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Steroid receptor RNA activator inhibits the migration, invasion
and stemness characteristics of renal cell carcinoma cells
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Abstract. Renal cell carcinoma (RCC) has a high mortality
rate among urological malignancies, and its underlying mecha-
nisms remain unclear. Steroid receptor RNA coactivator (SRA)
belongs to the long non-coding RNAs (IncRNAs) and has been
demonstrated to be closely related to various types of cancer.
In the present study, the decreased expression level of SRA
was first confirmed in RCC tissues and cell lines by RT-qPCR.
Using knockdown or overexpression systems, it was then
found that SRA inhibited the proliferation of RCC cell lines
and promoted their apoptosis. In addition, SRA suppressed
the migration and invasion, and altered EMT-related markers
in RCC cells. More importantly, it was demonstrated that
SRA reduced percentage of CD44*/CD24" cells and the
sphere-forming efficiency. SRA also attenuated the expression
levels of CD44, SOX-2, ABCG?2 and OCT-4, which are all
associated with cancer cell stemness characteristics. Although
SRA increased the phosphorylation of extracellular-regulated
protein kinase (ERK), the ERK1/2 pathway could not further
interfere with the alteration of EMT-related markers mediated
by SRA. Notably, the ERK inhibitor, PD98059, abolished
ERK1/2 phosphorylation, whereas it did not exert any marked
effects on cell proliferation and EMT-related markers medi-
ated by SRA. Taken together, the findings of the present study
indicate that SRA is an important molecule that inhibits the
migration, invasion and stem cell characteristics of RCC
cells; the ERK signaling pathway may not be involved in this
process.
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Introduction

As the most commonly occurring form of primary renal tumor,
renal cell carcinoma (RCC) is a malignancy accompanied
by a high mortality rate, with approximately 202,000 newly
diagnosed cases and 102,000-related deaths worldwide annu-
ally (1-3). Surgical resection remains the only known curative
treatment for localized RCC (2). Additionally, radiotherapy
and chemotherapy are considered in some cases (4). However,
cancer relapse in a number of patients occurs frequently due to
resistance, resulting in a 12% 5-year survival rate for patients
with metastatic disease (5,6). Therefore, recurrence remains
the main reason for the poor prognosis. However, the under-
lying mechanisms responsible for RCC recurrence have not yet
been fully elucidated.

Steroid receptor RNA activator (SRA) functions as
coactivator in various types of cancer, such as breast
cancer (7,8) ovarian and prostate cancers (7,8). Compared to
adjacent normal tissues, the levels of SRA have been found
to be elevated in breast cancer tissues (9). Patients with
breast cancer with a high SRA level have a significantly
worse survival rate than patients with a low SRA level. It
has been indicated that SRA may serve as a novel prognostic
marker for patients with estrogen receptor (ER)-positive
breast cancer (10). Moreover, SRA is a potent inducer
and regulator of gene expression, particularly of genes
associated with epithelial-mesenchymal transition (EMT)
and the Notch signaling pathway in cervical cancer (11).
Although there is limited evidence linking SRA to RCC,
the immunohistochemistry (IHC) of primary RCC samples
has revealed that a high androgen receptor expression is
significantly associated with a lower tumor stage and a
better prognosis (12,13). Additionally, the expression levels
of glucocorticoid and progestin receptor are increased in
RCC tissues (14).

In the present study, the role and underlying mechanisms
of SRA in RCC were investigated. Mechanistic analysis
demonstrated that SRA suppressed the stem-like features of
RCC cells. However, the ERK signaling pathway was found
potentially not be involved in the SRA-induced migration and
invasion of RCC cells. Taken together, SRA may be a novel
and promising therapeutic target in RCC therapy.
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Materials and methods

Human tissue samples. To compare the expression levels of
SRA among RCC development, RCC tissues (14 cases) and
adjacent non-tumorous tissues (14 cases) were obtained.
The tissues were obtained from the Department of Cancer
Resource Base at Sun Yat-sen University (SYSUCC) Cancer
Center 7 years ago. All the fresh specimens were stored in
liquid nitrogen until use. These tissues were confirmed by
doctors from the Department of Pathology, SYSUCC. All the
recruited patients provided their oral informed consent prior
to their inclusion. Ethical consent was granted for the study
by the Committees for Ethical Review of Hunan University
of Chinese Medicine. The ethics committee agreed with
informed consent being obtained orally in the present study.

Cells and cell culture. RCC cell lines (786-0, SN12C,
SKRC39, A498 and Caki-1), a papillary renal cell carcinoma
cell line (Caki-2) and the HK-2 cell line were obtained
from SYSUCC. The RCC and Caki-2 cells were cultured in
RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc.) and the
HK-2 cells were cultured in Dulbecco's modified Eagle's
medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.). All
cells were cultured with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin
(Invitrogen; Thermo Fisher Scientific, Inc.) in a 5% CO,
humidified atmosphere at 37°C. The short 6 tandem repeat
(STR) testing was used to authenticate all cell lines and all
cells were maintained mycoplasma-free. Cells were treated
with 5 M PD98059 (MedChemExpress LLC) for 24 h.

Stable knockdown of SRA in SKRC39 cells. The SKRC39
cells were divided into the following groups: The short hairpin
RNA (shSRA) group and the scramble group (with the same
amount of nonsense RNA). Plasmids (0.6 g) in the shRNA and
scramble groups were diluted in 250 ul Opti-MEM (Thermo
Fisher Scientific, Inc.). Similarly, Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) was first diluted
in 250 ul Opti-MEM before being added in a dropwise matter
to the plasmid solution. The mixture was incubated at 25°C
for 20 min prior to transfection into the SKRC39 cells. The
SKRC39 cells were transfected for 48 h. The following are
the target sequences of the shRNA plasmid (Guang Zhou Fu
Neng) applied: Non-target shRNA sequence, 5-GCTTCG
CGCCGTAGTCTTA-3'"; sequence 1 (for SKRC39-shSRA1
cells), 5'-“-GGAGGAAAGTTGTCAATAC-3'; sequence 2 (for
SKRC39-shSRA3 cells), 5"TCAGTGGATGGTAGGAGTT-3".

Stable overexpression of SRA in A498 cells. Lentiviral
plasmid was packaged and used for cell transfection according
to the manufacturer's instructions (Invitrogen; Thermo Fisher
Scientific, Inc.). The clone-A498 cells were transfected with
1 ng/ul pLenti6/V5-SRA or 1 ng/ul pLenti6/V5 (Invitrogen;
Thermo Fisher Scientific, Inc.) using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.). Puromycin
(Sigma-Aldrich; Merck KGaA) was added to select stably
transfected clones for 21 days.

MTS assay. Cell proliferation was assessed every day of the
week upon the use of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carb
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oxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium inner
salt (MTS) (Sigma-Aldrich; Merck KGaA). The optical absor-
bance at 490 nm was measured using EIX 800 microplate
reader (BioTek Instruments Inc.).

Colony formation assays. Cells were seeded in 6-well plates
at 50% confluence and then transfected with SRA overexpres-
sion plasmid or shSRA. AT 24 h post-transfection, the cells
were seeded in 6-well plates and cultured for 15 days. Colonies
on each plate were counted using a TH4-200 microscope
(Olympus Corporation) following fixation with 4% para-
formaldehyde and staining with 0.1% crystal violet (Beijing
Solarbio Science & Technology Co., Ltd.) at 25°C for 15 min.

Transwell cell migration assay. Transwell chambers (Costar,
Corning Inc.) coated without Matrigel (BD Biosciences) on
the pore size of an 8 yum membrane were used to investigate
cell migration. The cells were starved for 24 h. Following
cells digested with 0.25% trypsin-EDTA (Thermo Fisher
Scientific Inc.) and centrifugated at 300 x g for 5 min at
25°C, the cells were resuspended in serum-free medium,
and the cells were counted under CKX41 light microscope
(Olympus Corporation). The cell concentration was adjusted
to 2x10* cells/200 ul, and the cell suspension was placed in
the bottom of a 24-well plate. This was followed by the addi-
tion of 800 ul of 10% FBS medium to each well. Following
incubation at 37°C for 24 h, the cells in the internal compart-
ment were removed using a cotton swab. The migrated cells
were fixed in methanol and stained with a 1% crystal violet
solution at 25°C for 15 min. Under CKX41 light microscope
(Olympus Corporation), 3 randomly selected fields of view at
x200 magnification were counted, and images were captured
using Olympus Stream system (Olympus Corporation).

Transwell cell invasion assay. Transwell invasive chambers
coated with Matrigel on the upper surface of an 8 ym (pore
size) membrane were used to determine cell invasion. Cells
were plated in new 24-well plates, 500 ul of serum-free
medium were added to the upper and lower chambers, and a
serum-free cell suspension was prepared following culture at
37°C for 24 h. The cells were counted under a microscope and
were then adjusted to 4x10* cells/200 pul. The cells were all
transferred to a new well plate, the upper chamber medium
was removed, 200 ul cell suspension was added, and the
lower chamber was filled with 800 ul of 10% FBS medium.
Following culture at 37°C for 24 h, the cells in the inner
chamber were not wiped off using a cotton swab. The invasive
cells were fixed and stained with 1% crystal violet solution at
25°C for 15 min. Under CKX41 light microscope (Olympus
Corporation), 3 fields (x200 magnification) were selected
randomly for counting and photographing to compare the
differences in cell invasiveness between the 2 groups.

Western blot analysis and antibodies. Cell lysates were
extracted with radio-immunoprecipitation assay (RIPA,
Beyotime Institute of Biotechnology, Inc.) buffer with protease
inhibitor cocktail (CWBiotech). Protein concentrations were
determined using the BCA™ Protein Assay kit (CWBiotech)
according to the protocol provided by the manufacturer.
Proteins (20 ul) loaded onto each lane were subjected to 10%
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and then transferred to a polyvinylidene difluo-
ride (PVDF, EMD Millipore) membrane. After blocking with
5% skimmed milk for 4 h, PVDF membranes were incubated
overnight at 4°C with the following primary antibodies:
Cyclin D1 (1:1,000; cat. no. ab16663, Abcam), cyclin E (1:1,000;
cat. no. 4129, Cell Signaling Technology, Inc.), cyclin-depen-
dent kinase (CDK)4 (1:1,000; cat. no. 11026-1-AP), CDK6
(1:1,000; cat. no. 14052-1-AP) (both from Proteintech),
poly(ADP-ribose) polymerase (PARP; 1:1,000; cat. no. 9532),
cleaved-PARP (1:1,000; cat. no. 5625), p53 (1:1,000;
cat. no. 2527), p21 (1:1,000; cat. no. 2947), B-actin (1:1,000;
cat. no. 4970) (all from Cell Signaling Technology, Inc.),
desmoplakin (1:1,000; cat. no. abl09445, Abcam), E-cadherin
(1:1,000, cat. no. 3195), fibronectin (1:1,000; cat. no. 26836),
N-cadherin (1:1,000; cat. no. 13116), Vimentin (1:1,000;
cat. no. 5741), Snail (1:1,000; cat. no. 3879), p-ERK1/2 (1:1,000;
cat. no. 4370), ERK1/2 (1:1,000; cat. no. 4695), p-JNK (1:1,000;
cat. no. 4668), INK (1:1,000; cat. no. 9252), p-STAT3 (1:2,000,
cat. no. 9145), STAT3 (1:1,000; cat. no. 30835) and GAPDH
(1:1,000; cat. no. 5174) (all from Cell Signaling Technology,
Inc.). After rinsing with TBST 3 times for 10 min each
time, the PVDF membranes were incubated with anti-rabbit
antibody (1:2,000; cat. no. 7074, Cell Signaling Technology,
Inc.) or anti-mouse (1:2,000; cat. no. 14709, Cell Signaling
Technology, Inc.) at room temperature for 1.5 h. Subsequently,
the membranes were rinsed with TBST 3 times (10 min each
time) and visualized using Pierce™ ECL Western Blotting
Substrate (Pierce; Thermo Fisher Scientific, Inc.) (15). The
blots developed with chromogenic substrates were stripped
of antibodies by using stripping buffer solutions (Beyotime
Institute of Biotechnology Inc.). The blots were then re-probed
to detect a second protein with the same or very similar
molecular weights through chemiluminescence.

Reverse transcription-quantitative PCR (RT-qgPCR). Total
cellular RNA and tissue RNA were extracted using TRIzol
reagent (Life Technologies; Thermo Fisher Scientific, Inc.).
Total RNA was quantified using a Nanodrop 1000 spectro-
photometer (Thermo Fisher Scientific, Inc.) and equal amounts
(1 ug) were transcribed into cDNA using the iScript™ cDNA
Synthesis kit (cat. no. 1708891, Bio-Rad Laboratories, Inc.)
according to the manufacturer's protocol. The appropriate size
of the gPCR products was confirmed by agarose gel electropho-
resis. Subsequently, the samples were amplified and analyzed
using a SYBR Premix Ex Taq™ kit (cat. no. RR820A; Takara
Bio, Inc.) and an Applied Biosystems 7500 system (Thermo
Fisher Scientific, Inc.). The thermocycling conditions were as
follows: 95°C for 10 min, followed by 40 cycles of 95°C for
30 sec, 55°C for 30 sec and 72°C for 1 min. All PCR assays
were replicated at least 3 times. The fold change in gene expres-
sion was calculated using the 2224 method (16). A melting
curve analysis was performed for each amplicon to verify the
specificity of each amplification step. B-actin was used as the
normalization controls for RCC cell lines. The gene primers
used for amplification are presented in Table I.

Flow cytometry.The cell cycle was analyzed with acommercial
kit (Beyotime Institute of Biotechnology, Inc.) according to the
manufacturer's instructions. Briefly, the cells were collected
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and fixed with pre-cooling 70% alcohol for 2 h at 4°C. After
discarding the supernatant, the precipitate was washed with
PBS and centrifuged at 300 x g for 5 min at 25°C. A total of
500 ul of staining buffer, including 25 pl propidium iodide
(PI) staining solution (Beijing Solarbio Science & Technology
Co.,Ltd.), 100 ul RNase A (Thermo Fisher Scientific, Inc.) and
0.2% Triton X-100 (Beijing Solarbio Science & Technology
Co., Ltd.) were added to the wells, followed by incubation for
30 min at 37°C. The samples were then detected immediately
using a flow cytometer (Beckman Coulter, Inc.) (17).

Apoptosis assays were performed with the Annexin
VFITC/propidium iodide (PI) apoptosis detection kit from
KeyGen Biotech according to manufacturer's instructions.
RCC cells were collected and fixed in 75% ethanol overnight.
The cells were subsequently incubated with 500 pl of binding
buffer, 5 ul of Annexin V-FITC and 5 ul propidium Iodide
for 15 min at 25°C in the dark. A flow cytometer (Beckman
Coulter, Inc.) and Kaluza software 2.0 (Beckman Coulter, Inc.)
were used to detect and analyze the percentage of apoptotic
and necrotic cells.

CD44%/CD24- cell population analysis was performed by
flow cytometry. Allophycocyanin (APC)-conjugated mouse
anti-human CD44 monoclonal antibody (cat. no. BD 559942)
and phycoerythrin/cyanine 7 (PE/Cy7)-conjugated mouse
anti-human CD24 monoclonal antibody (cat. no. BD 561646)
were purchased from BD Pharmingen (BD Biosciences). CD24
and CD44 expression was analyzed in cells derived from
monolayer cultures following dissociation in trypsin-EDTA
at 37°C. Cells (1x10°) were centrifuged at 300 x g for 5 min
at 25°C. The cells were washed in PBS, resuspended with
anti-CD24-PE/Cy7 (1:20 dilution) and anti-CD44-APC (1:20
dilution). Samples were incubated for 30 min at 4°C in the
dark. The labeled cells were washed using PBS and analyzed
using a BD FACSAria II flow cytometer and software DiVa
(BD Biosciences). The negative fraction was determined using
appropriate isotype controls.

Statistical analysis. The results are expressed as the
means + SD. A two-tailed Student's t-test was used for statis-
tical comparisons. A paired t-test was used for patient tissue
comparisons, and an unpaired t-test was used for cell line
analyses. One-way analysis of variance (ANOVA) was used to
analyze the significance among groups. The least significant
difference (LSD) was used as a post hoc test was used following
a significant one-way ANOVA result when analyzing datasets
containing 3 groups. For datasets containing >3 groups, the
results were analyzed by one-way ANOVA, followed by
Tukey's post-hoc test. P-value <0.05 was considered to indicate
a statistically significant difference.

Results

SRA is downregulated in both RCC clinical samples and cell
lines. To explore the clinical significance of SRA in human
RCC, RT-qPCR was applied to detect the expression of SRA
in RCC tissues and adjacent tissues from 14 patients (Fig. 1A).
Compared to the matched normal renal tissues, the expression
levels of SRA were significantly lower in RCC tissues. To
confirm this result, the expression levels of SRA were evalu-
ated in a panel of RCC cell lines (786-0, SN12C, SKRC39,
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Table I. Sequences of primers used for RT-qPCR.
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Gene name Forward Reverse

SRA 5'-GGCTCTACTGGTGCAAGAGC-3' 5'-GGAAGCCTGGT ATGGTATGG-3'
[-actin 5'-CATCCGCAAAGACCTGTACG-3' 5'-CCTGCTTGCTGATCCACA TC-3'
Snail 5'-CCCAATCGGAAGCCTAACTA-3' 5'-GCTGGAAGGTAAACTCTGGA-3'
E-cadherin 5'-CCTGGGACTCCACCTACAGA-3' 5'-CAACATACCTGATGGGGCGG-3'
Vimentin 5'-GCTGAATGACCGCTTCGCCAAC-3' 5'-GCTCCCGCATCTCCTCCTCGTA-3'

SRA, steroid receptor RNA coactivator.

A498, Caki-1 and Caki-2 cells) and renal tubular epithelial
cells (HK-2 cells). Consistent with the results obtained with
the clinical samples, the expression levels of SRA were
significantly lower in the RCC cell lines than in the HK-2 cells
(Fig. 1B). Furthermore, among the RCC cell lines, the SKRC39
cells, the metastatic cell line, Caki-1, and the papillary renal
cell carcinoma cell line, Caki-2, exhibited higher SRA levels
than non-the metastatic cell lines, 786-O, SN12C and A498
(Fig. 1B). These data suggested a potential role of SRA in the
progression of RCC.

SRA inhibits the viability and proliferation of RCC cell
lines. Based on the above-mentioned results, the A498 cells
with a low SRA level and SKRC39 cells with a high SRA
level, were used to verify the hypothesis of the role of SRA
in RCC. Several cell clones with genetically manipulated
SRA were obtained as follows: i) A498 cells stably overex-
pressing SRA (A498-SRA) and a negative control A498
(A498-NEG) (Fig. 2A); and ii) SKRC39 cells subjected to
the shRNA-mediated knockdown of SRA (SKRC39-shSRA1
and SKRC39-shSRA3), and expressing non-targeting shRNA
(SKRC39-NEG) (Fig. 2B). As was expected, the overexpres-
sion of SRA significantly inhibited the proliferation of the
A498-SRA cells, compared with that of the A498-NEG cells
(Fig. 2C, upper panel). However, the knockdown of SRA in the
SKRC39 cells exerted opposite effects (Fig. 2D, upper panel).
Additionally, SRA overexpression reduced the colony forma-
tion ability of the A498 cells (Fig. 2C, lower panels), while
the downregulation of SRA promoted the colony formation of
SKRC39 cells (Fig. 2D, lower panels).

SRA inhibits the cell cycle and promotes the apoptosis of
RCC cell lines. It is known that cell proliferation is a cell
cycle-dependent process during cancer development (18). In
the present study, to further examine the effects of SRA on
RCC proliferation, a cell cycle analysis was performed using
flow cytometry. A significant accumulation of A498-SRA cells
in the GO/G1 phase accompanied by a reduction in the number
of cells in the S phase was observed (Fig. 3A). However, SRA
knockdown in the SKRC39 cells promoted cell entry into the
S phase (Fig. 3B). These data indicated that SRA inhibited
RCC cell proliferation possibly by inducing cell cycle arrest at
the GO/G1 phase. Subsequently, the expression levels of the cell
cycle-related proteins were detected. Cyclin D1, CDK4, CDK6
and cyclin E are key proteins regulating cell cycle progres-
sion from the G1 to the S phase (19). The present study found

that SRA overexpression markedly downregulated cyclin D1
and CDK4 expression, whereas it exerted no obvious effects
on CDKG6 and cyclin E expression (Fig. 3E). Conversely, the
knockdown of SRA upregulated the levels of cyclin D1, CDK4
and CDKG6 (Fig. 3E).

The anti-apoptotic ability is one of the important charac-
teristics of tumor cells. The present study thus examined the
effects of SRA on apoptosis using flow cytometry. The results
revealed that the apoptotic rate of the A498 cells transfected
with SRA overexpression plasmid was significantly increased
compared with that of the control cells (Fig. 3C). The knock-
down of SRA markedly reduced the percentage of apoptotic
cells (Fig. 3D). PARPI is involved in the initial response to
DNA damage, which is also inactivated by caspase-3 cleavage
in p53-dependent manner (20). In the present study, the over-
expression of SRA markedly increased the cleavage of PARP
in the A498 cells, while it also increased the levels of p53 and
p21 (Fig. 3F). The knockdown of SRA exerted opposite effects
on the SKRC309 cells (Fig. 3F). Thus, SRA inhibited RCC cell
proliferation by interfering with cell cycle progression and
promoting cell apoptosis.

SRA inhibits the migration, invasion and EMT of RCC cells.
To examine the effects of SRA on cell motility, Transwell
assay was performed. It was found that the stable overex-
pression of SRA significantly inhibited the migration and
invasion of A498 cells (Fig. 4A). By contrast, the knockdown
of SRA enhanced the migratory and invasive capabilities of
the SKRC39 cells (Fig. 4B). During cancer migration and
invasion, EMT is triggered by multiple signal pathways.
Moreover, the activation of EMT further facilitates stem
cell-like properties in cancers (21,22). Snail, a zinc-finger
transcription factor, is directly involved in the repression of
epithelial marker, E-cadherin, transcription and promotes
the acquisition of a mesenchymal phenotype during EMT
process (23,24). The findings of the present study demonstrated
that the overexpression of SRA in the A498 cells resulted in
an increment in the levels of epithelial markers (desmoplakin
and E-cadherin), and led to a decrease in the levels of mesen-
chymal markers, such as fibronectin, N-cadherin, vimentin
and Snail. Conversely, the SKRC39-shSRA cells exhibited
opposite effects (Fig. 4C).

SRA inhibits the stem-like characteristics of RCC
cells. It has been reported that cancer cell phenotype
and biology of CD44*/CD24" cells are often applied to
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independent experiments. "P<0.05, “P<0.01, ““P<0.001 vs. normal tissue or HK-2 cells. SRA, steroid receptor RNA coactivator; RCC, renal cell carcinoma.
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confirmed by RT-qPCR assay. (B) Knockdown of SRA in SKRC39 cells was established using shRNA. (C and D) The proliferation and colony formation
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identify stem-like cells in tumorigenesis of RCC (25). the percentages of CD44*/CD24" cells in the A498-SRA
Herein, flow cytometric analysis was performed to detect cells and SKRC39-shSRA cells. As shown in Fig. 5A,
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represent the means + SD of 3 independent experiments. “P<0.05, “P<0.01, ""P<0.001 vs. respective control. SRA, steroid receptor RNA coactivator.
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the overexpression of SRA significantly decreased the
percentage of CD44%/CD24" in the A498 cells (Fig. 5A),
while the knockdown of SRA in the SKRC39 cells exerted
an opposite effect (Fig. 5B). As previously reported,
sphere-forming assays can reflect the ability of cellular
self-renewal and proliferation, resulting in the acquisition
of stem cell properties (26). The present study found that
the overexpression of SRA reduced the sphere-forming effi-
ciency of A498 cells (Fig. 5C), while the knockdown of SRA
induced SKRC39 cell to form spheres (Fig. 5D). These find-
ings were consistent with those of previous studies (27-30)

and the present data, demonstrating that SRA decreased
the expression levels of the stemness markers, CD44, sex
determining region Y-box 2 (SOX-2), ATP-binding cassette
transporter G2 (ABCG2) and octamer-binding transcription
factor 4(OCT-4) (Fig. 5E). The above-mentioned results
suggested that SRA regulated the stem-like characteristics
of RCC cells.

The ERK signaling pathway is not required for the inhibition
of the proliferation, migration and invasion of RCC cells by
SRA. To further investigate the preliminary mechanisms of
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EMT regulated by SRA in RCC cells, the effects of SRA on  pathways, it was found that the overexpression of SRA signifi-
several classical signaling pathways, including the ERK, JNK  cantly upregulated the levels of phospho-ERK1/2 in the A498
and STAT3 pathways were detected. Among these signaling  cells, while the knockdown of SR A markedly inhibited ERK1/2
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Figure 6. SRA-induced phosphorylation of ERK is dispensable for EMT in RCC cells. (A) The related proteins of ERK, JNK and STAT3 pathways were
detected by western blot analysis. (B) The expression levels of p-ERK1/2 and total ERK1/2 were measured by western blot analysis with the ERK1/2 inhibitor,
PD98059. (C) The levels of proliferation-related markers (CDK4 and CDK6) and EMT-related markers (desmoplakin, E-cadherin, N-cadherin) were measured
by western blot analysis in A498-SRA cells and SKRC39-shSRA cells pre-treated with the ERK1/2 inhibitor. (D) Cell proliferation was measured by CCK-8
proliferation assay. (E) Transwell assay was performed to evaluate the effects of SRA and PD98059 on RCC migration and invasion. Data represent the
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phosphorylation in the SKRC39 cells (Fig. 6A). Furthermore,
the ERK inhibitor, PD98059, abolished ERK1/2 phosphory-
lation in both the A498-SRA and SKRC39-shRNA cells
(Fig. 6B). The potential role of ERK in proliferation and
EMT markers was also investigated in the A498-SRA cells
and SKRC39-shRNA cells. As shown in Fig. 6C, the abro-
gation of the ERK1/2 pathway did not affect the expression
levels of proliferation- and EMT-related markers mediated by
SRA. Although SRA attenuated the abilities of proliferation,
migration and invasion, PD98059 exerted no obvious effects
on A498-NEG cells or A498-SRA cells compared with the
untreated A498-NEG cells or A498-SR A cells (Fig. 6D and E).

The above-mentioned results indicated that SRA inhibited
the cell proliferation, promoted apoptosis, suppressed EMT
and stemness characteristics, while ERK signaling pathway
was dispensable for the roles of SRA in RCC progression
(Fig. 7).

Discussion

RCC is the most common type of urological malignancy.
The incidence of RCC has been increasing over the past two
decades (3). The lack of effective biomarkers and therapies
has led to a high human morbidity (31). It is worth noting
that among all hallmarks of cancer, sustaining proliferative
signaling, activating migration and invasion, and gaining stem
cell characteristics are most important factors responsible for
systemic spreading and treatment resistance (32).

SRA was initially identified in 1999 and functions to
increase the activity of steroid receptors (33). Although a number
of studies on the structure and molecular functions of SRA are
emerging, the physiological roles of SRA have not yet been fully
elucidated. The present study found SRA was downregulated
in both RCC clinical samples and cell lines. SRA inhibited the
proliferation, migration, invasion and stemness of RCC cells via
suppressing the cell cycle, intervening the EMT process and
altering stemness markers, which indicated a potential tumor
suppressive role of SRA in RCC. However, in contrast to the
findings of the present study, several studies have defined SRA
as an oncogene, since it is overexpressed in ovarian and breast
cancers (34,35). It was therefore considered that SRA may exhibit
a tissue-specific expression pattern and function as an oncogene
or tumor suppressor in different types of cancers. Moreover,
intracellular signaling pathways, the tumor microenvironment,
as well as energy metabolism in different cancer types are also
closely related to the functions of SRA. For example, Lanz et al
demonstrated that the overexpression of SRA exhibited potent
promoting activities on cellular proliferation and differentiation
via the aberrant stimulation of ER activity in breast cancer (9).
SRA plays an anticancer role in osteosarcoma by sponging
miR-208a, as it reduces cell migration, invasion and proliferation,
while it promotes cell apoptosis (36). In the present study, the
expression levels of SRA were found to be significantly down-
regulated in RCC tissues in comparison with the matched normal
tissues. The overexpression of SRA inhibited the proliferation,
colony formation, migration, invasion and stemness of RCC
cells. Conversely, the knockdown of SRA markedly promoted
cell growth and the aggressive behaviors in vitro. These findings
revealed that SRA played a beneficial role in suppressing RCC
proliferation and cell motility.
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RCC cells are shown to have an intermediate EMT
phenotype with low levels of desmoplakin and E-cadherin,
and mesenchymal features, such as fibronectin, N-cadherin,
vimentin and Snail (37,38). As was expected, the findings of the
present study demonstrated that SRA significantly increased
the expression levels of epithelial-specific markers and
decreased the expression levels of mesenchymal-associated
regulators. The loss of E-cadherin is considered to be a crucial
event in EMT, whereas N-cadherin promotes trans-endothelial
migration, which subsequently leads to a diminished in inter-
cellular adhesion, and ultimately triggers cancer invasion and
migration. The EMT status renders make cells more prone
to exhibit cancer stem cell-like properties (39). As regards
the existence of cancer stem cells, accumulating evidence
has been indicated that stem-like cells are contributed to
cancer initiation and progression (40). Similarly, the present
study demonstrated that SRA reduced the percentage of
CD44%/CD24" cells, which was associated with increased
stem-like characteristics and a poor prognosis for patients with
RCC. Consistently, SRA inhibited the self-renewal capability
and reduced the expression levels of SOX-2, CD44, ABCG2
and OCT-4, which play important roles in maintaining cancer
cell stemness (41,42). Herein, SRA promoted RCC progression
by regulating EMT markers, stemness properties and stem
cell-like protein expressions.

Considering the crucial roles of several signaling pathways,
such as ERK, JNK and STAT pathway in cancer progres-
sion (43-45), the present study investigated the alterations of the
above-mentioned pathways in RCC cells. The results revealed
that SRA markedly activated the ERK signaling pathway.
However, the inhibition of the ERK pathway with PD98059 had
minimal effects on proliferation, migration and invasion inhib-
ited by SRA. Therefore, the specific role of the ERK pathway
on proliferation and invasion inhibited by SRA warrant further
investigation. During RCC progression mediated by SRA,
ERK phosphorylation may lead to the proteasome-dependent
degradation of multiple phosphoproteins required for cell
proliferation and invasion. IncRNA sequences convey func-
tions by binding to DNA or protein. In a previous study, it was
found that SRA induced the upregulation of phospho-cAMP
response element binding protein (p-CREB) expression via
the MEK-ERK signaling pathway in vascular smooth muscle
cell proliferation (46). Thus, CREB may be a direct interacting
molecule of SRA in the proliferation and stemness of RCC cells.
As a ubiquitous transcription factor, CREB carries out its role by
binding to the promoter containing a CRE motif. The molecular
mechanisms of SRA in regulating the promoter containing
CRE motif warrant further investigation.

In conclusion, the findings of the present study demonstrated
the inhibitory effects of SRA on RCC proliferation, migration
and invasion through the regulation of the cell cycle, EMT and
stemness characteristics, which are potentially independent of
the ERK signaling pathway (Fig. 7). Therefore, determining the
protective functions of SRA may provide a promising thera-
peutic target for the diagnosis and therapy of RCC.
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