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A growing body of evidence indicates that G protein-coupled
receptors (GPCRs) are involved in breast tumor progression and
that targeting GPCRs may be a novel adjuvant strategy in cancer
treatment. However, due to the redundant role of multiple
GPCRs in tumor development, it may be necessary to target a
common signaling component downstream of these receptors
to achieve maximum efficacy. GPCRs transmit signals through
heterotrimeric G proteins composed of Ga and Gy subunits.
Here we evaluated the role of GB+y in breast tumor growth and
metastasis both in vitro and in vivo. Our data show that blocking
Gpvy signaling with Ga, or small molecule inhibitors blocked
serum-induced breast tumor cell proliferation as well as tumor
cell migration induced by various GPCRs in vitro. Moreover,
induced expression of Ga, in MDA-MB-231 cells inhibited pri-
mary tumor formation and retarded growth of existing breast
tumors in nude mice. Blocking G+ signaling also dramatically
reduced the incidence of spontaneous lung metastasis from pri-
mary tumors and decreased tumor formation in the experimen-
tal lung metastasis model. Additional studies indicate that GBy
signaling may also play a role in the generation of a tumor
microenvironment permissive for tumor progression,
because the inhibition of GB7y signaling attenuated leukocyte
infiltration and angiogenesis in primary breast tumors.
Taken together, our data demonstrate a critical role of Gy
signaling in promoting breast tumor growth and metastasis
and suggest that targeting GB+y may represent a novel thera-
peutic approach for breast cancer.

Breast cancer is the most frequently diagnosed cancer in
women (1). Despite recent advances in its diagnosis and treat-
ment with adjuvant targeted therapies, breast cancer remains
the second most common cause of cancer death among women
in the United States (2). As many as 90% of cancer deaths are
caused by metastatic spread from primary tumors because the
majority of currently marketed anticancer drugs have little
effect on tumors at this stage. In light of this situation, efforts to
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better understand the mechanisms underlying tumor metasta-
sis and to identify novel treatment strategies are warranted.

Emerging experimental and clinical data indicate that G pro-
tein-coupled receptors (GPCRs),> a major family of cell surface
proteins, play a critical role at multiple stages of breast tumor
development (3). A variety of GPCRs, such as chemokine recep-
tors CXCR4 and CCR7 (4-6), protease-activated receptors
(PARSs) (7), and receptors for bioactive lipids, such as lysophos-
phatidic acid (LPA) (8), are up-regulated in breast tumor cells
and tissues. Moreover, breast tumor and stromal cells fre-
quently produce higher levels of GPCR agonists (9). Further-
more, overexpressed GPCRs in tumor cells, such as CXCR4,
may mediate the metastatic spread of tumor cells to distant
organs that produce a high level of their agonists, such as
SDFla (stromal cell-derived factor-la) (10). Finally, the
increased production of some GPCR ligands by tumor and stro-
mal cells has been associated with chronic leukocyte infiltration
into tumors (9). The infiltrated leukocytes in turn produce a
plethora of protumorigenic factors, including matrix metallo-
proteases, angiogenic factors, growth factors, and immunosup-
pressive cytokines and chemokines (9, 11, 12).

Given the critical involvement of GPCRs in breast tumor
progression, targeting GPCRs and their ligands has been pro-
posed as a novel adjuvant strategy in cancer treatment (3,
13-15). However, due to the involvement of diverse GPCRs in
breast tumor progression, it is unlikely that targeting a single
receptor and its ligand can produce full effects in therapy.
Indeed, no drugs targeting a single GPCR have been approved
for cancer treatment. Thus, there is a need for an alternative
approach, preferably one that targets the common pathway
downstream of the receptors.

GPCRs transmit extracellular signals through heterotrimeric
G proteins, which comprise three subunits, Ga, G, and Gy
(16). GB and Gy form a dimer and are associated with Ga in the
inactive state. There are many gene products encoding each G
protein subunit (21 «, 6 B, and 12 y gene products are known)
(16). However, based on the function and sequence homology
of the Ga subunits, four main classes of G proteins can be dis-
tinguished: G,, which activates adenylyl cyclase; G;, which
inhibits adenylyl cyclase; G, which activates phospholipase C;

2 The abbreviations used are: GPCR, G protein-coupled receptor; BLI, biolumi-
nescence imaging; FL, firefly luciferase; LPA, lysophosphatidic acid; PAR,
protease-activated receptor; PTx, pertussis toxin; EGFP, enhanced green
fluorescent protein.
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and G;, and G,;, which regulate RhoA via PDZ-RhoGEFs. G
proteins are activated by receptor-catalyzed guanine nucleotide
exchange, resulting in GTP binding to the « subunit (16). Once
GTP-bound Ga dissociates from Gy, both free Ga and GBy
can activate downstream effectors to transmit GPCR signals.
Heterotrimeric G proteins therefore represent a point of signal
convergence from multiple GPCRs and may be targeted to
simultaneously block the various GPCRs involved in tumors.
Indeed, small molecular inhibitors that non-selectively tar-
get all classes of Ga subunits have been shown to suppress
tumor growth and invasion iz vitro and enhance the activity
of several classic anticancer agents in xenograft mouse mod-
els of human tumors (17, 18). Blocking GB+y signaling by a
Gy scavenger, the C-terminal tail of G protein-coupled
receptor kinase 2 obliterates prostate tumor formation and
progression (19). Recently, it has been shown that inhibition
of GBv signaling also prevents SDF1a-induced and NIH-
3T3 conditioned medium-induced breast tumor cell migra-
tion and invasion in vitro (20). However, many GPCRs that
are known to overexpress in breast tumor cells, such as LPA
receptors and PARs, couple to multiple G proteins, and they
may mediate their effect through either Ga or Gy subunits
or both (21-23). It remains unclear if GBvy signaling is
required for the function of these GPCRs in breast tumor
migration. Moreover, it is unknown if blockage of Gy sig-
naling alone is sufficient to limit tumorigenesis and metas-
tasis of breast tumors in vivo, where tumor cells encounter a
plethora of protumorigenic factors, including growth factors
and GPCR agonists, within the tumor microenvironment.

Here, we investigated the effect of blocking G 37 signaling on
breast tumor growth and metastasis both in vitro and in vivo.
Our data show that G+ signaling is critical for the growth of
breast tumor cells but is not required for the growth of non-
transformed breast epithelia. Blocking GB7 signaling by a Gy
scavenger, Ga,, and small molecule inhibitors selectively abro-
gated breast tumor cell migration induced by diverse GPCR
agonists. Moreover, we demonstrated that inhibition of GBy
signaling suppressed primary tumor formation and retarded
the progression of preexisting tumors in xenograft mouse mod-
els of MDA-MB-231 cells. Notably, inhibiting GBvy signaling
dramatically reduced the formation of spontaneous lung
metastases from primary tumors and suppressed the formation
of tumor colonies in the lung in the experimental lung metas-
tasis models. These findings thus establish GBvy as a key medi-
ator in breast tumor growth and metastasis and indicate that
GpB7y may be a novel therapeutic target for breast cancer
treatment.

EXPERIMENTAL PROCEDURES

Reagents—Human SDF-1a was from Pepro Tech. LPA,
pertussis toxin (PTx), epidermal growth factor (EGF), and
fibronectin were from Sigma. Matrigel (growth factor-re-
duced) was from BD Biosciences. D-Luciferin (potassium
salt) was from Gold Bio Technology. Doxycycline was from
MP Biomedicals. Fura-2/AM was from Invitrogen. Rabbit
anti-Akt, mouse anti-phospho-Akt, rabbit anti-ERK, and
mouse anti-phospho-ERK antibodies were from Cell Signal-
ing Technology, Inc. Rat anti-CD31, F4/80, and CD45 anti-
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bodies were from eBioscience. Mouse anti-Ga, was kindly
provided by Dr. Heidi Hamm (Vanderbilt University, Nash-
ville, TN). M119 and M119B were obtained from NCI,
National Institutes of Health. Gallein and fluorescein were
from TCI America.

Lentiviral and Retroviral Constructs and Virus Generation—
Human Ga, and EGFP cDNAs were amplified by PCR and
ligated into the entry vector pEN_Tmcs containing a tetracy-
cline-inducible TRE promoter (ATCC) between the restriction
enzyme sites Spel and Notl. Using the Gateway cloning tech-
nology (Invitrogen), these cDNAs were then transferred by LR
reaction into a pSLIK lentiviral destination vector (ATCC) (24)
containing a hygromycin resistance marker and a reverse tetra-
cycline transactivator. Lentivirus was generated by transfecting
HEK293FT cells with the pSLIK vectors together with packag-
ing vectors pMDL, pRSV, and pVSV using the Polyjet DNA in
vitro transfection reagent (Signagen) (24). The supernatant of
culture medium containing lentivirus was collected on day 2
and day 3 post-transfection. Lentivirus was concentrated by
ultracentrifugation (47,000 X g for 2 h) and resuspended in 0.2
ml of DMEM.

The construction of the pQC-Luc-IN plasmid encoding fire-
fly luciferase (FL) has been described previously (25). Retroviral
production was initiated by transiently transfecting GP-293
retroviral packing cells (Clontech), using Effectene (Qiagen)
with the vectors pQC-Luc-IN and pVSVg (Clontech).

Cell Culture and Establishment of Stable Cell Lines—The
human breast carcinoma cell line MDA-MB-231 (ATCC)
maintained in DMEM (Invitrogen) supplemented with 10%
fetal bovine serum (FBS) was infected with retrovirus encoding
FL and selected with G418 (400 ug/ml) to establish a stable cell
line. The murine mammary carcinoma cell line 4T1 (ATCC)
was transduced with lentivirus prepared from the FUGW-FL
lentiviral vector (26) (kindly provided by Dr. David Piwnica-
Worms from Washington University, St. Louis, MO) to simul-
taneously express GFP and FL. 4T1 cells expressing GFP were
sorted by flow cytometry and maintained in RPMI 1640 (Invit-
rogen) supplemented with 10% FBS. The human mammary epi-
thelial cell line MCF10A (ATCC) was cultured in DMEM/F-12
(Hyclone) with 10% FBS, 20 ng/ml EGF, 0.5 ug/ml hydrocorti-
sone, 100 ng/ml cholera toxin, and 10 ug/mlinsulin. The MDA -
MB-231, 4T1, and MCF10A cells were transduced with pSLIK
lentiviruses encoding tetracycline-inducible EGFP or Ge, and
selected with hygromycin (200-500 pg/ml) to establish stable
cell lines.

Cell Proliferation Assay in Two-dimensional and Three-di-
mensional Cultures—For cell proliferation assays in two-di-
mensional culture, MDA-MB-231 (5,000 cells/well), 4T1 (2,000
cells/well), and MCF10A (2,000 cells/well) cells stably express-
ing EGFP or Ga, were seeded in 96-well plates in the growth
medium containing 10% FBS for 24 h. Doxycycline (1 wg/ml)
was then added to the medium to induce EGFP and Ga, expres-
sion. MDA-MB-231 and 4T1 cell growth was monitored by
measuring the luciferase activity using a luciferase assay kit
(Promega) or by counting the cell number with a hemocytom-
eter daily over 5— 6 days. MCF10A cell growth was determined
by using a tetrazolium salt WST-1 cell proliferation assay kit
(BioVision). To determine the effect of inhibitors on cell prolif-
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eration, MDA-MB-231, 4T1, and MCF10A cells expressing
EGFP were treated with the indicated concentrations of
inhibitors.

To evaluate the effect of Ga, expression or PTx on cell
growth in three-dimensional cultures, cells were suspended
in the complete growth medium supplemented with 2%
growth factor-reduced Matrigel (BD Biosciences) and grown
on top of a thin layer of Matrigel in 8-well chamber slides
(27). Cells were treated with doxycycline or PTx, and the
medium was changed every 3 days. On day 8 of the culture,
phase-contrast images were taken, and the size of colonies
was analyzed by Image] software. To determine the mor-
phologies of cell colonies, cells were fixed with 4% paraform-
aldehyde and then stained with Alexa 568-conjugated phal-
loidin. Images were taken by confocal microscopy and
processed by Photoshop.

Cell Migration Assay—Transwell migration of MDA-MB-
231 and 4T1 cells was determined using 8-um pore size poly-
carbonate membrane filters as described previously (28). The
filter was coated with fibronectin (10 pg/ml) overnight at 4 °C.
MDA-MB-231 cell migration was carried out at 37 °C for 4 h
using a 96-well modified Boyden chamber. 4T1 cell migration
was performed at 37 °C for 20 h using a 24-well transwell insert
(Corning Costar). After fixation, cells that migrated to the bot-
tom side of the filter were stained with crystal blue and quanti-
fied under a microscope. The chemotaxis index was calculated
as -fold increase of the number of cells moving toward che-
moattractants over medium alone.

Wound Healing Assay—The wound healing assay of tumor
cells was performed as described previously (29). Wounds were
created by scraping a 100% confluent cell monolayer with a
200-ul pipette tip. Cells were maintained in DMEM containing
10% FBS with 10 ug/ml mitomycin to inhibit cell proliferation.
Images of wounds were taken immediately and 16 h after
wounding. Wound areas were measured by Image] software,
and wound closure was calculated as the percentage of wound
area change after 16 h.

Measurement of Cytosolic Ca®" Concentration—The cytoso-
lic concentration of Ca®>" ([Ca®"],) in MDA-MB-231 cells was
measured as previously described (30). Briefly, cells seeded in
96-well plates were serum-starved overnight and loaded with 4
M Fura-2/AM at room temperature for 40 min. The basal and
agonist-stimulated changes in [Ca®"], were monitored at dual
excitation wavelengths 340 and 380 nm and single emission
wavelength 510 nm using a Biotek Synergy 4 microplate reader.
To determine the effect of EGFP and Ga, expression or PTx
treatment, cells were pretreated with doxycycline (1 pg/ml) for
3 days or with PTx (200 ng/ml) overnight.

Western Blotting Analysis—Induced expression of Ge, and
phosphorylation of ERKs and AKT from cell lysates and tumor
tissues were determined by Western blotting using specific
antibodies (28). Immunoblots were analyzed by an Odyssey
infrared imaging system (LI-COR Biosciences).

Xenograft Mouse Models—All animal studies were con-
ducted in accordance with an Institutional Animal Care and
Use Committee-approved protocol at the University of Iowa.
8—-10-week-old female nude BALB/c mice were used at the
time of the study. In the initial experiment, MDA-MB-231 cells
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expressing FL and inducible EGFP or Ga, were first treated
with doxycycline (1 ug/ml) for 3 days to induce EGFP or Go,
expression. 2 X 10° of these cells in 50 ul of PBS were then
implanted into the right inguinal mammary fat pads of mice.
After implantation, mice were given doxycycline (2 mg/ml)
continuously in the drinking water, which was supplemented
every 3 days. Primary tumor growth was monitored by both
bioluminescence imaging (BLI) of luciferase activities and cali-
per measurement of tumor length (L) and width (W) once per
week. The tumor volume was calculated as L W?/6. To deter-
mine the incidence of spontaneous lung metastasis, the primary
tumor was removed after the volume reached 300 mm?. Two
weeks after removal of the primary tumors, lung metastasis was
determined by post-mortem ex vivo BLI (25). For these analy-
ses, mice were injected with D-luciferin intraperitoneally. 5 min
postinjection, mice were euthanized, and the lung was excised
and examined by BLL

To determine the effect of EGFP or Ge, induction on the
pre-established tumor growth, MDA-MB-231 cells expressing
inducible EGFP and Ga, were implanted into the right and left
inguinal mammary fat pads of the same mouse, respectively,
and were allowed to grow for 23 days before the mice were
treated with doxycycline to induce EGFP and Ge, expression.
Primary tumor growth was initially monitored by BLI. After the
tumors became palpable, tumor growth was determined only
by caliper measurement because bioluminescence signals from
both sides of the tumors interfered with each other and pre-
vented accurate measurement by BLIL

For experimental lung metastasis formation, MDA-MB-231
cells (3 X 10° cells in 100 ul of PBS) were injected into mice via
the tail vein. Mice were started with doxycycline treatment in
drinking water 24 h postinjection. Lung metastasis formation
was determined by BLI weekly. 9 weeks postinjection, tumor
nodules formed on the surface of the isolated lung were
counted after the lung was fixed with 4% paraformaldehyde.

BLI—BLI was performed as reported previously (25). Briefly,
mice were anesthetized and injected with 100 ul of p-luciferin
(15 mg/ml in PBS) through retro-orbital tissue. Imaging was
obtained with a Xenogen IVIS200 system between 2 and 5 min
after injection. The bioluminescent data were analyzed by the
software Living Image (Xenogen) and expressed as photon flux
(photons/s).

Immunofluorescence Staining—Resected tumors were fixed
with 4% paraformaldehyde, dehydrated with 20% sucrose solu-
tion, embedded in Tissue Tek O.C.T. compound, and snap-
frozen in liquid nitrogen. Tissues were sectioned at 5-um inter-
vals and stained with primary antibodies against CD31 (1:100),
F4/80 (1:100), or CD45 (1:100), followed by the Alexa 568-con-
jugated donkey anti rat IgG secondary antibody (1:800) (31). At
least five images per section at random fields were taken by a
Leica epifluorescence microscope (DMI6000B) using a X20
lens and analyzed by the Image] software.

Statistical Analysis—Data are expressed as mean * S.E.
Statistical comparisons between two groups were analyzed
by two-tailed Student’s t test (p < 0.05 was considered
significant).
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FIGURE 1. Induced expression of EGFP and G, in MDA-MB-231, 4T1,
and MCF10A stable cell lines. A, schematic of the lentiviral vector used
for doxycycline-induced expression of Ge,. B, expression of Ga, in MDA-
MB-231, 4T1, and MCF10A cells transduced with pSLIK-Ge, lentivirus. Ge,
expression was induced by doxycycline (1 wg/ml) for 3 days and analyzed
by Western blotting. C and D, induced expression of EGFP (C) and Ge, (D)
in MDA-MB-231 cells by doxycycline (Dox) treatment. Ga, expression was
revealed by staining cells with anti-Ga, antibody, followed by Alexa-488-
conjugated secondary antibody. Phase contrast (PH) and fluorescent
images are shown. Scale bar, 50 um.

RESULTS

GpBy Signaling Promotes Malignant Mammary Tumor Cell
Growth—To determine if Gf7 signaling is required for breast
tumor cell growth, we generated a lentiviral vector for tetracy-
cline-inducible expression of the Ga subunit of transducin
(Gay,), a scavenger of GBvy that sequesters the GBvy dimer to
inhibit activation of downstream targets (Fig. 14). A lentiviral
vector encoding tetracycline-regulated expression of EGFP was
also generated as control. These vectors were used to generate
three stable cell lines using malignant cell lines MDA-MB-231
and 4T1 and the non-transformed human mammary epithelial
cellline MCF10A. The ability of these cells to express EGFP and
Ga, in a doxycycline-inducible manner was confirmed by
Western blotting and immunofluorescence staining (Fig. 1,
B-D) (data not shown). To verify that Ge, acts as a selective
inhibitor of GBy signaling, we first evaluated the effect of
induced Ge, expression in MDA-MB-231 cells on AKT phos-
phorylation stimulated by GPCR agonists SDF1« and LPA and
the growth factor receptor agonist EGF. In this cell line, SDF1a-
and LPA-mediated AKT activation is blocked by PTx (Fig. 2, A
and B), implicating the involvement of G;,, and G-y subunits in
this activation process because Gy released from activated
G;,, is known to activate AKT via PI3Ks (32). In contrast, EGF
stimulates AKT phosphorylation via receptor tyrosine kinases,
which is insensitive to PTx treatment (Fig. 2A4). Inducible
expression of Ga, blocked SDF1a- and LPA-stimulated but not
EGF-induced AKT phosphorylation (Fig. 2, A and B). In con-
trast, G, had no effect on the inhibition of cAMP production
by SDFla stimulation (supplemental Fig. S1), which is medi-
ated via Goy,,. Similarly, Ge did not affect isoproterenol-stim-
ulated cAMP production, which is mediated by Gag (supple-
mental Fig. S1). These findings suggest that Ge, selectively
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FIGURE 2. Ge, selectively inhibits G y-mediated signaling. A and B, effects
of induced G, expression on SDF1a-stimulated (A) and LPA-stimulated (B)
AKT phosphorylation. MDA-MB-231 cells were treated with doxycycline for 3
days to induce EGFP (Control) or Ga, expression. AKT phosphorylation stimu-
lated by SDF1a (50 nm), LPA (10 wm), and EGF (100 ng/ml) was then deter-
mined by Western blotting analyses. To determine the effect of PTx, MDA-
MB-231 cells expressing EGFP were pretreated with PTx (200 ng/ml)
overnight. Representative images are shown on the left, and quantitative
data are shown on the right (n = 4-5). C-F, effects of induced G, expression
on Ca®" signaling stimulated by SDF1« (C), LPA (D), PAR1 (E), and PAR2 (F)
agonist peptides. MDA-MB-231 cells expressing inducible Ga, were treated
with either buffer (Control), PTx overnight (PTx), or doxycycline for 3 days to
induce Ga, expression (Gat) and then stimulated with SDF 1« (50 nm), LPA (10
um), PAR1 (10 um), and PAR2 (10 um) agonist peptides. The increase in [Ca®*];
was measured using Fura-2/AM. Representative data from 3-4 independent
experiments are shown. ¥, p < 0.05 indicates significance versus control.

inhibits GBy-mediated AKT activation. To provide further evi-
dence that Ge, is a selective inhibitor of GBy, we examined the
effect of Ga, expression on Ca>" signaling elicited by GPCRs
primarily coupled to either G;,, or G/;; (22, 33). As expected,
the increase in [Ca®"], stimulated by SDF1a and LPA, which
primarily activate PLCB via GB7y released from the activated
G;,,» was largely inhibited by PTx treatment and induced Ga,
expression (Fig. 2, C and D). In contrast, Ca®>* signaling stimu-
lated by PAR1 and PAR?2, which activate PLCB via Ge;, sub-
units (23), was less sensitive to either PTx or Ge, (Fig. 2, E and
F). Similar findings were obtained in 4T1 cells expressing Ge,
(data not shown). Collectively, these data indicate that Ge, is a
selective inhibitor of GBYy.

To study the effect of blocking GBvy signaling on breast
tumor cell growth, we analyzed the growth rate of cells express-
ing either inducible EGFP or Ge, in the growth medium con-
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FIGURE 3. Blocking G+ signaling inhibits breast tumor cell growth. Effects of Ga, expression and treatment with PTx or small molecule inhibitors of GBy
on the proliferation of MDA-MB-231 (A-C), 4T1 (D), and MCF10A () in the complete growth medium containing 10% FBS. The dose of PTx used was 200 ng/ml.
The indicated concentrations of M119, M119B, gallein, and fluorescein were added to the growth medium and replenished every day. *, p < 0.05 indicates

significance versus control. n = 4-6. Error bars, S.E.

taining 10% FBS. The growth rate of MDA-MB-231 and 4T1
cells was determined by measuring the increase in the luciferase
activities, because these cells stably express a FL, and there is a
linear correlation between luciferase activity and cell number
(data not shown). Moreover, expression of EGFP or Ge, altered
neither the level of luciferase expression nor its activities (data
not shown). The growth rate of MCF10A cells was determined
by a tetrazolium salt WST-1-based approach. As shown in Fig.
3, A-E, compared with EGFP expression, induced Ga, expres-
sion resulted in significant inhibition of MDA-MB-231 and 4T'1
cell growth but had little effect on MCF10A cell proliferation.
The failure of Ge, to inhibit MCF10 growth is not due to the
different assays used because similar results were obtained
when cell growth was evaluated by counting the cell number or
when the tetrazolium salt WST-1-based assay was used to
measure MDA-MB-231 cell growth (supplemental Fig. S2).
Moreover, it cannot be attributed to the lower level of Ge,
expression because Ga, was expressed at comparable levels
between MCF10A, MDA-MB2-231, and 4T1 cells, and these
cell lines expressed comparable levels of endogenous Gy (Fig.
1B). PTx treatment recapitulated the effect of Ga, expression
on cell growth (Fig. 3, A, D, and E). Similarly, treatment with
small molecular inhibitors of Gy, M119 and gallein, but not
their inactive analogs M119B and fluorescein (34-35),
decreased MDA-MB-231 but not MCF10A cell growth (Fig. 3,
Band C) (data not shown). Taken together, these findings indi-
cate that free GBy released from G;,, proteins is critical for the
proliferation of malignant breast tumor cells but is dispensable
for the growth of non-transformed mammary epithelial cells.
The interaction of breast tumor cells with the extracellular
matrix may modulate their morphology, growth, and malig-
nance (36). To determine if the role of GB7y in breast tumor cell
growth is influenced by extracellular matrix, we further evalu-
ated the effect of blocking GB+y signaling on MDA-MB-231 and
MCF10A growth in Matrigel. As reported previously (37),
under these culture conditions, MDA-MB-231 cells formed
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FIGURE 4. Effects of blocking GBy signaling on MDA-MB-231 and
MCF10A cell growth in three-dimensional culture. MDA-MB-231 (A) and
MCF10A (B) cells were cultured in matrigel in the absence (Control) or pres-
ence of PTx (200 ng/ml) or doxycycline to induce Ga, expression (Gat) for 8
days. MCF10 cells were fixed and stained with Alexa568-conjugated phalloi-
din. Representative phase-contrast images of MDA-MB-231 (A) and fluores-
cent images of MCF10A (B) cells are shown on the left. Quantitative data
showing the size of MDA-MB-231 (A) and MCF10A (B) colonies are shown on
the right. Data are expressed as the fraction of the size of the colonies derived
from the control cells. Scale barin A, 200 um. Scale bar in B, 50 um.*, p < 0.05
indicates significance versus control.n = 3.

large, loose, and disorganized colonies, similar to invasive
tumors (Fig. 4A). In contrast, MCF10A formed small and orga-
nized acini (Fig. 4B) (27). Induced Ge, expression decreased the
average size of MDA-MB-231 cell colonies by 70% (Fig. 44). In
contrast, neither the size nor the morphology of MCF10A acini
was affected by Ge, expression or PTx treatment (Fig. 4B).
These results provide further support for the critical role of
Gy in promoting malignant growth of breast tumor cells.
Blockage of GBy Signaling Inhibited Breast Tumor Cell
Migration—Breast tumor cells overexpress a plethora of
GPCRs that may mediate their metastatic spread to distant
organs (38). To determine if GBvy plays a role in breast tumor
cell migration, we examined the effect of blocking Gy signal-
ing on MDA-MB-231 and 4T1 cell migration. As shown in Fig.
54, induced Ga, expression significantly decreased serum-in-
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duced migration of MDA-MB-231 cells in a wound healing
assay. The decreased wound closure by Ge, is unlikely to be due
to the reduced cell proliferation because the assay was con-
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FIGURE 5. Inhibition of GBy signaling blocks breast tumor cell migration.
MDA-MB-231 (A-C) and 4T1 cells (D) were treated with either PTx overnight,
doxycycline for 3 days to induce Ge, expression (Gat), or small molecule
inhibitors of G~y for 30 min to block GBy signaling. The effects on cell migra-
tion were determined by the ability of cells to close a wound in a wound
healing assay (A) or to migrate toward a concentration gradient of chemoat-
tractants, SDF1a (100 nm), LPA (T um), PAR1 (10 um), and PAR2 (10 wm) agonist
peptides, 1% FBS, and EGF (100 ng/ml), in the transwell assays. *, p < 0.05
indicates significance versus control. n = 3-5. Error bars, S.E.
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ducted in the presence of 10 pg/ml mitomycin, which com-
pletely abolished cell proliferation (data not shown). In line
with these findings, transwell migration assays also showed that
Ga, expression abolished MDA-MB-231 cell migration
induced by an array of chemoattractants, including SDFla,
LPA, PARI, and PAR2 agonist peptides and 1% FBS (Fig. 5B).
The inhibitory effect of Ga, on cell migration was mirrored by
PTx treatment. Neither Ga, nor PTx affected EGF-stimulated
cell migration (Fig. 5B). The G+ inhibitor M119, but not the
inactive analog M119B, exerted similar inhibitory effects on
MDA-MB-231 cell migration (Fig. 5C). Similarly, Ga, and PTx
attenuated LPA- and 1% FCS-stimulated 4T1 cell migration
(Fig. 5D). Taken together, these findings demonstrate that Gy
subunits, which are probably released from activated G;,, pro-
teins, play a central role in transmitting signals from multiple
chemoattractant agents to promote breast tumor cell migra-
tion. In support of this notion, overexpression of G312 is suf-
ficient to induce increased MDA-MB-231 cell migration even
in the absence of GPCR stimulation (supplemental Fig. S3).
GPy Signaling Contributes to Breast Tumor Growth in Vivo—
To evaluate the contribution of Gy signaling to breast tumor
growth in vivo, we employed a xenograft mouse model of breast
tumor using MDA-MB-231 cells constitutively expressing FL
and inducible EGFP or Ga,. In the initial experiment, MDA-
MB-231 cells were pretreated with doxycycline for 3 days to
induce EGFP or Ga, expression prior to their injection into the
mammary fat pads of nude mice. After cell implantation, doxy-
cycline was continuously administered to mice in the drinking
water to sustain EGFP and Ga, expression. BLI studies showed
that photon flux from Ga,-expressing MDA-MB-231 cells at
the primary implantation site increased more slowly than
EGFP-expressing cells. Whereas EGFP-expressing cells dis-
played a 4-fold increase in photon flux 15 days after cells were
inoculated into mice, photon flux from Gea,-expressing cells did
not show a significant increase until 27 days after cell implan-
tation (Fig. 6, Band C). Because EGFP- and Ga,-expressing cells
have a comparable level of luciferase activity, and G, expres-
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FIGURE 6. Blocking Gy signaling via induced G, expression inhibits tumor growth in mice. MDA-MB-231 cells expressing luciferase and inducible EGFP
or Ga, were first treated with doxycycline for 3 days and then implanted into the inguinal mammary fat pads of nude mice (n = 7). Tumor growth was
monitored by bioluminescence imaging and caliper measurement. A, representative bioluminescence images at the indicated times postinjection with
MDA-MB-231 cells expressing EGFP or Ga,. Each set of images was taken from the same mouse. B and C, individual (B) and average tumor growth rate (C) as
reflected by total photon flux. D, tumor growth rate as determined by caliper measurement. E, inverse correlation between the level of Ga, expression and the
size of tumors as reflected by total photon influx. The level of Ge, expression was normalized to the total amount of protein loaded. *, p < 0.05 indicates

significance versus EGFP control. Error bars, S.E.
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FIGURE 7. Induced Ge, expression reduces existing tumor growth. MDA-
MB-231 cells expressing luciferase and inducible EGFP or Ga, were implanted
to the right and left inguinal mammary fat pads of mice (n = 7), respectively,
and were allowed to grow for 23 days before the mice were treated with
doxycycline to induce EGFP and Ga, expression. Tumor growth was moni-
tored by bioluminescence imaging and caliper measurement. Shown are rep-
resentative bioluminescence images (A) and average tumor growth rate (B)
before EGFP and G, induction at the indicted times postinjection. C, tumor
growth rate after induced EGFP and Ge, expression, as determined by caliper
measurement. Right, a representative image of one mouse bearing tumors
derived from EGFP- and Gay-expressing cells. The size of the tumors is indi-
cated. ¥, p < 0.05 indicates significance versus EGFP control. Error bars, S.E.

sion altered neither luciferase expression nor its activities, these
findings indicate that blocking G+ signaling via Ge, inhibited
the early growth and/or survival of breast cancer cells at the
primary tumor sites. After the establishment of primary
tumors, mice inoculated with Ga,-expressing cells constantly
displayed a significantly lower photon flux at all time points
than those inoculated with EGFP-expressing cells (Fig. 6, A-C),
suggesting that Go, also delayed tumor progression. Consistent
with these data, measurement of tumor volume by calipers also
showed that MDA-MB-231 tumors expressing G, have a sig-
nificantly slower growth rate than those expressing EGFP (Fig.
6D). We observed an inverse correlation between the expres-
sion level of Ge, in the tumor and the level of photon flux (Fig.
6E), suggesting that the degree of tumor suppression is corre-
lated to the level of inhibition of GBy signaling by Ge,. Collec-
tively, these findings support the critical role of GB+y signaling
in breast tumor development.

To further evaluate the role of GBvy signaling in tumor pro-
gression, we inoculated the same number of MDA-MB-231
cells expressing EGFP or Ge, into the right and left side mam-
mary fat pads of the same nude mouse, respectively, and then
allowed them to form palpable tumors without inducing EGFP
and Go, expression for 23 days. Over this period, EGFP- and
Ga-expressing cells had the same growth rate, as determined
by BLI (Fig. 7, A and B). However, 1 week after the administra-
tion of doxycycline to induce EGFP and G, expression, Go,-
expressing cells formed significantly smaller tumors than
EGFP-expressing cells (Fig. 7C). At the end of the experiment
(day 63), the resected tumors derived from Ga,-expressing cells
had about half the weight of those derived from EGFP-express-
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FIGURE 8. Induced Ga, expression prevents spontaneous lung metasta-
sis. As indicted in the legend to Fig. 6, mice were inoculated with the indi-
cated MDA-MB-231 cells. Tumors were removed after reaching a volume of
300 mm?>, Lung metastasis was monitored by postmortem ex vivo BLI 2 weeks
after removal of the primary tumor (A and B) and verified by histological
analysis of lung sections (C). Bioluminescence (A) and representative H&E
staining (C) images and mean intensity of lung metastasis signal (B), as
reflected by the total photon flux, are shown. n = 7. *, p < 0.05 indicates
significance versus EGFP control. Error bars, S.E.

ing cells (data not shown). These data demonstrate that Gy
signaling is critical not only for the initial establishment but also
for the later progression of MDA-MB-231 tumors in nude
mice.

GBvy Signaling Is Required for Breast Tumor Metastasis in
Vivo—After primary tumor formation, MDA-MB-231 breast
tumor cells spontaneously develop metastases, predominantly
affecting the lungs. To define the role of G+ signaling in these
processes, we monitored metastasis formation in mice inocu-
lated with MDA-MB-231 cells and treated with doxycycline
continuously to induce sustained EGFP and Ge, expression. To
detect metastases, we surgically removed the primary tumors
expressing EGFP or Ge, when their volume reached ~300 mm?
and then performed BLI studies 2 weeks after tumor resection.
To verify the formation of lung metastasis, we also performed
ex vivo imaging of the isolated lung and histological analyses of
lung sections. One of seven mice bearing EGFP-expressing
tumors died in the cage before their tumors reached ~300
mm?, thus excluding it from examination for lung metastasis.
However, five of six remaining mice developed lung metastases
(Fig. 8, A—C). In contrast, only one of seven mice bearing Go,-
expressing tumors developed lung metastases (Fig. 8, A-C).
These findings indicate that GB7y signaling is required for spon-
taneous metastasis of breast cancer cells.

To further determine if the growth of tumor cells still relies
on Gy signaling after they metastasize to distant organs, we
injected MDA-MB-231 cells expressing EGFP or Ge, intrave-
nously into the tail vein of nude mice and then evaluated the
ability of these cells to colonize in the lung. BLI analysis of lungs
indicates that a similar number of EGFP- and Ga,-expressing
tumor cells were inoculated into the lung because initial biolu-
minescence at 3 h postinjection was comparable for both cell
lines (Fig. 94). For the first 5 days postinjection, decreases in
bioluminescence were comparable for both tumor cell lines,
indicating that the initial inefficiency of metastasis formation in
the lung was not affected by Ga,. However, at the later time
points, tumor cells expressing Ge, progressed much slower
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FIGURE 9. Induced Ga, expression reduced tumor formation in the experimental lung metastasis model. MDA-MB-231 cells were injected into the mice
(n = 6) via the tail vein to generate lung metastases. Mice were treated with doxycycline to induce EGFP or G, expression 1 day postinjection. Tumor formation
in the lung was monitored by BLI weekly (A). At week 9, mice were sacrificed, and the surface tumors on the isolated lung were counted and grouped based on
their size (1-2 mm or bigger than 2 mm in diameter) (C). Representative images of the lungs from mice injected with the indicated tumor cells are shown in B.
T, tumor cells. *, p < 0.05 indicates significance versus EGFP control. Error bars, S.E.

than the control cells expressing EGFP (Fig. 94). At 9 weeks
postinjection, the lungs isolated from the remaining mice
injected with Ga,-expressing cells showed a significantly lower
total number of surface tumor colonies than those from mice
injected with EGFP-expressing cells (Fig. 9, Band C). Moreover,
when tumor colonies were counted based on their size, it was
found that Go-expressing cells developed smaller tumor colo-
nies than EGFP-expressing cells (Fig. 9C).

Blockade of GBy Signaling Attenuates Leukocyte Infiltration
and Tumor Angiogenesis—Increased angiogenesis and chronic
leukocyte infiltration have been causally associated with tumor
progression (9). To determine if GBv signaling plays a role in
these processes, we performed histological analyses of tumor
sections prepared from the primary tumors.

H&E staining analysis showed that in the tumor tissues, G-
expressing tumor cells form a cluster with a well defined
boundary (Fig. 104). Although EGFP-expressing tumor cells
also form clusters, their margins are uneven and interspersed
with leukocytes and other stromal cells (Fig. 104). Consistent
with this notion, immunofluorescence staining of the common
leukocyte marker CD45 and macrophage-selective marker
F4/80 showed a significant reduction in leukocyte infiltration in
the tumors derived from Ga,-expressing cells (Fig. 10, Band C).
Moreover, these tumors had reduced blood vessel density as
determined by staining with the endothelial cell marker CD31
(Fig. 10D).

DISCUSSION

In this study, we demonstrate that G+ signaling promotes
tumor growth and metastasis in experimental models of breast
cancer. Blocking GBvy signaling by Ga, or small molecular
inhibitors M119 and gallein significantly attenuated serum-in-
duced MDA-MB-231 and 4T1 cell growth. Treatment of tumor
cells with PTx produced a similar inhibitory effect on cell
growth, suggesting that serum contains mitogenic factors, such
as LPA, that primarily act through the G; , class of G proteins to
promote tumor growth. The residual cell growth in the pres-
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ence of PTx and GBvyinhibitors is probably mediated by growth
factors contained in the serum. The inhibition of GBy signaling
by Ga, was also effective in delaying the initial tumor formation
and limiting the rate of tumor growth in nude mice. By using an
inducible expression system, we were also able to show that
sequestering GBy via Ga, retarded preexisting tumor growth.
Of particular interest are the findings that inhibiting GB sig-
naling has little effect on the growth of the non-transformed
mammary epithelial cell line MCF10A. These data suggest that
the role of GB7yin cell proliferation may be manifested in breast
tumor cells. In line with these findings, it has been shown pre-
viously that the coupling of chemokine receptor CXCR4 to G
proteins is impaired in MCF10A or non-invasive breast cancer
cells (39). Thus, targeting GBy may achieve a differential inhib-
itory effect on the growth of aggressive tumor cells versus nor-
mal cells. Although inhibiting GBy signaling alone only results
in ~50% decrease in tumor growth rate, combination treat-
ment with other antitumor agents may have synergistic inhib-
itory effects on tumor growth. This notion has been supported
by the study of anti-Ga inhibitors (17).

Our studies also established a critical role for G+ signaling
in mediating tumor cell migration induced by a wide array of
GPCR ligands. The role of GBy in breast tumor cell migration is
specific to GPCR stimulation and not EGF-mediated stimula-
tion of tyrosine kinase receptors. Moreover, GPCRs appear to
stimulate breast tumor cell migration primarily via a G;,,-de-
pendent signaling pathway. This is demonstrated by the finding
that tumor cell migration stimulated by all of the tested agonists
is inhibited via PTx, which uncouples G;,, proteins from their
cognate receptors by ADP-ribosylation of Ge;,, (40, 41).
Because the blockade of Gy signaling generates the same
inhibitory effect as PTx treatment on tumor cell migration, it
implies that breast tumor cell migration is mediated primarily
by GBy subunits released from the activated G,,, proteins.
These findings are interesting because several of the agonists
we tested are able to activate multiple G protein subtypes via
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FIGURE 10. Inhibition of GBvy signaling reduced leukocyte infiltration and angiogenesis. Frozen tumor sections were prepared from mice inoculated with
MDA-MB-231 cells as indicated in the legend to Fig. 7. After fixation, sections were stained with H&E (A), CD45 for common leukocytes (B), F4/80 for macro-
phages (C), or CD31 for endothelia (D) followed by staining with Alexa568-conjugated secondary antibody. Fluorescence images were taken from five
randomly chosen fields of each section, and the positively stained cells were quantified using ImageJ software. Representative images of the indicated tumor
sections and the quantitative data are shown in the left and right of each panel, respectively. *, p < 0.05 indicates significance versus EGFP control.n = 7. Error

bars, S.E.

GPCRs. This is evident from the findings that increased intra-
cellular Ca>" stimulated by PAR1 and PAR2 agonist peptides is
less sensitive to PTx and the sequestration of free GB7y subunits
via Ga,, implying the involvement of PTx-insensitive Ge,;,-
mediated PLCP activation (Fig. 2, E and F). However, despite
the lack of inhibition on Ca®>* signaling, GBy blockade still
abolished PAR-mediated cell migration, suggesting that Ca>"
signaling is not essential for cell migration. Indeed, chelation of
intracellular Ca®>" with BAPTA-AM had no effect on the
migration of MDA-MB-231 cells stimulated by LPA or the
PAR1 agonist peptide (supplemental Fig. S4). These findings
are contrary to several previous reports indicating a role of
Ca®" signaling in the migration of MDA-MB-231 cells. How-
ever, these studies used several other stimuli, including EGF,
SDFla, VEGF, and serum to induce cell migration through fil-
ter membrane or endothelial monolayer (42—45). Thus, it is
possible that the role of Ca®>* signaling in tumor cell migration
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depends on the type of stimuli used and the assay conditions.
Previous work suggests that, in addition to G;,,, GPCRs may
signal through other G protein subtypes to regulate cell migra-
tion. For example, Ga;,,,; controls leukocyte migration via a
RhoA-dependent signaling mechanism (46 —47). Up-regula-
tion of G, proteins has been associated with enhanced metas-
tasis of breast tumor (48). Recently, Ga,-dependent signaling
pathways were also shown to regulate chemotaxis of neutro-
phils and dendritic cells by a subset of chemokines (49),
although it remains unknown if G signaling is involved in
tumor cell migration. Based on studies carried out in different
cell types, all of the agonists that we tested have the ability to
activate multiple G protein subtypes, including G;,,, G;,/13
and G, proteins. Theoretically, in addition to G, proteins,
these agonists could promote breast tumor cell migration via
the G,,,,3- and G, -dependent signaling pathways. Neverthe-
less, the fact that the blockade of G+ signaling is sufficient to
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abrogate breast tumor cells by these ligands underscores the
importance of GBvy signaling in breast tumor cell migration.

Our in vivo studies have provided compelling evidence that
Gpvy signaling promotes breast tumor metastasis. This is evi-
dent from the findings that Ga, expression in MDA-MB-231
cells dramatically alleviated the formation of spontaneous lung
metastases from primary tumors and decreased the formation
of tumor colonies in the experimental lung metastasis model.
Tumor metastasis is a complicated multistep process involving
tumor cell local invasion, intravasation into and extravasation
out of blood and lymphatic vessels, colonization at distant
organs, and angiogenesis (50). The exact step whereby GBvy
signaling impinges on tumor metastasis remains unclear. How-
ever, the fact that the blockade of G+ signaling attenuated
tumor growth in the experimental lung metastasis model indi-
cates that GBvy signaling is also required in the later steps of
metastatic cascade, such as extravasation, migration, growth,
and replication of tumor cells at the distant organs (51). These
findings are consistent with the diverse functions of GPCRs,
such as chemokine receptors CXCR4 and CXCR2, LPA recep-
tors, and PARs, in regulating many aspects of tumor metastasis,
including tumor cell proliferation, migration, and invasion and
induction of angiogenesis at the tumor site (3, 52—54).

Gpy regulates the activity of diverse signaling molecules,
including PI3Ks, the small GTPases Rac and Cdc42, and PLCS
(55). The importance of these signaling molecules in cell motil-
ity and survival has been well documented (55). Recently, it has
been shown that Gy mediates breast cancer cell migration and
invasion via a Rac-dependent signaling pathway (20). By using
inhibitors of PI3Ks and PLC, we were able to show that serum-
induced breast cancer cell growth and GPCR-stimulated tumor
cell migration depend on the enzymatic activities of PI3Ks and
PLC (data not shown). Thus, it is likely that GB+y regulates
breast tumor progression via diverse signaling pathways. Fur-
ther studies to define the downstream signaling pathways of
Gy that promote tumor progression and metastasis will pro-
vide new insights into the molecular basis of breast cancer and
identify new targets for anticancer therapy.

Apart from mediating the proliferative, migratory, and inva-
sive properties of breast tumor cells via their overexpressed
GPCRs, GBYy signaling may also regulate the tumor microenvi-
ronment because Gy blockade attenuated leukocyte infiltra-
tion and angiogenesis in primary tumors. This effect may be
mediated by the inhibition of cytokines and chemokines pro-
duction from tumor cells, infiltrating leukocytes and other stro-
mal cells. Thus, these findings suggest that targeting Gy could
have the dual beneficial effect of acting on both the tumor cells
and the cancer-supporting microenvironment to prevent
tumor progression.

In summary, the data presented here establish a critical func-
tion for GBy in breast tumor growth and metastasis and indi-
cate that targeting Gy could represent a novel strategy to
block tumor progression linked to multiple GPCRs. Given that
enhanced GPCR signaling is associated with initiation and pro-
gression of many types of cancer (3), these findings have impli-
cations for the treatment of other types of tumors.
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