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EGFRvIII is a mutant variant of the epidermal growth factor
receptor (EGFR) found exclusively in various cancer types.
EGFRvIII lacks a large part of the extracellular domain and is
unable to bind ligands; however, the receptor is constitutively phos-
phorylated and able to activate downstream signaling pathways.
Failure to attenuate signaling by receptor down-regulation could be
one of the major mechanisms by which EGFRvIII becomes onco-
genic. Using a cell system expressing either EGFR or EGFRvIII
with no expression of other EGFR family members and with en-
dogenous levels of key degradation proteins, we have investigated
the down-regulation of EGFRvIII and compared it to that of
EGFR. We show that, in contrast to EGFR, EGFRvIII is ineffi-
ciently degraded. EGFRvIII is internalized, but the internaliza-
tion rate of the mutated receptor is significantly less than that of
unstimulated EGFR. Moreover, internalized EGFRvIII is re-
cycled rather than delivered to lysosomes. EGFRvIII binds the
ubiquitin ligase c-Cbl via Grb2, whereas binding via phosphory-
lated tyrosine residue 1045 seems to be limited. Despite c-Cbl
binding, the receptor fails to become effectively ubiquitinylated.
Thus, our results suggest that the long lifetime of EGFRvIII is
caused by inefficient internalization and impaired sorting to lyso-
somes due to lack of effective ubiquitinylation.

Introduction

Over-expression or mutations of the epidermal growth factor receptor
(EGFR) are common in many human cancer types. The best charac-
terized and most common mutation in the EGFR gene results in the
type III EGFR deletion mutant (EGFRvIII). EGFRvIII is found ex-
clusively in human tumors, including those of the brain, lung, prostate
and ovary (1–4). EGFRvIII transforms fibroblasts and enhances the
tumorigenicity of cancer cells both in vitro and in vivo, suggesting that
EGFRvIII plays an active role in tumorigenesis (5–8). The cancer
specificity makes EGFRvIII an obvious target for anticancer therapy,
and therefore an understanding of the function and endosomal traf-
ficking of EGFRvIII is important for future efforts to target the receptor.
Structurally, the EGFRvIII is characterized by a deletion of the

extracellular amino acids 6–273 that constitute the dimerization arm
and an essential part of the ligand-binding pocket in EGFR rendering
EGFRvIII incapable of binding ligands (9–11). However, a subpopu-
lation of EGFRvIII is constitutively active and seems to be present
primarily at the plasma membrane (12–15). Even though EGFRvIII

lacks its dimerization arm, the receptor is able to dimerize both with
EGFR and ErbB2 (16–20).
Termination of epidermal growth factor (EGF)-induced EGFR sig-

naling is a tightly regulated process involving receptor internalization
followed by degradation in lysosomes. A key component is the ubiq-
uitin ligase, c-Cbl, which binds to activated EGFR through Grb2 or
phosphorylated tyrosine residue 1045 (pTyr1045) and mediates re-
ceptor ubiquitinylation followed by internalization and lysosomal
degradation (21–28). The fast internalization and degradation induced
by ligand activation of EGFR occur on top of a basal rate of internal-
ization followed by either recycling or degradation at a slow rate (29).
It has long been a dogma that EGFRvIII is not down-regulated.

However, Davies et al. (30) recently showed that upon over-expression
of ubiquitin and one of several Cbl proteins, EGFRvIII can be ubiq-
uitinylated, internalized and degraded (30), suggesting that EGFRvIII
can enter the degradation pathway. In contrast, using cell lines express-
ing ErbB2 and other EGFR family members Han et al. (31) recently
reported that EGFRvIII is not down-regulated due to lack of ubiquiti-
nylation and degradation as a consequence of hypophosphorylation at
Tyr1045. However, expression of other EGFR family members, such as
ErbB2, could influence the down-regulation of EGFRvIII, as ErbB2
has previously been shown to inhibit EGFR down-regulation (32).
Thus, it remains unclear to what extent EGFRvIII becomes internal-
ized and degraded when ubiquitin and Cbl proteins are expressed at
endogenous levels and when other EGFR family members are not
expressed and hence unable to affect EGFRvIII down-regulation.
We have examined EGFRvIII internalization and degradation in

cells where EGFRvIII has been shown to have a tumorigenic effect
(5,6). Furthermore, the cells we used expressed endogenous levels of
ubiquitin and Cbl proteins and only the EGFR family member in
question. We report that EGFRvIII, unlike EGFR, is inefficiently de-
graded both in the presence and absence of EGF. Even with endoge-
nous levels of ubiquitin and Cbl proteins, EGFRvIII retains the ability
to become internalized, but at a significantly lower rate than that of
unstimulated EGFR. Furthermore, the small fraction of internalized
EGFRvIII is recycled to the plasma membrane rather than delivered to
lysosomes. The low rate of EGFRvIII down-regulation seems to be
linked to restricted c-Cbl binding and inefficient ubiquitinylation.

Materials and methods

Cell culture

NR6, NR6M and NR6wtEGFR cell lines were provided by Dr Darell Bigner,
Duke University, NC, and described previously (8). The human glioma cell line
U87MGDEGFR was provided by Dr Webster Cavenee, San Diego, CA.
U87MGDEGFR expresses EGFRvIII as well as low levels of endogenous
EGFR (33). All cells were maintained as monolayer cultures in a humidified
chamber with 5% CO2 at 37�C in Dulbecco�s modified Eagle�s medium
(DMEM) with 10% fetal calf serum, 2 mM glutamine, 10 U/ml penicillin and
10 lg/ml streptomycin or alternatively DMEM containing glutamax, 10% fetal
calf serum, 50 U/ml penicillin and 50 lg/ml streptomycin (all reagents from
Invitrogen, Carlsbad, California).

Transfection

Cells were transfected with FuGene 6 as described by the manufacturer
(Roche, Basel, Switzerland). Two days before the immunoprecipitation exper-
iment, cells were transfected with Ha-c-Cbl, Ha-N-Cbl and/or Myc-dominant
negative (d.n.) Grb2. Ha-c-Cbl were co-transfected in one-tenth concentration
of the Ha-N-Cbl and/or Myc-dn.n.Grb2 concentration. Ha-c-Cbl, Ha-N-Cbl
and Myc-d.n.Grb2 were gifts from Inger Helene Madshus, University of Oslo,
Norway. pcDNA3.1 was used for mock transfection (control) and to ensure
similar plasmid concentration and total plasmid load.

Pulse–chase experiments

Serum-starved cells were pre-incubated for 30minwithmethionine/cysteine-free
DMEM (Invitrogen) supplemented with 1 mM sodium pyruvate (Invitrogen),

Abbreviations: BSA, bovine serum albumin; CHX , cycloheximide; DMEM,
Dulbecco�s modified Eagle�s medium; d.n., dominant negative; EGF, epider-
mal growth factor; EGFR, epidermal growth factor receptor; HEPES, N-2-
hydroxyethylpiperazine-N#-2-ethanesulfonic acid; HRP, horseradish peroxidase;
PBS, phosphate-buffered saline; RT, room temperature; TfR, transferrin
receptor.
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2 mM L-glutamine (Sigma-Aldrich, Broendby, Denmark) and penicillin–
streptomycin (Invitrogen). Cells were labeled with 0.25 mCi/ml L-[35S]-
methionine/cysteine (Amersham Biosciences, Buckinghamshire, United
Kingdom and ICN, Irvine, California) for 1 h (pulse period). After the pulse,
cells were rinsed once and chased in DMEM with 0.5% fetal calf serum
and penicillin–streptomycin in the presence or absence of 10 nM EGF
(Calbiochem, San Diego, California) for 0–15 h (chase period). As the post-
translational processing of receptor polypeptide was not complete until 3 h of
chase, this time point was chosen as starting point for the analysis of the
kinetics of receptor degradation.

At harvest, cells were washed twice with ice-cold phosphate-buffered saline
(PBS) and scraped off with a rubber policeman in RIPA lysis buffer (50 mM
Tris–HCL pH 7.4, 1% NP40, 0.25% Na-deoxylat, 150 mM NaCl and 1 mM
ethylenediaminetetraacetic acid) supplemented with Protease Inhibitor Cock-
tail Set II and Phosphatase Inhibitor Cocktail Set III (Calbiochem). Cell debris
was removed, the lysates were pre-cleared and the receptors were immunopre-
cipitated with mouse anti-EGFR antibody (Ab-1, Calbiochem), which binds to
the extracellular domain of both EGFR and EGFRvIII. The immunoprecipi-
tates were separated by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis and EGFR and EGFRvIII bands visualized both by PhosphorImaging
and autoradiography. The receptor bands were quantified using the Image-
Quant software program (Molecular Dynamics, Inc., Sunnyvale,California,
USA) and the amount of radioactivity in each receptor band was determined
after background subtraction and normalized to the 3 h time point (starting
point). The kinetics of receptor degradation was analyzed by plotting % re-
ceptor as a function of chase time on a semi-logarithmical scale.

Immunoprecipitation

Cell lysates were pre-cleared and equal amounts of protein (250–1500 lg)
were immunoprecipitated with 5 lg mouse anti-EGFR antibody (Ab-1, Cal-
biochem), 3 ll sheep anti-EGFR antibody (20-ES04, Fitzgerald Industries
International, Concord, Massachusetts, USA) or 5 ll rabbit anti-Grb2 antibody
(Cell Signaling Technology, Inc., Danvers, Massachusetts, USA). The immu-
nocomplexes were precipitated with protein G or A agarose beads (Pierce,
Rockford, Illinois and Upstate, Charlotteville, Virginia), collected by centrifu-
gation and washed with ice-cold PBS. Antibody control was prepared by in-
cubating 1 ml of pre-cleared RIPA lysis buffer with 5 lg mouse anti-EGFR
antibody followed by incubation with protein G agarose beads. Immunopreci-
pitated/co-immunoprecipitated proteins were analyzed by western blotting.

Phosphatase treatment

Immunoprecipitated EGFR/EGFRvIII were washed twice in New England
Biolabs buffer 2 and left untreated or dephosphorylated by incubation in
2 U/ll shrimp alkaline phosphatase and 10 U/ll calf intestine phosphatase
(all from New England Biolabs, Ipswich, Massachusetts) for 60 min at
37�C. The phosphorylation level was evaluated by western blotting.

Cycloheximide experiments

Serum-starved cells were pre-incubated with 3 lg/ml cycloheximide (CHX)
(Sigma-Aldrich, St. Louis, Montana) for 5 min and then incubated with or
without 10 nM EGF for 0–21 h. Following the incubations, cells were washed
with ice-cold PBS and scraped off with a rubber policeman in RIPA lysis buffer
supplemented with inhibitors as described above. Cell debris was removed and
equal amounts of protein were subjected to western blotting. The receptor bands
were quantified and normalized to the zero time point. The kinetics of receptor
degradation was analyzed by plotting % receptor as a function of time on a semi-
logarithmical scale.

Biotin internalization assay

Cells were plated in 6 cm petri dishes (Nunc, Rochester, New York), and the
day before the experiment the mediumwas changed to growth medium without
serum. After a wash with ice-cold PBS, 0.5 mg/ml sulfo-NHS-SS-biotin
(Pierce) was added to the cells at 4�C. After 20 min, the cells were incubated
with fresh 0.5 mg/ml sulfo-NHS-SS-biotin and incubated at 4�C for 20 min.
Following a wash with ice-cold DMEM–N-2-hydroxyethylpiperazine-N#-2-
ethanesulfonic acid (HEPES) buffer with 1% bovine serum albumin (BSA)
and 2 mM glutamine for 10 min at 4�C, cells were incubated with DMEM–
HEPES containing 1% BSA and 2 mM glutamine with 10 lM monensin
(Sigma–Aldrich, St. Louis, Montana), 500 nM bafilomycin A1 (Sigma–
Aldrich) or nothing for 2, 5, 15, 30 or 60 min at 37�C. Control cells were
incubated with DMEM–HEPES containing 1% BSA and 2 mM glutamine for
30 or 60 min at 4�C. The treatment was stopped by transferring the dishes to ice
and washing the cells. The biotin on the plasma membrane surface was cleaved
by incubating the cells in reducing solution [50 mM 2-sodium-2-mercaptoe-
thanesulfonate (Sigma), 100 mM NaCl, 50 mM Tris–HCl, pH 8.7 and 2.5 mM
CaCl2] for 20 min at 4�C, which was repeated twice. Cells used to determine

total surface biotinylation were incubated in a solution identical to the reducing
solution except for the lack of the reducing agent, 2-sodium-2-mercaptoetha-
nesulfonate. This was followed by washing with ice-cold PBS. Then, the cells
were scraped off in lysis buffer [1% Triton X-100, 50 mM Tris–HCl, pH 7.4,
150 mM NaCl, 2 mM ethylenediaminetetraacetic acid, 10 mM NaF, 1 mM
vanadate and phosphatase inhibitor cocktail 1:100 (Sigma)], lysed for 20 min
at 4�C, sonicated and centrifuged for 10 min at 16 000g at 4�C. Protein levels
were determined and the samples standardized. Thirty microliters of washed
streptavidin coated beads (Sigma) were added to the samples overnight at 4�C.
The cells were centrifuged for 30 s at 6000g at 4�C and the pellet was washed
in lysis buffer. This was repeated four times. The pellet was subjected to
western blotting. Quantification of receptor internalization in relation to bio-
tinylated surface receptor was calculated. Internalization rates, measured as the
slopes of regression lines, were tested for significant difference. Furthermore,
the difference between untreated and monensin-treated cells (n 5 3–6) or
bafilomycin A1-treated cells (n 5 2–6) was tested using two-sided t-test for
comparing means of small samples. Quantification and statistical testing were
done in Excel.

Fab fragment production and fluorophore conjugation

Fab fragments were produced from anti-EGFR (clone 528, Calbiochem) using
Immunopure Fab kit as described by the manufacturer (Pierce). Fab fragments
were labeled using Alexa Fluor 488 Monoclonal Antibody Labeling kit as
described by the manufacturer (Molecular Probes, Invitrogen, Carlsbad, Cal-
ifornia).

Antibody activation

Cells were plated in six-well plates (Nunc), and the day before the experiment
the medium was changed to growth medium without serum. The cells were
incubated in DMEM–HEPES containing 1% BSA and 2 mM glutamine with or
without anti-EGFR (clone 528, Calbiochem), fluorophore-conjugated fab frag-
ment or 10 ng/ml EGF for 15 min at 37�C. After washing, cells were lysed,
protein levels determined and samples were equaled to same protein levels
with lysis buffer. Samples were subjected to western blotting.

Immunofluorescence microscopy

Cells were plated on eight-well chamber slices (Lab-tek, Nunc, Rochester,
New York) and the day before the experiment the medium was changed to
growth medium without serum. The cells were washed in ice-cold PBS before
incubation in DMEM–HEPES containing 1% BSA and 2 mM glutamine with
fab fragments conjugated to Alexa Fluor 488 (or EGFR conjugated to Alexa
Fluor 488) and transferrin conjugated to Alexa Fluor 568 for 30 min at 4�C. In
addition, 10 lM monensin, 500 nM bafilomycin A1 or nothing was added to
the medium. Afterward, cells were transferred to a 37�C bath for 60 min. The
cells were washed in ice-cold PBS and stripped for 5 min with acetic acid (0.2
M acetic acid, 0.5 mMNaCl, pH 2.4). Immediately after, cells were fixed in 2%
paraformaldehyde in PBS for 10 min on ice followed by 10 min at room
temperature (RT). Non-specific binding was blocked in blocking buffer [5%
goat serum (Dako, Glostrup, Denmark) in PBS] for 20 min at RT. Cells were
incubated with anti-EGFR antibody (clone 528, Calbiochem) in blocking
buffer for 1 h at RT, washed with PBS, incubated with Alexa Fluor 633-labeled
goat anti-mouse IgG2a (Molecular Probes) in blocking buffer for 30 min at RT,
washed with PBS and mounted with Fluoromount G (Southern Biotechnology
Associates, Birmingham, Alabama). The slides were examined with a Zeiss
LSM 510 Meta confocal microscope, and the images were acquired as 1 lm
thick slides with the LSM software from Carl Zeiss (Jena, Germany). Test of
fab fragments was performed similarly, except for incubation for 10 min
at 37�C: no acid wash, addition of 0.2% saponin to the blocking buffer and
30 min incubation with To-Pro-3 (Molecular Probes) instead of antibodies.
Images were acquired as 2 lm thick slides.

Protein determination

Protein concentrations were determined by the Bio-Rad DC protein assay (Bio-
Rad) or BSA protein assay kit (Pierce) as described by the manufacturers and
with BSA as standard.

Western blotting

Proteins were resolved by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis and electroblotted onto nitrocellulose membranes (Invitrogen) or pol-
yvinyldifluoriden membranes (Amersham Biosciences AB, Uppsala, Sweden).
After blocking in 5% non-fat milk, membranes were incubated with primary
antibody overnight at 4�C followed by washing and incubation with horserad-
ish peroxidase (HRP)-conjugated secondary antibody for 1 h at RT. The HRP
signal was detected using enhanced chemiluminescence plus western blott-
ing detection system (Amersham Biosciences) in an Autochemi system
(UVP, Upland, California) or autoradiography. The antibodies used were as
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follows: anti-Myc, anti-HA (both monoclonal mouse antibodies; gifts from
Klaus Hansen, Biotech Research and Innovation Centre (BRIC), University
of Copenhagen, Denmark), anti-EGFR (20-ES04, Fitzgerald Industries
International), anti-EGFR pTyr (PY-20, BD Transduction Laboratories, BD
Biosciences, Broendby, Denmark), anti-EGFR pTyr1045 (Cell Signaling),
anti-EGFR pTyr1173 (Biosource, Invitrogen, Carlsbad, California), anti-EGFR
pTyr1173 (clone 9 H2, Upstate), anti-c-Cbl (sc-15, Santa Cruz Biotechnology,
Inc", Santa Cruz, California), anti-Eps15 (H-896, Santa Cruz), anti-AP-2
(M-300, Santa Cruz), anti-ubiquitin (P4D1, Santa Cruz), anti-tubulin (Ab-4,
Neomarkers, Lab Vision Corporation, Runcorn, Cheshire, United Kingdom),
HRP-conjugated swine anti-rabbit (Dako), HRP-conjugated goat anti-mouse
(Dako), HRP-conjugated rabbit anti-mouse (Dako) and HRP-conjugated rabbit
anti-sheep (Dako).

Results

EGFRvIII is very slowly degraded

To investigate the down-regulation of EGFRvIII, we measured the
rate of EGFRvIII degradation and compared it to that of EGFR. Ini-
tially, we used the U87MGDEGFR cell line, which expresses low
levels of endogenous EGFR in addition to relatively high levels of
EGFRvIII. Total cellular levels of EGFR and EGFRvIII were evalu-
ated by western blotting in the presence of the protein synthesis in-
hibitor CHX for up to 21 h. Quantification of the receptor bands
showed that EGFRvIII is neither degraded in the presence nor in
the absence of EGF during the time period studied (Figure 1A). In

Fig. 1. EGFRvIII is very slowly degraded. (A and B) U87MGDEGFR (A) and NR6M and NR6wtEGFR (B) cell lines were incubated with 3 lg/ml CHX in the
presence (þ) or absence (�) of 10 nM EGF for up to 21 h. Cells were lysed and equal amounts of protein subjected to western blotting. The EGFR and EGFRvIII
were visualized by immunoblotting using an EGFR/EGFRvIII-specific antibody. The blots were stripped and reprobed with a tubulin-specific antibody for control
of protein loading. The intensity of the EGFR/EGFRvIII bands was determined by densitometry and normalized to the zero time point. The amount of receptor
(given as % receptor) was plotted as a function of time as following: EGFR (blue squares) and EGFRvIII (red circles) in the U87DEGFR, NR6wtEGFR and NR6M
cell lines in the presence (light colored, open symbols) or absence (dark colored, closed symbols) of EGF. As EGFR is degraded immediately after EGF
stimulation reaching a basal level after 9 h of stimulation in (A), a dot and dash line is drawn between 9 and 21 h data points to indicate EGFR basal level. Bars
show standard deviation (n 5 3). (C) Immunoprecipitated EGFR and EGFRvIII from [35S]-methionine/cysteine-labeled NR6wtEGFR and NR6M cells chased
various times in the presence (þ) or absence (�) of 10 nM EGF. The amount of radioactivity in each receptor band in (C) was determined after background
subtraction and normalized to the first time point. The amount of receptor (given as % receptor) was then plotted as a function of chase time as following:
NR6wtEGFR (blue squares) and NR6M (red circles) cells chased in the presence (light colored, open symbols) or absence (dark colored, closed symbols) of EGF.
One representative experiment of two is shown.

M.V.Grandal et al.
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contrast, the level of EGFR decreased rapidly after EGF stimulation
reaching a basal level after 9 h of stimulation (Figure 1A). This
indicates that EGFRvIII might have an impaired degradation. How-
ever, the use of cell lines with other ErbB receptors than the one in
question might influence the down-regulation of the receptor.
To ensure that this is not the case, we chose to study the down-

regulation of EGFRvIII and EGFR in the NR6M and NR6wtEGFR cell
lines, which express comparable levels of either EGFRvIII or EGFR,
respectively. Investigating the degradation of EGFRvIII and EGFR in
these cells in the presence of CHX, we again found that EGFRvIII was
not degraded with or without EGF (Figure 1B). In contrast, the deg-
radation of EGFR was accelerated upon EGF stimulation (Figure 1B).
To further verify these results, NR6M and NR6wtEGFR were meta-
bolically labeled and then chased for various periods in the presence
or absence of EGF (Figure 1C). Quantification of the labeled receptors
after background subtraction showed that EGFRvIII was not degraded
within the time frame studied (Figure 1C), which is in agreement with
the CHX experiments. Once again, the basal degradation rate on un-
stimulated EGFR was increased upon EGF stimulation. Taken to-
gether, these results suggest that EGFRvIII is very slowly degraded
compared with EGFR.

EGFRvIII is internalized more slowly than EGFR

The lack of EGFRvIII degradation may be a result of either plasma
membrane restrainment and/or internalization followed by efficient
recycling. As receptor internalization is mediated by adaptor proteins
such as AP-2 and Eps15, which bind to the activated EGFR and
initiate internalization through clathrin-coated pits (34–37), we ini-
tially tested the interaction of EGFRvIII with these proteins. Both
AP-2 and Eps15 were co-immunoprecipitated with EGFRvIII inde-
pendently of EGF stimulation, whereas EGFR showed an EGF
stimulation-dependent association with the adaptor proteins

(Figure 2A). As phosphorylation of Eps15 by EGFR plays an important
role for EGF-stimulated EGFR internalization (35), we also tested
whether Eps15 was phosphorylated in NR6wtEGFR and NR6M cells.
In contrast to EGF-stimulated EGFR, but similar to unstimulated
EGFR, EGFRvIII did not induce phosphorylation of Eps15 (Figure
2B). Thus, EGFRvIII seems to retain the ability to associate with pro-
teins involved in clathrin-dependent receptor internalization, but it does
not efficiently phosphorylate Eps15. This probably affects the internal-
ization rate of EGFRvIII.
To directly investigate internalization of EGFRvIII in relation to

unstimulated EGFR, we used a biotin internalization assay. Plasma
membrane proteins were biotinylated at 4�C, and the cells were then
incubated at 37�C for various periods to allow internalization. After-
ward, biotin bound to non-internalized surface proteins were removed
so only internalized receptors were detected. Internalized receptors
were quantified by calculating the percentage of internalized receptor
in relation to total surface receptor. Using this assay, we showed that
both unstimulated EGFR and EGFRvIII were internalized in a time-
dependent manner (Figure 2C and D and supplementary figure 1,
available at Carcinogenesis Online). Quantification of internalization
up to 60 min indicated that a lower fraction of surface EGFRvIII was
internalized than seen for unstimulated EGFR (Figure 2E), but this
was not significant. However, if internalized receptor is recycled or
degraded, it will not be detected. Therefore, recycling was blocked
with the recycling inhibitor monensin (38,39) (Figure 2D and supple-
mentary figure 1, available at Carcinogenesis Online), and quantifi-
cation now showed that the internalization rate of unstimulated EGFR,
as measured by the slope of the line, was significantly higher than that
of EGFRvIII (P , 0.01) (Figure 2F). Furthermore, there was a signif-
icant difference in the intracellular fraction of biotinylated EGFR be-
tween untreated and monensin-treated NR6wtEGFR cells at 30 and
60 min (P , 0.05) (Figure 2E and F). The biotinylated, intracellular

Fig. 2. EGFRvIII is internalized more slowly than EGFR. (A and B) Cell lines were left untreated (�) or treated (þ) with 10 nM EGF for 15 min. Cells were lysed
and equal amounts of protein immunoprecipitated with an EGFR/EGFRvIII- or Eps15-specific antibody and subjected to western blotting with specific antibodies
against AP-2, Eps15, EGFR/EGFRvIII and total tyrosine phosphorylation. The antibody control (Ab) was included to detect unspecific binding. (C–G) Cells were
incubated with a cleavable biotinylation reagent at 4�C followed by incubation at 4 or 37�C with or without 10 lMmonensin (D and F) or 500 nM bafilomycin (G)
for the indicated periods of time. Surface biotinylation reagent was then cleaved of the plasma membrane by incubation with a reducing solution, leaving only
internalized receptors biotinylated. Following cell lysis, biotinylated proteins were precipitated with streptavidin, and the precipitate was analyzed by western
blotting. (C)Western blots indicating internalization of both unstimulated EGFR and EGFRvIII. (D)Western blots showing the effect of monensin on unstimulated
EGFR and EGFRvIII. (E and F) Quantification of internalization of unstimulated EGFR (black) and EGFRvIII (gray) without (E) or with 10 lM monensin (F).
Bars show standard error of mean (n 5 3–6). (G) Quantification of internalization of unstimulated EGFR and EGFRvIII with (black columns) or without (white
columns) 500 nM bafilomycin after 60 min. Bars show standard error of mean (n 5 2–6).
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fraction of EGFRvIII was slightly increased by monensin treatment,
but not enough to be significant in this assay (Figure 2E and F). Thus,
unstimulated EGFR was internalized, but efficiently recycled, giving
the impression of a low level of receptor internalization. In contrast,
EGFRvIII was internalized very slowly. As expected from the deg-
radation experiments, bafilomycin, which inhibits the vacuolar
Hþ-ATPase and transfer of cargo from late endosomes to lysosomes
(40,41), did not significantly affect the internalized pool of unstimu-
lated EGFR and EGFRvIII after 60 min (Figure 2G). This demon-
strates that lysosomal degradation does not affect the internalized pool
of the receptors during the time period of the experiment.

Internalized EGFRvIII is found in recycling compartments

The biotin internalization assay is suited for quantitative measure-
ments of internalization, but it gives little information on the intra-
cellular distribution of the receptor. To test the distribution of
internalized EGFR and EGFRvIII, we used confocal microscopy.
Since EGFRvIII does not bind any ligands, the only way to detect
the receptor is with antibodies. However, it is well established that
intact antibodies can induce clustering, activation and internalization
of plasma membrane receptors (42–45). In line with this, incubation
of NR6M cells with a monoclonal antibody (clone 528) against an
extracellular epitope of EGFRvIII resulted in an increase in the phos-
phorylation of the receptor (Figure 3A). We therefore produced mono-
valent fab fragments from clone 528, and directly conjugated them
to the fluorophore Alexa Fluor 488 (fab-488). The fab fragments
did not induce phosphorylation (Figure 3A) and are therefore better
suited to label live cells. In contrast to NR6M cells, NR6 cells, which
lack EGFR and EGFRvIII expression, were not labeled by fab-488
(Figure 3B and C).
To test the internalization of EGFRvIII and EGFR, cells were in-

cubated with fab-488 (green) and transferrin conjugated to Alexa
Fluor 568 (Tf-568) (red) at 4 or 37�C. Transferrin binds to the trans-
ferrin receptor (TfR) which is a well-established marker of early
sorting and recycling endosomes (39,46,47). After internalization of
the two fluorescent probes, surface-bound fab-488 and TfR-568 were
stripped off for better visualization of internalized probes. Finally,
fixed and non-permeabilized cells were stained for surface EGFR or
EGFRvIII to mark the cell surface (blue). No internalization was seen

in control cells, which were incubated at 4�C, but residual, unstripped
fab-488 and Tf-568 co-localized at the plasma membrane (seen as
white dots in the merged picture; note that staining was accentuated to
show lack of internalization) (Figure 4A). In contrast, both EGFRvIII
and TfR were present in intracellular compartments after 1 h of in-
cubation at 37�C, presumably the peripheral sorting endosomes and
the perinuclear recycling endosomes (Figure 4B) (47). The low degree
of co-localization of fab-488 and Tf-568 with the surface stain docu-
ments that EGFRvIII and transferrin are indeed internalized.
Even though EGFRvIII was primarily seen in transferrin-positive

sorting and recycling endosomes, we wished to verify that EGFRvIII
is recycled. To this end, cells were stained as described above but
additionally treated with monensin during the incubation with fab-488
and Tf-568. This resulted in a relocalization of internalized EGFRvIII
and TfR from a scattered peripheral and perinuclear distribution to
a dense, perinuclear conglomeration, and the two receptors showed
almost complete co-localization (Figure 4C). This change in intracel-
lular localization indicates that internalized EGFRvIII, along with
internalized TfR, is concentrated in recycling endosomes when the
cells are treated with monensin. The monensin effect was more pro-
nounced using confocal microscopy than seen with the biotin inter-
nalization assay; however, in both assays monensin increased the
perinuclear or intracellular localization, respectively.
When transfer of proteins to lysosomes was inhibited by incubation

with bafilomycin (Figure 4D), a distribution of internalized EGFRvIII
and TfR similar to non-treated cells was seen (Figure 4B). This again
supports the finding that EGFRvIII is not degraded.
As expected, a pattern of staining much like that of EGFRvIII

was seen for unstimulated EGFR (supplementary figure 2, available
at Carcinogenesis Online). However, EGFR stimulated with EGF
conjugated to Alexa Fluor 488 (EGF-488) was internalized, and in
contrast to TfR, the distribution of stimulated EGFR was affected by
bafilomycin, but only slightly by monensin (supplementary figure 2,
available at Carcinogenesis Online). A similar effect of monensin on
the intracellular distribution of TfR and unstimulated EGFR has pre-
viously been reported (32).

EGFRvIII binds c-Cbl but is not ubiquitinylated

To investigate the molecular mechanisms underlying the impairment
of EGFRvIII internalization and degradation, we determined receptor
phosphorylation, association with c-Cbl and Grb2 and receptor ubiq-
uitinylation and compared the results to that of EGFR.
The level of total EGFR tyrosine phosphorylation and phosphory-

lation on tyrosine residue (Tyr) 992, Tyr1045 and Tyr1173 in whole-
cell lysates and/or EGFR immunoprecipitations of the NR6wtEGFR
cell line were low in the absence of EGF but increased upon EGF
stimulation (Figure 5A and B). In the NR6M cell line, EGFRvIII was
tyrosine phosphorylated independently of EGF stimulation; however,
both total phosphorylation and phosphorylation on Tyr992 and Tyr1173
were lower than that of ligand-activated EGFR (Figure 5A and B).
Although EGFRvIII was tyrosine phosphorylated, phosphorylation on
Tyr1045 was barely detectable (Figure 5A and B and supplementary
figure 3, available at Carcinogenesis Online). Despite Tyr1045 hypo-
phosphorylation, c-Cbl bound EGFRvIII, but in contrast to activated
EGFR, EGFRvIII failed to be ubiquitinylated (Figure 5C and D). To
investigate alternative modes of EGFRvIII association with c-Cbl, and
since Grb2 is known to mediate binding of c-Cbl to EGFR (23,28), co-
precipitation of receptors and c-Cbl were investigated in Grb2 immu-
noprecipitations (Figure 6A and B). In the NR6wtEGFR cell line,
binding of Grb2 to EGFR was increased in the presence of EGF,
whereas in the NR6M cell line the interaction between Grb2 and
EGFRvIII was independent of EGF incubation (Figure 6A). Further-
more, c-Cbl bound Grb2 in the NR6wtEGFR cell line and the binding
was elevated upon EGF stimulation. An interaction between Grb2 and
c-Cbl was also observed in the NR6M cell line independent of EGF
stimulation. These data indicate that c-Cbl binds EGFRvIII primarily
via Grb2 (Figure 6A and B). To further study the interaction between
c-Cbl and EGFRvIII, NR6M cells were transfected with N-Cbl and/or
d.n.Grb2. N-Cbl is a 50 kDa-truncated mutant of c-Cbl which upon

Fig. 3. Antibodies, but not fab fragments, induce phosphorylation of
EGFRvIII. (A) NR6M cells were incubated for 15 min at 37�C with 10 ng/ml
EGF, anti-EGFR/EGFRvIII antibodies or anti-EGFR/EGFRvIII fab
fragments conjugated to Alexa Fluor 488 (fab-488) or left untreated
(control). This was followed by western blotting with antibody against
phosphorylated Tyr1173 of EGFR/EGFRvIII; membrane stripping; and
antibody against EGFR/EGFRvIII. (B and C) NR6 and NR6M cells were
incubated with fab-488 (green) for 30 min at 4�C followed by 10 min at
37�C. After fixation, nuclei were stained with To-Pro-3 (blue) and cells
examined in a confocal microscope. Only NR6M cells expressing EGFRvIII
show staining with fab-488. Bars, 10 lM.
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over-expression will displace endogenous c-Cbl binding via pTyr1045
but not via Grb2 (26). d.n.Grb2 has both of its SH3 domains mutated
so it is not able to bind c-Cbl (21). This gave only inconclusive results
on the binding of endogenous c-Cbl, probably due to a relatively low
transfection efficiency (data not shown). To avoid this problem, we
co-transfected c-Cbl in a relative small concentration with N-Cbl and/
or d.n.Grb2. Thus, exogenous c-Cbl would almost exclusively be
expressed in cells also expressing N-Cbl and/or d.n.Grb2; however,
exogenous c-Cbl would dominate the total c-Cbl pool. In these set-
tings, NR6M cells transfected with d.n.Grb2 showed an almost com-
plete block in c-Cbl binding (Figure 6C). This was also seen when
N-Cbl and d.n.Grb2 were co-transfected into NR6M (Figure 6C). In
contrast, transfection of N-Cbl alone did not affect the c-Cbl binding
to EGFRvIII (Figure 6C), indicating that phosphorylated Tyr1045 is
not important for the observed c-Cbl–EGFRvIII interaction. Further-
more, only a very weak binding of N-Cbl to EGFRvIII was observed
(Figure 6C), supporting that Tyr1045 is very poorly phosphorylated in

EGFRvIII. We therefore conclude that the interaction between c-Cbl
and EGFRvIII is primarily via Grb2.

Discussion

EGFRvIII was described for the first time in 1990 (11); however,
insight into the degradation and internalization of the receptor has
long been elusive. Two recent papers have shed light on EGFRvIII
down-regulation (30,31), but important questions has until now
not been answered. Most important is whether EGFRvIII is down-
regulated when the receptor is expressed with endogenous levels of
key degradation proteins and with no other EGFR family members
present. Furthermore, the extent of EGFRvIII degradation has only
been tested for short periods (31), and as EGFRvIII has a low consti-
tutive activity this might lead to a slow, but significant, degradation,
which possibly will not be detected in the short periods investi-
gated. Here, we report that EGFRvIII, independently of EGF, is not

Fig. 4. EGFRvIII is internalized into the TfR-positive recycling compartments. Confocal images of cells incubated with fab-488 (green) and transferrin
conjugated to Alexa Fluor 568 (Tf-568) (red) at 4�C for 30 min followed by 1 h at 4 or 37�C. Surface-bound fab-488 and Tf-568 were stripped off with acetic acid
(pH 2.4). After fixation, cell surfaces were labeled with anti-EGFR/EGFRvIII antibody (blue). (A) NR6M incubated at 4�C. Co-localization of fab-488 and Tf-568
at the plasma membrane is seen as white dots in the merged picture (arrow heads, staining was accentuated to show lack of internalization). (B) NR6M incubated at
37�C. Partial co-localization of internalized fab-488 and Tf-568 in peripheral and perinuclear compartments is seen (arrow). (C) NR6M incubated with 10 lM
monensin at 37�C. Incubation with monensin increases the localization of both internalized fab-488 and internalized Tf-568 in the perinuclear compartment
(arrows). (D) NR6M incubated with 500 nM bafilomycin at 37�C. Incubation with bafilomycin does not change the distribution of internalized fab-488 and Tf-568
as compared with untreated cells (B). Bars, 10 lM.
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detectably degraded for more than a cell generation time. In contrast,
EGFR is degraded and the degradation rate is accelerated upon EGF
stimulation. Thus, according to the results presented by Han et al. (31)
and here, EGFRvIII is very slowly degraded.
The impaired degradation of EGFRvIII could be due to a low level

of receptor internalization and/or efficient recycling of internalized
receptor, which thereby avoids lysosomal proteolysis. According to
Huang et al. (48), the internalization of EGFRvIII is less than that of
EGF-stimulated EGFR and comparable with that of unstimulated

EGFR. However, the antibody used in that study has been shown to
activate EGFR (45). It is well established that antibodies can lead to
cross-linking, activation and internalization of receptors including the
EGFR (42–45). Thus, it is possible that the demonstrated internaliza-
tion of EGFRvIII following antibody binding is antibody induced.
Using a biotin internalization assay with no cross-linking of receptors,
we found that EGFRvIII was internalized, but at a rate significantly
less than unstimulated EGFR. Furthermore, internalized EGFRvIII
was found in recycling compartments as evaluated with confocal

Fig. 5. EGFRvIII binds c-Cbl, but is not ubiquitinylated. (A) Cell lines were incubated with (þ) or without (�) 10 nM EGF for 15 min. Cells were lysed and equal
amounts of protein were subjected to western blotting. Receptors and the phosphorylated amino acid residues Tyr1045, Tyr992 and Tyr1173 on the receptors were
detected by sequential immunoblotting and stripping. The stripped blots were reprobed with a tubulin-specific antibody for control of protein loading. (B and C)
Cell lines were treated as described in (A). Cells were lysed and equal amounts of protein were subjected to immunoprecipitation with an EGFR/EGFRvIII-
specific antibody. Immunoprecipitated receptors, phosphorylated sites, c-Cbl and ubiquitinylated receptors were detected by sequential immunoblotting and
stripping of blots. The antibody control (Ab) was included to detect unspecific binding. Ub indicates ubiquitinylated. (D) Quantification of co-immunoprecipitated
c-Cbl and level of receptor ubiquitinylation relative to immunoprecipitated receptor measured in arbitrary units from western blots like the one in (C); n5 3, bars
show standard deviation.
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microscopy. Consequently, we propose that the combination of ineffi-
cient internalization together with recycling protects the constitutively
active EGFRvIII from being degraded. Such receptor trafficking will
most probably not revealed by the FACS assay used by Han et al. (31),
as this assay detects the level of surface receptor. A steady-state
situation where constitutive internalization is followed by recycling
will not be detected.
AP-2 and Eps15 are both involved in the internalization of TfR

and EGF-stimulated EGFR through clathrin-coated pits (35,37). How-
ever, while tyrosine phosphorylation of Eps15 is required for EGF-
stimulated EGFR internalization, it does not seem to be necessary for
the constitutive internalization of TfR (35). In the present study, both
AP-2 and Eps15 were found to bind EGFRvIII, but in contrast to EGF-
stimulated EGFR, EGFRvIII did not phosphorylate Eps15, which could
contribute to the slow internalization of EGFRvIII.
Even though EGFRvIII was tyrosine phosphorylated, the receptor

seemed to be hypophosphorylated at Tyr1045. This is in agreement
with previous reports showing that EGFRvIII phosphorylation on
Tyr1045 is negligible compared with other tyrosine residues (8,31,48).
However, we found c-Cbl to bind EGFRvIII and this interaction could
potentially be mediated through Grb2, as we and others find this adap-
tor protein to be strongly associated with the receptor (18,49,50). Con-
cordantly, we found that Grb2 was bound to c-Cbl in NR6M cells, and
transfection with a d.n.Grb2 abolished the c-Cbl–EGFRvIII interaction,
suggesting that c-Cbl binds EGFRvIII primarily through Grb2.
Using either mutated c-Cbl or a mutant EGFR, in which Tyr1045

was substituted with phenylalanine, it has been shown that direct
binding of c-Cbl to EGFR is necessary for ubiquitinylation and deg-
radation of the receptor (21,28,51,52). However, others have demon-
strated that also indirect binding of c-Cbl through Grb2 can lead to
ubiquitinylation (21,28). Davies et al. (30) found that over-expressed
Cbl-b can bind to EGFRvIII, thereby showing that Cbl proteins are
indeed capable of associating with EGFRvIII. In concordance with
this, we observed an interaction between c-Cbl and EGFRvIII, whereas
Schmidt et al. (53) and Han et al. (31) did not. However, in agreement
with our results, they did not detect EGFRvIII ubiquitinylation (31,53).
Despite the differences in c-Cbl binding, results presented by Schmidt
et al. (53), Han et al. (31) and here indicate that restricted and ineffi-
cient binding of c-Cbl to EGFRvIII leads to defective receptor ubiq-
uitinylation and degradation.
The lack of receptor ubiquitinylation may also explain the impaired

internalization and recycling of EGFRvIII. c-Cbl-dependent ubiquiti-
nylation has been suggested to serve as an internalization signal for
EGFR and seems to be required for the translocation of EGFR to
clathrin-coated pits (27). Furthermore, Waterman et al. (28) have
found that defective phosphorylation on Tyr1045 of EGFR results
in less internalization and more recycling of the activated receptor.
Others have shown that transport of EGFR to lysosomes is dependent
on ubiquitinylation and phosphorylated Tyr1045, whereas receptor
internalization is not (21,26). As for EGFRvIII, our data suggest that
the restricted c-Cbl binding and low ubiquitinylation lead to less re-
ceptor internalization followed by recycling of internalized receptors.
Han et al. (31) and Davies et al. (30) recently published conflicting

observations on EGFRvIII down-regulation. Han et al. (31) used cell
lines that express other EGFR family members, including ErbB2.
ErbB2 is actively restrained from internalization under normal con-
ditions (46,54–56), and the restrain is transferred to EGFR upon het-
erodimerization of the two receptors (32). This shows that the EGFR
family members can negatively affect the down-regulation of each
other. Davies et al. (30) used cells expressing no endogenous EGFR
family members, but they over-expressed Cbl proteins and ubiquitin,
which are key proteins in EGFR degradation. Thus, the difference
between Han et al. (31) and Davis et al. (30) might very well be
due the different expression levels of EGFR family members, and
to the equilibrium shift for the ubiquitin association with EGFRvIII
that happens when ubiquitin and Cbl proteins are over-expressed. To
avoid these potential problems, we have used a cell system with no
expression of other EGFR family members and with endogenous
levels of degradation proteins.

Fig. 6. c-Cbl binds EGFRvIII via Grb2. (A) Cells were left untreated (�) or
treated (þ) with 10 nM EGF for 15 min and then lysed. Grb2 was
immunoprecipitated from equal amounts of protein and the receptors and
c-Cbl were detected with an EGFR/EGFRvIII- and c-Cbl-specific antibody,
respectively. (B) Quantification of co-immunoprecipitated EGFR/EGFRvIII
and c-Cbl measured in arbitrary units from western blots like the one in (A);
n 5 3, bars show standard deviation. (C) NR6M cells were transfected with
low concentration of Ha-c-Cbl and co-transfected with either control
plasmid, Ha-N-Cbl and/or Myc-d.n.Grb2. After 2 days, cells were lysed and
EGFRvIII immunoprecipitated from equal amounts of protein. Whole-cell
lysates (WCL) and immunoprecipitated pellets were subjected to western
blotting and EGFRvIII, c-Cbl, Ha-N-Cbl and Myc-d.n.Grb2 detected with
specific antibodies. Note that the upper band in the immunoprecipitation (IP)
d.n.Grb2 blot is antibody light chain.
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It has been hypothesized that the lack of EGFRvIII down-regulation
is due to a general phosphorylation level below a threshold necessary
for signal attenuation (53). Data presented here support this hypothesis,
and in agreement with previous reports (8,31,48), our results indicate
that the impaired down-regulation could be due to a lower level of
phosphorylation at the specific site Tyr1045. However, it seems that
the threshold necessary for signal attenuation can be circumvented by
increased Cbl binding and enhanced ubiquitinylation when Cbl and
ubiquitin are over-expressed (30).
In summary, we propose that c-Cbl binds to EGFRvIII primarily via

Grb2, but this does not lead to effective receptor ubiquitinylation.
Together with low phosphorylation of adaptor proteins, this results
in impaired internalization. Lack of ubiquitinylation most probably
prevents transport of internalized EGFRvIII from endosomes to lyso-
somes, and the receptor is recycled to the plasma membrane. Low
internalization and recycling of internalized receptor leads to the low
level of EGFRvIII degradation (illustrated in Figure 7).

Supplementary material

Supplementary figures 1–3 can be found at http://carcin.oxfordjournals.
org/
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