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Summary

The ErbB family of transmembrane receptor tyrosine
kinases plays an important role in the pathogenesis of many
cancers. The four members of the family, ErbB1-4, form
various homo- and heterodimers during the course of
signal transduction. A second hierarchical level of
molecular associations involving 18108 molecules, termed
large-scale clustering, has also been identified, but the
regulatory factors and biological consequences of such
structures have not been systematically evaluated. In this
report, we describe the states of association of ErbB2 and
their relationship to local ErbB3 density and lipid rafts
based on quantitative fluorescence microscopy of SKBR-3
breast cancer cells. Clusters of ErbB2 colocalized with lipid
rafts identified by the GM1-binding B subunit of cholera
toxin. Pixel-by-pixel analysis of fluorescence resonance
energy transfer between labeled antibodies indicated that
the homoassociation (homodimerization) of ErbB2 was
proportional to the local density of ErbB2 and inversely
proportional to that of ErbB3 and of the raft-specific lipid

GM1. Crosslinking lipid rafts with the B subunit of cholera
toxin caused dissociation of the rafts and ErbB2 clusters,
an effect that was independent of the cytoskeletal
anchoring of ErbB2. Crosslinking also decreased ErbB2-
ErbB3 heteroassociation and the EGF- and heregulin-
induced tyrosine phosphorylation of Shc. When cells were
treated with the anti-ErbB2 monoclonal antibody 4D5
(parent murine version of Trastuzumab used in the
immunotherapy of breast cancer), internalization of the
antibody was inhibited by crosslinking of lipid rafts, but
the antiproliferative activity of 4D5 was retained and even
enhanced. We conclude that local densities of ErbB2 and
ErbB3, as well as the lipid environment profoundly
influence the association properties and biological function
of ErbB2.
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resonance energy transfer

Introduction

due to impaired coupling of cbl, a protein thought to be

The type | family of transmembrane receptor tyrosine kinaségvolved in activation-induced degradation, to ErbB2, ErbB3
comprises four members: epidermal growth factor receptgind ErbB4 (Levkowitz et al., 1996). The significance of ErbB2
(EGFR or ErbB1), ErbB2 (HER2 or Neu), ErbB3 and ErbB4is underscored by its overexpression in about 30% of breast
(Alroy and Yarden, 1997; Yarden and Sliwkowski, 2001). ErbBcarcinomas, a phenomenon associated with poor prognosis
proteins engage in an extensive network of homo- anfflamon et al., 1987).

heteroassociations resulting in signal diversification (Tzahar et The signaling network of ErbB proteins is based on receptor
al., 1996). The relative expression levels of the variou§omo- and heterodimers. In addition to these small-scale
receptors and the concentrations of their respective ligangssociations, higher order associations involving large-scale
determine the composition of homo- and heterodimers (Pinkadusters of ErbB2 have also been identified (Nagy et al.,
Kramarski et al., 1996; Graus Porta et al., 1997). ErbB2 is thE999b). These clusters contain hundreds of ErbB2, arqus0.5
preferred heteroassociation partner of all other ErbB proteind) diameter, a size that increases upon ErbB2 activation. The
enhancing ligand binding affinity and signaling potency bysignificance of such large-scale protein clusters probably
virtue of its potent latent kinase activity (Karunagaran et al.tesults from the high local concentration of ErbB and other
1996). Activation-induced endocytosis and downregulation areignaling proteins facilitating the formation of receptor
important in limiting the duration of receptor activation, butcomplexes (Nagy et al., 1999a).

their efficiency is low for all members of the ErbB family with ErbB2 plays an important role in the development and
the exception of ErbB1 (Baulida et al., 1996). This is probablyprogression of many breast cancers and other malignancies
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(Park et al., 2000). An anti-ErbB2 monoclonal antibody, 4D5ErbB2 upon heregulin stimulation. It is of interest to point out
inhibits the proliferation of tumor cells that overexpress ErbB2hat 4D5-mediated internalization of ErbB2 is blocked in CTX-
(Sarup et al.,, 1991). The humanized version of 4D®-pretreated cells, whereas the antiproliferative effect of 4D5
(Trastuzumab, Herceptin™) has significant anticancer activitis not. Our results emphasize that alterations in the local
(Cobleigh et al.,, 1999; Slamon et al.,, 2001). Its exacenvironment of ErbB2 strongly influence its association
mechanism of action is as yet unclear. The antibody inducgsoperties with significant consequences for its biological
partial tyrosine phosphorylation of ErbB2 but does not activatactivity.
the MAP kinase pathway, although it does activate the cyclin-
dependent kinase inhibitor p27KIP (Sliwkowski et al., 1999). )
It has been proposed that the antiproliferative activity ofaterials and Methods
Trastuzumab is due largely to the downmodulation of surfac€ells lines
ErbB2 by receptor-mediated endocytosis (Sarup et al., 199The SKBR-3 breast tumor cell line was obtained from the American
Sliwkowski et al., 1999). Cbl-mediated ubiquitination is Type Culture Collection (Rockville, MD) and grown according to its
thought to play a key role in this process (Klapper et al., 200(§pecificat.ions. to confluency. For microscop.ic experiments cells were
Levkowitz et al., 2000). Antibodies that efficiently internalize cultured in slide chambers (Nunc, Naperville, IL), and labeled and
ErbB2 but fail to inhibit tumor cell proliferation have also beenMeasured without trypsinisation. For flow cytometric measurements
identified (Neve et al., 2001), suggesting that antibodySe!S Were harvested with trypsinization.
mediated internalization may not be a good marker of anti-
tumor activity. Antibodies, growth factors

Higher order associations (i.e. the organization of individuakps and 7C2 antibodies against the ErbB2 protein were a kind gift
and oligomeric membrane proteins into several hundredrom Genentech (South San Francisco, CA), and were labeled with
nanometer-scale complexes) have attracted increased attentfmorescent dyes for FRET and for colocalization measurements. The
in studies of receptor biology and signal transductiondye/protein ratio was 1-3 as determined by spectrophotometric
Membrane domains are often thought of as organizing forcggeasurements. The H3.90.6 anti-ErbB3 antibody was purchased frpm
beyond such associations. For example, lipid raftsheoMarkers (Fremont, CA), and the sc-894 polyclonal rabbit
sphingolipid- and cholesterol-rich membrane microdomainsdntibody against caveolin was from Santa Cruz Biotechnology
participate in diverse cellular functions such as membrang €idelberg, Germany). Cy2-, Cy3- and CyS-labeled polyclonal

g . . . rabbit Fab fragments against mouse 1gG (anti H+L) were from
trafficking and receptor signaling (Simons and Ikonen, 19973ac son Immunoresearch (West Grove, PA). The anti-

Janes et al., 1999). There is intense debate about the size 8fgsphotyrosine antibody PY99 (sc-7020) and the anti-Shc antibody
nature of lipid rafts, but recent evidence supports the existen¢g:-967) were from Santa Cruz Biotechnology (Santa Cruz, CA) The
of small (<0.1um in diameter) lipid rafts that can dynamically anti-ErbB2 antibody c-neu/Ab-3 (OP15) was from Calbiochem
associate with each other to form larger signal transducin@armstadt, Germany). Protein G-coated Sepharose ‘Fast flow’ beads
platforms (Harder and Simons, 1997; Kurzchalia and Partomyere purchased from Sigma-Aldrich (Schnelldorf, Germany).
1999; Pralle et al.,, 2000; Edidin, 2001; Anderson and Epidermal growth factor and the EGF-like domain of heredgdin-
Jacobson, 2002). Lipid rafts and a special form thereofvere from R&D Systems (Minneapolis, MN). Cells were starved in
caveolae, are thought to be involved in EGFR-mediate 1% FCS-contgalnlng medium for 48 hours before stimulation with
signaling (Furuchi and Anderson, 1998; Mineo et al., 1999y CF oF heregulin.
presumably by altering the activity of protein kinases
(llangumaran et al., 1999) and changing the association statébeling of cells with antibodies and subunit B of cholera toxin
of membrane proteins (Bodnar et al., 1996; Vereb et al., 2008;bB proteins were labeled with saturating concentration of
Matko et al., 2002). antibodies for 30 minutes on ice in PBS. Unbound antibodies were
We have previously reported the existence of plasmemoved by washing twice with PBS. When two primary labeled
membrane domains in which the homoassociation of ErbB2 ntibodies were used to label cells, they were added simultaneously.
unusually high (Nagy et al., 1998). The significance of thigVhen one of the labelings was indirect, cells were first incubated with
finding is underlined by the fact that overexpression-drivein® unlabeled primary antibody followed by the dye-conjugated
constitutive homoassociation of ErbB2 induces ligandSecondary Fab. Subsequently, cells were labeled with a labeled
independent activation of ErbB2 and other ErbB proteing'iMary antibody against the other antigen.

Prior to labeling caveolin, cells were fixed in 3.7% formaldehyde
(Worthylake et al.,, 1999). Although the overall effect of 30 minutes on ice) and incubated with the sc-894 anti-caveolin

changes in the relative expression levels of ErbB proteins hagihody in the presence of 0.1% BSA and 0.1% TritonX-100 for 30

already been studied (Tzahar et al., 1996), the role of locglinutes on ice followed by secondary labeling with Cy3-conjugated
differences in the relative densities of receptors, which may(ab), fragment of goat anti-rabbit immunoglobulin (Jackson

explain differences in the association of proteins within a singlemmunoresearch, West Grove, PA).

cell (Chamberlin and Davies, 1998), has not been previously In order to label lipid rafts cells were incubated in the presence of
addressed. In our current experiments we show that membradetg/ml FITC-labeled subunit B of cholera toxin (Sigma-Aldrich,
domains with high degree of ErbB2 homoassociation have higpchnelldorf, Germany) for 30 minutes on ice. For crosslinking lipid
ErbB2 and low ErbB3 densities. The association state of ErbB2its incubation with subunit B of cholera toxin was carried out at
is also influenced by lipid rafts. ErbB2 is dislodged from the C for 30 minutes.

latter after crosslinking GM1, a raft-associated ganglioside

(Harder et al., 1998), by the B subunit of cholera toxin (CTX-Confocal microscopy

B), which is associated with decreased ErbB2-ErbB3 zeiss LSM410 confocal laser scanning microscope (Carl Zeiss,
heterodimerization and reduced tyrosine phosphorylation ofhornwood, New York) was used to image cells. Alexa488, Cy2 and
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FITC were excited with the 488 nm line of an argon/krypton ion lasetransformation (Glasbey and Horgan, 1995). Low frequency
and emission from these fluorophores was detected through an Background is a constant or a smoothly changing intensity component
488/568 nm dual-band dichroic mirror and a 515-565 nm band-paskat may be caused by inhomogenous illumination, autofluorescence
filter. Cy3 was excited with the 568 nm line of an argon/krypton laseor non-specific staining. Removal of high frequency background
and emission was detected through an FT 488/568 nm dual-baiisinoothing) was carried out either by low-pass filtering or a
dichroic mirror and a 575-640 nm band-pass filter. Cy5 was exciteghorphology operation (opening) (Glasbey and Horgan, 1995). Cluster
at 647 nm and emission was measured through a FT 665 nm longnd background pixels were discriminated with the entropy threshold
pass dichroic mirror. segmentation algorithm of Scil-Image, and the distribution of particle
During the experiments with membrane clusters of ErbB proteinssizes in this binary mask was determined with Scionlmage (Scion
the focal plane of the confocal microscope was adjusted such th@brp_, Frederick, MD). Cluster diameter was determined by
either the top or the bottom flat layer of the cell membrane could bdiciously positioning the cursor on the screen on opposing edges of
imaged in a single confocal slice. the bright regions (Nagy et al., 1999b). In order to calculate the area
of overlap between clusters, segmented binary images (in which digit
. 1 and 0 correspond to cluster and background pixels, respectively)
Donor photobleachln.g FRET measure_mgnts . recorded in the different fluorescence channels were multiplied with
In some of the experiments, the association of membrane proteins Wagch other. In the resulting image foreground pixels (value 1) reflect
measured using the donor photobleaching FRET method (Jovin aige overlap of clusters in the two input images. The fractional overlap
Arndt Jovin, 1989). Briefly, one of the proteins was labeled with §yas calculated by dividing the area of foreground pixels in the
flgoresceln (donor)-labeled antlbody.and the other protein was labelg sulting image by the area of foreground pixels in one of the original
with a Cy3 (acceptor)-labeled antibody (double-labeled sample)nages since this area was approximately the same in both original
Another sample was also prepared in which only the donor-labequ]age& we report only one of the obtained ratio values.
antibody was applied (donor only sample). The kinetics of donor
photobleaching was measured in both samples. The fluorescence
intensity curves were fitted to a double exponential equation with glow cytometric energy transfer measurements

_crl;(ston;-writ;fen program in LabView (Natiorllal Ilnstclj'unt:entsi(_Austiﬂ,A modified Becton Dickinson FACStar Plus flow cytometer equipped
)-I' Q e e_ctrllved rate constant Wafs r?a culate 'yl taking }A%ith dual argon ion laser excitation was used to measure the FRET
amplitu e-wellg:;RtEeT time C(t)_nstan_f[f] Oh tt eblexpr(])_nentlla tetrrr]ns. tn)égiciency between fluorescently labeled membrane proteins. This
process (.. ) competing with photobieaching SIOWs the rate gl ., meter is a quantitative measure of protein associations and can be
the process. Therefore it is possible to calculate the FRET efficien erived from three fluorescence intensities (Szbval., 1984). Two
on a pixel-by-pixel basis by comparing the rate of donor..qiies resulted from excitation at 488 nm and detection at 540420
photobleaching in the dc_nuble-labeled sampl_e to thatin the donor-onI%—nd above 580 nm, and the third signal was excited at 514 and detected
labeled sample according to the expression FREﬂ—??b/‘TEﬁYDA’ .rflbove 580 nm. Forward angle light scattering (at 514 nm) was used
e g . 0 gate out debris. All data were stored in list mode format. FRET
the donor-onlylabeled sample, antefpa is the effective fficiency was calculated on a cell-by-cell basis from the three

photobleaching time constant of a pixel in the donor-acceptor double- ; "
labeled sample. ‘%uorescence intensities of 10,000 cells.

Acceptor photobleaching FRET measurements Flow cytometric measurement of antibody internalization

: ; : . ; thods were used to detect antibody internalization. (1)
This technique is based on the detection of increased donghree me . - o
fluorescence intensity following irreversible photodestruction of th KBRS cells were incubated with unlabeled 4D5 {gfml) at 37°C.

acceptor (Wouters et al., 1998). A sample was labeled with Cy3- ar%amples were taken every 10 minutes, _and non-i_nternalized ErbB2
Cy5-|toaggéd antibodies. First a)m imagepwas taken in the Cys)zdon s labeled with Alexa488-7C2 for 30 minutes on ice. Fluorescence
channel () followed by an image in the Cy5 (acceptor) channel. Was detected with a FacsCalibur Flow Cytometer. (2) SKBR3 cells

Then, the acceptor was bleached completely, after which another Cy48re incubated in the presence of jigiml 4D5 antibody at 37°C.
image was taken reporting the unquenched fluorescence intensity D& non-internalized fraction of 4DS was labeled with Cy2-tagged
the donor (). Images were corrected for spectral spillover, and thdab fragments of anti-mouse IgG, and the fluorescence intensity of

second Cy3 image was corrected for bleaching by the 647 nm lasgy2 Was measured on the flow cytometer. (3) SKBR3 cells were
line used to bleach Cy5. The FRET efficiency was calculatedreated with fluorescein labeled 4D5 antibody at 37°C. Samples taken

according to the equation FRET=3/lq. every 10 minutes were divided into two parts. Part 1 was subjected to
acid-wash (pH 2.4, 3 min) in order to remove 4D5 from the cell
surface (Baulida and Carpenter, 1997). Part 2 was not acid-treated.

Analysis of correlation between FRET efficiency and The difference between the fluorescence intensities of these two

fluorescence intensity samples represented the amount of 4D5 on the cell surface.

In order to correlate the FRET efficiency (measured either with the
donor or the acceptor photobleaching FRET method) with th . .
fluorescence intensity on a pixel-by-pixel basis, images were anaWZgéeasurement of cell proliferation
with Scil-image (University of Amsterdam, The Netherlands) after50,000 cells were seeded in a culture dish and kept in the presence of
correction for shift and spectral spillover. The correlation betweed0% FCS for 1 day. They were subsequently incubated in medium
FRET efficiency and unquenched donor fluorescence intensity wegontaining 0.1% FCS for 1 day. This was followed by a 5-day culture
calculated and plotted according to Demandolx and Davoudn the presence of 10% FCS. In order to study the antiproliferative
(Demandolx and Davoust, 1997). effect of 4D5, 10ug/ml of the antibody was added to the medium
with or without 8 pg/ml cholera toxin (subunit B). The culture
medium supplemented with 4D5 (and cholera toxin) was replenished
Calculation of the overlap between clusters every second day. On day 5 the cells were counted and the cell surface
Low frequency background was removed using either a Fouriezxpression of ErbB2 was determined by labeling cells with Alexa488-
transformation based method (Hwang et al., 1998) or top-hatC2.
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Measurement of tyrosine phosphorylation of ErbB2 and Shc calculations corroborated that there was no significant
Cells were scraped off the culture substrate. Whole cell lysates élifference between the homoassociation of ErbB2 inside and
control or stimulated cells were prepared by incubating the cells ioutside large-scale clusters of this protein (FRET efficiencies
lysis buffer (20 mM Tris-HCI, 150 mM NaCl, 10% (w/v) glycerol, 1 for ErbB2 homodimerization were 17+2% and 16+2% for
mM EGTA, 1% (w/v) Triton X-100, 1 mM N&/Os, 1 mM PMSF,  superpixels inside and outside large-scale ErbB2 clusters,
Complete Mini protease inhibitor cocktail from Roche, pH 7.5) for 10respective|y, with all three sizes of superpixels).

minutes on ice. The lysate was centrifuged at 12¢)@hd ErbB2 or

Shc was immunoprecipitated from the supernatant using OP15 and

sc-967 antibodies, respectively, and protein G beads. Th§rb82 homoassociation is influenced by the local
immunoprecipitates were run on SDS-polyacrylamide gels, an

blotted to nitrocellulose membranes. The membranes were prob denSIty of ErbB2 and _Er_bB3 ) . o

with anti-phosphotyrosine antibody PY99, then stripped and reprobedince the homoassociation of ErbB2 did not differ significantly
with either anti-ErbB2 or anti-Shc antibodies to check whetheinside and outside large-scale clusters, we turned our attention
equivalent amounts of proteins were immunoprecipitated in eacto the local densities of ErbB2 and ErbB3 as possible
sample. Bands on the blots were quantitated using enhancelbterminants of ErbB2 homoassociation. SKBR-3 breast tumor

chemiluminescence (Amersham, Freiburg, Germany). cells were labeled with FITC-4D5 and Cy3-4D5 as donor-
acceptor pair against ErbB2, and ErbB3 was labeled indirectly
Results using a Cyb-tagged secondary antibody. The homoassociation

o o ) of ErbB2 was calculated on a pixel-by-pixel basis using the
ErbB2 homoassociation is not significantly different donor pbFRET technique and plotted as a function of the local
inside and outside large-scale clusters ErbB2 and ErbB3 densities. The analysis, carried out on pixels
Previously we have found that the homoassociation of ErbBidside ErbB2 clusters, showed that ErbB2 homoassociation
is uneven on the cell surface, i.e. there are membrane patchveas positively correlated with the local density of the protein,
with a diameter of 0.5-1um in which ErbB2 homoassociation but negatively correlated with the local density of ErbB3 (Fig.
is significantly higher than in the surrounding area (Nagy et all). A very similar dependence of ErbB2 homoassociation on
1998). Later we have identified large-scale clusters of ErbBthe local densities of ErbB2 and ErbB3 was found outside
containing (11000 ErbB2 proteins in which the density of clusters; i.e. there were areas with high ErbB2 homoassociation
ErbB2 is 1-2 orders of magnitude higher than outside of themautside clusters as well (data not shown). However, the signal-
Their characteristic diameteri®.5um (Fig. 2A) (Nagy et al., to-noise ratio was much lower in pixels outside clusters,
1999b). The similar size of large-scale ErbB2 clusters antherefore we restricted our detailed analysis to the clusters.
membrane patches showing a high degree of ErbBRlembrane patches with unusually high ErbB2
homoassociation raised the possibility that the two might bBomoassociation were located in areas where the local density
related. Therefore we measured the homoassociation of ErbB2 ErbB2 was high and that of ErbB3 was comparatively low
on a pixel-by-pixel basis using the donor pbFRET techniquéFig. 2A-C), as shown in Fig. 2D-F. In addition, for areas with

in confocal microscopy (Jovin and Arndt Jovin, 1989) in ordeihigh ErbB2 intensity and very high ErbB3 density (as those
to find out whether ErbB2 homoassociation was the same

inside and outside of large-scale clusters of ErbB2. Th
fluorescence intensity of pixels outside large-scale clusters w:
not high enough for reliable FRET measurements promptin
two approaches for increasing the signal-to-noise ratio. Firs

e

=]

4
|

=
wn
4

large polygon-shaped regions of interest (ROI) were place 52
separately on areas outside and inside large-scale clusters, i 58 041
the fluorescence intensity was summed inside these ROIs. T 52 m{
FRET efficiency was calculated on the summed fluorescenc sz |
intensities. There was no significant difference between th LE‘% 0.2 1|
FRET efficiencies evaluated over pixels inside and outside tF 3 011
large-scale clusters. In FRET experiments the FRET efficienc -

is a measure of protein associations: the higher the FRE ’66:30‘0200
efficiency is, the tighter the labeled proteins associate with eac %,
other. Therefore, the lack of any significant difference in the K

measured FRET efficiencies indicated that the
homoassociation of ErbB2 was the same inside and outsit
ErbB2 clusters: FRET efficiencies for ErbB2 homoassociatiol
were 16+3% and 18+3% (messie.m.) for pixels inside and
outside ErbB2 clusters, respectively. According to the seconFig. 1. Dependence of ErbB2 homoassociation on local parameters.
approach, the size of images was reduced in a way that squaSKBR-3 breast tumor cells were labeled with FITC-4D5 and Cy3-
shaped areas (superpixels) consisting<, 3x5 or 77 pixels 4D5 against ErbB2 to measure the homoassociation of ErbB2; ErbB3

were collapsed to a single pixel, the fluorescence intensity was labeled with Cy5-tagged secondary Fab following labeling with

hich th 4 int it f th m | H3.90.6. The homoassociation of ErbB2 was measured with the
which was theé summed Intensity o e area It replace(y,,q, pbFRET method, and it was correlated with the local density

Evaluation of the FRET efficiency was carried out on a pixelsf ErhB2 and ErbB3 on a pixel-by-pixel basis. The average FRET

by-pixel basis on these compressed images, separately ffficiency for ErbB2 homoassociation is plotted as a function of the
superpixels outside and inside large-scale clusters. Thelocal density of ErbB2 and ErbB3.
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marked with arrows in images A-C, Fig. 2), thestimuli, suggested that the size of lipid rafts also increased
homoassociation of ErbB2 is lower than would be expectedfter stimulation with EGF, heregulin or 4D5. This
from the high ErbB2 density alone. conclusion was confirmed by calculation of lipid raft
diameter, which increased from 0B02um in control cells

) o to 0.53:0.02 pm, 0.54:0.03 pm and 0.5%0.03 um upon
ErbB2 clusters colocalize with lipid rafts stimulation with EGF, heregulin and 4D5, respectively
Lipid rafts and lipid raft clusters are envisioned to be in th€P<0.05 for the increase; Fig. 3C). Since both the control and
range of[1L0-1000 nm in size (Harder et al., 1998; Jacobsothe treated samples were labeled with FITC-CTX-B and
and Dietrich, 1999; Anderson and Jacobson, 2002). Since lipldbeling was carried out on ice, we believe that the observed
rafts can serve as signal transduction platforms (Kurzchalia andcrease in raft size was not due to pentavalent binding of
Parton, 1999), determining the colocalization between ErbBEITC-CTX-B.
and lipid rafts is important and relevant. Linid
rafts were visualized by labeling cells w
FITC-labeled subunit B of cholera to:
(CTX-B), which binds GM1 ganglioside,
lipid component highly abundant in lipid re
(Harder et al., 1998). ErbB2 was labeled \
Cy3-4D5. These experiments revealed tha
overlap between lipid rafts and ErbB2 clus
was 726% (Fig. 3A).

ErbB2 homoassociation is negatively
correlated with the density of GM1

We next examined the spatial relation:
between lipid rafts and the homoassociatic
ErbB2. Rafts were labeled with FITC-CTX
and ErbB2 was labeled with a 1:1 mixture
Cy3- and Cyb-tagged 4D5. Erb
homoassociation was measured with
acceptor photobleaching technique. We fc
a negative correlation between Ert
homoassociation and the fluoresce
intensity of FITC-CTX-B (Fig. 3A,B, Fig. 4
We detected no FRET between FITC-CT.
and Cy3-4D5 (data not shown) implying t
the fluorescence intensity of FITC-CTX
reflected its local density. As CTX-B lab
GM1 ganglioside, an abundant i
component of lipid rafts, we concluded 1
there was a negative correlation betw

ErbB2 homoassociation and the local der Fig. 2. Membrane areas with anomalously high ErbB2 homoassociation colocalize

of the raft marker. with membrane domains with high ErbB2 and comparatively low ErbB3 densities.
Cells were stimulated with EGF SKBR-3 breast tumor cells were Iabele_d with FITQ—4D5 and Cy3-4D5 against

ng/ml), heregulin (50 ng/ml) or MAb 4D5 (( ErbB2, and with unlabeled H3.90.6 anti-ErbB3 antibody followed by secondary

labeling with a Cy5-tagged Fab. Images A and B show the fluorescence intensity
distribution of Cy3-4D5 (ErbB2) and the Cy5-tagged secondary Fab (ErbB3),
respectively. The FRET efficiency for ErbB2 homoassociation is displayed in image

pg/ml)  to  determine  whether t
colocalization between rafts and large-s

clusters of ErbB2 was altered uy C. The areas inside the white polygons in image C have the highest FRET values.
activation. The colocalization of Erbl The same areas are marked with red polygons in images A, B, D-F. These areas have
clusters and lipid rafts was not significat very high ErbB2 density and comparatively low ErbB3 density. The areas at the head
influenced by any of the above treatment: of the arrows have the highest ErbB2 and ErbB3 densities, but ErbB2

evidenced by similar cluster overlap val homoassociation in these pixels is lower than inside the marked areas. Image A was
(77+6% on control cells; 76%, 76:9% anc thresholded, and pixels with high ErbB2 fluorescence intensity are white in image D,
73+9% after stimulation with EGF, heregu whereas pixels with intensity below the threshold are black. Image B was ‘bi-

thresholded’: two intensity values were determined, and only pixels whose intensity
is between the two threshold values are white in image E, all other pixels are
displayed in black. Threshold values were adjusted so that white pixels in image E
have low ErbB3 intensities, but still above a certain level. Pixels with intensity values

and 4D5, respectively). We have previol
reported that the size of large-scale Er
clusters increases upon stimulation of ¢

with EGF, heregulin or 4D5 (Nagy et . lower than the lower threshold are background pixels, and they have to be excluded
1999b). Thus, the fact that the ovel from the analysis. In image F a pixel is displayed in white if the pixel is white in both
between large-scale ErbB2 clusters and image D and E. The distributions of white areas in image F correlate with pixels with

rafts did not change upon any of th high ErbB2 homoassociation in image C. Baui
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FRET efficiency for erbB2 homoassociation

F-CTX-B fluorescence intensity

Fig. 4.Lipid rafts influence the homoassociation of ErbB2. Lipid

Fig. 3. The relationship between lipid rafts and the
small- and large-scale clustering of ErbB2. (A,B)
SKBR-3 cells were labeled with FITC-CTX-B, Cy3-
4D5 and Cy5-4D5 Fab. The FITC (green) and Cy3
(red) channels are overlaid in image A. Yellow areas
correspond to colocalization between CTX-B-labeled
lipid rafts and ErbB2 clusters. The homoassociation of
ErbB2 was calculated using the acceptor
photobleaching FRET method, and the FRET efficiency
is displayed in panel B. FRET efficiency is color-coded
according to the color-scale. The white boxes mark
areas with inverse correlation between the local CTX-
labeling density and ErbB2 homoassociation: the
greener the area is in image A, the lower the FRET
efficiency is in the corresponding part of the cell in
image B. (C) Heregulin-stimulated SKBR-3 cells were
labeled with FITC-CTX-B and Cy3-4D5 Fab. (D)
SKBR-3 cells were treated with FITC-CTX-B at 37°C
for 30 minutes, and they were subsequently labeled
with Cy3-4D5 Fab. (E) SKBR-3 cells were pretreated
with FITC-CTX-B and then incubated with Cy3-4D5
antibody at 37°C for 30 minutes. In part A, C and E the
FITC image (green) is overlaid on the Cy3 (red) image.
Yellow areas correspond to significant colocalization
between lipid rafts and ErbB2 clusters. Bapm.

between lipid rafts and large-scale clusters of ErbB2
significantly {<0.05) decreased to 29% (Fig. 3D),
implying that crosslinking of GM1 by CTX-B sequestered
these domains from ErbB2. By crosslinking GM1 CTX-B
induces translational diffusion of lipid rafts and the
accumulation of GM1 at sites of endocytosis (Nichols, 2002).
One possibility is that cytoskeletal anchoring of ErbB2 might
impede its movement with lipid rafts, resulting in ErbB2 being
left behind. However, disrupting microfilaments with
cytochalasin D treatment (3Qy/ml, 2.5 hours, 37°C) did not
perceivably modify the CTX-B-induced separation between
lipid rafts and large-scale clusters of ErbB2; the overlap
between lipid rafts and large-scale clusters of ErbB2 was
28t5% in CTX- and cytochalasin D-treated cells.
Cytochalasin D by itself did not change the colocalization

rafts were visualized with FITC-CTX-B, and ErbB2 was labeled withbetween ErbB2 clusters and lipid rafts, from which we

Cy3-4D5 and Cy5-4D5 antibodies in order to measure its

conclude that cytoskeletal anchoring was not responsible for

homoassociation with the acceptor photobleaching FRET method. the inability of ErbB2 to move with lipid rafts.

FRET efficiency was averaged in pixels with the same FITC-CTX

fluorescence intensity, and the average FRET efficiency is plotted as

a function of lipid raft labeling.

CTX-B induces significant changes in the large-scale
association of ErbB2

Relationship between ErbB2 and caveolin clusters to
GM1-enriched domains

Caveolae are considered to be specialized lipid rafts, that can
be visualized with confocal microscopy (Kurzchalia and
Parton, 1999). In order to determine whether FITC-CTX-B-
labeled domains correspond to caveolae, we labeled SKBR-3

In view of the inverse correlation between the density of GMkells with an anti-caveolin antibody and FITC-CTX-B (Fig.
ganglioside and ErbB2 homoassociation, we investigateBA). There was an almost complete separation between
whether lipid raft crosslinking by CTX-B had any effect oncaveolae and the domains labeled by CTX-B as evidenced by
the association of ErbB2. CTX-B not only binds GM1, butthe low cluster overlap value (13+4%). This result suggested
prolonged exposure of cells to CTX-B at 37°C can crosslinkhat ErbB2 protein clusters, which colocalize with CTX-B,
lipid rafts and induce characteristic changes in the distributioshould not overlap with caveolae. Indeed, we found only a
of membrane proteins (Harder et al., 1998). Cells were firsiegligible colocalization between ErbB2 clusters and caveolae
treated with 8ug/ml FITC-CTX-B at 37°C for 30 minutes, (17+6%, Fig. 5B). However, CTX-B induced crosslinking of
and then labeled with Cy3-4D5 Fab against ErbB2 on iceGM1 induced its migration into caveolae, leaving ErbB2
Analysis by confocal microscopy showed that the overlaglusters behind (Fig. 5C).
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heregulin receptor, we expected a decreased effect of
this growth factor on CTX-B-pretreated SKBR-3 cells.
Control and CTX-B-pretreated samples were incubated
in the presence of heregulin or EGF. The tyrosine
phosphorylation of ErbB2 was high even in non-
stimulated cells, and neither EGF, nor heregulin was
able to elicit a significant increase in ErbB2 tyrosine
phosphorylation (0.09%0.1, Fig. 6B). In CTX-B-
pretreated cells, heregulin induced a marked decrease
in ErbB2 tyrosine phosphorylation, indicating a shift in
the balance  between  phosphorylation and
dephosphorylation towards the lattét<Q.01 for the
comparison between the heregulin-induced erbB2
tyrosine phosphorylation of CTX-B-pretreated and
non-treated samples). The lack of EGF-induced
response was unchanged in CTX-B-pretreated cells
(Fig. 6B). In order to observe a growth factor-elicited
response in SKBR-3 cells, we searched for a target
downstream of ErbB2 in the signal transduction
cascade. The tyrosine phosphorylation of Shc was
detectable even in unstimulated cells, and treatment
with either of EGF, heregulin or CTX-B induced an

Fig. 5. Relationship between caveolin, GM1-enriched domains and ErbB2 NCrease in Shc tyrosine phosphorylation. Interestingly,
clusters. (A) Quiescent SKBR-3 cells were labeled with FITC-CTX-B (greerPOth .EGF and heregl_JIIn induced a _decrease in She
channel) and with anti-caveolin antibody sc-894 followed by secondary ~ tyrosine phosphorylation when applied to CTX-B-
staining with Cy3-conjugated goat anti-rabbit immunoglobulin to visualize pretreated cells (Fig. 6B).

sc-894 labeling (red channel). (B) Quiescent SKBR-3 cells were stained

against ErbB2 (with Alexa488-4D5, green channel) and against caveolin (as

in part A, red channel). (C) SKBR-3 cells were treated with FITC-CTX-B forCTX-B significantly alters the internalization and

30 minutes at 37°C (green channel), and then stained against ErbB2 (Cy5-antiproliferative effect of 4D5

4D5, blue channel) and against caveolin (as in part A, red channel). Bar, The 4D5 antibody is a partial agonist of ErbB2, which

Lum. after inducing tyrosine phosphorylation of ErbB2,
efficiently downregulates the protein and blocks cell

) ) o proliferation (Sarup et al., 1991). We investigated
CTX-B-induced changes in the small-scale association whether treatment of SKBR-3 cells with CTX-B alters 4D5-
of ErbB2 induced ErbB2 downregulation and the cytostatic effect of the

We investigated the small-scale association of ErbB2 in contralntibody. According to flow cytometric measurements, ErbB2
and CTX-B-treated cells using flow cytometric FRETwas efficiently downregulated by 4D5 (Fig. 6C), a finding
measurements. In these experiments, cells were treated wigbnsistent with previous reports (Sarup et al., 1991).
unlabeled CTX-B, and then labeled with donor- and acceptorurthermore, the downregulation was significantly blocked by
labeled antibodies against the ErbB proteins. Thereatment of cells with CTX-B. Three flow cytometric methods
heteroassociation of ErbB2 with ErbB3 significantly were used to monitor the downregulation of ErbB2 (described
decreased, but the homoassociation of ErbB2, and iia Materials and Methods), but only one of them is shown in
heteroassociation with ErbB1 was not affected by CTX-BrFig. 6C, since results from the other approaches were the same.
treatment (Fig. 6A). In control experiments, CTX-B treatmentlow cytometry yields statistically reliable data but requires
did not change the expression level of ErbB1, ErbB2 andells in suspension. Therefore, we also used confocal
ErbB3 implying that the measured changes in the FREMmicroscopy to detect the internalization of fluorescently
efficiencies reflect alterations in protein association. Oné¢abeled 4D5 antibody and confirmed that treatment of SKBR-
possible origin for the decreased heteroassociation betwe8ncells with CTX-B blocks the accumulation of 4D5 in the
ErbB2 and ErbB3 is that CTX treatment separates ErbB2 baytoplasm (Fig. 6D). We found previously that CTX-B
not ErbB3 from lipid rafts. This would result in the separationrreatment segregates lipid rafts from clusters of ErbB2 (Fig.
of large-scale clusters of ErbB2 and ErbB3, which would mak&D). We wanted to determine how colocalization between lipid
their heteroassociation impossible. However, confocatafts and ErbB2 clusters is influenced by co-treatment with
microscopy showed that both ErbB2 and ErbB3 remained i@TX-B and 4D5. The overlap between ErbB2 clusters and lipid
the same large-scale clusters after CTX treatment (data neifts was as low as in the case of cells treated with CTX-B
shown). alone (Fig. 3E).
The 4D5 antibody blocks the proliferation of breast tumor

) o cells overexpressing ErbB2, and this effect is often attributed
ErbB2 and Shc tyrosine phosphorylation induced by to its ability to downregulate ErbB2. Therefore, we checked
EGF and heregulin in cells pretreated with CTX-B whether treatment of cells with CTX-B influences the
Since a heterodimer of ErbB2 and ErbB3 forms a functionatytostatic effect of 4D5. MAb 4D5 significantly blocked the
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E ] on control cells (black bars) and cells pretreated wijily/énl CTX-B at

37°C for 30 minutes (white bars). Error bars indicate the standard error of

200 ) = 500x10°
' the mean calculated from three independent experimart® 31).
. 400x10° (B) SKBR-3 cells were seeded in 6-well plates and starved for 48 hours.
5001 . . . . ] <= CTX pretreatment was carried out in the presencepgi/®l CTX-B at
17300100 2 37°C for 30 minutes, and then cells were stimulated with EGF or heregulin
400 1 ] for 10 minutes. The tyrosine phosphorylation of ErbB2 (left graph) and Shc
] 1 (right graph) was measured in control (black bars), EGF-stimulated (white
] bars) and heregulin-stimulated (right hatched bars) samples. Membranes
] labeled with anti-phosphotyrosine antibody were stripped and reprobed with
] o anti-ErbB2 or anti-Shc antibody. The phosphotyrosine content of the bands
CTX 4D5  4D5+CTX was normalized to the amount of protein (ErbB2 or Shc)
immunoprecipitated and to the control samples. Asterisks indicate statistical
significance of Studentistest performed on non-stimulated and growth
factor-stimulated samplesR%0.1, **P<0.05). Error bars indicate the standard error of the mean calculated from three independent
measurements. (C) Contr@®) and CTX-pretreated() cells were incubated with unlabeled 4D5 antibody for 40 minutes. Samples were taken
every 10 minutes, and cell surface ErbB2 was labeled with Alexa488-7C2. The fluorescence intensity of Alexa488-7C2-labvaled cells
measured with flow cytometry. Error bars indicate the standard error of thema8an(ID) Control and CTX-pretreated SKBR-3 cells were
incubated with Alexa488-4D5 antibody at 37°C for 30 minutes. Cells were imaged using confocal microscopy, and verti¢ahsliceltso
are shown. The approximate position of the cell membrane is marked with a black dashed linerfh&E)150,000 cells were seeded in
culture dishes. Control SKBR-3 cells and cells treated with 4D5, CTX-B and both with 4D5 and CTX-B were cultured for ®ataysnir
with the antibody and CTX-B was carried out as described in Materials and Methods. At day 5 the cell surface expressbwa$ ErbB
measured with flow cytometry by labeling cells with Alexa488-7C2. The black bars show the mean fluorescence intensityaatien afbtr
autofluorescence. The number of cells is shown by the white bars. Error bars indicate the standard error of tRe@acofhpared with
the corresponding contrai=3).

number of cells

- 200x10°

TC2 fluorescence intensity

200 - 100x10°

control

proliferation of SKBR-3 cells, and it reduced the amount of cells on its own but increased the amount of ErbB2 on the
ErbB2 on the cell surface (Fig. 6E). We expected that CTX-RBell surface (Fig. 6E).

would hinder the antiproliferative effect of 4D5 since it

prevents the internalization of ErbB2 induced by 4D5. )

However, 4D5 was even more efficient in blocking theDiscussion

proliferation of SKBR-3 cells, if they were also treated withlt has been known for years that overexpression of ErbB2
CTX-B. CTX-B did not significantly influence the proliferation significantly alters the proliferation and motility of cells
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(Spencer et al., 2000), and that it is associated with poeafts, where the lipid environment decreases ErbB2
prognosis (Slamon et al., 1987). Although many of thes@omoassociation (Figs 3, 4). Lipid rafts contain a high amount
effects are mediated by heterodimers between ErbB2 and othafr lipids with saturated fatty acids, cholesterol and
ErbB proteins, ErbB2 homodimers are also present on the cealphingolipids, and present an environment for ErbB2 that is
surface, particularly in cells witb-ErbB2gene amplification markedly different from the bulk lipid phase. This environment
and overexpression, and these homodimers confer phenotypigght alter the association properties of ErbB2, as previously
effects that are likely different from that of various ErbBreported for another membrane protein (Vereb et al., 2000).
heterodimers (Worthylake et al., 1999; Baeckstrom et al.,
2000). Although much has been learned about the association o . o
properties of ErbB2, these studies failed to address the questitityolvement of lipid rafts in the association of ErbB2
as to how local factors influence ErbB2 associationAccording to our results ErbB2 is preferentially localized in
Considering that focal activation of receptors is often observelipid rafts. Fluorescent labeling of caveolin revealed that GM1-
(Brock and Jovin, 2001) we investigated the distribution ofnriched membrane domains do not colocalize with caveolae,
ErbB2 homoassociation in single cells. but crosslinking of GM1 by CTX-B induces migration of GM1
into caveolae (Fig. 5). It has been reported that GM1 appears
] o in separate, non-caveolar membrane domains (Vyas et al.,
Correlation between the association of ErbB2 and 2001), but accumulates in caveolae after crosslinking by CTX
ErbB3 and their expression densities (Orlandi and Fishman, 1998; Nichols, 2002). Our results are
The homoassociation of ErbB2 correlated positively with thén agreement with the above, and corroborate the existence of
local concentration of ErbB2, but negatively with ErbB3 localdistinct classes of raft-like membrane domains.
density. Consequently, membrane areas with the highest ErbB2ldentification of a membrane protein as raft-associated is
homoassociation displayed high and low concentrations afsually based on its presence in the detergent-insoluble phase
ErbB2 and ErbB3, respectively. The positive correlationof the membrane. However, this criterion is of uncertain value,
between the local density of ErbB2 and its homoassociationecause it necessitates disruption of the plasma membrane and
probably resulted from a shift in the equilibrium betweenis dependent on the nature of the detergent used (Jacobson and
monomers and dimers of ErbB2. It has already been suggest®detrich, 1999). Labeling with CTX-B is accepted as a reliable
that overexpression of ErbB2 results in constitutiveraft marker (Harder et al., 1998), and application of
homodimerization of the protein, most probably induced by anicroscopy-based approaches for the identification of raft-
shift in the monomer-dimer equilibrium (Chamberlin andassociated proteins has the advantage of dealing with intact
Davies, 1998; Harris et al., 1999; Worthylake et al., 1999). Ouplasma membranes (Jacobson and Dietrich, 1999; Kenworthy
findings conform with and reinforce these previous results anet al., 2000). The size of the domains identified by FITC-CTX-
point to the possible existence of a monomer-dimeB labeling is larger than the currently accepted size of lipid
equilibrium within single cells. The negative correlationrafts. However, it is acknowledged that the size and nature of
between ErbB2 homoassociation and ErbB3 local densitypid rafts depend upon the method of investigation (Edidin,
suggests that ErbB2-ErbB3 heterodimers compete with ErbB2001). We believe that FITC-CTX-B labeling reliably
homodimers and therefore a high number of ErbB3 proteinslentifies lipid rafts or clusters of them.
can disassemble ErbB2 homodimers. A similar conclusion has In contrast to GPI-anchored proteins, which co-patch with
already been reached based on previous work carried out @TX-B (Harder et al., 1998), lipid rafts are sequestered from
whole cell populations (Tzahar et al., 1996), but our result&rbB2 after crosslinking with CTX-B implying a weaker
directly support such a competition in single cells. interaction between raft lipids and ErbB2. Segregation of
ErbB2 from lipid rafts after CTX-B treatment is not inhibited
o o by disruption of microfilaments suggesting that cytoskeletal
Role of large-scale clustering in ErbB2 homoassociation  anchoring does not influence the raft-association of the protein.
We have previously identified a second hierarchical level ofVe propose that crosslinking of rafts initiates their translational
ErbB2 association termed large-scale clustering (Nagy et aHjffusion in the plasma membrane, and that GPIl-anchored
1999b). These large-scale clusters of ErbB2 confdi@® proteins follow these motions. However, ErbB2, which has a
ErbB2 proteins and their diameteri8.5 um in unstimulated lower lateral diffusion constant due to its transmembrane and
SKBR-3 cells. We found that the extent of ErbB2intracellular domains, may fail to ‘keep up’ with the more
homoassociation inside clusters is not significantly differentlynamic rafts, also suggesting a less stable localization of
from that outside clusters. The fact that ErbB2 homoassociat&sbB?2 in lipid rafts compared to GPl-anchored proteins.
even outside clusters, where the local density of the protein is The finding that ErbB2 is dislodged from lipid rafts and gets
low, suggests that it very avidly forms homodimers. Based omto the bulk lipid phase upon CTX-B treatment offered a
the positive correlation between the local density of ErbB2 angdossibility for investigating the effects of lipid environment
its homoassociation one would expect the extent of ErbB2hanges on the association properties and biological function
homoassociation to be higher inside clusters than outside. Véé ErbB2. Treatment of cells with CTX-B decreased the
can offer two alternative explanations. (1) The localheteroassociation of ErbB2 with ErbB3, leading to inhibited
concentration of ErbB3 is also higher inside clusters (Fig. 2BYyrosine phosphorylation of Shc upon treatment with heregulin,
Since ErbB3-ErbB2 dimers are preferentially formed (Tzahathe ligand of the ErbB2-ErbB3 heterodimer. Although the anti-
et al., 1996), the higher number of ErbB3 proteins carshc antibody we used recognizes both the 46 and 52 kDa forms
efficiently counterbalance the effect of the increased density af Shc, present in SKBR-3 cells (Le et al., 2000), we could
ErbB2. (2) Large-scale clusters of ErbB2 colocalize with lipidonly detect a single band. We cannot offer a rationale for this
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result or for the lack of growth factor-induced tyrosine

phosphorylation of ErbB2. It has already been observed b conte! a[u eared
other authors that heregulin induces a hardly detectab & HDD ﬂ]}qﬂ; qﬂ}'
increase in the tyrosine phosphorylation of ErbB2 (Le et al. L

2000). This may be caused by the very high level o \I %dﬂb o

.I[IID .G]D GM I-enriched

_domains inside
caveolae

/ =

overexpression of ErbB2 in this cell line leading to self- GMi-enriched——

activation of the protein (Worthylake et al., 1999). Our cell line ~ *™™ Z)

may also be slightly different from the one used by Le and cc

workers (Le et al., 2000). Neither ErbB2 homoassociation nc

its heteroassociation with ErbB1 was affected by treatmer

with CTX-B. The fact that the EGF-induced tyrosine .-~ —*

phosphorylation of ErbB2 was the same in control and CTX

B-pretreated cells accords nicely with this finding. However

the EGF-induced tyrosine phosphorylation of Shc was

inhibited in CTX-B-pretreated cells. Previous reportsrig. 7. Model for the association of ErbB proteins inside and outside

suggested that Shc activation takes place inside rafts (Plyte afisters. The extent of ErbB2-ErbB2 and ErbB2-ErbB3 associations

al., 2000), leading to the logical conclusion that ErbB2 locatedepend on the relative expression levels of the proteins: high local

outside lipid rafts may not be able to activate Shc. ErbB3 density decreases ErbB2 homoassociation. Lipid rafts, which
were identified as GM1-enriched domains labeled by CTX-B in our
studies, colocalize with ErbB protein clusters. Although the high

Internalization of ErbB2 in CTX-B-pretreated cells local concentration of ErbB proteins inside clusters favors their

-~ . " spontaneous activation (e.g. the formation of highly active ErbB2
_Intgrr_lallzf’:ltlon of ErbB2 mduped by 4D5 was .S'gn.'flcantlyhomodimers), lipid rafts keep the activation of ErbB2 under control
inhibited in cells pretreated with CTX-B. The antiproliferative by limiting the homodimerization of ErbB2. By contrast, ErbB
effect of 4D5 is thought to be related to ErbB2 internalizationyoteins are maintained in a signaling competent form inside rafts

followed by intracellular degradation (Sarup et al., 1991jje. heregulin-responsive ErbB2-ErbB3 heterodimers are present),
Klapper et al., 2000; Levkowitz et al., 2000). Therefore, wewhich are disassembled if ErbB proteins are removed from them.
expected that inhibition of ErbB2 internalization by CTX-B CTX-B treatment induces migration of GM1-enriched domains into
would be associated with decreased downregulation of ErbBgaveolae and disrupts ErbB2-ErbB3, but not ErbB2-ErbB2 or ErbB2-
and consequently with a decrease in the antiproliferative effeEfbB1 dimers.

of 4D5. However, the antiproliferative effect of 4D5 was even

higher in cells treated with CTX-B, suggesting that antibody-

induced short-term internalization may not be a good marker ) ) i

for the selection of antibodies with antiproliferative effect. ThisSUPported by the increased tyrosine phosphorylation of Shc
proposal is in agreement with data obtained by Neve and c@iter CTX-B treatment (Fig. 6B), which removes ErbB proteins
workers (Neve et al., 2001), who used a single chain antibodjem rafts (Fig. 3D). On the other hand, lipid rafts are also
that downregulates ErbB2 very efficiently without exerting anyr€Sponsible for maintaining ErbB proteins in a growth factor
effect on either MAPK activity or cell proliferation. The ésponsive state. This is sgpported by the fpllowmg results. Q)
increased cell surface expression of ErbB2 in cells treated witheither EGF, nor heregulin is able to activate Shc, if ErbB
CTX-B alone may reflect decreased internalization of ErbB®roteins are removed from lipid rafts (Fig. 6B). (2) The
with a consequent shift in the equilibrium between transport drmation of heregulin-responsive ErbB2-ErbB3 heterodimers
ErbB2 to and from the membrane. We do not know the reasgf!d  heregulin-induced ErbB2 tyrosine phosphorylation
for the increased cytostatic effect of 4D5 observed in celldecrease, if ErbB proteins are removed from lipid rafts (Fig.
treated with CTX-B. It is possible that although CTX-B S|0WS_6A,B). These results paraIIeI_ the _suggested role of lipid rafts
down activation-induced internalization of ErbB2, smallin T-cell-receptor-mediated signaling, where rafts are thought
amounts of ErbB2 might still get internalized and degraded biP be the storage sites of antigen responsive, inactive signaling

a cbl-mediated pathway resulting in reduced cell proliferatiofomponents (Germain, 2001). _
(Klapper et al., 2000). In summary, we have provided evidence for the role of local

factors in influencing ErbB2 homoassociation. Temporal
fluctuations in these factors may generate local
Model for the role of lipid rafts and the local density of inhomogeneities in ErbB2 homoassociation and local
ErbB proteins in their association anomalies in signal transduction. In addition to a more

ErbB proteins form homo- and heterodimers at the moleculdhorough understanding of the complexity of the ErbB
level and large-scale clusters in the membrane. The latt8EWOrK, these results may facilitate the development of more
colocalize with GM1-enriched membrane domains, but aré&fficient therapeutic strategies for breast cancer.

distinct from caveolae. GM1 leaves ErbB protein clusters _ .
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