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Summary

Signaling by the Epidermal Growth Factor Receptor (EGFR) and related ErbB family receptor
tyrosine kinases can be deregulated in human malignancies as the result of mutations in the genes
that encode these receptors. The recent identification of EGFR mutations that correlate with
sensitivity and resistance to EGFR tyrosine kinase inhibitors in lung and colon tumors has renewed
interest in such activating mutations. Here we review current models for ligand stimulation of
receptor dimerization and for activation of receptor signaling by receptor dimerization. In the context
of these models, we discuss ErbB receptor mutations that affect ligand binding and those that cause
constitutive receptor phosphorylation and signaling as a result of constitutive receptor dimerization.
We discuss mutations in the cytoplasmic regions that affect enzymatic activity, substrate specificity
and coupling to effectors and downstream signaling pathways. Finally, we discuss how emergent
mechanisms of ErbB receptor mutational activation could impact the search for clinically relevant
ErbB receptor mutations.

Introduction

The ErbB family of receptor tyrosine kinases includes the Epidermal Growth Factor Receptor
(EGFR/ErbB1), ErbB2 (HER2/Neu), ErbB3 (HER3), and ErbB4 (HER4). Members of the
Epidermal Growth Factor (EGF) family of peptide hormones serve as agonists for these
receptors and include EGF, transforming growth factor alpha (TGFa), betacellulin,
amphiregulin, epiregulin, epigen, heparin-binding EGF-like growth factor and members of the
neuregulin (heregulin) subfamily of growth factors.(1) EGF hormones and ErbB receptors play
critical roles in mammalian development and homeostasis and deregulated signaling by ErbB
family receptors contributes to tumorigenesis and tumor progression; indeed, both EGFR and
ErbB2 are validated targets for cancer chemotherapeutic agents.(1-3) Consequently, there is
much interest in the mechanisms by which ErbB receptor signaling can be deregulated,
particularly activating mutations of ErbB receptors. Here we will review the current model for
ligand-induced ErbB receptor signaling. Within that context, we will also review activating
mutations of ErbB family receptors. Activating mutations that have been identified in tumor
specimens will be discussed. Activating mutations that have been generated in the laboratory
but not yet identified in tumor specimens will also be discussed. This latter set of mutations
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may serve as the impetus for future attempts to identify activating mutations in tumor
specimens.

Mechanisms of ErbB receptor signaling

ErbB family receptors consist of an extracellular region that contains two ligand-binding
domains, an extracellular juxtamembrane region, a hydrophobic transmembrane domain, a
cytoplasmic tyrosine kinase domain and cytoplasmic tyrosine residues that serve as sites for
receptor phosphorylation (Fig. 1). Ligand binding results in receptor dimerization,
phosphorylation across receptor dimers on tyrosine residues, recruitment of signaling
molecules to the phosphorylated tyrosine residues, and coupling to downstream effectors and
biological responses.(1) New insights into the mechanisms of ligand-induced ErbB receptor
signaling have emerged from structural data. Fig. 2 indicates that the extracellular region of
EGFR, ErbB3, and ErbB4 appears to exist in two distinct conformations.(4—7) The closed,
inactive conformation features intramolecular interactions between extracellular subregions 11
and IV (Fig. 2A). These prevent the extension of the receptor dimerization domains present in
subregions Il and IV and also prevent the juxtapositioning of subregions I and 11 to form a
ligand-binding pocket.

The open, active conformation lacks the intramolecular interactions between subregions 11 and
IV (Fig. 2B). Thus, subregions 11 and 1V extend away from the rest of the molecule and enable
receptor dimerization via intermolecular contacts that involve subregions 11 and IV (Fig. 2C).
Moreover, in the open conformation subregions I and 111 form a ligand-binding pocket that
permits interactions between a single ligand molecule and subregions I and 111 (Fig. 2B).

In the absence of ligand binding, the extracellular region of EGFR, ErbB3 and ErbB4 appears
to exist in equilibrium between the closed and open conformations. This equilibrium appears
to favor the closed conformation; in the absence of ligand binding, it appears that approximately
95% of EGFR exists in the closed conformation. Given that only the open conformation appears
to be capable of receptor dimerization, the preference of the receptor for the closed
conformation seems to account for the absence of ligand-independent receptor signaling at
typical physiologic receptor expression densities.(4,8)

Ligand binding stabilizes the EGFR extracellular region in the open conformation, thereby
facilitating receptor dimerization and receptor signaling.(4,8) As depicted in Fig. 3, the
mechanism by which receptor dimerization causes receptor signaling has been suggested by
the structure of the EGFR kinase domain.(9) The EGFR tyrosine kinase domain is presumed
to exist in equilibrium between catalytically active and inactive forms. This equilibrium favors
the inactive form. However, formation of an asymmetrical dimer of kinase domains appears
to stabilize the kinase domain of one of the receptor monomers in the active conformation.
This proposed mechanism is analogous to the one by which cyclins stabilize cyclin-dependent
kinases in the catalytically active conformation.(9) The asymmetrical dimer of receptor
cytoplasmic domains is predicted to enable the presentation of tyrosine residues of one receptor
monomer to the kinase domain of the other receptor monomer, thereby permitting tyrosine
phosphorylation.(9) This model postulates that ErbB receptor tyrosine phosphorylation occurs
in trans across a receptor dimer. Abundant experimental data support this model.(10-13)

The ErbB2 extracellular region exists in a conformation that does not appear to be suitable for
binding EGF family peptide hormones.(14) However, this conformation does feature extension
of the receptor dimerization arm found in extracellular subregion Il. This suggests that ErbB2
is capable of ligand-independent dimerization and signaling. Indeed, despite the fact that ErbB2
does not bind any EGF family hormone, it homodimerizes at elevated expression levels and
heterodimerizes with other ErbB family receptors in the presence of ligands for these receptors.
(1,14)
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Activating mutations of the extracellular region

The proposed models for ligand-induced ErbB receptor signaling suggest a variety of
mechanisms by which ErbB receptor mutations could deregulate receptor signaling. Indeed,
three different classes of activating mutations reside in the receptor extracellular region.

Ligand binding mutants

Ligand-binding mutants exhibit deregulated receptor signaling as a result of increased ligand-
binding affinity. This may be manifested as increased affinity for a ligand that normally already
binds with high affinity, resulting in increased sensitivity to that ligand. This may also be
manifested as increased affinity for a ligand that typically fails to bind to the receptor, resulting
in receptor signaling in tissues that typically do not display receptor signaling in response to
that ligand. An example of the latter class is the artificial EGFR S418F mutant (also referred
to as S442F, Table 1). EGFR Ser418 lieswithin the ligand-binding motif of extracellular
subregion Il (Fig. 1). The EGF family hormone neuregulin2 beta (NRG2f) does not bind to
EGFR with high affinity and is not a potent agonist of EGFR signaling.(15-18) However, the
S418F mutation increases the affinity of NRG2p for EGFR by more than an order of magnitude
and increases the potency of NRG2p stimulation of EGFR tyrosine phosphorylation by a
commensurate amount.(15) Thus, the S418F mutation and analogous EGFR mutations may
result in stimulation of EGFR signaling by EGF family ligands in contexts in which these
ligands do not typically stimulate signaling by wild-type EGFR. ErbB receptor mutants
analogous to the EGFR S418F mutant have yet to be identified in tumors.

Conformational equilibrium mutants

Conformational equilibrium mutants alter the balance between the closed and open receptor
extracellular region conformations to favor the open conformation. The resulting increase in
the concentration of the receptor in the open conformation is typically manifested as increased
ligand-dependent and -independent signaling.

Recall that interactions between EGFR extracellular subregions Il and IV are required to
maintain the EGFR extracellular region in the closed conformation (Fig. 2A). Disruption of
these interactions would be predicted to shift the EGFR conformational equilibrium to favor
the open conformation (Fig. 2B), resulting in increased ligand binding, receptor dimerization
(Fig. 2C) and receptor signaling. Mutational activation of ErbB4 and EGFR appears to support
this prediction. A soluble recombinant protein consisting of the entire ErbB4 extracellular
domain (secErbB4) displays modest binding of the high-affinity ErbB4 ligand neuregulinl
beta (NRG1p). In contrast, deletion of a large portion of extracellular subregion 1V from the
recombinant ErbB4 extracellular domain (secErbB4 AG549-R649) results in a marked increase
in NRG1p binding (Table 1).(19) Similarly, deletion of 10 residues from EGFR extracellular
subregion IV (AV575-W584) increases EGF and TGFa binding (Table 1).(4) Presumably these
artificial ErbB4 and EGFR mutants lack the interactions between subregions Il and 1V (Fig.
2A), thereby increasing ligand binding and receptor signaling by destabilizing the closed form
of the receptor (Fig. 2A) and shifting the conformational equilibrium to favor the open form
of the receptor (Figs 2B, C). Neither of these mutants has been found in human tumors.

However, the EGFRvIII mutant, which is frequently found in human glioblastomas, appears
in many respects to be analogous to the aforementioned artificial EroB4 and EGFR mutants.
The EGFRvIII mutant lacks all of extracellular subregion I and most of subregion Il and
displays increased ligand-independent signaling, The current model for ErbB receptor
signaling predicts that the loss of intramolecular interactions between subregions Il and IV
(Fig. 2A) in the EGFRvIII mutant causes increased ligand-independent receptor signaling by
shifting the conformational equilibrium to favor the open form of the receptor (Fig. 2B). Thus,
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the EGFRvIII mutant is functionally equivalent to the liganded wild-type EGFR.(20) It should
be noted that there has been some controversy concerning the signaling mechanism for the
EGFRvIII mutant. There has been a report that EGFRvIII fails to dimerize and signals via a
noncanonical mechanism.(21) However, subsequent reports indicate that EGFRvIII
homodimerizes(22) and heterodimerizes with wild-type EGFR.(23)

Point mutations that are predicted to shift the equilibrium between the open and closed
conformations of the EGFR extracellular domain also appear to increase ligand binding and
receptor signaling. Indeed, simultaneous substitution of alanine residues for Asp563, His566,
and Lys569 (D563A/H566A/K568A, Table 1) in the segment of EGFR extracellular subregion
IV (Fig. 1) that appears to be responsible for intramolecular interactions with subregion 11
increases EGF and TGFo, binding.(4) By disrupting the interactions of subregion Il with
subregion IV, these mutations shift the extracellular domain conformational equilibrium of this
mutant away from the closed form (Fig. 2A) in favor of the open form (Fig. 2B). This shift in
equilibrium would account for the increased ligand binding displayed by this mutant. However,
it is not known whether this mutant displays the increase in ligand-independent EGFR
dimerization and signaling activity that would be the expected effect of such a shift in the
conformational equilibrium.

Point mutations of EGFR extracellular subregions 11 and 1V have been found in glioblastoma
samples (Table 1), suggesting that mutations that alter the equilibrium between the open and
closed conformations may contribute to deregulated EGFR signaling in these tumors. For
example, the T239P (T263P) and A265V/DIT (A289V/D/T) mutations in EGFR extracellular
subregion Il (Fig. 1) may disrupt the interactions between subregions | and Il or Il and IV (Fig.
2A), thereby shifting the EGFR conformational equilibrium to favor the open, dimeric
conformation (Figs 2B, 2C).(24) Likewise, the P572L (P596L) and G574V (G598V) mutations
in EGFR extracellular subregion IV may disrupt the interactions between subregions Il and IV
and shift the conformational equilibrium to favor the open, dimeric conformation.(24) These
hypotheses are particularly attractive given that deletion of amino acids 575 through 584 of
EGFR extracellular subregion IV causes a dramatic increase in EGF binding, indicative of a
shift in the conformational equilibrium to favor the open, dimeric conformation.(4) In fact, the
T239P, A265V and G574V mutations display ligand-independent (constitutive) receptor
signaling and coupling to malignant growth transformation, indicating that these mutations do
indeed shift the conformational equilibrium to favor the open, dimeric receptor conformation
(Table 1).(24) Finally, the existence of these EGFR extracellular domain mutations in
glioblastoma samples is the best argument to date that the scope of sequencing efforts to identify
activating point mutations in ErbB receptors in human tumor samples should extend beyond
the kinase domain.

The EGFR S418F mutant (Table 1) displays ligand-independent EGFR coupling to PI3 kinase
activity, Akt phosphorylation, and cell survival.(15) Because this mutation lies in the predicted
ligand-binding segment of EGFR extracellular subregion 111 (Fig. 1), it seems plausible to
postulate that this mutation mimics ligand binding by stabilizing the EGFR extracellular region
in the open conformation (Fig. 2B). It should be noted that the steady-state expression of the
EGFR S418F mutant is markedly lower than that of wild-type EGFR. This suggests that the
S418F mutation does indeed confer ligand-independent signaling and turnover.

The v-ErbB oncogene

The v-ErbB oncogene of the avian erythroblastosis virus encodes a homolog of the avian EGFR
protein. However, the v-ErbB mutant (Table 1) lacks almost the entire extracellular region and
possesses constitutive signaling activity.(25) It has long been postulated that ErbB receptor
extracellular domains contain elements that inhibit receptor dimerization and signaling and
that removal of these extracellular elements permits constitutive dimerization and signaling.
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(26) A corollary of this postulate is that ErbB receptor transmembrane and cytoplasmic
domains are sufficient for receptor dimerization and signaling. As will be discussed later, the
transmembrane domain of ErbB receptors can mediate receptor dimerization. Furthermore, as
was discussed earlier, the cytoplasmic tyrosine kinase domain of ErbB receptors can mediate
asymmetric kinase domain dimerization. Apparently these two sites of interaction are sufficient
for v-ErbB dimerization and signaling in the absence of positive or negative influences of the
extracellular region.

mutations of the juxtamembrane region

Substitution of a single cysteine residue for a residue in the extracellular juxtamembrane region
of ErbB2 or ErbB4 can cause receptor homodimerization, presumably via an intermolecular
disulfide bond between the novel cysteine residue of each of two mutant receptor molecules.
Homodimerization can be accompanied by ligand-independent receptor tyrosine
phosphorylation.(27-29) For example, the artificial ErbB4 Q646C, H647C and A648C mutants
all display ligand-independent dimerization and tyrosine phosphorylation.(27,28) Likewise, a
single amino acid substitution of a cysteine residue for residues 652 through 659 of the ErbB2
juxtamembrane domain results in constitutive ErbB2 dimerization.(29) However, only the
ErbB4 Q646C and ErbB2 V656C and T657C mutants display constitutive coupling to signaling
effectors and coupling to biological responses (Table 1).(28,29) This signaling specificity may
be due to differences in the juxtapositioning or conformation of the receptor monomers within
the receptor dimer, which may be manifested as differences in the sites of receptor
phosphorylation or as differences in phosphorylation site availability for effector binding.

Analogous mutations in the juxtamembrane region of ErbB2 have been observed in tumors
that arise in mice that carry the wild-type ErbB2 transgene under the transcriptional control of
the promoter from the mouse mammary tumor virus.(30) These mutations either create or
eliminate a cysteine residue and are predicted to create a novel intermolecular disulfide linkage
between the juxtamembrane region of two ErbB2 molecules. Indeed, these mutants display
increased tyrosine phosphorylation and transforming activity in fibroblasts.(30) However,
there have been no reports of analogous ErbB juxtamembrane domain mutants in human tumor
samples.

mutations of the transmembrane region

The transmembrane region of wild-type ErbB2 self associates in artificial membranes,
suggesting that the transmembrane region is sufficient to mediate receptor dimerization and
signaling.(31) Substitution of a glutamate residue for VVal664 in the transmembrane domain of
ErbB2 (V664E, Table 1) has been observed in rat brain tumors.(32,33) This mutation increases
ErbB2 dimerization affinity(34,35) and signaling and transforming activities.(36) Varying the
site of glutamate substitution within the ErbB2 transmembrane region results in ErbB2 alleles
with varying signaling and transforming activities, suggesting that ErbB2 signaling is sensitive
to differential juxtapositioning of the ErbB2 monomers within the receptor dimer.(29,37,38)
Acrtificial EGFR or ErbB4 transmembrane domain mutants that possess a glutamate residue
substitution for the residue that corresponds to ErbB2 Val664 (V627E and I1658E, Table 1)
display constitutive signaling activity.(39,40) However to date there have been no reports of
analogous ErbB transmembrane domain mutants in tumor samples.

mutations of the cytoplasmic region

Kinase domain mutations

Kinase domain mutations in EGFR have recently been identified in a subset (~10-30%) of
non-small cell lung carcinomas (NSCLC) and are correlated with a clinical response to
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selective small molecule inhibitors of the EGFR kinase (Iressa; gefitnib and Tarceva; erlotinib).
The recurrent L834R missense mutation (also referred to as L858R) and small in-frame
deletions within the EGFR catalytic pocket (Table 1) are associated with increased sensitivity
to gefitinib and erlotinib.(41) It has been proposed that these mutations cause increased EGFR
signaling that selectively engages downstream survival pathways to which tumor cells become
“addicted”. Indeed, these mutants display increased kinase activity(9) and coupling to the
phosphorylation of Akt and Stat5.(42) Consequently, disrupting EGFR signaling in these cells
through the use of kinase inhibitors leads to cell death and tumor shrinkage.

The association of these EGFR kinase domain mutations with sensitivity to EGFR kinase
inhibitors in NSCLC has led to numerous reports of EGFR kinase domain mutations in tumor
samples as well as reports of correlations of EGFR kinase domain mutations with sensitivity
to tyrosine kinase inhibitors. A comprehensive review of this literature is beyond the scope of
this review. However, we refer readers to several excellent recent reviews of these topics.
(43-46)

As discussed elsewhere, structural analyses suggest that the EGFR kinase domain exists in
equilibrium between catalytically active and inactive conformations. This equilibrium favors
the inactive conformer. Upon EGFR dimerization, two EGFR tyrosine kinase domain
monomers appear to form an asymmetric dimer in which a catalytically inactive monomer
stabilizes the other monomer in a catalytically active conformation through displacement of
the kinase domain “activation loop”. Dimerization also causes presentation of tyrosine residues
on the catalytically inactive monomer to the kinase domain of the catalytically active monomer
for phosphorylation. The L834R mutation and small in-frame deletions both appear to shift the
conformational equilibrium to favor the active form, presumably accounting for the increased
signaling displayed by these mutants.(9) Indeed, these mutants display ligand-independent
coupling to biological responses.(47,48) This suggests a mechanism by which tumor cells can
become “addicted” to these EGFR mutants.

The EGFR T766M point mutation (also referred to as T790M) has been detected in ~50% of
NSCLC tumors that initially responded to gefitinib or erlotinib but subsequently developed
resistance to these agents (Table 1).(49) TheT766M mutation appears to be acquired during
drug treatment. This mutation is analogous to the T3151 mutation in BCR-AbI, the T6741
mutation in PDGF receptor alpha and the T6701 mutation of c-Kit, all of which are associated
with the acquisition of resistance to small molecule tyrosine kinase inhibitors. The conserved
threonine residue that is affected by these mutations is referred to as the “gatekeeper” site. It
is situated deep within the catalytic pocket and substitution with a bulky amino acid appears
to reduce drug binding yet preserves catalytic function of the tyrosine kinase domain. Indeed,
relative to wild-type EGFR, the EGFR T766M mutant displays marked resistance to inhibition
of tyrosine phosphorylation by gefitinib or erlotinib.(49) This model is supported by the
observation that the T766M mutant retains sensitivity to the irreversible EGFR tyrosine kinase
inhibitors CL-387,785 and HKI-272, which exhibit a much lower dissociation constant for
EGFR than does gefitinib.(50) Thus, such irreversible inhibitors may represent an appropriate
treatment for a subset of tumors that are initially responsive to gefitinib and erlotinib but
subsequently become resistant to these agents. Interestingly, the T766M mutation has also been
observed at a low frequency in a subset of untreated NSCLCs and esophageal tumors,(51)
suggesting a potential oncogenic role in addition to its role in acquired drug resistance.
Consistent with this possibility, it has recently been reported that in a family with evidence of
inherited predisposition to NSCLC, the T766M mutation is present in the germline of affected
individuals.(52)

Various mutations in the kinase domain of ErbB2 and ErbB4 have been identified in human
tumor samples (Table 1).(53-55) Many of these mutations are located in or around the ATP-
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binding region of the active site of the kinase domain, suggesting that these mutations cause
increased receptor tyrosine kinase activity. Indeed, an insertion mutation in the ErbB2 kinase
domain (Ins776 YVMA, Table 1) found in NSCLCs displays increased tyrosine kinase activity,
suppresses apoptosis and possesses transforming activity.(56) These data suggest that this
mutation contributes to NSCLC tumorigenesis or malignant phenotypes. In contrast, little is
known about the functional consequences of the ErbB4 kinase domain mutations or the roles
that these ErbB4 mutants play in human malignancies.

Phosphorylation site mutations

Phosphorylation site mutations in EGFR and ErbB4 can alter receptor signaling.
Phosphorylation of cytoplasmic tyrosine residues of ErbB receptors creates sites for docking
cytoplasmic signaling proteins that contain SH2 or PTB domains and elimination of these sites
of phosphorylation disrupts coupling to these proteins.(1,57) For example, EGFR
phosphorylation on Tyr1045 permits c-Cbl binding to EGFR and EGFR ubiquitination and
downregulation. The artificial Y1045F mutation (Table 1) abrogates c-Cbl binding to EGFR
and EGFR ubiquitination. This results in decreased EGFR downregulation and increased
EGFR signaling.(58) EGFR Tyr1068 and Tyr1086 are coupled to Cbl via Grb2 and the artificial
Y1068F and Y1086F mutants (Table 1) display reduced EGFR ubiquitination and
internalization.(59-61) However, the effects of Y1068F and Y1086F mutations on EGFR
signaling are unknown. Moreover, EGFRY1045F, Y1068F and Y1086F mutations have not
been detected in tumor specimens, nor have analogous mutations in other ErbB receptors been
detected.

Substitution of phosphotyrosine mimics such as glutamate or aspartate for cytoplasmic ErbB
receptor tyrosine residues may allow for constitutive ErbB receptor coupling to cytoplasmic
signaling proteins and downstream events. Indeed, the artificial ErbB4 Y1056E mutation
(Table 1) rescues signaling disrupted in the kinase-deficient ErbB4 K751M mutant and permits
ErbB4 coupling to tumor suppression activity in prostate tumor cell lines.(62) However, given
that ErbB4 Tyr1056 resides in a motif that is predicted to bind proteins that contain a WW
domain, there are concerns that the Y1056E mutation does not function through increased
binding of proteins that contain SH2 or PTB domains.(63—-65) Furthermore, the ErbB4 Y 1056E
mutation and analogous mutations in ErbB4 or other ErbB family receptors have not been
detected in tumor specimens.

Conclusions and outlook

Activating mutations in ErbB receptor tyrosine kinases can be found in a variety of locations
throughout these proteins. While only a few of these classes of activating mutations have been
found in tumor specimens, it is possible that future studies will reveal associations between
the remaining classes of activating mutations and human malignancies or other pathological
states. Indeed, the existence of activating mutations throughout the full length of ErbB receptors
suggests that sequencing entire ErbB receptor cDNAs may be necessary to determine whether
or not a given pathological state is associated with an activating mutation of that ErbB receptor.
Given the emerging plethora of agents that target ErbB receptors and ligands, such studies may
also reveal new opportunities for therapeutic intervention.

Abbreviations

EGFR, Epidermal Growth Factor Receptor; EGF, Epidermal Growth Factor; TGFa,
transforming growth factor alpha; NRG2p3, Neuregulin2 beta; NRG1p, Neuregulinl beta;
EGFRvIII, EGFR variant I11; NSCLC, non-small cell lung carcinoma; STAT, signal transducer
and activator of transcription; PTB, phosphotyrosine-binding; SH2, src-homology domain 2..

Bioessays. Author manuscript; available in PMC 2009 December 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Riese et al.

References
1.

Page 8

Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nat Rev Mol Cell Biol
2001;2:127-137. [PubMed: 11252954]

. Kamath S, Buolamwini JK. Targeting EGFR and HER-2 receptor tyrosine kinases for cancer drug

discovery and development. Med Res Rev 2006;26:569-594. [PubMed: 16788977]

. Lemmon MA. The EGF receptor family as therapeutic targets in breast cancer. Breast Dis 2003;18:33-

43. [PubMed: 15687687]

. Dawson JP, Berger MB, Lin CC, Schlessinger J, Lemmon MA, et al. Epidermal growth factor receptor

dimerization and activation require ligand-induced conformational changes in the dimer interface. Mol
Cell Biol 2005;25:7734-7742. [PubMed: 16107719]

. Ferguson KM, Berger MB, Mendrola JM, Cho HS, Leahy DJ, et al. EGF activates its receptor by

removing interactions that autoinhibit ectodomain dimerization. Mol Cell 2003;11:507-517.
[PubMed: 12620237]

6. Cho HS, Leahy DJ. Structure of the extracellular region of HER3 reveals an interdomain tether. Science

7.

2002;297:1330-1333. [PubMed: 12154198]

Bouyain S, Longo PA, Li S, Ferguson KM, Leahy DJ. The extracellular region of ErbB4 adopts a
tethered conformation in the absence of ligand. Proc Natl Acad Sci USA 2005;102:15024-15029.
[PubMed: 16203964]

. Ozcan F, Klein P, Lemmon MA, Lax I, Schlessinger J. On the nature of low- and high-affinity EGF

receptors on living cells. Proc Natl Acad Sci USA 2006;103:5735-5740. [PubMed: 16571657]

9. Zhang X, Gureasko J, Shen K, Cole PA, Kuriyan J. An allosteric mechanism for activation of the kinase

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

domain of epidermal growth factor receptor. Cell 2006;125:1137-1149. [PubMed: 16777603]
. King CR, Borrello I, Bellot F, Comoglio P, Schlessinger J. Egf binding to its receptor triggers a rapid

tyrosine phosphorylation of the erbB-2 protein in the mammary tumor cell line SK-BR-3. Embo J
1988;7:1647-1651. [PubMed: 2901952]

Honegger AM, Kris RM, Ullrich A, Schlessinger J. Evidence that autophosphorylation of solubilized
receptors for epidermal growth factor is mediated by intermolecular cross-phosphorylation. Proc Natl
Acad Sci USA 1989;86:925-929. [PubMed: 2915986]

Honegger AM, Schmidt A, Ullrich A, Schlessinger J. Evidence for epidermal growth factor (EGF)-
induced intermolecular autophosphorylation of the EGF receptors in living cells. Mol Cell Biol
1990;10:4035-4044. [PubMed: 2164634]

Lammers R, Van Obberghen E, Ballotti R, Schlessinger J, Ullrich A. Transphosphorylation as a
possible mechanism for insulin and epidermal growth factor receptor activation. J Biol Chem
1990;265:16886-16890. [PubMed: 2170359]

Garrett TP, McKern NM, Lou M, Elleman TC, Adams TE, et al. The crystal structure of a truncated
ErbB2 ectodomain reveals an active conformation, poised to interact with other ErbB receptors. Mol
Cell 2003;11:495-505. [PubMed: 12620236]

Gilmore JL, Gallo RM, Riese DJ 2nd. The epidermal growth factor receptor (EGFR)-S442F mutant
displays increased affinity for neuregulin-2beta and agonist-independent coupling with downstream
signalling events. Biochem J 2006;396:79-88. [PubMed: 16445385]

Jones JT, Akita RW, Sliwkowski MX. Binding specificities and affinities of egf domains for ErbB
receptors. FEBS Lett 1999;447:227-231. [PubMed: 10214951]

Pinkas-Kramarski R, Shelly M, Guarino BC, Wang LM, Lyass L, et al. ErbB tyrosine kinases and
the two neuregulin families constitute a ligand-receptor network. Mol Cell Biol 1998;18:6090-6101.
[PubMed: 9742126]

Pinkas-Kramarski R, Shelly M, Guarino BC, Wang LM, Lyass L, et al. ErbB tyrosine kinases and
the two neuregulin families constitute a ligand-receptor network. Mol Cell Biol 1999;19:8695.
Gilmore JL, Riese DJ 2nd. secErbB4-26/549 antagonizes ligand-induced ErbB4 tyrosine
phosphorylation. Oncol Res 2004;14:589-602. [PubMed: 15667000]

Pedersen MW, Meltorn M, Damstrup L, Poulsen HS. The type 111 epidermal growth factor receptor
mutation. Biological significance and potential target for anti-cancer therapy. Ann Oncol
2001;12:745-760. [PubMed: 11484948]

Bioessays. Author manuscript; available in PMC 2009 December 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Riese et al.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 9

Chu CT, Everiss KD, Wikstrand CJ, Batra SK, Kung HJ, et al. Receptor dimerization is not a factor
in the signalling activity of a transforming variant epidermal growth factor receptor (EGFRVIII).
Biochem J 1997;324:855-861. [PubMed: 9210410]

Fernandes H, Cohen S, Bishayee S. Glycosylation-induced conformational modification positively
regulates receptor-receptor association: a study with an aberrant epidermal growth factor receptor
(EGFRVIII/DeltaEGFR) expressed in cancer cells. J Biol Chem 2001;276:5375-5383. [PubMed:
11087732]

Luwor RB, Zhu HJ, Walker F, Vitali AA, Perera RM, et al. The tumor-specific de 2—7epidermal
growth factor receptor (EGFR) promotes cells survival and heterodimerizes with the wild-type
EGFR. Oncogene 2004;23:6095-6104. [PubMed: 15221011]

Lee JC, Vivanco I, Beroukhim R, Huang JH, Feng WL, et al. Epidermal Growth Factor Receptor
Activation in Glioblastoma through Novel Missense Mutations in the Extracellular Domain. PLoS
Med 2006;3:e485. [PubMed: 17177598]

Boerner JL, Danielsen A, Maihle NJ. Ligand-independent oncogenic signaling by the epidermal
growth factor receptor: v-ErbB as a paradigm. Exp Cell Res 2003;284:111-121. [PubMed:
12648470]

Downward J, Yarden Y, Mayes E, Scrace G, Totty N, et al. Close similarity of epidermal growth
factor receptor and v-erb-B oncogene protein sequences. Nature 1984;307:521-527. [PubMed:
6320011]

Penington DJ, Bryant I, Riese DJ 2nd. Constitutively active ErbB4 and ErbB2 mutants exhibit distinct
biological activities. Cell Growth Differ 2002;13:247-256. [PubMed: 12114214]

Williams EE, Trout LJ, Gallo RM, Pitfield SE, Bryant I, et al. A constitutively active ErbB4 mutant
inhibits drug-resistant colony formation by the DU-145 and PC-3 human prostate tumor cell lines.
Cancer Lett 2003;192:67-74. [PubMed: 12637154]

Burke CL, Stern DF. Activation of Neu (ErbB-2) mediated by disulfide bond-induced dimerization
reveals a receptor tyrosine kinase dimer interface. Mol Cell Biol 1998;18:5371-5379. [PubMed:
9710621]

Siegel PM, Dankort DL, Hardy WR, Muller WJ. Novel activating mutations in the neu proto-oncogene
involved in induction of mammary tumors. Mol Cell Biol 1994;14:7068-7077. [PubMed: 7935422]
Mendrola JM, Berger MB, King MC, Lemmon MA. The single transmembrane domains of ErbB
receptors self-associate in cell membranes. J Biol Chem 2002;277:4704-4712. [PubMed: 11741943]
Padhy LC, Shih C, Cowing D, Finkelstein R, Weinberg RA. Identification of a phosphoprotein
specifically induced by the transforming DNA of rat neuroblastomas. Cell 1982;28:865-871.
[PubMed: 7094016]

Bargmann CI, Hung MC, Weinberg RA. Multiple independent activations of the neu oncogene by a
point mutation altering the transmembrane domain of p185. Cell 1986;45:649-657. [PubMed:
2871941]

Smith SO, Smith CS, Bormann BJ. Strong hydrogen bonding interactions involving a buried glutamic
acid in the transmembrane sequence of the neu/erbB-2 receptor. Nat Struct Biol 1996;3:252-258.
[PubMed: 8605627]

Smith SO, Smith C, Shekar S, Peersen O, Ziliox M, et al. Transmembrane interactions in the activation
of the Neu receptor tyrosine kinase. Biochemistry 2002;41:9321-9332. [PubMed: 12135353]
Bargmann CI, Weinberg RA. Increased tyrosine kinase activity associated with the protein encoded
by the activated neu oncogene. Proc Natl Acad Sci USA 1988;85:5394-5398. [PubMed: 2899890]
Bargmann CI, Weinberg RA. Oncogenic activation of the neuencoded receptor protein by point
mutation and deletion. Embo J 1988;7:2043-2052. [PubMed: 2901345]

Burke CL, Lemmon MA, Coren BA, Engelman DM, Stern DF. Dimerization of the p185neu
transmembrane domain is necessary but not sufficient for transformation. Oncogene 1997;14:687—
696. [PubMed: 9038376]

Miloso M, Mazzotti M, Vass WC, Beguinot L. SHC and GRB-2 are constitutively by an epidermal
growth factor receptor with a point mutation in the transmembrane domain. J Biol Chem
1995;270:19557-19562. [PubMed: 7642641]

Bioessays. Author manuscript; available in PMC 2009 December 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Riese et al.

Page 10

40. Vidal GA, Clark DE, Marrero L, Jones FE. A constitutively active ERBB4/HERA4 allele with enhanced

41.

42.

43.

44,

transcriptional coactivation and cell-killing activities. Oncogene 2007;26:462-466. [PubMed:
16832345]

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, et al. Activating mutations in the
epidermal growth factor receptor underlying responsiveness of non-small-cell lung cancer to
gefitinib. N Engl J Med 2004;350:2129-2139. [PubMed: 15118073]

Sordella R, Bell DW, Haber DA, Settleman J. Gefitinib-sensitizing EGFR mutations in lung cancer
activate anti-apoptotic pathways. Science 2004;305:1163-1167. [PubMed: 15284455]

Calvo E, Rowinsky EK. Effect of epidermal growth factor receptor mutations on the response to
epidermal growth factor receptor tyrosine kinase inhibitors: target-based populations for target-based
drugs. Clinical lung cancer 2004;6:S35-S42. [PubMed: 15638956]

Johnson BE, Janne PA. Epidermal growth factor receptor mutations in patients with non-small cell
lung cancer. Cancer Res 2005;65:7525-7529. [PubMed: 16140912]

45. Arteaga CL. EGF receptor mutations in lung cancer: from humans to mice and maybe back to humans.

46.

Cancer cell 2006;9:421-423. [PubMed: 16766261]

Ji H, Sharpless NE, Wong KK. EGFR targeted therapy: view from biological standpoint. Cell cycle
(Georgetown, Tex) 2006;5:2072-2076.

47.Jiang J, Greulich H, Janne PA, Sellers WR, Meyerson M, et al. Epidermal growth factor-independent

48.

transformation of Ba/F3 cells with cancer-derived epidermal growth factor receptor mutants induces
gefitinib-sensitive cell cycle progression. Cancer Res 2005;65:8968-8974. [PubMed: 16204070]
Greulich H, Chen TH, Feng W, Janne PA, Alvarez JV, et al. Oncogenic transformation by inhibitor-
sensitive and -resistant EGFR mutants. PLoS Med 2005;2:€313. [PubMed: 16187797]

49.Pao W, Miller VA, Politi KA, Riely GJ, Somwar R, etal. Acquired resistance of lung adenocarcinomas

50.

51.

52.

53.

to gefitinib or erlotinib is associated with a second mutation in the EGFR kinase domain. PLoS Med
2005;2:e73. [PubMed: 15737014]

Kobayashi S, Ji H, Yuza Y, Meyerson M, Wong KK, et al. An alternative inhibitor overcomes
resistance caused by a mutation of the epidermal growth factor receptor. Cancer Res 2005;65:7096—
7101. [PubMed: 16103058]

Kwak EL, Jankowski J, Thayer SP, Lauwers GY, Brannigan BW, et al. Epidermal growth factor
receptor kinase domain mutations in esophageal and pancreatic adenocarcinomas. Clin Cancer Res
2006;12:4283-4287. [PubMed: 16857803]

Bell DW, Gore I, Okimoto RA, Godin-Heymann N, Sordella R, et al. Inherited susceptibility to lung
cancer may be associated with the T790M drug resistance mutation in EGFR. Nat Genet
2005;37:1315-1316. [PubMed: 16258541]

Stephens P, Hunter C, Bignell G, Edkins S, Davies H, et al. Lung cancer: intragenic ERBB2 kinase
mutations in tumours. Nature 2004;431:525-526. [PubMed: 15457249]

54. Soung YH, Lee JW, Kim SY, Wang YP, Jo KH, et al. Somatic mutations of the ERBB4 kinase domain

55.

56.

57.

58.

59.

60.

in human cancers. International journal of cancer 2006;118:1426-1429.

Shigematsu H, Takahashi T, Nomura M, Majmudar K, Suzuki M, et al. Somatic mutations of the
HER2 kinase domain in lung adenocarcinomas. Cancer Res 2005;65:1642-1646. [PubMed:
15753357]

Wang SE, Narasanna A, Perez-Torres M, Xiang B, Wu FY, et al. HER2 kinase domain mutation
results in constitutive phosphorylation and activation of HER2 and EGFR and resistance to EGFR
tyrosine kinase inhibitors. Cancer cell 2006;10:25-38. [PubMed: 16843263]

Schulze WX, Deng L, Mann M. Phosphotyrosine interactome of the ErbB-receptor kinase family.
Mol Syst Biol 2005;1:0008. [PubMed: 16729043]

Grovdal LM, Stang E, Sorkin A, Madshus IH. Direct interaction of Cbl with pTyr 1045 of the EGF
receptor (EGFR) is required to sort the EGFR to lysosomes for degradation. Exp Cell Res
2004;300:388-395. [PubMed: 15475003]

Waterman H, Katz M, Rubin C, Shtiegman K, Lavi S, et al. A mutant EGF-receptor defective in
ubiquitylation and endocytosis unveils a role for Grb2 in negative signaling. Embo J 2002;21:303-
313. [PubMed: 11823423]

Jiang X, Huang F, Marusyk A, Sorkin A. Grb2 regulates internalization of EGF receptors through
clathrin-coated pits. Molecular biology of the cell 2003;14:858-870. [PubMed: 12631709]

Bioessays. Author manuscript; available in PMC 2009 December 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Riese et al.

61.

62.

63.

64.

65.

Page 11

Huang F, Sorkin A. Growth factor receptor binding protein 2-mediated recruitment of the RING
domain of Cbl to the epidermal growth factor receptor is essential and sufficient to support receptor
endocytosis. Molec Biol Cell 2005;16:1268-1281. [PubMed: 15635092]

Gallo RM, Bryant I, Fry R, Williams EE, Riese DJ 2nd. Phosphorylation of ErbB4 on Tyr1056 is
critical for inhibition of colony formation by prostate tumor cell lines. Biochem Biophys Res
Commun 2006;349:372-382. [PubMed: 16934755]

Komuro A, Nagai M, Navin NE, Sudol M. WW domain-containing protein Y AP associates with
ErbB-4 and acts as a co-transcriptional activator for the carboxyl-terminal fragment of ErbB-4 that
translocates to the nucleus. J Biol Chem 2003;278:33334-33341. [PubMed: 12807903]

Omerovic J, Puggioni EM, Napoletano S, Visco V, Fraioli R, et al. Ligand-regulated association of
ErbB-4 to the transcriptional co-activator Y APG5 controls transcription at the nuclear level. Exp Cell
Res 2004;294:469-479. [PubMed: 15023535]

Ageilan RI, Donati V, Palamarchuk A, Trapasso F, Kaou M, et al. WW domain-containing proteins,
WWOX and YAP, compete for interaction with ErbB-4 and modulate its transcriptional function.
Cancer Res 2005;65:6764-6772. [PubMed: 16061658]

Bioessays. Author manuscript; available in PMC 2009 December 7.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuely Joyiny vd-HIN

Riese et al. Page 12

T239P

AZ265VIDIT
S418F

D563A/HSE6A/KEE6EA
PS72L

G574V
AV575-W584

Ligand Binding

Extracellular

VE27E Transmembrane

Intracellular

T766M

L834R Kinase

Y1045F
Y1068F

ADBEE Sites of Tyrosine

Phosphorylation

Figure 1.

Organization of a prototypical ErbB family receptor. Shown is a stylized depiction of the
functional motifs. The extracellular domain is at the amino terminus and the cytoplasmic
domain is at the carboxyl terminus. Examples of activating mutations in EGFR are listed.
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A B C

Figure 2.

Structure of the unliganded and liganded EGFR extracellular domain. Diagram showing the
structure of the A unliganded EGFR extracellular domain, B EGFR extracellular domain in
complex with EGF, and C dimerized liganded EGFR extracellular domains. Adapted from
Dawson JP, Berger MB, Lin CC, Schlessinger J, Lemmon MA et al. 2005 Mol Cell Biol
25:7734-7742.
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Activation

Figure 3.

Structure of the EGFR tyrosine kinase domain. Shown is a stylized depiction of the structure
of the A monomeric tyrosine kinase domain and of the B dimeric kinase domain. Adapted from
Zhang X, Gureasko J, Shen K, Cole PA, Kuriyan J. 2006 Cell 125: 1137-1149.
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Table 1

EGFR activating mutations
Location Mutation(s) Source Proposed Effect Reference(s)
Extracellular Domain EGFRvIII Glioblastomas Shift in conformational equilibrium 20-23
Subregions | & 11
Extracellular Domain EGFR T239P; A265V/D/T Glioblastomas Shift in conformational equilibrium 24
Subregion 11
Extracellular Domain EGFR S418F Artificial Expanded ligand binding; shift in 15
Subregion 111 conformational equilibrium
Extracellular Domain secErbB4 AG549-R649 Artificial Shift in conformational equilibrium 19
Subregion IV
” EGFR AV575-W584 Artificial Shift in conformational equilibrium 4
” EGFR D563A/H566A/K568A Artificial Shift in conformational equilibrium 4
” EGFR P572L; G574V Glioblastomas Shift in conformational equilibrium 24
Almost Entire Extracellular v-ErbB Oncogenic Retrovirus Loss of elements that prevent receptor 25,26
Domain dimerzation
Juxtamembrane Domain ErbB4 Q646C Artificial Constitutive dimerization and signaling 27,28
” ErbB2 V656C; T657C Artificial Constitutive dimerization and signaling 29
” ErbB2 in frame deletions Mouse mammary tumors Constitutive dimerization and signaling 30
Transmembrane Domain ErbB2 V664E Rat neural tumors Constitutive dimerization and signaling 32,33
” EGFR V627E Artificial Constitutive dimerization and signaling 39
” ErbB4 1658E Artificial Constitutive dimerization and signaling 40
Kinase Domain EGFR L834R NSCLC Increased signaling activity 9,41-48
” EGFR T766M NSCLC Resistance to kinase inhibitors 49-52
7 Various ErbB2 and ErbB4 Various Human Tumors Unknown 53-56
" ErbB2 Ins776YVMA NSCLC Increased signaling activity 56
Sites of Tyrosine EGFR Y1045F; Y1068F; Y1086F Atrtificial Decreased internalization and 58-61
Phophorylation degradation
” ErbB4 Y1056E Atrtificial Phosphomimic; effector unknown 62
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