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G protein Py translocation to the Golgi apparatus activates
MAPK via p110y-p101 heterodimers
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The Golgi apparatus (GA) is a cellular organelle that plays a
critical role in the processing of proteins for secretion. Acti-
vation of G protein—coupled receptors at the plasma membrane
(PM) induces the translocation of G protein By dimers to the
GA. However, the functional significance of this translocation
is largely unknown. Here, we study PM-GA translocation of all
12 Gy subunits in response to chemokine receptor CXCR4
activation and demonstrate that Gy9 is a unique Golgi-
translocating Gy subunit. CRISPR-Cas9-mediated knockout
of Gy9 abolishes activation of extracellular signal-regulated
kinase 1 and 2 (ERK1/2), two members of the mitogen-
activated protein kinase family, by CXCR4. We show that
chemically induced recruitment to the GA of GPy dimers
containing different Gy subunits activates ERK1/2, whereas
recruitment to the PM is ineffective. We also demonstrate that
pharmacological inhibition of phosphoinositide 3-kinase y
(PI3Ky) and depletion of its subunits p110y and p101 abrogate
ERK1/2 activation by CXCR4 and Gy recruitment to the GA.
Knockout of either Gy9 or PI3Ky significantly suppresses
prostate cancer PC3 cell migration, invasion, and metastasis.
Collectively, our data demonstrate a novel function for Gy
translocation to the GA, via activating PI3Ky heterodimers
p110y-p101, to spatiotemporally regulate mitogen-activated
protein kinase activation by G protein—coupled receptors and
ultimately control tumor progression.

G protein—coupled receptors (GPCRs) modulate a wide
variety of cell functions through activating cognate hetero-
trimeric G proteins, arrestins, and other signaling molecules
(1). In the classical GPCR signaling system, GPCRs at the
plasma membrane (PM), once activated by hormones or
neurotransmitters, function as guanine nucleotide exchange
factors to enhance the exchange of GDP for GTP from Ga
subunits, leading to the dissociation of active GTP-bound Ga
and free GPy dimers, which can separately activate down-
stream effectors, such as adenylyl cyclases, phospholipases,
mitogen-activated protein kinases (MAPKs), phosphoinositide
3-kinases (PI3Ks), and ion channels (2—-4). In recent years,
several studies have demonstrated that, after activation by
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GPCRs at the PM, some Gy dimers can translocate from the
PM to intracellular organelles, including the Golgi apparatus
(GA), likely via passive diffusion, and that the efficiency of
translocation is determined by Gy anchoring to the PM, as well
as Gy interaction with the receptors (5-10). Although the
Golgi-localized GPy complex can activate phospholipase C
(11, 12) and protein kinase D (13, 14) and regulate post-Golgi
trafficking (14-16), Golgi structure (13, 16, 17), insulin
secretion (17), and cardiomyocyte hypertrophic growth (11),
the physiological and pathophysiological functions of GPy
translocation from the PM to the GA are still largely
undefined.

The MAPKs extracellular signal-regulated kinases 1 and 2
(ERK1/2) and PI3Ks are crucially involved in many funda-
mental cellular processes and are directly associated with the
pathogenesis of human diseases, particularly cancer. It is
known that almost all GPCRs can activate the MAPK Raf-
MEK-ERK1/2 pathway. However, ERK1/2 activation by
different GPCRs or the same GPCR in different cell types may
be mediated through different biochemical pathways, involving
distinct signaling molecules, such as GPy subunits, arrestins,
small GTPases, receptor tyrosine kinases (RTKs), and protein
kinases (18-29). Although these complex activation mecha-
nisms have been studied extensively and arrestins have been
shown to function as scaffolds in ERK1/2 activation on the
endosomal compartment, the spatial aspects of ERK1/2 acti-
vation by GPCRs remain poorly explored and signal initiation
by G proteins is generally considered to occur at the PM
(23, 27, 28, 30).

PI3Ks are a family of lipid kinases that specifically phos-
phorylate the inositol moiety of phospholipids at the 3’ position
and can be divided into three classes based on their sequence
homology and substrate specificity. Class I PI3Ks include PI3Ka,
B, v, and & isoforms, which are heterodimers consisting of a
catalytic subunit and a regulatory subunit, and the PI3Ky cata-
lytic subunit p110y can form a complex with the regulatory
subunit p101 or p87. It has been known that the cell surface
GPCRs can activate PI3Kp, y, and 6 isoforms and Gy dimers
activate PI3Kp and y isoforms. PI3Ky activation by GPy has been
extensively studied, and these studies have shown that GPy can
directly interact with both p110y and p101 (31-33).

Over the past decades, multiple signaling cascades have
been defined to contribute to prostate tumorigenesis. Among
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Gy activates MAPK via PI3Ky at Golgi

these cascades, the ERK1/2 and PI3K pathways are hyper-
activated in prostate cancer and enhanced activation of ERK1/
2 and PI3Ks is correlated with disease progression, androgen
independence, and poor prognosis (33-36). However, the
molecular mechanisms responsible for the hyperactivation of
the ERK1/2 and PI3K pathways in prostate cancer remain
poorly understood. Here we study the function of Gy trans-
location to the GA in ERK1/2 activation by the chemokine
receptor CXCR4 in human androgen-insensitive prostate
cancer (DU145 and PC3) cells and human embryonic kidney
293 (HEK293) cells. CXCR4 is a crucial factor involved in bone
metastasis of prostate cancer and CXCR4 antagonists inhibit
prostate cancer growth and metastasis (37, 38). We demon-
strate that GPy translocation to the GA activates the ERK1/2
pathway through the PI3Ky heterodimer p110y-p101. We also
show that knockout of the most translocatable Gy9 subunit
and pl110y markedly inhibits prostate cancer cell migration,
invasion, and metastasis. These data reveal a novel function of
Gpy translocation to the GA to spatiotemporally regulate
MAPK activation by GPCRs and control tumor progression.

Results

Characterization of Gy translocation to the GA in response to
CXCR4 activation

Individual YFP-tagged Gy subunits were expressed together
with GP1, a commonly expressed GP subunit, Gail subunit,
and the Golgi marker pmTurquoise2-Golgi in DU145, PC3,
and HEK293 cells. GBy translocation to the GA in response to
CXCR4 activation by stimulation with stromal cell-derived
factor 1a (SDF1a) was measured by the increase in total YFP
signal at the GA by confocal microcopy in live cells (Fig. S1A).
All 12 Gy subunits were mainly expressed at the PM in
unstimulated cells, and SDF1a stimulation induced Gy trans-
location from the PM to intracellular compartments at
different magnitudes and rates. However, translocation of Gy9
to the GA was dramatically more efficient than that of any
other Gy subunit (Fig. 14 and Fig. S1B). The total Gy9 signal
at the GA increased by approximately 80% (Fig. 1B). The
quantification of relative expression of Gy9 at the PM, nucleus,
and GA showed that SDFla stimulation markedly reduced
GY9 expression at the PM and increased Gy9 expression at the
GA (Fig. 1C). Translocation of Gy9 from the PM to the GA
occurred with a half time (t;;) of about 5 s (Fig. 1D). The
closest Gy subunit to Gy9 was Gyl1, which GA translocation
increased by only 30%. In contrast, Gy3 showed the least
translocation (<10%) (Fig. 1B). Across Gy subunits, the ki-
netics and extent of translocation were similar in DU145, PC3,
and HEK293 cells (Fig. 1, B and D). These data indicate that
Gy9 is a unique Golgi-translocating Gy subunit.

Gy translocation to the GA is required for ERK1/2 activation
by CXCR4

To study the function of Gy translocation, we focused on
ERK1/2 activation. SDFla strongly activated ERK1/2 in a
dose-dependent manner, and the ECs, values were 3.5 + 0.09,
6.3 £ 0.2, and 5.8 £ 0.03 nM (n = 3) in DU145, PC3, and
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HEK293 cells, respectively (Fig. 2, A and B). ERK1/2 activation
by SDF1a was completely blocked by treatments with pertussis
toxin (PTX), the GPy inhibitor gallein (39), and the selective
CXCR4 antagonist AMD3100 (Fig. 2C). Transient expression
of Golgi-GRK2ct, which sequesters free Gy dimers at the GA,
abolished ERK1/2 activation by SDF1a. In contrast, expression
of the Golgi-GRK2ctR587Q mutant, which does not bind Gy,
had no effect on ERK/2 activation (Fig. 2D and Fig. S2). These
data suggest an important role of Golgi-localized Gy in
ERK1/2 activation by CXCR4.

In order to discriminate the roles of translocating and
nontranslocating Gy subunits in MAPK activation, we used
the CRISPR-Cas9 genome editing system to selectively knock
out GYy9 or Gy3 in DU145, PC3, and HEK293 cells. Gy9 and
Gy3 knockout cells were verified by Western blotting using
Gy-specific antibodies (Fig. 2E). Gy9 knockout did not affect
Gy3 expression, and vice versa (Fig. 2E). Gy9 and Gy3
knockout cells were also confirmed by the respective depletion
of transiently expressed YFP-GYy9 and YFP-Gy3, without
affecting YFP-Gy2 expression (Fig. S34). Gy9 knockout in all
three cells almost completely inhibited ERK1/2 activation by
SDFla, whereas Gy3 knockout did not have a clear effect
(Fig. 2F). Gy9 knockout abolished ERK1/2 activation after
SDFla stimulation at all time points tested in PC3 cells
(Fig. S3, B and C). Furthermore, transient expression of single
guide RNA (sgRNA)-resistant Gy9 successfully rescued ERK1/
2 activation by SDFla in Gy9 knockout cells (Fig. 2G and
Fig. S3D). These data strongly indicate that the normal
expression of endogenous Gy9 is essential for ERK1/2 activa-
tion by CXCR4.

Constitutive targeting of GBy to the GA directly activates
ERK1/2

To further define the role of Gy translocation to the GA in
ERK1/2 activation, a rapamycin-inducible translocation system
was utilized to specifically recruit Gy dimers to either the GA
or the PM. In this system, specific targeting peptides (i.e., the
mutant KDELr-D193N for GA targeting and amino acids 1-11
of Lyn for PM targeting) were fused to FK506-binding protein
(FKBP), while individual cytosolic Gy subunits were fused to
the FKBP-rapamycin binding (FRB) domain. This system has
been used previously to recruit GPy to the GA and the PM in
HeLa cells and cardiomyocytes (11, 14). The system was
confirmed by using venus-Gp1 and Gy9 (Fig. S4). Of interest,
rapamycin-induced recruitment of Gy2, Gy3, or Gy9 to the
GA (Golgi-Gy), each in complex with GB1, was able to activate
ERK1/2 in DU145, PC3, and HEK293 cells, whereas recruit-
ment to the PM (PM-Gy) had no obvious effect (Fig. 3A).
Rapamycin incubation to induce Gy9 translocation to the GA
activated ERK1/2 in a time-dependent fashion (Fig. 3, B and
C). These data suggest that different GBy dimers can specif-
ically activate ERK1/2 if they are present at the GA.

To verify if Golgi-GBy—mediated activation of ERK1/2
indeed occurred at the GA, we measured the effects of well-
known Golgi disruptors, including brefeldin A (BFA), ilima-
quinone, monensin, nigericin, nocodazole, and swainsonine,
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Figure 1. GBy translocation from the PM to the GA in DU145, PC3, and HEK293 cells. A, Gy9 translocation from the PM to the GA. The cells were
cultured on 6-well dishes and transfected with YFP-Gy9, GB1, Gail, and pmTurquoise2-Golgi (500 ng each). After starvation for 48 h, the cells were
stimulated with SDF1a at 1 ug/ml. The images shown are obtained after stimulation for 10 s. B, quantification of the translocation of different Gy subunits in
complex with GB1 in response to SDF1a stimulation. The cells were transfected with individual YFP-Gy, GB1, Gai1, and pmTurquoise2-Golgi and stimulated
as in A. The YFP signal at the GA before and after SDF1a stimulation was measured as shown in Fig. STA. The increase in the YFP signal at the GA after SDF1a
stimulation was expressed as the translocation of GBy to the GA. *p < 0.05 versus Gy3. C, relative expression of YFP-Gy9 at the PM, nucleus (nuc), and GA
before and after SDF1a stimulation for 10 s in a representative DU145 cell based on the line scan analysis. D, the half time (t;,,) of Gy translocation from the
PM to the GA after SDF1a stimulation. The images shown in A and C are representatives of five to eight experiments. The quantitative data are presented as
means + SD (n = 5-8). The scale bars represent 10 um. GA, Golgi apparatus; PM, plasma membrane.

which induce Golgi fragmentation via distinct mechanisms
(40). Incubation with each of these Golgi disruptors caused
Golgi fragmentation as indicated by GalT, a trans-Golgi
marker (Fig. S5), and abolished ERK1/2 activation induced by
Golgi-Gy9 (Fig. 3D). BFA dose dependently inhibited ERK1/2
activation by Golgi-Gy9 expression, and the ICs, values were
0.37 + 0.03, 0.19 £ 0.05, and 0.18 + 0.03 pM (n = 3) in DU145,
PC3, and HEK293 cells, respectively (Fig. 3, E and F). These
data demonstrate that the integrity of the Golgi structure is
required for ERK1/2 activation by Golgi-Gy. As BFA treatment
to disrupt the GA inhibits CXCR4 expression at the PM, likely
by interfering its anterograde transport from the endoplasmic
reticulum to the cell surface (41), we did not measure the ef-
fects of these Golgi disruptors on ERK1/2 activation by SDF1la.

SASBMB

We then determined the effect of different Ga subunits on
ERK1/2 activation by GPy translocation to the GA. Expression
of Gao, Gai, Gas, or Gaq subunits each remarkably attenuated
ERK1/2 activation by Golgi-Gy9 in DU145 and PC3 cells
(Fig. 3G). In the presence of Gai subunits, Gy normally
translocated to the GA. Similar to Gy, Gai also translocated
to the GA and strongly colocalized with GPy (Fig. 3H), sug-
gesting that overexpression of Goa subunits inhibits Gpy-
mediated ERK1/2 activation by forming the inactive Gafy
heterotrimers on the GA. Similar to SDF1a-mediated ERK1/2
activation, Golgi-Gy9—induced ERK1/2 activation was inhibi-
ted by expression of Golgi-GRK2ct but not Golgi-
GRK2ctR587Q mutant (Fig. 3G). Furthermore, expression of
GY9 alone, without coexpression of GP1, was unable to
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Figure 2. Gy9 subunit is required for ERK1/2 activation by SDF1a. A, SDF1a dose dependently activated ERK1/2. The cells were cultured on 6-well dishes.
After starvation for 48 h, the cells were stimulated with different concentrations of SDF1a for 5 min. B, quantitative data shown in A. C, effect of PTX, gallein,
and AMD3100 on ERK1/2 activation by SDF1a. The cells were incubated with PTX (100 ng/ml for 16 h), gallein (10 uM for 30 min), and AMD3100 (100 uM for
1 h) before SDF1a stimulation (200 ng/ml for 5 min). D, effect of Golgi-targeting GRK2ct (Golgi-GRK2ct) on ERK1/2 activation by SDF1a. The cells were
transfected with Golgi-GRK2ct or its mutant GRK2ctR587Q and then stimulated with SDF1a. E, expression of endogenous Gy3 and Gy9 in CRISPR-Cas9-
mediated Gy9 (left panel) or Gy3 (right panel) knockout cells by Western blotting using Gy-specific antibodies. F, ERK1/2 activation in Gy3 and Gy9 knockout
cells in response to SDF1a stimulation. G, rescue of ERK1/2 activation in response to SDF1a stimulation by transient expression of sgRNA-resistant Gy9
(y9res) in Gy9 knockout PC3 cells. The quantitative data are presented as means + SD (n = 3). The Western blots shown in each panel are representatives of

at least three experiments. PTX, pertussis toxin.

activate ERK1/2 (Fig. 3G), suggesting a functional unit of GPy
complex, not just Gy subunit alone, in ERK1/2 activation.

ERK1/2 activation by Gy translocation to the GA is mediated
through the PI3Ky heterodimer p110y-p101

To elucidate the molecular mechanisms underlying the
function of Golgi-localized Gy in ERK1/2 activation, we first
measured the effects of pharmacological inhibition of well-
known GPy downstream effectors on ERK1/2 activation by
SDFla. Treatments with LY294002 and wortmannin, two
common PI3K inhibitors, partially inhibited ERK1/2 activation
by SDFla. The PI3Ky inhibitor AS-604850 and the PI3K&
inhibitor GSK2292767 markedly attenuated ERK1/2 activa-
tion, but the PI3Ka inhibitor HS-173, the PI3Kp inhibitor
TGX-221, the phospholipase C inhibitor U73122, U73433 (an
inactive derivative of U73122), the protein kinase D inhibitor
CRT006610, and the protein kinases C inhibitor Go6976 had
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no effect (Fig. 4A). Inhibition of ERK1/2 activation by AS-
604850 was in a dose-dependent fashion, and the ICs, values
were 0.32 + 0.02, 0.39 £ 0.05, and 0.59 + 0.07 uM (n = 3) in
DU145, PC3, and HEK293 cells, respectively (Fig. 4, B and C).
ERK1/2 activation induced by recruitment of Gy9 to the GA
was also abrogated by treatments with AS-604850 or
GSK2292767, but not HS-173 or TGX-221 (Fig. 4D). Of in-
terest, the AKT inhibitor AZD5363 did not alter ERK1/2
activation by Golgi-Gy9 (Fig. 4D), suggesting that ERK1/2
activation by Golgi-localized Gy is mediated through an
AKT-independent mechanism. As positive controls, treat-
ments with two MEK inhibitors, U0126 and PD98059, and the
Rafl inhibitor GW5074 abolished ERK1/2 activation by Golgi-
GY9 (Fig. 4D).

To further investigate the role of PI3Ky in ERK1/2 activa-
tion, we generated pll0y knockout DU145, PC3, and
HEK293 cells using the CRISPR-Cas9 system (Fig. 5A4). Similar
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Figure 3. Inducible expression of Gy at the GA directly activates ERK1/2. A, inducible expression of Gy2, Gy3, and Gy9 at the GA, but not at the PM,
activated ERK1/2. The cells were cultured on 6-well dishes, transfected with individual FRB-Gy and GB1, together with Golgi-Gy or PM-Gy (500 ng each), and
then induced with rapamycin at 1 uM for 30 min. SDF1a simulation (200 ng/ml for 5 min) was used as a control. B, time courses of ERK1/2 activation by
inducible expression of Gy9 at the GA. C, quantitative data shown in B. D, effect of Golgi disruptors on Gy9-mediated ERK1/2 activation. The cells transfected
with FRB-Gy9, GB1, and Golgi-FKBP were treated with BFA (3 puM), ilimaquinone (10 uM), monensin (5 uM), nigericin (2 uM), nocodazole (10 uM), and
swainsonine (5 pM) for 40 min before incubation with rapamycin for 30 min to induce Gy translocation. E, dose-dependent action of BFA on Golgi-Gy9-
induced ERK1/2 activation. The cells were transfected with FRB-Gy9, GB1, and Golgi-FKBP and then treated with BFA at different concentrations (0-4 uM) for
40 min before incubation with rapamycin for 30 min to induce Gy translocation. F, quantitative data shown in E. G, effect of GB, Ga, and GRK2ct on ERK1/2
activation by Golgi-Gy9. The cells were transfected with FRB-Gy9 and Golgi-FKBP with or without cotransfection with GB1, different Ga subunits, Golgi-
GRK2ct, or GRK2ctR587Q (500 ng each) and then incubated with rapamycin for 30 min. ERK1/2 activation by SDF1a (200 ng/ml for 5 min) was used as
a control. H, Gy translocation in the presence of Ga subunits. PC3 cells were transfected with venus-GB1, mCherry-Gai1, FRB-Gy9, and Golgi-FKBP (500 ng
each) and then treated with rapamycin at 1 pM for 30 min. The quantitative data are presented as means + SD (n = 3). The Western blots and images shown
are representatives of at least three experiments. The scale bar represents 10 um. BFA, brefeldin A; FRB, FKBP-rapamycin binding; GA, Golgi apparatus; PM,

plasma membrane.

to the results obtained from Gy9 knockout cells, SDFla was
unable to activate ERK1/2 in p110y knockout cells (Fig. 5B).
Furthermore, inducible translocation of Gy9 to the GA failed
to activate ERK1/2 in p110y knockout cells (Fig. 5C). These
data demonstrate that ERK1/2 activation by SDFla and Gy
translocation to the GA depends on PI3Ky.

To define the role of regulatory subunits of PI3Ky in ERK1/
2 activation by GPy, we determined the effect of siRNA-
mediated knockdown of pl01 and p87. Similar to pll0y
knockout by CRISPR-Cas9, pl01 knockdown by siRNA
markedly inhibited ERK1/2 activation by SDFla and Golgi-
GY9 in PC3 cells, whereas p87 knockdown had no effect
(Fig. 5, D and E). To study if p110y and p101 were expressed at
the GA, p110y and pl01 tagged with GFP or DsRed were
transiently expressed together with the Golgi marker
pmTurquoise2-Golgi in PC3 cells. As expected, p110y and
p101 were mainly expressed in the cytoplasm and extensively
colocalized. Both p110y and p101 were partially colocalized
with the Golgi marker (Fig. S6). These data suggest that p110y-
p101 heterodimers, but not p110y-p87 heterodimers, mediate
ERK1/2 activation by Gy on the GA.

To determine if Gy and PI3Ky were also important for
ERK1/2 activation by other endogenous GPCRs in DU145,

SASBMB

PC3, and HEK293 cells, we examined a,-adrenergic receptors
(ap-ARs). Stimulation with UK14304, an a,-AR agonist,
markedly activated ERK1/2, which was inhibited by treatments
with PTX, gallein, and the o,-AR antagonist rauwolscine
(Fig. S7A). ay-AR-mediated ERK1/2 activation was also
attenuated by treatments with LY94002, wortmannin, AS-
604850, or GSK2292767, but not HS-173 or TGX-221
(Fig. S7B). Similar to their effects on ERK1/2 activation by
SDFla, knockout of Gy9 and p110y, but not Gy3, inhibited
ERK1/2 activation by UK14304 (Fig. 5F). In contrast, Gy9 and
p110y knockout did not affect ERK1/2 activation by epidermal
growth factor (EGF) and insulin-like growth factor 1 (Fig. 5G
and Fig. S8). These data suggest that GPy translocation to the
GA may be a common event through which multiple GPCRs
converge to activate MAPK via PI3Ky.

Knockout of Gy9 and PI3Ky reduces prostate cancer cell
migration, invasion, and metastasis

We next used PC3 cells to determine the effect of Gy9 and
PI3Ky knockout on cancer cell migration and invasion in vitro.
In the transwell migration assay, migration of PC3 cells lacking
GY9 and p110y in response to SDFla stimulation was mark-
edly inhibited as compared with control cells. In contrast, Gy3

J. Biol. Chem. (2021) 296 100325 5
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Figure 4. Effect of pharmacological inhibition of GBy downstream effectors on ERK1/2 activation by SDF1a and Golgi-Gy9. A, the cells were
incubated with LY294002 (50 pM), wortmannin (10 pM), HS-173 (0.1 uM), TGX-221 (0.5 M), AS-604850 (2.5 pM), and GSK2292767 (0.5 uM) for 6 h (left panel);
U73122 (10 pM), U73433 (10 uM), CRT0066101 (5 uM) for 1 h, or Go6976 (1 uM) for 30 min (right panel) before stimulation with SDF1a at 200 ng/ml for
5 min. B, dose-dependent effect of AS-604850 treatment for 6 h on ERK1/2 activation by SDF1a. C, quantitative data shown in B. D, the cells were transfected
with FRB-Gy9, GB1, and Golgi-FKBP (500 ng each) and then incubated with HS-173, TGX-221, AS-604850, and GSK2292767 as in A; AZD5363 (1 uM) for 3 h;
U0126 (10 uM), PD98059 (50 uM), or GW5074 (10 uM) for 14 h before incubation with rapamycin for 30 min. The quantitative data are presented as means +
SD (n = 3). The Western blots shown in each panel are representatives of at least three experiments.

knockout PC3 cells migrated normally (Fig. 64). PC3 cell
migration was significantly enhanced after rapamycin induc-
tion in cells expressing Golgi-Gy9. The Golgi-Gy9—-induced
motility was completely blocked by the ERK1/2 pathway in-
hibitors U0126, PD98059, and GW5074, as well as the PI3Ky
inhibitor AS-604850 (Fig. 6B). Similar to migration, PC3 cell
invasion in response to SDFla stimulation was attenuated in
GY9 and p110y knockout cells, but not in Gy3 knockout cells,
as compared with control cells (Fig. 6C). Inducible recruitment
of Gy9 to the GA also enhanced PC3 cell invasion, which was
blocked by MAPK and PI3Ky inhibitors (Fig. 6D).

Finally, we determined the effect of Gy9 and PI3Ky
knockout on PC3 metastasis in vivo. Gy9 and p110y knockout
PC3 cells expressing luciferase were injected into the left
ventricle of athymic nude mice to allow the cells to dissemi-
nate to multiple organs, predominantly lumbar and vertebral
bones. Whole-body bioluminescence imaging for luciferase
activity and subsequent bioluminescence showed that the
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overall tumor sizes were dramatically smaller in the group of
mice injected with Gy9 and p110y knockout cells after 3 weeks
as compared with those in the mice injected with control cells
(Fig. 6, E and F). These data demonstrate a crucial role played
by Gy9 and PI3Ky in prostate tumor metastasis.

Discussion

In this study, we demonstrate that GPy translocation from
the PM to the GA is essential for ERK1/2 activation by CXCR4
in three different cells. We have shown that Gy dimers that
contain Gy9 are uniquely efficient with respect to trans-
location to the GA, both in terms of translocation rate and
translocation magnitude in DU145, PC3, and HEK293 cells.
These results are highly complementary to previous results in
other cell types (5, 7, 9, 10, 17). The function of GPy trans-
location to the GA in activating ERK1/2 is strongly supported
by three series of experiments that demonstrate that knockout
of Gy9 abolishes ERK1/2 activation by SDFla, chemically
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Figure 5. Depletion of p110y and p101 abolishes ERK1/2 activation by SDF1a and Golgi-y9. A, expression of p110y in control and p110y knockout
cells. B, ERK1/2 activation by SDF1a at 200 ng/ml for 5 min in control and p110y knockout cells. C, Golgi-y9-induced ERK1/2 activation in p110y knockout
cells. The cells were transfected with FRB-y9, GB1, and Golgi-FKBP (500 ng each) and then incubated with rapamycin for 30 min. D, ERK1/2 activation by
SDF1a at 200 ng/ml for 5 min in p87 and p101 knockdown PC3 cells. E, Golgi-y9-induced ERK1/2 activation in p87 and p101 knockdown PC3 cells. F, effect
of Gy3, Gy9, and p110y knockout on ERK1/2 activation by UK14304 at 1 uM for 5 min. G, effect of Gy3, Gy9, and p110y knockout on ERK1/2 activation by EGF
at 50 ng/ml for 5 min (upper panel), and insulin-like growth factor 1 at 200 ng/ml for 1 h (lower panel) in PC3 cells. The Western blots shown in each panel

are representatives of at least three experiments.

induced translocation of Gy9 to the GA constitutively activates
ERK1/2, and ERK1/2 activation by inducible translocation of
Golgi-GY9 is completely blocked by Golgi-localized GRK2ct
and Golgi disruptors. It is worth noting that, as with Gy9,
recruitment of Gy2 and Gy3 on the GA also causes ERK1/2
activation, suggesting that different GBy combinations are able
to activate ERK1/2 if they are expressed at the GA. However,
future studies using Gy9 mutants defective in GA trans-
location and defining the ERK1/2 activation signal at the GA
may fully clarify the importance of GPy translocation in ERK1/
2 activation. Since several GPCRs have been shown to promote
Gpy translocation to the GA in different cells (5-10, 42) and
our data have shown that, in addition to CXCR4, ay-AR—
mediated ERK1/2 activation is also inhibited by Gy9 knockout,
the mechanism we describe here may be commonly used by
many GPCRs to activate the ERK1/2 pathway (Fig. 6G).

Gpy is capable of activating many downstream signaling
molecules (2, 3). We have demonstrated here that ERK1/2
activation by Golgi-localized Gy is mediated through PI3Ky,
specifically its heterodimer p110y-p101. This became evident
as specific pharmacological inhibition of PI3Ky, CRISPR-
Cas9-mediated knockout of catalytic subunit p110y, and
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siRNA-mediated knockdown of regulatory subunit pl01
abolished ERK1/2 activation by GPCR agonists and trans-
location of Golgi-Gy9. This is also supported by our data
showing that both p110y and p101 are partially expressed at
the GA and a previous study showing that PI3Ks may be
expressed at the GA (43). PI3KS may also play a role in Gpy-
mediated ERK1/2 activation, because its inhibition attenuated
ERK1/2 activation. Indeed, PI3Ky and & can be activated by
GPCRs and PI3Ky can be activated by Gfy (31-33). Although
a number of previous studies have established the function of
GPy and PI3Ky in GPCR-mediated ERK1/2 activation, these
studies suggest that the crucial interaction may occur at the
PM (18-20). For example, PI3Ky was shown to be required for
M2-muscarinic receptor- and Gpy-mediated activation of
ERK1/2, likely via a typical PM RTK cascade (20). In addition,
GY3 regulates macrophage migration via activating PI3Ky at
the PM, whereas Gy9 has minimal effect (10). These data
suggest that different GPy dimers may activate PI3Ky in
distinct subcellular compartments to control different cellular
processes, adding to the complexity of GBy-mediated signaling
and functional regulation. Nevertheless, our data demonstrate
a signal transduction pathway in which GPCR activation at the
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animals. G, a model depicting the function of Gy translocation from the PM to the GA in activation of the ERK1/2 pathway via the PI3Ky heterodimer
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respectively, in A-D. *p < 0.05; **p < 0.005; ***p < 0.001 in F. The scale bars represent 5 cm. EGF, epidermal growth factor; FBS, fetal bovine serum.

PM induces Gy translocation to the GA where it activates the
PI3Ky heterodimer p110y-p101, leading to the activation of
the MAPK pathway (Fig. 6G). These data also suggest a novel
function of the GA as a signaling organizing compartment in
MAPK activation by GPCRs, in which the GA provides a
spatial station to compartmentalize the translocation of Gy,
activation of PI3Ky, and activation of ERK1/2 pathway
(Fig. 6G).

Another important finding of the present study is the
possible pathophysiological function of Gpy translocation to
the GA and subsequent ERK1/2 activation in prostate tumor
progression. Over the past decade, many studies have
demonstrated that, similar to RTKs, GPCRs at the PM are
involved in the initiation and progression of many different
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cancer types and significant efforts are currently underway to
develop GPCR- and G protein—based drugs for cancer (44, 45).
Given the importance of the ERK1/2 pathway in the progres-
sion of prostate cancer, the molecules involved in regulation of
this pathway are thought to be appealing targets for prostate
cancer therapeutics (34, 35). Although multiple genetic mu-
tations in RTKs, Ras, Raf, and MEK cause constitutive acti-
vation of the ERK1/2 pathway and drive many types of
malignancies (46, 47), patients with prostate cancer frequently
do not have these oncogenic mutations. Therefore, extensive
efforts are focused on the identification of regulators that
control ERK1/2 activation in prostate cancer cells (48). We
have shown that Gy9 is a very strong activator of ERK1/2 at
the GA. In addition, both Gy9 (49) and CXCR4 (38) are highly
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expressed in prostate cancer cells. As such, enhanced expres-
sion and exaggerated activation of GPCRs and G proteins (e.g.,
CXCR4 and Gy9) may represent crucial mechanisms respon-
sible for the enhanced activation of the oncogenic ERK1/2
pathway in prostate cancer. As we have demonstrated that
knockout of Gy9 and PI3Ky markedly suppresses prostate
cancer cell migration, invasion, and metastasis, these data,
together with previous studies showing the roles of Gfy in
prostate cancer progression (50, 51), imply that Golgi-localized
Gy, as well as PI3Ky, may be important targets for prostate
cancer therapy.

Experimental procedures
Materials

Human SDFla was purchased from PeproTech; UK14304,
GW5074, rapamycin, BFA, ilimaquinone, monensin, nigericin,
swainsonine, and LY294002 were from Sigma Aldrich; noco-
dazole, insulin-like growth factor 1, AMD3100, control siRNA
(medium GC), siRNAs targeting to human PI3Ky regulatory
subunits p101 and p87, and antibodies against GFP, phospho-
ERK1/2, GY9, and p-actin and the PI3Ky subunits p110y, p101
and p87 were from Santa Cruz Biotechnology; wortmannin,
AS-604850, and GSK2292767 were from ApexBio; TGX-221
and HS-173 were from Adooq Bioscience; U0126 and
PD98059 were from Calbiochem; EGF, puromycin, and blas-
ticidin S were from Thermo Fisher Scientific; U-73122
and AZD5363 were from MedChemExpress; U-73433,
CRT0066101, and Go6976 were from Cayman Chemical; PTX
was from List Biological Laboratories; gallein and rauwolscine
were from Tocris Bioscience; D-Luciferin was from GoldBio;
antibodies against hemagglutinin and ERK1/2 were from Cell
Signaling Technology; antibodies against Gy3 were from
Abcam. All other materials were obtained as described
(52, 53).

Plasmid DNA constructs

The YFP-tagged Gy plasmids (Gyl - #36101; Gy2 - #36102;
Gy3 - #36103; Gy4 - #36104; Gy5 - 36044; Gy7 - #36105; Gy8 -
#36106; Gy9 - #36107; Gyl0 - #36108; Gyl2 - #36109, and
Gyl3 - #36110), FLAG-tagged p110y (# 20574), and FLAG-
tagged p101 (# 20576) were obtained from Addgene. YFP-
tagged Gy11 plasmid was directly from Dr Narasimhan Gau-
tam as described (7). The plasmids Golgi-FKBP, PM-FKBP,
FRB-GY2, and Golgi-GRK2ct were kindly provided by Drs
Alan V. Smrcka and Philip B. Wedegaertner as described
(11, 14). The plasmids venus-GP1 and mCherry-Gail were
generated as described (54, 55). YFP- and DsRed-tagged p110y
and pl110 were generated by using pEGFP-C1 and pDsRed-
Monomer-C1 vectors, respectively. The constructs FRB-Gy3
and FRB-GY9 were generated by mutating Cys in the CAAX
motif of Gy3 and Gy9 into Ser, which were then fused with
ERB. The Golgi-GRK2ctR587Q mutant was generated by using
the QuikChange site-directed mutagenesis kit (Agilent).
To generate rescue plasmids, two primers (5-CATCAC
GCCCAAGACTTATCAGAAAAAGATTTGTTAAAGATGG
AG-3’ and 5-CTCCATCTTTAACAAATCTTTTTCTGATA
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AGTCTTAGGCGTGATG-3) were used in the mutagenesis
reactions using YFP-tagged Gy9 as a template. G, T, C, C, A,
G, C, G, G, C, and C at the positions 9, 12, 13, 15, 16, 17, 18, 21,
24, 27, and 28 in the nucleotide sequence of the construct Gy9
were mutated to A, C, T, A, T, C, A, A, A, T, and T, respec-
tively, to achieve sgRNA resistance without changing the
encoded amino acid sequence.

Cell culture and transfection

DU145, PC3, and HEK293 cells were purchased from
American Type Culture Collection. DU145 and PC3 cells
were cultured in complete Roswell Park Memorial Institute
(RPMI) 1640 medium (Lonza) supplemented with
2 mM L-glutamine and 10% fetal bovine serum (FBS)
(Atlanta Biologicals). HEK293 cells were cultured in
Dulbecco’s Modified Eagle’s medium with 10% FBS. The
transfection was carried out using Lipofectamine 3000
(Thermo Fisher Scientific).

Generation of knockout cell lines using the CRISPR-Cas9
genome editing technology

sgRNAs were designed using CRISPOR (https://crispor.tefor.
net/). sgRNAs are 5- AGCCAGCTTGTGTCGGATAA-3
(Gy3#1), 5-TATTGGGCAAGCACGCAAGA-3 (Gy3#2), (5-
GGAAATCAAGGAGTACGTGG-3 (Gy9#1), 5-GGTCCT
TCTCGCTGAGATCC-3) (Gy9#2), 5-CGTGCAGCAGCGC
CGTTTCG-3 (pll0y #1), and 5-GTGGGCAGCACGA
ACTCGAT-3 (pl10y #2), which were constructed into the
lentiCRISPR v2 vector (Addgene plasmid #52961) by BsmBI
(New England Biolabs) as described (56). Cells were transfected
with lentiCRISPR v2 vectors as control or plasmids containing
sgRNAs using Lipofectamine 3000 for 24 h and selected in
puromycin at a concentration of 10 pg/ml for 48 h. Knockout of
the targeted proteins was determined by Western blotting.

siRNA-mediated depletion of p101 and p87

siRNA-mediated knockdown of p101 and p87 was carried
out as described (57). The cells cultured on 6-well plates were
transfected with siRNA at a concentration of 30 nM using
Lipofectamine 3000 for 12 h. To study the effect of p101 and
p87 knockdown on ERK1/2 activation by Golgi-Gy9, cells were
transfected with siRNA, together with GB1, FRB-GY9, and
Golgi-FKBP (1 pg each). The cells were then split at a ratio of
1:2 and grown for additional 24 h before starvation and
stimulation with SDFla or rapamycin.

Confocal microscopy

To measure GPy translocation, cells were cultured on
25-mm coverslips for 24 h and then transfected with individual
YFP-Gy subunits, GB1, Gail, and pmTurquoise2-Golgi. Before
imaging, the cells were starved for 48 h and then stimulated
with SDF1a at 1 pg/ml. The cells were imaged for the YFP and
cyan fluorescent protein fluorescence signals every 5 s using a
time-lapse Leica DMi8 microscope. The translocation of GBy
to the GA in response to SDF1a stimulation was quantified by
measuring the increase of total YFP signal at the GA.
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To measure Golgi-GRK2ct expression, cells were trans-
fected with Golgi-GRK2ct and its mutant for 36 h and stained
with GRK2 antibodies. To verify inducible translocation of
Gpy to the PM and the GA, cells were transiently transfected
with venus-GB1 and FRB-Gy9, together with either Golgi-
FKBP or PM-FKBP (500 ng each) for 24 h and starved for
48 h before induction with rapamycin at 1 uM for 30 min. To
measure the effect of Ga subunits on Gy translocation to the
GA, cells were transfected with venus-Gp1, mCherry-Gail,
FRB-GY9, and Golgi-FKBP (500 ng each). To study Golgi
fragmentation, cells were transfected with the Golgi marker
YFP-GalT and then treated with different Golgi disruptors for
40 min. To study if p110y and p101 were expressed at the GA,
cells were transfected with DsRed- or GFP-tagged p110y and
p101, together with the Golgi marker pmTurquoise2-Golgi for
24 h. In these experiments, cells were fixed with 4% para-
formaldehyde for 15 min. For antibody staining, cells were
permeabilized with 0.25% Triton X-100 for 5 min and blocked
with normal donkey serum for 30 min. The cells were
sequentially stained with primary antibodies and secondary
antibodies. The images were captured using a Zeiss LSM780
confocal microscope equipped with a 63x objective.

Measurement of ERK1/2 activation

Cells were cultured in 6-well dishes for 24 h and starved for
48 h before stimulation with SDF1a, UK14304, or rapamycin as
indicated in the figure legends. After the medium was removed
and the cells were washed twice with cold PBS, the cells were
solubilized by the addition of 300 pl of 1X SDS gel-loading buffer.
ERK1/2 activation was determined by measuring ERK1/2
phosphorylation by Western blotting as described (52, 57).

Migration and invasion assays

Chemotactic migration of PC3 cells toward SDFla was
quantified using the Boyden migration chambers. Briefly, PC3
cells were suspended in serum-free RPMI1640 medium and
2 x 10° cells (200 pl) were subjected to transwell migration
assays using SDFla at 200 ng/ml for 48 h at 37 °C. For in-
vasion assays, the suspended cells (2 x 10° cells in 200 pl) were
seeded in the top insert coated with diluted Matrigel solution.
The migrated and invaded cells were measured by MTT assay
and calculated as described (58).

Bioluminescent imaging of luciferase in animals

All animal studies were approved by the Institution Animal
Care and Use Committee of Augusta University. CRISPR-
Cas9-mediated knockout PC3 and control cells were cultured
and transfected with the pQCXIB plasmid. The cells were
selected with blasticidin S, and luciferase expression was
confirmed by dual-luciferase reporter assays. Six-week-old
male nude mice (3 groups, n = 10 for each group, Jackson
Laboratories) were anaesthetized and PC3 cells expressing
luciferase (1 x 10° cells in 100 pl) were injected via the left
cardiac ventricle. The tumor size was measured by biolumi-
nescent imaging of luciferase every week using an Ami Spec-
tral Advanced Molecular Imager after intraperitoneal injection
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of D-luciferin (200 pl, 15 mg/ml). The data were analyzed by
AMIView software and expressed as photon flux (photons/s/
cm?/sr).

Statistical analysis

Comparisons across groups were evaluated using one-way
ANOVA, and p < 0.05 was considered as statistically signifi-
cant. Data are expressed as the means + SD.

Data availability

All data presented are available upon request from Guangyu
Wu (guwu@augusta.edu).

Acknowledgments—We thank Alan V. Smrcka, Philip B. Wede-
gaertner, Narasimhan Gautam, and Vinata B. Lokeshwar for sharing
DNA plasmids used in this study. We also thank Kenza Mamouni
for technical assistance with animal studies.

Author contributions—M. K, B. L. L., N. A. L., and G. W. conceived
the study and designed experiments. M. K., Z. W., X. X., and W. H.
performed MAPK activation, migration, and invasion experiments
and analyzed the data. M. K. and N. A. L. performed G protein
translocation experiments and analyzed the data. M. K. and B. L. L.
performed animal experiments and analyzed the data. M. K,
B.L. L, N. A. L,, and G. W. wrote the manuscript.

Funding and additional information—This work was supported by
grants from the National Institutes of Health, United States
(R35GM 136397 and RO1IGM118915 to G. W. and R0O1GM 130142 to
N. A. L.) and Veterans Affairs Office of Research and Development,
United States (BX003862 to B. L. L.). The content is solely the re-
sponsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: a2-AR, a2-adrenergic
receptor; BFA, brefeldin A; EGF, epidermal growth factor; ERK1/
2, extracellular signal-regulated kinases 1 and 2; FKBP, FK506-
binding protein; FRB, FKBP-rapamycin binding domain; GA,
Golgi apparatus; GPCR, G protein-coupled receptor; HEK293, hu-
man embryonic kidney 293; IGF, insulin-like growth factor 1;
MAPK, mitogen-activated protein kinase; PI3Ky, phosphoinositide
3-kinase y; PM, plasma membrane; PTX, pertussis toxin; RTK, re-
ceptor tyrosine kinases; sgRNA, single guide RNA.

References

1. Weis, W. L, and Kobilka, B. K. (2018) The molecular basis of G protein-
coupled receptor activation. Annu. Rev. Biochem. 87, 897-919

2. Smrcka, A. V., and Fisher, I. (2019) G-protein betagamma subunits as
multi-functional scaffolds and transducers in G-protein-coupled receptor
signaling. Cell. Mol. Life Sci. 76, 4447—-4459

3. Khan, S. M,, Sleno, R., Gora, S., Zylbergold, P., Laverdure, J. P., Labbe, J.
C., Miller, G. J., and Hebert, T. E. (2013) The expanding roles of Gbe-
tagamma subunits in G protein-coupled receptor signaling and drug ac-
tion. Pharmacol. Rev. 65, 545-577

4. Campbell, A. P., and Smrcka, A. V. (2018) Targeting G protein-coupled
receptor signalling by blocking G proteins. Nat. Rev. Drug Discov. 17,
789-803

SASBMB


mailto:guwu@augusta.edu
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref1
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref1
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref2
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref2
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref2
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref3
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref3
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref3
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref3
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref4
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref4
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref4

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Akgoz, M., Kalyanaraman, V., and Gautam, N. (2004) Receptor-mediated

reversible translocation of the G protein betagamma complex from the
plasma membrane to the Golgi complex. J. Biol. Chem. 279, 51541-51544

. Akgoz, M., Kalyanaraman, V., and Gautam, N. (2006) G protein beta-

gamma complex translocation from plasma membrane to Golgi complex
is influenced by receptor gamma subunit interaction. Cell. Signal. 18,
1758-1768

. Saini, D. K, Kalyanaraman, V., Chisari, M., and Gautam, N. (2007)

A family of G protein betagamma subunits translocate reversibly from the
plasma membrane to endomembranes on receptor activation. J. Biol.
Chem. 282, 24099-24108

. Chisari, M., Saini, D. K., Cho, J. H., Kalyanaraman, V., and Gautam, N.

(2009) G protein subunit dissociation and translocation regulate cellular
response to receptor stimulation. PLoS One 4, €7797

. O'Neill, P. R,, Karunarathne, W. K., Kalyanaraman, V., Silvius, J. R., and

Gautam, N. (2012) G-protein signaling leverages subunit-dependent
membrane affinity to differentially control betagamma translocation to
intracellular membranes. Proc. Natl. Acad. Sci. U. S. A. 109, E3568—E3577
Senarath, K., Payton, J. L., Kankanamge, D., Siripurapu, P., Tennakoon,
M., and Karunarathne, A. (2018) Ggamma identity dictates efficacy of
Gbetagamma signaling and macrophage migration. J. Biol. Chem. 293,
2974-2989

Malik, S., deRubio, R. G., Trembley, M., Irannejad, R., Wedegaertner, P.
B., and Smrcka, A. V. (2015) G protein betagamma subunits regulate
cardiomyocyte hypertrophy through a perinuclear Golgi phosphatidyli-
nositol 4-phosphate hydrolysis pathway. Mol. Biol. Cell 26, 1188—1198
Madukwe, J. C., Garland-Kuntz, E. E., Lyon, A. M., and Smrcka, A. V.
(2018) G protein betagamma subunits directly interact with and activate
phospholipase C. /. Biol. Chem. 293, 6387-6397

Jamora, C., Yamanouye, N., Van Lint, J., Laudenslager, ]., Vandenheede, J.
R., Faulkner, D. ], and Malhotra, V. (1999) Gbetagamma-mediated
regulation of Golgi organization is through the direct activation of protein
kinase D. Cell 98, 59—68

Irannejad, R., and Wedegaertner, P. B. (2010) Regulation of constitutive
cargo transport from the trans-Golgi network to plasma membrane by
Golgi-localized G protein betagamma subunits. J. Biol. Chem. 285,
32393-32404

Jensen, D. D., Zhao, P., Jimenez-Vargas, N. N., Lieu, T., Gerges, M.,
Yeatman, H. R., Canals, M., Vanner, S. J., Poole, D. P., and Bunnett, N. W.
(2016) Protein kinase D and Gbetagamma subunits mediate agonist-
evoked translocation of protease-activated receptor-2 from the Golgi
apparatus to the plasma membrane. J. Biol. Chem. 291, 11285-11299
Klayman, L. M., and Wedegaertner, P. B. (2017) Inducible inhibition of
Gbetagamma reveals localization-dependent functions at the plasma
membrane and Golgi. J. Biol. Chem. 292, 1773-1784

Saini, D. K., Karunarathne, W. K., Angaswamy, N., Saini, D., Cho, J. H,,
Kalyanaraman, V., and Gautam, N. (2010) Regulation of Golgi structure
and secretion by receptor-induced G protein betagamma complex
translocation. Proc. Natl. Acad. Sci. U. S. A. 107, 11417-11422

Crespo, P., Xu, N., Simonds, W. F., and Gutkind, J. S. (1994) Ras-
dependent activation of MAP kinase pathway mediated by G-protein beta
gamma subunits. Nature 369, 418—420

Koch, W. J., Hawes, B. E., Allen, L. F., and Lefkowitz, R. J. (1994) Direct
evidence that Gi-coupled receptor stimulation of mitogen-activated
protein kinase is mediated by G beta gamma activation of p21ras. Proc.
Natl. Acad. Sci. U. S. A. 91, 12706—12710

Lopez-llasaca, M., Crespo, P., Pellici, P. G., Gutkind, J. S., and Wetzker, R.
(1997) Linkage of G protein-coupled receptors to the MAPK signaling
pathway through PI 3-kinase gamma. Science 275, 394—397

O’Hayre, M., Eichel, K., Avino, S., Zhao, X., Steffen, D. J., Feng, X,
Kawakami, K., Aoki, J., Messer, K., Sunahara, R., Inoue, A., von Zastrow,
M., and Gutkind, J. S. (2017) Genetic evidence that beta-arrestins are
dispensable for the initiation of beta2-adrenergic receptor signaling to
ERK. Sci. Signal. 10, eaal3395

Luttrell, L. M., Ferguson, S. S., Daaka, Y., Miller, W. E., Maudsley, S.,
Della Rocca, G. J., Lin, F., Kawakatsu, H., Owada, K., Luttrell, D. K,
Caron, M. G., and Lefkowitz, R. J. (1999) Beta-arrestin-dependent

SASBMB

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Gy activates MAPK via PI3Ky at Golgi

formation of beta2 adrenergic receptor-Src protein kinase complexes.
Science 283, 655-661

Luttrell, L. M., Roudabush, F. L., Choy, E. W., Miller, W. E., Field, M. E.,
Pierce, K. L., and Lefkowitz, R. J. (2001) Activation and targeting of
extracellular signal-regulated kinases by beta-arrestin scaffolds. Proc.
Natl. Acad. Sci. U. S. A. 98, 2449-2454

Luttrell, L. M., Wang, ], Plouffe, B., Smith, J. S., Yamani, L., Kaur, S., Jean-
Charles, P. Y., Gauthier, C., Lee, M. H., Pani, B., Kim, J., Ahn, S., Raja-
gopal, S., Reiter, E., Bouvier, M., et al. (2018) Manifold roles of beta-
arrestins in GPCR signaling elucidated with siRNA and CRISPR/Cas9.
Sci. Signal. 11, eaat7650

Zhou, F., Dong, C., Davis, J. E., Wu, W. H., Surrao, K., and Wu, G. (2015)
The mechanism and function of mitogen-activated protein kinase acti-
vation by ARF1. Cell. Signal. 27, 2035-2044

Dong, C, Li, C, and Wu, G. (2011) Regulation of alpha(2B)-adrenergic
receptor-mediated extracellular signal-regulated kinase 1/2 (ERK1/2)
activation by ADP-ribosylation factor 1. J. Biol. Chem. 286, 43361-43369
Ahn, S., Shenoy, S. K., Wei, H., and Lefkowitz, R. J. (2004) Differential
kinetic and spatial patterns of beta-arrestin and G protein-mediated ERK
activation by the angiotensin II receptor. /. Biol. Chem. 279, 35518-35525
Tohgo, A., Pierce, K. L., Choy, E. W., Lefkowitz, R. J., and Luttrell, L. M.
(2002) Beta-arrestin scaffolding of the ERK cascade enhances cytosolic
ERK activity but inhibits ERK-mediated transcription following angio-
tensin AT1a receptor stimulation. /. Biol. Chem. 277, 9429-9436
Eichel, K., Jullie, D., and von Zastrow, M. (2016) Beta-arrestin drives
MAP kinase signalling from clathrin-coated structures after GPCR
dissociation. Nat. Cell Biol. 18, 303-310

Eichel, K., and von Zastrow, M. (2018) Subcellular organization of GPCR
signaling. Trends Pharmacol. Sci. 39, 200-208

Balla, T. (2013) Phosphoinositides: Tiny lipids with giant impact on cell
regulation. Physiol. Rev. 93, 1019-1137

Bilanges, B., Posor, Y., and Vanhaesebroeck, B. (2019) PI3K isoforms in
cell signalling and vesicle trafficking. Nat. Rev. Mol. Cell Biol. 20, 515-534
Thorpe, L. M., Yuzugullu, H.,, and Zhao, J. J. (2015) PI3K in cancer:
Divergent roles of isoforms, modes of activation and therapeutic target-
ing. Nat. Rev. Cancer 15, 7-24

Gioeli, D., Mandell, J. W., Petroni, G. R., Frierson, H. F., Jr., and Weber,
M. J. (1999) Activation of mitogen-activated protein kinase associated
with prostate cancer progression. Cancer Res. 59, 279-284

Roberts, P. ]., and Der, C. J. (2007) Targeting the Raf-MEK-ERK mitogen-
activated protein kinase cascade for the treatment of cancer. Oncogene 26,
3291-3310

Fruman, D. A,, Chiu, H., Hopkins, B. D., Bagrodia, S., Cantley, L. C., and
Abraham, R. T. (2017) The PI3K pathway in human disease. Cel/ 170,
605-635

Chatterjee, S., Behnam Azad, B., and Nimmagadda, S. (2014) The intri-
cate role of CXCR4 in cancer. Adv. Cancer Res. 124, 31-82

Taichman, R. S., Cooper, C., Keller, E. T., Pienta, K. J., Taichman, N. S.,
and McCauley, L. K. (2002) Use of the stromal cell-derived factor-1/
CXCR4 pathway in prostate cancer metastasis to bone. Cancer Res. 62,
1832-1837

Lehmann, D. M., Seneviratne, A. M., and Smrcka, A. V. (2008) Small
molecule disruption of G protein beta gamma subunit signaling inhibits
neutrophil chemotaxis and inflammation. Mol. Pharmacol. 73, 410-418
Dinter, A., and Berger, E. G. (1998) Golgi-disturbing agents. Histochem.
Cell. Biol. 109, 571-590

Dong, C., Zhang, X., Zhou, F., Dou, H., Duvernay, M. T., Zhang, P., and
Wu, G. (2010) ADP-ribosylation factors modulate the cell surface
transport of G protein-coupled receptors. J. Pharmacol. Exp. Ther. 333,
174-183

Azpiazu, I, Akgoz, M., Kalyanaraman, V., and Gautam, N. (2006)
G protein betagammall complex translocation is induced by Gi, Gq and
Gs coupling receptors and is regulated by the alpha subunit type. Cell
Signal. 18, 1190-1200

Ono, F., Nakagawa, T., Saito, S., Owada, Y., Sakagami, H., Goto, K,
Suzuki, M., Matsuno, S., and Kondo, H. (1998) A novel class II phos-
phoinositide 3-kinase predominantly expressed in the liver and its

J. Biol. Chem. (2021) 296 100325 11


http://refhub.elsevier.com/S0021-9258(21)00096-X/sref5
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref5
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref5
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref6
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref6
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref6
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref6
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref7
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref7
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref7
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref7
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref8
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref8
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref8
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref9
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref9
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref9
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref9
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref10
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref10
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref10
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref10
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref11
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref11
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref11
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref11
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref12
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref12
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref12
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref13
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref13
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref13
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref13
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref14
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref14
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref14
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref14
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref15
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref15
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref15
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref15
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref15
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref16
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref16
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref16
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref17
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref17
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref17
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref17
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref18
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref18
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref18
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref19
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref19
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref19
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref19
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref20
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref20
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref20
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref21
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref21
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref21
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref21
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref21
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref22
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref22
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref22
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref22
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref22
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref23
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref23
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref23
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref23
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref24
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref24
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref24
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref24
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref24
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref25
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref25
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref25
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref26
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref26
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref26
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref27
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref27
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref27
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref28
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref28
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref28
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref28
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref29
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref29
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref29
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref30
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref30
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref31
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref31
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref32
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref32
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref33
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref33
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref33
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref34
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref34
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref34
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref35
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref35
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref35
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref36
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref36
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref36
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref37
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref37
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref38
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref38
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref38
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref38
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref39
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref39
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref39
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref40
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref40
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref41
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref41
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref41
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref41
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref42
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref42
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref42
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref42
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref43
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref43
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref43

Gy activates MAPK via PI3Ky at Golgi

44,

45.

46.

47.

48.

49.

50.

enhanced expression during liver regeneration. J. Biol. Chem. 273, 7731—
7736

Wu, V., Yeerna, H., Nohata, N., Chiou, J., Harismendy, O., Raimondi, F.,
Inoue, A, Russell, R. B., Tamayo, P., and Gutkind, J. S. (2019) Illuminating
the Onco-GPCRome: Novel G protein-coupled receptor-driven onco-
crine networks and targets for cancer immunotherapy. /. Biol. Chem. 294,
11062-11086

Smrcka, A. V. (2013) Molecular targeting of Galpha and Gbetagamma
subunits: A potential approach for cancer therapeutics. Trends Phar-
macol. Sci. 34, 290-298

Solit, D. B., Garraway, L. A., Pratilas, C. A., Sawai, A., Getz, G., Basso, A,
Ye, Q., Lobo, J. M., She, Y., Osman, L, Golub, T. R., Sebolt-Leopold, J.,
Sellers, W. R., and Rosen, N. (2006) BRAF mutation predicts sensitivity to
MEK inhibition. Nature 439, 358—362

Wan, P. T., Garnett, M. ], Roe, S. M., Lee, S., Niculescu-Duvaz, D., Good,
V. M, Jones, C. M., Marshall, C. J., Springer, C. J., Barford, D., and
Marais, R. (2004) Mechanism of activation of the RAF-ERK signaling
pathway by oncogenic mutations of B-RAF. Cell 116, 855-867
Schutzman, J. L., and Martin, G. R. (2012) Sprouty genes function in
suppression of prostate tumorigenesis. Proc. Natl. Acad. Sci. U. S. A. 109,
20023-20028

El-Haibi, C. P, Sharma, P., Singh, R., Gupta, P., Taub, D. D., Singh, S., and
Lillard, J. W., Jr. (2013) Differential G protein subunit expression
by prostate cancer cells and their interaction with CXCR5. Mol. Cancer
12, 64

Paudyal, P., Xie, Q. Vaddi, P. K,, Henry, M. D., and Chen, S. (2017)
Inhibiting G protein betagamma signaling blocks prostate cancer

12 J Biol Chem. (2021) 296 100325

51.

52.

53.

54.

55.

56.

57.

58.

progression and enhances the efficacy of paclitaxel. Oncotarget 8, 36067—
36081

Bookout, A. L., Finney, A. E., Guo, R., Peppel, K., Koch, W. J., and Daaka,
Y. (2003) Targeting Gbetagamma signaling to inhibit prostate tumor
formation and growth. J. Biol. Chem. 278, 37569-37573

Wei, Z., Zhang, M., Li, C., Huang, W., Fan, Y., Guo, J., Khater, M.,
Fukuda, M., Dong, Z., Hu, G., and Wu, G. (2019) Specific TBC domain-
containing proteins control the ER-Golgi-plasma membrane trafficking of
GPCRs. Cell Rep. 28, 554—566.e554

Davis, J. E., Xie, X, Guo, J., Huang, W., Chu, W. M., Huang, S., Teng, Y.,
and Wu, G. (2016) ARF1 promotes prostate tumorigenesis via targeting
oncogenic MAPK signaling. Oncotarget 7, 39834—39845

Wan, Q., Okashah, N., Inoue, A., Nehme, R., Carpenter, B., Tate, C. G.,
and Lambert, N. A. (2018) Mini G protein probes for active G protein-
coupled receptors (GPCRs) in live cells. /. Biol. Chem. 293, 7466—7473
Qin, K, Sethi, P. R., and Lambert, N. A. (2008) Abundance and stability of
complexes containing inactive G protein-coupled receptors and G pro-
teins. FASEB J. 22, 2920-2927

Sanjana, N. E., Shalem, O., and Zhang, F. (2014) Improved vectors and
genome-wide libraries for CRISPR screening. Nat. Methods 11, 783-784
Wu, G., Zhao, G., and He, Y. (2003) Distinct pathways for the trafficking
of angiotensin II and adrenergic receptors from the endoplasmic reticu-
lum to the cell surface: Rabl-independent transport of a G protein-
coupled receptor. /. Biol. Chem. 278, 47062—47069

Kallifatidis, G., Munoz, D., Singh, R. K., Salazar, N., Hoy, J. J., and
Lokeshwar, B. L. (2016) Beta-arrestin-2 counters CXCR7-mediated EGFR
transactivation and proliferation. Mol. Cancer Res. 14, 493-503

SASBMB


http://refhub.elsevier.com/S0021-9258(21)00096-X/sref43
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref43
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref44
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref44
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref44
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref44
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref44
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref45
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref45
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref45
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref46
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref46
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref46
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref46
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref47
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref47
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref47
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref47
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref48
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref48
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref48
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref49
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref49
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref49
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref49
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref50
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref50
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref50
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref50
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref51
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref51
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref51
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref52
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref52
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref52
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref52
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref53
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref53
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref53
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref54
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref54
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref54
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref55
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref55
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref55
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref56
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref56
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref57
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref57
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref57
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref57
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref58
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref58
http://refhub.elsevier.com/S0021-9258(21)00096-X/sref58

	G protein βγ translocation to the Golgi apparatus activates MAPK via p110γ-p101 heterodimers
	Results
	Characterization of Gβγ translocation to the GA in response to CXCR4 activation
	Gβγ translocation to the GA is required for ERK1/2 activation by CXCR4
	Constitutive targeting of Gβγ to the GA directly activates ERK1/2
	ERK1/2 activation by Gβγ translocation to the GA is mediated through the PI3Kγ heterodimer p110γ-p101
	Knockout of Gγ9 and PI3Kγ reduces prostate cancer cell migration, invasion, and metastasis

	Discussion
	Experimental procedures
	Materials
	Plasmid DNA constructs
	Cell culture and transfection
	Generation of knockout cell lines using the CRISPR-Cas9 genome editing technology
	siRNA-mediated depletion of p101 and p87
	Confocal microscopy
	Measurement of ERK1/2 activation
	Migration and invasion assays
	Bioluminescent imaging of luciferase in animals
	Statistical analysis

	Data availability
	Author contributions
	Funding and additional information
	References


