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Valproic acid inhibits epithelial-mesenchymal transition in
renal cell carcinoma by decreasing SMAD4 expression
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Abstract. Renal cell carcinoma (RCC) is the most common
malignancy in urogenital neoplasms worldwide. According to
previous studies, valproic acid (VPA), an anticonvulsant drug,
can suppress tumor metastasis and decrease the expression
level of Mothers against decapentaplegic homolog 4 (SMAD4)
and therefore may inhibit epithelial-mesenchymal transition
(EMT), which is responsible for cancer metastasis. However,
the association between VPA, EMT and SMAD4 in RCC
metastasis remains obscure. In the present study, it was demon-
strated that in the RCC cell lines 786-O and Caki-1 treated
with VPA, the neural (N)-cadherin, vimentin and SMAD4
protein and mRNA levels were decreased, accompanied with
an increase in expression of epithelial (E)-cadherin. Silencing
SMADA4 expression decreased the expression of EMT markers,
including N-cadherin and simultaneously upregulated
E-cadherin in RCC cell lines. SMAD4 overexpression coun-
teracted the VPA-mediated EMT-inhibitory effect (P<0.05).
The present study demonstrates that VPA inhibited EMT in
RCC cells via altering SMAD4 expression. In addition, immu-
nohistochemical staining demonstrated that transforming
growth factor-p (TGF-f) and low expression of SMAD4 was
associated with a lower Fuhrman grade and low expression
of transcription intermediary factor 1-y was associated with a
higher tumor Fuhrman grade (P<0.05), Therefore, based on the
regulatory effect of SMAD4 on EMT-associated transcription
factors, SMAD4 which can form a SMAD3/SMAD4 complex
induced by TGF-f, could be a potential anticancer drug target
inhibiting tumor invasion and metastasis in RCC.
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Introduction

Accounting for 2-3% of all human malignancies, renal cell
carcinoma (RCC) is the most common kidney malignancy
worldwide, with clear-cell RCC (ccRCC) being the most
common subtype (1). The incidence of RCC continues to
increase and in 2012, there were >338,000 novel cases and
143,000 individuals succumbed to kidney cancer worldwide (2).
Despite advances in diagnosis and treatment, particularly
improved imaging techniques, patients with RCC have a poor
prognosis, making RCC a serious problem for oncological
healthcare around the world (3). The 5-year cancer-specific
survival rate of metastatic ccRCC is <27.1%, decreased
compared with that of nonmetastatic ccRCC, which is 70%,
and ccRCC is prone to metastasis (4). The mechanism of cancer
metastasis and the cause of resistance to treatment are currently
poorly understood, and deserve more attention and study.

The epithelial-mesenchymal transition (EMT), a process
that transforms epithelial cell phenotypes into mesenchymal
ones, has been demonstrated to serve a pivotal role in numerous
steps of metastatic progression in tumors. In EMT, epithelial
cells lose polarity, disassemble cell-cell junctions and gain
more mesenchymal and motile properties (5), which provides
cancer cells with a greater capacity to invade and disseminate
to distant sites. This phenomenon is triggered by a series of
complex and multi-layered growth factors recruited from the
tumor microenvironments (6).

Transforming growth factor-f§ (TGF-f) is a pluripotent
cytokine with divergent roles in cancer progression (7).
The factor that determines whether TGF-f} acts as a tumor
suppressor or promoter has been the subject of study. Several
transcription factors, including zinc-finger proteins SNAII
and SNAI2, zinc finger E-box-binding homeobox 1 and 2,
and Twist-related protein 1 have been defined as initiators of
EMT (8). TGF-p has also been reported to serve a crucial role
in initiating EMT in various types of cancer (5). However, the
understanding of the function of early response transcription
factors remains unclear. The Mothers against decapentaplegic
homolog 4 (SMADA4) protein is recognized as a central medi-
ator of TGF-f3 and/or bone morphogenetic protein signaling
pathways (9). A recent study has demonstrated that the loss
of SMAD4 leads to the dysfunction of the canonical TGF-f§
signaling pathway. However, in numerous types of cancer
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TGF-f switches from tumor suppressor to tumor promoter,
thereby driving invasion and metastasis (10). By activating
SMAD-dependent and independent pathways, TGFf acts as
an inducer of EMT (11), and SMAD4 has been considered to
be an independent prognostic factor in ccRCC (12).

Epigenetic modification including histone acetylation
is one mechanism for controlling gene expression. Histone
acetylation is mediated by the counteracting activity of histone
acetyltransferases and histone deacetylases (HDACS). The
reversible acetylation and deacetylation of histones is always
accompanied by the activation and silencing of gene expres-
sion (13). Histone post-translational modifications (PTMs)
serve a fundamental role in the control of processes involving
the DNA template within the cell. Although a number of PTMs
mediate their effects through histone-histone or histone-DNA
interaction, a large fraction function through the recruitment of
chromatin-associated proteins that harbor conserved ‘reader’
domains (14).

Valproic acid (VPA), a classic anticonvulsant drug used for
decades, has previously been demonstrated to be a potent class
I HDAC inhibitor (15). VPA may induce several anticancer
effects, particularly the inhibition of cancer cell proliferation,
growth and differentiation (16). Cell cycle, growth and apop-
tosis were also influenced by VPA in RCC (17).

The present study presents the evidence that VPA negatively
regulates SMAD4 expression in RCC cells, thereby inhibiting
cancer cell metastasis and invasion. The aim was to identify
the role served by SMAD4 in RCC progression and metastasis
by administering VPA to RCC cell lines, and analyzing the
association between VPA, SMAD4 and EMT regulation.

Materials and methods

Cell culture and reagents. Caki-1, 786-O and HK-2 cells were
used in the present study and were purchased from the China
Center for Type Culture Collection (Wuhan, China). According
to the American Type Culture Collection, Caki-1 is a meta-
static RCC cell line that demonstrates highly invasive behavior,
786-0 is a non-metastatic RCC cell line and HK-2 is a normal
renal cell line. Caki-1 cells were cultured in Mac5a media
(GIBCO; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
and 786-0 cells were cultured in RPMI-1640 media (GIBCO;
Thermo Fisher Scientific, Inc.), HK-2 cells were cultured
in DMEM/F12 media (GIBCO; Thermo Fisher Scientific,
Inc.). All cell lines were cultured in medium supplemented
with 10% fetal bovine serum (FBS; Biological Industries,
Kibbutz Beit Haemek, Israel) and 1% penicillin/streptomycin
at 37°C under 5% CO,. VPA (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) was diluted to a concentration of
50 mmol/l and stored at -20°C. VPA was dissolved in medium
at concentrations of 1.2, 2.4 and 5 mmol/l. Caki-1 and 786-O
cells were treated in a dose- (1.2, 2.4 and 5 mmol/I for 48 h)
and time-dependent manner (12, 24, 48 h at 2.4 mmol/l), and
cells in the control groups were incubated with medium alone.

Plasmids and transfection. Genechem-GV230 and
Genechem-GV248 plasmids, which express full-length
human SMAD4 and short hairpin RNA (shRNA) against
SMADA4, respectively, were provided by Shanghai GeneChem
Co., Ltd., (Shanghai, China). Negative control plasmids
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(cat. no. BCONO0831407400) were also purchased from
Shanghai GeneChem Co., Ltd (Shanghai, China). Transfection
of 786-0 cells with these plasmids was performed using
Lipofectamine® 2000 in vitro transfection reagent (Thermo
Fisher Scientific, Inc.); 1 ug plasmid was added per well of
6-well plate (1x10* cells/well). After 10 h transfection, the
medium was changed to complete RPMI-1640 media. Then,
following culture for 48 h, the cells were treated by VPA for
48 h. The transfection efficiency was detected by fluorescence
microscopy.

Antibodies. Mouse anti-SMAD4 (cat. no. sc-7966; 1:500) and
mouse anti-f-actin (cat. no. sc-130301; 1:1,000) were obtained
from Santa Cruz Biotechnology, Inc., (Dallas, TX, USA).
Mouse anti-epithelial (E)-cadherin (cat. no. 610181; 1:1,000),
mouse anti-neural (N)-cadherin (cat. no. 610920, 1:500),
and mouse anti-vimentin (cat. no. 550513; 1:1,000 dilution)
antibodies were purchased from BD Biosciences (Franklin
lakes, NJ, USA). Horseradish peroxidase (HRP)-conjugated
goat anti-mouse immunoglobulin G (heavy and light chains)
secondary antibodies (cat. no. A0216) were acquired from
Beyotime Institute of Biotechnology (Haimen, China).

Western blot analysis. Cell lysates were prepared from trans-
fected cells and from VPA-treated cells following lysis in
RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific,
Inc.). The protein concentrations were detected using the BCA
Protein Assay kit (23235; Thermo Fisher Scientific, Inc.) Then,
40 ug of total proteins were separated by 10% SDS-PAGE and
transferred onto a PVDF membrane (EMD Millipore, Billerica,
MA, USA). Following blocking with 5% milk in TBST for
60 min at room temperature and probing with protein-specific
antibodies at 4°C overnight, the membranes were incubated
with secondary antibodies diluted in TBS-Tween-20 (0.075%)
for 1 h at room temperature. The blots were detected with
Chemiluminescent HRP Substrate (EMD Millipore) and
visualized using an LAS-4000 Luminescent Image Analyzer
(Fujifim Corporation, Tokyo, Japan). The densitometry was
assessed using ImageJ version 1.49 V (National Institutes of
Health, Bethesda, MD, USA) All experiments were performed
in duplicate and repeated three times.

Immunohistochemical staining. A total of 39 cancer tissue
samples were obtained from patients with RCC who underwent
partial or radical nephrectomy at the Shandong Provincial
Hospital (Shandong, China) between January 2004 and
May 2015. Of those patients, 29 were male (age, 59.2+8.7),
and 10 were female (age, 61.5+6.9). Samples were cut into
5 pm paraffin sections, which were then deparaffinized and
rehydrated. Antigen retrieval was performed by heating the
sections for 2 min in citrate buffer at a pH 6.0. Endogenous
peroxidase activity was blocked with 3% H,O, for 30 min.
Following subsequent blocking with 5% bovine serum albumin
(BSA; A8020; Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China) for 30 min, the sections were incubated
overnight at 4°C with primary antibodies against Smad4 (cat.
n0.SC-7966; 1:200; Santa Cruz Biotechnology, Inc.), TIF1-y (cat.
no. SC-101179; 1:250; Santa Cruz Biotechnology, Inc.) in phos-
phate-buffered saline (PBS) and TGF-f (cat. no. RAB-023B;
Fuzhou Maxim (Maixin) Biotech Co., Ltd., Fuzhou, China),
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Figure 1. Expression pattern of SMAD4 and EMT markers in renal cell
carcinoma cell lines and valproic acid inhibits invasion and migration in
786-0 cells. (A) Western blot analysis and (B) relative expression levels of
SMAD#4 protein and EMT markers in Caki-1, 786-O, HK-2 cell lines. Data
is demonstrated as the mean + standard deviation from three independent
experiments. "P<0.05 vs. control group, “P<0.01 vs. control group. E-ca,
epithelial-cadherin; N-ca, neural-cadherin; Vim, vimentin; EMT, epithe-
lial-mesenchymal transition; SMAD4, Mothers against decapentaplegic
homolog 4.

and with PBS alone as a negative control. The sections were
then incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (SE13; 1:5,000; Beijing Solarbio Science
& Technology Co., Ltd.) for 20 min at 37°C. HRP activity was
detected using 3'3-diaminobenzidine for 1 min. The slides
were stained with haematoxylin for 5 min at room temperature
and then dehydrated and mounted using neutral balsam., and
three independent observers blindly performed the measure-
ments (magnification, x400) using an Olympus microscope
(X31-32C02; Olympus Corporation, Tokyo, Japan). The present
study was approved by the Provincial Hospital Affiliated to
Shandong University ethics committee (Jinan, China) and all
participants provided written informed consent.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA from 786-0 and Caki-1 cells was
analyzed using RT-qPCR via two kits purchased from Takara
Bio, Inc., Otsu, Japan: MiniBEST Universal RNA Extraction
kit (cat.no. 9767) and PrimeScriptTM RT reagent kit (cat.
no. RR037A). qPCR was performed as follows: 42°C for
30 min, 95°C for 10 min and followed by 40 cycles of ampli-
fication at 95°C for 20 sec, 62°C for 30 sec, 72°C for 30 sec.
The following primer sequences were used: SMAD4 forward,
5'-CTTTCCCAACATTCCTGTGG-3'; reverse, 5'-ATCCAT
TCTGCTGCTGTCCT-3"; E-cadherin forward 5-AGAATG
ACAACAAGCCCGAAT-3'; reverse, 5'-CGGCATTGTAGG
TGTTCACA3'"; N-cadherin forward GGACAGTTCCTGAGG
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GATCA-3'; reverse, GGATTGCCTTCCATGTCTGT, (3-actin
forward, 5'-AATCCCATCACCATCTTCCA-3"; and reverse,
5"TGGACTCCACGACGTACTCA-3'". The relative expression
of SMAD4 mRNA was determined using the expression of
[-actin as a reference. Relative mRNA expression change was
determined using 22° method (18). All experiments were
performed in duplicate and repeated three times.

Migration and invasion assays. Cellular migration and inva-
sion assays were performed using a Boyden chamber containing
24-well Transwell plates (Corning Incorporated, Corning, NY,
USA) with 8-mm pores in the membrane. For migration assays,
~17.5x10* cells in 200 ml of FBS-free medium were transferred
into the upper chamber and the lower chamber was filled with
complete medium (containing 10% FBS) as a chemoattractant.
Following 24 h of incubation at 37°C in a 5% CO, atmosphere,
the membranes containing the cells were fixed with 95%
alcohol in 30 min at room temperature and stained with 0.1%
crystal violet Images were captured of the lower surfaces of
the membranes at 100x magnification. Images were captured
of five random fields in each chamber to determine migration.
For invasion assays, the membrane was coated with 50 ml
of diluted Matrigel® (1:7; BD Biosciences). Following the
solidification of the Matrigel at 37°C, 1.0x10° cells in 200 ml
of culture medium supplemented with 1% FBS were seeded
into the upper chamber, whereas the lower chamber was
filled with complete medium. Then, the Boyden chamber was
incubated at 37°C with a 5% CO, atmosphere for 24 h. The
subsequent staining and observation procedures were identical
to those of the migration assays. Quantification was performed
by counting migratory cells using light microscopy in three
individual fields per insert. All experiments were performed
in duplicate and repeated three times.

Statistical analysis. All experiments were performed in tripli-
cate as a minimum. The data were statistically analyzed using
SPSS for Windows Statistics version 20 (IBM Corp., Armonk,
NY, USA). The Kruskal-Wallis H test was used to analyze
immunohistochemical-staining scores. One-way analysis
of variance was used to analyze the differences of the grey
level data of the protein bands, the relative mRNA expres-
sion levels, and the number of invasive and migratory cells
between four groups, following that Fisher's least significant
difference method was used for post hoc comparisons. P<0.05
was considered to indicate a statistically significant difference.

Results

Profile of SMAD4 status and EMT expression in renal cells
of different characteristics. Different expression patterns of
SMAD4 and EMT markers were observed in Caki-1 and 786-O
cell lines and therefore all three of the cell lines (Caki-1, 786-0,
HK-2) of varying invasive capacities were screened for SMAD4
and EMT marker expression. SMAD4 protein was highly
expressed in Caki-1 cells, which exhibited greater invasive
behavior, whereas 786-O and HK-2 cells had a lower expression
level of SMAD4 and mesenchymal markers (N-cadherin and
vimentin) and a lower invasive ability (Fig. 1A and B). Together,
these results suggest a potential correlation between EMT char-
acteristics, SMAD4 expression and cell invasion in RCC cells.
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Figure 2. SMAD4 and EMT markers were inhibited by VPA in renal cell carcinoma cells. (A) Western blot and (B) quantified protein expression levels of
SMAD4 and EMT makers treated with VPA in a dose-dependent manner (0, 1.2, 2.4 and 5 mmol/l) in Caki-1 cells. (C) Western blot and (D) quantified protein
expression levels of SMAD4 and EMT markers treated with VPA in a time-dependent (0, 12, 24 and 48 h) manner in Caki-1 cells. Data is demonstrated as the
mean + standard deviation from three independent experiments. "P<0.05 vs. control group, “P<0.01 vs. control group. N-ca, neural cadherin; E-ca, epithelial
cadherin; EMT, epithelial-mesenchymal transition; VPA, valproic acid; Vim, vimentin; SMAD 4, Mothers against decapentaplegic homolog 4.

VPA alters the expression of EMT markers and suppresses
migration and invasion in RCC cells. The expression of
SMAD4 and EMT markers in RCC cell lines was analyzed
using western blotting. In Caki-1 and 786-0 cells, treatment
with VPA decreased expression of SMAD4 and the mesen-
chymal markers N-cadherin and vimentin but increased
E-cadherin expression (Figs. 2 and 3), providing more evidence
of the influence of VPA on EMT. Further experiments demon-
strated that the SMAD4 mRNA level was suppressed in a dose
(VPA doses of 1.2, 2.4 and 5 mmol/l) and a time-dependent
manner (0, 12, 24, 48 h) in the two cell lines (Fig. 4). In vitro
cell invasion and migration assays were performed to study
the invasive and migratory ability of 786-O cells treated with
different VPA concentrations (Fig. 5). It was demonstrated
that the lower and higher concentrations of VPA significantly
diminished cell invasive and migratory ability in 786-O cells
(P<0.05). Tumor cell invasion and migration ability were
suppressed by VPA treatment. VPA treatment induced a tran-
sition from round-like to long-shaped morphology (Fig. 6).

SMAD4 expression regulates EMT status with or without
VPA treatment. To confirm the interaction between SMAD4
and EMT status, 786-0O cells were transfected with a plasmid
to transiently knock down SMAD4 expression. Western blot
analysis confirmed the efficiency of transfection and demon-
strated near absence of SMAD4 in the knockdown 786-0O cells,
accompanied with significantly upregulated E-cadherin, and

downregulated N-cadherin and vimentin expression (Fig. 7).
Following treatment with VPA, SMAD4-knockdown cells
exhibited little alteration in the expression levels of E-cadherin
and N-cadherin. Additionally, 786-O cells were transfected
with a plasmid that upregulated SMAD4 and were then treated
by VPA. Compared with the control, E-cadherin protein levels
were significantly decreased, and N-cadherin and vimentin
expression were increased, which indicated that SMAD4
overexpression negated the inhibitory effect of VPA on EMT
(Fig. 7).

SMADA4, TIFI-y and TGF-f expression in vivo. To further
investigate the role of SMAD4 in the TGF-f signaling
pathway, immunohistochemical staining was performed on
39 specimens to detect the expression levels of SMAD4,
TGF-f and TIF1-y in RCC. According to pathology results,
8 cases (20.5%) were assessed as Fuhrman grade I, 24 (61.5%)
as grade II and 7 (18%) as grade III. It was observed that
TGF-f expression was high in 5 cases (12.8%; Fig. 8A), while
21 cases (53.8%) demonstrated low expression (Fig. 8B).
Nuclear and cytoplasmic SMAD4 expression was high in
6 cases (15.4%; Fig. 8C) and low in 20 cases (51.3%; Fig. 8D).
TIF1-y expression was high in 5 cases (12.8%; Fig. 8E), while
19 cases (48.7%) demonstrated low expression (Fig. 8F).
Immunohistochemical staining demonstrated that SMAD4
expression was associated with higher Fuhrman grade and
low expression of TIF1-y was associated with lower tumor



6194 MOLECULAR MEDICINE REPORTS 16: 6190-6199, 2017

A B 786-0 dose-dependent manner
VPA (mmol/l) 1.59 amm 0 mmoll
S 1.2 mmol/l
oo R 4 = i -
- — I . 5 mmol/l
E-Ca g 10_
— g o
o —— L |
=
2
=— S
B-actin 'II -
0.0-
SMAD4 E-ca Vim
786-Otime-dependent manner
Time (h) 12 24 48 159 amm o p
@ 2h
48 h
= § =
E i - *
E " g :
o [ [ ) = 5
A
pracin ' Bln-
0.0 —

SMAD4 E-ca N-ca Vim

Figure 3. SMAD4 and EMT makers were inhibited by VPA in renal cell carcinoma cells. (A) Western blot and (B) quantified protein expression levels of
SMAD4 and EMT makers treated with VPA in a dose-dependent manner (0, 1.2,2.4 and 5 mmol/l) in 786-0O cells. (C) Western blot and (D) quantified protein
expression levels of SMAD4 and EMT makers treated with VPA in a time-dependent (0, 12, 24 and 48 h) manner in 786-0 cells. Data is demonstrated as the
mean = standard deviation from three independent experiments. "P<0.05 vs. control group, “P<0.01 vs. control group. N-ca, neural cadherin; E-ca, epithelial
cadherin; EMT, epithelial-mesenchymal transition; VPA, valproic acid; Vim, vimentin; SMAD4, Mothers against decapentaplegic homolog 4.
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in Caki-1 and 786-O cells. (D) E-cadherin, (E) N-cadherin and (F) SMAD4 expression following treatment with VPA in a time-dependent (0, 12, 24 and 48 h)
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Figure 6. Images of 786-0 cells treated with (A) 0, (B) 1.2, (C) 2.4 and (D) 5 mmol/l VPA. Images of 786-0O cells treated with VPA for (E) 0, (F) 12, (G) 24
and (H) 48 h. Magnification, x200. VPA, valproic acid.
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Table I. SMAD4 and TIF1-y expression in 39 clear renal cell carcinoma (RCC) patients with correlation with Fuhrman grade.

SMADA4 expression TIF1-y expression
No. Low Moderate High P-value Low Moderate High P-value
Grade 0.048 0.014
GI 3 4 1 5 3 0
GII 15 8 1 13 10 1
Gl 2 1 4 1 2 4
20 13 6 19 15 5

SMADA4, Mothers against decapentaplegic homolog 4; TIF1-y, transcription intermediary factor 1-y; TGF-f3, transforming growth factor-f3.
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Figure 7. Western blot analysis of 786-0O cells that received various treatments. (A) Western blot analysis and quantified relative protein expression levels
of E-cadherin, N-cadherin, vimentin and SMAD4 expression in OE-SMAD4 786-0 cells treated with 2.4 mmol/l VPA. (B) Western blot analysis and
quantified relative protein expression levels of E-cadherin, N-cadherin, vimentin and SMAD4 expression in KD-SMAD4 786-0 cells treated with 2.4 mmol/l
VPA. "P<0.05 vs. control group, “P<0.01 vs. control group. OE, over-expression; KD, knockdown; VPA, valproic acid; E-ca/E-cadherin, epithelial-cadherin;
N-ca/N-cadherin, neural-cadherin; Ctrl, control; SMAD4, Mothers against decapentaplegic homolog 4.

Fuhrman grade (P<0.05). The expression levels in the present
study are listed in Table I. However, the associations between
SMAD4, TIF1-y and TGF-p expression and patient age,
tumor size, pathological tumor, node and metastasis (pTNM)
stage, cancer-specific survival or progression-free survival
were not analyzed.

Discussion

Previous studies have demonstrated that EMT, a process
by which epithelial cells lose their polarity and acquire a
more aggressive tumor behavior, is a crucial process in the
induction of tumor invasion and metastasis (19). The loss of
E-cadherin expression, which is associated with the epithelial
phenotype, is an event in EMT and in tumor progression,

and facilitates cell invasion and metastasis, a crucial step in
RCC progression (20). Early metastasis remains a challenge
to the treatment of RCC. HDAC inhibitors (HDACI) have
been recognized as anti-cancer agents. However, numerous
other applications of HDACi have been discussed, including
in infection, inflammation and innate immunity (21). HDACi
have been used in renal disease, including injury by vorino-
stat (22) and have been used in combination with other drugs
to treat RCC (23). An epidemiological phenomenon was that
alterations in histone status and DNA methylation occur-
ring in RCC induced cell proliferation and inhibited tumor
growth, differentiation and apoptosis (24). Additionally, the
HDACI Trichostatin A and sodium butyrate potently inhib-
ited the development of a cancer stem cell-like phenotype in
squamous cell carcinoma (25), and MS-275 and vorinostat
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Figure 8. Representative images of immunohistochemical staining demonstrating tumor cells with (A) high and (B) low expression of TGF-f3, tumor cells with
(C) high and (D) low nuclear and cytoplasmic expression of SMAD4, and tumor cells with (E) high and (F) low expression of TIF1-y. Magnification, x400
TGF-f, transforming growth factor 3; TIF1-y, transcription intermediary factor 1-y; SMAD4, Mothers against decapentaplegic homolog 4.

inhibited the metastatic capacity of lung and breast cancer
cells (26).

The authors previously demonstrated that VPA inhib-
ited metastasis in prostate cancer (27). The expression of
E-cadherin increased following treatment with VPA in
ovarian cancer (28) and this effect was further demonstrated
in thyroid cancer cells (29). VPA has been used increasingly
in clinical practice (30) in a novel role for the well-known
drug. VPA suppresses tumor growth and metastasis (31),
and also induces tumor differentiation and apoptosis in vitro
and in vivo, in hematopoietic and solid malignant diseases.
However, little is known about how VPA influences the
invasion and metastasis of tumors. An additional study
reported that HDACi could inhibit EMT (32) Based on the
present study, VPA has a role in reversing EMT in RCC; VPA
significantly changed EMT markers in both 786-0O and Caki-1
cells. These results could provide targeted treatment in RCC.

The major control point of EMT is the TGF-f3 signaling
pathway and SMAD4 serves a central role in this pathway.
SMAD proteins are divided into the following three
subclasses: The receptor-regulated SMADs (R-SMADs), the
common-partner SMADs (Co-SMAD) and the inhibitory
SMADs. R-SMADs (SMAD2 and 3) bind to the Co-SMAD,
SMADA4, to form complexes that modulate downstream gene
expression in the nucleus (33). Previous studies have uncov-
ered a connection between canonical SMAD4 signaling and
EMT (34,35). Therefore, it is necessary to test the role of
SMAD4 in EMT in renal carcinoma. The present study identi-
fies novel molecular mechanisms that may contribute to the
invasion and/or metastasis of cancer cells. In the present study,
786-0 cells were transfected with a plasmid knocking down
SMAD4 expression. In vitro knock-down of SMAD4 resulted
in increased E-cadherin levels, decreased N-cadherin expres-
sion, whereas overexpression of SMAD4 lowered E-cadherin
and increased N-cadherin expression. Invasion and metastasis
are largely mediated by the loss of E-cadherin protein or

functionality, as it is vital for maintaining signal transduction
and preserves physical junctions in epithelial cells. E-cadherin
is associated with ccRCC staging and grading as well as
with lymph node involvement and the presence of distant
metastasis. The epithelial or mesenchymal phenotype of cells
is characterized by N-cadherin, E-cadherin and vimentin
expression. These could be targets for EMT, but to the best of
the authors' knowledge no studies have been conducted into
the underlying mechanism of VPA-regulation of the EMT
process. In the present study, it was demonstrated that in
RCC cells knockdown of SMAD4 produced the same effect
as treatment with VPA: Inhibiting tumor cell invasion and
migration in RCC cell lines. It was demonstrated that SMAD4
could alter N-cadherin and E-cadherin expression, indicating
a TGF-B-SMAD4-N-cadherin/E-cadherin transcription
pathway. These results highlight a broad role for SMAD4 in
TGF-f induced EMT.

Despite greater understanding and identification of
SMAD#4 protein, it remains unclear as to what controls the
switch of TGF-3 from tumor suppressor to tumor promoter.
The exact function of SMAD4 has not been investigated
extensively. A previous study reported that SMAD4 serves
as a novel prognostic marker in patients with RCC; nuclear
expression of SMAD4 was correlated with smaller tumor
size, lower nuclear grade, pTNM stage and reduced tumor
progression (12). Paradoxically, another study presented
opposite results (33). Tumor cells usually secrete abundant
TGF-f, which promotes tumor progression and the nuclear
SMAD3/SMAD4 complex promotes breast cancer metas-
tasis (36). Kang et al (33) identified that SMADA4 is critical for
the TGF-B-driven upregulation of N-cadherin and increases
migration and invasion of human pancreatic ductal epithelial
cells. Notably, elevation of SMADA4 is associated with poor
patient outcome following surgery. Knockdown of SMAD4
reduced the efficiency of colony formation and the migratory
capacity of HCC cells in vivo (37).
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The inhibitory effect of VPA on the EMT process was
confirmed and the role of SMAD4 in this process was
tested. However, certain problems remain to be solved. Other
mechanisms may also exist that mediate the VPA-regulated
EMT process. Noguchi er al (38) revealed that histone
modification correlated with EMT. It is reasonable to make
a connection between different media proteins and EMT
regulation. TIF1-y may serve a potential role in cancer,
targeting SMAD4 expression and cellular localization. As
VPA can selectively regulate TIF1-g expression, future work
should focus on TIF1-y and ubiquitinated SMAD4 protein, or
combinational therapy.

In conclusion, the results of the present study suggest that
further studies are warranted to dissect the roles of SMAD4
in tumor progression. The present study establishes the
diverse mechanisms underlying cancer metastasis that involve
SMAD4 regulation of EMT via the TGF-f3 signaling pathway
and points to potential applications of SMAD4 as an indicator
of innovative, clinically effective therapies for RCC.
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