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Abstract
Low vitamin D status is associated with progression in patients with renal cell car-
cinoma (RCC). The present study found that vimentin, a mesenchymal marker, was 
accordingly upregulated, and E-cadherin, an epithelial marker, was downregulated 
in RCC patients with low vitamin D status. Thus, we investigated the effects of cal-
citriol or vitamin D3, an active form of vitamin D, on epithelial-mesenchymal transi-
tion (EMT) in RCC cells. RCC cells were treated by two models. In model 1, three 
RCC cell lines, ACHN, 786-O and CAKI-2, were incubated with either LPS (2.0 μg/
mL) or transforming growth factor (TGF)-β1 (10 ng/mL) in the presence or absence 
of calcitriol (200 nmol/L). In model 2, two RCC cell lines, ACHN and CAKI-2, were 
incubated with calcitriol (200 nmol/L) only. Calcitriol inhibited migration and invasion 
not only in TGF-β1-stimulated but also in TGF-β1-unstimulated RCC cells. Moreover, 
calcitriol suppressed E-cadherin downregulation and vimentin upregulation not 
only in TGF-β1-stimulated but also in TGF-β1-unstimulated ACHN and CAKI-2 cells. 
Calcitriol attenuated LPS-induced upregulation of MMP-2, MMP-7, MMP-9, MMP-26 
and urokinase-type plasminogen activator (u-PA) in ACHN cells. In addition, calcitriol 
blocked TGF-β1-induced nuclear translocation of ZEB1, Snail and Twist1 in ACHN and 
CAKI-2 cells. Mechanistically, calcitriol suppressed EMT through different signaling 
pathways: (i) calcitriol suppressed Smad2/3 phosphorylation by reinforcing physical 
interaction between vitamin D receptor (VDR) and Smad3 in TGF-β1-stimulated RCC 
cells; (ii) calcitriol inhibited signal transducer and activator of transcription (STAT)3 
activation in LPS-stimulated RCC cells; (iii) calcitriol inhibited β-catenin/TCF-4 acti-
vation by promoting integration of VDR with β-catenin in TGF-β1-unstimulated RCC 
cells. Taken together, calcitriol inhibits migration and invasion of RCC cells partially by 
suppressing Smad2/3-, STAT3- and β-catenin-mediated EMT.
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1  | INTRODUC TION

Renal cell carcinoma (RCC) is the sixth most frequently diagnosed 
cancer in men and the 10th in women, accounting for 5% and 3% 
of all oncological diagnoses, respectively.1,2 Clear cell RCC (ccRCC), 
the most common subtype of RCC, comprises approximately 70%-
80% of all RCC patients.3 As localized and metastatic RCC differ in 
prognosis,4 unravelling the mechanism underlying cancer metastasis 
will provide important insights into novel treatment strategies to im-
prove survival. Epithelial-mesenchymal transition (EMT) is a cellular 
process during which cancer cells lose their epithelial characteristics, 
such as epithelial marker E-cadherin, and acquire mesenchymal fea-
tures, such as mesenchymal marker vimentin.5 Increasing evidence 
has shown that EMT is a possible mechanism of cancer migration, 
invasion and subsequent metastasis.6 Several signaling pathways, 
such as transforming growth factor (TGF)-β1/Smad2/3, signal trans-
ducer and activator of transcription (STAT)3 and WNT/β-catenin, are 
involved in the process of EMT in cancer cells.7,8

Vitamin D is well known for the maintenance of calcium uptake 
and bone metabolism.9,10 Recently, vitamin D has been recognized 
for its non-classical actions, such as cell proliferation, synaptic plas-
ticity, anticancer and anti-inflammatory activities.11-15 Accumulating 
data show that low vitamin D status is associated with an increased 
cancer risk and poor prognosis.16-19 Vitamin D itself is devoid of 
biological activity. Vitamin D3 is converted to 25(OH)D3 by cyto-
chrome P450 (CYP)2R1 and is then converted into 1,25(OH)2D3 by 
CYP27B1.20 The actions of vitamin D3 are mediated by vitamin D re-
ceptor (VDR).21 Several studies found that 1,25(OH)2D3 suppressed 
migration and invasion of breast, prostate, colorectal, ovarian, thy-
roid and pancreatic cancer cells.22-27 Although CYP27B1 and VDR, 
two key components for vitamin D3 activity, are highly expressed in 
human kidney,28 it is unclear whether 1,25(OH)2D3 inhibits invasion 
and migration in RCC cells.

The objective of the present study was to analyze the asso-
ciation between low vitamin D status and EMT in RCC patients. 
Moreover, we investigated the effects of calcitriol, an active form 
of vitamin D3, on migration and invasion of RCC cells. In addition, 
we explored whether calcitriol inhibits EMT in TGF-β1-stimulated 
and -unstimulated RCC cells. Our results showed that there was 
an association between low vitamin D status and EMT in RCC 
patients. We found that calcitriol suppressed EMT not only in 
TGF-β1-stimulated but also in TGF-β1-unstimulated RCC cells. We 
provide evidence that calcitriol inhibits migration and invasion of 
RCC cells by suppressing Smad2/3-, STAT3- and β-catenin-medi-
ated EMT.

2  | MATERIAL S AND METHODS

2.1 | Study participants

A total of 40 newly diagnosed RCC patients with ages ranging from 
40 to 75 years were recruited from the Second Affiliated Hospital 

of Anhui Medical University. All patients were diagnosed with RCC 
for the first time between January 2013 and December 2014. Total 
of 40 controls were selected from physical examination at the 
Second Affiliated Hospital of Anhui Medical University. Controls 
were matched with RCC patients regarding age (within 2 years), gen-
der and season of blood sample. Individuals with a history of cystic 
nephropathy, tuberous sclerosis, and severe kidney disease were 
excluded from this study. All slides were re-examined by two pa-
thologists to ensure correct diagnosis. For measurement of 25(OH)
D and TGF-β, serum samples were collected and stored at −80°C. 
Serum collection and research procedure were approved by the eth-
ics committee of Anhui Medical University. Oral and written con-
sents were obtained from all subjects. All population characteristics 
are listed in Table S1.

2.2 | Reagents

Lipopolysaccharide (Escherichia coli LPS, serotype 0127: B8) and 
calcitriol were purchased from Sigma Chemical Co. TGF-β1 was 
purchased from Cell Signaling Technology. Antibodies against 
E-cadherin, vimentin, p-Smad2/3, VDR, β-actin, β-catenin, phos-
phorylated β-catenin (p-β-catenin), Snail, Twist1, TCF-4 and 
Lamin A/C were from Cell Signaling Technology. Antibody against 
ZEB1 was from Abcam. Chemiluminescence detection kit was 
from Pierce Biotechnology. TRI reagent was purchased from the 
Molecular Research Center  Inc. RNase-free DNase and Avian 
Myeloma Virus reverse transcriptase (AMV reverse transcriptase) 
were purchased from Promega Corporation. All other reagents 
were purchased from Sigma Chemical Co. if not otherwise stated.

2.3 | Serum 25(OH)D and TGF-β measurement

Serum 25(OH)D was measured by RIA using commercial kits fol-
lowing the manufacturer’s instructions. Serum 25(OH)D concen-
tration is expressed as ng/mL. Vitamin D deficiency was defined as 
<20 ng/mL 25(OH)D. TGF-β was measured using commercial ELISA 
kits (R&D Systems) according to the manufacturer’s protocol. TGF-β 
level is expressed as pg/mL.

2.4 | Cell culture and treatments

Different cell lines were chosen to investigate the effects of calci-
triol on migration and invasion of RCC cells. ACHN cell is a papil-
lary RCC cell line that does not harbor Von-Hippel-Lindau (VHL) 
mutations.29 786-O cell is a VHL-null clear cell RCC cell line.30 
CAKI-2 cell line was established from a patient with historically 
diagnosed primary clear cell RCC, but mutational analysis suggests 
a papillary subtype that is a VHL wild-type RCC cell.31,32 ACHN, 
786-O, and CAKI-2 cells were obtained from the Cell Bank of the 
Chinese Academy of Sciences. Cells were grown in T25 cell culture 
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flasks (Corning) in medium supplemented with 100  U/mL peni-
cillin, 100  μg/mL streptomycin and 10% FBS (Gibco) at 5% CO2, 
37°C. ACHN cells were grown in MEM/EBSS (HyClone), 786-O 
in RPMI 1640 Medium (HyClone), CAKI-2 in McCoy’s 5A Medium 
(Gibco). At approximately 80% confluence, the medium was re-
placed with serum-free medium. Either ACHN cells or 786-O cells 
or CAKI-2 cells were seeded into six-well culture plates at a den-
sity of 5  ×  105  cells/well and incubated for at least 12  hours to 
allow them to adhere to the plates. RCC cells were treated by two 
models. In model 1, either ACHN cells or 786-O cells or CAKI-2 
cells were preincubated with calcitriol (200 nmol/L) for 12 hours. 
Cells were then incubated with LPS (2.0 μg/mL) or TGF-β1 (10 ng/
mL) for another 24 hours in the presence or absence of calcitriol 
(200  nmol/L). In model 2, either ACHN or CAKI-2 cells were in-
cubated with calcitriol (200  nmol/L) for 12  hours. The doses of 
calcitriol used in the present study were as described in a previ-
ous study.33 Cells were harvested for wound healing, Transwell, 
real-time RT-PCR, western blot and coimmunoprecipitation (Co-
IP) assays.

2.5 | Wound healing migration assay

Wound healing assay was carried out as described by others with 
minor modifications.34 Briefly, ACHN cells (5.0 × 105 cells/well) were 
cultured in six-well plates until 80% confluent. The confluent mon-
olayer cells were carefully scratched using a 200-μL tip and washed 
twice with PBS after collecting the medium of each well. The me-
diums were added back to corresponding wells. Cells were photo-
graphed at low magnification for time intervals of 0 and 12 hours. 
The wounded area was calculated according to the formula: 
(mean wounded width  –  mean remaining width)/mean wounded 
width × 100 (%).

2.6 | Cell migration and invasion assays

Cell migration and invasion were evaluated using 5-μm Transwell 
filters (Costar Corning) as described by others with minor modifica-
tions.35 For migration assay, 5 × 104 cells in 0.2 mL complete me-
dium were seeded in the upper compartment. Plates were incubated 
for 24 hours at 37°C, 5% CO2. After incubation for 24 hours, com-
plete medium in the upper chamber was replaced with serum-free 
medium (supplemented with 0.5% BSA). The lower compartment 
was filled with 0.6  mL basal medium containing 10% FBS as che-
moattractant and then incubated for 24 hours. For invasion assay, 
5 × 104 cells in 0.2 mL complete medium were seeded in the upper 
compartment precoated with 50 μL Matrigel solution (100 μg/mL; 
BD Biosciences). After incubation for 24 hours, the complete me-
dium in the upper chamber was replaced with serum-free medium 
(supplemented with 0.5% BSA). The lower compartment was filled 
with 0.6 mL basal medium containing 10% FBS as chemoattractant 
and then incubated for 48 hours. Non-migratory cells on the upper 

side of the chamber and medium of the lower chamber were re-
moved. The membranes were fixed with methanol for 20 minutes 
and stained with 0.1% crystal violet solution for 20  minutes. The 
numbers of cells that had migrated to the bottom of the filter were 
evaluated by detecting the absorbance of decolorization solution of 
30% acetic acid at 570 nm.

2.7 | Immunohistochemistry

Human cancerous tissues from RCC patients were fixed in 4% for-
malin and embedded in paraffin according to the standard proce-
dure. Paraffin-embedded renal sections were deparaffinized and 
rehydrated in a graded ethanol series. After antigen retrieval and 
quenching of endogenous peroxidase, sections were incubated at 
4°C overnight with the following antibodies: E-cadherin, vimentin, 
p-Smad2/3 and VDR. The color reaction was developed with HRP-
linked polymer detection system and counterstaining with hema-
toxylin. E-cadherin-, vimentin-, p-Smad2/3- and VDR-positive cells 
were compared between the two groups.

2.8 | Real-time RT-PCR

TRI reagent was used to extract total RNA in RCC cells. Total RNA 
(1.0  µg) treated with RNase-free DNase was reverse-transcribed 
with AMV. The primers used in the RT-PCR experiments were de-
signed by PubMed’s online Primer software and synthesized by Life 
Technologies. All primers are listed in Table S2. The PCR amplifica-
tion reaction was cyclically amplified with 50 cycles in a three-step 
process of denaturation, annealing, and extension. Relative ratio 
of the target gene was calculated using Light cycler 480 software 
(Roche version 1.5.0).

2.9 | Western blot

Renal cell carcinoma cells were used to fabricate lysate in 300 μL 
lysis buffer (50  mmol/L Tris-HCl, pH 7.4, 150  mmol/L NaCl, 
1 mmol/L EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% 
SDS, 1 mmol/L phenylmethylsulfonyl fluoride) supplemented with 
a cocktail of protease inhibitors (Roche). The homogenates were 
centrifuged at 15 000 g for 15 minutes. Supernatant was added 
to a gel loading buffer (100  mmol/L Tris, pH 6.8, 20% glycerol, 
200 mmol/L DTT, 4% SDS, 0.03% bromophenol blue) and boiled 
for 10 minutes. Approximately 20 μg protein in loading buffer was 
subjected to electrophoresis in 12.5% SDS-polyacrylamide gel for 
3 hours. The gel was transferred electrophoretically onto a PVDF 
membrane. The membranes were blocked by non-fat milk for 
2 hours at room temperature. For total protein, the membrane was 
incubated at room temperature for 2 hours using the following an-
tibodies: E-cadherin, vimentin, p-Smad2/3, β-catenin, p-β-catenin, 
p-STAT3, STAT3 and β-actin. For nuclear protein, the membrane 
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was incubated at room temperature for 2 hours using the following 
antibodies: ZEB1, Snail, Twist1, VDR and Lamin A/C. After wash-
ing in Dulbecco’s PBS containing 0.05% Tween-20 four times for 
10 minutes and PBS for 10 minutes, the membrane was incubated 
with goat antirabbit or horse antigoat IgG antibody for 90 minutes 
at room temperature. The membrane was then washed four times 
in Dulbecco’s PBS containing 0.05% Tween-20 for 10 minutes and 
PBS for 10 minutes, followed by signal development using an ECL 
detection kit.

2.10 | Coimmunoprecipitation

Total proteins were prepared in a lysis buffer (0.6% Nonidet P-40, 
0.5% sodium deoxycholate, 150 mmol/L NaCl and 50 mmol/L Tris-
HCl, pH 7.5) containing 0.1 mmol/L vanadyl sulfate and protease 
inhibitors (0.5 mg/mL aprotinin, 0.5 mg/mL trans-epoxy succinyl-
L-leucylamido-(4-guanidino) butane (E-64), 0.5  mg/mL pepsta-
tin, 0.5  mg/mL bestatin, 10  mg/mL chymostatin, and 0.1  ng/mL 
leupeptin. For interaction between VDR and p-Smad3, cell lysates 
(300  μg) were precleared with protein A/G-agarose and then in-
cubated with agarose-conjugated VDR antibody (Cell Signaling 
Technology) at 4°C overnight. Precipitates were washed with cold 
RIPA buffer before immunoblotting using a murine monoclonal p-
Smad3 antibody (Cascade Bioscience). For interaction among VDR, 
TCF-4 and β-catenin, cell lysates (300  μg) were precleared with 
protein A/G-agarose and then incubated with agarose-conjugated 
VDR antibody (Cell Signaling Technology) at 4°C overnight. The 
precipitates were washed with cold RIPA buffer before immuno-
blotting using a murine monoclonal antibody for either TCF-4 or 
β-catenin.

2.11 | Statistical analysis

Normally distributed data are expressed as means  ±  SEM 
Discrepancy between different groups were determined by using 
ANOVA and the Student-Newman-Keuls post-hoc method. The dif-
ference between two independent groups was compared using two 
independent sampling t tests or the Mann-Whitney U test. P < .05 
was considered statistically significant.

3  | RESULTS

3.1 | Renal EMT is activated in RCC patients with 
low levels of 25(OH)D3

As shown in Figure 1A, More than 50% of RCC patients had serum 
25(OH)D3 levels below 20 ng/ml, significantly higher than  that 
of controls, which is 20%. Serum TGF-β was analyzed in RCC pa-
tients. As shown in Figure 1B, serum TGF-β was elevated among 
RCC patients (Figure 1B). Serum TGF-β level was then compared 

between RCC patients with low 25(OH)D and high 25(OH)D. As 
shown in Figure 1C, serum TGF-β was slightly higher in RCC pa-
tients with low 25(OH)D than in RCC patients with high 25(OH)
D. Renal VDR and p-Smad2/3 were analyzed among RCC patients. 
VDR-positive cells were lower in RCC patients with low 25(OH)D 
than in RCC patients with high 25(OH)D (Figure 1D,1). By contrast, 
p-Smad2/3-positive cells were greater in RCC patients with low 
25(OH)D than in RCC patients with high 25(OH)D (Figure 1D,1). 
Finally, renal EMT markers were compared between RCC patients 
with low 25(OH)D and high 25(OH)D. E-cadherin-positive cells 
were lower in RCC patients with low 25(OH)D than in RCC pa-
tients with high 25(OH)D (Figure 1G,H). By contrast, vimentin-
positive cells were greater in RCC patients with low 25(OH)D than 
in RCC patients with high 25(OH)D (Figure 1G,I).

3.2 | Calcitriol inhibits migration and invasion in 
RCC cells

Effects of calcitriol on migration of RCC cells were analyzed. As 
expected, the percentage of wound closing was elevated in LPS- 
and TGF-β1-stimulated ACHN cells (Figure 2A,2). Of interest, calci-
triol suppressed wound closing in LPS- and TGF-β1-stimulated RCC 
cells (Figure 1A,1). The effects of calcitriol on migration of RCC 
cells were determined. As expected, LPS and TGF-β1 stimulated 
migration of ACHN and 786-O cells (Figure 2C-F). Interestingly, 
calcitriol inhibited migration in LPS- and TGF-β1- stimulated ACHN 
and 786-O cells (Figure 2C-F). The effects of calcitriol on inva-
sion of RCC cells are presented in Figure 3. As expected, cell in-
vasion was elevated in LPS- and TGF-β1-stimulated ACHN cells 
(Figure 3A,3). Moreover, cell invasion was elevated in LPS- and 
TGF-β1-stimulated 786-O cells (Figure 3C,3). MMP-2, MMP-7, MMP-
9 and MMP-26 mRNAs were upregulated in LPS-stimulated ACHN 
cells (Figure 3E-H). Level of urokinase-type plasminogen activator (u-
PA) mRNA was elevated in LPS-stimulated invasion in ACHN cells 
(Figure 3I). Of interest, calcitriol suppressed invasion in LPS- and 
TGF-β1-stimulated ACHN and 786-O cells (Figure 3A-D). In ad-
dition, calcitriol attenuated LPS-induced upregulation of MMP-2, 
MMP-7, MMP-9, MMP-26 and u-PA in ACHN cells (Figure 3E-I).

3.3 | Calcitriol inhibits EMT in TGF-β1-stimulated 
RCC cells

Effects of calcitriol on TGF-β1-stimulated EMT were analyzed. As 
expected, E-cadherin was downregulated in TGF-β1-stimulated 
ACHN cells (Figure 4A). In addition, E-cadherin level was reduced 
in TGF-β1-stimulated CAKI-2 cells (Figure 4B). By contrast, vi-
mentin was upregulated in TGF-β1-stimulated ACHN and CAKI-2 
cells (Figure 4A,4). Of interest, TGF-β1-induced downregulation 
of E-cadherin was attenuated in calcitriol-treated ACHN and 
CAKI-2 cells (Figure 4A,4). Moreover, TGF-β1-induced upregula-
tion of vimentin was suppressed in calcitriol-treated ACHN and 



     |  63XU et al.

CAKI-2 cells (Figure 4A,4). The effects of calcitriol on Snail and 
ZEB1, two transcription factors, are presented in Figure 4C. As 
expected, nuclear Snail and ZEB1 levels were obviously elevated 

in TGF-β1-stimulated ACHN cells. Interestingly, calcitriol inhibited 
TGF-β1-induced elevation of nuclear Snail and ZEB1 in ACHN cells 
(Figure 4C).

F I G U R E  1   Concentrations of serum 25(OH)D and transforming growth factor (TGF)-β, expressions of vitamin D receptor (VDR) and 
phosphorylated (p)-Smad2/3, and distributions of E-cadherin and vimentin among renal cell carcinoma (RCC) patients. A, Percentage of 
vitamin D3 deficiency among RCC patients and controls. B, Serum TGF-β levels in RCC patients and controls. C, Serum TGF-β levels in RCC 
patients with low and high levels of 25(OH)D. D-F, Expressions of VDR and p-Smad2/3 in RCC patients with low and high levels of 25(OH)
D. G-I, Distributions of E-cadherin and vimentin in RCC patients with low and high levels of 25(OH)D. All data are expressed as means ± SEM 
(N = 50). **P < .01
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3.4 | Calcitriol inhibits Smad2/3 activation by 
promoting interaction between VDR and Smad3 in 
TGF-β1-stimulated RCC cells

Effects of calcitriol on TGF-β1/Smad2/3 signaling were then analyzed. 
As shown in Figure 5A, the expression of TGF-β1 was upregulated in 
LPS-stimulated ACHN cells. Moreover, p-Smad2/3 was elevated in 
TGF-β1-stimulated CAKI-2 cells (Figure 5B). Interestingly, calcitriol in-
hibited LPS-induced upregulation of TGF-β1 in ACHN cells (Figure 5A). 
In addition, calcitriol attenuated TGF-β1-induced Smad2/3 phospho-
rylation in CAKI-2 cells (Figure 5B). Interaction between VDR and p-
Smad3 in CAKI cells was determined by Co-IP. As shown in Figure 5C, 
calcitriol plus TGF-β1 elevated p-Smad3 level in the immunocom-
plexes precipitated by anti-VDR antibody. The effects of calcitriol on 

LPS-induced STAT3 activation were analyzed. Although no significant 
difference in the expression of STAT3 was observed among the differ-
ent groups, the level of p-STAT3 was elevated in LPS-stimulated ACHN 
cells (Figure 5D). Of interest, calcitriol almost completely suppressed 
LPS-induced STAT3 phosphorylation in ACHN cells (Figure 5D).

3.5 | Calcitriol inhibits EMT in TGF-β1-unstimulated 
RCC cells

Effects of calcitriol on EMT of TGF-β1-unstimulated RCC cells were 
analyzed. As shown in Figure 6A, calcitriol upregulated E-cadherin, 
an epithelial marker, in TGF-β1-unstimulated CAKI-2 cells. By con-
trast, calcitriol downregulated vimentin, a mesothelial marker, in 

F I G U R E  2   Calcitriol inhibits migration of renal cell carcinoma (RCC) cells. Either ACHN or 786-O cells were incubated with LPS (2.0 μg/
mL) or transforming growth factor (TGF)-β1 (10 ng/mL) in the absence or presence of calcitriol (200 nmol/L). A and B, Cell migration was 
measured using wound healing assay. After 12-h migration, the scratches were photographed in (A) LPS- and (B) TGF-β1- stimulated ACHN 
cells. Wounded areas after 12-h incubation were calculated. C-F, Cell migration was measured using Transwell migration assay. Migrated 
cells were counted in (C) LPS- and (D) TGF-β1-stimulated ACHN cells. Migrated cells were counted in (E) LPS- and (F) TGF-β1-stimulated 
786-O cells. All experiments were repeated three times. Data are expressed as means ± SEM (N = 3), *P < .05; **P < .01
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TGF-β1-unstimulated CAKI-2 cells (Figure 6A). The effects of calci-
triol on several transcription factors for EMT was analyzed in TGF-β1-
unstimulated CAKI cells. Interestingly, the levels of nuclear Snail, Twist1 
and ZEB1 were reduced in calcitriol-treated CAKI-2 cells (Figure 6B).

3.6 | Calcitriol inhibits β-catenin/TCF-4 activation 
by promoting integration of VDR with β-catenin in 
TGF-β1-unstimulated RCC cells

Effects of calcitriol on β-catenin protein in ACHN cells were ana-
lyzed. As shown in Figure 7A-D, the levels of β-catenin in both 

cytoplasm and nucleus were markedly elevated in calcitriol-treated 
ACHN cells. Moreover, the level of β-catenin in total protein was el-
evated in calcitriol-treated ACHN cells (Figure 7E,7). By contrast, the 
level of p-β-catenin in total protein was reduced in calcitriol-treated 
ACHN cells (Figure 7G-H). The effects of calcitriol on interaction 
among β-catenin, VDR and TCF-4 in ACHN cells were then deter-
mined using Co-IP. As shown in Figure 7I, calcitriol elevated VDR 
level in the immunocomplexes precipitated by anti-β-catenin anti-
body. By contrast, calcitriol reduced TCF-4 level in the immunocom-
plexes precipitated by anti-β-catenin antibody (Figure 7I). Finally, 
the effects of calcitriol on several downstream target genes, cyclin 
D1, axin2 and cef1, were measured. As shown in (Figure 7J, calcitriol 

F I G U R E  3   Calcitriol inhibits invasion of renal cell carcinoma (RCC) cells. ACHN and 786-O cells were incubated with LPS (2.0 μg/mL) or 
transforming growth factor (TGF)-β1 (10 ng/mL) in the absence or presence of calcitriol (200 nmol/L). A and B, Invasion of ACHN cells was 
measured using Transwell invasion assay. Migrated cells were counted in (A) LPS- and (B) TGF-β1-stimulated ACHN cells. C and D, Invasion 
of 786-O cells was measured using Transwell invasion assay. Migrated cells were counted in (C) LPS- and (D) TGF-β1-stimulated 786-O cells. 
E-I, ACHN cells were collected 6 h after LPS. (E) MMP-2, (F) MMP-7, (G) MMP-9, (H) MMP-26 and (I) urokinase-type plasminogen activator (u-PA) 
mRNAs were determined using RT-PCR. All experiments were repeated three times. Data are expressed as means ± SEM (N = 4), **P < .01
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downregulated the expression of cyclin D1 and axin2 in ACHN cells, 
whereas calcitriol had little effect on cef1 expression.

4  | DISCUSSION

Several epidemiological investigations have shown that circulating 
25(OH)D concentration is inversely associated with the incidence of 
RCC.36,37 In the present study, we investigated the effects of calci-
triol, an active form of vitamin D3, on invasion and migration of RCC 
cells using different cell models. Our results showed that calcitriol 
inhibited migration, as determined by wound healing migration assay 
and Transwell migration assay, in LPS/TGF-β1-stimulated ACHN and 
786-O cells. Moreover, calcitriol inhibited invasion, as determined by 
Transwell invasion assay, in LPS- and TGF-β1-stimulated ACHN cells. 
In addition, we found that calcitriol inhibited migration and invasion 
of TGF-β1-unstimulated ACHN and 786-O cells. The present study 
provides evidence for the first time that calcitriol inhibits migration 

and invasion of RCC cells in TGF-β1-dependent and -independent 
methods.

Epithelial-mesenchymal transition is a crucial process for cancer 
metastasis, during which cancer cells acquire migration and inva-
sive phenotypes by activating several specific signaling pathways 
and their downstream transcription factors.5,38 TGF-β1/Smad2/3 is 
one of the crucial pathways that activates cancer-associated EMT.39 
Indeed, the present study showed that E-cadherin, an epithelial 
marker, was downregulated in TGF-β1-stimulated ACHN and CAKI-2 
cells. By contrast, vimentin, a mesenchymal marker, was upregulated 
in TGF-β1-stimulated ACHN and CAKI-2 cells. Nuclear Snail and 
ZEB1,40 two transcription factors for EMT, were elevated in TGF-β1-
stimulated ACHN cells. A recent report found that calcitriol inhibited 
TGF-β1-induced EMT in colorectal cancer cells.41 This study showed 
that calcitriol obviously attenuated reduction of E-cadherin in TGF-
β1-stimulated ACHN and CAKI-2 cells. Moreover, calcitriol alleviated 
TGF-β1-induced upregulation of vimentin in ACHN and CAKI-2 cells. 
In addition, calcitriol inhibited nuclear Snail and ZEB1 translocation 

F I G U R E  4   Calcitriol inhibits 
transforming growth factor (TGF)-β1-
stimulated epithelial-mesenchymal 
transition (EMT) in renal cell carcinoma 
cells. A and B, Either ACHN or CAKI-2 
cells were incubated with TGF-β1(10 ng/
mL) in the absence or presence of 
calcitriol (200 nmol/L). A, E-cadherin 
and vimentin were measured in TGF-β1-
stimulated ACHN cells using western 
blotting. B, E-cadherin and vimentin 
were measured in TGF-β1-stimulated 
CAKI-2 cells using western blotting. C, 
ACHN cells were incubated with TGF-β1 
(10 ng/mL) in the absence or presence of 
calcitriol (200 nmol/L). Snail and ZEB1, 
two transcription factors for EMT, were 
measured. All experiments were repeated 
three times. Data are expressed as 
means ± SEM (N = 3), **P < .01
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in TGF-β1-stimulated ACHN cells, indicating that calcitriol sup-
presses TGF-β1-induced EMT in RCC cells. The mechanism by which 
calcitriol inhibits TGF-β1-induced EMT remains obscure. According 
to a recent report, calcitriol repressed transcriptional induction of 
the respiratory complex, limited enhanced mitochondrial membrane 
potential, restrained increased levels of mitochondrial ATP, and re-
duced reactive oxygen species in TGF-β1-stimulated human bron-
chial epithelial cells.42 The present study found that LPS-induced 
upregulation of TGF-β1 was suppressed in calcitriol-pretreated 
ACHN cells. Moreover, TGF-β1-induced Smad2/3 phosphorylation 
was attenuated in calcitriol-pretreated ACHN cells. Importantly, an 
interaction between VDR and Smad3 was observed in calcitriol-pre-
treated and TGF-β1-stimulated ACHN cells. These results provide 
a novel mechanistic explanation of how calcitriol inhibits TGF-β1-
induced EMT in RCC cells.

Accumulating data have shown that cancer-associated EMT is 
regulated by the STAT3 pathway.43,44 A recent study indicated that 
interleukin (IL)-6 elicited RCC migration and metastasis by activat-
ing STAT3 signaling in RCC cells and orthotopic tumor xenografts.45 
A report from our laboratory found an association between low 

vitamin D status and renal IL-6/STAT3 hyperactivation in RCC pa-
tients.46 In the present study, we analyzed the effects of calcitriol on 
STAT3 signaling in RCC cells. As expected, phosphorylated STAT3 
was obviously elevated in LPS-stimulated RCC cells. Of interest, 
calcitriol almost completely suppressed STAT3 phosphorylation in 
LPS-stimulated RCC cells. These results suggest that calcitriol might 
inhibit cancer-associated EMT, at least partially, by suppressing 
STAT3 activation in RCC cells.

The present study observed that E-cadherin, an epi-
thelial marker, was upregulated in calcitriol-pretreated and 
TGF-β1-unstimulated CAKI-2 cells. In contrast, vimentin, a me-
sothelial marker, was upregulated in calcitriol-pretreated and 
TGF-β1-unstimulated CAKI-2 cells. Nuclear Snail and Twist1, 
two transcription factors for regulating EMT, were reduced in 
calcitriol-pretreated and TGF-β1-unstimulated ACHN cells, indi-
cating that calcitriol inhibits RCC EMT in a TGF-β1-independent 
method. Accumulating data show that the β-catenin/TCF-4 com-
plex is another important regulator for cancer-associated EMT.47,48 
Indeed, β-catenin functions as a transcription factor together with 
TCF-4 to regulate downstream target genes for cancer-associated 

F I G U R E  5   Calcitriol inhibits Smad2/3 
activation in transforming growth factor 
(TGF)-β1-stimulated renal cell carcinoma 
cells. A, ACHN cells were incubated 
with LPS (2.0 μg/mL) in the absence 
or presence of calcitriol (200 nmol/L). 
TGF-β1 mRNA was measured using 
real-time RT-PCR. B, ACHN cells were 
incubated with TGF-β1 (10 ng/mL) in 
the absence or presence of calcitriol 
(200 nmol/L). Phosphorylated (p)-
Smad2/3 was measured using western 
blotting. C, ACHN cells were incubated 
with TGF-β1 (10 ng/mL) in the absence 
or presence of calcitriol (200 nmol/L). 
Interaction between vitamin D receptor 
(VDR) and p-Smad3 was measured using 
coimmunoprecipitation. D, ACHN cells 
were incubated with LPS (2.0 μg/mL) 
in the absence or presence of calcitriol 
(200 nmol/L). p-Stat3 and Stat3 were 
measured using western blotting. Data 
are expressed as means ± SEM (N = 3), 
**P < .01
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EMT.49 Thus, we hypothesize that calcitriol inhibits EMT by block-
ing β-catenin/TCF-4 activation in RCC cells. The following data 
show that the β-catenin/TCF-4 pathway was suppressed in cal-
citriol-pretreated RCC cells. First, ZEB1, a direct target gene of 
β-catenin/TCF4 and a key inducer of EMT,50 was downregulated 
in calcitriol-pretreated ACHN and CAKI-2 cells. Second, nuclear 
ZEB1 level was reduced in calcitriol-pretreated ACHN cells. Third, 
MMP-2, MMP-7, and two downstream target genes of β-catenin/
TCF4 signaling,51,52 cyclin D1 and axin2, were downregulated in 
calcitriol-pretreated ACHN cells. Once it is inactivated, β-catenin 
is phosphorylated, subsequently ubiquitinated, and eventually de-
graded.53 Unexpectedly, this study found that the level of total 
β-catenin was elevated and the level of phosphorylated β-catenin 
was reduced in calcitriol-treated ACHN cells. Moreover, the levels 
of β-catenin in both cytoplasm and nucleus were elevated, indi-
cating that less β-catenin is phosphorylated and degraded in cal-
citriol-pretreated ACHN cells. To further elucidate the mechanism 

through which calcitriol inhibits β-catenin/TCF-4 signaling in RCC 
cells, Co-IP was used to test the physical association among VDR, 
β-catenin and TCF-4. We showed that calcitriol reinforced inter-
action between VDR and β-catenin in ACHN cells. By contrast, 
calcitriol obviously attenuated interaction between β-catenin and 
TCF-4 in ACHN cells. Taken together, these results suggest that 
calcitriol inhibits β-catenin/TCF-4 signaling by reinforcing integra-
tion of VDR with β-catenin in RCC cells.

Two epidemiological reports show that circulating 25(OH)D con-
centration is positively associated with survival after diagnosis with 
RCC.54 In contrast, TGF-β1 is involved in the process of RCC EMT 
and bone metastasis.55,56 However, there exists no validated study to 
prove the link of low vitamin D status with TGF-β1 and EMT in RCC 
patients. In the present study, we showed that serum TGF-β level was 
elevated and renal Smad3 was activated in RCC patients with low 
25(OH)D status. In addition, a mesenchymal marker was accordingly 
upregulated and E-cadherin, an epithelial marker, was downregulated 

F I G U R E  6   Calcitriol inhibits epithelial-mesenchymal transition of renal cell carcinoma cells in a transforming growth factor β1-
independent method. CAKI-2 cells were incubated with calcitriol (200 nmol/L). A, E-cadherin and vimentin were measured using western 
blotting. B, Nuclear Snail, Twist1 and ZEB1 were measured using western blotting. All experiments were repeated three times. Data are 
expressed as means ± SEM (N = 6), **P < .01

F I G U R E  7   Calcitriol inhibits interaction between β-catenin and TCF-4 by promoting integration of vitamin D receptor (VDR) with 
β-catenin in renal cell carcinoma cells. A-D, CAKI-2 cells were incubated with calcitriol (200 nmol/L). A and B, Level of β-catenin in 
cytoplasmic protein was measured using western blotting. C and D, Level of β-catenin in nuclear protein was measured using western 
blotting. E-H, CAKI-2 cells were incubated with calcitriol (200 nmol/L). E and F, Level of β-catenin in total protein were measured using 
Western blotting. G and H, Level of phosphorylated (p)-β-catenin in total protein was measured using western blotting. I, ACHN cells were 
incubated with calcitriol (200 nmol/L). Interaction among β-catenin, VDR and TCF-4 was measured using coimmunoprecipitation (Co-IP). J, 
ACHN cells were incubated with calcitriol (200 nmol/L). Cyclin D1, axin2 and cef1 were measured using real-time RT-PCR. All experiments 
were repeated three times. Data are expressed as means ± SEM (N = 3-6), **P < .01
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in RCC patients with low vitamin D status. Moreover, calcitriol sup-
pressed EMT in LPS- and TGF-β1-stimulated and unstimulated RCC 
cells by blocking different signaling pathways. These results suggest 
an association among low vitamin D status, increased TGF-β1 and RCC 
EMT. Thus, vitamin D3 may be used as a potential preventive agent for 
cancer metastasis especially in RCC patients with low vitamin D status.

In summary, the present study investigated the effects of cal-
citriol on migration and invasion of different RCC cells. Our results 
showed that calcitriol inhibited migration and invasion of in LPS/
TGF-β1-stimulated ACHN and 786-O cells. Mechanistically, calcitriol 
suppressed RCC EMT through two different pathways: (i) calcitriol 
inhibited Smad2/3 phosphorylation by promoting interaction be-
tween VDR and Smad3 in TGF-β1-stimulated RCC cells; (ii) calcitriol 
inhibited STAT3 activation in LPS-stimulated RCC cells; (iii) calcitriol 
inhibited activation of the β-catenin/TCF-4 pathway by promoting 
integration of VDR with β-catenin in TGF-β1-unstimulated RCC cells. 
Overall, the present study provides evidence for the role of VDR as 
an important regulator of EMT in RCC cells. Further in vivo experi-
ment is required to determine whether supplementation with vita-
min D3 inhibits RCC metastasis.
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