1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
éf};‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Hepatology. 2010 September ; 52(3): 945-953. doi:10.1002/hep.23748.

Epithelial-to-Mesenchymal Transition of Murine Liver Tumor
Cells Promotes Invasion

Wei Dingl, Hanning Youl, Hien Dangl, Francis LeBlanc?, Vivian Galicia?, Shelly C. Lu3,
Bangyan Stiles?, and C. Bart Rountreel

1Department of Pediatrics and Pharmacology, The Pennsylvania State University College of
Medicine, Hershey, PA

?Department of Pharmacology and Pharmaceutical Sciences, University of Southern California,
Los Angeles, CA

3Division of Gastroenterology and Liver Diseases, USC Research Center for Liver Disease, The
Southern California Research Center for ALPD and Cirrhosis, Keck School of Medicine,
University of Southern California, Los Angeles, CA

Abstract

Epithelial-to-mesenchymal transition (EMT) is predicted to play a critical role in metastatic
disease in hepatocellular carcinoma. In this study, we used a novel murine model of EMT to
elucidate a mechanism of tumor progression and metastasis. A total of 2 x 10° liver cells isolated
from Pten!oxP/loxp/Alh-Cre* mice, expanded from a single CD133*CD45™ cell clone, passage 0
(P0), were sequentially transplanted to obtain two passages of tumor cells, P1 and P2. Cells were
analyzed for gene expression using microarray and real-time polymerase chain reaction.
Functional analysis included cell proliferation, migration, and invasion in vitro and orthotopic
tumor metastasis assays in vivo. Although PO, P1, and P2 each formed tumors consistent with
mixed liver epithelium, within the P2 cells, two distinct cell types were clearly visible: cells with
epithelial morphology similar to PO cells and cells with fibroblastoid morphology. These P2
mesenchymal cells demonstrated increased locomotion on wound healing; increased cell invasion
on Matrigel basement membrane; increased EMT-associated gene expression of Snaill, Zebl, and
Zeb?2; and down-regulated E-cadherin. P2 mesenchymal cells demonstrated significantly faster
tumor growth in vivo compared with P2 epithelial counterparts, with invasion of intestine,
pancreas, spleen, and lymph nodes. Furthermore, P2 mesenchymal cells secreted high levels of
hepatocyte growth factor (HGF), which we propose acts in a paracrine fashion to drive epithelial
cells to undergo EMT. In addition, a second murine liver cancer stem cell line with methionine
adenosyltransferase 1a deficiency acquired EMT after sequential transplantations, indicating that
EMT was not restricted to Pten-deleted tumors.

Conclusion—EMT is associated with a high rate of liver tumor proliferation, invasion, and
metastasis in vivo, which is driven by HGF secreted from mesenchymal tumor cells in a feed-
forward mechanism.
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Hepatocellular carcinoma (HCC) represents the third leading cause of cancer-related
mortality worldwide.12 Despite many scientific advances, the prognosis for many HCC
patients remains poor due to intrahepatic and extrahepatic metastasis and postsurgical
recurrence.3 The pathogenesis of HCC progression and metastasis is not well defined,
further contributing to the lack of effective therapeutics for advanced HCC.4

Growing evidence indicates that the epithelial-to-mesenchymal transition (EMT) of
epithelial cancers correlates with aggressive tumors in HCC patients. EMT represents a
change from stationary, polarized epithelial cells organized in stratum to single fibroblastoid
cells capable of locomotion.* EMT was originally described during embryonic
development4:5 and is hypothesized to play a role in metastatic cancers.4:8 For example, up-
regulation of Twist, a transcription factor that drives EMT, correlates with HCC cell
invasion and metastasis.7~2 In addition, hepatitis C virus core protein is able to shift the
transforming growth factor-p (TGF-p) response from tumor suppression to EMT, a potential
contribution to metastasis in HCC.10

EMT is characterized by decreased cell adhesion, which is accompanied by the down-
regulation of E-cadherin, an epithelial adhesion protein.11 EMT is regulated by several
transcription factors, including Snail, Slug, Zeb1, Zeb2, Twist1/2, and E12/E47, each of
which bind the E-cadherin promoter and repress transcription.6-11:12 A variety of signaling
pathways are involved in the initiation and maintenance of EMT, including TGF-f and
hepatocyte growth factor (HGF).6:12 However, the mechanism underlying the acquisition of
EMT and the role of EMT in the promotion of HCC metastasis remains poorly understood.
In the present study, we explored EMT as a mechanism for tumor progression of cancer
stem cell (CSC)-derived tumors. We used liver CSCs that were isolated from two liver
disease models, one of which lacked the tumor suppressor phosphatase and tensin homolog
deleted on chromosome 10 (Pten).13:14 Loss or reduction of Pten has been strongly
correlated with aggressive forms of liver cancer.15

In the present study, we established an EMT model of liver cancer generated from
sequentially transplanted cells expanded from a single CD133* CSC clone and determined
the contribution of two distinct cell types—epithelial and mesenchymal tumor cells—to liver
cancer growth and metastasis. In addition, our results indicate that dysregulation of the HGF
signaling pathway may play a role in the promotion of metastatic disease.

Materials and Methods

Cell Culture

Nude Mice

Pten™/~ cells and methionine adenosyltransferase 1a—deficient (MAT1a /") cells expanded
from single CD133* cells and isolated from sequentially transplanted tumors were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)/F12 at 1:1 medium (Mediatech,
Manassas, VA) with 10% fetal bovine serum as described.13:14

Mice were fed ad libitum (Harlan Teklad irradiated mouse diet 7912, Madison, WI) and
housed in a temperature-controlled animal facility with a 12-hour light/dark cycle. All
procedures were in compliance with our institution’s guidelines for the use of laboratory
animals and approved by the Institutional Animal Care and Use Committee.
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Genotyping

Genomic DNA was isolated using Wizard SV Genomic DNA purification system (Promega,
Madison, WI). Genotyping was performed as described using the primers listed in
Supporting Information Fig. 1.16

Real-Time Polymerase Chain Reaction

Real-time polymerase chain reaction (PCR) experiments were conducted as described.13
The housekeeping gene GAPDH was used for AACt calculations (see Supporting
Information Methods for details).

Cell Proliferation Assays

Cell proliferation was analyzed using the XTT [2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide] kit from Trevigen (Gaithersburg, MD)
according to the manufacturer’s protocol. A total of 5 x 103 cells/well were plated in 96-well
plates. Cells were treated in serum-free medium for 1 hour and incubated with HGF for an
additional 24 hours.

Western Blot Analysis

Protein from cell lysates was harvested and processed as described13:17 (see Supporting
Information Methods for details).

Cell Migration Assay

The capability of tumor cell migration was assessed using a wound-healing assay. Confluent
cell monolayers were manually wounded by scraping the cells with a 1,000 pL pipette tip.
The cell culture medium was replaced and migration was assessed at 18 hours.

Basement Membrane Invasion Assay

Cell invasion was assessed using 6-well Transwell permeable inserts with 8-um pores
(Corning, Corning, NY).18 In brief, 1 x 10° cells were cultured in a serum-free DMEM/F12
on an insert coated with Matrigel (BD, Franklin Lakes, NJ). Below the insert, the chamber
of 6-well plates contained DMEM/F12 supplemented with 10% fetal bovine serum. Cells
were incubated in a cell culture incubator for 48 hours. After fixation and staining, the
number of cells that invaded across the membranes was counted.

HGF Enzyme-Linked Immunosorbent Assay

A total of 5 x 108 cells were cultured in 4 ml of serum-free DMEM/F12 in 100-mm culture
dishes for 48 hours and conditioned medium was collected. The HGF concentration was
measured using a rat/mouse HGF enzyme-linked immunosorbent assay kit purchased from
B-Bridge International (Mountain View, CA) per the manufacturer’s protocol.

Microarray Analysis

Using the Pten™/~ model, PO, P1, P2, P2E (P2 epithelial subfraction), and P2M (P2
mesenchymal subfraction) messenger RNA were analyzed using an Illumina (San Diego,
CA) mouse gene chip according to the manufacturer’s protocol and as described.13:19
Housekeeping genes were used as standards to generate expression levels, and data analysis
was conducted using 1.4-fold or greater change in expression with P < 0.05 as significant.
The full complement of the expression data is available at http://www.ncbi.nlm.nih.gov/geo
(accession number GSE18255).
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Luciferase Retrovirus Cell Infection
See Supporting Information Methods.

Tumorigenicity Assay

Cells were counted with trypan blue exclusion13 and were resuspended in phosphate-
buffered saline (PBS) for transplantation at a concentration of 2 x 10° live cells/200 pL (1:1
Matrigel/Dulbecco’s PBS). Six-week-old female nude mice (The Jackson Laboratory, Bar
Harbor, ME) were used for all tumor assays. Nude mice were subcutaneously inoculated.13
Tumor dimensions were measured with calipers.

Orthotopic Transplantation

Nude mice were anesthetized with 100 mg/kg of ketamine and 10 mg/kg of xylazine, and
the liver was exposed through a surgical incision. A total of 3 x 10° cells in 30 pL
Dulbecco’s PBS were orthotopically inoculated. To avoid tumor cell leakage, pressure was
applied to the injection site for 2 minutes.

Bioluminescent Image Collection

Nude mice were anesthetized at defined times after cell transplantation, and 150 mg/kg of
luciferin was injected intraperitoneally. Ten minutes after luciferin injection,
bioluminescence images were collected using a Xenogen VIS 50 system according to the
manufacturer’s instructions.

Statistical Analyses

For nonmicroarray analysis, a paired two-tailed Student t test was used when comparing two
groups. One-way analysis of variance was applied when comparing multiple groups. P <
0.05 was considered statistically significant.

Results

Cells Expanded from CD133* Liver CSCs Acquire EMT

In our previous studies, we reported that CD133* liver stem cells isolated from Pten!oxp/loxp;
Alb-Cre* mice represent liver CSCs.13 These CSCs initiate HCC-like and
cholangiocarcinoma-like tumors in vivo. In order to further define the role of liver CSCs in
HCC progression, we performed sequential transplantation (Fig. 1). A total of 2 x 106 cells
(in vivo passage 0), expanded from CD133* CSCs, were subcutaneously transplanted into
immune-deficient mice. We define passage to mean transplantation; thus passage 0 (P0O)
cells, isolated from the original Pten™/~ mice, have not been transplanted. The tumors that
resulted from PO transplantations were dissected for re-expansion in vitro as P1 cells (the
first round of transplantation). A second-round subcutaneous transplantation using P1 cells
resulted in tumors that yielded P2 cells. Within P2 cells, two distinct cell types were visible.
One cell type had a cobblestone morphology characteristic of liver epithelial cells. A second
group demonstrated elongated spindle-like morphology. Because the P2 cells contained a
mixture of epithelial and mesenchymal cells, clones of these two cell populations were
subisolated using two rounds of sequential trypsinization and expanded as P2E (epithelial)
and P2M (mesenchymal) cells (Fig. 1).

To confirm that the mesenchymal cells were not a result of contamination from the host
fibroblast cells, we performed genotyping and western blot assays. As shown in Supporting
Information Fig. 2A, all PO, P1, P2, P2E, and P2M cells demonstrated a 300-bp PCR
fragment with a deletion of Pten exon 5. The 500-bp fragment representing wild-type Pten
was detectable in host mice. Western blot analysis demonstrated that PTEN protein was
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detectable in wild-type control cells, but not in PO, P1, P2, P2E, and P2M cells. Each of the
Pten™/~ cells demonstrated constitutive phosphorylation of Akt (Supporting Information Fig.
2B). In addition, we isolated mesenchymal tumor cells using laser capture microdissection
from P2 tumors to confirm a Pten™/~ genotype (Supporting Information Fig. 3). These
results confirmed that the mesenchymal tumor cells were derived from the original Pten~'~
model.

In order to confirm that P2M cells possess a mesenchymal phenotype, we analyzed the gene
expression profiles of P2E and P2M cells. As shown in Fig. 2A, numerous epithelial cell-
related genes, including E-cadherin (Cdhl), Claudin3 (Cldn3), and keratins (Krt8, Krt14,
Krtl18, and Krt19), were significantly down-regulated, whereas several mesenchymal cell
markers (such as Mmp2/3, Snaill, Zeb1, and Zeb2) were significantly up-regulated in P2M
cells compared with P2E cells. We validated microarray results using real-time PCR for E-
cadherin, Snaill, Zebl, and Zeb2 expression, as shown in Fig. 2B.

To further confirm that E-cadherin was down-regulated in P2M cells, we performed
immunofluorescent staining. As shown in Fig. 3A, P2E cells demonstrated abundant
expression of E-cadherin in a cell surface pattern. In contrast, P2M cells demonstrated lower
levels of E-cadherin staining. Immunohistochemical staining of mixed morphology P2
tumors demonstrated that E-cadherin was absent in the mesenchymal areas of the tumor
(Fig. 3B).

To verify our findings, we repeated the original transplantation of P1 cells 10 additional
times. We found that all tumors (100%) demonstrated mixed epithelial and mesenchymal
cells as shown by both hematoxylin-eosin staining and cell morphology (Supporting
Information Fig. 4A,B). We tested multiple sections of each tumor, and all sections tested
demonstrated Pten~ status (Supporting Information Fig. 4C). It should be noted that
mesenchymal cells were generated after in vivo transplantation and not during in vitro
culture. PO, P1, and P2E cells maintained epithelial morphology in vitro after 20 passages.

HGF Secreted by Mesenchymal Cells Induces EMT

In our gene expression profile, we discovered significant changes in several genes in P2M
cells, including HGF. In this analysis, HGF was increased 2.4-fold in P2M cells compared
with P2E (GEO accession #GSE18255). The HGF signaling pathway has been shown to
play an important role in the induction of EMT in several cell types,2% and overexpression of
HGF/c-Met signals is highly correlated with recurrence and poor survival in patients with
HCC.21 High HGF expression in P2M cells was confirmed with HGF-specific reverse-
transcription PCR (Fig. 4A, Supporting Information Fig. 5A). To determine whether HGF
was secreted by mesenchymal cells, we measured HGF protein concentration in serum-free
conditioned medium (CM). As shown in Fig. 4B, CM collected from P2M cells contained a
high concentration of HGF (1 ng/mL) compared with PO, P1, and P2E cells. We reported
previously that PO cells have high c-Met expression,3 and we have confirmed expression of
c-Met in PO, P1, P2, P2E, and P2M cells (data not shown).

Because many reports indicate that HGF induces EMT, we proposed a positive feed-forward
loop between epithelial cells and the mesenchymal cells. In our proposed model, HGF
secreted by mesenchymal cells acts in a feed-forward manner on epithelial cells to promote
cell proliferation and EMT. To test this hypothesis, we treated P2E cells with recombinant
HGF. In this system, HGF stimulation promoted epithelial cell proliferation (Supporting
Information Fig. 5B). In addition, HGF stimulation results in a morphological change from
epithelial cells to fibroblastoid cells (Fig. 4C). HGF-induced EMT was confirmed with a
significant down-regulation of E-cadherin and up-regulation of Zeb1 and Zeb2 (Fig. 4D,
Supporting Information Fig. 5C).
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In addition to testing recombinant HGF, we examined the effect of CM collected from P2M
cells. As with HGF, P2M CM promoted P2E cell proliferation (Supporting Information Fig.
5D). Moreover, P2M CM was able to promote P2E cells to undergo EMT, as measured by
morphological change, up-regulation of Zeb1 and Zeb2, and down-regulation of E-cadherin
(Fig. 4E,F).

Acquisition of EMT Promotes Tumor Growth In Vivo

To further understand whether acquisition of EMT is able to promote tumor growth in vivo,
we performed a subcutaneous tumor growth assay using nude mice. As shown in Fig. 5A,
P2 and P2M cells generated tumors significantly larger than those of PO, P1, and P2E cells.
Histological examination demonstrated that P1 and P2E cells generated uniform hepatoma-
like tumors, whereas P2M cells formed fibroblastoma-like tumors, and tumors generated by
P2 cells demonstrated both epithelial and mesenchymal cell morphologies (Fig. 5B).
Staining tumors demonstrated that the epithelial components contained hepatocyte-like and
cholangiocyte-like features (Supporting Information Figs. 6 and 7).

Mesenchymal Cells Demonstrate Migration and Invasion In Vitro

To determine whether mesenchymal cells are more invasive in vitro compared with
epithelial cells, we used migration and invasion assays. Compared with epithelial PO, P1,
and P2E cells, significantly more mesenchymal P2M cells migrated into the wound area
(Fig. 6A). In addition, significantly more mesenchymal P2M cells invaded through Matrigel
pores compared with epithelial PO, P1, and P2E cells (Fig. 6B).

Acquisition of EMT Promotes Metastasis In Vivo

To test whether cells with mesenchymal phenotype are able to invade tissue and metastasize
in vivo, 3 x 10° of PO, P2E, and P2M cells with stable expression of luciferase were
orthotopically transplanted into the livers of nude mice. As demonstrated in Fig. 7A, PO and
P2E tumor growth was restricted to the site of transplantation in the liver. P2M tumors
formed large intrahepatic tumors and seeded tumors throughout the peritoneal cavity. In
fact, the level of bioluminescence data collected between groups was large enough at 2
weeks that we were unable to perform comparative analysis (P2M tumors were saturated in
the imaging system after 15 seconds, and the PO and P2E tumors were detectable only after
20 seconds). In addition, P2M cells grossly invaded multiple abdominal organs, including
the pancreas and intestine, as well as the spleen and lymph nodes. Histological examination
demonstrated numerous intrahepatic metastatic lesions, tumor invasion of pancreatic tissue
and colonic tissue, metastatic lesions within the spleen and lymph nodes, and tumor invasion
of abdominal wall muscle (Fig. 7B—G). These findings support the hypothesis that tumor
cells that acquire EMT are important for invasion and metastasis.

A Second Model of EMT with Wild-Type Pten

In order to examine whether EMT can be induced in tumor cells with the wild-type Pten
gene, we repeated sequential transplantations using MAT1a ™/~ murine liver cancer stem
cells.13:14 After two sequential transplantations, all MAT1a™/~ P2 tumors (n = 9)
demonstrated epithelial and mesenchymal cells on histological analysis of tumor tissue and
morphological analysis of cells in vitro (Supporting Information Fig. 8A,B). To confirm that
mesenchymal cells were derived from the original PO MAT1a™/~ cells, we performed
genotyping analysis. As shown in Supporting Information Fig. 8C, the neomycin resistance
gene was amplified in MAT1a~/~ tumor cells along with the wild-type Pten gene, and the
MAT1a gene was lacking in all MAT1a™/~ cells. Within MAT1a™/~ P2 tumors with
mesenchymal cells, E-cadherin was significantly down-regulated and N-cadherin was
significantly up-regulated. Using this model, we confirmed lower levels of E-cadherin
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protein expression and increased HGF gene expression in MAT1a~/~ P2 cells (Supporting
Information Fig. 8E,F). Interestingly, there was no difference in the expression levels of
Snail, Zeb1, or Zeb2 between MAT1a™/~ PO and P2 cells (data not shown), indicating that
EMT induction in MAT1a~/~ cells may occur through a different mechanism than that in
Pten~ cells.
Discussion

In this study, we established a unique model of EMT through sequential transplantation
using liver cells that were expanded from a Pten™/~ CD133* cells. For the first time, we
report that EMT can be induced in an animal model without ectopic overexpression of
EMT-related transcription factors (such as Snaill or Twistl) or exogenous treatment with
EMT induction factors (such as HGF or TGF-B). We demonstrate that once tumor cells
undergo EMT, they acquire the capability of migration and invasion both in vitro and in
vivo. Our findings are consistent with recent HCC studies that demonstrate induction of

EMT with loss of E-cadherin and subsequent metastasis with the up-regulation of Snail or
Twist.7:9:22-25

Understanding the mechanism of EMT initiation will assist in the delineation of HCC tumor
progression. In the present study, EMT did not occur in vitro, because we cultured Pten™/~
and MAT1a~/~ PO and P1 epithelial cells more than 20 generations in vitro without any
change in morphology or EMT-related gene expression. This finding indicates that the
tumor microenvironment may play a critical role in the initiation of EMT. One potential
process driving EMT is that stromal cells surrounding the tumor produce growth factors that
can initiate EMT through intracellular signaling, such as the P13 kinase and mitogen-
activated protein kinase pathways.

In addition, based on recent reports, we propose that hypoxia may be a second factor in the
initiation of EMT. Within human HCC cell lines, hypoxic conditions were able to induce
EMT through up-regulation of phosphoinositide 3-kinase/Akt pathway activation.2® Based
on this report, unregulated phosphoinositide 3-kinase/Akt activity may be driving EMT
within the Pten™~ model. Alternatively, up-regulation of the mitogen-activated protein
kinase pathway may play an important role in the initiation of EMT in the MAT1a™/~ cells.
Our findings indicate that distinct intracellular mechanisms may be responsible for the
induction of EMT within different HCC cells, which is supported by a recent review that
proposes that numerous signaling pathways are independently involved in EMT.12

Our model is a novel one because after EMT, mesenchymal tumor cells secrete high levels
of HGF that can then feed-forward tumor growth and continued EMT. The effect of HGF as
a mitogen and migration inducer has been well documented.2” In oval cells, HGF autocrine
and paracrine stimulation has recently been demonstrated to be a mechanism of survival.28
In terms of liver cancer patients, increased serum levels of HGF are associated with poor
survival.29 In addition, HGF stimulates the migration of HCC cells through the tyrosine
phosphorylation of c-Met,30 and autocrine and paracrine HGF stimulation play an important
role in the development and metastatic potential of HCC.31 Moreover, inhibition of the
HGF/c-Met signal transduction system reduces HCC growth and metastasis.31:32

Some investigators have suggested that HGF is produced by the liver stellate or
myofibroblast cells and not by HCC tumor cells.33735 In the present study, HGF expression
was restricted to mesenchymal tumor cells, indicating that tumor cells gained the function of
HGF secretion after EMT. As depicted in Supporting Information Fig. 9, we propose that in
the early stage of HCC, the tumor surrounding stellate and/or myofibroblast cells are the
major cells responsible for the production of HGF or other molecules (TGF-g) that trigger
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EMT, and once tumor cells acquired a mesenchymal phenotype, they produce more EMT-
related growth factors such as HGF and further feed-forward epithelial cells to undergo
EMT and promote HCC progression.

In the gene expression profiling data set of this study, we discovered a number of other
growth factors, such as fibroblast growth factors (FGFs), were significantly up-regulated in
mesenchymal cells compared with epithelial counterparts. Several FGF family members
play a critical role in the induction and maintenance of EMT in several solid tumors.36:37 In
addition, serum basic FGF levels were highly correlated with tumor invasiveness and
postresection recurrence of HCC,38 implying that more than one mitogenic pathway may be
dysregulated after acquisition of EMT.

In conclusion, we have clearly demonstrated a model of liver cancer EMT, in which
mesenchymal tumor cells secrete high levels of HGF resulting in rapid tumor growth and
invasion in vivo.

Abbreviations

CM conditioned medium

CsC cancer stem cell

DMEM Dulbecco’s modified Eagle’s medium

EMT epithelial-to-mesenchymal transition

FGF fibroblast growth factor

HCC hepatocellular carcinoma

HGF hepatocyte growth factor

MAT1a methionine adenosyl transferase 1a
passage

PBS phosphate-buffered saline

PCR polymerase chain reaction

Pten phosphatase and tensin homolog deleted on chromosome 10

TGF-B transforming growth factor-3
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Fig. 1.

Diagram of cell derivation process. Pten™/~ tumor cells acquired EMT after two rounds of
subcutaneous transplantation in nude mice. The parent cell line PO demonstrates epithelial
cell morphology. Two distinct cell types are observed within P2: epithelial and
mesenchymal. Epithelial cells had a cobblestone morphology with tight cell—cell contacts,
similar to PO cells. Mesenchymal cells had elongated, spindle-like morphology. P2 epithelial
(P2E) and mesenchymal (P2M) phenotype cells were subfractionated.
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Fig. 2.

EMT microarray data set. (A) Hierarchy clustering of statistically significant EMT-
associated genes further confirmed that P2 cells acquired EMT. Several epithelial cell
markers such as E-cadherin, Claudin3 (Cldn3), keratins (Krt8, Krt14, Krt18, and Krt19),
and Plakophilin 2 (Pkp2) were significantly down-regulated, whereas several mesenchymal
cell markers, matrix metalloproteinases (Mmp2/3), and EMT-related transcription factors
(Snaill, Zebl, and Zeb2) were up-regulated in P2M cells compared with P2E cells. Raw
intensity values are graphed. A single-sample t test was performed and P values were
calculated using a TIGR MultiExperiment Viewer (n = 4 sequential passages/group; full
data set available at http://www.ncbi.nlm.nih.gov/geo, accession #GSE18255). (B)
Validation of EMT markers using real-time reverse-transcription PCR showing that E-
cadherin was significantly down-regulated and that EMT-related transcription factors,
Snaill, Zebl, and Zeb2, were significantly up-regulated in P2M mesenchymal cells (n = 3,
mean + SD). *P < 0.05.
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Confirmation of EMT in P2 tumors. (A) Immunofluorescent staining for E-cadherin
confirms the mesenchymal phenotype of P2M cells. (B) Representative hematoxylin-eosin
staining and immunohistochemical staining with E-cadherin in P2 tumor with mixed
epithelial and mesenchymal morphology.
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Fig. 4.

HGF was secreted by mesenchymal cells and induced EMT in P2E cells. (A) High
expression levels of HGF were detected in both P2 and P2M cells using semiquantitative
reverse-transcription PCR. (B) HGF, detected by means of enzyme-linked immunosorbent
assay, was secreted into CM of P2M cells (n = 3, mean = SD). *P < 0.01 versus P2E. (C)
Recombinant HGF (5 ng/mL) promoted P2E cells undergoing EMT, showing morphological
change and (D) recombinant HGF promoted the down-regulation of E-cadherin (n = 3, mean
+ SD). *P < 0.05. (E) Cuboidal and cobblestone epithelial cells shifted to spindle-like
mesenchymal cells when P2E cells were treated with CM collected from P2M after 24 hours
of SF medium incubation. (F) CM collected from P2M cells induced P2E cells undergoing
EMT, showing that E-cadherin was down-regulated but N-cadherin, Zebl, and Zeb2 were
significantly up-regulated (n = 3, mean = SD). *P < 0.05 versus SF control.
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Fig. 5.

P2M cells exhibited aggressive growth in vivo. (A) Volumetric analysis demonstrates
significant tumor growth of P2 and P2M cells (n = 4 mice/group, mean = SD). *P < 0.01
versus PO. (B) Histological examination demonstrates that P1 and P2E cells developed
uniform hepatoma-like tumors, whereas P2M cells formed fibroblastoma-like neoplasms,
and tumors initiated by P2 cells mixed with both epithelial and mesenchymal cell
morphology (hematoxylin-eosin staining).
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Fig. 6.

Mesenchymal cells migrate and invade in vitro. (A) Wound healing assay demonstrates that
there are significantly more mesenchymal cells that migrate into the wound area compared
with their epithelial counterparts. (B) Matrigel assay reveals a significant number of P2M
cells invading through pores (n = 3, mean cells/field + SD). *P < 0.01 versus P2E.
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Fig. 7.

Mesenchymal cells migrate and invade abdominal organs in vivo. Acquisition of EMT
promoted tumor invasion in nude mice that were orthotopically transplanted with PO, P2E,
and P2M cells, respectively. (A) Bioluminescent images demonstrate that P2M tumor cells
spread to the peritoneal cavity and invaded multiple organs, whereas PO and P2E tumor
growth was restricted to the livers (n = 5 mice/group, representative anterior—posterior and
lateral images; exposure time, 1 minute for PO and P2E and 5 seconds for P2M). (B-G)
Hematoxylin-eosin staining results showed intrahepatic metastasis (B) and invasion of
pancreas acinar tissue (C), colonic mucosa (D), spleen (E), peritoneal lymph nodes (F), and
skeletal muscle of anterior abdominal wall (G) from P2M-derived tumors.
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