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Abstract

The androgen receptor (AR) is a key driver and therapeutic target in androgen-sensitive prostate
cancer, castration resistant prostate cancer (CRPC), and CRPC resistant to abiraterone and
enzalutamide, two second generation inhibitors of AR signaling. Since current AR inhibitors target
a functioning C-terminal ligand binding domain (LBD), the identification and characterization of
co-factors interacting with the N-terminal domain (NTD) of AR may lead to new approaches to
target AR signaling in CRPC. Using a pulldown approach coupled with proteomics, we have
identified Hsp70 as a co-factor for the NTD of AR in prostate cancer cells. Hsp70 inhibition using
SiRNA or small molecules indicated that Hsp70 played an important role in the expression and
transactivation of endogenous AR. Prostate specific antigen (PSA) promoter/enhancer-driven
luciferase assays showed that Hsp70 was also required for transactivation of AR mutant lacking
LBD. Furthermore, clonogenic assays showed that an Hsp70 inhibitor, either alone or in synergy
with enzalutamide, can inhibit the proliferation of 22Rv1, a widely-used enzalutamide-resistant
CRPC prostate cancer cell line. These findings suggest that Hsp70 is a potential therapeutic target
for the treatment of enzalutamide-resistant CRPC.
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INTRODUCTION

The androgen receptor (AR) is a member of the steroid receptor family of nuclear
transcription factors and plays a key role in prostate cancer (PCa), from PCa initiation to
progression to castration resistant prostate cancer (CRPC) (1). High AR expression levels in
primary PCa have been correlated with increased proliferation, aggressiveness and worse
prognosis (2,3). Thus, the AR signaling axis provides an excellent therapeutic target for PCa
and androgen deprivation therapy (ADT) remains an effective treatment, either individually
or in combination with other therapies, not only for patients with metastatic or recurrent PCa
(4,5), but also for locally advanced cases (6). ADT is not curative and virtually all treated
patients relapse and develop CRPC. In CRPC, AR is constitutively active, transactivates
many AR-target genes, and drives cancer cell proliferation (7). Abiraterone and
enzalutamide, two second generation AR signaling targeting agents, were developed for the
treatment of CRPC (8-10) and these two new drugs can prolong survival of CRPC patients
from 4-6 months (11-14). The development of resistance to abiraterone or enzalutamide is
associated with elevated serum prostate specific antigen (PSA) in the majority of treated
patients, suggesting that AR is activated again in CRPC tumors resistant to abiraterone or
enzalutamide (15). New strategies of targeting AR signaling may lead to novel therapies for
CRPC patients relapsed after treatment with abiraterone or enzalutamide.

AR contains a ligand binding domain (LBD) at the C-terminus, a DNA binding domain
(DBD) linked to the LBD by a hinge region and an N-terminal domain (NTD) which is the
least conserved of the four domains (16). The expression of AR splice variants (AR-VS)
such as AR-V7 is thought to contribute to the re-activation of AR signaling following
abiraterone or enzalutamide treatment. The expression of AR-Vs is up-regulated in CRPC
tissue samples as compared to hormone-dependent tumors (17-19). Also, androgen ablation
up-regulates AR3/AR-V7 expression in prostate cancer cell lines (20). Since these AR
variants lack the ligand binding domain (LBDAR), they are independent of androgens and
insensitive to all agents targeting LBD directly or indirectly, including abiraterone and
enzalutamide. One potential approach to inhibit ARvs is to target the N-terminal domain of
AR (NTDAR). NTD can recruit co-factors that are essential for AR transactivation. Around
70 NTDAR co-factors have been reported (21). A more complete identification of NTDAR
interacting proteins may lead to new approaches to target NTDAR.

Hsp70 family members are important chaperones that are required for protein folding,
transport and degradation (22). The Hsp70-HSP90 chaperone machinery regulates about
20% of the eukaryotic proteins (23). In humans, eight Hsp70 isoforms share 52-99% amino
acid sequence homology. They have some similar functions but also their own
characteristics. Hsp70-1a and Hsp70-1b are almost identical (99% amino acid homology),
encoded by genes HSPA1A and HSPA1B (Hsp70 refers to Hsp70-1a/b in this paper). They
are mainly expressed in the cytosol, but stress can induce their nuclear localization (24).
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HSPAS8 codes Hsc70 (86% homology to HSPA1A), which is constitutively expressed at a
high level in both the cytosol and nucleus (25). Hsp70-6 (HSPA®) is the only other stress-
induced isoform, which can be induced only under severe stress (26). The Hsp70-6 was
reported to express in blood, dendritic cells and monocytes (25,27). Grp78 (HSPAb) is
confined to endoplasmic reticulum (ER) (28). Hsp70-9 (HSPA9) only expresses in
mitochondria (29). All Hsp70s contain an N-terminal nucleotide binding domain (NBD) and
a C-terminal substrate binding domain (SBD), which is separated by a linker (30). NBD acts
as an ATPase, while SBD binds to client protein. SBD possess a f-sheet sandwich to provide
a hydrophobic pocket and a a-helices lid (31). When substrate is absent, ATP-bound NBD
has a low ATPase activity. After substrate loosely binds to the SBD, the interaction between
NBD and SBD is disrupted. J-proteins will then bind to the NBD to stimulate ATP
hydrolysis (32,33). The ADP-bound NBD will cause the closing of the lid at the SBD and
result in tight binding between SBD and substrate (34).

In this study, we stably transfected C4-2 prostate cancer cell line with GFP-tagged NTDAR
expression vector, performed GFP pulldown and mass spectrometry analysis of co-factors
associated with transfected GFP-NTDAR, and identified Hsp70 as a co-factor bound to
NTDAR. Subsequently, we characterized the role of Hsp70 in AR action in prostate cancer
cells.

MATERIALS AND METHODS

Plasmid construction

Human AR and its deletion mutants, amino acid 1-560 (N-terminal domain, NTD), 1-665
(NAR), 558-920 (DNA Binding domain, Hinge region and ligand-binding domain, DBDH-
LBD), 668-920 (ligand-binding domain, LBD) coding sequence, were inserted separately
into pPEGFP-C1 vector, generating GFP-AR, GFP-NTDAR, GFP-NAR, GFP-DBDH-
LBDAR, and GFP-LBDAR, GFP-AR#31-293 gnd GFP-AR®2-294-556 plasmids (35). Hsc70,
Hsp70 and its Nucleotide Binding domain (NBD a.a. 1-386), and Substrate Binding domain
(SBD a.a. 386-641) coding sequence were inserted into pCMV-3Tag-1A vector to make
Flag-Hsc70, Flag-Hsp70, Flag-NBD and Flag-SBD plasmids. Hsp70 coding sequence was
inserted into pGEX-2T plasmid, generating pGEX-Hsp70 plasmid.

Cell Culture and transfection

PC3, 22Rv1, LNCaP cell lines were purchased from ATCC (Manassas, VA, USA) and C4-2
cell line was a gift from Dr. Leland WK Chung. If not specially described, all cell lines were
cultured at 37°C, 5% CO5 in RPMI 1640 media with 10% Fetal Bovine Serum (FBS), L-
glutamine and penicillin-streptomycin. Cell lines 22Rv1, LNCaP and C4-2 were
authenticated in 2016 using DNA fingerprinting by examining microsatellite loci in a
multiplex PCR reaction (AmpFISTR® ldentifiler® PCR Amplification Kit, Applied
Biosystems, Foster City, CA) by the University of Pittsburgh Cell Culture and Cytogenetics
Facility. Cell line PC3 was obtained from ATCC in 2016. ATCC performed authentication
for PC3 cell line using short tandem repeat profiling. Phenol-red free RPMI 1640 with 5%
charcoal stripped FBS (CSS) was used as androgen free medium. PolyJet™ In Vitro DNA
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Transfection Reagent (SignaGen) was used for plasmids transfection according to
manufacturer’s instruction.

RNA interference

Individual siRNAs specific to Hsp70 were purchased from Integrated DNA Technologies
(IDT, Coralville, 1A, USA). The most effective sequence used was 5’-
AGAUCAGCGAGGCGGACAAGAAGAA-3’ (identified as SIHSPA1A). Hsp70 was
knocked down in C4-2 cells plated in 6-well plates using the DharmaFECT™ Transfection
Reagents (Formulation 3). All procedures followed the manufacturer’s instruction, with 50
nM (final concentration) siRNA and 10 uL reagent for each well. Cells were lysed after 72
hours of transfection.

Stable Cell Lines Generation

C4-2 cells were transfected with 2.0 ug GFP-NTD or pEGFP-C1 in 6-well plates at 70-80%
confluency. After 24 hours of transfection, half of the cells from each well were reseeded in
10 cm dishes containing 10 ml regular RPM11640 medium. After another 24 hours, original
medium was replaced by RPMI1640 containing 1000 pug/ml G418 for selection of stably
transfected cells. The selection medium was changed every week until the colonies formed
were large enough to be picked up. One single colony was transferred to one well of a 96-
well plate. As the colony expanded, it was reseeded to a 48-well, followed by a 12-well, then
a 10 cm dish. The C4-2 GFP-NTD or GFP stable cell lines were monitored under
fluorescence microscopy (Nikon Eclipse TS100, Prior Scientific Lumen 200 Fluorescence
Illumination System) and confirmed by Western blotting.

Immunoblotting and Antibodies

Cells were lysed in RIPA buffer (150mM NaCl, 50mM Tris-HCI, 1% NP-40, 0.1%SDS,
0.5% Sodium Deoxycholate, pH8.0). Antibodies used included: Hsp70 (sc-1060, Santa Cruz
Biotechnology, Dallas, TX, USA), AR (sc-816, Santa Cruz Biotechnology), y-tubulin
(sc-17787, Santa Cruz Biotechnology), GAPDH (FL-335, sc-25778, Santa Cruz
Biotechnology), and secondary antibody 1gG-HRP (sc-2004 sc-2005, Santa Cruz
Biotechnology). Hsp90 (SPA-835-D), Hsp40 (SPA-400-D), HOP (SRA-1500-D), and Hsp27
(SPA-800D) antibodies were from Stressgen Bioreagents (Victoria, BC, CA); Flag antibody
(F1804, St. Louis, MO, USA) was from SIGMA-ALDRICH and GFP antibody (TP401,
Houston, TX, USA) was from Torrey Pines Biolabs. Most of the Western blotting
membranes were developed by films. Some were observed by VersaDoc imaging system
(4000 MP, Bio-Rad, Hercules, CA, USA) following the manufacture’s instruction.
Densitometry was performed using Image J software (36). Band intensities were normalized
to GAPDH or y-tubulin individually.

Immunoprecipitation and mass spectrometry (MS) based label free quantitation

Immunoprecipitation was performed using lysates from the three C4-2 GFP-NTD cell lines
and three GFP cells individually. For each sub-cell line, two confluent 15 cm dishes of cells
were lysed in the lysis buffer (175 mM NaCl, 20 mM Tris-HCI, 1.5 mM MgCI2, 0.5%
NP-40, 15% Glycerol, 2 mM EDTA, pH7.5). Lysate was pre-cleaned by adding 50 pL
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Protein A/G PLUS-Agarose (Santa Cruz Biotechnology, Inc.) and rotated for 1 hour at 4 °C.
A total volume of 20ul Anti-GFP mAb-Agarose (Medical & Biological Laboratories CO.,
LTD., Nagoya, Japan) was pre-blocked by 2.5% Albumin bovine/ fraction V, pH 7.0 for 1
hour before adding to the lysate. After 2 hours rotation, the anti-GFP agarose was separated
from the lysate and washed by 1 ml lysis buffer containing 175 mM NaCl on the rotator for
10 min and repeated three more times with lysis buffer containing 250 mM NaCl. The
agarose was then eluted by adding 20 pL Glycine-HCI, pH 2.5 and vortexing for 5 min. The
process was repeated to get a total 40 uL elution, and 5% of the total elution was used for
silver staining to verify the quality of immunoprecipitation. The silver staining was
performed using the Pierce Silver Stain Kit (Cat # 24612, Thermo Scientific) following the
instructions.

A total of six samples were analyzed by high accuracy mass spectrometer (LTQ/Orbitrap
Velos) online coupled with reverse phase liquid chromatography as described (37) after the
immunoprecipitation and isolation of the resultant tryptic peptides. Peptide identification
and label free quantitation of identified proteins were carried out using MaxQuant/
Andromeda software (38). The iBAQ value generated by MaxQuant, which is the summed
precursor peptide intensity of a protein divided by the number of theoretically detectable,
was used as label free quantitation metric (39). Selected proteins with increased abundance
in NTD samples were verified using Skyline (40), an alternative software for examining full
MS intensity of peptide ions for label free quantitation.

Co-Immunoprecipitation (co-IP)

PC3 or C4-2 prostate cancer cells were transfected with various plasmids for 36 hours. The
cells were then lysed in the lysis buffer consisting of 250 mM NaCl, 20 mM Tris-HCI, 1.5
mM MgCl,, 0.5% NP-40, 15% Glycerol, and 2 mM EDTA, pH7.5. Lysate was pre-cleaned
by adding 50 uL Protein A/G PLUS-Agarose and 1-hour rotation at 4°C. Then, 8 ul anti-
GFP mAb-Agarose (Medical & Biological Laboratories CO., LTD.) or 10 pL anti-Flag M2
affinity gel (SIGMA-ALDRICH) was pre-blocked using 2.5% albumin bovine/fraction V,
pH 7.0 for 1 hour before adding to the lysate. After rotation for 2 hours, the anti-GFP
agarose was separated from the lysate and washed 3 times with 1 ml lysis buffer on the
rotator for 10 min. For endogenous co-IP, two confluent 150 mm dishes of 22RV1 cells were
lysed in 1 mL lysis buffer (175 mM NaCl, 20 mM Tris-HCI, 1.5 mM MgCI2, 0.5% NP-40,
15% Glycerol, 2 mM EDTA, pH 7.5), 3 pg Hsp70 antibody or normal mouse 1gG (Santa
Cruz Biotechnology, Inc.) was added to lysate for overnight incubation at 4 °C. Next, 70 uL
of Protein A/G PLUS-Agarose was added to the lysate for an additional 5 hours of
incubation at 4 °C. Then the Protein A/G PLUS-Agarose was separated from the lysate and
washed by 1 mL 175 mM lysis buffer on the rotator for 10 min and repeated three more
times. For fractionation, NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific) were used to extract cytoplasmic protein. A total of 1 ml Cytoplasmic Extraction
Reagent | (CER 1) was used for one 15 cm dish according to manufacturer’s instructions.
The nuclear extraction was obtained by adding 800 pl lysis buffer (175 mM NaCl, 20 mM
Tris-HCI, 1.5 mM MgCls, 0.5% NP-40, 15% Glycerol, 2 mM EDTA, pH7.5) to the nuclear
pellet. The same amount of total protein was used as input for both cytoplasmic and nuclear
extract.
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Glutathione S-Transferase (GST) fused protein purification and in vitro protein binding

assay

GST tagged Hsp70 was expressed and purified as previously described (41) with some
adjustment. BL21 competent cells were infected by pGEX2B or pGEX-Hsp70 and selected
by ampicillin LB plate. One colony was picked up and incubated in 5 mL LB medium for
overnight at 37 °C on a 250-rpm shaker. A 2 mL aliquot of the 5 ml total cell volume was
diluted into 100 mL LB medium and cultured at 37 °C on a 250-rpm shaker until OD600
reached 0.6. IPTG was then added (final concentration 1 mM) and the solution was
incubated at 29 °C on a 250-rpm rotator for 3 hours. Cells were lysed in lysis buffer (175
mM NaCl, 20mM Tris-HCI, 1.5 mM MgCl,, 0.5% NP-40, 15% Glycerol, 2 mM EDTA,
pH?7.5) and sonicated at 15% power for 10 sounds for 3 times. Pierce Glutathione Spin
Columns (0.2 mL, Thermo Scientific) were used to purify GST and GST-Hsp70 followed
manufacturer’s instruction. Recombinant human androgen receptor protein was purchased
from SIGMA-ALDRICH. 30 ng AR and 30 ng GST or GST-Hsp70 were used for in vitro
binding assay. Binding buffer (1.5 mM Tris-HCI, 1 mM Sodium Molybdate, 10% Glycerol,
1mM EDTA, pH 7.5) was added with Protease Inhibitor Cocktails and Albumin bovine/
fraction V, pH 7.0 (final 2.5%). The proteins were incubated at 4 °C for overnight on rotator.
Pierce Glutathione Agarose was used to pull down GST or GST-HSp70 following the
manufacturer’s instruction.

Inhibitors and Antagonist

Hsp90 inhibitor 17-AAG (Tanespimycin, see chemical structure in (42)) was purchased from
LC Laboratories (Woburn, MA, USA), AR antagonist MDV3100 (Enzalutamide) from
Selleck Chemicals. Hsp70 inhibitor VER-155008 (see chemical structure in (43)) was
purchased from SIGMA-ALDRICH.. The novel Hsp70 inhibitor UPCMLD18BBQU015254
(18BBQU) was synthesized as previously reported (44-46).

PSA luciferase assay

The PSA luciferase vector containing 6.1kb PSA promoter region was a generous gift from
Dr. Marianne Sadar. TK promoter driven green Renilla luciferase vector was purchased from
Thermo Scientific (Rockford, IL). In some experiments in this study, PSA luciferase plasmid
and Renilla plasmid were transiently transfected into cells. We also generated the C4-2 cell
line stably transfected with both the PSA luciferase vector and Renilla luciferase vector (47).
Luciferase assays were performed using Dual-Luciferase Reporter Assay System (Promega).
All procedures followed the manufacturer’s instructions.

Quantitative Real-time PCR

Total RNA was extracted using the TRIzol RNA isolation system (Invitrogen, Carlsbad,
CA). To synthesize first strand cDNA, reverse transcription PCR was performed using 2 g
of RNA in 20 pL of reaction buffer using GoScriptTM Reverse Transcription System
(Promega, Madison, WI) by following the suggested protocol. The quantitative real-time
PCR was performed using ABI PRISM 7000 Sequence Detection System (Applied
Biosystems, Foster City, CA) with 2x SYBR Green PCR Master Mix (Thermo Scientific).
The mRNA expression levels of various genes were calculated by normalizing to B-actin
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expression level. The primer sequences were as follows: AR,
TGGATGGATAGCTACTCCGG and CCCAGAAGCTTCATCTCCAC; PSA,
AGGCCTTCCCTGTACACCAA and GTCTTGGCCTGGTCATTTCC; B-actin,
AGGCATCCTCACCCTGAAGTA and CACACGCAGCTCATTGTAGA, hK2,
CTGTCAGAGCCTGCCAAGAT and GCAAGAACTCCTCTGGTTCG; TMPRSS2,
CTGCCAAGGTGCTTCTCATT and CTGTCACCCTGGCAAGAATC.

Clonogenic assay

RESULTS

Prostate cancer cell line 22Rv1 was plated at a density of ~1500 cells per 10 cm dish. Cells
were treated with DMSO or Hsp70 inhibitor, either VER-155008 or 18BBQU, at indicated
concentrations (0 — 3 uM VER-155008, or 0 — 50 pM 18BBQU)), in the presence of 0, 5 M,
or 10 uM of MDV3100 (Enzalutamide). The media was changed every five days for 14 days.
The colonies were rinsed with PBS before fixation using acetic acid/methanol 1:7 (v/v).
Crystal violet solution (0.5%) was used for staining. ImageJ (36) was used to count colony
number followed suggested protocol.

Proteomics identification of Hsp70 family proteins as NTDAR-interacting factors

To identify proteins associated with NTDAR we stably transfected C4-2 prostate cancer
cells with GFP-NTDAR or GFP expression vector and established three C4-2-GFP-NTDAR
sublines and three C4-2-GFP sublines (Figure 1A and 1B). The expression of GFP-NTDAR
and GFP proteins in the stable sublines were analyzed and confirmed using fluorescent
microscopy and Western blot. The proteins bound to GFP-NTDAR were pulled down
individually from total cell lysates of three different C4-2-GFP-NTDAR sublines using anti-
GFP beads. The three C4—-2-GFP sublines were used as controls in the parallel pull-down
experiments. SDS-PAGE followed by silver staining revealed proteins bands in all three
independent GFP-NTDAR pull-down samples, with some of the strong bands having
molecular weight around 50-70 kDa (Figure 1C). Mass spectrometry analysis identified
Hsp70 as the most abundant protein pulled down by GFP-NTDAR and not by GFP in the
C4-2 lysates.

Database searching of all six raw files against human uniprot database using the Andromeda
search engine (38) led to the identification of a total of 183 proteins (including GFP) after
filtering out common contaminating proteins such as keratins. We then applied label-free
quantitation to compare protein abundance between GFP-NTDAR and GFP control using
MaxQuant software. Among these 182 proteins (excluding GFP), a total of 34 proteins
(Supplemental Table S1) matched the following criteria: (1) abundance in all three GFP-
NTDAR samples was higher than in all three GFP samples; (2) fold change greater than 3
comparing mean iBAQ values of GFP-NTDAR vs. GFP; (3) at least two peptides were
identified. Among these 34 proteins, five were Hsp70 isoforms. Tubulin, a previously
reported NTDAR co-factor, was also found (48). Compared to the known co-factor or other
co-factors among the 34 proteins, the Hsp70 family had a higher number of peptides
recognized and much higher fold change in relative abundance. There were also many
SWI/SNF complex subunits and related proteins in the 34 proteins.
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The relative abundance of some selected proteins, including the five Hsp70s, was further
verified using Skyline (40). Extraction of full MS intensities using Skyline required more
manual examination and thus the results could be considered more accurate. We started our
analysis on Hsp70 (HSPA1A) and Hsc70 (HSPAS8) because these two members of the Hsp70
family are among the most characterized. The relative abundance of peptides belonging to
Hsp70 and Hsc70 is shown in bar graphs in Figure 1D. For every peptide, the abundance
was much higher in each of the triplicate NTD samples than in the GFP samples. Although
these two proteins share 86% homology, the peptides selected were unique and non-
overlapping to each protein (Supplemental Figure 1). Table 1 shows the mean abundance of
each peptide and enrichment fold in the NTD samples as compared to the GFP controls. The
other Hsp70 family members were also included in Table 1.

Co-IP of AR with Hsp70 is more efficient than with Hsc70

The proteomics analysis identified both Hsp70 and Hsc70 as co-factors associated with
GFP-NTDAR, To compare Hsp70 and Hsc70 in their interactions with AR, we performed a
co-IP analysis of AR and Hsp70 or Hsc70, separately. As expected, both Hsp70 and Hsc70
were co-immunoprecipitated with GFP-NTDAR or AR (Figure 2A). Hsp70 was pulled down
more efficiently than Hsc70 by the anti-GFP antibody in the presence of GFP-NTDAR. In
addition, AR was pulled down more efficiently by Flag-Hsp70 than by Flag-Hsc70. These
observations suggest that Hsp70 was more efficient and/or stable than Hsc70 in the
interaction with AR.

We next performed an in vitro binding assay to test if Hsp70 could directly bind to AR.
Using commercially available AR protein and GST-Hsp70 fusion protein purified from £.
coli, Figure 2B shows that AR was pulled down with GST-Hsp70, indicating direct binding
of Hsp70 to AR.

We also investigated whether Hsp70 binding to AR could occur in the nucleus and/or
cytoplasm using the C4-2 prostate cancer cell line as a model. Cytoplasmic and nuclear
extractions were used separately in co-immunoprecipitations. Figure 2C showed that AR and
Hsp70 could co-immunoprecipitate in both the nucleus and cytoplasm.

The SBD of Hsp70 interacts with the NTD of AR

To define AR domain(s) interacting with Hsp70, we co-transfected Flag- Hsp70 with GFP-
tagged AR or truncated AR vectors into PC-3 or C4-2 prostate cancer cells for co-IP. Figure
3A shows that GFP-AR and GFP-NTDAR, but not GFP or GFP-DBDH-LBDAR, could be
immunoprecipitated by Flag-Hsp70 in PC-3 cells. Figure 3B shows that GFP-NTDAR co-
immunoprecipitates with endogenous Hsp70 in C4-2 cells. Furthermore, Figure 3B
indicates that both the N-terminal portion (a.a. 1-293) and the C-terminal portion (a.a. 294—
556) of NTDAR could co-immunoprecipitate with Hsp70, with the a.a. 294-556 region being
more effective than the a.a. 1-293 sequence in pulling down Hsp70. Both the a.a. 294-556
and a.a. 1-293 regions are less effective than the intact NTDAR in the co-IP experiment.
These observations suggested that Hsp70 binds to AR through NTDAR, with the a.a. 294—
556 being the most important region for the binding. We have previously shown that region
a.a. 294-556 is required for androgen-independent AR nuclear localization in CRPC cells
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(35). The binding of Hsp70 to this region of AR may suggest a role for Hsp70 in promoting
androgen-independent AR nuclear localization in CRPC cells, however further studies will
be required to fully elucidate the significance of Hsp70 binding to the C-terminal portion
(a.a. 294-556) of NTDAR,

To determine the Hsp70 domain(s) responsible for binding to AR, we transfected Hsp70 and
its two domains NBD and SBD into C4-2 cells. Figure 3C shows that Flag-Hsp70 and Flag-
SBD, but not Flag-NBD, co-immunoprecipitated endogenous AR. We also tested the co-
immunoprecipitation of SBD and AR truncated mutations (Supplemental Figure 2). As
expected, NTD and NAR constructs, but not DBDH-LBD and LBD, could bind to the SBD
of Hsp70, which further suggested that the interaction between Hsp70 and AR was mediated
through the SBD of Hsp70 and the NTD of AR, and was independent of LBD.

To further demonstrate that binding of Hsp70 to AR /n vivo did not require the LBD, we
performed immunoprecipitation with antibody against Hsp70 in 22Rv1 cells, which express
both full-length AR and AR splice variants (49-51). The predominant AR splice variant in
22Rv1 is AR-V7 that lacks the LBD. In Figure 3D, the anti-Hsp70 antibody also
precipitated both full-length AR and AR-Vs, indicating that the LBD was not required for
AR binding to Hsp70.

Hsp70 inhibition down-regulated endogenous, but not exogenous, AR expression

To investigate the role of Hsp70 in regulating AR function, we first performed a Hsp70
knockdown in C4-2 cells. AR protein levels were decreased when Hsp70 was reduced by
SiRNA (Figure 4A). Similarly, in LNCaP cells, the AR protein was down-regulated when
Hsp70 was down-regulated in the presence of an increasing dosage of siRNA targeting
Hsp70 (Supplemental Figure 3).

We transfected GFP-AR to C4-2 and PC3 cells to test the impact of Hsp70 inhibition on
transfected GFP-AR using the commercially available Hsp70 inhibitor VER-155008
(Sigma-Aldrich). VER-155008 is a small molecule, ATP-competitive inhibitor of Hsp70
(IC50 =500 nM) (52). To our surprise, GFP-AR did not decrease as the endogenous AR did
when C4-2 cells were treated with 30-50 pM VER-155008 for 24 hours (Figure 4B).
Similarly, the GFP-AR level was not reduced by VER-155008 treatment in transfected PC3
cells (Figure 4B). To rule out the potential impact of the GFP tag on AR stability upon
VER-155008 treatment, we also tested the effect of VER-155008 on transfected Flag-AR
and Myc-AR in C4-2 cells. VER-155008 did not affect Flag-AR or Myc-AR level in C4-2
cells (Figure 4C).

Hsp70 inhibition reduces transcriptional activity of AR and truncated AR lacking LBD

To evaluate the effect of Hsp70 inhibition on AR activity, we tested whether the Hsp70
inhibitor VER-155008 could decrease the AR-target gene PSA expression in C4-2 cells. As
expected, a Western blot showed that VER-155008 induced a dose-dependent down-
regulation of AR (Figure 5A). However, VER-155008 induced a more profound down-
regulation of PSA (Figure 5A), suggesting that VER-155008 not only inhibits AR
expression but could also inhibit AR transcriptional activity.

Mol Cancer Ther. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al.

Page 10

To further test whether Hsp70 could inhibit AR transcription activity, we investigated
whether PSA expression at both protein and mRNA levels could be inhibited in C4-2 cells
by 15 pM VER-155008, a dosage that had no significant impact on the AR protein level (see
Figure 5A). Figure 5B shows that the R1881 induction of PSA protein could be inhibited by
15 uM VER-155008, a dose that did not reduce the AR protein level. Figure 5C shows that
the R1881 induction of PSA mRNA was also inhibited by 15 pM VER-155008, along with
the inhibition of two additional AR-target genes, TMPRSS2 and hK2, at the mRNA level.
Further experiments using a PSA promoter-based luciferase assay also showed a dose-
dependent VER-155008 inhibition of the AR transactivation of the PSA promoter (Figure
5D). We then tested the effect of another Hsp70 inhibitor, UPCMLD18BBQU015254
(18BBQU), in the PSA promoter-based luciferase assay. Different from VER-155008, which
is an active site ATP-competitive inhibitor, 18BBQU inhibits Hsp70 by competing for the
binding of Hsp40 to Hsp70 (53). Figure 5D shows that 18BBQU also inhibited the PSA
promoter-driven luciferase activity with a similar dose response. As a control, we showed
that 15 uM 18BBQU did not inhibit the AR protein level in C4-2 cells (Supplemental Figure
4).

VER-155008 inhibits the NAR transactivation of the PSA promoter-driven luciferase activity

The Hsp70 binding to NTDAR suggests that Hsp70 inhibition of AR transcriptional activity
is likely mediated through the NTDAR, instead of the LBD. Since AR splice variants contain
NTDAR while lacking a LBD, targeting Hsp70 may also inhibit AR splice variants. GFP-
NAR (AR without LBD) behaves the same as the AR splice variants in transactivation of
AR-target genes (54), providing a good model for AR splice variants lacking the LBD.
Untransfected C4-2 cells exhibited very low PSA promoter-driven luciferase activity under
androgen-free conditions, and a high activity upon addition of 1 nM R1881 (Figure 6A). In
the absence of androgens, C4-2 cells transfected with GFP also exhibited very low PSA-
luciferase activity whereas the cells transfected with GFP-NAR displayed robust luciferase
activity (Figure 6A), indicating that GFP-NAR could transactivate the PSA promoter in the
absence of androgens. As expected, MDV3100 inhibited R1881-induced but not GFP-NAR-
driven PSA-luciferase activity in C4-2 cells (Figure 6B). In contrast, VER-155008 inhibited
R1881-induced and GFP-NAR-driven PSA-luciferase activities similarly and effectively
(Figure 6B). We also tested if inhibition of another heat shock protein, Hsp90, could
influence GFP-NAR transcriptional activity. Figure 6B shows that the Hsp90 inhibitor 17-
AAG at 1 uM or higher doses effectively inhibited R1881-induced, but only partially
inhibited GFP-NAR-driven, PSA-luciferase activities. These observations suggest that
Hsp70 modulation of AR activity is distinctly different from Hsp90 regulation of AR.

An Hsp70 inhibitor, either alone or in combination with enzalutamide, could inhibit 22Rv1

cell growth

The prostate cancer cell line 22Rv1 is resistant to MDV3100, and this resistance is thought
to be due to its expression of AR splice variants in addition to the full-length AR (55). Since
Hsp70 can bind to the NTDAR (see Figure 3) and a Hsp70 inhibitor inhibited GFP-NARAR
(AR lacking LBD) transcriptional activity (see Figure 5), targeting the NTDAR via Hsp70
inhibition may synergize with LBDAR targeting AR-antagonists such as enzalutamide.
Enzalutamide alone had no significant inhibition of 22Rv1 colony formation, whereas it
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inhibited the colony formation in the presence of VER-155008 (Figure 7A). The inhibition
of 22Rv1 colony formation by Hsp70 inhibitor combined with enzalutamide was greater
than the sum of the inhibition of 22Rv1 colony formation by Hsp70 inhibitor and
enzalutamide individually, suggesting an enhanced inhibition of growth by the combination.
Similar results were obtained when a more selective Hsp70 inhibitor, 18BBQU, was used
instead of VER-155008 in the 22Rv1 colony formation assay (Figure 7B). These
observations suggested that Hsp70 inhibition can potentiate enzalutamide to inhibit 22Rv1
cell growth.

DISCUSSION

The studies presented herein identified Hsp70 as an important AR co-factor that could bind
to the NTD of AR through its substrate-binding domain. Hsp70 inhibition inhibited
transactivation of both full-length AR and mutant AR lacking the LBD. Furthermore, Hsp70
inhibition synergized with MDV3100 in the inhibition of 22Rv1 cell growth in the colony
formation assay. These findings suggest that Hsp70 is an important regulator of AR in
prostate cancer cells.

Chaperones are required for a proper functioning of steroid receptors, including AR. Most
previous studies have addressed the interactions between chaperones and the ligand-binding
domain (LBD) of steroid receptors. However, consistent with our findings that Hsp70 can
interact with the AR NTD directly, Hsp70 inhibitor was recently shown to inhibit the level
and transcriptional activity of both AR and ARv7 (56) supporting a ligand-independent role
for Hsp40/Hsp70 chaperones in the regulation of AR. Hsp70 was shown to enhance the
degradation of expanded polyglutamine repeat AR in murine mator neuron hybrid cells (57),
also suggesting Hsp70 interaction with the N-terminal domain of AR where polyglutamine
repeat is localized. Others have observed that a conserved motif in the NTD could interact
with the COOH terminus of the Hsp70-interacting protein (CHIP), which promotes AR
degradation, thereby negatively regulating AR transcriptional activity (58). The NTD
structure is characterized as “regions of intrinsic disorder” with limited stable secondary
structure that conforms to a “collapsed disordered conformation” (59). Hsp70 may act as a
chaperone to facilitate the proper folding of the NTD, such that it can interact with other AR
co-factors more efficiently. Hsp70 was reported to also influence the LBD (60); however, we
did not detect their interactions via co-IP in this study. More studies will be needed to define
the mechanisms of Hsp70 modulation of AR function.

In addition to direct binding to AR, Hsp70 also can regulate expression of endogenous AR
in prostate cancer cells (see Figure 4). Since Hsp70 inhibition did not inhibit exogenous AR
expression under the control of the CMV promoter, Hsp70 is unlikely to regulate AR at the
protein level. Another possibility for Hsp70 regulation of AR expression is that Hsp70
inhibition can result in the inhibition of endogenous AR mRNA expression. A recent study
reported the effect of Hsp70 regulation of the AR promoter through the activation and
nuclear translocation of YB-1 (61). This finding is consistent with our observation that
Hsp70 inhibitor inhibits endogenous AR but not the transfected AR under CMV promoter
control.
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Hsp70 appears to be an excellent target for inhibiting AR-positive prostate cancer cells.
Hsp70 inhibition could cause a reduction of endogenous AR expression as well as inhibition
of AR transcriptional activity (see Figures 4, 5 and 6). Hsp70 inhibition could inhibit both
full-length AR and AR lacking the LBD, since Hsp70 interacts with the NTD of AR.
Current prostate cancer therapies such as enzalutamide inhibit AR function through the AR
ligand-binding domain (LBD) (62). The expression of AR variants, which lake the LBD, are
also likely to be one major mechanism in the development of enzalutamide resistance in
prostate cancer (63). Our results suggest that Hsp70 inhibitors can confer enzalutamide
inhibition of 22Rv1, a cell line that expresses AR splice variants and is resistant to
enzalutamide (see Figure 7). Therefore, the development of Hsp70 small molecule inhibitors
which could inhibit both full-length AR and its splice variants may lead to new therapies for
prostate cancer resistant to enzalutamide, which is at present a major clinical challenge.

Hsp70 inhibition may also inhibit AR-independent pathways in prostate cancer cells,
because Hsp70 acts as a chaperone for many proteins. For instance, galeterone, which is an
AR depleting agent has also been shown to activate the unfolded protein response and
induce apoptosis in AR-negative prostate cancer cell lines (64). Recently galeterone analogs
were shown to interact with Hsp70 and could induce apoptosis even in AR-negative PC3
cells, potentially through the induction of sustained endoplasmic reticulum stress and
deregulated calcium homeostasis (65). The inhibition of AR-independent signaling may
enhance the inhibitory effect of Hsp70 inhibitors in prostate cancer cells. However, strong
inhibition of this chaperone may also cause potential toxicity to prostate cancer patients.
Hsp70 inhibitor alone significantly inhibited colony formation in 22Rv1 cells, suggesting
that Hsp70 inhibition was cytotoxic (see Figure 7). It will be important to determine if a
therapeutic window can be achieved for Hsp70 inhibitors in the treatment of prostate cancer.
Ideally, small molecules that can specifically block Hsp70 binding to AR, if they can be
developed, will be less toxic to patients, but more research will be needed to explore the
interactions between Hsp70 and AR and the possibilities to block these interactions.

In summary, our study identified Hsp70 as an important co-factor that binds to the NTD of
AR and suggests that targeting Hsp70 can inhibit AR signaling in prostate cancer cells,
including those resistant to enzalutamide. The development of novel Hsp70 inhibitors may
lead to new treatments for prostate cancer patients resistant to the current portfolio of anti-
androgen therapies.
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Refer to Web version on PubMed Central for supplementary material.
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Identification of Hsp70 and Hsc70 as co-factors bound to GFP-NTDAR in C4-2 cells. A.
Representative C4-2-GFP-NTDAR and C4-2-GFP stable sublines were imaged by
fluorescence microscopy. B. Western blot analysis of AR, GFP-NTDAR and GFP expression
in 3 C4-2-GFP and 3 C4-2-GFP-NTDAR sublines. AR antibody detects both endogenous
AR and transfected GFP-NTDAR, C. Silver staining of proteins precipitated from total cell
lysates of 3 C4-2-GFP and 3 C4-2-GFP-NTDAR sublines using anti-GFP beads. D. Skyline
analysis for Hsp70 and Hsc70 in data from mass spectrometry. Hsp70 (HSPA1A) and Hsc70
(HSPAB) showed an increase of peptide intensity greater than 50-fold. Each peptide’s

intensity (peak area) in each of the 6 samples was shown as the bar.
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Verification of the interaction between the Hsp70 family and AR. A. Flag-Hsp70 or Flag-
Hsc70 was transfected with GFP-NTDAR into PC3 cells. In the lower panel, C4-2 cells were
transfected with Flag-Hsp70 or Flag-Hsc70. Whole cell lysates (WCL) were prepared for

co-1P using anti-GFP or Flag agarose beads as indicated. Flag vector was added to the

transfection of Flag-Hsp70 group but not to the Flag-Hsc70 group. Less flag-Hsp70 vector
was used due to the robust Flag-Hsp70 expression; flag vector was added such that equal

amount of plasmids was added in each transfection reaction. B. GST and GST-Hsp70
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purified from E. coli were used in the GST-pulldown of recombinant human androgen
receptor. GST or GST-Hsp70 was mixed with human AR protein and then subjected to
pulldown using glutathione-conjugated agarose. C. C4-2 cells were treated with 1 nM
R1881 for 24 hours before fractionation. A total of 4 dishes were lysed. The nuclear
extraction was obtained by adding 800 L lysis buffer (175mM NaCl, 20 mM Tris-HCI, 1.5
mM MgCl,, 0.5% NP-40, 15% glycerol, 2mM EDTA, pH7.5) to nuclear pellet of 4 dishes.
Equal total protein amounts were used as input for both cytoplasmic (CE) and nuclear
extract (NE).
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Co-immunoprecipitation (co-IP) analysis of Hsp70 and AR interaction. A. Flag-tagged
Hsp70 was co-transfected with GFP-tagged AR or its deletion mutants into PC3 cells.
Whole cell lysates (WCL) were prepared for co-IP using anti-GFP beads. Both WCL and
immnoprecipitates were analyzed by immunoblotting using anti-Flag antibody and then anti-
GFP antibody. B. C4-2 cells were transfected with expression vectors for GFP-tagged NTD,
AR(1-293), and AR(294-556), along with GFP control. Co-IP were performed similarly as
in A. The WCL and immnoprecipitates were analyzed by immunoblotting using anti-Hsp 70
antibody and then anti-GFP antibody. C. Expression vectors for GFP-tagged Nucleotide
Binding domain (NBD a.a. 1-386) and Substrate Binding Domain (SBD a.a. 386-641) of
Hsp70 were transfected into C4-2 cells separately. Co-IP and immunoblotting were
performed similarly as in A using anti-Flag and anti-AR antibodies. D. 22Rv1 cell lysates
were prepare for co-IP using anti-Hsp70 antibody or 1gG. 22Rv1 cells express full-length
AR and its splice variants, including AR-V7 that lacks LBD. The WCL and
immnoprecipitates were analyzed by immunoblotting using anti-AR antibody and then anti-
Hsp70 antibody. All experiments were reproduced at least twice.
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Figure 4.
Effect of Hsp70 knockdown or inhibition on endogenous and transfected AR expression. A.

Hsp70 was knocked down by HSPA1A siRNA in C4-2 cells. B. AR-positive C4-2 and AR-
negative PC3 cells were transiently transfected with GFP-AR along with GFP as a control.
Forty-eight hours after the transfection, the cells were treated with different dose of
VER-155008 for 24 hours prior to harvest for Western blot analysis using anti-AR or anti-
GFP antibody. C. C4-2 were transfected with Flag-AR or Myc-AR along with GFP
expression vector as a control. Twenty-four hours after the transfection, the cells were
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treated with different dose of VER-155008 for 24 hours prior to harvest for Western blot
analysis using anti-Flag, anti-Myc, or anti-GFP antibody.
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Figure5.
Effect of Hsp70 inhibition on AR transcriptional activity. A. C4-2 cells cultured in

RPMI1640 with 5% CSS were treated with Hsp70 inhibitor VER-155008 at the indicated
concentrations, in the presence of 1 nM R1881. Cell lysates were prepared 24 hours after the
treatment and then analyzed by Western blotting using anti-AR, anti-PSA, and anti-GAPDH
antibodies. B. Protein expression in C4-2 cells cultured in 5 % CSS RPMI 1640 media were
treated with vehicle, 1 nM R1881, or 1 nM R1881 plus 15 uM VER-155008 for 72 hours,
then analyzed by western blotting using anti-AR, anti-PSA, and anti-ry-Tubulin antibodies.
C. Relative mMRNA expression in C4-2 cells treated as in B, then harvested for quantitative
real-time PCR analysis. D. C4-2 cells stably transfected with both the PSA-luciferase
plasmid and Renilla plasmid (47) were treated with either VER-155008 or another Hsp70
inhibitor, 18BBQU (UPCMLD18BBQU015254), in the presence of 1 nM R1881 for 24
hours. Luciferase assays were performed as described previously (66). To verify 18BBQU
impact on AR protein level, C4-2 cells treated with 18BBQU in parallel were tested by
immunoblotting using anti-AR antibody (Figure S4).
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Figure 6.

VER-155008 inhibition of the transcriptional activity of GFP-NAR (mutant AR lacking
LBD) in PSA promoter-driven luciferase assay. A. To determine GFP-NAR transcriptional
activities, C4-2 cells were transfected with PSA 6.0 luciferase and Renilla plasmids, along
with GFP or GFP-NAR, in RPMI11640 with 5% CSS for 48 hours and then the luciferase
activities were measured. As controls, C4-2 cells were transfected with PSA 6.0 luciferase
plasmid and Renilla plasmid in RPM11640 with 5% CSS for 24 hours and then treated with
1 nM R1881 or vehicle for another 24 hours prior to luciferase assay. B. The luciferase
assays in A were used to test the effects of VER-155008, 17-AAG, or MDV3100 on the
transcriptional activity of androgen-induced endogenous AR or the transfected GFP-NAR.
Twenty-four hours after the transfection, C4-2 cells were cultured for another 24 hours in
the presence of 1 nM R1881 or ethanol vehicle plus indicated doses of VER-155008, 17-
AAG or MDV3100 prior to harvest.
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Figure7.

Hsp70 inhibitor inhibits the growth and enhances the sensitivity to MDV3100 of 22Rv1
cells. Cells were plated at equal density (1500 cells/10 cm dish) and treated with vehicle,
VER-155008 (A) or 18BBQU (B), in the absence or presence of MDV3100 at the indicated
concentrations. The media was changed every 5 days for 14 days. Image was scanned at 300
dpi in black and white for colony quantification using ImageJ. The required colony size was
set as 20 pixel*2. The quantitative data are shown at the right side of the images.
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Table 1

Mean full MS intensity of peptide ions for label free quantitation of Hsp70 family
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Gene Peptide GFP NTD FoldChange
FGDPVVQSDMK  156E+06 1.82E+08 116.94

HSPALA LVNHFVEEFK 195E+06 1.18E+08 60.22
NQVALNPQNTVFDAK  6.85E+06  4.60E+08 67.17
NSLESYAFNMK  1.78E+07 5.84E+08 32.73

HSPAS SQIHDIVLVGGSTR 4.98E+06  3.26E+08 65.47
VC[+57]NPIITK  1.92E+07 1.05E+09 54.57

ELEEIVQPIISK  2.84E+07 2.66E+08 9.39
ITPSYVAFTPEGER  3.83E+07  2.68E+08 6.99

FISPAS NQLTSNPENTVFDAK  6.20E+07  5.25E+08 8.46
SQIFSTASDNQPTVTIK  3.21E+07 2.59E+08 8.08
DAGQISGLNVLR 8.75E+06  1.84E+08 21.03
QAVTNPNNTFYATK  4.90E+06 2.58E+08 52.65

HSPA9 TTPSVVAFTADGER 1.05E+07 2.89E+08 27.48
VQQTVQDLFGR 8.40E+06 1.91E+08 22.77
ATAGDTHLGGEDFDNR  2.74E+06  2.37E+08 86.52

HSPAS IINEPTAAAIAYGLDR  7.65E+05 1.71E+08 223.60
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