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Multiple myeloma (MM) is a common and largely incurable blood cancer for which new treatment options are
needed, as resistance to current modalities is an issue. Additionally, because this tumor type often resides in a hypoxic
niche of the bone marrow, new therapeutics that remain effective even under hypoxic conditions are sought. Because
of the secretory nature of MM cells they are uniquely under proteotoxic stress, and we hypothesized that these tumor
cells may alleviate this stress by upregulating the major stress-induced cytosolic form of the chaperone HSP70. In this
work we test the efficacy of the HSP70 inhibitor PET-16 for MM. We show that MM cell lines express significant levels of
HSP70, and further that inhibition of HSP70 causes decreased viability and apoptosis, along with proteotoxic stress, as
assessed by the accumulation of poly-ubiquitylated proteins. Importantly, we show that growth of these tumor cells
under hypoxic conditions has no effect on the ability of PET-16 to be cytotoxic. The HSP70 inhibitor PET-16 should thus
be considered further for pre-clinical analyses of efficacy in MM.

Introduction

Multiple Myeloma (MM) is a hematological cancer that
develops in the bone marrow and is formed by the expansion of
malignant plasma cells.1 MM is the second most common can-
cer, and currently represents 1.6% of all new cancer cases.2 The
cure rates for this cancer are extremely low, so there is urgent
need for new therapeutic approaches for this tumor type. Addi-
tionally, MM normally exists under conditions of hypoxia in the
body, thus limiting the therapeutic efficacy of many anti-cancer
drugs.3 One of the characteristics of MM is that it over-produces
monoclonal immunoglobulin (M protein), and hence is believed
to be under a great deal of proteotoxic stress.1 To circumvent
death by proteotoxic stress, many human tumors induce high lev-
els of the cytosolic, stress-inducible chaperone 70 kDa heat shock
protein (HSP70). To prevent protein overload and proteotoxic
stress induced by over-production of M protein, MM cells also
typically induce the expression of HSP70.4 Maintaining properly
functioning HSP70 protein is believed to be crucial for the sur-
vival of MM.4,5

The mammalian HSP70 family consists of at least 8 members
that are located in various cellular organelles.6 The constitutive
form HSC70 is ubiquitously expressed in all cells, whereas the
major cytosolic, stress-inducible form is known as HSP70 (also
known as HSP72, HSP70-1 or HSPA1A). Stress-induced
HSP70 and its co-chaperones are responsible for unfolding

misfolded proteins, and in some cases for targeting proteins for
degradation via association with the E3 ubiquitin ligase C-termi-
nus of Hsc70 Interacting Protein (CHIP).7 Consistent with the
pro-survival role of HSP70, this protein is up-regulated in several
cancers, including MM,8-10 but it is not readily detectable in nor-
mal tissues. Further, silencing or inhibition of this protein has
been found to be cytotoxic for tumor cells, but not normal cells.6

These factors augur well for the potential use of HSP70 inhibi-
tors for MM.

Previously, the compound 2-phenylethynesulfonamide (PES)
was described as an HSP70 inhibitor.11 This compound was
demonstrated to show cytotoxicity in multiple different tumor
cell lines, but not normal, non-transformed cells. Additionally,
this compound showed efficacy in a pre-clinical model of
Burkitt’s lymphoma.11 Subsequent structure-activity-relationship
studies revealed a superior derivative of PES called Triphenyl
(phenylethynyl)phosphonium (PET-16).12 This compound spe-
cifically binds and inhibits HSP70, and was co-crystallized with
the bacterial ortholog of HSP70; this analysis revealed that this
compound has a unique mechanism of action: by binding to an
allosteric pocket of the substrate-binding domain, PET-16 inhib-
its the ability of HSP70 to cycle between ATP-bound and ADP-
bound states.12 However, the pre-clinical efficacy of PET-16 has
not been really explored, particularly in MM, where compounds
that exacerbate proteotoxic stress might be particularly effective.
Further, whether PET-16 causes the accumulation of
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poly-ubiquitylated proteins, a marker for proteotoxic stress, in
MM is not clear. In this study we demonstrate that PET-16 has
anti-cancer activity in MM. Further, we show that hypoxic con-
ditions (1% oxygen) have no effect on the efficacy of PET-16 for
MM. Taken together, these data suggest that targeting HSP70
with PET-16 could be a potential and viable target for treatment
of MM.

Results

Before testing the efficacy of the HSP70 inhibitor PET-16 on
MM cell lines, we first sought to determine whether there was
heterogeneity in the level of HSP70 in these cells. To address this
question we performed western blot analysis using an antibody
specific for the cytosolic stress-induced form of this protein. The
steady state levels of HSP70 in 5 different MM cell lines was uni-
formly high, and showed some variation, with the levels highest
in RPMI-8226 cells (Fig. 1A). We next opted to determine the
IC50 values for PET-16 in MM cell lines. Toward this end, cell
viability using Alamar Blue assay was evaluated following 72h
treatment of these cells with different doses of compound. All of
the MM lines showed cytotoxicity in the presence of PET-16,
and the line with the highest steady-state level of HSP70 showed
the lowest IC50. In general, the IC50 values were in the low
micromolar range, suggesting that this tumor type is generally
sensitive to this compound, as the IC50 in normal cells is over
100 mM (Fig. 1B).18 To determine whether HSP70 inhibition
caused MM cell death, all MM cell lines were treated with a sin-
gle dose of approximately the IC50 (3 mM) for 24 hours and
apoptosis was analyzed by Annexin V/7-AAD staining using flow
cytometry. Our data indicated that there was profound apoptosis
in treated cells, with up to 50% of cells from the MM1.S and
RPMI-8226 lines undergoing apoptosis by 24 hours (Fig. 1C).
In contrast, the cell line H929, which has lower steady state levels
of HSP70 and the highest IC50 of all 5 lines, underwent modest
apoptosis after 24 hours (10%, Fig. 1C).

We next sought to determine whether PET-16 treatment
causes increased proteotoxic stress of MM cells. Additionally,

because HSP70 is a key player in many different cancer-relevant
signaling pathways, we sought to determine whether there was
any correlation between the ability of PET-16 to kill MM cells,
and the ability of this compound to induce proteotoxic stress.
Toward this end, MM cell lines were treated with 3 mM PET-16
for 24 hours. We then fractionated cell extracts for the detergent-
soluble and insoluble fractions (see Materials and Methods) and
assessed the level of poly-ubiquitylated proteins that accumulate
in each fraction. Western blot analysis revealed that there was a
significant accumulation of poly-ubiquitylated proteins in MM
cell lines after 24h treatment with PET-16. However, there
appeared to be no correlation between the ability of this com-
pound to induce MM cell death, and the accumulation of poly-
ubiquitylated proteins. For example, the H929 cell line, which
was the most resistant to apoptosis and had the highest IC50,
accumulated a significant increase in insoluble poly-ubiquitylated
proteins. These data indicate that, whereas PET-16 does induce
proteotoxic stress in MM, cytotoxicity by HSP70 inhibition may
not occur solely due to the accumulated proteotoxic stress, and
may occur due to other mechanisms.

Resistance of MM to chemotherapy remains a persistent
obstacle for the treatment of this disease. One of the underlying
reasons for the MM chemoresistance is that these tumors exist in
hypoxia microenvironment of the bone marrow, and the hypoxia
limits the efficacy of some commonly used therapeutic agents,
for example such as melphalan.13,14 Therefore, in order to vali-
date HSP70 inhibitors like PET-16 for MM therapy, it became
important to assess their efficacy under hypoxic conditions. To
address this premise, we first analyzed steady-state HSP70 levels
in the MM lines RPMI-8226 and MM1.S under normal and
hypoxic conditions. We did not observe marked changes in the
level of HSP70 in MM1.S and RPMI-8226 MM cells cultured
in normoxic and hypoxic conditions (Fig. 3A); this may indicate
that the level of this stress-induced protein is already maximally
induced by the existent proteotoxic stress. Notably, the IC50
value for PET-16 was indistinguishable in normal and hypoxic
conditions, indicating that hypoxia does not inhibit the efficacy
of this compound (Fig. 3B). We next sought to assess apoptosis
in the cell lines MM1.S, which is sensitive to PET-16, and in

Figure 1. PET-16 is cytotoxic to MM cells. (A) MM cell lines were collected and expression of HSP70 protein was determined by Western blotting. Protein
loading was confirmed by re-probing the membrane with antibody against b-actin. (B) MM cells were cultured in the presence of indicated concentra-
tions of PET-16 for 72h. Cell viability was measured in triplicate using Resazurin (alamar blue) dye. Error bars mark standard deviations.(C) MM cells were
treated PET-16 (3 mM) for 24h. Cells were then collected and apoptosis was determined by Annexin V binding assay. The combined results of several
experiments are shown. Results are presented as mean § SD.
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H929, which is the most resistant line. Annexin V binding assay
indicated that programmed cell death induced by PET-16 was
not inhibited by hypoxia (Fig. 3C). These data support the
premise that, unlike the case for melphalan, a hypoxic microenvi-
ronment is unlikely to inhibit cell death by PET-16.

Discussion

The objective of this study was to perform an initial proof of
principal analysis of the efficacy of an HSP70 inhibitor in MM.
Whereas other studies have also investigated HSP70 inhibitors
for the therapy of MM, these other studies utilized compounds
that inhibited several members of the HSP70 family, some of
which are essential for the viability of normal cells, like Hsc70.15

In contrast, PET-16 binds to an allosterically regulated domain
of HSP70 that is specific for the major, cytosolic stress-induced
form of this protein, and treatment with this compound is not
associated with normal cell cytotoxicity.12 Our combined data
support the further investigational use of this compound, and
other HSP70 inhibitors, for this tumor type.

Our data do not support a correlation between the efficacy of
PET-16 and the level of proteotoxic stress in the tumor cell lines
analyzed. For example, the MM line H929 has been shown to be
a high secreter of IgG15; similarly, the line MM1.S has been
shown to be characterized by low proteasome activity (high pro-
teotoxic stress), and hence was more susceptible to proteasome
inhibitors.16 PET-16 was able to cause accumulation of poly-
ubiquitylated proteins, yet there was no correlation between the
level of proteotoxic stress with either the IC50 or the level of apo-
ptosis induced. These data suggest
2 things: the first is that HSP70
inhibitors are likely cytotoxic by
multiple different pathways, only
one of which is proteotoxic stress.
The other is that HSP70 inhibitors
may impact other pathways in the
cell, in addition to apoptosis. One
possibility is that these inhibitors
may be cytostatic; in support of this
premise, treatment of human lung
cancer cell lines with the HSP70
inhibitor VER-155008 decreased
proliferation by inducing cell cycle
arrest in the G0/G1 phase.17 Addi-
tionally, the PES derivative PES-Cl
was found to inhibit the activity of
the Anaphase-Promoting-Complex,
and to induce G2/M arrest.18 It
will be of interest to determine
whether treatment of MM with
PET-16 produces the similar effects
in cell cycle arrest and proliferation
as other HSP70 inhibitors.

One of the functions of HSP70
is to target misfolded proteins for

degradation via the ubiquitin-proteasome pathway.4 HSP70 reg-
ulates the ubiquitin-proteasome pathway by interacting with its
co-chaperone CHIP, thereby targeting proteins for degradation
via the 26S proteasome.7 Also, HSP70 maintains protein solubil-
ity by binding to the hydrophobic regions of proteins.6 Blocking
of this pathway would result in increased ubiquitinated proteins
in the detergent insoluble fraction. As expected, our data show
that PET-16 induces proteotoxic stress in MM. This observation

Figure 2. PET-16 induces proteotoxic stress in MM cells. MM cells were
treated with PET-16 (3 mM) for 24h. Cells were then collected and pro-
tein lysates were prepared. Detergent soluble and insoluble fractions
were resolved on a 10% acrylamide gel. Ubiquitinated protein levels
were detected by Western blotting. The results depicted are representa-
tive of multiple independent experiments.

Figure 3. No effect of hypoxia on cytotoxicity by PET-16. (A) MM cells were kept in normoxia (N) or hypoxia
(H) for the indicated period of time. Cells were then collected and the level of HSP70 expression was deter-
mined by Western blotting. Equal loading was confirmed by re-probing the membrane with antibody
against b-actin. The results depicted are representative of multiple independent experiments. (B) MM cells
were cultured in the presence of indicated concentrations of PET-16 in normoxia or hypoxia for 72h. Cell
viability was measured in triplicate using Resazurin (alamar blue) dye. Error bars mark standard deviations.
(C) MM cells were treated with PET-16 (3 mM) for 24 hrs, then collected and apoptosis was determined
using Annexin V binding assay. Combined results from 3 independent experiments are shown. Data are
presented as mean§ SD.
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is evident by an increase in ubiquitinated protein levels in PET-
16 treated cells in the insoluble fraction (Fig. 2). Bianchi and col-
leagues16 reported that proteasome protein levels and function
correlates with cytotoxicity to the proteasome inhibitors bortezo-
mib and carfilzomib. These data prompted us to test the premise
that the HSP70 inhibitor PET-16 might synergize with protea-
some inhibitors. However, we were unable to find evidence that
this was the case (Bailey et al, unpublished data), suggesting that
combination therapy with proteasome inhibitors may not be effi-
cacious. However, resistance to proteasome inhibition is a grow-
ing issue in MM, and it remains to be determined whether PET-
16 will be efficacious in that scenario.

Materials and Methods

Cell culture and reagents
U266, H929, MM1.S, and RPMI-8226 cells were obtained

from ATCC and cultured in RPMI-1640 medium supplemented
with 1% antibiotic-antimycotic and 10% fetal bovine serum
(Life technologies, catalog #10-040-CM). OCI-MY5 cells were
kindly provided by Dr. Roger Tiedemann (University of Tor-
onto, Canada) and were cultured in IMDM (Life technologies,
catalog# 31980-080) supplemented with 1% antibiotic-antimy-
cotic (Life Technologies, # 15240-062) and 10% fetal bovine
serum (Life Technologies, catalog#10082147). MM cells were
incubated at 37�C in normoxia (21% oxygen) or hypoxia (1%
oxygen). Hypoxia was created using the I-Glove hypoxia system
chamber (BioSpherix). Resazurin dye was purchased from Sigma
(#R7017-15G) and prepared as 0.5 mM stock solution in water.
PET-16 (Phenylethyltrimethyl phosphonium, (Sigma, catalog
#S16773) was prepared as 50 mM stock solution in DMSO and
stored at ¡80�C.

Cell viability assay
MM cells (30,000 cells per well) were plated in quadruplicate

in 96-well plates and treated with various concentrations of PET-
16 for 72 hours. Resazurin dye was then added (10 mL per well)
for 4 hours followed by detection of fluorescence using 530/
590 nm on Synergy HT Multi-Detection microplate reader
(BioTek). The results were calculated as the ratio between fluo-
rescence of treated cells and untreated cells and were presented as
% DMSO treated control §SD.

Flow cytometry
MM cells were treated with 3 mM PET-16 for 24 hours. Cells

were then collected, washed twice with ice cold PBS, once with
binding buffer followed by addition of Annexin V-PE (BD Phar-
Mingen, catalog #556421) and 7-AAD (BD PharMingen, cata-
log #559925). Analysis was performed using the Guava EasyCyte

HT Benchtop Flow Cytometer (EMD Millipore), and data were
analyzed using Guava Software (EMD Millipore).

Western blotting
MM cells were harvested and lysed in RIPA buffer (50 mM

Tris-HCl pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium deox-
ycholate, 0.1% SDS) supplemented with protease inhibitor cock-
tail (Sigma, catalog # P8340). Protein lysates (10-20 mg) were
resolved on 10% SDS-PAGE and then transferred to nitrocellu-
lose membrane (0.45mm, Bio Rad, catalog # 162-0115). Mem-
branes were blocked with 5% non-fat milk and incubated with
primary antibodies for overnight at 4�C followed by incubation
with secondary antibodies for 2 hours at room temperature.
Membranes were developed using Amersham ECL Western Blot-
ting reagent (GE Health Care Life Sciences catalog # RPN
2106,) or Super Signal West Femto Maximum sensitivity sub-
strate (Thermo Scientific, catalog# 34095). The following pri-
mary antibodies were used: anti-Ubiquitin (Cell Signaling,
catalog #3933), anti-HSP70 (Cell Signaling, catalog #4873), and
anti-b-actin (Santa Cruz Biotechnologies, catalog #sc-1616).

Protein fractionation
MM cells were plated in a 6 well plate at a density of 1 £

106cells/mL and treated with 3 mM PET-16 for 24 hours. Cells
were then counted using a hematocytometer, and equal numbers
of cells were centrifuged at 4�C and lysed in equal volume of
Tris/NP40/Triton X buffer (50 mM Tris-HCL, pH 7, 150 mM
NaCl, 2 mM EDTA, 0.5% NP40 and 0.5% Triton X-100). The
lysates were incubated for 1 hour on ice and centrifuged at
14,000 rpm for 20 minutes at 4�C. The supernatant (soluble
fraction) was transferred to a fresh tube. The detergent insoluble
pellet was then re-suspended in 30 ml Tris/NP-40/Triton-X
buffer. Equal volumes of the lysates were then denatured in the
presence of Laemmli buffer and resolved on 10% SDS-PAGE.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 6

software (GraphPad Software, Inc., La Jolla, CA). Differences
between groups were calculated using a 2-tailed paired Student t
test. A statistically significant difference was determined at
p< 0.05.
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