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Background:G-protein-coupled receptor (GPCR) signaling through theGNA12/13-Rho axis has been linked to cancer cell
invasion and metastasis.
Results:MicroRNAs regulate GNA13 expression and cancer cell invasion.
Conclusion: Loss of miR-182 and miR-200a in prostate cancer cells induces GNA13 expression and SDF-1-mediated invasion.
Significance: Suppressing GNA13 expression using microRNAs could inhibit GPCR-mediated cancer cell invasion andmetas-
tasis in prostate cancers.

G protein-coupled receptors (GPCRs) and their ligands have
been implicated in progression and metastasis of several can-
cers. GPCRs signal through heterotrimeric G proteins, and
among the different types of G proteins, GNA12/13 have been
most closely linked to tumor progression. In this study, we
explored the role of GNA13 in prostate cancer cell invasion and
the mechanism of up-regulation of GNA13 in these cells. An
initial screen for GNA13 protein expression showed that
GNA13 is highly expressed in the most aggressive cancer cell
lines. Knockdown of GNA13 in highly invasive PC3 cells
revealed that these cells depend on GNA13 expression for their
invasion, migration, and Rho activation. As mRNA levels in
these cells did not correlate with protein levels, we assessed the
potential involvement of micro-RNAs (miRNAs) in post-tran-
scriptional control of GNA13 expression. Expression analysis of
miRNAs predicted to bind the 3�-UTR of GNA13 revealed that
miR-182 and miR-141/200a showed an inverse correlation to
the protein expression in LnCAP and PC3 cells. Ectopic expres-
sion of miR-182 and miR-141/200a in PC3 cells significantly
reduced protein levels, GNA13–3�-UTR reporter activity and in
vitro invasion of these cells. This effect was blocked by restora-
tion of GNA13 expression in these cells. Importantly, inhibition
of miR-182 and miR-141/200a in LnCAP cells using specific
miRNA inhibitors elevated the expression of GNA13 and
enhanced invasion of these cells. These data provide strong evi-
dence that GNA13 is an important mediator of prostate cancer
cell invasion, and that miR-182 and miR-200 family members
regulate its expression post-transcriptionally.

Despite substantial progress in therapies, prostate cancer is
still the second largest killer among cancers in males; in large

part due to its propensity to metastasize (1). Efforts to identify
newgenes and signaling pathways that promote tumor invasion
and metastasis have revealed that several G-protein-coupled
receptors (GPCRs)2, and their respective ligands function as
metastatic drivers in prostate as well other cancer types (2–5).
One of the best-studiedGPCRs is CXCR4,which is known to be
up-regulated in prostate and other cancer types. Increased
activity of CXCR4 leads to increased migration of cancer cells
toward its ligand SDF-1 and enhanced metastasis (6, 7). Simi-
larly, Thrombin-PAR1 (8) and LPA-LPAR3 (9) are the other
ligand-GPCR combinations that are known to be highly
expressed in metastatic prostate cancers (2).
GPCRs signal primarily through heterotrimeric G-proteins,

consisting of G�, G�, and G� subunits. GPCRs trigger binding
of GTP to G�, which are then rendered capable of activating
downstream signaling pathways, which can lead to cell prolif-
eration,migration, invasion, and evenmetastasis of cancer cells
(7, 10, 11). Among the different types of G� proteins that exist
in the cells, G�12/13 (GNA12/GNA13) are among the most
important in the context of cancer as these are known to be
up-regulated in aggressive cancer cells as well as advanced can-
cer tissues (11–14). Themetastatic potential of GNA12/13 pro-
teins appears to involve activation of its major downstream sig-
naling intermediate, the Rho GTPase (13, 15, 16). Blocking
GNA12/13 signaling using the specific inhibitor p115-RGS
inhibits invasion, migration, and prevents distant metastasis in
mice (12, 13, 17, 18). Conversely, expression of G�12-QL (a
dominant active mutant of GNA12) in breast and prostate can-
cer cells has been shown to induce in vitro invasion and meta-
static spread in mice (12, 13, 19).
Most studies of the roles of GNA12/13 in cancer biology to

date have focused on GNA12, and little is known about the
specific role(s) of GNA13 in cancers. What is known, however,
is that GNA13 expression is markedly increased during pros-
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tate cancer progression (13). Thus, one of the primary objec-
tives of this study was to investigate the mechanism of regula-
tion of expression of GNA13 in prostate cancer cells, and the
impact of this regulation on cancer cell invasion andmigration.
MicroRNAs (miRNAs) are endogenously expressed noncod-

ing RNAs that regulate gene expression post-transcriptionally.
Binding of the miRNAs to the 3�-UTR or coding sequence of
the target gene can either lead to translational repression or
mRNA degradation, eventually suppressing the protein pro-
duction from the target gene (20). Recently, large-scale varia-
tions in miRNA expression have been implicated in develop-
ment and progression of cancers. miRNAs could either act as
OncomiRs by inhibiting tumor suppressor genes or as tumor
suppressor miRs by targeting potential oncogenes in the cells
(21). For example, miR-21 is a well known OncomiR that is
up-regulated in different types of cancers and induces tumor
formation, invasion, and metastasis by targeting multiple
tumor suppressor genes such as PDCD4, PTEN, etc. (22). The
miR-200 family is an example of tumor suppressormiRs, which
are lost during cancer progression. MiR200 members target
ZEB1 and ZEB2 transcriptional factors and prevent invasion
and distant metastasis by preventing epithelial-to-mesenchy-
mal (EMT) transition (23, 24).
In the current study, we found that GNA13 expression is

essential for prostate cancer cell invasion and migration and
thatmiR-182 andmiR-200 familymembers post-transcription-
ally regulate GNA13. Identifying GNA13 as an important con-
tributor to cancer cell invasion, and a regulatorymechanism for
its expression could facilitate development of novel strategies
to inhibit cancer invasion and metastasis.

EXPERIMENTAL PROCEDURES

Cell Lines, Reagents, and Plasmids—HEK293, HEK293T,
MDA-MB-231, MCF-10a, and PC3 were purchased from
American Type Culture Collection (ATCC). LnCAP cells were
a kind gift from Dr. Marie-Veronique Clement (Department of
Biochemistry, National University of Singapore, Singapore).
Cells weremaintained inRPMI orDMEMcompletemediawith
10% FBS and 1% penicillin/streptomycin (GIBCO). Matrigel
inserts, plates, and growth factor reduced Matrigel were pur-
chased from BD Biosciences. Monoclonal antibody against
G�13 (ST1629)was fromCalbiochem,Germanyandmonoclonal
antibodies against �-tubulin (#010M4813) were purchased from
Sigma. cDNAs expressing G�13 cloned in pCDNA3.1 were
obtained fromUniversity ofMissouri cDNAResource, Rolla,MO.
MicroRNA mimics (PremiRs) for miR-182 (MSY0000259), miR-
141 (MSY0000432), miR-200a (MSY0000682), PremiR-control,
and antimiR-182 (MIN0000259), antimiR-141 (MIN0000432),
antimiR-200a (MIN0000682), and antimiR-control were pur-
chased from Qiagen GmBH, Germany. Recombinant SDF-1,
thrombin, and EGF were purchased from Sigma.
Construction of GNA13-3�-UTR-Luciferase Plasmid—The

full-lengthGNA13 3�-UTR (4941 base pairs) was cloned by per-
forming a nested PCR using genomic DNA from PC3 cells
(Fwd.Primer: 5�-TCTGCATGACAACCTCAAGC-3�, Rev.
Primer: 5�-TTGAATTGTTTACAAATGTTTATTAAATGT-
C-3�). The amplified product was purified using PCR purifica-
tion kit (Qiagen GmBH, Germany), and the 1:10 diluted PCR

product from the external PCRwas used to amplify a 4941 base
pair product (Fwd.XhoI: ATCGCTCGAGTGTACAAAAGA-
CTTGCTGTTTTAATATCTT, Rev.NotI: ATCATATGCGG-
CCGCAAATGTCAGTAATTTTTACAAAGCAAA) that was
then cloned downstream to Renilla luciferase gene (reporter)
driven by 5�-LTR promoter in miR-Sens retroviral reporter ve-
ctor (25) using XhoI and NotI sites. The miR-Sens-Vector also
carries a firefly luciferase gene driven by thymidine kinase
promoter, which is used as a control to normalize the Renilla
(reporter) activity in the reporter assays as detailed previously
(25).
Site-directed Mutagenesis of miR-Sens-GNA13–3�-UTR—

The seed sequences formiR-182 at 1838–1844within theGNA13–
3�-UTR“UUGCCAAA”wasmutatedto“UUGAACCC,” andmiR-
141/200a at “CAGUGUUA” to “CAGUCGGC” as shown here
in underlined letters using specific primers carrying themutant
sequence, using theQuickChangeTM site-directedmutagenesis
kit as per the manufacturer’s instruction (Stratagene). Briefly,
the wild type miR-Sens-GNA13–3�-UTR was used as a tem-
plate to amplify the mutant-182 or mutant-141/200a 3�-UTR
using specific primers (carrying the mutations) as shown in the
supplemental Table S1. The parental plasmid was digested
using DPN-1, and the mutant plasmid was amplified by bac-
terial transformation. The double mutant was created using
MUT-182 as a template and mutational primers of mutant
200a to amplify the double mutant. The wild type and all the
mutants were verified by sequencing.
Retro Viral Packaging and Luciferase Assays—Virus for the

miR-Sens-Vector, miR-Sens -GNA13–3�UTR wt., miR-Sens-
MUT-182, miR-Sens-MUT-200a, and miR-Sens-DD (double
mutant), was produced using (pCL-Ampho), amphotropic
virus packaging plasmid in HEK293T cells as described previ-
ously (25). Briefly, retroviruseswere prepared by transfection of
HEK293T cells with DNA precipitated using lipofectamine
(Invitrogen) according to standard procedures. Retroviruses
were pseudotyped with amphotropic (pCL-Ampho) envelope.
DNA of the miR-Sens vector constructs was cotransfected
alongwith the packaging plasmid. Retroviral supernatantswere
harvested at 48 and 72 h after transfection, pooled on ice, ali-
quoted, and flash frozen. For basal reporter assays, cell trans-
duction (2–5 � 104 cells) was carried out with 150 �l of viral
supernatant and 350 �l of media in the presence of 8 �g/ml of
polybrene (Sigma) in triplicates in 24-well plates. For reporter
assays with premiRs and antimiRs, 100 nM PremiRs in PC3, and
100 nM antimiRs in LnCAP cells as indicated or respective con-
trols were transfected using Lipofectamine 24 h after viral
transduction. Luciferase assay was performed after 48 h of viral
transduction using Dual Luciferase assay kit (Promega) as
described previously (22, 25). The relative light units (RLU)
were calculated using the ratio ofRenilla luciferase/firefly lucif-
erase, and the final values were normalized against miR-Sens-
Vector control and the normalized values were plotted in the
graph, respectively.
Preparation of Cell Lysates and Western Blots—Cells were

seeded in a 6-well plates and transfected with premiRs, anti-
miRs, or control miRs (100 nM) as indicated or 1 �g of
pCDNA3.1-GNA13 or shRNA-containing plasmid, respec-
tively. After 48 h of transfection, the cells were washed with
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phosphate-buffered saline and lysed in protein extraction
buffer (50 M HEPES pH 7.5, 1 mM EDTA, 3 mM dithiothreitol,
10 mM MgSO4, 1% polyoxyethylene-10-lauryl ether) with pro-
tease inhibitors. Protein concentrationwas determined by BCA
(Pierce). Aliquots (20 �g) were separated on a 10% SDS-PAGE
and transferred to nitrocellulose membrane. The membrane
was incubated with the specific antibody (GNA13 or tubulin)
followed by horseradish peroxidase-linked immunoglobulin G
(Millipore), and visualized by chemiluminescence (ECL,
Thermo Scientific).
Real-time PCR-based Detection of MicroRNAs and GNA13-

mRNA—Total RNA from cells was extracted using Trizol (Qia-
zol, Qiagen). cDNA synthesis was performed using 1�g of total
RNA using miScript-RT-II kit (Qiagen). Expression of mature
miRNAs was determined using the miScript primer assays for
specific microRNAs (Qiagen GmBH, Germany), and normal-
ized using the 2���CTmethod, using Syber Green real-time
PCR (26) relative to small nucleolar RNA25 (snoRD25).
GNA13-mRNA was quantified using Quantitect primer assays
specific for GNA13 (QT000079968) (Qiagen) using the same
cDNA. All Syber Green PCRs were performed in triplicates
using Quantitect Syber Green PCR mix (Qiagen). A melting
curve analysis was performed for each of the primer sets used,
and each showed a single peak indicating the specificity of each
of the primers tested.
Matrigel Invasion Assays—Cells were transfected with 100

nM control-anti-miR, or anti-miRs, control-PremiR, or pre-
miRs as indicated, (1 �g) pCDNA3.1-GNA13 and or shRNA-
600, respectively. Lipofectamine was used to transfect LnCAP
cells while PC3 cells were transfected with Jetprime (Polyplus).
After 24 h (LnCAP) or 48 h (PC3), cells were trypsinized, and
1� 105 cellswere seeded on transwell chambers precoatedwith
20�g ofMatrigel for PC3 cells and 10�g ofMatrigel for LnCAP
cells. Media with or without 100 ng/ml SDF-1 in the lower
chamber served as chemo attractant. After an additional 24 h,
non-invading cells were removed with cotton swabs. Invading
cells were trypsinized and counted using the Cell-Titer Glo
(ATP-luminescence-based cell proliferation assay kit) as
described previously (Promega) (27). Remaining cells were
plated into a 6-well plate for protein and RNA isolation after
24 h. The same method was applied to analyze PC3 cells stably
expressing shRNA.
Rho Activity Assays—PC3-shRNA stable cells (1 � 106) were

seeded in a 10-cm dish. After 24 h, the cells were placed in
starvationmedia for the next 24 h. SDF-1 (100 ng/ml) or throm-
bin (2 units/ml) was used to stimulate the cells for 10–15 min.
The cells were lysed with 200 �l of G-LISA™ lysis buffer with
protease inhibitors provided with G-LISA™ Rho activity assay
kit (Cytoskeleton). The RhoA G-LISA™ kit contains a Rho-
GTP-binding protein linked to the wells of a 96-well plate.
Active, GTP-bound Rho in cell lysates binds to the wells while
inactiveGDP-boundRho is removed duringwashing steps. The
bound active RhoA is detected with a RhoA specific antibody
and chemiluminescence. The degree of RhoA activation is
determined by comparing readings from activated cell lysates
versus non-activated cell lysates; 30 �l of the cell lysate was
added in each well, which was then incubated at 4 °C for 30min
followed by washes and addition of primary Rho specific anti-

body (1:1000, 45 min at 4 °C) and secondary antibody (1:2000,
45 min at room temperature). Chemiluminescence was mea-
sured using the ECL reagents provided by the manufacturer.
The light units obtained using TECAN reader were then nor-
malized to the total protein concentration of each sample and
plotted in the graph relative to starved cells.
Cloning of shRNAs and Production of Stable Cell Lines—Oli-

gos targeting GNA13 were generated using iRNAi software for
siRNA and shRNA designing. The plasmid expressing shRNA
targeting GNA13 were constructed by ligating annealed oligo-
nucleotides encoding for the shRNA with 5�-BglII and 3�-
HindIII overhangs (supplemental Fig. S1) to amodified pRetro-
Super vector at the BglII/HindIII sites. Prior to ligation, 500
pmol of each complementary sequence of the shRNA encoding
sequences were annealed in a total volume of 11 �l of hybrid-
ization buffer (0.1 M NaCl, 10 mM MgCl2, 20 mM Tris-HCl, pH
7.4) by heating at 96 °C for 5 min and gradually cooled to room
temperature in 2 h. A 5� molar excess of the annealed oligo-
nucleotides over the linearized plasmid was utilized in the liga-
tion performed using 1 unit of T4 DNA ligase (Fermentas) at
22 °C for 1 h, followed by heat inactivation at 65 °C for 10 min.
The sequence of the plasmid was verified by restriction map-
ping and sequencing. Retroviral packaging was done as
described above for miR-sens retroviral constructs. 1 ml of ret-
roviral supernatant was used to transduce 5 � 105 of PC3 cells
in a 10-cmdish in the presence of 8�g/ml of polybrene (Sigma).
A second transduction was performed the following day. The
PC3 cells were selected using 10 �g/ml of blasticidine for 7–14
days after the second transduction. Western blots were per-
formed to assess the efficiency of GNA13 knockdown in the
selected cells.
Statistics and Online miRNA Binding Prediction Tool—Ex-

periments were performed at least three times, generally in
triplicate. The significance was calculated using Student’s t test
(for all the biological replicates), and a p value less then 0.05was
considered as significant. TargetScan was used to predict the
microRNA binding to the GNA13–3�-UTR and the same was
validated using miRANDA, PicTar, and miRwalk.

RESULTS

GNA13 Protein Expression Correlates to the Aggressiveness of
Cancer Cells—We showed previously that GNA12 and GNA13
are highly expressed in themost aggressive cancer cells (12, 13).
Further, blockade of GNA12/GNA13 signaling with a common
inhibitor, p115RGS, inhibited invasion andmigration of cancer
cells in vitro and distant metastasis in vivo (12). Since most of
the studies to date have focused on GNA12 and little is known
specifically about GNA13 in this context, we wanted to study
the effect of GNA13 on invasion and migration of cancer cells.
To initiate these studies, we first examined protein expression
of GNA13 in four different cell lines of various origins. As
shown in Fig. 1A, the more aggressive prostate cancer cell line
PC3 had the highest level of GNA13, while the non-aggressive
prostate cancer cell line LnCAP had much lower expression as
did cell lines such as HEK-293 (embryonic kidney cells) and
IMR90 (lung fibroblasts). A similar observation was made with
breast cancer cells (supplemental Fig. S2). These data show that
GNA13 expression correlates to the aggressiveness of the can-
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cer cells, which is consistent with previous observations (12,
13).
Knockdown of GNA13 Expression Inhibits SDF-1-induced

Invasion, Migration, and Rho-A Activity in PC3 Cells—As PC3
cells exhibited high expression of GNA13, they were chosen to
examine the functional impact of silencing of this protein
expression. To this end, four different specific shRNAs target-
ing either the coding regions or the 3�-UTR of GNA13 were
expressed in PC3 cells using a retroviral vector. All four
shRNAswere able to reduce protein expression of GNA13with
various efficacies (Fig. 1B). The stable lines sh-600 (60% knock-
down) and sh-UTR (80% knockdown) were selected for further
studies.
To determine whether GNA13 was required for PC3 cell

invasion and migration, in vitro matrigel invasion assays were

performedwith SDF-1 as a chemoattractant. Knockdownof the
endogenous expression of GNA13 was sufficient to signifi-
cantly inhibit basal (sh-600 p � 0.01; sh-UTR p � 0.01) as well
as SDF-1 induced invasion of these cells (sh-600 p � 0.04; sh-
UTR p� 0.02) (Fig. 1C). In awound-healing assay of cellmigra-
tion, knockdown of GNA13 similarly inhibited themigration of
the cells (p� 0.01) (Fig. 1D). However, GNA13 knockdown did
not significantly impact proliferation in PC3 cells (supplemen-
tal Fig. S3). Since Rho activation has been implicated in the
ability of GNA13 to induce invasion andmigration, Rho activa-
tion in response to SDF-1 and thrombin stimulation was assessed
in the cells. Consistent with the inhibition of migration and inva-
sion, loss of GNA13 dramatically impaired Rho-A activation in
these cells (SDF-1, p values Sh-600 � 0.009, Sh-UTR � 0.002;
thrombin, p values Sh-600 � 0.008, Sh-UTR � 0.0002 respec-

FIGURE 1. GNA13 is required for PC3 cells invasion and Rho activation. A, expression of GNA13 in different cell lines. Immunoblot analysis of GNA13 and
tubulin (loading control) in the indicated cell lines. HEK-G13 is HEK293 cells overexpressing GNA13 (i.e. positive control). B, knockdown of GNA13 protein
expression in PC3 cell stably expressing different shRNAs. Shown in the immunoblot GNA13 and tubulin (loading control) in PC3 cells stably expressing the
indicated shRNA. C, impact of GNA13 knockdown on SDF-1 induced invasion of PC3 cells. Cells were transduced with shRNA-vector control, shRNA-600, or
shRNA-UTR were used to perform in vitro matrigel invasion experiment. The invasion relative to unstimulated sh-UTR (100%) is shown. Each experiment was
performed three times with triplicates). White bars, no chemoattractant; black bars, invasion in the presence of SDF-1 (*, p � 0.05). D, impact of GNA13
knockdown on migration of PC3 cells. Cells stably expressing shRNA-600, shRNA-UTR, or shRNA-vector (control) was subjected to wound healing assay. The
relative distance migrated was measured at 4 points in the wound. The y axis represents the migrated distance (initial wound width minus wound width after
12 h) in millimeters. The wound width at 0 h is sh-Control � 3.5 mm, sh-600 � 3.84 mm, and sh-UTR � 3.98 mm, respectively. The results are quantified in the
lower panel (n � 8; *, p � 0.05). E, impact of GNA13 knockdown on Rho activity in PC3 cells. Assays were performed using G-LISA Rho activity assay kit as per the
protocol. RLU corresponds to GTP-bound Rho in the samples. RLU is normalized to the respective total protein concentration measured separately and plotted
relative to the unstimulated control (n � 8; *, p � 0.5).
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tively in relation to respective controls) (Fig. 1E). These data
indicate that GNA13 is required for the basal as well specific
GPCR ligand (e.g. SDF-1)-induced invasion,migration, andRho
activation in PC3 cells.
GNA13 Protein Expression Is Controlled Post-transcrip-

tionally—Because our screen for protein expression showed
substantial differential expression of GNA13 in aggressive ver-
sus non-aggressive cells, and that silencing of endogenous
GNA13 impacted cell invasion and migration, we felt it was
important to study the molecular mechanisms controlling
expression of GNA13 in cancer cells. Expression of a protein
can be regulated at various stages, i.e. transcription, post-
transcription, translation, or post-translation. To determine
whether there were changes at the transcriptional level that
correlate with protein levels, we quantitated mRNA levels for
GNA13 using real-time PCR. Interestingly, mRNA expression
of GNA13 (Fig. 2A) did not correlate with protein expression
(see Fig. 1A) in the four cell lines examined. For example,
IMR90 had the highest mRNA expression in the panel while it
had very little protein expression in comparison to PC3 cells,
which had high protein expression, but relatively less mRNA
abundance (Figs. 1A and 2A). These data indicated that

GNA13 expression is most likely regulated at the post-tran-
scriptional level.
One of the key mechanisms of post-transcriptional regula-

tion in the cells is through small, 22-nucleotide long, non-cod-
ing RNAs called microRNAs (miRNA). MiRNAs bind to com-
plementary sequences at the 3�-UTR sequence of specific
mRNA and lead to either translational blockage or degradation
ofmRNA (20). To determine whether GNA13might be subject
to such form of post-transcriptional regulation, we cloned the
full-length 3�-UTR (4,941 bp) of GNA13 gene into a retroviral
vector (miR-Sens) downstream to aRenilla luciferase gene (Fig.
2B). miR-Sens also carries a firefly luciferase gene driven by
thymidine kinase promoter, which was used as a normalizing
control. Using this construct, basal GNA13–3�-UTR-Reporter
activity of the same four cell lines noted above (Fig. 2C) was
found to correlate well with the basal GNA13 protein expres-
sion of these cells (see Fig. 1A). HEK293 (p� 0.02), IMR90 (p�
0.02), and LnCAP (p � 0.01) cells with low GNA13 protein
expression showed significantly reduced basal GNA13–3�-
UTR reporter activity in comparison to vector control (Fig. 2C),
while PC3 cells, which had the highest GNA13 protein expres-
sion, showed essentially no suppression in the 3�-UTR reporter

FIGURE 2. microRNAs -182 and -141/200a regulate GNA13 expression post-transcriptionally. A, GNA13 mRNA expression in 4 different cell lines. The
relative GNA13 mRNA, quantified by real-time PCR expression, is shown relative to that in HEK-293 cells. B, schematic representation of GNA13–3�-UTR in the
miR-Sens-Luciferase reporter vector, and the predicted miRNA binding sites within the UTR sequence. The miR-182 and miR-141/200a binding sites that are
conserved across mammalian species are indicated, and mutations experimentally introduced into the sequences are shown in red. C, GNA13–3�-UTR activity
in different cell types. The indicated cells were transduced with miR-Sens-Vector control or miR-Sens-GNA13–3�-UTR, and reporter activity was calculated using
Renilla luciferase values normalized to firefly luciferase values (Renilla Luc/Firefly Luc � RLU). Data and statistics were calculated using 9 points (*, p � 0.05). D,
expression of specific microRNAs in LnCAP and PC3 cells. Real-time PCR was performed using Qiagen primers specific for microRNAs -182 and -141/200a, and
the relative microRNA concentration calculated using the 2���CT method relative to the miR-182 level in LnCAP cells (n � 9; *, p � 0.05).
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activities. These data suggested the presence of repressive ele-
ments in the GNA13–3�-UTR thatmight be responsible for the
inhibition of expression of GNA13 in the low expressing cells,
i.e.HEK293, IMR90, and LnCAP, but that the elements are not
active in the high-expressing PC3 cells. Taken together these
data indicate that the mechanism of regulation of GNA13 in
these cells is post-transcriptional, and point to the possibility of
microRNA binding to the GNA13–3�-UTR as being responsi-
ble for this control.
GNA13 Expression Is Regulated by MicroRNAs 182 and

141/200a—Because we observed a significant inhibition of
GNA13–3�-UTR reporter activity in those cells in which
GNA13 protein expression is low, we examined the GNA13–
3�-UTR sequence for microRNA binding sites using Target-
Scan, an online microRNA binding prediction tool. An initial
assessment predicted hundreds of microRNA binding sites
within the GNA13–3�-UTR (data not shown). However, when
we narrowed the list to those binding sites that were highly
conserved across mammalian species, seven distinct sites
where different microRNAs were predicted to bind were iden-
tified (Fig. 2B). The miR-30 family had 2 binding sites, one for
miR-27ab/miR-128, and one for miR-31, one for miR-182, one
for the miR-29 family, and one for miR-141/200a. These same
sites were validated using additional online microRNA binding
prediction tools.
To identify which, if any, of the identified microRNAs might

be relevant to the regulation of GNA13 expression, we deter-
mined the basal expression of the microRNAs in LnCAP (low
GNA13) and PC3 (high GNA13) cells and compared this to
GNA13–3�-UTR-reporter activity and to basal GNA13 protein
expression in these cells. Expression of microRNAs-182, -141,
and -200a showed an exact inverse correlation to the basal
GNA13–3�-UTR reporter activity as well as to the basal protein
expression (Fig. 2, C and D; see also Fig. 1A). LnCAP cells,
which showed the lowest GNA13 protein expression (Fig. 1A)
and 3�-reporter activity (Fig. 2C), had severalfold higher expres-
sion of mir-182, -141, and -200a (Fig. 2D) while PC3 cells had
very little or no expression of these microRNAs (Fig. 2D) but
high protein expression (Fig. 1A) and reporter activity (Fig. 2C).
Other microRNAs did not show significant correlation neither
to GNA13–3�-UTR reporter activity nor to the GNA13 basal
protein expression (supplemental Fig. S4). These data indicated
that microRNAs -182, -141, and -200a were likely candidates
for regulating GNA13 expression in LnCAP and PC3 cells.
MiR-182 and miR-141/200a Inhibit GNA13 Expression by

Binding to the GNA13–3�-UTR—To determine whether miR-
182 andmiR-141/200a indeed bind to the GNA13–3�-UTR, we
introduced either the miR-Sens-vector or miR-Sens-GNA13–
3�-UTR reporters into PC3 cells, and 12 h later these cells were
transfected with either the individual PremiRs -182, -141, or
-200a, or a combination of PremiRs-182 � 141 or PremiRs-182
� 200a. The reporter assay performed 48 h later indicated that
the GNA13–3�-UTR-reporter activity was inhibited 30–35%
by miR-182 (p � 0.1), miR-141 (p � 0.01), and miR-200a (p �
0.02), when compared with control microRNA-transfected
cells (Fig. 3A). More importantly, the cells transfected with a
combination of PremiRs-182 � 141 (p � 0.01) or 182 � 200a
(p � 0.02) showed �50% inhibition of the basal GNA13–3�-

UTR activity (Fig. 3A). Hence, miR-182 and miR-141/200a
inhibit GNA13–3�-UTR reporter activity synergistically.
To confirm that the identified microRNAs directly bind to

the GNA13–3�-UTR and that their impact on GNA13–3�-re-
porter activity was not an indirect effect, the 3�-UTR sequences
where these microRNAs are predicted to bind, the so-called
“seed” sites (see Fig. 2B), were mutated to abolish binding.
Reporter assays performed in PC3 cells with themutant report-
ers showed that mutating the individual sites of either miR-182
(p � 0.01) or miR-200a (p � 0.01) rescued the reporter activity
from suppression induced by the PremiRs- 182 � 200a combi-
nation (Fig. 3B). Moreover, a synergistic rescue of the GNA13–
3�-UTR reporter activity from PremiRs-182 � 200a induced
suppression was observed when wemutated bothmiR-182 and
miR-141/200a binding sites (p � 0.01) (Fig. 3B). These data
provide conclusive evidence that both microRNAs 182 and
141/200a are able to bind to the 3�-UTR of GNA13 and down-
regulate the 3�-UTR reporter activity in PC3 cells.
MiR-182 and miR-141/200a Synergistically Inhibit GNA13

Protein Expression and Impair SDF-1 Induced Invasion in PC3
Cells—The data detailed above revealed thatmiR-182 andmiR-
141/200a bind to the GNA13–3�-UTR and synergistically
inhibit activity of a reporter element carrying the UTR. To test
the prediction that these microRNAs would therefore impact
expression of the endogenousGNA13 gene,we transfected PC3
cells (that show a high GNA13 protein expression) with Pre-
miRs miR-182, -141, and -200a. Real-time PCR performed 48 h
following transfection of PremiRs showed that these microR-
NAs were expressed in the cells (supplemental Fig. S5). At the
same time point, GNA13 protein expression was analyzed in
cell lysates by immunoblot. As shown in Fig. 3C, microRNAs-
182, -141, and -200a individually suppressed GNA13 protein
expression 	40% when compared with control microRNA.
Moreover, a synergistic inhibition of GNA13 expression was
observed in those cells in which combinations of these PremiRs
were transfected. The combination of PremiR-182 � 141
showed 	 70%, and that of PremiR-182 � 200a showed 	80%,
inhibition of GNA13 protein expression, respectively (Fig.
3C). These data indicate that enforced expression of mir-182
and miR-141/200a in PC3 can inhibit the expression of
GNA13. Taken together these data indicate that GNA13 is
an important target of miR-182 and -141/200a, which bind
to the 3�-UTR of GNA13 and down-regulate its protein
expression in PC3 cells.
The finding that knockdownofGNA13 in PC3 cells impaired

SDF-1 induced invasion (Fig. 1) and that that microRNAs -182
and -200a were able to inhibit the expression of GNA13 (Fig.
3C), prompted us to study the effect of these two microRNAs
on PC3 cell invasion. We used miR-200a in these experiments
because both miR-141 and miR-200a have the same target
sequence and a single binding site at theGNA13–3�-UTR. Cells
were transfected with PremiRs-182� 200a, and 24 h later an in
vitro invasion assay was performed using SDF-1 as a chemo-
attractant. The combination of microRNAs was indeed able to
significantly inhibit invasion of these cells (p � 0.01) (Fig. 3D).
Importantly, ectopic expression of GNA13 in the cells effected
a partial rescue of invasion from the suppression induced by the
PremiRs (Fig. 3D). The invasion of these cells is consistent to
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GNA13 protein expression in these cells (Fig. 3E). Taken
together these data point to GNA13 being an important regu-
lator of SDF-1-induced invasion in PC3 cells and microRNAs
-182 and -200a down-regulate invasion partially throughdown-
regulating GNA13 protein expression.
Inhibiting MicroRNA Activity Rescues GNA13 Expression in

LnCAP Cells and Confers Responsiveness to SDF-1—In our cell
line screen, LnCAP cells had the lowest GNA13 protein expres-
sion (Fig. 1A) and GNA13–3�-UTR reporter activity (Fig. 2C),
which correlated with highmiR-182 andmiR-141/200a activity
in these cells (Fig. 2D). These data suggest that suppression by
these microRNAs might be the reason for the low GNA13
expression in LnCAP cells. To determine whether this was
indeed the case, we examined whether blocking miR-182 and
miR-141/200a activity in the cells through use ofmiRNA inhib-
itors (anti-miRs) could rescue expression of GNA13. LnCAP
cells expressing the GNA13–3�-UTR reporter were transfected
with Anti-miRs -182, -141, -200a individually or in combina-
tion. We found that blocking microRNA activity in these cells
significantly increased GNA13–3�-UTR reporter activity (Fig.
4B). The individual AntimiRs-182, -141, and 200a showed a
	2-fold induction of GNA13–3�-UTR reporter activity (Anti-
miR-182 p � 0.03, AntimiR-200a p � 0.01) when compared
with control. Moreover, an increase in reporter activity of

nearly 10-fold was observed with combination of anti-miRs-
182 � 141 (p � 0.01) or antimiRs-182 � 200a (p � 0.01) (Fig.
4A). To confirm that binding of these microRNAs to the GNA-
13–3�-UTR was required for this activity; we mutated the
miRNA binding sites individually or in combination. Mutating
eithermiR-182 (p� 0.01) seed sequence ormiR-141/200a (p�
0.01) seed sequence was sufficient to rescue the GNA13–3�-
UTR reporter activity from miR-182- and miR-141/200a-in-
duced suppression, and mutation of both sites provided essen-
tially complete rescue (p � 0.01) (Fig. 4B). Taken together,
these data clearly indicate that, both mir-182 and miR-141/
200a inhibit GNA13 expression in LnCAP cells by directly
binding to the GNA13–3�-UTR, and suggested a molecular
mechanism for the very low level of GNA13 protein expression
in this cell line.
To directly determine whether mir-182 and miR-141/200a

were responsible for the low GNA13 protein expression
observed in LnCAP cells, we transfected the cells with antimiRs
-182, -141, and -200a, individually and in combination. A
robust increase of GNA13 protein expression was observed,
particularly with the combination of anti-miRs-182 � 141 or
antimiRs-182� 200a (Fig. 4C). These data are consistent to the
increase of GNA13–3�-UTR reporter activity observed by
treatment of these cells with the antimiRs (Fig. 4A), and provide

FIGURE 3. Enforced expression of miR-182 and miR-141/200a inhibits GNA13 expression in PC3 cells. A, impact of microRNA expression on GNA13-UTR
reporter activity in PC3 cells. Cells were transfected with PremiRs or PremiR-control as shown. Reporter assays were performed, and activity was normalized
against each respective vector control. Experiments were performed in triplicates and repeated three times (n � 9; *, p � 0.05). B, mutation of seeds sequences
alleviates microRNA repression of GNA13–3�-UTR reporter activity. The GNA13–3�-UTR construct was subjected to site-directed mutagenesis at microRNA
binding sties as described under “Experimental Procedures.” Reporter assays were performed either in the presence (black bars) or in the absence (white bars)
of premirs-182 � 200a (50 nM each). Average reporter activity was normalized against respective vector controls in three independent experiments in
triplicates (n � 9; *, p � 0.05). C, impact of microRNA expression on GNA13 protein levels in PC3 cells. Cells were transfected with individual premiRs (100 nM)
alone or in combination (50 nM each) as shown. Immunoblot analysis was performed after 48 h; tubulin was probed as a loading control. D, impact of microRNA
expression on SDF-1-induced invasion of PC3 cells. Cells were transfected with PremiR-control or a mixture of or premiRs-182 and -141/200a, and the
pcDNA-GNA13 as indicated. Invasion assays were performed invasion plotted relative to that of the control (n � 9; *, p � 0.05). E, cell lysates were prepared from
the conditions in D and immunoblot analysis of GNA13 and tubulin (loading control) performed.
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compelling evidence that miR-182 and miR-141/200a control
protein expression of GNA13 in LnCAP cells.
LnCAP cells are relatively non-responsive to SDF-1 stimula-

tion (Fig. 4D). Since the studies with the PC3 cells (Fig. 1) indi-
cated that the presence of GNA13 in prostate cancer cells was
required for the ability of SDF1 to promote invasion, we rea-
soned that restoring GNA13 expression in LnCAP cells via
blockade of miR-182, -141, and -200a activity might confer
responsiveness to SDF1. To test this hypothesis LnCAP cells
were transfected with, antimiRs-182 � 200a, and the ability of
SDF1 to stimulate invasion was assessed. Blocking activity of
the microRNAs using specific antimiRs could indeed confer
responsiveness to SDF-1 in terms of inducing invasion of
these cells (p � 0.02) (Fig. 4D). Importantly, shRNA-medi-
ated knockdown GNA13 blocked the ability of the antimiRs
to confer SDF-1-stimulated invasion onto the cells (p� 0.01)
(Fig. 4D), and expression of GNA13 alone showed a robust
increase in SDF1-induced invasion (Fig. 4D). The invasion of
these cells is consistent to GNA13 protein expression in
these cells (Fig. 4E).

DISCUSSION

GPCRs are one of the most important classes of cell surface
receptors and play pleotropic roles in cell physiology. Recently,
many of these receptors and their ligands, e.g. SDF-1, thrombin,
LPA, S1P, and endothelin, have been implicated in tumor for-
mation and organ-specific metastasis in prostate, breast, and
other cancers (2). All these GPCRs signal through heterotrim-
eric G proteins, and in particular the G12 subfamily has been
implicated in the impact of these signaling pathways on tumor
progression. This subfamily consists of two members G�12
(GNA12) and G�13 (GNA13), both of which are highly
expressed in aggressive breast and prostate cancers (12, 13) and,
in their dominant-active forms, can induce invasion and meta-
static behavior of many cell types (19, 28, 29).
We report here that one of the most aggressive prostate can-

cer cell lines, PC3, is highly dependent on GNA13 protein
expression for basal as well as SDF-1-induced Rho activity,
invasion, and migration. This finding is consistent with obser-
vations made in other cell types that a CXCR4-GNA13-Rho
axis is important in SDF-1-induced invasion (30–32). Impor-

FIGURE 4. Blockade of miR-182 and miR-141/200a activity rescues GNA13 expression and SDF-1 induced invasion in LnCAP cells. A, LnCAP cells
harboring the GNA13–3�-UTR reporter construct were transfected with AntimiRs as shown, and reporter assays performed. GNA13–3�-UTR reporter activity
was normalized against the respective vector control. Each experiment was performed in triplicates and repeated twice (n � 6; *, p � 0.05). B, mutation of
microRNA binding sites enhances expression of the GNA13–3�-UTR reporter in LnCAP cells. The GNA13–3�-UTR was subjected to site-directed mutagenesis as
described under “Experimental Procedures.” Reporter assays were performed 48 h after transduction with either the vector, wild type -3�-UTR, or the mutant
UTRs. Reporter activity was normalized against respective vector controls from two independent experiments performed in triplicates (n � 6; *, p � 0.05).
C, blockade of miR-182 and miR-141/200a activity rescues GNA13 expression in LnCAP cells. Cells were transfected with the indicated antimiRs alone (100 nM)
or in combination (50 nM each) as indicated, and immunoblot was performed after 48 h. Levels of GNA13 and tubulin (loading control) were determined by
immunoblot analysis. D, blockade of miR-182 and miR-141/200a confers SDF-1 responsiveness to LnCAP cells. Cells were transfected with a mixture of antimiRs
-182 and -141/200a, shRNA-600 targeting GNA13, or the pcDNA3.1-GNA13 construct as indicated. Invasion assays were performed in the presence and
absence of SDF-1 as the chemoattractant. Data were normalized to control vector in the absence of SDF-1; (n � 9; *, p � 0.05). E, cell lysates were prepared from
the conditions in D and immunoblot analysis of GNA13 and tubulin (loading control) performed.
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tantly, we also observed thrombin, which is a ligand for PAR-1,
induced Rho activity in these cells that was dependent on
GNA13 expression. While these data collectively indicate that
GNA13 overexpressionmight be a specificmarker for invasive-
ness of prostate cancer cells, little has been known about the
mechanism of deregulation of GNA13 in these cells.
Our finding that there was no clear correlation between

GNA13 mRNA and protein expression in prostate cancer cells
indicated that regulation of GNA13 might be a post-transcrip-
tional event. Since it has recently become clear that one of the
important post-transcriptional mechanisms of gene expression
is microRNAs (21, 33), and deregulation of microRNAs has
been closely associated with tumor formation, invasion, and
metastasis in several cancer types (21, 33), we focused our
attention on this possibility. These studies led to the finding
that miR-182 andmiR-141/200a directly bind to the 3�-UTR of
GNA13 and inhibit its protein expression in prostate cancer
cells. Indeed, simply by suppressing the activities of these
miRNAs it was possible to restore GNA13 expression, and
response to SDF-1 induced invasion, in LnCAP cells.
We also observed a synergistic ability of ectopically

expressed mir-182 and miR-141/200a to inhibit the expression
of GNA13 and impair SDF-1 induced invasion of PC3 cells.
Restoring GNA13 expression in PremiR-treated cells was able
to partially, but not fully, rescue the SDF-1 induced invasion,
indicating that these microRNAs likely (and not unexpectedly)
have additional targets important for cell invasion apart from
GNA13. In this regard, miR-182 has been reported to impact
invasion by inhibiting the PI3K-AKT-mTOR pathway and also
by regulating the expression of FOXO1 in medulloblastoma
and Hodgkin’s Lymphoma (34, 35). However, miR-182 has
been reported to induce invasion in melanoma cell lines, indi-
cating that impact ofmiR-182 on invasion is context dependent
(36). Similarly, independent studies have shown that miR-200
family, which includes (miR-141/miR-200a and miR-200c)
impact invasion by inhibiting the EMT-inducing transcrip-
tional factors ZEB1 and SIP1/ZEB2 in breast and colorectal
cancers (23, 24, 37). One of the important mechanisms by
whichmiR-200a inhibits invasion inmeningioma is by inducing
E-cadherin and subsequently induction of WNT signaling
pathways (38). In our experiments with PremiR 200a induced
suppression of invasion in PC3 cells; however, we did not see an
up-regulation of E-cadherin (supplemental Fig. S6). Addition-
ally, several reports have shown that both miR-182 and mir-
141/200a are lost during progression of several cancer types (23,
24, 37, 39). These findings underscore an emerging role for both
miR-182 and miR-141/200a in inhibiting cancer cell invasion
by targeting multiple proteins in cells.
In summary, we have found that GNA13 is required for basal

and SDF-1-induced invasion of prostate cancer cells, and iden-
tified twomicroRNAs, miR-182 andmiR-141/200a, which syn-
ergistically inhibit GNA13 protein expression and cancer cell
invasion. Since GNA13 could act as a common mediator for
multiple oncogenic GPCR signals in cancer cells, identifying
mechanisms of its deregulation could lead to novel microRNA
based, strategies to inhibit cancer invasion andmetastasis in the
future. Further studies should reveal whether loss of miR-182
and miR-200 family together, with the gain of GNA13 in the

same patient tissues, could be used as a prognostic marker in
prostate cancers.
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