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Expression of a Phosphorylated p130“* Substrate Domain

Attenuates the Phosphatidylinositol 3-Kinase/Akt Survival
Pathway in Tamoxifen Resistant Breast Cancer Cells
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ABSTRACT

Elevated expression of p130“®/BCAR1 (breast cancer anti estrogen resistance 1) in human breast tumors is a marker of poor prognosis and
poor overall survival. Specifically, p130® signaling has been associated with antiestrogen resistance, for which the mechanism is currently
unknown. TAM-R cells, which were established by long-term exposure of estrogen (E,)-dependent MCF-7 cells to tamoxifen, displayed
elevated levels of total and activated p130®. Here we have investigated the effects of p130® inhibition on growth factor signaling in
tamoxifen resistance. To inhibit p130®, a phosphorylated substrate domain of p130“®, that acts as a dominant-negative (DN) p130°*
molecule by blocking signal transduction downstream of the p130“® substrate domain, as well as knockdown by siRNA was employed.
Interference with p130%®* signaling/expression induced morphological changes, which were consistent with a more epithelial-like phenotype.
The phenotypic reversion was accompanied by reduced migration, attenuation of the ERK and phosphatidylinositol 3-kinase/Akt pathways,
and induction of apoptosis. Apoptosis was accompanied by downregulation of the expression of the anti-apoptotic protein Bcl-2. Importantly,
these changes re-sensitized TAM-R cells to tamoxifen treatment by inducing cell death. Therefore, our findings suggest that targeting the
product of the BCART gene by a peptide which mimics the phosphorylated substrate domain may provide a new molecular avenue for
treatment of antiestrogen resistant breast cancers. J. Cell. Biochem. 107: 364-375, 2009. © 2009 Wiley-Liss, Inc.
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[Couse and Korach, 1999]. Cumulative exposure of breast

I he steroid hormone estrogen (E,) has been implicated in the
epithelium to estrogen is a risk factor for the development of

proliferation of breast tumor cells and in the progression of

breast cancer [Henderson et al., 1988]. E, exerts its effects through
the estrogen receptor (ER), which exists in two structurally related
forms, ERa and ERB, encoded by separate genes ESR1 and ESR2,
respectively. In the ‘classical’ pathway E, diffuses into the cells and
binds the ER which leads to its activation [Henderson et al., 1988].
The activated ERa-E, complex acts in the nucleus as transcriptional
regulator for various genes including CCND1 (cyclin D1), BCL2,
VEGFA, OXT (oxytocin) and CTSD (cathepsin D) [O’Lone et al.,
2004].

ERa is clinically important in breast cancer diagnosis and
treatment as it is expressed in more than 70% of breast cancers

breast cancer [Henderson and Feigelson, 2000]. Current endocrine
therapies of breast cancer are based mainly on antagonizing
ER function by utilizing antiestrogens such as tamoxifen and
fulvestrant, or aromatase inhibitors which block estrogen synthesis
[Smith and Dowsett, 2003]. Tamoxifen treatment improves overall
survival and decreases disease recurrence. However, the beneficial
effects of existing endocrine therapies are in part counteracted
by the development of resistance. Mechanisms responsible for
tamoxifen resistance include mutations in the ESR1 gene resulting
in enhanced sensitivity to ligand and co-activator recruitment,
overexpression of co-activators such as AIB1, and downregulation
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of co-repressor activity [Lavinsky et al., 1998]. It has been suggested
that the cross talk between the ER and growth factor receptor
pathways constitutes an ‘“alternative” pathway of ER action at the
cell membrane, which influences the endocrine response and
resistance in breast cancer [Shou et al.,, 2004]. Upregulation of
expression and/or signaling of the growth factors and their
respective receptors, in particular the ERBB family proteins and
the insulin growth factor receptor (IGFR), has been observed in
resistant tumors and breast cancer cell lines [Guvakova and
Surmacz, 1999; Knowlden et al., 2003]. This enhancement of growth
factor signaling is associated with an increase in phosphorylated
ERK1/2 and resistance in breast cancer [Gee et al., 2001]. Moreover,
ERa« interacts with the phosphatidylinositol 3-kinase (PI3K)/Akt cell
survival pathway in a non-nuclear ligand-dependent manner
thereby suggesting that high Akt expression levels could be
associated with tamoxifen resistance [Campbell et al., 2001].
More recently, it was suggested that tamoxifen resistance in
invasive lobular breast cancer arises from overexpression of the
estrogen-related receptor y (ERR+y), which is structurally similar to
ERa [Riggins et al., 2008].

In a screen for genes involved in breast cancer antiestrogen
resistance (BCAR), three independent loci BCARI, BCAR2, and
BCAR3 were identified [Bouton et al., 2001]. Recently, van
Agthoven et al. [2009] described the identification of four additional
BCAR genes including AKTI, AKT2, EGFR, and GRB7. The first
locus BCARI1 is identical to the gene encoding the p130 Crk-
associated substrate [p130cas] [Brinkman et al., 2000]. High
expression levels of p130“®® in primary breast tumors are associated
with increased rate of relapse and with poor response to tamoxifen
treatment of recurrent disease [van der Flier et al., 2000].
Interestingly, high levels of p130“® were found in invasive feline
and canine mammary tumor tissues, stressing the notion that
BCARI1 plays a role in breast cancer progression [Scibelli et al.,
2003]. p130°® forms a signaling node downstream of activated
growth factor receptors, integrins, and G-protein coupled receptors
[Bouton et al., 2001]. Phosphorylation on tyrosine residues situated
within the p130Cas substrate domain (SD) leads to its activation,
which is followed by recruitment of SH2 domain-containing
molecules including Crk and Nck. Recruitment of these molecules to
the p130“® SD leads to the assembly of larger signaling complexes,
which can result in the activation of the Ras-MAPK and/or Rac-
DOCK180-JNK signaling cascades [Bouton et al., 2001]. It has been
shown that following E, treatment, p130® rapidly and transiently
associates with ERa in a complex containing Src kinase and the
p85 subunit of PI3K, suggesting that p130® is involved in
regulating E,-dependent cytosolic ERa signaling [Cabodi et al.,
2004]. It was also shown that overexpression of p130“* in MCE-7
cells confers resistance to tamoxifen through its interaction with
c-Src [Riggins et al., 2006]. Moreover, transgenic mice over-
expressing p130%® in the mammary gland show extensive epithelial
hyperplasia during development and delayed involution, indicating
a role of p130“® in the proliferation and survival of mammary
epithelial cells [Cabodi et al., 2006]. It has been suggested that
overexpression of p130“® might lead to altered regulation of
progression through the cell cycle [Cabodi et al., 2004; Riggins et al.,
2006].

Preventing the interaction of p130“* with downstream signal

transducers that bind to its phosphorylated SD might be a useful
strategy for the development of small molecule and/or peptide
2 js elevated and/or

0 molecule

inhibitors for breast cancer in which p130
activated. We developed a dominant negative (DN) p13
(Src*/CasSD)-composed of an attenuated c-Src kinase domain fused
to the p130“* SD [Kirsch et al., 2002]. Attenuation was achieved by
mutating tyrosine 416 in the c-Src kinase domain to phenylalanine.
While this Src kinase mutant is inactive against exogenous
substrates [Kmiecik and Shalloway, 1987; Piwnica-Worms
et al., 1987], it constitutively phosphorylated the p130* SD in
the Src*/CasSD chimera independent of upstream signals, and acted
as a decoy for downstream binding partners in HEK293T cells by
competing with endogenous p130** [Kirsch et al., 2002]. Here, we
assessed the effects of Src*/CasSD expression on MAPK/ERK PI3K/
Akt survival pathway in MCF-7 and TAM-R cells - a tamoxifen
resistant cell line derived from MCF-7 cells by long-term exposure
to tamoxifen. Targeting downstream signal transducers of activated
p130* in breast cancer cells reduced cell migration, and re-
sensitized TAM-R cells to tamoxifen treatment. This re-sensitization
was associated with morphological changes consistent with a more
epithelial-like phenotype. These effects were correlated with
changes in ERBB levels and with an attenuation of the MAPK/
ERK as well as the PI3K/Akt cell survival pathway. Together these
results stress the relevance of targeting the product of the BCARI
gene, particular in tumors with elevated protein levels.

RETROVIRAL EXPRESSION CONSTRUCTS

The Src*/CasSD, Src*™/CasSD, Src* fragments [Kirsch et al., 2002]
were amplified by PCR and subcloned into the Not I and Hpa I sites
(in frame with the Myc-tag) of the constitutive retroviral expression
vector pCXj,. To generate the pCXyq-Src*/CasSD doxycycline (Dox)
inducible retroviral expression construct, the Src*/CasSD amplicon
was cloned into the Hind IIl and EcoR 1 sites of the vector
pC4y,s,R(TO).

CELL CULTURES AND TREATMENT CONDITIONS

MCF-7 breast cancer cells were grown in RPMI-1640, 5% FBS and
4 mM glutamine, supplemented with penicillin/streptomycin and
sodium pyruvate. MCF-7-derived TAM-R cells were grown in
phenol-red free RPMI-1640 supplemented with antibiotics and
glutamine as above and 5% charcoal-stripped FBS or in 5% FBS
and 1077 M 4-hydroxytamoxifen (Sigma). Investigation of basal
expression of signaling components was carried out on cells grown
in basal medium. For sensitivity assays to tamoxifen, TAM-R cells
transfected with siRNA for 24 h were treated with tamoxifen for an
additional 24 h. For induction of TAM-R inducible stable cells 1 pg/
ml Dox was added to the medium for 8 h and subsequently the
medium was supplemented with 100 nM or 1 uM tamoxifen and
10 nM E, for another 48 h. Similarly, TAM-R stable cell lines were
seeded in 5% FBS and after the overnight incubation, growth
medium was supplemented with tamoxifen as above.
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RETROVIRAL INFECTION AND EXPRESSION

Retroviral infection of MCF-7 and TAM-R cells was carried out as
described [Min et al., 2007]. Cells infected with the pCXj,, plasmids
were selected with 10 pg/ml blasticidin for 4 days. For Dox inducible
expression pC4,,,R(TO) based plasmids, cells were selected with
10 pg/ml blasticidin and 0.2 pg/ml G418 for about 1 week. Three
independent pools of inducible infectants were generated.

PROTEIN ANALYSIS

Whole cells extracts (WCE) were prepared and analyzed by Western
blotting (WB) and immunoprecipitation as described [Kirsch et al.,
1998]. Briefly, cells were incubated in RIPA buffer [50 mM Tris-HCI
(pH 8.0), 150 mM NaCl, 1% Nonidet P-40 (NP-40), 0.5% sodium
deoxycholate, 0.1% SDS] supplemented with protease inhibitor
cocktail (Roche) and phosphatase inhibitors for 30 min on ice
followed by centrifugation at 16,000¢, at 4°C for 30 min.

For immunoprecipitation of Crk, GammaBind™ G-Sepharose™
beads (Amersham Pharmacia Biotech) were preincubated with anti-
Crk antibodies (BD Biosciences) at 4°C for 90 min. Cells were lysed in
NP-40 buffer [1% NP-40, 50 mM Tris-HCl (pH 7.4), 150 mM NaCl,
1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride
(PMSF) and 1x complete protease inhibitors (Roche)]. Clarified cell
lysates were incubated with the antibody-bead complexes at 4°C for
2 h. Immunoprecipitates were washed four times with ice-cold NP-
40 buffer containing 0.1% NP-40 and then subjected to WB analysis.

ANTIBODIES

Crk (BD Biosciences), p130“*, GSK-3B (BD, Transduction Labora-
tories); ERBB2, ERBB3 (Upstate); Akt, phospho-Akt>*™7?, phospho-
Akt™3%8 " bhospho-ERK1™202/2Thr204 - EGER, Mcl-1, phospho-
GSK35®, p70S6 Kinase, phospho-p70S6 Kinase™™>% (Cell Signal-
ing); ERa (Ab-15), Nck (Labvision Corporation); Bcl-2, CrkIl, ERK1,
ERK2, HA (Y-11), Myc (9E10), PY-99, p130“* (Santa Cruz); Cas B
(antibody directed against the SD of p130“™, a gift from Amy
Bouton); B-Actin (Sigma); a-tubulin (Calbiochem).

FAR-WESTERN BLOT ANALYSIS

Far-Western blot analysis with purified GST-fusion proteins was
conducted as described [Nollau and Mayer, 2001]. Briefly, the
membranes were blocked with 3% BSA/TBS-T [150 mM NaCl,
50 mM Tris-HCl (pH 7.5), 0.1% Tween 20] supplemented with 1 mM
sodium orthovanadate and 1 mM EDTA (pH 8.8) at 4°C for 1 h. GST
fusion proteins (5 pug) were preincubated with 0.5 g of glutathione-
conjugated horseradish peroxidase (Marligen Inc.) in 1x PBS (pH
7.4) on ice for 1 h, incubated with the membranes in 3% BSA/TBS-T
at room temperature (RT) for 1 h, and subsequently washed in TBS-T
four times for 10 min. The bound probe was detected by
chemiluminescence.

PROLIFERATION ASSAY

For the CellTiter-Glo (Promega) luminescent assay cells were plated
at a density of 10,000 cells/well into 96-well opague-walled culture
plates in triplicate and incubated at 37°C under 5% CO, for 6 h
(baseline measurement) as well as 1 and 3 days. At the indictated
times, CellTitre-Glo reagent was added and the culture plates were
incubated at RT for 10 min and the luminescence was recorded. For

the acid phosphatase assay [Min et al., 2007], infected cells were
plated at a density of 10,000 cells/well into 24-well culture plates in
triplicate and allowed to adhere for 12 h, after which fresh medium
was added and the cultures were incubated for 2 and 4 days at 37°C
under 5% CO,. The color reaction was determined at OD4;g nm-

MIGRATION ASSAY

Cells (100,000) were suspended in RPMI-1640 supplemented with
0.05% gelatin and layered in the upper compartment of a Transwell
(Costar, 8 wm pore size) and incubated at 37°C for 24 h. The lower
compartment contained 500 pl RPMI-1640 supplemented with
0.05% gelatin and 5% FBS. Migration was quantified by acid
phosphatase assay as above.

FLOW CYTROMETRY ANALYSIS OF CELLS

Cells were harvested, fixed overnight in 95% EtOH at —20°C
overnight. Subsequently, fixed cells were re-suspended in propi-
dium iodide (PI) solution (50 pg/ml PI, 100 pg/ml RNAse A in 1x
PBS) for 20 min at 4°C, and analyzed using a FACScan (Becton
Dickinson). Cells undergoing apoptosis in each sample were
estimated by quantification of cell number in sub-G1 phase.

TRANSFECTION OF siRNA

Cells were seeded in 6-well plates 1 day before transfection (100,000
cells/well). Cells were transfected with, 80 pmol of p130“*® siRNA
(sc-36141, sense strand A: 313 GUGGGCAUGUAUGAUAAGA, sense
strand B: 857 CACAGGACAUCUAUGAUGU, sense strand C: 2102
GGAUGGAGGACUAUGACUA, Santa Cruz) or control siRNA
(sc-37007, Santa Cruz) using Lipofectamine 2000 according to
the manufacturer protocol.

TAMOXIFEN RESISTANT BREAST CANCER CELLS CONTAIN
ELEVATED LEVELS OF p130°*

For our studies, we utilized MCF-7 cells, and its tamoxifen resistant
derivative TAM-R [Hiscox et al., 2004]. Comparison of the
expression of p130“® revealed that TAM-R cells have elevated
amounts of total p130“®* (Fig. 1A, left panel). Activated p130°* was
also increased as seen by the total tyrosine phosphorylation analysis
of immunoprecipitated p130%® (Fig. 1A, right panel). Thus, we
employed our recently established DN approach [Kirsch et al., 2002]
to block signaling downstream of the phosphorylated p130* SD.
The DN p130“® (Src*/CasSD) composed of an attenuated Src kinase
domain (Src*) fused to the CasSD was subcloned in frame with an
N-terminal Myc-tag into a retroviral vector [Akagi et al., 2002]. As
controls we used the empty vector, Myc-tagged Src*, and Myc-
tagged Src*™/CasSD where a kinase inactive Src kinase domain
(Src®™™) was fused to the CasSD (Fig. 1B). All of the constructs were
equally well expressed in MCF-7 and TAM-R cells, and as expected
the Src*/CasSD was tyrosine phosphorylated, whereas the Src*™/
CasSD was not (Fig. 1C). The expression of the Src*/CasSD was
approximately 2.5-fold over endogenous p130“* (Supplementary
Fig. S1). Previously, we have shown that the DN effect of the
phosphorylated Src*/CasSD molecule is in part mediated by
decoying downstream effector molecules from endogenous

366

CELL DEATH BY ACTIVATED Cas SUBSTRATE DOMAIN

JOURNAL OF CELLULAR BIOCHEMISTRY



p130%* in NIH 3T3 fibroblasts [Kirsch et al., 2002]. Far-Western blot
analysis was employed to test whether Crk and Nck—two well
characterized downstream targets of p130“*—are able to associate
with the Src*/CasSD in breast cancer cells. As seen in Figure 1D (left
panels), the GST-tagged SH2 domains of Crk and Nck bind to the
phosphorylated CasSD, whereas no interaction was detected with the
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unphosphorylated Src*™/CasSD. In addition, immunoprecipitation
of Crk showed association with endogenous p130“® in control cells
(Fig. 1D, right panel). Expression of Src*/CasSD resulted in reduced
interaction of Crk with endogenous p130%® and preferential
interaction with the phosphorylated Src*/CasSD. This assay
confirmed that the expressed Src*/CasSD can interact with Crk

and Nck and thus act as a decoy.

EXPRESSION OF THE SRC*/CasSD IN BREAST CANCER CELLS
INDUCES A MORE EPITHELIAL-LIKE PHENOTYPE
TAM-R cells underwent a partial epithelial to mesenchymal
transition, displaying prominent lamellipodia [Hiscox et al.,
2006a]. Signaling through the p130*-Crk complex is important
for focal adhesion kinase (FAK)-mediated migration [Klemke et al.,
1998]. Thus, we first compared the morphology of MCF-7 and TAM-
R cells stably expressing Src*/CasSD and controls. Src*/CasSD cells
rapidly adopted a different morphology, which was most prominent
in TAM-R Src*/CasSD cells. These cells grew in tight clusters and
were almost completely void of lamellipodia (Fig. 2A). No change
was seen in control cells expressing Src*™/CasSD, Src* or empty
vector. All control cell populations formed prominent lamellipodia
and leading edges as indicated by arrows (Fig. 2A). Epithelial
cells frequently lose the expression and/or membrane localization of
E-cadherin during the course of adopting a more mesenchymal
phenotype. Thus we analyzed the effect of Src*/CasSD expression
on E-cadherin levels and/or localization in TAM-R. WB analysis
revealed no significant differences in overall protein expression
(data not shown). However, immunofluorescence analysis of
E-cadherin expression/localization showed increased amounts of
E-cadherin at cell-cell boundaries in TAM-R Src*/CasSD, suggesting
that expression of the Src*/CasSD might stabilize E-cadherin at the
cell membrane. These findings are supported by detection of higher
amounts of E-cadherin in the TX 100 insoluble fraction of TAM-R-
Src™/CasSD (Supplementary Figs. S2A and B).

To determine whether the morphological changes induced by the
expression of Src*/CasSD cells correlate with a reduced invasive

Fig. 1. Tamoxifen resistant breast cancer cells contain elevated levels of
p130%*, A: Whole cell extracts (WCE) (10 p.g) or p130°* (Cas) and phos-
photyrosine (p-Tyr) immunoprecipitates (IP) from MCF-7 and TAM-R cells
were probed with the indicated antibodies (representative of two independent
experiments). B: Representation of the dominant negative (DN) p130%* and
control constructs [Src”, attenuated Src kinase domain; Src™, kinase inactive
Src kinase domain; substrate domain (SD) of p130ca5]: the black bar at the N-
terminus depicts the Myc-tag. C: MCF-7 and TAM-R stable cell populations
carrying the indicated constitutive expression constructs and vector control
were analyzed for protein expression (30 g WCE) and tyrosine phosphoryla-
tion using the c-myc and p-Tyr antibodies. Equal loading was assessed by
probing with actin antibodies (<, expressed peptides; ¥, phosphorylated
peptides). D: The phosphorylated Src*/CasSD interacts with Crk and Nck and
competes with endogenous p130°* for binding to Crk. WCE of TAM-R Src*/
CasSD and TAM-R Src*™/CasSD cells were subjected to Far-Western blot
analysis with purified GST-SH2 domains of Crk and Nck (left panels). WCE
(1 mg) of TAM-R vector and TAM-R Src*/CasSD cells were immunoprecipitated
with anti-Crk antibodies followed by Western blotting (WB) with Cas B (upper
panel) and anti-Crk antibodies (lower panel) (representative of two indepen-
dent experiments). *, marks endogenous p130%*; <, marks the Src*/CasSD
protein.
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Fig. 2. Src*/CasSD cells display altered cell morphology and migration.
A: Phase contrast images of MCF-7 and TAM-R cells stably and constitutively
expressing the indicated constructs (20x magnification). White arrows indi-
cate cells with lamellipodia. Scale bar 30 wm. B: TAM-R cells stably and
constitutively expressing the indicated constructs were subjected to serum
stimulated migration assay for 24 h. Data represent + standard deviation
of triplicate from two independent experiments. ** indicates P< 0.0001 of
vector versus Src”/CasSD (TAM-R cells). P values were calculated using
Student's t-test.

phenotype, migration assays were performed. TAM-R Src*/CasSD,
TAM-R Src®™/CasSD, TAM-R Src*, or TAM-R vector cells were
subjected to a serum-stimulated migration assay. Expression of the
Src*/CasSD significantly reduced cell migration towards an FBS
gradient as compared to vector control cells (Fig. 2B). In contrast, the
migration rate of the TAM-R Src®™/CasSD and TAM-R Src* control
cell populations was unchanged. In summary, these experiments
indicate that the phosphorylated Src*/CasSD promotes a less
invasive, more epithelial-like phenotype, and are consistent with
the established role of p130“**-Crk engagement in cell migration.

EXPRESSION OF SRC*/CasSD REDUCES PROLIFERATION

p130%* plays a role in signaling pathways activated by growth
factor receptors, and has been shown to promote proliferation.
During the course of our studies we consistently noticed reduced cell
numbers in cell populations expressing the Src*/CasSD. We did not
observe profound differences in plating efficiencies (Supplementary
Fig. S3). Thus, we determined whether interference with downstream
signaling pathways of endogenous p130® has an effect on the
proliferation of MCF-7 and TAM-R cells. Stable MCF-7 and TAM-R
populations expressing the Src*/CasSD construct or vector control
were seeded in equal numbers and subsequently cell numbers at
days 1 and 3 post-seeding were determined. As shown in
Figure 3A, the cell numbers of MCF-7 Src*/CasSD and TAM-R
Src™/CasSD expressing cells were significantly reduced compared to
vector control cells (P < 0.03). We consistently observed a stronger
effect in TAM-R cells. The cell numbers of Src* and Src*™/CasSD
expressing cells were unchanged (Fig. 3A, right panel and data not
shown). The enhanced sensitivity of TAM-R cells to the expression
of the Src*/CasSD might reflect the adaptation of these cells to
higher levels of endogenous p130°®. In summary, signaling through
endogenous p130°® plays an important role in processes involved in
cell proliferation and/or survival.

ECTOPIC EXPRESSION OF THE PHOSPHORYLATED p130%* SD
DOWNREGULATES EGFR LEVELS, ERK ACTIVATION, AND REDUCES
THE ACTIVATION OF ENDOGENOUS p130%* IN TAM-R CELLS
ERBB proteins are upregulated in the TAM-R cells (Supplementary
Fig. S4) and have been implicated in the proliferation of these cells
[Knowlden et al., 2003]. Thus, we investigated whether the Src*/
CasSD affects the levels of the ERBB proteins. In MCF-7 cells the
ERBB levels were unchanged (Fig. 3B, upper panel). In contrast,
EGFR expression was prominently reduced in TAM-R Src*/CasSD
cells compared to TAM-R cells expressing controls (Fig. 3B, lower
panel). In all TAM-R cell populations tested ERBB3 protein
expression did not change noticeably while elevated levels of
ERBB2 were detected in cells expressing Src*/CasSD. Next, we
examined whether the difference in cell numbers was a consequence
of reduced activation of downstream signaling pathways particu-
larly the MAPK-ERK pathway. A time course analysis of ERK1/2
activation in response to EGF treatment revealed an attenuation of
ERK1/2 phosphorylation in Src*/CasSD cells compared to vector
control cells (Fig. 3C). Consistent with the stronger reduction in cell
numbers the attenuation was more pronounced in TAM-R Src*/
CasSD cells compared to MCF-7 Src*/CasSD. These data suggest that
the reduced cell numbers determined are in part due to attenuation
of the MAPK-ERK pathway.

Next, the effect of the Src*/CasSD molecule on the levels of
endogenous p130“* was examined by WB. p130“* levels did not
change significantly, but consistently, we found a shift from the
phosphorylated form of p130® to a lesser or unphosphorylated
form (Fig. 3D, left panel). A fourfold reduction in the ratio of the
phosphorylated versus unphosphorylated form was determined
(Fig. 3D, right panel), suggesting that expression of the Src*/CasSD
not only decoys downstream molecules, but also influences the

activation of endogenous p130°,
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Fig. 3. Significant reduction in cell numbers of Src*/CasSD expressing cells. A: MCF-7 and TAM-R cells stably and constitutively expressing Src”/CasSD or control vector were
plated at density of 10,000 cells/well. Cell numbers in TAM-R cell populations were determined by measuring ATP at days 1 and 3 after plating (left panel). TAM-R cell
populations stably and constitutively expressing Src”, Src*™/CasSD or Src*/CasSD were plated at a density of 10,000 cells/well. Cell numbers in all cell populations were
determined at days 2 and 4 after plating (right panel). Results indicated are representative of three independent experiments performed in triplicate + standard deviation.
Pvalues were calculated using Student's t-test. *** indicates P< 0.0008 and ** indicates P< 0.03, vector versus Src”/CasSD. (B) Expression of Src*/CasSD influences the protein
expression of EGFR, ERBB2. Serum-starved MCF-7 and TAM-R cells stably and constitutively expressing the indicated constructs were subjected to WB analyses for ERBB family
proteins (50 g WCE), and tubulin for loading (representative of three independent experiments). C: Src*Cas/SD expression attenuates ERK activation. Serum-starved MCF-7
and TAM-R Src*/CasSD and vector stable cell populations were stimulated with 10 ng/ml of epidermal growth factor (EGF). WCE (20 p.g) were analyzed by WB with pERK1/2,
ERK1/2 and actin antibodies. Data are representative of two independent experiments. (D) Expression of Src*/CasSD influences the phosphorylation of endogenous p130°,
WCE of TAM-R Src*/CasSD and vector control cell populations were analyzed by WB for expression of endogenous p130°®., Arrows indicate positions of phosphorylated and
unphosphorylated p130%* (upper and lower, respectively). Densitometric analysis of three independent WBs was used to calculate the ratio of phosphorylated versus
unphosphorylated p130* (right panel).

EXPRESSION OF SRC*/CasSD INDUCES APOPTOSIS

We sought to investigate whether apoptosis contributes to the
reduced cell number determined. Two procedures were used to
identify apoptotic cells; flow cytometry of PI stained cells and visual
counting of DAPI stained nuclei with condensed chromatin and/or
fragmentation. To circumvent potential effects of adaptation, we
generated a Dox-inducible HA-tagged retroviral Src*/CasSD
expression plasmid. WB analysis of WCE 24 h post-induction

showed that the Src*/CasSD is expressed (Fig. 4A) (approximately
1.7-fold of endogenous p130“*; Supplementary Fig. S1). Induction
of Src*/CasSD expression caused cells to become round and
refractile, and over time an increasing number of cells detached
from the substratum (data not shown). The number of cells
undergoing apoptosis within the populations was determined by cell
cycle analysis 72 h post-induction with Dox (Fig. 4B). Approxi-
mately 10% of TAM-R Src*/CasSD cells were detected in sub-G1.
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Expression of Src”/CasSD in TAM-R cells resulted in cell death. A: WB analysis of inducible Src*/CasSD expression using anti-HA and actin antibodies in doxycycline-

(Dox) untreated and Dox-treated (24 h) TAM-R cell populations carrying the inducible pCX,s,R(TO)Src*/CasSD expression construct and vector control (representative of at least
three experiments). B: Stable TAM-R cell populations infected with inducible Src*/CasSD and vector alone were seeded in 5% fetal bovine serum (FBS) and induced with 1 (g/ml
Dox for 72 h. The cells were fixed and stained with propidium iodine (PI) and subjected to flow cytometry. Apoptosis was assessed by observing the changes in sub-G1 phase of
the cell cycle. Histograms are representative of three experiments performed in triplicate. The inset number indicates the percentage of cells in sub-G1 phase of the cell cycle

(upper panel). TAM-R vector control was set to 1 and used to determine the fold change in cell number in sub-G1. Results are of three independent experiments (+standard
deviation) performed in triplicate (lower panel). Pvalues were calculated using Student's t-test. C: Expression of Src*/CasSD in TAM-R cells attenuates the PI3K/Akt pathway

and increases ERa levels. TAM-R stable cell populations constitutively expressing the indicated constructs were serum-starved for 24 h and stimulated with 20% FBS for
10 min. WCE (20 pg) were subjected to WB analysis with the indicated antibodies. Equal loading was assessed with actin antibodies. Data are representative of two independent

experiments.

This represents a sixfold increase when compared to Dox-treated
vector control cells. In addition, cells were quantified by counting
the nuclei with clear signs of apoptosis. A similar fraction of cells
that express Src*/CasSD underwent apoptosis compared to non-
induced and vector control cells (data not shown). Thus, “de novo”
expression of the Src*/CasSD in TAM-R cells induces apoptosis,
which might also contribute to the reduced cell numbers determined.

EXPRESSION OF THE SRC*/CasSD ATTENUATES THE PRO-SURVIVAL
PI3K/AKT PATHWAY AND INCREASES ER« LEVELS

TAM-R cells depend on the activity of Akt for proliferation and or
survival [Jordan et al., 2004]. Since the PI3K/Akt pathway has been
linked to the regulation of programmed cell death in response to
diverse stimuli, we examined the activity of Akt and downstream
targets of Akt in TAM-R Src*/CasSD and control cells. Serum-
starved cells were treated with 20% FBS for 10 min, and WCE were
subjected to WB analysis. A profound decrease in the amount
of pAktThr308/5erd73 - GSK35e and p70S6K™>% in cell lysates

expressing the Src*/CasSD molecule was seen in comparison to
control cells (Fig. 4C). The PI3K/Akt pathway has been implicated to
alter ER« activity and/or levels. We next determined the expression
levels of ERa by WB analysis and revealed an approximate threefold
increase in ERa protein levels in Src*/CasSD cells. Thus the Src*/
CasSD effectively reduces the activation of the PI3K/Akt pathway,
and this attenuation may, in part, be responsible for the increase in
ERa levels.

DOWNMODULATION OF p130%* SIGNALING/EXPRESSION
SENSITIZES TAM-R CELLS TO TAMOXIFEN

To elucidate whether expression of the Src*/CasSD sensitizes the
TAM-R cells to tamoxifen treatment, we subjected TAM-R and MCF-
7 cells constitutively expressing Src*/CasSD and vector control cells
to two doses of tamoxifen (100 nM and 1 wM) for 48 h. As described
above, a small fraction of untreated TAM-R Src*/CasSD cells was
found in sub-G1. A dose-dependent increase in the sub-G1
population of TAM-R Src*/CasSD cells was seen under both
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treatment conditions (Fig. 5A, upper left panel). In contrast,
tamoxifen treatment did not induce any change in the sub-G1
population of TAM-R vector control cells. The increase in the
fraction of apoptotic cells under both treatment conditions was
highly significant as the analysis of the fold change of three
independent experiments revealed (P < 0.0003 and P < 0.0002)
(Fig. 5A, lower left panel). Importantly, the induction of apoptosis
and sensitization to tamoxifen was specific to TAM-R Src*/CasSD
cells, as no such effects were observed in MCF-7 and MCF-7 Src*/
CasSD cells (Fig. 5A, upper and lower right panels). Moreover, we
measured the response of the Dox inducible TAM-R Src*/CasSD
populations to treatment with tamoxifen. These cell populations
were treated with Dox for 8 h or left untreated and subsequently
exposed to 100 nM and 1 M tamoxifen for 48 h (Fig. 5B). Treatment
of these cells with 100 nM and 1 M tamoxifen similarly increased
the fraction of apoptotic cells to >4% and >119%, respectively. In
contrast, tamoxifen treatment had no effect on non-induced cell
populations (Fig. 5B). Importantly, the induction of apoptosis and
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sensitization to tamoxifen was specific to TAM-R Src*/CasSD cells.
These data further suggest that molecules that bind to the activated
p130%* contribute to the tamoxifen resistant phenotype in breast
cancer cells with high levels of endogenous p130%%.

To begin to investigate the molecular mechanisms of sensitization
that are involved in induction of apoptosis upon Src*/CasSD
expression alone or combined with tamoxifen treatment, we
determined the expression levels of the anti-apoptotic proteins
Bcl-2 and Mcl-1 in inducible TAM-R cell populations (Fig. 5C).
These cell populations were treated with Dox for 8 h or left
untreated. Induction of Src*/CasSD led to a reduction of Bcl-2
expression. The reduction was further enhanced in cell populations
treated with 100 nM tamoxifen. In contrast, expression levels of
Mcl-1 did not change, which suggests that attenuated Bcl-2 levels
contribute to Src*/CasSD induced apoptosis and response to
tamoxifen in these cells. Of note, no changes were observed in
TAM-R vector cells.

In addition to the DN p130“® approach, we utilized p130%*
SiRNA to downmodulate the expression of endogenous p130* in
TAM-R and MCE-7 cells. In these cells endogenous p130“* was
consistently reduced by greater than 90% and 70-800%, respectively
(Fig. 6A, upper panels). Within 24 h of treatment with p130“*
specific siRNA, a substantial fraction of the TAM-R cells population
detached from the substratum, indicative of programmed cell death
(Fig. 6A, lower panels). This was confirmed by determining the
fraction of cells in sub-G1 at 48 h of treatment. Approximately 12%
of cells were detected in sub-G1 (Fig. 6B). Moreover, p130Cas siRNA
or control siRNA treated cells were subjected to 1 wM tamoxifen for
24 h. In p130“® siRNA cell populations, addition of tamoxifen
increased the percentage of cells in sub-G1 to >20%, while
tamoxifen had no effect on control siRNA transfected cells. These
results corroborate our data obtained with the Src*/CasSD cells.

Fig. 5. Expression of Src”/CasSD in TAM-R cells sensitizes tamoxifen resis-
tant cells to antiestrogen. A: TAM-R and MCF-7 cells stably and constitutively
expressing Src*/CasSD and vector were seeded in 5% FBS and incubated
overnight. After 24 h, the cells were incubated with the indicated concentra-
tions of tamoxifen (+Tam) and the vehicle (—Tam) for an additional 48 h.
Apoptosis was assessed as above. Histograms are representative of three
experiments performed in triplicate. Percentages of cells in the sub-G1 phase
are indicated (upper panel). The fold changes in sub-G1 were calculated by
comparing to TAM-R vector control or MCF-7 vector control (set to 1). Results
are of three independent experiments (+standard deviation) performed in
triplicate. P values were calculated using Student's t-test. B: TAM-R cell
populations carrying the inducible pCX,s,R(TO)Src*/CasSD expression construct
and vector control were cultured in the presence and absence of 1 wg/ml Dox
in phenol-red free RPMI-1640 with 5% CST for 8 h. Cultures were then
supplemented with 100 nM or 1 wM tamoxifen and 10 nM E, for 48 h.
Tamoxifen induced apoptosis was determined as above. Apoptotic nuclei are
recognized by their sub-G1 DNA content (left panel). Data are presented as fold
changes in sub-G1 in Dox-induced groups over non-induced controls (controls
set to 1, right panel). Results presented are the mean of three independent
experiments + standard deviation performed in triplicate. P values were cal-
culated using Student's t-test. C: Expression of Src*/CasSD in TAM-R cells
downregulates Bel-2 but not Mcl-1 expression. Serum-starved inducible TAM-
R Src*/CasSD and control cell populations were treated with 1 wg/ml Dox
for 8 h. Subsequently, cultures were supplemented with 100 nM tamoxifen
for 48 h. WCE (20 pg) were subjected to WB analysis with the indicated
antibodies. Equal loading was assessed by probing with tubulin antibodies. Data
are representative of two independent experiments.
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Furthermore, these data suggest that the increased expression and
activation of p130“® in TAM-R cells contributes to acquisition of
tamoxifen resistance.

In this manuscript we demonstrate that decoying signaling
molecules which bind to the p130%® SD/blocking p130%® signaling
in breast cancer cells attenuates growth factor signaling, in
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particular the ERK and PI3K/Akt pathways, induces apoptosis in
TAM-R cells but not in parental MCF-7 cells, and re-sensitizes TAM-
R cells to tamoxifen. Apoptosis in TAM-R cell populations is
associated with a reduction in Bcl-2 expression. Moreover, we show
for the first time that induction of tamoxifen resistance by continued
exposure of MCF-7 cells to tamoxifen substantially increased
2 indicating that elevated p130°* levels
contribute to tamoxifen resistance. This is in line with findings that a

endogenous levels of p130

sevenfold overexpression of p130“® in MCF-7 cells confers
tamoxifen resistance [Riggins et al., 2006]. How p130°* levels
are regulated is currently unknown. Initial experiments addressing
the stability of p130“* indicated that protein stability might not be
the main regulator (S. Soni and K.H. Kirsch, unpublished results).
Unlike the family member HEF- 1, which is rapidly and transiently
induced by growth factor treatment, p130® is stably expressed
[Law et al., 1998].

The observed increase in protein expression was accompanied by
an increase in the amount of phosphorylated (activated) p130°®.
Though p130%® is activated by upstream signals [Bouton et al.,
2001], it has been demonstrated that p130%® itself can activate its
upstream kinase Src by disrupting the intramolecular binding of the
SH3 domain of c-Src [Alexandropoulos and Baltimore, 1996;
Burnham et al., 2000] leading to a stabilized p130“**-Src complex.
Thus, by this mechanism p130¢®
activating kinases in tamoxifen resistant cells. Indeed, it was
recently shown that TAM-R cells have elevated Src kinase activity,
which is associated with tamoxifen resistance [Hiscox et al., 2006b].
Interestingly, Cowell et al. [2006] demonstrated that p130°*
phosphorylation is prominently enhanced in MCF-7 cells within
7 days of continued exposure to tamoxifen.

might act as a direct activator of its

Cas

The majority of the tyrosine phosphorylation sites within p130
are situated in the central SD. This domain is crucial for recruiting
the small adapter proteins Crk and Nck [Bouton et al., 2001], and
for p130*-Crk coupled cell migration and adhesion [Klemke
et al., 1998; Huang et al., 2002], a process that is important for
tumor progression. Interestingly, TAM-R cells underwent a partial
transition from an epithelial to a mesenchymal phenotype [Hiscox
et al., 2006a), suggesting that the activated p130“*-Crk pathway
contributes to these events. Data presented here support this notion.
The change in phenotype, in particular the lack of lamellipodia

Fig. 6. Downmodulation of endogenous p130cas induces apoptosis and
sensitizes cells to tamoxifen. A: MCF-7 and TAM-R cells were transiently
transfected with 80 pmol of p130°* siRNA as well as with control siRNA.
Representative immunoblots (of three independent experiments) demonstrat-
ing the downmodulation of Cas expression at 24 h post-transfection and phase
contrast images of siRNA transfected cells are shown (x10 magnification).
(B) TAM-R cells were transiently transfected with 80 pmol of p130°® siRNA as
well as with control siRNA for 24 h and then treated with 1 M Tamoxifen
(Tam) and vehicle (ethanol) for an additional 24 h. Cells were then harvested
and fixed with 70% ethanol and stained with Pl. Cell populations were
subjected to flow cytometry as described above. Histograms and percentage
of cells in sub-G1 of one experiment are presented (upper panel). The fold
changes in sub-G1 were determined by comparing the Cas siRNA treated sets
to siRNA treated controls within each group (set to 1) (lower panel). Data
represent three independent experiments performed in triplicate (+standard
deviation). P values were calculated using Student's t-test.
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formation, observed by the expression of Src*/CasSD was also seen
by inhibition of p130°® expression by siRNA, and with previous
reports utilizing different approaches to block p130®-Crk-coupling
[Klemke et al., 1998]. Enhanced Crk signaling mediated by ectopic
expression promotes the breakdown of adherens junctions in MDCK
cells [Lamorte et al., 2002]. Moderate cell clustering was observed in
MCF-7 Src*/CasSD cells consistent with the lower expression of
endogenous p130°™ in these cells. All of these changes correlate
with the reduced serum-stimulated cell migration, a further
indication that the Src*/CasSD molecule acts by blocking signals
through the phosphorylated SD of p130®. The Src*/CasSD lacks the
amino-terminal SH3 domain and the carboxyl terminus containing
the bipartite Src binding motif, which mediate targeting of
endogenous p130“® to the membrane (e.g., to focal adhesions or
focal complexes containing FAK and Src). Lack of targeted
expression of the Src*/CasSD peptide seems to account for its
decoy effect, as addition of a membrane targeting sequence strongly
enhances the overall cellular tyrosine phosphorylation (B.-T. Lin
and K.H. Kirsch, unpublished results). While the Src*/CasSD
approach was established in NIH 3T3 fibroblasts, the results pre-
sented here suggest that this chimera is a valuable experimental tool
for studying p130“* and its downstream targets in epithelial cells.

The development of antiestrogen resistance has been associated
with the upregulation of alternative pathways such as the ERBB,
IGFR and the non-genomic ER signaling pathway [Nicholson et al.,
2005]. This seems to be one of many mechanisms by which resistant
cells adapt to ‘environmental’ pressure. Profound increases in the
levels of EGFR, ERBB2 and ERBB3 were noticed in TAM-R cells
[Knowlden et al., 2003], which are associated with increased Ras-
MAPK-ERK as well as PI3K-Akt activity [Nicholson et al., 2005]. In
this regard, our data support the hypothesis that interference with
p130°* signaling, in particular signaling through the SD of p130“%,
can re-sensitize tamoxifen resistant cells to tamoxifen. This may be
mediated in part by blocking growth factor signaling. Disruption of
the p130°® signaling node attenuated the basal and v-Crk
stimulated JNK activity in NIH 3T3 cells [Kirsch et al., 2002],
whereas in TAM-R breast cancer cells, the duration of ERK
activation upon EGF stimulation and Akt activation were decreased.
The latter was more pronounced and is consistent with the observed
attenuation of GSK3B and p70S6K phosphorylation, the strong
reduction of Bcl-2 expression levels, and with the findings of Cabodi
et al. [2006] based on a p130%® siRNA approach in a mouse breast
carcinoma cell line overexpressing ERBB2.

Akt has been implicated in altering the activity of ERa by various
mechanisms, for example, phosphorylation at Ser167, stability,
expression, and genome wide DNA binding [Campbell et al., 2001;
Bhat-Nakshatri et al., 2004; Guo and Sonenshein, 2004; Bhat-
Nakshatri et al., 2008]. Thus upregulation of ER« levels in TAM-R
Src*/CasSD cells might be due to increased stability and/or de-
repressed transcriptional activity in response to reduced Akt
activity, but the precise mechanism remains to be determined.

In addition, p130“* has been implicated in adhesion-mediated
survival signaling in COS-7 cells, in an osteosarcoma cell line by
overexpression studies [Weng et al., 1999; Cho and Klemke, 2000],
and in rabbit fibroblasts and MDCK cells via studies utilizing
different approaches to block p130“® function [Chan et al., 1999;

Almeida et al., 2000]. The exact molecular mechanism(s) leading to
the attenuation of Akt activation is not clear. Alterations in several
pathways may contribute: (i) disruption of p130“**~p85 complexes.
In v-Crk transformed 3Y1 cells, a small amount of the PI3K subunit
p85 is bound to the carboxyl terminus of p130°*, which depends on
the activation status of Src [Riggins et al., 2003]; (ii) inhibition of
PI3K activity stimulation at the level of the EGFR. EGFR stimulates
the production of PI3K products through heteromerization with
ERBB3 and direct interaction with Gabl [Soltoff et al., 1994;
Rodrigues et al., 2000]. TAM-R cells expressing the Src*/CasSD had
strongly reduced EGFR levels, which may contribute to the
attenuated phosphorylation of Akt and its downstream targets;
(iii) interference with Rac-mediated PI3K activation. Through a
positive feedback loop Rac can further activate PI3K [Barber and
Welch, 2006]. It is feasible that blocking the p130“**-Crk-Dock 180-
Rac activation pathway by uncoupling Crk from p130“® may be
partially responsible for the attenuated PI3K/Akt activities; and (iv)
interference with growth factor receptor signaling by decoying Crk,
Nck or other yet unknown binding partners. Interaction of Crk with
Gab1 supports sustained Gab1l phosphorylation [Watanabe et al.,
2006], which in turn may facilitate RTK-Gab 1-mediated activation
of the PI3K/Akt pathway. Thus decoying Crk from binding partners
other than p130“® may influence the activation of the PI3K by
Gab1. Nonetheless our data support the notion that p130® mediates
proliferative/survival signals through its SD binding molecules.

Here we demonstrate that that conversion of antiestrogen
responsive breast cancer cells to antiestrogen un-responsive cells
by long-term treatment with tamoxifen can be reversed by blocking
p130%® signaling. This is an important finding since in many
patients tumor cells eventually circumvent the need for steroid
hormones in response to long-term treatment with tamoxifen
[Group, 1998]. Though we observed enhanced and significant
sensitization to tamoxifen in cells treated with p130Cas siRNA,
decoying molecules that interact with the tyrosine phosphorylated
p130°® SD seemed to be sufficient for partial restoration of
sensitivity to antiestrogen therapy. Noticeably, while MCF-7 cells
respond with growth arrest to tamoxifen treatment [Wakeling et al.,
1989] TAM-R Src*/CasSD cells responded with growth arrest and
with an increase in apoptosis.

In conclusion, the data presented here highlight the relevance of
downstream signaling molecules of the p130® SD in establishment
and/or maintenance of tamoxifen resistance. Furthermore they
suggest that targeting molecules that associate with the phos-
phorylated SD of endogenous p130“® may be an effective strategy
to combat antiestrogen resistance. Therefore, peptides and/or small
molecules modeled after the structure of the phosphorylated CasSD
might serve as potential therapeutic for treatment of breast cancer.
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