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Overexpression of hypoxia-inducible factor 1o induces
migration and invasion through Notch signaling

QUAN TIAN', YAN XUE', WEI ZHENG', RONG SUN', WEI JI', XINYANG WANG? and RUIFANG AN

1

Departments of lenecology and Obstetrics, and 2Urology, The First Affiliated Hospital
of Xi'an Jiaotong University, Xi'an 710061, P.R. China

Received April 22, 2015; Accepted May 29, 2015

DOI: 10.3892/ijo.2015.3056

Abstract. Choriocarcinoma (CC) is the highest malignant
gestational trophoblastic tumor which causes high mortality
without timely treatment. HIF-1a is a very important molecule
promoting neoplasm aggressiveness, metastasis through the
induction of the epithelial to mesenchymal transition (EMT).
Several researches have shown that Notch signaling is neces-
sary for coupling hypoxia to the EMT. However, the pathway
in choriocarcinoma remains undetermined. In this study, over-
expression of HIF-1a inhibited epithelial index E-cadherin,
cytokeratin 18 (CK18) and cytokeratin 19 (CK19) in two
choriocarcinoma cell lines (JAR and JEG-3, respectively).
The reciprocal changes associated with the EMT phenotypic
transformation. The migration and invasive capability was
significantly enhanced. HIF-1a overexpression was positively
correlated with Notchl and Hesl (P<0.01; respectively). Using
DAPT (Notchl inhibitor) to knock down Notchl expres-
sion, morphological and molecular typical changes of the
EMT were detected in vitro. Knockdown of Notchl promi-
nently reduced MMP2 and MMP9 activities, and increased
E-cadherin, CK18 and CK19 expression in JAR and JEG-3
cells (P<0.01). In vivo, serum-free suspension containing
5x10° JAR cells (Iv-HIF-1a and 1v-NC, respecticely) were
implanted subcutaneously or injected intravenously into
female NOD SCID mice, which were injected with DAPT or
DMSO six times at 3-day intervals. Mice with subcutaneous
nodules were injected i.v. fluorine-18 fluorodeoxyglucose (*F-
FDG) and then scanned in small animal PET/CT (SA-PET/
CT), and mice with lung metastasis were monitored by using
the in vivo imaging system (IVIS). The in vivo data showed
that inhibition of Notch signaling by DAPT treatment effec-
tively suppressed metastatic tumor growth, metabolic activity
and invasion. In summary, overexpression of HIF-1a. promotes
choriocarcinoma cell aggressiveness and metastasis through
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the regulation of the EMT dependenting on Notch signaling
pathway.

Introduction

Choriocarcinoma (CC) is a unique malignant gestational
trophoblastic tumor that occurs primarily in women of
reproductive age and is extremely prone to brain and/or
lung metastasis. CC can be derived either from a normal or
pathological pregnancy, such as molar pregnancies, ectopic
pregnancies, induced/spontaneous abortions and preterm
deliveries (1). Despite established first-line chemotherapy,
10-20% of CC patients presented drug-resistantance, or
relapsed due to solitary metastasis lesions. Thus, to under-
stand the underlying recurrence and metastasis mechanisms
of CC remains crucial.

Hypoxia has a critical role in carcinogenesis, tumor
progression, distant metastasis, angiogenesis and resistance
to chemotherapy and radiation therapy (2,3). When oxygen
demand of solid tumors exceed the oxygen-supplying capacity
of the vasculature, hypoxia is primarily mediated through
hypoxia inducible factors (HIFs) (4). HIFs comprise oxygen-
sensitive a-subunit (HIF-1a, HIF-2a and HIF-3a subunits) and
constitutively express B-subunit (HIF-, known as ARNT).
When stabilized in hypoxia, the remarkably high expression
of HIF-1a dimerizes with HIF-f and activates downstream
genes involved in the canonical hypoxic response via HRE
elements in their promoters (5,6). Regulated post-translation-
ally in normoxia, HIF-1la is rapidly degraded through the
von Hippel-Lindau (VHL)-dependent ubiquitin-proteasome
pathway (7).

It has been reported that the initiation of metastasis
involves EMT-like processes (8). EMT transforms tumor
cells from a polar, epithelial morphology to mesenchymal and
invade tissues (8). The EMT renders a more aggressive pheno-
type with enhanced invasiveness and proliferation, formation
of metastases and higher mortality (9). Substantial evidence
demonstrates that activation of hypoxic signaling through HIFs
is triggered by modulators of EMT, which is accompanied by
specific changes in gene expression, such as downregulation
of E-cadherin, CK18, CK19 (10-14). Notably, Snail-1, the zinc
finger transcription factor, represses the E-cadherin promoter
and effectively induces EMT (15). However, the molecular
mechanisms between hypoxia and EMT are still elusive.



TIAN et al: HIF-1o. INDUCES MIGRATION AND INVASION THROUGH NOTCH SIGNALING

In mammals, the Notch signaling pathway involving
differentiation, proliferation, and survival, comprise a
series of ligands (Jagged-1 and -2, Delta-1, -3, and -4) and
transmembrane receptors (Notch-1 to -4) (16). When ligand
has integrated the Notch receptor susceptible to cleavage,
initially by TACE (TNF-a converting enzyme) and then by
the y-secretase complex, which ultimately take the form of the
activated Notch intracellular domain (NICD). NICD enters the
nucleus and interacts with the DNA-binding protein CSL to
regulate expression of downstream genes, such as Hes and Hey
a7).

Recently, connection between Notch signaling and hypoxia
was demonstrated in the control of cell proliferation, stem cell
differentiation and angiogenesis of missed abortion (18-20).
It was also indicated that Jagged-1 and DLLI induces EMT
through repression of E-cadherin (21,22). Furthermore, several
studies demonstrated that Notch signaling mediated molecular
mechanisms underlying HIF-dependent regulation of the
EMT in ovarian carcinoma, breast cancer and melanoma,
respectively (22-24). Thus, we propose that the Notch signaling
pathway is a valuable candidate as a mediator between hypoxia
and EMT in CC cells. Hence, our study stably overexpressed
HIF-1a by Lentiviral vector to examine the effects of HIF-1a
on migration and invasion, and the HIF-la/Notch/EMT
pathway in CC cells. We provide evidence for the role of Notch
as a crucial mediator of HIF-1a in enhanced tumor migration
and invasiveness.

Materials and methods

Cell culture. The human first trimester extravillous tropho-
blast (EVT) cell line (HTR-8) cultured in DMEM/F12 and
two human CC cell lines (JAR and JEG-3) cultured in DMEM
were obtained from the American Type Culture Collection
(Manassas, VA, USA). These cells were supplemented with
10% FBS and incubated in a 37°C humidified incubator
containing 5% CO,. Notch activity was blocked by a 10 yuM
concentration of DAPT (Sigma, St. Louis, MO, USA), added at
each day of culturing.

RNA extraction and real-time PCR. Total RNA was extracted
from above-mentioned cell lines according to RNeasy Mini
kit (Qiagen, USA) manufacturer's protocol and quantitated
by spectrophotometry. According to the manufacturer's
protocol, mRNA was then reverse transcribed using Revert
Aid™ First Strand cDNA Synthesis kit (MBI Fermentas,
St. Leon-Rot, Germany). The SYBRR Premix Ex Taq™ II
system (Takara, Dalian, China) and the Bio-Rad CFX96™
Real-time system (Bio-Rad, CA, USA) were used to perform
real-time quantitative PCR. Following the reverse transcrip-
tion, 1 ul primer (10 uM, summarized in Table I), 12.5 ul
SYBRR Premix Ex Taq 11, 2 1 cDNA and 8.5 u1 dH,0O mixed
together, pre-degeneration for 95°C, 30 sec, one repeat, and
PCR reaction, 95°C 5 sec followed by 60°C, 30 sec, 35 repeats,
and the dissociation stage, 95°C, 15 sec followed by 60°C,
30 sec, and 95°C, 15 sec, then the data were collected and
analyzed. B-actin (25) was used as the internal control. The
threshold cycle (Ct) value for triplicate reactions was aver-
aged. Melting curve for the primers was analyzed to confirm
the specificity of the PCR product. The relative expression of
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mRNA for each target gene was calculated as follows: ACt =
Ct(target) - Ct(B-actin), AACt = ACt - ACt(calibrator), and
the fold changes in mRNAs were calculated through relative
quantification (244,

Western blotting. Cells were harvested at 80-90% conflu-
ence, and washed with 4°C PBS three times. Total cellular
protein lysates were reconstituted with RIPA buffer [SO mM
Tris (pH 8.0), 0.1% SDS, 150 mM NaCl, 1% NP40 and
0.5% sodium deoxycholate] and proteinase inhibitors [I mM
PMSF (Sigma)]. The denatured protein samples was sepa-
rated by SDS-PAGE and electrophoretically transferred to
nitrocellulose (NC) membranes. The NC membranes were
blocked with 5% skim milk at room temperature for 1 h, then
incubated in different monoclonal or polyclonal antibodies
with different dilutions by 5% BSA overnight at 4°C and
washed with TBST three times (with Tween-20, pH 7.6).
Subsequently, membranes were incubated in secondary
antibodies (Licor, Rockford, IL, USA) in the dark for 1 h.
The NC membranes were scanned with Odyssey detection
system (Licor). MG-132 (Sigma) was applied to inhibit the
proteasome-dependent degradation if necessary (10 yuM, 4 h
before the protein harvest) (26). 3-actin (25) were used as the
loading controls.

Production and transfection of lentivirus-mediated vectors.
The NCBI accession number for the Homo sapiens HIF-1a
gene sequence is NM_001530.3. The CDS of HIF-1a was used
to construct lentiviral vectors. HIF-lo. cDNA was amplified
and cloned into the lentiviral (1v) vector GV358 (Genechem,
Shanghai, China), a lentiviral vector encoding the enhanced
green fluorescent protein (EGFP) gene cDNA downstream
of the ubi promoter (Lenti-ubiluc). To prepare lentiviral
particles, the lentiviral vector overexpressing HIF-1la gene
(Iv-HIF-1a), pHelper 1.0 plasmid and pHelper 2.0 helper
plasmid were co-transfected into 293T cells according to
the manufacturer's protocol. The lentiviral vector were used
to infect JAR and JEG-3 cells at a multiplicity of infection
(MOI) of 40 and 100, respectively. Lentivirus vectors only
expressing EGFP gene (Iv-NC) was used as a transfection
control. Seventy-two hours after infection, EGFP expres-
sion was observed to evaluate the infection efficiency. Cells
were harvested 96 h after infection. The expression level
of HIF-1a was examined by qPCR and western blotting.
These transfectants were selected by 2 or 1 yg/ml puromycin
respectively (Sigma) to establish the stable clone cell lines
and analyze with fluorescent microscopy. After the DAPT
treatment was performed, the cells were harvested for further
analysis.

Scratch wound assay. To assay cell migration, JAR and JEG-3
cells after lentiviral transfection (Iv-HIF-1a and Iv-NC) were
scratched in 6-well plates with pipette tip when the cells
were at 80% confluence. Cells were incubated in serum-free
medium, and the width of the scratches was measured at 0
and 24 h after scratching. DMSO (0.1%) or 10 uM DAPT was
added to medium.

Invasion assays. Cell invasion were performed by Boyden
chamber assay. The 8-mm pore size upper chamber with 50 ul
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Table I. Primers for real-time PCR.
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Gene ID Gene Primers
NM_005524.3 Hesl1 Forward AGGCGGACATTCTGGAAATG
Reverse TCGTTCATGCACTCGCTGA
NM_005985.3 Snail-1 Forward ATCCCTGGAAGCTGCTCTCT
Reverse TCTGGTCCAGTGAGGGAG
NM_004360.3 E-cadherin Forward GGDCTGAAGTGACTCGTAACGA
Reverse CAGCCGCTTTCAGATTTTCATC
NM_000224.2 CK18 Forward GGCATCCAGAACGAGAAGGAG
Reverse ATTGTCCACAGTATTTGCGAAGA
NM_002276 .4 CK19 Forward AACGGCGAGCTAGAGGTGA
Reverse GGATGGTCGTGTAGTAGTGGC
NM_001530.3 HIF-1a Forward GTGTTATCTGTCGCTTTGAGTC
Reverse GTCTGGCTGCTGTAATAATGTT
NM_001197325.1 HIF-1B (ARNT) Forward CTGCCAACCCCGAAATGACAT
Reverse CGCCGCTTAATAGCCCTCTG
NM_017617.3 Notchl Forward AAGCTGCATCCAGAGGCAAAC
Reverse TGGCATACACACTCCGAGAACAC
NM_001127891.2 MMP2 Forward TACAGGATCATTGGCTACACAC
Reverse GGTCACATCGCTCCAGACT
NM_004994 .2 MMP9 Forward TGTACCGCTATGGTTACACTCG
Reverse GGCAGGGACAGTTGCTTCT
NM_001101.3 [B-actin Forward AAGAGATGGCCACGGCTG
Reverse GAACCGCTCATTGCCAATG

Matrigel (Sigma) was incubated for 4 h. For migration, the
serum-free medium suspension with 5x10* cells was added in
the upper chamber, and 800 yl medium with 20% serum was
added in the lower chamber of 24-well plate. Cells (5x10*/well)
were seeded in the same medium in a well without chamber
simultaneously. 0.1% DMSO or 10 uM DAPT was added to
medium in upper and lower chambers. After 24 h, the chambers
were washed with PBS (pH 7.4) three times. The non-invaded
cells of upper surface in chamber were removed with a cotton
swab. The cells of lower surface was fixed with 4% formalin
for 10 min, then stained with crystal violet (0.01% in ethanol,
Sigma) for 20 min followed by PBS washing three times. Five
random visions were taken by inverted microscope, and the
cell number was counted.

In vivo growth and metabolic activity assay. Considering
that the JAR cell line is more easily infected by lentiviruses
than the JEG-3 cell line (unpublished data), the JAR cells
transfected with 1Iv-NC or lv-HIF-1a were used in vivo. Cells
were cultured and collected in a single-cell suspension in
PBS (pH 7.4). Suspension (200 pl) (5x10° 1v-NC or Iv-HIF-1a
cells) was implanted under the dorsal skin of 4- to 6-week-
old female SCID mice to form a subcutaneous tumor. Based
on the references (27-29) and previous studies, the mice were
randomly divided into four groups (n=5): i) JAR (Iv-NC)
treated with 0.1% DMSO diluted with saline; ii) JAR (Iv-NC)

treated with DAPT (10 mg/kg); iii) JAR (lv-HIF-1a) treated
with 0.1% DMSO diluted with saline; iv) JAR (lv-HIF-1a)
treated with DAPT (10 mg/kg). The mice were treated with
DAPT or DMSO intraperitoneally six times at 3-day intervals
(on days 1, 4, 7, 10, 13 and 16). Tumors were observed for
growth, swelling, and diabrosis, and the tumor volumes were
measured daily. The following experiment was conducted
when the tumors reached 15-75 mm? in size.

All mice were induced with 4% isoflurane and maintained
on 2-2.5% isoflurane in preparation for SA-PET/CT scans.
Subsequently, ®F-FDG tracer were injected intravenously
under general anesthesia. The PET/CT imaging was carried
out for evaluation of uptake in the subcutaneous tumors (30). A
CT scan was obtained for reconstruction and further analysis
of the PET/CT data. Standardized uptake value (SUV) were
used to compare variations among groups.

In vivo invasion and metastasis assay. To establish a model for
monitoring of Notch signaling in choriocarcinoma metastasis,
the JAR cells transfected with 1Iv-NC or lv-HIF-1a (200 g,
5x10° cells) were injected intravenously into femal SCID mice.
The groups and treatment were the same as the growth assay.
Their metastasis was monitored by using In Vivo Imaging
System (IVIS; Xenogen, Alameda, CA, USA) at the end
of treatment. Animal studies were approved by the Ethics
Committee of our Hospital.
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Figure 1. The expression of HIF-1a in cell lines and upregulation of HIF-1a accompanied by the elevation of HIF-1p. (A) HIF-1a expression in the normal human
extravillous trophoblast cell line (HTR-8) and two choriocarcinom cell lines (JAR and JEG-3) (n=3, "P<0.01, vs. HTR-8 group, respectively). (B) Upregulation
of HIF-1a promotes corresponding HIF-1B expression on mRNA and protein level in JAR cells (n=3, "P<0.01). (C) Upregulation of HIF-1a promotes
corresponding HIF-f3 expression on mRNA and protein level in JEG-3 cells (n=3, "P<0.01).

Statistical analysis. Each of the experiments were performed
in triplicate and repeated three times. Statistical analysis was
carried out using the SPSS 18.0 statistical software package
(SPSS Inc., Chicago, IL, USA). Summary data are showed as
means = SEM. Group means were compared using the appro-
priate version of the Student's unpaired t-test. P-values were
2-sided. Test results were considered significant at P<0.05.

Results

HIF-1a is upregulated in choriocarcinoma cells. We examine
the mRNA and protein expression levels of HIF-1a in CC cell
lines and HTR-8. The expression levels of HIF-1a were mark-
edly upregulated in JAR and JEG-3 cells, as compared to the
expression level of a control HTR-8 cell line (Fig. 1A, P<0.01).

Upregulation of HIF-1a enhances EMT and the ability of
migration/invasion, accompanied by the elevation of HIF-1p.
To mimic the hypoxic microenvironment and further define our
understanding of HIF-1a in choriocarcinoma, JAR and JEG-3
cells were transfected with lentivirus of HIF-1a (Iv-HIF-1a) to
establish stable cell lines that upregulated expression of HIF-1a
in CC cells. Simultaneously, EGFP expression was observed in
CC cells transfected with the corresponding lv-NC. Compared
to the Iv-NC cells, the mRNA and protein level of HIF-1a were
significantly upregulated in lv-HIF-1a cells (P<0.01, respec-
tively, Fig. 1B and C). Consistently, upregulation of HIF-1a
promotes corresponding HIF-1f expression on mRNA and
protein level (P<0.01).

In order to investigate whether HIF-1a. induces EMT of CC
cells, inverted microscopy was used revealing that Lv-HIF-1a
cells formed a spindle-like monolayer with more elongated

and larger gaps between cells than 1v-NC cells which formed
a cobblestone-like monolayer (Fig. 2A). Western blot analyses
further confirmed that the EMT phenotype is induced by over-
expression of HIF-1a in CC cells. HIF-1o markedly decreased
E-cadherin, CK-18 and CK-19 expression in lv-HIF-1a cells,
the reciprocal changes associated with the EMT phenotypic
transition (P<0.01, respectively, Fig. 2B and C).

To study HIF-la-induced EMT with malignant behavior,
the scratch wound-healing assay and Matrigel membrane
invasion assay were used. The extent of migration of CC
cells with exogenous HIF-la into the scratched area was
elevated (Fig. 3A, P<0.05). Similarly, the invasive capability
was significantly enhanced when HIF-1a was upregulated
(Fig. 3B, P<0.05). Consistent with the data, MMP2 and MMP9
were upregulated by HIF-1a overexpression (Fig. 3C, P<0.01).

HIF-l1a-induced upregulation of NIICD and Hesl was
abolished by DAPT. The elevated Notch response after
mimicked hypoxia was observed at two levels in the Notch
signaling pathway. On the receptor side, the level of N1ICD was
elevated in JAR cells subjected to HIF-1a. On the downstream
side, upregulation of Hesl mRNA and protein was observed
in CC cells, simultaneously (P<0.01, Fig. 4A). The DAPT data
would suggest that the inhibitor blocked the conformation of
NI1ICD protein to abrogate Notch signaling, then Hesl mRNA
and protein were decreased in JAR cells (P<0.01, Fig. 4A).
Similar data were obtained for the JEG-3 cell line (P<0.01,
Fig. 4B).

HIF-1o induces EMT through Notch signaling. To evaluate
the involvement of Notch in HIF-1a-induced EMT in CC cells,
0.1% DMSO or 10 uM DAPT was added in culture medium.
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Figure 2. Upregulation of HIF-1a induces EMT of choriocarcinom cells. (A) Iv-NC cells formed a cobblestone-like monolayer, which is typically epithelial
cells (b and d); Lv-HIF-1a cells formed a spindle-like monolayer with larger gaps between cells that were more elongated than Iv-NC cells (a and c). (B) HIF-1a
overexpression markedly decreased E-cadherin, CK-18 and CK-19 expression in JAR cells (n=3, "P<0.01). (C) HIF-1a overexpression markedly decreased
E-cadherin, CK-18 and CK-19 expression in JEG-3 cells (n=3, "P<0.01).
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Figure 3. The effect of HIF-1a overexpression on choriocarcinom cells. (A) Representative images show the migration ability of choriocarcinoma cells
transfected with Iv-NC or Iv-HIF-1a.. Data are presented as mean cell migration distance of repeat experiments ("P<0.01). (B) Representative images show
the invasion ability of choriocarcinoma cells transfected with 1v-NC or Iv-HIF-1a. Data are presented as mean relative numbers of invaded or migrated cells
("P<0.01). (C) Choriocarcinoma cells transfected with Iv-NC or Iv-HIF-1a, respectively, were subjected to western blotting for MMP2 and MMP9 (P<0.01).

Inhibition of Notch signaling abolished the downregulation of  in lv-HIF-1a cells (P<0.01, respectively, Fig. 5). Because
E-cadherin, CK-18, CK-19 mRNA and protein levels observed  Snail-1 is the crucial regulator of E-cadherin expression, the
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Figure 4. HIF-1a overexpression induces increased expression of N1ICD and downstream choriocarcinoma cells can be abrogated by DAPT. (A) HIF-1a
overexpression upregulates Hes-1 mRNA and protein expression and N1ICD protein expression can be abrogated by DAPT in JAR cells (P<0.01). (B) HIF-1a
overexpression upregulates Hes-1 mRNA and protein expression and N1ICD protein expression can be abrogated by DAPT in JEG-3 cells (P<0.01).

Table II. The antibodies.

Gene ID Antibody Dilutions Species Supplied by
NM_005524.3 Hesl 1:600 Homo Abcam
NM_005985.3 Snail-1 1:300 Homo Santa Cruz
NM_004360.3 E-cadherin 1:500 Homo Santa Cruz
NM_000224.2 CK18 1:1000 Homo Santa Cruz
NM_002276.4 CK19 1:200 Homo Santa Cruz
NM_001530.3 HIF-1a 1:1000 Homo Abcam
NM_001197325.1 HIF-1p 1:500 Homo Cell Signaling Technology
NM_017617.3 Notchl (N1ICD) 1:500 Homo Abcam
NM_001127891.2 MMP2 1:200 Homo Santa Cruz
NM_004994 2 MMP9 1:100 Homo Santa Cruz
NM_001101.3 [-actin 1:10,000 Homo Santa Cruz
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Figure 5. HIF-1a overexpression induced EMT in choriocarcinoma cells can be abrogated by DAPT. (A) HIF-1a overexpression upregulates Snail mRNA
expression and downregulates E-cadherin, CK-18 and CK-19 mRNA expression can be abrogated by DAPT in JAR cells (P<0.01). (B) HIF-1a overexpression
upregulates Snail mRNA expression and downregulates E-cadherin, CK-18 and CK-19 mRNA expression can be abrogated by DAPT in JEG-3 cells (P<0.01).
(C) HIF-1a overexpression upregulates Snail protein expression and downregulates E-cadherin, CK-18 and CK-19 protein expression can be abrogated by
DAPT in JAR cells (P<0.01). (D) HIF-1a overexpression upregulates Snail protein expression and downregulates E-cadherin, CK-18 and CK-19 protein

expression can be abrogated by DAPT in JEG-3 cells (P<0.01).

data would hint that E-cadherin expression is mediated via
regulating Snail-1 at the transcriptional and protein level.
Upregulation of Snail-1 by exogenous HIF-1a was abrogated
by DAPT treatment in CC cells (P<0.01, Fig. 5).

HIF-la-induced upregulation of MMPs requires Notch acti-
vation. Given the fundamental interaction between Notch
signaling and HIF-1la-induced EMT with enhanced ability of
migration/invasion, we considered whether HIF-1a-induced
upregulation of MMPs require Notch signaling. The data
revealed that MMP2 and MMP9 were upregulated by HIF-1a
but substantially blocked in the presence of DAPT (P<0.01,
respectively, Fig. 6).

DAPT inhibits choriocarcinoma growth and metabolic
activity in vivo. To determine whether the observed antitumor
activity in vitro by Notch inhibitors could be extended in vivo,
DAPT was injected intraperitoneally into SCID mice with
tumor xenografts of the JAR cells transfected with 1Iv-NC
or lv-HIF-1a six times at 3-day intervals. Here, SA-PET/
CT scans of subcutaneous tumors were performed on mice
and SUV of ®F-FDG binding in vivo scans are provided in
Fig. 7A. ®F-FDG uptake in nodules of the lv-HIF-1o mice

treated with DMSO was high, while the nodules of 1v-NC mice
treated with DMSO were at low levels. DAPT-treated groups
showed only slight *F-FDG activity in the tumors of the 1v-NC
group, unlike the high level of activity in the lv-HIF-1a group
(Fig. 7A). After PET/CT scans, we removed the red-brown
transplantation tumor (Fig. 7B). The transplantation tumors
grew in elliptical shapes with the purplish-black covering skin.
The DMSO groups showed that HIF-1a alone significantly
promoted tumor growth. Compared with the DMSO group,
DAPT treatment significantly inhibited tumor growth (P<0.05,
Fig. 7C).

DAPT inhibits choriocarcinoma invasion and metastasis
in vivo. To assess the capacity of suppression of endogenous
Notch signaling as a treatment for choriocarcinoma cell
metastasis, JAR cells stably expressing EGFP were injected
intravenously into SCID mice as an in vivo model of metas-
tasis. In mice treated with DAPT or DMSO six times at 3-day
intervals from the time of cell injection. Under IVIS system,
macroscopic appearance of metastatic tumors were detected in
lung of 85% (17/20) mice at 30 days after intravenous injection.
Positive signals were detected in 100% (5/10, lv-HIF-1a)) and
100% (5/5, 1v-NC) of mice treated with DMSO, respectively.
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Figure 6. The effect of HIF-1a overexpression on MMPs in choriocarcinoma cells. (A) HIF-1a overexpression upregulates MMP2 and MMP9 expression can
be abrogated by DAPT in JAR cells (P<0.01). (B) HIF-1a overexpression upregulates MMP2 and MMP9 expression can be abrogated by DAPT in JEG-3 cells

(P<0.01).

Because there were multiple metastatic lesions found in the
lungs, positive signals from isolated lesions were integrated for
the measurement of photon counts in each mouse. The DMSO
groups showed that the levels of detectable EGFP signals for
the lv-HIF-1a mice were stronger than 1v-NC mice. In contrast,
80% (4/5, HIF-1a) and 60% (3/5, Iv-NC) of mice treated with
DAPT had positive signals. In contrast to increased areas of
detectable EGFP in DMSO-treated lv-HIF-1a and 1v-NC mice,
the EGFP-positive areas were limited in mice with DAPT
treatment (Fig. 8). No side effect was observed throughout the
experiments in the tested mice.

Discussion

Choriocarcinoma is highly malignant and aggressive epithe-
lial tumor type comprising a series of heterogeneous diseases
arising from gestational trophoblasts that form the placenta. It
becomes a conspicuous tumor when it metastasizes to affected
organs, which induces symptoms such as shortness of breath

from lung involvement. Although CC is highly responsive
to chemotherapy with an overall survival rate of >90%, the
mechanisms for metastasis and resistance to conventional
chemotherapy is still unclear.

HIF-1a as a potential hypoxia marker is associated
with carcinogenesis and metastasis in various solid tumors
(26,31,32). Since associated with chemotherapy failure, HIF-1a
could be an attractive therapeutic strategy crucial for tumor
growth (33,34). Although HIF-1a has been explored in several
other gynecological cancers, scarce date exist on the role of
HIF-1a in CC. In this study, we first detected the expression of
HIF-1a in several cell lines, and found that the expression of
HIF-1a in human choriocarcinoma cell lines was higher than
that in the immortalized normal human EVT cell line (HTR-
8). The data show that overexpression of HIF-1a is emerging
as an significant factor in carcinogenesis on the molecular
level in CC. Generally, HIF-1§ is regarded as constitutively
expressed and being present in excess within the cell (4,35).
However, several studies described that HIF-1§ was upregu-
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Figure 7. Effects of Notch signaling inhibitor on choriocarcinoma growth and metabolic activity in vivo. (A) ®F-FDG binding in subcutaneous xenografts from
SA-PET/CT of lv-NC, Iv-NC/DAPT, Iv-HIF-1a and 1v-HIF-1a/DAPT group. (B) Representative images of choriocarcinoma xenografts from 1v-NC, Iv-NC/
DAPT, Iv-HIF-1a and Iv-HIF-1a/DAPT group. (C) Xenograft size in Iv-NC, Iv-NC/DAPT, Iv-HIF-1a and lv-HIF-10/DAPT group were monitored over time
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Figure 8. Effects of Notch signaling inhibitor on choriocarcinoma invasion and metastasis in vivo. Representative images of choriocarcinoma xenografts from
control, Iv-NC, Iv-NC/DAPT, lv-HIF-1a and lv-HIF-1a/DAPT group. Imaging data were evaluated by IVIS at day 30 after cell injection.

lated in a HIF-la-dependent manner after treatment with
the hypoxia-mimetic cobalt chloride (CoCl,) or exposure
to hypoxia on both RNA and protein levels (26,36,37). To
inspect the hypothesis that the upregulation of HIF-13 might
be mediated by HIF-1a, we demonstrated that overexpression
of HIF-1a was upregulated HIF-1B-dependently. The data
confirm the leading role of HIF-1a among HIF subunits.

In cell culture, animal models and human specimen
experiments, the evidence for EMT with increased invasion
and metastasis is irresistible (38). In this study, the inseparable
connection between hypoxia and EMT has been recognized.
Here we indicated that HIF-1a evidently correlated with

more aggressive and invasive behavior accompanied by the
EMT switch.

Notch signaling acts as a tumor promoter or a suppressor
depending on the cell type and context. As the first evidence,
Notch signaling is considered the main trigger of T-ALL
(39). However, Notch activation in bladder cancer cells
suppresses proliferation both in vitro and in vivo (40).
Recently, various research, respectively, indicated that
Notch signaling potentially mediated molecular mechanisms
underlying HIF-dependent regulation of the EMT in solid
tumors. To our knowledge, we show the involvement of
the Notch pathway during the process of HIF-1la-induced
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switch of EMT in choriocarcinoma for the first time. Our
finding that the Notch signaling pathway respond to HIF-1a
at various levels is consistent with some other studies (22,33).
As vy-secretase inhibitor, DAPT interfers with Notch intracel-
lularly and NICD synthesis is a powerful blocker of Notch
activity. In our study, following treatment of CC cell lines with
DAPT, the expression of NIICD and downstream Hesl, was
significantly decreased, whereas, E-cadherin, CK18 and CK19
were upregulated. In addition, through the suppression of
Notch signaling, a crucial target reducing migration and inva-
sion, may be the upregulation of E-cadherin, CK18 and CK19
expression and downregulation of MMPs, such as MMP2 and
MMP9 during the acquisition of the epithelial phenotype,
which recovers cell-cell adhesion and stabilizes the epithelial
architecture. Above all, HIF-1a-induced EMT requires Notch
signaling and the decreased endogenous Notch signaling
blocked cells to EMT. Moody et al reported that upregulation
of Snail-1 induced metastasis and poor prognosis, whereas
silencing of Snail-1 suppressed tumor growth and invasive-
ness (41). In keeping with this notion, Sahlgren e al showed
that Notch regulated expression of Snail-1 in two different but
synergistic ways (22). Coincidentally, Snail-1, which is acti-
vated during the acquisition of EMT was downregulated in
CC cells treated with DAPT.

The most common metastatic site of CC is the lungs, which
are affected in >80% patients and PET/CT scanning and can
aid in identifying sites of active disease, and select patients
with solitary lesions who may benefit from surgical resection of
chemotherapy-resistant metastases (42,43). *F-FDG SA-PET
is widely used for non-invasive in vivo therapy assessment in
cancer research (44). Using the present in vivo model of CC,
SA-PET/CT and IVIS system, we further confirmed important
roles of Notch1 signaling in overexpressed HIF-1a cell invasion
and metastasis. Consistent with in vitro studies, suppression of
endogenous Notchl signaling by DAPT not only led to inhib-
ited CC growth and metabolic activity, but also decreased
their metastasis to lung, accompanied by suppressed growth
of metastatic tumors. Leong et al indicated that blocking
Notch signaling inhibits tumor growth and metastasis in an
in vivo tumor model (21). These findings indicated that Notch
signaling is a valuable target with a therapeutic potential for
both early and advanced stages of CC.

In conclusion, this study demonstrated that the Notchl
signaling pathway is closely associated with the invasion
and metastasis of CC. Furthermore, the results demonstrated
that the suppression of Notchl with the y-secretase inhibitor
restrains the invasion and metastasis of CC by inhibiting
EMT. Therefore, purification of Notch inhibitors and a more
local containment may be an effective way toward improving
therapy.
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