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Downregulation of GAS5 Promotes Bladder Cancer Cell
Proliferation, Partly by Regulating CDK6
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Long non-coding RNAs (IncRNAs) play important roles in diverse biological processes, such as transcriptional regulation, cell
growth and tumorigenesis. However, little is known about whether IncRNA-GAS5 (growth arrest-specific 5) regulates
bladder cancer progression. In the present study, we found that the GAS5 expression is commonly downregulated in
bladder cancer cell lines and human specimens. Knockdown of GAS5 promotes bladder cancer cell proliferation, whereas
forced expression of GAS5 suppresses cell proliferation. We further demonstrated that knockdown of GAS5 increases CDK6
mRNA and protein levels in bladder cancer cells. Expectedly, GAS5 inhibition induces a significant decrease in GO/G1 phase
and an obvious increase in S phase. Gain-of-function and loss-of-function studies showed that GAS5 inhibits bladder cancer
cell proliferation, at least in part, by regulating CDK6 expression.

Conclusions: Downregulated GAS5 promotes bladder cancer cell proliferation, partly by regulating CDK6, and thus may be
helpful in the development of effective treatment strategies against bladder cancer.
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Introduction

Human bladder cancer is the fourth most common malig-
nancy in men, and the tenth most common in women [1,2].
The most common histological type of bladder cancer is
urothelial carcinoma (UC) which are non-invasive papillary
tumors that commonly recur but rarely progress [3]. In general,
the treatment for these patients is endoscopic resection [4,5].
Invasive bladder tumors are more aggressive, and patients with
muscle invasive UG are usually treated with radical cystectomy.
However one-half of patients with invasive bladder cancer
develop subsequent metastatic disease, even after radical surgery
of the primary tumors [6]. The advances in effective therapy for
bladder cancer have been limited because the pathological
mechanisms causing tumor are not known. Therefore, revealing
the molecular mechanism for the bladder tumorigenesis is
indispensable for developing effective treatment.

Recent evidence shows that long non-coding RNAs
(IncRNAs) play important roles in diverse biological processes,
such as transcriptional regulation, cell growth and tumorigenesis
[7,8]. Our previous studies showed that H19 increases bladder
cancer cell proliferation and metastasis [9,10]. Upregulated H19
contributes to bladder cancer growth by regulating ID2
expression. Upregulated H19 also increases bladder cancer cell
metastasis by associating EZH2 and inhibiting E-cad expression.
The HOTAIR (for HOX antisense intergenic RNA) level is
increased In primary tumors and regulates cancer progression
[11]. Overexpression of HOTAIR in epithelial cancer cells leads
to altered histone H3 lysine 27 methylation and promotes
cancer metastasis [12]. HOTAIR is a critical element in
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metastatic progression by associating with members of the
PRC2 complex (SUZ12, EZH2, and H3K27me3) [13,14].
LncRNA-MEGS3 (maternally expressed gene 3) is also associated
with tumorigenesis and progression of meningioma [7]. MEG3
is not expressed in the majority of human meningiomas or the
human meningioma cell lines [7]. Re-expression of MEG3
inhibits tumor cell proliferation and colony formation in soft
agar by inducing accumulation of p53 protein and selectively
regulating p53 target gene expression [15]. GASS is a recently
identified non-coding RNA which is associated with cell
proliferation. GAS5 plays an essential role in normal growth
arrest in both T-cell lines and non-transformed lymphocytes
[16]. Overexpression of GAS5 reduces the rate of progression
through the cell-cycle, whereas downregulation of GAS) inhibits
apoptosis and maintains a more rapid cell cycle. Mourtada-M
et al demonstrated that GAS) transcript levels are significantly
decreased in breast cancer samples compared to adjacent
normal breast epithelial tissues [17]. Overexpression of GAS5
induces growth arrest and apoptosis independently of other
stimuli. However, the underlying mechanisms for GASS
regulating cancer cell proliferation remain unclear.

Based on these findings, we tested whether GAS5 regulates cell
cycle and cell proliferation in bladder cancer cell. We found that
GAS5 expression is significantly decreased in bladder cancer
tissues. Knockdown of GAS)5 induces a significant decrease in GO/
G1 phase and promotes bladder cancer cell proliferation, at least
in part, by regulating CDKG6 expression.
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Materials and Methods

Tissue Samples and Cell Lines

Human bladder tissues were obtained with written informed
consent from the First People’s Hospital affiliated to School of
Medicine Shanghai Jiaotong University. The study was approved
by the Ethics Committee of the School of Medicine Shanghai
Jiaotong University. 28 specimens of bladder cancer tissue and
their adjacent normal tissues were collected between 02/2011 and
12/2012 (Table 1).

Human bladder cancer cells (T24, DSH1, RT112, RT4, KU7
and 253] cells) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA) and cultured in RPMI 1640
(Gibco, Carlsbad, CA,) with 10% fetal bovine serum (FBS; Gibco).

Real-time Polymerase Chain Reaction (PCR)

Total RNA was extracted from bladder cancer tissues or cells by
using 'Trizol reagent (Invitrogen, Carlsbad, CA), and the reverse
transcription reactions were performed using random primers and
an M-MLV Reverse Transcriptase kit (Invitrogen). Real-time
PCR was carried out using a standard protocol from the SYBR
Green PCR kit (Toyobo, Osaka, Japan) on Applied Biosystems
7300 Real Time PCR system (Applied Biosystems, Foster City,
CA) according to the instructions. B-actin was used as references
for IncRNAs. ACt values were normalized to B-actin levels. Each
sample was analyzed in triplicate.

Western Blot Analysis

Western blot analysis to assess CDK6 and B-actin expression
was carried out as previously described [18]. The anti-CDK6
primary antibodies were purchased from Santa Cruz Biotechnol-
ogy (CA, USA). B-actin primary antibodies were purchased from
Sigma (MO, USA).

Flow Cytometric Analysis
RT4 cells (1~2x10%) treated with GAS5-siRNA or CDK6-
siRNA were plated in 6-well plates. After 48-hour incubation, the

Table 1. The characteristics of patients with bladder cancer.
Gender 28

Male (%) 19 (68%)

Female (%) 9 (32%)
Mean age 65 (45-78)
T stage

Ta 6

T1 6

T2 9

T3 5

T4 2
N stage

NON1 17

higher 1
Grade

Grade 1-2 6

Grade3 14

Grade4 8
doi:10.1371/journal.pone.0073991.t001
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cultures were incubated with propidium iodide for 30 min in the
dark. Cultures were collected and analyzed for cell cycle using a
flow cytometer (FACSCalibur, BD Biosciences) after propidium
iodide staining. The cultures were also stained with annexin V—
fluorescein isothiocyanate, and the cell apoptosis was analyzed
using a flow cytometer.

Overexpression and Small Interfering RNA

To express GAS5, plasmid pcDNA-GAS5 was constructed by
introducing a Apnl-Xhol fragment containing the GAS5 cDNA
mto the same sites in pcDNAS3.1. The GAS5 gene was amplified
from cDNA prepared from T24 cells by PCR using the forward
and reverse primers: ggggtaccl TTCGAGGTAGGAGTCGAC
and ccgetcgagGGATTGCAAAAATTTATTAAAATTG.
pcDNA-GASS was transfected into bladder cancer cell line by
using Lipofectamine 2000 (Invitrogen).

To inhibit endogenous GAS5 and CDK6 expression, 2x10°
cells per well in a six-well plate were transfected with 50 nM
indicated siRNA or negative control using Lipofectamine 2000.
Then cells were incubated with siRNA for the indicated time.
Three different GAS5-siRNAs (reference sequence NR_002578)
were designed by Ambion (Ambion, Austin, TX). The CDK6-
siRNAs used in this study were mixtures of three siRNAs and were
purchased from Ambion.

Cell Proliferation Assay

Cell proliferation assays were carried out using Cell Counting
Kit-8 kit (Dojindo Laboratories, Kumamoto, Japan). RT4 cells
were plated in 24-well plates in triplicate at approximately 1x10°
cells per well and cultured in the growth medium. RT4 cells were
then treated with pcDNA-GAS5 or GAS5-siRNA, and the
numbers of cells per well were measured by the absorbance
(450 nm) of reduced WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-isulfophenyl)-2H-tetrazolium, =~ monosodium
salt) at the indicated time points.

RNA Immunoprecipitation and RNA Pulldown

RNA  immunoprecipitation (RIP) or RNA Pulldown was
performed as described previously [10]. Briefly, for RNA pulldown
assay, biotin-labeled RINAs were i vitro transcribed with the Biotin
RNA Labeling Mix (Roche Diagnostic, Indianapolis, USA) and
T7 RNA polymerase (Roche). Cell nuclear extract (2 pg) was
mixed with biotinylated RNA (100 pmol). Washed Streptavidin
agarose beads (100 pl) were added to each binding reaction and
further incubated at room temperature for 1 h. Beads were
washed briefly three times and boiled in SDS buffer, and the
retrieved protein was detected by standard western blot technique.

The CDKG6 antibodies used for RIP are purchased from Abcam
(Abcam, Cambridge, MA). The coprecipitated RNAs were
detected by reverse transcription PCR. Total RNAs and controls
were also assayed to demonstrate that the detected signals were
from RNAs specifically binding to CDKG6.

Statistical Analysis

Statistical comparison between 2 groups was performed using
unpaired #test. All of the groups were compared using one-way
analysis of variance (ANOVA), followed by Tukey post hoc test
where appropriate. The difference was deemed statistically
significant at p<<0.05. All data were represented as mean =
standard deviateon from at least three separate experiments.
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Figure 1. GASS levels are decreased in bladder cancer. (A) Analysis of GAS5 expression level was carried out in bladder cancer tissues or
adjacent control (n=28). Total RNA was subjected to real-time RT-PCR to analyze the CT values of bladder cancer normalized to B-actin in each
sample. The normalized values (ACT) from all tissues were then compared with a normal tissue, in each group (AACT). The results were expressed as
Log10 (2724Y (B) RNA of 1-7# used in (A) was assayed by northern blot analysis as previously described [32]. (C) GAS5 levels were evaluated by real-
time PCR in bladder cancer cell lines. Normal urothelial cells were used as control. *p<<0.05.

doi:10.1371/journal.pone.0073991.g001

Results

GASS5 Level is Significantly Downregulated in Bladder
Cancer

Previous studies showed that GAS) controls cell apoptosis and is
downregulated in breast cancer [17]. In order to investigate
whether GAS5 regulates bladder tumorigenesis, we first examined

PLOS ONE | www.plosone.org

the GAS) expression level in bladder cancer tissues and adjacent
normal tissues. Figure 1A showed that GAS5 expression is
remarkably downregulated in 82% bladder cancer tissues com-
pared with adjacent controls. To confirm the validity of GAS5
reduction, a portion of the RNA used for the real-time PCR was
subjected to northern blotting analysis. Consistent with the above
findings, GAS5 was reduced in most bladder cancer tissues
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Figure 2. GASS5 inhibits bladder tumor cell proliferation. (A) RT4 cells were treated with GAS5-siRNA, and GAS5 expression level was assayed
after 48 h by real-time PCR. (B) RT4 cells were treated with GAS5-siRNA, and at the indicated time points, the numbers of cells per well were measured
by the absorbance (450 nm) of reduced WST-8. (C) RT4 cells were treated with pcDNA-GAS5, and GAS5 expression level was assayed by real-time PCR.
(D) RT4 cells were transiently overexpressed with GAS5, and the numbers of cells per well were measured by the absorbance (450 nm) of reduced
WST-8. The results show data from at least three independent experiments, expressed as the mean = SD. *P<<0.05.

doi:10.1371/journal.pone.0073991.g002

(Figure 1B). We then examined the expression level of GAS5 in
bladder cancer cell lines (T24, DSH1, RT112, RT4, 253], and
KU7). Compared to the normal urothelia cell, GAS5 expression is
significantly decreased in these bladder cancer cell lines
(Figure 1C). These data indicate that downregulation of GAS5
may be related to bladder cancer progression.

GASS5 Inhibits Bladder Cell Proliferation in vitro

To investigate the biological role of GAS5 in regulating bladder
cancer cell proliferation, the bladder cancer cell treated with
GAS5 or GAS5-siRNA were analyzed. GAS5-siRNA treatment
significantly inhibits GAS5 expression, and GAS5 knockdown
increases RT4 cell proliferation (Figure 2A and B). Oppositely,
pcDNA-GASS  treatment upregulates GAS5 expression, and
suppresses RT4 cell proliferation (Figure 2C and D). These data
suggest that downregulated GAS)5 in bladder cancer contributes to
bladder cancer cell proliferation.

GAS5 Negatively Regulates CDK6 Expression in vitro

We then investigated the possible mechanisms that GAS5
regulates the bladder cancer cell proliferation. We performed an
RNA pull-down assay to identify proteins that associated with
GAS) (Figure 3A). Mass spectrometry analysis of the protein band
specific to GAS5 revealed that Cyclin-dependent kinase 6 (CDKG6)
is specifically associated with GAS5 (Table 2). CDK6 controls the
cell cycle, and dysregulation of CDKG6 is associated with bladder
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cancer progression [19]. To further validate the association
between the GAS5 and CDKG6, we next performed a RIP assay
with an antibody against CDK6 on RT4 cellular extracts.
Consistently, we observed a significantly higher enrichment level
of GAS)5 with the CDKG6 antibody compared with the non-specific
IgG control antibody (Figure 3B). Knockdown of GAS5 signifi-
cantly increases CDK6 mRNA and protein levels in bladder
cancer cell lines (Figure 3C and D), but downregulation of GAS5
don’t change CDK2 and CDK4 expression level (data not shown).
Furthermore, overexpression of GAS5 remarkably inhibits CDK6
expression in bladder cancer cell lines (Figure 3E). In wvivo, a
significant negative correlation is also observed between the GAS5
levels and the CDKG6 levels in cancer tissues (> = 0.168, p=0.013,
Figure 3F). We further investigate the role of GAS5 in the
regulation of cell apoptosis and cell cycle. Figure 4A showed that
GAS5-siRNA treatment inhibits cell apoptotic. Then the GAS5 or
CDKG6 1s knocked down and cell cycle is analyzed by flow
cytometry. Compared with control siRNA, GAS5 downregulation
displays a decreased percentage of cells in G0/G1 phase and more
cells in S phase (Figure 4B). The quantitative analysis also reveals a
significant decrease in the cell population in G0/G1 phase in cells
tranfected with GAS5-siRNA (Figure 4B). More important,
knockdown of CDKG6 by specific siRNAs reduces the percentage
of cells in S phase in GAS5-siRNA-treated cells (Figure S1,
Figure 4B). These data indicate that GAS) regulates bladder
cancer cell cycle, at least in part, by the regulation of CDKG6.
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Figure 3. GAS5 negatively regulates CDK6 expression. (A) Biotinylated GAS5 or control were incubated with nuclear extracts (RT4 cells),
targeted with streptavidin beads and associated proteins were resolved in a gel. Silver staining of the SDS-PAGE gel containing aliquots of samples
derived from proteins pulled down by GAS5. (B) RIP experiments were performed using CDK6 antibody to immunoprecipitate RNA and a primer to
detect GAS5 RNA. (C) Analysis of CDK6 mRNA level was performed in bladder cancer cell lines after GAS5-siRNA treatment. (D) Western blot analysis
of CDK6 protein level was performed in bladder cancer cells treated with GAS5-siRNA. (E) Analysis of CDK6 mRNA level was performed in bladder
cancer cell lines after GAS5 overexpression. The results show data from at least three independent experiments, expressed as the mean =+ SD.
*P<<0.05. (F) Negative correlation between GAS5 levels and the CDK6 levels in 16 bladder cancer samples (r*=0.168, p=0.013).
doi:10.1371/journal.pone.0073991.g003

GAS5 Decreases Bladder Cancer Cell Proliferation by GASS and the CDK6. We therefore thought that the role of GAS5
Regulating CDK6 in regulating bladder cancer cell proliferation is mediated by
modulating CDKG6 expression. Consistent with previous studies,

Downregulated GAS)5 increases bladder cancer cell prolifera- pressi v ) )
knockdown of CDKG6 inhibits RT4 cell proliferation (Figure 5A).

tion, and a significant negative correlation is observed between the
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Figure 4. GAS5 regulates bladder cancer cell cycle by regulating CDK6. (A) GAS5 expression was inhibited by specific siRNAs in RT4, and the
cell apoptosis was analyzed by flow cytometer 48 h later. (B) RT4 cells were treated with GAS5-siRNA or CDK6-siRNA. Forty-eight hours later, the
relative cell numbers in each cell cycle phase after propidium iodide staining were determined by FACS analysis. The data are from one of three
independent experiments. The histograms were analyzed and the percentage of cells in each phase of the cell cycle is shown. The results are
presented as mean * SD for three experiments.

doi:10.1371/journal.pone.0073991.g004

Furthermore, RT4 cell proliferation is partially suppressed by GAS5-overexpressing cells, forced expression of CDKG6 results in a
CDK6 knockdown in GAS5-siRNA-treated cells (Figure 5A). In restored cell proliferation (Figure 5B). These data confirm that
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GASS decreases bladder cancer progression, at least in part, by
regulating CDK6 expression.
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Figure 5. GASS5 inhibits bladder cancer cell proliferation, partly
by regulating CDKG6. (A) RT4 cells were treated with GAS5-siRNA and
CDK6-siRNA, and the numbers of cells per well were measured by the
absorbance (450 nm) of reduced WST-8. *p<<0.05. (B) RT4 cells were
overexpressed with GAS5 and CDK6, and the numbers of cells per well
were measured by the absorbance (450 nm) of reduced WST-8.
*p<0.05.

doi:10.1371/journal.pone.0073991.g005
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Table 2. Mass spectrometry analysis of the proteins pull-down by GAS5.

Hits Protein Mass (Da) Gene name Relative abundance(%)
1 36425.1 malate dehydrogenase 304
2 36937.4 cyclin-dependent kinase 6 27.2
3 38417.8 Glycerol-3-phosphate dehydrogenase 1-like 53
4 422559 glucocorticoid receptor 17.1
5 28352.3 peroxisomal biogenesis factor 11A 3.7
6 49882.9 ZNF154 protein 24
7 41756.7 histone deacetylase 8 isoform 1 2.8
8 43537.8 putative glycolipid transfer protein 4.0
9 33894.2 histone H1 transcription factor large subunit 2A 6.5
10 37273.2 ephrin type-A receptor 6 isoform b 0.6
doi:10.1371/journal.pone.0073991.t002

Discussion

Recent studies show that the human transcriptome is more
complex than a collection of protein-coding genes; showing
extensive antisense and non-coding RNA (ncRNA) expression
[20,21,22]. Although initially argued to be spurious transcriptional
noise, new evidence demonstrates that ncRNAs (such as micro-
RNAs and IncRNAs) participate in the regulation of cellular
development, cell growth and human diseases [23,24]. Recent
studies are beginning to unravel their importance in tumorigenesis.
For example, IncRNA-H19 level is remarkably elevated in a large
number of human cancers [25,26], and HI19 overexpression
confers a growth advantage on cancer cells [27].

GASS5 is a newly identified IncRNA involved in the regulation of
cell cycle [16,28]. Mourtada-M et al showed that GAS) plays a
crucial role in normal growth arrest in both T-cell lines and non-
transformed lymphocytes [16]. GAS5 overexpression results in
both an increase in apoptosis and a reduction in the rate of
progression through the cell-cycle, whereas GAS5 knockdown
inhibits apoptosis and maintains a more rapid cell cycle, indicating
that GASS expression is necessary to normal growth arrest in T-
cell lines and human peripheral blood T-cells [16]. GAS5 levels
are also significantly reduced in breast cancer samples [17]. Based
on these findings, we speculated whether expression of the GAS5
is abnormal and dysregulated GAS5 regulates cell proliferation in
bladder cancer. In the present study, we identify that the GAS5
expression is commonly downregulated in most bladder cancer
specimens and in bladder cancer cell lines. GAS5 inhibition
contributes to bladder cancer cell proliferation, whereas overex-
pression of GAS5 inhibits cell proliferation. Previous studies
showed that GAS5 binds to the DNA-binding domain of the
glucocorticoid receptor (GR) by acting as a decoy glucocorticoid
response element (GRE), thus competing with DNA GREs for
binding to the GR. Thus GAS5 is a “riborepressor” of the GR,
influencing cell survival and metabolic activities during starvation
by modulating the transcriptional activity of the GR [29]. Here we
performed a RNA pull-down assay to investigate the potential
mechanism of GAS) in regulating cell growth. Our data revealed
that GAS5 could combine with the cyclin-dependent kinase 6
(CDK®6), and further repress the expression of CDK6. Therefore,
downregulation of GAS5 increases CDK6 expression in bladder
cancer cells. GAS) inhibition induces a significant decrease in GO/
Gl phase and an increase in S phase by CDK6-dependent
manner. Gain-of-function and loss-of-function studies confirmed
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that GAS5 regulates cell cycle and inhibits bladder cancer cell
proliferation, partly by regulating CDK6 expression.

Tumor development and progression have been shown to be
dependent on cellular accumulation of various epigenetic and
genetic events, including alterations in the cell-cycle machinery at
G1/S checkpoint [30]. The G1/S phase transition is primarily
regulated by D-type cyclins (D1, D2, or D3) in complex with
CDK4/CDKG6, and E-type cyclins (EI, or E2) in complex with
CDK2 [30]. CDKG6 is showed to be overexpressed in bladder
cancer [31], and the concept has emerged that Rb phosphoryla-
tion by CDK4/6 leads not only to critical E2F-dependent
transcription of essential cell cycle enzymes and regulators but
also to assembly of the pre-replication complex in G1 phase [31].
Therefore, GAS5/CDKG6 pathway may play an important role in
regulating cancer development and progression.

Conclusions
These results suggest that downregulation of GAS5 increases
bladder cancer cell proliferation, at least in part, by regulating
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