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SUMMARY

The multifunctional, stress-inducible, molecular chaperone HSP70 has important roles in aiding
protein folding and maintaining protein homeostasis. HSP70 expression is elevated in many cancers,
contributing to tumor cell survival and resistance to therapy. We have determined that a small
molecule called 2-Phenylethynesulfonamide (PES) interacts selectively with HSP70, and leads to a
disruption of the association between HSP70 and several of its co-chaperones and substrate proteins.
Treatment of cultured tumor cells with PES promotes cell death that is associated with protein
aggregation, impaired autophagy, and inhibition of lysosomal function. Moreover, this small
molecule is able to suppress tumor development and enhance survival in a mouse model of Myc-
induced lymphomagenesis. The data demonstrate that PES disrupts actions of HSP70 in multiple cell
signaling pathways offering an opportunity to better understand the diverse functions of this
molecular chaperone, and also to aid in the development of new cancer therapies.

INTRODUCTION

Resistance to programmed cell death (apoptosis) is a characteristic of many cancer cells.
Accordingly, efforts to develop new treatment strategies and therapeutic targets include
attempts to identify and characterize proteins that regulate other survival or stress-response
pathways. Heat shock proteins (HSPs) are encoded by evolutionarily conserved gene families
and are required for cell survival following various forms of stress. HSPs generally are
classified according to their approximate molecular size, and are structurally and functionally
diverse; some are constitutively expressed, while others are stress-induced (Mayer and Bukau,
2005; Brodsky and Chiosis, 2006; Garrido et al., 2006; Schmitt et al., 2006; Powers and
Workman, 2007). The stress-inducible protein HSP70 (also called HSP72, HSP70-1 or
HSPALA) is an approximately 70 kDa ATP-dependent molecular chaperone that is present at
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low or undetectable levels in most unstressed normal cells and tissues. Its abundance rapidly
increases in response to a variety of metabolic or exogenous insults that, among other effects,
can cause changes in protein conformation or stability. HSP70-inducing stresses include
elevated temperatures, nutrient deprivation, heavy metals, oxidative stress and viral infections.
The stress-inducible HSP70 is thought to help cells cope with these potentially deleterious
conditions, in part by aiding with folding of nascent polypeptides or refolding of damaged
proteins, preventing/reversing protein aggregation or self-association, promoting protein
transport to intracellular locations for degradation, and aiding in the formation of protein
complexes. HSP70 also is an important regulator of apoptotic signaling pathways, acting in
part through direct interactions with substrate proteins that affect multiple steps in the process,
including control of mitochondrial membrane integrity and caspase-activation (Mayer and
Bukau, 2005; Brodsky and Chiosis, 2006; Garrido et al., 2006; Schmitt et al., 2006; Powers
and Workman, 2007).

In contrast to its low abundance in unstressed normal cells, the inducible HSP70 protein is
present at constitutively elevated levels in many human tumors of various origin. Such
enhanced HSP70 expression correlates with resistance of the tumor cells to caspase-dependent
and-independent cell death and is associated with poor patient prognosis (Brodsky and Chiosis,
2006; Garrido et al., 2006; Guzhova and Margulis, 2006; Schmitt et al., 2006). It is likely that
the unfavorable conditions associated with the tumor microenvironment, such as hypoxia,
nutrient deprivation, oxidative stress, oncogene activation, and exposure to chemotherapeutics
lead to alterations in protein structure or processing, as well as upregulation of HSP70. The
actions of this protein would be expected to help tumor cells tolerate, or adapt to, these
conditions, and current evidence suggests that elevated HSP70 expression promotes
tumorigenesis. Conversely, reducing HSP70 levels in some cultured tumor cells has been
reported to induce cell death, and/or to sensitize them to cytotoxic agents, while having no
obvious deleterious effects on non-tumor cells (Nylandsted et al., 2000, 2002; Rohde et al.,
2005; Schmitt et al., 2006; Aghdassi et al., 2007; Powers et al., 2008).

In addition to its cytoprotective actions in promoting tumorigenesis, an altered expression or
function of HSP70 also has been implicated in certain other human disorders that are associated
with defects in protein conformation or folding. This includes disorders caused by the presence
of mutant proteins, as well as some neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease, and viral pathogenesis (McClellan et al., 2005; Muchowski and Wacker,
2005; Brodsky and Chiosis, 2006; Guzhova and Margulis, 2006; Morimoto, 2008). The
identification of small molecules that specifically interact with, and modulate the activities of,
HSP70 therefore has important implications for anumber of human diseases. To date, however,
only a limited number of compounds that specifically target HSP70 have been identified in
chemical screens, and few are currently available to assess the physiologic impact of
modulating HSP70 actions (Brodsky and Chiosis, 2006; Powers and Workman, 2007; Wisén
and Gestwicki, 2008). Here we report that the small molecule 2-Phenylethynesulfonamide
(PES), also called phenylacetylenylsulfonamide, or pifithrin-u(PFTw), interacts selectively
with the stress-inducible HSP70 protein and inhibits its functions. Tumor cell lines treated with
PES lose viability associated with evidence of protein aggregation and dysregulation of
autophagic/lysosomal processes. Moreover, administration of PES inhibits Myc-induced
lymphoma in a mouse model system.

PES Interacts with HSP70

PES was identified in a screen of the Chembridge DIVERSet library of drug-like small
molecules for those exhibiting an ability to inhibit the direct mitochondrial pathway of p53-
mediated apoptosis, and was referred to as PFTu (Strom et al., 2006). Subsequently, we found
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that PES prevents the accumulation of p53 at mitochondria and inhibits caspase cleavage
following cisplatin treatment of a human tumor cell line (Leu and George, 2007). In an attempt
to better understand the molecular basis for these observations, we sought to identify
intracellular targets of PES.

Based on the structure of PES (Figure S1A), we used a thiol-cleavable amine-reactive reagent
to synthesize a biotinylated form of the molecule (biotin-PES), as described (see Methods).
Several mammalian cell lines were treated with biotin-PES, cell lysates were prepared, and
biotin-PES complexes were captured using NeutrAvidin Resins. PES-interacting proteins were
eluted using 100 mM DTT, which cleaves the disulfide bond in the spacer arm of the biotin
attached to PES. The associated proteins were resolved by SDS-PAGE in a 4%-20% gradient
gel and visualized by Coomassie staining. Results obtained using two different mammalian
cell lines were consistent, and revealed a major band of about 70 kDa (Figure 1A). The band
was excised from the gel, subjected to trypsin digestion, and the resulting peptides were
analyzed by liquid chromatography-tandem mass spectrometry. The results pointed to the
presence of the stress-inducible HSP70 or the closely related constitutive HSC70 (“cognate”
70 kDa heat shock protein), which have peptides in common (see Figure S1B for peptide
analysis).

We next carried out an analysis of PES-treated cells using antibodies specific for different HSP
proteins, including the stress-inducible HSP70, HSC70, the ER-localized HSP family member
GRP78 (BiP), and the 90 kDa molecular chaperone HSP90. These analyses revealed that in
several cell lines biotin-PES interacts with HSP70, but not with HSC70, GRP78, HSP90, or
several other proteins (Figures 1B, 1C and S1C). Although HSC70 and HSP70 are highly
homologous (Figure S1B), they do exhibit some functional differences, in part related to
different interactions with some co-chaperones (Rohde et al., 2005;Tutar et al., 2006). To
complement these analyses, we confirmed that biotin-PES interacts with in vitro translated
HSP70, but not with HSP90 (Figure 1D). Based on deletion analysis, we determined that biotin-
PES interacts with the carboxyl-terminal substrate-binding domain (amino acids 386-641), but
not the amino-terminal ATPase domain (amino acids 2-385), of human HSP70 (Figure 1E).
Interestingly, we also obtained evidence that PES interacts with DnaK, the bacterial orthologue
of mammalian HSP70 (Figures S2A and S2B). Consistent with a disrupted function of DnaK
resulting from an interaction with PES, we found that this small molecule adversely affects the
response of the bacteria to elevated temperatures by producing slow growth, filamentation, and
reduced viability (Figures S2C and S2D). Notably, these are identical to the phenotypes
reported for some DnaK mutants (Bukau and Walker, 1989;McCarty and Walker, 1994).

PES Interferes with the Chaperone Function of HSP70

The cellular actions of HSP70 are mediated in large part by its physical association with a
number of co-chaperones, including HSP40, HSP90, CHIP and BAG-1 (McDonough and
Patterson, 2003; Fan et al., 2003; Wegele et al., 2004; Mayer and Bukau, 2005; Townsend et
al., 2005; Kabbage and Dickman, 2008). Also, the cytoprotective role of HSP70 has been linked
to its ability to modulate the conformation and actions of apoptosis-regulators like APAF1.
Thus, we used immunoprecipitation-western blot analysis to determine if PES alters the
interactions between HSP70 and these proteins. Several mammalian cell lines used for these
analyses generated consistent results, and representative data are presented (Figures 2A and
2B). When compared to controls, PES-treated cells contain less HSP70 in association with
CHIP, HSP40 and APAFL1. In contrast, we detected no change in the abundance of HSP70/
HSP90 complexes in the presence of PES; however, the functional integrity of the HSP70/
HSP90 interaction has not yet been explored.

The co-chaperone BAG-1 has several isoforms (BAG-1L, BAG-1M, BAG-1S) that have been
implicated in diverse cellular pathways, including the inhibition of stress-induced apoptosis
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(Townsend et al., 2005; Kabbage and Dickman, 2008). PES caused a clear decrease in the
interaction between HSP70 and the BAG-1M isoform (also known as the receptor-associated
protein, RAP-46). In contrast, there was no detectable change in the abundance of the HSP70/
BAG-1S complex, while disruption of the HSP70/BAG-1L interaction occurred in H1299 cells,
but not U20S cells (Figures 2A and 2B). It should be pointed out, that the same results were
obtained in our experiments whether or not PES was conjugated to biotin (Figures 2A, 2B, and
data not shown).

It previously has been reported that wt p53 can be found in a complex with HSP70 under some
stress conditions, such as following heat shock or UV-irradiation of cultured tumor cells
(Matsumoto et al., 1994; Chen et al., 1999). In light of these observations and data that PES
antagonizes p53 mitochondrial localization (Strom et al., 2006; Leu and George, 2007), we
tested the hypothesis that PES alters the HSP70/p53 association. For these analyses, we treated
A875 melanoma cells and HepG2 hepatoma cells with cisplatin. As previously demonstrated
(Leu and George, 2007), cisplatin (50uM) promotes p53 mitochondrial localization, where it
interacts with mitochondrial BAK, and promotes caspase cleavage, as revealed by analysis of
caspase-3 and caspase-8 (Figures 2C and S3). Under these conditions, we detected a fraction
of the stress-activated p53 in a complex with HSP70 (Figures 2C and S3). In contrast, protein
complexes containing p53 and either BAK or HSP70 were not observed in cells treated with
PES or with cisplatin and PES; for the latter, there was a concomitant reduction in the
appearance of caspase cleavage products (Figures 2C and S3). In contrast to the altered HSP70/
p53 interaction in response to PES, there was no detectable change in the association between
HSP70 and HSP90 or between BAK and BCL-xL (Figures 2C and S3).

The nuclear transcription factor NF-«xB is an important regulator of cellular responses to stress,
and contributes to pathological processes such as inflammation and tumor cell survival.
Through mechanisms that are not fully characterized, HSP70 has been implicated as interacting
with regulatory components of NF-kB signaling pathways (Salminen et al., 2008). In initial
studies, we have found that PES inhibited NF-xB activation along with the concomitant
turnover of the NF-xB inhibitory protein IxBa, that is normally stimulated by tumor necrosis
factor-alpha (TNFa). PES also inhibited unstimulated NF-xB activity in a dose-dependent
manner (Figure 2D). These observations, together with data described below, support our
working hypothesis that disruption of HSP70 functions by PES interferes with a number of
cell survival and signaling pathways.

PES Induces Cell Death In the Absence of Caspase Activation

Caspases are critical cellular effectors of apoptosis. As shown, caspase activation was observed
following treatment of the cells with a concentration of cisplatin (50uM) that produced about
50% cytotoxicity (Figures 2C, 3A and S3). Interestingly, while exposure to PES (20uM) caused
a greater than 50% loss of cell viability in all of the tumor cell lines we examined (Figures
3A-3C), this was not accompanied by cleavage of caspase-3, caspase-8, or PARP, based on
western blot analyses (Figures 2C, 3B and S3; Leu and George, 2007). In fact, co-treatment of
cells with PES together with cisplatin effectively inhibited the appearance of these caspase-
cleavage products (Figures 2C and S3;Leu and George, 2007). Moreover, although the broad-
spectrum caspase inhibitor Z-VAD-FMK inhibited cisplatin- as well as camptothecin-mediated
caspase cleavage, it did not alter PES-mediated loss of cell viability (Figure 3B). Together,
these results indicate that PES leads to a loss of cell viability in a manner that is not dependent
on caspase activation, and indeed that PES inhibits caspase activation. This is consistent with
the identification of PES as a small molecule inhibitor of p53-mediated caspase-activation and
apoptosis (Strom et al., 2006).

We analyzed several tumor cell lines of different histologic type and found that PES treatment
leads to a dose-dependent loss of cell viability for all of the tumor cell lines we examined
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(Figures 3A-3C). In contrast, non-transformed WI138 human fetal lung fibroblasts exhibit no
decrease in cell viability (Figure 3C), except at the highest concentration of PES tested
(20uM). These results suggest a differential sensitivity to PES between non-tumor cells and
tumor cells. Tumor cells that lack a functioning p53 tumor suppressor protein or that
overexpress anti-apoptotic members of the BCL2 family are known to exhibit resistance to
many chemotherapeutic agents. It is of interest, therefore, that the loss of cell viability resulting
from PES occurred in all of the tumor cell lines we examined, irrespective of the p53 status
(Figure 3C). Additionally, the anti-apoptotic protein BCL-xL was unable to protect against a
PES-mediated loss of cell viability, as evidenced by the similar dose-response curves of U20S
osteosarcoma cells and a U20S-derivative (BX-U20S) that overexpresses BCL-xL (Figures
3B and 3C). These data support the conclusion that PES-mediated cytotoxicity likely involves
a mechanism distinct from the execution of classical apoptosis.

PES Leads to Dysfunctional Autophagy and Altered Lysosome Function

In some settings, an inhibition of caspase activation and apoptosis can induce autophagy
(Debnath et al., 2005; Levine and Kroemer, 2008). Many of the PES-treated cells showed a
progressive accumulation of intracytoplasmic vacuoles (Figure S4), similar to those often
observed in cells undergoing autophagy. Autophagy is an evolutionarily conserved, lysosome-
dependent, bulk protein degradation pathway activated in response to starvation or stress; it
allows for sustained metabolism by virtue of the digestion and recycling of long-lived proteins
and cellular organelles. Mammalian cells also utilize autophagy to promote the degradation of
damaged proteins, or to mediate the large-scale clearance of misfolded proteins and aggregates
(Debnath et al., 2005; Eskelinen, 2005; Levine and Kroemer, 2008; Mizushima et al., 2008).
In eukaryotic cells, the process is characterized by the sequestration of portions of the
cytoplasm and intracellular organelles within double-membrane autophagic vacuoles, or
autophagosomes; sequestered material is targeted for degradation through fusion of
autophagosomes with lysosomes or endosomes. Therefore we examined PES-treated cells for
altered expression of autophagy markers, including the microtubule-associated protein-1 light-
chain 3 (LC3), which is converted from the 18 kDa free form (LC3-I) to a proteolytically-
processed smaller (16 kDa) form (LC3-11) during autophagy (Klionsky et al., 2008; Tasdemir
et al., 2008). Based on western blot analysis, all of the PES-treated cell lines exhibited higher
levels of LC3-11 (Figure 4A), consistent with an impact of PES on autophagy.

We next used a number of recommended criteria to evaluate autophagic flux in PES-treated
cells (Klionsky et al., 2008; Tasdemir et al., 2008; Kaushik and Cuervo, 2009). As one
approach, we used electron microscopy (EM) which confirmed that PES-treated cells exhibit
a rapid and substantial increase in multiple double-membrane autophagosomes and single-
membrane autophagolysosomes (Figures 4B-41 and Figure S5C-S5I). Additionally, we
evaluated the bulk degradation of long-lived proteins using a well-established radiolabeled-
amino-acid-based assay. This approach provides a reliable indicator of autophagic flux, as it
assays the end-point of autophagy (Klionsky et al., 2008; Tasdemir et al., 2008). We found
that the basal degradation of long-lived proteins was significantly reduced in PES-treated cells
relative to controls (Figure 5A), consistent with an impairment of autophagic flux. The turnover
of long-lived proteins is regulated in part by hydrolases present in lysosomes, hydrolytic bodies
that functionally interact with the trans-Golgi network, endosomes, and autophagosomes.
Lysosomes contain a number of enzymes, including cathepsin proteases, that help in the
turnover of macromolecules and organelles during normal metabolism and during autophagy.
To further explore the effects of PES on autophagic flux, we examined the expression of the
lysosomal cysteine peptidase cathepsin L, which plays an important role in the degradation of
lysosomal cargo. Like other members of this protein family, cathepsin L is synthesized as an
inactive precursor that undergoes proteolytic processing to the mature, active form during
transport to the acidic environment of the endosomal/lysosomal compartment through
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autoprocessing or cleavage by other cathepsins (Collette et al., 2004). We found that PES
caused an accumulation of the precursor pro-cathepsin L and a markedly reduced abundance
of the smaller, mature form of the enzyme (Figure 5B); this points to an impaired processing
of this lysosomal enzyme and impaired lysosomal function.

LAMP2 is an abundant late endosomal/lysosomal protein marker (Eskelinen, 2006) which
plays an important role in chaperone-mediated autophagy and cooperates with the HSC70 and
HSP70 in transporting certain substrates from the cytoplasm into lysosomes (Bandyopadhyay
et al., 2008; Ryhanen et al., 2008). Given the evidence for co-localization of LAMP2 with
HSP70 in lysosomes, we investigated how treatment of cells with PES might affect an
interaction between these proteins. The results of immunoprecipitation-western blot analysis
demonstrate that PES significantly reduced the amount of LAMP2 in a complex with HSP70
(Figure 5C). These data, together with the evidence of altered cathepsin processing and reduced
degradation of long-lived proteins in the presence of PES, further support a role for HSP70 in
the optimal transport and degradation of macromolecules during macroautophagy and
chaperone-mediated autophagy.

PES Promotes Oligomerization and Aggregation of p62/SQSTM1

We next examined another marker of autophagy, the adaptor/scaffold protein p62/SQSTM1
(sequestosome-1). This protein is up-regulated in response to various forms of stress, and it
mediates diverse cellular functions including signal transduction, receptor internalization,
nuclear gene transcription, and the shuttling of some poly-ubiquitylated protein aggregates to
different intracellular locations for degradation (Wooten et al., 2006; Moscat et al., 2007). The
steady-state level of p62/SQSTML1 is regulated by autophagy, and an accumulation or
aggregation of p62/SQSTML is considered a marker for inhibition of autophagy or defective
autophagic degradation (Bjarkay et al., 2005; Komatsu et al., 2007; Pankiv et al., 2007;
Ichimura et al., 2008; Shvets et al., 2008). Western blot analysis for p62/SQSTML1 revealed
that PES promotes an accumulation and oligomerization of p62/SQSTM1 in a time- and dose-
dependent manner (Figures 6A-6C). Similarly, immunofluorescence-staining of PES-treated
cells revealed the presence of p62/SQSTM1 punctae and aggregates (Figure 6D), as have been
seen in previous studies (Paine et al., 2005; Schvets et al., 2008; Bjarkay et al., 2009).

An interaction between LC3 and p62/SQSTML1 proteins, which targets p62/SQSTML1 to
auotophagosomes and lysosomes for degradation, is important for autophagic degradation of
p62/SQSTML1 (Bjarkay et al., 2005, 2009; Komatsu et al., 2007; Pankiv et al., 2007; Ichimura
etal., 2008; Shvets et al., 2008). Therefore, we were interested in determining if the interaction
between these two proteins would be modified by PES. Immunoprecipitation-western blot
analysis revealed that PES enhanced the interaction between LC3 and both monomeric and
oligmeric forms of p62/SQSTM1 (Figure 6E). This observation is consistent with previous
results suggesting that p62/SQSTM1 oligomerization is important for its interactions with LC3,
and that p62/SQSTM1 oligomerization contributes to the formation of inclusion bodies that
reside in the cytosol or within detergent-insoluble structures (Bjarkay et al., 2005, 2009;
Komatsu etal., 2007; Pankiv etal., 2007; Ichimuraetal., 2008; Schvets etal., 2008). In contrast,
PES attenuated the interaction between the monomeric form of p62/SQSTM1 and HSP70 as
well as between the monomeric form of p62/SQSTM1 and TRAF6 (Figure S6), which are
known to interact (Pridgeon et al., 2003; Chen et al., 2006; Duran et al, 2008).

To determine whether the cytotoxicity of PES involved its association with HSP70, we next
chose to reduce HSP70 expression using ShRNA and to measure the effects on cell viability
and autophagy. This analysis revealed that silencing of HSP70, like PES, resulted in increased
levels of p62/SQSTM1 and LC3-I1 (Figure 6F and 6G). Notably, silencing of HSP70 rescued
PES-induced cell death (Figure 6H). These data support the premise that HSP70 is a critical
target of PES-mediated cytotoxicity.
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Accumulation of PES-Induced p62/SQSTM1 Oligomers in Soluble and Detergent-Insoluble

Fractions

Endogenous p62/SQSTM1 has been found in detergent-insoluble preparations following
inhibition of autophagic degradation (Bjarkay et al., 2005; Shvets et al., 2008). Thus, we asked
whether these oligomers are present in a detergent-insoluble fraction, indicating a change to a
more aggregated conformation. For these analyses, cells were treated either with PES, the
proteasome inhibitor Velcade (bortezomib), or the lysomotrophic drug chloroquine (CQ). CQ
has been found to inhibit a late stage in autophagy and inhibit tumorigenesis by raising
lysosomal pH, thereby impairing lysosomal protein degradation and autophagic vesicle
clearance (Amaravadi et al., 2007; Maclean et al., 2008). PES-treated cells contain higher
molecular weight forms of p62/SQSTML1 in both the soluble and detergent-insoluble fractions
(Figures 61 and 6J). In contrast, CQ and Velcade promoted p62/SQSTM1 oligomerization
primarily in the detergent-insoluble fraction (Figures 61 and 6J). Also, neither p62/SQSTM1
accumulation nor oligomerization was noted following treatment of cells with the HSP90
inhibitor 17-allylamino-17-demethoxygeldanamycin (17-AAG) (Figure 6J and data not
shown), suggesting that the actions of PES are distinct from these agents, at least in some
respects. The molecular chaperone HSP70 has been implicated in promoting proper folding of
nascent polypeptides. To analyze nascent polypeptides, we co-treated cells with PES and the
general protein translational inhibitor cycloheximide (CHX) for 6 h. This reduced the
accumulation and oligomerization of the autophagy marker p62/SQSTML1 in the detergent-
resistant fraction with a concomitant reduction of LC3-I1 levels (Figure 6K), and retarded the
appearance of PES-induced cytoplasmic vacuolization (Figure S7A). These data are consistent
with a PES-mediated inhibition of HSP70 function in protein quality control pathways.

PES Inhibits Myc-induced Lymphoma Development

Because the inducible HSP70 protein participates in multiple essential survival signaling
pathways in tumor cells, we asked if PES could modify tumor development in vivo. For these
studies we utilized a transgenic Ep-Myc mouse model of lymphomagenesis. Beginning at 8
weeks of age, Ep-Myc mice were treated intra-peritoneally (i.p.) once every five days with PES
(40 mg/kg for 30 days), and the effects on lymphoma development and survival were
determined. As shown in Figure 7, PES-treatment markedly impaired tumor development in
this mouse model of human Burkitt lymphoma, significantly increasing the overall mean
survival time in the PES-treated animals (p<0.02, Mantel Cox test). Taken together, these data
suggest that PES may be an effective agent in the treatment of some forms of cancer.

DISCUSSION

The stress-inducible molecular chaperone HSP70 participates in numerous cellular pathways
and interacts with a varied group of proteins, including key factors in signal transduction,
transcription, cell cycle control and stress response (Mayer and Bukau, 2005; Brodsky and
Chiosis, 2006; Garrido et al., 2006; Schmitt et al., 2006; Powers and Workman, 2007). HSP70
activities also have been implicated in the pathogenesis of several human diseases, including
cancer. Thus, there is growing interest in the identification of HSP70 modulators to better
understand the many cellular activities of this protein. In this study we provide evidence that
the small molecule PES interacts with HSP70, alters its functions, and is cytotoxic to tumor
cells. PES-induced tumor cell death is not dependent on caspase activation or p53 function,
and is not inhibited by overexpression of the anti-apoptotic BCL-xL protein. Rather, loss of
cell viability is associated with protein aggregation and an impairment of lysosomal functions
resulting in a disruption of autophagic processes.

Autophagy is a catabolic process characterized by the self-digestion of cellular constituents in
lysosomal compartments. This degradative process is an important mechanism for the disposal
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of altered cytoplasmic constituents, including aggregated proteins, and it can be activated in
tumor cells by various stressors, including as a response to therapies, nutrient deprivation, or
following an inhibition of apoptosis. The process generally serves to promote survival under
adverse conditions, in part by helping to prevent the accumulation of damaged proteins and
organelles, and by supporting the metabolic needs of the cell (Debnath et al., 2005; Eskelinen,
2005; Levine and Kroemer, 2008; Mizushima et al., 2008). Several lines of investigation point
to HSP70 as a regulator of lysosomal activities and, thereby, of autophagy. For example, recent
studies demonstrate that the stress-inducible HSP70 protein exhibits tumor-specific
localization at membranes of the endosomal/lysosomal compartment, and that it contributes to
tumor cell survival by inhibiting lysosomal permeabilization induced by diverse stimuli
(Nylandsted et al., 2004; Daugard et al., 2007; Ryhénen et al., 2008). In addition, the interaction
of HSP70 and the lysosomal marker LAMP2, which is disrupted by PES, has been implicated
in the formation of complexes at lysosomes that are important for lysosomal activities such as
the translocation of soluble substrates during chaperone-mediated autophagy. Previous work
indicates that inhibiting lysosomal functions following activation of autophagy can result in
cancer cell death (Amaravadi et al., 2007; Degtyarev et al., 2008; Maclean et al., 2008). As
presented here, PES-treated cells exhibit a significant reduction in the degradation of long-
lived proteins and an obvious defect in the processing of the precursor form of cathepsin L to
the mature lysosomal form of this cysteine protease. Such observations support the conclusion
that PES impairs autophagy in part by its inhibitory effects on lysosomal functions.

HSP70 also is a regulator of apoptosis that has been reported to associate with APAF1 and to
either block, or promote, apoptosome formation, depending on experimental conditions (Beere
et al., 2000; Saleh et al., 2000; Kim et al., 2008). Recent studies indicate that HSP70 interacts
with the tumor suppressor protein PHAPI and the cellular apoptosis susceptibility protein CAS;
together these three proteins play an important role in helping with the proper folding of APAF1
to prevent its aggregation and to stimulate apoptosome assembly and caspase activation (Kim
et al., 2008). Consistent with such a model, our studies reveal that in the presence of PES, the
interaction of HSP70 with its substrate APAF1 is diminished, and this correlates with a
significant reduction in caspase activation following cisplatin treatment of tumor cell lines.
PES also inhibits the appearance of the HSP70/p53 complex and the stress-induced localization
of p53 to mitochondria, thus interfering with p53-mediated apoptosis.

HSP70 regulation and function is mediated by its interactions with co-factors or co-chaperones.
PES disrupts several of these interactions, including the association of HSP70 with CHIP,
BAG-1M, and HSP40. Both CHIP and BAG-1 help regulate the ATPase activity of HSP70. It
has been suggested that, in binding to both HSP70 and substrates, co-factors like CHIP and
BAG-1 also may serve as a direct physical link between the chaperone and the proteasome,
perhaps aiding in the targeting or selection of substrates for degradation (Mayer and Bukau,
2005; Townsend et al., 2005; Kabbage and Dickman, 2008). The HSP40 co-factor also works
with HSP70 to induce conformational changes of certain substrates, in part by promoting ATP
hydrolysis and preventing protein aggregation (Fan et al., 2003; Vos et al., 2008). HSP-
interacting proteins, including CHIP, HSP40, BAG-1 and the scaffold-adapter protein p62/
SQSTM1, also associate with many other cellular proteins to mediate diverse biological
processes and signaling pathways. Altering HSP70 function therefore also has consequences
for the activities of these other regulatory proteins. For example, recent data show that an
inability to eliminate p62 through autophagy can lead to a toxic increase in oxidative stress
and DNA damage in some tissues, and that autophagy inhibition also can compromise the
ubiquitin-proteasome system, leading to a potentially lethal accumulation of aggregation-prone
or misfolded proteins (Korolchuk et al., 2008; Matthew et al., 2009). Considered together, these
data are consistent with the idea that PES alters the activities of HSP70 in multiple cellular
processes, disabling the normally cytoprotective role of this molecular chaperone.
Interestingly, since PES selectively interacts with HSP70, the deleterious consequences of this
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compound may depend on the presence of this protein. Our investigations on the cell-death
inducing properties of PES are supportive of this idea, in that cultured tumor cells which
generally have greater levels of HSP70 are much more sensitive to the cell death effects of this
small molecule than are non-transformed fibroblasts. Additionally, reducing HSP70 levels in
tumor cells reduces the cytotoxic effects of PES exposure. In this regard, PES may cause HSP70
to adopt a potentially lethal “gain-of-function” activity along with a loss of its prosurvival role.
Future studies, including structural analysis of the HSP70-PES interaction, should provide
needed insight about this issue.

HSP70 has a key cytoprotective role in a broad range of activities that promote protein
homeostasis, including the targeting of potentially toxic proteins for proteolysis. Cancer cells
experience high levels of protein-modifying- and metabolic-stresses and seem to be particularly
dependent on the various actions of HSP70 for survival. This phenomenon, referred to as “non-
oncogene addiction”, suggests that it may be possible to target such critical survival proteins
for the development of therapies aimed at the selective killing of neoplastic cells (Solomini et
al., 2007). In support of this idea, our in vivo analysis indicate that administration of PES
inhibits spontaneous tumor development and enhances survival in the Ep-Myc model of
lymphomagenesis. Thus PES represents a valuable new tool to advance basic investigations
on the varied activities of the HSP70 protein, and also should have application in the
development of effective therapies aimed at simultaneously disabling multiple cancer-critical
biological processes.
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Figure 1. PES Binds to HSP70

(A) Whole cell extracts (WCE) prepared from A875 and BX-U20S cells, treated with Biotin
or Biotin-PES, were captured using NeutrAvidin agarose resins. HSP70-family proteins were
identified as the major product in the excised band of ~ 70 kDa shown in both Coomassie gels.
HSP70 and HSC70 peptide sequences are shown in Figure S1B.

(B and C) WCE were prepared from the cell lines indicated following 24 h treatment with
20uM biotin or B-PES and examined for the expression of proteins indicated (left panel of B
and C) by western blot analysis; note that different exposure times were used to visualize these
proteins. B-PES-containing complexes were captured by NeutrAvidin Resins, and eluted
following 100 mM DTT treatment. Immunoprecipitation-western blot (IP-WB) analysis using
the indicated antibodies reveals interaction of B-PES with endogenous HSP70, but there is no
detectable interaction with endogenous BAK, BCL-xL, GRP78, p53, HSC70, or HSP90 even
after longer exposure times.

(D) In vitro evidence for an interaction between B-PES and HSP70. Full-length human HSP70
and human HSP90 proteins were in vitro translated in the presence of 35S-methionine, mixed
with B-PES coupled to NeutrAvidin resins, and eluted using 100 mM DTT. The resulting DTT
eluates were separated by polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by
autoradiography.

(E) B-PES interacts with the C-terminal region of HSP70. H1299 cells were transfected with
the indicated hemagglutinin (HA)-tagged constructs and exposed to B-PES. B-PES containing
complexes were captured by NeutrAvidin Resins, eluted following 100 mM DTT treatment,
and immunblotted with anti-HA antibody following SDS-PAGE.
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Figure 2. PES Interferes with HSP70 Actions

(A) WCE from H1299 lung carcinoma cells, treated either with 20uM Biotin or B-PES for 24
h, were immunoprecipitated (IP) using anti-HSP70 antibody. Western blots assessed the
relative abundance of the proteins indicated (left), and co-immunoprecipitation-western (1P-
WB) analysis revealed a reduced degree of interaction between HSP70 and HSP40, CHIP,
BAG-1M, and APAF1 in B-PES-treated cells (right).

(B) IP-WB analyses of WCE from PES-treated U20S osteosarcoma cells reveal a lower
abundance of HSP70 complexes containing BAG-1M or APAFL.

(C) WCE were prepared from A875 melanoma cells that were either untreated or pretreated
with PES (20uM) for 1 h, followed by the addition of 50uM cisplatin for 8 h. Note evidence
of caspase cleavage in cisplatin-treated cells, but not in the presence of PES. IP-WB analysis
reveals the presence of p53/BAK and p53/HSP70 complexes in cisplatin-treated cells (right)
that are reduced following exposure to PES.

(D) (left) H1299 cells were transfected with a NF-kB-dependent luciferase reporter. 24 h later,
cells were either pretreated with DMSO or the indicated amount of PES for 1 h, followed by
the addition of 20 ng/ml of TNFa for 5 h, as specified. Each graphical representation indicates
the mean = SD of at least three independent cultures relative to control (DMSO-treated) cells.
(right) H1299 cells were treated with 20uM PES for 5.7 h, followed by treatment with 10 ng/
ml TNF for 20 min. WCE were immunoblotted for the proteins indicated.
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Figure 3. PES Reduces Viability of Tumor Cells and Induces Cytoplasmic Vacuolization

(A) MTT assays of A875 cells treated with DMSO, 20uM PES, or 50uM cisplatin for 24 h.
Each graphical representation indicates the mean + SD of at least three independent cultures
relative to control (DMSO-treated) cells.

(B) (Top) WCE were prepared from U20S osteosarcoma cells that were either untreated or
pretreated with Z-VAD-FMK (20uM) for 1 h, followed by the addition of 5uM camptothecin
(Camp), 16pg/ml Cisplatin (Cis), or 20uM PES for 6 h. Note evidence of caspase cleavage in
cisplatin- or camptothecin-treated cells, but not in the presence of PES or Z-VAD-FMK.
(Bottom) The indicated cell lines were either untreated or pretreated with Z-VAD-FMK
(20uM) for 1 h, followed by the addition of DMSO or 20uM PES for 24 h. Cell viability was
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determined by MTT assays. Results shown are the mean of at least three independent
experiments.

(C) The indicated cell lines were treated with the indicated concentrations of PES for either 24
h (top) or for 48 h (middle and bottom). Representative MTT assays indicate cell viability in
human cell lines, including non-transformed human W138 fibroblasts, as well as several tumor
cell lines with wt p53 (U20S, BX-U20S, MCF7, CaPan2), or with mutant/deleted p53
(SKBR3, MDA468, MDA231, CaPanl, MiaPaCa, and Pancl). Four independent cultures were
assayed for each treatment and DMSO treated cells were used as internal controls. Values
shown are normalized to the viability of the control (DMSO-treated) cells. Error bars represent
standard deviation (SD).
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Figure 4. PES-Treated Cells Exhibit Altered Autophagy
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H1299

DMSO 7h 24h
PES

(A) Western blot (WB) analysis reveals increased appearance of processed LC3-11 in the
indicated cells following 20uM PES treatment for the indicated times.
(B-H) Electron micrographs of H1299 cells with or without PES treatment (20uM) for 7 or 24
h. (D) Double membrane autophagic vacuoles (AV), and vacuoles within vacuoles are evident.
(Eand F) AVs of different sizes are evident, some containing recognizable cytoplasmic content.
(G and H) Large AVs containing partially digested cytoplasmic material as well as amorphous,

membranous, aggregated, or granular masses are shown.

() The average area of autophagic vacuoles (AV) calculated with ImageJ software per cell is

indicated.
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Figure 5. PES Impairs Long-Lived Protein Degradation and Lysosomal Function

(A) Decreased degradation of long-lived proteins in U20S cells treated with PES (20uM) for
the indicated time (black line), compared to vehicle treated cells (gray line). Data are reported
in percent of protein degraded at each time point, and are the averaged data from two
independent experiments done in duplicate; error bars represent standard deviation. The data
were consistent in H1299 cells (data not shown).

(B) Western blot (WB) analysis indicating altered processing of cathepsin L from the larger
precursor form to the smaller mature form in the indicated cells following 20uM PES treatment
for 24 h.

(C) IP-WB analyses of WCE from untreated or PES-treated A875 melanoma cells (left) and
MiaPaCa pancreatic cells (right) reveal a lower abundance of HSP70 complexes containing
LAMP?2 following 20uM PES exposure for 24 h (lower panels). The expression patterns of
LAMP?2 before and after 20uM PES exposure for 24 h are shown on the top panel.
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Figure 6. PES Induces p62/SQSTM1 Oligomerization

(A and B) Western blot (WB) analysis showing increased appearance of processed LC3-11 and
p62/SQSTM1 oligomerization in the indicated cells following 20uM PES treatment for the
indicated time.

(C) MCFT7 cells were treated with indicated amount of PES for 24 h, and examined for the
indicated proteins.

(D) Immunostaining for p62/SQSTML1 in BX-U20S cells, either before or following 20uM
PES treatment for 24 h. Note the appearance of p62/SQSTM1 punctae and inclusion bodies.
(E) IP-WB analyses of WCE from vehicle or PES-treated MiaPaCa pancreatic cells (top panel)
and A875 melanoma cells (lower panel). Note that LC3 binds to both the monomeric and
oligomeric forms of p62/SQSTM1 following PES-exposure.

(F) WI38 or H1299 cells were transfected with a negative shRNA or with HSP70 shRNAs,
and examined for the indicated proteins.

(G) WI38 cells were transfected with a negative sShRNA or with HSP70 shRNAs. After 72 h,
the cells were either untreated or treated with 10uM PES for 24 h, and examined for the
indicated proteins.

(H) H1299 cells were transfected with a negative sShRNA or with HSP70 shRNAs. After 48h,
the cells were either treated with DMSO or 20uM PES for 24 h. Each graphical representation
indicates the mean + SD of at least three independent cultures relative to control cells
transfected with a negative ShRNA and treated with DMSO.

(I) MCF7 cells were treated either with 20uM PES or 100 nM Velcade for 24 h before
harvesting cells in NP40-containing lysis buffer. Lysates were centrifuged to separate the
clarified lysate (detergent-soluble) and NP40-insoluble (detergent-insoluble) fractions and
assayed by western blot for the proteins indicated.

(J) BX-U20S cells were treated with 20uM PES, 50uM chloroquine (CQ), or 15 nM 17-AAG
for 24 h. Cells were harvested in 1% NP40-containing lysis buffer, fractionated into detergent-
soluble and detergent-insoluble preparations, and assayed by western blot for the proteins
indicated.

Mol Cell. Author manuscript; available in PMC 2010 April 9.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leu et al.

Page 20

(K) A875 cells were either pre-treated with DMSO or 20uM PES for 1 h prior to the addition
50ug/ml of cycloheximide (CHX) for 5 h. Note the marked reduction in PES-induced p62/
SQSTM1 oligomerization in the insoluble fraction, the significant inhibition of LC3-11
processing following PES and CHX co-treatment, and the obvious loss of cathepsin L
expression in the presence of CHX.
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Figure 7. PES Prevents Myc-Induced Lymphomagenesis and Prolongs the Survival of Ep-Myc
Transgenic Mice

Beginning at 8 weeks of age, Ep-Myc transgenic mice were treated either with vehicle or 40
mg/kg PES intra-peritoneally every 5 days for a total of 30 days (n = 13 for each group). The
black arrow indicates the first day of treatment (day 56), and the open arrow indicates the final
day of treatment (day 86). Note that PES-administration increased the overall mean survival
time from about 80 days in vehicle treated animals to > 140 days in PES-treated cohorts.
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