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THE ERBB FAMILY OF RECEPTOR TYROSINE KINASES

Transmission of a proper signal following growth factor activation of the ErbB family
of receptor tyrosine kinases is dependent on precise regulation. Disregulation of the activity
of these receptors can have dire consequences, often leading to cellular transformation and
cancer. These receptors act as a layered network, in which the four receptors are activated by
ten growth factor ligands of the EGF/neuregulin family, to bring about formation of homoand hetero- dimers with different signaling capabilities (for a review see ref. 1). The first level
of regulation of the network relates to formation of the primary signaling unit, which
depends on the proper temporal and spatial coexpression of a ligand and two receptors. The
major signaling pathways activated by this signaling unit of the ErbB-receptors include the
Ras-Raf1-Mek-Erk, and the PI3K-Pdk1-Akt pathways, both of which culminate in activation
of transcription programs, as well as Cyclin-dependent kinases, leading to progression through
the cell cycle (Fig. 1). While ErbB-1, ErbB-3 and ErbB-4 each bind multiple ligands,
ErbB-2 is a ligand-less receptor that enhances and prolongs signaling upon heterodimerization with other ErbBs.
The signaling of the receptors through these pathways is regulated by the activity of
phosphatases for rapid, reversible shutdown of signaling, as well as by multiple mechanisms that regulate the localization, availability, and activity of the downstream effectors
(for a review see refs. 2–4). The most potent form of signal attenuation is ligand-induced
receptor endocytosis (for a review see ref. 5), which terminates receptor signaling through
ubiquitin-dependent lysosomal degradation of active receptors. The purpose of this review
is to describe our understanding of the cellular function of Hsp90 in regulation of ErbB
receptor tyrosine kinases. As will be discussed, the Hsp90 chaperone machine constitutes
an additional layer of regulation of ErbB-receptors, which is amenable to pharmacological
intervention, and might be utilized for the therapy of a variety of malignancies and other
pathologies.
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Signal transduction mediated by ErbB/HER receptor tyrosine kinases is crucial for the
development and maintenance of epithelial tissues, and aberrant signaling is frequently
associated with malignancies of epithelial origin. This review focuses on the roles played
by the Hsp90 chaperone machinery in the regulation of signaling through the ErbB/HER
network, and discusses potential therapeutic strategies that disrupt chaperone functions.
Hsp90 and its associated cochaperones regulate ErbB signal transduction through multiple
mechanisms. The chaperone system controls the stability of the nascent forms of both
ErbB-1 (EGF-receptor) and ErbB-2/HER2, while regulation of the mature form is restricted
to ErbB-2. Regulation by the Hsp90 complex extends to downstream effectors of ErbB
signaling, namely Raf-1, Pdk-1 and Akt/PKB. Disrupting the function of Hsp90 results in
the degradation of both the receptors and their effectors, thereby inhibiting tumor cell
growth. The importance of an Hsp90-recognition motif located within the kinase domain
of ErbB-2 is discussed, as well as a direct role for Hsp90 in regulating tyrosine kinase
activity. In light of recent observations, we emphasize the ability of specific tyrosine
kinase inhibitors to selectively target ErbB-2 to the chaperone-mediated degradation
pathway. ErbB-specific drugs are already used to treat cancers, and clinical trials are
underway for additional compounds that intercept ErbB signaling, including drugs that
target Hsp90. Hence, the dependence of ErbB-2 upon Hsp90 reveals an Achilles heel,
which opens a window of opportunity for combating cancers driven by the ErbB/HER
signaling network.
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REGULATION OF ERBB RECEPTORS BY HSP90

Thus, when assessing the ErbB status of
a given tumor, it is crucial to determine the
levels of expression of the different receptors, as these will be pivotal in defining the
clinical outcome (for review a see ref. 17).
In the context of Hsp90, it is interesting to
note that growth factors acting through
receptor tyrosine kinases induce elevated
expression of Hsp90,18 and Hsp90 is found
overexpressed 2-10 fold in tumor cells.19

ERBB RECEPTORS AS CLIENTS OF
CHAPERONE-MEDIATED PROTEIN
TRIAGE
Regulation of ErbB receptors by the
Hsp90-based chaperone system falls
into a larger conceptual framework, in
which chaperones are viewed as part of
the cellular ‘triage’ machinery (for a
review see ref. 20). Triage is defined as
Figure 1. Drugs intercepting ErbB signaling. Ligand binding to monomeric, inactive ErbB receptors is followed the ‘sorting and allocation of treatment
by dimer formation and kinase activation. Upon recruitment into heterodimers, the ligand-less coreceptor, to patients’, while in protein triage the
ErbB-2/HER2 enhances and prolongs signaling through several pathways, including the indicated mitogen-acti- patients are cellular proteins. This triage
vated protein kinase (MAPK) pathway and the phosphatidylinositol 3 kinase (PI3K) route leading to activation
of the Akt/PKB kinase. Drugs targeted at individual signaling molecules are indicated. Points of intervention by is activated upon cellular stress, but also
antagonists of Hsp90 are shown, and they include the receptors themselves (primarily ErbB-2), Raf, Pdk-1 and serves in maintaining homeostasis of the
Akt kinases. The abbreviations used are: FT, farnesyltransferase; Pdk-1, phosphoinositide-dependent kinase 1; TK, cell. The triage model proposes that
tyrosine kinase; GSK-3, glycogen synthase kinase 3.
cellular chaperones recognize a surface
determinant on a protein, defining it as
a client protein, whose conformation necessitates association with
THE ROLE OF ERBB RECEPTORS IN MALIGNANT
chaperones for stabilization. The outcome of chaperone action is the
TRANSFORMATION
refolding of the client. If this refolding is unsuccessful, the client
Much of the interest in ErbB-receptors has arisen due to the role protein is directed to a degradative fate. Protein triage occurs
these receptors play in human malignancies. Hyperactivation of ErbB through the dynamic, ATP-dependent interaction of a limited
signaling pathways is implicated in driving the proliferation of many subset of proteins with chaperones (for a review see ref. 20). Thus,
cancer cell types, and is often correlated with poor patient survival the majority of cellular proteins do not interact with chaperones,
(for a review see refs. 1 and 6). Both overexpression and structural and are resistant to the chaperone-associated degradative machinery
alterations of ErbB-1 are frequent in various human malignancies,7 due to the intrinsic stability of their structure. As will be discussed in
(for a review see ref. 6). Overexpression of ErbB-1 occurs in 40% of the context of ErbB receptors, the core of the triage chaperone
gliomas, and is associated with higher tumor grade, enhanced pro- complex consists of Hsp90, and degradation occurs through an active
liferation and reduced patient survival,8 (for a review see ref. 6). The function of the chaperones in recruitment of ubiquitin ligases, and
most common structural alteration found in ErbB-1 (EGFRvIII) perhaps even in coupling to the 26S proteasome.
deletes amino-acids 6-273, yielding a protein whose ligand binding
is defective, but is constitutively active and displays enhanced tumor- THE HSP90 CHAPERONE MACHINE
ogenicity.9
One of the major cellular proteins, conserved in a role essential for
Overexpression of ErbB-2 (also called HER2/neu) has been
detected in up to 30% of breast and ovarian cancers.10 High fre- life throughout the eukaryotic lineage, is the molecular chaperone
quency of ErbB-2 overexpression has also been noted in other Hsp90, which is central in maintaining cellular homeostasis (for a
common types of cancers including lung, gastric, and oral cancers.11 review see ref. 21). Unique in its interaction with substrates in their
In addition, overexpression of ErbB-2 has been correlated with final stages of folding, the function of the Hsp90 chaperone is in the
invasive and poor prognostic features of breast, ovarian, and other highly selective maintenance of the properly folded form of a subset
human cancers, and it is often associated with shorter patient survival, of proteins, which are essential for cellular signaling (for a review see
early relapse, and an increased number of lymph node metastases.12 ref. 22). Recently, it has been suggested that Hsp90 plays a role as a
Importantly, overexpression of ErbB-2 has been implicated in buffer for protein conformational diversity in the cell, acting as a
mediating increased resistance to chemotherapeutic agents (for a chaperone that silences the effects of accumulating mutations within
review see ref. 13). ErbB-2 is thought to induce chemoresistance by cellular proteins, by holding them in the native conformation.23 This
activation of the PI3K/Akt pathway14,15 (for a review see ref. 13), as function has been demonstrated to allow the accumulation of a
well as through upregulation of p21-Cip1.16 The activity of ErbB-2 reservoir of genetic diversity that permits the emergence of adaptive
most likely depends on the coexpression of other ErbB-receptors, changes in the face of selective pressure, suggesting a crucial role for
primarily ErbB-3, for formation of potent signaling heterodimers. Hsp90 in evolution.23 The function of Hsp90 depends on the
52
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ATPase activity of the chaperone, as well as the activities of a
number of auxiliary proteins, collectively referred to as cochaperones (for a review see ref. 24). A major breakthrough in the research
into the activity of Hsp90 was initiated by the discovery that the
chaperone is inhibited by compounds of the benzoquinone
ansamycin family, geldanamycin (GA) and herbimycin A,25 which
set the stage for identification of the role played by Hsp90 in the
regulation of cellular client proteins (for a review see ref. 26).
The interaction of Hsp90 with its client proteins is characterized by
low affinity binding, and repeated cycles of association and dissociation.27
Hsp90 recognizes structural features that are common to unstable
proteins, such as unveiled hydrophobic patches, rather than specific
sequence motifs. As minor changes in amino-acid sequence can have
substantial effects on the conformational stability of a protein, large
variability can be seen in the dependence of individual members of
very homologous protein families on interactions with Hsp90.
Examples are apparent from the families of steroid hormone
receptors (for a review see ref. 28), the group of Cyclin-dependent
kinases,29 Src family kinases,30,31 as well as the ErbB family.32,33
As a rule, it appears that oncogenically activated kinase mutants
(e.g., v-Src, mutant forms of Lck and Hck, and Bcr-Abl), as well as
the more highly active members of a kinase family (as in the case of
the ErbB receptors), require chaperoning by Hsp90 for their stability.
This phenomenon may be attributed to the possibility that activation of tyrosine kinases releases them from the inflexible, but
stable, conformation associated with the inactive state. This release,
and the increased conformational flexibility associated with it, are
likely accompanied by an increased propensity to unfold into
unstable conformations. Thus, intrinsically hyperactive kinases like
ErbB-2 would need the buffering capacity offered through association with Hsp90, for maintenance of their active conformation and
stability. As will be discussed later, this may allow the chaperone to
maintain a related function, in limiting the catalytic activity of its
hyperactive clients.
Hsp90 possesses a nucleotide-binding pocket, and although
substrate binding is ATP-independent, the release step requires the
very slow ATPase activity of Hsp90.34 According to the prevailing
model (for a review see ref. 26), Hsp90 is found in two distinct
multi-component complexes, which regulate both the interaction of
the client with Hsp90, and its functional outcome for the client.
These two complexes define the two arms of the triage pathway:
While one arm is responsible for attempted refolding and stabilization
of the client, the second arm is responsible for substrate ubiquitylation
and degradation. Upon binding of ATP, the chaperone is found
associated with p23 and Cdc-37, which promote client stabilization.
Conversely, in the ADP-bound form, Hsp90 is found in a complex
with Hsp70 and p60-HOP (Hsp70/Hsp90 organizing protein,35 for
a review see ref. 28). The latter cochaperone is an adaptor comprised
of three TPR (tetratricopeptide repeats) domains, of which the
amino-terminal one has been found to bind a TPR-acceptor site on
Hsp70 while the central domain binds a similar TPR-acceptor site on
Hsp90, bridging the two chaperones. The complex of Hsp90 with
Hsp70 and p60-HOP has been suggested to be associated with client
degradation.26
The nucleotide-binding pocket of Hsp90 is the target of intervention of Hsp90-binding drugs of the benzoquinone ansamycin
family. Binding of the drugs to the ATP-binding pocket of the
chaperone results in displacement of ATP, preventing completion
of the interaction cycle.36 This results in the formation of a complex
reminiscent of that formed in the presence of ADP, and leads to
www.landesbioscience.com

ubiquitylation and degradation of Hsp90 clients.37 Interestingly, the
ATPase activity of Hsp90 is induced upon interaction with a fully
folded client protein, suggesting a mechanism through which the
client induces its release from the chaperone upon completion of
folding.38

HSP90 COCHAPERONES AND THEIR RELEVANCE TO ERBB
REGULATION
While our understanding of the mechanism of action of Hsp90
is still rudimentary, it is quite clear that the chaperone is dependent
upon the function of its associated cochaperones for its activity.
Many of these cochaperones interact with Hsp90 and Hsp70 by
binding through their TPR domain to the TPR-acceptor site at the
carboxyl-terminus of the chaperones.
Two major systems have been utilized for investigation of the
activity of Hsp90 in mammalian cells: an in-vitro system, which
enabled the elucidation of the minimal protein components needed
for refolding and maintenance of activity of Hsp90 client proteins
(mostly steroid hormone receptors), and cellular models, in which
the role of the chaperone in regulation of the stability and activity of
its client proteins has been examined. In-vitro, Hsp90 functions in
the context of a minimal five-component complex (Hsp90, Hsp70,
p23, p60-HOP and Hsp40) to bring about the refolding of substrate
proteins to a functional state39 (for a review see ref. 28). The roles of
Cdc-37, CHIP and Bag-1 in regulating the stability of substrate proteins
have been addressed in cellular models. While the role of CHIP in
ubiquitylation and degradation of ErbB-2 has been characterized,40,41
similar analyses have not been performed with the other two cochaperones. Hence, we will describe the data relating to the activities of
Bag-1 and Cdc-37 in relation to other Hsp90 client proteins and
extrapolate to ErbB-receptors.
Cdc-37. Originally described as a kinase-specific Hsp90 cochaperone, Cdc-37 has recently been found to associate with additional
proteins, such as the androgen receptor42 and hepadnavirus reverse
transcriptase.43 Cdc-37 was originally implicated in the stabilization
of client proteins to which it binds in the context of Hsp90.
However, Cdc-37 also exhibits intrinsic chaperone activities, acting
partially independently of Hsp90.44 It has been suggested that
Cdc-37 stabilizes client proteins following their interaction with
Hsp9045 (for a review see ref. 46), while one of the key roles of
Cdc-37 in the context of Raf-1 is to promote the assembly of a
Hsp90-containing heterotrimeric complex crucial for Raf-1 activity.47
The cell cycle kinases Cdc-28 and Cak-1 are destabilized in a cdc37
yeast mutant, and as a result, fail to form complexes with Cyclins.48
Hck catalytic activity is also significantly enhanced by overexpression
of Cdc-37, because Cdc-37 can promote its association with Hsp90
and folding into a catalytically active conformation.49 Yeast Cdc-37
can compensate in-vivo for loss of Hsp90 in maintaining the activity of
v-Src.44 These examples suggest a role for Cdc-37 in maintaining the
signaling potential of its client proteins, beyond a role in maintaining protein stability (for a review see ref. 46). Interestingly, Cdc-37
acts as an oncogene, and collaborates with c-Myc and Cyclin D to
promote tumorigenesis upon ectopic expression in the mammary
gland.50
In relation to ErbB receptors, Cdc-37 is found associated with the
nascent form of the oncogenic ErbB-1 deletion mutant commonly
found in gliomas, namely EGFRvIII,51 which contains a deletion
within the extracellular domain of the receptor, resulting in constitutive
activation.8 In addition, our own observations suggest that Cdc-37
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promotes the stabilization of the mature form of ErbB-2 (Citri et al.,
manuscript in preparation). As the structures of the active state of
different kinases are very similar,52 and Cdc-37 has been found to
bind to the amino-terminal lobe of the catalytic domains of several
protein kinases53 (for a review see ref. 46), it is possible that Cdc-37
has evolved to recognize a subset of hyper-active kinases. We speculate
that Cdc-37 preferentially interacts with the activated form of kinases,
stabilizing the open, active conformation and promoting kinase
activity. Interestingly, the interaction of Cdc-37 with nonkinase
substrates may also be explained by binding to a similar fold, as the
structure of reverse transcriptase appears to be similar to that of
kinases.43
Bag-1. This cochaperone was originally identified as a
Bcl-2-interacting suppressor of apoptosis, but additional cellular
functions have been ascribed to it, including stimulation of Raf-1
kinase activity,54 regulation of steroid hormone receptor activity, and
transcriptional regulation (for a review see ref. 55). Bag-1 exists in
several translation initiation isoforms, and a family of mammalian
paralogues has been identified. All Bag family members maintain a
carboxyl-terminal BAG domain, which associates with the ATPase
domain of Hsp70, stimulating ADP-ATP exchange and client
protein release.56 Bag-1 associates with the 26S proteasome through
an amino-terminal ubiquitin-like (Ubl) domain, as well as through
specific ubiquitin moieties appended to Bag-1 by CHIP.57 It has
been suggested that this mechanism may underlie the recruitment of
Hsp70 to the proteasome,58 resulting in trafficking of ubiquitylated
client proteins, such as Raf-1, to proteasomal degradation.59 Bag-1
has recently been identified as key in the coordination of signal
transduction following stress, whereby a shift of a Bag-1/Raf-1
complex to a Bag-1/Hsp70 complex resulted in inhibition of signaling by Raf-1.60 In addition, Bag-1 overexpression is detected in
tumor cells, in association with increased cell survival.61,62 Likewise,
Bag-1 is found in complexes with receptor tyrosine kinases, including
the receptors for the platelet-derived growth factor (PDGF) and the
hepatocyte growth factor (HGF)63 (for a review see ref. 55).
CHIP. CHIP was originally identified as an Hsp70-binding TPR
domain protein, which inhibits the client refolding activity of the
chaperone.64 The domain structure of CHIP, which comprises an
N-terminal TPR clamp domain, and a C-terminal E3-ubiquitin
ligase U-box domain, implicates it as a chaperone-dependent E3
ubiquitin ligase (for a review see ref. 65). Consistent with its structural
landmarks, CHIP has been documented to act as an E3 ubiquitin
ligase68,69 which ubiquitylates chaperone client proteins67 and
denatured model proteins,70 as well as the chaperone machinery
itself.57,69 CHIP acts in regulation of triage decisions in the context
of steroid hormone receptors,66 the CFTR conductance regulator67
and Raf-1.59
In relation to ErbB-2, CHIP has been characterized to function
as an E3 ubiquitin ligase, which is recruited to the receptor upon
inhibition of Hsp90. CHIP binds to ErbB-2 in a chaperone-dependent
manner, and enhances its ubiquitylation and proteasomal degradation, in a manner dependent on the integrity of the U-box and
TPR domains of CHIP.40,41 Expression of a U-box domain mutant
of CHIP enhanced the interaction between ErbB-2 and Hsp70, and
blocked dissociation of Hsp90 from the receptor following inhibition of Hsp90. Interestingly, CHIP is dispensable for GA-induced
degradation of ErbB-2, suggesting redundancy at the level of the E3
ubiquitin ligase functioning in the degradative arm of triage decisions
in the context of ErbB-2.40 According to a recent model,71 CHIP
competes with p60-HOP for interaction with Hsp70, disrupting the
54

association of Hsp90 with Hsp70. The complex formed by CHIP
and Hsp70 includes Bag-1, and functions in ubiquitylation and proteasomal degradation of the client protein. In contrast, in the complex formed by p60-HOP, Hsp70 is associated with Hsp90, and the
consequence is a tendency towards a stable conformation of the
client protein. Thus, it is suggested that the activity of the chaperone machine is dictated by the identity of the TPR-domain cochaperone associated with Hsp70. As GA and other Hsp90 inhibitors
increase the association of client proteins with the
Hsp90-p60HOP-Hsp70 complex, these drugs may improve the
chances of CHIP to associate with Hsp70, thereby displacing
HOP-Hsp90, and determining the fate of the client protein.26

REGULATION OF ERBB RECEPTORS BY HSP90
The activity of Hsp90 towards client proteins can be subdivided
into three categories: one action is promoting the maturation of
nascent clients into an active and stable conformation, while a second role is the continued maintenance of the mature form of the
client. A third role of Hsp90 is intertwined with the second, and
relates to maintenance of the client protein in a state competent for
activation. The function of Hsp90 in the stabilization of client proteins has been extensively reviewed,21,72 while its role in regulating
the function of client proteins is an emerging concept (for a review
see ref. 73). This role has been established for the glucocorticoid
receptor,28,74 the RNA-dependent kinase PKR,75 as well as for a
mutant form of Hck.49,76 In its role in enabling the activity of client
proteins, Hsp90 maintains the potential for optimal induced activation, while retaining the basal activity of the client minimal.
Of the four ErbB receptors, both ErbB-1 and ErbB-2 have been
established as clients of Hsp90.32,33,77-79 The interaction with
Hsp90, as well as the regulation by Hsp90, differs between the two
receptors, although the kinase domain of either receptor is responsible for the recruitment of Hsp90, and these domains share 80%
identity in their amino-acid sequences.78,80 ErbB-1 is dependent
upon Hsp90 during maturation in the endoplasmic reticulum (ER),
but upon incorporation into the plasma membrane, it loses its
dependence upon Hsp90.32,33,51,78,79 In contrast, and similar to
v-Src,79 ErbB-2 is dependent upon Hsp90 for its stability throughout the whole life span of the receptor, including the maturation
process in the ER, and during the residency of the receptor at the
plasma membrane.32,40 These differences are reflected in distinct
kinetics of receptor degradation; while ErbB-2 is depleted within 2
hours of Hsp90 inactivation, ErbB-1 is degraded only following
much longer kinetics.32 These dissimilar sensitivities of the kinase
domains of mature ErbB-1 and ErbB-2 receptors to inhibition of
Hsp90 function correlate with the differential heat sensitivities of
the receptors.81 While the degradation of ErbB-2 upon inactivation
of Hsp90 occurs from both the ER and the plasma membrane,32
degradation of ErbB-1 occurs only from the ER, resulting in reduction in the number of low affinity EGF-binding sites at the cell surface.78,82 The chaperone-associated degradation of both ErbB-1 and
ErbB-2 is proteasome- and ubiquitin-dependent,77,83 but the mechanism through which a transmembrane receptor undergoes proteasomal degradation is still unclear.
The Chaperone-Mediated Pathway of ErbB-2 Degradation.
The data relating to the pathway through which ErbB-receptors
undergo ubiquitin-dependent proteasomal degradation following
inhibition of Hsp90 is still very fragmentary. The first step involves
shuffling of the chaperone complexes associated with the client pro-
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tein, such that interaction with Hsp90 becomes more sensitive to
detergent, while the interaction with Hsp70 is significantly
enhanced (for a review see refs. 26 and 84). We have found that a
similar shuffling of chaperones associated with ErbB-2 occurs upon
treatment of cells with an irreversible, ErbB-specific tyrosine kinase
inhibitor (TKI; CI-1033).32 The subsequent ubiquitylation of the
receptor involves the ubiquitin ligase CHIP, as described above,40,41
(our unpublished observations). Interestingly, ErbB-2 is found in
vesicular structures upon treatment with degradation inducing factors, namely GA and TKIs,32,85 but how these structures relate to
proteasomal degradation is still unclear. Interestingly, data from the
Carpenter lab describes a pathway for GA-, curcumin-, and staurosporin-induced degradation of ErbB-2 which involves a caspase-dependent cleavage event within the kinase domain, resulting
in the formation of a 135 kDa ectodomain fragment and a fragment
of ~50 kDa containing the carboxyl-terminal region. This 50 kDa
fragment is further cleaved, in a caspase-dependent manner, to form
a ~23 kDa fragment, that is subject to proteasomal degradation.85-87
Hsp90 as a Regulator of ErbB-Receptor Activity. It has been
reported that Hsp90 inhibition can disrupt the ability of ErbB-2 to
form signaling heterodimers upon ligand activation.88 It is interesting
to note that in this report, treatment with low doses of GA significantly enhanced the basal kinase activity of the receptor. This data,
in the context of the recent concept of Hsp90 as a regulator of activity, may hint to an additional, yet uncharacterized role of Hsp90 in
regulation of the activity of ErbB receptors. In line with this notion,
several lines of evidence suggest a direct function for Cdc-37 and
Hsp90 in supporting the activation of another kinase, Raf-1. This
data stems from genetic studies in Drosophila, demonstrating that
Cdc-37 and Hsp90 are essential for the activity of Raf-1,89 as well as
biochemical data demonstrating a role for Cdc-37 and Hsp90 in the
activation of Raf-1.47 In addition, treatment of cells with Hsp90
inhibitors causes degradation of Raf-1 over a long time course, while
inducing a transient burst of Raf-1 activity when administered for a
short time.75,90 Similar evidence has been demonstrated for the
activity of the RNA-dependent kinase PKR, which becomes active
upon short treatment with GA, suggesting that Hsp90 acts to
restrain the basal signaling of this kinase.75 Additional examples for
the role of Hsp90 in activation of clients are found in the regulation
of cytosolic tyrosine kinases and steroid hormone receptors. The
constitutive activity of v-Src in yeast was found to depend upon the
activity of Cdc-37 and Hsp90,31,45 as was the activity of a mutant
of Hck.49,76 Further, Hsp90 masks dimerization and inhibits DNA
binding of steroid hormone receptors until chaperone interactions
are interrupted, typically as a consequence of hormone binding.
Thus, steroid hormone receptors stripped from chaperones are
competent for dimerization and DNA binding in the absence of
hormone91 (for a review see ref. 27). Analysis of point mutations in
the hsp90 gene revealed that chaperone functions play separable
roles in protein accumulation and kinase activation.74
While this function of Hsp90 may not hold true for all its client
proteins, we predict that in the case of ErbB-2, Hsp90 may undertake
a similar role, restraining the intrinsic kinase basal kinase activity of
the receptor, while retaining the kinase in a primed conformation,
ready for induction following interaction with a ligand-activated
heterodimerization partner. In this context, it is interesting to note
that the kinase activity of ErbB-1 is induced upon heat shock,92
ultraviolet irradiation93 and oxidative stress,94 all of which may
potentially affect the activity of Hsp90 in chaperoning the receptor.
www.landesbioscience.com

Figure 2. Predicted structure of the kinase domain of ErbB-2, including the
putative Hsp90 recognition site. The homology model of the kinase domain
of ErbB-2 was generated using the structure of the kinase domain of ErbB-1
(1M1497) as a template. The model shows the characteristic bi-lobular
kinase structure; the N-lobe contains the nucleotide-binding pocket, and both
the activation and the catalytic loops are included in the C-lobe. The
glycine-rich loop (P-loop) of the N-lobe is indicated, along with the C-alpha
helix and the putative Hsp90 recognition site (residues 776-786; see text).
Also indicated is cysteine 805, the target for covalent binding with an irreversible tyrosine kinase inhibitor. The sequence to structure alignment was
generated using the Fugue server and the model was built using MODELLER.
The quality of the model was assessed by analyzing the Joy formatted alignments of the model and the template structures generated by COMPARER,
RAMPAGE and PROCHECK. The figure was generated using SWISS-PDB
viewer and rendered using QuickDraw3D.

The Achilles Heel of ErbB-2: An Hsp90 Recognition Site within
the Kinase Domain. It is clear that the determinant defining sensitivity of ErbB-2 to Hsp90 blockers is found within the kinase
domain of ErbB-2, while kinase activity per se is not necessary for
the regulation of the receptor by Hsp90.32,33,80 For example, mutating
the ATP binding site of ErbB-1 conferred sensitivity of the receptor
to GA,32 and mutations affecting the kinase domains of other receptor,95 as well as cytosolic tyrosine kinases76,96 enhance sensitivity to
GA. Comparing the highly similar sequences of the kinase domains
of ErbB-1 and ErbB-2, which remarkably differ in their regulation
by Hsp90, Tikhomirov and Carpenter87 defined a short sequence
which differs significantly in charge between the two receptors.
Replacing a short sequence of ErbB-2 with that of ErbB-1 resulted
in a receptor that retained kinase activity, but became insensitive to
GA-induced degradation. Modeling the kinase domain of ErbB-2
based on the published structure of the kinase domain of ErbB-1,97
it is clear that this region is located on the surface of the receptor, at
the end of the Cα helix (Fig. 2), the helix whose movement is most
profound upon transition of kinases between active and inactive
conformations (for a review see ref. 52). We speculate that Hsp90
binds to this surface region, modulating the flexibility of the hinge
between the two domains of the kinase. In such a manner, the
interaction of Hsp90 with the kinase domain of ErbB-2 might modulate the kinase activity of the receptor by affecting the kinetics of
ATP binding and hydrolysis, substrate binding, or the propensity of
the kinase domain to interact with kinase domains of other receptors.
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The Cdk family of protein kinases provides one of the clearest
examples of allosteric regulation of catalytic activity via the Cα helix.
Cyclins bind directly to the Cα helix, reverting the inhibition of
kinase activity.98 The complexes formed by Cdk4 with
Hsp90/Cdc-37 are mutually exclusive from complexes formed upon
binding to Cyclin D,29 again suggesting that Hsp90 serves to
sequester Cdk molecules in an inactive, but primed conformation,
ready for interaction with Cyclin D and activation.
Hsp90 Mediated Regulation of Signaling Downstream of ErbB
Receptors. Signaling mediated by ErbB-2, especially when present
in the highly potent ErbB-2/ErbB-3 heterodimer, results in activation of multiple signaling pathways, which promote cell survival and
proliferation (for a review see ref. 17; Fig. 1). The role of Hsp90 in
regulating signaling by this complex network extends beyond regulation of the receptors themselves. It is evident that Hsp90 plays an
additional role in regulating the effector proteins activated by
ErbB-receptors at several levels downstream of the receptor (for a
review see ref. 99). Thus, Ras,100 Raf-1,101 MEK,90 Pdk-1,102
Akt103,104 and Cdk4,29 crucial transducers of ErbB signals, are all
Hsp90 client proteins. Both the expression levels of these proteins,
as well as their activity, are regulated by Hsp90, and are disrupted
upon Hsp90 inhibition by GA.
The dependence of Raf-1 upon Hsp90 for its stabilization and
activation has been demonstrated using genetic studies in
Drosophila, as well as biochemical studies in mammalian cells (for a
review see ref. 73). Mutations in the insect Hsp90 that decrease the
interaction with Raf suppress Raf gain-of-function mutations, and
reduce the biochemical activity of the kinase.89,105 Similar results
have been demonstrated for Cdc-37, which is essential for formation
of the Raf-1/Hsp90 complex, and for Raf-1 activation.47,89
Inhibition of Hsp90 activity by use of GA and GA-derivatives
results in degradation of Raf-1 and disruption of signaling downstream of Raf-1, leading to growth arrest and apoptosis.100,106,107
Akt is found in complexes with Cdc37 and Hsp90,15,103,104 and
is dependent upon the interaction with Hsp90 for its activation.104
Upon interruption with this interaction, Akt undergoes rapid
dephosphorylation and inactivation mediated by the phosphatases
PP2A104 or PP1.108 Furthermore, inactivation of ErbB-2 and Akt
by administration of the GA derivative 17-AAG resulted in inhibition of Akt-dependent Cyclin D1 activation,103 promoting
Rb-dependent G1 arrest, and sensitization of tumors to
Taxol-induced apoptosis.15

INTERFERENCE WITH THE ACTIVITY OF HSP90
AS A THERAPEUTIC MODALITY
In contrast to the effect of ErbB-2 over-expression in promoting
chemoresistance to tumors, high levels of expression of ErbB-2
confer sensitivity to treatment of tumor cells with Hsp90
inhibitors.14,109 This sensitivity to Hsp90 blockers depends upon
coexpression of ErbB-3 and activation of the phosphatidylinositol
3-kinase (PI3K),110 factors which play a crucial role in the establishment of chemoresistance. Thus, regulation of ErbB-2 by Hsp90
opens a potential therapeutic opportunity for pharmacological intervention. A number of strategies are in different stages of clinical
development for assessment of their efficiency in targeting
ErbB-receptors in cancers (for review see refs. 1 and 13). Among
these are immunological approaches, which include Herceptin/
Trastuzumab, a humanized monoclonal antibody to ErbB-2, which
is already in clinical use,111 and low molecular weight tyrosine
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kinase inhibitors (TKIs), including the already approved Iressa
(ZD1839) compound.112 The approach of disrupting the function
of Hsp90 in regulation of ErbB-2 is a novel, potentially advantageous, approach. 17-AAG, a derivative of GA modified at position
17, has completed phase I multi-center clinical trials with hepatotoxicity occurring as the major dose limiting factor (for review see
ref. 113). Targeted phase I/II combination trials and phase II single
agent trials are being developed, including a trial testing the efficacy
of 17-AAG in combination with Taxol in ErbB-2 over-expressing
breast and prostate tumors (for review see ref. 84). Additional
ansamycins and other compounds capable of targeting the
Hsp90/ErbB-2 complex, are in preclinical testing as reviewed below.
Benzoquinone Ansamycins. In the course of screening microbial
fermentation products for anticancer activity, it was noted that the
benzoquinone ansamycins herbimycin A,114 GA115 and
macbecin116 (for review see ref. 27), were able to revert transformation of cells by v-Src,117 as well as by other oncogenic kinases,
including ErbB-2.118 Using an immobilized GA derivative, it was
found that the compound interacts in a highly selective manner with
Hsp90 family proteins, and that this interaction disrupts the association of Hsp90 with kinases such as v-Src and ErbB-2, leading to
loss of their transforming activity.25,119 The activity of the benzoquinone ansamycins has been attributed to their interaction with the
ATP- binding pocket of the chaperone, resulting in remodeling of
chaperone complexes and subsequent degradation of client proteins.120,121 The 17-allylamino-17-desmethoxy derivative of GA
(17-AAG),122 for which clinical trials are underway, is better tolerated than GA and therefore more efficacious in vivo.123,124 An interesting approach for enhancing the target specificity of GA was
demonstrated by Rosen and colleagues.125 In this approach, a phosphatidylinositol-3-kinase (PI3K) inhibitor (LY294002) was covalently attached to GA, resulting in effective Hsp90-dependent PI3K
inhibition in vitro. This inhibition was found to be more potent
than use of the PI3K inhibitor itself, but its efficacy in vivo is still a
matter for investigation.
Radicicol and Coumarins. Radicicol is a macrocyclic antibiotic
of fungal origin. This compound is structurally distinct from the
benzoquinone ansamycins, but has been found to compete with GA
for binding to the amino-terminal nucleotide-binding pocket on
Hsp90.126 While GA and radicicol bind to the N-terminal
nucleotide-binding pocket of the chaperone, the coumarin antibiotics, such as novobiocin, bind to a pocket in the carboxyl-terminus
of the chaperone127,128 resulting in depletion of Hsp90-dependent
signaling proteins.
Additional Compounds. The activity of a number of small molecular weight compounds in promotion of ErbB-2 degradation has
been described. These include aspirin,129 as well as curcumin and
staurosporin. Curcumin is a major pigment in turmeric, used as a
flavor in curry and as a herbal medicine for treatment of inflammatory diseases. Curcumin has been described as a kinase inhibitor of
ErbB receptors,130 but it has recently been found to disrupt the
complex of ErbB-2 with the chaperone Grp94, resulting in ErbB-2
degradation over a relatively long time course.131 The fragmentation
of ErbB-2 induced by curcumin resembles that induced by GA, but
diverges in the fact that the degradation of the receptor is retained
even in the presence of mutations that disrupt sensitivity to GA.86,87
Staurosporin is a potent wide-spectrum protein kinase
inhibitor,132 and has been reported to cause apoptosis in many cell
types. Staurosporin induces a pattern of cleavage of ErbB-2 similar
to that induced by GA. However, degradation of ErbB-2 induced by
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staurosporin utilizes a pathway somewhat distinct from that induced
by GA, since it is blocked by inhibitors of caspases and the 26S
proteasome in a different manner than GA-induced degradation of
the receptor. Further, staurosporin maintains its activity on a GAresistant mutant of ErbB-2.86,87 The activity of staurosporin towards
ErbB-1 and ErbB-2 is distinct; while staurosporin promotes
degradation of ErbB-2, it acts to increase the number of ErbB-1
receptors on the surface of A431 cells.133
Finally, a recent report has described the establishment of a
microtiter cell-based assay for detection of degradation-inducing
factors for ErbB-1 and ErbB-2.134 It will be interesting to see if
screening with this assay will uncover additional compounds that
induce degradation of ErbB-2 through the Hsp90 chaperone
machine.
Hsp90 Inhibitors with Increased Specificity to ErbB-2. A
number of attempts have been made to generate inhibitors of
Hsp90 with increased selectivity towards ErbB-2, as this is expected
to reduce the toxicity potentially associated with inhibition of an
essential, ubiquitous protein such as Hsp90. These approaches
include formation of GA dimers,135 as well as ErbB-2-directed antibody-conjugates of GA.136 In addition, different approaches are
being taken in an effort to produce additional classes of Hsp90
inhibitory drugs137-140 (for a review see ref. 141).
Targeted Degradation of Hsp90 Client Proteins: The Case of
ErbB-2. Inhibition of Hsp90 acts to promote degradation of a large
number of crucial cellular proteins, resulting in inhibition of signaling
pathways critical for cell survival. Thus, a potential caveat restricting
the clinical use of Hsp90 inhibitors, is the possibility of limiting
toxicity, due to broad effects on healthy tissues.113 In contrast, rationally designed, target-based agents are characterized by low toxicity,
clinical efficacy and wide therapeutic indices, due to their potential
for inducing selective tumor cell cytotoxicity, while sparing normal
tissue.142 Strategies combining the efficacy of chaperone-mediated
degradation, with high target selectivity may therefore hold significant
promise for cancer therapy.
A mutation within the ATP-binding pocket of ErbB-1 results in
recognition of the receptor by Hsp90, which shortens the half-life of
the receptor, and promotes sensitivity to degradation induced by
GA.32 These observations imply that Hsp90 senses conformational
perturbations occurring in the regions associated with the
ATP-binding pocket. Thus, it was reasoned that TKIs that interact
with the ATP-binding pocket in a specific and stable manner, could
transduce a similar structural perturbation, resulting in enhanced
receptor ubiquitylation and degradation. Indeed, this phenomenon
was observed with a number of TKIs, the most potent of which,
CI-1033, irreversibly alkylates a specific cysteine residue (cysteine
805) within the ATP binding pocket of ErbB-receptors (Fig. 2).143
The pathway of ubiquitylation and degradation induced by the
TKIs recapitulates the pathway induced by Hsp90 inhibitors, and as
each compound targets a different component, Hsp90 inhibitors
and CI-1033 act in an additive manner in inhibiting ErbB-driven
tumor cell growth.32 The synergy of the compounds potentially
allows for combination therapy with enhanced targeting specificity
(for a review see refs. 144,145). We have found that the degradation
of ErbB-2 induced by CI-1033 is dependent upon the integrity of
the TPR and U-box domains of CHIP, similar to the role played by
CHIP in degradation induced by GA (our unpublished observations).
Inline with these results, an additional TKI (Quercitin) has been
described which inhibits the phosphorylation of ErbB-2, and
www.landesbioscience.com

decreases receptor levels.146 Interestingly, TKI-induced degradation
of an additional oncogenic receptor tyrosine kinase has been recently
described.147 This work describes ubiquitin- and proteasomedependent degradation of the two Ret oncoproteins, RETMEN2A
and RETMEN2B, induced by the kinase inhibitor PP1. A potentially
significant finding relates to degradation of the Hsp90 client protein
nitric oxide synthase (NOS), by irreversible inhibitors directed
against this distinct class of enzymes.148 Collectively, these lines of
evidence predict a wide clinical potential for selective, rather than
general targeting of Hsp90 client proteins to degradation.
Insights into the atomic basis of TKI- induced degradation can
come from structures of kinases crystallized in the presence of ATP
or TKIs149 (for review see ref. 52). Within these structures, the
conserved glycine-rich motif (P-loop; GXGXφG; φ being tyrosine or
phenylalanine) binds the phosphates of ATP, and due to the glycine
residues, this loop is very flexible in the absence of ATP, allowing the
interaction with small molecule inhibitors. Some of the inhibitors
may induce a large structural distortion in the P-loop by interaction
with the conserved aromatic residue. This distortion may allosterically affect the conformation of the adjacent Cα helix, which could
potentially impact on the interaction with Hsp90 (Fig. 2).

PERSPECTIVES
In analogy to the proposed evolutionary role of Hsp90 in buffering
the detrimental effects of genetic variation, the chaperone may play
a role in the microevolution of tumor cell populations, allowing
tumors to depend for their proliferation on mutant, hyperactive
kinases. In line with this possibility, the functions of oncogenically
mutant protein kinases, such as v-Src and Bcr-Abl, depend on
Hsp90. In this context, ErbB-2 may be viewed as a hyperactive
tyrosine kinase, whose stability, and perhaps also catalytic activity, is
regulated by chaperones. The dependence of certain carcinomas on
ErbB-2, which itself is dependent on Hsp90, opens a potential
therapeutic window. Specifically, because the Hsp90 recognition site
is close to the relatively deep nucleotide-binding pocket of ErbB-2,
drugs that modify this groove may mimic the effect of Hsp90 blockers.
However, unlike ansamycin blockers, tyrosine kinase inhibitors will
act only upon ErbB-2, while sparing other chaperone clients. Similar
Achilles heels may exist on other chaperone clients, such as mutant
forms of p53. Hence, targeted recruitment of the chaperoning
machinery may allow selective destruction of pathogenic proteins by
the 26S proteasome.
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