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Silencing the cochaperone CDC37 destabilizes kinase clients and sensitizes

cancer cells to HSP90 inhibitors

JR Smith, PA Clarke, E de Billy and P Workman

Signal Transduction and Molecular Pharmacology Team, Cancer Research UK Centre for Cancer Therapeutics, The Institute

of Cancer Research, Haddow Laboratories, Sutton, Surrey, UK

The cochaperone CDC37 promotes the association of
HSP90 with the protein kinase subset of client proteins to
maintain their stability and signalling functions. HSP90
inhibitors induce depletion of clients, which include several
oncogenic kinases. We hypothesized that the targeting of
CDC37 using siRNAs would compromise the maturation
of these clients and increase the sensitivity of cancer cells
to HSPI0 inhibitors. Here, we show that silencing of
CDC37 in human colon cancer cells diminished the
association of kinase clients with HSP90 and reduced
levels of the clients ERBB2, CRAF, CDK4 and CDKG6, as
well as phosphorylated AKT. CDC37 silencing promoted
the proteasome-mediated degradation of kinase clients,
suggesting a degradation pathway independent from
HSP90 binding. Decreased cell signalling through kinase
clients was also demonstrated by reduced phosphorylation
of downstream substrates and colon cancer cell prolifera-
tion was subsequently reduced by the inhibition of the
G1/S-phase transition. Furthermore, combining CDC37
silencing with the HSP90 inhibitor 17-AAG induced more
extensive and sustained depletion of kinase clients and
potentiated cell cycle arrest and apoptosis. These results
support an essential role for CDC37 in concert with
HSP90 in maintaining oncogenic protein kinase clients
and endorse the therapeutic potential of targeting CDC37
in cancer.
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Introduction

The molecular chaperone HSP90 directs the stabiliza-
tion and activatable state of an array of signalling
proteins, comprising many oncogenic protein kinases,
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transcription factors and hormone receptors (Maloney
and Workman, 2002) that regulate the hallmark traits of
malignancy (Workman, 2004). HSP90 activity is driven
by binding and hydrolysis of ATP (Obermann et al.,
1998) in a cycle that governs the conformational changes
necessary for its chaperoning function (Pearl and
Prodromou, 2006). Pharmacological HSP90 inhibitors
such as geldanamycin and radicicol act as nucleotide
mimetics (Roe et al., 1999) and disrupt the stabilization
of multiple client proteins including ERBB2, CDK4 and
CRAF, causing their proteasomal degradation. Chemi-
cal derivatives of these natural products and other small
molecule HSPI90 inhibitors have been developed as
anticancer drugs (McDonald ef al., 2006; Smith and
Workman, 2007), including 17-AAG, the first to enter
into clinical trials (Pacey et al., 2006). Importantly,
clinical activity was indicated in melanoma patients with
NRAS or BRAF mutations (Banerji et al., 2005, 2008)
and trastuzumab-refractory ERBB2-positive breast
cancer patients (Modi et al., 2007).

HSP90 functions within a multimeric chaperone
complex (Pearl er al., 2008) assisted by a cohort of
cochaperones, including AHA1 (Panaretou et al., 2002),
HOP (Chen and Smith, 1998), p23 (Fang et al., 1998)
and CDC37 (Stepanova et al., 1997). Each seemingly
has its own distinct function in regulating HSP90
activity. One of these cochaperones, CDC37, interacts
predominantly with protein kinases (MacLean and
Picard, 2003; Pearl, 2005). CDC37 inhibits the ATPase
activity of HSP90 (Siligardi et al., 2002), a property
shared by HOP and p23 (Siligardi et al., 2004). By
blocking closure of the N-terminal HSP90 ATP-binding
site, CDC37 is proposed to assist loading of kinase client
proteins on to the chaperone machinery (Siligardi ez al.,
2002; Roe et al., 2004).

Protein kinases are fundamental in regulating signal
transduction networks (Manning et al., 2002) and hence
require stringent regulation. Frequent mutation and
overexpression of protein kinases in cancer is critical
for tumorigenesis. Known CDC37-regulated kinases
include AKT (Basso ef al., 2002), ERBB2 (Ghatak
et al., 2005), CDK4 (Stepanova et al., 1996) and CRAF
(Grammatikakis et al., 1999). Oncogenic kinase mutants
such as BRAFY¢°E (da Rocha et al., 2005; Grbovic et al.,
2006) and EGFRVIII (Lavictoire et al., 2003) also
associate with HSP90/CDC37. The nature of the
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HSP90/CDC37 requirement is client-dependent and can
affect activation, formation of mature complexes or
binding partner interactions (Caplan et al., 2007).

There is growing interest in CDC37 in the context of
malignancy (Pearl, 2005; Gray et al., 2008). CDC37
overexpression in mice induces tumour formation in the
mammary gland, and CDC37 collaborates in transforma-
tion by c-myc and cyclin D1 in many tissues (Stepanova
et al., 2000a). Targeted overexpression in mouse prostate
increases proliferation (Stepanova et al., 2000b) and
CDC37 may contribute to prostate cancer development
(Schwarze et al., 2003). CDC37 overexpression is seen in
pre-malignant and malignant prostate epithelia (Stepa-
nova et al., 2000b). Together, these results support the
targeting of CDC37 for cancer therapy.

As CDC37 regulates multiple oncogenic Kkinase
clients, we hypothesized that siRNA-mediated CDC37
silencing would compromise the stability and activity of
these clients in cancer cells. The role of CDC37 was
investigated in the human colon carcinoma cell lines
HCT116 and HT29, used to study other cochaperones
(Holmes et al., 2008; Powers et al., 2008) and HSP90
inhibitors (Clarke et al., 2000; Hostein et al., 2001).
During the completion of our studies, Gray et al. (2007)
demonstrated that shRNA-mediated CDC37 silencing
in prostate cancer cells reduced client protein activity
and was synergistic with 17-AAG. Similarly, we show
that silencing CDC37 in colon carcinoma cells decreases
signalling through kinase clients, which inhibits cell
proliferation. We also demonstrate for the first time that
silencing CDC37 impairs kinase client association with
HSP90 and induces proteasome-dependent degradation
of these clients. Furthermore, we show that CDC37-
silencing sensitizes colon cancer cells to HSP90 inhibi-
tors by potentiating kinase client depletion, cell cycle
arrest and induction of apoptosis. Depletion of HSP90
kinase clients and sensitization to HSP90 inhibition was
confirmed in breast and prostate cancer cells. This study
further validates the potential for therapeutic targeting
of CDC37, either in combination with current HSP90
inhibitors or as a more client-selective alternative to
HSP90 blockade.

Results

CDC37 silencing reduces kinase client expression

and signalling

siRNAs were designed which decreased CDC37 protein
expression for up to 6 days (Figures la—d). Control
siRNAs, which matched the targeted siRNA sequences
except for an inversion of four central base pairs, did not
affect CDC37 expression. Expression and activity of
kinase client proteins were unchanged by CDC37
silencing up to 72 and 96 h in HCT116 (Supplementary
Figure S1) and HT29 human colon cancer cells (data not
shown), respectively. However, CDC37 silencing-in-
duced effects on client proteins were clearly seen at
later times. In HCT116 cells a reproducible reduction in
ERBB2, CRAF, CDK6 and CDK4 expression was
observed on days 4 and 5 (Figure la, Supplementary
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Figure S2). As expected, CDC37 silencing did not affect
the expression of the glucocorticoid receptor (GR), a
non-kinase HSP90 client. Reduced expression of kinase
clients ERBB2, CRAF, CDK6 and CDK4 was also
induced by CDC37 silencing in HT29 cells at days 5 and
6 (Figure 1b, Supplementary Figure S2). No change in
expression of survivin, another non-kinase HSP90 client
not known to associate with CDC37, was observed in
HT?29 cells. CDC37 silencing did not affect the expres-
sion of HSP90, HSP70 (HSC70, constitutive or HSP72,
inducible) or cochaperones HOP, AHA1 or p23
(Supplementary Figure S3), confirming that the siRNAs
were specific to CDC37 and did not alter the regulation
of other chaperone components.

In addition, CDC37 silencing induced the depletion of
kinase clients in SkBr3 breast cancer cells (Figure Ic)
and PC3 prostate cancer cells (Figure 1d, Supplemen-
tary Figure S2). The CDK4 decrease in PC3 cells is in
contrast with the results of Gray et al. (2007). Also
contrary to their results, we found that HSP72 and
HSP90 expression were unchanged, indicating no
involvement of CDC37 in heat-shock regulation in any
of the cell lines studied here (Figure 1d, Supplementary
Figure S3).

A decrease in kinase client activity was suggested by
the reduced level of their phosphorylated substrates.
CDC37 silencing that depleted kinase clients at 5—6 days
in HT29 cells also decreased phosphorylation of AKT
(Serd473) as well as total AKT expression (Figure 2a,
Supplementary Figure S4a). Interestingly, phospho-
rylated AKT was reduced more than total AKT levels
by silencing CDC37 in HCTI116 cells (Figure 2b,
Supplementary Figure S4b). Decreases in phosphory-
lated S6 ribosomal protein (Ser235/236) and GSK3f
(Ser9), without any changes in the total protein levels in
HCTI116 cells indicated diminished AKT signalling;
decreased signalling through RAF was also demon-
strated by a reduction in phosphorylated MEK1/2
(Ser217/221). Furthermore, ERK1/2 (Thr202/Tyr204)
phosphorylation was decreased in HCT116 and HT29
cells whereas ERK2 expression remained constant.
Reduced Rb phosphorylation at Ser780 and Ser795,
regulated by CDK4, was also observed in HT29 cells
(Figure 2a, Supplementary Figure S4a).

Kinase client association with HSP90 requires CDC37
Consistent with the view that CDC37 promotes kinase
client association with HSP90, significantly less CDC37
and HSP90 co-immunoprecipitated with CDK4 when
CDC37 was silenced for 3 days in HCTI116 cells
(Figure 3a). However, in contrast to biochemical studies
showing that CDC37 enhanced the assembly of purified
CDK4 and cyclin D1 (Lamphere et al., 1997), the
association of CDK4 with cyclin D1 was not disrupted
by CDC37 silencing in this p16-null cell line (Figure 3a).
Furthermore after 5 days, when CDK4 levels were
reduced, the association of the remaining CDK4 with
cyclin D1 and p21 was increased (Supplementary Figure
S5), suggesting that CDK4/cyclin D1 complexes may be
stable independently of HSP90/CDC37.
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Figure 1 Silencing of CDC37 depletes kinase client proteins. Silencing of CDC37 expression using siRNAs O3 and O4 in comparison
with inactive siRNAs IC3 and IC4, no transfection (NT) and mock transfection (Mk) conditions. (a) Expression of client proteins
ERBB2, CRAF, CDK6, CDK4 and GR in HCT116 human colon cancer cells at 4 and 5 days. (b) Expression of client proteins
ERBB2, CRAF, CDK6, CDK4 and survivin in HT29 human colon cancer cells at 5 and 6 days. (¢) Expression of ERBB2, CRAF,
phosphorylated AKT, AKT and CDK4 in SkBR3 human breast cancer cells at 5 and 6 days. (d) Expression of HSP90, HSP72, ERBB2
and CDK4 in PC3 human prostate cancer cells at 5 and 6 days. The changes in protein expression in this figure were quantitated by

densitometry, as shown in Supplementary Figure S2.

In addition to CDK4, CDC37 silencing also reduced
the association of CRAF with HSP90 (Figure 3b). In
contrast, interaction of the non-kinase client GR with
HSP90 was unaffected (Figure 3c), consistent with the
client selectivity of CDC37/HSP90.

CDC37 silencing inhibits cell proliferation

As many CDC37-regulated kinases are associated with cell
cycle progression and survival, we next investigated
whether cell proliferation was impeded by CDC37 silen-
cing. Immediate effects on cell growth rate were not
apparent (data not shown); however, sustained silencing by
repeating the transfection at 4 days resulted in a reduction
in proliferation compared with transfection and siRNA
controls in HCT116 (Figure 4a) and particularly HT29
cells (Figure 4b). A trend towards reduced proliferation
was observed after 6 days, and was significant with both
CDC37 siRNAs at day 8 (P<0.05), consistent with the
described delay in client depletion.

Analysis of HCT116 cell cycle distribution after 5
days showed an increase in the proportion of cells in the
G1/GO0-phase, from 26.5% (mock) and 26.7% (IC4) to
35.3% (03) and 36.6% (04) (P<0.05; Figures 4c and
d). There was also a reduction in the proportion of cells
in the S-phase (P <0.05) from 56.9% (mock) and 53.7%
(IC4) to 40.8% (O3) and 40.2% (0O4). Therefore,
decreased cell proliferation by CDC37 silencing is likely
because of impaired G1/S-phase transition.

CDC(C37 silencing sensitizes cells to HSP90 inhibitors,
promoting cell cycle arrest and apoptosis

As CDC37 is required for HSP90-mediated chaperoning
of many clients, we next investigated whether silencing
CDC37 in combination with pharmacological HSP90
inhibition was synergistic. Silencing of CDC37 in
HCT116 cells caused a significant 3-fold sensitization
to 17-AAG as determined by Glsy (P<0.05; Figure 5a,
Table 1), consistent with results reported in prostate
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Figure 2 CDC37 silencing reduces kinase client cell signalling. (a) Activation of pathways downstream of kinase clients as determined
by phosphorylated AKT, AKT, phosphorylated ERK1/2, ERK2 and Rb in HT29 human colon cancer cells at 5 and 6 days.
(b) Activation of signalling pathways as determined by phosphorylated ERK1/2, ERK2, phosphorylated MEK1/2, MEK1/2,
phophorylated AKT, AKT, phosphorylated GSK3p, GSK3p, phosphorylated S6 and S6 in HCT116 human colon cancer cells at day
5. The changes in protein expression in this figure were quantitated by densitometry, as shown in Supplementary Figure S4.

cancer cells (Gray Jr ef al., 2007). A similar difference in
Glso was observed using the chemically distinct HSP90
inhibitor VER49009 (Figure 5b, Table 1). Sensitization
to 17-AAG, albeit to a lesser extent, was also observed
in the RV22 prostate and MCF7 breast cancer cell lines
(Table 1), indicating that CDC37 can potentiate the
anti-proliferative effects of 17-AAG in at least three
different tumour cell types.

17-AAG treatment at 5 x Glsg concentrations for the
mock/IC4 controls resulted in a similar G1/S-phase
block of the cell cycle in both control conditions and
also with CDC37 silencing (Figure 5c¢). Following
treatment at the lower concentration of 5 x Glsy 17-
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AAG for 03/O4 transfected cells, the cell cycle
distribution of control-transfected cells was not signifi-
cantly changed compared with vehicle-treated controls
(P>0.05; Table 2); however, in CDC37-silenced cells,
the same 17-AAG concentration induced a significant
cell cycle block in G1/S-phase (P<0.01 for G1/G0 and
S-phase populations).

We hypothesized that apoptosis may also be pro-
moted by combining 17-AAG and CDC37 silencing.
17-AAG treatment caused a small increase in sub-Gl/
GO apoptotic cells, and CDC37 silencing for 4 days
increased this significantly (P<0.05; Figures 5¢ and d)
to 18.0% (O3 and O4), compared with 5.2% (mock) and
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Figure 3 The association of kinase client proteins with HSP90 is
inhibited by CDC37 silencing. (a) Immunoprecipitation of CDK4
72h following siRNA or mock transfection and expression of
HSP90, CDC37 and cyclin D1 in HCT116 human colon cancer
cells. Immunoprecipitation of (b) CRAF and (¢) GR, 72h
following siRNA or mock transfection showing HSP90 and
CDC37 co-immunoprecipitation in HCT116 human colon cancer
cells.

5.5% (IC4) using 335nM 17-AAG. CDC37 silencing
alone did not cause significant apoptosis (Figure 5d).
Cleaved PARP expression confirmed that apoptosis was
potentiated when CDC37 silencing was combined with
17-AAG (Figure Se).

CDC37 silencing potentiates 17-AAG-induced kinase
client depletion

To investigate the mechanism of sensitization to HSP90
inhibition, client expression was measured in CDC37
silenced cells exposed to 17-AAG. HCT116 cells were
treated at 5 x Glsq for each condition: 335, 333 or
115nM 17-AAG for mock transfection, IC4 and O4
respectively. Using these equivalent growth inhibitory
concentrations, kinase clients were depleted to a similar
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extent when CDC37 was silenced, despite the lower
concentration of 17-AAG used (Figure 6a). Partial
recovery of CRAF expression after 17-AAG exposure
was evident in mock and IC4 controls from 48-72h, but
absent with CDC37 silencing. There was also less
recovery of AKT and CDK4 after 48 h compared with
mock and IC4 controls. Similar results were obtained
comparing IC3 and O3 (Supplementary Figure S6),
confirming prolonged kinase client depletion with
silencing CDC37 in combination with 17-AAG treat-
ment.

As 5x Glsg 17-AAG caused extensive depletion of
kinase clients in the mock and IC4 conditions, an
equimolar dose of 115nM (5 x Glsy of O3/04), equiva-
lent to 1.7 x Glso of mock/IC4 controls, was used
to compare the extent of client loss. Using 115nM
17-AAG, minimal depletion of most clients was
observed at 24h in the control transfected cells, with
almost complete recovery at 48 h (Figure 6b). Following
CDC37 silencing, however, kinase clients were fully
depleted at 24h and remained so for longer than in
mock and IC4 controls. Even by 72h 17-AAG treat-
ment, expression of kinase clients had only partially
recovered. Thus when CDC37 was silenced, kinases
were extensively depleted using lower 17-AAG concen-
trations, providing an explanation for the observed
sensitization. This effect appeared specific to CDC37-
associated clients, as 17-AAG-induced depletion of GR
was unchanged by CDC37 silencing (Figure 6b). HSP72
induction by 17-AAG was also equivalent in all
transfection conditions, confirming that CDC37 does
not influence the heat-shock response.

Proteasome-dependent degradation of kinase clients
by CDC37 silencing and 17-AAG
To compare the mechanism by which kinase clients are
depleted, we investigated the effects of the proteasome
inhibitor MGI132 on 17-AAG-treated or CDC37-
silenced cells. As expected, inhibition of proteasomal
degradation by MGI132 caused an increase in the
accumulation of kinase clients in an insoluble form
following 17-AAG exposure (Figure 7a). Importantly,
proteasome inhibition in the absence of HSP90 inhibitor
also led to a greater accumulation of insoluble CDK4
and CRAF in CDC37-silenced cells compared with the
non-silenced control (Figure 7a). The accumulation
of insoluble CDK4 in CDC37-silenced cells was time-
dependent (Supplementary Figure S7). Proteasomal
targeting of CDK4 following CDC37 silencing was
further indicated by increased ubiquitination of this
client after MG132 treatment, as compared with the
control-transfected cells (Figure 7b). These results show
that both 17-AAG and CDC37 silencing lead to client
depletion through the ubiquitin—proteasome pathway.
Analysis of the rate of CDK4 turnover by pulse chase
showed that the stabilization of newly synthesized
CDK4 was not affected (,, ~8h) after 4 days silencing
of CDC37 (Figure 7c), suggesting that the degradation
of mature but unstable CDK4 was promoted. This
differs from the reported shortening of CDK4 half-life,
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Figure 4 Silencing of CDC37 reduces cell proliferation. Proliferation of (a) HCT116 or (b) HT29 human colon cancer cells measured
by SRB assay following no transfection, mock or siRNA transfection. Transfections were repeated at day 4 to sustain the silencing
of CDC37. Mean from at least three independent repeats *s.e., *P<0.05 by paired student’s ¢-test in comparison with each control.
(¢) Representative cell cycle profile in HCT116 cells at 5 days following siRNA or mock transfection. (d) Mean cell cycle distribution of
HCTI116 cells at 5 days from three independent repeats ts.e., *P<0.05, **P<0.01 by non-paired student’s s-test in comparison with

mock and IC4 controls.

as well as other kinase clients, induced by geldanamycin
(Stepanova et al., 1996; Yun and Matts, 2005).

To further understand how kinase clients may
be directed for proteasomal degradation, we next
compared the interactions of client proteins with the
HSP90 chaperone complex following 17-AAG exposure,
CDC37 silencing, or the combination. Treatment with
17-AAG for 24 h markedly decreased the association of
CDK4 with HSP90 and CDC37 (Figure 7d). Similarly,
as demonstrated earlier (Figures 3a and b), CDC37
silencing also severely restricted the association of the
client with HSP90. When CDC37 was silenced in
combination with HSP90 inhibition, co-immunopreci-
pitation of CDK4 with CDC37 and HSP90 was reduced
further. CDK4/cyclin D1 association remained after
17-AAG treatment and CDC37 silencing (Figure 7d),
consistent with earlier results indicating that the stability
of this complex is not dependent on HSP90/CDC37
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(Figure 3a, Supplementary Figure S5). Notably,
17-AAG promoted the association of CDK4 with
HSC70; however, CDC37 silencing alone did not
appear to increase CDK4-HSC70 binding (Figure 7d).
Similar results were obtained with CDK6 immuno-

precipitates, where CDC37 silencing or 17-AAG
treatment reduced the interaction with HSP90
and CDC37, and 17-AAG treatment marginally

increased HSC70 co-immunoprecipitation with CDKG6
(Supplementary Figure S8). The loss of CDK4 associ-
ation with HSP90 and CDC37 occurred rapidly, as
early as 1h after 17-AAG treatment and before
CDK4 expression was depleted (Figure 7¢). Collectively,
these results suggest that CDC37 silencing and 17-AAG
both cause the kinase client to dissociate from
HSP90, but there appear to be differences in the
involvement of HSC70 in directing client degradation
(Figure 8).
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Figure 5 Silencing of CDC37 sensitizes cancer cells to HSP90 inhibitors and potentiates 17-AAG-induced cell cycle arrest and
apoptosis. (a) 17-AAG-, or (b) VER49009-induced growth inhibition of HCT116 human colon cancer cells by SRB assay from at least
three independent repeats *s.e. Inhibitors were added 48 h after transfection. (c¢) Representative cell cycle profile from total cells
showing sub-G1/GO0 events after 24 h 335nM 17-AAG treatment following 72 h siRNA or mock transfection. (d) Mean percentage sub-
G1/GO events from three independent repeats of experiment in (¢) *s.e., *P<0.05 by non-paired student’s z-test in comparison with
mock and IC4 controls. (e) 5 x or 10 x sensitized 17-AAG Gls, added at 72 h after siRNA or mock transfection, for 48 h. Total cells
were analysed by western blotting and cleaved and total PARP measured.

Discussion

HSP90 guides the stabilization, activatable competence
and degradation of client proteins, thereby regulating
multiple signalling pathways. The dependence of onco-
genic cell signalling on this chaperone has been exploited
by HSP90 inhibitors, with several now in phase I/II
clinical trials (Smith and Workman, 2007). As HSP90-
mediated stabilization of signalling-competent proteins
requires associating cochaperones (Pearl et al., 2008),
understanding how these components orchestrate the
modification of client proteins may identify alternative
approaches to target the chaperone. Here, we have
explored the role of the cochaperone CDC37 to
determine its potential for therapeutic intervention and
investigated the putative beneficial effect of CDC37
silencing combined with HSP90 inhibitors.

Using siRNAs, we have demonstrated the importance
of CDC37 in stabilizing several kinase clients in colon,
breast and prostate cancer cell lines. A consistent
reduction in ERBB2, CRAF, CDK4 and CDK6
expression was evident when CDC37 was silenced in
human colon cancer cells. There was differential
depletion between clients, an effect also seen with
pharmacological HSP90 inhibition. Interestingly, one
of the highly sensitive clients to HSP90 inhibition,
ERBB2, was generally the most extensively depleted by
CDC37 silencing. Similarly, the expression of CDKG6,
which is relatively insensitive to HSP90 inhibition, was
less affected by CDC37 silencing. Thus, client proteins
vary in their dependency on HSP90/CDC37 to maintain

stability, with some clients, such as ERBB2, being
particularly prone to degradation upon disruption of
either of the stabilizing components. However, client
stability appears to be cell context-dependent, as in
HT29 cells ERBB2 depletion following CDC37 silencing
was less prominent compared with other clients.

Our results showed that HSP90 association with
clients CDK4 and CRAF was greatly reduced by
CDC37 silencing, consistent with CDC37 promoting
kinase client loading onto HSP90 (Siligardi et al., 2002).
CDC37 may act either by first binding to the client and
then recruiting it to HSP90, or by its presence in the
chaperone complex enabling stable interaction with
kinase clients. The order of binding is unclear as
CDC37-HSP90 complexes free of clients (Roe et al.,
2004; Zhang et al., 2004) and CDC37-kinase complexes
without HSP90 (Vaughan er al., 2006) have been
isolated.

An emerging view of the HSP90 chaperone system,
supported by our studies of another cochaperone,
AHALI, suggests that client stabilization and activation
may be two distinct functions (Holmes et al., 2008).
Taken together with our present results, we hypothesize
that the intermediate HSP90 chaperone complex, to
which CDC37 promotes kinase loading, predominantly
controls stability by preventing degradation, whereas
formation of a mature complex by AHAI-promoted
ATP hydrolysis modifies the competence of the client for
activation. As this view suggests that stabilization of
clients precedes activation, modulation of CDC37 is
likely also to impact on signalling activity.
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Table 1 Effect of CDC37 silencing on sensitivity to HSP90 inhibitors (GlsonM)
Cell line Inhibitor NT Mock 1c4 03 04
HCTI116 17-AAG 59+11 6710 67113 23+ 4% 23+3*
HCTI116 VER49009 520+ 61 660 £ 76 425+ 14 203+ 12% 193 £ 32%
RV22 17-AAG 273£16 289 £ 34 169 £ 41 11316 83+ 26*
MCF7 17-AAG 815 507 4317 33t4 25+2

Glsq values (nM) were determined in HCT116 human colon cancer cells, RV22 human prostate cancer cells and MCF7 human breast cancer cells by
SRB assay. Cells were transfected 48 h prior to addition of inhibitors. Mean values are from at least 3 independent repeats * s.e.
*P<0.05 by paired Students #-test in comparison with each control.

Table 2 Percentage cell cycle distribution following 17-AAG treatment and CDC37 silencing
DMSO treated 17-AAG treated

G1/GO S G2 G1/GO S G2
Mock 27.2£3.6 554+44 17414 388+34 45.1%£3.1 l16.1+1.4
1C4 32.1+3.1 51.5£3.8 16.4+0.9 38.5£3.9 49.0+£3.4 146123
(OX) 33.0+2.0 49.0£1.5 18.1+1.1 63.5+5.0%* 22.2+3.6%* 143+£25
04 349+2.1 46.2+2.2 18.9+0.1 67.2£1.2%* 18.5£3.7** 143+£3.8

HCT116 human colon cancer cells were treated for 24 h with DMSO or 17-AAG (115nM) 72 h after siRNA or mock transfection and the cell cycle

distribution analysed. Mean values from three independent experiments are shown *s.e.
**P<0.01 by non-paired student’s 7-test in comparison with DMSO treated.

Consistent with this, CDC37 silencing reduced the
phosphorylation of substrates downstream of CDK4,
CRAF and AKT. It is difficult to definitively ascertain
the effect of CDC37 silencing on client activation per se,
owing to the clear decrease in client expression. In
contrast to our findings, using CDC37 shRNA in
prostate cancer cells Gray et al. (2007) demonstrated
reduced client activity without significant client deple-
tion. Our results show that both extensive and sustained
CDC37 silencing is required before client expression is
affected as we did not observe kinase client depletion
until 4-5 days, despite substantial loss of CDC37
expression by 48h. Under these conditions we were
able to demonstrate considerable ERBB2 depletion and
some decrease in CDK4, even in PC3 prostate cancer
cells for which Gray et al. (2007) reported no change in
client levels. In addition, in HCTI116 cells, we showed
reduced AKT activity by a decrease in phosphorylation,
without changes in total AKT. This is consistent with
HSP90/CDC37 protecting AKT from dephosphoryla-
tion (Sato et al., 2000). Furthermore, depletion of
ERBB2 by CDC37 silencing may also promote phos-
phatase PP1 activity, which increases AKT depho-
sphorylation (Xu et al., 2003). Interestingly, we found
that silencing CDC37, like 17-AAG, did not restrict
association of the remaining CDK4 with its binding
partner cyclin D1 or its inhibitor p21; rather, these
interactions were augmented after 5 days suggesting that
CDK4 bound to cyclin DI1/p2l is less prone to
degradation when HSP90/CDC37 chaperoning is dis-
rupted.

Pharmacological HSP90 inhibitors induce pleiotropic
molecular changes. Thus isolating those fundamental to
the antitumour activity is challenging; however, selec-
tively targeting client subsets could reduce redundant or
even detrimental effects. We demonstrate here that
destabilization of the CDC37-regulated subset of clients
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is sufficient to inhibit proliferation of human colon
carcinoma cells. Our data suggest that cell proliferation
was reduced by restricted S-phase entry, consistent with
the observed depletion of CDK4/6 and reduced Rb
phosphorylation.

In addition, we found that CDC37 silencing sensitized
HCT116 colon cancer cells to HSP90 inhibitors
VER49009 and 17-AAG by a factor of 2- to 3-fold
respectively, as measured by the SRB assay, and also
potentiated both cell cycle arrest and apoptosis by
17-AAG. A similar trend was seen in the RV22 prostate
cancer and MCF7 breast cancer cell lines, albeit to a
lesser extent. The sensitization to HSP90 inhibition in
HCTI116 cells was likely attributable to the more
extensive and prolonged depletion of kinase client
proteins when CDC37 was silenced before addition of
pharmacological inhibitors. As CDC37 silencing re-
stricted kinase association with HSP90, and there is
evidence that HSP90 is involved in the proteasomal
degradation of clients through association with ubiqui-
tin ligases (Connell et al., 2001; Xu et al., 2002), it may
appear contradictory that kinase clients were subse-
quently degraded more effectively by HSP90 inhibition
after CDC37 silencing. In fact, we show here that both
CDC37 silencing and 17-AAG cause a marked decrease
in association of the kinase clients studied with HSP90/
CDC37, and the combined treatment reduces the
interaction further. Similarly, geldanamycin disrupts
CRAF binding to CDC37 and HSP90 (Grammatikakis
et al., 1999), even though it does not displace CDC37
from HSPIO0 (Siligardi et al., 2002). It should be noted,
however, that salt-labile kinase client-bound HSP90
complexes have been isolated upon exposure to gelda-
namycin (Hartson et al., 2000), which may be respon-
sible for proteasome targeting.

We demonstrated that, again like 17-AAG treatment,
CDC37 silencing induced the proteasome-dependent
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Figure 6 Silencing of CDC37 promotes 17-AAG-induced depletion of kinase client proteins. (a) Time course of HSP72, CRAF,
phosphorylated AKT, AKT and CDK4 expression following 48 h siRNA or mock transfection and 17-AAG treatment at 5 x Glsq in
HCT116 human colon cancer cells. (b) Time course of HSP72, GR, ERBB2, CRAF, phosphorylated AKT, AKT, phosphorylated
ERK1/2, ERK2 and CDK4 expression following siRNA or mock transfection for 72h and 115nM 17-AAG treatment in HCT116

human colon cancer cells.

degradation of kinase clients. Thus, at least in some
cases, unchaperoned protein kinase clients may be

inherently susceptible to

CDC37 may serve to protect these proteins against
targeting to the proteasome. Consistent with this view,
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C/EBPa-mediated disruption of CDK4/CDC37/HSP90
complexes similarly induced CDK4 ubiquitination and
proteasomal degradation (Wang et al., 2002). Studies of
Cdc37 in yeast also support a role in protecting Kinase
clients from proteasomal degradation (Mandal et al., 2007).
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Figure 7 Kinase client association with HSP90 and proteasomal degradation after silencing of CDC37 and 17-AAG. (a) Separation of
proteins into total, soluble, or detergent-insoluble fractions after 72h siRNA transfection of human HCT116 colon cancer cells
followed by treatment with DMSO, MG132 or 17-AAG or drug combination at 5 x Glsy concentrations. (b) Left: Ubiquitin from
CDK4 or goat IgG immunoprecipitation of total lysate after siRNA transfection for 72h and 0, 8 or 16h MGI132 treatment at
5 x Gls, right: input from total proteins. (¢) CDK4 immunoprecipitates from pulse chase, labelling for 2 h with **S Met/Cys protein
labelling mix after 96 h siRNA transfection. Ctl is without antibody. The immunoprecipitates were also analysed by western blotting
(WB). Note that the incorporation of the label is similar in CDC37 silenced versus non-silenced cells and that the turnover of newly
synthesized CDK4 is comparable with both conditions (#,» ~8h). (d) CDK4 immunoprecipitation following 24 h 17-AAG treatment
after siRNA or mock transfection for 72 h. HSP90, HSC70, CDC37 and cyclin D1 association with CDK4. (e¢) Immunoprecipitation of
CDK4 after 30 min, 1, 2 or 4h 17-AAG treatment at 5 x Glsy and association with HSP90 and CDC37, Ctl IP is without antibody.

Interestingly, 17-AAG caused an increase in client
association with HSC70, indicating that clients may be
shifting from HSP90 to HSC70 prior to proteasomal
degradation. In contrast, we found that CDC37 silen-
cing did not appear to affect kinase association with
HSC70. Therefore, binding to HSC70 may not be
important in directing kinase clients for degradation
following CDC37 silencing. It is interesting to note that
combinatorial silencing of HSC70 and HSP72 was
similarly found to induce the proteasomal degradation
of kinase clients (Powers et al., 2008). Blocking both
client recruitment to HSP90 and substrate maturation
by combinatorial CDC37 silencing and HSP90 inhibi-
tion may consequently drive the degradation of kinase
clients through pathways that are either independent of,
or dependent on, HSC70. This may provide an
explanation for the combinatorial client depletion we
observed. Based on our results, a speculative model is
presented in Figure 8.
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An alternative mechanism by which CDC37 silencing
might sensitize to HSP90 inhibitors could apply if
CDC37 itself was able to protect kinase clients to some
extent during pharmacological HSP90 inhibition. Yeast
Cdc37 mutants deficient in Hsp90 binding exhibited
only limited ability to stabilize clients (Lee et al., 2002).
Kinase clients can also be depleted to non-detectable
levels by HSP90 inhibitors and there is no conclusive
evidence that CDC37 has its own chaperoning activity
in mammalian cells. In addition, only a small fraction of
Cdc37 binds Hsp90 in yeast (Turnbull et al., 2005),
suggesting that Hsp90-independent functions may be
more likely than in mammalian cells where HSP90-
bound CDC37 is abundant. We therefore favour the
involvement of alternative routes to proteasomal de-
gradation as the mechanism for sensitization.

We have demonstrated that, in contrast to HSP90
inhibitors, CDC37 silencing did not induce HSP72 in
any of the cell lines studied and similarly did not affect
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Figure 8 Model for the fate of kinase clients and the effects of HSP90 inhibition or targeting CDC37. (a) We propose that there may
be (at least) two possible routes of recruitment to HSP90: kinases either associate with HSC70/HSP40 and then form a stable complex
with HSP90/CDC37, or may associate directly with CDC37 and are then recruited to HSP90. Under normal conditions the kinase is
stabilized and/or rendered competent for activation by the ATP-driven HSP90 chaperone cycle, permitting kinase signalling.
Treatment with an ATP-competitive HSP90 inhibitor blocks the conformational modification of kinases bound to HSP90, which in an
unfolded state may return to an HSC70/HSP40 complex. The association of ubiquitinating enzymes (for example, E3) with HSC70
facilitates polyubiquitination of the unfolded kinase, which is subsequently degraded through the proteasome. (b) By silencing CDC37
expression, the binding of the unstable kinase to HSP90 is reduced. This may leave the unstable kinase prone to factors that directly
target it for degradation or it may be ubiquitinated in the HSC70/HSP40 complex, which is coupled to the proteasome degradation
machinery. Black arrows indicate routes under normal conditions, purple arrows indicate proposed routes during HSP90 inhibition
and blue arrows indicate proposed routes during CDC37 silencing. Note that the pulse chase experiment (Figure 7c) indicates that, at
least in the case of CDK4, CDC37 depletion appears to result in degradation of the mature but unstable kinase, whereas there
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is evidence that HSP90 inhibition leads to degradation of newly synthesized client (Stepanova et al., 1996).

the expression of other HSF1-regulated genes such as
AHAI or HSP90. Furthermore, 17-AAG-mediated
HSP72 induction was unchanged by CDC37 silencing.
Thus, in contrast to Gray et al. (2007), we did not find
evidence that CDC37 influences the heat-shock response
by HSF1 activation. HSP70 induction limits the efficacy
of HSP90 inhibitors through its anti-apoptotic role
(Guo et al., 2005). Thus the targeting of CDC37 could
be therapeutically advantageous compared with HSP90
inhibitors by avoiding this. Although we did not observe
significant apoptosis by silencing CDC37 alone, we
measured considerable apoptosis when 17-AAG and
CDC37 silencing were combined. This further supports
the potential therapeutic value of combinatorial target-
ing of CDC37 and HSP90.

Chemically targeting the CDC37-HSP90 interaction
is becoming potentially more feasible with the progres-
sive structural characterization of HSP90, cochaperone
and client interactions (Vaughan et al., 2006; Pearl et al.,
2008). Recently, celastrol, which demonstrates antic-
ancer activity, was reported to inhibit CDC37 and
HSP90 association (Zhang et al., 2008). Celastrol
exhibits some similarities to HSP90 inhibitors (Hier-
onymus et al., 2006), although it is unlikely to act
through inhibition of CDC37 alone, as it causes heat-

shock induction (Westerheide et al., 2004) and protea-
some inhibition (Yang et al., 2006). It is nonetheless
clear from our studies reported here that CDC37 has
considerable potential as a more client-selective alter-
native for targeting the HSP90 chaperone system, as
well as enhancing the anti-proliferative and pro-apop-
totic effects of HSP90 inhibitors. The increased activity
and predominant existence of HSP90 in cochaperone-
bound complexes in tumour cells (Kamal et al., 2003)
provides a basis for therapeutic selectivity, as with
HSP90 inhibitors (Workman ez al., 2007). In addition,
the heightened dependence of overexpressed or mutated
kinase client proteins on chaperone stabilization further
suggests the potential for increased susceptibility to
CDC37 inhibition in malignant versus normal cells.

Materials and methods

Cell culture

Human cancer cell lines were obtained from ATCC. All cells
were cultured in DMEM (Sigma Aldrich, Gillingham, UK),
except RV22, which were cultured in RPMI (Invitrogen,
Paisley, UK) and supplemented with 10% FCS (PAA
Laboratories, Yeovil, UK), 2mM L-glutamine and non-essential
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amino acids. Cells were maintained at 37 °C in a humidified
incubator with 5% CO,.

SIRNA transfection

CDC37 siRNAs were synthesized by Dharmacon with the
following target sequences ACACAAGACCUUCGUGGAA
(03) and CGGCAGUUCUUCACUAAGA (04). Inverted
control siRNA sequences with a 4bp inversion in the centre
were ACACAAGAUUCCCGUGGAA (IC3) and CGGCAG
UUCACUUCUAAGA (IC4). Transfection of 20 nM siRNAs
in HCT116, RV22, PC3, SkBr3 and MCF7 cells was carried
out using Oligofectamine (Invitrogen) according to the
manufacturer’s protocol. 100nM siRNAs were transfected in
HT29 cells using Dharmafect4 (Dharmacon, Chigago, IL,
USA) according to the manufacturer’s instructions.

Western blotting and immunoprecipitation
These are detailed in Supplementary information.

Cellular growth inhibition assay
Cells were seeded (3—5 x 10° cells/ml) into a 96-well plate 24 h
before transfection. Sulphorhodamine B assay was carried out
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