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m Abstract The epidermal growth factor (EGF)-related peptides bind the ErbB re-
ceptors, inducing the formation of different homo- and heterodimers. Receptor dimer-
ization promotes activation of the intrinsic kinase, leading to phosphorylation of spe-
cific tyrosines located in the ErbB’s cytoplasmic region. These phosphorylated residues
serve as docking sites for a variety of signaling molecules whose recruitment stimulates
intracellular signaling cascades, which ultimately control diverse genetic programs.
Particular ligand-receptor complexes have essential roles in embryonic development
as well as in the adult. Finally, ErbB receptors are being pursued as therapeutic tar-
gets because aberrant ErbB activity has been observed in many human cancers. In
this review, we discuss these data in more detall, illustrating the importance of tightly
regulated ErbB signaling throughout life.

INTRODUCTION

Cells in complex organisms are embedded in a continuous flow of information
coming from both their external environment and neighboring cells. The correct
interpretation and integration of all these signals is crucial for homeostasis, sur-
vival, and adaptation of the single cell, as well as of the organism itself. During
evolution, various cellular tools have been developed to accomplish this challenge;
membrane-localized receptors are one important example. Of these, receptors with
tyrosine kinase activity form a large family, able to translate the information from

a peptide ligand into an intracellular message, which ultimately controls gene
expression and thus biological outcome.

The subclass | of the receptor tyrosine kinase (RTK) superfamily is formed by
the ErbB or epidermal growth factor (EGF) receptors and includes four members:
EGFR/ErbB1/HER1, ErbB2/Neu/HER2, ErbB3/HERS, and ErbB4/HER4. Hence-
forth, we refer to them as the ErbB receptors. All members have in common an
extracellular ligand-binding region, a single membrane-spanning region, and a cy-
toplasmic protein tyrosine kinase—containing domain. Under normal physiological
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conditions, activation of the ErbB receptors is controlled by spatial and tempo-
ral expression of their ligands, members of the EGF-related peptide growth factor
family (1). Ligand binding to ErbB receptors induces formation of different homo-
and heterodimers, and, as a consequence, the intrinsic kinase domain is activated,
which results in phosphorylation on specific tyrosine residues within the cyto-
plasmic tail of the receptor. These phosphorylated residues serve as docking sites
for a variety of signaling molecules whose recruitment leads to the activation of
intracellular pathways (2, 3).

Reflecting the complexity of the organisms, the ErbB family has evolved from
a minimal single ligand-receptor combination to a complex system comprising
four receptors and a large number of ligands. In the nema@akmnorhabdi-
tis elegansonly one homologue of EGFR, LET-23, and one ligand, LIN-3, are
known. A well-characterized function of this pathway is cell fate specification
during vulva development, where the six vulval precursor cells express LET-23
and respond to the paracrine LIN-3 signal originating from the anchor cell (4).
In the fruitfly Drosophila melanogasteithe ErbB system has evolved to five
ligands with one receptor. Activation of the ErbB homologue DER leads to a
variety of cell fates during oogenesis and embryogenesis, as well as prolifera-
tion/differentiation of imaginal discs (5). Binding of Spitz, Gurken, and Keren
(6), all homologues of transforming growth facterTGF-), but also of Vein,

a neuregulin (NRG)-like ligand, leads to activation of DER. By contrast, Argos
inhibits DER activation by competing with the activating ligands. Interestingly,
no such inhibitory molecule has been described in higher organisms, including
mammals.

In higher vertebrates, four ErbB receptors bind a multitude of ligands, inducing
formation of various homo- and heterodimers, thus providing for a potentially high
degree of signal diversity. Expression of the ErbB receptors is seen in a variety
of tissues throughout development where, as described below, they play essential
roles during embryogenesis by controlling cell proliferation and differentiation.
Moreover, aberrant ErbB signaling is involved in the progression of human ma-
lignancies. Cancer patients whose tumors have alterations in ErbB1 or ErbB2
tend to have a more aggressive disease, associated with parameters predicting a
poor clinical outcome (7, 8). Based upon these clinical findings, ErbB receptors
have become appealing therapeutic targets. Over the past few years, several ap-
proaches, including targeting with antagonistic antibodies or small-molecule tyro-
sine kinase inhibitors, have been developed and are currently under intense clinical
investigation (9, 10).

In this review, our emphasis is not only on how ErbB receptors signal and
control developmental processes under normal physiological conditions but also
on the role of deregulated signaling and cancer promotion. Finally, we discuss
clinical results with ErbB inhibitors in the context of our ever-increasing knowl-
edge of the normal role of these receptors in embryonic development and in the
adult.
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ErbB SIGNALING: FROM THE OUTSIDE OF
A CELL TO ITS NUCLEUS

ErbB receptor-mediated signal transmission from the outside to the inside of the
cell encompasses several steps. The first step of ErbB signaling is binding of the
EGF-like peptide ligands to specific receptors, which induces their conformational
change and dimerization. The transmembrane ErbB receptors then pass the infor-
mation from the cell membrane to the nucleus, where changes in gene expression
allow the cell to adapt to the new situation. This signal flow occurs via phos-
phorylation cascades, starting from modifications of the receptors themselves and
ending at the level of specific transcription factors. A simplified scheme of ErbB
signaling is illustrated in Figure 1.

The EGF-Related Ligand Family

The EGF-related peptide growth factors, whose binding is responsible for acti-
vating the ErbBs, are produced as transmembrane precursors; their ectodomains
are processed by proteolysis, leading to shedding of soluble growth factors (11).
Interestingly, during evolution, these proteolytic events appear to be mediated
through different enzyme classes, i.e., while the proligand principle is conserved,
the processing mechanisms are not. In mammals, several studies have identified
the zinc-dependent disintegrin-like and metalloproteinase-containing proteins, the
ADAMSs, as the proteases that cleave ErbB proligands (12). In contrast, in the fruit-
fly Drosophila Rhomboids, which are seven-pass transmembrane serine proteases
that are insensitive to metalloproteinase inhibitors, are responsible for cleavage of
the three membrane-spanning, Tafomologue precursors (13).

In mammals, each ErbB ligand contains an EGF-like domain that confers bind-
ing specificity [see also (2)]. Affinity toward one or more ErbB receptor allows
them to be divided into three groups. The first group includes EGF, d Gind
amphiregulin (AR), which bind specifically to ErbB1; the second group includes
betacellulin (BTC), heparin-binding EGF (HB-EGF), and epiregulin (EPR), which
exhibit dual specificity in that they bind ErbB1 and ErbB4; and the third group,
composed of the neuregulins (NRGs), forms two subgroups based upon their ca-
pacity to bind ErbB3 and ErbB4 (NRG-1 and NRG-2) or only ErbB4 (NRG-3 and
NRG-4). Alternative splicing further increases the variability of NRGs. Intrigu-
ingly, despite the large number of identified ligands, no direct high-affinity ligand
for ErbB2 has been described. New findings based upon structural studies have
brought clarity to this issue.

ErbB Receptor Dimerization

Recent publications describing the crystal structure of ErbB1, ErbB2, and ErbB3’s
extracellular region, consisting of four domains (I-1V), have brought new insights
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into some long unanswered questions concerning the process of ligand-induced
receptor dimerization. The structures of ErbB1 bound to EGF (14) or & GI5)

have confirmed the importance of domains | and Il in ligand binding. Moreover,
these studies revealed a direct receptor-receptor interaction in which a protrud-
ing arm from domain Il on one ErbB1 molecule directly contacts the second
ErbB1 molecule, and vice versa. Interestingly, in the dimer formed by two 1:1
ligand:receptor complexes, the two ligands are distant from each other and bind
only a single receptor, i.e., they are monomeric. Thus, ErbB receptor activation
appears to occur by a novel mechanism because the ligands for many other trans-
membrane receptors directly mediate dimerization (16). For example, growth hor-
mone (GH) or erythropoietin (EPO) are bivalent, and therefore, one ligand binds
and brings together two receptors. Platelet-derived growth factor (PDGF) and
vascular endothelial growth factor (VEGF) form homodimers, thus bridging two
of their respective receptors. Finally, the fibroblast growth factors (FGFs) bind
only one receptor but are linked together through simultaneous interaction with
heparin.

The structure ofinactive ErbB1 is characterized by an intramolecular interaction
between domains Il and IV involving the same “dimerization arm” responsible for
receptor-receptor interaction. This maintains ErbB1 in a “closed” conformation in
which the ligand-binding domains | and Il are held apart (17). A similar structure
has been described for the “nonactivated” ErbB3 (18). These results imply that
substantial domain rearrangements occur upon ligand binding, resulting in an
“open” receptor conformation.

The structure of ErbB2’s extracellular region revealed a major difference in
comparison to ErbB1 and ErbB3 (19, 20). Indeed, ErbB2 was found in a fixed
conformation similar to that of ligand-activated ErbB1, i.e., the domain II-1V in-
teraction was absent and the dimerization loop was exposed. This structure not
only explains why ErbB2 has no ligand, but also predicts that the receptor is,
in fact, unable to bind EGF-related peptides because in the “open” conforma-
tion, domains | and Ill are so close that it would be impossible for a ligand to
fit (20). These findings help explain the role of ErbB2 as the preferred partner
for the other ligand-bound ErbBs (21, 22). However, despite the exposed “dimer-
ization arm,” ErbB2 failed to form homodimers in the crystal. This might be
due to electrostatic repulsion; in contrast to ErbB1, ErbB2’'s domain Il loop,
as well as the pocket into which the loop tip docks, are electronegative (20).
Furthermore, additional receptor-receptor interactions, mediated through extra—
as well as intracellular regions, are known to contribute to dimer stabilization
(23-25).

These structural data, as well as the absence of a direct ErbB2 ligand, imply that
its heterodimerization with a second, ligand-binding ErbB receptor is necessary for
ErbB2 activation (26). A second family member, ErbB3, has a similar requirement,
but for another reason. ErbB3 has impaired kinase activity owing to substitutions
in critical residues in the kinase domain itself (27). Hence, ErbB3 only becomes
phosphorylated and functions as a signaling entity when dimerized with another
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ErbB receptor. Thus, neither ErbB2 nor ErbB3 are able to form signaling units in
isolation. Nevertheless, overexpression, especially of ErbB2, appears to force the
equilibrium toward spontaneous homodimer formation, which leads to receptor
activation in the absence of ligands. This is the situation observed in a variety of
human cancers, as is discussed below.

Intracellular Signaling

Regulation of the nature, duration, and potency of the intracellular signaling path-
ways activated by ErbB receptors is very complex. The ligand, the receptor com-
position on a cell, the availability of intracellular docking molecules, as well as
negative effectors downregulating the signal are some key parameters that deter-
mine the final outcome of ErbB activation.

An important function of the ligands is to control formation of defined ErbB
dimers through selective binding to their target receptor, which then can dimer-
ize with itself or other ErbB family members. In addition, ligand binding influ-
ences which receptor tyrosines become phosphorylated, thus the type of signaling
molecules enrolled (28, 29). The binding of the cytoplasmic mediators, which in-
clude adaptor proteins or enzymes, occurs through their Src-homology 2 (SH2)-
or phosphotyrosine-binding (PTB)-domains (30), whereas the recruitment speci-
ficity is determined by the amino acids surrounding the autophosphorylation site
on the receptor itself. Analyses of the phosphotyrosine context in the cytoplasmic
regions of the different ErbB receptors have shown that signaling redundancy as
well as specificity occurs. The Shc- and/or Grb2-activated mitogen-activated pro-
tein kinase (MAPK) pathway is a common target downstream of all receptors (2).
Similarly, the phosphatidylinosithol-3-kinase (PI-3K) pathway is directly or indi-
rectly activated by most ErbBs (31). However, signaling extent is dependent upon
the receptor because, e.g., ErbB3 couples particularly well to this pathway because
of its multiple p8%'-3K docking sites (32, 33), whereas ErbB4 directly recruits
p8F3K only if distinct isoforms are available (34). Other cytoplasmic docking
proteins appear to be recruited by specific ErbB receptors and less exploited by
others (35). These include the adaptors Crk, Nck, Eps15, Dok-R, the phospholipase
Cy (PLCy), GTPase-activating proteins (GAP), the protein tyrosine phosphatase
SHP-1, the intracellular tyrosine kinase Src (36), or the Cbl E3 ubiquitin protein
ligase (37).

In addition to the particular pathways activated, the duration of signaling is
another key factor in defining the biological output. In the case of ErbB1, but
interestingly not for the other three ErbBs, internalization and targeting to the
endosomal compartment is the main process that downregulates signaling (38).
Further complexity is achieved by the specific ligand bound to ErbB1 because
different ligand-receptor dissociation rates determine whether the receptor will be
recycled or degraded in a Cbl-mediated manner (39, 40). Moreover, dimerization
of ErbB1 with ErbB2 reduces its internalization rate (41), which may explain the
signaling power and biological potency of the heterodimer (42, 43).
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Stimulation of a spectrum of cytoplasmic pathways translates the signal to
the nucleus where a plethora of transcription factors undergo activity changes,
initiating waves of transcription programs. Numerous transcription factors down-
stream of ErbBs have been described; these include c-jun (44), c-fos and c-myc
(45, 46), NFxB (47, 48), zinc-finger transcription factors such as Spl (49), Ets
family members (50), forkhead transcription factors (51), and signal transducer
and activator of transcription (Stat) (52). Through these transcriptional programs,
the ErbB signaling network controls a wide palette of biological outcomes, includ-
ing cell proliferation, differentiation, survival, adhesion, and migration (53).

ErbBs, a Component in a Broader Signaling Network

Transregulation between different classes of membrane receptors provides for
even more signaling diversity. ErbBs are good examples of signal integrators be-
cause they are the target of signaling events emanating from other receptor classes
(Figure 2). ErbB transactivation is characterized by rapid receptor tyrosine phos-
phorylation and subsequent stimulation of signaling pathways. Basically, two
mechanisms can be considered: Either ErbB receptors are phosphorylated by other
kinases or ErbB receptors autophosphorylate as a consequence of increased kinase
activity.

The first mechanism is characterized by a “passive” behavior of the ErbBs; the
receptors act as scaffolds and activation of their kinase domain is not necessary
for downstream signaling (Figurea® Binding of growth hormone (GH) (54) or
prolactin (Prl) (55) to their receptors activates the constitutively associated Janus
tyrosine kinase (Jak) 2, which phosphorylates the cytoplasmic domain of ErbB1
or ErbB2. In both cases, MAPK activity is dependent upon ErbB phosphorylation.
Moreover, the cytoplasmic tyrosine kinase Src phosphorylates various residues on
ErbB1, leading to increased receptor signaling (56).

The second mechanism of ErbB transactivation, namely, the ability of different
receptors to indirectly stimulate the intrinsic kinase activity, has been intensively
studied for G-protein coupled receptor (GPCR) agonists, such as endothelin-1
(ET-1), thrombin, bombesin, and lysophosphatidic acid (LPA) (57, 58). Mecha-
nistically, this process involves rapid stimulation of metalloproteinases followed
by cleavage of an EGF-like ligand precursor, e.g., pro-HB-EGF (59), whose bind-
ing activates ErbB1 and downstream signaling pathways, ultimately leading to
a biological outcome (60). Considering the multitude of GPCRs and their wide
pattern of cellular expression, a broader importance for this mechanism is well con-
ceivable. This could easily be tested by measuring the phosphotyrosine content
of individual ErbBs after addition of GPCR ligands. Recently, the ADAMs have
been shown to play pivotal roles in proligand cleavage following treatment with
GPCR agonists (12,61, 62). The intracellular messenger that transmits the signal
from the G-proteins to these metalloproteinases remains to be identified (Figure
2b). Finally, our laboratory has recently shown that Wnt binding to frizzled (Fz)
receptors also stimulates ErbB1'’s activity through a metalloproteinase-mediated
increase in ligand availability, which results in MAPK activation and induction of
cyclin D1 expression (63).
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THE ErbBs DURING MOUSE EMBRYOGENESIS

The importance of ErbB signaling during early mouse development is evident
from gene targeting studies. Indeed, ablation of individual ErbB loci results in
embryonic or perinatal lethality.

Inactivation of ErbB1 leads to a variety of phenotypes, which are dependent
upon the mouse genetic background (64). Mice surviving until birth die soon
afterward, suffering from defects in a broad range of organs, including skin, lung,
the gastrointestinal tract, and some regions of the brain (64—66). In contrastto these
severe phenotypes, germline mutations of genes encoding ErbB1 ligands show a
lower penetrance. This suggests that different ligands have tissue-specific roles
during development and/or that there might be compensation by other ligands
in some organs. For example, mice deficient in Té&sBhow similar defects in
skin, hair, and eyes (67), but, in contrast to ErbB1 mutants, show no signs of
neurodegeneration.

ErbB2 targeting has shown that it functions as an ErbB3/ErbB4 coreceptor,
which is necessary for transmitting NRG-1 signals. Although the ErbB2/ErbB4
heterodimer acts principally in the heart, ErbB2/ErbB3 function is required for
peripheral nervous system development. Initial evidence for the importance of
heterodimer signaling was revealed by the analysis of mice null for ErbB2, ErbB4,
or NRG-1. Each mutant dies at E10.5, displaying absence of trabeculae in the heart
ventricle (68—70). Thus, the paracrine signaling of endocardium-produced NRG-1
to the ErbB2/ErbB4 heterodimer present on the apposed myocardium is essential
for embryonic heart development.

Rescue of the cardiac phenotype by myocardium-specific ErbB2 expression in
mice with an otherwise ErbB2-null background revealed the central role of this
receptor in the peripheral nervous system (71, 72). Here, it is the ErbB2/ErbB3
heterodimer that transmits the NRG-1 signal. Loss of heterodimer signaling by
targeting any of these components leads to hypoplasia of the sympathetic ganglion
chain, loss of a portion of cranial sensory ganglia, and defective Schwann cell
development (70, 73). Interestingly, all these neuronal tissues arise from cells of
neural crest origin (74), which lose their migratory ability in mice with a defective
ErbB2/ErbB3 signaling system (75).

As mentioned above, ErbB receptors integrate signals from other networks, in
some cases without the need of their intrinsic kinase activity. To rule out the possi-
bility of a scaffold function during embryogenesis, mice with a kinase-dead ErbB2
“knock-in” into thec-erbB2locus were created. These animals die at midgestation
with similar defects as null mutants, suggesting the necessity for the catalytic activ-
ity of ErbB2 during early development (76). Moreover, the essential role of a func-
tioning ErbB2/ErbB3 heterodimer was demonstrated in an ex vivo system. Here,
heart valve formation from the embryonic endocardial cushion, which involves
an epithelial to mesenchymal transition, was severely impaired in E+bB2
and ErbB3-/— heart explant cultures, as well as wild-type explants treated with
ErbB antagonists (77). In contrast, at least a partial scaffold function during
embryonic development cannot be ruled out for ErbB1. In fact, the naturally
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occurringwaved-2mouse strain, characterized by a major reduction in the ac-

tivity of the ErbB1 kinase, is completely viable and displays only a subset of the

defects compared to ErbB1-null mice (78). Of course, it cannot be excluded that
the residual receptor kinase activity is enough for normal development of some
organs.

THE ROLES OF ErbBs IN THE ADULT

The fact that many null mutations in the ErbB signaling system are lethal has made
it difficult to study the specific roles of these molecules later in development. An
elegant way to circumvent this problem is to engineer conditional knockout mice
and subsequently target the gene in a defined organ. To date, only conditional
ErbB2 mice have been described. Another way to circumvent the early lethality
problem is to use dominant-negative constructs under the control of tissue-specific
promoters, which has been used for various ErbBs.

Mice with a conditional ErbB2 allele showing a perinatal decrease in recep-
tor expression in the ventricular cardiomyocytes are viable. However, starting at
approximately eight weeks, they develop severe dilated cardiomyopathy, result-
ing in reduced contractile function of the heart (79, 80). Other studies revealed
the importance of ErbB2 in different tissues. Mice deficient for ErbB2 in skele-
tal muscles are viable, but lack muscle spindles and display defects in muscle
regeneration (81). ErbB2 also regulates the formation of effective neuromuscu-
lar synapses and is essential for muscle spindles development (82). Moreover,
mice with a conditional loss of ErbB2 in Schwann cells have abnormally thin
myelin sheaths and display movement abnormalities and loss of motoneurons
(83).

Homozygous newborn ErbB¥— mice display immature development in sev-
eral epithelial organs. For instance, they have thin skin, fewer hair follicles, and
no hair outgrowth (65). In adult skin, ErbB1 is expressed in the basal, proliferative
layer of the epidermis, and in the outer root sheath of hair follicles. The essential
role of ErbB1 signaling in the skin was demonstrated by tissue-specific expres-
sion of a dominant-negative, truncated receptor. These mice are viable, but display
defects in skin architecture and have abnormal hair follicle development and hair
cycle (84). Although no tissue-specific ablation of ErbB1 has been reported, the
broad expression of ErbB1 and its ligands in a variety of mature organs suggests
that further roles will be uncovered.

The ErbB network has also been studied in the mammary gland, an organ
that undergoes most of its development postnatally. This organ is particularly
interesting because it is susceptible to ErbB-induced cancer. A number of studies
have used gain-of-function and loss-of-function approaches to dissect the role of
the ErbB receptors and their ligand during the mammary gland development. In
this way, the importance of ErbB1 and its ligand AR for ductal growth and the
contribution of ErbB2, ErbB4, and NRGxXor lobulo-alveolar development and
lactation have been shown (85).
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ErbBs IN HUMAN CANCERS

Since the discovery that an oncogenic avian erythroblastosis retrovirus encoded a
mutated homologue of ErbB1 (86), intense research has focused on the role of these
receptors in cancer development. In many different cancer types, ErbB receptors,
in particular ErbB1 and ErbB2, become constitutively activated as a result of
autocrine ligand production, receptor overexpression, or mutation (summarized
in Table 1). The wealth of pathological and clinical data makes it impossible to
review the role of these receptors in all tumor types; thus, we list only some of the
many examples.

In cancer cells, ErbB1 is activated by each of the mechanisms listed above.
The most common mutation [type Ill, (87)], which is often found in glioblastomas
(88), is a deletion in the extracellular region resulting in constitutive activation
of the receptor. Overexpression of ErbB1 has been reported in squamous-cell
carcinomas of head and neck (SCCHN), non-small cell lung cancer (NSCLC),
and ovarian and other tumor types (89-92). Interestingly, in vitro studies, as well
as the recently solved structure, suggest that ErbB1 overexpression is insufficient
to cause receptor activation; ligand binding is still required (93). Accordingly,
coexpression of a ligand, e.g., TGkwith ErbB1 is often seen in primary tumors
(8,94, 95). Early clinical reports using small numbers of patients with different
types of cancers suggested that coexpression of ErbB1 and its ligands is associated
with poor survival. A recent mega-analysis, summarizing more than 200 reports,
strengthens these early studies and identified ErbB1 as a strong prognostic factor,

TABLE 1 The ErbB network in human cancer

Receptor  Activation Cancer References
ErbB1 Mutation Glioma (88)
(type IlI) Breast, ovarian  (138)

ErbB1 Overexpression  SCCHN (89)
Breast (90)
Ovarian (92)
Glioma (139)

ErbB1+ Autocrine loop SCCHN (94)

TGFw NSCLC (91, 95)
Lung, colon (8)
Breast (140)

ErbB2 Overexpression  Breast (100, 141)
Ovarian (97)
Stomach (98, 142)
Bladder (99)
Salivary (143)

Lung (144)
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associating its expression with reduced recurrence-free and overall survival in
several cancer types, including SCCHN, ovarian, and others (96).

In contrast to ErbB1, no activating alterations of ErbB2 have been found in
human tumors. Activation and constitutive signaling of ErbB2 is achieved through
overexpression, often a consequence of gene amplification, which appears to in-
duce spontaneous dimerization without need of a ligand. Overexpression of ErbB2
occurs in a broad spectrum of carcinomas, including breast, ovarian, gastric, blad-
der, and others (97—99). Particularly in breast cancer, ErbB2 overexpression is used
as a marker associated with a poor patient prognosis and resistance to hormonal
therapy (100).

There are only a few studies characterizing ErbB3 and ErbB4 in human can-
cers. To date, mutations have not been reported and, owing to the small number
of analyzed tumors, no statistically significant correlation with prognosis can be
made.

ErbB RECEPTORS AS TARGETS FOR CANCER THERAPY

The ErbB receptors have been intensely pursued as therapeutic targets owing
to the large number of cancer patients whose tumors show aberrant ErbB ex-
pression, as well as the fact that these tumors display other clinical parameters
associated with poor patient prognosis. Numerous antireceptor strategies have
been taken. Considering in vitro approaches, these incladlfibiting tran-
scription or translation by triplex-forming oligos, designer transcription factors,
antisense approaches, or ribozymes (101-1®})preventing receptor cell sur-
face localization with single-chain antibodies (46); or éffecting receptor sta-

bility with, e.g., geldanamycin (105). For clinical use, the most promising and
advanced strategies include small chemical inhibitors that compete with ATP in
the receptor kinase domain and antibodies that prevent ligand-binding, receptor
activation and/or induce receptor internalization. Table 2 summarizes some of
the compounds currently in clinical trials or, in the case of Herceptin, in wide
therapeutic use. Interestingly, some of the small-molecule tyrosine kinase in-
hibitors (see Table 2) irreversibly block the kinase activity of the target ErbB
receptor through direct binding to a specific cysteine in the ATP-pocket (106).
Owing to space limitations, in the next sections, we focus only on some of the
listed compounds, namely, the antibodies targeting ErbB1 (Cetuximab, C225,
or Erbitux) or ErbB2 (Herceptin, Trastuzumab, or rhumMAb 4D5), as well as
the most clinically advanced ErbB tyrosine kinase inhibitor (Iressa, ZD-1839, or
Gefitinib).

Preclinical Studies: How do ErbB-Targeting Drugs Act?

Studies onin vitro culture systems and in animal models have shown the effective-
ness of targeting ErbBs in blocking processes linked to tumor progression. The
mechanistic understanding of targeting these receptors with a kinase inhibitor is
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TABLE 2 ErbB-targeted cancer drugs in clinical use or development

Compound  Type Company Target Status Indication
Herceptin Hum. mAb Genentech/ ErbB2 Approved in Metastatic
Roche several breast
countries
Cetuximab Chim. mAb  Imclone/ ErbB1 Phase Il SCCHN,
Merck/ colon
Bristol-Myers
Squibb
EMD 72000 Hum. mAb Merck ErbB1 Phase I/l a
TheraCIM Hum. mAb YM ErbB1 Phase I/l a
Biosciences
ABX-EGF Hum. mAb  Abgenix ErbB1 Phase | a
Iressa TKI AstraZeneca ErbB1 Phase I, NSCLC
approved
in Japan
Tarceva TKI osl/ ErbB1 Phase Il Pancreas
(OSI-774) Genentech/
Roche
PKI166 TKI Novartis ErbB1 Phase I, a
stoppefl
CI-1033 TKI, irrev. Pfizer ErbB1, Phase Il a
ErbB2
GW2016 TKI GlaxoSmith ErbB1, Phase | a
Kline ErbB2
EKB-569 TKI, irrev. Wyeth ErbB1 Phase | a

Hum./Chim. mAb, fully humanized or human/mouse chimeric monoclonal antibody; TKI, small-molecule tyrosine
kinase inhibitor; irrev., irreversible inhibitor

4n early clinical trial stages.

bDevelopment of PKI166 was interrupted due to high incidence of liver toxicity, 17% of patients showed Grade 3 elevated
liver transaminases (145).

straightforward, involving direct inhibition of kinase activity, thus blocking sig-
nals originating from the receptors themselves. Treatment of cancer cell lines that
have deregulated ErbB activity with Iressa results in a proliferative block and/or
cell death (107, 108). In combination with cytotoxic drugs, the cytostatic effect of
the compound is enhanced and apoptosis increased (107). Other processes linked
to ErbB-mediated tumor progression, such as angiogenesis, are also efficiently
blocked by Iressa treatment (109). Moreover, a variety of xenograft tumor models
have been used to show that Iressa efficiently inhibits tumor growth and potentiates
the effects of chemotherapeutic agents or radiation, resulting in tumor regression
(107,110).
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Cetuximab is a human-mouse chimeric monoclonal antibody that binds to the
extracellular region of ErbB1 and antagonizes ligand binding (111). In addition
to preventing ligand-receptor interaction, there is also evidence that this antibody
stimulates ErbB1 internalization (112). The efficacy of Cetuximab has been shown
in vitro and in vivo. Treatment of a range of cancer cell lines with the antibody
resulted in growth inhibition through upregulation of the cell cycle inhibitor27
(113,114) and induction of apoptosis (115). Furthermore, in a number of in vivo
model systems, Cetuximab has been shown to inhibit tumor growth (111, 116), to
block angiogenesis (117), to prevent metastasis formation (117), and to increase
sensitivity to chemotherapeutic agents (118).

Herceptin is a fully humanized monoclonal antibody that recognizes an epitope
on the extracellular domain of ErbB2 (119). Cocrystallization of the extracellular
region with Herceptin has further defined this interaction at the juxtamembrane
domain (19). In contrast to Cetuximab, Herceptin’s action is not to prevent lig-
and binding because there is no ErbB2 ligand, but rather to block receptor activ-
ity and downstream signaling pathways and to promote receptor internalization
(120-122). Herceptin treatment of ErbB2 overexpressing tumor cell lines results
in a proliferative block, reflected in a loss of positive cell cycle regulators, such
as cyclins, and an increase in inhibitors, such as'p27119, 121, 122). The anti-
tumor properties of Herceptin used alone and its increased efficacy when used in
combination with cytotoxic agents have been confirmed using in vivo xenograft
models (123). Furthermore, in vivo, Herceptin elicits antibody-mediated cyto-
toxicity through engagement of Fc receptors, and this process contributes to its
antitumor activity (124).

Results from Clinical Trials

A number of advanced clinical trials using Herceptin, Cetuximab, or Iressa have
been performed in the past few years, providing a wealth of information on efficacy
and side effects, which, as we discuss below, may reflect normal organ-specific
physiological roles of the receptors.

Herceptin, the only licensed ErbB2-specific drug, has been on the market since
1998 for treatment of ErbB2-overexpressing metastatic breast cancer. This subset
of patients was chosen for treatment based upon the results from preclinical studies
showing that Herceptin had antitumor activity only in ErbB2-overexpressing tumor
cells but not in those with low levels of the receptor (119). Generally, Herceptin
has been demonstrated to be safe, well tolerated, and without the side effects
observed with conventional cytotoxic agents. Herceptin's clinical efficacy has been
documented in two Phase Il studies, showing that treatment with Herceptin as a
single agent led to a good response in patients who had progressed after one or
two chemotherapy regimes (125). Furthermore, Herceptin increased survival when
added to first-line conventional chemotherapy (126). These studies have shown that
when Herceptin was coadministered with anthracyclins or administered to patients
who had undergone prior chemotherapy with these drugs, there was an increased
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risk of cardiac side effects, including cardiac dysfunction (126, 127). In addition
to metastatic breast cancer, Herceptin is currently in early clinical trials for other
indications, including NSCLC (128).

The most prominent ErbB1-specific antibody, Cetuximab, has shown promising
results in clinical trials with patients suffering SSCHN, NSCLC, or colorectal
cancer. Though not completely humanized, Phase | and Il studies have shown
that it causes only a low human antichimera antibody (HACA) response; the most
common side effects observed include skin rash and folliculitis (10). Cetuximab
in combination with chemotherapeutic agents has had some promising clinical
results, thus clearing the way for randomized advanced Phase lll trials (129).

The small-molecule inhibitor Iressa has undergone single-agent Phase | trials
in patients with various solid tumors. Although diarrhea was the marker for dose-
limiting toxicity, only modest additional side effects were observed, including, as
for Cetuximab, skin rash (130). Results from two Phase Il trials have shown that
Iressa used as a second- or third-line monotherapy in advanced NSCLC patients
improved survival. Surprisingly, however, in two large Phase Il trials involving
NSCLC patients, Iressa gave no additional benefit compared to placebo when
added to first-line standard chemotherapy (131). These contrasting results with
Iressa underline the general importance of further studies on ErbB-targeted drugs,
with the specific aim being to pinpoint those patients who might best benefit from
a given therapy.

PERSPECTIVES

The successful treatment of cancer patients with the ErbB2 antagonist Herceptin
is unquestionably an example speaking for the new generation of targeted cancer
drugs. Instead of indiscriminately targeting cells with a high proliferative potential
using standard chemotherapeutics, this antibody selectively targets a deregulated
pathway, which is directly involved in tumor progression. Thus, in Herceptin-
treated patients, severe side effects in organs such as the bone marrow have not
been observed. The good tolerability, as well as positive clinical results in terms
of patient survival, when administered alone or in combination with other agents,
gives hope for the future of targeted therapeutics. Nevertheless, some clinical prob-
lems need addressing. Notably, only a fraction of patients treated with Herceptin
actually respond, implying that ErbB2 overexpression is not the only parameter to
consider prior to deciding for this therapeutic approach. Additional screening of
tumors for ErbB2 activity may improve the predictive potential of overexpressed
ErbB2. Indeed, analyses of ErbB2 phosphotyrosine content reflecting receptor ac-
tivity have shown that only a subpopulation of ErbB2-overexpressing tumors is
positive (132,133). In the future, it will be important to see whether there is a
correlation between phospho-ErbB2 status and therapeutic response.

There are also important questions remaining for basic research. As discussed
above, under physiological conditions, ErbB2 needs a partner in order to signal.
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This raises the question of whether, in tumors, ErbB2 overexpression can replace
the normally essential dimerization partner. Our lab has shown that in ErbB2-
overexpressing breast cancer cell lines, sensitivity to ErbB2-targeted therapy cor-
relates with ErbB3 expression (133a), suggesting that ErbB2 activity alone is not
sufficient to drive cancer cell proliferation. Further evidence pointing to the impor-
tance of ErbB2 heterodimers in tumor cells comes from xenograft studies, where
it was shown that administration of the ErbB2-directed mAb 2C4, which prevents
the receptor from heterodimerizing, results in potent antitumor effects, in some
instances better than Herceptin (134). Because the structures of the extracellular
regions of three ErbB receptors are now available, this may accelerate development
of inhibitors designed to target specific epitopes. In this respect, it is conceivable
that the antitumor effects of 2C4 may be due to binding the “dimerization arm,”
thus preventing ErbB2 from interacting with other ErbBs.

Another important issue to be considered is the side effects reported in the
various clinical trials on ErbB-directed therapies. Basically, the increased risk of
cardiac dysfunction in patients treated with Herceptin, as well as the skin rash
and gastrointestinal disorders documented in Cetuximab and Iressa clinical stud-
ies, could be explained by the physiological function of the respective receptor
in these organs. Indeed, as described above, ErbB2 has an important role in the
postnatal heart (79), and mice with a natural ErbB1 mutati@véd-2 or with tar-
geted alleles display severe skin defects (64, 78). Relating to this, analyses of skin
biopsies from patients treated with Iressa have shown that ErbB1 phosphorylation,
MAPK activation, and keratinocyte proliferation are in fact reduced, demonstrating
the action of Iressa in this tissue (135). However, it is important to note that other
observations suggest that the explanations for drug-induced side effects are likely
to be complex. For example, the incidence of cardiac dysfunction in Herceptin-
treated patients was lower in those receiving concomitant paclitaxel compared to
those treated in combination with anthracyclines (127), suggesting that Herceptin-
induced cardiotoxicity may occur only in combination with other heart “stress”
factors, such as anthracyclines. This model is supported by in vitro experiments
showing that adult rat myocytes treated with doxorubicin display changes in myo-
filament structures and that this myofibrillar disarray is increased by addition of an
ErbB2-specific antibody (136). Fortunately, not all patients treated concomitantly
with Herceptin and anthracyclines display cardiac dysfunction. Thus, prescreening
patients to identify those in the “best response—lowest side effects” group would be
ideal. In this regard, it has been reported that only a subset of breast cancer patients
had specific myocardial uptake of radiolabeled Herceptin, and, remarkably, these
same patients later developed signs of cardiotoxicity (137).

This short discussion should make it clear that continuing to increase our un-
derstanding of the mechanisms underlying physiological ErbB signaling, as well
as the roles of these receptors during cancer progression, will not only provide
explanations for side effects, but also may identify new diagnostic markers and
therapeutic targets. Our ever-increasing knowledge on the important ErbB recep-
tors is likely to improve the therapeutic index of drugs currently available or still
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in development and should finally allow clinicians to select the best therapy for

the individual patient.
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Figurel The ErbB signaling network. Ligands of the EGF family bind to their receptors
causing the formation of different ErbB dimers. ErbB2, which has no direct ligand induc-
ing homodimerization, needs a partner to acquire signaling potentia (indicated by the
encircled P). However, overexpression of ErbB2 in human tumors can circumvent this
requirement (see text for a more detailed explanation). Moreover, ErbB3 homodimers can-
not signal because the receptor has impaired kinase activity. Following receptor activation,
various molecules (violet) with adaptor or enzymatic functions are directly recruited to the
ErbBs. These then activate downstream signaling components (dark blue), which ulti-
mately lead to changesin the activity of multiple nuclear transcription factors (yellow). For
illustrative clarity, we have omitted many componentsin each of the signaling layers. FOX,
forkhead transcription factor; Ets, members of this transcription factor family. For more
details see the text.
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Figure 2 ErbB receptors as signal integrators. ErbB receptors can acquire signal-
ing potential and activate the MAPK pathway upon exposure of cells to non-EGF-
related peptides. The two known mechanisms of ErbB transactivation are shown. (a)
Growth hormone (GH) or prolactin (Prl) treatment lead to ErbB1 or ErbB2 phos-
phorylation, respectively. This occurs through the direct action of Jak2, a tyrosine
kinase that is constitutively bound to the cytokine receptors and activated following
ligand binding. Activation of Srcin response to various stimuli also resultsin ErbB1
phosphorylation. In these examples, no ErbB receptor kinase activity isrequired for
MAPK activation. (b) Several GPCR agonists, as well as Wnt ligands, stimulate
ErbB1 by increasing the availability of EGF-related peptides, which bind and acti-
vate the receptor. Although the ADAMs have been reported to catalyze cleavage of
the proligands after GPCR stimulation, the nature of the metalloproteinase (MP)
downstream of Wnt signaling is not yet known. See the text for more details.
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