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GNA13, the � subunit of a heterotrimeric G protein, medi-
ates signaling through G-protein– coupled receptors (GPCRs).
GNA13 is up-regulated in many solid tumors, including pros-
tate cancer, where it contributes to tumor initiation, drug resis-
tance, and metastasis. To better understand how GNA13 con-
tributes to tumorigenesis and tumor progression, we compared
the entire transcriptome of PC3 prostate cancer cells with those
cells in which GNA13 expression had been silenced. This anal-
ysis revealed that GNA13 levels affected multiple CXC-family
chemokines. Further investigation in three different prostate
cancer cell lines singled out pro-tumorigenic CXC motif chemo-
kine ligand 5 (CXCL5) as a target of GNA13 signaling. Elevation
of GNA13 levels consistently induced CXCL5 RNA and protein
expression in all three cell lines. Analysis of the CXCL5 pro-
moter revealed that the �505/�62 region was both highly active
and influenced by GNA13, and a single NF-�B site within this
region of the promoter was critical for GNA13-dependent pro-
moter activity. ChIP experiments revealed that, upon induction
of GNA13 expression, occupancy at the CXCL5 promoter was
significantly enriched for the p65 component of NF-�B. GNA13
knockdown suppressed both p65 phosphorylation and the activ-
ity of a specific NF-�B reporter, and p65 silencing impaired the
GNA13-enhanced expression of CXCL5. Finally, blockade of
Rho GTPase activity eliminated the impact of GNA13 on NF-�B
transcriptional activity and CXCL5 expression. Together, these
findings suggest that GNA13 drives CXCL5 expression by trans-
activating NF-�B in a Rho-dependent manner in prostate cancer
cells.

Prostate cancer is the second most prevalent cancer in males
and is currently ranked the 5th leading cause of cancer deaths
worldwide (1). The major reasons for death from prostate can-

cer are metastasis, drug resistance, and tumor relapse (2). As
such, identifying the cellular mechanisms that contribute to
prostate tumorigenesis and cancer progression would aid in the
development of novel therapeutics to improve outcomes (3).
Although previous studies on prostate cancer signaling have
mostly focused on androgen hormone-signaling pathways,
recent investigations have implicated G-protein– coupled
receptors (GPCRs)3 and their downstream signaling molecules
in prostate cancer initiation and progression (3, 4).

GPCRs are the largest and most diverse group of integral
membrane proteins in eukaryotes. These proteins mediate cel-
lular responses to a wide variety of ligands and are also impor-
tant for numerous physiological functions (5). GPCRs are cou-
pled to heterotrimeric G proteins that are made up of G�, G�,
and G� subunits, from which the G� class can be further cate-
gorized into the Gs, Gq, Gi, and G12 subfamilies (6). Heterotri-
meric G proteins function as molecular switches; ligand bind-
ing to the GPCR triggers a conformational change in the
transmembrane region of the receptor, resulting in a GDP–
GTP exchange on the G� subunit and its subsequent dissocia-
tion from the G�� dimer (6, 7). The G� protein then interacts
with its specific downstream effectors to regulate different sig-
naling pathways (6 –8). Recently, several ligand/GPCR pairs,
including SDF-1/CXCR4, lysophosphatidic acid/LPAR, throm-
bin/PAR1, and sphingosine 1-phosphate/S1PR, have been
reported to be involved in cancer cell invasion, metastasis, and
drug resistance, ultimately leading to poor prognosis of the can-
cers (4). Interestingly, most of these GPCRs signal through the
G12 subfamily of heterotrimeric G proteins (8).

The G12 subfamily of G proteins consists of the GNA12 and
GNA13 proteins (8). Both 43-kDa proteins, GNA12 and
GNA13 are expressed in many tissues and are involved in mul-
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tiple physiological and developmental processes (10). In terms
of cancer biology, both these proteins have been shown to be
up-regulated in breast, head and neck, gastric, and prostate can-
cers (11–15). Previous work by our laboratory reported that
blocking GNA12/13 signaling leads to significant suppression
of cancer cell invasion in vitro and metastasis in vivo in breast
and prostate cancers (11, 12). In our recent studies, we demon-
strated that blocking GNA13 alone significantly impacts cancer
cell invasion and metastasis in prostate and breast cancers (16,
17). Furthermore, in head and neck cancers, GNA13, but not
GNA12, was found to be a biomarker for drug resistance and
poor prognosis. In the same study, GNA13 was also reported to
induce tumor initiating or cancer stem cell-like phenotypes
(13). Although these studies from our group and others have
indicated the importance of GNA13 in tumor growth and pro-
gression, the mechanisms that mediate GNA13-induced onco-
genesis are not well-understood.

In this study, we performed analysis of global gene expression
changes in a highly-metastatic prostate cancer (PC3) cell line.
The analysis identified a set of chemokines that belong to the
CXC-chemokine family to be significantly down-regulated
upon knockdown of GNA13 in PC3 cells. Subsequent valida-
tion studies in three different prostate cancer cells identified
CXCL5 as a direct target of GNA13 signaling in prostate cancer
cells. Interestingly, CXCL5 has recently been implicated in
tumor growth, drug resistance, and metastasis in many differ-
ent solid tumors, including prostate cancers (18 –21). Through
a series of studies, we show that GNA13 controls CXCL5
expression through the transactivation of the NF-�B–signaling
pathway in a fashion that depends on Rho GTPases. Identifying
GNA13 as a regulator of CXCL5 expression should aid in better
understanding of this G protein and its effect on biological pro-
cesses that promote cancer progression.

Results

GNA13 induces CXC-chemokines in PC3 cells

Previously, we showed that GNA13 expression correlates
with the aggressiveness of prostate cancer cells and that block-
ing GNA13 expression or activity inhibits cancer cell invasion
and metastasis (16). However, the mechanism(s) that mediate
GNA13-induced cancer cell invasion and metastasis in prostate
cancer cells are not well-understood. To address this issue, gene
expression analysis was performed in the PC3 cell line. PC3
cells express high basal levels of GNA13, and hence a compar-
ison was made of gene expression profiles of the control line
and that in which GNA13 expression was silenced. Both
GNA13 protein and RNA levels were significantly reduced in
PC3 cells that express two different sh-RNAs targeting GNA13
(sh-GNA13-1, and -2) as compared with the control cells (Fig.
1A). Total RNA was extracted from these cell lines and sub-
jected to RNA-Seq and Ingenuity Pathway Analysis (IPA) anal-
ysis of the data (Fig. 1B). A cutoff for gene expression changes of
a log2 fold-change of �1 or �1 against sh-RNA control cells,
together with a p value of 0.05, was used to shortlist genes that
were down- or up-regulated in both sh-GNA13-1 and -2 (Fig.
1B). Ultimately, 54 genes were found to be up-regulated,
whereas 102 genes were down-regulated with GNA13 knock-

down using both sh-RNAs (Fig. 1B). Interestingly, CXC-family
chemokines, CXCL1–3, -5, -6, and -8, were among the genes
that were significantly down-regulated (p value �0.001) upon
suppression of GNA13 in cells expressing either sh-RNA-1 or
-2 (Fig. 1C). Moreover, analysis by IPA predicted that these
chemokines are involved in the metastasis of cells (Fig. 1D). As
it has been previously reported that GNA13 is up-regulated in
solid tumors and impacts patient survival and metastasis (13,
16, 17), these chemokines were selected as targets for further
validation.

GNA13 drives CXCL5 expression in multiple prostate cancer
cells

A preliminary screen of RNA expression of CXC-chemo-
kines 1– 8 (CXCL1– 8) by real-time PCR showed that, consis-
tent with RNA-Seq data, most CXCL-mRNAs were down-reg-
ulated when GNA13 expression was suppressed in PC3 cells
(Fig. 2A). To filter through these targets, another prostate can-
cer cell line that expresses moderately high levels of GNA13
under normal conditions, i.e. Du145, was employed. GNA13
was efficiently knocked down in these cells with the same set of
sh-RNAs as in PC3 cells (Fig. 2B). In Du145 cells, however, most
chemokines tested showed marginal changes in mRNA levels
upon silencing of GNA13 expression, with the notable excep-
tion of CXCL5 (Fig. 2B). To validate the finding that CXCL5
expression in prostate cancer cells was highly dependent on
GNA13, we determined mRNA levels of the same set of CXC-
chemokines in LnCaP cells, a poorly-aggressive prostate cancer
cell line that expresses relatively low levels of GNA13. Analysis
of CXC-chemokine expression in control LnCaP cells (pBabe-
vector) versus those with enforced expression of GNA13
(pBabe-GNA13) revealed that CXCL5 expression was highly
dependent on GNA13 levels in this cell line (Fig. 2C).

Because the CXCL5 gene encodes for a secreted protein, we
next assessed the impact of GNA13 levels on the production of
the actual chemokine. To this end, CXCL5 protein present in
cell culture media was quantitatively measured using ELISA.
Upon suppression of GNA13 expression in both PC3 and
Du145 cells, the levels of secreted CXCL5 were substantially
decreased as compared with the control cells (Fig. 2D). Con-
versely, the enforced expression of GNA13 in LnCaP cells
resulted in markedly increased CXCL5 protein in the media
(Fig. 2D). These results show that both CXCL5 RNA and pro-
tein expression correspond to GNA13 levels in prostate cancer
cells. To further substantiate the link between GNA13 levels
and CXCL5 expression, a doxycycline-inducible GNA13
expression construct was employed in the PC3 knockdown
cells. When GNA13 was re-introduced into the GNA13 knock-
down cells (sh-GNA13) exogenously, CXCL5 mRNA expres-
sion and the levels of secreted chemokine were restored to lev-
els similar to that of the WT cells (sh-RNA–Control) within
72–96 h of doxycycline induction (Fig. 2E). Most importantly,
analysis of GNA13 and CXCL5 in TCGA datasets showed that
a significant correlation exists between GNA13 and CXCL5
RNA expression in prostate tumor samples, providing addi-
tional support for an association between GNA13 and CXCL5
in human prostate cancers (Spearman correlation, R � 0.4, p
value �0.0001; Fig. 2F). Taken together, these findings indicate
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that CXCL5 expression in prostate cancer cells is substantially
influenced by GNA13 levels.

GNA12 does not impact CXCL5 expression

To test whether GNA12, the other G12 family member that
is 67% identical to GNA13 by sequence, influences CXCL5
expression, two sh-RNAs targeting GNA12 (sh-GNA12-1 and
-2) were used to knock down the protein in PC3 cells (where
GNA12 is also highly expressed), and CXCL5 RNA expression
was measured. Interestingly, the suppression of GNA12 expres-
sion in PC3 cells had no impact on CXCL5 expression (Fig. 3A).

Similarly, the enforced expression of GNA12 in LnCaP cells
(which contain very low levels of the GNA12 protein) had no
impact on CXCL5 mRNA expression (Fig. 3A). These data
clearly show that it is the levels of GNA13, and not GNA12, that
impact CXCL5 expression in prostate cancer cells.

GNA13-induced CXCL5 expression depends on NF-�B
activation

The data presented so far suggest that the impact of GNA13
on CXCL5 expression is at the transcriptional level. To assess
this impact of GNA13, luciferase reporter constructs driven by

Figure 1. Silencing of GNA13 impacts expression of CXC-chemokines in PC3 cells. A, GNA13 protein and RNA levels in PC3 cells stably expressing two
different sh-RNAs (sh-GNA13-1 and -2) targeting GNA13 compared with sh-RNA-control (indicated as sh-control) cells. Immunoblot shows GNA13 protein levels,
probed using a GNA13-specific antibody. Tubulin was included as a loading control. mRNA expression of GNA13 is shown relative to that of HPRT, which was
used as a normalizing control. Data are presented as mean � S.D., and p values are denoted as ***, p � 0.001. B, schematic of experimental workflow for the
identification of genes that are regulated by GNA13 in PC3 cells. The Venn diagram within shows the number of genes that were down- or up-regulated upon
suppression of GNA13 expression in PC3 sh-GNA13-1 and sh-GNA13-2 cells as compared with sh-control cells. Genes that showed a log2 fold-change of �1 or
greater was considered up-regulated, and a fold-change of �1 or greater was considered as down-regulated, with a minimum p value of 0.05. C, list of
differentially-expressed CXC-chemokines in PC3 cells expressing sh-RNAs targeting GNA13 compared with cells expressing sh-control alone. Shown are the
fold-change and statistical significance of CXC-chemokine genes identified from total RNA-Seq to be down-regulated upon GNA13 knockdown (values
indicated are averages of sh-GNA13-1 and sh-GNA13-2), as compared with sh-control cells. D, schematic showing predicted pathway involvement of selected
CXC-chemokines, as determined using ingenuity pathway analysis.
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a CXCL5 promoter fragment containing �2324 (upstream) to
�62 (downstream) bases relative to the transcription start site
and 500-bp serial truncations of the full promoter were cloned
into the pGL3-Basic-Luciferase reporter system (Fig. 3B). Equal
amounts of either pGL3-CXCL5-Luc or the promoter-less
pGL3-basic vector were transfected into two prostate cancer
cells expressing high levels of GNA13, i.e. PC3 and Du145.
Truncations in the promoter led to stepwise increases in
CXCL5-luciferase expression in both the PC3 and Du145 cells
(Fig. 3C), with the �505/�62 region of the CXCL5-promoter
construct exhibiting the highest activity. Furthermore, deletion
of the �505/�62 region of the CXCL5 promoter completely
abrogated reporter activity, indicating that this region is not
only highly active but is also the minimally required promoter
region for CXCL5 expression in prostate cancer cells (Fig. 3C).
Most importantly, knockdown of GNA13 in both PC3 (Fig. 3D)
and Du145 (Fig. 3E) cells suppressed luciferase reporter activity
of the CXCL5-promoter constructs, with the strongest impact
seen with the �505/�62 element. In confirmation of this pro-
moter region being the most important for the impact of
GNA13, an opposite effect was seen on reporter activity in
LnCaP cells upon enforced expression of GNA13 (Fig. 3F).
These data strongly suggest that crucial transcriptional ele-
ment(s) of the CXCL5 promoter that respond to GNA13 bind
within the �505/�62 region of the promoter.

In the first step to identify regulatory molecules that interact
with the CXCL5 promoter, the �505/�62 promoter sequence
was analyzed using two independent transcription factor-bind-
ing prediction tools (Alibaba2.1 and MatrixCatch) to identify
possible binding sites. Both tools identified an NF-�B– binding
site with sequence GGGAATTTCC at position �29 to �38 bp
upstream of the transcriptional start site (Fig. 4A). As GNA13
has previously been implicated in NF-�B signaling in a different
cell type (22), the potential involvement of NF-�B on GNA13-
driven CXCL5 expression in prostate cancer cells was investi-
gated. The NF-�B– binding site was removed by either trunca-
tion or by employing a five-nucleotide deletion (AATTT) of the
site from �31 to �35 bp (Fig. 4A). Assessment of luciferase
expression using these constructs showed that such disruption
of the NF-�B– binding site in the CXCL5 promoter almost
completely abrogated CXCL5 promoter-driven luciferase sig-
nals in PC3 and Du145, and further knockdown of GNA13 had
no additional impact on promoter activity (Fig. 4, B and C).

Further evidence of the importance of the �505/�62 CXCL5
promoter region came from the use of the LnCaP GNA13 over-
expression model, where GNA13-dependent activity of the
promoter construct was suppressed when the NF-�B– binding
site was disrupted (Fig. 4D).

To confirm the association of the NF-�B transcription factor
with the CXCL5 promoter, and the impact of GNA13 levels on
this association, ChIP was performed in LnCaP control cells
and those with enforced expression of GNA13. Real-time PCR
analysis of p65-bound DNA (a major component of NF-�B
transcriptional complex) showed a significant enrichment of
p65 binding to the predicted NF-�B site on the CXCL5 pro-
moter upon enforced expression of GNA13 in LnCaP cells
when compared with the vector control (Fig. 4E). Analysis of
I�B� promoter as a positive control for NF-�B (p65) binding to
the chromatin showed similar results (Fig. 4E). Taken together,
these findings indicate that the impact of GNA13 on CXCL5
expression is mediated through NF-�B binding to the CXCL5
promoter. More importantly, these data show that GNA13 is a
key driver of NF-�B transcriptional activity in prostate cancer
cells.

GNA13 induces NF-�B–signaling pathway

The data so far indicate that GNA13 drives transcription of
CXCL5 by inducing the transactivation of NF-�B in prostate
cancer cells. Consistent with this assessment, gene set enrich-
ment analysis of all the genes identified through RNA-Seq to be
down-regulated upon GNA13 silencing in PC3 cells revealed
that GNA13 broadly impacts the NF-�B transcriptional pro-
gram in prostate cancer cells (Table S1). To obtain direct evi-
dence for GNA13 modulation of NF-�B signaling in prostate
cancer cells, phosphorylation of the p65 subunit of the NF-�B
complex was assessed. Phosphorylation of p65 is one of the key
initial steps in the activation of the NF-�B–signaling pathway.
In starved parental PC3 (Fig. 5A) and Du145 (Fig. 5B) cells,
serum stimulation induced the phosphorylation of p65 sub-
stantially. However, this phosphorylation was suppressed upon
knockdown of GNA13 in both these cells (Fig. 5, A and B).
Consistent with this observation, p65 phosphorylation was
enhanced in LnCaP cells upon enforced expression of GNA13
when compared with control cells (Fig. 5C). To further probe
the capacity of GNA13 in regulating the transcriptional func-
tion of NF-�B, a promoter–reporter construct driven solely by

Figure 2. GNA13 drives CXCL5 expression in prostate cancer cells. CXCL-chemokines’ mRNA levels in PC3 (A) and Du145 (B) cells. Shown is the impact of
GNA13 knockdown on RNA levels of various CXC family chemokines (CXCL1– 8) that were short-listed from total RNA-Seq and ingenuity pathway analysis of the
experiment described in Fig. 1. RNA levels were assessed by real-time PCR; relative mRNA expression was plotted as fold-change to control cells (sh-GNA13-1
or sh-GNA13-2 compared with sh-control). HPRT was used as a normalizing control. The immunoblots show the knockdown efficiency of GNA13 in PC3 (A) and
Du145 (B) cells. C, ectopic expression of GNA13 enhances CXCL5 expression in LnCaP cells. Shown are the RNA levels of the indicated CXC-chemokines
following enforced expression of GNA13 in LnCaP cells compared with that of vector-expressing control cells (pBabe-GNA13 versus pBabe-vector). GNA13
protein levels in LnCaP cells stably expressing either pBabe-vector or p-Babe-GNA13 are shown in the immunoblot; tubulin was also probed as a loading
control. D, GNA13 levels impact CXCL5 protein secretion in three different prostate cancer cells. Shown are the relative levels of secreted CXCL5 protein in
conditioned media collected 48 h after GNA13 knockdown (PC3, Du145) or overexpression (LnCaP). Relative CXCL5 protein levels are plotted as fold-change
compared with control cells in each case. CXCL5 levels were quantified using an ELISA (see under “Experimental procedures”). E, enforced expression of GNA13
rescues CXCL5 expression in PC3 cells in which GNA13 had been silenced. Shown is the effect of exogenously restoring GNA13 levels on CXCL5 mRNA and
protein levels across the three indicated time points of induction of GNA13 with 10 ng/ml doxycycline in a tetracycline-inducible system. mRNA or protein
expression is plotted as fold-change relative to the untreated control set at each time point. F, CXCL5 expression correlates with GNA13 levels in human
samples. The positive relationship between GNA13 and CXCL5 RNA expression in human normal and tumor prostate samples is shown. Log2 expression of
CXCL5 mRNA is plotted versus GNA13 mRNA expression in transcripts per kb million. Correlation analysis was performed using GEPIA analysis tool and
Spearman rank correlation. (p value � 5.4 � e�22, R � 0.4 (Spearman correlation). p values are calculated from three independent experiments; results shown
are a representative of those three. Plotted data are presented as mean � S.D., and p values are denoted as follows: *, p � 0.05; **, p � 0.01; and ***, p � 0.001
or ns for not significant.
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NF-�B, which consists of six repeats of the NF-�B consensus
sequence driving luciferase expression (6X-NF-�B–luciferase),
was employed. Assessment of luciferase activity of this con-
struct under conditions of differential GNA13 expression
revealed that knockdown of GNA13 significantly reduced
6X-NF-�B reporter activity in both PC3 and Du145 cells (Fig.
5D). On the flipside, enforced expression of GNA13 signifi-
cantly enhanced 6X-NF-�B– driven firefly luciferase expres-
sion in LnCaP cells (Fig. 5D).

The evidence presented so far indicates that GNA13-in-
duced expression of CXCL5 is mediated via NF-�B activation in
prostate cancer cells. To further test this hypothesis, we
silenced p65 (also termed as RelA) expression in LnCaP control
cells and those with enforced expression of GNA13 using two
different si-RNAs (denoted as si-RelA and si-RelA-1 or
si-RelA-2) directed against p65. Silencing of p65 expression by
either si-RNAs led to a substantial (50 – 60%) reduction in
GNA13-induced CXCL5 mRNA expression (Fig. 6A). How-
ever, in the PC3 and Du145 cell models, si-RNA– directed
silencing of p65 suppressed CXCL5 mRNA expression in the
WT (sh-RNA-control) cells, although no effect was observed in
cells that express the sh-RNAs against GNA13 (Fig. S1). These
observations clearly show that silencing NF-�B protein expres-
sion significantly impairs GNA13-induced CXCL5 transcrip-
tion in prostate cancer cells. Taken together, these data indicate
that GNA13 is an important upstream mediator of the NF-�B–
signaling pathway in prostate cancer cells, and the impact of
GNA13 on NF-�B signaling plays a crucial role in the induction
of CXCL5 expression in these cells.

GNA13 regulation of CXCL5 expression by NF-�B depends on
Rho GTPase function

Rho GTPases are the best-characterized downstream effec-
tors of GNA12/GNA13 signaling (23, 24). Consistent with
these previous studies, enforced GNA13 expression led to
enhanced RhoA activation in LnCaP cells (Fig. 6B). To test
whether this GNA13-mediated activation of RhoA is important
for CXCL5 expression, the cells were treated with C3 toxin, a
well-characterized inhibitor of Rho family GTPases that
induces ADP-ribosylation of its targets (25–27). As expected,
the presence of C3 toxin led to reduced GTP-bound RhoA
(active RhoA), along with a reduction in total RhoA protein
levels (Fig. 6B), in LnCAP vector or GNA13-expressing cells.
Most importantly, measurement of CXCL5 levels by real-time

PCR following treatment with C3 toxin revealed that the
GNA13-induced CXCL5 expression was severely impacted
when Rho proteins were inactivated by C3 toxin (Fig. 6B), sug-
gesting a GNA13-dependent involvement of Rho GTPases in
the regulation of CXCL5 expression. This observation was also
made with the Du145 cells, where GTP-bound Rho (active Rho)
was greatly enhanced upon addition of FBS in a WT setting, but
this Rho activation was significantly repressed upon GNA13
knockdown (Fig. S2). These data indicate that GNA13 mediates
the activation of Rho proteins and that inhibition of Rho activ-
ity significantly suppresses GNA13-induced CXCL5 mRNA
expression in prostate cancer cells.

We also assessed the impact of treatment with C3 toxin on
the GNA13-induced reporter activity of the �505/�62–
CXCL5 promoter and the 6X-NF-�B reporter (Fig. 6C). Expres-
sion of C3 toxin in LnCaP cells markedly suppressed the
GNA13-induced activity of both the CXCL5 promoter- and
6X-NF-�B-luciferase reporter activities (Fig. 6C). To further
confirm the involvement of Rho GTPases in GNA13-depen-
dent CXCL5 expression, a dominant-negative mutant form of
RhoA, which interferes with the activation of multiple Rho
GTPase family members (28, 29), was employed. Consistent
with the C3 toxin inactivation data, GNA13-induced CXCL5
mRNA expression was significantly suppressed upon overex-
pression of the dominant-negative RhoA (Fig. 6D). Taken
together, these findings show that GNA13 signals through Rho
proteins to induce the transactivation of NF-�B and conse-
quently control expression of CXCL5.

Discussion

Despite significant progress made in diagnosis and treat-
ment, prostate cancer mortality has not improved significantly
over the years, largely due to drug resistance and metastasis of
the cancer (3). Identifying novel mechanisms that drive resis-
tance to therapy and metastasis could help us develop novel
combination therapies to improve therapeutic outcomes. The
G12 family of G proteins, which includes both GNA12 and
GNA13, and the GPCRs associated with them have been widely
implicated in cancer progression (6, 8, 30). In prostate cancers,
GNA13 levels correlate with aggressiveness, and blocking
GNA13 alone could significantly impact cancer cell invasion
toward SDF-1 (16). In addition, we and others have shown that
GNA13 is a biomarker for poor prognosis and an inducer of
multidrug resistance and metastasis in solid tumors (13, 15).

Figure 3. GNA13 induces CXCL5 expression in an NF-�B– dependent manner in prostate cancer cells. A, GNA12 levels do not impact CXCL5 expression in
prostate cancer cells. The left panel shows CXCL5 RNA levels in PC3 cells stably expressing two different sh-RNAs against GNA12 (sh-GNA12-1 and sh-GNA12-2)
or vector control (control), plotted as fold-change relative to the control cells. GNA12 protein level in these cells is shown in the upper middle panel. The lower
middle panel shows immunoblot analysis of GNA12 and GNA13 protein expression in LnCaP cells transiently transfected with GNA12- or GNA13-expressing
plasmids, or pCDNA3.1 vector, for 48 h. The right panel shows the impact of enforced expression of GNA12 or GNA13 on CXCL5 RNA levels, as compared with
the vector control in both cases (GNA12WT versus pcDNA3.1 or GNA13WT versus pcDNA3.1, respectively). B, schematic diagram of the construction of CXCL5
promoter-derived luciferase reporter constructs. The CXCL5 promoter containing bp �2324 to �62 relative to the transcriptional start site and the serial
truncations therefrom were cloned into pGL3-basic as detailed under “Experimental procedures.” C, luciferase reporter activity driven by the indicated CXCL5
promoter constructs in PC3 (left panel) and Du145 (right panel) cells. D and E, graphs show the impact of suppressing GNA13 expression in PC3 (D) and Du145
(E) cells on CXCL5 promoter activity. Shown is the promoter activity driven by the indicated CXCL5 promoter constructs in parental cells (sh-RNA-control) and
those in which GNA13 was knocked down using sh-RNA-1 or sh-RNA-2 as indicated. F, impact of enforced expression of GNA13 on the activity of CXCL5
promoter elements in control LnCaP cells (expressing pBabe-vector) compared with those with enforced expression of GNA13 (pBabe-GNA13). All reporter
data are plotted as the ratio of relative light units (RLU) of reporter to total protein, plotted as fold-change relative to the pGL3-basic vector in each of the
respective control cells. GNA13 expression is shown in immunoblots in D–F for each of the cell lines, respectively. p values are calculated from three indepen-
dent experiments; the results shown are a representative of those three. Plotted data are presented as mean � S.D., and p values are denoted as follows: *, p �
0.05; **, p � 0.01; and ***, p � 0.001 or ns for not significant.
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However, despite these studies emphasizing the importance of
GNA13 in drug resistance and tumor progression, the molecu-
lar mechanisms that mediate the pronounced impact of

GNA13 on tumorigenesis and tumor progression are not well-
understood. In this study, using prostate cancer cells as a model,
we present evidence of one such mechanism: GNA13 acts

Figure 4. GNA13 induces CXCL5 expression through NF-�B. A, schematic diagram of the CXCL5 promoter reporter constructs with disrupted NF-�B–
binding sites. The position of the identified NF-�B– binding site within the CXCL5 �505/�62 region is shown as the blue bar. The NF-�B– binding site was
removed via truncation or deletion mutation as described under “Experimental procedures.” B–D, importance of the NF-�B– binding site for GNA13-induced
CXCL5 promoter activity. Shown is the effect of removing or mutating the NF-�B– binding site on GNA13-dependent promoter activity in PC3 (B), Du145 (C),
and LnCaP (D) cells. For PC3 and Du145 cells, the data come from both control cells and those expressing sh-GNA13-1 or sh-GNA13-2 as indicated. For LnCaP
cells, the data come from cells expressing pBabe-GNA13 compared with pBabe-vector. GNA13 expression for each of the cells is shown in immunoblots in B–D.
E, GNA13 induces the binding of the p65 subunit of the NF-�B transcriptional factor complex to the CXCL5 promoter. Data shown represent the abundance of
p65-bound CXCL5- and I�B�-gene promoter fragments recovered from the ChIP assays in LnCaP cells expressing pBabe-GNA13 relative to that of cells
expressing pBabe-vector. ChIP-qPCR analysis was performed as described under “Experimental procedures,” and the amplification of the immunoprecipitated
chromatin was calculated as the fold-change relative to vector control cells using the 2���Ct method. Immunoprecipitation with IgG was included as a
negative control. Immunoprecipitated DNA was amplified by real-time PCR using primers specifically designed to amplify regions upstream and downstream
of the NF-�B– binding site within the CXCL5 and I�B� gene promoters, producing a PCR product of 200 and 300 bp for CXCL5 and I�B�, respectively. DNA gel
analysis of the amplified PCR products of qPCR is shown in E. p values are calculated from three independent biological repeats of the same experiment; results
shown are a representative of those three. Plotted data are presented as mean � S.D., and p values are denoted as follows: *, p � 0.05; **, p � 0.01; and ***, p �
0.001.
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Figure 5. GNA13 levels impact NF-�B/p65 phosphorylation and transcriptional activity. A and B, knockdown of GNA13 suppresses phosphorylation
of p65 in prostate cancer cells. Impact of knockdown of GNA13 in PC3 (A) and Du145 (B) cells on FBS-induced phosphorylation of p65, a major
component of the NF-�B–signaling pathway. Shown is the immunoblot analysis of the effect of GNA13 knockdown (sh-GNA13-1 or sh-GNA13-2,
compared with sh-control) on NF-�B activation under serum-starvation and -stimulation conditions. Phosphorylated p65 (phospho-p65) was detected
using a phospho-p65 antibody (Ser-536) whereas total p65 was probed with a p65-specific antibody; tubulin or glyceraldehyde-3-phosphate dehydro-
genase was used as loading controls as indicated. To quantify p65 phosphorylation, individual band intensities were measured by Image LabTM

software, and the phosphorylated signal was divided by that of total protein followed by the loading control and further normalized to the serum-
stimulated control cell line. Densitometry for p65 phosphorylation and statistical analysis is calculated from three biological replicates and represented
as a graph below the immunoblots. C, enforced expression of GNA13 induces NF-�B activation in LnCaP cells. Shown is immunoblot analysis of the effect
of GNA13 overexpression (pBabe-GNA13 versus pBabe-vector) on p65 phosphorylation under the serum-containing growth conditions. The graph
represents quantification of phospho-p65 levels in GNA13-expressing cells compared with vector control. D, impact of GNA13 levels on NF-�B promoter
activity in three prostate cancer cell lines. Shown is the activity of NF-�B– driven firefly luciferase expression from a reporter element consisting of six
repeats of the NF-�B (6X-NF-�B) consensus sequence driving luciferase expression. The impact of knockdown of GNA13 (sh-GNA13-1 or sh-GNA13-2 as
compared with sh-control) in PC3 (left panel) and Du145 (middle panel) on promoter reporter activity is shown, as well as the impact of overexpression
of GNA13 in LnCaP cells (right panel, cells expressing pBabe-GNA13 compared with pBabe-vector). The RLU values were normalized to total protein and
plotted as fold-change relative to the pGL3-basic vector control for each cell line. p values are calculated from three independent biological repeats of
the same experiment; results shown are a representative of those three. Plotted data are presented as mean � S.D., and p values are denoted as follows:
*, p � 0.05; **, p � 0.01; and ***, p � 0.001.
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through Rho GTPases to drive an NF-�B transcriptional pro-
gram to induce CXCL5 expression in prostate cancer cells.

Several lines of evidence have provided a link between NF-�B
function and the expression of CXCL5 and also several other
chemokines that modulate the tumor microenvironment (31).
One such example is that dysregulation of NF-�B can lead to

aberrant expression of CXC-chemokines in many diseases,
including cancers (32, 33). In addition to impacting the immune
microenvironment of a tumor, increased NF-�B transcriptional
activity has been implicated in inducing multiple hallmarks of
solid tumors, including tumor initiation, cancer cell prolifera-
tion, resistance to apoptosis, epithelial–mesenchymal transi-
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tion, and metastasis (34). Given the pleiotropic role of NF-�B in
tumorigenesis and progression, it is not surprising that studies
on elucidating the mechanisms that activate NF-�B signaling in
cancers have led to the identification of multiple cell-surface
receptors, including receptors for tumor necrosis factor-� and
interleukins as the major drivers of this pathway (34).

Recently, GPCRs, especially those that signal through Gq or
G12 proteins, have been reported to modulate NF-�B signaling
in cancers (35, 36). In this regard, a recent study reported evi-
dence that GNA13 induces NF-�B activation and chemokine
expression in colorectal cancer (37). Interestingly, unlike pros-
tate cancers, the GNA13–NF-�B axis in colorectal cancer
seems to drive a different set of chemokines, namely CXCL1, -2,
and -4 but not CXCL5 (37). This is noteworthy because, despite
being driven by largely similar mechanisms, the type of CXC-
chemokines that are regulated by GNA13 appear to be depen-
dent on the cell type examined. In addition, in this study we
identified Rho GTPases as crucial intermediate players of the
GNA13–NF-�B–CXCL5-signaling cascade, presenting a more
detailed mechanism of GNA13-dependent chemokine regula-
tion in the context of prostate cancers. We also examined
whether Rho-associated protein kinase (ROCK) is involved in
the activation of GNA13-dependent CXCL5 expression, but
interestingly, we did not see any impact of ROCK inhibition
(Fig. S3).

Also noteworthy is a previous report showing that some
GNA13-coupled GPCRs, including PAR1, LPAR, and S1PR,
can induce proinflammatory signals via activating the RhoA–
NF-�B–signaling pathway (38). Interestingly, this study also
elucidated a molecular mechanism for this effect by showing
that GPCR activation induced phospholipase C�, leading to sus-
tained activity of diacylglycerol-regulated kinase and protein
kinase D and ultimately leading the activation of NF-�B (38).
Similar mechanisms may be involved in GNA13-induced
NF-�B activation via RhoA in prostate cancer cells; this is cur-
rently under investigation. Elevated levels of GNA12, unlike
GNA13, did not induce CXCL5 expression in prostate cancer
cells. One possible explanation is the finding that GNA12 does
not impact the activation of the crucial intermediary of the
GNA13–NF-�B signaling axis described here, Rho (Fig. S4) in
prostate cancer cells. Although this finding is surprising, we
have previously reported that the activation of Rho by G12 pro-
teins can occur in a cell type–specific manner (39, 40). The lack
of RhoA activation by GNA12 is likely a property of prostate
and possibly several other cancer cells.

It is also interesting to note that CXC-chemokines are
important for both physiological and tumor-induced angiogen-
esis (32), where it has been reported that CXCL5 expression is
up-regulated in metastatic prostate cancers and induces cell
proliferation, migration, and metastasis through induction of
angiogenesis (18). Noteworthy in this regard is that early stud-
ies in mice showed that knockout of GNA13 induces embryonic
lethality due to a defective angiogenesis (41). In terms of tumor
angiogenesis, two different studies have shown that GNA13
impacts tumor growth by inducing tumor angiogenesis either
by inducing VEGFR-2 expression in endothelial cells (42) or by
inducing pro-angiogenic CXCL1, -2, and -4 secretion by tumor
cells (37). Interestingly, a gene set enrichment analysis of our
RNA-Seq data showed a significant (p value � 0.00992) loss of
pro-angiogenic genes upon silencing of GNA13 expression in
prostate cancer cells (Fig. S5). Together with findings that both
GNA13 and CXCL5 induce epithelial–to–mesenchymal tran-
sition, induction of cancer stem cell-like phenotype, drug resis-
tance, and prostate cancer cell migration and metastasis (13, 16,
17, 21, 43), these data suggest that GNA13-induced tumorigen-
esis and progression might be mediated by its ability to induce
expression of multiple pro-tumorigenic and pro-angiogenic
chemokines in prostate cancers. Taken together, these data
indicate that GNA13 induces a global NF-�B transcriptional
program that could contribute to tumor growth and progres-
sion in many different solid tumors.

In summary, this study presents a novel finding of interplay
between GNA13 levels and CXCL5 expression in prostate can-
cer cells. Elucidation of the basic underlying mechanisms of this
process in multiple prostate cancer cell lines revealed that
GNA13, through Rho, can drive NF-�B signaling and stimulate
CXCL5 expression. Because both NF-�B signaling and CXCL5
are known to induce tumor growth and progression by modu-
lating the tumor microenvironment, it will be important now to
study this process in vivo. Given the importance of NF-�B and
its transcriptional targets in tumor progression, developing
novel therapeutic strategies targeting GNA13 could lead to
enhanced therapeutic options for prostate cancer in the future.

Experimental procedures

Cell lines, transfection, and reagents

PC3, Du145, and LnCaP cells were purchased from the
ATCC. PC3 and Du145 cells stably expressing sh-RNA against
GNA13 (either sh-GNA13-1 or sh-GNA13-2) and cells

Figure 6. GNA13 control of CXCL5 expression requires NF-�B and depends on Rho GTPases. A, knockdown of the p65 component of NF-�B suppresses
GNA13-induced CXCL5 expression. The top panel shows immunoblot analysis of total p65 levels in LnCaP vector control cells and those stably overexpressing
GNA13 subjected to knockdown of p65 using two different si-RNAs (si-RelA-1 and -2). Total p65 level was quantified by measuring individual band intensities
using Image LabTM software, and the protein signal was divided by that of the loading control and further normalized to the mock-transfected pBabe-vector
cells. The lower panel shows the effect of p65 suppression on CXCL5 mRNA levels in LnCaP cells; mRNA expression was plotted as fold-change relative to the
mock-transfected pBabe-vector cells. B, inhibition of Rho GTPase activity abrogates GNA13-induced CXCL5 expression. The top panel shows immunoblot
analysis of the effect of C3 toxin treatment on RhoA activation status, where active Rho was isolated using a GST-Rhotekin pulldown assay. The lower panel
shows the effect of C3 toxin treatment on CXCL5 mRNA levels, which are plotted as fold-change to pBabe-vector control cells. C, inhibition of Rho GTPase
activity diminishes GNA13-dependent CXCL5- and NF-�B–promoter reporter activities in LnCaP cells. The effect of C3 toxin treatment of control LnCaP cells
(pBabe-vector) and those overexpressing GNA13 (pBabe-GNA13) on CXCL5-promoter (left panel) or 6X-NF-�B reporter (right panel)-driven luciferase expres-
sion is shown. Data reflect the ratio of RLU of the reporters normalized to total protein amount and plotted as fold-change relative to the pBabe-vector control
cells. D, expression of dominant-negative RhoA (RhoA DN) blocks GNA13-induced CXCL5 mRNA expression in LnCaP cells. The left panel shows the effect of
dominant-negative RhoA (indicated as RhoA-DN) on GNA13-induced CXCL5 mRNA levels in LnCaP cells (pBabe-vector or pBabe-GNA13, respectively), plotted
as fold-change to the pBabe-vector control cells. The right panel shows immunoblot analysis of Rho protein levels following the introduction of dominant-
negative RhoA in the cells. p values are calculated from three independent biological repeats of the same experiment; results shown are a representative of
those three. Plotted data are presented as mean � S.D., and p values are denoted as follows: *, p � 0.05; **, p � 0.01; and ***, p � 0.001 or ns for not significant.
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expressing the control sh-RNA (sh-RNA-control) were used as
GNA13 knockdown cell models of human prostate cancer. A
GNA13 overexpression cell model was also created consisting
of LnCaP cells stably expressing pBabe-vector (a gift from Dr.
Mathijs Voorhoeve) or pBabe-GNA13. The cloning strategy of
these constructs has been described previously (16). For rescue
experiments, a GNA13 cDNA construct that is resistant to the
sh-RNA targeting GNA13 was cloned in a tetracycline-con-
trolled inducible system (Tet-On� 3G Inducible Expression
Systems, Takara Bio USA Inc.). Cells were cultured in RPMI
1640 medium (catalog no. 22400-089, Gibco, Thermo Fisher
Scientific) supplemented with 10% FBS (catalog no. 10500064,
Invitrogen), 1% penicillin/streptomycin (catalog no. 15140-
122, Gibco, Thermo Fisher Scientific), and 1% antibiotic/anti-
mycotic (catalog no. 15240-062, Gibco, Thermo Fisher Scien-
tific). GNA13 knockdown cell lines were maintained in the
presence of 10 �g/ml blasticidin S hydrochloride (catalog no.
3513-03-9, Sigma). LnCaP GNA13 overexpression cells were
grown with 5 �g/ml puromycin dihydrochloride (catalog no.
P8833, Sigma). Tetracycline-inducible PC3 cells were grown in
10 �g/ml blasticidin, along with 50 �g/ml G418 (catalog no.
108321-42-2, Gold-Bio) and 0.5 �g/ml of puromycin. All cells
were used to a maximum of 10 passages for experiments and
were maintained at 37 °C with 5% CO2. Transfection of plas-
mids or si-RNA was performed using either JETPRIME trans-
fection reagent (catalog no. 114-07, Polyplus Transfection,
France) or LipofectamineTM 2000 (catalog no. 11668019, Invit-
rogen), according to the manufacturer’s protocol. Culture
media were replaced 6 h post-transfection without selection
markers. The details of all commercial si-RNAs used are listed
in Table S2. ROCK inhibitor Y-27632 was purchased from
Sigma (catalog no. Y0503); AR-13324 (netarsudil) was a kind
gift from Dr. David Epstein (Duke-NUS Medical School).

Total RNA extraction, cDNA synthesis, and quantitative real-
time PCR analysis

Total RNA was extracted from cells at 80% confluency using
the RNeasy Mini kit (catalog no. 74106, Qiagen, Germany)
according to the manufacturer’s protocol. RNA (1 �g) was
reverse-transcribed using the iSCRIPT cDNA synthesis kit
(catalog no. 170-8891, Bio-Rad), according to the manufactu-
rer’s protocol, and the resultant cDNA was diluted 5-fold in
nuclease-free water to a final concentration of 10 ng/�l. RNA
expression was analyzed by real-time PCR using iQTM SYBR�
Green Supermix (catalog no. 1708880, Bio-Rad) according to
the manufacturer’s protocol. Briefly, each real-time PCR is
made up of 1� iQTM SYBR� Green Supermix, 0.5 �M of each
gene-specific primer, 25 ng of cDNA, and nuclease-free water
to a reaction volume of 10 �l. HPRT was included as a normal-
izing control gene. Relative mRNA expression of a specific gene
was determined using the standard 2���Ct method (39, 45).
Sequences of PCR primers used are listed in Table S3.

Protein extraction and immunoblot analysis

For whole-cell lysate preparation, cells were first washed
with ice-cold PBS and lysed with Tris lysis buffer (50 mM Tris
buffer, pH 6.8, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1 nM

EGTA, 1% Triton X-100, and 6% glycerol) supplemented with

protease (Complete ULTRA Tablets, catalog no. 05892970001,
Roche Applied Science, Germany) and phosphatase inhibitors
(PhosSTOP ULTRA Tablets, catalog no. 04906837001, Roche
Applied Science, Germany). Protein was quantified using the
BCA protein quantification kit (catalog no. 23223, Thermo
Fisher Scientific), diluted in Tris lysis buffer and 2� Laemmli
sample buffer (catalog no. 161-0737, Bio-Rad) containing
�-mercaptoethanol, and denatured at 95 °C for 10 min. For
immunoblot analysis, briefly, equal amounts of protein were
separated on SDS-polyacrylamide gels and blotted onto polyvi-
nylidene difluoride membranes using wet transfer. Membranes
were then blocked with 5% nonfat dry milk at room tempera-
ture and probed with specific antibodies targeting proteins of
interest overnight at 4 °C. Immunoblots were washed with 1�
TBS-T (Tris-buffered saline with 0.1% Tween 20), incubated
with respective secondary antibodies, washed again, and then
visualized by chemiluminescence (Pierce� ECL Western blot-
ting substrate, catalog no. 32106, or SuperSignalTM West
Femto Maximum Sensitivity Substrate, catalog no. 34096,
Thermo Fisher Scientific). The details of all antibodies used are
listed in Table S4.

ELISA

Assays were conducted using supernatant collected from
cultured cells. 250,000 cells were first seeded into 6-well plates
and cultured for 48 h. Cell culture supernatants were then col-
lected, briefly centrifuged at 1,500 rpm to remove cell debris,
and assayed for CXCL5 using human CXCL5/ENA-78 Quan-
tikine ELISA kit (catalog no. DX000, R&D Systems) according
to the manufacturer’s protocol. Briefly, 50 �l of conditioned
media was loaded into each well (96-well format) that had been
pre-coated with mAb directed against human CXCL5. The
assay plate was then incubated for 2 h at room temperature with
rotation, washed to remove unbound proteins, incubated with
enzyme-linked polyclonal secondary antibody, washed again,
and finally incubated with substrate solution for 30 min at room
temperature in the dark before the colorimetric reaction was
terminated. Absorbance was measured at 450 and 540 nm.
Results were analyzed by correcting absorbance reading at 450
nm from that at 540 nm, and the values were plotted as fold-
change to the relevant controls.

GST–rhotekin-active Rho pulldown assay

Intracellularly-active Rho (Rho-GTP) was isolated using the
active Rho pulldown and detection kit (catalog no. 16116,
Thermo Fisher Scientific), according to the manufacturer’s
protocol. Briefly, cells (LnCaP, 2.5 � 106; Du145, 8 � 105) were
seeded into 10-cm dishes, treated, and cultured for appropriate
durations. Cells were then washed with ice-cold PBS and lysed
with Rho lysis buffer supplemented with protease and phospha-
tase inhibitors. Lysates were centrifuged at 16,000 � g for
removal of cell debris, from which a fraction of protein lysate
was stored as total input while the remaining was incubated
with GST–rhotekin–RBD-coupled GSH–Sepharose resin
beads at 4 °C for 1.5 h with rotation. Active Rho protein-bound
beads were then washed and eluted twice in 2� Laemmli buffer
containing �-mercaptoethanol to a final volume of 50 �l. The
eluted samples were denatured at 95 °C for 5 min, resolved on a
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12% SDS-polyacrylamide gel, and quantified using immuno-
blotting. For Du145 cells, cells were serum-starved for 6 h and
stimulated with 10% serum-containing media at 70% conflu-
ency for the appropriate duration prior to extraction.

CXCL5 promoter cloning

Genomic DNA was extracted from PC3 WT cells using
DNeasy Blood and Tissue kit (catalog no. 69504, Qiagen, Ger-
many) and was used as a template to amplify the promoter
region of human CXCL5. PCR was performed using iPROOF
high-fidelity PCR kit (catalog no. 072–5301, Bio-Rad), accord-
ing to the manufacturer’s protocol. PCR primers were designed
with MluI and BglII restriction sites; sequences of the PCR
primers used are listed in Table S5. The PCR products were
purified using NucleoSpin� gel and PCR clean-up kit
(740609.50, Macherey-Nagel, Germany) and cloned into pGL3-
basic vector at the MluI and BglII restriction sites (MluI, catalog
no. R3198L, and BglII, catalog no. R0144S, New England Bio-
labs, London, UK) upstream of the promoter-less firefly lucif-
erase gene. To generate the CXCL5 promoter deletion mutant
construct, five nucleotides (AATTT) within the NF-�B–
binding region were deleted using site-directed mutagenesis
with iPROOF high-fidelity PCR kit. The linear plasmid harbor-
ing the deletion was treated with T4 polynucleotide kinase (cat-
alog no. M0201S, New England Biolabs, London, UK), re-circu-
larized, transformed into bacteria, and amplified as per the
previously established protocols of the lab (39). 6X-NF-�B–
luciferase reporter contains six repeats of the NF-�B-binding
consensus sequence driving the luciferase gene and is a gift
from Prof. Doris Mayer, Germany, and further details are
described previously (46).

Luciferase reporter assay

For luciferase reporter assays, 60,000 cells were seeded into
24-well plates in quadruplicate and allowed to settle, where-
upon 500 ng of pGL3-basic vector, the respective CXCL5 pro-
moter DNA constructs, or the 6X-NF-�B–luciferase reporter
was transfected into cells. Luciferase reporter assays were con-
ducted 48 h post-transfection. Briefly, cell culture media were
aspirated, and cells were lysed with passive lysis buffer (catalog
no. E194A, Promega) followed by incubation at room temper-
ature for 10 min with rocking. Cell lysates were then collected
and centrifuged at 2000 � g for 5 min to remove cell debris.
Firefly luciferase assay substrate (catalog no. E1501, Promega)
was added and incubated for 10 min at room temperature, and
luminescence was measured as a readout for promoter activity.
The remaining lysates were used for total protein quantification
using BCA protein quantification kit. The activity of each
promoter–reporter construct was determined as relative light
units by dividing the firefly luciferase luminescence value with the
optical density obtained from total protein quantification and then
further normalized to the promoter-less (pGL3-Basic) control.

ChIP

To assess binding of NF-�B to the CXCL5 promoter element,
2 � 107 cells were collected in a tube, fixed with freshly pre-
pared formaldehyde (catalog no. F8775, Sigma) to a final con-
centration of 1% for 10 min at room temperature, and

quenched with freshly made 2 M glycine to a final concentration
of 0.4 M. Cells were then centrifuged at 300 � g for 5 min,
washed twice with PBS, and then lysed with cell lysis buffer (10
mM HEPES, 10 mM EDTA, 0.5 mM EGTA, 0.25% Triton X-100)
supplemented with protease inhibitors and 0.1 mM PMSF.
Nuclei were obtained by centrifugation of the cell lysate at
500 � g for 5 min followed by lysis with nuclei lysis buffer (10
mM HEPES, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.01%
Triton X-100) supplemented with protease inhibitors and 0.1
mM PMSF. The nuclear fraction was isolated and resuspended
in ChIP buffer (25 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1%
Triton X-100, 0.25% SDS) supplemented with protease inhibi-
tors and 0.1 mM PMSF. Chromatin samples were sonicated to
obtain DNA fragments of 300 – 600 bp in length followed by
3-fold dilution in 3� ChIP buffer (25 mM Tris-HCl, 150 mM

NaCl, 2 mM EDTA, 1% Triton X-100, 7.5% glycerol) that is
supplemented with protease inhibitors and 0.1 mM PMSF. For
immunoprecipitation, DynabeadsTM protein G magnetic beads
(catalog no. 10004D, Invitrogen) were first preincubated with
0.5% BSA and 4 �g of IgG control antibody or NF-�B p65 anti-
body (catalog no. 17-10060, Merck) for 2 h at 4 °C with rotation
followed by incubation with sheared chromatin overnight at
4 °C with rotation. Beads were then washed with low-salt wash
buffer (20 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, and 0.1% SDS), high-salt wash buffer (20 mM Tris-HCl,
500 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS),
LiCl buffer (10 mM Tris-HCl, 250 mM LiCl, 1 mM EDTA, 0.5%
Nonidet P-40, 0.5% sodium deoxycholate), and TE buffer (10
mM Tris-HCl, 50 mM NaCl, 1 mM EDTA). The chromatin was
eluted in elution buffer (100 mM sodium bicarbonate and 1%
SDS) at room temperature for 15 min with agitation and reverse
cross-linked with 50 mg of proteinase K overnight at 65 °C with
shaking. Finally, the immunoprecipitated chromatin was puri-
fied using Agencourt AMPure XP PCR purification kit (catalog
no. A63881, Beckman Coulter), according to the manufactu-
rer’s protocol, and analyzed by real-time PCR.

RNA-Seq and analysis

PC3 cells (1 � 106) harboring the control sh-RNA or two
different sh-RNAs directed against GNA13 were seeded in
10-cm dishes and cultured for 48 h until the cells reached 80%
confluency. Total RNA was extracted (RNeasy kit, Qiagen), and
sequencing libraries were generated using an Illumina TruSeq
mRNA library kit according to the manufacturer’s instructions.
Paired-end sequencing of 2 � 100 bp was conducted via Illu-
mina HiSeq 4000 according to the manufacturer’s instructions
(Illumina). The RNA-Seq was performed by Theragen (Repub-
lic of Korea). The raw read files were checked for sequenc-
ing quality via FastQC program (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/)4 and subsequently mapped
to the human reference genome (GRCh37) via the STAR ver-
sion 2.1.3 aligner (47). Mapped reads were quantified for gene
and transcript abundance estimation via Cufflinks version 2.2.1
(9) and further analyzed for differential gene expression via
Cuffdiff version 2.2.1 (44).

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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Statistical analysis

All experiments were performed at least three times, and
each with three or four technical replicates, where appropriate.
A representative experiment is shown in most figures, and the p
values presented are calculated from pooled values from three
independent biological replicates of these experiments using
analysis of variance (n � 9 or 12). For Western blotting quan-
tification graphs, Student’s t test was used to calculate the p
values using values from three independent experiments (n �
3). A p value of �0.05 was considered significant.
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