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Abstract

The 90-kDa heat shock protein (Hsp90) assists in the proper folding of numerous mutated or
overexpressed signal transduction proteins that are involved in cancer. Inhibiting Hsp90
consequently is an attractive strategy for cancer therapy as the concomitant degradation of
multiple oncoproteins may lead to effective anti-neoplastic agents. Here we report a novel C-
terminal Hsp9O inhibitor, designated KUG75, which exhibits potent anti-proliferative and
cytotoxic activity along with client protein degradation without induction of the heat shock
response (HSR) in both androgen dependent and independent prostate cancer cell lines. In
addition, KU675 demonstrates direct inhibition of Hsp90 complexes as measured by the
inhibition of luciferase refolding in prostate cancer cells. In direct binding studies, the internal
fluorescence signal of KU675 was utilized to determine the binding affinity of KU675 to
recombinant Hsp90o, Hsp90B and Hsc70 proteins. The Ky for H5p90a was determined to be
191 uM while the K4 for Hsp90pB was 726 uM, demonstrating a preference for Hsp90a. Western
blot experiments with four different prostate cancer cell lines treated with KU675 supported this
selectivity, by inducing the degradation of Hsp90ua-dependent client proteins. KUG675 aso
displayed binding to Hsc70 with a K4 value at 76.3 uM, which was supported in cellular by
lower levels of Hsc70 specific client proteins upon western blot analyses. Overall, these
findings suggest that KU6G75 is an Hsp90 C- termina inhibitor as well as dual inhibitor of

Hsc70, and may have potential use for the treatment of cancer.
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I ntroduction

Prostate cancer is the sixth leading cause of cancer-related death in men globally. In the
United States, it is responsible for approximately 30,000 deaths annually, and ranks as the
second leading cancer killer amongst men (Siegel et al., 2011). Prostate cancer tends to be
detected in men over the age of fifty, and the treatments of patients with metastatic, locally
recurrent, and androgen-independent prostate cancer are particularly problematic and often
fatal. Huggins and Hodges reported the susceptibility of prostate tumors to undergo androgen
withdrawal in 1952 (Huggins, 1952; Huggins and Hodges, 2002). Since then, patients with
advanced prostate cancer have undergone treatment with therapies directed at inhibition of the
androgen receptor (Lassi and Dawson, 2010). However, androgen withdrawal is not sufficient
in the treatment of metastatic disease, as most patients eventually fail androgen-deprivation
therapies. Although recent trials with docetaxel have demonstrated a reasonable survival
advantage, the long term effectiveness of such chemotherapy remains limited (Chi et a., 2010;
Kelly et a., 2012; Petrylak et al., 2004; Tannock et al., 2004). Hence, there remains a critical

need for the development of novel therapies to treat advanced prostate cancer.

Heat shock protein 90 (Hsp90) represents one of the most promising biologic targets
identified for the treatment of cancer. Hsp90 is commonly overexpressed in many cancer cells,
including prostate cancer (Hanahan and Weinberg, 2000; Holzbeierlein et a., 2010; Isaacs et
a., 2003). As a molecular chaperone, Hsp90 is responsible for the maturation of proteins
directly associated with malignant progression, and therefore, inhibition of this protein folding

6
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function results in a combinatorial attack on numerous pathways (Basso et al., 2002; Sato et al.,
2000; Schulte and Neckers, 1998; Xu et al., 2001). Currently, many clinical trials for prostate
cancer involve the targeting of proteins within the androgen receptor pathway, including
kinases, growth factor receptors, or anti-apoptotic proteins. Notably, 75% of these drug targets
are Hsp90-dependent client proteins (An et al., 2000; Blagosklonny et al., 1995; Schulte et al.,
1995). Consequently, Hsp9O-inhibition can target most of these pathways and provide a

powerful new approach toward the treatment of prostate cancer.

Hsp90 exists as a dimer, and the binding of ATP to the N-terminal pocket of each
monomer leads to formation of a “closed” formation that binds client proteins, facilitates
folding, discourages protein aggregation, and mediates proteasomal degradation. A number of
Hsp90 inhibitors that target the N-terminal ATP-binding pocket have demonstrated potent anti-
proliferative effects (Avila et a., 2006; Roe et a., 1999; Whitesell and Lindquist, 2005),
however, a major drawback associated with their use is that they induce a pro-survival heat-
shock response (HSR), which results in increased levels of Hsp27, Hsp40, Hsp70, and Hsp90 at
the same concentration that leads to client protein degradation (Chiosis et al., 2003; Powers and
Workman, 2007). Consequently, scheduling and dosing of these drugs is difficult and has
limited their potential use. Compared to N-terminal inhibitors, the antibiotic, Novobiocin (NB),
binds the C-terminus of Hsp90 and through Hsp90 C-terminal inhibitions, induces client protein
degradation without induction of the pro-survival, heat shock response (HSR) (Burlison et al.,

2008; Eskew et a., 2011; Matthews et a., 2010; Shelton et a., 2009). We have previously
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reported the synthesis and evaluation of NB analogues that exhibit improved potency over NB
(Eskew et a., 2011; Kusuma et a., 2014; Matthews et al., 2010; Shelton et al., 2009). In this
manuscript, we report a new C-termina inhibitor, KU675, which exhibits potent anti-

proliferative effectsin prostate cancer cells and a preference for the inhibition of Hsp90a.

In mammalian cells, there are two Hsp90 isomers in the cytosol (Hsp90a and HspOOB in
human). Additional Hsp90 homologues include Grp94 which is found in the endoplasmic
reticulum, and Hsp75/TRAPL, in the mitochondrial matrix (Chen et a., 2006). There are two or
more genes encoding cytosolic Hsp90 homologues, with the human Hsp90a showing 85%
identity to Hsp90pB (Chen et al., 2005). Certain areas within the amino acid sequence that differ
between Hsp90a and Hsp90p raise the potential to exhibit isoform-specific functions, such as
differential binding to client proteins (Sreedhar et al., 2004). These differences in function and
expression of Hsp90 isoforms, provide the potential to develop isoform specific inhibitors of
Hsp90 for antitumor therapies, which may have clinical importance (Csermely et al., 1998).
Selective inhibition of individual Hsp90 isoforms may decrease toxicity, or, enhance potency
depending on the pharmacology of the cancer. Unfortunately, most Hsp90 inhibitors
undergoing clinical evaluation are pan-inhibitors, and bind all isoforms with similar affinity

(Martin et a., 2008; Ohba et a., 2010; Stuhmer et al., 2009; Suda et al., 2014).

The aim of this study was to characterize the effects of the C-terminal Hsp90 inhibitor,
KUG675, a second generation analog of Novobiocin, in different prostate cancer cell lines. The
results indicated that KU675 binds directly to Hsp90 and exhibits a robust anti-proliferative and

8
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cytotoxic activity along with client protein degradation and disruption of Hsp90 native
complexes without an induction of the heat shock response (HSR). KU675 also manifested
some isoform selectivity for Hsp90a, with a binding affinity three times higher than Hsp90p. In
addition, KU675 also binds to Hsc70, and reduces the expression of Hsc70 specific client
proteins. These findings reveal a novel direction for the design and synthesis of future C-

terminal Hsp90 inhibitors.
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Materials and M ethods

KUG675 was synthesized as previously described (Burlison et al., 2008) (Fig. 1A).
KUG675, KU174, Novobiocin, and 17-AAG were dissolved in DMSO and stored at -80°C until
use. Hsc70 recombinant protein was purchased from Stress Marq Biosciences Inc., Victoria,
BC, Canada. The antibodies used for Western blot analysis included rabbit anti-Her2/ErB2
(#2165S), rabbit anti-Akt (#4691S), mouse anti-survivin (#2808S), rabbit anti-cdc25C
(#4688S), mouse anti-Hsp27 (#2402S), rabbit anti-Hsf-1 (#4356S), rabbit anti-p-actin
(#4967L), rabbit anti-Cyclin D1 (#2922) (Cdl Signaling Technologies, Danvers, MA), rabbit
anti-B-Raf (#07-583) (Upstate Cell Signaling Solutions, Lake Placid, NY), rabbit anti-Hsc70
(#SPA-816), rat anti-Hsp90a (#SPA-840) (Assay designs, Ann Arbor, MI), goat anti-Hsp90B
(#SC-1057), mouse anti-AR (#SC-7305), mouse anti-Spl (#SC-420), mouse anti-c-Src (#SC-
8056) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), rabbit anti-CXCR4 (#ab2074), rabbit
anti-pAkt (S473) (#ab18206), rabbit anti-pAkt (T308) (#ab66134), rabbit anti-ERKS5
(#ab40809) (Abcam Inc., Cambridge, MA), mouse anti-Nestin (#MAB5326), and mouse anti-

Myb (#05-175) (Millipore Corporation, Temecula, CA).

Hsp90a and Hsp90p recombinant proteins

Overexpression and purification of Hsp900 and Hsp90B were carried out in the vector
pTBSG1l (Qin et a., 2008) by the Center of Biomedica Research Excellence in Protein

Structure and Function, The University of Kansas, Lawrence, KS. H5p90a and 3 recombinant

10
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proteins were further purified by AKTA Xpress purification system (GE Healthcare), aliquoted,

and stored at -80°C before use.

Cdl culture

PC3MM2 (androgen independent) and LNCaP-LN3 (androgen dependent) prostate
cancer cell lines (Pettaway et al., 1996) were obtained from M.D. Anderson Cancer Center
(Houston, TX) and cultured in MEM Eagle Medium (Sigma-Aldrich, St. Louis, MO) with 10%
fetal bovine serum (FBS), penicillin/streptomycin (100 1U/ml/100 mg/ml), MEM vitamins, and
MEM nonessential amino acid. LAPC-4 (androgen dependent) and C4-2 (androgen dependent)
prostate cancer cell lines were kindly provided by Dr. Benyi Li (Department of Urology, The
University of Kansas Cancer Center). LAPC-4 and C4-2 cells were cultured in Iscove's
Modified Dulbecco's Medium (Sigma-Aldrich, St. Louis, MO) and RPMI 1640 Medium
(Invitrogen, Carlsbad, CA), respectively, supplemented with 10% FBS and
penicillin/streptomycin (100 1U/mI/100 mg/ml). All cells were maintained at 37°C with 5%
CO,. The stably, transduced Hsp900. and Hsp90B knockdown PC3MM2 cells were cultured as
above but with the addition of 2.5 ug/mL puromycin. The shRNA expression of Hsp900 was
induced with the addition of 12 or 24 ug/ml doxycycline. Induction of Hsp90u shRNA
expression with tetracycline was monitored by the TurboRFP fluorescence. The Hsp90B shRNA
was congtitutively expressed and was monitored by TurboGFP fluorescent cells. Freeze down

stocks of the original characterized cell-line were stored under liquid nitrogen. All experiments

11
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were performed using cells with a passage number under 20 and less than three months in

continuous culture.
Anti-Prolifer ative Assay

Cellular viability was assessed using the Cell Titer-Glo® Luminescent Cell Viability
Assay (Promega, Madison, WI) according to the manufacturer’ s instructions. This approach isa
homogeneous method to determine the number of viable cells in culture based on quantitation
of the ATP present, which signals the presence of metabolically active cells. Briefly, 5 x 10°
cells/well were cultured in 96-well white plates in medium for 24h, then, incubated with KU675
for 24 and 48h time points. Luminescent signals were measured on the BioTek Synergy 4 Plate
Reader (BioTek Instruments, Winooski, Vermont). Data were analyzed from three independent
experiments performed in triplicate, and non-linear regression and sigmoidal dose-response

curves (GraphPad Prism 5.0, La Jolla, CA) were used to calculate 1Cs, and R? values.
Trypan blue cytotoxicity experiments

Cédll viahility was conducted as previously described (Matthews et al., 2010). Prostate
cancer cells were treated with KU675 for the indicated time points, and at the end of the
incubation time for each cell treatment group, non-adherent cells were collected and combined
with cells detached by trypsinization using TrypLE™ Express (Invitrogen, Carlsbad, CA)
followed by centrifugation at 200 x g at 4°C. Cell pellet was then re-suspended and washed

twice with cold DPBS (Invitrogen, Carlsbad). Total cell counts and viability were conducted on

12
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an automated system Vi-Cell™ Cell Viability Analyzer (Beckman Coulter Inc., Brea, CA).
Data were statistically analyzed using atwo-tailed t-test (GraphPad Prism 5.0, La Jolla, CA), all
data displayed represent the mean £ SEM from three independent experiments (n=3), asterisks
* ** and *** indicates significant p value < 0.05, < 0.01, and < 0.001 respectively, compared

to vehicle-treated (DM SO) control.
Western blot analysis

PC3MM2, LNCaP-LN3, LAPC-4 and C4-2 cells were seeded at a density of 1.0 x 10%in
T75 flasks. After 24 hours, the t=0 flask was harvested and cell number was counted by Vi-Cell
as described above. Remaining flasks were dosed with drugs by seria dilution from DM SO
stocks. Total cells after 24 hours of KUG675 treatment were pelleted and suspended into PBS.
Suspended cells were aiquoted for Vi-Cell viability measurements, total protein SDS-PAGE
analysis and Blue-native (BN) electrophoresis. SDS-PAGE lysates were prepared in RIPA
buffer: 50 mM Tris-HCI pH 7.5, 150 mM NaCl, containing 0.1% SDS, 1% Igepal, 1% sodium
deoxycholate, protease, and phosphatase inhibitor cocktail (Sgma-Aldrich, Inc., St. Louis,
MO), and lysed by three freeze-thaw cycles using liquid nitrogen and a 37°C water bath.
Protein concentration was determined using DC Protein Assay (Bio-Rad Laboratories,
Hercules, CA). Equal amounts of protein (20 pg) were loaded on a Novex E-PAGE™ 8%
protein gel (Life Technologies), transferred to a nitrocellulose membrane by Novex iBlot® Gel
Transfer system (Invitrogen, Carlsbad, CA), blocked in TBS-T containing 5% milk, and probed
with primary antibodies (1:1000 dilution). Membranes were incubated with IRDye® fluorescent

13
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secondary antibody (1; 10,000 dilution), and visualized with the Odyssey Infrared Imager
system (Li-cor, Lincoln, NE). All Western blots were probed for the loading control B-actin.

The data were representative of at |east three independent experiments (n=3).

Blue native (BN) gel electrophoresis

After 24h of KUG675 treatment, BN |ysates were prepared from PC3MM2 cellsin 20 mM
Bis-Tris (pH7.4), 125 mM caproic acid, 20 mM KCI, 2mM EDTA, 5 mM MgCl,, 10% glycerol
and 2% n-dodecyl beta-D-maltoside (DDM) followed by three freezing and thawing cycles and
centrifugation at 14,000 g for 30 min at 4°C. Protein concentration was determined as described
above and equal amounts of protein loaded on a Native PAGE Novex 3-12% Bis-tris gel
(Invitrogen, Carlsbad, CA) and electrophoresed according to manufacturer’s instructions.
Membranes were incubated with a horseradish peroxidase-conjugated secondary antibody (1;
40,000 dilution), developed with chemiluminescence substrate (Pierce Biotechnology,
Rockford, IL), and visualized with the UVP AutoChemi system (UVP, LLC, Upland, CA). A

loading control B-actin was included in each experiment.

Cancer cell based Hsp90 dependent luciferase refolding assay

The utilization of a reporter enzyme, such as luciferase, for the study of heat shock and
related stress has been well established in our lab(Sadikot et al., 2013). Luciferase can be
reversibly denatured, and its recovery is an active process mediated by the heat-shock proteins.

The luciferase refolding assay was performed in PC3MM2 and LNCap-LN3 cells that have

14
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been previoudy stably transfected with lenti virus carrying Luc2/mcherry genes. Cell pellets
were collected from 80-90% confluent flasks and re-suspended in pre-warmed media (50°C) for
approximately 5 minutes. Previous experiments have demonstrated that this is sufficient to
denature the endogenous luciferase to less than 2% of the basal activity, but is insufficient to
decrease viability of the cells. Cells were then plated at a density of 50,000 cells/well in a 96-
well white plate in the presence of inhibitors. After one hour, the extent of refolded luciferase
was measured by the addition of an equal volume of luciferase substrate solution and read on a
Synergy™ 4 Multi-Detection Microplate Reader (BioTek Instruments Inc., Winooski, Vermont)
set for 0.1 sec/well integration. Direct inhibition of luciferase was analyzed for each compound
as previously described (Sadikot et al., 2013). ECs, values were calculated from raw data
plotted or normalized to a percentage control using a non-linear regression and sigmoidal dose

response curves (GraphPad Prism 5.0, La Jolla, CA).
Intrinsic fluor escence spectr oscopy

Intrinsic  fluorescence measurements were performed with a SprectraMax M5
Spectrophotometer (Molecular Devices Corporation, Sunnyvale, CA). KU675 was diluted to 20
uM in assay buffer containing 20 mM Hepes, pH 7.4 and 50 mM NaCl. Recombinant Hsp90a,
Hsp90B, and Hsc70 proteins were added to the KUG675 solution, adjusted to designed
concentration (0 to 100 ug/mL for Hsp90w, 0 to 140 pg/mL for Hsp9OP, and O to 30 pug/mL for
Hsc70 recombinant proteins), and the mixture was allowed to incubate for 30 minutes before
measurement. All measurements were made at 25°C and done in triplicate. The excitation

15
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wavelength was 345 nm, and the emission was monitored from 350 nm to 600 nm. The
concentration dependent binding curves were analyzed using non-linear fitting by GraphPad

Prism 5 software (La Jolla, CA), and the affinity of binding (Ky) were determined accordingly.

16
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Results

Anti-proliferative effects of KU675 in prostate cancer cells

The anti-proliferative effects of KU675 were examined over a 48-hour time course against
PC3MM2, LNCap-LN3, LAPC-4, and C4-2 prostate cancer cells (Fig. 1B-E). Prostate cancer
cells were incubated with an increasing concentration of KU675 for 24 and 48 hrs, after which,
cell viability was determined by Cell Titer-Glo® Luminescent Cell Viability Assay. As
illustrated in Fig. 1, KUG675 inhibited cell proliferation against PC3MM2 cells (androgen
Independent) in both a concentration- and time-dependent manner. For PC3MM?2 cells, the 1Cx
values for KU675 were determined to be 7.5 and 4.4 uM for 24 and 48 hr time points,
respectively. Consistent with previous data, KU675 required longer treatment to achieve
superior efficacy against the androgen independent PC3MM?2 cell line as one might expect.
However, for LNCap-LN3, LAPC-4, and C4-2 cdlls, the ICsy values for KU675 were
determined to be 2.3, 1.7, and 1.6 uM for 24 hr treatment, and 2.0, 1.6, 1.1 uM for 48 hr
treatment respectively, thus, the maximal potency of KUG675 was essentialy achieved at 24 hr
for those three androgen dependent prostate cancer cells. In particular, compared to previous
studies (Matthews et al., 2010), at our 24 hr time point, KU675 was 290-fold and 77-fold more
potent (1Csp) compared to the parent compound, novobiocin (NB), against the LNCap-LN3 and
PC3MM2 cell lines, respectively. These findings indicate that, compared to novobiocin, KU675
possesses potent anti-proliferative activity against both androgen dependent and independent

prostate cancer cell lines. As the androgen receptor (AR) is a client protein of Hsp90, and

17
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LNCaP-LN3, LAPC-4, and C4-2 cells all contain afunctional AR, it is not surprising that there
IS greater potency against those three cancer cell lines than the AR-deficient, PC3MM2 cdll

line.

Cytotoxicity of KU675 in prostate cancer cells

Prostate cancer cells were further examined to discern the relationship between anti-
proliferative effects and cytotoxicity. LNCap-LN3 (Fig. 2A), LAPC-4 (Fig. 2B), and C4-2 (Fig.
2C) cells were treated with KU675 for 24 hr, while PC3MM?2 cells were treated for both 24 hr
(Fig. 2D) and 48 hr (Fig. 2E). A dose-dependent increase in cell death was observed at
concentrations of KU675 ranging from 0.5 to 10 uM in LNCap-LN3 cells, 1.0 to 5.0 uM in
LAPC-4 cdlls, 0.5 to 5.0 uM in C4-2 cells, and 5.0 to 25.0 uM in PC3MM2 cells over 24 hr
treatment. Comparing the total cell number upon KUG75 treatment at each dose to time zero
(right panels in Fig.2), revealed that 10 uM KUG75 is as cytostatic as 250 uM novobiocin for
LNCap-LN3 cells, 5 uM for LAPC4 cells, 2.5 uM10 for C4-2 cells, and 5 uM for PC3MM2.
With respect to cytotoxicity, KU675 appears more potent in androgen-dependent prostate
cancer cells than androgen independent cancer cells, for example, 10 uM KUG675 is aimost
completely cytotoxic to LNCap-LN3 cells (Fig. 2A, left panel), while 25 uM KUG675 was
necessary to kill most of the PC3MM2 cells (Fig. 2D, left panel). Additionally, PC3MM2 cells
dosed with KU675 were further investigated at a 48 hr time point (Fig. 2E), since the
antiproliferative results suggested KU675 might require longer exposure to elicit the maximal
response for the PC3MM2 cell line (Fig. 1). At the 48 hr time point, KU675 demonstrated

18
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appreciable cytotoxicity at doses as low as 5 uM (Fig. 2E) in PC3MM3 cells, which not only
correlated well with previous antiproliferative data, but also suggested that androgen
Independent cancer cells such as PC3MM2 might require higher dose and longer treatment to

achieve the optimal resullt.

Cancer cell based Hsp90 dependent luciferase r efolding assay

Evidence suggests that Hsp90 is present in cancer cells as part of a large macromolecular
complex, and therefore drugs that target Hsp90 activity should be engineered towards binding
Hsp90 within physiologically relevant cancer cellular environment. Direct inhibition of the
Hsp90 protein folding activity was assessed using a cancer-based luciferase refolding assay
developed in our lab (Sadikot et al., 2013). The extent of luciferase refolding in the presence of
the N-terminal inhibitor, 17-AAG, and the C-terminal inhibitor, KU675, was evaluated in both
PC3MM2 (Fig. 3A) and LNCap-LN3 (Fig. 3B) cells. The N-terminal inhibitor, 17-AAG, was
very potent with ECsy values in the low micro-molar range against both PC3MM2 and LNCap-
LN3 cells (Fig. 3), in agreement with our prior studies. KU675, the C-terminal inhibitor, also
showed significant inhibition, with ssimilar ECsy values of ~50 uM for both PC3MM2 and
LNCap-LN3 cells. Although KU675 exhibited a higher ECg, value than 17-AAG, after we
normalized the data to percent control for comparison, we found, the maximum inhibition 17-
AAG can achieve is ~50 %, while KUG675 can inhibit O 80 % (Fig. 3A-B). Overall, these data

demonstrate that the luciferase refolding assay is a reliable method to determine on-target
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Hsp90 inhibition in intact cancer cells, and that KU675 shows significant inhibition of Hsp90
activity in both androgen-dependent and -independent prostate cancer cells with over 80 %

inhibition.

KUG675 mediated degradation of client proteins

The level of expression of Hsp90 client proteins has been shown to correlate with prostate
cancer cell survival (Ayala et a., 2004; Isaacs et al., 2003; Kleeberger et a., 2007; Mohler,
2008; Zhang and Burrows, 2004), so the potential of KUG675 to trigger degradation of client
proteins, effect Hsp modulators, and its effect on heat shock protein induction were analyzed in
both PC3MM2 (Fig. 4A), LNCap-LN3 (Fig. 4B), LAPC4 (Fig.4C), and C4-2 (Fig.4D) cells
following 24 hours of treatment. In the PC3MM?2 cell line, KU675 demonstrated a dose-
dependent reduction in many Hsp90 client proteins such as Survivin, Akt, B-Raf, cdc25C,
Her2/ErB2, and Nestin, whereas, no obvious changes were observed in the expression level of
CXCR4. KUG675 aso significantly decreased the expression of Hsp modulators (Hsf-1) in
PC3MM2 cdlls. In the LNCap-LN3, LAPC-4, and C4-2 cell lines, we aso observed a dramatic
degradation of several client proteins such as Survivin, Akt, cdc25C, Her2/ErB2, AR, and B-
Raf without induction of the heat shock response. Different from the N-terminal inhibitor, 17-
AAG, which causes a robust heat shock response and induction of Hsp27 and Hsc70 in all four
prostate cancer cell lined tested (Fig. 4A-D), KUG75 did not cause a heat shock response in

PC3MM2. Moreover, KU675 demonstrated a modest dose-dependent reduction in Hsp's
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(Hsc70 and Hsp27) in the LNCap-LN3, LAPC-4, and C4-2 cells (Fig. 4B-D), demonstrating
again, that androgen-dependent prostate cancer cells are more sensitive to KU675 treatment.
Interestingly, in all these prostate cancer cell lines, the expression level of CXCR4 remains
unaffected. Additional studies with the Hsp90a and Hsp90B knockdown cell lines (Peterson et
a., 2012) reveaed that, among many Hsp90 client proteins, Survivin, and B-raf are Hsp90a
specific client proteins, while CXCR4 is a client protein specifically dependent upon Hsp90B
(Fig. 4E). Our client protein degradation data suggests that KU675 may possess Hsp90 isoform
selectivity for Hsp90a, since in four prostate cancer cell lines tested, we observed significant
reduction of Hsp90a client proteins, but the Hsp90B specific protein, CXCR4, remained

unchanged.

Specific binding of KU675 to Hsp90a/p recombinant proteins

The intensty of the KUG675's intrinsic fluorescence spectra, as well as its maximum
wavelength, are sensitive to the environments of the fluorescent side chain, thus, to determine
the specific binding of KU675 to Hsp9O, the interaction between KU675 and Hsp90o/[
recombinant proteins was investigated by intrinsic fluorescent spectroscopy. When excited at
345nm, KUG75 exhibits a fluorescence emission peak located at 450 nm, and the binding of
KUG675 to Hsp90 protein results in a small red shift of its fluorescence peak together with
increased peak intensity. As can be seen in Fig. 5A and B (upper panels), in which the

fluorescence emission peaks of KUG675 are shown in the absence and presence of varying
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concentrations of recombinant Hsp90a and B proteins, Hsp90 causes around 5 nm red shift of
KUG675' s maximum wavelength, and also enhances KU675' s fluorescence peak intensity upon
binding. As illustrated in the concentration-dependent binding curves (Fig. 5A and B, bottom
panels), the binding of KUG675 to Hsp90 was saturable with a calculated Ky of 191 uM for
Hsp90a (Fig. 5A), and 726 uM for Hsp90p (Fig. 5B). One negative control was also used in this
study, phosphorylase kinase (PhK), which does not bind KU675, and as expected, only a slight
fluorescence fluctuation was observed (Fig. 5C). Taken together, these results suggest that
KUG675 exhibits selective binding to Hsp90, and that the binding affinity for Hsp90a is 3.8
times greater than Hsp90PB, which corresponds well with the western blot data that show client

protein degradations were Hsp90a specific.

Analysis of native Hsop90 chaper one complexes by Blue Native-PAGE

In order to further analyze KU675'’ s binding selectivity for Hsp90a, Blue Native-PAGE western
blot was performed to assess disruption of the Hsp90 complex upon binding by KU675. Since
Hsp90 functions as part of alarge multiprotein complex, inhibition of Hsp90 leads to disruption
of these complexes. These complexes resolve at a MW of 400 kDa for Hsp90a and Hsp90p3, and
a lower MW of 150 kDa for Hsp90o/f monomer/dimer (Fig. 5D). In blue native studies,
differential disruption of Hsp90a and Hsp90PR complexes was observed upon binding to KUG75.
A robust disruption of Hsp90a complex was observed with KU675's concentration as low as 1

uM, for both Hsp90a large complex and Hsp90a monomer/dimer, while Hsp90B complex was
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only moderately disrupted by KUG675 at a concentration of 10 uM. These observations, together
with the previous western blot and binding affinity studies, further support KU675's ability to

preferentially disrupt Hsp90o.

Binding of KU675 to Hsc70 and the degradation of Hsc70's client proteins

Further binding studies showed that KU675 aso binds to Hsc70 protein, and that KU675
interacts with Hsc70 in a way different from its interaction with Hsp90 proteins. As shown in
Fig. 6A, when Hsp90 was added to KU675, Hsp90ao and B enhanced KU675’s fluorescence
peak intensity with a small red shift for the peak position, however, addition of HSC70 led to a
blue shift of KU675's fluorescence peak position along with an increase in peak intensity.
Shifting of the peak toward a shorter wavelength indicates the fluorescent side chains of KU675
are buried in aless polar environment upon binding Hsc70, which is different from Hsp90. To
further support that Hsc70 specifically binds to KU675, a protein titration was performed, and
the concentration-dependent curve for the binding of KU675 to Hsc70 is shown in Fig. 6B. As
Illustrated in Fig. 6B, the binding of KU675 to Hsc70 was saturable with a calculated Ky of 76.3
uM and a stoichiometry of 1 mol per mol of Hsc70. By comparison, Hsc70 exhibits a higher
binding affinity for KU675 than Hsp90. Next, we tested the effect of KU675 binding to Hsc70

and its subsequent effect on Hsc70-dependent client proteins. Two Hsc70 client proteins, Myb
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and Spl, were chosen, and their expression and subsequent degradation were examined in the
PC3MM2 and LNCap-LN3 cell lines exposed to KU675 for 24 hr. Degradation of the Hsc70
client proteins, Myb and Spl, was observed in a dose-dependent manner in both cell lines (Fig.
6C), which again, strongly suggest that KU675 is a dual inhibitor of both Hsp90 and Hsc70 in

prostate cancer cells.

Discussion

Hsp90 is a molecular chaperone required for the folding of nascent and denatured
proteins. Hsp90 is often present at elevated levels in cancer cells and it functions to stabilize
oncogenic proteinsinvolved in signal transduction, growth, and apoptosis regulation. There are
approximately 200 reported cytosolic and nuclear client proteins of Hsp9O0, including protein
kinases (e.g., Akt and Her2), transcription factors (e.g., mutant p53 and HIF-1a), chimeric
signaling proteins, steroid receptors, and several proteins involved in apoptosis. Whereas many
of the aforementioned Hsp90 client proteins are pursued individually as targets for anticancer
drug development, inhibition of Hsp90 would prevent the maturation and stabilization of
numerous Hsp90 client proteins simultaneously, leading to their degradation via the ubiquitin-
proteasome pathway. Since 1995, when the first Hsp90 inhibitor was shown to demonstrate

antitumor efficacy in a mouse xenograft tumor model, considerable efforts have focused upon
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the development of Hsp90 inhibitors for the treatment of cancer. Although several N-terminal
Hsp90 inhibitors, such as 17-AAG and its parent compound geldanamycin, have demonstrated
client protein degradation, many of these agents have been hampered in clinica trials by high
toxicity and/or poor solubility. A hallmark of N-terminal inhibition is induction of Hsps, which
Is mediated through HSF-1 transcriptional activation of the heat shock response element (HSE),
and is a significant concern because clinical resistance has been attributed to the induction of
these pro-survival Hsps. Efforts to increase the doses of the N-terminal inhibitors to overcome
this resistance have been prevented due to toxicity, which may limit the clinical potential for

these compounds.

A new approach to target Hsp90 began with the observation that the antibiotic,
Novobiocin, binds with low affinity to a C-terminal ATP-binding pocket. (Marcu et al., 2000)
Since then, more potent analogs of Novobiocin have been developed, and we report here one
such candidate, KU675. This compound binds directly to Hsp90 and suppresses cell
proliferation against androgen-dependent and -independent prostate cancer lines. In comparison
to Novobiocin, KU675's antiproliferative effects were found to be 290-fold more potent against
the LNCap-LN3 cells and 77-fold more against PC3MM?2 cells (Fig. 1, 2). In a cancer cell-
based Hsp90 dependent luciferase refolding assay, KU675 also exhibited greater inhibition of
Hsp90's protein folding function than the N-terminal inhibitor, 17-AAG. The maximum
inhibition achieved by 17-AAG was ~50 %, while KU675 suppressed the protein folding

machinery O 80 % (Fig. 3). More importantly, KU675 in prostate cancer cells not only induced
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the degradation of client proteins, but also caused concomitant reduction of Hsp27, Hsc70 and
Hsf-1(Supplemental Figure 1). The induction of a heat shock response, which was initialy
believed to be a hallmark of N-terminal Hsp90 inhibition, was not observed in either androgen-
dependent LNCap-LN3, LAPC4, and C4-2 cells or androgen-independent PC3MM2 cells after
KUG75 treatment, which may have important clinical implications. The most interesting find in
this study is that some Hsp90a specific client proteins such as B-Raf and Survivin were affected
across prostate cancer cell lines, however, the Hsp90p specific client protein, CXCR4, was
minimally affected. The fact that not all client proteins would be equally degraded upon KU675

treatment suggests that KU675 may be selective for Hsp90a. inhibition.

In this study, for the first time, we revealed that the C-terminal Hsp90 inhibitor, KU675,
exhibited preferential inhibition of Hsp90a. KUG675 appeared to have distinct effects on
Hsp90a. specific client proteins such as B-Raf, and Survivin in al four prostate cancer cell lines
we tested (Fig. 4), however, the level of the Hsp90B-dependent client protein, CXCR4, was
minimally affected. Also, analysis of the binding of KU675 to Hsp90 by intrinsic fluorescent
spectroscopy indicated that KU675 binds to Hsp90 preferentialy with a Ky of 191uM for
Hsp90a, and a K4 of 726 uM for Hsp90B. The binding affinity of KU675 for Hsp90a is 3 times
greater than its affinity for Hsp90pB (Fig. 5). Finally, blue native western blots also showed that
KUG675 disrupts the Hsp90a complex, including both the Hsp90o monomer and dimer at 1 uM,
while only affecting the Hsp90B complex moderately at the same concentration. When

combined, these data support the isoform selectivity of KU675 for Hsp90a.
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Furthermore, KU675 also displayed binding to Hsc70 with a Ky value of 76.3uM, and as
apromising Hsc70 inhibitor, KU675, also decreased the levels of Hsc70 specific client proteins.
The fact that KU675 is a dual inhibitor for both Hsp90 and Hsc70 was also supported by our
luciferase refolding assay, in which the N- terminal inhibitor 17-AAG, a geldanamycin analog,
only inhibited luciferase folding around 50%, but KUG75 resulted in inhibition of over 80%.
Research by Thulasiraman and Mattes's (Thulasiraman and Matts, 1996) demonstrated that
geldanamycin did not inhibit luciferase folding by 100%, and that there was an aternate dower
pathway through which luciferase could refold. This alternate pathway may represent an Hsp70-
dependent pathway, since the study showed that direct Hsp70-inhibitors also block luciferase
refolding (Thulasiraman and Matts, 1998). KU675 being a dual inhibitor would block both

pathways, which accounts for the 80% inhibition of the luciferase refolding activity.

In summary, KU675, a novel C-terminal Hsp90 inhibitor, exhibits potent anti-
proliferative and cytotoxic activity along with client protein degradation, without induction of
the heat shock response (HSR) in both androgen-dependent and -independent prostate cancer
cell lines. KUG75 displays preferential inhibition of the Hsp90a isoform, and at the same time,
KUG675 aso inhibits Hsc70. The presented data suggests the potential to design isoform
selective inhibitors of Hsp90 as well as, dud inhibitors of other heat shock proteins for the

treatment of cancer.
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L egendsfor Figures

Figure 1.

K U675, a novel analog of novobicin, causes anti-proliferative effectsin prostate cancer

cells.

(A) The structures of novobiocin and KU675. PC3MM2 (B), LNCap-LN3 (C), LAPC-4 (D) and
C4-2 (E) cellswere cultured in a 96-well white plate with corresponding medium, and treated
with KUG75 for 24 hr (e) and 48 hr (m).Cell Titer-Glo® Luminescent reagent was used to
measure cellular proliferation. Data were analyzed from three independent experiments

performed in triplicate; each data point represents the mean £ SEM.

Figure 2.
Cytotoxicity of KU675 in prostate cancer cells.

LNCap-LN3 (A), LAPC-4 (B), C4-2 cells(C) were treated with KU675 for 24 hr, and
PC3MM2 cells were treated for both 24 hr (D) and 48 hr (E). Samples were mixed with equal
parts Trypan Blue and assessed for viability by Vi-Cell™ Cell Viability Analyzer. Percentage
viability was calculated as described in Materials and Methods Section. Columns depict the

mean + SEM from three independent experiments (n=3). Asterisks *, **, and *** indicates
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significant P value < 0.05, < 0.01, and < 0.001, respectively, by two-tailed t-test compared to

vehicle-treated (DM SO) control.

Figure 3.

Cancer cell based Hsp90 dependent luciferase refolding assay.

Inhibition of luciferase refolding in PC3MM2 (A) and LNCap-LN3 (B) cancer cellsin dose
response with N-terminal (17AAG) and C-terminal Hsp90 (KU675) inhibitors was measured at
60 minute time points. Luciferase activity is reported as a percentage of its control activity for
each drug concentration. These results are the mean + SEM from three independent experiments

performed in duplicate (n=3).

Figure4.

KUG75 mediated client protein degradation in the absence of heat shock protein
induction.

PC3MM2 (A), LNCap-LN3 (B), LAPC-4 (C), and C4-2 cells (D) were examined for client
protein degradation and the induction of heat shock proteins. 17-AAG demonstrates Hsp
induction in all four cancer cell lines while KU675 triggers a dose-dependent decrease in
several client proteins known to play arolein the etiology of prostate cancer. (E) Western blots

were run with the wild type, Hsp90a, and Hsp90B knock down PC3MM?2 cell lines and blotted
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against Hsp90a, Akt, pAkt ($473), pAkt (T308), Cyclin D1, Survivin, c-Src, Raf, Erk5,

Hsp90B, CXCRA4. Actin was used as loading control.

Figureb.

Analysis of the binding of KU675 to Hsp90 exhibitsisoform selectivity for Hsp90a.

Intrinsic fluorescence spectra were used to test the specific binding of KU675 to Hsp90. KU675
(20 uM) was incubates with Hsp90a (A), Hsp90p (B), and a negative control protein PhK (C) at
different concentrations: 0 to 100 ug/mL for Hsp90a, O to 140 pug/mL for Hsp90pB, and O to 100
ug/mL for PhK. After 30 mins, KU675 (20 uM) was excited at 345nm, and the emission peak
was monitored from 350 to 600nm. Concentration dependent binding curves for the interaction
of KU675 with Hsp90a and B were generated using the non-linear regression of the data with
Scatchard plot inserted. Dose-dependent effects of KU675 on Hsp90a and Hsp90B native
complexes were determined by Blue Native western blot after treatment of PC3MM2 cells by
KUG675 along with 17-AAG and novobiocin (D), protein concentration was determined using
DC Protein Assay to ensure equal amounts of protein were loaded and aloading control B-actin
was included in each experiment. Hsp90a complex was significantly disrupted by KUG75,

while Hsp90pB complex only showed moderate change.

Figure6.

KUG675 bindsto Hsc70 and decr easesthe expression levels of HSC70 client protens.
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Fig. 6A demonstrates the intrinsic fluorescence spectra of 20 uM KUG75 in the presence of
Hsp90a, B and Hsc70, while Fig. 6B displays replot of relative fluorescence intensity versus
concentration of Hsc70 ( 0 to 30 ug/mL) with a Scatchard plot inserted. Fig. 6C shows the

decreased expression of Hsc70 specific client proteins induced by KUG75.
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