1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Cancer Res. Author manuscript; available in PMC 2016 September O1.

-, HHS Public Access
«

Published in final edited form as:
Cancer Res. 2015 September 1; 75(17): 3436-3441. doi:10.1158/0008-5472.CAN-15-0989.

Ligand-independent EGFR signaling

Gao Guol, Ke Gongl, Bryan Wohlfeld24, Kimmo J. Hatanpaa3, Dawen Zhao4, and Amyn A.
Habib1:3.5"

1Department of Neurology and Neurotherapeutics, University of Texas Southwestern Medical
Center, Dallas TX 75390

2Department of Neurosurgery, University of Texas Southwestern Medical Center, Dallas TX
75390

3Department of Pathology, University of Texas Southwestern Medical Center, Dallas TX 75390
4Department of Radiology, University of Texas Southwestern Medical Center, Dallas TX 75390

5VA North Texas Health Care System, Dallas TX 75216

Abstract

Constitutive activation of the EGFR is common in cancer due to EGFR wild type (EGFRwt)
overexpression or the presence of mutant EGFR. Signaling by constitutively active NSCLC EGFR
mutants or the EGFRvIII mutant in glioblastoma has been studied intensively and the downstream
signals are known. Normally, the EGFRwt is activated when it is exposed to ligand resulting in
activation of canonical signals such as ERK and Akt. The EGFRwt also becomes tyrosine
phosphorylated and constitutively activated without ligand when it is overexpressed, but
downstream signals are unclear. Recent studies have identified a non-canonical form of signaling
triggered by EGFRwt exclusively in the absence of ligand that does not involve ERK or Akt
activation but, instead, results in activation of the transcription factor IRF3. Addition of ligand
turns off IRF3 dependent transcription and activates ERK and Akt. Thus, the EGFR triggers
distinct and mutually exclusive signaling networks depending on the presence of ligand.
Furthermore, non-canonical EGFRwt signaling may influence response to treatment in cancer.
Also, there are reports of both synergistic and antagonistic interactions between ligand-dependent
EGFRwt and EGFRUVIII signaling, Here, we discuss ligand-independent EGFR signal transduction
by oncogenic EGFR mutants and EGFRwt, and review the interplay between EGFRwt and
EGFRvIII.
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Epidermal growth factor receptor (EGFR) is a transmembrane receptor for members of the
epidermal growth factor family (EGF-family) of extracellular protein ligands (1). The EGFR
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plays an important role in regulating various cellular functions such as proliferation, motility
and differentiation. The binding of a ligand to EGFR causes dimerization, followed by
autophosphorylation of the EGFR and activation of downstream signaling pathways (1).
Activation of the EGFR triggers multiple signaling cascades within the cell culminating in
gene transcription and a biological response.

Constitutive or ligand-independent EGFR signaling has been intensively studied in EGFR
mutants expressed in lung cancer and glioblastoma (GBM). In NSCLC (non-small cell lung
cancer), EGFR overexpression is common and EGFR mutations are detected in 10-20% of
patients being more common in Asian patients (2, 3) (4). EGFR mutations in NSCLC have
generated intense interest because patients with these mutations in their tumors have an
increased responsiveness to EGFR tyrosine kinase inhibitors (5, 6). The most common
NSCLC EGFR mutations are an exon 19 deletion and a point mutation of L858R accounting
for 90% of all EGFR activating mutations, and are referred to “classical’ activating
mutations, may facilitate dimerization (7), leading to ligand-independent activation of the
EGFR (7, 8). Thus, EGFR mutations in NSCLC alter responsiveness to treatment and are
biologically significant. A number of excellent reviews have discussed signal transduction
by mutant EGFR in NSCLC (3, 9). In this review, our focus is on EGFR signaling in GBM.

Constitutive or ligand-independent signaling has largely been considered a property of
oncogenic EGFR mutants (10), even though it is known that EGFRwt overexpression also
results in tyrosine phosphorylation and presumably a constitutive activation of the EGFRwt
(11). However, the downstream signals triggered by constitutively activated EGFRwt
remained undefined and the biological role of constitutive EGFRwt activation remains
unknown. As discussed below, recent studies have identified downstream signals triggered
by constitutive EGFRwt activation that involve activation of the transcription factor IRF3
(12). This ligand-independent and constitutive EGFRwt signaling is termed non-canonical
EGFR signaling because it does not involve activation of canonical EGFR signals such as
ERK and Akt (12). Non-canonical EGFR signaling may be important because of the
frequency of EGFRwt overexpression in cancer and because in cancers like GBM, lung, and
breast cancer, the EGFR may be commonly overexpressed without significant co-expression
of ligand (12-16). In addition, constitutive signaling by EGFR mutants may render cells
more sensitive to EGFR inhibition as seen in lung cancer EGFR mutants, or resistant to
EGFR inhibition as in the case of EGFRVIII. The differences in sensitivity to inhibition
between the different EGFR mutants may reflect differential receptor binding and
occupancy resulting from altered confirmation of the mutant receptors (17, 18).

The EGFRwt is often co-expressed with oncogenic EGFR mutants. In the case of GBM, a
cancer in which the frequency of EGFR gene amplification is estimated to be 40-50%, the
most common oncogenic EGFR mutant, EGFRVIII, is detected almost exclusively in tumors
expressing EGFRwt (19, 20). EGFRvIII may have a more focal or limited distribution
compared to EGFRwt in GBM (21, 22). However, recent studies suggest that EGFRwt is
usually co-expressed in EGFRvIII expressing tumor cells. Fan et al, showed the co-
localization of EGFRwt and EGFRVIII in individual tumor cells by immunohistochemistry
in GBM samples with antibodies specific for EGFR and EGFRvIII (23), while
Puliyapaddamba et al., showed that clones derived from single cells from primary GBM
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cultures expressed both EGFRwt and EGFRVIII (24). The co-expression of both EGFRwt
and EGFRvIII within the same tumor raises the possibility of interactions between the
receptors and a number of studies have investigated EGFRwt-EGFRVIII interactions as
outlined below. In addition to EGFRvIII, other less common constitutively active EGFR
mutants in GBM include the deletion mutant EGFRvIV, a tandem kinase domain duplication
in EGFR (TKD-EGFR) and a series of point mutations in the EGFR extracellular domain
(10, 20, 25).

Constitute activation of EGFR wild-type

While studies have reported that EGFRwt overexpression results in persistent tyrosine
phosphorylation and a constitutive activation of the receptor in the absence of ligand (11),
the downstream signals triggered by this constitutive EGFRwt activation have never been
clearly described, and the general assumption may have been that constitutive and ligand-
induced signals are similar. Ramnarain et al., reported that conditional expression of
EGFRwt in glioma cells leads to increased expression of mRNA for 66 genes in the absence
of exogenous ligand (26), providing evidence for a constitutive EGFRwt signaling program.
In a subsequent study constitutive vs. ligand induced EGFR signaling was studied in detail,
in glioma and breast cancer cells (12). In the absence of ligand, increased expression of the
EGFRwt resulted in tyrosine phosphorylation of the EGFR, but did not lead to activation of
canonical signals such as ERK and Akt. In addition, ligand-independent EGFR signaling did
not result in expression of immediate early genes such as EGR1 and EGR2. Instead, ligand-
independent EGFR signaling triggers a non-canonical EGFR pathway that is regulated by
activation of the transcription factor IRF3. Thus, EGFR overexpression leads to
phosphorylation and activation of IRF3 and transcription of IRF3-dependent downstream
genes such as IFIT1, IFI27 and TRAIL. An autocrine loop was excluded by the use of
Cetuximab, which failed to prevent ligand-independent EGFR signaling, and the use of a
non-ligand binding EGFR mutant, EGFRvIII, which also triggered activation of IRF3
dependent target genes, thus excluding an intracellular autocrine activation of the EGFRwt
(12). Furthermore, expression of a kinase inactive EGFRwt failed to induce IRF3 activation,
and the use of Erlotinib blocked ligand-independent EGFR signaling, demonstrating that the
kinase activity of the EGFR is required. Interestingly, addition of EGF resulted in a
termination of the IRF3-transcriptional program, as demonstrated by a loss of IRF3
phosphorylation, loss of IRF3 transcriptional activity and downregulation of IRF3 dependent
downstream genes IFIT1, IRF3 and TRAIL, with a concomitant activation of canonical
ERK and Akt signals and induction of immediate early genes EGR1 and EGR2 (12). These
data challenge the a priori view that ligand-independent and ligand-dependent EGFR signals
are similar and demonstrate that the downstream signals activated by ligand-independent
EGFR signaling are non-canonical and distinct from ligand-activated EGFR signaling.
Furthermore, this study suggested that ligand-independent and ligand-activated signals are
mutually exclusive. These data together suggest that the overexpressed EGFRwt oscillates
between two distinct and mutually exclusive modes of signaling, depending on the presence
of ligand (Figure 1A).

The underlying mechanism may be a switch of EGFR associated proteins with ligand (12)
(Figure 1A). Thus, in the absence of ligand, the EGFR forms a ternary complex that includes
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IRF3 and its upstream kinase TBK1. It was proposed that IRF3 activation resulted from the
increased association of IRF3 and TBK1 induced by the presence of EGFRwt. Addition of
EGF resulted in a dissolution of the EGFR-IRF3-TBK1 complex and a loss of IRF3
transcriptional activity. The ligand-activated EGFR now forms a complex with Shc. The
changes in EGFR-associated proteins in response to ligand are likely a consequence of the
altered conformation of the ligand-activated receptor, but this awaits experimental
confirmation. Initial studies indicate that cells overexpressing EGFR are more resistant to
virus induced cell death in the absence of ligand (12), raising the possibility that ligand-
independent EGFR signaling may confer a survival advantage during the clonal evolution of
tumors. Similarly, EGFR overexpressing glioma cells are more resistant to chemotherapy
with temozolomide in the absence of ligand (12).

Constitutive EGFR signaling may be activated in cancer. A recent study found that about 60
percent of glioblastoma (GBM) tumors that express high levels of the EGFR had low levels
of TGFa (12). Interestingly, there is a statistically significant inverse correlation between
expression of TGFa and levels of IRF3-dependent genes IFI27 and IFIT1, suggesting that in
EGFR overexpressing tumors with high levels of TGFa and hence ligand-activation of
EGFR, IRF3 is not activated. Conversely, in EGFR overexpressing tumors in which TGFa
was low, levels of IFIT1 and IFI27 were high suggesting that non-canonical EGFR signaling
is activated. Other studies have also suggested EGFR overexpression may occur without
TGFa expression in GBMs (13) or reported that a significant subset of EGFR
overexpressing GBMs do not have a high level of EGFR phosphorylation suggesting a
paucity of ligand in GBM (27). Similar results have been found in lung cancer in which
estimates of low or absent ligand expression in high EGFR expressing cancers range from
25-32% (14, 15). Similarly in a breast cancer study, about 48% of EGFR positive tumors
were positive for TGFa (16). However, while TGFa is a major EGFR ligand in cancer, there
are a number of other known EGFR ligands. These include EGF, HB-EGF, Amphiregulin,
Betacellulin, and Epigen (28). Thus, determination of the ligand status of EGFR
overexpressing tumors will require an assessment of multiple ligands.

EGFRuvIll is a constitutively active mutant in GBM

EGFR gene amplification and overexpression are a striking feature of GBM, observed in
about 40-50% of GBMs (20), but are rare in low grade gliomas suggesting a causal role for
aberrant EGFR signaling in the pathogenesis of GBM. A specific EGFR mutant (EGFR
Type 1, EGFRvIII, de2-7, AEGFR) can be detected in about one third of GBMs (20).
EGFRVIII is generated from a deletion of exons 2—7 of the EGFR gene, which results in an
in frame deletion of 267 amino acids from the extracellular domain of the receptor.
EGFRvIII is unable to bind ligand and signals constitutively.

EGFRvIII has a greater oncogenic potential compared to EGFRwt (29) and a significant
effort has been focused on investigating what makes EGFRvIII more tumorigenic compared
to EGFRwt. A detailed discussion of EGFRvIII downstream signaling can be found in
previous reviews (19, 20). EGFRvIII downstream signaling is clearly distinct from EGFRwt
signaling in a number of ways. Firstly, EGFRVIII expression is sufficient to induce a ligand-
independent continuous activation of Ras (30), ERK (31) and PI3K-Akt (20, 32). EGFRwt
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expression fails to activate these canonical signals unless ligand is added, even when the
EGFR is overexpressed, and ligand-activated signals are limited in time. Expression of
EGFRvIII in UB7MG cells leads to an increase in Bcl-X_ and resistance to apoptotic cell
death in response to chemotherapy (33). Other studies have reported an important role for
JNK activation in EGFRVIII signaling (34). Additional effector mechanisms used by
EGFRvIII include Dock190-Rac1l activation (35), downregulation of miR-9 and
upregulation of its target FOXP1 (36), and alternative splicing of Max leading to glycolytic
growth of tumors (37).

Aberrant EGFR signaling is an important mechanism of NF-xB activation in GBM (38, 39).
EGFRvIII is reported to induce NF--xB activation and higher expression levels of the pro-
angiogenic factor interleukin IL-8 in glioma (40). There may be multiple mechanisms used
by EGFRUVIII to activate NF--xB. EGFRVIII has been reported to activate NF--xB via
mTORC?2 kinase (41). Another study reported that EGFRVIII activated NF--xB by a RIP1
kinase dependent mechanism that includes formation of a signaling platform including
EGFRvIII, RIP1, NEMO, and TAKL1 (24). Importantly, several studies have indicated that
NF--xB activation is required for EGFRvIII-mediated oncogenicity in glioma models (24,
40, 41).

EGFRvVIII activates the receptor tyrosine kinase Met and combined inhibition of EGFRVIII
and Met resulted in enhanced cytotoxicity of EGFRvIII overexpresing compared with
inhibition of either receptor alone, indicating a synergistic effect of EGFRvIII and Met (42—
44).

Interactions between constitutively activated and ligand activated EGF

receptors

EGFRvIII is usually co-expressed with EGFRvIII in GBM and the question of whether
EGFRwt influences EGFRvIII signaling and vice versa have been the subject of a number of
studies.

Synergistic Interactions

Luwor et al., showed that expression of EGFRvIII in BaF/3 cells promoted their
proliferation and found that co-expression of EGFRwt enhanced this effect. They proposed
that EGFRVIII heterodimerizes with EGFRwt resulting in transphosphorylation of EGFRwt
(45), but did not find increased ligand-activated EGFRwt mediated transphosphorylation of
EGFRvIII when both receptors were overexpressed (45). Recently, two studies proposed a
role for EGFRwt in the activation of EGFRUVIII. Li et al., proposed that EGFRwt played a
key role in the constitutive activation of EGFRvIII by forming a complex with EGFRvIII
and promoting its dimerization. Thus, increasing EGFRwt levels increased EGFRvIII
mediated oncogenicity in an orthotopic model, while decreasing EGFRwt significantly
attenuated the oncogenicity of EGFRVIII (46). The authors did not find evidence for a direct
transphosphorylation of EGFRvIII by EGFRwt and, in agreement with a previous study
(47), found that EGFRwt failed to phosphorylate a kinase dead EGFRvIII mutant, with or
without ligand (46). Li et al., suggested that EGFRwt constitutively facilitated the
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dimerization of EGFRVIII leading to autophosphorylation and activation of EGFRvIII (46).
EGFRvIII induced the expression of HB-EGF, a ligand for EGFRwt, suggesting a role for
EGFRvIII in the activation of EGFRwt (26, 46). In another study, Fan et al also found that
co-expression of EGFRwt and EGFRvIII promoted tumor growth in vivo. They proposed a
direct transphosphorylation of EGFRVIII by ligand-activated EGFRwt, leading to an
enhanced activation of downstream STAT signaling and increased tumorigenicity (23). The
EGFR kinase domain is allosterically activated in an asymmetric dimer (48), with one
monomer acting as the activator kinase and another as the receiver kinase. Fan et al. used an
elegant experimental approach by generating receiver impaired and activator impaired
EGFRwt and EGFRvIII mutants to demonstrate that EGFRvIII is a substrate for EGFRwt
(23). Although there are some differences in the proposed mechanisms by which EGFRwt
mediates activation of EGFRvIII, which may reflect differences in the experimental
approach, EGFRwt levels and/or cell type specific differences, the data suggest that
EGFRwt plays an important role in EGFRVIII activation. In addition to these interactions,
synergism between EGFRvIII and EGFRwt was suggested by an earlier study that found an
EGFRuvIII specific induction of an eight gene signature in glioma cells. Three of these genes
were ligands for EGFRwt suggesting that EGFRvIII signaling generated an autocrine loop in
these cells (26). EGFRvIII induced expression of HB-EGF is biologically significant, and
HB-EGF overexpression was shown to accelerate EGFRvIII induced tumorigenicity while
HB-EGF silencing attenuated EGFRvIII-mediated tumorigenicity in an orthotopic model
(46). Another study has reported a biologically significant paracrine loop triggered by
EGFRuvIII that activates EGFRwt via induction of IL-6 (22).

Antagonistic interactions

There are two reports of antagonistic interactions between EGFRwt and EGFRvIII (Figure
1B). EGFRvIII-mediated activation of NF-kB in glioma cells is abolished by treating cells
with EGF. Thus, it was demonstrated that inducible or constitutive stable expression of
EGFRvIII induced NF-kB activation that was abolished by activation of co-expressed
EGFRwt receptor with ligand (24). Overexpression of EGFRwt was not required for this
antagonistic effect. EGFRvIII induces the K63-linked ubiquitination of RIP1 and formation
of a EGFRVIII-RIP1-NEMO-TAKU1 signaling complex that mediates NF-kB activation and
promotes proliferation of tumor cells in vivo (24). Addition of EGF results in a loss of this
signaling platform and a loss of NF-kB activity. RIP1 is known to have a role in both cell
survival as well as cell death (49). In the context of EGFRvIII signaling, activation of
EGFRwt results in a loss of RIP1 ubiquitination and it’s dissociation from EGFRvIII,
NEMO and TAK1. RIP1 now becomes associated with FADD and Caspase-8 and leads to
an EGF and RIP1 dependent death of glioma cells (24) (Figure 1B). EGFRwt activation has
also been reported to antagonize EGFRvIII-mediated activation of Met in glioma cells.
Thus, EGFRvIII expression results in Met phosphorylation and activation. Addition of EGF
to EGFRVIII expressing cells results in activation of co-expressed EGFRwt and a rapid loss
of Met phosphorylation and activation (50) (Figure 1B). EGFRvIII becomes associated with
Met and addition of EGF leads to a loss of the EGFRvIII-Met association suggesting a
possible mechanism for the loss of EGFRvIII-induced Met activation (50). Furthermore, the
loss of Met activation may sensitize cells to chemotherapy (50)
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These studies suggest that interactions between the ligand-dependent EGFRwt receptor and
the ligand-independent EGFRvIII receptor are multinodal, frequent and biologically
significant.

Concluding comments

The finding that constitutive and ligand-dependent EGFR signaling are distinct and that
EGFR signaling in cancer is bimodal may prove relevant to clinical practice. The
observation that EGFR overexpressing cells are more sensitive to chemotherapy in the
presence of ligand is potentially important in stratification of patients with EGFR
overexpressing tumors. The presence or level of expression of EGFR ligand(s) in a
particular tumor has been largely been ignored in clinical practice. If EGFR signaling in
cancer is indeed bimodal, determination of the EGFR ligand status of a particular tumor may
help to predict response to chemotherapy. The newly identified signaling networks that are
triggered exclusively by ligand-independent EGFRwt signaling may provide new targets for
treatment. In addition, new information about interactions between ligand-independent
EGFR mutants and ligand-activated EGFRwt may identify new approaches and new targets
for combinatorial treatment. An intriguing example is the finding that ligand-activated
EGFRwt can direct the RIP1 kinase cell death switch. Thus, when EGFRVIII is expressed,
RIP1 is ubiquitinated and acts in a prosurvival role by activating NF--xB. When the
EGFRwt is overexpressed in the same cells and activated with ligand, the RIP1 switch is
turned into a cell death mode (24). Thus, there are data that ligand-activated EGFR may
render the cell more vulnerable to cell death, an observation that could be exploited for
treatment. Future studies will examine the biological significance and therapeutic
implications of the new insights into EGFR signaling in cancer.
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Figure 1.

A. Bimodal EGFR signaling: When the EGFR is overexpressed it becomes tyrosine
phosphorylated and constitutively activated forming a complex with TBK1 and IRF3
resulting in activation of IRF3. When EGF is added, this complex dissociates, IRF3
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activation is lost and the ligand-activated EGFR activates ERK and Akt and cells become

more sensitive to chemotherapy. B. Ligand-activated EGFRwt antagonizes EGFRvIII

mediated activation of NF-kappaB and Met.
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