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Abstract
Tumor cells can co-opt the pro-migratory activity of chemokines and their cognate G protein-
coupled receptors (GPCRs) to metastasize to regional lymph nodes or distant organs. Indeed, the
migration toward SDF-1 (stromal cell-derived factor-1) of tumor cells bearing CXCR4
[chemokine (C-X-C motif) receptor 4] has been implicated in the lymphatic and organ-specific
metastasis of various human malignancies. Here, we used chimeric G proteins and GPCRs
activated solely by artificial ligands to selectively activate the signaling pathways downstream of
specific G proteins, and showed that CXCR4-mediated chemotaxis and transendothelial migration
of metastatic basal-like breast cancer cells required activation of members of the Gα12/13 G
protein family and of the small guanosine trisphosphatase Rho. Multiple complementary
experimental strategies, including synthetic biology approaches, indicated that signaling-selective
inhibition of the CXCR4-Gα13-Rho axis prevents the metastatic spread of basal-like breast cancer
cells.

INTRODUCTION
The success of therapeutic approaches that interfere with the function of HER2/Neu (also
known as ErbB2, a member of the epidermal growth factor receptor family) or of the
estrogen receptor has markedly reduced breast cancer mortality. However, ~15% of breast
cancers are diagnosed as “triple-negative”--they lack estrogen receptors, HER2/Neu, and
progesterone receptors, and thus do not respond to these targeted therapies (1, 2). 90% of
breast cancer deaths stem from the metastatic spread of these triple negative breast cancers,
which are often referred to as basal-like based on gene expression profiles, or from the
metastatic spread of hormone receptor- or HER2/Neu-positive breast cancers with intrinsic
or acquired resistance to treatment (1-4). Elucidating the mechanisms by which breast
cancer cells spread from their primary sites to distant organs may identify therapeutic targets
to prevent metastasis and is thus an area of intense investigation. Breast cancers metastasize
preferentially to the bone, lungs, liver, and brain, and this organ-specific metastasis often

*Correspondence: sg39v@nih.gov; Telephone: (301) 496-6259; FAX: (301) 402-0823.
2Current Address: Department of Pharmacology, School of Pharmacy, Fudan University, Shanghai 201203, China

NIH Public Access
Author Manuscript
Sci Signal. Author manuscript; available in PMC 2012 September 20.

Published in final edited form as:
Sci Signal. 2011 September 20; 4(191): ra60. doi:10.1126/scisignal.2002221.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



involves the aberrant expression of chemokine receptors in cancer cells concomitant with
the release of chemokines from secondary organs [reviewed in (5, 6)]. Chemokines promote
the migration of leukocytes to sites of inflammation, and also direct the trafficking of
hematopoietic stem cells, lymphocytes, and dendritic cells between the blood and the
primary and secondary lymphoid organs [reviewed in (7)]. Thus, tumor cells may gain and
co-opt this pro-migratory activity of chemokines and their heterotrimeric guanine-nucleotide
binding protein (G protein)-coupled receptors (GPCRs) to metastasize to regional lymph
nodes and distant organs.

CXCR4 [chemokine (C-X-C motif) receptor 4] is the chemokine receptor most often
implicated in breast cancer metastasis (8). Increased abundance of CXCR4 in breast cancer
cells is associated with enhanced metastatic potential, and organs that are the most frequent
sites of breast cancer metastasis, including the lymph nodes, lung, bone marrow, and liver,
secrete the CXCR4 ligand CXCL12/SDF-1 [Chemokine (C-X-C motif) ligand 12, also
known as stromal cell-derived factor-1](7, 8). Inhibiting CXCR4 with blocking antibodies
and small molecule inhibitors prevents metastatic spread in model systems in which breast
cancer cells are introduced into the circulatory system by intravenous or intracardiac
injection (8, 9). However, whether CXCR4 is required for the initial steps of tumor cell
intravasation and dissemination from the primary tumor site has been unclear. Moreover,
CXCR4 antagonists promote the mobilization of hematopoietic stem cells (HSC) from the
bone marrow into the peripheral blood, an effect that has hampered the exploration of
CXCR4 blockers as an adjuvant for breast cancer therapy (10). Here, we show here that, in
contrast to its function in HSC, which is mediated by heterotrimeric G proteins of the Gi
family (11), CXCR4-initiated motility and transendothelial migration in metastatic breast
cancer cells requires the activation of the small GTPase Rho through heterotrimeric G
proteins of the Gα12/13 family. Furthermore, we show that interfering with the activation of
Rho, a key molecule regulating cytoskeletal changes and cell motility (12), and hence the
CXCR4-Rho signaling axis prevents the spontaneous metastasis of breast cancer cells,
thereby identifying potential therapeutic targets for preventing the metastatic spread of
breast cancer.

RESULTS
SDF-1 acts through CXCR4 to stimulate the migration of metastatic breast cancer cell line

CXCR4 has been implicated in organ-specific breast cancer metastasis [8, reviewed in (5,
13)], and increased abundance of CXCR4 often correlates with the poor prognosis of breast
cancer patients (figs. S1A and S1B). We used a panel of human mammary gland cell lines
(12) to investigate how CXCR4 promotes the migration of breast cancer cells. These lines
comprise nontransformed mammary gland cells, and non-metastatic or metastatic breast
tumor cells, classified as of luminal or basal-like cell origin based on their gene expression
signatures (14). Most cells migrated to epidermal growth factor (EGF) (15). However,
although basal-like breast cancer cells are generally more motile in response to serum than
are luminal cells (14), migration toward a gradient of SDF-1 was primarily observed in those
basal-like cell lines shown to metastasize in animal models, the widely-used breast cancer
model MDA-MB-231 (8, 14), and SUM-159 (16) (Fig. 1A). Thus, the ability of breast
cancer cells to respond to SDF-1 appears to correlate with metastatic behavior. MCF-7, a
luminal-ductal-derived breast cancer cell that does not metastasize in vivo, migrates in
response to SDF-1, albeit less far than do MDA-MB-231 or SUM-159. Both MDA-MB-231
and SUM-159 cells migrated toward SDF-1 (Fig. 1B and fig. S1C). SDF-1 promoted the
invasion of MDA-MB-231 cells into collagen gels (Fig. 1C and 1D), and the specific
CXCR4 inhibitor AMD3100 prevented SDF-1 induced cell migration in a dose-dependent
manner without affecting the migratory response to EGF (fig. S1D)., These results support
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that SDF-1 can act through CXCR4 to induce the migration of invasive basal-like breast
cancer cells.

The SDF-1-CXCR4 interaction mediates transendothelial breast cancer cell migration in
vitro and spontaneous metastasis of breast cancer cells to lymph nodes in vivo

Interfering with CXCR4 function prevents metastasis in experimental models involving
intravenous or intracardiac delivery of breast cancer cells (8, 9, 17-19). However, for
spontaneous metastasis to occur, cancer cells must first invade the surrounding tissues and
enter the circulation. To explore the possible role of CXCR4 in these early events, we began
by knocking down MDA-MB-231 cell CXCR4 by means of lentiviral-mediated RNA-
interference. CXCR4 knock down decreased MDA-MB-231 cell migration to SDF-1
without affecting their response to EGF (Fig. 1E and 1F). Next, we investigated the passage
of cancer cells through endothelial monolayers as a model of intravasation (Fig. 1G).
Although SDF-1 did not disrupt endothelial barrier function as judged by the passage of
high molecular weight fluorescent-labeled dextran (20), it stimulated the migration of MDA-
MB-231 cells through both vascular (VEC) and lymphatic (LEC) endothelial monolayers, an
effect that was inhibited by AMD3100 or by knocking down CXCR4 (Figs. 1H and 1I, and
figs. S1E and S1F).

To investigate whether CXCR4 contributes to the initial steps of breast cancer metastasis in
vivo, we implanted breast cancer cells into the mammary fat pad of mice, a procedure that
leads to their spontaneous metastasis to the lymph nodes and secondary organs (21). MDA-
MB-231 cells injected into mammary fat pad of SCID/NOD mice [a mouse model system
that combines the SCID (severe combined immunodeficiency) and the NOD (non obese
diabetic) models of of immunodeficiency] grew at the primary site and metastasized to
multiple distant sites, including locoregional and distant lymph nodes, lung, and liver (Figs.
1J-1L). Tumor cells were observed within lymphatic vessels (Fig. 1L), and, consistent with
prior reports (21), 5 out of 15 mice examined (33%) displayed multiple metastatic lesions in
the lungs. The weight of the invaded lymph nodes was measured for each mouse and the
presence of metastatic lesions was confirmed histopathologically (Figs. 1K and 1M).
CXCR4 knock down did not affect the growth of the primary tumors (figs. S1G and S1H),
but markedly decreased their metastatic spread to the lymph nodes (Fig. 1M), with none of
the mice in which CXCR4 was knocked down mice displaying cancerous lesions in the lung
(p<0.05). These findings support a critical role for CXCR4 in the early steps in breast cancer
metastasis.

Activation of Gαi is not sufficient to promote the migration of metastatic breast cancer
cells

CXCR4, like other chemokine receptors, couples to Gαi subunits of heterotrimeric G
proteins (22). As expected, treatment of MDA-MB-231 cells with pertussis toxin (PTX),
which inhibits Gαi, decreased the phosphorylation of Akt induced by SDF-1without
affecting Akt activation by EGF (Fig. 2A). Similarly, PTX prevented the migration of the
non-metastatic luminal breast cancer cell line MCF-7 toward SDF-1, reflecting the
contribution of Gαi to migration in these cells (Fig. 2B). In contrast, PTX treatment had
little effect on SDF-1-induced cell migration of MDA-MB-231 and SUM-159 cells (Fig.
2B). Similarly, transendothelial migration of MDA-MB-231 cells toward SDF-1 was not
blocked by PTX (Figs. 2C and 2D), raising the possibility that G proteins in addition to, or
other than, Gαi may participate in the biological response mediated by CXCR4 in these
cells.

These observations prompted us to use a synthetic biology strategy to reconstitute G protein-
regulated networks in breast cancer cells. We stably expressed a mutant Gαi-coupled GPCR,
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called Gi RASSL (receptors activated solely by synthetic ligands), which has lost the ability
to respond to its natural ligand, but gained the ability to respond to a pharmacologically inert
compound, clozapine-N-oxide (CNO) (23) (Figs. 2E and 2F). CNO induced the
phosphorylation of Akt in MDA-MB-231 cells expressing Gi RASSL in a PTX sensitive
fashion but did not stimulate Akt phosphorylation in parental cells (Figs. 2G and 2H), as
expected if Gi RASSL signals though Gαi in response to CNO in these cells. However,
CNO failed to induce cell migration in either experiments using mass cultures of Gi RASSL-
expressing cells or experiments using sorted cell populations with abundant Gi RASSL (Fig.
2I). Similar results were obtained with HEK-293T cells expressing abundant Gi RASSL and
with SUM-159 cells (see belowand fig.S3D). Collectively, these data suggest that Gi activity
may not be sufficient, or strictly necessary, to induce cell migration mediated by CXCR4 in
metastatic breast cancer cells.

Activation of Rho is integral to the pathway by which SDF-1 promotes cell migration
through CXCR4 in breast cancer cells

We next investigated whether the three prototypical Rho-family GTPases, Rho, Rac, and
Cdc42, all of which have been linked to cell movement (12), were involved in CXCR4-
mediated migration of metastatic breast cancer cells. SDF-1 stimulated a rapid increase in
the fraction of Rho in the active GTP-bound state, reaching a maximum at ~5 min in both
MDA-MB-231 and SUM-159 cells (Fig. 3A), but did not induce Rac activation, which
appeared to be in the activated state prior to SDF-1 stimulation. CXCR4 knockdown
decreased SDF-1dependent activation of Akt and Rho in MDA-MB-231 cells (Fig. 3B).
However, whereas in MDA-MB-231 cells Akt activation was inhibited by PTX, activation
of Rho by SDF-1 was not (Fig. 3C), indicating that Gi and its Gα subunit, Gαi, are not
involved in CXCR4-mediated Rho activation(24). We used both transfection of siRNA
targeting RhoA and treatment with C3 toxin, which ADP-ribosylates Rho and inhibits its
function (25), to determine whether Rho activation is involved in the SDF-1-dependent
migration of MDA-MB-231 cells. Either RhoA knockdown or treatment with C3 toxin
inhibited the migration of MDA-MB-231 cells toward SDF-1 (Figs. 3D-3F). Moreover,
expression of RhoA I41, a C3 toxin-resistant form of RhoA, reversed inhibition of SDF-1-
dependent cell migration by C3 toxin, whereas expression of wild-type RhoA did not (Fig.
3G). Together, these data indicate that SDF-1 can activate Rho through CXCR4
independently of Gi, and that activated RhoA, in turn, contributes to SDF-1-dependent
breast cancer cell migration.

Gα12/13 couples to CXCR4 and is necessary for SDF-1-induced human breast cancer cell
transendothelial migration in vitro and metastasis in vivo

Gα12 and Gα13 (Gα12/13, which together define the Gα12/13 G protein family) and the Gαq
family of G protein α subunits can activate RhoA (26, 27). Gα12/13, encoded by the GEP
oncogene (28, 29), is abundant in breast cancer cells (30, 31), contributes to tumor spread in
a syngeneic murine breast cancer metastasis model (31), and correlates with metastatic
potential (31) and poor prognosis (fig. S2A) in human patients. Gα12/13 promotes Rho
activation by binding to the RGS domain of RGS-containing Rho guanine nucleotide
exchange factors (GEFs) (32). A chimeric molecule consisting of green fluorescent protein
(GFP) fused to the RGS domain of PDZ-RhoGEF, which behaves as a dominant negative
mutant for Gα12/13, inhibited SDF-1-dependent Rho activation, as well as SDF-1-dependent
invasion and migration in MDA-MB-231 cells (Figs. 3H-3M), suggesting that the Gα12/13-
Rho signaling axis contributes to CXCR4-mediated cell migration in breast cancer cells.

Gα12 and Gα13 are generally more abundant in human breast cancer-derived cell lines than
in normal or non-tumorgenic mammary epithelial cells (Fig. 4A). In the two basal-like
metastatic breast cancer cells examined (SUM-159 and MDA-MB-231), the abundance of
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Gα13 was high, with the protein levels of Gα12 lower than in the non-metastatic SUM-149
cells. To investigate role of Gα12/13 in the migration of MDA-MB-231 cells directly, we
knocked down Gα12/13 by stably expressing shRNAs targeting Gα12 and Gα13 in MDA-
MB-231 cells (Fig. 4B). The activation of Rho and migration of MDA-MB-231 cells
promoted by SDF-1 were both blocked by Gα12/13 knock down (Figs. 4C and 4D). Gα13
appears to play a more prominent role, as knock down of Gα13 was sufficient to prevent
breast cancer cell migration in response to SDF-1, consistent with its greater abundance in
MDA-MB-231cells. Together, our data suggest CXCR4 can couple to Gα13, and possibly to
Gα12 in cells in which Gα12 is abundant, to promote Rho activation and cell migration in
response SDF-1. Furthermore, Gα12/13 knock down markedly inhibited the ability of MDA-
MB-231 cells injected into the mammary fat pad of SCID/NOD mice to invade the lymph
nodes, with little effect on the size of the primary tumors (Figs. 4E and fig. S2B), indicating
that Gα12/13 and CXCR4 may play a pivotal role in the metastatic spread of breast cancer.

The ability of CXCR4 to promote chemotaxis in leukemic T cells may require both PTX-
sensitive G proteins and PTX-insensitive G proteins of the G12/13 family (33). However,
whether this is due to a direct effect of CXCR4 on G12/13 is unclear, as emerging evidence
support a broad impact of G12/13 in immune cell function (34), while Gα13 can regulate
CXCR4 trafficking, hence modulating the response to SDF-1 indirectly (35) We focused on
Gα13, and used bioluminescence resonance energy transfer (BRET) to determine whether
CXCR4 can interact directly with this G protein α subunit (Fig. 4F) (36). Indeed, BRET
titration curves supported a direct CXCR4-Gα13 interaction (Fig. 4G). SDF-1 significantly
decreased CXCR4-Gα13 BRET, indicating that receptor activation results in a
conformational reorganization of the receptor-G protein complex (Fig. 4H) (36). In contrast,
activation of a related chemokine receptor, CCR2, by its cognate agonist MCP-1, did not
affect the marginal BRET signal between CCR2 and Gα13, indicating that CXCR4 but not
CCR2 selectively engaged Gα13 (Fig. 4H). However, agonist-promoted changes in BRET
revealed that both CXCR4 and CCR2 engaged Gαi (Fig. 4I). Analyses of BRET between
Gα13 and Gγ7 indicated that SDF-1 promoted a conformational rearrangement of the G13
heterotrimer in cells co-transfected with CXCR4 (figs. S2C and S2D), further supporting the
activation of Gα13 in the response to SDF-1. This direct interaction has functional
consequences. Indeed, CXCR4 overexpression alone is not sufficient to promote the
migration of transfected cells in response to SDF-1, but cells migrate readily when G13 is
concomitantly overexpressed with CXCR4, while this manipulation does not affect the
migratory response to EGF (Fig. 4J).

A synthetic biology approach reveals a key role for Gα13 in breast cancer cell motility and
transendothelial migration

To determine whether Gα13 contributes to directed migration of breast cancer cells, we
engineered a GPCR-Gα13 coupled system that could be activated by an artificial ligand. .
For this synthetic biology approach, we created Gα13i5, a chimeric form of Gα13 in which
the C-terminal 5 amino acids were replaced by those of Gαi, enabling its coupling to and
activation by Gi RASSL (Fig. 5A). We tested the functional activity of this reconstituted
chimeric system by examining its ability to activate Rho in HEK-293T cells (Figs. 5B and
5C). CNO activated ERK1/2 but not Rho in HEK-293T cells transfected with expression
constructs encoding Gi RASSL, but when Gα13i5 was co-expressed with Gi RASSL, CNO
activated both Rho and ERK1/2 activation (Fig. 5C). HEK-293T cells expressing both Gi
RASSL and Gα13i5 migrated toward wells containing various concentration of CNO (Fig.
5D), whereas cells expressing Gi RASSL alone did not, indicating that Gα13 activity is
necessary to promote the migration of HEK-293T cells. Next, we engineered MDA-MB-231
cells stably expressing Gi RASSL with or without Gα13i5 (Fig. 5E and figs. S3B and S3C).
CNO stimulated Akt phosphorylation in cells expressing Gi RASSL, a response that was
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reduced in cells expressing both Gi RASSL and Gα13i5 (Fig. 5E). Co-expression of Gi
RASSL and Gα13i5 was sufficient to activate Rho in response to CNO (Fig. 5E and fig.
S3A). Morever, co-expression of Gi RASSL and Gα13i5 was necessary and sufficient to
promote the migration of MDA-MB-231cells toward gradients of CNO in Boyden chambers
and collagen gels, as well as in transendothelial migration assays (Figs. 5F-5H). Similarly,
co-expression of Gi RASSL and Gα13i5 was necessary and sufficient to induce the migration
in response to CNO in SUM-159 cells, and in MCF-12A, a normal mammary epithelial cell
line (figs. S3D-F).

We next performed a more detailed analysis of the migratory behavior induced by CXCR4
activation or through CNO activation of the Gi and G13 signaling networks using video
microscopy and individual cell tracking (Fig. I-J). Exposure to SDF-1 increased the motility
of MDA-MB-231 cells, and promoted their directional migration toward the chemokine
gradient. CNO treatment enhanced the motility of MDA-MB-231 cells expressing Gi-
RASSL, so that they moved at speeds comparable to or faster than that observed for MDA-
MB-231 cells after CXCR4 activation. However, their movement appeared to be random;
thus, the directionality of their movement was not different from that of control,
unstimulated cells. In contrast, CNO stimulation of cells co-expressing Gi RASSL and
Gα13i5 stimulated their migration toward the agonist gradient, thereby mimicking SDF-1
activation of CXCR4. Together, our results indicate that CXCR4 coupling to Gα13 and Rho
is required for the directional migration and invasive properties of metastatic basal-like
breast cancer cells.

Interfering with the CXCR4-Gα13-Rho signaling axis may provide a targeted approach to
preventing breast cancer transendothelial migration and metastatic spread

We next asked whether the signaling pathway initiated by CXCR4-Gα13 might present a
suitable therapeutic target for preventing breast cancer metastasis. G12/13 signaling activates
multiple downstream molecules, including E-cadherin and β-catenin, Hax-1, Radixin,
RhoGEFs, and MEK5, many of which contribute to cell motility and metastasis (37). Here,
we focused on Rho kinase (ROCK), which acts downstream of Rho. ROCK promotes the
accumulation of phospho-myosin light chain (pMLC) by phosphorylating MLC and
inhibiting MLC phosphatase, thereby promoting cell migration by regulating acto-myosin
contraction (38), a process that may contribute to transcellular tumor invasion (39). SDF-1
increased the abundance of pMLC in MDA-MB-231 cells, was an effect diminished by
RhoA knock down (Figs. 6A and 6B), or by the inhibition of ROCK with the ROCK
inhibitors, Y27632 and fasudil (Fig. 6C). Furthermore, CNO increased pMLC abundance in
MDA-MB-231 cells co-expressing Gi RASSL and Gα13i5 but not those expressing Gi
RASSL alone, an increase that was blocked by pretreatment with fasudil (Fig. 6D). Fasudil
also prevented chemotaxis, transendothelial migration, and invasion by MDA-MB-231 cells
in response to SDF-1, and in response to CNO in cells co-expressing Gi RASSL and Gα13i5
(Figs. 6E-6I and figs. S4A-S4F). Moreover, fasudil markedly inhibited the metastatic spread
of MDA-MB-231 cells injected into the mammary fat pads of SCID/NOD mice (Fig. 6J) p.
Thus, the ability to interfere with CXCR4 activation of Gα13 and the Rho-dependent
signaling pathways downstream may represent potential targeted approaches for preventing
breast cancer metastasis.

DISCUSSION
90% of breast cancer deaths occur as a consequence of metastatic disease (3, 40); thus the
molecular mechanisms underlying metastasis have warranted considerable attention (4). An
emerging view is that various chemokines and cytokines released by the tumor cells and
their stroma provide a permissive microenviroment for tumor growth and its metastatic
spread. Numerous chemokines and their GPCRs have been implicated in intercellular
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communication between tumor cells, tumor-associated fibroblasts, and the multiple immune-
and inflammatory-cells that constitute the complex tumor microenvironment (5, 6, 41).
Tumor cells also gain the ability to migrate in response to chemokine gradients, facilitating
tumor cell dissemination through the lymphatic and cardiovascular systems (7). The
interaction between CXCR4 and SDF-1 has been implicated in the organ-specific metastasis
of breast, prostate, and lung cancers (5, 42). Here, we show that the ability of to guide the
migration of breast cancer cells requires the CXCR4 coupling to Gα13, a protein that is over-
expressed in metastatic basal-like breast cancer cells, and the consequent activation of the
Rho signaling axis. Indeed, by reengineering G protein-regulated signaling networks in
breast cancer cells using GPCRs activated by artificial ligands and chimeric G proteins, we
determined that the activation of Gα13 is necessary and sufficient to stimulate Rho, thereby
promoting the chemotaxis, invasion, and transendothelial migration of basal-like breast
cancer cells. These findings suggest that interfering with the CXCR4-Gα13-Rho signaling
axis and their key downstream targets may provide previously-unexplored options to halt
breast cancer metastasis.

CXCR4, like most chemokine receptors, couples to G proteins of the Gαi family (22).
However, whereas some GPCRs exhibit a strict G-protein-coupling specificity, other
GPCRs may exhibit a less restricted coupling ability, which may depend on the abundance
of GPCRs, G protein α subunits, and downstream targets (5). This concept is well
exemplified by the observation that CXCR4 induces cell migration in luminal-ductal-
derived breast cancer cells through the activation of a pertussis toxin-sensitive mechanism
involving a Rac GEF, P-Rex1, that acts as direct downstream target from Gi (15).
Surprisingly, however, analysis of P-Rex1 abundance in hundreds of human breast tumor
samples revealed that this Rac GEF is specifically overexpressed in estrogen-receptor-
positive (ER+) and ErbB2–positive (HER2+) breast cancers, but is nearly absent in basal-
like (triple negative) breast cancer tissues and their derived cell lines (15). This may explain
the lack of robust activation of Rac1 in basal-like metastatic breast cancer cells in response
to SDF-1, which instead appear to use a Gα13-Rho-dependent mechanism to promote cell
migration and invasion. Collectively, these observations indicate that CXCR4 may deploy a
pro-metastatic signaling route in basal-like breast cancers distinct from estrogen-receptor-
positive (ER+) and ErbB2–positive (HER2+) breast cancers, and suggest that this specificity
could perhaps be exploited for therapeutic purposes.

The coupling of CXCR4 to Gα13 may also contribute to the acquisition of epithelial-
mesenchymal transition (EMT)-like features that characterize the most aggressive and
metastatic breast cancers (43, 44). Indeed, in addition to promoting cell migration, the
heterotrimeric Gα12/13 proteins activate transcription factors that control the expression of
metalloproteases such as MMP-2 and MMP-9, thereby enabling tissue invasion (5), enhance
cell motility by reducing cell-extracellular matrix adhesion through integrins (45), and
decrease the rigidity of cell-cell contacts by reducing the stability of homophilic E-cadherin
interactions (46). Thus, whereas most physiological processes controlled by CXCR4 may
involve the activation of Gi-family G proteins and their signaling cascades, we can
hypothesize that basal-like metastatic breast cancer cells are selected for their ability to
overexpress Gα13, and thus link it to CXCR4 , thereby gaining the ability to activate Rho.
This may increase the capacity to migrate towardSDF-1 released by secondary target organs,
while contributing to the acquisition of a more motile and pro-invasive phenotype.
Certainly, the metastatic process is highly complex, and thus the contribution of CXCR4 and
G13 to each step involved in breast cancer dissemination requires further investigation. The
abundance of CXCR4 may increase in the hypoxic environments often observed in solid
tumors due to transcriptional activation of its promoter (47) by hypoxia-inducible factor
(HIF). Alternatively, CXCR4 abundance can be enhanced by the activation of HER2/Neu
and their downstream pathways, which limit CXCR4 degradation (48). Thus, preventing the
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aberrant expression of CXCR4 may represent one of the mechanisms by which currently
available cancer treatments targeting HER2/Neu may reduce breast cancer metastasis.
CXCR4 also appears to be abundant in breast cancer tumor initiating cells or cancer stem
cells (49), suggesting that the primary tumor mass may include a subpopulation of cells with
increased tumor-regenerating potential that overexpress CXCR4. Thus, we can speculate
that among these tumor stem cells, those overexpressing Gα13 may represent “metastasis
stem cells” that may already exist within the tumor mass. Alternatively, we can speculate
that the CXCR4-expressing cancer stem cells that acquire the ability to overexpress Gα13
may be selected through their capacity to give rise to cancer cells that become more
competent to migrate, intravasate, and ultimately infiltrate and colonize the lymph nodes and
secondary organs, thereby compromising patient survival.

Whereas CXCR4 inhibitors represent obvious candidates for adjuvant therapy preventing
breast cancer metastasis, their specific side effects have hampered their clinical use in the
preventing metastasis (10), although they have been approved by the FDA for the
mobilization of hematopoietic stem cells. In fact, Gαi activation is required for SDF-1-
CXCR4-mediated retention of hematopoietic progenitors within the bone marrow (11),
suggesting that long-term inhibition of CXCR4 signaling through Gαi may not be clinically
feasible in breast cancer patients. However, perturbing CXCR4 coupling to the Gα13 family
or inhibiting its downstream targets may provide a reasonable approach to preventing
metastasis in patients at risk. For example, fasudil, which is currently used in the clinic for
vasospasm and pulmonary hypertension (50), blocked CXCR4 and Gα13-promoted cell
migration and prevented spontaneous breast cancer metastasis in the SCID/NOD mouse
model. Fasudil does not mobilize hematopoietic stem cells, suggesting that the CXCR4-
Gα13-Rho pathway is dispensable for their retention in the bone marrow. Similarly, various
widely-used cholesterol-lowering statins can block Rho function (51), without eliciting
substantial side effects, suggesting that they could be beneficial in breast cancer metastasis
prevention.

Structural information for many GPCRs suggests that activated members of this family of
receptors may adopt multiple conformations (52), which could, in turn, selectively engage
distinct downstream signaling pathways. Different ligands can preferentially activate or
inhibit subsets of the G-protein-linked signaling pathways engaged by a given GPCR (53).
Whereas most of the physiological functions of CXCR4 involve the activation of Gαi, it is
becoming apparent that CXCR4 can interact physically with G13, and can thereby activate
Rho to promote the metastatic spread of basal-like breast cancer cells. These findings
support the potential clinical benefits of developing GPCR antagonists or negative allosteric
regulators that specifically prevent the activation of the Gα12/13-Rho pathway by CXCR4.
Indeed, considering that GPCRs are the target directly or indirectly of more than 50% of the
current therapeutic agents in the market (54), we can envision that the development of a
class of signaling-selective GPCR antagonists may present a unique opportunity to control
the pathological functions of GPCRs while restricting the side effects caused by disrupting
their multiple physiological roles. Although more extensive animal studies may be required
to define how CXCR4-G12/13 signaling influences each step of the metastatic process, the
present study provides a rationale for the future development and evaluation of Gα12/13-
Rho-selective CXCR4 inhibitors for metastasis prevention.

MATERIALS AND METHODS
Cell Culture

184-A1 and MCF-12A normal mammary epithelial cell lines, MCF-10-2A non-tumorigenic
mammary epithelial cell line, MCF-7, T-47D, BT-474, BT-549, and MDA-MB-231 human
breast cancer cell lines and human epithelial kidney 293-T cells were purchased from
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ATCC. SUM-149 and SUM-159 human breast cancer cell lines (16, 55) were purchased
from Asterand. Neonatal human dermal lymphatic microvascular endothelial cells were
purchased from Lonza. Immortalized human vascular endothelial cells were described
previously (56). Cell lines were cultured according to manufacturers’ instructions.

Transfections
Nonsilencing control RNA sequence and RhoA silencing RNA sequence (Qiagen) were
transfected using the Hiperfect reagent (Qiagen).

Cell Migration and Collagen Gel Invasion Assays
Migration assays were performed using 48-well Boyden chamber with 8 μm pore size
polyvinyl pyrrolidone-free polycarbonate membrane (NeuroProbe) coated with fibronectin.
Cells were added to the upper chamber and chemoattractant was added to the lower chamber
in serum-free DMEM. After incubation for 6 h at 37°C, cells on the upper surface of the
membrane were removed and cells on the lower surface were fixed and stained. Images were
taken of the entire lower surface of the membranes, and the number of migrated cells was
counted (4 wells per conditions). Invading cells were visualized by confocal microscopy.

Reagents and Antibodies
Recombinant human stromal cell-derived factor 1 alpha, EGF, biotin–conjugated mouse
monoclonal anti-CXCR4 antibody, and anti-mouse IgG2B isotype antibody were purchased
from R&D Systems. Rabbit polyclonal anti-phospho ERK1/2, phospho Akt, Akt, phospho
myosin light chain 2 myosin light chain 2 and GAPDH antibodies were purchased from Cell
Signaling Technology. Rabbit polyclonal anti-ERK1/2, Rho, Gα12, Gα13, and α-tubulin
antibodies were purchased from Santa Cruz Biotechnology. Mouse monoclonal anti-Rac1
and Cdc42 antibodies were purchased from BD Biosciences. Mouse anti-GFP and HA
antibodies were purchased from Covance. AMD3100 octahydrochloride, Clozapine N-
oxide, and Y-27632 dihydrochloride monohydrate were purchased from Sigma. Exoenzyme
C3 and pertussis toxin were purchased from List Biological Laboratories. Fasudil was
purchased from LC Laboratories.

Plasmid Constructs
Expression vectors for Gα12, Gα13, Gα13i5, RhoA, RhoA I41, and GFP fused to the RGS
domain of PDZ-RhoGEF (GFP-RGS) have been described previously (57-61). Expression
vector for Gi RASSL was kindly provided by Brian Roth (62). Lentiviral vector for CXCR4
shRNA, Gα12 shRNA and Gα13 shRNA have been described previously (33).

Lentivirus Production and Infection
Lentiviral stocks were prepared and titrated using HEK-293T cells as the packaging cells as
previously reported (61). Breast cancer cells were incubated with viral supernatants for 16 h.
After that, the cells were returned to normal growth medium. Infected cells were selected
with 1 μg/ml puromycin.

Chemotaxis assay using μ-Slide
Chemotaxis was measured using the μ-Slides from ibidi (ibidi GmbH, Munich, Germany)
according to the manufacturer’s instructions. Briefly, the observation area of the slides was
coated with fibronectin (100μg/mL) for 1 h and then washed once with water and let dry at
room temperature for 1 h. MDA-MB-231 cells expressing control plasmid, Gi RASSL, or Gi
RASSL with Gα were then incubated for 3 h at 37° 13i5 C in a humid atmosphere. SDF-1
(50 ng/mL) or CNO (50 nM) were used as chemoattractants and added to the upper
reservoir. Images were collected every 10 min for 24 h on a Zeiss LSM 700 confocal
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microscope with a 10x objective equipped with a CO2 and temperature controlled chamber.
Data were analyzed for cell migration using Manual Tracking
(http://rsbweb.nih.gov/ij/plugins/track/track.html), a plugin of Image J
(http://rsb.info.nih.gov/ij/), and Chemotaxis and Migration tool from ibidi
(http://www.ibidi.de/applications/ap_chemo.html). The rose diagram, which shows the
distribution of migration angles, calculated from x-y coordinates at the beginning and end of
the cell tracks, was also plotted, followed by the Rayleigh test to determine significant
clustering of migration directions (63, 64). A significant alignment or distribution of
direction migrations in the direction of the chemoattractant gradient was used to judge
positive chemotaxis towards the chemoattractant (63, 64).

Collagen Gel Invasion Assay
Collagen gel invasion assay was carried out using collagen type I gels. Briefly, 500 μl of
collagen gel at the concentration of 2 mg/ml was set within a 12 mm diameter, 0.4 μm pore
filter transwell (Corning). Then 2×105 cells in serum-free DMEM were plated on the
collagen gel, and 1 ml of DMEM supplemented with chemoattractant was applied
underneath the filter. After incubation for 24 h at 37°C, collagen gel was fixed with 4%
paraformaldehyde and confocal Z slices were collected from each gel.

Transendothelial Migration Assay
Immortalized human vascular endothelial cells or neonatal human dermal lymphatic
microvascular endothelial cells (1×105) were plated onto a 6.5 mm diameter, 8 μm pore
filter transwell (Corning) coated with 10 μg/ml of collagen type I and then incubated with
complete growth medium for 4 days. The tightness of endothelial barrier was tested by in
vitro permeability assay as described previously by measuring the passage of fluorescent-
labeled 60 kD molecular weight dextrane (20). Indeed, SDF-1 did not promote the
permeability of fluorescent dextran under conditions in which the passage of this tracer in
response to multiple vascular permeability factors, such as VEGF, was readily detectable
(20). Breast cancer cells stably expressing GFP or RFP (2×105) in serum-free DMEM were
seeded in the upper chamber and DMEM supplemented with chemoattractant was applied in
the lower chamber. After incubation for 24 h at 37 °C, inserts were washed with PBS and
fixed with 4% paraformaldehyde for 20 min. Cells on the upper membrane were removed
with a cotton swab and then membranes were mounted on microscope slides. Pictures from
4 inserts per condition were taken, and the number of transmigrated cells was individually
counted in each image.

Spontaneous Breast Cancer Metastasis model in SCID mouse
All animal studies were carried out according to National Institutes of Health-approved
protocols, in compliance with the Guide for the Care and Use of Laboratory Animals. The
spontaneous metastasis model of breast cancer cells was based on prior studies (21, 65). In
brief, non-obese diabetic severe combined immunodeficient (SCID/NOD) mice at 6 weeks
age were used for the in vivo metastasis assay. Wild type MDA-MB-231 cells (2×106) or
MDA-MB-231 cells infected with control shRNA, CXCR4 shRNA, or Gα12/13 shRNA were
injected into mammary fat pad. Mice were sacrificed 40 days after injection and organs were
collected for histological analysis. For Fasudil experiments, 20 mg/kg per day Fasudil or
equal volume of PBS was administered through intraperitoneal injections at a dose.

Bioluminescence Resonance Energy Transfer (BRET)
Fourty eight hours before transfection, HEK-293T cells were plated on 96 well plates coated
with poly-L-ornithine hydrobromide (Sigma Aldrich) at a density of 100,000 cells per well.
Transient transfections were performed using the linear polyethylenimine (Mw 25000,
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Polysciences) method, with a DNA: polyethylenimine ratio of 2:7. Thirty ng of Gα13-
RLucII were co-transfected with either an increasing amount of CXCR4-GFP2, ranging
from 20 ng to 800 ng, or with soluble GFP2, ranging from 1 ng to 100 ng, to perform the
titration curves. The effect of ligands binding on conformation between receptors and Gα13/
Gαi was assessed at maximal BRET values for each of the conditions, with 30 ng of either
Gα13-RLucII or Gαi91-Luc (36) and 800 ng of either CXCR4-fluorescent protein (GFP2 or
venus) or 800 ng CCR2-fluorescent protein (GFP2 or venus) (66). SDF-1 or MCP-1 was
added at a final concentration of 200 nM for 10 min. The ligand-induced effect between
Gα13 and Gγ7 was examined by cotransfecting 200 ng of non-tagged CXCR4 receptor with
30 ng of Gα13-RLucII and 500 ng of Gγ7-GFP2. SDF-1 was added at a final concentration
of 200 nM for 10 min. The abundance of the GFP2 or Venus-tagged energy acceptor
proteins was measured as total fluorescence using a FlexStationII (Molecular Device) with
excitation filters at 400 or 485 nm and emission filters at 510 or 538 nm, respectively. The
abundance of the energy donor (RLuc and RLucII) tagged proteins were measured using a
Mithras LB940 plate reader (Berthold Technologies, Bad Wildbad, Germany) in the
presence of 5 μM coelenterazine 400A or coelenterazine h (Biotium) for BRET2 or BRET1,
respectively, after 5 min of incubation. For BRET measurements, cells were washed once 48
h after transfection with PBS and coelenterazine 400A or coelenterazine h was added to a
final concentration of 5 μM in PBS 5 min before BRET2 or BRET1 reading, respectively.
Emitted light was then collected using a MITHRAS LB940 multidetector plate reader,
allowing the sequential integration of the signals detected in the 480 (±) 20 nm and 530 (±)
20 nm windows for the donor and acceptor light emissions, respectively. The BRET signal
was determined by calculating the ratio of the light intensity emitted by the acceptor over the
light intensity emitted by the donor. The values were corrected by subtracting the
background BRET signal detected when the donor construct was expressed alone.

Flow Cytometric Analysis
Cells were harvested and washed three times with phosphate-buffered saline. Following
incubation with biotin-conjugated anti-CXCR4 antibody or isotype control antibody for 60
min at room temperature, the cells were treated with streptavidin-phycoerythrin-conjugated
IgG (Vector Laboratories) for 30 min at room temperature and analyzed with a BD
Biosciences flow cytometer.

Immunofluorescence
The following antibodies were used for tissue immunofluorescence; goat polyclonal anti-
LYVE1; 1:200 (Abcam), polyclonal rabbit anti-cytokeratin, wide spectrum screening; 1:500
(Dako). Unstained 5μm paraffin sections were dewaxed, hydrated through graded alcohols
and distilled water, and washed three times with PBS. Antigens were retrieved using 10
mmol/L citric acid in a microwave for 20 min. The slides were allowed to cool for 30 min at
room temperature, rinsed twice with PBS, and immersed in 3% hydrogen peroxide in PBS
for 10 min to quench the endogenous peroxidase. The sections were then sequentially
washed in distilled water and PBS and incubated in blocking solution (2.5% bovine serum
albumin in PBS) for 30 min at room temperature. Excess solution was discarded and the
primary antibody was applied diluted in blocking solution at 4 °C overnight. After three
washes in PBS, sections were incubated with fluorescein-conjugated secondary antibodies
(1:100) for 1 h at room temperature in blocking buffer. Slides were then washed with PBS
and mounted with Vectashield (Vector Laboratories).

Immunocytochemistry
MDA-MB-231 cells infected with control or HA-tagged Gi RASSL lentivirus were plated
on the coverslips coated with 10 μg/ml of fibronectin. After 24 h of incubation, cells were
washed with ice-cold PBS and fixed with 4% paraformaldehyde in PBS. After washing three
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times with PBS, cells were incubated with 10% FBS in PBS for 30 min. Fixed cells were
incubated with the primary antibody (anti-HA; 1: 150) for 1 h, followed by a 45 min
incubation with the secondary antibody (goat anti-mouse Alexa Fluor 488; Invitrogen).
Coverslips were then mounted onto glass slides.

Immunoblot Analysis
Cells were lysed at 4 °C in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40)
supplemented with protease inhibitors (0.5 mM phenylmethylsulfonyl fluoride, 10 μg/ml
aprotinin and leupeptin). Equal amounts of proteins were subjected to SDS-polyacrylamide
gel electrophoresis and transferred onto a polyvinylidene difluoride membrane (Immobilon
P; Millipore). The membranes were then incubated with the appropriate antibodies.

Rho GTPase Pull Down Assay
Rho activity in cultured cells was assessed by a modified method described elsewhere (27).
Briefly, after serum-starvation for 16 h, cells were treated as indicated and lysed at 4 °C in a
buffer containing 20 mM HEPES, pH 7.4, 0.1 M NaCl, 1% Triton X-100, 10 mM EGTA,
40mM β-glycerophosphate, 20mM MgCl2, 1 mM Na3VO4, 1 mM dithiothreitol, 10 μg/mL
aprotinin, 10 μg/mL leupeptin, and 1 mM phenylmethylsulfonyl fluoride. Lysates were
incubated with glutathione S-transferase (GST)–rhotekin–Rho binding domain previously
bound to glutathione-Sepharose beads and washed 3 times with lysis buffer. Associated
GTP-bound forms of Rho, Rac1, or Cdc42 were released with protein loading buffer and
analyzed by Western blot analysis using polyclonal antibody against RhoA.

Live Cell Imaging
Live cell imaging was performed using an inverted Zeiss LSM 700 confocal microscopes
with samples contained in glass-bottomed MatTek slides or using the μ-Slides from ibidi
(ibidi GmbH, Munich, Germany).

Statistical Analysis
All experiments were repeated at least 3-4 times with similar results. Statistical analysis of
migration assay, transendothelial migration assay, and the weight of primary tumors or
metastases was performed by unpaired t-test. Asterisks denote statistical significance (NS, P
> 0.05; *P < 0.05; **P < 0.01; and ***P < 0.001). The Rayleigh test was applied to
determine significant clustering of migration directions (63, 64).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CXCR4 mediates spontaneous metastatic spread of breast cancer cells
(A) Migration of nontransformed and malignant breast cell lines. Number of cells migrating
per high power magnification frame (HPF) was recorded. Error bars, s.e.m. (B) SDF-1
induces the migration of MDA-MB-231 cells. Data represent the fold increase in cell
migration with respect to the control cells (considered as a group). Error bars, s.e.m.
*p<0.05, **p<0.01 (C-D) MDA-MB-231 cells expressing GFP, 24 h of collagen gel
invasion assay, representative images (C) and quantification (D). Error bars, s.e.m.
**p<0.01. (E, F) Knocking down CXCR4 decreases MDA-MB-231 cell migration to
SDF-1. FACS analysis was performed as described in Materials and Methods, using anti-
CXCR4 mouse monoclonal antibody or isotyped control antibodies. Error bars, s.e.m.
**p<0.01 with respect to cells infected with control lentivirus. (G) Schematic of the in vitro
intravasation assay model system. (H, I) SDF-1 induces trans-endothelial migration of
MDA-MB-231 cells by means of CXCR4. Images of transmigrated MDA-MB-231 cells
expressing GFP after 24 h of in vitro intravasation assay (H), and quantification (I). Error
bars, s.e.m. **p<0.01 with corresponding cells infected with control lentivirus. (J)
Metastatic spread of MDA-MB-231 cells 40 days after orthotopic injection into the
mammary fat pad of SCID/NOD mice. Arrow heads; metastatic sites. (K) H&E stain of
MDA-MB-231 primary tumor and metastases. Upper left primary tumor growing within the
mammary gland, and upper right regional (inguinal) lymph node metastasis (left of the
yellow dotted line identifiedby the black arrow, and white arrow head in the insert). Inserts
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are higher magnifications of the tumoral area. Black arrow head; mammary gland duct.
Lower left; lung metastasis in low magnification showing the tumor mass (compact atypical
cellular growth, black arrow) and the remaining lung parenchyma. Lower right; lung
metastasis at a higher magnification, showing atypical feature of the compact mass of
proliferating malignant cells (black arrow) and cytokeratin immunostaining of an adjacent
histologic section indicating the epithelial nature of malignant cells (inset). (L) MDA-
MB-231 cells within a lymphatic vessel. (M) Comparison of the weight of distant
metastases between shRNA control and shRNA CXCR4 tumors. Horizontal bar, average;
**p<0.01.
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Fig. 2. SDF-1 can induce migration of metastatic breast cancer cells independent of PTX-
sensitive heterotrimeric proteins of the Gαi family
(A) PTX inhibits the phosphorylation of Akt (Ser473) stimulated by SDF-1 in MDA-MB-231
cells, but (B) does not abolish the migration of MDA-MB-231 or SUM-159 cells to SDF-1.
Error bars, s.e.m.; N=4 **p<0.01 compared with control cells stimulated by SDF-1. Blots
are representative of 4 independent experiments. (C, D) Gαi activity is not required for
trans-endothelial migration of MDA-MB-231 cells toward SDF-1. After pretreatment with
PTX (50 ng/ml) overnight, in vitro transmigration activity was assessed. Error bars, s.e.m.;
n=4 (E) Schematic of Gi RASSL (receptors activated solely by synthetic ligands).
Clozapine-N-oxide (CNO) promotes the activation of Gi in cells expressing Gi RASSL. In
red, graphical representation of the location of mutated amino acids that enable the response
to CNO (F) Abundance of HA-tagged Gi RASSL in MDA-MB-231 cells. (G) CNO induces
phosphorylation of Akt (Ser473) in MDA-MB-231 cells stably expressing Gi RASSL, which
is inhibited by PTX (H). Blots are representative of 4 independent experiments. (I) CNO
fails to induce migration of MDA-MB-231 cells stably expressing Gi RASSL. Error bars,
s.e.m.; n=4.
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Fig. 3. CXCR4/ Gα12/13/ Rho signaling axis is involved in migration of metastatic breast cancer
cells
(A) Time course of Rho activation induced by SDF-1 in MDA-MB-231 and SUM-159 cells.
(B) CXCR4 knockdown diminishes phosphorylation of Akt (Ser473) and Rho activation in
response to SDF-1 in MDA-MB-231 cells. (C) Rho activation promoted by SDF-1 is
independent of PTX-sensitive heterotrimeric G proteins of the Gαi family. Error bars, s.e.m.
*p<0.05 with respect to the corresponding cells not treated with SDF-1 (D) Knock down of
RhoA by siRNA (E) inhibits the migration of MDA-MB-231 cells stimulated by SDF-1.
The migration of MDA-MB-231 cells was examined 48 h after transfection of siRNA-
control or siRNA-RhoA. Error bars, s.e.m. **p<0.01 compared with control cells stimulated
by SDF-1 or EGF. (F) Treatment with C3 toxin inhibits the migration of MDA-MB-231
cells. **p<0.01. (G) C3 toxin fails to inhibit migration of MDA-MB-231 cells expressing
C3 toxin insensitive mutant of RhoA, RhoA I41, but not RhoA wild type. Error bars, s.e.m.
**p<0.01 with respect to the corresponding control cells. (H) Schematic of chimeric protein
encoding RGS domain of PDZ-RhoGEF fused to GFP. (I, J) Expression of GFP or the GFP-
RGS domain of PDZ-RhoGEF in MDA-MB-231 cells. (K) Inhibition of Gα12/13 suppresses
the activation of Rho by SDF-1 in MDA-MB-231 cells. (L-M)) Inhibition of Gα12/13
prevents cell migration (L) and invasion (M) induced by SDF-1. Error bars, s.e.m.;
**p<0.01 with respect to the corresponding cells infected with GFP-lentivirus.
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Fig. 4. CXCR4 signals through Gα12/13 in metastatic breast cancer cells
A. Abundance of Gα12/13 in human mammary cell lines. (B) Knock down of Gα12/13 by
lentiviruses encoding Gα12 shRNA or Gα13 shRNA. (C-D) Knock down of Gα12/13
prevents migration of MDA-MB-231 cells stimulated by SDF-1 and inhibits Rho activation
stimulated by SDF-1 in MDA-MB-231 cells. Error bars, s.e.m.; **p<0.01 with respect to the
corresponding control shRNA lentivirus. (E) Scatter plot of the weight of primary tumors
and metastatic sites, and the ratio between the weight of the metastases and primary tumors
for each mouse, for MDA-MB-231 cells infected with lentivirus-shRNA control versus
lentivirus-shRNA Gα12/13. NS, no significant difference, **p<0.01 and ***p<0.001
compared with control. (F) Principle of bioluminescence resonance energy transfer (BRET).
(G) Specificity of interaction between Gα13-RlucII and CXCR4-GFP2. (H) A
conformational change is promoted between Gα13-RlucII and CXCR4-GFP2 but not
between Gα13-RlucII and CCR2-GFP2 by their cognate ligands. Error bars, s.e.m.; n=4
*p<0.05 compared with control in each group. (I) A conformational change is promoted
between Gαi-Rluc and CXCR4-venus and also between Gαi-Rluc and CCR2-venus by their
cognate ligands. Error bars, s.e.m.; n=4 *p<0.05 compared with control in each group. (J)
SDF-1 induces the migration of HEK-293 cells co-expressing CXCR4 and Gα13. In all
cases, blots are representative of 3-4 experiments.
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Fig. 5. A synthetic biology approach reveals a GPCR-Gα13-Rho signaling axis in breast cancer
cell migration and invasion
(A) Schematic of cells co-expressing Gi RASSL and Gα13i5. CNO promotes the activation
of Gα13 in cells co-expressing Gi RASSL and Gα13i5. (B) Expression of Gα13i5 in
HEK-293T cells. (C) CNO induces activation of ERK and Rho in HEK-293T cells co-
expressing Gi RASSL and Gα13i5. (D) CNO induces the migration of HEK-293T cells co-
expressing Gi RASSL and Gα13i5. Error bars, s.e.m.; n=4 **p<0.01 compared to
unstimulated cells. (E) CNO induces Rho activation in MDA-MB-231 cells co-expressing
Gi RASSL and Gα13i5. (F) CNO induces migration of MDA-MB-231 cells stably
expressing Gi RASSL and Gα13i5. Error bars, s.e.m.; n=4 **p<0.01 compared with cells
without stimulation. (G-H) Invasion assay of MDA-MB-231 cells expressing Gi RASSL
and GFP or Gi RASSL, Gα13i5 and RFP after 24 h of collagen gel invasion, representative
images (G) and quantification (H). (I-J) Gα13 but not Gαi induces directional migration of
MDA-MB-231; MDA-MB-231 cells or MDA-MB-231 cells expressing Gi RASSL or Gi
RASSL with Gα13i5 were seeded in the Chemotaxis μ-Slides as described in Material and
Methods, and migration in response to either SDF-1 or CNO was recorded over 24 h.
Individual cell movement (n=23) was tracked and represented in μm (I). The corresponding
rose diagram was also plotted and shown in the inset. Graphs show the corresponding
accumulated distance migrated for each cell (in μm) and their velocity (in μm/hr). (J), and
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represent mean ± s.e.m. **p<0.01 compared with cells without stimulation. In all cases,
blots and images are representative of 3-4 experiments.
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Fig. 6. Perturbing the CXR4-Rho-initiated signaling network provides a strategy for preventing
breast cancer metastasis
(A) Time course of phosphorylation of MLC induced by SDF-1 in MDA-MB-231 cells. (B)
Knock down of RhoA inhibits the activation of MLC stimulated by SDF-1. (C) Fasudil
inhibits MLC phosphorylation stimulated by SDF-1. (D) Fasudil blocks the activation of
MLC induced by CNO in MDA-MB-231 cells expressing both Gi RASSL and Gα13i5. (E)
Fasudil inhibits cell migration promoted by SDF-1. Error bars, s.e.m.; n=4 **p<0.01
compared with control cells stimulated by each stimulant. (F) Fasudil prevents migration of
MDA-MB-231 cells co-expressing Gi RASSL and Gα13i5 induced by CNO. Error bars,
s.e.m.; n=4 **p<0.01 compared with control cells stimulated by each stimulant. (G) Fasudil
treatment and RGS domain expression block SDF-1 induced invasion of MDA-MB-231
cells (H, I) CNO-induced lymphatic transendothelial migration of MDA-MB-231 cells
stably expressing Gi RASSL, Gα13i5, and RFP was blocked by Fasudil. Error bars, s.e.m.;
n=4 **p<0.01 compared with control cells stimulated with CNO. (J) Fasudil inhibits
metastatic spread of MDA-MB-231 cells injected into mammary fat pads of SCID/NOD
mice. Arrow heads indicate metastases. (K) Scatter plot of weight of primary tumors and
metastatic sites for control versus Fasudil treated group. NS, no significant difference and
**p<0.01 compared with control. Western blots and images are representative of 3-4
independent experiments.
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