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Abstract

Overexpression of the ErbB2 receptor in one-third of human breast cancers contributes to the transformation of epithelial cells

and predicts poor prognosis for breast cancer patients. We report that the overexpression of ErbB2 inhibits IGF-I-induced MAPK

signaling. IGF-I-induced MAPK phosphorylation and MAPK kinase activity are reduced in ErbB2 overexpressing MCF-7/HER2-

18 cells relative to control MCF-7/neo cells. In SKBR3/IGF-IR cells, reduction of ErbB2 by antisense methodology restores the

IGF-I-induced MAPK activation. The inhibition of IGF-I-induced MAP kinase activation in ErbB2 overexpressing breast cancer

cells is correlated with decreased IGF-I-induced Shc tyrosine-phosphorylation, leading to a decreased association of Grb2 with Shc

and decreased Raf phosphorylation. However, IGF-I-induced tyrosine-phosphorylation of IGF-I receptor and IRS-I and AKT

phosphorylation were unaffected by ErbB2 overexpression. Consistent with these results, we observed that the proportion of IGF-I-

stimulated proliferation blocked by the MAPK inhibitor PD98059 fell from 82.6% in MCF-7/neo cells to 41.2% in MCF-7/HER2-18

cells. These data provide evidence for interplay between the IGF-IR and ErbB2 signaling pathways. They are consistent with the

view that the IGF-IR mediated attenuation of trastuzumab-induced growth inhibition we recently described is dependent on IGF-

I-induced PI3K signaling rather than IGF-I-induced MAPK signaling.

� 2003 Elsevier Inc. All rights reserved.
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ErbB2 is expressed in a variety of tissues where it

plays fundamental roles in development, proliferation,

and differentiation [1,2]. Although no direct ligand has

been found for ErbB2, it can be activated by its over-
expression or transactivated by various ligands of EGF

family [3]. The activation of ErbB2 by the formation of

heterodimers with other ErbB receptors is well described

[3–5] and involves prolongation of the signaling by

ErbB2-containing heterodimers [6–9]. Ras/MAPK and
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PI3K/Akt are two downstream pathways of ErbB2,

which link ErbB2 to its biological functions [3].

The insulin-like growth factor-I receptor (IGF-IR) is

a membrane-bound heterotetramer with ligand-induced
tyrosine kinase activity [10]. Phosphorylation of the

IGF-IR results in the tyrosine phosphorylation of in-

sulin receptor substrate (IRS) proteins and Shc, which in

turn activate the survival phosphatidylinositol 3 kinase

(PI3K) and the mitogenic Ras/MAPK pathways [11–

13]. IRS/PI3K and Shc/Ras/MAPK pathways represent

two distinct pathways for IGF-I response in many

cell types. There is evidence that mitogenic response to
IGF-I is thought to be related to the tyrosine-phos-

phorylation of Shc [11,13]. Phosphorylated Shc is then

associated with Grb2–mSOS complex to activate p21/

Ras, which leads to mitogenesis by activation of the

Ras/Raf/MAPK pathway [14–16]. Although IRS-I also

recruits Grb2 [17], the Shc–Grb2 pathway seems to be

predominant activator of p21/Ras in IGF-IR signaling,
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because blocking antibodies raised against Shc effec-
tively block the mitogenic response to IGFs [13,18,19].

There are three major MAPK pathways: the extra-

cellular-signal regulated kinases (ERK1/ERK2), the

c-jun N-terminal kinases (JNK), and p38 kinase [20].

Activation of the Ras/MAP kinase (ERK1/ERK2)

pathway is important in RTK-induced signal transduc-

tion, including ErbB2 and IGF-IR-mediated signaling

[21,22]. Activation of this pathway by appropriate li-
gands involves sequential participation of adaptor pro-

tein Shc and Grb2, Ras-GTP, Raf, MEK1/MEK2, and

ERK1/ERK2 [22,23]. The downstream effectors of

ERKs are nuclear transcription factors such as myc,

c-fos, and c-jun, which trigger cell proliferation via

direct impact on gene expression [24].

Overexpression of ErbB2 has been found in one-third

of breast cancer patients and correlates with a higher
relapse rate and poor clinical prognosis [2,25,26]. A re-

cent study showed that ErbB2-overexpressing breast

cancer cells display an increased requirement for the

PI3K signaling pathway [27]. Furthermore, ErbB2-in-

duced MAPK activity is not stimulated by serum and

does not lead to cell proliferation in ErbB2 overex-

pressing breast cancer cells [28,29]. In the present study,

we investigated the effect of overexpression of ErbB2 on
IGF-I-induced MAPK activation in MCF-7/HER2-18

cells and SKBR3/IGF-IR cells [30]. We recently showed

using these models that IGF-IR signaling can attenuate

trastuzumab-induced growth inhibition [30].
Materials and methods

Materials. All culture materials were from Invitrogen (Carlsbad,

CA). [c-32P]ATP was from Amersham–Pharmacia Biotech (Piscata-

way, NJ). IGF binding protein-3 (IGFBP-3) and IGF-I were from

Protigen Corporation (Mountain View, CA). PD98059, transferrin, 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),

and myelin basic protein (MBP) were from Sigma (St. Louis, MO).

Lipofectin was from Invitrogen (Carlsbad, CA). Protein A–agarose,

anti-ErbB2, anti-IGF-IRb, anti-ERK2, anti-c-fos, anti-jun, and anti-a-
tubulin were purchased form Santa Cruz Biotechnology (Santa Cruz,

CA). Anti-Shc (monoclonal) and anti-Grb2 were from Transduction

Laboratories (Lexington, KY). Anti-Shc (polyclonal), anti-IRS-1, anti-

phospho-Raf-1, and anti-phospho-tyrosine specific antibodies were

from Upstate Biotechnology (Lake Placid, NY). Anti-phospho-

MAPK, anti-total MAPK, anti-phospho-AKT, and anti-AKT were

from New England BioLabs (Mississauga, Ontario).

Cell lines. MCF-7/neo and MCF-7/HER2-18 cells [31] were pro-

vided by Dr. Alaoui-Jamali (McGill University). SKBR3/IGF-IR are

human breast cancer cells transfected with pcDNA3.1(+)/IGF-IR and

the characterization of these cell lines has been described in our pre-

vious paper [30].

IGF-I treatment. MCF-7/neo and MCF-7/HER2-18 cells were

cultured in RPMI 1640 medium supplemented with 10% fetal bovine

serum (FBS) and 700lg/ml G418 at 37 �C and 5% CO2. SKBR3/IGF-

IR cells were cultured in McCoy’5A medium supplemented with 10%

fetal bovine serum (FBS) and 800lg/ml G418 at 37 �C and 5% CO2.

For studies assessing the effects of exposure to IGF-I and IGFBP-3 on

IGF-I receptor and its downstream molecule activation in MCF-7/neo,
MCF-7/HER2-18, and SKBR3/IGF-I R cells, 70–80% confluent cul-

tures were washed twice with ice-cold PBS solution and then cultured

in SFM for 24 h. During the last 10min of culture, the cells were either

treated with vehicle, 100 ng/ml IGF-I alone or with 1 lg/ml IGFBP-3

at 37 �C. Monolayers were quickly washed twice with ice-cold PBS

solution and lysed with 0.4ml lysis buffer (10mM Tris–HCl (pH 7.4),

150mM NaCl, 1% Triton X-100, 1mM EDTA, 1mM EGTA, 0.2mM

sodium vanadate, 0.2mM phenylmethylsulfonyl fluoride, 0.5% NP-40,

and 0.2U/ml aprotinin). For studies assessing the effect of IGF-I on

regulating its downstream targets, quiescent MCF-7/neo and MCF-7/

HER2-18 cells were stimulated by 40 ng/ml IGF-I for 1, 4, 8, 16, or

24 h. After treatment, cells were lysed in RIPA buffer (0.1mM dibasic

sodium phosphate, 1.7mM monobasic sodium phosphate, 150mM

NaCl, 1% NP-49, 0.5% sodium deoxycholate, 0.1% sodium dodecyl

sulfate (SDS), 0.2mM sodium vanadate, 0.2mM phenylmethylsulfonyl

fluoride, and 0.2U/ml aprotinin).

MAKP kinase activity assay. Cells were similarly treated and lysed

in the buffer which contained 20mM Hepes (pH 7.5), 10mM EGTA,

40mM b-glycerophosphate, 1% Nonidet P-40, 2.5mM Na3VO4, 1mM

dithiothreitol, 1mM phenylmethylsulfonyl fluoride, 20lg aprotinin

per ml, and 20lg/ml leupeptin per ml. Clarified protein lysates (200 lg)
were subjected to immunoprecipitation in the lysis buffer at 4 �C
overnight in the presence of anti-ERK2 antibody and protein A–

agarose beads. Phosphorylation of myelin basic protein (MBP) was

measured by incubating the beads with 40 ll kinase buffer which

contained 12.5mM Mops (morpholinepropanesulfonic acid), 12.5mM

b-glycerophosphate, 7.5mM MgCl2, 0.5mM EGTA, 0.5mM sodium

fluoride, 0.5mM Na3VO4, 10lg MBP, 10 lCi [c-32P]ATP, and 20mM

cold ATP for 30min at 30 �C. The reaction was stopped by boiling the

samples in SDS buffer for 5min. The samples were analyzed by 12%

SDS–PAGE and gel was dried and subjected to autoradiography.

Oligodeoxynucleotide treatment. Antisense (50-CTCCATGGTGCT

CAC-30) and sense (50-GTGAGCACCATGGAG-30) phosphorothio-

ate ODNs targeting the 50 region of the erbB-2 mRNA molecule were

obtained from AlphaDNA (Montreal, QC). The lyophilized ODNs

were reconstituted in sterile distilled water to 1mM, filter-sterilized,

and stored in aliquots at )20 �C as stock solutions. For subsequent

experiments, the stock solutions of ODNs were diluted to give final

concentration of 1lM. Diluted ODNs were mixed with 2 lg/ml Lip-

ofectin, and SKBR3/IGF-IR cells were exposed to the mixture for 3 h,

after which the mixture-containing medium was replaced with the

culture medium.

Western blots. Clarified protein lysates from each experimental

condition (20–60lg) were electrophoretically resolved on denaturing

SDS–polyacrylamide gel (8–12%), transferred to nitrocellulose mem-

branes, and probed with the following primary antibodies: anti-c-jun,

anti-c-fos, anti-a-tubulin, anti-ErbB2, anti-phospho-MAPK, anti-

MAPK, anti-phospoAKT, and anti-AKT; proteins were revealed by

using horseradish peroxidase-conjugated anti-mouse or anti-rabbit

antibodies.

Immunoprecipitation. Clarified protein lysates (200–300lg/ml) were

precleaned with 25 ll protein A–agarose and then precipitated with

2 lg anti-IGF-IRb, anti-IRS-1, anti-Shc or anti-Grb2 antibody and

25 ll protein A–agarose overnight at 4 �C. The next day, beads were

collected by centrifugation and washed with lysis buffer. The samples

were denatured with 25 ll of 2� SDS–PAGE sample buffer and sub-

jected to SDS–PAGE on a 12% gel. After separated proteins were

transferred to membranes, the membranes were probed with an anti-

phospho-tyrosine specific antibody, anti-Grb2 antibody, or anti-Shc

antibody, followed by peroxidase-conjugated appropriate secondary

antibody and visualization by ECL detection system.

Cell synchronization. To make MCF-7/neo and MCF-7/HER2-18

cells quiescent, they were seeded at a density of 1� 104/cm2 in the

presence of serum. After 24 h the cells were washed with PBS solution

and incubated in serum-free medium (SFM) (RPMI 1640 supple-

mented with 50 lg/ml transferrin). The cells became quiescent after 48

in SFM and medium was renewed every 24 h.
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Cell growth assay. The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide (MTT) assay was employed to test cell growth.

We plated 105MCF-7/neo and MCF-7/HER2-18 cells in 6-well plates

in medium containing 10% FBS. After cells were pretreated with ve-

hicle or with 75lm PD98059 in serum-free condition for 3 h, cells were

then incubated with or without IGF-I (40 ng/ml) for additional 72 h.

The MTT assay was done in triplicate: MTT was added to a final

concentration of 5mg/ml, the reaction mixture was incubated for 3 h at

37 �C, and the absorbency was measured at 570 nm.
Results and discussion

IGF-I-induced MAPK phosphorylation and MAP kinase

activity are inhibited by overexpression of ErbB2 in breast

cancer cells

MCF-7/HER2-18 cells are MCF-7 human breast can-
cer cells engineered to overexpress ErbB2 [31]. After both

MCF-7/HER2-18 and control MCF-7/neo cells were

starved for 24 h in serum-free condition, the two cell lines

were incubated with 100 ng/ml IGF-I for 10min. Com-

pared to MCF-7/neo, reduced phosphorylated ERK-1

and ERK-2 in response to IGF-I stimulation were ob-

served in MCF-7/HER2-18 cells (Fig. 1A). MAP kinase

activities induced by IGF-I stimulation were also dra-
matically decreased in MCF-7/HER2-18 cells (Fig. 1B).

To further study the inhibition of MAPK activation

seen inErbB2overexpression,weusedSKBR3/IGF-IRas

another cell model. SKBR3/IGF-IR cells are ErbB2

overexpressing human breast cancer cells engineered to

overexpress IGF-I receptor [30]. After ErbB2 antisense

oligos were transfected to the SKBR3/IGF-IR cells, the

ErbB2protein level was reduced (Fig. 1C). IGF-I-induced
Fig. 1. IGF-I-induced MAPK phosphorylation and MAPK activity are inh

starved MCF-7/HER2-18 and MCF-7/neo cells were stimulated with 100 ng/

was detected by using specific anti-phosphMAPK antibody. (B) MAPK activ

by analyzing the incorporation of 32P into MBP in MCF-7/HER2-18 and MC

antisense ErbB2 and starved in serum-free condition for 24 h. Cells were stim

MAPK, and total MAPK expression were determined by Western blot.
MAPK phosphorylation was increased in SKBR3/IGF-
IR cells transfected with ErbB2 antisense oligos but not in

the cells transfected with ErbB2 sense oligos. The levels of

MAPK protein were not affected by any of these treat-

ments or transfections.

IGF-I-induced phosphorylation of Shc, Grb2, and Raf is

also inhibited by ErbB2 overexpression in breast cancer

cells

To investigate the involvement of the immediate up-

stream event of MAPK activation, the IGF-I-induced

Shc/Grb2/Raf/MAPK pathway was examined. Inter-

estingly, a higher baseline level of phosphorylated Shc
was observed in serum-starved MCF-7/HER2-18 cells

than in serum-starved control MCF-7/neo cells. How-

ever, significant increases in phosphorylation level of

Shc by IGF-I stimulation were only observed in MCF-7/

neo cells, and IGFBP-3 specifically blocked this action

of IGF-I. In MCF-7/HER2-18 cells, IGF-I failed to

increase Shc phosphorylation under the same condition

(Fig. 2A, upper panel). Similar results were found in
terms of Grb2 (Fig. 2A lower panel).

We next examined the activation of Raf-1 by the

detection of its phosphorylation. Compared to control

MCF-7/neo cells, decreased phosphorylation of Raf by

IGF-I stimulation was observed in MCF-7/HER2-18

cells (Fig. 2B). This was confirmed by downregulation

of ErbB2 by ErbB2 antisense in SKBR3/IGF-IR cells:

reducing ErbB2 expression resulted in increases in
IGF-I-induced Raf phosphorylation in this cell line

(Fig. 2C).
ibited by overexpression of ErbB2 in breast cancer cells. (A) Serum-

ml IGF-I or IGF-I plus IGFBP-3 for 10min. MAPK phosphorylation

ity was determined by immunoprecipitation with ERK2 and followed

F-7/neo cells. (C) SKBR3/IGF-IR cells were transfected with sense or

ulated with IGF-I (100 ng/ml) for 10min. ErbB2, a-tubulin, phospho-
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Fig. 2. IGF-I-induced phosphorylation of Shc, Grb2, and Raf is in-

hibited by ErbB2 overexpression in breast cancer cells. Serum-starved

MCF-7/HER2-18 and MCF-7/neo cells were stimulated with 100 ng/ml

IGF-I for 10min. (A) Cell extracts were immunoprecipitated with a

polyclonal anti-Shc antibody or a polyclonal anti-Grb2 followed by

immunblotting with specific anti-phospho-tyrosine antibody. The same

blots were reprobed with monoclonal anti-Shc or anti-Grb2. (B)

Phospho-Raf and a-tubulin were determined in MCF-7/HER2-18 and

MCF-7/neo cells by Western blot. (C) SKBR3/IGF-IR cells were

transfected with sense or antisense ErbB2 and starved in serum-free

condition for 24 h. Cells were stimulated with IGF-I (100 ng/ml) for

10min. Phospho-Raf and a-tubulin were determined by Western blot.

Fig. 3. Inhibition of Shc phosphorylation by overexpression of ErbB2

leads to decreased association of Grb2 with Shc. (A) Serum-starved

MCF-7/HER2-18 and MCF-7/neo cells were stimulated with 100 ng/ml

IGF-I for 10min. Cell extracts were immunoprecipitated with a

polyclonal anti-Grb2 followed by immunblotting with monoclonal

anti-Shc. (B) Same cell extracts were immunoprecipitated with a

polyclonal anti-Shc antibody followed by immunblotting with mono-

clonal anti-Grb2 in MCF-7/HER2-18 and MCF-7/neo cells. (C)

SKBR3/IGF-IR cells were transfected with sense or antisense ErbB2

and starved in serum-free condition for 24 h. Cells were stimulated

with IGF-I (100 ng/ml) for 10min. Cell extracts were immunoprecipi-

tated with a polyclonal anti-Shc antibody followed by immunblotting

with monoclonal anti-Grb2.
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Inhibition of IGF-I-induced Shc phosphorylation by

ErbB2 overexpression leads to decreased association of

Grb2 with Shc in human breast cancer cells

Following growth factor stimulation, tyrosine-
phophorylated Shc is associated with Grb2/Sos complex

and activates p21/ Ras, then leading to activation of Raf

and MAPK [22,23]. Therefore, we also analyzed the

effect of IGF-I stimulation on the Shc and Grb2 asso-

ciation in MCF-7/neo and MCF-7/HER2-18. Anti-Grb2

immunoprecipitates were analyzed by immunoblotting

with anti-Shc antibody. Consistent with Shc phosphor-

ylation results, increasing ErbB2 expression in MCF-7/
HER2-18 cells resulted in increased baseline of

Shc–Grb2 association in serum-starved conditions.

Consistently, IGF-I-induced Shc–Grb2 association and

IGFBP-3 completely blocked this effect in MCF-7/neo

cells, but failed to increase Shc–Grb2 association in
MCF-7/HER2-18 cells (Fig. 3A). These data were fur-

ther confirmed by immunoblotting with anti-Grb2 after

anti-Shc immunoprecipitation (Fig. 3B).

To investigate if increased IGF-I-induced MAPK

activation by ErbB2 antisense is through modulation of

Shc–Grb2 association, anti-Shc immunoprecipitates
were analyzed by immunoblotting with anti-Grb2 in

SKBR/IGF-IR cells. As shown in Fig. 3C, the baseline

Shc–Grb2 association was significantly decreased by

downregulation of ErbB2 expression in serum-starved

SKBR3/IGF-IR cells which were transfected with

ErbB2 antisense oligos. Increased Shc–Grb2 association

on IGF-I stimulation was observed in the cells trans-

fected with ErbB2 antisense oligos, but not in the cells
transfected with ErbB2 sense oligos. These data were

confirmed by immunoblotting with anti-Shc after anti-

Grb2 immunoprecipitation (data not shown).
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Fig. 5. Overexpression of ErbB2 inhibits IGF-I-induced changes

downstream of MAPK pathway. IGF-I-induced c-jun and c-fos ex-

pression is inhibited in ErbB2 overexpressing MCF-7 cells. When 50%

confluent, MCF-7/HER2-18 and MCF-7/neo cells were synchronized

in SFM for 48 h. IGF-I (40 ng/ml) was added in different time periods

as indicated in the figure. Cell lysates were collected and c-jun, c-fos,

and a-tubulin were determined by Western blot.
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Overexpression of ErbB2 does not affect IGF-I-induced

IGF-I receptor, IRS-1, and PKB/AKT phosphorylation

We next studied the effects of ErbB2 overexpression

on the phosphorylation of IGF-I receptor and its di-

rect downstream substrate IRS-1 by IGF-I stimula-

tion. In contrast to effects of ErbB2 overexpression on

IGF-I-induced MAPK activation, overexpression of

ErbB2 in MCF-7 cell changed neither IGF-I-induced
phosphorylation of IGF-I receptor nor phosphoryla-

tion of IRS-1 (Figs. 4A and B). IGF-I-induced AKT

phosphorylation, a component in the PI3K pathway

(Fig. 4C), also remains the same in MCF-7/HER2-18

and MCF-7 neo cells. Reduction of ErbB2 expression

in ErbB2 overexpressing SKBR3/IGF-IR cells by us-

ing ErbB2 antisense did not have any effect on IGF-I-

induced activation of IGF-IR, IRS-1, and AKT (data
not shown).

IGF-I-induced c-jun and c-fos expression, the downstream

targets of MAPK pathway, is inhibited in ErbB2 overex-

pressing MCF-7 cells

To determine if the inhibition of IGF-I-induced

MAPK activity in ErbB2 overexpressing cell line also

has an effect on its nuclear targets, c-jun and c-fos

protein expression was analyzed. To make MCF-7/
Fig. 4. Overexpression of ErbB2 does not affect IGF-I-induced IGF-I

receptor, IRS-1, or PKB/AKT phosphorylation. Serum-starved MCF-

7/HER2-18 and MCF-7/neo cells were stimulated with 100 ng/ml IGF-

I for 10min. (A) IGF-I receptor phosphorylation of MCF-7/neo cells

and MCF-7/HER2-18 cells in the presence or absence of IGF-I and

IGFBP-3. (B) IRS-1 phosphorylation of MCF-7/HER2-18 and MCF-

7/neo cells in the presence or absence of IGF-I and IGFBP-3. (C) PKB/

AKT phosphorylation of MCF-7/neo cells and MCF-7/HER2-18 cells

in the presence or absence of IGF-I.
HER2-18 and MCF-7/neo cells quiescent, they were

cultured in SFM supplemented with 50 lg/ml transferrin

for 48 h. Fig. 5 shows that IGF-I stimulation increased
in c-jun and c-fos protein level in a time-dependent

fashion in the control MCF-7/neo-22 cell line. However,

overexpressing ErbB2 in this cell line resulted in a sig-

nificantly reduced IGF-I-induced protein expression of

c-jun and c-fos. These results provide evidence that

overexpression of ErbB2 antagonizes IGF-I-induced

activation of MAPK pathway.

Overexpression of ErbB2 decreases IGF-I-stimulated

MAPK pathway-dependent cell growth in MCF-7 cells

Fig. 6 shows that the MAPK inhibitor PD98059 at

75 lm abolishes 82.6% of IGF-I-stimulated growth of
MCF-7/neocells, but only 41.2% of IGF-I-stimulated

growth of MCF-7/HER2-18 cells. This is consistent with

the effects that we described of overexpression of ErbB2

on IGF-I-stimulated MAPK activity.
Fig. 6. Overexpression of ErbB2 decreases IGF-I-stimulated MAPK

pathway-dependent cell growth in MCF-7 cells. 1� 105 MCF-7/neo

and MCF-7/HER2-18 cells were plated in 6-well plates for 24 h at-

tachment. After cells were pretreated with vehicle or with 75 lm
PD98059 in serum-free condition for 3 h, cells were then incubated

with or without IGF-I (40 ng/ml) for further 72 h. MTT was used to

examine cell proliferation. Experiments were repeated in triplicate.
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Overexpression of ErbB2 has received attention
because it indicates poor prognosis in the breast

cancer patients and predicts response to trastuzumab

treatment [2,9,25]. Recent studies have shown that

ErbB2-overexpressing cancer cells have the distinct

mitogenic signal transduction pathway relative to

cancer cells without ErbB2-overexpression [27–29].

Our data provide the first evidence that overexpression

of ErbB2 interferes with IGF-I-induced Shc–MAPK
mitogenic signaling pathway in breast cancer cells,

indicating that ErbB2-overexpression not only influ-

ences its own downstream signaling pathway, but

also can interfere with the actions of other growth

factors. This is consistent with the view that cellular

control system consists of interacting signaling net-

work rather than independent linear signaling path-

ways [32,33].
Although both IRS-1 and Shc act as docking mole-

cules linking the IGF-IR to downstream signaling

pathways, tyrosine phosphorylation sites in IRS-1 pro-

vide binding motifs for several distinct SH2 domain-

containing proteins including the 85 kDa regulatory

subunit of PI3K, the tyrosine-specific phosphatase Syp,

and the Grb2 [34]; while tyrosine-phosphorylated Shc

proteins upon IGF-IR activation appear to bind only to
the SH2 domain of Grb2 [35,36]. The Shc proteins

mainly interact with the Tyr-950 residue of the IGF-IR,

whereas the interaction between the IGF-IR and IRS-1

requires at least two major determinants on the receptor:

the Tyr-950 residue and the major tyrosine autophos-

phorylation sites of the receptor [37]. Phosphorylated

IRS-1 and Shc upon IGF-IR activation further com-

peting for a limited cellular pool of Grb2 has been ob-
served by expression of IRS-1 or Shc cDNA [38]. Our

results show that overexpression of ErbB2 increases the

baseline level of Shc phosphorylation and association of

Shc with Grb2, but reduces IGF-I-induced Shc phos-

phorylation, IGF-I-induced Shc association with Grb2

and also reduces IGF-I-induced Ras/Raf/MAPK sig-

naling. It is possible that induction of Shc phosphory-

lation and its association with Grb2 by ErbB2
overexpression may result in less free Shc and Grb2

available upon IGF-IR activation in these cells. In

contrast, neither baseline IRS-I phosphorylation nor

IGF-I-induced IRS-1 phosphorylation is influenced by

levels of ErbB2 expression.

Recently, we established that IGF-I receptor sig-

naling can attenuate trastuzumab (a specific antibody

for blocking ErB2 mediated signaling)-induced growth
inhibition in ErbB2 overexpressing breast cancer

cells, mainly through activation of PI3K pathway

[39]. In this study, we demonstrate an additional

unexpected interaction between IGF-I signaling and

ErbB2 overexpression: the attenuation of IGF-I-in-

duced MAPK signaling in the presence of ErbB2

overexpression.
References

[1] N. Prenzel, O.M. Fischer, S. Streit, S. Hart, A. Ullrich, The

epidermal growth factor receptor family as a central element for

cellular signal transduction and diversification, Endocr. Relat.

Cancer 8 (2001) 11–31.

[2] Y. Yarden, Biology of HER2 and its importance in breast cancer,

Oncology 61 (2001) 1–13.

[3] Y. Yarden, M.X. Sliwkowski, Untangling the ErbB signalling

network, Nat. Rev. Mol. Cell Biol. 2 (2001) 127–137.

[4] M.X. Sliwkowski, G. Schaefer, R.W. Akita, J.A. Lofgren, V.D.

Fitzpatrick, A. Nuijens, B.M. Fendly, R.A. Cerione, R.L.

Vandlen, K.L. Carraway III, Coexpression of ErbB2 and ErbB3

proteins reconstitutes a high affinity receptor for heregulin, J. Biol.

Chem. 269 (1994) 14661–14665.

[5] D. Karunagaran, E. Tzahar, R.R. Beerli, X. Chen, D. Graus-

Porta, B.J. Ratzkin, R. Seger, N.E. Hynes, Y. Yarden, ErbB-2 is a

common auxiliary subunit of NDF and EGF receptors: implica-

tions for breast cancer, EMBO J. 15 (1996) 254–264.

[6] J. Baulida, M.H. Kraus, M. Alimandi, P.P. Di Fiore, G.

Carpenter, All ErbB receptors other than the epidermal growth

factor receptor are endocytosis impaired, J. Biol. Chem. 271

(1996) 5251–5257.

[7] R. Pinkas-Kramarski, M. Shelly, S. Glathe, B.J. Ratzkin, Y.

Yarden, Neu differentiation factor/neuregulin isoforms activate

distinct receptor combinations, J. Biol. Chem. 271 (1996) 19029–

19032.

[8] I. Alroy, Y. Yarden, The ErbB signaling network in embryogen-

esis and oncogenesis: signal diversification through combinatorial

ligand–receptor interactions, FEBS Lett. 410 (1999) 83–86.

[9] N.E. Hynes, K. Horsch, M.A. Olayioye, A. Badache, The ErbB

receptor tyrosine family as signal integrators, Endocr. Relat.

Cancer 8 (2001) 151–159.

[10] T.E. Adams, V.C. Epa, T.P. Garrett, C.W. Ward, Structure and

function of the type 1 insulin-like growth factor receptor, Cell

Mol. Life Sci. 57 (2000) 1050–1093.

[11] D. LeRoith, H. Werner, D. Beitner-Johnson, C.T. Roberts Jr.,

Molecular and cellular aspects of the insulin-like growth factor I

receptor, Endocr. Rev. 16 (1995) 143–163.

[12] M.F. White, L. Yenush, The IRS-signaling system: a network of

docking proteins that mediate insulin and cytokine action, Curr.

Top Microbiol. Immunol. 228 (1998) 179–208.

[13] A.A. Butler, S. Yakar, I.H. Gewolb, M. Karas, Y. Okubo, D.

LeRoith, Insulin-like growth factor-I receptor signal transduction:

at the interface between physiology and cell biology, Comp.

Biochem. Physiol. B. Biochem. Mol. Biol. 121 (1998) 19–26.

[14] M. Rozakis-Adcock, J. McGlade, G. Mbamalu, G. Pelicci, R.

Daly, W. Li, A. Batzer, S. Thomas, J. Brugge, P.G. Pelicci, et al.,

Association of the Shc and Grb2/Sem5 SH2-containing proteins is

implicated in activation of the Ras pathway by tyrosine kinases,

Nature 360 (1992) 689–692.

[15] L. Buday, J. Downward, Epidermal growth factor regulates

p21ras through the formation of a complex of receptor, Grb2

adapter protein, and Sos nucleotide exchange factor, Cell 73

(1993) 611–620.

[16] E.Y. Skolnik, A. Batzer, N. Li, C.H. Lee, E. Lowenstein, M.

Mohammadi, B. Margolis, J. Schlessinger, The function of GRB2

in linking the insulin receptor to Ras signaling pathways, Science

260 (1993) 1953–1955.

[17] M.G. Jr Myers, L.M. Wang, X.J. Sun, Y. Zhang, L. Yenush, J.

Schlessinger, J.H. Pierce, M.F. White, Role of IRS-1–GRB-2

complexes in insulin signaling,Mol.Cell. Biol. 14 (1994) 3577–3587.

[18] T. Sasaoka, D.W. Rose, B.H. Jhun, A.R. Saltiel, B. Draznin, J.M.

Olefsky, Evidence for a functional role of Shc proteins in mitogenic

signaling induced by insulin, insulin-like growth factor-1, and

epidermal growth factor, J. Biol. Chem. 269 (1994) 13689–13694.

rlim
Rectangle



Y. Lu et al. / Biochemical and Biophysical Research Communications 313 (2004) 709–715 715
[19] T. Sasaoka, M. Ishiki, T. Sawa, H. Ishihara, Y. Takata, T.

Imamura, I. Usui, J.M. Olefsky, M. Kobayashi, Comparison of

the insulin and insulin-like growth factor 1 mitogenic intracellular

signaling pathways, Endocrinology 137 (1996) 4427–4434.

[20] S. Arbabi, R.V. Maier, Mitogen-activated protein kinases, Crit.

Care Med. 30 (2002) S74–S79.

[21] R.J. Santen, R.X. Song, R. McPherson, R. Kumar, L. Adam,

M.H. Jeng, W. Yue, The role of mitogen-activated protein (MAP)

kinase in breast cancer, J. Steroid Biochem. Mol. Biol. 80 (2002)

239–256.

[22] A.K. Howe, A.E. Aplin, R.L. Juliano, Anchorage-dependent

ERK signaling—mechanisms and consequences, Curr. Opin.

Genet. Dev. 12 (2002) 30–35.

[23] J. English, G. Pearson, J. Wilsbacher, J. Swantek, M. Karandikar,

S. Xu, M.H. Cobb, New insights into the control of MAP kinase

pathways, Exp. Cell Res. 253 (1999) 255–270.

[24] J.M. Kyriakis, MAP kinases and the regulation of nuclear

receptors, Sci. STKE 48 (2000) PE1.

[25] D.J. Slamon, G.M. Clark, S.G. Wong, W.J. Levin, A. Ullrich,

W.L. McGuire, Human breast cancer: correlation of relapse and

survival with amplification of the HER-2/neu oncogene, Science

235 (1987) 177–182.

[26] Y. Yarden, The EGFR family and its ligands in human cancer.

Signalling mechanisms and therapeutic opportunities, Eur. J.

Cancer 37 (2001) S3–S8.

[27] U. Hermanto, C.S. Zong, L.H. Wang, ErbB2-overexpressing

human mammary carcinoma cells display an increased require-

ment for the phosphatidylinositol 3-kinase signaling pathway in

anchorage-independent growth, Oncogene 20 (2001) 7551–7562.

[28] A.M. Tari, M.C. Hung, K. Li, G. Lopez-Berestein, Growth

inhibition of breast cancer cells by Grb2 downregulation is

correlated with inactivation of mitogen-activated protein kinase in

EGFR, but not in ErbB2, cells, Oncogene 18 (1999) 1325–1332.

[29] A.M. Tari, G. Lopez-Berestein, Serum predominantly activates

MAPK and akt kinases in EGFR- and ErbB2-over-expressing

cells, respectively, Int. J. Cancer 86 (2000) 295–297.
[30] Y. Lu, X. Zi, Y. Zhao, D. Mascarenhas, M. Pollak, Insulin-like

growth factor-I receptor signaling and resistance to trastuzumab

(Herceptin), J. Natl. Cancer Inst. 93 (2001) 1852–1857.

[31] C.C. Benz, G.K. Scott, J.C. Sarup, R.M. Johnson, D. Tripathy, E.

Coronado, et al., Estrogen dependent, tamoxifen-resistant tumor-

igenic growth of MCF-7 cells transfected with HER2/neu, Breast

Cancer Res. Treat. 24 (1993) 85–95.

[32] P. Blume-Jensen, T. Hunter, Oncogenic kinase signalling, Nature

411 (2001) 355–365.

[33] G.I. Evan, K.H. Vousden, Proliferation, cell cycle and apoptosis

in cancer, Nature 411 (2001) 342–348.

[34] X.J. Sun, D. Crimmins, M.G. Myers, M. Miralpeix, M.F. White,

Pleiotropic insulin signals are engaged by multisite phosphoryla-

tion of IRS-1, Mol. Cell. Biol. 13 (1993) 7418–7428.

[35] E.Y. Skolnik, C.H. Lee, A. Batzer, L.M. Vicentini, M. Zhou, R.

Daly, M.J. Myers, J.M. Backer, A. Ullrich, M.F. White, J.

Schlessinger, The SH2/SH3 domain-containing protein GRB2

interacts with tyrosine-phosphorylated IRS1 and Shc: implications

for insulin control of ras signalling, EMBO J. 12 (1993) 1929–1936.

[36] M. Rozakis-Adcock, J. McGlade, G. Mbamalu, G. Pelicci, R.

Daly, W. Li, A. Batzer, S. Thomas, J. Brugge, P.G. Pelicci, et al.,

Association of the Shc and Grb2/Sem5 SH2-containing proteins is

implicated in activation of the Ras pathway by tyrosine kinases,

Nature 360 (1992) 689–692.

[37] S. Tartare-Deckert, D. Sawka-Verhelle, J. Murdaca, van E.

Obberghen, Evidence for a differential interaction of SHC and

the insulin receptor substrate-1 (IRS-1) with the insulin-like

growth factor-I (IGF-I) receptor in the yeast two-hybrid system, J.

Biol. Chem. 271 (1996) 23456–23460.

[38] K. Yamauchi, J.E. Pessin, Insulin receptor substrate-1 (IRS1)

and Shc compete for a limited pool of Grb2 in mediating insulin

downstream signaling, J. Biol. Chem. 269 (1994) 31107–31114.

[39] Y. Lu, X. Zi, Y. Zhao, M. Pollak, Molecular mechanisms

underlying IGF-I-induced attenuation of the growth inhibitory

activity of trastuzumab (Herceptin) on SKBR3 breast cancer cells,

Int. J. Cancer 108 (2004) 334–341.

rlim
Rectangle


	Overexpression of ErbB2 receptor inhibits IGF-I-induced Shc-MAPK signaling pathway in breast cancer cells
	Materials and methods
	Results and discussion
	IGF-I-induced MAPK phosphorylation and MAP kinase activity are inhibited by overexpression of ErbB2 in breast cancer cells
	IGF-I-induced phosphorylation of Shc, Grb2, and Raf is also inhibited by ErbB2 overexpression in breast cancer cells
	Inhibition of IGF-I-induced Shc phosphorylation by ErbB2 overexpression leads to decreased association of Grb2 with Shc in human breast cancer cells
	Overexpression of ErbB2 does not affect IGF-I-induced IGF-I receptor, IRS-1, and PKB/AKT phosphorylation
	IGF-I-induced c-jun and c-fos expression, the downstream targets of MAPK pathway, is inhibited in ErbB2 overexpressing MCF-7 cells
	Overexpression of ErbB2 decreases IGF-I-stimulated MAPK pathway-dependent cell growth in MCF-7 cells

	References




