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Abstract

ErbB-2 (also called HER2/neu) and ErbB-3 are closely related to the epidermal growth factor receptor (EGFR/ErbB-1), but unlike EGFR,
ErbB-2 is aligandless receptor, whereas ErbB-3 lacks tyrosine kinase activity. Hence, both ErbB-2 and ErbB-3 are active only in the context
of ErbB heterodimers, and ErbB-2 - ErbB-3 heterodimers, which are driven by neuregulin ligands, are the most prevalent and potent complexes.
These stringently controlled heterodimers are repeatedly employed throughout embryonic development and dictate the establishment of
severa cell lineages through mesenchyme-epithelial inductive processes and the interactions of neurons with muscle, glia, and Schwann
cells. Likewise, the potent combination of signaling pathways engaged by the heterodimers drives an aggressive phenotype of tumors of
secretory epithelia, including breast and lung cancers. This review highlights recent structural insights into the mechanism of ligand-induced
heterodimer formation, and concentrates on signaling pathways employed by ErbB-2 and ErbB-3 in normal and in malignant cells.

© 2003 Elsevier Science (USA). All rights reserved.

Introduction

The ErbB-2 - ErbB-3 heterodimer constitutes the pinna-
cle of ErbB receptor evolution, demonstrating the capacity
of evolution to form an extremely potent signaling module
from a pair of singly inactive individual proteins. The di-
versification of the ErbB family during evolution, from one
receptor/ligand in worms, through one receptor/multiple
ligands in flies, to four receptors and multiple ligands in
mammals, has created a network capable of precise signal-
ing in a widely divergent fashion [1]. Thus, through utili-
zation of defined receptor pairs, activated by specific li-
gands, a graded signaling potency can be obtained, leading
to a precise cellular outcome. An additional level of signal-
ing diversity is obtained through differential activation of
distinct signaling molecules downstream of each receptor.
The capacity to form precise signaling is best exemplified
by the ErbB-2 - ErbB-3 dimer. ErbB-3 is an impaired kinase
due to substitutions in critical residues in its catalytic do-
main [2], and thus can signa only in the context of a
receptor heterodimer. In addition, it is now clear that
ErbB-2 isdevoid of an activating ligand [ 3] and can act only
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in the context of a heterodimer with a ligand-bound recep-
tor. In stark contrast to their apparent disabilities, this re-
ceptor pair forms the most potent signaling module of the
ErbB-receptor family in terms of cell growth and transfor-
mation [4,5]. That the most potent signaling module is
formed by partners that are incapable of productively sig-
naling in isolation suggests that evolutionary forces formed
these mechanisms as a measure to tightly control the output
of the network. Aswill be described below, the basis for the
potency of signaling by the ligand-activated ErbB-2 -
ErbB-3 heterodimer lies in the fact that this dimer has the
capacity to signal very potently, both through the Ras-Erk
pathway for proliferation, and through the phosphatidylino-
sitol-3'-kinase (PI3K)-Akt pathway for survival. In addi-
tion, this receptor dimer evades downregulation mecha-
nisms, leading to prolonged signaling [6,7].

ErbB-2 and ErbB-3 as determinants of cell lineages

Organ morphogenesis is controlled, at least in part, by
multiple polypeptide factors that transmit signals between
neighboring cells. The ErbB-receptor family plays a pivotal
role in cell lineage determination in a variety of tissues,
including mesenchyme-epithelial inductive processesin ep-
ithelial organs (reviewed by Burden and Yarden [8]).
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ErbB-2 and ErbB-3, as well as ErbB-1, are expressed in
most epithelia cell layers, and mesenchymal cellsarearich
source of ErbB-ligands, both neuregulins (NRGS) and epi-
dermal growth factor (EGF)-like ligands. During develop-
ment of the human fetus, ErbB-2 is found in the nervous
system, developing bone, muscle, skin, heart, lungs, and
intestinal epithelium [9]. Likewise, ErbB-3 isfound in cells
of the gastrointestinal, reproductive, and urinary tracts, as
well as the skin, endocrine, and nervous systems [10].

Cardiac development

Theroles of ErbB-2 and ErbB-3 in devel opment are best
delineated by the phenotypes of mice in which the erbB-2
and erbB-3 genes have been inactivated, as well as the
phenotype of nrg-1~'~ mice. Essentially, the cardiac phe-
notypes of NRG-1 null mice and ErbB-2 null mice appear
similar, and represent the sum of the changes observed in
ErbB-3 and ErbB-4 null mice [11]. The most striking phe-
notype of ErbB-2 null mice is early death at mid-gestation
(E10.5) due to malformation of trabeculae in the heart [12],
a phenotype shared with ErbB-4 and NRG-1-defective mice
[13,14]. NRG-1 is expressed in the endocardium, an endo-
thelial ventricular lining, while ErbB-2 and ErbB-4 are
expressed in the myocardium, which is the underlying mus-
cular portion of the ventricle and atrium. Mice expressing a
kinase-defective mutant of ErbB-2 instead of wild-type re-
ceptor die at mid-gestation and express the same spectrum
of embryonic defects seen in ErbB-2-defective mice, dem-
onstrating that the catalytic activity of ErbB-2 is essentia
for its function in embryogenesis [15]. While the process of
heart trabeculation does not appear to require ErbB-3, this
receptor is essential for normal cardiac development [16].
Expression of ErbB-3 is restricted to the mesenchyme of the
endocardial cushion, which develops into the heart valves.
In erbB-37/~ mouse embryos the trabeculation occurs in a
delayed but otherwise norma fashion, but their atrioven-
tricular valves are rudimentary and thinned, leading to death
a E13.5. NRG-1 plays a crucia role in this inductive
process [17], but ErbB-2 does not appear to be involved,
sinceit is not expressed in the embryonic endocardia cush-
ion. Targeted inactivation of ErbB-2 in ventricular cardio-
myocytes led to a severe dilated cardiomyopathy, causing
cardiac dysfunction by the second postnatal month, suggest-
ing that ErbB-2 signaling is essential for adult heart function
[18,19]. The cardiac phenotypes expressed by mice carrying
mutations in erbB-2 and erbB-3 demonstrate the basic prin-
ciple underlying the function of the encoded receptors, i.e.,
heterodimerization is essential for induction of receptor’'s
function.

Glial and neuronal cell development
In addition to their roles in synapse formation and neu-

ronal development, NRGs appear to act as major regulators
in the development of myelinating cells in the periphera

(Schwann cells) and central (oligodendrocytes) nervous sys-
tems [20]. Mice individually mutant for erbB-2, erbB-3, or
nrg-1 display afailure in neural crest development, leading
to impaired formation of the sympathetic nervous system
[21]. The action of NRG-1, secreted by neurons, is essential
for both the proliferation and the maturation of Schwann
cells and oligodendrocytes. Accordingly, ErbB-3 is ex-
pressed in the responding myelinating cells, and wherever
investigated, the effect of NRG-1 appears to be mediated by
ErbB-3, acting in the context of ErbB-1 or ErbB-2. While
NRG-1 is important throughout oligodendrocyte differenti-
ation, using complex transgenic systems it has been estab-
lished that ErbB-2 is important for late oligodendrocyte
differentiation, and for the development of myelin [22,23].
In addition, it has also been demonstrated that a heterodimer
of ErbB-2 and ErbB-3 is the active receptor in Schwann cell
differentiation [24,25]. Consistent with observations made
in vitro with cultured cells, in erbB-3-defective mice
Schwann cells fail to develop, and most sensory and motor
neurons subsequently die (reviewed by Davies [26]).

Mammary gland devel opment

The mammary gland is one of the few organs in which
major morphogenetic changes take place after birth. Two
phases of morphogenesis occur, i.e., during puberty, and
during pregnancy. In contrast to their ligands, which are
expressed in defined time windows, all ErbB receptors are
expressed throughout most developmental stages of the
mammary gland (reviewed by Troyer and Lee [27]). In
organ cultures of mammary glands, NRG-1 stimulated lobu-
loalveolar budding and the production of milk proteins [28].
In addition, branching morphogenesis and |obulo-alveolar
differentiation of the mammary gland could be abolished by
blocking expression of endogenous NRG. However, in
transgenic animals with targeted expression of NRG-1 in
the mammary gland, persistence of terminal end buds was
observed, suggesting that NRG-1 inhibits signals that nor-
mally lead to the terminal differentiation of these structures
[29]. Consistent with a role for ErbB-2 as a coreceptor,
transgenic mice expressing a dominant-negative ErbB-2 in
the mammary gland display normal ductal growth, but have
defective lobuloalveoli and reduced milk protein secretion
[30]. Due to coexpression of al ErbBs and many of their
ligands, more experimental models will be needed to re-
solve the exact role of ErbB-2 - ErbB-3 heterodimers in
mammary development.

Formation of ErbB-2 - ErbB-3 heterodimers:
structural insights

While it is clear that dimerization of ErbB proteins is
crucial for signaling (reviewed by Heldin and Ostman [31]),
the underlying mechanism remained elusive until very re-
cently. Three published structures of the extracellular do-
mains of ErbB family receptors [32—34] have recently pro-
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vided a framework for understanding the large amount of
data that have accumulated over the years with respect to
ligand binding and receptor activation. ErbB receptors share
a high degree of primary sequence homology. Four subdo-
mains have been identified in the extracellular domain;
subdomains | (L1) and subdomain Il (L2) mediate ligand
binding [35,36], while according to the recently published
structures, the cysteine-rich subdomains |1 (S1) and IV (S2)
play arolein receptor dimerization. Most previous lines of
evidence relate to the interaction of EGF with ErbB-1 (re-
viewed by Groenen et al. [37]). For example, severa lines
of evidence concluded that EGF binds ErbB-1 with a 1:1
stoichiometry, perhaps through a cleft formed by subdo-
mains L1, L2, and S1 [38]. In addition, EGF binding to an
isolated extracellular domain has been associated with a
conformational change [39], but the exact mechanism of
dimerization remained unknown until very recently.

Earlier lines of evidence

Mutagenesis of both NRG-1 [40] and EGF [36] con-
cluded that these ligands bind their receptors in a bivalent
manner. On the other hand, biophysical analyses of soluble
ErbB-1 suggested dominance of a 2:2 ligand:receptor con-
figuration [41]. Last, fluorescence imaging microscopy sug-
gested that ErbB-1 exists in a predimerized state, but ligand
binding induces a rotationa rearrangement of the mono-
meric subunits [42]. This view is consistent with single
molecule imaging of ErbB-1, which concluded that EGF
first binds to predimerized receptors, and then a second EGF
molecule binds to the 1:2 complex [43].

Insights from crystal structures

The crystal structures of ligand-bound ErbB-1 confirmed
both bivalent ligand binding and a final 2:2 complex
[33,34], consistent with the implications of the structure of
a nonliganded ErbB-3 [32]. In the crystal structures of
ErbB-1 and ErbB-3, L1 and L2 have a B-helical fold, while
the S1 and S2 subdomains have an extended structure held
together by disulfide bonds. The S1 subdomain traverses
along one face of the B-helix of the L1 domain with alarge
interface conferring rigidity to the juxtaposition of the
L1-S1 domains. Two structures of ErbB-1 have been de-
scribed, one bound to EGF [33] and the other bound to
transforming growth factor-a (cTGFa) [34]. In both cases,
bivalent ligand binding to the L1 and L2 domains is ob-
served and the ligand holds these domains in a rigid con-
formation. A long B-hairpin, termed the “ dimerization loop”
extends out of S1 and was found to be the primary mediator
of dimerization of two monomeric ErbB-1 molecules. In the
dimer, the two ligand-bound monomers approach each other
back-to-back and the dimerization loop of one receptor
extends deep into the dimer partner. The tip of the loop
contacts residues in the L1 and L2 domains, contributing to
dimer stabilization.

The role of the 2 domain

The published structures of ErbB-1 did not resolve the
structure of S2. However, short cyclic peptides identical in
sequence to the C-terminus of the S2 domain of ErbB-2
were found to bind the receptor as well as inhibit receptor
signaling [44], suggesting that the S2 domain may be in-
volved in dimerization. In addition, S2 has been previously
demonstrated to reduce ligand binding affinity, suggestive
of an intramolecular inhibitory interaction [45]. In the struc-
ture of the unliganded ErbB-3, an intramolecular interaction
between the dimerization loop (from S1) and a B-hairpin
protruding out from the S2 domains holds the receptor L
domains far apart in an open conformation [32]. Taken
together with the conformation of the ligand-bound ErbB-1,
these lines of evidence raise the possibility that unengaged
ErbB-1 and ErbB-4 may exist in a similar locked confor-
mation on the cell surface. According to this model, ligand
binding to domains L1 and L2 induces rotation of the rigid
L1-S1 domains with respect to the L2 domain around the
S1-L2 linker, and tightly bridges the L1 and L2 domains.
Consequently, this conformational change exposes the
dimerization loop of the receptor, rendering monomeric,
ligand-bound receptors amenable to dimerization.

Dimers containing ErbB-2

Although ErbB-2 binds no known ligand, when recruited
into heterodimers it increases ligand binding affinity
[46,47]. It is also the favored receptor for heterodimeriza-
tion [48,49]. Interestingly, in the structure of ErbB-2, unlike
the other receptors in the family, a strong interaction be-
tween L1 and L2 domains was observed, mimicking the
ligand-bound form in the ErbB-1 structure (A.W. Burgess,
personal communication). This interaction involves regions
corresponding to ligand-binding sites in the L1 and L2
domains of ErbB-1, rendering ErbB-2 incapable of binding
ligands. The consequence of the L1-L2 interaction in
ErbB-2 is a constitutively extended conformation of the
dimerization loop. Hence, the promiscuous behavior of
ErbB-2 and its inability to bind EGF-like ligands seem
inherent to its structure. Fig. 1A presents a model for the
formation of ErbB-2 - ErbB-3 heterodimers. This model was
conceived based on the known structures of ErbB-3 and
ErbB-1, in combination with previously described lines of
evidence. Accordingly, the ligandless ErbB-2 is predisposed
for dimerization because its dimerization loop is preex-
tended. On the other hand, ligand binding to ErbB-3 re-
leases a locked conformation and extends the dimerization
loop. Finally, within the dimer, both S1 and S2 domains of
each receptor form two distinct interfaces, which stabilize
the heterodimer. An alternative view would suggest that a
preformed heterodimer assumes a twisted active conforma-
tion upon binding of aligand [42].
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Fig. 1. Schematic representation of ligand-induced receptor heterodimers. The proposed mechanism of neuregulin-induced ErbB-2 - ErbB-3 heterodimers is
depicted. (A) The extracellular domains are represented by two cysteine-rich domains (S1 and S2) and two cysteine-free, ligand-binding domains (L1 and
L2). ErbB-3 (blue) exists on the cell surface in an autoinhibited conformation resulting from the interactions between the S1 and S2 domains. Bivalent binding
of neuregulin (NRG, represented here as ared dumbbell) to the L1 and L2 domains of ErbB-3 rearranges the conformation of the extracellular domain, leading
to protrusion of the S1 dimerization loop. In the case of ErbB-2, the intramolecular interaction between L1 and L2 results in a preextended conformation of
the S1 dimerization loop. Dimerization between aligand-bound ErbB-3 and an ErbB-2 molecule is mediated primarily by the dimerization loop (dotted circle
1), with additional possible contributions from the loop in the S2 domain (dotted circle I1). Additional stabilizing interactions between the transmembrane
and kinase domains may also play arole. While the simplest scenario is depicted, receptor trimers and tetramers have also been proposed. (B) Overexpression
of ErbB-2 at the cell surface may spontaneously recruit an autoinhibited ErbB-3 into heterodimers. The formed dimers may assume the ligand-induced
conformation, resulting in weak but prolonged receptor activation. Alternatively, spontaneous homodimers formed upon overexpression of ErbB-2 cannot
be excluded.
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Fig. 2. The mgjor signaling pathways stimulated by ligand-activated ErbB-2 - ErbB-3 heterodimers. Ligand-induced formation of the ErbB-2 - ErbB-3 heterodimer
(see Fig. 1) at the cell surface leads to activation of severd major pathways of signal transduction. This process results in enhanced cell survival and mitogenicity,
and its deregulation can lead to tumorigenesis. Erk activation by the Ras-Raf pathway leadsto cell proliferation through the activation of anumber of nuclear targets,
including Elk1, PEA3, Spl, AP, and the c-Myc oncoprotein, which is a major transcription factor and regulator of cell cycle progression. Another pathway is the
P13K-Akt pathway, activation of which results in enhanced antiapoptotic and prosurvival signds, through inhibition of the proapoptotic proteins Bad, GSK3, and
the transcription factor FKHR-L 1. In addition, the PLCry and the JAK-STAT pathways are indicated, with their resulting enhancement of transcription leading to
cell proliferation. A major player acting downstream of ErbB-2 - ErbB-3 is cyclin D1. As indicated, a number of pathways lead from the receptors to enhanced
activation of cyclin D1, thereby promoting cell cycle progression. Note that the outcome of activation of these different signaling pathways depends on the cellular
context, and can vary from proliferation to differentiation, migration, and even induction of apoptosis.

Dimerization driven by receptor overexpression?

Amplification of the erbB-1 and erbB-2 genesis a com-
mon theme in epithelial cancers, and breast cancer patients
whose tumors overexpress ErbB-2 better benefit from treat-
ment with anti-ErbB-2 antibodies (reviewed by Y arden and
Sliwkowski [1]). In model systems, overexpression of
ErbB-1 is oncogenic but only in the presence of a ligand,
whereas overexpression of ErbB-2 is transforming even in
the absence of aligand [50,51]. Likewise, although ErbB-2
bearing an activating point mutation is transforming in the
absence of aligand [52], the presence of another member of
the ErbB family seems essential [53]. Hence, activation of
ErbB-2 may not occur through formation of its own ho-
modimers. Instead, ErbB-2-containing heterodimers may
form when ErbB-2 is overexpressed. The model presented
in Fig. 1B explains how heterodimerization of ErbB-2 with

ErbB-3 may occur upon overexpression of ErbB-2, and a
similar mechanism may underlie the oncogenic potential of
coexpressed ErbB-1 and ErbB-2 [54].

Signal transduction by ErbB-2 - ErbB-3 dimers

Cancers do not necessarily arise as a linear result of an
increased rate of cellular proliferation, but rather the balance
between cell division and apoptosis is the crucia factor
[55]. This principle is demonstrated by the oncogenic po-
tential of the ErbB-2 - ErbB-3 dimer; this receptor signals
through both the mitogen-activated protein kinase (MAPK)
pathway, which drives cell proliferation and additional pro-
cesses, and through the PI3K/Akt pathway, which primarily
drives cellular survival and antiapoptotic signals (Fig. 2).
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The ErbB-2 - ErbB-3 complex is the most active ErbB
dimer

Comparative analyses of individual homodimers and het-
erodimers of ErbB proteinsintroduced into naive, ErbB-free
cells, revealed that ErbB-3 is signaling defective, whereas
ErbB-2 cannot be stimulated by any known ligand
[4,56,57]. Nevertheless, ErbB-2 can enhance and prolong
signaling by many EGF-like ligands [46]. In addition,
within the hierarchical dimerization network of ErbB recep-
tors, ErbB-2 represents the preferred heterodimerization
partner of al other ErbB receptors, and the preferred dimer-
ization partner of ErbB-2 is ErbB-3 [49]. The remarkable
signaling potency of ErbB-2 - ErbB-3 dimersisthe outcome
of several features outlined below:

Sow rate of ligand dissociation

ErbB-2 enhances the affinity of the direct receptors for
their ligands [47,49,58,59]. This effect seems to be shared
by all EGF-like ligands and may reflect the promiscuous
behavior of ErbB-2 as a heterodimerization partner [3].
While ligand affinity is determined by both the rate of
association with the receptor, as well as by the rate of
complex dissociation, only the latter parameter is modul ated
by ErbB-2 [46].

Relaxed specificity to EGF-like ligands

When ErbB-2 joins ErbB-3 it not only confers higher
binding affinity, but also widens the spectrum of ligand
binding toward neuregulins and EGF-like ligands [60,61].
This attribute is not a simple outcome of increased affinity,
because some ligands, e.g., EGF and betacellulin, gain rec-
ognition, while others, e.g., TGFa, do not. Although the
underlying mechanism remains unknown, it seems that this
activity is due to an intrinsic capability of ErbB-2, because
ErbB-2 - ErbB-4 heterodimers demonstrate a similar phe-
nomenon [62].

Evasion of endocytosis

The major pathway leading to inactivation of signals
emanating from ligand-activated growth factor receptorsis
an endocytic process that sorts active receptors to degrada-
tion in lysosomes (reviewed by Waterman and Yarden
[63]). In the case of ErbB-1 this process is robustly regu-
lated by an E3 ubiquitin ligase, called c-Chl, that binds a
specific phosphotyrosine of ErbB-1, thereby enhancing re-
ceptor ubiquitination and subsequent sorting to endocytosis
and degradation [64—68]. In contrast, ligand-induced endo-
cytosis of other ErbBs is slower [4,6], probably because
these receptors are only weakly coupled to c-Chl [48,69,70].
Consequently, ligands of ErbB-3 undergo relatively slow
degradation [71], whereas ErbB-3 itself evades downregu-
lation and undergoes recycling to the plasma membrane
[72]. Defective endocytosis and enhanced recycling charac-
terize not only the ErbB-2 - ErbB-3 dimer, but also other
ErbB-2-containing heterodimers [73-75].

Coupling to potent signaling pathways

Within a ligand-occupied ErbB-2 - ErbB-3 dimer,
transphosphorylation takes place and as a result, severa
phosphotyrosine residues located in the carboxyl-terminus
of each receptor undergo phosphorylation [5]. Remarkably,
a single site of ErbB-2, which recruits Shc and couples to
the MAPK pathway, is sufficient for cell transformation
[76], and multiple sites of ErbB-3 are able to recruit PI3K
[77], thereby activating the Akt pathway. Normally ErbB-3
is restrained through its lack of kinase activity, which is
compensated by heterodimerization. The strong signaling
potential of this receptor is exemplified by an artificia
fusion protein containing the kinase domain of ErbB-1 and
the carboxyl-termina tail of ErbB-3 [7]. This chimera is
extremely mitogenic because it strongly couples to PI3K,
avoids c-Chl and endocytosis, and transmits prolonged sig-
nals through the Shc-MAPK pathway. In conclusion, sev-
eral mechanisms allow ErbB-2 and ErbB-3 to escape nor-
mal constraints, and their combined dimer is characterized
by ligand promiscuity and potent signaling.

Sgnaling pathways activated by ErbB-2 and ErbB-3

Several mgjor pathways are stimulated upon activation
of ErbB-2 and ErbB-3. These are MAPK [76], PI3K
[77,78], phospholipase-Cy (PLCy; [79,80]), protein kinase
C, and the Janus kinase (Jak-STAT; [81]). Remarkably, it
appears that the heterodimers avoid coupling to Grb2 and
the Ras-specific GTPase-activating protein (Ras-GAP;
[82]), effectors that can also negatively regulate mitogenic
signals [83,84].

MAPK pathway

Stimulation of Erk occurs upon ligand-induced activa-
tion of areceptor dimer, which binds Grb2 through a phos-
phorylated tyrosine-based consensus site, or indirectly,
through interaction with Shc (reviewed by Marshall [85]).
Grb2 is associated with Sos, a guanine nucleotide exchange
factor specific for Ras, and Sos activates Ras by exchanging
GDPfor GTP. In the GTPase active state, Ras interactswith
Raf and stimulates a linear kinase cascade culminating in
activation of Erk/MAPK. Erk phosphorylates a variety of
cytoplasmic and membranal substrates, and is rapidly trans-
located to the nucleus, where it activates a number of tran-
scription factors including Spl, PEA3, E2F, Elk1, and the
APL transcription factor formed by Jun and Fos.

PI3K/AKT

Activation of PI3K occurs through binding of the regu-
latory p85 subunit of the lipid kinase to a phosphotyrosine
consensus site on the receptor, leading to allosteric activa-
tion of the p110 catalytic subunit. p110 activation produces
phosphatidylinositol-3,4,5-trisphosphate  [PtdIns(3,4,5)P5]
from Ptdins(4,5)P, within seconds, and delayed production
of Ptdins(3,4)P, through the action of 5'-inositol phospha-
tases. The effects of polyphosphinositides in the cell are
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mediated through the action of two lipid-binding domains,
the FYVE domain, which binds to Ptdins(3)P, and the PH
domain, which binds to Ptdins(3,4)P, and PtdIns(3,4,5)Px.
The PH domain-containing proteins PDK-1 (reviewed by
Tokev and Newton [86]) and Akt/PKB are key mediators of
PI3K signaling, and both are essential for the transforming
effects of PI3K (reviewed by Blume-Jensen and Hunter
[871). Upon production of Ptdins(3,4)P, and Ptdins(3,4,5)P;
following activation of PI3K by the ErbB-2-ErbB-3 receptor
dimer, Akt is recruited to the plasma membrane by its PH
domain, and is phosphorylated by PDK-1. Akt phosphory-
lation causes its activation and transglocation to the nucleus,
where it acts upon its targets, which are either regulators of
apoptosis or of cell growth (reviewed by Meier and Hem-
mings [88] and Cantley [89]). The tumor suppressor PTEN
is a lipid phosphatase, which dephosphorylates the 3'-OH
position of Ptdins(3,4)P, and PtdIns(3,4,5)P;, thereby re-
verting the activity of PI3K, and downregulating the activity
of PDK-1 and Akt.

PLCy

Activation of PLCy by ErbB-2, rather than by ErbB-3
[82], occurs through its SH2-mediated recruitment to phos-
phorylation-dependent docking sites on ErbB-2, as well as
recruitment through its PH domain to the plasma mem-
brane. In its phosphorylated active form, PLCy hydrolyzes
PIP, (P14,5P,; phosphatidylinositol 4,5 biphosphate) into
IP; (inositol 1,4,5-triphosphate), and diacylglyceral. 1P, ac-
tivates the release of calcium from intracellular stores, and
thereby activates calcium/calmodulin-dependent kinases, as
well as additional pathways, and it collaborates with diac-
ylglycerol to stimulate protein kinase C (reviewed by Karin
and Hunter [90] and Hunter [91]).

Cell adhesion molecules

CD44, a surface glycoprotein implicated in cell adhesion
and motility, has been found to complex with ErbB-2 in
ovarian and Schwann cells. CD44 coimmunoprecipitates
with ErbB-2 and ErbB-3, and may potentiate the response to
NRG-1 by facilitating receptor heterodimerization [92,93].
An additional positive modulator is the MUC4 sialomucin,
which forms a complex with ErbB-2 in a number of tissues.
MUCA4 has been suggested to act as a modulator of the
signaling activity of ErbB-2, inducing specific phosphory-
lation of ErbB-2, and potentiating NRG signaling [94].

Cyclin-dependent kinases and cell cycle regulation
Hyperactivated signaling through ErbB receptors results
in deregulation of the cell cycle homeostatic machinery and
upregulation of complexes containing cyclin D and cyclin-
dependent kinases (CDKSs), resulting in enhanced prolifer-
ation and malignant transformation. Cyclin D1 is a centra
effector of signaling by ErbB-2 and ErbB-3, and has been
implicated as a magjor player in breast cancer acting to
promote cell cycle progression, through activation of its
cataytic partners CDK4 and CDK6 (reviewed by Harari

and Yarden [95]). Both MAPK and PI3K can modulate the
activity of cyclin D1 downstream of ErbB-2 [96]. The
MAPK pathway has been implicated in transcriptional up-
regulation of cyclin D1 through the Spl, AP1, and E2F
transcription factors [97,98], and posttranglational stabiliza-
tion of cyclin D1 can be conferred by its phosphorylation by
Akt [99]. Additional key regulators of CDK function are
p27¢'Pt and p21"V¥™, previously implicated as CDK inhib-
itors, but currently suggested to produce both activating and
inhibiting functions, depending on their expression levels.
Thus, ErbB-2/Neu-induced, cyclin D1-dependent transfor-
mation is accelerated in p27-haplo-insufficient mammary
epithelial cells, but impaired in p27 null cells [100], and
ErbB-2 and ErbB-3 function together to stimulate mitogenic
signaling networks by Akt- and c-Myc-dependent seques-
tration of p27'™, leading to deregulation of the G1-S cell
cycle transition [101].

Negative regulators

RALT isafeedback inhibitor of ErbB-2 signaling whose
expression is induced upon stimulation of the MAPK path-
way [102]. RALT binds to the kinase domain of ErbB-2,
and inhibits Erk activation and cellular transformation
driven by ErbB-2 [103]. A different mode of ErbB-2 inhi-
bition is exemplified by Herstatin, an alternatively spliced
form consisting of a segment of the extracellular domain of
ErbB-2 fused to a novel carboxyl-terminus. Herstatin binds
to ErbB-2 and inhibits heterodimerization and activation of
ErbB-3 [104]. A similar type of naturaly secreted protein
consisting of the extracellular domain of the receptor has
been described for ErbB-3. This secreted protein (p85-s)
inhibits NRG-stimulated activation of ErbB-2, ErbB-3, and
ErbB-4 through sequestration of the ligand [105]. An addi-
tional mode of regulation of ErbB-2 is mediated by the
action of the heat shock proteins Hsp90 and Hsp70, and
their associated E3-ubiquitin ligase CHIP, which acts to
promote the ubiquitylation of ErbB-2, and its subsequent
degradation [106,107]. This mechanism of cellular regula-
tion bears significant potential for pharmaceutical interven-
tion in ErbB-2-dependent tumors.

Clinical implications of the cooperation between
ErbB-2 and ErbB-3

Several lines of evidence derived from animal models
and in vitro systems imply that ErbB-1 can transform naive
cells only when one of its ligands, primarily TGFe, is
available [50,108]. Consistent with this notion, analyses of
human tumors from gastric, breast, pancreatic, and other
originsindicated that autocrine loops underlie poor progno-
sis of the relevant ErbB-1-overexpressing tumors (reviewed
by Salomon et al. [109]). Another critical partner of ErbB-1
is ErbB-2, as their coexpression drives oncogenesis in
model systems [54,57]. In analogy to ErbB-1, when singly
expressed, ErbB-3 is nonmitogenic [4], but together with
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ErbB-2 and a neuregulin it transmits not only potent mito-
genic signals [4,56,57], but also signals for tumorigenic
growth [5,57,110]. As discussed earlier, whether or not
ErbB-2 can transform cells when singly expressed is yet
unclear; while the catalytic activity of this receptor is rela-
tively high, even in the absence of a stimulating ligand
[111], a transforming mutant, whose catalytic activity is
congtitutively elevated [112], loses its oncogenic potential
when expressed in an ErbB null cellular environment [53].

ErbB-2 is overexpressed in a large proportion of breast
and ovarian tumors (20—30%), primarily due to gene am-
plification [113,114]. ErbB-2 appears not to be expressed in
benign tumors before the onset of malignant disease [115],
but overexpression is maintained in metastatic lesions. The
prognostic significance of ErbB-2 overexpresion in human
cancer has been extensively reviewed [116-118], and there-
fore we limit our discussion to the available clinical data
related to coexpression of ErbB-2 and neuregulin receptors.
Expression of the high affinity neuregulin receptor ErbB-4
is relatively variable in carcinomas, and it may associate
with a differentiated phenotype and better prognosis of
breast tumors [119]. In contrast, coexpression of ErbB-2
with ErbB-4 in childhood medulloblastoma predicts poor
prognosis [120]. Significantly, when singly analyzed in
brain tumors, expression of neither receptor was predictive.
Coexpression of ErbB-2 with the low affinity neuregulin
receptor ErbB-3 may be similarly relevant to epithelial
tumors. However, detection of such an association is poten-
tially blurred by the following two factors: First, ErbB-3 is
expressed in the mgjority of tumors of the breast, skin,
ovary, and gastrointestinal tract [121-124]. Second, the
respective gene shows no amplification or rearrangements.
Nevertheless, along with reports that failed detecting asso-
ciation between ErbB-3 and clinical outcome, severa stud-
ies associated ErbB-3 expression with pathological param-
eters. Examples include advanced non-small cell lung
carcinomas in which high ErbB-3 predicted shorter patient
survival [125], early invasive ovarian lesions [126], hepa-
tocellular carcinomas [127], oral squamous cell carcinomas
[124], and bladder cancersin which coexpression correlated
with patient survival [128].

In conclusion, there are clinica indications supporting the
concept emerging from in vitro studies that neither ErbB-2 nor
ErbB-3 can be considered as stand-adone receptors. Future
studies must also address the presence of neuregulins, because
unlikeligands of EGFR, which seem to control autocrine loops
in human cancers [129], neuregulins may form paracrine loops
in breast [130] and prostate cancer [131]. Another varigble is
the occurrence in tumors of secreted ErbB-3 isoforms capable
of neuregulin binding [105].

Per spectives

Peaking in the recent months, the past 15 years have been
highly instructive as to the basic principles underlying the

action of ErbB receptors, and in describing their relevance
to tumorigenesis, thereby opening windows for therapeutic
opportunities. Thus, the basic principle of receptor het-
erodimerization has taught us that the context in which a
receptor functions is crucial for predicting the resulting
signal. This context is beginning to be extended to the
interaction of the ErbBs with receptors of other families and
to cross-talk between signaling pathways (reviewed by Car-
penter [132]). The recently resolved structures of the
ectodomains of ErbB receptors will be instructive not only
for understanding how ligands promote receptor dimers, but
aso help develop peptidergic and other ErbB blockers. It is
interesting that a naturally occurring antagonistic ligand
existsin flies (i.e., Argos [133]), but attempts to generate a
similar blocker of mammalian ErbBs have failed so far.

Apart from spaciotemporal regulation of the expres-
sion of ligands, receptors, and downstream effectors, it is
currently unclear how different neuregulins elicit unique
responses, although they utilize similar receptor combi-
nations. Differences in affinity of different ligands for the
same receptor combination have been suggested to be a
deciding factor in signal outcomes. Another possibility is
the amplification of subtle differences in the conforma-
tions of the dimers induced by different ligands, when
higher order oligomers of the receptors are formed [134].
Would low affinity viral ligands induce an open confor-
mation of the dimerization loop, or do they exploit the
small fraction of predimerized receptors by rearranging
them to potentiate signaling [135]? If a ligand binds to
only one receptor, how is the identity of the receptor
dimer decided? What is the mechanism by which het-
erodimerization is preferred over homodimerization?
And, how is the dimerization signal transferred through
the membrane, leading to activation of the kinase do-
main? These and other questions will most likely await
the resolution of the structure of a receptor heterodimer
in the context of a ligand. Last, in terms of cancer
therapy, our understanding of the basic mechanisms un-
derlying ErbB-dependent tumorigenesis have led to a
magjor focus on the receptors as targets for therapeutics.
Given the perception of multilayered signaling through
the ErbB family, this choice appears to be valid, but
future targeting of additional components of the ErbB
network is expected to increase clinical success in the
future.
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