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Abstract

An increasingly important role for the ErbB3 receptor in the genesis and progression of breast
cancer is emerging. ErbB3 is frequently overexpressed in breast cancer and coexpression of
ErbB2/3 is apoor prognostic indicator. ErbB3 has also been implicated in the devel opment of
resistance to antiestrogens such as tamoxifen and ErbB tyrosine kinase inhibitors such as gefitinib.
Persistent activation of the AKT pathway has been postulated to contribute to ErbB3 —mediated
resistance to these therapies. This activation may be duein part to the inappropriate production of
the ErbB3 ligand heregulin. ErbB3 binding proteins, which negatively regulate ErbB3 protein
levels and the ability of ErbB3 to transmit proliferative signals, also contribute to breast cancer
progression and treatment resistance. These proteins include the intracellular RING finger E3
ubiquitin ligase Nrdpl and the leucine-rich protein LRIG-1 that mediate receptor degradation.
Ebp1, another ErbB3 binding protein, suppresses HRG driven breast cancer cell growth and
contributes to tamoxifen sensitivity. These studies point to the importance of the evaluation of
protein levels and functional activity of ErbB3 and its binding proteins in breast cancer prognosis
and prediction of clinical response to treatment.
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The importance of the ErbB3 Receptor in breast cancer

The ErbB family of tyrosine kinase receptors [Human EGF Receptor 1 (HER1, ErbB1),
HER?2 (ErbB2), HER3 (ErbB3) and HER4 (ErbB4)] regulates the growth, differentiation and
survival of human breast epithelial cells (1). Ligand binding to ErbB receptors resultsin the
formation of homo or heterodimers leading to activation of receptor tyrosine kinases(2).
ErbB3 isthe only member of the ErbB receptor family that lacks tyrosine kinase activity due
to amino acid substitutions in the conserved kinase domain (3). Thus the interaction of
ErbB3 with its binding partnersis essential for its biological activity. Tyrosine
phosphorylation of the ErbB3 receptor carboxy terminal domain provides docking sites for
cytoplasmic effectors of intracellular signaling (2). Of note, tyrosine phosphorylated ErbB3
has six consensus sites for the p85 adapter subunit of PI-3 kinase (4;5). Both SH2 groups of
each of the three Pl -3 kinase adapter isoforms bind with moderate or high affinity at
multiple sitesin ErbB3(6). Only ErbB3, of all ErbB family members, has three pairs of
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tyrosine residues separated by a single glutamic acid residue (YEY motif). The p85 subunit
of PI 3-kinase p85 bindsto the first tyrosine residues of each of these three sites (7),
providing an explanation for the strong binding of p85 to ErbB3. After ligand binding, ErbB
receptors activate MAPK and AKT signaling pathways. AKT stimulation of mTOR activity
also results in activation of the p70S6 kinase and the 4E-binding protein 1, which in turn
regulate transition through the G1-S phase of the cell cycle (8). Thus, evasion of apoptosis
and cell growth inhibition viathe AKT pathway play amajor rolein the ability of ErbB3 to
stimulate cell growth and overcome clinical treatment.

A wealth of clinical data demonstrate the aberrant expression of ErbB2 and EGFR in breast
cancer (1) (9). Although ErbB3 overexpression has been noted in breast cancer since the
1990s (10) (11-13), the role ErbB3 in breast cancer progression has only more recently been
appreciated. Overexpression of ErbB3 isfound in the absence of gene amplification or
mutation (10). The prevalence of ErbB3 expression as judged by analysis of mRNA (14;15)
or protein levels by immunohistochemistry (11;16;17) has been reported to be between
17-52%. High expression of ErbB3 was positively associated with metastasis (10),
histological grade (11), and tumor size and recurrence (12). ErbB3 overexpression has been
found to be an independent predictor of survival in some (18) (14) but not al studies (12).
However, at present, a simple determination of ErbB3 mRNA or protein levelsin breast
cancer cannot be used by itself for biological or clinical predictions duein part to many
factors that will influence ErbB3 expression, localization or activity.

Thereis also agrowing awareness of the importance of the ErbB2/3 heterodimer in breast
cancer progression. The majority of ErbB2 positive tumors are strongly positive for ErbB3
(19). Co expression of ErbB2 and ErbB3 is significantly associated with decreased patient
survival (19). Therole of the ErbB2/3 heterodimer as a growth stimulatory signal
transduction unit was first demonstrated /17 vitroby Koland' s group that found that HRG
stimulation caused ErbB2/3 heterodimerization (20). Since then, many studies have
demonstrated that the ErbB2/ErbB3 receptor pair forms the most potent mitogenic and
transforming receptor complex /n vitro (21). The ErbB2/3 heterodimer has been proposed to
be an “oncogenic unit” and key to the proliferation of human breast cancer cells (22).
Holbro et al (22) demonstrated that ErbB2 required Erbb3 to drive breast tumor
proliferation. Loss of functional ErbB3 by a designer transcription factor (E3) or loss of
ErbB2 by an intracellular trapping antibody in breast cancer cell lines that overexpress
ErbB2 led to the same degree of inhibition of cell proliferation. In addition, activity of
downsteam signaling pathways such as MAPK or AKT was decreased when either
functional ErbB3 or ErbB2 was ablated. A congtitutively activated AKT could rescue the
proliferative block induced by loss of either ErbB2 or ErbB3. The results demonstrated that
ErbB2 overexpression and activity alone were insufficient to promote breast cancer cell
division and point out the importance of ErbB3 in the design of ErbB directed therapies.

Further support for the role of ErbB3 as atarget in breast cancer therapies comes from
studies using ErbB3 directed antibodies that determined whether ErbB3 had a
physiologically relevant ErbB2-independent role in transmitting proliferative and migratory
signalsin cell lines that have low levels of ErbB2. Such cell lines and patients that have low
levels of ErbB2 expression are insensitive to the clinically approved ErbB2 directed
antibody Herceptin (trastuzumab). Treatment of an MCF-7 adriamcyin resistant cell line and
MDA-MB-468 cells with an antibody to the extracellular domain of ErbB3 decreased
cellular migration and proliferation. The inhibition of cell growth was accompanied by a
substantial decrease in HRG-induced ErbB2 tyrosine phosphorylation and ErbB2/3
heterodimerization. Activation of the Pl 3-kinase and JNK pathways was a so decreased.
Finally, treatment with the ErbB3 targeted antibody resulted in a decreasein ErbB3
recycling to the cell surface after HRG stimulation. These studies suggested the utility of
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anti-ErbB3 antibodies in breast cancer therapy especially for patients whose tumors do not
overexpress ErbB2 (23).

The foregoing studies indicate a complex role for ErbB3 in the progression and devel opment
of breast cancer. They suggest that ErbB3 may be an attractive therapeutic target in its own
right and an essential part of multi modality therapies focused on ErbB pathways.
Unfortunately, ErbB3 is not an easily “druggable” target due to its lack of tyrosine kinase
activity(3). Several therapeutic approaches are being developed such as the use of RNA
aptamers to the extracellular domain of ErbB3(24), synthetic designer zinc transcription
factors that inhibit ErbB3 gene expression (25), and micro RNAs directed towards ErbB3
(26).

The Role of ErbB3 in Treatment Resistance

Asoutlined above, the role of ErbB3 in the genesis and progression of breast cancer has
been studied for many years. However, recently arole has emerged for ErbB3 in the
development of resistance to newer forms of cancer therapies. | would like to discuss the
role of ErbB3 in development of hormone resistance and of resistance to tyrosine kinase
inhibitors (TKIs).

Resistance to antiestrogens

De novo and acquired resistance to antiestrogens such as tamoxifen is a significant problem
in the treatment of breast cancer patients (27). Mechanisms postulated to contribute to the
acquisition of the resistant phenotype include loss or mutation of Estrogen Receptor (ER),
alterations in the intracellular pharmacology of breast tumor cells, ligand independent ER
mediated transcription and perturbation of the interaction of ER with transcriptional
corepressors (28). More recently, activation of ErbB family members has been linked to
resistance to antiestrogens such as tamoxifen as the enhanced expression of members of the
ErbB receptor family leads to the ability of cells to bypass normal endocrine responsiveness
(29) (30). A large literature exists that demonstrate cross talk between the ER and ErbB2
and EGFR signaling pathways (31) (32) (33). The importance of ErbB3 in development of
the hormone resistant phenotype is emerging. For example, clinical studies examining a
large retrospective group of tamoxifen treated, ER-positive breast cancer patients have
demonstrated that ErbB2/3 positive patients were significantly more likely to relapse on
tamoxifen (34). In addition, it has been known for many years that tamoxifen sensitive
MCEF-7 cells transfected with a HRGI2B-2 cDNA, become estrogen independent and
resistant to antiestrogens both /n vitroand in vivo (32).

Direct demonstration of the involvement of ErbB3 in tamoxifen resistance comes from
studies of Liu et al who showed that downregulation of ErbB3 by siRNA abrogates ErbB2
mediated tamoxifen resistance in breast cancer cells (35). MCF-7 cells which express low
levels of ErbB2 and MCF-7 cells transfected with ErbB2 (M CF-7/erbB2) were transfected
with SiRNA directed against ErbB3. Elimination of ErbB3 expression had no effect on
expression or phosphorylation status of ERa. Downregulation of ErbB3 significantly
enhanced tamoxifen associated growth inhibition not only in parental MCF-7 cells, but also
in MCF-7/erbB2 cells. The increased growth inhibition was due to enhanced apoptosis.
These data indicated that ErbB2 associated tamoxifen resistance can be abrogated by
downregulation of ErbB3. The molecular mechanism responsible for the increased
sensitivity to tamoxifen after abrogation of ErbB3 expression is not known. However,
significantly decreased levels of phosphorylated AKT were observed when ErbB3
expression was abrogated. Tamoxifen resistance is associated with activation of PI-3 kinase/
AKT. For example, MCF-7 cells expressing a constitutively active AKT proliferate under
reduced estrogen conditions and are resistant to the growth inhibitory effects of tamoxifen
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(36). Overexpression of AKT pathways is associated with tamoxifen resistance in a clinical
setting (36-38). Therefore, Liu et a (35) suggested that ErbB3 activation of AKT may
contribute to tamoxifen resistance. In summary, this study suggests that ErbB3 and its
cognate ligands may have a profound influence on tamoxifen resistance. The ErbB3 receptor
may serve as a useful molecular target for modulating tamoxifen resistance in ER positive,
ErbB2 overexpressing breast cancers.

Resistance to Tyrosine Kinase Inhibitors

Studies of /n vitroand preclinical models that suggested the importance of ErbB family
membersin breast cancer progression led to the development of drugs targeted to ErbB
receptors. Several small molecular weight tyrosine kinase inhibitors (TKIs) have undergone
clinical trialsin breast cancer. Unfortunately, initial phase |1 studies did not demonstrate
high efficacy of the EGFR inhibitor gefitinib in heavily pretreated patients with metastatic
breast cancer (39). Although TKIs against the ErbB family inhibit ErbB2 and EGFR activity
both /n vitroand in animal models, they show only limited clinical activity against ErbB2
driven breast cancers. One possible explanation for this lack of effect may be the inability of
TKIsto inhibit ErbB3 activation of downstream signaling pathways. The importance of
ErbB3 expression in resistance to TKIsin breast cancer has been recently highlighted by the
demonstration that continued oncogenic signaling through ErbB3 in human breast cancer
cell linesresults in the failure of the EGFR/ErbB2 kinase inhibitor gefitinib to completely
inhibit the kinase activity of ErbB2. While EGFR and ErbB2 phosphorylation and activation
of downstream pathways such as AKT were durably inhibited by TKIs, dephosphorylation
of ErbB3 was transient, leading to reactivation of AKT pathways (40). As mentioned
previously, ErbB3 has six binding sites for PI-3 Kinase and is principally responsible for
AKT activation after treatment of cells with EGFR or HRG like ligands (5). The resulting
constitutive phosphorylation of AKT in the face of gefitinib treatment allowed cellsto evade
apoptosis. Persistent ErbB3 activation in the face of gefitinib treatment was due to aforward
shift in the equilibrium of the ErbB3 phosphory!ation-dephosphorylation reaction,
establishing anew steady state ErbB3 phosphorylation level despite significant inhibition of
ErbB2 kinase. The TKI induced forward shift in ErbB3 steady state phosphorylation was
driven by increased ErbB3 substrate concentration in the forward reaction and decreased
phosphatase activity impeding the reverse reaction. The increase in ErbB3 substrate at the
plasma membrane was due to ErbB3 relocalization to the plasma membrane and was
suppressed by inhibitors of vesicular trafficking. Thus, the failure to durably suppress ErbB3
activity significantly attenuates the anti-tumor effect of TKIs and is consistent with the
limited clinical activities of these agentsin ErbB2 amplified breast cancers. It should be
noted that mono-specific EGFR reversible TKIs (gefitinib and erlotinib) and pan-ErbB
irreversible inhibitors (Cl-1033,canertinib) were used in these studies. These TKIs may be
suboptimal for management of ErbB2 overexpressing breast cancer. Whether the therapeutic
effects of ErbB1/2 reversible TKIs such as lapatinib can be overcome via ErbB3
transphosphorylation remains to be elucidated (41). Sergina et a (40) suggested that TKI
therapy will remain ineffective until drugs that completely inactive ErbB kinase function are
available. In addition, measures of ErbB2 and EGFR phosphorylation may overstate the
efficacy of TKIsand are poor /11 vivobiological markers. ErbB3 transphosphorylation would
serve as a better marker of TKI efficacy to guide therapeutic decisions (42).

Further, the efficacy of therapies directed against a single ErbB receptor may be blunted by
ErbB related ligands that interact with other members of the ErbB family. Paracine,
autocrine or juxtacrine produced HRG can overcome the growth inhibitory effects of EGFR/
ErbB2 TKIs. Motoyama et a (43) were the first to demonstrate that the growth inhibitory
effects of EGFR directed TKIswere attenuated in the presence of HRG. The degree of
inhibition of the TKIs' therapeutic effect was dependent on the level of ErbB3 expression.
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The influence of HRG on the efficacy of anti-EGFR therapiesin tamoxifen resistant MCF-7
cells, whose growth is driven by autocrine release of the EGFR ligand amphiregulin, was
also recently demonstrated (44). HRGR1 was able to overcome the inhibitory effects of
gefitinib on growth and invasion of these cells. HRGR1 promoted ErbB2/3
heterodimizeration and activation of Pl-3-kinase/AKT signaling pathways in the face of
gefitinib treatment. However, a combination of gefitinib and the PI-3 Kinase inhibitor

LY 294002 effectively blocked HRG mediated intracellular signaling, growth and
invasiveness. Similarly, targeting ErbB2 with trastuzumab in combination with gefitinib
reduced HRG induced ErbB2 kinase activity and MAPK activation. However HRG31-
driven AKT activity and cell growth were not inhibited and surprisingly, cellular invasion
was enhanced. All clinical breast cancer samples examined demonstrated HRG 31 in the
cytoplasm with expression correlating with activation of AKT and MAPK. Thus, HRG31
could overcome the inhibitory effects of gefitinib on cell growth and invasion in tamoxifen
resistant cells through promotion of ErbB2/3 heterodimerization and activation of AKT. The
fact that all samples tested expressed HRG in the cytoplasm suggests that the effectiveness
of anti-EGFR therapies in breast cancer may be limited. In keeping with the importance of
expression of HRG-like ligands in determining gefitinib sensitivity in breast cancer cells,
another study demonstrated that gefitinib induced changes in endogenous levels of EGF like
ligands such as HRG correlated with the cellular sensitivity to this drug. Cells resistant to
gefitinib upregulated HRG upon gefitinib treatment accounting for the increased resistance.
HRG accumulated in the nucleus in gefitnib resistant cells. Thus, an intracrine ligand
dependent feedback mechanism involving EGF -like ligands may play amajor role in the
development of resistance to gefitinib in breast cancer (45)

Another possible mechanism of HRG' s ability to overcome resistance to TKls may be
related to its ability to increase ErbB3 plasma membrane substrate concentration. HRG
induced nucleolar and nuclear export of ErbB3 , leading to a slow enrichment of ErbB3in
the cytoplasm/membrane compartment (46). Thus, HRG' s enhancement of ErbB3 plasma
membrane concentrations may result in persistent phosphorylation of ErbB3 and sustained
activation of AKT.

These studies demonstrate that ErbB3 may impede both hormone and TKI directed therapies
in breast cancer. ErbB3 can contribute to tamoxifen resistance by unknown mechanisms
involving AKT. In addition, persistent activation of ErbB3 resultsin an escape from growth
inhibition induced by several TKIs. Therefore, increased interest in ErbB3 as a therapeutic
target as discussed previoudly iswarranted. In addition, incorporation of phosphorylated
ErbB3, or the ErbB2/3 dimer as a marker to allow identification of patients who may
respond to ErbB directed therapies as has previously been proposed for prediction of
sensitivity to ErbB2 directed therapies (47) should be supported. Finally, increased attention
to ErbB3 ligands such as HRG that are involved in the efficacy of ErbB directed TKlsare
important for the design of future clinical trials.

Contributions of ErbB3 Binding Proteins to breast cancer progression and
therapeutic resistance

Although many proteins can associate with ErbB3, | will focus here on the relatively limited
group of binding proteins that have been demonstrated to down regulate ErbB3 activity and

its response to HRG. Increasing data suggest that these proteins, which may be endogenous

negative regulators of HRG signaling, play arolein breast cancer progression and treatment
resistance.
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Nrdpl (neuregulin receptor degradation protein-1) was originally identified asa RING
finger domain containing protein that interacts with ErbB3 in aligand and phosphotyrosine
independent manner. Nrdpl binds both ErbB3 and ErbB4 receptors, but not ErbB2 and
EGFR (48). Ectopic expression of Ndrpl results in decreased levels of ErbB3 protein. Nrdpl
stimulates ErbB3 ubiquitination and its rapid degradation by proteasomses. The carboxy-
terminal domain of Nrdpl associates with the cytoplasmic tail of ErbB3 and the amino-
terminal RING finger domain promotes ErbB3 degradation and ubiquitination (49).
Recently, the 1.95 angstrom crystal structure of the C terminal domain of Nrdpl has been
solved. Pull-down binding assays indicated that the C terminal domain was sufficient to
mediate ErbB3 binding. The Nrdpl cytoplasmic domain crystal structure was used to guide
selection of acluster of residues that map to discrete regions. Residues in each group were
changed to alanine to evaluate their importance for ErbB3 binding and ErbB3 degradation.
The ErbB3 binding sites localized to aregion of Nrdpl that is conserved from invertebrates
to vertebrates (50). Binding studies indicated that the cytoplasmic domain of Ndrpl
mediates ubiquitinylation of ErbB3 /n7 vitroand induces relocalization of ErbB3 from the
cell surface into intracelluar compartments, suggesting its role in facilitating ErbB3
degradation.

Nrdpl itself is highly labile as it undergoes self ubiquitination and degradation through a
proteosomal pathway (51). Of interest, it has recently been found that Nrdpl levels are
regulated by HRG suggesting a feedback mechanism for maintenance of ErbB3 levels (52).
HRG, which activates ErbB3, also stimulates the stabilization of Nrdpl which resultsin
ligand stimulated down regulation of ErbB3. HRG1 stimulation of MCF-7 cellsresulted in
two-to five fold increasesin Nrdpl protein levels. At the sametime, ErbB3 levels were
dramatically suppressed. These observations suggested that Nrdpl is a posttranscriptional
target of HRG signaling. Thus, HRG stimulation of ErbB2/3 signaling augments Nrdpl
stability, attenuating ErbB3 downstream responses.

A functional role for Nrpd-1 in breast cancer has recently been demonstrated (53).
Overexpression of Nrdpl in three human breast cancer cell lines resulted in the suppression
of ErbB3 protein levels and inhibition of HRG mediated cell growth. In addition, the
upregulation of AKT and MAPK pathways by HRG was attenuated. Overexpression of
Nrdpl resulted in impairment of HRG- induced migration of MCF-7 cells. In contrast, either
Nrdpl knockdown or overexpression of a dominant negative form enhanced ErbB3 levels
and HRG-induced cell proliferation. Nrdpl expression levelsinversely correlated with
ErbB3 levelsin primary human breast cancers as determined by Western blotting. These
studies suggest the role of Nrdpl in the maintenance of steady state levels of ErbB3 protein
in human breast cancer cells. Thus, Nrdpl isa potential physiological regulator of HRG-
induced signaling in breast epithelium. A loss of Nrdpl may contribute to breast tumor
progression through upregulation of ErbB3 signaling. These authors suggested the
development of therapeutic methods to introduce Nrdpl into tumors of patients presenting
with ErbB2/3 positive breast cancer.

ErbB3 is also negatively regulated by the leucine-rich repeat protein LRIG1 which
colocalizes with ErbB receptors and enhances their ubiquitination. LRIG1 isa 140kDa
transmembrane protein containing 15 leucine rich repeat domains and 3 1g domains. LRIG1
islocated at chromosome 3p14.3. Loss of heterozygosity at the LRIG1 locus was found in
41% of breast cancers examined (54). Similarly, Sweeney et al observed that the majority of
primary human breast tumors examined displayed decreased LRIG protein expression
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compared to matched normal tissue (55). In contrast, another study showed an increase in
copy number at 3p14.3 in breast tumors and an increase in LRIG1 protein (56).

LRIG bound each of the ErbB receptors in aligand independent manner. LRIG1
overexpression enhanced ligand stimulated receptor ubiquitination (57). Inducible
expression of LRIG1 resulted in suppression of HRG stimulated growth of prostate cancer
cells. These results suggested that L RIG1-mediated receptor ubiquitination and degradation
may contribute to the suppression of ErbB receptor function.

A possible link between LRIGL1 activity and gefitinib resistance is suggested by recent
studies showing that lung cancer cells with EGFR mutations that are resistant to gefitinib
have the MET receptor gene amplified. MET is atransmembrane tyrosine kinase that is
activated by the hepatocyte growth factor. MET and ErbB3 physically associated and the
MET/ErbB3 interaction resulted in Pl 3-kinase and AKT activation leading to gefitinib
resistance (58). Interactions of ErbB3 with the MET receptor have not yet been
demonstrated in gefitinib resistant breast cancer cells. LRIG1 has been shown to also down
regulate the MET receptor in human breast cancer cells (59). Thus, aloss of LRIG1 may
contribute to increased levels of MET and ErbB3 protein leading to gefitinib resistance.

A protein isolated in our laboratory by its binding to ErbB3, Ebpl (60), is also a negative
regulator of ErbB signal transduction. Ebpl, encoded by the PA2G4 gene, is the human
homologue of the cell cycle regulated mouse protein p38-2G4 (61). Ebpl iswidely
expressed (62) and highly conserved throughout evolution (63). The EBPI (PA2G4) geneis
located adjacent to ErbB3 in both the mouse (at chromosome 10 D3) and human (at
chromosome 12g13.2) genomes. Ebpl binds to the first fifteen amino acids of the
juxtamembrane domain of unphosphorylated ErbB3 (60).

A functional story is emerging for Ebpl in human breast cancer. Overexpression of Ebpl in
ErbB2/3 positive breast cancer cellsinhibited cell growth, while promoting G2/M cell cycle
arrest and cellular differentiation (64). Ectopic expression of Ebpl in MCF-7 and AU565
breast cancer cell lines specifically inhibited HRG, but not EGF, induced proliferation.
HRG-induced AKT activation was attenuated in £BP1 stable transfectants and transfection
of acongtitutively activated AKT partially restored the growth response to HRG (Zhang et
al, Cancer Lettersin press).

In AUS65 breast cancer cells, binding of Ebpl to ErbB3 is dependent on constitutive
phosphorylation of PKC (65) and the required phosphorylation site has been mapped to
Ser360 (66). HRG treatment induces dissociation of Ebpl from ErbB3 and increasesits
nuclear localization (60). In the nucleus, Ebpl interacts with proteinsimportant in
transcriptional repression such as Rb (67), the histone deacetylase HDAC2 (68), and the
transcriptional repressor Sin3A (69). Ebpl inhibits transcription of E2F1 regulated
endogenous and exogenous proliferation-associated genes such as E2F1, Cyclin D1 and
cyclin E (67) (68). Theinteractions of Ebpl with histone deacetylase 2 (HDAC2) , Rb and
Sin3A are necessary for its ability to repress transcription (68;70) (69) and depend on
phosphorylation of Ser363 (71). Ebpl binds E2F1 at E2F1 regulated promoters (70) /n vivo
and HRG increases binding of Ebpl to the E2F1 promoter complex and enhances Ebpl-
mediated repression of E2F1 regulated gene transcription (70). Thus Ebpl is a potential
critical effector of Erb3 signaling.

Ebp1 also has properties of an RNA binding protein. Squaritto et a. (72) demonstrated that a
pool of Ebpl localized to the nucleolus is a component of ribonucleoprotein complexes and
associates with different rRNA species viads RNA and sigma 70 like binding domains.
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Furthermore, in the cytoplasm Ebpl associates with mature ribosomes and potentially
influences protein translation viainhibition of phosphorylation of eukaryotic initiation factor
2a (73). The crystal structures of human (74) and murine (75) Ebpl have recently been
solved and demonstrate that the C terminal region of Ebpl was needed for RNA binding, in
keeping with functional studies indicating the importance of this domain for inhibition of
both transcriptional repression and cell growth (67).

As Ebp1 phosphorylation, binding to the ErbB3 receptor and transcriptional activity are
affected by HRG treatment, we inquired whether Ebpl could be a substrate for PAK1, an
HRG-regulated protein implicated in breast cancer progression (76) and tamoxifen
resistance (77) (78). We examined the ability of PAK1 to phosphorylate and regulate the
function of Ebpl. We found that PAK 1 phosphorylated Ebpl /1 vitro and mapped the
phosphorylation site to Threonine 261. Both HRG treatment and expression of a
congtitutively activated PAK1 in MCF-7 breast cancer cells enhanced threonine
phosphorylation of Ebpl. In MCF-7 cells, ectopically expressed Ebpl bound endogenous
PAK1 and this association was enhanced by treatment with HRG. Mutation of the PAK1
phosphorylation site to glutamic acid, mimicking a phosphorylated state, completely
abrogated the ability of Ebpl to repress transcription and inhibit growth of breast cancer cell
lines. As PAK1 inhibits tamoxifen action in MCF-7 cells (77), we postul ated that
inactivation of Ebpl by PAK1 may also contribute to tamoxifen resistance in hormone
dependent cells. We first tested the contribution of Ebpl to tamoxifen sensitivity by
knockdown of endogenous Ebpl expression viatransduction of MCF-7 cells with an shRNA
vector. Growth of the Ebpl knock down cells was significantly increased, rather than
decreased, by tamoxifen treatment. The inactive T261E Ebpl mutant could function as a
dominant negative to inhibit the ability of wild type Ebpl to contribute to tamoxifen
sensitivity (79). Paradoxically, in one study £BPI gene expression was reported to be
upregulated in breast cancer and the protein was slightly decreased by tamoxifen treatment
(80). Our studies demonstrate that Ebpl is a substrate of PAK1 and the importance of the
PAK1 phosphorylation site for the functional activity of Ebpl in breast cancer cells. We
suggest that inactivation of Ebpl by PAK1 can contribute to resistance to antiestrogens by
causing sustained ErbB downstream signaling. Use of drugs that inhibit Pak1 (81) may
restore Ebpl function, leading to atherapy in ErbB2/3 overexpressing breast cancer.

In summary, ErbB3 binding proteins may serve as endogenous suppressors of tumor cell
growth and invasion by controlling the physiological levels of ErbB3 and ErbB3 activation
(Fig.1). While the involvement of ErbB3 binding proteinsin receptor degradation has been
most intensively studied, several other mechanisms that modul ate the magnitude or duration
of receptor signaling may aso be involved. Loss of these binding proteins could contribute
to ErbB3 overexpression and constitutive activation of downstream effectors such as AKT.
Restoration or augmentation of the function of these binding proteins could provide a novel
means of suppressing ErbB3 activity in breast cancer cells. It will be important to determine
whether loss of expression or functional activity of these ErbB3 binding proteins plays arole
in breast cancer progression and therapy resistance.

Concluding Remarks

The purpose of this review was to emphasize the role of ErbB3 and its binding proteinsin
both the progression of breast cancer and the development of resistance to currently
available therapies. Although EGFR and ErbB2 have received enormous attention as targets
for therapeutic intervention, both functional and immunohistochemical data over the past 15
years have indicated the importance of ErbB3 in breast cancer progression. Therefore,
increased attention to both the level and phsophorylation status of ErbB3 will be critical in
devising better prognostic models. Further work will also be needed to evaluate ErbB3 as a
marker for breast cancer progression both in the context of other ErbB receptors and the
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expression of itsligands. In addition, the ability of ErbB3 through sustained activation of
AKT to circumvent both hormonal and TKI based therapies presents an important clinical
problem. Recent data indicating that ErbB3 binding proteins may play arole in both the
expression and functional activity of ErbB3 suggest that these proteins may be novel targets
for therapy. Understanding the complex interactions between the ErbB3, itsligands, and its
binding proteins will be needed to devise more effective therapies for breast cancer.
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Fig. 1. Negativeregulation of ErbB3 by the ErbB3 interacting proteins Ebpl and Nrdpl.

Ebp1 phosphorylated at Ser 360 binds ErbB3 in the absence of HRG. After HRG
stimulation, Ebpl transl ocates to the nucleus where it becomes phosphorylated at Ser 363
and can then bind Sin3A and HDAC2 leading to repression of Cyclin D1 transcription and
decreased cell proliferation. Inactivation of Ebpl by phosphorylation at Thr 261 by Pak1
inhibitsits ability to repress cyclin D1 transcription and leads to tamoxifen resistance. Ebpl
may also associate with AKT in the cytoplasm, inhibiting its activation leading to decreased
cell survival. Nrdpl can bind unphosphorylated or phosphorylated ErbB3 at the plasma
membrane. Both phosphorylated and unphosphorylated receptors can be internalized.
Ubiquitylation of ErbB3 in the endosome after Nrdpl binding marks the receptors for
degradation. Decreased levels of ErbB3 result in decreasesin cell proliferation, AKT
activation and cellular invasion. ErbB3-induced sustained activation of AKT can lead to
resistance to TKls and hormonal therapies.
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