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Upregulation of microRNA-204 inhibits cell proliferation,
migration and invasion in human renal cell carcinoma cells
by downregulating SOX4
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Abstract. MicroRNA-204 (miR-204) has been reported to be
frequently downregulated in various types of cancer, including
renal, brain, ovary, hematological and colon cancer. The present
study, investigated the effects of miR-204 on renal cell carci-
noma. Following transfection of miR-204, an MTT assay, cell
migration assay, cell invasion assay, western blot analysis and
luciferase assay were performed in renal cell carcinoma cell
lines. It was demonstrated that miR-204 inhibits cell prolifera-
tion, migration and invasion in 786-O and A498 cells. To the
best of our knowledge, this study is the first to demonstrate that
miR-204 directly targets SOX4 in renal cell carcinoma. These
results suggested that miR-204 may have value as a marker for
the early detection of tumor metastasis and a therapeutic target
preventing the invasion of renal cell carcinoma.

Introduction

Renal cell carcinoma (RCC) is the most common type of
kidney malignancy. In addition it is the third most common
type of urological cancer after prostate and bladder cancer;
however, it has the highest mortality rate of the three at >40%.
Among the five subtypes of RCC, clear cell carcinoma (CCC)
accounts for ~70% of cases (1). Although the majority of
patients with early-stage RCC can be cured surgically, ~33%
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of patients present with synchronous metastatic disease for
which treatment is usually not curative (2). The most common
sites of metastatic spread in RCC are the lung, bone, adrenal
gland, liver and brain, whereupon more than one organ system
is often involved in the metastatic process (3). In addition,
RCC is relatively resistant to radiotherapy and chemotherapy,
which result in the poor prognosis of patients with RCC with
metastatic or recurrent disease and a 5-year survival rate of
<20% (4). A number of studies have identified putative onco-
genes involved in the carcinogenesis of RCC; however, the
molecular mechanisms regulating the aggressive properties of
RCC remain poorly understood (5,6). Hence, novel treatments
are required to improve the prognosis of patients with RCC.

MicroRNAs (miRNAs), which are a highly conserved
class of short non-coding endogenous RNAs comprising ~22
nucleotides, are endogenously expressed across mammals
and other species (7). Production and function of miRNA
requires a set of proteins collectively referred to as the
miRNA machinery (8). Primary miRNA transcripts are first
processed into precursor microRNA (pre-miRNA). This step
requires a 650-kDa microprocessor complex that comprises
of Drosha, RNase III endonuclease and DGCRS (9-12). These
pre-miRNAs are then actively transported by Exportin-5 to
the cytoplasm, where they are further processed by the cyto-
plasmic RNase III enzyme Dicer (13-15). Finally, Argonaute
proteins are recruited with miRNAs into an RNA-induced
silencing complex for mRNA recognition (16). It has attracted
attention for its involvement in cell differentiation, develop-
ment, apoptosis and proliferation by targeting mRNAs for
cleavage or translational repression at the posttranscriptional
level (17). The inappropriate expression of miRNAs can lead
to the aberrant expression of gene products that may contribute
to the acquisition of the hallmarks of cancer (18). Upregulated
miRNAs in cancer may function as oncogenes by negatively
regulating tumor suppressors. By contrast, downregulated
miRNAs may normally function as tumor suppressor genes
and inhibit cancer by regulating oncogenes (19,20).

miR-204 has been reported to be frequently downregulated
in various types of cancer, including brain, kidney, ovarian,
hematological and colon cancer (20). However, the function
of miR-204 has not yet been investigated in RCC. The aim of
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this study was to elucidate the effect of miR-204 on RCC and
to investigate its underlying mechanisms.

Materials and methods

Cell lines and cell culture. The 786-O and A498 human RCC
cell lines were purchased from the Shanghai Institute of Cell
Biology, Chinese Academy of Science (Shanghai, China).
The cells were cultured in RPMI-1640 (HyClone, Logan, UT,
USA) medium supplemented with 10% heat-inactivated fetal
calf serum (Gibco-BRL, Grand island, NY, USA), 100 U/ml
penicillin and 100 mg/1 streptomycin (Gibco-BRL) under a
humidified atmosphere of 5% CO, at 37°C.

Transient transfection of miRNA mimics and luciferase
reporter plasmids. The miR-204 mimics, negative control (NC)
and luciferase reporter plasmid were designed and synthesized
by GenePharma (Shanghai, China). The insertion fragment
was confirmed by DNA sequencing. Cell transfection and
cotransfection were performed using Lipofectamine™ 2000
(Invitrogen Life Technologies, Carlsbad, CA, USA) according
to manufacturer's instructions. Following transfection, cells
were incubated at 37°C until assessment.

Cell viability assay. Cell proliferation was measured using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) method (Sigma-Aldrich). After 48 h transfec-
tion, the cells were trypsinized (Gibco-BRL) and counted,
respectively. Cells were counted under a microscope (CKX41;
Olympus, Tokyo, Japan). Cells were plated in each well of
96-well plates at a density of 3,000 cells per well and incubated
at 37°C. Cell proliferation was documented every 24 h for 5 days
according to the manufacturer's instructions. Absorbance was
measured at 490 nm using an automatic multi-well spectropho-
tometer (Bio-Rad, Richmond, CA, USA). There were six wells
for every time point in each group. The growth inhibition rate
was calculated using the following equation: Growth inhibition
rate = (1-OD,,ig 204/OD ir.ne X 100; where OD is the optical
density. All the experiments were performed in triplicate.

Migration and invasion assay. In vitro cell migration and inva-
sion assays were performed using 8 ym-pore polycarbonate
membrane Boyden chamber inserts in a Transwell appa-
ratus (Costar, Cambridge, MA, USA). The transfected cells
(miR-204 mimics and negative control) growing in the log
phase were treated with trypsin/EDTA solution (Gibco-BRL),
washed once with no serum-containing medium, centrifuged
at 200 x g for 5 min and re-suspended as single-cell solutions in
no-serum containing medium. For the migration assays, 1x10°
cells in 200 ul serum-free RPMI-1640 medium were seeded
on the upper chamber of transwell apparatus. For the invasion
assays, 1x10° cells were added to the upper chamber of the
transwell precoated with 30 g Matrigel (BD Biosciences, San
Jose, CA, USA). In these assays, 600 1 RPMI-1640 containing
20% fetal calf serum was added to the lower chamber, serving
as a chemoattractant. After 12-24 h at 37°C in a 5% CO, incu-
bator, the cells that had not migrated or invaded through the
pores were carefully removed with a cotton swab. The filters
were then fixed in 100% methanol for 2 min, stained in 0.5%
crystal violet (Beyotime Institute of Biotechnology, Haimen,
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China) for 2 min, rinsed in phosphate-buffered saline and
then subjected to microscopic inspection (CKX41; Olympus).
Values for migration and invasion were obtained by counting
five fields per membrane and represent the average of three
independent experiments.

Western blot analysis. Primary antibodies used in this study
including rabbit anti-human monoclonal SOX4 (1:500; cat.
no. BS8784) and mouse anti-human monoclonal B-actin
(1:1,000; cat. no. AP0O060) were purchased from Bioworld
Technology (Louis Park, MN, USA). Total protein of cells
extracts were prepared in radioimmunoprecipitation assay
lysis buffer (Beyotime Institute of Biotechnology). Protein
concentration in the resulting lysate was performed using
a Bicinchoninic Acid Protein assay kit (Thermo Fisher
Scientific, Inc., Rockford, IL, USA) according to the manu-
facturer's instructions. Briefly, equal quantities of protein
were loaded onto a 10% SDS-PAGE gel (Beyotime Institute
of Biotechnology) and electroblotted onto a polyvinylidene
difluoride membrane (Millipore, Billerica, MA, USA).
The membranes were blocked in phosphate-buffered
saline containing 0.1% Tween-20 (Beyotime Institute of
Biotechnology) and 5% non-fat dry milk. The membranes
were incubated with primary antibody overnight at 4°C.
Following washing, the membranes were incubated with the
corresponding horseradish peroxidase-conjugated secondary
antibody (Bioworld Technology) in Tris-buffered saline with
Tween-20. The bands were then developed using an ECL
solution (Pierce Biotechnology, Inc., Rockford, IL, USA) and
images were captured using a FluorChem imaging system
(Alpha Innotech, San Leandro, CA, USA). The intensity of
each spot was read and analyzed with AlphaEaseFC software.
[-actin was used as a loading control.

Luciferase assay. TargetScan 5.2 (http://www.targetscan.org/)
and PicTar (http://pictar.mdc-berlin.de/) were used to assess the
complementarity of miR-204 to the SOX4 3'-UTR. Luciferase
reporter assays were performed to evaluate whether SOX4 is
a target of miR-204. Cells were plated in a 12-well plate and
transfected with 0.5 pg reporter plasmid, 40 nmol miR-204
mimics or their negative control. Transfection was performed
using Lipofectamine 2000. Each sample was also cotransfected
with 0.05 yg pRL-CMV plasmid expressing Renilla Luciferase
(Promega Corporation, Madison, WI, USA) as an internal
control for transfection efficiency. Relative luciferase activity
was calculated 48 h post-transfection by the Dual Luciferase
Reporter Assay kit (Promega Corporation). Firefly luciferase
activity was normalized to Renilla luciferase activity for each
transfected well. Each assay was replicated three times.

Statistical analysis. Data are presented as the mean + standard
deviation, and compared using Student's t-test in Stata 10.0
(College Station, Texas, USA). Double-tailed P<0.05 was
considered to indicate a statistically significant difference.

Results
miR-204 suppresses cell proliferation in RCC cell lines. The

effect of miR-204 on 786-O and A498 cell proliferation was
investigated using MTT assays. The data showed significant
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Figure 1. Viability of 786-O and A498 cells following transfection of
miR-204. The cell proliferation was determined by a 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide assay. The results
indicated that upregulation of miR-204 significantly suppressed cell
proliferation. miR, microRNA; NC, negative control.

cell growth inhibition in the miR-204 transfectant compared
with the control from 786-O and A498 cell lines (P<0.05). As
shown in Fig. 1, MTT assays revealed that after 144 h of treat-
ment, the suppression rate of miR-204 reached 29.12+3.5%
in 786-0 cells and 36.68+4.5% in A498 cells. These results
indicated that miR-204 may be important in 786-O and A498
cell lines.

miR-204 inhibits cell migration and invasion in RCC cell
lines. The Transwell assay was performed to measure the
effect of miR-204 on tumor cell migration and invasion. As
shown in Fig. 2, cell migration and invasion were significantly
decreased in miR-204 group compared with the control group
(P<0.05). These results indicated that miR-204 inhibits the cell
migration and invasion in RCC cell lines.

miR-204 suppresses the expression of SOX4 in RCC cell
lines. Zhou et al (21) revealed that miR-204 may act as a
tumor suppressor in Helicobacter pylori-induced gastric
cancer by downregulation of SOX4. Western blot analysis
was performed to determine whether the SOX4 protein level
decreased following overexpression of miR-204. As shown in
Fig. 3, SOX4 expression was significantly decreased in 786-O
and A498 cells after transfection of miR-204 (P<0.05). Thus,
miR-204 reduces the protein level of SOX4 in 786-0 and A498
RCC cell lines.
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Figure 2. miR-204 inhibits cell migration and invasion in 786-O and A498
cells. Cell migration and invasion were significantly decreased in the
miR-204 groups compared with the control group. miR, microRNA; NC
negative control.

SOX4 is a direct target of miR-204. To determine whether
miR-204 targets the SOX4 3'-untranslated region (UTR),
TARGETSCAN 5.2 (http://www.targetscan.org/) and PICTAR
(http://pictar.mdc-berlin.de/) were used to assess the comple-
mentarity of miR-204 to the SOX4 3'-UTR. It was shown that
SOX4 mRNA contained an miR-204 seven-nucleotide seed
match at position 2057-2063 of the SOX4 3'-UTR (shown in
Fig. 4A).

Luciferase reporter assays were performed to evaluate
whether the site could directly mediate expression inhibition.
As shown in Fig. 4B, upregulation of miR-204 suppressed
SOX4 3'UTR-luciferase activity by 67% in 786-0 cells and
55% in A498 cells (P<0.05). Thus, SOX4 may be a direct target
of miR-204 in vitro.

Discussion

miRNAs have emerged as a novel mechanism of gene
regulation in recent years. To date, there are 1,527 human
miRNAs and 741 mouse miRNAs registered in the miRBase
(http://www.mirbase.org/) (22-24). However, thousands of
miRNAs in various genomes and their targets still require
validation (23). Investigation of the differentially expressed
miRNAs in cancer specimens has yielded important informa-
tion on carcinogenesis (25). Although RCC generally carries a
favorable prognosis, patients with metastatic RCC face a poor
prognosis and have limited therapeutic options. The median
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Figure 3. SOX4 was significantly lowered in 786-O and A498 cells after transfection of miR-204. miR, microRNA; NC, negative control.
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Figure 4. (A) TARGETSCAN 5.2 and PICTAR demonstrated that SOX4 mRNA contained an miR-204 seven-nucleotide seed match at position 2057-2063 of
the SOX4 3'-UTR. (B) SOX4 may be a direct target of miR-204 in vitro. miR-204 could suppress SOX4 3'UTR-luciferase activity by 67% in 786-O cells and
55% in A498 cells after transfection of miR-204. miR, microRNA; UTR, untranslated region.
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survival rate in a recent cohort was only 1.5 years with <10%
of patients surviving 5 years after the initial diagnosis (26).
Therefore, it is important to determine the molecular pathways
involved in RCC in order to improve the diagnosis of and
therapeutic options for the disease.

miR-204, is located at the cancer-associated genomic
9q21.1-q22.3 locus and exhibits a high frequency of loss of
heterozygosity in certain types of tumor (27-29). It is also
located within the sixth intron of the host gene transient
receptor potential melastatin 3 cation channel and is tran-
scribed in the same direction as TRPM3 (30). The expression
of miR-204 was observed to be significantly decreased by
0.07-5%, in tumors in 5 of the 9 tissue types (brain, kidney,
ovary, hematological cells, and colon) compared with normal
tissues (31). In addition, miR-204 expression was observed to
be downregulated in 60 tumor sample tissues compared with
13 matched normal tissues (32). In addition, significant down-
regulation of miR-204 was found in a subtype of acute myeloid
leukemia-bearing cytoplasmic mutated nucleophosmin and
in 3 Burkitt B-cell lymphoma cell lines (33). In RCC, the
miR-204 level was also found to be decreased as compared
with matched normal kidney tissue in paired and unpaired
analyses (34). These studies strongly suggest that miR-204
functions as a tumor suppressor.

miR-204 appears to be an important regulator of cell
differentiation, apoptosis, stress response, inflammation, lens
development, retinal development, and in the maintenance of
axonal structure and function (35-38). It has been shown to
act as a tumor suppressor in a variety of cancer types through
different mechanisms (34,39,40). It also reduced cell migration,
invasion, and the formation of metastatic tumors in a variety of
squamous cell carcinomas but had no effect on proliferation or
viability (41). Identification of miR-204 target genes is critical
for understanding the role of miR-204 in tumorigenesis, and is
important for determining novel therapeutic targets.

Several mRNA targets have been identified that are impor-
tant in normal cell development, including MEIS1, HOXAY,
MEIS2, RUNX?2 and SIRT1 (41). In breast cancer and ovarian
cancer cells, miR-204 inhibits cell invasion and metastasis
by targeting the stemness-governing transcription factor and
the migration-promoting receptor (42). In endometrial cancer,
miR-204 was found to regulate cell migration and invasion by
targeting the FOXC1 gene (39). In the present study, it was
demonstrated that miR-204 transfection resulted in decreased
cell proliferation, migration and invasion in RCC cell lines
by targeting SOX4. The results suggested that miR-204 may
be used for the development of novel molecular markers and
therapeutic approaches for RCC.

Sox4, a transcription factor of the sex-determining
gene on the Y chromosome, is characterized by a highly
conserved sequence in the high-mobility group (HMG)
DNA-binding domain (DBD) (43). SOX4 gene is located on
6p22.3 and encodes a protein of 474 amino acids with three
major domains: UA HMG box, a glycine-rich region, and a
serine-rich region (44). The HMG box acts as DNA-binding
region, whereas the SRR domain serves as transactivation
domain. The glycine-rich region, which is located between
the HMG box and SRR, is a part of the central domain,
and this region has a function in promoting apoptotic cell
death (45).
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High levels of SOX4 expression have been reported in
hepatic cancer cells and a variety of human cancer types,
such as breast, brain, lung, pancreatic, salivary gland and
ovarian cancer (46). Sox4 is important in a number of
developmental processes, including embryonic cardiac,
thymocyte and nervous system development, through
its transcriptional activity (47). Besides functioning as a
transcription factor involved in the regulation of devel-
opmental processes, SOX4 has been implicated in cancer
progression. In the case of bladder cancer, upregulated
expression of SOX4 was significantly correlated with
increased patient survival, and overexpression of SOX4
impaired cell viability and promoted apoptosis in cancer
cells (46). Similarly, in patients with melanoma, reduced
expression of SOX4 was significantly correlated with poor
prognosis and metastasis (48). By contrast, knockdown
of SOX4 induced apoptosis in prostate and adenoid cystic
cancer cells, and suppressed tumor growth and local metas-
tasis in hepatocellular carcinoma (49,50). Results of the
present study indicated that miR-204 suppresses RCC cell
proliferation, migration and invasion via downregulation
of SOX4, and thus decreasing SOX4 levels may represent a
potential therapeutic strategy for RCC.

To the best of our knowledge, the present study is the first
to demonstrate that regulation of SOX4 by miR-204 inhibits
RCC cell proliferation, migration and invasion. These obser-
vations have therapeutic implications and may be exploited
further for the treatment of RCC. Future studies are required
to determine the potential of miR-204 in cancer treatment and
specifically, RCC.
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