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Activation of ErbB-2 via a hierarchical interaction between ErbB-2 and
type I insulin-like growth factor receptor in mammary tumor cells
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The present study focused on interactions between
signaling pathways activated by progestins and by type
I and II receptor tyrosine kinases (RTKs) in mammary
tumors. An experimental model in which the synthetic
progestin medroxyprogesterone acetate (MPA) induced
mammary adenocarcinomas in Balb/c mice was used.
MPA-stimulated proliferation, both irn vivo and in vitro,
of progestin-dependent tumors induced up-regulation of
ErbB-2 protein levels and tyrosine phosphorylation of
this receptor. Combinations of antisense oligodeoxynu-
cleotides (ASODNSs) directed to ErbB-2 mRNA with
ASODNSs directed to the insulin-like growth factor-I
receptor (IGF-IR) were used to study the effect of the
simultaneous block of these receptors on the MPA-
induced proliferation of epithelial cells from the
progestin-dependent C4HD line. Neither synergistic nor
additive effects on the inhibition of MPA-induced
proliferation of C4HD cells were observed as a result
of the combination of these ASODNs. Suppression of
IGF-IR expression by ASODNs resulted in complete
abrogation of MPA-induced phosphorylation of ErbB-2
in C4HD cells, whereas blockage of ErbB-2 did not
affect IGF-IR phosphorylation. These results show the
existence of a hierarchical interaction between IGF-IR
and ErbB-2, by means of which IGF-IR directs ErbB-2
phosphorylation. We demonstrated, for the first time,
that this hierarchical interaction involves physical
association of both receptors, resulting in the formation
of a heteromeric complex. Furthermore, confocal laser
microscopy experiments demonstrated that MPA was
able to induce co-localization of ErbB-2 and IGF-IR.
This hetero-oligomer was also found in MCF-7 human
breast cancer cells in which association of IGF-IR and
ErbB-2 was induced by heregulin and IGF-1. Oncogene
(2001) 20, 34—47.
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Introduction

The positive role of estrogens in breast cancer
development has long been acknowledged. Accumu-
lated evidence has indicated that progestins are also
involved in controlling mammary tumorigenesis (Kiss
et al., 1986; Braunsberg et al., 1987; Manni et al., 1987;
Clarke and Sutherland, 1990; Groshong et al., 1997,
Lange et al., 1998). Although the mechanisms by which
steroid hormones stimulate growth of breast cancer
cells have not yet been completely deciphered,
regulation of the expression of growth factors (GFs)
which in turn act as mitogens for tumor cells, has
already been proposed (Dickson and Lippman, 1995).
Upon steroid hormones binding, estrogen (ER) and
progesterone receptor (PR) act as nuclear transcription
factors. On the other hand, most GFs bind to
transmembrane receptors that carry an intrinsic activity
of tyrosine kinase. Particularly, members of type I and
IT receptor tyrosine kinase families (RTKs) have been
implicated in breast cancer development (Baserga,
1995, Pinkas-Kramaski et al., 1997). Type 1 RTKs
includes four members: epidermal growth factor
receptor (EGFR/ErbB-1) (Ullrich et al., 1984), ErbB-
2 (Yamamoto et al., 1986), ErbB-3 (Kraus et al., 1989;
Plowman et al., 1990), and ErbB-4 (Plowman et al.,
1993). A direct consequence of ligand binding to the
extracellular domain of type I RTKs is the formation
of receptor dimers and stimulation of the intrinsic
kinase activity, which leads to the phosphorylation of
tyrosine residues in the intracellular domain of
receptors (van der Geer et al., 1994). A large number
of ligands for type I RTKs have been described. These
include six ligands for EGF-R (Riese and Stern, 1998)
and all isoforms of neu differentiation factor/heregulins
(HRG) which bind to ErbB-3 and ErbB-4 (Tzahar et
al., 1996). Interestingly, ErbB-2 is an orphan receptor.
Despite the absence of a known ligand that binds
ErbB-2 directly, this receptor participates in an
extensive network of ligand-induced formation of
ErbBs dimers (Graus-Porta et al., 1997).

Type II RTK family comprises the insulin
receptor and the type I insulin-like growth factor
receptor (IGF-IR) (LeRoith et al., 1995). Both are
synthesized as a single peptide that is glycosylated
and cleaved to an extracellular o chain and a
transmembrane f chain. « and f chains are linked



by disulfide bonds to form an «f-half receptor that
is subsequently linked to another af-half receptor,
by disulfide bonds between the o subunits, to form
the mature o,b,-holoreceptor (LeRoith er al., 1995,
Ullrich et al., 1986). Both insulin-like growth factors
(IGFs)-I and -II bind to IGF-IR. The cytoplasmic
portion of the f subunit contains the tyrosine kinase
domain. Autophosphorylation on tyrosine residues in
response to ligand binding to the extracellular «
subunit occurs as an intramolecular trans-reaction,
wherein the tyrosine kinase of one f-subunit
phosphorylates residues located on the other f
subunit of the tetrameric receptor (LeRoith et al.,
1995, Ullrich et al., 1986).

Tyrosine residues in the intracellular domain of the
RTKSs, phosphorylated as a result of ligand binding,
serve as docking sites for a number of SH2 and
phosphotyrosine-binding (PTB) domain-containing
proteins (Kavanaugh and Williams, 1994; Cohen et
al., 1995) including the adaptor proteins SHC (Pelicci
et al., 1992) and Grb2 (Lowenstein et al., 1992), which
link RTKs to the mitogen activated protein kinase
(MAPK) pathway (Egan and Weinberg, 1993), and the
p85 subunit of the phosphatidyl inositol 3-kinase (PI-
3K) (Fedi et al., 1994) that couples RTKs to the S6
kinase cascade (Ming et al., 1994). Interestingly, ErbB-
3 which possesses the unique capacity among type |
RTKs to bind and activate the p85 regulatory subunit
of PI-3K (Carraway and Cantley, 1994; Fedi et al.,
1994), provides a link between signal transduction
pathways elicited through type I and II RTKs. Thus,
activation of IGF-IR results in tyrosine phosphoryla-
tion of a substrate protein IRS-1, which in turn binds
to and activates PI-3K (Backer et al., 1993).

Initially, signaling pathways were considered a
linear way to transfer information. However, increas-
ing evidence has clearly shown that signal transduc-
tion pathways interact with one another. These
interactions result in quite complex networks with
properties that the individual pathways lack. Accord-
ingly, convergence between steroid hormones and
GFs signaling pathways, that were previously thought
to be separated pathways, has recently been shown.
Estradiol stimulates Src kinase and the MAPK
cascade in MCF-7 mammary tumor cells (Migliaccio
et al, 1996). It is to be noted that progestins
treatment of T47D breast cancer cells also results in
the stimulation of the c-Src/p21/MAPK transducing
pathway (Migliaccio et al., 1998). The activation of
this pathway by progestins not only requires the B
isoform of the progesterone receptor, but also a
ligand-free estrogen receptor (Migliaccio et al., 1998).
Convergence between PR and GFs activated signaling
pathways has also been demonstrated. Progestins
treatment of T47D cells up-regulates ErbB-2 and
ErbB-3 and enhances EGF-stimulated tyrosine pho-
phorylation of signaling molecules known to associate
with activated type I RTKs. It also potentiates EGF-
stimulated p42/p44 MAPK, p38 MAPK and JNK
activities (Lange et al., 1998, Richer et al., 1998).
Independently of EGF, progestins increase Stat5
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protein level and its association with phosphotyr-
osine-containing proteins (Lange et al., 1998, Richer
et al., 1998)

The aim of the present study was to investigate
interactions between progestins and RTKs signaling
pathways by using the well characterized model of
hormonal carcinogenesis in which the synthetic
progestin medroxyprogesterone acetate (MPA) induces
mammary adenocarcinomas in virgin female Balb/c
mice (Molinolo et al., 1987; Lanari et al., 1989). Most
of the MPA-induced tumors are of ductal origin,
express high levels of ER and PR and are maintained
by syngeneic transplants in MPA-treated mice, eviden-
cing a progestin-dependent (HD) pattern of growth
(Lanari et al., 1989). Tumor variants with an MPA-
independent (HI) pattern of growth have been
generated by transplantation into untreated mice.
These HI tumors express the same ER and PR content
as their parental HD counterparts (Lanari et al., 1989).
Finally, MPA induces a small number of lobular
mammary carcinomas which lack ER and PR expres-
sion and evidence an MPA-independent (HI) behavior
(Molinolo et al., 1987; Lanari et al., 1989).

In the course of this study of the molecular
mechanisms involved in cross-talk between RTKs and
progestins, we found that a functional IGF-IR is
required in order to phosphorylate and therefore
activate ErbB-2. Thus, blocking IGF-IR expression
by antisense oligodeoxynucleotides to its mRNA
results in complete inhibition of MPA capacity to
phosphorylate ErbB-2. The converse situation was not
observed since blockage of ErbB-2 does not affect
IGF-IR activation. These findings show a hierarchical
interaction between IGF-IR and ErbB-2 in which IGF-
IR directs ErbB-2 activation. Notably, and for the first
time, we herein found the formation of a heteromeric
complex between members of type I (ErbB-2) and II
(IGF-IR) RTKs families. We also found that in the
MCEF-7 breast cancer cell line hetero-oligomerization of
IGF-IR and ErbB-2 was induced by heregulin and
IGF-1.

Results

Type I RTKs expression and activation in in vivo
progestin-dependent and -independent tumor lines and
in primary cultures of epithelial cells

We investigated the expression of type I RTKs in three
types of tumors from the MPA-induced mammary
tumor model. The first type were ductal progestin-
dependent (HD) tumor lines C4HD and 53HD, that
require MPA administration for their in vivo growth
and express high levels of ER and PR (Molinolo et al.,
1987; Lanari et al., 1989). The second were their
progestin-independent (HI) variants C4HI and 53HI,
that are able to grow in the absence of MPA
administration. These HI tumors, in spite of an
MPA-independent pattern of growth, retain ER and
PR expression (Molinolo et al., 1987; Lanari et al.,
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1989). The third type of tumors analysed were MPA-
induced mammary carcinomas of lobular origin, 60, 39
and 55, that lack ER and PR expression and evidence a
HI behavior (Molinolo et al., 1987; Lanari et al., 1989).
ErbB-2, ErbB-3 and ErbB-4 proteins were expressed in
all tumor lines examined (Figure la). As control for
levels of ErbB-2 we used the human breast cancer
MCF-7 cell line with low ErbB-2 content. C4HD and
C4HI tumors evidenced significantly higher levels of
ErbB-2 than MCF-7 cells (3—6-fold), comparable to
those considered as overexpression in human breast
cancer cell lines (Figure la) (Lupu and Lippman,
1993). In spite of the high ErbB-2 levels present in
C4HD tumors, a significant increase (2-—3-fold) of
ErbB-2 expression was detected in C4HD tumors
growing in MPA-treated mice, as compared with
tumors growing in untreated animals (Figure 1a).
C4HI variant exhibited ErbB-2 levels similar to those
observed in C4HD tumors growing in MPA-treated
mice (Figure 1a). Line 53HD showed levels of ErbB-2
comparable to those of MCF-7 cells (Figure 1a). MPA
up-regulated ErbB-2 expression (3—4-fold) in 53HD
tumors and the 53HI variant showed high levels of
ErbB-2 (Figure 1a). HI lines of lobular histology 60, 39
and 55 expressed significantly higher levels of ErbB-2
than MCF-7 cells (4-6-fold), comparable with those
present in C4HD tumors growing in MPA-treated mice
(Figure la). As happened with ErbB-2, MPA induced
an up-regulation of ErbB-3 in both C4 and 53 HD
lines (4—6-fold) and the HI counterparts expressed
levels similar to those of HD tumors growing in MPA-
treated animals (Figure la). Furthermore, high levels
of ErbB-3 in lobular HI lines 60, 39 and 55 were found
(Figure 1a). Our analysis of ErbB-4 expression, using a
panel of ErbB-4 specific antibodies, indicated the
presence of low ErbB-4 in all three types of tumors
(Figure 1a). MPA did not regulate its levels nor were
there any differences

tumors, their HI counterparts or HI tumors of lobular
histology (Figure 1a).

We then investigated whether MPA was able to
regulate the expression of type I RTKs in primary
cultures of epithelial cells of the C4HD tumor line,
selected as a model of a progestin-dependent pattern of
growth. C4HD epithelial cells in culture proliferate
very slowly in absence of MPA treatment, retain PR
expression and the exquisite sensitivity to MPA
stimulatory effect shown by the in vivo tumor line
(Dran et al., 1995). We have previously reported that
C4HD cells overexpress ErbB-2, contain high ErbB-3
protein levels and low ErbB-4 expression levels (Balafia
et al., 1999). We are showing here that MPA treatment
of C4HD cells resulted in the up-regulation of ErbB-2
and ErbB-3 levels, with no change in the low ErbB-4
levels (Figure 1b). The antiprogestin RU486, which
inhibits MPA-induced proliferation of C4HD cells
(Dran et al., 1995), abolished the capacity of MPA to
induce ErbB-2 and ErbB-3 expression (Figure 1b). As a
model of a progestin-independent (ER- and PR-)
mammary cancer phenotype we selected lobular HI
line 60. High levels of ErbB-2 and ErbB-3 expression
were also observed in in vitro growth of 60 cells (Figure
1B). We had already found, by performing binding
studies, that lobular HI tumors contained EGF-R
(ErbB-1), while EGF-R presence was undetectable in
ductal tumors (Kordon et al., 1994).

We then investigated the degree of tyrosine phos-
phorylation of ErbB-2 and ErbB-3 in in vivo tumor
lines. Since MPA was able to up-regulate ErbB-2 and
ErbB-3 levels, we first determined whether in vivo MPA
proliferative effects were also associated with activation
of the overexpressed ErbB-2 and ErbB-3 receptors.
Therefore, extracts from C4HD tumors growing in
MPA-treated and untreated mice were immunopreci-
pitated with anti-ErbB-2 or -ErbB-3 antibodies and the

in expression between HD phosphotyrosine content of these receptors was
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immunoblotted for ErbB-2, ErbB-3 and ErbB-4. MCF-7 human breast cancer cells were used as control for ErbB-2 expression
levels. + MPA: tumors growing in MPA-treated mice. C4 and 53 are tumors from ductal origin; 60, 39 and 55 are progestin-
independent tumors of lobular origin. (b) Primary cultures of epithelial cells from C4HD tumors were treated for 48 h with MPA
10 nmM, MPA +RU486 (10 nm) or left untreated growing in 2.5% ChFCS, while 60 cells proliferated in 2.5% ChFCS. Eighty ug
protein from cell lysates were electrophoresed and immunoblotted for ErbB-2, ErbB-3 and ErbB-4
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determined by performing Western blotting with an
anti-phosphotyrosine antibody. Figure 2 (a,c) shows
that while low levels of tyrosine phosphorylation were
observed in tumors growing in untreated mice, MPA
induced a strong phosphorylation of both receptors.
Progression of C4 ductal tumors to a HI phenotype
was associated with a high degree of tyrosine
phosphorylation of ErbB-2 and ErbB-3, comparable
with the one observed in C4HD tumors growing in
MPA-treated animals. Finally, autonomous prolifera-
tion of HI tumors 60 and 39 correlated with high levels
of phosphorylation of ErbB-2 and ErbB-3 (Figure 2a,
¢). To verify that increased phosphorylation of ErbB-2
and ErB-3 in C4HD tumors growing in MPA-treated
mice was due to an effect of MPA on the activation of
these receptors, and not to the MPA-induced up-
regulation of ErbBs levels, the amounts of protein
immunoprecipitated from tumors growing in MPA-
treated and untreated animals were different, in order
to correct for the MPA-induced increase in ErbB-2 and
ErbB-3 levels. Identical aliquots of immunoprecipitates
were then subjected to immunoblot analysis with anti-
ErbB-2 and ErbB-3 antibodies. Figure 2b,d show that
almost equal amount of immunoprecipitated proteins
were loaded, demonstrating that MPA is able to induce
in vivo ErbB-2 and ErbB-3 phosphorylation. The same
procedure, used to correct for different amounts of

In vivo tumor lines.

A
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ErbBs expression, was performed to compare the
degree of ErbB-2 and ErbB-3 phosphorylation between
C4HD, C4HI, and HI lines of lobular histology 39 and
60 (Figure 2b.d).

We have recently determined that MPA treatment of
primary cultures of C4HD epithelial cells during 48 h
was able to induce a strong degree of ErbB-2 tyrosine
phosphorylation (Balafia et al., 1999). In the present
report we investigated whether the autonomous growth
of 60 cells correlated with ErbB-2 tyrosine phosphor-
ylation. As shown in Figure 2, in which C4HD cells are
also included, 60 cells growing in 2.5% ChFCS
evidence a high degree of constitutive phosphorylation
of ErbB-2. The lower B panel shows that after the
procedure used to correct for different ErbB-2 protein
levels, nearly equal amounts of immunoprecipitated
ErbB-2 were loaded.

Interaction between ErbB-2 and IGF-IR signaling
pathways

We had previously found expression of IGF-IR, a
member of type II RTKs family, and its ligand, namely
IGF-I, in C4HD and 60 cells (Elizalde et al., 1990;
1998). MPA did not induce changes on IGF-IR or
IGF-I expression in C4HD cells. In addition, levels of
IGF-IR and IGF-I were similar in C4HD and 60 cell

Primary cultures of epithelial cells.
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Figure 2 ErbB-2 and ErbB-3 tyrosine phosphorylation. (a) ErbB-2 and ErbB-3 were immunoprecipitated from tumor extracts and
immunocomplexes were subjected to SDS—PAGE (7.5% gel) and analysed by Western blotting with an anti-P-Tyr mAb (a and c).
In order to correct for the MPA-induced increase in ErbB-2 and ErbB-3 levels and for the higher expression of both receptors in HI
lines, the amount of protein immunoprecipitated from tumors growing in MPA-treated and untreated animals and from HI tumors
varied from 0.5—-1.5 mg. Identical aliquots of each immunoprecipitate were subjected to immunoblot analysis with anti-ErbB-2 (b)
or anti-ErbB-3 (d) antibodies to verify that nearly equal amount of immunoprecipitated proteins were loaded. + MPA: C4HD
tumors growing in MPA-treated mice. (b) C4HD and 60 cells were lysed, ErbB-2 was immunoprecipitated from 0.5—1.5 mg of total
proteins (in order to correct for the different level of expression as described in (a) and immunocomplexes were subjected to SDS—
PAGE and analysed by Western blotting with an anti-P-Tyr mAb (upper panel). Identical aliquots of each immunoprecipitate were
subjected to immunoblot analysis with anti-ErbB-2 antibody to verify that nearly equal amount of immunoprecipitated proteins
were loaded (lower panel). W: Western blot, IP: immunoprecipitation
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types (Elizalde et al., 1990; 1998). We also found that
treatment of C4HD cells with antisense oligodeoxynu-
cleotides (ASODNs) to IGF-IR resulted in a dose-
dependent inhibition of MPA-mediated cell prolifera-
tion (Elizalde et al., 1998). On the other hand, recent
findings in our laboratory demonstrated that incuba-
tion of C4HD cells with ASODNSs to the translation
start region of the ErbB-2 mRNA, also resulted in a
dose-dependent inhibition of MPA-mediated prolifera-
tion (Balafa et al., 1999). These findings indicate that
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IGF-IR, activated by IGF-I, and ErbB-2, activated by
HRG and MPA in C4HD cells (Balafia et al., 1999 and
Figure 2) or constitutively activated in 60 cells (Figure
2), are involved in proliferative signaling pathways in
both cell types. Thus, we investigated the potential
antiproliferative effect of the simultaneous down-
regulation ErbB-2 and IGF-IR. C4HD cells were
treated with ASODN directed against IGF-IR and
with ASODNSs directed against ErbB-2. Figure 3a
shows that while 1 uM of ASODNSs to IGF-IR resulted
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Figure 3 Effect of combinations of ErbB-2 ASODNS with IGF-IR ASODNS on C4HD and 60 cells growth. (a) Primary cultures
of C4HD cells were incubated for 48 h in medium with 2.5% ChFCS supplemented with MPA 10 nm and MPA+ ASODNSs or
SODNSs to ErbB-2, IGF-IR or combinations of both, and 60 cells were incubated in medium with 2.5% ChFCS and treated with
ASODNSs as C4HD cells. Data are presented as mean=+sd. b vs a; ¢ vs b: P<0.001. The experiments shown are representative of a
total of eight for each cell type. (b) To study the effect of ErbB-2 ASODNSs on protein synthesis 80 pg protein from C4HD and 60
cell lysates obtained from cells treated with 2 um ErbB-2 ASODNSs were electrophoresed and immunoblotted for ErbB-2.
Densitometric analysis of ErbB-2 band expressed as percentage of the control value (i.e. C4HD cells growing in 10 nMm MPA or 60
cells growing in 2.5% ChFCS) is: 28% for C4HD and 20% for 60 cells C4HD and 20% for 60 cells treated with 2 um ASODN. No
significant differences were found in densitometric values of ErbB-2 bands between control cells and cells treated with 2 yum SODN.
Shown is a representative experiment of a total of eight for each cell type in which se was within 10%. The number of IGF-IR
receptors in C4HD cells growing in MPA 10 nMm or treated with 2 um SODNs was 63.2+4.8 fmol/mg protein, while in C4HD cells
treated with 2 um ASODNSs the number was 15.242.0 fmol/mg protein. In control or SODNs-treated 60 cells the number was
75.1+6.4 fmol/mg protein, while in 60 cells treated with 2 um ASODNSs it was 18.6+2.1 fmol/mg protein: Binding assays were
performed as described in Materials and methods and data were analysed by Scatchard plot analysis (Scatchard, 1949)
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in 47% of growth inhibition and 1 uM of ErbB-2
inhibited 52% of cell proliferation, combination of
1 um ErbB-2 ASODNs with 1 uM IGF-IR ASODNs
inhibited growth by 69%. This indicates lack of
synergistic or additive effects between these ASODN:S.
We also tested combinations of ErbB-2 ASODNs and
ASODNSs to IGF-IR at lower doses, where antiproli-
ferative effects were in the range of 35-45%. In C4HD
cells a concentration of 0.5 uM IGF-IR ASODNs
resulted in 42% of growth inhibition while 0.5 uM
ErbB-2 ASODNSs inhibited growth by 39% (Figure
3a). Combination of 0.5 uM of each resulted in
inhibition of proliferation by 56% (Figure 3a). Similar
results showing lack of additive effects were found
when 60 cells were treated with combinations of ErbB-
2 ASODNs and ASODNs against IGF-IR. For
example, 1 uM IGF-IR ASODNSs inhibited cell growth
by 48%, 1 uMm ErbB-2 ASODNs by 52% and the
combination of 1 uM of each caused 60% growth
inhibition (Figure 3a). These results support the notion
that there may be an interplay between ErbB-2 and
IGF-IR signaling pathways.

Blockage of IGF-IR expression by ASODNs results in
inhibition of ErbB-2 tyrosine phosphorylation

We had previously reported that blockage of IGF-IR
with ASODNSs did not affect the levels of ErbB-2,
ErbB-3 or ErbB-4 protein expression (Balafia et al.,
1999). In addition, we found that blockage of ErbB-2
had no effect on ErbB-3 or ErbB-4 protein levels
(Balana et al., 1999). We are herein showing that
ASODNSs to ErbB-2 did not regulate IGF-IR content
in C4HD and in 60 cells (Figure 4). Therefore, in order
to elucidate whether interaction between ErbB-2 and
IGF-IR could involve alterations in the activation of
signaling pathways, we studied the level of tyrosine
phosphorylation of ErbB-2 as a marker of its
activation. As shown above, MPA treatment of
C4HD cells resulted in the induction of ErbB-2
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Figure 4 Effect of ErbB-2 ASODNs on IGF-IR expression.
Cells were cultured in MPA 10 nm (C4HD) or 2.5% ChFCS (60)
in presence or absence of ASODNs and SODNS to ErbB-2. One
hundred pg protein from C4HD and 60 cell lysates were
electrophoresed and immunoblotted for IGF-IR and ErbB-2.
The experiment shown is representative of a total of four
performed for each cell type
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tyrosine phosphorylation and 60 cells displayed a
strong degree of tyrosine phosphorylation (Figure 2).
Therefore, primary cultures from both cell types were
treated with IGF-IR ASODNSs, protein extracts were
immunoprecipitated with anti-ErbB-2 antibody and the
phosphotyrosine content of ErbB-2 was determined by
performing Western blotting with an anti-phosphotyr-
osine antibody. Figure 5 shows that phosphorylation of
ErbB-2 was almost undetectable in C4HD cells treated
with MPA plus IGF-IR ASODNs. ASODNs to IGF-
IR (Figure 5) also abolished the constitutive tyrosine
phosphorylation of ErbB-2 observed in 60 cells. We
then explored the possibility that ErbB-2 ASODNs
affected the phosphorylation of IGF-IR. C4HD and 60
cells were treated with ErbB-2 ASODNs and protein
extracts were immunoprecipitated with an anti-phos-
photyrosine antibody. Western was performed with an
anti-IGF-IR f chain antibody. Tyrosine phosphoryla-
tion of IGF-IR f chain was readily detectable in MPA-
treated C4HD cells and in 60 cells proliferating in
ChFCS (Figure 5). This is due to the existence, in both
cell types, of a functional autocrine loop, involving
IGF-I and IGF-IR, that we have already described
(Elizalde et al., 1990, 1998). As can be seen in Figure 5,
blockage of ErbB-2 expression had no effect on the
phosphorylation of the f chain of IGF-IR either in
C4HD cells or in 60 cells. This experimental approach
prevented us from using a similar strategy for control
of IGF-IR loading than the one used for ErbB-2.
Therefore, to demonstrate that the same levels of IGF-
IR tyrosine phosphorylation corresponds to equivalent
amounts of IGF-IR protein, we immunoprecipitated
1 mg protein from cells treated and untreated with
ASODNs to ErbB-2, with an anti-IGF-IRa chain
antibody and performed Western blot analysis with
an anti-IGF-IRa chain antibody. As shown in Figure 5
equal amounts of IGF-IR« chain were present in cells
treated and untreated with ASODNSs. These filters were
then stripped and reprobed with an antibody to the
IGF-IRf chain, showing that IGF-IRf chain levels
were equal in all protein extracts. Results shown in
Figure 5 are consistent with the notion that the
interaction between ErbB-2 and IGF-IR is not
bidirectional but follows instead a hierarchy in which
a functional IGF-IR is required in order to phosphor-
ylate ErbB-2.

ErbB-2 and IGF-IR physically interact to form a
heteromeric complex

We have recently reported that C4HD cells express
HRG and that MPA increases HRG expression in
these cells (Balafia et al., 1999). In addition, we found
that HRG induced ErbB-2 phosphorylation in C4HD
cells (Balafa et al., 1999). Therefore, we first evaluated
whether IGF-IR could play an indirect role in ErbB-2
transactivation. This possibility implies that a func-
tional IGF-IR could be required by MPA to induce
HRG synthesis. We are herein showing that blockage
of IGF-IR by ASODNSs did not affect MPA capacity
to induce HRG synthesis (Figure 6). This result
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Figure 5 Blockage of IGF-IR inhibits ErbB-2 tyrosine phosphorylation but ASODNs to ErbB-2 have no effect on IGF-IR
tyrosine phosphorylation. (a) C4HD cells cultured in MPA 10 nM and 60 cells growing in 2.5% ChFCS were treated with ASODN5s
and SODNS to IGF-IR. Cells were lysed, ErbB-2 was immunoprecipitated from 1 mg of total proteins and immunocomplexes were
subjected to SDS—PAGE and analysed by Western blotting with an anti-P-Tyr mAb. Lower panel: Identical aliquots of each
immunoprecipitate were subjected to immunoblot analysis with anti-ErbB-2 antibody to verify that nearly equal amount of
immunoprecipitated proteins were loaded. (b) C4HD and 60 cells growing as described in (a) were treated with ErbB-2 ASODNSs or
SODNS. One mg protein from cell lysates was immunoprecipitated with an anti-P-Tyr mAb and immunocomplexes were analysed
by Western blotting with an IGF-IR f chain antibody. Middle panel, one mg protein immunoprecipitated with an IGF-IR o chain
antibody (Santa Cruz 2C8), was immunoblotted with an IGF-IR « chain antibody (Santa Cruz N-20). Lower panel, membranes
shown in the middle panel were stripped and blotted with an IGF-IR f chain antibody. W: Western blot. IP: immunoprecipitation
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Figure 6 Blockage of IGF-IR does not affect MPA capacity to
induce HRG synthesis. Primary cultures of C4HD cells were
incubated for 48 h in 2.5% ChFCS, in 2.5% ChFCS supple-
mented with MPA 10 nm or with MPA + ASODNSs or SODNs to
IGF-IR mRNA. One hundred ug protein from cell lysates were
electrophoresed and immunoblotted for HRG. The experiment
shown is representative of a total of three. Lower panel shows the
inhibition of IGF-IR expression in C4HD cells treated with IGF-
IR ASODNs

suggests that IGF-IR role in ErbB-2 transactivation
could be due to a direct interaction between both
receptors. Further support to this hypothesis was
provided by the fact that blockage of IGF-IR in 60
cells that do not express HRG (Balana et al., 1999)
resulted in the complete abrogation of ErbB-2
constitutive phosphorylation. Although the existence
of heterodimerizations between members of type I

Oncogene

RTKs family has been well documented, the formation
of complexes between members of different RTKs has
not been reported. In an attempt to define more
precisely the interaction between ErbB-2 and IGF-IR,
we studied the probable association between these two
receptors. Membrane preparations, obtained in non-
reducing conditions from C4HD tumors growing in
MPA-treated and untreated mice and from 60 tumors,
were immunoprecipitated with an anti-ErbB-2 antibody
and were blotted separately with antibodies to the «
and the S chain of IGF-IR. Same procedure was
followed with protein extracts obtained from primary
cultures of C4HD and 60 cells. As shown in Figure 7a
co-immunoprecipitation of ErbB-2 with the o chain
(upper panel) and with the f chain (middle panel) of
IGF-IR was found in both C4HD and 60 in vivo
tumors and in C4HD and 60 cells. Furthermore, an
increase in the abundance of this complex was induced
in vivo by MPA in C4HD tumors, in accordance with
the increase in ErbB-2 levels induced by MPA in
C4HD tumors (Figure 7a, lower panel). MPA treat-
ment of C4HD cells during 48 h induced also a
threefold increase in the abundance of the complex
between ErbB-2 and IGF-IR « and f subunits (Figure
7a, upper and middle panel). Increase in the levels of
this heteromeric complex in cells treated with MPA
correlates with MPA-up regulation of ErbB-2 content
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Figure 7 Binary complex between ErbB-2 and IGF-IR. Membrane preparations of C4HD tumors growing in MPA-treated
(+MPA) and untreated mice and from 60 tumors were obtained in non-reducing conditions. Protein extracts from C4HD and 60
cells were obtained as described in Materials and methods. ErbB-2 (a) and IGF-IR « subunit (b) were immunoprecipitated from
1 mg membrane protein and immunocomplexes were subjected to SDS—PAGE (7.5% gel) and analysed by Western blotting with
an anti-IGF-IR o subnunit (upper panel), an anti-IGF-IR f subunit (middle panel) and an anti-ErbB-2 antibody (lower panel)

(Figure 7a, lower panel). Interaction between ErbB-2
and IGF-IR was also detected when the immunopre-
cipitation-immunoblotting procedure was reversed.
When membrane preparations or cell extracts were
immunoprecipitated with an anti-IGF-IR « chain
antibody and Western blotting was performed with
an anti-ErbB-2 antibody, a clear association between
ErbB-2 and IGF-IR o was found (Figure 7b, lower
panel). As expected, when IGF-IR o chain immuno-
precipitates were blotted with f chain of the receptor,
association between o and f chains was evident (Figure
7b, middle panel). In an attempt to gain information
about preferential association between ErbB-2 and
IGF-IR o or f chains, we reduced the disulfide bridge
that binds « and f subunits by using DTT in
membrane preparations. However, when we immuno-
precipitated membranes, obtained under reducing
conditions, with the IGF-IR o« chain and performed
Western blotting with the IGF-IR f chain antibody,
association between o and f§ chains of the receptor was
found, probably due to the close interaction of the
chains in the tetrameric receptor (data not shown).
This fact prevented us from further defining sites of
ErbB-2 and IGF-IR interaction.

Specificity of the interaction between ErbB-2 and
IGF-IR was demonstrated by several experimental
approaches. Shown are the results obtained using
C4HD cells growing in MPA 10 nM. First, normal
rabbit serum failed to immunoprecipitate ErbB-2
(Figure 8) and immune complexes of normal mouse
serum did not contain IGF-IR o or f protein (Figure
8). Immunoprecipitation of ErbB-2 in the presence of
a blocking peptide was also used as control (Figure
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Figure 8 Specificity of the interaction between ErbB-2 and IGF-
IR. Protein extracts (I mg) from C4HD cells treated with MPA
10 nM were immunoprecipitated with the indicated antibodies. As
controls, ErbB-2 was immunoprecipitated in presence of an ErbB-
2 blocking peptide and protein extracts were incubated with pre-
immune mouse or rabbit serum. One hundred ug protein of cell
extract was directly immunoblotted with the ErbB-2 antibody
(first lane, upper panel). W: Western blotting, performed with the
indicated antibodies

8). Second, to control against the possibility that
ErbB-2 and IGF-IR bind nonspecificically with a
number of cellular proteins, two different proteins
were tested. We chose another cell surface receptor,
the transforming growth factor f receptor type II
(TGF-BRII), which belongs to the family of
transmembrane serine/threonine kinases, and cyclin
D1, a protein involved in cell cycle control in the
nucleus. Figure 8 shows that neither cyclin D1 nor
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TGF-SRII bands were present when cell extracts were
immunoprecipitated with ErbB-2 or IGF-IRa. Same
results were obtained by the converse immunopreci-
pitation-immunoblotting procedure. Cyclin D1 or
TGF-pRII immunoprecipitates contained no ErbB-2
or IGF-IR o or f bands (Figure 8). These data
indicate that ErbB-2 and IGF-IR are not interacting
promiscuously with other cellular proteins, including
other transmembrane receptors or a protein that
exerts its function in the nucleus. We also found that
a significant amount of ErbB-2 (approximately 6%)
was associated with IGF-IR (Figure 8). Further
support for the existence of an association between
ErbB-2 and IGF-IR in intact cells was provided by
immunofluorescence confocal microscopy. C4HD cells
were cultured in absence and presence of MPA
10 nM for 48 h. The analysis of immunostained cells
showed that ErbB-2 and IGF-IR were distributed
homogeneously on the cell surface of C4HD cells
(Figure 9, left and middle panels, first and second
row). When the relative localization of both receptors
was determined by superimposing the two images
(Figure 9, right panels, first and second row), MPA
was found to induce an extensive co-localization of
ErbB-2 (red) and IGF-IR (green) yielding a yellow
fluorescence signal (Figure 9 right panel, second row).

The model system in which we have determined
the existence of an association between IGF-IR and
ErbB-2 is rather complex taking into account that
IGF-IR is activated through an autocrine mechanism
by endogenously produced IGF-I while ErbB-2 is

ErbB-2

IGF-IR

Figure 9 Localization of ErbB-2 and IGF-IR by immunofluor-
escence and confocal microscopy. C4HD cells were incubated in
2.5% ChFCS in absence (a) or presence of MPA (b) for 48 h at
37°C. ErbB-2 was localized using an ErbB-2 rabbit polyclonal
antibody followed by incubation with rhodamine-conjugated anti-
rabbit secondary antibody (red). IGF-IR was localized using an
IGF-IR mouse monoclonal antibody followed by incubation with
a FITC-conjugated anti-mouse secondary antibody (green). The
same cells are shown in each row and images in the right panel
are formed by superimposition of images from the other two
panels in the same row. MPA induced co-localization of ErbB-2
and IGF-IR denoted by yellow colour (co-localization of red and
green staining) on the cell surface. Representative of three
experiments. Scale bars, 10 um
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activated by both endogenous HRG and MPA
(Balana et al., 1999 and Figure 2). Thus, we
investigated whether this hetero-oligomer is present
in MCF-7 cells that provide a simpler experimental
model. MCF-7 cells express IGF-IR and ErbB-2 but
not the ligands for these receptors, IGF-I and HRG
(Stewart et al., 1990; Holmes et al., 1992; Lewis et
al., 1996). As has been well acknowledged exogen-
ously added IGF-I and HRG stimulate MCF-7 cells
proliferation (Stewart et al., 1990; Holmes et al.,
1992; Lewis et al, 1996). Thus, we herein
investigated whether these ligands could induce
association of IGF-IR and ErbB-2. MCF-7 cells
growing in 0.1% serum were treated with IGF-I or
HRG for 10, 30 min and 6 h, and protein extracts
were immunoprecipitated with an anti-ErbB-2 anti-
body and were blotted with an antibody to the «
chain of IGF-IR. As shown in Figure 10 while
barely detectable association between IGF-IR and
ErbB-2 was found in cells growing in 0.1% serum,
both HRG and IGF-I were able to induce the
formation of a heteromeric complex between IGF-IR
and ErbB-2. The amount of complex was maximal
after 10 min of HRG or IGF-I treatment, remained
high at 30 min and decreased significantly after 6 h
of HRG or IGF-I stimulation. Interaction between
ErbB-2 and IGF-IR was also detected reversing the
immunoprecipitation-immunoblotting procedure. As
can be seen in Figure 10, a clear association
between ErbB-2 and IGF-IR « induced by HRG
and IGF-I was found when protein extracts were
immunoprecipitated with an anti-IGF-IR « chain
antibody and Western blotting was performed with
an anti-ErbB-2 antibody.
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Figure 10 Binary complex between ErbB-2 and IGF-IR induced
by HRG and IGF-I in MCF-7 cells. Protein extracts (I mg) from
MCF-7 cells growing in 0.1% ChFCS and treated with HRG
(20 ng/ml) or IGF-I (50 ng/ml) were immunoprecipitated with
anti-ErbB-2 or anti-IGF-IR « subunit antibodies. Immunocom-
plexes were subjected to SDS—PAGE (7.5% gel) and analysed by
Western blotting with the indicated antibodies



Discussion

Our data show a new network of interactions among
signal transduction pathways activated by PR and by
members of type I (ErbB-2) and II (IGF-IR) receptor
tyrosine kinase families, in a model system in which
progestins induce both in vivo and in vitro proliferation
of mammary tumor cells (Molinolo et al., 1987; Lanari
et al., 1989). One of the most important aspects of the
present work is that we have been able to demonstrate
the existence of a hierarchical interaction between type
I IGF-R and ErbB-2 by means of which IGF-IR
directs ErbB-2 activation.

MPA induces ErbB-2 and ErbB-3 expression and
tyrosine phosphorylation through binding to
the progesterone receptor

ErbB-2, ErbB-3 and ErbB-4 expressions were found in
in vivo lines of the MPA-induced mammary tumor
model in Balb/c mice. Our present findings have
demonstrated that MPA in vivo treatment of proges-
tin-dependent ductal tumors was able to induce both
expression and tyrosine phosphorylation and therefore
activation of ErbB-2 and ErbB-3. Progestin-indepen-
dent growth of both ductal and lobular tumors was
associated with high levels of expression and tyrosine
phosphorylation of these receptors, suggesting that in
the steroid-independent growth of these tumors,
control of proliferation is transferred from progestins
biochemical pathways to signaling cascades in which
ErbB receptors are involved. MPA was also able to up-
regulate ErbB-2 and ErbB-3 expressions and to induce
ErbB-2 tyrosine phosphorylation on primary cultures
of epithelial cells from C4HD tumors. In addition, the
antiprogestin  RU486 inhibited MPA induction of
ErbB-2 and ErbB-3 expression, indicating that MPA
exerts this effect through binding to the PR.

Multiple factors and levels of regulation are involved
in controlling ErbB-2 expression on breast tumors.
Particularly, hormonal modulation of ErbB-2 expres-
sion has been described. Thus, several laboratories
have clearly established that estrogens down-regulate
ErbB-2 expression at mRNA and protein levels and
that this effect is reversed by antiestrogens (Dati et al.,
1990; Read et al., 1990; Taverna et al., 1994; Grunt et
al., 1995; De Bortoli and Dati, 1997). Although
interactions between EGF-R and progestins have been
described (Murphy et al., 1986, 1988; Sarup et al.,
1988), progestins effects on ErbB-2 expression remain
less elucidated. Taverna et al. (1994) reported that in
culture conditions where progestin inhibited cell
growth of the breast tumor cell lines T47D and
ZR75.1, progesterone caused an up-regulation of
ErbB-2 at mRNA and protein level. Progesterone
was found to increase EGF-R and ErbB-2 phosphor-
ylation in the feline mammary adenocarcinoma line
K12, although it was not able to sustain cell growth
(Modiano et al., 1991). In contrast, other authors
reported no effect on ErbB-2 mRNA or protein
expression by progestins or antiprogestins treatment
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of MCF-7 cells primed with estradiol, that contains
high levels of PR, and of T47D cells with high PR
content. However, the authors did not describe
progestins or antiprogestins effects on the proliferation
of these cells (Read et al., 1990). Our present findings
agree with those recently reported by Lange et al.,
(1998) in that the progestin R5020 up-regulated ErbB-2
and ErbB-3 expression in breast cancer cell line
T47DYB, which constitutively expresses the B isoform
of PR. However, a remarkable difference between these
findings and ours is that Lange et al. (1998) found that
up-regulation of ErbB-2 and ErbB-3 after R5020
treatment occurs under conditions in which R5020
inhibits T47DYB cells proliferation. These authors
(Lange et al., 1998) also demonstrated that up
regulation of ErbB-2 and ErbB-3 by R5020, during
the progestin-arrested state of the cells, resulted in the
potentiation of EGF-stimulated signaling pathways.
Thus, R5020 enhanced EGF-induced tyrosine phos-
phorylation of EGF-R and of signaling molecules that
associate with activated RTKs type I, such as Cbl and
the p66 and p52 Shc isoforms. Notably, our research is
the first to find that progestin-induced proliferation of
mammary cancer cells involves up-regulation and
activation of ErbB-2 and ErbB-3, providing a link
between progestin stimulation of growth and ErbBs
signaling pathways. As regards to ErbB-4, Lange et al.
(1998) reported that in T47DYB cells, its levels were
low and remained unchanged by progestin treatment,
as we have also found in the present work.

Activation of ErbB-2 via a hierarchical interaction
with IGF-IR

The link between signal transduction pathways elicited
through type I and II RTKs is provided by ErbB-3
which possesses the unique capacity among type I
RTKSs to bind and activate the p85 regulatory subunit
of PI-3K (Carraway and Cantley, 1994, Fedi et al.,
1994, Graus-Porta et al., 1997). This ability to
associate with PI-3K confers ErbB-3 the capacity of
sharing signal transducction pathways with IGFs,
since activation of IGF-IR results in tyrosine
phosphorylation of a substrate protein IRS-1, which
in turn binds to and activates p85 (Backer et al.,
1993). The existence of interactions between ErbB-2
and IGF-IR signaling pathways in mammary tumor
cells, has been a consistent finding in our laboratory.
We have recently reported that C4HD cells cannot
respond to HRG with mitogenesis in the absence of a
functional IGF-IR (Balafia et al., 1999). In the course
of the present work, the existence of interactions
between ErbB-2 and IGF-IR was suggested by the
finding that combinations of ASODNs directed
against ErbB-2 and against IGF-IR showed lack of
synergistic or additive effects. Additive effects could
have been expected if IGF-IR and ErbB-2 targeted
different independent signaling pathways. Synergistic
interaction could have been existed if one receptor
pathway potentiated or enhanced the other receptor
biochemical pathway. Thus, only a mechanism
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involving a hierarchical interaction between IGF-IR
and ErbB-2, wherein one of the receptors is essential
for the activation of signal transduction pathways
elicited by the other, could fit our results. In fact, we
demonstrated herein that abolishing IGF-IR expres-
sion resulted in the inhibition of MPA-induced
phosphorylation of ErbB-2, in C4HD cells, and in
inhibition of the constitutive tyrosine phosphorylation
of ErbB-2 in 60 cells. Since abolishing ErbB-2
expression had no effect on IGF-IR tyrosine phos-
phorylation, our findings demonstrate that there is
actually a hierarchical interaction between these
receptors and that a functional IGF-IR is required
in order to phosphorylate and thus activate ErbB-2.
Several reports have previously shown the involvement
of IGF-IR in ErbBs signaling pathways. Thus, mouse
embryo fibroblasts overexpressing ErbB-2 but lacking
IGF-IR do not respond to EGF-induced mitogenesis
or transformation (Coppola et al, 1994) and
prolonged activation of ERK2 by EGF in mouse
embryo fibroblasts requires a functional IGF-IR
(Swantek and Baserga, 1999). Interaction between
type I and II RTKs has also been observed in
mammary epithelial cells. Ethier and his co-workers
demonstrated the existence of synergistic interactions
between EGF-R and IGF-IR in normal mammary
epithelial cells which show an absolute requirement of
the simultaneous stimulation of both receptors to
proliferate (Ram ef al., 1995). Links between ErbB-2
and IGF-IR have also been reported in breast cancer.
Thus, in the 21T series of breast cancer cell lines,
progressive increase in ErbB-2 levels and constitutive
tyrosine phosphorylation correlated with IGF-I in-
dependence in the 21MT-2 cells, with intermediate
ErbB-2 levels, and with combined IGF-I and EGF
independence in the 21MT-1 variant which expresses
very high levels of activated ErbB-2 (Ram et al.,
1996). Recently, ErbB-2 was transducted into the
normal human mammary epithelial cells MCF-10A
and H16N2 (Woods Ignatoski et al., 1999). ErbB-2
overexpression confers to both cell lines insulin
growth independence. Our own results demonstrating
that a functional IGF-IR is required in order to
phosphorylate and then activate ErbB-2 are in line
with all these findings. Thus, it may be interpreted
that since IGF-IR is required to activate ErbB-2, cells
expressing very high levels of constitutively activated
ErbB-2 do not require a functional IGF-IR to
proliferate. Therefore, these cells become independent
of IGFs to proliferate.

The unorthodox cross-talk between type I and II
RTKs family members, described herein for the first
time, involves a physical association between ErbB-2
and IGF-IR, directly or indirectly via an additional
component. We found using both immunoprecipitation
and confocal microscopy that MPA is able to increase
the levels of this heteromeric complex in C4HD cells,
in parallel with its ability to induce up-regulation of
ErbB-2. The presence of the ErbB-2/IGF-IR complex
was also found in progestin-independent 60 cells which
overexpress ErbB-2, indicating that physical associa-
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tion with IGF-IR is a general mechanism of ErbB-2
activation in both hormone-dependent and -indepen-
dent mammary tumor cells. Further evidence indicating
that association between ErbB-2 and IGF-IR is a
molecular mechanism that occurs in the signaling
pathways of these receptors was provided by our
findings in MCF-7 breast cancer cells. In these cells,
IGF-I and HRG were able to induce hetero-oligomer-
ization of ErbB-2 and IGF-IR, in parallel to their
capacity to stimulate MCF-7 cell growth.

As a whole, our results are consistent with an
entirely new model to explain the molecular mechan-
isms underlying ErbB-2 activation. Currently, since
ErbB-2 is an orphan receptor, its activation has been
explained by the formation of an extensive network of
dimers with the other type I RTKSs, induced by the
ligands of EGF-R, ErbB-3 and ErbB-4 (Graus-Porta et
al., 1997). We now show that ErbB-2 is able to form a
heteromeric complex with IGF-IR, a type II RTK. The
hierarchical importance of IGF-IR in the process of
ErbB-2 activation is demonstrated by our finding that
in absence of a functional IGF-IR, ErbB-2 does not
become phosphorylated even when the expression of
the known heterodimeric partners of ErbB-2, namely
EGF-R, ErbB-3 and ErbB4, is not affected by the lack
of IGF-IR. It remains to be elucidated whether a
different set of tyrosine residues are phosphorylated
within the ErbB-2 molecule after ErbB-2 dimerization
with the other type I RTKs, than those which result
phosphorylated when ErbB-2 physically associates with
IGF-IR and whether phosphorylation of both sets of
residues is required in order to link ErbB-2 activation
with mitogenic signaling pathways.

Materials and methods

Animals and tumors

Experiments were carried out in virgin female Balb/c mice
raised at the National Academy of Medicine of Buenos Aires.
All animal studies were conducted in accordance with the
highest standards of animal care as outlined in the NIH guide
for the Care and Use of Laboratory Animals. Hormone-
dependent ductal tumors (C4HD and 53HD) originated in
mice treated with 40 mg MPA every 3 months for 1 year and
have been maintained by serial transplantation in animals
treated with 40 mg sc MPA depot on the opposite flank to
tumor inoculum (Molinolo et al., 1987; Lanari et al., 1989).
Their hormone independent counterparts, C4HI and S53HI
developed from HD tumors growing in mice that were not
treated with MPA, approximately a year after the inoculum
(Molinolo et al., 1987; Lanari et al., 1989). These HI tumor
lines have been maintained by serial transplantation in
untreated female mice. Tumor lines C4HD and 53HD are
of ductal origin and express PR and ER (Molinolo et al.,
1997, Lanari et al., 1989). Although their respective HI
counterparts C4HI and 53HI have developed the capacity to
grow in the absence of progestin treatment, they have
retained PR and ER (Molinolo et al., 1997; Lanari et al.,
1989). HI lines 60, 39 and 55 originated in MPA-treated mice
and have been maintained by syngeneic transplants in



untreated virgin female mice. They are of lobular origin and
express EGF-R but not PR or ER (Lanari et al., 1989).

Primary cultures and cell proliferation assays

Primary cultures of epithelial cells from C4HD tumors,
growing in MPA-treated mice and from 60 tumors, were
performed as previously described (Dran et al., 1995). In
brief, tumors were aseptically removed, minced and washed
with DMEM/F12 (Dulbecco’s modified Eagle’s medium/
Ham’s F12, 1:1, without phenol red, 100 U/ml penicillin
and 100 pug/ml streptomycin). The tissue was suspended in
Sml of enzymatic solution (trypsin: 2.5 mg/ml, albumin:
5 mg/ml and collagenase type II (Gibco—BRL, Gaithersburg,
MD, USA): 239 U/ml) in phosphate buffered saline (PBS)
and incubated at 37°C for 20 min, under continuous stirring.
The liquid phase of the suspension was then removed and the
undigested tissue was incubated with fresh enzymatic solution
for 20 min. Enzyme action was stopped by adding DMEM/
F12+5% heat inactivated fetal calf serum (FCS) (Gen SA,
Buenos Aires). Epithelial and fibroblastic cells were separated
as already described (Dran et al., 1995). Briefly, the cell
suspension was resuspended in 15 ml of DMEM/F12+10%
FCS and allowed to sediment for 20 min. The sedimented
cells, corresponding to the epithelial enriched fraction, were
resuspended again in 15 ml of DMEM/F12+5% FCS and
allowed to sediment for other 20 min. The upper 15 ml were
discarded and this procedure was repeated until no
fibroblasts were observed in the supernatant. Cells were
plated in culture flasks with DMEM/F12+ 5% steroid-
stripped FCS (ChFCS) (Dran et al., 1995) and allowed to
attach for 24—48 h. Purity of the epithelial cultures was
evaluated by cytokeratin staining. Cells were incubated in
DMEM/F12, (without phenol red, 100 U/ml penicillin and
100 p/ml streptomycin), with 2.5% ChFCS in the presence or
absence of MPA. After a 24 h incubation, 50% of media was
replaced by fresh media and cells were incubated for another
24 h in the presence of 0.8 uCi of [*H]-thymidine (NEN,
Dupont, Boston MA, USA; specific activity: 70—-90 Ci/
mmol). Cells were then trypsinized and harvested. Assays
were performed in octuplicate. The differences between
control and experimental groups were analysed by ANOVA
followed by Tukey t-test between groups. In former
experiments we demonstrated that thymidine uptake corre-
lates with the number of cells/well (Dran et al., 1995). MCF-7
cells were obtained from American Type Culture Collection.
For experimental purposes MCF-7 cells were cultured in
DMEM/F12 (without phenol red) supplemented with 0.1%
ChFCS and HRG (20 ng/ml) or IGF-I (50 ng/ml).

Antisense studies

ErbB-2 antisense (5'-GGC CGC CAG CTC CAT) and sense
(5-ATG GAG CTG GCG GCO) oligodeoxynucleotides
(ODN:s) correspond to the translation start region, including
the initiation codon of the ErbB-2 mRNA (Colomer et al.,
1994). Type I IGF-R antisense (5-TCC TCC GGA GCC A-
GA CTT) and sense (5-AAG TCT GGC TCC GGA GGA)
ODN s correspond to codons 21-26 of the signal sequence of
the subunit of type I IGF-R preceding the proreceptor
sequence. ODNs were purchased from Nuclei Co (Buenos
Aires, Argentina). The effect of ODNs was studied as follows:
0.2 ml/well of a cell suspension were seeded at a concentra-
tion of 10° cell/ml in a Falcon 96-well microtitreplate. After
attachment (24—48 h), the cells were incubated for 48 h with
medium (serum used in antisense studies was heated at 65 °C
for 30 min to inactivate exonucleases) containing the
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indicated concentrations of ODNs. The media were changed
every 24 h adding fresh ODNs. After incubation, [*H]-
thymidine was added and incorporation was determined as
described above.

RTKs type-I and -1I Western blotting

In order to study expression of RTKs, lysates were prepared
from tumors growing in MPA-treated and -untreated mice
and from primary cultures of C4HD or 60 cells. Tumors or
cells were lysed in buffer containing 50 mMm Tris (pH 7.4),
150 mM NaCl, 1 mM EDTA, 1 mM ethylene glycol-bis (/-
aminoethyl ether)-N-N-N'-N’ tetraacetic acid (EGTA), 10%
glycerol, 0.5% Nonidet P-40, 1 mM CIMg,, 1 mM phenyl-
methylsulfonylfluoride (PMSF), 10 pg/ml leupeptin, 5 pg/ml
pepstatin, 5 ug/ml aprotinin, 1 mM sodium orthovanadate,
SmM NaF, 20 mM sodium molybdate and 5 mM sodium
pyrophosphate. Lysates were centrifuged at 40 000 g for
40 min at 4°C and protein content in the supernatant was
determined using a Bio-Rad kit (Richmond, CA, USA).
Proteins were solubilized in sample buffer (60 mM Tris-HCI,
pH 6.8, 2% SDS, 10% glycerol and 0.01% bromophenol
blue) and subjected to SDS—PAGE on a 6% gel. Proteins
were electroblotted on to nitrocellulose. Membranes were
blocked with PBS, 0.1% Tween 20 (PBST) and immuno-
blotted with the following antibodies: ErbB-2 rabbit poly-
clonal antibody Neu C-18 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), ErbB-3 rabbit polyclonal antibody C-17
(Santa Cruz Biotechnology), ErbB-4 rabbit polyclonal anti-
body C-18 (Santa Cruz Biotechnology), ErbB-4/HER-4
Oncoprotein Ab-2 rabbit polyclonal antibody (Neomarkers,
Freemont, CA, USA), and IGF-IR f subunit mouse
monoclonal antibody Ab-5 (clone 1-2) (Neomarkers). After
washing, the membranes were incubated with HRP-con-
jugated secondary antibody (Amersham International, UK).
Enhanced chemiluminescence (ECL) was performed accord-
ing to manufacturer’s instructions (Amersham).

To study the effects of ASODNs to ErbB-2 and to IGF-IR
mRNAs on protein expression, lysates were prepared as
described above from cells both treated and untreated with
ODNs. Rabbit polyclonal anti-HRG antibody, specific for
HRG precursor (C-20, Santa Cruz Biotechnology) was used
in HRG studies.

RTKs tyrosine phosphorylation analysis

Lysates from tumors growing in MPA-treated and -untreated
mice, from cells growing in 2.5% ChFCS, or cells treated for
48 h with 10 nM MPA or with the indicated ASODNs were
prepared as decribed above. The amounts of protein
immunoprecipitated from tumors growing in MPA-treated
and untreated animals and from HI tumors were different
(ranging from 0.5—1.5 mg), in order to correct for the MPA-
induced increase in ErbB-2 and ErbB-3 levels and for the
higher ErbBs expression in HI tumors. All lysates were
precleared with Protein A-Agarose (Santa Cruz Biotechnol-
ogy) and 2-5 ug of ErbB-2 Neu C-18, ErbB-3 C-17, and
mouse monoclonal Anti-P-Tyr PY-99 antibodies (Santa Cruz
Biotechnology) were used. Immunoprecipitations were rocked
2 h at 4°C and then the immunocomplexes were captured by
adding Protein A-Agarose and rocked by an additional 2 h.
Beads were washed three times with lysis buffer, then boiled
for 10 min in sample buffer and subjected to SDS—PAGE on
a 6% gel. Proteins were electroblotted on to nitrocellulose.
Membranes were blocked with PBS, 0.1% Tween 20 (PBST),
5% bovine serum albumin (Sigma) and 1% ovoalbumin
(Sigma) and filters were probed with mouse monoclonal
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Anti-P-Tyr PY-99 (Santa Cruz Biotechnology) antibody
when immunoprecipitations were performed with anti-ErbB-
2 and anti-ErbB-3 antibodies or were probed with the IGF-
IR f subunit mouse monoclonal antibody when immunopre-
cipitation was performed with the phosphotyrosine antibody
PY-99. Proteins were visualized with HRP-conjugated
secondary antibody, using ECL detection (Amersham). In
experiments in which the tyrosine phosphorylation levels of
ErbB-2 and ErbB-3 were studied, identical aliquots of each
immunoprecipitate were subjected to immunoblot analysis
with anti-ErbB-2 or anti-ErbB-3 antibodies to verify that
nearly equal amount of proteins immunoprecipitated were
loaded.

ErbB-2 and IGF-IR association

Whole lysates from tumors or primary cultures of C4HD and
60 cells or from MCF-7 cells were obtained as described
above. Membrane preparations from tumors were obtained
as previously reported (Elizalde et al., 1998). DTT 1 mM was
added to the lysis buffer in experiments in which reducing
conditions were used. One mg protein was immunoprecipi-
tated with the ErbB-2 antibody as described. Immunopreci-
pitates were separated by SDS—PAGE and transferred to
nitrocellulose. Filters were probed with either the IGF-IR f
subunit mouse monoclonal antibody Ab-5 (clone 1-2)
(Neomarkers) or the IGF-IR o subunit rabbit polyclonal
antibody N-20 (Santa Cruz). When the immunoprecipitation-
immunoblotting procedure was reversed, whole lysates or
membrane preparations were immunoprecipitated with an
anti-IGF-IR « chain antibody (Santa Cruz 2C8), and
Western blotting was performed with the anti-ErbB-2 anti-
body. Anti-cyclin D1 was the mouse monoclonal antibody
72-13G (Santa Cruz), anti- TGF-BIIR was the rabbit
polyclonal antibody L-21 (Santa Cruz) and ErbB-2 blocking
peptide was obtained from Santa Cruz.

IGF-I receptor binding assay

Recombinant human IGF-I, kindly provided by Dr James
Merryweather (Chiron, Emeryville, CA, USA), was iodinated
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