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Abstract: Ovarian cancer is the most lethal gynecological malignancy due to its high metastatic ability.
Epithelial-mesenchymal transition (EMT) is essential during both follicular rupture and epithelium
regeneration. However, it may also accelerate the progression of ovarian carcinomas. Experimental
studies have found that 1α,25-dihydroxyvitamin-D3 [1α,25(OH)2D3] can inhibit the proliferation of
ovarian cancer cells. In this study, we investigated whether 1α,25(OH)2D3 could inhibit the migration
of ovarian cancer cells via regulating EMT. We established a model of transient transforming growth
factor-β1(TGF-β1)-induced EMT in human ovarian adenocarcinoma cell line SKOV-3 cells. Results
showed that, compared with control, 1α,25(OH)2D3 not only inhibited the migration and the invasion
of SKOV-3 cells, but also promoted the acquisition of an epithelial phenotype of SKOV-3 cells
treated with TGF-β1. We discovered that 1α,25(OH)2D3 increased the expression of epithelial marker
E-cadherin and decreased the level of mesenchymal marker, Vimentin, which was associated with the
elevated expression of VDR. Moreover, 1α,25(OH)2D3 reduced the expression level of transcription
factors of EMT, such as slug, snail, and β-catenin. These results indicate that 1α,25(OH)2D3 suppresses
the migration and invasion of ovarian cancer cells by inhibiting EMT, implying that 1α,25(OH)2D3

might be a potential therapeutic agent for the treatment of ovarian cancer.
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1. Introduction

Ovarian cancer has the highest fatality rate among women, primarily due to advanced stage at
diagnosis, the lack of effective therapies for late-stage, and the replase after chemotherapy and surgery,
which result in poor overall survival for the patients [1]. About 90% of all ovarian cancers are epithelial
ovarian cancer, which originated from ovarian surface epithelium. Hence, it is crucial to throw light on
relevant molecular mechanisms of epithelial ovarian cancer progression for seeking targeted therapy
that can help improve survival.

Epithelial-mesenchymal transition (EMT) is a reversible cellular process by which epithelial cells
depolarize, lose cell–cell contacts, and gain a spindle-mesenchymal morphology. It is characterized
by loss of epithelial morphology and cytoskeletal reorganization, rendering cells more migratory and
invasive [2]. This process is essential for embryonic development and wound healing. The ovarian
surface epithelium can transform back and forth between epithelial and mesenchymal phenotypes
in both follicular rupture and subsequent ovarian remodeling [3]. Moreover, tumor cells, through
EMT, can enhance invasion and acquire properties of cancer stem-like cells, secondary tumor-initiating
and chemoresistance [4–6]. Recent research suggests that EMT plays a critical role in the progression
of ovarian carcinomas [7–9]. Therefore, it is essential to develop newer therapeutic methods with
complete efficacy and low-toxicity toward metastatic cancer.

Over the past two decades, vitamin D has been inspected preclinically for its efficacy in
chemopreventive and anticancer therapy [7,8]. Experimental studies suggest that 1α,25(OH)2D3, active
metabolite of vitamin D, and its synthetic derivatives, protect against ovarian cancer, manifesting
anti-proliferative and pro-apoptotic effects in ovarian cancer cell lines [6–12] and anti-tumorigenesis
in animal models [13–15]. However, the mechanisms of vitamin D inhibiting ovarian cancer remain
largely unknown. The transforming growth factor (TGF)-β signaling pathway is a key inducer of EMT.
In this study, we investigated whether 1α,25(OH)2D3 suppresses migration and invasion of human
ovarian adenocarcinoma cell line SKOV-3 cells by regulating EMT. We found that TGF-β-induced EMT
in ovarian cancer cells could be inhibited by 1α,25(OH)2D3.

2. Results

2.1. 1α,25(OH)2D3 Inhibits the Migration of Human Ovarian Cancer SKOV-3 Cells

Our previous study has demonstrated that 1α,25(OH)2D3 inhibited the proliferation of SKOV-3
cells in a dose-dependent manner [12]. We wondered whether 1α,25(OH)2D3 could also inhibit the
migration of these cells. After SKOV-3 cells were treated by 1, 10, or 100 nmol/L of 1α,25(OH)2D3,
the cell migration decreased in both a time- and dose-dependent manner (Figure 1A, p < 0.05).
Meanwhile, 1α,25(OH)2D3 shortened the moving distance and reduced the moving speed of SKOV-3
cells compared with control group (Supplementary Materials Figure S1). Furthermore, we analyzed
the expression of E-cadherin and Vimentin, biomarkers of EMT. We found the increased expression
of E-cadherin and decreased expression of Vimentin in the cytoplasm of SKOV-3 cells treated with
1α,25(OH)2D3 for 24 h (Figure 1C). The results of Western blotting also showed that the expression of
E-cadherin was significantly increased, and Vimentin was clearly decreased when treated with 10 or
100 nmol/L of 1α,25(OH)2D3 (Figure 1C, p < 0.05). Collectively, 1α,25(OH)2D3 inhibited the migration
of ovarian cancer cells, which was associated with the altered expression of E-cadherin and Vimentin.
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Figure 1. 1α,25(OH)2D3 inhibited the migration of human ovarian adenocarcinoma cell line SKOV-3 
cells. (A) Left: representative pictures of the wound area obtained 24, 48 and 72 h after scratching. 
100× magnification; Right: migration index (%) = [(the initialized width of the scratch) − (the final 
width of the scratch)]/(the initialized width of the scratch); (B) representative pictures of E-cadherin 
and Vimentin were captured by confocal laser scanner microscopy (CLSM) 24 h after being treated 
with 1α,25(OH)2D3. Nuclear DNA was visualized by 4′,6-diamidino-2-phenylindole (DAPI) staining. 
200× magnification; (C) Left: Western blot analysis of the indicated proteins in SKOV-3 cells. β-actin 
served as a loading control; Right: the level of the indicated protein was quantified with gray value. 
The data represent the Mean ± SD. * p < 0.05 versus control. 

2.2. Establishment of TGF-β1-Induced EMT in SKOV-3 Cells 

Our findings that 1α,25(OH)2D3 increases the expression of E-cadherin and decreases that of 
Vimentin prompted us to study whether 1α,25(OH)2D3 inhibited EMT or not. Thus, we first 
established a model of TGF-β1-induced EMT of SKOV-3 cells. After being stimulated with 10 ng/mL 
TGF-β1 for 24 h, cell morphology changed from pebble-like epithelial to spindle-like mesenchymal, 
and it gradually elongated in 72 h (Figure 2A). The administration of TGF-β1 promoted cell 
migration and pseudopodium stretching frequency in 36 h (Figure 2B). Western blotting analyses 
confirmed the EMT phenotype of TGF-β1-treated SKOV-3 cells with decreased expression level of 

Figure 1. 1α,25(OH)2D3 inhibited the migration of human ovarian adenocarcinoma cell line SKOV-3
cells. (A) Left: representative pictures of the wound area obtained 24, 48 and 72 h after scratching.
100ˆ magnification; Right: migration index (%) = [(the initialized width of the scratch) ´ (the final
width of the scratch)]/(the initialized width of the scratch); (B) representative pictures of E-cadherin
and Vimentin were captured by confocal laser scanner microscopy (CLSM) 24 h after being treated
with 1α,25(OH)2D3. Nuclear DNA was visualized by 41,6-diamidino-2-phenylindole (DAPI) staining.
200ˆ magnification; (C) Left: Western blot analysis of the indicated proteins in SKOV-3 cells. β-actin
served as a loading control; Right: the level of the indicated protein was quantified with gray value.
The data represent the Mean ˘ SD. * p < 0.05 versus control.

2.2. Establishment of TGF-β1-Induced EMT in SKOV-3 Cells

Our findings that 1α,25(OH)2D3 increases the expression of E-cadherin and decreases that of
Vimentin prompted us to study whether 1α,25(OH)2D3 inhibited EMT or not. Thus, we first established
a model of TGF-β1-induced EMT of SKOV-3 cells. After being stimulated with 10 ng/mL TGF-β1
for 24 h, cell morphology changed from pebble-like epithelial to spindle-like mesenchymal, and it
gradually elongated in 72 h (Figure 2A). The administration of TGF-β1 promoted cell migration and
pseudopodium stretching frequency in 36 h (Figure 2B). Western blotting analyses confirmed the
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EMT phenotype of TGF-β1-treated SKOV-3 cells with decreased expression level of E-cadherin but
increased Vimentin, compared with untreated cells (Figure 2C, p < 0.05). The expression of Slug,
a transcription factor of EMT, rapidly increased in 24 h after cells were treated with TGF-β1 (p < 0.05).
Taken together, results of morphological changes and protein expression patterns strongly indicated
that we successfully established an experimental model of TGF-β1-induced EMT in ovarian cancer
SKOV-3 cells.
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One of the functional changes of EMT is the increase in migration and invasion capacities, 
typically characteristics of mesenchymal cells. Thus, we determined whether 1α,25(OH)2D3 
decreases cell migration and invasion accompanied with the TGF-β1-induced EMT. Compared with 
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1α,25(OH)2D3 similarly reversed the shortened motion tracking during TGF-β1-induced EMT, 
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we determined the invasion ability of cells in vitro after being treated with 1α,25(OH)2D3. As 
showed in Figure 3B, TGF-β1 dramatically increased the invasion ability of SKOV-3 cells, which 

Figure 2. Transforming growth factor-β1 (TGF-β1) induces EMT of SKOV-3 cells. (A) SKOV-3 cells
were exposed to 10 ng/mL of TGF-β1. Compared to the group of control, TGF-β1-treated SKOV-3 cells
lost their cobblestone shape and adopted a fibroblast-like, spindle-shaped morphology. Morphology
photographs were taken at 24, 48, and 72 h (magnification of 400ˆ); (B) analyses with a Live Cell
Imaging System showed that the movement distance increased further after SKOV-3 cells were
treated with TGF-β1 for 36 h than control cells (Arrows refer to the movement track of SKOV-3
cells); (C) Left: Western blot analysis of the indicated proteins in SKOV-3 cells. β-actin served as a
loading control; Right: the level of the indicated protein was quantified with gray value. The data
represent the Mean ˘ SD. * p < 0.05 versus control.

2.3. 1α,25 (OH)2D3 Inhibited the Migration and Invasion of SKOV-3 Cells during TGF-β1-Induced EMT

One of the functional changes of EMT is the increase in migration and invasion capacities,
typically characteristics of mesenchymal cells. Thus, we determined whether 1α,25(OH)2D3

decreases cell migration and invasion accompanied with the TGF-β1-induced EMT. Compared
with negative control, 1α,25(OH)2D3 alone significantly decreased the migration of SKOV-3 cells,
while TGF-β dramatically increased the cell migration. However, the elevation of migration by
TGF-β1 was significantly decreased by the treatment together with 1α,25(OH)2D3 (Figure 3A,
p < 0.05). 1α,25(OH)2D3 similarly reversed the shortened motion tracking during TGF-β1-induced
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EMT, compared to 1α,25(OH)2D3-untreated cells (Supplementary Materials, Figure S2). Subsequently,
we determined the invasion ability of cells in vitro after being treated with 1α,25(OH)2D3. As showed
in Figure 3B, TGF-β1 dramatically increased the invasion ability of SKOV-3 cells, which were the most
important characteristics of a metastatic cell. In contrast, 1α,25(OH)2D3 substantially inhibited the
invasion. These results were consistent with data obtained by the cell migration assay, indicating that
1α,25(OH)2D3 had a greater inhibitory ability for migration and invasion of ovarian cancer cells.
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Figure 3. 1α,25(OH)2D3 inhibited the migration and invasion of SKOV-3 cells during TGF-β1-induced
EMT. (A) Left: representative pictures of the wound area obtained 24 h after scratching.
100ˆ magnification; Right: migration index (%) = [(the initialized width of the scratch) ´ (the final
width of the scratch)]/(the initialized width of the scratch); (B) Left: invasion assay was carried out
using the 24-well Becton Dickinson (BD) Biocoat Matrigel Invasion Chambers(magnification of 400ˆ);
Right: the cells on the bottom of inserts were counted under microscope. # p < 0.05 versus negative
control, * p < 0.05 versus TGF-β1, and ˆ p < 0.05, 1α,25(OH)2D3 (VD) + TGF-β group versus VD group.

2.4. 1α,25(OH)2D3 Regulates the Expression of EMT Markers in TGF-β1-Treated SKOV-3 Cells

Subsequently, we wanted to determine whether 1α,25(OH)2D3 regulates the protein level of key
EMT markers in TGF-β1-treated cells. Figure 4A showed representative images of immunofluorescence
staining for E-cadherin and Vimentin in SKOV-3 cells. Compared to TGF-β1-treated cells,
E-cadherin, the marker of epithelial cells, increased, while Vimentin, the marker of mesenchymal
cells, decreased. Quantification of Western blotting results revealed that these alterations were
significant at 1α,25(OH)2D3-treated cells when compared with the corresponding controls (Figure 4D,
p < 0.05). These results indicated that the promotion of TGF-β1- induced EMT could be inhibited by
1α,25(OH)2D3. One of the EMT characteristics is the increased expression of EMT-related transcription
factors including Snail, Slug and β-catenin. Figure 4B showed that the expression of snail, slug,
and β-catenin increased in TGF-β1-treated cells. However, the administration of 1α,25(OH)2D3

resulted in the decrease of these compared to TGF-β1-treated cells. Western blotting results also
showed a similar pattern of EMT-related proteins (Figure 4E, p < 0.05). These results demonstrated
that 1α,25(OH)2D3 could reverse TGF-β1-induced EMT in SKOV-3 cells.

1α,25(OH)2D3 mediates target genes by binding to the vitamin D receptor (VDR). The results from
both immunofluorescence and Western blotting showed that the expression of VDR in SKOV-3 cells
only treated by TGF-β1 was lower than that in cells treated with the combination of 1α,25(OH)2D3 and
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TGF-β1 (Figure 4C,F, p < 0.05). These results showed that 1α,25(OH)2D3 inhibited the TGF-β1-induced
EMT accompanied with increased expression of VDR in ovarian cancer cells.Int. J. Mol. Sci. 2016, 17, 1285 6 of 12 
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Figure 4. 1α,25(OH)2D3 regulated the expression of EMT-related markers in SKOV-3 cells exposed
to TGF-β1. (A–C) representative pictures of indicated proteins E-cadherin, Vimentin, Snail, Slug,
β-catenin and VDR were captured by confocal laser scanner microscopy (CLSM). Nuclear DNA was
visualized by DAPI staining. 200ˆ magnification; (D–F) Left: Western blot analysis of the indicated
proteins in SKOV-3 cells. β-actin or GAPDH served as a loading control; Right: the level of the
indicated protein was quantified with gray value. The data represent the Mean ˘ SD. # p < 0.05 versus
negative control, * p < 0.05 versus TGF-β1-treated group, and ˆ p < 0.05, VD + TGF-β group versus
VD group.

3. Discussion

Ovarian cancer is the most lethal gynaecological cancer, and Epithelial-mesenchymal transition
(EMT) was reported to be association with ovarian cancer cell dissemination and invasion [16]. To the
best of our knowledge, this study is the first to report that 1α,25(OH)2D3 decreased the migration and
invasion of human ovarian adenocarcinoma cell line SKOV-3 cells through inhibiting TGF-β1-induced
EMT. This result is also in accordance with previous reports indicating the anti-metastasis potential of
1α,25(OH)2D3 in other types of cancer cells, including colon [15], breast [17], pancreatic [18], and lung
cancers [19].

The normal ovarian surface epithelium exhibit epithelial and mesenchymal characteristics by the
expression of both keratin and vimentin [20]. It is believed that ovarian surface epithelial cells adapt to
changes by transitions between epithelial and mesenchymal stages during both follicular rupture and
epithelium regeneration. Moreover, this plasticity may lie on the origin of ovarian cancer, an important
initiating event in promoting tumor cell dissemination leading to metastasis [21]. We found that
expression of both E-cadherin and Vimentin were observed in human ovarian cancer SKOV-3 cells.
1α,25(OH)2D3 inhibited migration of SKOV-3 cells accompanied with the decreased expression of
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E-cadherin but increased Vimentin. Furthmore, TGF-β1-induced EMT in ovarian cancer cells was also
inhibited by 1α,25(OH)2D3.

TGF-β is a multifunctional cytokine that acts as a tumor suppressor in early stages through
stopping proliferation, inducing differentiation, or promoting apoptosis but promotes tumor
progression in late stages through multiple mechanisms, including inducing EMT in cancer cells [22].
In addition, TGF-β is frequently used as a key inducer of EMT for experimental models. Other than
changes of epithelial and mesenchymal markers, EMT is characterized by altered location of
transcription factors, such as β-catenin, Slug, Snail, Twist and Sox10. In the present study, TGF-β1
promoted the expression of Slug, Snail and β-catenin but also increased their localization in the nuclei
of ovarian cancer cells. For another study, TGF-β1-induced EMT promotes breast cancer cell migration
toward lymphatic endothelial cells by activating CCR7 [23]. Snail1 is a cofactor for Smad3/4 during
TGF-β-induced EMT, and a strong correlation was also found between loss of CAR and E-cadherin and
nuclear co-expression of Snail1 and Smad3/4 in breast cancer [24]. TGF-β-induced CD59 expression
during EMT is dependent on Smad3 but not on Smad2 in lung cancer A549 cells [25]. Liu et al reported
that the JAK/STAT3 pathway is required for TGF-β-induced EMT, and the IL-6/JAK/STAT3 and
TGF-β/Smad signaling synergistically gain EMT in lung cancer [26]. Therefore, TGF-β-induced EMT
as a model promotes metastasis of tumor cells through activating many pathways. We also included
an established model of transient TGF-β1-induced EMT in human ovarian cancer cells. Furthermore,
TGF-β1-induced EMT in ovarian cancer cells was inhibited by treatment with 1α,25(OH)2D3.

During recent years, vitamin D has been increasingly concerned as a potential for anti-cancer
therapy, especially for the role of vitamin D in reducing risk and progression of colon, breast and
prostate cancer [8,27,28]. However, there are fewer studies on the effect of vitamin D on proliferation
and invasion of ovarian cancer. It is reported that Solar UVB irradiance, which resulted in higher
level of 25-dihydroxyvitamin D [25(OH)D] in serum, a widely accepted biomarker of vitamin D
status, was inversely associated with incidence rates of ovarian cancer in 175 countries in 2002.
The high concentrations of the vitamin D receptor were demonstrated in ovarian cancer cells [27],
and 1α,25(OH)2D3 has been shown to inhibit cell proliferation and induce apoptosis in ovarian
cancer cell lines [11,12,27]. However, there is little convincing evidence for an association between
25(OH)D and the risk of developing ovarian cancer in a pooled analysis [28] and a meta-analysis [29].
Furthermore, the mechanism on antitumor of vitamin D on ovarian cancer is unclearly understood.
Some experimental studies strongly suggest that 1α,25(OH)2D3 arrested ovarian cancer cells in
G1 and G2/M phase by modulating GADD45 and p27 [6,30]. Our previous study indicated that
1α,25(OH)2D3 enhances the therapeutic effects of carboplatin by altering the cell cycle and increasing
apoptosis through changes in reactive oxygen species and mitochondria membrane potential in SKOV-3
cells [12]. These findings demonstrated that vitamin D inhibited proliferation of ovarian cancer cells.
The findings firstly presented in this study indicated that 1α,25(OH)2D3 decreased cell migration
through inhibiting TGF-β1-induced EMT in human ovarian cancer SKOV-3 cells. It was in colon cancer
cells that 1α,25(OH)2D3 inhibited TGF-β1/β2-increased invasion and migration by inhibiting the
switch of cadherin and expression of EMT-related transcription factors. 1α,25(OH)2D3 also inhibited
the secretion of MMP-2 and MMP-9 and increased expression of F-actin induced by TGF-β1/β2 in
colon cancer cells [15]. 1α,25(OH)2D3 and its analogs inhibit the migration and invasion of tumor cells
by regulating changes in the cell–extracellular matrix interaction as well as by promoting cell–cell
contact in breast, prostate and colorectal cancer cells [31,32]. Taken together, the restraint of EMT might
be one of the mechanisms underlying the anti-metastasis effect of 1α,25(OH)2D3 in cancer cells.

Transcriptional factor β-catenin aggregating toward the nucleus is also considered as a sign
of EMT [33]. In addition, E-cadherin could mediate the migration of β-catenin from nucleus to
cytoplasm [34]. In this study, both β-catenin gathered to the nucleus and E-cadherin decreased in the
cytoplasm were observed in SKOV-3 cells induced by TGF-β1. At the same time, the expression of
Slug and Snail were increased in nuclei of ovarian cancer cells. Moreover, 1α,25(OH)2D3 significantly
reversed the expression of EMT-related transcription factors induced by TGF-β1. Chen et al. also
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reported that increased TGF-β1/β2 expression of EMT-related transcription factors in colon cancer
cells was also inhibited by 1α,25(OH)2D3 [15]. In addition, Snail repressed expression of VDR, resulting
in reduction of the anticancer effects of 1α,25(OH)2D3 [35]. In another study for colon cancer, the author
reported that expression of VDR was negatively correlated with those of snail and ZEB1 in the cancer
tissue [36]. We found that 1α,25(OH)2D3 could change the localization of Slug, Snail, and β-cateinin
and inhibited their expression in SKOV-3 cells exposed to TGF-β1, which was associated with the
increase of VDR. The data suggested that vitamin D treatment strategies play their protective roles in
ovarian tumor progression, by increasing VDR expression.

4. Experimental Section

4.1. Cell Culture and Treatment

Human ovarian epithelial adenocarcinoma cell lines SKOV-3 were obtained from the Type
Culture Collection of the Chinese Academy of Sciences (Shanghai, China), and maintained in Roswell
Park Memorial Institute (RPMI) 1640 (Invitrogen Carlsbad, San Diego, CA, USA) with 10% fetal
bovine serum (FBS, Sigma-Aldrich Chemie GmbHFBS, Steinheim, Germany), 100 U/mL penicillin,
and 100 µg/mL streptomycin (Beyotime Biotechnology, Shanghai, China) in a humidified atmosphere
of 5% CO2 at 37 ˝C.

The cells were cultured at approximately 80% confluency and starved in serum-free RPMI 1640
overnight. After being removed from culture medium, SKOV-3 cells were treated with different
factors, respectively. The cells in control group were treated with vehicle (0.1% ethanol), TGF-β1
group (10 ng/mL, PEPROTECH, Princeton, NJ, USA), VD group treated with different concentrations
of 1α,25(OH)2D3 (1, 10, 100 nmol/L) , which was purchased from Sigma (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) and the cells in TGF-β1 + VD group were adminstrated with combination
TGF-β1 (10 ng/mL) and 1α,25(OH)2D3 (100 nmol/L).

4.2. Wound Healing Assay

The migration capacities of SKOV-3 cells were assessed by wound healing assay. Cells were plated,
and serum-starved for 24 h after the cells adherent on culture dish about 12 h. A wound was created
by scraping the cells with a sterile 1000 µL pipette tip in the middle of the culture well. Then, the dish
was softly washed in phosphate-buffered saline (PBS) and put in a culture medium with different
factors. The wound closure photographs were captured using a microscope (magnification of ˆ40,
CKX41F, Olympus, Tokyo, Japan) equipped with a digital camera. A measure was taken of it, and then
the average value was calculated. Data are presented as migration index (%) = [(the initialized width
of the scratch) ´ (the final width of the scratch)]/(the initialized width of the scratch). Data points in
figures represent three independent experiments.

4.3. Live Cell Imaging System

SKOV-3 cells during logarithmic phase were planted in 24-well plates (Thermo Fisher Scientific,
Waltham, MA, USA) for 12 h, and removed from culture medium. Then, cells were starved in
serum-free RPMI 1640 for 24 h and treated with vehicle, 100 nmol/L of 1α,25(OH)2D3, 10 ng/mL of
TGF-β1, or combination TGF-β1 with 1α,25(OH)2D3, respectively. SKOV-3 cells were incubated in the
Live Cell Imaging System (CellˆR, Olympus, Tokyo, Japan) to monitor their growth in real time for
72 h.

4.4. Invasion Assay

SKOV-3 cells were seeded in the the 24-well BD Biocoat Matrigel Invasion Chambers
(BD Biosciences, Franklin Lakes, NJ, USA) with a vehicle, indicated concentration of TGF-β1 or
1α,25(OH)2D3 or combination of them, respectivedly. The lower chamber was supplemented with
RPMI1640 culture containing 10% FBS. After the cells were cultured for 24 h, non-invading cells
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were carefully removed with a cotton swab. The cells on the bottom of inserts were fixed with 70%
ethanol and were stained with Crystal Violet (c0121, Beyotime Biotechnology, Shanghai, China) for
3 min. The number of cells penetrating the membrane were calculated and pictures were taken
under the microscope (ˆ40, CKX41F, Olympus, Tokyo, Japan). Data points in figures represent three
independent experiments.

4.5. Immunofluoresecence Staining

SKOV-3 cells were grown on Cover slides (Thermo Fisher Scientific, Waltham, MA, USA), which
were put into 24-well plates. After the cells adhered on the plate, cells were treated with a vehicle,
indicating concentration of TGF-β1 or 1α,25(OH)2D3, or combination of them, respectively. After 24 h,
cells were washed with cool PBS twice, and fixed in 4% paraformaldehyde for 20 min at 4 ˝C. Then, cells
were permeabilized with 0.1% Triton at 4 ˝C for 15 min, and nonspecific binding was blocked with 1%
FBS in confining liquid for 1 h at room temperature (RT). Next, the cells were incubated with primary
antibodies: E-cadherin (32A8) Mouse mAb (1:100, #5296, Cell Signaling Technology, Irvine, CA, USA),
Vimentin (D21H3) XP® Rabbit mAb (1:100, #5741, Cell Signaling Technology), β-catenin (6B3) Rabbit
mAb (1:100, #9582, Cell Signaling Technology), Slug (C19G7) Rabbit mAb (1:100, #9585, Cell Signaling
Technology), Snail (C15D3) Rabbit mAb (1:50, #3879, Cell Signaling Technology), mAb Anti-Vitamin D
Receptor Antibody (1:100, NBP1-51322, Novus Biologicals, Littleton, CO, USA). After being incubated
with primary antibodies at 4 ˝C overnight, the cells were stained with secondary antibody IGg-Cy5
(1:1000, #4412, Cell Signaling Technology) in the dark room for 1.5 h and washed with PBS for 3 min
(3 times) in a horizontal earthquake shaking bed. Nuclei were labeled with DAPI for 20 min. Images
were captured with Confocal Laser Scanning Microscope (TCS SP2, Leica, Wetxlar, Germany).

4.6. Western Blot

After being treated with a vehicle, indicating concentration of TGF-β1 or 1α,25(OH)2D3, or a
combination of them, respectively, SKOV-3 cells were harvested and lysed for total cellular protein
extraction with RIPA buffer (p0013, Beyotime Biotechnology, Shanghai, China). The cells were
centrifuged at 12,000 rpm for 30 min and the supernatants were collected. The protein concentration
of lysate was quantified using a Bicinchonininc acid (BCA) protein assay kit (P0012, Beyotime
Biotechnology, Shanghai, China). Equal amounts of total proteins (30 µg) were loaded onto 10%
sodium dodecyl sulphate—polyacrylamide gel (SDS-PAGE) (P0012A, Beyotime Biotechnology) and
the proteins were electrophoretically transferred onto a polyvinylidene fluoride (PVDF) membrane
(Millipore, Boston, MA, USA). After being blocked with 5% skimmed milk, the membranes were
incubated with primary antibodies of E-cadherin (1:700), Vimentin (1:800), Snail (1:700), Slug (diluted
1:700), β-catenin (1:100) or VDR (1:100) at 4 ˝C for overnight, respectively. Then, cells were washed
3 times by Phosphate Buffered Saline with Tween-20 (PBST) and incubated with anti-mouse or
anti-rabbit horseradish peroxidase-conjugated secondary antibodies at RT for 1 h, and then washed
3 times by PBST again. The detection of the antigen–antibody complex was visualized using
chemiluminescence (Immobilon ECL) reagent (Millipore). The indicated protein was quantified
with gray value to identify the respective expression of targeted protein relative to β-actin (as the
loading control). Data points in figures represent three independent experiments.

4.7. Statistical Analysis

Statistical analysis was performed using SPSS, version 17.0 for Windows (SPSS, Inc., Chicago, IL,
USA). The data of the experiments were presented as means and standard deviation and analyzed
with Student’s t-test and ANOVA.

5. Conclusions

1α,25(OH)2D3 not only inhibited the invasion and the migration of SKOV-3 cells, but
also promoted the acquisition of an epithelial phenotype of SKOV-3 cells treated with TGF-β1.
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We discovered that 1α,25(OH)2D3 increased the expression of epithelial marker E-cadherin while
decreasing the level of mesenchymal marker, Vimentin, which was associated with the elevated
expression of VDR. Moreover, 1α,25(OH)2D3 reduced the expression level of EMT-related transcription
factors, such as slug, snail and β-catenin. These results indicate that 1α,25(OH)2D3 suppresses the
metastasis of ovarian cancer cells by regulating EMT, implying that 1α,25(OH)2D3 might be a potential
therapeutic agent for the treatment of ovarian cancer.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/8/1285/s1.

Acknowledgments: This study was supported by the National Natural Scientific Funding of China (grant
No. 81072286, 81372979 and 11335011), in part, by the Collaborative Innovation Center of Radiation
Medicine, Jiangsu Higher Education Institutions, and, Outstanding youth project of fuzhou general hospital
(grant No. 2015Q03).

Author Contributions: Yong-Feng Hou, Si-Hai Gao, Ping Wang, Zeng-Li Zhang and Bing-Yan Li conceived and
designed the experiments; Yong-Feng Hou, Si-Hai Gao, Ping Wang, He-Mei Zhang, Li-Zhi Liu and Meng-Xuan Ye
performed the experiments; Yong-Feng Hou, Si-Hai Gao, Ping Wang analyzed the data; Guang-Ming Zhou
participated in writing the paper.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

EMT Epithelial-mesenchymal transition
1α,25(OH)2D3 1α,25-dihydroxyvitamin D
VDR vitamin D receptor
25(OH)D 25-dihydroxyvitamin D

References

1. Siegel, R.; Ward, E.; Brawley, O.; Jemal, A. Cancer statistics, 2011: The impact of eliminating socioeconomic
and racial disparities on premature cancer deaths. CA Cancer J. Clin. 2011, 61, 212–236. [CrossRef] [PubMed]

2. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol.
Cell Biol. 2014, 15, 178–196. [CrossRef] [PubMed]

3. Ahmed, N.; Thompson, E.W.; Quinn, M.A. Epithelial-mesenchymal interconversions in normal ovarian
surface epithelium and ovarian carcinomas: An exception to the norm. J. Cell. Physiol. 2007, 213, 581–588.
[CrossRef] [PubMed]

4. Yan, H.; Sun, Y. Evaluation of the mechanism of epithelial-mesenchymal transition in human ovarian cancer
stem cells transfected with a WW domain-containing oxidoreductase gene. Oncol. Lett. 2014, 8, 426–430.
[CrossRef] [PubMed]

5. Abell, A.N.; Johnson, G.L. Implications of mesenchymal cells in cancer stem cell populations: Relevance to
emt. Curr. Pathobiol. Rep. 2014, 2, 21–26. [CrossRef] [PubMed]

6. Li, P.; Li, C.; Zhao, X.; Zhang, X.; Nicosia, S.V.; Bai, W. P27(Kip1) stabilization and G(1) arrest
by 1,25-dihydroxyvitamin D(3) in ovarian cancer cells mediated through down-regulation of cyclin
e/cyclin-dependent kinase 2 and Skp1-Cullin-F-box protein/Skp2 ubiquitin ligase. J. Biol. Chem. 2004, 279,
25260–25267. [CrossRef] [PubMed]

7. Deeb, K.K.; Trump, D.L.; Johnson, C.S. Vitamin D signalling pathways in cancer: Potential for anticancer
therapeutics. Nat. Rev. Cancer 2007, 7, 684–700. [CrossRef] [PubMed]

8. Feldman, D.; Krishnan, A.V.; Swami, S.; Giovannucci, E.; Feldman, B.J. The role of vitamin D in reducing
cancer risk and progression. Nat. Rev. Cancer 2014, 14, 342–357. [CrossRef] [PubMed]

9. Ahonen, M.H.; Zhuang, Y.H.; Aine, R.; Ylikomi, T.; Tuohimaa, P. Androgen receptor and vitamin D receptor
in human ovarian cancer: Growth stimulation and inhibition by ligands. Int. J. Cancer 2000, 86, 40–46.
[CrossRef]

10. Saunders, D.E.; Christensen, C.; Wappler, N.L.; Schultz, J.F.; Lawrence, W.D.; Malviya, V.K.; Malone, J.M.;
Deppe, G. Inhibition of c-myc in breast and ovarian carcinoma cells by 1,25-dihydroxyvitamin D3, retinoic
acid and dexamethasone. Anticancer Drugs 1993, 4, 201–208. [CrossRef] [PubMed]

http://dx.doi.org/10.3322/caac.20121
http://www.ncbi.nlm.nih.gov/pubmed/21685461
http://dx.doi.org/10.1038/nrm3758
http://www.ncbi.nlm.nih.gov/pubmed/24556840
http://dx.doi.org/10.1002/jcp.21240
http://www.ncbi.nlm.nih.gov/pubmed/17708542
http://dx.doi.org/10.3892/ol.2014.2063
http://www.ncbi.nlm.nih.gov/pubmed/24959289
http://dx.doi.org/10.1007/s40139-013-0034-7
http://www.ncbi.nlm.nih.gov/pubmed/25530923
http://dx.doi.org/10.1074/jbc.M311052200
http://www.ncbi.nlm.nih.gov/pubmed/15075339
http://dx.doi.org/10.1038/nrc2196
http://www.ncbi.nlm.nih.gov/pubmed/17721433
http://dx.doi.org/10.1038/nrc3691
http://www.ncbi.nlm.nih.gov/pubmed/24705652
http://dx.doi.org/10.1002/(SICI)1097-0215(20000401)86:1&lt;40::AID-IJC6&gt;3.0.CO;2-E
http://dx.doi.org/10.1097/00001813-199304000-00012
http://www.ncbi.nlm.nih.gov/pubmed/8490200


Int. J. Mol. Sci. 2016, 17, 1285 11 of 12

11. Jiang, F.; Bao, J.; Li, P.; Nicosia, S.V.; Bai, W. Induction of ovarian cancer cell apoptosis by
1,25-dihydroxyvitamin D3 through the down-regulation of telomerase. J. Biol. Chem. 2004, 279, 53213–53221.
[CrossRef] [PubMed]

12. Zhang, Z.; Zhang, H.; Hu, Z.; Wang, P.; Wan, J.; Li, B. Synergy of 1,25-dihydroxyvitamin D3 and carboplatin
in growth suppression of SKOV-3 cells. Oncol. Lett. 2014, 8, 1348–1354. [CrossRef] [PubMed]

13. Lange, T.S.; Stuckey, A.R.; Robison, K.; Kim, K.K.; Singh, R.K.; Raker, C.A.; Brard, L. Effect of a
vitamin D(3) derivative (B3CD) with postulated anti-cancer activity in an ovarian cancer animal model.
Investig. New Drugs 2010, 28, 543–553. [CrossRef] [PubMed]

14. Kawar, N.; Maclaughlan, S.; Horan, T.C.; Uzun, A.; Lange, T.S.; Kim, K.K.; Hopson, R.; Singh, A.P.; Sidhu, P.S.;
Glass, K.A.; et al. Pt19c, another nonhypercalcemic vitamin D2 derivative, demonstrates antitumor efficacy
in epithelial ovarian and endometrial cancer models. Genes Cancer 2013, 4, 524–534. [CrossRef] [PubMed]

15. Chen, S.; Zhu, J.; Zuo, S.; Ma, J.; Zhang, J.; Chen, G.; Wang, X.; Pan, Y.; Liu, Y.; Wang, P. 1,25(OH)2D3
attenuates Tgf-beta1/beta2-induced increased migration and invasion via inhibiting epithelial-mesenchymal
transition in colon cancer cells. Biochem. Biophys. Res. Commun. 2015, 468, 130–135. [CrossRef] [PubMed]

16. Davidson, B.; Trope, C.G.; Reich, R. Epithelial-mesenchymal transition in ovarian carcinoma. Front. Oncol.
2012, 2, 33. [CrossRef] [PubMed]

17. Chiang, K.C.; Chen, S.C.; Yeh, C.N.; Pang, J.H.; Shen, S.C.; Hsu, J.T.; Liu, Y.Y.; Chen, L.W.;
Kuo, S.F.; Takano, M.; et al. MART-10, a less calcemic vitamin D analog, is more potent than
1alpha,25-dihydroxyvitamin D3 in inhibiting the metastatic potential of MCF-7 breast cancer cells in vitro.
J. Steroid Biochem. Mol. Biol. 2014, 139, 54–60. [CrossRef] [PubMed]

18. Chiang, K.C.; Yeh, C.N.; Hsu, J.T.; Jan, Y.Y.; Chen, L.W.; Kuo, S.F.; Takano, M.; Kittaka, A.; Chen, T.C.;
Chen, W.T.; et al. The vitamin D analog, MART-10, represses metastasis potential via downregulation of
epithelial-mesenchymal transition in pancreatic cancer cells. Cancer Lett. 2014, 354, 235–244. [CrossRef]
[PubMed]

19. Upadhyay, S.K.; Verone, A.; Shoemaker, S.; Qin, M.; Liu, S.; Campbell, M.; Hershberger, P.A.
1,25-dihydroxyvitamin D3 (1,25(OH)2D3) signaling capacity and the epithelial-mesenchymal transition
in non-small cell lung cancer (NSCLC): Implications for use of 1,25(OH)2D3 in NSCLC treatment. Cancers
2013, 5, 1504–1521. [CrossRef] [PubMed]

20. Wong, A.S.; Auersperg, N. Normal ovarian surface epithelium. Cancer Treat. Res. 2002, 107, 161–183.
[PubMed]

21. Sundfeldt, K.; Piontkewitz, Y.; Ivarsson, K.; Nilsson, O.; Hellberg, P.; Brannstrom, M.; Janson, P.O.;
Enerback, S.; Hedin, L. E-cadherin expression in human epithelial ovarian cancer and normal ovary.
Int. J. Cancer 1997, 74, 275–280. [CrossRef]

22. Zavadil, J.; Bottinger, E.P. Tgf-beta and epithelial-to-mesenchymal transitions. Oncogene 2005, 24, 5764–5774.
[CrossRef] [PubMed]

23. Pang, M.F.; Georgoudaki, A.M.; Lambut, L.; Johansson, J.; Tabor, V.; Hagikura, K.; Jin, Y.; Jansson, M.;
Alexander, J.S.; Nelson, C.M.; et al. TGF-beta1-induced EMT promotes targeted migration of breast cancer
cells through the lymphatic system by the activation of CCR7/CCL21-mediated chemotaxis. Oncogene 2016,
35, 748–760. [CrossRef] [PubMed]

24. Vincent, T.; Neve, E.P.; Johnson, J.R.; Kukalev, A.; Rojo, F.; Albanell, J.; Pietras, K.; Virtanen, I.; Philipson, L.;
Leopold, P.L.; et al. A SNAIL1-SMAD3/4 transcriptional repressor complex promotes tgf-beta mediated
epithelial-mesenchymal transition. Nat. Cell Biol. 2009, 11, 943–950. [CrossRef] [PubMed]

25. Goswami, M.T.; Reka, A.K.; Kurapati, H.; Kaza, V.; Chen, J.; Standiford, T.J.; Keshamouni, V.G. Regulation
of complement-dependent cytotoxicity by TGF-beta-induced epithelial-mesenchymal transition. Oncogene
2016, 35, 1888–1898. [CrossRef] [PubMed]

26. Liu, R.Y.; Zeng, Y.; Lei, Z.; Wang, L.; Yang, H.; Liu, Z.; Zhao, J.; Zhang, H.T. JAK/STAT3 signaling is
required for TGF-beta-induced epithelial-mesenchymal transition in lung cancer cells. Int. J. Oncol. 2014, 44,
1643–1651. [PubMed]

27. Leyssens, C.; Verlinden, L.; Verstuyf, A. Antineoplastic effects of 1,25(OH)2D3 and its analogs in breast,
prostate and colorectal cancer. Endocr. Relat. Cancer 2013, 20, R31–R47. [CrossRef] [PubMed]

28. Villena-Heinsen, C.; Meyberg, R.; Axt-Fliedner, R.; Reitnauer, K.; Reichrath, J.; Friedrich, M.
Immunohistochemical analysis of 1,25-dihydroxyvitamin-D3-receptors, estrogen and progesterone receptors
and Ki-67 in ovarian carcinoma. Anticancer Res. 2002, 22, 2261–2267. [PubMed]

http://dx.doi.org/10.1074/jbc.M410395200
http://www.ncbi.nlm.nih.gov/pubmed/15485861
http://dx.doi.org/10.3892/ol.2014.2307
http://www.ncbi.nlm.nih.gov/pubmed/25120722
http://dx.doi.org/10.1007/s10637-009-9284-y
http://www.ncbi.nlm.nih.gov/pubmed/19582372
http://dx.doi.org/10.1177/1947601913507575
http://www.ncbi.nlm.nih.gov/pubmed/24386512
http://dx.doi.org/10.1016/j.bbrc.2015.10.146
http://www.ncbi.nlm.nih.gov/pubmed/26523511
http://dx.doi.org/10.3389/fonc.2012.00033
http://www.ncbi.nlm.nih.gov/pubmed/22655269
http://dx.doi.org/10.1016/j.jsbmb.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24125734
http://dx.doi.org/10.1016/j.canlet.2014.08.019
http://www.ncbi.nlm.nih.gov/pubmed/25149065
http://dx.doi.org/10.3390/cancers5041504
http://www.ncbi.nlm.nih.gov/pubmed/24217116
http://www.ncbi.nlm.nih.gov/pubmed/11775449
http://dx.doi.org/10.1002/(SICI)1097-0215(19970620)74:3&lt;275::AID-IJC7&gt;3.0.CO;2-W
http://dx.doi.org/10.1038/sj.onc.1208927
http://www.ncbi.nlm.nih.gov/pubmed/16123809
http://dx.doi.org/10.1038/onc.2015.133
http://www.ncbi.nlm.nih.gov/pubmed/25961925
http://dx.doi.org/10.1038/ncb1905
http://www.ncbi.nlm.nih.gov/pubmed/19597490
http://dx.doi.org/10.1038/onc.2015.258
http://www.ncbi.nlm.nih.gov/pubmed/26148233
http://www.ncbi.nlm.nih.gov/pubmed/24573038
http://dx.doi.org/10.1530/ERC-12-0381
http://www.ncbi.nlm.nih.gov/pubmed/23319494
http://www.ncbi.nlm.nih.gov/pubmed/12174912


Int. J. Mol. Sci. 2016, 17, 1285 12 of 12

29. Zheng, W.; Danforth, K.N.; Tworoger, S.S.; Goodman, M.T.; Arslan, A.A.; Patel, A.V.; McCullough, M.L.;
Weinstein, S.J.; Kolonel, L.N.; Purdue, M.P.; et al. Circulating 25-hydroxyvitamin D and risk of epithelial
ovarian cancer: Cohort consortium vitamin D pooling project of rarer cancers. Am. J. Epidemiol. 2010, 172,
70–80. [CrossRef] [PubMed]

30. Yin, L.; Grandi, N.; Raum, E.; Haug, U.; Arndt, V.; Brenner, H. Meta-analysis: Circulating vitamin D and
ovarian cancer risk. Gynecol. Oncol. 2011, 121, 369–375. [CrossRef] [PubMed]

31. Jiang, F.; Li, P.; Fornace, A.J., Jr.; Nicosia, S.V.; Bai, W. G2/M arrest by 1,25-dihydroxyvitamin D3 in ovarian
cancer cells mediated through the induction of GADD45 via an exonic enhancer. J. Biol. Chem. 2003, 278,
48030–48040. [CrossRef] [PubMed]

32. Chiang, K.C.; Yeh, T.S.; Chen, S.C.; Pang, J.H.; Yeh, C.N.; Hsu, J.T.; Chen, L.W.; Kuo, S.F.; Takano, M.;
Kittaka, A.; et al. The vitamin D analog, MART-10, attenuates triple negative breast cancer cells metastatic
potential. Int. J. Mol. Sci. 2016, 17, 606. [CrossRef] [PubMed]

33. Lee, J.M.; Dedhar, S.; Kalluri, R.; Thompson, E.W. The epithelial-mesenchymal transition: New insights in
signaling, development, and disease. J. Cell Biol. 2006, 172, 973–981. [CrossRef] [PubMed]

34. Egan, J.B.; Thompson, P.A.; Vitanov, M.V.; Bartik, L.; Jacobs, E.T.; Haussler, M.R.; Gerner, E.W.; Jurutka, P.W.
Vitamin D receptor ligands, adenomatous polyposis coli, and the vitamin D receptor foki polymorphism
collectively modulate beta-catenin activity in colon cancer cells. Mol. Carcinog. 2010, 49, 337–352. [PubMed]

35. Larriba, M.J.; Munoz, A. Snail versus vitamin D receptor expression in colon cancer: Therapeutics
implications. Br. J. Cancer 2005, 92, 985–989. [CrossRef] [PubMed]

36. Pena, C.; Garcia, J.M.; Garcia, V.; Silva, J.; Dominguez, G.; Rodriguez, R.; Maximiano, C.;
Garcia de Herreros, A.; Munoz, A.; Bonilla, F. The expression levels of the transcriptional regulators p300
and CtBP modulate the correlations between SNAIL, ZEB1, E-cadherin and vitamin D receptor in human
colon carcinomas. Int. J. Cancer 2006, 119, 2098–2104. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/aje/kwq118
http://www.ncbi.nlm.nih.gov/pubmed/20562186
http://dx.doi.org/10.1016/j.ygyno.2011.01.023
http://www.ncbi.nlm.nih.gov/pubmed/21324518
http://dx.doi.org/10.1074/jbc.M308430200
http://www.ncbi.nlm.nih.gov/pubmed/14506229
http://dx.doi.org/10.3390/ijms17040606
http://www.ncbi.nlm.nih.gov/pubmed/27110769
http://dx.doi.org/10.1083/jcb.200601018
http://www.ncbi.nlm.nih.gov/pubmed/16567498
http://www.ncbi.nlm.nih.gov/pubmed/20043299
http://dx.doi.org/10.1038/sj.bjc.6602484
http://www.ncbi.nlm.nih.gov/pubmed/15770204
http://dx.doi.org/10.1002/ijc.22083
http://www.ncbi.nlm.nih.gov/pubmed/16804902
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results 
	1,25(OH)2D3 Inhibits the Migration of Human Ovarian Cancer SKOV-3 Cells 
	Establishment of TGF-1-Induced EMT in SKOV-3 Cells 
	1,25 (OH)2D3 Inhibited the Migration and Invasion of SKOV-3 Cells during TGF-1-Induced EMT 
	1,25(OH)2D3 Regulates the Expression of EMT Markers in TGF-1-Treated SKOV-3 Cells 

	Discussion 
	Experimental Section 
	Cell Culture and Treatment 
	Wound Healing Assay 
	Live Cell Imaging System 
	Invasion Assay 
	Immunofluoresecence Staining 
	Western Blot 
	Statistical Analysis 

	Conclusions 

