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Figure 2. EGFRwt-BG, EGFR-
vIII-BG or EGFRL858R-BG as-
sociate with specific proteins. A
proximity ligation assay shows
that UGGT1 colocalizes with EG-
FRwt-BG and EGFRVIII-BG but
not with EGFRL858R-BG or Bio-
GFP control (see also figure 1B).
Similarly, MYCBP2 colocalizes
predominantly with EGFRvIII-
BG wheras SMTN predominantly
colocalizes with EGFRL858R-BG.
All images taken at 63x magnifi-
cation.
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Table 2. Probesets that are differentially expressed between EGFR*“®¢ y, EGFR™M¢ EGFR"“¢ y. EG-

FRYSREC and EGFR™EY y, EGFR™** ¢ g5 identified by SAM analysis

Gene_Symbol ~ Probeset ID  eGFP EGFRwt EGFRVIII E&?S{g' "vvltg ng;gR gégs‘};
SOCS3 227697 _at 45 49 9.1 5.6 X X
RAP1A 1555339 at 134 4.9 7.0 47 X X
C100rf10 209183_s at 6.6 6.8 8.9 6.8 X X
Hs.527973 206359_at 43 46 6.6 49 X X
RAP1A 1555340_x at  14.3 55 7.3 5.1 X X
XR_132893  1565830_at 6.0 46 6.0 5.0 X

SOCS2 203372.s.at 6.8 6.9 7.9 7.4 X

WDR78 1554140_at 6.5 5.1 6.5 5.7 X

DTX3SL 295415_at 6.6 6.5 7.4 6.6 X

BC042589 235456_at 78 6.4 74 6.9 X

KIAA1267 994489 _at 6.8 6.0 6.9 6.4 X

RAB30 229072_at 6.1 4.9 6.0 5.1 X

AK022645 932957 s at 5.2 41 5.2 45 X

HSPAG 213418 at 48 8.2 6.7 9.3 X X
EGR1 2016935 at 6.0 8.9 7.7 10.9 X X
EGR1 201694 s at 82 112 10.2 12.6 X X
EGFR 210984 x at 56  10.0 9.0 10.8 X

AKIRINZ 993143 s at 5.1 5.0 5.8 6.1 X

ARC 210090_at 5.8 6.8 6.3 9.3 X
ARL5B 249727 at 5.9 6.1 6.0 7.3 X X
CCNA1 205899_at 3.9 45 3.9 5.9 X X
EGR3 206115_at 5.6 71 6.1 9.3 X X
FOS 209189_at 5.2 71 7.2 9.1 X

IL12A 207160_at 5.4 5.7 5.8 6.9 X
PHLDA1 217997 at 4.6 4.6 46 5.9 X
SGMS2 242963_at 5.1 5.1 5.1 6.5 X

TACI 2065525 at 4.8 6.7 6.0 8.2 X X
TFPI2 209277_at 3.6 41 3.6 6.3 X X
TFPI2 209278 s at 5.4 6.6 5.6 8.7 X X
HSPA1L 210189_at 7.5 8.2 7.4 8.7 X
HSPH1 208744 x at 9.4 9.7 9.2 10.3 X
DNAJB1 200666_s at 9.4 108 9.9 11.8 X
LOC100652898 227404 s at 6.5 9.5 8.4 10.7 X
INSIG1 201627_s_at 11.0 11.5 10.6 11.7 X
DUSP6 208891_at 6.0 8.1 7.6 8.6 X
DNAJB1 200664 s at 8.2 9.6 8.7 10.7 X
ANXA1 201012_at 6.1 6.8 6.6 7.8 X
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Table 2. Probesets that are differentially expressed between EGFR™ ¢ y, EGFR""*¢ EGFR""*¢ v, EG-
FRU“SREC and EGFR'EC y, EGFR™SREC g5 identified by SAM analysis (continued)

EGFR-p. wtv wtv  vIIIv
L858R vIII  L858R L858R

Gene_Symbol  Probeset_ID  eGFP EGFRwt EGFRvIII

KCTD12 212188_at 8.9 9.7 8.9 10.7 X
HSPA6 117_at 5.4 7.0 6.0 7.9 X
DUSP6 208892_s_at 5.1 7.3 6.8 7.9 X
KCTD12 212192_at 9.8 10.2 9.7 10.8 X
ZCCHC12 228715_at 9.0 10.0 9.0 10.9 X
ETV5 203349_s_at 5.5 8.6 8.0 9.3 X
EGR2 205249_at 6.1 7.6 6.8 9.4 X
Cllorf96 227099_s_at 8.5 10.3 9.5 12.0 X
GPR50 208311_at 7.2 8.0 7.2 9.1 X
DOK5 214844 _s_at 4.4 5.1 4.5 6.0 X
INSIG1 201625_s_at 9.2 9.8 9.0 10.2 X

Differentially expressed genes (>2 fold change in expression level, fdr <0.2) between mutations are marked
with X in one of the last three columns.

expression >2 and fdr < 0.2, Table 2, Fig. 3). These probesets correspond to 15, 11 and
26 different genes respectively. Genes specifically induced by EGFRvIII-BG expression
include SOCS3, C100RF10 and DTX3L (_10, 4, and 2-fold induction respectively).
EGFRL858R-BG specifically induces the expression of ARC, TFPI2, SGMS2, ARLB5
and CCNA1 (~8, 8, 3, 2 and 4-fold respectively). Gene expression analysis therefore
indicates that different mutations in EGFR induce the expression of a unique set of

genes.

We next analysed phosphoprotein levels by RPPA arrays on HOG cells stably express-
ing EGFRwt-BG, EGFRVIII-BG, EGFRL858R-BG or Bio-eGFP control. Three condi-
tions were examined: normal (serum supplemented cell culture), serum free and serum
free, EGF stimulated. All data are listed in Supplementary Table 3. Analysis of EGFR
on these arrays demonstrates that all stably transfected cell lines, apart from the Bio-
eGFP control, have increased levels of EGFR and show increased EGFR phosphoryla-
tion on pY1068 and pY1173. Serum deprivation does not result in a loss of EGFR
phosphorylation (pY1068 and pY1173) which suggests that EGFR signalling remains
active under these conditions. Finally, EGF stimulation results in a strong increase
in EGFR_pY1068 (and to a lesser extent in pY1173), predominantly in EGFRwt-BG
and EGFRL858R-BG expressing cells but also in BIOeGFP and expressing cells. EGF
stimulation does not activate EGFRvIII-BG which is in-line with the fact that this
mutation affects the EGF binding domain.
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Figure 3. Genes that are differentially expressed be-
tween EGFRwt-BG v. EGFRVIII-BG, EGFRwt-BG v.
EGFRL858R-BG, and EGFRVIII-BG v. EGFRL858R-
BG as identified by SAM analysis. Bio-eGFP control
is included for reference. Scales are color coded from
13.0 (red), 7.0 (grey) to 4.5 (blue) as RMA expression
values.
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Figure 4. Proteins with >2 fold change in levels between different constructs as determined by RPPA analy-
sis. Shown are RPPA results of these proteins in cells expressing EGFRwt-BG, EGFRvIII-BG, EGFRL858R-
BG or Bio-eGFP control under normal cell culture conditions (serum supplemented) and serum free cultures
+ EGF. Colors are scaled from the minimum value (blue, -1.26), average (grey, 0.41) to max RPPA vaule (red,
3.42). B) Confirmation by an independent RPPA experiment of AKT-pT308 (left) and MAPK_pT202 (right).
Results of the original (exp-1) and confirmation (exp-2) are shown.
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To determine whether specific mutations induce differences in their downstream
pathway activation, we screened all proteins that showed a > 2-fold change in levels
between different constructs (Fig. 4). Examples of differences identified include, under
serum conditions (i) lower levels of AKT-pT308 (and AKT_pS473) in EGFRL858R-
BG expressing HOG cells compared to EGFRwt-BG, EGFRVIII-BG or BIO-eGFP
expressing cells; (ii) lower levels of MAPK_pT202 phosphorylation in EGFRvIII-BG
expressing cells compared to those expressing EGFRwt-BG and EGFRL858R-BG.
Virtually identical data were obtained in an independent RPPA experiment (Fig. 4,
and Supplementary Fig. 2). Western blot experiments (independently performed)
further confirmed the differences in AKT-pT308 and MAPK_pT202 phosphorylation
(Fig. 4). These data therefore indicate that different mutations in EGFR can induce a
differential downstream pathway phosphorylation.

Because our results indicate that each mutation has unique molecular properties, we
determined whether the various forms of EGFR also differentially affect cell physiology.
HOG cells stably expressing EGFRvIII-BG and EGFRL858R-BG showed a decreased
proliferation compared to bio-eGFP or EGFRwt-BG expressing cells (Fig. 5). The dif-
ferences between constructs were consistently observed over multiple experiments (n

= 4 experiments, six wells/experiment and four locations/well). In a wound healing
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assay, the EGFRvIII-BG and EGFRL858R-BG expressing HOG cells also had a signifi-
cantly slower migration compared to bio-eGFP or EGFRwt-BG expressing cells (P <
0.001, for all comparisons Fig. 5). The difference between constructs was consistently
observed in two independent experiments (n = 2 experiments, six wells/experiment
and three locations/well). These data therefore indicate that different mutations dif-

ferentially affect cell physiology.

DISCUSSION

In this study, we demonstrate different mutations in EGFR associate with different
proteins, activate unique downstream signalling pathways (as shown by the induction
of a unique set of genes and protein phosphorylation) and that cell lines expressing
different EGFR mutation constructs display differences in physiology (proliferation
and migration). Our data therefore demonstrate that different mutations have different
functional consequences, which may provide an explanation for a tumour type specific
mutation spectrum.

Our data are in line with other studies that highlighted differences between wildtype
EGFR, EGFRVIII and/or EGFR p.L858R. For example, wildtype EGFR and EGFRvIII
induce phosphorylation of different substrates, have differential activation of the
JNK, STAT and MAPK signalling pathways, induce the expression of a unique set of
genes and have differences in nuclear localisation [9-13,19]. Our data are also in line
with a study showing that both wtEGFR and EGFRvIII interact with DNA-Protein
Kinase (PRKDC) whereas EGFR p.L858R does not [19]: our biotin pulldown showed
a ~two fold reduction in association with PRKDC of EGFRL858R-BG compared
to both EGFRwt-BG and GFRVIII-BG (Supplementary Table 1). We did not observe
differential association of EGFRwt-BG, EGFRVIII-BG and EGFRL858R-BG with CBL
proteins, see [20]. However, binding to Cbl proteins occurs only after stimulation with
EGF, whereas our cells were not EGF stimulated.

Apart from EGFR, a few proteins also show mutation specific binding partners and
differential activation of downstream signalling pathways. Examples include TP53
(R273H and R267P) and PIK3CA [21-24].

Because tumours often remain dependent on their acquired genetic changes for growth,
these changes are direct targets for treatment. However, when each mutation activates
a unique set of downstream pathways, it is possible each mutation will require specific
inhibition. Indeed, different mutations in EGFR show differential sensitivity towards

Erasmus University Rotterdam 24\/»9\9
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inhibitors: activating mutation in the kinase domain are associated with response
to erlotinib and gefitinib whereas the EGFR p.A289D mutation is more sensitive to
inhibition by lapatinib [7,25,26]. Moreover, kinase domain mutations do not occur in
GBMs and inhibitors that act on these mutations (erlotinib and gefitinib) do not show
clinical benefit in GBM patients eventhough EGFR is a driver in GBMs [27,28].

Our experiments demonstrate that a number of proteins differentially associate with
EGFR constructs. It is interesting to note that mutations in DOCK4, UGGT1, MYCBP2
and SMTN have been found both in GBMs (2/283, 4/283, 1/283 and 1/283 respec-
tively) and pulmonary adenocarcinomas (16/220, 7/220, 17/220 and 4/220). The first
of these proteins that was further examined, DOCK4, associates with EGFRvIII-BG
and, to a lesser extent, with EGFRwt-BG (but not with EGFRL858R-BG). DOCK4 is
mutated in various tumors including bladder (~10% ), colorectal (~10%) and lung
(~7%). Two mutations in DOCK4 have thus far been identified in GBMs. DOCK4
is involved in cell migration through the activation of RAC1 [29,30]. Whether the
difference in cell migration between EGFRwt-BG and EGFRvIII-BG is due to differ-
ential association with DOCK4 remains to be determined. DOCK4 also functions as
a scaffold protein within the Wnt signaling pathway and is essential for activation
of this pathway in vivo [18]. However, we did not find a mutation specific activation
of the WNT pathway. A second differential binding protein, UGGT1, was found to
predominantly associate with EGFRVIII-BG. UGGT1 plays a central role in the quality
control of protein folding in the endoplasmic reticulum (glycosylated proteins) where
it promotes substrate solubility [31]. It was recently demonstrated that the L858R
mutation in EGFR reduces the disorganised conformation of the protein [32]. Because
UGGT1 is involved in the quality control of protein folding, it is possible that the lack
of association between UGGT1 and EGFRL858R-BG identified in our study may be a
result of an altered (i.e. less disorganised) conformation.

Similar to UGGT1, MYCBP2 also showed preferential association with EGFRL858R-
BG. MYCBP2 encodes an E3 ubiquitin ligase which mediates the ubiquitinylation and
subsequent degradation of target proteins. The protein is involved in the regulation
of the mTOR pathway: knockdown of MYCBP2 inhibits the mTOR pathway [33].
Finally, SMTN showed preferential association with EGFRL858R-BG. SMTN co-
localised with a-actin and is involved in the contraction of smooth muscle cells [34].
Whether the differential association with specific EGFR mutations affects the mTOR
pathway or actin dynamics in tumour cells remains to be determined.

EGFR is a member of the ERBB protein family, a family of proteins that plays a role in
several cancer types [35]. The various ERBB family members can heterodimerise with
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each other, and each heterodimer can activate different signal transduction pathways
[35,36]. Although we demonstrate in this manuscript that different EGFR mutations
activate unique molecular pathways, it remains to be determined whether the differ-
ent mutations in EGFR also result in different heterodimerisation induced pathway
activation. Of note, the various ERBB family members do not overtly show a tumor
type specific mutation pattern [4,37].

Our results show that expression of EGFRvIII-BG or EGFRL858R-BG in HOG cells
results in a decreased proliferation and migration, which may be counterintuitive
for an oncogene. However, such reduced proliferation has been observed before in
mutant melanoma cells where expression of EGFR confers a growth disadvantage that
is further strengthened by the addition of EGF [38]. Perhaps this is caused when an
oncogene (such as EGFR) is expressed in cells that have never been dependent on
the oncogene (or the various mutations therein). A similar growth disadvantage (and
altered migration pattern) was observed when expressing mutant (R132H) IDH1 into
cell lines [39,40]. Interestingly, IDH1 also has a tumor-type specific mutation pattern
[41,42].

In summary, our results indicate that there are distinct differences between different
mutations in EGFR. Whether these different mutations also have different oncogenic
properties remains to be determined. However, these functional differences can lead to
the identification of mutation-specific EGFR inhibitors.
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EGFR-wt GFP DOCK4-PLA

Supplementary Figure 1. A proximity ligation assay confirms that DOCK4 associated with EGFRwt-BG in
cells that were serum starved overnight followed by EGF stimulation.
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Supplementary Figure 2. Two independent RPPA experiments of Akt-pS473.
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