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ABSTRACT
The G protein coupled receptors (GPCRs) convey signals mainly via heterotrimeric G
proteins in the form of Gα-GTP and Gβγ subunits. Recent studies show that expression of Gβγsequestering peptide derived from the carboxyl terminus of β-adrenergic receptor kinase
(βARKct), attenuates multiple oncogenic pathways, thus suppressing prostate cancer formation
and growth. In addition, an inhibitor of the Gα/Gβγ protein complex has been shown to have
anti-tumor activity. Thus Gβγ subunits may function as potential links between GPCRs and
tumor transformation and growth. The aim of the present study was to determine whether
blockade of Gβ signaling pathways suppresses breast cancer cell migration and invasion, critical
components of cancer metastasis. Conditioned media (CM) of NIH-3T3 fibroblasts contains
chemoattractants that activate different GPCRs. Expression of βARKct attenuated NIH-3T3
CM-induced migration and invasion of both metastatic breast cancer MDA-MB-231 and MDAMB-436 cells by 40-50%. Migration and invasion of those cells in response to NIH-3T3 CM
were also blocked by M119K, an inhibitor of Gβ , with maximum inhibition exceeding 80% and
IC50 values of 1-2 µM. Activation of Gi-protein coupled CXC chemokine receptor 4 (CXCR4)
promotes breast cancer metastasis. M119K suppressed CXCR4-dependent MDA-MB-231 cell
migration by 75% with an IC50 value of 0.9 ± 0.2 µM. Furthermore, 10 μM M119K attenuated
CXCR4-stimulated, Rac-dependent formation of lamellipodia, a key structure required for cell
migration and invasion. In contrast, CXCR4-dependent inhibition of adenylyl cyclase, a Giαmediated response in MDA-MB-231 cells, was not blocked by M119K but was blocked by
pertussis toxin, which selectively inactivates Giα. In addition, a M119K analogue, gallein,
suppressed anchorage-indpendent growth of metastatic breast cancer cells. Our study
demonstrates critical roles of Gβ signaling pathways in breast cancer cell migration, invasion
and clonogenicity thus serves as a potential utility for effective treatment of invasive breast
cancer.
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INTRODUCTION
Breast cancer metastasis
Breast cancer is the most common type of cancer among American women, with more
than 200,000 new cases diagnosed each year and it is expected that over 40,000 patients will die
of this disease in 20111. Metastasis, the major cause of breast cancer death, is a complex
pathophysiological process which refers to the migration of cancer cells to sites distant from the
primary tumor and the invasion of cancer cells into healthy tissue. Evidence indicates that
chemoattractant such as chemokines, growth factors and matrix metalloproteases (MMPs), play
an important role in breast cancer migration and invasion during metastasis 2. These factors bind
to specific membrane receptors on cancer cells, including G-protein coupled receptors (GPCRs)3
and receptor tyrosine kinases 4, thereby activating signal transduction pathways that regulate the
actin cytoskeleton dynamics, which is critical for the metastatic phenotype of cancer including
breast cancer 5. Knowledge of activation mechanisms and signaling pathways controlled by
receptor tyrosine kinases such as epidermal growth factor receptor has allowed the development
of target-specific drugs and new therapies for breast cancer 6. In contrast, our knowledge of the
GPCR-dependent signal transduction pathways involved in the acquisition of migratory and
invasive ability of breast cancer cells lags far behind that of the receptor tyrosine kinase systems.

1

Aberrantly activated GPCRs promote breast cancer metastasis
GPCRs are one of the most abundant and diverse protein families, and regulate numerous
cell functions. Dysfunction of GPCRs has been found in many human diseases and
approximately 60% of the pharmaceuticals sold in the United States target GPCR-mediated
signaling systems 7. Recently studies have demonstrated that GPCRs convey signals that control
mobility and invasive potential of cells, which is essential for breast cancer metastasis. GPCR
systems are excessively activated in malignant breast cancer due to over-expression of receptors
3, 8, 9

and/or abnormally elevated ligands of

GPCRs (Figure 1), which contributes to the
metastasis of this disease
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Figure 1. GPCR in breast cancer metastasis.
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. Chemokines and their receptors play a

significant role in immune and inflammatory reactions by inducing chemotaxis and
transendothelial migration of leukocytes

12

. Increasing evidence implicates chemokines in both

the initiation and progression of cancer with increased expression in tumors, tissues surrounding
tumors (proximal host cells) and at distant metastatic sites

13

. The expression of chemokine

receptor, CXCR4, and its ligand, CXCL12 (SDF-1) is significantly associated with poor
prognosis in breast cancer patients
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. CXCL12 is critical for migration, invasion, adhesion, cell

Fig.
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growth,
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of breast cancer cells to distant metastatic sites.
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CXCL12 -CXCR4 axis which has been strongly implicated in breast cancer metastasis has been
shown to act in conjunction with other pro-malignancy mechanisms such as epidermal growth
factor receptor (EGFR). For example tyrosine kinase orphan receptor erbB2 significantly
increases the translation of CXCR4 mRNA in breast cancer cells 12,13, whereas the stimulation of
CXCR4 by interleukin-8 induced phosphorylation of EGFR ultimately causes activation of
ERK1/2. The basic signaling unit of a GPCR system contains three major parts: receptor, Gprotein (trimeric αβγ) and effector. The GPCRs convey signals mainly via heterotrimeric G
proteins in the form of Gα Role

GTP and Gβγ subunits. The
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Figure 2. Gβγ effectors 14-16.

membrane anchor and a

negative regulator of the Gα, however, it is now clear that Gβγ plays a prominent role in signal
transduction

14

. The signaling effects of Gβγ subunits have become well established in the past

twenty years with the earliest known evidence in 1987 when it was shown that cardiac potassium
channels are activated by Gβγ 15. From then on various works have shown that Gβγ directly bind
and regulate different effectors (Figure 2)

14, 16

. Gβγ subunit transduces the signals mainly

through the interaction with proteins that contain a pleckstrin homology domain (PH), also
17
known
as lipid
binding
. PH domains have been identified in about 200 different
Fig. 1: Role
of GPCR
in breastdomain
cancer metastasis

proteins including kinases, phospholipases, structural proteins and nucleotide exchange factors

3

17

. Development of the C-terminal PH domain of beta adrenergic receptor kinase (βARKct) has

allowed significant progress in understanding the physiological role of Gβγ signaling (Figure 2)
16, 17

. βARKct is a 125-amino acid region (Gly

495

- Leu689 polypeptide) within the carboxyl

terminal domain of βARK (Figure 3) that physically interacts with Gβγ and therefore blocks
Gβγ downstream signaling but does not interfere with the classical G protein cycle

14,16

. The

diversity of Gβγ effectors affects virtually every aspect of cell physiology including cell growth
and cell motility/chemotaxis. The Gβγ subunits have been shown to act as a molecular switch
that activate a myriad of signaling molecules which are critical for tumorigenesis i.e. cell growth,
survival, and chemotaxis

19,20

. Various reports show highly motile cells utilize Gβγ-dependent

signaling that arise from Gi protein and it is believed that the release of Gβγ from Gi contribute
to a number of GPCRs functions related to cell motility 21.

Figure 3. βARKct peptide.

OBJECTIVE
The objective of this study was:

a) Determine the involvement of Gβγ in breast cancer cell migration and invasion
Determine the involvement of Gi protein in breast cancer cell migration and invasion
through Gβγ
b) Determine whether Gβγ signaling activates Rac in breast cancer cells
4

MATERIALS AND METHODS
Gβγ inhibitors
A variety of approaches have been put forward to effectively block Gβγ. The development
of a 125-amino acid region within the carboxyl- terminal domain of βARK1 and βARK2 that
interact physically with Gβγ has advanced the

understanding of the physiology of Gβγ

signaling. Recently Smrcka and colleagues identified and characterized the effects of small
molecule inhibitors of Gβγ (Figure 4) 22. Lately M1-G149, a Gβγ interacting construct derived
from phosducin-like protein 1 (PhLP) was also reported to inhibit Gβγ 23. In this study we used
βARKct and small molecular inhibitors of Gβγ.

Figure 4. Gβγ inhibitors.
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Cells and reagents. The human metastatic breast cancer MDA-MB-231 cell line was a gift from
Dr. Zhaoyi Wang (Cancer Center, Creighton University) and the MDA-MB-436 cell line was
purchased from the American Type Culture Collection (ATCC) (Manassas, Virginia). Cells were
maintained in Dulbecco’s modified eagle medium (DMEM) (Cellgro, Manassas, Virginia)
supplemented with 10% fetal bovine serum (Hyclone, Logan, Utah). M119K (NSC119893) and
M119H (NSC119888) were obtained from the Developmental Therapeutics Program, National
Cancer Institute. M119K is a xanthene derivative with high affinity for Gβγ. M119H is an
analogue of M119K without hydroxyl groups at the 4 and 5 positions of the xanthene moiety
with 1000-fold reduced affinity for Gβγ22. The adenovirus encoding βARK1ct was a gift from
Dr. Terry D. Hexum (University of Nebraska Medical Center) , and was prepared using ViraBind
adenovirus miniprep kit (Cell Biolabs, San Diego, California) according to the manufacturer’s
protocol. The adenovirus also expresses a green fluorescent protein (GFP) which serves as an
index of transfection efficiency. pADneo2 C6-BGL, a gift from Dr. A. Himmler (Boehringer
Ingelheim Research and Development, Vienna, Austria), contains six copies of the cAMP
response element upstream from the firefly luciferase reporter gene. The Renilla reniformis
luciferase expression plasmid, pRL-tk, was provided by Dr. Zhaoyi Wang. Unless indicated
otherwise, other reagents were purchased from either Sigma-Aldrich (St. Louis, Missouri) or
Fisher Scientific (Pittsburgh, Pennsylvania).
Adenoviral infection. An aliquot of frozen adenovirus was thawed and diluted in DMEM as
needed. The culture medium of breast cancer cells (70% confluency) was replaced with growth
medium containing recombinant adenovirus encoding GFP alone or GFP plus βARK1ct at a
multiplicity of infection of 50 plaque-forming units. The cells were incubated for 36 h at 37°C.

6

Infection efficiency was estimated based on the percentage of cells expressing GFP. Under these
conditions, infection efficiency routinely was about 80%.
Transwell invasion and migration assay. Transwell invasion and migration assays were
performed as described previously 24. Invasion assays were carried out at 37°C for 12 h using a
24-well Transwell® apparatus (8 µm pore size with polycarbonate membrane, Corning Costar)
coated with 30 µg of Matrigel (BD Biosciences, San Jose, CA). Cell suspensions were incubated
with appropriate concentrations of inhibitors or vehicle for 15 min and then added to the
Transwell chambers. Cells that invaded the Matrigel and migrated through the membrane, in
response to chemoattractants with or without inhibitors, were quantified by staining with a DiffQuik kit (Andwin Scientific, Woodland Hills, California). Stained cells were counted and
normalized relative to 10,000 seeded cells. Cell migration assays were performed similarly, but
only for 5 h and without Matrigel coating. Conditioned media (CM) from NIH-3T3 mouse
embryonic fibroblasts (ATCC) was collected and used as a chemoattractant as we previously
described

24, 25

. To study the effect of inhibitors on CXCR4-dependent cell migration, the insert

membrane was pre-coated with 2 μg/ml fibronectin (BD Biosciences), and the CXCR4 agonist
CXCL12 (R&D Systems, Minneapolis, Minnesota) was used as the chemoattractant. The
CXCR4 antagonist AMD3100 (20 µM, Sigma-Aldrich) was used to block CXCR function in
MDA-MB-231 cells.
In vitro wound healing assay. Directional cell migration was also studied using an in vitro
wound healing assay. MDA-MB-231 cells were seeded on 12-well tissue culture plates and
grown to 100% confluence. Wounds were created by scraping the monolayer of cells with a
sterile pipette tip followed by culture for 24 h in NIH-3T3 CM with or without inhibitors.
Chemoattractants in NIH-3T3 CM triggered cell migration into the space created by the wound.

7

The images of wounds were captured at 20X magnification with a Nikon TE200 microscope and
CoolSNAP HQ2 camera (Photometrics, Tucson, Arizona) immediately after wounding and 24 h
later. The images were compared to estimate the effects of inhibitors on cell migration.
Immunofluorescence microscopy. Cortactin and F-actin double staining was used to visualize
lamellipodia. MDA-MB-231 cells seeded on coverslips were serum-starved for 24 h and then
cultured in NIH-3T3 CM for 5 h at 37°C in the presence or absence of 10 µM of M119K or
M119H. To investigate effects of different inhibitors on CXCL12-induced lamellipodia
formation, serum-starved MDA-MB-231 cells seeded on coverslips were pretreated with
inhibitors or AMD3100 (20 µM) for 1 h and then stimulated without or with CXCL12 (100
ng/ml) for 30 min at 37°C. F-actin was visualized with rhodamine-labeled phalloidin
(Cytoskeleton, Denver, Colorado). Cortactin was visualized using anti-cortactin antibody (Cell
Signaling, Danvers, Massachusetts) followed by fluorescein isothiocyanate conjugated secondary
antibody. Images were captured with a CoolSNAP HQ2 camera attached to a Nikon Ti-80
microscope and processed by image-ProR Plus software. Lamellipodia were identified as a
smooth convex stretch of perpendicular actin stain at the peripheral edge of the cell as visualized
by the rhodamine-labeled phalloidin stain. The summed length of lamellipodia was expressed as
a percentage of total cell circumferences 24.
Rac activation assay. Active Rac was assayed using a Rac Activation Assay Kit (Millipore,
Billerica, Massachusetts) according to the manufacturer’s protocol. Samples and cell lysates
were subjected to western blot analysis using anti-Rac antibody (clone 23A8, Millipore).
The Rho switch operates by alternating between an active, GTP-bound state and an inactive,
GDP-bound state. The fact that many Rho family effector proteins specifically recognize the
GTP bound form of the protein has been exploited experimentally to develop a powerful affinity

8

purification assay that monitors Rac and Cdc42 protein activation. The assay uses the the p21
binding domain, (PBD) of the Cdc42 / Rac effector protein, p21 activated kinase 1 (PAK). The
PBD protein motif binds specifically to the GTP-bound form of Rac and/or Cdc4 proteins. The
PBD region of PAK has a high affinity for both GTP-Rac and GTP-Cdc42 and that PAK binding
results in a significantly reduced intrinsic and catalytic rate of hydrolysis of both Rac and Cdc42
make it an ideal for affinity purification of GTP-Rac and GTP-Cdc42 from MDA-MB-231 cell
lysates. The PAK-PBD protein plus sequences required for the high affinity interaction with
GTP-Rac and GTP-Cdc42. The PAK-PBD is in the form of a GST fusion protein allows "pulldown" the PAK-PBD/GTP-Rac (or GTP-Cdc42) complex with glutathione affinity beads. This
assay provided a simple means of quantitating Rac in breast cancer cells. The amount of
activated Rac is determined by western blot using Rac-specific antibody.
cAMP luciferase reporter assays. Cells were transiently transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, California) according to the manufacturer's instructions. For cAMP assays,
a reporter plasmid containing the luciferase gene under the transcriptional control of multiple
units of

the cAMP response element (pADneo2-C6-BGL) was used to measure cAMP-

dependent signaling as we previously described

26

with modifications. In brief, MDA-MB-231

cells were grown to 70% confluence in 24-well plates. pADneo2-C6-BGL (0.2 µg) was routinely
co-transfected with R. reniformis luciferase expression pRL-tk plasmid (0.1 µg, an internal
control for transfection efficiency) into cells. Cells were pretreated with or without pertussis
toxin (PTx, 100 ng/ml overnight) and then stimulated with 5 µM forskolin in the presence or
absence of the CXCR4 agonist CXCL12 (100 ng/ml) and various inhibitors for 8 h. Luciferase
activities in cell lysates were measured with a Sirius luminometer (Berthold Technologies,

9

Germany) using the dual luciferase assay system (Promega, Madison, Wisconsin) and were
normalized to the R. reniformis activities of the samples.
Anchorage independent growth assay. Cells were grown on DMEM Medium containing 0.8%
soft agar (bottom layer). Soft agar were melted and autoclaved. At 370C the agar was plated in 6well plates at 1ml each and left at 40C for 24h covered with aluminum foil. The same procedure
was repeated but 0.2% soft agar was used for the top layer mixed with 1000 of MDA-MB-436
cells and plated. Cells were treated without (Control) or with various concentration of gallein
(Tocris, UK). The number and size of macroscopic colonies were scored 30 days after plating.
Statistical analysis. Statistical comparisons were made using a Student’s t-test. A probability (p)
value of < 0.05 was considered significant, with a Bonferroni correction used for multiple
comparisons. Results are the mean ± SE of at least three determinations.

RESULTS
Blockade of free Gβγ subunits inhibited the migratory and invasive abilities of breast
cancer cells. Gβγ subunits are released from G-proteins following stimulation of GPCRs.
Several selective inhibitors of Gβγ have been identified to dissect the biological impact of
different Gβγ-dependent effects (Figure 3 & 4). Gβγ actions can be blocked by competition with
peptides derived from its effectors. βARKct, which binds free Gβγ subunits and effectively
prevents them from activating their down-stream effectors has been shown to suppress prostate
cancer formation and growth

20

. Here we show the inhibition of Gβγ significantly attenuated

breast cancer cell migration and invasion.
Depletion of free Gβγ subunits by the βγ-sequestering peptide βARK1ct inhibited the
migratory and invasive abilities of breast cancer cells. NIH-3T3 CM contains various

10

cytokines and growth factors and is widely used as a chemoattractant in in vitro cancer
metastasis assays

24, 25

. To determine whether depletion of free Gβγ would affect metastatic

abilities of breast cancer cells, adenovirus encoding GFP alone or GFP and βARK1ct were used
to infect metastatic breast cancer MDA-MB-231 cells and MDA-MB-436 cells. The abilities of
those cells to migrate and invade through Matrigel in response to NIH-3T3 CM were measured
in Transwell chamber assays. Infection efficiency was about 80% as determined by counting
GFP-positive cells. As seen in Fig.5A, the migratory and invasive abilities of MDA-MB-231
cells expressing βARK1ct were 50 ± 6% and 42 ± 8%, respectively, less than that of control cells
expressing GFP alone. A similar inhibition of cell migration and invasion by βARK1ct was
observed in MDA-MB-436 cells (Fig. 5B). It should be noted that expression of βARK1ct did
not reduce cell viability estimated by trypan blue exclusion (data not shown). These data suggest
that free Gβγ is required for chemoattractant-stimulated migration and invasion of breast cancer
cells.
Blocking Gβγ reduces the growth of breast cancer cells. Cell growth is one of the convenient
ways to estimate the number of viable cells growing in a system over a given time period. Cancer
cells proliferate uncontrollably and stopping such growth is an important strategy in tumor
therapy.

Here we show the Gβγ inhibitor βARKct and M119K reduced the growth of MDA-

MB-231 cells by about 10 and 20% respectively (Figure 6 A & B) suggesting the significance of
Gβγ in breast cancer cell growth.
The Gβγ inhibitor M119K reduced the migratory and invasive abilities of breast cancer
cells. The Gβγ inhibitor M119K (Figure 4) suppressed migration and invasion of MDA-MB-231
cells in a dose-dependent manner. The maximum inhibition of migration and invasion by M119K
was over 85% with IC50 values of 1.0 ± 0.2 µM and 1.8 ± 0.5 µM, respectively (Fig. 7A).

11

M119K (10 M) also inhibited the migration and invasion of another metastatic breast cancer
cell line, MDA-MB-436 cells, by 70 ± 8% (Fig. 7B). In addition, we used M119H, an analogue
of M119K with much lower affinity for Gβ

22, 27

to identify non-specific effects of this drug

class. As expected, 10 M M119H only reduced migration and invasion of MDA-MB-231 and
MDA-MB-436 cells by less than 20% (Fig. 7A and 7B). Wound healing assays showed that Gβγ
is required for enhanced cell motility in metastatic breast cancer cells since 10 M M119K, but
not M119H, significantly suppressed NIH-3T3 CM-induced migration of MDA-MB-231 cells
(Fig. 7C). Cell viability was not affected by 10 M M119K since over 95% of treated cells were
trypan blue negative.
Gβγ signaling is required for the Gi-coupled receptor CXCR4-dependent migration of
breast cancer cells. Heterotrimeric Gi-proteins are the major donors of Gβγ following activation
of GPCRs during chemotaxis

21

. Gi-protein signaling can be selectively inhibited by PTx–

dependent ADP-ribosylation of the Giα subunit. Pretreatment of MDA-MB-231 and MDA-MB436 cells with PTx (100 ng/ml overnight) blocked NIH-3T3 CM-stimulated cell migration and
invasion by approximately 50% (Fig. 8A and B), suggesting that activation of Gi-proteins is
required for breast cancer cell migration and invasion. Previous studies have demonstrated that
the Gi-protein coupled receptor CXCR4 promotes breast cancer metastasis 8. Indeed, the CXCR4
agonist CXCL12 caused an increase in MDA-MB-231 cell migration in a dose-dependent
manner with maximum stimulation of 2.3-fold at 100 ng/ml (Fig. 8C). Pretreatment of cells with
PTx (100 ng/ml overnight) or the CXCR4 antagonist AMD3100 (20 µM) blocked CXCL12stimulated MDA-MB-231 cell migration (Fig. 8C). Interestingly, the Gβγ inhibitor M119K also
suppressed CXCL12 (100 ng/ml)-stimulated migration of MDA-MB-231 cells in a dosedependent manner. The maximum inhibition of migration by M119K was 80 ± 7% with an IC50
12

value of 0.9 ± 0.2 µM (Fig. 8D). In contrast, 10 M M119H only reduced CXCL12-stimulated
migration of MDA-MB-231 cells by 18 ± 10% (Fig. 8D). These data suggest that Gβγ signaling
is required for the Gi-coupled receptor CXCR4-stimulated migration of breast cancer cells.
The Gβγ inhibitor M119K blocked Rac-dependent lamellipodia formation in breast cancer
cells. NIH-3T3 CM contains various cytokines and growth factors which can induce breast
cancer cell migration and invasion through Rac-dependent lamellipodia formation

24, 25

.

Lamellipodia is the flattened F-actin-rich leading edge of migrating cells, which is a key
structure for cancer cell migration and invasion during metastatic progression 26. Since blocking
Gβγ reduces NIH-3T3 CM-induced breast cancer cell migration and invasion, we investigated
the effects of the Gβγ inhibitor M119K on lamellipodia formation of MDA-MB-231 cells
cultured in NIH-3T3 CM. 10

M M119K, but not M119H, caused less cell spreading and

reduced the extent of lamellipodia in MDA-MB-231 cells by 68 ± 9% (Fig. 7A and B). Since
activated Rac recruits cortactin from the cytosol to the plasma membrane where cortactin
stimulates F-actin polymerization to form the lamellipodia

26, 28

, we further examined effects of

Gβγ inhibition by M119K on subcellular localization of cortactin and the levels of active Rac in
breast cancer cells. As shown in Fig. 9A, most cortactin in MDA-MB-231 cells is cytosolic, with
a small fraction found near or on the plasma membrane. 10

M M119K, but not M119H,

significantly reduced the amounts of cortactin near or on the plasma membrane in MDA-MB231 cells (Fig. 9A). Interestingly, 10 M M119K, but not M119H, also decreased the levels of
activated GTP-bound Rac in MDA-MB-231 cells by approximately 50% (Fig. 9C). These data
show that blocking Gβγ suppresses lamellipodia formation by reducing Rac activity in breast
cancer cells.

13

The Gβγ inhibitor blocks Rac-activated cell migration in breast cancer cells. 10 M M119K,
but not M119H, also decreased the levels of activated GTP-bound Rac in MDA-MB-231 cells by
approximately 50% (Fig. 10A). Interestingly, genetic activation of Rac rescued Gβγ dependent
migration of breast cancer cells and (Figure 10B). Likewise genetic inactivation of Rac rescued
Gβγ dependent migration of breast cancer cells. These data show that blocking Gβγ suppresses
Rac activity and reduces migration in breast cancer cells.
Gβγ subunits are required for CXCR4-stimulated, Rac-dependent lamellipodia formation
in breast cancer cells. GPCR activation triggers actin cytoskeleton reorganization to form
lamellipodia. Indeed, CXCL12 (100 ng/ml) induced MDA-MB-231 cells to spread out and form
lamellipodia, which was blocked by pretreatment of cells with the CXCR4 antagonist,
AMD3100 (20 µM), or PTx (100 ng/ml overnight) (Fig. 11A and B), indicating a Gi-coupled
CXCR4-dependent response. Interestingly, 10

M M119K, but not M119H, attenuated

CXCL12-stimulated lamellipodia formation by 75 ± 4% (Fig. 11A and B). Since Rac activation
stimulates lamellipodia formation, we also examined effects of Gβγ inhibition by M119K on the
levels of active Rac and subcellular localization of cortactin in CXCL12-stimulated breast cancer
cells. As shown in Fig. 11C, CXCL12 treatment (100 ng/ml) increased the levels of activated
GTP-bound Rac by about 7-fold. 10 M M119K attenuated CXCL12-stimulated Rac activation
by 70%. In contrast, 10 M M119H only reduced CXCL12-stimulated Rac activation by 25%, In
addition, we also found that 10 M M119K, but not M119H, attenuated the translocation of
cortactin from the cytosol to the lamellipodia in response to CXCL12 in MDA-MB-231 cells
(Fig. 11A). As expected, Rac activation and cortactin translocation in response to CXCL12 were
also blocked by pretreatment of MDA-MB-231 cells with CXCR4 receptor antagonist,
AMD3100 (20 µM), or PTx (Fig. 11C). These data show that Gβγ signaling is required for
14

CXCR4-stimulated Rac activation and lamellipodia formation in breast cancer cells. Thus,
blocking Gβγ would suppress breast cancer cell migration by reducing Rac-dependent
lamellipodia formation.
The Gβγ inhibitor M119K does not affect CXCR4-dependent inhibition of adenylyl cyclase
activity in breast cancer cells. Activation of Gi-protein by CXCR4 results in dissociation of Giα
from Gβγ subunits. Giα inhibits adenylyl cyclase activity to reduce the level of cAMP in cells
(Gilman, 1987). To differentiate Gβγ from Giα signaling pathways, we investigated the effects of
M119K on CXCR4-dependent inhibition of adenylyl cyclase in MDA-MB-231 cells.

Using a

cAMP-dependent luciferase reporter assay, we found that CXCL12 (100 ng/ml) inhibited
forskolin (5 µM)-stimulated cAMP production by 40±7% (Fig. 12). Neither M119K nor M119H
blocked the CXCL12 effects. In contrast, PTx, which inactivates the Giα subunit, completely
blocked the CXCL12-mediated inhibition of cAMP generation (Fig. 12). As expected, the
CXCR4 antagonist, AMD3100 (20 µM), also significantly blocked the CXCL12 effect. These
data show that M119K attenuates Gi-coupled receptor CXCR4 signaling by selectively
suppressing Gβγ-dependent pathways without effects on Giα-dependent pathways in breast
cancer cells.
Gβγ inhibitor suppresses anchorage-independent breast cancer cell growth. Anchorageindependent growth is one of the characteristic of transformed cells i.e cancerous cells; this
method is seen as a reliable way of elucidating the aggressiveness of tumor cells. To investigate
the effect of Gβγ on anchorage-independent cell growth cells were grown in soft agar to form
colonies because there exist a correlation between clonogenicity on soft agar and metastatic
propensity
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. Our data show that gallein suppressed anchorage independent growth and the

number of colonies of MDA-MB436 (Figure 13 A and B).
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Figure 5. Depletion of free Gβγ subunits by βγ-sequestering peptide βARK1ct inhibits
the migration and invasion of breast cancer cells. MDA-MB-231 cells (A) or MDA-MB436 cells (B) were infected with adenovirus encoding GFP alone or GFP and βARK1ct for
36 h and subjected to migration and invasion assay in response to NIH-3T3 CM. Columns,
means; bar, SE (n=4);*P<0.01 compared to GFP control. Overlaid images are representative
of four independent experiments at 36 h post infection under the fluorescence and bright
field channels. Scale bar = 100 μm. Data shown are representative of three independent
experiments performed in triplicate with *P<0.05 compared to cells expressing GFP alone.
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A

B

Figure 6. Blocking Gβγ reduces the growth of breast cancer cells. MDA-MB-231 cells
were infected with adenovirus encoding GFP alone or GFP βARK1ct and cell growth
performed, 10,000 cells were seeded into 24-well plates and counted in triplicate and cell number
counted every day for five days Cells (A). The same experiment performed but MDA-MB-231
cells were pre-incubated with DMSO (control), various concentrations of M119K (B). Points or
columns, means; bar, SE (n=3). * p<0.01 compared to control.
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Figure 7. The Gβγ inhibitor M119K
reduces migration and invasion
abilities of breast cancer cells.
MDA-MB-231 cells (A) or MDAMB-436 cells (B) were pre-incubated
with DMSO (control), various
concentrations of M119K or its less
active analogue M119H for 15
minutes, and then subjected to
Transwell migration and invasion
assays in response to NIH-3T3 CM.
Data are the % of cells migrated
(circle)
or
invaded
(triangle)
compared to control cells. Inset:
Effects of 10 µM M119K or M119H
on MDA-MB-231 cell migration and
invasion (C) Movement of MDAMB-231 cells into cleared space
within a cell monolayer (“wound”)
was monitored in a wound healing
assay. Cell monolayers with wounds
were incubated with NIH-3T3 CM in
the absence (control) and presence of
10 µM M119K or M119H.
Representative phase contrast images
of the wounded cell monolayers were
taken immediately after wounding
and 24 h later. Scale bar = 100 μm.
Points or columns, means; bar, SE
(n=3). * p<0.01 compared to control.
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Figure 8. Blockade of Gβγ selectively inhibits Gi-coupled receptor CXCR4-dependent
migration of breast cancer cells. MDA-MB-231(A) and MDA-MB-436 (B), were pretreated
with or without PTx (100 ng/ml overnight) and subjected to transwell migration and invasion
assays in response to NIH-3T3 CM. Data are the percentage of cells migrated and invaded
compared with untreated cells. Points or columns, means; bar, SE (n = 3). *, p < 0.01 compared
with no treatment (−). C, transwell migration assays using MDA-MB-231 cells stimulated with
various concentrations of the CXCR4 agonist CXCL12 in the presence or absence of the CXCR4
antagonist AMD3100 (20 μM). Pretreatment of cells with PTx (100 ng/ml overnight) blocked
100 ng/ml CXCL12-stimulated cell migration by 81 ± 6%. Data are the percentage of cells
migrated compared with untreated cells with 100% equal to 116 ± 27 cells migrated per 10,000
loaded cells (n = 3). D, effects of the Gβγ inhibitors M119K and M119H on the CXCL12stimulated migration of MDA-MB-231 cells. Data are the percentage of increase in migrated
cells in response to 100 ng/ml CXCL12 in the absence of M119K and M119H (n = 3). E, effects
of Gβγ blockade on EGF (5 ng/ml)-stimulated migration of MDA-MB-231 cells. Cells were
infected without (control) or with adenovirus encoding GFP alone or GFP and βARK1ct for 36
h. Cells were then stimulated with 5 ng/ml EGF in the absence or presence of 10 μM M119K or
M119H in transwell migration assays. EGF (5 ng/ml) stimulated migration of control MDA-MB231 cells by 1.9-fold. Data shown are the percentage of increase in migration compared with
control cells. *, p < 0.05 compared with control (n = 4)
19

B

Figure 9. The Gβγ inhibitor M119K inhibits Rac-activated lamellipodia formation in breast
cancer cells. Serum-starved MDA-MB-231 cells were incubated with NIH3T3 CM for 5 h in the
absence (control) and presence of 10 µM M119K or M119H. (A) Cells were stained with
rhodamine-conjugated phalloidin (red) for detection of F-actin or anti-cortactin antibody for
detection of cortactin followed by fluorescein isothiocyanate conjugated secondary antibody
(green). Arrows indicate lamellipodia at cell edges. The scale bar is 25 μm. (B) Lamellipodia
extent at cell edges was quantified as a percent of the cell circumference on 20 randomly selected
cells in each group. Columns, means; bar, SE (n=3). *p < 0.001 compared to control.
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A

B

Figure 10. The Gβγ inhibitor blocks Rac-activated cell migration in breast cancer cells.
GST-PAK1 binding protein pull-down assays for active GTP-bound Rac in MDA-MB-231 cell
lysates. 10% of cell lysates used in Rac activation assays were immunoblotted for total amounts
of Rac (A). Rac protein was quantified by densitometry and optical density units in each group
are expressed as fold of optical density units of control cells. 10 M M119K, but not M119H,
also decreased the levels of activated GTP-bound Rac in MDA-MB-231 cells by approximately
50% (A). Genetic activation and inactivation of Rac rescued and reduces Gβγ dependent
migration of breast cancer cells respectively (B). Data are representative of two separate
experiments
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Figure 11. Gβγ subunits are required for CXCR4-dependent Rac activation and
lamellipodia formation in breast cancer cells. MDA-MB-231 cells were pretreated without or
with PTx (100 ng/ml overnight) and then incubated without (none) or with CXCL12 (100 ng/ml)
for 30 min in the absence (control) and presence of 10 μM M119K, 10 μM M119H, or 20 μM
AMD3100. A, cells were stained for F-actin (red) or cortactin (green). Arrows indicate
lamellipodia at cell edges. Scale bar, 25 μm. B, lamellipodia extent at cell edges was quantified
as a percentage of the cell circumference on 20 randomly selected cells in each group. Columns,
means; bar, SE (n = 3); *, p < 0.001 compared with cells treated with CXCL12 alone (control).
C, GST-PAK1 binding protein pull-down assays for active GTP-bound Rac in MDA-MB-231
cell lysates. Ten percent of cell lysates used in Rac activation assays were also immunoblotted
for total amounts of Rac. Rac protein was quantified by densitometry, and optical density units in
each group are expressed as fold of optical density units of untreated cells (none). Images are
representative of two separate experiments.
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Figure 12. PTx, but not M119K, attenuated CXCR4-dependent inhibition of adenylyl
cyclase. MDA-MB-231 cells were transfected with dual luciferase reporter genes (pADneo2-C6BGL and pRL-tk plasmids). Cells were pretreated without or with PTx (100 ng/ml) for 12 h and
then stimulated without (none) or with 5 μM of the adenylyl cyclase activator forskolin in the
presence or absence of CXCL12 (100 ng/ml) for 8 h. M119K (10 μM), M119H (10 μM),
AMD3100 (20 μM), or the vehicle (control) was added 15 min before forskolin stimulation.
Luciferase activities of cell lysates were measured by using the dual luciferase assay system. The
results are presented as relative luciferase activities (ratio of reporter luciferases/R. reniformis
luciferases). Columns, means; bar, SE (n = 3). *, p < 0.01 compared with cells treated with
forskolin alone (Control).
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Figure 13. Blocking Gβγ reduces anchorage-independent growth of breast cancer cells.
DMEM Medium containing 0.4% soft agar and 100 MDA-MB-436 cells were mixed and plated
on bottom layer of 0.8% soft agarose. Group of cells without (Control) or supplemented with
various concentration of gallein and 10 μM M119K grown in soft agarose. The number and size
of macroscopic colonies were scored 30 days after plating.
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DISCUSSION
It has been known for a while that surface receptors are responsible for transducing
signals from extracellular environment to tightly controlled intracellular environment
(cytoplasm) via wide range of receptors. These receptors are either found on the surface of the
cell (cell membrane) or inside the cell (cytosol) these receptors controlled virtually every aspect
of the cell functions including but not limited to immunity, growth, survival, migration apoptosis
etc. Some of these receptors including G-protein coupled receptors are excessively activated in a
diseased cell such as cancer. Evidence has appeared over the past several years supporting a role
for GPCRs during cancer growth and metastasis 3. Various studies have shown that excessive
activation of GPCRs in cancer is caused by abnormally elevated levels of GPCR ligands, overexpression of GPCRs, alterations in GPCR regulation or a combination of these factors 3, 5,7. For
example, it has been reported that elevated chemokines and proteases in breast cancer tissues,
acting on their respective receptors located on the extracellular surface of cells, play a critical
role in directing breast cancer cell migration and invasion

8, 10

. Unfortunately, the large number

of GPCR ligands and receptors that have been implicated in controlling chemotaxis precludes
targeting a specific GPCR or its ligand to inhibit breast cancer metastasis since it is not practical
to use multiple receptor antagonists to simultaneously block all of the potential chemotactic
GPCRs implicated in metastasis. Thus, identifying the down-stream components that are
common to the GPCRs and are activated in cancer may provide an effective strategy for
suppressing breast cancer metastasis.
GPCRs convey signals via heterotrimeric G proteins in the form of free Gα-GTP and Gβγ
subunits. In this study we found that Gβγ sequestering peptide βARK1ct and the Gβγ inhibitor
M119K, inhibit the interaction between Gβγ and Rac-dependent signaling. Blocking Gβγ
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signaling pathways attenuates Rac-dependent processes such as lamellipodia formation and
consequently inhibits cell migration and invasion, which are critical elements of breast cancer
metastasis.
Interestingly, inhibition of Gβ -mediated signaling has been shown to inhibit prostate cancer
cell growth in vitro and prostate tumor formation in vivo 20. Indeed, depletion of free Gβγ by its
sequestering protein βARK1ct inhibited breast cancer migration and invasion. In addition, we
used M119K and our results shows that M119K also reduced NIH-3T3 CM-induced migration
and invasion of metastatic breast cancer cells. M119K is a representative of a class of
compounds that bind to Gβγ and interfere with the interaction between Gβγ and its effectors
thus suppressing Gβγ-dependent cellular response

22, 27

28

,

. It is known that indiscriminate blocking

of Gβγ will result in tremendous side effects/toxicity because Gβγ control virtually every aspect
of cell signaling, however the small molecules (Figure 4) were shown to binding to the “hot
spot” a site with critical amino acids that is important for Gα interaction with Gβγ. The Gβγ –
M119k interaction does not affect the normal Giα Gβγ cycle 27, 30, therefore their prospect of side
effects in a physiological system is reduced. Indeed it was shown recently that gallein rescued a
failing heart in a mouse model and the mice did not show any signs of toxicity 31.
Many motile cells such as breast cancer cells respond to chemotactic signals by processing
and restructuring their cytoskeleton. It is known that a group of small GTP binding molecules
such as Rac, Rho and Cdc42 regulate these processes. Rac activation leads to membrane ruffling
and the formation of lamellipodia, as cells advance. Thus, Rac activation is particularly
important for directed migration of breast cancer cells. Rac is a molecular switch that cycle
between “on” and “off” depending upon whether GTP or GDP is bound to the protein. Racspecific guanine nucleotide exchange factors (Rac-GEFs) facilitate the exchange of GDP for
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GTP. It has been demonstrated that Gβγ plays a crucial role in this process in neutrophils

30

.

Thus, Gβγ signaling following GPCR activation may regulate breast cancer cell movement by
stimulating Rac activation.

This present study, we found that blocking Gβγ with M119K

reduced the level of active GTP-bound Rac in cells cultured in NIH-3T3 CM, which correlated
with suppression of lamellipodia formation. Gβγ could directly activate Rac-GEFs such as PRex1 32 or stimulates PI3Kγ to generate phosphatidylinositol 3, 4, 5-trisphosphate, which in turn
activates Rac-GEFs

30, 32

. The Rac-GEFs interact directly with Rac thereby leading to increased

GTP-bound active Rac, (Figure 14) which then mediates various signals that eventually lead to
actin polymerization to form lamellipodia
We found that pretreatment of metastatic breast cancer MDA-MB-231 cells and MDA-MB436 cells with PTx partially blocked NIH-3T3 CM-induced cell migration, suggesting that Gicoupled receptor activation may be important in breast cancer metastasis. Gi-protein coupled
receptor CXCR4 expression is a prognostic marker in breast cancer. Stromal-derived CXCL12
attracts breast cancer cells via its receptor, CXCR4, and plays an important role in the spread and
progression of breast cancer 8. Thus the CXCL12-CXCR4 signaling pathway may be a potential
new target for treatment of breast cancer. In the present study, we used the Gβγ inhibitor M119K
to determine the role of Gβγ signaling in CXCR4-dependent breast cancer cell migration. Our
data indicated that M119K attenuated the MDA-MB-231 cell migratory response to CXCL12 by
80%, similar to the inhibitory effect of PTx treatment. Interestingly, CXCL12 also induced Rac
activation and lamellipodia formation, which was blocked by the CXCR4 antagonist AMD3100,
suggesting a CXCR4-dependent response. More importantly, we found that blocking Gβγ
signaling by M119K attenuated CXCL12-stimulated Rac activation, which correlated with
suppression of lamellipodia formation in CXCL12-treated cells. The down-stream signaling
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components of the CXCL12-CXCR4 activation involved in breast cancer metastasis have not
been defined yet. Interestingly, CXCL12 also induced Rac activation and lamellipodia formation,
which was blocked by the CXCR4 antagonist AMD3100, suggesting a CXCR4-dependent
response is critical for metastatic ability of breast cancer cells. Taken together, these data
demonstrate that Gβγ released following activation of Gi-coupled receptors (CXCL12-CXCR4Gβγ axis) plays a crucial role in the movement of breast cancer cells in response to chemo
attractants. Interestingly, blockade of Gβγ by gallein (a Gβγ inhibitor similar to M119K-Figure
4) in MDA-MB-436 cells reduced colony formation and colony size in anchorage independent
growth assay. Therefore this study showed a connection between CXCL12-CXCR4- Gβγ and
anchorage independent growth and Gβγ pathway (Figure 16). In summary, our data show that
the Gβ subunits are primarily responsible for the migration and invasion of breast cancer cells
(Figure 14) in response to chemotactic factors acting through GPCRs. Our studies suggest that
blocking Gβ signaling in breast cancer cells could significantly attenuate breast cancer cell
migration, invasion, adhesion (anchorage independent growth) which are the hallmarks of
metastatic cancer.

This study show CXCL12-CXCR4-Gβγ-axis/pathway is of paramount

important in breast cancer metastasis.
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MODEL

Figure 14. Proposed model of the Gβγ pathway responsible for breast cancer metastasis
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