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Identification of a GaGpy, AKT and PKCa signalome associated
with invasive growth in two genetic models of human
breast cancer cell epithelial-to-mesenchymal transition
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Abstract. The epithelial-to-mesenchymal transition (EMT)
confers an aggressive subtype associated with chemotherapy
resistance in epithelial cancers. However, the mechanisms
underlying the EMT and its associated signaling dysfunctions
are still poorly understood. In two genetic models of MCF-7
breast cancer cells induced to EMT by WISP-2 silencing and
Snail transformation, we investigated the status of several
signaling elements downstream of G-protein receptors (GPR)
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and their functional roles in the invasive growth potential. We
report that the E-cadherin repressors Slug, Zebl/2 and Twist
are overexpressed in these EMT cells characterized by a triple
negative phenotype (loss of estrogen ERa and progesterone
PRA/PRB receptors, no HER2 amplification), combined with
loss of the alternative GPR30 estrogen receptor and induc-
tion of the invasive growth in collagen type I gels. Ectopic
Snail expression suppressed WISP-2 transcripts and down-
regulated WISP-2 gene promoter expression in transfected
cells. Accordingly, WISP-2 transcripts and Wisp-2 protein were
depleted in these two convergent models of BC cell EMT. The
EMT caused dominance of several proinvasive pathways down-
stream of GPR, including GaGpy subunits, PKCa, AKT and
c-Jun induction, constitutive activation of the actin-remodeling
GTPase Racl, coupled with growth responses (more cells at
S and G2/M phases of the cell cycle), in line with inhibition
of the p27¥*'/cyclin-dependent kinase CDK3 cascade. RNA
interference or selective inhibitors targeting GaGfy subunits
(BIM-46187, gallein), PKCa (G66976, MT477, sh-RNAs) and
PI3K-AKT (wortmannin) alleviated the invasive phenotype. In
contrast, MCF-7 cells in EMT showed signaling independence
to inhibitors of HER family tyrosine kinases and the mitogen-
and stress-activated protein kinases. Our study suggests that
the signaling protagonists GaGpy, PKCa and PI3K-AKT are
promising candidates as predictive molecular biomarkers and
therapeutic targets in the management of clinical BC in EMT.

Introduction

The metastatic cascade integrates the invasive growth of cancer
cells in primary tumors and their subsequent dissemination to
vital organs. Cancer cell invasion and metastasis share many
parallels with the epithelial-to-mesenchymal transition (EMT)
phenotype, initially described during normal embryonic devel-
opment (1,2). The signals that initiate and regulate EMT derive
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from intrinsic genetic alterations in cancer cells as well as from
signaling crosstalk with the tumor stroma microenvironment
and autocrine or paracrine effectors such as TGFf3, Wnt, and
EGF (1-5). The full EMT is mainly characterized by disruption
of epithelial cell polarity and adherens junctions, loss of the
cell-cell adhesion molecule E-cadherin, nuclear localization of
[-catenin, and gain of the mesenchymal markers N-cadherin,
vimentin and fibronectin. Several EMT transcription factors
such as Snail, Slug, Zebl, Zeb2 and Twist can act in concert
as claudin (CLDN) and E-cadherin (CDHI) gene repressors
and display multiple connections with oncogenes and tumor
suppressor genes implicated in the progression and dissemina-
tion of localized epithelial cancers to organ-specific metastasis
(1,2). For instance, the zinc-finger protein Snail can act as a
repressor of the ERa estrogen receptor during EMT in breast
cancer (BC) (6,7). In addition, we have previously shown that
WISP-2/CCN5 silencing promoted EMT via activation of the
TGEFp signaling pathways in BC (8). WISP-2/CCNS is a 29-kDa
protein, which belongs to the cysteine-rich 61/connective tissue
growth factor/nephroblastoma overexpressed (CCN) family and
underexpressed in several human epithelial cancers (8).

We, and others, have identified G-protein receptors (GPR)
and their immediate downstream signaling transducers, the
Go/Gpy subunits, as critical protagonists driving the neoplasia
and drug resistance in epithelial cancers of the colon, prostate
and breast (9-12). These main GPR signaling cascades include
the transforming elements phospholipases C (PLC), protein
kinases C (PKC), cAMP-activated protein kinase, phospho-
inositide 3-kinases (PI3K), the serine/threonine kinases AKT, the
mitogen-activated and stress-activated protein kinase (MAPK/
SAPK) family, i.e., ERK1/2 (extracellular signal-regulated
kinases), p38 kinases and JNK (c-Jun NH2 terminal kinases).
GPR ligands such as lysophosphatidic acid, endothelin, and
thrombin transactivate and crosstalk with HER1 through PKC
and protease-dependent proHB-EGF shedding (13,14). The
best example to map such crosstalk in BC is the GPR30/HER1
transactivation cascade using GPR30 as an alternative non-
nuclear estradiol receptor. Of note, GPR30 is now considered as
a marker of the metastatic potential in BC (15,16). Consistently,
GPR signaling pathways are now considered in targeted thera-
pies against cancer, as recently exemplified by the discovery
of small molecule inhibitors targeting Go. or Gy subunits
17-21).

Herein, we characterized the dominant signaling transduc-
tion cascades regulating the invasive growth in two genetic BC
models following EMT induction by Snail overexpression or by
WISP-2 silencing (3,6). Indeed, the physiological function and
interplay between Snail, WISP-2/CCN5 and other EMT trans-
cription factors is not fully understood in BC. Therefore, we
further characterized these transformed cells, in regard to the
expression of several EMT transcription factors and markers
with special reference to the BC triple-negative phenotype
(22) and their dependence to HER family tyrosine kinases. In
the present study, we established for the first time a common
molecular signature illustrated by the constitutive activation of
the GaGpy, AKT and PKCa signaling pathways in two genetic
models of breast cancer cell EMT. It is anticipated that our data
will contribute to improve the stratification of BC in EMT and
identification of novel prognostic markers in order to provide
new clues in targeted therapies and personalized medicine.
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Materials and methods

Cell culture, transfections and gene promoter-reporter assay.
MCF-7 breast cancer cell lines expressing SNAIL-WT and
SNAIL-6SA, control (scrambled sh-RNA, sh-CON) and WISP-2
silenced (sh-WISP-2) MCF-7 cells were grown as described previ-
ously (3,6). HEK293 and HeL a cells were transiently transfected
for 36 h by the WISP-2-Luc promoter (23) and pGL3 plasmids
(Lipofectamine, Invitrogen). Luciferase activity (Promega,
Charbonnieres, France) was measured after 48 h and normal-
ized for transfection efficiency by a -galactosidase-expressing
vector and the Galacto-Star system (Applied Biosystems, Life
Technologies).

Cancer cell growth and invasion. Cells were cultured in the
presence of BIM-46187 or gallein for 48 h and pertussis toxin
(PTx) for 24 h and counted in Beckmann Coulter counter
(Roissy, France). Cell cycle analysis and invasion assays were
performed as described (24,25). The invasion index was
calculated as the ratio of the number of invading cells divided
by the total number of cells in ten randomly selected micro-
scopic fields (DMI 3000B, Leica, Wetzlar, Germany). Where
indicated, samples were stained with H&E or anti-vimentin,
anti-cytokeratin and anti-E-cadherin antibodies.

Immunoblotting. Whole cell extracts were prepared in RIPA
buffer containing a cocktail of proteases (Complete®, Roche,
Meylan, France) and phosphatase inhibitors (PhosSTOP®,
Roche). Immunoblot analysis was performed as described (24).
The primary monoclonal (mAb) antibodies: anti-Snail, -Slug,
-p-ERK1/2 (Thr202/Tyr204),-HER?2, -p-HER2 (Tyr1221/1222),
-HER3, polyclonal (pAb) antibodies anti-p27*', -ERK1/2,
-p-PKCa (Thr638), -p-AKT (Serd73), -AKT, -HER1, -p38 (Cell
Signaling, Ozyme, Saint-Quantin-en-Yvelines, France). mAb
anti-Twist, -E-cadherin, -CDK3, -p-JNK (Thrl183/Tyrl85),
-p-c-Jun (Ser63), pAb anti-Zebl, -Zeb2, -p-p38 (Thr180/Tyrl82),
-c-Jun, -JNK, -PKCBII, -PKC9 (Santa Cruz, Ozyme). mAb anti-
vimentin (Sigma-Aldrich), anti-ERa, -Wisp-2 (Abcam, Paris,
France), anti-PRA/PRB (Menarini Diagnostics, Novocastra,
Newcastle, UK), a-tubulin (Amersham, GE Healthcare) PKCa
(BD Bioscience, Le-Pont-de-Claix, France), pAb anti-GPR30
GeneTex (Interchim, Montlucon, France). Secondary anti-
bodies against mouse and rabbit primary antibodies (Jackson
ImmunoResearch, Interchim).

Quantitative RT-PCR analysis. Total RNA was extracted and
purified from cellular pellets using the RNeasy Plus® Mini Kit
(Qiagen, Les Ulis, France). cDNAs were synthesized according
to the protocol for First Strand cDNA Synthesis® (Fermentas,
Villebon-sur-Yvette, France) using the RevertAid™ H Minus
M-MuLV reverse transcriptase. The real-time PCR using
Maxima SYBR Green/ROX qPCR Master Mix® (Fermentas)
was performed as described previously (3). The primers for
SNAIL, SLUG, ZEBI, ZEB2, TWIST, CDHI1, JUN, PKCa, Ga
(i1, 2,3),Ga (0, 12, 13, q, 11 and s), HER2, HER3 and GAPDH
were supplied from Qiagen; WISP-2 and HER1 from Sigma-
Aldrich (PCR primer sequences are available upon request).

Rho and Rac activation assays. MCF-7 cells were lysed in
lysis buffer according to the manufacturer’s protocol. Equal
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amounts of protein were incubated in equal volumes of either
GST-tagged fusion-proteins corresponding to the p21 binding
domain of p2l-activated kinase-1 (PAK-1) or Rhotekin Rho
binding domain bound to agarose beads (Millipore, Billerica,
MA). The total amount of GTPases in cell lysates and their
corresponding GTP-bound fractions were detected by immuno-
blot using monoclonal antibodies against RhoA (Santa Cruz
Ozyme) and Racl (Transduction Laboratories, Lexington, KY).
The relative intensities were determined by Image J software.

Short-hairpin RNAs and PRKCA silencing. Human PKCa
sh-RNA expression vectors (pGFP-V-RS, OriGene, Rockville,
MD) were used for stable silencing of PRKCA (PKCa) in
MCEF-7-SNAIL-6SA by Lipofectamine. These vectors encode
a mixture of four PKCa sh-RNAs, puromycin resistance and
the green fluorescent protein (GFP). The corresponding control
cells were transfected with the scrambled (Scr) sh-RNA cassette.
Transfection efficiencies were monitored by GFP. Stable clones
were isolated by puromycin selection.

Chemical inhibitors. PD98059, SB203580, SP600125,U73122,
KT5720 and G66976 were from Calbiochem (San Diego, CA);
BIM-46187 (IPSEN Laboratories, Les Ulis, France); marima-
stat, PTx, and gallein (Tocris Bioscience, Biozol Diagnostica,
Germany); MT477 (Medisyn Technologies Inc., Minnetonka,
MN); Iressa (AstraZeneca, Macclesfield, UK). Pertuzumab/
Omnitarg/2C4 and Trastuzumab/Herceptin (Genentech Inc.,
San Francisco, CA), Lapatinib/GW572016 (GlaxoSmithKline,
Brentford, UK), Cetuximab/C225/Erbitux (ImClone Systems
Inc., New York, NY) and Panitumumab/Vectibix (Amgen,
Thousand Oaks, CA).

Statistical analyses. Statistical analyses were performed using
Microsoft Excel. For type I collagen invasion assay SPSS
version 12.0 software (IBM) was used for mean, SEM and
Student's t-test. In all tests, the level of statistical significance
was set at P<0.05.

Results

Induction of EMT transcription factors in sh-WISP-2 and
SNAIL-6SA-transformed MCF-7 cells. The two models of
MCF-7 breast cancer cells in EMT have been described
previously. The first model, SNAIL-6SA, was established by
constitutive activation of the Snail transcription factor, with
replacement of six Ser to Ala in the GSK3[-phosphorylation
consensus motif (6). The second model, sh-WISP-2, has silenced
WISP-2/CCNS5 gene by short-hairpin RNA targeting WISP-2/
CCNS5 transcripts (3). MCF-7 cells are normally organized as
tightly adhesive cubical epithelial clusters when spread on the
culture substratum, showing intercellular junctions (Fig. 1A).
Stable expression of the EMT transcription factor Snail-WT had
no apparent impact on the epithelial morphology. In contrast,
WISP-2 silencing and Snail-6SA transformation induced exten-
sive scattering and marked changes in the morphology of cells
displaying elongated mesenchymal-like structure with filopodia
protrusions in culture, reduced cellular adherence, spread and
loss of cell-cell contacts, all criteria consistent with the induc-
tion of a more migratory phenotype. These features confirm
the morphological transitions previously reported for these two
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genetic MCF-7 models in EMT (3,6). We further examined the
relative expression of a series of EMT-related transcription factors
by western blot analysis and quantitative real-time polymerase
chain reaction (QRT-PCR) (Fig. 1B and C). Immunoblot analysis
revealed that the Snail, Slug, Zeb1/2 and Twist EMT transcrip-
tion factors were barely detectable in parental MCF-7 epithelial
cells. Interestingly, constitutive expression of Snail-WT was not
sufficient to induce the expression of Slug, Zebl/2 and Twist in
MCEF-7 cells as well as E-cadherin repression or vimentin induc-
tion. These data indicate that Snail-WT transformed cells are
not engaged in a partial or full EMT (4). In contrast, constitutive
expression of the proteasome-resistant, stable mutant Snail-6SA
was associated with induction of Slug, Zeb1/2 and Twist proteins
(Fig. 1B) as well as E-cadherin repression and vimentin induc-
tion, two canonical EMT signatures. The same four EMT
transcription factors are induced by EMT in sh-WISP-2 cells
which however, remain Snail-negative. Thus, the EMT of
sh-WISP-2 cells is Snail-independent in clear contrast to the
critical impact of Snail-6SA that drives the EMT phenotypes in
MCEF-7-SNAIL-6SA cells. In MCF-7-SNAIL-WT immunoblots,
we detected an additional slow-migrating 33 kDa band, which
most likely corresponds to phosphorylated Snail via a casein
kinase CK1 and GSK3p-dependent post-transcriptional modifi-
cation (6). In addition, we detected several bands corresponding
to Snail fragments that were absent in the MCF-7-SNAIL-6SA
variant (Fig. 1B). Consistently, once phosphorylated, Snail is
exported from the nucleus to the cytoplasm for subsequently
PTrCP-mediated ubiquitination and fragmentation/degradation.

As shown in Fig. 1C, qRT-PCR analysis of the transcripts
encoding these EMT transcription factors and markers
mirror our western blot analysis. Most interestingly, WISP-2
transcripts were down-regulated in SNAIL-6SA cells, but
not in SNAIL-WT cells, suggesting that WISP-2 depletion
may contribute or play a significant role in the EMT induced
by Snail-6SA in MCF-7 cells. In support of this notion, the
promoter luciferase reporter assay Fig. 1D shows that Snail
functions as a transcriptional repressor at the WISP-2 promoter.
In contrast, Zebl was inefficient in mimicking such WISP-2
promoter repression in 293T cells but reduced this activity
by 30% in HeLa cells. Western blot analysis confirmed that
WISP-2 was expressed in both parental and SNAIL-WT cells
but was fully down-regulated in SNAIL-6SA and sh-WISP-2
MCE-7 cells (data not shown).

Induction of functional EMT responses and triple-negative
phenotypes in sh-WISP-2 and SNAIL-6SA-transformed MCF-7
cells. The invasive growth of MCF-7 cells following EMT is
illustrated by the capacity to invade native collagen type I gels
and marked stimulation of cell proliferation (2.5- to 3.4-fold)
in SNAIL-6SA and sh-WISP-2 cells, respectively (Fig. 2A). In
comparison, parental MCF-7 cells were non-invasive in collagen
type I gels. Deregulated growth of EMT cells is supported by a
striking decrease in the fraction of cells at the GO/G1 transition
of the cell proliferation cycle associated with high proportion of
cells at S or G2/M phases (2- and 3-fold increase, respectively)
(Fig. 2B). This growth response is not sustained by survival
responses and corresponding changes in the sub-Gl fractions. In
agreement, EMT cells were characterized by areduction of p27*!
levels (Fig. 2C), a dual tumor suppressor involved in the regula-
tion of the cell cycle, contact growth inhibition, differentiation,
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Figure 1. Implication of EMT transcription factors on morphotype, epithelial and mesenchymal markers in MCF-7 cell EMT. (A), Phase-contrast microscopy of
stably transfected MCF-7 cells showing the epithelial morphology of parental MCF-7 cells and their derivatives, control MCF-7 cells (sh-CON, SNAIL-WT) in
comparison with transitions to mesenchymal phenotypes observed in SNAIL-6SA and sh-WISP-2 cells. The images are recorded by System Time-lapse imaging
microscopy (Biostation® IM-Q, Nikon), at magnification of x20. Scale bar, 60 ym. (B), Immunoblot analysis and relative expression of EMT transcription factors
Snail, Slug, Zeb1 and 2, and Twist in SNAIL-6SA and sh-WISP-2-transfected cells, versus parental and control MCF-7 cells (SNAIL-WT and sh-CON cells). The
EMT markers E-cadherin (epithelial criteria) and vimentin (mesenchymal criteria) indicate a full mesenchymal conversion observed in SNAIL-6SA and sh-WISP-2
cells. Total protein loading was 40 pg and a-tubulin was used as a loading control. (C), Comparative qRT-PCR analysis of the transcripts encoding these EMT
transcription factors and markers using GAPDH for normalization. Data are expressed as relative transcript levels (arbitrary units). (D), Transcriptional impact
of Snail and Zebl on the expression of the WISP-2 promoter gene in HEK293 and HeLa cells. Data are means + SEM of 3 experiments performed in triplicate
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(qRT-PCR, gene reporter assays) or are representative of three other experiments (immunoblots).

cell motility and metastasis susceptibility to carcinogen-induced
tumors (26-29). Several mechanisms are involved in the func-
tional expression, stability and localization of p27, including
the loss of the E-cadherin tumor suppressor observed in EMT
cells (29). Conversely, the downstream p27 effector cyclin-
dependent kinase-3 (CDK3) is consistently induced at high
levels in EMT cells, in accordance with the negative role played
by p27 on CDK3 expression (30). Convergent with the EMT

and its consequent impact on cell proliferation, differentiation
and its opposing effects on p27/CDK3, both sh-WISP-2 and
SNAIL-6SA cells exhibit a triple-negative phenotype TN (31)
illustrated by a drastic repression of the nuclear estrogen recep-
tors ERa, progesterone receptors PRA/PRB, and absence of
HER?2 amplification (Fig. 2D). It should be noted that this EMT
and TN phenotype was further characterized by the loss of the
alternative estrogen receptor GPR30.
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Figure 2. Induction of proliferation, invasion and loss of mammary epithelial markers during EMT in MCF-7 cells. (A), Control and EMT cells were tested for their
ability to invade native type I collagen in a 24-h invasion assay (left). For the proliferation assays, cells were seeded in 12-well plates at the density of 20,000 cells/
well and cultured for 72 h before direct cell counting. Columns are mean of 3-5 independent experiments. (B), Cell cycle analysis was determined by flow cytometry
in parental and control MCF-7 cells (SNAIL-WT, sh-CON) and their EMT counterparts (SNAIL-6SA and sh-WISP-2). The percentages of cells in GO/G1, S and
G2/M phases of the cell cycle are indicated and the sub-G1 fractions are quoted in parenthesis on the top of each corresponding bar. (C), p275?' down-regulation and
CDK3 overexpression in MCF-7 cells induced to the EMT phenotype. These two cell cycle regulators were quantified by autoradiography as arbitrary units versus
a-tubulin signals in immunoblots prepared from parental, control and EMT cells. Human colon cancer cells HCT116 and HEK293 cells were respectively used as
positive and negative controls for CDK3 expression. (D), Left: Immunoblots prepared from parental, control and EMT cells were analyzed for the expression of ERa
GPR30, PRA and PRB, total and phosphorylated forms of HER2 (p-HER?2 phosphorylation at the Tyr1221/1222 motifs). Right: Comparative qRT-PCR analysis of
the transcripts encoding HER2 and GPR30. Data are means + SEM of 3 experiments performed in duplicate (QRT-PCR, invasion assay, cell number determination)
or are representative of three other experiments (immunoblots). SEM. "P<0.05 or better versus control cells.

Proinvasive signaling pathways involved in sh-WISP-2 and
SNAIL-6SA-transformed MCF-7 cells. We analyzed the
possible contribution of several proinvasive pathways in the
EMT cells, using selective inhibitors targeting critical protago-
nists of invasive growth in epithelial cancer cells. First, we
explored the requirement of matrix metalloproteinases (MMPs)
in the invasive phenotype induced by the EMT in MCF-7 cells.
Marimastat, a pan inhibitor of MMP-1, -2, -9, -14 (MT1-MMP)
and MMP-7 (matrilysin), decreased by 50-60% collagen type I
invasion in MCF-7 cells under EMT (Fig. 3A). EMT-induced
invasiveness was strongly reversed by chemical inhibitors of

GPR signaling, including BIM-46187 (Ga. subunits), PTx (Gai/o
subunits), gallein (GBy subunits), U73122 (PLC), G56976 (Ca**-
dependent PKCa and fBI), the new PKCa inhibitor MT477 (32),
and wortmannin (PI3K). In contrast, collagen invasion was
insensitive to the PKA inhibitor KT5720. Consistent with our
data, the inhibitory effects of the two PKC inhibitors coincided
with accumulation and phosphorylation of the PKCa protein in
EMT cells, as indicated by immunoblot analysis of this PKC
isoform in SNAIL-6SA and sh-WISP-2 cells (Fig. 3B). Increased
levels of PKCa were therefore directly connected with global
activation of the enzyme and Thr638 phosphorylation. The
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Figure 3. Invasive phenotype induced by MCF-7 cell EMT and oncogenic pathways downstream of GaGfy subunits. (A), EMT cells were tested for their ability
to invade collagen type I gels for 24 h in the presence or absence of chemical inhibitors of GPR signaling (BIM-46187: 1 uM, PTx: 0.1 ug/ml, gallein: 5 uM), PKA
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marimastat was tested at 10 #M. Data are means + SEM of 3 experiments. ““P<0.005 or better. (B), Immunoblot analysis of total and phosphorylated forms of PKCs
(isoforms a, BII, ) and AKT in parental, control and EMT cells. Total protein loading was 40 g and o-tubulin was used as a loading control. The PKCa and AKT
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corresponding total PKCa and AKT signals (control = 1). (C), Quantitative RT-PCR analysis of the transcripts encoding PKCa. (D), Relative density of the Rac-GTP
and Rho-GTP immunoreactive bands was quantified, according to total Rac and Rho levels detected by direct immunoblotting (arbitrary units). Data are means +
SEM of 3 experiments performed in duplicate (QRT-PCR and invasion assays) or are representative of two other experiments (immunoblots).

observed PKCa overexpression in EMT cells was directly asso-
ciated with accumulation of PKCa transcripts in SNAIL-6SA
cells (3-fold increase) and sh-WISP-2 cells, 4-fold (Fig. 3C). In
contrast, we observed a down-regulation of PKCPII protein and
no change in PKCd expression levels (Fig. 3B). In parallel with
sensitivity of the invasive SNAIL-6SA and sh-WISP-2 cells to
the PI3K inhibitor wortmannin (Fig. 3A), we demonstrated in
Fig. 3B that EMT is correlated with a 3- to 4-fold increase in the
intrinsic activity of AKT in the Ser473 phosphorylated form,
with no change in total AKT expression.

Remodeling of the actin cytoskeleton during cancer cell
scattering, motility and invasion is tightly controlled by the

differential activation and spatiotemporal interplay of the
small GTPases Rho and Rac during cellular signaling, inva-
sion and EMT (4,10,33). Accordingly, a strong activation of
the GTP-bound forms of Racl was induced in SNAIL-6SA
and sh-WISP-2 cells, without inducing RhoA-GTP levels that
remained down-regulated by 20-30% in EMT cells (Fig. 3D).
In contrast, the intrinsic activity of the mitogen- and stress-acti-
vated protein kinases MAPK-SAPK ERK1/2, p38 and JNK in
the phosphorylated forms was found strongly down-regulated,
according to their stable expression levels in both SNAIL-6SA
and sh-WISP-2 cells (data not shown). In agreement with these
findings, signaling inhibitors targeting these Ser/Thr kinases,
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respectively PD98059 (ERK1/2),SB203580 (p38) and SP600125
(JNK) were ineffective to counteract the invasive potential of
MCEF-7 cells in EMT (data not shown). It is anticipated that these
EMT and TN phenotypes are likely to show resistance to small
molecules and antibodies targeting MAPK/SAPK and the HER
family. Most interestingly, and in accordance with elevation
in c-Jun transcript levels, we observed a strong accumulation
of c-Jun protein (5-9 times) in parallel with a global increase
of the c-Jun Ser-phosphorylated form (Fig. 4). These findings
are coherent with a predominant role of the CDK3-c-Jun axis
compared with the relative deficiency of the two EMT models in
JNK activity. We also found that c-Jun protein levels in MCF-7
cells are strongly elevated by the proteasome inhibitor MG132,
suggesting that both transcriptional and post-transcriptional

mechanisms are underlying the up-regulation of c-Jun, a
molecular component of the AP1 oncogene involved in cancer
cell transformation (34).

We next addressed the impact of the HER family members
in determination of the invasive phenotype in EMT cells. HER1
and HER3 were, respectively, up- and down-regulated at the
protein and transcript levels in SNAIL-6SA and sh-WISP-2 cells
(data not shown). Most interestingly, tyrosine kinase inhibitors
and neutralizing antibodies targeting HER family members
were inefficient to inactivate the constitutive invasive potential
of MCF-7 cells in EMT (data not shown).

Functional implication of Ga and Gfy signaling in the invasive
growth of MCF-7 cancer cells in EMT. According to our data
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presented in Fig. 3A, we undertook a comparative study on the
potency of GaGpy inhibitors to inactivate the invasive growth
of MCF-7 cells in EMT. Interestingly, we discovered that the
Ga subunit inhibitor BIM-46187 (12,19,20) potently abolished
the growth of MCF-7 cells in EMT (ICs, = 0.3-0.7 uM), versus
their parental and control counterparts (Fig. 5A, left). Indeed,
the IC, of BIM-46187 producing half-maximal inhibition on
cell proliferation was 10-fold lower in SNAIL-6SA cells (IC;, =
0.3 uM) than for SNAIL-WT (ICs, = 3 uM). Similarly, the ICs,
of BIM-46187 was almost 30-fold lower (IC;, = 0.3 yuM) in
sh-WISP-2 cells compared to sh-CON cells (IC5, = 10 #M). Both
PTx and gallein (18) were much less efficient (partial inhibition,
Fig. 5B and C). Indeed, gallein (0.3-1 M for 48 h) had no effect
on the proliferation of MCF-7 cells (Fig. 5C). Both SNAIL-6SA
and sh-WISP-2 cells appeared to be more sensitive to PTx than
controls.

At low concentrations (0.1 pM), BIM-46187 was also
very efficient in reversing the invasive behavior of EMT cells
(Fig. 5A, right). The invasion index was reduced by 27 and 80%
in SNAIL-6SA and sh-WISP-2 cells, respectively. Both PTx
and gallein reduced the invasive phenotype of the EMT cells by
60-70%, with similar potencies in SNAIL-6SA and sh-WISP-2
cells. These data encouraged us to establish the rationale of
the high sensitivity of EMT cells to the Ga subunit inhibitor
BIM-46187. Based on the partial inhibitory effects of PTx and
gallein on the invasive growth of SNAIL-6SA and sh-WISP-2
cells, we hypothesized that at least two classes of PTx-sensitive
and insensitive Go-protein subunits might be implicated in
these two EMT genotypes. To verify this possibility, we investi-
gated by qRT-PCR the expression levels of several Ga subunits
transcripts encoding bona fide potential oncogenic signaling
protagonists (data not shown). In both EMT cells, we observed a

remarkable induction of the PTx-sensitive Go. subunit members
Gail (7-fold) and Gao (10- to 20-fold). Transcript levels
encoding the PTx-insensitive member Gall subunit were also
up-regulated 2- to 3-fold. No significant changes in transcript
levels were noted for the other Ga subunit members considered.
Increased Gai2 transcripts were detected in SNAIL-6SA cells
only.

Impact of PRKCA silencing on the invasive potential and EMT
markers in SNAIL-6SA-transformed MCF-7 cells. To further
assess the role of PKCa in the EMT and invasive phenotypes,
we silenced the PRKCA gene by specific sh-RNAs. As shown
in Fig. 6A (left), both SNAIL-6SA and control cells trans-
fected by the sh-RNA scrambled sequence (sh-Scr) expressed
significant amounts of PKCa protein and the corresponding
phosphorylated Thr638 variant. As expected, both total and
phosphorylated PKCa protein levels were strongly down-
regulated in the silenced clonal derivatives (sh-PKCa-C5 and
-C8). Silencing efficiency reached to 80-84% cellular depletion
of total and phosphorylated PKCa. The functional impact of
PRKCA silencing was therefore examined on cancer cell inva-
sion and EMT markers. Both sh-C5 and sh-C8-silenced clones
were fully invalided for the ability to invade collagen type I gels
as shown in 24-h invasion assays and phase-contrast microscopy
(Fig. 6A and B, respectively). In the 24-h invasion assay, the
PKCa inhibitor MT477 also reversed the invasive potential of
control empty vector (pGFP-V-RS)-transfected SNAIL-6SA
cells (Fig. 6A, right). Coherently, PKCa sh-RNAs reduced the
invasive potential of SNAIL-6SA cells (sh-Scr sequence) by 60%
in the 14-day invasion assay (Fig. 6C). Interestingly, PRKCA
silencing reverted the mesenchymal morphotype of the EMT, in
MCEF-7 cells as judged by the conversion of the spindle-like cell
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morphology into cohesive epithelial-like cell layers observed
in both sh-PKCa-C5 and -C8 silenced cells (data not shown).
However, PRKCA silencing had no impact on the persistence of
the EMT markers characterized by vimentin expression and of
deficiencies in ERa and E-cadherin expression as determined
by Western blotting (Fig. 6A) and in situ immunocytochemistry
of invasive MCF-7 cells in native collagen type I gels (data not
shown).

Discussion

Our data reveal that the two genetic models of EMT in BC (3,6)
are characterized by comparable expression of transcription
factors whose expression (Slug, Zebl/2 and Twist) or repression
(Wisp-2) have been causally linked to invasive growth, a critical
EMT signature. Importantly, the Snail-induced EMT phenotype
of MCF-7 cells was characterized by Wisp-2 down-regulation
via the WISP-2 promoter. These findings indicate a potential
role for TGFp signaling in the Snail-induced EMT model, since
Wisp-2 was recently identified as a repressor of TGFp type 11
receptor-mediated transcription and EMT in WISP-2-silenced
MCEF-7 cells (8). Together with our previous findings, the current
results support a new paradigm for Wisp-2, initially described
as a secreted factor, and playing important roles in EMT preven-
tion as a transcription factor.

These two genetic models of EMT are further characterized
by the convergent expression of the triple negative phenotype.
Triple negative breast cancers (TNBC) are usually associated
with poor prognosis, short progression-free survival, higher risk
of distant recurrence and a basal-like phenotype as identified
by gene expression profiling. Targeted therapy and predic-
tive markers are currently unavailable for this heterogeneous
subgroup of breast cancer patients representing about 15% of all
breast cancers (22,28). Interestingly, our two EMT models are
also expressing a common signaling signature illustrated by the
dominance of GaGpy subunits, PKCa, c-Jun and PI3K/AKT
pathways (Fig. 7). Of note, PKCa is currently considered as a
clinical marker of aggressiveness in breast cancer and has been
reported to play multiple roles in cell cycle checkpoint, cancer
cell differentiation and transformation (35,36). PKCa levels
correlate with migratory and multidrug resistance phenotypes,
consistent with the EMT promoter activity of PKC acknow-
ledged in epithelial cancers and tumor metastasis (1,37). For
example, c-Jun can be activated by PKCa through p27 inhibi-
tion and CDK3 up-regulation (30,37,38). In agreement, we find
that silencing and inhibition of PKCa activity by sh-RNAs or
the kinase inhibitor MT477 alleviated the invasive growth of
MCEF-7 cells in EMT. This effect was not associated with a
full reversion of the EMT phenotype via the mesenchymal-to-
epithelial transition (1,2), as shown here by the persistence of
the EMT markers in PRKCA-silenced SNAIL-6SA cells. One
possible explanation is the multiplicity of dominant and
convergent EMT signaling pathways identified in our models.
Both WISP-2 silencing and Snail transformation generated a
constitutive activation of and dependence to the PI3K-AKT
axis through a hierarchical Gao/i and Gfy/PI3K/Racl
signaling cascade leading to cytoskeletal rearrangements and
invasive growth during cancer cell progression. Consistent
with this, the Rac exchange factor P-Rex1 has been described
as an essential mediator of Racl activation and pleiotropic
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responses in breast cancer cells (39). This guanine exchange
factor is synergistically activated by GPy subunits and PI3K
inducers and integrates signals from GPRs, several tyrosine
kinase receptors, including those of the HER and type I
insulin-like growth factors families. Interestingly, P-Rex has
been described to function as a signaling connector between
the PI3K/AKT/mTOR axis and Rac activation (39-41).
Recent data support the notion that both mTORCI1 and C2
complex are playing critical roles in the regulation of EMT
and metastasis (41). Therefore, it will be interesting to estab-
lish the relative contribution of P-Rex and other Rac GEFs
as signaling protagonists of the PI3K/AKT/mTOR signaling
cascade in future investigations of EMT.

We demonstrated here that the constitutive activation of
these pathways is subjected to direct and indirect activation
via intrinsic mechanisms (Rac and AKT activity) and global
expression (Ga subunits, PKCa, CDK3 and c-Jun), respectively.
Additional transcriptional and post-transcriptional controls
mediated by multiple EMT transcription factors and interplay
support this scenario (Fig. 1). For example, CDK3 was shown
to activate c-Jun and to increase AP1 activity, resulting in
enhanced anchorage-independent cell transformation (38).
API oncogene is required for the transcriptional induction of
matrilysin MMP-7 and determination of the invasive phenotype
by src in human colon cancer cells (34). Overall, the participa-
tion of putative autocrine effectors in the orchestration of these
two EMT programs can not be excluded. In particular, it will
be important to explore the interplay between Wnt and TGFf3
signaling in conjunction to autocrine agents targeting GPR,
PIBK/AKT and PKCa signals for the EMT phenotype, as indi-
cated by the induction of TGFBRII in the WISP-2 silenced cells
(1,4,12,34,42 43). TGFp signals are connected with Smad and
co-Smad family members and non-Smad pathways including
MAPK/SAPK, PI3K-AKT-mTOR and the small GTPases
Rho, Rac and Cdc42. Our results revealed an unsuspected
down-regulation of the MAPK/SAPK cascade in the highly
proliferative and invasive EMT MCEF-7 cells, in full agreement
with their lack of response to classical mitogen inhibitors. Our
data are also consistent with the fact that the PI3K-AKT axis
and PKCa are both described as efficient repressors of ERK1/2,
p38 and JNK (44-46). In addition, the invasive growth of EMT
cells was independent of the HER family tyrosine kinases and
representatives of the TN phenotype, including the alternative
estrogen receptor GPR30.

In conclusion, we characterized two genetic models of
human breast cancer cells presenting EMT and TN phenotypes
associated with a complex dominant signalome comprising
GaGpy subunits, PKCa, PI3K/AKT axis and the p27/
CDK3/c-Jun cascade. These protagonists may thus constitute
critical determinants for combined therapies using interfering
agents, dual kinase and multikinase inhibitors. To validate this
assumption, further studies are therefore expected in order
to investigate at the preclinical level the therapeutic poten-
tial of these inhibitors and interference on the growth and
metastatic dissemination of breast tumor xenografts induced
by WISP-2-silenced and Snail-transformed MCF-7 cells in
immunodeficient mice. In addition, we have not assessed the
stem cell state of these two EMT models in cell culture condi-
tions, during their primary invasive growth and progression
to high-grade malignancy. In the long term, the clinical
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value of these signaling elements as predictive markers
and therapeutic targets should be assessed in TN breast
cancer tumors showing EMT phenotypes. Our findings also
provide a rational basis to improve the sub-classification of
ERa-negative tumors and TNBC to provide new clues for the
diagnosis, clinical outcomes and treatment of breast cancer
patients.
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