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PLA Analysis of Mutant EGFRs in GBM

due to enhanced inhibition of homodimerization compared
with cetuximab (P = 0.0040) and panitumumab (P =
0.0081) as shown in Fig. 5D. These analyses highlight the
potential use of 772 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 77 situ PLA

dimerization and activation analysis on cells expressing var-

Figure 6. /n 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 ug/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.

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 block EGFRvIII-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 begin with (28).
Ofinterest, this apparent reduction in EGFRvIII homodimer
levels had no significant effect on EGFRVIII receptor
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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
stimuladon (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 in Western blot signaling analysis. The observed
trend was that matuzumab had modestly 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 of matuzumab on
EGFRwt-EGFRVIII heterodimers may 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
EGFRUVIIIL. The extracellular deletion in EGFRvIII may result
in a dramatic rearrangement of the remaining extracellular
domains yielding a novel dimerization interface for EGFRvIII
interactions. Conversely, mutant EGFRvIII may dimerize ina
domain [V—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 EGFR activity depending on the specific mAb used. A
corollary of these observations is that EGFRwt-inhibitory
doses may be insufficient to block mutant EGFR 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 evaluated mutant EGFR
dimerization using iz vitro cell culture models 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 i 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.c., EGFRwt /EGFRVIII ) showed the tech-
nical specificity of detection in the GBM samples, as these
GBM s 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). We would 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

GBM2539

GBM2548 GBM2275

GBM2230 GBM2186 GBM2318

-

Figure 7. Direct in situ PLA EGFRwt-EGFRUVIIl 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-EGFRUVIII heterodimer signal on several GBM
specimens (red; arrows). Cells were counterstained with Hoechst33258
(blue) to visualize nuclei; scale bars, 10 um.

Mol Cancer Res; 10(3) March 2012

Molecular Cancer Research

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


http://mcr.aacrjournals.org/

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

PLA Analysis of Mutant EGFRs in GBM

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

Opverall, 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-
EGEFRVIII dimers within patient samples. For example, cells
and/or regions of cells where mutant heterodimers are
observed may be associated with differential downstream
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