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Anti-malaria drug blocks proteotoxic stress response
Anti-cancer implications
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The number of physical conditions and chemical agents induce accumulation of misfolded proteins creating proteotoxic
stress. This leads to activation of adaptive pro-survival pathway, known as heat shock response (HSR), resulting in expres-
sion of additional chaperones. Several cancer treatment approaches, such as proteasome inhibitor Bortezomib and hsp90
inhibitor geldanamycin, involve activation of proteotoxic stress. Low efficacy of these therapies is likely due to the pro-
tective effects of HSR induced in treated cells, making this pathway an attractive target for pharmacological suppression.
We found that the anti-malaria drugs quinacrine (QC) and emetine prevented HSR in cancer cells, as judged by induction
of hsp70 expression. As opposed to emetine, which inhibited general translation, QC did not affect protein synthesis,
but rather suppressed inducible HSFI-dependent transcription of the hsp70 gene in a relatively selective manner. The
treatment of tumor cells in vitro with a combination of non-toxic concentrations of QC and proteotoxic stress inducers
resulted in rapid induction of apoptosis. The effect was similar if QC was substituted by siRNA against hsp70, suggesting
that the HSR inhibitory activity of QC was responsible for cell sensitization to proteotoxic stress inducers. QC was also
found to enhance the antitumor efficacy of proteotoxic stress inducers in vivo: combinatorial treatment with 17-DMAG +
QC resulted in suppression of tumor growth in two mouse syngeneic models. These results reveal that QC is an inhibitor
of HSFI-mediated HSR. As such, this compound has significant clinical potential as an adjuvant in therapeutic strategies

aimed at exploiting the cytotoxic potential of proteotoxic stress.

Introduction

The accumulation of unfolded proteins that results from heat
shock, hypoxia, exposure to heavy metal ions or agents decreas-
ing proteasome and chaperone activities creates proteotoxic
stress.! Cells respond to this stress by induction of an ancient sig-
nal transduction pathway known as heat shock response (HSR).
In mammalian cells, HSR is largely mediated by activation of the
transcription factor HSF1. HSF1 normally resides in the cyto-
plasm in an inactive form bound to hsp90.¢ Under conditions
of proteotoxic stress, HSF1 becomes activated and translocates to
the nucleus where it stimulates expression of a set of heat shock
response genes including those encoding inducible chaperones
such as hsp70 and hsp277® The newly synthesized chaperones
serve to alleviate proteotoxic stress by promoting protein refold-
ing, preventing protein aggregation and targeting unfolded pro-
teins for proteasome-mediated degradation.!®!!

In addition to synthesis of inducible chaperones, cells have
two other interconnected mechanisms to overcome proteotoxic
stress: ubiquitin-mediated proteasomal degradation and down-
regulation of translation.'”” Proteasomal degradation of cellular
proteins is an important mechanism of regulation for numerous
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eliminating improperly folded proteins.
ation occurring in response to proteotoxic stress””'® is mediated
by phosphorylation of translation initiation factor elF20” which
is essential for cap-dependent mRNA translation.” Inhibition of
translation through this mechanism occurs in cells treated with
proteasomal inhibitors or infected by virus.2*

In normal cells, HSF1 is only engaged as a stress response
mechanism under conditions of proteotoxic stress. However, in
tumor cells, which are often characterized by an increased rate of
protein misfolding, this factor is frequently found to be constitu-
tively active.”? HSF-1 activity is not only a reflection of the trans-
formed phenotype, but appears to be essential for the process of
malignant transformation. This was demonstrated by the find-
ing that HSF1-deficient mice show a dramatically reduced rate
of tumor development.? These observations place HSF1 among
important anticancer treatment targets and provide strong ratio-
nale for the search for HSF1 inhibitors.

Agents or treatments inducing proteotoxic stress have been
considered for anticancer therapy. Arsenic trioxide and the pro-
teasomal inhibitor bortezomib are conventional anticancer drugs
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approved for treatment of leukemia.?** However, hyperthermia
and the hsp90 inhibitor geldanamycin have not become conven-
tional treatments due to insufficient anticancer efficacy.?**® The
limited efficacy of some proteotoxic treatments might be due to
effective protection of tumor cells by the induction of HSR.?
In chis regard, specific inhibitors of the HSF1 pathway may be
useful not only as single agents, but also in combination with
proteotoxic treatments.

To identify HSF1 inhibitors, we analyzed known anti-ma-
laria drugs since, similar to cancer cells, the malaria parasite
has to overcome proteotoxic stress to survive. This stress results
from exposure of the parasite to heat shock as it moves between
cold-blooded hosts (mosquitoes) and warm-blooded hosts (fur-
ther complicated by fever). This growth condition requires
constant synthesis of additional chaperones.®® We hypothesized
that some empirically developed anti-malaria drugs might tar-
get this vitally important protective pathway. Considering the
high degree of evolutionary conservation of HSR, such drugs
might be capable of similar activity in mammalian cells. In fact,
emetine and its derivatives were shown to suppress HSR caused
by proteasome inhibitors.! However, emetine is a general inhib-
itor of translation which limits its practical applications. Here,
we report that another anti-malaria drug, quinacrine (QC),
can suppress HSF1-mediated HSR with no effect on general
protein synthesis. We describe the HSF1 inhibitory activity of
QC and show that blockade of HSR in this manner greatly
enhances the antitumor efficacy of proteotoxic stress inducers.
These results provide strong support for clinical use of QC as
an anticancer drug.

Results

Aminoacridines prevent activation of hsp70 in response to pro-
teasome inhibition. Upregulation of the inducible form of hsp70
is a hallmark of HSR following proteotoxic stress, such as that
generated by proteasome inhibition. We tested the effect of several
anti-malaria drugs on synthesis of hsp70 activated by inhibition of
proteasomes by the small molecule inhibitor MG132 in cultured
HeLa cells. While quinine and chloroquine were not active in
this assay at concentrations up to 20 UM, emetine and quinacrine
(QC) suppressed hsp70 synthesis in response to MG132 (Fig.
1A). 9-aminoacridine (9AA), which is closely related in structure
to QC, had a similar inhibitory effect on MG132-induced hsp70
expression (Fig. 1B). For both QC and 9AA, the inhibition was
concentration-dependent, reaching a plateau between 10 uM and
20 UM (data not shown).

Emetine is an inhibitor of general translation;* therefore, its
ability to suppress inducible hsp70 synthesis is likely a reflection
of this property. However, QC and 9AA had no effect on overall
protein synthesis (as shown by #S-methionine and °S-cysteine
incorporation) at concentrations that were sufficient for complete
suppression of hsp70 induction (Fig. 1C). This indicates that
these aminoacridine-based compounds suppress inducible hsp70
synthesis through a different, more specific, mechanism. Neither
QC nor 9AA affected the ability of MG132 to inhibit protea-
some activity (Fig. 1D). Therefore, the drugs do not block hsp70
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induction simply by interfering with the generation of proteot-
oxic stress via proteasome inhibition.

The inhibitory effects of QC on hsp70 induction were detect-
able at the mRNA level as shown by northern hybridization of
RNA from HeLa cells treated with MG132 or another protea-
somal inhibitor, bortezomib, with or without QC (Fig. 1E). The
hybridization probe used in this experiment was specific to the
inducible hsp70A1 mRNA and did not recognize the mRNA
encoding the constitutive hsc70 protein. The results indicated
that QC suppressed accumulation of hsp70 mRNA under condi-
tions of proteasome inhibition. This effect was due to repression
of transcription rather than stimulation of hsp70 mRNA degra-
dation since addition of QC after the induction of HSR had no
effect on hsp70 mRNA abundance (data not shown). The inhibi-
tory effect of QC and 9AA on inducible gene expression was not
universal. For example, ZnCl,-induced activation of metallothi-
onein gene transcription was not affected by these compounds
under conditions at which they abolished induction of hsp70
mRNA (Fig. 1F). Moreover, QC and 9AA both caused strong
induction of transcription of p53 target genes.”

Quinacrine blocks induction of heat shock response by
hsp90 inhibition or hyperthermia. Functional inactivation
of hsp90 by geldanamycin or its derivative 17-DMAG induces
proteotoxic stress and activates HSR including synthesis of
hsp70.13437 As shown in Figure 1 for proteotoxic stress induced
by proteasome inhibitors, QC and 9AA also suppressed hsp70
induction in response to hsp90 inhibition and this occurred at
the transcriptional level (Fig. 2A and B). Although QC and 9AA
efficiently suppressed 17-DMAG-activated transcription of the
hsp70A1 gene, they had no effect on the levels of several other
(non-17-DMAG induced) mRNAs, including those for GAPDH,
p65RelA and GRP94 (Fig. 2C).

QC was also effective in blocking HSR induced by hyper-
thermia as illustrated in Figure 2D. In this experiment, we
directly assessed the activity of the HSFI transcription factor
which is known to be essential for induction of hsp70 expres-
sion during HSR. HSF1 reporter cells were generated by infect-
ing HeLa cells with a lentiviral reporter construct containing the
EGFP ¢DNA under the control of an HSF1-responsive promoter
(see Methods). Upon treatment with bortezomib, 17-DMAG or
hyperthermia, HSF1-dependent EGFP synthesis was induced, as
detected by fluorescent microscopy. Co-treatment of the reporter
cells with QC in addition to any of the three different proteotoxic
stress inducers blocked EGFP accumulation.

Taken together, these observations indicate that the anti-ma-
laria drug QC is a powerful inhibitor of HSR, regardless of how it
is triggered, acting at the level of HSF1-mediated transcription.

Quinacrine affects HSF1 function downstream of nuclear
translocation and DNA binding. Activation of HSF1-mediated
transcription requires release of HSF1 from its complex with
hsp90 in the cytoplasm. This is followed by formation of HSF1
homodimers and homotrimers which translocate into the nucleus
and bind to specific HSF1 recognition sites within the promot-
ers of heat shock-inducible genes. We studied the effect of QC
and 9AA on this process in order to define the point at which
these compounds act to inhibit HSF1 function. To assess the
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Figure I. Quinacrine and 9AA prevent hsp70 synthesis in cells treated with proteasome inhibitors. (A) Immunoblotting with anti-hsp70 antibody

of protein extracts from Hela cells treated for 5 h with the proteasome inhibitor MG132 (MG) (5 uM) in combination with the anti-malaria drugs
emetine (EM) (I uM), chloroquine (CQ) (20 uM), quinine (Q) (20 uM), or quinacrine (QC) (20 uM). Lane | contains extract from untreated Hela cells.
Pirin expression was examined as a protein loading control (L.c.). (B) Protein extracts from Hela cells treated for 5 h with MG132 (5 uM) alone or in
combination with 20 UM QC or 9AA were examined by immunoblotting using an antibody specific for hsp70. Negative controls included untreated
Hela cells (lane 1) and cells treated with QC or 9AA in the absence of MGI132 (lanes 6 and 7). Pirin was examined as a protein loading control (L.c.).
(C) Emetine, but not QC or 9AA, inhibits general protein synthesis. S*-labeled proteins from Hela cells left untreated (lane 1) or treated for 4 h with
QC (20 uM), 9AA (20 uM), or emetine (EM) (I M) were analyzed by electrophoresis and autoradiography. (D) Aminoacridines do not affect inhibi-
tion of proteasomes by MGI32. Results of an in vitro proteasome activity assay using extracts of Hela cells treated for 4 h with the indicated combina-
tions of MGI32 (5 uM), QC (20 uM) and 9AA (20 uM). Proteasome activity is shown relative to that in untreated cells (set at 100%). (E) QC inhibits
activation of hsp70Al transcription by proteasome inhibitors in Hela cells.
with 0.1 tM Bortezomib (BZ) or 5 uM MGI32 (MG) alone or in combination with 20 tM QC were analyzed by northern blotting with hsp70Al (top)
and GAPDH (bottom) probes. GAPDH was used to control for the specificity of QC’s inhibitory activity and for RNA loading. (F) Aminoacridines do
not prevent induction of metallothionein gene expression by ZnCl,. Hela cells were left untreated (lane I) or treated for 5 h with 200 uM ZnCl, (Zn)
alone or in combination with 20 tM QC or 9AA. 10 ug of total RNA were analyzed by northern blotting with metallothionein MT| (MT), hsp70Al and

10 pg of total RNA from untreated Hela cells (lane |) or treated for 5 h

intracellular localization and DNA binding capacity of HSFI
complexes, we performed electrophoretic mobility shift assays
(EMSA) using protein extracts purified from the cytoplasm or
nuclei of cells subjected to proteotoxic stress alone or in combina-
tion with QC or 9AA. The results of these experiments are shown
in Figure 3. Treatment of HeLa cells with MG132, heat shock,
or 17-DMAG led to activation of specific HSF1 DNA binding
activity in both cytoplasmic (Fig. 3A) and nuclear extracts (Fig.
3B). QC and 9AA did not interfere with or modify the strength
of these effects at any concentration tested (up to 100 uM) (data
not shown and Fig. 3B). These results indicate that inhibition of
HSF1-dependent transcription by QC and 9AA occurs at a point
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downstream of its cytoplasmic activation, nuclear translocation,
and DNA binding.

Our finding that QC and 9AA affect HSF1 downstream of
its nuclear translocation suggests that the compounds themselves
are localized, at least in part, in the nucleus. This is supported by
results obtained using experimental modulation of their intracel-
lular distribution. It was previously shown by others that bafi-
lomycin, a lysosome-targeted antibiotic, can significantly alter
the intracellular distribution of lysosome-tropic compounds,
including quinacrine and chloroquine, by inhibiting lysosomal
H*-ATPase.?® Indeed, treatment of HeLa cells with bafilomycin
resulted in a switch in the intracellular localization of QC from
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Therefore, we expected that the ability of
QC and 9AA o prevent induction of pro-
teins encoded by HSFl-responsive genes
could greatly increase the cytotoxicity of
proteotoxicstresses. To test this hypothesis,
we treated Hela cells with 17-DMAG or
bortezomib alone or in combination with
QC and analyzed cell viability and induc-
tion of apoptosis. As shown in Figure 4A
and B, QC greatly enhanced the toxicity of
17-DMAG and bortezomib, respectively.
Combined treatment with concentra-
tions of QC that caused less than a 50%
reduction in cell viability and practically
non-toxic concentrations of 17-DMAG or
bortezomib resulted in a dramatic reduc-
tion in the number of growing cells. We
next investigated whether the impact of
the drug treatments on the number of via-
ble cells was due to induction of apoptosis.
Apoptosis was monitored by the appear-

ance of caspase-specific cleavage products
of keratin 18 and PARP. Consistent with

Figure 2. HSR induction by either MGI32, 17-DMAG or heat shock is sensitive to aminoacri-

dines. (A) Immunoblotting with anti-hsp70 antibody of protein extracts (10 pg) from Hela cells
treated for 5 h with 5 uM MGI32 (MG) or | uM 17-DMAG (GM) alone or in combination with 20
UM QC or 9AA. Lane | contains extract from untreated Hela cells. KI8 expression was assessed
as a protein loading control (L.c). (B) QC and 9AA suppress transcription of the hsp70Al gene
induced by 17-DMAG or MGI32. Northern hybridization of RNA from untreated Hela cells (lane
1), treated for 5 h with | uM 17-DMAG (GM) or 5 uM MGI32 (MG) alone, and in combination
with 20 uM QC or 9AA. GAPDH mRNA was analyzed to control for inhibitor specificity and
RNA loading. (C) QC and 9AA do not change mRNA accumulation of genes that are not induced
by 17-DMAG. Northern hybridization of RNA from Hela cells treated for 5 h with | uM 17-
DMAG (GM) alone or in combination with 20 ptM QC or 9AA. GAPDH, p65RelA and GRP94 are
genes whose expression is not affected by 17-DMAG. Hsp70Al was included as a positive control
for a 17-DMAG inducible gene. (D) QC suppresses HSFl-dependent expression of an EGFP re-
porter gene induced by proteotoxic stress. Hela cells carrying an HSFI-EGFP reporter construct

the results of the cell viability assays, com-
bined treatment with QC and either bort-
ezomib or 17-DMAG strongly activated
caspase-mediated protein cleavage that
was barely detectable when the drugs were
used alone (Fig. 4C and D). The caspase

inhibitor ZVAD-FMK blocked this effect
completely, indicating that the proteolytic

cleavage events were caspase-specific
(Fig. 4E).
To address whether inhibition of

assessed in 8 h by fluorescent microscopy.

were left untreated, or treated with 0.1 uM of Bortezomib (BZ), | uM of 17-DMAG (GM), or
43°C for | h of heat shock (HS) alone or in combination with 20 uM QC. EGFP expression was

hsp70 induction plays a critical role in
QC-mediated cell sensitization to bort-
ezomib and 17-DMAG, we compared the

predominantly lysosomal to predominantly nuclear (Fig. 3C) as
judged by fluorescent microscopy (both QC and 9AA are natu-
rally fluorescent compounds). We then tested whether bafilomy-
cin treatment would affect the sensitivity of hsp70 induction to
QC. Bafilomycin increased the efficacy of QC as an HSR inhibi-
tor in MG132-treated HeLa cells, as shown in Figure 3D. In the
presence of the antibiotic, 5 uM QC inhibited hsp70 synthesis as
effectively as 20 uM QC in the absence of the antibiotic. These
results indicate that the inhibitory activity of QC against HSF1-
mediated transcription depends on its nuclear concentration.
Combination of quinacrine with proteotoxic stress induces
apoptosis. Heat shock response (HSR) is an adaptive pro-survival
response that can protect cells from a variety of toxic conditions.
Rapid accumulation of inducible forms of chaperones, such as
hsp70 and hsp27, has been shown to prevent cell death under

www.landesbioscience.com

Cell Cycle

effect of QC with that of an alternative
method of hsp70 suppression. HeLa cells
were transfected with siRNA specifically designed against the
inducible form of hsp70. The transfected cells were unable to
synthesize inducible hsp70 upon treatment with proteasome or
hsp90 inhibitors (Fig. 4D). The inability to synthesize hsp70
under conditions of proteotoxic stress activated an apoptotic
response similar to that caused by combined treatment with QC
and proteotoxic stress inducing agents (Fig. 4D). The similarity
of the biological effects of siRNA-mediated knockdown of hsp70
and QC treatment with respect to cell sensitivity to bortezomib
and 17-DMAG suggests that the combined toxicity of QC and
proteotoxic stress inducers is mediated by suppression of HSR
by QC.

Anti-tumor effect of combination of quinacrine with hsp90
inhibitor. Our finding that combination of QC with proteot-
oxic stress-inducing drugs has a strong toxic effect on HeLa cells
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Figure 3. Aminoacridines act downstream of HSFI activation and translocation to the nucleus. (A) Treatment of Hela cells with MGI32, 17-DMAG,
or heat shock induces HSFI DNA binding activity. Electrophoretic mobility shift assays (EMSA) were performed with cytoplasmic extracts from Hela
cells left untreated, treated with 5 UM MGI132 (MG) or | uM 17-DMAG (GM) for 4 h, or treated with heat shock (43°C) for | h. Complex formation
between HSFI and a P*2-labeled oligonucleotide probe containing an HSFI binding site was inhibited by a 50x excess of the same unlabeled oligonucle-
otide (lane 3), but not by a similar excess of an unlabeled oligonucleotide containing an NFkB binding site (lane 4). The specificity of the detected com-
plex was further confirmed by its super-shift in the presence of anti-HSFI antibody (lane 7). (B) QC does not affect nuclear HSFI DNA binding activity
induced by proteotoxic stress. EMSA was performed as in (A) with a labeled HSFI-specific oligonucleotide probe and nuclear extracts from Hela cells
left untreated (lane ), or treated for 4 h with 5 uM MGI32 (MG) or | uM |7-DMAG (GM) alone or in combination with 20 uM QC. (C) Bafilomycin
increases the nuclear concentration of QC. Hela cells were treated with 5 tM QC alone or in combination with 0.5 uM of bafilomycin for | h. The in-
tracellular localization of QC was analyzed by UV-microscopy with a blue filter. (D) Bafilomycin increases the HSR inhibitory activity of QC. Hela cells
were left untreated (lane |) or treated for 5 h with the indicated combinations of 5 uM MGI32 (MG), 0.5 uM bafilomycin (Baf), and variable amounts of

QC. Whole cell protein extracts were analyzed by western blotting with anti-hsp70 antibody. Pirin was examined as a protein loading control (L.c.).

in vitro suggests that such combinations could have significant
potential as anticancer therapies. To investigate this possibility,
we tested the effect of QC/17-DMAG combination treatment on
tumor growth in vivo using two syngeneic mouse tumor mod-
els: MCA205 fibrosarcoma and B-16 melanoma. We focused on
17-DMAG since it is a proteotoxic stress inducer that has shown
limited antitcumor efficacy as a monotherapy.*! First, we analyzed
the effect of 17-DMAG and QC on induction of HSR (Fig. 5A)
and cell viability (Fig. 5B) in MCA205 and B-16 cells in vitro.
Both cell lines responded to the drugs in a manner similar to
HeLa cells, thereby validating use of these models to test the anti-
tumor activity of the QC/17-DMAG combination. To confirm
that the drugs have a similar effect on HSR induction in tumors
growing in vivo, MCA205 cells were implanted in C57BL/6
mice and the resulting tumors were treated with a single intra-
tumor injection of PBS (control), 25 ug 17-DMAG alone, or
1.25 mg QC with 25 pug 17-DMAG. Five hours later, mice were
sacrificed and RNA prepared from the isolated tumors was ana-
lyzed for hsp70 induction. As shown in Figure 5C, 17-DMAG
treatment induced hsp70 synthesis in tumors grown in vivo and
QC prevented this induction. To assess the effect of the drug
combination on tumor growth in vivo, mice carrying MCA205
(Fig. 5D) or B-16 (Fig. 5E) tumors were treated by intra-tumor
injection with QC and 17-DMAG alone or in combination
(scheduling dertails see in figure legend and in Methods). The
size of the tumors was measured regularly (every 2 days) after
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drug injection. In both experimental models, QC and 17-DMAG
applied as single agents had minor antitumor effects (the delay
in tumor growth), whereas in combination they completely pre-
vented tumor growth. Tumor sizes were measured up to 24 days
after implantation. Tumors with single drug injection started to
overgrow the tumors with combinatorial drug injections from
day 16 for B-16 cells and from day 18 for MCA205 cells (Fig. 5A
and B). The combined QC/17-DMAG treatment not only pre-
vented tumor growth, but actually led to tumor regression, with
tumors shrinking from ~50 mm? in size to undetectable. These
findings are consistent with our in vitro results demonstrating
that combination of QC with proteotoxic stress inducers leads
to apoptosis.

Discussion

Proteotoxic stress is induced by the accumulation of misfolded
proteins that occurs under a variety of stressful conditions. These
conditions include physical assaults, such as heat shock and
hypoxia, and chemical stimuli, such as heavy metal ions, ana-
logues of amino acids, and inhibitors of proteasome and chaperone
activities."*'**2 Cells can effectively mitigate proteotoxic stress by
activating heat shock response (HSR), one of the most evolution-
arily ancient cytoprotective signal transduction pathways. HSR
involves the synthesis of additional chaperones, such as hsp70
and hsp27, in mammalian cells and numerous chaperones in
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Figure 4. QC enhances the cytotoxicity of proteotoxic stress inducers. (A) The toxicity of drug combinations was measured using a cell viability as-
say. Hela cells were treated for 4 h with the indicated combinations of 17-DMAG (I uM) and QC (10 or 20 puM). Cell viability was assessed 72 h later
by methylene blue staining. The data shown are the average of three experiments. (B) The toxicity of bortezomib/QC treatment was assessed using

a cell viability assay as in (A). Hela cells were treated for 4 h with 0.1 LM bortezomib (BZ) alone or in combination with 10 tM QC. The data shown
are the average of 2 experiments. (C) Immunoblotting analysis of apoptosis in Hela cells treated with combinations of bortezomib (BZ) (0.1 uM),
I17-DMAG (GM) (I uM) and QC (10 um). Full-length PARP and K18 proteins as well as apoptosis-specific proteolytic fragments (PARP/apopt and K18/
apopt) are indicated. (D) siRNA-mediated knockdown of Hsp70 sensitizes cells to bortezomib and 17-DMAG. Immunoblotting of proteins from hsp70
siRNA (siRNA)-expressing Hela cells treated with the indicated concentrations of 0.1 LM bortezomib (BZ), 20 uM of QC and | uM |7-DMAG (GM).
Protein extracts were prepared from cells transfected with hsp70 siRNA for 24 h and treated with bortezomib and DMAG overnight. Expression of
hsp70 and apoptosis-specific cleavage of KI8 was assessed with the corresponding antibodies. Control Hela cells were untreated with drugs (lane [),
or treated overnight with amount of drugs indicated above (lanes 5-9). (E) The caspase inhibitor ZVAD-FMK protects cells from apoptosis induced
by combinations of proteotoxic stress and aminoacridines. Immunoblotting analysis of hsp70 protein levels and apoptosis-specific cleavage of KI8 in
Hela cells treated overnight with the indicated combinations of | UM 17-DMAG (GM), 0.1 M bortezomib (BZ), 20 uM QC and 20 uM ZVAD-FMK
(ZVAD). Treatment of cells with anti-Fas antibody (Fas, lane 9) and the combination of anti-Fas antibody and ZVAD-FMK (lane 10) provided positive
controls for induction of apoptosis and the protective effect of ZVAD-FMK, respectively.

cells of other origins.*** HSR was initially detected in insects**
and later described for other types of cellular organisms.’*** The
additional chaperones synthesized during HSR counterbalance
the excess of denatured or unfolded proteins and stabilize protein
homeostasis in cells.!? Other cellular mechanisms that serve to
decrease the toxicity of stress are GCN2- or PERK-dependent
attenuation of translation and synthesis of several stress-related
proteins. Attenuation of general translation helps minimize pro-
teotoxic pressure by reducing the amount of newly synthesized
proteins.”*>*

Despite the presence of HSR and other mitigating mecha-
nisms, the cytotoxic potential of proteotoxic stress has led to
exploration of its usefulness as an approach to anticancer treat-
ment. In some cases, the clinical potential of proteotoxic stress
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inducers has been borne out. The proteasome inhibitor bort-
ezomib received FDA approval in June 2008 as an anti-cancer
drug and is showing strong effects against multiple myeloma. It is
also noteworthy that probably the oldest chemotherapeutic anti-
cancer agent, arsenic trioxide (used in China 2,000 years ago),
is a powerful inducer of proteotoxic stress” and is approved for
use in the US against acute promyelocytic leukemia.** However,
other proteotoxic stress-inducing treatments have been disap-
pointing as anticancer therapies. Hyperthermia remains in the
arsenal of oncology, although with unpredictable efficacy. The
hsp90 inhibitor geldanamycin and its derivatives showed prom-
ise in experimental models, but extensive testing in humans was
largely unsuccessful.?” In these cases, it is possible that protec-
tive cellular mechanisms such as HSR limit the effectiveness of
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Figure 5. Effect of 17-DMAG and quinacrine on tumor cell growth in vitro and in vivo. (A) QC suppresses hsp70 synthesis in response to proteotoxic
stress in MCA205 and B-16 cells. RNA from control cells and cells treated for 5 h with | uM 17-DMAG (GM) in the presence or absence of 20 uM
QC was analyzed by northern hybridization with hsp70A| and GAPDH probes. (B) Results of cell viability assay of MCA205 and B-16 cells treated

for 4 h with | uM 17-DMAG (GM) in combination with 20 uM QC. Cells were harvested, diluted 1:50 and assayed for cell viability by methylene blue
staining 72 h later. The data shown are the average of two experiments. (C) Intra-tumor injection of QC blocks I7-DMAG-induced hsp70 expression.
C57BL/6 mice carrying MCA205 tumors were given a single intra-tumor injection of PBS (control), 25 ug 17-DMAG (GM), or 1.25 mg QC + 25 g 17-
DMAG. Five hours later, mice were sacrificed. RNA prepared from the tumors was analyzed by northern hybridization with a hsp70Al specific probe.
Hybridization with a GAPDH probe was used as an RNA loading control (L.c.). The data shown is from a single tumor for each treatment. These are
representative data of two experiments. (D and E) C57BL/6 mice were injected with MCA205 (D) or B-16 (E) cells as described in Methods. Animals
(n =5 per group) began receiving intra-tumor drug injections on day 9 after tumor implant. The control group received PBS injections on days 9, 10, 11
and 12. Mice in group 2 (QC) were injected with 1.25 mg QC on days 9 and 10. Mice in group 3 (GM) received 25 ug 17-DMAG on days 9, 10, |1 and
12. Mice in group 4 (QC + GM) were injected with 1.25 mg QC + 25 ng 17-DMAG on days 9 and 10, and 25 pg 17-DMAG on days || and 12. Average

tumor volume within each group is shown.

the treatment. In addition to purely empirical observations, the
rationale for use of proteotoxic stress to eradicate cancer cells is
supported by numerous indications that tumor cells frequently
acquire constitutively active HSR.*® “Addiction” of tumor cells to
the HSF1-mediated HSR pathway is not completely understood;
however, it likely stems from the higher incidence of protein mis-
folding in transformed cells as compared to normal cells.?*?* This
phenomenon might be associated with the generally higher rate of
translation in tumor cells and other changes in their metabolism,
including the necessity to proliferate under hypoxic conditions
that stimulate protein denaturation.”>?> Constitutive use of the
protective power of HSF1-mediated HSR by tumor cells poten-
tially puts them at a disadvantage under conditions of exposure
to additional proteotoxic stress, since their remaining induc-
ible protective capacity might be less than that of normal cells.
However, it is clear that this logic is applicable only to a minor-
ity of cancer cells. It seems likely that the insufficient anticancer
efficacy of some proteotoxic stress-inducing treatments, such as
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hyperthermia and geldanamycin, can be explained by the cyto-
protective effects of HSF1-mediated HSR, further inducibility of
which may be retained even in tumors with acquired constitu-
tive HSR activity. This suggests that powerful and specific HSF1
inhibitors could radically improve the anticancer efficacy of pro-
teotoxic stress inducers.

The need for HSF1 inhibitors is supported by a recent remark-
able work that demonstrated the vital importance of HSFI
function for the process of malignant transformation.” HSF1
deficiency in mice was shown to be associated with a dramatic
reduction in cancer incidence, even in animals carrying pro-can-
cerous genetic alterations. The conclusion drawn from this study
that HSF1 activity is an essential condition for transformation
greatly increases the value of this pathway as a target for cancer
treatment and prevention.

To identify inhibitors of HSR for potential use as anticancer
drugs, we chose to investigate anti-malaria drugs before resort-
ing to broad screening of chemical compound libraries. Our
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reasoning for taking this approach was based on the character-
istics of malaria and the biology of Plasmodium falciparum repli-
cation. To suppress Plasmodium growth, the infected organism
induces fever and heat shock in the form of febrile episodes.’”**
Fever is a protective mechanism against infections, especially for
malaria.”* However, it is frequently insufficient to completely
cure the disease. This is due, at least in part, to the ability of
both uninfected and infected host cells to survive at elevated tem-
peratures by inducing HSR. Moreover, P. falciparum induces its

own heat shock proteins,*

which allows the organism to survive
the elevated temperatures (fever) experienced during its change
of hosts. Therefore, in principle, malaria could be treated by
decreasing the efficacy of heat shock protein synthesis to make
infected cells and P. falciparum more sensitive to fever. This idea
led us to hypothesize that some existing anti-malaria drugs might
act as inhibitors of HSR. Our prediction appeared to be correct
for QC, a 9AA-based compound that was widely and success-
fully used as an anti-malaria treatment in the past, although
with a previously unknown mechanism of action. We found
that another anti-malaria drug, emetine, also suppressed hsp70
synthesis, but that it did so in a non-specific manner by acting
as a general inhibitor of translation. In contrast to emetine, QC
did not inhibit translation. Rather, the dramatic effect of QC on
hsp70 synthesis was due to reduced HSF1-dependent transcrip-
tion. This effect appears to be relatively selective since QC did
not have the same effect on a number of other signal transduction
pathways analyzed.

The mechanism underlying QC-mediated modulation of
transcription is an interesting and important question. This
mechanism will be addressed in a separate manuscript, in which
we will present evidence of non-genotoxic DNA intercalation as
the basis for the biological effects of QC. Here, based on our pub-
lished observations, we can state that the effect of this drug on
HSF1-mediated transcription is not unique. In our earlier work,
we described the ability of QC to inhibit NFkB-mediated tran-
scription in a way very similar to its effect on HSF1:¥ in both
cases, the drug did not interfere with activation, nuclear translo-
cation, or DNA binding of the transcription factor, but blocked
transcription initiation. The similarity of the two scenarios sug-
gests that in both cases QC employs a similar mechanism that
requires its nuclear localization. This is supported by the results
of our experiments with the lysosomal poison bafilomycin (Fig.
3). It was recently reported that QC inhibits the induction of
transcription of the genes encoding metalloproteinases MMP1
and MMP8 in response to phorbol ester treatment.®® This indi-
cates that the inhibitory effects of QC are broader than “just”
NF«xB and HSFI1. At the same time, the effects of QC on induc-
ible transcription are cleatly selective, since the drug does not
block, but actually stimulates, p53-mediated transcription.”
Moreover, QC has no effect on metallothionein gene induction
under the same conditions as when it blocks HSR (Fig. 1). The
fact that the effects of QC are limited to certain specific signaling
pathways might provide an explanation for its remarkable safety
as a drug that can be used for months at high doses with no seri-
ous side effects.
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The expectation that pharmacological inhibition of HSF1-
mediated HSR might dramatically increase the efficacy of pro-
teotoxic stresses as anticancer treatments has been fully met in
our experiments using mouse tumor models. QC used in com-
bination with the hsp90 inhibitor geldanamycin demonstrated
radical antitumor effects under conditions where neither of the
drugs administered alone showed decisive therapeutic efficacy.
Sensitization of cells to hyperthermia, MG132 and geldanamy-
cin by hsp70 knockdown was previously shown using genetic
manipulations.'®**% It has now been demonstrated using a phar-
macological approach with QC as an HSF1 inhibitor. A similar
effect was described for combinatorial treatment of cancer cells
with cisplatin and geldanamycin, where cisplatin affected hsp70
synthesis in geldanamycin treated cells.?” This encouraging result
with QC projects new anticancer applications for this old anti-
malaria drug which may provide an opportunity to reincarnate
those proteotoxic stress inducers that have not demonstrated
sufficient anticancer efficacy in the past (e.g., hyperthermia and
geldanamycin).

It is noteworthy that everything that we have learned in
our extensive studies of the biological activity and underly-
ing mechanism of action of QC strongly supports its potential
for clinical anticancer use. In fact, the unique multi-targeted
mechanism of action of QC suggests that it may be a great
improvement over other drugs/treatment strategies. Not only
does QC inhibit HSF, but it is also a powerful inducer of p53
and inhibitor of NFxB.** Thus, QC modulates all three of
the most universal anticancer treatment targets in the desired
directions. Moreover, QC demonstrates a complete lack of
genotoxicity and remarkable safety profile that is supported by
decades of human use. Taken together, these properties provide
strong justification for testing the anticancer properties of QC
and for development of new drugs with QC-like characteristics
but improved efficacy and pharmacological characteristics for
anticancer applications.

Materials and Methods

Ethics statement. Experiments with mice were conducted strictly
in accordance with the protocol approved by the Institutional
IACUC of the Cleveland Clinic.

Cell culture, lentiviral vectors, siRNA transfection and
drugs. HeLa cells were cultured in Dulbecco modified Eagle’s
medium (Invitrogen/Gibco BRL, Carlsbad, CA) supplemented
with 10% fetal calf serum. Murine melanoma B16 and fibro-
sarcoma MCA205 cells were grown in complete RPMI-1640
medium supplemented with 2 mM L-glutamine, 100 pg/ml
streptomycin, 100 U/ml penicillin, 50 pg/ml Gentamicin (Life
Technologies, Grand Island, NY). HSF1-specific EGFP expres-
sion was generated by insertion of 6 copies of HSF1 regulatory
elements (HSE) 5' CAG AAC GTT CTA G 3' upstream of mini-
mal CMV promoter into PTR-mCMV-EGEFP lentiviral vector.
Cells were infected by lentivirus with MOI 10 in the presence
of 4 pg/ml of polybrene over night. Efficiency of infection was
detected by EGFP expression in response to 43°C for 60 min of
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heat shock. Between 70 and 90% of the cells were infected by
virus and expressed GFP in response to heat shock.

HeLa cells were transfected with hsp70 siRNA (Santa Cruz
Biotechnology, Santa Cruz, CA) for 24 h to inhibit hsp70
expression during additional treatments with drugs. Control
cells were transfected with not relevant siRNA-A (Santa Cruz
Biotechnology, Santa Cruz, CA). Cells were treated as described
in the text with the proteasome inhibitors MG132 (Calbiochem,
San Diego, CA) and bortezomib (LC Laboratories, Woburn,
MA), the hsp90 inhibitor 17-DMAG (LC Laboratories, Woburn,
MA), quinacrine, emetine, quinine, chloroquine, and 9AA (all
from Sigma, St. Louis, MO). Conditions for hyperthermia/heat
shock treatment were incubation at 43°C for 1 h.

Western immunoblotting. Total protein extracts from Hela
cells were prepared in RIPA buffer (150 mM NaCl, 1% SDS,
10 mM Tris (pH 8.0), 1% sodium deoxycholate, 1% NP-40)
containing a protease inhibitor cocktail (Sigma, St. Louis, MO).
Protein extracts were separated by electrophoresis in 4-20%
gradient polyacrylamide gels with SDS (Invitrogen/Novex,
Carlsbad, CA) and then transferred to nylon PVDF membranes
(Amersham, Piscataway, NJ). Membranes were pre-incubated
over-night in 5% milk solution, and then incubated for 1 h
in 1% milk solution with primary antibodies at 1:1,000 dilu-
tions. The following primary antibodies were used: rabbit anti-
hsp70A1 inducible form (Assay Designs/StressGen, Victiria, BC,
Canada) and rat anti-HSF1 (Assay Designs/StressGen, Victiria,
BC, Canada). Controls for protein loading were rat anti-pirin
antibody (gift of Dr. E.L. Winnacker, Institut fiir Biochemie der
Ludwig-Maximilians-Universitit Miinchen, Germany.) and rab-
bit anti-keratin 18 antibody (a gift from Dr. R. Oshima, Burnham
research Institute, CA). Apoptosis was analyzed by detection of
caspase-specific cleavage of K18 (antibody from Dr. R. Oshima)
and PARP (antibody from Santa Cruz Biotechnology, Santa
Cruz, CA). HRP-conjugated secondary anti-rabbit, anti-rat
and anti-mouse antibodies were purchased from Santa Cruz
Biotechnology. Detection reagent (ECL) was from Perkin Elmer
(Shelton, CT).

Northern blotting and hybridization. Total RNA (10 pg)
from Hela, B-16 or MCA205 cells was analyzed by northern
blot hybridization with probes specific to the hsp70A1, MT1,
p65RelA, GRP94 and GAPDH genes. A PCR fragment was
generated from the hsp70A1 cDNA (Invitrogen, Carlsbad, CA)
with primers specific for the hsp70Al coding sequence (Als: 5'
CCA CCATCC CCA CCAAGC AGA C3'; Ala: 5' CAT GAA
CCA TCC TCT CCA CCT 3'). All other hybridization probes
were generated by restriction endonuclease digestion from cDNA
clones (ORIGENE).

In vivo ¥S-protein labeling. HeLa cells were treated with
drugs and their combinations according to the protocols of exper-
iments. The regular culture medium was changed to a methi-
onine/cysteine-free medium supplemented with *S-methionine
and »S-cysteine (50 pCi/ml) (New England Nuclear/Perkin
Elmer, Shelton, CT) and the cells were incubated for additional
60 min in the presence of drugs. Cytoplasmic protein extracts
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were prepared according to the Dignam protocol.® Labeled pro-
teins were analyzed by electrophoresis in 10% polyacrilimide gel
and autoradiography.

In vitro assay for proteasome activity. To determine the
efficiency of the proteasome inhibitors MG132 and Bortezomib
alone and in combination with QC and 9AA, we treated HelLa
cells with the indicated drugs for 4 h, purified cytoplasmic protein
extracts,’ and analyzed proteasome activity using fluorochromic
proteasome substrate 1 (Calbiochem, San Diego, CA).

Electrophoretic mobility shift assay (EMSA). HSF1 DNA
binding activity was detected with EMSA. Briefly, cytoplasmic
and nuclear protein extracts were purified using the Digman
protocol® from control HeLa cells and HeLa cells treated with
MG132 or 17-DMAG alone, or in combination with QC or
9AA. 10 pg of protein extracts were analyzed with a **P-labeled
double-stranded oligonucleotide (5' TCG AGC TAG AAG CTT
CTA GAA GCT TCT AGC 3') specific for HSF1 binding.® For
competition assay, a 50x excess of unlabeled oligonucleotides
were added to protein extracts together with *P-labeled double-
stranded oligonucleotides. Protein extracts were pre-incubated
with HSF1 specific antibodies (Assay Designs/StressGen,
Victoria, BC, Canada) for 15 min at room temperature before to
add P3?-labeled double-stranded oligonucleotide for super shift
assay.

Cell viability assay. To determine the cytotoxicity of drugs
and drug combinations, we used a cell viability assay. Cells were
grown to 75-80% confluency and then treated for 4 h with vari-
ous combinations of 1 UM 17-DMAG, 0.1 UM bortezomib and
10 uM or 20 pM QC. Cells were collected by trypsinization and
a 1:50 dilution was seeded in a 6-well plate. Cell viability was
determined 72 h later by methylene blue staining after fixation of
the cells with 10% formaldehyde. Methylene blue was extracted
by 0.1 M HCl and its absorbance was measured at 560 nm.

In vivo assay for tumor growth in mice. MCA205 and
B-16 cells were detached from plastic Petri dishes using 0.5%
Trypsin-EDTA, washed and resuspended in sterile PBS. Cells
were injected intra-dermally into the shaved abdominal area of
C57BL/6 mice (3 x 10° cells in a single injection/mouse). Tumors
were measured in two dimensions and tumor volume was calcu-
lated according to the formula: mm?® = tumor length x (tumor
width).? On day 8 after implantation, tumors were typically ~50
mm? in size. Tumor-bearing mice were divided into four groups
of five animals each and began receiving intra-tumor drug injec-
tions on day 9. The control group received PBS injections on days
9, 10, 11 and 12. Mice in group 2 were injected with 1.25 mg
QC in PBS* on days 9 and 10. Mice in group 3 received 25 pig
17-DMAG in PBS® on days 9, 10, 11 and 12. Mice in group 4
were injected with 1.25 mg QC + 25 ug 17-DMAG on days 9 and
10, and 25 pg 17-DMAG on days 11 and 12. We used only two
injections of QC, because according to our in vitro studies, this
drug is stable inside of cells. It may be detected in cells as long
as 72 h after treatment and the change of medium. Tumors were
measured every 2 days after drugs injections for 24 days. Animals
with tumors volume 500 mm? and larger were euthanized.
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