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Abstract

Hsp70 is a stress-inducible molecular chaperone that is
required for cancer development at several steps. Targeting
the active site of Hsp70 has proven relatively challenging,
driving interest in alternative approaches. Hsp70 collaborates
with the Bcl2-associated athanogene 3 (Bag3) to promote cell
survival through multiple pathways, including FoxM1. There-
fore, inhibitors of the Hsp70-Bag3 protein-protein interac-
tion (PPI) may provide a noncanonical way to target this
chaperone. We report that JG-98, an allosteric inhibitor of

Introduction

HSP70 (Hsp70/HSPA1A) is a molecular chaperone that plays
important roles in protein homeostasis and cell survival (1). Ithas
become an attractive anticancer target based on expression data,
knockdown studies, and the promising antiproliferative activity
of first-generation inhibitors (2-8). However, the path toward
safe and effective inhibitors of Hsp70 remains uncertain. One
challenge is that the active site of Hsp70 is located in a deep groove
in its nucleotide-binding domain (NBD). It has proven challeng-
ing to develop competitive inhibitors of this site, partly because of
the tight affinity of Hsp70 for ATP (4). This observation has driven
a search for noncanonical solutions (5, 9).

Hsp70 is known to collaborate with a wide range of cochaper-
ones (9), including a family of proteins that contain conserved
Bag domains, such as Bagl, Bag2, and Bag3. These Bag domains
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this PPI, indeed has antiproliferative activity (ECso values
between 0.3 and 4 pumol/L) across cancer cell lines from
multiple origins. JG-98 destabilized FoxM1 and relieved sup-
pression of downstream effectors, including p21 and p27. On
the basis of these findings, JG-98 was evaluated in mice for
pharmacokinetics, tolerability, and activity in two xenograft
models. The results suggested that the Hsp70-Bag3 interac-
tion may be a promising, new target for anticancer therapy.
Mol Cancer Ther; 14(3); 642-8. ©2015 AACR.

bind to Hsp70 and help guide its chaperone functions. Of these
cochaperones, Bag3 is of particular interest as an anticancer target
because it is selectively upregulated in response to stress (10) and
its expression is coelevated with Hsp70 in many tumor types
(5, 11). Even more importantly, Bag3 has been shown to collab-
orate with Hsp70 in regulating cancer development through
multiple pathways, including the cell cycle and suppression of
oncogene-induced senescence (12). In line with these observa-
tions, blocking the Hsp70-Bag3 interaction using mutations,
knockdowns, or first-generation small molecules has selective
antiproliferative activity in cancer cells (12), suggesting that
inhibiting the Hsp70-Bag3 protein-protein interaction (PPI)
might be one noncanonical way to interrupt Hsp70 function.
Although initially daunting, numerous PPIs have emerged as
promising drug targets in anticancer programs, with inhibitors of
MDM2-p53 (13, 14), Mcl1-Bax (15), and others (16-18) being
actively explored. There are many categories of PPIs, which are
defined by the relative affinities of the protein partners and the
amount of buried surface area in the complex (17, 19-21). The
Hsp70-Bag3 interaction occurs with relatively tight affinity (~30
nmol/L), over a comparatively large surface area (22, 23), placing
it in the category of a potentially difficult PPI to interrupt.
However, PPIs with similar characteristics have been successfully
inhibited using molecules that bind to allosteric sites (19, 20),
suggesting that this PPI may be "druggable" with the right tool.
On the basis of these observations, we sought to explore
whether the Hsp70-Bag3 interaction might be a suitable anti-
cancer target using a newly identified, allosteric inhibitor, JG-
98 (24). Here, we report that this molecule binds tightly to a
conserved site on Hsp70 and weakens the Hsp70-Bag3 interac-
tion in vitro and in cells. This compound had variable antiproli-
ferative activity across a range of cancer cells (ECsy ~ 0.3
to 4 umol/L), but was relatively less toxic in healthy mouse
fibroblasts (ECso ~ 4.5 umol/L). JG-98 also disrupted the FoxM1
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cell-cycle pathway, consistent with the known roles of the Hsp70-
Bag3 complex. Although JG-98 was not orally bioavailable, it was
well tolerated in mice when delivered intraperitoneally and it
suppressed tumor growth in two xenograft models. Together,
these proof-of-concept studies suggest that the Hsp70-Bag3
interaction may be a promising target for further exploration.

Materials and Methods

Chemistry

YM-01, JG-98, and YMO1-biotin were synthesized according to
the previously published methods (24). The synthesis and char-
acterization of JG98-biotin and the chemical structures of the
molecules can be found in Supplementary Fig. S1.

Cells

MCEF-7, MDA-MB-231, A375, MeWo, Hela, HT-29, SKOV3,
Jurkat, and mouse embryonic fibroblasts (MEF) were purchased
from ATCC. Human multiple myeloma cell lines (MM1.R, INAG,
RPMI-8226, JJN-3, U266, NCI-H929, L363, MM1.S, KMS11, LP-1,
AMO-1, OPM1, and OPM2) stably transduced with a firefly
luciferase expression vector were kindly provided by Dr. Con-
stantine Mitsiades. All cells were cultured according to established
protocols. Cell lines were not further authenticated.

Cell viability assays

MCEF-7, MDA-MB-231, A375, MeWo, Hela, HT-29, SKOV3,
Jurkat, and MEF viabilities were determined by MTT cell prolif-
eration assay kit from ATCC (ATCC number: 30-1010 K). Briefly,
cells (2,000 per well for MEF and 5,000 per well for the others)
were plated into 96-well TC-treated plates in 0.1 mL media and
allowed to attach overnight. Cells were then treated with com-
pounds with various concentrations in 0.2 mL media. The final
DMSO concentration was 1%. After a 72-hour incubation in 5%
CO,, cells were washed three times with 0.1 mL PBS and then 0.1
mL fresh media with 10 uL MTT reagents was added. The plates
were incubated in dark and at 37°C for 4 hours, 0.1 mL detergent
buffer was added into each well and the resulting solutions were
quantified atan absorbance of 570 nm. Viability assays conducted
in myeloma cell lines, stably transduced with firefly luciferase,
were conducted as previously described (25, 26). Briefly, multiple
myeloma cells were plated and treated with JG-98 at 11 concen-
trations, between 30 nmol/L and 30 pmol/L, for 72 hours.
Following incubation, luciferin substrate was added and biolu-
minescence signal was measured using a Biotek HT luminometer.
Luminescence signal was normalized using mock treatment and
no-cell controls as 100% and 0% viability references, respectively.
ICso values were derived from dose-response curves plotted
and fitted using Prism v.6.0c (GraphPad; see Supplementary
Information).

Molecular docking

To facilitate docking studies, a molecular dynamics simulation
was performed on Hsc70 NBD (PDB:3C7N) in GROMACS
(v4.6.5). Coordinate and topology files for the NBD were pre-
pared using the AMBERO3 force-field and TIP3P water model. A
rectangular box was generated that expanded 1.2 nm from the
protein surface, filled with water molecules, and randomly pop-
ulated with Na™/Cl ™~ ions to an ionic strength of 100 mmol/L. The
system was backbone restrained and energy minimized, followed
by a two-step equilibration process to the target temperature and
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pressure of 310 Kand 1 bar. Backbone restraints were lifted and a
full MD simulation was run for 5 ns with a 2-fs time step under
constant pressure and temperature. A cluster analysis was per-
formed to isolate the most representative conformation. We then
performed docking studies using University of California at San
Francisco, San Francisco, CA (UCSF Dock; v6.6). The receptor
molecular surface was prepared with DMS, analyzed for potential-
binding sites using Sphgen and a region of the NBD was chosen
based on reported chemical shift perturbations from NMR titra-
tion studies (27). A box was generated surrounding the binding
site by 6A in all directions and the scoring grid was generated with
GRID. Low-energy conformations of JG98 and YM-01 were pre-
pared with Szybki and partial charges were calculated in UCSF
Chimera using the AM1-BCC force field. Ligands were docked
using the flex anchor-and-grow method. After initial pose gener-
ation and orientation in the binding site, ligands were rescored
with AMBER using default scoring parameters for flexible ligand
docking.

ELISA

ELISAs were carried out according to a previous published
method (24). Briefly, Hsc70 was immobilized in ELISA well plates
and treated with biotinylated compounds (see Supplementary
Information). After washing, bound material was measured using
streptavidin-horseradish peroxidase. Negative controls included
wells lacking Hsc70 and JG98 lacking a biotin.

Flow cytometry protein interaction assay

Biotinylated Hsp72 was immobilized on polysterene strepta-
vidin-coated beads (Spherotech), incubated with Alexa-Fluor
488-labeled Bagl, Bag2, or Bag3 (50 nmol/L) and increasing
amounts of JG-98 or YM-01 in buffer A (25 mmol/L HEPES, 5
mmol/L MgCl,, 10 mmol/L KCl, 0.3% Tween-20 pH 7.5). Plates
were incubated for 15 minutes then analyzed using a Hypercyt
liquid sampling unit in line with an Accuri C6 Flow Cytometer.
Protein complex inhibition was detected by measuring median
bead-associated fluorescence. DMSO was used as a negative
control and excess unlabeled Hsp70 (1 umol/L) was used as a
positive control.

Coimmunoprecipitations

HelLa cell extracts were prepared in M-PER lysis buffer (Thermo
Scientific) and adjusted to 5 mg of total protein in 1 mL of extract.
Equal 500 pL samples were incubated with either a rabbit poly-
clonal for Hsp70 (Santa Cruz Biotechnology H-300) or Goat IgG
(Santa Cruz Biotechnology sc-2028). Samples received 5 pL of
DMSO (1%) or 5 uL of JG-98 or YM-01 (5 mmol/L), making the
final JG-98/YM-01 concentration 50 umol/L. Samples were gently
rotated overnight at 4°C, followed by a 4-hour incubation with
protein A/G-Sepharose Beads (Santa Cruz Biotechnology). The
immunocomplexes were subjected to centrifugation at 1,000 x g,
washed three times with PBS pH 7.4, and eluted with SDS loading
dye. Samples were separated on a 4% to 15% Tris-Tricine gel (Bio-
Rad) and transferred to nitrocellulose membrane. The mem-
branes were blocked in nonfat milk (5% milk in TBS, 0.1%
Tween) for 1 hour, incubated with primary antibodies for Hsp70
(Santa Cruz Biotechnology sc-137239) and Bag3 (Santa Cruz
Biotechnology sc-136467) overnight at 4°C, washed, and then
incubated with a horseradish peroxidase-conjugated secondary
antibody (Anaspec) for 1 hour. Finally, membranes were
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developed using chemiluminescence (Thermo Scientific, Super-
signal West Pico).

Animal toxicity study

NSG mice, which are often used for multiple myeloma studies,
were dosed twice a week (Monday and Thursday) for 2 weeks with
JG-98 or PBS:DMSO 1:1 vehicle (100 puL) intraperitoneally. Body
weights were measured every 2 days and mice were closely
monitored for any signs of toxicity or discomfort. Twenty-four
hours after the final dose, blood samples (300 LL) were collected
for plasma by cardiac puncture and sent for comprehensive
chemistry analysis.

Pharmacokinetics

NSG mice (three per group) were dosed with 100 pL of JG-98 or
PBS:DMSO 1:1 vehicle solution intraperitoneally. Blood samples
were collected for plasma through tail vein at 1, 3, 8, and 24-hour
time points. JG-98 concentrations in plasma were determined by
LC-MS, using a published protocol (24).

A
Model for Hsp70-Bag3-regulated client stability

Cc

&

Xenografts

The antitumor efficacy of JG-98 was tested in nude mice as
previously described (12). Briefly, one million MCF7 or HeLa cells
in Matrigel were subcutaneously injected bilaterally into 6-week-
old NCR mice (Taconic). Once tumors were established, JG-98 (3
mg/kg; n = 5) or a vehicle control (1:1 PBS:DMSO; n = 5) was
introduced interperitoneally on days 2, 4, and 6. Tumor growth
(10 tumors/5 mice) was measured by caliper every other day. The
plots in Fig. 5 show the average tumor volumes and the error bars
represent the SEM.

Results

Analysis of the Hsp70-Bag3 complex and selection of JG-98 asa
possible chemical probe

Bag3 binds to the NBD of Hsp70, releasing client proteins from
the chaperone and counteracting proteasome-mediated degrada-
tion (refs. 28, 29; Fig. 1A). Based on homology to other Bag
domain-containing proteins (30), Bag3 is predicted to interact
with the IB and IIB subdomains of Hsp70 (Fig. 1B). However, the

JG-98 has improved affinity for Hsp70
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Figure 1.

JG-98isanimproved allosteric inhibitor of Hsp70. A, model for how Bag3 protects clients from degradation by releasing them from the Hsp70 complex. In this model,
JG-98 is predicted to enhance turnover of cancer signaling proteins by blocking Bag3 binding to Hsp70. See the text for details. B, JG-98 binds in an allosteric
pocket in the NBD of Hsp70. This site does not overlap with the nucleotide-binding cleft, the Bag3-interaction motif, or other PPI regions. The subdomains
(1A, 1A, 1B, and IIB) are labeled, and a close-up of the JG-98-binding pocket with the docked pose of compound is shown. C, JG-98 binds to purified Hsp70,
as measured by ELISA. A schematic of the method is shown for clarity. Results are the average of at least three independent replicates performed in triplicate

each. Error bars, SEM.

644 Mol Cancer Ther; 14(3) March 2015

Molecular Cancer Therapeutics



Hsp70-Bag3 as a Protein-Protein Interaction Target

A JG-98 inhibits binding of Bag proteins to Hsp70 in vitro
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affinity of the Hsp70-Bag3 interaction is significantly weakened
(13-fold) in the presence of ADP (29), suggesting that stabilizing
the ADP-bound state of Hsp70 might be one way of allosterically
blocking the Hsp70-Bag3 contact. Coincidently, we recently
identified a chemical series, exemplified by YM-01 and JG-98
(Fig. 1A), that binds to Hsp70 and stabilizes it in the ADP-bound
form (31). Thus, molecules in this series might be expected to
destabilize the Hsp70-Bag3 interaction (Fig. 1A).

JG-98 binds tightly to Hsp70 and takes advantage of a
previously unexplored pocket

To understand how JG-98 might impact the Hsp70-Bag3
interaction, we first docked JG-98 into an open conformation
(see the Materials and Methods) of the highly conserved iso-
form Hsc70 (HSPAS8; pdb: 3C7N). This docking was based
on the known binding site of JG-98 that was previously deter-

A

JG-98 has antiproliferative activity across a range of cancer cell lines

Figure 3.

JG-98 has antiproliferative activity.
A, results of antiproliferative assays
performed on a panel of cancer cell
lines. Results are the average of at
least two independent experiments
performed in triplicate each. Error
bars, SEM. B, JG-98 affects cancer
signaling proteins previously linked to
Hsp70-Bag3. It reduced FoxM1 and
HuR and increased p21 and p27.
Results are representative of
experiments performed in triplicate. AN

ECy, umol/L
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mined by TROSY-HSQC NMR (24, 27). In the best-predicted
models, JG-98 was anchored in a deep pocket (Fig. 1B) formed
by residues G11, Y14, L199, G200, G201, and V336 in the NBD
of Hsc70. These residues appeared to provide favorable hydro-
phobic interactions with the benzothiazole. Nearby residues
were enriched in negatively charged amino acids, including D9,
D68, D85, E174, D198, D205, D224, and D365, which seemed
to provide favorable electrostatic interactions with the deloca-
lized cation. Finally, the carbonyl in the central ring appeared
to form hydrogen bonds with backbone amides in F204 and
D205. The benzyl group in JG-98, which is not present in YM-
01, reached into an adjacent pocket formed by V81, P146,
Y148, and F149. Importantly, this binding site was not over-
lapping with the nucleotide-binding cassette, the Bag interac-
tion motif or the sites of other PPIs in Hsp70 (Fig. 1B),
supporting the allosteric activity of JG-98.

JG-98 affects the stability of cancer
signaling proteins in MCF7 cells

JG-98 I/L
o)O (Mmol/L)

Mol Cancer Ther; 14(3) March 2015

645



Li et al.

B

Pharmacokinetics of JG-98 in mice
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The finding that JG-98 made additional contacts with V81,
P146, Y148, and F149 suggested that JG-98 might bind tighter
to Hsp70 than YM-01. To test this idea, we synthesized
biotinylated versions of YM-01 and JG-98 (see Supplementary
Fig. S1) and tested their direct binding to immobilized Hsp70
using an ELISA. The results showed that JG98-biotin (Kp of
86 + 15 nmol/L) binds 60-fold tighter than YM01-biotin (Kp of
5,800 + 700 nmol/L; Fig. 1C).

JG-98 interrupts the Hsp70-Bag3 PPI in vitro and in cells

Next, we tested whether JG-98 could block the Hsp70-Bag3
interaction in vitro using a flow cytometry protein interaction
assay. In this approach, Hsp70 was immobilized on beads
and we measured its binding to fluorescently labeled Bag3.
The results showed that JG-98 strongly inhibited the interac-
tions between Hsp70 and Bag3, with an ICs, value of 1.6 £ 0.3
umol/L, which was significantly better than YM-01 (ICs, value
>100; Fig. 2A). Because the Bag domain is conserved in the
related family members, Bagl and Bag2, we also tested whether
JG-98 and YM-01 could inhibit these PPIs. Consistent with the
Bag3 results, JG-98 was a good inhibitor of the Hsp70-Bagl
and Hsp70-Bag2 complexes, with ICs, values of 0.6 + 0.1 and
1.2 + 0.1 umol/L, respectively (Fig. 2A); whereas YM-01
inhibited these interactions with ICs, values of 8.4 & 0.8 and
39 + 4 umol/L, respectively.

To test whether JG-98 could disrupt the Hsp70-Bag3 interac-
tion in cells, Hsp70 was immunoprecipitated from HelLa cells in

A JGes suppresses growth of MCF

0
2 4
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three doses. Key parameters were
calculated using PKSolver. B, no
significant weight loss was observed in
treated mice under these conditions.
Three mice were used for each
treatment group. Error bars, SEM.
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the presence of JG-98 (50 umol/L), YM-01 (50 pmol/L), or a
DMSO vehicle control, and immunoblotted for Bag proteins.
Both JG-98 and YM-01 reduced the Hsp70-Bag3 interaction by
approximately 60% (Fig. 2B and Supplementary Fig. S2).

JG-98 inhibited growth of cancer cells by disrupting Hsp70-
Bag3 function

The cytotoxic effects of JG-98 were then evaluated in a panel of
cells derived from breast, cervical, skin, ovarian, and bone marrow
cancers (Supplementary Fig. S3). Each of the cell lines was
exposed to JG-98 for 72 hours and ECs, values were determined
using an MTT cell proliferation assay. JG-98 was active against all
of the lines tested, but the ECs, values were variable (between
~0.3 umol/L and 4 pmol/L; Fig. 3A). Normal MEFs were relatively
less sensitive (ECso 4.5 = 0.5 umol/L), but so were a number of
multiple myeloma-derived cell lines, such as OPM1 and OPM2. It
is not yet clear why some cells are more/less sensitive, but the
submicromolar activity against a subset of cancer lines, including
MCF7 and Hela, was encouraging.

The Hsp70-Bag3 complex is known to regulate cancer cell
metastasis and survival through multiple pathways, including
through the FoxM1 and HuR transcription factors (12). Consis-
tent with this role, treatment with JG-98 reduced the levels of
FoxM1 and HuR, while increasing the levels of the cell-cycle
inhibitors, p27 and p21, in MCF7 breast cancer cells (Fig. 3B).
This effect mirrors what is seen upon Bag3 knockdown in these
cells (12).

C JG-98 inhibits Hsp70-Bag3
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Figure 5.

JG-98 is active in MCF7 and Hela xenograft models. JG-98 treatment of mice with either MCF7 cells (A) or Hela cells (B) xenografted. See the Materials and
Methods for experimental details. Arrows, treatments with JG-98. C, treated samples from A were isolated, and the levels of select signaling proteins were measured

by Western blot analyses for three separate animals.
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Evaluation of JG-98 pharmacokinetics and toxicity in mice

Next, we wanted to use JG-98 as a probe to explore the
Hsp70-Bag3 complex in mice. JG-98 was administered through
intraperitoneal injection twice a week for 2 weeks with three
different doses (0.3, 1, and 3 mg/kg) in NSG mice. The doses
were given in 1:1 DMSO:PBS, which served as the vehicle
control. After the final dose, blood samples were collected and
JG-98 concentrations in the plasma were evaluated. By high-
performance liquid chromatography, the levels of JG-98
reached approximately 70 nmol/L in plasma after 1 hour at
the 3 mg/kg dose (Fig. 4A and Supplementary Fig. S3A). Care
must be taken in interpreting these findings because precursors
of JG-98 are known to accumulate at 100-fold higher concen-
trations in tumor cells in vivo (32). At all three doses, the
terminal half-life was calculated to be approximately 20 hours
(Fig. 4A and Supplementary Fig. S4A).

An early analog in this series, MKT-077, was abandoned in
phase I clinical trials due to its renal accumulation (33). Thus,
we wanted to pay special attention to the potential toxicity of
JG-98. No significant weight loss (<10%) was observed in
treated animals (Fig. 4B). After the final dose, blood samples
were also collected and screened for biomarkers of liver and
renal function. We found that blood urea nitrogen and creat-
inine levels were normal at all three dosages, indicating that
renal function was unimpaired (Supplementary Fig. S4B).
Similarly, markers of liver function, alanine aminotransferase
and total bilirubin, were in the normal range (Supplementary
Fig. S4B).

JG-98 is active against MCF7 and HeLa cells in xenograft models

To test the efficacy of JG-98 in vivo, xenografts of MCF7 cells
were established in nude mice and, after tumors reached 100
mm?, compound was administered intraperitoneally on days 0,
2, and 4. We found that a dosage of 3 mg/kg limited tumor
growth until day 6 (Fig. 5A), but tumors appeared to resume
growing following the end of drug administration. Similarly,
JG-98 (3 mg/kg) suppressed tumor growth in a HeLa xenograft
model, though somewhat less effectively (Fig. 5B). When tumor
samples from the MCF7 xenograft study were homogenized
and tested for effects on cancer signaling markers, the results
resembled what was seen in cultured MCF7 cells; specifically,
p21 was significantly elevated, while HuR and FoxM1 tended to
be decreased (Fig. 5C). Together, these proof-of-concept results
suggest that the Hsp70-Bag3 PPI may be a promising target for
further exploration.

Discussion

In the ongoing search for new cancer targets, a number of
promising PPIs have emerged (17, 18). In addition, allosteric
inhibitors have made it possible to block PPIs that are seemingly
difficult to target by exploiting deep binding pockets located far
from the site of the protein-protein contact (20). In this work, we
used an allosteric inhibitor of the Hsp70-Bag3 interaction, JG-98,
to study whether this PPI might be a new drug target. We found
that JG-98 interrupted the Hsp70-Bag3 interaction in vitro and in
cells. JG-98 was significantly more effective than YM-01 at this
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task, likely because it was able to access a previously under-
explored set of contacts near the allosteric-binding pocket. Fur-
thermore, JG-98 was more stable than YM-01 in animals, making
it a suitable chemical probe for studying the importance of the
Hsp70-Bag3 complex in vivo.

We found that JG-98 affected the stability of multiple sig-
naling proteins that had previously been linked to the Hsp70-
Bag3 complex. Specifically, we noted that treatment with JG-98
caused loss of FoxM1 and HuR, with a corresponding increase
in p21 and p27. How does this occur? It is possible that Bag3
normally suppresses Hsp70-mediated degradation of FoxM1
and HuR (as in Fig. 1A). Thus, inhibition of Bag3 binding
would be expected to accelerate the turnover of these proteins.
However, it is also very important to note that, in addition to
the proteins studied here, other pathways are likely to contrib-
ute to the antiproliferative activity of JG-98. For example, the
complex between Hsp70 and Bagl has been linked to regula-
tion of Raf1/ERK (34), so it is likely that treatment with JG-98
would impact cytoskeletal dynamics, invasion, and other path-
ways (11). An understanding of the full scope of mechanisms
linking Hsp70 and Bag family members to cell death will
require additional studies. We suggest that these inquiries will
be greatly facilitated by the availability of JG-98.
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