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Abstract
Delta epidermal growth factor receptor (DEGFR), an in-frame deletion mutant of the extracellular ligandbinding domain, which occurs in about 30% of glioblastoma, is a potent oncogene that promotes tumor growth
and progression. The signaling of DEGFR is ligand-independent and low intensity, allowing it to evade the normal
mechanisms of internalization and degradation by the endocytic machinery and hence is persistent. The basis of
the oncogenic potential of DEGFR remains incompletely understood, including whether dimerization plays an
important role in its signal and whether its oncogenic potential is dependent on its relatively low intensity, when
compared with the acutely activated wild-type receptor. To examine these two important questions, we have
generated a chimeric DEGFR that allows forced dimerization via domains derived from variants of the FKBP12
protein that are brought together by FK506 derivatives. Forced dimerization of chimeric DEGFR significantly
increased the intensity of its signal, as measured by receptor phosphorylation levels, suggesting that the naturally
occurring DEGFR does not form strong or stable dimers as part of its low level signal. Interestingly, the increased
activity of dimerized, chimeric DEGFR did not promote receptor internalization, implying that reduced rate of
endocytic downregulation of DEGFR is an inherent characteristic. Significantly, forced dimerization enhanced the
oncogenic signal of the receptor, implying that the DEGFR is a potent oncogene despite, not because of its low
intensity. Mol Cancer Res; 9(9); 1199–208. 2011 AACR.

Introduction
Aberrant receptor tyrosine kinase signaling is a major
contributor to cancer, including glioma, in which EGFR
gene amplification is frequently accompanied by gene
rearrangements, with the most common mutation, delta
epidermal growth factor receptor (DEGFR), leading to
deletion of exon 2 to 7 (1, 2). This deletion results in
the loss of 267 amino acids from the extracellular domain
and renders the DEGFR unable to bind ligand (3). DEGFR
is tumor specific and associated with advanced disease and
resistance to therapy (4, 5). DEGFR occurs in glioma in the
context of an overexpressed EGFR (6), and so presumably
high levels of EGFR signaling, but nevertheless makes an
important contribution to glioblastoma growth. Patients
with DEGFR-expressing tumors have a shorter interval to
clinical relapse and poorer survival than patients with
DEGFR-negative tumors. For glioblastoma multiforme
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patients who survive 1 year or longer after diagnosis, the
expression of DEGFR is also an independent negative
prognostic indicator of survival (7, 8). In xenograft models,
DEGFR is also capable of enhancing the tumorigenicity of
glioma cells, lending greater take and growth rates (9, 10),
which it does by reducing apoptosis and increasing proliferation (11). Astrocytes or neural stem cells from INK4A/
Arf-deficient mice can be transformed by DEGFR and
induce high-grade glioma when implanted (12). Therefore,
DEGFR is a potent glioma oncogene and attenuating its
signal is important.
DEGFR differs from EGFR in a number of ways. The
signaling of DEGFR is ligand independent and, as a result, is
low intensity and also evades the normal mechanisms of
internalization and degradation by the endocytic machinery, and hence its signaling is persistent (13, 14). The
markedly different contributors of DEGFR and EGFR to
glioma formation suggested that their signals are different
(15, 16). Analysis of downstream targets has led to the
finding that certain elements in the EGFR pathway are
activated to a greater degree or in a more sustained fashion
by DEGFR. Early studies showed that DEGFR associates
strongly with adaptor proteins Shc1 and Grb2 (17, 18). The
pronounced and preferential activation of phosphatidylinositol 3-kinase (PI3K) in DEGFR-expressing cells (19) was
recently substantiated by a broad proteomics screen (20). In
addition, c-Met and STAT pathways have been identified as
an important characteristic of DEGFR signaling. The activating phosphorylation site on the c-Met receptor was
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found to be highly responsive to DEGFR levels, indicating
cross-activation of c-Met by DEGFR (21). Our recent
phosphoproteomic screen also found this strong connection
to c-Met signaling and identified STAT5 as a novel downstream target of DEGFR (22).
The lack of interaction with ligand, as well as the lack of
internalization, suggests that DEGFR may not dimerize
efficiently, a hypothesis that has however not been tested
experimentally before. Observations of DEGFR in cell lines
have not found strong evidence for dimerized DEGFR by
crosslinking and Western blot analysis in transiently transfected fibroblasts or in glioma cells (13, 23). To examine
this question experimentally, we have generated a chimeric
DEGFR that allows forced dimerization via domains derived
from variants of the FKBP12 that are brought together by
FK506 derivatives (24, 25). This approach has been used to
induce dimerization of EGFR/ErbB1 and ErbB2/Her2/
Neu in which it resulted in signaling indistinguishable from
that caused by physiologic ligand and also for the study of
other signaling interactions, such as those of JNK2, Raf-1,
and receptors for insulin, platelet-derived growth factor and
granulocyte colony stimulating factor (26–29). Whereas
chimeric wild-type EGFR showed similar levels of activity,
when dimerized by epidermal growth factor (EGF) or the
dimerization agent, forcing the dimerization of chimeric
DEGFR significantly increased the intensity of its signal, as
measured by autophosphorylation. Forced dimerization of
DEGFR did not noticeably alter the signal generated by
the receptor, either at the level of downstream targets or at
the level of cellular responses. Interestingly, increasing the
activity of DEGFR did not enhance its internalization and
downregulation, but it did increase the oncogenic impact of
the receptor.
Materials and Methods
Cell lines and constructs
Glioma cell lines, U87, LN428, and LNZ308, were a
kind gift from Dr. W.K. Alfred Yung (UT MD Anderson
Cancer Center) and maintained in Dulbecco's modified
Eagle's medium supplemented with 10% FBS. Cells were
proven to be Mycoplasma free by routine testing, authenticated by short tandem repeat fingerprinting.
Chimeric EGFR constructs were made by modification of
pCLEGFRv2E (kind gift from Dr. Victor Rivera, Ariad
Pharmaceuticals), which encodes a C-terminal fusion of 2
FKBPF36V domains, termed Fv2 (25). Then fusion cDNA
was recloned into pLRNL containing either wild-type
EGFR or DEGFR to generate 2 plasmids pL(EFv2)RNL
encoding the chimeric wild-type EGFR and pL(DEFv2)
RNL encoding chimeric DEGFR.
Immunoprecipitation and Western blot
Cells were washed with ice-cold PBS and were lysed in
Triton-X-100 lysis buffer [50 mmol/L HEPES (pH 7.5),
150 mmol/L NaCl, 1% Triton-X100, 1 mmol/L EDTA, 1
mmol/L EGTA, 20 mmol/L NaF, 1 mmol/L phenylmethylsulfonyl fluoride, 2 mg/mL of aprotinin and leupeptin, and a
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phosphatase inhibitor cocktail]. For the immunoprecipitation, lysates were incubated with anti-EGFR at 4 C overnight. Ab–protein complexes were precipitated with protein
A/G-Agarose, washed, and analyzed by Western blotting.
For Western blotting, samples were separated by SDS-PAGE
by using NuPAGE Bis–Tris gels (Invitrogen), blotted to
polyvinylidene difluoride and incubated with primary Ab for
overnight. Ab complex was visualized by chemiluminescence. All antibodies for signaling study were purchased
from Cell Signaling.
BrdU incorporation
Five thousand cells were seeded in 96-well culture plates.
After 24-hour serum starvation, cells were incubated with
20 ng/mL EGF (Sigma) or 50 nmol/L AP20187 in the
presence of 100 mmol/L bromodeoxyuridine (BrdU) for 24
hours. After labeling, BrdU incorporation was measured by
colorimetric immunoassay by using a commercially available cell proliferation ELISA kit (Roche).
Cell surface biotinylation
All the biotinylation procedures were conducted on ice.
The cells were serum starved, were incubated with 0.25 mg/
mL EZ-Link NHS-SS-biotin (Pierce) for 1 hour, and
unreacted biotin was quenched with 20 mmol/L glycine
for 10 minutes. After washing, cells were either subjected to
15-minute poststimulation with 20 ng/mL EGF or 50
nmol/L AP20187 at 37 C (þ internalization) or proceeded
to the next step immediately ( internalization). One dish
of cells was treated with cleavage buffer (50 mmol/L
glutathione, 90 mmol/L NaCl, 1 mmol/L MgCl2, 0.1
mmol/L CaCl2, 60 mmol/L NaOH, and 0.2% bovine
serum albumin, pH 8.6) for 20 minutes twice. Another
dish of cells was left untreated with cleavage buffer and
directly processed for extraction to define total biotinylated
proteins. Cells were lysed and the cleared lysates were
incubated with streptavidin-conjugated beads (Amersham
Biosciences) for overnight to isolate biotinylated proteins,
and precipitated proteins were analyzed by Western blot
with FKBP antibody (Abcam).
Wound-healing assay
The cells were plated onto 6-well dishes and were allowed
to grow to complete confluence. After serum starvation,
wounds were then created by using pipette tip, and EGF or
AP20187 were added to each well. The pictures of same area
were taken for each wound every day until EGF/AP20187
wells had healed by using an inverted microscope at 5
magnification; photos were taken immediately after a
wound was inflicted to the cell monolayer, the distances
between the edges of the wound were measured. The degree
of motility is expressed as percent of wound closure as
compared with the zero time point.
Animal experiments
All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of MD
Anderson Cancer Center. Four groups of 10 animals each
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were implanted intracranially with 2  105 chEGFR/
chDEGFR-expressing U87 cells. At the same time,
animals were implanted with Alzet osmotic minipumps
(DURECT Corp) that maintain a constant flow for 2
weeks. The reservoir of the each pump was filled with
AP20187 or with vehicle. Animals were sacrificed when
moribund; tumors were harvested, snap frozen, and
stored in liquid nitrogen. Lysates were made by homogenizing the tumor tissue in the lysis buffer. The brains
were fixed in 4% paraformaldehyde and then hematoxylin and eosin (H&E) staining was carried out. Survival
data were analyzed with Gehan–Breslow–Wilcoxon test
by using Prism software (GraphPad Software, Inc.) and
P values of less than 0.05 were considered statistically
significant.

Results
DEGFR is activated by forced dimerization without
interfering in the normal function of the receptor
Chimeric receptors were created which had either a wildtype EGFR sequence, or the in-frame deletion mutant
DEGFR, and 2 FKBP-F36V domains (24, 25) added at
the C-terminus (Fig. 1A). On the basis of previous reports,
we anticipated that the wild-type chimeric receptor
chEGFR would be activated both by EGF and by the
chemical inducer of dimerization AP20187 (30), although
the activity of the mutant chDEGFR was unknown. The
chimeric receptors are slightly larger than their nonchimeric
counterparts and can be selectively detected by using an
antibody to the FKBP domains (Fig. 1B). When expressed
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Figure 1. Forced dimerization
leads to activation of chDEGFR. A,
schematic representation of the
chimeric EGFR constructs that
allow chemically induced
dimerization. Chimeric receptors
were constructed by fusing EGFR
or DEGFR to twin, modified FKBP
(FKBPv) domains. Chemical
compound AP20187 was used for
the dimerization of FKBPv. B and
C, chimeric EGFR and DEGFR
constructs were transiently
transfected into CHO and glioma
cells. Lysates were
immunoblotted with anti-EGFR
and anti-FKBP as indicated. In
CHO cells, only the transfected
EGFRs are detected. In glioma
cells, endogenous EGFR is also
detected with the anti-EGFR
antibody. Endogenous EGFR and
chDEGFR migrate at
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bands often overlap. D, CHO cells
stably expressing chimeric
receptors were stimulated with 50
ng/mL EGF or 50 nmol/L AP20187
after serum starvation. Lysates
were immunoprecipitated with
anti-EGFR antibody, and blotted
with anti-pTyr, anti-pEGFR (Y845,
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as indicated.
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Forced dimerization increases but does not
fundamentally alter downstream signaling of EGF
receptors
To examine the signaling of the chimeric receptors in
glioma cells, we measured phosphorylation of downstream
targets in the PI3K and mitogen-activated protein kinase
(MAPK) pathways that are commonly associated with
EGFR (Fig. 2). It is important to stress that in these cells,
EGF stimulation activates the endogenous EGFR as well as
chEGFR when present but not chDEGFR; AP20187 activates the 2 chimeric receptors selectively. EGF stimulation
of cells expressing chDEGFR can therefore be used to
compare signaling of the endogenous EGFR with elevated
chDEGFR via stimulation with AP20187. In the PTENnegative cell line U87, we observed elevated levels of pAkt
under all conditions, likely because of lack of regulation in
the PI3K pathway. In LNZ308 cells, which also lack
PTEN, an increase in pAkt was observed in cells in which
endogenous EGFR, chEGFR, or chDEGFR was stimulated
when compared with serum-starved cells. In LN428 cells,
which express wild-type PTEN, pAkt levels were elevated by
stimulation of endogenous EGFR by EGF but not when
both chimeric receptors were stimulated with AP20187. We
also observed elevated pS6 under all conditions in all 3 of
cell lines. A slightly different pattern emerged with pS6K,
which showed lower basal levels in serum-starved cells,
including the lines that lack PTEN. For this node, a positive
response was registered whenever endogenous EGFR,
chEGFR, or chDEGFR was stimulated. Upon PI3K activation, S6K is phosphorylated at T389 site by one of key
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in glioma cells, which have endogenous EGFR, the
chEGFR is readily distinguishable as it migrates at a higher
position in the gel. However, the chDEGFR migrates very
close to the endogenous EGFR, requiring detection with
anti-FKBP antibody (Fig. 1C). Expression of the chimeric
receptors was lower than the endogenous EGFR in glioma
cells, as shown by the relative intensity of the endogenous
and chEGFR bands in the EGFR Western blot and the
comparable level of expression of chEGFR and chDEGFR
in the FKBP12 blot (Fig. 1C). The simplest model in which
to examine the relative activity of these receptors are cells
that lack endogenous EGFR and so we first tested their
activation in Chinese hamster ovary (CHO) cells. EGFR
and chEGFR (Fig. 1D), but not DEGFR or chDEGF,
responded to EGF stimulation with increased levels of
phosphorylation, as measured by both pan-phosphotyrosine
and site-specific antibodies. Furthermore, as expected
chEGFR was activated by AP20187, but neither of the
nonchimeric receptors were. Interestingly, chDEGFR was
strongly stimulated by AP20187 treatment, to levels comparable with AP20187-stimulated chEGFR. The dimerization induced by AP20187 in the chimeric receptors could
be detected on Western blots as a band that migrated well
above EGFR monomers with anti-EGFR antibodies. Similar, but fainter bands can be seen in EGF-stimulated EGFR
and chEGFR, but not in any of the other samples in which
DEGFR was expressed. These data show that forced dimerization of chDEGFR significantly enhances the phosphorylation level of this receptor and does so in association with
the apparent formation of dimers.
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Figure 2. Signaling by chEGFR and chDEGFR receptors. Glioma cells U87, LNZ308, and LN428 stably expressing control vector, chEGFR or chDEGFR
were serum starved and then stimulated with 20 ng/mL EGF or 50 nmol/L AP20187 and analyzed at 2 time points, 5 and 60 minutes. EGFR downstream
signaling was analyzed by immunoblotting with indicated pan- and phospho antibodies; pEGFR(Tyr 845), pAKT(Ser473), pS6K(Thr389), pS6(Ser235/236),
and pERK1/2(Thr202/Tyr204).
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effectors PI3K pathway, PDK1. Here we observed prolonged phosphorylation of S6K at T398 site, suggesting that
forced dimerization is able to increase the signal received by
pS6K. The pERK signals, in general, responded rapidly to
EGF stimulation, with elevations at 5 minutes and a return
to lower levels at 60 minutes. Elevations of pERK after
AP20187 treatment were less pronounced than those
caused by EGF (compare lanes 7 and 9 and lanes 12 and
14 in all 3 panels in Fig. 2) but also more sustained
(compare lanes 8 and 10 and lanes 13 and 15 in all 3
panels in Fig. 2). In summary, these data show that chimeric
receptors activate the same downstream targets in the PI3K
and MAPK pathways as nonchimeric receptors, with somewhat slower and more sustained kinetics. Importantly, they
show that chemically induced dimerization of chDEGFR
causes an increase in downstream signaling to levels resembling those seen with acutely stimulated EGFR and significantly higher than those observed in cells expressing
chDEGFR alone.
EGFR and DEGFR are both sensitive to inhibition by
active site inhibitors, such as AG1478/tyrphostin. To confirm that the chimeric receptors were also susceptible to
inhibition by this drug, we treated cells with AG1478 before
stimulating them with EGF or AP20187 and assessed
activity in EGFRs and downstream targets. At the level
of the receptor, endogenous EGFR and chEGFR stimulated
by EGF, or chEGFR and chDEGFR stimulated by
AP20187 were inhibited by AG1478, regardless of whether
they were cultured in the presence of serum or not and in
both LN428 and LNZ308 cells (Fig. 3). In terms of

downstream pathways, cells in serum showed activation
of Akt, S6, and S6K even when AG1478 was present,
suggesting EGFR-independent pathways were active as
expected. Interestingly, one exception to this was levels
of pAkt in the PTEN wild-type LN428 cells stimulated by
EGF, which were lowered by AG1478 even in the presence
of serum, though not to baseline, suggesting that Akt is
more closely linked to EGFR in these cells but that other
serum ligands can stimulate pS6 and pS6K by other pathways. As before, stimulation of chEGFR or chDEGFR with
AP20187 did not lead to an increase in pAkt levels. In the
absence of serum, AG1478 was able to suppress the activation of Akt, S6, and S6K in LN428 cells but had no impact
in LNZ308 cells. Importantly, the effect of AG1478 on
EGF-stimulated and AP20187-stimulated cells was similar,
suggesting that chimeric receptors responded to the inhibitor in a manner similar to the endogenous EGFR and so
that chemically induced dimerization did not fundamentally alter the mechanism of action of the receptor.
STAT5 was identified as an important target of DEGFR
and so we measured STAT5 phosphorylation status along
with that of the signaling proteins GAB1, SHP2, SRC, and
STAT3 (Supplementary Fig. S1). Even in the absence of
stimulation, the cells displayed a high level of phosphorylation of these signaling proteins, making it difficult to detect
increases, although the level of pSTAT5 was higher in
chDEGFR cells than cells expressing chEGFR, consistent
with our previous work (22). We did see an increase in
phosphorylated GAB1 when chDEGFR-expressing cells
were stimulated with AP20187 or when chEGFR cells were
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The increased activity of DEGFR has no effect on its
internalization
One characteristic of DEGFR is a reduced rate of internalization when compared with acutely stimulated EGFR,
which we attributed to its relatively low level of activity (14).
To determine whether increasing the activity level of
chDEGFR increased its rate of internalization, we labeled
extracellular proteins with biotin, stimulated the cells with
EGF or AP20187 at 37 C for 15 minutes, and then cleaved
the remaining surface-exposed biotin. Recovery of proteins
with streptavidin and Western blotting for FKBP selective
revealed chimeric EGFRs that had been internalized
(Fig. 4A). When cells were kept at 0 C throughout the
experiment, very little receptor was detected after cleavage,
as expected, because little membrane trafficking occurs at
this temperature, effectively preventing internalization. The
simple elevation of cells to 37 C for 15 minutes leads to a
basal level of signal, as membranes resume normal turnover.
In the case of chEGFR stimulation with either EGF or
AP20187 further increased the level of internalized receptor, in accordance with the activity-dependent internalization that this receptor undergoes. The chDEGFR did not
respond to EGF as expected, but it also showed no increase
in internalization in response to AP20187 (all these data are
quantified across 3 experiments in Figure 4B). This suggests
that reduced internalization rate of DEGFR is not solely due
to its inherently lower level of activity as previously proposed but may reflect an inherent difference in how this
receptor interacts with the endocytosis machinery. These

1204

Mol Cancer Res; 9(9) September 2011

A

0°C

15 min @ 37°C

ss
Cleaved:

–

ss
+

–

EGF
+

–

+

AP
–

+

chEGFR
chΔEGFR

B
% Internalized
(signal cleaved/signal uncleaved)

stimulated with EGF, with the chemically induced dimers
generating a more sustained signal as before. These data
further support the conclusion that increasing the activity of
DEGFR does not lead to the engagement of fundamentally
different pathways.
A more comprehensive and open approach to comparing
signaling patterns emanating from chDEGFR is to use
phosphotyrosine directed shotgun proteomics. We
employed an immunoaffinity-based method to enrich phosphotyrosine containing peptides and analyzed them on an
ion-trap mass spectrometer. We identified 89 tyrosinephosphorylated peptides and quantified 75 of those peptides (Supplementary Fig. S4 and Table S1). Similar to the
observations made with specific signaling nodes by Western
blot, we did not detect many peptides with difference in the
phosphorylation intensity when we compared AP20187stimulated chDEGFR with AP20187-stimulated chEGFR,
suggesting that when both receptors are maximally active
that they resemble each other more in the overall downstream signal. Nevertheless, some specific differences
remained, including SHC1, CDC2, and paxillin which
were phosphorylated at a higher level in AP20187-treated
cells expressing chDEGFR than chEGFR and are known
downstream targets of EGFR (31, 32). We did observe a
larger group of peptides, including one derived from EGFR,
which show increased phosphorylation upon stimulation
with AP20187 in chDEGFR cells, as was expected from the
finding presented above.
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Figure 4. Chemically induced dimerization does not promote chDEGFR
internalization. A, cells were cooled to 4 C on ice and surface proteins
were biotinylated, before being subjected to a variety of conditions, and
then exposed to a biotin cleavage agent incapable of crossing the
membrane, or left uncleaved. Biotinylated proteins were recovered with
streptavidin-conjugated beads, and the resulting precipitates
immunoblotted with anti-FKBP. Conditions prior to cleavage included
leaving the cells on ice, incubation with prewarmed media containing no
serum (ss), 20 ng/mL EGF or 50 nmol/L AP20187 for 15 minutes at 37 C.
As internalization protects proteins from cleavage, the degree of
internalization can be determined by the signal after cleavage divided by
the signal in the absence of cleavage. A typical experiment is shown. B,
graphical representation of quantification of Western blots as in (A) and
showing the average percent of internalized receptors from 3 independent
experiments.

data do suggest that the increase in signal we obtain with
chemically induced dimerization of chDEGFR is not able to
overcome this aspect of the behavior of mutant receptor.
Cell motility is not dependent on DEGFR activity
At the cellular level we examined 2 behaviors, DNA
synthesis in S-phase and motility. Cells were serum starved,
grown in FBS or stimulated with EGF or AP20187, and
BrdU incorporation determined (Fig. 5). As expected, cells
expressing chEGFR or chDEGFR responded with increased
BrdU incorporation when stimulated with any of these
agents (Fig. 5, left hand panels). In the case of chDEGFRexpressing cells, this shows that increasing the signal from
the mutant receptor has impact at the cellular level. In
LN428 cells, we also observed higher basal BrdU incorporation in the absence of stimulation, suggesting that the
ligand-independent activity of chDEGFR was also manifest
at this level. In contrast to DNA synthesis, motility as
measured by a scratch assay was not enhanced by
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Figure 5. Dimerization of chDEGFR induces cell division but not migration. A, LN428 or LNZ308 glioma cells were serum starved and stimulated with 20 ng/mL
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are from 3 independent experiments (*, P < 0.05; **, P < 0.01; t test). B, a scratch was made in a confluent cell culture of LN428 cells that were grown
in the absence of serum supplemented with 20 ng/mL EGF or 50 nmol/L AP20187 as indicated, and the degree of scratch closure was measured at 24 hours by
using a digital photograph and XCAP-Lite software. Graph shows the average  SD from 4 independent experiments.

Increased activity of DEGFR shortens survival time in a
xenograft model
To evaluate whether increasing the signal from chDEGFR
strengthens its tumorigenic signal, chimeric receptor expressing U87 cells were intracranially implanted into nude mice
and the tumors treated with AP20187 or vehicle for 2 weeks
by using Osmotic pumps. We confirmed expression of
chimeric receptors in tumors and observed that the chimeric
receptors were signaling in vivo as they had in cultured cells
by immunoblotting (Supplementary Fig. S2). AP20187
stimulation of cells expressing chDEGFR shortened median
survival by 1 day, from 24 to 23 days (P ¼ 0.0145,
Wilcoxon test), when compared with vehicle-treated mice
(Fig. 6). Furthermore, histologic examination of H&Estained tumor sections showed that AP20187 and vehicle
tumors had a similar appearance, typical of U87 intracranial
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tumors, suggesting that the shortening of survival was not
related to changes in tumor morphology such as invasion
caused by AP20187 (Supplementary Fig. S3). Therefore,
increasing the intensity of the chDEGFR signal also
enhances its already potent oncogenic signal in vivo.

150

Del + Vehicle
Del + AP20187

Percent survival

chDEGFR, even when it was stimulated by AP20187
(Fig. 5, right hand panel). LN428 cells expressing
chDEGFR showed migration rates similar to the parental
cells, whereas chEGFR-expressing cells showed elevated
motility in the presence of either EGF or AP20187. This
implies that elevated activity chEGFR, but not chDEGFR,
could accelerate cell movement, consistent with a role of
EGFR in cell motility shown but none for DEGFR. These
data therefore also support that chemically induced dimerization enhanced the chDEGFR signal but did not alter it
from that of DEGFR at the level of cell behavior.
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Figure 6. Comparison of the survival curves. AP20187 treatment caused
early death in chDEGFR-implanted mice. Data were analyzed by using
Gehan–Breslow–Wilcoxon tests of the statistical package Prism version
5.0 (GraphPad Software Inc.). Values of P < 0.05 were taken as statistically
significant.

Mol Cancer Res; 9(9) September 2011

Downloaded from mcr.aacrjournals.org on December 5, 2021. © 2011 American Association for Cancer Research.

1205

Published OnlineFirst July 20, 2011; DOI: 10.1158/1541-7786.MCR-11-0229

Hwang et al.

Discussion
The absence of an intact ligand-binding domain in
DEGFR, as well as the lack of response to EGF stimulation,
suggested that it is defective in dimerization either as a
homodimer or with family members capable of being
activated by EGF (33, 34). Nevertheless, under some
experimental circumstances, dimers have been reported,
and it has been suggested that dimerization is required
for DEGFR function (23). Here we report for the first time,
the experimentally induced dimerization of a chimeric
version of DEGFR and observed a very significant enhancement of its phosphorylation levels. It is worth noting that
the strategy that we used to force dimerization of EGFRs,
first established by Dr. David Spencer and colleagues, did
not result in abnormally high levels of phosphorylation of
chEGFR when compared with EGF stimulation, suggesting
that at least the initial impact of dimerization was similar,
regardless of whether it was mediated by the natural,
extracellular domain and ligand or an artificial, intracellular
domain and ligand. We conclude that if chDEGFR was
dimerized to any significant degree in terms of duration and
stability in the absence of AP20187, the addition of this
compound would not have been able to induce such a
significant increase in phosphorylation and hence, propose
that naturally occurring DEGFR does not dimerize to the
extent of the ligand-activated wild-type receptor. Interestingly, a recent report showed that a small subpopulation of
DEGFR is dimerized, via a disulfide bond, and that the
dimerized receptors are the most active as judged by tyrosine
phosphorylation (35). Taking these data together allows us
to suggest that forced dimerization increases the activity of
the DEGFR pool overall by bringing more receptors into
this state and stabilizing them there.
That DEGFR generates a signal that is different in some
aspect from its wild-type counterpart is likely, as it is a much
more potent oncogene in many model systems and is
associated with worse outcomes for patients with glioblastoma. Our previous analysis comparing the signal of DEGFR
and EGFR by using phosphotyrosine directed shotgun
phosphoproteomics suggested that there are no absolute
differences, in that we were not able to identify any downstream signaling components that were exclusive to mutant
or wild-type receptor. However, we did identify several
phosphorylated tyrosines in target proteins that showed a
stronger association with DEGFR, with signals reaching
levels similar to what was observed when wild-type EGFR
was acutely stimulated in serum-starved cells, a likely nonphysiologic maximization of its signal. One of these targets
was Y699 on pSTAT5b (22), and we saw a similar preference
for phosphorylation of this residue here, in that the signal in
chDEGFR cells was higher than in serum-starved chEGFR
cells (Supplementary Fig. S1). However, the level of
pSTAT5 was not increased further by addition of
AP20187 to cells expressing chDEGFR, suggesting that it
may be maximal, and not limited by the low level signal of
unstimulated chDEGFR. In other words, DEGFR may
signal at an overall lower level, but reach near-maximal levels
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with a few select downstream targets, including STAT5.
Other signaling components, such as GAB1 may still be
preferentially connected (18, 22) but not maximally so
(Supplementary Fig. S1). Comparison of overall patterns
of phosphorylation of a spectrum of tyrosine residues by an
open approach (Supplementary Fig. S4 and Table S1) did
not reveal any profound differences, further suggesting that
changing signal strength does not noticeably change signal
content, and so that the two are not tightly coupled. Indeed,
several of phosphorylations that we did observe to increase
with forced dimerization of chDEGFR, such as those on
paxillin, might be related to signaling through established
downstream targets, in this case c-Met. This conclusion is
supported by the analysis of cell behaviors. Increasing the
signal of chDEGFR by forced dimerization enhances the
existing stimulation of mitosis but does not convert a
nonmigration/invasion-inducing DEGFR signal to a migration/invasion-inducing EGFR signal. Although the close
connection of c-Met and DEGFR observed by others and
us might suggest that DEGFR should promote cell motility, a
behavior-associated mesenchymal transition of epithelial
tumors, we do not observe it in glioma cells.
DEGFR signaling is constitutive with little receptor internalization. We previously hypothesized that the lack of
DEGFR downregulation is due to the inability of the weakly
active DEGFR to recruit the CIN85-Cbl complex that
initiates endocytosis in EGFR (36). This hypothesis would
predict that enhancing the signal by forced dimerization
would reestablish the active downregulation of the receptor,
but we did not observe this for chDEGFR, although the
controls for chEGFR behaved as expected (Fig. 4). Our
results strongly suggest that increased DEGFR activity is not
sufficient to reestablish DEGFR downregulation and so we
conclude that the impaired downregulation of DEGFR is not
due to its lower level of activity or lack of dimerization.
In summary, our data provide the first direct, experimental test of DEGFR dimerization and imply that it does
not form strong, durable dimers under normal circumstances, which may be related to its low level of activity.
Increasing the DEGFR activity by forced dimerization of
chDEGFR also provided the first opportunity to compare
signals of DEGFR and EGFR at similar amplitudes by an
open phosphoproteomic approach, which revealed no
major qualitative differences. This in turn suggests that
the differences that were observed by others and us previously (21, 22) related to the signals that the naturally
occurring, overall low-activity DEGFR maintains at an
elevated, near-maximal level; they stood out because they
were high by comparison with the bulk of EGFR targets.
Increasing the chDEGFR signal did increase its ability to
stimulate entry into S-phase and tumor growth rate as
measured by survival of tumor-bearing mice. Interestingly,
however, the lack of downregulation of chDEGFR was not
altered by enhancing its activity, suggesting that this may be
a fundamental characteristic of this mutant. The picture of
DEGFR that emerges is of a receptor whose oncogenicity
relies on a sustained signal, which although overall of
low intensity, is capable of focusing on several select
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downstream nodes which are significantly activated. Raising
its activity enhances the signal overall profoundly, but only
to a modest degree on some of the already very active
partners. The key to oncogenicity of DEGFR may therefore
very well be its inability to be downregulated, and this in
turn suggests that altering this behavior may be a key to
targeting it therapeutically.
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