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ABSTRACT
Despite intensive research no therapies targeted against the oncogenic EGFRvIII 

are present in the clinic. One of the reasons is the elusive nature of the molecular 
structure and activity of the truncated receptor. The recent publications indicate the EGF-
bound wild-type EGFR to trans-phosphorylate the EGFRvIII initiating aberrant signaling 
cascade. The elevated stability of the mutant receptor contributes towards oncogenic 
potential, preventing termination of signaling by receptor degradation. Here, we show 
that inhibition of phosphatases leads to a marked increase in phosphorylation of wild-
type EGFR and EGFRvIII, indicating that both undergo cyclic rounds of phosphorylation 
and dephosphorylation on all investigated tyrosine residues, including Tyr1045. Still, 
we observe elevated stability of the mutant receptor, suggesting phosphorylation as 
insufficient to cause degradation. Hyperphosphorylation of EGFRvIII was hindered 
only by EGFR tyrosine kinase inhibitors. Co-immunoprecipitation as well as semi-native 
Western blotting structural analyses together with functional investigation of EGFRvIII’s 
phosphorylation following depletion of wild-type EGFR by shRNA or EGF-mediated 
degradation indicated homodimerization as the predominant quaternary structure of the 
mutant receptor. Dimers were observed only under non-reducing conditions, suggesting 
that homodimerization is mediated by covalent bonds. Previous reports indicated 
cysteine at position 16 to mediate covalent homodimerization. Upon its substitution to 
serine, we have observed impaired formation of dimers and lower phosphorylation levels 
of the mutated oncogene. Based on the obtained results we propose that EGFRvIII is 
predominantly regulated dynamically by phosphatases that counteract the process of 
trans-phosphorylation occurring within the homodimers.

INTRODUCTION

Glioblastoma (GB) is the most common primary 
brain tumor, characterized by a very high mortality 
rate. The current first line treatment, a combination of 
neurosurgery with adjuvant radio- and chemotherapy, 
extends patients life on average from 4 to 14 months 

[1]. Approximately 50% of GBs is characterized by 
overexpression of the epidermal growth factor receptor 
(EGFR) and about half of those is positive for a mutant 
version of EGFR, termed variant III or vIII, for short 
(EGFRvIII) [2]. Besides GBs, also cancers of head and 
neck, breast, prostate, intestines and non-small cell lung 
cancer have been previously described to express this 
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truncated oncogene, although at lower prevalence and to 
a smaller extent [3]. EGFRvIII arises from a deletion of 
exons 2–7 from the wild-type gene, which encodes the 
portion of the extracellular domain of the receptor that 
is responsible for ligand binding. The resulting protein is 
present in the plasma membrane, where it is highly stable 
with protein half-life extending much beyond that of the 
wild-type protein [4, 5]. The underlying reasons of this 
elevated stability remain cryptic with conflicting reports 
on the role of protein phosphorylation in the degradation 
process published previously [6–8]. 

Despite intensified research on the structure-
function relationship in the context of dimerization 
and ligand binding by wild-type EGFR (EGFRwt), our 
understanding of the receptor activation mechanism 
remains incomplete. This is also true for EGFRvIII protein 
complex formation and dynamics. Several reports focused 
on the state in which EGFRvIII is present in the plasma 
membrane. Chu and colleagues indicated that EGFRvIII 
is present only as monomers [9]. In contrast, several 
publications have provided contradicting results indicating 
EGFRvIII to form dimers, including homodimers [10–14]. 
Ymer et al., has shown that by altering the sequence of 
EGFRvIII gene by substitution of the free cysteine at 
position 16 to serine, formation of stable covalently 
linked homodimers was impaired [15]. On the other hand, 
Bogler lab provided evidence that forcing EGFRvIII to 
homodimerize resulted in elevated aberrant signaling, 
indicating that homodimerization under native conditions 
occurs to a limited extent [10]. Others have indicated 
heterodimers with wild-type EGFR or other receptor 
tyrosine kinases (RTKs) to be the predominant form of 
EGFRvIII presence in the plasma membrane [11, 13, 14, 
16–18]. Besides composition of the receptor complex, 
also the symmetry of interaction was investigated. Using a 
series of single-point mutated proteins Fan and colleagues 
demonstrated that EGFRvIII is a donor (substrate) for 
EGF-activated EGFRwt (acceptor), but the opposite 
is not true [16]. Using the same approach, Kancha and 
colleagues indicated that EGFRvIII can asymmetrically 
phosphorylate ErbB3, while others indicated EGFRvIII to 
catalyze phosphorylation of MET [11, 17, 18]. 

In this study, we show that EGFRvIII is 
constitutively active as determined by elevated 
phosphorylation status compared to the wild-type receptor 
in the absence of ligand stimulation. This phosphorylation 
pattern is likely to be a convergence of the kinase activity 
and regulation by phosphatases, as determined by 
elevated phosphorylation caused by treatment with pan-
phosphatase inhibitors. As EGFR monomers undergo 
trans-phosphorylation, we exploit phosphorylation status 
as a readout to study structural and functional aspects of 
the EGFRvIII dimerization. Using EGFR kinase inhibitors 
as well as manipulation of the protein structure and 
expression levels, we determine that EGFRvIII undergoes 
phosphorylation in a homodimer with no interactions 
with the wild-type receptor observed. Furthermore, our 

data indicate that EGFRvIII is prone to generating stable 
covalent dimers via Cys16, however, a population of 
transient complexes is likely to exist as well. 

RESULTS 

Differential phosphorylation status of EGFRvIII 
and EGFRwt 

Previous reports on the activity of EGFRvIII 
described it as a constitutively active kinase [5, 7, 
12, 19–21]. To investigate the dynamics of EGFRvIII 
phosphorylation, we have utilized a selection of 
protein tyrosine phosphatase (PTP) inhibitors, namely 
sodium orthovanadate (NaOVa), pervanadate (pV) and 
phenylarsine oxide (PAO) [22]. To allow for comparison 
with the wild-type receptor that was reported to be 
regulated by PTPs [23–27], we utilized previously 
described by us DK-MGhigh cells, which endogenously 
express full-length and truncated form of EGFR [28]. 
To avoid the issue of putative receptor stimulation 
by exogenous ligands, we have treated cells with 
cell-permeable PTP inhibitors in serum-free media. 
Phosphorylation of EGFRwt and EGFRvIII was analyzed 
by Western blotting, taking advantage of the difference in 
the molecular size of the two proteins (170 kDa and 135 
kDa, respectively) (Figure 1A). Compared to the control 
cells, all three inhibitors increased phosphorylation levels 
of Tyr1068 on both EGFR variants, however, treatment 
with pV produced a number of additional bands, making 
the outcome difficult to interpret and therefore we did not 
use this chemical in subsequent experiments. The effects 
of NaOVa and PAO on protein phosphorylation were both, 
time- and dose-dependent, suggesting it to be a result of 
enzymatic activity (Supplementary Figure 1A and 1B, 
respectively). Both compounds displayed toxic effects on 
cells at high concentrations or upon prolonged incubation, 
therefore, we have selected 1 mM NaOVa and 0.5 µM 
PAO as optimal concentrations with 1 hour of incubation 
for further testing. 

To investigate the effect of both PTP inhibitors 
in greater detail, we have utilized a panel of antibodies 
specific to phosphorylated tyrosines (Figure 1B). To 
address the issue that ligand-dependent and ligand-
independent activation of the receptor tyrosine kinases 
can affect their stability we have utilized densitometry 
measurements, results of which are expressed as a ratio 
of phosphorylated to total protein for each tyrosine 
residue (Figure 1C–1F). As expected, stimulation with 
EGF resulted in a significant increase in phosphorylation 
on all tyrosines of the wild-type receptor but not of the 
mutant variant. Both PTP inhibitors caused a prominent 
increase in phosphorylation levels of EGFRvIII on all 
residues examined, including Tyr1045. Interestingly, 
hypophosphorylation of this tyrosine has been previously 
reported on a couple of occasions and linked to the 
elevated stability of the protein [7, 8]. Indeed, we have not 
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observed any degradation of the truncated receptor even in 
the presence of cycloheximide to prevent de novo protein 
synthesis (Supplementary Figure 2). 

Statistical analysis indicated that the shift in 
phosphorylation of individual tyrosines was not always 
significant in case of the wild-type receptor, which might 
be a result of a combination of limited sensitivity of the 
method and a relatively small number of replicas (n = 3). 
To test this hypothesis, we have focused on NaOVa, a less 
potent PTP inhibitor of the two, and analyzed its effect 
on phosphorylation of Tyr1068, considered crucial for 
EGFR signaling, on significant number  of immunoblots 
(n = 23, Figure 1G). Statistical analysis of the larger 
sample pool clearly indicated that NaOVa efficiently 
increased phosphorylation levels of both EGFR versions. 
Considering the less potent nature of NaOVa, it is safe to 
assume that the same is likely to be true for the more potent 
PAO.  Furthermore, the phosphorylation level of EGFRvIII 
under control conditions (DMSO) was determined to be 
higher compared to the EGFRwt, confirming the mutant 
receptor as constitutively active [5, 7, 12, 19–21]. 
Following treatment with NaOVa, phosphorylation level 
of both proteins was increased with marked difference 
between the wild-type and mutant version. 

Finally, we assayed the effect of PTP inhibitor 
treatment on EGFRvIII phosphorylation on primary tumor 
cells derived from glioblastoma resection (Supplementary 
Figure 3). In line with previous results, stimulation with 
20 ng/mL of EGF increased phosphorylation of the wild-
type, but not the mutant receptor. In contrast, treatment 
with NaOVa resulted in elevated phosphorylation of 
EGFRvIII and EGFRwt, confirming effect of PTP 
inhibitor as not an artifact of the stable cell line.

Ligand binding to the EGFRwt does not affect 
phosphorylation of EGFRvIII

Stimulation of the DK-MGhigh or primary tumor 
cells with EGF did not result in elevated phosphorylation 
of the mutant receptor, despite the marked increase 
in phosphorylation of the wild-type EGFR (Figure 
1B–1F, Supplementary Figure 3), which is in contrast 
to previous reports [11, 14, 16, 29]. Investigation of 
the effect of varying concentrations of the ligand on 
phosphorylation status of the mutated receptor indicated 
no relationship between the two (Figure 2A, quantified 
in B). Phosphorylation of EGFRwt was evident already 
following exposure to 2.5 ng/mL of ligand and was 
increased by higher concentration until it reached a plateau 
above 10 ng/mL, with approximately 20 ng/mL considered 
as physiological concentration [30]. Increasing length of 
stimulation to two hours at relatively high concentration 
of EGF did not have any impact either (Supplementary 
Figure 4). Considering that phosphorylation and 
dephosphorylation are subsequent processes, we wanted to 
investigate potential additive or synergistic effects between 

exposition to EGF and NaOVa. Concomitant treatment of 
cells with the ligand and pan-phosphatase inhibitor did 
not elevate phosphorylation levels of EGFRvIII beyond 
the levels observed for NaOVa treatment on its own 
(Figure 2C, quantified in D). Taken together, our data 
indicate that EGF stimulation is dispensable for cyclic 
phosphorylation of EGFRvIII.

Trans-phosphorylation of EGFRvIII is not 
mediated by the wild-type receptor 

A number of reports has indicated trans-
phosphorylation of EGFRvIII as a mechanism governing 
its activity. To identify the kinase responsible, we have 
pre-treated cells with erlotinib (EGFR specific inhibitor), 
lapatinib (inhibitor specific to EGFR and HER2) or arry-
380 (HER2 specific) prior to stimulation with EGF or 
NaOVa (Figure 3A) [31, 32]. The former two inhibitors 
were capable of hindering phosphorylation of the EGFRwt 
following stimulation with the ligand and severely limited 
the increase in EGFRvIII phosphorylation levels upon 
NaOVa treatment. Arry-380 did not block phosphorylation 
of either protein irrespective of the stimulation 
method, suggesting that ErbB2 is not responsible for 
phosphorylation of the mutant receptor. Unfortunately, no 
inhibitors specific only to ErbB3 or ErbB4 exist, therefore 
we could not investigate role of those receptors separately. 
Erlotinib was also capable of preventing phosphorylation 
of EGFRwt and EGFRvIII in response to PAO stimulation, 
but not pV stimulation, confirming differences in activity 
between phosphatase inhibitors (Supplementary Figure 5). 
Use of selected inhibitors specific to other kinases 
reported to interact with EGFRvIII did not prevent mutant 
receptor’s phosphorylation following orthovanadate 
treatment, in contrast to afatinib, a pan-ErbB inhibitor, 
which effectively blocked phosphorylation (Figure 3B) 
[33–35]. The inhibitory role of erlotinib, gefitinib 
(working in an analogous fashion to erlotinib) and afatinib 
in preventing NaOVa-mediated hyperphosphorylation of 
EGFRvIII was confirmed on U87MG cells ectopically 
expressing mutant receptor (Supplementary Figure 6) 
[36]. Taken together, those data imply that EGFRvIII is a 
substrate of an EGFR kinase-containing protein. 

To determine the identity of the kinase in question, 
we have utilized two approaches to deplete the wild-
type receptor from the DK-MGhigh cells. Firstly, we have 
transiently transduced cells with lentivirus containing 
shRNA targeting the EGFRwt mRNA or a scrambled 
control (Figure 3C). There were no differences observed 
in EGFRvIII phosphorylation levels between control and 
EGFRwt-depleted cells, despite the confirmation of the 
shRNA-mediated knockdown effectiveness at 80% on the 
mRNA level (Figure 3D and Supplementary Figure 7). 
Secondly, we have utilized the naturally occurring 
ligand-mediated degradation process, described for the 
EGFR, to deplete EGFRwt from the plasma membrane, 
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Figure 1: Treatment of DK-MG cells with phosphatase inhibitors results in hyperphosphorylation of EGFRwt and 
EGFRvIII on majority of tyrosine residues. (A) Western blot analysis of EGFR phosphorylation in cells treated with NaOVa, pV or 
PAO at indicated concentrations for 1 h. (B) Analysis of phosphorylation status of EGFR on selected tyrosine residues following stimulation 
with 20 ng/mL EGF, 1 mM NaOVa or 0.5 µM PAO. (C–F) Ratio of phosphorylated tyrosine to the total EGFR protein for the wild-type 
and mutant protein following stimulation as indicated in B, for residue Tyr 1045 (C), Tyr1068 (D), Tyr1148 (E) and Tyr 1173 (F). Statistical 
analysis performed using one-way ANOVA with post-analysis Bonferroni’s multiple comparisons test for each residue within one receptor 
variant. (G) Quantification of phosphorylated tyrosine 1068 to total EGFR for EGFRwt and EGFRvIII is presented. Statistical analysis 
performed using two-way ANOVA with post-analysis Bonferroni’s multiple comparisons test, n = 23. ***p < 0.005; **p < 0.01;*p < 0.05; ns 
– not significant. Error bars indicate SEM. Immunoblots have been uniformly adjusted for brightness and contrast to facilitate interpretation.
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whilst simultaneously preventing de novo protein 
synthesis with cycloheximide [37–39]. Treatment with 
NaOVa strongly increased phosphorylation level of the 
EGFRvIII, irrelevant of previous treatment with EGF 
(Figure 3E, quantified in F), which caused a marked 
decrease in the blotted EGFRwt protein levels as well as 
intracellular puncta reminiscent of endocytosed protein 
upon immunocytochemical analysis (Supplementary 
Figure 8). Gefitinib effectively suppressed the effect of 
NaOVa treatment on mutant receptor’s phosphorylation, 
suggesting that even upon decreased levels of EGFRwt, 
the remaining EGFR kinase in the form of EGFRvIII 
is responsible for EGFRvIII hyperphosphorylation 
(Figure 3E and 3F). Taken together, our data indicate 
that the wild-type receptor is dispensable for EGFRvIII 

phosphorylation, leaving trans-phosphorylation in a 
homodimer as the most viable possibility. 

The strong co-expression of the wild-type as well 
as mutant receptors in the DK-MG line complicates 
analysis of the protein-protein interactions. To facilitate 
the analysis, we have utilized AD293 cell line that 
endogenously displays low levels of the EGFRwt 
expression (approximately 7-fold lower than in DK-MG; 
Supplementary Figure 9) to establish stable cell lines 
constitutively expressing EGFRvIII (with or without 
FLAG-tag) on its own or together with the wild-type 
receptor overexpression. The strong phosphorylation of 
EGFRvIII observed in response to NaOVa treatment was 
not hindered by the low levels of the EGFRwt (Figure 
4A). Erlotinib efficiently suppressed the effects of the 

Figure 2: Treatment with EGF does not affect phosphorylation of EGFRvIII. (A) DK-MG cells treated with indicated 
concentration of EGF for 10 min were lysed and analysed by Western blotting. (B) Quantification of EGFRvIII phosphorylation as shown 
in A. Statistical analysis performed using one-way ANOVA with post-analysis Bonferroni’s multiple comparisons test. (C) Western blot 
analysis of cells stimulated for 1 h with 20 ng/mL EGF, 1 mM NaOVa, concomitant EGF and NaOVa or Control cells, as indicated. 
(D) Quantification of blots as shown in C, with normalization to wild-type receptor under Control conditions. Statistical analysis performed 
using two-way ANOVA with post-analysis Bonferroni’s multiple comparisons test. ***p < 0.005; ns – not significant; n of at least 3 
experiments. Error bars indicate SEM. Asterisks indicate comparison to control cells or as indicated by the bars beneath them. Immunoblots 
have been uniformly adjusted for brightness and contrast to facilitate interpretation.
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orthovanadate, confirming previous results obtained on 
other cell lines (Figure 3A and Supplementary Figure 6). 
Taking advantage of the low endogenous expression of the 
EGFRwt, we have attempted to compare phosphorylation 
of the EGFRvIII in cell line that overexpresses the 
mutant receptor on its own or together with the wild-
type EGFR (Figure 4B). Under the control conditions, 

phosphorylation status of EGFRvIII was comparable 
and did not change following stimulation with EGF. 
The increase in phosphorylation level following NaOVa 
treatment was not altered by EGFRwt overexpression, 
suggesting that homodimer rather than heterodimer with 
EGFRwt is required for phosphorylation of the mutant 
receptor. 

Figure 3: EGFRvIII is not phosphorylated by EGFRwt. (A) Western blot analysis of cells treated with indicated inhibitors prior 
to and concurrently with EGF or NaOVa treatment for 1 h. Concentrations of inhibitors were based on literature reports. (B) Cells were 
treated with inhibitors specific to pan-JAK (ruxolitinib), CDK2 (flavopiridol) or DNA-PK (Nu-7441) prior to and concurrently with NaOVa 
treatment. Concentrations of inhibitors were based on literature reports. (C) Cells transiently expressing control scrambled (SCR) shRNA 
or shRNA targeted against EGFRwt were treated as indicated and analyzed by Western blotting. (D) Quantification of blots as shown in 
C, with columns representing ratio of phosphorylated to total EGFRvIII protein. (E) Cells treated with cycloheximide and stimulated with 
EGF for 3 h as indicated. Where indicated, cells were incubated for another 30 min with DMSO or gefitinib prior to 1 h treatment with 
NaOVa. (F) Quantification of blots as in E for EGFRvIII, with normalization to DMSO treated Control cells.  Statistical analysis performed 
using two-way ANOVA with post-analysis Bonferroni’s multiple comparisons test. **p < 0.01; *p < 0.05; ns – not significant; n of at least 
3 experiments. Error bars indicate SEM. Immunoblots have been uniformly adjusted for brightness and contrast to facilitate interpretation.
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To investigate such possibility, we have conducted 
an analogous experiment using a cell line expressing a 
kinase-dead (KD) variant of EGFRvIII, which carries 
a single point mutation (K478A, mutation analogous 
to K721A in the wild-type receptor) in the ATP-
binding pocket that renders the kinase inactive (Figure 
4B) [5, 40]. Importantly, the EGFRvIIIKD variant’s 
phosphorylation status under the control conditions 
was markedly lower than that of the naïve mutant’s and 
was not altered by addition of NaOVa, suggesting the 
critical role of the kinase domain of the EGFRvIII in 
the constitutive phosphorylation process. Levels of the 
expressed constructs were comparable, therefore protein 
stoichiometry is unlikely to explain differences observed 
between naïve EGFRvIII and KD version (Supplementary 
Figure 10). Overexpression of the EGFRwt did not have 
any effect on this process, irrespective of ligand-mediated 
stimulation, which did increase phosphorylation of the 
wild-type receptor. Additional approach at studying 
putative interaction between the wild-type receptor 
and FLAG-tagged EGFRvIII by the means of co-
immunoprecipitation did not produce any band for the 
wild-type receptor (Supplementary Figure 11). 

EGFRvIII forms covalent homodimers via free 
cysteine

As previous reports have indicated the cysteine at 
position 16 of the mutant receptor to be free, we have 
investigated whether it might be involved in formation 
of covalent dimers [11, 15]. To assess this possibility, 
we have analyzed capability of naïve EGFRvIII and 
EGFRvIII carrying C16S substitution to form dimers by 
semi-native Western blotting technique. By exclusion 
of the reducing agent from sample preparation this 
technique allows for investigation of covalently bound 
protein complexes based on the molecular size of the 
structure. Upon investigation of lysates from AD293 cells 
expressing naïve EGFRvIII, antibody recognizing shared 
EGFR epitope indicated presence of a protein complex at 
270 kDa, corresponding in size to a putative EGFRvIII 
dimer, as well as monomerized protein at 135 kDa 
(Figure 5A). Treatment with NaOVa resulted in elevated 
phosphorylation of both versions of the mutant receptor, 
however, the ratio of phosphorylated dimers to monomers 
was much higher for the naïve protein, with majority of 
phosphorylated protein in the monomerized form for the 
C16S version. Interestingly, incubation with inhibitors 
of EGFR kinase resulted in elevated dimerization with 
simultaneous decrease in receptor phosphorylation levels 
for naïve and C16S variants. This observation is analogous 
to the effect of TKIs on EGFRwt receptor dimerization 
that has been previously reported by a number of groups 
[41, 42]. 

This observation has been confirmed using reducing 
Western blotting on the DK-MGlow line, characterized 

by much smaller fraction of EGFRvIII-positive cells, 
exogenously expressing either naïve EGFRvIII or the 
C16S variant [28]. The latter phosphorylated to much lower 
extent, when compared to the naïve protein, suggesting that 
the investigated residue must be an important component of 
the interaction interface (Figure 5B).

DISCUSSION

The aspect of EGFRvIII dimerization was 
controversial ever since first characterization of the mutant 
receptor [2, 9, 13, 14]. The most recent publications in 
the field trend towards the critical role of the wild-type 
receptor bound by EGF that plays the role of the acceptor 
in activation of EGFRvIII (the donor) [14, 16]. This one-
time phosphorylation is described as sufficient to activate 
aberrant signaling of the mutant receptor. However, 
our data suggest that EGFRvIII is predominantly trans-
phosphorylated in a homodimer. First of all, we have 
not observed any effect of manipulation of the EGFRwt 
levels on EGFRvIII hyperphosphorylation following 
NaOVa treatment in any model investigated. Depletion 
of the wild-type receptor from DK-MG cells by the 
means of shRNA or ligand-mediated degradation did 
not affect EGFRvIII phosphorylation status (Figure 3). 
Overexpression of the wild-type receptor levels in 
AD293 cells, characterized by low endogenous levels 
of the receptor, did not have any effect either (Figure 4 
and Supplementary Figure 9).  Furthermore, stimulation 
of cells with EGF induced phosphorylation of the wild-
type receptor that did not translate into phosphorylation 
of the truncated version on any line tested, irrespective of 
ligand dosage or length of stimulation (Figures 1–2 and 
Supplementary Figures (3–4). This effect was confirmed 
also by the use of the kinase-dead variant of the mutant 
receptor (Figure 4B). Considering that the naïve EGFRvIII 
becomes phosphorylated in response to NaOVa treatment, 
whilst EGFRvIIIKD does not, and EGFRwt does not 
play any role in the process, it can be concluded that 
EGFRvIII is solely responsible for its phosphorylation 
(Figure 4B). Concomitant stimulation of cells with EGF 
and NaOVa did not have any effect either (Figure 2C 
and 2D). In all instances however, the specific inhibitors 
of the EGFR kinase, but not of other kinases, were 
effective at hindering phosphorylation of the EGFRvIII 
in response to NaOVa as well as PAO treatments (Figure 
3 and Supplementary Figure 5). Taken together, these 
data suggest that EGFRwt does not affect EGFRvIII’s 
phosphorylation. Those findings contrast previous reports 
indicating heterodimerization as the predominant means of 
EGFRvIII activation [5, 11, 14–16, 18, 43, 44].

Secondly, previous reports on the structure-function 
relationship of EGFRvIII have indicated that the deletion 
of the protein fragment from the extracellular domain 
has generated a free cysteine at position 16, that is highly 
reactive [11, 45]. The sensitivity of the putative dimers to 
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β-ME suggests that C16 might be involved in formation of 
covalent bonds within the dimer (Figure 5A). In the semi-
native Western blotting approach, we have shown that 
the ratio of dimers to monomers was severely decreased 
in case of the C16S mutant in comparison to the naïve 
protein. At the same time, we have not observed any 
significant bands that might imply heterodimerization 
and the co-immunoprecipitation study did not indicate 
any interaction between the wild-type and mutant EGFR 
(Supplementary Figure 11). It should be noted that recent 
reports indicate that EGFRwt undergoes monomerization 
prior to internalization, suggesting that heterodimeric 
interaction might be too brief to capture by the means of 
co-IP [46]. Still, the increase in phosphorylation levels 
of C16S variant following NaOVa treatment suggests 
that some interaction between two monomers, however 
brief and unstable, must occur to allow for trans-
phosphorylation, a motion suggested in previous reports 
(Figure 5) [5, 14, 15, 20]. Such possibility could explain 
the reports on elevated carcinogenicity observed upon 
forced dimerization of EGFRvIII [47]. Moreover, the 
comparable effect of the EGFR tyrosine kinase inhibitors 
on dimerization of EGFRvIII and the C16S mutant is in 
line with previous reports on this phenomenon observed 
with the wild-type receptor [41, 42]. This suggests that 
the effect of the kinase domain on the dimerization 
process remains intact in the truncated proteins. Further 
investigation of the structure-function relationship of the 
mutant receptor as well as its quaternary structure presents 
interesting opportunity to gain mechanical understanding 
of the mechanism governing oncogene’s activity. 

Furthermore, EGFRvIII is commonly described 
as highly stable in the plasma membrane, however, the 
underlying reasons remain controversial, with some 
reports indicating lack of phosphorylation of Tyr1045 or 
inability to interact with Cbl as the primary reasons [6–8]. 
Investigation of Tyr1045 phosphorylation in response 

to NaOVa or PAO treatment indicated that this residue 
is actively phosphorylated and dephosphorylated on 
EGFRvIII (Figure 1B and 1C). Despite phosphorylation 
of Tyr1045, we have confirmed the high stability of 
the mutant receptor in the DK-MGhigh line, with no 
degradation observed even following 24 h incubation with 
cycloheximide (Supplementary Figure 2). Interestingly, 
stimulation with NaOVa did not obstruct ligand-mediated 
degradation of the full-length receptor (compare lane 2 
and 4 in Figure 2C), suggesting that phosphorylation of 
the mutant receptor on Tyr1045 is insufficient to cause 
degradation of EGFRvIII. This is in line with previous 
reports suggesting presence of the cryptic internalization 
motifs in the EGFRwt that become displayed following 
ligand binding [33–35, 37, 38]. Our data imply that such 
motifs might not be displayed in EGFRvIII, contributing 
towards its elevated stability. Taking into consideration 
that endocytic process actively regulates quantity and 
quality of EGFRwt signaling as well as ultimately 
terminates it, it is plausible to assume that lack of 
degradation of EGFRvIII might be a crucial contributor 
towards its oncogenicity [48–50].

The phosphorylation status of EGFRvIII on 
Tyr1068 was elevated compared to EGFRwt when no 
external stimulant (ligand or otherwise) was present 
(Figure 1G). This result is in line with the previous reports 
suggesting the mutant receptor to be constitutively active 
[5, 7, 12, 19–21]. We do note however, that reaching 
such conclusion in a statistically significant manner 
required a large number of experiments reflecting the 
limitations of the model system as well as the method 
used. Despite our best attempts, we cannot exclude the 
possibility that DK-MG cells express EGFR ligands at 
low levels, antibodies are not completely specific to 
phosphorylated residues or the specificity of the signal 
was not sufficiently distinct from the background noise. 
Furthermore, comparisons of the phosphorylation 

Figure 4: EGFRwt is dispensable for EGFRvIII phosphorylation. (A) AD293 cell lines stably expressing EGFRvIII was treated 
with erlotinib prior to and simultaneously with NaOVa stimulation. (B) AD293 cell line expressing either naïve or kinase dead (KD) version 
of EGFRvIII on its own or together with EGFRwt have been treated with EGF or NaOVa, as indicated. 
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status of EGFRwt and EGFRvIII under physiological 
conditions in glioma cells are likely to reveal different 
pattern due to the putative cross-talk between different 
pathways as well as presence of ligands acting in an 
auto- or paracrine manner [44, 51, 52]. Still, treatment 
with the two PTP inhibitors produced a clear increase in 
phosphorylation levels for both EGFR protein variants 
on all models assessed, with EGFRvIII’s phosphorylation 
being more prominent (Figures 1, 4 and Supplementary 
Figures 3, 6). Whilst tonic regulation of EGFRwt has 
been previously described to involve phosphatases 
[23–26], such phenomenon has not been described for 
EGFRvIII. This suggests that constitutive activity of 
EGFRvIII, represented as elevated phosphorylation 
levels, is likely to be a combination of the kinase activity 
and regulation by phosphatases. Determination of the 
specific roles those two mechanisms play can have 
detrimental effects on the development of therapeutic 
approaches in the future. 

In summary, we have shown that EGFRvIII trans-
phosphorylates itself in homodimers in a continuous 
manner. This process is actively counteracted by a 
single or multiple tyrosine phosphatases, but not by 
protein degradation, which does not occur despite 
phosphorylation of key residues, suggesting steric 
hindrance. Results of a number of experiments 
investigating direct interaction as well as functional 
aspect of dimerization have indicated the wild-type 
receptor not to play a role in the process of EGFRvIII 
phosphorylation. Combined with the fact that this 
process is actively suppressed by EGFR TKIs, it can be 
concluded that EGFRvIII trans-phosphorylates itself in 
a continuous manner. The free cysteine at position 16 

mediates formation of stable, covalent dimers, with small 
fraction of the EGFRvIII likely to dimerize transiently.

MATERIALS AND METHODS

Cell culture

DK-MG cells were purchased from Leibniz-Institut 
DSMZ (Braunschweig, Germany, Cat. no. ACC-277) 
and cultured in RPMI 1640 (GIBCO, Life Technologies, 
Grand Isle, NY, Cat. no. 11875-093). Obtaining of U87-
MGvIII clone 4.12, DK-MGhigh and DK-MGlow lines was 
described previously [28].

AD293 cells were purchased from Agilent 
Technologies (Santa Clara, CA, USA, Cat. no. 240085) 
and cultured in complete DMEM High Glucose (Biowest, 
France, Cat. no. L0102-500). Parental cell line was either 
transfected or transduced with lentiviral vectors carrying 
appropriate transgenes (prepared as described below) and 
positively selected using puromycin (5 μg/mL, InvivoGen, 
Cat. no. ant-pr-1). 

The media used for culturing of cell lines were 
supplemented with 10% FBS (PAA, The Cell Culture 
Company, Austria, Cat. no. A15-104), 1% penicillin/
streptomycin (Life Technologies, Carlsbad, CA, USA; 
Cat. no. 15140-122), 0.2% Gentamycin (Biowest, France, 
Cat. no. L0011-100). Cells were cultured under standard 
cell-culture conditions (5% CO2, 16% O2, 37°C). 

Glioma cells were cultured as described previously 
[28]. Study was approved and conducted in accordance 
to the Approval No. RNN/234/17/KE from the Bioethical 
Committee of the Medical University of Lodz.

Figure 5: Homodimerization of EGFRvIII. (A) Semi-native Western blot (non-reducing conditions) analysis of the AD293 cell lines 
expressing EGFRvIII or EGFRvIIIC16S treated simultaneously with EGFR TKIs and NaOVa, as indicated. Arrowheads indicate dimers, 
arrows point to monomers. (B) DK-MGlow, cell line with marginal endogenous EGFRvIII expression, were transduced to constitutively 
express either naïve EGFRvIII (DK-MGexo) or C16S mutated version (DK-MGC16S). Cells were treated with NaOVa or EGF, as indicated. 
Immunoblots have been uniformly adjusted for brightness and contrast to facilitate interpretation.
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Construction of plasmids and introduction of 
mutations into EGFRvIII transgene

Construction of the pLV1-puro-DEST plasmid 
and EGFRvIII insertion was performed as described 
previously [28, 53]. 

Site-directed mutagenesis was performed on 
pENTR/EGFRvIII by PCR using Q5 Hot Start High-
Fidelity DNA Polymerase (New England Biolabs, Cat. no. 
M0493S), according to manufacturer guidelines. Primers 
used for generation of C16S - 5′CCTGTGGGGCCGAC 
AGCTATGA3′ and 5′CTCGGACGCTCGAGCCGTGA 
T3′; KD - 5′CGTCGCTATCGCCGAATTAAGAGAAG 
C3′ and 5′GGAATTTTAACTTTCTCACCTTCTGGG3′;  
to insert FLAG at the C-terminal - 5′GATGACGACAAG 
ACCGGTACCCAGCTTTCTTGTACAAAG3′ and 5′GTC 
TTTGTAGTCCTCGAGTGCTCCAATAAATTCACTGC 
3′. Resulting linear plasmids were phosphorylated with 
T4PNK (NEB, Cat. no. M0201), ligated by T4 DNA 
Ligase (NEB, Cat. no. M0202) and purified by DpnI 
digest (NEB, Cat. no. R0176). Gateway LR Clonase II 
Enzyme mix (Life Technologies, Cat. no. 11791-020) was 
used to subclone the mutated EGFRvIII cassette to pLV1-
puro-DEST or pIRESneo3-DEST vectors.

Preparation of genetic content delivery vehicle 
and establishment of cell lines

Stable cell lines expressing EGFRvIII, 
EGFRvIIIKD, EGFRvIII-FLAG or EGFRvIIIC16S were 
established by transduction with lentivirus obtained using 
the LENTI Smart kit (InvivoGen, Cat. Code Its-str) as 
described previously [28]. HT-1080 cell line (ATCC, Cat. 
no. CCL-12) was used to titter lentiviral vectors based on 
puromycin resistance. The only exception was AD293vIII 
line, which was prepared by transfection of AD293 
parental line with pIRESneo3-EGFRvIII using Fugene HD 
(Promega, Cat. no. E2311), selecting cells with neomycin 
treatment (500 µg/mL, InvivoGen, Cat. no. ANT-GN-1) 
and establishing monoclonal population, as described 
previously [53]. 

Chemicals

To analyse the effects of pharmacological inhibitors, 
cells were seeded in 6-well plates at 2.5x105 cells per 
well, incubated overnight to allow for adhesion and 
serum starved for subsequent 24 h. Serum free medium 
containing appropriate inhibitors was used to pre-
treat cells for 30 min, unless indicated otherwise, prior 
to stimulation with 20 ng/mL EGF (Sigma-Aldrich, 
St Louis, MO, USA, Cat. no. E5036), 1 mM sodium 
orthovanadate – NaOVa (Na3VO4, Calbiochem, Cat. 
no. 567540), phenylarsine oxide – PAO (Sigma, Cat. 
no. P3075) or pervanadate – pV (obtained as described 
previously [22]; using Catalase, Sigma, Cat. no. C1345 

and H2O2 Sigma, Cat. no. 31642) for 1 hour and lysed. 
Following concentrations of inhibitors were used: DMSO 
(Sigma-Aldrich, Cat. no. D2438, solvent control), 10 μM 
erlotinib (Tarceva, Molecula; Cat. no. 89983631), 0.5 μM 
afatinib (Selleckchem, Cat. no. S1011); 5 μM gefitinib 
(CellSignaling; 4765), 5 μM lapatinib (Selleckchem, Cat. 
no. S1028), 300 nM flavopiridol (Selleckchem, Cat. no. 
S1230), 5 μM arry380 (Gentaur Europe, Cat. no. A8366), 
10 μM Nu7441 (Selleckchem, Cat. no. S2638) and 10 μM 
ruxolitinib (Selleckchem, Cat. no. S1378).

Depletion of EGFRwt

The constructs carrying shRNA targeting 
EGFRwt or scrambled (SCR) control, were generated 
using the Block-iT U6 RNAi Entry vector kit (Life 
Technologies, Cat. no. K4945-00) and the following 
primers: WT-shRNA-F 5′CACCGTGAACCCCGAGGG 
CAAATACACGAATGTATTTGCCCTCGGGGTTCA3′;  
WT-shRNA-R 5′AAAATGAACCCCGAGGGCAAATA 
CATTCGTGTATTTGCCCTCGGGGTTCAC3′; Scr-shRNA-F  
5′CACCGGGAGGTAAACGTAAGAGATAACGAATTA 
TCTCTTACGTTTACCTCC3′; Scr-shRNA-R 5′AAAA 
GGAGGTAAACGTAAGAGATAATTCGTTATCTCTTA 
CGTTTACCTCCC3′. Generated constructs were cloned 
into pLV1-puro-DEST vector using Gateway LR reaction, 
as described above. Plasmids were used to prepare lentiviral 
vectors and transiently transduce DK-MG cells. Knock down 
efficiency was determined on mRNA level by quantitative 
real-time RT-PCR, as described previously [3, 28].

As an alternative approach EGFRwt was depleted 
as a consequence of ligand binding. DK-MG cells 
were seeded in 6-well plates at 2.5 × 105 cells per well, 
incubated overnight to allow for adhesion and serum 
starved for subsequent 24 h. Cells were pre-treated with 
cycloheximide (10 µg/mL; Sigma-Aldrich, Cat. no. 
01810) for 30 min and stimulated with EGF for 3 h. Cells 
were then incubated for another 30 min with DMSO or 
gefitinib prior to 1 h treatment with NaOVa, fixed for 
immunocytochemistry or lysed for Western blotting.

Western blotting

Denaturing blots were performed as described 
previously [28] using indicated antibodies (Table 1). 
To assess receptor dimerization, confluent AD293 cells 
were harvested using cell scraper, washed twice in 
DPBS and treated with appropriate compounds for one 
hour. Thereafter, cells were lysed for 30 min at 4°C in 
cell lysis buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 
1 mM EGTA, 1 mM Sodium Orthovanadate, 10 µM 
β-glycerophosphate, 5 µM Sodium Pyrophosphate and 
0.5% Triton X-100) freshly supplemented with Protease 
Inhibitor Cocktail (Sigma, Cat. no. P8340). Lysates were 
clarified at 7,000 × g for 5 min at 4°C. Equal protein 
amounts, as determined by BCA assay (Thermo Scientific, 
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Cat. no. 23225), were mixed in reducing (with 1% beta-
mercaptoethanol) or non-reducing Laemmli buffer and 
analysed by SDS-PAGE on 4-20% gradient precast gels 
(Mini-Protean TGX, Bio-Rad, Cat. no. 456-1096) and 
Western blotting. Densitometry measurements were 
performed in Quantity-One or ImageJ software.

Co-immunoprecipitation

Lysates prepared as for Western blotting were 
incubated for 4 h at 4°C with anti-FLAG M2 antibody 
(Sigma Aldrich, F3165) at 1:50 (v/v) dilution, with 
agitation. Subsequently, 1:50 of magnetic Protein G coated 
Dynabeads (Life Technologies, 10003D) was added and 
incubated over-night with agitation at 4°C. Beads were 
washed 6x with lysis buffer, boiled in reducing Laemmli 
buffer and supernatant was loaded onto gel for SDS-PAGE. 
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