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SUMMARY A constitutively active epidermal growth factor receptor (EGFR) mutant, EGFR
variant III (EGFRvIII), has been detected at high frequencies in certain human cancers. This
study evaluated transactivation and trafficking of erbB family members as a result of con-
stitutive EGFR activity in a cancer cell line. Expression of EGFRvIII modulated erbB family
members through different mechanisms; the erbB3 mRNA level was reduced, whereas wild-
type EGFR (wtEGFR) and erbB2 protein levels were diminished, with no change in their mRNA
levels, and there was no change in the erbB4 expression level. Both EGFR and erbB2 were
internalized as a result of EGFRvIII’s activity and redistributed to the cell surface upon ad-
dition of AG1478, an inhibitor of wtEGFR/EGFRvIII catalytic activity. Acute activation of
EGFRvIII by removing AG1478 from cells increased phosphorylation of both wtEGFR and
erbB2 and caused differential trafficking of EGFRvIII’s activation partners; wtEGFR was
directed primarily to lysosomal compartments and partially to recycling compartments,
whereas erbB2 was directed primarily to recycling compartments and partially to lysosomal
compartments. Our data demonstrate that the constitutive activity of EGFRvIII is sufficient
to trigger endocytosis and trafficking of wtEGFR and erbB2, which may play a role in acti-
vating signaling pathways that are triggered during receptor endocytosis.

(J Histochem Cytochem 58:529–541, 2010)
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THE NATURALLY OCCURRING EGFR mutant, with a dele-
tion of aa 6–273 in the extracellular domain, desig-
nated EGFR variant III (EGFRvIII, delta EGFR, or
de2-7 EGFR) is expressed in a number of cancers, most
notably glioblastoma (Lorimer 2002; Huang et al.
2007a; Sonabend et al. 2007). This mutant does not
bind EGF (Moscatello et al. 1996); nevertheless, it is
constitutively autophosphorylated (Nishikawa et al.
1994; Fernandes et al. 2001) and is present at the cell
membrane (Wikstrand et al. 1997) and suffers from
impaired downregulation, which is a result of decreased
association with Cbl proteins and subsequently de-
creased polyubiquitination and degradation (Huang
et al. 1997; Schmidt et al. 2003; Han et al. 2006;

Grandal et al. 2007). The defective internalization and
the constitutive phosphorylation of EGFRvIII seem to
be contributors to persistence of signaling.

Ligand activation of wild-type EGFR (wtEGFR)
leads to homo- or heterodimerization and transphos-
phorylation of other erbB family members (Yarden
2001). Thus, surface localization of an internalization-
impaired, constitutively active EGFR mutant could
similarly interact with other erbB members such as
EGFR and erbB2. There is limited information in the
literature about the interactions between EGFRvIII
and erbB family members. There is evidence indicating
that heterodimerization between EGFRvIII and either
wtEGFR or erbB2 is possible. For example, a physical
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association between the EGFRvIII and an erbB2 ecto-
domain that is kinase deficient was previously reported,
where it was demonstrated that ectodomain inter-
actions were sufficient to form dimers (O’Rourke
et al. 1998). Evidence for interaction of EGFRvIII
with wtEGFR also exists; for example, activation of
EGFRvIII by removal of its catalytic activity inhibitor,
AG1478, restored tyrosine phosphorylation of both
EGFRvIII and wtEGFR in the absence of an activating
ligand (Zeineldin et al. 2006). Another study, which ex-
amined an EGFRvIII–heparin-binding EGF–wtEGFR
autocrine loop generation in gliomas, raised the possi-
bility that EGFRvIII may signal partly through wtEGFR
(Ramnarain et al. 2006). It was found that expression
of EGFRvIII upregulates specific gene products in-
cluding the wtEGFR ligand heparin-binding EGF-like
growth factor (HB-EGF), whereas use of a neutralizing
antibody to HB-EGF blocked EGFRvIII-induced prolif-
eration, thus raising the possibility that EGFRvIII sig-
nals partly through wtEGFR (Ramnarain et al. 2006).
In addition, interaction of EGFRvIII with wtEGFR was
demonstrated as EGFRvIII coimmunoprecipitated with
wtEGFR, and wtEGFR in the complex was phos-
phorylated (Luwor et al. 2004). Another indication of
heterodimerization was provided by examination of
the efficacy of the therapeutic monoclonal antibody
528 (MAb 528) (Johns et al. 2007). The epitope for
MAb 528 is within the extracellular domain of EGFR
(Kawamoto et al. 1983); nevertheless, it binds both
wtEGFR and EGFRvIII (Mishima et al. 2001). It was
found that cells expressing only EGFRvIII and cells
coexpressing either wtEGFR with EGFRvIII, or wtEGFR
with the EGFRvIII mutant that is kinase active but
autophosphorylation defective, all responded to MAb
528 therapy. On the other hand, cells coexpressing
wtEGFR and a kinase-dead EGFRvIII were refractory
to therapy. All this suggested that MAb 528 mediates
its antitumor activity by disrupting interactions be-
tween EGFRvIII and wtEGFR when both forms of
EGFR are expressed (Johns et al. 2007).

Although a limited number of studies report on het-
erodimerization and transphosphorylation of wtEGFR
by EGFRvIII and possible association of erbB2 with
EGFRvIII, there is a gap in knowledge regarding the
fate of wtEGFR or erbB2. The impact of EGFRvIII
on other erbB family members is not fully known,
and for that reason, we evaluated the effect of the
steady-state activity of EGFRvIII on erbB family mem-
ber expression levels and endocytic trafficking.

Our hypothesis is that the constitutive activity of
EGFRvIII leads to activation and internalization of
both wtEGFR and erbB2. In this study, we chose to
use OVCA 433 ovarian cancer cells as our model cell
system because this cell line expresses low to moderate
levels of the erbB family members, and it exhibits mito-
genic responses to EGF. Although there are conflicting

reports about the expression of EGFRvIII in ovarian
cancer (Moscatello et al. 1995; Lassus et al. 2006; de
Graeff et al. 2008; Steffensen et al. 2008), there are
numerous EGF receptor mutations that have been
identified in human tumors that alter receptor activity
(Riese et al. 2007; Zandi et al. 2007; Ferguson 2008;
Kumar et al. 2008) that have not been fully explored
in ovarian tumors. Thus, EGFRvIII provides a model
for the consequences of constitutive EGF receptor ac-
tivation in ovarian cancer. We found that the steady-
state activity of EGFRvIII caused downregulation and
internalization of both wtEGFR and erbB2, while inhi-
bition of EGFR/EGFRvIII’s catalytic activity by AG1478
increased their protein levels and redistributed both re-
ceptors to the cell surface. Acute activation of EGFRvIII
by removing cells from AG1478 resulted in activating
wtEGFR and erbB2 and directing wtEGFR primarily to
lysosomal degradation and partially to recycling com-
partments while directing erbB2 primarily to recycling
compartments and partially to lysosomal degradation.
Our findings show that downregulation of wtEGFR
and erbB2 is a result of EGFRvIII expression and activity
and that this is accompanied by differential trafficking.

Materials and Methods

Cell Culture and Treatments

Ovarian carcinoma cell line OVCA 433 was gener-
ously provided by Dr. Robert Bast, Jr., M.D. Anderson
Cancer Center, Houston, TX. Cells were maintained
at 37C under 5% carbon dioxide and grown in MEM
supplemented with 10% (v/v) FBS, 1 mM sodium
pyruvate, 2 mM L-glutamine, 0.5 units/ml penicillin,
0.5 mg/ml streptomycin. OVCA 433 cells stably ex-
pressing the constitutively active EGFRvIII (vIIIA1 cells)
and the vector control cells (V) were described pre-
viously (Ning et al. 2005; Zeineldin et al. 2006) and
were grown in the presence of 300 mg/ml G418. Unless
otherwise indicated, cells were placed in MEM con-
taining 0.1% (w/v) BSA for 24 hr, and then EGF was
added at a final concentration of 20 nM.AG1478, which
is a specific inhibitor of the catalytic activity of EGFR
(IC50 5 3 nM in vitro) (Levitzki and Gazit 1995), was
used at a final concentration of 5 mM. Stock solutions
of inhibitors were prepared in DMSO and were diluted
in growth medium, so DMSO did not exceed 0.02% of
the final volume. Long-term inhibition involved adding
the inhibitor to whole-growth medium.

Oligonucleotide Microarrays

RNA was isolated using an RNeasy isolation kit
(Qiagen; Valencia, CA) according to the manufacturer’s
protocol. Sample preparation and microarray process-
ing were carried out according to the Affymetrix ex-
pression analysis technical manual (Affymetrix; Santa
Clara, CA). Briefly, 20mg of RNAwas reverse-transcribed
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by Superscript II reverse transcriptase using a T7-(dT)24
primer, which contains a T7 RNA polymerase promoter.
The resulting double-stranded cDNA was then tran-
scribed in vitro to generate biotinylated complementary
RNA. Then, 10 mg of fragmented cRNAwas hybridized
to cancer chipmicroarrayGeneChip human cancerG110
(HC-G110) array P/N 900257 (Affymetrix) for 16 hr at
45C with rotation at 60 rpm. The HC-G110 chip con-
tains oligonucleotides for 1700 genes. Following hybridi-
zation, the microarray was washed and stained using an
Affymetrix fluidics station and scanned using an argon
ion confocal laser with a 488-nm emission and detection
at 570 nm. Each cell line (vIIIA1 and V) was analyzed in
five replicates. Data were normalized using a robust
multiarray average to eliminate variations between chips
arising from sample preparation and manufacturing and
processing of arrays (Irizarry et al. 2003). Analysis of
the data was performed using GeneSpring version 4.2.1
software (Silicon Genetics; San Carlos, CA), where an
average was calculated for the five replicates of each
cell line.

Immunoblot Analysis

Cells were washed with ice-cold PBS and harvested
in lysis buffer [10 mM Tris-HCl (pH 7.4), 1% SDS,
5 mM EDTA, 0.1 mM dithiothreitol, 1 mM sodium
orthovanadate, and 1 mM PMSF]. Fifteen micrograms
of total cell lysates was resolved by electrophoresis
using a 7.5% SDS-polyacrylamide gel, transferred to
nitrocellulose membranes (Bio-Rad; Hercules, CA),
and probed with the indicated antibodies. Primary
antibodies were used at a 1:100 dilution and included
anti-EGFR (Santa Cruz Biotechnology; Santa Cruz,
CA), anti-erbB2 (Santa Cruz Biotechnology), anti-
phospho-erbB2 (Upstate Biotechnology; Waltham,
MA), anti-erbB3 (Ab-6) (Labvision; Fremont, CA),
anti-erbB4 (Ab-2) (Labvision), anti-b2 tubulin (Santa
Cruz Biotechnology), and anti-GAPDH (Abcam;
Cambridge, MA). Horseradish peroxidase-conjugated
secondary antibodies (Promega; Madison, WI) were
used at a 1:20,000 dilution. Bands were detected with
a Super Signal chemiluminescent detection system
(Pierce Corp.; Rockford, IL). Bands were quantitated
using a Kodak Imaging Station 4000 (Carestream
Health; New Haven, CT).

PCR Detection of mRNA

First-strand cDNA was generated using a High Ca-
pacity cDNA archive kit (Applied Biosystems; Foster
City, CA) using 1 mg of total RNA in a 12.5-ml re-
action mixture. PCR reaction mixtures contained
1 ml of cDNA, 10 pmol of each primer, 13 PCR buffer,
0.5 nmol of each deoxynucleotide triphosphate, 2.5 mM
MgCl2, and 1 U of Taq polymerase in a total volume of
20 ml. The sets of primers used are listed in Table 1.
EGFR 1037-bp products were attained after 40 cycles
with an annealing temperature of 56C. erbB2 559-bp
products were attained after 40 cycles with an anneal-
ing temperature of 60C. erbB3 365-bp products were
attained after 25 cycles with an annealing tempera-
ture of 55C (Knowlden et al. 1998). erbB4 265-bp
products were attained after 25 cycles with an an-
nealing temperature of 55C (Knowlden et al. 1998).
18S 100-bp products were attained after 19 cycles with
an annealing temperature of 55C. The thermal cycling
started with an initial denaturation at 94C for 4 min
and ended with a final extension at 72C for 7 min.
Thermal cycling consisted of cycles of 94C for 30 sec,
annealing temperature for 60 sec (30 sec for 18S), and
72C for 60 sec (30 sec for 18S). The PCR amplifica-
tions were performed with a PTC-200 Peltier thermal
cycler (MJ Research, Inc.; Watertown, MA). Products
were electrophoresed in 2% agarose gels and visualized
by SYBR Green staining.

Real-time PCR

The first-strand cDNAwas generated as described above.
Real-time PCR was performed using PreDeveloped
TaqMan gene expression reagents for EGFR, erbB2,
erbB3, erbB4, and GAPDH following the manufac-
turer’s instructions (Applied Biosystems). The real-time
PCR reactions were carried out using an Applied Bio-
systems 7900 HT Fast Real-Time PCR system. Evalua-
tion of the amplification efficiency of EGFR, erbB2,
erbB3, erbB4, and GAPDH was done according to
Applied Biosystems’ instructions and was found to be
equivalent. The transcripts were quantitated using the
DDCT method according to Applied Biosystems, using
GAPDH as the normalizer and OVCA 433 cells as
the calibrator.

Table 1 List of primers used in RT-PCR

Gene product Primer set (forward; reverse)

EGFR 5′GGGGAATTCGCGATGCGACCCTCCGGG 3′; 5′GGGAAGCTTTCCGTTACACACTTTGCG 3′
erbB2 5′CCCACGTCCGTAGAAAGGTA 3′; 5′TGAACAATACCACCCCTGTC 3′
erbB3 5′GGTGCTGGGCTTGCTTTT 3′; 5′CGTGGCTGGAGTTGGTGTTA 3′
erbB4 5′TGTGAGAAGATGGAAGATGGC 3′; 5′GTTGTGGTAAAGTGGAATGGC 3′
18S 5′AAACGGCTACCACATCCAAG 3′; 5′CCTCCAATGGATCCTCGTTA 3′
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Immunofluorescence and Colocalization Analysis

Cells were seeded in a Lab Tek II chamber slide sys-
tem (Nalge Nunc Int.; Naperville, IL). For staining,
Lysotracker (Invitrogen; Carlsbad, CA) was added to
cells during the last 30-min incubation at 37C. Cells
were fixed for 7 min at room temperature in freshly
prepared 3.7% (w/v) paraformaldehyde in PBS (1.37 M
sodium chloride, 27 mM potassium chloride, 43 mM
dibasic sodium phosphate, 15 mM monobasic potas-
sium phosphate). Cells were permeabilized by incu-
bation in 0.1% (w/v) Triton X-100 in PBS on ice for
4 min. For detection of EGFRvIII, blocking was carried
out for 1 hr at 37C, using 10% (w/v) nonfat milk in
PBS; otherwise, blocking was carried out for 1 hr at
room temperature, using 3% (w/v) BSA in PBS for
EGFR staining and 1% (w/v) BSA in PBS for erbB2
staining. Cells were then incubated overnight at 4C
with the primary antibody, prepared in blocking solu-
tion at 1:100 dilution for all antibodies except for anti-
EGFRvIII, which was prepared at 1:800 dilution. The
primary antibodies used were chicken anti-EGFRvIII
(Ab 1825; Aves Laboratory, Tigard, OR) (Zeineldin
et al. 2006), mouse anti-EGFR (Ab-3, clone EGFR.1;
Labvision), mouse anti-erbB2 (Santa Cruz Biotech-
nology), and rabbit anti-Rab11 (Abcam). This step was
followed by incubation for 1 hr at room temperature in
the dark with the secondary antibody diluted to 1:200 in
the blocking buffer; except for detection of EGFRvIII, the
incubation was carried out for 20 min at 37C with the
secondary antibody diluted to 1:900. The secondary anti-
bodieswere anti-chicken-fluorescein (Millipore; Billerica,
MA), anti-mouse-fluorescein (Millipore), anti-mouse-
horseradish peroxidase (Tyramid kit; Invitrogen), and
anti-rabbit-fluorescein (Millipore). The cells stained for
erbB2 were stained according to the instructions for the
Tyramid kit. Finally, cells were washed with PBS, and
slides were mounted with Vectashield mounting medium
(Vector Laboratories; Burlingame, CA). Confocal images
were generated using a Zeiss LSM 510 confocal micro-
scope (Carl Zeiss MicroImaging Inc.; Thornwood, NY),
with excitation at 488 nm, using an argon laser, and at
543 nm, using helium neon 1, and LSM Image Browser
software (Carl Zeiss MicroImaging Inc.). Images were
compiled using Adobe Photoshop software (Adobe;
San Francisco, CA). Analysis of colocalization was ex-
amined by determining Pearson’s correlation coefficient
using LSM image software (Carl Zeiss MicroImaging
Inc.). Pearson’s correlation coefficient values range from
21 to 11, where 11 indicates perfect colocalization,
while 21 indicates total lack of colocalization, and a
value of 0 indicates no correlation.

Statistical Analysis

For all analyses, including analysis of the microarrays
data, differences between each two cell lines compared
were evaluated using a nonparametric Welch’s two-

sample t test. Any p value below 0.05 was considered
statistically significant.

Results

EGFRvIII Expression Selectively Modulated the mRNA
or Protein Levels of erbB Receptors

The effect of EGFRvIII steady-state activity on mRNA
levels of several genes was examined by limited micro-
array analysis (using cancer chip HG-110; Affymetrix).
Examination of the transcripts of the erbB family
members, summarized in Table 2, revealed that erbB1,
erbB2, and erbB4 were detected in parental (P), control
(V), and EGFRvIII-expressing (vIIIA1) cells with no
significant differences in their levels; whereas erbB3
(HER3) transcript was detected at a higher level in con-
trol cells than in vIIIA1 cells. Confirmation of these
findings was carried out by RT-PCR (Figure 1A), and
mRNA levels were quantified using real-time PCR
(Figure 1B), which confirmed the microarray findings
that the expression of erbB3 was highly downregulated
in vIIIA1 cells but expression levels of EGFR, erbB2,
and erbB4 showed no statistically significant changes.

Immunoblot analysis for the erbB family members
(Figures 1C and 1D) correlated with the findings of
the oligonucleotide microarrays for erbB3 and erbB4
but not for wtEGFR and erbB2. As for erbB4, although
it was slightly reduced, there were no statistically sig-
nificant differences in its protein levels in the EGFR-
vIII-expressing cells vs that of the parental or control
cells. Nevertheless, the protein levels of wtEGFR, erbB2,
and erbB3 detected by Western blot analysis were lower
in vIIIA1 cells than in the parental and control cells
(Figures 1C and 1D). The lower protein level of erbB3,
but not wtEGFR or erbB2, in EGFRvIII-expressing cells
correlated with the finding that erbB3 transcript was
decreased. These findings suggested that the steady-state
activity of EGFRvIII caused a reduction only of erbB3
at the mRNA level while reducing the protein levels of
EGFR and erbB2. A possible explanation for the detec-
tion of lower EGFR and erbB2 protein levels without
changes in their mRNA levels is that wtEGFR and

Table 2 Fold change number of erbB family members detected
by the HC-G110 chip

Gene product
Accession

no.a

Affymetrix
reference
sequence

Fold
change p value

EGFR precursor mRNA X00588 1537_at ↓ 1.2 NS
C-erb-B2 mRNA X03363 1802_s_at ↓ 1.8 NS
HER3 mRNA complete cds M34309 1585_at ↓ 8.8 0.007
erbB4 complete cds L07868 1727_at ↓ 1.5 NS

aGenBank database.
Table data summarize the fold change number of erbB family members de-
tected by the human cancer chip HC-G110 as a result of expressing EGFRvIII. NS,
not statistically significant.
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erbB2 are downregulated from the cell surface because
of constitutive activation by EGFRvIII.

EGFRvIII Steady-state Catalytic Activity Caused
Downregulation of wtEGFR and erbB2

To examine the possibility that wtEGFR and erbB2 are
downregulated as a result of EGFRvIII activity, we used
confocal fluorescence microscopy to evaluate localiza-
tion of EGFRvIII, wtEGFR, and erbB2 (Figure 2, left
panels), which revealed that both wtEGFR and erbB2

were detected intracellularly in vIIIA1 cells, whereas
both receptors were detected on the cell surface of the
parental cell line (Figure 2, right panels). Conversely,
EGFRvIII was detected in vIIIA1 cells at the cell sur-
face with minor intracellular staining. This is consis-
tent with previous reports demonstrating that EGFRvIII
suffers from impaired internalization (Huang et al. 1997;
Schmidt et al. 2003;Han et al. 2006; Grandal et al. 2007)
and undergoes recycling to the cell surface (Grandal et al.
2007). We did not detect any intracellular colocaliza-
tion of EGFRvIII with wtEGFR but did detect minimal

Figure 1 Examination of erbB family
member levels in EGFRvIII-expressing
cells. (A) mRNA levels for erbB family
members were evaluated by RT-PCR.
18S was amplified as an internal con-
trol. (B) mRNA levels were quantitated
by TaqMan real-time PCR performed
in triplicate. Bars 5 mean 6 standard
deviation (SD). Asterisk indicates sta-
tistically significant difference. (C)
Total cell lysates (15 mg of protein)
were fractionated by SDS-PAGE, and
erbB family members were visual-
ized by immunoblot analysis. GAPDH
was detected as an internal loading
control. P, parental OVCA 433 cells;
V, vector control; A1, vIIIA1 cells. (D)
Quantitation of band intensities ob-
tained in immunoblot analysis using
Kodak Imaging Station 4000. Band
intensities were normalized to the in-
ternal controls. Bars5mean6 SD;n54.
Asterisk indicates statistically signifi-
cant differences in a comparison of
A1 cells to P and V cells.

Figure 2 Examination of cellular lo-
calization of EGFRvIII, wtEGFR, and
erbB2 in EGFRvIII-expressing cells by
confocal microscopy (left panels).
Right panels show localization of
wtEGFR and erbB2 in the parental cell
line. P, OVCA 433 cells; A1, vIIIA1 cells.
Bar 5 5 mm.
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intracellular colocalization of EGFRvIII with erbB2 that
had an insignificant Pearson’s correlation coefficient of
0.07. Our results indicated that the steady-state activity
of EGFRvIII led to intracellular localization of wtEGFR
and erbB2.

We further examined the localization of wtEGFR
and erbB2 after inhibiting the catalytic activity of
EGFRvIII, using AG1478. We found that inhibiting
EGFRvIII’s catalytic activity caused redistribution of
wtEGFR and erbB2 mainly to the cell surface, with
modest intracellular dot-like staining (Figures 3A and
3B). Furthermore, intracellular localization of wtEGFR
and erbB2 in vIIIA1 cells was similar to that observed
as a result of ligand activation of wtEGFR in the pa-
rental cell line (Figures 3A and 3B); and upon specific
inhibition of EGFRvIII activity, both wtEGFR and
erbB2 redistributed to the cell surface in a manner re-
sembling that of inactive wtEGFR in parental cells
(Figures 3A and 3B). Treatment of the parental cell
line with AG1478 for 7 days did not change the local-
ization of wtEGFR or erbB2, as they remained de-
tected on the cell surface (data not shown). This
demonstrated that the intracellular localization of
wtEGFR and erbB2 was a result of EGFRvIII activity.

To examine the possible effect of the constitutive ac-
tivity of EGFRvIII on the protein levels of wtEGFR and
erbB2, we evaluated the effect of AG1478 on the pro-
tein levels of wtEGFR and erbB2. We demonstrated
that adding this inhibitor increased wtEGFR and erbB2
protein levels in vIIIA1 cells, although not to the same
levels as parental and control, untreated cells (Figure 3C),
while removing it reduced their levels. Adding AG1478
for 7 days to the OVCA 433 parental cells had no effect
on the levels of wtEGFR and erbB2 (data not shown).
Thus, modulating the activity of EGFRvIII affected
wtEGFR and erbB2 protein levels and redistributed
them to the cell surface, which confirmed that this reg-
ulation is due to the catalytic activity of EGFRvIII.

Acute Activation of EGFRvIII Led to Activation and
Internalization of wtEGFR and erbB2

Examination of cellular localization of wtEGFR and
erbB2 revealed that while EGFRvIII was detected on

Figure 3 Examination of cellular localization and protein levels of
wtEGFR and erbB2 before (2AG1478) and after (1AG1478) treat-
ment for 7 days and in parental (P) cell lines with (1EFG) and with-
out (2EGF) stimulation with 20 nM EGF for 24 hr. Confocal images
for detecting localization of (A) wtEGFR and (B) erbB2 in EGFRvIII-
expressing cells. (C) Immunoblot analysis of wtEGFR and erbB2 in
cells. b-Tubulin was detected as an internal loading control. Quan-
titation of band intensities was obtained by immunoblot analysis
using Kodak Imaging Station 4000. Band intensities were normal-
ized to the internal control and to the parental cell line. Bars 5
mean 6 standard deviation, n54. Control cells (V) are shown with
(1EGF) and without (2EGF) stimulation with 20 nM EGF for 24 hr.
vIIIA1 (A1) cells are shown with and without treatment with
AG1478 for 7 days. P, OVCA 433 cells; V, vector controls; A1, vIIIA1
cells. Bar 5 10 mm.
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the cell surface of vIIIA1 cells, both wtEGFR and erbB2
were localized mainly intracellularly. Since we found
that the steady-state catalytic activity of EGFRvIII
caused downregulation of wtEGFR and erbB2, we
wanted to determine whether restoring the activity of
EGFRvIII after inhibiting its catalytic activity with
AG1478 had a similar effect. For that reason, we incu-
bated cells with the EGFR/EGFRvIII inhibitor AG1478
for 7 days and then removed the cells from the inhibi-
tor and examined the protein levels and the cellular
localization of wtEGFR and erbB2 at specific time
points (Figure 4). We found that acute activation of
EGFRvIII by withdrawal of its inhibitor caused down-
regulation of wtEGFR, as evident by immunoblot
analysis (Figure 4A), and redistribution to the cyto-

plasm in a time-dependent manner, as detected by con-
focal microscopy, as early as 30 min after EGFRvIII
activation (Figure 4B). This redistribution resembled
activation of wtEGFR by its ligand EGF in control
cells and reached its peak in vIIIA1 cells within 2 hr
(Figure 4B). We previously reported the phosphoryla-
tion status of wtEGFR (Zeineldin et al. 2006), where we
found that upon treating vIIIA1 cells with AG1478,
tyrosine phosphorylation of both EGFRvIII and wild-
type EGFR was inhibited and that ERK phosphoryla-
tion was reduced, while withdrawal of the inhibitor
from the growth medium restored phosphorylation of
EGFR, EGFRvIII, and ERK.

Examination of erbB2 also showed similar results
(Figures 4A and 4C), where activation of EGFRvIII

Figure 4 Examination of protein
levels and cellular localization of
wtEGFR and erbB2 as a result of
acute activation of EGFRvIII. vIIIA1
(A1) cells were treated with (1)
AG1478 for 7 days, and then EGFRvIII
was acutely activated by removing
(2)AG1478 for the indicated times.
(A) Immunoblot analysis of wtEGFR,
erbB2, and phospho-erbB2 (P-erbB2)
in cells. GAPDH was detected as an
internal loading control. Confocal im-
ages show localization of (B) wtEGFR
and (C) erbB2 in EGFRvIII-expressing
cells after acute activation of EGFRvIII
for the indicated times, comparedwith
activation of wtEGFR in the parental
(P) cell line for the indicated times. P,
OVCA 433 parental cells; A1, vIIIA1
cells; m, min; h, hr. Bar 5 10 mm.

EGFRvIII and Trafficking of EGFR and erbB2 535

Th
e
Jo
ur
na

l
of

H
is
to
ch

em
is
tr
y
&

C
yt
oc

he
m
is
tr
y



led to downregulation of erbB2, with increased phos-
phorylation (Figure 4A) and accompanying intracellu-
lar redistribution, in a manner resembling our findings
for wtEGFR (Figure 4C). Phosphorylated erbB2 was
detected in cell lysates of EGFRvIII-expressing cells,
though at a lower level than that of stimulated parental
and control cells (data not shown), which may reflect
downregulation of erbB2. Removal of vIIIA1 cells
from AG1478 restored the phosphorylation of erbB2
(Figure 4A). In addition, the phospho-erbB2-to-total
erbB2 ratio, as detected by Western blot analysis, was
higher in untreated vIIIA1 cells than in AG1478-
treated cells [ratio of 1.42 vs. 0.10, respectively (data
not shown)]. On the other hand, treatment of the
OVCA 433 parental cell line with AG1478 for 7 days
followed by removal from the inhibitor had no effect
on the levels of phospho-EGFR or phospho-erbB2
(data not shown). Our findings demonstrated that
acute activation of EGFRVIII (by removal of its in-
hibitor) promoted the phosphorylation of wtEGFR
and erbB2 and caused their downregulation.

Acute EGFRvIII Activation Caused Differential
Trafficking of wtEGFR and erbB2

Since acute activation of EGFRvIII caused internaliza-
tion of wtEGFR and erbB2 receptors, we investigated
which compartments these receptors were directed to,
a lysosomal or a recycling compartment. For this ex-
periment, we used fluorescence confocal microscopy
to evaluate colocalization of wtEGFR or erbB2, with
lysosome markers (Lysotracker) or recycling endosomes
(Rab11) after acutely activating EGFRvIII by remov-
ing the cells from AG1478. Examination of wtEGFR
colocalization with lysosomes using fluorescein-labeled
Lysotracker revealed that acute activation of EGFRvIII
caused degradation of wtEGFR as we detected colocal-
ized staining of lysosomes and wtEGFR as early as
30 min after EGFRvIII activation (Figure 5A). In addi-
tion, staining of the recycling endosome marker Rab11
demonstrated colocalization of wtEGFR and Rab11
(Figure 5B). Quantification of wtEGFR colocalization
with Lysotracker and Rab11 was evaluated by calculat-
ing Pearson’s correlation coefficient, as described in
Materials and Methods and shown in Figure 5C, indi-
cating significantly increased colocalization of wtEGFR
with Lysotracker at 30 min after EGFRvIII activation
(Pearson’s correlation 5 0.32) and also a slight but
statistically significant increase of colocalization with
Rab11 at 30 min (Pearson’s correlation 5 0.12). This
showed that acute EGFRvIII activation caused inter-
nalization of wtEGFR, which was destined mainly for
degradation and partially for recycling. In contrast,
examination of the fate of erbB2 receptor by immuno-
fluorescence colocalization revealed significantly in-
creased colocalization with the recycling endosome
marker Rab11 as early as 30 min after EGFRvIII acti-

vation (Pearson’s correlation coefficient 5 0.32) and a
slight but statistically significant increase in colocaliza-
tion with the degradation marker Lysotracker at 30 min
(Pearson’s correlation 5 0.10), as shown in Figures 6A–
6C. This indicated that acute EGFRvIII activation
caused internalization of erbB2, which was destined
mainly for recycling to the cell surface, while a smaller
fraction was degraded.

Discussion
EGFRvIII is a constitutively active receptor even in the
absence of an activating ligand and is expressed in
several tumors. Previous studies demonstrated interac-
tions between the constitutively active EGFRvIII and
wtEGFR (Luwor et al. 2004; Ramnarain et al. 2006;
Zeineldin et al. 2006; Johns et al. 2007) and between
EGFRvIII and erbB2 (O’Rourke et al. 1998). In this
study, we demonstrated that expression of EGFRvIII
in cancer cells results in activation and differential traf-
ficking of wtEGFR and erbB2. The steady-state activity
of EGFRvIII modulated three of four erbB family mem-
bers via different mechanisms; erbB3 was decreased at
the message level, while EGFR and erbB2 were reduced
at the protein level (Figure 1). We focused on studying
wtEGFR and erbB2, as our aim was to evaluate the
effect of the constitutive activity of EGFRvIII on the
activation and endocytosis of other erbB family mem-
bers. The fact that erbB3 was suppressed as a result of
EGFRvIII expression may affect dimerization of other
erbB receptors, as there are reports demonstrating that
inhibition or suppression of one member of the erbB
family determines the erbB heterodimerization part-
ners. For example, inhibition of EGFR promoted het-
erodimerization between erbB2 and erbB3 (Maegawa
et al. 2007). Moreover, knockdown of erbB2 enhanced
heterodimerization between EGFR and erbB3 (Hu et al.
2005). Based on this finding, in our study, the suppres-
sion of erbB3 as a result of EGFRvIII expression may
contribute to enhancing interactions of EGFRvIII with
wtEGFR and erbB2.

The steady-state activity of EGFRvIII caused reduc-
tion of protein levels and increased phosphorylation of
wtEGFR (Zeineldin et al. 2006) and erbB2 (data not
shown). In addition, acute activation of EGFRvIII by
removal of a catalytic inhibitor led to decreased protein
levels (Figure 4A) and increased phosphorylation of
wtEGFR (Zeineldin et al. 2006) and erbB2 (Figure 4A).
This reaction suggested the existence of a functional
interaction between EGFRvIII and wtEGFR or erbB2.
Although EGFRvIII lacks extracellular domains I and
II and thus cannot assume an inactive tethered confor-
mation (Hynes and Lane 2005), extracellular domains
III and IV were reported to be sufficient to form dimers
with erbB2 ectodomain (O’Rourke et al. 1998); thus,
the same may apply to interactions between EGFRvIII
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Figure 5 Trafficking of wtEGFR upon acute acti-
vation of EGFRvIII. vIIIA1 cells were treated with
AG1478 for 7 days, then EGFRvIII was acutely acti-
vated by removing AG1478 for the indicated times.
Confocal microcopy images show colocalization of
wtEGFR with (A) Lysotracker, a lysosomal marker,
and (B) Rab11, a recycling endosome marker. Bar 5
20 mm. (C) Quantification of colocalization by
Pearson’s correlation coefficients. Bars 5 mean 6
SD, n53 to 8 (n refers to number of images,
each with 6–26 cells). Asterisk indicates statisti-
cally significant difference comparing the Pearson’s
correlation coefficient at different time points to
time 0 min.
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Figure 6 Trafficking of erbB2 upon acute activa-
tion of EGFRvIII. vIIIA1 cells were treated with
AG1478 for 7 days, then EGFRvIII was acutely ac-
tivated by removing AG1478 for the indicated
times. Confocal microcopy imaging for detecting
colocalization of erbB2 with (A) Lysotracker, a
lysosomal marker, and (B) Rab11, a recycling en-
dosome marker. Scale bar 5 20 mm. (C) Quanti-
fication of colocalization by Pearson’s correlation
coefficients. Bars represent mean 6 SD, n54 to
8 (n refers to number of images, each with cells
ranging from 6 to 26). Asterisk indicates statisti-
cally significant differences between the Pearson’s
correlation coefficient at different time points to
time 0 min.
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and wtEGFR. In addition to extracellular domain inter-
actions, the kinase domains or even transmembrane
domains of dimers of EGFRvIII with wtEGFR or
erbB2 may associate with each other. The kinase do-
main association was anticipated based on an analysis
of potential interactions between wtEGFR and erbB2,
using models of both molecules by molecular simula-
tions and energy minimization (Murali et al. 1996). A
recent report that found that the transmembrane se-
quences are important contributors to heterodimer for-
mation such as wtEGFR–erbB2 heterodimers indicates
that a similar contribution may exist for EGFRvIII–
erbB2 and EGFRvIII–wtEGFR heterodimers (Samna
Soumana et al. 2008). Recently, a report of enhanced
heterodimerization of erbB2 with another EGFR mu-
tant was implicated in defective downregulation of the
EGFR mutant upon EGF stimulation (Shtiegman et al.
2007). Based on this finding, it is possible that hetero-
dimerization of erbB2 with EGFRvIII contributes to
defective downregulation of EGFRvIII. Further studies
are needed to evaluate dimerization domains in the case
of EGFRvIII and the kinetics of dimerization and inter-
nalization, in addition to evaluating the consequences
of heterodimerization.

Evidence of EGFRvIII’s ability to cross-activate other
receptors is the fact that expression of EGFRvIII causes
phosphorylation of c-Met receptor, while inhibition of
EGFRvIII’s catalytic activity by AG1478 reduces c-Met
phosphorylation, indicating that this cross-activation
is EGFRvIII dependent (Huang et al. 2007b). In our
study, we found that EGFRvIII activated both wtEGFR
and erbB2. Examining cellular localization demon-
strated that while EGFRvIII was detected mainly at
the cell surface, the wtEGFR and erbB2 proteins were
detected intracellularly (Figure 2). The extracellular
localization of EGFRvIII is expected, as this receptor
suffers from impaired ubiquitination and internalization
(Huang et al. 1997; Schmidt et al. 2003; Han et al.
2006; Grandal et al. 2007). We found no intracellular
colocalization of wtEGFR with EGFRvIII and only
minor colocalization of erbB2 with EGFRvIII, which
may be the result of our detection of erbB2 in recycling
endosomes, in which the small fraction of EGFRvIII has
been reported to localize intracellularly (Grandal et al.
2007). Although EGFRvIII expression causes down-
regulation and internalization of both wtEGFR and
erbB2, inhibition of EGFRvIII catalytic activity in-
creased the levels of wtEGFR and erbB2 protein and
increased their cell surface localization (Figure 3). Acute
activation of EGFRvIII by removing the cells from
AG1478 resulted in phosphorylation and downregula-
tion of wtEGFR and erbB2 and their internalization
(Figure 4). Examination of the fate of wtEGFR and
erbB2 upon acute activation of EGFRvIII revealed their
differential trafficking. wtEGFR was targeted mainly
for degradation in lysosomes and partially to recycling

to the cell surface (Figure 5), whereas erbB2 was tar-
geted mainly for recycling to the cell surface and only
partially for recycling endosomes (Figure 6). Our re-
sults show that the constitutive activity of EGFRvIII
led to changes in steady-state levels and cellular locali-
zation of wtEGFR and erbB2. EGFRvIII itself is hypo-
phosphorylated at the Y1045 residue, causing reduction
of interaction with c-Cbl, impairing the following
ubiquitination and degradation (Han et al. 2006). On
the other hand, another tyrosine residue, Y1173, on
EGFRvIII becomes phosphorylated to the same level as
ligand-stimulated wtEGFR (Han et al. 2006). We report
here that EGFRvIII activation was sufficient to trigger
internalization and trafficking of both wtEGFR and
erbB2, indicating that it is capable of phosphorylat-
ing residues on other erbB members that are involved
in their internalization. The fact that EGFRvIII re-
mains detected at the cell surface while both wtEGFR
and erbB2 are phosphorylated and internalized into
different endosomes indicates that the interactions be-
tween EGFRvIII and wtEGFR or erbB2 do not con-
tinue intracellularly.

Studies of the fate of ligand-activated wtEGFR in-
dicate that it is downregulated and is predominantly
destined for lysosomal degradation and partially for
recycling to the cell surface (Sorkin and Goh 2008).
In contrast, erbB2 is predominantly recycled to the cell
surface, and it does not become downregulated through
endocytosis as a result of its internalization-impaired
carboxyl terminus (Sorkin et al. 1993; Baulida et al.
1996; Wang et al. 1999; Hendriks et al. 2003; Sorkin
and Goh 2008). Our findings for wtEGFR activated
by EGFRvIII show that wtEGFR was also directed to
lysosomes and partly to recycling endosomes, whereas
erbB2 was mainly recycled and partially degraded. Our
finding indicate that erbB2 is degraded to some extent,
as confirmed by colocalization with lysosomes by using
confocal microscopy and by lower protein levels as de-
tected by immunoblot analysis. Thus, EGFRvIII’s con-
stitutive activity may be distinct from EGF stimulation
of wtEGFR, as it caused downregulation not only of
wtEGFR but also of erbB2.

In conclusion, this study demonstrated that the
steady-state activity of EGFRvIII affects erbB family
members through different mechanisms. Although in-
teractions between EGFRvIII and wtEGFR or erbB2
have been previously reported through studies of their
phosphorylation or coimmunoprecipitation, this is the
first report that demonstrates that low-level phosphor-
ylation of EGFRvIII was sufficient to trigger internal-
ization and trafficking of its dimerization partners.
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