
Read & Download (PDF Kindle) 
EGFR Signaling Networks in Cancer 

Therapy (Cancer Drug Discovery and 
Development)

 Daisy Luther

http://dl.neutronbyte.com/pdf-file/18oYWaTP/e/GERQ/KqPw/ogZjz/EGFR-Signaling-Networks-in-Cancer-Therapy-Cancer-Drug-Discovery-and-Development
http://dl.neutronbyte.com/pdf-file/18oYWaTP/e/GERQ/KqPw/ogZjz/EGFR-Signaling-Networks-in-Cancer-Therapy-Cancer-Drug-Discovery-and-Development
http://dl.neutronbyte.com/pdf-file/18oYWaTP/e/GERQ/KqPw/ogZjz/EGFR-Signaling-Networks-in-Cancer-Therapy-Cancer-Drug-Discovery-and-Development
http://dl.neutronbyte.com/pdf-file/18oYWaTP/e/GERQ/KqPw/ogZjz/EGFR-Signaling-Networks-in-Cancer-Therapy-Cancer-Drug-Discovery-and-Development
http://dl.neutronbyte.com/pdf-file/18oYWaTP/e/GERQ/KqPw/ogZjz/EGFR-Signaling-Networks-in-Cancer-Therapy-Cancer-Drug-Discovery-and-Development
http://dl.neutronbyte.com/pdf-file/18oYWaTP/e/GERQ/KqPw/ogZjz/EGFR-Signaling-Networks-in-Cancer-Therapy-Cancer-Drug-Discovery-and-Development


The epidermal gro wth factor (EGF ) receptor and its downstream signal transduction networks
have been implicated in the ontology and maintenance of tumor tissues, which has motivated
the discovery and development of molecularly targeted anti-EGF receptor therapies. Over
decades of study, the EGF receptor structure, its ligand binding domains, the physical
biochemistry underlying its intrinsic tyrosine kinase catalytic function and the modular
interactions with SH2, PTB, and SH3 domain containing signaling adaptor p- teins required for
signal transduction, have been extensively dissected. Not only is the EGF receptor the nexus of
many streams of information, but it also forms one part of a calcul- ing device by forming dimers
and oligomers with the other three receptors in its family in response to at least eleven ligands
(some of which are expressed in multiple forms with overlapping or quite distinct functions). This
phenomenon, while recruiting to the inner surface of the cell membrane and activating multiple
second messenger proteins, also allows the possibility of cross talk between these systems,
permitting a further layer of information to be exchanged. Less well described are the cross re
gulation of the EGF receptor and other anti-apoptotic, mitogenic and metabolic signaling
systems. The study of these systems has yielded new surprises. One hurdle in these efforts has
been that signal transduction pathways have frequently been defined in the generic absence of
their tissue-specific or cell-interaction specific context.
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paperspringer.comPrefaceThe epidermal growth factor (EGF) receptor and its downstream
signal transduction networks have been implicated in the ontology and maintenance of tumor
tissues, which has motivated the discovery and development of molecularly targeted anti-EGF
receptor therapies. Over decades of study, the EGF receptor structure, its ligand binding
domains, the physical biochemistry underlying its intrinsic tyrosine kinase catalytic function and
the modular interactions with SH2, PTB, and SH3 domain containing signaling adaptor proteins
required for signal transduction, have been extensively dissected. Not only is the EGF receptor
the nexus of many streams of information, but it also forms one part of a calculating device by
forming dimers and oligomers with the other three receptors in its family in response to at least
eleven ligands (some of which are expressed in multiple forms with overlapping or quite distinct
functions). This phenomenon, while recruiting to the inner surface of the cell membrane and
activating multiple second messenger proteins, also allows the possibility of cross talk between
these systems, permitting a further layer of information to be exchanged.Less well described are
the cross regulation of the EGF receptor and other anti-apoptotic, mitogenic and metabolic
signaling systems. The study of these systems has yielded new surprises. One hurdle in these
efforts has been that signal transduction pathways have frequently been defined in the generic
absence of their tissue-specific or cell-interaction specific context. It is worth recalling, however,
that despite these many “known and unknown, unknowns” much progress has been achieved in



the last fifty years of research on this system. As opposed to many other cell surface signaling
proteins or protein families, we now have a wealth of knowledge, and, importantly, many vitally
useful reagents such as antibodies and experimental models in silico, in vitro, and in vivo, all of
which will assist in improving our understanding.The volume is separated into two sections. The
first section probes the molecular path- ways and the intersection of signaling networks that are
frequently deregulated in human cancers. Our aim here is to describe the EGF receptor in a
tumor tissue-specific context. The second section illustrates the many ways in which the EGF
receptor contributes to abnormal survival and migration signaling in cancer cells and to epithelial
and mesenchymal transition and metastasis.In this volume we describe the mitogenic, survival,
adhesive, and migratory pathways within a framework of interacting subsystems that contribute
to the activity and physiological regulation of the receptor in normal and neoplastic tissues.
Recent work has clearly shown that epithelial tumor cells are capable of transdifferentiation to a
more mesenchymal phenotype, a process resembling an epithelial to mesenchymal transition
(EMT). Similarly, it has been shown that epithelial tumors can promote genetic alterations and
loss of heterozygosity in surrounding stromal cells leading to hyperproliferation of activated
stromal cells and tumor migration. These cellular transitions and cellular interactions have
profound consequences for the EGF receptor signaling networks and for the dependence of
carcinoma cells on those sig- nals for survival. The interactions of the EGF receptor signaling
with other cellular subsystems regulating survival, mitogenic and migration cues thus have
medical meaning as we try to identify and develop treatments that not only cause apoptosis of
tumor cells directly but also have impact on the altered cell populations from whence cancer
recurrence occurs.The importance of this EGF receptor and its family as a target in cancer drug
development is manifest in the level of interest and investment in academic research and in
pharmaceutical development. There have been mixed results and rewards to date. It can now be
accepted that interdiction with agents such as antibodies or small molecule drugs does work,
and in fact works quite well in some patients. We do, however, face frustration when we do not
know the full potential of these targets. Current needs include better methods of patient
selection, better surrogate markers, and especially better drugs. Although progress to these
ends is continuous and indeed often exciting and encouraging, the only rational basis on which
to found this enterprise is substantial increases in our knowledge of how the system works and
how this knowledge may vary in the context of the living, differentiated cell. It is unlikely that
acquisition of this knowledge will be an easy or a short task, but it is a good bet that it will be a
productive one. Along with the contributors to this volume and those involved in exploring this
fascinating system, we still have much to learn.“Now this is not the end. It is not even the
beginning of the end. But it is, perhaps, the end of the beginning.” Winston Churchill, Mansion
House, November 1942.John D. HaleyWilliam John GullickTable of ContentsSection I: EGFR
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NetworksJohn D. Haley and William John Gullick (eds.), Cancer Drug Discovery and
Development, EGFR Signaling Networks in Cancer Therapy, DOI:
10.1007/978-1-59745-356-1_1, © Humana Press, a part of Springer Science + Business
Media, LLC 20081. EGF Receptor Family Extracellular Domain Structures and FunctionsAntony
W. Burgess1 and Thomas P.J Garrett2 (1)Ludwig Institute for Cancer Research, Melbourne
Branch, Royal Melbourne Hospital, PO Box 2008, 3050, Parkville Vic, Australia(2)The Walter
and Eliza Hall of Medical Research, 3050, Parkville Vic, AustraliaAbstractFrom its discovery, the
EGFR has been linked to the transformation events associated with oncogenic changes. Until
recently, however, investigations on the 3-dimensional structures, cell surface configurations,
and activation of the EGFR family members have yielded only limited insight into the
biochemistry and biology of this receptor family. We now have the 3D-structures of the
extracellular domains (ECDs) of all four family members. Surprisingly, when forming the
activated, ligand-bound structures, the EGFR, ErbB3 and, ErbB4 undergo major conformational
changes.These family members appear to form tethered, low -affinity conformers and
untethered, ligand-bound conformers that are capable of oligomerization. The 3D-structure of
the ErbB2-ECD suggests that this family member only exists in the untethered form and is ready
for oligomerization and consequential activation by ligand-associated untethered conformers of
the other EGFR family members. The 3D-structures allow an understanding of the activation
processes and the mechanisms by which several anti-EGFR and anti-ErbB2 antibodies inhibit
the activation of these receptors.Key words: ErbB2 – ErbB3 – ErbB4 – 3-dimensional structures
– conformational transitions – antibody epitopes1.1 1. Introduction – A History of EGFR



Structure/Function StudiesSince the discovery of EGF by Stanley Cohen in the early 1950s, (1)
cellular-signaling systems have intrigued both biochemists and cancer biologists. Once the EGF
receptor was identified, it was quickly apparent that the biology of this receptor system was
closely connected to transforming events associated with cancer (2). Pioneering work by
biochemists, cell biologists and biophysicists established a framework for the understanding of
growth-factor signaling. In particular, the descriptions of high and low affinity EGFRs on the
same cell (3), the discovery of ErbB2 (4), ErbB3 (5), and ErbB4 (6) (see also Chapter 2), as well
as the down-regulation of the EGFR (7) and the induction of dimerization of sEGFR by ligand (8)
allowed the development of sensible models for receptor activation and signal transduction (9).
The validity of these models and progression of the molecular basis for regulation of the EGFR
kinase (signaling) was hampered by the lack of reliable 3D-information relevant to either the
extracellular domain (ECD) or the intracellular kinase.In 2001/2002, the crystallographers finally
broke through, solving a portion of the EGFR kinase domain (10), fragments of the EGFR-ECD
bound to ligand (11), full-length erbB3-ECD(12), full-length EGFR-ECD in the presence of EGF
(13, 14), and the ErbB2-ECD (15, 16). These structures revealed remarkable sub-domains and
potential monomer-interaction sites, confirming a major conformational difference between
unbound and ligand-bound ECDs (17, 18). Most recently, the 3D-structures of ErbB4 (19) and
the structures of the ECDs of the EGFR (20) and ErbB2 (15, 20, 21) with clinically relevant
antibodies have been reported. In conjunction with analysis of the properties of site directed
mutants and biophysical studies on the oligomerization state of the EGFR on the cell surface
(22–26), it is possible to develop a much clearer model for the processes involved in the
activation, regulation, and biology of signaling from the EGFR family in normal and transformed
cells.1.2 2. EGFRSince the amino acid sequence of the EGFR was reported, there has been
intensive investigation of its overall structure, the nature of the ligand-binding site(s), and the
oligomerization state of the receptor in the presence and absence of the ligand. The recognition
of the domain structure for the EGFR has been helpful in defining some the interactions that
determined the functional roles for the receptor. The identification of two leucine-rich domains
and two cystine-rich domains (Fig. 1.1) dominated our view of the EGFR family for a number of
years. It was apparent that the leucine-rich domains were both involved in ligand binding, but the
roles of the cystine-rich domains remained obscure. Despite many valiant attempts, the 3D-
structures of the ECDs of EGFR family members were not available until a few years ago.Fig.
1.1 The extracellular domains (ECDs) of the human EGFR and ErbB2. The left-hand model is
the tethered form of the EGFR-ECD (14) with the CR1 loop highlighted in magenta and the C225
(cetuximab) epitope (lower part of the diagram) and the 806 epitope (43), (56) (below CR1 loop)
are displayed in yellow. The EGF is colored green. On the right, the human, untethered EGFR-
ECD conformer (blue) modeled from the conformation of the back-to-back ligand dimer (11), is
docked in the back-to-back configuration with the human ErbB2-ECD (15) (red). The TGF-α is
colored green and the CR1 loop is colored magenta. The antibody epitopes are colored yellow.
For the EGFR-ECD, the C225 epitope is on the left, and the 806 epitope is on the right facing



ErbB2. For ErbB2, the 2C4 epitope is close to the CR1 loop (magenta), and the herceptin
epitope is at the C-terminus (at the bottom of the diagram).The breakthrough actually came
when scientists at the CSIRO and the Biomolecular Research Institute in Melbourne, Australia
determined the structure of a fragment of the insulin-like growth factor receptor ECD (IGF-IR)
(27). Our understanding of the IGF-1R structure has improved substantially (as a result of the
reporting of the 3D-structure for the insulin receptor (28)). When the structure of the IGF-1R was
first published, however, it provided an example for the architecture of domains found in EGFR
ECD. The juxtaposition of the “ligand-binding domains” suggested how a ligand could be bound
by these domains but did not give us a detailed understanding of the mechanism by which
dimerization occurred or signal transduction was activated.At first sight, the dominating features
of the extra-cellular domain of the IGF-1R are the two β-solenoid domains. These domains are
structurally homologous, with each containing five turns of “rhomboidal” folds of the leucine-rich
repeats and two capping turns. These domains are separated by a cystine-rich, rod-shaped
consisting of seven disulfide-boned modules. A very similar arrangement occurs in all of the
EGFR family members: β-solenoid(L1)-cystine-rich(CR1)- β-solenoid(L2)-cystine-rich(CR2).In
IGF1R, the ligand-binding faces of both β-solenoid domains are flat β-sheets with one
protuberance in the middle turn. For EGFR β-solenoid domains, there more irregularities, and in
many of these excursions from the β-solenoid fold, loops are formed, which, together with the
flat β-sheets, constitute the ligand-binding surface. In the L1 domain, the first strand of the flat β-
sheet extends in a V-shape, covering much of the face of the domain. In this position, it makes a
crucial main chain-main chain contact with the different EGF-related ligands. This motif, in part,
explains why EGFR can bind a number of ligands, even when they share relatively little
sequence homology.The cystine-rich domain (CR1), which joins the L1 and L2 domains, has a
fascinating feature - a 17-amino acid loop that projects a substantial distance away from the
body of the protein. In the insulin-receptor family, a similar-sized loop projects from CR1 into the
ligand-binding site and may play a role in substrate specificity. The positioning of that loop would
not be compatible with the EGFR structures. Instead, the EGFR loop projects in the opposite
direction and makes no direct interaction with the ligand. The sequence of this CR1 loop,
particularly the presence of some proline and asparagine residues, is essential for maintaining
its structure and for the ability of the receptor to respond to ligands.Amazingly, 18 years after the
amino acid sequence of the EGFR was reported by Ullrich and his colleagues at Genentech
(29), the HER3-ECD 3D-structure was published (12). One month later, two structures were
reported simultaneously for the ligand-bound form of the EGFR-ECD (11, 13). These three
structures provided a major conundrum. While the domains were homologous, in the HER3
structure the second cystine-rich domain was folded back onto the first, occluding the CR1-loop
and positioning the L domains in an orientation that could not be bridged by a ligand. In both the
Garrett and Ogiso ligand-bound EGFR-ECD structures (11, 13), the CR-1 loop did not interact
with the same monomer but lay in a pocket of the juxtaposed receptor pair. It was not possible
for the back-to-back EGFR dimer to form unless the CR2 domain folded out of the way. Although



Ogiso's EGFR structure (13) contained the CR2 domain, this part of the structure was not
sufficiently ordered to trace the protein chain. The first two modules of the CR2 domain define
the overall direction of the rod. Indeed, Jorissen was able to produce a model of the whole
EGFR-ECD (residues 1-621) where the C-termini of the CR2 domains of both EGFR molecules
would be closely juxtaposed in the membrane (30).The reporting of the EGFR structures was
followed closely by two independent reports of the 3D-structure of the full length ErbB2-ECD
(i.e., L1-CR1-L2-CR2 (15, 16, 30)). ErbB2 formed a configuration almost identical to the
expected structure for the full-length, untethered EGFR-ECD. The ErbB2 structure crystals
packed as monomers, rather than the ligand-bound EGFR-dimer configuration that formed in the
EGFR-TGF-α and EGFR-EGF crystals. Notably, the unbound CR1 loop in ErbB2 had a similar
conformation to that of the EGFR.These structures immediately generated models for the ligand
binding, dimerization and consequent kinase activation (31). Even the configuration of the EGFR-
ErbB2 heterodimer could be envisaged (see Fig. 1.1). The structures suggested, however, that
there was more to learn about the EGFR both in solution and on the cell surface, in the presence
and absence of ligand. In the same month, Ferguson and her colleagues published a low pH
structure of the full length (residues 1-621) of the EGFR-ECD with EGF bound (14). Surprisingly,
even in the presence of the EGF, the CR2 domain was tethered to the CR1 loop in the same way
as HER3. The structure of the L1, and most of the CR1 domains were identical in the Garrett,
Ogiso, and Ferguson EGFR-ECD structures, although the tethered structure was
conformationally distinct in a small hinge region at the base of the CR1 domain. Clearly, when
the EGFR-ECD forms the back-to-back dimeric configuration, the CR2 domain needs to
untether from the CR1-loop. How is the transition from tethered to the untethered configuration
induced? Is it through heterodimerization, ligand binding, thermodynamic fluctuation or even
inside-out signaling? The Ferguson structure potentially provides a snapshot of one step in this
transition. Here the ligand was bound only to the L1 domain, the second interaction apparently
disrupted by crystallizing the protein at pH 5, which would protonate a number of receptor and
ligand-histidine residues in the L2 ligand-binding interface. There is still much to be learned
about EGFR dynamics, the activation of the cell surface structure, and about consequential
activation of intracellular EGFR kinase signaling.One the most surprising findings related to the
EGFR-ligand complex was the distance between the two ligands in the back-to-back dimer –
almost 80 Å. Clearly, the ligand was not directly involved in cross-linking the receptor dimer. As
seen in the untethered form of the EGFR-ECD, however, the ligand links the L1 and L2 domains
through close contacts to both surfaces. Indeed, there are backbone-to-backbone hydrogen
bonds between the ligand and L1, which were maintained even at pH 5 as observed in the
tethered, back-to-back configuration of the EGFR-ECD. The strong electrostatic and
hydrophobic bonding between the ligand and the L2 domain, which includes the conserved
amino acids in EGF (Arg 41 and Leu 47), appear to be equal contributors to ligand binding but
could also provide a means of removing EGF during receptor recycling.Apart from the beautiful
β-solenoids, perhaps the most extraordinary feature of the EGFR is the CR1 loop. The CR1 loop



(Pro241-Lys260) projects out from the CR1 axis. In the presence of ligand, apart from a
sidechain-to-sidechain hydrogen bond between asn-86 and Thr-249, it interacts with the partner
EGFR between residues 230 and 286. In particular, Tyr-251 interacts at van der Waals distance
with Phe-263 of the partner EGFR, and the sidechain of Gln-252 forms a hydrogen bond with the
partner backbone at residue 286. The docking and configuration of the CR1 loop are critical for
both high-affinity ligand binding and activation of the intracellular EGFR kinase (11, 13, 32). It
appears that the docking of the CR1 loop to the region 230-286 of its partner influences the
juxtaposition of L1and L2 (i.e., the conformation of the ligand-binding site), as well as the
configuration of the intracellular domain (presumably through changes in the oligomerization
state of either homo-oligomers or hetero-oligomers.From the crystal structures it is obvious that
the EGFR (1-621) can exist in two distinct conformations, namely, the tethered form, where the
CR1 and CR2 loops interact, or the untethered form, where the hinge region at the C-terminus of
the CR2 domain has rotated by 130 deg to bring the L1 and L2 close apposition (14, 31, 32).
When the C-terminal 120 residues of the EGFR-ECD are removed (EGFR-ECD1-501), the
EGFR-ECD1-501is not constrained to adopt a “tethered” conformation (11). Indeed, this is the
most likely explanation for the dramatic increase in ligand affinity when the EGFR-ECD is
truncated (33). Truncation is not the only mechanism by which the EGFR-ECD can form the
untethered conformation, however. When the EGFR-ECD1-621 or EGFR-ECD1-501 are
produced as Fc fusion proteins, their affinity for ligand increases significantly, presumably by
formation of the back-to-back EGFR-ECD untethered dimer. Although the EGFR-ECD-Fc fusion
protein is a dimer, it appears possible to form the untethered conformation in the absence of
further aggregation, as is the case for ErbB2.In solution, the EGFR-ECD can adopt the tethered
and untethered conformations seen in the crystal. It has been difficult, however, to measure
transitions between these conformations or even confirm that it is the untethered form of the
receptor that binds ligands with high affinity. At low concentrations in solution, the EGFR-ECD is
monomeric; at high concentrations in the presence of ligand, the EGFR-ECD forms an
[EGF:EGFR-ECD] dimer and perhaps higher-order oligomers (8, 34). It has still not been
determined whether the EGFR-ECD tethered or untethered conformations are in equilibrium,
whether ligand binding shifts the equilibrium toward the untethered form, or whether ligand
induces the untethering, allowing the back-to-back higher affinity conformation to form. It is
important to emphasize, however, that EGFR-ECDs anchored to a cell membrane via the
transmembrane and intracellular domain (ICD, including the transmembrane, juxtamembrane,
kinase and C-terminal domains) are likely to be influenced differently than the EGFR-ECD in
solution. In particular, in the unstimulated state, the EGFR appears to be present on the cell
surface as a dimer (or even higher order oligomer). At low density and/or in the absence of
ligands, the EGFR kinase is inactive (35). Dimerization, therefore, does not require ligand, and
dimerization does not appear to be sufficient to activate the EGFR kinase. Many cells, especially
in tissue culture, either express the EGFR at high density and/or produce an endogenous EGFR
ligand (e.g. TGF-α). These conditions can lead to EGFR kinase activation, stimulation of EGFR



internalization, and intracellular docking to the phosphorylated forms of the EGFR, all of which
confound the precise determination of the conformational events associated with ligand
activation of the EGFR.The EGFR was essentially the first growth factor receptor to be
associated with cancer (7). Stanley Cohen and his colleagues observed that the EGFR was
down-regulated in animal cells transformed with acute oncogenic viruses. In fact, the EGFR in
these cells was activated and internalized by autocrine secreted TGF- α, which increased the
cell surface tyrosine kinase dependent signaling, but reduced the amount of receptor available
for further ligand-induced stimulation. It was soon discovered that human cancer cells often
secreted ligands for the EGFR and that the ligand initiated an autocrine loop that was part of the
oncogenic process. Interfering with EGFR signaling can reduce the tumorigenic characteristics
of both human cell lines (7, 36, 37) and cancers in patients. The first therapeutics to target the
EGFR ECD have been antibodies directed against the ligand-binding region of the EGFR, e.g.,
cetuximab, also called C225 (7, 38). This antibody binds to the L2 domain, competes with ligand
binding and inhibits the conformational changes necessary for activation of the ICD-EGFR
kinase. Unfortunately, the expression of the EGFR on cells in normal organs such as the liver,
lung, intestine, and skin means that the antibody is cleared from the circulation. When high
concentrations of antibody are used, some side effects occur in both the skin and the intestines.
In conjunction with other antitumor agents (e.g., 5-fluorouracil), the anti-EGFR antibodies such
as cetuximab have been shown to be active anticancer agents. Ligand-induced activation is not
the only mechanism by which the EGFR is activated in cancer. In glioma and head and neck
tumors, the EGFR gene is often amplified. There is a common mutation that leads to truncation
of the EGFR-ECD associated with this amplification (7, 39–41). This mutation, which is known
as Δ2-7EGFR (also called EGFRvIII), leads to truncation of the EGFR-ECD such that the
residues between 6 and 273 are missing, i.e., most of the L1 and CR1 domains, including the
CR1 loop. The tyrosine kinase of this mutant form of the EGFR is constitutively active even in the
absence of ligand. The specific activity of EGFRvIII is less than that of the ligand-activated
receptor, but the activity appears to be sufficient to contribute to the malignancy of these cells.
Antibodies that recognize the EGFRvIII have been developed: the exon 2-7 deletion mutation
leads to a unique fusion-peptide sequence, which can be used to rise antibodies that bind to
and kill cells expressing EGFRvIII (40). In another approach aimed at killing cells expressing
EGFRvIII, cells expressing EGFRvIII and overexpressed wild-type receptor were used to raise
monoclonal antibodies. One of these antibodies, mab806, recognized EGFRvIII and
overexpressed EGFR, but not EGFR expressed at normal levels, i.e., below 100,000 copies per
cell (42). These antibodies recognize an epitope at the C-terminus of the CR1 domain (residues
287-302) (42, 43). In both the tethered and untethered 3D-structures for the EGFR-ECD, it is
difficult to see how the mab806 could bind to the epitope. Indeed, analysis of several EGFR-
ECD mutants suggests that the mab806 epitope is only sterically available to the EGFRvIII or to
the wild-type EGFR undergoing a conformational transition as a result of ligand (32) and/or
interactions with other family members such as ErbB2. Interestingly, mab806 is capable of



binding to cells that overexpress the EGFR and/or EGFRvIII and it can reduce the growth of
human tumors xenografted into nude mice (44). When mab806 is administered in conjunction
with an antibody that recognizes the ligand-binding site (i.e., cetuxumab/C225), tumor growth
can be suppressed completely (45). Similar antitumor action is observed in animals when
mab806 is administered with the EGFR kinase inhibitor AG1478 (46). The precise mechanism of
this antitumor synergy is still being explored, but the principle should be considered when using
anti-EGFR therapies for the treatment of human tumors.1.3 3. ErbB2ErbB2 was discovered as
an oncogene (neu) associated with a rat brain tumor (47). While there are very few examples of
ErbB2 mutation in human cancer, ErbB2 is often overexpressed in human breast tumors (48).
Indeed, women diagnosed with breast cancers that overexpress the ErbB2 respond to
treatments that include anti-ErbB2 antibodies (e.g., herceptin). The amino acid sequence of
ErbB2 revealed that it was closely related to the EGFR. In particular, it appeared to be the
receptor tyrosine kinase. Although the tyrosine kinase activity was confirmed, many years of
searching for ligands that bind to the ErbB2-ECD and activate the intracellular kinase have
proven unsuccessful. None of the EGFR ligands binds to ErbB2.Through many elegant
experiments it was determined that ErbB2 formed heteromers with the other EGFR family
members (48–50). For example, ErbB2 heteromers with the EGFR have enhanced ligand
binding and signals from appears to be amplified. Similarly, when ErbB2 and ErbB3 form
heteromers, strong intracellular signaling occurs in the presence of ligand. ErbB2 cannot bind
the ligand, and the ErbB3 kinase is defective, but the combination of the two family members
appears more potent than signaling when the receptors are expressed individually. It wasn't until
the 3D-structure of ErbB2 was solved that the biochemistry and biology of ErbB2 became
clearer (15, 27, 31).The crystal structures of ErbB2-ECD fragments revealed an untethered
conformation with many features similar to the ligand-bound, untethered conformer of the EGFR.
The L1 and L2 domains are juxtaposed closely, with several L1 and L2 residues are in van der
Waals contact, so there is no possibility of a ligand binding in the configuration observed in the
EGFR-ECD:TGF-α of EGFR-ECD:EGF structures. The N-terminal residues of the L1 domain sit
in contact with the bottom of the large β-sheet on L2. At the N-terminal end of the ErbB2 L2
surface, residues 16 and 17 of the ErbB2-ECD L1 approach his-449 so closely that a
considerable conformational change would be needed to allow a ligand to align with the L2
surface. Furthermore, serine 15 of EGFR is replaced by arginine in ErbB2. In the EGFR, ErbB3,
and ErbB4 sequences, a small residue such as serine or threonine is always present and the
bulky arginine in this position for ErbB2 would disrupt ligand binding to L1. The hinge region
between the CR1 module 7 and the L2 domain form similar angles for ErbB2 and the untethered
conformation of the EGFR. The ErbB2 CR1-L2 hinge region is stabilized by a series of H-bonds,
suggesting that there is unlikely to be a major conformational change in this region of ErbB2.
Similarly, the CR2 loop, which interacts with the CR1 loop in the tethered conformations of
EGFR, ErbB3, and ErbB4, is not conserved in ErbB2. The tethered conformation appears to be
more stable for EGFR, ErbB3, and ErbB4 than for ErbB2. Interestingly, although the modules of



the CR1 domain can vary considerably, the tips of the CR1 loop for the EGFR and ErbB2 are in
similar juxtaposition with respect to the L2 domain. When the L2 domains of ErbB2 and the
EGFR are superimposed, the tips of the CR1 loops are within 1 angstrom of each other (15,
16).Although the ErbB2 CR1 loop has a similar conformation to the EGFR CR1 loop, ErbB2
crystallizes as a monomer, not as a the back-to-back dimer found in the EGFR-ECD ligand
complex (15). The binding pocket for the ErbB2 CR1 loop and the ErbB2 CR1 loop are
negatively charged, so it is unlikely that ErbB2 will form a back-to-back dimer. Actually, it is
difficult to form EGFR-ECD:ErbB2-ECD heterodimers in solution. Given that ErbB2 forms
complexes with the other EGFR family members on the cell surface (15, 49), it is likely that a
considerable fraction of the binding energy between these family members must be associated
with strong interactions between the transmembrane and/or intracellular domains of the
receptors.1.4 4. ErbB3 and ErbB4The 3D-structures of the ErbB3-ECD (12) and ErbB4-ECD
(19) have also been determined. Although both receptor preparations are capable of binding
ligands, these structures were solved in the absence of ligand and, not surprisingly, both were in
the tethered conformation. The CR1 loops of EGFR-ECD and ErbB4-ECD have remarkably
similar conformations (see Fig. 1.2). Although the EGFR structure was determined in the
presence of ligand (i.e., untethered), the back-to-back dimer and the HER4 structure was
determined in the tethered conformation. Both the backbone and sidechains of all of the
residues at the nine residues at the tip of the CR1 loop are virtually superimposed (see Fig.
1.2).Fig. 1.2 The structural homology between the CR1 loop of the human EGFR (11) and ErbB4
(19) is remarkable. The amino acid sequences are similar, but not identical. Despite different
quaternary contexts, both the backbone atoms and the sidechains adopt almost identical
conformations. The EGFR-CR1 loop is involved in the crystal structure dimer interface in the
ligand, untethered bound EGFR (11), whereas the ErbB4-CR1 loop is taken from the crystal
structure of the tethered, monomeric form of ErbB4 (19).In the tethered conformation, the CR1
loops of both ErbB3 and ErbB4 contact the same pocket near the C-terminus of the CR2
domain. The molecular contacts between the CR1 loop and the CR2 pocket are highly
conserved between the EGFR, ErbB3, and ErbB4: specifically, a hydrogen-bonded network
between the side-chain of a tyr at the end of the CR1 loop and an asp and lys in the LR2 pocket
are conserved in all known vertebrate orthologs of EGFR, ErbB3, and ErbB4.While ErbB3 binds
neuregulins, ErbB4 binds both EGFR ligands and the neuregulins (51). The 3D-structure of the
ErbB4 ligand-binding domain is considerably more basic than EGFR (19), but neither ErbB3 nor
ErbB4 have pH sensitive his in the ligand-binding surface of the L2 domain. The structural data
suggests that ErbB3 and ErbB4 are less likely to release ligand at low pH, i.e., the ligand-bound
structures are likely to be more stable in the endosomal compartment, thus altering the ability of
these receptors to recycle.1.5 5. Antibody Binding to the EGFR Family MembersThe EGFR
family members are appropriate targets for cancer therapy. While small molecule kinase
inhibitors are already being tested for their potential as cancer therapeutics (38,52–55), it has
not been possible to identify small molecules that will bind to and inhibit receptor activation by



ligands. In part, the difficulties have been associated with significant conformational change
between the unbound and ligand-associated states, but the complexity of the ligand-binding
sites and the high affinity of the ligands make it difficult to design small molecules that can
compete effectively. Antibodies directed toward the EGFR family members, however, have been
developed (48, 54), and several of these antibodies have significant potential for development
as anticancer therapeutics. Indeed, one of the most successful additions to the treatment of
breast cancer is herceptin and antibody directed toward the CR2 domain of ErbB2 (48).The Fab
fragment of herceptin (also known clinically as trastuzumab) binds to a site on the CR2 domain
that includes the region of the pocket identified in EGFR, ErbB3, and ErbB4, which interacts with
the CR1 loop (15). Binding close to the membrane appears to influence the biology of herceptin
action. The complete herceptin antibody has an antiproliferative action, but the basis of this
action is still being debated. The antibody appears to mediate cytotoxicity as well as blocking
receptor aggregation, stimulating cleavage of ErbB2 at the ECD-juxtamembrane and stimulating
receptor endocytosis. The herceptin Fab fragments do not inhibit tumor growth, but it is not clear
whether reduced affinity or a failure of its biological actions (e.g., stimulation of receptor
endocytosis) is responsible for the loss of activity. The position of herceptin binding would be
expected to modify the conformation of ErbB2-associated heteromers with the EGFR, ErbB3,
and ErbB4. Another ErbB2 antibody, 2C4 (or pertuzumab), is being tested for its potential
anticancer activity. The 3D-structure of the ErbB2-ECD and pertuzumab-Fab has been
determined (21). The structure of the ErbB2-ECD is essentially identical to the structure in the
absence of the 2C4-Fab; the antibody contacts the C-terminal end of the CR1 domain, including
the CR1 loop. Binding of 2C4 to ErbB2 precludes binding of the CR1 loop to other EGFR family
members and the binding also masks the pocket on ErbB2, which would be expected to dock
the CR1 loop from other EGFR family members. From these studies it is now clear why both the
full-length antibody and the Fab fragment of 2C4 interfere with back-to-back binding by ErbB2 to
other EGFR family members.EGFR antibodies have also been reported to have potential as
anticancer therapeutics (38). The 3D-structure of an Fab fragment from the anti-EGFR antibody
C225 complexed to the EGFR-ECD has been solved (20). As expected from epitope-mapping
studies, this fragment binds to the L2 domain in a position that would prevent ligand binding. The
antibody fragment is bound to the tethered configuration in this structure and Fab fragment it
would prevent the formation of the ligand-binding site described in the back-to-back EGFR-ECD
dimer that forms in the presence of ligand. While it is clear that the antibody can bind the
tethered form of the EGFR, further experiments are required to explore the activity of C225 on
EGFR-heterodimers on the cell surface. EGFR-ErbB2 heterodimers form higher affinity
complexes, where the EGFR would be expected to be untethered. It is not clear whether the
untethering would lead to a juxtaposition of the L1 and L2 domains, which would facilitate ligand
binding and prevent antibody binding. Increased levels of ErbB2 (e.g., in a significant proportion
of breast cancers) might lead to “priming” of the EGFR and a reduction in the effectiveness of
C225. Similarly, tumors associated with elevated levels of ligand for EGFR may either compete



for C225 binding or protect the receptor from C225 by inducing the untethered, back-to-back
conformation.Another anti-EGFR antibody, mab806, has a completely different mode of action
(42). The epitope for this antibody is buried at the C-terminus of the CR1 domain (residues
287-302) (43,56). Mab806 binds to the denatured EGFR, the D2-7-truncated-EGR found in
many brain tumors, and EGFR-ECD1-501, but mab806 does not bind well to the tethered or
untethered, back-to-back form of the EGFR. When the EGFR is expressed on cells at levels
below 100,000 receptors per cell, mab806 binding is less than 5% of the binding by antibodies
such as mab528, which bind to the native conformation of the L2 domain. On the other hand,
when the receptor is overexpressed (e.g., head and neck tumors and brain tumors), mab806
binding increases. Furthermore, mutant forms of the EGFR, which are unable to form the back-
to-back EGFR dimer, can be trapped by mab806 as the receptor is in transition to the (32) back-
to-back conformation. This antibody has already been used in the clinic to detect overexpressed
or truncated EGFR associated with tumors, and in animal studies mab806 synergizes effectively
with other anti-EGFR antagonists/inhibitors and anticancer agents to prevent tumor growth (44–
46, 57).More than any other information over the last decade, the 3D-structures of the EGFR
family ECDs has improved our understanding of the mechanisms involved in the activation of the
EGFR. The 3D-structures have not only provided exciting explanations for the multiple-affinity
states, the formation of heteromers between family members and the roles of the different family
members in the absence of ligand binding (e.g., ErbB2), they have also provided the basis for
biophysical determination of the conformation and aggregation state of the EGFR on both
normal and cancer cells, in the presence and absence of different ligands, in the presence and
absence of the different antibody probes, at different ratios of the various family members, and
under different conditions of cell adhesion or metabolism. The distribution of tethered and
untethered states on the cell surface is still a matter of conjecture, and the conformation of the
untethered state in the presence and absence of ligand or heteromer association still needs to
be determined. The availability of the 3D-structures of the ECDs for all four EGFR family
members, the rich array of mutants based on these structures, the range of ligands, and the
fluorescent derivatives of both the receptors and their ligands makes for an exciting time for
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Stern1 (1)Department of Research Pathology, MS 72b, Genentech Inc., 1 DNA Way, South San
Francisco, CA, 94080AbstractThe ErbB family of receptor tyrosine kinases mediates oncogenic
signaling in a variety of different cancer types. For example, ErbB1 (or EGFR) is thought to play
an important role in the genesis of lung and colon cancer, and ErbB2 (or HER2) serves as a
potent oncogene in a subset of breast cancer. Because of their role in cancer, ErbB1 and ErbB2
have long been a focus for drug development activities. Active signaling by the ErbB family of
receptors requires formation of dimers including both homodimers and heterodimers. Mounting
evidence in model systems suggests that ErbB heterodimers may be particularly oncogenic.
Furthermore, recent structural analyses reveal how the receptors interact with ligands and with
one another. These and other timely advances in ErbB heterodimer biology will be reviewed in
detail in this chapter. Expanding knowledge of ErbB family signaling not only brings insight to the
mechanism of action of existing therapies, but it also suggests that targeting specific
heterodimers may have particular utility in treating cancer.Keywords EGFR – ErbB1 – HER2 –
ErbB2 – dimers – cancer – signaling2.1 1. IntroductionThe human epidermal growth factor
receptor (HER or ErbB) family plays a central role in driving neoplastic growth and has been a
major focal point in cancer drug discovery (1–3). The formation of dimers among the HER family
has long been known to be a critical event in receptor activation, but only recently has the
mechanism of dimerization and activation been elucidated (4, 5). The prototypical member of
the family is known as HER1, EGFR, or ErbB1. A series of studies in the late 1970s and early
1980s revealed an association of ErbB1 with neoplastic transformation (6–8). These seminal
findings culminated decades later in several targeted therapies for cancer patients, including the
small-molecule inhibitors gefitinib and erlotinib and the monoclonal antibodies cetuximab and
panitumumab. Subsequent to the discovery of ErbB1, closely related receptor tyrosine kinases
were identified, including ErbB2, ErbB3, and ErbB4. The ErbB2 gene is amplified in
approximately 20% of breast cancers and is another example of an HER family member that is
known to drive tumorigenesis and is a target of the therapeutic monoclonal antibody
trastuzumab and small-molecule tyrosine kinase inhibitor lapatinib (2, 9–11). The focus of this
chapter is to review current knowledge of ErbB family dimerization and activation with an
emphasis on the role of heterodimers in the pathogenesis of cancer and the impact of
heterodimers on cancer treatment.2.2 2. ErbB Family Dimerization and ActivationAs members
of the receptor tyrosine kinase family, the HER family receptors are composed of an extracellular



domain which in most cases binds growth-factor ligands, a single transmembrane domain, and
an intracellular domain that is involved in activation of downstream signaling upon receptor
dimerization. Although there is significant sequence-based and structural conservation among
the ErbB family receptors, there are also significant functional differences. Both ErbB1 and
ErbB4 are more typical members of the RTK family in that they both have the capability to bind
ligand, and they both have intact intracellular kinase domains (2, 3, 12). ErbB2 is unusual
because it lacks the capacity to bind ligand yet retains a functional kinase domain that can be
activated via dimerization with other receptors (13). ErbB3 is unusual in a different way. It is
known to bind ligand but lacks a functional intracellular kinase domain (14). Thus, ErbB3 is
dependent on heterodimerization with kinase-intact family members to mediate
signaling.Several ligands are capable of inducing HER family dimerization and activation. These
ligands fall into three major classes. One class specifically interacts with ErbB1 and includes
EGF, TGF-α, and amphiregulin (2, 15). A second class consists of betacellulin, HB-EGF, and
epiregulin, which interact with both ErbB1 and ErbB4 (2, 15). A third class, the heregulin or
neuregulin (HRG or NRG) family, binds to ErbB3 and ErbB4, with NRG-1 and NRG-2 binding to
both ErbB3 and ErbB4 and NRG-3 and NRG-4 binding to only ErbB4 (16–20). It was originally
hypothesized that ligand-dependent ErbB receptor dimerization occurs via bivalent binding of a
single ligand to cross-link two receptors (21–23). In that model, one high-affinity binding site on
the ligand would interact with ErbB1 or ErbB3, and a second low-affinity binding site would
interact more broadly with other HER family receptors, including ErbB2 (22). This proposed
mechanism was analogous to the mechanism of activation for growth hormone receptors (24,
25). Subsequent studies examining the stoichiometry of EGF binding to ErbB1, however,
indicated that receptor dimers contain not one, but two, ligands (26–28). This finding suggested
that the process of ligand-induced ErbB receptor dimerization is more complicated than what
was observed with growth hormone receptors. Data from X-ray crystal structures add further
insight to this issue and will be described in more detail in the following section.None of the
three classes of ligand bind to ErbB2, but interestingly all ligands are capable of inducing
phosphorylation of the ErbB2 intracellular domain (29–32), suggesting that ErbB2 participates in
heterodimerization and trans-phosphorylation with other ligand-activated ErbB family receptors.
In fact, evidence suggests that ErbB2 is the preferred dimerization partner for the other ErbB
receptors. For example, in the T47D cell line that expresses all four ErbB receptors, neuregulin
preferentially induces ErbB2/3 and ErbB2/4 heterodimers while EGF preferentially induces
ErbB1/2 heterodimers (33). In the same model, neuregulin can induce ErbB1/3 and ErbB1/4
heterodimerization but only if ErbB2 is depleted via an endoplasmic reticulum targeted single-
chain antibody (33, 34). For a long time, it was unclear how ErbB2 is able to act as the preferred
dimerization partner in the absence of any ligand binding, but data from X-ray crystal structures
of ErbB family members have helped to elucidate the mechanism.2.3 3. Structural Insights on
ErbB Family DimerizationRecent data from a number of structural studies of ErbB family
members provide significant insight into the mechanism by which receptor dimerization occurs



and how this event is mediated by ligand binding. The extracellular portion of all four ErbB family
members is organized into four domains – two large, leucine-rich repeat domains (also known as
domains I and III) and two cysteine-rich domains (also known as domains II and IV) (35, 36). In
the absence of ligand, ErbB1, ErbB3, and ErbB4 exist in a closed configuration in which there is
a close interaction between domains II and IV (4, 37, 38) (Fig. 2.1). This interaction hides the
dimerization arm located within domain II, thus preventing dimerization. The amino acid residues
that mediate the domain II, IV interaction are conserved across ErbB1, ErbB3, and ErbB4, but
interestingly are divergent in ErbB2 (38, 39). Crystal structures in the setting of ligand-bound
ErbB1 reveal a dramatic conformational change in which ligand interacts with both domains I
and III within the same receptor, locking the receptor in an open configuration in which the
domain II-IV interaction has been disrupted and the domain II dimerization arm is revealed (4,
39–41) (Fig. 2.1). Of note, the crystal structure for ErbB2 is in the open configuration, providing a
structural explanation for why ErbB2 does not require a ligand (42, 43). Furthermore, being in the
open configuration, ErbB2 would always be ready to dimerize, consistent with the observation
that it is the preferred dimerization partner.Fig. 2.1 The ErbB family of receptors consists of an
extracellular portion that is divided into four domains – two leucine-rich repeat domains (I and III)
and two cysteine-rich domains (II and IV). There is a single transmembrane domain, and an
intracellular kinase domain consisting of an N-lobe and a C-lobe. An intracellular tail contains
phosphorylation sites that enable recruitment and activation of downstream signaling molecules.
ErbB1/ErbB2 heterodimers are depicted without ligand, with EGF, and with the ErbB1
monoclonal antibody cetuximab. ErbB2 is always locked in the open configuration even without
ligand; whereas ErbB1 remains in the closed conformation with the domain II dimerization arm
buried via an interaction with domain IV (4). Upon EGF binding a bridge is created between
domains I and III, locking ErbB1 in the open configuration, allowing the domain II dimerization
arm to interact with the analogous arm on ErbB2 (4). Upon receptor dimerization, there is an
allosteric interaction that occurs between the N-lobe of one receptor and the C-lobe of the other
receptor, resulting in kinase activation, much like the interaction that is observed with the CDK2/
cyclin A cell cycle regulatory complex (44). Both ErbB1 and ErbB2 are capable of contributing
either the N-lobe or the C-lobe to the interaction. The kinase domains phosphorylate the
intracellular tails which then activate downstream signaling. In the presence of cetuximab, which
binds to the ligand binding site in domain III of ErbB1, EGF is no longer able to interact with
domain III. ErbB1 is thus locked in the closed conformation and both heterodimerization and
downstream signaling are blocked, even in the presence of ligand.Once the ligand-induced
receptors engage in heterodimerization or homodimerization, a trans-phosphorylation event
occurs in the intracellular domain, leading to downstream pathway activation. Although initially
assumed to be a symmetric cross-phosphorylation event, recent evidence, at least with EGFR,
suggests that there is an asymmetric allosteric interaction similar to that seen with CDK2/cyclin
A (44) (Fig. 2.1). In support of the allosteric model, amino acid residues that mediate the
asymmetric intracellular domain interaction are conserved across the ErbB family. Interestingly,



the one exception is ErbB3, where only one interaction face is conserved, which is perhaps
consistent with the lack of an active kinase domain.2.4 4. Diversity of ErbB Dimers and
Downstream EffectsWith four ErbB receptors, there are ten potential combinations of receptor
pairs – four homodimers and six heterodimers. Although the numerous possibilities may seem
redundant, there are a number of factors that differentiate the downstream effects of the
receptor dimers. First, each of the receptors has a distinct affinity for specific downstream
signaling effectors. Thus, various dimer combinations will result in differential activation of
signaling pathways, which may in turn become integrated into distinct phenotypic
consequences. Second, the predominant dimers in a particular cell at a given moment will
depend upon the composition of ligands in the extracellular milieu. Finally, the level of
expression of specific ErbB receptors in a cell can affect the predominant dimers that form.The
intracellular domains of ErbB1, ErbB2, and ErbB3 are well characterized in terms of the number
of phospho-epitopes and the types of signaling modulators each phospho-epitope recruits (15).
The ErbB1-intracellular domain can activate several downstream pathways, including PI3K,
MAPK, PKC, and JNK. Although there are no binding sites for the p85 regulatory subunit of
PI3K, ErbB1 can activate the PI3K pathway via GRB2, which recruits GAB1 and couples to the
PI3K pathway (2). ErbB2 activates the MAPK pathway via GRB2, SHC, DOK-R, and CRK, and
ErbB3 is a potent activator of the PI3K pathway with six binding sites for the p85 regulatory
subunit of PI3K. With the diversity of homodimers and heterodimers, there is an open question
regarding the mechanism by which the various pathway inputs are integrated to result in a
specific cellular phenotype. Regardless of the mechanism, it is quite clear that there are
dramatic differences in the phenotypic effect of receptor activation depending on the
combination of dimers involved. This concept is well-illustrated by a study in which cells were
transfected with various combinations of ErbB receptors and proliferation index was measured.
The dimers most potent at stimulating proliferation are ErbB1/2, 2/3, and 1/3, the latter in the
setting of heregulin stimulation (1, 45).Differential level of ErbB receptor expression is another
feature that may impact the downstream sequelae of receptor activation. One dramatic example
is the consequence of altered HER2 expression in breast cancer. Although HER2 is always in
the open configuration with dimerization arms exposed, HER2 is not considered to be
oncogenic unless activated by overexpression via gene amplification. The effect of ErbB
receptor levels on cell signaling was recently illustrated in a study in which protein microarrays
containing most SH2 and PTB domain proteins in the genome were used to survey the affinity of
interaction with phophopeptides representing the phosphorylation sites in the intracellular
domain of ErbB1, ErbB2, and ErbB3 (46). At any affinity threshold, ErbB3 consistently favored
the PI3K pathway. For ErbB1 and ErbB2, however, the receptors engage an increasingly broad
network of signaling components at increasing affinity thresholds. This observation may explain
why overexpression of ErbB1 or ErbB2 can lead to active oncogenic signaling in some
circumstances.In a recent study, the importance of ErbB family heterodimerization was
illustrated using a proximity-based assay to determine the level of interaction between specific



ErbB dimer pairs. Chimeric receptors were engineered in which the intracellular domain consists
of an inactive fragment of the β-gal enzyme. Enzymatic activity is restored when two inactive
fragments are brought in proximity via receptor dimerization. With this technology, it was
determined that association of ErbB2 with itself is relatively inefficient, whereas formation of
ErbB1/2 and ErbB2/3 heterodimers is very efficient in the presence of ligand (47).Despite the
appearance of redundancy, there is considerable evidence suggesting a discrete biology
attributable to specific dimer pairs, most frequently heterodimers. The following sections focus
on the role of heterodimers in both development and cancer and will further highlight the distinct
roles of specific ErbB heterodimers.2.5 5. ErbB Heterodimers in DevelopmentAs with many
genes involved in cancer pathogenesis, the ErbB family plays an important role in embryonic
development. Some of the developmental biology discussed in this section serves as a nice
illustration of discrete ErbB heterodimers being associated with specific phenotypes. In addition,
some of the developmental phenotypes may be relevant to understanding specific adverse
events observed with cancer therapies targeting ErbB family members.Much of the information
on ErbB receptors in embryonic development has come from studies in genetically engineered
mice. Some homozygous ErbB1 knockout mice live until birth, but then all mice die shortly
thereafter. Such mice exhibit a broad range of defects including abnormalities in the brain, lung,
gastrointestinal tract, and skin (48–51). It is difficult from this information to glean the extent to
which these phenotypes are due to loss of ErbB1 homodimers versus heterodimers. The
phenotypes observed from knockouts of other ErbB family receptors do not overlap with that of
the ErbB1 knockout, suggesting that the ErbB1 knockout phenotypes are attributable to ErbB1
homodimers. The ErbB2, ErbB3, and ErbB4 knockouts all are embryonic lethal, however, so one
can't rule out the possibility that these receptors cooperate with ErbB1 in the perinatal
phenotypes observed with ErbB1 knockout. One common adverse event observed with ErbB1
inhibition in humans is a skin rash. In that context, it is notable that the ErbB1 knockout mouse
exhibits a skin phenotype.Interestingly, the phenotype of ErbB2, ErbB4, and neuregulin
knockout mice exhibits significant overlap. All such mice are embryonic lethal at E10.5 and
exhibit a lack of trebeculation in the cardiac ventricle (52–55). Neuregulin is known to be
expressed in the endocardium and ErbB2/ErbB4 is expressed in the myocardium. These
observations have led to a model in which cardiac ventricular trebeculation is driven by
paracrine activation of ErbB2/ErbB4 heterodimers in the myocardium via neuregulin produced in
the endocardium (15). A role for ErbB2 in cardiac function of adult mice was revealed by an
elegant experiment in which the cre-loxP system was utilized to produce a conditional knockout
of ErbB2 in the cardiac ventricles. Although such mice were viable, they exhibited a
physiological phenotype consistent with dilated cardiomyopathy (56). The observation of a
cardiac phenotype in ErbB2 knockout mice is particularly notable given that administration of the
ErbB2 inhibitor trastuzumab to HER2-positive breast cancer patients is associated with a risk of
cardiac dysfunction (57–59).In addition to the cardiac phenotype, there is also evidence for
ErbB2/ErbB4 involvement in the mammary epithelium where expression of dominant negative



ErbB2 or ErbB4 each results in a defect in lactation (60, 61). Similar observation of coincident
developmental phenotypes suggests a role for ErbB2/ErbB3 heterodimers in peripheral nervous
system development. Knockout of either of these genes leads to defects in Schwann cell
development, hypoplasia of the sympathetic chain ganglia and cranial sensory ganglia (62–64).
These peripheral nervous system phenotypes can all be attributed to cells of neural crest origin,
and possibly a defect in neural crest migration (15).2.6 6. ErbB1/ErbB2 Heterodimers in
CancerNumerous studies have been performed to examine the role of ErbB1 and ErbB2 in
neoplastic progression. At least three mechanisms of activation have been proposed for ErbB1.
First, several different types of ErbB1 mutations have been observed in non-small cell lung
cancer patients. These mutations include exon 19 deletion and exon 21 L858R, both of which
have been shown to activate in vitro signaling in the absence of ligand and are transforming (65–
68). An extracellular domain deletion mutant called EGFRvIII has been observed most
frequently in glioblastoma (69), and is also associated with constitutive activation. The
significance of these and other mutations in EGFR are discussed in Chapters 19 and 20. In
general, whether or not these mutations have any effect on the efficiency of homodimerization or
heterodimerization has not been clearly established.Another proposed mechanism of activation
is increased ErbB1 mRNA and/or protein expression as observed in breast, ovarian,
glioblastoma, non-small cell lung, colon, bladder, prostate, kidney, and head and neck tumors
(3, 70). In many cases, however, it is not clear whether overexpression necessarily equates with
activation. A third potential mechanism of activation is overexpression of ErbB1 ligands such as
TGF-α. In vitro, the presence of ligand has clearly been shown to activate dimerization and
downstream receptor signaling.In the case of ErbB2, the main mechanism of activation is
overexpression. Increased ErbB2 expression is well described in breast cancer and is a direct
result of gene amplification. Although less common, ErbB2 overexpression with or without gene
amplification has also been observed in lung, stomach, ovarian, colon, bladder and salivary
gland carcinomas (3, 70). The detailed mechanism by which increased ErbB2 expression
results in pathway activation is not entirely clear but is presumed to be due to a shift in
equilibrium toward ErbB2 homodimerization or ligand-independent heterodimerization. Much
less commonly observed are ErbB2 mutations (mostly insertion mutations), which have been
described in non-small cell lung cancer and are predicted to activate the receptor (71).Given the
overlap of tumor types, there is the possibility that ErbB1 and ErbB2 could cooperate in
tumorigenesis. In support of that concept, ErbB1 alone is not a very potent oncogene in some
model systems. For example, ErbB1 expression in mouse mammary epithelial cells only rarely
induces adenocarcinoma compared to ErbB2 expression (72, 73). Furthermore, in the MCF10A
mammary epithelial cell line, introduction of chimeric ErbB1 receptors that can undergo
homodimerization with a synthetic ligand do not show any evidence of transformation (74). In
contrast, ErbB2 was potent at transformation in similar studies. Comparable observations have
been made in fibroblast cell lines transfected with either ErbB1 or ErbB2 (75).Despite the weak
transforming activity of ErbB1 alone, there is considerable evidence suggesting potent



cooperativity with ErbB2. First, experiments performed in the 1980s demonstrated that addition
of the ErbB1 ligand EGF to various cell lines of rodent or human origin results in tyrosine
phosphorylation of ErbB2, as well as an increase in the ErbB2 tyrosine kinase activity (76–79).
Transforming activity was also examined in rodent fibroblast cell lines, such as NR6, in which it
was found that neither ErbB1 nor ErbB2 alone had transforming capacity, but when co-
transfected, the cells adopted a transformed phenotype (80). Mouse models also support the
concept of cooperativity between ErbB1 and ErbB2. Mice in which both ErbB2 and TGF-α are
overexpressed in mammary epithelial cells results in multiple mammary tumors with short
latency compared to mice expressing either transgene alone (81).There are several
mechanisms that have been proposed to explain the cooperative interaction between ErbB1 and
ErbB2. One key aspect of ErbB signaling regulation is the mode by which the signal is turned off.
Ligand binding induces clustering of ErbB1 homodimers at clathrin-coated pits. Endocytic
vesicles form, resulting in loss of ErbB1 from the plasma membrane and eventually degradation
of the receptors, but the remaining ErbB family members do not follow the same fate (3, 82).
Endocytosis of ErbB2, ErbB3, and ErbB4 occurs at a slower rate, and receptors are recycled to
the cell surface rather than being degraded in endosomes. It has been observed that ErbB1
binding to ErbB2 reduces ErbB1 endocytosis and redirects ErbB1 to be recycled back to the cell
membrane rather than being degraded in endosomes (83, 84).A second mechanism of
cooperative interaction is heterodimer-specific phosphorylation. NIH3T3 cells transfected with
single ErbB receptors or combinations of ErbB receptors were treated with radiolabeled
phosphate and stimulated with EGF. Phosphopeptide mapping was performed on
immunoprecipitated ErbB receptors, and it was found that the spectrum of phosphopeptides in
the context of ErbB1/ErbB2 co-expression was distinct from that observed in the setting of
ErbB1 or ErbB2 expression alone (85). A third potential mechanism is increased affinity of ligand
binding. In-depth studies of ligand-receptor interactions have demonstrated that ligands have
higher affinity for ErbB2 containing heterodimers than for ErbB family homodimers, likely due to
a slower off-rate (86, 87).While the above observations and proposed mechanisms for
cooperative interactions between ErbB1 and ErbB2 are interesting, a remaining question is
whether ErbB1/ErbB2 heterodimers exhibit any evidence of unique downstream signaling
properties compared to either receptor alone. This question was addressed in an MCF10A
mammary epithelial cell line system. MCF-10A cells were transfected with chimeras of the
intracellular domain of ErbB receptors fused to either wild-type or mutant FK506 binding protein
(FKBP) derivatives. Using rapamycin-like small molecules that bind to FKBP, dimerization events
can be initiated in the absence of ligand (88). In these experiments, it was found that both ErbB2
homodimers and ErbB1/ErbB2 heterodimers exhibit equal activation of the MAPK pathway, but
that heterodimers are more effective at activating PI3K and phospholipase Cγ1 pathways. In
three-dimensional cell culture, ErbB1/ErbB2 heterodimers were found to be more effective at
inducing cell invasion into Matrigel than were ErbB2 homodimers (88).Although ErbB1 and
ErbB2 each independently play some role in neoplastic progression, the formation of ErbB1/



ErbB2 heterodimers seems to be particularly oncogenic in some settings. Thus, therapies that
target the ErbB1/ErbB2 heterodimer may have benefit in cancer therapy. In that regard, the small
molecule lapatinib is a tyrosine kinase inhibitor that exhibits dual specificity for ErbB1 and
ErbB2. Lapatinib was recently FDA-approved for use in HER2-positive metastatic breast cancer
patients that have progressed on a trastuzumab-based regimen (89).2.7 7. ErbB2/ErbB3
Heterodimers in CancerOf all the ErbB receptor family dimer combinations, ErbB2/ErbB3
heterodimers are considered to be the most transforming. 32D cells, which are IL3 dependent
and do not express endogenous ErbB receptors, were infected with recombinant retroviruses
expressing ErbB receptors either singly or in pairs. Examination of all the permutations revealed
that the most potent mitogenic signals eminate from the ErbB2/ErbB3 combination (45).
Similarly, in NIH3T3 cells, it was found that co-expression of ErbB2 and ErbB3 exhibited an
enhanced tumorigenic phenotype compared to expression of ErbB2 alone (90). The mitogenic
effect of ErbB2/ErbB3 heterodimers may be due to very efficient activation of the PI3K pathway
(12, 91). More specifically, the effects on cell proliferation have been linked to deregulation of the
G1/S transition. This transition is regulated by the CDK2/cyclin E complex, which can be
inhibited by the cyclin dependent kinase inhbitor p27Kip1. PI3K pathway activation via ErbB2/
ErbB3 heterodimers results in inhibition of p27Kip1 activity, resulting in derepression of the G1/S
transition (15, 92, 93).Some studies have explored the role of ErbB2/ErbB3 heterodimers in cell
line models via downregulation of ErbB3. Expression of an artificial transcription factor E3
consisting of a polydactyl zinc finger domain that is designed to recognize an 18bp region of the
ErbB3 5’ untranslated region was used to decrease expression of ErbB3 in ErbB2 amplified cell
lines (94). Cells with decreased expression of ErbB3 exhibited diminished cell proliferation. In
another study, ErbB3 was examined via a short hairpin RNAi approach. Knockdown of ErbB3 in
MDA-MB-435 cells was associated with a decrease in the incidence of metastasis when such
cells were grown in vivo compared to separately selected control cell lines (95). Although often
described as a breast cancer cell line, there have been some data suggesting that MDA-MB-435
may actually be a melanoma cell line (96, 97). Regardless of the cancer type, the data suggest
that ErbB3 could play a role in driving tumorigenesis either by maintaining proliferation,
promoting metastasis or perhaps both.Involvement of ErbB3 in heterodimers is not only
important for tumorigenesis, but it may also provide some insight into development of resistance
to ErbB1 and ErbB2 targeted therapies. When ErbB2 amplified cell lines were treated with ErbB
family tyrosine kinase inhibitors (TKIs), it was observed that phosphorylation of ErbB1 and
ErbB2 was consistently reduced over the time period examined (up to 96 hours) (98).
Phosphorylation of ErbB3, however, exhibited an initial decrease followed by a recovery to
higher levels of phosphorylation between 12 and 24 hours of treatment. The recovery of ErbB3
phosphorylation was paralleled by a recovery in phosphorylation of AKT. These observations
were accompanied by a shift in localization of ErbB3 from the cytoplasm to the membrane as
determined by biochemical analysis of fractionated cells (98), raising the possibility that sub-
cellular localization of ErbB3 participates in a regulatory feedback loop. Examination of ErbB3



status in human tumors will be needed to determine if these observations have relevance for
development of resistance to TKIs in patients. Due to the difficulty in obtaining the on-therapy
biopsies of tumor tissue needed to assay biomarkers in relation to therapeutic response and
resistance, such questions are not trivial.Many studies of ErbB3 have focused on breast cancer,
but there is increasing evidence that ErbB3 may also play an important role in other cancer
types. It is well documented that EGF can activate the androgen receptor in prostate cancer cell
lines under conditions of androgen withdrawal (99, 100). This finding has led to a hypothesis that
ErbB signaling could be associated with evolution of prostate cancer from androgen-dependent
to androgen-independent growth. In a recent study of ErbB receptors in prostate cancer cells, a
small molecule ErbB1/ErbB2 inhibitor, PKI-166, was used to study ErbB pathway signaling on
androgen receptor activation. It was found that ErbB2/ErbB3 heterodimers were the main driver
of androgen receptor activation even when ErbB1 was present (101). These findings suggest
that the ErbB2/ErbB3 heterodimer could play a role in growth of androgen independent prostate
cancer. Further examination of the status of ErbB3 in tissues from prostate cancer patients
would be helpful in determining whether this apparent correlation translates to human
tumors.Less is known about the status of ErbB2/ErbB3 heterodimers in human cancer tissues.
There have been some studies examining ErbB3 expression by immunohistochemistry and
correlating to clinical outcome in cancer patients. These studies have suggested that ErbB3
expression is correlated with poor clinical outcome in breast cancer and ovarian cancer (102,
103). There is also some suggestion that high ErbB3 expression correlates with poor outcome in
HER2-positive breast cancer after progression on the HER2 targeted antibody trastuzumab
(104). Unfortunately, in some of these studies, it is not clear whether the immunohistochemical
assay was validated to detect ErbB3 specifically in formalin-fixed, paraffin-embedded (FFPE)
tissues.2.8 8. Atypical Heterodimers – p95HER2It is becoming increasingly evident that ErbB
receptors are, at least in some cases, subject to cleavage of the extracellular domain. In the
case of ErbB2, it is well-documented that a truncated form of the receptor known as p95HER2 is
produced in breast cancer cell lines (105–107). In about 30% of HER2-positive breast cancer
patients, p95HER2 is detected in tumor tissue by Western blot and is associated with poor
clinical outcome (108). The truncated form of the receptor is structurally similar to the originally-
described viral oncogene v-ErbB, and consistent with that observation, the receptor is
constitutively active (109, 110). The therapeutic ErbB2 monoclonal antibody trastuzumab has
been demonstrated to prevent the conversion of full length p185HER2 to truncated p95HER2
(109), suggesting that this may be one mechanism of trastuzumab activity.The existence of a
truncated form of ErbB2 raises the question of whether heterodimers with the truncated form of
the receptor exist and whether they have any relevant biological role. One example of a
heterodimer would be p185HER2 with p95HER2, and in support of this model, there is evidence
of an intracellular interacting domain that could mediate ligand-independent interaction of either
full-length or truncated ErbB2 receptors (111). It is possible that this ErbB2 intracellular domain
interaction could be mediated by the allosteric association of the kinase domain N and C-lobes.



In addition, there is also the possibility that p95HER2 could associate with other ErbB family
receptors. This concept is supported by a study in which p95HER2 heterodimers were examined
in the HER2 amplified BT474 breast cancer cell line. In that setting, p95HER2 was found to
heterodimerize specifically with ErbB3 but not with ErbB1 (112). Examination of p95HER2
containing heterodimers in a broader sampling of breast cancer cell lines and in human breast
cancer tissues is warranted to determine the prevalence of such heterodimers. It would also be
of interest to determine how the mitogenic potential of p95HER2 /ErbB3 heterodimers compare
to that of full-length ErbB2/ErbB3 heterodimers, and if there are significant differences in the
phosphopeptide profile of the activated p95HER2 containing heterodimers.2.9 9. Inhibition of
Heterodimers in Cancer TherapyGiven the substantial evidence for involvement of ErbB family
members in oncogenesis, it is not surprising that this receptor family has been an area of
significant activity with regard to drug development. Several approaches to inhibiting ErbB
signaling have been exploited for therapeutic benefit. One approach is direct inhibition of
tyrosine kinase activity by small molecule inhibitors of ErbB1 (e.g., erlotinib, gefitinib), as well as
dual-specificity ErbB1/2 tyrosine kinase inhibitors such as lapatinib. Such inhibitors have
exhibited efficacy in some patient populations such as erlotinib in non-small cell lung cancer
(113) and lapatinib in HER2-positive metastatic breast cancer patients who have progressed on
trastuzumab (89). Although these agents do not inhibit the ErbB dimerization process, they can
effectively inhibit dimer-mediated signaling.A second mechanism for inhibiting signaling from
ErbB dimers includes blocking ligand-mediated activation via monoclonal antibody therapeutics
(e.g., cetuximab, panitumumab). Although not direct, the inhibition of ligand binding to EGFR will
leave the receptor extracellular domain in the closed configuration, thus inhibiting formation of
ErbB1 homodimers and heterodimers. Cetuximab is known to bind to ErbB1 with high affinity
and blocks ligand-mediated activation of the receptor (114). A crystal structure reveals that
cetuximab binds to the ligand-binding region within domain III of ErbB1, resulting in steric
hindrance that prevents the receptor from adopting the open configuration and thus inhibiting
heterodimerization (115) (Fig 1). In cell lines, cetuximab has been shown to induce G1 arrest,
potentiate apoptosis, as well as inhibit cancer cell invasion and metastasis (114). Cetuximab has
been found to have efficacy and is approved for use in metastatic colon cancer and head and
heck cancer (114).Aside from cetuximab, other anti-ErbB1 monoclonal antibodies are in
development. Preclinical data with panitumumab, a fully humanized monoclonal antibody
directed against ErbB1, reveals efficacy in xenograft models with moderate to high levels of
ErbB1 expression. Xenograft cell lines exhibiting efficacy are from a range of indications
including colorectal, breast, prostate, renal, ovarian and pancreatic cancer (116, 117). In
general, efficacy was observed in xenograft lines in which cells express 17,000 receptors per
cell or more, but was not observed in lines where there are fewer than 11,000 receptors per cell
(117). A phase III trial of best supportive care with or without panitumumab in metastatic
colorectal cancer patients that had previously progressed on chemotherapy was presented at
the 2006 Annual Meeting of the American Association for Cancer Research (118). Panitumumab



improved progression-free survival, and in September 2006, it was approved for this
indication.Direct inhibition of dimer formation is another strategy to inhibit ErbB family signaling.
Pertuzumab is a monoclonal antibody that binds to the dimerization arm of ErbB2 and sterically
interferes with formation of ErbB heterodimers (119) (Fig 2). In cell lines with high HER2
expression (e.g., SKBR3) and those with low HER2 expression (e.g., MCF7), pertuzumab is
capable of inhibiting formation of ErbB2/ErbB3 heterodimers upon heregulin treatment and also
inhibits receptor tyrosine phosphorylation. These observations translate into inhibition of ligand-
dependent growth in vitro and preclinical efficacy of pertuzumab in xenograft models of both
HER2-positive and HER2-negative breast cancer (119). Pertuzumab was also capable of
inhibiting ligand-dependent growth in both androgen-dependent and androgen-independent
prostate cancer cell lines in vitro and in xenograft models (120). These data suggest that
inhibition of ErbB family dimerization by targeting ErbB2, the preferred ErbB dimerization
partner, may be clinically relevant in a wide range of tumor types, including tumors without HER2
amplification.Fig. 2.2 ErbB2 / ErbB3 heterodimers are depicted without ligand, with heregulin
(HRG), and with the monoclonal antibody pertuzumab. Induction of receptor signaling occurs by
much the same mechanism as with ErbB1/2 heterodimers. HRG binding to domains I and III
locks ErbB3 in the open configuration, thus allowing dimerization with ErbB2. One major
difference is that ErbB3 lacks an active kinase, thus the phosphorylation of the intracellular tails
must be mediated by the ErbB2 kinase. Perhaps consistent with this unique role for ErbB3, the
N-lobe of ErbB3 is defective in its ability to interact with the C-lobe of other receptors (44). Thus,
ErbB3 can only present the C-lobe during allosteric activation, leaving ErbB2 to present the N-
lobe. Pertuzumab binds to the dimerization arm in domain II of ErbB2. As such, it sterically
hinders ErbB2 from participating in dimerization. This antibody-receptor interaction inhibits
signaling even in the presence of ligand.Pertuzumab was recently tested in a phase II
monotherapy trial in heavily pretreated ovarian cancer. Of 117 patients over two dose cohorts
that were evaluable for efficacy, there were five partial responses (4.3%), and eight patients
exhibited stable disease (121). Five patients exhibited an asymptomatic decrease in left
ventricular ejection fraction. In a fraction of patients where pretreatment biopsies were possible,
phospho-HER2 (pHER2) was measured by ELISA. Interestingly, the median progression free
survival in pHER2+ patients was 20.9 weeks compared to 5.8 weeks for pHER2- patients (121).
These data suggest that pertuzumab is tolerable and that some heavily pre-treated ovarian
cancer patients might benefit. An ongoing randomized phase II trial is evaluating pertuzumab in
combination with chemotherapy in platinum refractory ovarian cancer. A qRT-PCR-based
surrogate marker for pHER2 that can be assessed in archival FFPE tissues is being evaluated
as a predictive diagnostic marker as part of this trial (122).2.10 10. ConclusionsOver the past
two decades, tremendous progress has been made in our understanding of the ErbB signaling
pathway. This knowledge has led to the development of several clinically beneficial therapies,
including both small molecule and monoclonal antibody inhibitors of ErbB1 and ErbB2.
Evidence suggests that various ErbB family homodimers and heterodimers may have discrete



biological function. In many cases, heterodimers exhibit stronger mitogenic signaling than do
homodimers. ErbB1/ErbB2 and ErbB2/ErbB3 heterodimers in particular are the most oncogenic.
Therapeutic strategies that prevent or disrupt heterodimer formation have the potential for
clinical benefit. Cetuximab and panitumumab block ligand binding to ErbB1 and thus
secondarily inhibit heterodimerization. Both have already shown significant efficacy in colorectal
cancer. Pertuzumab is the first example of a distinct category of inhibitors that directly suppress
ErbB dimerization via steric inhibition and is currently being evaluated in clinical trials.
Undoubtedly, further insights into the biology of ErbB family signaling will help us understand in
more detail how heterodimers impact cancer development and will allow more refined
approaches to developing therapeutics that maximize clinical benefit for
patients.Acknowledgements I would like to thank Mark Sliwkowski for critical review of the
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Eigenbrot1 (1)Department of Protein Engineering MS 27, Genentech, Inc, 94080, 1 DNA Way,
South San Francisco, CAAbstractThe EGF receptor is a key mediator of oncogenic
transformation in a wide variety of solid tumors. Since 2002, there has been an explosion of X-
ray crystallographic results that provide powerful insight into the activation and hyperactivation of
this receptor and of its close homologues HER2, HER3, and HER4. The ability to catalyze
phospho-transfer resides in the EGFR intracellular tyrosine kinase domain, which has proven a
clinically useful target for therapeutic intervention. The rapidly expanding catalogue of EGFR
kinase domain structures is surveyed with a focus on inhibitor activities and liabilities, as well as
on control and dysregulation phenomena intrinsic to the protein.keywords: X-ray crystallography
– small molecule inhibitor – escape mutation – kinase activation – allostery – L858R – T790M3.1
1. IntroductionThere has been an explosion of structural insight into the molecular mechanics of
activation of EGFR and closely related receptors since 2002. After decades of scrutiny as the
most-studied family of cell-surface receptors, the new results have shown the unprecedented
arrangements (and rearrangements) of their extracellular domains(1) and the first structures of
the EGFR kinase domain (both active(2) and inactive(3) forms). They have also given us
powerful insight into the molecular connection between extracellular and intracellular
compartments(4). Additionally, the structural origins of hyperactivity of some clinically important
mutant kinase domains have been identified(5).The topic before us in this work goes back about
a decade, when information about small molecules targeting the EGFR kinase appeared from
pharmaceutical companies’ programs(6–8). Following successful clinical experiences derived



from these efforts, we have now seen broader discussion of therapeutic strategies that include
small molecule kinase inhibitors(9–11). This chapter will concentrate first on the structures of
inhibitors in complex with the EGFR kinase domain, after which it will address hyperactivity of
mutant kinases and the allosteric activation of the EGFR kinase arising from extracellular
events.The utility of small molecule inhibitors (SMI) of the catalytic domain of EGFR depends on
their potency, specificity, and bioavailability. Potency is easily ascertained using an in vitro (or
“biochemical”) enzyme assay. High potency allows low doses to be effective. Specificity is also
studied using biochemical assays with other kinases that are of interest, but the likely biological
context in which an inhibitor is used can guide how important an off-target potency is perceived
to be. A relatively low toxicity made possible by high specificity is the promise inherent in
“targeted” therapies. Bioavailability, in the broadest sense, is a measure of how well an
administered dose is delivered to the target kinase. All these properties arise from the chemical
structure of the inhibitor and the resulting interactions with its target and with other components
of the biological milieu.Due to the wealth of X-ray crystal structures produced in drug discovery
programs, potency and specificity are usually considered in light of structural information on the
inhibitor bound to the target, as well as on available structures or models of off-target kinases of
interest. Until 2002, there was no reported direct structural information for the EGFR kinase,
which meant that extensive drug discovery efforts relied on the less robust structure-activity-
relationship (SAR) paradigm. In a drug discovery program, SAR is the collected information
about small molecules’ properties and their activities. It arises from an iterative process where
new molecules are designed and synthesized to test increasingly specific hypotheses about
interactions between the small molecules and the target. In the absence of X-ray structures of
the target kinase, the SAR data can arise in the light of computer models based on known
structures of homologous proteins. This approach was successfully applied to the development
of all three currently approved EGFR SMI drugs: erlotinib, gefitinib and lapatinib.Nonetheless,
achieving a deeper understanding of the activities of these medicines and others still in
development has been aided significantly by X-ray structures of the EGFR kinase domain. In
2002, Stamos et al. reported the X-ray structure(2) of the kinase from EGFR in complex with the
4-anilinoquinazoline derivative discovered by OSI Pharmaceuticals, Inc. (OSI-774, erlotinib,
Tarceva®). Based on the protein construct used by Stamos et al., subsequent X-ray structures
have appeared, which include other inhibitors and ATP mimics(3–5). These structural results will
serve as the basis for the following discussion of the features in the EGFR kinase domain and in
the inhibitors that account for their potency. They will also serve as the basis of a limited
discussion of inhibitor specificity, how clinically important mutations are related to inhibitor
exposure, and future directions in developing additional useful or improved inhibitors.3.2 2.
General Structure OverviewThere are approximately 500 protein kinases in the human
genome(12, 13). The EGF receptor (EGFR) is one of about 60 transmembrane proteins that
have a tyrosine kinase domain within their intracellular region and which in most cases act as
receptors for soluble ligands presented to their extracellular region (receptor tyrosine kinases,



RTK). Eukaryotic protein kinases act as catalysts for the transfer of the γ-phosphate group from
the bound co-factor adenosine triphosphate (ATP) to a protein substrate, onto a tyrosine
(tyrosine kinase), serine, or threonine (serine/threonine kinase) amino acid side chain's hydroxyl
group. Such reactions are integral to a myriad of cell-signaling processes. A great deal has been
learned about protein kinases from X-ray structures(14) that started appearing in 1991, for
instance the following prototypes: protein kinase A(15) (PKA or cyclic-AMP dependent kinase),
the insulin receptor kinase domain(16), and Abelson tyrosine kinase (Abl)(17). Protein kinase
catalytic domains share an overall structure incorporating about 300 amino acids, with an amino-
terminal (N-terminal) lobe separated from a carboxy-terminal (C-terminal) lobe by the “ATP
binding cleft” or inter-lobe cleft. The N-terminal lobe is mostly comprised of β-strands, but with
an important α-helix (αc), while the C-terminal lobe is mostly α -helical. The inter-lobe cleft is
where ATP, the substrate segment of substrate proteins and most SMIs bind (Fig. 3.1).Fig.
3.1 Simplified representations of the kinase domain from EGFR. (a) The “active” conformation as
seen in the complex with erlotinib (pdb accession code 1M17). (b) The “inactive” conformation
as seen in the complex with lapatinib (pdb accession code 1XKK). The principal difference
between the inhibitors is the greater extension (toward the right) of lapatinib, which is
accommodated by a large shift of helix αc. Note also the additional short helix in front of αc.
Dotted segments represent parts of the structure that were too highly flexible to be discerned in
the X-ray experiment.The key role of protein phosphorylation in cell signaling is accompanied by
mechanisms by which the enzyme activity of kinases is turned on and off. The most apparent
“on switch” is the phosphorylation of the enzyme domain itself, in that one or more hydroxyl-
containing side chains (tyrosine, serine, or threonine) within a long loop are often the first site(s)
at which kinase domains are themselves phosphorylated and thereby turned on. This ∼25 amino
acid segment, called the Activation Loop (A-loop), is within the C-terminal lobe. It emerges from
the back of the inter-lobe cleft and has at its beginning a highly-conserved tripeptide motif
Aspartic Acid-Phenylalanine-Glycine (“DFG”– derived from the single-letter amino acid
abbreviations for the amino acid residues). As they have been revealed in the large number of X-
ray structures, the A-loop of protein kinases is highly variable conformationally, but since it
supports substrate binding during phospho-transfer, we can presume a sharply restricted
conformational space is relevant during the catalytic reaction. Phosphorylation within this loop is
associated with a large conformational change (20-30 Å) that either relieves an auto-inhibitory
steric blockage of the substrate binding site, arranges key elements of the catalytic machinery
for phospho-transfer, or both(18, 19). Among the key elements are the α -helix in the N-terminal
lobe (αc), which can shift as a rigid body to provide important interactions with partners in the
catalytic event and which can be associated with shifts of the entire N-terminal lobe, leading to a
more “open” or more “closed” inter-lobe cleft. The simple picture of A-loop phosphorylation and
rearrangement with αc and N-terminal lobe movement neglects control exerted via other
domains in kinases where they exist, e.g., Src(20, 21), but it serves well for discussion of the
structure-function relationships of SMIs that bind in the ATP-binding cleft. EGFR and its close



homologues Her2 and Her4 are themselves exceptional in this regard, as a phosphorylation
event is not required for the catalytically competent conformation of the A-loop and αc(2, 22). As
for the other RTKs, EGFR enzyme activity is commonly turned off either due to de-
phosphorylation by a phosphatase enzyme, or by internalization and degradation. Both these
topics are covered elsewhere in this volume.The structurally characterized EGFR kinase SMIs
reported to date act by competing with ATP for binding in the inter-lobe cleft (Fig. 3.2). Almost all
kinase SMIs use one or more hydrogen-bonds (H-bonds) to the polypeptide backbone in the
segment connecting N- and C-terminal lobes (the “hinge”) for part of their binding energy, a
feature also used for binding by ATP. Beyond this, many kinase SMIs diverge from ATP and tend
not to extend in the direction where ATP places its triphosphate chain. Instead, kinase SMIs
usually extend more or less parallel to the hinge, which leads in one direction toward solvent,
and in the opposite direction deeper into the inter-lobe cleft. These SMIs are discussed in terms
of the core (H-bonds to hinge), the solubilizing group (extends toward solvent), and the “head
group” (reaching into the cleft) (Fig. 3.3). The size of the head group can have important
implications for the conformation of the protein to which a SMI will bind. The prototype example
is the Abl kinase SMI imatinib (STI571, Gleevec® ,Glivec®, (Novartis)), which uses its relatively
large head group to reach far into the cleft region and bind to a protein conformation that
requires the αc helix and DFG to be in a catalytically incompetent arrangement (23). Other
clinically effective kinase SMIs, like erlotinib and gefitinib (ZD-1829, Iressa®, (AstraZeneca)),
have been captured in crystals binding tightly to the catalytically competent conformation, and
so SMIs are sometimes described as binding to the “active” or “inactive” state.Fig. 3.2 The
nature of inhibition in the ATP-binding cleft. An overlay of two EGFR kinase X-ray structures, one
with erlotinib (pdb accession code 1M17) and the other with a close analogue of ATP (pdb
accession code 2GS7). Erlotinib is depicted as a semi-transparent surface, and AMP-PNP as
grey sticks. Both molecules establish H-bonds with the hinge region, and they cannot bind at the
same time.Fig. 3.3 The chemical structures of some potent inhibitors of the EGFR kinase.
Erlotinib, gefitinib, lapatinib and Cl-1033 share a 4-anilino-quinazoline chemotype, while
EKB-569 and HKI-272 share a 4-anilino-3-cyanoquinoline chemotype. Cl-1033, EKB-569 and
HKI-272 all have a reactive moiety in their solubilizing sections designed to form a covalent bond
with a cysteine amino acid near the ATP binding site that is characteristic of the erbB family
kinase domains.The idea that every protein kinase target has an “inactive” conformation has
given rise to the notion that targeting the “inactive” conformation may have an advantage
regarding specificity. The reason is that as catalysts for ATP-dependent phospho-transfer, all
kinase “active” forms must share certain features that make SMI specificity harder to obtain.
Also, the many structures of inactive kinase conformations, which vary widely, have tended to
support the logically opposite notion, namely, that inactive forms offered greater potential for
specificity. Interestingly, recent developments in our understanding of the activation of the EGFR
kinase rely, in part, on recognition of key similarities among the inactive forms of some kinase
domains (see below).One additional key feature of kinase/SMI interactions is the amino acid



side chain presented by the protein at the “gatekeeper” residue (Threonine 790 in EGFR). The
numbering system for reference to specific amino acid positions will reflect inclusion of the 24
amino acids of signal peptide that are part of the EGFR gene but which are absent from the
mature protein. In this system, the Tyrosine residue referred to as Tyr845 (the “Src site”, subject
to phosphorylation by the cellular-kinase Src and a target of commercial phospho-EGFR
antibodies is called Tyr869, relative to the EGFR precursor sequence containing a 24 amino acid
signal peptide). This residue is in the beginning of the hinge, varies among protein kinases, and
is commonly engaged in binding SMIs (Fig. 3.2). These attributes allow use of gatekeeper
interactions to create specificity against some non-target kinases, but in the same way allow
mutations of this residue to have very significant effects on SMI affinity (potency), as has been
observed among patients treated with imatinib (24), and more recently, with gefitinib (25) and
erlotinib (26).3.3 3. Wild-Type EGFR Kinase X-ray StructuresIn spite of long-term and rather
intense study of EGFR, it was not until 2002 before the first X-ray structures of the EGFR
kinase(2) were reported, which used a protein construct of 327 amino acids extending between
residue numbers 695 and 1022. The presence in this construct of approximately 40 amino acids
C-terminal to the end on the canonical kinase domain seems to have been key to successful
crystallization, as some of them are important mediators of crystal packing contacts. The
structure with no inhibitor or ATP-like co-factor mimic (“apo”) revealed the A-loop in a
conformation closely similar to that observed for the insulin receptor kinase in its phosphorylated
(active) form (18). The positions of other elements of the catalytic machinery, the DFG tripeptide
and the αc helix, were also consistent with catalytic competence. These details were in
agreement with the finding that substitution of the hydroxyl-containing tyrosine residue within the
A-loop (Tyr869) with phenylalanine (no hydroxyl) created an EGFR still competent for phospho-
transfer activity (22). The same overall conformation was subsequently observed by Zhang et al.
in a complex with an ATP analogue-peptide conjugate (4) that serves as a mimic of the phospho-
transfer reaction.Apo crystals were treated with erlotinib to provide the inhibitor complex
structure in which the protein was found to be essentially unchanged from its apo parent. This
suggested, but did not prove, that erlotinib binds to the active protein conformation preferentially.
Indeed, to this point there was no direct structural evidence that other conformations existed.
Nonetheless, the interactions between erlotinib and the protein are entirely consistent with tight
binding and there is no contrary evidence suggesting a different protein conformation is better
suited to bind erlotinib.The 4-anilinoquinazoline chemotype found in erlotinib had been
structurally characterized earlier with the protein kinases CDK2 and p38 (27), and together with
the erlotinib and gefitinib EGFR kinase structures, we can observe some common themes.
These SMIs share the bicyclic quinazoline core substituted at one end with two ether-linkage
containing groups (solubilizing groups) and at the other end with a substituted aniline moiety
(head group) (Fig. 3.3). Structure/function analyses of kinase inhibitors generally discount
contributions to binding affinity made by the “solubilizing” groups, although the significant
differences in the solubilizing groups in erlotinib and gefitinib may be important in determining



their bioavailability. Erlotinib and gefitinib both accept an H-bond from the main chain amide of
residue Met793 to the N1 atom of their quinazoline cores. The other nitrogen atom within the
core, N3, probably interacts with the Thr790 side chain indirectly via a water molecule (7, 27),
although at the resolution of these structures (∼2.6 – 2.7Å), such a water is not very reliably
observed. Elsewhere, erlotinib and gefitinib differ only in the nature of the substituents on their
respective anilino moieties. Erlotinib is meta-substituted with a 2-carbon acetylene group.
Gefitinib is meta-substituted with a chlorine atom and para-substituted with a fluorine atom. As
demonstrated with the CDK2 and p38 structures, the angle between the planes of the
quinazoline core and the anilino head group is variable and is determined by details of the inter-
lobe cleft it occupies. Erlotinib and gefitinib adopt very similar orientations in the EGFR kinase
cleft, with an interplanar angle of about 40°. They both direct their meta-substituent into a
hydrophobic pocket created by the relatively small side chain of Thr790. There are other
potential weak interactions between the hinge and the quinazoline core that, based on
comparisons with the CDK2 and p38 structures, seem to differ in detail according to the size of
the side chain at the gatekeeper residue.In stark contrast to the structures of erlotinib and
gefitinib with (wild-type) EGFR kinase, the inhibitor lapatinib (GW-2016, Tykerb®
(GlaxoSmithKline)) binds to an “inactive” form (3). Lapatinib is also a 4-substituted quinazoline,
but it has a much larger head group than erlotinib or gefitinib (roughly twice as big) (Fig. 3.3).
Wood et al. discount any influence of the poorly ordered solubilizing group on protein
conformation, but the head group of lapatinib is not compatible with the “active” conformation(3)
bound by the smaller inhibitors. The likelihood that the smaller erlotinib and gefitinib would also
bind to the “inactive” conformation is less easily judged. A simple superposition of the relevant
structures shows that the inactive conformation presents an altered environment to the head
group of erlotinib and of gefitinib, but it seems possible that the resulting steric problem could be
eliminated by relatively minor conformational changes. As is true for erlotinib and gefitinib, the
lapatinib quinazoline core H-bonds to the hinge via nitrogen atom N1. The water mediated H-
bond from atom N3 in erlotinib (and perhaps gefitinib) is altered in the lapatinib structure, now
associated with a different threonine residue, Thr854. The lapatinib head group is like that of
gefitinib in having a meta-chlorine, but diverges at the para position, which is now a 3-
fluorobenzyloxy moiety (nine atoms) rather than the lone fluorine atom of gefitinib. The much
larger para-substitution of the anilino ring requires much more room, and the protein
conformation is very different. The αc is shifted away from the catalytic machinery by about 9Å at
the end distal to the hinge region, and the β-strands of the N-terminal lobe rotate by about 12°
relative to the “active” conformation seen with erlotinib and gefitinib. This creates a hydrophobic
pocket for the fluorobenzyloxy group while at the same time disrupting important elements of the
catalytically competent conformation. As the distal end of αc is shifted away from the site of
catalysis, the vacancy created is partially filled by lapatinib but also by a changed conformation
of the A-loop. The lapatinib-bound A-loop includes a short α-helical segment as it emerges from
the inter-lobe cleft, reminiscent of the inactive form of the Src tyrosine kinase (28, 29).3.4 4.



Implications for Escape MutantsClinical and research results involving the Abl kinase are
defining a paradigm for the interplay between treatment using SMIs and biological effects, with
direct relevance for the EGFR system. The use of imatinib in patients with chronic myeloid
leukemia (CML) is associated with emergence of ∼20 variant forms of the target Abl kinase (30,
31). These variant forms are less effectively inhibited by imatinib and thus are considered
imatinib “escape” mutants (Fig. 3.4). This clinical experience is providing very important insights
into the use of SMIs in the genetically labile environment characteristic of cancer. Imatinib binds
to an inactive conformation of Abl (23). Among the origins of imatinib resistance are its relatively
large size and its relatively low affinity. The large size is associated with contacts between
imatinib and a relatively large number of Abl amino acid residues. The low affinity means that
mutation at any contact residue has a relatively high likelihood of reducing the affinity to a point
where clinical efficacy is lost. The effect of lower affinity may arise directly at a contact residue,
but for some clinical Abl escape mutants it must arise allosterically, because the amino acid
itself is not contacted by imatinib (Fig. 3.4). In response to the Abl escape mutants, drug
designers have created a second generation imatinib (32) (AMN107, nilotinib (Novartis)), which
benefits from a 20-fold increased affinity while remaining a close chemical relative of imatinib. As
a result, nilotinib retains useful affinity for many of the escape mutants arising from imatinib
treatment.John D. Haley and William John Gullick (eds.), Cancer Drug Discovery and
Development, EGFR Signaling Networks in Cancer Therapy, DOI: 10.1007/978-1-59745-356-1,
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receptor therapies. Over decades of study, the EGF receptor structure, its ligand binding
domains, the physical biochemistry underlying its intrinsic tyrosine kinase catalytic function and
the modular interactions with SH2, PTB, and SH3 domain containing signaling adaptor proteins
required for signal transduction, have been extensively dissected. Not only is the EGF receptor
the nexus of many streams of information, but it also forms one part of a calculating device by
forming dimers and oligomers with the other three receptors in its family in response to at least
eleven ligands (some of which are expressed in multiple forms with overlapping or quite distinct
functions). This phenomenon, while recruiting to the inner surface of the cell membrane and
activating multiple second messenger proteins, also allows the possibility of cross talk between
these systems, permitting a further layer of information to be exchanged.Less well described are
the cross regulation of the EGF receptor and other anti-apoptotic, mitogenic and metabolic
signaling systems. The study of these systems has yielded new surprises. One hurdle in these
efforts has been that signal transduction pathways have frequently been defined in the generic
absence of their tissue-specific or cell-interaction specific context. It is worth recalling, however,
that despite these many “known and unknown, unknowns” much progress has been achieved in
the last fifty years of research on this system. As opposed to many other cell surface signaling
proteins or protein families, we now have a wealth of knowledge, and, importantly, many vitally
useful reagents such as antibodies and experimental models in silico, in vitro, and in vivo, all of
which will assist in improving our understanding.The volume is separated into two sections. The
first section probes the molecular path- ways and the intersection of signaling networks that are
frequently deregulated in human cancers. Our aim here is to describe the EGF receptor in a
tumor tissue-specific context. The second section illustrates the many ways in which the EGF
receptor contributes to abnormal survival and migration signaling in cancer cells and to epithelial
and mesenchymal transition and metastasis.In this volume we describe the mitogenic, survival,
adhesive, and migratory pathways within a framework of interacting subsystems that contribute
to the activity and physiological regulation of the receptor in normal and neoplastic tissues.
Recent work has clearly shown that epithelial tumor cells are capable of transdifferentiation to a
more mesenchymal phenotype, a process resembling an epithelial to mesenchymal transition
(EMT). Similarly, it has been shown that epithelial tumors can promote genetic alterations and
loss of heterozygosity in surrounding stromal cells leading to hyperproliferation of activated
stromal cells and tumor migration. These cellular transitions and cellular interactions have
profound consequences for the EGF receptor signaling networks and for the dependence of
carcinoma cells on those sig- nals for survival. The interactions of the EGF receptor signaling
with other cellular subsystems regulating survival, mitogenic and migration cues thus have
medical meaning as we try to identify and develop treatments that not only cause apoptosis of
tumor cells directly but also have impact on the altered cell populations from whence cancer
recurrence occurs.The importance of this EGF receptor and its family as a target in cancer drug
development is manifest in the level of interest and investment in academic research and in
pharmaceutical development. There have been mixed results and rewards to date. It can now be



accepted that interdiction with agents such as antibodies or small molecule drugs does work,
and in fact works quite well in some patients. We do, however, face frustration when we do not
know the full potential of these targets. Current needs include better methods of patient
selection, better surrogate markers, and especially better drugs. Although progress to these
ends is continuous and indeed often exciting and encouraging, the only rational basis on which
to found this enterprise is substantial increases in our knowledge of how the system works and
how this knowledge may vary in the context of the living, differentiated cell. It is unlikely that
acquisition of this knowledge will be an easy or a short task, but it is a good bet that it will be a
productive one. Along with the contributors to this volume and those involved in exploring this
fascinating system, we still have much to learn.“Now this is not the end. It is not even the
beginning of the end. But it is, perhaps, the end of the beginning.” Winston Churchill, Mansion
House, November 1942.John D. HaleyWilliam John GullickTable of ContentsSection I: EGFR
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acid-free paperspringer.comPrefaceThe epidermal growth factor (EGF) receptor and its
downstream signal transduction networks have been implicated in the ontology and
maintenance of tumor tissues, which has motivated the discovery and development of
molecularly targeted anti-EGF receptor therapies. Over decades of study, the EGF receptor
structure, its ligand binding domains, the physical biochemistry underlying its intrinsic tyrosine
kinase catalytic function and the modular interactions with SH2, PTB, and SH3 domain
containing signaling adaptor proteins required for signal transduction, have been extensively
dissected. Not only is the EGF receptor the nexus of many streams of information, but it also
forms one part of a calculating device by forming dimers and oligomers with the other three
receptors in its family in response to at least eleven ligands (some of which are expressed in
multiple forms with overlapping or quite distinct functions). This phenomenon, while recruiting to
the inner surface of the cell membrane and activating multiple second messenger proteins, also
allows the possibility of cross talk between these systems, permitting a further layer of
information to be exchanged.Less well described are the cross regulation of the EGF receptor
and other anti-apoptotic, mitogenic and metabolic signaling systems. The study of these
systems has yielded new surprises. One hurdle in these efforts has been that signal transduction
pathways have frequently been defined in the generic absence of their tissue-specific or cell-
interaction specific context. It is worth recalling, however, that despite these many “known and
unknown, unknowns” much progress has been achieved in the last fifty years of research on this
system. As opposed to many other cell surface signaling proteins or protein families, we now
have a wealth of knowledge, and, importantly, many vitally useful reagents such as antibodies
and experimental models in silico, in vitro, and in vivo, all of which will assist in improving our
understanding.The volume is separated into two sections. The first section probes the molecular
path- ways and the intersection of signaling networks that are frequently deregulated in human
cancers. Our aim here is to describe the EGF receptor in a tumor tissue-specific context. The
second section illustrates the many ways in which the EGF receptor contributes to abnormal
survival and migration signaling in cancer cells and to epithelial and mesenchymal transition and



metastasis.In this volume we describe the mitogenic, survival, adhesive, and migratory
pathways within a framework of interacting subsystems that contribute to the activity and
physiological regulation of the receptor in normal and neoplastic tissues. Recent work has
clearly shown that epithelial tumor cells are capable of transdifferentiation to a more
mesenchymal phenotype, a process resembling an epithelial to mesenchymal transition (EMT).
Similarly, it has been shown that epithelial tumors can promote genetic alterations and loss of
heterozygosity in surrounding stromal cells leading to hyperproliferation of activated stromal
cells and tumor migration. These cellular transitions and cellular interactions have profound
consequences for the EGF receptor signaling networks and for the dependence of carcinoma
cells on those sig- nals for survival. The interactions of the EGF receptor signaling with other
cellular subsystems regulating survival, mitogenic and migration cues thus have medical
meaning as we try to identify and develop treatments that not only cause apoptosis of tumor
cells directly but also have impact on the altered cell populations from whence cancer
recurrence occurs.The importance of this EGF receptor and its family as a target in cancer drug
development is manifest in the level of interest and investment in academic research and in
pharmaceutical development. There have been mixed results and rewards to date. It can now be
accepted that interdiction with agents such as antibodies or small molecule drugs does work,
and in fact works quite well in some patients. We do, however, face frustration when we do not
know the full potential of these targets. Current needs include better methods of patient
selection, better surrogate markers, and especially better drugs. Although progress to these
ends is continuous and indeed often exciting and encouraging, the only rational basis on which
to found this enterprise is substantial increases in our knowledge of how the system works and
how this knowledge may vary in the context of the living, differentiated cell. It is unlikely that
acquisition of this knowledge will be an easy or a short task, but it is a good bet that it will be a
productive one. Along with the contributors to this volume and those involved in exploring this
fascinating system, we still have much to learn.“Now this is not the end. It is not even the
beginning of the end. But it is, perhaps, the end of the beginning.” Winston Churchill, Mansion
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epidermal growth factor (EGF) receptor and its downstream signal transduction networks have
been implicated in the ontology and maintenance of tumor tissues, which has motivated the
discovery and development of molecularly targeted anti-EGF receptor therapies. Over decades
of study, the EGF receptor structure, its ligand binding domains, the physical biochemistry
underlying its intrinsic tyrosine kinase catalytic function and the modular interactions with SH2,



PTB, and SH3 domain containing signaling adaptor proteins required for signal transduction,
have been extensively dissected. Not only is the EGF receptor the nexus of many streams of
information, but it also forms one part of a calculating device by forming dimers and oligomers
with the other three receptors in its family in response to at least eleven ligands (some of which
are expressed in multiple forms with overlapping or quite distinct functions). This phenomenon,
while recruiting to the inner surface of the cell membrane and activating multiple second
messenger proteins, also allows the possibility of cross talk between these systems, permitting a
further layer of information to be exchanged.Less well described are the cross regulation of the
EGF receptor and other anti-apoptotic, mitogenic and metabolic signaling systems. The study of
these systems has yielded new surprises. One hurdle in these efforts has been that signal
transduction pathways have frequently been defined in the generic absence of their tissue-
specific or cell-interaction specific context. It is worth recalling, however, that despite these many
“known and unknown, unknowns” much progress has been achieved in the last fifty years of
research on this system. As opposed to many other cell surface signaling proteins or protein
families, we now have a wealth of knowledge, and, importantly, many vitally useful reagents such
as antibodies and experimental models in silico, in vitro, and in vivo, all of which will assist in
improving our understanding.The volume is separated into two sections. The first section probes
the molecular path- ways and the intersection of signaling networks that are frequently
deregulated in human cancers. Our aim here is to describe the EGF receptor in a tumor tissue-
specific context. The second section illustrates the many ways in which the EGF receptor
contributes to abnormal survival and migration signaling in cancer cells and to epithelial and
mesenchymal transition and metastasis.In this volume we describe the mitogenic, survival,
adhesive, and migratory pathways within a framework of interacting subsystems that contribute
to the activity and physiological regulation of the receptor in normal and neoplastic tissues.
Recent work has clearly shown that epithelial tumor cells are capable of transdifferentiation to a
more mesenchymal phenotype, a process resembling an epithelial to mesenchymal transition
(EMT). Similarly, it has been shown that epithelial tumors can promote genetic alterations and
loss of heterozygosity in surrounding stromal cells leading to hyperproliferation of activated
stromal cells and tumor migration. These cellular transitions and cellular interactions have
profound consequences for the EGF receptor signaling networks and for the dependence of
carcinoma cells on those sig- nals for survival. The interactions of the EGF receptor signaling
with other cellular subsystems regulating survival, mitogenic and migration cues thus have
medical meaning as we try to identify and develop treatments that not only cause apoptosis of
tumor cells directly but also have impact on the altered cell populations from whence cancer
recurrence occurs.The importance of this EGF receptor and its family as a target in cancer drug
development is manifest in the level of interest and investment in academic research and in
pharmaceutical development. There have been mixed results and rewards to date. It can now be
accepted that interdiction with agents such as antibodies or small molecule drugs does work,
and in fact works quite well in some patients. We do, however, face frustration when we do not



know the full potential of these targets. Current needs include better methods of patient
selection, better surrogate markers, and especially better drugs. Although progress to these
ends is continuous and indeed often exciting and encouraging, the only rational basis on which
to found this enterprise is substantial increases in our knowledge of how the system works and
how this knowledge may vary in the context of the living, differentiated cell. It is unlikely that
acquisition of this knowledge will be an easy or a short task, but it is a good bet that it will be a
productive one. Along with the contributors to this volume and those involved in exploring this
fascinating system, we still have much to learn.“Now this is not the end. It is not even the
beginning of the end. But it is, perhaps, the end of the beginning.” Winston Churchill, Mansion
House, November 1942.John D. HaleyWilliam John GullickTable of ContentsSection I: EGFR
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W. Burgess1 and Thomas P.J Garrett2 (1)Ludwig Institute for Cancer Research, Melbourne
Branch, Royal Melbourne Hospital, PO Box 2008, 3050, Parkville Vic, Australia(2)The Walter
and Eliza Hall of Medical Research, 3050, Parkville Vic, AustraliaAbstractFrom its discovery, the
EGFR has been linked to the transformation events associated with oncogenic changes. Until
recently, however, investigations on the 3-dimensional structures, cell surface configurations,
and activation of the EGFR family members have yielded only limited insight into the
biochemistry and biology of this receptor family. We now have the 3D-structures of the
extracellular domains (ECDs) of all four family members. Surprisingly, when forming the
activated, ligand-bound structures, the EGFR, ErbB3 and, ErbB4 undergo major conformational
changes.These family members appear to form tethered, low -affinity conformers and
untethered, ligand-bound conformers that are capable of oligomerization. The 3D-structure of
the ErbB2-ECD suggests that this family member only exists in the untethered form and is ready
for oligomerization and consequential activation by ligand-associated untethered conformers of
the other EGFR family members. The 3D-structures allow an understanding of the activation
processes and the mechanisms by which several anti-EGFR and anti-ErbB2 antibodies inhibit
the activation of these receptors.Key words: ErbB2 – ErbB3 – ErbB4 – 3-dimensional structures
– conformational transitions – antibody epitopes1.1 1. Introduction – A History of EGFR



Structure/Function StudiesSince the discovery of EGF by Stanley Cohen in the early 1950s, (1)
cellular-signaling systems have intrigued both biochemists and cancer biologists. Once the EGF
receptor was identified, it was quickly apparent that the biology of this receptor system was
closely connected to transforming events associated with cancer (2). Pioneering work by
biochemists, cell biologists and biophysicists established a framework for the understanding of
growth-factor signaling. In particular, the descriptions of high and low affinity EGFRs on the
same cell (3), the discovery of ErbB2 (4), ErbB3 (5), and ErbB4 (6) (see also Chapter 2), as well
as the down-regulation of the EGFR (7) and the induction of dimerization of sEGFR by ligand (8)
allowed the development of sensible models for receptor activation and signal transduction (9).
The validity of these models and progression of the molecular basis for regulation of the EGFR
kinase (signaling) was hampered by the lack of reliable 3D-information relevant to either the
extracellular domain (ECD) or the intracellular kinase.In 2001/2002, the crystallographers finally
broke through, solving a portion of the EGFR kinase domain (10), fragments of the EGFR-ECD
bound to ligand (11), full-length erbB3-ECD(12), full-length EGFR-ECD in the presence of EGF
(13, 14), and the ErbB2-ECD (15, 16). These structures revealed remarkable sub-domains and
potential monomer-interaction sites, confirming a major conformational difference between
unbound and ligand-bound ECDs (17, 18). Most recently, the 3D-structures of ErbB4 (19) and
the structures of the ECDs of the EGFR (20) and ErbB2 (15, 20, 21) with clinically relevant
antibodies have been reported. In conjunction with analysis of the properties of site directed
mutants and biophysical studies on the oligomerization state of the EGFR on the cell surface
(22–26), it is possible to develop a much clearer model for the processes involved in the
activation, regulation, and biology of signaling from the EGFR family in normal and transformed
cells.1.2 2. EGFRSince the amino acid sequence of the EGFR was reported, there has been
intensive investigation of its overall structure, the nature of the ligand-binding site(s), and the
oligomerization state of the receptor in the presence and absence of the ligand. The recognition
of the domain structure for the EGFR has been helpful in defining some the interactions that
determined the functional roles for the receptor. The identification of two leucine-rich domains
and two cystine-rich domains (Fig. 1.1) dominated our view of the EGFR family for a number of
years. It was apparent that the leucine-rich domains were both involved in ligand binding, but the
roles of the cystine-rich domains remained obscure. Despite many valiant attempts, the 3D-
structures of the ECDs of EGFR family members were not available until a few years ago.Fig.
1.1 The extracellular domains (ECDs) of the human EGFR and ErbB2. The left-hand model is
the tethered form of the EGFR-ECD (14) with the CR1 loop highlighted in magenta and the C225
(cetuximab) epitope (lower part of the diagram) and the 806 epitope (43), (56) (below CR1 loop)
are displayed in yellow. The EGF is colored green. On the right, the human, untethered EGFR-
ECD conformer (blue) modeled from the conformation of the back-to-back ligand dimer (11), is
docked in the back-to-back configuration with the human ErbB2-ECD (15) (red). The TGF-α is
colored green and the CR1 loop is colored magenta. The antibody epitopes are colored yellow.
For the EGFR-ECD, the C225 epitope is on the left, and the 806 epitope is on the right facing



ErbB2. For ErbB2, the 2C4 epitope is close to the CR1 loop (magenta), and the herceptin
epitope is at the C-terminus (at the bottom of the diagram).The breakthrough actually came
when scientists at the CSIRO and the Biomolecular Research Institute in Melbourne, Australia
determined the structure of a fragment of the insulin-like growth factor receptor ECD (IGF-IR)
(27). Our understanding of the IGF-1R structure has improved substantially (as a result of the
reporting of the 3D-structure for the insulin receptor (28)). When the structure of the IGF-1R was
first published, however, it provided an example for the architecture of domains found in EGFR
ECD. The juxtaposition of the “ligand-binding domains” suggested how a ligand could be bound
by these domains but did not give us a detailed understanding of the mechanism by which
dimerization occurred or signal transduction was activated.At first sight, the dominating features
of the extra-cellular domain of the IGF-1R are the two β-solenoid domains. These domains are
structurally homologous, with each containing five turns of “rhomboidal” folds of the leucine-rich
repeats and two capping turns. These domains are separated by a cystine-rich, rod-shaped
consisting of seven disulfide-boned modules. A very similar arrangement occurs in all of the
EGFR family members: β-solenoid(L1)-cystine-rich(CR1)- β-solenoid(L2)-cystine-rich(CR2).In
IGF1R, the ligand-binding faces of both β-solenoid domains are flat β-sheets with one
protuberance in the middle turn. For EGFR β-solenoid domains, there more irregularities, and in
many of these excursions from the β-solenoid fold, loops are formed, which, together with the
flat β-sheets, constitute the ligand-binding surface. In the L1 domain, the first strand of the flat β-
sheet extends in a V-shape, covering much of the face of the domain. In this position, it makes a
crucial main chain-main chain contact with the different EGF-related ligands. This motif, in part,
explains why EGFR can bind a number of ligands, even when they share relatively little
sequence homology.The cystine-rich domain (CR1), which joins the L1 and L2 domains, has a
fascinating feature - a 17-amino acid loop that projects a substantial distance away from the
body of the protein. In the insulin-receptor family, a similar-sized loop projects from CR1 into the
ligand-binding site and may play a role in substrate specificity. The positioning of that loop would
not be compatible with the EGFR structures. Instead, the EGFR loop projects in the opposite
direction and makes no direct interaction with the ligand. The sequence of this CR1 loop,
particularly the presence of some proline and asparagine residues, is essential for maintaining
its structure and for the ability of the receptor to respond to ligands.Amazingly, 18 years after the
amino acid sequence of the EGFR was reported by Ullrich and his colleagues at Genentech
(29), the HER3-ECD 3D-structure was published (12). One month later, two structures were
reported simultaneously for the ligand-bound form of the EGFR-ECD (11, 13). These three
structures provided a major conundrum. While the domains were homologous, in the HER3
structure the second cystine-rich domain was folded back onto the first, occluding the CR1-loop
and positioning the L domains in an orientation that could not be bridged by a ligand. In both the
Garrett and Ogiso ligand-bound EGFR-ECD structures (11, 13), the CR-1 loop did not interact
with the same monomer but lay in a pocket of the juxtaposed receptor pair. It was not possible
for the back-to-back EGFR dimer to form unless the CR2 domain folded out of the way. Although



Ogiso's EGFR structure (13) contained the CR2 domain, this part of the structure was not
sufficiently ordered to trace the protein chain. The first two modules of the CR2 domain define
the overall direction of the rod. Indeed, Jorissen was able to produce a model of the whole
EGFR-ECD (residues 1-621) where the C-termini of the CR2 domains of both EGFR molecules
would be closely juxtaposed in the membrane (30).The reporting of the EGFR structures was
followed closely by two independent reports of the 3D-structure of the full length ErbB2-ECD
(i.e., L1-CR1-L2-CR2 (15, 16, 30)). ErbB2 formed a configuration almost identical to the
expected structure for the full-length, untethered EGFR-ECD. The ErbB2 structure crystals
packed as monomers, rather than the ligand-bound EGFR-dimer configuration that formed in the
EGFR-TGF-α and EGFR-EGF crystals. Notably, the unbound CR1 loop in ErbB2 had a similar
conformation to that of the EGFR.These structures immediately generated models for the ligand
binding, dimerization and consequent kinase activation (31). Even the configuration of the EGFR-
ErbB2 heterodimer could be envisaged (see Fig. 1.1). The structures suggested, however, that
there was more to learn about the EGFR both in solution and on the cell surface, in the presence
and absence of ligand. In the same month, Ferguson and her colleagues published a low pH
structure of the full length (residues 1-621) of the EGFR-ECD with EGF bound (14). Surprisingly,
even in the presence of the EGF, the CR2 domain was tethered to the CR1 loop in the same way
as HER3. The structure of the L1, and most of the CR1 domains were identical in the Garrett,
Ogiso, and Ferguson EGFR-ECD structures, although the tethered structure was
conformationally distinct in a small hinge region at the base of the CR1 domain. Clearly, when
the EGFR-ECD forms the back-to-back dimeric configuration, the CR2 domain needs to
untether from the CR1-loop. How is the transition from tethered to the untethered configuration
induced? Is it through heterodimerization, ligand binding, thermodynamic fluctuation or even
inside-out signaling? The Ferguson structure potentially provides a snapshot of one step in this
transition. Here the ligand was bound only to the L1 domain, the second interaction apparently
disrupted by crystallizing the protein at pH 5, which would protonate a number of receptor and
ligand-histidine residues in the L2 ligand-binding interface. There is still much to be learned
about EGFR dynamics, the activation of the cell surface structure, and about consequential
activation of intracellular EGFR kinase signaling.One the most surprising findings related to the
EGFR-ligand complex was the distance between the two ligands in the back-to-back dimer –
almost 80 Å. Clearly, the ligand was not directly involved in cross-linking the receptor dimer. As
seen in the untethered form of the EGFR-ECD, however, the ligand links the L1 and L2 domains
through close contacts to both surfaces. Indeed, there are backbone-to-backbone hydrogen
bonds between the ligand and L1, which were maintained even at pH 5 as observed in the
tethered, back-to-back configuration of the EGFR-ECD. The strong electrostatic and
hydrophobic bonding between the ligand and the L2 domain, which includes the conserved
amino acids in EGF (Arg 41 and Leu 47), appear to be equal contributors to ligand binding but
could also provide a means of removing EGF during receptor recycling.Apart from the beautiful
β-solenoids, perhaps the most extraordinary feature of the EGFR is the CR1 loop. The CR1 loop



(Pro241-Lys260) projects out from the CR1 axis. In the presence of ligand, apart from a
sidechain-to-sidechain hydrogen bond between asn-86 and Thr-249, it interacts with the partner
EGFR between residues 230 and 286. In particular, Tyr-251 interacts at van der Waals distance
with Phe-263 of the partner EGFR, and the sidechain of Gln-252 forms a hydrogen bond with the
partner backbone at residue 286. The docking and configuration of the CR1 loop are critical for
both high-affinity ligand binding and activation of the intracellular EGFR kinase (11, 13, 32). It
appears that the docking of the CR1 loop to the region 230-286 of its partner influences the
juxtaposition of L1and L2 (i.e., the conformation of the ligand-binding site), as well as the
configuration of the intracellular domain (presumably through changes in the oligomerization
state of either homo-oligomers or hetero-oligomers.From the crystal structures it is obvious that
the EGFR (1-621) can exist in two distinct conformations, namely, the tethered form, where the
CR1 and CR2 loops interact, or the untethered form, where the hinge region at the C-terminus of
the CR2 domain has rotated by 130 deg to bring the L1 and L2 close apposition (14, 31, 32).
When the C-terminal 120 residues of the EGFR-ECD are removed (EGFR-ECD1-501), the
EGFR-ECD1-501is not constrained to adopt a “tethered” conformation (11). Indeed, this is the
most likely explanation for the dramatic increase in ligand affinity when the EGFR-ECD is
truncated (33). Truncation is not the only mechanism by which the EGFR-ECD can form the
untethered conformation, however. When the EGFR-ECD1-621 or EGFR-ECD1-501 are
produced as Fc fusion proteins, their affinity for ligand increases significantly, presumably by
formation of the back-to-back EGFR-ECD untethered dimer. Although the EGFR-ECD-Fc fusion
protein is a dimer, it appears possible to form the untethered conformation in the absence of
further aggregation, as is the case for ErbB2.In solution, the EGFR-ECD can adopt the tethered
and untethered conformations seen in the crystal. It has been difficult, however, to measure
transitions between these conformations or even confirm that it is the untethered form of the
receptor that binds ligands with high affinity. At low concentrations in solution, the EGFR-ECD is
monomeric; at high concentrations in the presence of ligand, the EGFR-ECD forms an
[EGF:EGFR-ECD] dimer and perhaps higher-order oligomers (8, 34). It has still not been
determined whether the EGFR-ECD tethered or untethered conformations are in equilibrium,
whether ligand binding shifts the equilibrium toward the untethered form, or whether ligand
induces the untethering, allowing the back-to-back higher affinity conformation to form. It is
important to emphasize, however, that EGFR-ECDs anchored to a cell membrane via the
transmembrane and intracellular domain (ICD, including the transmembrane, juxtamembrane,
kinase and C-terminal domains) are likely to be influenced differently than the EGFR-ECD in
solution. In particular, in the unstimulated state, the EGFR appears to be present on the cell
surface as a dimer (or even higher order oligomer). At low density and/or in the absence of
ligands, the EGFR kinase is inactive (35). Dimerization, therefore, does not require ligand, and
dimerization does not appear to be sufficient to activate the EGFR kinase. Many cells, especially
in tissue culture, either express the EGFR at high density and/or produce an endogenous EGFR
ligand (e.g. TGF-α). These conditions can lead to EGFR kinase activation, stimulation of EGFR



internalization, and intracellular docking to the phosphorylated forms of the EGFR, all of which
confound the precise determination of the conformational events associated with ligand
activation of the EGFR.The EGFR was essentially the first growth factor receptor to be
associated with cancer (7). Stanley Cohen and his colleagues observed that the EGFR was
down-regulated in animal cells transformed with acute oncogenic viruses. In fact, the EGFR in
these cells was activated and internalized by autocrine secreted TGF- α, which increased the
cell surface tyrosine kinase dependent signaling, but reduced the amount of receptor available
for further ligand-induced stimulation. It was soon discovered that human cancer cells often
secreted ligands for the EGFR and that the ligand initiated an autocrine loop that was part of the
oncogenic process. Interfering with EGFR signaling can reduce the tumorigenic characteristics
of both human cell lines (7, 36, 37) and cancers in patients. The first therapeutics to target the
EGFR ECD have been antibodies directed against the ligand-binding region of the EGFR, e.g.,
cetuximab, also called C225 (7, 38). This antibody binds to the L2 domain, competes with ligand
binding and inhibits the conformational changes necessary for activation of the ICD-EGFR
kinase. Unfortunately, the expression of the EGFR on cells in normal organs such as the liver,
lung, intestine, and skin means that the antibody is cleared from the circulation. When high
concentrations of antibody are used, some side effects occur in both the skin and the intestines.
In conjunction with other antitumor agents (e.g., 5-fluorouracil), the anti-EGFR antibodies such
as cetuximab have been shown to be active anticancer agents. Ligand-induced activation is not
the only mechanism by which the EGFR is activated in cancer. In glioma and head and neck
tumors, the EGFR gene is often amplified. There is a common mutation that leads to truncation
of the EGFR-ECD associated with this amplification (7, 39–41). This mutation, which is known
as Δ2-7EGFR (also called EGFRvIII), leads to truncation of the EGFR-ECD such that the
residues between 6 and 273 are missing, i.e., most of the L1 and CR1 domains, including the
CR1 loop. The tyrosine kinase of this mutant form of the EGFR is constitutively active even in the
absence of ligand. The specific activity of EGFRvIII is less than that of the ligand-activated
receptor, but the activity appears to be sufficient to contribute to the malignancy of these cells.
Antibodies that recognize the EGFRvIII have been developed: the exon 2-7 deletion mutation
leads to a unique fusion-peptide sequence, which can be used to rise antibodies that bind to
and kill cells expressing EGFRvIII (40). In another approach aimed at killing cells expressing
EGFRvIII, cells expressing EGFRvIII and overexpressed wild-type receptor were used to raise
monoclonal antibodies. One of these antibodies, mab806, recognized EGFRvIII and
overexpressed EGFR, but not EGFR expressed at normal levels, i.e., below 100,000 copies per
cell (42). These antibodies recognize an epitope at the C-terminus of the CR1 domain (residues
287-302) (42, 43). In both the tethered and untethered 3D-structures for the EGFR-ECD, it is
difficult to see how the mab806 could bind to the epitope. Indeed, analysis of several EGFR-
ECD mutants suggests that the mab806 epitope is only sterically available to the EGFRvIII or to
the wild-type EGFR undergoing a conformational transition as a result of ligand (32) and/or
interactions with other family members such as ErbB2. Interestingly, mab806 is capable of



binding to cells that overexpress the EGFR and/or EGFRvIII and it can reduce the growth of
human tumors xenografted into nude mice (44). When mab806 is administered in conjunction
with an antibody that recognizes the ligand-binding site (i.e., cetuxumab/C225), tumor growth
can be suppressed completely (45). Similar antitumor action is observed in animals when
mab806 is administered with the EGFR kinase inhibitor AG1478 (46). The precise mechanism of
this antitumor synergy is still being explored, but the principle should be considered when using
anti-EGFR therapies for the treatment of human tumors.1.3 3. ErbB2ErbB2 was discovered as
an oncogene (neu) associated with a rat brain tumor (47). While there are very few examples of
ErbB2 mutation in human cancer, ErbB2 is often overexpressed in human breast tumors (48).
Indeed, women diagnosed with breast cancers that overexpress the ErbB2 respond to
treatments that include anti-ErbB2 antibodies (e.g., herceptin). The amino acid sequence of
ErbB2 revealed that it was closely related to the EGFR. In particular, it appeared to be the
receptor tyrosine kinase. Although the tyrosine kinase activity was confirmed, many years of
searching for ligands that bind to the ErbB2-ECD and activate the intracellular kinase have
proven unsuccessful. None of the EGFR ligands binds to ErbB2.Through many elegant
experiments it was determined that ErbB2 formed heteromers with the other EGFR family
members (48–50). For example, ErbB2 heteromers with the EGFR have enhanced ligand
binding and signals from appears to be amplified. Similarly, when ErbB2 and ErbB3 form
heteromers, strong intracellular signaling occurs in the presence of ligand. ErbB2 cannot bind
the ligand, and the ErbB3 kinase is defective, but the combination of the two family members
appears more potent than signaling when the receptors are expressed individually. It wasn't until
the 3D-structure of ErbB2 was solved that the biochemistry and biology of ErbB2 became
clearer (15, 27, 31).The crystal structures of ErbB2-ECD fragments revealed an untethered
conformation with many features similar to the ligand-bound, untethered conformer of the EGFR.
The L1 and L2 domains are juxtaposed closely, with several L1 and L2 residues are in van der
Waals contact, so there is no possibility of a ligand binding in the configuration observed in the
EGFR-ECD:TGF-α of EGFR-ECD:EGF structures. The N-terminal residues of the L1 domain sit
in contact with the bottom of the large β-sheet on L2. At the N-terminal end of the ErbB2 L2
surface, residues 16 and 17 of the ErbB2-ECD L1 approach his-449 so closely that a
considerable conformational change would be needed to allow a ligand to align with the L2
surface. Furthermore, serine 15 of EGFR is replaced by arginine in ErbB2. In the EGFR, ErbB3,
and ErbB4 sequences, a small residue such as serine or threonine is always present and the
bulky arginine in this position for ErbB2 would disrupt ligand binding to L1. The hinge region
between the CR1 module 7 and the L2 domain form similar angles for ErbB2 and the untethered
conformation of the EGFR. The ErbB2 CR1-L2 hinge region is stabilized by a series of H-bonds,
suggesting that there is unlikely to be a major conformational change in this region of ErbB2.
Similarly, the CR2 loop, which interacts with the CR1 loop in the tethered conformations of
EGFR, ErbB3, and ErbB4, is not conserved in ErbB2. The tethered conformation appears to be
more stable for EGFR, ErbB3, and ErbB4 than for ErbB2. Interestingly, although the modules of



the CR1 domain can vary considerably, the tips of the CR1 loop for the EGFR and ErbB2 are in
similar juxtaposition with respect to the L2 domain. When the L2 domains of ErbB2 and the
EGFR are superimposed, the tips of the CR1 loops are within 1 angstrom of each other (15,
16).Although the ErbB2 CR1 loop has a similar conformation to the EGFR CR1 loop, ErbB2
crystallizes as a monomer, not as a the back-to-back dimer found in the EGFR-ECD ligand
complex (15). The binding pocket for the ErbB2 CR1 loop and the ErbB2 CR1 loop are
negatively charged, so it is unlikely that ErbB2 will form a back-to-back dimer. Actually, it is
difficult to form EGFR-ECD:ErbB2-ECD heterodimers in solution. Given that ErbB2 forms
complexes with the other EGFR family members on the cell surface (15, 49), it is likely that a
considerable fraction of the binding energy between these family members must be associated
with strong interactions between the transmembrane and/or intracellular domains of the
receptors.1.4 4. ErbB3 and ErbB4The 3D-structures of the ErbB3-ECD (12) and ErbB4-ECD
(19) have also been determined. Although both receptor preparations are capable of binding
ligands, these structures were solved in the absence of ligand and, not surprisingly, both were in
the tethered conformation. The CR1 loops of EGFR-ECD and ErbB4-ECD have remarkably
similar conformations (see Fig. 1.2). Although the EGFR structure was determined in the
presence of ligand (i.e., untethered), the back-to-back dimer and the HER4 structure was
determined in the tethered conformation. Both the backbone and sidechains of all of the
residues at the nine residues at the tip of the CR1 loop are virtually superimposed (see Fig.
1.2).Fig. 1.2 The structural homology between the CR1 loop of the human EGFR (11) and ErbB4
(19) is remarkable. The amino acid sequences are similar, but not identical. Despite different
quaternary contexts, both the backbone atoms and the sidechains adopt almost identical
conformations. The EGFR-CR1 loop is involved in the crystal structure dimer interface in the
ligand, untethered bound EGFR (11), whereas the ErbB4-CR1 loop is taken from the crystal
structure of the tethered, monomeric form of ErbB4 (19).In the tethered conformation, the CR1
loops of both ErbB3 and ErbB4 contact the same pocket near the C-terminus of the CR2
domain. The molecular contacts between the CR1 loop and the CR2 pocket are highly
conserved between the EGFR, ErbB3, and ErbB4: specifically, a hydrogen-bonded network
between the side-chain of a tyr at the end of the CR1 loop and an asp and lys in the LR2 pocket
are conserved in all known vertebrate orthologs of EGFR, ErbB3, and ErbB4.While ErbB3 binds
neuregulins, ErbB4 binds both EGFR ligands and the neuregulins (51). The 3D-structure of the
ErbB4 ligand-binding domain is considerably more basic than EGFR (19), but neither ErbB3 nor
ErbB4 have pH sensitive his in the ligand-binding surface of the L2 domain. The structural data
suggests that ErbB3 and ErbB4 are less likely to release ligand at low pH, i.e., the ligand-bound
structures are likely to be more stable in the endosomal compartment, thus altering the ability of
these receptors to recycle.1.5 5. Antibody Binding to the EGFR Family MembersThe EGFR
family members are appropriate targets for cancer therapy. While small molecule kinase
inhibitors are already being tested for their potential as cancer therapeutics (38,52–55), it has
not been possible to identify small molecules that will bind to and inhibit receptor activation by



ligands. In part, the difficulties have been associated with significant conformational change
between the unbound and ligand-associated states, but the complexity of the ligand-binding
sites and the high affinity of the ligands make it difficult to design small molecules that can
compete effectively. Antibodies directed toward the EGFR family members, however, have been
developed (48, 54), and several of these antibodies have significant potential for development
as anticancer therapeutics. Indeed, one of the most successful additions to the treatment of
breast cancer is herceptin and antibody directed toward the CR2 domain of ErbB2 (48).The Fab
fragment of herceptin (also known clinically as trastuzumab) binds to a site on the CR2 domain
that includes the region of the pocket identified in EGFR, ErbB3, and ErbB4, which interacts with
the CR1 loop (15). Binding close to the membrane appears to influence the biology of herceptin
action. The complete herceptin antibody has an antiproliferative action, but the basis of this
action is still being debated. The antibody appears to mediate cytotoxicity as well as blocking
receptor aggregation, stimulating cleavage of ErbB2 at the ECD-juxtamembrane and stimulating
receptor endocytosis. The herceptin Fab fragments do not inhibit tumor growth, but it is not clear
whether reduced affinity or a failure of its biological actions (e.g., stimulation of receptor
endocytosis) is responsible for the loss of activity. The position of herceptin binding would be
expected to modify the conformation of ErbB2-associated heteromers with the EGFR, ErbB3,
and ErbB4. Another ErbB2 antibody, 2C4 (or pertuzumab), is being tested for its potential
anticancer activity. The 3D-structure of the ErbB2-ECD and pertuzumab-Fab has been
determined (21). The structure of the ErbB2-ECD is essentially identical to the structure in the
absence of the 2C4-Fab; the antibody contacts the C-terminal end of the CR1 domain, including
the CR1 loop. Binding of 2C4 to ErbB2 precludes binding of the CR1 loop to other EGFR family
members and the binding also masks the pocket on ErbB2, which would be expected to dock
the CR1 loop from other EGFR family members. From these studies it is now clear why both the
full-length antibody and the Fab fragment of 2C4 interfere with back-to-back binding by ErbB2 to
other EGFR family members.EGFR antibodies have also been reported to have potential as
anticancer therapeutics (38). The 3D-structure of an Fab fragment from the anti-EGFR antibody
C225 complexed to the EGFR-ECD has been solved (20). As expected from epitope-mapping
studies, this fragment binds to the L2 domain in a position that would prevent ligand binding. The
antibody fragment is bound to the tethered configuration in this structure and Fab fragment it
would prevent the formation of the ligand-binding site described in the back-to-back EGFR-ECD
dimer that forms in the presence of ligand. While it is clear that the antibody can bind the
tethered form of the EGFR, further experiments are required to explore the activity of C225 on
EGFR-heterodimers on the cell surface. EGFR-ErbB2 heterodimers form higher affinity
complexes, where the EGFR would be expected to be untethered. It is not clear whether the
untethering would lead to a juxtaposition of the L1 and L2 domains, which would facilitate ligand
binding and prevent antibody binding. Increased levels of ErbB2 (e.g., in a significant proportion
of breast cancers) might lead to “priming” of the EGFR and a reduction in the effectiveness of
C225. Similarly, tumors associated with elevated levels of ligand for EGFR may either compete



for C225 binding or protect the receptor from C225 by inducing the untethered, back-to-back
conformation.Another anti-EGFR antibody, mab806, has a completely different mode of action
(42). The epitope for this antibody is buried at the C-terminus of the CR1 domain (residues
287-302) (43,56). Mab806 binds to the denatured EGFR, the D2-7-truncated-EGR found in
many brain tumors, and EGFR-ECD1-501, but mab806 does not bind well to the tethered or
untethered, back-to-back form of the EGFR. When the EGFR is expressed on cells at levels
below 100,000 receptors per cell, mab806 binding is less than 5% of the binding by antibodies
such as mab528, which bind to the native conformation of the L2 domain. On the other hand,
when the receptor is overexpressed (e.g., head and neck tumors and brain tumors), mab806
binding increases. Furthermore, mutant forms of the EGFR, which are unable to form the back-
to-back EGFR dimer, can be trapped by mab806 as the receptor is in transition to the (32) back-
to-back conformation. This antibody has already been used in the clinic to detect overexpressed
or truncated EGFR associated with tumors, and in animal studies mab806 synergizes effectively
with other anti-EGFR antagonists/inhibitors and anticancer agents to prevent tumor growth (44–
46, 57).More than any other information over the last decade, the 3D-structures of the EGFR
family ECDs has improved our understanding of the mechanisms involved in the activation of the
EGFR. The 3D-structures have not only provided exciting explanations for the multiple-affinity
states, the formation of heteromers between family members and the roles of the different family
members in the absence of ligand binding (e.g., ErbB2), they have also provided the basis for
biophysical determination of the conformation and aggregation state of the EGFR on both
normal and cancer cells, in the presence and absence of different ligands, in the presence and
absence of the different antibody probes, at different ratios of the various family members, and
under different conditions of cell adhesion or metabolism. The distribution of tethered and
untethered states on the cell surface is still a matter of conjecture, and the conformation of the
untethered state in the presence and absence of ligand or heteromer association still needs to
be determined. The availability of the 3D-structures of the ECDs for all four EGFR family
members, the rich array of mutants based on these structures, the range of ligands, and the
fluorescent derivatives of both the receptors and their ligands makes for an exciting time for
scientists in the EGFR field.References(1).Cohen S. Isolation of a mouse submaxillary gland
protein accelerating incisor eruption and eyelid opening in the newborn animal. J Biol Chem
1960;237:1555-1562.(2).Todaro GJ, Delarco JE, Cohen S. Transformation by Murine and Feline
Sarcoma-Viruses Specifically Blocks Binding of Epidermal Growth-Factor to Cells. Nature
1976;264:26-31.(3).Holbrook MR, Slakey LL, Gross DJ. Thermodynamic mixing of molecular
states of the epidermal growth factor receptor modulates macroscopic ligand binding affinity.
Biochemical Journal 2000;352:99-108.(4).Schechter AL, Hung MC, Vaidyanathan L, Weinberg
RA, Yang-Feng TL, Francke U et al. The neu gene: an erbB-homologous gene distinct from and
unlinked to the gene encoding the EGF receptor. Science 1985;229:976-978.(5).Kraus MH,
Issing W, Miki T, Popescu NC, Aaronson SA. Isolation and characterization of ERBB3, a third
member of the ERBB/epidermal growth factor receptor family: evidence for overexpression in a



subset of human mammary tumors. Proc Natl Acad Sci U S A 1989;86:9193-9197.(6).Plowman
GD, Culouscou JM, Whitney GS, Green JM, Carlton GW, Foy L et al. Ligand-specific activation
of HER4/p180erbB4, a fourth member of the epidermal growth factor receptor family. Proc Natl
Acad Sci U S A 1993;90:1746-1750.(7).de Larco JE, Todaro GJ. Epithelioid and fibroblastic rat
kidney cell clones: epidermal growth factor (EGF) receptors and the effect of mouse sarcoma
virus transformation. J Cell Physiol 1978;94:335-342.(8).Yarden Y, Schlessinger J. Epidermal
growth factor induces rapid, reversible aggregation of the purified epidermal growth factor
receptor. Biochemistry 1987;26:1443-1451.(9).Schlessinger J. Ligand-induced, receptor-
mediated dimerization and activation of EGF receptor. Cell 2002;%20;110:669-672.(10).Stamos
J, Sliwkowski MX, Eigenbrot C. Structure of the epidermal growth factor receptor kinase domain
alone and in complex with a 4-anilinoquinazoline inhibitor. J Biol Chem 2002;277:46265-46272.
(11).Garrett TP, McKern NM, Lou M, Elleman TC, Adams TE, Lovrecz GO et al. Crystal structure
of a truncated epidermal growth factor receptor extracellular domain bound to transforming
growth factor alpha. Cell 2002;%20;110:763-773.(12).Cho HS, Leahy DJ. Structure of the
extracellular region of HER3 reveals an interdomain tether. Science 2002;297:1330-1333.
(13).Ogiso H, Ishitani R, Nureki O, Fukai S, Yamanaka M, Kim JH et al. Crystal structure of the
complex of human epidermal growth factor and receptor extracellular domains. Cell 2002;
%20;110:775-787.(14).Ferguson KM, Berger MB, Mendrola JM, Cho HS, Leahy DJ, Lemmon
MA. EGF Activates Its Receptor by Removing Interactions that Autoinhibit Ectodomain
Dimerization. Mol Cell 2003;11:507-517.(15).Cho HS, Mason K, Ramyar KX, Stanley AM,
Gabelli SB, Denney DW, Jr. et al. Structure of the extracellular region of HER2 alone and in
complex with the Herceptin Fab. Nature 2003;421:756-760.(16).Garrett TP, McKern NM, Lou M,
Elleman TC, Adams TE, Lovrecz GO 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.(17).De Crescenzo G, Grothe S, Lortie R, Debanne MT, O'Connor-
McCourt M. Real-time kinetic studies on the interaction of transforming growth factor alpha with
the epidermal growth factor receptor extracellular domain reveal a conformational change
model. Biochemistry 2000;39:9466-9476.(18).Greenfield C, Hiles I, Waterfield MD, Federwisch
M, Wollmer A, Blundell TL et al. Epidermal Growth-Factor Binding Induces A Conformational
Change in the External Domain of Its Receptor. Embo Journal 1989;8:4115-4123.(19).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 U S A 2005;102:15024-15029.(20).Li
S, Schmitz KR, Jeffrey PD, Wiltzius JJ, Kussie P, Ferguson KM. Structural basis for inhibition of
the epidermal growth factor receptor by cetuximab. Cancer Cell 2005;7:301-311.(21).Franklin
MC, Carey KD, Vajdos FF, Leahy DJ, de Vos AM, Sliwkowski MX. Insights into ErbB signaling
from the structure of the ErbB2-pertuzumab complex. Cancer Cell 2004;5:317-328.(22).Clayton
AH, Walker F, Orchard SG, Henderson C, Fuchs D, Rothacker J et al. Ligand-induced dimer-
tetramer transition during the activation of the cell surface epidermal growth factor receptor-A
multidimensional microscopy analysis. J Biol Chem 2005;280:30392-30399.(23).Gadella TWJ,



Jovin TM. Oligomerization of Epidermal Growth-Factor Receptors on A431 Cells Studied by
Time-Resolved Fluorescence Imaging Microscopy - A Stereochemical Model for Tyrosine
Kinase Receptor Activation. Journal of Cell Biology 1995;129:1543-1558.(24).Martin-Fernandez
M, Clarke DT, Tobin MJ, Jones SV, Jones GR. Preformed oligomeric epidermal growth factor
receptors undergo an ectodomain structure change during signaling. Biophysical Journal
2002;82:2415-2427.(25).Moriki T, Maruyama H, Maruyama IN. Activation of preformed EGF
receptor dimers by ligand-induced rotation of the transmembrane domain. Journal of Molecular
Biology 2001;311:1011-1026.(26).Yu XC, 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. Molecular Biology of the Cell
2002;13:2547-2557.(27).Garrett TP, McKern NM, Lou M, Frenkel MJ, Bentley JD, Lovrecz GO et
al. Crystal structure of the first three domains of the type-1 insulin-like growth factor receptor.
Nature 1998;394:395-399.(28).McKern NM, Lawrence MC, Streltsov VA, Lou MZ, Adams TE,
Lovrecz GO et al. Structure of the insulin receptor ectodomain reveals a folded-over
conformation. Nature 2006;443:218-221.(29).Ullrich A, Coussens L, Hayflick JS, Dull TJ, Gray A,
Tam AW et al. Human epidermal growth factor receptor cDNA sequence and aberrant
expression of the amplified gene in A431 epidermoid carcinoma cells. Nature 1984;309:418-425.
(30).Jorissen RN, Walker FW, Pouliot N, Garrett TPJ, Ward CW, Burgess AW. Epidermal growth
factor receptor: mechanisms of activation and signalling. Exp Cell Res 2003;284:31-53.
(31).Burgess AW, Cho HS, Eigenbrot C, Ferguson KM, Garrett TP, Leahy DJ et al. An open-and-
shut case? Recent insights into the activation of EGF/ErbB receptors. Mol Cell 2003;12:541-552.
(32).Walker F, Orchard SG, Jorissen RN, Hall NE, Zhang HH, Hoyne PA et al. CR1/CR2
interactions modulate the functions of the cell surface epidermal growth factor receptor. J Biol
Chem 2004;279:22387-22398.(33).Elleman TC, Domagala T, McKern NM, Nerrie M, Lonnqvist
B, Adams TE et al. Identification of a determinant of epidermal growth factor receptor ligand-
binding specificity using a truncated, high-affinity form of the ectodomain. Biochemistry
2001;40:8930-8939.(34).Domagala T, Konstantopoulos N, Smyth F, Jorissen RN, Fabri L,
Geleick D et al. Stoichiometry, kinetic and binding analysis of the interaction between epidermal
growth factor (EGF) and the extracellular domain of the EGF receptor. Growth Factors
2000;18:11-29.(35).Walker F, Hibbs ML, Zhang HH, Gonez LJ, Burgess AW. Biochemical
characterization of mutant EGF receptors expressed in the hemopoietic cell line BaF/3. Growth
Factors 1998;16:53-67.(36).Aboud-Pirak E, Hurwitz E, Pirak ME, Bellot F, Schlessinger J, Sela
M. Efficacy of antibodies to epidermal growth factor receptor against KB carcinoma in vitro and
in nude mice. J Natl Cancer Inst 1988;80:1605-1611.(37).Aboud-Pirak E, Hurwitz E, Bellot F,
Schlessinger J, Sela M. Inhibition of human tumor growth in nude mice by a conjugate of
doxorubicin with monoclonal antibodies to epidermal growth factor receptor. Proc Natl Acad Sci
U S A 1989;86:3778-3781.(38).Arteaga CL. Overview of epidermal growth factor receptor
biology and its role as a therapeutic target in human neoplasia. Semin Oncol 2002;29:3-9.
(39).Ekstrand AJ, James CD, Cavenee WK, Seliger B, Pettersson RF, Collins VP. Genes for



epidermal growth factor receptor, transforming growth factor alpha, and epidermal growth factor
and their expression in human gliomas in vivo. Cancer Res 1991;51:2164-2172.(40).Humphrey
PA, Wong AJ, Vogelstein B, Zalutsky MR, Fuller GN, Archer GE et al. Anti-synthetic peptide
antibody reacting at the fusion junction of deletion-mutant epidermal growth factor receptors in
human glioblastoma. Proc Natl Acad Sci U S A 1990;87:4207-4211.(41).Nishikawa R, Ji XD,
Harmon RC, Lazar CS, Gill GN, Cavenee WK et al. A mutant epidermal growth factor receptor
common in human glioma confers enhanced tumorigenicity. Proc Natl Acad Sci U S A
1994;91:7727-7731.(42).Jungbluth AA, Stockert E, Huang HJ, Collins VP, Coplan K, Iversen K
et al. A monoclonal antibody recognizing human cancers with amplification/overexpression of
the human epidermal growth factor receptor. Proc Natl Acad Sci U S A 2003;100:639-644.
(43).Johns TG, Adams TE, Cochran JR, Hall NE, Hoyne PA, Olsen MJ et al. Identification of the
epitope for the epidermal growth factor receptor-specific monoclonal antibody 806 reveals that it
preferentially recognizes an untethered form of the receptor. J Biol Chem
2004;279:30375-30384.(44).Johns TG, Luwor RB, Murone C, Walker F, Weinstock J, Vitali AA et
al. Antitumor efficacy of cytotoxic drugs and the monoclonal antibody 806 is enhanced by the
EGF receptor inhibitor AG1478. Proc Natl Acad Sci U S A 2003;100:15871-15876.(45).Perera
RM, Narita Y, Furnari FB, Gan HK, Murone C, Ahlkvist M et al. Treatment of human tumor
xenografts with monoclonal antibody 806 in combination with a prototypical epidermal growth
factor receptor-specific antibody generates enhanced antitumor activity. Clin Cancer Res
2005;11:6390-6399.(46).Gan HK, Walker F, Burgess AW, Rigopoulos A, Scott AM, Johns TG.
The EGFR tyrosine kinase inhibitor AG1478 increases the formation of inactive untethered
EGFR dimers: Implications for combination therapy with mab 806. J Biol Chem 2006;.
(47).Schechter AL, Stern DF, Vaidyanathan L, Decker SJ, Drebin JA, Greene MI et al. The neu
oncogene: an erb-B-related gene encoding a 185,000-Mr tumour antigen. Nature
1984;312:513-516.(48).Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A
et al. Use of chemotherapy plus a monoclonal antibody against HER2 for metastatic breast
cancer that overexpresses HER2. N Engl J Med 2001;344:783-792.(49).Holbro T, Hynes NE.
ErbB receptors: directing key signaling networks throughout life. Annu Rev Pharmacol Toxicol
2004;44:195-217.:195-217.(50).Yen L, Benlimame N, Nie ZR, Xiao D, Wang T, Al Moustafa AE
et al. Differential regulation of tumor angiogenesis by distinct ErbB homo- and heterodimers. Mol
Biol Cell 2002;13:4029-4044.(51).Stein RA, Hustedt EJ, Staros JV, Beth AH. Rotational
dynamics of the epidermal growth factor receptor. Biochemistry 2002;41:1957-1964.
(52).Arteaga CL, Baselga J. Tyrosine kinase inhibitors: why does the current process of clinical
development not apply to them? Cancer Cell 2004;5:525-531.(53).Baselga J. Targeting tyrosine
kinases in cancer: the second wave. Science 2006;312:1175-1178.(54).Baselga J, Perez EA,
Pienkowski T, Bell R. Adjuvant trastuzumab: a milestone in the treatment of HER-2-positive early
breast cancer. Oncologist 2006;11 Suppl 1:4-12.:4-12.(55).Scaltriti M, Baselga J. The epidermal
growth factor receptor pathway: a model for targeted therapy. Clin Cancer Res
2006;12:5268-5272.(56).Chao G, Cochran JR, Wittrup KD. Fine epitope mapping of anti-



epidermal growth factor receptor antibodies through random mutagenesis and yeast surface
display. J Mol Biol 2004;342:539-550.(57).Luwor RB, Johns TG, Murone C, Huang HJ, Cavenee
WK, Ritter G et al. Monoclonal antibody 806 inhibits the growth of tumor xenografts expressing
either the de2-7 or amplified epidermal growth factor receptor (EGFR) but not wild-type EGFR.
Cancer Res 2001;61:5355-5361.John D. Haley and William John Gullick (eds.), Cancer Drug
Discovery and Development, EGFR Signaling Networks in Cancer Therapy, DOI:
10.1007/978-1-59745-356-1_1, © Humana Press, a part of Springer Science + Business
Media, LLC 20081. EGF Receptor Family Extracellular Domain Structures and FunctionsAntony
W. Burgess1 and Thomas P.J Garrett2 (1)Ludwig Institute for Cancer Research, Melbourne
Branch, Royal Melbourne Hospital, PO Box 2008, 3050, Parkville Vic, Australia(2)The Walter
and Eliza Hall of Medical Research, 3050, Parkville Vic, AustraliaAbstractFrom its discovery, the
EGFR has been linked to the transformation events associated with oncogenic changes. Until
recently, however, investigations on the 3-dimensional structures, cell surface configurations,
and activation of the EGFR family members have yielded only limited insight into the
biochemistry and biology of this receptor family. We now have the 3D-structures of the
extracellular domains (ECDs) of all four family members. Surprisingly, when forming the
activated, ligand-bound structures, the EGFR, ErbB3 and, ErbB4 undergo major conformational
changes.These family members appear to form tethered, low -affinity conformers and
untethered, ligand-bound conformers that are capable of oligomerization. The 3D-structure of
the ErbB2-ECD suggests that this family member only exists in the untethered form and is ready
for oligomerization and consequential activation by ligand-associated untethered conformers of
the other EGFR family members. The 3D-structures allow an understanding of the activation
processes and the mechanisms by which several anti-EGFR and anti-ErbB2 antibodies inhibit
the activation of these receptors.Key words: ErbB2 – ErbB3 – ErbB4 – 3-dimensional structures
– conformational transitions – antibody epitopes1.1 1. Introduction – A History of EGFR
Structure/Function StudiesSince the discovery of EGF by Stanley Cohen in the early 1950s, (1)
cellular-signaling systems have intrigued both biochemists and cancer biologists. Once the EGF
receptor was identified, it was quickly apparent that the biology of this receptor system was
closely connected to transforming events associated with cancer (2). Pioneering work by
biochemists, cell biologists and biophysicists established a framework for the understanding of
growth-factor signaling. In particular, the descriptions of high and low affinity EGFRs on the
same cell (3), the discovery of ErbB2 (4), ErbB3 (5), and ErbB4 (6) (see also Chapter 2), as well
as the down-regulation of the EGFR (7) and the induction of dimerization of sEGFR by ligand (8)
allowed the development of sensible models for receptor activation and signal transduction (9).
The validity of these models and progression of the molecular basis for regulation of the EGFR
kinase (signaling) was hampered by the lack of reliable 3D-information relevant to either the
extracellular domain (ECD) or the intracellular kinase.In 2001/2002, the crystallographers finally
broke through, solving a portion of the EGFR kinase domain (10), fragments of the EGFR-ECD
bound to ligand (11), full-length erbB3-ECD(12), full-length EGFR-ECD in the presence of EGF



(13, 14), and the ErbB2-ECD (15, 16). These structures revealed remarkable sub-domains and
potential monomer-interaction sites, confirming a major conformational difference between
unbound and ligand-bound ECDs (17, 18). Most recently, the 3D-structures of ErbB4 (19) and
the structures of the ECDs of the EGFR (20) and ErbB2 (15, 20, 21) with clinically relevant
antibodies have been reported. In conjunction with analysis of the properties of site directed
mutants and biophysical studies on the oligomerization state of the EGFR on the cell surface
(22–26), it is possible to develop a much clearer model for the processes involved in the
activation, regulation, and biology of signaling from the EGFR family in normal and transformed
cells.1.2 2. EGFRSince the amino acid sequence of the EGFR was reported, there has been
intensive investigation of its overall structure, the nature of the ligand-binding site(s), and the
oligomerization state of the receptor in the presence and absence of the ligand. The recognition
of the domain structure for the EGFR has been helpful in defining some the interactions that
determined the functional roles for the receptor. The identification of two leucine-rich domains
and two cystine-rich domains (Fig. 1.1) dominated our view of the EGFR family for a number of
years. It was apparent that the leucine-rich domains were both involved in ligand binding, but the
roles of the cystine-rich domains remained obscure. Despite many valiant attempts, the 3D-
structures of the ECDs of EGFR family members were not available until a few years ago.Fig.
1.1 The extracellular domains (ECDs) of the human EGFR and ErbB2. The left-hand model is
the tethered form of the EGFR-ECD (14) with the CR1 loop highlighted in magenta and the C225
(cetuximab) epitope (lower part of the diagram) and the 806 epitope (43), (56) (below CR1 loop)
are displayed in yellow. The EGF is colored green. On the right, the human, untethered EGFR-
ECD conformer (blue) modeled from the conformation of the back-to-back ligand dimer (11), is
docked in the back-to-back configuration with the human ErbB2-ECD (15) (red). The TGF-α is
colored green and the CR1 loop is colored magenta. The antibody epitopes are colored yellow.
For the EGFR-ECD, the C225 epitope is on the left, and the 806 epitope is on the right facing
ErbB2. For ErbB2, the 2C4 epitope is close to the CR1 loop (magenta), and the herceptin
epitope is at the C-terminus (at the bottom of the diagram).The breakthrough actually came
when scientists at the CSIRO and the Biomolecular Research Institute in Melbourne, Australia
determined the structure of a fragment of the insulin-like growth factor receptor ECD (IGF-IR)
(27). Our understanding of the IGF-1R structure has improved substantially (as a result of the
reporting of the 3D-structure for the insulin receptor (28)). When the structure of the IGF-1R was
first published, however, it provided an example for the architecture of domains found in EGFR
ECD. The juxtaposition of the “ligand-binding domains” suggested how a ligand could be bound
by these domains but did not give us a detailed understanding of the mechanism by which
dimerization occurred or signal transduction was activated.At first sight, the dominating features
of the extra-cellular domain of the IGF-1R are the two β-solenoid domains. These domains are
structurally homologous, with each containing five turns of “rhomboidal” folds of the leucine-rich
repeats and two capping turns. These domains are separated by a cystine-rich, rod-shaped
consisting of seven disulfide-boned modules. A very similar arrangement occurs in all of the



EGFR family members: β-solenoid(L1)-cystine-rich(CR1)- β-solenoid(L2)-cystine-rich(CR2).In
IGF1R, the ligand-binding faces of both β-solenoid domains are flat β-sheets with one
protuberance in the middle turn. For EGFR β-solenoid domains, there more irregularities, and in
many of these excursions from the β-solenoid fold, loops are formed, which, together with the
flat β-sheets, constitute the ligand-binding surface. In the L1 domain, the first strand of the flat β-
sheet extends in a V-shape, covering much of the face of the domain. In this position, it makes a
crucial main chain-main chain contact with the different EGF-related ligands. This motif, in part,
explains why EGFR can bind a number of ligands, even when they share relatively little
sequence homology.The cystine-rich domain (CR1), which joins the L1 and L2 domains, has a
fascinating feature - a 17-amino acid loop that projects a substantial distance away from the
body of the protein. In the insulin-receptor family, a similar-sized loop projects from CR1 into the
ligand-binding site and may play a role in substrate specificity. The positioning of that loop would
not be compatible with the EGFR structures. Instead, the EGFR loop projects in the opposite
direction and makes no direct interaction with the ligand. The sequence of this CR1 loop,
particularly the presence of some proline and asparagine residues, is essential for maintaining
its structure and for the ability of the receptor to respond to ligands.Amazingly, 18 years after the
amino acid sequence of the EGFR was reported by Ullrich and his colleagues at Genentech
(29), the HER3-ECD 3D-structure was published (12). One month later, two structures were
reported simultaneously for the ligand-bound form of the EGFR-ECD (11, 13). These three
structures provided a major conundrum. While the domains were homologous, in the HER3
structure the second cystine-rich domain was folded back onto the first, occluding the CR1-loop
and positioning the L domains in an orientation that could not be bridged by a ligand. In both the
Garrett and Ogiso ligand-bound EGFR-ECD structures (11, 13), the CR-1 loop did not interact
with the same monomer but lay in a pocket of the juxtaposed receptor pair. It was not possible
for the back-to-back EGFR dimer to form unless the CR2 domain folded out of the way. Although
Ogiso's EGFR structure (13) contained the CR2 domain, this part of the structure was not
sufficiently ordered to trace the protein chain. The first two modules of the CR2 domain define
the overall direction of the rod. Indeed, Jorissen was able to produce a model of the whole
EGFR-ECD (residues 1-621) where the C-termini of the CR2 domains of both EGFR molecules
would be closely juxtaposed in the membrane (30).The reporting of the EGFR structures was
followed closely by two independent reports of the 3D-structure of the full length ErbB2-ECD
(i.e., L1-CR1-L2-CR2 (15, 16, 30)). ErbB2 formed a configuration almost identical to the
expected structure for the full-length, untethered EGFR-ECD. The ErbB2 structure crystals
packed as monomers, rather than the ligand-bound EGFR-dimer configuration that formed in the
EGFR-TGF-α and EGFR-EGF crystals. Notably, the unbound CR1 loop in ErbB2 had a similar
conformation to that of the EGFR.These structures immediately generated models for the ligand
binding, dimerization and consequent kinase activation (31). Even the configuration of the EGFR-
ErbB2 heterodimer could be envisaged (see Fig. 1.1). The structures suggested, however, that
there was more to learn about the EGFR both in solution and on the cell surface, in the presence



and absence of ligand. In the same month, Ferguson and her colleagues published a low pH
structure of the full length (residues 1-621) of the EGFR-ECD with EGF bound (14). Surprisingly,
even in the presence of the EGF, the CR2 domain was tethered to the CR1 loop in the same way
as HER3. The structure of the L1, and most of the CR1 domains were identical in the Garrett,
Ogiso, and Ferguson EGFR-ECD structures, although the tethered structure was
conformationally distinct in a small hinge region at the base of the CR1 domain. Clearly, when
the EGFR-ECD forms the back-to-back dimeric configuration, the CR2 domain needs to
untether from the CR1-loop. How is the transition from tethered to the untethered configuration
induced? Is it through heterodimerization, ligand binding, thermodynamic fluctuation or even
inside-out signaling? The Ferguson structure potentially provides a snapshot of one step in this
transition. Here the ligand was bound only to the L1 domain, the second interaction apparently
disrupted by crystallizing the protein at pH 5, which would protonate a number of receptor and
ligand-histidine residues in the L2 ligand-binding interface. There is still much to be learned
about EGFR dynamics, the activation of the cell surface structure, and about consequential
activation of intracellular EGFR kinase signaling.One the most surprising findings related to the
EGFR-ligand complex was the distance between the two ligands in the back-to-back dimer –
almost 80 Å. Clearly, the ligand was not directly involved in cross-linking the receptor dimer. As
seen in the untethered form of the EGFR-ECD, however, the ligand links the L1 and L2 domains
through close contacts to both surfaces. Indeed, there are backbone-to-backbone hydrogen
bonds between the ligand and L1, which were maintained even at pH 5 as observed in the
tethered, back-to-back configuration of the EGFR-ECD. The strong electrostatic and
hydrophobic bonding between the ligand and the L2 domain, which includes the conserved
amino acids in EGF (Arg 41 and Leu 47), appear to be equal contributors to ligand binding but
could also provide a means of removing EGF during receptor recycling.Apart from the beautiful
β-solenoids, perhaps the most extraordinary feature of the EGFR is the CR1 loop. The CR1 loop
(Pro241-Lys260) projects out from the CR1 axis. In the presence of ligand, apart from a
sidechain-to-sidechain hydrogen bond between asn-86 and Thr-249, it interacts with the partner
EGFR between residues 230 and 286. In particular, Tyr-251 interacts at van der Waals distance
with Phe-263 of the partner EGFR, and the sidechain of Gln-252 forms a hydrogen bond with the
partner backbone at residue 286. The docking and configuration of the CR1 loop are critical for
both high-affinity ligand binding and activation of the intracellular EGFR kinase (11, 13, 32). It
appears that the docking of the CR1 loop to the region 230-286 of its partner influences the
juxtaposition of L1and L2 (i.e., the conformation of the ligand-binding site), as well as the
configuration of the intracellular domain (presumably through changes in the oligomerization
state of either homo-oligomers or hetero-oligomers.From the crystal structures it is obvious that
the EGFR (1-621) can exist in two distinct conformations, namely, the tethered form, where the
CR1 and CR2 loops interact, or the untethered form, where the hinge region at the C-terminus of
the CR2 domain has rotated by 130 deg to bring the L1 and L2 close apposition (14, 31, 32).
When the C-terminal 120 residues of the EGFR-ECD are removed (EGFR-ECD1-501), the



EGFR-ECD1-501is not constrained to adopt a “tethered” conformation (11). Indeed, this is the
most likely explanation for the dramatic increase in ligand affinity when the EGFR-ECD is
truncated (33). Truncation is not the only mechanism by which the EGFR-ECD can form the
untethered conformation, however. When the EGFR-ECD1-621 or EGFR-ECD1-501 are
produced as Fc fusion proteins, their affinity for ligand increases significantly, presumably by
formation of the back-to-back EGFR-ECD untethered dimer. Although the EGFR-ECD-Fc fusion
protein is a dimer, it appears possible to form the untethered conformation in the absence of
further aggregation, as is the case for ErbB2.In solution, the EGFR-ECD can adopt the tethered
and untethered conformations seen in the crystal. It has been difficult, however, to measure
transitions between these conformations or even confirm that it is the untethered form of the
receptor that binds ligands with high affinity. At low concentrations in solution, the EGFR-ECD is
monomeric; at high concentrations in the presence of ligand, the EGFR-ECD forms an
[EGF:EGFR-ECD] dimer and perhaps higher-order oligomers (8, 34). It has still not been
determined whether the EGFR-ECD tethered or untethered conformations are in equilibrium,
whether ligand binding shifts the equilibrium toward the untethered form, or whether ligand
induces the untethering, allowing the back-to-back higher affinity conformation to form. It is
important to emphasize, however, that EGFR-ECDs anchored to a cell membrane via the
transmembrane and intracellular domain (ICD, including the transmembrane, juxtamembrane,
kinase and C-terminal domains) are likely to be influenced differently than the EGFR-ECD in
solution. In particular, in the unstimulated state, the EGFR appears to be present on the cell
surface as a dimer (or even higher order oligomer). At low density and/or in the absence of
ligands, the EGFR kinase is inactive (35). Dimerization, therefore, does not require ligand, and
dimerization does not appear to be sufficient to activate the EGFR kinase. Many cells, especially
in tissue culture, either express the EGFR at high density and/or produce an endogenous EGFR
ligand (e.g. TGF-α). These conditions can lead to EGFR kinase activation, stimulation of EGFR
internalization, and intracellular docking to the phosphorylated forms of the EGFR, all of which
confound the precise determination of the conformational events associated with ligand
activation of the EGFR.The EGFR was essentially the first growth factor receptor to be
associated with cancer (7). Stanley Cohen and his colleagues observed that the EGFR was
down-regulated in animal cells transformed with acute oncogenic viruses. In fact, the EGFR in
these cells was activated and internalized by autocrine secreted TGF- α, which increased the
cell surface tyrosine kinase dependent signaling, but reduced the amount of receptor available
for further ligand-induced stimulation. It was soon discovered that human cancer cells often
secreted ligands for the EGFR and that the ligand initiated an autocrine loop that was part of the
oncogenic process. Interfering with EGFR signaling can reduce the tumorigenic characteristics
of both human cell lines (7, 36, 37) and cancers in patients. The first therapeutics to target the
EGFR ECD have been antibodies directed against the ligand-binding region of the EGFR, e.g.,
cetuximab, also called C225 (7, 38). This antibody binds to the L2 domain, competes with ligand
binding and inhibits the conformational changes necessary for activation of the ICD-EGFR



kinase. Unfortunately, the expression of the EGFR on cells in normal organs such as the liver,
lung, intestine, and skin means that the antibody is cleared from the circulation. When high
concentrations of antibody are used, some side effects occur in both the skin and the intestines.
In conjunction with other antitumor agents (e.g., 5-fluorouracil), the anti-EGFR antibodies such
as cetuximab have been shown to be active anticancer agents. Ligand-induced activation is not
the only mechanism by which the EGFR is activated in cancer. In glioma and head and neck
tumors, the EGFR gene is often amplified. There is a common mutation that leads to truncation
of the EGFR-ECD associated with this amplification (7, 39–41). This mutation, which is known
as Δ2-7EGFR (also called EGFRvIII), leads to truncation of the EGFR-ECD such that the
residues between 6 and 273 are missing, i.e., most of the L1 and CR1 domains, including the
CR1 loop. The tyrosine kinase of this mutant form of the EGFR is constitutively active even in the
absence of ligand. The specific activity of EGFRvIII is less than that of the ligand-activated
receptor, but the activity appears to be sufficient to contribute to the malignancy of these cells.
Antibodies that recognize the EGFRvIII have been developed: the exon 2-7 deletion mutation
leads to a unique fusion-peptide sequence, which can be used to rise antibodies that bind to
and kill cells expressing EGFRvIII (40). In another approach aimed at killing cells expressing
EGFRvIII, cells expressing EGFRvIII and overexpressed wild-type receptor were used to raise
monoclonal antibodies. One of these antibodies, mab806, recognized EGFRvIII and
overexpressed EGFR, but not EGFR expressed at normal levels, i.e., below 100,000 copies per
cell (42). These antibodies recognize an epitope at the C-terminus of the CR1 domain (residues
287-302) (42, 43). In both the tethered and untethered 3D-structures for the EGFR-ECD, it is
difficult to see how the mab806 could bind to the epitope. Indeed, analysis of several EGFR-
ECD mutants suggests that the mab806 epitope is only sterically available to the EGFRvIII or to
the wild-type EGFR undergoing a conformational transition as a result of ligand (32) and/or
interactions with other family members such as ErbB2. Interestingly, mab806 is capable of
binding to cells that overexpress the EGFR and/or EGFRvIII and it can reduce the growth of
human tumors xenografted into nude mice (44). When mab806 is administered in conjunction
with an antibody that recognizes the ligand-binding site (i.e., cetuxumab/C225), tumor growth
can be suppressed completely (45). Similar antitumor action is observed in animals when
mab806 is administered with the EGFR kinase inhibitor AG1478 (46). The precise mechanism of
this antitumor synergy is still being explored, but the principle should be considered when using
anti-EGFR therapies for the treatment of human tumors.1.3 3. ErbB2ErbB2 was discovered as
an oncogene (neu) associated with a rat brain tumor (47). While there are very few examples of
ErbB2 mutation in human cancer, ErbB2 is often overexpressed in human breast tumors (48).
Indeed, women diagnosed with breast cancers that overexpress the ErbB2 respond to
treatments that include anti-ErbB2 antibodies (e.g., herceptin). The amino acid sequence of
ErbB2 revealed that it was closely related to the EGFR. In particular, it appeared to be the
receptor tyrosine kinase. Although the tyrosine kinase activity was confirmed, many years of
searching for ligands that bind to the ErbB2-ECD and activate the intracellular kinase have



proven unsuccessful. None of the EGFR ligands binds to ErbB2.Through many elegant
experiments it was determined that ErbB2 formed heteromers with the other EGFR family
members (48–50). For example, ErbB2 heteromers with the EGFR have enhanced ligand
binding and signals from appears to be amplified. Similarly, when ErbB2 and ErbB3 form
heteromers, strong intracellular signaling occurs in the presence of ligand. ErbB2 cannot bind
the ligand, and the ErbB3 kinase is defective, but the combination of the two family members
appears more potent than signaling when the receptors are expressed individually. It wasn't until
the 3D-structure of ErbB2 was solved that the biochemistry and biology of ErbB2 became
clearer (15, 27, 31).The crystal structures of ErbB2-ECD fragments revealed an untethered
conformation with many features similar to the ligand-bound, untethered conformer of the EGFR.
The L1 and L2 domains are juxtaposed closely, with several L1 and L2 residues are in van der
Waals contact, so there is no possibility of a ligand binding in the configuration observed in the
EGFR-ECD:TGF-α of EGFR-ECD:EGF structures. The N-terminal residues of the L1 domain sit
in contact with the bottom of the large β-sheet on L2. At the N-terminal end of the ErbB2 L2
surface, residues 16 and 17 of the ErbB2-ECD L1 approach his-449 so closely that a
considerable conformational change would be needed to allow a ligand to align with the L2
surface. Furthermore, serine 15 of EGFR is replaced by arginine in ErbB2. In the EGFR, ErbB3,
and ErbB4 sequences, a small residue such as serine or threonine is always present and the
bulky arginine in this position for ErbB2 would disrupt ligand binding to L1. The hinge region
between the CR1 module 7 and the L2 domain form similar angles for ErbB2 and the untethered
conformation of the EGFR. The ErbB2 CR1-L2 hinge region is stabilized by a series of H-bonds,
suggesting that there is unlikely to be a major conformational change in this region of ErbB2.
Similarly, the CR2 loop, which interacts with the CR1 loop in the tethered conformations of
EGFR, ErbB3, and ErbB4, is not conserved in ErbB2. The tethered conformation appears to be
more stable for EGFR, ErbB3, and ErbB4 than for ErbB2. Interestingly, although the modules of
the CR1 domain can vary considerably, the tips of the CR1 loop for the EGFR and ErbB2 are in
similar juxtaposition with respect to the L2 domain. When the L2 domains of ErbB2 and the
EGFR are superimposed, the tips of the CR1 loops are within 1 angstrom of each other (15,
16).Although the ErbB2 CR1 loop has a similar conformation to the EGFR CR1 loop, ErbB2
crystallizes as a monomer, not as a the back-to-back dimer found in the EGFR-ECD ligand
complex (15). The binding pocket for the ErbB2 CR1 loop and the ErbB2 CR1 loop are
negatively charged, so it is unlikely that ErbB2 will form a back-to-back dimer. Actually, it is
difficult to form EGFR-ECD:ErbB2-ECD heterodimers in solution. Given that ErbB2 forms
complexes with the other EGFR family members on the cell surface (15, 49), it is likely that a
considerable fraction of the binding energy between these family members must be associated
with strong interactions between the transmembrane and/or intracellular domains of the
receptors.1.4 4. ErbB3 and ErbB4The 3D-structures of the ErbB3-ECD (12) and ErbB4-ECD
(19) have also been determined. Although both receptor preparations are capable of binding
ligands, these structures were solved in the absence of ligand and, not surprisingly, both were in



the tethered conformation. The CR1 loops of EGFR-ECD and ErbB4-ECD have remarkably
similar conformations (see Fig. 1.2). Although the EGFR structure was determined in the
presence of ligand (i.e., untethered), the back-to-back dimer and the HER4 structure was
determined in the tethered conformation. Both the backbone and sidechains of all of the
residues at the nine residues at the tip of the CR1 loop are virtually superimposed (see Fig.
1.2).Fig. 1.2 The structural homology between the CR1 loop of the human EGFR (11) and ErbB4
(19) is remarkable. The amino acid sequences are similar, but not identical. Despite different
quaternary contexts, both the backbone atoms and the sidechains adopt almost identical
conformations. The EGFR-CR1 loop is involved in the crystal structure dimer interface in the
ligand, untethered bound EGFR (11), whereas the ErbB4-CR1 loop is taken from the crystal
structure of the tethered, monomeric form of ErbB4 (19).In the tethered conformation, the CR1
loops of both ErbB3 and ErbB4 contact the same pocket near the C-terminus of the CR2
domain. The molecular contacts between the CR1 loop and the CR2 pocket are highly
conserved between the EGFR, ErbB3, and ErbB4: specifically, a hydrogen-bonded network
between the side-chain of a tyr at the end of the CR1 loop and an asp and lys in the LR2 pocket
are conserved in all known vertebrate orthologs of EGFR, ErbB3, and ErbB4.While ErbB3 binds
neuregulins, ErbB4 binds both EGFR ligands and the neuregulins (51). The 3D-structure of the
ErbB4 ligand-binding domain is considerably more basic than EGFR (19), but neither ErbB3 nor
ErbB4 have pH sensitive his in the ligand-binding surface of the L2 domain. The structural data
suggests that ErbB3 and ErbB4 are less likely to release ligand at low pH, i.e., the ligand-bound
structures are likely to be more stable in the endosomal compartment, thus altering the ability of
these receptors to recycle.1.5 5. Antibody Binding to the EGFR Family MembersThe EGFR
family members are appropriate targets for cancer therapy. While small molecule kinase
inhibitors are already being tested for their potential as cancer therapeutics (38,52–55), it has
not been possible to identify small molecules that will bind to and inhibit receptor activation by
ligands. In part, the difficulties have been associated with significant conformational change
between the unbound and ligand-associated states, but the complexity of the ligand-binding
sites and the high affinity of the ligands make it difficult to design small molecules that can
compete effectively. Antibodies directed toward the EGFR family members, however, have been
developed (48, 54), and several of these antibodies have significant potential for development
as anticancer therapeutics. Indeed, one of the most successful additions to the treatment of
breast cancer is herceptin and antibody directed toward the CR2 domain of ErbB2 (48).The Fab
fragment of herceptin (also known clinically as trastuzumab) binds to a site on the CR2 domain
that includes the region of the pocket identified in EGFR, ErbB3, and ErbB4, which interacts with
the CR1 loop (15). Binding close to the membrane appears to influence the biology of herceptin
action. The complete herceptin antibody has an antiproliferative action, but the basis of this
action is still being debated. The antibody appears to mediate cytotoxicity as well as blocking
receptor aggregation, stimulating cleavage of ErbB2 at the ECD-juxtamembrane and stimulating
receptor endocytosis. The herceptin Fab fragments do not inhibit tumor growth, but it is not clear



whether reduced affinity or a failure of its biological actions (e.g., stimulation of receptor
endocytosis) is responsible for the loss of activity. The position of herceptin binding would be
expected to modify the conformation of ErbB2-associated heteromers with the EGFR, ErbB3,
and ErbB4. Another ErbB2 antibody, 2C4 (or pertuzumab), is being tested for its potential
anticancer activity. The 3D-structure of the ErbB2-ECD and pertuzumab-Fab has been
determined (21). The structure of the ErbB2-ECD is essentially identical to the structure in the
absence of the 2C4-Fab; the antibody contacts the C-terminal end of the CR1 domain, including
the CR1 loop. Binding of 2C4 to ErbB2 precludes binding of the CR1 loop to other EGFR family
members and the binding also masks the pocket on ErbB2, which would be expected to dock
the CR1 loop from other EGFR family members. From these studies it is now clear why both the
full-length antibody and the Fab fragment of 2C4 interfere with back-to-back binding by ErbB2 to
other EGFR family members.EGFR antibodies have also been reported to have potential as
anticancer therapeutics (38). The 3D-structure of an Fab fragment from the anti-EGFR antibody
C225 complexed to the EGFR-ECD has been solved (20). As expected from epitope-mapping
studies, this fragment binds to the L2 domain in a position that would prevent ligand binding. The
antibody fragment is bound to the tethered configuration in this structure and Fab fragment it
would prevent the formation of the ligand-binding site described in the back-to-back EGFR-ECD
dimer that forms in the presence of ligand. While it is clear that the antibody can bind the
tethered form of the EGFR, further experiments are required to explore the activity of C225 on
EGFR-heterodimers on the cell surface. EGFR-ErbB2 heterodimers form higher affinity
complexes, where the EGFR would be expected to be untethered. It is not clear whether the
untethering would lead to a juxtaposition of the L1 and L2 domains, which would facilitate ligand
binding and prevent antibody binding. Increased levels of ErbB2 (e.g., in a significant proportion
of breast cancers) might lead to “priming” of the EGFR and a reduction in the effectiveness of
C225. Similarly, tumors associated with elevated levels of ligand for EGFR may either compete
for C225 binding or protect the receptor from C225 by inducing the untethered, back-to-back
conformation.Another anti-EGFR antibody, mab806, has a completely different mode of action
(42). The epitope for this antibody is buried at the C-terminus of the CR1 domain (residues
287-302) (43,56). Mab806 binds to the denatured EGFR, the D2-7-truncated-EGR found in
many brain tumors, and EGFR-ECD1-501, but mab806 does not bind well to the tethered or
untethered, back-to-back form of the EGFR. When the EGFR is expressed on cells at levels
below 100,000 receptors per cell, mab806 binding is less than 5% of the binding by antibodies
such as mab528, which bind to the native conformation of the L2 domain. On the other hand,
when the receptor is overexpressed (e.g., head and neck tumors and brain tumors), mab806
binding increases. Furthermore, mutant forms of the EGFR, which are unable to form the back-
to-back EGFR dimer, can be trapped by mab806 as the receptor is in transition to the (32) back-
to-back conformation. This antibody has already been used in the clinic to detect overexpressed
or truncated EGFR associated with tumors, and in animal studies mab806 synergizes effectively
with other anti-EGFR antagonists/inhibitors and anticancer agents to prevent tumor growth (44–



46, 57).More than any other information over the last decade, the 3D-structures of the EGFR
family ECDs has improved our understanding of the mechanisms involved in the activation of the
EGFR. The 3D-structures have not only provided exciting explanations for the multiple-affinity
states, the formation of heteromers between family members and the roles of the different family
members in the absence of ligand binding (e.g., ErbB2), they have also provided the basis for
biophysical determination of the conformation and aggregation state of the EGFR on both
normal and cancer cells, in the presence and absence of different ligands, in the presence and
absence of the different antibody probes, at different ratios of the various family members, and
under different conditions of cell adhesion or metabolism. The distribution of tethered and
untethered states on the cell surface is still a matter of conjecture, and the conformation of the
untethered state in the presence and absence of ligand or heteromer association still needs to
be determined. The availability of the 3D-structures of the ECDs for all four EGFR family
members, the rich array of mutants based on these structures, the range of ligands, and the
fluorescent derivatives of both the receptors and their ligands makes for an exciting time for
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Cancer Research, Melbourne Branch, Royal Melbourne Hospital, PO Box 2008, 3050, Parkville
Vic, AustraliaLudwig Institute for Cancer Research, Melbourne Branch, Royal Melbourne
Hospital, PO Box 2008, 3050, Parkville Vic, Australia(2)(2)The Walter and Eliza Hall of Medical
Research, 3050, Parkville Vic, AustraliaThe Walter and Eliza Hall of Medical Research, 3050,
Parkville Vic, AustraliaAbstractFrom its discovery, the EGFR has been linked to the
transformation events associated with oncogenic changes. Until recently, however,
investigations on the 3-dimensional structures, cell surface configurations, and activation of the
EGFR family members have yielded only limited insight into the biochemistry and biology of this
receptor family. We now have the 3D-structures of the extracellular domains (ECDs) of all four
family members. Surprisingly, when forming the activated, ligand-bound structures, the EGFR,
ErbB3 and, ErbB4 undergo major conformational changes.These family members appear to
form tethered, low -affinity conformers and untethered, ligand-bound conformers that are
capable of oligomerization. The 3D-structure of the ErbB2-ECD suggests that this family
member only exists in the untethered form and is ready for oligomerization and consequential
activation by ligand-associated untethered conformers of the other EGFR family members. The
3D-structures allow an understanding of the activation processes and the mechanisms by which
several anti-EGFR and anti-ErbB2 antibodies inhibit the activation of these receptors.Key words:
ErbB2 – ErbB3 – ErbB4 – 3-dimensional structures – conformational transitions – antibody
epitopes1.1 1. Introduction – A History of EGFR Structure/Function StudiesSince the discovery
of EGF by Stanley Cohen in the early 1950s, (1) cellular-signaling systems have intrigued both
biochemists and cancer biologists. Once the EGF receptor was identified, it was quickly
apparent that the biology of this receptor system was closely connected to transforming events
associated with cancer (2). Pioneering work by biochemists, cell biologists and biophysicists
established a framework for the understanding of growth-factor signaling. In particular, the
descriptions of high and low affinity EGFRs on the same cell (3), the discovery of ErbB2 (4),
ErbB3 (5), and ErbB4 (6) (see also Chapter 2), as well as the down-regulation of the EGFR (7)
and the induction of dimerization of sEGFR by ligand (8) allowed the development of sensible
models for receptor activation and signal transduction (9). The validity of these models and
progression of the molecular basis for regulation of the EGFR kinase (signaling) was hampered
by the lack of reliable 3D-information relevant to either the extracellular domain (ECD) or the
intracellular kinase.In 2001/2002, the crystallographers finally broke through, solving a portion of
the EGFR kinase domain (10), fragments of the EGFR-ECD bound to ligand (11), full-length
erbB3-ECD(12), full-length EGFR-ECD in the presence of EGF (13, 14), and the ErbB2-ECD
(15, 16). These structures revealed remarkable sub-domains and potential monomer-interaction
sites, confirming a major conformational difference between unbound and ligand-bound ECDs
(17, 18). Most recently, the 3D-structures of ErbB4 (19) and the structures of the ECDs of the
EGFR (20) and ErbB2 (15, 20, 21) with clinically relevant antibodies have been reported. In
conjunction with analysis of the properties of site directed mutants and biophysical studies on
the oligomerization state of the EGFR on the cell surface (22–26), it is possible to develop a



much clearer model for the processes involved in the activation, regulation, and biology of
signaling from the EGFR family in normal and transformed cells.1.2 2. EGFRSince the amino
acid sequence of the EGFR was reported, there has been intensive investigation of its overall
structure, the nature of the ligand-binding site(s), and the oligomerization state of the receptor in
the presence and absence of the ligand. The recognition of the domain structure for the EGFR
has been helpful in defining some the interactions that determined the functional roles for the
receptor. The identification of two leucine-rich domains and two cystine-rich domains (Fig. 1.1)
dominated our view of the EGFR family for a number of years. It was apparent that the leucine-
rich domains were both involved in ligand binding, but the roles of the cystine-rich domains
remained obscure. Despite many valiant attempts, the 3D-structures of the ECDs of EGFR
family members were not available until a few years ago.Fig. 1.1 The extracellular domains
(ECDs) of the human EGFR and ErbB2. The left-hand model is the tethered form of the EGFR-
ECD (14) with the CR1 loop highlighted in magenta and the C225 (cetuximab) epitope (lower
part of the diagram) and the 806 epitope (43), (56) (below CR1 loop) are displayed in yellow.
The EGF is colored green. On the right, the human, untethered EGFR-ECD conformer (blue)
modeled from the conformation of the back-to-back ligand dimer (11), is docked in the back-to-
back configuration with the human ErbB2-ECD (15) (red). The TGF-α is colored green and the
CR1 loop is colored magenta. The antibody epitopes are colored yellow. For the EGFR-ECD, the
C225 epitope is on the left, and the 806 epitope is on the right facing ErbB2. For ErbB2, the 2C4
epitope is close to the CR1 loop (magenta), and the herceptin epitope is at the C-terminus (at
the bottom of the diagram).Since the amino acid sequence of the EGFR was reported, there has
been intensive investigation of its overall structure, the nature of the ligand-binding site(s), and
the oligomerization state of the receptor in the presence and absence of the ligand. The
recognition of the domain structure for the EGFR has been helpful in defining some the
interactions that determined the functional roles for the receptor. The identification of two leucine-
rich domains and two cystine-rich domains (Fig. 1.1) dominated our view of the EGFR family for
a number of years. It was apparent that the leucine-rich domains were both involved in ligand
binding, but the roles of the cystine-rich domains remained obscure. Despite many valiant
attempts, the 3D-structures of the ECDs of EGFR family members were not available until a few
years ago.Fig. 1.1 The extracellular domains (ECDs) of the human EGFR and ErbB2. The left-
hand model is the tethered form of the EGFR-ECD (14) with the CR1 loop highlighted in
magenta and the C225 (cetuximab) epitope (lower part of the diagram) and the 806 epitope
(43), (56) (below CR1 loop) are displayed in yellow. The EGF is colored green. On the right, the
human, untethered EGFR-ECD conformer (blue) modeled from the conformation of the back-to-
back ligand dimer (11), is docked in the back-to-back configuration with the human ErbB2-ECD
(15) (red). The TGF-α is colored green and the CR1 loop is colored magenta. The antibody
epitopes are colored yellow. For the EGFR-ECD, the C225 epitope is on the left, and the 806
epitope is on the right facing ErbB2. For ErbB2, the 2C4 epitope is close to the CR1 loop
(magenta), and the herceptin epitope is at the C-terminus (at the bottom of the diagram).The



breakthrough actually came when scientists at the CSIRO and the Biomolecular Research
Institute in Melbourne, Australia determined the structure of a fragment of the insulin-like growth
factor receptor ECD (IGF-IR) (27). Our understanding of the IGF-1R structure has improved
substantially (as a result of the reporting of the 3D-structure for the insulin receptor (28)). When
the structure of the IGF-1R was first published, however, it provided an example for the
architecture of domains found in EGFR ECD. The juxtaposition of the “ligand-binding domains”
suggested how a ligand could be bound by these domains but did not give us a detailed
understanding of the mechanism by which dimerization occurred or signal transduction was
activated.At first sight, the dominating features of the extra-cellular domain of the IGF-1R are the
two β-solenoid domains. These domains are structurally homologous, with each containing five
turns of “rhomboidal” folds of the leucine-rich repeats and two capping turns. These domains are
separated by a cystine-rich, rod-shaped consisting of seven disulfide-boned modules. A very
similar arrangement occurs in all of the EGFR family members: β-solenoid(L1)-cystine-
rich(CR1)- β-solenoid(L2)-cystine-rich(CR2).In IGF1R, the ligand-binding faces of both β-
solenoid domains are flat β-sheets with one protuberance in the middle turn. For EGFR β-
solenoid domains, there more irregularities, and in many of these excursions from the β-solenoid
fold, loops are formed, which, together with the flat β-sheets, constitute the ligand-binding
surface. In the L1 domain, the first strand of the flat β-sheet extends in a V-shape, covering much
of the face of the domain. In this position, it makes a crucial main chain-main chain contact with
the different EGF-related ligands. This motif, in part, explains why EGFR can bind a number of
ligands, even when they share relatively little sequence homology.The cystine-rich domain
(CR1), which joins the L1 and L2 domains, has a fascinating feature - a 17-amino acid loop that
projects a substantial distance away from the body of the protein. In the insulin-receptor family, a
similar-sized loop projects from CR1 into the ligand-binding site and may play a role in substrate
specificity. The positioning of that loop would not be compatible with the EGFR structures.
Instead, the EGFR loop projects in the opposite direction and makes no direct interaction with
the ligand. The sequence of this CR1 loop, particularly the presence of some proline and
asparagine residues, is essential for maintaining its structure and for the ability of the receptor to
respond to ligands.Amazingly, 18 years after the amino acid sequence of the EGFR was
reported by Ullrich and his colleagues at Genentech (29), the HER3-ECD 3D-structure was
published (12). One month later, two structures were reported simultaneously for the ligand-
bound form of the EGFR-ECD (11, 13). These three structures provided a major conundrum.
While the domains were homologous, in the HER3 structure the second cystine-rich domain
was folded back onto the first, occluding the CR1-loop and positioning the L domains in an
orientation that could not be bridged by a ligand. In both the Garrett and Ogiso ligand-bound
EGFR-ECD structures (11, 13), the CR-1 loop did not interact with the same monomer but lay in
a pocket of the juxtaposed receptor pair. It was not possible for the back-to-back EGFR dimer to
form unless the CR2 domain folded out of the way. Although Ogiso's EGFR structure (13)
contained the CR2 domain, this part of the structure was not sufficiently ordered to trace the



protein chain. The first two modules of the CR2 domain define the overall direction of the rod.
Indeed, Jorissen was able to produce a model of the whole EGFR-ECD (residues 1-621) where
the C-termini of the CR2 domains of both EGFR molecules would be closely juxtaposed in the
membrane (30).The reporting of the EGFR structures was followed closely by two independent
reports of the 3D-structure of the full length ErbB2-ECD (i.e., L1-CR1-L2-CR2 (15, 16, 30)).
ErbB2 formed a configuration almost identical to the expected structure for the full-length,
untethered EGFR-ECD. The ErbB2 structure crystals packed as monomers, rather than the
ligand-bound EGFR-dimer configuration that formed in the EGFR-TGF-α and EGFR-EGF
crystals. Notably, the unbound CR1 loop in ErbB2 had a similar conformation to that of the
EGFR.These structures immediately generated models for the ligand binding, dimerization and
consequent kinase activation (31). Even the configuration of the EGFR-ErbB2 heterodimer could
be envisaged (see Fig. 1.1). The structures suggested, however, that there was more to learn
about the EGFR both in solution and on the cell surface, in the presence and absence of ligand.
In the same month, Ferguson and her colleagues published a low pH structure of the full length
(residues 1-621) of the EGFR-ECD with EGF bound (14). Surprisingly, even in the presence of
the EGF, the CR2 domain was tethered to the CR1 loop in the same way as HER3. The structure
of the L1, and most of the CR1 domains were identical in the Garrett, Ogiso, and Ferguson
EGFR-ECD structures, although the tethered structure was conformationally distinct in a small
hinge region at the base of the CR1 domain. Clearly, when the EGFR-ECD forms the back-to-
back dimeric configuration, the CR2 domain needs to untether from the CR1-loop. How is the
transition from tethered to the untethered configuration induced? Is it through
heterodimerization, ligand binding, thermodynamic fluctuation or even inside-out signaling? The
Ferguson structure potentially provides a snapshot of one step in this transition. Here the ligand
was bound only to the L1 domain, the second interaction apparently disrupted by crystallizing
the protein at pH 5, which would protonate a number of receptor and ligand-histidine residues in
the L2 ligand-binding interface. There is still much to be learned about EGFR dynamics, the
activation of the cell surface structure, and about consequential activation of intracellular EGFR
kinase signaling.One the most surprising findings related to the EGFR-ligand complex was the
distance between the two ligands in the back-to-back dimer – almost 80 Å. Clearly, the ligand
was not directly involved in cross-linking the receptor dimer. As seen in the untethered form of
the EGFR-ECD, however, the ligand links the L1 and L2 domains through close contacts to both
surfaces. Indeed, there are backbone-to-backbone hydrogen bonds between the ligand and L1,
which were maintained even at pH 5 as observed in the tethered, back-to-back configuration of
the EGFR-ECD. The strong electrostatic and hydrophobic bonding between the ligand and the
L2 domain, which includes the conserved amino acids in EGF (Arg 41 and Leu 47), appear to be
equal contributors to ligand binding but could also provide a means of removing EGF during
receptor recycling.Apart from the beautiful β-solenoids, perhaps the most extraordinary feature
of the EGFR is the CR1 loop. The CR1 loop (Pro241-Lys260) projects out from the CR1 axis. In
the presence of ligand, apart from a sidechain-to-sidechain hydrogen bond between asn-86 and



Thr-249, it interacts with the partner EGFR between residues 230 and 286. In particular, Tyr-251
interacts at van der Waals distance with Phe-263 of the partner EGFR, and the sidechain of
Gln-252 forms a hydrogen bond with the partner backbone at residue 286. The docking and
configuration of the CR1 loop are critical for both high-affinity ligand binding and activation of the
intracellular EGFR kinase (11, 13, 32). It appears that the docking of the CR1 loop to the region
230-286 of its partner influences the juxtaposition of L1and L2 (i.e., the conformation of the
ligand-binding site), as well as the configuration of the intracellular domain (presumably through
changes in the oligomerization state of either homo-oligomers or hetero-oligomers.From the
crystal structures it is obvious that the EGFR (1-621) can exist in two distinct conformations,
namely, the tethered form, where the CR1 and CR2 loops interact, or the untethered form, where
the hinge region at the C-terminus of the CR2 domain has rotated by 130 deg to bring the L1
and L2 close apposition (14, 31, 32). When the C-terminal 120 residues of the EGFR-ECD are
removed (EGFR-ECD1-501), the EGFR-ECD1-501is not constrained to adopt a “tethered”
conformation (11). Indeed, this is the most likely explanation for the dramatic increase in ligand
affinity when the EGFR-ECD is truncated (33). Truncation is not the only mechanism by which
the EGFR-ECD can form the untethered conformation, however. When the EGFR-ECD1-621 or
EGFR-ECD1-501 are produced as Fc fusion proteins, their affinity for ligand increases
significantly, presumably by formation of the back-to-back EGFR-ECD untethered dimer.
Although the EGFR-ECD-Fc fusion protein is a dimer, it appears possible to form the untethered
conformation in the absence of further aggregation, as is the case for ErbB2.In solution, the
EGFR-ECD can adopt the tethered and untethered conformations seen in the crystal. It has
been difficult, however, to measure transitions between these conformations or even confirm
that it is the untethered form of the receptor that binds ligands with high affinity. At low
concentrations in solution, the EGFR-ECD is monomeric; at high concentrations in the presence
of ligand, the EGFR-ECD forms an [EGF:EGFR-ECD] dimer and perhaps higher-order
oligomers (8, 34). It has still not been determined whether the EGFR-ECD tethered or
untethered conformations are in equilibrium, whether ligand binding shifts the equilibrium toward
the untethered form, or whether ligand induces the untethering, allowing the back-to-back higher
affinity conformation to form. It is important to emphasize, however, that EGFR-ECDs anchored
to a cell membrane via the transmembrane and intracellular domain (ICD, including the
transmembrane, juxtamembrane, kinase and C-terminal domains) are likely to be influenced
differently than the EGFR-ECD in solution. In particular, in the unstimulated state, the EGFR
appears to be present on the cell surface as a dimer (or even higher order oligomer). At low
density and/or in the absence of ligands, the EGFR kinase is inactive (35). Dimerization,
therefore, does not require ligand, and dimerization does not appear to be sufficient to activate
the EGFR kinase. Many cells, especially in tissue culture, either express the EGFR at high
density and/or produce an endogenous EGFR ligand (e.g. TGF-α). These conditions can lead to
EGFR kinase activation, stimulation of EGFR internalization, and intracellular docking to the
phosphorylated forms of the EGFR, all of which confound the precise determination of the



conformational events associated with ligand activation of the EGFR.The EGFR was essentially
the first growth factor receptor to be associated with cancer (7). Stanley Cohen and his
colleagues observed that the EGFR was down-regulated in animal cells transformed with acute
oncogenic viruses. In fact, the EGFR in these cells was activated and internalized by autocrine
secreted TGF- α, which increased the cell surface tyrosine kinase dependent signaling, but
reduced the amount of receptor available for further ligand-induced stimulation. It was soon
discovered that human cancer cells often secreted ligands for the EGFR and that the ligand
initiated an autocrine loop that was part of the oncogenic process. Interfering with EGFR
signaling can reduce the tumorigenic characteristics of both human cell lines (7, 36, 37) and
cancers in patients. The first therapeutics to target the EGFR ECD have been antibodies
directed against the ligand-binding region of the EGFR, e.g., cetuximab, also called C225 (7,
38). This antibody binds to the L2 domain, competes with ligand binding and inhibits the
conformational changes necessary for activation of the ICD-EGFR kinase. Unfortunately, the
expression of the EGFR on cells in normal organs such as the liver, lung, intestine, and skin
means that the antibody is cleared from the circulation. When high concentrations of antibody
are used, some side effects occur in both the skin and the intestines. In conjunction with other
antitumor agents (e.g., 5-fluorouracil), the anti-EGFR antibodies such as cetuximab have been
shown to be active anticancer agents. Ligand-induced activation is not the only mechanism by
which the EGFR is activated in cancer. In glioma and head and neck tumors, the EGFR gene is
often amplified. There is a common mutation that leads to truncation of the EGFR-ECD
associated with this amplification (7, 39–41). This mutation, which is known as Δ2-7EGFR (also
called EGFRvIII), leads to truncation of the EGFR-ECD such that the residues between 6 and
273 are missing, i.e., most of the L1 and CR1 domains, including the CR1 loop. The tyrosine
kinase of this mutant form of the EGFR is constitutively active even in the absence of ligand. The
specific activity of EGFRvIII is less than that of the ligand-activated receptor, but the activity
appears to be sufficient to contribute to the malignancy of these cells. Antibodies that recognize
the EGFRvIII have been developed: the exon 2-7 deletion mutation leads to a unique fusion-
peptide sequence, which can be used to rise antibodies that bind to and kill cells expressing
EGFRvIII (40). In another approach aimed at killing cells expressing EGFRvIII, cells expressing
EGFRvIII and overexpressed wild-type receptor were used to raise monoclonal antibodies. One
of these antibodies, mab806, recognized EGFRvIII and overexpressed EGFR, but not EGFR
expressed at normal levels, i.e., below 100,000 copies per cell (42). These antibodies recognize
an epitope at the C-terminus of the CR1 domain (residues 287-302) (42, 43). In both the
tethered and untethered 3D-structures for the EGFR-ECD, it is difficult to see how the mab806
could bind to the epitope. Indeed, analysis of several EGFR-ECD mutants suggests that the
mab806 epitope is only sterically available to the EGFRvIII or to the wild-type EGFR undergoing
a conformational transition as a result of ligand (32) and/or interactions with other family
members such as ErbB2. Interestingly, mab806 is capable of binding to cells that overexpress
the EGFR and/or EGFRvIII and it can reduce the growth of human tumors xenografted into nude



mice (44). When mab806 is administered in conjunction with an antibody that recognizes the
ligand-binding site (i.e., cetuxumab/C225), tumor growth can be suppressed completely (45).
Similar antitumor action is observed in animals when mab806 is administered with the EGFR
kinase inhibitor AG1478 (46). The precise mechanism of this antitumor synergy is still being
explored, but the principle should be considered when using anti-EGFR therapies for the
treatment of human tumors.1.3 3. ErbB2ErbB2 was discovered as an oncogene (neu)
associated with a rat brain tumor (47). While there are very few examples of ErbB2 mutation in
human cancer, ErbB2 is often overexpressed in human breast tumors (48). Indeed, women
diagnosed with breast cancers that overexpress the ErbB2 respond to treatments that include
anti-ErbB2 antibodies (e.g., herceptin). The amino acid sequence of ErbB2 revealed that it was
closely related to the EGFR. In particular, it appeared to be the receptor tyrosine kinase.
Although the tyrosine kinase activity was confirmed, many years of searching for ligands that
bind to the ErbB2-ECD and activate the intracellular kinase have proven unsuccessful. None of
the EGFR ligands binds to ErbB2.Through many elegant experiments it was determined that
ErbB2 formed heteromers with the other EGFR family members (48–50). For example, ErbB2
heteromers with the EGFR have enhanced ligand binding and signals from appears to be
amplified. Similarly, when ErbB2 and ErbB3 form heteromers, strong intracellular signaling
occurs in the presence of ligand. ErbB2 cannot bind the ligand, and the ErbB3 kinase is
defective, but the combination of the two family members appears more potent than signaling
when the receptors are expressed individually. It wasn't until the 3D-structure of ErbB2 was
solved that the biochemistry and biology of ErbB2 became clearer (15, 27, 31).The crystal
structures of ErbB2-ECD fragments revealed an untethered conformation with many features
similar to the ligand-bound, untethered conformer of the EGFR. The L1 and L2 domains are
juxtaposed closely, with several L1 and L2 residues are in van der Waals contact, so there is no
possibility of a ligand binding in the configuration observed in the EGFR-ECD:TGF-α of EGFR-
ECD:EGF structures. The N-terminal residues of the L1 domain sit in contact with the bottom of
the large β-sheet on L2. At the N-terminal end of the ErbB2 L2 surface, residues 16 and 17 of
the ErbB2-ECD L1 approach his-449 so closely that a considerable conformational change
would be needed to allow a ligand to align with the L2 surface. Furthermore, serine 15 of EGFR
is replaced by arginine in ErbB2. In the EGFR, ErbB3, and ErbB4 sequences, a small residue
such as serine or threonine is always present and the bulky arginine in this position for ErbB2
would disrupt ligand binding to L1. The hinge region between the CR1 module 7 and the L2
domain form similar angles for ErbB2 and the untethered conformation of the EGFR. The ErbB2
CR1-L2 hinge region is stabilized by a series of H-bonds, suggesting that there is unlikely to be
a major conformational change in this region of ErbB2. Similarly, the CR2 loop, which interacts
with the CR1 loop in the tethered conformations of EGFR, ErbB3, and ErbB4, is not conserved
in ErbB2. The tethered conformation appears to be more stable for EGFR, ErbB3, and ErbB4
than for ErbB2. Interestingly, although the modules of the CR1 domain can vary considerably,
the tips of the CR1 loop for the EGFR and ErbB2 are in similar juxtaposition with respect to the



L2 domain. When the L2 domains of ErbB2 and the EGFR are superimposed, the tips of the
CR1 loops are within 1 angstrom of each other (15, 16).Although the ErbB2 CR1 loop has a
similar conformation to the EGFR CR1 loop, ErbB2 crystallizes as a monomer, not as a the back-
to-back dimer found in the EGFR-ECD ligand complex (15). The binding pocket for the ErbB2
CR1 loop and the ErbB2 CR1 loop are negatively charged, so it is unlikely that ErbB2 will form a
back-to-back dimer. Actually, it is difficult to form EGFR-ECD:ErbB2-ECD heterodimers in
solution. Given that ErbB2 forms complexes with the other EGFR family members on the cell
surface (15, 49), it is likely that a considerable fraction of the binding energy between these
family members must be associated with strong interactions between the transmembrane and/
or intracellular domains of the receptors.1.4 4. ErbB3 and ErbB4The 3D-structures of the ErbB3-
ECD (12) and ErbB4-ECD (19) have also been determined. Although both receptor preparations
are capable of binding ligands, these structures were solved in the absence of ligand and, not
surprisingly, both were in the tethered conformation. The CR1 loops of EGFR-ECD and ErbB4-
ECD have remarkably similar conformations (see Fig. 1.2). Although the EGFR structure was
determined in the presence of ligand (i.e., untethered), the back-to-back dimer and the HER4
structure was determined in the tethered conformation. Both the backbone and sidechains of all
of the residues at the nine residues at the tip of the CR1 loop are virtually superimposed (see
Fig. 1.2).Fig. 1.2 The structural homology between the CR1 loop of the human EGFR (11) and
ErbB4 (19) is remarkable. The amino acid sequences are similar, but not identical. Despite
different quaternary contexts, both the backbone atoms and the sidechains adopt almost
identical conformations. The EGFR-CR1 loop is involved in the crystal structure dimer interface
in the ligand, untethered bound EGFR (11), whereas the ErbB4-CR1 loop is taken from the
crystal structure of the tethered, monomeric form of ErbB4 (19).The 3D-structures of the ErbB3-
ECD (12) and ErbB4-ECD (19) have also been determined. Although both receptor preparations
are capable of binding ligands, these structures were solved in the absence of ligand and, not
surprisingly, both were in the tethered conformation. The CR1 loops of EGFR-ECD and ErbB4-
ECD have remarkably similar conformations (see Fig. 1.2). Although the EGFR structure was
determined in the presence of ligand (i.e., untethered), the back-to-back dimer and the HER4
structure was determined in the tethered conformation. Both the backbone and sidechains of all
of the residues at the nine residues at the tip of the CR1 loop are virtually superimposed (see
Fig. 1.2).Fig. 1.2 The structural homology between the CR1 loop of the human EGFR (11) and
ErbB4 (19) is remarkable. The amino acid sequences are similar, but not identical. Despite
different quaternary contexts, both the backbone atoms and the sidechains adopt almost
identical conformations. The EGFR-CR1 loop is involved in the crystal structure dimer interface
in the ligand, untethered bound EGFR (11), whereas the ErbB4-CR1 loop is taken from the
crystal structure of the tethered, monomeric form of ErbB4 (19).In the tethered conformation, the
CR1 loops of both ErbB3 and ErbB4 contact the same pocket near the C-terminus of the CR2
domain. The molecular contacts between the CR1 loop and the CR2 pocket are highly
conserved between the EGFR, ErbB3, and ErbB4: specifically, a hydrogen-bonded network



between the side-chain of a tyr at the end of the CR1 loop and an asp and lys in the LR2 pocket
are conserved in all known vertebrate orthologs of EGFR, ErbB3, and ErbB4.While ErbB3 binds
neuregulins, ErbB4 binds both EGFR ligands and the neuregulins (51). The 3D-structure of the
ErbB4 ligand-binding domain is considerably more basic than EGFR (19), but neither ErbB3 nor
ErbB4 have pH sensitive his in the ligand-binding surface of the L2 domain. The structural data
suggests that ErbB3 and ErbB4 are less likely to release ligand at low pH, i.e., the ligand-bound
structures are likely to be more stable in the endosomal compartment, thus altering the ability of
these receptors to recycle.1.5 5. Antibody Binding to the EGFR Family MembersThe EGFR
family members are appropriate targets for cancer therapy. While small molecule kinase
inhibitors are already being tested for their potential as cancer therapeutics (38,52–55), it has
not been possible to identify small molecules that will bind to and inhibit receptor activation by
ligands. In part, the difficulties have been associated with significant conformational change
between the unbound and ligand-associated states, but the complexity of the ligand-binding
sites and the high affinity of the ligands make it difficult to design small molecules that can
compete effectively. Antibodies directed toward the EGFR family members, however, have been
developed (48, 54), and several of these antibodies have significant potential for development
as anticancer therapeutics. Indeed, one of the most successful additions to the treatment of
breast cancer is herceptin and antibody directed toward the CR2 domain of ErbB2 (48).The Fab
fragment of herceptin (also known clinically as trastuzumab) binds to a site on the CR2 domain
that includes the region of the pocket identified in EGFR, ErbB3, and ErbB4, which interacts with
the CR1 loop (15). Binding close to the membrane appears to influence the biology of herceptin
action. The complete herceptin antibody has an antiproliferative action, but the basis of this
action is still being debated. The antibody appears to mediate cytotoxicity as well as blocking
receptor aggregation, stimulating cleavage of ErbB2 at the ECD-juxtamembrane and stimulating
receptor endocytosis. The herceptin Fab fragments do not inhibit tumor growth, but it is not clear
whether reduced affinity or a failure of its biological actions (e.g., stimulation of receptor
endocytosis) is responsible for the loss of activity. The position of herceptin binding would be
expected to modify the conformation of ErbB2-associated heteromers with the EGFR, ErbB3,
and ErbB4. Another ErbB2 antibody, 2C4 (or pertuzumab), is being tested for its potential
anticancer activity. The 3D-structure of the ErbB2-ECD and pertuzumab-Fab has been
determined (21). The structure of the ErbB2-ECD is essentially identical to the structure in the
absence of the 2C4-Fab; the antibody contacts the C-terminal end of the CR1 domain, including
the CR1 loop. Binding of 2C4 to ErbB2 precludes binding of the CR1 loop to other EGFR family
members and the binding also masks the pocket on ErbB2, which would be expected to dock
the CR1 loop from other EGFR family members. From these studies it is now clear why both the
full-length antibody and the Fab fragment of 2C4 interfere with back-to-back binding by ErbB2 to
other EGFR family members.EGFR antibodies have also been reported to have potential as
anticancer therapeutics (38). The 3D-structure of an Fab fragment from the anti-EGFR antibody
C225 complexed to the EGFR-ECD has been solved (20). As expected from epitope-mapping



studies, this fragment binds to the L2 domain in a position that would prevent ligand binding. The
antibody fragment is bound to the tethered configuration in this structure and Fab fragment it
would prevent the formation of the ligand-binding site described in the back-to-back EGFR-ECD
dimer that forms in the presence of ligand. While it is clear that the antibody can bind the
tethered form of the EGFR, further experiments are required to explore the activity of C225 on
EGFR-heterodimers on the cell surface. EGFR-ErbB2 heterodimers form higher affinity
complexes, where the EGFR would be expected to be untethered. It is not clear whether the
untethering would lead to a juxtaposition of the L1 and L2 domains, which would facilitate ligand
binding and prevent antibody binding. Increased levels of ErbB2 (e.g., in a significant proportion
of breast cancers) might lead to “priming” of the EGFR and a reduction in the effectiveness of
C225. Similarly, tumors associated with elevated levels of ligand for EGFR may either compete
for C225 binding or protect the receptor from C225 by inducing the untethered, back-to-back
conformation.Another anti-EGFR antibody, mab806, has a completely different mode of action
(42). The epitope for this antibody is buried at the C-terminus of the CR1 domain (residues
287-302) (43,56). Mab806 binds to the denatured EGFR, the D2-7-truncated-EGR found in
many brain tumors, and EGFR-ECD1-501, but mab806 does not bind well to the tethered or
untethered, back-to-back form of the EGFR. When the EGFR is expressed on cells at levels
below 100,000 receptors per cell, mab806 binding is less than 5% of the binding by antibodies
such as mab528, which bind to the native conformation of the L2 domain. On the other hand,
when the receptor is overexpressed (e.g., head and neck tumors and brain tumors), mab806
binding increases. Furthermore, mutant forms of the EGFR, which are unable to form the back-
to-back EGFR dimer, can be trapped by mab806 as the receptor is in transition to the (32) back-
to-back conformation. This antibody has already been used in the clinic to detect overexpressed
or truncated EGFR associated with tumors, and in animal studies mab806 synergizes effectively
with other anti-EGFR antagonists/inhibitors and anticancer agents to prevent tumor growth (44–
46, 57).More than any other information over the last decade, the 3D-structures of the EGFR
family ECDs has improved our understanding of the mechanisms involved in the activation of the
EGFR. The 3D-structures have not only provided exciting explanations for the multiple-affinity
states, the formation of heteromers between family members and the roles of the different family
members in the absence of ligand binding (e.g., ErbB2), they have also provided the basis for
biophysical determination of the conformation and aggregation state of the EGFR on both
normal and cancer cells, in the presence and absence of different ligands, in the presence and
absence of the different antibody probes, at different ratios of the various family members, and
under different conditions of cell adhesion or metabolism. The distribution of tethered and
untethered states on the cell surface is still a matter of conjecture, and the conformation of the
untethered state in the presence and absence of ligand or heteromer association still needs to
be determined. The availability of the 3D-structures of the ECDs for all four EGFR family
members, the rich array of mutants based on these structures, the range of ligands, and the
fluorescent derivatives of both the receptors and their ligands makes for an exciting time for
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Media, LLC 20082. EGFR family heterodimers in cancer pathogenesis and treatmentHoward M.
Stern1 (1)Department of Research Pathology, MS 72b, Genentech Inc., 1 DNA Way, South San
Francisco, CA, 94080AbstractThe ErbB family of receptor tyrosine kinases mediates oncogenic
signaling in a variety of different cancer types. For example, ErbB1 (or EGFR) is thought to play
an important role in the genesis of lung and colon cancer, and ErbB2 (or HER2) serves as a
potent oncogene in a subset of breast cancer. Because of their role in cancer, ErbB1 and ErbB2
have long been a focus for drug development activities. Active signaling by the ErbB family of
receptors requires formation of dimers including both homodimers and heterodimers. Mounting
evidence in model systems suggests that ErbB heterodimers may be particularly oncogenic.
Furthermore, recent structural analyses reveal how the receptors interact with ligands and with
one another. These and other timely advances in ErbB heterodimer biology will be reviewed in
detail in this chapter. Expanding knowledge of ErbB family signaling not only brings insight to the
mechanism of action of existing therapies, but it also suggests that targeting specific
heterodimers may have particular utility in treating cancer.Keywords EGFR – ErbB1 – HER2 –
ErbB2 – dimers – cancer – signaling2.1 1. IntroductionThe human epidermal growth factor
receptor (HER or ErbB) family plays a central role in driving neoplastic growth and has been a
major focal point in cancer drug discovery (1–3). The formation of dimers among the HER family
has long been known to be a critical event in receptor activation, but only recently has the
mechanism of dimerization and activation been elucidated (4, 5). The prototypical member of
the family is known as HER1, EGFR, or ErbB1. A series of studies in the late 1970s and early
1980s revealed an association of ErbB1 with neoplastic transformation (6–8). These seminal
findings culminated decades later in several targeted therapies for cancer patients, including the
small-molecule inhibitors gefitinib and erlotinib and the monoclonal antibodies cetuximab and
panitumumab. Subsequent to the discovery of ErbB1, closely related receptor tyrosine kinases
were identified, including ErbB2, ErbB3, and ErbB4. The ErbB2 gene is amplified in
approximately 20% of breast cancers and is another example of an HER family member that is
known to drive tumorigenesis and is a target of the therapeutic monoclonal antibody
trastuzumab and small-molecule tyrosine kinase inhibitor lapatinib (2, 9–11). The focus of this
chapter is to review current knowledge of ErbB family dimerization and activation with an



emphasis on the role of heterodimers in the pathogenesis of cancer and the impact of
heterodimers on cancer treatment.2.2 2. ErbB Family Dimerization and ActivationAs members
of the receptor tyrosine kinase family, the HER family receptors are composed of an extracellular
domain which in most cases binds growth-factor ligands, a single transmembrane domain, and
an intracellular domain that is involved in activation of downstream signaling upon receptor
dimerization. Although there is significant sequence-based and structural conservation among
the ErbB family receptors, there are also significant functional differences. Both ErbB1 and
ErbB4 are more typical members of the RTK family in that they both have the capability to bind
ligand, and they both have intact intracellular kinase domains (2, 3, 12). ErbB2 is unusual
because it lacks the capacity to bind ligand yet retains a functional kinase domain that can be
activated via dimerization with other receptors (13). ErbB3 is unusual in a different way. It is
known to bind ligand but lacks a functional intracellular kinase domain (14). Thus, ErbB3 is
dependent on heterodimerization with kinase-intact family members to mediate
signaling.Several ligands are capable of inducing HER family dimerization and activation. These
ligands fall into three major classes. One class specifically interacts with ErbB1 and includes
EGF, TGF-α, and amphiregulin (2, 15). A second class consists of betacellulin, HB-EGF, and
epiregulin, which interact with both ErbB1 and ErbB4 (2, 15). A third class, the heregulin or
neuregulin (HRG or NRG) family, binds to ErbB3 and ErbB4, with NRG-1 and NRG-2 binding to
both ErbB3 and ErbB4 and NRG-3 and NRG-4 binding to only ErbB4 (16–20). It was originally
hypothesized that ligand-dependent ErbB receptor dimerization occurs via bivalent binding of a
single ligand to cross-link two receptors (21–23). In that model, one high-affinity binding site on
the ligand would interact with ErbB1 or ErbB3, and a second low-affinity binding site would
interact more broadly with other HER family receptors, including ErbB2 (22). This proposed
mechanism was analogous to the mechanism of activation for growth hormone receptors (24,
25). Subsequent studies examining the stoichiometry of EGF binding to ErbB1, however,
indicated that receptor dimers contain not one, but two, ligands (26–28). This finding suggested
that the process of ligand-induced ErbB receptor dimerization is more complicated than what
was observed with growth hormone receptors. Data from X-ray crystal structures add further
insight to this issue and will be described in more detail in the following section.None of the
three classes of ligand bind to ErbB2, but interestingly all ligands are capable of inducing
phosphorylation of the ErbB2 intracellular domain (29–32), suggesting that ErbB2 participates in
heterodimerization and trans-phosphorylation with other ligand-activated ErbB family receptors.
In fact, evidence suggests that ErbB2 is the preferred dimerization partner for the other ErbB
receptors. For example, in the T47D cell line that expresses all four ErbB receptors, neuregulin
preferentially induces ErbB2/3 and ErbB2/4 heterodimers while EGF preferentially induces
ErbB1/2 heterodimers (33). In the same model, neuregulin can induce ErbB1/3 and ErbB1/4
heterodimerization but only if ErbB2 is depleted via an endoplasmic reticulum targeted single-
chain antibody (33, 34). For a long time, it was unclear how ErbB2 is able to act as the preferred
dimerization partner in the absence of any ligand binding, but data from X-ray crystal structures



of ErbB family members have helped to elucidate the mechanism.2.3 3. Structural Insights on
ErbB Family DimerizationRecent data from a number of structural studies of ErbB family
members provide significant insight into the mechanism by which receptor dimerization occurs
and how this event is mediated by ligand binding. The extracellular portion of all four ErbB family
members is organized into four domains – two large, leucine-rich repeat domains (also known as
domains I and III) and two cysteine-rich domains (also known as domains II and IV) (35, 36). In
the absence of ligand, ErbB1, ErbB3, and ErbB4 exist in a closed configuration in which there is
a close interaction between domains II and IV (4, 37, 38) (Fig. 2.1). This interaction hides the
dimerization arm located within domain II, thus preventing dimerization. The amino acid residues
that mediate the domain II, IV interaction are conserved across ErbB1, ErbB3, and ErbB4, but
interestingly are divergent in ErbB2 (38, 39). Crystal structures in the setting of ligand-bound
ErbB1 reveal a dramatic conformational change in which ligand interacts with both domains I
and III within the same receptor, locking the receptor in an open configuration in which the
domain II-IV interaction has been disrupted and the domain II dimerization arm is revealed (4,
39–41) (Fig. 2.1). Of note, the crystal structure for ErbB2 is in the open configuration, providing a
structural explanation for why ErbB2 does not require a ligand (42, 43). Furthermore, being in the
open configuration, ErbB2 would always be ready to dimerize, consistent with the observation
that it is the preferred dimerization partner.Fig. 2.1 The ErbB family of receptors consists of an
extracellular portion that is divided into four domains – two leucine-rich repeat domains (I and III)
and two cysteine-rich domains (II and IV). There is a single transmembrane domain, and an
intracellular kinase domain consisting of an N-lobe and a C-lobe. An intracellular tail contains
phosphorylation sites that enable recruitment and activation of downstream signaling molecules.
ErbB1/ErbB2 heterodimers are depicted without ligand, with EGF, and with the ErbB1
monoclonal antibody cetuximab. ErbB2 is always locked in the open configuration even without
ligand; whereas ErbB1 remains in the closed conformation with the domain II dimerization arm
buried via an interaction with domain IV (4). Upon EGF binding a bridge is created between
domains I and III, locking ErbB1 in the open configuration, allowing the domain II dimerization
arm to interact with the analogous arm on ErbB2 (4). Upon receptor dimerization, there is an
allosteric interaction that occurs between the N-lobe of one receptor and the C-lobe of the other
receptor, resulting in kinase activation, much like the interaction that is observed with the CDK2/
cyclin A cell cycle regulatory complex (44). Both ErbB1 and ErbB2 are capable of contributing
either the N-lobe or the C-lobe to the interaction. The kinase domains phosphorylate the
intracellular tails which then activate downstream signaling. In the presence of cetuximab, which
binds to the ligand binding site in domain III of ErbB1, EGF is no longer able to interact with
domain III. ErbB1 is thus locked in the closed conformation and both heterodimerization and
downstream signaling are blocked, even in the presence of ligand.Once the ligand-induced
receptors engage in heterodimerization or homodimerization, a trans-phosphorylation event
occurs in the intracellular domain, leading to downstream pathway activation. Although initially
assumed to be a symmetric cross-phosphorylation event, recent evidence, at least with EGFR,



suggests that there is an asymmetric allosteric interaction similar to that seen with CDK2/cyclin
A (44) (Fig. 2.1). In support of the allosteric model, amino acid residues that mediate the
asymmetric intracellular domain interaction are conserved across the ErbB family. Interestingly,
the one exception is ErbB3, where only one interaction face is conserved, which is perhaps
consistent with the lack of an active kinase domain.2.4 4. Diversity of ErbB Dimers and
Downstream EffectsWith four ErbB receptors, there are ten potential combinations of receptor
pairs – four homodimers and six heterodimers. Although the numerous possibilities may seem
redundant, there are a number of factors that differentiate the downstream effects of the
receptor dimers. First, each of the receptors has a distinct affinity for specific downstream
signaling effectors. Thus, various dimer combinations will result in differential activation of
signaling pathways, which may in turn become integrated into distinct phenotypic
consequences. Second, the predominant dimers in a particular cell at a given moment will
depend upon the composition of ligands in the extracellular milieu. Finally, the level of
expression of specific ErbB receptors in a cell can affect the predominant dimers that form.The
intracellular domains of ErbB1, ErbB2, and ErbB3 are well characterized in terms of the number
of phospho-epitopes and the types of signaling modulators each phospho-epitope recruits (15).
The ErbB1-intracellular domain can activate several downstream pathways, including PI3K,
MAPK, PKC, and JNK. Although there are no binding sites for the p85 regulatory subunit of
PI3K, ErbB1 can activate the PI3K pathway via GRB2, which recruits GAB1 and couples to the
PI3K pathway (2). ErbB2 activates the MAPK pathway via GRB2, SHC, DOK-R, and CRK, and
ErbB3 is a potent activator of the PI3K pathway with six binding sites for the p85 regulatory
subunit of PI3K. With the diversity of homodimers and heterodimers, there is an open question
regarding the mechanism by which the various pathway inputs are integrated to result in a
specific cellular phenotype. Regardless of the mechanism, it is quite clear that there are
dramatic differences in the phenotypic effect of receptor activation depending on the
combination of dimers involved. This concept is well-illustrated by a study in which cells were
transfected with various combinations of ErbB receptors and proliferation index was measured.
The dimers most potent at stimulating proliferation are ErbB1/2, 2/3, and 1/3, the latter in the
setting of heregulin stimulation (1, 45).Differential level of ErbB receptor expression is another
feature that may impact the downstream sequelae of receptor activation. One dramatic example
is the consequence of altered HER2 expression in breast cancer. Although HER2 is always in
the open configuration with dimerization arms exposed, HER2 is not considered to be
oncogenic unless activated by overexpression via gene amplification. The effect of ErbB
receptor levels on cell signaling was recently illustrated in a study in which protein microarrays
containing most SH2 and PTB domain proteins in the genome were used to survey the affinity of
interaction with phophopeptides representing the phosphorylation sites in the intracellular
domain of ErbB1, ErbB2, and ErbB3 (46). At any affinity threshold, ErbB3 consistently favored
the PI3K pathway. For ErbB1 and ErbB2, however, the receptors engage an increasingly broad
network of signaling components at increasing affinity thresholds. This observation may explain



why overexpression of ErbB1 or ErbB2 can lead to active oncogenic signaling in some
circumstances.In a recent study, the importance of ErbB family heterodimerization was
illustrated using a proximity-based assay to determine the level of interaction between specific
ErbB dimer pairs. Chimeric receptors were engineered in which the intracellular domain consists
of an inactive fragment of the β-gal enzyme. Enzymatic activity is restored when two inactive
fragments are brought in proximity via receptor dimerization. With this technology, it was
determined that association of ErbB2 with itself is relatively inefficient, whereas formation of
ErbB1/2 and ErbB2/3 heterodimers is very efficient in the presence of ligand (47).Despite the
appearance of redundancy, there is considerable evidence suggesting a discrete biology
attributable to specific dimer pairs, most frequently heterodimers. The following sections focus
on the role of heterodimers in both development and cancer and will further highlight the distinct
roles of specific ErbB heterodimers.2.5 5. ErbB Heterodimers in DevelopmentAs with many
genes involved in cancer pathogenesis, the ErbB family plays an important role in embryonic
development. Some of the developmental biology discussed in this section serves as a nice
illustration of discrete ErbB heterodimers being associated with specific phenotypes. In addition,
some of the developmental phenotypes may be relevant to understanding specific adverse
events observed with cancer therapies targeting ErbB family members.Much of the information
on ErbB receptors in embryonic development has come from studies in genetically engineered
mice. Some homozygous ErbB1 knockout mice live until birth, but then all mice die shortly
thereafter. Such mice exhibit a broad range of defects including abnormalities in the brain, lung,
gastrointestinal tract, and skin (48–51). It is difficult from this information to glean the extent to
which these phenotypes are due to loss of ErbB1 homodimers versus heterodimers. The
phenotypes observed from knockouts of other ErbB family receptors do not overlap with that of
the ErbB1 knockout, suggesting that the ErbB1 knockout phenotypes are attributable to ErbB1
homodimers. The ErbB2, ErbB3, and ErbB4 knockouts all are embryonic lethal, however, so one
can't rule out the possibility that these receptors cooperate with ErbB1 in the perinatal
phenotypes observed with ErbB1 knockout. One common adverse event observed with ErbB1
inhibition in humans is a skin rash. In that context, it is notable that the ErbB1 knockout mouse
exhibits a skin phenotype.Interestingly, the phenotype of ErbB2, ErbB4, and neuregulin
knockout mice exhibits significant overlap. All such mice are embryonic lethal at E10.5 and
exhibit a lack of trebeculation in the cardiac ventricle (52–55). Neuregulin is known to be
expressed in the endocardium and ErbB2/ErbB4 is expressed in the myocardium. These
observations have led to a model in which cardiac ventricular trebeculation is driven by
paracrine activation of ErbB2/ErbB4 heterodimers in the myocardium via neuregulin produced in
the endocardium (15). A role for ErbB2 in cardiac function of adult mice was revealed by an
elegant experiment in which the cre-loxP system was utilized to produce a conditional knockout
of ErbB2 in the cardiac ventricles. Although such mice were viable, they exhibited a
physiological phenotype consistent with dilated cardiomyopathy (56). The observation of a
cardiac phenotype in ErbB2 knockout mice is particularly notable given that administration of the



ErbB2 inhibitor trastuzumab to HER2-positive breast cancer patients is associated with a risk of
cardiac dysfunction (57–59).In addition to the cardiac phenotype, there is also evidence for
ErbB2/ErbB4 involvement in the mammary epithelium where expression of dominant negative
ErbB2 or ErbB4 each results in a defect in lactation (60, 61). Similar observation of coincident
developmental phenotypes suggests a role for ErbB2/ErbB3 heterodimers in peripheral nervous
system development. Knockout of either of these genes leads to defects in Schwann cell
development, hypoplasia of the sympathetic chain ganglia and cranial sensory ganglia (62–64).
These peripheral nervous system phenotypes can all be attributed to cells of neural crest origin,
and possibly a defect in neural crest migration (15).2.6 6. ErbB1/ErbB2 Heterodimers in
CancerNumerous studies have been performed to examine the role of ErbB1 and ErbB2 in
neoplastic progression. At least three mechanisms of activation have been proposed for ErbB1.
First, several different types of ErbB1 mutations have been observed in non-small cell lung
cancer patients. These mutations include exon 19 deletion and exon 21 L858R, both of which
have been shown to activate in vitro signaling in the absence of ligand and are transforming (65–
68). An extracellular domain deletion mutant called EGFRvIII has been observed most
frequently in glioblastoma (69), and is also associated with constitutive activation. The
significance of these and other mutations in EGFR are discussed in Chapters 19 and 20. In
general, whether or not these mutations have any effect on the efficiency of homodimerization or
heterodimerization has not been clearly established.Another proposed mechanism of activation
is increased ErbB1 mRNA and/or protein expression as observed in breast, ovarian,
glioblastoma, non-small cell lung, colon, bladder, prostate, kidney, and head and neck tumors
(3, 70). In many cases, however, it is not clear whether overexpression necessarily equates with
activation. A third potential mechanism of activation is overexpression of ErbB1 ligands such as
TGF-α. In vitro, the presence of ligand has clearly been shown to activate dimerization and
downstream receptor signaling.In the case of ErbB2, the main mechanism of activation is
overexpression. Increased ErbB2 expression is well described in breast cancer and is a direct
result of gene amplification. Although less common, ErbB2 overexpression with or without gene
amplification has also been observed in lung, stomach, ovarian, colon, bladder and salivary
gland carcinomas (3, 70). The detailed mechanism by which increased ErbB2 expression
results in pathway activation is not entirely clear but is presumed to be due to a shift in
equilibrium toward ErbB2 homodimerization or ligand-independent heterodimerization. Much
less commonly observed are ErbB2 mutations (mostly insertion mutations), which have been
described in non-small cell lung cancer and are predicted to activate the receptor (71).Given the
overlap of tumor types, there is the possibility that ErbB1 and ErbB2 could cooperate in
tumorigenesis. In support of that concept, ErbB1 alone is not a very potent oncogene in some
model systems. For example, ErbB1 expression in mouse mammary epithelial cells only rarely
induces adenocarcinoma compared to ErbB2 expression (72, 73). Furthermore, in the MCF10A
mammary epithelial cell line, introduction of chimeric ErbB1 receptors that can undergo
homodimerization with a synthetic ligand do not show any evidence of transformation (74). In



contrast, ErbB2 was potent at transformation in similar studies. Comparable observations have
been made in fibroblast cell lines transfected with either ErbB1 or ErbB2 (75).Despite the weak
transforming activity of ErbB1 alone, there is considerable evidence suggesting potent
cooperativity with ErbB2. First, experiments performed in the 1980s demonstrated that addition
of the ErbB1 ligand EGF to various cell lines of rodent or human origin results in tyrosine
phosphorylation of ErbB2, as well as an increase in the ErbB2 tyrosine kinase activity (76–79).
Transforming activity was also examined in rodent fibroblast cell lines, such as NR6, in which it
was found that neither ErbB1 nor ErbB2 alone had transforming capacity, but when co-
transfected, the cells adopted a transformed phenotype (80). Mouse models also support the
concept of cooperativity between ErbB1 and ErbB2. Mice in which both ErbB2 and TGF-α are
overexpressed in mammary epithelial cells results in multiple mammary tumors with short
latency compared to mice expressing either transgene alone (81).There are several
mechanisms that have been proposed to explain the cooperative interaction between ErbB1 and
ErbB2. One key aspect of ErbB signaling regulation is the mode by which the signal is turned off.
Ligand binding induces clustering of ErbB1 homodimers at clathrin-coated pits. Endocytic
vesicles form, resulting in loss of ErbB1 from the plasma membrane and eventually degradation
of the receptors, but the remaining ErbB family members do not follow the same fate (3, 82).
Endocytosis of ErbB2, ErbB3, and ErbB4 occurs at a slower rate, and receptors are recycled to
the cell surface rather than being degraded in endosomes. It has been observed that ErbB1
binding to ErbB2 reduces ErbB1 endocytosis and redirects ErbB1 to be recycled back to the cell
membrane rather than being degraded in endosomes (83, 84).A second mechanism of
cooperative interaction is heterodimer-specific phosphorylation. NIH3T3 cells transfected with
single ErbB receptors or combinations of ErbB receptors were treated with radiolabeled
phosphate and stimulated with EGF. Phosphopeptide mapping was performed on
immunoprecipitated ErbB receptors, and it was found that the spectrum of phosphopeptides in
the context of ErbB1/ErbB2 co-expression was distinct from that observed in the setting of
ErbB1 or ErbB2 expression alone (85). A third potential mechanism is increased affinity of ligand
binding. In-depth studies of ligand-receptor interactions have demonstrated that ligands have
higher affinity for ErbB2 containing heterodimers than for ErbB family homodimers, likely due to
a slower off-rate (86, 87).While the above observations and proposed mechanisms for
cooperative interactions between ErbB1 and ErbB2 are interesting, a remaining question is
whether ErbB1/ErbB2 heterodimers exhibit any evidence of unique downstream signaling
properties compared to either receptor alone. This question was addressed in an MCF10A
mammary epithelial cell line system. MCF-10A cells were transfected with chimeras of the
intracellular domain of ErbB receptors fused to either wild-type or mutant FK506 binding protein
(FKBP) derivatives. Using rapamycin-like small molecules that bind to FKBP, dimerization events
can be initiated in the absence of ligand (88). In these experiments, it was found that both ErbB2
homodimers and ErbB1/ErbB2 heterodimers exhibit equal activation of the MAPK pathway, but
that heterodimers are more effective at activating PI3K and phospholipase Cγ1 pathways. In



three-dimensional cell culture, ErbB1/ErbB2 heterodimers were found to be more effective at
inducing cell invasion into Matrigel than were ErbB2 homodimers (88).Although ErbB1 and
ErbB2 each independently play some role in neoplastic progression, the formation of ErbB1/
ErbB2 heterodimers seems to be particularly oncogenic in some settings. Thus, therapies that
target the ErbB1/ErbB2 heterodimer may have benefit in cancer therapy. In that regard, the small
molecule lapatinib is a tyrosine kinase inhibitor that exhibits dual specificity for ErbB1 and
ErbB2. Lapatinib was recently FDA-approved for use in HER2-positive metastatic breast cancer
patients that have progressed on a trastuzumab-based regimen (89).2.7 7. ErbB2/ErbB3
Heterodimers in CancerOf all the ErbB receptor family dimer combinations, ErbB2/ErbB3
heterodimers are considered to be the most transforming. 32D cells, which are IL3 dependent
and do not express endogenous ErbB receptors, were infected with recombinant retroviruses
expressing ErbB receptors either singly or in pairs. Examination of all the permutations revealed
that the most potent mitogenic signals eminate from the ErbB2/ErbB3 combination (45).
Similarly, in NIH3T3 cells, it was found that co-expression of ErbB2 and ErbB3 exhibited an
enhanced tumorigenic phenotype compared to expression of ErbB2 alone (90). The mitogenic
effect of ErbB2/ErbB3 heterodimers may be due to very efficient activation of the PI3K pathway
(12, 91). More specifically, the effects on cell proliferation have been linked to deregulation of the
G1/S transition. This transition is regulated by the CDK2/cyclin E complex, which can be
inhibited by the cyclin dependent kinase inhbitor p27Kip1. PI3K pathway activation via ErbB2/
ErbB3 heterodimers results in inhibition of p27Kip1 activity, resulting in derepression of the G1/S
transition (15, 92, 93).Some studies have explored the role of ErbB2/ErbB3 heterodimers in cell
line models via downregulation of ErbB3. Expression of an artificial transcription factor E3
consisting of a polydactyl zinc finger domain that is designed to recognize an 18bp region of the
ErbB3 5’ untranslated region was used to decrease expression of ErbB3 in ErbB2 amplified cell
lines (94). Cells with decreased expression of ErbB3 exhibited diminished cell proliferation. In
another study, ErbB3 was examined via a short hairpin RNAi approach. Knockdown of ErbB3 in
MDA-MB-435 cells was associated with a decrease in the incidence of metastasis when such
cells were grown in vivo compared to separately selected control cell lines (95). Although often
described as a breast cancer cell line, there have been some data suggesting that MDA-MB-435
may actually be a melanoma cell line (96, 97). Regardless of the cancer type, the data suggest
that ErbB3 could play a role in driving tumorigenesis either by maintaining proliferation,
promoting metastasis or perhaps both.Involvement of ErbB3 in heterodimers is not only
important for tumorigenesis, but it may also provide some insight into development of resistance
to ErbB1 and ErbB2 targeted therapies. When ErbB2 amplified cell lines were treated with ErbB
family tyrosine kinase inhibitors (TKIs), it was observed that phosphorylation of ErbB1 and
ErbB2 was consistently reduced over the time period examined (up to 96 hours) (98).
Phosphorylation of ErbB3, however, exhibited an initial decrease followed by a recovery to
higher levels of phosphorylation between 12 and 24 hours of treatment. The recovery of ErbB3
phosphorylation was paralleled by a recovery in phosphorylation of AKT. These observations



were accompanied by a shift in localization of ErbB3 from the cytoplasm to the membrane as
determined by biochemical analysis of fractionated cells (98), raising the possibility that sub-
cellular localization of ErbB3 participates in a regulatory feedback loop. Examination of ErbB3
status in human tumors will be needed to determine if these observations have relevance for
development of resistance to TKIs in patients. Due to the difficulty in obtaining the on-therapy
biopsies of tumor tissue needed to assay biomarkers in relation to therapeutic response and
resistance, such questions are not trivial.Many studies of ErbB3 have focused on breast cancer,
but there is increasing evidence that ErbB3 may also play an important role in other cancer
types. It is well documented that EGF can activate the androgen receptor in prostate cancer cell
lines under conditions of androgen withdrawal (99, 100). This finding has led to a hypothesis that
ErbB signaling could be associated with evolution of prostate cancer from androgen-dependent
to androgen-independent growth. In a recent study of ErbB receptors in prostate cancer cells, a
small molecule ErbB1/ErbB2 inhibitor, PKI-166, was used to study ErbB pathway signaling on
androgen receptor activation. It was found that ErbB2/ErbB3 heterodimers were the main driver
of androgen receptor activation even when ErbB1 was present (101). These findings suggest
that the ErbB2/ErbB3 heterodimer could play a role in growth of androgen independent prostate
cancer. Further examination of the status of ErbB3 in tissues from prostate cancer patients
would be helpful in determining whether this apparent correlation translates to human
tumors.Less is known about the status of ErbB2/ErbB3 heterodimers in human cancer tissues.
There have been some studies examining ErbB3 expression by immunohistochemistry and
correlating to clinical outcome in cancer patients. These studies have suggested that ErbB3
expression is correlated with poor clinical outcome in breast cancer and ovarian cancer (102,
103). There is also some suggestion that high ErbB3 expression correlates with poor outcome in
HER2-positive breast cancer after progression on the HER2 targeted antibody trastuzumab
(104). Unfortunately, in some of these studies, it is not clear whether the immunohistochemical
assay was validated to detect ErbB3 specifically in formalin-fixed, paraffin-embedded (FFPE)
tissues.2.8 8. Atypical Heterodimers – p95HER2It is becoming increasingly evident that ErbB
receptors are, at least in some cases, subject to cleavage of the extracellular domain. In the
case of ErbB2, it is well-documented that a truncated form of the receptor known as p95HER2 is
produced in breast cancer cell lines (105–107). In about 30% of HER2-positive breast cancer
patients, p95HER2 is detected in tumor tissue by Western blot and is associated with poor
clinical outcome (108). The truncated form of the receptor is structurally similar to the originally-
described viral oncogene v-ErbB, and consistent with that observation, the receptor is
constitutively active (109, 110). The therapeutic ErbB2 monoclonal antibody trastuzumab has
been demonstrated to prevent the conversion of full length p185HER2 to truncated p95HER2
(109), suggesting that this may be one mechanism of trastuzumab activity.The existence of a
truncated form of ErbB2 raises the question of whether heterodimers with the truncated form of
the receptor exist and whether they have any relevant biological role. One example of a
heterodimer would be p185HER2 with p95HER2, and in support of this model, there is evidence



of an intracellular interacting domain that could mediate ligand-independent interaction of either
full-length or truncated ErbB2 receptors (111). It is possible that this ErbB2 intracellular domain
interaction could be mediated by the allosteric association of the kinase domain N and C-lobes.
In addition, there is also the possibility that p95HER2 could associate with other ErbB family
receptors. This concept is supported by a study in which p95HER2 heterodimers were examined
in the HER2 amplified BT474 breast cancer cell line. In that setting, p95HER2 was found to
heterodimerize specifically with ErbB3 but not with ErbB1 (112). Examination of p95HER2
containing heterodimers in a broader sampling of breast cancer cell lines and in human breast
cancer tissues is warranted to determine the prevalence of such heterodimers. It would also be
of interest to determine how the mitogenic potential of p95HER2 /ErbB3 heterodimers compare
to that of full-length ErbB2/ErbB3 heterodimers, and if there are significant differences in the
phosphopeptide profile of the activated p95HER2 containing heterodimers.2.9 9. Inhibition of
Heterodimers in Cancer TherapyGiven the substantial evidence for involvement of ErbB family
members in oncogenesis, it is not surprising that this receptor family has been an area of
significant activity with regard to drug development. Several approaches to inhibiting ErbB
signaling have been exploited for therapeutic benefit. One approach is direct inhibition of
tyrosine kinase activity by small molecule inhibitors of ErbB1 (e.g., erlotinib, gefitinib), as well as
dual-specificity ErbB1/2 tyrosine kinase inhibitors such as lapatinib. Such inhibitors have
exhibited efficacy in some patient populations such as erlotinib in non-small cell lung cancer
(113) and lapatinib in HER2-positive metastatic breast cancer patients who have progressed on
trastuzumab (89). Although these agents do not inhibit the ErbB dimerization process, they can
effectively inhibit dimer-mediated signaling.A second mechanism for inhibiting signaling from
ErbB dimers includes blocking ligand-mediated activation via monoclonal antibody therapeutics
(e.g., cetuximab, panitumumab). Although not direct, the inhibition of ligand binding to EGFR will
leave the receptor extracellular domain in the closed configuration, thus inhibiting formation of
ErbB1 homodimers and heterodimers. Cetuximab is known to bind to ErbB1 with high affinity
and blocks ligand-mediated activation of the receptor (114). A crystal structure reveals that
cetuximab binds to the ligand-binding region within domain III of ErbB1, resulting in steric
hindrance that prevents the receptor from adopting the open configuration and thus inhibiting
heterodimerization (115) (Fig 1). In cell lines, cetuximab has been shown to induce G1 arrest,
potentiate apoptosis, as well as inhibit cancer cell invasion and metastasis (114). Cetuximab has
been found to have efficacy and is approved for use in metastatic colon cancer and head and
heck cancer (114).Aside from cetuximab, other anti-ErbB1 monoclonal antibodies are in
development. Preclinical data with panitumumab, a fully humanized monoclonal antibody
directed against ErbB1, reveals efficacy in xenograft models with moderate to high levels of
ErbB1 expression. Xenograft cell lines exhibiting efficacy are from a range of indications
including colorectal, breast, prostate, renal, ovarian and pancreatic cancer (116, 117). In
general, efficacy was observed in xenograft lines in which cells express 17,000 receptors per
cell or more, but was not observed in lines where there are fewer than 11,000 receptors per cell



(117). A phase III trial of best supportive care with or without panitumumab in metastatic
colorectal cancer patients that had previously progressed on chemotherapy was presented at
the 2006 Annual Meeting of the American Association for Cancer Research (118). Panitumumab
improved progression-free survival, and in September 2006, it was approved for this
indication.Direct inhibition of dimer formation is another strategy to inhibit ErbB family signaling.
Pertuzumab is a monoclonal antibody that binds to the dimerization arm of ErbB2 and sterically
interferes with formation of ErbB heterodimers (119) (Fig 2). In cell lines with high HER2
expression (e.g., SKBR3) and those with low HER2 expression (e.g., MCF7), pertuzumab is
capable of inhibiting formation of ErbB2/ErbB3 heterodimers upon heregulin treatment and also
inhibits receptor tyrosine phosphorylation. These observations translate into inhibition of ligand-
dependent growth in vitro and preclinical efficacy of pertuzumab in xenograft models of both
HER2-positive and HER2-negative breast cancer (119). Pertuzumab was also capable of
inhibiting ligand-dependent growth in both androgen-dependent and androgen-independent
prostate cancer cell lines in vitro and in xenograft models (120). These data suggest that
inhibition of ErbB family dimerization by targeting ErbB2, the preferred ErbB dimerization
partner, may be clinically relevant in a wide range of tumor types, including tumors without HER2
amplification.Fig. 2.2 ErbB2 / ErbB3 heterodimers are depicted without ligand, with heregulin
(HRG), and with the monoclonal antibody pertuzumab. Induction of receptor signaling occurs by
much the same mechanism as with ErbB1/2 heterodimers. HRG binding to domains I and III
locks ErbB3 in the open configuration, thus allowing dimerization with ErbB2. One major
difference is that ErbB3 lacks an active kinase, thus the phosphorylation of the intracellular tails
must be mediated by the ErbB2 kinase. Perhaps consistent with this unique role for ErbB3, the
N-lobe of ErbB3 is defective in its ability to interact with the C-lobe of other receptors (44). Thus,
ErbB3 can only present the C-lobe during allosteric activation, leaving ErbB2 to present the N-
lobe. Pertuzumab binds to the dimerization arm in domain II of ErbB2. As such, it sterically
hinders ErbB2 from participating in dimerization. This antibody-receptor interaction inhibits
signaling even in the presence of ligand.Pertuzumab was recently tested in a phase II
monotherapy trial in heavily pretreated ovarian cancer. Of 117 patients over two dose cohorts
that were evaluable for efficacy, there were five partial responses (4.3%), and eight patients
exhibited stable disease (121). Five patients exhibited an asymptomatic decrease in left
ventricular ejection fraction. In a fraction of patients where pretreatment biopsies were possible,
phospho-HER2 (pHER2) was measured by ELISA. Interestingly, the median progression free
survival in pHER2+ patients was 20.9 weeks compared to 5.8 weeks for pHER2- patients (121).
These data suggest that pertuzumab is tolerable and that some heavily pre-treated ovarian
cancer patients might benefit. An ongoing randomized phase II trial is evaluating pertuzumab in
combination with chemotherapy in platinum refractory ovarian cancer. A qRT-PCR-based
surrogate marker for pHER2 that can be assessed in archival FFPE tissues is being evaluated
as a predictive diagnostic marker as part of this trial (122).2.10 10. ConclusionsOver the past
two decades, tremendous progress has been made in our understanding of the ErbB signaling



pathway. This knowledge has led to the development of several clinically beneficial therapies,
including both small molecule and monoclonal antibody inhibitors of ErbB1 and ErbB2.
Evidence suggests that various ErbB family homodimers and heterodimers may have discrete
biological function. In many cases, heterodimers exhibit stronger mitogenic signaling than do
homodimers. ErbB1/ErbB2 and ErbB2/ErbB3 heterodimers in particular are the most oncogenic.
Therapeutic strategies that prevent or disrupt heterodimer formation have the potential for
clinical benefit. Cetuximab and panitumumab block ligand binding to ErbB1 and thus
secondarily inhibit heterodimerization. Both have already shown significant efficacy in colorectal
cancer. Pertuzumab is the first example of a distinct category of inhibitors that directly suppress
ErbB dimerization via steric inhibition and is currently being evaluated in clinical trials.
Undoubtedly, further insights into the biology of ErbB family signaling will help us understand in
more detail how heterodimers impact cancer development and will allow more refined
approaches to developing therapeutics that maximize clinical benefit for
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Media, LLC 20082. EGFR family heterodimers in cancer pathogenesis and treatmentHoward M.
Stern1 (1)Department of Research Pathology, MS 72b, Genentech Inc., 1 DNA Way, South San
Francisco, CA, 94080AbstractThe ErbB family of receptor tyrosine kinases mediates oncogenic
signaling in a variety of different cancer types. For example, ErbB1 (or EGFR) is thought to play
an important role in the genesis of lung and colon cancer, and ErbB2 (or HER2) serves as a
potent oncogene in a subset of breast cancer. Because of their role in cancer, ErbB1 and ErbB2
have long been a focus for drug development activities. Active signaling by the ErbB family of
receptors requires formation of dimers including both homodimers and heterodimers. Mounting
evidence in model systems suggests that ErbB heterodimers may be particularly oncogenic.
Furthermore, recent structural analyses reveal how the receptors interact with ligands and with
one another. These and other timely advances in ErbB heterodimer biology will be reviewed in
detail in this chapter. Expanding knowledge of ErbB family signaling not only brings insight to the
mechanism of action of existing therapies, but it also suggests that targeting specific
heterodimers may have particular utility in treating cancer.Keywords EGFR – ErbB1 – HER2 –
ErbB2 – dimers – cancer – signaling2.1 1. IntroductionThe human epidermal growth factor
receptor (HER or ErbB) family plays a central role in driving neoplastic growth and has been a
major focal point in cancer drug discovery (1–3). The formation of dimers among the HER family
has long been known to be a critical event in receptor activation, but only recently has the



mechanism of dimerization and activation been elucidated (4, 5). The prototypical member of
the family is known as HER1, EGFR, or ErbB1. A series of studies in the late 1970s and early
1980s revealed an association of ErbB1 with neoplastic transformation (6–8). These seminal
findings culminated decades later in several targeted therapies for cancer patients, including the
small-molecule inhibitors gefitinib and erlotinib and the monoclonal antibodies cetuximab and
panitumumab. Subsequent to the discovery of ErbB1, closely related receptor tyrosine kinases
were identified, including ErbB2, ErbB3, and ErbB4. The ErbB2 gene is amplified in
approximately 20% of breast cancers and is another example of an HER family member that is
known to drive tumorigenesis and is a target of the therapeutic monoclonal antibody
trastuzumab and small-molecule tyrosine kinase inhibitor lapatinib (2, 9–11). The focus of this
chapter is to review current knowledge of ErbB family dimerization and activation with an
emphasis on the role of heterodimers in the pathogenesis of cancer and the impact of
heterodimers on cancer treatment.2.2 2. ErbB Family Dimerization and ActivationAs members
of the receptor tyrosine kinase family, the HER family receptors are composed of an extracellular
domain which in most cases binds growth-factor ligands, a single transmembrane domain, and
an intracellular domain that is involved in activation of downstream signaling upon receptor
dimerization. Although there is significant sequence-based and structural conservation among
the ErbB family receptors, there are also significant functional differences. Both ErbB1 and
ErbB4 are more typical members of the RTK family in that they both have the capability to bind
ligand, and they both have intact intracellular kinase domains (2, 3, 12). ErbB2 is unusual
because it lacks the capacity to bind ligand yet retains a functional kinase domain that can be
activated via dimerization with other receptors (13). ErbB3 is unusual in a different way. It is
known to bind ligand but lacks a functional intracellular kinase domain (14). Thus, ErbB3 is
dependent on heterodimerization with kinase-intact family members to mediate
signaling.Several ligands are capable of inducing HER family dimerization and activation. These
ligands fall into three major classes. One class specifically interacts with ErbB1 and includes
EGF, TGF-α, and amphiregulin (2, 15). A second class consists of betacellulin, HB-EGF, and
epiregulin, which interact with both ErbB1 and ErbB4 (2, 15). A third class, the heregulin or
neuregulin (HRG or NRG) family, binds to ErbB3 and ErbB4, with NRG-1 and NRG-2 binding to
both ErbB3 and ErbB4 and NRG-3 and NRG-4 binding to only ErbB4 (16–20). It was originally
hypothesized that ligand-dependent ErbB receptor dimerization occurs via bivalent binding of a
single ligand to cross-link two receptors (21–23). In that model, one high-affinity binding site on
the ligand would interact with ErbB1 or ErbB3, and a second low-affinity binding site would
interact more broadly with other HER family receptors, including ErbB2 (22). This proposed
mechanism was analogous to the mechanism of activation for growth hormone receptors (24,
25). Subsequent studies examining the stoichiometry of EGF binding to ErbB1, however,
indicated that receptor dimers contain not one, but two, ligands (26–28). This finding suggested
that the process of ligand-induced ErbB receptor dimerization is more complicated than what
was observed with growth hormone receptors. Data from X-ray crystal structures add further



insight to this issue and will be described in more detail in the following section.None of the
three classes of ligand bind to ErbB2, but interestingly all ligands are capable of inducing
phosphorylation of the ErbB2 intracellular domain (29–32), suggesting that ErbB2 participates in
heterodimerization and trans-phosphorylation with other ligand-activated ErbB family receptors.
In fact, evidence suggests that ErbB2 is the preferred dimerization partner for the other ErbB
receptors. For example, in the T47D cell line that expresses all four ErbB receptors, neuregulin
preferentially induces ErbB2/3 and ErbB2/4 heterodimers while EGF preferentially induces
ErbB1/2 heterodimers (33). In the same model, neuregulin can induce ErbB1/3 and ErbB1/4
heterodimerization but only if ErbB2 is depleted via an endoplasmic reticulum targeted single-
chain antibody (33, 34). For a long time, it was unclear how ErbB2 is able to act as the preferred
dimerization partner in the absence of any ligand binding, but data from X-ray crystal structures
of ErbB family members have helped to elucidate the mechanism.2.3 3. Structural Insights on
ErbB Family DimerizationRecent data from a number of structural studies of ErbB family
members provide significant insight into the mechanism by which receptor dimerization occurs
and how this event is mediated by ligand binding. The extracellular portion of all four ErbB family
members is organized into four domains – two large, leucine-rich repeat domains (also known as
domains I and III) and two cysteine-rich domains (also known as domains II and IV) (35, 36). In
the absence of ligand, ErbB1, ErbB3, and ErbB4 exist in a closed configuration in which there is
a close interaction between domains II and IV (4, 37, 38) (Fig. 2.1). This interaction hides the
dimerization arm located within domain II, thus preventing dimerization. The amino acid residues
that mediate the domain II, IV interaction are conserved across ErbB1, ErbB3, and ErbB4, but
interestingly are divergent in ErbB2 (38, 39). Crystal structures in the setting of ligand-bound
ErbB1 reveal a dramatic conformational change in which ligand interacts with both domains I
and III within the same receptor, locking the receptor in an open configuration in which the
domain II-IV interaction has been disrupted and the domain II dimerization arm is revealed (4,
39–41) (Fig. 2.1). Of note, the crystal structure for ErbB2 is in the open configuration, providing a
structural explanation for why ErbB2 does not require a ligand (42, 43). Furthermore, being in the
open configuration, ErbB2 would always be ready to dimerize, consistent with the observation
that it is the preferred dimerization partner.Fig. 2.1 The ErbB family of receptors consists of an
extracellular portion that is divided into four domains – two leucine-rich repeat domains (I and III)
and two cysteine-rich domains (II and IV). There is a single transmembrane domain, and an
intracellular kinase domain consisting of an N-lobe and a C-lobe. An intracellular tail contains
phosphorylation sites that enable recruitment and activation of downstream signaling molecules.
ErbB1/ErbB2 heterodimers are depicted without ligand, with EGF, and with the ErbB1
monoclonal antibody cetuximab. ErbB2 is always locked in the open configuration even without
ligand; whereas ErbB1 remains in the closed conformation with the domain II dimerization arm
buried via an interaction with domain IV (4). Upon EGF binding a bridge is created between
domains I and III, locking ErbB1 in the open configuration, allowing the domain II dimerization
arm to interact with the analogous arm on ErbB2 (4). Upon receptor dimerization, there is an



allosteric interaction that occurs between the N-lobe of one receptor and the C-lobe of the other
receptor, resulting in kinase activation, much like the interaction that is observed with the CDK2/
cyclin A cell cycle regulatory complex (44). Both ErbB1 and ErbB2 are capable of contributing
either the N-lobe or the C-lobe to the interaction. The kinase domains phosphorylate the
intracellular tails which then activate downstream signaling. In the presence of cetuximab, which
binds to the ligand binding site in domain III of ErbB1, EGF is no longer able to interact with
domain III. ErbB1 is thus locked in the closed conformation and both heterodimerization and
downstream signaling are blocked, even in the presence of ligand.Once the ligand-induced
receptors engage in heterodimerization or homodimerization, a trans-phosphorylation event
occurs in the intracellular domain, leading to downstream pathway activation. Although initially
assumed to be a symmetric cross-phosphorylation event, recent evidence, at least with EGFR,
suggests that there is an asymmetric allosteric interaction similar to that seen with CDK2/cyclin
A (44) (Fig. 2.1). In support of the allosteric model, amino acid residues that mediate the
asymmetric intracellular domain interaction are conserved across the ErbB family. Interestingly,
the one exception is ErbB3, where only one interaction face is conserved, which is perhaps
consistent with the lack of an active kinase domain.2.4 4. Diversity of ErbB Dimers and
Downstream EffectsWith four ErbB receptors, there are ten potential combinations of receptor
pairs – four homodimers and six heterodimers. Although the numerous possibilities may seem
redundant, there are a number of factors that differentiate the downstream effects of the
receptor dimers. First, each of the receptors has a distinct affinity for specific downstream
signaling effectors. Thus, various dimer combinations will result in differential activation of
signaling pathways, which may in turn become integrated into distinct phenotypic
consequences. Second, the predominant dimers in a particular cell at a given moment will
depend upon the composition of ligands in the extracellular milieu. Finally, the level of
expression of specific ErbB receptors in a cell can affect the predominant dimers that form.The
intracellular domains of ErbB1, ErbB2, and ErbB3 are well characterized in terms of the number
of phospho-epitopes and the types of signaling modulators each phospho-epitope recruits (15).
The ErbB1-intracellular domain can activate several downstream pathways, including PI3K,
MAPK, PKC, and JNK. Although there are no binding sites for the p85 regulatory subunit of
PI3K, ErbB1 can activate the PI3K pathway via GRB2, which recruits GAB1 and couples to the
PI3K pathway (2). ErbB2 activates the MAPK pathway via GRB2, SHC, DOK-R, and CRK, and
ErbB3 is a potent activator of the PI3K pathway with six binding sites for the p85 regulatory
subunit of PI3K. With the diversity of homodimers and heterodimers, there is an open question
regarding the mechanism by which the various pathway inputs are integrated to result in a
specific cellular phenotype. Regardless of the mechanism, it is quite clear that there are
dramatic differences in the phenotypic effect of receptor activation depending on the
combination of dimers involved. This concept is well-illustrated by a study in which cells were
transfected with various combinations of ErbB receptors and proliferation index was measured.
The dimers most potent at stimulating proliferation are ErbB1/2, 2/3, and 1/3, the latter in the



setting of heregulin stimulation (1, 45).Differential level of ErbB receptor expression is another
feature that may impact the downstream sequelae of receptor activation. One dramatic example
is the consequence of altered HER2 expression in breast cancer. Although HER2 is always in
the open configuration with dimerization arms exposed, HER2 is not considered to be
oncogenic unless activated by overexpression via gene amplification. The effect of ErbB
receptor levels on cell signaling was recently illustrated in a study in which protein microarrays
containing most SH2 and PTB domain proteins in the genome were used to survey the affinity of
interaction with phophopeptides representing the phosphorylation sites in the intracellular
domain of ErbB1, ErbB2, and ErbB3 (46). At any affinity threshold, ErbB3 consistently favored
the PI3K pathway. For ErbB1 and ErbB2, however, the receptors engage an increasingly broad
network of signaling components at increasing affinity thresholds. This observation may explain
why overexpression of ErbB1 or ErbB2 can lead to active oncogenic signaling in some
circumstances.In a recent study, the importance of ErbB family heterodimerization was
illustrated using a proximity-based assay to determine the level of interaction between specific
ErbB dimer pairs. Chimeric receptors were engineered in which the intracellular domain consists
of an inactive fragment of the β-gal enzyme. Enzymatic activity is restored when two inactive
fragments are brought in proximity via receptor dimerization. With this technology, it was
determined that association of ErbB2 with itself is relatively inefficient, whereas formation of
ErbB1/2 and ErbB2/3 heterodimers is very efficient in the presence of ligand (47).Despite the
appearance of redundancy, there is considerable evidence suggesting a discrete biology
attributable to specific dimer pairs, most frequently heterodimers. The following sections focus
on the role of heterodimers in both development and cancer and will further highlight the distinct
roles of specific ErbB heterodimers.2.5 5. ErbB Heterodimers in DevelopmentAs with many
genes involved in cancer pathogenesis, the ErbB family plays an important role in embryonic
development. Some of the developmental biology discussed in this section serves as a nice
illustration of discrete ErbB heterodimers being associated with specific phenotypes. In addition,
some of the developmental phenotypes may be relevant to understanding specific adverse
events observed with cancer therapies targeting ErbB family members.Much of the information
on ErbB receptors in embryonic development has come from studies in genetically engineered
mice. Some homozygous ErbB1 knockout mice live until birth, but then all mice die shortly
thereafter. Such mice exhibit a broad range of defects including abnormalities in the brain, lung,
gastrointestinal tract, and skin (48–51). It is difficult from this information to glean the extent to
which these phenotypes are due to loss of ErbB1 homodimers versus heterodimers. The
phenotypes observed from knockouts of other ErbB family receptors do not overlap with that of
the ErbB1 knockout, suggesting that the ErbB1 knockout phenotypes are attributable to ErbB1
homodimers. The ErbB2, ErbB3, and ErbB4 knockouts all are embryonic lethal, however, so one
can't rule out the possibility that these receptors cooperate with ErbB1 in the perinatal
phenotypes observed with ErbB1 knockout. One common adverse event observed with ErbB1
inhibition in humans is a skin rash. In that context, it is notable that the ErbB1 knockout mouse



exhibits a skin phenotype.Interestingly, the phenotype of ErbB2, ErbB4, and neuregulin
knockout mice exhibits significant overlap. All such mice are embryonic lethal at E10.5 and
exhibit a lack of trebeculation in the cardiac ventricle (52–55). Neuregulin is known to be
expressed in the endocardium and ErbB2/ErbB4 is expressed in the myocardium. These
observations have led to a model in which cardiac ventricular trebeculation is driven by
paracrine activation of ErbB2/ErbB4 heterodimers in the myocardium via neuregulin produced in
the endocardium (15). A role for ErbB2 in cardiac function of adult mice was revealed by an
elegant experiment in which the cre-loxP system was utilized to produce a conditional knockout
of ErbB2 in the cardiac ventricles. Although such mice were viable, they exhibited a
physiological phenotype consistent with dilated cardiomyopathy (56). The observation of a
cardiac phenotype in ErbB2 knockout mice is particularly notable given that administration of the
ErbB2 inhibitor trastuzumab to HER2-positive breast cancer patients is associated with a risk of
cardiac dysfunction (57–59).In addition to the cardiac phenotype, there is also evidence for
ErbB2/ErbB4 involvement in the mammary epithelium where expression of dominant negative
ErbB2 or ErbB4 each results in a defect in lactation (60, 61). Similar observation of coincident
developmental phenotypes suggests a role for ErbB2/ErbB3 heterodimers in peripheral nervous
system development. Knockout of either of these genes leads to defects in Schwann cell
development, hypoplasia of the sympathetic chain ganglia and cranial sensory ganglia (62–64).
These peripheral nervous system phenotypes can all be attributed to cells of neural crest origin,
and possibly a defect in neural crest migration (15).2.6 6. ErbB1/ErbB2 Heterodimers in
CancerNumerous studies have been performed to examine the role of ErbB1 and ErbB2 in
neoplastic progression. At least three mechanisms of activation have been proposed for ErbB1.
First, several different types of ErbB1 mutations have been observed in non-small cell lung
cancer patients. These mutations include exon 19 deletion and exon 21 L858R, both of which
have been shown to activate in vitro signaling in the absence of ligand and are transforming (65–
68). An extracellular domain deletion mutant called EGFRvIII has been observed most
frequently in glioblastoma (69), and is also associated with constitutive activation. The
significance of these and other mutations in EGFR are discussed in Chapters 19 and 20. In
general, whether or not these mutations have any effect on the efficiency of homodimerization or
heterodimerization has not been clearly established.Another proposed mechanism of activation
is increased ErbB1 mRNA and/or protein expression as observed in breast, ovarian,
glioblastoma, non-small cell lung, colon, bladder, prostate, kidney, and head and neck tumors
(3, 70). In many cases, however, it is not clear whether overexpression necessarily equates with
activation. A third potential mechanism of activation is overexpression of ErbB1 ligands such as
TGF-α. In vitro, the presence of ligand has clearly been shown to activate dimerization and
downstream receptor signaling.In the case of ErbB2, the main mechanism of activation is
overexpression. Increased ErbB2 expression is well described in breast cancer and is a direct
result of gene amplification. Although less common, ErbB2 overexpression with or without gene
amplification has also been observed in lung, stomach, ovarian, colon, bladder and salivary



gland carcinomas (3, 70). The detailed mechanism by which increased ErbB2 expression
results in pathway activation is not entirely clear but is presumed to be due to a shift in
equilibrium toward ErbB2 homodimerization or ligand-independent heterodimerization. Much
less commonly observed are ErbB2 mutations (mostly insertion mutations), which have been
described in non-small cell lung cancer and are predicted to activate the receptor (71).Given the
overlap of tumor types, there is the possibility that ErbB1 and ErbB2 could cooperate in
tumorigenesis. In support of that concept, ErbB1 alone is not a very potent oncogene in some
model systems. For example, ErbB1 expression in mouse mammary epithelial cells only rarely
induces adenocarcinoma compared to ErbB2 expression (72, 73). Furthermore, in the MCF10A
mammary epithelial cell line, introduction of chimeric ErbB1 receptors that can undergo
homodimerization with a synthetic ligand do not show any evidence of transformation (74). In
contrast, ErbB2 was potent at transformation in similar studies. Comparable observations have
been made in fibroblast cell lines transfected with either ErbB1 or ErbB2 (75).Despite the weak
transforming activity of ErbB1 alone, there is considerable evidence suggesting potent
cooperativity with ErbB2. First, experiments performed in the 1980s demonstrated that addition
of the ErbB1 ligand EGF to various cell lines of rodent or human origin results in tyrosine
phosphorylation of ErbB2, as well as an increase in the ErbB2 tyrosine kinase activity (76–79).
Transforming activity was also examined in rodent fibroblast cell lines, such as NR6, in which it
was found that neither ErbB1 nor ErbB2 alone had transforming capacity, but when co-
transfected, the cells adopted a transformed phenotype (80). Mouse models also support the
concept of cooperativity between ErbB1 and ErbB2. Mice in which both ErbB2 and TGF-α are
overexpressed in mammary epithelial cells results in multiple mammary tumors with short
latency compared to mice expressing either transgene alone (81).There are several
mechanisms that have been proposed to explain the cooperative interaction between ErbB1 and
ErbB2. One key aspect of ErbB signaling regulation is the mode by which the signal is turned off.
Ligand binding induces clustering of ErbB1 homodimers at clathrin-coated pits. Endocytic
vesicles form, resulting in loss of ErbB1 from the plasma membrane and eventually degradation
of the receptors, but the remaining ErbB family members do not follow the same fate (3, 82).
Endocytosis of ErbB2, ErbB3, and ErbB4 occurs at a slower rate, and receptors are recycled to
the cell surface rather than being degraded in endosomes. It has been observed that ErbB1
binding to ErbB2 reduces ErbB1 endocytosis and redirects ErbB1 to be recycled back to the cell
membrane rather than being degraded in endosomes (83, 84).A second mechanism of
cooperative interaction is heterodimer-specific phosphorylation. NIH3T3 cells transfected with
single ErbB receptors or combinations of ErbB receptors were treated with radiolabeled
phosphate and stimulated with EGF. Phosphopeptide mapping was performed on
immunoprecipitated ErbB receptors, and it was found that the spectrum of phosphopeptides in
the context of ErbB1/ErbB2 co-expression was distinct from that observed in the setting of
ErbB1 or ErbB2 expression alone (85). A third potential mechanism is increased affinity of ligand
binding. In-depth studies of ligand-receptor interactions have demonstrated that ligands have



higher affinity for ErbB2 containing heterodimers than for ErbB family homodimers, likely due to
a slower off-rate (86, 87).While the above observations and proposed mechanisms for
cooperative interactions between ErbB1 and ErbB2 are interesting, a remaining question is
whether ErbB1/ErbB2 heterodimers exhibit any evidence of unique downstream signaling
properties compared to either receptor alone. This question was addressed in an MCF10A
mammary epithelial cell line system. MCF-10A cells were transfected with chimeras of the
intracellular domain of ErbB receptors fused to either wild-type or mutant FK506 binding protein
(FKBP) derivatives. Using rapamycin-like small molecules that bind to FKBP, dimerization events
can be initiated in the absence of ligand (88). In these experiments, it was found that both ErbB2
homodimers and ErbB1/ErbB2 heterodimers exhibit equal activation of the MAPK pathway, but
that heterodimers are more effective at activating PI3K and phospholipase Cγ1 pathways. In
three-dimensional cell culture, ErbB1/ErbB2 heterodimers were found to be more effective at
inducing cell invasion into Matrigel than were ErbB2 homodimers (88).Although ErbB1 and
ErbB2 each independently play some role in neoplastic progression, the formation of ErbB1/
ErbB2 heterodimers seems to be particularly oncogenic in some settings. Thus, therapies that
target the ErbB1/ErbB2 heterodimer may have benefit in cancer therapy. In that regard, the small
molecule lapatinib is a tyrosine kinase inhibitor that exhibits dual specificity for ErbB1 and
ErbB2. Lapatinib was recently FDA-approved for use in HER2-positive metastatic breast cancer
patients that have progressed on a trastuzumab-based regimen (89).2.7 7. ErbB2/ErbB3
Heterodimers in CancerOf all the ErbB receptor family dimer combinations, ErbB2/ErbB3
heterodimers are considered to be the most transforming. 32D cells, which are IL3 dependent
and do not express endogenous ErbB receptors, were infected with recombinant retroviruses
expressing ErbB receptors either singly or in pairs. Examination of all the permutations revealed
that the most potent mitogenic signals eminate from the ErbB2/ErbB3 combination (45).
Similarly, in NIH3T3 cells, it was found that co-expression of ErbB2 and ErbB3 exhibited an
enhanced tumorigenic phenotype compared to expression of ErbB2 alone (90). The mitogenic
effect of ErbB2/ErbB3 heterodimers may be due to very efficient activation of the PI3K pathway
(12, 91). More specifically, the effects on cell proliferation have been linked to deregulation of the
G1/S transition. This transition is regulated by the CDK2/cyclin E complex, which can be
inhibited by the cyclin dependent kinase inhbitor p27Kip1. PI3K pathway activation via ErbB2/
ErbB3 heterodimers results in inhibition of p27Kip1 activity, resulting in derepression of the G1/S
transition (15, 92, 93).Some studies have explored the role of ErbB2/ErbB3 heterodimers in cell
line models via downregulation of ErbB3. Expression of an artificial transcription factor E3
consisting of a polydactyl zinc finger domain that is designed to recognize an 18bp region of the
ErbB3 5’ untranslated region was used to decrease expression of ErbB3 in ErbB2 amplified cell
lines (94). Cells with decreased expression of ErbB3 exhibited diminished cell proliferation. In
another study, ErbB3 was examined via a short hairpin RNAi approach. Knockdown of ErbB3 in
MDA-MB-435 cells was associated with a decrease in the incidence of metastasis when such
cells were grown in vivo compared to separately selected control cell lines (95). Although often



described as a breast cancer cell line, there have been some data suggesting that MDA-MB-435
may actually be a melanoma cell line (96, 97). Regardless of the cancer type, the data suggest
that ErbB3 could play a role in driving tumorigenesis either by maintaining proliferation,
promoting metastasis or perhaps both.Involvement of ErbB3 in heterodimers is not only
important for tumorigenesis, but it may also provide some insight into development of resistance
to ErbB1 and ErbB2 targeted therapies. When ErbB2 amplified cell lines were treated with ErbB
family tyrosine kinase inhibitors (TKIs), it was observed that phosphorylation of ErbB1 and
ErbB2 was consistently reduced over the time period examined (up to 96 hours) (98).
Phosphorylation of ErbB3, however, exhibited an initial decrease followed by a recovery to
higher levels of phosphorylation between 12 and 24 hours of treatment. The recovery of ErbB3
phosphorylation was paralleled by a recovery in phosphorylation of AKT. These observations
were accompanied by a shift in localization of ErbB3 from the cytoplasm to the membrane as
determined by biochemical analysis of fractionated cells (98), raising the possibility that sub-
cellular localization of ErbB3 participates in a regulatory feedback loop. Examination of ErbB3
status in human tumors will be needed to determine if these observations have relevance for
development of resistance to TKIs in patients. Due to the difficulty in obtaining the on-therapy
biopsies of tumor tissue needed to assay biomarkers in relation to therapeutic response and
resistance, such questions are not trivial.Many studies of ErbB3 have focused on breast cancer,
but there is increasing evidence that ErbB3 may also play an important role in other cancer
types. It is well documented that EGF can activate the androgen receptor in prostate cancer cell
lines under conditions of androgen withdrawal (99, 100). This finding has led to a hypothesis that
ErbB signaling could be associated with evolution of prostate cancer from androgen-dependent
to androgen-independent growth. In a recent study of ErbB receptors in prostate cancer cells, a
small molecule ErbB1/ErbB2 inhibitor, PKI-166, was used to study ErbB pathway signaling on
androgen receptor activation. It was found that ErbB2/ErbB3 heterodimers were the main driver
of androgen receptor activation even when ErbB1 was present (101). These findings suggest
that the ErbB2/ErbB3 heterodimer could play a role in growth of androgen independent prostate
cancer. Further examination of the status of ErbB3 in tissues from prostate cancer patients
would be helpful in determining whether this apparent correlation translates to human
tumors.Less is known about the status of ErbB2/ErbB3 heterodimers in human cancer tissues.
There have been some studies examining ErbB3 expression by immunohistochemistry and
correlating to clinical outcome in cancer patients. These studies have suggested that ErbB3
expression is correlated with poor clinical outcome in breast cancer and ovarian cancer (102,
103). There is also some suggestion that high ErbB3 expression correlates with poor outcome in
HER2-positive breast cancer after progression on the HER2 targeted antibody trastuzumab
(104). Unfortunately, in some of these studies, it is not clear whether the immunohistochemical
assay was validated to detect ErbB3 specifically in formalin-fixed, paraffin-embedded (FFPE)
tissues.2.8 8. Atypical Heterodimers – p95HER2It is becoming increasingly evident that ErbB
receptors are, at least in some cases, subject to cleavage of the extracellular domain. In the



case of ErbB2, it is well-documented that a truncated form of the receptor known as p95HER2 is
produced in breast cancer cell lines (105–107). In about 30% of HER2-positive breast cancer
patients, p95HER2 is detected in tumor tissue by Western blot and is associated with poor
clinical outcome (108). The truncated form of the receptor is structurally similar to the originally-
described viral oncogene v-ErbB, and consistent with that observation, the receptor is
constitutively active (109, 110). The therapeutic ErbB2 monoclonal antibody trastuzumab has
been demonstrated to prevent the conversion of full length p185HER2 to truncated p95HER2
(109), suggesting that this may be one mechanism of trastuzumab activity.The existence of a
truncated form of ErbB2 raises the question of whether heterodimers with the truncated form of
the receptor exist and whether they have any relevant biological role. One example of a
heterodimer would be p185HER2 with p95HER2, and in support of this model, there is evidence
of an intracellular interacting domain that could mediate ligand-independent interaction of either
full-length or truncated ErbB2 receptors (111). It is possible that this ErbB2 intracellular domain
interaction could be mediated by the allosteric association of the kinase domain N and C-lobes.
In addition, there is also the possibility that p95HER2 could associate with other ErbB family
receptors. This concept is supported by a study in which p95HER2 heterodimers were examined
in the HER2 amplified BT474 breast cancer cell line. In that setting, p95HER2 was found to
heterodimerize specifically with ErbB3 but not with ErbB1 (112). Examination of p95HER2
containing heterodimers in a broader sampling of breast cancer cell lines and in human breast
cancer tissues is warranted to determine the prevalence of such heterodimers. It would also be
of interest to determine how the mitogenic potential of p95HER2 /ErbB3 heterodimers compare
to that of full-length ErbB2/ErbB3 heterodimers, and if there are significant differences in the
phosphopeptide profile of the activated p95HER2 containing heterodimers.2.9 9. Inhibition of
Heterodimers in Cancer TherapyGiven the substantial evidence for involvement of ErbB family
members in oncogenesis, it is not surprising that this receptor family has been an area of
significant activity with regard to drug development. Several approaches to inhibiting ErbB
signaling have been exploited for therapeutic benefit. One approach is direct inhibition of
tyrosine kinase activity by small molecule inhibitors of ErbB1 (e.g., erlotinib, gefitinib), as well as
dual-specificity ErbB1/2 tyrosine kinase inhibitors such as lapatinib. Such inhibitors have
exhibited efficacy in some patient populations such as erlotinib in non-small cell lung cancer
(113) and lapatinib in HER2-positive metastatic breast cancer patients who have progressed on
trastuzumab (89). Although these agents do not inhibit the ErbB dimerization process, they can
effectively inhibit dimer-mediated signaling.A second mechanism for inhibiting signaling from
ErbB dimers includes blocking ligand-mediated activation via monoclonal antibody therapeutics
(e.g., cetuximab, panitumumab). Although not direct, the inhibition of ligand binding to EGFR will
leave the receptor extracellular domain in the closed configuration, thus inhibiting formation of
ErbB1 homodimers and heterodimers. Cetuximab is known to bind to ErbB1 with high affinity
and blocks ligand-mediated activation of the receptor (114). A crystal structure reveals that
cetuximab binds to the ligand-binding region within domain III of ErbB1, resulting in steric



hindrance that prevents the receptor from adopting the open configuration and thus inhibiting
heterodimerization (115) (Fig 1). In cell lines, cetuximab has been shown to induce G1 arrest,
potentiate apoptosis, as well as inhibit cancer cell invasion and metastasis (114). Cetuximab has
been found to have efficacy and is approved for use in metastatic colon cancer and head and
heck cancer (114).Aside from cetuximab, other anti-ErbB1 monoclonal antibodies are in
development. Preclinical data with panitumumab, a fully humanized monoclonal antibody
directed against ErbB1, reveals efficacy in xenograft models with moderate to high levels of
ErbB1 expression. Xenograft cell lines exhibiting efficacy are from a range of indications
including colorectal, breast, prostate, renal, ovarian and pancreatic cancer (116, 117). In
general, efficacy was observed in xenograft lines in which cells express 17,000 receptors per
cell or more, but was not observed in lines where there are fewer than 11,000 receptors per cell
(117). A phase III trial of best supportive care with or without panitumumab in metastatic
colorectal cancer patients that had previously progressed on chemotherapy was presented at
the 2006 Annual Meeting of the American Association for Cancer Research (118). Panitumumab
improved progression-free survival, and in September 2006, it was approved for this
indication.Direct inhibition of dimer formation is another strategy to inhibit ErbB family signaling.
Pertuzumab is a monoclonal antibody that binds to the dimerization arm of ErbB2 and sterically
interferes with formation of ErbB heterodimers (119) (Fig 2). In cell lines with high HER2
expression (e.g., SKBR3) and those with low HER2 expression (e.g., MCF7), pertuzumab is
capable of inhibiting formation of ErbB2/ErbB3 heterodimers upon heregulin treatment and also
inhibits receptor tyrosine phosphorylation. These observations translate into inhibition of ligand-
dependent growth in vitro and preclinical efficacy of pertuzumab in xenograft models of both
HER2-positive and HER2-negative breast cancer (119). Pertuzumab was also capable of
inhibiting ligand-dependent growth in both androgen-dependent and androgen-independent
prostate cancer cell lines in vitro and in xenograft models (120). These data suggest that
inhibition of ErbB family dimerization by targeting ErbB2, the preferred ErbB dimerization
partner, may be clinically relevant in a wide range of tumor types, including tumors without HER2
amplification.Fig. 2.2 ErbB2 / ErbB3 heterodimers are depicted without ligand, with heregulin
(HRG), and with the monoclonal antibody pertuzumab. Induction of receptor signaling occurs by
much the same mechanism as with ErbB1/2 heterodimers. HRG binding to domains I and III
locks ErbB3 in the open configuration, thus allowing dimerization with ErbB2. One major
difference is that ErbB3 lacks an active kinase, thus the phosphorylation of the intracellular tails
must be mediated by the ErbB2 kinase. Perhaps consistent with this unique role for ErbB3, the
N-lobe of ErbB3 is defective in its ability to interact with the C-lobe of other receptors (44). Thus,
ErbB3 can only present the C-lobe during allosteric activation, leaving ErbB2 to present the N-
lobe. Pertuzumab binds to the dimerization arm in domain II of ErbB2. As such, it sterically
hinders ErbB2 from participating in dimerization. This antibody-receptor interaction inhibits
signaling even in the presence of ligand.Pertuzumab was recently tested in a phase II
monotherapy trial in heavily pretreated ovarian cancer. Of 117 patients over two dose cohorts



that were evaluable for efficacy, there were five partial responses (4.3%), and eight patients
exhibited stable disease (121). Five patients exhibited an asymptomatic decrease in left
ventricular ejection fraction. In a fraction of patients where pretreatment biopsies were possible,
phospho-HER2 (pHER2) was measured by ELISA. Interestingly, the median progression free
survival in pHER2+ patients was 20.9 weeks compared to 5.8 weeks for pHER2- patients (121).
These data suggest that pertuzumab is tolerable and that some heavily pre-treated ovarian
cancer patients might benefit. An ongoing randomized phase II trial is evaluating pertuzumab in
combination with chemotherapy in platinum refractory ovarian cancer. A qRT-PCR-based
surrogate marker for pHER2 that can be assessed in archival FFPE tissues is being evaluated
as a predictive diagnostic marker as part of this trial (122).2.10 10. ConclusionsOver the past
two decades, tremendous progress has been made in our understanding of the ErbB signaling
pathway. This knowledge has led to the development of several clinically beneficial therapies,
including both small molecule and monoclonal antibody inhibitors of ErbB1 and ErbB2.
Evidence suggests that various ErbB family homodimers and heterodimers may have discrete
biological function. In many cases, heterodimers exhibit stronger mitogenic signaling than do
homodimers. ErbB1/ErbB2 and ErbB2/ErbB3 heterodimers in particular are the most oncogenic.
Therapeutic strategies that prevent or disrupt heterodimer formation have the potential for
clinical benefit. Cetuximab and panitumumab block ligand binding to ErbB1 and thus
secondarily inhibit heterodimerization. Both have already shown significant efficacy in colorectal
cancer. Pertuzumab is the first example of a distinct category of inhibitors that directly suppress
ErbB dimerization via steric inhibition and is currently being evaluated in clinical trials.
Undoubtedly, further insights into the biology of ErbB family signaling will help us understand in
more detail how heterodimers impact cancer development and will allow more refined
approaches to developing therapeutics that maximize clinical benefit for
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Inc., 1 DNA Way, South San Francisco, CA, 94080AbstractThe ErbB family of receptor tyrosine
kinases mediates oncogenic signaling in a variety of different cancer types. For example, ErbB1
(or EGFR) is thought to play an important role in the genesis of lung and colon cancer, and
ErbB2 (or HER2) serves as a potent oncogene in a subset of breast cancer. Because of their
role in cancer, ErbB1 and ErbB2 have long been a focus for drug development activities. Active
signaling by the ErbB family of receptors requires formation of dimers including both
homodimers and heterodimers. Mounting evidence in model systems suggests that ErbB
heterodimers may be particularly oncogenic. Furthermore, recent structural analyses reveal how
the receptors interact with ligands and with one another. These and other timely advances in
ErbB heterodimer biology will be reviewed in detail in this chapter. Expanding knowledge of
ErbB family signaling not only brings insight to the mechanism of action of existing therapies, but
it also suggests that targeting specific heterodimers may have particular utility in treating
cancer.Keywords EGFR – ErbB1 – HER2 – ErbB2 – dimers – cancer – signaling2.1 1.
IntroductionThe human epidermal growth factor receptor (HER or ErbB) family plays a central
role in driving neoplastic growth and has been a major focal point in cancer drug discovery (1–
3). The formation of dimers among the HER family has long been known to be a critical event in
receptor activation, but only recently has the mechanism of dimerization and activation been
elucidated (4, 5). The prototypical member of the family is known as HER1, EGFR, or ErbB1. A
series of studies in the late 1970s and early 1980s revealed an association of ErbB1 with
neoplastic transformation (6–8). These seminal findings culminated decades later in several
targeted therapies for cancer patients, including the small-molecule inhibitors gefitinib and
erlotinib and the monoclonal antibodies cetuximab and panitumumab. Subsequent to the
discovery of ErbB1, closely related receptor tyrosine kinases were identified, including ErbB2,
ErbB3, and ErbB4. The ErbB2 gene is amplified in approximately 20% of breast cancers and is
another example of an HER family member that is known to drive tumorigenesis and is a target
of the therapeutic monoclonal antibody trastuzumab and small-molecule tyrosine kinase
inhibitor lapatinib (2, 9–11). The focus of this chapter is to review current knowledge of ErbB
family dimerization and activation with an emphasis on the role of heterodimers in the
pathogenesis of cancer and the impact of heterodimers on cancer treatment.2.2 2. ErbB Family
Dimerization and ActivationAs members of the receptor tyrosine kinase family, the HER family
receptors are composed of an extracellular domain which in most cases binds growth-factor
ligands, a single transmembrane domain, and an intracellular domain that is involved in
activation of downstream signaling upon receptor dimerization. Although there is significant
sequence-based and structural conservation among the ErbB family receptors, there are also
significant functional differences. Both ErbB1 and ErbB4 are more typical members of the RTK
family in that they both have the capability to bind ligand, and they both have intact intracellular
kinase domains (2, 3, 12). ErbB2 is unusual because it lacks the capacity to bind ligand yet
retains a functional kinase domain that can be activated via dimerization with other receptors
(13). ErbB3 is unusual in a different way. It is known to bind ligand but lacks a functional



intracellular kinase domain (14). Thus, ErbB3 is dependent on heterodimerization with kinase-
intact family members to mediate signaling.Several ligands are capable of inducing HER family
dimerization and activation. These ligands fall into three major classes. One class specifically
interacts with ErbB1 and includes EGF, TGF-α, and amphiregulin (2, 15). A second class
consists of betacellulin, HB-EGF, and epiregulin, which interact with both ErbB1 and ErbB4 (2,
15). A third class, the heregulin or neuregulin (HRG or NRG) family, binds to ErbB3 and ErbB4,
with NRG-1 and NRG-2 binding to both ErbB3 and ErbB4 and NRG-3 and NRG-4 binding to
only ErbB4 (16–20). It was originally hypothesized that ligand-dependent ErbB receptor
dimerization occurs via bivalent binding of a single ligand to cross-link two receptors (21–23). In
that model, one high-affinity binding site on the ligand would interact with ErbB1 or ErbB3, and a
second low-affinity binding site would interact more broadly with other HER family receptors,
including ErbB2 (22). This proposed mechanism was analogous to the mechanism of activation
for growth hormone receptors (24, 25). Subsequent studies examining the stoichiometry of EGF
binding to ErbB1, however, indicated that receptor dimers contain not one, but two, ligands (26–
28). This finding suggested that the process of ligand-induced ErbB receptor dimerization is
more complicated than what was observed with growth hormone receptors. Data from X-ray
crystal structures add further insight to this issue and will be described in more detail in the
following section.None of the three classes of ligand bind to ErbB2, but interestingly all ligands
are capable of inducing phosphorylation of the ErbB2 intracellular domain (29–32), suggesting
that ErbB2 participates in heterodimerization and trans-phosphorylation with other ligand-
activated ErbB family receptors. In fact, evidence suggests that ErbB2 is the preferred
dimerization partner for the other ErbB receptors. For example, in the T47D cell line that
expresses all four ErbB receptors, neuregulin preferentially induces ErbB2/3 and ErbB2/4
heterodimers while EGF preferentially induces ErbB1/2 heterodimers (33). In the same model,
neuregulin can induce ErbB1/3 and ErbB1/4 heterodimerization but only if ErbB2 is depleted via
an endoplasmic reticulum targeted single-chain antibody (33, 34). For a long time, it was unclear
how ErbB2 is able to act as the preferred dimerization partner in the absence of any ligand
binding, but data from X-ray crystal structures of ErbB family members have helped to elucidate
the mechanism.2.3 3. Structural Insights on ErbB Family DimerizationRecent data from a
number of structural studies of ErbB family members provide significant insight into the
mechanism by which receptor dimerization occurs and how this event is mediated by ligand
binding. The extracellular portion of all four ErbB family members is organized into four domains
– two large, leucine-rich repeat domains (also known as domains I and III) and two cysteine-rich
domains (also known as domains II and IV) (35, 36). In the absence of ligand, ErbB1, ErbB3,
and ErbB4 exist in a closed configuration in which there is a close interaction between domains
II and IV (4, 37, 38) (Fig. 2.1). This interaction hides the dimerization arm located within domain
II, thus preventing dimerization. The amino acid residues that mediate the domain II, IV
interaction are conserved across ErbB1, ErbB3, and ErbB4, but interestingly are divergent in
ErbB2 (38, 39). Crystal structures in the setting of ligand-bound ErbB1 reveal a dramatic



conformational change in which ligand interacts with both domains I and III within the same
receptor, locking the receptor in an open configuration in which the domain II-IV interaction has
been disrupted and the domain II dimerization arm is revealed (4, 39–41) (Fig. 2.1). Of note, the
crystal structure for ErbB2 is in the open configuration, providing a structural explanation for why
ErbB2 does not require a ligand (42, 43). Furthermore, being in the open configuration, ErbB2
would always be ready to dimerize, consistent with the observation that it is the preferred
dimerization partner.Fig. 2.1 The ErbB family of receptors consists of an extracellular portion that
is divided into four domains – two leucine-rich repeat domains (I and III) and two cysteine-rich
domains (II and IV). There is a single transmembrane domain, and an intracellular kinase
domain consisting of an N-lobe and a C-lobe. An intracellular tail contains phosphorylation sites
that enable recruitment and activation of downstream signaling molecules. ErbB1/ErbB2
heterodimers are depicted without ligand, with EGF, and with the ErbB1 monoclonal antibody
cetuximab. ErbB2 is always locked in the open configuration even without ligand; whereas
ErbB1 remains in the closed conformation with the domain II dimerization arm buried via an
interaction with domain IV (4). Upon EGF binding a bridge is created between domains I and III,
locking ErbB1 in the open configuration, allowing the domain II dimerization arm to interact with
the analogous arm on ErbB2 (4). Upon receptor dimerization, there is an allosteric interaction
that occurs between the N-lobe of one receptor and the C-lobe of the other receptor, resulting in
kinase activation, much like the interaction that is observed with the CDK2/cyclin A cell cycle
regulatory complex (44). Both ErbB1 and ErbB2 are capable of contributing either the N-lobe or
the C-lobe to the interaction. The kinase domains phosphorylate the intracellular tails which then
activate downstream signaling. In the presence of cetuximab, which binds to the ligand binding
site in domain III of ErbB1, EGF is no longer able to interact with domain III. ErbB1 is thus locked
in the closed conformation and both heterodimerization and downstream signaling are blocked,
even in the presence of ligand.Recent data from a number of structural studies of ErbB family
members provide significant insight into the mechanism by which receptor dimerization occurs
and how this event is mediated by ligand binding. The extracellular portion of all four ErbB family
members is organized into four domains – two large, leucine-rich repeat domains (also known as
domains I and III) and two cysteine-rich domains (also known as domains II and IV) (35, 36). In
the absence of ligand, ErbB1, ErbB3, and ErbB4 exist in a closed configuration in which there is
a close interaction between domains II and IV (4, 37, 38) (Fig. 2.1). This interaction hides the
dimerization arm located within domain II, thus preventing dimerization. The amino acid residues
that mediate the domain II, IV interaction are conserved across ErbB1, ErbB3, and ErbB4, but
interestingly are divergent in ErbB2 (38, 39). Crystal structures in the setting of ligand-bound
ErbB1 reveal a dramatic conformational change in which ligand interacts with both domains I
and III within the same receptor, locking the receptor in an open configuration in which the
domain II-IV interaction has been disrupted and the domain II dimerization arm is revealed (4,
39–41) (Fig. 2.1). Of note, the crystal structure for ErbB2 is in the open configuration, providing a
structural explanation for why ErbB2 does not require a ligand (42, 43). Furthermore, being in the



open configuration, ErbB2 would always be ready to dimerize, consistent with the observation
that it is the preferred dimerization partner.Fig. 2.1 The ErbB family of receptors consists of an
extracellular portion that is divided into four domains – two leucine-rich repeat domains (I and III)
and two cysteine-rich domains (II and IV). There is a single transmembrane domain, and an
intracellular kinase domain consisting of an N-lobe and a C-lobe. An intracellular tail contains
phosphorylation sites that enable recruitment and activation of downstream signaling molecules.
ErbB1/ErbB2 heterodimers are depicted without ligand, with EGF, and with the ErbB1
monoclonal antibody cetuximab. ErbB2 is always locked in the open configuration even without
ligand; whereas ErbB1 remains in the closed conformation with the domain II dimerization arm
buried via an interaction with domain IV (4). Upon EGF binding a bridge is created between
domains I and III, locking ErbB1 in the open configuration, allowing the domain II dimerization
arm to interact with the analogous arm on ErbB2 (4). Upon receptor dimerization, there is an
allosteric interaction that occurs between the N-lobe of one receptor and the C-lobe of the other
receptor, resulting in kinase activation, much like the interaction that is observed with the CDK2/
cyclin A cell cycle regulatory complex (44). Both ErbB1 and ErbB2 are capable of contributing
either the N-lobe or the C-lobe to the interaction. The kinase domains phosphorylate the
intracellular tails which then activate downstream signaling. In the presence of cetuximab, which
binds to the ligand binding site in domain III of ErbB1, EGF is no longer able to interact with
domain III. ErbB1 is thus locked in the closed conformation and both heterodimerization and
downstream signaling are blocked, even in the presence of ligand.Once the ligand-induced
receptors engage in heterodimerization or homodimerization, a trans-phosphorylation event
occurs in the intracellular domain, leading to downstream pathway activation. Although initially
assumed to be a symmetric cross-phosphorylation event, recent evidence, at least with EGFR,
suggests that there is an asymmetric allosteric interaction similar to that seen with CDK2/cyclin
A (44) (Fig. 2.1). In support of the allosteric model, amino acid residues that mediate the
asymmetric intracellular domain interaction are conserved across the ErbB family. Interestingly,
the one exception is ErbB3, where only one interaction face is conserved, which is perhaps
consistent with the lack of an active kinase domain.2.4 4. Diversity of ErbB Dimers and
Downstream EffectsWith four ErbB receptors, there are ten potential combinations of receptor
pairs – four homodimers and six heterodimers. Although the numerous possibilities may seem
redundant, there are a number of factors that differentiate the downstream effects of the
receptor dimers. First, each of the receptors has a distinct affinity for specific downstream
signaling effectors. Thus, various dimer combinations will result in differential activation of
signaling pathways, which may in turn become integrated into distinct phenotypic
consequences. Second, the predominant dimers in a particular cell at a given moment will
depend upon the composition of ligands in the extracellular milieu. Finally, the level of
expression of specific ErbB receptors in a cell can affect the predominant dimers that form.The
intracellular domains of ErbB1, ErbB2, and ErbB3 are well characterized in terms of the number
of phospho-epitopes and the types of signaling modulators each phospho-epitope recruits (15).



The ErbB1-intracellular domain can activate several downstream pathways, including PI3K,
MAPK, PKC, and JNK. Although there are no binding sites for the p85 regulatory subunit of
PI3K, ErbB1 can activate the PI3K pathway via GRB2, which recruits GAB1 and couples to the
PI3K pathway (2). ErbB2 activates the MAPK pathway via GRB2, SHC, DOK-R, and CRK, and
ErbB3 is a potent activator of the PI3K pathway with six binding sites for the p85 regulatory
subunit of PI3K. With the diversity of homodimers and heterodimers, there is an open question
regarding the mechanism by which the various pathway inputs are integrated to result in a
specific cellular phenotype. Regardless of the mechanism, it is quite clear that there are
dramatic differences in the phenotypic effect of receptor activation depending on the
combination of dimers involved. This concept is well-illustrated by a study in which cells were
transfected with various combinations of ErbB receptors and proliferation index was measured.
The dimers most potent at stimulating proliferation are ErbB1/2, 2/3, and 1/3, the latter in the
setting of heregulin stimulation (1, 45).Differential level of ErbB receptor expression is another
feature that may impact the downstream sequelae of receptor activation. One dramatic example
is the consequence of altered HER2 expression in breast cancer. Although HER2 is always in
the open configuration with dimerization arms exposed, HER2 is not considered to be
oncogenic unless activated by overexpression via gene amplification. The effect of ErbB
receptor levels on cell signaling was recently illustrated in a study in which protein microarrays
containing most SH2 and PTB domain proteins in the genome were used to survey the affinity of
interaction with phophopeptides representing the phosphorylation sites in the intracellular
domain of ErbB1, ErbB2, and ErbB3 (46). At any affinity threshold, ErbB3 consistently favored
the PI3K pathway. For ErbB1 and ErbB2, however, the receptors engage an increasingly broad
network of signaling components at increasing affinity thresholds. This observation may explain
why overexpression of ErbB1 or ErbB2 can lead to active oncogenic signaling in some
circumstances.In a recent study, the importance of ErbB family heterodimerization was
illustrated using a proximity-based assay to determine the level of interaction between specific
ErbB dimer pairs. Chimeric receptors were engineered in which the intracellular domain consists
of an inactive fragment of the β-gal enzyme. Enzymatic activity is restored when two inactive
fragments are brought in proximity via receptor dimerization. With this technology, it was
determined that association of ErbB2 with itself is relatively inefficient, whereas formation of
ErbB1/2 and ErbB2/3 heterodimers is very efficient in the presence of ligand (47).Despite the
appearance of redundancy, there is considerable evidence suggesting a discrete biology
attributable to specific dimer pairs, most frequently heterodimers. The following sections focus
on the role of heterodimers in both development and cancer and will further highlight the distinct
roles of specific ErbB heterodimers.2.5 5. ErbB Heterodimers in DevelopmentAs with many
genes involved in cancer pathogenesis, the ErbB family plays an important role in embryonic
development. Some of the developmental biology discussed in this section serves as a nice
illustration of discrete ErbB heterodimers being associated with specific phenotypes. In addition,
some of the developmental phenotypes may be relevant to understanding specific adverse



events observed with cancer therapies targeting ErbB family members.Much of the information
on ErbB receptors in embryonic development has come from studies in genetically engineered
mice. Some homozygous ErbB1 knockout mice live until birth, but then all mice die shortly
thereafter. Such mice exhibit a broad range of defects including abnormalities in the brain, lung,
gastrointestinal tract, and skin (48–51). It is difficult from this information to glean the extent to
which these phenotypes are due to loss of ErbB1 homodimers versus heterodimers. The
phenotypes observed from knockouts of other ErbB family receptors do not overlap with that of
the ErbB1 knockout, suggesting that the ErbB1 knockout phenotypes are attributable to ErbB1
homodimers. The ErbB2, ErbB3, and ErbB4 knockouts all are embryonic lethal, however, so one
can't rule out the possibility that these receptors cooperate with ErbB1 in the perinatal
phenotypes observed with ErbB1 knockout. One common adverse event observed with ErbB1
inhibition in humans is a skin rash. In that context, it is notable that the ErbB1 knockout mouse
exhibits a skin phenotype.Interestingly, the phenotype of ErbB2, ErbB4, and neuregulin
knockout mice exhibits significant overlap. All such mice are embryonic lethal at E10.5 and
exhibit a lack of trebeculation in the cardiac ventricle (52–55). Neuregulin is known to be
expressed in the endocardium and ErbB2/ErbB4 is expressed in the myocardium. These
observations have led to a model in which cardiac ventricular trebeculation is driven by
paracrine activation of ErbB2/ErbB4 heterodimers in the myocardium via neuregulin produced in
the endocardium (15). A role for ErbB2 in cardiac function of adult mice was revealed by an
elegant experiment in which the cre-loxP system was utilized to produce a conditional knockout
of ErbB2 in the cardiac ventricles. Although such mice were viable, they exhibited a
physiological phenotype consistent with dilated cardiomyopathy (56). The observation of a
cardiac phenotype in ErbB2 knockout mice is particularly notable given that administration of the
ErbB2 inhibitor trastuzumab to HER2-positive breast cancer patients is associated with a risk of
cardiac dysfunction (57–59).In addition to the cardiac phenotype, there is also evidence for
ErbB2/ErbB4 involvement in the mammary epithelium where expression of dominant negative
ErbB2 or ErbB4 each results in a defect in lactation (60, 61). Similar observation of coincident
developmental phenotypes suggests a role for ErbB2/ErbB3 heterodimers in peripheral nervous
system development. Knockout of either of these genes leads to defects in Schwann cell
development, hypoplasia of the sympathetic chain ganglia and cranial sensory ganglia (62–64).
These peripheral nervous system phenotypes can all be attributed to cells of neural crest origin,
and possibly a defect in neural crest migration (15).2.6 6. ErbB1/ErbB2 Heterodimers in
CancerNumerous studies have been performed to examine the role of ErbB1 and ErbB2 in
neoplastic progression. At least three mechanisms of activation have been proposed for ErbB1.
First, several different types of ErbB1 mutations have been observed in non-small cell lung
cancer patients. These mutations include exon 19 deletion and exon 21 L858R, both of which
have been shown to activate in vitro signaling in the absence of ligand and are transforming (65–
68). An extracellular domain deletion mutant called EGFRvIII has been observed most
frequently in glioblastoma (69), and is also associated with constitutive activation. The



significance of these and other mutations in EGFR are discussed in Chapters 19 and 20. In
general, whether or not these mutations have any effect on the efficiency of homodimerization or
heterodimerization has not been clearly established.Another proposed mechanism of activation
is increased ErbB1 mRNA and/or protein expression as observed in breast, ovarian,
glioblastoma, non-small cell lung, colon, bladder, prostate, kidney, and head and neck tumors
(3, 70). In many cases, however, it is not clear whether overexpression necessarily equates with
activation. A third potential mechanism of activation is overexpression of ErbB1 ligands such as
TGF-α. In vitro, the presence of ligand has clearly been shown to activate dimerization and
downstream receptor signaling.In the case of ErbB2, the main mechanism of activation is
overexpression. Increased ErbB2 expression is well described in breast cancer and is a direct
result of gene amplification. Although less common, ErbB2 overexpression with or without gene
amplification has also been observed in lung, stomach, ovarian, colon, bladder and salivary
gland carcinomas (3, 70). The detailed mechanism by which increased ErbB2 expression
results in pathway activation is not entirely clear but is presumed to be due to a shift in
equilibrium toward ErbB2 homodimerization or ligand-independent heterodimerization. Much
less commonly observed are ErbB2 mutations (mostly insertion mutations), which have been
described in non-small cell lung cancer and are predicted to activate the receptor (71).Given the
overlap of tumor types, there is the possibility that ErbB1 and ErbB2 could cooperate in
tumorigenesis. In support of that concept, ErbB1 alone is not a very potent oncogene in some
model systems. For example, ErbB1 expression in mouse mammary epithelial cells only rarely
induces adenocarcinoma compared to ErbB2 expression (72, 73). Furthermore, in the MCF10A
mammary epithelial cell line, introduction of chimeric ErbB1 receptors that can undergo
homodimerization with a synthetic ligand do not show any evidence of transformation (74). In
contrast, ErbB2 was potent at transformation in similar studies. Comparable observations have
been made in fibroblast cell lines transfected with either ErbB1 or ErbB2 (75).Despite the weak
transforming activity of ErbB1 alone, there is considerable evidence suggesting potent
cooperativity with ErbB2. First, experiments performed in the 1980s demonstrated that addition
of the ErbB1 ligand EGF to various cell lines of rodent or human origin results in tyrosine
phosphorylation of ErbB2, as well as an increase in the ErbB2 tyrosine kinase activity (76–79).
Transforming activity was also examined in rodent fibroblast cell lines, such as NR6, in which it
was found that neither ErbB1 nor ErbB2 alone had transforming capacity, but when co-
transfected, the cells adopted a transformed phenotype (80). Mouse models also support the
concept of cooperativity between ErbB1 and ErbB2. Mice in which both ErbB2 and TGF-α are
overexpressed in mammary epithelial cells results in multiple mammary tumors with short
latency compared to mice expressing either transgene alone (81).There are several
mechanisms that have been proposed to explain the cooperative interaction between ErbB1 and
ErbB2. One key aspect of ErbB signaling regulation is the mode by which the signal is turned off.
Ligand binding induces clustering of ErbB1 homodimers at clathrin-coated pits. Endocytic
vesicles form, resulting in loss of ErbB1 from the plasma membrane and eventually degradation



of the receptors, but the remaining ErbB family members do not follow the same fate (3, 82).
Endocytosis of ErbB2, ErbB3, and ErbB4 occurs at a slower rate, and receptors are recycled to
the cell surface rather than being degraded in endosomes. It has been observed that ErbB1
binding to ErbB2 reduces ErbB1 endocytosis and redirects ErbB1 to be recycled back to the cell
membrane rather than being degraded in endosomes (83, 84).A second mechanism of
cooperative interaction is heterodimer-specific phosphorylation. NIH3T3 cells transfected with
single ErbB receptors or combinations of ErbB receptors were treated with radiolabeled
phosphate and stimulated with EGF. Phosphopeptide mapping was performed on
immunoprecipitated ErbB receptors, and it was found that the spectrum of phosphopeptides in
the context of ErbB1/ErbB2 co-expression was distinct from that observed in the setting of
ErbB1 or ErbB2 expression alone (85). A third potential mechanism is increased affinity of ligand
binding. In-depth studies of ligand-receptor interactions have demonstrated that ligands have
higher affinity for ErbB2 containing heterodimers than for ErbB family homodimers, likely due to
a slower off-rate (86, 87).While the above observations and proposed mechanisms for
cooperative interactions between ErbB1 and ErbB2 are interesting, a remaining question is
whether ErbB1/ErbB2 heterodimers exhibit any evidence of unique downstream signaling
properties compared to either receptor alone. This question was addressed in an MCF10A
mammary epithelial cell line system. MCF-10A cells were transfected with chimeras of the
intracellular domain of ErbB receptors fused to either wild-type or mutant FK506 binding protein
(FKBP) derivatives. Using rapamycin-like small molecules that bind to FKBP, dimerization events
can be initiated in the absence of ligand (88). In these experiments, it was found that both ErbB2
homodimers and ErbB1/ErbB2 heterodimers exhibit equal activation of the MAPK pathway, but
that heterodimers are more effective at activating PI3K and phospholipase Cγ1 pathways. In
three-dimensional cell culture, ErbB1/ErbB2 heterodimers were found to be more effective at
inducing cell invasion into Matrigel than were ErbB2 homodimers (88).Although ErbB1 and
ErbB2 each independently play some role in neoplastic progression, the formation of ErbB1/
ErbB2 heterodimers seems to be particularly oncogenic in some settings. Thus, therapies that
target the ErbB1/ErbB2 heterodimer may have benefit in cancer therapy. In that regard, the small
molecule lapatinib is a tyrosine kinase inhibitor that exhibits dual specificity for ErbB1 and
ErbB2. Lapatinib was recently FDA-approved for use in HER2-positive metastatic breast cancer
patients that have progressed on a trastuzumab-based regimen (89).2.7 7. ErbB2/ErbB3
Heterodimers in CancerOf all the ErbB receptor family dimer combinations, ErbB2/ErbB3
heterodimers are considered to be the most transforming. 32D cells, which are IL3 dependent
and do not express endogenous ErbB receptors, were infected with recombinant retroviruses
expressing ErbB receptors either singly or in pairs. Examination of all the permutations revealed
that the most potent mitogenic signals eminate from the ErbB2/ErbB3 combination (45).
Similarly, in NIH3T3 cells, it was found that co-expression of ErbB2 and ErbB3 exhibited an
enhanced tumorigenic phenotype compared to expression of ErbB2 alone (90). The mitogenic
effect of ErbB2/ErbB3 heterodimers may be due to very efficient activation of the PI3K pathway



(12, 91). More specifically, the effects on cell proliferation have been linked to deregulation of the
G1/S transition. This transition is regulated by the CDK2/cyclin E complex, which can be
inhibited by the cyclin dependent kinase inhbitor p27Kip1. PI3K pathway activation via ErbB2/
ErbB3 heterodimers results in inhibition of p27Kip1 activity, resulting in derepression of the G1/S
transition (15, 92, 93).Some studies have explored the role of ErbB2/ErbB3 heterodimers in cell
line models via downregulation of ErbB3. Expression of an artificial transcription factor E3
consisting of a polydactyl zinc finger domain that is designed to recognize an 18bp region of the
ErbB3 5’ untranslated region was used to decrease expression of ErbB3 in ErbB2 amplified cell
lines (94). Cells with decreased expression of ErbB3 exhibited diminished cell proliferation. In
another study, ErbB3 was examined via a short hairpin RNAi approach. Knockdown of ErbB3 in
MDA-MB-435 cells was associated with a decrease in the incidence of metastasis when such
cells were grown in vivo compared to separately selected control cell lines (95). Although often
described as a breast cancer cell line, there have been some data suggesting that MDA-MB-435
may actually be a melanoma cell line (96, 97). Regardless of the cancer type, the data suggest
that ErbB3 could play a role in driving tumorigenesis either by maintaining proliferation,
promoting metastasis or perhaps both.Involvement of ErbB3 in heterodimers is not only
important for tumorigenesis, but it may also provide some insight into development of resistance
to ErbB1 and ErbB2 targeted therapies. When ErbB2 amplified cell lines were treated with ErbB
family tyrosine kinase inhibitors (TKIs), it was observed that phosphorylation of ErbB1 and
ErbB2 was consistently reduced over the time period examined (up to 96 hours) (98).
Phosphorylation of ErbB3, however, exhibited an initial decrease followed by a recovery to
higher levels of phosphorylation between 12 and 24 hours of treatment. The recovery of ErbB3
phosphorylation was paralleled by a recovery in phosphorylation of AKT. These observations
were accompanied by a shift in localization of ErbB3 from the cytoplasm to the membrane as
determined by biochemical analysis of fractionated cells (98), raising the possibility that sub-
cellular localization of ErbB3 participates in a regulatory feedback loop. Examination of ErbB3
status in human tumors will be needed to determine if these observations have relevance for
development of resistance to TKIs in patients. Due to the difficulty in obtaining the on-therapy
biopsies of tumor tissue needed to assay biomarkers in relation to therapeutic response and
resistance, such questions are not trivial.Many studies of ErbB3 have focused on breast cancer,
but there is increasing evidence that ErbB3 may also play an important role in other cancer
types. It is well documented that EGF can activate the androgen receptor in prostate cancer cell
lines under conditions of androgen withdrawal (99, 100). This finding has led to a hypothesis that
ErbB signaling could be associated with evolution of prostate cancer from androgen-dependent
to androgen-independent growth. In a recent study of ErbB receptors in prostate cancer cells, a
small molecule ErbB1/ErbB2 inhibitor, PKI-166, was used to study ErbB pathway signaling on
androgen receptor activation. It was found that ErbB2/ErbB3 heterodimers were the main driver
of androgen receptor activation even when ErbB1 was present (101). These findings suggest
that the ErbB2/ErbB3 heterodimer could play a role in growth of androgen independent prostate



cancer. Further examination of the status of ErbB3 in tissues from prostate cancer patients
would be helpful in determining whether this apparent correlation translates to human
tumors.Less is known about the status of ErbB2/ErbB3 heterodimers in human cancer tissues.
There have been some studies examining ErbB3 expression by immunohistochemistry and
correlating to clinical outcome in cancer patients. These studies have suggested that ErbB3
expression is correlated with poor clinical outcome in breast cancer and ovarian cancer (102,
103). There is also some suggestion that high ErbB3 expression correlates with poor outcome in
HER2-positive breast cancer after progression on the HER2 targeted antibody trastuzumab
(104). Unfortunately, in some of these studies, it is not clear whether the immunohistochemical
assay was validated to detect ErbB3 specifically in formalin-fixed, paraffin-embedded (FFPE)
tissues.2.8 8. Atypical Heterodimers – p95HER2It is becoming increasingly evident that ErbB
receptors are, at least in some cases, subject to cleavage of the extracellular domain. In the
case of ErbB2, it is well-documented that a truncated form of the receptor known as p95HER2 is
produced in breast cancer cell lines (105–107). In about 30% of HER2-positive breast cancer
patients, p95HER2 is detected in tumor tissue by Western blot and is associated with poor
clinical outcome (108). The truncated form of the receptor is structurally similar to the originally-
described viral oncogene v-ErbB, and consistent with that observation, the receptor is
constitutively active (109, 110). The therapeutic ErbB2 monoclonal antibody trastuzumab has
been demonstrated to prevent the conversion of full length p185HER2 to truncated p95HER2
(109), suggesting that this may be one mechanism of trastuzumab activity.The existence of a
truncated form of ErbB2 raises the question of whether heterodimers with the truncated form of
the receptor exist and whether they have any relevant biological role. One example of a
heterodimer would be p185HER2 with p95HER2, and in support of this model, there is evidence
of an intracellular interacting domain that could mediate ligand-independent interaction of either
full-length or truncated ErbB2 receptors (111). It is possible that this ErbB2 intracellular domain
interaction could be mediated by the allosteric association of the kinase domain N and C-lobes.
In addition, there is also the possibility that p95HER2 could associate with other ErbB family
receptors. This concept is supported by a study in which p95HER2 heterodimers were examined
in the HER2 amplified BT474 breast cancer cell line. In that setting, p95HER2 was found to
heterodimerize specifically with ErbB3 but not with ErbB1 (112). Examination of p95HER2
containing heterodimers in a broader sampling of breast cancer cell lines and in human breast
cancer tissues is warranted to determine the prevalence of such heterodimers. It would also be
of interest to determine how the mitogenic potential of p95HER2 /ErbB3 heterodimers compare
to that of full-length ErbB2/ErbB3 heterodimers, and if there are significant differences in the
phosphopeptide profile of the activated p95HER2 containing heterodimers.2.9 9. Inhibition of
Heterodimers in Cancer TherapyGiven the substantial evidence for involvement of ErbB family
members in oncogenesis, it is not surprising that this receptor family has been an area of
significant activity with regard to drug development. Several approaches to inhibiting ErbB
signaling have been exploited for therapeutic benefit. One approach is direct inhibition of



tyrosine kinase activity by small molecule inhibitors of ErbB1 (e.g., erlotinib, gefitinib), as well as
dual-specificity ErbB1/2 tyrosine kinase inhibitors such as lapatinib. Such inhibitors have
exhibited efficacy in some patient populations such as erlotinib in non-small cell lung cancer
(113) and lapatinib in HER2-positive metastatic breast cancer patients who have progressed on
trastuzumab (89). Although these agents do not inhibit the ErbB dimerization process, they can
effectively inhibit dimer-mediated signaling.A second mechanism for inhibiting signaling from
ErbB dimers includes blocking ligand-mediated activation via monoclonal antibody therapeutics
(e.g., cetuximab, panitumumab). Although not direct, the inhibition of ligand binding to EGFR will
leave the receptor extracellular domain in the closed configuration, thus inhibiting formation of
ErbB1 homodimers and heterodimers. Cetuximab is known to bind to ErbB1 with high affinity
and blocks ligand-mediated activation of the receptor (114). A crystal structure reveals that
cetuximab binds to the ligand-binding region within domain III of ErbB1, resulting in steric
hindrance that prevents the receptor from adopting the open configuration and thus inhibiting
heterodimerization (115) (Fig 1). In cell lines, cetuximab has been shown to induce G1 arrest,
potentiate apoptosis, as well as inhibit cancer cell invasion and metastasis (114). Cetuximab has
been found to have efficacy and is approved for use in metastatic colon cancer and head and
heck cancer (114).Aside from cetuximab, other anti-ErbB1 monoclonal antibodies are in
development. Preclinical data with panitumumab, a fully humanized monoclonal antibody
directed against ErbB1, reveals efficacy in xenograft models with moderate to high levels of
ErbB1 expression. Xenograft cell lines exhibiting efficacy are from a range of indications
including colorectal, breast, prostate, renal, ovarian and pancreatic cancer (116, 117). In
general, efficacy was observed in xenograft lines in which cells express 17,000 receptors per
cell or more, but was not observed in lines where there are fewer than 11,000 receptors per cell
(117). A phase III trial of best supportive care with or without panitumumab in metastatic
colorectal cancer patients that had previously progressed on chemotherapy was presented at
the 2006 Annual Meeting of the American Association for Cancer Research (118). Panitumumab
improved progression-free survival, and in September 2006, it was approved for this
indication.Direct inhibition of dimer formation is another strategy to inhibit ErbB family signaling.
Pertuzumab is a monoclonal antibody that binds to the dimerization arm of ErbB2 and sterically
interferes with formation of ErbB heterodimers (119) (Fig 2). In cell lines with high HER2
expression (e.g., SKBR3) and those with low HER2 expression (e.g., MCF7), pertuzumab is
capable of inhibiting formation of ErbB2/ErbB3 heterodimers upon heregulin treatment and also
inhibits receptor tyrosine phosphorylation. These observations translate into inhibition of ligand-
dependent growth in vitro and preclinical efficacy of pertuzumab in xenograft models of both
HER2-positive and HER2-negative breast cancer (119). Pertuzumab was also capable of
inhibiting ligand-dependent growth in both androgen-dependent and androgen-independent
prostate cancer cell lines in vitro and in xenograft models (120). These data suggest that
inhibition of ErbB family dimerization by targeting ErbB2, the preferred ErbB dimerization
partner, may be clinically relevant in a wide range of tumor types, including tumors without HER2



amplification.Fig. 2.2 ErbB2 / ErbB3 heterodimers are depicted without ligand, with heregulin
(HRG), and with the monoclonal antibody pertuzumab. Induction of receptor signaling occurs by
much the same mechanism as with ErbB1/2 heterodimers. HRG binding to domains I and III
locks ErbB3 in the open configuration, thus allowing dimerization with ErbB2. One major
difference is that ErbB3 lacks an active kinase, thus the phosphorylation of the intracellular tails
must be mediated by the ErbB2 kinase. Perhaps consistent with this unique role for ErbB3, the
N-lobe of ErbB3 is defective in its ability to interact with the C-lobe of other receptors (44). Thus,
ErbB3 can only present the C-lobe during allosteric activation, leaving ErbB2 to present the N-
lobe. Pertuzumab binds to the dimerization arm in domain II of ErbB2. As such, it sterically
hinders ErbB2 from participating in dimerization. This antibody-receptor interaction inhibits
signaling even in the presence of ligand.Direct inhibition of dimer formation is another strategy to
inhibit ErbB family signaling. Pertuzumab is a monoclonal antibody that binds to the dimerization
arm of ErbB2 and sterically interferes with formation of ErbB heterodimers (119) (Fig 2). In cell
lines with high HER2 expression (e.g., SKBR3) and those with low HER2 expression (e.g.,
MCF7), pertuzumab is capable of inhibiting formation of ErbB2/ErbB3 heterodimers upon
heregulin treatment and also inhibits receptor tyrosine phosphorylation. These observations
translate into inhibition of ligand-dependent growth in vitro and preclinical efficacy of
pertuzumab in xenograft models of both HER2-positive and HER2-negative breast cancer (119).
Pertuzumab was also capable of inhibiting ligand-dependent growth in both androgen-
dependent and androgen-independent prostate cancer cell lines in vitro and in xenograft models
(120). These data suggest that inhibition of ErbB family dimerization by targeting ErbB2, the
preferred ErbB dimerization partner, may be clinically relevant in a wide range of tumor types,
including tumors without HER2 amplification.Fig. 2.2 ErbB2 / ErbB3 heterodimers are depicted
without ligand, with heregulin (HRG), and with the monoclonal antibody pertuzumab. Induction
of receptor signaling occurs by much the same mechanism as with ErbB1/2 heterodimers. HRG
binding to domains I and III locks ErbB3 in the open configuration, thus allowing dimerization
with ErbB2. One major difference is that ErbB3 lacks an active kinase, thus the phosphorylation
of the intracellular tails must be mediated by the ErbB2 kinase. Perhaps consistent with this
unique role for ErbB3, the N-lobe of ErbB3 is defective in its ability to interact with the C-lobe of
other receptors (44). Thus, ErbB3 can only present the C-lobe during allosteric activation,
leaving ErbB2 to present the N-lobe. Pertuzumab binds to the dimerization arm in domain II of
ErbB2. As such, it sterically hinders ErbB2 from participating in dimerization. This antibody-
receptor interaction inhibits signaling even in the presence of ligand.Pertuzumab was recently
tested in a phase II monotherapy trial in heavily pretreated ovarian cancer. Of 117 patients over
two dose cohorts that were evaluable for efficacy, there were five partial responses (4.3%), and
eight patients exhibited stable disease (121). Five patients exhibited an asymptomatic decrease
in left ventricular ejection fraction. In a fraction of patients where pretreatment biopsies were
possible, phospho-HER2 (pHER2) was measured by ELISA. Interestingly, the median
progression free survival in pHER2+ patients was 20.9 weeks compared to 5.8 weeks for



pHER2- patients (121). These data suggest that pertuzumab is tolerable and that some heavily
pre-treated ovarian cancer patients might benefit. An ongoing randomized phase II trial is
evaluating pertuzumab in combination with chemotherapy in platinum refractory ovarian cancer.
A qRT-PCR-based surrogate marker for pHER2 that can be assessed in archival FFPE tissues is
being evaluated as a predictive diagnostic marker as part of this trial (122).2.10 10.
ConclusionsOver the past two decades, tremendous progress has been made in our
understanding of the ErbB signaling pathway. This knowledge has led to the development of
several clinically beneficial therapies, including both small molecule and monoclonal antibody
inhibitors of ErbB1 and ErbB2. Evidence suggests that various ErbB family homodimers and
heterodimers may have discrete biological function. In many cases, heterodimers exhibit
stronger mitogenic signaling than do homodimers. ErbB1/ErbB2 and ErbB2/ErbB3 heterodimers
in particular are the most oncogenic. Therapeutic strategies that prevent or disrupt heterodimer
formation have the potential for clinical benefit. Cetuximab and panitumumab block ligand
binding to ErbB1 and thus secondarily inhibit heterodimerization. Both have already shown
significant efficacy in colorectal cancer. Pertuzumab is the first example of a distinct category of
inhibitors that directly suppress ErbB dimerization via steric inhibition and is currently being
evaluated in clinical trials. Undoubtedly, further insights into the biology of ErbB family signaling
will help us understand in more detail how heterodimers impact cancer development and will
allow more refined approaches to developing therapeutics that maximize clinical benefit for
patients.Acknowledgements I would like to thank Mark Sliwkowski for critical review of the
manuscript and Jim Ligos for assistance with construction of figures.References1.Arteaga CL.
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Eigenbrot1 (1)Department of Protein Engineering MS 27, Genentech, Inc, 94080, 1 DNA Way,
South San Francisco, CAAbstractThe EGF receptor is a key mediator of oncogenic
transformation in a wide variety of solid tumors. Since 2002, there has been an explosion of X-
ray crystallographic results that provide powerful insight into the activation and hyperactivation of
this receptor and of its close homologues HER2, HER3, and HER4. The ability to catalyze
phospho-transfer resides in the EGFR intracellular tyrosine kinase domain, which has proven a



clinically useful target for therapeutic intervention. The rapidly expanding catalogue of EGFR
kinase domain structures is surveyed with a focus on inhibitor activities and liabilities, as well as
on control and dysregulation phenomena intrinsic to the protein.keywords: X-ray crystallography
– small molecule inhibitor – escape mutation – kinase activation – allostery – L858R – T790M3.1
1. IntroductionThere has been an explosion of structural insight into the molecular mechanics of
activation of EGFR and closely related receptors since 2002. After decades of scrutiny as the
most-studied family of cell-surface receptors, the new results have shown the unprecedented
arrangements (and rearrangements) of their extracellular domains(1) and the first structures of
the EGFR kinase domain (both active(2) and inactive(3) forms). They have also given us
powerful insight into the molecular connection between extracellular and intracellular
compartments(4). Additionally, the structural origins of hyperactivity of some clinically important
mutant kinase domains have been identified(5).The topic before us in this work goes back about
a decade, when information about small molecules targeting the EGFR kinase appeared from
pharmaceutical companies’ programs(6–8). Following successful clinical experiences derived
from these efforts, we have now seen broader discussion of therapeutic strategies that include
small molecule kinase inhibitors(9–11). This chapter will concentrate first on the structures of
inhibitors in complex with the EGFR kinase domain, after which it will address hyperactivity of
mutant kinases and the allosteric activation of the EGFR kinase arising from extracellular
events.The utility of small molecule inhibitors (SMI) of the catalytic domain of EGFR depends on
their potency, specificity, and bioavailability. Potency is easily ascertained using an in vitro (or
“biochemical”) enzyme assay. High potency allows low doses to be effective. Specificity is also
studied using biochemical assays with other kinases that are of interest, but the likely biological
context in which an inhibitor is used can guide how important an off-target potency is perceived
to be. A relatively low toxicity made possible by high specificity is the promise inherent in
“targeted” therapies. Bioavailability, in the broadest sense, is a measure of how well an
administered dose is delivered to the target kinase. All these properties arise from the chemical
structure of the inhibitor and the resulting interactions with its target and with other components
of the biological milieu.Due to the wealth of X-ray crystal structures produced in drug discovery
programs, potency and specificity are usually considered in light of structural information on the
inhibitor bound to the target, as well as on available structures or models of off-target kinases of
interest. Until 2002, there was no reported direct structural information for the EGFR kinase,
which meant that extensive drug discovery efforts relied on the less robust structure-activity-
relationship (SAR) paradigm. In a drug discovery program, SAR is the collected information
about small molecules’ properties and their activities. It arises from an iterative process where
new molecules are designed and synthesized to test increasingly specific hypotheses about
interactions between the small molecules and the target. In the absence of X-ray structures of
the target kinase, the SAR data can arise in the light of computer models based on known
structures of homologous proteins. This approach was successfully applied to the development
of all three currently approved EGFR SMI drugs: erlotinib, gefitinib and lapatinib.Nonetheless,



achieving a deeper understanding of the activities of these medicines and others still in
development has been aided significantly by X-ray structures of the EGFR kinase domain. In
2002, Stamos et al. reported the X-ray structure(2) of the kinase from EGFR in complex with the
4-anilinoquinazoline derivative discovered by OSI Pharmaceuticals, Inc. (OSI-774, erlotinib,
Tarceva®). Based on the protein construct used by Stamos et al., subsequent X-ray structures
have appeared, which include other inhibitors and ATP mimics(3–5). These structural results will
serve as the basis for the following discussion of the features in the EGFR kinase domain and in
the inhibitors that account for their potency. They will also serve as the basis of a limited
discussion of inhibitor specificity, how clinically important mutations are related to inhibitor
exposure, and future directions in developing additional useful or improved inhibitors.3.2 2.
General Structure OverviewThere are approximately 500 protein kinases in the human
genome(12, 13). The EGF receptor (EGFR) is one of about 60 transmembrane proteins that
have a tyrosine kinase domain within their intracellular region and which in most cases act as
receptors for soluble ligands presented to their extracellular region (receptor tyrosine kinases,
RTK). Eukaryotic protein kinases act as catalysts for the transfer of the γ-phosphate group from
the bound co-factor adenosine triphosphate (ATP) to a protein substrate, onto a tyrosine
(tyrosine kinase), serine, or threonine (serine/threonine kinase) amino acid side chain's hydroxyl
group. Such reactions are integral to a myriad of cell-signaling processes. A great deal has been
learned about protein kinases from X-ray structures(14) that started appearing in 1991, for
instance the following prototypes: protein kinase A(15) (PKA or cyclic-AMP dependent kinase),
the insulin receptor kinase domain(16), and Abelson tyrosine kinase (Abl)(17). Protein kinase
catalytic domains share an overall structure incorporating about 300 amino acids, with an amino-
terminal (N-terminal) lobe separated from a carboxy-terminal (C-terminal) lobe by the “ATP
binding cleft” or inter-lobe cleft. The N-terminal lobe is mostly comprised of β-strands, but with
an important α-helix (αc), while the C-terminal lobe is mostly α -helical. The inter-lobe cleft is
where ATP, the substrate segment of substrate proteins and most SMIs bind (Fig. 3.1).Fig.
3.1 Simplified representations of the kinase domain from EGFR. (a) The “active” conformation as
seen in the complex with erlotinib (pdb accession code 1M17). (b) The “inactive” conformation
as seen in the complex with lapatinib (pdb accession code 1XKK). The principal difference
between the inhibitors is the greater extension (toward the right) of lapatinib, which is
accommodated by a large shift of helix αc. Note also the additional short helix in front of αc.
Dotted segments represent parts of the structure that were too highly flexible to be discerned in
the X-ray experiment.The key role of protein phosphorylation in cell signaling is accompanied by
mechanisms by which the enzyme activity of kinases is turned on and off. The most apparent
“on switch” is the phosphorylation of the enzyme domain itself, in that one or more hydroxyl-
containing side chains (tyrosine, serine, or threonine) within a long loop are often the first site(s)
at which kinase domains are themselves phosphorylated and thereby turned on. This ∼25 amino
acid segment, called the Activation Loop (A-loop), is within the C-terminal lobe. It emerges from
the back of the inter-lobe cleft and has at its beginning a highly-conserved tripeptide motif



Aspartic Acid-Phenylalanine-Glycine (“DFG”– derived from the single-letter amino acid
abbreviations for the amino acid residues). As they have been revealed in the large number of X-
ray structures, the A-loop of protein kinases is highly variable conformationally, but since it
supports substrate binding during phospho-transfer, we can presume a sharply restricted
conformational space is relevant during the catalytic reaction. Phosphorylation within this loop is
associated with a large conformational change (20-30 Å) that either relieves an auto-inhibitory
steric blockage of the substrate binding site, arranges key elements of the catalytic machinery
for phospho-transfer, or both(18, 19). Among the key elements are the α -helix in the N-terminal
lobe (αc), which can shift as a rigid body to provide important interactions with partners in the
catalytic event and which can be associated with shifts of the entire N-terminal lobe, leading to a
more “open” or more “closed” inter-lobe cleft. The simple picture of A-loop phosphorylation and
rearrangement with αc and N-terminal lobe movement neglects control exerted via other
domains in kinases where they exist, e.g., Src(20, 21), but it serves well for discussion of the
structure-function relationships of SMIs that bind in the ATP-binding cleft. EGFR and its close
homologues Her2 and Her4 are themselves exceptional in this regard, as a phosphorylation
event is not required for the catalytically competent conformation of the A-loop and αc(2, 22). As
for the other RTKs, EGFR enzyme activity is commonly turned off either due to de-
phosphorylation by a phosphatase enzyme, or by internalization and degradation. Both these
topics are covered elsewhere in this volume.The structurally characterized EGFR kinase SMIs
reported to date act by competing with ATP for binding in the inter-lobe cleft (Fig. 3.2). Almost all
kinase SMIs use one or more hydrogen-bonds (H-bonds) to the polypeptide backbone in the
segment connecting N- and C-terminal lobes (the “hinge”) for part of their binding energy, a
feature also used for binding by ATP. Beyond this, many kinase SMIs diverge from ATP and tend
not to extend in the direction where ATP places its triphosphate chain. Instead, kinase SMIs
usually extend more or less parallel to the hinge, which leads in one direction toward solvent,
and in the opposite direction deeper into the inter-lobe cleft. These SMIs are discussed in terms
of the core (H-bonds to hinge), the solubilizing group (extends toward solvent), and the “head
group” (reaching into the cleft) (Fig. 3.3). The size of the head group can have important
implications for the conformation of the protein to which a SMI will bind. The prototype example
is the Abl kinase SMI imatinib (STI571, Gleevec® ,Glivec®, (Novartis)), which uses its relatively
large head group to reach far into the cleft region and bind to a protein conformation that
requires the αc helix and DFG to be in a catalytically incompetent arrangement (23). Other
clinically effective kinase SMIs, like erlotinib and gefitinib (ZD-1829, Iressa®, (AstraZeneca)),
have been captured in crystals binding tightly to the catalytically competent conformation, and
so SMIs are sometimes described as binding to the “active” or “inactive” state.Fig. 3.2 The
nature of inhibition in the ATP-binding cleft. An overlay of two EGFR kinase X-ray structures, one
with erlotinib (pdb accession code 1M17) and the other with a close analogue of ATP (pdb
accession code 2GS7). Erlotinib is depicted as a semi-transparent surface, and AMP-PNP as
grey sticks. Both molecules establish H-bonds with the hinge region, and they cannot bind at the



same time.Fig. 3.3 The chemical structures of some potent inhibitors of the EGFR kinase.
Erlotinib, gefitinib, lapatinib and Cl-1033 share a 4-anilino-quinazoline chemotype, while
EKB-569 and HKI-272 share a 4-anilino-3-cyanoquinoline chemotype. Cl-1033, EKB-569 and
HKI-272 all have a reactive moiety in their solubilizing sections designed to form a covalent bond
with a cysteine amino acid near the ATP binding site that is characteristic of the erbB family
kinase domains.The idea that every protein kinase target has an “inactive” conformation has
given rise to the notion that targeting the “inactive” conformation may have an advantage
regarding specificity. The reason is that as catalysts for ATP-dependent phospho-transfer, all
kinase “active” forms must share certain features that make SMI specificity harder to obtain.
Also, the many structures of inactive kinase conformations, which vary widely, have tended to
support the logically opposite notion, namely, that inactive forms offered greater potential for
specificity. Interestingly, recent developments in our understanding of the activation of the EGFR
kinase rely, in part, on recognition of key similarities among the inactive forms of some kinase
domains (see below).One additional key feature of kinase/SMI interactions is the amino acid
side chain presented by the protein at the “gatekeeper” residue (Threonine 790 in EGFR). The
numbering system for reference to specific amino acid positions will reflect inclusion of the 24
amino acids of signal peptide that are part of the EGFR gene but which are absent from the
mature protein. In this system, the Tyrosine residue referred to as Tyr845 (the “Src site”, subject
to phosphorylation by the cellular-kinase Src and a target of commercial phospho-EGFR
antibodies is called Tyr869, relative to the EGFR precursor sequence containing a 24 amino acid
signal peptide). This residue is in the beginning of the hinge, varies among protein kinases, and
is commonly engaged in binding SMIs (Fig. 3.2). These attributes allow use of gatekeeper
interactions to create specificity against some non-target kinases, but in the same way allow
mutations of this residue to have very significant effects on SMI affinity (potency), as has been
observed among patients treated with imatinib (24), and more recently, with gefitinib (25) and
erlotinib (26).3.3 3. Wild-Type EGFR Kinase X-ray StructuresIn spite of long-term and rather
intense study of EGFR, it was not until 2002 before the first X-ray structures of the EGFR
kinase(2) were reported, which used a protein construct of 327 amino acids extending between
residue numbers 695 and 1022. The presence in this construct of approximately 40 amino acids
C-terminal to the end on the canonical kinase domain seems to have been key to successful
crystallization, as some of them are important mediators of crystal packing contacts. The
structure with no inhibitor or ATP-like co-factor mimic (“apo”) revealed the A-loop in a
conformation closely similar to that observed for the insulin receptor kinase in its phosphorylated
(active) form (18). The positions of other elements of the catalytic machinery, the DFG tripeptide
and the αc helix, were also consistent with catalytic competence. These details were in
agreement with the finding that substitution of the hydroxyl-containing tyrosine residue within the
A-loop (Tyr869) with phenylalanine (no hydroxyl) created an EGFR still competent for phospho-
transfer activity (22). The same overall conformation was subsequently observed by Zhang et al.
in a complex with an ATP analogue-peptide conjugate (4) that serves as a mimic of the phospho-



transfer reaction.Apo crystals were treated with erlotinib to provide the inhibitor complex
structure in which the protein was found to be essentially unchanged from its apo parent. This
suggested, but did not prove, that erlotinib binds to the active protein conformation preferentially.
Indeed, to this point there was no direct structural evidence that other conformations existed.
Nonetheless, the interactions between erlotinib and the protein are entirely consistent with tight
binding and there is no contrary evidence suggesting a different protein conformation is better
suited to bind erlotinib.The 4-anilinoquinazoline chemotype found in erlotinib had been
structurally characterized earlier with the protein kinases CDK2 and p38 (27), and together with
the erlotinib and gefitinib EGFR kinase structures, we can observe some common themes.
These SMIs share the bicyclic quinazoline core substituted at one end with two ether-linkage
containing groups (solubilizing groups) and at the other end with a substituted aniline moiety
(head group) (Fig. 3.3). Structure/function analyses of kinase inhibitors generally discount
contributions to binding affinity made by the “solubilizing” groups, although the significant
differences in the solubilizing groups in erlotinib and gefitinib may be important in determining
their bioavailability. Erlotinib and gefitinib both accept an H-bond from the main chain amide of
residue Met793 to the N1 atom of their quinazoline cores. The other nitrogen atom within the
core, N3, probably interacts with the Thr790 side chain indirectly via a water molecule (7, 27),
although at the resolution of these structures (∼2.6 – 2.7Å), such a water is not very reliably
observed. Elsewhere, erlotinib and gefitinib differ only in the nature of the substituents on their
respective anilino moieties. Erlotinib is meta-substituted with a 2-carbon acetylene group.
Gefitinib is meta-substituted with a chlorine atom and para-substituted with a fluorine atom. As
demonstrated with the CDK2 and p38 structures, the angle between the planes of the
quinazoline core and the anilino head group is variable and is determined by details of the inter-
lobe cleft it occupies. Erlotinib and gefitinib adopt very similar orientations in the EGFR kinase
cleft, with an interplanar angle of about 40°. They both direct their meta-substituent into a
hydrophobic pocket created by the relatively small side chain of Thr790. There are other
potential weak interactions between the hinge and the quinazoline core that, based on
comparisons with the CDK2 and p38 structures, seem to differ in detail according to the size of
the side chain at the gatekeeper residue.In stark contrast to the structures of erlotinib and
gefitinib with (wild-type) EGFR kinase, the inhibitor lapatinib (GW-2016, Tykerb®
(GlaxoSmithKline)) binds to an “inactive” form (3). Lapatinib is also a 4-substituted quinazoline,
but it has a much larger head group than erlotinib or gefitinib (roughly twice as big) (Fig. 3.3).
Wood et al. discount any influence of the poorly ordered solubilizing group on protein
conformation, but the head group of lapatinib is not compatible with the “active” conformation(3)
bound by the smaller inhibitors. The likelihood that the smaller erlotinib and gefitinib would also
bind to the “inactive” conformation is less easily judged. A simple superposition of the relevant
structures shows that the inactive conformation presents an altered environment to the head
group of erlotinib and of gefitinib, but it seems possible that the resulting steric problem could be
eliminated by relatively minor conformational changes. As is true for erlotinib and gefitinib, the



lapatinib quinazoline core H-bonds to the hinge via nitrogen atom N1. The water mediated H-
bond from atom N3 in erlotinib (and perhaps gefitinib) is altered in the lapatinib structure, now
associated with a different threonine residue, Thr854. The lapatinib head group is like that of
gefitinib in having a meta-chlorine, but diverges at the para position, which is now a 3-
fluorobenzyloxy moiety (nine atoms) rather than the lone fluorine atom of gefitinib. The much
larger para-substitution of the anilino ring requires much more room, and the protein
conformation is very different. The αc is shifted away from the catalytic machinery by about 9Å at
the end distal to the hinge region, and the β-strands of the N-terminal lobe rotate by about 12°
relative to the “active” conformation seen with erlotinib and gefitinib. This creates a hydrophobic
pocket for the fluorobenzyloxy group while at the same time disrupting important elements of the
catalytically competent conformation. As the distal end of αc is shifted away from the site of
catalysis, the vacancy created is partially filled by lapatinib but also by a changed conformation
of the A-loop. The lapatinib-bound A-loop includes a short α-helical segment as it emerges from
the inter-lobe cleft, reminiscent of the inactive form of the Src tyrosine kinase (28, 29).3.4 4.
Implications for Escape MutantsClinical and research results involving the Abl kinase are
defining a paradigm for the interplay between treatment using SMIs and biological effects, with
direct relevance for the EGFR system. The use of imatinib in patients with chronic myeloid
leukemia (CML) is associated with emergence of ∼20 variant forms of the target Abl kinase (30,
31). These variant forms are less effectively inhibited by imatinib and thus are considered
imatinib “escape” mutants (Fig. 3.4). This clinical experience is providing very important insights
into the use of SMIs in the genetically labile environment characteristic of cancer. Imatinib binds
to an inactive conformation of Abl (23). Among the origins of imatinib resistance are its relatively
large size and its relatively low affinity. The large size is associated with contacts between
imatinib and a relatively large number of Abl amino acid residues. The low affinity means that
mutation at any contact residue has a relatively high likelihood of reducing the affinity to a point
where clinical efficacy is lost. The effect of lower affinity may arise directly at a contact residue,
but for some clinical Abl escape mutants it must arise allosterically, because the amino acid
itself is not contacted by imatinib (Fig. 3.4). In response to the Abl escape mutants, drug
designers have created a second generation imatinib (32) (AMN107, nilotinib (Novartis)), which
benefits from a 20-fold increased affinity while remaining a close chemical relative of imatinib. As
a result, nilotinib retains useful affinity for many of the escape mutants arising from imatinib
treatment.John D. Haley and William John Gullick (eds.), Cancer Drug Discovery and
Development, EGFR Signaling Networks in Cancer Therapy, DOI:
10.1007/978-1-59745-356-1_3, © Humana Press, a part of Springer Science + Business
Media, LLC 20083. Structure-function of EGFR kinase domain and its inhibitorsCharles
Eigenbrot1 (1)Department of Protein Engineering MS 27, Genentech, Inc, 94080, 1 DNA Way,
South San Francisco, CAAbstractThe EGF receptor is a key mediator of oncogenic
transformation in a wide variety of solid tumors. Since 2002, there has been an explosion of X-
ray crystallographic results that provide powerful insight into the activation and hyperactivation of



this receptor and of its close homologues HER2, HER3, and HER4. The ability to catalyze
phospho-transfer resides in the EGFR intracellular tyrosine kinase domain, which has proven a
clinically useful target for therapeutic intervention. The rapidly expanding catalogue of EGFR
kinase domain structures is surveyed with a focus on inhibitor activities and liabilities, as well as
on control and dysregulation phenomena intrinsic to the protein.keywords: X-ray crystallography
– small molecule inhibitor – escape mutation – kinase activation – allostery – L858R – T790M3.1
1. IntroductionThere has been an explosion of structural insight into the molecular mechanics of
activation of EGFR and closely related receptors since 2002. After decades of scrutiny as the
most-studied family of cell-surface receptors, the new results have shown the unprecedented
arrangements (and rearrangements) of their extracellular domains(1) and the first structures of
the EGFR kinase domain (both active(2) and inactive(3) forms). They have also given us
powerful insight into the molecular connection between extracellular and intracellular
compartments(4). Additionally, the structural origins of hyperactivity of some clinically important
mutant kinase domains have been identified(5).The topic before us in this work goes back about
a decade, when information about small molecules targeting the EGFR kinase appeared from
pharmaceutical companies’ programs(6–8). Following successful clinical experiences derived
from these efforts, we have now seen broader discussion of therapeutic strategies that include
small molecule kinase inhibitors(9–11). This chapter will concentrate first on the structures of
inhibitors in complex with the EGFR kinase domain, after which it will address hyperactivity of
mutant kinases and the allosteric activation of the EGFR kinase arising from extracellular
events.The utility of small molecule inhibitors (SMI) of the catalytic domain of EGFR depends on
their potency, specificity, and bioavailability. Potency is easily ascertained using an in vitro (or
“biochemical”) enzyme assay. High potency allows low doses to be effective. Specificity is also
studied using biochemical assays with other kinases that are of interest, but the likely biological
context in which an inhibitor is used can guide how important an off-target potency is perceived
to be. A relatively low toxicity made possible by high specificity is the promise inherent in
“targeted” therapies. Bioavailability, in the broadest sense, is a measure of how well an
administered dose is delivered to the target kinase. All these properties arise from the chemical
structure of the inhibitor and the resulting interactions with its target and with other components
of the biological milieu.Due to the wealth of X-ray crystal structures produced in drug discovery
programs, potency and specificity are usually considered in light of structural information on the
inhibitor bound to the target, as well as on available structures or models of off-target kinases of
interest. Until 2002, there was no reported direct structural information for the EGFR kinase,
which meant that extensive drug discovery efforts relied on the less robust structure-activity-
relationship (SAR) paradigm. In a drug discovery program, SAR is the collected information
about small molecules’ properties and their activities. It arises from an iterative process where
new molecules are designed and synthesized to test increasingly specific hypotheses about
interactions between the small molecules and the target. In the absence of X-ray structures of
the target kinase, the SAR data can arise in the light of computer models based on known



structures of homologous proteins. This approach was successfully applied to the development
of all three currently approved EGFR SMI drugs: erlotinib, gefitinib and lapatinib.Nonetheless,
achieving a deeper understanding of the activities of these medicines and others still in
development has been aided significantly by X-ray structures of the EGFR kinase domain. In
2002, Stamos et al. reported the X-ray structure(2) of the kinase from EGFR in complex with the
4-anilinoquinazoline derivative discovered by OSI Pharmaceuticals, Inc. (OSI-774, erlotinib,
Tarceva®). Based on the protein construct used by Stamos et al., subsequent X-ray structures
have appeared, which include other inhibitors and ATP mimics(3–5). These structural results will
serve as the basis for the following discussion of the features in the EGFR kinase domain and in
the inhibitors that account for their potency. They will also serve as the basis of a limited
discussion of inhibitor specificity, how clinically important mutations are related to inhibitor
exposure, and future directions in developing additional useful or improved inhibitors.3.2 2.
General Structure OverviewThere are approximately 500 protein kinases in the human
genome(12, 13). The EGF receptor (EGFR) is one of about 60 transmembrane proteins that
have a tyrosine kinase domain within their intracellular region and which in most cases act as
receptors for soluble ligands presented to their extracellular region (receptor tyrosine kinases,
RTK). Eukaryotic protein kinases act as catalysts for the transfer of the γ-phosphate group from
the bound co-factor adenosine triphosphate (ATP) to a protein substrate, onto a tyrosine
(tyrosine kinase), serine, or threonine (serine/threonine kinase) amino acid side chain's hydroxyl
group. Such reactions are integral to a myriad of cell-signaling processes. A great deal has been
learned about protein kinases from X-ray structures(14) that started appearing in 1991, for
instance the following prototypes: protein kinase A(15) (PKA or cyclic-AMP dependent kinase),
the insulin receptor kinase domain(16), and Abelson tyrosine kinase (Abl)(17). Protein kinase
catalytic domains share an overall structure incorporating about 300 amino acids, with an amino-
terminal (N-terminal) lobe separated from a carboxy-terminal (C-terminal) lobe by the “ATP
binding cleft” or inter-lobe cleft. The N-terminal lobe is mostly comprised of β-strands, but with
an important α-helix (αc), while the C-terminal lobe is mostly α -helical. The inter-lobe cleft is
where ATP, the substrate segment of substrate proteins and most SMIs bind (Fig. 3.1).Fig.
3.1 Simplified representations of the kinase domain from EGFR. (a) The “active” conformation as
seen in the complex with erlotinib (pdb accession code 1M17). (b) The “inactive” conformation
as seen in the complex with lapatinib (pdb accession code 1XKK). The principal difference
between the inhibitors is the greater extension (toward the right) of lapatinib, which is
accommodated by a large shift of helix αc. Note also the additional short helix in front of αc.
Dotted segments represent parts of the structure that were too highly flexible to be discerned in
the X-ray experiment.The key role of protein phosphorylation in cell signaling is accompanied by
mechanisms by which the enzyme activity of kinases is turned on and off. The most apparent
“on switch” is the phosphorylation of the enzyme domain itself, in that one or more hydroxyl-
containing side chains (tyrosine, serine, or threonine) within a long loop are often the first site(s)
at which kinase domains are themselves phosphorylated and thereby turned on. This ∼25 amino



acid segment, called the Activation Loop (A-loop), is within the C-terminal lobe. It emerges from
the back of the inter-lobe cleft and has at its beginning a highly-conserved tripeptide motif
Aspartic Acid-Phenylalanine-Glycine (“DFG”– derived from the single-letter amino acid
abbreviations for the amino acid residues). As they have been revealed in the large number of X-
ray structures, the A-loop of protein kinases is highly variable conformationally, but since it
supports substrate binding during phospho-transfer, we can presume a sharply restricted
conformational space is relevant during the catalytic reaction. Phosphorylation within this loop is
associated with a large conformational change (20-30 Å) that either relieves an auto-inhibitory
steric blockage of the substrate binding site, arranges key elements of the catalytic machinery
for phospho-transfer, or both(18, 19). Among the key elements are the α -helix in the N-terminal
lobe (αc), which can shift as a rigid body to provide important interactions with partners in the
catalytic event and which can be associated with shifts of the entire N-terminal lobe, leading to a
more “open” or more “closed” inter-lobe cleft. The simple picture of A-loop phosphorylation and
rearrangement with αc and N-terminal lobe movement neglects control exerted via other
domains in kinases where they exist, e.g., Src(20, 21), but it serves well for discussion of the
structure-function relationships of SMIs that bind in the ATP-binding cleft. EGFR and its close
homologues Her2 and Her4 are themselves exceptional in this regard, as a phosphorylation
event is not required for the catalytically competent conformation of the A-loop and αc(2, 22). As
for the other RTKs, EGFR enzyme activity is commonly turned off either due to de-
phosphorylation by a phosphatase enzyme, or by internalization and degradation. Both these
topics are covered elsewhere in this volume.The structurally characterized EGFR kinase SMIs
reported to date act by competing with ATP for binding in the inter-lobe cleft (Fig. 3.2). Almost all
kinase SMIs use one or more hydrogen-bonds (H-bonds) to the polypeptide backbone in the
segment connecting N- and C-terminal lobes (the “hinge”) for part of their binding energy, a
feature also used for binding by ATP. Beyond this, many kinase SMIs diverge from ATP and tend
not to extend in the direction where ATP places its triphosphate chain. Instead, kinase SMIs
usually extend more or less parallel to the hinge, which leads in one direction toward solvent,
and in the opposite direction deeper into the inter-lobe cleft. These SMIs are discussed in terms
of the core (H-bonds to hinge), the solubilizing group (extends toward solvent), and the “head
group” (reaching into the cleft) (Fig. 3.3). The size of the head group can have important
implications for the conformation of the protein to which a SMI will bind. The prototype example
is the Abl kinase SMI imatinib (STI571, Gleevec® ,Glivec®, (Novartis)), which uses its relatively
large head group to reach far into the cleft region and bind to a protein conformation that
requires the αc helix and DFG to be in a catalytically incompetent arrangement (23). Other
clinically effective kinase SMIs, like erlotinib and gefitinib (ZD-1829, Iressa®, (AstraZeneca)),
have been captured in crystals binding tightly to the catalytically competent conformation, and
so SMIs are sometimes described as binding to the “active” or “inactive” state.Fig. 3.2 The
nature of inhibition in the ATP-binding cleft. An overlay of two EGFR kinase X-ray structures, one
with erlotinib (pdb accession code 1M17) and the other with a close analogue of ATP (pdb



accession code 2GS7). Erlotinib is depicted as a semi-transparent surface, and AMP-PNP as
grey sticks. Both molecules establish H-bonds with the hinge region, and they cannot bind at the
same time.Fig. 3.3 The chemical structures of some potent inhibitors of the EGFR kinase.
Erlotinib, gefitinib, lapatinib and Cl-1033 share a 4-anilino-quinazoline chemotype, while
EKB-569 and HKI-272 share a 4-anilino-3-cyanoquinoline chemotype. Cl-1033, EKB-569 and
HKI-272 all have a reactive moiety in their solubilizing sections designed to form a covalent bond
with a cysteine amino acid near the ATP binding site that is characteristic of the erbB family
kinase domains.The idea that every protein kinase target has an “inactive” conformation has
given rise to the notion that targeting the “inactive” conformation may have an advantage
regarding specificity. The reason is that as catalysts for ATP-dependent phospho-transfer, all
kinase “active” forms must share certain features that make SMI specificity harder to obtain.
Also, the many structures of inactive kinase conformations, which vary widely, have tended to
support the logically opposite notion, namely, that inactive forms offered greater potential for
specificity. Interestingly, recent developments in our understanding of the activation of the EGFR
kinase rely, in part, on recognition of key similarities among the inactive forms of some kinase
domains (see below).One additional key feature of kinase/SMI interactions is the amino acid
side chain presented by the protein at the “gatekeeper” residue (Threonine 790 in EGFR). The
numbering system for reference to specific amino acid positions will reflect inclusion of the 24
amino acids of signal peptide that are part of the EGFR gene but which are absent from the
mature protein. In this system, the Tyrosine residue referred to as Tyr845 (the “Src site”, subject
to phosphorylation by the cellular-kinase Src and a target of commercial phospho-EGFR
antibodies is called Tyr869, relative to the EGFR precursor sequence containing a 24 amino acid
signal peptide). This residue is in the beginning of the hinge, varies among protein kinases, and
is commonly engaged in binding SMIs (Fig. 3.2). These attributes allow use of gatekeeper
interactions to create specificity against some non-target kinases, but in the same way allow
mutations of this residue to have very significant effects on SMI affinity (potency), as has been
observed among patients treated with imatinib (24), and more recently, with gefitinib (25) and
erlotinib (26).3.3 3. Wild-Type EGFR Kinase X-ray StructuresIn spite of long-term and rather
intense study of EGFR, it was not until 2002 before the first X-ray structures of the EGFR
kinase(2) were reported, which used a protein construct of 327 amino acids extending between
residue numbers 695 and 1022. The presence in this construct of approximately 40 amino acids
C-terminal to the end on the canonical kinase domain seems to have been key to successful
crystallization, as some of them are important mediators of crystal packing contacts. The
structure with no inhibitor or ATP-like co-factor mimic (“apo”) revealed the A-loop in a
conformation closely similar to that observed for the insulin receptor kinase in its phosphorylated
(active) form (18). The positions of other elements of the catalytic machinery, the DFG tripeptide
and the αc helix, were also consistent with catalytic competence. These details were in
agreement with the finding that substitution of the hydroxyl-containing tyrosine residue within the
A-loop (Tyr869) with phenylalanine (no hydroxyl) created an EGFR still competent for phospho-



transfer activity (22). The same overall conformation was subsequently observed by Zhang et al.
in a complex with an ATP analogue-peptide conjugate (4) that serves as a mimic of the phospho-
transfer reaction.Apo crystals were treated with erlotinib to provide the inhibitor complex
structure in which the protein was found to be essentially unchanged from its apo parent. This
suggested, but did not prove, that erlotinib binds to the active protein conformation preferentially.
Indeed, to this point there was no direct structural evidence that other conformations existed.
Nonetheless, the interactions between erlotinib and the protein are entirely consistent with tight
binding and there is no contrary evidence suggesting a different protein conformation is better
suited to bind erlotinib.The 4-anilinoquinazoline chemotype found in erlotinib had been
structurally characterized earlier with the protein kinases CDK2 and p38 (27), and together with
the erlotinib and gefitinib EGFR kinase structures, we can observe some common themes.
These SMIs share the bicyclic quinazoline core substituted at one end with two ether-linkage
containing groups (solubilizing groups) and at the other end with a substituted aniline moiety
(head group) (Fig. 3.3). Structure/function analyses of kinase inhibitors generally discount
contributions to binding affinity made by the “solubilizing” groups, although the significant
differences in the solubilizing groups in erlotinib and gefitinib may be important in determining
their bioavailability. Erlotinib and gefitinib both accept an H-bond from the main chain amide of
residue Met793 to the N1 atom of their quinazoline cores. The other nitrogen atom within the
core, N3, probably interacts with the Thr790 side chain indirectly via a water molecule (7, 27),
although at the resolution of these structures (∼2.6 – 2.7Å), such a water is not very reliably
observed. Elsewhere, erlotinib and gefitinib differ only in the nature of the substituents on their
respective anilino moieties. Erlotinib is meta-substituted with a 2-carbon acetylene group.
Gefitinib is meta-substituted with a chlorine atom and para-substituted with a fluorine atom. As
demonstrated with the CDK2 and p38 structures, the angle between the planes of the
quinazoline core and the anilino head group is variable and is determined by details of the inter-
lobe cleft it occupies. Erlotinib and gefitinib adopt very similar orientations in the EGFR kinase
cleft, with an interplanar angle of about 40°. They both direct their meta-substituent into a
hydrophobic pocket created by the relatively small side chain of Thr790. There are other
potential weak interactions between the hinge and the quinazoline core that, based on
comparisons with the CDK2 and p38 structures, seem to differ in detail according to the size of
the side chain at the gatekeeper residue.In stark contrast to the structures of erlotinib and
gefitinib with (wild-type) EGFR kinase, the inhibitor lapatinib (GW-2016, Tykerb®
(GlaxoSmithKline)) binds to an “inactive” form (3). Lapatinib is also a 4-substituted quinazoline,
but it has a much larger head group than erlotinib or gefitinib (roughly twice as big) (Fig. 3.3).
Wood et al. discount any influence of the poorly ordered solubilizing group on protein
conformation, but the head group of lapatinib is not compatible with the “active” conformation(3)
bound by the smaller inhibitors. The likelihood that the smaller erlotinib and gefitinib would also
bind to the “inactive” conformation is less easily judged. A simple superposition of the relevant
structures shows that the inactive conformation presents an altered environment to the head



group of erlotinib and of gefitinib, but it seems possible that the resulting steric problem could be
eliminated by relatively minor conformational changes. As is true for erlotinib and gefitinib, the
lapatinib quinazoline core H-bonds to the hinge via nitrogen atom N1. The water mediated H-
bond from atom N3 in erlotinib (and perhaps gefitinib) is altered in the lapatinib structure, now
associated with a different threonine residue, Thr854. The lapatinib head group is like that of
gefitinib in having a meta-chlorine, but diverges at the para position, which is now a 3-
fluorobenzyloxy moiety (nine atoms) rather than the lone fluorine atom of gefitinib. The much
larger para-substitution of the anilino ring requires much more room, and the protein
conformation is very different. The αc is shifted away from the catalytic machinery by about 9Å at
the end distal to the hinge region, and the β-strands of the N-terminal lobe rotate by about 12°
relative to the “active” conformation seen with erlotinib and gefitinib. This creates a hydrophobic
pocket for the fluorobenzyloxy group while at the same time disrupting important elements of the
catalytically competent conformation. As the distal end of αc is shifted away from the site of
catalysis, the vacancy created is partially filled by lapatinib but also by a changed conformation
of the A-loop. The lapatinib-bound A-loop includes a short α-helical segment as it emerges from
the inter-lobe cleft, reminiscent of the inactive form of the Src tyrosine kinase (28, 29).3.4 4.
Implications for Escape MutantsClinical and research results involving the Abl kinase are
defining a paradigm for the interplay between treatment using SMIs and biological effects, with
direct relevance for the EGFR system. The use of imatinib in patients with chronic myeloid
leukemia (CML) is associated with emergence of ∼20 variant forms of the target Abl kinase (30,
31). These variant forms are less effectively inhibited by imatinib and thus are considered
imatinib “escape” mutants (Fig. 3.4). This clinical experience is providing very important insights
into the use of SMIs in the genetically labile environment characteristic of cancer. Imatinib binds
to an inactive conformation of Abl (23). Among the origins of imatinib resistance are its relatively
large size and its relatively low affinity. The large size is associated with contacts between
imatinib and a relatively large number of Abl amino acid residues. The low affinity means that
mutation at any contact residue has a relatively high likelihood of reducing the affinity to a point
where clinical efficacy is lost. The effect of lower affinity may arise directly at a contact residue,
but for some clinical Abl escape mutants it must arise allosterically, because the amino acid
itself is not contacted by imatinib (Fig. 3.4). In response to the Abl escape mutants, drug
designers have created a second generation imatinib (32) (AMN107, nilotinib (Novartis)), which
benefits from a 20-fold increased affinity while remaining a close chemical relative of imatinib. As
a result, nilotinib retains useful affinity for many of the escape mutants arising from imatinib
treatment.John D. Haley and William John Gullick (eds.), Cancer Drug Discovery and
Development, EGFR Signaling Networks in Cancer Therapy, DOI:
10.1007/978-1-59745-356-1_3, © Humana Press, a part of Springer Science + Business
Media, LLC 2008John D. Haley and William John Gullick (eds.), Cancer Drug Discovery and
Development, EGFR Signaling Networks in Cancer Therapy, DOI:
10.1007/978-1-59745-356-1_3, © Humana Press, a part of Springer Science + Business
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South San Francisco, CA(1)(1)Department of Protein Engineering MS 27, Genentech, Inc,
94080, 1 DNA Way, South San Francisco, CADepartment of Protein Engineering MS 27,
Genentech, Inc, 94080, 1 DNA Way, South San Francisco, CAAbstractThe EGF receptor is a
key mediator of oncogenic transformation in a wide variety of solid tumors. Since 2002, there
has been an explosion of X-ray crystallographic results that provide powerful insight into the
activation and hyperactivation of this receptor and of its close homologues HER2, HER3, and
HER4. The ability to catalyze phospho-transfer resides in the EGFR intracellular tyrosine kinase
domain, which has proven a clinically useful target for therapeutic intervention. The rapidly
expanding catalogue of EGFR kinase domain structures is surveyed with a focus on inhibitor
activities and liabilities, as well as on control and dysregulation phenomena intrinsic to the
protein.keywords: X-ray crystallography – small molecule inhibitor – escape mutation – kinase
activation – allostery – L858R – T790M3.1 1. IntroductionThere has been an explosion of
structural insight into the molecular mechanics of activation of EGFR and closely related
receptors since 2002. After decades of scrutiny as the most-studied family of cell-surface
receptors, the new results have shown the unprecedented arrangements (and rearrangements)
of their extracellular domains(1) and the first structures of the EGFR kinase domain (both
active(2) and inactive(3) forms). They have also given us powerful insight into the molecular
connection between extracellular and intracellular compartments(4). Additionally, the structural
origins of hyperactivity of some clinically important mutant kinase domains have been
identified(5).The topic before us in this work goes back about a decade, when information about
small molecules targeting the EGFR kinase appeared from pharmaceutical companies’
programs(6–8). Following successful clinical experiences derived from these efforts, we have
now seen broader discussion of therapeutic strategies that include small molecule kinase
inhibitors(9–11). This chapter will concentrate first on the structures of inhibitors in complex with
the EGFR kinase domain, after which it will address hyperactivity of mutant kinases and the
allosteric activation of the EGFR kinase arising from extracellular events.The utility of small
molecule inhibitors (SMI) of the catalytic domain of EGFR depends on their potency, specificity,
and bioavailability. Potency is easily ascertained using an in vitro (or “biochemical”) enzyme
assay. High potency allows low doses to be effective. Specificity is also studied using
biochemical assays with other kinases that are of interest, but the likely biological context in
which an inhibitor is used can guide how important an off-target potency is perceived to be. A
relatively low toxicity made possible by high specificity is the promise inherent in “targeted”
therapies. Bioavailability, in the broadest sense, is a measure of how well an administered dose
is delivered to the target kinase. All these properties arise from the chemical structure of the
inhibitor and the resulting interactions with its target and with other components of the biological
milieu.Due to the wealth of X-ray crystal structures produced in drug discovery programs,
potency and specificity are usually considered in light of structural information on the inhibitor



bound to the target, as well as on available structures or models of off-target kinases of interest.
Until 2002, there was no reported direct structural information for the EGFR kinase, which meant
that extensive drug discovery efforts relied on the less robust structure-activity-relationship
(SAR) paradigm. In a drug discovery program, SAR is the collected information about small
molecules’ properties and their activities. It arises from an iterative process where new
molecules are designed and synthesized to test increasingly specific hypotheses about
interactions between the small molecules and the target. In the absence of X-ray structures of
the target kinase, the SAR data can arise in the light of computer models based on known
structures of homologous proteins. This approach was successfully applied to the development
of all three currently approved EGFR SMI drugs: erlotinib, gefitinib and lapatinib.Nonetheless,
achieving a deeper understanding of the activities of these medicines and others still in
development has been aided significantly by X-ray structures of the EGFR kinase domain. In
2002, Stamos et al. reported the X-ray structure(2) of the kinase from EGFR in complex with the
4-anilinoquinazoline derivative discovered by OSI Pharmaceuticals, Inc. (OSI-774, erlotinib,
Tarceva®). Based on the protein construct used by Stamos et al., subsequent X-ray structures
have appeared, which include other inhibitors and ATP mimics(3–5). These structural results will
serve as the basis for the following discussion of the features in the EGFR kinase domain and in
the inhibitors that account for their potency. They will also serve as the basis of a limited
discussion of inhibitor specificity, how clinically important mutations are related to inhibitor
exposure, and future directions in developing additional useful or improved inhibitors.3.2 2.
General Structure OverviewThere are approximately 500 protein kinases in the human
genome(12, 13). The EGF receptor (EGFR) is one of about 60 transmembrane proteins that
have a tyrosine kinase domain within their intracellular region and which in most cases act as
receptors for soluble ligands presented to their extracellular region (receptor tyrosine kinases,
RTK). Eukaryotic protein kinases act as catalysts for the transfer of the γ-phosphate group from
the bound co-factor adenosine triphosphate (ATP) to a protein substrate, onto a tyrosine
(tyrosine kinase), serine, or threonine (serine/threonine kinase) amino acid side chain's hydroxyl
group. Such reactions are integral to a myriad of cell-signaling processes. A great deal has been
learned about protein kinases from X-ray structures(14) that started appearing in 1991, for
instance the following prototypes: protein kinase A(15) (PKA or cyclic-AMP dependent kinase),
the insulin receptor kinase domain(16), and Abelson tyrosine kinase (Abl)(17). Protein kinase
catalytic domains share an overall structure incorporating about 300 amino acids, with an amino-
terminal (N-terminal) lobe separated from a carboxy-terminal (C-terminal) lobe by the “ATP
binding cleft” or inter-lobe cleft. The N-terminal lobe is mostly comprised of β-strands, but with
an important α-helix (αc), while the C-terminal lobe is mostly α -helical. The inter-lobe cleft is
where ATP, the substrate segment of substrate proteins and most SMIs bind (Fig. 3.1).Fig.
3.1 Simplified representations of the kinase domain from EGFR. (a) The “active” conformation as
seen in the complex with erlotinib (pdb accession code 1M17). (b) The “inactive” conformation
as seen in the complex with lapatinib (pdb accession code 1XKK). The principal difference



between the inhibitors is the greater extension (toward the right) of lapatinib, which is
accommodated by a large shift of helix αc. Note also the additional short helix in front of αc.
Dotted segments represent parts of the structure that were too highly flexible to be discerned in
the X-ray experiment.There are approximately 500 protein kinases in the human genome(12,
13). The EGF receptor (EGFR) is one of about 60 transmembrane proteins that have a tyrosine
kinase domain within their intracellular region and which in most cases act as receptors for
soluble ligands presented to their extracellular region (receptor tyrosine kinases, RTK).
Eukaryotic protein kinases act as catalysts for the transfer of the γ-phosphate group from the
bound co-factor adenosine triphosphate (ATP) to a protein substrate, onto a tyrosine (tyrosine
kinase), serine, or threonine (serine/threonine kinase) amino acid side chain's hydroxyl group.
Such reactions are integral to a myriad of cell-signaling processes. A great deal has been
learned about protein kinases from X-ray structures(14) that started appearing in 1991, for
instance the following prototypes: protein kinase A(15) (PKA or cyclic-AMP dependent kinase),
the insulin receptor kinase domain(16), and Abelson tyrosine kinase (Abl)(17). Protein kinase
catalytic domains share an overall structure incorporating about 300 amino acids, with an amino-
terminal (N-terminal) lobe separated from a carboxy-terminal (C-terminal) lobe by the “ATP
binding cleft” or inter-lobe cleft. The N-terminal lobe is mostly comprised of β-strands, but with
an important α-helix (αc), while the C-terminal lobe is mostly α -helical. The inter-lobe cleft is
where ATP, the substrate segment of substrate proteins and most SMIs bind (Fig. 3.1).Fig.
3.1 Simplified representations of the kinase domain from EGFR. (a) The “active” conformation as
seen in the complex with erlotinib (pdb accession code 1M17). (b) The “inactive” conformation
as seen in the complex with lapatinib (pdb accession code 1XKK). The principal difference
between the inhibitors is the greater extension (toward the right) of lapatinib, which is
accommodated by a large shift of helix αc. Note also the additional short helix in front of αc.
Dotted segments represent parts of the structure that were too highly flexible to be discerned in
the X-ray experiment.The key role of protein phosphorylation in cell signaling is accompanied by
mechanisms by which the enzyme activity of kinases is turned on and off. The most apparent
“on switch” is the phosphorylation of the enzyme domain itself, in that one or more hydroxyl-
containing side chains (tyrosine, serine, or threonine) within a long loop are often the first site(s)
at which kinase domains are themselves phosphorylated and thereby turned on. This ∼25 amino
acid segment, called the Activation Loop (A-loop), is within the C-terminal lobe. It emerges from
the back of the inter-lobe cleft and has at its beginning a highly-conserved tripeptide motif
Aspartic Acid-Phenylalanine-Glycine (“DFG”– derived from the single-letter amino acid
abbreviations for the amino acid residues). As they have been revealed in the large number of X-
ray structures, the A-loop of protein kinases is highly variable conformationally, but since it
supports substrate binding during phospho-transfer, we can presume a sharply restricted
conformational space is relevant during the catalytic reaction. Phosphorylation within this loop is
associated with a large conformational change (20-30 Å) that either relieves an auto-inhibitory
steric blockage of the substrate binding site, arranges key elements of the catalytic machinery



for phospho-transfer, or both(18, 19). Among the key elements are the α -helix in the N-terminal
lobe (αc), which can shift as a rigid body to provide important interactions with partners in the
catalytic event and which can be associated with shifts of the entire N-terminal lobe, leading to a
more “open” or more “closed” inter-lobe cleft. The simple picture of A-loop phosphorylation and
rearrangement with αc and N-terminal lobe movement neglects control exerted via other
domains in kinases where they exist, e.g., Src(20, 21), but it serves well for discussion of the
structure-function relationships of SMIs that bind in the ATP-binding cleft. EGFR and its close
homologues Her2 and Her4 are themselves exceptional in this regard, as a phosphorylation
event is not required for the catalytically competent conformation of the A-loop and αc(2, 22). As
for the other RTKs, EGFR enzyme activity is commonly turned off either due to de-
phosphorylation by a phosphatase enzyme, or by internalization and degradation. Both these
topics are covered elsewhere in this volume.The structurally characterized EGFR kinase SMIs
reported to date act by competing with ATP for binding in the inter-lobe cleft (Fig. 3.2). Almost all
kinase SMIs use one or more hydrogen-bonds (H-bonds) to the polypeptide backbone in the
segment connecting N- and C-terminal lobes (the “hinge”) for part of their binding energy, a
feature also used for binding by ATP. Beyond this, many kinase SMIs diverge from ATP and tend
not to extend in the direction where ATP places its triphosphate chain. Instead, kinase SMIs
usually extend more or less parallel to the hinge, which leads in one direction toward solvent,
and in the opposite direction deeper into the inter-lobe cleft. These SMIs are discussed in terms
of the core (H-bonds to hinge), the solubilizing group (extends toward solvent), and the “head
group” (reaching into the cleft) (Fig. 3.3). The size of the head group can have important
implications for the conformation of the protein to which a SMI will bind. The prototype example
is the Abl kinase SMI imatinib (STI571, Gleevec® ,Glivec®, (Novartis)), which uses its relatively
large head group to reach far into the cleft region and bind to a protein conformation that
requires the αc helix and DFG to be in a catalytically incompetent arrangement (23). Other
clinically effective kinase SMIs, like erlotinib and gefitinib (ZD-1829, Iressa®, (AstraZeneca)),
have been captured in crystals binding tightly to the catalytically competent conformation, and
so SMIs are sometimes described as binding to the “active” or “inactive” state.Fig. 3.2 The
nature of inhibition in the ATP-binding cleft. An overlay of two EGFR kinase X-ray structures, one
with erlotinib (pdb accession code 1M17) and the other with a close analogue of ATP (pdb
accession code 2GS7). Erlotinib is depicted as a semi-transparent surface, and AMP-PNP as
grey sticks. Both molecules establish H-bonds with the hinge region, and they cannot bind at the
same time.Fig. 3.3 The chemical structures of some potent inhibitors of the EGFR kinase.
Erlotinib, gefitinib, lapatinib and Cl-1033 share a 4-anilino-quinazoline chemotype, while
EKB-569 and HKI-272 share a 4-anilino-3-cyanoquinoline chemotype. Cl-1033, EKB-569 and
HKI-272 all have a reactive moiety in their solubilizing sections designed to form a covalent bond
with a cysteine amino acid near the ATP binding site that is characteristic of the erbB family
kinase domains.The structurally characterized EGFR kinase SMIs reported to date act by
competing with ATP for binding in the inter-lobe cleft (Fig. 3.2). Almost all kinase SMIs use one



or more hydrogen-bonds (H-bonds) to the polypeptide backbone in the segment connecting N-
and C-terminal lobes (the “hinge”) for part of their binding energy, a feature also used for binding
by ATP. Beyond this, many kinase SMIs diverge from ATP and tend not to extend in the direction
where ATP places its triphosphate chain. Instead, kinase SMIs usually extend more or less
parallel to the hinge, which leads in one direction toward solvent, and in the opposite direction
deeper into the inter-lobe cleft. These SMIs are discussed in terms of the core (H-bonds to
hinge), the solubilizing group (extends toward solvent), and the “head group” (reaching into the
cleft) (Fig. 3.3). The size of the head group can have important implications for the conformation
of the protein to which a SMI will bind. The prototype example is the Abl kinase SMI imatinib
(STI571, Gleevec® ,Glivec®, (Novartis)), which uses its relatively large head group to reach far
into the cleft region and bind to a protein conformation that requires the αc helix and DFG to be
in a catalytically incompetent arrangement (23). Other clinically effective kinase SMIs, like
erlotinib and gefitinib (ZD-1829, Iressa®, (AstraZeneca)), have been captured in crystals
binding tightly to the catalytically competent conformation, and so SMIs are sometimes
described as binding to the “active” or “inactive” state.Fig. 3.2 The nature of inhibition in the ATP-
binding cleft. An overlay of two EGFR kinase X-ray structures, one with erlotinib (pdb accession
code 1M17) and the other with a close analogue of ATP (pdb accession code 2GS7). Erlotinib is
depicted as a semi-transparent surface, and AMP-PNP as grey sticks. Both molecules establish
H-bonds with the hinge region, and they cannot bind at the same time.Fig. 3.3 The chemical
structures of some potent inhibitors of the EGFR kinase. Erlotinib, gefitinib, lapatinib and Cl-1033
share a 4-anilino-quinazoline chemotype, while EKB-569 and HKI-272 share a 4-anilino-3-
cyanoquinoline chemotype. Cl-1033, EKB-569 and HKI-272 all have a reactive moiety in their
solubilizing sections designed to form a covalent bond with a cysteine amino acid near the ATP
binding site that is characteristic of the erbB family kinase domains.The idea that every protein
kinase target has an “inactive” conformation has given rise to the notion that targeting the
“inactive” conformation may have an advantage regarding specificity. The reason is that as
catalysts for ATP-dependent phospho-transfer, all kinase “active” forms must share certain
features that make SMI specificity harder to obtain. Also, the many structures of inactive kinase
conformations, which vary widely, have tended to support the logically opposite notion, namely,
that inactive forms offered greater potential for specificity. Interestingly, recent developments in
our understanding of the activation of the EGFR kinase rely, in part, on recognition of key
similarities among the inactive forms of some kinase domains (see below).One additional key
feature of kinase/SMI interactions is the amino acid side chain presented by the protein at the
“gatekeeper” residue (Threonine 790 in EGFR). The numbering system for reference to specific
amino acid positions will reflect inclusion of the 24 amino acids of signal peptide that are part of
the EGFR gene but which are absent from the mature protein. In this system, the Tyrosine
residue referred to as Tyr845 (the “Src site”, subject to phosphorylation by the cellular-kinase
Src and a target of commercial phospho-EGFR antibodies is called Tyr869, relative to the EGFR
precursor sequence containing a 24 amino acid signal peptide). This residue is in the beginning



of the hinge, varies among protein kinases, and is commonly engaged in binding SMIs (Fig. 3.2).
These attributes allow use of gatekeeper interactions to create specificity against some non-
target kinases, but in the same way allow mutations of this residue to have very significant
effects on SMI affinity (potency), as has been observed among patients treated with imatinib
(24), and more recently, with gefitinib (25) and erlotinib (26).3.3 3. Wild-Type EGFR Kinase X-
ray StructuresIn spite of long-term and rather intense study of EGFR, it was not until 2002 before
the first X-ray structures of the EGFR kinase(2) were reported, which used a protein construct of
327 amino acids extending between residue numbers 695 and 1022. The presence in this
construct of approximately 40 amino acids C-terminal to the end on the canonical kinase domain
seems to have been key to successful crystallization, as some of them are important mediators
of crystal packing contacts. The structure with no inhibitor or ATP-like co-factor mimic (“apo”)
revealed the A-loop in a conformation closely similar to that observed for the insulin receptor
kinase in its phosphorylated (active) form (18). The positions of other elements of the catalytic
machinery, the DFG tripeptide and the αc helix, were also consistent with catalytic competence.
These details were in agreement with the finding that substitution of the hydroxyl-containing
tyrosine residue within the A-loop (Tyr869) with phenylalanine (no hydroxyl) created an EGFR
still competent for phospho-transfer activity (22). The same overall conformation was
subsequently observed by Zhang et al. in a complex with an ATP analogue-peptide conjugate
(4) that serves as a mimic of the phospho-transfer reaction.Apo crystals were treated with
erlotinib to provide the inhibitor complex structure in which the protein was found to be
essentially unchanged from its apo parent. This suggested, but did not prove, that erlotinib binds
to the active protein conformation preferentially. Indeed, to this point there was no direct
structural evidence that other conformations existed. Nonetheless, the interactions between
erlotinib and the protein are entirely consistent with tight binding and there is no contrary
evidence suggesting a different protein conformation is better suited to bind erlotinib.The 4-
anilinoquinazoline chemotype found in erlotinib had been structurally characterized earlier with
the protein kinases CDK2 and p38 (27), and together with the erlotinib and gefitinib EGFR
kinase structures, we can observe some common themes. These SMIs share the bicyclic
quinazoline core substituted at one end with two ether-linkage containing groups (solubilizing
groups) and at the other end with a substituted aniline moiety (head group) (Fig. 3.3). Structure/
function analyses of kinase inhibitors generally discount contributions to binding affinity made by
the “solubilizing” groups, although the significant differences in the solubilizing groups in erlotinib
and gefitinib may be important in determining their bioavailability. Erlotinib and gefitinib both
accept an H-bond from the main chain amide of residue Met793 to the N1 atom of their
quinazoline cores. The other nitrogen atom within the core, N3, probably interacts with the
Thr790 side chain indirectly via a water molecule (7, 27), although at the resolution of these
structures (∼2.6 – 2.7Å), such a water is not very reliably observed. Elsewhere, erlotinib and
gefitinib differ only in the nature of the substituents on their respective anilino moieties. Erlotinib
is meta-substituted with a 2-carbon acetylene group. Gefitinib is meta-substituted with a chlorine



atom and para-substituted with a fluorine atom. As demonstrated with the CDK2 and p38
structures, the angle between the planes of the quinazoline core and the anilino head group is
variable and is determined by details of the inter-lobe cleft it occupies. Erlotinib and gefitinib
adopt very similar orientations in the EGFR kinase cleft, with an interplanar angle of about 40°.
They both direct their meta-substituent into a hydrophobic pocket created by the relatively small
side chain of Thr790. There are other potential weak interactions between the hinge and the
quinazoline core that, based on comparisons with the CDK2 and p38 structures, seem to differ
in detail according to the size of the side chain at the gatekeeper residue.In stark contrast to the
structures of erlotinib and gefitinib with (wild-type) EGFR kinase, the inhibitor lapatinib
(GW-2016, Tykerb® (GlaxoSmithKline)) binds to an “inactive” form (3). Lapatinib is also a 4-
substituted quinazoline, but it has a much larger head group than erlotinib or gefitinib (roughly
twice as big) (Fig. 3.3). Wood et al. discount any influence of the poorly ordered solubilizing
group on protein conformation, but the head group of lapatinib is not compatible with the “active”
conformation(3) bound by the smaller inhibitors. The likelihood that the smaller erlotinib and
gefitinib would also bind to the “inactive” conformation is less easily judged. A simple
superposition of the relevant structures shows that the inactive conformation presents an altered
environment to the head group of erlotinib and of gefitinib, but it seems possible that the
resulting steric problem could be eliminated by relatively minor conformational changes. As is
true for erlotinib and gefitinib, the lapatinib quinazoline core H-bonds to the hinge via nitrogen
atom N1. The water mediated H-bond from atom N3 in erlotinib (and perhaps gefitinib) is altered
in the lapatinib structure, now associated with a different threonine residue, Thr854. The
lapatinib head group is like that of gefitinib in having a meta-chlorine, but diverges at the para
position, which is now a 3-fluorobenzyloxy moiety (nine atoms) rather than the lone fluorine atom
of gefitinib. The much larger para-substitution of the anilino ring requires much more room, and
the protein conformation is very different. The αc is shifted away from the catalytic machinery by
about 9Å at the end distal to the hinge region, and the β-strands of the N-terminal lobe rotate by
about 12° relative to the “active” conformation seen with erlotinib and gefitinib. This creates a
hydrophobic pocket for the fluorobenzyloxy group while at the same time disrupting important
elements of the catalytically competent conformation. As the distal end of αc is shifted away
from the site of catalysis, the vacancy created is partially filled by lapatinib but also by a changed
conformation of the A-loop. The lapatinib-bound A-loop includes a short α-helical segment as it
emerges from the inter-lobe cleft, reminiscent of the inactive form of the Src tyrosine kinase (28,
29).3.4 4. Implications for Escape MutantsClinical and research results involving the Abl kinase
are defining a paradigm for the interplay between treatment using SMIs and biological effects,
with direct relevance for the EGFR system. The use of imatinib in patients with chronic myeloid
leukemia (CML) is associated with emergence of ∼20 variant forms of the target Abl kinase (30,
31). These variant forms are less effectively inhibited by imatinib and thus are considered
imatinib “escape” mutants (Fig. 3.4). This clinical experience is providing very important insights
into the use of SMIs in the genetically labile environment characteristic of cancer. Imatinib binds



to an inactive conformation of Abl (23). Among the origins of imatinib resistance are its relatively
large size and its relatively low affinity. The large size is associated with contacts between
imatinib and a relatively large number of Abl amino acid residues. The low affinity means that
mutation at any contact residue has a relatively high likelihood of reducing the affinity to a point
where clinical efficacy is lost. The effect of lower affinity may arise directly at a contact residue,
but for some clinical Abl escape mutants it must arise allosterically, because the amino acid
itself is not contacted by imatinib (Fig. 3.4). In response to the Abl escape mutants, drug
designers have created a second generation imatinib (32) (AMN107, nilotinib (Novartis)), which
benefits from a 20-fold increased affinity while remaining a close chemical relative of imatinib. As
a result, nilotinib retains useful affinity for many of the escape mutants arising from imatinib
treatment.Clinical and research results involving the Abl kinase are defining a paradigm for the
interplay between treatment using SMIs and biological effects, with direct relevance for the
EGFR system. The use of imatinib in patients with chronic myeloid leukemia (CML) is associated
with emergence of ∼20 variant forms of the target Abl kinase (30, 31). These variant forms are
less effectively inhibited by imatinib and thus are considered imatinib “escape” mutants (Fig.
3.4). This clinical experience is providing very important insights into the use of SMIs in the
genetically labile environment characteristic of cancer. Imatinib binds to an inactive conformation
of Abl (23). Among the origins of imatinib resistance are its relatively large size and its relatively
low affinity. The large size is associated with contacts between imatinib and a relatively large
number of Abl amino acid residues. The low affinity means that mutation at any contact residue
has a relatively high likelihood of reducing the affinity to a point where clinical efficacy is lost. The
effect of lower affinity may arise directly at a contact residue, but for some clinical Abl escape
mutants it must arise allosterically, because the amino acid itself is not contacted by imatinib
(Fig. 3.4). In response to the Abl escape mutants, drug designers have created a second
generation imatinib (32) (AMN107, nilotinib (Novartis)), which benefits from a 20-fold increased
affinity while remaining a close chemical relative of imatinib. As a result, nilotinib retains useful
affinity for many of the escape mutants arising from imatinib treatment.
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