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INTRODUCTION 

The insulin-like growth factor I (IGF-I) receptor (IGF-IR) is a ubiquitous multffuctional 
tyrosine kinase. The IGF-IR regulates normal breast development; however, hyperactivation of 
the same receptor has been implicated in breast cancer (1). In particular, overexpression of 
either the IGF-IR or its major signaling substrate IRS-1 in estrogen receptor (ER)-positive 
breast tumors has been linked with cancer recurrence at the primary site. Furthermore, high 
circulating levels of IGF-I (an IGF-IR ligand) have been associated with increased breast cancer 
risk in premenopausal women (1-3). 

Although current evidence suggests that abnormal activation of the IGF-IR may 
contribute to the autonomous growth and increased survival of primary ER-positive breast 
tumors, the function of this receptor in breast cancer metastasis is not clear. For instance, some 

. small clinical studies demonstrated a correlation between IGF-IR expression in node-positive 
tumors and worse prognosis. Other data linked IGF-IR expression with better clinical outcome, 
as the IGF-IR was predominantly expressed in a subset of breast tumors with good prognostic 
characteristics. In the experimental setting, anti-IGF-IR strategies were successfully applied to 
inhibit the growth and spread of human breast cancer xenografts, which implicated the role of 
the IGF-IR in metastasis (1). 

Using in vitro model systems developed in our laboratory, we asked how the IGF-rR 
and its different signaling pathways contribute to breast tumor development and progression. 
We focused on abnormal proliferation and survival, enhanced resistance to anti-tumor 
treatments, and augmented migration and invasion. Our data strongly suggested that 
hyperactivation of the IGF-IR in ER-positive breast cancer cells stimulates cell proliferation 
and survival, and contributes to the development of antiestrogen resistance. Overexpression of 
the IGF-IR in these cells also improved cell-cell adhesion through an E-cadherin-dependent 
mechanism. The IGF-I-mediated intercellular adhesion was found to be related to the increased 
expression of a junction protein, ZO-1. Overexpression of the IGF-IR in ER-negative cells did 
not influence cell growth and survival, but induced cell migration through PI-3 and p38 kinase 
pathways. 

TECHNICAL REPORT 

Administrative Note: This postdoctoral fellowship was originally awarded to Dr. M. 
Guvakova. After the completion of the second year, Dr. Guvakova transferred to another 
institution and since then the program has been carried out by Dr. M. Bartucci under the 
guidance of the same mentor (Dr. E. Surmacz) within the recipient institution. Due to 
administrative delays caused by this transfer, there was an interruption in funding and research 
from September 1999 to January 2000. Consequently, a 1 year no-cost extension has been 
requested and granted till August 2001, and the research plan has been extended into Year 4. 
This final report encompasses the entire research period August 15,1997 till August 14,2001. 

Science Report. 
A. This proposal stemmed from our initial observations that in ER-positive MCF-7 

cells, overexpression of the IGF-IR or treatment of cells with IGF-I promoted cell aggregation 
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in 3-dimentional culture (4). The most important goal of the proposed program was to 
understand the mechanism by which the IGF-IR stimulates cell-cell adhesion and to address the 
biologic significance of this phenomenon in breast cancer cells. 

The results indicated that overexpression of the IGF-IR results in increased cell-cell 
adhesion in E-cadherin-positive, but not in E-cadherin-negative breast cancer cells. Hpwever, 
when E-cadherin was re-introduced into E-cadherin-negative cells, cell aggregation was restored. 
This suggested that IGF-IR requires the E-cadherin complex to increase intercellular adhesion. 
Since the phosphorylation status and the amounts of adhesion proteins may affect cell 
aggregation, we studied whether overexpressed IGF-IR modifies the expression or tyrosine 
phosphorylation of the proteins in the E-cadherin complex. The experiments indicated that the 
IGF-IR did not modulate tyrosine phosphorylation or the proteins levels of E-cadherin, alpha-, 
beta-, and gamma-catenins. IGF-IR, however, did increase the expression of a junction protein, 
ZO-1 (zonula occludens 1). Further studies provided evidence that ZO-1 expression (on the 
RNA and protein levels) can be induced by the stimulation of cells with IGF-I. Using cell lines 
expressing a dominant-negative "dead" IGF-IR, we demonstrated that tyrosine kinase activity 
of the IGF-IR is critical in the upregulation of ZO-1 expression. 

Additional studies demonstrated that ZO-1 associates with the E-cad complex and the 
IGF-IR. High levels of ZO-1 coincided with an increased IGF-IR/alpha-catenin/ZO-1 binding 
and improved ZO-1/actin association, while downregulation of ZO-1 by the expression of an 
anti-ZO-1 RNA inhibited IGF-IR-dependent cell-cell adhesion. 

Cumulatively, the results suggested that one of the mechanisms by which the activated' 
IGF-IR regulates E-cad-mediated cell-cell adhesion is overexpression of ZO-1  and resulting 
stronger connections between the E-cad complex and the actin cytoskeleton. We hypothesized 
that in E-cad-positive cells, the IGF-IR may produce anti-metastatic effects. 

The above research data have been reported in detail in Mauro, L., Bartucci, M, Morelli, 
C, Ando', S., Surmacz, E. IGF-I receptor-induced cell-cell adhesion of MCF-7 breast cancer 
cells requires the expression of a junction protein ZO-1, revised, J. Biol. Chem., see Appendix. 

B. The function of the IGF-IR has also been addressed in E-cadherin-negative, ER- 
negative breast cancer cells. The role of the IGF-IR in hormone-independent breast cancer is not 
clear. ER-negative breast cancer cells often express low levels of the IGF-IR and fail to respond 
to IGF-I with mitogenesis. On the other hand, anti-IGF-IR strategies effectively reduced 
metastatic potential of different ER-negative cell lines, suggesting a role of this receptor in late 
stages of the disease. 

We examined IGF-IR signaling and function in ER-negative MDA-MB-231 breast 
cancer cells and their IGF-IR-overexpressing derivatives. We demonstrated that IGF-I acts as a 
chemoattractant for these cells. The extent of IGF-I-induced migration reflected IGF-IR levels 
and required the activation of PI-3K and p38 kinases. The same pathways promoted IGF-I- 
dependent motility in ER-positive MCF-7 cells. In contrast with the positive effects on cell 
migration, IGF-I was unable to stimulate growth or improve survival in MDA-MB-231 cells, 
while it induced mitogenic and anti-apoptotic effects in MCF-7 cells. Moreover, IGF-I 
partially restored growth in ER-positive cells treated with PI-3K and ERK1/ERK2 inhibitors, 
while it had no protective effects in ER-negative cells. The impaired IGF-I growth response of 
ER-negative cells was not caused by a low IGF-IR expression, defective IGF-IR tyrosine 
phosphorylation, or improper tyrosine phosphorylation of IRS-1. Also, the acute (15 min) 
IGF-I activation of PI-3 and Akt kinases was similar in ER-negative and ER-positive cells. 
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However, a chronic (2 days) IGF-I exposure induced the PI-3K/Akt pathway only in MCF-7 
cells. The reactivation of this pathway in ER-negative cells by overexpression of constitutively 
active Akt mutants was not sufficient to significantly improve proliferation or survival (with or 
without IGF-I), which indicated that other pathways are also required to support these 
functions. 

Our results suggested that in breast cancer cells, IGF-IR can control non-mltogenic 
processes regardless of the ER status, while IGF-IR growth-related functions may depend on 
ER expression 

The research data have been reported in detail in Bartucci, et al. Differential insulin-like 
growth factor I receptor signaling and junction in estrogen receptor (ER)-positive MCF-7 and 
ER-negative MDA-MB-231 breast cancer cells. Cancer Research 61: 2001 (in press), see 
Appendix. 

C. Cell motility and adhesion may depend on the modifications of the actin 
cytoskeleton. We addressed this problem in one of our projects. We found that the activated 
IGF-IR induces depolarization of the cells, which coincides with actin filament disassembly and 
tyrosine dephosphorylation of several proteins in the focal adhesion complex. This process 
seemed dependent on a tyrosine phosphatase activity and PI-3 kinase activity. 

The research has been reported in detail in Guvakova and Surmacz. The activated 
insulin-like  growth factor I receptor  induces  depolarization  in  breast   epithelial  cells 
characterized by actin filament disassembly and tyrosine dephosphorylation ofFAK, Cas, and- 
paxillin. Exp. Cell Res., 251: 244-255, 1999, see Appendix. 

D. We studied whether the elements of the IGF-IR signaling interfere with integrins, the 
proteins that are receptors for different components of the extracellular matrix, and also play a 
role in cell migration and adhesion. We found that SHC, one of the major signaling substrates of 
the IGF-IR interacts with the integrin system. The oncogenic SHC proteins are signaling 
substrates for most receptor and cytoplasmic tyrosine kinases (TKs) and have been implicated 
in cellular growth, transformation and differentiation. In tumor cells overexpressing TKs, the 
levels of tyrosine phosphorylated SHC are chronically elevated. The significance of amplified 
SHC signaling in breast tumorigenesis and metastasis remains unknown. Here we demonstrate 
that 7-9-fold overexpression of SHC significantly altered interactions of cells with fibronectin 
(FN). Specifically, in human breast cancer cells overexpressing SHC (MCF-7/SHC) the 
association of SHC with alpha-5beta-l integrin (FN receptor) was increased, spreading on FN 
accelerated, and basal growth on FN reduced. These effects coincided with an early decline of 
adhesion-dependent MAP kinase activity. Basal motility of MCF-7/SHC cells on FN was 
inhibited relative to that in several cell lines with normal SHC levels. However, when EGF or 
IGF-I were used as chemoattractants, the locomotion of MCF-7/SHC cells was greatly (~5- 
fold) stimulated, while it was only minimally altered in the control cells. These data suggest 
that SHC is a mediator of the dynamic regulation of cell adhesion and motility on FN in breast 
cancer cells. 

The research has been reported in detail in Mauro et al. SHC-alpha5 betal integrin 
interactions regulate breast cancer cell adhesion and motility. Exp. Cell Res., 252: 439-448, 
1999, see Appendix. 
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E. The PI supported by this fellowship grant also participated in studies on the cross- 
talk between ER and the IGF-IR. We found that antiestrogens interfere with IGF-IR-dependent 
growth by inhibiting the expression and function of IRS-1, a signaling substrate of the IGF-IR. 
In addition, we noted that the cytotoxic/cytostatic action of antiestrogens was less effective in 
breast cancer cells overexpressing IRS-1. Considering that in the clinical setting, IRS-1 is 
overexpressed in a fraction of ER-positive breast tumors, and this overexpression correlates 
with cancer recurrance, we concluded that high levels of IRS-1 may contribute to antiestrogen 
resistance. 

The research has been reported in detail in Salerno et al. Insulin receptor substrate 1 
(IRS-1) is a target of a pure antiestrogen ICI182,780 in breast cancer cells. Int. J. Cancer, 81: 
299-304, 1999, see Appendix. 

Key Research Accomplishments: 

• Demonstrated that the IGF-IR has different functions in ER-positive and ER-negative cells. 
In ER-positive non-metastatic cells, the IGF-IR regulates growth and survival, and 
improves cell-cell adhesion. In ER-negative metastatic cells, only motogenic (migratory) 
signaling is operative; 

• Determined that IGF-I-dependent cell-cell adhesion in ER-positive cells involves a junction 
protein ZO-1. Overexpression of ZO-1 result in stronger connections between the E-cad 
complex and the actin cytoskeleton. 

• Determined that IGF-I-dependent migration in both ER-positive and ER-negative cells is 
mediated through p38 kinase and PI-3K pathways, and is inhibited by ERK1/ERK2 
pathways. 

Reportable Outcomes: 

1. Manuscripts, abstracts and scientific presentations: 

Manuscripts: 

1. Mauro, L., Bartucci. M„ Morelli, C, Ando', S., Surmacz, E. IGF-I receptor-induced cell-cell 
adhesion of MCF-7 breast cancer cells requires the expression of a junction protein ZO-1, 
revised, J. Biol. Chem. 

2. Bartucci, M„ Morelli, C, Mauro, L., Ando', S., Surmacz, E. Differential insulin-like growth 
factor I receptor signaling and function in estrogen receptor (ER)-positive MCF-7 and ER- 
negative MDA-MB-231 breast cancer cells. Cancer Research 61: 2001. 
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3 Mauro, L., Sisci, D., Bartucci, M., Salerno, M., Kim, J., Tarn, T., Guvakoya, M, Ando S., 
Surmacz E. SHC-alpha5 betal integrin interactions regulate breast cancer cell adhesion and 
motility.' Exp. Cell Res., 252:439-448,1999. 

4 Guvakova. M., Surmacz, E. The activated insulin-like growth factor I receptor induces . 
depolarization in breast epithelial cells characterized by actin filament disassembly and tyrosine 
dephosphorylation of FAK, Cas, and paxillin. Exp. Cell Res., 251: 244-255,1999. 

5 Salerno, M., Sisci, D., Mauro, L., Guvakova, M., Ando, S., Surmacz, E. Insulin receptor 
substrate 1 (IRS-1) is a target of a pure antiestrogen ICI 182,780 in breast cancer cells. Int. J. 
Cancer, 81: 299-304,1999. 

Presentations/Abstracts: 

1 Morelli, C, Bartucci, M„ Mauro, L., Ando' S., Surmacz, E. Insulin-like growth factor I 
receptor (IGF-IR) signaling in metastatic breast cancer cells. The Endocrine Society Annual 
Meeting, Toronto, Canada, June 21-24,2000. 

2. Bartucci, M„ Mauro, L., Salerno, M., Morelli, C, Ando', Surmacz, E. Function of the 
insulin-like growth factor I receptor in metastatic breast cancer cells. Era of Hope, Department 
of Defense Breast Cancer Research Program Meeting, Atlanta, June 8-11,2000. 

3 Bartucci, M., Mauro, L., Salerno, M., Morelli, C, Ando1, S., Surmacz, E. Function of the 
insulin-like growth factor I receptor in metastatic breast cancer cells. 22nd Annual Breast 
Cancer Symposium. San Antonio, TX, December 8-11,1999 

4 Guvakova, M., Surmacz, E. Tyrosine kinase activity of the IGF-IR is required for the 
development of breast cancer cell aggregates in three-dimensional culture. AACR Annual 
Meeting, Philadelphia, PA, April 10-14,1999 

5 Guvakova, M., Surmacz, E. IGF-IR tyrosine kinase is required for breast cancer cell motility. 
Specificity in Signal Transduction. Keystone Symp.Keystone, CO, April 9-14,1999 

6 Guvakova, M., Surmacz, E. IGF-IR stimulates breast epithelial cell motility via 
reorganization of the actin cytoskeleton, remodeling of focal contacts, and modulation of the 
phosphorylation status of focal adhesion proteins: FAK, Cas, and paxillin. 14th Annual 
Symposium on Cellular Endocrinology, Lake Placid, NY, September 24-27,1998 

7 Guvakova, M., Surmacz, E. IGF-IR modulates breast cancer cell motility through the 
regulation of P125 FAK/pl30 CAS. 37th American Society for Cell Biology Annual Meeting, 
Washington D.C., December 13-17,1997 
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8. Surmacz, E., Sisci, D., Salerno, M, Guvakova, M., Ando, S. Insulin receptor substrate 1 
(IRS-1) is a target for a pure antiestrogen ICI 182,780. Annual Breast Cancer Meeting, San 
Antonio, TX, December 3-6,1997 

9. Guvakova, M„ Surmacz, E. Molecular mechanisms of tamoxifen effect on IGF-IR signaling 
in breast cancer cells. The 2nd World Congress on Advances in Oncology, Vouliagmenti, 
Athens, Greece, October 16-18,1997 

2. Patents and licenses: None 

3. Degrees: N/A 

4. Development of biologic reagents: 

•   metastatic breast cancer cell lines overexpressing IGF-IR: MDA-MB-231/IGF-IR cells 

5. Databases: None 

6. Funding applied for: None 

7. Employment applied for: None 

Conclusions 

The IGF-IR has different functions in ER-positive and ER-negative cells. Targeting the IGF-IR 
in ER-positive cells will result in the inhibition of cell growth and survival. Blocking the IGF-IR 
in ER-negative cells will not affect growth properties (at least in vitro), but will inhibit cell 
migration. Thus, anti-IGF strategies may prove beneficial at different stages of tumor 
progression. 

References 
1. Surmacz, E. Function of the IGF-IR in breast cancer. J. Mammary Gland Biol. Neopl., 5: 
95-105,2000. 

2. Hankinson, S. E., Willet, W. C, Colditz, G. A., Hunter, D. J., Michaud, D. S., Deroo, B., 
Rosner, B., Speitzer, F. E., and Pollak, M. Circulating concentrations of insulin-like growth 
factor and risk of breast cancer. Lancet, 35:1393-1396,1998. 
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SUMMARY 

Hyperactivation of the insulin-like growth factor I receptor (IGF-IR) contributes 

to primary breast cancer development, but the role of the IGF-IR in tumor metastasis is 

unclear. Here we studied the effects of the IGF-IR on intercellular connections mediated 

by the major epithelial adhesion protein, E-cadherin (E-cad). We found that IGF-IR 

overexpression markedly stimulated aggregation in E-cad-positive MCF-7 breast cancer 

cells, but not in E-cad-negative MDA-MB-231 cells. However, when the IGF-IR and E- 

cad were co-expressed in MDA-MB-231   cells, cell-cell adhesion was substantially 

increased.   The IGF-IR-dependent cell-cell adhesion of MCF-7 cells was not related to 

altered expression of E-cad, a-, ß-, or y-catenins, but coincided with the upregulation of 

another element of the E-cad complex, ZO-1. ZO-1 expression (mRNA and protein) was 

induced by IGF-I and was blocked in MCF-7 cells with a tyrosine kinase-defective IGF-IR 

mutant. By co-immunoprecipitation, we found that ZO-1 associates with the E-cad 

complex and the IGF-IR. High levels of ZO-1 coincided with an increased IGF-IRAx- 

catenin/ZO-1 binding and improved ZO-1/actin association, while downregulation of ZO-1 

by the expression of an anti-ZO-1 RNA inhibited IGF-IR-dependent cell-cell adhesion. 

The results suggested that one of the mechanisms by which the activated IGF-IR regulates 

E-cad-mediated cell-cell adhesion is overexpression of ZO-1  and resulting stronger 

connections between the E-cad complex and the actin cytoskeleton. We hypothesize that 

in E-cad-positive cells, the IGF-IR may produce anti-metastatic effects. 

INTRODUCTION 

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

kinase capable of regulating different growth-related and -unrelated processes (1-3). 
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Recent evidence indicates that the IGF-IR may be involved in breast cancer development. 

The IGF-IR is significantly (10-14-fold) overexpressed in estrogen receptor (ER)-positive 

primary breast tumors compared to normal mammary epithelium or benign tumors (1,4). 

Moreover, the intrinsic ligand-independent tyrosine kinase activity of the IGF-IR has been 

found substantially upregulated (~2-4-fold)    in breast cancer cells (4). It has been 

suggested that the increased receptor function coupled with enhanced receptor expression 

amounts to a 40-fold elevation in IGF-IR activity in ER-positive breast tumors (4). Recent 

clinical and experimental data indicate that upregulation of IGF-IR signaling in ER- 

positive breast cancer cells is associated with autonomous cell proliferation, estrogen- 

independence,   and   increased   resistance   to   various   anti-tumor   treatments   (1). 

Consequently, it is believed that hyperactivation of the IGF-IR may induce and sustain the 

growth of primary breast tumors (1). 

The role of the IGF-IR in breast cancer metastasis, however, is unclear. The 

experimental data suggested that the IGF-IR has a function in cell spreading, as it 

effectively stimulates the motility of different metastatic breast cancer cell lines lacking the 

expression of a major adhesion protein E-cadherin (E-cad) (1, 5, 6). On the other hand, 

we and others have shown that in more differentiated E-cad-positive cells, IGF-I treatment 

or IGF-IR overexpression upregulates cell-cell adhesion, which correlates with increased 

cell survival in 3-dimensional (3-D) culture and reduced cell migration in vitro and in 

organ culture (1, 7-10). 

The mechanism of IGF-I-dependent intercellular adhesion and the clinical 

consequences of this phenomenon have not been fully elucidated. Previously, we 

demonstrated that in MCF-7 human breast cancer cells, the IGF-IR co-localizes and co- 
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precipitates with the E-cad complex, and IGF-induced aggregation is blocked with an anti- 

E-cad antibody (7). In this study we assessed the effects of the IGF-IR on the elements of 

the E-cad adhesion complex, i.e. E-cad, ß-, y-, and a-catenins and a-catenin-associated 

proteins (see Fig. 6). The initial results prompted us to focus on an a-catenin-binding 

element—a junction protein zonula occludens-1 (ZO-1). 

ZO-1 is a -220 kDa scaffolding protein containing various domains (an SH3 

domain, three PDZ domains, a proline-rich region, and a guanylate kinase domain), which 

allow its interaction with specialized sites of plasma membrane as well as with other 

proteins (11, 12). ZO-1 is a characteristic element of tight junctions, but recently its 

presence has also been demonstrated in E-cad adherens junctions (13-15). The role of ZO- 

1 in adherens junctions is yet unclear, but it is assumed that it may functionally link E-cad 

with the actin cytoskeleton, as it associates with a-catenin and actin through its N- and C- 

terminus, respectively (13, see Fig. 6). In addition, as a member of the MAGUK 

(membrane-associated guanylate kinase homologues) family of putative signaling proteins, 

ZO-1 may be involved in signal transduction. Indeed, ZO-1 has been found to bind a 

target of Ras, AF6 (16). Deletions or mutations in the ZO-1 gene produced overgrowth, 

suggesting that ZO-1 may act as a tumor suppressor (11). In breast cancer, ZO-1 is 

usually co-expressed with E-cad and is a strong independent marker of a more 

differentiated phenotype (17). 

At present, very little is known about the regulation of ZO-1 by growth factors. 

However, some recent studies demonstrated that EGF (epidermal growth factor) and 

VEGF (vascular endothelial growth factor) are able to increase ZO-1 tyrosine 

phosphorylation, modulate its subcellular localization, and consequently produce increased 
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permeability (18-20). Here, we present the first evidence that in MCF-7 breast cancer cells 

1) the IGF-IR upregulates ZO-1 expression; 2) elevated levels of ZO-1 coincide with 

enhanced IGF-IR/E-cad-mediated cell-cell adhesion; and 3) ZO-1 expression is required 

for IGF-IR-increased cell aggregation in E-cad-positive MCF-7 cells. 

MATERIALS AND METHODS 

Expression Plasmids. E-cad expression plasmid. The pBAT-EM2 plasmid is a derivative 

of pBR322 and contains the mouse E-cad cDNA cloned under the ß-actin promoter in 

pBR322 (21). As demonstrated previously, transfection of MDA-MB-231 cells with 

pBAT-EM2 results in E-cad overexpression, improved cell aggregation, and reduced 

metastatic potential of the cells (21, 22). 

Antisense ZO-1 RNA vector. The pcDNA3/anti-ZO-1 plasmid encoding the anti-ZO-1 

antisense RNA contains a 959 bp BamHl fragment of the human ZO-1 cDNA (nt 4205- 

5164) inserted (in the 3'-5' orientation) into the pcDNA3.1/Hygro plasmid (Invitrogen). 

PcDNA3/sense-ZO-l is the control vector in which the above 959 bp ZO-1 cDNA 

fragment was cloned in the 5'-3' orientation. 

Cell Lines and Cell Culture Conditions. MCF-7/IGF-IR, clone 12, 15 and 17 are MCF- 

7-derived clones overexpressing the IGF-IR at the levels 5xl05, 3xl06, and lxlO6 

receptors/cell, respectively (7). To avoid clonal variation, in several experiments we used a 

population of mixed clones 12, 15 and 17. The mixed population is referred to as MCF- 

7/IGF-IR cells and expresses ~ 0.9x106 IGF-IR receptors/cell (which represents ~18-fold 

overexpression over the levels in normal cells)(l). MCF-7/IGF-IR/Y3F express an IGF-IR 

(~3xl06 receptors/cell) with inactivating mutations in the tyrosine kinase domain (Tyr 
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1131, 1135, 1136 replaced with Phe) (23). MCF-7/IGF-IR/Y3F cells were derived from 

MCF-7 cells by stable transfection with the pcDNA3/IGF-IR/KR plasmid and subsequent 

selection in 2 mg/ml G418. The results obtained with the MCF-7/IGF-IR/Y3F clone were 

verified using a population of MCF-7 cells transiently transfected with the IGF-IR/Y3F 

vector (see below). MCF-7/IGF-IR/anti-ZO-l and MCF-7/IGF-IR/sense-ZO-l cells were 

derived from MCF-7/IGF-IR clone 15 by stable transfection with the antisense- and sense- 

ZO-1 vectors, respectively, and subsequent selection in 500 ug/ml Hygromycin B. 

MDA-MB-231 is a metastatic breast cancer cell line lacking E-cad and expressing 

- 7xl03 IGF-IR receptors/cell (24, Bartucci et al., in revision). MDA-MB-231/IGF-IR 

clone 31 was derived from MDA-MB-231 cells by stable transfection with the 

pcDNA3/IGF-IR plasmid. MDA-MB-231/IGF-IR cells express ~ 250,000 IGF-IR/cell 

(Bartucci et al., in revision). 

All cell lines were grown in DMEM:F12 (1:1) containing 5% calf serum (CS). 

MCF-7- and MDA-MB-231-derived clones transfected with the wild type or mutant IGF- 

IR were maintained in growth medium with 100 ug/ml G418. MCF-7/IGF-IR/anti-ZO-1 

and MCF-7/IGF-IR/sense-ZO-l cells were cultured in growth medium with 50 jig/ml 

Hygromycin B. In the experiments requiring serum-free conditions, the cells were cultured 

in phenol red-free DMEM containing 0.5 mg/ml BSA, 1 uM FeS04 and 2 mM L- 

glutamine (referred to as SFM). 

Transient Transfection. MDA-MB-231 and MDA-MB-231/IGF-IR cells were 

transiently transfected using Lipofectamine 2000 (Gibco) (reagent/DNA ratio = 5 uJ/lug). 

The transfection was carried out in growth medium for 24 h, then, the cells were lysed and 

processed for E-cad Western blotting (WB). To evaluate the extent of cell-cell adhesion in 
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the transfected MDA-MB-231 and MDA-MB-231/IGF-IR cells, the cells were trypsinized 

upon transfection, counted and placed in 3-D suspension culture, as described below. 

MCF-7 cells were transfected for 6 h in growth medium using Fugene 6 (Röche) 

(reagent/DNA ratio = 3 ul/lug). To study IGF-I signaling, the transfected MCF-7 cells 

were shifted to SFM for 36 h and stimulated with IGF-I for 15 min. The efficiency of 

transfection (transfected cells/total cell number) was at least 70% for all cell types, and 

was estimated by scoring fluorescent cells in cultures transfected with the plasmid pCMS 

(encoding Green Fluorescent Protein) (Invitrogen). 

3-D Spheroid Culture. The cells were grown to 70-80% confluence, trypsinized, and 

plated as single cell suspension in 2%-agar-coated plates containing either normal growth 

medium or SFM. 2x106 cells were plated per 100 mm culture dish. To generate 3-D 

spheroids, the plates were rotated for 4 h at 37°C. The spheroids started to assemble at ~1 

h after plating and were completely organized after 3-4 h of culture in suspension. The 3- 

D cultures were photographed using a phase contrast microscope (Nikon or Olympus). 

The extent of aggregation was scored by measuring the spheroids with an ocular 

micrometer. For each cell type, the spheroids of 25<50, 50<100, and >100 urn (in the 

smallest cross-section) were counted in 10 different fields under lOx magnification. 

IGF Stimulation. 70% confluent cell cultures were synchronized in SFM for 36 h and 

then stimulated with 20 ng/ml IGF-I for 0-72 h. 

Immunoprecipitation and Western Blotting. The expression of different elements of 

the adhesion complex was assessed in 500 \ig of protein lysate by immunoprecipitation 

(IP) and Western blotting (WB) with appropriate antibodies. The expression of 

ERK1/ERK2 was tested in 50 ug of total cell lysate. The cell lysis buffer contained 50 
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mM HEPES pH 7.5, 150 mM NaCl, 1% Triton X-100. 1.5 mM MgCL, 1 mM CaCl2, 100 

mM NaF. 0.2 mM Na3V04, 1% PMSF, 1% aprotinin. as described before (25). The 

following   antibodies   were   used:   anti-ZO-1    poKcIonal   antibody   (pAb)   (Zymed 

Laboratories) for ZO-I IP (5 ug/ml) and WB (2 ugml): anti-E-cad monoclonal antibody 

(mAB), clone 36 (Transduction Laboratories) for H-eadherin IP (2 ug/ml) and WB (0.1 

Ug/ml); anti-a-catenin pAb (Sigma or Zymed Laboratories) for a-catenin IP (4 ug/ml) and 

WB (anti-serum dilution 1:4,000); anti-ß-catenin mAb (Transduction Laboratories) for ß- 

catenin IP (4 (ig/ml) and WB (0.5 ug/ml); anti-y catenin pAb (Sigma) for y-catenin WB (1 

Ug/ml); anti-actin mAb clone AC-40 (Sigma) for actin WB (0.4 (ig/ml); anti-IGF-IR mAb, 

clone alpha IR-3 (Calbiochem) for IGF-IR IP (3 ug/ml). and anti-IGF-IR pAb C-20 (Santa 

Cruz) for IGF-IR WB (0.2 ug/ml); anti-p85 pAb (UBI) tor p85 subunit of PI-3 kinase WB 

(0.25 ug/ml); anti-phospho-MAPK mAb (New England Biolabs) for active ERK1/ERK2 

WB (0.5 ug/ml); anti-MAPK pAb (New England Biolabs) for total ERK1/ERK2 WB (1 

u,g/ml). Tyrosine phosphorylation of immunoprecipitated proteins was measured by WB 

with anti-phosphotyrosine mAb (Transduction Laboratories) (0.03 ug/ml). WBs were 

developed using an ECL chemiluminescence kit (Amersham). The intensity of bands 

representing relevant proteins was measured by laser densitometry scanning. 

RESULTS 

IGF-IR overexpression stimulates cell-cell adhesion through E-cad-dependent 

mechanism. First, we demonstrated that under 3-D culture conditions, overexpression of 

the IGF-IR stimulated cell-cell adhesion in E-cad-positive MCF-7 breast cancer cells, but 
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not in E-cad-negative MDA-MB-231 cells (Fig. 1 A. B, and Tab. 1). However, co- 

expression of the IGF-IR and E-cad resulted in robust cell-cell adhesion of MDA-MB-231 

cells, while the expression of E-cad alone was less efficient in inducing intercellular 

contacts (Fig. 1 C, D, and Tab. 1). These results together with our previous data that IGF- 

IR-mediated aggregation in MCF-7 cells is blocked with an anti-E-cad antibody (7) 

indicated that IGF-IR adhesion signals are transmitted through the E-cad complex. 

IGF-IR overexpression upregulates ZO-1. We tested whether high levels of the IGF-IR 

affect the expression of the proteins within the E-cad complex. We found that in MCF-7 

and MCF-7/IGF-IR cells cultured as 3-D spheroids, the levels of E-cad, a-, ß-, and y- 

catenin were similar, however, the abundance of ZO-1 was significantly increased in MCF- 

7/IGF-IR cells (Fig. 2). The tyrosine phosphorylation of all these adhesion proteins was 

undetectable in spheroids, and was not influenced by IGF-IR overexpression (Fig. 5 and 

data not shown). 

To investigate whether the increased expression of ZO-1 in MCF-7/IGF-IR cells 

depends on IGF-IR tyrosine kinase activity, we generated by stable or transient 

transfection MCF-7/IGF-IR/Y3F cells expressing high levels of a kinase-defective IGF-IR 

mutant (IGF-IR/Y3F). The overexpression of the IGF-IR/Y3F mutant resulted in impaired 

IGF-I response, which was reflected by markedly reduced IGF-IR and IRS-1 tyrosine 

phosphorylation, decreased IRS-l/p85 binding, and diminished ERK1/ERK2 stimulation 

(Fig. 3). The basal expression of ZO-1 in MCF-7/IGF-IR/Y3F cells was significantly 

reduced compared to that in MCF-7/IGF-IR cells, indicating that tyrosine kinase activity 

of the IGF-IR is required for the upregulation of ZO-1 (Fig. 3). Interestingly, the inhibition 

of IGF-I response did not affect E-cad expression, suggesting a selective action of the 
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IGF-IR towards ZO-1 (Fig. 3). The blockade of the IGF-IR signal in MCF-7/IGF-IR/Y3F 

cells coincided with reduced cell-cell adhesion (Tab. 1). 

ZO-1 mRNA and protein expression is regulated by IGF-I. To establish whether the 

activation of the IGF-IR by IGF produces a similar effect on ZO-1 as that seen with IGF- 

IR overexpression, we studied ZO-1 mRNA and protein in MCF-7 and MCF-7/IGF-IR 

cells treated with 20 ng/ml IGF-I for l-72h (Fig. 4). In MCF-7 cells cultured in SFM, the 

basal levels of ZO-1 mRNA were low, and were markedly increased between 4 and 36h of 

IGF-I treatment (Fig. 4A). In contrast, the abundance of ZO-1 mRNA was always 

elevated in MCF-7/IGF-IR cells, and was only moderately improved by IGF-I (4-72 h) 

(Fig. 4A). ZO-1 protein levels in IGF-I-treated cells generally reflected the expression of 

ZO-1 mRNA (Fig. 4B). 

Interactions of ZO-1 with the E-cad complex in MCF-7/IGF-IR cells. It has been 

recently reported that ZO-1 is an element of the E-cad complex (12-14). This complex 

also contains the IGF-IR as described in our previous work (7, 8). Here, we analyzed 

tyrosine phosphorylation status of the IGF-IR, E-cad, and ZO-1, and the interactions 

among these proteins in MCF-7 and MCF-7/IGF-IR cells cultured as 3-D spheroids (Fig. 

5). The autophosphorylation of the IGF-IR was elevated in MCF-7/IGF-IR cells, 

reflecting the increased responsiveness of the cells to IGF-IR ligands (IGF-I, IGF-II, and 

insulin) present in serum. However, tyrosine phosphorylation of E-cad and ZO-1 were 

unaffected by IGF-IR overexpression (Fig. 5A). Similarly, high levels of the IGF-IR did 

not affect tyrosine phosphorylation of a-, ß-, or y-catenin (data not shown). Next, we 

asked whether hyperactivation of the IGF-IR and increased expression ZO-1 have 

consequences on the associations among the proteins within the E-cad complex. Co- 

10 



IGF-IR upregulates adhesion through ZO-1 

immunoprecipitation experiments demonstrated that IGF-IR overexpression resulted in an 

increased abundance of IGF-IR/E-cad and IGF-IR/ZO-1 complexes (Fig. 5A). Also, the 

elevated levels of ZO-1 in MCF-7/IGF-IR cells coincided with an increased association of 

ZO-1 with either E-cad or the IGF-IR (Fig. 5A). Moreover, the binding of a-catenin (an 

ZO-1-associated protein) to the IGF-IR or ZO-1, but not to E-cad, was greater in MCF- 

7/IGF-IR cells than in MCF-7 cells (Fig. 5A). The presence of a-catenin in IGF-IR 

immunoprecipitates was confirmed with cell lysates in which a-catenin was first removed 

with a specific antibody. As expected, immunoprecipitation of such depleted lysates with 

either anti-IGF-IR or anti-E-cad antibodies revealed reduced a-catenin/E-cad and a- 

catenin/IGF-IR associations (Fig. 5B). Further experiments with a-catenin 

immunoprecipitates indicated increased abundance of a-catenin/actin and a-catenin/ZO-1 

complexes in MCF-7/IGF-IR cells (Fig. 5C). A hypothetical model of possible interactions 

between adhesion proteins and the IGF-IR is shown in Fig. 6. 

Downregulation of ZO-1 results in decreased cell-cell adhesion in MCF-7/IGF-IR 

cells. Since the results suggested that ZO-1 may be an important intermediate in IGF-IR- 

stimulated cell-cell adhesion, we set out to confirm this notion using MCF-7/IGF-IR cells 

in which ZO-1 levels were downregulated by the expression of an anti-ZO-1 RNA (MCF- 

7/IGF-IR/anti-ZO-l cells) (Fig. 7). The clones with the best ZO-1 reduction and an intact 

E-cad and IGF-IR expression were analyzed in 3-D culture. The cell-cell adhesion of 

MCF-7/IGF-IR/anti-ZO-l cells was greatly inhibited compared with that in the parental 

MCF-7/IGF-IR cells (Fig. 7 and Tab. 1). The expression of the anti-ZO-1 plasmid in the 

parental MCF-7 cells was toxic and no viable clones were obtained. The transfection of 

the sense-ZO-1 vector had no effect on cell-cell adhesion (data not shown). 

11 
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DISCUSSION 

Cell-cell adhesion is a known factor modulating the motility of tumor cells, and 

consequently,  impacting tumor metastasis (26).  The regulation of this process by 

exogenous growth factors is still not well understood. In E-cad-positive breast cancer 

cells, the overexpression or activation of the IGF-IR has been shown to stimulate cell-cell 

adhesion and reduce cell spreading in vitro or in organ culture (7-10). The IGF-IR has also 

been found co-localized and co-precipitated with the E-cad adhesion complex (7, 8). The 

mechanism of IGF-IR-stimulated E-cad-dependent cell-cell adhesion is unknown and has 

been investigated in this work. We found that 1) IGF-IR overexpression increased 

aggregation in E-cad-positive cells, but not in E-cad-negative cells; 2) high expression of 

both IGF-IR and E-cad markedly improved cell aggregation in E-cad-negative cells; 3) 

IGF-IR-dependent cell-cell adhesion in E-cad-positive cells did not affect the expression of 

E-cad, a-, ß-, or y-catenins, but coincided with upregulation of ZO-1; 4) ZO-1 expression 

was induced by IGF-I and required IGF-IR tyrosine kinase activity; 5) high levels of ZO-1 

coincided with an increased IGF-IR/a-catenin/ZO-1 binding and improved ZO-1/actin 

association, while downregulation of ZO-1 by the expression of an anti-ZO-1 RNA 

inhibited IGF-IR-dependent cell-cell adhesion. We hypothesize that the mechanism, or one 

of the mechanisms, by which the activated IGF-IR stimulates cell-cell adhesion is 

overexpression of ZO-1 and resultant stronger connections between the E-cad complex 

and the actin cytoskeleton. 

Very little is known about the regulation of ZO-1 by growth factors. Several 

growth   factors   (EGF,   VEGF)   have   been   demonstrated   to   increase   tyrosine 

12 
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phosphorylation of ZO-1 in different cellular model systems (18, 19). 

Hyperphosphorylation of ZO-1 usually coincides with its departure from tight junctions 

into the cytoplasm and with increased permeability (18. 19). In addition, v-src-increased 

ZO-1 tyrosine phosphorylation has been linked with decreased cell-cell adhesion (27). 

IGF-I, on the other hand, has been shown to stabilize ZO-1 in tight junctions and to 

preserve epithelial barrier in embryonic kidney cells and in pig thyrocytes (28, 29). 

However, the effects of IGF-I on ZO-1 expression and function in breast cancer cells have 

never been explored. Our findings provide the first evidence that the activation of the 

IGF-IR upregulates ZO-1 mRNA and protein levels, without affecting ZO-1 tyrosine 

phosphorylation. Consistent with the results obtained in other models, we noted increased 

adhesion   in   cells   overexposing   ZO-1   and   reduced   aggregation   in   cells   with 

downregulatedZO-1 levels. 

IGF-IR tyrosine phosphorylation was required for the stimulation of ZO-1 

expression, as the basal levels of ZO-1 were not increased in MCF-7/IGF-IR/Y3F cells 

expressing a dominant-negative kinase-defective mutant of the IGF-IR. However, the 

putative IGF-I signaling pathways leading to ZO-1 expression have yet to be 

characterized. Our preliminary data with MCF-7/IRS-1 cells, in which the major IGF- 

IR/IRS-1/PI-3K growth/survival pathway is hyperactivated, suggested that this pathway is 

not involved in ZO-1 regulation (Surmacz et al., data not shown). 

The clinical implications of IGF-induced and ZO-1-mediated cell-cell adhesion on 

tumor development and progression are unknown. Until now, the data from our and other 

laboratories suggest that in E-cad-positive breast cancer cells, IGF-IR improves cell-cell 

adhesion and cell survival in 3-D culture, but at the same, reduces cell spreading (1). Thus, 

13 
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one consequence of IGF-IR overexpression in breast cancer could be increased growth 

and survival of the primary tumor, but reduced cell metastasis. This hypothesis is 

consistent with the observation that the IGF-IR is a good prognostic indicator for breast 

cancer, as tumors with good prognosis express much higher levels of the IGF-IR than 

tumors with bad prognosis (1, 30, 31). Notably, independent study has shown that in 

breast tumors, E-cad and ZO-1 are co-expressed and are markers of a more differentiated 

phenotype (17). A formal analysis of the correlations between ZO-1 and the IGF-IR is 

underway in our laboratory and should help in clarifying the role of the IGF-IR in breast 

cancer progression. 
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FIGURE LEGENDS 

Fig. 1. IGF-IR overexpression stimulates cell-cell adhesion in E-cad-positive but not 

in E-cad-negative breast cancer cells. A) E-cad-positive MCF-7 and MCF-7/IGF-IR 

cells and E-cad-negative MDA-MB-231 and MDA-MB-231/IGF-IR cells were cultured in 

normal growth medium as 3-D spheroids for 24 h. as described in Materials and Methods, 

and then photographed under phase contrast, a) MCF-7 cells expressing ~ 6x104 IGF- 

IR/cell/cell (7); b) MCF-7/IGF-IR, clone 12 expressing ~5xl05 IGF-IGF-IR/cell (7); c) 

MDA-MB-231 cells with ~7xl03 IGF-IGF-IR/cell (24). and d) MDA-MB-231 /IGF-IR, 

clone 31 with ~ 3x105 IGF-IR/cell (Bartucci et al., in revision). The bar in a) equals 50 

um. B) IGF-IR levels in cells pictured in Fig. 1 A, a-d were assessed by WB in 50 p.g of 

cell lysate, as described in Materials and Methods. C) MDA-MB-231 and MDA-MB- 

231/IGF-IR cells were transiently transfected with the E-cad expression plasmid (b and d) 

or a vector alone (a and c) and then cultured in suspension as 3-D spheroids. The bar in a) 

equals 100 um. D) E-cad levels in cells pictured in Fig. 1 C, a-d were determined by WB 

in 50 ug of cell lysate, as described in Materials and Methods. 

Fig. 2. Expression of adhesion proteins in MCF-7 and MCF-7/IGF-IR cells. The 

expression of adhesion proteins and the IGF-IR was studied in 50 p.g of protein lysates 
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obtained from cells cultured as 3-D spheroids in normal growth medium. MCF-7/IGF-IR 

cells are pooled MCF-7/IGF-IR clones 12, 15, and 17 (Materials and Methods). A) The 

levels of the IGF-IR, E-cad, a-, ß-, y-catenin. and ZO-1 detected by WB using specific 

Abs (Materials and Methods). B) The expression of ZO-1 in MCF-7 cells and in MCF- 

7/IGF-IR clones 12, 17, and 15, expressing - 5x10s, lxlO6, and 3xl06 IGF-IR/cell, 

respectively (7). 

Fig. 3. ZO-1 expression is inhibited in MCF-7/IGF-IR/Y3F cells. MCF-7/IGF-IR cells 

expressing the wild-type IGF-IR (WT) and MCF-7/IGF-IR/Y3F cells stably transfected 

with a dominant-negative kinase-defective IGF-IR mutant (Y3F) were synchronized in 

SFM for 36 h and then stimulated for 15 min with 20 ng/ml IGF-I, as described in 

Materials and Methods. The expression and tyrosine phosphorylation (PY) of the IGF-IR 

and IRS-1 in the cells were detected by IP and WB in 500 ug of protein lysates. The 

binding of p85 subunit of PI-3 kinase to IRS-1 (IRS-l/p85) was studied by WB in IRS-1 

IPs. The expression of active ERK1/ERK2 (p-ERKl/2), total ERK1/2, ZO-1 and E-cad 

was evaluated by WB in 50 p.g of total protein lysates. The specific Abs used are listed in 

Materials and Methods. Similar results were obtained with MCF-7 cells transiently 

transfected with the IGF-IR/Y3F expression vector. 

Fig. 4. ZO-1 mRNA and protein are regulated by IGF-I. A) MCF-7 cells and MCF- 

7/IGF-IR were synchronized in SFM (time 0) and then stimulated with 20 ng/ml IGF-I for 

different times (1-72 h). The expression of 7.8 kb ZO-1 mRNA in MCF-7 and MCF- 

7/IGF-IR cells was studied by Northern blotting in 20 jig of total RNA using a 32P-dCTP- 
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labeled ZO-1 probe (described in Materials and Methods). 28 and 18 S rRNA are shown 

as a control of RNA loading. B) The expression of ZO-1 protein in IGF-I- treated cells 

was detected by WB as described under Fig. 3. 

Fig. 5. Interactions of ZO-1 with the IGF-IR in the E-cad complex. A) The IGF-IR, 

E-cad, and ZO-1 were immunoprecipitated (IP) from 500 u£ of total protein lysates 

obtained from MCF-7 and MCF-7/IGF-IR cells cultured as 3-D spheroids in normal 

growth medium. The IPs were then probed by WB for phosphotyrosine (PY), the IGF-IR 

(-97 kDa) , ZO-1 (-220 kDa), E-cad (~ 120 kDa), and a-catenin (-102 kDa). B) To 

confirm a-catenin presence in IGF-IR immunoprecipitates, the lysates were first treated 

with anti-a-catenin Ab (Zymed) O/N to deplete a-catenin, and then immunoprecipitated 

with either anti-E-cad or anti-IGF-IR Abs. The E-cad and IGF-IR IPs were then probed 

with another anti-a-catenin Ab (Sigma). Note significantly reduced a-catenin associations 

with IGF-IR and E-cad compared with that seen in A). C) 500 ug of protein lysates were 

precipitated with anti-a-catenin Ab and probed by WB for a-catenin, actin, and ZO-1. 

The blots presented in A, B, and C were identically developed with film exposure time 10 

sec. 

Fig. 6. Possible interactions between ZO-1 and the IGF-IR within the E-cad 

complex. The well established connections between E-cad, catenins and actin are shown 

as solid lines. The proposed connections between the IGF-IR, a-catenin, ZO-1, and actin 
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are drown as broken lines. At present, it is not known whether the IGF-IR interacts with 

a-catenin directly, or other intermediate proteins are involved. 

Fig. 7. Reduced cell-cell adhesion in MCF-7/IGF-IR/anti-ZO-l cells. MCF-7/IGF- 

IR/anti-ZO-1 clones were obtained by stable trans feet ion of MCF-7/IGF-IR cells with an 

anti-ZO-1 RNA expression plasmid (Materials and Methods). The levels of ZO-1, IGF-IR, 

and E-cad in the parental MCF-7/IGF-IR cells (A) and in the clones (B and C) were 

.studied by WB in 50 ug of protein lysate. The aggregation of cells was studied in 3-D 

culture, as described in Materials and Methods. The bar in B) represents 50 um 
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TABLES 

TABLE  1. Effects of IGF-IR and ZO-1 expression on cell aggregation in E-cad-positive 

and -negative breast cancer cells. 

Cells Spheroids 

25 < 50//m 50<100/i/w >100//m 

MCF-7 21.0±1.9 96.0±6.7 2.7±0.9 

MCF-7/IGF-IR 1.7±0.7 22.3±1.4 86.5±3.9 

MCF-7/IGF-IR/anti-ZO-1 75.0±3.5 40.7±2.1 0.0±0.0 

MCF-7/Y3F 45.0±2.9 39.8±4.6 0.0±0.0 

MDA-MB-231 7.0±0.6 0.5±0.2 0.0±0.0 

MDA-MB-231/IGF-IR 12.5±0.8 0.5±().l 0.0±0.0 

MDA-MB-231/E-cad 39.8±3.6 15.2±1.1 0.0±0.0 

MDA-MB-231/vector 10.0±1.4 0.6±0.4 0.0±0.0 

MDA-MB-231/IGF-IR/E-cad 27.0±2.2 68.3±7.2 8.0±1.5 

MDA-MB-231/IGF-IR/vector 18.6±2.2 0.9±0.3 0.0±0.0 

The stable cell lines (MCF-7, MCF-7/IGF-IR, MCF-7/IGF-IR/anti-ZO-l, MCF-7/Y3F, 

MDA-MB-231, and MDA-MB-231/IGF-IR) and transiently transfected populations 

(MDA-MB-231 /E-cad, MDA-MB-231/vector, MDA-MB-231/IGF-IR/E-cad, and MDA- 

MB-23 1/IGF-IR/vector) were cultured as 3-D spheroids in normal growth medium. The 

number of spheroids of different sizes was established as described in Materials and 

Methods. The values represent a sum of spheroids in 10 optical fields under lOx 

magnification. The results are average ±SE from at least 3 experiments. Representative 

3-D cultures are shown in Fig. 1 and 7. 
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ABSTRACT 

The insulin-like growth factor I receptor (IGF-IR) is a ubiquitous and 
multifunctional tyrosine kinase that has been implicated in breast cancer 
development In estrogen receptor (ER)-positive breast tumors, the levels 
of the IGF-IR and its substrate, insulin-receptor substrate 1 (IRS-1), are 
often elevated, and these characteristics have been linked with increased 
radioresistance and cancer recurrence. In vitro, activation of the IGF-IR/ 
IRS-1 pathway in ER-positive cells improves growth and counteracts 
apoptosis induced by anticancer treatments. The function of the IGF-IR in 
hormone-independent breast cancer is not clear. ER-negative breast can- 
cer cells often express low levels of the IGF-IR and fail to respond to IGF-I 
with autogenesis. On the other hand, anti-IGF-IR strategies effectively 
reduced metastatic potential of different ER-negative cell lines, suggesting 
a role of this receptor in late stages of the disease. 

Here we examined IGF-IR signaling and function in ER-negative 
MDA-MB-231 breast cancer cells and their IGF-IR-overexpressing deriv- 
atives. We demonstrated that IGF-I acts as a chemoattractant for these 
cells. The extent of IGF-I-induced migration reflected IGF-IR levels and 
required the activation of phosphatidylinositol 3-kinase (PI-3K) and p38 
kinases. The same pathways promoted IGF-I-dependent motility in ER- 
positive MCF-7 cells. In contrast with the positive effects on cell migra- 
tion, IGF-I was unable to stimulate growth or improve survival in MDA- 
MB-231 cells, whereas it induced mitogenic and antiapoptotic effects in 
MCF-7 cells. Moreover, IGF-I partially restored growth in ER-positive 
cells treated with W-3K and ERK1/ERK2 inhibitors, whereas it had no 
protective effects in ER-negative cells. The impaired IGF-I growth re- 
sponse of ER-negative cells was not caused by a low IGF-IR expression, 
defective IGF-IR tyrosine phosphorylation, or improper tyrosine phos- 
phorylation of IRS-1. Also, the acute (15-min) IGF-I activation of PI-3 and 
Akt kinases was similar in ER-negative and ER-positive cells. However, a 
chronic (2-day) IGF-I exposure induced the PI-3K7Akt pathway only in 
MCF-7 cells. The reactivation of this pathway in ER-negative ceils by 
overexpression of constitutively active Akt mutants was not sufficient to 
significantly improve proliferation or survival (with or without IGF-I), 
which indicated that other pathways are also required to support these 
functions. 

Our results suggest that in breast cancer cells, IGF-IR can control 
nonmitogenic processes regardless of the ER status, whereas IGF-IR 
growth-related functions may depend on ER expression. 

INTRODUCTION 

The IGF-IR3 is a ubiquitous, transmembrane tyrosine kinase that 
has been implicated in different growth-related and growth-unrelated 
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proccsscs critical for the development and progression of malignant 

tumors, such as proliferation, survival, and anchorage-independent 
growth, as well as cell adhesion, migration, and invasion (1,2). 

The IGF-IR is necessary for normal breast biology, but recent 
clinical and experimental data strongly suggest that the same receptor 
is involved in the development of breast cancer (1, 3). The IGF-IR is 

overexpressed (up to 14-fold) in ER-positive breast cancer cells 

compared with its levels in normal epithelial cells (1, 4, 5). The 
elevated expression and hyperactivation of the IGF-IR has been linked 
with increased radioresistance and cancer recurrence at the primary 
site (4). Similarly, high levels of IRS-1, a major signaling molecule of 
the IGF-IR. correlated with tumor size and shorter disease-free sur- 

vival in ER-positive tumors (6, 7). 
IGF-IR ligands. IGF-I and IGF-II, are strong mitogens for many 

hormone-dependent breast cancer cell lines and have been found in 
the epithelial and/or stromal component of breast tumors (1). Impor- 
tantly, higher levels of circulating IGF-I predict increased breast 
cancer risk in premenopausal women (8). In vitro, activation of the 
IGF-IR. especially the IGF-IR/IRS-1/PI-3K pathway in ER-positive 
breast cancer cells, counteracts apoptosis induced by different anti- 
cancer treatments or low concentrations of hormones (1, 9-11). On 
the other hand, overexpression of either the IGF-IR or IRS-1 in 
ER-positive breast cancer cells improves responsiveness to IGF and, 
in consequence, results in estrogen-independent proliferation (1, 12, 
13). In agreement with these observations, blockade of IGF-IR activ- 
ity with various reagents targeting the IGF-IR or its signaling through 
IRS- 1/PI-3K reduced the growth of breast cancer cells in vitro and/or 

in vivo (1. 12. 14-17). 
The requirement for the IGF-IR/IRS-1 pathway for growth and 

survival appears to be a characteristic of ER-positive, more differen- 

tiated, breast cancer cells. By contrast, ER-negative tumors and cell 
lines, often exhibiting less differentiated, mesenchymal phenotypes, 
express low levels of the IGF-IR and often decreased levels of IRS-1 
(1, 17, 18). Notably, these cells do not respond to IGF-I with growth 
(1. 19-22). Despite the lack of IGF-I mitogenic response, the meta- 

static potential of ER-negative breast cancer cells can be effectively 
inhibited by different compounds targeting the IGF-IR. For instance, 
blockade of the IGF-IR in MDA-MB-231 cells by an anti-IGF-IR 
antibodv reduced migration in vitro and tumorigenesis in vivo, and 
expression of a soluble IGF-IR in MDA-MB-435 cells inhibited 
adhesion on the extracellular matrix and impaired metastasis in ani- 
mals (14. 16, 23). These observations suggested that in ER-negative 
cells, some (unctions of the IGF-IR must be critical for metastatic cell 
spread. Here we addressed the possibility that in ER-negative cells, 
the IGF-IR selectively promotes growth-unrelated processes, such as 
migration and invasion, but is not engaged in the transmission of 
growth and survival signals. Using ER-negative MDA-MB-231 breast 
cancer ceils, we studied IGF-I-dependent pathways involved in mi- 

gration and the defects in IGF mitogenic signal. For comparison, 
relevant IGF-I responses were analyzed in ER-positive MCF-7 cells. 

■ ,1 '-'M.i.ise. I:RK. extracellular signal-regulated kinase: GSK. glycogen synthase kinase: 
MI K   '.! \I'K ,..::.isc. I'RF-SFM. phenol red-free serum-free medium. 



IGF-IR IN ER-NEGATIVE BREAST CANCER 

Y4- 
AQ:B 

MATERIALS AND METHODS 

Plasmids. The pcDNA3-IGF-IR expression plasmid encoding the wild- 
type IGF-IR under the cytomegalovirus promoter was described before (13). 
The expression plasmids encoding constitutively active forms of Akt kinase, 
i.e., myristylated Akt and Akt with an activating point mutation (Akt/E40K), 
were obtained from Drs. P. Tsichlis and T. Chan (Kimmel Cancer Center) and 
were described before (24). The Akt plasmids contain the HA-tag, allowing for 
easy identification of Akt-transfected cells. The pCMS-EGFP expression vec- 
tor encoding GFP was purchased from Clontech. 

CeU Lines. MDA-MB-231 cells were obtained from American Type Cul- 
ture Collection. MDA-MB-231/IGF-IR clones were generated by stable trans- 
fection of MDA-MB-231 cells with the plasmid pcDNA3-IGF-IR using a 
standard calcium phosphate precipitate procedure (13). Transfectants resistant 
to 1 mg/ml G418 were screened for IGF-IR expression by fluorescence- 
assisted ceil sorting analysis using an anti-IGF-IR mouse mAb a-IR3 (10 
Hg/ml; Calbiochem) and a fluorescein-conjugated goat antimouse IgG2 (1 
jig/ml; Calbiochem). Cells stained with the secondary antibody alone were 
used as a control. Additionally, the parental MDA-MB-231 cells and MCF-7/ 
IGF-IR clones 12 and IS (13), all expressing known levels of the IGF-IR, were 
analyzed in parallel. IGF-IR expression in MDA-MB-213-derived clones was 
then confirmed by WB with specific antibodies (listed below). In growth and 
migration experiments, we used control MCF-7/pc2 and MDA-MB-231/5 M 
cell lines, which have been developed by transfection of MCF-7 and MDA- 
MB-231 cells with the pcDNA3 vector. MCF-7, MCF-7/pc2. and MCF-7/ 
IGF-IR cells were described in detail previously (13). 

Transient Transfection. Seventy % confluent cultures of MDA-MB-231 
and MCF-7 cells were transiently cotransfected with an Akt expression plas- 
mid and a plasmid pCMS encoding GFP (Akt:GFP ratio, 20:1) using Fugene 
6 (Roche). Transfection was carried out for 6 h in phenol red-free DMEM 
containing 0.5 mg/ml BSA, 1 /iM FeS04. and 2 DIM L-glutamine (referred to as 
PRF-SFM; Ref. 13); the optimal DNA:Fugene 6 ratio was 1 fig:3 /J. Upon 
transfection. the cells were shifted to fresh PRF-SFM, and the expression of 
total and active Akt kinase at 0 (media shift), 2, and 4 days was assessed by 
WB with specific antibodies (see below). In parallel, the efficiency of trans- 
fection was evaluated by scoring GFP-positive cells. In all experiments, at least 
40% of transfected cells expressed GFP, which indicated a high transfection 
efficiency. In addition, the expression of Akt plasmids was monitored by 
measuring the cellular levels of HA-tag and Akt proteins by WB. 

CeU Culture. MDA-MB-231 and MCF-7 cells were grown in DMEM:F12 
(1:1) containing 5% CS. MDA-MB-231- and MCF-7-derived clones overex- 
pressing the IGF-IR or expressing vector alone were maintained in DMEM: 
F12 plus 5% CS plus 200 jig/ml G418. In the experiments requiring 173- 
estradiol- and serum-free conditions, the cells were cultured in PRF-SFM (13). 

Growth Curves. To analyze the growth in serum-containing medium, the 
cells were plated in six-well plates in DMEM:F12 (1:1) containing 5% CS at 
a concentration of 1.5-2.0 X 105 cells/plate; the number of cells was then 
assessed by direct counting at 1, 2, and 4 days after plating. To study 
IGF-I-dependent proliferation, the cells were plated in six-well plates in the 
growth medium as above. The following day (day 0), the cells at -50% 
confluence were shifted to PRF-SFM containing 20 ng/ml IGF-I. CeU number 
was determined at days 1, 2, and 4. 

Apoptosis Assay. The cells grown on coverslips in normal growth medium 
were shifted to PRF-SFM at 70% confluence and then cultured in the presence 
or absence of 20 ng/ml IGF-I for 0, 12, 24, 48, and 96 h. Apoptosis in the 
cultures was determined with the In Situ Cell Death Detection kit. Fluorescent 
(Roche), foUowing the manufacturer's instructions. The cells containing DNA 
strand breaks were stained with fluorescein-dUTP and detected by fluores- 
cence microscopy. Cells that detached during the experiment were spun on 
glass slides using cytospin and processed as above. Apoptotic index (the 
percentage of apoptotic cells/total ceU number in a sample field) was deter- 
mined for adherent and floating ceU populations, and the indices were com- 

bined. 
Immunoprecipitation and Western Blotting. Seventy % cultures were 

shifted to PRF-SFM for 24 h and then stimulated with 20 ng/ml IGF-I for 15 
min 1 h, 1 day, or 2 days. Proteins were obtained by lysing the cells in a buffer 
composed of 50 mM HEPES (pH 7.5), 150 mM 1% Triton X-100, 1.5 mM 
MgCl,. I mst CaC!,. 5 mM EGTA. 10* glycerin. 0.2 mM Na,V04, 1% 
PhemlmethvKulfnnvl fluoride, and \ar uprotinin. The IGF-IR was immuno- 

precipitated from 500 MT of protein lysate with anti-IGF-IR mAb (Calbio- 
chem) and subseque-ly detected by WB with anti-IGF-IR pAb (Santa Cruz 
Biotechnology). IRS-I was precipitated from 500 pg of lysate with ann-IRS-l 
pAb (UBI) and daedal by WB using the same antibody. Tyrosine Phospho- 
rylation (PY) of imarmoprecipitated IRS-1 or IGF-IR was assessed by WB 
with anti-phosphotymsine mAb PY20 (Transduction Laboratories). Akt. 
ERK1/ERK2, and p3« MAPKs (active and total), and active GSK-3 were 
measured by WB in 30 jig of whole ceU lysates with appropriate antibodies 
from New England BMabs. The expression of HA-tag was probed by WB in 
50 fig of protein lysaJe with anti-HA mAb (Babco). The intensity of bands 
representing relevant proteins was measured by laser densitometry scanning. 

IRS-l-associatedR-3K Activity. PI-3K activity was determined in vitro. 
as described by us before (25). Briefly, 70% cultures were synchronized in 
PRF-SFM for 24 h art then stimulated with 20 ng of IGF-I for 15 min or 2 
days. Untreated cells were used as controls. IRS-1 was precipitated from 500 
jig of ceU lysates; BtS-1 IPs were then incubated in the presence of inositol 
and [3ZP]ATP for 30 min at room temperature. The products of the kinase 
reaction were analysed by TLC using TLC plates (Eastman Kodak). Radio- 
active spots represenlngPI-3j> were visualized by autoradiography, quantified 
by laser densuometiy CUEfRO Scan XL, Pharmacia), and then excised from 
the plates and counted! in a beta counter. 

Motility Assay. Oemotaxis and chemokinesis were tested in modified 
Boyden chambers caKaining porous (8-mm), polycarbonate membranes. The 
membranes were not coated with extraceUular matrix. Briefly, 2 X 10* cells 
(synchronized in PRFSFM for 24 h) were suspended in 200 »d of PRF-SFM 
and plated into upper weUs. Lower wells contained 500 /J of PRF-SFM. To 
study chemotaxis, IGF-I (20 ng/ml) was added to lower wells only; to assess 
chemokinesis, IGF4 was placed in either upper weUs only, or in both wells. 
After 24 h, the cells »the upper wells were removed, whereas the cells that 
migrated to the lowerweUs were fixed and stained in Coomassie Blue solution 
(0.25 g of Coomassie blue:45 ml water45 ml methanol:10 ml glacial acetic 
acid) for 5 min. After that, the chambers were washed three times with H20. 
The ceUs that migrate! to the lower wells were counted under the microscope 

(10, 26). 
Inhibitors of PIJKaud MAPK. LY294002 (Biomol Research Labs) was 

used to specificaUy inhibit PI-3K (27). U0126 (Calbiochem), a specific 
inhibitor of MEK1/2. was used to block ERK1 and ERK2 kinases (28). and 
SB203580 (Calbiocaem) was used to down-regulate p38 MAPK (29). To 
determine optimal «asentratioiis of the compounds, different doses (1-100 
fiM) of the nihtbiton; were tested in cells treated for 1, 8, 12, and 24 h in 
PRF-SFM. AdditioMÜy, the efficacy of all inhibitors in blocking the phos- 
phorylation of rele»aat downstream targets (Akt, ERK1/ERK2. and p38 ki- 
nases) was dftrrfi«"!' by WB. In this experiment, the cells were stimulated 
with IGF-I (20 ng/n«for 15 min. LY294002 and U0126 were supplemented 
simultaneously wimlGF-L whereas SB203580 was added 30 min before IGF-I 
treatment Ultimateh/, for both growth and migration experiments, LY294002 
was used at the coneaitration 50 /XM, U0126 at 5 UM, and SB203580 at 10 /AM. 

At these doses, the MBritors did not affect ceU proliferation and survival at 
24 h, with the exenaeon of LY294002, which inhibited (by 20%) the prolif- 
eration of MCF-7/1GF-IR clone 12 in PRF-SFM. A shorter treatment (12 h) 
with LY294002 hai no impact on the growth and survival of the ceUs 
(evaluated by ceU nwBferation and In Situ CeU Death Detection assays, as 
described above), lias, the effects of LY294002 on migration were assessed 
at 12 h, whereas theaetions of U0126 and SB203580 were assessed at 24 h of 

treatment. 

RESULTS 

MDA-MB-23MGF-IR Cells. To study growth-related and 
growth-unrelated effects of IGF-I in ER-negative cells breast cancer 
cells, we used the MDA-MB-231 cell line. These cells express low 
levels of the IGF-IRand do not respond to IGF-I with growth (19,22) 
Because it has been established that mitogenic response to IGF-I 

requires a threshold level of the IGF-IR (e.g., in NIH 3T3-like 
fibroblasts, -1.5 X If/ IGF-IRs; Refs. 30, 31), our first goal was to 
test whether inaeasing IGF-IR expression would tnduce IGF4- 

MB-231 clones overexpressing the IGF-lK l>iw 
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cells) were generated by stable transfection, and the receptor content 
•    was analyzed by binding assay, fluorescence-assisted cell sorting 

Fi analysis (data not shown), and WB (Fig. 1). We determined that 
MDA-MB-231 clones 2, 21, and 31 express approximately 3 X 10 , 
1.5 X 104, and 2.5 X 105 IGF-IRs/cell. respectively, whereas the 
parental MDA-MB-231 cells express approximately 7 X 10 IGF- 
IRs/cell (19). For comparison, ~6 X 104 IGF-IRs were found in 

ER-positive MCF-7 cells (Fig. 1; Ref. 13). 
IGF-IR Overexpression Does Not Enhance the Growth of 

MDA-MB-231/IGF-IR Cells in Serum-containing Medium. The 
analysis of growth profiles of different MDA-MB-231/IGF-IR clones 
indicated that overexpression of the IGF-IR never improved basal 
proliferation in normal growth medium, and in the case of clone 31, 
which expressed the highest IGF-IR content (-2.5 X 103 IGF-IRs/ 
cell), an evident growth retardation at days 2 and 4 (P < 0.05) was 

F2 observed (Fig. 2A). In contrast, similar overexpression of the IGF-IR 
in ER-positive MCF-7 cells significantly augmented proliferation 
(Fig. 2B). The growth of control clones MDA-MB-231/5 M and 
MCF-7/pc2 was comparable with that of the corresponding parental 

cell lines (Fig. 2). 
IGF-IR Overexpression Does Not Promote IGF-I-dependent 

Growth or Survival of MDA-MB-321 Cells. Subsequent studies 
established that increasing the levels of the IGF-IR from 7 X 103 up 

to 
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Hg. 1. MDA-MB-231/IGF-IR clones. MDA-MB-231/1GF-IR ceUs were generated by 
stable transfection with an IGF-IR expression vector, as described in "Materials and 
Methods." In several G418-resistant clones, the expression of the IGF-IR protein was 
tested in 50 (ig of total protein lysate by WB with anti-ß subunit IGF-IR pAb (Santa Cruz 
Biotechnology). For comparison, MCF-7 cells and MCF-7/IGF-IR clone 15 with known 
levels of IGF-IR (6 x 10* and 3 x 106. respectively; Ref. 13) are shown. Low levels of 
IGF-IR in MDA-MD-231 cells (-7 x 103 receptors/cell) are not well visible in this blot 
but were detectable in its phosphorylated form by IP and WB in 500 ng of protein lysates 
(see fig. 4A). The estimated expression of the IGF-IR in clones 2.21. and 31 is 1.5 X 10«, 
3 X 10*, and 2.5 x 10s receptors/cell, respectively. 

Fig. 2. Effect of IGF-IR overexpression on the growth of ER-negative and ER-positive 
cells in serum-containing medium. MDA-MB-231 cells. MDA-MB-231/IGF-IR clones 2, 
21, and 31 (A), and their ER-positive counterparts, MCF-7 cells and MCF-7/IGF-IR, 
clones ER 12 and 15 (fl), were plated in DMEM:F12 plus 5% CS. The cells were counted 
at 50% confluence (dav 0) and at subsequent days 1. 2, and 4. Control clones MDA-MB- 
231/5 M and MCF-7/p'c2 expressing the pcDNA3 vector alone were used as controls (A 
and B). The results are averages from three cspenmentv SUM. SD. 

Fig 3 IGF-I-dependent growth and survival of ER-negative and ER-positive breast 
mcer cells. ER-negative (A) and ER-positive (B) cells were synchronized in PRF-SFM 
3d treated with IGF-I, as described in "Materials and Methods." The cells were counted 
: days 0,1,2, and 4 of treatment The results are averages from at least three experiments. 
an, SD. 

Table 1 Effects oflCF-I on apoptosis in ER-negative and ER-posuive cells 
Apoptosis was studied in MDA-MB-231 cells, MDA-MB-231/IGF-IR clone 31. 

ICF-7 cells, and MCF-7/IGF-IR clone 11 The cells were cultured for 48 h in PRF-SFM. 
«1 the apoptotic index (% apoptotic cells/total cell number in the field) was determined 
T terminal deoxynucleotidyl transferase-mediated nick end labeling, as described in 
Materials and Methods." The results are averages from at least three experiments: SDs 

Apoptosis (%) 

Cell line SFM SFM + IGF-I 

MDA-MB-231 
MDA-MB-23WGF-IR 
MCF-7 
MCF-7/IGF-IR 

41.4 + 3.0 
50.1+4.1 
14.5 + 0.2 
10.1 ± 13 

46.0 * 1.9 
53.3 + 4.2 
4.2 + 0.1 
2.8 + 0.1 

j 2.5 X 10s was not sufficient to induce IGF-I-dependent growth 
.•sponse in MDA-MB-231 cells. In fact, similar to the parental and 
1DA-MB-231/5 M cells, all MDA-MB-231/IGF-IR clones were pro- 
ressively dying in PRF-SFM with or without 20 ng/ml IGF-I (Fig. 
A). In all ER-negative cell lines, the rate of cell death was signifi- F3 
antly increased at days 2 and 4 of the experiment. Notably, at these 
iter time points, MDA-MB-231/IGF-IR clone 31 was dying faster in 
lc presence of IGF-I than in PRF-SFM and more rapidly than the 
arental cells (Fig. 3A and data not shown). Conversely, in ER- 
ositive cells, the stimulation of the IGF-IR always induced prolifer- 
rion. In addition, at later time points, especially at day 4, the growth 
ae in IGF-I was significantly (P < 0.05) increased in MCF-7/IGF-IR AQ: D / 
ells relative to that in MCF-7 or MCF-7/pc2 cells (Fig. 3B). 

The analysis of the antiapoptotic effects of IGF-I in the above cell 
nes cultured for 48 h under PRF-SFM indicated that IGF-I reduced 
aoptosis, by -3-fold, in ER-positive cells, but it was totally ineffec- 
ve in MDA-MB-231 and MDA-MB-231/IGF-IR cells (Table 1). 

IGF-IR Signaling in MDA-MB-231 and MDA-MB-231/IGF-IR 
^lls. Next, we investigated molecular basis underlying the lack of 
3F-I growth response in ER-negative cells. IGF-I signaling was 
-udied in MDA-MB-231 cells, MDA-MB-231, clone 31, and in 
arallel, in ER-positive MCF-7 and MCF-7/IGF-IR cells. The exper- 
nents focused on IGF-IR tyrosine kinase activity and several pos- 
rceptor signaling pathways that are known to control the growth and 
irvival of ER-positive breast cancer cells (and many other cell 
,-^es), i.e., the IRS-1/PI-3K, Akt, and ERK1/ERK2 pathways (1, 17, 
-" 32-34). We also analyzed other IGF-I effectors that have been 

Tl 
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shown to contribute to nonmitogenic responses in ER-positive breast 
„    cancer cells, such as p38 kinase and SHC (10. 26, 35). 

Because both acute and chronic effects of growth factors are 
important for biological response (36), we studied IGF-IR signaling at 
different times after stimulation: 15 min, 1 h, 2 days, and 4 days. In 
both ER-positive and ER-negative cell types. IGF-I signaling seen at 
15 min was identical to that at 1 h, whereas IGF-I response at 2 days 

F4 was similar to that at 4 days. Thus, Fig. 4 demonstrates the represent- 
ative results obtained with cells stimulated for 15 min and 2 days. 

In MDA-MB-231 and MDA-MB-231/IGF-IR cells, IGF-IR and its 
major substrate, IRS-1, were tyrosine phosphorylated at both time 
points in a manner roughly reflecting the receptor levels. The activa- 
tion of both molecules was stronger just after stimulation and weaker 
at 2 days of the treatment (Fig. 4A). Analogous IGF-I effects were 
seen in MCF-7 cells and their IGF-IR-overexpressing derivatives (Fig. 
AB). A basal level of IGF-IR and IRS-1 tyrosine phosphorylation was 
observed in cells expressing high receptor levels. This effect most 
likely can be attributed to the autocrine stimulation of the IGF-IR by 

IGF-I-like factors (12). 
One of the major growth/survival pathways initiated at IRS-1 is the 

PI-3K pathway (32, 37). The repeated measurements of IRS-1-asso- 
ciated PI-3K activity in vitro demonstrated that at 15 min after IGF-I 
addition, PI-3K activity was similar in both cell types, but at 2 days, 
in MDA-MB-231 and MDA-MB-231/1GF-IR cells, IGF-I did not 
stimulate PI-3K through IRS-1, or induced it very weakly, whereas in 
MCF-7 and MCF-7/IGF-IR cells, a significant level of PI-3K activa- 

F5 tion was observed (Fig. 5). 
The in vitro activity of PI-3K was reflected by the stimulation of its 

downstream effector, Akt kinase. At 15 min, Akt was up-regulated in 
response to IGF-I an all cell lines, but at 2 days, no effects of IGF-I 
were seen in MDA-MB-231 and MDA-MB-231/IGF-IR cells, 
whereas up-regulation of Akt was still evident in MCF-7 and MCF- 
7/IGF-IR cells (Fig. 4, C and D). Akt is known to phosphorylate (on 
Ser-9) and down-regulate GSK-3Ö (23,32,34). We found that in both 
cell types, the phosphorylation of GSK-3ß reflected the dynamics of 
Akt activity, with no induction of phosphorylation observed at 2 days 
in ER-negative cells (Fig. 4C) and IGF-I-stimulated phosphorylation 

in MCF-7 and MCF-7/IGF-IR cells (by 40 and 120%, respectively; 

Fig. 4D). 
Another IGF-IR growth/survival pathway involves ERK1 and 

ERK2 kinases (1,36,38). This pathway was strongly up-regulated at 
15 min and weakly induced at 2 days in MCF-7 and MCF-7/IGF-IR 
cells. In MDA-MB-231 and MDA-MB-231/IGF-IR cells, the basal 
activation of ERK1/2 kinases was always high, and the addition of 
IGF-I only minimally (10-20%) induced the enzymes at 15 min with 
no effects seen at 2 days (Fig. 4, E and F). 

p38, a stress-induced MAPK and a known mediator of nongrowth 
responses in breast cancer cells (35), was strongly stimulated by IGF-I 
in ER-negative cells at 15 min (Fig. 4£). By contrast, in ER-positive 
cells, the enzyme was much stronger when induced at 2 days than at 
15 min (Fig. AF). The stimulation of SHC, a substrate of the IGF-IR 
involved in migration and growth in ER-positive cells (10, 26), was 
weak in all cell types, and no differences in the activation patterns 

were observed (data not shown). 
Reactivation of Akt Kinase in MDA-MB-231 Cells. Previous 

results indicated that MDA-MB-231 and MDA-MB-231/IGF-IR cells 
are unable to sustain IGF-I-dependent activation of the PI-3K/Akt 
survival pathway when cultured in the absence of serum for 2-4 days. 
Consequently, we tested whether cell death under PRF-SFM condi- 
tions can be reversed by a forced overexpression of the Akt kinase. 
Two different expression plasmids encoding constitutively active 
forms of Akt, Myr-Akt, and Akt/E40K (24) were transiently trans- 
focted into MDA-MB-231 cells. The efficiency of transfection was at 
least 40% (by scoring GFP-positive cells); correspondingly, the trans- 
fected cells expressed elevated (by -40%) levels of the Akt protein 
and exhibited enhanced Akt phosphorylation (Fig. 6A). The improved F6 
biological activity of Akt in the transfected cells was indicated by 
down-regulation of the prolonged ERK1/2 stimulation (39,40), which 
was noticeable at day 2 (data not shown) and most pronounced at day 
4 (-50 and 40% for Myr-Akt and Akt/E40K, respectively; Fig. 6B) 
The expression of constitutively active Akt mutants was reflected by 
a tendency of MDA-MB-231 cells to survive better at 2 days after 
transfection (at the time of the greatest Akt activity), but the differ- 
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i IGF-l treatment in ER-positive cells, as described before (47). 
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Fig. 5. IGF-I-induced PI-3K activity in ER-negative and ER-positive cells. MDA-MB- 
231 cells. MDA-MB-231/IGF-IR clone 31. MCF-7 cells, and MCF-7/IGF-IR clone 12 
were synchronized in PRF-SFM and treated with IGF-I for 15 min or 2 days. IRS-1-bound 
PI-3K activity was measured in vitro in IRS-1 IPs as described in "Materials and 
Methods." The experiments were repeated three rimes for ER-positive cells and five times 
for ER-negative cells. Bars, SD. *. statistically significant differences between untreated 
and IGF-I-treated cells. 

ences did not reach statistical significance (P > 0.05; Fig. 6C and data 
not shown). 

Inhibition of IGF-IR Signaling Pathways. To complement the 
above studies, we examined the importance of the PI-3K, ERK1/ 
ERK2, and p38 kinase pathways in IGF-I-dependent growth and 
survival of ER-positive and ER-negative breast cancer cells using 
specific inhibitors (27-29). The efficacy of PI-3K and ERK1/ERK2 
inhibitors was first tested by establishing their effects on the activity 

T2 of target proteins (Fig. 7). Table 2 demonstrates the impact of the 
compounds on cell growth/survival at 2 days of treatment. The inhi- 
bition of PI-3K with LY294002 reduced the growth of MCF-7 and 
MCF-7/IGF-IR cells, but it did not influence or had only minimal 
effects on MDA-MB-231 and MDA-MB-231/IGF-IR cells. Further- 
more, the action of LY294002 was counteracted by IGF-I in ER- 
positive, but not in ER-negative, cells. The inhibition of MEK1/2 and 
ERK1/ERK2 with U0126 reduced the growth and/or survival in both 
cell types, but only in MCF-7 and MCF-7/IGF-IR cells was IGF-I able 
to oppose this effect. Down-regulation of p38 kinase with SB203580 
reduced the survival of MDA-MB-231 and MDA-MB-231/IGF-IR 
cells and to a lesser extent the growth and survival of MCF-7 and 
MCF-7/IGF-IR cells. IGF-I did not reverse the antimitogenic action of 
the p38 kinase inhibitor in either of the cell lines studied (Table 2). 
Cumulatively, these results suggested that in ER-positive cells, IGF-I 
transmits mitogenic signals through PI-3K and ERK1/ERK2 path- 
ways. By contrast, IGF-I does not induce growth or survival signal 
through these pathways in ER-negative cells. 

IGF-I Stimulates Migration of MDA-MB-231 Cells. We inves- 
tigated the nonmitogenic effects of IGF-I in ER-negative and 
ER-positive breast cancer cells. Unlike with the growth and sur- 

vival responses, we found that the IGF-IR transmitted nonmito- 
genic signals in MDA-MB-231 and MDA-MB-231/IGF-IR cells. 
Specifically, in the cheraotaxis experiments, IGF-I placed in lower 
wells stimulated migration of ER-negative cells in a manner re- 
flecting IGF-IR content. Similarly, the same IGF-I doses induced 
migration in ER-positive cells (Table 3). The addition of IGF-I to T3 
the upper well or both upper and lower wells always suppressed 
chemotaxis of all cell lines (Table 3). 

IGF-I Pathways Regulating Migration of MDA-MB-231 Cells. 
Using the inhibitors of PI-3K, ERK1/ERK2, and p38 kinases, we 
determined which pathways of the IGF-K are involved in migration 
of ER-negative and ER-positive cells. The treatment was carried out 
for 24 h (U0126 and SB203580) or 12 h (LY294002) and did not 
affect cell growth and/or survival with or without IGF-I (see "Mate- 
rials and Methods"). As demonstrated in Table 4, down-regulation of T4 
PI-3K with LY294002 inhibited basal migration of both cell types, 
with a more pronounced effect in ER-negative cells. Similarly, block- 
ade of p38 kinase inhibited motility of all cell lines studied. The AQ: E 

inhibition of MEK1/2 and ERK1/2 with U0126 never suppressed the 

f f 11 i ! 
1   «    v   3    !       tf    I 
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MDA + Akt/E40K 
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Fig. 6. Effect of increased Akt activity on the survival of MDA-MB-231 cells. 
MDA-MB-231 cells were transiently transfected with expression plasmids encoding two 
different constitutively active Akt kinase mutants (Myr-Akt and Akt/E40K; Ref. 24). The 
Akt vectors contained HA-tag for easy detection. The cells treated with the transfecnon 
mixture lacking plasmid DNA (Mock) served as control. The expression of the plasmids, 
as well as the activity and the levels of Akt kinase in the transfected cells, was monitored 
at 2 and 4 days after transfecnon. Fifty /ig of total protein lysates were sequentially probed 
by WB with anti-HA, anti-active Akt and then anti-total Akt-specific antibodies (de- 
scribed in "Materials and Methods"). Representative results of four repeats are shown (A). 
To assess biological activity of Akt, the levels of total and active ERK1/2 in cells 
transfected with the Myr-Akt expression vector were probed in 50 jxg of total cell lysate 
using specific antibodies; the inhibition of ERK1/2 at 4 days after transfecnon is shown 
(B). C, in parallel, the number of cells was determined at days 0 (posttransfection medium 
change), 1, 2, and 4 after transfecnon. The results are averages from four experiments. 
Bars, SD. 
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Fig 7 PI-3K and MAPK inhibitors. Synchronized cultures of MDA-MB-231 and 
MCF-7 cells were treated with LY294O02. U0126. or SB203580 in the presence or 
absence of IGF-I, as described in "Materials and Methods." The activines of Akt. 
ERK1/ERK2, and p38 kinases were determined by WB in 50 ng of protein lysates using 
specific antibodies. Representative results are shown. 

migration of ER-positive and ER-negative cells; in fact, the compound 
stimulated cell motility. The addition of IGF-I as a chemoattractant 
significantly counteracted the effects of ail three inhibitors; however. 
no clear association between the cellular levels of the IGF-IR and this 
competing action of IGF-I was noted (Table 4). These results sug- 
gested that IGF-I-dependent motility in both types of cells requires the 
PI-3K and p38 pathways but does not rely on the activity of ERK1/ 

ERK2. 

DISCUSSION 

The experimental and clinical evidence supports the notion that 
hyperactivation of the IGF-IR may be critical in early steps of breast 
cancer development, promoting cell growth, survival, and resistance 
to therapeutic treatments. However, the function of the IGF-IR in the 
later stages of the disease, including metastasis, is still obscure (1). 
For instance, whereas the IGF-IR has been found overexpressed in 
primary breast tumors, its levels, similar to ER levels, appear to 
undergo reduction during the course of the disease (1, 18). According 
to Pezzino et al. (41), who studied the IGF-IR status in two patient 
subgroups representing either a low risk (ER- and progesterone re- 
ceptor-positive, low mitotic index, diploid) or a high risk (ER- and 
progesterone receptor-negative, high mitotic index, aneuploid) popu- 
lation, there is a highly significant correlation between IGF-IR ex- 
pression and better prognosis. Similar conclusions were reached by 
Peyrat and Bonneterre (42) and recently by Schnarr et al. (18). 
Therefore, it has been proposed that similar to the ER, the IGF-IR 
marks more differentiated tumors with better clinical outcome. How- 
ever, it has also been argued that the IGF-IR may play a role in early 
steps of tumor spread because node-positive/IGF-IR-positive tumors 
appeared to have a worse prognosis than node-negative/IGF-IR- 

poMtiw tumors (1, 42). In addition, quite rare cases of ER-negative 
but lGF-!R-positive tumors are associated with shorter disease-free 

survival (43). 
In breast cancer cell lines, a hormone-dependent and less aggressive 

phenotype correlates with a good IGF-IR expression (1, 19, 42). By 
contras'i. different ER-negative, breast cancer cell lines express low 
levels of the IGF-IR and generally do not respond to IGF-I with 
erowth i!. 18-22). However, many ER-negative cell lines appear to 
depend on the IGF-IR for tumorigenesis and metastasis. For instance. 
blockade of the IGF-IR in MDA-MB-231 cells by anti-IGF-IR anti- 
bodv reduced migration in vitro and tumorigenesis in vivo, and ex- 
pression of a soluble IGF-IR in MDA-MB-435 cells impaired growth. 
tumorigenesis. and metastasis in animal models (1,14, 16,23). These 
observations suggest that some growth-unrelated pathways of the 
IGF-IR may be operative in the context of ER-negative cells. 

Here we studied whether this particular IGF-I dependence of ER- 
negative breast cancer cells relates to the nonmitogenic function of the 
IGF-IR.'such as cell migration. Our experiments indicated that the 
IGF-IR is an effective mediator of cell motility. Furthermore, IGF-I- 
induccd micration was proportional to IGF-IR content. We demon- 
strated, for "the first time, that in MDA-MB-231 ER-negative cells. 
IGF-IR signaling pathways responsible for cell movement include 
PI-3K ^nd"p38 kinases. Indeed, an acute IGF-I stimulation of MDA- 
MB-231 and MDA-MB-231/IGF-IR cells appears to induce both 
P1-3K and p38 kinases, suggesting that this short-time activation may 
be involved in migration. Both of these pathways have been shown 
previously to regulate cell motility in breast cancer cells and other cell 
types (35. 44). Interestingly, the migration of both ER-negative and 
ER-positive cells was enhanced by a specific MEK1/MEK2 inhibitor 
U0126. We observed this effect over a broad range of UOI26 doses 
(1-10 MM i and in several MDA-MB-231- and MCF-7-derived clones: 
the same doses always suppressed cell proliferation in serum-contain- 
ing medium and PRF-SFM (data not shown and Table 2). These 

Table J IGF I-induced migration in ER-negative and ER-positive breast ameer cells 

The IGF-l-induced migration of MDA-MB-231 and MCF-7 cells, Heir IGF-IR- 
overe^prcwine derivatives, as well as control clones MDA-MB-231/5M andMCF-7/pc2. 
was determined alter 24 hr. as described in "Materials and Methods." At this rime point. 
IGF-1 did noi produce statistically significant differences in the growth and »vival of the 
cells studied ilie 3V Migration (%) represents the difference (in *) between basal 
narration in PRF-SFM and migration in the presence of IGF-L The chemoaais results are 
averaces i rSEi from at least nine experiments. The chemokinesis results are averages 
(±SE) from three experiments. 

Migration (%)" 

Cell line Lower well Upper well Both wells 

MDA-MB-:31 +24 ± 3.9 +2 ± 0.1 +7 ± 0.4 

MD\-MB :M/lGF-iR +79 ±4.1 + 10 ±0.1 +12 ±0.5 

MDA-MH-231/5M +20 ± 2.0 + 1 ±0.0 +5 ± 0.1 

Mcr-" +23 ± 4.7 -1 ±0.0 -2 ±0.0 

MCT-~/IGF-IR +47 ± 5.6 -10 ±0.5 -8 ±0.2 

Mcr"'pc: + 17 ±3.1 0±0.0 -!±0.0 

' IGF-I. 

Table 2 Effects of PI-3K and MAPK inhibitors on growth and survival cf ER negative and ER-positive breast cancer cells 
MDA-MB-231 cells. MDA-MB-231 /IGF-IR clone 31. MCF-7 cells, and MCF-7/IGF-IR clone i: -«re-cultured in PRF-SFM with or without IGF-I in the presence or absence of 

the inhibitors for 48 h, as described in "Materials and Methods." The difference (in percentages» between .he number of live cells under treatment and the number of cells cultured 
without inhibitors) was defined as inhibition (%). The results are averaces trom three experiments; SDs are given. 

t .hibition {%) 

LY294O02 (PI-3K) L'0126 (MEK) SB203580 (p38) 

Cell line SFM +IGF SFM +IGF SFM +1GF 

MDA-MB-231 
MDA-MB-231/IGF-1R 
MCF-7 
MCF-7/IGF-IR 

9.4 ± 1.0 
11.1 ± 1.2 
68.8 ± 3.3 
73.2 ± 6.7 

7.8 ± 0.8 
12.3 ± 0.9 
35.0 ±1.2 
34.6 ± 2.7 

35.0 - :.D 

15.3 ±0." 
42.6 = 3.S 
49.4 ± 3 0 

39.0 ± 2.7 
22.9 ± 1.3 
26.3 ± 2.5 
20.2 ± 1.5 

47.8 ± 2.2 
29.5 ± 2.0 
11.7 ± 1.2 
24.7 ± 0.2 

42.5 ±4.4 
35.6 ±3.6 
10.0 ± 0.4 
25.9 ± 0.9 
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Table 4 Effecis of PI-3K and MAPK inhibitors cm migration ■' I-.R-neamive and ER-positive breast cancer cells 

The migration of MDA-MB-231 ceils. MDA-MB-231/1GF-IR clone 31. MCP-7 ceils, and MCI"-".'IGF-IR clone 12 was tested in modified Boyden chambers as described in 
"Materials and Methods." The inhibitors were added to the upper wells at the time of ceil plating, and their eifect on basal (SFM) or IGF-I-induced (+IGF) migration was assessed 
after 24 h (for U0126 and SB203580) or 12 h (for LY94002). At these time points, the compounds did not affect cell growth and survival. The values represent the percentage of change 
relative to the migration at basal conditions in PRF-SFM (SFM) without inhibitors or chemoattractanis. The experiments were repeated at least three times: the average results (±SD) 
are given.  

Ounce <1) 

LY294O02 (PI-3K) 10126 (MEK) SB203580 (p38) 

Cell line SFM + IGF Sl^M + IGF SFM +IGF 

MDA-MB-231 -45.1 = 1.1 -18.9 ±0.9 '53 4 r .' 5 -36.4 ± 2.2 -30.2 ± 2.9 -8.5 ± 0.7 
MDA-MB-231/IGF-IR -38.3 * 3.5 -12.2*0.4 -29.0 - 2.0 -12.6 ±0.7 -40.1 ±0.4 -15 ± 0.0 
MCF-7 -24.7 r 1.2 -9.6 * 0.9 -94 9 * 3.9 +56.4 i 1.7 -18.9 ±1.1 -5.6 ± 0.2 
MCF-7/IGF-IR -20.4 ± 1.0 -8.0 * 0.7 -65.6 ' 5 4 -23.8 i 1.9 -24.8 ± 0.8 -1.7 ±0.1 

peculiar effects suggest that MEK1/2 may represent a regulatory point 
balancing mitogenic and nonmitogenic cell responses. 

In contrast with the positive effects of 1GF-I on cell motility in 
ER-negative and ER-positive breast cancer cells, this growth factor 
never stimulated the proliferation of MDA-MB-231 cells, whereas it 
induced the growth of MCF-7 cells and MCF-7-derived clones over- 
expressing the IGF-IR. It is has been established by Rubini etal. (30) 
and Reiss et al. (31) that mitogenic response to IGF-I requires a 
threshold level of IGF-IR expression (in fibroblasts, ~1.5 X 104). 
Here, we demonstrated that increasing the levels of the IGF-IR from 
~7 X 103 up to ~2.5 x 105 and subsequent up-reguiation of IGF-IR 
tyrosine phosphorylation was not sufficient to induce IGF-I-depend- 
ent growth of MDA-MB-213 cells. Similar results were obtained by 
Jackson and Yee (21), who showed that overexpression of IRS-1 in 
ER-negative MDA-MB-435A and MDA-MB-468 breast cancer cells 
did not stimulate IGF-I-dependent mitogenicity. These authors sug- 
gested that the lack of IGF-I response, even in IRS-1-overexpressing 
ER-negative cells, was related to insufficient stimulation of ERK1/ 
ERK2 and PI-3K pathways (21). Defective insulin response in ER- 
negative cell lines has also been described by Costantino et al. (45) 
and linked with an increased tyrosine phosphatase activity. 

Our experiments suggested that the lack of IGF-I mitogenicity in 
MDA-MB-231 and MDA-MB-231/IGF-IR cells was not related to the 
impaired IGF-IR or IRS-1 tyrosine phosphorylation. The cells were 
also able to respond to an acute IGF-I stimulation with a marked 
activation of the PI-3K/Akt and ERK-1/ERK2 pathways. We hypoth- 
esize that this transient stimulation could be sufficient to induce some 
IGF-I response, such as cell motility. Mitogenic response, on the other 
hand, may rely on a more sustained activation of critical IGF-IR 
signals, as demonstrated before with mouse embryo fibroblasts (36). 
Indeed, the most significant difference in IGF-I signal between ER- 
negative and ER-positive cells rested in the impaired long-term stim- 
ulation of the PI-3K/Akt pathway; MDA-MB-231 and MDA-MB- 
231/IGF-IR cells were unable to sustain this IGF-I-induced signal for 
1 or 2 days, whereas in MCF-7 and MCF-7/IGF-IR cells, the PI-3K/ 
Akt pathway was still active at this time. The subsequent experiments 
with MDA-MB-231 cells transfected with constitutively active Akt 
mutants demonstrated that the increased biological activity of Akt was 
not sufficient to completely reverse cell death in PRF-SFM (Fig. 6C 
and data not shown). This suggested that although a sustained Akt 
activity could be important in the survival of breast cancer cells, other 
pathways, or a proper equilibrium between Akt and other pathways 
(such as ERK1/2), are also critical. The latter possibility could be 
supported by our finding that hyperactivation of Akt down-regulates 
the ERK1/2 pathway. Normally, this pathway appears to play a role in 
the survival of ER-negative cells (Table 2). 

In summary, our data suggest that IGF-IR signaling and function 
may be different in hormone-dependent and -independent breast can- 
cer cells. In ER-positive MCF-7 cells, IGF-IR transmits various 

signals, such as growth, survival, migration, and adhesion. In ER- 
negativc MDA-MB-231 cells, the growth-related functions of the 
IGF-IR become attenuated, but the receptor is still able to control 
nonmitogenic processes, such as migration. It is likely that this kind of 
evolution is also involved with the response to other growth factors. 
Epidermal growth factor, for instance, is an effective mitogen for 
ER-positive breast cancer cells but does not stimulate the proliferation 
or survival in MDA-MB-231 cells, despite high EGF-R expression 
(46). However, as demonstrated recently by Price et al (46), EGF is 
a potent c hemoattractant for MDA-MB-231 cells. EGF-induced mi- 
gration in MDA-MB-231 cells requires PI-3K and phospholipase Cy 
and is not inhibited by antagonists of ERK1/ERK2. 

In conclusion, mitogenic and nonmitogenic pathways induced by 
growth factors in breast cancer cells may be dissociated, and attenu- 
ation of one is not necessarily linked with the cessation of the other. 
Delineating the nonmitogenic responses will be critical for the devel- 
opment of drugs specifically targeting metastatic cells. 
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The oncogenic SHC proteins are signaling, sub- 
strates for most receptor and cytoplasmic tyrosine ki- 
nases (TKs) and have been implicated in cellular 
growth, transformation, and differentiation. In tumor 
cells overexpressing TKs, the levels of tyrosine phos- 
phorylated SHC are chronically elevated. The signifi- 
cance of amplified SHC signaling in breast tumorigen- 
esis and metastasis remains unknown. Here we 
demonstrate that seven- to ninefold overexpression of 
SHC significantly altered interactions of cells with fi- 
bronectin (FN). Specifically, in human breast cancer 
cells overexpressing SHC (MCF-7/SHC) the association 
of SHC with «5/31 integrin (FN receptor) was in- 
creased, spreading on FN was accelerated, and basal 
growth on FN was reduced. These effects coincided 
with an early decline of adhesion-dependent MAP ki- 
nase activity. Basal motility of MCF-7/SHC cells on FN 
was inhibited relative to that in several cell lines with 
normal SHC levels. However, when EGF or IGF-I was 
used as the chemoattractant, the locomotion of MCF- 
7/SHC cells was greatly (approx fivefold) stimulated, 
while it was only minimally altered in the control 
cells. These data suggest that SHC is a mediator of the 
dynamic regulation of cell adhesion and motility on 
FN in breast Cancer Cells.     © 1999 Academic Press 

Key Words: SHC; a5ßl integrin; fibronectin; motility; 
breast cancer. 

INTRODUCTION 

The ubiquitous SH2 homology/collagen homology 
(SHC) proteins (p46, p52, and p66) are overlapping 
SH2-PTB adapter proteins that are targets and down- 
stream effectors of most transmembrane and cytoplas- 
mic tyrosine kinases (TKs) [1, 2]. Consequently, over- 
expression of p52SHC and p46SHC (referred to as SHC 
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hereinafter) amplifies various cellular responses; for 
instance, it induces mitogenic effects of growth factors 
in NIH 3T3 mouse fibroblasts and myeloid cells [1, 3], 
stimulates differentiation in PC12 rat pheochromocy- 
toma [41, and augments hepatocyte growth factor 
(HGF)-induced proliferation and migration in A549 hu- 
man lung adenocarcinoma [5]. Overexpressed SHC is 
oncogenic in NIH 3T3 mouse fibroblasts, but amplifi- 
cation of p66M,c isoform does not induce transforma- 
tion [1,6.7] and may even inhibit growth pathways [8]. 
Importantly, increased tyrosine phosphorylation of 
SHC, which has been noticed in different tumor cell 
lines, is a marker of receptor or cytoplasmic TKs over- 
expression [2]. In breast cancer, for instance, SHC is 
hyperphosphorylated in cells overexpressing ERB-2 
and c-Src [9, 10]. Whether such amplification of SHC 
signaling contributes to the development of a more 
aggressive phenotype of breast tumor cells remains 
unknown. 

The effector pathways downstream of SHC are par- 
tially known. Upon tyrosine phosphorylation by TKs, 
SHC associates with the GRB2/SOS complex and sub- 
sequently stimulates the canonical Ras-MAPK (p42 
and p44 mitogen-activated protein kinases) signal 
transduction cascade [1, 6, 7]. SHC/GRB2 binding and 
the activation of Ras are prerequisites for SHC-in- 
duced mitogenesis and transformation in NIH mouse 
fibroblasts [6]. In addition, SHC has been described as 
associating with adapters Crk II [11] and GRB7 [12] as 
well as with a signaling protein pl45 [13,14] and PEST 
tyrosine phosphatase [15] in various experimental sys- 
tems. However, SHC pathways incorporating these 
signaling intermediates and their biological signifi- 
cance are not well understood. 

There is substantial evidence suggesting that in ad- 
dition to its role in mitogenesis and transformation, 
SHC regulates nongrowth processes, such as cell adhe- 
sion and motility. For instance, overexpressed SHC 
improved motility in HGF-stimulated melanoma cells 
[5], and downregulation of SHC reduced epidermal 
growth factor (EGF)-dependent migration in MCF-7 
breast cancer cells [16]. SHC was also essential for 
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'kidney epithelial cell scattering mediated by the recep- 
tors c-met, c-ros, and c-neu [17]. The mechanisms by 
which SHC regulates cell adhesion and motility are 
still obscure. 

In several cell types (Jurkat, HUVEC, MG-63, and 
A431 cells), SHC couples with certain ECM receptors, 
specifically with the integrins alßl, a5ßl, avß3, and 
a6ß4, but not with a2ßl, a3ßl, and a6ßl [18]. Associ- 
ation of SHC with integrins may result in phosphory- 
lation of SHC by integrin-associated TKs (Fyn, other 
Src-like kinases, FAK, or FAK-associated kinases) and 
subsequent activation of MAPK [18-21]. The biological 
significance of integrin-stimulated MAPK activity is 
not well understood. However, recent data indicated 
that it positively regulates cell growth and survival 
[18, 22], but is not essential for cell migration [23]. 

This work addresses the consequences of amplified 
SHC signaling on proliferation, transformation, adhe- 
sion, and motility in breast cancer MCF-7 cells. In 
these cells, SHC is an important intermediate of dif- 
ferent signaling pathways. Growth factors present in 
serum, such as IGF-I and EGF, can induce SHC 
through their cognate receptors [1, 16, 24]. Estrogens 
(also contained in serum) may elevate tyrosine phos- 
phorylation of SHC via cytoplasmic TKs of the Src 
family [25]. In addition, SHC can be stimulated by 
cytoplasmic TKs as a result of cell spreading on ECM 
[18]. MCF-7 cells express several integrin receptors: 
a2ßl, o3|31, «501, and avß5 [26]. Ofthose, a5ßl, a FN 
receptor, is known to associate with SHC, while a2ßl 
and a3ßl are not SHC binding proteins [18]. 

The interactions of cells with FN have been reported 
to influence or control different processes regulating 
the behavior of cancer cells, namely cell migration, 
invasion, and metastasis as well as survival and pro- 
liferation [27]. The exact role of a5ßl FN receptors in 
tumor progression is not clear. It has been shown that 
extracellular matrix recognition by a5ßl integrin is a 
negative regulator of cell growth and may be lost in 
some tumor cells [28]. In agreement with this, overex- 
pression of a5ßl integrin and improved cell spreading 
on FN can reduce cell growth and transformation in 
vivo and reverse tumorigenicity in vitro [29,30]. On the 
other hand, FN receptors may play a role in later 
stages of tumor progression since blocking a5ßl inte- 
grin abrogated cell spread in experimental breast me- 
tastasis [31]. The importance of SHC signaling in the 
interactions of breast cancer cells with FN has not been 
studied and is a subject of this work. 

MATERIALS AND METHODS 

Cell lines and cell culture conditions. MCF-7 cells are estrogen 
receptor positive cells of a low tumorigenic and metastatic potential. 
The growth of MCF-7 cells is controlled by estrogens, such as estra- 
diol (E2), and growth factors, such as IGF-I and EGF [32, 33]. MCF-7 
cells express several integrins, including a5ßl (FN receptor), a2ßl 

(collagen, COL receptor). a3ßl (COLTFN/laminin 5 receptor), and 
avß5 (vitronectin receptor) [26]. 

MCF-7/SHC clones 1 and 9 are MCF-derived cells stably trans- 
fected with the expression plasmid pcDNA3/SHC containing a hu- 
man SHC cDNA encoding P55SHC and p47SHC. The clones expressing 
the transgene were selected in 2 mg/ml G418, and the levels of SHC 
expression in 20 G418-resistant clones were determined by Western 
blotting i\VB) in whole cell protein lysates, as described below. 

As control cells, we used several MCF-7-derived clones with mod- 
ified growth factor signaling pathways: specifically, MCF-7/IRS-1, 
clones 3 and IS. which are MCF-7 cells overexpressing insulin re- 
ceptor substrate 1 < IRS-1) [32]; MCF-7/IGF-IR, clone 17, which is an 
MCF-7-dcrived clone overexpressing the insulin-like growth factor 1 
receptor (IGF-IR) [33]; and MCF-7/anti-SHC, clone 2, with SHC 
levels decreased bv 50% due to the stable expression of an anti-SHC 
RNA [16]. 

MCF-7 cells were grown in DMEM:F12 (1:1) containing 5% calf 
serum (CS). MCF-7-derived clones were maintained in DMEM:F12 
plus 5% CS plus 200 ng/ml G418. In the experiments requiring E2- 
and serum-free conditions, the cells were cultured in phenol red-free 
DMEM containing 0.5 mg/ml BSA, 1 ;uM FeS04, and 2 mM L- 
glutamine (referred to as PRF-SFM). 

Monolayer growth. Cells were plated at a concentration 1.5- 
2.0 x 105 in six-well plates in the growth medium; the following day 
(dav 0). the cells at approximately 50% confluence were shifted to 
PRF-SFM containing 1 or 20 ng/ml IGF-I or 1 or 10 ng/ml EGF. After 
4 days, the number of cells was determined by direct counting. 

Anchorage-independent growth. Transforming potential of the 
cells (anchorage independence) was measured by their ability to form 
colonies in soft agar. as previously described [32]. The cells, 1 X 
10V35-mm plate, were grown in a medium solidified with 0.2% 
agarose. The solidified medium contained either (i) DMEM:F12 sup- 
plemented with 10r; FBS or 5% CS or (ii) PRF-SFM with 200 ng/ml 
IGF-I, 50 ng/ml EGF. or 200 ng/ml IGF-I plus 50 ng/ml EGF. After 21 
days of culture, the colonies greater then 100 ju.ni in diameter were 
counted using an inverted phase-contrast microscope. 

Adhesion on FX or COL. Cells synchronized for 24 h in PRF- 
SFM were seeded in 60-mm plates coated with FN (50 /ng/ml) or COL 
(20 ng/ml). Before the experiment, the plates were blocked with 3% 
BSA for 3 h at 37°C and then washed once with PBS. To inactivate 
<*5ßl integrin. the cells were incubated with a blocking a5ßl Ab 10 
ng/ml (Chemicon) for 30 min before plating. Cell morphology was 
recorded using an inverted phase-contrast microscope with a cam- 
era. Percentage of nonadherent cells was determined by counting the 
number of floating cells vs. the number of cells originally inoculated 
in the plate. 

Growth on FX. Cells (0.5 x 105/ml) were seeded in 12-well plates 
coated with FN (50 ng/ml) in normal growth medium with or without 
EGF (10, 50. or 100 ng/ml) or IGF-I (20 or 100 ng/ml). The cells were 
counted after 4 days of culture. 

Motility assay. Motility was tested in modified Boyden chambers 
containing porous i8-mm) polycarbonate membranes. The under- 
sides of membranes were coated with either 20 /xg/ml COL rV or 50 
Hg/ml FN. as described by Mainiero et al. [34]. According to this 
protocol, collagen (COL) or FN covered not only the underside of the 
membrane, but also diffused into the pores where cell contact with 
ECM was initiated. Synchronized cells (2 X 10") suspended in 200 p.1 
of PRF-SFM were plated into upper chambers. Lower chambers 
contained 500 Ml of PRF-SFM with EGF (1 and 10 ng/ml) or IGF-I 
(20 ng/ml). After 12 h, the cells in the upper chamber were removed, 
while the cells that migrated to the lower chamber were fixed and 
stained in Coomassie blue solution (0.25 g Coomassie blue/45 ml 
water/45 ml methanol/10 ml glacial acetic acid) for 5 min. After that, 
the chambers were washed three times with H20. The cells that 
migrated to the lower chamber were counted under the microscope 
as described before [16]. 
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» Immunoprecipitation and Western blotting. Proteins were ob- 
tained by lysis of cells with a buffer containing 50 raM Hepes, pH 7.5, 
150 mM NaCl, 1% Triton X-100, 1.5 mM MgCl2, 1 mM CaCl2) 100 
mM NaP, 0.2 mM Na3V04> 1% PMSF, 1% aprotinin. The expression 
of SHC in transfectants and the parental cells was assessed in 50 /xg 
of total cell lysate using an anti-SHC monoclonal antibody (mAb) 
(Transduction Laboratories). Alternatively, SHC was detected by 
immunoprecipitation (IP) from 250-1000 fig (specific amounts are 
given under the figures) of protein lysate with an anti-SHC poly- 
clonal antibody (pAb) (Transduction Laboratories), followed by WB 
with an anti-SHC mAb (Transduction Laboratories). Tyrosine phos- 
phorylation of SHC was measured by WB using an anti-phosphoty- 
rosine mAb PY20 (Transduction Laboratories). The levels of a5ßl 
integrin were assessed in 1 mg of protein lysate by IP with an 
anti-a5ßl pAb (Chemicon) and WB using an anti-j31 mAb (Chemi- 
con). The amounts of integrin-associated SHC were measured in 
a5/31 integrin immunoprecipitates with an anti-SHC pAb (Chemi- 
con). The intensity of bands representing relevant proteins was 
measured by laser densitometry scanning. 

MAPK activity. The phosphorylated forms of p42 and p44 MAPK 
were identified by WB in 50 fig of whole cell lysates with an anti- 
phospho-MAPK (Thr202/Tyr204) mAb (New England Biolabs). The 
total levels of MAPK were determined with an anti-MAPK pAb (New 
England Biolabs). Adhesion-induced MAPK activity was assessed in 
cells plated either on COL TV or FN and then lysed at different times 
after plating (0-24 h). To determine EGF-induced MAPK activity, 
the cells were plated on different substrates, allowed to attach for 
1 h, and then treated with 10 ng/ml EGF. The cells were lysed at 
different times (0-24 h) of the treatment and MAPK activity was 
measured as described above. 

Statistical analysis. The results of cell growth experiments were 
analyzed by Student t test. 

RESULTS 

Basal and growth factor-induced SHC tyrosine phos- 
phorylation is increased in MCF-7/SHC cells. To in- 
vestigate the implications of increased SHC signaling 
in breast cancer cells, we developed several MCF-7- 
derived clones stably overexpressing p46SHC and 
p52SHC. Of 20 G418 resistant clones, 7 exhibited SHC 
overexpression, as determined by WB (data not 
shown). Two representative clones, MCF-7/SHC, 1 and 
MCF-7/SHC, 9, with a seven- and ninefold SHC ampli- 
fication, respectively, were selected for subsequent ex- 
periments (Fig. 1). The greater amount of SHC in these 
clones was reflected by increased levels of SHC ty- 
rosine phosphorylation, which was evident in both con- 
tinuously proliferating (Fig. 1A) and EGF-stimulated 
cultures (Fig. IB). The extent of SHC tyrosine phos- 
phorylation roughly corresponded to the cellular levels 
of the protein (Fig. 1A and B). 

Overexpression of SHC has minimal effects on cell 
growth on plastic and does not enhance transformation 
in soft agar. The significant hyperactivation of SHC 
in MCF-7/SHC cells suggested that growth properties 
of these cells might have been altered. First we deter- 
mined that in serum-containing medium or PRF-SFM, 
the growth rate of MCF-7/SHC clones was comparable 
to that of the parental cells or other cell lines with 
normal SHC levels (data not shown). Next, we studied 

mitogenic response to EGF and IGF-I, growth factors 
which stimulate tyrosine phosphorylation of SHC [1, 
24] and require SHC for their growth action [16]. We 
found that relative to MCF-7 cells, MCF-7/SHC clones 
exhibited only moderately (20-40%) enhanced growth 
response to IGF-I or EGF (Fig. 1C). Under the same 
conditions, the proliferation of a control clone MCF-7/ 
anti-SHC, 2 was substantially (at least by 50%) re- 
duced (Fig. 1C), as we demonstrated previously [16]. 

Since SHC is oncogenic when overexpressed in NIH 
mouse fibroblasts [1], we assessed transforming poten- 
tial of MCF-7/SHC clones in soft agar assay. Despite 
significant SHC overexpression in these cells, in sev- 
eral repeat experiments and under different growth 
conditions used, anchorage-independent growth of 
MCF-7/SHC cells was never enhanced relative to that 
seen in MCF-7 cells (Table 1). In the same assay, 
MCF-7 cells overexpressing IRS-1, i.e., MCF-7/IRS-1, 
clone 3, exhibited increased transformation in the pres- 
ence of serum or IGF-I [32], typical for these cells. 

SHC associates with a5ßl integrin (FN receptor) in 
MCF-7 cells, and the abundance ofSHCIa5ßl integrin 
complexes is increased in MCF-7ISHC cells. The lim- 
ited or absent effects of SHC overexpression on mito- 
genic and transforming potential of MCF-7 cells 
prompted us to assess the role of SHC in nongrowth 
processes, specifically, adhesion and motility. Because 
interactions of cells with FN have been implicated in 
the growth and metastatic behavior of breast cancer 
cells [30. 31| and since SHC is a potential mediator of 
FN receptor signaling [18, 21], we investigated how 
overexpressed SHC affects the function of a5ßl inte- 
grin in MCF-7 cells. The first observation was that the 
levels of SHC, especially p46SHC, associated with a5ßl 
were markedly increased (—sevenfold) in MCF-7/SHC 
clones compared with that in MCF-7 cells or in several 
cell lines with normal levels of SHC but overexpressing 
other signaling proteins (IRS-1 or the IGF-IR) (Fig. 2). 
Interestingly, the amount of p46SHC associated with 
a5/31 integrin was similar in both MCF-7/SHC clones, 
regardless of the level of SHC overexpression (Fig. 2). 
This suggests that the extent of SHC/a5ßl binding is 
not directly proportional to total cellular SHC levels 
and that «5ßl/SHC complex formation is a saturable 
process, possibly determined by the limited expression 
of a5ßl integrin in MCF-7 cells [30]. 

MCF-71 SHC cells exhibit increased adhesion to FN. 
Because of the enhanced association of SHC with a5ßl 
integrin in MCF-7/SHC cells, we examined the role of 
SHC in cellular interactions with FN using cell lines 
with normal, amplified, or reduced SHC levels. We 
found that the overexpression of SHC was associated 
with an accelerated cell adhesion to FN, while the 
reduction of SHC levels blocked cell spreading on the 
substrate (Fig. 3 and Table 2). The differences in the 
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FIG 1 MCF-7/SHC cells (A) SHC expression and tyrosine phosphorylation in proliferating cells. The protein levels and tyrosme 
phosphorylation (PY) of p52SHC and p46sl,c in two selected MCF-7/SHC clones 1 and 9 were determined in 750 ßg of protein lysate by IP and 
WB with specific antibodies, as detailed under Materials and Methods. Cell lvsatcs were isolated from logarithmic cultures maintained in 
normal growth medium. (B) SHC expression and tyrosine phosphorylation in growth-lactor-stimulated cells. 70% confluent cultures were 
synchronized in PRF-SFM for 24 h and then stimulated with 10 ng EGF for 15 min. SHC levels and tyrosine phosphorylation (PY) were 
studied by IP and WB in 250 Mg of protein lysates. Note that lane MCF-7/SHC, 1, EGF < - • us overloaded. (C) Growth response of MCF-7/SHC 
cells to IGF-I and EGF. The cells at 50% confluence were synchronized in PRF-SFM and .stimulated with mitogens for 4 days as described 
under Materials and Methods. Abscissa, cell lines; ordinate, the percentage of growth increase over that in PRF-SFM. Solid bars, low doses: 
IGF-I 1 ng/ml or EGF 1 ng/ml; striped bars, high doses, IGF-I 20 ng/ml or EGF 10 ng/ml. High doses of IGF-I or EGF are the fc-C50 

concentrations in these cells. SD is marked by solid bars; asterisks indicate statistically significant differences (P £ 0.05) between the 
growth responses of MCF-7/SHC or MCF-7/anti-SHC cells and identically treated MCF-7 cells. The results are average of four experiments. 

dynamics of cell interactions with FN were most evi- 
dent at 1 h after plating (Fig. 3B and Table 2). Specif- 
ically, while at this time both MCF-7/SHC clones were 
well spread on FN, and almost no floating cells were 
observed, only -50% of MCF-7 cells exhibited initial 
attachment to the substrate (cells were still rounded 
but with distinct membrane protrusions), and MCF-7/ 
anti-SHC cells remained completely suspended. At 2 
and 6 h after plating, MCF-7 and MCF-7/SHC clones 
were attached to FN and the differences in adhesion 
among these cell lines were unremarkable. At the same 

time, MCF-7/anti-SHC cells were in minimal contact 
with FN (Table 2). After 24 h, MCF-7/anti-SHC cells 
formed small aggregates demonstrating limited con- 
tact with the substrate, but all other tested cell lines 
(represented here by MCF-7 cells) were fully attached 
(Fig. 3D and Table 2). At 48 h, MCF-7/anti-SHC cells 
were completely detached, while MCF-7 and MCF-7/ 
SHC cells begun proliferation on FN (data not shown). 

Our experiments also indicated that the adhesion of 
MCF-7/SHC cells to FN was mediated by a5ßl inte- 
grin, since this process was totally blocked with a spe- 
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TABLE 1 

Anchorage-Independent Growth of MCF-7/SHC Cells 

Number of colonies 
■ 

Cell line 10':; FBS 5%CS SFM  -  KIF-I SFM + EGF 
SFM + IGF-I 

+-EGF 

MCF-7 
MCF-7/SHC, 1 
MCF-7/SHC, 9 
MCF-7/IRS-1, 3 

172 
164 
155 
213 

105 
90 
88 

131 

o 
0 
0 

25 

1 
0 
0 

10 

12 
9 

10 
22 

iiÄ.?* fi .r™!ci" ' agar aS described under Materials and Methods. Th, apir-solidified medium was either DMEM:F12 with 
10% FBS or 5% CS or PRF-SFM with EGF (200 ng/ml), IGF-I (50 ng/ml), or EGF plus IGF-I (50 plus 200 ng/ml, respectively). MCF-7/KS-l 
clone 3, characterized by an increased transforming potential [30], was used as a positive control. The experiment was repeated seven times' 
Average number of colonies of the size at least 100 /xm in diameter is given. 

cific anti-a5j31 blocking antibody (Fig. 3C), but not with 
a control goat IgG (not shown). 

In contrast with the results obtained on FN, the 
dynamics of cell adhesion on COL, which is mediated 
by an integrin not associating with SHC (a5ßl) [18], 
were similar in all tested cell lines, regardless of the 
levels of SHC expression. Specifically, all cells tested 
initiated contacts with COL at 15 min and completed 
attachment at 1 h after plating (data not shown). 

Overexpression of SHC modulates adhesion-depen- 
dent, but not growth factor-induced, MAP kinase activ- 
ity on FN. Cell adhesion to ECM and the activation of 
different integrin-associated cytoplasmic TKs result in 
the stimulation of MAPK activity [35]. This process can 
be mediated through SHC, which, as a substrate of 
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FIG. 2. SHC associates with «5/31 integrin. The amounts of SHC 
associated with «5/31 integrin in MCF-7/SHC cells, MCF-7 cells, and 
several control clones with normal SHC levels but increased levels of 
IRS-1 (MCF-7/IRS-1, clones 3 and 18) or the IGF-IR (MCF-7/IGF-IR, 
clone 17) were determined in 750 ^g of protein lysate by IP with an 
anti-a5/31 pAb and WB with an anti-SHC pAb (A). The expression of 
a5ßl integrin in the cells was determined after stripping the above 
blot and reprobing with the anti-ßl pAb (only the ß subunit is shown) 
(B). To locate the position of SHC isoforms on the gel. SHC proteins 
were precipitated from 250 ßg of MCF-7 and MCF-7/SHC, 1 cell 
lysates with an anti-SHC pAb, run in parallel with a5/31 integrin IP 
samples and probed with an anti-SHC mAb (C). Note: The a5ßl 
integrin IP samples could not be reprobed with the SHC mAb be- 
cause of strong antibody cross-reaction. 

TKs (e.g., Fyn. other c-Src-like kinases, or FAK), is 
tyrosine phosphorylated, binds the GRB2/SOS com- 
plex, and stimulates Ras [18, 19, 21]. The integrin- 
MAPK pathway can also be induced in a SHC-indepen- 
dent way, tlirough FAK-GRB2-SOS-Ras signaling [20, 
21|. Here we studied the effect of SHC amplification on 
adhesion-dependent MAPK response in MCF-7 and 
MCF-7/SHC cells. Figure 4 demonstrates representa- 
tive results obtained with MCF-7/SHC, 1 cells; the 
results with the clone MCF-7/SHC, 9 were similar. 

First, we found that overexpression of SHC signifi- 
cantly modulated MAPK activation in cells spread on 
FN, but on COL i Fig. 4A). Specifically, on COL, MCF-7 
and MCF-7/SHC cells responded similarly—the activa- 
tion of MAPK was biphasic, with a peak between 30 
min and 4 h after plating, followed by a decline of 
activity at 8 h. and then an increased activity between 
12 and 24 h. In contrast, on FN, the dynamics of MAPK 
response was different—in MCF-7 cells, the stimula- 
tion of MAPK was the highest at 1 h after plating and 
the kinases remained highly stimulated for up to 8 h. 
In MCF-7/SHC cells, MAPK was activated at 30 min 
after plating, reached the maximum at 1 h, and rapidly 
declined at 4 h to reach basal levels at 24 h (Fig. 4A). 
The activation of MAPK in suspended cells was unde- 
tectable (not shown). 

Next, we investigated whether SHC overexpression 
affects growth-l'actor-induced MAPK response in cells 
plated on FN. We used EGF in this experiment since 
this mitogen induces SHC phosphorylation more 
strongly than IGF-I in MCF-7 cells (Surmacz et al, 
unpublished observations). The patterns of EGF-stim- 
ulated MAPK activity were remarkably similar on 
COL and FN (a peak between 15 min and 1 h after 
treatment followed by a decline to basal levels) in both 
MCF-7 and MCF-7/SHC cells (Fig. 4B). 

Since MAPK pathway contributes to cell growth, we 
studied whether the reduced duration of adhesion-de- 
pendent MAP activity reflects mitogenicity of MCF-7/ 
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FIG. 3. Adhesion of MCF-7/SHC clones on FN. MCF-7/SHC clones 1 and 9 (amplified SHC), MCF-7 cells (normal SHC levels) and 
MCF-7/anti-SHC, clone 2 (reduced SHC levels) were synchronized for 24 h in PRF-SFM and plated on FN (50 ng/ml) in PRF-SFM. The cells 
were photographed at times 0 (A) and 1 h (B). The role of a5/31 integrin in the adhesion of MCF-7/SHC clones 1 and 9 was assessed by blocking 
the FN receptor with a specific antibody 30 min before cell plating (C), as described under Materials and Methods. The long-term (24 h) 
adhesion of MCF-7 and MCF-7/anti-SHC, clone 2, is shown in panels D. 

SHC cells cultured on FN (Table 3). Indeed, we found 
that overexpression of SHC coincided with a significant 
(-twofold) growth inhibition. Interestingly, the addi- 
tion of EGF (different doses, up to 100 ng/ml) to growth 
medium did not improve proliferation of MCF-7/SHC 
or MCF-7 cells on FN. The addition of IGF-I (doses up 
to 100 ng/ml) only, minimally (9-22%) stimulated 
growth under the same conditions (Table 3). 

Overexpression of SHC inhibits basal motility on FN, 
and IGF-I or EGF mobilizes MCF-71 SHC cells. We 
investigated whether increased binding of SHC to 
a5ßl integrin affects cell motility in FN-coated inserts. 
We found that basal migration of MCF-7/SHC cells was 
significantly (—fourfold) reduced compared with that of 
MCF-7 cells and several MCF-7-derived cell lines con- 
taining normal amounts of SHC (Fig. 5). In contrast, 

the motilities of MCF-7/SHC clones in COL-coated in- 
serts were similar (P s 0.05) to those seen with other 
tested cell lines (Fig. 5). 

The use of EGF or IGF-I as chemoattractants signif- 
icantly (—five- to sevenfold, P :£ 0.01) improved the 
migration of MCF-7/SHC cells toward FN, but not to 
COL. The mitogens did not affect motility of other cells 
to COL, except some inhibition of MCF-7/IRS-1, clone 
18 with 10 ng/ml EGF. Interestingly, in FN-coated 
inserts, 10 ng/ml EGF stimulated the migration of 
MCF-7/IRS-1 cells; however, the extent of this stimu- 
lation was much lower than that of SHC overexpress- 
ing clones (Fig. 5). The increased EGF sensitivity of 
MCF-7/IRS-1 clones has been noticed before [16]. 

DISCUSSION 

TABLE 2 
Dynamics of Cell Attachment to FN 

% Nonadherent cells 

Cell line Oh 0.5 h lh 2h 6h 24 h 

MCF-7 100 74 55 8 5 2 
MCF-7/SHC, 1 100 33 5 5 4 4 
MCF-7/SHC, 9 100 25 6 5 2 3 
MCF-7/anti-SHC, 2 100 99 100 78 80 76 

Note. 0.5 x 105 cells suspended in PRF-SFM were plated into 
60-mm plates coated with 50 p.g/ml FN as described under Materials 
and Methods. At the time of plating (0 h) and at 0.5,1, 2, 6, and 24 h 
after plating, the floating cells were collected and counted. The 
values represent the percentages of cells floating vs cells originally 
plated and are averages from three experiments. 

SHC is a signaling substrate of most receptor-type 
and cytoplasmic TKs and therefore may amplify vari- 
ous cellular responses [2]. In consequence, the signifi- 
cance of SHC amplification must depend on the intra- 
cellular and extracellular cell context. Breast cancer 
cells, unlike normal breast epithelium, frequently 
overexpress TKs, such as c-Src (80%), or ERB2 (-20- 
30%), which may result in constitutive activation of 
SHC [9,10]. The contribution of amplified SHC signal- 
ing to development and progression of breast cancer is 
not known. We addressed this question by examining 
the effects of SHC overexpression in MCF-7 cells (rep- 
resenting an early stage of breast cancer and charac- 
terized by moderate c-Src amplification). The major 
findings of this work are that unlike in fibroblasts, 
hyperactivation of SHC is not sufficient to provide sig- 
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activity (A), MCF-7 and MCF-7/SHC cells were plated on COL IV or FN. The cells were Used at the indicated times after plating The 
phosphorylated forms of p42 and p44 MAPK were determined as described under Materials and Methods. EGF-induced MAP kinase activity 
in T ^™m™d in„MCF-7 and MCF-7/SHC cells. The cells were plated on COL IV or FX. allowed to attach for 1 h, and then treated with 
10 ng/ml EGF. The cells were lysed at different times (0-24 h) of the treatment. In i A. and . B.. panels (a) represent phosphorylated MAPK, 
panels (b) total cellular levels of MAPK. The representative results demonstrating MAI'K response in MCF-7 cells and MCF-7/SHC clone 
1, are shown; results with MCF-7/SHC, clone 9, were analogous to that obtained in clone 1. 

nificant growth or transforming advantage in breast 
cancer cells. High levels of SHC, however, increase cell 
connections with FN and modulate cell growth and 
migration on this substrate, which may have conse- 
quences in cell spread and metastasis. 

TABLE 3 

Growth of MCF-7/SHC Cells on FN 

Cell number 

Cell line 5%CS 5% CS + EGF 5% CS + IGF-I 

MCF-7 
MCF-7/SHC, 1 
MCF-7/SHC, 9 

2.2 x 10' 
1.1 X 10' 
0.9 x 105 

2.2 x 10' 
1.0 x 105 

0.8 x 10' 

2.4 X 10s 

1.3 x 10 
1.1 X 105 

Note. The growth of cells on FN in normal growth medium 
(DMEM:F12 + 5% CS) or growth medium containing EGF (100 
ng/ml) or IGF-I (100 ng/ml) was tested as described under Materials 
and Methods. The cells were plated at the concentration 0.5 X 10' 
cells/ml and counted after 4 days of culture. The values represent cell 
numbers/ml and are average results from three independent exper- 
iments. 

SHC in epithelial cell growth and transformation. 
In mouse fibroblasts, overexpression of SHC resulted 
in   increased   SHC   tyrosine   phosphorylation,   aug- 
mented EGF-, or IGF-I-dependent MAPK response, 
accelerated cell cycle progression through Gl phase in 
the absence of growth factors, and enhanced anchor- 
age-independent growth in soft agar and tumorigenic- 
ity in nude mice [1, 6, 24]. Increased levels of SHC also 
potentiated growth factor response in myeloid and 
A549  adenocarcinama cells  [3, 5].  Consistent with 
these findings are our previous data demonstrating 
that downregulation of SHC results in reduced sensi- 
tivity to mitogenic action of EGF and IGF-I and growth 
inhibition in breast cancer cells [16]. The present stud- 
ies indicated that in SHC overexpressing epithelial 
cells, like in fibroblasts, basal and growth-factor-in- 
duced SHC tyrosine phosphorylation was increased, 
and cell responsiveness to IGF-I and EGF was moder- 
ately augmented in monolayer culture on plastic. How- 
ever, amplification of SHC did not potentiate MAPK 
activity or proliferation of cells in complete serum- 
containing medium. This, again, was consistent with 
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FIG 5 Motility of MCF-7/SHC culls in FX or COL inserts. The motility of MCF-7/SHC colls and several control cell lines with normal 
SHC levels was tested as described under Materials and Methods. The upper and lower chambers contained PRF-SFM. Growth-factor- 
induced motility was assessed bv supplementing PRF-SFM in lower chambers with .-itlu-r EOF (1 or 10 ng/ml) or IGF-I (20 ng/ml). The 
percentage of cells that migrated'to the underside of inserts (relative to the number of cells plated) is shown. The experiments were repeated 
four times. Average values are given. Asterisks indicate statistically significant ( P ■ <>.()">. P * 0.01) differences between the basal and 
growth factor induced migration of a given cell line. 

the effects observed in SHC overexpressing NIH 3T3 
fibroblasts [6]. 

Note that high levels of SHC did not promote trans- 
formation of MCF-7 cells, whereas overexpression (at a 
similar level) of another signaling substrate IRS-1 
markedly augmented anchorage-independent growth 
[32]. Since anchorage-independent growth reflects tu- 
morigenic potential of breast cancer cells [36] and other 
cell types [1], our results indicate that, unlike in NIH 
3T3 cells, SHC is not oncogenic in MCF-7 cells. This 
may reflect differences between pathways controlling 
transformation in fibroblasts and epithelial cells. 

SHC in cell adhesion and motility. In contrast with 
the minimal impact of SHC overexpression on growth 
and transforming processes, high levels of SHC signif- 
icantly modulated cell interactions with ECM in breast 
epithelial cells. SHC was found associated with a5ßl 
integral, the FN receptor, and a5ßl/SHC complexes 
were more abundant in SHC overexpressing cells than 
in other cell lines with SHC normal levels. The in- 
creased SHC/a5ßl binding in MCF-7/SHC cells was 
paralleled by accelerated cell attachment to FN, re- 
duced basal motility, abbreviated adhesion-mediated 
MAPK activity, and inhibited proliferation on the sub- 
strate. These effects were absent on COL (whose recep- 
tor does not bind SHC in MCF-7 cells), which suggests 

a specific role of SHC-a5ßl interactions in the above 
processes. 

The association of SHC with certain classes of inte- 
grins has been noted in several other cell systems. In 
A431 cells and other cell lines, binding and tyrosine 
phosphorylation of SHC to ßl integrin was induced by 
cell contact with ECM or by integrin cross-linking with 
a specific antibody [18]. Similarly, an association of 
SHC with o6ß4 integrin was observed in attached, but 
not suspended. A431 cells [34]. In several cell types, 
ligation of SHC-binding integrins, but not other inte- 
grins, has been reported to enhance cell cycle progres- 
sion [181. In our cell system, however, the increased 
association of SHC with a5ßl integrin and the en- 
hanced attachment to FN coincided with growth inhi- 
bition. Consistent with these findings are the observa- 
tions of Wang et ai, who reported that in MCF-7 cells, 
a5ßl integrin overexpression and improved interac- 
tions of cells with FN resulted in reduced proliferation 
on the substrate and impaired tumorigenicity in vivo 
[30]. 

Cell growth and survival on ECM are reflected by 
enhanced MAPK activity [18, 19, 35]. This pathway is 
induced by various integrin-associate TKs (e.g., c-Src- 
like TKs or FAK) and often involves activation of the 
SHC-GRB2-Ras pathway [19-21]. We found that the 
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amplification of SHC corresponded to the reduced du- 
ration of adhesion-mediated MAPK response on FN 
but not on COL. Note that, in mouse fibroblasts, an 
early decline of MAPK activity coincided with growth 
inhibition, whereas a prolonged activity marked cell 
cycle progression [37]. Thus, the abbreviated MAPK 
response in MCF-7/SHC cells may reflect their signif- 
icantly slower proliferation on FN. In our experiments, 
treatment of cells spread on FN with EGF induced 
MAPK but did not stimulate cell growth, which con- 
firms that MAPK signaling is required but not suffi- 
cient for the proliferation of MCF-7 cells [38]. 

Reduced growth and better attachment to FN in 
MCF-7/SHC cells were also associated with signifi- 
cantly reduced basal migration. However, EGF or 
IGF-I induced motility of MCF-7/SHC clones more 
strongly than other control cell lines when tested in 
FN-coated inserts. Such an enhancement of growth- 
factor-induced migration in SHC overexpressing cell 
lines has been reported before [5]. The increased che- 
motaxis was probably mediated by pathways other 
than MAPK, since MAPK activities were similar in 
MCF-7 and MCF-7/SHC cells treated with EGF. 

In summary, in MCF-7 cells, the impact of the am- 
plified SHC on cell growth and transformation is not 
significant; however, SHC plays an important role in 
the regulation of cell adhesion and motility on FN 
through its interaction with t*5ßl integrin. The signif- 
icance of SHC-mediated interactions with FN in breast 
cancer metastasis is not known and will be pursued in 
an animal model. 
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The Activated Insulin-Like Growth Factor I Receptor Induces 
Depolarization in Breast Epithelial Cells Characterized 

by Actin Filament Disassembly and Tyrosine 
Dephosphorylation of FAK, Cas, and Paxillin 

Marina A. Guvakova1 and Ewa Surmacz 

Kimmel Cancer Institute, Thomas Jefferson University, 233 South 10th Street, B.L.S.B. 606, Philadelphia, Pennsylvania 19107 

Insulin-like growth factor I (IGF-I) promotes the mo 
tility of different cell types. We investigated the role of 
IGF-I receptor (IGF-IR) signaling in locomotion of 
MCF-7 breast cancer epithelial cells overexpressing the 
wild-type IGF-IR (MCF-7/IGF-IR). Stimulation of MCF-7/ 
IGF-IR cells with 50 ng/ml IGF-I induced disruption of 
the polarized cell monolayer followed by morphological 
transition toward a mesenchymal phenotype. Immuno- 
fluorescence staining of the cells with rhodamine-phal- 
loidin revealed rapid disassembly of actin fibers and 
development of a cortical actin meshwork. Activation of 
phosphatidylinositol (PI)3-kinase downstream of the 
IGF-IR was necessary for this process, as blocking PI 
3-kinase activity with the specific inhibitor LY 294002 at 
10 fiM prevented disruption of the filamentous actin. In 
parallel, IGF-IR activation induced rapid and transient 
tyrosine dephosphorylation of focal adhesion proteins 
pl25 focal adhesion kinase (FAK), pl30 Crk-associated 
substrate (Cas), and paxillin. This process required 
phosphotyrosine phosphatase (FTP) activity, since pre- 
treatment of the cells with 5 /uM phenylarsine oxide 
(PAO), an inhibitor of PTPs, rescued FAK and its associ- 
ated proteins Cas and paxillin from IGF-I-induced de- 
phosphorylation. In addition, PAO-pretreated cells were 
refractory to IGF-I-induced morphological transition. 
Thus, our findings reveal a new function of the IGF-IR, 
the ability to depolarize epithelial cells. In MCF-7 cells, 
mechanisms of IGF-IR-mediated cell depolarization in- 
volve PI 3-kinase signaling and putative FTP activities. 
01999 Academic Press 

Key Words: insulin-like growth factor I receptor sig- 
naling; F-actin; phosphatidylinositol 3-kinase; focal 
adhesion; phosphotyrosine phosphatase. 

INTRODUCTION 

Differentiated epithelial cells form tightly adherent 
polarized sheets with a full complement of specific ad- 

1 To whom reprint requests should be addressed. Fax: (215) 923- 
0249. E-mail: Marina.Guvakova@mail.tju.edu. 

hesive junctions that stably link cells together and to 
the underlying biological substratum [1]. In the cell 
interior, various membrane junctions are connected by 
the cytoskeletal network, providing the strength and 
architecture required for the proper physiological func- 
tion of the epithelial sheet [2]. Normal epithelial cells 
move as a coherent sheet in which each cell keeps 
contacts with its neighboring cells as well as with ex- 
tracellular matrix [3]. The ability of cells to move indi- 
vidually appears to be an exclusive attribute of carci- 
noma cells. At present, however, little is known about 
how depolarization of epithelial cells is accomplished 
and regulated and what signals trigger this process. 

The studies on chemotaxis and cell spreading sug- 
gest that insulin-like growth factor I (IGF-I) is a regu- 
lator of motility in normal and tumor cells [4-7]. In 
breast cancer cells, IGF-I-induced chemotactic migra- 
tion has been reported to occur through the IGF-I re- 
ceptor (IGF-IR) [8, 9]. Importantly, IGF-IR expression 
is 14 times higher and IGF-IR kinase activity is signif- 
icantly increased in malignant compared with normal 
breast tissue. Furthermore, ligands of the IGF-IR, 
IGF-I. and IGF-II, are secreted by the surrounding 
mammary epithelium stromal cells [10]. The possibil- 
ity that IGF-IR overexpression promotes depolariza- 
tion and locomotive functions in breast epithelial cells 
has not been investigated. 

The IGF-IR belongs to the tyrosine kinase receptor 
superl'amily and is known to play an important role in 
normal and abnormal growth [11]. Ligand binding 
stimulates autophosphorylation of the IGF-IR ß sub- 
unit, elevates its kinase activity, and leads to a recruit- 
ment of multiple signaling molecules: insulin receptor 
substrates 1 and 2 (IRS-1 and IRS-2), She, Crk, Gabi, 
GrblO, the p85 regulatory subunit of phosphatidylino- 
sitol 3-kinase (PI 3-kinase) [12]. Many of the known 
IGF-IR pathways convey mitogenic stimuli. IRS-1 mol- 
ecule, for example, via its multiple tyrosine phosphor- 
ylation sites, recruits secondary signaling proteins con- 
taining Src-homology 2 (SH2) domains such as PI 
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3-kinase, phosphotyrosine phosphatase ID (PTP1D/ 
SH-PTP2/Syp), and Src-family kinase Fyn, as well as 
adapter proteins Grb-2, Crk, and Nek that participate 
in the mitogenic Ras/Raf/MAPK (mitogen-activated 
protein kinase) cascade [13]. It still remains unknown 
whether IGF-IR signaling pathways controlling epithe- 
lial cell motility are similar to or different from those 
required for cell proliferation. 

The structure of the epithelial cell monolayer is sup- 
ported by the integrity of the actin-enriched cytoskel- 
eton, and its reorganization is critical for regulating 
cell motility [14]. Previous studies have described two 
types of IGF-ER effects on the actin cytoskeleton: the 
appearance of actin-enriched circular ruffles along the 
margins of KB epidermoid carcinoma cells [15, 16], and 
the development of an actin meshwork in the extended 
neurites of neuronal cells [17]. In breast epithelial 
cells, the relationship between the IGF-IR and the 
actin Cytoskeleton has not been defined. 

In polarized epithelial cells, focal adhesion proteins 
are localized to the termini of the stress fiber-like actin 
filaments as well as to cell-cell junctions adjacent to 
circumferential actin bundles [18]. Hence, reorganiza- 
tion of the actin network may affect the dynamics of 
focal adhesion assembly and lead to modulation of cell- 
substratum interaction, cellular shape, and conse- 
quently cell motility. In different cell types, IGF-I has 
been shown to positively or negatively modulate ty- 
rosine phosphorylation of focal adhesion proteins such 
as FAK, Cas, and paxillin [17, 19, 20]. However, in 
these studies the link between IGF-I modulation of 
focal adhesion protein phosphorylation and cell motil- 
ity was not established. Whether IGF-IR signaling reg- 
ulates activity of focal adhesion proteins in breast ep- 
ithelial cells, what the mechanism of the regulation 
might be, and how it relates to cell motility remain 
unexplored. 

In work presented here, we analyzed the effect of 
IGF-IR activation on locomotion of MCF-7-derived 
breast epithelial cells organized in a monolayer with 
particular focus on elucidation of IGF-IR signaling pro- 
moting cell motility. 

MATERIALS AND METHODS 

Cell culture and chemicals. MCF-7 human breast epithelial cells 
overexpressing the IGF-IR were derived by stable transfection with 
pcDNA3/IGF-IR plasmid [21]. All MCF-7-derived cells were grown in 
DMEM:F12 (1:1) containing 5% calf serum. To starve the cells of 
serum, they were incubated in phenol red-free, serum-free Dulbec- 
co's modified Eagle's medium (DMEM) containing 0.5 mg/ml bovine 
serum albumin (BSA), 1 ^iM FeSO,, and 2 mM L-glutamine (SFM) for 
24 h. 

BSA, phenylarsine oxide (PAO), cytochalasin D (CD), and tetra- 
methylrhodamine B isothiocyanate (TRITC)-conjugated phalloidin 
were purchased from Sigma. LY 294002 was from Calbiochem. Hu- 
man recombinant IGF-I was purchased from Bachem. 

hnmiinn/tiiorrscence light microscopy. Subconfluent cells grown 
on a glass coverslip were fixed with 3.7% formaldehyde in PBS for 15 
min and permeabilized with 0.2% Triton X-100 in PBS for 5 min. To 
visualize actin filaments (F-actin) cells were stained with TRITC- 
conjugated phalloidin (1 fig/ml) for 30 min and examined with a Zeiss 
Axiophot microscope. Changes in the intracellular distribution of 
FAK. Cas. and paxillin were assessed by labeling with the primary 
antibodies: anti-FAK (A-17) pAb (Santa Cruz Biotechnology), a mix- 
ture of anti-Cas B and F pAbs (gift of Dr. A. H. Bouton, University of 
Virginia i, or anti-paxillin mAb (Transduction Laboratories) for 60 
min. In some experiments, subcellular localization of FAK was visu- 
alized with the 2A7 mAb raised against C terminus of ppl25 FAK 
(gift of Dr. .]. T. Parsons, University of Virginia). Primary antibody 
detection was performed with lissamine rhodamine (LRSC)-conju- 
gated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories) 
or fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG 
(Calbiochem). In controls, the primary antibody was omitted. Some 
samples were examined using the Zeiss Axiovert 100 MRC 600 
confocal laser scanning (Bio-Rad) immunofluorescence microscope. 
Optical sections were taken at the ventral plane. 

Immunoprecipitation and immunoblotting. Cells were lysed in 
protein lysis buffer 150 mM Hepes pH 7.5, 150 mM NaCl, 1.5 mM 
MgCl,, 1 mM EGTA. lO'/r glycerol, 1% Triton X-100, 20 jig/ml apro- 
tinin, 2 mM Na orthovanadate, 1 mM phenylmethylsulfonyl fluo- 
ride). FAK. Cas. and paxillin were precipitated from the cell lysates 
(500 fig of total protein) with specific antibodies: anti-FAK (A-17) 
polyclonal antibody ipAb) (Santa Cruz Biotechnology), anti-Cas 
monoclonal antibody mAb (Transduction Laboratories), and anti- 
paxillin mAb 'Transduction Laboratories), respectively. Protein-an- 
tibody complexes were collected with either protein A- or anti-mouse 
IgG-agarose beads overnight. The precipitates were wasRed with 
HNTG buffer <20 mM Hepes pH 7.5, 150 mM NaCl, 0.1% Triton 
X-100, 10'; glycerol I, resolved by sodium dodecyl sulfate (SDS>- 
polyacrylanudc gel electrophoresis, and transferred to nitrocellulose. 
Tyrosine phosphorylation and protein levels of FAK, Cas, and pax- 
illin were assessed by immunoblotting with anti-phosphotyrosine 
mAb i PY-20 > < -Santa Cruz Biotechnology) or the specific antibodies as 
used for precipitations. The proteins were visualized by enhanced 
chemilununescence detection (Amersham). 

RESULTS 

Activation of the IGF-IR Induces Depolarization 
of MCF-7 Cells 

Serum-starved MCF-7 cells expressing moderate 
levels of the endogenous IGF-IR (6 x 104 receptors/cell) 
and MCF-7/IGF-IR cells with an 18-fold overexpres- 
sion of wild-type IGF-IR both displayed a characteris- 
tic epithelial morphology with apicobasal polarity. The 
basal cell surfaces were adherent to the substratum, 
while lateral membranes of adjacent cells were at- 
tached to each other (Figs. 1A, IB). In response to 
addition of 5-50 ng/ml IGF-I the cell monolayers un- 
derwent a dose-related morphological reorganization 
(data not shown). The most drastic changes occurred in 
50 ng/ml IGF-I and were characterized by disruption of 
the epithelial sheet, loss of cell polarity, and develop- 
ment of a fibroblast-like phenotype by the majority of 
cells (Figs. 1C, ID). Within 15 min cell-cell contacts 
loosened. By 60 min the cells partially detached from 
the plastic surface and rounded up slightly. Between 1 
and 4 h of continuous IGF-I exposure the cells devel- 
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FTO 1    IGF-m activation stimulates depolarization and morphological transition in MCF-7-derived cells. ^V-^f^^/i?^™ 
coSstnü^^^^ 
serum-starved cells were stimulated with 50 ng/ml IGF-I for 4 h. Bar = 100 Mm. 

oped multiple lamellipodial structures, which are char- 
acteristics of motile cells. Both control and IGF-IR- 
overexpressing cells were affected by IGF-I; however, 
the extent of the modifications was more pronounced in 
MCF-7/IGF-IR than MCF-7 cells (compare Figs. 1C 
and ID). Therefore, IGF-IR-overexpressing cells were 
chosen for analysis in all subsequent experiments. 

IGF-IR Activation Induces PI 3-Kinase-Dependent 
Disassembly of the Actin Filaments 

To determine if IGF-IR activation induces reorgani- 
zation of the actin cytoskeleton, F-actin was visualized 
in serum-starved MCF-7/IGF-IR cells treated with 50 
ng/ml IGF-I for various times (Figs. 2A-2D). Within 5 
min, the IGF-I effect on the actin cytoskeleton was 
detected as a disappearance of circumferential actin 
bundles, disassembly of stress fiber-like filaments, and 
development of a widespread cortical actin meshwork 
(Fig. 2B). After approximately 15 min, accumulation of 
F-actin was observed at the cell margins within struc- 

tures resembling microspikes or small membrane ruf- 
fles (Figs. 2C, 2E). Between 1 and 4 h, the cells devel- 
oped multiple extended protrusions, and fine long actin 
filaments reappeared, traversing cytoplasm and termi- 
nating in the veil-like lamellipodia (Fig. 2D). 

Activation of PI 3-kinase has been implicated in re- 
structuring of the actin cytoskeleton in other cell types 
[18. 26|. We investigated the role of PI 3-kinase in 
IGF-IR-induced modification of F-actin using a syn- 
thetic compound LY 294002 that blocks PI 3-kinase 
specifically (IC50 = 1.4 pM) and does not affect the 
activity of either IGF-IR or IRS-1 at concentrations up 
to 20 fxM (data not shown). When MCF-7/IGF-IR cells 
pretreated with 10 /xM LY 294002 for 30 min were 
stimulated with 50 ng/ml IGF-I for 30 min in the pres- 
ence of the inhibitor, F-actin disassembly was pre- 
vented completely (compare Figs. 2E and 2F). The ap- 
pearance of short actin bundles in membrane ruffles 
also was blocked. The actin cytoskeleton remained in- 
tact even 1 h after addition of IGF-I (data not shown). 
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FIG. 2. IGF-I stimulation rapidly changes F-actin pattern in MCF-7/IGF-IR cells. The representative images of the selected time points 
show MCF-7/IGF-IR cells in which F-actin was visualized with TRITC-labeled phalloidin. Serum-starved cells (A); serum-starved cells 
stimulated with 50 ng/ml IGF-I for 5 min (B), 15 min (C), 30 min (E), and 4 h (D). (F) The cells were pretreated with 10 fM LY 294002 for 
30 min, followed by stimulation with 50 ng/ml IGF-I for 30 min. Bar = 20 /xm. 

These results indicate that IGF-IR-activated PI 3-ki- 
nase signaling is critical for the initial step of IGF-IR- 
induced F-actin reorganization, namely, for the tran- 
sient breakdown of actin filaments, as well as for 
subsequent F-actin rearrangement related to mem- 
brane protrusion. 

The Activated IGF-IR Promotes Restructuring 
of Focal Adhesion Contacts 

To investigate the relationship between changes in 
the actin filament network and organization of focal 
adhesions, conventional immunofluorescence light mi- 
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FIG. 3. Actin cytoskeleton reorganization is accompanied by redistribution of paxillin in IGF-I-stimulated MCF-7/IGF-IE cells. The 
representative images show cells costained with an anti-paxillin mAb (A, C, E) and TKITC-phalloidin (B, D, F). Serum-starved cells (A, B). 
Serum-starved cells treated with 50 ng/ml IGF-I for 5 min (C, D) and 60 min (E, F). Arrows in (A), (C), and (E) point to the position of the 
paxillin accumulations in membrane protrusions. Bar = 20 p.m. 

croscopy was used. MCF-7/IGF-IR cells stimulated 
with 50 ng/ml IGF-I for various times were examined 
(Figs. 3A-3F). Costaining of F-actin and paxillin, a 
marker of foeal adhesions, revealed that "arrowhead"- 
shaped paxillin clusters disappeared, along with actin 
filament disassembly, within 5 min of IGF-I stimula- 
tion (compare Figs. 3A, 3B and 3C, 3D). Approximately 
1 h after IGF-I addition, when the fine actin filaments 
reappeared, elongated streaks of paxillin staining were 
observed in numerous membrane protrusions (Figs. 
3E, 3F). 

To investigate whether changes in paxillin localiza- 
tion paralleled redistribution of two other focal adhe- 
sion-associated proteins, FAK and Cas, MCF-7/IGF-IR 
cells were doubly stained with anti-paxillin mAb [Figs. 
4A(a)-4F(a)] and either anti-FAK (A-17) [Figs. 4A(b), 
4C(b), 4E(b)] or anti-Cas [Figs. 4B(b), 4D(b), 4F(b)] 
pAbs. In fully spread, serum-starved cells, FAK and 
Cas partially colocalized with paxillin in punctate ar- 
rays of dots along cell edges and in fine clusters dis- 

tributed over the ventral surface of cells (Figs. 4A, 4B). 
Within 15 min of IGF-I stimulation, FAK, Cas, and 
paxillin were all stained in the cytoplasm. At this time 
point the cells were slightly rounded up and had only a 
few paxillin-positive focal contacts (Figs. 4C, 4D). After 
1-4 h, FAK and Cas could not be detected clearly in 
membrane protrusions where paxillin streaks were 
abundant [Figs. 4E(b), 4F(b)]. Similar results with re- 
spect to the intracellular redistribution of FAK were 
observed with both the A-17 and 2A7 anti-FAK anti- 
bodies. 

Activation of the IGF-IR Induces Rapid Tyrosine 
Dephosphnrylation of Focal Adhesion Proteins: 
FAK. Cas, and Paxillin 

Actin fiber disassembly was shown to correlate with 
a reduction of FAK tyrosine phosphorylation in CHO 
cells [22]. We examined the time course and extent of 
the FAK tyrosine phosphorylation in MCF-7/IGF-IR 
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cells stimulated with IGF-I. In serum-starved cells, 
FAK was prominently tyrosine phosphorylated (Fig. 
5A'). Within 5 min of IGF-I treatment, FAK became 

dephosphorylated by 50% (Fig. 5A). The level of FAK 
phosphorylation remained low for at least 15 min, then 
was elevated almost to basal level by 1 h (Figs. 5A and 
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FIG. 5. IGF-IR activation induces rapid tyrosine dephosphoryla- 
tion of FAK, Cas, and paxillin in MCF-7/IGF-IR cells. (A, B, C) Time 
courses of the relative tyrosine phosphorylation of FAK, Cas, and 
paxillin in response to 50 ng/ml IGF-I, correspondingly. The inten- 
sity of the bands of the phosphorylated proteins was measured by 
laser scanning densitometry. The value of tyrosine phosphorylation 

5A', upper panel). To test the possibility that tyrosine 
dephosphorylation of FAK affected the phosphoty- 
rosine content of FAK targets such as Cas and paxillin, 
we immunoprecipitated both these proteins from the 
same lysates as FAK. 

In control serum-starved cells, the tyrosine phos- 
phorylation level of Cas and paxillin was high (Figs. 
5B\ 5C\ upper panels). After 5 min of IGF-I stimula- 
tion, the Cas tyrosine phosphorylation was reduced by 
more than 70% of the control level. Tyrosine dephos- 
phorylation of Cas was transient, since within 15 min 
of IGF-I addition its phosphorylation was elevated, and 
by 1 h it almost reverted to the basal level (Figs. 5B, 
5B'). Within 5 min of IGF-I stimulation, tyrosine phos- 
phorylation of paxillin was reduced by 50%, and over 
the next 10 min it declined further to 30-40% of basal 
phosphorylation, remaining at this level for at least 4 h 
(Fig. 5C). 

In the absence of IGF-I stimulation, the basal level of 
tyrosine phosphorylation of FAK, Cas, and paxillin in 
the parental MCF-7 cells was comparable to that in 
MCF-7/IGF-IR cells. However, no significant changes 
in tyrosine phosphorylation status of focal adhesion- 
associated proteins FAK, Cas, and paxillin were ob- 
served in MCF-7 cells treated with 50 ng/ml IGF-I for 
up to 4 h (data not shown). 

PAO Prevents Tyrosine Dephosphorylation of FAK, 
Cas, and Paxillin and Inhibits Membrane 
Protrusion in IGF-I-Stimulated 
MCF-71 IGF-IR Cells 

To investigate whether protein tyrosine phosphatase 
activity was required for the reduced tyrosine phos- 
phorylation of FAK, Cas, and paxillin in response to 
IGF-I stimulation of MCF-7/IGF-IR cells, we at- 
tempted to block a putative IGF-IR-activated FTP. The 
trivalent arsenical compound PAO was selected for this 
purpose. PAO is a membrane-permeable FTP inhibitor 
that blocks tyrosine phosphatase activity in insulin 
signaling and upregulates tyrosine phosphorylation of 
FAK and paxillin in fibroblasts at concentrations of 1-5 
MM [23, 24|. 

In a series of control experiments we established 
that 5 IJLM PAO had no effect on IGF-I-induced tyrosine 
phosphorylation of either the IGF-IR ß subunit or 
IRS-1 (data not shown). Subsequently, we examined 

for each protein in serum-starved cells (time point 0 min) was taken 
as 100';. Error bars show SEM, n = 4. (A', B', C) Representative 
blots demonstrate the various levels of the tyrosine phosphorylated 
FAK, Cas. and paxillin (upper panels) and the comparable amounts 
of those proteins in the correspondent samples (lower panels) before 
and after IGF-I stimulation at the indicated time points. In the lower 
panels of IA'I. (B'l, and (C), the anti-phosphotyrosine blots were 
stripped and rcprobed with the indicated antibodies. 
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FIG. 6. PAO prevents tyrosine dephosphorylation of focal adhe- 
sion proteins in cells stimulated with IGF-I. Western blots show 
tyrosine phosphorylation and protein levels of the immunoprecipi- 
tated FAK, Cas, and paxillin in samples of serum-starved cells, 
serum-starved cells stimulated with 50 ng/ml IGF-I for 5 min, and 
serum-starved cells pretreated with 5 jiM PAO for 60 min and then 
stimulated with 50 ng/ml IGF-I for the time indicated. 

the effect of PAO on IGF-I-induced dephosphorylation 
of focal adhesion proteins FAK, Cas, and paxillin (Fig. 
6). Preincubation with PAO for 60 min resulted in 
slightly increased basal tyrosine phosphorylation only 
of FAK and Cas. The following stimulation of PAO- 
treated cells with IGF-I for up to 60 min did not reduce 
tyrosine phosphorylation of FAK, Cas, and paxillin, 
indicating that PTP activity is required for IGF-IR- 
mediated dephosphorylation of these molecules. 

We further investigated whether PAO rescue of the 
focal adhesion proteins from IGF-I-induced dephos- 
phorylation influenced IGF-IR-mediated changes in 
cell morphology. MCF-7/IGF-IR cells were incubated in 
either 5 JU.M PAO in SFM or SFM alone for 60 min 
(Figs. 7A and 7D, respectively). Next, both cell mono- 
layers were stimulated with 50 ng/ml IGF-I, and cell 
morphology was recorded after 15 and 60 min (Figs. 
7B, E and 7C, F). After 60 min, PAO-treated cells 
formed lobopodium-like membrane advances resem- 
bling those displayed by serum-starved cells in re- 
sponse to a 15-min treatment with IGF-I (compare 
Figs. 7C and 7E). The outward extensions of lamelli- 
podia typically seen in control cells after 60 min of 
IGF-I addition appeared to be blocked in PAO-pre- 
treated cells, thereby suggesting at least a partial in- 
hibition of morphological transition toward the motile 
phenotype. 

DISCUSSION 

The structural organization of a normal polarized 
epithelium restricts the separation and movement of 
individual cells. However, at early stages of malignant 
progression loss of epithelial polarity can promote cell 
motility and facilitate dissemination of cancer cells 
from epithelial tissue, thereby increasing the chance of 
a metastatic spread [25]. 

The increased level and enhanced autophosphoryla- 
tion of the IGF-IR observed in malignant versus nor- 
mal human breast tissues [10], as well as association of 
the IGF-IR with cell migration in vitro [8, 9], prompted 
our current investigations on the cellular and molecu- 
lar mechanisms governing IGF-IR-mediated motility 
in breast cancer cells. 

In the present work, we assessed the effects of 
IGF-IR overexpression on the events related to motility 
of MCF-7 breast epithelial cells. For the first time, we 
demonstrated that activation of the overexpressed 
IGF-IR causes depolarization of an epithelial cell 
monolayer. The magnitude of IGF-IR signaling as de- 
termined by the number of activated IGF-IRs appears 
critical for converting epithelial cells from a polarized 
to a motile phenotype, since a more striking morpho- 
logical transformation occurred in MCF-7/IGF-IR 
(1.1 x 10" receptors/cell) than in the parental MCF-7 
(6.0 x 10' receptors/cell) cells. 

The drastic changes in morphology of IGF-I-stimu- 
lated MCF-7/IGF-IR cells point to the involvement of 
cytoskeleton restructuring in cell depolarization. In 
this study we analyzed reorganization of the actin cy- 
toskeleton in MCF-7/IGF-IR cells stimulated with 
IGF-I for 4 h, and identified three distinct phases of 
F-actin reorganization: (1) actin filament disassembly 
followed by (2) accumulation of condensed short actin 
bundles along the cell periphery, and (3) reassembly of 
the long F-actin bundles. 

We have demonstrated that disruption of circumfer- 
ential and stress fiber-like actin bundles as well as 
cortical actin filaments—the cytoskeletal structures re- 
sponsible for the architecture and strength of the mul- 
ticellular epithelial sheet—is an early event associated 
with IGF-IR-induced depolarization. Disassembly of 
actin filamentous network appeared to be transient 
(5-15 mini. How does the activated IGF-IR cause F- 
actin disassembly? One possibility is that the rapid 
breakdown of the actin filaments is caused by the ac- 
tivation of act in-severing proteins, like gelsolin, whose 
stimulation, in turn, requires the transient increase in 
intracellular Ca"~ [26]. In some cell types, IGF-I stim- 
ulates phosphatidylinositide turnover and intracellu- 
lar CaJ release [27]. Whether a rise in Ca2+ and stim- 
ulation of the actin-severing proteins occur following 
IGF-IR activation in MCF-7 cells remains to be deter- 
mined. 

Another possibility might be an IGF-IR-mediated 
activation of the small GTP-binding protein Rac as well 
as other members of the Rho family. Recently, micro- 
injection studies on Rho D, Rho G, TC10, Rnd 1, and 
Rnd 3 (RhoE) demonstrated that these proteins cause 
breakdown of the stress fibers and associated loss of 
cell adhesion in fibroblasts [28]. In mammary epithe- 
lial cells. Cdc42- and Rac-mediated actin reorganiza- 
tion has been disrupted by inhibition of the PI 3-kinase 
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FIG. 7. PAO blocks morphological transitions in MCF-7/IGF-IR cells stimulated with 1GF-I. The representative phase-contrast micro- 
graphs show the morphology of MCF-7/IGF-IR cells under different conditions. Serum-starved cells were pretreated with 5 JAM PAO in SFM 
for 60 min (A) and then stimulated with 50 ng/ml IGF-I for either 15 min (Bl or 60 min iC). In parallel, serum-starved cells (D) were 
stimulated with 50 ng/ml IGF-I for either 15 min (E) or 60 min (F). Bar = 100 /xm. 

[29]. In fibroblasts expressing the Ras oncogene, active 
PI 3-kinase has been implicated in the disruption of 
actin stress fibers via dissociation of cortactin, an F- 
actin crosslinking protein, from the actin-myosin II 
complex [30]. According to our previous data, the 
amount and activity of IRS-1-associated PI 3-kinase 
are higher in MCF-7/IGF-IR than in MCF-7 cells stim- 
ulated with IGF-I [21, 31]. In the study reported here, 
we tested the involvement of the PI 3-kinase in F-actin 
rearrangements in MCF-7/IGF-IR cells. Preincubation 
of the cells with the specific PI 3-kinase inhibitor LY 
294002 abrogated IGF-I-induced F-actin disassembly, 
suggesting that IGF-IR/PI 3-kinase-dependent signal- 
ing triggers the rapid F-actin breakdown in MCF-7/ 
IGF-IR cells. 

The second phase of IGF-IR modulation of the actin 
cytoskeleton lasted approximately 1 h and was charac- 
terized by organization of the short F-actin bundles 
into microspike-like structures along the cell periph- 
ery. We speculate that IGF-IR regulation of actin-bind- 
ing/bundling proteins is involved in microspike forma- 

tion, which in turn might facilitate cell depolarization. 
This hypothesis is being tested currently. 

The reappearance of the long actin filaments in the 
nascent lamellipodia apparently required actin poly- 
merization, since addition of IGF-I along with cytocha- 
lasin, the drug that caps the plus end of actin filament 
and blocks actin polymerization, prevented lamellipo- 
dial extension (Guvakova, unpublished data). In many 
cell types, actin polymerization is closely linked with 
PI 3-kinase signaling [32], which also is required for 
lamellipodium formation and membrane ruffling [33]. 
Accordingly, we demonstrated that a block of PI 3-ki- 
nase activity inhibited IGF-I-induced membrane pro- 
trusion. This, however, does not rule out the possibility 
that the blockade of membrane extension is a second- 
ary event, since the inhibition of PI 3-kinase also pre- 
vented F-actin disassembly, and the latter preceded 
lamellipodial protrusion in MCF-7/IGF-IR cells. 

Previous studies have revealed that the breakdown 
of cell-cell adhesions plays an important role in epi- 
thelial-mesenchymal transition induced by different 
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growth factors [34, 351. However, morphological cell 
transformation from polarized to nonpolarized pheno- 
type is certainly related to modulation of cell-substra- 
tum interaction, and, therefore, mechanisms must ex- 
ist to regulate the assembly and disassembly of cell- 
matrix junctions. We have shown here that IGF-IR 
activation induces rapid reorganization of focal adhe- 
sions. In response to IGF-I, "arrowhead"-shaped paxil- 
lin clusters in the static cell transformed into elongated 
streaks of paxillin at the periphery of membrane pro- 
trusions. The latter might function similarly to "tran- 
sient focal contacts" of slowly moving cells described by 
Couchman and Rees [36]. Paxillin possesses multiple 
protein-protein interaction motifs [37] and, in contrast 
to FAK and Cas, is prominent in membrane protru- 
sions. It is tempting to speculate that an exchange in 
paxillin molecular partners plays a key role in IGF-IR- 
mediated turnover of focal adhesions. 

The effect of IGF-I on the tyrosine phosphorylation 
status of the focal adhesion proteins has been investi- 
gated in various cell models, and the reported influence 
of IGF-I on either FAK or paxillin appeared to be 
contrasting in different cells [17, 19, 20]. Recently, it 
was demonstrated that in IGF-I-stimulated Swiss 3T3 
fibroblasts expressing very low levels of the IGF-IR 
there was an increase in FAK, Cas, and paxillin ty- 
rosine phosphorylation [38]. In contrast to MCF-7 cells, 
however, serum-starved Swiss 3T3 cells lose their 
stress fibers and associated focal adhesions as well as 
tyrosine phosphorylation of FAK and paxillin [39]. 
Therefore, the contrasted cellular context and varying 
levels of IGF-IR expression in different cellular sys- 
tems make it difficult to compare the results. 

To clarify the relationship between IGF-IR stimula- 
tion, focal adhesion protein activity, and cell locomo- 
tion, we analyzed the time course of tyrosine phosphor- 
ylation of FAK, Cas, and paxillin in MCF-7 and MCF- 
7/IGF-IR cells exposed to IGF-I. In the MCF-7 parental 
cells, the relatively high basal phosphorylation of FAK, 
Cas, and paxillin was not reduced notably on IGF-I 
stimulation, whereas in MCF-7/IGF-IR cells, stronger 
IGF-IR activation triggered an acute tyrosine dephos- 
phorylation of FAK and Cas. The kinetic profiles of 
FAK and Cas dephosphorylation were similar, consis- 
tent with the regulatory role of FAK in direct or indi- 
rect (via the activation of Src-family kinases) tyrosine 
phosphorylation of Cas [40, 41]. Alternatively, the ac- 
tivated IGF-IR might stimulate a PTP controlling the 
function of FAK, Cas, or Src-family proteins. In this 
respect it is interesting that a newly discovered dual- 
specificity phosphatase PTEN (MMAC1) interacts with 
FAK and reduces tyrosine phosphorylation of this ki- 
nase as well as Cas [42]. The SH3 domain of Cas also 
directly binds to proline-rich region of the cytoplasmic 
PTP1B [43] whose role in IGF-IR signaling remains 
obscure. In the present study, we found that another 

FAK-associated phosphoprotein, paxillin, underwent 
tyrosine dephosphorylation in response to IGF-I. The 
recent discovery of the physical association between a 
nonreceptor PTP-PEST and paxillin • suggests that 
paxillin itself or paxillin-binding partners, including 
FAK. might serve as PTP-PEST substrates [44]. An- 
other enticing candidate for a role in IGF-IR-regulated 
PTP activity is PTP1D (also known as Shp2/SH-PTP2/ 
Syp). This cytoplasmic PTP is activated by direct bind- 
ing to the phosphorylated insulin receptor (IR), IGF-IR 
or IRS-1 [45|, and is known to mediate insulin-induced 
dephosphorylation of FAK and paxillin in CHO cells 
overexpressing the IR [46]. Recent studies identified an 
important role for PTP1D in regulating cell spreading, 
migration, and cytoskeletal architecture in fibroblasts, 
presumably via control of FAK [47]. 

Despite the unknown identity of IGF-IR-activated 
PTP in our cell model, the experiments with PAO, a 
phosphotyrosine phosphatase inhibitor, support the 
idea that induction of a PTP is critical for depolariza- 
tion in MCF-7/IGF-IR cells. PAO rescue of FAK, Cas, 
and paxillin. from IGF-I-induced tyrosine dephosphor- 
ylation was sufficient to block development of the mo- 
tile membrane protrusions. Collectively, our findings 
suggest the IGF-IR as an upstream regulator of a PAO- 
sensitive PTP. which either directly or indirectly de- 
phosphorylates FAK, Cas, and paxillin and disrupts 
focal contacts. 

In summary, we have established that activation of 
the overexpressed IGF-IR in MCF-7 cells results in a 
loss of epithelial cell polarity associated with acute 
disassembly of the actin filaments, subcellular reorga- 
nization of paxillin-enriched focal contacts, and rapid 
tyrosine dephosphorylation of FAK, Cas, and paxillin. 
Both PI 3-kinase and PTP activities are required for 
the depolarization of MCF-7 breast cancer cells. Taken 
together, these results suggest that IGF-IR overexpres- 
sion in mammary epithelial cells may have a signifi- 
cant impact in stimulating tumor cell motility. 

We are grateful to Dr. Joseph A. DePasquale for valuable discus- 
sions during the work, to Dr. Karen Knudsen and Dr. Carol Marshall 
for the critical comments on the manuscript, to Todd Sargood and 
Dawn Fowler for help with image processing, and to Priya K. Hin- 
gorani fur the expert assistance with confocal microscopy. We thank 
Dr. Amy H. Houton and Dr. J. Thomas Parsons for the generous gift 
of the antibodies. M.A.G. is a recipient of a fellowship from the U.S. 
Army (DAMD 17-97-1-7211). This work was in part supported by 
NIH Grant DK4Ö969 (E.S.) 

REFERENCES 

1. Davics. -I A., and Garrod, D. R. (1997). Molecular aspects of the 
epithelial phenotype. BioEssays 19, 699-704. 

2. Gumbiner. B. 11996). Cell adhesion: The molecular basis for 
tissue architecture and morphogenesis. Cell 84, 345-357. 

3. Danjo. Y„ and Gipson, I. K. (1998). Actin 'purse string" fila- 
ments are anchored by E-cadherin-mediated adherens junc- 



254 GUVAKOVA AND SURMACZ 

tions at the leading edge of the epithelial wound, providing 
coordinated cell movement. J. Cell Set. Ill, 3323-3331. 

4. Ando, Y., and Jensen, P. J. (1993). Epidermal growth factor and 
insulin-like growth factor I enhance keratinocyte migration. 
J. Invest. Dermatol. 100, 633-639. 

5. Leventhal, P. S., and Feldman. E. L. < 1997). Insulin-like growth 
factors as regulators of cell motiiity: Signaling mechanisms. 
Trends Endocrinol. Metab. 8, 1-6. 

6. Brooks, P. C, Klemke, R. L., Schön, S.. Lewis, J. M., Schwartz, 
M. A., and Cheresh, D. A. (1997). Insulin-like growth factor 
receptor cooperates with integrin «v/35 to promote tumor cell 
dissemination in vivo. J. Clin. Invest. 99, 1390-1398. 

7. Henricks, D. M., Kouba, A. J., Lackey. B. R., Boone, W. R., and 
Gray, S. L. (1998). Identification of insulin-like growth factor I 
in bovine seminal plasma and its receptor on spermatozoa: 
Influence on sperm motiiity. Biol. Reprod. 59, 330-337. 

8. Kohn, E. C, Francis, E. A., Liotta. L. A., and Schiffmann, E. 
(1990). Heterogeneity of the motiiity responses in malignant 
tumor cells: A biological basis for the diversity and homing of 
metastatjc cells. Int. J. Cancer 46, 287-292. 

9. Doerr, M. E., and Jones, J. I. (1996). The roles of integrins and 
extracellular matrix proteins in the insulin-like growth factor 
I-stimulated chemotaxis of human breast cancer cells. J. Biol. 
Chem. 271, 2443-2447. 

10. Resnik, J. L., Reichart, D. B., Huey, K.. Webster. N. J. G., and 
Seely, B. L. (1998). Elevated insulin-like growth factor I recep- 
tor autophosphorylation and kinase activity in human breast 
cancer. Cancer Res. 58, 1159-1164. 

11. Baserga, R. (1998). The IGF-I receptor in normal and abnormal 
growth. In "Hormones and Growth Factors in Development and 
Neoplasia" (R. B. Dickson and D. S. Salomon, Eds.J, pp. 269- 
287. Wiley-Liss, New York. 

12. Sepp-Lorenzino, L. (1998). Structure and function of the insu- 
lin-like growth factor I receptor. Breast Cancer Res. Treat. 47, 
235-253. 

13. Yenush, L., and White, M. F. (1997). The IRS-1-signaling sys- 
tem during insulin and cytokine action. BioEssays 19, 491-500. 

14. Yonemura, S., Itoh, M., Nagafuchi, A., and Tsukita, S. (1995). 
Cell-to-cell adherens junction formation and actin filament or- 
ganization: Similarities and differences between non-polarized 
fibroblasts and polarized epithelial cells. J. Cell Sei. 108, 127- 
142. 

15. Kadowaki, T., Koyasu, S., Nishida, E.. Sakai, H., Takaku, F., 
Yahara, I., and Kasuga, M. (1986). Insulin-like growth factors, 
insulin, and epidermal growth factor cause rapid cytoskeletal 
reorganization in KB cells. J. Biol. Chem. 261, 16141-16147. 

16. Izumi, T., Saeki, Y., Akanuma, Y., Takaku, F., and Kasuga, M. 
(1988). Requirement for receptor-intrinsic tyrosine kinase ac- 
tivities during ligand-induced membrane ruffling of KB cells. 
J. Biol. Chem. 263, 10386-10393. 

17. Leventhal, P. S., Shelden, E. A., Kim, B., and Feldman, E. L. 
(1997). Tyrosine phosphorylation of paxillin and focal adhesion 
kinase during insulin-like growth factor-I-stimulated lamelli- 
podia advance. J. Biol. Chem. 272, 5214-5218. 

:8. Jones, J. L., Royall, J. E., Critchley, D. R., and Walker, R. A. 
(1997). Modulation of myoepithelial-associated a6ß4 integrin in 
a breast cancer cell line alters invasive potential. Exp. Cell Res. 
235, 325-333. 

.9. Konstantopoulos, N., and Clark, S. (1996). Insulin and insulin- 
like growth factor-1 stimulate dephosphorylation of paxillin in 
parallel with focal adhesion kinase. Biochem. J. 314, 387-390. 

iO. Baron, V., Calleja, V., Ferrari, P., Alengrin, F., and van Ob- 
berghen, E. (1998). pl25F,k focal adhesion kinase is a substrate 

for the insulin and insulin-like growth factor-I tyrosine kinase 
receptors. ■/. Biol. Chem. 273, 7162-7168. 

21. Guvakova, M. A., and Surmacz, E. (1997a). Overexpressed 
IGF-I receptors reduce estrogen growth requirements, enhance 
survival, and promote E-cadherin-mediated cell-cell adhesion 
in human breast cancer cells. Exp. Cell Res. 231, 149-162. 

22. Knight. J. B.. Yamauchi. K.. and Pessin, J. E. (1995). Divergent 
insulin and platelet-derived growth factor regulation of focal 
adhesion kinase < ppl25r *K> tyrosine phosphorylation, and rear- 
rangement of actin stress fibers. J. Biol. Chem. 270, 10199- 
10203. 

23. Noguchi. T.. Matozaki. T.. Horita, K., Fujioka, Y, and Kasuga, 
M. (1994). Role of SH-PTP2, a protein-tyrosine phosphatase 
with Src homology 2 domains, in insulin-stimulated Ras acti- 
vation. Mol. Celt.'Biol. 14,6674-6682. 

24. Retta, S. F.. Barry. S. T.. Critchley, D. R., Defilippi, P., Silengo, 
L., and Tarone. G. 11996). Focal adhesion and stress fiber for- 
mation is regulated by tyrosine phosphatase activity. Exp. Cell 
Res. 299, 307-317. 

25. Kohn. E. C. and Liotta. L. A. (1995). Molecular insights into 
cancer invasion: Strategies for prevention and intervention. 
Cancer Res. 55, 1856-1862. 

26. Burtnick. L. D.. Koepf. E. K.. Grimes, J., Jones, E. Y., Stuart, 
D. I.. McLaughlin. P. J.. and Robinson, R. C. (1997). The crystal 
structure of plasma gelsolin: Implication for actin severing, 
capping, and nucleation. Cell 90, 661-670. 

27. Bornfeldt. K. E.. Raines. E. W., Nakano, T., Graves, L. M., 
Krebs. E. G., and Ross. R. (1994). Insulin-like growth factor-I 
and platelet-derived growth factor-BB induce directed migra- 
tion of human arterial smooth muscle cells via signaling path- 
ways that are distinct from those of proliferation. J. Clin. In- 
vest. 93, 1266-1274 

28. Aspenström. P. i 1099 > The Rho GTPases have multiple effects 
on the actin cvtn-k.lrton. Exp. Cell Res. 246, 20-25. 

29. Keely, P. J.. UVstwick. J. K., Whitehead, I. P., Der, C. J., and 
Parise, L. V. 11997 > Cdc42 and racl induce integrin-mediated 
cell motiiity and invasiveness through PI(3)K Nature 390,632- 
636. 

30. He, H, Watanabe. T.. Zhan, X., Huang, C, Schuuring, E., 
Fukami. K, Takenawa. T.. Kumar, C. C, Simpson, R. J., and 
Maruta. H. (1998). Role of phosphatidylinositol 4,5-bisphos- 
phate in Ras/Rac-induced disruption of the cortactin-actomyo- 
sin II complex and malignant transformation. Mol. Cell. Biol. 
18, 3829-3837. 

31. Guvakova, M. A., and Surmacz, E. (1997b). Tamoxifen inter- 
feres with the insulin-like growth factor I receptor (IGF-IR) 
signaling pathwav in breast cancer cells. Cancer Res. 57,2606- 
2610. 

32. Lange, K„ Brandt. V . Gartzke, J., and Bergmann, J. (1998). 
Action of insulin on the surface morphology of hepatocytes: Role 
of phosphatidylinositol :l-kinase in insulin-induced shape 
change of microvilli. Exp. Cell Res. 239, 139-151. 

33. Wennström. S.. Hawkins. P.. Cooke, F., Hara, K., Yonezawa, K, 
Kasuga, Ml, Jackson. T., Claesson-Welsh, L., and Stephens, L. 
(1994). Activation of phosphoinositide 3-kinase is required for 
PDGF-stimulated membrane ruffling. Curr. Biol. 4, 385-393. 

34. Boyer. B., Dufour. S.. and Thiery, J. P. (1992). E-cadherin 
expression during the acidic FGF-induced dispersion of a rat 
bladder carcinoma cell line. Exp. Cell Res. 201, 347-357. 

35. Potempa, S„ and Ridley. A. J. (1998). Activation of both MAP 
kinase and phosphatidylinositide 3-kinase by Ras is required 
for hepatoevte growth factor/scatter factor-induced adherens 
junction disassembly. Mol. Biol. Cell 9, 2185-2200. 



IGF-IR-MEDIATED DEPOLARIZATION IN BREAST CANCER CELLS 255 

36. Couchman. J. R.. and Rces, D. A. (1979). The behaviour of 
fibroblasts migrating from chick heart explants: Changes in 
adhesion, locomotion and growth, and in the distribution of 
actomyosin and fibronectin. J. Cell Sei. 39, 149-165. 

37. Turner. C. E.. and Miller. J. T (1994). Primary sequence of 
paxillin contains putative SH2 and SH3 domain binding motifs 
and multiple LIM domains: Identification of a vinculin and 
ppl25Fuk-binding region. J. Cell Sei. 107, 1583-1591. 

38. Casamassima. A., and Rozengurt. E. (1998). Insulin-like 
growth factor I stimulates tyrosine phosphorylation of pl30' ", 
focal adhesion kinase. and paxillin. J. Biol. Chan. 273, 26149- 
26156. 

39. Machesky, L. M., and Hall, A. (19961. Rho: a connection be- 
tween membrane receptor signalling and the cvtoskeleton. 
Trends Cell Biol. 6, 304-310. 

40. Polte, T. R., and Hanks, S. K. (1997). Complexes of focal adhe- 
sion kinase (FAK) and Crk-associated substrate (pl30 iCasl) 
are elevated in cytoskeleton-associated fractions following ad- 
hesion and Src transformation: Requirements for Src kinase 
activity and FAK proline-rich motifs. J. Biol. Client. 272, 5501- 
5509. 

41. Tachibana. K.. Urano. T., Fujita. H.. Ohashi. Y.. Kamiguchi. K., 
Iwata. S„ Hirai, H., and Monmoto, C. (1997). Tyrosine phos- 
phorylation of Crk-associated substrates by focal adhesion ki- 
nase. J. Biol. Chem. 272, 29083-29090. 

42. Tamura. M., Gu. J.. Matsumoto. K.. Aoto. SI.. Parsons. R . and 
Yamada. K. M. (1998). Inhibition of cell migration, spreading. 

and focal adhesions by tumor suppressor PTEN. Science 280, 
1614-1617. 

43. Liu, F., Hill, D. E., and Chernoff, J. (1996). Direct binding of the 
proline-rich region of protein tyrosine phosphatase IB to the 
Src homology 3 domain of pl30 (Cas). J. Biol. Chem. 2W, 
31290-31295. 

44. Shen, Y., Schneider, G., Cloutier, J.-F., Veillette, A., and 
Schaller, M. D. (1998). Direct association of protein-tyrosine 
phosphatase PTP-PEST with paxillin. J. Biol. Chem. 273, 
6474-6481. 

45. Rocchi, S., Tartare-Deckert, S., Sawka-Verhelle, D., Gamha. A., 
and van Obberghen, E. (1996). Interaction of SH2-containing 
protein tyrosine phosphatase 2 with the insulin receptor and 
the insulin-like growth factor-I receptor: Studies of the domains 
involved using the yeast two-hybrid system. Endocrinology 137, 
4944-4952. 

46. Ouwens, D. M., Mikkers, H. M. M., van der Zon, G. C. M., 
Stein-Gerlach, M., Ullrich, A., and Maassen, J. A. (1996). Insu- 
lin-induced tyrosine dephosphorylation of paxillin and focal 
adhesion kinase requires active phosphotyrosine phosphatase 
ID. Biochem. J. 318, 609-614. 

47. Yu, D-H., Qu, C-K, Henegariu, O., Lu, X., and Feng, G-S. 
(1998). Protein-tyrosine phosphatase Shp-2 regulates cell 
spreading, migration, and focal adhesion. J. Biol. Chem. 273, 
21125-21131. 

Received February 11. 1999 
Revision received May 21, 1999 



Int. J. Cancer: 81, 299-304 (1999) 
© 1999 Wiley-Liss. Inc. 

Publication of the International Union Against Cancer 
Publication de I'Union Internationale Contre le Cancer 

INSULIN RECEPTOR SUBSTRATE 1 IS A TARGET FOR THE PURE 
ANTIESTROGEN ICI 182,780 IN BREAST CANCER CELLS 
Michele SALERNO

1
-
2
. Diego Sisn1-2. Loredana MAURO

1
-
2
. Marina A. GIVAKOV \'. Sebastiano ANDO

2
-
3
 and Ewa SURMACZ'* 

{Kimmel Cancer Center. Thomas Jefferson University. Philadelphia. PA. I'SA • 
^Department of Cellular Biology. University of Calabria. Cosenza. Italv 
^Faculty of Pharmacy. University of Calabria. Cosenza. Italy 

The pure antiestrogen ICI 182,780 inhibits insulin-like 
growth factor (IGF)-dependent proliferation in hormone- 
responsive breast cancer cells. However, the interactions of 
ICI 182,780 with IGF-I receptor (IGF-IR) intracellular signal- 
ing have not been characterized. Here, we studied the effects 
of ICI 182,780 on IGF-IR signal transduction in MCF-7 breast 
cancer cells and in MCF-7-derived clones overexpressing 
either the IGF-IR or its 2 major substrates, insulin receptor 
substrate I (IRS-1) or src/collagen homology proteins (SHC). 
ICI 182,780 blocked the basal and IGF-l-induced growth in all 
studied cells in a dose-dependent manner; however, the 
clones with the greatest IRS-1 overexpression were clearly 
least sensitive to the drug. Pursuing ICI 182,780 interaction 
with IRS-1, we found that the antiestrogen reduced IRS-1 
expression and tyrosine phosphorylation in several cell lines 
in the presence or absence of IGF-I. Moreover, in IRS-I- 
overexpressing cells, ICI 182,780 decreased IRS-l/p85 and 
IRS-I/GRB2 binding. The effects of ICI 182,780 on IGF-IR 
protein expression were not significant; however, the drug 
suppressed IGF-l-induced (but not basal) IGF-IR tyrosine 
phosphorylation. The expression and tyrosine phosphoryla- 
tion of SHC as well as SHC/GRB binding were not influenced 
by ICI 182,780. In summary, downregulation of IRS-1 may 
represent one of the mechanisms by which ICI 182,780 
inhibits the growth of breast cancer cells. Thus, overexpres- 
sion of IRS-1 in breast tumors could contribute to the 
development of antiestrogen resistance. Int. J. Cancer 81:299- 
304, 1999. 
© 1999 Wiley-Liss. Inc. 

ICI 182,780, an alpha-alkylsulfinylamide, is a new-generation 
pure antiestrogen (Wakeling et ai, 1991). The drug has shown 
great promise as a second-line endocrine therapy agent in patients 
with advanced breast cancer resistant to the non-steroidal antiestro- 
gen tamoxifen (Tam). Indeed, in several in vitro and in vivo studies. 
the antitumor effects of ICI 182,780 were greater than those of Tam 
(Nicholson etal.. 1996: Osborne etal. 1995: deCupis et al.. 1995: 
Chander et al., 1993; Wakeling et al., 1991). Moreover, unlike 
Tam, ICI 182,780 lacks agonist (estrogenic) activity and its 
administration does not appear to be associated with deleterious 
side effects such as induction of endometrial cancer or retinopathy 
(Osborne et al.. 1995: Chander et al.. 1993). ICI 182,780 antago- 
nizes multiple cellular effects of estrogens by impairing the 
dimerization of the estrogen receptor (ER) and by reducinc F.R 
half-life (de Cupis and Favoni. 1997; Chander et al., 1993)'. ICI 
182,780 also interferes with growth factor-induced growth, but it is 
not clear whether this activity is mediated exclusively through the 
ER, or if some ER-independent mechanism is implicated (de Cupis 
et ai, 1995). Despite their great antitumor effects, pure antiestro- 
gens do not circumvent the development of antiestrogen resistance. 
as most breast tumor cells initially sensitive to ICI 182.780 
eventually become unresponsive to the drug (de Cupis and Favoni. 
1997;Pavlik^fl/.. 1996: Nicholson etal.. 1995). The mechanism 
of this resistance is not clear, but it has been suggested that both 
mutations of the ER as well as alterations in growth factor- 
dependent mitogenic pathways may be involved (de Cupis and 
Favoni, 1997; Larsen et al., 1997: Pavlik et al.. 1996; Wiseman et 
al., 1993). 

The insulin-like growth factor (IGF) system [IGFs. IGF-I 
receptor (IGF-IR) and IGF binding proteins (IGFBP)] plays a 
critical role in the pathobiology of hormone-responsive breast 

cancer (reviewed in Surmacz et al., 1998). In the experimental 
setting. IGF-IR has been shown to stimulate growth and transforma- 
tion, improve survival, as well as regulate cell-cell and cell- 
substrate interactions in breast cancer cells (Surmacz et ai, 1998). 
Moreover, overexpression of different elements of the IGF system, 
such as IGF-II. IGF-IR or insulin receptor substrate I (IRS-1), 
provides breast cancer cells with growth advantage and reduces or 
abrogates estrogen growth requirements (Surmacz etal., 1998). On 
the other hand, downregulation of IGF-IR expression, inhibition of 
IGF-IR signaling and reduced bioavailability of the IGFs have all 
been demonstrated to block proliferation and survival as well as to 
interfere with motility or intercellular adhesion in breast cancer 
cells (Surmacz etal., 1998). 

Clinical studies confirm the role of the IGF-I system in breast 
cancer development. First, IGF-IR has been found to be up to 
14-fold overexpressed in breast cancer compared with its levels in 
normal mammary epithelium (Surmacz et al, 1998; Resnik et ai. 
1998; Turner et al., 1997). Moreover, cellular levels of IGF-IR or 
its substrate IRS-1 correlate with cancer recurrence at the prirflarv 
siteiRochatva/., 1997; Turner etal, 1997). The ligands of IGF-IR. 
IGF-I and IGF-II, are often present in the epithelial and/or stromal 
component of breast tumors, indicating that an autocrine or a 
paracrine IGF-IR loop may be operative and involved in the 
neoplasiic process (Surmacz et al., 1998). In addition, endocrine 
IGI's probably also contribute to breast tumorigenesis since the 
le\cK of circulating IGF-I correlate with breast cancer risk in 
premenopausal women (Hankinson etal., 1998). 

ICI IS2.780 interferes with the IGF-I system in breast cancer 
cells. The antiestrogen has been shown to attenuate IGF-I- 
stimulated growth, modulate expression of IGFBPs and downregu- 
late IGF binding sites (Surmacz et al., 1998; de Cupis and Favoni. 
1997: de Cupis etal., 1995). The interactions of ICI 182,780 with 
the IGF-IR signaling pathways, however, have not been character- 
ized. 

Our previous work demonstrated that in breast cancer cells. Tam 
interferes with the IGF-IR signaling acting upon IGF-IR substrates 
IRS-1 and src/collagen homology proteins (SHC) (Guvakova and 
Surmacz. 1997). Normally, activation of IGF-IR results in the 
recruitment and tyrosine phosphorylation of IRS-1 and SHC, 
followed by their association with several downstream effector 
proteins and induction of various signaling pathways (Surmacz et 
al.. I998i. For instance, association of either IRS-1 or SHC with 
GRH-2/SOS complexes activates the Ras/MAP pathway, whereas 
binding of IRS-1 with p85 stimulates PI-3 kinase. Tam treatment 
blocks IGF-dependent growth, which coincides with decreased 
tyrosine phosphorylation of IRS-1 and IGF-IR and with hyperphos- 

(Ir.mi sponsor: NIH; Grant number: DK 48969; Grant sponsor: U.S. 
Dqunmem of Defense: Grant numbers: DAMD 17-96-1 -6250 and DAMD 
17 '17 I -7211; Grant sponsors: NCR Italy, M.U.R.S.T. Italv 607r and P.O.P. 
IWS. Italv. 

"Correspondence to: Kimmel Cancer Center, Thomas Jefferson Univer- 
sity. 233 S. 10th Street. BLSB 606, Philadelphia, PA 19107, USA. Fax: 
i2i 5) 923-0249. E-mail: surmaczl@jeflin.tju.edu. 

Received 17 August 1998; revised 5 November 1998 



300 SALLRNO IT AL 

phorylation of SHC (Guvakova and Surmacz, 1997). Here, we 
demonstrate the interactions of ICI 182,780 with IGF-IR signaling 
and discuss the relevant similarities and differences in the modes of 
action of the 2 antiestrogens. 

Statistical analysis 
The results in cell growth experiments were analyzed by analysis 

of variance (ANOVA) or Student's Mest, where appropriate. 

MATERIAL AND METHODS 

Cell lines and cell culture conditions 

We used MCF-7 cells and several MCF-7-derived clones 
overexpressing either IGF-IR (MCF-7/IGF-IR cells), IRS-1 (MCF- 
7/IRS-l cells) or SHC (MCF-7/SHC cells). MCF-7/IGF-IR clone 
17 and MCF-7/IRS-1 clones 9. 3 and 18 were developed by stable 
transfection of MCF-7 cells with expression vectors encoding 
either IGF-IR or IRS-1 and have been characterized previously 
(Guvakova and Surmacz. 1997: Surmacz and Burgaud, 1995). 
MCF-7/SHC cells are MCF-7-derived cells transfected with the 
plasmid pcDNA3/SHC; compared with MCF-7 cells, the level of 
p55SHC and p47SHC overexpression in MCF-7/SHC cells is approxi- 
mately 5-fold (data not shown). The above MCF-7-derived clones 
express ERs and respond to E2, similar to MCF-7 cells (Guvakova 
and Surmacz. 1997: Surmacz and Burgaud, 1995). The levels of 
IRS-1 in MCF-7/IGF-IR and MCF-7/SHC cells are similar to those 
in MCF-7 cells (see Fig. lb and data not shown). 

MCF-7 cells were grown in DMEM:F12 (1:1) containing 5% 
calf serum (CS). MCF-7-derived clones were maintained in 
DMEM:FI2 plus 5% CS plus 200 ug/ml G418. In the experiments 
requiring E2-free conditions, the cells were cultured in phenol 
red-free DMEM containing 0.5 mg/ml BSA, 1 uM FeS04 and 2 
mM L-glutamine (PRF-SFM) (Guvakova and Surmacz, 1997: 
Surmacz and Burgaud, 1995). 

Cell growth assay 
Cells were plated at a concentration 2 X 105 in 6-weIl plates in a 

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

IPandWB 
The expression and tyrosine phosphorylation of IGF-I signaling 

proteins were measured by IP and WB, as described previously 
(Guvakova and Surmacz, 1997; Surmacz and Burgaud, 1995). 
Protein lysates (500 ug) were immunoprecipitated with the follow- 
ing antibodies (Abs): for the IGF-IR: anti-IGF-IR monoclonal Ab 
(MAb) alpha-IR3 (Oncogene Science, Cambridge, MA); for IRS-1: 
anti-C-terminal IRS-1 polyclonal Ab (pAb) (UBI, Lake Placid, 
NY); for SHC: anti-SHC pAb (Transduction Laboratories. Lexing- 
ton, KY). Tyrosine phosphorylation was probed by WB with an 
antiphosphotyrosine MAb PY20 (Transduction Laboratories). The 
levels of IRS-1. IGF-IR and SHC expression were determined by 
stripping the phosphotyrosine blots and reprobing them with the 
following Abs: for IRS-1: anti-IRS-I pAb (UBI); for IGF-IR: 
anti-IGF-IR mAb (Santa Cruz Biotechnology, Santa Cruz, CA): for 
SHC: anti-SHC MAb (Transduction Laboratories). The association 
of GRB2 or p85 with IRS-1 or SHC was visualized in IRS-1 or 
SHC blots using an anti-GRB2 MAb (Transduction Laboratories) 
or an anti-p85 MAb (UBI), respectively. The intensity of bands was 
measured by laser densitometry scanning. 

Northern blotting 
The levels of IRS-1 mRNA were detected by Northern blotting 

in 20 ug of total RNA using a 631 bp probe derived from a mouse 
IRS-1 cDNA (nt 1351-2002). This fragment (99.8% homology 
with the human IRS-1 sequence) hybridizes with both human and 
mouse IRS-1 mRNA (Nishiyama and Wands, 1992). 

RESULTS 
ICI 1X2.7HO inhibits growth of MCF-7 cells with amplified 
IGF-IR signaling. Sensitivity to ICI 182,780 is determined 
bv the cellular levels of IRS-1 

All cell lines used in this study secrete autocrine IGF-l-like 
mitogens and are able to proliferate in PRF-SFM (Guvakova and 
Surmac/. 1997; Surmacz and Burgaud, 1995). The basal (auto- 
crine) growth of the cells was enhanced in the presence of IGF-I 
(Fig. \a.b). Short (1-2 days) treatments with ICI 182,780 were not 
sufficient to inhibit cell growth (data not shown), but a 4-day 
culture in the presence of the antiestrogen produced evident 
cytostatic effects (Fig. \a,b). In general, the response to ICI 
182.780 was dose dependent (Fig. \a,b), however, compared with 
the other cell lines, the cells highly overexpressing IRS-1 (MCF-7/ 
IRS- i clones 3 and 18) were more resistant to the drug (Fig. \b,c). 
Specifically. 1 nM ICI 182,780 inhibited the basal growth by 80. 55 
and 50'.? in MCF-7, MCF-7/IGF-IR and MCF-7/SHC cells, respec- 
tively, but the same dose produced only a 20-30% growth inhibition in 
MCF-7/IRS-1 clones 3 and 18 (Fig. \a,b). Higher concentrations of 
ICI I K2.7XO (10 and 100 nM) effectively suppressed the autoenne 
growth, or even induced cell death in all cell lines, except 
MCT-7/IRS-1 clone 18, where the maximal reduction (32^) of the 
basal growth occurred with a 100 nM dose (Fig. lb). 

In the presence of IGF-I, the effects of ICI 182,780 were 
attenuated: I nM ICI 182,780 was never cytostatic (data not 
show n). while the 10 and 100 nM doses inhibited (by 30-50% and 
47-78'r. respectively) IGF-I-dependent proliferation of cells with 
low IRS-1 levels (Fig. \a,b). The same doses, however, were less 
efficient in MCF-7/IRS-1 clones 3 and 18, where growth reduction 
was 20-25'? for 10 nM and 41^7% for 100 nM. Similarly, 300 
nM ICI 182.780 produced a prominent cytostatic effect in all cell 
lines w ith low IRS-1 expression, but was less active in the clones 
highly merexpressing IRS-1 (70-93% vs. 45-60% growth inhibi- 
tion) (Fig. \a-c). 

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

ICI IS2.7SO reduces IRS-1 levels and impairs IRS-1 signaling 
in MCF-7/1RS-1. MCF-7 and MCF-7/IGF-IR cells 

In MCF-7/IRS-1 cells grown under basal conditions, IRS-1 was 
tyrosine phosphorylated for up to 4 days (Fig. 2a). IGF-I induced a 
rapid and marked (5-fold) increase of IRS-1 phosphorylation which 
persisted for up to 1 day and declined thereafter reaching close to 
the hasal phosphorylation status at day 4. A short (^ 1 day) treatment 
wuh ICI 182.780 had no consequences on IRS-1 expression or 
tyrosine phosphorylation. (Fig. 2a, panels a and b). However, 
p85/IRS-l association was approximately 30% reduced under the 
basal conditions at day 1 of the treatment (Fig. 2a, panel c). 

The evident effect of ICI 182,780 action on IRS-1 expression 
and signaling occurred at day 4, and was especially pronounced in 
(he absence of IGF-I. Specifically, without IGF-I, the drug sup- 
pressed IRS-1 protein expression by 60%, which was paralleled by 
a 60' i reduction of IRS-1 tyrosine phosphorylation, and coincided 
with an almost complete (approximately 95%) inhibition of 
p85/IRS-l and GRB2/IRS-1 binding. The addition of IGF attenu- 
ated ICI 182,780 action, however, the effects of the treatment 
remained well detectable: IRS-1 levels were downregulated by 
30'.*. IRS-1 tyrosine phosphorylation by 20% and p85/IRS-l 
binding by 30%. Under IGF-I conditions, GRB2/IRS-1 binding 
was not appreciably affected (Fig. 2a, panels a-d). 
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FIGURE 1 - ICI 182,780 inhibits the growth of MCF-7 cells overexpressing different elements of IGF-IR signaling. IRS-1 levels determine ICI 
182 780 sensitivity (a) ICI 182.780-induced growth inhibition in the parental MCF-7 cells (8 X 10* IGF-IR/cell), MCF-7/IGF-IR clone 17(1 X 10» 
IGF-IR/cell) and MCF-7/SHC (5-fold SHC overexpression over the level in MCF-7 cells), (b) Growth reduction in MCF-7/1RS-1 clone 9 (3-fold 
IRS-1 overexpression over the levels in MCF-7 cells), clone 3 (7-fold overexpression) and clone 18 (9-fold overexpression). The cells were treated 
with different doses of ICI 182.780 in the presence or absence of 50 ng/ml IGF-I, as described in Material and Methods. The increase in cell number 
between day 0 and day 4 is taken as 100%-. The results are means from at least 4 experiments. Bars indicate standard error, (c) Levels of IRS-1 
protein in different MCF-7/IRS-1 cell lines. IRS-1 levels were determined by IP and WB as described in Material and Methods. Representative 
results from 3 experiments are shown. 

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

ICI 182,780 attenuates IRS-1 mRNA expression 
ICI 182.780 reduced the levels of 5 kb IRS-1 mRNA (Nishiyama 

and Wands, 1992) in MCF-7 and MCF-7/IGF-IR cells in the absence or 
presence of IGF-I, by 50 and 70%, respectively (Fig. 3). Moreover, the 5 
kb message transcribed from the CMV-IRS-1 plasmid was downregu- 
lated (by approximately 70%) in MCF-7/IRS-1 cells treated with 
both IGF-I and ICI 182,780 (data not shown). 

ICI 182,780 inhibits IGF-I-induced but not basal tyrosine 
phosphorylation of IGF-IR 

In MCF-7/IGF-IR cells, IGF-I moderately increased the expres- 
sion of IGF-IR. This effect was slightly (by 20%) blocked in the 
presence of ICI 182,780. Under the same conditions, the drug 
significantly (by 80%) reduced tyrosine phosphorylation of IGF-IR 
(Fig. 4). ICI 182,780 had no effect on the basal expression of 
IGF-IR, however, it produced a 30% increase in the basal tyrosine 
phosphorylation of IGF-IR (Fig. 4). The latter peculiar effect of the 
antiestrogen occurred in several repeat experiments. Short treat- 
ments with ICI 182,780 (si day) were not associated with any 
significant changes in IGF-IR expression (data not shown). 

Long-term ICI 182,780 treatment does not affect SHC signaling 
In the presence of IGF-I, SHC tyrosine phosphorylation was 

moderately induced, with the maximum seen at 1 hr upon 
stimulation. On the other hand, GRB2/SHC binding peaked at 15 
min after IGF-I addition and declined thereafter with the minimal 
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FIGURE 2-ICI 182.7X0 inhibits IRS-1-mediated signaling, (a) Effects of ICI 1X2.7X0 in MCF-7/IRS-1 clone 3. IRS-I tyrosine phosphorylation 
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treatment, lane IGF (-) ICI (-) is underloaded. Representative results from 5 experiments are shown, (b) Effects of ICI 182,780 on IRS-1 in 
MCF-7/IGF-IR and MCF-7 cells. IRS-I tyrosine phosphorylation (IRS-1 PY) and protein levels (IRS-1) were examined in cells treated with 100 
nM ICI 182,780 for 4 days. Representative blots of 5 experiments are shown. 
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FIGURE 3-ICI 182.780 attenuates the expression of IRS-1 mRNA 
levels in MCF-7 and MCF-7/IGF-IR cells. The expression of IRS-I 
mRNA was determined in cells treated with 100 nM ICI 182,780 for 4 
days in the presence or absence of IGF-I. Panel a. IRS-1 mRNA of 
approximately 5 kb. Panel b. Control RNA loading: 28S and 18S RNA 
in the same blot. 
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FIGURE 4-Effects of ICI 182.780 on IGF-IR. IGF-IR tyrosine 
phosphorylation (IGF-IR PY) (panel a) and protein levels (IGF-IR) 
(panel b) in MCF-7/IGF-IR clone 17 treated for 4 days with 100 nM 
ICI 182,780 in the presence or absence of 50 ng/ml IGF-I. Representa- 
tive results of 3 different experiments are shown. 

binding found at day 4 (Fig. 5). ICI 182.780 treatment, in the 
presence or absence of IGF-I. failed to induce significant changes 
in the levels or tyrosine phosphorylation of SHC proteins, except a 
transient stimulation of the basal SHC tyrosine phosphorylation at 
15 min (Fig. 5). Importantly, at all time points, SHC/GRB2 
association was not influenced by the drug. 

Interestingly, at day 4, SHC tyrosine phosphorylation and 
SHC/GRB2 binding were suppressed in the presence of IGF-I (Fig. 
5). This characteristic regulation of SHC by IGF-I, documented by 

us previouslv in MCF-7 cells and MCF-7-derived clones, was not 
affected h\ ICI 1X2.780 (Guvakova and Surmacz, 1997). 

Similar lack of ICI 182.780 effects on SHC expression and 
signaling was noted in MCF-7 and MCF-7/IGF-IR cells (data not 
shown). 

DISCUSSION 

Pure anticstrogcns have been shown to interfere with one of the 
most important systems regulating the biology of hormone- - 
dependent breast cancer cells, namely, the IGF-I system (de Cupis 
and Favoni. IW; Nicholson et ai, 1996). The compounds inhibit 
IGF-induced proliferation, which is associated with, i.e., downregu- 
lation ol IGF binding sites and reduction of IGF availability. 
Similar action has been ascribed to non-steroidal antiestrogens 
such as lam or 4-OH-Tam (Chander et ai, 1993). 

The effects of pure antiestrogens on the IGF signal transduction 
have been unknown. Here, we studied if and how ICI 182,780 
modulates the IGF-IR intracellular pathways in breast cancer cells. 
We focused on the relationship between drug efficiency and 
signaling capacities of IGF-IR or IRS-I since these molecules 
appear to control proliferation and survival in breast cancer cells 
(Surmac/«-Mi/.. 1998; Rochaef ai. 1997; Turners ai, 1997). 

PreviousK we found that the cytostatic action of Tarn involves 
its interference with IGF signaling pathways. In particular, Tarn 
suppressed ivrosine phosphorylation of IRS-1 and caused hyper- 
phosphorv lation of SHC (Guvakova and Surmacz, 1997). The most 
important conclusion of the present work is that inhibition of IRS-1 
expression is an important element of ICI 182,780 mode of action. 
The first observation was that amplification of IGF signaling did 
not abrogate sensitivity to ICI 182,780. Next, ICI 182,780 appeared 
to affect a specific IGF signaling pathway, as the efficiency of the 
drusi was dictated by the cellular levels of IRS-1, but not that of 
SHC or IGI:-IR. For instance, MCF-7/IGF-IR clone 17 was very 
sensitive to ICI 182,780 despite a 12-fold IGF-IR overexpression, 
whereas MCF-7/IRS-I clones 3 and 18 (7- and 9-fold IRS-1 
overexpression. respectively) were quite resistant to the drug (Fig. 
1). Moreover. ICI 182,780 reduced IRS-1 levels and tyrosine 
phosphor} Union in several cell lines in the presence or absence of 
IGF-I. while its action on IGF-IR was limited to the inhibition of 
IGF-I-iikluced tyrosine phosphorylation and its effects on SHC 
were none. 

The reduction of IRS-1 expression by ICI 182,780 occurred in 
all cell lines studied, however, it was clearly more pronounced in 
the cells expressing lower (endogenous) levels of the substrate (i.e., 
MCF-7 and MCF-7/IGF-IR cells) (Fig. 2). This suggests that 
downregulation of IRS-1 by ICI 182,780 is a saturable process, and 
overexpression of IRS-1 may provide resistance to the drug. 
Indeed, although we did not notice a strict correlation between 
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IRS-1 levels or IRS-I tyrosine phosphorylation and ICI 182 780- 
dependent growth inhibition. IRS-1-overe'xpressing cells tended to 
be more resistant to the cytostatic action of the antiestrogen (Fig 
1). Interestingly, overcxprcssion of IRS-1 clearly had a greater 
impact on the response to high doses of ICI 182 780 (>100 nM) 
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etfeCtS of low dru- «'nccnirdtions. This suggests that 

Joe l°2.i7?° acIlon 1S multiphased, with the initial inhibition bein« 
IRS-1 independent (but perhaps. ER-dcpendent) and the stron" 
growth reduction associated with the blockade of IRS-1 function 
(Figs. 1,2). 

ICI 182,780 affected IRS-I expression not only on the level of 
protein but also on the level of mRNA. In our experiments, the 
antiestrogen reduced the expression of IRS-1 mRNA in the 

fIe
T
Se,n0

cfi)'absence of IGF-'- However, the mechanism by which 
ICI 182,780 interferes with IRS-I mRNA expression was not 
studied here and it remains speculative. Regarding transcriptional 
regulation, no estrogen-responsive elements have been mapped in 
tne 1K6-1 promoter, but it cannot be ruled out that ICI 182 780 acts 
indirectly through some other regulatory sequences in the 5' 
untranslated region of IRS-1 gene, such as API AP2 Spl C/EBP 
E box (Araki et al., 1995; Matsuda et al 1997) A post- 
transcnptional component may be argued by the fact that the 
inhibition of IRS-I mRNA by ICI 182,780 was evident in 
IGF-I-treated MCF-7/IRS-1 cells, in which the majority of IRS-1 
message originated from the expression plasmid devoid of any 
IRS-1 promoter sequences (CMV-driven IRS-1 cDNA) (Surmac/ 

?ri .«"Ä'-19?5! (data n0t shoWn)- ,n addition-the «"ding that 
A ZÜ ?  Slmilar|y '"hibited IRS-1 mRNA levels under the basal 

and IGF-I conditions, but IRS-I protein was significantly more 

lÜ ,U2f Jn ** absenCe °f IGF'' (F'S- 3 "• Fi§- 2a> could suegest 
hat the drug acts upon some IGF-I-dependent mechanism control- 

ling mRNA stability, translation, or post-translational events. In 
tact, m other experimental systems. IGF-I or insulin regulated 

various messages, including IRS-I mRNA, on the post-transcrip- 
tional level (Araki et al., 1995). 

In its action on IRS-1, ICI 182,780 appeared more potent than 
Tarn, which decreased tyrosine phosphorylation of IRS-I but did 
not cause any detectable changes in IRS-1 expression. Our results 
with Tarn suggested that this antiestrogen may influence the 
activity of tyrosine phosphatases (PTPases) (Guvakova and Sur- 
mac/. 1997). Indeed, both Tarn and ICI 182,780-interfere with 
lGl'-l-dependent growth by upregulating PTPases LAR and FAP-1 
(f:reiss ,-t ul.. 1998). In the present work, ICI 182,780 effects on 
phosphatases acting on IRS-1 were impossible to assess, since the 
drug also affected" IRS-1 expression (Fig. 3). However, some 
interference of ICI 182.780 with the phosphorylation/dephosphory- 
lation events could be indicated, for instance, by our experiments 
with IGF-IR. where, under basal conditions, the compound induced 
IGF-IR phosphorylation without evident modifications of the 
receptor expression (Fig. 4). 

Other important observations stemming from our results concern 
similarities and differences between the effects of ICI 182,780 and 
Tarn on the IGF-IR and SHC. While Tarn did not modulate the 
expression of IGF-IR protein (Guvakova and Surmacz, 1997), ICI 
182.780 moderately decreased IGF-IR levels in the presence of 
IGF-I. The action of ICI 182,780 and Tarn on IGF-IR tyrosine 
phosphorylation was similar, namely, both compounds inhibited 
IGF-I-indiiced hut not basal tyrosine phosphorylation of IGF-IR. 
The effects ot ICI 182.780 and Tarn on SHC were different. With 
Tarn, we observed elevated tyrosine phosphorylation of SHC 
proteins and increased SHC/GRB2 binding in growth-arrested 
cells, while ICI 182.780 did not affect SHC phosphorylation or 
expression (Guvakova and Surmacz, 1997). Thus, induction of 
non-mitogemc SHC signaling is a peculiarity of Tarn but not a ICI 
182.7SO mechanism of action. 

In summary, cytostatic effects of ICI 182,780, similar to Tarn, are 
associated with the inhibition of IGF-IR signaling. The mitogenic/ 
survival IRS-1 pathway is a target for both antiestrogens. Both 
drugs reduce the levels of tyrosine phosphorylated IRS-1, but only 
icf 182.780 clearly inhibits expression of the substrate. High 
cellular lev els of IRS-1 hinder the response to higher doses of ICI 
182.780. thus overexpression of IRS-I in breast tumors may 
represent an important mechanism of antiestrogen resistance. 
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