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Abstract

The co-chaperone p50/Cdc37 is an important partner for Hsp90, assisting in molecular chaperone
activities, particularly with regard to the regulation of protein kinases. The Hsp90 / Cdc37complex
controls the folding of a large proportion of protein kinases and thus stands at the hub of a
multitude of intracellular signaling networks. Its effects thus reach beyond the housekeeping
pathways of protein folding into regulation of a wide range of cellular processes. Due to its
influence in cell growth pathways Cdc37 has attracted much attention as a potential intermediate
in carcinogenesis. Cdc37 is an attractive potential target in cancer due to: (1) it may be expressed
to high level in some types of cancer and (2) Cdc37 controls multiple signaling pathways. This
indicates a potential for: (1) selectivity due to its elevated expression and (2) robustness as the co-
chaperone may control multiple growth signaling pathways and thus be less prone to evolution of
resistance than other oncoproteins. Cdc37 may also be involved in other aspects of
pathophysiology. Protein aggregation disorders have been linked to molecular chaperones and to
age related declines in molecular chaperones and co-chaperones. Cdc37 appears to be a potential
agent in longevity due to its links to protein folding and autophagy and it will be informative to
study the role of Cdc37 maintenance / decline in aging organisms.
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Introduction

Folding of many proteins in the cell to a fully functional conformation requires the influence
of molecular chaperones (Ellis 2007). Such molecules appear to be required to inhibit the
formation of alternatively folded conformations that lack canonical gene function, and
permit the majority of the translated protein to assume its functional shape. It is how
accepted by many that molecular chaperones play essential roles in cellular pathology as
well as in normal function and roles for chaperone overexpression in tumorigenesis and
tumor progression have been described while failure in chaperone function may underlie
processes in aging (Ciocca and Calderwood 2005, Calderwood, Murshid et al. 2009, Jinwal,
Abisambra et al. 2012, Ciocca, Arrigo et al. 2013). The underlying causes of increased
chaperone expression in cancer and loss of chaperone activity in aging have not currently
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been deduced. It has been assumed that elevated amounts of proteins with or without
oncogenic mutations accumulate in cancer increasing the “folding burden placed on cancer
cells (Calderwood and Gong 2012). However direct proof for such a hypothesis is required.
It is known that chaperones such as Hsp27, Hsp70 and Hsp90 often undergo enhanced
expression during cancer development and play roles in many of the key steps in cancer
development such as acquisition of independent growth, escape from oncogene mediated
programmed cell death and senescence, de novo angiogenesis invasion and metastasis
(Ciocca and Calderwood 2005, Calderwood, Khaleque et al. 2006). This may point to key
regulatory roles for the chaperones in cancer. In addition Hsp27, Hsp70 and Hsp90 are all
regulated at the transcriptional level primarily by heat shock factor 1 (HSF1) a protein that
responds to both stress and cancer signals, leading to potent HSP synthesis and enhanced
tumorigenesis (Santagata, Hu et al. 2011, Ciocca, Arrigo et al. 2013). Interactions between
HSF1 and Hsp90 are particularly intriguing, as transcriptional activation of HSF1 leads to
Hsp90 increases, while Hsp90 is a potent HSF1 repressor, a tautology with some
significance in cellular responses to Hsp90 targeting drugs(Zou, Guo et al. 1998, Boellmann,
Guettouche et al. 2004). Many members of the molecular chaperone family require
accessory proteins known as co-chaperones in order to function at significant rates in cells
(Calderwood 2013). Co-chaperones may be decisive in the selection of Hsp90 clients within
the cell and may determine the rate of polypeptide folding and the ability of chaperones to
stably interact with unstable proteins(Cox and Johnson 2011). Optimal Hsp90 activity
involves a wide range of co-chaperones including Sgtl, p23, Ahal, Cdc37, Hop, Cyp40,
FKBP1, FKBP2, PP5 phosphatase, TTC4, TTC5 and XAP2 which regulate the chaperoning
cycle as well as function and localization in the cells (Cox and Johnson 2011, Calderwood
2013). The subject of the current review is the Hsp90 co-chaperone role of Cdc37.

As would be surmised from its name, the CDC37 gene was discovered in a screen for cell
division cycle genes in S. cereviseae (Reed 1980). It has since been shown to be conserved
to man, although Cdc37 homologs in plants have not been reported. Despite its discovery in
a cell cycle screen, the Cdc37 protein apparently does not perform a traditional cell cycle
checkpoint role, such as has been attributed to the cyclins and cell division kinases (cdk),
and instead appears to function largely by enhancing the stability and activities of protein
kinases, including cdks (Pearl 2005, Caplan, Ma’ayan et al. 2007, Caplan, Mandal et al.
2007). Cdc37 has emerged as a co-chaperone that is required for the stable folding of a wide
spectrum of protein kinases when complexed with Hsp90 and has thus emerged as an
important signal transduction molecule (Caplan, Ma’ayan et al. 2007, Gray, Prince et al.
2008). Indeed recent proteomic studies confirmed that Hsp90 interacted with a wide range of
kinases and that the majority of these interactions were shared with Cdc37 (Taipale,
Krykbaeva et al. 2012). This was in contrast with the findings regarding transcription
factors, including steroid hormone receptors, only a few of which proteins seemed to interact
significantly with Hsp90 or Cdc37 (Taipale, Krykbaeva et al. 2012). Hsp90 has been shown
to bind to client proteins and lead to their optimal folding in a series of reactions that can be
regarded as involving a cycle of ATP-dependent conformational changes within the Hsp90
molecule (Fig. 1)(Taipale, Jarosz et al. 2010, Cox and Johnson 2011, Calderwood 2013).
Hsp90 carries out its molecular chaperone functions as a dimer. Such Hsp90 dimers bind to
the client while in an open conformation and then are converted to a more closed
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conformation on binding of ATP, a conformation in which substrates are tightly bound. The
exact nature of the Hsp90-client binding interaction is however still somewhat obscure.
Release of bound, folded client proteins from the Hsp90 involves ATP hydrolysis, a reaction
that leads to loss of affinity for the client protein (Fig. 1). Cdc37 binding to Hsp90 appears
to inhibit this latter ATPase activity of Hsp90 and to permit prolonged interactions between
chaperone and client (Fig. 1)(Cox and Johnson 2011). During the interaction with Hsp90,
Cdc37 binds both to the client kinase as well as to hsp90 itself and both interactions are
required for chaperone function (Gray, Prince et al. 2008). Cdc37 binds to the highly
conserved N-loop of protein kinases and is thought to stabilize the aC-b4 loop, while Hsp90
binds both the N and C lobes (Discussed in more detail in Gray et al, 2008)., Two distinct
client interaction domains have been described in mammalian Cdc37, including a conserved
N-terminal domain as well as a C terminal domain that is not conserved in yeast Cdc37
(Calderwood 2013). Thus Cdc37 is a molecular chaperone itself that, at least in Yeast
appears to have independent protein interaction functions but that in mammalian cells more
commonly operates in cooperation with Hsp90 to optimally fold the structures of protein
kinases (MacLean and Picard 2003, Turnbull, Martin et al. 2005). Cdc37 has been shown to
bind to the catalytic domains of a large number of client kinases, structures that appear to be
conserved in all protein kinases suggesting a common mode of interaction with a range of
such enzymes (Vaughan, Gohlke et al. 2006, Caplan, Ma’ayan et al. 2007, Taipale,
Krykbaeva et al. 2012). However, such Cdc37-kinase interactions are by no means uniform
in nature. For instance Hsp90-Cdc37 complexes are required to maintain Cdk4 in folded
conformation only until such kinases encounter the regulatory Cyclin D1 subunits when they
then become chaperone-independent rev. (Caplan, Ma’ayan et al. 2007). The oncogenic
receptor tyrosine kinase ERBB2 by contrast requires persistent association with Hsp90-
Cdc37 complexes for stability and activity (Caplan, Ma’ayan et al. 2007). Indeed
quantitative studies of Hsp90/Cdc37 complex / kinase client interactions show that even
closely related kinase family members interact with quite different affinities. Another
principle involved in Cdc37 / client interactions seems to be that the chaperone complex
binds most avidly to the more unstable protein kinases and stabilization of clients led to
reduced association (Taipale, Krykbaeva et al. 2012). In addition, it has been shown that the
exchange of ATP in activated kinase clients during enzymatic activity leads to their
increased instability and enhanced chaperone binding (Gray, Prince et al. 2008).
Interestingly, but in accordance with the prior statements, it would appear that protein kinase
catalytic activities may be reduced under Cdc37 / Hsp90 complex-bound conditions, as
determined for the LKB1 kinase (Taipale, Krykbaeva et al. 2012). Dissociation of LKB1
from the Cdc37 / Hsp90 complex led to transient activation of kinase activity prior to
degradation via a pathway involving association with Hsp70 family proteins, recruitment of
ubiquitin ligase CHIP and breakdown in the proteasome (Xu and Neckers 2012).

Posttranslational modifications of Cdc37 and Hsp90

The Hsp90 / Cdc37 interaction is also regulated by posttranscriptional modifications (PTM)
that affect profoundly the chaperoning cycle. Both proteins appear to be substrates for casein
kinase 2 (CK2), an enzyme that is in fact also a client (Miyata and Nishida 2005). CK2
phosphorylates Cdc37 on serine 13, a modification with profound impact on function,
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leading to formation of stable complexes with the clients (Miyata and Nishida 2005). |
addition CK2 phosphorylates Hsp90 on threonine (T) 22 in yeast (human T36), an
interaction that stabilizes binding to co-chaperones Cdc37 and Ahal (Mollapour, Tsutsumi
etal. 2011). CK2 is thus a key enzyme in Hsp90 / Cdc37 client folding. Recently it has been
shown that tyrosine (Y) phosphorylation also has profound effects on Hsp90 / Cdc37
activities. Cdc37 phosphorylation on Y4 and Y298 disrupts client association while Hsp90
phosphorylation on Y197 leads to dissociation of Cdc37. (Xu, Mollapour et al. 2012, Xu and
Neckers 2012) The enzyme implicated in these modifications is the non-receptor tyrosine
kinase Yes (Summy, Sudol et al. 2003, Xu, Mollapour et al. 2012). The findings thus suggest
profound regulation of each step of the Cdc37 / Hsp90 chaperoning cycle by PTMs.

Cdc37in cell proliferation and cancer

As a cell cycle division protein, required to drive cell proliferation, it is probably not
surprising that CDC37 appears to play a positive role in tumorigenesis (Stepanova, Finegold
et al. 2000, Gray, Prince et al. 2008). An early hint suggesting such a role was provided by
the finding of a requirement for Cdc37, along with Hsp90 in the transforming functions of
the viral oncogene p60v-src (Dey, Lightbody et al. 1996, Perdew, Wiegand et al. 1997).
More conclusive evidence for a transforming role for Cdc37 was next provided by the
finding that overexpression of the cac37gene in transgenic mice could lead to elevated rates
of prostate tumorigenesis, a process that was amplified by co-expression of the proto-
oncogene c-Myc (Stepanova, Yang et al. 2000). Subsequently other cancer types such as
anaplastic large cell lymphoma, acute myeloblastic leukemia, multiple myeloma and
hepatocellular carcinoma have been shown to express high levels of cdc37 (rev.) (Gray,
Prince et al. 2008). The exact upstream mediator of Cdc37 tumorigenesis might be currently
difficult to tie down due to the large numbers of potential Hsp90 / CDc37 targets with
potential roles in carcinogenesis. Probable candidates could include: (1) Activity of the
androgen receptor (AR) (Heinlein and Chang 2004). While most steroid hormone receptors
require Hsp90 for optimal folding and activity, only AR has been shown to be dependent on
Cdc37 (Fliss, Fang et al. 1997, Rao, Lee et al. 2001). Indeed Cdc37 knockdown in AR+
LnCaP cells was shown to lead to the loss of androgen-dependent AR-mediated
transcriptional activity and to a reduction in target PSA expression (Gray, Stevenson et al.
2007). It may be significant that Cdc37 has been found to be associated with the AR co-
activating protein Vav3 (Wu, Peacock et al. 2013). Disruption of AR-Vav3 interactions
inhibited the co-activating effects of Vav3 (Wu, Peacock et al. 2013). AR has been shown to
be essential for the early stages in prostate tumorigenesis and to even play unpredicted roles
in castration-resistant forms of PCa. Thus a role for Cdc37 in fostering AR activity and
prostate carcinogenesis might be postulated. However other promising candidates for
CDCa37 targets exist. Protein kinases are the preferred clients of Cdc37 and upward of 50 %
of kinases may require Cdc37 to a greater or lesser degree (Gray, Prince et al. 2008). It has
been shown that the phosphatidyl inositol — 3 kinase (P1-3K) pathway plays a key driving
role in prostate carcinogenesis and that the P1-3K inhibitory pathway, mediated through the
lipid phosphatase PTEN inhibits this process (Bitting and Armstrong 2013). Indeed,
inactivation of PTEN leads to spontaneous prostate carcinogenesis. It was also shown that
knockdown of Cdc37 led to inhibition of Akt, the kinase directly downstream of P1-3K as
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well as to inhibition of the S6 ribosomal protein, a substrate of the mTORC1 kinase
complex, another enzyme regulated downstream of PI-3K (Gray, Stevenson et al. 2007). The
mTORC1 pathway has been shown to play key roles in cancer progression by boosting the
rate of translation and permitting elevated protein synthesis in cancer cells. Other potential
Cdc37 dependent targets could include receptor tyrosine kinases such as EGFR and HER2/
neuthat are CDC37 clients and could also play roles in prostate cancer (Calderwood, S. K.
et al, in preparation), (Lavictoire, Parolin et al. 2003). However, as there is currently no
definitive proof for any of these pathways and other candidates such as no-receptor tyrosine
kinases of the Src family as well as mutant or over-expressed KIT, MET, ALK and RAF
could play roles.

Cdc37 and Cancer Treatment

The dependence of cancer, particularly prostate cancer cells, on Cdc37 suggests this
molecule as a potential target. This approach would have the decided advantage of leading to
multi-targeting and the potential for evasion of resistance in contrast to targeting individual
oncoproteins, in which evolution of resistance is problematic. Cdc37 knockdown was shown
to reduce proliferation to minimal levels in a range of malignant cell types (Gray, Stevenson
et al. 2007, Gray, Prince et al. 2008, Smith and Workman 2009). A natural product-based
drug has recently been isolated that can disrupt Hsp90 / Cdc37 interactions. This compound
Celastrol could thus be envisaged as a potential drug for targeting Cdc37 activity in cancer
(Salminen, Lehtonen et al. 2010). However, this compound is lacking in specificity, was
shown to directly inhibit both kB kinase activity and the function of the proteasome and to
induce HSF1 activity (Calderwood 2013). No doubt future endeavors will lead to further
Cdc37-targeted drugs with higher specificity.

Roles for Cdc37 in autophagy and protein aggregation disorders

Unsurprisingly, with its versatile role in kinase activation, Cdc37 appears to plays roles in
cell pathology outside of cancer. The Hsp90-Cdc37 complex appears to participate in the
upstream activation of autophagy, one of the primary pathways in protein quality control and
longevity (Calderwood, Murshid et al. 2009). Autophagy is significant in protein
homeostasis in that bulky protein aggregates or damaged organelles that cannot enter the
lumen of the proteasome for proteolytic digestion can be enveloped by autophagosomes and
broken down (Calderwood, Murshid et al. 2009). The Cdc37-Hsp90 complex was shown to
stabilizes and activate ULK1, a protein kinase that phosphorylates Atgl one of the first steps
in initiating the autophagy pathway and in this way regulated mitophagy, a specialize
autophagy-like process involved in breaking down damaged mitochondria (Joo, Dorsey et al.
2011). Cdc37-fostered autophagy may be important in neurodegenerative diseases such as
Amyotrophic Lateral Sclerosis and Alzheimer disease, that are components of the aging
process and chaperone complexes may be involved in clearance of misfolded proteins
through the autophagy pathway (Jinwal, Abisambra et al. 2012).
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Conclusions

Thus Cdc37, as a major component of the protein complex that controls the folding of
protein kinases in the cell stands at the hub of a multitude of intracellular signaling networks
(Caplan, Ma’ayan et al. 2007, Karnitz and Felts 2007, Gray, Prince et al. 2008). Its effects
thus reach beyond the housekeeping pathways of protein folding into a wide range of
cellular processes. Further developments may await more information as to the exact role of
Cdc37 in molecular chaperone function.

Due to its influence in cell growth pathways Cdc37 has attracted much attention as a
potential intermediate in carcinogenesis and indeed proof of concept studies in cell lines
indicate that Cdc37 is required for cancer cell signaling and that quenching the influence of
the co-chaperone prevents malignant cell growth (Gray, Prince et al. 2008). Cdc37 might be
an attractive potential target in cancer due to (1) the fact that it may be expressed to high
level in some types of cancer and (2) controls multiple signaling pathways. This indicates a
potential for: (1) selectivity due to its elevated expression and (2) robustness as the co-
chaperone may control multiple growth signaling pathways and may thus be less prone to
evolution of resistance than for other oncoproteins. Currently specific agents to target Cdc37
are not available.

Protein aggregation disorders have been linked to molecular chaperones and to age related
declines in molecular chaperones and co-chaperones (Calderwood, Murshid et al. 2009).
Cdc37 appears to be a potential agent in longevity due to its links to protein folding and
autophagy and it will be informative to study the role of Cdc37 maintenance / decline in
aging organisms. The development of agents that might increase Cdc37 levels may thus be
called for to remedy aging relate shortfalls.
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Figure 1. Role of Cdc37 in the Hsp90 chaperone cycle.
The figure depicts the HSP90 dimer going through a cycle of ATP binding and hydrolysis.

ATP bound HSP90 is capable of client binding while ATP hydrolysis and ADP dissociation
leads to client release. The bound client undergoes folding during this cycle. Cdc37 inhibits
the ATP hydrolysis step and permits prolonged association of Hsp90 dimers with client
proteins and more effective chaperone activity. In addition to association with Hsp90, Cdc37
also binds the client in a ternary complex (not shown). Client binding to Hsp90 and to
Cdc37 both assist in molecular chaperone function.
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Figure 2. Cdc37 controls a network of intracellular protein kinases.
Cdc37 is able to bind to a wide spectrum of protein kinases through their highly conserved

catalytic domain. Depicted here is Cdc37 regulation of the ERK-MAP kinase pathway, the
phosphatidylinositol-3-kinase (P1-3-K) pathway, Unc-51-like kinase (ULK-1) activity and
the activity of AR. The interactions with ERK and PI-3-K are not direct but involve other
members of these cascade reactions. In this way, Cdc37 is able to control a wide spectrum of
intracellular metabolic pathways involved in cell growth, survival, autophagy and
carcinogenesis. AR seems to be exceptional in being a non-kinase client of Cdc37.
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