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Epidermal growth factor (EGF) stimulates the homodimerization of EGF receptor (EGFR)
and the heterodimerization of EGFR and ErbB2. The EGFR homodimers are quickly
endocytosed after EGF stimulation as a means of down-regulation. However, the results
from experiments on the ability of ErbB2 to undergo ligand-induced endocytosis are very
controversial. It is unclear how the EGFR-ErbB2 heterodimers might behave. In this
research, we showed by subcellular fractionation, immunoprecipitation, Western blot-
ting, indirect immunofluorescence, and microinjection that, in the four breast cancer cell
lines MDAA453, SKBR3, BT474, and BT20, the EGFR-ErbB2 heterodimerization levels
were positively correlated with the ratio of ErbB2/EGFR expression levels. ErbB2 was
not endocytosed in response to EGF stimulation. Moreover, in MDA453, SKBR3, and
BT474 cells, which have very high levels of EGFR-ErbB2 heterodimerization, EGF-
induced EGFR endocytosis was greatly inhibited compared with that in BT20 cells, which
have a very low level of EGFR-ErbB2 heterodimerization. Microinjection of an ErbB2
expression plasmid into BT20 cells significantly inhibited EGF-stimulated EGFR endo-
cytosis. Coexpression of ErbB2 with EGFR in 293T cells also significantly inhibited
EGF-stimulated EGFR endocytosis. EGF did not stimulate the endocytosis of ectopically
expressed ErbB2 in BT20 and 293T cells. These results indicate that ErbB2 and the
EGFR-ErbB2 heterodimers are impaired in EGF-induced endocytosis. Moreover, when
expressed in BT20 cells by microinjection, a chimeric receptor composed of the ErbB2
extracellular domain and the EGFR intracellular domain underwent normal endocytosis
in response to EGF, and this chimera did not block EGF-induced EGFR endocytosis.
Thus, the endocytosis deficiency of ErbB2 is due to the sequence of its intracellular

domain.

INTRODUCTION

The receptor for epidermal growth factor (EGF) is the
prototype for a subfamily of structurally related pro-
teins (termed the class I/ErbB receptors; Schlessinger
and Ullrich, 1992) that mediate the proliferation and
differentiation of normal cells (Carraway and Cantley,
1994). The other three members of the ErbB receptor
family include ErbB2/Her2/neu (Bargmann et al.,
1986; Yamamoto ef al., 1986), ErbB3/Her3 (Kraus et al.,
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1989), and ErbB4/Her4 (Plowman et al., 1993). It has
been suggested that the aberrant activation of their
kinase activities contributes to tumorigenesis or cancer
progression (Peles and Yarden, 1993). In particular,
amplification or overexpression of the ErbB2 gene has
been found in ~25-30% of human breast cancers
(Slamon et al., 1987, 1989).

Receptor tyrosine kinases (RTKSs) are activated after
homodimerization or after heterodimerization (Hel-
din, 1995). The EGF receptor (EGFR) was the first RTK
shown to dimerize after ligand binding (Yarden and
Schlessinger, 1987). However, within the same sub-
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family of RTKs, heterodimerization of receptors has
also been observed. Heregulin (HRG), which is struc-
turally related to EGF, was found to induce het-
erodimeric complexes between ErbB2 and ErbB3 or
ErbB4 (Peles and Yarden, 1993; Plowman et al., 1993;
Sliwkowski et al., 1994; Karunagaran et al., 1996;
Pinkas-Kramarski et al.,, 1996, Tzahar ef al., 1996;
Graus-Porta et al., 1997). Also, EGF itself can induce
the heterodimerization of EGFR and ErbB2 (Goldman
et al., 1990; Wada et al., 1990; Soltoff et al., 1994). In fact,
heterodimerization is preferred in cells that coexpress
both EGFR and ErbB2 (Qian et al., 1994; Karunagaran
et al., 1996; Pinkas-Kramarski et al., 1996; Tzahar et al.,
1996; Graus-Porta et al., 1997). The interaction of EGFR
with ErbB2 may, in fact, be crucial. The expression of
a kinase-negative ErbB2 mutant is capable of sup-
pressing normal EGFR signaling after EGF stimulation
in a dominant negative manner (Qian et al., 1994).
Single-chain intracellular retention of ErbB2 in T47D
human breast cancer cells (which express all four class
I RTKSs at moderate levels) markedly impairs signaling
induced by EGF and HRG (Graus-Porta et al., 1995).

Dimerization of RTKs is followed by receptor “au-
tophosphorylation,” which occurs when one receptor
molecule phosphorylates the other in the dimer (Ull-
rich and Schlessinger, 1990). Signal transduction by
the ErbB family receptors absolutely requires tyrosine
kinase activity and tyrosine autophosphorylation (Ul-
Irich and Schlessinger, 1990). Many downstream sig-
naling molecules complex with activated RTKSs via the
Src homology region 2 domains that bind to phospho-
tyrosine (pTyr) residues present in specific amino acid
sequences in the RTKs (Anderson et al., 1990; Moran et
al., 1990; Koch et al., 1991; Pawson, 1995). The forma-
tion of the protein complexes then activates several
signaling pathways, including the best-elucidated Ras
pathway.

Binding of EGF to the EGFR rapidly induces the
clustering of ligand-receptor complexes in coated pits,
internalization of the complexes, and ultimately lyso-
somal degradation of both EGF and its receptor (Car-
penter, 1987). The endocytic pathway, therefore, is a
mechanism for the gradual attenuation of plasma
membrane (PM) signaling complexes. Although a mo-
lecular mechanism for the rapid endocytosis of
growth factor-receptor complexes has not been estab-
lished, recent evidence suggests that normal endocy-
tosis and down-regulation of EGFR require the acti-
vation of intrinsic tyrosine kinase activity and
autophosphorylation (Chen et al., 1987; Honegger et
al., 1987; Helin and Beguinot, 1991; Sorkin et al., 1991,
1992). Whether the EGFR tyrosine kinase activity is
directly required for its internalization remains dis-
puted (Glenney, et al., 1988; Chen et al., 1989; Felder et
al., 1990, 1992; Honegger et al., 1990; Wiley et al., 1991;
Sorkin et al., 1993). EGFR mutants truncated from C
termini to residue 991 (Chang et al., 1993) or to residue
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973 (Decker et al., 1992) were internalized inefficiently,
and a mutant truncated at residue 958 was not inter-
nalized (Chang et al., 1993). Simultaneous point mu-
tation of five tyrosine residues (Tyr-992, Tyr-1068, Tyr-
1086, Tyr-1148, and Tyr-1173) to phenylalanine
reduced the internalization rate to a minimum (one-
quarter of the wild-type EGFRs) (Sorkin et al., 1992).
Our recent finding that the binding of GRB2 to EGFR
is required for the normal endocytosis and down-
regulation of EGFR (Wang and Moran, 1996) has fur-
ther supported the model that depicts tyrosine kinase
activity and autophosphorylation of EGFR as being
required for EGFR endocytosis and down-regulation.

However, the results have been very controversial
regarding the endocytosis of the other three members
of the ErbB receptor family, ErbB2, ErbB3, and ErbB4.
Some studies suggest that ErbB2, ErbB3, and ErbB4
are impaired in endocytosis (Sorkin et al., 1993;
Baulida et al., 1996). Using a chimeric receptor com-
posed of the EGFR extracellular domain and the ErbB2
cytoplasmic domain, one study showed that EGFR/
ErbB2 chimeras internalize '?°I-EGF severalfold more
slowly than the EGFR (Sorkin et al., 1993). This study
also indicated that the EGFR/ErbB2 chimeras were
activated by EGF, and the impaired internalization
capacity of this receptor was due to the sequences in
the ErbB2 C-terminal domain. More recently, studies
with EGF-responsive chimeric receptors containing
the EGFR extracellular domain and different ErbB cy-
toplasmic domains (EGFR/ErbB) have indicated that
all EGFR/ErbB receptors show impaired ligand-in-
duced internalization, down-regulation, and degrada-
tion (Baulida et al., 1996). Moreover, HRG-responsive,
wild-type ErbB4 does not mediate the rapid internal-
ization of '2°I-HRG (Baulida et al., 1996). In contrast, it
has been shown that upon binding of certain mAbs,
ErbB2 undergoes internalization using a pathway
shared by other growth factor receptors when induced
by ligand and antibodies (Drebin et al., 1985; Klapper
et al., 1997). The intrinsic abilities of the mAbs to
induce the endocytic degradation of ErbB2 are strictly
dependent on antibody bivalency, implying that their
association is with the ErbB2 homodimers (Gilboa et
al., 1995; Hurwitz et al., 1995; Klapper et al., 1997). A
point mutation in the transmembrane domain of the
rat ErbB2 (Val-664 replaced by Glu) results in a con-
stitutively dimerized and permanently active receptor
(Bargmann et al., 1986; Stern et al., 1988; Weiner et al.,
1989), and this activated ErbB2 homodimer is internal-
ized like EGFR (Gilboa et al., 1995). Recently, it has
been reported that the addition of EGF results in the
endocytosis and down-regulation of ErbB2 in non-
transformed epithelial cells (Worthylake and Wiley,
1997).

These controversial results raise several questions.
Does the activated ErbB2 receptor contain all of the
necessary signals to mediate its endocytosis? Does
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ErbB2 undergo endocytosis in response to EGF stim-
ulation? What is the molecular mechanism that regu-
lates ErbB2 encocytosis in response to EGF? So far, no
ligand has been found to directly bind ErbB2. ErbB2 is
activated by both EGF and HRG indirectly through
heterodimerization with EGFR, ErbB3, and ErbB4. It
has been shown that in response to EGF stimulation,
EGFR forms both homodimers with itself and het-
erodimers with ErbB2 (Yarden and Schlessinger, 1987;
Goldman et al., 1990; Wada et al., 1990; Spivak-Kroiz-
man et al., 1992; Carraway and Cantley, 1994; Qian et
al., 1994; Soltoff et al., 1994). In fact, heterodimerization
is preferred in cells that express both EGFR and ErbB2
(Qian et al.,, 1994). Therefore, in addition to using
chimeric receptors, another approach to studying the
ability of ErbB2 to undergo ligand-induced endocyto-
sis is to examine the EGF-induced endocytosis of the
EGFR-ErbB2 heterodimers. In this report, we studied
EGF-induced endocytosis of the EGFR-ErbB2 het-
erodimers in several breast cancer cell lines that ex-
press EGFR and ErbB2 at different levels and in 293T
cells that were transiently transfected with EGFR
and/or ErbB2. We demonstrate that ErbB2 and the
EGFR-ErbB2 heterodimers are endocytosis deficient
in response to EGF stimulation.

MATERIALS AND METHODS

Cells

MDAA453, SKBR3, BT474, BT20, and 293T cells were grown at 37°C
in Dulbecco’s modified Eagle’s medium containing 10% FBS, peni-
cillin, and streptomycin and were maintained in a 5% CO, atmo-
sphere.

Antibodies and Chemicals

All of the fluorescent-conjugated secondary antibodies were pur-
chased from Jackson ImmunoResearch (West Grove, PA). HRP-
conjugated secondary antibodies were purchased from Bio-Rad
(Hercules, CA). Unless otherwise specified, all the chemicals were
purchased from Sigma (St. Louis, MO).

Subcellular Fractionation

The isolation of PM and endosomal (EN) fractions was carried out
by a method modified from those of Wang et al. (1996) and Di
Guglielmo et al. (1994). Three 150-mm-diameter plates of cells were
used for each condition. At 90% confluence, cells were serum
starved by incubation in serum-free medium for 24 h. Cells were
then treated with EGF (Upstate Biotechnology, Lake Placid, NY) at
a concentration of 100 ng/ml for 60 min at 4°C, which was referred
to as 0 min. Some cells were further incubated at 37°C for 15, 30, and
60 min. All of the following procedures were performed at 0-4°C.
Cell monolayers in three plates were scraped into 4.5 ml of homog-
enization buffer [0.25 M sucrose, 20 mM Tris-HCl, 1 mM MgCl,, 4
mM NaF, 0.5 mM NazVO,, 0.02% NaNj;, 0.1 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride, 10 ug/ml aprotinin, 1 uM pepstatin A,
pH 7] and homogenized with a glass Potter-type homogenizer. The
homogenates were centrifuged at 280 X g for 5 min to remove the
cell debris and nuclei (pellet 1 [P1]). Supernatant 1 (51) was then
centrifuged at 1500 X g for 10 min to yield a supernatant (S2), which
was used to isolate the EN fraction, and a pellet (P2), which was
used to isolate the PM fraction. Next, P2 was resuspended in ho-
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mogenization buffer, and the sucrose concentration was adjusted to
1.42 M. This homogenate was overlaid with 0.25 M sucrose and
centrifuged at 82,000 X g for 1 h. The pellicule at the 0.25-1.42 M
interface was also collected, and the sucrose concentration was then
adjusted to 0.39 M and centrifuged at 1500 X g for 10 min to obtain
the PM fraction. The PM fraction was resuspended in homogeniza-
tion buffer. The S2 fraction was centrifuged at 200,000 X g for 30 min
to yield a cytosolic (Cyt) fraction and a microsomal pellet, which
was resuspended to 1.15 M sucrose in homogenization buffer. This
resuspension was overlaid with 1.00 and 0.25 M sucrose cushions
and centrifuged at 200,000 X g for 1.5 h. The EN fraction was
collected at the 0.25-1.00 M sucrose interface.

Immunoprecipitation

The cells were lysed with immunoprecipitation buffer (20 mM Tris,
150 mM NaCl, 1% NP40, 0.1% sodium deoxycholate, 100 mM NaF,
0.5 mM NazVO,, 0.02% NaNj, 0.1 mM 4-(2-aminoethyl)-benzene-
sulfonyl fluoride, 10 ug/ml aprotinin, 1 uM pepstatin A, pH 7.5)
overnight at 4°C. The cell lysates were then centrifuged at 100,000 X
g for 1 h to remove unsolubilized debris. The supernatants, contain-
ing 1 mg of total proteins, were then incubated with 1 ug of mouse
anti-ErbB2 antibody (immunoglobulin G1 [IgG1]) 9G6 (Santa Cruz
Biotechnology, Santa Cruz, CA) for 2 h with gentle mixing by
inverting. After that, goat anti-mouse IgG conjugated with agarose
was added to each fraction and incubated for 2 h with agitation.
Finally, both the agarose beads and the nonprecipitated supernatant
were collected by centrifugation. The agarose beads were washed
twice with immunoprecipitation buffer. For the control experiments,
mouse anti-ErbB2 IgG1 was substituted with normal mouse IgG1
(Sigma), and no ErbB2 and EGFR were precipitated with this nor-
mal mouse IgG1.

Immunoblotting

For the detection of EGFR and ErbB2 in the total lysates of MDA453,
SKBR3, BT474, and BT20 cells, aliquots containing 20 ug of protein
from each cell lysate were used. For the detection of EGFR and pTyr
in both the anti-ErbB2 immunoprecipitates and nonprecipitated
supernatant, %10 of the immunoprecipitate and the nonprecipitated
supernatant from each lysate was used. To examine EGFR and
ErbB2 in each subcellular fraction of the various cell lines, aliquots
containing 10 ug of protein from each fraction were used. The
protein samples were separated by electrophoresis through 10%
polyacrylamide SDS-containing gels and electrophoretically trans-
ferred onto nitrocellulose filter paper. Filters were probed with
polyclonal rabbit anti-ErbB2 C18 (Santa Cruz), polyclonal rabbit
anti-EGFR 1005 (Santa Cruz), or monoclonal mouse anti-pTyr anti-
body PY20 (Santa Cruz). The primary antibodies were detected with
a polyclonal goat anti-rabbit Ig coupled to HRP or a polyclonal goat
anti-mouse Ig coupled to HRP followed by enhanced chemilumi-
nescence development (Pierce Chemical, Rockford, IL) and light
detection with Eastman Kodak (Rochester, NY) RP film.

Immunofluorescence

Cells were grown on glass coverslips to subconfluence and serum
starved for 24 h. After treatment with EGF (100 ng/ml) for the
indicated time, the cells were fixed by immersion in —20°C metha-
nol for 5 min. After removal of the methanol and washing with PBS,
the cells were permeabilized with 0.2% Triton X-100 for 10 min and
blocked with 3% BSA for 30 min. Next, for single immunofluores-
cent labeling, the cells were incubated with monoclonal mouse
anti-EGFR antibody (1:10; PharMingen, San Diego, CA) or mouse
monoclonal anti-ErbB2 antibody 9G6 (1:20) at room temperature for
1 h. After three washes with PBS, the cells were incubated with
donkey anti-mouse IgG conjugated with FITC (1:50). For double
immunofluorescent labeling, the cells were incubated with both
monoclonal mouse anti-ErbB2 antibody 9G6 (1:20) and polyclonal
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sheep anti-EGFR antibody (1:40; Upstate Biotechnology) at room
temperature for 1 h. After three washes with PBS, the cells were
incubated with donkey anti-mouse IgG conjugated with FITC (1:50)
and donkey anti-sheep IgG conjugated with TRITC (1:50). Samples
were visualized by using a fluorescence microscope and a Zeiss
(Thornwood, NY) oil immersion lens. In control experiments, poly-
clonal or monoclonal antibodies were substituted with normal rab-
bit serum or mouse ascites fluids, respectively, and no specific
staining was observed.

Internalization of Texas Red-conjugated EGF

Cells were grown on glass coverslips to subconfluence and then
serum starved for 24 h. After treatment with Texas Red-conjugated
EGF (TR-EGF, 100 ng/ml; Molecular Probes, Eugene, OR) for the
indicated time, the cells were fixed by immersion in —20°C metha-
nol for 5 min. After removal of methanol and washing with PBS, the
cells were visualized by using a fluorescence microscope and a Zeiss
oil immersion lens.

Chimeric Receptor Construct

The chimeric ErbB2/EGFR receptor was engineered by joining the
ErbB2 extracellular domain (corresponding to amino acid positions
1-655 of Coussens et al., 1985) and EGFR transmembrane and
intracellular domains (corresponding to amino acid positions 623-
1210 according to Ullrich ef al., 1984). Briefly, a Kpnl site was
introduced into the 5’ end and a Sall site was introduced into the 3’
end of the ErbB2 extracellular domain, and a Sall site was intro-
duced into the 5" end and a Kpnl site was introduced into the 3" end
of EGFR transmembrane and intracellular domains, by PCR. The
PCR products were subcloned into pCR-XL-TOPO vector by the
TOPO XL PCR cloning kit (Invitrogen, San Diego, CA) according to
the manufacturer’s instructions. After digestion with Kpnl and Sall,
the ErbB2 extracellular domain and EGFR transmembrane plus
intracellular membrane domain were ligated and inserted in frame
into pcDNA3.1(—)/Myc-His mammalian expression vector
[pPcDNA3.1(—)/ErbB2/EGFR/Myc-His].

Transient Expression of EGFR and ErbB2 in 293T
Cells

293T cells were transiently transfected with an EGFR expression
plasmid, pcDNA3.1(—)/EGFR, or an ErbB2 expression plasmid,
pcDNA3.1(—)/ErbB2, or cotransfected with both pcDNA3.1(—)/
EGFR and pcDNA3.1(—)/ErbB2 by calcium phosphate precipita-
tion. Thirty-six hours after transfection, the cells were used for
immunofluorescence analysis and subcellular fractionation.

Microinjection

The microinjection experiments were carried out by a method de-
scribed previously (Wang and Moran, 1996; Wang ef al., 1998). BT20
cells were grown on glass coverslips to subconfluence. The ErbB2
expression plasmid pcDNA3.1(—)/ErbB2 (50 ug/ml), the chimeric
ErbB2/EGFR expression plasmid pcDNA3.1(—)/ErbB2/EGFR/
Myc-His, or a control plasmid, pcDNA3.1(—)/Myc-His/LacZ (50
pg/ml; Invitrogen) in microinjection buffer (50 mM HEPES, pH 7.2,
100 mM KCl, 5 mM Na,HPO,) was injected into the nuclei of the
cells. After microinjection, cells were returned to the cell culture
incubator for 12 h and then serum starved for another 24 h. After
treatment with EGF (100 ng/ml) at 4°C for 60 min and further
incubation with serum-free medium at 37°C for 30 min, the cells
were fixed with methanol. Cells microinjected with pcDNA3.1(—)/
ErbB2 were incubated with both polyclonal sheep anti-EGFR anti-
body and mouse anti-ErbB2 antibody 9Gé6. Cells microinjected with
pcDNAB3.1(—)/ErbB2/EGFR/Myc-His or the control plasmid were
incubated with both polyclonal sheep anti-EGFR antibody (Upstate
Biotechnology) and monoclonal mouse anti-myc antibody (Santa
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Cruz). Finally, the cells were incubated with donkey anti-sheep IgG
conjugated with TRITC (1:50) and donkey anti-mouse IgG conju-
gated with FITC (1:50). For the analysis of the endocytosis of TR-
EGF, cells were stained with either mouse anti-ErbB2 antibody 9G6
(for ErbB2) or mouse anti-myc antibody (for LacZ), followed by
FITC-conjugated donkey anti-mouse IgG. For quantification of the
inhibition of EGFR endocytosis, the percentage of injected cells in
which EGFR internalization was disrupted was determined by mul-
tiplying the number of microinjected cells in which EGFR internal-
ization was blocked by 100 and dividing by the total number of
injected cells. For each experiment, 200-300 cells were microinjected
with a given solution.

RESULTS

EGF-stimulated Heterodimerization and
Phosphorylation of EGFR and ErbB2 in Various
Breast Cancer Cell Lines

We have selected several breast cancer cell lines, in-
cluding MDA453, SKBR3, BT474, and BT20, that have
been shown to contain different copies of the EGFR
and ErbB2 genes (Kraus ef al., 1987; Miller and Hung,
1995). The expression levels of EGFR and ErbB2 were
assayed by immunoblotting with anti-EGFR and anti-
ErbB2 antibodies (Figure 1A). EGFR was highly ex-
pressed in BT20 cells, moderately expressed in SKBR3
and BT474 cells, but expressed at a very low level in
MDAA453 cells. ErbB2 was highly expressed in BT474,
SKBR3, and MDA453 cells but was expressed at a very
low level in BT20 cells. The protein levels were con-
sistent with the gene amplification and mRNA tran-
scription levels reported previously (Kraus et al., 1987;
Miller and Hung, 1995).

To determine whether EGF stimulates the formation of
the EGFR-ErbB2 heterodimers and to examine EGEF-
stimulated tyrosine phosphorylation of EGFR and
ErbB2, MDA453, SKBR3, BT474, and BT20 cells were
lysed, and the total lysates were immunoprecipitated
with a monoclonal anti-ErbB2 antibody. Both the anti-
ErbB2 immunoprecipitates and the nonprecipitated su-
pernatants were immunoblotted with a polyclonal anti-
EGFR antibody and a monoclonal anti-pTyr antibody
(Figure 1B). The EGFR that coimmunoprecipitated with
ErbB2 represented the portion of EGFR that het-
erodimerized with ErbB2, and the EGFR that remained
in the supernatant represented EGFR homodimers and
EGFR monomers. As shown in Figure 2, EGF stimulated
formation of the EGFR-ErbB2 heterodimers in all four
cell lines to a significant extent. After EGF stimulation,
two bands corresponding to EGFR and ErbB2 were de-
tected by anti-pTyr antibody in anti-ErbB2 immunopre-
cipitates in all of the four cell lines, which indicated that
EGF stimulated the phosphorylation of both EGFR and
ErbB2, and the EGFR that heterodimerized with ErbB2
was phosphorylated. An immunoblot of the nonprecipi-
tated supernatants with anti-ErbB2 antibody showed
that ErbB2 was completely precipitated by the ErbB2
antibody (our unpublished results).
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Figure 1. EGFR and ErbB2 concentrations, EGF-stimulated heterodimerization, and phosphorylation of EGFR and ErbB2 in various
breast cancer cell lines. (A) MDA453, SKBR3, BT474, and BT20 cells were lysed with radioimmunoprecipitation assay buffer, and 20 ug
of protein from each lysate were separated by 10% SDS-PAGE, transferred onto a nitrocellulose filter, and incubated with rabbit
polyclonal anti-ErbB2 or anti-EGFR antibody. (B) MDA453, SKBR3, BT474, and BT20 cells were serum starved or stimulated with EGF
(100 ng/ml) at 4°C for 60 min and then lysed with immunoprecipitation buffer. The total lysates were immunoprecipitated with
monoclonal anti-ErbB2 antibody. Then, Y10 of the total protein from both the anti-ErbB2 immunoprecipitates and the nonprecipitated
supernatants was separated by 10% SDS-PAGE, transferred onto a nitrocellulose filter, and incubated with a rabbit polyclonal
anti-EGFR antibody or a mouse monoclonal anti-pTyr antibody. Bands were visualized on x-ray film by using an HRP-conjugated
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secondary antibody and chemiluminescence reagents.

The quantification of the results was made by den-
sitometric analysis of autoradiographs and correcting
for the amount of starting material loaded by using
the Image Master VDS video documentation system
for gel electrophoresis (Pharmacia Biotech, Piscat-
away, NJ). Among MDA453, SKBR3, BT474, and BT20
cells, MDA453 had the lowest EGFR concentration,
and BT20 had the lowest ErbB2 concentration. We
assumed the lowest concentration as 1.0, and the rel-
ative concentrations of EGFR and ErbB2 for other cell
lines were calculated (Table 1). As shown in Table 1,
MDAA453 cells had the highest ErbB2/EGEFR ratio, fol-
lowed by BT474 and SKBR3 cells, and BT20 cells had
the lowest ErbB2/EGEFR ratio. After EGF stimulation,
EGFR primarily formed heterodimers with ErbB2 in
MDAA453 and BT474 cells that had very high ErbB2/
EGEFR ratios. EGFR significantly formed heterodimers
in SKBR3 that had a relative high ErbB2/EGEFR ratio,
whereas it only slightly formed heterodimers in BT20
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cells that had a very low ErbB2/EGEFR ratio (Table 1).
The EGFR-ErbB2 heterodimerization level was calcu-
lated as the ratio between the EGFR that coimmuno-
precipitated with ErbB2 and the EGFR that remained
in the nonprecipitated supernatant. EGFR-ErbB2 het-
erodimerization levels were positively correlated with
the ratio of ErbB2/EGEFR in the four breast cancer cell
lines.

Impaired Endocytosis of the EGFR-ErbB2
Heterodimers in Response to EGF Stimulation

We tested whether the EGFR-ErbB2 heterodimers were
impaired in EGF-induced endocytosis both by immuno-
fluorescent microscopy and by subcellular fractionation
combined with immunoblotting. MDA453, SKBR3,
BT474, and BT20 cells were cultured in serum-free me-
dium for 24 h and then stimulated with or without EGF
at 4°C for 60 min followed by a further incubation at
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Figure 2. Determination by immunofluorescence analysis of ErbB2 and EGFR endocytosis after EGF stimulation. MDA453, SKBR3, BT474,
and BT20 cells on glass coverslips were serum starved or stimulated with EGF (100 ng/ml) at 4°C for 60 min followed by further incubation
at 37°C for 30 min. The cells were fixed with methanol and stained with mouse monoclonal anti-ErbB2 or anti-EGFR antibody followed with
FITC-conjugated secondary antibody, as described in MATERIALS AND METHODS. Magnification, 200X.

37°C for 30 min. Immunofluorescence analysis using an
anti-ErbB2 antibody indicated that with or without EGF
stimulation, ErbB2 was localized at the PM, and no en-
dosome association of ErbB2 was detected in the four
cell lines (Figure 2). Because a significant portion of
ErbB2 heterodimerized with EGFR in response to EGF
stimulation as shown above (Figure 1B), these results
suggested that the EGFR-ErbB2 heterodimers were not
endocytosed in response to EGF stimulation.
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To confirm that the EGFR-ErbB2 heterodimers were
endocytosis deficient, we examined EGF-induced EGFR
endocytosis (Figure 2). If the EGFR-ErbB2 heterodimers
are impaired in endocytosis, the EGER that heterodimer-
izes with ErbB2 should be retained in the PM instead of
being endocytosed into endosomes after EGF stimula-
tion. As shown in Figure 2, after EGF stimulation, no
detectable EGFR was present in endosomes in MDA453
cells, a weak endosome localization of EGFR was ob-
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Table 1. Relative ErbB2 and EGFR concentrations, the EGFR-ErbB2
dimerization level, and EGFR endocytosis level in various breast
cancer cell lines

MDA453 SKBR3 BT474 BT20

ErbB2 level® 290 = 0.45 4.26 = 0.52 4.35 = 0.42 1

EGFR level® 1 424 +0.38 290 £ 0.35 8.59 * 0.64
ErbB2/EGFR ratio 2.90 1.00 1.55 0.12
EGFR-ErbB2 2.00 =024 0.80=*+0.121.4 =0.11 0.10 = 0.02
dimerization
level®

EGEFR endocytosis 0 150 =21 70 =12 255 =40

level® (%)

Results were quantified by densitometric analysis of autoradio-
graphs and corrected for the amount of starting material loaded by
using the Image Master VDS video documentation system for gel
electrophoresis (Pharmacia Biotech).

2 The ErbB2 level was calculated from Figure 1A. The BT20 cell line
had the lowest ErbB2 concentration and was set at 1, and the
concentrations of ErbB2 for other cell lines were calculated relative
to it. Data represent the mean * SE of three experiments.

® The EGFR level was calculated from Figure 1A. The MDA453 cell
line had the lowest EGFR concentration and was set at 1, and the
concentrations of EGFR for the other cell lines were calculated
relative to it. Data represent the mean = SE of three experiments.

¢ The EGFR-ErbB2 dimerization level was calculated from Figure 1B
as the ratio between EGFR which coimmunoprecipitated with
ErbB2 and EGFR that was not coimmunoprecipitated with ErbB2.
Data represent the mean = SE of three experiments.

d The EGFR endocytosis level was calculated from Figure 4 as the
percentage of total EGFR accumulated in the endosome fraction
after EGF stimulation for 30 min at 37°C. Data represent the mean *
SE of three experiments.
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served in BT474, and a significant portion of EGFR was
detected in endosomes in SKBR3 cells, whereas EGFR
primarily translocated from the PM to the endosomes in
BT20 cells. These results indeed suggested that cells with
higher EGFR-ErbB2 heterodimerization levels showed
weak EGFR endocytosis.

It is very interesting to note that in SKBR3 cells both
EGFR and ErbB2 were localized in membrane ruffle
after EGF stimulation (Figure 2).

We further analyzed the EGF-stimulated endocy-
tosis of EGFR and ErbB2 by subcellular fractionation
combined with immunoblotting. To exclude the
possibility that EGF-induced endocytosis of the
EGFR-ErbB2 heterodimers is simply delayed or re-
placed by receptor recycling, EGF-induced translo-
cation of EGFR and ErbB2 was analyzed at several
time points ranging from 0 to 60 min. As shown in
Figure 3, no EGF-induced endocytosis of ErbB2 was
detected in any of the four cell lines up to 60 min,
whereas EGFR endocytosis levels were negatively
correlated with the levels of EGF-stimulated EGFR-
ErbB2 heterodimerization among the four cell lines.
Quantification of these results showed that MDA453
cells had the highest EGFR-ErbB2 heterodimeriza-
tion level and the lowest EGFR endocytosis level,
whereas BT20 cells had the lowest EGFR-ErbB2 het-
erodimerization level and the highest EGFR endo-
cytosis level (Table 1). In SKBR3 and BT474 cells, a
significant portion of the EGFR formed het-
erodimers with ErbB2, and EGFR was weakly endo-
cytosed into endosomes (Table 1).

EGF
I I |
SF (I)' 15 300 60

[

[T [ ]
PM EIN c;ln PIM EIN Clyt PM EN clyum EN Cyt PM EN Cyt

| 11 L P A P
PM EN Cyt PM EN Cyt PM EN Cyt PM EN Cyt PM EN Cyt

MDA453 - w = * =

SKBR3 = = ® = = * o o~ o8

BT474 mif =« - «~ ' 999 12
Anti-ErbB2 Anti-EGFR

Figure 3. Analysis by subcellular fractionation and immunoblotting of EGFR and ErbB2 endocytosis after EGF stimulation. MDA453,
SKBR3, BT474, and BT20 cells were cultured in serum-free medium or incubated with EGF (100 ng/ml) at 4°C for 60 min, followed by further
incubation with EGF at 37°C for 15, 30, and 60 min as indicated. The cells were fractionated into PM, EN, and Cyt fractions as described in
MATERIALS AND METHODS. Proteins (10 ug) from each fraction were separated by SDS-PAGE, transferred onto a nitrocellulose filter, and
incubated with rabbit polyclonal anti-ErbB2 or anti-EGFR antibody. Bands were visualized on x-ray film by using an HRP-conjugated

secondary antibody and chemiluminescence reagents.
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To eliminate the possibility that the observed inhi-
bition of the endocytosis of EGFR-ErbB2 is due to
receptor recycling instead of impaired internalization,
the endocytosis of TR-EGF was studied in MDA453,
SKBR3, BT474, and BT20 cells (Figure 4). If the EGFR-
ErbB2 heterodimers are internalized into sorting en-
dosomes and then recycled back to the PM, the TR-
EGF should dissociate with the EGFR-ErbB2
heterodimers in the sorting endosomes and further
traffick to the late endosomes and lysosomes. In other
words, we would observe a strong endosome associ-
ation but not a PM association of TR-EGF in all four
cell lines regardless of the EGFR-ErbB2 heterodimer-
ization levels. The cells were cultured in serum-free
medium for 24 h and then incubated with 100 ng/ml
TR-EGF at 4°C for 60 min. The cells were either fixed
(referred to as 0 min) or further incubated in serum-
free medium for 30 min at 37°C. As shown in Figure 4,
in all of the cell lines, TR-EGF was localized at the PM
at 0 min. The discontinuous membrane distribution of
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TR-EGF, 30'

Figure 4. Determination by immunofluorescence
analysis of TR-EGF internalization. MDA453, SKBR3,
BT474, and BT20 cells grown on glass coverslips were
incubated with TR-EGF (100 ng/ml) at 4°C for 60 min
(referred as 0 min; A, C, E, and G). Some coverslips
were further incubated at 37°C for 30 min (B, D, F, and
H). The cells were then fixed with methanol and exam-
ined under the microscope. Magnification, 180X.

TR-EGF suggested that TR-EGF clustered in the
coated pits. After incubation at 37°C for 30 min, TR-
EGF was still only detected in the PM of MDA453 and
BT474 cells, and only weak TR-EGF was detected in
the endosomes of SKBR3 cells. TR-EGF was primarily
internalized and localized in endosomes in BT20 cells
because of the internalization of the EGFR ho-
modimers. These results further suggested that the
EGFR-ErbB2 heterodimers are impaired in EGF-in-
duced endocytosis.

Inhibition of EGFR Endocytosis by Overexpressing
ErbB2 in BT20 Cells

To determine whether differences in EGFR endocytosis
in various cell lines are due to the differences in ErbB2
expression levels or due to the differences in cellular
context, we overexpressed ErbB2 in BT20 cells. BT20 cells
were microinjected with pcDNA3.1(—)/ErbB2. After in-
cubation at 37°C for 16 h to allow ErbB2 to be expressed,
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ErbB2

LacZ

Figure 5.

Endocytosis Deficiency of EGFR-ErbB2 Heterodimers

B

100
S
Llll? 80_
S
==
~> .0
ko 60
(O
w
63 L
oS 40
& 9
=
= 20 -
£

ErbB2 LacZ

Inhibition of EGFR endocytosis in BT20 cells after microinjection of the ErbB2 expression plasmid. (A) BT20 cells were

microinjected with the ErbB2 expression plasmid pcDNA3.1(—)/ErbB2 (A-D) or the control plasmid pcDNA3.1(—)/Myc-His/LacZ
(E-H) and incubated at 37°C for 24 h. After treatment with EGF (100 ng/ml; (A-C and E-G) or TR-EGF (100 ng/ml; D and H), the cells
were fixed with methanol and stained by immunofluorescence. ErbB2 and LacZ expression-positive cells were identified with a mouse
anti-ErbB2 (A, C, and D) or mouse anti-myc (B, G, and H) antibody followed by FITC-conjugated anti-mouse IgG. EGFR endocytosis
was assayed with sheep polyclonal anti-EGFR antibody followed by a TRITC-conjugated anti-sheep antibody (B, C, F, and G). The
endocytosis of TR-EGF was directly examined under fluorescent microscope (D and H). Magnification, 200X. (B) Quantification of
inhibition of EGFR and TR-EGF endocytosis after microinjection of ErbB2 expression plasmid. Data are means *= SE of three

independent experiments.

cells were stimulated with EGF at 4°C for 60 min fol-
lowed by a further incubation at 37°C for 30 min. Im-
munofluorescence analysis clearly showed that in the
cells microinjected with pcDNA3.1(—)/ErbB2, EGFR en-
docytosis was significantly inhibited compared with the
nonmicroinjected cells and the cells microinjected with
control plasmid pcDNA3.1(—)/Myc-His/LacZ (Figure
5A). Quantification of the results showed that EGFR
endocytosis was inhibited in 87% of the BT20 cells mi-
croinjected with pcDNA3.1(—)/ErbB2, whereas EGFR
endocytosis was inhibited only in ~8% of the BT20 cells
microinjected with pcDNA3.1(—)/Myc-His/LacZ (Fig-
ure 5B).

TR-EGF was internalized by receptor-mediated en-
docytosis and concentrated in endosomes in nonmi-
croinjected BT20 cells, but not in the cells microin-

Vol. 10, May 1999

jected with pcDNA3.1(—)/ErbB2 (Figure 5). These
data and analysis of EGFR localization at several time
points ranging from 0 to 60 min after EGF treatment
(our unpublished results) indicated that receptor-me-
diated endocytosis of EGF is blocked, and not simply
delayed or replaced by receptor recycling, in cells
injected with pcDNA3.1(—)/ErbB2.

EGF-induced Endocytosis of EGFR and ErbB2 in
293T Cells Transfected with EGFR, ErbB2, or Both

To further eliminate the possibility that the observed
differences in EGFR endocytosis among the four cell
lines were due to the differences in cellular context, 293T
cells were transiently transfected with pcDNA3.1(—)/
EGEFR, pcDNA3.1(—)/ErbB2, or both. After transfection
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for 24 h, the 293T cells were cultured in serum-free
medium for 12 h, with or without additional EGF stim-
ulation at 4°C for 60 min. After further incubation at
37°C for 30 min, cells were fractionated by differential
centrifugation and gradient centrifugation into PM, EN,
and Cyt fractions. Immunoblotting of nitrocellular-
bound SDS-PAGE-resolved samples with an anti-ErbB2
antibody indicated that, with or without EGF stimula-
tion, ErbB2 was localized at the PM in the cells trans-
fected with pcDNA3.1(—)/ErbB2 or cotransfected with
both pcDNA3.1(—)/ErbB2 and pcDNA3.1(—)/EGFR
(Figure 6). EGFR was localized at the PM without EGF
stimulation and endocytosed to endosomes after EGF
stimulation in the cells transfected with pcDNA3.1(—)/
EGEFR alone. However, EGF-stimulated endocytosis of
EGFR was significantly inhibited in the cells that were
cotransfected with both pcDNA3.1(—)/ErbB2 and
pcDNA3.1(—)/EGER (Figure 6).

EGF-induced endocytosis of ErbB2 and EGFR in
293T cells transfected with pcDNA3.1(—)/EGEFR,
pcDNA3.1(—)/ErbB2, or both was also analyzed by
immunofluorescent microscopy (Figure 7). The results
showed that EGF did not stimulate the endocytosis
of ErbB2 in the cells transfected with pcDNA3.1(—)/ErbB2
or both pcDNA3.1(—)/ErbB2 and pcDNA3.1(—)/EGFR,
whereas EGF stimulated the endocytosis of EGFR in
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analysis of EGFR and ErbB2 ex-
pression in 293T cells transiently
transfected with pcDNA3.1(—)/
EGFR and/or pcDNA3.1(—)/
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endocytosis in 293T cells transfected
with pcDNA3.1(—)/EGFR and/or
pcDNA3.1(—)/EbB2.  293T cells
were cultured in serum-free medium
or stimulated with EGF at 4°C for 60
min followed by further incubation
in serum-free medium for 15 or 30
min. The cells were subcellular frac-
tionated and immunoblotted for
EGFR and/or ErbB2 as described in
MATERIALS AND METHODS.

Anti-EGFR

Anti-EGFR

the cells transfected with pcDNA3.1(—)/EGFR. However,
the cotransfection of pcDNA3.1(—)/ErbB2 together with
pcDNA3.1(—)/EGFR significantly inhibited EGF-induced
EGER endocytosis (Figure 7).

Endocytosis of ErbB2/[EGFR Chimera in Response to
EGF Stimulation

A chimeric receptor composed of the EGFR extracel-
lular domain and the ErbB2 intracellular domain is
impaired in EGF-induced endocytosis (Sorkin et al.,
1993; Baulida ef al., 1996). However, the impaired en-
docytosis of the chimera may be due to the inappro-
priate three-dimensional structure that results from
the construction of the chimera. To exclude this pos-
sibility, we constructed an ErbB2/EGFR chimera com-
posed of the ErbB2 extracellular domain and the EGFR
intracellular domain. This ErbB2/EGFR chimera was
expressed in BT20 cells by microinjection. Indirect im-
munofluorescence showed that, after the addition of
EGF at 37°C for 30 min, both the chimera and EGFR
were internalized into the endosomes (Figure 8). The
ability to restore the endocytosis of ErbB2 using the
intracellular domain of EGFER further suggests that the
impaired endocytosis of ErbB2 may result from its
intracellular domain.
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Figure 7. Determination by immunofluorescence analysis of EGF-induced EGFR and ErbB2 endocytosis in the transiently transfected 293T
cells. 293T were transiently transfected with pcDNA3.1(—)/ErbB2 (A and B), pcDNA3.1(—)/EGFR (C and D), or both (E-H). After the
transfection, the cells were cultured in serum-free medium (A, C, E, and G) or incubated with EGF (100 ng/ml) at 4°C for 60 min followed
by further incubation for 30 min at 37°C (B, D, F, and H). The cells were then single immunofluorescent stained for ErbB2 (A and B) and EGFR
(C and D) or double immunofluorescent stained for both ErbB2 (E and F) and EGFR (G and H), as described in MATERIALS AND

METHODS. Magnification, 200X.

DISCUSSION

EGEFR is rapidly endocytosed in response to EGF stim-
ulation (Carpenter, 1987). However, the reported re-
sults regarding the ability of ErbB2 to undergo ligand-
induced internalization are controversial (Drebin et al.,
1985; Sorkin et al., 1993; Baulida et al., 1996; Klapper et
al., 1997, Worthylake and Wiley, 1997). It is unclear
how the EGFR-ErbB2 heterodimers might behave. In
this research, we studied the EGF-induced endocyto-
sis of EGFR-ErbB2 heterodimers in four breast cancer
cell lines that express ErbB2 and EGFR at different
levels and in 293T cells transfected with EGFR, ErbB2,
or both. Consistent with previous reports (Goldman et
al., 1990; Wada et al., 1990; Soltoff et al., 1994), our

Vol. 10, May 1999

results indicated that in the breast cancer cells that
overexpress ErbB2, EGFR primarily heterodimerized
with ErbB2 (Figure 1). The heterodimerization levels
were positively correlated with the ratio between
ErbB2 and EGFR concentrations (Table 1). In all these
cell lines, ErbB2 was not endocytosed (Figures 2 and
3), which suggests that ErbB2 and the EGFR-ErbB2
heterodimers are impaired in EGF-induced endocyto-
sis. Furthermore, in MDA453, SKBR3, and BT474 cells
that have very high levels of the EGFR-ErbB2 het-
erodimers, EGF-induced EGFR endocytosis was sig-
nificantly inhibited compared with that in BT20 cells,
which have a very low level of the EGFR-ErbB2 het-
erodimers (Figures 2 and 3, and Table 1). These results
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ErbB2/EGFR
Chimera

EGFR

Figure 8. Determination by immunofluorescence analysis of EGF-
induced endocytosis of an ErbB2/EGFR chimera. BT20 cells were
microinjected with the chimeric ErbB2/EGFR expression plasmid
pcDNA3.1(—)/ErbB2/EGFR/Myc/His and incubated at 37°C for
24 h. The cells were either untreated (A and B) or treated with EGF
(100 ng/ml) at 37°C for 30 min (C and D). The cells were then fixed
with methanol and stained by immunofluorescence. The endocyto-
sis of the chimeric ErbB2/EGFR was assayed by mouse anti-myc
antibody (B, G, and H) followed by FITC-conjugated anti-mouse
IgG (A and C). The EGFR endocytosis was assayed with sheep
polyclonal anti-EGFR antibody followed by a TRITC-conjugated
anti-sheep antibody (B and D). Magnification, 200X.

further suggest that the EGFR-ErbB2 heterodimers are
not internalized in response to EGF.

To demonstrate that the correlative results obtained
from the four breast cancer cell lines did indeed result
from the different levels of ErbB2 expression instead of
from different cellular contexts, we overexpressed ErbB2
in BT20 cells by microinjection of pcDNA3.1(—)/ErbB2,
and we transfected 293T cells with pcDNA3.1(—)/EGFR
and/or pcDNA3.1(—)/ErbB2. Our results indicated that
ectopically expressed ErbB2 in BT20 cells and 293T cells
was not endocytosed in response to EGF stimulation
(Figures 5-7). Moreover, overexpression of ErbB2 in
BT20 cells significantly inhibited EGF-induced EGFR en-
docytosis (Figure 5). Coexpression of ErbB2 with EGFR
in 293T cells also significantly inhibited EGF-induced
EGEFR endocytosis (Figures 6 and 7).

We have tested the possibility that the EGFR-ErbB2
heterodimers are simply recycling. If the EGFR-ErbB2
heterodimers are internalized into sorting endosomes
and then are recycled back to the PM, it is very likely
that the TR-EGF would dissociate from the EGFR-
ErbB2 heterodimers in the sorting endosomes and fur-
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ther traffick to the late endosomes and lysosomes. In
other words, after stimulation, we would always ob-
serve a strong endosome association but not a PM
association of TR-EGF in the cells regardless of the
EGFR-ErbB2 heterodimerization levels. Our results
showed that TR-EGF was internalized by receptor-
mediated endocytosis and concentrated in endosomes
in BT20 cells but not in BT20 cells microinjected with
pcDNA3.1(—)/ErbB2 (Figure 5) and not in MDA453
and BT474 cells (Figure 4). These results suggest that
EGF-induced endocytosis of the EGFR-ErbB2 het-
erodimers is inhibited and not simply replaced by
receptor recycling. However, we cannot exclude the
possibility that the compartments to which EGFR-
ErbB2 complexes are delivered are not of a sufficiently
low pH to dissociate the growth factor from the het-
erodimers before routing back to the PM.

It is interesting to note that the EGFR-ErbB2 het-
erodimers are present in MDA453, SKBR3, and BT474
cells in the absence of EGF stimulation (Figure 1). To
eliminate the possibility that factors, secreted by these
cells during the 24-h serum starvation, stimulate the
formation of the EGFR-ErbB2 heterodimers, the serum-
free medium was replaced every hour to keep secreted
factors at very low levels. We observed similar EGFR-
ErbB2 heterodimerization in MDA453, SKBR3, and
BT474 cells under these conditions (our unpublished
results). Therefore, spontaneous dimerization occurs in
the cells that overexpress ErbB2. Because of the sponta-
neous EGFR-ErbB2 heterodimerization, the calculated
EGFR-ErbB2 heterodimerization levels after EGF stimu-
lation actually reflected both spontaneous and EGF-stim-
ulated heterodimerization.

The relative EGFR endocytosis levels for the four
breast cancer cell lines were calculated as the percent-
age of total EGFR that accumulated in the endosome
fraction (Table 1). The EGFR that accumulated in the
endosome fraction only represents a portion of the
endocytosed EGFR. During endocytosis, EGFR may
be located in other endocytic compartments, such as in
coated vesicles and lysosomes. Our subcellular frac-
tionation method was designed to maximize the pu-
rity of the endosome fraction, possibly underestimat-
ing recovery.

Very recently, it has been reported that EGF induces
ErbB2 internalization in mouse B82 fibroblasts. Immu-
nofluorescence analysis with rabbit polyclonal anti-
ErbB2 antibody C18 (Santa Cruz) showed that, after
EGF treatment for 4 h at 37°C with 100 ng/ml EGF,
ErbB2 was colocalized with EGFR in the lysosomes
(Worthylake and Wiley, 1997). In our study, we used
the same anti-ErbB2 antibody (C18) to analyze EGF-
induced endocytosis of ErbB2 in BT20 cells by immu-
nofluorescent microscopy, and the results showed that
ErbB2 was colocalized with EGFR in endosomes after
EGF stimulation for 30 min at 37°C (our unpublished
results). However, when we used monoclonal anti-
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ErbB2 antibody 9G6 (Santa Cruz), ErbB2 was localized
at the PM with or without EGF stimulation (Figure 3).
It is very likely that the reported EGF-induced endo-
some and lysosome localization of ErbB2 in mouse
B82 fibroblasts by rabbit polyclonal C18 anti-ErbB2
antibody is due to a cross-reaction with EGFR.

Among the EGFR family receptors, only the endo-
cytosis of EGFR has been extensively studied. Al-
though a molecular mechanism for the rapid endocy-
tosis of growth factor-receptor complexes has not
been established, recent evidence suggests that normal
endocytosis and down-regulation of EGFR require the
activation of intrinsic tyrosine kinase activity and au-
tophosphorylation (Chen et al., 1987; Honegger et al.,
1987; Helin and Beguinot, 1991; Sorkin ef al., 1991,
1992). EGFR mutants truncated from the C termini to
residue 991 (Chang et al., 1993) or residue 973 (Decker
et al., 1992) were internalized inefficiently, and a mu-
tant truncated at residue 958 was not internalized
(Chang ef al., 1993). Simultaneous point mutations of
five tyrosine residues (Tyr-992, Tyr-1068, Tyr-1086,
Tyr-1148, and Tyr-1173) to phenylalanine reduced the
internalization rate to a minimum (Sorkin et al., 1992).
Although a few studies about the endocytosis of
ErbB2 have been published, the results are very con-
troversial (Drebin et al., 1985; Sorkin et al., 1993;
Baulida et al., 1996; Klapper et al., 1997). Using a chi-
meric receptor composed of the extracellular EGFR
binding domain and the cytoplasmic domain of the
ErbB2 molecule, it was shown that the EGFR/ErbB2
chimeras internalized '*I-EGF severalfold more
slowly than the EGFR (Sorkin et al., 1993; Baulida et al.,
1996). This study also indicated that the EGFR/ErbB2
chimeras were activated by EGF and that the impaired
internalization capacity of this receptor was due to
sequences in the ErbB2 C-terminal domain. This sug-
gests that ErbB2 may lack required internalization
signals in its C terminus (Sorkin et al., 1993). However,
it is possible that the construction of the chimeras
altered the three-dimensional structures, and this al-
teration resulted in the inhibition of EGF-induced en-
docytosis. To exclude this possibility, we constructed a
chimera composed of the ErbB2 extracellular domain
and the EGFR intracellular domain. We showed that,
after being expressed in BT20 cells, in response to
EGF, this chimera underwent normal endocytosis, as
does endogenous EGFR (Figure 8). These results sug-
gest that the intracellular domain of ErbB2 is respon-
sible for the endocytosis deficiency of EGFR-ErbB2
heterodimers.

In contrast, it has been shown that upon binding of
certain mAbs, ErbB2 undergoes internalization in a
pathway shared by other growth factor receptors in
response to ligand or antibody (Drebin et al., 1985;
Klapper et al., 1997). The ability of the mAbs to induce
endocytic degradation of ErbB2 was strictly depen-
dent on antibody bivalency, implying their association
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with the ErbB2 homodimers (Gilboa et al., 1995; Hur-
witz et al., 1995; Klapper et al., 1997). A point mutation
in the transmembrane domain of the rat ErbB2 (Val-
664 replaced by Glu) results in a constitutively dimer-
ized and permanently active receptor (Bargmann et al.,
1986; Stern et al., 1988; Weiner ef al., 1989), and this
activated ErbB2 homodimer was internalized like
EGEFR (Gilboa et al., 1995). These results suggest that
ErbB2 contains internalization signals and ErbB2 in-
ternalization is dependent on its dimerization.

Our results indicate that ErbB2 and the EGFR-ErbB2
heterodimers are impaired in EGF-induced endocyto-
sis. Because the EGFR in EGFR-ErbB2 heterodimers is
phosphorylated in response to EGF stimulation (Fig-
ure 1), its internalization signals are likely activated. If
ErbB2 does not contain internalization signals as sug-
gested by the studies with chimeric receptors, our
results may suggest that either ErbB2 contains inhib-
itory signals for endocytosis or else that a pair of
internalization signals are required for the endocytosis
of the EGFR-ErbB2 dimers. On the other hand, if
ErbB2 does contain internalization signals, our results
may suggest that the pair of internalization signals
must be identical to allow internalization. The require-
ment for the paired internalization signals in the
dimer of the receptors may also suggest that the
downstream proteins that regulate receptor endocyto-
sis are present in a dimeric form and need to bind to
a pair of internalization signals simultaneously. Re-
cently, distinct endocytic responses of heteromeric
and homomeric transforming growth factor B recep-
tors have been reported (Anders et al., 1997).

The ErbB2 gene is amplified and/or overexpressed
in 25-30% of human breast and ovarian cancers, and
overexpression of the receptor is associated with a
poor prognosis (Slamon et al., 1987, 1989). Consistent
with these clinical observations, the overexpression of
ErbB2 in human breast and ovarian cancer cell lines
has been shown to increase DNA synthesis, promote
cell growth, improve soft agar cloning efficiency and
increase tumorigenicity in nude mouse xenograft
models (Di Fiore et al., 1987; Hudziak et al., 1987;
Pietras et al., 1995; Reese and Slamon, 1997). Because
ErbB2 is activated by both EGF and HRG indirectly
through heterodimerization with EGFR, ErbB3, or
ErbB4, it is not surprising that overexpression of
ErbB2 enhances cell signaling. However, the selective
overexpression of ErbB2, instead of EGFR, ErbB3, or
ErbB4, in breast cancer and various other cancers sug-
gests that unique properties of ErbB2 may contribute
to this selection. Our results may suggest a mechanism
by which overexpression of ErbB2 contributes to can-
cer development. It is possible that in the breast cancer
cells that overexpress ErbB2, EGFR primarily forms
heterodimers with ErbB2. The EGFR-ErbB2 het-
erodimers are impaired in EGF-induced endocytosis
and down-regulation. The impaired endocytosis leads

1633



Z. Wang et al.

to sustained signaling in response to EGF and subse-
quently stimulates the overproliferation and transfor-
mation of breast cancer cells. Indeed, a mutant EGFR
that avoids internalization transmits a growth signal
at a lower EGF concentration and is capable of trans-
forming cells in a ligand-dependent manner (Wells et
al., 1990). In addition, blocking clathrin-mediated en-
docytosis by expressing mutant dynamin also en-
hanced EGF-induced cell proliferation (Vieira et al.,
1996). Therefore, this present study provides evidence
to favor a mechanistic link between ErbB2 overexpres-
sion and cell transformation.
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