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INTRODUCTION

Clinical and experimental evidence strongly suggest a role of IGF-IR
in breast cancer etiology and progression (1, 2). In particular, IGF-IR
is up to 14-fold overexpressed in breast cancer compared with its
levels in normal epithelial cells or in benign breast tumors (3-5). The
IGF-IR ligands, IGF-I and IGF-II (IGFs) are potent mitogens for
breast cancer cells in culture and have been detected in the epithelial
and/or stromal component of breast tumors (6). In addition, a recent
large prospective study found a strong correlation between
circulating levels of IGF-I and breast cancer risk in premenopausal
women (7). Moreover, new clinical data correlated high levels of IGF-
IR or its major substrate IRS-1 with cancer recurrence at the
primary site (4, 8). Besides promoting cell growth, IGF-IR, especially
the IRS-1 pathway, protects breast cancer cells from apoptosis
induced by different anti-tumor drugs or by low concentrations of
mitogens (growth factors and steroid hormones) (9, 10).

One important consequence of the amplification of IGF-IR signaling is
development of hormone-independence. Often, the growth of breast
cancer cells is under synergistic control of polypeptide growth factors
such as IGFs and steroid hormones such as estrogen (1, 2).
Overexpression of growth factor receptors or signaling molecules
may result in loss of steroid requirements and estrogen-
independence. Indeed, we have shown that overexpression of IGF-IR
or IRS-1 abrogates estrogen requirements in MCF-7 cells (11, 12).
The cells, however, are still expressing estrogen receptors and are
sensitive to antiestrogens. Our results with Tamoxifen, a non-
steroidal antiestrogen, demonstrated that the drug inhibits the
growth of MCF-7 cells and MCF-7 cells with amplified IGF-IR or IRS-
1 through the interference with IRS-1 signaling (13). Here, we
present data on the effects of a novel pure antiestrogen ICI 182,780
on IGF-IR signaling in breast cancer cells.

Although ample evidence suggests that abnormal activation of IGF-IR
may contribute to the autonomous growth and increased survival of
breast tumor cells, the role of this receptor in breast cancer
metastasis is not clear. Relevant clinical data are scarce and
inconsistent. For instance, IGF-IR expression was described as either
positive or non-significant marker of overall survival. Some small
clinical studies demonstrated a correlation between IGF-IR
expression in node-positive tumors and worse prognosis (1). Other
studies linked IGF-IR expression with better prognosis as IGF-IR was
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predominantly expressed in a subset of breast tumors with good
prognostic characteristics  (estrogen and progesterone receptor-
positive, node-negative, low mitotic index, diploid) (1, 5). In the
experimental setting, IGF-I stimulates cell motility in MCF-7 and
MDA-MB-231 cells on collagen, which may suggest a role of the IGF-
IR in cell spread (14).

Recent experimental evidence indicates that IGF-IR signaling
substrates SHC (SH2 homology/collagen homology proteins p47, p52,
and p66) are involved in the regulation of cell adhesion and motility
of many different cell types. Regarding adhesion, SHC can couple with
a class of extracellular matrix (ECM) receptors, specifically with
integrins al1B1, a5B1, avp3, and a6p4 (but not with a2f1, a3f1, and
a6Bpl) (15). Association of SHC with integrins is induced by the
ligation of an integrin to an ECM substrate and leads to tyrosine
phosphorylation of SHC, followed by SHC/GRB2-SOS binding and
activation of Ras/MAP pathway. This MAP activation contributes to
intracellular pathways regulating growth survival (15).

SHC also appears to be involved in cell motility and chemoattraction.
For instance, overexpressed SHC mediated scattering through the NGF
in MDCK cells, and downregulation of SHC reduced EGF-dependent
motility in MCF-7 breast cancer cells (10, 16). The impact of
integrin/SHC/MAP signaling in the regulation of cell motility is not
known.

SHC is overexpressed in many tumors (17), but its status in breast
cancer is not known. Here, we present our data on the role of
amplified SHC in cell growth, adhesion and motility.

The long-term goal of this project has been:

1) To understand the role of IGF-IR and its various signaling
pathways in the development and neoplastic progression of breast
tumors, and:

2) To investigate the mechanisms of IGF-IR/estrogen receptor cross-
talk in breast cancer cells.

The following aims have been planned for Year 2:

(a) Studies on antiestrogen interference with the IGF-IR signaling:
the effects of pure antiestrogen ICI 182,780 on tyrosine




phosphorylation, protein and RNA expression of the IGF-IR and its
signaling molecules.

(b) Development and characterization of MCF-7 cell lines
overexpressing SHC. Studies on antiestrogen effects on SHC pathway
in MCF-7/SHC cells.

(c) Development and characterization of MCF-7 cell lines expressing
mutants of the IGF-IR.

TECHNICAL REPORT

The experiments proceeded according to the modified Statement of
Work.

(a) Studies on antiestrogen interference with the IGF-IR signaling:

the effects of pure antiestrogen ICI 182,780 on tyrosine
phosphorylation, protein and RNA expression of IGF-IR and its

signaling molecules.

A pure antiestrogen ICI 182,780 inhibits insulin-like growth factor
(IGF)-dependent proliferation in hormone-responsive breast cancer
cells (18). However, the interactions of ICI 182,780 with IGF-IR
intracellular signaling pathways have not been characterized. Here,
we studied the effects of ICI 182,780 on IGF-I-dependent growth in
MCEF-7 cells and different MCF-7-derived cell lines with amplified
IGF-IR signaling, specifically in: 1) MCF-7/IGF-IR cells with a 10-fold
IGF-IR overexpression over the level in MCF-7 cells; 2) MCF-7/SHC
cells with a 5-fold SHC overexpression; and 3) in several MCF-7/IRS-
1 cells exhibiting a 3-9-fold IRS-1 amplification. The cells were
treated with 0.1-300 nM ICI 182,780 in phenol red-free serum-free
medium (PHF-SFM) in the presence or absence of 20 ng/ml IGF-I.

ICI 182,780 blocked the basal and IGF-I-induced growth in all
studied cells in a dose-dependent manner, however, the clones with
the greatest IRS-1 (but not IGF-IR or SHC) overexpression were
clearly least sensitive to the drug. Pursuing ICI 182,780 interaction
with IRS-1, we found that the antiestrogen reduced IRS-1 expression
and tyrosine phosphorylation in several cell lines in the presence or
absence of IGF-I. Moreover, in IRS-1-overexpressing cells, ICI
182,780 decreased IRS-1/p85 and IRS-1/GRB2 binding.




The effects of ICI 182,780 on IGF-IR protein expression were not
significant, however the drug suppressed IGF-I-induced (but not
basal) IGF-IR tyrosine phosphorylation. The expression and tyrosine
phosphorylation of SHC as well as SHC/GRB binding were not
influenced by ICI 182, 780.

The results suggest that downregulation of IRS-1 is ome of the
mechanisms by which ICI 182,780 inhibits the growth of estrogen
receptor-positive breast cancer cells. IRS-1 overexpression in breast
tumors may therefore contribute to antiestrogen resistance [results
are submitted for publication, see Appendix for the manuscript].

(b)__Development _and characterization of MCF-7 cell lines
overexpressing SHC.

SHC is overexpressed in different tumor cells, including different
breast cancer cell lines. The biological consequences of SHC
amplification in breast cancer cells have been unknown. Here, we
addressed this question by developing and studying MCF-7-derived
cell lines with ectopic SHC expression (MCF-7/SHC cells). The 3-8-fold
overexpression of SHC produced a moderately increased
responsiveness to IGF-I and EGF (20-70%) but did not significantly
modulate MAP kinase activity in response to growth factors or the
rate of proliferation in serum-containing medium. Similarly, high
levels of SHC did not improve the ability of cells to grow under
anchorage-independent  conditions. SHC, however, was found
involved in breast cancer cell adhesion and motility.

In MCF-7/SHC cells, the amount of SHC associated with o581 integrin,
a fibronectin (FN) receptor, was ~ 6-fold greater that in the parental
cells or in four control cell lines expressing normal SHC levels. When
plated on FN, MCF-7/SHC cells attached faster than control cell lines
(1 h vs. 2-3 h). This fast attachment was accompanied by earlier
decline of adhesion-induced MAP kinase activity. The attachment of
cells to FN was associated with decreased binding of p47 SHC to a5B1
integrin. Conversely, addition of EGF caused partial detachment of
cells from FN and stimulated cell motility, which was associated with
increased binding of p47 to a5B1 integrin. The motility of MCF-7/SHC
cells tested in FN-coated inserts was inhibited compared with that of
the control cell lines. However, in the presence of EGF or IGF, the
motility MCF-7/SHC cells was greatly (up to 300 %) increased,




whereas it was only moderately altered in cells with normal SHC
levels (from -20 to + 40%).

The results suggest that SHC is an important signaling element
participating in the regulation of breast cancer cell adhesion and
motility. The activity of SHC can be modulated by both integrin and
by growth factor-dependent pathways. [The manuscript containing
these results is in preparation, see Appendix].

Studies on antiestrogen effects on SHC pathway in MCF-7/SHC cells.

We studied the effects of ICI 182,780 on IGF-IR signaling in MCF-
7/SHC cells. The drug did not interfere with SHC expression, tyrosine
phosphorylation or GRB2 binding in the presence or absence of IGF-I
[Data reported, for the manuscript, see Appendix]. Because of the
involvement of SHC in cell motility, we investigated whether ICI
182,780 or Tamoxifen (Tam) affected the motogenic abilities of MCF-
7/SHC cells on FN or collagen (COL). Our previous studies indicated
that” Tam induced tyrosine phosphorylation of SHC in growth arrested
cells and according to the results of others, Tam stimulated motility
in breast cancer cells. However, in our hands, neither Tam nor ICI
182,780 affected the motility of MCF-7 or MCF-7/SHC cells.

(c) Development and characterization of MCF-7 cell lines expressing
mutants of the IGF-IR.

The involvement of different signaling pathways in controlling the
phenotype of breast cancer cells can be studied in cells expressing
dominant negative mutants of IGF-IR. Mutant receptors, through
dimerization with normal receptors, block certain receptor domains,
which interferes with the activation of different signaling pathways.
To investigate the role of the C-terminal domain of IGF-IR in cell
growth, transformation, and cell-cell adhesion, we overexpressed
IGF-IRs with a 108 aa C-terminal deletion (IGF-IR/TC) in MCF-7 cells.
The MCF-7/IGF-IR/TC clones expressed approximately equal
amounts of the wild-type (endogenous) and the mutant receptors.
The monolayer growth of MCF-7/IGF-IR/TC cells was comparable to
that of MCF-7 cells expressing corresponding levels of wild-type
IGF-IRs, however, transforming abilities (anchorage-independent
growth) of MCF-7/IGF-IR/TC cells were reduced by at least ~40%.
This indicates that the C-terminal region of IGF-IR transmits signals
necessary to support anchorage-independent  growth but is
dispensable for monolayer growth. The aggregation of MCF-7/IGF-




IR/TC cells in 3-dimensional culture was normal, suggesting that
signals necessary for transformation do not overlap with that
important for cell-cell adhesion. [Published in Breast Cancer Res.
Treatm. (1)].

Cell lines expressing other mutant IGF-IRs are being developed. We
are particularly interested in identifying signaling pathways of IGF-
IR that regulate cell-cell and cell-substrate adhesion.

CONCLUSIONS

Clinical data suggest that overexpression of IGF-IR and/or IGF is an
important factor in breast cancer etiology. However, the mechanisms
by which IGF-IR contributes to the development of breast tumors and
to breast cancer metastasis are still not clear. This project has been
designed to address these questions using a cellular model. In
particular, we have been investigating if amplified IGF signaling
affects proliferation, survival, hormone-dependence, tumorigenicity,
cell-cell interactions in three-dimensional culture, motility and
invasiveness, the features that are important markers of breast tumor
progression.

Previously, we documented the impact of IGF-IR overexpression on
breast cancer growth, transformation, and cell-cell interactions. The
focus of the present report is on the involvement of two major IGF-IR
signaling pathways, the IRS-1- and SHC-dependent pathways, in the
neoplastic progression of breast cancer cells.

The IRS-1 pathway is transmitting signals supporting the growth and
survival of breast cancer cells. This pathway is also a target for
antiestrogens blocking IGF-dependent proliferation. Here we report
that downregulation of IRS-1 represents one of the mechanisms by
which a pure antiestrogen ICI 182,780 inhibits the growth of breast
cancer cells. Our data suggest that overexpression of IRS-1 in breast
tumors may contribute to the development of antiestrogen resistance.
The SHC pathway is not affected by ICI 182,780, which points to a
specificity in the interactions between antiestrogens and IGF-IR
signaling pathways.

Our pursuit of the role of SHC pathway in breast tumor cells revealed
a new information regarding growth-unrelated functions of this
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substrate. Specifically, our data suggest that SHC is involved in the
regulation of cell adhesion and motility in breast cancer cells.
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ABSTRACT

The pure antiestrogen ICI 182,780 inhibits insulin-like growth factor (IGF)-
dependent proliferation in hormone-responsive breast cancer cells. However, the
interactions of ICI 182,780 with IGF-I receptor (IGF-IR) intracellular signaling have not
been characterized. Here, we studied the effects of ICI 182,780 on IGF-IR signal
transduction in MCE-7 breast cancer cells and in MCF-7-derived clones overexpressing
either the IGF-IR, of its two major substrates: IRS-1 (insulin receptor substrate 1) or SHC
(src/collagen horﬁology proteins).

ICI 182,780 blocked the basal and IGF-I-induced growth in all studied cells in a
dose-dependent manner, however, the clones Witil the greatest IRS-1 overexpression were
clearly least sensitive to the drug. Pursuing ICI 182,780 interaction with IRS-1, we found
that the antiestrogen reduced IRS-1 expression and tyrosine phosphorylation in several cell
lines in the presence or absence of IGF-1. Moreover, in IRS-1-overexpressing cells, ICI
182,780 decreased IRS-1/p85 and IRS-1/GRB2 binding.

The effects of ICI 182,780 on IGF-IR protein expression were not significant,
however the drug suppressed IGF-I-induced (but not basal) IGF-IR tyrosine
phosphorylation. The expression and tyrosine phosphorylation of SHC as well as
SHC/GRB binding were not influenced by ICI 182, 780.

In summary, downregulation of IRS-1 may represent one of the mechanisms by
which ICI 182,780 inhibits the growth of breast cancer cells. Thus, overexpression of

IRS-1 in breast tumors could contribute to the development of antiestrogen resistance.
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INTRODUCTION

ICI 182,780, an alpha-alkylsulphinylamide, is a new generation pure antiestrogen
that has shown a great promise as a second line endocrine therapy agent in patients with
advanced breast cancer resistant to the nonésterbidal antiestrogen TamoXifen (Tam) (1-5).
In several in vitro and in vivo studies, the anti-tumor effects of ICI 182,780 were greater
than that of Tam (1-6). Moreover, unlike Tam, ICI 182,780 lacks agonist (estrogenic)
activity and its admihistration does not appear to be éssociated with deleterious site effects
such as inductioﬁ of endometrial cancer or rétinopathy (4). ICT 182,780 antagonizes
multiple cellular effects of estrogens by impairing the dimerizatioﬁ of the estrogen receptor
(ER) and by reducing ER half-life (3, 4). ICI 182‘,780 also interferes with growth factor-
induced growth, but it is not clear if this activity is mediated exclusively through the ER, or
some ER-independent mechanism is implicated (6). Despite their great antitumor effects,
pure antiestrogens do not circumvent the development of antiestrogen-resistance, as most
breast tumor cells initially sensitive to ICI 182,780 eventually become unresponsive to the
drug (3, 4, 7, 8). The mechanism of this resistance is not clear, but it has been suggested
that both mutations of the ER as well as alferations in growth factor-dependent mitogenic
pathways may be involved (3, 8-10).

The IGF system (IGFs, the IGF-IR, and IGF binding proteins (IGFBP)) plays a
critical role in the pathobiology of hormone-responsive breast cancer (11-13). In the
experimental setting, the IGF-IR has been shdwn to stimulate growth and transformation,
improve survival as well as regulate cell-cell and cell-substrate interactions in breast cancer
cells (11, 12, 14-19). Moreover, overexpression of different elements of the IGF system,
such as IGF-I, the IGF-IR or IRS-1, provides breast cancer cellg with growth advantage
and reduces or abrogates estrogen growth requirements (15, 20, 21). On the other hand,
downregulation of IGF-IR expression, inhibition of IGF-IR signaling, or reduced

bioavailability of the IGFs have been demonstrated to block proliferation and survival as
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well as interfere with motility or intercellular adhesion in breast cancer cells (11, 12, 14-
19).

Clinical studies confirm the role of the IGF-I system in breast cancer development.
First, the IGF-IR has been found up to 14-fold | overexpressed in breast cancer compared
with its levels in normal mammary epithelium (22-24). Moreover, cellular levels of the
IGE-IR or its substrate IRS-1 correlate with cancer recurrence at the primary site (25,
26).The ligands of the IGF-IR, IGF-I and IGF-II, are often present in the epithelial and/or
stromal componént of breast tumors indicating that an autocrine or a paracrine IGF-IR loop
may be operative and involved in the neoplastic process (11, 27). In addition, endocrine
IGFs probably also contribute to breast tumoriger;esis since the levels of circulating IGF-I
correlate with breast cancer risk in.premenopausal women (28).

ICI 182,780 interferes with the IGF-I system in breast cancer cells. The
antiestrogen has been shown to attenuate IGF-I stimulated growth (6), modulate expression
of IGFBPs (18, 19) and downregulate IGF binding sites (3). The interactions of ICI
182,780 with the IGF-IR signaling pathways, however, have not been characterized.

Our previous work demonstrated that in breast cancer cells, Tam interferes with the
IGF-IR signaling acting upon IGF-IR substrates IRS-1 and SHC (29). Normally,
activation of the IGF-IR results in the recruitment and tyrosine phosphorylation of IRS-1
and SHC, followed by their association with several downstream effector proteins and
induction of various signaling pathways (12, 13, 30). For instance, association of either
IRS-1 or SHC with GRB-2/SOS complexes activates Ras/MAP pathway, whereas binding
of IRS-with p85 stimulates PI-3 kinase (13, 30). Tam treatment blocks IGF-dependent
growth, which coincides with decreased tyrosine phosphorylatioh of IRS-1 and the IGF-IR
and with hyperphosphorylation of SHC (29). Here, we demonstrate the interactions of ICI
182,780 with IGF-IR signaling and discuss the relevant similarities and differences in the

modes of action of the two antiestrogens.
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MATERIALS AND METHODS

Cell Lines and Cell Culture Conditions. In this study we used MCF-7 cells

and several MCF-7-derived clones overexpressing either the IGF-IR (MCF-7/IGF-IR
cells), IRS-1 (MCF-7/IRS-1 cells) or SHC (MCF-7/SHC cells). MCF-7/IGF-IR, clone 17
and MCE-7/IRS-1 clones 9, 3 and 18 were developed by stable transfection of MCF-7 cells
with expression vectors encoding either the IGF-IR or IRS-1 and were characterized
previously (15, 21). FMCF-7/SHC cells are 'MCF—7-derived cells transfected with the
plasmid pcDNA3/SHC; compared with MCE-7 cells, the level of pS5SHC and p47SHC
overexpression in MCF-7/SHC cells is approximately 5-fold (manuscript submitted)3. The
above MCF-7-derived clones express ERs and réspond to E2, similar to MCF-7 cells (15,
21). The levels of IRS-1 in MCF-7/IGF-IR and MCF—7/SHC cells are similar to those in
MCF-7 cells ( Fig. 2B and unpublished results).

MCE-7 cells were grown in DMEM:F12 (1:1) containing 5% calf serum (CS).
MCF-7-derived clones were maintained in DMEM:F12 plus 5% CS plus 200 ug/ml G418
(15, 21). In the experiments requiring E2-free conditions, the cells were cultured in phenol
red-free DMEM containing 0.5 mg/ml BSA, 1 uM FeSO4 and 2 mM L-glutamine (PRF-
SFM) (15, 17).

Cell Growth Assay. Cells were plated at a concentration 2x103 in 6-well plates

in a growth medium; the following day (day 0), the cells were shifted to PRF-SFM
containing different doses of ICI 182,780 (1-300 nM) with or without 50 ng/ml IGF-I and
incubated for 4 days. The increase in cell number from day O to day 4 in PRF-SFM was
designated as 100 % growth increase. '

Immunoprecipitation and Wesiern Blotting. Theﬂ expression and tyrosine
phosphorylation of IGF-I signaling proteins were measured by immunoprecipitation (IP)
and Western blotting (WB), as described before (15, 21). Protein lysates (500 ug) were
immunoprecipitated with the following antibodies (Abs): for the IGF-IR: anti-IGF-IR
monoclonal Ab (mAb) alpha-IR3 (Oncogene Science); for IRS-1: anti-C-terminal IRS-1
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polyclonai Ab (pAb) (UBI); for SHC: anti-SHC pAb (Transduction Laboratories).
Tyrosine phosphorylation was probed by WB with an anti-phosphotyrosine mAb PY20
(Transduction Laboratories). The levels of IRS-1, IGF-IR, SHC expression were
determined by stripping the phosphotyrosine biots and reprobing them with the following
Abs: for IRS-1: anti-IRS-1 pAb (UBI); for IGF-IR: anti-IGF-IR mAb (Santa Cruz); for
SHC: anti-SHC mAb (Transduction Laboratories). The association of GRB2 or p85 with
IRS-1 or SHC was \}isualized in IRS-1 or SHC blots using an anti-GRB2 mAb
(Transduction Lélboratories) or an anti-p85 rhAb (UBD), respectively. The intensity of
bands was measured by laser densitometry scanning.

Northern Blotting. The levels of IRS-i mRNA were detected by Northern
blotting in 20 ug of total RNA usihg a 631 bp probe derived from a mouse IRS-1 ¢cDNA (nt
1351-2002 ). This fragment (99.8% homology with the human IRS-1 sequence) hybridizes
with both human and mouse IRS-1 mRNA (31, 32).

Statistical Analysis. The results in cell growth experiments were analyzed by

ANOVA or Student t-test, where appropriate.

RESULTS

ICI 182,780 inhibits the growth of MCF-7 cells with amplified IGF-
IR signaling. Sensitivity to ICI 182,780 is determined by the cellular levels
of IRS-1. All cell lines used in this study secrete autocrine IGF-I-like mitogens and are
able to proliferate in PRF-SFM (15, 17, 21). The basal (autocrine) growth of the cells was
enhanced in the presence of IGF-I (Fig. 1A and B). Short (1-2 days) treatments with ICI
182,780 were not sufficient to inhibit cell growth (data not showﬁ), but a 4-day culture in
the presence of the antiestrogen produced evident cytostatic effects (Fig. 1A and B). In
general, the response to ICI 182,780 was dose-dependent (Fig. 1A and B), however,
compared with the other cell lines, the cells highly overexpressing IRS-1(MCF-7/IRS-1
clones 3 and 18) were more resistant to the drug (Fig. 1B and C). Specifically, 1 nM ICI
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182,780 inhibited the basal growth by 80, 55, and 50% in MCF—7, MCF-7/IGF-IR, and
MCF-7/SHC cells, respectively, but the same dose produced only a 20-30% grqwth
inhibition in MCF—7/IRS-1, clones 3 and 18 (Fig. 1A and B). Higher concentrations of ICI
182,780 (10 and 100 nM) effectively supptessed the autocrine growth, 6r even induced cell
death in all cell lines, except MCF-7/IRS-1, clone 18, where fhe maximal reduction (32%)
of the basal growth occurred with a 100 nM dose (Fig. 1B).

In the presenée of IGF-1, the effects of ICI 182,780 were attenuated. 1 nM ICI
182,780 was nevér cytostatic (data not showﬁ), while 10 nM and 100 nM doses inhibited
(by 30-50 % and 47-78%, respectively) IGF-I-dependent proliferation of cells with low
IRS-1 levels (Fig. 1A and B). The same doses, ht;wever, were less efficient in MCF-
7/IRS-1, clones 3 and 18, where gfowth reduction was 20-25% for 10 nM and 41-47% for
100 nM. Similarly, 300 nM ICI 182,780 produced a prominent cytostatic effect in all cell
lines with low IRS-1 expression, but was less active in the clones highly overexpressing
IRS-1 (70-93% versus 45-60% growth inhibition) (Fig. 1A, B and C).

The above results suggested that IRS-1 may be an important target for ICI 182,780
action. Consequently, in the next set of experiments we studied the effects of ICI 182,780
on the expression and function of IRS-1.

ICI 182,780 reduces IRS-1 levels and impairs IRS-1 signaling in
MCF-7/IRS-1, MCF-7 and MCF-7/IGF-IR cells. In MCF-7/IRS-1 cells grown
under basal conditions, IRS-1 was tyrosine pﬁo_sphorylated for up to 4 days (Fig. 2A).
IGF-I induced a rapid and marked (5-fold) increase of IRS-1 phosphorylation that persisted
for up to 1 day and declined thereafter re;ching close to the basal phosphorylation status at
day 4. A short (<1 day) treatment with ICI 182,780 had no conséquences on IRS-1
expression or tyrosine phosphorylation. (Fig. 2A, panels a and b). However, p85/IRS-1
association was ~30% reduced under the basal conditions at day 1 of the treatment (Fig. 2A

panel c).
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The evident effect of ICI 182,780 action on IRS-1 expression and signaling
occurred at day 4-day, and was especially pronounced in the absence of IGF-1.
Specifically, without IGF-1, the drug suppressed IRS-1 protein expression by 60%, which
was paralleled by a 60% reduction of IRS-1 tyfosinc phosphorylation, and coincided with
an almost complete (~95%) inhibition of p85/IRS-1 and GRB2/IRS-1 binding. The
addition of IGF attenuated ICI 182,780 action, however, the effects of the treatment were
still well detectable: 'IRS-l levels were downregulated by 30%, IRS-1 tyrosine
phosphorylation' by 20%, p85/IRS-1 binding by 30%. Under IGF-I conditions,
GRB2/IRS-1 binding was not appreciably affected (Fig. 2A, panels a-d).

Importantly, analogous action of ICI 182;780 on IRS-1 expression and tyrosine
phosphorylation was seen in other studied cell lines (Fig. 2B). In both MCF-7/IGF-IR and
MCE-7 cells containing only endogenous IRS-1, ICI 182,780 inhibited the IRS-1
expression under basal conditions by ~60%, which was paralleled by the reduced IRS-1
tyrosine phosphorylation (by ~90-95%). In the presence of IGF-, the antiestrogen
suppressed the IRS-1 levels by ~50% and IRS-1 tyrésine phosphorylation by ~40%.

ICI 182,780 attenuates IRS-1 mRNA expression. ICI 182,780 reduced
the levels of ~5 kb IRS-1 mRNA (31) in MCF—’7 and MCF-7/IGF-IR cells in the absence or
presence of IGF-I, by 50 and 70%, respectively (Fig. 3). Moreover, the 5 kb message
transcribed from the CMV-IRS-1 plasmid was downregulated (by ~70%) in MCF-7/IRS-1
cells treated with both IGF-I and ICI 182,780 (data not shown).

ICI 182,780 inhibits IGF-I:_induced but not basal tyrosine
phosphorylation of the IGF-IR. In MCE-7/IGF-IR cells, IGF-I moderately increased
the expression of the IGF-IR. This effect was slightly (by 20%) 'blocked in the presence of
ICI 182,780. Urider the same conditions, the drug significantly (by 80%) reduced tyrosine
phosphorylation of the IGF-IR (Fig. 4). ICI 182,780 had no effect on the basal expression
of the IGF-IR, however, it produced a 30% increase in the basal tyrosine phosphorylation

of the IGF-IR (Fig. 4). The latter peculiar effect of the antiestrogen occurred in several
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repeat experiments. Short treatments with ICI 182,780 (<1 day) were not associated with
any significant changes in IGF-IR expression (data not shown).

Long-term ICI 182,780 treatment does not affect SHC signaling. In
the presence of IGF-I, SHC tyrosine phosphorylation was moderately induced, with the
maximum seen at 1 h upon stimulation. On the other hand, GRB2/SHC binding peaked at
15 min after IGF-I addition and declined thereafter with the minimal binding found at day 4
(Fig. 5). ICI 182,780 treatment, in the presence or absence of IGF-I, failed to induce
significant changes in the levels or tyrosine phosphorylation of SHC proteins, except a
transient stimulation of the basal SHC tyrosine phosphorylation at 15 min (Fig. 5).
Importantly, at all time points, SHC/GRB2 association was not influenced by the drug.

Interestingly, at day 4, SHC tyrosine phosphorylation and SHC/GRB2 binding
were suppressed in the presence of IGF-I (Fig. 5). This characteristic regulation of SHC
by IGF-1, documented by us previously in MCF-7 cells and MCEF-7-derived clones, was
not affected by ICI 182,780 (29).

Similar lack of ICI 182,780 effects on SHC expression and signaling was noted in

MCE-7 and MCF-7/IGF-IR cells (data not shown).

DISCUSSION

Pure antiestrogens have been shown to interfere with one of the most important
systems regulating the biology of hormone-dependent breast cancer cells, namely the IGF-1
system (1, 3, 6, 18, 19, 33-35). The compounds inhibit IGF-induced proliferation, which
is associated with such phenomena as downregulation of IGF binding sites and reduction
of IGF availability (3, 18, 19). Similar action has been ascribed to non-steroidal
antiestrogens such as Tam or 4-OH-Tam (4).

The effects of pure antiestrogens on the IGF signal trﬁnsduction have been
unknown. Here, we studied if and how TCI 182,780 modulates the IGF-IR intracellular

pathways in breast cancer cells. We focused on the relationship between drug efficiency
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and signaling capacities of the IGF-IR or IRS-1 since these molecules appear to control
proliferation and survival in breast cancer cells (11, 12, 21, 25, 26, 36).

Previously we found that cytostatic action of Tam involves its interference with IGF
signaling pathways. In particular, Tam suppressed tyrosine phosphorylation of IRS-1 and
caused hyperphosphorylation of SHC (29). The most important conclusion of the present
work is that inhibition of IRS-1 expression is an important element (;f ICI 182,780 mode of
action. The first observation was that ampliﬁcation_ .of IGF signaling did not abrogate |
sensitivity to ICI 182,780. Next, ICI 182,780 appeared to affect a specific IGF signaling
pathway, as the efficiency of the drug was dictated by the cellular levels of IRS-1, but not
that of SHC or the IGF-IR. For instance, MCF-7/IGF-IR clone 17 was very sensitive to
ICI 182,780 despite a 12-fold IGF-IR overexpression, whereas MCF-7/IRS-1, clones 3
and 18 (7 and 9-fold IRS-1 overexpression, respectively) were quite resistant to the drug
(15, and Fig. 1). Moreover, ICI 182,780 reduced IRS-1 levels and tyrosine
phosphorylation in several cell lines in the presence or absence of IGF-I, while its action on
the IGF-IR was limited to the inhibition of IGF-I-induced tyrosine phosphorylation, and its
effects on SHC were none.

The reduction of IRS-1 expression by ICI 182,780 occurred in all studied cell lines,
however it was clearly more pronounced in the cells expressing low levels of the substrate
(Fig. 2). This suggests that downregulation of IRS-1 by ICI 182,780 is a saturable process
and overexpression of IRS-1 may provide resistance to the drug. Indeed, although we did
not notice a strict correlation between IRS-1 levels or IRS—I tyrosine phosphorylation and
ICI 182,780-dependent growth inhibition, IRS-1 overexpressing cells tended to be more
resistant to the cytostatic action of the antiestrogen (Fig. 1). Interestingly, overexpression
of IRS-1 clearly had a greater impact on the response to high doses of ICI 182,780 (=100
nM) than on the effects of low drug concentrations. This couid suggest that ICI 182,780

action is pwmltiphased, with the initial inhibition being IRS-1-independent (but perhaps, ER-
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dependent) and the strong growth reduction associated with the blockade of IRS-1 function
(Fig. 1 and 2).

ICI 182,780 affected IRS-1 expression not only on the level of protein but also on
the level of mRNA. In our experiments, the antiestrogen reduced the expression of IRS-1
mRNA in the presence or absence of IGF-I. However, the mechanism by which ICI
182,780 interferes with IRS-1 mRNA expression was not studied here and it remains
speculative. Regarding transcriptional regulation, no estrogen responsive elements have
been mapped in the IRS-1 promoter, but it can not be ruled out that ICT 182,780 acts
indirectly through some other regulatory sequences in the 5' untranslated region of IRS-1
gene, such as AP1, AP2, Sp1, C/EBP, E box (37, 38). A postranscriptional component
may be argued by the fact that the inhibition of IRS-1 mRNA by ICI 182,780 was evident
in IGF-I-treated MCF-7/IRS-1 cells, in which the majority of IRS-1 message originated
from the expression plasmid devoid of any IRS-1 promoter sequences (CMV-driven IRS-1
cDNA)(39) (data not shown). In addition, the finding that ICI 182,780 similarly inhibited
IRS-1 mRNA levels under the basal and IGF-I conditions, but IRS-1 protein was
significantly more reduced in the absence of IGF-I (Fig. 3 vs. Fig. 2 A) could suggest that
the drug acts upon some IGF-I-dependent mechanism controlling mRNA stability,
translation, or posttranslational events. In fact, in other experimental systems, IGF-I or
insulin regulated various messages, including IRS-1 mRNA, on the postranscriptional level
(38, 40, 41).

In its action on IRS-1, ICI 182,780 appeared niore potent than Tam which
decreased tyrosine phosphorylation of IRS-1 But did not cause any detectable changes in
IRS-1 expression. Our results with Tam suggested that this antiestrogen may influence the
activity of tyrosine phosphatases (29). An interaction with the phosphatase System has also
been suggested for pure antiestrogens (42). In the present work, ICI 182,780 =ffects on
phosphatases acting on IRS-1 were impossible to assess, since the drug affected also iIRS-

1 expression (Fig. 3). However, some interference of ICI 182,780 with the
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phosphorylation/dephosphorylation events could be indicated for instance by our
experiments with the IGF-IR, where the compound induced IGF-IR phosphorylation under
the basal conditions and IGF-IR dephosphorylation in the presence of IGF-], Without
evident modifications of the receptor expression (Fig. 4).

Other important observations stemming form this work concern similarities and
differences between the effects of ICI 182,780 and Tam on the IGF-IR and SHC. Whiie
Tam did not modulate the expression of IGF-IR protein (29), ICI 182,780 moderately
decreased IGF-IR levels in the presence of IGF-I. The action of ICI 182,780 and Tam on
IGF-IR tyrosine phosphorylation was similar, namely, both compounds inhibited IGF-I-
induced but not basal tyrosine phosphorylation of the IGF-IR. The effects of ICI 182,780
and Tam on SHC were different. With Tam, we observed elevated tyrosine
phosphorylation of SHC proteins and increased SHC/GRB2 binding in growth arrested
cells, while ICI 182,780 did not affect SHC phosphorylation or expression (29). Thus,
induction of a non-mitogenic SHC signaling is a peculiarity of Tam but not ICI 182,780
mechanism of action.

In summary, cytostatic effects of ICI 182,780, similar to Tam, are associated with
the inhibition of IGF-IR signaling. The mitogenic/survival IRS-1 pathway is a target for
both antiestrogens. Both drugs reduce the levels of tyrosine phosphorylated IRS-1, but
only ICI 182,780 clearly inhibits expression of the substrate. High cellular levels of IRS-1
hinder the response to higher doses of ICI 182,780, thus overexpression of IRS-1 in breast
tumors may represent an important mechanism of antiéstrogen resistance.
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GRB?2, growth factor receptor-bound protein 2; IGF-1, insulin-like growth factor I; IGF-
IR, IGF-I receptor; IGFBP,' IGF binding protein; IP, immunoprecipitation; IRS-1, insulin
receptor substrate 1; MCE-7/IGF-IR, MCF-7 cells overexpressing IGF-IRs; MCE-7/IRS-
1, MCF-7 cells overexpressing IRS-1; MCF-7/SHC, MCE-7 cells overexpressing SHC;
PI-3 kinase, phosphatidilinositol 3 kinase; PRF-SFM, phenol red-free serum-free medium;
SHC, src/collagen homology proteins; Tam, Tamoxifen; 4-OH-Tam, 4-hydroxytamoxifen;

WB, Western immunoblotting.

3Sisci, D., Mauro, L., Salerno, M., Kim, 1., Tam, T., Guvakova, M., Ando, S., and

Surmacz, E. "Role of SHC in adhesion and motility in breast cancer cells", submitted.
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FIGURE LEGENDS

Fig. 1. ICI 182,780 inhibits the growth of MCF-7 cells overexpressing
different elements of IGF-IR signali_ng.v IRS-1 levels determine ICI

182,780 sensitivity. A) ICI 182,780-induced growth inhibition in the parental MCEF-7
cells (8x10%4 IGF-IRs/cell), MCF-7/IGF-IR, clone 17 (1x109 IGF-IRs/cell), MCF-7/SHC
(5-fold SHC overexpression over the level in MCF-7 cells). B) Growth reduction in MCF-
7/IRS-1 clone 9 (3—fold IRS-1 overexpressioh over the levels in MCF-7 cells), clone 3 (7-
fold overexpression), and clone 18 (9-fold overexpression). The cells were treated with
different doses of ICI 182,780 in the presence or.absence of 50 ng/ml IGF-1, as described
under Materials and Methods. The increase in cell number between day 0 and day 4 is taken
as 100%. The results are means from at least 4 experiments. Bar, SE. C) Levels of IRS-1
protein in different MCF-7/IRS-1 cell lines. IRS-1 levels were determined by
immunoprecipitation and Western blotting as described under Materials and Methods.

Representative results from 3 experiments are shown.

Fig. 2. ICI 182,780 inhibits IRS-1-mediated signaling. A) Effects of ICI
182,780 in MCF-7/IRS-1, clone 3. IRS-1 tyrosine phosphorylation (IRS-1 PY) (panel a),
protein levels (IRS-1)(panel b) as well as IRS-1-associated p85 of PI-3 kinase (panel c)
and GRB2 (panel d) were determined in cells treated for 15 min, 1h, 1 day or 4 days with
100 nM ICI 182,780 in the presence or absence of 50 ng/ml IGF-1. In 1h treatment, the
lane IGF-(-) ICI (-) is underloaded. Representative results from 5 experiments are shown.
B) Effects of ICI 182,780 on IRS-1 in MCF-7/IGF-IR and MCF-7 cells. IRS-1 tyrosine
phosphorylation (IRS-1 PY) and protein levels (IRS-1) were examined in cells treated with

100 nM ICI 182,780 for 4 days. Representative blots of 5 experiments are shown.
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Fig. 3. ICI 182,780 attenuates the expression of IRS-1 mRNA. IRS-1 mRNA
levels in MCF-7 and MCF-7/IGF-IR cells. The expression of IRS-1 mRNA was
determined in cells treated with 100 nM ICI 182,780 for 4 days in the presence or absence
of IGF-1. Panel a, IRS-1 mRNA ~5 kb; panel b, control RNA loading: 288 and 13 S RNA

in the same blot.

Fig. 4. Effects of ICI 182,780 on the IGF-IR. IGF-IR tyrosine phosphorylation
(IGF-IR PY) and protein levels (IGF-IR) in MCF—7/IGF-IR, clone 17 treated for 4 days
with 100 nM ICI 182,780 in the presence or absence of 50 ng/ml IGF-I. Representative

results of 3 different experiments are shown.

Fig. 5. Effects of ICI 182,780 on SHC signaling. SHC tyrosine
phosphorylation (SHC PY), protein levels (SHC), and SHC-associated GRB2 were
studied in MCF-7/SHC cells treated for 4 days with 100 nM ICI 182,780 in the presence or

absence of 50 ng/ml IGF-L Representative results of 5 experiments are shown.
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ABSTRACT

Cross-talk between steroid hormones and polypeptide growth factors regulates the |
growth of hormone-responsive breast cancer cells. For example, in MCF-7 human breast
cancer cell line, insulin up-regulates estrogen receptor (ER) content and binding capacity. Since
the insulin receptor (IR) substrate 1 (IRS-1) is one of the core signaling elements transmitting
mitogenic and metabolic effects of insulin, we investigated whether IRS-1 is also required for
the insulin-induced function of the ER. The effects of insulin on the ER were compared in
MCEF-7 cells and MCF—7-deﬁved cell lines with decreased levels (by ~80%) of IRS-1 due to
the expression of IRS-1 antisense RNA. The severe IRS-1 deficiency in MCF-7 cells was
associated with: 1) reduced mitogenic response to 20 ng/ml insulin and 10% calf serum (CS),
but not to 1 nM estradiol (E2); 2) loss of insulin-E2 synergism; 3) up-regulation of ER protein
expression and binding capacity; and 4) loss of insulin-induced regulation of ER tyrosine
phosphorylation. In conclusion, the data confirm the existence of the IR-ER cross talk and
suggest that IRS-1-dependent signaling fnay contribute to the negative regulation of the ER

expression and function in MCF-7 cells.

INTRODUCTION

The growth of honﬁone-responsive breast cancer cells in vitro and in vivo is controlled
by steroids and polypeptide growth factors (1,2). Accumulating evidence indicates that this
growth control involves complex interactions, or cross-talk, between the two mitogenic
systems. For instance, E2 stimulates the expression of several growth factors [such as insulin-
like growth factors (IGFs), transforming growth factor alpha and beta, and amphiregulin],
alters the levels or activity of different growth factor receptors [such as IGF-I and IGF-II
receptors, and the epidermal growth factor (EGF) receptor], as.well as modulates the
expression of different IGF binding proteins (1-4). E2 is also able to modulate intracellular
growth factor signaling pathways. For example, one of the acute effects of E2 binding to the

ER in MCF-7 cells is stimulation of c-src tyrosine kinase and activation of c-src-dependent




signaling substrates, including SHC (src-homology/collagen protein), which in consequence
induces classic growth factor-responsive Ras/MAP (mitogen-activated kinase) cascade of |
kinases (5,6). In addition, antiestrogens can block mitogenic action of growth factors on breast
cancer cells through an ER-dependent or -independent mechanism (1-4,7).

The other significant element of the cross-talk is modulation of ER expression and
function by polypeptide growth factors (8-10). For example, different peptide mitogens can
stimulate ER transcriptional activity even in the absence of E2 (11-17), probably through the
phosphorylation of the ER oh critical residues of Ser 118 and Tyr 537 (10,16,18). We have
previously demonstrated that in MCF-7 cells, insulin up-regulates ER content and ER binding
capacity, which is blocked in the presence of tyrosine kinase inhibitor, genistein (9). The
intracellular signaling mechanism by which insulin regulates ER in breast cancer cells is not
known. One of the major signaling pathways of thé IR involves a substrate, IRS-1(19). IRS-1
is a docking protein which becomes phosphorylated on multiple tyrosine residues immediately
upon insulin binding to the IR. Tyrosine phosphorylated IRS-1 associates with different SH2-
domain containing proteins activating a spectrum of downstream signaling pathways, such as
Ras/MAP or PI-3 kinase pathways (19). The critical role of IRS-1 signaling in metabolic and
mitogenic action of insulin has been well established in many cellular systems (19-21). In
MCE-7 cells, IRS-1 is required for monolayer and anchorage-independent growth, and is
critical for transmitting signals controlling cell survival (21, 22). In this study, we examined

the role of IRS-1 in IR-ER cross-talk.

MATERIALS AND METHODS

Cell Lines. MCF-7/anti-IRS-1 clones 2 and 9 have been generated by stable
transfection of MCF-7 cells with an éxpression plasmid encoding antisense IRS-1 RNA. The
IRS-1 protein levels in MCF-7/anti-IRS-1 clone 2 and 9 have been down-regulated by
approximately 80% anc 85%, respectively. The other characteristics of these cells have been

previously described in Ref. 22. In all experiments, the parental MCF-7 cells were used as a




control. The clone overexpressing IRS-1 (MCF-7/IRS-1, clone 3) was obtained by stable
transfection of MCF-7 cells with the CMV-IRS-1 plasmid that contains a mouse IRS-1 cDNA
cloned into the Hind III site of the pRC/CMV mammalian expression vector (Invitrogen) (21) .
The resulting plasmid also confers neomicin resistance (inherent in pRC/CMV).

Routine Cell Culture. MCF-7 cells were grown in DMEM:F12 supplemented with 5%
calf serum (CS); MCF-7/anti-IRS-1 cells were cultured in DMEM:F12 plus 5% CS plus 200
mg/ml G418 (22). | -

Experimental Culturé Conditions. The cells cultured in growth medium were |
trypsinized and plated in phenol red-free (PRF) DMEM:F12 supplemented with 5% dextran-
coated charcoal stripped CS (DCC-CS medium). After 24h, this medium was changed to PRF-
DMEM:F12 for another 24 h. Next, the cells synchronized in PRF-DMEM:F12 (day 0) were
treated for 1, 2, or 96 h with PRF-DMEM:F12 containing 10% of dithiotreitol treated DCC-CS
(DCC-SH-CS medium) supplemented with 20 ng/ml of insulin or 1 nM E2. DCC-CS and
DCC-SH-CS were prepared as previouély described (23, 24).

DNA Content. Cells were plated in 24-well plates at a density of 1.5 x 104 cells/cm? in
DCC-CS medium and then shifted to PRE-DMEM:F12 and DCC-SH-CS, as described above.
At different times of treatment, cellular DNA content per well was assessed by fluorescent
staining with Hoechst 33258, as described previously (9).

Estrogen Receptor Binding Assay. ER binding sites in cytosol and nuclear fractions
were determined by Scatchard analysis with 3H-E2, as previously described (9). In brief, the
cells were seeded at a density of 1.13 x 10%cm? in 100 mm culture plates in growth medium,
then shifted to DCC-CS, PRF-DMEM:F12 and néxt to DCC-SH-CS, as described above. The
synchronized cells were treated with mitogens for different times. Cytosol fractions were
obtained by harvesting and sonicating the cells in a cytosol buffer (9). The sonicate was
sedimented at 15,000 g for 30 min at 49C. The supernatant contained the cytosol fraction,

whereas the pellet contained cell nuclei.




Cytosol ER Content. 50 ml of the cytosol fraction were incubated for 18 h at 40C with
0.125-4 nM 3H-E2. Non-specific binding was determined by incubating the cells with 3H-E2
in the presence of 500-fold molar excess of diethylstilbestrol (DES). Bound and free E2 were
separated by absorbing free hormones on DCC (100 ul) at 4°C for 15 min. The radioactivity of
the bound hormone was determined in a scintillator counter. |

Nuclear ER Content. The nuclear pellet (obtained as described above) was resuspended
in 0.6 M KCl for 1 h at 40C, and then centrifuged at 15,000 g for 30 min at 4°C. 50ul of the
supernatant (nuclear fraction) was incubated with 2-64 nM of 3H-E2 for 18 h at 4°C. The non-
specific binding was determined with a 250-fold molar excess of DES. |

Western Blotting and Immunoprecipitation. The protein levels and tyrosine
phosphorylation of the ER were measured by immunoprecipitation (IP) followed by Western
Blotting (WB), as previously described (7, 9). Fdllowing treatment, the cells were lysed in ice-
cold lysis buffer (9). ER protein levels were determined by IP 500 ug of protein lysate with an
anti-ER 304 antibody (Ab) (Neo Markef, Freemont USA), followed by WB using an anti-ER
311 Ab (Neo Marker, Freemont USA). CHO (ER-negative) cells were used as a negative
control. Tyrosine phosphorylation of the ER was detected by immunoprecipitating 500 ug of
protein lysate with an anti-ER 304 Ab (Neo Marker, Freemont USA), followed by
immunoblotting with an anti-phosphotyrosine monoclonalAAb (mAb) PY20 (Santa Cruz
Biotechnology, CA)

Statistical Analysis. Data were analyzed using analysis of variance (ANOVA) or paired

t-test, where applicable.

RESULTS

Down-regulation of IRS-1 inhibits growth-premoting effects of serum
and insulin but not that of E2. The requirement for IRS-1 in IR-induced effects on the
ER was studied using two MCF-7/anti-IRS-1 clones (2 and 9), in which the levels of IRS-1

were down-regulated by 80% and 85%, respectively. First, we investigated how decreased




levels of IRS-1 affect growth response (measured as an increase of DNA content) to different
mitogens. Figure 1 A and B illustrates growth-promoting effects of 10% CS and 20 ng/mlv
insulin in MCF-7 and MCE-7/anti-IRS-1 cells synchronized in PRF-DMEM:F12. The
mitogenic response to 10% CS in MCF-7/anti-IRS-1 clone 2 and 9, was suppressed by 55
(+SE 0.0) % and 57(+SE 0.0)%, respectively, compared that in the parental cells (Fig. 1A).
Importantly, 20 ng/ml insulin did not produce any significant increase in DNA content in both
MCE-7/anti-IRS-1 clones, whereas it stimulated DNA synthesis in the parental cells [40 (SE
9.0) % ; p<0.05; Figure 113]'. |

In contrast, the growth-promoting effect of 1 nM E2 in all cell Iings was similar (Figure |
1B; variation among the cell lines: p= NS). In particular, in MCEF-7 cells, E2 stimulation
resulted in a 55 (SE 11.1) % augmentation in DNA content over the basal level, and in MCF-
7/anti-IRS-1, clones 2 and 9, the increase was 56 (£SE 15.3) % and 56 (= SE 11.2) %,
respectively (Fig. 1B).

The stimulation of DNA synthesis by a combination E2 plus insulin was synergistic in
all cell lines, but quantitatively smaller in MCF-7/anti-IRS-1 cells (p<0.05, Fig. 1B)
Specifically, whereas under the treatment, in MCF-7 cells DNA content increased 187 (+ SE
40.0) %, in MCF-7/anti-IRS-1 clone 2 and 9, the stimulation was 142 (£SE 39.0) % and 88 (+
SE18.2) %, respectively. |

Down-regulation of IRS-1 in MCF-7 cells is accompanied by the
increase in both ER protein levels and ER binding capacity. We tested ER protein
expression and binding capacity in MCF-7/anti-IRS-1 cells and, for comparison, in MCF-
7/IRS-1 clone 3. All these cell lines express a neofnycin resistance gene thus allowing us to test
the eventual interfering effect of this gene on the ER. The basal content of the ER was clearly
enhanced in both MCF-7/anti-IRS-1 élones with respect to MCF-7 cells. Interestingly, a 9-fold
overexpression of IRS-1 in MCF-7/IRS-1, clone 3 did not significantely modulate ER

expression (Fig. Z A and B). Scatchard analysis of E2 binding sites upon insuiin stimulation




confirmed significant upregulation of ER content in MCF-7/anti-IRS-1 clones compared with
MCEF-7 and MCF-7/IRS-1cells (Fig. 3). |
IRS-1 levels impact the regulation of basal and insulin-induced tyrosine
phosphorylation of the ER. The regulation of the ER protein expression and tyrosine
phosphorylation by insulin and E2 was determined in MCF-7 cells and in MCF—7/anti-IRS-1,
clone 2 (Fig. 4). In the parental cells, the expression of the ER was elevated with both
mitogens at 12 h and 96 h of treatment. In contratst; MCF-7/anti-IRS-1cells expressed high
basal levels of the ER that appeared refractory to insulin regulation, and were reduced.by E2.
The basal ER tyrosine phosphorytation at 12 h was significantely elevated in MCF-
7/anti-IRS-1 cells, compared with that seen in MCE-7 cells. Moreover, whereas in MCF-7
cells, insulin and E2 up-regulated ER phosphorylation, in MCF-7/anti-IRS-1 cells, these
tractments had no effect on the ER phosphorylation status (Fig. 4B). At 96 h, basal ER
tyrosine phosphorylation was similar in both cells lines, but it was clearly down-regulated by
insulin in MCE-7 cells and not affected in MCF-7/anti-IRS-1 cells. E2 at 96 h induced the

phosphorylation of the ER in both cell lines.

DISCUSSION

Cross-talk between signaling pathways of the IR or the IGF-IR and the ER is a
powerful mechanism controlling the growth of many hormone-responsive breast cancer cells.
It is thought that deregulation of this cross-talk may lead to the development of hormone-
independence and antiestrogen-resistance (1, 3, 4). The molecular basis of growth factor-
steroid communication are not entirely clear. Although considerable knowledge exists about the
effects of estrogens on IGF or insulin systems, the role of these growth factors on ER
expression and function is less known. In this context, of particular interest are recent data
demonstrating that IGF or insulin are able to up-regulate E2 binding sites and stimulate the
transcription of E2-responsive DNA, even in the absence of E2 (8,9, 11, 17). In the latter

case, growth factors appear to induce phosphorylation of the unligated ER on Ser 118 (via




MAP kinase pathway), and possibly on Tyr 537, in consequence enhancing ER transcriptional
activity (10, 18, 25). These observations, together with our present results, provide the |
evidence that the IR modulates ER function on at least three different molecular levels: a) ER
protein expression; b) ER binding capacity; and c¢) ER phosphorylation. The post-receptor
events involved in the control of the ER by insulin are still poorly characterized. Here, we
examined the role of IRS-1,-a principal substrate of the IR that is critical for its metabolic and
mitogenic action, in the modulation of ER expression and tyrosine phosphorylation.

First, IRS-1 was not éritical for the stimulation of ER binding capacity by insulin, since
in MCF-7 cells with significantly (~80%) decreased levels of IRS-1, insulin normally up-
regulated E2 binding sites (Fig. 3), whereas its growth-promoting action was inhibited under
the same conditions (Fig. 1B). The possibility that other IR-dependent signaling pathways,
such as SHC or PI-3 kinase pathways, are responsible for stimulating E2 binding sites in
MCEF-7 cells is currently under investigation.

Second, IRS-1signaling may contribute to a physiological down-regulation of ER
protein levels in MCF-7 cells, as the reduction of IRS-1 levels was clearly paralleled by an
increase of ER expression and binding capacity (Fig. 1B, 2, and 4). However, overexpression
of IRS-1 did not reduce ER levels, which suggest that the regulation of the ER depends on
some other signaling pathwéys. Why lower levels of IRS-1 trigger ER overexpression is not
known. Perhaps, when IR-dependent mitogenicity is compromised, as occurred in MCF-
7/anti-IRS-1 cells, a compensatory mechanism stimulates an overexpression of the ER.
Interestingly, however, this ER overexpression in MCF-7/anti-IRS-1 clones was not reflected
by an increased mitogenic response to E2 (Fig. IB), indicating that stimulation of cell growth
by E2 is a saturable probess, possbly controlled by a negative effect of estradiol on its own
receptor (Ref. 26 and Fig. 4A).

Third, our studies suggest that IRS-1 is important for the regulation of ER tyrosine

phosphorylation, at least in cells exposed to insulin for 96h. Specifically, such a long-term




insulin tractment evidently reduced the ER phosphorylation in the parental cells, but it produced
no effect in MCF-7/anti-IRS-1 cells. |
The biological relevance of ER tyrosine phosphorylation is still under debate. It is
possible that overall tyrosine phosphorylation of the ER is not directly related to E2
trascriptional and growth effects, as already suggestred by other investgators ; for example ER
phosphoryation has been shown to be induced by both estrogen and antiestrogens (11). The
* concept that in our system, impaired IRS-1 signaling affected phosphorylation of the ER on
Ser 118, in consequence redilcing ER transcriptional activity is currently under investigation.
In summary, IRS-1 pathway appears to be required for IR-dependent proliferation in
MCF-7 cells, but not for E2-stimulated growth. In addition, the data suggest that IRS-1 may

contribute to the process of physiologic downregulation of ER expression and function.
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FIGURE LEGENDS

Fig. 1. Mitogenic effects of A) 10% CS on MCF-7 and B) Estradiol (E2), insulin or a
combination of E2 and insulin on MCF-7 and MCF-7/anti-IRS-1 cells. The cells were

synchronized in DCC-SH-CS medium (Day 0) and cultured in the presence of either 10% CS,

1 nM E2, 20 ng/ml insulin or 1nM E2 plus 20 ng/ml insulin for 2-12 days.Cell DNA content
was determined as described in Materials and Metheds. *p<0.05; **p<0.01 versus control

(DNA content at day 0).

Fig. 2. ER protein content in growing MCF-7 cells, MCF-7/anti-IRS-1, clones 2 and 9, and
in MCF-7/IRS-1, clone 3. ER protein content was determined in whole cell lysates (a) by WB
or by IP followed by WB with specific anti-ER Ab (b) as described in Materials and Methods.

Fig. 3. Binding capacity of cytosolic, nuclear and total ER under basal conditions and upon
insulin (20 ng/ml) stimulation in MCF-7 cells, MCF-7/anti-IRS-1 clones 2 and 9, and in MCF-

7/IRS-1, clone 3. * p<0.05; ** p<0.01 versus control .

Fig. 4. A) E2 protein content (ER) in MCF-7 and in MCF/anti-IRS-1, clone 2. The levels of
ER in cells untreated or treated with either insulin (20 ng/ml) or estradiol (1 nM) were
determined by IP and WB at 12 and 96 h. B) Tyrosine phosphorylation of the ER (ER-P-Tyr)
in MCF-7 and MCF-7/anti-IRS-1 clone 2 in cells untreated or treated with either insulin (20
ng/ml) or E2 (1 nM) for 12 or 96 h. ER content aﬁd ER tyrosine phosphorylation were
determined by stripping the blots from Fig. 4A and reprobing with an anti-phosphotyrosine

mADb as described under Materials and Methods.A
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DIFFERENTIAL ROLES OF IRS-1 AND SHC SIGNALING PATHWAY'S

IN BREAST CANCER CELLS

Mary K. NoLAN, Lidia JANKOWSKA, Marco Prisco, Shi-giong Xu, Marina A. Guvakova and Ewa SURMACZ*
Kimmel Cancer Institute, Thomas Jefferson University, Philadelphia, PA

Several polypeptide growth factors stimulate breast cancer
growth and may be involved in tumor progression. However,
the relative importance of diverse growth factor signaling
pathways in the development and maintenance of the neoplas-
tic phenotype is largely unknown. The activation of such
growth factor receptors as the insulin-like growth factor |
receptor (IGF-1 R), erbB-type receptors (erbB Rs) and FGF
receptors (FGF Rs) controls the phenotype of a model breast
cancer cell line MCF-7. To evaluate the function of 2 post-
receptor signaling molecules, insulin receptor substrate-|
(IRS-1) (a major substrate of the IGF-IR) and SHC (a com-
mon substrate of tyrosine kinase receptors), we developed
several MCF-7-derived cell clones in which the synthesis of
either IRS-1 or SHC was blocked by antisense RNA. in MCF-7
cells, down-regulation of IRS-1 by 80-85% strongly suppressed
anchorage-dependent and -independent growth and induced
apoptotic cell death under growth factor- and estrogen-
reduced conditions. The reduction of SHC levels by approxi-
mately 50% resulted in the inhibition of monolayer and
anchorage-independent growth but did not decrease cell
survival. Importantly, cell aggregation and the ability of cells
to survive on the extracellular matrix were inhibited in
MCF-7/anti-SHC clones, but not in MCF-7/anti-IRS-I clones.
Cell motility toward IGF was not attenuated in any of the
tested cell lines, but motility toward EGF was decreased in
MCF-7/anti-SHC clones. Our results suggest that in MCF-7
cells: 1) both IRS-1 and SHC are implicated in the control of
monolayer and anchorage-independent growth; 2) IRS-1 is
critical to support cell survival; 3) SHC is involved in EGF-
dependent motility; and 4) normal levels of SHC, but not
IRS-1, are necessary for the formation and maintenance of
cell-cell interactions. Int. J. Cancer 72:828-834, 1997.
© 1997 Wiley-Liss, Inc.

Several polypeptide growth factors such as the insulin-like
growth factors I and II (IGFs), the ligands of the erbB family of
receptors (erbB Rs) and fibroblast growth factors (FGFs) regulate
breast cancer growth and may be involved in breast cancer
progression (Dickson and Lippman, 1995). The impact of these
factors on the phenotype of breast cancer cells depends on the level
and activity of their cognate membrane receptors. The growth of a
model breast cancer cell line, MCF-7, is greatly stimulated by
activation of the insulin-like growth factor I receptor (IGF-IR) and
the epidermal growth factor receptor (EGFR) (Dickson and Lip-
pman, 1995; Van der Burg er al., 1988; Karey and Sibrascu, 1988).

The signal transduction pathways of the IGF-IR and the EGFR
share several common substrates; one, for example, is SHC
(Giorgetti ef al., 1994; Pelicci et al., 1992). SHC proteins (p66,
p52, p47) bind to the IGF-I or EGF receptors through a PTB or an
SH2 domain (Tartare-Deckert et al., 1995; Kavanaugh and Wil-
liams, 1994; Pelicci et al, 1992). This association results in
tyrosine phosphorylation of SHC proteins, which are then able to
recruit other signaling molecules, for instance GRB-type adapters,
and activate downstream signaling pathways, such as Ras/MAP
kinase cascade (Giorgetti et al., 1994; Skolnik et al., 1993; Pelicci
etal., 1992).

The transmission of the IGF signal involves insulin receptor
substrate 1 (JRS-1), which is not implicated in EGF signaling
(Myers et al., 1994; Rubin and Baserga, 1995). IRS-1 is a docking
protein containing multiple tyrosine residues, which become
rapidly phosphorylated upon receptor activation. This allows
association of IRS-1 with different SH2-domain containing pro-

teins and induction of various signaling pathways, such as Ras/
MAP kinase (through an adapter GRB2), PI-3 kinase (through a
p85 regulatory subunit) or SHPTP2 protein tyrosine phosphatase
(Myers et al., 1994). Ultimately, some of the signals generated by
growth factors stimulate nuclear events (Myers et al., 1994;
Dickson and Lippman, 1995), while others are involved in the
reorganization of cell morphology (Joneson et al., 1996).

The significance of IRS-1- and SHC-dependent signaling in the
biology of breast tumor cells is not clear. Preliminary data suggest
that IRS-1 may regulate the proliferation of tumor cells. In MCF-7
cells, overexpression of IRS-1 enhanced monolayer and anchorage-
independent growth and reduced growth requirements for estrogen
(E2) (Surmacz and Burgaud, 1995). In primary breast tumors, a
correlation has been reported between IRS-1 levels and recurrence
of the disease (Rocha ef al., 1995). GRB2, an adapter linking IRS-1
and SHC to Ras/MAP kinase, is often overexpressed in breast
cancer cell lines (Daly et al., 1994). GRB7, a different adapter of
SHC, is overexpressed and co-amplified with erbB2 in breast
tumors (Stein et al., 1994). The status of SHC proteins in breast
cancer cell lines or tumor samples remains unknown.

Here we evaluated the roles of SHC and IRS-1 in growth,
survival, transformation, migration toward chemo-attractants and
cell-cell aggregation in MCF-7 breast cancer cells.

MATERIAL AND METHODS
Expression plasmids

To generate the sense and antisense SHC expression plasmids, a
287 bp fragment of a human SHC cDNA (from nt 55 to nt 342) was
amplified by PCR using the pMJ/SHC plasmid (a kind gift of Dr. J.
Schlessinger, New York, NY) as a template and oligonucleotides
5’-GTG CGG AGA CTC CAT GAG-3' and 5'-CTC ACA CAC
CAG ACT GAT G-3’, as the upstream and downstream primers,
respectively. The amplified SHC DNA fragment was cloned into
the pCR3 expression plasmid (Invitrogen, San Diego, CA) in either
a5'-3' or 3’-5’ orientation to produce sense-SHC or antisense-SHC
expression vectors (respectively). In the resulting expression
vectors, transcription of sense or antisense-SHC RNA was driven
by the CMV promoter. The expression plasmids also encoded
neomycin resistance to allow for selection in G418.

The antisense- and sense-IRS-1 expression plasmids have been
described previously (D’Ambrosio et al., 1995). The plasmids
contain the entire sequence of mouse IRS-1 cDNA cloned in either
the sense or antisense direction in pRc/CMV expression vector
(Invitrogen).

Cell lines and cell culture conditions
MCF-7/antisense-SHC (anti-SHC) and MCF-7/antisense-IRS-1
(anti-IRS-1) clones were generated by stable transfection using the
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calcium phosphate precipitation method. The clones were selected
in 2 mg/ml G418, and the integration of transfected plasmids into
genomic DNA was confirmed by PCR. In all cases, a “T7 primer”
5'-CGA CTC ACT ATA GG-3' (located in the T7 promoter of all
expression plasmids) was used as an upstream primer. The
following downstream primers were used: for sense IRS-1 clones:
5'-GGC TTC TCA GAC GTG CGC AAG-3'; for antisense IRS-1
clones: 5'-GAT AAC TGC TAG GAG ACC-3'; for sense SHC
clones: 5'-CTC ACA CAC CAG ACT GAT G-3'; and for antisense
SHC clones: 5'-CTG CGG AGA CTC CAT GAG-3'. From each
transfection, 13 PCR-positive clones were tested for the levels of
target protein by Western immunoblotting (see below).

MCE-7/anti-IRS-1 and MCF-7/anti-SHC cells were maintained
in DMEM: F12 supplemented with 5% calf serum (CS) containing
200 pg/ml G418. In the experiments requiring growth factor- and
estrogen-reduced conditions, we used DMEM without phenol red
(PRF-DMEM) with 0.5 mg/ml BSA, 1 uM FeSO, and 2 mM
L-glutamine (PRF-serum free media, PRF-SFM).

Western blotting

The reduction of SHC and IRS-1 protein levels in MCF-7 clones
was confirmed by Western immunoblotting. In MCFE-7/anti-IRS-1
clones, cell lysates (1.5 mg) were immunoprecipitated with an
anti-IRS-1 antibody (UBI, Lake Placid, NY) and probed with
another anti-IRS-1 antibody (obtained from Dr. M. Myers, Boston,
MA). The same method was used to assess the levels of IRS-1 in
MCF-7/anti-SHC clones, except that 500 ug of protein lysate were
used for immunoprecipitation.

In MCF-7/anti-SHC and MCF-7/anti-IRS-1 clones, SHC pro-
teins were immunodetected with an anti-SHC monoclonal antibody
(Transduction Labs, Lexington, KY) in 50 pg of total cell lysate.
The levels of IRS-1 and SHC proteins were approximated by laser
densitometry reading.

Anchorage-dependent growth assay

Cells were plated at a concentration of 1 X 10°/30 mm well in
DMEM:F12 supplemented with 5% CS. After 24 hr, the cells were
washed 3 times with PRF-DMEM, and the medium was replaced
with either PRF-SFM, PRE-SFM containing 20 ng/ml IGF-I or
PRF-SFM with 5 ng/ml EGE. At days 0 (media change) and 2, the
number of cells was determined by direct cell counting with the
Trypan blue exclusion test.

Anchorage-independent growth assay

This assay was performed as previously described (Sell et al.,
1993). Briefly, the cells were plated at a concentration of 5 X
10%/30 mm plate in DMEM with 10% FBS solidified with 0.2%
agarose. DMEM with 10% FBS plus 0.4% agarose was used as an
underlay. Colonies greater than 150 pm were scored after 3 weeks.

Apoptosis analysis

Flow cytometry cell sorting (FACS). At time 0, or after a 24 hr
incubation in PRF-SFM media, cells were washed with cold PBS
and fixed in 70% ice-cold ethanol. Following another wash in PBS,
the cells were treated with RNase (75 pg/ml) for 30 min at 37°C,
washed again in PBS and then resuspended in PBS containing 15
pg/ml propidium iodide. A minimum of 2 X 10* cells was analyzed
by FACS with a Coulter Epics Profile II (Hialeah, FL).

In situ detection of apoptosis. Apoptotic cells were identified
with the TACS/Blue Label in situ apoptotic detection kit (Trevigen,
Gaithersburg, MD) following the manufacturer’s protocol. Briefly,
the cells were plated on glass slides in 100 mm plates and grown
until 70% confluence. Then the cultures were washed 3 times with
PRF-DMEM and shifted to PRF-SFM for 24 hr. Next, the cells
were fixed in 3.7% paraformaldehyde and treated first with
protease and then with H,O, (to remove exogenous peroxidase). In
situ labeling of fragmented DNA was performed with Klenow
enzyme in the presence of labeled oligodeoxynucleotides. Labeled
DNA was visualized with Blue Label, followed by counterstaining
with Red Counterstain B. For each experimental condition, at least
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FIGURE 1 - Levels of IRS-1 and SHC in the developed clones. The
levels of target proteins in MCF-7/anti-IRS-1 cells (a) and MCF-7/anti-
SHC cells (b) and control cell lines were immunodetected as described
in Material and Methods.

1 X 103 cells were counted, and apoptosis was determined based on
specific staining and cell morphology.

Cell aggregation assay

This assay has been performed as described before (Guvakova
and Surmacz, 1997). Briefly, Matrigel (extracellular matrix) (Bio-
coat/Becton Dickinson, Bedford, MA) was reconstituted according
to the manufacturer’s instruction. Cells were plated at a concentra-
tion 2 X 10* cells/well in 24-well plates coated with 200 ul of
Matrigel. After 6 days, the number and size of spheroids (aggre-
gates) were counted and measured, and the cultures were photo-
graphed. To determine the number of viable cells, the spheroids
were dissociated from the matrix during a 2 hr incubation in
Dispase (Biocoat/Becton Dickinson) at 37°C, and the cells were
counted with the Trypan blue exclusion test.

Cell motility assay

Cell motility was tested using Transwell polycarbonate mem-
brane inserts with a 0.8 um pore size (Corning/Cambridge, MA), as
previously described (Doerr and Jones, 1996). The cells were
plated in DMEM:F12 plus 5% CS at a concentration of 2 X 10*
cells/insert. The inserts were placed in wells containing either
DMEM:F12 plus 5% CS (controls), or DMEM:F12 plus 5% CS
supplemented with either 20 ng/ml IGF-I or 5 ng/ml EGF. After a
16 hr incubation, the cells that traversed through the pores and
attached to the underside of the insert were stained with Coomassie
blue. The number of cells was determined by direct cell counting.
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RESULTS
Development of MCF-7/anti-IRS-1 and MCF-7/anti-SHC clones

To investigate the importance of IRS-1- and SHC-dependent
signaling pathways in MCF-7 breast cancer cells, we developed, by
stable transfection and selection in G418, several MCF-7-derived
clones expressing antisense RNA to either IRS-1 or SHC. Ninety-
five percent of the G418-resistant clones were PCR positive for
plasmid integration; among these clones, approximately 25%
exhibited an evident down-regulation of target protein. In MCE-7/
anti-IRS-1 clones, the level of IRS-1 was reduced up to 85%,
whereas in MCF-7/anti-SHC clones, up to 55% inhibition of SHC
protein expression was observed. Interestingly, in both cases, we
did not obtain clones with an intermediate (approx. 25-40%)
degree of reduction. The levels of IRS-1 and SHC in several clones
with the best inhibition of target protein expression are shown in
Figure 1. In MCF-7/anti-IRS-1 clones 9, 2 and 1, the amounts of
IRS-1 were reduced by 85%, 80% and 70%, respectively (Fig. 1a).
In MCF-7/anti-SHC clones 12, 4 and 2, SHC expression (both p47
and p52) was inhibited by 47%, 50% and 55%, respectively (Fig.
1b). Notably, p66 SHC was undetectable in all MCF-7-derived cell
lines, which confirmed our previous findings (Guvakova and
Surmacz, 1997).

To control for specificity of antisense RNA activity, we mea-
sured the amounts of IRS-1 in MCF-7/anti-SHC clones and,
conversely, the levels of SHC in MCF-7/anti-IRS-1 clones. The
amounts of IRS-1 in all MCF-7/anti-SHC clones and MCF-7 cells
were similar, with a variation of =12%. Also, the levels of SHC
were comparable in MCF-7/anti-IRS-1 clones and MCF-7 cells,
with a variation of +15% (Fig. 1a,b, lower panels).

The clones MCF-7/anti-IRS-1 2 and 9 and MCF-7/antisense
SHC 2 and 4, exhibiting the best inhibition of target protein
expression, were selected for further experiments.

MCF-7 cells with reduced levels of IRS-1 or SHC exhibit
inhibition of monolayer growth

The ability of MCF-7/anti-SHC and MCF-7/anti-IRS-1 clones to
grow in monolayer culture was tested under 4 different conditions:
DMEM:F12 plus 5% CS, PRF-SFM, PRF-SFM plus 20 ng/ml
IGF-1, or PRF-SFM plus 5 ng/ml EGF (Fig. 2). The treatments with
IGF-I and EGF were chosen because, of the many growth factors
tested, these were the best mitogens for MCF-7 cells cultured in our
laboratory (data not shown). Several control cell lines were used in
this experiment: the parental MCEF-7 cells, MCF-7/pc4 cells
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transfected with an empty vector (Guvakova and Surmacz, 1997)
and MCF-7/IRS-1 cells characterized by overexpression of IRS-1
and amplification of IGF signaling (Surmacz and Burgaud, 1995).
In a 2-day experiment, the growth of MCF-7 cells increased 50%,
70%, 54% and 80% in PRF-SFM, and PRF-SFM supplemented
with IGF-I, EGF and CS, respectively. The increase in the number
of MCF-7 cells under given condition was taken as 100%; the
increase of the number of tested cells was calculated relative to
MCEF-7 cells. The growth was defined as increase in the number of
viable cells. It should be noted that MCF-7 cells secrete IGF-like
mitogens (Surmacz and Burgaud, 1995); therefore all experimental
conditions included additional IGF-like autocrine factors.

In medium containing 5% CS (Fig. 2), the proliferation of
MCF-7/anti-SHC clones was significantly inhibited. Specifically,
relative to the parental cells, the growth was reduced by 55% (clone
2) and 27% (clone 4). Similarly, in MCF-7/anti-IRS-1 cells, the
viable cell number was decreased by 61% (clone 2) and 57%
(clone 9).

In PRE-SFM (Fig. 2), despite the presence of IGF-like autocrine
factors, a large population of MCF-7/anti-IRS-1 cells was dying. In
fact, compared with MCF-7 cells, the viable cell number was
decreased by 142% (clone 2) and 130% (clone 9). Under the same
conditions, MCF-7/anti-SHC clones survived better, although their
growth was inhibited by 60% (clone 2) and 93% (clone 4).

Similar results were obtained in PRF-SFM supplemented with
20 ng/ml IGF (Fig. 2). Here, the growth of MCF-7/anti-SHC clones
was inhibited by 67% (clone 2) and 83% (clone 4). Under these
conditions, MCF-7/anti-IRS-1 cells were massively dying; relative
to MCF-7 cells, a 145% (clone 2) and 148% (clone 9) decrease in
cell number was noted.

In PRF-SFM supplemented with 5 ng/ml EGF (Fig. 2d),
MCF-7/anti-SHC clones were inhibited by 82% (clone 2) and 74%
(clone 4), while in MCF-7/anti-IRS-1 clones a 75% (clone 2) and
41% (clone 9) growth decrease was obtained.

The control cells, MCF-7/sense-SHC and MCF-7/pc4, grew like
MCF-7 cells under all tested conditions. MCF-7/IRS-1 cells
exhibited increased responsiveness to IGF-I and EGF, compared
with the parental cell line, consistent with the previously published
data (Surmacz and Burgaud, 1995).

All developed cell lines retained responsiveness to E2. In all
tested cell lines, a 2-day stimulation with E2 alone caused an
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FIGURE 2 — Anchorage-dependent growth. Ordinate: relative percent increase in cell number, with the increase of MCF-7 cells taken as 100%.

Abscissa: cell lines tested.
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approximately 30% growth increase relative to the cell number at
day 0 (data not shown).

MCF-7/anti-IRS-1 cells undergo apoptosis under serum-free
conditions

To determine the mechanism of cell death apparent in monolayer
growth in PRE-SFM and PRF-SFM plus IGF-I, the clones were
analyzed for evidence of apoptosis. Two independent methods
were employed, in situ detection of fragmented DNA and FACS
analysis.

In growing cells (time 0), apoptosis was identified in a small
fraction of all tested cell lines (Table I). In contrast, after 24 hr in
culture of growth factor- and estrogen-reduced conditions, the rate
of apoptosis considerably increased in MCF-7/anti-IRS-1 cells, up
to 39.6%, but not in MCF-7/anti-SHC cells or other cell lines.
Similar results were obtained after a 48 hr culture in PRF-SFM
(data not shown). The higher incidence of apoptotic cell death in
MCEF-7/anti-IRS-1 clones was confirmed with FACS analysis, in
which a pre-G; peak, possibly representing the subfraction of
apoptotic cells, was observed (Fig. 3). In contrast, such a subfrac-
tion was undetectable in MCF-7 cells (Fig. 3) and MCF-7/anti-
SHC clones (data not shown).

Anchorage-independent growth is blocked in MCF-7/anti-IRS-1
and MCF-7/anti-SHC cells

The overexpression of IRS-1 has been shown to enhance
anchorage-independent growth in MCF-7 cells (Surmacz and
Burgaud, 1995). Amplification of SHC promoted transforming
abilities in fibroblasts (Pelicci et al, 1992). Here, we tested
anchorage-independent growth (colony formation in soft agar) of
MCE-7/anti-IRS-1 and MCF-7/anti-SHC clones (Table II). In both
cases, we found that colony formation was similarly inhibited, by at
least 72%, when compared with MCF-7 cells. The anchorage-
independent growth of control cell lines was comparable to that of
MCF-7 cells.

MCF-7/anti-SHC clones exhibit impaired aggregation and
survival on the extracellular matrix

Our previous results indicated that overexpression of the IGF-IR
in MCF-7 cells markedly increased the ability of cells to aggregate
on the extracellular matrix (Matrigel) (Guvakova and Surmacz,
1997). Moreover, the formation of multiple cell-cell contacts
supported proliferation of clustered cells and decreased the rate of
cell death. Here we studied whether reduced levels of IRS-1 or
SHC (and, presumably, impaired signaling depending on these
substrates) would affect cell-cell interaction on Matrigel.

The experiments demonstrated that while MCF-7/anti-IRS-1
clones were able to aggregate on ECM to a similar extent as control
cell lines (MCF-7 and MCF-7/sense SHC cells), the aggregation of
both MCF-7/anti-SHC clones was clearly inhibited (Fig. 4).
Specifically, MCF-7, MCE-7/sense SHC cells and MCF-7/anti-
IRS-1 clones produced large spheroids ranging in size from 230 to
300 um, whereas MCF-7/anti-SHC clones formed small aggregates
(approximately 50 pm in diameter). Furthermore, the clones that
formed large spheroids (MCF-7, MCF-7/sense SHC and MCF-7/
anti-IRS-1 cells) were also able to survive on ECM up to 7 days. In
contrast, the population of viable MCF-7/anti-SHC cells was
reduced by at least 50% during this period of time (Table III).

EGF-dependent cell motility is affected by the reduction of SHC
levels in MCF-7 cells

The IGF-IR has been shown to mediate motility in breast cancer
cells (Doerr and Jones, 1996). We studied the ability of MCF-7/anti-
IRS-1 and MCF-7/anti-SHC cells to migrate toward a chemo-
attractant, IGF or EGF (Table IV). Both growth factors stimulated
the motility of all studied cell lines. The tendencies to migrate
toward IGF were similar for all clones; however, some clonal
variations were observed (64-95% increase over basal migration in
growth medium). When EGF was used as an chemo-attractant, in
MCE-7 cells, MCF-7/IRS-1 and MCF-7/sense-SHC clones, as well
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as in both MCF-7/anti-IRS-1 clones, migration increased by
28-56% over that stimulated by IGF (Table IV). In contrast,
migration of MCF-7/anti-SHC clones toward EGF was decreased
by 32% (clone 2) and 70% (clone 4) compared with IGF
stimulation. In all cell lines tested, the differences between IGF-I
and EGF chemo-attraction were statistically significant (p < 0.05,
by ANOVA).

DISCUSSION

Although it is known that polypeptide growth factors, such as the
IGFs and the ligands of the erbB family of receptors, play an
important role in the regulation of breast cancer growth and
progression, the functions of their different signaling pathways in
the development of a neoplastic phenotype have not been eluci-
dated. We have investigated the role of 2 signaling elements, IRS-1,
a major substrate of the IGF-IR (but also involved in insulin and
IL-4 signaling; Myers et al., 1994) and SHC, an important substrate
of different tyrosine kinase receptors, e.g., the IGF-IR and erbB-
type Rs (Sepp-Lorenzino et al., 1996; Giorgetti et al., 1994; Pelicci
et al., 1992). Since previous studies have demonstrated growth
inhibition in MCF-7 cells stably expressing an IGF-IR antisense
RNA (Neuenschwander et al., 1995), we have used an antisense
RNA approach to generate MCF-7 cell lines expressing reduced
levels of either IRS-1 or SHC. The developed antisense clones were
tested for their ability to grow under anchorage-dependent and
-independent conditions, to survive in estrogen- and growth
factor-reduced media, to migrate toward chemo-attractants and to
develop and maintain cell-cell interactions on the extracellular
matrix.

The major findings of this work are: 1) In MCE-7 cells, IRS-1
and SHC are involved in the regulation of monolayer and
anchorage-independent growth; 2) significant reduction of IRS-1
levels is accompanied by cell death; 3) down-regulation of SHC
levels affects cell-cell interactions on extracellular matrix; and 4)
decrease of SHC levels impairs EGF-, but not IGF-I-stimulated
migration of MCF-7 cells.

The most striking differences between MCF-7/anti-IRS-1 and
MCEF-7/anti-SHC clones were seen in cell aggregation on Matrigel.
The results suggested that normal amounts of SHC are required for
the formation and maintenance of cell-cell contacts. We have
demonstrated previously that in MCF-7 cells, E-cadherin-
dependent cell-cell adhesion is significantly enhanced by the
overexpression of the IGF-IR. Moreover, the IGF-IR and its
substrates, IRS-1 and SHC, are able to associate with the E-
cadherin complex (Guvakova and Surmacz, 1997). The mechanism
of IGF-I-stimulated adhesion in breast epithelial cells remains
unclear (Guvakova and Surmacz, 1997; Bracke ez al., 1993), but
based on the present work, SHC signaling could be a contributing
factor. The involvement of SHC in cell-cell interactions is also
supported by the finding of a direct association of SHC and
N-cadherin in vitro (Xu et al., 1996).

TABLE I - APOPTOSIS IN MCF-7/ANTI/IRS-1 AND MCF-7/ANTI-SHC CELLS

Apoptotic cells (%)!

Cell line

0hr 24 hr
MCF-7 0.8 x£05 30£038
MCEF-7/pc4 0.5 +0.1 19+ 0.1
MCE-7/IRS 12207 37211
MCEF-7/anti-IRS-1, 2 1.9 £0.8 225%23
MCF-7/anti-IRS-1, 9 43+12 396*14
MCEF-7/anti-SHC, 2 12+0.38 1.5+03
MCF-7/anti-SHC, 4 0.8 0.1 3605
MCE-7/sense-SHC 20x02 23*00

IDNA fragmentation in situ was detected using a Trevigen in situ
detection kit following the manufacturer’s methodology, as described
in Material and Methods. The results shown are means = SD from at
least 3 independent experiments.
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FIGURE 3 — Apoptosis analysis. To identify apoptosis in MCF-7 cells and MCF-7/anti-IRS-1 clones 2 and 9, FACS analysis was performed with
a Coulter Epics Profile II as described in Material and Methods. The arrows indicate pre-G, peaks, representing apoptotic cell fractions in
MCF-7/anti-IRS-1, 9 and MCF-7/anti-IRS-1, 2 clones. Subsequent to pre-G; (left to right), are the peaks representing G;, S, and G, cell

subpopulations.

TABLE II - ANCHORAGE-INDEPENDENT GROWTH OF MCF-7/ANTI-IRS-1 AND
MCF-7/ANTI-SHC CELLS

Cell line Number of I“h(‘f;;;“’“
MCEF-7 101 £ 5.9 —
MCE-7/pc4 98 = 1.0 3
MCF-7/anti-IRS1, 2 14 £ 6.7 86
MCF-7/anti-IRS-1, 9 28 £4.5 72
MCF-7/anti-SHC, 2 1235 88
MCEF-7/anti-SHC, 4 28 = 6.0 72
MCEF-7/sense SHC 103 £ 94 —

'Cells were plated in soft agar in 10% FBS at 5 X 105 cells/plate.
Colonies greater than 150 pm were counted after 3 weeks. The data are
means * SD from 3 independent experiments.

Remarkably, in MCF-7 cells, down-regulation of IRS-1 levels,
which was correlated with the inhibition of the growth in mono-
layer culture and in soft agar, did not affect cell aggregation, and
only moderately (20%) inhibited cell survival on Matrigel. A
limited role of IRS-1 in cell-cell adhesion is also suggested by the
fact that overexpression of this molecule does not improve
aggregation in MCF-7/IRS-1 cells; however, it does prolong cell
survival on Matrigel (data not shown). The latter suggest a role of
IRS-1 in protection from cell death. This function of IRS-1 has also
been demonstrated in the present work; in particular, MCF-7/anti-
IRS-1 cells cultured as monolayer in PRF-SFM and PRF-SFM with
IGF-1, were massively dying. This suggested that other pathways
activated under these conditions, for instance SHC, did not provide
sufficient signal for survival and could not compensate for IRS-1
loss. Importantly, in anti-IRS-1 clones, cell death was executed
through apoptosis. Apoptosis was detected by FACS and in situ
labeling, the methods of choice for breast epithelial cells in which a
classical apoptotic DNA ladder is usually undetectable (Wilson et
al., 1995). Apoptosis was not identified in cells with normal IRS-1
amounts, for instance, in MCF-7 cells or in anti-SHC clones
growing in the presence of IGF (autocrine or exogenous). Interest-
ingly, when anti-IRS-1 clones were cultured in media supple-
mented with CS or EGF, the cells were able to survive, possibly due
to the activation of some IRS-1-independent anti-apoptotic mecha-
nisms. For example, a PI-3 kinase pathway (which can be activated
directly by the EGFR) has been found to control cell survival
(Parrizas et al., 1997).

The role of SHC in survival of MCF-7 cells is difficult to
evaluate, partly because in our model, reduction of SHC levels was
not as great as that of IRS-1. The fact that the inhibition of SHC by
approximately 60% was not sufficient to induce cell death in
monolayer culture, even in PRF-SFM, indicates that normal
amounts of SHC were not essential for survival under these
conditions. However, the survival of cells on Matrigel (in the

presence of different growth factors) was inhibited in MCF-7/anti-
SHC clones. We speculate that this phenomenon represented a
secondary effect to the impaired cell aggregation in these cells,
since aggregation itself has been shown to promote survival on
Matrigel (Guvakova and Surmacz, 1997).

The studies on anchorage-dependent growth also suggested an
important function of both SHC and IRS-1 in cell proliferation. In
MCF-7/anti-IRS-1 and MCF-7/anti-SHC clones, cell growth was
blocked even in medium containing CS. This reflected mostly the
inhibition of proliferation, since, even in MCF-7/anti-IRS-1 cells,
only minimal cell death was observed (Table I and data not shown).
Similar results were obtained in medium supplemented with EGF
(naturally containing autocrine IGF-like factors and possibly other
unidentified mitogens) (Fig. 2). The greatest extent of growth
reduction, for both MCF-7/anti-IRS-1 and MCF-7/anti-SHC, was
seen in SFM containing only IGF (autocrine or exogenous). The
results suggested that normal levels of either IRS-1 or SHC were
not sufficient to sustain growth in IGF when the other pathway was
(presumably) impaired. Therefore, both substrates must control
IGF-I-dependent monolayer growth of MCF-7 cells.

Both SHC and IRS-1 also appear to be critical in the mainte-
nance of anchorage-independent growth since colony formation in
both MCF-7/anti-SHC and MCF-7/anti-IRS-1 clones was signifi-
cantly (by at least 70%) inhibited, compared with control cell lines
expressing normal amounts of both substrates (Table II).

It has been shown that in different breast cancer cell lines,
motility is stimulated by the activation of the IGF-IR (Doerr and
Jones, 1996). Our results did confirm that IGF-I stimulates
migration of MCF-7 cells. We also found that in MCF-7 cells,
migration was stimulated by EGF. Contrary to Doerr and Jones
(1996), in our hands EGF was a significantly stronger chemoat-
tractant for the cells studied than IGF. The reason for this
discrepancy is unclear. It is possible that the subline of MCF-7 cells
cultured in our laboratory differs from the one described by others;
in particular, our MCF-7 cells were able to traverse only uncoated
membranes, whereas the cells described by Doerr and Jones (1996)
invaded through either gelatin, laminin or collagen.

Under our experimental conditions, IGF-I-dependent migration
was similar in all tested cell lines and was not significantly
inhibited in either MCF-7/anti-SHC or MCF-7/anti-IRS-1 clones.
It is possible that the IGF-IR activated other pathways providing
sufficient signal for migration, or, alternatively, the extent of the
inhibition of either IRS-1 or SHC signaling was insufficient to
inhibit migration. It is noteworthy that the EGF-stimulated motility
was significantly blocked in MCF-7/anti-SHC clones, suggesting
that SHC may act as a critical signaling substrate of the EGFR-
regulated migration.
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FIGURE 4 — Cell aggregation on Matrigel. Representative photographs of cell aggregation in cell lines tested. The aggregation was tested as
described in Material and Methods; cells were photographed with 100X magnification on day 5 of the experiment. Scale bar = 100 pm.

TABLE III - SURVIVAL OF MCF-7/ANTI-IRS-1 AND MCF-7/ANTI-SHC CLONES

ON MATRIGEL
Cell lines Number of cells at day 6’
MCE-7 19,300 = 818
MCEF-7/pc4 17,266 = 1,010
MCF-7/anti-IRS-1, 2 18,233 = 709
MCF-7/anti-IRS-1, 9 18,366 + 1,517
MCEF-7/anti-SHC, 2 6,000 = 1,000
MCF-7/anti-SHC, 4 9,500 = 1,040

MCEF-7/sense SHC 19,333 + 1,527

ICells were plated at 2 X 10%well in 24-well plates on Matrigel
Matrix (Biocoat/Fisher). On day 6, the number of cells was determined
by direct cell counting with Trypan blue exclusion after dissociation of
aggregates by Dispase at 37°C for 2 hr. The data are means = SD from
at least 3 independent experiments.

In summary, our results point to the importance of 2 post-
receptor signaling molecules, IRS-1 and SHC, in the maintenance
of the neoplastic phenotype in breast epithelial cells; the results
also suggested that these substrates may have distinct functions in
breast cancer cell biology.

TABLE IV - MOTILITY OF MCF-7/ANTI-IRS-1 AND MCF-7/ANTI-SHC CELLS

Chemo-attraction (% over basal)!

Cell line
IGF EGF
MCE-7 195 7.2 245 = 7.1
MCF-7/IRS-1 186 *+ 6.1 217 £25
MCE-7/sense SHC 167 £ 6.1 212 £ 100
MCEF-7/anti-IRS-1, 2 164 =30 194 £ 2.6
MCF-7/anti-IRS-1, 9 165 = 5.0 195 £ 9.0
MCF-7/anti-SHC, 2 175 £ 20 148 £59
MCEF-7/anti-SHC, 4 195 = 8.6 128 £ 7.0

ICells (2 X 10%) suspended in growth medium were plated in
Transwell inserts, and the migration toward IGF or EGF was evaluated
as described in Material and Methods. Migration toward growth
medium was taken as basal. The data are average = SD from at least 3
independent experiments.
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Summary

The oncogenic SHC proteins are signaling substrates for most receptor and
cytoplasmic tyrosine kinases. SHC is known to transmit signals important for anchorage-
dependent and -independent growth as well as modulate growth-unrelated processes such
cell-substrate adhesion and motility. SHC is overexpressed in different tumor cells,
including different breast cancer cell lines. The biological consequences of SHC
amplification in breast cancer cells are not known. Here, we addressed this question using
MCE-7-derived cell lines with ectopic SHC expression (MCF-7/SHC cells). The 3-8-fold
overexpression of SHC produced a moderately increased responsiveness to IGF-I and
EGF (20-70%) but did not significantly modulate MAP kinase activity in response to
growth factors or the rate of proliferation in serum-containing medium. Similarly, high
levels of SHC did not improve the ability of cells to grow under anchorage-independent
conditions. SHC, however, was found involved in breast cancer cell adhesion and motlity.

In MCF-7/SHC cells, the amount of SHC associated with alpha 5 beta 1 integrin, a
fibronectin (FN) receptor, was ~ 6-fold greater that in the parental cells or other 4 cell lines
overexpressing the IGF-IR or its substrate IRS-1. When plated on FN, MCF-7/SHC cells
attached faster than other tested cell lines (1 h vs. 2-3 h). This fast attachment was
accompanied by earlier decline of adhesion-induced MAP kinase activity. The attachment of
cells to FN was associated with decreased binding of p47 SHC to alpha 5 beta 1 integrin.
Conversely, addition of EGF caused partlal detachment of cells from FN and stimulated
cell motility,which was associated with increased binding of p47 to alpha 5 beta 1 integrin.
The motility of MCF-7/SHC cells tested in FN-coated inserts was inhibited compared with
that of the other cell lines. However, in the presence of EGF or IGF, the motility of SHC
overexpressing cells was greatly (up to 300 %) increased, whereas it was only minimally
altered in other cell lines (from -20 to + 40%). These data suggest that SHC is involved in
dynamic regulation of cell adhesion and motility in breast cancer cells.




Figure Legends

Fig.1. MCF-7/SHC cells. A. SHC expression and tyrosine

phosphorylation. The levels and tyrosine phosphorylation of SHC in two selected
MCEF-7/SHC clones 1 and 9 were determined by IP and WB with specific antibodies as
detailed under Materials and Methods. B. Growth response of MCF-7/SHC cells
to EGF, IGF and serum. The cells were synchronized in PRF-SFM and stimulated
with mitogens for 4 days as described in Materials and Methods. The results are average of
4 experiments. '

Fig. 2. SHC associates with alpha 5 beta 1 integrin. (a) The amounts of SHC
associated with alpha 5 beta 1 in MCF-7/SHC cells, MCF-7 cells and several control clones
without SHC overexpression (MCF-7/IRS-1, clones 3 and 18 and MCF-7/IGF-IR, clone
17) were determined by IP with an anti-alpha 5 befa 1 pAb and WB with an anti-SHC pAb.
(b) The expression of alpha 5 beta 1 integrin in the tested cells was determined after-
stripping the blot () and reprobing it with the above anti-integrin pAb.

(Fig. 3, in preparation)

Fig. 3. Adhesion of MCF-7/SHC clones on FN and COL. MCF-7/SHC clones,
MCF-7 cells and other cell lines with normal SHC levels (MCF-7/IRS-1, clone 3 and
MCE-7/IGF-IR, clone 17) synchronized for 24h in PRF-SFM were plated in plates coated
with either FN or COL IV. The cells were photographed at times 0 (floating cells), 1 h, and
2 h after plating. The role of alpha 5 beta 1 integrin in MCF-7/SHC adhesion was assessed
by blocking the FN receptor with a specific antibody 30 min before cell plating, as
described in Materials and Methods.

Fig. 4. Adhesion and EGF-dependent ERK 1 and ERK 2 activity in MCF-
7/SHC cells. (a) MCF-7/SHC, clone 1 and MCF-7 cells were plated on plastic, COL IV
or FN. The cells were lysed at the indicated times after plating. The tyrosine
phosphorylated forms of ERK 1 and ERK 2 were determined as described under Materials
and Methods.(b) MCF-7 cells and MCF-7/SHC, clone 1 were plated on plastic, COL IV
or FN, allowed to attach for 1h, and then treated with 5 ng/ml EGF. The cells were lysed
at different times (0-24h) of the treatment.

(Fig. 5, in preparation) _ :

Fig. 5. Motility of MCF-7/SHC cells. (a) Basal motility in COL IV- or FN-coated
inserts. The motility of MCF-7/SHC cells and several control cell lines without SHC
overexpression was tested as described under Materials and Methods. The upper and lower
chambers contained PRF-SFM. The percentage of cells that migrated to the undersite of
inserts (ralative to the number of cells plated) is designated as % Motility. (b) Growth
factor-induced motility. The were suspended in PRF-SFM and plated cells plated in FN or
COL IV coated inserts. The lower chamber contained PRF-SFM with 1 or 5 ng/ml EGF or
20 ng/ml IGF-L. _ ' _

(Fig. 6, in preparation)

Fig. 6. SHC/alpha 5 beta 1 association is modulated during attachement to
FN. (a) The association of SHC with alpha 5 beta 1 integrin was determined by IP with
an anti-alpha 5 beta 1 pAb and by WB with an anti-SHC pAb in 1 mg of protein lysate of
MCF-7/SHC, clone 1. The cells were either floating, attached t> FN, or treated with 5
ng/ml EGF. (b) Tyrosine phosphorylation of SHC was detected in the same blot (a) after
stripping ard reprobing with an anti-phosphotyrosine antibody PY20.
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