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The chaperone HSP70 promotes the survival of cells exposed to many different types of stresses, and is also potently
anti-apoptotic. The major stress-induced form of this protein, HSP70-1, is overexpressed in a number of human cancers,
yet is negligibly expressed in normal cells. Silencing of the gene encoding HSP70-1 (HSPATA) is cytotoxic to transformed
but not normal cells. Therefore, HSP70 is considered to be a promising cancer drug target, and there has been active
interest in the identification and characterization of HSP70 inhibitors for cancer therapy. Because HSP70 behaves in
a relatively non-specific manner in the control of protein folding, to date there are no reliably-identified “clients” of
this protein, nor is there consensus as to what the phenotypic effects of HSP70 inhibitors are on a cancer cell. Here for
the first time we compare three recently-identified HSP70 inhibitors, PES-Cl, MKT-077, and Ver-155008, for their ability
to impact some of the known and reported functions of this chaperone; specifically, the ability to inhibit autophagy,
to influence the level of HSP90 client proteins, to induce cell cycle arrest, and to inhibit the enzymatic activity of the
anaphase-promoting complex/cyclosome (APC/C). We report that all three of these compounds can inhibit autophagy
and cause reduced levels of HSP90 client proteins; however, only PES-Cl can inhibit the APC/C and induce G,/M arrest.
Possible reasons for these differences, and the implications for the further development of these prototype compounds

as anti-cancer agents, are discussed.

Introduction

We previously identified the compound phenylethynesul-
fonamide (PES, also known as pifithrin mu) as one that binds
specifically to HSP70, and disrupts the ability of this chaperone
to interact with critical co-chaperones that bind to the carboxyl
terminus of the substrate-binding domain of this protein.! We
showed that PES is cytotoxic to tumor cells but not non-trans-
formed cells, and that silencing HSP70 significantly reduces the
cytotoxicity of this compound.' Further, we showed that PES can
directly interact with recombinant HSP70, in a manner that is
most consistent with a non-covalent association.?

We first became interested in PES as a possible cancer thera-
peutic when we discovered that this compound inhibits autoph-
agy, using several different autophagy assays.! This inhibition of
autophagy likely occurs by virtue of the ability of PES to inhibit
HSP70 at the lysosome, as there is a concomitant disruption of lys-
osome function that occurs following PES treatment. This disrup-
tion of lysosome function by an HSP70 inhibitor is consistent with
the findings by others that HSP70 is required for lysosome integ-
rity in cancer cells.> We also showed that PES can also interact in
some cancer cell lines with the constitutively expressed member of
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the HSP70 family, HSC70. With the knowledge that inhibiting
both HSC70 and HSP70 leads to inhibition of HSP90 chaper-
one function,’ we investigated and then showed that incubation of
cells with PES causes a reduction of HSP90 client proteins in the
cell; this occurs due to sequestration of HSP90 client proteins into
an insoluble fraction within the cell.* Most recently, guided by
darta indicating that the activity of the anaphase promoting com-
plex/cyclosome (APC/C) requires the function of an ATPase,® we
tested the hypothesis that PES and the related HSP70 inhibitor
PES-CI might inhibit the activity of APC/C in cell-free extracts.
We showed that both PES and PES-CI, but not the HSP90 inhibi-
tor geldanamycin, inhibits the activity of the APC/C in cell-free
assays.” Consistent with this, we found that incubation with
PES and PES-CI causes cell cycle arrest in the G,/M phase of
the cell cycle. The combined data support the premise that the
HSP70 inhibitors PES and PES-CI possess several notable anti-
cancer activities. These include inhibition of autophagy, control
of HSPIO client protein solubility, and inhibition of the APC/C.
Several groups have previously identified and characterized
other HSP70 inhibitors (for a review see refs. 7-9). Two of these,
VER-155008 and MKT-077, have been well-characterized and
are commercially available. The HSP70 inhibitor VER-155008
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has been co-crystallized with the HSC70/BAG-1 complex and
shown to interact within the ATP-binding pocket of HSC70."
Like PES, VER-155008 is preferentially cytotoxic to cancer cells
but not normal cells, and reduces HSP90 client protein levels in
tumor cells."! The rhodacyanine dye derivative MKT-077 was
first discovered as a compound that was cytotoxic to cancer cells
but not normal cells, and later shown to bind to the mitochondrial
HSP70 member HSPA9 (also called GRP75 or mortalin).'>*
More recently this compound was also found to bind to HSC70,
and there is evidence that it can interact with and inhibit HSP70
as well.® MKT-077 binds near the ATP binding site of HSP70
family members, and alters communication between the nucleo-
tide binding domain and substrate binding domain of HSP70,
resulting in impaired allostery between these domains.” In sum,
three different groups have identified three different HSP70
inhibitors, and all three inhibitors show cancer cell-selective cyto-
toxicity. But all three bind to different regions of HSP70 members
(PES and PES-Cl to the substrate-binding domain, VER-155008
to the ATP binding site, and MKT-077 to an allosteric site near
the ATP binding site), and may show different affinities for each
member. Therefore, there exists the possibility that all three
compounds impact different anti-cancer pathways in the cell. In
this report, we compare the ability of these three compounds to
reduce the viability of tumor cells, to inhibit autophagy, to influ-
ence the solubility and degradation of HSP90 client proteins, and
to inhibit the APC/C. We find subtle differences in their mecha-
nisms of action that may relate to their altered binding sites on
HSP70. Notably, we also uncover a potentially novel mechanism
for the inhibition of autophagy by these HSP70 inhibitors. Spe-
cifically, we find HSP70 reproducibly binds to the key autophagy
protein Beclin-1, and that all three of these HSP70 inhibitors lead
to sequestration of Beclin-1 into an insoluble fraction in the cell.
These studies suggest an additional role for HSP70 in autophagy
regulation. They should also serve as a useful foundation for the
analysis of future derivatives and inhibitors of HSP70.

Results

All three HSP70 inhibitors are comparably cytotoxic to can-
cer cells and inhibit autophagy

All three HSP70 inhibitors employed here, PES-CI, VER-
155008, and MKT-077, have been previously shown to be cyto-
toxic to cancer cells; however, they have never been compared
for cytotoxicity. Therefore, we first compared the cytotoxicity
of PES-CI, VER-155008, and MKT-077 in two different can-
cer cell lines, H1299 (a p53-null human lung adenocarcinoma)
and A375 (a human melanoma line) using standard cytotoxicity
and viability assays (MTT, as well as a dye exclusion assay, Via-
Count). For this analysis, we also included the parent compound
PES, which in our experience is slightly less cytotoxic than PES-
Cl.2 This analysis revealed that all four compounds are cytotoxic
to A375 cells, with IC, values in the micromolar range; PES-CIl
was slightly more effective, and VER-155008 slightly less effec-
tive, than the others (Fig. 1A). Nearly identical IC, values were
obtained for all four compounds in H1299 cells (data not shown).
Similar data were obtained using the ViaCount assay, which like
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trypan blue assays measures cell count and cell viability via a dye-
exclusion assay (Fig. SIA).

We next compared the ability of these compounds to induce
apoptosis, using western blot analysis for cleaved lamin A and
cleaved caspase-3, as well as Annexin V assays. These studies
indicated that following 24 h incubation with each drug, both
PES-CI and VER-155008 demonstrated the ability to induce
programmed cell death, as assessed by the accumulation of cas-
pase-cleaved lamin A and cleaved caspase-3, particularly in A375
melanoma cells (Fig. 1B). Interestingly, using Annexin V assays,
all three HSP70 inhibitors showed significant ability to induce
the accumulation of Annexin V positive cells (Fig. 1C). The
cause for the somewhat discrepant findings between Annexin V
assays and cleaved lamin A and cleaved caspase-3 markers for the
MKT-077 inhibitor is not known.

We next tested all three HSP70 inhibitors for the ability to
inhibit autophagy, using western blot analysis for the autophagy-
scaffolding protein p62/SQSTMI1 (SQSTM1) and the autophagy
marker LC3 II. Whereas the ability of PES-CI to inhibit autoph-
agy has been documented with several different autophagy assays,
including electron microscopy,? whether this activity is shared by
all HSP70 inhibitors has never been shown. In these studies, we
found that both PES-Cl and MKT-077 demonstrated significant
ability to induce the accumulation of SQSTMI, which is nor-
mally degraded by autophagy (Fig. 1B). In the case of MKT-
077, the ability to inhibit autophagy was quite pronounced, as
evident by the increased levels of higher-order oligomeric forms
of SQSTM], along with the concomitant decreased level of the
monomeric form of this protein (Fig. 1B). To confirm that we
were witnessing autophagy inhibition by these compounds, we
next analyzed LC3 II levels in cells treated with HSP70 inhibi-
tors, in the presence and absence of NH4CI, which freezes
autophagic flux.'®"” Under conditions of halted flux, decreased
levels of LC3 II in HSP70 inhibitor/NH4Cl-treated cells, com-
pared with inhibitor alone, would support the conclusion that
these compounds induce, rather than inhibit, autophagy. Instead,
we found that incubation of H1299 cells with PES-Cl or MKT-
077, in the presence or absence of NH4CI to freeze autophagic
flux, led to identical increases in LC3 1II levels, supporting the
conclusion that these HSP70 inhibitors inhibit LC3 II degrada-
tion, and therefore inhibit autophagy (Fig. SIB). The combined
data support the premise that PES-CI, and to a possibly greater
extent MKT-077, can effectively inhibit autophagy. Interestingly,
the compound VER-155008 showed a reproducible but markedly
lesser ability to inhibit autophagy, compared with PES-CI and
MKT-077, yet showed significant ability to induce apoptosis;
these data suggest that cell death induced by this HSP70 inhibi-
tor is unlikely to be caused by autophagy inhibition (Fig. 1B).

All three HSP70 inhibitors cause altered levels of HSP90
client proteins

HSP70 is known to be an obligate co-chaperone for HSP90.5
Our group and others have shown that treatment of cells with
HSP70 inhibitors causes HSP90 “client” proteins to be degraded
or sequestered into an insoluble fraction in cells.*!" To compare and
contrast the ability of all three inhibitors to influence HSP90 cli-
ent protein levels, we next analyzed the steady-state levels of three
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Figure 1. HSP70 inhibitors can inhibit autophagy and are cytotoxic to cancer cells. (A) Cell viability analysis (MTT) of A375 melanoma cell line treated
with DMSO or the indicated doses of PES, PES-Cl, MKT-077, or VER-155008 for 48 h. The data depicted are representative of 3 independent experiments.
Error bars indicate standard deviations. (B) Western blot analysis of apoptosis (cleaved lamin A, cleaved caspase 3) and autophagy (p62/SQSTM1, and LC3
I and Il) markers in H1299 and A375 cell lines. Cells were treated with DMSO, 10 uM PES-Cl or MKT-077, or 20 uM VER-155008 for 24 h. Actin is indicated
as a loading control. The presence of p62 monomers and oligomers is indicated. (C) Annexin V flow cytometric analysis was conducted on A375 cells
treated with the indicated concentrations of PES-Cl, MKT-077, or VER-155008 for 24 h. The data depicted are the average results from 3 independent
experiments. Error bars indicate standard deviations. (D) H1299 and A375 cells were treated with DMSO or 10 uM PES-Cl, 10 uM MKT-077, or 20 uM VER-
155008 for 24 h. Whole cell lysates were then subjected to immunoblot analysis of HSP90 client proteins using the antibodies indicated. Actin is included

as a loading control.

established HSP90 “client” proteins, CDK4, C-RAF, and HER2,
following treatment with all three HSP70 inhibitors. We found
that all three compounds demonstrated an ability to cause reduced
levels of the HSPIO0 client proteins CDK4 and HER2 (Fig. 1D).
Interestingly, these client proteins were affected differently in the
two cell lines, H1299 and A375, suggesting cell-type specific dif-
ferences (Fig. 1D). In sum, these combined data suggest that all
three HSP70 inhibitors can reduce HSP90 chaperone function,
but that there are subtle differences in the activity of these com-
pounds in cancer cells, at least at the concentrations used.

Only the HSP70 inhibitor PES-Cl shows the ability to
inhibit the APC/C in vitro

It has been known for some time that in cell extracts isolated
from G,/M-arrested cells, the enzymatic activity of the anaphase
promoting complex/cyclosome (APC/C) is poorly detectable
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unless exogenous ATP is added. Further, because non-hydrolyz-
able ATP is ineffective at activating APC/C activity in cell-free
extracts, it was hypothesized thata chaperone ATPase was essential
for APC/C activation in these assays.® Based upon these data, we
previously tested the ability of the HSP70 inhibitor PES-CI, and
the HSP90 inhibitor geldanamycin, to inhibit APC/C activity in
vitro, as assessed by cyclin Bl degradation in cell-free extracts fol-
lowing ATP addition. Our data indicated that the HSP70 inhibi-
tors PES and PES-CI could effectively inhibit APC/C activity in
vitro, whereas the HSP90 inhibitor geldanamycin was ineffec-
tive.? Consistent with APC/C inhibition, we reported that tumor
cells treated with the HSP70 inhibitors PES and PES-Cl undergo
cell cycle arrest in the G,/M phase of the cell cycle.?

Because APC/C inhibition is a potentially novel and new
activity of HSP70 inhibitors, we next compared the ability of
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the HSP70 inhibitors PES-CI,
MKT-077, and VER-155008
to inhibit APC/C activity in
cell-free extracts, exactly as pre-
viously described.”® For these
assays, identical amounts of
HeLa cell extract purified from
nocodazole-arrested G,/M cells
are incubated with ATP to induce
APC/C activity, in the absence
and presence of PES-Cl, MKT-
077, or VER-155008, or dilution
vehicle (DMSQO). These extracts
are then followed for the ability
to degrade endogenous cyclin
B, a reliable marker of APC/C
activity.!® This analysis repro-
ducibly revealed that of the three
HSP70 inhibitors, only PES-CI
was capable of inhibiting cyclin B
degradation, and APC/C activity
(Fig. 2A). We next analyzed the
ability of these three compounds
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Figure 2. The HSP70 inhibitor PES-Cl inhibits APC/C function and causes G,/M arrest. (A) Western blot analy-
sis of cyclin B1 level in cell-free extracts generated from synchronized Hela cells treated with DMSO, 10 uM
PES-CL, 10 uM MKT-077, or 20 uM VER-155008. The degradation of cyclin B1 by APC/C activity was analyzed
at the time points indicated. The data depicted are representative of three independent experiments. (B) Cell
cycle analysis of H1299 and A375 cells treated with DMSO, 10 uM PES-CL, 10 uM MKT-077, or 20 uM VER-155008
for 24 h followed by propidium iodide staining and flow cytometry. The graph shows the percentage of cells
arrested in G,/M phase of the cell cycle after each treatment. Data are the average results from three indepen-

to induce G,/M cell cycle arrest

dent experiments. Error bars mark standard error.

using flow cytometry, as G,/M
arrest would be the result of
APC/C inhibition. This analysis revealed that of these three com-
pounds, only PES-Cl was capable of causing G,/M arrest of tumor
cells (Fig. 2B; Fig. S1C). These data indicate that, although these
compounds share the ability to inhibit HSP70 function, they pos-
sess subtle differences in action that may be significant as they are
further developed as anti-cancer agents.

HSP70 inhibitors reduce Beclin-1 solubility

One issue that remains unresolved regarding these three
HSP70 inhibitors is the mechanism whereby these compounds
inhibit autophagy. Whereas it has been shown that HSP70 local-
izes to the lysosome membrane, and that silencing HSP70 causes
lysosome dysfunction,® whether or not HSP70 directly regulates
key autophagy proteins has never been tested. Our finding that
all three inhibitors tested here all inhibit autophagy afforded us
an opportunity to address this question. Toward this question,
we took note of a very recent publication indicating that HSP70
binds to the Vps34/Beclin-1 complex,”” which is a master regula-
tory complex for autophagy. Therefore, we focused on the pos-
sibility that either Vps34 or Beclin-1 might be client proteins of
HSP70, and become sequestered in an insoluble, inactive fraction
in cells following treatment with HSP70 inhibitors. Using tech-
niques to separate the soluble from insoluble fractions in cells,?
we discovered that Beclin-1 moves from the soluble to the insolu-
ble fraction in cells following treatment with all three autophagy
inhibitors (Fig. 3A). As controls for this assay, we showed that
the enzyme GAPDH did not move from the soluble to insolu-
ble fraction, but that HSP70 itself did (Fig. 3B). Additionally,
using immunoprecipitation—western blot analysis, we confirmed
that immunoprecipitation with Beclin-1 antisera brought down
HSP70 in the complex, and that this interaction was greatly
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enriched in cells treated with PES-CI (Fig. 3C). These data reca-
pitulate the findings of others that HSP70 binds to the Vps34/
Beclin-1 complex,” and support the premise that Beclin-1 is a
novel “client” of HSP70. They also suggest that HSP70 inhibi-
tors may impair autophagy, at least in part, by their ability to
control the function of this critical autophagy regulator.

Discussion

Despite the fact that several HSP70 inhibitors have been iden-
tified and tested, to date there has not been a consensus on the
phenotypic effects of HSP70 inhibition, nor are there universally-
used assays for monitoring the activity or efficacy of these com-
pounds. In this report we show that three different HSP70 inhib-
itors, all of which interact with different domains of this chaper-
one, and possibly also different allosteric states of this protein, are
each cytotoxic to tumor cell lines, can all inhibit autophagy, and
can also cause reduced levels of HSP90 client proteins. We posit
that these three assays should be routinely used to monitor the
effect of other HSP70 inhibitors and derivatives that are devel-
oped. We also propose that these compounds may manifest their
cytotoxicity in tumor cells by virtue of these common activities.

Each of the three HSP70 inhibitors tested here-in binds to
a different region of HSP70 family members. For example, the
compound VER-155008 was identified as an AT analog that
overlaps with the ATP binding site of HSP70 and competes for
ATP binding of HSP70."° This compound likely inhibits HSP70
activity by keeping this protein in a state that has reduced affin-
ity for substrate. Conversely, the compound MKT-077 binds
near but not at the ATP binding site, and preferentially binds to
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Figure 3. HSP70 inhibitors cause sequestration of Beclin-1 in an insoluble fraction in the cell. (A) Western analysis of Vps34, Beclin-1, and actin in H1299
cells treated with 10 uM PES-Cl or MKT-077 (MKT), or 20 uM VER-155008 (VER) for 24 h followed by fractionation of soluble and insoluble material and
analysis by western blot using antibodies for the proteins indicated. Note that Beclin-1 is normally present in a soluble fraction in cells, but that after
HSP70 inhibition, this protein changes to an insoluble fraction, indicative of sequestration and inactivation. (B) Western analysis of HSP70, GAPDH (con-
trol for soluble protein), and Histone H3 (control for insoluble protein) in H1299 cells treated with 10 uM PES-Cl or MKT-077 (MKT), or 20 uM VER-155008
(VER) for 24 h followed by fractionation of soluble and insoluble material and analysis by western blot using antibodies for the proteins indicated. (C)
Immunoprecipitation-western blot analysis of the Beclin1/HSP70 complex in H1299 cells treated with DMSO or 10 uM PES-CI for 24 h. Five hundred
micrograms of lysate was immunoprecipitated with 0.5 ug of antisera to Beclin1, followed by SDS-PAGE, transfer, and western analysis using antisera to

Vps34 and HSP70.

the ADP-bound form of this enzyme."” As the ADP-bound form
has the highest affinity for substrate, it is possible that MKT-
077 inhibits HSP70 activity by preventing the release of substrate
and stalling the HSP70 folding cycle. Finally, we have previously
shown that unlike MKT-077 and VER-155008, PES and PES-
Cl interact with the substrate-binding domain of HSP70, and
prevents the association of co-chaperones with this protein.?
Additionally, we also find that incubation with PES and PES-Cl
causes HSP70 to form higher-order oligomeric states in the cell
(Budina-Kolomets, unpublished observations). These differences
in the binding site, and the effect of these compounds on HSP70
function, may underlie the biological/biochemical differences we
see in their ability to inhibit the APC/C and induce G,/M arrest;
this remains to be tested further. It is interesting to note, however,
that G,/M arrest and mitotic abnormalities have been a consistent
finding in cells with silenced or genetic knockout of HSP70.2%
The mechanism whereby PES and PES-CI inhibit APC/C
activity is currently unknown. However, it is interesting to note
that recent studies have shown that HSP70 family members,
and the yeast ortholog Ssal, have been repeatedly discovered in
immunoprecipitates of CDK1 with cyclin B.?#?3 Also, an HSP70
family member, HSP70-2, is a chaperone required for CDK1/
cyclin B complex assembly, and proper cyclin B degradation
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during meiosis.** The role that HSP70 plays in APC/C activity,
and the mechanism whereby PES and PES-CI inhibit this activ-
ity, will be important next questions to address.

Materials and Methods

Cells, antibodies, and reagents

H1299 and HeLa cells were obtained from the American Type
Culture Collection and were used within six months of receipt;
these were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS (Hyclone) and 100 units
of penicillin/ streptomycin. A375 cells were obtained from the
Herlyn laboratory (Wistar Institute) and authenticated by geno-
type analysis; these were maintained in RPMI supplemented with
5% FBS (Hyclone) and 100 units of penicillin/ streptomycin. For
treatment with PES, PES-Cl, MKT-077, or VER-155008, stock
solutions were made in DMSO and diluted in PBS; the final
concentration of DMSO was less than 0.4%. Western analysis
was performed using the following antibodies at supplier-recom-
mended dilutions: p62/SQSTMI1 (sc-28359, Santa Cruz Biotech-
nology), LC3 (NB100-2331, Novus), Her-2 (791-100, Vertana),
CDK4 (sc-601, Santa Cruz), C-RAF (94228, Cell Signaling),
cyclin B (554177, PharMingen), actin (AC-15, Sigma), cleaved
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lamin A (20358, Cell Signaling), Hsp70 (48738, Cell Signaling),
and cleaved caspase 3 (9661S, Cell Signaling). MTT assays were
performed exactly as described.? Separation of soluble and insolu-
ble proteins from cells was performed exactly as described.*

Cell cycle, Annexin V, ViaCount assay; immunoprecipta-
tion—western blot analysis

Propidium iodide staining and cell cycle analysis, the Via-
Count cell viability assay, and Annexin V staining were performed
on the Guava EasyCyte System as per manufacturer protocols
(Millipore). For IP-westerns, 500 ug of lysate was immunopre-
cipitated with 0.5 ug of antisera to Beclinl (sc-10086, Santa Cruz
Biotechnology), followed by SDS-PAGE, transfer, and western
analysis using antisera to Vps34 (Z-RO16, Echelon Biosciences)
and HSP70 (4873S, Cell Signaling).

Cell-free cyclin B degradation (APC/C) assay

For the APC/C activity assay, cell extracts were made as previ-
ously described.?'® Degradation assay reactions contained 10 uL
HeLa cell extract, 1 uL of 10X degradation reaction mixture
(100 mM Tris-HCI [pH 7.6], 50 mM MgCl,, 10 mM DTT,
10 mg/ml ubiquitin, 100 mM phosphocreatine, 1 mg/ml creatine
phosphokinase, and 5 mM ATP) and DMSO, 10 uM PES-CL,

10 uM MKT-077, or 20 uM VER-155008. Reactions were incu-
bated at 30 °C and samples were withdrawn every 30 min for 3 h.
The collected samples were immediately mixed with an equal

volume 2x SDS sample buffer and resolved by SDS-PAGE.
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