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Transforming Growth Factor-f3-mediated Metastasis through
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During breast cancer progression, transforming growth
factor-B (TGF-B) switches from a tumor suppressor to a pro-
metastatic molecule. Several recent studies suggest that this
conversion in TGF-B function depends upon fundamental
changes in the TGF-p signaling system. We show here that
these changes in TGF- @ signaling are concomitant with aber-
rant expression of the focal adhesion protein, p130Cas.
Indeed, elevating expression of either the full-length (FL) or
just the carboxyl terminus (CT) of p130Cas in mammary epi-
thelial cells (MECs) diminished the ability of TGF-f1 to acti-
vate Smad2/3, but increased its coupling to p38 MAPK. This
shift in TGF-f signaling evoked (i) resistance to TGF-f-in-
duced growth arrest, and (ii) acinar filling upon three-dimen-
sional organotypic cultures of p130Cas-FL or -CT expressing
MECs. Furthermore, rendering metastatic MECs deficient in
pl130Cas enhanced TGEF-B-stimulated Smad2/3 activity,
which restored TGF-fB-induced growth inhibition both in
vitro and in mammary tumors produced in mice. Addition-
ally, whereas elevating T BR-II expression in metastatic MECs
had no affect on their phosphorylation of Smad2/3, this event
markedly enhanced their activation of p38 MAPK, leading to
increased MEC invasion and metastasis. Importantly, depleting
p130Cas expression in T BR-II-expressing metastatic MECs signif-
icantly increased their activation of Smad2/3, which (i) reestab-
lished the physiologic balance between canonical and noncanoni-
cal TGF-f signaling, and (ii) reversed cellular invasion and early
mammary tumor cell dissemination stimulated by TGF-f. Collec-
tively, our findings identify p130Cas as a molecular rheostat that
regulates the delicate balance between canonical and noncanonical
TGEF-B signaling, a balance that is critical to maintaining the tumor
suppressor function of TGF-f during breast cancer progression.

Invasion and metastasis are the most lethal characteristics of
breast cancer (1, 2). Transforming growth factor-g8 (TGF-B)*is
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a powerful suppressor of mammary tumorigenesis, doing so
through its ability to repress mammary epithelial cell (MEC)
proliferation, as well as through its creation of cell microenvi-
ronments that inhibit MEC motility, invasion, and metastasis
(2). During breast cancer progression, the tumor suppressing
function of TGE-f is frequently subverted, thus transforming
TGE-B from a suppressor of breast cancer formation to a pro-
moter of its growth and metastasis (2—4). Unfortunately, how
mammary tumorigenesis overcomes the cytostatic function of
TGEF-B remains incompletely understood, as does the manner
in which developing breast cancers ultimately sense TGF-Bas a
pro-metastatic factor.

Transmembrane signaling by TGF- commences upon
binding to its type Il receptor (T BR-II), which recruits and acti-
vates its type I receptor (TBR-I), which then phosphorylates
and activates Smads 2 and 3. Following their activation, Smads
2 and 3 form heteromeric complexes with Smad4, which col-
lectively translocate to the nucleus to regulate a multitude of
transcriptional events and cellular responses (i.e. apoptosis,
cytostasis, and homeostasis, (5, 6)). In addition to stimulating
Smad2/3, TGE-p also activates several noncanonical signaling
systems, including members of the MAP kinase family (e.g.
ERK1/2,JNK, and p38 MAPK (7)). Interestingly, several studies
suggest that genetic and epigenetic events cooperate with
aberrant Smad2/3 activities and functions to facilitate the
conversion of TGF-B from tumor suppressor to a tumor pro-
moter (8, 9). However, these and other studies also present
strong evidence implicating dysregulated activation of sev-
eral noncanonical TGEF- effectors during this same switch
in TGF-B function (10). Thus, deciphering the relative con-
tribution of signaling imbalances that arise between Smad2/
3-dependent and -independent TGF-f signaling systems is
essential to enhancing our understanding of how TGF-
ultimately promotes the development and progression of
mammary tumorigenesis.

Recently, we identified a critical av33 integrin:pY284-T 3R-
II:Grb2 signaling axis that mediates TGF-f stimulation of MAP
kinases in normal and malignant MECs, leading to their acqui-
sition of epithelial-mesenchymal transition, invasive, and met-
astatic phenotypes both in vitro and in vivo (11-13). Moreover,
activation of this oncogenic signaling axis by TGF- requires

plasminogen activator inhibitor-1; NmuMG, normal murine mammary epi-
thelial; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-
regulated kinase; JNK, c-Jun N-terminal kinase; CMV, cytomegalovirus;
shRNA, short hairpin RNA; B-gal, B-galactosidase; FL, full-length; CT,
carboxyl-terminal.
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B3 integrin to form complexes with TBR-II (11-13). Unfortu-
nately, it remains uncertain as to whether this interaction is
direct or facilitated through another scaffolding protein. As
such, we sought to identify members of focal adhesion com-
plexes as potential integrin effectors capable of contributing to
altered TGE-f3 signaling.

p130Cas (Crk-associated substrate) functions as a molecular
scaffold within focal adhesion complexes, and is readily phos-
phorylated by focal adhesion kinase (FAK) and Src (14). Addi-
tionally, p130Cas binds stably to a variety of signaling mole-
cules, including the (i) protein-tyrosine kinases FAK, PYK2,
Src, Fyn, and AbJ; (ii) adaptor molecules Crk, CrkL, Trip6, and
AJUBA; (iii) guanine nucleotide exchange factors AND34 and
CG3; and (iv) the MAPK family member, JNK (15, 16). The
extensive interactome of p130Cas ideally positions and enables
this molecule to interpret and integrate a variety of signaling
inputs arising from numerous receptor systems. Indeed, the
biological importance of p130Cas is emphasized by studies
showing that its genetic ablation in mice elicits embryonic
lethality, whereas fibroblasts derived from p130Cas-deficient
embryos exhibit drastically altered cytoskeletal architectures
(17). Moreover, fibroblasts transformed by Src become signifi-
cantly more invasive when engineered to simultaneously over-
express p130Cas (15). Patients with primary breast tumors
expressing high levels of p130Cas (also known as breast cancer
resistance-1) experience a more rapid disease recurrence and
have a greater risk of resistance to tamoxifen therapy (18).
Recent studies also indicate that specific overexpression of
p130Cas/breast cancer resistance-1 expression can confer
breast cancer resistance to adriamycin (19). Moreover, directed
overexpression of p130Case in murine MECs significantly
increased their proliferative and survival indices in vivo, as well
as greatly reduced the latency of mammary tumors arising from
murine mammary tumor virus-driven Her2/Neu expression in
mice (20). This study also observed the expression of p130Cas
to be up-regulated significantly in a subset of human breast
cancer samples (20). Collectively, these findings highlight the
critical roles played by p130Cas in regulating normal tissue
morphogenesis, and in promoting breast cancer progression.
With respect to TGF-p, a recent study identified p130Cas as a
potential inhibitor of Smad3 function (21). However, the patho-
physiological importance of this event, if any, in mediating the
oncogenic activities of TGF-B and/or p130Cas during breast
cancer progression remains to be established.

The objective of the present study was to determine the role
of p130Cas in facilitating the acquisition of oncogenic signaling
by TGEF-B during breast progression. We show here that
p130Cas expression is up-regulated significantly in metastatic
breast cancer cells (murine 4T1/human MCF10A-Cala) as
compared with their nonmetastatic counterparts (murine
67NR/human MCF10A). Moreover, increased p130Cas expres-
sion was consistent with a decrease in TGF-B1l-induced
Smad2/3 signaling. Indeed, overexpression of p130Cas in non-
metastatic MECs led to a decrease in Smad2/3 activity, whereas
depletion of p130Cas in metastatic MECs increased Smad2/3
activity. Most importantly, we show for the first time that
p130Cas is essential for TGF-B stimulation of breast cancer
growth, invasion, and pulmonary dissemination in mice. Taken
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together, our findings establish p130Cas as a novel molecular
rheostat that regulates the balance between canonical and non-
canonical TGF-S signaling in developing mammary tumors,
whose acquisition of metastatic phenotypes is potentiated by
elevated p130Cas expression and its consequential disruption
of homeostatic TGF-8 signaling.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Normal murine NMuMG and met-
astatic 4T1 cells were obtained from ATCC (Manassas, VA)
and cultured as described previously (12). 4T1 cells were engi-
neered to stably express firefly luciferase by transfection with
pNifty-CMV-luciferase (22), followed by their selection and
isolation with Zeocin (500 ug/ml; Invitrogen). The creation of
4T1 cells lacking p130Cas was accomplished by their transduc-
tion with lentiviral particles encoding either a scrambled (i.e.
non-silencing shRNA) or murine-directed p130Cas shRNA
(pLKO.1; Thermo Scientific, Huntsville, AL). The production
of pLKO.1 lentiviral particles and their transduction into target
cells was accomplished as described previously (23). In addi-
tion, NMuMG and 4T1 cells also were transduced with murine
ecotropic retroviral particles that encoded for full-length
p130Cas (pMSCV-Cas-FL), the carboxyl terminus of p130Cas
(amino acids 544-874) (pMSCV-Cas-CT), or TBR-II
(pMSCV-TBR-II), and the resulting polyclonal populations
were selected by yellow fluorescence protein, or hygromycin
resistance (200 pg/ml).

Cell Proliferation Assays—NMuMG and 4T1 cells were
seeded in 96-well plates (10,000 cells/well) and allowed to
adhere for 4 h, whereupon varying concentrations of TGF-B1
(0-5 ng/ml) were administered. Agonist stimulations were
allowed to proceed for 48 h at 37 °C and cellular DNA was
radiolabeled by inclusion of [*H]thymidine (1 wCi/well) during
the final 6 h of TGF-B1 treatment. Afterward, the amount of
[*H]thymidine incorporated into cellular DNA was quantified
by scintillation counting.

Immunoblot Assays—NMuMG and 4T1 cells were lysed on
ice in three-dimensional RIPA buffer (50 mm Tris, 150 mm
NaCl, 0.25% (v/v) sodium deoxycholate, 0.1% SDS (v/v), pH 7.4)
supplemented with (i) protease inhibitor mixture (Sigma), and
(ii) the phosphatase inhibitors sodium orthovanadate (10 mm),
B-glycerophosphate (40 mm), and sodium fluoride (20 mm).
Afterward, the resulting whole cell extracts were clarified by
microcentrifugation prior to being immunoblotted with the
following primary antibodies (dilution): (#) anti-phospho-p38
MAPK (1:500; Cell Signaling, Danvers, MA); (b) anti-p38
MAPK (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA); (c)
anti-phospho-Smad2 (1:1000; Cell Signaling); (d) anti-phos-
pho-Smad3 (1:500; Cell Signaling); (e) anti-Smad 2/3 (1:1000;
BD Biosciences); (f) anti-FAK (1:1000; Santa Cruz Biotechnol-
ogy); (g) anti-p130Cas (1:1000; BD Biosciences); (%) phospho-
p130Cas (1:1000; Cell Signaling); (i) anti-actin (1:1000; Santa
Cruz Biotechnology); (j) lamin A/C (1:1000; Santa Cruz Bio-
technology); and (k) E-Cadherin (1:2000; BD Biosciences).

Real-time PCR Analyses—Quiescent 4T1 cells were stimu-
lated with TGF-B1 (5 ng/ml) for 24 h in the absence or pres-
ence of the p38 MAPK inhibitor SB208530 (10 M) and total
RNA was isolated using the RNeasy Plus Kit (Qiagen, Valen-
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cia, CA). Afterward, total RNA was reverse transcribed using
the iScript cDNA Synthesis System (Bio-Rad) and semi-
quantitative real-time PCR was conducted for PAI-1 using
iQ SYBR Green (Bio-Rad) according to the manufacturer’s
recommendations and as described previously (23). Differ-
ences in RNA concentrations were controlled by normaliz-
ing individual gene signals to their corresponding glyceral-
dehyde-3-phosphate dehydrogenase signal.

Cell Fractionation Studies—Unstimulated and TGF-B1 (5
ng/ml)-stimulated NMuMG cells were lysed on ice in Buffer C
(10 mm HEPES, 10 mm KCl, 0.1 mm EDTA, and 0.004% Nonidet
P-40, pH 7.9) supplemented with protease inhibitor mixture
(Sigma). Afterward, the resulting whole cell extract was sub-
jected to a single freeze-thaw cycle, followed by microcentrifu-
gation to yield a clarified cytoplasmic fraction. The remaining
pellet was resuspended in Buffer N (20 mm HEPES, 400 mm
NaCl, 1 mm EDTA, and 10% glycerol, pH 7.9) supplemented
with protease inhibitor mixture, and shaken vigorously for 2 h
at 4 °C. Afterward, this mixture was subjected to microcentri-
fugation to yield a clarified nuclear fraction.

Three-dimensional Culture Assays—NMuMG (1 X 10%) and
4T1 (5 X 10?) cells were diluted in complete medium supple-
mented with 5% Cultrex (R&D Systems, Minneapolis, MN),
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FIGURE 1. Elevated p130Cas inhibits TGF-B-mediated Smad2/3 activation. A, normal human MECs (MCF-
10A) and their metastatic derivatives (Cala) were immunoblotted for p130Cas expression. B-Actin (Actin) is
shown as loading control. Data are representative images from a representative experiment that was per-
formed two times with identical results. B, murine breast cancer cells derived from the same primary Balb/c
tumor, including the highly metastatic 4T1 and 66c14 (66) cells, the partially metastatic 168Farn (7168) and 4T07
cells, and the nonmetastatic 67NR cells were immunoblotted for p130Cas expression, and the phosphorylation
of Smad2 (p-Smad2) and p38 MAPK (p-p38) in response to TGF-B1 stimulation (5 ng/ml). Total Smad2/3
(t-Smad2/3), p38 MAPK (t-p38), and B-actin (Actin) were analyzed as loading controls. Data are from a repre-
sentative experiment that was performed two times with identical results. C, 4T1 and 67NR cells were tran-
siently transfected with pSBE-luciferase and pCMV-B-gal plasmids, and subsequently stimulated with TGF-£1
(5 ng/ml) for 18 h prior to measuring luciferase and B-gal activities. NS, no stimulation. Data are the mean = S.E.
(n = 3) of luciferase/B-gal activity ratios. **, p = 0.01. D, quiescent 4T1 cells that expressed either a scrambled
(scram) or FAK-specific (shFAK) shRNA were stimulated with TGF-B1 (5 ng/ml) for varying times, and subse-
quently immunoblotted with phospho-specific antibodies against p130Cas (p-Cas) and Smad2 (p-Smad?2) as
indicated. Membranes were stripped and reprobed with antibodies against p130Cas (t-Cas), Smad2/3
(t-Smad2/3), B-actin (Actin), and FAK as indicated. Data are from a representative experiment that was per-

previously (13).

Luciferase Reporter Gene Assays—
NMuMG cells were transiently
transfected overnight with LT1
liposomes (Mirus, Madison, WI)
that contained 300 ng/well of pSBE-
firefly luciferase (4X-CAGA) cDNA
and 50 ng/well of pCMV-B-gal
cDNA. Afterward, the cells were
stimulated for 24 h with TGF-B1 (5
ng/ml), and subsequently harvested
and assayed for firefly luciferase
(Promega, Madison WI) and -gal
(Clontech, Mountain View, CA)
activities. In addition, 4T1 cells that
stably expressed firefly luciferase under control of the CMV
promoter were similarly (i) transfected with 300 ng/well of
PSBE-Renilla luciferase (4X-CAGA); (ii) stimulated with TGEF-
B1; and (iii) assayed for Renilla and firefly luciferase using the
Dual-Glo Assay System as above (Promega).

Immunofluorescent Analyses—4T1 cells (25,000 cells/well)
were allowed to adhere overnight to glass coverslips. Afterward,
the cells were washed extensively in phosphate-buffered saline
and immediately stimulated with TGF-B1 (5 ng/ml). Upon
completion of agonist stimulation, the cells were (i) fixed in 4%
paraformaldehyde; (ii) permeablized in 0.1% Triton X-100; (iii)
stained with anti-Smad 2/3 antibodies (1:100; BD Biosciences);
and (iv) visualized by addition of biotinylated anti-mouse anti-
bodies (1:1000) in conjunction with the addition of rhodamine-
conjugated streptavidin (1:2000).

Tumor Growth, in Vivo Bioluminescent Imaging, and Immu-
nohistochemical Analyses—Control or various 4T1 derivatives
engineered to stably express firefly luciferase were resuspended
in sterile phosphate-buffered saline (50 wl) and injected ortho-
topically into the mammary fatpad (10,000 cells/injection) of
6-week-old female Balb/c mice (Jackson Laboratory, Bar Har-
bor, ME). Primary 4T1 tumor growth and metastasis develop-
ment were assessed by (i) weekly bioluminescent imaging of
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FIGURE 2. Overexpression of p130Cas inhibits Smad2/3 activity and alters normal mammary epithelial acinar formation. A, NMuMG cells were trans-
duced with retroviral particles containing vector control (cntrl), full-length p130Cas (Cas-FL), or the carboxyl terminus of p130Cas (Cas-CT). Stable transgene
expression was assessed by immunoblotting for phosphorylated (p-p130Cas) and total p130Cas (t-p130Cas). B-Actin (Actin) is shown as a loading control. B, the
p130Cas-manipulated cell lines as described in A were stimulated with TGF-B1 (5 ng/ml) for the indicated times, and subsequently analyzed for the phosphor-
ylation of Smad2 (psmad2), Smad3 (psmad3), and p38 MAPK (p-p38). Membranes were stripped and reprobed for total Smad2/3 (tsmad2/3) and p38 MAPK
(t-p38) as loading controls. Data are from representative experiments that were performed at least three times with identical results. C, control (cntrl) and
p130Cas-expressing (Cas-CT and Cas-FL) NMuMG cells were transiently co-transfected with pSBE-luciferase and pCMV-B-gal plasmids, and subsequently
stimulated overnight with TGF-B1 (5 ng/ml) prior to measuring luciferase and B-gal activities. NS, no stimulation. Data are the mean = S.E. of SBE/CMV activity
ratios observed in three independent experiments completed in triplicate. ***, p < 0.001). D, control (cntrl) and p130Cas-expressing (Cas-CT and Cas-FL)
NMuMG cells were stimulated with increasing concentrations of TGF-B1 (05 ng/ml) for 48 h, and subsequently assayed for [*H]thymidine incorporation into
cellular DNA. Data are the mean * S.E. quantities of incorporated [*H]thymidine normalized to unstimulated controls observed in three independent exper-
iments completed in triplicate (*, p < 0.05 between Cntrl and Cas-FL; #, p < 0.05 between Cntrl and Cas-CT). E, the p130Cas-manipulated NMuMG cells
described in A were grown in three-dimensional organotypic cultures for 10 days, at which point the percentage of hollowed acini were quantified by
phase-contrast microscopy (**, p < 0.001; ***, p < 0.0001). Representative acini are shown.

tumor bearing animals on a Xenogen IVIS-200 (Xenogen Cor-
poration, Hopkinton, MA); (ii) calculating primary tumor vol-
umes using digital calipers and the equation digital V =
(**)(y)(0.5), where x is the tumor width and y is tumor length;
and (iii) measuring primary tumor weights following their sur-
gical excision on days 21 or 26 post-inoculation. Finally, serial
histological sections of control and p130Cas-deficient 4T1
tumors were stained with Ki67 antibodies, and counterstained
with hematoxylin as described previously (11). Data were quan-
tified using Image J software. All animal studies were performed
in accordance with the animal protocol procedures approved
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by the Institutional Animal Care and Use Committee of Uni-
versity of Colorado.

Statistical Analysis—Statistical values were defined using an
unpaired Student’s ¢ test, where a p value < 0.05 was considered
significant.

RESULTS

Elevated p130Cas Expression Inhibits TGF-B-mediated
Smad2/3 Activation—Elevated expression of p130Cas is asso-
ciated with mammary tumor progression (20), and with the
uncoupling of TGF-B to Smad3 activation in epithelial cells
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FIGURE 3. p130Cas deficiency increases Smad2/3 activity in metastatic MECs. A, quiescent 4T1 cells that
expressed either a scrambled (scram) or p130Cas-specific (shCas) shRNA were stimulated with TGF-B1 (5
ng/ml) as indicated, and subsequently immunoblotted with phosphospecific antibodies against Smad3
(pSmad3), Smad2 (pSmad2), or p38 MAPK (p-p38) as shown. Membranes were stripped and reprobed with
antibodies against Smad2/3 (tSmad2/3), p38 MAPK (t-p38), B-actin (Actin), and p130Cas as loading controls.
B, whole cell extracts prepared from control (scram) or p130Cas-deficient (shCas) 4T1 cells were incubated with
B3 integrin antibodies (83 I.P.), and the resulting immunocomplexes were isolated and immunoblotted for
TBR-II. Immunoblotting aliquots of the prepared cell extracts (Input) served to monitor the levels of TER-II, )
p130Cas, and B-actin (Actin). Data are representative of three independent experiments and show that of its
p130Cas deficiency does not affect carcinoma-specific formation of 83 integrin-TBR-Il complexes. C, control
(scram) and p130Cas-deficient (shCas) 4T1 cells were transiently transfected with SBE-luciferase (Renilla), and
subsequently stimulated overnight with TGF-B1 (5 ng/ml). NS, no stimulation. Data are the mean = S.E. (n = 3)

of Renilla/firefly activity ratios.

(21). Unfortunately, the pathophysiological importance of
these events, if any, in mediating oncogenic TGF-8 signaling in
normal and malignant MECs remains unknown. As an initial
measure of potential changes in p130Cas expression during
mammary tumor progression, we monitored p130Cas protein
levels by immunoblotting whole cell extracts prepared from
nontransformed human MECs (MCF10A) and their corre-
sponding metastatic derivatives (CAla) (24-26). As shown
in Fig. 1A, p130Cas expression was readily increased in
human metastatic CAla cells as compared with nontrans-
formed isogenic counterparts. Along these lines, we also
observed p130Cas expression to be up-regulated dramati-
cally in the murine 4T1 model of mammary tumor progres-
sion (Fig. 1B) (26, 27). Indeed, the highly metastatic 4T1 and
66c14 cells expressed significantly more p130Cas than did
their moderately metastatic counterparts, 168-Farn and
4T07 (Fig. 1B). Consistent with this trend, we found non-
metastatic 67NR cells to express very little p130Cas (Fig. 1B).
Importantly, the increased expression of p130Cas was con-
sistent with a shift in the balance of TGF-f signaling from
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p130Cas expression that was con-
sistent with diminished coupling
of TGF-B to Smad2 phosphoryla-
tion (Fig. 1D). Together, these
findings are consistent with the
notion that p130Cas, irrespective
phosphorylation status,
functions to shift the balance of
TGE-B signaling during breast
cancer progression by suppressing
Smad2/3 activity and supporting
p38 MAPK activation in response to TGF-.

Overexpression of p130Cas Inhibits Smad2/3 Activity and
Alters Normal Mammary Epithelial Acinar Formation—To
address the role p130Cas in regulating TGF-f signaling, we
overexpressed either the full-length protein (Cas-FL) or just the
carboxyl terminus of p130Cas (Cas-CT) in normal murine
mammary epithelial (NMuMG) cells (Fig. 2A). Indeed, overex-
pression of either Cas-CT or Cas-FL readily decreased the
phosphorylation of Smad2 and Smad3 in response to TGF-£1
(Fig. 2B). In contrast, TGF-B-induced p38 MAPK phosphory-
lation was readily increased upon Cas-CT expression, whereas
expression of Cas-FL was sufficient to induce the phosphory-
lation of p38 MAPK even in the absence of added TGF-g (Fig.
2B). Furthermore, overexpression of either Cas-CT or Cas-FL
also dramatically decreased the extent of basal and TGF-B-in-
duced Smad2/3-dependent transcription (Fig. 2C). Function-
ally, we observed the p130Cas-dependent reduction in Smad2/3
activity to significantly inhibit the cytostatic response of
NMuMG@ cells to TGF-B (Fig. 2D). Finally, because TGF- is
critically involved regulating normal mammary gland develop-
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FIGURE 4. p130Cas deficiency increases Smad2/3 nuclear localization and decreases the proliferation of metastatic MECs. A, quiescent control (scram)
or p130Cas-deficient (shCas) 4T1 cells were stimulated with TGF-B1 (5 ng/ml) for the indicated times, and subsequently lysed, fractionated, and immuno-
blotted for Smad2/3. Membranes were stripped and reprobed with antibodies against E-cadherin (E-Cad) and lamin A/C (Lamin) to monitor the integrity of the
cytoplasmic and nuclear preparations, respectively. Data are from a representative experiment that was performed three times with similar results. B, control
(scram) and p130Cas-deficient (shCas) 4T1 cells were stimulated as described in A and subsequently fixed and processed for indirect Smad2/3 immunofluo-
rescence, as well as counterstained with 4’,6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei. Arrows indicate the distinct absence or presence of
Smad2/3in 4T1 cell nuclei. Data are representative images from four independent experiments. C, Smad2/3 immunofluorescence data in B was quantified as
follows: white bars, nuclear exclusion; light gray bars, cellular diffuse; dark gray bars, weak nuclear; black bars, strong nuclear staining for Smad2/3. Data are from
10 randomly selected fields for each time point obtained in two independent experiments. D, control (scram) and p130Cas-deficient (shCas) 4T1 cells were
grown in a three-dimensional organotypic culture for 10 days in the absence or presence of TGF-1 (5 ng/ml). Representative acini from three independent
experiments are shown. £, p130Cas depletion restored the cytostatic response of TGF-Bin 4T1 cells, which were grown as in D prior to quantifying acinar size.
Data are the mean = S.E. of 9 randomly selected fields obtained from three independent experiments.

ment (28 -30), we next sought to assess the affect of p130Cas
overexpression on the formation of acini by NMuMG cells
propagated in a three-dimensional organotypic culture system.
Importantly, expression of either Cas-FL or Cas-CT readily
invoked acinar filling, a phenotype that recapitulates in vivo
mammary tumor progression (31). Taken together, these find-
ings clearly indicate that inappropriate up-regulation (see Fig.
1) of p130Cas expression was sufficient to inhibit the physio-
logic activity of Smad2/3, thereby diminishing the tumor sup-
pressive activities of TGF-f.

p130Cas Deficiency Increases Smad2/3 Activity in Metastatic
MECs—Given that elevating p130Cas expression was sufficient
to inhibit Smad2/3 signaling stimulated by TGF-B, we next
examined how p130Cas deficiency would affect the coupling of
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Smad2/3 to TGF-B in MECs. To this end, we expressed and
screened five independent p130Cas-specific shRNA sequences
in NMuMG cells. The general importance of p130Cas in main-
taining normal MEC physiology and homeostasis was readily
apparent as NMuMG cells that expressed shCas#5 shRNA,
which elicited the greatest degree of p130Cas depletion (see
supplemental Fig. S1A), failed to thrive and survive under
extended culture conditions (data not shown). Overall,
p130Cas deficiency led to decreased Smad2 expression in
NMuMG cells (see supplemental Fig. S1A). These findings are
consistent with the notion that p130Cas deficiency augments
the activity of Smad2/3, which elicits proteosome-directed deg-
radation of Smad2/3 (see supplemental Fig. S1B) (23, 32, 33).
However, this decrease in Smad?2 expression precluded a direct
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weights for each group (10 mice/group). p = 0.03. B, histological sections of primary tumors were stained with Ki67 to monitor the proliferative index of control
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the indicated time points post-engraftment. Inset shows representative bioluminescent signals of pulmonary metastases 4 weeks post-engraftment.

analysis of the affect p130Cas deficiency elicited on the activa-
tion of Smad2/3 by TGF-8 in normal MECs. Despite this limi-
tation, aberrant p130Cas expression has been associated with
increased breast cancer progression and poorer clinical prog-
nosis (18 —20). Therefore, we sought to address the functional
impact of p130Cas deficiency on the ability of TGF-S to initiate
oncogenic signaling in the 4T1 metastatic model of breast can-
cer. Indeed, depletion of p130Cas greatly augmented the cou-
pling of TGF-B to Smad2 and Smad3 in metastatic 4T1 cells
without affecting total Smad2/3 levels (Fig. 34). We previously
demonstrated that the aberrant interaction of 83 integrin with
TBR-1I in post-epithelial-mesenchymal transition and malig-
nant MECs is critical for the activation of p38 MAPK by TGF-f3
(11-13). Fig. 3B shows that p130Cas is not required for the
formation of B3 integrin-TBR-1I complexes in 4T1 cells, which
serves to explain the slightly diminished coupling of TGE-f3 to
p38 MAPK in p130Cas-depleted 4T1 cells (Fig. 34). Further-
more, pl30Cas deficiency not only elicited a significant
increase in autocrine-driven SBE-luciferase activity in quies-
cent 4T1 cells (Fig. 3C), but also significantly augmented their
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induction of this Smad2/3-responsive reporter gene when
stimulated by TGE- 3 (Fig. 3C). Accordingly, Smad2/3 localized
primarily to the cytoplasm in quiescent parental 4T1 cells, as
determined by (i) cellular fractionation coupled to Smad2/3
immunoblotting (Fig. 44), and (ii) indirect Smad2/3 immuno-
fluorescence (Fig. 4, B and C). In stark contrast, Smad2/3 was
present in the cytoplasm and nuclear compartments in quies-
cent 4T1 cells that lacked p130Cas expression (Fig. 4, A-C), a
finding consistent with their elevated basal levels of Smad2/3
activity. Moreover, p130Cas deficiency greatly accelerated the
rate and extent of Smad2/3 that accumulated in the nucleus
following TGF-B stimulation (Fig. 4, A-C). Collectively, these
findings are consistent with the notion that aberrant p130Cas
expression down-regulates the activity of Smad2/3 in meta-
static breast cancer cells.

A characteristic phenotype of mammary carcinoma cells,
including 4T1 cells, is their resistance to TGF-pB-mediated
growth arrest when grown in two-dimensional culture systems
(12, 34, 35). Interestingly, the resultant increase in Smad2/3
activity elicited by p130Cas deficiency was unable to restore a
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invasion relative to unstimulated (NS) controls of three independent experiments completed in triplicate.

strong cytostatic response in 4T1 cells upon TGF-B adminis-
tration (see supplemental Fig. S24). However, it is known that
culturing cells on plastic can mask several cell signaling events,
most notably those of TGF-S (31, 36, 37). As such, we propa-
gated control and p130Cas-depleted 4T1 cells in three-dimen-
sional organotypic cultures in the absence or presence of
TGF-B1 (Fig. 4D). In addition to restoring a more rounded,
normal acinar structure (Fig. 4D), depletion of p130Cas also
significantly increased the growth inhibitory effects of TGF-£1
as compared their p130Cas-expressing counterparts (Fig. 4E).
Taken together, these findings suggest that p130Cas functions
to sequester Smad2/3 in the cytoplasm, thereby inhibiting their
activity and the cytostatic function of TGF-B. Our findings also
suggest that aberrant expression of p130Cas may elicit pro-
found effects on mammary tumor growth regulated by TGF-.

pl130Cas Deficiency Inhibits Primary Mammary Tumor
Growth and Cell Invasion—To further assess the role of
p130Cas in TGF-B-mediated tumor progression, we engrafted
parental and p130Cas-deficient 4T1 cells onto the mammary
fat pads of syngeneic Balb/c mice. Indeed, orthotopic tumors
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lacking p130Cas clearly grew more slowly as compared with
their parental counterparts (Fig. 54). Consistent with a reduc-
tion in 4T1 tumor weights, we also observed p130Cas defi-
ciency to elicit significantly impaired proliferative indices as
determined by Ki67 immunohistochemistry of primary tumor
sections (Fig. 5B). These data support our in vitro findings (Figs.
2D and 4E) and suggest that measures capable of inactivating
p130Cas expression and/or function may provide a novel
means to partially restore the tumor suppressive activity of
TGE-B.

Through its inclusion in focal adhesion complexes, p130Cas
has also been proposed to play a critical role in mediating cell
migration and invasion (15). Indeed, p130Cas deficiency abro-
gated 4T1 cell invasion induced by TGF-B1 (Fig. 5C); however,
this same cellular condition failed to impact the pulmonary
metastasis of 4T1 cells engrafted onto the mammary fat pad of
Balb/c mice (Fig. 5D). These findings underscore the complex-
ities of carcinoma metastasis iz vivo and point to the existence
of alternative and TGF-B-independent pathways that can com-
pensate for the loss of cellular invasion normally regulated by
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onto the mammary fat pads.

p130Cas. Indeed, it is tempting to speculate that pulmonary
metastasis of p130Cas-deficient 4T1 cells reflects their mainte-
nance of p38 MAPK activity (Fig. 3A4), a signaling pathway in
which we demonstrated previously to be necessary for TGF-3
stimulation of 4T1 pulmonary metastasis (11).

pl130Cas Balances Canonical and Noncanonical TGF-f3
Signaling—We previously demonstrated that transgenic ex-
pression of human TBR-II in 4T1 cells significantly enhances
their invasion (12) and pulmonary metastasis (11) in mice.
Therefore, we next sought to utilize this model to specifically
address the role of p130Cas in mediating TGF--driven tumor
progression and metastasis. Indeed, transgenic expression of
TBR-1I dramatically enhanced the coupling of TGF-f3 to the
activation of p38 MAPK, but had little to no affect on Smad2 or
Smad3 phosphorylation (Fig. 6A). This shift in TGF-B signaling
was reflected by the increased basal and TGF-B-induced
expression of the prometastatic factor, plasminogen activator
inhibitor-1 (PAI-1; Fig. 6B). Moreover, pharmacological inhibi-
tion of p38 MAPK activity significantly impaired the ability of
4T1 cells to up-regulate PAI-1 in response to TGF-B1 (Fig. 6C).
Importantly, rendering these “hyperinvasive” 4T1-TBR-II cells
deficient in pl130Cas had no appreciable effect on their
enhanced ability to phosphorylate p38 MAPK in response to
TGE-B; however, this same cellular condition did elicit elevated
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phosphorylation of both Smad2 and Smad3 (Fig. 6A4). Thus,
diminishing p130Cas expression in 4T1-TBR-II cells restores
the physiologic balance between canonical and noncanonical
TGE-p signaling (Fig. 64). In accord with their increased p38
MAPK activity and PAI-1 secretion, 4T1-TBR-II cells are sig-
nificantly more invasive compared with parental 4T1 cells
(Fig. 6C) (11, 12). Importantly, depleting 4T1-TBR-II cells of
p130Cas expression abrogated their enhanced invasiveness
mediated by TBR-II expression and a serum stimulation (Fig.
6C). Taken together, these findings clearly show that elevated
TBR-1I expression enhances the coupling of TGF-p to its non-
canonical effector, p38 MAPK, leading to augmented PAI-1
expression and cellular invasion. Furthermore, we show for the
first time that p130Cas deficiency restores a physiologic bal-
ance between canonical and noncanonical TGF-f signaling,
and as such, prevents breast cancer cell invasion.

p130Cas Deficiency Prevents Early TGF-B-driven Breast
Cancer Dissemination—We next sought to utilize the 4T1-
TBR-II model to define the specific role of p130Cas in mediat-
ing in vivo TGF-B-driven breast cancer progression. Biolumi-
nescent imaging of tumor bearing Balb/c mice showed that
parental, TBR-II-, and TBR-II-shCas-expressing 4T1 tumors
exhibited similar rates of establishment (Fig. 74, Day 7). How-
ever, their growth rates thereafter diverged rapidly due to the
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FIGURE 8. p130Cas functions as a molecular rheostat that maintains the balance between canonical and
noncanonical TGF-B signaling. In normal MECs, physiologic expression levels of integrins and p130Cas main-
tain the balance between Smad2/3 and p38 MAPK signaling, which collectively support the tumor suppressing
and cytostatic functions of TGF-B. During breast cancer progression, aberrant up-regulation of p130Cas
expression inhibits Smad2/3 activation in a manner that parallels the inappropriate formation of 33
integrin-TBR-Il complexes, which promotes increased coupling of TGF-B to p38 MAPK. Overall, these untoward
events shift the balance of TGF-B signaling to favor activation of noncanonical effectors, particularly p38 MAPK,
during the acquisition of metastatic phenotypes by breast cancer cells. Importantly, rendering late-stage
breast cancer cells deficient in p130Cas enhances the activation of Smad2/3 by TGF-B, which thereby restores
its ability to suppress the growth and pulmonary metastasis of breast cancer cells in mice.

inability of TBR-II-shCas tumors to grow out as efficiently as
the parental and TBR-II-expressing control cells (Fig. 7, A and
B, Day 21). Importantly, combining TBR-II expression with
p130Cas depletion significantly exacerbated (by 10-fold) the
growth defects originally observed upon p130Cas depletion in
wild-type 4T1 tumors (Fig. 7C). Thus, abrogating p130Cas was
sufficient in restoring the tumor suppressing activities of
TGE-B.

Finally, we found that TBR-II expression elicited a dramatic
increase in the early dissemination of 4T1 tumors to lungs as
compared with parental cells (Fig. 7D). Importantly, this TGE-
B/TBR-1I-driven metastatic process was specifically inhibited
by rendering T BR-II-expressing 4T1 cells deficient in p130Cas
(Fig. 7D). Taken together, these findings show that p130Cas is
critically involved in promoting primary mammary tumor
growth, and is specifically required in facilitating early events in
TGEF-B-driven primary tumor dissemination.

DISCUSSION

TGF- is a principal player involved in suppressing mam-
mary tumorigenesis, doing so through its ability to maintain the
composition of normal MEC microenvironments, and by
inhibiting the aberrant proliferation of normal MECs (6, 38).
Mammary tumorigenesis has evolved a variety of mechanisms
that subvert the tumor suppressing functions of TGF-f3, and in
doing so, confer oncogenic and metastatic activities upon this
multifunctional cytokine (34). Indeed, how TGEF-f both sup-
presses and promotes mammary tumorigenesis remains a fun-
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damental question that directly
impacts the ability of science and
medicine to effectively target the
TGE- signaling system during the
3 treatment of breast cancer patients.
ntegrin

Deciphering this paradox remains
the most important question con-
cerning the biological and patholog-
ical actions of this multifunctional
cytokine (39).

We previously established the
importance of aberrant interactions
between B3 integrin and TBR-II to
promote Src-mediated phosphoryla-
tion of TBR-II, which then recruits
and binds Grb2. Once bound to
phospho-Tyr-284 in TBR-II, Grb2
facilitates TGF-B-mediated activa-
tion of noncanonical MAP kinase
signaling without affecting the cou-
pling of TGF-B to Smad2/3 (12, 13).
Importantly, measures capable of
disrupting this signaling axis readily
prevent TGF-B from driving breast
cancer invasion and metastasis (11,
40). Thus, in addition to establish-
ing the critical importance of p38
MAPK activation in mediating
breast cancer metastasis stimulated
by TGEF-B, these studies also sug-
gested that inappropriate imbalances between canonical and
noncanonical TGF-S signaling systems may in fact underlie its
prometastatic activities in breast cancer cells. Our findings
herein provide the first definitive evidence that (i) canonical
and noncanonical signaling imbalances do indeed dictate MEC
response to TGF-B, and (ii) p130Cas functions as a novel
molecular rheostat that governs the delicate balance between
canonical and noncanonical TGF- effectors. Indeed, overex-
pression of either full-length or the carboxyl terminus of
p130Cas was sufficient to decrease TGF-B-induced Smad2/3
phosphorylation while simultaneously increasing that of p38
MAPK. Moreover, depleting p130Cas significantly increased
the activity of Smad2/3 and concomitantly decreased that of
p38 MAPK induced by TGF-f, and finally, elevating TBR-II
expression amplified the activation of p38 MAPK by TGF-f,
which significantly enhanced early metastatic progression of
mammary tumors in mice (Fig. 7) (11). In “hypermetastatic”
TBR-1I-expressing cells, p130Cas deficiency similarly increased
the coupling of TGF-3 to Smad2/3, an event that negated the
proinvasive and prometastatic activities of p38 MAPK in devel-
oping 4T1 tumors. Thus, p130Cas functions in balancing the
activation status of canonical and noncanonical effectors tar-
geted by TGF-, findings that are clinically and medically rele-
vant to the development and progression of mammary tumors
regulated by TGF-B.

A schematic depicting the function of p130Cas in TGF-f3
signaling is presented in Fig. 8. Indeed, in normal MECs, TGF-f3
receptors fail to interact significantly with integrins, which lim-
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its TGF-B stimulation of p38 MAPK and the initiation of onco-
genic signaling by TGF-$ (13, 40—42). The net effect of these
signaling events results in tumor suppression by TGF-3. How-
ever, during mammary tumorigenesis, p130Cas expression is
up-regulated dramatically, as is the aberrant formation of inte-
grin and TGF-B receptor complexes (11-13, 40), which collec-
tively decrease the activity of Smad2/3 and increase that of p38
MAPK and other noncanonical effectors that promote breast
cancer metastasis stimulated by TGE-3 (11, 40). This signaling
imbalance can be potentiated by elevated TBR-II expression
and its consequential enhancement of p38 MAPK activation
and metastasis (11, 34, 40, 43). In all cases, these various signal-
ing inputs are critically balanced and influenced by the level of
p130Cas expression. Indeed, we (see Fig. 1) and others (20) find
mammary tumorigenesis to dramatically increase the expres-
sion of p130Cas. Based on our findings presented herein, we
suggest that this event limits TGF- stimulation of Smad2/3,
which (i) diminishes MEC responsiveness to the cytostatic
activities of TGF- (44); and (ii) promotes amplified coupling of
TGEF-pB to its noncanonical effectors, leading to breast cancer
invasion and metastasis. In fact, our findings strongly support
the progressive hypothesis that inappropriate imbalances
between canonical and noncanonical TGF-f signaling systems
underlies the acquisition of metastatic phenotypes in mam-
mary carcinomas, as well as facilitates the oncogenic switch of
TGF-B from a tumor suppressor to a prometastatic molecule.

Along these lines, a recent report suggests that murine mam-
mary tumor virus-driven p130Cas expression in mice is suffi-
cient to induce mammary gland hyperplasia (20). However, it
was necessary to combine transgenic p130Cas expression with
that of HER2 to enhance formation of mammary tumors (20).
Although specific effects on TGE- 3 activity and signaling were
not examined in this mouse model, these findings do suggest
that the tumor promoting properties of p130Cas only manifest
in the face of additional oncogenic signaling inputs (i.e. elevated
HER?2 expression), which mirrors our own results showing that
heightened TGF-$ signaling (TBR-II expression) requires
p130Cas to induce pulmonary dissemination. Moreover, we
show that transgenic TBR-II expression led to increased basal
and TGF-B-induced production of the prometastatic protein,
PAIl, without impacting the phosphorylation of Smad2/3.
These findings suggest that (i) p130Cas specifically regulates
the activity of Smad2/3 as opposed to that of the TGF-f recep-
tors, and (ii) Smad2/3 expression levels, not those of TGF-
receptors, are rate-limiting during the activation of canonical
TGF-B signaling. Thus, p130Cas acts as a molecular rheostat of
canonical Smad2/3 and noncanonical p38 MAPK signaling
stimulated by TGF-S, and disruption of the balance between
these two pathways has dramatic affects on breast cancer
growth and progression.

In summary, we demonstrated that p130Cas functions to
regulate the balance between TGF-B-mediated activation of
Smad2/3 and p38 MAPK in normal and metastatic MECs.
Moreover, we provide compelling evidence that p130Cas is
both necessary and sufficient to drive the oncogenic activities of
TGE-B, including its regulation of mammary tumor growth and
the initiation of early steps in the metastatic dissemination of
breast cancer cells. Collectively, our findings establish p130Cas
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as an essential mediator that underlies the oncogenic conver-
sion of TGF-B function, thereby enhancing its ability to pro-
mote the progression of mammary carcinomas.
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