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BACKGROUND. While there is compelling rationale to use heat shock protein 90 (Hsp90)
inhibitors for treatment of advanced prostate cancer, agents that target the N-terminal
ATP-binding site of Hsp90 have shown little clinical benefit. These N-terminal binding
agents induce a heat shock response that activates compensatory heat shock proteins, which
is believed to contribute in part to the agents’ lack of efficacy. Here, we describe the
functional characterization of two novel agents, SM253 and SM258, that bind the N-middle
linker region of Hsp90, resulting in reduced client protein activation and preventing
C-terminal co-chaperones and client proteins from binding to Hsp90.
METHODS. Inhibition of Hsp90 activity in prostate cancer cells by SM253 and SM 258 was
assessed by pull-down assays. Cell viability, proliferation and apoptosis were assayed in
prostate cancer cell lines (LNCaP, 22Rv1, PC-3) cultured with N-terminal Hsp90 inhibitors
(AUY922, 17-AAG), SM253 or SM258. Expression of HSR heat shock proteins, Hsp90 client
proteins and co-chaperones was assessed by immunoblotting. Efficacy of the SM com-
pounds was evaluated in human primary prostate tumors cultured ex vivo by immunohis-
tochemical detection of Hsp70 and Ki67.
RESULTS. SM253 and SM258 exhibit antiproliferative and pro-apoptotic activity in multiple
prostate cancer cell lines (LNCaP, 22Rv1, and PC-3) at low micromolar concentrations. Unlike
the N-terminal inhibitors AUY922 and 17-AAG, these SM agents do not induce expression of
Hsp27, Hsp40, or Hsp70, proteins that are characteristic of the heat shock response, in any of
the prostate cell lines analyzed. Notably, SM258 significantly reduced proliferation within
2 days in human primary prostate tumors cultured ex vivo, without the significant induction
of Hsp70 that was caused by AUY922 in the tissues.
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CONCLUSIONS. Our findings provide the first evidence of efficacy of this class of
C-terminal modulators of Hsp90 in human prostate tumors, and indicate that further
evaluation of these promising new agents is warranted. Prostate 76:1546–1559, 2016.
# 2016 Wiley Periodicals, Inc.
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INTRODUCTION

In the developed world, prostate cancer is the most
commonly diagnosed cancer among men and is the
second leading cause of cancer related deaths [1,2].
While the past decade has seen marked advances in
the development of treatment options that can extend
survival of men with metastatic disease, observed
responses are generally in the order of months, and
there remain no curative treatments [3]. Thus, there is
a critical unmet need for novel agents and treatment
strategies that can durably control growth of meta-
static prostate cancer.

Over the past 30 years, mainstream drug develop-
ment has focused on the pursuit of molecules that
selectively target a single protein, with the expectation
that this will maximize selectivity for cancer cells and
minimize side effects. More recently, this view has
been challenged by the consistent observation that
single target molecules often cause compensatory
activation of alternate pathways and induce rapid
resistance. Two approaches are now moving into
mainstream thinking [4,5]: first, inhibiting a single
central regulatory protein that controls numerous
oncogenic pathways will simultaneously inhibit mul-
tiple routes to tumor growth and avoid resistance,
with the requirement that the agent remains selective
for only that protein; secondly, utilizing rational
combinations of targeted agents will selectively dis-
rupt several growth pathways simultaneously [6].

Heat shock protein 90 (Hsp90) is considered an
ideal oncogenic target as it plays a key role in the
stabilization, maturation and activation of over 400
client proteins, many of which are known oncopro-
teins [7,8]. Malignancy triggers up-regulation of
Hsp90 in order to regulate the abundance of mutated
and mis-folded proteins that accumulate in cancer
cells, potentially making tumor cells significantly
more dependent upon Hsp90’s chaperone activity
than normal cells [9]. Hsp90’s potential as an onco-
genic target is evidenced by the �50 clinical trials that
have evaluated at least 15 Hsp90 inhibitors (https://
clinicaltrials.gov/). There has been consistent interest
in Hsp90 as a target in prostate cancer because Hsp90
is over expressed in prostate cancer cells compared to
normal epithelium [10,11]. Furthermore, many Hsp90
clients are involved in prostate cancer progression,
including Cdk4, FKBP51 and the androgen receptor

(AR) [12–14]. Classical N-terminal Hsp90 inhibitors,
including 17-allyl-17-demothoxygeldanamycin (17-
AAG) and more potent N-terminal inhibitors such as
AUY922, have demonstrated promising efficacy in
prostate cancer cell lines, animal models and tumor
tissues cultured ex vivo [15–18]. Unfortunately, the
promising preclinical efficacy of N-terminal Hsp90
inhibitors has not yet been realized in clinical tri-
als [19], clearly evident by the fact that of the
aforementioned 15 agents, only 4 are still in clinical
trials [20], and they are all used in combination
therapies involving other targeted or chemotherapeu-
tic agents [21–23].

Induction of the heat shock response (HSR) is a
well-established compensatory mechanism that has
likely limited the clinical impact of N-terminal Hsp90
inhibitors in prostate and other cancers [24–26]. The
HSR is a cellular stress response mediated by heat
shock factor-1 (HSF1), which activates transcription of
heat shock genes [27]. It increases cellular resistance
to Hsp90 inhibition by elevating the expression of
multiple heat shock proteins [28], including Hsp27,
Hsp40, and Hsp70. This cascade of events facilitates
oncogenic growth, stops tumor cells from undergoing
apoptosis, and induces resistance to Hsp90 inhibi-
tors [29,30]. All current clinical inhibitors, compete
with ATP for binding to the N-terminus. These
inhibitors are well-established to induce expression of
these three heat shock proteins in target cells, produc-
ing a response that is similar to the HSR [24,31,32].

The recent development of allosteric Hsp90
inhibitors that bind between the N-terminus and
middle domain of Hsp90, has uncovered a different
response phenotype to that of the classical Hsp90
inhibitors [32–37]. These agents act by blocking
the binding of C-terminal co-chaperones to the
MEEVD (methionine-glutamic acid-glutamic acid-
valine-aspartic acid) region of Hsp90 and they do
not induce a HSR in colon, pancreatic or cervical
cancer cell lines [32–37]. Indeed, this class of
inhibitors reduce the levels of Hsp27, Hsp40, and
Hsp70 to 10-fold over background and �50-fold
lower than classical N-terminal inhibitors in these
three types of cell lines.

Herein, we describe the promising pre-clinical
efficacy of two novel Hsp90 C-terminal modulators,
SM253 and SM258 [35,38], in prostate cancer cells.
Notably, SM258 exhibits significant activity in
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primary tumors cultured ex vivo, without activating a
HSR. These findings warrant further investigation of
this new class of compounds for their potential utility
in clinical management of prostate cancer.

MATERIALS AND METHODS

Cell Lines and Reagents

The human prostate carcinoma cell lines, 22Rv1,
LNCaP, and PC-3, were obtained from the American
Type Culture Collection. Cell Bank Australia per-
formed verification of all cell lines in 2016 via short-
tandem repeat profiling. The 22Rv1 and LNCaP cell
lines were maintained in RPMI-1640 medium contain-
ing 10% fetal bovine serum (FBS). The PC-3 cell line
was maintained in RPMI-1640 medium containing
5% FBS. The Hsp90 inhibitors 17-N-allylamino-17-
demethoxygeldanamycin (17-AAG; National Cancer
Institute), AUY922 (Novartis), SM253 (SRM labora-
tory), and SM253 (SRM laboratory) along with the
pan-caspase inhibitor Z-VAD-FMK (Sigma-Aldrich)
were dissolved in dimethyl sulfoxide (DMSO).
The sources and experimental conditions for the
primary antibodies are detailed in Supplementary
Table 1.

In Vitro Hsp90 Pull-Down Assays With
SM253-Biotin and SM258-Biotin

SM253-biotin and SM258-biotin constructs were
prepared and used in a pull down assay as reported
previously [37,38,40]. Using a standard batch purifica-
tion method, 5mg of crude cellular protein from
LNCaP cancer cells (in 250mL of cell lysate in RIPA
lysis buffer) was incubated with biotinylated SM253 or
biotinylated SM258 (1.3� 10�7 moles pre-dissolved in
13ml of DMSO) to give a final 5% DMSO concentra-
tion for 48hr at 4°C with rocking. The cell lysates were
then incubated with NeutrAvadin agarose (Thermo
Scientific Pierce) resin for 4hr at 4°C. The resin was
washed four times with buffer (20mM Tris-HCl,
300mM NaCl, 1% Triton X-100, pH 7.4); one time for
30min, and three times for 15min at 4°C with rocking.
Proteins were eluted from the beads with sample
buffer (62.5mM Tris–HCl, 2% (w/v) sodium dodecyl
sulfate, 10% (v/v) glycerol, 0.1% (w/v) bromophenol
blue, 100mM dithiothreitol), and the proteins resolved
on a 4–20% tris-glycine gel followed by transfer to a
PVDF membrane. The PVDF membrane was blocked
with 5% milk in Tris buffered Saline with 0.1% Tween-
20 (TBST) for 30min and then probed with an anti-
Hsp90 polyclonal rabbit antibody (ADI-SPA-836,
Enzo) for 12hr, followed by the secondary horseradish
peroxidase (HRP) conjugated antibody for 45min. The

membrane was washed in TBST and the bands
were visualized with the LAS4000 chemiluminescence
imager.

Analysis of Cell Proliferation and Viability

Viable cell number was determined by manual
counting using a haemocytometer, and viability
assessed by Trypan blue dye exclusion, as
described previously [39]. For flow cytometric
analysis of cellular proliferation, PCa cell lines
were seeded in 10 cm plates (1.5� 106 cells per
plate) and allowed to adhere for 24 hr prior to
treatment. Cells were then stained for 10min with
CellTraceTM CFSE (carboxyfluorescein succinimidyl
ester; Life Technology Cat#C34554) prior to the
addition of indicated treatments. For analysis of
apoptosis, cells were treated for indicated time
points and upon collection, 1�106 cells were fixed
in 2% paraformaldehyde, permeabilized in 0.1%
Tween 20, and stained using V450 anti-active-
caspase-3 (BD560627; 1:20) or AnnexinV (BD556421;
1:100) and the viability stain, 7AAD (ThermoA1310;
1:500). Data collection for staining was completed
using either CantoII or Fortessa flow cytometers.
Analysis of results was performed using cytobank
online analysis tool.

Immunoblotting

Cells were seeded in 6-well plates (1.5� 105 cells
per well) and incubated for 24 hr prior to treatment.
Cells were treated as indicated for 48 hr and protein
lysates were collected in RIPA lysis buffer (10mM
Tris, 150mM NaCl, 1mM EDTA, 1% Triton X-100,
10% protease inhibitor). Equal amounts of total
protein were separated by 4–15% precast Tris-
Glycine gel (BioRad) and transferred to nitrocellu-
lose membrane. Membranes were blocked in 3%
skim-milk in TBST at 4°C overnight. Membranes
were probed with indicated primary antibodies
followed by respective HRP-conjugated secondary.
Immunoblotting was performed using enhanced
chemiluminescent (ECL) and images were captured
using a BioRad Chemdoc MP imaging system.
Image analysis and densitometry were carried out
using ImageLab software V5.0 (BioRad).

Immunofluorescence

Cells were seeded in 6-well plates (1�105 cells per
well) onto 0.6micron circle glass cover slips and
allowed to adhere for 24 hr prior to treatment. Cells
were fixed and permeabilized using 100% methanol,
and incubated with primary antibodies Ki67 (ab16667;
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1:300) or CC3 (Asp175; 1:100) at room temperature for
2 hr followed by the ALEXA fluorescent secondary
(anti-Rb 488 nm; 1:250) for 1 hr. Cover slips were
mounted using Prolong Gold Antifade Mountant
Media containing DAPI stain, and allowed to cure
for 48 hr before imaging on the Leica SP8 confocal
microscope. Ki67 percent positivity was analysed by
blind manual scoring in a minimum of 100 cells at
40� magnification.

Ex Vivo Culture of Human Prostate Tumors

Prostate cancer tissue was obtained with written
informed consent through the Australian Prostate
Cancer BioResource from men undergoing robotic
radical prostatectomy at St. Andrew’s Hospital (Ade-
laide, South Australia). Ex vivo culture was per-
formed essentially as described previously [19]. A
6-mm core of tissue was dissected into 1-mm3 pieces
and cultured in duplicate on presoaked gelatin
sponges (Johnson and Johnson) in 24-well plates
containing 500ml RPMI-1640 with 10% FBS, antibi-
otic/antimycotic solution, 0.01mg/ml hydrocortisone
and 0.01mg/ml insulin (Sigma–Aldrich). As the IC50

concentrations of agents in 2D culture do not neces-
sarily equate to efficacious concentrations ex vivo,
and the two classes of agents used do not affect
Hsp90 function by the same mechanism, for the
purposes of comparison tissues were cultured for
48 hr with the same concentration (500 nM) of
AUY922, SM253, or SM258 at 37°C, then formalin-
fixed and paraffin embedded.

Immunohistochemistry

Paraffin-embedded tissues were sectioned (2mm)
on Ultraplus slides prior to immunohistochemical
staining. Slides were dewaxed and cleared through
a series of xylene and ethanol wash steps and
endogenous peroxidase were blocked in 0.3% H2O2.
Antigen retrieval was performed in a Biocare Medi-
cal Decloaker at 110°C for 15min in citrate buffer
(10mM, ph6.5). Tissues sections were blocked in 7%
goat serum and incubated in primary antibody Ki67
(DAKO M7240; 1:200) or Hsp70 (ADI-SPA-812;
1:1600) overnight at 4°C. Biotinylated secondary
antibodies were incubated for 1hr at room tempera-
ture (RT) followed by HRP-strepdavidin (1 hr, RT)
and DAB:H2O2 (6min, RT). Slides were counter-
stained in 1:2 haematoxylin prior to mounting
coverslips in DPX. A Nanozoomer digital slide
scanner was used to capture images. Percent posi-
tivity for Ki67 was determined by blind manual
counting in a minimum of five fields at 40�
magnification to a total of at least 200 malignant

cells, by two independent observers. Intensity
of Hsp70 immunostaining was measured by video
image analysis as described previously [18].

Statistical Analysis

Immunofluorescent data are displayed as the
mean� SE of up to five independent determina-
tions. One-way ANOVA with Tukey or Dunnett
post hoc test using GraphPad Prism Software were
used to determine significant differences between
samples. P value of 0.05 or less was considered
statistically significant.

RESULTS

Hsp90 Protein Function Is Inhibited by SM253
and SM258 in Prostate Cancer Cells

Previously we demonstrated the direct interaction
of Hsp90 with biotinylated SM253-T-II in human
colorectal cancer cell lines [38]. For the first time here
we demonstrate direct interaction between SM253 or
SM258 with Hsp90 in the LNCaP prostate cancer cell
line in a cell lysate pull-down assay (Fig. 1). We
tagged the SM253 and SM258 by placing a peg-biotin
at the leucine and valine residues, respectively (posi-
tions IV and III). Consistent with our previous experi-
ments [35,38], placing a tag at position II of SM series
was less optimal than when placed at positions III or
IV [37,40]. Both biotinylated SM253 and SM258
successfully pulled down Hsp90 from the LNCaP cell
lysates, with SM258 showing a higher binding affinity
for Hsp90 than SM253 (Fig. 1).

SM253 and SM258 Reduce Cell Viability and
Active Proliferation in PCa Cell Lines

We compared the efficacy of the C-terminal modu-
lators SM253 and SM258 with the well-characterized
N-terminal inhibitors AUY922 and 17-AAG using a
panel of prostate cancer cell lines (22Rv1, LNCaP and
PC-3). Each agent displayed concentration-dependent
decreases in viable cell numbers for all lines. AUY922
achieved the most significant inhibition of cell growth
with an IC50 of 25 nM, followed by 17-AAG (50 nM)
(Supplementary Table II). Both SM253 and SM258
demonstrated dose-dependent inhibition of cell
growth with IC50 values of �5mM (Supplementary
Table II). These doses are consistent with data gener-
ated in other cell lines for all four compounds [35,38].

Given their inhibitory effect on cell growth,
we next used CFSE cell tracing to assess whether the
C-terminal Hsp90 modulators were reducing the
number of actively proliferating cells, with IC50 and
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2xIC50 doses tested for each agent. These data
revealed that all agents significantly reduced the
percentage of actively proliferating cells in LNCaP
cells, and AUY922 significantly reduced cellular pro-
liferation in 22Rv1 and PC-3 cells (P< 0.05; Fig. 2b).
Immunofluorescent analysis confirmed that AUY922
and 17-AAG result in a statistically significant reduc-
tion of the proliferative marker Ki67 in LNCaP and
22Rv1 compared with vehicle-treated control cells
(P< 0.05; Fig. 2c, Supplementary Table III), while in
PC-3 cells, AUY922, SM253, and SM258 all resulted in
a significant reduction in Ki67 positivity (Supplemen-
tary Table III).

SM253 and SM258 Induce Apoptosis in Prostate
Cancer Cells

Consistent with their effects on cell viability (Fig.
2), AUY922, 17-AAG, SM253, and SM258 all displayed
concentration-dependent cytotoxicity in prostate can-
cer cell lines (Fig. 3a). To determine whether the death
induced by SM253 or SM258 was characteristic of
apoptosis, expression of cleaved caspase-3 was exam-
ined via immunofluorescence (Fig. 3b) and flow
cytometry (Supplementary Fig. S2). These data dem-
onstrated that all of the agents increased the levels of
cleaved caspase-3 compared to vehicle-treated control
cells, with the most substantial increase caused by
AUY922. To quantify the percentage of cells undergo-
ing apoptosis in response to our compounds, we
performed flow cytometry for AnnexinV/7AAD (Fig.
3c; Supplementary Fig. 1) in prostate cancer cell lines
treated with the indicated doses of Hsp90 inhibitors
for 48 hr. Evaluation of early apoptotic (AnnexinVþ/
7AAD�) and dead (AnnexinVþ/7AADþ) cell pop-
ulations after 48hr of treatment revealed significant
increases in cell death in response to AUY922 in all
cell lines. SM258 (10mM) resulted in an increased
percentage of early apoptotic cells in 22Rv1 and PC-3
cell lines compared to control, while 17-AAG resulted
in a significant increase in the percentage of early
and late apoptotic cells in LNCaP and PC-3 cell

lines. Evaluation of cells treated for 72 hr revealed
significant increases in the percentage of cells under-
going death (AnnexinVþ/7AAD�) in response to
AUY922 (25 and 50 nM treatment) in all cell lines, 17-
AAG (50 nM and 100 nM treatment) in LNCaP, SM258
(5mM treatment) in LNCaP and in PC-3 (10mM
treatment). The addition of a pan-caspase inhibitor
(Z-VAD-fmk; 50mM) significantly prevented SM253,
SM258, and AUY922 from inducing cell death
(Fig. 3d), further confirming that it was a result of
apoptosis.

SM253 and SM258 Do Not Induce Expression of
Cytoprotective Heat Shock Proteins

The induced expression of various HSR elements,
such as Hsp27 and Hsp70, following inhibition of
Hsp90 using classical inhibitors has implicated these
HSPs in clinical drug resistance. In all three cell lines,
a significant increase in Hsp27 and Hsp70 protein
expression were detected when these cells were
treated with AUY922 or 17-AAG compared to vehicle-
treated control cells (Fig. 4). Indeed, AUY922 pro-
duced a 2- to 7-fold increase in Hsp27 over back-
ground levels, and 2- to 10-fold increase in Hsp70
over background. By contrast, and similar to our
previous results published in colorectal cancer cell
lines [32,35–38], treatment with SM253 and SM258
resulted in decreased expression of both Hsp27 and
Hsp70 proteins in all prostate cell lines analyzed
(Fig. 4).

Hsp90 Function Is Inhibited by SM253 and SM258
in PCa Cell Lines

To characterize the molecular outcomes of
SM253 and SM258 treatment in prostate cancer
cells, we examined expression levels of a series of
established Hsp90 client proteins—AR, Cdk4, the
co-chaperone protein p23 and the AR-regulated
proteins FKBP51 and PSA—in LNCaP, 22Rv1, and
PC-3 cells treated for 48 hr with IC50 or 2xIC50

Fig. 1. SM253 and SM258 bind directly to human Hsp90. In vitro pulldown assay of Hsp90 with SM253-Tag and SM258-Tag was
performed in LNCaP cell lysates. Validation of Hsp90 as a target for SM253-Tag and SM258-Tag was completed via Western blot.

1550 Armstrong et al.

The Prostate



Fig. 2. SM253 and SM258 inhibit viable cell growth. (a) Growth curve analysis of cytotoxicity of AUY922, 17-AAG, SM253, or SM258
was examined in 22Rv1, LNCaP, and PC-3 cell lines. Cell viability was measured using Trypan blue exclusion following 4 days treatment as
indicated. Percentages were calculated in comparison to DMSO-treated control cells. (b) Parallel experiment examining percentage of cells
that had undergone proliferation via flow cytometry using CFSE cell tracker based proliferation analysis overlayed with viable cell number
from (a). (c) Fluorescence microscopy for Ki67 in LNCaP cells collected at 48 hr and processed as described in methods section. Bar
100mm.
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Fig. 3. Induction of apoptosis by SM253 and SM258 is associated with caspase-3 activity. (a) Growth curve analysis of percentage cell
death in response to AUY922, 17-AAG, SM253, or SM258 was examined in 22Rv1, LNCaP, and PC-3 cells. Cell death was measured using
trypan blue exclusion following 4 days treatment as indicated. Percentages were determined in comparison to DMSO control. (b)
Fluorescence microscopy for cleaved caspase-3 was completed in LNCaP cells collected at 48 hr. Bar 100mm. (c) Flow cytometry for
AnnexinV/7AAD-based apoptosis analysis of LNCaP cells treated with Hsp90 inhibitors as indicated for 48 hr. All values are mean� s.e.m.
from three independent experiments. (d) Growth curve analysis of cell death in response to indicated dose of AUY922, 17-AAG, SM253,
or SM258 in combination with 50mM Z-VAD was examined in LNCaP cells. Cell death was measured using trypan blue exclusion following
4 days treatment as indicated and compared to 0 hr cell counts. Percentages were determined in comparison to DMSO control.
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doses of AUY922, 17-AAG, SM253, or SM258. We
also analyzed the C-terminal client proteins, HOP
and FKBP52, which are allosterically modulated by
the SM compounds [35–37].

Treatment of LNCaP cells with the N-terminal
inhibitors (AUY922 and 17-AAG) and the C-terminal
modulators (SM compounds) resulted in a dose-
dependent reduction of the common prostate cancer-
related client proteins AR, FKBP51, PSA, Cdk4, AKT,
and ERK (Fig. 5a; Supplementary Fig. 3a). Similarly,
in 22Rv1 cells, AUY922 resulted in reduction of AR
and the truncated AR variant AR-V7, FKBP51, and
Cdk4, while SM253 and SM258 reduced expression of
only Cdk4 and AKT (Fig. 5a; Supplementary Fig. 3a).
In PC-3 cells, only AUY922 and 17-AAG exhibited
inhibition of Cdk4 and ERK (Supplementary Fig. 3b).
In all cell lines, SM253 and SM258 reduced expression
of p23.

As previous studies have implicated modulation
of the Hsp90 C-terminus in SM compounds’ mecha-
nism of action, we examined their effects on the
expression of TPR-domain containing proteins HOP
and FKBP52 (Fig. 5b). Treatment of LNCaP cells
resulted in a dose-dependent decrease in the ex-
pression of HOP (SM258) and FKBP52 (SM253).
Treating 22Rv1 cells with twice the IC50 concentra-
tions of AUY922, SM253 and SM258 caused a
marked decrease (�2-fold) in HOP expression.
Interestingly, treating 22Rv1 with 17AAG, AUY922,
SM253, or SM258 at their IC50 and 2xIC50 did not
affect the levels of FKBP52 protein. Similar to
LNCaP cells, expression levels of HOP and FKBP52

were only suppressed in the AR-negative cell line,
PC-3, by SM258 (Supplementary Fig. 3b).

SM258 Displays Anti-Proliferative Effects in
Human Prostate Tumours Cultured Ex Vivo

Intrigued by the ability of SM253 and SM258 to
induce apoptosis in cell line models, we next
investigated the efficacy of SM253 and SM258 in ex
vivo cultured human tissue explants [19]. As IC50

concentrations of agents in 2D culture do not
necessarily equate to efficacious concentrations ex
vivo, and the SM compounds do not elicit the same
pharmacodynamic markers as AUY922, the same
concentration was used for all three agents (500 nM)
for the purposes of comparison. We began by
examining the effects of the agents on expression of
the HSR-related protein Hsp70 by immunohis-
tochemistry (IHC; Fig. 6). Similar to the cell line
results, AUY922 resulted in statistically significant
induction of Hsp70 expression in tissues treated for
48 hr. In contrast, treating tissues with SM253 and
SM258 did not significantly induce Hsp70 (Fig. 6)
compared with vehicle-treated tumors. Assessment
of Ki67 positivity demonstrated that AUY922
(5.42%) caused a significant reduction of prolifera-
tion when compared to vehicle-treated tumors
(24.65%; Fig. 7). SM253 (18.95%) and SM258
(16.16%) demonstrated a patient-specific reduction
in Ki67 positivity for 4/7 and 6/6 patients respec-
tively (Supplementary Fig. 4), and collectively
SM258 caused a significant (P< 0.05) decrease in

Fig. 4. No induction of heat shock proteins occurs in response to SM253 or SM258. Induction of heat shock proteins associated with
the HSR was examined using Western blot detection of Hsp27 and Hsp70 in LNCaP, 22Rv1, and PC-3 cell lines. Cells were treated with
the indicated dose of Hsp90 inhibitors for 48 hr.
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Fig. 5. SM253 and SM258 selectively inhibit C-terminal client proteins. Hsp90 client protein response to AUY922, 17-AAG,
SM253, or SM258 was examined using Western blot detection of (a) PCa associated Hsp90 clients AR, FKBP51, PSA, Cdk4, and p23
and (b) C-terminal associated client proteins in LNCaP, 22Rv1 and PC-3 cell lines. Cells were treated with the indicated dose of
Hsp90 inhibitors for 48 hr.
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proliferation compared to vehicle-treated control
tissues.

DISCUSSION

This study demonstrates for the first time that a
new series of C-terminal Hsp90 modulators show
promising pre-clinical efficacy in prostate cancer cells

and clinical tumors, without the induction of key heat
shock proteins that promote drug resistance. Our
findings in this study confirm not only the well-
recognized potency of AUY922 in cell lines and
tumors, but also the propensity of N terminal-targeted
agents to induce Hsp27, Hsp40, Hsp70, which display
cytoprotective properties [41]. This response is
the result of a series of biochemical events mediated

Fig. 6. Hsp70 expression is not induced by SM253 or SM258 in cultured primary prostate tumors. Induction of Hsp70 expression in
cultured human prostate tumors (n¼ 7) in response to AUY922, SM253, and SM258 was assessed by immunohistochemistry. Tumors
were cultured as explants in medium containing vehicle control, 500 nM AUY922, SM253, or SM258. Representative Hsp70
immunostaining was quantified by VIA and is presented as staining intensity of tumour epithelial cells quantified at 40x magnification. Bar
50mm. Data are displayed as the mean� SE. Differences were determined using one-way ANOVA with Dunnett post hoc test (�P< 0.05).

Fig. 7. AUY922 and SM258 exhibit antiproliferative activity in cultured primary prostate tumors. Tumors (n¼ 7) were cultured as
explants in medium containing vehicle control, or 500 nM of AUY922, SM253, or SM258. Ki67 immunostaining was quantified by manual
counting and is presented as the percentage of positively stained nuclei in at least 200 cells counted at 40� magnification. Bar 50mm. Data
are displayed as the mean� SE. Differences were determined using one-way ANOVA with Dunnett post hoc test (�P< 0.05; ���P< 0.001).
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at a transcriptional level by HSF1 [42–48]. Upon
activation, HSF-1 binds to heat shock elements located
within the promoter regions of heat shock proteins,
which drives their up-regulation [41]. The increased
expression of Hsp27 and Hsp70 following inhibition
of Hsp90 led to the hypothesis that they could
compensate for Hsp90 and mediate resistance to the
Hsp90 inhibitors [49,50]. This hypothesis was con-
firmed by studies which demonstrated that targeting
Hsp27 or Hsp70 via small interfering RNA or anti-
sense oligonucleotides produced a significant increase
in potency of Hsp90 inhibitors [51–53]. Hsp27 is
believed to facilitate resistance through increased
synthesis of glutathione, while Hsp70 prevents the
pro-apoptotic protein Bax from initiating apoptotic
pathways within the mitochondria [51,54]. These
studies indicate that both Hsp27 and Hsp70 facilitate
cell survival, and block the cytotoxic effects of Hsp90
inhibitors, which is in line with current clinical results
on classic Hsp90 inhibitors.

Previous studies have reported that targeting the
C-terminal domain of Hsp90 using compounds such
as the coumarin antibiotic, Novobiocin (NB), achieves
promising inhibition of Hsp90 activity without elicit-
ing the induction of heat shock proteins [55,56].
Studies on the NB analog KU174 have reported anti-
proliferative and cytotoxic activity with little to no
induction of the HSR [55–57] in LNCaP and PC-3
cells. KU174 treatment also reduced expression of
Hsc70, Hsp27, HSF-1, and clients Akt, Her2, nestin
and CRCX4 [58]. These compounds have micromolar
potency, poor solubility, extensive metabolism and
clearance preventing their availability for various pre-
clinical models, although one study using the rat PC3-
MM2 xenograft tumor model achieved significant
reduction in tumor volume with no apparent signs of
toxicity compared to vehicle [58].

Interestingly, our SM compounds offer a unique
approach to reduce Hsp90 activity and client protein
activation by disrupting the association of co-chaperone
and client proteins with the C-terminus of Hsp90 [59].
While SM253 and SM258 bind the N-middle linker
region of Hsp90, they result in inhibition of TPR
containing clients and co-chaperones known to bind
the MEEVD domain of Hsp90’s C-terminus and are
therefore described as C-terminal modulators. Treating
cells with SM compounds inhibits different client
proteins than treating cells with N-terminal inhibitors,
although larger scale proteomic analysis are required to
identify the full client repertoire impacted by SM
molecules. Here we demonstrated that treatment of
prostate cancer cell lines with SM253 or SM258 results
in a modest reduction of MEEVD binding clients HOP
and FKBP52, the N-middle domain binding client Cdk4
and the prostate cancer-related client AR and its

downstream targets (PSA, FKBP51). The co-chaperone
p23, which stabilizes the closed HSF-1 bound state of
Hsp90, is downregulated in response to SM253 and
SM258, suggesting one mechanism by which these
compounds act to inhibit heat shock protein induc-
tion [60,61].

While research efforts aimed at reducing HSR-
mediated resistance have focused on identifying poten-
tial combinatorial approaches using inhibitors of HSF-1,
Hsp27, or Hsp70 with Hsp90 inhibitors [30,62–65], use
of the SM compounds provides a simpler solution to
avoiding induction of the HSR. Further clinical devel-
opment of this class of agents will necessitate the
validation of new companion biomarkers other than
Hsp70 that can be used clinically to detect target
inhibition and biological efficacy. The ability to predict
clinical response is often limited by the current models
of cancer, which do not incorporate assessment of the
tumor microenvironment or specifically the heteroge-
neous nature of prostate cancer tissue in humans. Using
prostate tumor explants has helped to overcome these
limitations and may both inform selection of com-
pounds that are most likely to succeed in clinical trials
and allow identification of more clinically-relevant
biomarkers [18]. The encouraging efficacy that we have
observed using the SM compounds now warrants
further structural refinement of this class of compounds
to enhance their potency, solubility and pharmacoki-
netic properties.

CONCLUSION

The efficacy of SM compounds presented herein
provides encouraging impetus for the continued pre-
clinical development of this class of agents for prostate
cancer and potentially other solid tumors. However,
the SM series has the added value that it avoids
inducing a major cell rescue mechanism, thereby offer-
ing a promising avenue for novel drug development.
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