug of the indicated expression
vectors, and transfection process was performed by Gene Pulser X-cell (Bio-Rad) according
to Gene Pulser Electroprotocal. Twenty-four to 72 hours after transfection, cells were
trypsinized and collected for RNA purification or protein sample preparation.

Flow cytometry

Cells were stained with CD44 (eBioscience, #11-0441, 1:100 dilution) or CK18 (Cell
Signaling, #4548, 1:1000 dilution) as previously described (33, 61). Data was acquired using
BD LSR Il System and analyzed using FloJo FACS analysis software (Tree Star, Inc.,
Ashland, OR).

Protein preparation and cellular fractionation

Protein extraction was carried out as previously described (62). For separation of the
cytoplasmic/nuclear fractions, cell pellets were processed using NE- PER Nuclear and
Cytoplasmic Extraction kit (Pierce Biotechnology, Inc., Rockford, IL). Proteins
concentration was determined by BCA Protein Assay (Pierce Biotechnology, Rockford, IL,
USA) and proteins were stored at —80° until further use.

SDS—polyacrylamide gel electrophoresis and Western blots

SDS-PAGE performance and the antibody dilutions are listed in the supplemental material.

Cytokine profiling

Levels of TGFbetal,2,3 were measured from cell-free supernatants using the MILLIPLEX
MAP TGFR 3-Plex Assay (#TGFB-64K-03) purchased from Millipore (Billerica, MA,
USA). Data were acquired using the Bioplex system (Biorad) and analysis was carried out
using the Bioplex software as previously described (63, 64).
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Lentiviral Transduction and Stable Cell Line Generation

Lentiviral vector and packaging vectors were transfected into the packaging cell line 293T
(ATCC) using the FUGENESG Transfection Reagent (Roche Applied Science). The medium
was changed 8 h post-transfection, and the medium containing lentivirus was collected 48 h
later. Ovarian cancer stem cells were infected with lentivirus in the presence of 8 ng/ml
Polybrene (Sigma). For stable transfection cell line selection, GFP fluorescence was used as
a sorting method for FUGW-TWI ST, and the antibiotic puromycin was used to select for
TWIST-siRNA3-lentivirus (49).

Immunohistonchemistry and Immunofluorescence Staining

The immunohistochemistry and immunocytochemistry experiments are described in the
supplementary material. GFP fluorescence was captured by a Zeiss fluorescence microscope
and pictures obtained with Velocity Image analysis system (PerkinElmer (Waltham, MA).

Transwell migration and Matrigel Invasion Assays

EMT array

100ul Matrigel (BD Biosciences) was coated onto the lower side of a transwell filter with 8-
mm pores (Costar, Lowell, MA, USA), and incubated at 37° for 30min. Cells were plated at
a concentration of 1x10° in 500ul RPMI-10% FBS to the upper side of the filter on a 24-
well plate. 500ul of OPTIMEM (about 1% FBS) was added to the lower chamber. After 24
h, the filters were removed and the cells on the bottom of the well were counted. Images
were captured using a Zeiss (Melville, NY, USA) microscope system. For each experiment,
the number of cells in nine random fields on the underside of the filter was counted and
three independent filters were analyzed using the Velocity Image analysis system
(PerkinElmer (Waltham, MA).

Total RNA was prepared from two clones of CD44+/MyD88 EOC stem cell lines, two
clones of derived spheroids and CD44-/MyD88- EOC cells using the RNeasy Mini kit
(Qiagen, Valencia, CA, USA). Total RNA isolated from each samples was then used as a
template for cONA synthesis, prepared with a RT? first strand kit (SABioscience, no.C-03).
Total cDNA was used as template for EMT array using RT2 Profiler™ PCR Array Human
Epithelial to Mesenchymal Transition (EMT) plate (SABioscience, no. PAHS-090A). This
plate was pre-coated with 84 pairs of primers for 84 kinds of genes (included in the
Supplementary Table 2). The expression levels of various genes were assessed by real-time
PCR amplification (95 °C for 10 min; (95 °C for 15 s, 60 °C for 1 min; 40 cycles), with PCR
Master Mix RT2 Real-Time SYBR Green/ROX (SABioscience, no. PA-012) using the ABI
7500 Real-Time Standard Cycler (Applied Biosystems, Foster City, CA, USA). Validation
of the gene array was done in five cell cultures for each subtype of cells (n=15)

MRNA quantitative RT-PCR

RT-qPCR procedure is described in supplementary material. The primer sets used in this
study are listed in Supp. Table 1. All PCR reactions were carried out in triplicate and
validated by the presence of a single peak in the melt curve analysis. Changes in gene
expression were calculated relative to GAPDH using the 272Ct method (65).
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Data are expressed as mean + standard error for the in vitro studies and median =+ first or
third quartiles for the in vivo studies. Statistical significance (p<0.05) was determined using
either two tailed unpaired t-tests or Mann-Whitney U test for non-parametric data. Unless
stated otherwise, all experiments were performed in duplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vitro differentiation of CD44+/MyD88+ EOC stem cellsinto mesenchymal like
spheroid-forming cells (M SFCs)

A) Over-confluent cultures of CD44+/MyD88+ EOC stem cells (i) form foci consisting of
cells with fibroblast-like characteristics (ii-iv); these transformed cells eventually lose
attachment and form mesenchymal compact spheroids (v-vi); spheroids can re-attach and re-
form an epithelial monolayer when transferred to tissue culture plates (vii-ix);

(B-C Upon spheroid formation, CD44+/MyD88+ EOC stem cells have lower levels of the
epithelial marker Ck18 and the cancer stem cell markers, CD44 and B-catenin; but gain
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mesenchymal markers TWIST-1, Slug, and Vimentin. E, epithelial; F, fibroblast-like; M,
mesenchymal-like; EOCSC - CD44+/MyD88+ EOC stem cells; MS-C - mesenchymal
spheroids forming cells. Figures are representative of three clones done in independent
experiments. Every experiment was repeated at least three times.

Oncogene. Author manuscript; available in PMC 2013 July 08.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Yinetal.

>

EOCSCs
Spheroids

MMP2
SPP1
MMP9
FOXC2
S0X10
TIMP1
TGFB3
CoL1A2
SNAI2
oAz
TGFB1
TWIST1
TGFB2
SPARC
TCF4
VIM
LEB1
coL3Al
GSC
SNAI3
PPPDE2
TSPAN13
CAV2
KRT7
MSTLR
TFA2
DSP
FGFEP1
KRT19
MITF
NUDT13

nitude of gene &

min vy

45 bon

Page 22

COL5A2 (NM_000393)

Collagen, type V, alpha 2

TGFB| (NM_D00660)

Transforming growth factor, beta |

TWISTI {NM_000474)

Twist homolog | (Drosophila)

TGFB2 (NM_003238)

Transforming growth factor, beta 2

SPARC (NM_003118)

Secreted protein, acidic, cysteine-rich (osteonectin)

TCF4 (NM_003199)

Transcription factor 4

VIM (NM_003380)

Vimentin

ZEB| (NM_030751)

Zinc finger E-box binding homeobeox |

Genes

COLIAI (NM_000090)

Collagen, type lll, alpha |

up-

GSC (NM_|73849)

Goosecoid homeobox

regulated

SNAI3 (NM_I78310)

Snail homolog 3 (Drosophila)

during

MMP2 (NM_004530)

Matrix metallopeptidase 2

EMT

SPP| (NM_000582)

Secreted phosphoprotein |

MMP9 (NM_004994)

Matrix metallopeptidase 9

FOXC2 (NM_005251)

Forkhead bex C2 (MFH- |, mesenchyme forkhead 1)

SOX10 (NM_006941)

SRY (sex determining region Y)-bex 10

TIMPI {NM_003254)

TIMP metallopeptidase inhibitor |

TGFBI (NM_003239)

Transforming growth factor, beta 3

COLIA2 (NM_000089)

Collagen, type |, alpha 2

SNAI2 (NM_003068)

Snail homolog 2 (Drosophila)

PPODE2 (NM_015704)

PPPDE peptidase domain containing 2

TSPAN 13 (NM_014399)

Tetraspanin 13

CAV2 (NM_001233)

Caveolin 2

Genes

KRT7 (NM_005556)

Keratin 7

down-

MSTIR (NM_002447)

Macrophage stimulating | receptor

regulated
during

TFPI2 (NM_006528)

Tissue factor pathway inhibitor 2

DSP (NM_004415)

Desmocollin 2

EMT

FGFBPI (NM_005130)

Fibroblast growth factor binding protein |

KRT 19 (NM_002278)

Keratin 19

MITF (NM_000248)

Microphthalmia-associated transcription factor

NUDTI3 (NM_015901)

Mudix (nucleoside diphosphate linked moiety X)-type motif 13

Oncogene. Author manuscript; available in PMC 2013 July 08.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Yinetal.

Page 23

€ 18 4 -
2 "
w
2 2
o
m p
o 1.0 + -
)
e
°
O
o y
™ 05 + -
E o .|
o J
z r
0o 4+ ﬁ, == ; | -i, — — 1 4
T T T T T I
FOXC2 KRT19 KRT7 SLUG TYWIST1 WIM

C ®
- K5

EOCSCs MSFCs

Oncogene. Author manuscript; available in PMC 2013 July 08.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Yinetal.

O

TGF-Beta (pg/ml)

300

225

150

75

Page 24

I

EOCSCs MSFCs

Figure 2. Spheroid formationisan EMT process
(A EMT array showed that the transition from CD44+/MyD88+ EOC stem cells to MSFCs

is characterized by upregulation of genes associated with EMT. Array was done using two
clones for each stage of differentiation;

(B Down-regulation of epithelial genes (CK7 and CK19) and up-regulation of mesenchymal
genes (FOXC2, TWIST1, TGFB3, SLUG, VIMENTIN) during spheroid formation were
validated by Real-time PCR;
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(C TGFB secretion was significantly increased after spheroid formation; EOCSC - EOC
stem cells; MSFC - mesenchymal spheroids forming cells. . Each experiment was done in
triplicate using three different cell clones.
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Figure 3. CD44+/MyD88+ EOC stem cellsform ovarian tumor s and carcinomatosisin nude mice
(A 3 x 108 GFP+/CD44+/MyD88+ EOC stem cells were injected i.p. in nude mice. Note the

intestinal metastases;

(B-C 3 x 108 CD44+/MyD88+ EOC stem cells were injected i.p formed ovarian tumors and
extensive carcinomatosis.

(D 3 x 108 CD44+/MyD88+ EOC stem cells or CD44-/MyD88- EOC cells were injected
i.p.. Ovarian tumors were observed only in CD44+/MyD88+ EOC stem cells (i) and not in
CD44-/MyD88- EQC cells (ii).
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Figure4. TWIST-1 expression during EMT
(A Immunofluorescence show specific expression of TWIST-1 only in cells undergoing

EMT; (i) CD44+/MyD88+ EOC stem cell monolayer is negative for TWIST-1; (ii)
TWIST-1 is expressed in cells with fibroblast/mesenchymal morphology; (iii) TWIST-1 is
highly expressed in cells forming spheroids; (iv) Western blot analysis showing TWIST-1
expression is mainly nuclear. EOCSC - CD44+/MyD88+ EOC stem cells; MSFC -
mesenchymal-like spheroid forming cells.

(B (1) Transfection of pEMSV T\MSTl into CD44+/MyD88+ EOC stem cells is not able to

increase endogenous and ectoplcally expressed TWIST-1.
(C (i) Co-transfection of E12 and TWIST-1 significantly increased TWIST-1 expression in
the CD44+/MyD88+ EOC stem cells; ii) parallel increase in E12 and TWIST-1 was
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observed in the MSFCs and in mouse xenograft. EOCSC - CD44+/MyD88+ EOC stem
cells; MSFCs - mesenchymal spheroids forming cells.
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Figure5. Effect of hypoxia on EOC stem cell differentiation and TWIST-1 expression
(A CD44+/MyD88+ EOC stem cells treated with Cobalt chloride hexahydrate (CCH)

showed a significant increase in HIF1a, TWIST-1, and E12 in a time-dependent manner;

(B 5 days in hypoxic and starvation conditions (as described in the Materials and Methods
section) promote CD44+/MyD88+ EOC stem cell differentiation as detected by loss of
CD44;

(C Stable transfection of sShRNA TWIST1 in CD44+/MyD88+ EOC stem cells prevented loss
of CD44 when exposed to conditions in B.
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