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Preface

Protein folding and degradation are key cellular processes that must be carefully
regulated in the crowded and compartmentalised cellular environment. The phys-
iological process of proteostasis must also be maintained in times of stress, where
an additional burden is placed on cells due to alterations in protein structure and
function. The ability of the cell to maintain appropriate protein homeostasis under
both physiological conditions and during cellular upheaval is largely dependent on
a phenomenon known as the stress response. The stress response is an evolution-
arily conserved and often predictable response that results in the upregulation or
activation of a cohort of proteins, known collectively as molecular chaperones that
serve to ameliorate the consequences of protein misfolding. Selected members of
the heat shock proteins (e.g. Hsp90 and Hsp70) represent the largest and best-
characterised family of molecular chaperones.

Many heat shock proteins (Hsps) function as molecular chaperones, regulating a
range of processes associated with protein homeostasis, including protein folding,
aggregation suppression and protein degradation. The activities of these Hsps are
finely tuned and usually driven by the formation of complexes with cofactors.
Understanding the mechanistic details by which these Hsps function as molecular
chaperones has led to their analysis in human diseases. Hsps have been implicated
in either the aetiology or prevention of many human diseases, ranging from cancer
to Alzheimer’s and infectious diseases. Hsps have been identified as putative drug
targets for therapeutic intervention. In this book, the authors provide critical insight
into the identification and development of inhibitors against selected Hsps as future
therapies for human disease.

Specifically, topics include discussions on Hsp90, Hsp70, Hsp47, Hsp40 and
Hsp27. Describing inhibitors that modulate Hsp90 or Hsp70 or a combination of
these two inhibitors provides an overview of the most recent drugs targeting these
Hsps. Finally, these chapters provide insight into potential new routes for modu-
lating these Hsps. However, despite these success stories, there are currently no Hsp
inhibitors that have completed clinical trials and are in routine use for treating
patients. As discussed within these chapters, there are opportunities to develop new
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molecular inhibitors for these therapeutically relevant Hsps. The wide range of
Hsps and their functional control of the cell make these chaperones highly relevant
to all therapeutic areas.

Sidney, Australia Shelli R. McAlpine
Grahamstown, South Africa Adrienne Lesley Edkins
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Targeting the C-Terminus of Hsp9(
as a Cancer Therapy

Jeanette McConnell, Yao Wang, and Shelli McAlpine

Abstract Classical Hsp90 inhibitors target the N-terminal ATP binding site. While
these inhibitors have had some clinical success, treatment with these molecules
leads to a dramatic increase in a set of stress-related proteins, a response that is
referred to as a heat shock response. The induction of a heat shock response protects
the cell against the protein aggregation induced by inhibiting Hsp90 and slows
down cell death. Alternatively, inhibiting Hsp90 by modulating the C-terminus
does not lead to a heat shock response. Current efforts to inhibit Hsp90’s
C-terminus include molecules derived from natural products and mimics of native
Hsp90-binding proteins. This diverse effort toward new C-terminal modulators of
Hsp90 and their promising biological profile suggests that this strategy is likely the
most productive future for targeting Hsp90.

Keywords ATP binding inhibitors, Cancer, C-terminus, Heat shock proteins,
Hsp90, Natural products, Natural product small molecules
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1 Introduction

Recent knowledge in cancer biology has produced a new chemotherapy approach.
Instead of using broadly toxic drugs, new cancer chemotherapies are often focused
on a single molecular target, with the goal that only this target is inhibited
[1]. Therapies focused on a single target have had numerous successes and include
(a) drugs targeting human epidermal growth factor receptor 2 (HER2), (b) hormone
therapies, and (c) epidermal growth factor receptor (EGFR) inhibitors [1]. Heat
shock protein 90 (Hsp90) is one molecular target being clinically tested for its
effectiveness as a cancer therapy. Hsp90 is a molecular chaperone broken down
into three domains with distinct functions. The amino (N) domain is responsible for
binding ATP, the middle (M) domain binds many of Hsp90’s client proteins, and
the carboxy (C) domain contains the site of homodimerization essential for protein
function. The Hsp90 protein is a highly effective anticancer target because it plays a
key role in many oncogenic pathways, promoting the growth and survival of cancer
cells. By inhibiting Hsp90, multiple oncogenic pathways are likely to be shut down
simultaneously, decreasing the likelihood of cancer cell survival [2—4].

The first Hsp90 inhibitor, geldanamycin (GA), was identified in 1994, and its
derivative, 17-N-allylamino-17-demethoxygeldanamycin (17-AAG), entered clini-
cal trials as an anticancer therapy in 1999 [5]. Since then, Hsp90 inhibitor drug
candidates have been steadily entering clinical trials, with a total of 15 different
drugs entering the clinic since 1999 [6, 7]. A wide variety of cancer types have been
treated using Hsp90 inhibitors, including breast cancer, non-small cell lung cancer
(NSCLC), melanoma, renal cell carcinoma (RCC), multiple myeloma (MM),
gastrointestinal stromal tumor (GIST), castrate-resistant prostate cancer (CRPC),
and several types of leukemia [6, 7]. However, clinical trial results showed that
when used as single agents, these Hsp90 inhibitors have not been effective, and they
have faced significant side effects [8].

Three exceptions to the ineffectiveness of single-agent Hsp90 inhibitors were
observed in patients when treatments involved (a) 17-(dimethylaminoethylamino)-
17-demethoxygeldanamycin (17-DMAG) to treat CRPC, melanoma, or acute mye-
loid leukemia, (b) ganetespib to treat breast cancer and NSCLC, and (c) IPI-504 to
treat NSCLC and GIST (Fig. 1) [9, 10]. However, patient responses were modest,
where 17-DMAG caused a response in only 7% of HER2+ breast cancer patients,
ganetespib caused a partial response in only 9% of breast cancer patients, and
IPI-504 caused a partial response in just 7% NSCLC patients and 3% of GIST
patients [7, 10, 11]. 17-DMAG was also reported to cause a single complete
response in CRPC, three complete responses in acute myeloid leukemia, and one
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Fig. 1 Structure of Hsp90 inhibitors that have had moderate success as single-agent therapeutics
in the clinic. 17-DMAG, IPI-504, and ganetespib
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Fig. 2 Depiction of the cytoprotective consequences of ATP binding site Hsp90 inhibitors. All
N-terminal ATP binding site inhibitors induce elevated levels of heat shock proteins leading to
cellular protection. The key players and their role in cellular protection are depicted here

partial response in melanoma [8, 11]. While these few Hsp90 inhibitors have had
some positive clinical benefit for patients, the low response rate is a significant
concern.

In addition to the limited effectiveness of single-agent Hsp90 inhibitors, hepa-
totoxicity, ocular toxicity, and in one case mortality have caused the suspension of
many clinical trials involving Hsp90 inhibitors [12, 13]. Indeed, despite their
limited success, both 17-DMAG and IPI-504 have been removed from the clinic
(clinicaltrials.gov). The ineffectiveness of these Hsp90 inhibitors may be due to a
resistance mechanism that is activated immediately upon treatment. It is well
understood that all of the clinical Hsp90 inhibitors target the ATP binding site of
Hsp90, located in the N-terminal domain of the protein (Fig. 2). Inhibiting Hsp90 at
this site initiates a heat shock response (HSR), which ultimately causes cellular
protection (Fig. 2) [14-20].

There are currently two approaches being taken to address the cellular protection
caused by induction of the heat shock response in patients after treatment with
N-terminal Hsp90 inhibitors. The first, which is already being used in the clinic, is
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combining Hsp90 inhibitors with other anticancer drugs, including several kinase
inhibitors (clinicaltrials.gov). Indeed, clinical trial data demonstrate that Hsp90
inhibitors that target the N-terminus of Hsp90 are most effective when combined
with other forms of therapy [7]. The second approach, and the focus of this chapter,
is the development of Hsp90 inhibitors that target sites other than the ATP binding
pocket of Hsp90. Specifically, data has demonstrated that inhibiting activity at the
C-terminus of Hsp90 does not induce a heat shock response, nor does it lead to the
upregulation of the heat shock proteins [15-24]. Thus, it is possible that targeting
the C-terminus may succeed in a clinical setting as a single treatment.

The development of mechanistically unique Hsp90 inhibitors will also allow for
combinations of multiple types of Hsp90 inhibitors, where the advantages of using
different Hsp90 inhibitors together would include more effective inhibition of
Hsp90 and a reduction in the cytoprotective heat shock response. However, first
Hsp90 inhibitors that modulate other sites of the Hsp90 protein must be developed.
This chapter discusses the status of targeting Hsp90 at sites other than the
N-terminal ATP binding pocket.

2 Small Molecule Inhibitors of Hsp90

2.1 The Problem with Targeting the N-terminal ATP Binding
Site as a Cancer Therapy

The disappointing clinical results of Hsp90 inhibitors as anticancer drugs are
connected to increased levels of heat shock proteins 70 (Hsp70) and 27 (Hsp27)
and heat shock factor 1 (HSF1) [25-27]. The induction of these heat shock proteins
produces the undesirable effect of counteracting the efficiency of Hsp90-based
treatment, and it has been identified as a hallmark of Hsp90 inhibitors that target
the N-terminus (Figs. 2 and 3) [28—38]. On the other hand, molecules that modulate
the C-terminus do not induce HSF1 nor overexpression of Hsp70 and Hsp27
(Fig. 3) [15-21, 23, 24, 39-43]. Thus, these molecules represent a promising new
way to inhibit Hsp90 without simultaneously inducing the protective stress
response.

There are several rescue mechanisms activated when targeting Hsp90 in addition
to the heat shock response. First, induction of HSF1 supports malignant cancers by
driving transcription of proteins that protect the cell, separate from the heat shock
proteins [44]. HSF1 is also critical for tumor progression [45—47]. Second, Hsp70
can facilitate protein folding, prevent protein aggregation, and regulate protein
complex assembly or disassembly alleviating some of the damage caused by
Hsp90 inhibition [48, 49]. Third, Hsp70 actively participates in the protection of
cancer cells from both extrinsic and intrinsic apoptosis [48]. Ectopic overexpression
or induced endogenous levels of Hsp70 promote cancer cell survival by effectively
inhibiting lysosomal membrane permeabilization [50], initiation of the death
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Fig. 3 (a) Structures of current Hsp90 inhibitors in clinical trials, all targeting the ATP binding
site at the N-terminus. (b) Structures of molecules that modulate the C-terminus of Hsp90
inhibitors (SM122, SM145, and SM253; novobiocin and coumermycin Al)

receptor pathway [51], mitochondria-initiated signaling for caspase-dependent
apoptosis [52-57], as well as apoptosis-inducing factor (AIF)-associated caspase-
independent apoptosis [58, 59]. Fourth, induction of Hsp27 activates other resis-
tance mechanisms, thereby facilitating the rescue of multiple cancer types upon the
increase in Hsp27 levels [60-65].

2.2 Small Molecules that Block Access to the C-Terminus
of Hsp90

The use of natural products as drug discovery leads is a well-known process and has
led to many successful drugs [66]. Currently, there are two classes of molecules that
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inhibit Hsp90 function without inducing high levels of Hsp70, Hsp27, or HSF1:
cyclic peptide analogs (SM122, SM145, and SM253) and coumarin antibiotic
derivatives (Fig. 3). The coumarin antibiotics directly bind to the C-terminus of
Hsp90 and disrupt its function. There are two main coumarin derivatives that inhibit
Hsp90, coumermycin Al and novobiocin (Fig. 3). While these two molecules are
related, they have different impacts on Hsp90. Coumermycin Al disrupts the
formation of the Hsp90 dimer, where a 50% reduction in dimerization was seen
with 0.4 mM of coumermycin Al [22]. Disrupting Hsp90 dimerization prevents
binding between Hsp90 and several important C-terminal co-chaperones that con-
tain a tetratricopeptide repeat (TPR) domain (CHIP, Tom70, CYP40) (where
coumermycin Al has an ICsy of ~5 pM [23]). When HeLa cells were treated with
coumermycin Al (5 pM), there was a decrease in the amount of glucocorticoid
receptor and a slight reduction in the immunophilin FKBP52 [22, 23]. Unlike when
using an N-terminal inhibitor, these inhibitory effects were not paired with induc-
tion of a heat shock response. Indeed, coumermycin Al did not change Hsp70
levels and caused a 50% reduction in both Hsp90 and HSF1 protein levels [22,
23]. There has been some effort made toward creating new derivatives of
coumermycin Al, and while one derivative caused a reduction in HER2 levels,
the effect on Hsp90’s interaction with TPR-containing protein or the levels of heat
shock proteins has not been investigated [67].

In addition to coumermycin Al, the coumarin antibiotic novobiocin disrupts the
function of Hsp90. However, novobiocin is not as potent as coumermycin Al. This
is reflected in the almost 100-fold higher concentration required to disrupt the
binding of TPR-containing proteins (novobiocin ICsy, ~3 mM). Novobiocin also
disrupts a different set of TPR proteins (CYP40, PP5, FKBP51/FKBP52),
suggesting that the two coumarin derivatives are affecting Hsp90 in different
ways, despite being from the same family of antibiotics. Unlike coumermycin
A1, much work has been done investigating the SAR of novobiocin and creating
new derivatives [21, 42, 68]. Two of the best derivatives created are known as F-4
and KU174 (no structures published). These molecules have a better binding
affinity for Hsp90 than novobiocin (K4 novobiocin =211 pM, F-4 =100 pM and
KU174 =80 pM). In addition, they caused the degradation of many key Hsp90
client proteins, including Akt and HER2 without a subsequent increase in heat
shock proteins [21, 68]. However, their effect on the Hsp90’s C-terminal interac-
tions has not been investigated. Using the coumarin antibiotics as a starting point
for Hsp90 inhibition is a valid strategy for creating new Hsp90 inhibitors, and
further investigation of their biochemical impact on Hsp90 would provide valuable
insight.

Unlike the coumarin derivatives that directly block the C-terminus of Hsp90, the
SM analogs block access to the C-terminus via an allosteric mechanism. Binding to
the N-middle domain of Hsp90, the SM derivatives impact the conformation of
Hsp90 so that the C-terminal end (MEEVD region) is no longer accessible to bind
to TPR proteins. Three SM molecules (SM122, SM145, and SM253) have demon-
strated the ability to block TPR-containing proteins (Fig. 4) [18, 23, 39, 69,
70]. SM122 blocks access between Hsp90 and HOP, as well as between Hsp90
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Fig. 4 Diagram depicting C-terminal-binding compounds novobiocin and coumermycin Al as

well as N-middle-binding compounds SM122 and SM145 blocking the interaction of various
TPR-containing proteins with the C-terminus of Hsp90

and FKBP52, with an ICsy ~1 pM. SM 145 blocked nine TPR-containing proteins
from binding to Hsp90 with an IC59=~0.5 pM including HOP, CYP40, FKBP38,
FKBP51, FKBP52, Tom70, CHIP, and UNC45 (note: PP5 did not reach 50% but
was inhibited from binding to Hsp90 by 30% at 0.5 pM) [23].

Thus, the SM derivatives are significantly more potent inhibitors of the
TPR-Hsp90 interaction than the coumarin antibiotics (>tenfold), and SM145
inhibits a much wider range of proteins than either SM122 or the coumarin
derivatives. In addition, both SM122 and SM145 inhibit Hsp90-mediated protein
refolding, as well as cause a decrease in important Hsp90 client proteins and
co-chaperones, while not inducing the heat shock response [18, 23, 70]. Overall,
these SM derivatives represent the under-investigated idea that targeting Hsp90 via
a site other than the N-terminus is important, and it is likely that non-N-terminal
inhibitors will be critical to the success of Hsp90 inhibitors in the clinic.

SM122 was investigated in an in-depth study and compared to a classic Hsp90
inhibitor, 17-AAG (Fig. 5) [16, 18, 19]. Both inhibitors 17-AAG and SM122 were
evaluated at several points during the heat shock response pathway (Fig. 5). SM122
was the first C-terminal modulator used to show that inhibiting Hsp90 via modu-
lating the C-terminus did not initiate the heat shock response via production of
mRNA encoding for Hsp70 or Hsp27 or the translation and protein production of
the heat shock response proteins [16, 18, 19]. The mRNA levels of Hsp70 and
Hsp27 increased when cells were treated with 17-AAG, whereas mRNA levels
went down for these two proteins when cells were treated with SM122. Translation
of mRNA into protein was not impacted when cells were treated with 17-AAG;
however, it was completely inhibited when cells were treated with SM122. Finally,
Hsp70, Hsp27, and HSF1 protein levels dropped dramatically (tenfold below
control) when cells were treated with SM122; however, they increased dramatically
when cells were treated with 17-AAG (fivefold over control) [16, 18, 19].
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Fig. 5 N-terminal and C-terminal Hsp90 inhibition cause differing mechanistic results. Two
Hsp90 inhibitors, 17-AAG and SM122, were evaluated at several points during the heat shock
response pathway. The mRNA levels of Hsp70 and Hsp27 increased when cells were treated with
17-AAG, whereas mRNA production levels went down for these two proteins when cells were
treated with SM122. Translation of mRNA into protein was not impacted when cells were treated
with 17-AAG; however, it was completely inhibited when cells were treated with SM122. Finally,
Hsp70, Hsp27, and HSF1 protein levels dropped dramatically

In addition to not initiating the HSR, treatment of HCT116 colon cancer cells
with SM122 caused other effects associated with Hsp90 inhibition. For example,
SM122 produced a maximum of ~ twofold decrease in protein levels of the Hsp90
co-chaperones FKBP52 and CHIP and client protein Akt. By decreasing the levels
of Hsp90-interacting proteins with such varying functions, SM122 disrupts hor-
mone receptors, protein homeostasis, and cell proliferation simultaneously. These
trends were concentration dependent, with ICsq levels of SM122 (~10 pM) decreas-
ing the protein levels of these molecules by ~1.25-fold, whereas treatment of
HCT116 colon cancer cells with 17-AAG at its ICsq level (~50 nM) or even
20-fold over its ICsy value produced no impact on these co-chaperones and only
reduced the N-terminal-binding protein Akt by fourfold [16].

SM122 also induced apoptosis and trapped cells in GO/G1 phase [19]. Specifi-
cally after 24 h, cells treated with ICsy values of SM122 had significant levels of
cleaved PARP and induced caspase 3/caspase 7 activation threefold over control,
whereas cells treated with three times the ICs, value of 17-AAG only induced
caspase 3/caspase 7 twofold over control. These data support the hypothesis that
treatment of cells with molecules that modulate the C-terminus, specifically from
the SM series, immediately induces apoptosis and does not provide the cell the
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opportunity to rescue itself by producing large quantities of Hsp70, Hsp27, or
HSFI. In contrast, compounds that target the N-terminus of Hsp90, specifically
17-AAG, do not induce apoptosis immediately, but rather trigger a rescue mecha-
nism, which delays the induction of apoptosis, as indicated by the delay in caspase 3/
caspase 7, and low levels of PARP cleavage at 24 h.

3 Peptide Inhibitors that Mimic the TPR Domain

The small molecules discussed above that modulate the C-terminus all block the
interaction between the TPR domain of the co-chaperone protein and Hsp90,
initiating degradation of clients and causing cell death. All of the co-chaperones
known to bind to Hsp90’s C-terminus MEEVD region uses their TPR domain to
facilitate this interaction (Fig. 6a). A TPR domain is made up of at least three TPR
motifs, where a TPR motif is a set of 34 amino acids that are loosely conserved and
fold into two 16-amino-acid helices (Fig. 6) [72, 73]. While the C-terminal
MEEVD sequence of Hsp90 interacts with many TPR-containing proteins, Hsp70
also interacts with TPR-containing proteins using its C-terminal GPTIEEVD
sequence (Gly-Pro-Thr-Ile-Glu-Glu-Val-Asp) (Fig. 6b) [71, 74]. Indeed, there are
three TPR-containing co-chaperones (HOP, CHIP, and Tom70) that bind to both
Hsp90 and Hsp70 at their C-termini [75]. Since blocking the TPR-Hsp90 interac-
tion has numerous advantages over classic N-terminal Hsp90 inhibitors, using the
conserved nature of the TPR domain to design peptide mimics to block this
TPR-MEEVD/GPTIEEVD interaction is an exciting new approach. The overlap
of this TPR-Hsp90/Hsp70 interaction suggests that creating molecules that
mimic the TPR domain could be a good approach to inhibit both Hsp90 and
Hsp70 simultaneously; however, there are differences in how Hsp90 and Hsp70
interact with the TPR domains, so this could prove challenging. Despite this
difficulty, disrupting the interactions between these TPR co-chaperones and
Hsp90 and/or Hsp70 will lead to inhibiting multiple oncogenic functions of one

Fig. 6 Two TPR domains of HOP in complex with peptides. (a) TRP2A domain of HOP bound to
the MEEVD sequence of Hsp90. (b) TRP1 domain of HOP bound to the last 12 amino acids of
Hsp70. Figure taken from [71]
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or both heat shock proteins and represents a viable new way to inhibit these
important molecular chaperones.

3.1 TPR2A Peptide Mimics Targeting the TPR-Binding
Region of Hsp90°’s C-Terminus

Cortajarena and co-workers reported the first example of applying an engineered
Hsp90-binding TPR mimic to inhibit Hsp90 chaperone functions [76]. They created
a new TPR module, CTPR390, which consists of three repeats of two alpha helices
(helix A, ASAWYNLGNAYYK QG; helix B, DYQKAIEYYQKALEL). This
protein is based on a computer-generated sequence of the most stable TPR domain
(known as CTPR3) with the key residues for binding Hsp90 inserted creating the
final CTPR390 [77, 78]. CTPR3 was selected as the basic framework because it
showed remarkable stability, behaving better than TPR1 or TPR2A domains of
HOP when used as a TPR mimic. Thus, this sequence could be used as a robust
scaffold to investigate the interaction between Hsp90 and TPR-containing proteins
or to design lead inhibitors [77]. Indeed, the design of CTPR390 was a success, and
it was able to simulate the behavior of TPR-containing Hsp90 co-chaperones.
However, the interaction between CTPR390 and Hsp90 was weaker than that
between HOP’s TPR2A domain and Hsp90 by approximately 100-fold [78]. There-
fore, it would not be effective as a competitive inhibitor. In order to improve the
binding affinity of the designed TPR protein CTPR390 to Hsp90, the protein was
charged by altering specific residues that appear on the outer surface of the
secondary structure and would not interfere with binding (Fig. 7). These two mutant
TPR domains maintained the Hsp90-binding residues from TPR2A and the same
secondary structure of CTPR390, but they were negative or positively charged
(CTPR390 +/-). The introduction of positive charges lowered the dissociation
constant between CTPR390+ and Hsp90’s MEEVD region to less than 1 pM,
much lower than the dissociation constant of the original CTPR390 (K4
~500 pM). In contrast, CTPR390- lost affinity for Hsp90, showing a K4 > 600 pM
[77]. The improvement associated with CTPR390+ pushed the binding affinity of
this engineered protein above the native binding partner HOP, which has a K4 ~5 M
for Hsp90. Interestingly, CTPR390+ was very selective for the Hsp90 C-terminal

Helix A Helix B
| |
I 1 I 1
CTPR390 ASAWYNLGNAYYK QG DYQKAIEYYQKALEL DFNN (X3) Kd ~ 500 uM

CTPR390- AEAWKNLGNAYYK QG DYDEAIEYYQKALEL DFNN (X3)  Kd > 600 uM
CTPR390+ AKAWYRRGNAYYK QG KYQKAIKYYQKALKL DFNN (X3)  Kkd~1pm

Fig. 7 Sequence of CTPR390 and the charged derivatives (CTPR390+/-) along with their Kd
values for binding to Hsp90
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peptide over the Hsp70 C-terminal peptide (100-fold), whereas the native TPR2A
domain of HOP only has tenfold selectivity for Hsp90 over Hsp70 [77].

Due to the high binding affinity between Hsp90 and CTPR390+, the CTPR390+
sequence was tested in cells. Successfully introducing CTPR390+ into BT474 cells
(HER2-positive breast ductal carcinoma cells), using ProteoJuice (Novagen),
showed that CTPR390+ could outcompete endogenous co-chaperones in an
Hsp90-binding event. Specifically, after the treatment of BT474 cells with
CTPR390+, the expression levels of HER2 as well as phosphorylated HER2 (the
functional form of HER2) were decreased substantially, with the phosphorylated
HER2 reduced to 20% of its original levels [77]. As seen with the small molecules
that inhibit the interaction between Hsp90 and TPR-containing proteins, treatment
of the BT474 cells with CTPR390+ did not induce Hsp70 protein.

Collectively, these results suggested that the newly engineered TPR module
CTPR390+ is capable of binding to the C-terminus of Hsp90 with better stability,
higher affinity, and greater specificity than the endogenous Hsp90-binding
co-chaperone HOP. Inhibition of the binding event between Hsp90’s C-terminus
and its co-chaperones leads to Hsp90 client protein degradation and cancer cell
death. Thus, CTPR390+ represents a novel class of Hsp90 inhibitors that target the
interaction between Hsp90 and HOP.

3.2 Antp-TPR Hybrid Peptide-Based Treatment of Solid
Tumors

Similar to the designed TPR peptide motif CTPR390+, Horibe and co-workers
engineered a novel peptide (KAYARIGNSYFK, TPR peptide) that is modeled from
the TPR2A domain of HOP [79]. This TPR mimic is different from CTPR390+
because it is a small peptide and consists of only 12 amino acids. The peptide
sequence was obtained from the helix A3 of HOP’s TPR2A domain, which is
responsible for docking HOP to the C-terminus of Hsp90. When tested in binding
studies, the TPR peptide successfully inhibited the interaction between Hsp90 and
HOP; however, it failed to disrupt binding between Hsp90 and two other
co-chaperones that contain TPR domains (FKBP5 and PP5). The TPR peptide
successfully bound to both Hsp70 and Hsp90 with similar affinities; however, this
binding event failed to inhibit the interaction between Hsp70 and any of the tested
co-chaperones. These observations indicated that this newly designed peptide is a
specific inhibitor of the interaction between Hsp90 and HOP, which is similar to the
previously discussed TPR mimic CTPR390+.

Since the free TPR mimic peptide is not able to penetrate the cell membrane, the
N-terminus of the peptide was fused to helix 3 of the antennapedia homeodomain
protein (Antp), generating a cell membrane-penetrating variant [80]. This variant
could now be used to determine the cellular consequence of treating with the TPR
mimic. This new fusion peptide was designated as “hybrid Antp-TPR peptide”
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(ROQIKIWFOQNRRMKWKK KAYARIGNSYFK) or Antp-TPR peptide for short.
After structural modification, this peptidyl antagonist not only retained the capability
of disrupting the interaction between Hsp90 and the TPR2A domain of HOP, but it
could now penetrate cells [79]. Treating cells with this Antp-TPR peptide produced a
mild anticancer effect, where it showed a concentration-dependent cytotoxicity in
cancer cell lines including Caki-1 (human clear cell renal cell carcinoma), BXPC3
(human pancreatic cancer), T47D (human ductal breast epithelial cancer), and A549
(carcinomic human alveolar basal epithelial cell line) (IC5o=20-30 pM against
T47D, BXPC3, and Caki-1 cells; and ~60 pM against A549) [79].

Additionally, 24-h treatment with 68 pM Antp-TPR peptide induced extensive
cell death through a caspase 3/caspase 7-mediated apoptotic mechanism in T47D
breast cancer cells. Strikingly, although the ICsy values of Antp-TPR peptide
against these tested cancer cell lines were relatively high, concentrations of Antp-
TPR peptide, e.g., up to 100 pM, did not cause significant decrease in the viability
of “normal” human cell line models such as HEK293T (transformed human embry-
onic kidney), MRCS5 (normal lung fibroblast), and PE (human normal pancreatic
epithelial cell) [79]. These results demonstrate that cancer cells are more sensitive
to the Antp-TPR peptide than normal cells.

In T47D cells (breast cancer), 48-h treatment with 68 pM Antp-TPR peptide
greatly suppressed Hsp90 client protein levels, including cyclin-dependent kinase
4 (CDK4), survivin, and Akt. These clients are usually upregulated in cancer cells,
and they play essential roles in cell cycle modulation or suppression of apoptosis
[80—84]. These clients also rely on the interaction between HOP and Hsp90 to
facilitate their folding and maturation. Thus, suppression of these clients indicates
that the Antp-TPR peptide is modulating their activity by inhibiting HOP from
binding to Hsp90. This TPR peptide also had no effect on Hsp70 levels in all tested
normal cell lines. Collectively, these data support the hypothesis that the Antp-TPR
peptide specifically affects cancer cell survival pathways by blocking the interac-
tion of Hsp90 with HOP and disrupting co-chaperone recruitment. Similar to the C-
terminal-modulating small molecules, the Antp-TPR peptide appears to block a key
interaction involving substrate loading onto Hsp90 in the molecular chaperone
cycle for folding client proteins by disrupting Hsp90-TPR interactions (Fig. 8)
[18, 22, 23, 39, 41].

To confirm the specificity of the TPR peptide, the authors created two Antp-TPR
mutants that were designed to evaluate which amino acids were critical for cyto-
toxicity within the 12-amino-acid sequence. Mutant 1 involved replacing the highly
conserved Arg residue and the Ile with Ala (Antp-KAYAAAGNSYFK; mutated
amino acids are underlined) (Fig. 9). Mutant 2 involved replacing the Tyr-Phe-Lys
of Antp-TPR peptide with a triple Gly in order to disrupt the helical structure (Antp-
KAYARIGNSGGG; mutated amino acids are underlined) (Fig. 9). As expected,
neither of the mutants showed any inhibitory effect on the Hsp90-TPR2A interac-
tion, and they had no cytotoxicity against cancer cells, even at millimolar concen-
trations [79]. These results revealed that the mutated amino acids in both Antp-TPR
mutants 1 and 2 are critical for inhibiting this protein interaction and are also
indispensable for the selective antitumor activity of Antp-TPR.
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SM145 Coumarins
Coumarins

Fig. 8 Depiction of Hsp90-mediated protein folding and where the C-terminal-modulating
molecules disrupt this pathway. In the normal protein-folding pathway, an unfolded protein is
transferred to Hsp90 by Hsp70 via HOP. However, the TPR mimics and SM series inhibitors
disrupt the interaction of Hsp90 with HOP preventing protein transfer and halting protein folding.
The SM series compounds as well as the natural product C-terminal inhibitors also disrupt later in
the protein-folding pathway by inhibiting the binding of essential co-chaperones to Hsp90, halting
protein folding. There is no evidence yet that the TPR mimics can block the interaction of Hsp90
with TPR proteins other than HOP. All three types of C-terminal inhibitors lead to a disruption in
protein folding and prevent the proper maturation of Hsp90 client proteins

The Antp-TPR peptide also displayed a significant antitumor effect in a xeno-
graft model of BXPC3 human pancreatic cancer in mice. Administration of Antp-
TPR peptide suppressed tumor growth significantly, where treatment with 1 mg/kg/
day reduced tumor size by ~50% and 5 mg/kg by 73% compared to the control.
Similar to the results observed in cell experiments, immunohistochemical staining
of BXPC3 tumors treated with Antp-TPR peptide also demonstrated a decrease in
expression levels of numerous Hsp90 client proteins, including CDK4. In addition,
similar to the normal cell-based assays, this peptide showed equally unremarkable
effects on the control mice, where histological examination indicated that the
peptide did not impact the liver, kidney, or lungs. Thus, the Antp-TPR peptide
effectively triggers tumor specific death in vivo through a mechanism of action
involving degradation of Hsp90 client proteins and is an attractive new option for
molecular targeted therapy of solid tumors.
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Fig. 9 (a) Sequence of the Antp-TPR peptide with residues essential for activity in blue. (b, c)
Sequence of mutated versions of Antp-TPR used to determine important amino acid residues
(mutated amino acids in red)

3.3 Antp-TPR Hybrid Peptide-Based Treatment of Leukemia

In addition to BXPC3, the Antp-TPR peptide has been used successfully against
leukemia cell lines [85]. This peptide showed concentration-dependent cytotoxicity
in four tested leukemia cell lines including U937 (monoblastic leukemia), K562
(chronic myelogenous leukemia), THP-1 (acute monocytic leukemia), and HL-60
(promyelocytic leukemia), with ICs, values from 16 to 51 pM. Importantly, the
Antp-TPR peptide was much less toxic to normal cell line models including
HEK?293, PE, WI38, and PBMCs (peripheral blood mononuclear cells), where the
ICs( values for normal cells were all greater than 130 pM. By comparison, 17-AAG
and geldanamycin (N-terminal Hsp90 inhibitors) showed a greater cytotoxic effect
on the normal cells than on cancer cells [85]. Thus, even though the Antp-TPR
peptide has a somewhat high ICs( value, it discriminates between leukemic cells
and normal cells, while the N-terminal inhibitors of Hsp90 do not.

Similar to previously tested cell lines, the Antp-TPR peptide (50 pM) affected
the AML cell survival pathway by downregulating Hsp90 client proteins survivin,
Akt, and CDK4 [85]. Antp-TPR peptide also selectively triggered apoptosis in
AML cells but not in normal cells (WI38, HEK, PE) by activating the caspase 3/
caspase 7-mediated apoptotic pathways and by disrupting the mitochondrial mem-
brane potential. The selectivity observed for the Antp-TPR peptide is likely related
to the Hsp90 client protein, survivin. Survivin is regulated by the Hsp90-HOP
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binding event. It is overexpressed in cancer cells but has an extremely low expres-
sion level in tested normal cells [79]. Since cancer cells depend on survivin to
control mitosis and suppress apoptosis or cell death, inducing degradation via the
Hsp90 pathway will induce cell death [81, 82].

3.4 Antp-TPR Hybrid Peptide-Based Treatment
of Glioblastoma

Among the family of solid tumors, brain cancer is more complicated than other
types of solid cancer because it is located in the brain or central spinal canal.
Glioblastomas (GBs) are the most commonly diagnosed malignant adult primary
brain tumor [86]. GBs are usually highly malignant and the median survival is only
12—-15 months [86]. That is because GB cells reproduce very quickly and are
nourished by the large network of blood vessels in the nervous system. GBs also
contain many different cell types and therefore have a very complex molecular
pathology and heterogeneity. Thus, single targeted therapies fail to offer a long-
term survival benefit [87].

GB cells rely on numerous activated oncoproteins and signaling pathways that
require Hsp90 chaperone functions [88]. Therefore, Hsp90 inhibition and its related
combination treatments may provide promising GB therapy. The Antp-TPR hybrid
peptide has shown remarkable concentration-dependent cytotoxicity in GB cell
lines U251, A172, and SN19, with ICsy values in range of 26-36 pM [89]. At
50 pM, the Antp-TPR hybrid peptide rapidly destroyed all GB cell types tested.
Specifically, in U251 and A172 cell lines, a 6-h treatment with 50 pM of Antp-TPR
peptide caused a 70-80% decrease in cell viability. Conversely, at 50 uM, the
peptide did not affect the normal cell line PE, even after 24 h of treatment. In
comparison, 17-AAG (0.1-0.4 pM) failed to induce significant GB cell death after
24 h of treatment, although after 48 h it reduced GB cell viability to 40-50%
[89]. Finally, unlike N-terminal inhibitors, treatment of GB cells (U251, A172, and
SN19) with 20-80 pM Antp-TPR peptide did not alter the expression or transcrip-
tional levels of Hsp70 or Hsp27. These results indicate that the cytotoxic mecha-
nism of Antp-TPR peptide differs from that of the small molecules that target the
ATP binding site (e.g., N-terminus) of Hsp90.

In addition, cells treated with Antp-TPR peptide downregulated the expression of
Hsp90 client proteins including p53, CDK4, Akt, and cRaf in a concentration-
dependent manner [89]. Examination of cRaf, Akt, and CDK4 transcriptional levels
showed that 80 pM treatments of Antp-TPR peptide induced a decrease in the mRNA
levels of these three clients in A172 and SN19 cells. Thus, similar to the SM
inhibitors, treatment with the Antp-TPR hybrid peptide led to a loss of Hsp90 clients
in GB cells, which occurs at both protein and mRNA levels, and it does not induce
the overexpression of heat shock proteins. Despite its relatively high ICs( value, the
Antp-TPR is highly selective for malignant cells and is an exciting new Hsp90
inhibitor with several advantages over the classic N-terminal Hsp90 inhibitors.
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4 Conclusion

In summary, research focused on inhibiting Hsp90’s C-terminal function has
proven fruitful. Both direct and allosteric inhibition of Hsp90’s C-terminus have
provided productive tools and potential lead structures that have advantages over
the classic N-terminal inhibitors used in clinical trials. C-terminal inhibitors such as
the SM series have the benefit of not inducing a cytoprotective heat shock response,
as well as controlling multiple oncogenic chaperones critical for cell growth,
specifically HOP, Cyp40, FKBP51, FKBP52, PP5, TOM70, CHIP, and Unc45.
Regulating these TPR-containing proteins’ function through Hsp90 shuts down all
six hallmarks of cancer simultaneously, thus proving to be an effective oncogenic
approach. TPR-containing mimics have also proven to be highly effective for
controlling tumor cell growth both in cell lines and mice models. Thus, targeting
the C-terminus of Hsp90 is proven to be the most successful and efficient route to
control all six hallmarks of cancer simultaneously without producing the heat shock
response rescue mechanism and as such represents the future of Hsp90 cancer
therapy development.
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Hsp90 Co-chaperones as Drug Targets
in Cancer: Current Perspectives

Adrienne L. Edkins

Abstract Hsp90 is a molecular chaperone that regulates the function of numerous
oncogenic transcription factors and signalling intermediates in the cell. Inhibition
of Hsp90 is sufficient to induce the proteosomal degradation of many of these
proteins, and as such, the Hsp90 chaperone has been regarded as a promising drug
target. The appropriate functioning of the Hsp90 chaperone is dependent on its
ATPase activity and interactions with a cohort of non-substrate accessory proteins
known as co-chaperones. Co-chaperones associate with Hsp90 at all stages of the
chaperone cycle and regulate a range of Hsp90 functions, including ATP hydrolysis
and client protein binding and release. Given the ability of co-chaperones to
organise the function of the Hsp90 molecular machine, these proteins are now
regarded as potential drug targets. Herein the role of selected Hsp90 co-chaperones
Hop, Cdc37, p23 and Ahal as possible drug targets is discussed with a focus on
cancer.
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1 Introduction

Heat shock protein 90 (Hsp90) is an important molecular chaperone and a prom-
ising drug target. The function of Hsp90 as a chaperone is to regulate the confor-
mation, stability and translocation of an array of cellular proteins known as client
proteins. Hsp90 clients number as many as 300 and include a range of signalling
intermediates and transcription factors that are vital for cellular function [1, 2]. For
a comprehensive and regularly updated list of Hsp90 clients, the reader is referred
to the website maintained by the Picard group (http://www.picard.ch/downloads).
Hsp90 binds to client proteins when they are in a latent state, stabilising labile
intermediates while allowing immediate activation in the presence of the appropri-
ate stimulus [3]. Hsp90 is considered a promising drug target due to the fact that
many of the Hsp90 client proteins dependent on this chaperone regulate essential
cellular processes and may be considered drug targets in their own right (e.g. Akt,
Her2). Hsp90 inhibition is therefore regarded as a mechanism by which multiple
different drug targets can be inhibited simultaneously [4]. In particular, Hsp90
inhibitors in clinical development are primarily treatments for cancer, although
Hsp90 inhibitors have also shown promise for the treatment of a range of infectious
human diseases caused by fungi, parasites and viruses and more recently in protein-
folding diseases like Alzheimer’s and Parkinson’s disease [5—11].

The development of direct inhibitors of Hsp90 was initiated after the discovery
that the natural ansamycin antibiotic geldanamycin (GA) was an Hsp90 inhibitor
that possesses antitumour properties and could result in the degradation of onco-
genic kinases [12]. GA competes with ATP for binding to the N-terminus of Hsp90
[13]. ATP binding and hydrolysis are essential for Hsp90 chaperone activity, a
point highlighted by the fact that mutations that disrupt either ATP binding or
hydrolysis render Hsp90 incapable of chaperoning client proteins [14—16]. Interest-
ingly, tumour cells appeared more sensitive to GA than normal cells, leading to the
analysis of this compound as a putative anticancer treatment. While the exact
mechanism has not been defined, the enhanced sensitivity of tumour Hsp90 to
GA is thought to result from the fact that Hsp90 in cancer cells is found almost
exclusively in a complexed state with co-chaperones and client proteins [17]. The
first generation of Hsp90 inhibitor series were derivatives of GA and exclusively
targeted the N-terminal domain of Hsp90. However, clinical development of
promising GA derivatives such as 17-AAG (tanespimycin) and 17-DMAG
(alvespimycin) was prevented by poor results in human trials primarily due to
problems with hepatotoxicity (which was also observed with the parent compound)
[18]. Second-generation inhibitors of Hsp90 based on new scaffolds through chem-
ical synthesis (as opposed to modification of a naturally occurring parent molecule)
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are currently leading the development of Hsp90 inhibitors. These inhibitors include
ganetespib (STA-9090) [19], NVP-AUY922, (2,4-dihydroxy-5-isopropylphenyl)-
[5-(4-methylpiperazin-1-ylmethyl)-1,3-dihydroisoindol-2-ylJmethanone
(AT13387) [20, 21] and CUDC-305 [22], which incorporate a range of different
chemical scaffolds and yet are exclusively targeted against the N-terminus of
Hsp90. Despite the development of numerous inhibitors and clinical trials, there
are currently no Hsp90 inhibitors that are routinely used in the clinic. One of the
main problems with direct inhibition of Hsp90 is that with N-terminal inhibitors,
there is a concomitant induction of a generalised stress response. This leads to
transcriptional upregulation of other heat shock proteins (including Hsp70 and
Hsp27) by HSF-1 [23]. HSF-1 is held in an inactive form in association with
Hsp90, until Hsp90 inhibition leads to dissociation of HSF-1 and translocation of
HSF-1 trimers to the nucleus where the induction of stress-responsive genes is the
result [24]. The increased expression of an array of Hsp and molecular chaperones
can have a cytoprotective effect and lead to resistance towards these N-terminal
inhibitors which is undesirable in cancer therapy. Therefore, there has been an
increase recently in studies aimed at identifying alternative strategies towards
targeting the Hsp90 complex.

2 Co-chaperone Regulation of the Chaperone Activity
of the Hsp90 Complex

The progress of Hsp90 clients through the chaperone cycle is dependent on ATP
binding and ATPase activity, both of which lead to conformational changes in the
protein [25]. The affinity of Hsp90 for its client proteins and co-chaperones is thus
regulated by the nucleotide-bound state of the chaperone [26]. The inactive Hsp90
structure forms a “V”’ shape characteristic of the open conformation, in which the
C-terminal regions are constitutively dimerised, while the N-terminal regions are
free of nucleotide and separate from each other. In the early phases of the Hsp90
chaperone cycle, the client protein is loaded on to the chaperone by the action of a
range of co-chaperones to form an intermediate complex. The binding of ATP
induces a conformational change and the formation of the “closed” conformation of
Hsp90 in which the N-terminal domains dimerise and hold the client protein
[27]. The late stages of the cycle involve ATP hydrolysis which reverts the protein
to the “open” conformational state and releases the client protein [26, 28].

Each of the stages of the Hsp90 cycle is controlled by a cohort of co-chaperones,
which fine-tune the activity of Hsp90 (Fig. 1). Co-chaperones can be defined as
non-client accessory proteins capable of interacting with and modulating the
activity of the major molecular chaperones. Structurally, Hsp90 co-chaperones
are often classified according to the presence or absence of the TPR domain [29],
a degenerate 34-amino-acid repeat that forms a helix—turn—helix motif. Multiple
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Fig. 1 Schematic diagram of the Hsp90 complex showing roles of co-chaperones Hop, Cdc37,
p23 and Ahal in terms of broad function. In the early phases of the cycle, the Hsp90 dimer is free
of nucleotide, C-terminally dimerised and in the open conformation where N-terminal domains are
separated. Hop and Cdc37 are intermediate-phase co-chaperones that mediate entry of client
proteins into the Hsp90 cycle and bind Hsp90 in a nucleotide-free form. p23 is a late-phase
co-chaperone that interacts with ATP-bound Hsp90 and stabilises the closed ATPase-active form
of Hsp90. Ahal is a late co-chaperone that accelerates ATP hydrolysis by Hsp90 and promotes
release of client proteins and returns Hsp90 to its inactive conformation

TPR motifs assemble to form a TPR domain with a superhelical groove that forms
the interface for interactions with other proteins, including chaperones [29, 30].

The core co-chaperones of Hsp90 (e.g. Hop, p23, Ahal) are considered general
cofactors and regulate distinct phases of the Hsp90 cycle independent of the client
protein (Fig. 1, Table 1). In addition, there exist a range of more specialised
co-chaperones which recruit specific groups of client proteins (e.g. Cdc37), are
involved in chaperone function in specific tissues (e.g. Unc45) or are involved in
post-translational modifications of Hsp90 (e.g. PP5) [25, 52, 53]. The chaperone
activity of Hsp90 is regulated by multiple different types of post-translational
modification, including s-nitrosylation, phosphorylation and acetylation [28, 54—
58]. Given that the different co-chaperones mediate distinct stages of the Hsp90
chaperone cycle, a number of them have been proposed as alternative targets for
development of inhibitors.
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Table 1 Summary of Hsp90 co-chaperones identified as putative drug targets in cancer

Domains of
TPR | Hsp90

Name |(Y/N) |bound®® Function References

Ahal |N N and M Late cofactor mediating client protein release, | [31-35]
stimulation of ATPase activity and conforma-
tional change, client protein maturation and
release

Cdc37 |N N Early cofactor mediating client entry, inhibition |[36—39]
of Hsp90 ATPase activity, specific maturation
factor for kinases

p23 N N and M Late cofactor, stabilisation of Hsp90-client [34, 40—
complexes 44]

Hop Y Cand N Early cofactor mediating transfer of client pro- | [45-51]
teins from the Hsp70 to the Hsp90 chaperone
complexes, inhibits Hsp90 ATPase while stim-
ulating Hsp70 ATPase

4N N-terminal ATPase domain, M middle domain, C C-terminal domain
®The main interaction domain is listed first

3 Hsp90 Co-chaperones as Alternate Targets in Cancer

Co-chaperones are a prerequisite for the Hsp90-mediated stabilisation, maturation
and activation of client proteins. However, the focus on co-chaperones such as Hop,
Cdc37 and Ahal as potential cancer drug targets is relatively recent. Excitingly,
new studies show that co-chaperone inhibition or depletion reverses cancer pheno-
types such as drug resistance, metastasis and invasion [59-61]. Despite the fact that
Hsp90 is highly conserved, there is evidence to suggest that the chaperone is
biochemically different in cancer [17]. One of the main reasons for this difference
is that in tumours Hsp90 is thought to exist almost exclusively as a higher-order
heterocomplex, while Hsp90 in normal tissues largely exists in a latent,
uncomplexed state [17, 62]. Co-chaperones are the major component of these
multi-protein complexes, and hence Hsp90 may be more dependent on
co-chaperones in malignant cells [63]. Indeed, changes in co-chaperones can
include the sensitivity of yeast cells to Hsp90 inhibition [63]. In addition,
co-chaperones may represent more selective drug targets, particularly with respect
to targeting of cytosolic versus organelle isoforms of Hsp90. The structural simi-
larity between the ATPase domains of the cytosolic and organelle Hsp90 means that
organelle Hsp90, TRAP1 and Grp94 can be inhibited by N-terminal inhibitors like
GA [64, 65]. In contrast, cytosolic Hsp90 has a wide range of co-chaperones, while
TRAP1 and Grp94 do not appear to interact with these co-chaperones [66, 67]. As
yet, there are no reports of bona fide co-chaperones for TRAP1 or Grp94, although
Grp94 activity is regulated by some non-client proteins similar to co-chaperones
(e.g. CNPY3 and ASNA1) [64, 68, 69].

The potential for certain co-chaperones to be drug targets is considered herein.
The focus of this review is the Hop, Cdc37, Ahal and p23 co-chaperones, for which
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there is a defined role in cancer biology, preclinical data to suggest they may be
putative therapeutic targets and/or inhibitors that have been identified.

4 Co-chaperones That Mediate Delivery of Client Proteins
to Hsp90

4.1 Hsp90-Hsp70 Organising Protein (Hop/STIP1/STII)

The early stages of the Hsp90 chaperone cycle involve the loading of client proteins
onto Hsp90. This often involves the transfer of the client protein from the Hsp70
chaperone machine to the Hsp90 chaperone complex, a process mediated by the
co-chaperone Hop [46, 70]. While Hop is not an essential gene in yeast, its role is
key to development [71] and Hop knockout in mice is embryonic lethal [72]. Struc-
turally, Hop contains two DP domains (DP1 and DP2, domains rich in proline and
aspartic acid) and three TPR motifs (TPR1, TPR2A and TRP2B) that are able to
discriminate between the C-terminal EEVD motifs of Hsp70 and Hsp90
[73, 74]. Binding of Hop to chaperones occurs via two-carboxylate clamp interac-
tions with the C-terminal EEVD motif in either Hsp70 or Hsp90 [73, 75] (Fig. 2).
TPR1 and TPR2B bind to the Hsp70 GPTIEEVD with high affinity, while the
Hsp90 MEEVD peptide is bound by the TPR2A domain [51, 73, 75-77] (Fig. 2).
Thus, monomeric Hop binds simultaneously to Hsp70 and Hsp90 through different
TPR domains and acts as a scaffold for the transfer of client proteins [78]. While the
primary binding site for Hop is the C-terminal region of the chaperones, there is
evidence from more recent reports that Hop also interacts with N-terminal regions
of Hsp90 [76]. While bound to Hsp90, Hop inhibits the ATPase activity of Hsp90
by preventing dimerisation of the N-terminal domains of the Hsp90 dimer, thus
promoting its open conformation and facilitating client protein binding [51, 79, 80].

Hop has recently been shown to be the first co-chaperone to have independent
ATPase activity, which might suggest independent chaperone capabilities
[81]. Indeed, Hop has also been shown to interact directly with some cellular
proteins apparently independently of Hsp90 [61, 82]. In particular, Hop plays a
major role as a receptor for the prion protein during development which is inde-
pendent of Hsp90 [46, 72].

4.1.1 Validating a Role for Hop in Cancer

There has been an increased interest in the role of Hop as an oncogenic
co-chaperone, after observations that Hop levels are increased in SV40-transformed
cells [48], as well as a range of solid tumours, including cancers of the pancreas
[83], colon [62], breast [61] and liver [84]. A number of studies using RNA
interference to deplete Hop levels have validated that Hop has pro-tumour effects
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Fig. 2 Structural domains of Hop and interaction with C-terminal EEVD peptides. (a) Cartoon
representations of TPR1 (1IELW, green, residues 2-116), TPR2AB (3UQ3, dark blue, residues
258-515), DP1 (2LLV, pink, residues 127-196) and DP2 (2LLW, cyan, residues 519-586)
generated in PYMOL (DeLano Scientific). In TPR1 and TPR2AB, the GPTIEEVD (Hsp70) and
MEEVD (Hsp90), respectively, are shown as sticks and coloured yellow. The three TPR motifs
that comprise the TPR domains are made up of two helices and are shown for TPR1 and TPR2A
(motif 1, helices I and II; motif 2, helices III and IV; motif 3, helices V and VI). The six helices of
the three TPR motifs pack together to form the characteristic alpha-helical TPR domain structure.
(b) Details of the interaction between TPR2A (1ELR, dark blue) and the C-terminal MEEVD
peptide from Hsp90 (yellow, numbered DO to M-4). Residues Y236, E271, N264, N233, K229,
K301, Q298, T263, R305 and N308 from TPR2AB are involved in the interaction with the Hsp90
MEEVD motif and extend from the inner surfaces of helices I-VI. The equivalent residues in
TPR1 are not shown but these are R77, K50, N43, N12, K8, S42, K73 and S76 [51, 75]

in a wide range of cancer types. Transient knockdown of Hop in murine embryonic
stem cells inhibited nuclear translocation of Stat3 and prevented formation of
embryoid bodies, indicating a suppression of the malignant phenotype [85]. Hop
levels were higher in more aggressive pancreatic cell lines, and depletion of Hop in
Panc-1 and BxPc-3 using RNA interference (RNAi) reduced invasion and migra-
tion of these cells by approximately 50% compared to the equivalent cell lines
treated with non-specific short interfering (si)RNA [86]. Hop knockdown also
reduced cell migration by 40% relative to control cells in both MDA-MB321 and
Hs578T breast cancer cells, as well as human vascular endothelial cells (HUVEC)
(by between 40 and 60% relative to controls depending on which siRNA was used)
[61, 82]. The reduced invasion and migration of cancer cells upon Hop depletion is
due to the fact that Hop associates with Hsp90 clients that control migratory and
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invasive processes, including matrix metalloproteinase 2 (MMP?2), actin and tubu-
lin [61, 82, 86]. Interestingly, when Hop expression was reduced by RNAI, cells
grew at a similar rate to cells expressing control siRNA, suggesting that Hop does
not appear to play a major role in cell proliferation [82]. This is despite the fact that
Hop knockout mice do not survive past E10.5 stage in embryogenesis [72]. Taken
together, these data indicate a unique role for Hop in development and not just
general cell growth [72]. The knockdown studies demonstrate that Hop regulates
discrete cellular processes that are important for cancer biology, and therefore
inhibition of Hop function may be one mechanism by which to develop anticancer
agents.

4.1.2 Targeting the Interaction of Hop with Hsp90

Hop-dependent client transfer to the Hsp90 chaperone is the first step in the
chaperone cycle, and therefore modulation of the activity of Hop is a possible
bottleneck at which to regulate client proteins that associate with Hsp90 and
prevent their proper folding and maturation [78]. The most common approach to
inhibit Hop has been to target the interaction between Hop and Hsp90 or Hsp70.
TPR peptide analogues or small molecules capable of blocking the binding of the
Hop TPR domains from interacting with Hsp70 or Hsp90 are currently the main
strategy employed to achieve this inhibition [8§7-91].

Horibe and colleagues designed a peptidomimetic based on the binding interface
of the TPR2A domain in an attempt to block the main interaction site between Hop
and Hsp90 [89]. The peptide (sequence KAYARIGNSYFK) was designed to
incorporate two critical residues required for binding to Hsp90 (K301 and R305,
underlined in the peptide sequence) (Fig. 3). The TPR peptide bound to Hsp90
in vitro with an affinity of 1.42 x 107° M, similar to the affinity of the in vitro
interaction between Hsp90 and full-length Hop (4.43 x 10~® M). Hsp70 was also
able to bind the TPR peptide, although its binding ability was approximately half of
that of Hsp90 [89]. Despite the fact that the TPR peptide bound to Hsp70, it did not
disrupt the interaction between Hsp70 and Hop in vitro. In contrast, the TPR
peptide specifically inhibited the in vitro interaction of Hsp90 and Hop but not
the TPR-containing FKBP or PPP5 co-chaperones at concentrations of higher than
140 pM. In order to assess the activity of this peptide in cell lines, the TPR peptide
was subsequently fused to a sequence from helix III of the cell-penetrating
Antennapedia homeodomain protein to render it cell permeable (generating the
hybrid  Antp-TPR  peptide of sequence RQIKIWFQNRRMKWKK-
KAYARIGNSYFK). This Antp-TPR peptide was compared to three control pep-
tides (RQIKIWFQNRRMKWKKKAYAAAGNSYFK, Antp-TPR mutant 1;
RQIKIWFQNRRMKWKKKAYARIGNSGGG, Antp-TPR mutant 2; and
RQIKIWFQNRRMKWKKRKFSAAIGYNKY, Antp-scramble) for its anticancer
activity in vitro and in mouse models [88, 90].

The Antp-TPR displayed anticancer activity in a range of cell lines representa-
tive of different cancers, including renal cancer (Caki-1; IC50 47.9 uM), pancreatic
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Fig. 3 Inhibitors of the interaction between Hsp90 and Hop. (a) Structure of the Antp-TPR
peptide (KAYARIGNSYFK) that competes with Hop TPR2A for binding to Hsp90. (b) C9
(1,6-dimethyl-3-propylpyrimido[5,4-¢][1,2,4]triazine-5,7-dione) and an inactive analogue. C9
binds to TPR2A and blocks the interaction with Hsp90 and Hop. (¢) Sansalvamide A analogues
1 and 2 which act as allosteric inhibitors by binding to the middle domain of Hsp90 and disrupting
interactions with multiple C-terminal binding co-chaperones, including Hop [88-90, 92, 93]

cancer (BXPC3; IC50 44.8 uM), breast cancer (T47D, MDA-MB-231, BT20; IC50
19.4, 56.9, 37.4 uM, respectively), lung cancer (A549; IC50 65.9 pM), prostate
cancer (LNCaP; IC50 56.7 pM) and gastric cancer (OE19; IC50 33.4 pM). Equiv-
alent concentrations of the control peptides were not toxic in the same cell lines
[89]. The authors have also subsequently shown that this peptide is toxic to
leukaemic and glioblastoma cell lines [88, 90]. Most interestingly, the toxic effect
of the Antp-TPR peptide appeared selective to cancer cells, with IC50 values
greater than 100 pM determined for cell line models representative of
non-cancerous cells (HEK293T, MRCS5, PE). The Antp-TPR peptide induced
apoptosis in the cancer line T47D and not the non-cancerous HEK293T cell line.
Treatment of cancer cell lines with the Antp-TPR peptide led to the loss of multiple
cancer-associated Hsp90 clients, including protein kinases such as Akt, Bcr-Abl,
v-SRC and CDK4, but importantly did not induce the upregulation of Hsp70
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[89]. Antp-TPR was also shown to be effective in vivo, using the BXPC3 cell line in
a xenograft mouse model of pancreatic cancer. Intravenous injections of Antp-TPR
(1 or 5 mg/kg three times per week) resulted in a statistically significant reduction in
tumour volume (to approximately half of the control saline-treated group) and
depleted Hsp90 clients like CDK4 in the treated tumours [89]. These are promising
data, despite the fact that IC50 values of the Antp-TPR peptide reported are still
relatively high and that the authors did not compare the effect of the Antp-TPR
peptide to that of the control peptides in the in vivo study.

Small molecules have also been shown to disrupt the interaction of Hsp90 and
Hop. Pimienta and colleagues reported that the compound 1,6-dimethyl-3-
propylpyrimido[5,4-e][1,2,4]triazine-5,7-dione (or C9 for short) was able to bind
to the TPR2A domain of Hop and disrupt the interaction of Hop and Hsp90 [94]. C9
was also toxic to triple-negative breast cancer cell lines MDA-MB-231 (IC50 2 pM)
and MDA-MB-468 (IC50 1.75 pM) within 24 h of treatment, whereas another
compound containing the same 7-azapteridine ring system but that did not disrupt
the Hsp90-Hop interaction was non-toxic to these cells (IC50 > 100 pM). C9
induced cell cycle arrest but not caspase-3/7-mediated apoptosis. Similar concen-
trations of C9 were not toxic to normal fibroblast cells nor did they induce caspase-
3/7-mediated apoptosis in these cells. A combination of C9 and the Hsp90 inhib-
itors 17-AAG and NVP-AUY922 (but not PU-H71) reduced the lethal IC50 value
of C9 to 0.5 pM and 1 pM, respectively. C9 further inhibited both the linear
migration (as measured by wound healing assay) and anchorage-independent
growth (as measured by sphere formation assay) of MDA-MB-231 cells, whereas
17-AAG was ineffective [91]. However, it should be noted that C9 was used at
3 times the concentration of 17-AAG in these assays (i.e. 3 vs 1 pM). Importantly,
C9 did not induce a stress response similar to that seen with 17-AAG. The levels of
HSF-1, Hsp70 and Hsp27 were reduced in C9-treated cells compared to control and
17AAG-treated cells, as were a number of Hsp90 client proteins (CDK4, INK1 and
p38). This indicates that although C9 is effective in destabilising Hsp90 client
proteins, it does not induce a compensatory stress response. The loss of these client
proteins was potentiated by co-treatment of MDA-MB-231 cells with C9 and
17-AAG. Interestingly, C9 was also able to block the increases in levels of Hsp27
and HSF-1, but not Hsp70, by 17-AAG. C9 also resulted in an unexpected depletion
of the levels of another Hsp90 co-chaperone, Cdc37, which may account in part for
its activity. Cdc37 is a kinase-specific co-chaperone and therefore its loss may
explain the reduction in the levels of INK1 and p38 kinases seen with C9 treatment.
Unfortunately, there are no data available on the in vivo anticancer activity of
C9 [91].

A third class of compounds has also been shown to disrupt the interaction of
multiple C-terminal binding proteins, including the co-chaperone Hop. These are
macrocyclic structures that are analogues of the compound sansalvamide A (San-A)
[87, 93]. Two compounds were studied in detail for their effect on the interaction of
Hsp90 and C-terminal binding proteins. These compounds were compound
1, which is a single peptide analogue of the natural product sansalvamide A
(henceforth referred to as San-A 1), and compound 2, which includes the
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macrocyclic core with three p-amino acids and a phenyl residue at position
1 (henceforth referred to as San-A 2) (Fig. 3). San-A amide analogue 1 binds to
Hsp90 with an affinity of 20 pM, while the San-A amide analogue 2 binds with a
greater affinity of 3.6 pM and is ten times more cytotoxic than San-A 1 [87, 95]. The
toxicity of San-A 1 (at 50 pM) and San-A 2 (5 pM) to HeLa cells was enhanced
upon RNAi-mediated depletion of Hsp90 and reduced upon Hsp90 overexpression.
A similar although less pronounced effect was observed with the Hsp90 inhibitor
17-AAG. These data suggested that the compounds act via an Hsp90-dependent
mechanism. This was further supported by the fact that concentrations over 5 pM of
San-A 1 and San-A 2 both increased Hsp70 levels in HCT-116 cells (by 25% and
85%, respectively, compared to 17-AAG which was taken as 100%). The mecha-
nism of cell death by San-A 2 was determined to be through induction of caspase
3-dependent apoptosis in treated HCT-116 colon carcinoma cells culminating in the
cleavage of PARP [87]. In contrast to the Horibe and Pimienta studies [89, 91],
these compounds do not compete directly with Hop for binding to the Hsp90 EEVD
motif. Instead, the San-A analogues are allosteric inhibitors that bind to the middle
domain of Hsp90 [93]. This binding induces a conformational change that displaces
four C-terminal Hsp90-binding proteins, three of which are TPR-containing
co-chaperones (FKBP38, FKBP52 and Hop) [87, 93]. San-A 1 reduced the propor-
tion of Hsp90 bound to FKBP52 and FKBP38 to a maximum of 20% of the control
at concentrations above 5 pM and 3 pM, respectively, while San-A2 reduced the
proportion of Hsp90 bound to FKBP52 and FKBP38 to a maximum of 20% of the
control at concentrations above 2 pM and 1 pM, respectively. In terms of Hop,
San-A 1 and San-A 2 reduced binding of Hsp90 to a maximum of 50% and 35%,
respectively, at concentrations above 1 pM. Control compounds used at similar
concentrations did not affect the interaction of Hsp90 and any of the three
co-chaperones assessed. Interestingly, the San-A analogues were able to induce a
greater maximum reduction in the binding of FKBP38 and FKBP52 to Hsp90 than
Hop [87]. This most likely reflects the differences in the interaction interfaces or
binding sites between Hsp90 and these different co-chaperones.

In the studies described above, some of the effects of Hop knockdown appear
different from the effects of disrupting the interaction between Hop and Hsp90 with
a small molecule or peptide. This is most notable for the effect on cell growth,
where compounds that inhibit Hsp90—Hop interaction appear toxic [87-91], while
cell growth was largely unaffected by Hop knockdown [61, 82]. This may be due to
off-target effects of the compounds compared to the RNAi or possibly due to hereto
undefined perturbations to Hsp90 function caused by the compounds that do not
occur with Hop depletion. It is tempting to speculate that there may also be
compensation by other co-chaperones in the absence of Hop; a co-chaperone
whose binding to Hsp90 is also inhibited directly or indirectly by TPR directed
inhibitors. Irrespective of this, these reports provide proof of concept that inhibition
of the interaction between Hsp90 and Hop can effectively deplete oncogenic Hsp90
client proteins and selectively inhibit the growth of cancer cells over normal cells
and validate this interface as a putative drug target.
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4.2 Cell Division Cycle 37 (Cdc37)

Cdc37 is a specialised co-chaperone that is involved in the selective recruitment of
kinase client proteins to the Hsp90 complex [37, 96-100]. Cdc37 is a non-TPR-
containing co-chaperone and binds to the lid segment of the N-terminal domain of
Hsp90 via its C-terminus, while the N-terminus of Cdc37 is bound to the client
kinase [97, 101]. Hsp90 and Cdc37 interact as dimers and with a 1:1 stoichiometry.
The interaction interface (~1056 A) between Cdc37 and Hsp90 is largely hydro-
phobic in nature but is stabilised by a network of polar interactions (Fig. 4)

Fig. 4 Interaction of Hsp90 with the co-chaperone Cdc37. (a) Global view of the interaction of
the N-terminal region of Hsp90 (magenta, residues 1-214) with the C-terminal region of Cdc37
(green, residues 125-378). The interaction interface is buried 1056 A of the molecular surface. (b)
Residues involved in the interaction between Hsp90 (dark grey, residues shown in magenta) and
Cdc37 (dark grey, residues shown in green) are involved in hydrophobic interactions. The
interacting residues from Hsp90 (A103, A107, A110, G111, Al112, M116, F120) are mainly
exposed residues on the face of the Hsp90 lid structure, while the interacting residues from
Cdc37 (M164, L165, A204, L205) arise from the loop between the first two helices and the
beginning of the third helix. The hydrophobic interactions are stabilised by a network of polar
interactions (not shown). The images were generated using PyYMOL (DeLano Scientific) using the
structure 1US7 [100]
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[100]. Binding of Cdc37 to the N-terminal domain of Hsp90 inhibits the ATPase
activity of Hsp90 by physically blocking the binding of ATP and N-terminal
dimerisation of Hsp90 [100, 102]. As the kinase-binding and Hsp90-interacting
domains of Cdc37 are distinct from each other, Cdc37 can bind simultaneously to
the client protein and to Hsp90, thereby acting as a scaffold to recruit the kinase to
Hsp90 [103]. Cdc37 and Hsp90 regulate conformational changes in the kinase
client proteins, stabilising inherently labile kinases until activation [38, 60, 96,
104]. Up to 50% of the kinome of yeast has been shown to be dependent on Cdc37
for stability [105] and kinases make up the largest group of Hsp90 client proteins
[106]. Inhibition of Cdc37 has therefore been regarded as an option for the selective
inhibition of the family of Hsp90 kinase client proteins [107]. Recent studies have
also suggested that the stability of kinases and hence the dependence on the Hsp90—
Cdc37 chaperone complex vary with respect to the kinase in question and not
necessarily the activation status of the kinase [108]. In addition to its role as a
co-chaperone for Hsp90, Cdc37 has independent chaperone activity wherein it is
able to stabilise certain client proteins independently of Hsp90 [96, 105, 109]. As
such, Cdc37 can compensate for, but not replace, a reduction in Hsp90
function [96].

4.2.1 Validating a Role for Cdc37 in Cancer

Many Cdc37 clients are members of the cyclin-dependent kinase (CDK) family that
are required for progression through the cell cycle and are components of the
activated signalling cascades in malignancy [96, 110-114]. Some of the most
important oncogenic kinases, including Src, Her2, Akt, Cdk2, Cdk4, KIT and
EGFR, interact with, are stabilised by and require Cdc37 for activity [99, 106,
115-119]. Therefore, Cdc37 was expected to play an important role in malignancy.
Indeed, elevated levels of Cdc37 protein have been observed in some cancers, and
this overexpression has been correlated with an increase in cell proliferation
through the activation of kinase pathways [107]. The highest expression of Cdc37
has been observed in tissues with high proliferation rates, consistent with the role of
kinases in mediated pro-growth pathways [119]. Overexpression of Cdc37 was
sufficient to induce robust and dose-dependent activation of the kinase Raf-1, an
important mediator of the mitogenic MAPK signalling pathway in cells [120]. How-
ever, Cdc37 may regulate more than just cellular proliferation rates. Mouse models
of breast cancer incorporating the MMTV-Cdc37 transgene show comparable rates
of tumour development to mouse breast cancer models with the MMTV-cyclin D
transgene, suggesting that Cdc37 functions as an oncogene [113]. Cdc37 also
promoted tumour formation in response to expression of MMTV-c-myc and
MMTV-cyclin D transgenes, implying that kinase stability and activation via
Cdc37 are a key component of kinase-dependent tumour formation
[113]. Overexpression of Cdc37 was observed in both malignant and premalignant
prostate cancer, again suggesting that Cdc37 may be required for acquisition of a
cancerous state [121]. Elevated levels of Cdc37 in hepatocellular carcinoma were
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associated with an increase in Hsp90-Cdk4 and Cdc37-Cdk4 complexes that
correlated with a poor prognosis [110], and the combined effect of Cdc37 and
cyclin D1 may worsen the progression of multiple myeloma [122].

Depletion or dominant negative forms of Cdc37 inhibit cellular growth and
promote apoptosis. Knockdown of Cdc37 in HCT116 colon cancer cell line by
RNAI resulted in the proteasomal degradation of a number of kinases including
Her2, Cdk4, Cdk6 and activated Akt, which are all important in cancer cell survival
[60]. Loss of Cdc37 in these cells reduced kinase association with Hsp90 and led to
a concomitant reduction in multiple kinase signalling pathways (including MAPK,
PI3K and GSK3f) which inhibited cell proliferation by inducing cell cycle arrest at
G1/S [60]. The effect appears specific to kinase clients, as loss of Cdc37 did not
affect the levels of the non-kinase client, survivin. The combination of Cdc37
silencing with the Hsp90 inhibitor 17-AAG further enhanced the loss of kinases,
reductions in kinase signalling and cell cycle arrest observed with Cdc37 silencing
alone, suggesting that the effects of depletion of Cdc37 are mediated via the Hsp90
complex [60]. These data also suggest that inhibiting Cdc37 may be effective as a
combination therapy with an Hsp90 inhibitor. Importantly, RNAi-mediated deple-
tion of Cdc37 in HCT116 colon cancer cells did not induce expression of Hsp70,
although depletion of Cdc37 was not able to prevent upregulation of Hsp70 in
response to 17-AAG [60].

Depletion of Cdc37 by RNA interference also reduced growth in both androgen
receptor (AR)-positive (LNCaP) and androgen receptor-negative (PC3, DU145)
prostate cancer cell models over a 72-h period [123]. In contrast to the study in the
HCT116 colon cancer cell line, Cdc37 depletion in the DU145 and PC3 prostate
lines did not reduce the levels of Hsp90 kinase clients EGFR, Raf-1, Akt and Cdk4.
However, while loss of Cdc37 did not deplete the levels of client proteins, it did
result in the inactivation of mitogenic signalling pathways. This occurred by
depletion of the active form of certain kinase client proteins, including reducing
levels of phospho-Akt, phospho-ERK1/2, phospho-GSK3f and phospho-S6 ribo-
somal protein [123]. Similar to the study in colon cancer, Cdc37 depletion
sensitised DU145 and PC3 cells to treatment with 17-AAG and led to reduced
clonogenicity. However, in this context and in contrast to HCT116 colon cancer
lines, Cdc37 knockdown also prevented the upregulation of Hsp70 in
17-AAG-treated prostate cancer cells [123]. AR is the only non-kinase client of
Cdc37 and certain prostate cancers are known to be maintained by androgen
signalling. In the same study, Cdc37 depletion also reduced androgen signalling
in the LNCaP androgen receptor-positive cell line. Cdc37 depletion reduced the
activation of the prostate-specific antigen (PSA) promoter, leading to reduction in
the levels of PSA in shCdc37-treated cells compared to controls [123].

Cdc37 has also been shown to be an important mediator of malignancy in
hepatocellular carcinoma (HCC). In a cohort of 91 HCC patients, a significant
increase in the levels of both Cdc37 transcript and protein was identified in
HBV-associated HCC [124]. Validating these effects in HCC cell lines (HepG2
and Huh7) in vitro and in vivo, the authors demonstrated that RNAi-mediated
depletion of Cdc37 was associated with a loss of cell proliferation, increase in
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apoptosis, decrease in colony formation potential and a slower rate of tumour
growth in xenograft models. The anticancer effects were associated with cell
cycle arrest at G1 due to a loss of cyclin D1 and Cdk4 [124]. Cdk4 is known to
be stabilised by Cdc37 and Hsp90 [119, 125]; Cdc37 is involved in cyclin
D1-induced transformation of mammary tissues [113], and both Cdk4 and cyclin
D1 occur in a common complex with Cdc37 [125, 126].

Cdc37 has also been specifically associated with the development of gastroin-
testinal stromal tumours (GIST), particularly those associated with gain-of-function
mutations in the oncogenic kinases KIT or PDGFRA [118]. These oncogenic
mutations mean that GIST has a requirement for Hsp90 chaperoning activity and
can often be treated successfully with tyrosine kinase inhibitors. The development
of resistance to tyrosine kinase inhibition through heterogeneous mutations in the
kinase domain of KIT renders the kinase highly sensitive to Hsp90 inhibition.
However, Hsp90 inhibition has not been used successfully for GIST in a clinical
setting. In a study to identify alternative drug targets for KIT-dependent GIST,
Cdc37 was identified as a potential target [118]. Survival of GIST lines required
Cdc37, which could be attributed to the requirement for stability and activation of
mutant KIT and its downstream signalling pathways by Cdc37. This was true for
both kinase inhibitor-sensitive and, importantly, kinase inhibitor-resistant KIT
tumours. In addition, knockdown of Cdc37 resulted in sustained (>20 days) loss
of KIT, which was in contrast to the effects of Hsp90 inhibition [118].

Taken together, these studies demonstrate a role for Cdc37 as a promoter of
cellular growth and malignancy in a wide range of cancer types, particularly those
dependent on oncogenic protein kinases, and suggest that Cdc37 may therefore be a
putative drug target.

4.2.2 Targeting Cdc37 in Cancer

As tumour cells are often dependent on activation of kinase signalling pathways for
survival, it is predicted that cancers will be more sensitive to Cdc37 inhibition than
normal cells [107]. Indeed, targeting kinases directly has been a clinically success-
ful strategy for cancer treatment [127]. Many kinases that are mutated in cancer
may be more dependent on Hsp90 and, given the role of Cdc37 in mediating entry
of kinases to the Hsp90 complex, could make them more susceptible to inhibition of
Cdc37. As multiple kinase clients of Hsp90 have been shown to interact with
Cdc37, it is possible that targeting Cdc37 may be a strategy to simultaneously
inhibit multiple kinases [38, 97, 99, 104, 107, 109, 116, 119, 128-130]. Cdc37
activity has been linked to the efficacy of clinical kinase inhibitors, including
vemurafenib and lapatinib, which act by competing with ATP for binding to protein
kinases [131]. Studies demonstrate that the effect of these compounds may, at least
in part, be due to the prevention of Cdc37 binding. The kinase inhibitors were able
to prevent binding of kinases to Cdc37, thereby preventing access to the Hsp90
chaperone complex [131]. This suggests that some kinase inhibitors may act both
directly, on the kinase itself, and indirectly, via inhibiting the interaction with
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Cdc37. Taken together, this may suggest that an inhibitor of Cdc37 may enhance
the activity of kinase inhibitors and therefore may be a useful strategy for combi-
nation therapy.

Similar to Hop, a main strategy of pharmacological inhibition of Cdc37 has been
directed at the interaction with Hsp90. Celastrol is a natural quinone methide
triterpene from compound isolated from the bark of Tripterygium species (Fig. 7).
Co-immunoprecipitation studies from pancreatic cancer cell lines indicated that
celastrol was able to disrupt the direct interaction between Hsp90 and Cdc37
[132]. The action of this compound is predicted to occur by blocking the interaction
site between Hsp90 and Cdc37 and preventing Hsp90 ATPase activity without
inhibiting ATP binding [133]. Celastrol induced degradation of kinases Akt and
Cdk4, induced apoptosis in pancreatic cancer cell lines (Panc-1) and prevented
metastasis in a mouse model of pancreatic cancer [132]. However, celastrol also
induced expression of Hsp70 and other Hsp, due to its ability to upregulate HSF-1
[133, 134], which is undesirable in a cancer therapy.

Interestingly, depletion of Cdc37 and inhibition of the Cdec37-Hsp90 interaction
with celastrol do not necessarily produce the same effects. In GIST cancers
dependent on KIT kinase mutations, Cdc37 knockdown of the co-chaperone
resulted in prolonged depletion of KIT and reductions in GIST viability [118]. In
contrast, treatment of GIST with celastrol did not substantially reduce the levels of
KIT. Additionally, celastrol treatment did result in reduced cell viability, but this
was not kinase selective and occurred in both KIT-dependent and KIT-independent
GIST [118]. These data could be interpreted to suggest that either the effects of
celastrol are not selective to the inhibition of the Cdc37-Hsp90 interaction or that
kinase clients are more dependent on Cdc37 itself rather than the interaction
between Cdc37 and Hsp90. A recent report from the Workman group has suggested
that targeting the interaction between Cdc37 and Hsp90 does not necessarily
substantially compromise the stability of certain kinase client proteins [135]. The
authors demonstrated in colon cancer cell lines (HCT116 and HT29) that
overexpression or depletion of Cdc37 increased or decreased, respectively, the
levels of the model Hsp90 client kinase, Cdk4. While Cdc37 overexpression
increased the proportion of Cdk4 in Hsp90 complexes, overexpression of truncated
or mutated Cdc37 proteins showing reduced or no Hsp90 binding unexpectedly did
not affect Cdk4 expression or activity [135]. These Cdc37 variants in fact enhanced
loading of Cdk4 into the Hsp90 complex similar to wild-type Cdc37 and were
capable of stabilising other kinase client proteins (Cdk6, Raf and ERBB2) in
addition to Cdk4. Overexpression of Cdc37 was however not able to rescue the
effects of Hsp90 depletion on kinase clients, suggesting that Cdc37 and Hsp90 do
not have redundant roles [135]. Taken together, these data suggest that while the
role of Cdc37 in chaperoning kinases does require Hsp90, this action is not
necessarily dependent on the direct interaction of Cdc37 and Hsp90. From a
therapeutic perspective, direct targeting of Cdc37, rather than inhibiting the inter-
action of Cdc37 and Hsp90, may therefore be a more viable and selective strategy
for treatment of kinase-driven malignancies.
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5 Co-chaperones That Mediate Hsp90 Client Protein
Maturation

5.1 Activator of Hsp90 ATPase (Ahal and Hchl)

Ahal is a non-TPR-containing co-chaperone that is a late cofactor and the most
potent activator of Hsp90 ATPase activity described to date [33, 34]. Hchl (also
known as Aha?2) is considered a homologue of Ahal and shares approximately 40%
sequence identity with the N-terminal region of Ahal. Hchl acts as a weak
stimulator of Hsp90 ATPase activity, although recent experiments in yeast suggest
that the activity of Hchl is distinct from that of Ahal. Hchl deletion in yeast cells
expressing wild-type or mutant Hsp90 led to an increase in resistance of yeast
strains to the Hsp90 inhibitor, NVP-AUY922 [136], while exogenous expression of
Hchl in Hchl-null yeast reversed this resistance. Interestingly, depletion of Ahal
did not have any effect on the sensitivity of yeast cells to NVP-AUY922 [136]. The
loss of Hchl also appeared to stabilise Hsp90 mutants (G313S and A587T) nor-
mally reliant on Hop for activity. The potential of Hchl as a drug target for fungal
infections is certainly suggested by these studies in yeast, particularly since expres-
sion is restricted to lower eukaryotes.

The binding groove on Hsp90 for Ahal is formed upon N-terminal dimerisation
of the chaperone, and Ahal binding induces a stable Hsp90 dimer (Fig. 5). A single
monomer of Ahal interacts with the N and M domains of Hsp90 dimer and induces
a specific conformation that favours ATP hydrolysis [33, 35, 138, 139]. The
asymmetric binding of Ahal to these sites on Hsp90 is consistent with co-binding
of other co-chaperones and client proteins to other sites on the chaperone
[35]. Ahal itself does not interact directly with any of the other co-chaperones,
but it does compete in part with Hop and Cdc37 for Hsp90 binding. While Hop and
Ahal could form a ternary complex with Hsp90, the Kd of in vitro binding of Ahal
to Hsp90 was increased in the presence of Hop (from 3.8 to 32 pM). There are
conflicting reports on whether or not the binding of p23 and Ahal to Hsp90 is
mutually exclusive [31, 35, 140-142], although recent in vitro binding suggests that
Ahal increases the binding affinity of p23 for Hsp90 (1.25 to 35 pM). The binding
of late-cycle co-chaperones Cpr6 and Cpr7 does not interfere with Ahal binding to
Hsp90 [143].

5.1.1 Validating a Role for Ahal in Cancer

Ahal is not an essential gene, but knockout in yeast or RNAi-mediated depletion in
HEK-293 cells has been shown to affect specific Hsp90 clients, including the
oncogenic kinase Src and hormone receptors [143]. In mammalian cells, Ahal
was differentially expressed in a range of melanoma, colon, ovarian, breast
and prostate cancer cell lines, and expression was induced upon treatment of
tumorigenic (HCT116) colon cancer and (A2780) human ovarian cancer cells
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Fig. 5 Interaction of Hsp90 M domain and the N-terminal domain of the co-chaperone Ahal. (a)
Global view of the interaction of the middle (M) domain of Hsp90 (ye/low, residues 273-530) and
the N-terminal region of Ahal (cyan, residues 1-156, equivalent to Hchl) showing a large
interaction interface between the two proteins. (b) Detailed view of the residues involved in
interaction between Hsp90 (dark grey, with interacting residues shown in yellow) and Ahal (light
grey, with interacting residues shown in cyan). The core interaction involves hydrophobic inter-
actions between 164, L66 and F100 from Ahal and L315, I388 and V391 from Hsp90. The
interaction interface also includes a ladder of ion pair interactions between D53, D101, D68 and
E97 from Ahal and K387, K390, K394 and K398 from Hsp90. Images were generated using
PyMOL (DeLano Scientific) using structure 1USV [137]

with the Hsp90 inhibitor 17-AAG, in a manner dependent on the presence of HSF-1
[144]. Promisingly from a therapeutic perspective, Ahal was not induced in the
non-tumorigenic prostate epithelial cell line PNT2 upon treatment with similar
concentrations of 17-AAG over a similar time frame. Consistent with its role in
activation of Hsp90 ATPase activity, overexpression of Ahal in HT29 colon cancer
cells (which have a low endogenous level of the Ahal protein) led to increased
phosphorylation of Akt, MEK1/2 and ERK1/2 but did not alter the total levels of
these proteins or of other Hsp90 clients like Raf and Cdk4. However, while levels of
Raf were unchanged, there was an increase in the kinase activity of Raf in HT29
cells overexpressing Ahal, which explains the increase in phosphorylation of
downstream signalling intermediates. In agreement with these data, selective
knockdown of Ahal in HCT116 (which constitutively express relatively high levels
of Ahal) with siRNA did not influence Cdk4, Raf or ERBB2 levels but did reduce
Raf kinase activity and negatively affect the phosphorylation of Akt and MEK1/2
without causing a reduction in the total level of proteins [144]. These results are
consistent with studies in Ahal-null yeast, which exhibited lower levels of phos-
phorylated Src [33]. Overexpression of Ahal did not change the sensitivity of HT29
or HCT116 cells to 17-AAG and could not protect Hsp90 client proteins Raf and
Cdk4 from degradation in response to the inhibitor. In contrast, sensitivity to Hsp90
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inhibition with 17-AAG was increased in Ahal knockdown HCT116 colon cells.
This increase in sensitivity was associated with an increase in apoptosis [144].

The association of Ahal with Hsp90 has recently been shown to be regulated by
post-translational modifications, whereby phosphorylation of Ahal at Y223 by the
kinase c-Abl promotes recruitment to the Hsp90 complex [145]. Inhibition of c-Abl
or the Y223F mutation (which removes the phosphorylatable tyrosine residue in
Ahal) blocks the interaction of Hsp90 with Ahal and prevents the stimulation of
the ATPase activity of Hsp90. As anticipated, the phosphomimetic Ahal Y223E
mutant displayed enhanced binding and stimulation of Hsp90 ATPase activity
(approximately 8.5 times that of wild-type Ahal) [145]. Expression of the Ahal
Y223E phosphomimetic mutant compromised the chaperoning of both kinase (Src)
and non-kinase (GR, HSF-1 and p-galactosidase) Hsp90 client proteins in yeast
[145], which in part recapitulates the effects of Ahal knockdown observed in
mammalian colon cell lines [144]. In both yeast and mammalian cells, the effect
on client proteins is predicted to occur as a result of changes in activity of the Hsp90
cycle due to influences on the Hsp90 ATPase activity.

5.1.2 Targeting Ahal in Cancer

The links between limiting concentrations of Ahal and increased sensitivity to
Hsp90 inhibition suggest that depletion or inactivation of Ahal levels together with
Hsp90 inhibition may be a potential therapeutic strategy [144]. Targeting Ahal may
be particularly relevant in the context of treatment with Hsp90 inhibitors that
activate HSF-1 that has been shown to induce Ahal levels, which could lead to
increased activation of mitogenic pathways regulated by Akt and ERK1/2 and
culminate in increased cell survival or resistance [144].

While there are currently no direct small-molecule inhibitors of Ahal described,
inhibition of the c-Abl kinase was demonstrated as an effective mechanism to
indirectly inhibit Ahal phosphorylation and therefore block its interaction with
Hsp90 [145]. Inhibition of c-Abl with the specific inhibitor GNF-5 resulted in
hypersensitisation of prostate and renal cell carcinoma cell lines and ex vivo tumour
cultures to treatment with Hsp90 inhibitors ganetespib and SNX2112, demonstrat-
ing the therapeutic benefit from targeting both Ahal and Hsp90 [145]. The regula-
tion of the Hsp90 cycle by c-Abl-mediated phosphorylation of Ahal may be
particularly relevant to the treatment of chronic myelogenous leukaemia (CML)
since c-Abl is a proto-oncogene that undergoes genomic translocation to form the
Ber—Abl fusion protein (Philadelphia chromosome) associated with CML
[146, 147]. Indeed, the recent data on the link between c-Abl and Ahal-Hsp90
interaction provide a possible mechanistic explanation for previous data that show
that 17-AAG acts synergistically with imatinib (Gleevec) in both imatinib-sensitive
and imatinib-resistant CML cell lines [148].
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5.2 Prostaglandin E Synthase 3 (p23)

p23 is a late-stage, non-TPR-containing co-chaperone, which binds to Hsp90 client
complexes after nucleotide binding [40, 149]. p23 has numerous Hsp90-dependent
and Hsp90-independent functions in the cell [40, 41, 150]. For a comprehensive
account of the role of p23 as an Hsp90 co-chaperone, the reader is directed to the
recent review from the Buchner laboratory [34]. As a co-chaperone, two molecules
of p23 bind to the Hsp90 dimer, making contacts with both the N and M domains
of Hsp90 [140, 151]. The binding of p23 occurs in the presence of ATP when
the Hsp90 dimer is in the closed conformation (Fig. 6). The effect of p23 binding is
to slow the rate of Hsp90 ATPase activity and prevent client protein release
[34, 140, 151-155]. The mechanism by which p23 inhibits Hsp90 ATPase remains
undefined but could possibly be through either inhibition of hydrolysis or release of
ADP and phosphate after hydrolysis [34]. Irrespective of which is correct, the
mechanism of p23 inhibition of Hsp90 ATPase is distinct from the mechanism by
which Hop prevents Hsp90 ATPase activity (by preventing N-terminal
dimerisation) [34]. Binding of p23 to Hsp90 is inhibited by both Hsp90 inhibitors
GA and novobiocin [156].

Fig. 6 Interaction of Hsp90 with the co-chaperone p23. Interaction of yeast Hsp90/Hsp82 (grey,
residues 1-677 but with the sequence LQHMASVD replacing the charged linker at 221-255) with
the yeast co-chaperone p23/Sbal (green, residues 1-134). p23 interacts with the N-terminal
domain of Hsp90 and Hsp90 is in the closed conformation with the N-terminal domains dimerised
and ATP (orange spheres) bound. The images were generated using PyMOL (DeLano Scientific)
using the structure 2CG9 [151]. (a) Side and (b) top views of the complex



Hsp90 Co-chaperones as Drug Targets in Cancer: Current Perspectives 41

5.2.1 Validating a Role for p23 in Cancer

Yeast with p23 knocked out are temperature sensitive, while p23 knockout in mice
is lethal [157, 158]. Depletion of p23 renders yeast and mammalian cells sensitive
to GA, while overexpression of p23 induces drug resistance, specifically by
blocking the binding of GA to Hsp90 [159]. The well-defined role of p23 in the
chaperoning of transcriptional complexes of nuclear steroid receptor client proteins
(glucocorticoid receptor/GR, androgen receptor/AR, oestrogen receptor/ER) sug-
gests that targeting p23 in hormone-driven cancers may be of therapeutic potential
[43, 150, 160, 161]. Indeed, levels of p23 are elevated in prostate cancer compared
to normal cells, and in prostate cancer, p23 is involved in Hsp90-dependent and
Hsp90-independent chaperoning of AR which promotes tumour progression.
Overexpression or depletion of p23 by RNAi enhances or reduces the transcrip-
tional activity of AR [162]. The levels of p23 itself were increased in response to
treatment with the synthetic androgen mibolerone and, to a lesser extent, the anti-
androgen bicalutamide. In LNCaP prostate cancer cells, overexpression of p23
stabilised AR in the absence of hormone while RNAi-mediated depletion of p23
reduced the levels of AR [59]. Overexpression or knockdown of p23 had no signif-
icant effects on the growth of LNCaP prostate cancer cells but did affect prostate
cancer motility and invasiveness. Ectopic expression of p23 increased transwell
migration of LNCaP cells, while depletion of p23 by RNAi reduced cell migration
in linear wound healing assays [59]. In clinical samples, high nuclear p23 was
associated with development of metastases. The pro-migratory effect of p23 was
associated with changes in the focal adhesion protein, vinculin, which suggests a
role for p23 in modulation of the cytoskeleton. A similar reduction in wound healing
was seen in PC3 cells depleted of p23. Since PC3 cells lack functional AR, these data
suggest that the role of p23 in cell migration may be AR independent. The role of p23
in in vitro migration was supported by in vivo data from prostate tumours showing an
inverse relationship between expression levels of nuclear p23 and patient survival.
Those patients with high p23 had shorter survival times, even in the context of patients
with metastatic disease. These data suggest that p23 directly related to the progression
of prostate cancer and nuclear p23 in particular may be a useful biomarker for those
tumours that are more likely to result in metastasis and poor outcomes [59].
Increased expression of the co-chaperone was also correlated with tumour
progression and poor clinical outcomes in breast cancer caused by p23-regulated
expression of a group of metastasis and drug resistance genes [163]. p23 influences
ER+ breast cancer biology through its differential regulation of ER target genes
[164]. In the case of genes activated by direct binding of ER to promoters
containing oestrogen response elements (EREs), p23 overexpression increases
gene expression. In contrast, p23 did not seem to affect genes indirectly activated
by ER [164]. Simpson and colleagues showed in MCF7 cells overexpressing p23
that, of the genes regulated by p23, a number of genes commonly associated with
invasive breast cancers were deregulated (including PMP22, ABCC3 and AGR2
which were upregulated and p8, TM4SF1 and Sox3 which were downregulated)
[163]. The upregulation of genes in response to overexpression of p23 was associated
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with increased histone H3 acetylation at the promoters of these genes indicating
transcriptional activation, which is in accordance with the well-described roles of
P23 in transcription [150]. MCF7 cells expressing p23 were also found to be resistant
to etoposide and doxorubicin which was attributed to the increased expression of
ABCC3, a multidrug resistance transporter. In breast tumours, high expression of
cytoplasmic p23 in particular was associated with lymph node metastasis and
decreased survival rates, which correlates with the gene expression study and indicates
that p23-overexpressing breast tumours are also more aggressive in vivo [163].

5.2.2 Targeting p23 in Cancer

Celastrol, the natural compound that affects the interaction of Hsp90 with Cdc37,
also inhibits p23 (Fig. 7). However, in contrast to Cdc37, the mechanism of p23
inhibition is due to a direct non-covalent interaction, which induces formation of
inactive p23 fibrils [165]. The natural compound cucurbitacin D, which shows some
structural similarity to celastrol (Fig. 7), has recently been shown to inhibit the
interaction of Hsp90 with both p23 and Cdc37 without inducing a stress response
[166]. Cucurbitacin D has also been independently shown to inhibit proliferation of
endometrial, ovarian and breast carcinoma cell lines, which may in part be
explained by its effect on the Hsp90 heterocomplex [167, 168].

Another structurally related natural compound is gedunin, which is isolated from
the Azadirachta indica tree [169] and has been shown to inhibit the proliferation of
both colon and ovarian cancer cell lines [170, 171]. Gedunin induced selective
degradation of Hsp90 client proteins in Hs578T and MCF7 cell lines; the expres-
sion of steroid receptors PR and GR was substantially reduced, while levels of
kinase clients Cdk4, Raf and Chkl were not significantly affected [172]. These
effects of gedunin in cells were similar to those observed with depletion of p23 by
RNAIi [59]. This differential sensitivity of steroid receptor versus kinase clients
suggested that gedunin, despite structural similarity with celastrol, was selectively
affecting p23 and not Cdc37 (Fig. 7). Gedunin reduced the in vitro activation of PR in
RRL by reducing the proportion of p23 and Hsp90 in complex with PR. In addition to

Celastrol CurcubaticinD Gedunin

Fig. 7 Structural similarity between inhibitors celastrol, cucurbitacin D and gedunin. Celastrol
and cucurbitacin D inhibit both Cdc37 and p23, while gedunin inhibits p23 and not Cdc37



Hsp90 Co-chaperones as Drug Targets in Cancer: Current Perspectives 43

directly affecting the chaperone activity of p23, gedunin treatment inhibited p23
interaction with Hsp90 and reduced p23-mediated gene regulation. Gedunin induced
these effects via direct binding to p23 in vitro and in vivo; this interaction requires
residues T90, K95 and A94 of p23, and unlike celastrol, gedunin did not induce fibril
formation by p23. In addition to direct inhibition of p23, gedunin binding also altered
the conformation of p23 making it susceptible to cleavage by caspase 7, leading to
cancer cell death by apoptosis in both ER+ and ER— breast cancer cell lines
(MDA-MB-231, T47D, Hs578T, MDA-MB-453 and MCF7) [172]. Importantly,
from a therapeutic potential, non-transformed cell lines Hs578Bst and HME were
less sensitive to gedunin treatment [172]. Gedunin, cucurbitacin D and celastrol are
interesting because despite structure similarity, they appear to have differing activi-
ties. Importantly, gedunin is far less effective at inducing the stress response than
celastrol, which is an undesirable consequence of Hsp90 inhibition in cancer. Whereas
celastrol activates HSF-1, gedunin induced a minor increase in Hsp70 without altering
the Hsp27 levels [172]. Therefore, in the context of cancer treatment, development of
gedunin as a co-chaperone therapy would be preferable over celastrol.

6 Conclusion and Future Perspectives

Co-chaperones are vital for the regulation of client protein folding by the Hsp90
chaperone machine [26]. Studies on individual co-chaperones Hop, Cdc37, Ahal and
p23 have demonstrated that these proteins are involved in regulating the biology of
cancer cells at numerous levels, either alone or in partnership with Hsp90, and have
begun to evaluate these proteins as drug targets using small-molecule modulators or
RNA interference and overexpression approaches [60, 61, 87, 144]. Targeting
co-chaperones as an alternative to or in combination to targeting Hsp90 is now
being considered a viable therapeutic option. However, some of the small-molecule
inhibitors that are likely to be amenable to drug development are not specific for only
one co-chaperone, and therefore there is an ongoing need for more selective inhib-
itors that can be tailored for specific contexts. There has been substantial focus in
analysis of individual Hsp90 co-chaperones, and we now have some understanding of
the stages at which some of these co-chaperones interact and which Hsp90-co-
chaperone complexes are mutually exclusive or complementary. However, we still
do not have a complete understanding of the integration of the different
co-chaperones into the Hsp90 cycle, the possible ternary complexes formed under
different conditions and the sequential events that occur during the Hsp90 cycle. A
deep understanding of the interactions between different co-chaperones during the
Hsp90 cycle will be important for drug targeting, particularly in the context of
possible redundancy and compensatory functions that may predominate in the
absence of one or more co-chaperones. Therefore, it may be necessary to consider
dual targeting of co-chaperones to prevent the compensatory actions of
co-chaperones in the cancer context. The number of Hsp90 co-chaperones continues
to grow, with over twenty different co-chaperones for Hsp90 now being identified
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(many of them not discussed here) [52]. As our understanding of the fundamental
roles of these new co-chaperones in cancer grows, so will our opportunities to
consider them as drug targets either alone or in combination with other inhibitors.
In addition, the impact of post-translational modifications on co-chaperone activity is
currently poorly understood. From the recent studies on Ahal, post-translational
modification of co-chaperones is likely to impact greatly on Hsp90 function and
may fine-tune Hsp90 function even further for specific cellular contexts [145]. In this
way, targeting the post-translational modifications of Hsp90 co-chaperones may
provide new avenues for therapeutic intervention.
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Evaluating Dual Hsp90 and Hsp70 Inhibition
as a Cancer Therapy

Laura K. Buckton, Yao Wang, Jeanette R. McConnell,
and Shelli R. McAlpine

Abstract The heat shock proteins (Hsps) are a family of highly conserved proteins
involved in the regulation of numerous cellular processes including those associ-
ated with cancer. Inhibiting the function of these Hsps, specifically Hsp70 and
Hsp90, is a major strategy used in the development of new cancer therapies.
Numerous Hsp90 inhibitors have been evaluated in the clinic, and while some
have experienced success, many have produced disappointing results. One reason
explaining their failure is that they induce a cytoprotective response that protects
cancer cells from the negative effects of Hsp90 inhibition. In order to maximise the
therapeutic outcomes, dual inhibition of Hsp70 and Hsp90 can be employed to
overcome cell rescue mechanisms induced by monotherapies. In this chapter, we
discuss dual inhibition of Hsp70 and Hsp90 using small molecules and evaluate the
potential of this strategy for the development of cancer therapeutics.

Keywords Dual inhibitors, Heat shock proteins, Heat shock response, Hsp70,
Hsp90
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1 Introduction

Heat shock protein 90 (Hsp90) is a molecular chaperone involved in the mainte-
nance of protein homeostasis in the cell [1-3]. Hsp90 assists in the folding,
stabilisation, activation and degradation of numerous cellular proteins. Hsp90
interacts with over 400 client proteins [4], many of which are associated with
cancer [1]. Upon activation, these client proteins assist in disease progression,
which makes Hsp90 a regulator of many disease-causing pathways. Consequently,
Hsp90 inhibition has emerged as a promising strategy for the treatment of diseases
involving aberrant protein structure and function, including cancer.

Hsp90 exists as a homodimer, where each monomer contains an amino (N-)
terminus, a middle domain and a carboxy (C-) terminus (Fig. 1). The N-terminus
contains an ATP-binding site, the middle domain contains binding sites for client
proteins and co-chaperones, and the C-terminus serves as the dimerisation domain
and also contains binding sites for co-chaperones. It is well understood that clinical
Hsp90 inhibitors or “classical inhibitors” target the N-terminal ATP-binding site of
Hsp90, impacting Hsp90’s protein folding cycle (Fig. 1).

The first Hsp90 inhibitor, geldanamycin, was identified in 1994, and its deriv-
ative tanespimycin (17-AAG) entered the clinic as a cancer therapeutic in 1999 [5]
(Fig. 2). Both of these analogs are from the ansamycin class of compounds. Since
1995, Hsp90 inhibitor drug candidates have been steadily entering the clinic, with a
total of 15 different drugs being tested as monotherapies in clinical trials since 1999
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Fig. 1 Hsp90’s protein folding cycle and the mechanism of classical Hsp90 inhibition. (a)
Unfolded client proteins are delivered to Hsp90 by Hsp40 and Hsp70 via interactions with the
co-chaperone Hsp70/Hsp90 organising protein (HOP). (b) Hsp90 utilises ATP hydrolysis to
change conformation. (c¢) Fully folded client protein is released
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[6, 7]. The ansamycin molecules are reported to inhibit ATP from binding to Hsp90
(Fig. 1b). However, recent evidence shows that they are highly promiscuous and, as
such, are likely targeting many proteins, not just Hsp90, which would explain their
failure in clinical trials.

More recent Hsp90 inhibitor drug candidates mimic the ATP molecule (Fig. 2).
Several of these molecules are still in clinical trials and are being used to treat many
cancer types including breast cancer, non-small cell lung cancer (NSCLC), mela-
noma, renal cell carcinoma (RCC), multiple myeloma (MM), gastrointestinal
stromal tumour (GIST), castrate-resistant prostate cancer (CRPC) and several
types of leukaemia [6, 7]. Clinical inhibitors block ATP from binding, leading to
the inhibition of protein folding. However, clinical trial results showed that when
used as single agents, these Hsp90 inhibitors were not highly efficacious and have
generated disappointing patient outcomes.

As a single agent, 17-AAG had significant side effects [8] and was subsequently
dropped from clinical trials. Three other recent monotherapy regiments in clinical
trials involved (1) 17-DMAG to treat CRPC, melanoma or acute myeloid leukae-
mia; (2) ganetespib to treat breast cancer and NSCLC; and (3) IPI-504 to treat
NSCLC and GIST [9, 10] (Fig. 2). However, patient’s responses were modest,
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where 17-DMAG caused a response in 2 of 28 patients (7%) HER2+ breast cancer
patients, ganetespib caused a partial response (PR) in 2 of 22 (9%) breast cancer
patients, and IPI-504 caused a PR in 5 of 76 (7%) NSCLC patients and 1 in 36 (3%)
GIST patients [7, 10, 11]. 17-DMAG was also reported to cause a complete
response (CR) in a single patient that had CRPC, three CR in acute myeloid
leukaemia and one PR in melanoma [8, 11]. Thus, Hsp90 inhibitors have shown
positive clinical benefit for patients, although the low response rate is a significant
concern. Classical Hsp90 inhibitors continue to enter into clinical trials as both
single and combination therapies. Currently, there are 32 active studies evaluating
the effects of these drugs on numerous cancer types (Table 1).

The low response rate coupled with hepatotoxicity, ocular toxicity and in one
case mortality has caused the suspension of most clinical trials using Hsp90
inhibitors as single-agent chemotherapeutics [12, 13]. The limited effectiveness
of these Hsp90 inhibitors appears to be due to several key factors. The first is that
the ATP-binding site, where these clinical molecules interact with Hsp90, has a
binding pocket that is similar to several classes of proteins, specifically DNA
polymerases and tyrosine kinases [14]. Thus, classical inhibitors appear to bind to
other proteins in addition to Hsp90, thereby producing off-target effects [15-25]
and potentially contributing to the observed toxicity associated with these drugs.

Second, resistance and anti-apoptotic pathways are activated immediately upon
patient treatment with these clinical Hsp90 inhibitors. This resistance is a result of
the specific types of Hsp90 inhibitors activating the cellular heat shock response
(HSR) [26]. The HSR is an evolutionary response that is triggered when the cell is
under stress and was first discovered by subjecting cells to high temperatures.
Triggering a HSR induces high levels of heat shock proteins (Hsps), which are
responsible for refolding the aggregated and misfolded proteins that accumulate in
the stressed or rapidly growing cell, and they aid in protein degradation [27]. The
HSR facilitates cell survival by activating resistance mechanisms and anti-
apoptotic pathways [28, 29].

Specifically, cellular stress leads to releasing heat shock factor 1 (HSF-1) from
Hsp90 (Fig. 3b) [30-34]. Transport of HSF-1 into the cytoplasm is inhibited leading
to a build-up of HSF-1 in the nucleus [35]. HSF-1 then forms a trimer in the
nucleus, which is extensively phosphorylated [36]. The HSF-1 trimer binds to
specific sequences known as heat shock elements (HSE) in DNA promoters and
induces transcription of genes encoding for itself and multiple cellular chaperones,
including heat shock protein 27 (Hsp27), heat shock protein 40 (Hsp40) and heat
shock protein 70 (Hsp70), in order to rescue the cell from the accumulating
unfolded proteins [37, 38] (Fig. 3c). In the absence of stress, promoters for these
genes are occupied and unavailable [39, 40]. The mRNAs encoding for inducible
and constitutive Hsp70 (HSPAIA and HSPAS, respectively) are produced during
the HSR, as well as mRNA that encodes for HSF-1, Hsp40 and Hsp27 (Fig. 3d).
These Hsps attempt to rescue the cell from the unfolded protein that is accumulat-
ing. The high levels of Hsps refold the aggregated and misfolded proteins that
accumulate in the stressed cell, and selected Hsps can also aid in protein
degradation [27].



Evaluating Dual Hsp90 and Hsp70 Inhibition as a Cancer Therapy 59
Table 1 Active clinical trials involving Hsp90 inhibitors registered on clinicaltrials.gov
Molecule Condition Phase |Started | Treatment | Other drugs
NVP-AUY-922 | Non-small cell lung cancer |II 2013 Single -
NVP-AUY-922 | Lung cancer 1 2014 Dual Pemetrexed
disodium
NVP-AUY-922 | Non-small cell lung cancer |I 2013 Dual LDK378
NVP-AUY-922 | Lung cancer 11 2015 Single -
NVP-AUY-922 | GI stromal tumour I 2011 Single -
NVP-AUY-922 | Non-small cell lung cancer |II 2013 Single -
NVP-AUY-922 | Non-small cell lung cancer |II 2014 Single -
SNX-5422 HER2+ cancers I/ 2013 Single -
SNX-5422 Neuroendocrine tumours I 2014 Single —
SNX-5422 Haematological 1 2014 Single -
malignancies
SNX-5422 Solid tumours I 2013 Comb. Carboplatin,
paclitaxel
STA-9090 Rectal cancer I 2012 Dual Capecitabine
STA-9090 Ocular melanoma I 2010 Single -
STA-9090 Multiple myeloma I 2012 Comb. Bortezomib,
dexamethasone
STA-9090 Neurofibromatosis type 1 /11 2013 Dual Sirolimus
STA-9090 Ovarian, fallopian, perito- | I/I 2013 Dual Paclitaxel
neal cancer
STA-9090 HER2+ breast cancer I 2014 Comb. Paclitaxel,
trastuzumab,
pertuzumab
STA-9090 Head and neck cancers 1 2014 Single -
STA-9090 Breast cancer 1T 2012 Dual Fulvestrant
STA-9090 Non-small cell lung cancer | III 2013 Dual Docetaxel
STA-9090 Ovarian, fallopian, perito- | I/II 2014 Dual Paclitaxel
neal cancer
STA-9090 Small cell lung cancer I/ 2014 Dual Doxorubicin
STA-9090 Lung cancer /11 2013 Single -
STA-9090 Neoplasms I 2014 Dual Ziv-
Aflibercept
STA-9090 Breast cancer I 2010 Single -
STA-9090 Acute myeloid lymphoma, | III 2014 Single -
myelodysplastic syndrome
PU-H71 Lymphoma, solid tumour | I 2011 Single -
PU-H71 Lymphoma, myeloma, Pre 2010 Single -
solid tumour
AT13387 Non-small cell lung cancer | I/II 2012 Dual Crizotinib
AT13387 Head and neck cancers I 2015 Dual Cisplatin
AT13387 Melanoma I 2014 Comb. Dabrafenib,
trametinib
XL888 Melanoma I 2012 Dual Vemurafenib
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Fig. 3 Depiction of the widely accepted model of heat shock and the induction of the heat shock
response (HSR). (a) Stress from heat shock or clinical Hsp90 inhibitors triggers an accumulation
of unfolded proteins in the cell. (b) The Hsp90 protein complex collects these unfolded proteins,
which causes the release of HSF-1 from the protein complex. (¢) HSF-1 then forms an active
trimer, which translocates to the nucleus and binds to DNA. (d) The mRNA of the heat shock
proteins is transcribed from the DNA. (e) The mRNA is then translated into the heat shock
proteins, which can then facilitate folding of the previously accumulated unfolded proteins

Similar to the stress caused by high temperatures, the excessive growth of cancer
creates stress in cells, and thus cancer cells produce high levels of Hsps. These Hsps
maintain protein folding and protein degradation and repair the large quantity of
proteins required for rapid cell division, as well as stabilising mutated oncoproteins
[27, 41]. This high level of Hsps, including Hsp90, is why Hsp90 inhibitors are a
promising treatment for cancer. However, inhibiting Hsp90 function using the
clinical inhibitors is well established to produce high levels of Hsp70; indeed,
Hsp70 is often used as a pharmacodynamic marker to determine if Hsp90 is
being inhibited by classical inhibitors [42—44].

Hsp70 assists in the delivery of specific clients to Hsp90 [45], as well as
functioning as an independent chaperone that facilitates protein translocation;
stabilises anti-apoptotic proteins; plays a key role in cellular resistance; and pre-
vents apoptosis [46—49]. Thus, inducing high levels of Hsp70 (>6-fold over
background) such as those observed when treating cells and patients with the
classical Hsp90 inhibitors is problematic for killing cancer cells. Indeed, the high
production of Hsp70 likely plays a key role in the disappointing clinical results [20—
24]. In response to these poor results for classical inhibitors, two strategies have
been employed.
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The first approach, which is the development of Hsp90 inhibitors that target sites
other than the ATP-binding site of Hsp90, offers alternative mechanisms for
blocking Hsp90’s activity. Specifically, inhibiting activity at the C-terminus of
Hsp90 does not induce a HSR, nor lead to the upregulation of the Hsps [20-24,
50-55]. Thus, this approach may succeed as a single treatment as it does not
produce the anti-apoptotic or resistance observed with the classical inhibitors.
The second approach, which is already being used in the clinic, is a combination
of classical Hsp90 inhibitors with other forms of therapy. This second approach is
discussed in this chapter.

Dual inhibition is a rapidly developing area, and there are a large number of
clinical trials and patents being reported in this field. Of the 32 active clinical trials,
17 are studying the effects of Hsp90 inhibitors with one or more other drugs (www.
clinicaltrials.gov database). Recent patents include the use of combination treat-
ments utilising Hsp90 inhibitors with Hsp27 or Hsp70 inhibitors (patent number
WO-2007041294). Yukimasa patented results using a classic Hsp90 inhibitor
(KW-2478) in combination with an Hsp70, Hsp27 or BCL2 cancer treatment
drug (patent number WO-2007028387). Kyowa Hakko Kogyo patented the treat-
ment of a classical inhibitor 17-AAG being used in combination with a kinase
inhibitor such as gefitinib or a proteasome inhibitor such as bortezomib (patent
number WO-2008108386). Astex Therapeutics has patented the drug combination
of the classical inhibitor AT9283 with cyclin-dependent kinase inhibitors or aurora
kinase inhibitors (W02008044045). Patent activity on dual inhibitors shows that
this line of investigation is being vigorously pursued.

2 Hsp90 Inhibition-Based Combination Treatment

Hsp90 is vital for most cancer cells because of its pivotal role in modulating protein
conformation and maturation [56—-60]. To date, more than 400 proteins are regu-
lated by or associated with Hsp90, and as such they are called Hsp90 client proteins
[4]. About half of these clients are critical for cancer cell growth [61], including
transmembrane tyrosine kinases (HER2 and EGFR), metastable signalling proteins
(Akt, K-ras and Raf-1), mutated signalling proteins (p53 and v-Src), chimeric
signalling proteins (Bcr-Abl), cell cycle regulators (Cdk4 and Cdk6) and steroid
receptors (androgen, oestrogen and progesterone receptors) [62—-67]. When mutated
or deregulated, these clients promote cancer growth. Cancer cell proliferation and
survival [68, 69] are facilitated by Hsp90 by maintaining tumours and homeostasis
and helping cells to adapt to unfavourable or stressful microenvironments that
include heat, hypoxia, free radical production, radiation and chemotherapy [68—71].

Because of its key roles in tumour development, Hsp90 has emerged as a
promising target for cancer therapy [63, 72—74]. Inhibiting Hsp90 has involved
targeting all three domains: the N-, middle and C-domains as a paradigm of
network-oriented drug discovery [63, 71, 75, 76]. Indeed, success at suppressing
cancer cell growth has been reported in both preclinical and clinical studies [35, 50,
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51, 54, 61, 72-74, 77-80]. Although there are currently 32 clinical trials involving
Hsp90 inhibitors, only three unique structures are involved in these studies and are
being tested on patients. All three target the N-terminal ATP-binding site of Hsp90
[54] and more than half of these clinical trials are using the compounds in con-
junction with other therapies [81-84].

Given Hsp90’s central regulating role in cancer development and its close
relationship with numerous key oncogenic proteins, studies are now exploring if
Hsp90 inhibitors can sensitise tumours to other chemotherapeutic agents. Devel-
oping combination therapies using Hsp90 inhibitors and other types of anticancer
agents with a distinct mechanism of action is one avenue that is currently being
investigated. Encouragingly, Hsp90 inhibition-based combination treatments of
cancer have proven to be more effective and more successful than monotherapies
in clinical trials, indicating a promising future for anticancer treatment. In this
section, we focus on the investigation and achievement of combination treatments
based on direct Hsp90 and Hsp70 dual inhibition.

2.1 Dual Hsp90 and Hsp70 Inhibition

The disappointing clinical results of Hsp90 inhibitors are likely connected to
induction of the HSR, which upregulates Hsp70 and Hsp27 as well as HSF-1
[74, 85, 86]. Induction of Hsp70 produces the undesirable effect of counteracting
the efficiency of Hsp90-based treatment, and it has been identified as a hallmark of
N-terminal Hsp90 inhibitors [§7-97] (Fig. 4a). The C-terminal modulators, which
do not target the ATP site on Hsp90, do not induce HSF-1 nor the HSR [50, 51, 54,
77-80, 98] (Fig. 4b and c). Herein we discuss two approaches to dual inhibition of
Hsp70 and Hsp90 including combining small-molecule inhibitors of both Hsp70
and Hsp90 and combining Hsp70 silencing with Hsp90 inhibitors.

There are several rescue mechanisms that are induced with the HSR. First,
Hsp90 is induced and can still perform its protein folding and regulatory role.
Second, Hsp70 is also induced and may compensate for some of Hsp90’s inhibited
functions by assisting in protein folding, preventing protein aggregation and regu-
lating protein complex assembly or disassembly [99, 100]. Third, Hsp70 actively
participates in the protection of cancer cells from both extrinsic and intrinsic
apoptosis [99]. Ectopic overexpression or induced endogenous levels of Hsp70
promote cancer cell survival by effectively inhibiting lysosomal membrane
permeabilization [49], death receptor pathway [48], mitochondria-initiated signal-
ling for caspase-dependent apoptosis [46, 47, 101-104] as well as AlF-associated
caspase-independent apoptosis [105, 106].

Evidence of Hsp70’s critical role in apoptosis was seen when silencing Hsp70
expression using antisense oligonucleotides or ectopic transfection produced exten-
sive apoptotic cancer cell death [48, 107, 108]. Furthermore, Hsp70 inhibition
triggers an antitumour immune response by blocking the Hsp70-induced activation
of myeloid suppressive cells (MDSC), which have the capacity to suppress both the
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cytotoxic activities of natural killer (NK) and NKT cells and the adaptive immune
response mediated by CD4+ and CD8+ T cells [109-113]. All of these factors make
dual inhibition of Hsp90 and Hsp70 an optimal cancer therapy.

Using a combination treatment of Hsp90 and Hsp70 inhibitors may not only
neutralise the issues associated with N-terminal Hsp90 inhibition, but it may also
amplify their anticancer efficiency based on their multiple and independent mech-
anisms of action. Encouragingly, Hsp70 silencing using siRNA (small interfering
RNA), shRNA (small hairpin RNA) or cDNA (complementary DNA in the
reversed orientation) of Hsp70 has proven to successfully and synergistically
potentiate Hsp90-based anticancer treatment in both solid tumours and leukaemia
[48, 89, 90, 95]. However, only a few scientific studies on dual inhibition using
small-molecule inhibitors have been published, mainly because only a limited
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number of compounds effectively modulate Hsp70’s function [54, 90, 114]. MAL3-
101, Pifithrin-p and VER-155008 (Fig. 5c) are the only three drugs that specifically
target Hsp70 and show synergism or an additive effect in combination treatment
with Hsp90 inhibitors both in vitro and in vivo [89, 93, 115-117].

VER-155008 binds to the ATP-binding site in Hsp70, blocking Hsp70’s access
to ATP and halting Hsp70’s function by denying it energy to perform (Fig. 5a).
VER-155008 was developed through a structure-based X-ray crystallographic
design [118]. It is also the first molecule to target the ATP-binding domain of
Hsp70 protein [116]. Treatment of cancer cells with VER-155008 showed antiproli-
ferative activity in many types of human cancer cells, including colon cancer [116],
breast cancer [118], multiple myeloma [89] and acute myeloid leukaemia [117]. As
expected, VER-155008 shows synergistic or additive combination effects with
Hsp90 inhibitors in preclinical cancer treatments [89, 116, 117].

Pifithrin-p binds to the substrate-binding domain of Hsp70 and blocks other
substrates from effectively interacting with that site (Fig. 5). Pifithrin-p specifically
targets the inducible isoform of Hsp70, without binding to the constitutive Hsp70 or
to Hsp90 [119]. It interferes with the C-terminal substrate-binding domain of Hsp70
and disrupts its association with client proteins, causing cell cycle arrest and
significant apoptosis at low micromolar concentrations. This leads the loss of
Hsp70 function, as it can no longer interact with substrates.
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Like Pifithrin-p, MAL3-101 (Fig. 5) binds to Hsp70 at the substrate-binding site.
It blocks Hsp70’s essential cellular function by inhibiting the ability of Hsp40
co-chaperones to stimulate Hsp70 ATPase activity [120, 121] (Fig. 5b). Hsp40
docks to Hsp70 during substrate transfer of unfolded client proteins (Fig. 1); thus,
inhibiting this binding event halts the transfer of unfolded proteins and impacts
protein homeostasis, thereby inducing cell death.

2.1.1 Combination of VER-155008 and NVP-AUY922 in Multiple
Myeloma Treatment

VER-155008-based Hsp70 inhibition has been relatively successful in the treatment
of multiple myeloma (MM) [89]. VER-155008 significantly decreased the cellular
viability in MM cell lines, including INA-6, MM.1S, L363, KMS11 and JIN-3. The
sensitivity of MM cells to VER-155008 differed between cell lines with ICs( values
from 2.5 to 17 pM, and the drug concentrations that induce near complete cell
demise in all studied cell lines are between 10 and 30 pM. VER-155008-induced
Hsp70 inhibition led to apoptosis in MM with substantial accumulation of
apoptosis-inducing factor (AIF) in the nucleus and with increased cleavage of
pro-caspases 9/3 and the caspase substrate poly(ADP-ribose) polymerase
1 (PARP 1). Additionally, VER-155008 treatment simultaneously degraded many
Hsp90 client proteins involved in a number of oncogenic signalling pathways
including Ras/Raf/MAPK, JAK/STAT3, PI3K/Akt and the IKK/NFkB pathways.

When a dual inhibition approach of VER-155008 and NVP-AUY-922 was
implemented into INA-6, MM.1S and primary MM cells, a synergistic mode of
action was observed [89]. Specifically, the combination treatment with two inhib-
itors significantly enhanced apoptosis induction, where the combination effect on
INA-6 cells and MM.1S cells was synergistic and additive, respectively, with
combination indices (CI) less than 1 for all effect levels calculated [89, 90]
(Table 2).

Table 2 Ranges of Range of CI Description
combination indices :
(CI) correspond to <0.10 Very strong synergism
synergistic, additive or 0.1-0.3 Strong synergism
antagonistic activities 0.3-0.7 Synergism
0.7-0.85 Moderate synergism
0.85-0.9 Slight synergism
0.9-1.1 Nearly additive
1.1-1.2 Slight antagonism
1.2-1.45 Moderate antagonism
1.45-3.3 Antagonism
3.3-10 Strong antagonism
>10 Very strong antagonism
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2.1.2 Combination of VER-155008 and 17-DMAG in Leukaemia
Treatment

Acute myeloid leukaemia (AML) is a biologically heterogeneous malignancy
characterised by bone marrow infiltration of immature leukaemic blasts
[122]. Hsp90 has emerged as a potent therapeutic target in AML, and the Hsp90
inhibitor 17-DMAG is effective in killing AML cells in vitro preclinical tests
[117]. However, Hsp90 inhibition showed limited antileukaemic effects in phase
I clinical trials [11, 123]. One major reason for this is the compensatory Hsp70
upregulation, which is induced by HSF-1 [74, 95, 124]. This is supported by the
observation that, in a manner observed with other Hsp90 inhibitors that target the
ATP pocket, 17-DMAG-based AML treatment increased Hsp70 and Hsp90
production [11].

However, combination treatment with Hsp90 and Hsp70 inhibitors to neutralise
the induced Hsp70 proteins shows promise for human AML [117]. In primary
human AML cells from 19 unselected patients, the Hsp70 inhibitor VER-155008
itself showed significant antileukaemic activity at 10 pM, causing a dose-dependent
inhibition of cancer cell proliferation, where growth was inhibited by 72%. Addi-
tionally, Hsp90 inhibitor 17-DMAG was used to treat cells at 50 nM, which also
resulted in growth inhibition of 58%. The combination treatment with both inhib-
itors in primary AML cells decreased cell growth to 82%, indicating an additive
growth inhibition effect on AML cells. Moreover, although both VER-155008
(10 pM) and 17-DMAG (50 nM) were able to cause an inhibition in AML colony
formation for most patients, the strongest and most significant decrease in colony
number was observed when the two drugs were combined.

VER-155008-mediated Hsp70 inhibition in AML cells did not induce any
compensatory increase in other Hsps; in fact it caused a significant reduction of
both Hsp70 and Hsp90 expressions when used alone. In contrast, 17-DMAG-
mediated Hsp90 inhibition resulted in a significant increase in Hsp70 and Hsp90
levels. When VER-155008 was used in combination with 17-DMAG, Hsp90 and
Hsp70, expression levels increased to the same level as when cells were treated with
17-DMAG alone [117]. Thus, in contrast to silencing Hsp70 using siRNA, chemical
inhibition of Hsp70 by VER-155008 fails to regulate the Hsp70 and Hsp90 protein
increase that is induced by Hsp90 inhibition. These data explain why the combined
effect of VER-155008 and 17-DMAG is only additive and not synergistic. Further-
more, it is possible that given that VER-155008 targets an ATP-binding pocket, it
may have off-target effects.

2.1.3 Combination of VER-155008 and SM122 in Colon Cancer
Treatment

SM122 (Fig. 4b) is a unique Hsp90 inhibitor that modulates the C-terminus and
does not induce a HSR or produce an accumulation of Hsp70 in the human colon
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cancer cell line (HCT116). Recent work by Wang and McAlpine investigated the
effects of combining SM122 with Hsp70 inhibitor VER-155008 on chaperone-
mediated protein folding and the induction of apoptosis, compared to a combination
of 17-AAG and VER-155008 [20, 21]. Synergistic effects for both SM122/VER-
155008 and 17-AAG/VER-155008 treatments were observed in multiple cell lines
including HCT116, human lung adenocarcinoma epithelial cells (A549), human
cervical cancer cells (HeLa) and human pancreatic cancer cells (MiaPaca-2). In
addition to showing synergism, both combination treatments displayed tumour-
specific effects with an acceptable therapeutic window. Analysis of chaperone-
mediated protein folding was achieved using a rabbit reticulocyte lysate (RRL)-
based luciferase-refolding assay. Individually, SM122 and 17-AAG have a similar
impact on protein folding, where they both have an ICs value of ~2 pM. However,
the most effective inhibition of protein folding was observed when Hsp90 and
Hsp70 were concomitantly inhibited. Combinations of 20 pM VER-155008 with
increasing concentrations of either SM122 or 17-AAG showed very strong syner-
gism. Interestingly, while 17-AAG and SM122 have very different Gls, values of
50 nM and 8 pM in HCT116 cells, respectively, they inhibit protein folding at a
similar concentration [20, 21].

Combination treatments of SM122 or 17-AAG with VER-155008 both showed
synergism in their ability to kill multiple cancer cell types and had a similar impact
on protein folding. However, each combination induced apoptosis via a unique
mechanism [20, 21]. HCT116 cells were treated with 50 pM VER-155008 and
either SM122 or 17-AAG at two- to threefold over their Glso. Apoptosis was
induced in 75% of the cells treated with SM122/VER-155008, while only 50%
apoptosis was induced in cells treated with 17-AAG/VER-155008. Cell death
occurred via a caspase 3/7-dependent pathway with PARP-1 cleavage in both
dual treatments. Interestingly, while the 17-AAG/VER-155008 treatment showed
a better capacity to activate caspase 3/7, SM122/VER-155008 induced higher
levels of early and late apoptosis [20, 21]. This data suggests that the primary
mechanism through which 17-AAG/VER-155008 induces cell death is via caspase
pathways; however, SM122/VER-155008 triggers cell death through additional
pathways simultaneously, which may be beneficial in reducing the chance of
tumour cells developing resistance.

The individual mechanisms by which SM122 and 17-AAG trigger cell death
explains the differences in the apoptosis observed as they induce apoptosis via
different cellular pathways when used in combination with VER-155008 [20-
24]. Each drug combination has distinct impacts on HSR pathways. Evaluating
the impact of SM122 and 17-AAG with VER-155008 on mRNA transcription,
translation and protein expression levels of Hsps provided evidence of their indi-
vidually unique mechanism of action [20, 21]. Activation of the HSR is
characterised by an accumulation of Hsps including Hsp70, Hsp40 and Hsp27.
When HCT116 cells were treated with 17-AAG and VER-155008 individually,
Hsp70 mRNA levels increased by 45- and 250-fold, respectively. In contrast,
SM122 produced a twofold decrease in Hsp70 mRNA [20]. These data show that
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Hsp70 inhibition and N-terminal Hsp90 inhibition triggers the HSR at a transcrip-
tional level.

When HCT116 cells were treated with 17-AAG/VER-155008 and SM122/VER-
155008, Hsp70 mRNA levels increased by 3,500- and 1,500-fold, respectively
[20, 21]. The SM122/VER-155008 treatment did not trigger the HSR as rapidly
as 17-AAG/VER-155008, which is likely because SM122 suppresses and/or delays
the transcription of Hsp70 mRNA when used in combination with VER-155008.

These phenotypic differences between SM122 and 17-AAG are also observed at
the translational level, where SM122/VER-155008 synergistically inhibits protein
translation, while 17-AAG/VER-155008 has no impact on translation [20]. Evalu-
ation of heat shock protein expression levels (Hsp27, Hsp70 and Hsp40) showed
that treating HCT116 cells with 17-AAG, VER-155008 or 17-AAG/VER-155008
in combination produced a large increase in Hsp70, Hsp40 and Hsp27. As discussed
earlier, cells treated with SM122 decreased these protein levels [20, 21]. Dual
treatment with SM122 and VER-155008 produced higher protein levels than
when cells were treated with SM122 alone; however, the levels were no higher
than cells treated with VER-155008 alone, showing that SM122 did not contribute
to the rescue mechanism.

These results show that C-terminal modulators and N-terminal Hsp90 inhibitors
have distinct mechanisms when used in combination with an Hsp70 inhibitor. Dual
treatments are synergistic and induce rapid cell death in numerous cancer cell lines
far more effectively than monotherapies. Thus, dual therapies have great potential
as cancer treatment regimens, particularly those involving C-terminal Hsp90 mod-
ulators like SM122, which has the added benefit of reducing the HSR and limiting
the ability of the cancer cell to rescue itself following treatment.

2.1.4 Combination Treatment of MAL3-101 with 17-AAG

MAL3-101 binds to an interface between Hsp40 and Hsp70, thereby impacting
Hsp40-mediated stimulation of Hsp70’s ATPase activity [120, 125]. Using MAL3-
101 to inhibit Hsp70 alone has successfully treated preclinical MM primary tumour
cells and endothelial progenitor cells (EPCs) obtained from MM patients [126]. Spe-
cifically, MAL3-101 treatment led to the inhibition of proliferation and survival in
NCI-H929 cells with an ICs( value of 8.3 pM at 40-h exposure using an MTS assay.
Cell cycle analysis showed that after 48-h treatment, MAL3-101 caused a 2.5-fold
decrease at G2/M phase, with a nearly threefold increase at sub-G0/G1 phase in
NCI-H929 cells, which indicated an activation of an apoptotic pathway. Confirma-
tion by FACS analysis showed that cells treated with MAL3-101 increased apo-
ptosis, cleavage of caspase-3 and PARP in a time-dependent manner.

In contrast to MM cells being treated with VER 155008 and 17-DMAG inhib-
itors, treatment of MM cells with MAL3-101 and 17-AAG led to apoptosis
[126]. Specifically, in NCI-H929 MM cell line, 10 pM of MAL3-101 significantly
decreased the ICsq of 17-AAG from 400 to 30 nM. The isobologram analysis of
10 pM MAL3-101 and 17-AAG with five different concentrations (25, 50, 100, 500
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and 1,000 nM) showed tremendous synergistic effect, with combination index
(CI) values from 0.008 to 0.12, where CI < 0.1 is “very strong synergism” and
0.1 <CI>0.3 is “strong synergism” (Table 2). These data support the hypothesis
that VER-155008 may have off-target effects and is not only targeting Hsp70,
whereas MAL3-101s may have a more selective impact on Hsp70’s activity.

2.1.5 Combination Treatment of PFT-p with 17-AAG

Pifithrin-p (PFT-p) has been identified as a potent Hsp70 inhibitor specifically
targeting the inducible isoform of Hsp70, without binding to Hsp90 [119]. It
interferes with the C-terminal substrate-binding domain of Hsp70 and disrupts its
association with client proteins, causing cell cycle arrest and significant apoptosis at
low micromolar concentrations in acute myeloid leukaemia (AML), acute lympho-
blastic leukaemia (ALL) and primary AML blasts [119]. Importantly, normal
haematopoietic cells and stromal cells exhibited a remarkably high resistance to
PFT-p compared to leukaemic blasts [115]. In bone marrow stromal cells (BMSC),
the median ICs value was ~4-fold higher than that in leukaemic blast cancer cells
[115], which indicates that a therapeutic index can be achieved using PFT-p.

Combination treatment with PFT-p and the Hsp90 inhibitor 17-AAG showed
synergism in reducing cell viability of all studied acute leukaemia cells including
NALM-6, TOM-1 and KG-1a. Among the three cell lines, KG-1a was the least
sensitive to PFT-p and 17-AAG individual treatment, with 81% and 72% cell
viability after exposure to 10 pM of PFT-p and 5 pM of 17-AAG, respectively.
However, this cell line had the most significant response to treatment by both
inhibitors, showing only 29% cell viability upon treatment with these two concen-
trations. For the NALM-6 leukaemia cell line, their viability when treated with
PFT-p and 17-AAG monotherapies was 70% (2 uM of PFT-p) and 70% (2 pM of
17-AAG), respectively, versus 42% when used in combination. For the TOM-1 cell
line, viability was 85% (3 pM of PFT-p) and 57% (1 pM of 17-AAG) when using
monotherapies versus 36% when treating cells with both drugs.

2.1.6 Combination Treatment of AIF-Derived Peptide with 17-AAG

ADD70 is a designed peptide constructed from the amino acid residues in the AIF
protein that bind to Hsp70 (amino acids 150-228) (Fig. 6). ADD70 sensitises cancer
cells to apoptosis induction by capturing and neutralising the endogenous Hsp70
protein in the cytosol. ADD70 does not exert any apoptotic effects by itself
[105, 127, 128]. ADD70 displayed significant anti-tumorigenic and anti-metastatic
properties, as well as the ability to enhance cancer cell immunogenicity by facili-
tating the induction of a tumour-specific immune response, which increased the
number and cytotoxic activity of CD8" tumour-infiltrating T cells [127].

The expression of ADD70 showed an additive effect when 17-AGG was used in
the rat colon cancer ProB cells and mouse melanoma cancer B16F10 cells. These



70 L.K. Buckton et al.

Fig. 6 Apoptosis-inducing 1 613
factor is 613 amino acids in Apoptosis-Inducing Factor (AIF) i
length. The region between - |
amino acids 150 and 228 is T

essential for AIF to bind to

Hsp70. ADD70 is a 150 228

truncated version of AIF,

where it only contains

amino acids 150-228

two distinct models of tumours were developed in syngeneic rodents. The additive
effect observed when using ADD70 and 17-AAG appears to be related to the
reduction of inducible Hsp70 protein by ADD70, where low levels of Hsp70 protein
allowed AIF-mediated caspase-independent apoptotic pathways (Fig. 6) to induce
pro-apoptotic functions [105, 106, 129]. Inducing AIF-mediated apoptosis is unique
to ADD70 and is not seen with any of the small molecules described above. It is
thought that, since ADD70 contains the AIF sequence that binds to Hsp70, ADD70
disrupts the AIF-Hsp70-binding event inducing apoptosis via the AIF pathway.
Release of AIF facilitates apoptosis and an indirect induction of the Apaf-1-
mediated caspase-dependent apoptosis (Fig. 6).

Interestingly, ADD70 significantly enhanced the chemosensitizing effect of
17-AAG on cisplatin-mediated chemotherapy [127]. For example, the combination
of 17-AAG and cisplatin only showed additive anticancer effects on several cancer
cells. However, in the presence of ADD70, the impact of cisplatin on cell death was
strongly enhanced in both cell lines, indicating that the expression of ADD70 can
efficaciously potentiate the chemosensitizing effect of 17-AAG. Thus, the study of
ADD70 and 17-AAG provided evidence that simultaneous targeting Hsp70 and
Hsp90 can effectively provide anticancer therapy.

2.1.7 Combining Hsp70 Silencing with Hsp90 Inhibition in Human
Solid Tumours

Constitutive heat shock cognate 70 (Hsc70) and inducible heat shock protein
72 (Hsp72) are two major cytoplasmic isoforms of the Hsp70 multigene family,
and they have different expression patterns in mammalian cells. In non-tumour
tissues, Hsc70 is abundantly and ubiquitously expressed, whereas Hsp72 is present
at relatively low levels. However, under stressed conditions, Hsp72 is
overexpressed, while Hsc70 is minimally impacted [89, 95, 130—132]. Selectively
knocking down either Hsp72 or Hsc70 isoform using siRNA had no impact on cell
proliferation in multiple cancer cells [95]. However, silencing Hsp72 significantly
enhanced the antiproliferative effect of 17-AAG-mediated Hsp90 inhibition on
colon cancer HCT116 cells, inducing a fivefold increase in apoptosis [95]. In
contrast, when Hsc70 was silenced, there was no improved apoptosis or response
to 17-AAG in any cancer cell line [95].
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The differential effects of selective Hsp70 isoform silencing on the combination
treatment with 17-AAG indicate that although both Hsc70 and Hsp72 can bind to
Hsp90, both are induced after 17-AAG-mediated Hsp90 inhibition [92, 133-—
136]. Hsp72 appears to play the most important role in maintaining cell viability.
These data are supported by recent evidence that 17-AAG induces 80-100-fold
increases in Hsp72 mRNA levels, but only ~6-fold increase in Hsc70
[21, 23]. Thus, it appears the cell protection effects are primarily produced by an
increase in Hsp72, and this isoform is heavily induced by 17-AAG. The protective
effects can be silenced by knocking down Hsp72, and indeed this is the most
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effective route for enhancing Hsp90 inhibitors [48, 137]. Furthermore, coupling
treatment of Hsp72/Hsc70 inhibition with 17-AAG also shows no effect on
non-tumour cells. This observation suggests that inhibiting Hsp72 in combination
with an Hsp90 inhibitor may offer a reasonable treatment with a potential thera-
peutic window [138].

3 Conclusions

Highlighted in this chapter are examples that indicate Hsp90 inhibition is a more
effective treatment when used in combination with other chemotherapies. Success-
fully combining Hsp90 inhibitors with other chemotherapy drugs including mole-
cules that target Hsps produces rapid apoptosis and cell death, which can avoid
resistance and cancer metastasis. Specifically, combining Hsp90 and Hsp70 inhib-
itors produces large increases in apoptosis and potency of up to 92% compared to
using single inhibitors. A major reason for this combination being so effective is
that inhibiting Hsp90 using classical inhibitors increases the production of Hsp70
protein, which is pro-survival. We also describe how using C-terminal Hsp90
inhibitors is more effective than a classical N-terminal inhibitor when used as a
dual therapy. Thus, targeting multiple points in the cell protection mechanism
known as the HSR is likely to produce a highly effective new therapeutic approach
(Fig. 7).
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and Therapeutics
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Abstract The role of the Hsp70 molecular chaperone in effecting proper cellular
protein folding, transport, and degradation processes, stabilizing protein com-
plexes, and maintaining membrane integrity has long been recognized. More
recently, Hsp70 has been linked to severe neurological diseases, such as
Alzheimer’s, Parkinson’s and Huntington’s disease, as well as to cystic fibrosis
and cancer. As a result, there is a growing interest in the development of small-
molecule modulators of Hsp70 function. While several distinct classes of Hsp70
agonists and antagonists have been identified to date, clinical studies with Hsp70-
targeted drugs have yet to be initiated, and proof of principle for therapeutic
benefits remains to be established. However, a large body of preclinical biological
evidence suggests that this chaperone plays a key role in many human diseases
associated with protein (un)folding and trafficking and that the continued develop-
ment of Hsp70 modulators will yield novel therapeutic strategies.
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1 Introduction

Ten years after the first comprehensive report on the Human Genome Project, the
number of protein encoding genes identified within the human genome was esti-
mated to be 24,000 [1, 2]. However, this value underestimates the biodiversity
encoded in the genome; a single gene can encode more than one protein, either due
to posttranscriptional processes such as mRNA splicing or posttranslational modifi-
cations such as proteolytic processing, glycosylation, lipid modification, or acyl-
ation [3]. Although the number of functional proteins constitutively expressed
within any given cell remains unknown, the Chromosome-Centric Human Prote-
ome Project anticipates the identification of 17,000 distinct cellular proteins [4].
Other estimates suggest 50,000 commonly expressed proteins with a potential to
generate ~2 million proteins in humans.

Normal cellular function relies on the successful expression folding and correct
localization of proteins within a cell. Cellular stress can interrupt these biosynthetic
pathways and can be highly deleterious, resulting in diseases, such as Alzheimer’s,
Parkinson’s, and Huntington’s disease, as well as cystic fibrosis and cancer [5, 6].
Cellular stress factors also include heat shock and nutrient deprivation, which result in
irregular protein production and/or lack of protein stability [5]. Even “normal” cellular
conditions, such as growth or differentiation, can trigger a stress response [7].

Due to the large number of cellular proteins that each have unique folding
pathways and preferred conformations, it is not surprising that a sophisticated
monitoring system exists to intercept folding and processing errors. In order to



The Effect of Structure and Mechanism of the Hsp70 Chaperone on the Ability. .. 83

minimize the impact of misfolded protein accumulation, newly synthesized pro-
teins are monitored by a group of sentinel proteins known as molecular chaperones
[8, 9].

1.1 Molecular Chaperones: Heat Shock Proteins
as Anticancer Targets

Molecular chaperones have long been known to play critical roles in cellular
processes, including protein folding, degradation, and transport [10-12]. As such,
defects in molecular chaperone function have been identified as an underlying
cause of pathogenesis in many human diseases [13]. The heat shock proteins
(HSPs) are a family of molecular chaperones induced by cellular heat shock,
oxidative stress, or in the presence of metal ions [5]. Research into HSP function
led to a deeper understanding of molecular chaperone activity and regulation [8,
14]. The HSPs are now well recognized for their ability to prevent protein
misfolding and protein aggregation. HSPs are cytoprotective and are able to
counteract the induction of apoptosis and autophagy [15—17]. Therefore, it is not
surprising that HSPs are commonly overexpressed in malignancies and their inhi-
bition can increase the sensitivity of cancer cell lines to antitumor agents [18-21].
Due to the particularly stressful environment in cells with dysregulated signaling
and growth pathways, HSPs are of significant interest in cancer research.

HSPs are grouped according to their molecular weights, and the most abundant
members are Hsp110/Hsp105, Hsp104, Hsp90, Hsp70, Hsp60, Hsp40, the small
heat shock proteins (<30,000), and Hsp10. HSPs are often recruited as multiprotein
complexes with other cofactors and co-chaperones, and their expression levels are
interdependent [22]. Among the HSPs, Hsp90 has garnered the most significant
attention in the field of anticancer research, both by pharmaceutical companies and
in academia, because of its established role in the maturation of oncogenic protein
kinases and growth factor receptors, and based on its distinct ATP-binding pocket
[23-26]. In contrast, Hsp70 has remained a secondary drug target to date,
even though it also plays an important role in cancer cell proliferation and often
compensates for decreased Hsp90 levels [20].

1.2  Hsp90 Inhibitor Design and Evaluation

Hsp90 function is critical to maintain cellular signaling pathways and is essential
for cell survival even under nonstress conditions [27, 28]. The protein is made up of
three structural domains: an ATP-binding N-terminal domain (NBD), a middle
domain where client protein-binding occurs, and a C-terminal dimerization domain
[29]. The ATPase function of the NBD was identified after a naturally occurring
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Fig. 1 Examples of small-molecule inhibitors of Hsp90

antitumor antibiotic, geldanamycin (GA, Fig. 1) [30], a member of the ansamycin
family, was found to be a highly selective competitive inhibitor of Hsp90 through
its association with the ATP-binding pocket [24, 31, 32]. The active form of Hsp90
is a homodimer. The two monomeric halves of Hsp90 make contact through the
C-terminal domain, forming a cleft wherein a client protein can associate with the
parallel-oriented middle domains [29]. When ATP is bound, the NBDs converge
and trap client proteins so that they can undergo conformational alterations before
their release [29].

Many cancer cell lines show heightened Hsp90 dependence and expression, thus
encouraging the search for anticancer agents targeting this chaperone [24, 25].
In fact, numerous small molecular probes that inhibit Hsp90 have been developed,
and several of these have proceeded to clinical trials [33, 34]. One of the earliest
Hsp90 inhibitors was a synthetic GA derivative, 17-AAG (Fig. 1), which reached
Phase III clinical trials. The results of these trials strongly supported the concept
that HSP inhibitors can selectively impact the survival of cancer cells while leaving
healthy cells relatively unscathed [35-37].

Off-target effects and associated toxicities of the ansamycin-type inhibitors have
hampered their use in the clinic, but they have inspired the search for novel
synthetic scaffolds for potential use as Hsp90 inhibitors. Two compounds of
particular note are STA-9090 and AUY922, which are currently in Phase I-III
trials (Fig. 1) [33, 34]. STA-9090 is a resorcinol-containing triazolone that binds to
the ATPase domain of Hsp90 and has been shown to arrest cell proliferation and
trigger apoptosis in a number of cancer lines, including acute myeloid leukemia and
erlotinib-resistant lung adenocarcinomas [38]. AUY922 was discovered from a
screen of a library of 4,5-diarylisoxazoles and has a high affinity for the NBD in
Hsp90 [39, 40]. AUY922 shows activity against many different cancer lines [33]
and was recently demonstrated to inhibit the growth of non-small cell lung carci-
noma, a tumor that is often accompanied by high Hsp90 levels and poor patient
prognosis [41, 42].
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During the testing of the GA-based inhibitors, Hsp70 induction was observed as
a consequence of Hsp90 inhibition. For example, although it is a potent inhibitor of
Hsp90, 17-DMAG, a 17-AAG derivative with improved pharmacokinetic proper-
ties, resulted in a significant increase in Hsp70 expression [43]. This allowed cancer
cells to compensate for Hsp90 inactivation, thus preventing apoptosis [44]. In fact,
unless Hsp90 inhibitors that bypass Hsp70 induction can be developed, it may
prove necessary to use Hsp90 and Hsp70 inhibitors in concert for clinical efficacy,
and pilot studies have provided support for this hypothesis [45]. In addition to
combination therapies, the use of dual Hsp90/Hsp70 inhibitors could lead to a
synergistic regulation of oncogenic protein folding. The growing need for Hsp70
inhibitors for anticancer treatment, along with an increased knowledge of Hsp70
function, has begun to shift attention from Hsp90 to Hsp70 [46, 47]. The challenge,
then, has been to identify effective chemical and biological tool compounds and
drug candidates to modulate this chaperone.

1.3 Hsp70 Function

Hsp70 family members facilitate DNA replication, stabilize membranes, correct
defects during protein folding, enable substrate stabilization and the formation of
multiprotein complexes, and identify proteins for ubiquitination and subsequent
degradation [48—51]. Hsp70s play a role in a variety of pathological conditions in
addition to cancer. For example, Hsp70 is necessary for the survival of cells
infected by parasites, such as Trypanosoma or Plasmodium falciparum, and viruses,
such as hepatitis B, papillomavirus, HSV, or polyomavirus, while inhibition of
Hsp70 function in turn inhibits the spread of these infections [47]. Hsp70 function
also plays a role in neurological disorders, such as Parkinson’s, Huntington’s, and
Alzheimer’s disease, various ataxias, and in other protein folding disorders, such as
cystic fibrosis and Niemann—Pick disease [52-56]. For example, increased Hsp70
expression reduces the accumulation of tau protein aggregates, which are linked to
Alzheimer’s disease [57]. Studies of Huntington’s disease, caused by poly-
glutamine-repeat containing protein aggregates, suggest a similar reduction of
aggregates with increased Hsp70 expression [58, 59]. In addition, Hsp70 can
solubilize and promote the degradation of a-synuclein, a neuronal protein asso-
ciated with Parkinson’s disease that may arise from proteasome dysfunction
[60]. Furthermore, cystic fibrosis, the most common lethal inherited disease in
Caucasians in North America, often results from the premature degradation of
mutated cystic fibrosis transmembrane conductance regulator (CFTR), a process
that is modulated by Hsp70 [55, 61].

Hsp70 proteins are expressed in all organisms and their activity is highly con-
served [62, 63]. This is demonstrated in part by the homology observed between
prokaryotic Hsp70s and their human counterparts [64, 65]. For example, the E. coli
Hsp70, DnaK, shares over 45% amino acid identity with eukaryotic Hsp70s [66, 67].
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It is even possible to express heterologous Hsp70s in different organisms and rescue
associated defects when the native Hsp70 is dysfunctional [68].

2 Structure and Mechanism

The high homology among Hsp70 family members suggests significant structural
and mechanistic similarities in their functions. All Hsp70s contain two major
domains: a ~45 kDa N-terminal nucleotide binding domain (NBD) containing an
ATPase active site and a C-terminal substrate binding domain (SBD) of ~25 kDa,
joined by a flexible linker (Fig. 2) [49]. The NBD is highly conserved in all
identified protein sequences, with the ATPase binding site sharing up to 70%
pairwise identity [69]. By comparison, the SBD shows greater sequence variation,
perhaps due to its ability to recognize a myriad of protein substrates depending on
the organism, subcellular residence, and/or regulation. Cytosolic eukaryotic Hsp70s
are known to contain a conserved EEVD motif at the C-terminus, which allows
interaction with a range of tetratricopeptide repeat (TPR) containing proteins [70,
71]. In one example, co-chaperone HOP (Hsp-organizing protein) contains three
TPR motifs, which in turn bind to the EEVD motifs of Hsp70 and Hsp90, leading to
the formation of an active Hsp70-Hsp90 multichaperone complex [72]. The Hsp70
SBD also contains a flexible lid, which rotates to hold or release a given substrate
(Figs. 2 and 3) [74]. The NBD and SBD participate jointly in an allosteric catalytic
mechanism, promoted by ATP hydrolysis [75].

Hsp70s switch between two distinct conformations during their catalytic cycle,
an open (ATP-bound) and closed (ADP-bound) form. When ATP resides in the
NBD, protein substrates are weakly bound in the SBD in an intermediate state
(Fig. 3) [73, 76]. It is only upon hydrolysis of ATP to ADP that the lid portion of the
SBD closes and locks the substrate in place, a process facilitated by a major

™~ Linker

Lid

NBD SBD

Fig.2 Structure of Hsp70 with ADP bound, revealing the NBD and SBD. PDB Protein Workshop
4.1.0, protein data bank code 2KHO with corresponding cartoon representation
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Fig. 3 The Hsp70 catalytic cycle, the cycle depicts the proposed intermediate state of the enzyme
complex as proposed by Gierasch and co-workers [73]

allosteric rearrangement of the enzyme conformation [75]. In this closed form,
Hsp70 may recruit additional cellular machinery to manipulate the fate of the
trapped substrate. The substrate is only released when the lid swings open following
ADP displacement. The higher affinity of the NBD site for ATP over ADP and the
higher concentration of cellular ATP over ADP favor a return to the ATP-bound
form and thus the open Hsp70 conformation [51].

2.1 NBD and SBD Components

As evident from Fig. 3, nucleotide exchange and substrate recognition are critical
features of Hsp70 activity. The molecular features underlying Hsp70 nucleotide
binding are now well documented by several ADP-Hsp70 co-crystal structures and
NMR studies. The crystal structure of the ATPase domain from a constitutively
expressed bovine Hsp70 homolog (bHsc70) led to our first understanding of NBD
composition [67]. The NBD is composed of two lobes, I and II, which can be further
split into four alpha—beta subdomains, known as IA, IB, IIA, and IIB (Fig. 4). IA
contains the C-terminal end of the NBD and is joined to the SBD. The four
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Fig. 4 Model showing the components of the NBD of Hsp70. The image shown is bHsc70 crystal
structure, protein data bank code: 3HSC, viewerlite

subdomains are arranged to create a cleft such that each subdomain contacts the
adenosine nucleotide.

Three central p-strands of IA and IIA are highly conserved across diverse
eukaryotic Hsp70 sequences, a fact attributed to the need for high-affinity nucleo-
tide binding in all Hsp70s [67]. This study also revealed conserved portions of the
IB, IIB, and IA domains, which lie closest to the N-terminus of the SBD and have
long been associated with the allosteric interaction between these sections. Until
recently, the subdomains were considered to be highly rigid, regardless of nucleo-
tide occupancy, but NMR studies carried out on ADP-bound bHsc70 revealed the
possibility of substantial conformational alterations [77]. In particular, subdomains
IA and ITA were shown to be capable of a shearing motion associated with cofactor
binding, as discussed in Sect. 2 [77].

The structure of the SBD was first determined in 1996 from partial co-crystal
structures of the E. coli Hsp70 homolog, DnaK, bound to synthetic peptide sub-
strates [69]. These structures revealed the SBD to possess a f-sheet sandwich
portion that creates a central hydrophobic pocket and a lid composed of a range
of a-helices (Fig. 5). The p-sheet sandwich pocket, which is essential for substrate
binding, was shown in NMR studies to be highly flexible and allows a range of
substrates to be accommodated [78]. This portion of the SBD p-sandwich contains
many hydrophobic amino acid residues, which correlates with Hsp70’s high affinity
for hydrophobic peptides. Given that the preferred Hsp70 substrates are misfolded
proteins, this is not unexpected, as a common consequence of protein misfolding is
the exposure of hydrophobic regions of peptides which would otherwise be hidden
from solution [47]. When the B-sandwich region of DnaK is compared with that of
common baker’s yeast, S. cerevisiae, and bovine Hsc70, the residues in this region
are well conserved, with 65-76% pairwise identity [69]. In comparison, the
lid-encoding portions of the amino acid sequence of these proteins show conser-
vation as low as 18%, suggesting that differences in Hsp70s substrate recognition
may be lid dependent and confirming the important role of the lid and the conserved
EEVD motif at the C-terminus in co-chaperone and substrate binding [51, 69].
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Fig. 5 Model showing the ability of the SBD of Hsp70 to bind a peptide substrate DnaK crystal
structure, protein data bank code: 1DKX, viewerlite

Indeed, removal of the lid portion of the SBD results in increased substrate
dissociation rates and lower substrate affinities (k=300-470 s~' and K,
(p5 peptide) =222 puM for lidless DnaK variants, compared with k=2-8 s~ ' and
K, (p5 peptide) =7.1 pM for wild-type DnaK), proving that it is needed for Hsp70
to exhibit high affinity for peptide substrates [78, 79].

2.2 Allosteric Interactions

Until recently, the majority of X-ray structural information available for Hsp70 was
limited to its closed conformation. It had long been accepted that binding of ATP at
the NBD induced an allosteric alteration in Hsp70 that results in the release of
substrates held by the SBD (Fig. 6). However, the allosteric or open state remained
elusive, mainly due to difficulties associated with Hsp70-ATP co-crystallization
attempts. In fact, the well-documented E. coli DnaK crystal structures, obtained in
the presence of ADP, revealed the NBD and SBD conformations to be entirely
independent of one another [76, 81]. NMR solution studies by Gierasch and
co-workers suggested that the SBD interacts with the NBD only when ATP was
bound and that binding of a substrate to the SBD disrupted NBD-SBD interactions,
such that the ATPase activity was stimulated via the action of the linker [76]. The
involvement of the NBD-SBD linker in allostery was first proposed in 1996 by
Hendrickson and co-workers [69], and in the aforementioned study, the linker was
shown to bind in a hydrophobic groove between A and ITA of the NBD only when a
substrate was bound in the SBD [76].

In 2012, Mayer and co-workers confirmed the allosteric interaction of the NBD
and SBD, supporting the hypothesis that the attachment of these domains directly
impacts the rate of ATP cycling [75, 80]. These investigators were able to grow
crystals of an open conformation form of DnaK, confirming that the linker region
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Fig. 6 Model Hsp70 system, depicting allosteric coupling of the SBD and NBD upon ATP
binding at the NBD and subsequent lower substrate affinity. Adapted from Qinglian and
co-workers [80]

binds to the NBD while the B-sandwich and o-helical portions of the SBD are
detached from one another and linked to distinct elements in the NBD [75, 80]. The
a-helices in the SBD will only contact the NBD when substrates are absent,
revealing the influence of substrate binding on the return to the open conformation
(Fig. 6). It was initially proposed that the frequency of transition between the open
and closed forms of Hsp70 regulates substrate affinity rather than the conform-
ational change itself [75]. Liu and co-workers now suggest that the transition relates
directly to ATP displacement of ADP, as this appears to regulate the allosteric
opening of the SBD [80].

2.3 A Helping Hand: J-Domain-Containing Proteins
and Nucleotide Exchange Factors

The ATPase activity of Hsp70 is quite low, typically between 3 x 10~* and
1.6 x 1072 57!, and binding of a substrate at the SBD stimulates ATP hydrolysis
only two- to tenfold [51]. In contrast, ATP hydrolysis is significantly accelerated
through the binding of Hsp70 to a co-chaperone that belongs to the J-domain-
containing protein, or “J-protein” family [82]. The best example of this stimulation
was documented with E. coli DnalJ, which increases ATP hydrolysis of DnaK by
over 1,000-fold [83].

Based on homology to Dnal, J-proteins (also known as Hsp40s) all contain a
conserved “J-domain” of ~70 kDa, which interacts with the Hsp70 NBD and
possibly the linker portion of the enzyme to stimulate ATPase activity [84-86].
Co-crystal structures of the NBD and linker portions of Hsp70s with J-proteins
have revealed dramatic alterations to the Hsp70 conformation following J-protein
binding. In particular, J-proteins must displace Hsp70 SBD contacts with the NBD
to allow for the J-domain to contact the NBD [84].
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As a group, J-proteins generally do not share significant structural identity
beyond the a-helical J-domain [87]. They are nevertheless classified into distinct
subtypes (type I-III) based upon a mixture of functional and sequence similarities.
Type I J-proteins closely resemble DnaJ and contain distinct motifs, including two
zinc fingers and a C-terminal extension [88]. Type II J-proteins differ from Type I
in that they lack the zinc finger motifs or a distinct Gly-Phe region adjacent to the
J-domain [87]. Type III J-proteins contain only the conserved J-domain of Dnal
[88]. As more than one J-protein can interact with a single Hsp70, a number of
mechanisms of action have been identified that are J-protein dependent [87]. For
example, Type I and II J-proteins are able to bind misfolded proteins and present
them to the Hsp70 SBD, before in turn binding the NBD [89]. In this model, the
J-protein will transfer its cargo to the SBD of Hsp70 and then stimulate its ATPase
activity to ensure the substrate is trapped [87]. Other J-proteins may only bind at the
NBD after a substrate weakly associates with the Hsp70. Regardless of the J-protein
mechanism, stimulation of the ATP hydrolysis activity of the Hsp70 results in
hastened allosteric closing of the lid portion of the SBD over associated substrates.

Although the rate of ADP dissociation from Hsp70 is often faster than the
endogenous rate of ATP hydrolysis, once a J-protein stimulates Hsp70, nucleotide
dissociation may become a rate-limiting step in the Hsp70 catalytic cycle. There-
fore, many Hsp70s are also regulated by nucleotide exchange factors (NEFs), such
as the Hsp110s, BAG proteins, or GrpE in bacteria [90]. These co-chaperones alter
the conformation of the NBD, facilitating ADP release from the NBD [91, 92].

Unlike the J-proteins, the four types of identified NEFs lack structural similarity
and are believed to destabilize the NBD binding cleft through different mechanisms
[74]. Hsp110s show high structural similarity to Hsp70, possessing both an NBD
and SBD [93]. In the yeast Hsp110, Ssel, a significantly extended a-helical portion
of the SBD interacts with large portions of the NBD II lobe of the corresponding
Hsp70 [91, 93]. These interactions open the binding cleft in the Hsp70 NBD and
allow ADP to exit [94]. Subsequent binding of ATP in the binding cleft then causes
NEEF dissociation, thereby initiating a new cycle.

3 Hsp70 Expression

The mechanistic and structural characteristics of Hsp70s are conserved among
organisms, but it is important to realize that “Hsp70” is often used as an umbrella
term. In fact, many different isoforms of Hsp70 can be found within a single cell
and within a single organism. For example, sixteen Hsp70 genes along with ~30
pseudogenes have been identified through a genome analysis in humans [95]. Eight
of these genes are bona fide chaperones and share 52-99% amino acid sequence
homology (Table 1) [20, 64]. A clear demarcation between these related isoforms
can be drawn through an analysis of their expression patterns. Some Hsp70s are
stress induced, while others are constitutively expressed (the “Hsc” family), and
both types are commonly present in eukaryotes [64]. Both stress-induced and
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Table 1 The established members of the human Hsp70 family

Human Expression

Hsp70 Protein product (including | % Homology Stress (subcellular or tissue

Gene alternative names) (to HSPA1A) induced | specific)

HSPA1A Hsp70-1a 100 + Cytosol, nucleus, and
lysosome

HSPA1B Hsp70-1b 99 + Cytosol, nucleus, and
lysosome

HSPAIL Hsp70-1t 91 — Testis

HSPA2 Hsp70-2 84 - Testis and brain

HSPAS BiP, Grp78, or Hsp70-5 64 — Endoplasmic
reticulum

HSPAG6 Hsp70-6 85 + Blood and dendritic
cells

HSPAS Hsc70 or Hsp70-8 86 — Cytosol and nucleus

HSPA9 mtHsp75 or Hsp70-9 52 — Mitochondria

Adapted from Jaitteld and co-workers [64]

constitutively expressed Hsp70s will be discussed below in the context of the
human variants.

3.1 Heat Shock-Inducible Hsp70s

Heat shock-induced Hsp70 represents the isoform for which the family was first
named. In humans, the major stress-induced proteins are Hsp70-1a and Hsp70-1b,
and these were also the first isoforms identified [96]. These proteins are nearly
identical (99% amino acid homology), encoded by the genes HSPA1A and
HSPA1B, respectively, and are localized 12 kb apart on chromosome 6 [97]. Like
all known major stress-induced Hsp70s, Hsp70-1a and Hsp70-1b are primarily
expressed in the cytosol of most tissues [98] but also in nuclei under stress
conditions [95]. Although Hsp70 mRNA is constitutively expressed at low concen-
trations [96], gene expression is strongly induced under heat shock conditions by
heat shock factor 1 (HSF1). HSF1 forms an active trimer only when a cell is
stressed and binds to the promoter region of HSPA1A/B, causing upregulation of
mRNA synthesis [99, 100]. Hsp70-1 analogs, such as Hsp70.1 and Hsp70.3 in mice
[101], SSA1-4 from yeast [102, 103], and DnaK from E. coli, have proved crucial to
probe Hsp70 function. DnaK is only essential under stress conditions and singularly
fulfills many of the roles of the multiple eukaryotic Hsp70 isoforms [104].

The only other Hsp70 gene that is stress induced in humans, HSPAG®, is also
expressed in the cytosol and nucleus, but only after severe stress [105, 106]. While
the function of the encoded protein, Hsp70-6, has been questioned due to an
absence of expression in most tissues, some analyses suggest that it is present in
the blood, in dendritic cells, and in monocytes [64, 107].
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3.2 Constitutively Expressed Hsp70

The stress-induced Hsp70s may aid in cellular survival during potentially lethal
conditions, but the constitutive expression of Hsc70 suggests that errors in protein
folding and aggregation occur regularly in the absence of exterior pressures
[10]. Members of this protein family play many other roles in maintaining cell
health (see Sect. 4). As such, a high level of constitutively expressed Hsp70 (i.e.,
Hsc70) is present in most cells [108].

In humans, the major constitutively expressed Hsp70, known as Hsc70 or
Hsp70-8, is encoded by HSPAS and is found on chromosome 11 [109]. Hsc70 is
expressed in the cytosol and nucleus of all tissues and shares 85% sequence
homology with Hsp70-1 [64, 98]. Some Hsc70s are essential for normal cellular
growth, as determined in mouse knockout studies [64]. While HSPA1/B knockout
mice were viable (although some genomic instability was recognized) [101, 110],
HSPAS knockouts were embryonically lethal [111].

Two other constitutively expressed Hsp70s are also found in the cytosol and
nucleus, namely, Hsp70-1t and Hsp70-2, encoded by the genes HSPAIL and
HSPA2, respectively [64, 112]. These isoforms are present in most tissues, but
both of the proteins are found in significantly higher concentrations in the testis and
also in the brain in the case of Hsp70-2 [95]. Although the function of Hsp70-1t
remains elusive [64], Hsp70-2 is believed to play a role in germ cell meiosis,
perhaps through DNA repair and recombination [113].

The two remaining constitutively expressed genes, HSPAS and HSPA9, are
unique among the human Hsp70s in that their encoded proteins, Hsp70-5 and
Hsp70-9, are constitutively expressed within specific organelles. The expression
of Hsp70-5, or Grp78, is confined to the lumen of the endoplasmic reticulum
(ER) [114] due to an ER associated C-terminal KDEL sequence, which prevents
secretion into the extracellular space [115]. ER Hsp70s are present in all eukaryotes
and are known collectively as BiP [116]. In fact, the homology of BiP isoforms
between organisms commonly exceeds the similarity of Hsp70s within an organism
[116]. For example, the amino acid identity between human BiP and mouse BiP is
99%, whereas that of human BiP and human Hsp70-1 is only ~60% [117]. The
nature of this difference is unknown, but it might have to do with an expansion in
the number and activities of cytoplasmic Hsp70s compared to the ER lumenal
Hsp70s.

A similar trend is seen with Hsp70-9, also known as mtHsp75, which is solely
expressed in the mitochondria [118, 119]. The amino acid identity between this
protein and Hsp70-1 is the lowest of the human Hsp70s, at just 52%, while
mitochondrial homologs from other organisms show higher similarity [64, 118].
The mRNA encoding Hsp70-9 adds a 46 amino acid hydrophobic/basic polypeptide
motif at the N-terminus that targets the protein to the mitochondria [118, 120,
121]. Mitochondrial Hsp70 is critical for cell function, as deletion of the yeast
homolog, SCC1, results in cell death [64, 122].
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4 Hsp70 Function

Given the multitude of Hsp70 isoforms, and their expression in all organisms, the
functions attributable to these proteins are unsurprisingly diverse. The consti-
tutively expressed Hsc70s are considered housekeeping proteins that often work
in concert with co-chaperones, transporting proteins to their final target, refolding
proteins, aiding in the formation of protein oligomers, and identifying proteins for
ubiquitination and subsequent degradation [108]. The stress-induced Hsp70s often
facilitate the same processes, but only under extreme conditions, when the likeli-
hood of protein aggregation and misfolding is increased [64].

4.1 Protein Folding

Some proteins require co- and posttranslational folding assistance by Hsp70, either
alone or aided by co-chaperones. The importance of this process is evident in E. coli
where DnaK associates with 5-18% of all newly synthesized proteins [123]. The
evidence for Hsp70 involvement in protein folding is also well documented [51].

Proteins are unable to adopt the majority of their final tertiary structural elements
during translation due to spatial constraints conferred by the ribosome [124]. This
increases the possibility that nascent proteins synthesized from different ribosomes
will aggregate before adopting their native conformations [125, 126]. To counteract
incorrect folding or aggregation in eukaryotes, Hsp70 binds nascent protein chains
as they are being translated, thus facilitating the posttranslation folding of targeted
domains [124].

Following translation, Hsp70 folding activity has been attributed to two distinct
mechanisms [51]. In the first, Hsp70 assumes a passive role, whereby newly
synthesized proteins which have yet to attain their final tertiary structure are held
by Hsp70s in an intermediate phase [51]. This prevents aggregation by reducing the
concentration of unfolded proteins in the cell [124]. A single substrate can undergo
multiple binding and release cycles with Hsp70 prior to attaining its final structure.
However, due to the short lifetime of Hsp70-substrate complexes, the second
mechanism holds that Hsp70 acts as an unfoldase, binding to misfolded regions
of proteins and actively facilitating refolding through removal of Kkinetic
barriers [127].

Regardless of the exact mechanism, it is important to note that Hsp70 interacts
with a range of co-chaperones to fulfill its function, some of which were discussed
in Sect. 2. These co-chaperones dictate the manner in which proteins are targeted
for folding and heighten the specificity of Hsp70 for a particular substrate and/or
accelerate the ATP hydrolytic cycle [82]. As noted in Sect. 2.3, some misfolded
substrates are initially identified by Hsp40s, also known as J-proteins, and escorted
to Hsp70 [128]. Other J-proteins are associated with select subcellular compart-
ments or locations, such as the exit site of the ribosome [129]. Other co-chaperones
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associate with the Hsp70/Hsp40 complex and alter Hsp70 activity. For example,
Hip (Hsc70-interacting protein) improves Hsp70 substrate affinity through binding
at the NBD and stabilizing the ADP-bound conformation [130]. For the removal of
conferred substrate affinity and accelerated ADP release, the co-chaperone BAG-1
competes with Hip and acts as a NEF [131].

The interacting co-chaperones do need not to be Hsp70 specific, as seen by the
interaction between Hsp70s and the Hsp60 chaperonins [132]. Hsp60s are
heptameric chaperones comprised of ~60 kDa subunits arranged in a ring, creating
a central binding cavity that houses nonnative proteins and actively facilitates
folding concomitant with ATP hydrolysis [133]. Recently, eukaryote cytosolic
chaperonin-containing TCP-1 (CCT), an octomeric Hsp60 with a specialized role
in folding cytoskeletal elements, was shown to bind to the NBD of Hsc70 [134]. It is
believed that following the formation of the Hsc70-Hsp60 complex, unfolded
proteins bound at the SBD of Hsp70 are directed into a cavity of Hsp60, removing
them from solvent and allowing for more efficient folding [134].

Hsp70 and its co-chaperones do not only prevent aggregation, but can solubilize
and fold aggregated proteins as well [135]. Large heat shock proteins, such as
Hsp104 from yeast or Hspl00 in bacteria, bind protein aggregates, but in the
absence of Hsp70 and Hsp40 homologs, they cannot initiate protein refolding
[49, 135-137]. However, these chaperones couple ATP hydrolysis to expose
misfolded, hydrophobic patches on aggregates which then recruit Hsp70s, the
corresponding J-proteins, and NEFs [136, 138]. Multiple Hsp70 molecules asso-
ciated at different regions on a misfolded peptide may also allow local conform-
ational changes, which, through multiple iterations of this process, solubilize
aggregates [137, 139]. In the case of smaller aggregates, Hsp70-like proteins may
facilitate protein solubilization without the aid of Hsp100, thereby preventing the
formation of larger protein aggregates [140]. Such a process was recently observed
with the yeast Hsp110, Ssel [141].

4.2 Protein Transport and Degradation

Another key role played by Hsp70 is in facilitating protein transport. Hsc70 in
particular controls the translocation of various proteins into the ER and mito-
chondria [108]. The ER-specific Hsp70, BiP, is involved in the recognition of
ER-targeted proteins at the ER membrane and their subsequent entry into the ER
lumen [50]. Mitochondrial Hsp70 is required for the translocation and folding of
mitochondrial targeted proteins, which are unfolded in the cytosol so that they can
pass through translocation pores [120]. Transport of proteins from the cytosol to the
nucleus is also highly dependent on Hsp70. For example, removal of both Hsc70
and Hsp70 in HeLa cell extracts prevented the localization of nuclear resident
proteins [142]. Hsp70s are also needed for nuclear receptor and kinase protein
folding and regulation, although the mature forms of these proteins are only
obtained when Hsp70 works in concert with Hsp90 [143, 144]. Through association
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with HOP, which binds the TPR domain of the SBD, Hsp70 presents substrates to
Hsp90 for further manipulation [72, 145, 146].

Hsp70 also plays a role in protein targeting to the lysosome and to the protea-
some for degradation [144, 147]. Some proteins bound by Hsp70 cannot be returned
to their native state, at which point they need to be identified for degradation.
Although Hsp70 itself does not usually fulfill this role, it presents substrates to
different co-chaperones, including chaperone-associated ubiquitin ligases such as
CHIP (carboxyl terminus of Hsc70-interacting protein), which converts Hsp70 into
a degradation-catalyzing chaperone [148]. CHIP associates with the C-terminal
EEVD motif through its C-terminal TPR domain, whereas at the N-terminus CHIP
has a U-box with ubiquitin-ligase activity, which leads to substrate ubiquitination
[149, 150]. Subsequent recruitment of the proteasome to the ubiquitinated sub-
strate/chaperone complex results in substrate degradation [151, 152].

4.3 Apoptosis

Another notable Hsp70 function lies in the regulation of cellular apoptotic pro-
cesses, which can be induced by stress [153]. Hsp70 inhibits apoptosis by blocking
the functions of the apoptosome, caspases, and apoptosis-inducing factor (AIF)
[154]. The diverse inhibitory functions of Hsp70 during apoptosis are summarized
in Fig. 7.

Apoptosis extrinsically occurs through the activation of cell surface death
receptors such as Fas, which results in binding of related proteins (e.g., FADD
and DAXX) and activates apoptosis pathways associated with caspase-8 and c-Jun
N-terminal kinase (JNK), respectively [155, 156]. Some of the activities of Hsp70
before mitochondrial signaling include the inhibition of the JNK apoptotic signal-
ing pathway. Phosphorylation of JNK results in the cleavage of cytosolic Bid to
give truncated tBid, a mitochondria-targeted death ligand [157]. tBid also signals a
conformational shift in cytosolic BAX (proapoptotic protein from the Bcl-2 fam-
ily), which triggers association with the mitochondrial membrane [158]. In the
presence of Hsp70, JNK phosphorylation, Bid cleavage, and BAX membrane
association can all be inhibited, each in turn stopping the release of cytochrome
¢ from the mitochondria [159-161].

At the level of the mitochondria, Hsp70 inhibition of the release of apoptotic
factors from this organelle, specifically cytochrome c or AIF, is also important for
cell survival [153, 162]. Finally, downstream in the caspase-9 cascade, Hsp70
prevents caspase-9 from binding to the apoptosome [163], inhibiting the formation
of the apoptosome itself [164], and arresting caspase-3-induced apoptosis [165,
166]. In addition, Hsp70 inhibits apoptosis by stabilizing the lysosomal membrane,
which would otherwise become permeable and release proapoptotic factors (such as
lysosomal hydrolases) into the cytosol [167, 168]. It is apparent that the many
antiapoptotic roles attributable to Hsp70 promote cell survival.
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Fig. 7 Apoptotic pathways inhibited by Hsp70. Adapted from Gestwicki and co-workers [154]
5 Therapeutic Relevance

Given the numerous essential roles fulfilled by Hsp70, irregular expression and/or
function of this chaperone can have serious consequences, resulting in or contri-
buting to numerous diseases.

Cancer is particularly well known for exploiting Hsp70 function, with height-
ened levels often correlating with poor prognosis [18, 19, 169, 170]. This obser-
vation can be explained by the ability of Hsp70 to direct folding and prevent
aggregation of nonnative proteins, a common by-product of cancer cell genomic
instability, coupled with the inherent protection conferred through inhibition of
apoptosis [169]. As a result, cancer cells are able to persist despite being subjected
to permanent stress conditions [20]. Indeed, three Hsp70 isoforms facilitate tumori-
genesis, namely, Hsc70, Hsp70-1, and Hsp70-2 [171-174]. Jaétteld and co-workers
established that when Hsp70-1 and Hsp70-2 were jointly suppressed using RNA
interference, cancer cell death was significant (>80%), while non-tumorigenic
epithelial cells survived [171]. Accordingly, the inhibition of these Hsp70s is of
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particular interest in the search for novel anticancer agents, particularly as many
current anticancer treatments rely upon activation of apoptotic pathways, which are
blocked by Hsp70 activity [21, 47]. Moreover, cancer cell lines may be resensitized
to chemotherapeutics in the presence of an Hsp70 inhibitor, which would help to
restore the susceptibility of the apoptotic pathways, counteracting acquired resis-
tance seen with many cancer types during and/or following traditional treatment
regimes [46].

While inhibition of Hsp70 is expected to provide a viable new option for
anticancer treatment, other diseases, such as the neurological disorders Parkinson’s,
Alzheimer’s, and Huntington’s disease, would benefit from increased Hsp70
expression [56]. These diseases are caused by the proliferation of aberrant protein
aggregates or pre-aggregates, resulting in reduced neuron viability and function
[175]. Specific examples of aggregated proteins include a-synuclein in Parkinson’s
disease [176], amyloid B-peptides and tau protein in the case of Alzheimer’s disease
[177], and genetic expansion of the polyglutamine-containing protein huntingtin,
the cause of heritable Huntington’s disease [178]. The importance of Hsp70 in the
etiology of these diseases is well documented [56]. For example, a decrease in
Hsp70 levels correlates with disease progression in the case of Huntington’s disease
[179], while overexpression of Hsp70 in models of Alzheimer’s and Parkinson’s
disease prevents protein aggregation [53, 60]. Interestingly, Hsc70 was recently
identified as a potential cause of tau aggregation, as it may prevent protein degrada-
tion [57]. However, when coupled with an allosteric inhibitor (YM-01, an analog of
MKT-077; see below), the function of Hsc70 can be switched from being a
pro-folding to a pro-degradation chaperone, resulting in aggregate dispersal [57].
The multiple facets by which Hsp70 influences aberrant protein accumulation
make it both a promising and a very challenging target in the search for novel
neurological disease therapies [56].

6 Hsp70 Modulators

The increasing interest in disease-related Hsp70 functions has inspired the discov-
ery of specific antagonists as well as agonists. The chemical modulators of Hsp70
identified to date can be grouped into two categories: (1) those that directly affect
Hsp70 function and (2) those that indirectly modulate Hsp70. Both are discussed in
detail below.
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6.1 Direct Hsp70 Modulators
6.1.1 15-Deoxyspergualin and Analogs

15-Deoxyspergualin (15-DSG) was originally discovered in 1982 by Umezawa and
co-workers during chemical modification of the antibiotic spergualin (Fig. 8). Both
compounds contain spermidine, 7-guanidinoheptanoic acid, and a-hydroxyglycine
moieties [180].

Spergualin sparked significant interest when it was first shown to prolong the
lifespan of mice in a leukemia model and exhibited low cumulative toxicity in spite
of high-dose administration (up to 80 mg/kg via intravenous injection) [181, 182]. It
was later found that 15-DSG, which differs from spergualin only in the absence of
the C-15 hydroxyl group, exhibited eightfold more effective antitumor activity in
mice (although a greater LDsq of 35—40 mg/kg was observed) [180]. In subsequent
experiments, 15-DSG displayed immunosuppressive activity at higher doses than
those which induced antitumor activity [183]. Indeed, the immunosuppressant
activity of 15-DSG (see below) leads to successful reversal of acute graft-versus-
host disease and prolonged survival following xenograft and allograft transplants
[184].

Based on these data and the greater ease of synthesizing a compound with fewer
stereogenic carbons [185], 15-DSG became the new lead compound in the
spergualin-based series. Although many synthetic routes to 15-DSG have been
achieved, large-scale enantioselective synthesis remains difficult [180, 186, 187].
As a result, the majority of biological data associated with 15-DSG has been
obtained with its racemate, despite some information that only (—)-15-DSG has
anticancer and immunosuppressant activity [187—189].

In 1992, the biological target of 15-DSG was identified as Hsc70 [190].
Mazzucco and co-workers used a methylated DSG-Sepharose column to isolate
15-DSG-binding proteins in human T-cell lysates. The resulting peptide hits were
purified and sequenced, and in all cases, they corresponded to Hsc70 [190]. Follow-
ing this finding, a small collection of 15-DSG analogs was synthesized and tested
alongside 15-DSG for inhibitory effects against Hsc70 and Hsp90. Interestingly,
15-DSG was found to have equal affinity for both molecular chaperones, with Kp,
values of 4 and 5 pM, respectively [191].

hydroxyamide
guanidine H spermidine
)N]\H RIO OHI
0 N
HoN N/\/\)Lf,\ﬁ/U\N NSNS,
H R G

Spergualin: R = OH (S)
15-DSG: R=H

Fig. 8 The chemical structures of spergualin and 15-DSG
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In 1998, Marquardt and co-workers explained the correlation between Hsc70
and Hsp90 affinity through their discovery that 15-DSG bound to the SBD of both
proteins [192]. In fact, it appeared that 15-DSG bound to the C-terminal EEVD
motif, which is present in both Hsc70 and Hsp90 and is used to dock proteins with
TPR motifs (see Sect. 2). As described above, TPR motif-containing proteins
represent an important class of cytoplasmic Hsp70 and Hsp90 regulators [71,
146]. Given the importance of the EEVD motif, it is unsurprising that 15-DSG
disrupts the activity of these chaperones. In contrast, substrate binding to Hsc70 is
unaffected by 15-DSG [70, 192].

Over the years, 15-DSG has been shown to affect a number of other biological
processes, including the transport of transcription factors into the nucleus [192],
cytochrome ¢ oxidase activity [193], polyamine biosynthesis in tumor cells [194],
and antibody production [195]. The broad effects of 15-DSG are consistent with
interference of Hsp70/Hsp90 binding to TPR domain-containing proteins, since —
as noted above — these co-chaperones modulate the HSPs [196].

More recently, it was suggested that 15-DSG might hinder protein substrate
binding to the Hsp70 SBD. However, this hypothesis was based on studies with the
Hsp70 from the parasite Plasmodium falciparum, which leads to the most common
form of malaria [197]. The SBD of Hsp70 appears to be blocked upon 15-DSG
addition as nuclear-encoded and apicoplast-targeted proteins are now unable to
bind to the chaperone [197]. Whether this phenomenon is universal among other
Hsp70s is unclear.

15-DSG has been approved for clinical use to treat allograft rejection [198, 199],
but it has proven less effective when used to treat cancer [200]. Factors limiting the
utility of 15-DSG are the inherent instability of the molecule at varying pHs in vitro
and its rapid metabolic degradation in vivo; 15-DSG also exhibits low oral bio-
availability (<5%) [198, 201]. Like the parent compound, spergualin, 15-DSG
undergoes facile hydrolysis of the hydroxyamide moiety, with a half-life of 48 h
at pH 7 and only 2 h at pH 10 (Scheme 1) [201].

Despite these setbacks, the initial promising activities associated with 15-DSG
led to the synthesis of a large number of analogs with the hope of finding com-
pounds that are more stable and efficacious and that show higher selectivity and
reduced toxicity [188, 202]. More than 400 variants were synthesized by Saino and

Scheme 1 Hydrolytic products of 15-DSG
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co-workers in 1993. An analysis of the resulting structure—activity relationship
(SAR) suggested that the guanidylated alkyl group and hydroxyl amide core were
necessary for bioactivity, confirming earlier findings [187, 203]. In 1999, Renaut
and co-workers increased the stability of the core hydroxyl amide against hydroly-
sis through the substitution of the hemiaminal group with a carbamate [201]. The
resulting product, known as tresperimus (Fig. 9), exhibited a half-life of >50 days
at both acidic and neutral pH and a half-life of 24 h at pH 10 [201]. Most
importantly, this compound was as active as 15-DSG in a graft-versus-host disease
model in mice [201]. Subsequently, Gestwicki and colleagues used the Ugi
multicomponent reaction to resolve difficulties generally associated with the syn-
thesis of 15-DSG-based compounds and identified analogs with at least twofold
greater chemical stability than 15-DSG at neutral pH (Fig. 9) [188]. Unfortunately,
these compounds (and 15-DSG) still undergo metabolism of the spermidine moiety
in vivo. In turn, altering the spermidine-derived portion of 15-DSG is detrimental to
activity, and as a result, this motif must likely be maintained [187, 202, 204].

Subsequent to the correlation between the immunosuppressive effect of certain
15-DSG analogs and their binding to Hsc70, the discovery of other compounds was
reported [191, 202]. In a search of the National Cancer Institute Library for
compounds bearing structural similarity to 15-DSG [205], NSC 630668-R/1 was
identified (Fig. 9). This symmetrical bis-carbamate inhibited the ATPase activity of
a yeast Hsp70 both alone and in the presence of an Hsp40 co-chaperone, leading to
a ~50% decrease in ATPase activity at 300 pM [205].

Unlike 15-DSG, NSC 630668-R/1 also inhibited the ATPase activity of a second
yeast Hsp70, the ER resident BiP, which is required to translocate polypeptide
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Fig. 9 Examples of 15-DSG derivatives
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substrates into this organelle (see also Sect. 3.2). Consistent with this inhibitory
activity, translocation was inhibited by NSC 630668-R/1 in an in vitro assay.

6.1.2 MAL3-101 and Analogs

The work inspired by the discovery of spergualin and 15-DSG led to the analysis of
a series of compounds which were structurally related to the original NSC 630668-
R/1 lead [206]. By maintaining the pyrimidinone core, while varying the sub-
stituents through multicomponent and cascade reactions, we envisaged that targeted
small-molecule libraries could be used to identify a superior Hsp70 modulator.
Indeed, through the consecutive use of a Biginelli dihydropyrimidinone synthesis
and an Ugi four-component condensation, a collection of -ketoesters, aldehydes,
and ureas were combined to first generate dihydropyrimidone heterocycles,
followed by side chain extensions to generate the desired dihydropyrimidinone
peptoids (Scheme 2) [207]. Many of the compounds synthesized in this manner
exhibited varying effects on Hsp70 ATPase activity, either alone or when combined
with a co-chaperone [208]. Based on these data, a SAR analysis could be tailored to
different biological target systems.

MALS3-101 (Scheme 2) was one member of a ~360 compound library and was
identified as a novel modulator of Hsp70 activity in 2004 [206]. Specifically, we
established that MAL3-101 had a minor stimulatory effect on the K., for ATP
hydrolysis (see also [209]), but more intriguingly, it significantly reduced the ability
of Hsp40 co-chaperones to enhance the ATPase activity of Hsp70 in single-
turnover studies [210]. Specifically, MAL3-101 at 300 pM decreased the rate of
T antigen-stimulated Hsp70 ATPase hydrolysis approximately fourfold, from
13x 10° to 3 x 10> %ATP hydrolyzed/s [196]. MAL3-101 also impaired the
transport of a nascent polypeptide into the ER, which requires not only the activity
of Hsp70s in the ER and cytoplasm (see above) but also associated Hsp40s [50].

These findings suggested that the active MAL compounds might bind to the
surface underlying the Hsp70 NBD that mediates contact with the Hsp40 J-domain.
This hypothesis was later confirmed by NMR and by multiplex expression profiling
studies, which measured distinct cellular responses to the model dihydropyri-
midinone 115-7¢, originally known as UPCMLDOOWMAL1-271 (PubChem CID
5461551, Fig. 10) [211, 212]. Pyrimidinone 115-7c interacts with the TA and IIA
domains at the underside of the Hsp70 NBD, regions commonly attributed to Hsp40
binding [85, 86, 212]. However, the 115-7c and J-domain binding sites probably do
not completely overlap because 115-7c¢ acts as an agonist of Hsp70 (DnaK)-Hsp40
(DnaJ) ATPase activity [212]. Interestingly, a 115-7c derivative that more closely
resembles MAL3-101 (116-9e, Fig. 10) was an antagonist when examined in the
presence of DnaK and Dnal, indicating that relatively small changes in the “fit” of
the dihydropyrimidinones can be tailored to differentially modulate Hsp70
activity [212].

Dihydropyrimidinone-based inhibitors of the Hsp40-stimulated activity of
Hsp70 inhibit breast cancer cell proliferation [210, 213], possess synergistic effects
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on multiple myeloma cell growth when examined with Hsp90 or proteasome
inhibitors [214], and prevent the replication of polyomaviruses [209, 215], which
recruit Hsp70 to an oncogenic protein that is encoded by the viral genome. MAL3-
101 and its structural analogs have also served as in vitro probes for Hsp70 function.
Specific pyrimidinones inhibited the insertion of a tail-anchor protein into ER
membranes and prevented protein translocation into the ER and the replication of
a Trypanosoma, a parasite that is the cause of African sleeping sickness [216].
Other members of the MAL3-101 family prevented P. falciparum replication
in infected red blood cells, which requires Hsp70 and Hsp40 co-chaperones
[217, 218].

Current work on the MAL analogs is focused on improving the physicochemical
attributes of the structure, through reductions in lipophilicity (clogP), molecular
weight and flexibility of the side chains, and substituents on the core heterocycle of
the molecule. MAL3-101 does not pass two of Lipinski’s “rule of five” recommend-
ations for orally active pharmaceuticals [219], but is a valuable probe molecule and
is broadly used as a selective Hsp70 modulator in cancer, viral, and parasite
research [208]. Indeed, members of MAL3-101-based chemical libraries continue
to be used as a starting point for the discovery of more selective leads to combat
Hsp70-linked diseases (Scheme 3) [208, 215, 220].
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anti-trypanosome
no effects on SV40
o CO,Me
O__CO,M
©/\o N NH ~P2Me

N~~~

/] SN &
@ﬂool e Hﬁgvoozm ® @oﬁﬁ [g 5

(]

improved anti-proliferative activity improved anti-malarial activity O

(0]
(0] NH no anti-proliferative activit
GBS« ” ’
o <

improved SV40 activity H

Scheme 3 Structural modifications of the Hsp70 probe molecule MAL3-101 can lead to changes
in the biological profile [208]
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Fig. 11 Structure of the Hsp70 inhibitor MKT-007

6.1.3 MKT-077

MKT-007 (Fig. 11) was identified as an inhibitor of Hsp70 function in 2000
[221, 222], but this rthodacyanine dye first garnered interest in 1996 when it was
shown to have anticancer activity and preferentially accumulated in mitochondria
of tumor cells [223]. Clinical trials commenced in 1999, but were abandoned after
severe renal toxicity was noted [224]. Gestwicki and co-workers recently renewed
interest in the scaffold when they identified MKT-077 as an allosteric inhibitor of
the Hsp70 NBD [225]. Further information on the function of this inhibitor and
synthetic modifications of the MKT-077 scaffold [226] can be found in the chapter
from Gestwicki and colleagues in this volume.

6.1.4 Adamantyl Sulfogalactosyl Ceramide, AdaSGC

In 2003, adamantyl sulfogalactosyl ceramide (adaSGC, Fig. 12) was found to
inhibit Hsp70 ATPase activity [227]. The design of adaSGC was based upon
knowledge of the binding of sulfogalactolipids (SGL), such as sulfogalactosyl-
glycerolipid (SGG), to a putative sulfatide-binding site on a variety of Hsp70s
[228-230]. This sulfatide SGL-binding site lies at the base of the ATPase domain of
Hsp70, and SGL binding is known to decrease ATPase activity [231]. This inform-
ation was exploited in the synthesis of water-soluble SGL derivatives, where an
SGC core was substituted with bulkier adamantyl and norbornane groups in place
of the original acyl chain (Fig. 12) [227, 232].

AdaSGC not only inhibited Hsc70/SGL binding (ICs( values of 50-75 pM) but
also acted as a noncompetitive ATP inhibitor and decreased Hsc70 ATPase activity
by 76% at 300 pM [227, 232]. Because inhibition of the ATPase activity was
delayed when kinetic analyses were performed, it was proposed that adaSGC might
have a greater affinity for the ADP-bound conformation of Hsc70, a hypothesis that
was later supported by mutagenesis studies [227, 233]. AdaSGC has also been
shown to disrupt the binding of peptides to a yeast Hsp70, Ssal [233]. Based on
these activities, the effect of adaSGC on the maturation of CFTR was assessed, as
Hsp70-Hsp40 complexes target misfolded, disease-causing forms of the protein for
premature degradation [233]. As hoped, adaSGC partially rescued maturation of a
disease associated mutant [233], suggesting that adaSGC and SGL derivatives
might have therapeutic potential for cystic fibrosis [234].
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Fig. 13 Schematic of the ADD70 protein. The deleted AIF regions are depicted by dashed lines
(in blue), and the Hsp70 binding region, amino acid residues 150-228 (in red)

6.1.5 ADD70

The first Hsp70 inhibitor to be synthesized by rational design was ADD70 [235]. In
2003, Garrido and co-workers reported that the activity of apoptosis-inducing factor
(AIF), a 57-kDa mitochondrial flavoprotein that triggers apoptosis upon entering
the nucleus (also see Sect. 4.3), is nullified by Hsp70 sequestration in the cytosol
[236]. AIF was then shown to bind the Hsp70 SBD, and by deletion analysis amino
acids 150-228 were found to be essential for efficient Hsp70 binding [235]. This
information was used to synthesize a “AlF derived decoy for HSP70,” or ADD70
(Fig. 13). The goal was to retain the Hsp70 binding activity of AIF without the
AlF-associated cytotoxicity. Subsequent tests in mouse embryonic fibroblast cells
confirmed that Hsp70 bound ADD70 without inducing Hsp70 expression [235].
Furthermore, ADD70 treatment not only activated AIF but also resensitized the
cells to several apoptosis inducers [235]. Specifically, ADD70 resensitized a
range of human cancer cell lines (including cervical, breast, and colon cancers) to
cisplatin and staurosporine treatment [235].

In vivo testing of ADD70 in rat colon carcinoma and mice melanoma models
confirmed its utility for neutralizing Hsp70 activity, as tumor growth was inhibited
~2-fold in some cases [237]. The peptide also showed additive inhibitory effects
when paired with the Hsp90 inhibitor 17-AAG and with cisplatin. However,
ADD70 was ineffective in immune compromised animals, suggesting that the
treatment elicits an antitumor immune response [237]. Indeed, further immuno-
histochemical analysis of tumor cells in ADD70-treated mice revealed increased
cytotoxic T-cell (CD8" T cell) infiltration (40—60%) when compared to tumors in
untreated mice (0—10%) [237]. As such, the suppression of Hsp70 by ADD70 not
only inhibits tumor growth but also results in tumor regression by eliciting an
immune response [237, 238]. This antitumor response has also been observed
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Fig. 14 The chemical F;C CF3
structure of the imidazole
derivative apoptozole
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with alternate Hsp70-binding peptide aptamers that were synthesized following the
success of ADD70 [239]. Together, these data highlight the potential use of peptide
therapies to target Hsp70 and the utility of this approach to potentiate other
anticancer therapies [237, 240].

6.1.6 Apoptozole

Apoptozole (Fig. 14) was identified in 2008 as an inducer of apoptosis in a screen of
216 imidazole derivatives in a P19 embryonic carcinoma cell line [241]. Affinity
chromatography was then used to uncover the apoptozole target, and cytosolic
Hsc70 was identified [241]. It was further demonstrated that apoptozole exhibited
high binding affinity for both stress-inducible Hsp70 and the constitutively
expressed Hsc70 (K, of 0.14 and 0.21 pM, respectively). Moreover, the pro-
apoptotic activity of the compound arose from the well-established role of Hsp70
as a pro-survival factor (see Sect. 4.3). In 2010, a patent was issued that protected
the use of apoptozole and encompassed the development of additional derivatives
and other potential uses [242], including the treatment of Alzheimer’s and
Parkinson’s disease, which are linked to proapoptotic phenomena (see Sect. 5)
[243, 244].

Through its ability to inhibit Hsp70 activity, it was envisaged that apoptozole
could also be used to treat cystic fibrosis. As noted in Sect. 1.3, the most common
form of this disease results from the premature degradation of mutated CFTR, a
process that requires Hsp70 [55, 245, 246]. As hypothesized, nanomolar concen-
trations of apoptozole rescued the defective trafficking and premature degradation
of mutant CFTR by disrupting association with Hsp70 and suppressing ubiquiti-
nation, which is required for proteasome-mediated degradation [61]. Further ana-
lyses elucidated that apoptozole inhibits Hsp70 by binding to the NBD [61].

6.1.7 VER-155008, an Adenosine Analog

Since Hsp70’s chaperone activity requires ATP binding and hydrolysis, Massey and
co-workers examined whether small-molecule inhibitors of ATP binding could be
developed as Hsp70-selective therapeutics [247]. To this end, a range of commer-
cially available analogs was screened as ATP competitors for cytosolic Hsp70 and
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8-aminoadenosine derivative VER-155008
ICs0 (Hsp70-ATP affinity) = 9.4 uM ICsq (Hsp70-ATP affinity) = 0.5 uM
Glsg (HCT116) = 0.05 uM Glsg (HCT116) =5 uM

Fig. 15 Structures of adenosine-derived ATPase inhibitors of Hsp70

for activity against a human colon tumor line, HCT116. An 8-aminoadenosine
derivative (Fig. 15) inhibited ATP binding with an ICs, of 9.4 pM, but exhibited
more potent cytostatic activity against HCT116 cells (Gls, of 0.05 pM) [247]. The
latter activity was due to alternate cytotoxic mechanisms in addition to those
attributable to Hsp70 inhibition, which is consistent with the fact that the structure
of the ATP-binding domain of Hsp70 is mimicked in other ATPases [67]. Based on
this fact, it might be unusually difficult to develop selective inhibitors of Hsp70
based on active site ATP mimicry [22]. Nevertheless, synthetic modifications of the
adenosine analog led to the identification of VER-155008 (Fig. 15), which was a
more potent Hsp70 ATP/ADP binding inhibitor (ICsy of 0.5 pM), and had a more
moderate Glso (5 pM) against HCT116 cells [247].

Details of the binding interaction of these ATP-competitive inhibitors emerged
when X-ray co-crystal structures of Hsc70 and the BAG1 exchange factor were
obtained with four of the fifteen derivatives, including an 8-aminoadenosine deri-
vative and VER-155008 [247]. Increased Hsp70 inhibition correlated with greater
inter- and intramolecular w-stacking and H-bond interactions between aromatic
substituents on the compounds and amino acids in the NBD. Later, VER-155008
and an expanded library of compounds based on the ATP-inhibitory activity of the
first derivatives were tested against BiP [248] due to correlations seen between the
overexpression of this chaperone and tumor cell survival [249, 250]. VER-155008
was the most potent analog in the series, suggesting that this compound is a
nonspecific pan-inhibitor for several Hsp70 homologs [248]. An X-ray crystal
structure obtained with the NBD of BiP revealed the ATP binding site to be more
hydrophobic than in its cytosolic cousin, information that could prove valuable in
the synthesis of BiP-specific inhibitors [248].

Despite its promiscuity and rapid elimination in vivo, VER-155008 represents
another valuable tool compound to examine anticancer activities when Hsp70 and
Hsp90 inhibitors are combined. In fact, when HCT116 colon carcinoma cells were
exposed to 10 or 20 pM VER-155008 and 0.5 pM of the Hsp90 inhibitor 17-AAG,
cell survival was reduced by 70 and 92%, respectively, compared to a negative
control [251]. Enhanced apoptosis was reported in two multiple myeloma cell lines
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when VER-155008 was combined with an Hsp90 inhibitor, NVP-AUY922 [252].
Most recently, VER-155008 was tested alone and in combination with another
Hsp90 inhibitor, 17-DMAG, and as expected, synergistic proapoptotic effects were
evident in an acute myeloid leukemia (AML) model [253]. These findings offer
further evidence of the utility of combining Hsp70/Hsp90-targeted anticancer
therapies.

6.1.8 PES and Analogs

In 2006, Gudkov and co-workers reported that 2-phenylethynesulfonamide (PES,
Fig. 16) reduced the amount of p53 tumor suppressor protein bound to the mito-
chondrial membrane in vitro; this resulted in radioprotection of normal cells from
apoptosis [254]. PES activity was attributed to the prevention of p53 accumulation
in mitochondria, which would otherwise induce apoptosis [254, 255]. In contrast,
PES was later found to be cytotoxic to tumor cells by targeting Hsp70 [256]. PES
bound specifically to stress-induced Hsp70 in two cancer cell lines, but did not
interact with Hsc70, BiP, or Hsp90. Further, tumor cell death was caused by an
increase in protein aggregation and disrupted autophagy, regardless of p53 status
[256]. As such, the increased production of Hsp70 targets PES to cancer cells, while
its ability to reduce p53 function helps protect healthy cells from apoptotic path-
ways [257]. This combined effect may explain its low cytotoxicity in nontumor
cells [256].

The Hsp70 inhibitory activity of PES was ultimately ascribed to the inability of
PES-bound Hsp70 to interact with a number of key Hsp40 and NEF co-chaperones
[256]. The Hsp70 binding site was narrowed to the SBD through a series of deletion
analyses, and more recently it was ascertained that the C-terminal a-helical lid was
required for PES binding; through the use of in silico docking programs, a binding
pocket was also proposed [258]. The structure—activity relationship of PES was
then probed using synthetic derivatives, leading to the discovery of PES-Cl
(Fig. 16). PES-CI is a more potent compound against cancer cells, and in vivo
testing showed improved survival rates in a lymphoma mouse model (72% vs. 35%
after 210 days, at a dose of 20 mg/kg once a week for 20 weeks) [258]. These
results, paired with a growing number of positive preclinical in vitro and in vivo
studies [259-261], suggest that PES and its derivatives could form the basis of
novel anticancer therapies. However, the electrophilic nature of the alkynylsulfone
in PES, as well as its low molecular weight, might indicate off-target effects.

Recently, PES-CI and two unrelated compounds (MKT-077 and VER-155008)
were compared for their ability to inhibit autophagy, influence the levels of Hsp90

Fig. 16 Chemical
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client proteins, induce cell cycle arrest, and inhibit the enzymatic activity of the
anaphase-promoting complex/cyclosome (APC/C) [262]. All three were found to
inhibit autophagy and cause reduced levels of Hsp90 client proteins. However, only
PES-CI was able to inhibit the APC/C and induce G2/M arrest [262].

6.1.9 Azure C, Methylene Blue, and Myricetin

In 2009, a new high-throughput screen was performed by Dickey and co-workers,
which led to the identification of other modulators of Hsp70 ATPase activity
[211]. In addition to the Hsp70 activator, 115-7c (discussed in Sect. 6.1.2), three
inhibitors, azure c, methylene blue, and myricetin (Fig. 17) were confirmed as hits
in a library of 2,800 bioactive compounds. The FDA-approved compounds
inhibited human Hsp70 ATPase activity by >80% when used at a concentration
of 10 pM and reduced levels of tau aggregates both in human embryonic kidney
(HEK) cells and in rTg4510 transgenic mice [211].

The discovery that azure ¢, methylene blue, and myricetin reduced the levels of
protein aggregates was surprising, as these data suggested that Hsp70 inhibitors
might also temper the severity of diseases associated with protein aggregation. This
phenomenon was rationalized by considering that lower ATPase activity could
reduce the ability of Hsp70 to refold tau, marking Hsp70-tau complexes for
degradation [211, 263]. Although the specificity of these compounds for other
cellular targets is an open question, all three may serve as molecular probes. Of
particular interest is the use of these compounds to study the effect of Hsp70
inhibition on an Hsp70-regulated pro-survival kinase, Akt [264].

In later work, the flavonoid myricetin was shown to bind the IB and IIB
segments in the NBD of Hsp70 [265]. By binding to these domains, myricetin
prevents Hsp40 binding to Hsp70, but it does so indirectly, through allostery (ICsq
(DnaK-Dnal) = 15 pM, 75% inhibition of DnaK—DnalJ activity at 200 pM). There-
fore, myricetin is another example of an allosteric Hsp70 modulator [265], and
given the profound conformational changes exhibited by Hsp70 during its reaction
cycle, it is likely that many more allosteric modulators of this chaperone can be
defined. In contrast, the mechanism of action of the two benzothiazines, azure ¢ and
methylene blue, remains unknown. NMR studies revealed that methylene blue

OH O

Azure C Methylene Blue Myricetin
ECs0=11+8 uM EC50=83+18 uM ECs0=12+1uM

Fig. 17 Chemical structures of Hsp70 inhibitors identified in an ATPase HTS assay, with ECsg
values



The Effect of Structure and Mechanism of the Hsp70 Chaperone on the Ability. .. 111

binds to the NBD of Hsc70 and its demethylated analog, azure C, is anticipated to
bind in the same region [211]. Interestingly, methylene blue is currently in Phase I1I
clinical trials for Alzheimer’s disease following positive in vitro and in vivo Phase
II results [266].

6.1.10 2,5-Thiodipyrimidine Acrylamides and Related Derivatives

As our understanding of the correlation between allosteric conformational changes
and the function of Hsp70 has increased, so too has the interest in potential Hsp70
disruption through allosteric inhibition. Recent work in 2013 by Chiosis and
co-workers used in silico homology modeling of human Hsp70 to identify and
score five previously unknown allosteric pockets [267]. They then focused on the
site calculated to have highest druggability, situated in a cleft region close to the
ATP binding site and surrounded by IB and IIB subregions [267, 268]. Knowledge
of available binding site interactions and the presence of a free cysteine was then
used to engineer compound YKS5 (17a), based on the 2,5'-thiodipyrimidine scaffold
(Fig. 18) [267].

Although the reactive cysteine residue (Cys267) appears to be hidden in avail-
able crystal structures, it was hypothesized that it would become accessible during
Hsp70 conformational changes, enabling covalent bond formation with the acryl-
amide of YKS5 [267]. Indeed, YK5 derivatives and 5-(phenylthio)pyrimidine acryl-
amides proved to be specific irreversible binders of the targeted allosteric pocket
[267, 268]. The most potent inhibitor remained YKS5, with ICsq growth inhibition of
Kasumi-1 acute myeloid leukemia cells of 0.9 pM, and ICs, caspase-3,7 activation
of 1.2 pM [268]. Further analyses suggested that downstream effects of the Hsp70
allosteric inhibition include disruption of Hsp70-HOP-Hsp90 interactions,
destabilizing oncoproteins and leading to apoptosis [268].

Although treatment of cells with high concentrations of YKS5 revealed no
unspecific oxidation or undesired labeling of alternate cysteines [267], the presence
of the reactive acrylamide moiety in these derivatives may still result in off-target
effects. However, further investigations revealed that substitution of the acrylamide
moiety could occur through improvement of overall enthalpy of binding of

o~ H N N_o
J\',\)Nt[z\,\ll(:/j/ N\/[\O OJI\/NIO : \ENHZ
e

YK5 (17a) 27c
ICs5p (growth inhibition) = 0.9 uM IC5p (growth inhibition) = 2.3 uM
ICs0 (caspase-3,7 activation) = 1.2 uM ICs0 (caspase-3,7 activation) = 1.9 uM

Fig. 18 Chemical structures of potent irreversible (YK5) and reversible (27c) Hsp70 allosteric
inhibitors. ICs, values reported are against Kasumi-1 acute myeloid leukemia cancer cells
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derivatives [268]. Based on resultant SAR studies, the reversible 5-(phenylthio)
pyrimidine inhibitor 27c bearing an a-amino amide in place of the acrylamide was
identified (Fig. 18), with Kasumi-1 acute myeloid leukemia growth inhibition
(IC50=2.3 pM) and caspase-3,7 activation (IC5o=1.9 pM) comparable with that
of YK5 [269].

As the possibility of irreversible and reversible inhibition of Hsp70 allosteric
pockets has been validated, it is not surprising that further novel interrupters of the
allosteric regulation of Hsp70 are being identified. In 2014, a piperidine
carboxamide compound known as HS-72 was shown to bind in an allosteric pocket
in the NBD of Hsp70 [270], while more recently, the natural product Novolactone
was shown to covalently modify a glutamic acid residue of the SBD of Hsp70
[271]. Given the range of allosteric pockets available, allosteric inhibition is an area
of Hsp70 anticancer research that will undoubtedly continue to grow.

6.2 Indirect Hsp70 Modulation

The Hsp70 modulators discussed above are related to each other by their mecha-
nism of action; i.e., they are known to interact directly with Hsp70, causing
alterations in protein function. However, this mechanism is not the only method
available to modulate Hsp70: Small molecules that affect the production of Hsp70
have also been developed in order to manipulate Hsp70 levels and thus its function
in the cell [272, 273]. In cancer, inhibiting Hsp70 expression is advantageous,
whereas in some neurodegenerative diseases, increasing Hsp70 levels by activating
the heat shock response is of benefit. This is evidenced, for example, when the heat
shock activator arimoclomol, an amyotrophic lateral sclerosis (ALS) drug candi-
date, is administered to transgenic mice with motor neuron disease, improving
muscle function and survival of these animals [274, 275].

As described in Sect. 3.1, stress-induced heat shock protein transcription in cells
is controlled by HSF1, which when activated binds to a promoter upstream of each
of the genes that encode the major HSPs. This allows for the rapid transcription and
translation of the gene products [99, 100]. Although the mechanism of HSF1 gene
activation remains uncertain [100], HSF1 activation has been linked to cancer and
fulfills seven of eight cancer hallmarks considered necessary for tumorigenesis
[272]. The inhibition or activation of HSF1 could be considered a dubious target,
as it affects more than one HSP, but alternatively this could prove advantageous
given the redundant functions exhibited among many of the HSPs, especially with
regard to disease onset [272].

6.2.1 Quercetin

In 1990, quercetin (Fig. 19), a flavonoid closely related to myricetin, became one of
the first compounds shown to inhibit HSP synthesis under heat shock conditions,



The Effect of Structure and Mechanism of the Hsp70 Chaperone on the Ability. .. 113

Fig. 19 Structure of the
HSF1 modulator quercetin

albeit at a high concentration (~100 pM) [276]. The observed suppression was
explained in 1992, when quercetin was revealed to act upon HSFI, thereby inhi-
biting thermotolerance in a human colon carcinoma-derived cell line [277, 278].

The effect of quercetin on Hsp70 was defined by Santoro and co-workers when it
was shown to block both transcription and translation of Hsp70 in human
erythroleukemia cells that were pretreated with prostaglandin Al to induce
thermotolerance [279]. Despite these positive results, quercetin is not selective in
its suppression of HSF1 cellular levels [280] as inhibition of many other pathways,
such as glycolysis and protein kinase activity, has also been reported for this
compound and related analogs [281, 282]. More recently, quercetin was shown to
bind IRE1 [283], which is an ER resident kinase that induces the unfolded protein
response (UPR) and is also associated with cancer cell survival [284]. The wide
range of activities of this molecule may be further related to the rapid oxidative
conversion in vivo, a factor which decreases its biological utility [285]. Regardless,
quercetin remains a useful tool to uncover the effects of HSF1 modulation in
cell lines [286].

6.2.2 KNK437

KNK437 (Fig. 20) was identified as a dose-dependent inhibitor of the induction of
various HSPs, including Hsp70, in 2000 [287]. Its ability to block the acquisition of
thermotolerance was greater than that observed with quercetin, and in agreement
with this result, a more substantial inhibition of HSP mRNA synthesis was observed
[287]. KNK437 is also considered to be less promiscuous than quercetin but could
possibly be a formylating agent [287].

Pretreatment of murine tumors with KNK437 inhibited Hsp70 induction upon
heat stress and modulated thermotolerance (200 mg/kg administered by intra-
peritoneal injection 6 h before heat treatment) [288]. This, in turn, led to apoptosis
in carcinoma cell lines [289]. The mechanism of action of KNK437 is believed to
differ from that of quercetin in that the binding between HSF1 and a transcriptional
enhancer upstream of most HSPs is compromised [289]. KNK437 and its deri-
vatives could also be of particular value in sensitizing cancer cells to Hsp90
inhibitors, as it sensitizes leukemia cells to apoptosis in the presence of 17-AAG
([KNK437] =400 pmol/L, [17-AAG] =2 pmol/L led to 65% apoptosis of HL-60
cells compared to 40% with 17-AAG alone), downregulating 17-AAG induction of
Hsp70 (by 56%). [44].
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6.2.3 Triptolide

Triptolide, a diterpene triepoxide (Fig. 21), is a bioactive compound found in
Tripterygium, a plant used in Chinese herbal remedies for the treatment of immune
inflammatory diseases such as asthma and arthritis [290]. In 2006, triptolide was
reported to reversibly block HSF1 activation and inhibit the heat shock response
and the cytoprotective response in HeLa cells, which ultimately led to cell death
[291]. These findings suggested that triptolide might sensitize cancer cells to natural
antitumor responses. Consistent with this model, administration of triptolide
(0.2 mg/kg for 60 days) decreased pancreatic tumor growth (tumor volume
<0.2 cm® compared to ~1.0 em® for the control mice) and metastasis (seen in
88% of control mice vs. 13% in triptolide treated) by inhibiting Hsp70 induction
[292]. Hsp70 inhibition was also shown to play a key role in triptolide’s ability to
initiate neuroblastoma cell death in mice models [293].

A recent study on experimental autoimmune encephalomyelitis, the animal
model for multiple sclerosis, revealed that disease onset was delayed following
oral triptolide treatment and that inflammation of central nervous system (CNS)
tissue was suppressed [294]. Ironically, there was an increase in Hsp70 mRNA and
protein levels in the CNS. It is unclear whether this anomaly reflects a unique
feature of the animal model, a peculiarity of how the CNS responds to the com-
pound, or a consequence of the dosing regimen. It should be noted that the three
epoxide functions in triptolide constitute potentially powerful electrophiles in
biological environments, even though their high degree of substitution undoubtedly
serves to moderate their reactivity.

6.2.4 Triazole Nucleosides

A recent example of a new class of HSF1 modulators was provided by Peng and
co-workers who modified a triazole nucleoside scaffold that was previously found
to downregulate the expression of another HSF1 target, Hsp27 [295, 296]. After
synthesizing variants, a compound with greater antiproliferative activity was
obtained (Fig. 22). The modest antiproliferative activity seen against two drug-
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Fig. 22 Structures of original triazole nucleoside lead and a subsequent, more potent analog

resistant pancreatic cancer cell lines, MiaPaCa-2 and Panc-1, was attributed to
HSF1 inhibition [295]. Further evidence for HSF1 as a target was obtained from
downregulation of Hsp27, Hsp70, and Hsp90 in the same cell lines [295]. This was
confirmed in vivo, as apoptosis of human pancreatic cancer cells in tumor-
xenografted mice and a reduced tumor burden were observed [295].

As in the examples provided above, it remains unclear if the coordinated
inhibition of the heat shock response will prove superior to the inhibition of a
single chaperone, such as Hsp70. However, it is worth noting that the downstream
targets of HSF1 are significantly more diverse in some cancers, and this response
pathway is particularly important when considering several cancer malignancies
[297]. Therefore, inhibition of a “master regulator” of the heat shock response may
prove quite valuable in some anticancer therapies.

7 Conclusions

The available biological data clearly demonstrate that Hsp70 is an important
therapeutic target for a range of human diseases [298]. In this chapter, we have
provided an overview of the structure and function of this ubiquitous chaperone.
Hsp70 participates in a complex reaction cycle and interacts with a range of
co-chaperones. Many of the mechanistic details underlying Hsp70’s action have
only been realized in recent years, but an increasing number of chemical probe
molecules are now at our disposal to interrogate in vitro and in vivo pathways
involving this chaperone. The complexity of the reaction cycle and the breadth of
dynamic partners provide a wealth of targets that can be coopted to either compro-
mise or enhance Hsp70 function. Small-molecule Hsp70 modulators exhibit a
variety of effects: Inhibitors can bind to different domains or motifs in Hsp70 and
directly block function and catalytic cycle, or they can thwart the association of
co-chaperones. They can even act as allosteric modulators, and some enhance the
catalytic turnover activity of the chaperone. Other compounds act by regulating the
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inducible expression of Hsp70. As a result of this emerging toolbox, we anticipate
that there will be a significant portfolio of new Hsp70-directed therapies emerging
in the coming years.
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Allosteric Inhibitors of Hsp70: Drugging
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Abstract Cancer cells survive in the presence of stresses that would normally
cause cell death. To accomplish this feat, they express elevated levels of the
molecular chaperones: heat shock protein 70 (Hsp70) and heat shock protein
90 (Hsp90). Knockdown of these chaperones is selectively toxic to cancer cells,
suggesting that they might be promising nodes for anticancer therapy. However,
while inhibitors of Hsp90 are well known, progress in the development of Hsp70
inhibitors has proven more difficult. Hsp70 binds tightly to ATP through a highly
conserved domain of the actin/hexokinase superfamily, making it challenging to
identify selective, competitive inhibitors. Despite this obstacle, progress has been
made and first-generation molecules are being deployed. To supplement these
efforts, compounds that target important allosteric sites on the chaperone have
also been discovered. In some of these cases, the molecules have been shown to
control key protein—protein interactions between Hsp70 and its co-chaperones. In
other cases, allosteric sites have been used to gain unexpected selectivity for
members of the Hsp70 family. Here, we review recent progress in the development
of Hsp70 inhibitors.
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1 Chaperones as Cell Survival Factors and Permissive
Oncogenes

Tumorigenesis is so dependent on the activity of Hsp70 and Hsp90 that cancer cells
have been described as being “addicted” to them [1, 2]. This conclusion comes from
observations that chaperones protect against the cell death that would normally
occur in response to the stresses encountered in tumors, such as oxidative damage,
hypoxia, and/or proteotoxicity [3, 4]. Moreover, many oncogenes contain
destabilizing mutations or aberrant chromosomal translocations that would nor-
mally render the proteins prone to rapid turnover. High levels of Hsp70 and Hsp90
seem to protect these “client” oncogenes from degradation [5—11], allowing cancer
cells to thrive. Through these activities, Hsp90 and Hsp70 are often described as
being “permissive oncogenes.”

Because Hsp70 and Hsp90 are hubs for many cell survival and oncogenesis
pathways, they have emerged as promising targets for anticancer drug discovery.
Hsp90 and its inhibitors have been expertly reviewed in the recent literature [12, 13];
however, it is likely helpful to briefly summarize the key features of this system
before engaging in a discussion of the up-and-coming area of Hsp70 inhibitors. As
these two fields develop, similarities and differences are becoming increasingly clear.

2  Hsp90, “the Cancer Chaperone”

Hsp90 is an ATPase composed of an N-terminal domain that binds ATP, a middle
domain that interacts with client proteins and a C-terminal domain that mediates
homodimerization (reviewed in [14]). Recent structural studies have provided snap-
shots of Hsp90 dimers in the apo-, ATP-, and ADP-bound states [15-18]. These
structures show that nucleotide cycling causes Hsp90’s monomers to move in
asymmetric “scissor-like” motions, which is thought to favor client binding.

Hsp90 interacts with at least 1,000 clients, a list that includes many pro-survival
kinases, oncogenes, and transcription factors, including Akt, Raf-1, Her2, and
Ber-Abl [19-22]. A common feature of Hsp90 clients is that they contain metasta-
ble domains, such as steroid-binding clefts, nucleotide-binding cassettes, and latent
protein—protein interaction motifs [23]. Hsp90 is thought to mask these regions,



Allosteric Inhibitors of Hsp70: Drugging the Second Chaperone of Tumorigenesis 133

protecting the proteins from degradation [24, 25]. Accordingly, a diagnostic feature
of Hsp90 inhibitors is that they destabilize its clients [19-22]. More specifically, it
is thought that interrupting Hsp90’s ATPase cycle with a small molecule leads to
premature release of the client, after which it is degraded by the proteasome and/or
autophagy systems. Non-transformed cells appear to be less reliant on Hsp90
activity as these inhibitors typically have less dramatic effects on the viability of
healthy cells [2, 26, 27].

There are three major categories of Hsp90 inhibitors, which are segregated based
on their binding sites. The N-terminal domain is the site of binding for
geldanamycin, its analogs, and many other synthetic inhibitors, such as PU-H71,
STA-9090, and NVP-AUY922. These molecules compete with ATP [28-31], and
their binding is presumed to stabilize an “open” state of the Hsp90 dimer. More
recently, compounds related to novobiocin, such as KU-174, have been found to
interact near the C-terminus of Hsp90 [32, 33]. Interestingly, these compounds also
destabilize Hsp90 clients in cancer cells, despite the fact that they engage a distinct
domain and don’t directly compete for binding to nucleotide. Finally, a third
category of Hsp90 inhibitors are those that impede interactions with co-chaperones
[34-37]. A variety of co-chaperones, including immunophilins, p23, Ahal, Hop, and
cdc37, associate with Hsp90 and assist in chaperone functions [38, 39]. Complexes
between Hsp90 and its co-chaperones are enriched in cancer cells [40], suggesting
that the cancer-specific roles of Hsp90 may be linked to cooperation with these
factors [41]. Indeed, sansalvamide A [42, 43] and gedunin [34] are inhibitors of
co-chaperone binding, and they are selectively toxic to cancer cells.

It is interesting that so many different classes of molecules, operating at
nonoverlapping sites, share the ability to disrupt the stability of Hsp90 clients and
kill cancer cells. These observations suggest that (a) Hsp90 is a sensitive “nano-
machine” and (b) disturbing its ATP cycling or co-chaperone interactions has the
potential to perturb chaperone activity. As discussed below, a similar relationship is
becoming clear in the Hsp70 system.

3 Hsp70: The Second Chaperone of Tumorigenesis

Hsp70 is a two-domain chaperone that is composed of an N-terminal nucleotide-
binding domain (NBD) and a C-terminal substrate-binding domain (SBD) (Fig. 1)
[44]. The NBD has intrinsic ATPase activity [45], and it binds to nucleotide with a
K4 of approximately 0.1-0.5 pM [46]. The NBD is further subdivided into two
major lobes (A and B), with the ATP-binding cleft located between them. Likewise,
the SBD is further subdivided into two major regions: a -sandwich subdomain and
an a-helical “lid.” The p-sandwich subdomain contains the hydrophobic groove that
binds client proteins, while the lid regulates the kinetics of client binding [47]. The
NBD and SBD are connected by a short, hydrophobic linker, which mediates inter-
domain allostery [48, 49].
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Fig. 1 Architecture and dynamics of heat shock protein 70 (Hsp70), highlighting the allosteric
changes that occur during ATP hydrolysis

Structural studies have shown that Hsp70 is a highly flexible protein (Fig. 1)
[50]. For example, lobes A and B of the NBD change their position in response to
binding and hydrolysis of ATP [51]. This “scissor” motion helps communicate
nucleotide status to the remainder of the protein through a number of allosteric
networks. For example, when ATP binds, a structural rearrangement brings the
NBD into close association with the SBD. Conversely, when ATP is hydrolyzed,
this inter-domain contact is released, and the two domains now move independently
in solution [52-55]. A further consequence of this hydrolysis-linked motion is that
the helical lid moves from an “open” configuration to a “closed” state (Fig 2). Lid
opening allows clients to enter, while its closing enhances the apparent affinity for
clients by reducing the off rate (ko). It is striking that these coordinated motions
occur over such large distances (often greater than 20 A) and involve
rearrangements of nearly every subdomain. In this way, Hsp70 often serves a
model for allosteric motions in multi-domain proteins, and it is a veritable play-
ground for the discovery of allosteric inhibitors.

It is important to note that the allosteric motions in Hsp70 are further regulated
by binding to co-chaperones [56]. There are three major families of co-chaperones
in the mammalian Hsp70 system: J proteins, nucleotide exchange factors (NEFs),
and tetratricopeptide repeat (TPR) domain-containing proteins. J proteins bind to
Hsp70 and stimulate ATP hydrolysis [52]. These co-chaperones all contain a
conserved J domain of about 70 amino acids, which interacts between the NBD
and SBD of Hsp70s [52]. This protein—protein interaction favors the conversion of
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Fig. 2 Summary of the Hsp70 ATPase cycle and co-chaperone interactions. (a) Hsp70 binds
tightly to ATP and adopts a conformation with the NBD and SBD being coupled. Hydrolysis of
ATP, promoted by J proteins, leads the NBD and SBD to move independently. NEFs promote
release of ADP and rebinding of ATP. During this cycle, clients bind tightly in the ADP-bound
state and weakly in the ATP-bound state. (b) Various TPR co-chaperones compete for binding to
the EEVD motif of Hsp70 and are thought to regulate the fate of bound clients

Hsp70 from the ATP-bound to ADP-bound state (Fig. 2a). The NEFs, which
include Bagl, Bag2, Bag3, and Hspl105 [57], then replace ADP with ATP by
opening the NBD [58]. Through these actions, the J proteins and NEFs coordinate
ATP cycling and client loading (Fig. 2a). Hsp70 by itself has a slow ATPase rate
that is likely not physiologically significant, such that it is only the combination of
Hsp70, J proteins, and NEFs that provides meaningful turnover. The last category
of Hsp70 co-chaperones encompasses those with a TPR domain (Fig. 2b). These
proteins, including protein phosphatase 5 (PP5), Hsc70-organizing protein (HOP),
and the C-terminal Hsc70-interacting protein (CHIP), bind to the C-terminal EEVD
motif that is located at the end of Hsp70’s lid [59-62]. Rather than impacting ATP
cycling, the TPR co-chaperones appear to coordinate “hand-off” of Hsp70’s clients
to other pathways. For example, HOP binds to both Hsp70 and Hsp90, and it has
been shown to facilitate transfer of clients between the chaperones [63, 64]. CHIP
couples Hsp70 to the ubiquitin—proteasome system by specifically transferring
poly-ubiquitin chains to Hsp70 clients [61, 65]. Because HOP and CHIP compete
for the same site, competition between them balances whether Hsp70 clients are
folded or degraded [66]. What controls these triage decisions? The full answer is
not known yet phosphorylation of the C-terminus of Hsp70 appears to regulate TPR
co-chaperone binding [67]. Thus, the enzymology and biology of Hsp70 are best
regarded as being dependent on the coordinated motions of the chaperone in
complex with its co-chaperones. This aspect of the system is critically important
when considering strategies for drug discovery.
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Hsp70 is thought to have a large number of possible clients. Indeed, studies
using peptide arrays have suggested that the clients of Hsp70 might include nearly
any protein that contains exposed hydrophobic regions [68]. NMR and crystallog-
raphy studies have supported this idea by showing that Hsp70 makes most of its
contacts with the amide backbone of client peptides [44, 69]. This mode of binding
would be predicted to allow interactions with most, if not all, unfolded proteins
[70]. Thus, the theoretical clients of Hsp70 would appear to encompass the same
pool that is governed by Hsp90. Indeed, several studies have shown that knockdown
of Hsp70 leads to degradation of Hsp90 clients, such as Akt and Her2, in cancer
cells [46, 71-75]. In addition, Hsp70 would be expected to have additional clients
that are not shared with Hsp90. For example, Hsp70 binds to mediators of endocy-
tosis [76] that do not appear to be Hsp90 clients. However, the full scope of Hsp70-
reliant clients is not yet clear.

There are 13 different Hsp70 genes in humans, and members of the Hsp70
family are found in every subcellular compartment [77]. These proteins are highly
conserved, with amino acid identities typically around 80%. The major cytosolic
family members are Hsc70 (HSPAS), which is constitutively expressed, and Hsp72
(HSPAT1), which is expressed in response to stress. Cancer cells appear to have
elevated Hsp72 levels [78, 79], consistent with a basal level of stress. Other Hsp70
family members include Grp75 (HSPA9; mortalin) in the mitochondria and Grp78
(HSPAS; BiP) in the ER. Recently, Grp75 has also been found in the cytosol and
proposed to play an important cytoplasmic role in cancer [80, 81]. BiP plays a key
role in protein folding and secretion in the ER lumen [82], which is an activity that
is especially important in leukemia cells. Unless otherwise noted, we will use
“Hsp70” when referring to general properties of the family members.

Seminal studies in the Workman laboratory have shown that siRNA knock-
downs of both Hsc70 and Hsp72 are required to arrest tumor cell growth [73]. Like-
wise, Grp75 has been specifically implicated in preventing apoptosis and
senescence in MCF7, U20S, and COS7 cells [83, 84]. Thus, it isn’t yet clear
which Hsp70(s) might be the best target for anticancer therapy, or whether specific
cancers might rely on distinct family members or whether pan-Hsp70 inhibitors
might be preferred. As discussed below, progress has been made in the discovery of
isoform-selective inhibitors, providing potential probes to ask these pressing
questions.

3.1 Evidence Linking Hsp70 to Cancer

Hsp70 levels are constitutively elevated in both solid and liquid tumors when
compared to normal or immortalized cells [85, 86]. Further, its expression levels
are correlated with disease progression in multiple cancers [87], and Hsp70 expres-
sion directly predicts resistance to an array of treatments, including chemothera-
peutics, radiation [7, 9, 10, 73, 88], and immune-mediated destruction [89,
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Fig. 3 Hsp70 promotes cell survival and oncogenic proliferation through multiple pathways.
Although Hsp70 has been shown to inhibit apoptosis by interacting with several key effectors of
the programed cell death pathway, its chaperone effects have also been noted to promote
autophagy, inhibit senescence, and potentially influence necroptosis

90]. These observations have driven interest in better understanding the roles of
Hsp70 in cancer.

The expression of Hsp70 in such a diverse set of tumors (with different oncogene
and non-oncogene addictions) suggests that it may act broadly to support cancer
cell survival. Indeed, Hsp70 has been shown to bind c-jun [91], APAF-1 [92], and
AIF [93], inhibiting the formation of the death-inducing signaling complex
[94]. However, it also prevents Bcl-2 translocation to the mitochondria [95, 96]
and prevents caspase-9 recruitment to the apoptosome [92] (Fig. 3). Thus Hsp70 is
thought to guard against both extrinsic and intrinsic death triggers, as well as
caspase-dependent and caspase-independent pathways of apoptosis. Finally, recent
results also suggest that Hsp70 might be involved in tumor initiation [97], necrosis
[98], senescence [7, 10], and autophagic cell death [99]. Indeed, a comparison
between the pathways reported to be regulated by Hsp90 and those controlled by
Hsp70 suggests that Hsp70 may have an even broader role in cell survival (Fig. 4).
Together, these observations support the notion that Hsp70 serves as a hub of
pro-survival signaling and that it might be a “weak link” in many types of cancer.
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Fig. 4 Hsp70 regulates components belonging to multiple pathways that are important for cell
survival. The “Hsp70-ome” is reported to consist of proteins involved in apoptosis, senescence,
autophagy, and necrosis pathways. As indicated, the client of Hsp90 tends to be more restricted to
the apoptosis pathway, including a subset of clients shared with Hsp70. Note that in the figure the
relative sizes of the client pools are arbitrary

3.2 Pharmacological Targeting of Hsp70

Although there are no Hsp70 inhibitors in clinical trials, several groups are working
toward that goal [100-103]. Some of their efforts will be discussed in the next
sections. From this body of work, one striking theme is that there are multiple
binding sites on Hsp70, distributed throughout the NBD and SBD. Figure 5 shows a
summary of these sites and their spatial relationships. Some of the reported inhib-
itors directly compete for binding to ATP, while others compete with
co-chaperones or bind at allosteric sites. Therefore, to organize this discussion,
the inhibitors will be categorized by the location of their binding sites.

3.2.1 Compounds that Bind Hsp70’s SBD
PES (or PFTp)

2-Phenylethynesulfonamide (PES or PFTp) was originally discovered out of a
screen for molecules that activate p5S3-mediated apoptosis [99]. Subsequent work
using a biotinylated PES analog showed that it binds Hsp70 in cell lysates, while a
recent co-crystal structure of Hsp70’s SBD with a bound PES analog, PET-16, has
further refined our understanding of the interaction (Fig. 6a) [104]. PET-16 makes
contacts with a number of residues in a hydrophobic groove in the SBD, which lies
at the interface between the SBD and NBD. Importantly, this region has relatively
low conservation among Hsp70 family members, and, consistent with this obser-
vation, PES has been shown to bind Hsp72, but not Grp75/Mortalin or Grp78/BiP.
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Fig. 5 Overview of the diversity of inhibitor binding sites on Hsp70. PDB code 2KHO. Binding
sites are distributed throughout the NBD and SBD, including orthosteric molecules (VER-155008
and apoptozole) that compete with nucleotide and many different allosteric sites. ATP-competitive
inhibitors are indicated by red, while covalent inhibitors are in blue, and other allosteric inhibitors
are in green

As discussed above, this region is also heavily involved in allosteric motions (see
Fig. 1), so ligands that bind to this site are well positioned to impact Hsp70 function.

PES is a simple, “fragment-like” molecule with a high ligand efficiency (LE),
which might make it an attractive scaffold for further elaboration. Indeed, a search
through a limited number of analogs produced PES-Cl and PET-16 [105], which are
2- to 10-fold more potent in antiproliferative assays (Fig. 6b). The improved
potency of PET-16 can be rationalized by the contacts between the triphenyl-
phosphine and the pocket, including P396 and 1418 (Fig. 6a). Additional optimi-
zation efforts showed that the amide could be replaced with a pyrrolidine without a
loss of activity, but that reducing the acetylene was not tolerated. However, beyond
these observations, detailed structure—activity relationships (SAR) have not yet
emerged.

What is the effect of PES and its analogs on protein—protein interactions (PPIs)?
Although the binding site is not known to directly be involved in PPIs, analysis of
PES-treated cell lysates showed that the compound disrupts binding of Hsp70 to
p53, suggesting that some of the contacts between the chaperone and its clients may
be disrupted by PES. Moreover, PES appears to block the interactions of Hsp70
with some of its co-chaperones, including CHIP, certain J proteins (e.g., DjB1), and
Bagl. The structural basis of this effect is not yet clear, but it is consistent with the
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Fig. 6 PES and its analogs are allosteric inhibitors of Hsp90 and bind to the substrate-binding
domain. (a) Crystal structure of PET-16 (carbon colored in cyan) with substrate-binding domain of
Hsp90 (carbon colored in green); (b) optimization of PES led to more potent analogs PES-CI and
PET-16

notion that Hsp70 is a dynamic, flexible machine — such that binding in one location
can disrupt interactions at a distance.

PES-treated cells exhibit striking vacuolization of the cytosol, suggesting that
the compound may impair lysosomal activity [99, 106]. Further, PES and its
analogs elevate the levels of LC3-II in multiple cell lines, suggesting increased
autophagic flux. This activity appears to be particularly toxic to acute myeloid
leukemia (AML) and acute lymphoblastoid leukemia (ALL) cells [107], consistent
with the notion that Hsp70 plays roles in lysosome stability [108, 109].

ADD70

Hsp70 counters apoptotic cell death, in part, by interacting with AIF and preventing
its translocation from the mitochondria to the nucleus [110]. Schmitt et al. used
deletion mutants of AIF to map the region of AIF that binds to Hsp70. They
used this information to build a cytosolic AIF-mimetic peptide, named ADD70,
which blocks binding of Hsp70 to AIF in cells when overexpressed. Although the
mimetic itself is not cytotoxic, ADD70 does sensitize cancer cells to staurosporine,
vinblastine, and other therapeutics. Based on analogy with other Hsp70 clients, one
might assume that AIF binds in the SBD of Hsp70s; however, this hypothesis has
not been tested. Further, membrane-permeable, synthetic analogs haven’t yet been
developed.
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Fig. 7 Chemical structure of spergualin and some of its analogs

The lack of toxicity in response to ADD70 is interesting because most of the
other molecules that bind Hsp70, such as PES, are cytotoxic as stand-alone agents.
Thus, ADD70 may bind to the chaperone in a unique way, interrupting only select
chaperone functions. Further mechanistic work will be required to address these
issues.

Spergualin

The natural product, spergualin (Fig. 7), was originally identified as a potent
antibacterial agent with broad-spectrum activity [111]. Subsequent work showed
that this molecule has anticancer and immunosuppressive activities [112—114]. Syn-
thetic efforts have removed some of the metabolic liabilities of spergualin, includ-
ing the hydroxyl at carbon 15, which have greatly improved the physical properties
of the chemical series [115, 116]. The most advanced of the spergualin analogs,
15-deoxyspergualin (15-DSG), is clinically approved in Japan for the treatment of
acute allograft rejection, making this molecule the lone Hsp70 inhibitor approved
for human use [117, 118]. Another close analog, tresperimus, was explored in phase
IIT clinical trials by Laboratoires Fournier as an immunosuppressive [119].

15-DSG was found to be relatively selective for Hsp70 in cells, using mass
spectrometry and pull-down studies [120, 121]. Further, this compound was shown
to bind to the C-terminus of Hsp70s and chemical cross-linking studies suggested an
interaction with the EEVD motif. As discussed above, this region of the SBD is
interesting because it serves as a site for interactions with TPR domain co-chaperones.
Thus, it is possible that spergualin analogs may disrupt co-chaperone interactions,
although this has not been shown. Further, there is no crystal structure of 15-DSG
bound to Hsp70, so the exact binding mode is uncertain, and, subsequently, SAR
studies have not benefitted from structural knowledge.
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Early SAR studies were focused on three key regions of 15-DSG, the central
a-hydroxyglycine core, the guanidylated fatty chain, and the spermidine-derived
polyamine. Nishizawa and coworkers replaced the central a-hydroxyglycine with
various o- or m-amino acids, and the antitumor activities of these analogs were
evaluated against L1210 (IMC) mouse leukemia cells [115]. From the resulting
SAR, the authors concluded that the central a-hydroxyglycine could be replaced
with either glycine or an L-serine residue. The authors also altered the length and
flexibility of the guanidinoheptanoic acid region to study its role in antitumor
activity. It was discovered that a 4-guanidino-phenylbutyric acid shared similar
antitumor activity with 15-DSG, suggesting that significant bulk could be tolerated
in that region. Umeda and coworkers subsequently studied modifications of the
spermidine moiety [122]. The SAR concluded that both the primary and secondary
amino groups were important for antitumor activities. Together, these studies have
shown a relatively narrow SAR around 15-DSG.

15-DSG was also explored as an anticancer agent in a phase I clinical trial
against refractory solid tumors in 56 patients [123]. However, the average plasma
concentration was only 0.07—7 pg/ml, largely because of rapid clearance (terminal
half-life of 1.9 h). These concentrations are below the ECs values in many cancer
cell lines, suggesting that more potent and stable analogs are needed. Dose-limiting
toxicity was reversible hypotension, which occurred in five of six patients with the
highest dosage; however, it is not yet clear whether this toxicity arose from on- or
off-target effects.

The mechanism by which spergualin analogs activate cell death is not yet clear.
Also, additional medicinal chemistry efforts will likely be required to optimize
potency and stability of these molecules. However, the relative safety of 15-DSG in
humans makes this scaffold an attractive option for further mechanistic studies.

Novolactone

A group at Novartis recently described another inhibitor that binds in the SBD
[124]. The authors started with a genomic approach to identify natural products
with activity on Hsp70. Briefly, they measured the growth of ~6,000 S. cerevisiae
deletion strains in the presence of 3,700 natural products, including novolactone.
They found that novolactone sensitivity occurred in response to deletion of yeast
Hsp70s, as well as an NEF and other chaperone cofactors. In parallel, they screened
arandomly mutagenized set of haploid yeast strains, revealing yeast Hsp70 (known
as SSA1) as a major potential target of novolactone. Interestingly, the point
mutations in SSA1 that provided resistance were all located in the SBD, suggesting
that this region could be the binding site.

In support of this idea, novolactone was found to inhibit the ATPase and
luciferase refolding activity of Hsp70 complexes in vitro. Preincubation experi-
ments clearly revealed an irreversible mechanism, which was confirmed by mass
spectrometry and crystallography to occur via ring opening by Glu444 in the SBD
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Novolactonic acid Novolactone Hsp70-bound

Fig. 8 Novolactone is a covalent inhibitor of Hsp70 that binds to the substrate-binding domain.
(a) Crystal structure of Hsp70 (carbons colored in green) with bound novolactone (carbons colored
in cyan; PDB 4WV7). Hydrogen bonds are indicated with red dotted lines. (b) Proposed mech-
anism of novolactone reactivity. Under physiological conditions, the lactone is hydrolyzed to an
acid (left); however, when novolactone is close to E444 of Hsp70, a covalent bond is formed
through transesterification

(Fig. 8a). Consistent with this idea, opening the lactone in the natural product with
acidic methanol inactivated it (Fig. 8b), and replacing SSA1 in yeast with an E441Q
mutant diminished sensitivity. Further, because Glu444 is only found in the mam-
malian cytosolic and ER-resident Hsp70 family members, novolactone is selective
for them. This isoform selectivity is an example in which differential chemical
reactivity between members of the Hsp70 family was used to gain selectivity, a
theme that is emerging more broadly in the field (see below). Interestingly,
novolactone significantly stabilized the Hsp70-client complex by 4000-fold.
Thus, one would predict that it might inhibit binding of Hsp70 to its NEFs, which
normally catalyze client release (see Fig. 2a). However, novolactone had no effect
on these co-chaperones in an ATP release assay, so inhibition appears to involve
interruption of the inter-domain communication required for client release, but not
NEF-Hsp70 contacts per se. Novolactone treatment of HCT116 cells induced loss
of chaperone clients, such as HER2 and CDK2, consistent with Hsp70 inhibition
and suggestive of the potential use of this scaffold in oncology.

Interestingly, the binding site of novolactone is quite similar to the site bound by
PET-16, as well as a handful of other, structurally unrelated molecules, including
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low molecular mass thiophenes and antimicrobial peptides [125, 126]. This region
appears to be a “hotspot” for interactions with small molecules.

3.2.2 Compounds that Bind in Hsp70’s NBD
ATP/ADP Competitive Inhibitors

Hsp70 binds ATP with an affinity that is nearly 1000-fold tighter than binding of
nucleotide to Hsp90 [46]. As such, it is more difficult for compounds to compete
with ATP in Hsp70’s nucleotide-binding pocket. Further, the key contacts in this
cleft are polar, which creates hurdles in small molecule design. These challenges
have been nicely summarized by Massey, who compared the hit rates from frag-
ment screens performed against multiple nucleotide-binding targets, including
Hsp70 and Hsp90. This analysis showed that Hsp70 had a hit rate of only 0.4%,
while Hsp90 had a hit rate of 4.4%. High hit rates are typically associated with
better “druggability,” and they have been shown to be a predictor of future success
in fragment elaboration campaigns. Thus, Massey concluded that the ATP-binding
site of Hsp70 is an unusually poor drug target, having one of the worst hit rates yet
described. Further, the ATP-binding cassette in Hsp70 is highly conserved among
several abundant proteins, such as actin and hexokinase. Thus, it is predicted to be
difficult to selectively inhibit Hsp70 with ATP mimetics. Despite these issues, a
number of competitive inhibitors have been reported to bind in the ATP-binding
cassette of Hsp70s, and these have been found to have antitumor activity.

Apoptozole

Apoptozole was discovered in a screen of imidazoles that trigger apoptosis [127]. A
resin-linked version of apoptozole was used to show that the compound binds to the
NBDs of both Hsc70 and Hsp72 and a fluorescent version of the molecule
co-localized with anti-Hsp70 antibodies in cells. An analog, L8, was inactive in
these assays (Fig. 9), suggesting some SAR. Using an analog of apoptozole with an
installed electrophile, the binding site of the compound was further mapped in vitro
to a region near the nucleotide-binding pocket [128]. Using this distance constraint,
computational modeling results suggested that the compound might compete with
nucleotide for binding to Hsp70 and that it might adopt a similar pose to ATP.
Consistent with this model, apoptozole mildly inhibits Hsp70’s ATPase activity
(~60% reduction in ATPase rate at 200 pM) [127]. However, verification of this
binding site by formal competition studies and/or structural studies has not yet been
reported.
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To identify competitive inhibitors of Hsp70, Williamson, Massey, and coworkers
developed a collection of adenosine analogs and screened them in a fluorescence
polarization (FP) assay. From the hit molecule, compound 4 (Fig. 10), multiple
analogs with ICsy values in the low micromolar range were identified, and
co-crystallization confirmed that two of these molecules bind in the ATP-binding
cleft. From this starting point, structure-guided analogs were developed, and the
most potent of these compounds, VER-155008, bound to Hsp70 with an affinity of
approximately 0.5 pM by FP. The enhanced affinity of VER-155008 appears to
originate from favorable contacts with key residues in the nucleotide-binding cleft,
including Y15 (Fig. 10a). This compound also had promising antiproliferative
activity in HCT116 cells, with an EC5y of 5 pM, and it destabilized some of the
expected client proteins, including Rafl and HER?2 [129]. Subsequent work showed
that VER-155008 induced both caspase-dependent and caspase-independent apo-
ptosis in colon carcinoma cells [46]. These studies have demonstrated that inhib-
itors can be developed starting from structural knowledge of the Hsp70 nucleotide-
binding site.

In a recent study, the same team has explored inhibitors of Grp78, the
ER-resident member of the Hsp70 family. By comparing the crystal structures of
Hsp70 and Grp78 in various nucleotide states, they proposed that the major contact
that could be exploited was at position 37, which is an Ile in Grp78 and a Thr in
Hsp70. To test this model, they synthesized additional analogs of VER-155008,
ultimately co-crystallizing compound 10 with Grp78 [130]. They found that
VER-155008 and compound 14 (Fig. 10c), which have hydrophobic cyano-benzyl
groups in the key position, are not selective. However, compounds with more polar
groups, such as alcohols and amides, at that position were relatively more selective
for Grp78, as predicted by the structures and the presence of the Thr37. In the
toolbox of available Hsp70 inhibitors, these active site competitors will likely serve
an important role.
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Fig. 10 VER-155008 is an ATP-competitive inhibitor of Hsp70 that binds to the nucleotide-
binding domain (NBD). (a) Crystal structure of Hsp70 (carbons colored in green, PDB 3FZL) with
VER-155008 (carbons colored in cyan). Hydrogen bonds are indicated with red dotted lines. (b)
Structure-based optimization of hit compound 4 led to VER-155008. (c) Additional analogs used
to probe selectivity for Grp78

3.2.3 Allosteric Modulators

One promising way to inhibit Hsp70’s activity in cancer cells may be to target the
chaperone’s many allosteric sites [56, 100]. This approach might be expected to
avoid some of the problems of selectivity and potency associated with active site
inhibitors. Another potential advantage is that many allosteric sites in Hsp70
control binding to co-chaperones; thus, molecules that bind these regions might
have profound effects on recruitment of co-chaperones.
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Fig. 11 MAL3-101 is an allosteric inhibitor of Hsp70 which disrupts its interaction with J protein
co-chaperones, while 115-7c stimulates this interaction. (a) Model of 115-7¢ (carbons colored in
cyan) binding to the NBD (carbons colored in green) based on NMR and mutagenesis. (b)
Chemical structures of MAL3-101 and 115-7c. The region colored in yellow is directed at the J
protein interface: diphenyl groups are inhibitors, while smaller chloro groups are activators

MAL3-101

As discussed above, members of the J protein family of co-chaperones are critical
regulators of Hsp70 [52, 58, 59]. Fewell et al. screened for compounds that would
preferentially act on the ability of J proteins to stimulate Hsp70’s ATPase activity.
In a panel of dihydropyrimidines, they discovered MAL3-101 [131] (Fig. 11).
Subsequent work showed that analogs of MAL3-101 bind to the NBD in a region
previously implicated in J protein interactions [132]. This site is highly conserved,
and members of this chemical series have activity against multiple human, yeast,
and prokaryotic Hsp70s [133—135]. Interestingly, early analogs of MAL3-101 had
displayed a puzzling SAR in which large, bulky groups appended to the 4 position
of the dihydropyrimidine were inhibitors of ATPase activity, while smaller groups
in this same position, such as the dichlorobenzyl in 115-7c (Fig. 11b), created
molecules that actually promoted the ability of J proteins to stimulate ATP turnover
[136]. Similar findings were observed in chaperone-mediated refolding activity
assays [134, 137]. Structural studies finally resolved this dichotomy, showing that
the 4 position is oriented toward the incoming J protein, such that large groups
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block the PPI, while smaller groups seem to pre-arrange the pocket for binding to
the J domain [132].

MAL3-101 has antiproliferative activity in multiple myeloma cells (ECs, values
estimated to be between 5 and 10 pM), and it was found to be highly synergistic
(CI5q value 0.01) with the Hsp90 inhibitor, 17-AAG, and the proteasome inhibitor,
MG-132 [138]. MAL3-101 was also active in five of seven Merkel cell carcinoma
cell lines (ECsq values estimated to be between 5 and 30 pM) and in a xenograft
model. Interesting, its potency in these cells is correlated with relative Hsp70
expression [139], suggesting that the levels of the chaperone might, in part, predict
efficacy.

MALS3-101 and its analogs are accessed through the Biginelli multicomponent
reaction [140], which is a synthetic strategy that is amenable to combinatorial
synthesis. Indeed, libraries of Hsp70 inhibitors have been generated by this
approach [134, 136]. However, potency remains modest at this point, and addi-
tional, structure-guided campaigns will likely be required to enhance the affinity of
these molecules.

MKT-077

MKT-077 was originally discovered in a screen for antiproliferative activity. It was
found to have low micromolar activity against multiple cancer cell lines but little
toxicity against either fibroblasts or immortalized epithelial lines [141-
143]. MKT-077 exerts its anticancer activity by binding to a novel allosteric site
in Hsp70 [84] that is located in a junction between the A and B lobes of the NBD
[144] (Fig. 12a). Although this pocket is adjacent to the ATP-binding cleft,
MKT-077 analogs do not compete for binding to nucleotide. Rather, binding
appears to trap the chaperone in the ADP conformation [83, 144], limiting client
release [13, 145-147]. The prolonged interaction between Hsp70 and clients
appears to destabilize Akt, Rafl, FoxMI1, and Cdk2 in cancer cells [97, 148, 149],
possibly by recruiting effectors of the ubiquitin—proteasome system [150].

The first synthetic routes to MKT-077 started with 2-methylthiobenzothiazole,
which is methylated on the thiazole nitrogen and then coupled to N-ethyl rhodanine
and condensed with 1-ethyl-2-methylpyridin-1-ium [151]. However, Takasu and
coworkers developed a facile, one-pot, three-step combinatorial synthesis of
MKT-077 derivatives by sequential condensation of the methylthioninium,
rhodanine, and iminium [152]. Kasmi-Mir et al. refined the synthesis by employing
microwave irradiation [153], greatly improving the reaction time and yields (60%
in most cases). Taking advantage of these advances, our group assembled
MKT-077 analogs and tested their binding to Hsp70 and their antiproliferative
activity against breast cancer cells. The benzothiazole only accepted small sub-
stitutions, such as halogenations, trifluoromethyl, and methoxy groups [149], pre-
sumably due to steric clashes with the sides of the narrow pocket. Conversely, the
exposed pyridinium group was amenable to more modifications. For example,
analogs with benzyl modifications to the pyridinium were more potent than
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MKT-077 JG-98
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Fig.12 MKT-077 and its analog JG-98 are allosteric inhibitors of Hsp70 that bind in the NBD. (a)
Model of JG-98 binding to an allosteric pocket in Hsp70, based on NMR and mutagenesis. JG-98
carbons colored in cyan and Hsp70 carbons colored in green. (b) Modification of metabolically
labile positions led to more a potent and stable analog, JG-98

MKT-077 (ECs¢p ~ 1.0 pM), while replacing the pyridinium with a 2-thiazolyl
group, such as in JG-98, significantly increased potency (ECso of 0.4 pM in
MDA-MB-231 cells and 0.7 pM in MCF7 cells) (Fig. 12b). These changes also
enhanced affinity for Hsp70 in vitro by approximately 80-fold (Kp =90 nM), likely
by optimizing interactions with a secondary site framed by Y148, V81, P146,
and F149.

The MKT-077-binding pocket is deep and significantly more hydrophobic than
the nearby ATP-binding site. The benzothiazole of MKT-077 is predicted to reside
in the deepest part of this cleft, in a region bounded by F204, D205, and Y14
(Fig. 12a) [144], while the pyridinium is predicted to interact with a nearby region
formed by Asp223, Thr224, and His225.

One of the major disadvantages of MKT-077 is its rapid metabolism. For
example, MKT-077 is rapidly oxidized by liver microsomes (¢;,, ~5 min), and it
has a short lifetime in mice [154]. Thus, another goal of recent synthetic efforts has
been to improve stability. Metabolite identification studies found that the
benzothiazole and pyridinium rings of MKT-077 are the major sites of oxidation
by P4s0 enzymes [13]. Consistent with this idea, electron withdrawing groups on the
benzothiazole, especially the 3, 4, and 5 positions, improved the lifetimes of the
compounds 7-fold in the presence of liver microsomes. Similarly, replacing the
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pyridinium with a 2-thiazolyl group limited oxidation and greatly improved stabil-
ity (t12>30 min) [149]. These changes allowed JG-98 to be used in xenograft
studies, where it was found to be active against HeLa and MCF7 tumors [97,
155]. The next questions for this series are whether the rhodacyanine can be
replaced and whether potency can be further improved.

YK5

The Chiosis group recently reported an exciting new inhibitor of Hsp70 that
accesses a distinct binding site [156]. Briefly, they generated a composite Hsp70
model based on multiple reported structures and then examined it for possible
cryptic binding sites. From the five most promising sites, they focused on one
located between lobes A and B of the NBD. A prominent feature of this cleft is that
it contains Cys267, a cysteine that is unique to Hsp72, and not the related cytosolic
isoform, Hsc70. Indeed, oxidation of this residue had previously been used to
develop early Hsp72-selective inhibitors [157, 158]. The Chiosis group nicely
exploited this feature. After modeling suggested that a 2,5'-thiodipyrimidine
would be expected to bind in the pocket, an electrophilic acrylamide was installed
to favor covalent attachment to Cys267. Optimization of the initial molecule
produced YKS5, and more recent efforts have further refined the series, producing
compounds such as 20a (Fig. 13).

Briefly, at the end of the molecule opposite the acrylamide, the authors found
that a variety of moieties could be accepted, including piperazine, morpholine,
piperidines, and others. The best was a methylpiperazine, which is likely protonated
and might make contacts with His89 (Fig. 13). Additional SAR was obtained
around the other substituents on the thiodipyrimidine, including varying the elec-
trophile. Acrylamide was found to be better than other unsaturated amides. On the
“ring A” pyrimidine, methoxy (as in YKS5) and ethoxy groups (as in compound 20a)
were preferred over methyls. Based on the modeling, this molecule was predicted to
bind in a pose that positions the dipiperazine for contacts with R261, V59, R264,
D234, and E268 of the pocket (Fig. 13a). YK5 bound Hsp72 in lysates [159] and,
consistent with the model, mutation of C267S reduced binding. This molecule
inhibited ATPase and refolding activity in vitro, consistent with the functional
importance of this allosteric site. Because ATP hydrolysis involves large motions
of the A and B lobes (see Fig. 1), it seems likely that the molecule would interfere
with this motion. In cells, treatment with YKS destabilized chaperone clients,
including Akt and Her2 and activated apoptosis, as measured by PARP cleavage.
Finally, YKOS killed SKBr3 cells, with a sub-micromolar ECs( value.

Immobilized YK5 was used to ask an important question about Hsp70 function
in cancer cells [159]. In SKBr3 cell extracts, YK5 was used to pull down cofactors
of the chaperone, revealing Hsp110, Her2, cyclin D, and Rafl as being Hsp70
bound. However, in MDA-MB-231 cells, CDK1 and PDK1 were identified, while
mAR was found in LNCaP cells. Thus, distinct clients appeared to be bound to
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Fig.13 YKS and its analogs are allosteric inhibitors of Hsp70 that bind to the NBD. (a) Schematic
representation of YK5 binding with Hsp70 irreversibly through a covalent bond with C267
(highlighted in red). (b) Optimization of YKS led to a slightly more potent, irreversible analog
20a and reversible inhibitor 27¢

Hsp70 complexes in different cancer cell types. Treatment with YKS led to
downregulation of these clients in the respective cells, suggesting that they are
indeed dependent on Hsp70 for stability.

Recently, the authors converted the covalent YKS into a series of reversible
inhibitors, such as 27c (Fig. 13). Briefly, the acrylamide of YK5 was replaced with
an amine to retain interaction with Cys267. At the same time, the pyrimidine
adjacent to the acrylamide was replaced with a more electron-rich phenyl group
to favor cation-x interactions with Arg 264. To further restore lost affinity, a benzyl
group was appended to the other pyrimidine to make contacts with Phe68 and
Trp90. The new compounds maintained good antiproliferative activity (ECsq of
2.1 pM) and the ability to destabilize clients in cancer cells [160], suggesting that
covalent attachment is not required for activity at this allosteric site.
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Very recent work has revealed two additional chemical series that target Hsp70.
The Haystead group loaded GFP-Hsp70 onto a solid support via binding to
immobilized ATP [161]. They then screened a collection of 3,379 purine-
containing compounds to identify compounds that could displace the chaperone.
Active molecules were defined as those that could release the fluorescent Hsp70
from the resin. Counter-screens against an unrelated protein and additional triage
steps focused the follow-up studies on 22 hits. These molecules were rank-ordered
based on the ability to activate apoptosis in BT474 cells, and the most active
compound was identified as HS-72 (Fig. 14).

HS-72 had antiproliferative activity at mid-micromolar concentrations in multi-
ple cell lines, including BT-474, MCF7, HepG2, HeLa, T47D, and LNCaP, and it
destabilized chaperone clients, such as Akt, in these cells. Interestingly, binding
studies suggested that HS-72 binds to the stress-inducible Hsp72 and not Hsc70 or
BiP. Further, the compound was not competitive with nucleotide binding; rather it
selectively interacted with Hsp72 in the ATP-bound form (not the ADP-bound
form). This result was somewhat surprising, given the design of the original
displacement screen. However, additional mechanistic studies confirmed that
HS-72 interacts with Cys306 in Hsp72 or at least requires this residue.

In a wunique and powerful approach, the Winssinger group used
DNA-immobilized, combinatorial fragment libraries to screen for novel inhibitors
of Hsp70 [162]. By combining 125 biologically active fragments with 500 hetero-
cycles on complementary DNA strands, they were able to assemble a microarray
containing 62,500 combinations. Incubation of Hsp70 with this array identified
fragment pairs with affinity for the chaperone. Based on this screen, they selected
the most common fragment motifs and synthesized a 10,000-member-focused
collection on PNA templates. After panning this collection and validating the
affinity of promising, resynthesized hits using SPR, they settled on ~15 compounds
belonging to varied structural classes. These scaffolds provide a rich source of
potential leads for further exploration.
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3.2.4 Combination Warfare

Most current chemotherapeutic regimens contain some permutation of vinblastine,
cisplatin, methotrexate, prednisone, doxorubicin, and any of several other cytotoxic
drugs. Cocktails of these active agents are used to maximize therapeutic efficacy
while reducing toxicity, side effects, and resistance. In this context, it is worth
discussing how Hsp90 and Hsp70 inhibitors, such as the ones reviewed here, might
be used in combination with other compounds.

As described earlier, Hsp90 acts as a central hub in cancer cells, directing the
fates of hundreds of signaling effectors [2, 26, 27]. Thus, combining Hsp90
inhibitors with conventional chemotherapeutics or radiation therapy creates pow-
erful combinations [163—165]. Hsp90 inhibitors have even been shown to restore
sensitivity in cell lines previously resistant to drugs such as tamoxifen, doxorubicin,
or trastuzumab [166—168]. Similarly, the idea of combining an Hsp90 inhibitor with
a drug targeting Hsp70 has been suggested by many groups [74, 169], and synergy
has been experimentally observed in combination with VER-155008 or MAL3-101
[46, 138, 170, 171].

Interestingly, Hsp90 inhibitors that bind different locations (e.g., C-terminal and
N-terminal domains) also show synergy in cancer cell viability assays [172]. It
seems that interrupting Hsp90 motions in two distinct ways might produce more
potent effects. Following this logic, it will be interesting to mix Hsp70 inhibitors
with different binding sites. In this way, the Hsp90 and Hsp70 complexes them-
selves might provide an unusually rich source of novel combinations.

4 Conclusions

Cancer cells must cope with the stress of rapid division and high mutation rates,
ultimately becoming “addicted” to chaperones. This same sensitivity is likely why
inhibitors of the proteasome and autophagy pathways are effective as anticancer
drugs [2, 173, 174], especially in cells that produce high levels of protein. Consis-
tent with this theme, knockdown studies have suggested that Hsp70 might be a
particularly good target, either by itself or in combination with other chemothera-
peutics [175-177]. However, the suitability of Hsp70 as a drug target remains
somewhat of an enigma. Do all of the allosteric binding sites produce a similar
effect on Hsp70 clients, as has been seen for many Hsp90 inhibitors? Recent reports
suggest that, on the contrary, Hsp70 inhibitors with different binding sites and
different mechanisms of action produce distinct effects on cell signaling pathways
[178]. Another key question is safety. Hsp70 plays unusually broad roles in normal
biology including protein folding, disaggregation, the assembly of multi-protein
complexes, subcellular trafficking, protein turnover, antigen presentation, and
transcription [179—182]. Current models suggest that these varied activities might
arise from combinations of Hsp70 with its diverse sets of co-chaperones. Thus, the
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safest “target” for cancer may actually be Hsp70 in a complex with its cancer-
related co-chaperones. Until more is known about co-chaperones in cancer, it seems
like the best way for the field to hedge its bets is to simultaneously develop multiple
inhibitors with different mechanisms of action and binding sites.
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Abstract The heat shock protein 40 (Hsp40/DNAJ) family of co-chaperones
modulates the activity of the major molecular chaperone heat shock protein
70 (Hsp70) protein group. Hsp40 stimulates the basal ATPase activity of Hsp70
and hence regulates the affinity of Hsp70 for substrate proteins. The number of
Hsp40 genes in most organisms is substantially greater than the number of Hsp70
genes. Therefore, different Hsp40 family members may regulate different activities
of the same Hsp70. This fact, along with increasing knowledge of the function of
Hsp40 in diseases, has led to certain Hsp40 isoforms being considered promising
drug targets. Here we review the role of Hsp40 in human disease and recent
developments towards the creation of Hsp40-specific inhibitors.
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1 Introduction to Hsp40 Co-chaperones

The heat shock protein 40 kDa (Hsp40/DNAJ) family is the largest and most
diverse family of Hsps [1-3]. Hsp40 proteins function predominantly as
co-chaperones for the Hsp70 (HSPA) chaperones [4-7], although some Hsp40s
display independent chaperone activity in that they can bind and prevent the
aggregation of substrate proteins [§—13]. A chaperone is defined as a protein that
catalyses the folding and conformational change of other proteins but does not
constitute part of the final protein product. A co-chaperone would be an accessory
protein that regulates the activity of the chaperone, but normally would not be
capable of independent chaperone activity. Hsp70 is a major molecular chaperone
that regulates the folding, translation, translocation and conformation of nascent
and stress-denatured proteins [14, 15]. Hsp70 chaperones are composed of three
domains, the 44 kDa N-terminal ATPase or nucleotide-binding domain (NBD),
the substrate-binding domain (~18 kDa) and a C-terminal domain of 10 kDa,
which terminates in the highly conserved EEVD motif in cytosolic Hsp70s
(Fig. 1) [18-20].

The chaperone activity of Hsp70 is cyclical and controlled by the binding and
hydrolysis of ATP, which modifies the affinity of the Hsp70 for its protein substrate
or client [21]. Hsp70 in an ATP-bound form has a lower affinity for a substrate than
ADP-bound Hsp70. Whether Hsp70 is in an ATP- or ADP-bound form depends
largely on the ATPase activity of Hsp70. Hsp70 is mostly in the ATP-bound state
due to its low basal ATPase activity; however, the ATPase activity can be stimu-
lated by the Hsp40 co-chaperone. Hsp40 captures the non-native conformations of
client proteins and delivers them to the Hsp70 chaperone [22]. The subsequent
stimulation of the ATPase activity of the Hsp70 by the Hsp40 leads to an increased
affinity of the Hsp70 for the client protein, thereby promoting the transfer of the
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a-helical
lid subdomain

Fig. 1 Structures of key Hsp70 domains. (a) The nucleotide-binding domain (NBD) of
human Hsc70 (HSPAS) in the ADP-bound form [16]. The four subdomains of the NBD are
shown as cartoons and coloured as follows: subdomain TA (residues 1-39, 116-188 and 361—
381) is shown in green, subdomain IIA (residues 189-228 and 307-360) is shown in cyan,
subdomain IB (residues 40-115) is shown in blue, subdomain IIB (residues 229-306) is
shown in magenta. (b) The substrate-binding domain (SBD) of E. coli DnaK (residues 390-600)
bound to a substrate peptide which is shown as spheres [17, 18]. The SBD is divided into two
subdomains, the a helical lid subdomain (residues 510—638) shown in red and the § subdomain
that binds the peptide (residues 390-509) shown in blue. The structures were rendered using
Pymol and the PDB accession numbers for the Hsc70 NDB and DnaK SBD are 3HSC and 1DKX,
respectively

client protein from Hsp40 to Hsp70. The ATP-bound form of the Hsp70 is
regenerated by nucleotide exchange which is catalysed by GrpE in prokaryotes
and the BAG family of co-chaperones in eukaryotes [23, 24]. Exchange of ADP for
ATP on Hsp70 leads to a drop in client affinity and release of the properly folded
client protein or leaves the protein awaiting rebinding for successive cycles of
chaperoning (Fig. 2).
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Fig. 2 The Hsp40-Hsp70 chaperone cycle and the site of action of Hsp40 inhibitors. Hsp40
associates with newly synthesised or misfolded protein substrates and delivers them to Hsp70 (/).
The Hsp40 and substrate stimulate the ATP hydrolysis activity of Hsp70, converting it from a low
(ATP-bound) to high (ADP-bound) substrate affinity state (2). Hsp70 is restored to its ATP-bound
state by nucleotide exchange factors (3). The substrate is released to fold into a functional protein
or re-enters the Hsp70 cycle. Inhibitors of Hsp40 are indicated in red by name and with a blunt
arrow head () to show the site of action. Flavonoids indirectly affect Hsp40 binding to Hsp70 by
associating with a subdomain of the N-terminal ATPase domain of Hsp70 and causing an allosteric
disruption of Hsp40 binding. p-amino acid peptides inhibit Hsp40 function by competing with
substrate binding to Hsp40. Certain pyrimidinones have been shown to bind to the Hsp40-binding
site on the underside of the Hsp70 N-terminal ATPase domain thereby directly inhibiting J
domain-based Hsp40 interaction with Hsp70. The phenoxy-N-arylacetamides bind to Hsp40 and
inhibit the interaction of Hsp40 with Hsp70; however, their site of action is not yet known and is
thus shown with a question mark (?). Hsp70 is shown schematically as navy-filled objects, while
Hsp40 is shown as grey-filled objects. The unfolded protein substrate is indicated as a line symbol
with a single coil, while the folded protein is shown as a line completely coiled upon itself

ATP

Flavonoids

2 Structure and Classification of Hsp40

In humans there are 13 Hsp70s and 47 Hsp40s encoded on the genome [15] and are
distributed amongst different subcellular compartments. Hsp70s and Hsp40s have
been identified in the mitochondria, endoplasmic reticulum, nucleus and cytoplasm.
The number of Hsp40 homologues in each compartment outnumbers the number of
Hsp70s [15]. This suggests that the same Hsp70 may interact with different Hsp40s,
presumably to fulfil distinct functions. Therefore, various Hsp40s may fine-tune the
function of the same Hsp70, depending on the cellular context. Despite the fact that
the different Hsp70s and Hsp40s are structurally conserved, they have distinct
chaperone activities [11].
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The current classification system groups Hsp40 proteins depending on the
similarity of the domain architecture to DnalJ, the Hsp40 homologue from
Escherichia coli. Dnal contains four distinct domains that define its function,
namely, the J domain, a glycine phenylalanine (G/F)-rich region, a cysteine repeat
region and a C-terminal region [15, 25, 26]. Type I Hsp40 (DNAJA) shares all four
domains with E. coli DnalJ. Type II Hsp40 (DNAJB) possesses the J domain,
G/F region and C-terminal region, while type III Hsp40 (DNAJC) only contains
the J domain in common with E. coli DnaJ [15, 26]. In DNAJA and DNAIJB,
the J domain is located at the N-terminus, while in DNAJC proteins, the J domain
can be located anywhere within the protein.

In humans, there are 4 DNAJA, 13 DNAJB and 30 DNAJC genes, although the
number of DNAJ proteins is greater due to the fact that some Hsp40s are expressed
as different isoforms or splice variants [1, 27]. The type I and II Hsp40 are
considered the canonical Hsp70 co-chaperones, in that the function of these
Hsp40 proteins is predominantly to facilitate refolding or maturation of de novo
synthesised or aggregated client proteins. The type III Hsp40s are the most diverse
group and contain a number of members that have multiple functional domains in
addition to the J domain. These include protein-protein interaction modules
(e.g. tetratricopeptide/TPR domains in DNAJC3 and DNAJC7), protein kinase
domains (e.g. DNAJC26) and specialised domains like SANT (Swi3, Ada2, N-
CoR and TFIIIB) domains (e.g. DNAJC1 and DNAJC2) and HEPN (higher eukary-
otes and prokaryotes nucleotide-binding domain), amongst others. The specific
function of many of these domains remains unknown. For a detailed table describ-
ing the specific domain architectures of the known Hsp40 proteins in humans and
yeast, the reader is referred to the supplementary data accompanying the review by
Kampinga and Craig [1]

All Hsp40s contain a J domain, and it is considered the defining characteristic of
an Hsp40 protein. The J domain is a highly conserved 70 amino acid motif, forming
a three-dimensional structure of four a-helices (numbered sequentially I-IV from
the N-terminal to C end of the domain) (Fig. 3). The a-helices are arranged relative
to each other in space to form a structure resembling the letter “J” that lends its
name to the domain [28, 29]. The helices are connected by loop regions, the most
important of which is the loop between helices II and III. This loop region, which
varies in size between the different Hsp40 homologues, houses a conserved tri-
peptide motif, known as the histidine-proline-aspartic acid (HPD) motif [30]. The
HPD motif is required for the stimulation of the ATPase activity of the partner
Hsp70 chaperone. Mutations of this conserved motif render the Hsp40 incapable of
stimulating the ATPase activity of Hsp70 above basal levels and therefore impair
co-chaperone activity [31]. While the J domain is an essential part of the Hsp40
proteins, the other domains have important functions as well. The G/F-rich region is
largely unstructured and thought to act mainly as a linker region. However, this
region has been shown to be important in controlling the specificity of interaction
between certain Hsp70s and Hsp40s [32]. The cysteine repeat regions are identified
by the presence of four copies of the motif CXXCXGXG, where X is any amino
acid. The cysteine repeats form a zinc fingerlike region by the coordination of two
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Fig. 3 Domain architecture of Hsp40. (a) Schematic representations of the structural domains in
type L, 1L, III and IV Hsp40 proteins. All Hsp40 types contain the signature J domain required for
stimulation of the Hsp70 ATPase activity through the conserved tripeptide histidine-proline-
aspartic acid (HPD) motif. In type I and II Hsp40, the J domain is usually N-terminal, while in
the type III Hsp40, this domain can be found at any position in the protein. The glycine/
phenylalanine-rich region (G/F) is found in type I and II Hsp40 and functions as a hinge and
regulates the specificity of Hsp70-Hsp40 interactions. The cysteine repeat region (Cys) found only
in type I Hsp40 forms a zinc fingerlike structure involved in substrate binding. The C-terminal
regions of type I and II Hsp40 are involved in substrate recognition and binding. Type IV Hsp40 is
arecently identified subtype in which the conserved HPD motif in the J domain is mutated. (b) The
J domain of human Hdj2 (DNAJA1) in cartoon format showing the four helices (I-IV) and the
location of the highly conserved HPD motif resident in the loop region between helices II and III.
The structure was rendered using Pymol, and the PDB accession number for the Hdjl J domain
is 2M6Y

zinc atoms in a tetrahedral arrangement. This region is thought to be involved in the
binding of protein substrates and the prevention of aggregation [33, 34]. There is
evidence to suggest that the substrate-binding regions are distinct in each Hsp40
and may be specialised for certain types of substrates. Indeed, substrate recognition
and binding specificity, as opposed to domain conservation, has been proposed as
an alternative approach to classify the Hsp40 members into groups [1]. The remain-
der of the C-terminus of Hsp40 may contain a number of different domains with
distinct functions, including transmembrane domains and a number of protein-
protein interaction motifs. Certain eukaryotic Hsp40s contain a CAAX motif at
the extreme C-terminus, which is the site of prenylation leading to membrane
association that is required for the chaperoning of certain client proteins [35].

3 Hsp40 as Drug Target in Humans

It is only recently that Hsp40 has been considered a possible drug target for the
treatment of disease. This is mostly due to the large number of Hsp40 proteins,
many of which have not been fully characterised. Indeed, for some Hsp40 genes,
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Table 1 Type I Hsp40/DNAJ proteins in humans and links to some human diseases

Protein members

General function of Alternate Disease association/
Genes | Hsp40 class Name name/s function Reference
4 Canonical Hsp70 DNAJA1 | Hsj2/Dj-2/ | Viral replication, [36-39]
co-chaperones for cli- DJAL, tumour suppressor
ent protein binding HDJ1 function in pancreatic
and delivery to Hsp70 cancer, inhibits HIV
during de novo and production in vitro
stress-related protein | DNAJA2 | DNAJ/ Possible link to [40]
folding DNAIJ3 proarrhythmic cardiac

long QT syndrome
type 2 via trafficking

of hERG
DNAJA3 | hTid-1/ Tumour suppressor, [41-44]
TID1 low levels prognostic

for less favourable
outcome in breast
cancer; regulation of
p53 and Her2
DNAJA4 | Hsj4/DJ4 | Possible link to [40]
proarrhythmic cardiac
long QT syndrome
type 2 via trafficking
of hERG

The reader is also referred to the review article by Kampinga and Craig for more information on
domain structure and subcellular localisations [1]
hERG the human ether-a-go-go-related gene potassium channel

the presence of a protein product remains to be conclusively demonstrated [1].
There are studies that link many Hsp40 isoforms to human diseases, some of which
are summarised in Tables 1, 2 and 3. However, for many of these proteins, we lack
the mechanistic insight to determine whether Hsp40s are the causative agents in
these disorders or are merely correlated with the disease. Despite this knowledge
gap, some Hsp40s have been well described. Those Hsp40s, whose specific func-
tion is understood, have demonstrated the potential to be considered drug targets in
human diseases, including cancer and neurodegenerative diseases where protein
misfolding is a hallmark. In addition, Hsp40s are also involved in a number of
infectious diseases, including viral [123] and parasitic diseases [124, 125]. Indeed,
many of the Hsp40 proteins of malaria are better characterised than their
human counterparts and are considered possible drug targets due to their unique
features.
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Table 2 Type II Hsp40/DNAJ proteins in humans and their links to some human diseases
Protein members Disease
General function of Alternate association/
Genes | Hsp40 class Name name/s function Reference
13 Specialised DNAJB1 Hdj-1/ Required for HIV [38]
co-chaperone, cli- Hsp40 replication, inhibits
ent protein binding virus production
and delivery to and interacts with
Hsp70 during de Nef, Tat and capsid
novo and stress- proteins; promotes
related protein cancer cell prolifer-
folding, aggrega- ation through
tion suppression MDM?2 and p53
DNAJB2* | Hsjl Huntington’s dis- [45-48]
ease, neuronal dis-
orders, mutations
lead to heredity
neuropathies
DNAIJB3 Hsj3/ - -
Ms;jl/
HCG3
DNAJB4 Hlj1/ Tumour suppressor | [49-51]
Hsc40 in lung and colon
cancer
DNAIJBS Hsc40/ - -
HSP40-3
DNAJB6? MRIJ/ Tumour suppressor | [13, 27, 38,
HSJ2/ and oncoprotein 52-63]
MSJ1 functions, muta-
tions cause heredi-
tary muscular
dystrophies,
Huntington’s dis-
ease, suppresses
aggregation of
polyglutamine-
expanded proteins,
expression inhibits
HIV production
in vitro
DNAIJB7 mDj5/Dj- |- -
5/HSC3
DNAJBS mDj6 Aggregation pre- [57, 64, 65]
vention of
polyglutamine-
expanded proteins;
tumour initiation in
renal cancer stem
cells; immunother-
apy target
DNAIJB9 ERdj-4/ Inhibits production | [66]
Mdgl of beta-amyloid

(continued)
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Table 2 (continued)

Protein members Disease
General function of Alternate association/
Genes | Hsp40 class Name namey/s function Reference

peptides in Grp78-
dependent manner
DNAJBI11 |ERdj-3/ Involved in degra- [67-70]
HEDJ dation of glucocer-
ebrosidase variants
linked to Gaucher’s
disease; chaperone
for KSHV K1;
interacts with chol-
era toxin, salmo-

nella SIrP
DNAJB12* | mDj10/ Chaperone for [71,72]
DJ10 ER-mediated deg-

radation of CFTR
(cystic fibrosis)

DNAJBI13" | TSARG6/ |- -
RSPH16A
DNAJB14* |FLJ14281 — -

“These Hsp40s have multiple splice variants, although not all have been demonstrated
experimentally

" Although classified as a type II, the DNAJB13 isoform in humans lacks the HPD motif rendering
the J domain non-functional. The reader is also referred to the review article by Kampinga and
Craig for more information on domain structure and subcellular localisation [1]

CFTR cystic fibrosis transmembrane conductance regulator, KSHV Kaposi’s sarcoma herpes
virsus

3.1 Hsp40s as Drug Targets in Cancer
and Neurodegenerative Diseases

There is a growing body of evidence to demonstrate a role for certain Hsp40s in
cancer and neurodegenerative diseases in particular (Tables 1, 2 and 3). Hsp40 is
interesting in that proteins appear to have both pro- and anticancer activities
(reviewed in [2]). For example, DNAJA1, DNAJB4 and DNAJC15 have been
shown to have anticancer effects, whereby overexpression of these Hsp40s led to
a loss in malignant characteristics or conversely silencing increased malignant
characteristics (Tables 1, 2 and 3). In contrast, DNAJC6, DNAJC12 and DNAJC9
are cancer promoting, and overexpression leads to an increase in metastasis and
drug resistance [2].

In some instances, different splice variants of the same Hsp40 have been shown
to have opposing (i.e. pro- and anticancer) activities. This phenomenon is best
described for DNAJB6 (MRJ). DNAJB6 is expressed as two splice variants,
DNAJB6a (DNAJB6L) and DNAJB6b (DNAJB6S). The two isoforms are
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Table 3 Type III Hsp40/DNAIJ proteins in humans and links to human disease
Protein members
General function Alternate Disease association/
Genes | of Hsp40 class Name name/s function Reference
30 Recruitment of DNAJC1 ERdjl, Mtjl | In close proximity to [73, 74]
Hsp70 for spe- SNPs for breast and
cific client pro- ovarian cancer risk;
teins and susceptibility loci for
specialised breast and ovarian
functions cancer
DNAJC2 MPP11, Overexpressed tran- [75, 76]
zuotin scriptional regulator in
leukaemia (AML),
overexpressed in head
and neck squamous
cell cancer
DNAJC3 PPKRI, Loss of protein leads to | [77]
P58IPK diabetes mellitus and
multisystemic
neurodegeneration;
viral infections; breast
cancer
DNAJC4* | HSPF2, ND -
MCG18
DNAJCS CSP Mutations cause neu- [38, 78—
ronal ceroid 82]
lipofuscinoses (family
of neurodegenerative
diseases); interaction
with, degradation and
maturation of CFTR;
expression inhibits
HIV production
in vitro
DNAIJC6 Auxilin Hepatocellular carci- [83-86]
noma; mutants lead to
juvenile parkinsonism,
deletions associated
with obesity, mental
retardation and
epilepsy
DNAJC7* | TTC2, ND -
TPR2,
mDJ11
DNAIJCS SPF31 - -
DNAJC9 JDDI, Putative candidate [87-89]
HDJC9 gene for schizophrenia,

mRNA upregulated in
cervical cancer

(continued)
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Table 3 (continued)
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Genes

General function
of Hsp40 class

Protein members

Name

Alternate
name/s

Disease association/
function

Reference

DNAJC10*

ERdj-5, ID1

Expression sensitised

neuroblastoma to apo-
ptosis; knockdown of
ERdj5 increased the
apoptotic response to
fenretinide in
neuroectodermal
tumour cells; translo-
cation of cholera toxin
from ER to cytosol

[90-92]

DNAICI11

FLJ10737

Mutants associated
with motor neuron
pathology; candidate
tumour suppressor for
neuroblastoma

[93, 94]

DNAJCI12?

JPD1

Overexpression associ-
ated with expression of
ER in breast cancer

[95, 96]

DNAIC13

RME-8,
KIAA0678

SNP mutations associ-
ated with Parkinson’s
disease; SNP associ-
ated with chronic tic
disorder

[97, 98]

DNAIC14

HDJ3,
DRIP78,
LIP6

Overexpression modu-
lates flavivirus

(e.g. yellow fever
virus) infection;
overexpression or
depletion inhibits fla-
vivirus replication
complex formation

[99, 100]

DNAIC15

DNAICIS,
MCJ

Hypermethylation
leads to silencing
which is associated
with malignant paedi-
atric brain tumours and
drug resistance in
ovarian cancer

[101-
103]

DNAJC16*

KIAA0962

ND

DNAIJC17

FLJ10634

ND

DNAJC18

MGC29463

ND

DNAJC19*

TIMM14,
Tim14

Mutations associated
with early-onset
dilated cardiomyopa-
thy syndrome (DCMA)

[104-
106]

(continued)
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Protein members

General function Alternate Disease association/
Genes | of Hsp40 class Name name/s function Reference
DNAJC20 | HSCB, Putative candidate [107]
Hsc20 gene for ataxia
susceptibility
DNAJC21* | DNAJAS, - -
JII
DNAJC22 | FLJ13236, - -
wus
DNAJC23 | Sec63L, Mutations cause poly- | [108—
ERdj2 cystic liver disease 112]
DNAJC24 | DPH4, J1J3 Silencing by [113]
hypermethylation is
associated with
immunotoxin
resistance
DNAJC25 |bAl6L21.2.1 |ND -
DNAJC26* | GAK SNPs associated with [114—
increased risk of 118]
Parkinson’s disease;
required for osteosar-
coma proliferation and
survival
DNAJC27* |RBJ, RabJS |- -
DNAJC28 | Orf28, - -
C2lorf55
DNAIJC29 | ARSACS, Processing of ataxia- [119-
sacsin linked proteins, muta- 121]
tions lead to autosomal
recessive spastic ataxia
of Charlevoix-
Saguenay (ARSACS)
(neurodegenerative
disorder)
DNAJC30 | WBSCRI18 Haploinsufficiency [122]

associated with
Williams—Beuren syn-
drome (developmental
disorder)

“These Hsp40s have multiple splice variants, although not all have been demonstrated experimen-
tally. The reader is also referred to the review article by Kampinga and Craig for more information
on domains structure and subcellular localisations [1]
AML acute myeloid leukaemia, ER oestrogen receptor, SNP single nucleotide polymorphism

identical, except that the longer isoform, DNAJB6a, contains a unique C-terminal
extension that contains a functional nuclear localisation sequence (NLS) [15, 27].
Therefore, DNAJB6a is constitutively expressed in the nucleus. DNAJB6b is
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expressed predominantly in the cytoplasm but has also been identified in the
nucleus under conditions of stress, although the mechanism by which DNAJB6b
is transported to the nucleus remains unclear [27, 126]. DNAJB6 appears
to regulate cell cycle progression and cytoskeletal dynamics in cancer cells
[127, 128]. Whereas DNAJB6b was widely expressed, overexpression of DNAJB6a
in breast cancer led to a reduction in malignant characteristics [27]. This role for
DNAJB6a as a tumour suppressor was determined to be via the upregulation of the
Wnt signalling intermediate DKK1 (Dickkopf WNT signalling pathway inhibitor
1), which led to a reduction in the levels of B-catenin and reversion of epithelial to
mesenchymal transition associated with cancer metastasis [52, 129]. This function
was dependent on a functional J domain and required an interaction between
DNAJB6, HSPA8 and GSK3f (glycogen synthase kinase 3 beta) [53].

Interestingly DNAJB6 is also highly expressed in the nervous system and is
required for the maintenance of neural stem cells [130, 131]. Mutations in DNAJB6
have been linked to such diseases as autosomal dominant limb-girdle muscular
dystrophy (LGMD), a rare condition characterised by muscle atrophy. In these
cases, a novel mutation was identified in the G/F region of DNAJB6, not the J
domain [54, 55, 132]. DNAJB6 was also detected in other neurodegenerative
conditions, including Huntington’s disease models as well as Lewy bodies and
Parkinson’s astrocytes [56, 130]. DNAJB6 was subsequently shown to be able to
prevent the aggregation of polyglutamine-containing proteins, suggesting a protec-
tive effect [13]. The aggregation suppression activities of the different isoforms
appear substrate specific, with DNAJB6a able to suppress aggregation of proteins in
the nucleus but not cytoplasm. In contrast, DNAJB6b could suppress the aggrega-
tion of cytosolic polyglutamine-containing proteins [13].

The ability to suppress protein aggregation is also a feature of DNAJBS, another
type II Hsp40, which has a very similar domain structure to DNAJB6 [57]. Both
DNAJB6 and DNAIJBS8 can suppress the intracellular aggregation of poly-
glutamine-containing proteins. The formation of proteasome-resistant intracellular
aggregates is the first stage of numerous neurodegenerative diseases, suggesting
that activation of DNAJB8 and DNAJB6 may be one approach to prevention or
treatment of these types of disorders [12]. DNAJB6 was also able to suppress the
aggregation of amyloid in vitro, a protein involved in Alzheimer’s disease, in a
mechanism that was independent of Hsp70 and could not be recapitulated by
expression of another type II Hsp40, DNAJB1, demonstrating that this activity is
not a general feature of all Hsp40s, but rather was specific to DNAJB6 [57]. This
suggests that DNAJB6 and DNAJBS8 may directly capture aggregation-prone pro-
teins and have therapeutic benefits in preventing neurodegeneration.

DNAIJBS has also been linked to the maintenance of renal cancer stem cells
(CSCs) [64]. CSCs are a small subpopulation of cancer cells that possess character-
istics of stem cells. The CSC subpopulation is required for the initiation and
maintenance of the tumour and has been linked with chemoresistance and meta-
stasis [133]. Using the Hoechst side population assay, overexpression of DNAJBS
led to an increase in the proportion of putative CSCs of between 6 and 9%
depending on the cell line. Knockdown of DNAJBS had the opposite effect and
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reduced the CSC population to 0%. The serine-rich region of DNAJBS, previously
shown to be involved in histone deacetylase (HDAC) binding, was involved in CSC
maintenance. The authors subsequently tested the potential of DNAJBS8 as an
antigen for immunisation, comparing the response to the well-characterised tumour
antigen, survivin. Mice were injected with RenCa tumour cells after immunisation
with either DNAJBS or survivin and tumour formation and survival time compared
to control mice immunised with PBS or the empty vector backbone. While immuni-
sation with both DNAJBS8 and survivin showed a significant reduction in tumour
formation compared to the control mice, DNAJB8 produced greater statistically
significant antitumour effects compared to survivin [64].

Taken together, these data demonstrate that different Hsp40s and splice variants
may have distinct roles in different disorders and provide a proof of concept for
Hsp40s as drug targets in a range of conditions. These findings also demonstrate
that properties may be shared between Hsp40s that share functional similarities,
such as DNAJB6 and DNAJBS. Another Hsp40, DNAJB7, is similar to DNAJB6
and DNAJBS in that it too contains an HDAC-binding domain in the C-terminus
[1]. It is tempting to speculate that DNAJB7 may therefore fulfil similar functions to
the structurally related DNAJB6 and DNAJBS.

3.2 Current Approaches and Challenges for Targeting Hsp40
in Humans

The field of Hsp40 inhibitors is in its infancy. There are currently no inhibitors for
human Hsp40 in the clinic or in clinical trials and no lead compounds in clinical
development. In addition, published reports on specific direct inhibition of Hsp40
are limited. The large number and diversity of Hsp40s mean that it is likely to be
difficult to identify a single molecular scaffold that is capable of selectively
inhibiting Hsp40s or families. One of the major challenges associated with targeting
Hsp40s is the lack of fundamental knowledge on the mechanistic role of these
proteins in human diseases. Hsp40s fulfil their function by interacting with other
proteins, be it substrate proteins or the Hsp70 chaperone. Therefore, the most likely
mechanism of inhibiting Hsp40 is to block the protein-protein interactions of this
co-chaperone. The most obvious point of inhibition would be the interaction
between the J domain of Hsp40 and the NBD of Hsp70.

3.2.1 Dihydropyrimidines

A study to recognise novel Hsp70 inhibitors identified three compounds containing
the dihydropyrimidine scaffold that were able to block the Hsp40-stimulated
ATPase activity of Hsp70 but not the basal Hsp70 ATPase activity (Fig. 4) [134].
Two of the dihydropyrimidine molecules, MAL3-39 and MAL3-101, were able to
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Fig. 4 Structures of selected dihydropyrimidines that inhibit Hsp70-Hsp40 interactions

reduce J domain-dependent activation of yeast Hsp70 and subsequent folding and
secretion of a model protein substrate by 60% and 40%, respectively, relative to the
uninhibited control [134]. A following study identified a dihydropyrimidine,
115-7c, that is bound to a region on the Hsp70 NBD adjacent to the region
recognised by the J domain of Hsp40. This compound was able to either activate
or inhibit the Hsp70 chaperone activity via an allosteric mechanism, depending on
the nature of specific chemical modifications. The unmodified compound was
activating and synergised with Hsp40, while the addition of bulky substitutions
produced the compound 116-9e which acted as an inhibitor [135, 136].

3.2.2 Naturally Occurring Inhibitors

Some naturally derived flavonoids, including epicatechin-3-gallate, quercetin and
myricetin, have also been shown to disrupt the DnaJ-DnaK (Hsp40-Hsp70 of
E. coli) system by interfering with the interaction with the Hsp70 NBD (Fig. 5),
in addition to their numerous other functions in cells. However, these compounds
do not compete with Hsp40 or ATP for binding. Myricetin bound an allosteric site
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Fig. 5 Structures of some naturally occurring Hsp40 modulators

in the IB and IIB subdomains of Hsp70 (Fig. 1) leading to a change in the
conformation of the NBD that inhibited the ability of DnaJ to bind to Hsp70 and
to stimulate ATP hydrolysis [137]. Therefore, while these inhibitors do not bind
directly to Hsp40, they provide a proof of concept for the disruption of the Hsp70
chaperone through inhibition of Hsp40 binding.

The natural product andrographolide, isolated from a Chinese herb, is another
natural compound that influences the function of Hsp40 [138]. This compound was
identified in a screen of natural compounds with the ability to activate the promoter
of the Hsp40 protein DNAJB4. Andrographolide does not interact with the DNAJB4,
but rather increases the transcription of DNAJB4 via AP-1-dependent sites (specif-
ically JunB) in the DNAJB4 promoter. Andrographolide also showed anticancer
activity by suppressing the proliferation and invasion of non-small cell lung cancer
(NSCLC). DNAJB4 is well characterised as a tumour suppressor [49-51, 139], and
therefore the anticancer effects of andrographolide are at least in part due to the
increased levels of DNAJB4, as supported by the fact that the anticancer effects of
andrographolide were partially reversed by siRNA-mediated silencing of
DNAIJB4 [138].

Interestingly, andrographolide is not the only compound to activate the DNAJB4
promoter. Curcumin, a component of the spice turmeric, also induces the expres-
sion of DNAJB4 by activating the promoter also in an AP-1-dependent manner
(through the JNK/JunD pathway) [140]. Curcumin too has anticancer effects,
inhibiting lung cancer migration and invasion, which, similar to andrographolide,
could be partially reversed upon depletion of DNAJB4 by RNA interference. These
two natural compounds are interesting as they demonstrate that stimulation of
expression of specific Hsp40 proteins is possible and can be used as an approach
to induce anticancer effects. However, it must be remembered that none of these
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Fig. 6 Structure of p-peptide inhibitors of DnaK-Dnal interactions [141]

natural compounds are specific for Hsp40 and will have numerous other functions
within the cell that may contribute to their overall activity.

3.2.3 D-peptides

In addition to the direct interaction with Hsp70 through its J domain, Hsp40 also
interacts with Hsp70 and substrate proteins via its C-terminal region. A previous
study has shown proof of concept for the inhibition of Hsp40-Hsp70 interactions via
blocking the substrate-binding site of Hsp40 with peptide analogues [141] (Fig. 6).
Peptides composed of D-amino acids (R11-17, sequence EALWKSTSV-
LARYLVQHYV and R11-10, sequence VLARYLVQHYV) were shown to compete
with natural substrate peptides for binding to Dnal but not to DnaK. D-peptides
bound to DnaJ at low micromolar affinity (R11-17, Kd 1.4 pM and R11-10, Kd
0.8 uM) and inhibited DnaK-mediated chaperone activity. These compounds have
been proved useful in delineating the stages of the Hsp70 chaperone cycle but also
provide a possible approach for inhibition of Hsp40. The findings demonstrate that
it is possible to inhibit chaperone activity by blocking the substrate-binding site of
Hsp40 [141]. Therefore, it should be theoretically possible to manipulate Hsp70-
mediated folding pathway by controlling the interaction of Hsp40 with substrate
peptides [142]. Given that Hsp40 may discriminate between substrates, this could
be a mechanism for more selective inhibition of Hsp40 co-chaperone activity.
However, this would rely on a detailed understanding of the interaction between
the Hsp40 and the specific substrate. In the case of the type I and some type II
Hsp40s, it may be relatively easy to inhibit interactions between these
co-chaperones and the client protein, given the conserved nature of the
C-terminus and substrate-binding motifs [1]. However, in the case of the type III
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Hsp40, the nature of the substrate interaction may be more complex. It may involve
more than one domain or motif or may occur via a motif that is also found in other
non-Hsp40 proteins.

3.2.4 Phenoxy-N-arylacetamides

A class of molecules known as the phenoxy-N-arylacetamides is the first and only
group of compounds shown to bind directly to Hsp40 [143]. This class of com-
pounds was identified in a screen of drug-like compounds to identify novel Hsp90
inhibitors. Using luciferase-refolding assays in rabbit reticulocyte lysate (RRL), the
authors identified phenoxy-N-arylacetamides as being capable of inhibiting luci-
ferase refolding (not by inhibiting luciferase activity). However, these compounds
did not induce Hsp70 upregulation in treated cells. As the induction of the heat
shock response is characteristic of N-terminal-binding Hsp90 inhibitors, the authors
concluded that Hsp90 was not the target of this compound. As Hsp70-Hsp40 are
essential for luciferase refolding in RRL, the effect of the compounds on Hsp70-
Hsp40 was tested. They determined that the phenoxy-N-arylacetamides inhibited
Hsp70-mediated folding of denatured luciferase by binding to Hsp40, not Hsp70.
The authors did not identify the binding site of these compounds to Hsp40, although
they suggest that the binding is likely to be to an allosteric site on the molecule. The
most potent compound was butyl 3-[2-(2,4-dichlorophenoxy)acetamido]benzoate
that inhibited Hsp70 refolding of luciferase with an ICs, value of 0.13 pM (Fig. 7)
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[143]. The compounds did not affect the basal ATPase activity of Hsp70 but did
have a moderate effect on the Hsp40-stimulated ATPase activity of Hsp70. The
discovery of these molecules holds the potential to identify novel Hsp40 therapeutic
inhibitors, although more importantly they are likely to teach us much about the
function of Hsp40 itself.

The ICsq values indicate the inhibition of refolding of luciferase by Hsp70/Dnal
in the presence of the different compounds [143].

4 Hsp40s as Drug Targets in Malaria

4.1 Structure and Function of Hsp40 in Malaria (F eatures
with Respect to Human Host)

The protozoan parasite Plasmodium falciparum, the major cause of human malaria
in Africa, is responsible for the most serious form of the disease. Worldwide,
malaria infected an estimated 198 million people in 2013 with an approximate
death toll of 600,000 individuals [144]. The lack of licensed vaccines and the
emergence of parasites resistant to current antimalarial compounds impel us to
search for novel antimalarial drugs. Part of the life cycle of P. falciparum occurs in
humans with the erythrocytic stages being central to its pathology. To thrive within
such cell, the parasite has to modify the red blood cell and to succeed it exports a
large number of proteins (exportome) into the infected erythrocyte cytosol. Several
members of the P. falciparum Hsp40 (PfHsp40) family are exported into the host
cell cytosol or are predicted to be part of the exportome; they are thought to play a
key role in the development and survival of the parasite inside the erythrocyte by
facilitating the correct folding, trafficking and assembly of the proteins of the
exportome as well as by interacting with human proteins (e.g. cytoskeleton).

The Hsp40 complement of P. falciparum is fairly numerous, including at least
49 members [125]. Over the last few years, several reviews have analysed
PfHsp40s, and here we will highlight the major features of those PfHsp40 proteins
that may represent attractive targets for inhibitor/activator development [124, 125,
145-148]. Besides the canonical type I-III Hsp40s, P. falciparum possesses an
additional type named type IV [145]. Type IV Hsp40s bear a J domain in which the
HPD motif is not conserved (Fig. 3), and hence it is unclear whether they are able to
interact with the Hsp70 ATPase domain in a functional manner and therefore act as
co-chaperones of Hsp70s. In addition, a number of PfHsp40s exhibit a G/F/S-rich
(glycine/phenylalanine/serine-rich) region rather than the common G/F-rich region
found in Hsp40s of other organisms [145]. Several PfHsp40s (19) contain a signal
sequence at the N-terminus named PEXEL/VTS (Plasmodium EXport ELement/
Vacuolar Transport Signal), which targets proteins to the infected erythrocyte
cytosol [149-151]. As mentioned earlier, in falciparum malaria, the export of
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proteins into the infected host cell is a crucial event, and the development and
survival of the parasite within the erythrocyte depend on it. As many as ~400
proteins are predicted to constitute the exportome [152], and it is, thus, not
surprising that a high number of molecular chaperones are also exported to ensure
that the exportome members can reach their destination and fulfil their functions.
The likely critical roles of PfHsp40s, in particular of those exported, make the
PfHsp40 family an interesting target against which to develop new antimalarial
drugs.

Unlike humans and other eukaryotic organisms, P. falciparum has merely two
type I Hsp40s, PfHsp40/P14_0359/PF3D7_1437900 and Pfj1/PFD0462w/
PF3D7_0409400, with only PfHsp40 being cytosolic [153, 154]. Both proteins
have been shown to be upregulated by heat shock [154, 155], and accordingly
they may be important in the cytoprotection of the parasite during the febrile
episodes associated with malaria infection. The in vitro analysis of a possible
chaperone/co-chaperone interaction between PfHsp40 and the cytosolic PfHsp70-
1/PF08_0054/PF3D7_0818900 indicated that the two proteins could co-operate to
suppress protein aggregation and that PfHsp40 is able to stimulate the ATPase
activity of PfHsp70-1 [154]. Since both proteins are cytosolic and represent canon-
ical Hsp40 and Hsp70, it is likely that they form a functional partnership in vivo.
Similar to its yeast and human homologues Ydj1 and DnaJA1, PfHsp40 contains a
putative CAAX box at the C-terminus, which can be farnesylated [35]. In the case
of Ydj1, farnesylation is critical for its interaction with certain Hsp90 client proteins
[156], and therefore PfHsp40 may also be linked to the PfHsp90-substrate protein
network. The other type I Hsp40, Pfjl, contains a putative mitochondrial import
signal (RRKVCS) [155] and exhibits an extended C-terminal domain, which is rich
in lysine and proline residues. Localisation of Pfjl to the apicoplast (a plastid-like
organelle unique to apicomplexans) has been reported [153], but the data are not
conclusive. It was suggested that Pfjl may be involved in the replication of the
apicoplast genome to which Pfj1 would bind via the extended C-terminal region
and that it would have a lesser role in protein folding [153]. However, in vitro
analysis using model proteins showed that although Pfjl on its own did not restore
the enzymatic activities of denatured glucose-6-phosphate dehydrogenase and
a-glucosidase, it was able to stimulate the ability of PfHsp70-1 to do so
[157]. The J domain of Pfjl was also revealed to be functional in a heterologous
complementation assay using an E. coli dnaJ mutant strain [158]. These in vitro
findings should be taken cautiously, since PfHsp70-1 is absent from the apicoplast
and mitochondria and thus unlikely to be the in vivo Hsp70 partner of Pfjl.
However, the role of this Hsp40 in protein folding should not be dismissed.

The only type II Hsp40s that contain the PEXEL/VTS sequence are PFE0055¢/
PF3D7_0501100, PFA0660w/PF3D7_0113700 and PFB0090c/PF3D7_0201800.
PFE0055c and PFA0660w were both localised within the infected erythrocyte
cytosol in novel cholesterol-containing structures named J-dots whose function is
not yet understood [159]. PFB0090c was also detected in the infected host cell
cytosol in association with two components of the “knobs”, KAHRP (knob-
associated histidine-rich protein) and PfEMP3 (Plasmodium falciparum
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erythrocyte membrane protein 3) [160]. Knobs are parasite-induced modifications
of the erythrocyte plasma membrane. Through anchorage and display of PfEMP1
(Plasmodium falciparum erythrocyte membrane protein 1), knobs enhance the
adherence of infected red blood cells to each other and to endothelial cells
preventing their clearance by the spleen [161, 162]. PFB0090c has also been
reported to co-localise and immunoprecipitate with components of PTEX (Plas-
modium Translocon of EXported proteins; [163]) through which PEXEL-
containing proteins are trafficked into the infected erythrocyte [160, 164,
165]. The three type II Hsp40s appear therefore to be involved in the chaperoning
of exported P. falciparum proteins that are needed to remodel the host cell in order
to sustain the growth and life cycle of the parasite. Furthermore, viable PFA0660w
knockout parasite lines could not be obtained suggesting that PFAO660w may be
essential to parasite development and survival [166]. The precise role of these three
Hsp40s has not been elucidated yet. Nonetheless, the Hsp70 partner of PFE0055¢
and PFA0660w has been recently proposed to be PfHsp70-x/MAL7P1.228/
PF3D7_0831700, which is the only P. falciparum Hsp70 present in the infected
erythrocyte. PfHsp70-x was found to associate with the J-dots and PfEMP1, and
thus together with its putative co-chaperones, it may be playing a central role in
parasite virulence [167].

Nearly 40% of the PfHsp40s are presumed to be exported into the infected red
blood cell cytosol. Strikingly, half of the PfHsp40s that contain the PEXEL/VTS
sequence belongs to the type IV Hsp40s, which, as mentioned earlier, do not
contain the conserved HPD motif in their J domain (Fig. 3). The function, mecha-
nism of action and localisation of most of them are still unknown. However, data
available for a few members of this class indicate that they, like the other Hsp40
types, may be involved in trafficking and assembly of exported parasite proteins
and the general remodelling of the erythrocyte. The remodelling includes not only
the formation of knobs but also a change in the physical and biochemical properties
of the host cell. Maier and co-workers [166] reported that they were not able to
obtain viable parasites in which the genes encoding for the type IV Hsp40s
PF11_0034/PF3D7_1102200 or PF11_0509/PF3D7_1149200 were knocked out,
indicating that the two proteins may be essential for parasite growth in culture.
They also analysed the effect of the disruption of genes encoding for other exported
type IV Hsp40s, and they found that the absence of PF10_0381/PF3D7_1039100
caused lack of knobs, and the absence of the ring-infected erythrocyte surface
antigen RESA/PFAO110w/PF3D7_0102200 produced a change in the rigidity of
the infected erythrocytes [166]. RESA interacts with the erythrocyte cytoskeleton
via binding to spectrin assuring its stability during febrile episodes especially in the
early stages of parasite development. Changes in the erythrocyte physical proper-
ties can affect the cell deformability and the way it circulates in the body [168—
171]. Interestingly, RESA and six other exported PfHsp40s (three type III and three
type IV) contain a Plasmodium-specific PRESAN/PRESAC/PHIST domain (Plas-
modium RESA N-terminal/Plasmodium RESA C-terminal/Plasmodium Helical
Interspersed SubTelomeric) [125, 172] that may be important for protein-protein
interactions within the host cell cytosol, in particular with the components of the
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cytoskeleton [173, 174]. Another cytoskeleton-binding domain is the MEC (MESA
erythrocyte cytoskeleton-binding) domain, initially discovered in the type IV
PfHsp40 MESA/PfEMP2 (Mature parasite-infected Erythrocyte Surface Antigen;
PFE0040c/PF3D7_0500800; [175]). The MEC domain has subsequently been
found in a number of other exported PfHsp40s (PF10_0378/PF3D7_1038800;
PF10_0381; PF11_0034/PF3D7_1102200; PFA0675w/PF2D7_0114000;
PFB0925w/PF3D7_0220400; and PFL0O055¢/PF3D7_1201100). It must be kept in
mind that PfHsp40s are structurally quite diverse as they display an array of
additional domains (reviewed in [125]). The diversity of the P. falciparum chaper-
one complement can be exploited in the search of new drug targets. Those
PfHsp40s members that lack human homologues and possess unique functional
domains are particularly attractive candidates. In addition, as the ability of the
infected erythrocytes to adhere to the endothelial cells plays an important part in
malaria infection, investigating further the PfHsp40s which are known to contribute
to the modifications of the red blood cell physical and biochemical characteristics
would open new avenues for the development of new therapeutics.

4.2 Current Status on Targeting of Hsp40 as Antimalarial
Agents and Future Prospects for Hsp40 Inhibitors
as Antimalarials

As we have described in the previous section, the P. falciparum genome encodes for
a wide variety of Hsp40s. Many of them are unique to the parasite and appear to
fulfil crucial if not essential roles. For these reasons, targeting members of the
PfHsp40 family and the interaction between them and PfHsp70s seem applicable
[124]. However, while a few classes of compounds able to modulate PfHsp70-1 and
PfHsp70-x chaperone activities and affect parasite growth in vitro have been
identified [176-178], there are no known inhibitors of PfHsp40s. Nevertheless, in
a study in which two small molecule modulators of Hsp70s belonging to the
pyrimidinone class (MAL3-39 and DMT2264) (Fig. 4) [177] were investigated,
the authors found that they had a differential effect on specific Hsp70-Hsp40
partnerships. In particular, the compounds showed inhibitory effects on the
Hsjla-stimulated ATPase activity of a human Hsp70 under steady-state conditions,
while no effect was observed on the PfHsp40-stimulated ATPase activity of
PfHsp70-1. The latter was inhibited by DMT002264 only under single-turnover
conditions [154]. The mechanism of action of the two pyrimidinones on the Hsp40-
mediated ATPase activity of Hsp70s is still unclear, but these findings suggest that
it is possible to identify small molecule modulators specific to certain Hsp70-Hsp40
pairs and capable of disrupting their functional interaction [154].

One way to identify inhibitors of protein-protein interactions such as chaperone/
co-chaperone interfaces can be achieved via high-throughput screening. This is
made even easier if the physical interaction of the proteins can be monitored by an
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enzymatic reaction as is the case for the Hsp70-Hsp40 partnership measured via
ATP hydrolysis. In a recent study, Cesa and colleagues succeeded in screening a
library of approximately 3880 compounds for their inhibitory effects on the E. coli
DnaK-DnaJ and DnaK-GrpE systems by measuring changes in the ATPase activity
of DnaK in the presence of a co-chaperone [179]. They were able to isolate
molecules with different inhibitory effects on the chaperone/co-chaperone system
depending on the presence of DnaJ or GrpE and their stoichiometry with respect to
DnaK and therefore specific only to that particular partnership. This type of
approach could also be applied to the malaria system since the biochemical proper-
ties of certain P. falciparum Hsp70-Hsp40 pairs are distinct from the human equi-
valent making them potential malaria drug targets. The successful disruption of
PfHsp70-PfHsp40 interfaces can be hindered by the potential functional redun-
dancy due to the high number of PfHsp40s present in the parasite.

To the best of our knowledge and similar to the human system, there are no known
inhibitors of PfHsp40s which directly bind to Hsp40. The phenoxy-N-arylacetamide
compounds identified by Cassel and co-workers bind directly to DnaJ and may prove
useful inhibitors of PfHsp40 [143] (Fig. 7). The Hsp40 binding site has not been
identified yet, but it would be interesting to determine whether these molecules can
also bind to PfHsp40s. A possible strategy to aid the discovery or design of inhibitors
is to consider the P. falciparum unique domains mediating protein-protein inter-
action that in turn are central to the PfHsp40s functions. One promising example is
the PRESAN/PRESAC/PHIST domain mentioned in the previous section. Solving
the protein structure of such domain in solution may help the rational design of
ligands that could block the functionality of that protein region. Other approaches
that have been used to target protein-protein interactions include affinity-based
techniques like nuclear magnetic resonance-based screening (reviewed in [180]).
These approaches could also be utilised for high-throughput screening of compound
libraries; however, the difficulty to produce sufficient amount of purified and func-
tional PfHsp40s in vitro represents a considerable obstacle.

Type IV PfHsp40s may represent ideal targets for drug design especially in light
of their possible vital involvement in erythrocyte remodelling and because they are
not present in humans. Therefore it is a priority to identify the protein-protein
interaction network for the type IV PfHsp40s. Mechanistic and structural studies on
these proteins will be required to elucidate their mechanism of action and inter-
action with substrate or partner proteins. This will enable the identification of
protein-protein interaction interfaces for inhibitor design.

S Future Considerations for Inhibition of Hsp40

Many families of molecular chaperones are considered promising drug targets,
including Hsp90, Hsp70 and small Hsps. Targeting Hsp40 co-chaperones is a
relatively recent pursuit and one that has not yet yielded a substantial number of
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inhibitors. One challenging aspect of Hsp40 drug targeting is the fact that contrary
to Hsp70s, they do not possess an enzymatic activity which makes the identification
of small molecules able to bind them more difficult. The most significant advances
have been made in the inhibition of Hsp70-Hsp40 interactions, although a new class
of molecules that bind Hsp40, phenoxy-N-arylacetamides, have recently been
identified [143]. These compounds represent the starting point for the future
development of small molecule inhibitors of Hsp40. However, there are still
many questions. For example, what is the binding site on Hsp40 for these mole-
cules? Many of the current studies, including this one, have been conducted on
E. coli Dnal, which is a canonical type I Hsp40. Will these compounds also be
effective against Hsp40 from other species or equally against type II or III Hsp40?
What is the effect of different substrates on the inhibition by these compounds?
Many studies use an artificial model substrate, luciferase, which may affect the
inhibition of the Hsp40 by these compounds. What is the effect of these compounds
on cell viability and the stress response? It is therefore likely to be some time before
the phenoxy-N-arylacetamide-based compounds or other putative Hsp40 inhibitors
reach the clinic. Indeed, they are more likely to have most benefit in the short term
as tool compounds to understand Hsp40 function and to act as scaffolds to guide
development of future small molecule inhibitors.

An alternative approach to the development of inhibitors of Hsp40 may be to
control the expression of the proteins themselves [2]. From the published studies, it
is clear that human Hsp40 may act either as tumour suppressors or as oncoproteins
[3]. Some Hsp40s also function as suppressors of protein aggregation [57]. There-
fore, by regulating the expression of well-characterised Hsp40s, it may be possible
to treat the disease using a gene therapy or biological approach. Knockdown of
selected proteins or even isoforms using allele- or isoform-specific RNA inter-
ference may also be a feasible approach. However, this will require a detailed
understanding of the functions, interactions and expression patterns of the indi-
vidual isoforms. While some Hsp40s are poorly described at best, there are many
human Hsp40s for which we do not have a function. Therefore, there needs to be a
concerted effort to investigate the fundamental roles of these Hsp40 co-chaperones
to complement the growing efforts to identify novel inhibitors.
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HSP47: The New Heat Shock Protein
Therapeutic Target

George Sharbeen, Shelli McAlpine, and Phoebe Phillips

Abstract Heat shock proteins (HSPs) are part of a highly conserved genetic
survival system originally discovered by Ferruccio Ritossa in 1962 (Ritossa, Riv
Ist Sieroter Ital 37:79—-108, 1962). Members of this family function as molecular
chaperones that stabilize protein folding (De Maio, Shock 11:1-12, 1999). HSP47
is a molecular chaperone that is essential for collagen biosynthesis (Ishida et al.,
Mol Biol Cell 17:2346-2355, 2006; Matsuoka et al., Mol Biol Cell 15:4467-4475,
2004; Nagai et al., J Cell Biol 150:1499-1506, 2000). This chaperone is a potential
therapeutic target, as it has been observed to be upregulated in collagen-producing
cells in several fibrotic conditions (Taguchi et al., Acta Histochem Cytochem
44:35-41, 2011). The recent resolution of a HSP47 crystal structure has provided
new insights into the chaperone’s mechanism of action (Widmer et al., Proc Natl
Acad Sci U S A 109:13243-13247, 2012) with implications for future drug design.
This review will summarize our current understanding of the biochemistry of
HSP47-collagen interactions and the potential of HSP47 as a therapeutic target in
fibrotic conditions. It will also discuss the current pharmacological inhibitors and
the identification of new HSP47 small-molecule inhibitors.
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1 Introduction

1.1 Heat Shock Proteins as Chaperones

All prokaryotic and eukaryotic cells are intrinsically driven to survive and have
evolved mechanisms to serve this basic need. The cellular response to heat,
originally observed by Ferruccio Ritossa as chromosome “puffing” in Drosophila
[1], is the most highly conserved survival mechanism, involving expression of a
series of proteins called heat shock proteins (HSPs). Since the initial discovery of
stress-induced protein expression in Drosophila [2], the HSP family of proteins has
continued to grow, encompassing a variety of members with different subcellular
localizations, expression patterns, and functions [3]. The nomenclature for proteins
in this family follows their size, for example, HSP47 is ~47 kDa, HSP70 is ~70 kDa,
and HSP90 is ~90 kDa. HSPs primarily function as molecular chaperones that
stabilize protein folding either constitutively or during cellular stress [3]. Stabiliza-
tion is achieved (1) by binding and holding unfolded/unstable polypeptide
sequences [4—6] and (2) by forming large protein complexes that facilitate
ATP-dependent protein folding [7-9]. HSPs have also been identified as attractive
therapeutic targets as they are differentially upregulated in several human diseases
including cardiovascular disease, neurodegenerative disease, and cancer [10—15].

1.2 HSP47: A Collagen-Specific Chaperone

HSP47 (also known as colligin, SERPINHI1, gp46, and J6 protein) was originally
identified as collagen-binding protein in mouse embryo parietal endoderm cells
[16], mouse teratocarcinoma stem cells [17], rat skeletal myoblasts [18, 19], and
chick embryo fibroblasts [20, 21]. This protein also belongs to the serine protease
inhibitor (serpin) family despite a lack of serine protease inhibitory activity
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Fig. 1 Collagen biosynthesis. (a) Collagen genes are first transcribed in the nucleus then (b)
translated into monomeric peptide chains (protocollagen) in the endoplasmic reticulum. (c—d)
Collagen peptide chains are assembled into triple-helical trimers (procollagen) by P4H, P3H, lysyl
hydroxylase, and protein disulfide isomerase. (¢) HSP47 binds and stabilizes procollagen under the
neutral pH in the endoplasmic reticulum. ( f') The procollagen is delivered to the cis-Golgi, where
the slightly acidic pH of the organelle causes release of HSP47. (g) The procollagen is delivered
out of the cell where propeptides are cleaved to produce collagen

[22]. Unlike other serpin family members, HSP47 localizes to the endoplasmic
reticulum [21, 23] and has only one known client protein, collagen [24]. However,
it should be noted that recent work by Bianchi et al. [25] has implicated HSP47 as a
binding partner of amyloid precursor protein. While this interaction was not
specifically shown to be a chaperone function of HSP47, it suggests HSP47 may
have undiscovered client proteins and supplemental roles.

HSP47 plays a critical role in collagen biosynthesis by aiding in the assembly of
triple helices in procollagen (Fig. 1). Nagai et al. [26] showed the reliance of
collagen production on HSP47 in a mouse model. The team observed embryonic
lethality in sp47 '~ mice that was associated with a loss of correctly folded triple-
helical type I collagen [26]. Two subsequent studies confirmed this observation.
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Matsuoka and colleagues [27] observed a significant drop in type IV collagen
secretion in isp47 '/~ mouse embryonic stem cells. The type IV collagen that was
secreted was more sensitive to protease digestion, suggesting incorrect triple-helix
formation [27]. Ishida and colleagues showed that sp47 '~ embryonic mouse cells
developed insoluble intracellular aggregates of type I collagen due to slower
secretion [28]. The type I collagen that was secreted was thin and abnormally
branched and contained an unprocessed N-terminal pro-peptide [28].

Dafforn et al. [29] were the first to show HSP47’s molecular chaperone function.
They demonstrated the ability of HSP47 to bind and fold a peptide that mimics the
structure of partially folded procollagen. This action resulted in higher-order
assemblies of the folded monomeric peptide into collagen-like polypeptide chains.
Ono et al. [30] have since provided direct in vitro and in vivo evidence for the
interaction between HSP47 and procollagen triple helices. Collagen is a major
component of the extracellular matrix [31]. Fibrosis can arise when collagen-
secreting cells are phenotypically altered to overproduce collagen and other extra-
cellular matrix proteins [32, 33]. HSP47 upregulation has been observed in several
fibrotic conditions making it a potential therapeutic target [34].

1.3 Structure of HSP47

Serpins have a highly conserved structural fold that consists of a core of three
B-sheets surrounded by nine a-helices [35] (Fig. 2). Serpin conformational changes
are controlled by four conserved structural regions: hinge, breach, gate, and shutter
domains [36] (Fig. 2).

Collagens similarly share highly conserved structures, consisting of three poly-
proline a-chains that consist of characteristic Gly-X-Y repeats (where X and Y are
any amino acids; X is often proline and Y is often hydroxyproline) and trimerize
into a right-handed supercoil [37] (Fig. 3). Synthetic collagen peptides used to
probe the function of HSP47 mimic this sequence and fold.

Until recently, the lack of a crystal structure has limited the design of small-
molecule inhibitors that can functionally target HSP47. In 2012, Widmer et al. [38]
obtained crystal structures of canine HSP47 in both its free form and bound to a
synthetic trimeric collagen peptide containing Gly-X-Arg repeats. While the struc-
ture was of canine HSP47, it shares 97% homology with the human HSP47 amino
acid sequence [39] (Fig. 4), making it a trans-species representative of HSP47.

The overall structure of HSP47 was consistent with the serpin structural fold of
three p-sheets and nine a-helices and was not found to undergo significant confor-
mational change upon binding to collagen (Fig. 5). One to two HSP47 proteins
engaged each binding site on the collagen triple helix. In situations where HSP47
bound either the leading or lagging a-helix or both, binding to the middle a-helix
was sterically hindered [38]. While contacts were primarily made between a HSP47
monomer and its target collagen strand, additional contacts were also observed
between the same HSP47 monomer and the other two strands of the trimeric
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form. a-Helices are colored in red and f-strands are colored blue. The three highly conserved
B-sheets (B-sheet A—C) are labeled. Regions critical for conformational changes (breach, shutter,
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Fig. 3 The structure of collagen. (a) The crystal structure of a triple-helical collagen-mimetic
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form or in ball-and-stick form. The repeating Gly-Pro—Pro unit is highlighted and labeled on the
ball-and-stick chain. (b) Schematic diagram showing the staggered alignment of the three collagen
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and PDB file 1CAG [104]
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Fig. 4 Protein sequence alignment of human, canine, mouse and chicken HSP47. Sequences from
the following accessions were aligned in CLUSTAL Omega: NP_001226 (human), XP_542305
(canine), NP_990622 (chicken), and NP_033955 (mouse). Key residues identified in canine
HSP47 are colored red [38], and those identified in chicken HSP47 are highlighted in yellow
[40]. Asterisks indicate fully conserved residues. A colon indicates conservation between residues
of strongly similar properties. Periods indicate conservation between residues of weakly similar
properties

collagen peptide [38]. The chaperone docked to the Gly-X-Arg sequence on its
target strand via a salt bridge between Arg8 of the collagen sequence and Asp385 of
HSP47 (Fig. 6). In addition, the authors detected hydrogen bonding between
Arg222 of HSP47 and Pro5/Gly6 of the collagen peptide (Fig. 6). In nature,
threonine is favored over proline in the Pro5 position [41]. The structure explained
this preference, as HSP47 Ser305 and Ala303 are better able to form contacts with a
threonine at this position (Fig. 6). Hydrophobic interactions were also detected,
particularly involving Leu381 and Tyr383 of the chaperone (Fig. 6). Mutagenesis of
Asp385, Leu381, and Tyr383 dramatically reduced HSP47 affinity for collagen,
confirming the structural predictions [38].

In the same year, Yagi-Utsumi et al. [40] published their work on characterizing
the active site of chicken HSP47 in solution. Their initial multidimensional nuclear
magnetic resonance (NMR) approach failed due to HSP47’s large size and its
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tendency to aggregate. The authors instead opted for an amino acid selective-
labeling approach combined with site-directed mutagenesis and NMR. In this
approach, the peaks of highly conserved histidine and tryptophan residues were
used as NMR spectroscopic references or probes to test the effect of site-directed
mutations on HSP47 collagen binding. Residues that were flagged as important
were functionally tested with a collagen-binding assay. The authors determined that
HSP47 binds collagen using its B/C p-barrel domain and a nearby loop and involves
the residues Met223, Tyr230, Trp280, and Met363. These do not match the key
residues identified in the canine HSP47 structure, and most are not at the collagen-
binding interface of HSP47 when mapped to canine HSP47. While there is some
difference between chicken and canine HSP47 sequences (79% homology, Fig. 4),
all the key residues and surrounding sequences identified in the canine HSP47 are
present in the chicken sequence. The residues identified in the chicken sequence do
appear to sit around the edges of p-sheet C (which contains the collagen-binding
interface) in canine HSP47, so it is possible that mutation of these residues may
have interfered with the flexibility or structural integrity of the region. Ultimately,
in the absence of a 3D structure of chicken HSP47, we can only speculate as to the
cause of this difference. What is important to note is that canine HSP47 shares



204 G. Sharbeen et al.

Collagen

Fig. 6 Key residues involved in HSP47/collagen interactions. The side chains of key residues are
shown in stick form and colored according to predicted interactions (red=salt bridge,
blue =hydrogen bonding/water-based interactions, orange =hydrophobic interactions). The
name and position of key residues are also shown. Labels for residues in the collagen chain are
italicized. The middle collagen strand and residues 376380 off the HSP47 structure have been
hidden for clarity. The structure was constructed using the UCSF Chimera package and PDB file
4AU2 [38]

much higher homology with human HSP47 (97% homology, Fig. 4), making it
highly relevant to the study of human HSP47.

The identification of key binding-site residues in p-sheet C of HSP47 (Figs. 2
and 5) represents a significant advance for therapeutic development by facilitating
structure-based drug design. Based on the high degree of homology between canine
and human HSP47 (Fig. 4), competitive HSP47 inhibitors would aim to target the
human equivalents of residues Arg222, Ala303, Ser305, Leu381, Tyr383, and
Asp385.
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2  Molecular Mechanisms That Govern HSP47 Binding
to Collagen

2.1 pH Sensitivity

HSP47 has been shown to dissociate from procollagen upon transport of the client
protein out of the ER and into the cis-Golgi [42]. The disengaged HSP47 is targeted
back to the ER via an RDEL ER-retention sequence [23]. Release of collagen from
HSP47 has been attributed to a change in pH between the neutral ER and the
slightly acidic cis-Golgi. The impact of acidic pH on HSP47’s affinity for collagen
has been demonstrated in vitro and correlated with trans-conformational changes in
the chaperone [43]. Recently, Abdul-Wahab and colleagues [44] characterized the
molecular switch that drives collagen release by mouse HSP47. The team investi-
gated the role of six evolutionarily conserved HSP47 histidine residues in binding
to collagen, using a combination of homology-based 3D modeling, site-directed
histidine to alanine mutations, and collagen-binding/stabilization assays. The six
HSP47 histidine residues were located in the “breach,” “gate,” and ‘“shutter”
domains of the protein. Only mutations of histidines in the breach cluster, specif-
ically His191, His197, and His198 (His208, 214, and 215 on the full mouse protein
sequence), were found to affect collagen binding and release. Collagen affinity
chromatography showed that the His191 HSP47 mutant released collagen at a
slightly higher pH than WT HSP47 and other HSP47 mutants, while His197/
8 mutants lost their ability to release their client protein in a pH-dependent manner.
Complementary to this work, the authors [44] mutated highly conserved HSP47
tryptophan residues and used circular dichroism spectroscopy to measure secondary
structure changes in response to a pH titration. Mutation of Trp192, which resides in
the breach region, markedly reduced the conformational change of HSP47 relative
to the WT protein, suggesting the breach region experiences a significant confor-
mational change as part of the pH switch. This work revealed that the molecular
mechanism for pH-mediated collagen release from HSP47 resides in the breach
region. Importantly, the study suggests that histidines in this domain might repre-
sent drug targets as interference in pH-dependent conformational changes of the
breach region could either impede initial collagen binding or prevent release of
collagen from HSP47, thereby preventing collagen secretion.

2.2 Collagen Primary Sequence: Gly-X-Arg

The primary collagen sequence is critical to HSP47 binding. The triple-helical
arrangement of collagen spatially restricts every third residue in the primary
collagen sequence to a small, inert glycine [37]. As mentioned in Sect. 1, collagen
a-helices consist of Gly-X-Y triplets, where X and Y are any amino acid [37]
(Fig. 3b). Several studies have investigated the interaction of HSP47 with synthetic
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triple-helical collagen-mimetic peptides based on this sequence. In 2002, Tasab
et al. [45] showed that HSP47 binding to collagen required a minimum of one Gly-
X-Arg sequence in the triple helix. In the same year, Koide et al. [46] demonstrated
that replacing the proline with arginine in the Y position of a Gly-Pro—Pro collagen
peptide enhanced its binding to HSP47. The same group also corroborated the
requirement of a single Gly-X-Arg sequence for HSP47 binding, in a subsequent
study [47].

2.3 Collagen Tertiary Structure: Triple-Helical Fold

Effective HSP47 binding to collagen also requires a correctly folded triple-helical
collagen structure. In 2000, Tasab and colleagues [48] used a cell-based assay to
show that only triple-helical collagen peptides could be co-immunoprecipitated
with HSP47. This observation was reiterated in 2006 by Koide and colleagues
[47]. The team measured the affinity of human and mouse HSP47 for conformation
— restricted triple-helical and monomeric collagen peptides in vitro and observed
preferential HSP47 binding to correctly folded triple-helical collagen [47]. Ono
et al. [30] more recently demonstrated this requirement both in vitro and in live
cells. The team developed an elegant in vitro fluorescence resonance energy
transfer (FRET) assay to measure the interaction of chicken and human HSP47
with a monomeric or trimeric collagen peptide. They observed a dose-dependent
increase in FRET signal with increasing concentrations of the trimeric peptide but
no increase with the monomeric form. A similar approach was used in vivo.
However, instead of utilizing FRET, the authors divided the fluorophore mKG
into two protein fragments, the C-terminal fragment attached to the monomeric or
trimeric collagen peptide and the N-terminal fragment attached to HSP47. Binding
of collagen by HSP47 then allowed the two fragments to sterically interact, forming
a functional fluorescent protein. The in vivo results reproduced in vitro observations
and showed that HSP47 only binds the trimeric collagen peptide. HSP47’s prefer-
ence for properly folded collagen is explained by Widmer et al.’s [38] resolution of
the collagen-bound HSP47 crystal structure. The structure showed that HSP47/
collagen complex formation buried approximately 1,000 A? of solvent-accessible
surface on HSP47. These contacts were only possible in the correct triple-helical
configuration of collagen. Thus, HSP47 has higher affinity for correctly folded
collagen as this form maximizes interactions between the chaperone and client
protein.
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3 Therapeutic Potential of Targeting HSP47

Fibrosis refers to the excessive deposition of extracellular matrix (ECM) proteins,
particularly collagens, in response to tissue damage and inflammation [33]. It
occurs when the balance of ECM degradation and production, required for main-
tenance of normal organ structure, is skewed in favor of ECM production
[33]. Excessive collagen deposition is observed in a variety of diseases including
liver cirrhosis, pulmonary fibrosis, and pancreatic cancer, to name just a few [32,
49, 50]. The perpetrators of fibrosis are ECM-producing myofibroblasts responding
to chronic tissue damage [51]. During wound healing, growth factors secreted by
immune cells and platelets, such as transforming growth factor-p (TGFp), interleu-
kin-1p (IL-1P), and platelet-derived growth factor (PDGF), activate fibroblasts to
produce ECM proteins including collagen [51]. Chronic activation of fibroblasts
results in excessive deposition of ECM proteins and thus fibrosis [51]. There are
currently no effective therapeutic treatments for fibrosis, necessitating the need for
new targets and approaches.

HSP47 is suggested to be an ideal therapeutic target for fibrosis, as it is
specifically expressed in collagen-producing cells [52] and its upregulation has
been observed in various fibrotic diseases including liver cirrhosis and idiopathic
pulmonary fibrosis [53—60]. Furthermore, in animal models of fibrosis, inhibition of
HSP47 has been shown to suppress collagen secretion [54, 61, 62]. Conversely,
retroviral expression of HSP47 in human vascular smooth muscle cells increased
procollagen expression, suggesting HSP47 also directly influences collagen
expression [63].

Chronic liver damage ultimately leads to liver cirrhosis and is characterized by
excessive collagen deposition that distorts the normal liver tissue architecture. The
result is impairment of hepatic blood flow leading to an accumulation of blood in
the hepatic portal vein, a condition known as portal hypertension [64]. Hepatic cells
lining the sinusoids normally maintain close contact with blood from the hepatic
portal vein and play a critical role in regulating systemic glucose and lipid supplies
[64]. Cirrhosis forces blood to bypass these cells and return to the circulation via
abnormal routes [64]. Hepatic stellate cells (HSCs) are key pro-fibrogenic, colla-
gen-secreting cells in the liver that are activated by cytokines released in response
to tissue damage [50]. Brown et al. [53] measured HSP47 in human samples of the
normal and fibrotic liver, finding that HSP47 was specifically expressed in HSCs
and was elevated in tissue samples obtained from chronic liver disease patients.
Earlier, Masuda and colleagues [55] had measured the change in HSP47 expression
in a carbon tetrachloride (CCly)-inducible rat model of liver fibrosis. They observed
a similar increase in HSP47 expression concomitant with induction of liver fibrosis
in animals with repeated CCl, treatments, whereas animals receiving only a single
dose of CCly failed to produce the same increase. The results indicated that HSP47
upregulation was linked to the development of fibrosis and not a direct response to
the CCly [55].
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Inhibition of collagen synthesis appears to be a promising treatment approach for
liver cirrhosis. Issa and colleagues [65] observed that regression of CCl-induced
liver fibrosis in rats was associated with downregulation of collagen I and tissue
inhibitor of metalloproteinase (TIMP) and upregulation of collagen-degrading
matrix metalloproteinases (MMPs). This reversibility has also been observed in
human patients [66]. Alternatively, some studies have attempted to therapeutically
treat liver fibrosis by increasing expression of MMPs, for example, Parsons
et al. [67] showed that inhibition of TIMP-1 could attenuate liver fibrosis in
CCL,-treated rats. However, translation of these findings to clinical outcomes has
been hindered by the lack of specificity of these approaches.

In 2008, Sato and colleagues [62] took a significant step toward developing a
targeted, anti-fibrotic treatment for liver cirrhosis. Their approach utilized vitamin
A-coupled liposomes that carried siRNA against HSP47. Activated HSCs absorb
vitamin A [68], thereby allowing the particles to specifically target these
pro-fibrogenic liver cells. Their theory was that specifically silencing HSP47 in
HSCs would halt and/or regress fibrosis in the liver. The team used three different
rat models of liver cirrhosis: (1) treatment with dimethylnitrosamine (DMN), which
induces a lethal hepatic fibrosis; (2) treatment with CCL4, which is a milder and
non-lethal liver fibrosis model; or (3) bile duct ligation which is a chronic model of
liver cirrhosis. Cirrhotic animals were treated with repeated intravenous injections
of HSP47 siRNA-loaded vitamin A liposomes while cirrhosis was still being
induced. In all three models, reversal of liver fibrosis was observed after five
administrations of HSP47 siRNA, as evidenced by a reduction in the fibrotic area
and collagen in the liver. Additionally, survival of DMN-treated rats was signifi-
cantly improved by HSP47 siRNA treatments in a dose-dependent manner, with the
highest dose giving a 100% survival rate after 10 weeks of DMN treatment
compared to control groups which exhibited 100% lethality by the eighth
week [62].

More recently, Park and colleagues [69] successfully suppressed collagen pro-
duction in vitro in the human HSC line LX-2. They achieved this by treating LX-2
cells with tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), an
anticancer agent that largely does not affect normal cells [70, 71]. Both HSP47
transcription and protein activity are under the control of the stress-response
transcription factor heat shock factor-1 (HSF1) [72]. The authors demonstrated
that TRAIL treatment of LX-2 cells led to dephosphorylation of HSF1, thus
inactivating it and consequently reducing expression of HSP47. The result was
reduction in soluble collagen secretion that was enhanced with increasing doses of
TRAIL and by the addition of HSP47 siRNA. Conversely, overexpression of
HSP47 was able to overcome TRAIL-mediated suppression of collagen production,
directly implicating HSP47 in HSC collagen production. While the translation of
this study to clinical applications is limited by its use of immortalized HSCs, the
work nicely demonstrates the effectiveness of HSP47 as a therapeutic target to
inhibit collagen secretion in fibrotic liver [69].

Pulmonary fibrosis is a consequence of many lung diseases, whereby excessive
collagen deposits thicken the interstitial lung tissue that separates blood vessels
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from air spaces in the lungs [49]. This impairs the diffusion of gases across the
membrane, thereby hindering effective oxygen delivery into the body and carbon
dioxide out of the body and ultimately leading to alveolar collapse [49]. HSP47 is
elevated in the fibrotic regions of lung tissue from idiopathic pulmonary fibrosis
(IPF) patients [73, 74]. A study of IPF patient lung biopsies by Amenomori and
colleagues [75] revealed increased HSP47 expression in activated lung fibroblasts
that correlated with poorer patient survival. More recently, Kakugawa et al. [76]
showed elevated HSP47 expression in tissue samples and serum from patients with
acutely exacerbated IPF.

Bleomycin-induced pulmonary fibrosis animal models have been used exten-
sively to study lung fibrosis [77]. In 2003, Ishi et al. [78] characterized HSP47
expression in mice after bleomycin delivery. They observed upregulation of
HSP47, primarily in cells positively staining for o-smoooth muscle actin
(a-SMA, a myofibroblast marker), surfactant protein-A (SP-A, a marker of type
II pneumocytes), or F4/80 (a macrophage marker). The upregulation significantly
correlated with increased lung collagen content [78]. A follow-up study by the same
group [79] similarly characterized HSP47 expression in mice after 5 days of daily
intravenous bleomycin administration. Lung tissue sections were probed for HSP47
mRNA via in situ hybridization and adjacent tissue sections probed for a-SMA,
SP-A, and F4/80 cell markers by immunohistochemistry. Consistent with the 2003
study and with clinical data, HSP47 mRNA was not detected in control lung tissue
but was significantly elevated in bleomycin-treated murine lungs. Immunohisto-
chemistry confirmed that HSP47-expressing cells fell into three major groups of
cells, a-SMA-positive lung myofibroblasts in the interstitial space, SP-A-positive
type II pneumocytes in the alveolar walls, and F4/80-positive macrophages [79].

In 2004, Kakugawa and colleagues [80] investigated the mechanism of the anti-
fibrotic drug pirfenidone in a similar bleomycin-induced mouse model of IPF. After
14 days of bleomycin administration, mice had received daily oral doses of
pirfenidone till the completion of the model. Pirfenidone treatment was found to
inhibit collagen deposition, as determined by measurement of hydroxyproline
content in homogenized lung tissue samples. Immunohistochemistry was used to
measure HSP47 expression in the treated murine lungs, as well as the myofibroblast
marker a-SMA. The group observed that in response to pirfenidone treatment, the
number of a-SMA-positive cells as well as the proportion of a-SMA-positive cells
expressing HSP47 was substantially reduced in bleomycin-treated murine lungs,
suggesting its anti-fibrotic activity was linked to HSP47 downregulation [80]. How-
ever, whether pirfenidone directly inhibits HSP47 or its collagen-binding capacity
has not been tested (discussed in Sect. 4.2).

Fibrosis is a characteristic feature of pancreatitis (inflammation of the pancreas
and risk factor for pancreatic cancer) and pancreatic cancer and is a consequence of
pancreatic stellate cell (PSC; key fibrogenic cells in the pancreas) activation [32,
81, 82]. Additionally, activated PSCs have been shown to directly stimulate pan-
creatic cancer cells into a more aggressive and chemoresistant phenotype [32]. The
extensive fibrosis in pancreatic cancer impairs normal pancreatic endocrine and
exocrine function by deforming the tissue architecture but also creates a hypoxic



210 G. Sharbeen et al.

tumor microenvironment by hindering blood flow through the tumor vasculature
[32, 83]. Hypoxia drives the transformation of benign pancreatic cancer cells into a
more aggressive, metastatic, and chemoresistant phenotype [84, 85]. In addition,
pancreatic fibrosis inhibits effective delivery of chemotherapeutics by sequestering
drugs away from pancreatic cancer cells [32, 86—88]. Pancreatic cancer is notori-
ously hard to treat due to its acquired chemoresistance and metastatic spread [84,
85]. Inhibition of fibrosis in pancreatic cancer is therefore critical in improving
disease outcome. The efficacy of anti-fibrotic approaches for pancreatic cancer has
been demonstrated in several animal model studies [86—88].

There is growing evidence that HSP47 is a potential therapeutic target for
ablating fibrosis in pancreatic cancer. lacobuzio-Donahue and colleagues [89]
carried out a global gene expression screen of normal pancreatic tissue, resected
pancreatic cancer tissue, and pancreatic cancer cell lines. HSP47 exhibited a 6.41-
fold increase in expression in pancreatic cancer samples relative to normal pan-
creas. The authors validated HSP47 gene expression by immunohistochemistry,
observing abundant HSP47 staining in desmoplastic regions of pancreatic cancer
sections. In the same year, the group published a larger immunohistochemical study
of patient pancreatic cancer samples for some of the genes they had identified,
including HSP47 [90]. HSP47 expression was only observed in 12% of cases in
nonneoplastic pancreatic stroma and was limited to scattered fibroblasts. In con-
trast, the chaperone was extensively expressed in intratumoral and peritumoral
stroma/fibrotic areas of all pancreatic cancer samples. Further linking HSP47
expression to pancreatic cancer development was the observation that it was
progressively upregulated from noninvasive pancreatic intraepithelial neoplasias
(PanINs; precursor lesions of pancreatic cancer) to highly fibrotic pancreatic
cancer.

In 2012, Ishiwatari and colleagues [61] demonstrated the potency of HSP47 as a
therapeutic target to ablate pancreatic fibrosis in a model of pancreatitis. Like
HSCs, PSCs exhibit a vitamin A-storing phenotype [91]. As in their 2008 study
on HSP47 in liver fibrosis [62], the group exploited this phenotype by using vitamin
A-coupled liposomes to deliver HSP47 siRNA to PSCs. Pancreatic fibrosis was
induced in rats by dibutyltin dichloride treatment or cerulean treatment before
administration of the liposomes. HSP47 silencing was found to resolve pancreatic
fibrosis, as determined by the improved histology, reduced hydroxyproline (colla-
gen) content, and reduced a-SMA-positive cells (activated PSCs). The authors
probed pancreatic tissue sections from treated rats for apoptosis via terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. They
found it was increased and co-localized with «-SMA positive in HSP47-silenced
pancreas samples. In vitro assays confirmed that HSP47 silencing in in situ-acti-
vated rat and human PSCs not only reduced collagen secretion in a dose-dependent
manner but significantly increased apoptosis [61]. The results suggest that HSP47
silencing could ablate pancreatic fibrosis by a dual function, both inhibiting soluble
collagen production and eliminating the activated PSCs that produce it. This work
has significant potential implications for pancreatic cancer, as inhibition of HSP47
may inhibit pancreatic cancer-associated fibrosis, which in turn reduces the
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Fig. 7 Therapeutic targeting of HSP47 can inhibit fibrosis and increase patient survival. Chronic
tissue damage/inflammation leads to elevated expression of the collagen chaperone HSP47 and
increased collagen secretion, resulting in fibrosis [92]. Fibrosis deforms the normal organ archi-
tecture, inhibiting organ function and creating a hypoxic microenvironment. Hypoxia drives
epithelial to mesenchymal transition (EMT) in cancer cells, which is associated with more
aggressive disease and chemoresistance [84, 85]. In addition, fibrosis forms a physical barrier to
chemotherapeutics [32, 86—88]. HSP47 inhibitors can halt fibrosis by blocking HSP47 collagen
binding, thus impairing correct processing and secretion of collagen. In fibrotic conditions such as
liver cirrhosis and pulmonary fibrosis, the primary downstream effect of HSP47 inhibition would
be restoration of organ function by resolution of fibrosis, thus increasing patient survival. In
cancer, inhibition/resolution of fibrosis by HSP47 inhibition removes the physical barrier to
chemotherapeutics and reduces hypoxia, thereby increasing drug delivery to cancer cells, reducing
EMT and chemoresistance. HSP47 inhibition also has the potential to eliminate pro-fibrogenic
cancer-associated fibroblasts (CA fibroblasts), impairing stimulatory signaling from CA fibro-
blasts to cancer cells, thus reducing tumor growth and spread [32, 82]

tumorigenicity of pancreatic cancer cells by reducing hypoxia. Moreover, decreas-
ing fibrosis has the potential to increase drug delivery to tumors and decrease tumor
progression and metastases. Figure 7 illustrates how HSP47 inhibition may influ-
ence cancer progression and clinical outcome in other fibrotic diseases.
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4 Pharmacological Inhibitors for HSP47

4.1 Screening Systems to Identify Small-Molecule Inhibitors
Jor HSP47

Given that HSP47 has been implicated in the pathogenesis of several fibrotic
disorders (outlined in Sect. 3), it is a research priority to identify potential pharma-
cological inhibitors that could be used as anti-fibrotic agents. In 2005, Thomson
et al. [93] described the development of a high-throughput assay to screen for
potential compounds that inhibit HSP47 collagen chaperone activity. The method
utilized the ability of mature triple-helical collagen to spontaneously associate to
form collagen fibrils, which can be monitored via measuring turbidity by spectro-
photometry. Therefore, in the presence of functional HSP47, the collagen fibril
formation is reduced and a strong inhibitor of HSP47 restores collagen fibril
formation. This assay took advantage of the fact that HSP47 inhibits collagen fibril
formation in vitro [94], which supports HSP47°s role in preventing the premature
association of collagen triple helices in the ER [95]. Using this novel approach, the
authors screened 2,080 compounds, identifying four inhibitors of HSP47 with IC50
values ranging from 6.3 to 26.6 pM. The advantage of using this approach to
identify inhibitors for HSP47 is that they are likely to have reduced side effects
and increased specificity because collagen is the only known substrate for HSP47.
As pointed out by the authors, the main limitation of this approach is that it is
difficult to isolate active HSP47 [94, 96].

Based on the same principle of fibril formation, Okano-Kosugi et al. [97] devel-
oped a high-throughput 384-well platform for screening inhibitors of HSP47. The
study emphasized the flexibility of the approach, extending it to other collagen-
binding proteins. This was possible because the method relies on the increased
turbidity caused by fibril formation and not on any specific changes in the collagen-
binding proteins. Thus various combinations of fibril-forming collagens and
collagen-binding proteins could be tested. The authors used this platform to com-
pare the inhibitory ability of the four compounds identified as inhibitors in the
Thomson et al. study [93] on purified HSP47. Unlike the previous findings, they did
not observe any evidence of HSP47 competitive inhibition, despite validating the
system with a HSP47 peptide inhibitor. However, the two studies are not directly
comparable due to significant methodology variations including: solubility of
inhibitors, temperature, and incubation time. Firstly, the Thomson et al. [93]
study solubilized the inhibitors in 100% DMSO, whereas Okanu-Kosugi
et al. [97] used only 2% DMSO. In addition, incubation of the inhibitor with
HSP47 was carried out at 34°C by Thomson and colleagues [93] and for the full
length of the assay. In contrast, Okanu-Kosugi et al. [97] carried out a pre-assay
incubation step for 10 min and at 4°C. The shorter incubation time and lower
temperature may have prevented efficient binding of the inhibitors to HSP47 and
may have additionally caused precipitation of the inhibitors.
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A limitation in the field is that, although the above two studies have identified
assays suitable for high-throughput screening of potential HSP47 inhibitors, there is
no subsequent biological validation of the inhibitors. Future studies should combine
our knowledge of key regions (as identified by recent structure-function studies,
Sect. 1) which are essential for HSP47’s interaction with collagen and high-
throughput screening systems described above to design and test effective HSP47
inhibitors. Careful attention must also be paid to temperature, compound Kinetics,
and solubility in these assays. Most importantly, all positive assay results must be
validated in a biological cell system, by testing the ability of these inhibitors to
effectively suppress collagen secretion from a collagen-producing cell, thus prov-
ing their therapeutic potential.

4.2 Pirfenidone

Pirfenidone is an anti-fibrotic and anti-inflammatory agent that was originally
designed as a treatment for idiopathic pulmonary fibrosis [80, 98]. The drug has
been shown to suppress HSP47 and collagen I expression in TGF-f-stimulated
human lung fibroblasts in vitro [98] as well as lung myofibroblasts and type II
pneumocytes in a bleomycin-induced mouse model of pulmonary fibrosis
[80]. More recently, Hisatomi and colleagues [99] extended these findings to
alveolar epithelial cells. The group stimulated the human alveolar epithelial cell
line, A549, with TGF-f in vitro, inducing an epithelial to mesenchymal transition
and enhancing collagen type I and HSP47 expression. Pirfenidone treatment of
these cells was able to reduce expression of both HSP47 and collagen, consistent
with findings in lung fibroblasts and type I pneumocytes [99]. Pirfenidone was
approved for treatment of idiopathic pulmonary fibrosis in Europe in 2011,
supported by several positive clinical studies [ 100]. Despite these promising results,
pirfenidone is still limited by its lack of specificity for HSP47 and its poorly
understood mechanism of action.

4.3 Terutroban

Terutroban is an antiplatelet drug that binds the thromboxane/prostaglandin endo-
peroxide receptor and prevents the development of aorta hyperplasia [101]. In
2011, Gelosa and colleagues [102] investigated the impact of terutroban in a
spontaneous, stroke-prone rat model of hypertension (SHRSP). When placed on a
high-sodium diet, SHRSP rats developed thicker aortic walls compared to counter-
parts on a standard diet. The aortic walls of these rats exhibited increased collagen
deposition, as determine by Sirius red staining, and increased fibronectin.
Coadministration of terutroban with a high-sodium diet prevented these effects.
Immunohistochemistry of aorta tissue sections showed extensive HSP47 staining in
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high-sodium SHRSP rats relative to standard diet controls, and a striking suppres-
sion of HSP47 expression in terutroban-treated counterparts, to levels lower than
that of both high-sodium and standard diet SHRSP rats. In addition, quantitative
PCR for TGF-p revealed that terutroban also suppresses expression of this
pro-fibrotic growth factor [102]. Like pirfenidone, terutroban is limited in its
application as a HSP47 inhibitor, as it was not originally designed as a HSP47
inhibitor and is likely to only be indirectly affecting HSP47 expression.

S Concluding Statements

HSP47 is a key therapeutic target in a variety of fibrotic conditions, due its collagen
chaperone function and its disease-associated upregulation (Fig. 7). While existing
pharmacotherapeutics indirectly inhibit HSP47, the effects are nonspecific and the
mechanisms poorly understood. Recent resolution of HSP47’s crystal structure and
advances in our understanding of its molecular biology provide key information for
the development of more targeted, structure-based therapeutics that can potentially
improve the outcome of several fibrotic conditions. Importantly inhibition of
HSP47 can already be achieved using a highly specific siRNA nanotechnology
approach that has broad therapeutic applicability.
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Heat Shock Protein 27: Structure, Function,
Cellular Role and Inhibitors

Rashid Mehmood and Shelli R. McAlpine

Abstract Hsp27 is an important heat shock protein found in all organisms from
prokaryotes to mammals. It is a structurally conserved ATP-independent protein,
present in both normal and abnormal tissues. Its expression and induction occur
under stressed conditions. The self-association to form oligomers and subsequent
equilibrium between oligomer and dimer play critical roles in regulating Hsp27’s
function. Site-specific phosphorylation of Hsp27 regulates this equilibrium, con-
trolling the activity of Hsp27. Hsp27’s molecular chaperone activity includes
interacting with a large number of proteins and regulating their folding states.
Significant levels of Hsp27 expression have been observed in many diseases,
including cancer, neuronal diseases and cardiac diseases. Herein we describe the
current understanding of Hsp27’s structure, function, cellular role and inhibitors.

Keywords ATP independent, Cancer, Heat shock proteins, Hsp27, Natural
products, Small molecules
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1 Introduction

Heat shock protein 27 kDa (Hsp27) has a molecular weight of ~27,000 g/mol
(27 kDa) and belongs to a family of small heat shock proteins (Hsp) that are
produced in virtually all organisms from prokaryotes to mammals [1]. The expres-
sion and induction of Hsp27 occur amongst many cell types and tissues under both
normal and stress conditions [2]. Under normal conditions, Hsp27 regulates
protein-folding events. It exists as polydispersed assemblies [3, 4]. These assem-
blies are regulated by phosphorylation events, where three sequential phosphory-
lation events drive the inactive oligomers to the active dimer form [5]. The
molecular chaperone exists in the inactive state as large oligomers, with sizes up
to 800 kDa (29-mers), and an average size of 14-mers [5]. Unlike most of the heat
shock proteins that regulate protein folding and aggregation, Hsp27 is not depen-
dent on ATP [6].

Hsp27 expression is upregulated in cellular differentiation and development [7]
as well as in cells under environmentally stressed conditions such as heat and
oxidative surroundings. Hsp27’s expression is also increased during inflammation
events [8]. High levels of Hsp27 expression have been observed in numerous
diseases including cardiovascular and neuronal disorders and cancer, which is
logical since these diseases produce a stressed environment in the cell [9—
13]. The gene encoding for Hsp27 (heat shock protein beta-1 or HSPBI) contains
a regulatory DNA motif known as the heat shock element (HSE). This HSE motif,
which is located upstream of the HSPBI gene, is used by heat shock factor-1
(HSF-1) to induce transcription of Hsp27. Specifically under stressed conditions,
HSF-1 binds to the HSE motif, whereupon recruitment of other transcription factors
leads to the transcription of Hsp27 [14-16].

2 Structure and Function

There are 205 amino acid residues in the full-length Hsp27 protein [17]. The
structure of Hsp27 is divided into three parts as shown in Fig. 1.

The N-terminal domain contains two regions, including a hydrophobic domain
of amino acids 1619, which is highly conserved across species. These four amino
acids are referred to as the WDPF domain, which denotes the sequence Trp—Asp—
Pro—Phe (Fig. 1). The remainder of the N-terminal sequence (from residues 1-15
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Fig.1 Full-length structural model of Hsp27. Full-length Hsp27 (205 amino acids) is divided into
three portions; (a) N-terminus covers amino acid residues 1-39 and contains the WDPF (Trp—
Asp—Pro—Phe) domain, (b) the a-crystallin domain which is from residues 87-167 and (c) the
C-terminus, which consists of residues 179-205, which contain the IXI/V motif (specifically the
residues between 179 and 182)
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Fig. 2 Phosphorylation of three serines (15, 78 and 82) drives Hsp27 from oligomers to dimer
formation. Hsp27 exists as an inactive oligomeric state, which upon serine phosphorylation under
stress forms the active dimer. This dimer picks up the unfolded client proteins and facilitates
protein folding

and 19-38) varies widely across species. This region is highly flexible and does not
have ordered secondary structure. Although most of the N-terminus is not highly
conserved, it contains many of the regulatory post-translational modification sites
17 [17].These sites, once modified, control Hsp27 structure, function and even
expression.

Recent reports show that phosphorylation of Hsp27 at serine residue 15 in the
N-terminus, and serines 78 and 82 in the ACD, promotes oligomer disassociation of
Hsp27 and the formation of the active dimer (Fig. 2) [5, 18]. Initial observations
showed that an increase in chaperone activity correlated to a decrease in the
oligomer size [19-22]. Extensive studies now show that the active chaperone
species is the dimer form of Hsp27, which picks up the unfolded proteins that are
regulated by Hsp27, and refolds or de-aggregates these proteins (Fig. 2) [5].

The ACD is generally defined as residues 87-167 (Fig. 1), and it is highly
conserved across all species of Hsp27. This region is a structured p-sheet with
several contact points that facilitate formation of the Hsp27 oligomers. These folds
are responsible for the oligomerisation and stabilisation of the inactive Hsp27
protein [23]. The C-terminal domain of Hsp27, defined as residues 179-205, is a
highly conserved region across species but is structurally very flexible [24]. The
C-terminus also contains a short, flexible and motile extension that protrudes out of
the domain. The flexible tail region of C-terminal domain has no defined secondary
structure but is negatively charged (Fig. 1).
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3 Hsp27 and Its Role in the Cell

One of Hsp27’s primary roles is to facilitate folding proteins by transferring
unfolded or aggregated proteins to Hsp90 (Fig. 3). Stressed conditions or high
levels of unfolded protein accumulation drive Hsp27 from the oligomer to the
active dimer form (Fig. 2). The Hsp27 dimer binds to the unfolded protein and
transfers it to Hsp40 [11]. Hsp40 then forms a complex with Hsp70 via heat shock
interacting protein (HIP). Then this complex of Hsp40 and Hsp70 binds to Hsp90
via heat shock organising protein (HOP). The client protein is transferred to Hsp90
from the complex, whereupon Hsp90 binds ATP. A dephosphorylation event of
ATP provides the energy required for Hsp90 to fold the protein, and the folded
client is released along with ADP [25, 26]

3.1 Apoptosis

Apoptosis is a process in which cells commit suicide by activating an intracellular
death programme [27]. Disruption of apoptosis can promote tumour initiation,
progression and drug resistance. Hsp27 can inhibit apoptosis by several mecha-
nisms and as such has attracted attention for its pro-survival role in the cell. As a
chaperone, Hsp27 folds mis-folded or unfolded polypeptides, de-aggregates pro-
teins or promotes proteolytic degradation (Fig. 2) [19].

unfolded

hsp90 Dimer client protein

P,P.P unfolded
client protein
NN
NN
"V Ye

folded
client protein

Fig. 3 Integration of Hsp27 into the Hsp70-Hsp90 folding cycle. Dimeric phosphorylated form of
Hsp27 picks up the unfolded client protein and transfers it to Hsp40. Hsp40 forms a complex with
Hsp70, which then binds to Hsp90 via HOP. Unfolded client protein is transferred to Hsp90 via
this complex, where it is released as a folded client protein



Heat Shock Protein 27: Structure, Function, Cellular Role and Inhibitors 225

glutathione

@}

Cell death

o @

Cell death

Fig. 4 The role of Hsp27 in facilitating cell survival. (a) Under stress conditions, Hsp27 increases
glutathione and reduces iron concentrations. This leads to a reduction in reactive oxygen species
and reduces cell death. (b) Hsp27 inhibits the release of Smac, a pro-apoptotic protein, from the
mitochondria, which reduces apoptosis

One anti-apoptotic (or pro-survival) mechanism regulated by Hsp27 involves
signal transduction and regulation of F-actin [28]. Hsp27’s cytoprotective roles
involve binding to and stabilising actin polymers. Stabilising F-actin prevents
disruption of the cell’s cytoskeleton. Overexpression of Hsp27 under stressed
conditions causes an increase in F-actin levels, [29] where F-actin is responsible
for cellular mobility and contraction during cell division [30]. Thus, stabilising
actin allows Hsp27 to facilitate cell mobility and division, thereby leading to a
reduction in apoptosis.

Hsp27 also facilitates cell survival via other mechanisms. During oxidative
stress, Hsp27 functions as an antioxidant, lowering the levels of reactive oxygen
species (ROS) by raising levels of intracellular glutathione and lowering the levels
of intracellular iron (Fig. 4a) [31]. Hsp27 has also been shown to inhibit the
mitochondrial release of Smac (second mitochondria-derived activator of
caspases), where Smac promotes apoptosis via activation of caspases (Fig. 4b)
[32]. Thus, inhibition of Smac release inhibits apoptosis. Furthermore, there is
evidence that Hsp27 exerts its anti-apoptotic effect on cytochrome c release by
preventing caspase activation [33].
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3.2 Cancer

Given the pro-survival role played by Hsp27, the presence of Hsp27 is reported as a
risk factor for the malignant progression in benign proliferating breast lesions.
Indeed, its expression in lesions is now used as an indicator that the benign
proliferating cells are likely to become cancerous [34]. Furthermore, when patients
are treated with the drug Herceptin, which targets the Her2 receptor with the goal of
inducing degradation of this protein, Hsp27 actively induces resistance by increas-
ing the stability of Her2. Hsp27’s active protection of the oncogenic protein
increases the life of cancer cells [35], and by enhancing its stability and survival,
Hsp27 reduces the impact of cancer therapy.

Hsp27 is highly expressed in prostate cancer and is associated with aggressive
tumour behaviour, metastasis and poor prognosis [36]. Hsp27 drives a process
referred to as epithelial to mesenchymal transition (EMT). EMT is a process
whereby cancerous epithelial cells convert to a mesenchymal phenotype with
defined morphology, protein expression and gene signatures, thus producing fully
functioning tumour cells [37].

In lung cancer, Hsp27 is also associated with poor patient prognosis [38]. Lung
cancer stem cells showed elevated Hsp27 protein levels when they were treated by
numerous traditional chemotherapies. Treating lung cancer stem cells with a
combination of traditional chemotherapy produced no results; however, combined
treatment with quercetin (Fig. 4), an inhibitor to downregulate the expression of
Hsp27, effectively decreased the survival of lung cancer stem cells. Evidence
supporting these observations of Hsp27’s impact on lung cancer was seen when
patients were treated with the drug interferon gamma (IFN-y).

IFN-y has an anti-proliferation and immuno-modulatory effect, and is used to
treat patients with several types of cancer. Investigation of its mechanism shows
that it downregulates Hsp27 expression and enhances tumour cell death in vitro and
tumour suppression in vivo [39].

3.3 Cardiac Diseases

A relatively high level of endogenous Hsp27 expression is observed in developing
human cardiac muscle tissues, suggesting it plays a role in facilitating development
and survival of cardiac muscles. Indeed, Hsp27 plays a key role in many cardiac
diseases including atherosclerosis, cardiomyopathy and atrial fibrillation
[40]. Hsp27 is also reported to be associated with coronary artery disease, abdom-
inal aortic aneurysm and peripheral artery disease [41]. As discussed earlier in
cancer (Fig. 4a), high levels of Hsp27 play an important role in the decreasing
cardiomyopathy by increasing glutathione peroxidase activity and decreasing levels
of reactive oxygen species [42].
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3.4 Neuronal Diseases

The protein-folding role of Hsp27 is critical in several neuronal diseases including
Alzheimer’s disease, Huntington’s disease and amyotrophic lateral sclerosis (ALS)
[43-45]. All of these neuronal diseases are a function of accumulated unfolded or
aggregated protein. Hsp27’s role in regulating proteins associated with these
diseases is now well established, and there are recent advances that connect the
chaperone-active Hsp27 to a reduction in these diseases [43-45]. Alzheimer’s
disease is associated with the protein Tau, which aggregates when hyper-
phosphorylated to produce plaques that are associated with decreased neuronal
function and Alzheimer’s disease. Hsp27 binds to Tau, inhibiting its hyper-
phosphorylation, which then blocks the formation of aggregated Tau or plaques.
Inhibiting plaque formation leads to a decrease in Alzheimer’s disease
[46]. Huntington’s disease is a genetic, neurodegenerative disease caused by an
extended poly-glutamine region in the Huntington protein. The disease causes
involuntary muscle movement, cognitive decline and psychiatric disturbances.
Hsp27 plays a protective role as a chaperone in Huntington’s disease by preventing
neuronal dysfunction through protection of proteins involved in these pathways,
which inhibits nerve damage and death [47].

4 Hsp27 Inhibitors

There are four classes of inhibitors that successfully regulate Hsp27 protein levels:
Antisense oligonucleotides, small interfering RNA (siRNAs), small molecules and
peptide aptamers. However, except peptide aptamers none of these inhibitors
directly target the Hsp27 protein. Rather they regulate the protein levels by
preventing its translation from mRNA into protein.

4.1 Antisense Oligonucleotides

Oligonucleotides are unmodified or chemically modified single-stranded DNA
molecules. Antisense oligonucleotides are nucleic acid sequences that bind to
mRNA in order to inhibit protein synthesis. Recently, an antisense oligonucleotide,
2'-0-methoxyethyl phosphorothioate (OGX-427), inhibited Hsp27 expression and
enhanced drug efficacy when used in combination with traditional chemotherapies
in cancer xenograft models [48].
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4.2 Small Interfering RNA (siRNAs)

siRNAs are double-stranded RNAs that are processed via the conserved RNA
interference pathway in cells and ultimately bind to complimentary mRNA mole-
cules and result in specific degradation of that mRNA [49]. siRNA’s interference in
the production of Hsp27 expression has a profound impact on cancer cell growth.
Treating prostate cancer cells with an Hsp27-specific siRNA sequence caused a
dose-dependent and sequence-specific downregulation of Hsp27. Furthermore, this
treatment significantly induced apoptosis over controls and suppressed cancer cell
growth [50].

4.3 Small-Molecule Hsp27 Protein Regulators

Several small-molecule inhibitors have been developed to inhibit the expression of
Hsp27. Hsp27 expression inhibitors include: (a) Bromovinyl-deoxyuridine (RP101,
Fig. 5) [51], (b) 5-(5-ethyl-2-hydroxy-4-methoxyphenyl)-4-(4-methoxyphenyl)
isoxazole (KRIBB, Fig. 5) [52] and (c) quercetin (Fig. 5).

RP101 binds to the mRNA of the HSPBI gene, which encodes for the Hsp27
protein, thereby inhibiting translation to the Hsp27 protein 48. KRIBB3 is a
microtubule inhibitor and exerts its anti-proliferative activity by inhibiting tubulin
polymerisation 49. KRIBB3 also reportedly binds to Hsp27 and inhibits Hsp27’s
role in cell migration, possibly by inhibiting the Hsp27—F-actin interaction, thereby
impacting microtubule formation by destabilising F-actin.

Quercetin belongs to a class of natural products of high pharmacological potency
called flavonoids [53]. Flavonoids were first discovered in 1936 by Hungarian

RP101 KRIBB3 Quercetin

Fig. 5 Small-molecule inhibitors that reduce Hsp27 protein production in the cell
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scientist Albert Szent-Gyorgi [54]. They are low molecular weight natural products
present in wide variety of fruits, legumes, herbs and vegetables [55]. Quercetin, the
most abundant flavonoids, consists of three rings and five hydroxyl groups (Fig. 5)
[56]. Quercetin has generated scientific interest because of its potential beneficial
effects on human health, including antioxidant, anticancer, anti-inflammatory,
antiviral and antimicrobial activities [57]. Naturally occurring derivatives of quer-
cetin were also found to be biologically active [58, 59]. It is believed that anticancer
and other biological properties of quercetin are related to its modes of action [60,
61]. Quercetin’s anticancer mechanism appears to be complex, and there are several
proposed mechanisms that are thought to happen simultaneously. Specifically,
quercetin acts as an antioxidant scavenger [62], as an anti-proliferation molecule
[63] and as an anti-angiogenesis [63], and it inhibits protein kinases [64, 65].

In 1990, quercetin was reported to reduce the expression levels of heat shock
proteins Hsp90, Hsp70, Hsp47 and Hsp28 [66] and to regulate their expression in
leukaemia cells [67]. Quercetin acts by inhibiting the expression of phosphorylated
Hsp27, which leads to apoptosis in drug-resistant oral squamous cell carcinoma
(OSCC). When used in combination with cisplatin-based chemotherapy, quercetin
produces significant inhibition of tumour growth in OSCC [68]. It also produces
effective results that control tumour growth by reducing Hsp27 protein levels when
used in combination with traditional chemotherapy [69].

4.4 Peptide Aptamers

Synthesis and testing of small peptide sequences that contain Hsp27 residues 141—
175 [70] placed as aptamers in the rigid scaffold of thioredoxin A led to the
identification of several small peptide sequences that reduced Hsp27 protein levels
in the transfected cells. Two sequence-specific aptamers that reduced Hsp27 protein
levels contained portions of the 34 amino acid region between 141 and 175 residues
of Hsp27; specifically these sequences were Q-L-S-G-W-V-G-R-C-L-N-I-N and
Y-L-L-R-R-L-C-C, respectively (Fig. 6). When treating HeLa cells depleted of
Hsp27 (via aptamer transfection) with cisplatin, there was a 20% increase in
apoptosis over cells that were not treated with the aptamers. Treatment of
aptamer-transfected cells with doxorubicin, another common chemotherapeutic
drug, produced a 50% increase in cancer cell apoptosis compared to doxorubicin
treatment of equivalent control cells expressing Hsp27.

Treating xenograft mouse models (head and neck squamous cell carcinoma, cell
line SQ20B) with either aptamer led to a highly reduced tumour size compared to
control mice, which had no aptamer treatment. Specifically, after 9 weeks of
aptamer treatment, the tumour volume in the mice was 4-fold below control
(200 mm® versus 800 mm?) [70]. Tumour staining using Ki67 on control versus
tumour tissue showed that there was a change in the proliferation process, which
produced the reduced tumour size in the aptamer-treated samples. These results
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Fig. 6 The two peptide aptamers, placed within the rigid structure of thioredoxin A, which reduce
Hsp27 protein production when transfected into cells

support the hypothesis that Hsp27 plays a key role in tumour growth and prolifer-
ation. Since Hsp27 is overexpressed in cancer cells compared to normal cells [71],
reducing its function in