


















due to enhanced inhibition of homodimerization compared
with cetuximab (P ¼ 0.0040) and panitumumab (P ¼
0.0081) as shown in Fig. 5D. These analyses highlight the
potential use of in situ PLA for identifying and quantitatively
evaluating anti-dimerization agents.
All antibody-based EGFR therapeutics to date have estab-

lished their clinical dose based on their ability to block
EGFRwt activity. It remains to be seen what efficacy these
"EGFRwt-effective" doses will have on mutant EGFRs com-
monly expressed in GBMs, such as EGFRvIII and
EGFRc958. To address this issue, we conducted in situ PLA
dimerization and activation analysis on cells expressing var-

ious mutants that had been treated with EGFRwt-inhibiting
doses of anti-EGFR mAbs cetuximab, panitumumab, and
matuzumab. Interestingly, we observed that matuzumab had
the greatest ability to significantly blockEGFRvIII-EGFRvIII
homodimer formation (Fig. 6A, black columns). This finding
implies that the established steric hindrance effects of matu-
zumab (27) are critical toward interfering with EGFRvIII
interaction. In contrast, the indirect blockage of ligand
binding by cetuximab and panitumumab is not important
to a receptor which is unable to bind ligand to beginwith (28).
Of interest, this apparent reduction in EGFRvIII homodimer
levels had no significant effect on EGFRvIII receptor

Figure 6. In situ PLA quantitation of
EGFR dimerization (black columns,
background series) and in situ PLA
quantitation of EGFR
phosphorylation (gray columns,
foreground series) were conducted
on cells coexpressing various
combinations of epitope-tagged
EGFR homodimers (A) and
heterodimers (B), as indicated below
graph, following 24 hours of
treatment with indicated anti-EGFR
mAbs. Mean PLA signals per cell are
shown compared with untreated
reference (bold bars). C, immunoblot
analysis of downstream EGFR
pathways in CHOK1 cells expressing
various homodimer and heterodimer
constructs following 24-hour
treatment with various anti-EGFR
mAbs (10 mg/mL) and EGF
stimulation. Gel densitometry values
are reported below blots as fraction
of untreated control in each group. C,
cetuximab; ERK, extracellular
signal—regulated kinase; M,
matuzumab; P, panitumumab.
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phosphorylation status (Fig. 6A-gray columns). In line with
these resistance observations, complementary Western blot
analysis of receptor phosphorylation and downstream signal-
ing confirmed that EGFRvIII-EGFRvIII homodimer con-
taining cells had no apparent alterations to pEGFR1068,
pERK, or p27 following mAb treatment (Fig. 6C, lanes 6–8
compared with lane 5). Only matuzumab had a hint of
inhibiting pAKT in EGFRvIII-expressing cells. Likewise,
matuzumab, cetuximab, and panitumumab were also
observed to significantly impair EGFRwt-EGFRvIII pre-
formed dimers and prevent further interaction from ligand
stimulation (Fig. 6B, black columns). However, no mAb
showed an ability to fully ablate basal EGFRwt-EGFRvIII
heterodimer phosphorylation regardless of their ability to
impair heterodimer formation (Fig. 6B, gray columns). Inter-
estingly, the greater potency of matuzumab toward EGFRwt-
EGFRvIII heterodimers observed in PLA experiments was
also detected inWestern blot signaling analysis. The observed
trendwas thatmatuzumab hadmodestly enhanced inhibition
of pEGFR1068 and pAKT, compared with panitumumab
and cetuximab (Fig. 6C, lane 12). The enhanced signaling
inhibition by matuzumab may be a secondary effect of
increased receptor downregulation as it tended to down-
regulate EGFRvIII and EGFRwt-EGFRvIII, better than
either cetuximab or panitumumab (Fig. 6C, EGFR blot).
Intriguingly, this increased downregulation of EGFRwt-
EGFRvIII by matuzumab also resulted in a paradoxical
decrease in p27 levels perhaps indicating a decreased need
for cell-cycle blockage because of concomitant decrease in
oncogenic receptors. The preferential effect ofmatuzumab on
EGFRwt-EGFRvIII heterodimersmay have functional impli-
cations as the proliferation of GBM cell line U87-wt/vIII was
reduced when treated with matuzumab (Supplementary Fig.
S5). In terms of EGFRvIII-EGFRc958 heterodimer forma-
tion, none of the therapeutics had a dramatic effect on basal
heterodimer levels, but all 3 were observed to inhibit the
ligand-induced dimer fraction. Importantly, no substantial
effects were observed on EGFRvIII-EGFRc958 phosphory-
lation, regardless of the anti-EGFR mAb tested. Supplemen-
tary Table S1 summarizes the level of dimerization and
phosphorylation inhibition observed for the mAbs tested
among various homo- and heterodimer configurations. Fur-
thermore, these results hint at a nonconventional mechanism
of EGFRvIII homodimeric association, independent of the
canonical domain II dimerization arm that is deleted in
EGFRvIII. The extracellular deletion in EGFRvIIImay result
in a dramatic rearrangement of the remaining extracellular
domains yielding a novel dimerization interface for EGFRvIII
interactions.Conversely,mutantEGFRvIIImaydimerize in a
domain IV–dependent manner, similar to that of the extra-
cellular-deleted v-ErbB (29). Eventual crystal structures of
EGFRvIII may shed light on these outstanding questions.
These analyses suggest that mutant EGFR dimers can evade
anti-EGFR therapy, yet also point to the opportunity to block
mutant EGFRactivity depending on the specificmAbused. A
corollary of these observations is that EGFRwt-inhibitory
dosesmaybe insufficient toblockmutantEGFR function and
the effects of higher level dosing remains to be seen.

Mutant EGFRwt-EGFRvIII heterodimers are present in
GBM operative specimens
All published studies to date have evaluatedmutant EGFR

dimerization using in vitro cell culturemodels and are thus of
limited relevance (9, 12–15). To address the possibility of
mutant EGFRwt-EGFRvIII heterodimerization in GBM
specimens, we profiled the EGFR expression status of 47
frozen samples of GBM operative specimens. RT-PCR and
agarose gel analysis revealed the coexpression of EGFRvIII
(243-bp product) and EGFRwt (1,044-bp product) in 5 of
the samples tested:GBM2186, 2548, 2318, 2275, and 2230
(Supplementary Fig. S3). Using this subgroup of EGFRwt
and EGFRvIII coexpressing samples, we conducted in situ
PLA for EGFRwt-EGFRvIII heterodimer analysis using
anti-EGFRwt and anti-EGFRvIII–specific antibodies (Sup-
plementary Fig. S4). In total 4 of 5 samples tested showed in
situ PLA signal for EGFRwt-EGFRvIII dimers (Fig. 7).
Overall, tumors which expressed only one partner of the
heterodimer (i.e., EGFRwtþ/EGFRvIII�) showed the tech-
nical specificity of detection in the GBM samples, as these
GBMs failed to generate any PLA signal (Fig. 7, GBM2539).
Notably, intrasample heterogeneity was apparent as regional
variability in EGFRwt-EGFRvIII dimer signal could be
observed within the same sample (Fig. 7, bottom middle).
It would appear that regional EGFRvIII expression differ-
ences, as observed in other reports, are partly responsible for
the presence of EGFRwt-EGFRvIII dimers in some areas
and lack of heterodimer signal in other areas of the same
tumor (30–32).Wewould therefore expect that some cells in
the tumor samples tested were simply not coexpressing both
EGFRwt and EGFRvIII and these cells failed to show
EGFRwt-EGFRvIII heterodimer signal. Moreover, inter-
sample heterogeneity was evident as EGFRwt-EGFRvIII

Figure 7. Direct in situ PLA EGFRwt-EGFRvIII detection was conducted
using anti-EGFRvIII and anti-EGFRwt antibodies on formalin-fixed,
paraffin-embedded (FFPE) GBM samples. Note the absence of PLA
signal on tissue sample GBM2539 lacking EGFRvIII expression but
positive for EGFRwt expression. Note the clear presence of bright,
peripheral EGFRwt-EGFRvIII heterodimer signal on several GBM
specimens (red; arrows). Cells were counterstained with Hoechst33258
(blue) to visualize nuclei; scale bars, 10 mm.
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dimer signals were variable among specimens, even though
they coexpressed the EGFRwt and EGFRvIII receptors
(Fig. 7, bottom right). These data using PLA suggest a
stoichiometric ratio of receptor expression level that favors
heterodimer formation, as hinted by the differential
EGFRwt:EGFRvIII expression ratios observed in our RT-
PCR analysis (Supplementary Fig. S3).

Conclusions
Overall, this study illustrates that EGFR mutants preva-

lent in malignant gliomas possess aberrant interaction and
activation features, as well as varied susceptibilities to anti-
EGFR mAb therapies. Of novel clinical pertinence,
EGFRwt-EGFRvIII mutant heterodimers were directly
detected in GBM specimens. Further studies may determine
whether there is a biologic or clinical relevance in the
quantitative level and regional variability of EGFRwt-
EGFRvIII dimers within patient samples. For example, cells
and/or regions of cells where mutant heterodimers are
observed may be associated with differential downstream

signaling (i.e., pAKT, pERK, pSTAT3, pPLCg , etc.) com-
pared with cells lacking this mutant heterodimer thereby
creating microenvironments of signaling activity. Further-
more, because EGFR amplification or expression in GBMs
have limited use as prognostic factors for response to anti-
EGFR therapeutics, the current data suggest further inves-
tigation of EGFRmutant dimerization as a potential param-
eter for predicting anti-EGFR therapy response.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interests were disclosed.

Grant Support
The study was supported by Sick Kids Hospital, OSOTF, and Canadian Institute

ofHealth Research scholarships (A.S. Gajadhar), Cancer Research Society, and Alan&
Susan Hudson Chair in Neurooncology (A. Guha).

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be herebymarked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

Received November 7, 2011; revised December 19, 2011; accepted January 2,
2012; published OnlineFirst January 9, 2012.

References
1. Ekstrand AJ, Sugawa N, James CD, Collins VP. Amplified and rear-

ranged epidermal growth factor receptor genes in human glioblasto-
mas reveal deletions of sequences encoding portions of the N- and/or
C-terminal tails. Proc Natl Acad Sci U S A 1992;89:4309–13.

2. Libermann TA, Nusbaum HR, Razon N, Kris R, Lax I, Soreq H, et al.
Amplification, enhanced expression and possible rearrangement of
EGF receptor gene in primary human brain tumours of glial origin.
Nature 1985;313:144–7.

3. Sugawa N, Ekstrand AJ, James CD, Collins VP. Identical splicing of
aberrant epidermal growth factor receptor transcripts from amplified
rearranged genes in human glioblastomas. Proc Natl Acad Sci U S A
1990;87:8602–6.

4. Aldape KD, Ballman K, Furth A, Buckner JC, Giannini C, Burger PC,
et al. Immunohistochemical detection of EGFRvIII in high malignancy
grade astrocytomas and evaluation of prognostic significance.
J Neuropathol Exp Neurol 2004;63:700–7.

5. Zandi R, Larsen AB, Andersen P, Stockhausen MT, Poulsen HS.
Mechanisms for oncogenic activation of the epidermal growth factor
receptor. Cell Signal 2007;19:2013–23.

6. Eley G, Frederick L, Wang XY, Smith DI, James CD. 30 end structure
and rearrangements of EGFR in glioblastomas. Genes Chromosomes
Cancer 1998;23:248–54.

7. Frederick L, Wang XY, Eley G, James CD. Diversity and frequency of
epidermal growth factor receptor mutations in human glioblastomas.
Cancer Res 2000;60:1383–7.

8. Pillay V, Allaf L,Wilding AL,Donoghue JF, Court NW,Greenall SA, et al.
The plasticity of oncogene addiction: implications for targeted thera-
pies directed to receptor tyrosine kinases. Neoplasia 2009;11:448–58,
2 p following 458.

9. Luwor RB, Zhu HJ, Walker F, Vitali AA, Perera RM, Burgess AW, et al.
The tumor-specific de2-7 epidermal growth factor receptor (EGFR)
promotes cells survival and heterodimerizes with the wild-type EGFR.
Oncogene 2004;23:6095–104.

10. Gajadhar A, Guha A. A proximity ligation assay using transiently
transfected, epitope-tagged proteins: application for in situ detection
of dimerized receptor tyrosine kinases. Biotechniques 2010;48:
145–52.

11. Jarvius M, Paulsson J, Weibrecht I, Leuchowius KJ, Andersson AC,
Wahlby C, et al. In situ detection of phosphorylated platelet-derived
growth factor receptor beta using a generalized proximity ligation
method. Mol Cell Proteomics 2007;6:1500–9.

12. Chu CT, Everiss KD, Wikstrand CJ, Batra SK, Kung HJ, Bigner DD.
Receptor dimerization is not a factor in the signalling activity of a
transforming variant epidermal growth factor receptor (EGFRvIII).
Biochem J 1997;324:855–61.

13. Fernandes H, Cohen S, Bishayee S. Glycosylation-induced confor-
mational modification positively regulates receptor-receptor associa-
tion: a study with an aberrant epidermal growth factor receptor
(EGFRvIII/DeltaEGFR) expressed in cancer cells. J Biol Chem 2001;
276:5375–83.

14. HuangHS,NaganeM,Klingbeil CK, LinH,NishikawaR, Ji XD, et al. The
enhanced tumorigenic activity of a mutant epidermal growth factor
receptor common in human cancers is mediated by threshold levels of
constitutive tyrosine phosphorylation and unattenuated signaling.
J Biol Chem 1997;272:2927–35.

15. Pines G, Huang PH, Zwang Y, White FM, Yarden Y. EGFRvIV: a
previously uncharacterized oncogenic mutant reveals a kinase auto-
inhibitory mechanism. Oncogene 2010;29:5850–60.

16. Wikstrand CJ, McLendon RE, Friedman AH, Bigner DD. Cell surface
localization and density of the tumor-associated variant of the epider-
mal growth factor receptor, EGFRvIII. Cancer Res 1997;57:4130–40.

17. Chung I, Akita R, Vandlen R, Toomre D, Schlessinger J, Mellman I.
Spatial control of EGF receptor activation by reversible dimerization on
living cells. Nature 2010;464:783–7.

18. Moriki T, Maruyama H, Maruyama IN. Activation of preformed EGF
receptor dimers by ligand-induced rotation of the transmembrane
domain. J Mol Biol 2001;311:1011–26.

19. Sako Y, Minoghchi S, Yanagida T. Single-molecule imaging of EGFR
signalling on the surface of living cells. Nat Cell Biol 2000;2:168–72.

20. Yu X, Sharma KD, Takahashi T, Iwamoto R, Mekada E. Ligand-
independent dimer formation of epidermal growth factor receptor
(EGFR) is a step separable from ligand-induced EGFR signaling. Mol
Biol Cell 2002;13:2547–57.

21. Jura N, Endres NF, Engel K, Deindl S, Das R, Lamers MH, et al.
Mechanism for activation of the EGF receptor catalytic domain by the
juxtamembrane segment. Cell 2009;137:1293–307.

22. Huang PH, Miraldi ER, Xu AM, Kundukulam VA, Del Rosario AM, Flynn
RA, et al. Phosphotyrosine signaling analysis of site-specificmutations
on EGFRvIII identifies determinants governing glioblastoma cell
growth. Mol Biosyst 2010;6:1227–37.

23. Walker F, Orchard SG, Jorissen RN, Hall NE, Zhang HH, Hoyne PA,
et al. CR1/CR2 interactions modulate the functions of the cell

PLA Analysis of Mutant EGFRs in GBM

www.aacrjournals.org Mol Cancer Res; 10(3) March 2012 439

on October 16, 2021. © 2012 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from 

Published OnlineFirst January 9, 2012; DOI: 10.1158/1541-7786.MCR-11-0531 

http://mcr.aacrjournals.org/


surface epidermal growth factor receptor. J Biol Chem 2004;279:
22387–98.

24. Filmus J, Pollak MN, Cairncross JG, Buick RN. Amplified, overex-
pressed and rearranged epidermal growth factor receptor gene in a
human astrocytoma cell line. Biochem Biophys Res Commun
1985;131:207–15.

25. Sunada H, Yu P, Peacock JS, Mendelsohn J. Modulation of tyrosine,
serine, and threonine phosphorylation and intracellular processing of
the epidermal growth factor receptor by antireceptor monoclonal
antibody. J Cell Physiol 1990;142:284–92.

26. Yang XD, Jia XC, Corvalan JR, Wang P, Davis CG. Development of
ABX-EGF, a fully human anti-EGF receptor monoclonal antibody, for
cancer therapy. Crit Rev Oncol Hematol 2001;38:17–23.

27. Schmiedel J, Blaukat A, Li S, Knochel T, Ferguson KM. Matuzumab
binding to EGFR prevents the conformational rearrangement required
for dimerization. Cancer Cell 2008;13:365–73.

28. LeahyDJ. Amolecular view of anti-ErbBmonoclonal antibody therapy.
Cancer Cell 2008;13:291–3.

29. Boerner JL, Danielsen A, Maihle NJ. Ligand-independent oncogenic
signaling by the epidermal growth factor receptor: v-ErbB as a para-
digm. Exp Cell Res 2003;284:111–21.

30. Biernat W, Huang H, Yokoo H, Kleihues P, Ohgaki H. Predominant
expression ofmutant EGFR (EGFRvIII) is rare in primary glioblastomas.
Brain Pathol 2004;14:131–6.

31. Nishikawa R, Sugiyama T, Narita Y, Furnari F, Cavenee WK, Mat-
sutani M. Immunohistochemical analysis of the mutant epidermal
growth factor, deltaEGFR, in glioblastoma. Brain Tumor Pathol
2004;21:53–6.

32. Shinojima N, Tada K, Shiraishi S, Kamiryo T, Kochi M, Nakamura H,
et al. Prognostic value of epidermal growth factor receptor in
patients with glioblastoma multiforme. Cancer Res 2003;63:
6962–70.

Gajadhar et al.

Mol Cancer Res; 10(3) March 2012 Molecular Cancer Research440

on October 16, 2021. © 2012 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from 

Published OnlineFirst January 9, 2012; DOI: 10.1158/1541-7786.MCR-11-0531 

http://mcr.aacrjournals.org/


2012;10:428-440. Published OnlineFirst January 9, 2012.Mol Cancer Res 
  
Aaron S. Gajadhar, Elena Bogdanovic, Diana Marcela Muñoz, et al. 
  
Differential Response to Anti-EGFR Targeted Therapy
Multiforme Reveals Aberrant Dimerization, Activation, and 

 Analysis of Mutant EGFRs Prevalent in GlioblastomaIn Situ

  
Updated version

  
 10.1158/1541-7786.MCR-11-0531doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://mcr.aacrjournals.org/content/suppl/2012/01/09/1541-7786.MCR-11-0531.DC1

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://mcr.aacrjournals.org/content/10/3/428.full#ref-list-1

This article cites 32 articles, 11 of which you can access for free at:

  
Citing articles

  
 http://mcr.aacrjournals.org/content/10/3/428.full#related-urls

This article has been cited by 6 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://mcr.aacrjournals.org/content/10/3/428
To request permission to re-use all or part of this article, use this link

on October 16, 2021. © 2012 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from 

Published OnlineFirst January 9, 2012; DOI: 10.1158/1541-7786.MCR-11-0531 

http://mcr.aacrjournals.org/lookup/doi/10.1158/1541-7786.MCR-11-0531
http://mcr.aacrjournals.org/content/suppl/2012/01/09/1541-7786.MCR-11-0531.DC1
http://mcr.aacrjournals.org/content/10/3/428.full#ref-list-1
http://mcr.aacrjournals.org/content/10/3/428.full#related-urls
http://mcr.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://mcr.aacrjournals.org/content/10/3/428
http://mcr.aacrjournals.org/

