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Gestational choriocarcinoma is a malignant trophoblastic
tumor. The development of novel molecular-targeted ther-
apies is needed to reduce the toxicity of current multiagent
chemotherapy and to treat successfully the chemoresis-
tant cases. The molecular mechanisms underlying chorio-
carcinoma tumorigenesis remain uncharacterized, how-
ever, and appropriate choriocarcinoma animal models
have not yet been developed. In this study, we established
a choriocarcinoma model by inoculating mice with in-
duced-choriocarcinoma cell–1 (iC3-1) cells, generated
from HTR8/SVneo human trophoblastic cells retrovi-
rally transduced with activated H-RAS (HRASV12). The
iC3-1 cells exhibited constitutive activation of the mito-
gen-activated protein kinase (MAPK) and phosphatidyl-
inositol 3-kinase (PI3K) pathways and developed into
lethal tumors in all inoculated mice. Histopathological
analysis revealed that the tumors consisted of two dis-
tinct types of cells, reminiscent of syncytiotrophoblasts
and cytotrophoblasts, as seen in the human choriocar-
cinoma. The tumors expressed HLA-G and cytokeratin
(trophoblast markers) and hCG (a choriocarcinoma
marker). Comparative analysis of gene expression pro-
files between iC3-1 cells and parental HTR8/SVneo cells
revealed that iC3-1 cells expressed matrix metallopro-
teinases, epithelial–mesenchymal transition-related
genes, and SOX3 at higher levels than parental tropho-
blastic cells. Administration of SOX3-specific short-hair-

pin RNA decreased SOX3 expression and attenuated the
tumorigenic activity of iC3-1 cells, suggesting that SOX3
overexpression might be critically involved in the
pathogenesis of choriocarcinoma. Our murine model
represents a potent new tool for studying the pathogen-
esis and treatment of choriocarcinoma. (Am J Pathol

2011, 179:1471–1482; DOI: 10.1016/j.ajpath.2011.05.019)

Gestational choriocarcinoma is a malignant trophoblastic
tumor that occurs in the uterus after any types of pregnancy
but is most often associated with a complete hydatidiform
mole.1 It is a rare disease with an estimated incidence of
approximately 1 in 20,000 to 40,000 pregnancies. Geo-
graphical differences in its incidence have also been re-
ported: 2 to 7 in 100,000 pregnancies in North America and
Europe, and 5 to 202 in 100,000 pregnancies in Asia.2,3

Gestational trophoblastic tumors, including choriocarci-
noma, are among the most highly responsive cancers to
chemotherapy, whereas nongestational choriocarcinoma is
generally more refractory to chemotherapy.4,5 Most patients
with nonmetastatic or low-risk metastatic gestational chorio-
carcinoma are successfully treated with single-agent che-
motherapy.6 Metastatic cases are also curable by multi-
agent chemotherapy with or without adjuvant surgical
procedures or radiation therapy.7–9 However, multiagent
chemotherapies, such as EMA-CO (etoposide, metho-
trexate, actinomycin D, vincristine, and cyclophospha-
mide), induce considerable toxicity-related adverse ef-
fects in patients. Furthermore, approximately 7% of low-risk
[International Federation of Gynecology and Obstetrics
(FIGO) stages I, score �7]10 patients and 27% of high-risk
(FIGO stages II to IV, score � or � 7)10 patients will have an
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incomplete response to first-line single-agent or multiagent
chemotherapy, and will relapse from remission.8,11 Thus, it
is still necessary to develop novel, specific, and less toxic
therapeutic approaches for gestational choriocarcinoma.

In addition to being rare, gestational choriocarcinoma
is mainly treated with chemotherapy on the basis of hu-
man chorionic gonadotropin (hCG) levels rather than sur-
gery, making it difficult to obtain enough clinical samples
for investigating the molecular pathogenesis of this disease.
Furthermore, the absence of an appropriate animal model is
a critical deficit for the development of novel therapeutic
approaches.

Gestational choriocarcinoma of the uterus is always as-
sociated with either normal pregnancy or conditions akin to
pregnancy, such as hydatidiform mole, spontaneous abor-
tion, or ectopic pregnancy. During pregnancy, to achieve
adequate fetal–maternal exchange of molecules, extravil-
lous trophoblast cells show considerable invasive ability into
uterine decidua and into the inner third of the myometri-
um—a process that is highly regulated.12 Because of their
invasive ability during the physiological process of preg-
nancy, extravillous trophoblast cells aberrantly retained in
the uterus after pregnancy might be susceptible to onco-
genic events leading to gestational choriocarcinoma. Thus,
we hypothesized that extravillous trophoblast cells are the
putative cells of origin of gestational choriocarcinoma.

The precise molecular mechanisms leading to the de-
velopment of gestational choriocarcinoma remain to be
elucidated. However, previous studies have reported that
the expression of RAS GTPase-activating protein, a major
inactivator of RAS activity, was decreased in gestational
choriocarcinoma compared with normal placenta and
noninvasive hydatidiform mole.13 Furthermore, activated
RAS signaling can induce choriocarcinoma from murine
embryonic stem cells via differentiation into trophectoder-
mal lineages,14 suggesting that RAS signaling plays a
role in choriocarcinoma tumorigenesis.

In this study, we have achieved the development of a cho-
riocarcinoma mouse model by overexpressing oncogenic
HRASV12 in the immortalized human extravillous trophoblast
cell line HTR8/SVneo. Importantly, the tumors contained the
two typical trophoblast cell types, syncytiotrophoblasts and
cytotrophoblasts, and are therefore histologically similar to
human choriocarcinoma. Gene expression study revealed
that matrix metalloproteinase (MMP) family genes, epitheli-
al–mesenchymal transition (EMT)–related genes, and SOX
family genes were upregulated in induced-choriocarcinoma
cell–1 (iC3-1) cells, established as induced-choriocarci-
noma cells from the tumor. In particular, SOX3 down-regu-
lation by SOX3-specific short-hairpin RNA (shRNA) mark-
edly attenuated the tumorigenic activity of iC3-1 cells.

Materials and Methods

Cell Culture

HTR8/SVneo, a human extravillous trophoblast cell line
immortalized using SV40 T antigen (SV40Tag), was kindly
provided by Dr. C. H. Graham (Queen’s University,

Kingston, ON, Canada).15 Cells were cultured in Dulbec-
co’s modified Eagle’s medium (Gibco-BRL, Burlington,
ON) supplemented with 10% heat-inactivated fetal calf
serum, penicillin (100 U/mL) and streptomycin (100
U/mL) at 37°C in a 5% CO2 atmosphere. Choriocarci-
noma cell lines JEG3 and JAR were obtained from Amer-
ican Type Culture Collection (ATCC; Rockville, MD). Both
cell lines were cultured in RPMI media with 5% heat-
inactivated fetal calf serum and penicillin (100 U/mL) and
streptomycin (100 U/mL) at 37°C in a 5% CO2 atmo-
sphere. The colon adenocarcinoma cell line HCT116 was
also obtained from ATCC. Cells were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal calf serum, penicillin (100 U/mL),
and streptomycin (100 U/mL) at 37°C in a 5% CO2 atmo-
sphere.

Retroviral Gene Transfer

The pMX retroviral vector and Plat-A packaging cells
were generously provided by Dr. Toshio Kitamura (Insti-
tute of Medical Science, University of Tokyo, Tokyo, Ja-
pan). The HRASV12 gene (kindly provided by Dr. Pier P.
Pandolfi, Harvard Medical School, Boston, MA) was
cloned into the retroviral plasmid pMX-IRES-EGFP. Both
pMX-HRASV12-IRES-EGFP and pMX-IRES-EGFP were
transfected into Plat-A cells using FuGENE HD Reagent
(Roche Applied Science, Mannheim, Germany), as previ-
ously described.16 Twenty-four hours after transfection, the
supernatant was collected, designated the first virus-con-
taining supernatant, and replaced with new medium. Af-
ter another 24 hours, the new supernatant was collected
and designated as the second virus-containing superna-
tant. To further increase infection efficiency, retroviruses
in the virus-containing supernatants were concentrated
by a medium-speed centrifuge (8000 � g at 4°C for 16
hours), filtered through a 45-�m pore-sized filter, and
supplemented with 8 �g/mL polybrene (hexadimethrine
bromide; H9268, Sigma-Aldrich, St. Louis, MO). The con-
centrated first virus-containing supernatant was then
transferred to the cultured HTR8/SVneo cells and incu-
bated overnight. Twenty-four hours after transduction, the
virus-containing medium was replaced with the concen-
trated second virus-containing supernatant.

Inoculation of HTR8/SVneo/EGFP and
HTR8/SVneo/HRASV12

HTR8/SVneo cells infected with enhanced green fluores-
cent protein (EGFP)-expressing retrovirus (HTR8/SVneo/
EGFP cells); those with HRASV12-expressing retrovirus
(HTR8/SVneo/HRASV12 cells) were grown to 80% con-
fluence, detached with trypsin/EDTA, and resuspended
in medium. EGFP-positive infected cells were sorted by
FACS Vantage SE (BD, Franklin Lakes, NJ), and 5 � 106

cells in a volume of 0.2 mL were injected into the subcu-
taneous or intraperitoneal space of 8-week-old BALB/c
slc-nu/nu female nude mice (Sankyo Labo Service Cor-
poration, Tokyo, Japan). Each inoculation was performed
in five mice. All animal care and procedures were per-

formed in accordance with the guidelines of Keio Univer-
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sity. Nude mice were maintained under specific patho-
gen-free conditions at constant temperature and
humidity. Every third day, the tumor size was measured
using calipers.

Senescence-Associated �-Galactosidase

Senescence-associated �-galactosidase (SA �-gal) ac-
tivity was evaluated using the Senescence Cells Histo-
chemical Staining Kit (CS0030; Sigma-Aldrich) according
to the manufacturer’s instructions.

Cytology, Histology, and Immunohistochemistry

Cytological specimens were obtained from formed tu-
mors by cotton swabbing and were subjected to Pa-
panicolaou staining. For immunohistochemistry, forma-
lin-fixed, paraffin-embedded, 4-�m-thick serial tissue
sections were immunostained using the avidin–biotin
peroxidase complex method (Vectastain ABC Elite kit,
Vector Laboratories, Burlingame, CA) according to the
manufacturer’s instructions. Sections were stained with
antibodies against HLA-G (ab7759, Abcam, Cambridge,
UK), Cytokeratin (ab27988, Abcam), hCG (N1534,
DAKO, Glostrup, Denmark), hPL (A0137, DAKO), E-cad-
herin (334000, ZYMED, San Francisco, CA) and Vimentin
(N1521, DAKO), and were counterstained with hematox-
ylin to visualize the cell nuclei.

Establishment and Implantation of iC3-1 Cells

The cells used to establish the induced-choriocarcinoma
cell line, designated iC3-1, were collected by mixing tryp-
sin with tissue from a single HTR8/SVneo/HRASV12-de-
rived tumor. The tumor was dissected from mice under
anesthesia, minced into fine fragments with trypsin, and
transferred to a culture dish after passing through a 45-�m
filter. Culture conditions were the same as those for the
HTR8/SVneo cells. Each inoculation of iC3-1 into nude mice
was performed into five mice as described above.

Immunoblotting

Lysates from HTR8/SVneo/EGFP and iC3-1 cells were
electrophoresed and transferred to a polyvinylidene flu-
oride membrane (Immobilon-P; Millipore, Bedford, MA).
The membranes were incubated with primary antibodies
at 4°C overnight and with secondary antibodies at room
temperature for 1 hour. Peroxidase activity was detected
by Western Lightning chemiluminescence reagents (Per-
kin Elmer, Boston, MA). Primary antibody sources and
concentrations used are as follows: H-RAS, 1 �g/mL (sc-
520; Santa Cruz Biotechnology, Santa Cruz, CA); p44/42
MAPK, 19 ng/mL (#9102; Cell Signaling Technology,
Danvers, MA); Phospho-p44/42 MAPK, 123 ng/mL
(#9101; Cell Signaling Technology); Akt, 38 ng/mL
(#9272; Cell Signaling Technology), Phospho-Akt, 37.5
ng/mL (#4060; Cell Signaling Technology), and �-TUBU-

LIN, 5 �g/mL (T5168; Sigma-Aldrich).
Microarray Analysis Comparing iC3-1 and
HTR8/SVneo/EGFP

Gene expression profiles comparing iC3-1 and HTR8/
SVneo/EGFP were performed using the Human Whole
Genome Oligo Microarrays Kit (G4112F; Agilent, Santa
Clara, CA) according to the manufacturer’s instructions.
In brief, total RNA from iC3-1 and HTR8/SVneo/EGFP was
extracted using the Isogen (Nippon Gene, Tokyo, Japan)
kit, according to the manufacturer’s instructions. After
resuspension in RNase-free water, 400 ng total RNA was
amplified and labeled using the Agilent Low RNA Input
Fluorescent Linear Amplification Kit, according to the
manufacturer’s protocol. Tumor RNA was labeled with
Cy5, and Universal Human Reference RNA (Stratagene)
was labeled with Cy3. Hybridization of tumor and refer-
ence RNA was performed following the Agilent users’
manual protocol for oligonucleotide microarray hybridiza-
tion. A total of 750 ng labeled cRNA per channel was
mixed and hybridized onto an array from the 44k 60-mer
Human Whole Genome Oligo Microarrays kit (G4112F) at
60°C and 4 rpm for 17 hours. The arrays were scanned
using the Agilent dual-laser DNA microarray scanner
(G2565A), and data were extracted using Agilent Feature
Extraction Software.

Quantitative and Semiquantitative RT-PCR
Analysis

Total RNA was extracted from the sorted tumor cells using
Isogen (Nippon Gene, Tokyo, Japan) and was reverse-
transcribed using a Prime Script RT-PCR kit (Takara Bio,
Shiga, Japan). Quantitative RT-PCR was performed using
the Thermal Cycler Dice Real Time System (Takara Bio)
using SYBR Premix Ex Taq (Takara Bio). The PCR condi-
tions were as follows: 95°C for 15 minutes, 35 cycles of
95°C for 15 seconds and 64°C for 30 s, and a single cycle
of 95°C for 15 s, 60°C for 30 seconds, and 95°C for 15
seconds. The PCR amplification was followed by dissocia-
tion-curve analysis to confirm specificity. Relative mRNA
levels were calculated by normalization of the cycle thresh-
old (Ct) values of the target gene to those of the reference
gene (ACTB). Data are presented as mean � SD of tripli-
cates. The primer sets for the RT-PCR are listed in Table 1.

RNAi for SOX3

To obtain stable shRNA oligo-mediated gene silenc-
ing, the cells were transfected using MISSION Lenti-
viral Transduction Particles (Sigma-Aldrich), MISSION
pLKO.1-puro Control Transduction Particles (Sigma-Al-
drich), and MISSION shSOX3 Lentiviral Transduction Par-
ticles (TRCN0000016073, Sigma-Aldrich). Transduction
into iC3-1 cells was performed according to the manu-
facturer’s instructions. Briefly, iC3-1 cells were harvested
at 50% confluency 24 hours before transduction. After the
addition of 8 �g/mL hexadimethrine bromide, the appro-
priate amount of viral particles at a suitable multiplicity of
infection (MOI) was added, the plate was swirled gently

to mix, and the cell–viral particle mixture was incubated
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at 37°C overnight. The viral particle–containing medium
was removed and replaced with fresh culture medium the
next day. The following day, this medium was replaced with
medium containing 1 �g/mL puromycin for the selection of
transduced cells to optimize stable expression. The puro-
mycin-containing medium was replaced every 3 days until
resistant colonies could be identified 12 days after selec-
tion. The cells cultured under these conditions were tested
for SOX3 knockdown by quantitative RT-PCR. Two individ-
ual experiments were performed, each in triplicate.

Statistical Analysis

Data are presented as mean � SD, and were analyzed
using the unpaired Student’s t-test. Survival curves were
analyzed by the log-rank test. A value of P � 0.05 was
considered statistically significant.

Results

HRASV12-Transformed HTR8/SVneo
Trophoblast Cells

Primary normal trophoblast cells are known to easily dif-
ferentiate and, therefore, are difficult to keep in an imma-
ture state in vitro.17,18 As the target cells for the transfor-
mation, HTR8/SVneo cells that were originally generated
from human first-trimester placental tissue and immortal-
ized by SV40Tag transduction were chosen.15 Previous

Table 1. Primers Used for RT-PCR and Quantitative RT-PCR

Gene symbol Primer direction

RT-PCR
HLA-G Sense

Antisense
KRT Sense

Antisense
GAPDH Sense

Antisense
CGB Sense

Antisense
Quantitative RT-PCR

CDH1 Forward
(E-CADHERIN) Reverse

VIM Forward
(VIMENTIN) Reverse

CDH2 Forward
(N-CADHERIN) Reverse

TWIST1 Forward
(TWIST) Reverse

SNAI1 Forward
(SNAIL) Reverse

SNAI2 Forward
(SLUG) Reverse

SOX1 Forward
Reverse

SOX2 Forward
Reverse

SOX3 Forward
Reverse

ACTB Forward
(�-ACTIN) Reverse
studies have suggested that activated RAS signaling
may play a role in choriocarcinoma tumorigenesis.13,14

Therefore, we used the oncogenic H-RAS (HRASV12) for
the induction of choriocarcinoma from immortalized hu-
man trophoblast cells.19 We introduced oncogenic
HRASV12 into HTR8/SVneo cells by retroviral gene trans-
fer, and sorted the infected cells using EGFP. Parental
HTR8/SVneo cells and GFP-transduced HTR8/SVneo/
EGFP cells exhibited epithelial-like morphology, whereas
HTR8/SVneo/HRASV12 cells showed a mixture of smaller
cells with spindle-like shapes and larger cells with flat-
tened shapes (Figure 1 A). We confirmed that HTR8/
SVneo/HRASV12 cells express both EGFP and HRASV12
(Figure 1B). Notably, HTR8/SVneo/HRASV12 cells exhib-
ited slower proliferation than control cells (Figure 1C).
Previous reports have indicated that the overexpression
of oncogenic RAS induces premature senescence in nor-
mal cells in vitro, although it confers tumorigenic activity
to normal cells in vivo.20,21 Indeed, the percentage of
senescence-associated �-galactosidase–positive cells
was higher in HTR8/SVneo/HRASV12 than in HTR8/
SVneo/EGFP (Figure 1, D and E).

To evaluate in vivo tumorigenic ability, we subcutane-
ously and intraperitoneally injected the FACS-sorted
transfected cells into nude mice. Trophoblast cells im-
mortalized by SV40Tag, such as HTR8/SVneo cells, were
reported to be nontumorigenic.22 In fact, subcutaneously
or intraperitoneally injected HTR8/SVneo/EGFP cells did
not develop tumors over the course of 120 days of ob-
servation (n � 5) (Figure 1, F–H). In contrast, HTR8/
SVneo/HRASV12-derived tumors grew rapidly, and inoc-

Primer sequence

5=-CTGACCCTGACCGAGACCT-3=
5=-CTCGCTCTGGTTGTAGTAGCC-3=
5=-TGGTCACCACACAGTCTGCT-3=
5=-CCAAGGCATCACCAAGATTA-3=
5=-CCTCCCGCTTCGCTCTCT-3=
5=-TGGCGACGCAAAAGAAGAT-3=
5=-TCGGGTCACGGCCTCCT-3=
5=-CAGCACGCGGGTCATGGT-3=

5=-ATTCTGATTCTGCTGCTCTTG-3=
5=-AGTAGTCATAGTCCTGGTCTT-3=
5=-TTCCAAACTTTTCCTCCCTGAACC-3=
5=-TCAAGGTCATCGTGATGCTGAG-3=
5=-CTCCTATGAGTGGAACAGGAACG-3=
5=-TTGGATCAATGTCATAATCAAGTGCTGTA-3=
5=-CGGGAGTCCGCAGTCTTA-3=
5=-TGAATCTTGCTCAGCTTGTC-3=
5=-GAGGCGGTGGCAGACTAG-3=
5=-GACACATCGGTCAGACCAG-3=
5=-CATGCCTGTCATACCACAAC-3=
5=-GGTGTCAGATGGAGGAGGG-3=
5=-GCCCAGGAGAACCCCAAG-3=
5=-CGTCTTGGTCTTGCGGC-3=
5=-CAGACTTCACATGTCCCAGC-3=
5=-GGCAGTGTGCCGTTAATGG-3=
5=-CCAGTCGTGTCGCGTCTGT-3=
5=-GCACACCTGGCTATAAATTAACATTG-3=
5=-GGGTCTGGACCTGGCTGGCCGGGACTCG-3=
5=-GGGCCGCCGATCCACACGGAGTACTTGC-3=
ulated mice died at approximately 51 days (median;
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subcutaneous injection group; n � 5) and 37 days (me-
dian; intraperitoneal injection group; n � 5) after inocu-
lation (Figure 1, F–H).

Collectively, the overexpression of HRASV12-trans-
formed HTR8/SVneo trophoblast cells and conferred tu-
morigenic activity on them in vivo.

HTR8/SVneo/HRASV12-Derived Tumors Mimic
Human Choriocarcinoma

We microscopically examined the established tumors to
determine their histological type. The tumors established
by subcutaneous injection were hemorrhagic and cen-
trally necrotic (Figure 2A). The cytology of cells obtained
from the tumor stump showed typical abnormal Lang-
hans-type trophoblast cells, with extensive large cells
and hyperstained nuclei (Figure 2B). Importantly, the tu-
mors consisted of an admixture of two distinct types of
cells, reminiscent of multinucleated syncytiotrophoblasts
and mononuclear cytotrophoblasts (Figure 2, C and I).
Most of the tumor cells were GFP positive and rarely
contained tumor stroma or vessels (Figure 2D). The via-
ble tumor cells were located at the periphery of hemor-
rhagic foci (Figure 2E). Tumors were also positive for the
trophoblast markers human leukocyte antigen–G
(HLA-G) and cytokeratin (Figure 2F; see also Supplemen-
tal Figure S1, A and C at http://ajp.amjpathol.org).23,24 It is

A
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E
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sometimes difficult to distinguish choriocarcinoma from
other trophoblastic tumors, such as placental site tropho-
blastic tumor (PSTT) in the clinical setting. To further
define the histological type of the established tumors, we
evaluated the expression of hCG and human placental
lactogen (hPL), which are the differential diagnostic mark-
ers for choriocarcinoma and PSTT, respectively.25 Notably,
the tumor cells exhibited immunoreactivity to hCG, but they
did not express hPL (Figure 2G; see also Supplemental
Figure S1, B, C, and D at http://ajp.amjpathol.org). These
cytological and histopathological findings were compatible
with human choriocarcinoma.

The intraperitoneally injected cells also developed
markedly invasive tumors (Figure 2, H–K). Furthermore,
we confirmed tumor formation in the lung by injection
from the tail vein (Figure 2, L and M).

Collectively, these findings suggested that HTR8/
SVneo/HRASV12 cells developed into tumors with
characteristics similar to those of human choriocarci-
noma in vivo.

Establishment of iC3-1 Cell Line

In addition to tumorigenic cells, the HTR8/SVneo/
HRASV12 cells included a cell population undergoing
senescence in vitro (Figure 1, D and E). Therefore, we
established a subline, termed induced-choriocarcinoma
cell–1 (iC3-1), from an HTR8/SVneo/HRASV12-derived

Figure 1. Cell character and tumorigenic activity of
HRASV12-transformed HTR8/SVneo trophoblast cells. A:
Cell morphology of HTR8/SVneo (left, �100 magnification),
HTR8/SVneo/EGFP (middle, �100 magnification), and
HTR8/SVneo/HRASV12 (right, �100 magnification). B:
Confirmation of the forced expression of EGFP (left, �100
magnification) and expression of HRASV12 by Western blot
in HTR8/SVneo/HRASV12 (HRASV12) compared with HTR8/
SVneo/EGFP (EGFP) (right). C: Cell growth of HTR8/
SVneo/EGFP and HTR8/SVneo/HRASV12 (*P � 0.05). D:
Cellular senescence was evaluated by senescence-associated
�-galactosidase (SA �-gal) staining (left: HTR8/SVneo/
EGFP; right: HTR8/SVneo/HRASV12). E: In each of five
different fields, cells (�100) were scored to determine the
percentage of SA �-gal–positive cells (**P � 0.01). F: Mea-
surement of the major axis of tumors derived from HTR8/
SVneo/HRASV12 by subcutaneous injection into nude mice
(mm). HTR8/SVneo/EGFP did not form any tumors. G, H:
Survival curves for the nude mice injected with HTR8/
SVneo/HRASV12 cells or HTR8/SVneo/EGFP cells subcuta-
neously (G) or intraperitoneally (H).
subcutaneous tumor to endow the cells with tumor-initi-
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ating activity. The iC3-1 cells were significantly smaller
than HTR8/SVneo/EGFP cells (Figure 3A). RT-PCR anal-
ysis revealed that both iC3-1 cells and HTR8/SVneo/
EGFP cells expressed HLA-G and KRT as trophoblast
markers, and CGB as choriocarcinoma marker (Figure
3B), suggesting that they originated from trophoblast
cells and mimicked choriocarcinoma. Another choriocar-
cinoma cell line, JEG3, also expressed these three
genes, whereas the HLA-G–negative choriocarcinoma
cell line JAR26 did not express HLA-G, and colon cancer
cell line HCT116 cells did not express CGB (Figure 3B).
We observed enhanced activation of both mitogen-acti-
vated protein kinase (MAPK) and phosphatidylinositol
3-kinase (PI3K) pathways in iC3-1 compared with HTR8/
SVneo/EGFP cells (Figure 3C). To examine the tumori-
genic potential of iC3-1 cells in vivo, we inoculated them
subcutaneously or intraperitoneally into nude mice. The
iC3-1 cells rapidly generated lethal tumors, and the inoc-
ulated mice died at approximately 48 days (median; sub-
cutaneous injection group; n � 5) and 29 days (median;
intraperitoneal injection group; n � 5) after the inoculation
(Figure 3, D and E). Histopathological examination re-
vealed that the tumors contained two types of cells, rem-
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iniscent of multinucleated syncytiotrophoblasts and
mononuclear cytotrophoblasts (Figure 3F) and were pos-
itive for HLA-G, cytokeratin, and hCG as is seen in human
choriocarcinoma (Figure 3G; see also Supplemental Fig-
ure S1, E–G at http://ajp.amjpathol.org).

Involvement of Extracellular Matrix Remodeling
and Epithelial–Mesenchymal Transition in iC3-1
Cells

To gain insight into the critical events for the generation of
choriocarcinoma, we compared the gene expression
profiles of iC3-1 and HTR8/SVneo/EGFP cells. Among the
44,000 genes examined, 3094 genes were upregulated
and 3126 genes were down-regulated in iC3-1 cells com-
pared with HTR8/SVneo/EGFP cells. Among these, the
most upregulated gene, IL13RA2, was previously reported
as a novel epithelial–mesenchymal transition (EMT)–
associated gene (Table 2).27 In contrast, the most down-
regulated gene, PEG1/MEST (paternally expressed gene
1/mesoderm-specific transcript), was reported to be in-
volved in malignant transformation (Table 2).28–30 The
physiological invasion into myometrium by extravillous

Figure 2. Histopathological findings of HTR8/
SVneo/HRASV12-derived tumors mimicking hu-
man choriocarcinoma. A: Tumor formation de-
rived from HTR8/SVneo/HRASV12 cells by
subcutaneous injection into a nude mouse (left).
The tumors were hemorrhagic and centrally ne-
crotic (right). B: A tumor stamp specimen visual-
ized with Papanicolaou staining reveals a marked
large cell with hyperstained nucleus. C: H&E stain-
ing of tumors derived from HTR8/SVneo/
HRASV12 cells by subcutaneous injections. The
characteristic two-cell pattern, consisting of multi-
nucleated syncytiotrophoblasts (dotted arrow)
and mononuclear cytotrophoblasts (arrow), is
shown (left, �200 magnification; right, �600
magnification). D: Most of the tumor cells were
GFP-positive and rarely contained tumor stroma or
vessels (GFP immunohistochemistry, �200 magni-
fication). E: Viable tumor cells were located at the
periphery of hemorrhagic foci (H&E staining,
�200 magnification). F: Immunohistochemistry
revealed that tumors expressed HLA-G (left,
�600 magnification) and cytokeratin (right,
�600 magnification). G: Immunohistochemistry
revealed that tumors expressed hCG (left, �600
magnification), but not hPL (right, �600 mag-
nification). H: Tumor formation from intraperi-
toneally injected cells. I: Intraperitoneally in-
jected cells also exhibited the characteristic
two-cell pattern consisting of multinucleated
syncytiotrophoblasts (dotted arrow) and
mononuclear cytotrophoblasts (arrow) (left,
�200 magnification; right, �600 magnifica-
tion). J: Tumors generated from intraperitoneally
injected cells invading the liver. K: H&E staining
of the tumor depicted in J (left, �200 magnifi-
cation; right, �600 magnification). L: Tumor
development in the lung by intravenous injec-
tion of HTR8/SVneo/HRASV12 cells. M: H&E
staining of cells from the tumor depicted in L
(left, �200 magnification; right, GFP immuno-
histochemistry, �200 magnification).
E

trophoblast cells is known to be supported by the extra-
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cellular matrix (ECM) and matrix metalloproteinases
(MMPs), and negatively regulated by tissue inhibitor of
metalloproteinase (TIMP).31,32 In iC3-1 cells, MMPs were
significantly upregulated and TIMP2 was significantly
down-regulated compared with nontumorigenic HTR8/
SVneo/EGFP cells (Table 2).

EMT is considered a critical event observed when ep-
ithelial-type cancers become invasive and metastatic.33

Microarray analysis revealed that TWIST, a regulator of
EMT,34 was upregulated 2.65-fold in iC3-1cells compared
with HTR8/SVneo/EGFP cells. Furthermore, IL13RA2 and
HAS2, which were recently suggested to be involved in

A

B C

D

F

G

E

Figure 3. The characteristics and tumorigenic activity of iC3-1. A: Morphol-
ogy of iC3-1 cells (left, �100 magnification) and confirmation of the forced
expression of EGFP (right, �100 magnification). B: RT-PCR analysis of CGB,
HLA-G, and KRT. GAPDH was used as internal control. C: Western blot
analysis of Phospho-p44/42 MAPK, p44/42 MAPK, Phospho-Akt and Akt.
�-TUBULIN was used as a loading control. D: Measurement of the major axis
of tumors derived from iC3-1 by subcutaneous injection into nude mice
(mm). E: Survival curves for the nude mice injected with iC3-1 subcutane-
ously or intraperitoneally. F: iC3-1 cells also formed tumors exhibiting the
characteristic two-cell pattern consisting of multinucleated syncytiotropho-
blasts (dotted arrow) and mononuclear cytotrophoblasts (arrow) (left,
�200 magnification; right, �600 magnification). G: Immunohistochemistry
revealed that tumors formed by iC3-1 cells also expressed HLA-G (left, �600
magnification) and cytokeratin (middle, �600 magnification) hCG (right,
�600 magnification).
EMT in human prostate cancer27 and during cardiac
development,35 respectively, were also upregulated (Ta-
ble 2). Whereas HTR8/SVneo/EGFP cells exhibited epi-
thelial-like morphology, iC3-1cells displayed a mesen-
chymal/fibroblastic morphology with decreased cell–cell
junctions that were indicative of an invasive phenotype
(Figure 4A). Consistent with this morphological differ-
ence, quantitative RT-PCR revealed that the expression
of CDH1 (E-CADHERIN) was down-regulated and that of
VIM (VIMENTIN), CDH2 (N-CADHERIN), TWIST1 (TWIST),
SNAI1 (SNAIL), and SNAI2 (SLUG) was upregulated in
iC3-1 cells as compared with expression of these genes
in HTR8/SVneo/EGFP cells (Figure 4B). Furthermore, the
tumors showed low immunoreactivity with E-CADHERIN,
whereas they were strongly positive for VIMENTIN (Figure
4C; see also Supplemental Figure S1, E and H at http://
ajp.amjpathol.org).

Collectively, these findings indicated that iC3-1 cells
display characteristics of ECM remodeling and EMT,
which may play roles in invasive and metastatic pheno-
types.

Contribution of SOX3 to Choriocarcinoma
Tumorigenesis

The SOX (SRY-related HMG box) gene family has been
identified through the homology of the high mobility
group (HMG) domain to the sex-determining lesion Y
(SRY).36 Almost 30 SOX genes have been identified, in-
cluding 20 that are present in both the mouse and the
human genome.37 Expression of several SOX genes has
been reported to be up- or down-regulated in many can-
cers.38 Notably, the gene expression profiling revealed
that the expression of SOX3 was markedly upregulated in
iC3-1 cells compared with HTR8/SVneo/EGFP cells (Ta-
ble 2). SOX3 was reported to induce oncogenic transfor-
mation of chicken embryonic fibroblasts39 and to be
identified as proto-oncogenes in murine T-cell lympho-
mas,40 suggesting that SOX3 may play a role in tumori-
genesis. The role of the SOX family in the pathogenesis of
choriocarcinoma has been scarcely clarified except for
the frequent hypermethylation of SOX2.41 Thus, we fo-
cused on and investigated SOX3 in our tumor model.

Quantitative RT-PCR analysis revealed that the expres-
sion of SOX3 gene was upregulated in iC3-1 cells com-
pared with that in HTR8/SVneo/EGFP or choriocarcinoma
cell lines (Figure 5A). As the upregulation of SOX3 was
detected both by microarray and quantitative RT-PCR
analysis, we knocked down SOX3 expression by shRNA
to investigate its contribution to choriocarcinoma tumori-
genesis in vivo (Figure 5B). Cell growth of iC3-1/sh SOX3
cells in vitro was slower than that of iC3-1/sh control cells
(Figure 5C). Subcutaneous injection of iC3-1/sh control
cells developed tumors in all cases (n � 5/5), and these
mice died at approximately 47 days after the injection
(Figure 5, D and E). However, subcutaneous injection of
iC3-1/sh SOX3 cells resulted in the suppression of tumor
growth as compared with that in the control group, and
the inoculated mice died at approximately 81 days (Fig-

ure 5, D and E). These findings suggest that SOX3 up-
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regulation might be involved in choriocarcinoma tumori-
genic activity.

Discussion

The mechanisms underlying gestational choriocarcinoma
tumorigenesis have not yet been clarified. Investigation of
gestational choriocarcinoma is difficult for several rea-
sons, including an insufficient number of surgical speci-
mens because of a preference for chemotherapy as
treatment rather than surgery, as well as the general low
incidence of this disease. Another source of difficulty is the
lack of established animal models for choriocarcinoma.
BeWo, JAR, and JEG3 are commonly used choriocarci-
noma cell lines derived from human spontaneous chorio-
carcinoma. However, BeWo cells are nontumorigenic,22

and JAR and JEG3 cells do not generate tumors that are
pathologically similar to human choriocarcinoma.22

Here, we have achieved the generation of a choriocarci-
noma mouse model by overexpressing oncogenic
HRASV12 in the human immortalized normal trophoblastic
cell line, HTR8/SVneo. The established tumors exhibited the
characteristic two-cell pattern seen in choriocarcinoma,

Table 2. Genes Identified through Gene Expression Profile Anal

No. GenBank no. Gene sy

Top 10 upregulated genes, of a total of 3094 upregulated ge
1 NM_000640 IL13RA
2 AF020589 COX6A
3 NM_005328 HAS2
4 NM_004049 BCL2A
5 M14087 UNKNO
6 NM_007036 ESM1
7 NM_181755 HSD11
8 NM_003483 HMGA2
9 NM_001704 BAI3

10 NM_024717 MCTP1

Top 10 downregulated genes, of a total of 3126 downregulat
1 NM_002402 MEST
2 NM_004576 PPP2R
3 NM_002543 OLR1
4 NM_005264 GFRA1
5 NM_020311 CXCR7
6 NM_000609 CXCL1
7 M31157 UNKNO
8 AK025758 UNKNO
9 XM_211749 UNKNO

10 NM_002825 PTN

MMP genes found to be upregulated or downregulated
NM_002421 MMP1
NM_002422 MMP3
NM_002425 MMP10
NM_002426 MMP12
NM_004530 MMP2
NM_004995 MMP14
AK 057217 TIMP2

SOX genes found to be upregulated or downregulated
NM_005634 SOX3
NM_005986 SOX1
NM_003107 SOX4
NM_014587 SOX8
NM_152989 SOX5
NM_000346 SOX9
consisting of syncytiotrophoblasts and cytotrophoblasts. In
addition, they were positive for HLA-G, cytokeratin, and
hCG immunoreactivity, but not for hPL immunoreactivity,
which is similar to the profile of human choriocarcinoma.

In this study, we focused on human extravillous tropho-
blast cells as the cells of origin for human choriocarci-
noma. Gestational choriocarcinoma of the uterus always
occurs after pregnancy; thus, we speculate that the cell
components that participate in pregnancy are involved in
the tumorigenesis of gestational choriocarcinoma. During
pregnancy, extravillous trophoblast cells show consider-
able invasive ability into the uterine decidua and the inner
third of the myometrium.12 We could induce choriocarci-
noma-like tumors from HTR8/SVneo immortalized ex-
travillous trophoblast cells by transfection with oncogenic
HRASV12, suggesting that extravillous trophoblast cells
can serve as the cells of origin of choriocarcinoma. Fur-
thermore, HRASV12 activates both the MAPK and PI3K
pathways in HTR8/SVneo cells (Figure 3C). Therefore, the
activation of MAPK and PI3K pathways may play a role in
the induction of choriocarcinoma from immortalized nor-
mal extravillous trophoblast cells.

Cytotrophoblasts, syncytiotrophoblasts, and extravil-
lous trophoblasts have been identified as primary types

iC3-1 and HTR8/SVneo/EGFP Cells

Fold change P value

1880.834 8.75 � 10-05

1209.975 3.93 � 10-06

664.8997 1.22 � 10-04

620.046 1.21 � 10-04

443.7551 1.32 � 10-05

285.2013 2.87 � 10-05

260.9386 1.61 � 10-04

232.0927 1.70 � 10-04

210.0257 1.75 � 10-04

173.3222 1.88 � 10-04

es
0.010001 4.16 � 10-05

0.010003 2.89 � 10-04

0.010007 5.71 � 10-03

0.010012 1.11 � 10-02

0.010015 4.50 � 10-03

0.010016 2.13 � 10-03

0.010028 7.57 � 10-04

0.010245 8.12 � 10-04

0.010967 1.63 � 10-02

0.0111 1.73 � 10-03

92.33915 1.08 � 10-04

44.93045 3.43 � 10-04

7.441263 1.28 � 10-03

4.228032 1.40 � 10-02

3.457115 3.58 � 10-04

3.060105 4.00 � 10-03

0.442898 8.40 � 10-04

79.56935 2.60 � 10-04

3.31906 3.02 � 10-02

0.424586 4.82 � 10-03

0.409181 6.17 � 10-03

0.315828 1.31 � 10-02

0.261543 1.06 � 10-02
ysis of

mbol

nes
2
1

1
WN

B1

ed gen

2B

2
WN
WN
WN
of human placental villous cells.42 Both syncytiotropho-
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blasts and extravillous trophoblasts are reported to be
differentiated from cytotrophoblasts,42 and the widely
used HTR8/SVneo line is derived from extravillous tropho-
blast cells.43–45 Intriguingly, the established tumors de-
rived from HTR8/SVneo/HRASV12 contained the typical
pattern of two distinctive cell types that are similar to
cytotrophoblasts and syncytiotrophoblasts. Although fur-
ther analysis will be needed to clarify the precise mech-
anisms underlying this, we speculate two possibilities:
HTR8/SVneo cells may acquire bidirectional potential by
HRASV12-derived transformation for differentiation or

A

B

C

Figure 4. Epithelial–mesenchymal transition contributed to the tumorigenic
activity of iC3-1 cells. A: Morphology of HTR8/SVneo/EGFP (upper) and
iC3-1 (lower) (left, �40 magnification: right, �100 magnification). B: Quan-
titative RT-PCR analysis of EMT-related genes in iC3-1 compared with HTR8/
SVneo/EGFP (*P � 0.05). C: Immunohistochemical staining of E-CADHERIN
(left, �600 magnification) and VIMENTIN (right, �600 magnification) in
iC3-1–derived tumors.
dedifferentiation into syncytiotrophoblast or cytotropho-
blast cells respectively; and HTR8/SVneo cells might be
reprogrammed during transformation by HRASV12 into a
more immature state, eg, trophoblast stem-like cells, en-
abling them to differentiate into distinct cell lineages. The
second idea is partially supported by our microarray data
showing that CDX2, which is known as a trophoblast stem
cell marker, was upregulated 3.04-fold in iC3-1 cells com-
pared with HTR8/SVneo/EGFP cells.

Figure 5. Knockdown of SOX3 attenuated the tumorigenic activity of iC3-1
cells. A: Quantitative RT-PCR showing significant upregulation of SOX3
expression in iC3-1 cells as compared with HTR8/SVneo/EGFP cells (*P �
0.05) and choriocarcinoma cell lines (JAR and JEG3). B: Quantitative RT-PCR
showing significant reduction in SOX3 expression in iC3-1/sh SOX3 cells as
compared with iC3-1/sh control cells (*P � 0.05). C: Proliferation of iC3-1/sh
SOX3 and iC3-1/sh control cells (*P � 0.05). D: Measurement of the major
axis of tumors derived from iC3-1/sh SOX3 and iC3-1/sh control cells by
subcutaneous injection into nude mice (mm) (*P � 0.05). E: Survival curves

3 3
for the nude mice subcutaneously injected with iC -1/sh SOX3 and iC -1/sh
control cells (**P � 0.01).
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Gestational choriocarcinoma generates epithelial-type
tumors. However, given that it frequently metastasizes to
other organs at an early stage, EMT might be induced in
a subpopulation of choriocarcinoma tumor cells. This no-
tion is supported by a previous report revealing that the
expression of E-CADHERIN, an epithelial marker, was
decreased in gestational choriocarcinoma compared
with normal placental tissues.46 The present study
showed that iC3-1 cells are highly invasive with activation
of MAPK and PI3K pathways (Figures 2, J–M and 3C),
and that EMT and ECM remodeling-associated genes
were upregulated in iC3-1 (Figure 4B and Table 2). There-
fore, iC3-1–derived tumors might represent a model mim-
icking the highly invasive type of choriocarcinoma that
undergoes EMT.

PEG1/MEST was the most down-regulated gene in the
microarray analysis in the present study. However, this
gene is known to be upregulated in other tumors, and it
also shows loss of imprinting.28–30 We performed imprint-
ing analysis by RT-PCR to examine whether iC3-1 cells
show loss of imprinting, as previously described.28 Inter-
estingly, iC3-1 did not show loss of imprinting (data not
shown), indicating that PEG1/MEST might play a role in
choriocarcinoma that is different from that in other tu-
mors.

SOX genes are known to play key roles in embryonic
development as well as in sex determination,47 but they
have been recently reported to also be involved in tumor-
igenesis.38 In this study, microarray analysis showed that
SOX3 was the most and SOX1 was also significantly
upregulated among the SOX genes in iC3-1 compared
with HTR8/SVneo/EGFP (Table 2). SOX3 and SOX1 be-
long to the SOX B1 subgroup, which also includes SOX2,
a gene known to be dysregulated in many cancers.48–52

Therefore, we confirmed the expression of the SOX B1
genes using quantitative RT-PCR. SOX3 and SOX1 were
again found to be significantly upregulated, whereas
SOX2 did not show a remarkable change in iC3-1 cells
compared with HTR8/SVneo/EGFP cells (Figure 5A; see
also Supplemental Figure S2, A and B, at http://ajp.
amjpathol.org). SOX3 plays important roles in neuronal
development, and its dysregulation is related to mental
retardation53; in addition, it has been suggested that
SOX3 may play a role in tumorigenesis.39,40 Thus, we
explored the important possibility that the upregulation of
SOX3 may be functionally involved in the tumorigenic
activity of iC3-1 cells (Figure 5, C–E). Although further
evaluations are needed, the present results indicate that
SOX3 might also play a crucial role in choriocarcinoma.

We consider it ideal to use primary trophoblasts as
cells of origin for establishing a choriocarcinoma model.
However, it is known to be difficult to generate cancer
cells directly from human primary cells54 whereas rodent
primary cells were efficiently converted into tumorigenic
cells by the coexpression of cooperating oncogenes.
Immortalization was shown to be an essential step for
human primary cells to become tumor cells.55,56 There-
fore, we used HTR8/SVneo immortalized trophoblast cells
for generating a choriocarcinoma model.

In the gene expression study, we compared iC3-1 with

HTR8/SVneo, regarded as a control extravillous tropho-
blast cell. Although trophoblastic cell lines have been
widely used as substitutes to study trophoblast function,
it has been reported that the gene expression profile of
primary trophoblast cells was considerably different from
that of immortalized trophoblast cell lines, including
HTR8/SVneo.57 Therefore, further analysis is required for
identification of genes specifically altered in the induced
choriocarcinoma in comparison to primary trophoblast
cells.

This study identifies a possible cell of origin for cho-
riocarcinoma, the required oncogenic event leading to
tumorigenesis. We expect that our novel choriocarci-
noma model will be useful for studying the pathogenesis
of choriocarcinoma and for developing new therapeutic
drugs.
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