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Summary

Within epithelial tissue, cells are held together by
specialized lateral junctions. At particular stages of
development and in pathological processes such as
metastasis, cells break down the intercellular junctions,
separate from the epithelial sheet and migrate individually.
Despite the importance of these processes, little is
understood about the regulatory mechanisms of active cell
separation. In view of the effects of insulin-like growth
factor | (IGF-I) on mammary gland development and
cancer, we developed a model using MCF-7 human breast
cancer cells in which the process of cell separation can be
induced by IGF-I. The separation was enhanced in MCF-
7 cells overexpressing the IGF-IR and blocked in the
cells expressing a dead-kinase mutant of this receptor.
Activation of the IGF-IR resulted in a rapid formation of
motile actin microspikes at the regions of cell-cell contacts,
disorganization of mature adherens junctions and the onset
of cell migration. In cell separation, the signaling between
the IGF-IR kinase and actin required phosphatidylinositol

3 (PI 3)-kinase-generated phospholipids but not MAP
kinases and was mediated byx-actinin. The activity of
MEKZ1/2 kinases was needed for consecutive cell migration.

This work also defined a new function fora-actinin. Upon
IGF-IR activation, green fluorescence protein (GFP)-
labeled a-actinin concentrated at the base of actin
microspikes. Deletion of the N-terminal actin-binding
domain of a-actinin prevented this redistribution,
indicating that this domain is necessary. Deletion of the
C-terminal tail of a-actinin reduced the number of
microspikes, showing that a-actinin has a role in the
development of microspikes and is not passively
reorganized with filamentous actin. We suggest that the
signaling pathway from the IGF-IR kinase through the PI-
3 kinase toa-actinin participates in the rapid organization
of actin into microspikes at the cell-cell junctions and leads
to active cell separation, whereas signaling through
ERKZ1/2 MAP kinases controls cell migration following cell
separation.

Movies available on-line
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Introduction

that precede cell separation have been determined using

Differentiated epithelial cells are organized in contiguouginimal and cellular models (reviewed in Hay, 1995; Thiery
layers that protect the underlying connective tissue from thand Chopin, 1999; Savagner, 2001). For example, epithelial
external environment and comprise the parenchyma of thgolonies can be induced to separate by treatment with
inner organs such as the glands. The lateral membranes of th@§ysiological peptides, including hepatocyte growth
adherent cells are connected via highly specialized adhesi{@ctor/scatter factor (HGF/SF), neuregulin, members of the
junctions whose formation and maintenance is criticallyfibroblast growth factor (FGF), epidermal growth factor
dependent on linkage to the cytoskeleton: tight and adherefisGF) and transforming growth factor (TGF) families (Stoker
junctions are linked to the cortical actin, whereas desmosomea#d Perryman, 1985; Savagner et al., 1997; Chausovsky et al.,
are connected to the network of intermediate filaments (Cowih998; Miller et al., 1999). Peptides with cell scattering
and Burke, 1996; Davies and Garrod, 1997). This unique tissdenction induce a disruption of intercellular junctions, a
architecture allows epithelial cells to remain relatively staticreorganization of the actin cytoskeleton and an increase in
except for during cell separation and migration that occur ifocal cell motility. These effects are mediated by receptor
development, tissue regeneration and metastasis (Gumbingrosine kinases (Sachs et al., 1996), of which the most
1996). extensively studied is Met, the receptor for HGF/SF
Some mechanistic aspects and common sequential chandesviewed in Furge et al., 2000). Activation of Met has a
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strong effect on scattering and invasiveness of the rodeMaterials and Methods
mammary epithelial cells and various human carcinoma cettell culture and reagents

lines, and similar disorganization is believed to lead tQucr.7 human breast cancer cell line (ATCC, HTB-22) and its
metastasis (Wiedner et al., 1990; Liang et al., 1996; Firon ferivatives were all grown in Dulbecco’s Modified Eagle Medium:
al., 2000). It is less clear, however, whether HGF/SF and Meutrient Mixture F-12 (Ham) 1:1 (D-MEM/F-12) containing 5% calf
control motile behavior of human breast tumor cells. Noserum (CS), penicillin and streptomycin at 37°C in 5%,CEbr
scattering response to HGF/SF has been seen in human breastnight serum starvation, MCF-7 cells were incubated in phenol-
carcinoma cell lines in vitro (Stoker et al., 1987); in breasted- and serum-free D-MEM/F-12 containing 0.5 mg/ml bovine

; ; ; erexpressed the wild-type human IGF-IR 18-fold has been
E#?;;};;ngérag_]glgzn)ormal cells adjacent to mammary ducg?/eviously described (Guvakova and Surmacz, 1997). This line is

Anoth b fth tor t ine ki famil . referred as MCF-7/IGF-IR/WT in this study. D-MEM/F-12, phenol-
nother member or the receptor tyrosine Kinase family 1§q froe D-MEM/F-12, CS and Geneticin (G418) were purchased

the receptor for IGF-I, a protein of particular interest for thgyom Gibco BRL, Life Technologies. LY 294002, PD 98059 and the
b|0|0_9y of the humal_’l mammary gland. There_: is a generalkt inhibitor were from Calbiochem, UO126 from Promega and
requirement for IGF-I in terminal end bud formation and ductahuman recombinant IGF-I from Bachem.

morphogenesis in the developing gland (Kleinberg et al.,
2000). In humans, the IGF-IR is expressed by both normal angolecular cloning and cell transfection procedures

tumor mammary cells; yet the level of the receptor expressiopcr.7/1GF-IR/DK kinase-deficient cells were generated using a
and its tyrosine kinase activity is higher in malignant comparegsF-IR g subunit with mutations in the activation loop of the catalytic
with benign and normal tissues (Happerfield et al., 1997domain (three tyrosine residues, Y1131, Y1135, and Y1136 were
Resnik et al., 1998). The signaling mechanisms evoked bsubstituted by phenylalanines). This DNA was a gift from D. Leroith,
IGF-IR kinase are well documented (reviewed by LeRoithNIH (Kato et al., 1994). The mutant IGF-IR cDNA was subcloned
2000). Ligand-induced activation of the IGF-IR causes th&om the pBluscript Il KS+ vector into thEcoRl andXba sites of
sequential phosphorylation of three conservative tyrosiné§€ PCDNA3 expression vector (Invitrogen Corp., San Diego, CA)
within the catalytic domain, followed by phosphorylation of Under the control of the CMV promoter. MCF-7 cells expressing the
the cytoplasmic domain of the receptor, recruitment of adapt%mam receptor were derived by calcium-phosphate-precipitation-

| | d initiati fsi i d The t b ediated transfection with a plasmid encoding the mutant hiIGF-IR
molecuies and initiation of signaling cascades. 1ne two esF(')Ilowed by selection in 2.5 mg/ml G418. Surface expression of the

characterized pathways triggered by the activation of thiggr.|R was confirmed by fluorescence-activated cell sorting (FACS)
receptor are the PI3-kinase signaling via the insulin receptjsing a monoclonal antibody against theubunit of the IGF-IR and
substrates (IRSs) and the MAP kinase pathway via adaptar secondary FITC-conjugated goat anti-mouse antibody (Vector).
molecules Shc. Although IGF-I may have a pleiotropic effectable clones expressing approximatelyx1@® IGF-IRs per cell

on cell proliferation, differentiation and migration (Leventhal were isolated.

and Feldman, 1997; Lee et al., 1998; Chernicky et al., 2000), For functional analysis af-actinin, new DNA constructs encoding
the range of IGF-IR activities is critically dependent on the cel?he truncateda-actinins with enhanced green fluorescent protein
context (Baserga, 1999). There is good evidence that GFP) tagged to the C-terminus were generated. A full-length

: : : icken sarcomerica-actinin  (GenBankM accession number
cultured mammary epithelial (';ells the IGF-IR stimulates no 59247) was obtained from J. Sanger (University of Pennsylvania)
only proliferative but also motile cell responses (Kohn et al.

' T Dabiri et al., 1997). A 230 amino-acid N-terminal truncation,
1990; Doerr and Jones, 1996; Mira et al., 1999). We havgc|yding residues 1-24 in the potential site for regulation of high-

recently reported that IGF-I treatment of breast cancer cellgfinity binding of a-actinin to actin (Xu et al., 1998) and residues
overexpressing IGF-IR results in a disruption of the epitheliai08-189 in the actin-binding site determined by mutagenesis
sheet, implying a role for this receptor in concomitant(Hemmings at al., 1992), was produced by excision of a unigue 5
reorganization of the actin cytoskeleton and cellular junctionEco471ll-EcoRV restriction enzyme fragment, followed by blunt-end
(Guvakova and Surmacz, 1999). religation of the truncated plasmid DNA. In this mutanactinin

The most prominent epithelial structures relying on the actiffNA, the ‘authentic methionine start codon is removed, and the
cytoskeleton are adherence junctions. The core of thedi@nslation is initiated at the AUG codon for methionine 231. The
letion of the C-terminal tail af-actinin was generated by excision

Junctions is composed of transmembrane E-cadherins a a Sad fragment from the plasmid encoding full-lengtkactinin,

cytoplasmic a,ﬁ- af‘d y—catenln_s (reylewed_ by G””?b'”eﬂ followed by religation of the fragment into tiSad site of pPEGFPN1
2000). a-catenin directly or via actin-binding proteims  \ector. The authentic initiating codon is retained in this mutant. The
actinin and vinculin couples cadherin-catenin complexes tgsmoved region encodes 168 amino acids, including a large part of a
microfilaments (Knudsen et al., 1995; Nieset et al., 199%inculin-binding site [residues 713-749 (McGregor et al., 1994)] and
Vasioukhin et al., 2000). Such a linkage is essential for thBoth EF-hand CH-binding motifs (Baron et al., 1987). The proper
stabilization of intercellular adhesion and the maintenance afeletions were confirmed by restriction mapping of the N- and C-
mammary epithelial tissue (Tsukatani et al., 1997). On therminal regions ofi-actinin cDNA. The position of the truncated
basis of the correlation between upregulation of the IGF-IR jgctinins in frame with EGFP was verified using the Vector NTI version
breast tumors and the effects of the overexpressed IGF-IR &rf Program (InforMax, Inc.).

: . : _ In transient transfection experiments16* MCF-7/IGF-IR/WT or
the actin cytoskeleton, we hypothesize that high levels of IGI:MCF-7/IGF-IR/DK cells were plated into a 35 mm glass-bottomed

IR activity can i_nduc_e destabilization of CeII-(_:eII contacts. Weculture dish (MatTek Corporation, Ashland, MA). The next day, the
report a novel signaling effect of the IGF-IR kinase in couplingg|is were transfected with plasmids encoding E@Fatinin

a-actinin and actin-containing microspikes by a Pl 3-kinaseconstructs or the pEGFP-N1 control vector (Clontech) using
dependent mechanism at an early stage of epithelial callpofectamine Plus Reagent (Gibco, BRL). After 3 hours, the cells
separation. were washed in D-MEM/F-12 and incubated overnight in the
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conditioned medium of MCF-7/IGF-IR/WT cells to improve the system. Images were collected as stacks of xy optical sections (z-
survival of the transfectants. The living cells were used in experimentseries) taken at different focal planes within the sample.
48 hours after transfection, when approximately 40% of cells
produced fluorescently labeled protein.
Transmission electron microscopy
) ] S Cells were grown to confluence in regular culture medium on 60 mm
Western blotting and immunoprecipitation tissue culture dishes (Falcon). Following overnight serum starvation,
Cells were lysed in buffer containing 50 mM Hepes pH 7.5, 150 mMells were either stimulated with 50 ng/ml IGF-I for 15 minutes or kept
NacCl, 1.5 mM MgCl, 1 mM EGTA, 10% glycerol, 2@/ml aprotinin, in serum-free medium at 37°C until fixing. Cells were fixed in fresh
1 mM phenylmethylsulfonyl fluoride, 2 mM Na orthovanadate andfixative (1% glutaraldehyde, 1% Os@ 0.05M phosphate buffer, pH
either 1% Triton X-100 or 1% SDS. For western blotspg®f total 6.2) for 45 minutes at 4°C (Tilney and Tilney, 1994), washed three
protein was resolved by SDS-polyacrylamide gel electrophoresis (SD8mes in water at 4°C to remove phosphate, stained with 1% uranyl
PAGE) and transferred to Hybond ECL nitrocellulose (Amershamacetate overnight in the dark at 4°C, dehydrated in ethanol and 2-
Pharmacia Biotech). In a series of experiments, the blots were problgidroxypropyl methacrylate and then embedded in an epon substitute
with antibodies against IGF-IR (rabbit polyclonal anti-IGF-fR  LX-112 (Ladd Research Industries Inc, VT). Sections were cut with a
subunit, Santa Cruz, SC); IRS-1 (rabbit polyclonal anti-IRS-1, Upstatdiamond knife and examined with a Philips 200 electron microscope
Biotechnology Inc., UBI, Lake Placid, NY)j-actinin (mouse IgG (Philips Scientific, Mahwah, NJ). Photographs were taken of sections
clone AT6/172, UBI and goat polyclonal aotiactinin antobodies, mounted on uncoated grids. Images of the scanned photographs were
SC); a-catenin (rabbit polyclonal antibodies, Sigma); GFP (mousegrocessed as Adobe Photoshop files for the figures presented.
monoclonal antibody, Clontech Laboratories, Inc.); phospho-Akt
(rabbit anti-phospho-Akt (Ser 473), rabbit anti-phospho-Akt (Thr 308), ) ) ] ] o o
New England Biolab, NEB); Akt (rabbit anti-Akt, NEB); phospho Four-dimensional imaging of EGFP-a-actinin dynamics in live
MAPK (mouse monoclonal E10, anti-phospho-p44-42 MAPK (Thrcells
202/Tyr 204), NEB); ERK1/ERK?2 (rabbit polyclonal k23 anti-ERK1, Cells grown in glass-bottomed dishes in D-MEM/F-12 containing 15
SC), and phospho-tyrosine-containing proteins (mouse monoclonal PaM HEPES buffer were placed within a chamber heated at 37°C
20 anti-phosphotyrosine, SC). For immunoprecipitatiom-afctinin, mounted on the stage of a Nikon Eclipse TE 300 confocal laser-
500 g of total protein from 1% SDS cellular extracts was incubatedscanning (Bio-Rad) microscope. Multiple replicate fields of cells were
with 4 ug of antie-actinin monoclonal 19 clone AT6/172 (UBI) and  observed over 10 minutes in serum-starved cultures or were followed
50 pl anti-mouse IgG-agarose beads (Sigma) in HNTG buffer (20 mMor 10 minutes in the presence of 50 ng/ml IGF-I. For the IGF-I time
Hepes pH 7.5, 150 mM NacCl, 0.1% Triton X-100, 10% glycerol)course study, four-dimensional (4D) data sets (sequences of z-series
overnight at 4°C. The immmunoprecipitated proteins were resolved byollected over time) were acquired using the acquisition function of
SDS-PAGE and blotted with ardgi-actinin and PY 20 antibodies. To the LaserSharp 2000 (Bio-Rad) software. Digital confocal images
visualize primary antibody-bound protein, the secondary antibodiewere captured in real time as a z series (z-stepm®)5throughout
conjugated to horseradish peroxidase (1:10,000 dilution; Calbiochente thickness of each cell. The 4D series was reconstructed into a 3D
and the ECL detection solutions (Amersham Pharmacia, UK) werprojection sequence using the LaserSharp processing function. Single
applied. The chemiluminescent intensity of the bands was digitizegections were selected for export into Photoshop files for the figures
using the Image Analyser LAS-1000 plus system and the Image Read@esented.
LAS-1000 Lite version 1.0 software (Fuji). When several proteins were
to be detected on the same membrane, nitrocellulose was incubated in ) )
stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM TrisTime-lapse video microscopy
HCI pH 6.7) for 30 minutes at 30, then washed three times in washing MCF-7, MCF-7/IGF-IR/WT or MCF-7/IGF-IR/DK cells were plated
buffer (100 mM Tris pH 7.5, 1M NacCl, 1% Tween-20), blocked in 5%at low density in DMEM/F-12 in Slideflasks (Nunc, Denmark) and
BSA in PBS and re-probed. The relative activity of the protein kinasallowed to adhere, spread over and establish cell-cell contacts. Time-
B (PKB/Akt) and mitogen-activated protein (MAP) kinases waslapse video microscopy was carried out in a 37°C environmental
quantified as the ratio of phosphorylated protein to the correspondirghamber using a Zeiss Axiovert 100 microscope linked by a Sony SS-
total protein detected on the same blot. M370CE CCD camera to a video recorder driven by an EOS BAC
900 animation controller. Recordings were made at a rate of 10 frames
) ) ) per minute over a 60-80 minute period for each sample. Each sample
Indirect immunofluorescence microscopy contained between 46 to 102 cells per field, and all conditions were
To visualize filamentous actin (F-actin), cells grown on 22 mm (noanalyzed in three independent experiments. Alterations in cell motility
1) glass coverslips were fixed with 3.7% formaldehyde in PBS for 1&and shape were measured from traces of the video images
minutes, permeabilized with 0.05% Triton X-100 in PBS for 5documenting (a) paths of the cell centroid, which were used to
minutes and stained with tetramethylrhodamine B isothiocyanatealculate cell velocities as movement over time; (b) the changes in
(TRITC)-phalloidin (1pg/ml) (Sigma) for 30 minutes. Changes in the cell outline over time, from which the percentage of cells with edge
intracellular distribution ofi-actinin were assessed in formaldehyde- ruffles was calculated; and (c) the appearance of apical ruffles, which
fixed cells using an anti-actinin antibody (clone BM-75.2; Sigma) appeared as dynamic phase dark ridges at the nuclear and perinuclear
(1:200) followed by fluorescein isothiocyanate (FITC)-conjugatedregions of the apical cell membrane. In experiments involving IGF-I
goat anti-mouse antibody (Vector). Distribution @fcatenin was treatment, video recording was started within 1 minute of adding the
assessed in formaldehyde-fixed cells using ancantitenin antibody  growth factor. A QuickTime movie was generated from video records
(Sigma) (1:200) followed by a Rhodamine-Red-conjugated goat antiising the Improvision Openlab software package.
rabbit antibody (Jackson ImmunoReseasrch Laboratories, Inc). Fascin
was visualized in methanol-fixed cells using antibody 55k-2 as
described previously (Guvakova et al., 2002). The samples welRegylts
examined under a Nikon Eclipse E600 MRC 1024 confocal Iaser.i_h d | f I del dv th le of th
scanning (Bio-Rad) microscope with a Plan Apa/@d oil objective € aeve Op”?‘?”t of a cell mode tQ study the role of the
lens (Nikon). Images were acquired using the Bio-Rad Lasershaf@F-IR in motility of human epithelial cells
2000 software run under the OS/2 Warp ConnectTM operatingn the present study, we examined the effects of signaling from
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Fig. 1.IGF-IR expression levels and signaling in a. 200 - IGF-IR
MCF-7-derived cell lines. (a) Expression of the IGF- .
IR was detected in MCF-7, MCF-7/IGF-IRIWT and precursors
MCF-7/IGF-IR/DK cells by western blotting of 2@
of total protein with an antibody against the C- 97 — - <+ IGF-IR

terminus of the IGF-IR subunit. The arrows show
the position of th@ subunit in the mature receptor

(95 kDa) and its precursors: prepro-(190 kDa) and |y, MCE-ZAGE-IR/WT MCE-ZIGE-IR/DK
pro-receptor (185 kDa). (b) Top panel:

B subunit

phosph/otyrosir;e blotﬁ)f MCF-I7/I(3F-IR;]/WT an/d | 200 — 0 S 15 60 0 S 15 60 (IGF-1, min)
MCF-7/IGF-IR/DK cells stimulated with 50 ng/m

IGF-1. Cell lysates were collected from serum-starved : - _- T S g pIRS-1
cells before (0 min) and after stimulation with IGF-I 97 — ! ~ " " U g pIGF-IR
for 5, 15 and 60 minutes. Arrows show the position of B subunit
the IGF-IRP subunit (95 kDa) and IRS-1 (175 kDa). .

Protein molecular weight markers are indicated i 200 ™ | e st sy ——d ol & -’ [ IGF-IR
kDa on the left of the blot. Lower panel: i precursors
quantification of sample loading by western blot for Q7 —— d [ e p— " “ = IGF-IR

the IGF-IR. B subunit

the IGF-IR kinase on motile behavior of human mammarnyreely as single cells until they came into contact with other
epithelial cells. For this purpose, we have used parental MCIells (Movie 1; available at jcs.biologists.org/suppleméntal
7 cells, an MCF-7 cell line overexpressing the wild-type IGF- To estimate the differences in cell migratory behavior in
IR [MCF-7/IGF-IR/WT (Guvakova and Surmacz, 1997)] andresponse to IGF-I, we compared ruffling activity and cell
novel clonal lines expressing a kinase-dead form of the IGRnovement rates in MCF-7/IGF-IR/WT and MCF-7/IGF-
IR (designated MCF-7/IGF-IR/DK). Quantitative westernIR/DK cells. Before stimulation, small zones of minor
blotting was used to compare the level of the IGF-IR in parentahembrane ruffles at the free edges of cells were observed
MCEF-7 cells with clonal lines, which overexpressed either theccasionally in both cell types, but apical membrane activity
active or kinase-inactivated IGF-IR. In both transfected cellvas undetectable. Stimulation with IGF-I resulted in a
lines, the receptor was about 20-fold higher than thelramatic increase in the membrane ruffling of MCF-7/IGF-
endogenous level in parental MCF-7 cells (Fig. 1a). IR/WT over the period of 1 hour and that correlated temporally
To compare receptor signaling over time in transfected cellsyith cell-cell separation (Fig. 2A). 100% of IGF-I-stimulated
phosphorylation of the IGF-IR and IRS-1 was examined in thMCF-7/IGF-IR/WT cells developed prominent apical
wild-type and kinase-dead transfectants treated with IGF-inembrane activity, and the percentage of cells with peripheral,
Cells expressing the wild-type IGF-IR had higher tyrosinephase dark ruffling activity doubled (Fig. 2Ba-c). The rates
phosphorylation of both the IGF-Rsubunit and IRS-1 of cell motility were related to the initial position of cells
between 5 and 60 minutes following IGF-I treatment. Bywithin colonies and varied between 20.7+2u/hour
contrast, MCF-7/IGF-IR/DK cells showed a complete lack offlmeants.e.m.) for cells located inside the colonies and
tyrosine phosphorylation of either the IGFBIBubunit or IRS-  59.7+7.6um/hour (meanzs.e.m.) for cells at the periphery of
1 (Fig. 1b). These data establish that IGF-IR signaling isolonies.
blocked in MCF-7/IGF-IR/DK cells at the first step of receptor In sharp contrast, MCF-7/IGF-IR/DK cells showed no
kinase activation and IRS-1 phosphorylation. increase in cortical ruffling upon IGF-I stimulation, and
less than 20% of MCF-7/IGF-IR/DK cells developed apical
) ) ) membrane protrusions (Fig. 2Bd-f). Furthermore, only 17% of
The requirement for the IGF-IR kinase in the the cells showed any motile activity with mean velocities
disorganization of the epithelial sheet 3.8+1.6pm/hour inside the colonies and 13.9+u@/hour at
We next compared migratory behavior of the parental MCF-The colony margins. These results established that in MCF-7
cell line and its derivative clones in response to IGF-I. Parentaklls IGF-IR tyrosine kinase activity was essential for the
cells treated with IGF-I became migratory and pulled aparformation of apical membrane projections, the increase of
from one another at cell-cell contacts within colonies. Cellateral ruffling and separation of cells followed by migration.
surfaces changed markedly, exhibiting intensive membrane
ruffling over the apex and at the cell margins. When clones
were treated with IGF-I, MCF-7/IGF-IR/WT but not MCF- The IGF-IR kinase regulates concomitant reorganization
7/\GF-IR/DK cells developed protrusions, separated from onef a-actinin and F-actin at cell-cell contacts
another and became motile in the direction of intensén MCF-7 cells, the activation of the IGF-IR causes
peripheral ruffling. The MCF-7/IGF-IR/WT cells initially reorganization of the actin cytoskeleton (Guvakova and
located at the edges of colonies became most motile; these céisrmacz, 1999). Here, we used indirect immunofluoresence to
detached completely from neighboring cells and migratedssess whether in separating cells reorganization of F-actin in
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Fig. 2.(A) IGF-I induces membrane ruffling in separating MCF-7/IGF-IR/WT cells. Phase-contrast images of serum-starved MCF-7/IGF-
IR/WT cells before and after stimulation with 50 ng/ml IGF-I for indicated times. The thin arrows show examples of agisal hiffk

arrows indicate nascent gaps at the sites of cell-cell detachment. Bam, {B) Inhibition of membrane ruffling and cell motility in dead-
kinase expressing cells. Phase-contrast images of MCF-7/IGF-IR/WT (a,b) and MCF-7/IGF-IR/DK (d,e) cells. Cells were sedua;djarv
or stimulated with 50 ng/ml IGF-I for 60 minutes (b,e). Examples of sporadic lateral ruffles in serum-starved cells aé bydaabws in a
and d. As MCF-7/IGF-IR/WT cells moved apart, they extended long, fine cytoplasmic processes with the lamellipodia at theaenidshja
Bar, 10um. (c,f) Quantification of cells with ruffles at free edges and over the cell apex, and migratory cells observed durinsgtifireiap

in MCF-7/IGF-IR/WT (c) and MCF-7/IGF-IR/DK (f) cells. Cells were incubated overnight in serum-free medium (SFM) and thextestimul
with 50 ng/ml IGF-I (IGF-I).

cell-cell contacts is coupled to the distributiomedatenin and  serum-starved MCF-7/IGF-IR/WT cellgy-catenin anda-
a-actinin, two principle actin-binding proteins that connectactinin formed continuous lines along the borders of mature
microfilaments to adherens junction receptor complexes. lpell-cell contacts, where F-actin was also localized extensively
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(Fig. 3Aa,e,i). Within 5 minutes of IGF-I stimulation, about striking enhancement in its colocalization with F-actin at the
30-35% of cells had punctuated instead of continuoubasal portions of actin bundles within microspikes. Notably,
distribution of a-catenin, which indicated the onset of thethere was na-actinin in the extremities of microspikes where
disruption of adherens junctions. By contrastactinin  F-actin persisted in the tight bundles (Fig. 4Af). These
appeared highly concentrated at cell margins, and the shaxperiments revealed that IGF-I activates localizatior-of
actin-enriched projections appeared at cell-cell contacts (Figctinin at the base of actin microspikes organized in well
3Ab,fj). The formation of the corticat-actinin and F-actin ordered arrays in lateral zones of separating cells.
structures correlated temporally with the loosening of cell-cell To examine more deeply the structure of microspikes in
contacts and membrane ruffling documented by time-lapsthe separating cells, we repeated the IGF-I stimulation
video microscopy. By 15 minutes, the majority of the cells (ugexperiments, this time processing cells for transmission electron
to 85%) had discontinuousa-catenin staining at cell-cell microscropy (TEM). Confluent serum-starved cells had
borders. In sharp contrast;actinin and F-actin continue to intercellular contacts typical of polarized epithelium (Fig. 4Ba).
highly concentrate within marginal membrane protrusiondVithin 15 minutes of IGF-I stimulation, finger-like projections
(Fig. 3Ac,g,k). At 60 minutegy-catenin localized diffusely in formed in the lateral zones of the opposing cells (Fig. 4Bb).
the cytoplasm and in the rare remaining cell-cell contactsThat correlated temporally with appearancexedctinin-actin
whereasa-actinin and F-actin concentrated at the edges oficrospikes identified by immunofluorescence. The average
multiple membrane protrusions (Fig. 3Ad,h,l). These findingsliameter of the membrane-flanked individual projection was
indicated that IGF-I-induced separation of MCF-7 cells wa®.24+0.03 um (meants.e.m.), the lengths of projections
associated with the progressive reduction-@iatenin and the measured from tip to base varied from QuA7to 1.21um. The
increase ofi-actinin and F-actin at cell-cell contacts. shorter projections were in close contact with each other,
The reduction ofa-catenin in cell-cell contacts can be whereas the elongated ones were separated by gaps. Clearly, the
achieved experimentally by lowering the concentration oftore of each projection consisted of a strap of bundled actin
extracellular calcium ions. This process is thought to beriented perpendicularly to the cell-cell contact zones. Actin
associated with unclustering and/or internalization of Ebundles traversed projections, extended through the cell body
cadherin-catenin complexes (Kusumi et al., 1999). Wheand embedded in the actin meshwork, which coincided well
confluent MCF-7/IGF-IR/WT cells were shifted to PBS with positioning of the cortical cytoskeleton relatively to the
containing 0.5 mM EDTA or PBS free of calciunncatenin  apical membrane and cell nucleus. The average length of the
quickly translocated from cell-cell contacts to the cytoplasmndividual actin strap was 1.94+0.1Bn (meanzs.e.m.). That
before dissociation of the cells. This procedure, however, did neigreed well with the estimated lengths of actin bundles
stimulate the assembly of cortical structures contaimiagtinin ~ visualized by immunofluorescence. Thus, the ultra-structural
and F-actin or cell motility (data not shown). We propose thaanalysis confirmed that lateral projections induced by IGF-I in
IGF-IR-mediated reorganization of the actin cytoskeleton at celseparating cells are actin-enriched microspikes.
cell contacts is specific for the process of ‘active cell separation’
followed by migration as opposed to experimentally induced o ] )
‘passive cell dissociation’ unrelated to cell movement. In living cells a-actinin microspikes appear as motile
To determine the role of the IGF-IR kinase activity in activeapico-lateral structures
cell separation, we analyzed the effect of IGF-I on localizatiolfo study the dynamics af-actinin in living cells, we took
of a-actinin and F-actin in MCF-7/IGF-IR/DK cells, in which advantage of confocal laser-scanning microscopy and
the dominant-negative receptor no longer activated IGF-IRxamined the spatial and temporal effects of IGF-I on full-
signaling. In these cells, IGF-I treatment did not altedengtha-actinin tagged with EGFP. The interior details from
localization of eithera-actinin or F-actin over a 60 minute multiple focal planes were recorded as they changed over time
period (Fig. 3B). The cells continued to have apico-basadD imaging). For thorough analysis @factinin localization,
polarity and to be organized in tight patches. Thus, in MCF-The representative sections are shown in Fig. 5.
cells, both disorganization of cell-cell contacts and the Typically, without IGF-I treatmenty-actinin lined the borders
concomitant concentration af-actinin and F-actin at cell of the adjacent MCF-7/IGF-IR/WT cells. The thin bandoef
peripheries are dependent on the catalytic activity of the IGFactinin appeared close to the lateral cell membranes in the most
IR kinase. apical optical section and through the cell thickness of 30r1.2
a-actinin was also localized within small aggregates scattered
throughout the cytoplasm and in the fine dotted or streak-like focal
IGF-I activates colocalization of a-actinin with highly structures about 2} above the substrate surface (Fig. 5Aa,d,g).
ordered actin microspikes Once cells were stimulated with IGF-I, the aggregatesauftinin
To examine in detail the sites af-actinin and F-actin cleared off the cytoplasm and an increased amountagtinin
colocalization before and after IGF-I stimulation, we usececame associated with cell boundaries where the nascent
double immunofluorescence staining (Fig. 4A). In serumgprojections were formed. Within a few minutes, the propelling
starved MCF-7/IGF-IR/WT cellg-actinin co-distributed with  microvilli-like projections containinga-actinin extended and
F-actin in a circumferential band, small cytoplasmic aggregatagtracted laterally and upward; the most elongated projections (of
and the tips of the stress fiber-like filaments (Fig. 4Ac). Withir6-10 pum in length) bent across the cell apex (Fig. 5Ab,c). The
5 minutes of IGF-I stimulation, F-actin appeared to be depleteshort (of 2-4um in length)a-actinin projections were also seen
from the cytoplasm and was instead concentrated in short (#8rough a series of the middle optical sections spannipgnlid
pm) bundles that form highly ordered arrays of spikes at ceteight (Fig. 5Ae,f). Within 5 minutes, some cells vanished from
peripheries (Fig. 4Ad). At the same tinteactinin showed a view in the most apical sections and then from the series of lateral
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Fig. 3.(A) The effects of IGF-IR activation on redistributioncetatenina-actinin and F-actin. Serum-starved (0 min) MCF-7/IGF-IR/WT cells
were treated with 50 ng/ml IGF-I for 5, 15 and 60 minutes, then fixed in 3.7% formaldehyde and stained with a polycloryalcerdzdenin
(a-d), a monoclonal antibody ¢eactinin (e-h) or TRITC-phalloidin for F-actin (i-). Arrows show examplea-chtenin disappearance from
cell-cell contacts (a-c), relocalizationa@factinin to the cellular borders (e-h) and reorganization of F-actin and microspike development (i-I)
induced by IGF-I. Inset in e, examplesoeéctinin localized at the tips of stress fibers seen at the free edge of the spread celluBar, 10

(B) IGF-I-stimulated reorganization ofactinin and F-actin is blocked when the IGF-IR kinase is inactive. Localizatmaciinin (staining

with antibody toa-actinin) (a-c) and F-actin (staining with TRITC-phalloidin) (d-f) was examined in MCF-7/IGF-IR/DK cells that were serum
starved (0 min) and exposed to 50 ng/ml IGF-I for 5 and 60 minutes. Confocal images are representative of three experibdgmts. Ba
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sections (compare circled areas in Fig. 5Aa with b,d and e). In th&ructures enlarged and oriented in the direction of cell spreading
same cellsg-actinin motile ruffles formed along the boundaries(Fig. 5Ag-i, circled). By 9 minutes of IGF-I stimulation, these
of the basal membrane. These basal ruffles resembled growfbeal structures appeared closer to the substratum than they were
factor-induced ruffles described in KB cells (Kadowaki et al.,in the untreated cells (1ysm compared with 2.%m from the
1986). In parallel, the initially minute-actinin-containing focal substrate level). Thus, we found that in separating living cells,

>

F-actin o-actinin

Serum-starved

IGF-1

-,

' Serum-starved

Fig. 4. (A) Colocalization ofa-actinin with F-actin in microspikes during IGF-I-induced cell separation. MCF-7/IGF-IR/WT cells, untreated
(a-c) or stimulated with 50 ng/ml IGF-I for 5 minutes (d-f), were fixed in 3.7% formaldehyde and co-stained for F-actin WitfpA&loidin
and fora-actinin with a monoclonal antibody teactinin. The images of middle sections acquired by confocal laser-scanning microscopy
illustrate staining for F-actin in red (a,d) améxctinin in green (b,e). In overlays (c,f), sitesie@ctinin and F-actin colocalization appear in
yellow. Insets in d-f: examples of F-actin améctinin-containing microspikes from the zone of the intercellular membrane ruffles pointed to
by arrow (d-f). Bar, 1Qum. (B) Ultra-structural analysis of IGF-I-induced microspikes in MCF-7/IGF-IR/WT ce)l&xamples of adherens
junction (aj), desmosome (d) and intermediate filaments (if) proximate to desmosomes are indicated in confluent serunisstiiheed cel
longitudinal section of continuous contacts between lateral membranes is shown in the uppey @reasis-&ections through microspikes
(MS) formed in the cells stimulated with 50 ng/ml IGF-I forl5 minutes. Individual bundles of actin in the core of MS foiloppddiyg cells
are pointed out by a row of arrows; gaps between single microspikes are labeled with asterisks. A membrane site resemiatogeaor i
disassembling desmosome in close proximity to intermediate filaments is labeled d. In the inset, the horizontal sectiapitalaates of
IGF-I-stimulated cells is shown. N, nucleus. Bar, 250 nm. In insets, par, 5
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actinin is localized in the dynamic apico-lateral microspikegalcium as well as proteins (Hemmings et al.,, 1992;
besides focal adhesions and the edges of the basal ruffles.  Matsudaira, 1994; McGregor et al., 1994; Fukami et al., 1996).
In MCF-7/IGF-IR/DK cells, despite the continuous treatmentThe characterization ef-actinin mutants has been particularly

with IGF-I, a-actinin remained predominantly localized to difficult in non-muscle cells owing to the rapid lethality of cells
lateral membranes of cells tightly adhered to each other. Onxpressing the mutant proteins (Scultheiss et al., 1992; Hijikata
minor time-dependent redistribution afactinin occurred in et al., 1997). To define the contribution of individual domains
the cytoplasm and at the cell borders (Fig. 5B); these changes the function of a-actinin in microspikes, we have
were typical of all live MCF-7-derived cells regardless ofconstructed new pEGFP N1-vector-based plasmids encoding
IGF-I stimulation. Taken together these observations clearlthe mutanti-actinins as C-terminal chimeras with EGFP (Fig.
show that activation of the IGF-IR causes a time-dependeid), and that allowed us to monitor fusion proteins soon after
accumulation of a-actinin-EGFP in the apico-lateral transfection. 230 amino-acid residues in the N-terminus were
microspikes of separating cells. deleted to yield a mutart-actinin lacking the entire actin-
binding region AN). To inactivatex-actinin in the C-terminus
(AC), the last 168 amino acids were removed (described in the

The development of a-actinin mutants for molecular Materials and Methods).

genetic analysis of the requirements for a-actinin in MCF-7/IGF-IR/WT cells were transfected with plasmid
microspikes DNA encoding either control EGFP or EGFP chimeras with a
In the a-actinin molecule, the N- full-length wild-type (WT), mutanAN andAC a-actinin. Cell

terminal head contains higt
conservative actin- and phospholif A

binding sites, the central rod domail y o
composed of four spectrin-like repe " 9 min
implicated in dimerization odi-actinin i
monomers and interaction with otl
proteins and the C-terminal end of
rod provides binding sites for ions  *

|

apica

Fig. 5.(A) The development afi-actinin
motile projections in living MCF-7/IGF-
IR/WT cells stimulated with IGF-I.
Dynamics of EGFRx-actinin in live MCF-
7/IIGF-IR/WT cells transiently transfected
with WT a-actinin-EGFP encoding
plasmid. (A-C) The representative laser
confocal fluorescence images taken at the
apical, middle and basal focal planes in
serum-starved cells (a,d,g) stimulated with
50 ng/ml IGF-I for 5 minutes (b,e,h) or for
9 minutes (c,f,i) are shown. Circled is an
example of a cell that is flattening,
separating and moving from the adjacent
cells in response to IGF-I treatment. The
optical section from the apical region was
taken about 2.am from the top of cells.
The example of the lateral single
projection that extended and folded over
the cell apex is indicated by arrow in a-c.
The middle optical sections were collected
from the focal plane about 6.6n from the
top of cells. Basal images were taken close
to the substratum level (about Jus from
the glass surface). Bar, uén.

(B) Reorganization odi-actinin is blocked

in living MCF-7/IGF-IR/DK cells treated
with IGF-I. The images illustrate the
localization ofa-actinin in live MCF-
7/IGF-IR/DK cells transfected with EGFP-
labeleda-actinin before (0 min) and after
IGF-I stimulation (shown for 1 and 5
minutes). The representative images
derived by 3D projection of 20 consecutive
apical and middle optical sections are
shown. Bar, 1um.

middle

basal
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WT a-actinin-EGFP, ~ 127 kDa WT a-actinin- A N c-actinin-  AC c-actinin-
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' - a-actinin
231 246 712 770 817 897 97 —— v e x

A C a-actinin-EGFP, ~109 kDa

_ Fig. 6.(A) Schematic diagram @f-actinin-
N I 14824344 I C_@ EGFP fusion monomers. The WAN andAC
{ 246 713 729 a-actinins are expressed as C-terminal
chimeras with EGFP. The primary sequence of
the WTa-actinin consists of the N-terminal
C conservative actin-binding region (residues 1-
245), a central domain of four spectrin-like
WT a-actinin-EGFP AN a-actinin-EGFP AC a-actinin-EGFP  repeats implicated in dimerization efactinin
and interaction with other proteins including
a-catenin (residues 246-712), and the C-
terminal domain containing the vinculin-
binding site (residues 713-749) and the two
EF-hand binding G4 motifs (residues 770-
817). Numbering of residues includes the
initiating methionine. (B) Expression levels of
a-actinin-EGFP fusion proteins in MCF-
7IIGF-IR/WT cells. Expression of EGFP was
detected in transiently transfected MCF-7/IGF-
IR/WT cells by western blotting of 2@y of
total protein with an antibody against GFP.
Upper panels, the representative western blot
shows the levels of exogenous EGFP (27 kDa)
anda-actinin-EGFP chimeras (WT, 130 kDa,
AN, 104 kDaAC, 109 kDa) expressed as
transgenes 48 hours after transfection
(asterisks indicate the position of chimera).
Lower panel, the same blot was stripped and
re-probed with an antibody agaimstctinin
to detect endogenous (100 kDa) and
exogenous EGFR-actinins whose positions on the blot are indicated by asterisks. Note that the endogeaciinia andAN a-actinin-EGFP
overrun in a 100 kDa band. (C) Intracellular localization of YWN, AC a-actinin-EGFP fusion proteins in serum-starved and IGF-I-stimulated
MCF-7/IGF-IR/WT cells. MCF-7/IGF-IR WT cells were transfected with plasmid encoding VAN ar AC a-actinin-EGFP. 24 hours after
transfection, serum-starved cells were either fixed in 3.7% formaldehyde (a-c) or stimulated with 50 ng/ml IGF-I for 1&nainbezsfixed
(d-f). The representative images of the middle optical sections acquired by confocal laser-scanning microscopy show gtap than&T
andAC a-actinins incorporated into the mature cell-cell junctions (pointed by arrondMmdactinin stained in the cytoplasm and nucleus.
Lower panel, d-f: the images show the formatioa@ctinin-EGFP-containing spikes (arrows in d); diffuse staining\fdoi-actinin-EGFP
(e), aggregation &iC a-actinin-EGFP and formation of the defective microspikes (f). Bapmi0

Serum-starved

IGF-1

extracts were resolved electrophoretically, and proteinspecific to the regions of cell-cell contacts, we used confocal

transferred on the membrane were probed sequentially withser-scanning microscopy and collected stacks of images from

antibody to GFP and-actinin. Western immunoblotting has the middle optical sections crossing nuclei. In serum-starved

confirmed protein expression and the expected moleculaells with mature cell-cell contacts, only the wild-type &l

weights of exogenous EGFP (27 kDa), WT (127 kD&)(104  a-actinins incorporated into pre-existing cell-cell junctions.

kDa) andAC (109 kDa) EGFRr-actinins (Fig. 6B). Unlike the wild-type and\C a-actinin, AN a-actinin did not

associate with the circumferential actin ring and was instead

] ) o ) localized diffusely throughout the cell body (Fig. 6Ca-c).

Both head and tail domains of a-actinin are required for In WT a-actinin transfectants, IGF-I triggered the expected

the development of highly ordered microspikes reorganization of cell-cell contacts and the assemblg-of

To visualize the dynamics of-actinin-EGFP fusion proteins actinin-actin microspikes in the lateral zones (Fig. 6Cd).
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Table 1. Effects ofa-actinin mutants on microspikes
Cells with

Total cells Cells transfected, a-actinin/actin
DNA, transfected counted, %* spikes, %**
Wild-type a-actinin 173 46.2+3.6 31.0+3.2
AN a-actinin 183 39.7+3.3 0.0+0.0
AC a-actinin 159 39.5+3.8 14.4+5.0

Deletion of the N-terminal head region prevents incorporatianadtinin
into microspikes, whereas deletion of the C-terminal tail region inhibits
formation and distribution of microspikes at the cellular borders.

*0p of total counted cells, **% of transfected EGFP-positive cells.

Values are meansts.e.m. from five random fields in two independent
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(also called Akt inhibitor); PD 98059, a synthetic inhibitor of
the MAP kinase-activating enzyme, MAPK/ERK kinase
(MEK1); and UO 126, an inhibitor of MEK1 and MEK2. In
MCF-7/IGF-IR/WT cells treated with LY 294002, the normal
induction of phosphorylation of the PKB/Akt by putative
PDK2 on serine 473 was downregulated by 90% and 84% and
by 3-phosphoinositide-dependent kinase 1 (PDK1) on
threonine 308 by 28% and 20%, and at 5 and 15 minutes,
respectively. The 3D-modified Pl-analog also downregulated
signaling associated with the activities of PI 3-kinase-
generated phospholipids, although its effect on
phosphorylation of PKB/Akt was much less. The relative

experiments.

phosphorylation of PKB/Akt on serine 437 was reduced by
8% and 19%, and on threonine 308 by 9% and 11% at 5 and
15 minutes of IGF-I stimulation (average of five experiments)
AN a-actinin did not colocalize with actin microspikes and(Fig. 7a). PD 98059 reduced the relative phosphorylation of
remained diffused throughout the cell body (Fig. 6Ce). Th&RK1/2 MAP kinases on threonine 202 and tyrosine 204 by
number ofAC a-actinin-transfected cells with-actinin-actin ~ 73% and 67% at 5 and 15 minutes of IGF-I treatment (average
spikes was half that of wild-type transfectants. Moreover, thef four experiments). UO 126 was a much more potent
spatial relationship betweeAC a-actinin and F-actin was inhibitor of ERK1/2 MAPK kinases; it blocked completely
disturbed, as microspikes did not organize into well orderetiGF-I-stimulated and basal phosphorylation of these kinases
arrays (Fig. 6Cf). In two independent experiments, th€Fig. 7b and data not shown).

appearance of microspikes was assessed quantitatively (TablePretreatment of MCF-7/IGF-IR/WT cells with 1AM

1). Collectively, these results demonstrate that irotlaetinin -~ LY294002 and 40QuM PI analog before the addition of 50
molecule both the head and tail regions are required for theg/ml IGF-I blocked the formation of cortical microspikes and
function of microspikes. The N-terminal part @factinin is  cell separation in response to IGF-I [compare Fig. 8A,b with
necessary for association ofactinin with actin bundles, c,d also with Guvakova et al. (Guvakova et al., 2002)]. LY
whereas the C-terminal tail of the rod is needed for corre@94002- and Pl-analog-pretreated cells remained organized in
assembly and/or positioning of microspikes at cell peripheriesight colonies during at least 60 and 30 minutes of the IGF-I
treatment, respectively. By contrast, there was no apparent
inhibitory effect of 50uM PD 98059 on cell separation; cells,

1 Ve L exposed to this drug or not, appeared spindle-shaped, separated
assembly requires activities of PI 3-kinase-generated from each other and migrated within 60 minutes of IGF-I
phospholipids stimulation. The formation of well ordered-actinin-actin

To address the role of IGF-IR kinase signaling in regulatingnicrospikes was slightly disturbed by PD 98059 (compare Fig.
microspike assembly in relation to cell separation, we use8A,b with €). The more potent inhibitor of MEK1 and MEK2,
four specific pharmacological inhibitors of Pl 3-kinase andJO 126, did not prevent IGF-stimulated concentratiom-of
MAP kinase signaling pathways (Fig. 7). They are LY 294002actinin and actin in the peripheral microspikes (Fig. 8Af);
a specific inhibitor of the catalytic subunit of the Pl 3-kinasehowever, it inhibited cell migration radically within first 60

a D3-modified phosphatidylinositol (PI) ether lipid analogminutes of IGF-I stimulation (data not shown).

The mechanism of active cell separation and microspike

Fig. 7. Effects of inhibitors on IGF-I-induce
activation of the PI 3-kinase and MAP kina IGF-1__ LY +IGF-1 Pl analog +IGF-I
signaling pathways. (a) Serum-starvedcel Q, 0 5 15 5 15 5 15
(0). Cells not exposed to inhibitors (IGF-I)
and pre-treated with 20M LY 294002 for 3C
minutes (LY+IGF-1) or 4QuM PI analog for ¢
hours (Pl analog+IGF-I) were stimulated w ——
50 ng/ml IGF-I for the indicated times.
Phosphorylation of PKB/Akt was detected

with an antibody against phospho-Akt. For
loading control, the same blots were stripp

and re-probed with an antibody against Ak
(Materials and Methods). One of the re- b.
probed blots is shown. (b). Serum-starved

cells (0). Cells not exposed to inhibitors (IC

I) and pre-treated with 50M PD 98059
(PD+IGF-I) or 50uM UO 126 (UO+IGF-I)

for 30 minutes were stimulated with 50 ng/ <+— P4 MAPK

IGF-I for the indicated times. The ERK1/2 p42 MAPK

MAPK phosphorylation was detected with specific phospho-MAPK antibodies. The same blot was stripped and re-probed with antibody
against total ERK1/ERK2 (p44/p42) (Materials and Methods).

Time, min
e [€— PPKB/Akt (Ser 473)
o [€— pPKB/AKkt (Thr 308)

—_—

IGF-1  PD +IGF-1 UO+IGF-I
0 5 15 5 15 5
==

15 Time, min
<«— pp44 MAPK (Thr202/
pp42 MAPK Tyr204)




4160 Journal of Cell Science 115 (21)

JiWl Serum-starve

Fig. 8.A. The development aif-
actinin/actin microspikes by IGF-I is
blocked by the inhibitors of PI-3
kinase signaling. MCF-7/IGF-IR/WT
cells were serum-starved (a), serum-
starved and then stimulated with 50
ng/ml IGF-1 for 15 minutes (b), pre-
treated for 30 minutes with 1M

LY 294002 (c), for 3 hours with 40
UM D3-PI analog (d), 30 minutes
with 50puM PD 98059 (e) or 30
minutes with 5quM UO 126 (f) and
then stimulated with 50 ng/ml IGF-I Pl apalog + 1
for 15 minutes. (a-f) Overlays of T,
confocal images of cells stained with ;
TRITC-phalloidin (red) and antibody
againsti-actinin (green). Examples
of actinbi-actinin microspikes are
indicated by arrows. Images are
representative of three experiments.
Bar, 10pum. (B) Differential effects

of the Pl analog and UO 126 on IGF-
I-stimulated loss of adherens
junctions and formation of
microspikes. Serum-starved MCF-
TNGF-IR/WT cells were pretreated B PI1 anamg + IGF-1
with 40 uM D3-PI analog for 3 v §

hours, stimulated with 50 ng/ml IGF- :
| for 15 minutes in the presence of

the inhibitor, fixed and stained with
antibody toa-catenin (a) or fascin (c)
(Materials and Methods). In parallel,

the same serum-starved cells were
pretreated with 5M UO 126 for 30
minutes, stimulated with 50 ng/ml

IGF-I for 15 minutes, then fixed and
stained with an antibody to-catenin

(b) or fascin (d). The relocation af
catenin from adherens junctions
normally induced by IGF-I (compare
with Fig. 3Aa-d) is blocked by the PI
analog but not UO 126. Normal
stimulation of fascin microspikes by
IGF-I (inset in ¢, 50 ng/ml IGF-I, 15
minutes) is also blocked only by the

Pl analog. Confocal images are
representative of four independent
experiments. Bar, 1m. (C) The

MEKZ1/2 inhibitor affects function of
stress fibers in IGF-I-stimulated cells.
Serum-starved cells not exposed to
inhibitor (a) or pretreated with 5M

UO 126 for 30 minutes (b) were
stimulated with 50 ng/ml IGF-I for C
15 minutes, then fixed and stained

with TRITC-phalloidin. IGF-I

normally promotes disassembly of
stress fibers within 5 minutes

followed by their re-assembly

typically after 15 minutes. In cells
pretreated with the MEK1/2 inhibitor,
re-assembly of the prominent stress
fibers is markedly inhibited. The
representative images of optical
sections collected at the basal level of
the cells are shown. Bar, pon.

P ) e

a-catenin

fascin

F-actin
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MEKZ1/2 signaling downstream of the IGF-IR kinase is mammary epithelial cells has been chiefly studied in respect
essential for migration of separated cells to effects on cell proliferation and apoptosis (reviewed by Lee

The above findings prompted our suggestion that MEK1/&t al., 1998; Chernicky et al., 2000). Nevertheless, a role for
signaling is unnecessary for initial steps of cell-cell separatioe IGF-IR in motility of breast carcinoma cells had been
but may be essential for movement of the cells separated Rioposed more than a decade ago on the basis of the results
response to Pl 3-kinase signaling. To test this idea, wefthe Boyden chamber assay (Kohn et al., 1990). It should be
compared the effect of the Pl analog and UO 126 on IGFa0ted, however, that in this assay cells are artificially separated
stimulated reorganization of cell-cell contacts, this timeffom each other before examination, and it is therefore
monitoring distribution ofa-catenin, a molecular marker of Not possible to analyze mechanisms of epithelial sheet
adherens junctions, and fascin, a marker of the peripheral acfisintegration. ) ) )
microspikes. In contrast t-actinin, fascin localizes along the  In this study we examined in detail the effects of IGF-I on
length of actin bundles induced by IGF-I and that allowgnotile behavior of cells within an epithelial sheet. We have
visualizing microspikes without co-staining for F-actin n"Ow demonstrated that, like other growth factors with
(Guvakova et al., 2002). Pretreatment of cells with the P$cattering function, IGF-I induced cell motile responses in a
analog blocked IGF-I-stimulated redistribution @fcatenin ~ biphasic manner, first causing separation and subsequently
and thereby dissolution of adherens junctions. This inhibitofausing migration of the cells. The phase of active separation
also blocked the formation of microspikes containing fasciasted only for 15-30 minutes and was unusually short
(Fig. 8Ba,c; inset in ¢, fascin microspikes induced by IGF-I)compared with the 5-16 hours reported for HGF/SF, FGF-1 and
In sharp contrast, total inhibition of MEK1/2 activity by UO EGF (Stoker and Perryman, 1985; Savagner et al., 1997;
126 did not prevent a loss @fcatenin from adherens junctions Muller et al., 1999). During the separation phase, IGF-I
and did not block the formation of fascin microspikes at celptimulated highly dynamic activity of the entire cellular
peripheries (Fig. 8Bb,d). Strikingly, inhibition of MEK1/2 by membrane: formation of apical ruffles and motile apico-lateral
UO 126 had a marked effect on stress fibers. Normallynicrospikes, dissolution of adherence junctions and an
activation of the IGF-IR in MCF-7 cells results in a rapidincrease in basal membrane ruffling. Although the precise
disassembly of stress fibers followed by re-assembly dhechanism of such rapid morphological alterations is
microfilaments after 15 minutes of IGF-I stimulation. Theunknown, the appearance of dynamic microspikes at the cell-
latter coincides with advancing long protrusions and movingell contacts and temporal correlation of this event with
the cell body [seen in Fig. 3Ai-l and described in detail indisintegration the adherens junction complex led us to suggest
(Guvakova and Surmacz, 1999)]. Pretreatment with UO 12#at microspikes facilitate cell-cell detachment. In addition to
had no effect on disassembly of stress fibers; however, &cute cell separation, video tracking has revealed uncommonly
prevented their re-assembly as well as the development of tfst rates of migration of single MCF-7/IGF-IR/WT cells.
long membrane protrusions after 15 minutes of IGF-ICollectively these data establish for the first time that activation
stimulation (compare Fig. 8Ca with b). of the IGF-IR can in the short-term cause destabilization of
We conclude that separation of MCF-7 breast cancer celkgll-cell interactions, leading to quick separation and migration
in response to IGF-I is dependent on signaling from th@f breast cancer epithelial cells.
activated IGF-IR through the PI 3-kinase and its phospholipid

roducts, and that signaling through MEK1/2 may be . _ .
‘r::ecessary for subseque%t cellglocomogon. y IGF-IR-mediated active cell separation: structural

reorganizations

) ) EGF modulates the interaction between the adherens junction
Discussion receptor E-cadherin and the actin cytoskeleton, although
The IGF system is essential for normal development of thassociated cytoskeletal reorganizations have not been
mammary gland, and its disruption in human breast cancer leadsaracterized (Hazan and Norton, 1998). Our previous work
to an excess of IGF-IR signaling. The biological relevance ofias shown that in MCF-7 cells, IGF-I induces rapid
the enhanced catalytic activity of the IGF-IR kinase to breastisassembly of stress fibers and extensive reorganization of the
tumor progression has not been established. In this study, usiogrtical actin (Guvakova and Surmacz, 1999). We have now
a combination of molecular genetic, biochemical anddemonstrated that disassembly of the cortical actin belt
pharmacological approaches with a complementary monitoringoincides with mobilization ofi-actinin and actin into apico-
of living cell behavior, we have identified a novel mechanismateral microspikes and displacementcotatenin from the
by which the IGF-IR kinase induces separation and migratioadherens junctions. This agreed with the recent report that
of human breast carcinoma cells. activation of the IGF-IR induces redistribution of E-cadherin

and 3-catenin from the adherens junctions into the cytoplasm
(Morali et al., 2001).
Cell motile responses mediated by the IGF-IR What drivesa-actinin into cell-cell contacts? As an actin-
It has previously been established that polypeptide growtbinding protein, intact a-actinin shows a prominent
factors acting through receptor tyrosine kinases can induamlocalization with filamentous actin. Yatactinin can bind
transition of cells from an epithelial to a motile fibroblasticto a number of molecules, in addition to actin (Crawford et al.,
phenotype, a phenomenon that resembles epithelial992; Otey et al., 1993; Kroemker et al., 1994; McGregor et
mesenchymal transition, which occurs during developmenrdl.,1994; Christerson et al., 1999) that perhaps determine the
(Boyer and Thiery, 1993). IGF-I is mainly known as alocalization ofa-actinin. For example, in Cos and PtK2 cells,
mitogenic growth factor, and signaling through the IGF-IR inmutateda-actinins with a deleted actin-binding site were not
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incorporated into stress fibers, although they localized tto stabilize the cores of microspikes and dwactinin to
ruffled membranes and adherens junctions (Hemmings et aproperly position these nascent projections at the cell
1992; Hijikata et al., 1997). The prominent localizatiornef periphery. Although the significance of microspikes in cell-cell
actinin to adherens junction has been related to the direseparation remains hypothetical, one possibility is that
association between the central rod domaim-afctinin and  microspikes play an active cytomechanical role in the
the C-terminus ofi-catenin (Knudsen et al., 1995; Nieset etdestabilization of interactions between opposing cells.
al., 1997). In epithelial cultureq-actinin colocalizes with Alternatively, microspikes may be the form of cell-cell contacts
vinculin and the cadherin-catenin complex. In this study, wehat are transient and more flexible than adherens junctions and
used GFP-labeled-actinin to follow distribution ofx-actinin ~ therefore provide the intermediate strength of adhesion
in living cells before and after IGF-I stimulation. Our resultsbetween separating cells.
with a GFP-labeled mutant af-actinin, in which thea-
catenin-binding site was preserved while the actin—bindin? o )
domain was removed, support the idea that hetatenin and IGF-IR-regulated cell motility: signaling pathways
actin-binding sites odi-actinin are essential for localization of Cell-cell detachment and microspike formation was
this protein into the mature cell-cell junctions. The interactiorcompletely blocked in MCF-7/IGF-IR/DK cells, clearly
of the C-terminal end af-actinin with vinculin does not seem indicating the direct causative relationship between IGF-IR
to be required because a GFP-tagfi€da-actinin mutant in  activation and a-actinin redistribution. Although it is
which the vinculin-binding site was disrupted did not interfereconceivable that IGF-IR signaling affects the phosphorylation
with the ability of a-actinin to localize to intercellular status ofa-actinin, at least two lines of evidence imply that
junctions. The development of microspikes in response to IGRyrosine phosphorylation afi-actinin is not relevant to the
| required at least two fully functional regions of tik@actinin ~ development of microspikes in MCF-7 cells. First, there was
molecule. As expected, the headophctinin was obligatory no detectable difference in the tyrosine phosphorylaticm- of
for binding to actin spikes. The C-terminal tail @factinin  actinin immunoprecipitated from cells stimulated with IGF-I
was required for correct assembly and/or stabilization ofsee Materials and Methods). Second, thedactinin-EGFP
microspikes because the truncation of this region reduced tlohimera, which lacked the only identified phopshotyrosine
number of a-actinin/actin microspikes and caused theirresidue 12 within the amino-acid motif QTNDY (lzaguirre et
misalignment at the cell periphery. According to the previousl., 2001), was nevertheless functionally active and localized
suggestion, it is possible that the actin-binding activity ofto microspikes.
a-actinin requires a ternary interaction with the C-tail as As relocalization ofa-actinin into cortical structures was
modifications in the EF-hand domain of-actinin have detected after 1-2 minutes of IGF-I stimulation, we predicted
deleterious effects on the activity of its actin-binding domairthat the early signaling triggered by the ligand-receptor
(Witke et al., 1993; Dubreuil and Wang, 2000). Additionally,interaction promotes the development of microspikes. In MCF-
direct interaction oéi-actinin with vinculin, which is probably 7 cells, activation of the IGF-IR kinase quickly drives the
disturbed in theAC a-actinin mutant, might be required formation of a complex between the receptor and substrates IRS
for correct organization of microspikes. Thus our findingsand Shc that brings about activation of the downstream cascades
establish that functional-actinin is necessary for the of serine/threonine kinases and the Pl 3-kinase. Interestingly, in
development of microspikes and is not passively reorganizedifferent epithelial cells, different kinases play roles in cell
following actin. motility. In MDCK canine epithelial cells, activation of both the
Our results, while supporting previous findings on IGF-PI 3-kinase and MAP kinase was found to be essential for the
I-stimulated actin polymerization at the cell peripherymotile response to HGF/SF (Royal and Park, 1995; Potempa and
(Kadowaki et al., 1986; Isumi et al., 1988), further demonstratRidley, 1998). The function of MAP kinases was delineated in
that activation of the IGF-IR coordinates reorganization ofcattering triggered by HGF/SF in HT29 colon carcinoma cells
actin into peripheral microspikes. Localizationosfictinin at and haptotaxis in FG carcinoma cells and T47D breast
the base rather than at the tips of microspikes implies that othearcinoma cells (Klemke et al., 1997; Herrera, 1998; Spencer et
actin-crosslinking protein(s) compose the core of a spike. Al., 2000), whereas pretreatment with the MEK1 inhibitor, PD
good candidate for this role is the 55 kDa actin-bundling@8059, was dispensable for the chemotactic response of MCF-7
protein fascin, which acts as a crosslinker, causing aggregatiarlls to IGF-I (Manes et al., 1999). Others have reported that
of actin into tight bundles (Edwards and Bryan, 1995; KureishyGF-I stimulates colonic epithelial cell migration in a wound
et al., 2002). In vitro, fascin amdactinin synergistically affect healing assay through multiple signaling pathways including Pl
mechanical properties of actin filaments (Tseng et al., 20013-kinase, MAP kinases and PKGnd & (Andre et al., 1999).
In vivo, fascin plays a role in extending the membrane duringh MCF-7 cells expressing the dominant-negative receptors,
cell spreading and migration, and overexpression of fascin iactivity of the PI-3 and the ERK1/2 MAP kinases is
pig epithelial cells caused the disorganization of cell-celdownregulated via markedly reduced signaling through IRS-1
contacts (Yamashiro et al., 1998). Fascin also acts as a negatared Shc pathways (in this paper and M.A.G., unpublished). To
regulator of cell-cell interactions in rat mammary epithelialdissect signaling pathways essential for cell motility, we applied
cells (Wong et al., 1999). Activation of the IGF-IR in MCF-7 selective pharmacological inhibitors of Pl 3-kinase and MEK.
cells induces rapid relocalization of fascin from the cytoplasnThe MEK inhibitor also inhibits ERK1/2 MAP kinases
to the peripheral actin microspikes (Guvakova et al., 2002). Wisummarized in Fig. 9a). Using immunofluorescence staining
reason now that the activated IGF-IR induces cortical acticoupled with biochemical analysis, we found that the activity of
dynamics beneath the plasma membrane by increasing ackh3-kinase rather than that of the MAP kinases was required for
polymerization and promoting crosslinking of actin by fascindisassembly of adherens junctions and redistribution of actin,
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Fig. 9.(a) Scheme showing which IGF-IR a IGF-I
signaling pathways were blocked using a " : 54
molecular genetic approach (dead kinase IGF- PI 3-kL} _‘?94("0-‘ IGF-IR Ras
IR) and the pharmacological compounds LY Pl U o NG T T
294002, UO 126, PD 98059 and Pl analog. *D3 = . SHC v
phospholipids: Ptdins(B) Ptdins(3,4p>, ”’""‘3’_3 phospholi;?ds* \Dmd/ voi26, . U012
Ptdins(3,5P2, Ptdins(3,4,5%2; (b) A model of 7 Kl b =~ PD 98059
biphasic motility responses regulated by the " ' i ".* it MEK2 MEK1
IGF-IR kinase in MCF-7 cells. Non-motile PH domain 2 PKB/AKt pThr 308 =i Thr 202
polarized epithelial cells develop mature i 8 pSer 473 grki D
adherens junctions and prominent stress fibers; R PpTyr 204
apical ruffles and actin microspikes are not .
present. The initial stage of cell motility, active
cell separation, is characterized by a loss of Dicd Intse. . ] ]
adherens junctions, disassembly of stress fibers, b. Non-motile 2040 . Separating vo Migrating
increased membrane ruffling and formation of cells LY 294002 cells 126 cells
actin microspikes; these processes are blocked —— Pl analog - 1 e ——
by the inhibitors of the PI 3-kinase but not of | :Ia — —& 2 ——» :h%ff}?
MEKZ1/2 signaling. The subsequent transition of === (R A2 ¥ = ~
the cells from separating to migrating is ST
characterized by re-assembly of stress fibers, Adherens junctions + . -
development of the long membrane protrusions | Stress fibers - . +
and translocation of the cell body over Apical ruffles - + +
substratum. MEK1/2 inhibitor blocks all these Actin microspikes - + 4
processes.

a-actinin and fascin into microspikes during cell separationseparation in human breast cancer cells. We have also
Subsequently, the activity of MEK1/2 appeared to be necessaegtablished the requirement for MEK1/2 activity in IGF-IR-
for re-assembly of stress fibers, which may be involved in thmediated movement of these cells. Further developmemt of
extension of cell protrusions and the translocation of the cefictinin mutants and the measurements of the direct association
body (model in Fig. 9b). As activities of the ERK1/2 MAP betweena-actinin and other molecules in living cells should
kinases may enhance myosin light chain kinase (MLCK)nake it possible to understand the dynamic regulation of
activity, leading to the phosphorylation of myosin light chainsmicrospikes and their role in cell separation. Further studies
(MLC) (Klemke et al., 1997), it seems possible that IGF-IRare needed to reveal the precise mechanisms by which MAP
signaling sequentially coordinates cell-cell separation anBlinases control motility in the separated breast cancer cells.
phospho-MLC-dependent cytoskeletal contraction culminating
in cell movement. We are very grateful to Derek LeRoith (NIH) for providing the
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