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Preface

More than 40 years after Ferruccio Ritossas’s discovery of heat shock-induced
formation of puffs in the polytene chromosomes of Drosophila, many different
families of heat shock proteins and molecular chaperones have emerged and
have been continuously studied in structure and function until today. As a re-
sult, it has now become clear that molecular chaperones are involved in a wide
variety of essential processes in living cells. Molecular chaperones not only pro-
tect cells fromstressdamagebykeeping cellularproteins ina folding competent
state and preventing them from irreversible aggregation, but they are also ex-
pressed constitutively in the cell and participate in complex processes such as
protein synthesis, intracellular protein transport, post-translational modifica-
tion, and secretion of proteins as well as receptor signaling. Hence, it is not sur-
prising that molecular chaperones are implicated in the pathogenesis of many
relevant diseases and could be regarded as potential pharmacological targets.

Starting with the analysis of the mode of action of chaperones and the regu-
lation of the heat shock response at the molecular, cellular, and organism level,
this book then focuses on specific aspects, such as signal transduction, de-
velopment, apoptosis, protein aggregation in vivo, oncogenic transformation,
and immune response, where chaperones play a crucial role. Modulation of
chaperone action and the use of so-called small-molecule chaperones is clearly
of pharmacological interest and could be of therapeutic relevance for the treat-
ment of diseases that result from deregulation of the above-mentioned cellular
processes in which chaperones are involved. The chapters of the third and last
part of this volume critically analyze this potential and illustrate significant
progress in therapeutic application.

I am delighted that so many experts in the different areas of chaperone
research contributed to this volume and I want to thank them for providing
high-quality chapters in time to meet the publisher’s deadline and ensure
publication of this exciting volume in 2005. I want to acknowledge the very
effective and professional support from Mrs. Susanne Dathe at Springer. I
hope that this volume will give a balanced overview as well as specific and
detailed information on most of the topics of interest for both specialists in the
field and newcomers involved in experimental and therapeutic approaches of
pharmacological modulation of heat shock response and chaperone action.

Hannover, May 2005 Matthias Gaestel
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2 H.H. Kampinga

Abstract A variety of cellular internal and external stress conditions can be classified as
proteotoxic stresses. Proteotoxic stresses can be defined as stresses that increase the fraction
of proteins that are in an unfolded state, thereby enhancing the probability of the formation
of intracellular aggregates. These aggregates, if not disposed, can lead to cell death. In
response to the appearance of damaged proteins, cells induce the expression of heat shock
proteins. These can function as molecular chaperones to prevent protein aggregation and
to keep proteins in a state competent for either refolding or degradation. Most knowledge
of the function and regulation (by co-factors) of individual heat shock proteins comes from
cell free studies on refolding of heat- or chemically denatured, purified proteins. Unlike the
experimental situation in a test tube, cells contain multiple chaperones and co-factors often
moving in and out different subcompartments that contain a variety of protein substrates at
different folding states. Also, within cells folding competes with the degradative machinery.
In this chapter, an overview will be provided on how the main cytosolic/nuclear chaperone
Hsp70 is regulated, what is known about its interaction with other main cytosolic/nuclear
chaperone families (Hsp27, Hsp90, and Hsp110), and how it may function as a molecular
chaperone in living mammalian cells to protect against proteotoxic stresses.

Keywords Chaperones · Mammalian cells · Hsp70 · Proteotoxic stress

1
The Molecular Chaperone Concept

The successful in vitro (cell-free system) folding of purified ribonuclease A by
Anfinsen (Anfinsen 1973) led to the suggestion that all information necessary
for a polypeptide to fold was an intrinsic feature of its primary structure and
was independent of other factors (Ellis and Hemmingsen 1989). Most of these
refolding experiments were performed by first denaturing a purified polypep-
tide with chemical agents and then removing the denaturant. The probabil-
ity that such a polypeptide will fold correctly after removing the denaturant
increases at low protein concentration (which limits interpolypeptide inter-
actions) and low temperatures (which attenuates hydrophobic interactions).
The high protein concentrations and temperatures within the cell lead to pre-
mature interactions of newly synthesized polypeptides, often accompanied by
misfolding and aggregation (Jaenicke 1991). To assist polypeptide folding in
vivo, a set of proteins, called molecular chaperones, exist whose function is to
ensure that polypeptides will either fold or be transported properly. In bio-
chemical terms, a molecular chaperone is defined as “a protein that prevents
improper interactions between potentially complementary surfaces and dis-
rupts any improper liaisons that may occur” (Ellis and Hemmingsen 1989). The
proposed function of chaperones is to assist in self-assembly of proteins by in-
hibiting alternative assembly pathways that produce nonfunctional structures.
It is important to note that a chaperone activity merely prevents aggregation
and does not necessarily need to be associated with (re)folding of the bound
substrate.
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Most of our knowledge on the function and regulation of molecular chap-
erones and interactions between the main chaperone machines comes from
cell-free experiments in which model proteins are either chemically or ther-
mally denatured in the absence and presence of proposed chaperones (Buchner
et al. 1991; Jakob et al. 1993; Knauf et al. 1994; Martin et al. 1993; Skowyra et al.
1990; Wiech et al. 1992). Aggregation of the polypeptides can be measured by
light scattering and refolding to the native state by measuring the activity of
the polypeptides. These studies have revealed that the mammalian heat shock
proteins Hsp27, Hsp60, Hsp70, Hsp90, and Hsp110 can hold unfolded model
substrates in a refoldable conformation during stress conditions. Subsequent
refolding of the unfolded proteins requires the activities of the Hsp70 chaper-
one machine (Buchner 1996; Ehrnsperger et al. 1997; Freeman and Morimoto
1996; Jakob et al. 1993; Schneider et al. 1996; Wiech et al. 1992). This is why the
Hsp70 chaperone machine is the most widely studied one in relation to cel-
lular stresses and why this chapter will emphasize on this machine. However,
some Hsp70 interactions with Hsp27, Hsp90, or Hsp110 will also be discussed
because they are relevant for the protective action of Hsp70 against cellular
stresses.

2
Scope of This Chapter

Unlike the experimental situation in a test tube, cells contain multiple chap-
erones in different (sub)compartments to which they often can move in and
out dynamically and in which other macromolecules—protein substrates at
different folding states, a degradative machinery, and a variety of co-factors—
are present, which will influence the activities of the heat shock proteins. At
the same time, when cells are exposed to external stresses such as heat shock,
energy is absorbed throughout the cell, damaging nearly all classes of macro-
molecules and affecting many cellular structures and functions. This chapter
provides an overview of the cytoprotective chaperone functions of heat shock
proteins reflected in this complex environment of a living cell. To do so, first
a short overview will be provided on the data obtained with cell-free sys-
tems regarding the regulation of the Hsp70 chaperone machine, as these have
provided a basis and a toolbox for the work in living mammalian cells.

3
The Hsp70 Gene Family

Proteins encoded by the Hsp70 gene family are highly conserved and found
in all organisms, from bacteria to humans. In prokaryotes, 3 Hsp70 family
members—DnaK, Hsc66 and Hsc62—exist (Itoh et al. 1999). Most of our
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knowledge on the function and regulation of the Hsp70 family proteins comes
from work on DnaK. DnaK (together with DnaJ and GrpE) was originally
discovered as a protein involved in the replication of bacteriophage λ DNA
(Friedman et al. 1989). DnaK is constitutively expressed, inducible by heat
shock, and essential for cell growth at all temperatures (Lindquist and Craig
1988). Several studies reported on the interaction of DnaK with unfolded
polypeptides and how it functions as a molecular chaperone (Hendrick and
Hartl 1993; Schroder et al. 1993; Skowyra et al. 1990). Yet it is important to
keep in mind that the function of DnaK (and likely also the mammalian family
members) is not restricted to dealing with unfolded proteins alone.

In yeast, there are several Hsp70 family members with partially overlap-
ping functions and localization (Craig et al. 1995). Yeast express a very special
chaperone, Hsp104, that appears to be the critical component for thermo-
tolerance (Glover and Lindquist 1998; Parsell et al. 1994). Expression of this
yeast Hsp104 in mammalian cells can enhance the cellular chaperone capacity
and inhibit heat-shock-induced loss of viability in cooperation with the en-
dogenous human Hsc70 machine (Mosser et al. 2004). Yet, since no Hsp104
equivalent has been found in mammals so far, the yeast system may not be
totally representative for what happens in higher eukaryotes and will not be
further discussed here.

The nomenclature of the 70-kDa mammalian heat-shock proteins has been
very confusing, but a few years ago a hitchhiker’s guide was provided on all
70-kDa heat-shock proteins (Tavaria et al. 1997). In the database, 15 gene loci
are found. Here, I will mostly concentrate on the two main cytosolic/nuclear
isoforms, namely the stress-inducible Hsp70.1 (here referred to as Hsp70)
and the constitutively expressed isoform Hsp70.8 (here referred to as Hsc70)
(Table 1). Although these proteins share a high level of sequence identity, there
isnoevidence that theyhavecompletelyoverlapping functionsand that theyare
equally responsive to co-factors. In this review, it will be cited whether Hsc70
or Hsp70 was used whenever possible, but caution is needed here because in
many reports no distinction was made.

Several in vitro studies have demonstrated that mammalian Hsp70 and
Hsc70 can function in the refolding of denatured proteins (Freeman and Mori-
moto 1996; Minami et al. 1996; Nimmesgern and Hartl 1993; Schumacher et al.
1994, 1996). Hsp70s consist of a conserved N-terminal 44-kDa ATPase domain
(a.a. 1–392), a less well conserved 18-kDa peptide-binding domain (a.a. 393–
536), and a C-terminal 10-kDa variable domain of unknown function (a.a.
537–638) (Fig. 1a).

Binding of substrates to the peptide binding domain is through consensus
sequences in the client protein. These sequences are highly hydrophobic and
are typically found within the interior of folded proteins (Rudiger et al. 1997).
Statistically, such sites are present every 36 residues in all proteins. This would
be consistent with the core function of Hsp70s, which is the binding and
release of unfolded segments of a wide variety of polypeptides to prevent
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Fig. 1a Linear representation of Hsp70 domains. b Hsp70 ATPase cycle, its regulation by
co-factors, and a model for domain coupling as derived from studies on DnaK (adapted
from Rudiger et al. 1997). See text for further details

their aggregation (Rudiger et al. 1997). The conformation of the substrate-
binding domain is under tight control of the ATPase domain and has at least
two distinct conformations: an open conformation, which is formed when
the ATPase domain binds ATP (Buchberger et al. 1994, 1995) and a closed
conformation, which is formed upon ATP hydrolysis (Wall et al. 1994, 1995).
The open conformation is characterized by a rapid substrate on/off rate and
the closed form by a slow substrate on/off rate (Greene et al. 1995; Schmid
et al. 1994; Takeda and Mckay 1996) (Fig. 1b). It is generally believed that
ATP binding enables substrate binding, and that substrate binding is stabilized
by subsequent ATP hydrolysis, locking the substrate to the binding domain
(Beissinger and Buchner 1998; Bukau and Horwich 1998).

Central to the functioning of Hsp70s is the allosteric modulation of substrate
affinity by ATP-induced conformational changes. ATP binding to the ATPase
domain stimulates the release of a substrate from the peptide binding domain
(Pellecchia et al. 2000; Zhu al. 1996) (Fig. 1b). The Hsp70 ATP binding domain
is capable of changing the conformation of the substrate binding domain.
Conversely, substrate binding stimulates ATP hydrolysis (Bukau and Horwich
1998; Ha et al. 1997) and thus alters the conformation of the ATPase domain.
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The exact function of the 10-kDa domain still remains elusive. It has
been proposed to be involved in self-association of Hsp70 into dimers and
trimers (Benaroudj et al. 1997), suggesting that intermolecular association of
mammalian Hsp70 proteins also may occur. The physiological relevance of
oligomerization is not clear, but one might speculate that it is involved in reg-
ulation or storage of Hsp70 molecules. Interestingly, a bovine Hsc70 deleted of
the entire 10-kDa C-terminal is almost as active as the wild type protein in the
in vitro uncoating of coated vesicles (Ungewickell et al. 1997).

Only eukaryotic cytoplasmic Hsp70s terminate in the sequence GP(T/K)
(V/I)EEVD (Boorstein et al. 1994). The interdomain communication is lost
by deletion or mutation of this EEVD motif and the ATPase activity of such
mutants is increased concomitantly. In apparent contrast with the entire dele-
tion of the 10-kDa C-terminal domain (Ungewickell et al. 1997), deletion of
the EEVD does reduce the ability to bind to and refold denatured substrates
in vitro when compared to the full length Hsp70 (Freeman et al. 1995). EEVD
deletion does completely abolish the regulation and binding of the cytoplasmic
Hsp70 and Hsc70 by Hsp40/Hdj1 (Demand et al. 1998; Freeman et al. 1995).
This suggests that at least for the cytoplasmic Hsp70 family members, part of
their regulation is mediated by the extreme C-terminus.

3.1
Regulation of the Mammalian Hsp70 ATP/ADP Cycle

For the substrate-binding-and-release cycle, Hsp70 needs the assistance of co-
chaperones. In the reaction cycle of the prokaryotic DnaK, the Hsp40 family
member DnaJ delivers the substrate to DnaK and catalyses the hydrolysis of
ATP. Subsequent exchange of ADP for ATP inorder to release the substrate from
DnaK requires the cooperation of GrpE (Liberek et al. 1991, 1995; Wawrzynow
et al. 1995). The regulation of DnaK has long been held as a paradigm for
Hsp70 regulation. However, the regulation of the mammalian Hsp70 machine
is more complex: there are more co-factors regulating the substrate-binding-
and-release cycle (Fig. 1b, Table 2) and many family members of at least some
of these co-factors exist. Moreover, there are several factors that regulate the
interaction with other major chaperones (Sects. 3.2 and 3.3). In general, Hsp40s
and Hip enhance Hsp70-dependent refolding of unfolded model substrates,
whereas Bag1, Chip, and HSBP1 inhibit Hsp70 chaperone activity in vitro
(Table 2).

3.1.1
The Hdj Family

The Escherichia coli DnaJ contains four distinct domains: a J-domain, a glycine/
phenylalanine (G/F)-rich domain, a cysteine-rich domain, and a C-terminal
domain. Mammals have over 30 DnaJ homologs (Ohtsuka and Hata 2000) that
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can be classified into three types (Cheetham and Caplan 1998): type I proteins
with full domain conservation with DnaJ, type II proteins containing the N-
terminal J- and the G/F-rich domains, and type III proteins containing only
a J-domain, positioned anywhere in the protein.

Type IDnaJ-likeproteinshavechaperoneactivityon theirown: theycanbind
some (unfolded) substrates, thereby preventing their aggregation, and present
them to DnaK/Hsp70 (Bukau and Horwich 1998; Cheetham and Caplan 1998).
This capacity seems absent in type II proteins, but this is still being debated.
The most studied human Hdj family members are Hsp40/Hdj1 (Hata et al.
1996) and Hsj-1 (Cheetham et al. 1992), type II proteins. The most conserved
action of nearly all Hdj family proteins is their ability to enhance the ATPase
activity of Hsp70 (Cheetham and Caplan 1998) by their J-domain. This J-
domain (together with the G/F-rich domain) is required for interaction with
the C-terminal ATPase domain of Hsp70 and may also be responsible for
recruitment of Hsp70 family members to specific cellular processes, thereby
increasing the local concentration of Hsp70 (Kelley 1998). Since N-terminal
EEVD deletions in Hsp70 also abolish interactions with Hdj proteins (see
above), Hsp70 and Hdj-1 proteins likely interact in a bipartite manner.

Cooperation with Hsp40/Hdj1 seems essential for Hsp70 to function in the
in vitro refolding of denatured luciferase or β-galactosidase (Freeman et al.
1995; Freeman and Morimoto 1996). The refolding reaction is in some assays
dependent on addition of reticulocyte lysate (Minami et al. 1996), suggest-
ing that additional factors are required. A mutation in the conserved HDP
motif of the J-domain abolishes the ability of Hdj-proteins to interact with
Hsp70, leading to a loss in refolding capacity of the Hsp70 machine (Kelley
1998). A substoichiometric concentration of Hsp40/Hdj1 seems sufficient for
stimulation of the ATPase activity of Hsc70 (Nagata et al. 1998).

3.1.2
Hip

The Hsc70-interacting protein (Hip), for which no homolog is present in E. coli
binds to Hsc70/Hsp70, but only when the Hsp70 ATPase activity has been stim-
ulated by Hsp40/Hdj1 (Höhfeld et al. 1995). Hip belongs to the tetratricopep-
tide repeat (TPR) protein family and contains three repeats of a degenerated 34
amino acids motif (reviewed by Smith 1998), which are required for interaction
with the ATPase domain of Hsp70 (Prapapanich et al. 1996). Furthermore, the
N-terminus of Hip is involved in its oligomerization, probably into homote-
tramers (Höhfeld et al. 1995). This oligomerization is dispensable for Hsc70
association (Prapapanich et al. 1996; Irmer and Höhfeld 1997).

The presence of Hip in an in vitro mixture of Hsc70, Hsp40/Hdj1, and ATP
results in stabilization of the Hsc70 ADP state (Höhfeld et al. 1995; Höhfeld
and Jentsch 1998). Hip can enhance the refolding of chemically and thermally
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denatured luciferase (Höhfeld et al. 1995; Lüders et al. 1998), albeit not under
conditions where Hsp40 levels are high (Gebauer et al. 1997).

It has been suggested that Hip also has a chaperone activity on its own,
as it can bind denatured proteins and prevent in vitro protein aggregation
(Höhfeld et al. 1995; Bruce and Churchich 1997). However, prevention from
aggregation by Hip alone is not sufficient for enhanced protein refolding. In
fact, the presence of Hip alone inhibits the recovery of chemically denatured
malate dehydrogenase and alkaline phosphatase (Bruce and Churchich 1997).
This would be consistent with binding and trapping of denatured proteins by
Hip and indicates that cooperation with other chaperones is essential to allow
protein refolding.

3.1.3
The Bag Family

Bag-1 was first identified as an anti-apoptotic protein, associating with Bcl2,
a protein that blocks programmed cell death (Takayama et al. 1995). The
same proteins was independently cloned from human liver cells as a protein
associating with the glucocorticoid receptor and referred to as Rap46 (receptor
associating protein 46) (Zeiner and Gehring 1995). Subsequently, Bag-1 was
identified as an Hsp70 co-factor (Takayama et al. 1997; Zeiner et al. 1997;
Gebauer et al. 1997, 1998b: Bimston et al. 1998). Four different isoforms of
Bag-1 are expressed in human cells, which are encoded by the same mRNA and
translated from different translation initiation sites through a leaky scanning
mechanism. These isoforms are 50, 46, 33, and 29 kDa in size, have identical C-
termini, but differ in their N-terminal extensions and subcellular localization
(Nollen et al. 2000; Yang et al. 1998). All these isoforms interact with the
N-terminal ATPase domain of Hsp70 via the C-terminal domain (Takayama
et al. 1997). In human cells, so far five different Bag family members (now
termed Bag-1 to Bag-5) have been identified of which, besides Bag-1, also
Bag-2 and Bag-3 bind to Hsp70 (Takayama et al. 1999). Both human and mouse
Bag-1 contain an ubiquitin-like domain (Hohfeld 1998) that may serve as an
attachment site for the covalent binding of other ubiquitin molecules that could
serve as a degradation-independent targeting signal. Alternatively, this domain
might regulate the turnover of Bag-1 (Takayama et al. 1995) or even enable
the degradation in trans of a Bag-1-associated substrate (Hohfeld 1998; Zeiner
et al. 1997) together with CHIP (see Sect. 3.1.4). The ubiquitin-like domain of
Bag-1 is not essential for association with Hsc70, nor for modulation of the
Hsc70 functionality in the refolding of denatured β-galactosidase (Takayama
et al. 1997).

In cell-free systems, Bag-1 as well as Bag-2 and Bag-3 inhibit Hsp70-
dependent refolding of chemically or heat-denatured substrates (Bimston et al.
1998; Takayama et al. 1997, 1999; Zeiner et al. 1997). Initially, there was a debate
on how this inhibition came about. On one hand, it was proposed that Bag-1, by
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binding to theATPasedomain,wouldpreventATP-dependent substrate release,
thereby maintaining substrates in a ternary complex with Hsp70 (Bimston et al.
1998). An alternative was that Bag-1, by stimulating the exchange of ADP for
ATP similar to GrpE, caused a premature release of the Hsp70-bound unfolded
substrate, thereby destabilizing the complex between Hsp70 and the substrate
(Hohfeld and Jentsch 1997). The subsequent finding that the crystal structure
of the Bag/Hsc70 complex closely resembled that of the GrpE/DnaK complex
(Sondermann et al. 2001), despite the lack of sequence homology between
Bag-1 and GrpE, now favors the model that Bag-1 has GrpE-like functions. It is
noteworthy that binding of human Bag-1 to Hsp70 results in a displacement of
the Hsp70 co-factors Hsp40, Hip, and Hop (Gebauer et al. 1997, 1998a, 1998b;
Hohfeld and Jentsch 1997; Zeiner et al. 1997). This strongly suggests that Bag-1
acts on Hsp70 in the absence of co-factors and, moreover, acts dominantly over
other Hsp70 regulators.

3.1.4
CHIP

The35-kDacytoplasmicproteinCHIP(carboxyl terminusofHsc70-interacting
protein) is yet another mammalian co-factor involved in the regulation of
the Hsp70 chaperone machine. CHIP interacts with the C-terminus of Hsc70
via its N-terminal residues 1–197, containing a tetratricopeptide domain and
an adjacent charged domain (Ballinger et al. 1999). CHIP also contains a C-
terminal U-box that is not required for interaction with Hsc70 but that provides
CHIP with an E3 ubiquitin ligase activity, with Hsc70 itself as a major target
(Jiang et al. 2001).

Two different groups have shown that CHIP, similar to Hsp40, acts on Hsc70
in the ATP-bound state. However, in contrast to Hsp40, CHIP inhibits the
Hsp40-stimulated ATPase activity of Hsc70 (Ballinger et al. 1999; Jiang et al.
2001). In parallel, CHIP inhibits the refolding of thermally denatured firefly
luciferase in vitro in the presence of Hsc70 and Hsp40 at a molar CHIP to
Hsp40 to Hsp70 ratio of 2:2:1 (Jiang et al. 2001). CHIP also interacts with the
TPR acceptor site of Hsp90, which leads to remodeling of the Hsp90 complex
(Connell. et al. 2001).

3.1.5
Other Possible Regulators of the Hsp70 Chaperone Machine

There are still a number of other, less investigated factors that have been shown
to affect the Hsp70-mediated refolding. First, the pro-apoptotic factor Scythe
can inhibit Hsp70-mediated refolding in vitro: a Bag-like domain appears
responsible for this action. Reaper, a Drosophila protein that acts upstream
of Scythe in the apoptotic program, but for which no human homolog has
been discovered yet, can reverse the Scythe-mediated inhibition, probably by
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displacing Scythe from Hsp70 through inducing conformational changes in
Scythe and via competitive binding to Hsp70 (Thress et al. 2001). Another
factor, HspBP1, prevents ATP binding (Raynes and Guerriero 1998) and was
later demonstrated to be a nucleotide exchange factor of Hsp70 (Kabani et al.
2002). Although mechanistically different from Bag-1 (Shomura et al. 2005),
like Bag-1 this factor can stimulate folding at very low HspBP1:Hsc/p70 ratios
(Shomura et al. 2005), but folding is inhibited at higher ratios (Raynes and
Guerriero 1998; Kabani et al. 2002), likely due to premature substrate release.

3.2
Hsp70-Hsp90 Connections and Hop and Tpr-2 Co-factors

Although Hsp90 seems a more specialized chaperone, dealing with maturation
of hormone receptors and many other growth factors and signaling molecules,
it also can function under stress conditions to capture heat-denatured pro-
teins. But, in vitro Hsp90 alone does not stimulate refolding of non-native
β-galactosidase, nor does it enhance Hsp70-dependent refolding. Yet Hsp90
can maintain the non-native substrate in a folding-competent state which,
upon addition of Hsp70, Hdj-1, and nucleotide, leads to refolding (Freeman
and Morimoto 1996).

A number of proteins are involved in the connection between Hsc70 and
Hsp90. The first co-factor of Hsp90 and Hcp70, STI1 in yeast (Nicolet and
Craig 1989) or Hop (Hsc70/Hsp90 organizing protein) in mammals, is a 63-kDa
protein with several TPR motifs (Pratt and Dittmar 1998). The N-terminal TPR
regions are mainly responsible for interaction with the C-terminus of Hsc70,
where Hsp40/Hdj1 also binds. However, Hop and Hsp40 do not compete for
interaction with Hsc70. This may allow Hsp40 to cooperate with Hsc70 even
when the chaperone interacts with Hop. As for Hsp40, deletion of the last four
amino acids of Hsc70, the EEVD sequence, abolishes binding of Hop (Demand
et al. 1998). Hop does not bind to Hsc70 in the ATP but only in the ADP-bound
form (Johnson et al. 1998; Prapapanich et al. 1998). The central TPR domains in
Hop are involved in binding to the C-terminus of Hsp90 (Gebauer et al. 1998a;
Lassle et al. 1997). Interestingly, Hsp90 also terminates with EEVD, but here,
deletion does not affect its ability to stabilize misfolded proteins in an in vitro
assay (Smith 1998). Yet mutation of EEVD into AAVD abolishes binding of Hop
to Hsp90 (Chen et al. 1998). Hop has no chaperone activity on its own (Bose
et al. 1996; Freeman et al. 1996), has no effect on the ATP cycle of Hsc70, and
does not affect the Hsc70 chaperone activity (Chen and Smith 1998; Gebauer
et al. 1998a, 1998b). Yet Hop can have a positive effect on luciferase refolding
assays in the presence of Hsc70 and Hsp90, probably by serving as a physical
link between Hsc70 and Hsp90 (Johnson et al. 1998; Prapapanich et al. 1998)
and thus facilitating the cooperation between the two chaperone systems.

Recently a second linker, Tpr-2, was described to regulate substrate shuttling
between Hsc70 and Hsp90 (Brychzy et al. 2003). Tpr-2 contains two TPR
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domains and a J domain. It recognizes both Hsc70 and Hsp90 through its
TPR domains. The J domain seems responsible for transfer of substrates from
Hsp90 onto Hsc70. Tpr-2 induces ATP-independent dissociation of Hsp90 but
not of Hsc70 from chaperone–substrate complexes.

3.3
Hsp70-Hsp27 Connections

The small heat shock proteins have been mostly known for their stabilizing
effects of cytoskeletal elements (Bryantsev et al. 2002; Lavoie et al. 1995), but
also do have chaperone-like activities in vitro (Horwitz 1992; Jakob et al. 1993;
Knauf et al. 1994; Merck et al. 1993). These ATP-independent chaperones can
keep unfolded proteins in a refolding-competent form, but seem to depend
on the action of the Hsp70 machine for their refolding to the active state
(Ehrnsperger et al. 1997). Little or nothing is known about how substrates are
transferred from these small Hsp to Hsp70. Also, there is an ongoing debate
about what determines the vitro chaperone activity of Hsp27: these debates
concern especially the role of the phosphorylation status and oligomeric size.
These issues, however, go beyond the scope of this overview.

4
Internal and External Proteotoxic Stresses in Mammalian Cells

During a number of fundamental cellular processes [protein synthesis, protein
transport (to organelles), protein functioning (e.g., in subunit–subunit interac-
tions, and organelle biosynthesis)] interactive protein surfaces are transiently
exposed to the intracellular environment. This is an unavoidable internal form
of stress, as improper interactions may occur against which a cell has to de-
fend itself. When cells age or when they become genetically unstable, genetic
alterations may accumulate and result in the formation of aberrant gene prod-
ucts; these may never fold properly during and after translation, resulting in
a different and augmented form of internal stress. Finally, heritable protein
folding diseases such as cystic fibrosis (CF), Huntington’s disease (HD), spinal
and bulbar muscular atrophy (SBMA), and spinocerebellar ataxia (SCA) cause
an accumulation of damaged proteins in cells (Bailey et al. 2002; Cummings al.
1998; Kopito 1999; Wyttenbach et al. 2001) that requires the lifelong enhanced
activity of chaperones, but again in a different manner, as these proteins are
nonfoldable.

In this chapter, I will mainly focus on the response of cells to external forms
of stress that affect the stability ofproteins.Theprototypeof sucha stress is heat
shock, which can cause denaturation of proteins. Direct evidence for protein
denaturationand its relevance toheat-induced lethality inmammaliancells has
been, for example, provided by studies using differential scanning calorimetry
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(DSC) (Lepock al. 1990, 1993) and electron spin resonance (Burgman and Kon-
ings 1992). Subsequent to this protein denaturation, proteins will aggregate,
and a tight relation between heat-induced protein aggregation and the cell
biological consequences of heat has been found (Kampinga, 1993). However,
many other forms of stress such as arsenite treatment, treatment with amino
acid analogs, or oxidative stress can induce (different types of) toxic protein
damage. It is important to note that all forms of stress that cause some kind
of protein damage also induce the heat shock response, i.e., the activation
of the heat shock factor-1 that transactivates the heat-inducible chaperones
(Morimoto 1998). Moreover, the induction of chaperones by one proteotoxic
stress generally not only results in a transient resistance against the subsequent
similar stress, but also results in cross-resistance to many, if not all, other pro-
teotoxic stresses (Hahn and Li, 1982). In general the induced synthesis of Hsp
upon stress can be viewed as an amplification of their basic chaperone function
(Ellis and van der Vies 1991) and thus heat shock seems a valid model to study
chaperone function and regulation in mammalian cells. Besides direct thermal
effects on protein folding, heat shock also causes oxidative (protein) damage
(Freeman et al. 1990), may be related to enhanced metabolic rates, which, in
part, may require specialized chaperones.

It is important to note that purely genotoxic stresses such as ionizing radi-
ation do not lead to the elevated expression of heat shock proteins (Anderson
et al. 1988) and inversely, that the transiently elevated expression of heat shock
proteins by, for example, heat stress does not affect the sensitivity to ionizing
radiation, which is particularly relevant to the discussion on the role of Hsp in
the process of apoptosis (Sect. 9).

5
Thermotolerance and Hsp Reallocations in Mammalian Cells

When cells are exposed to a nonlethal heat shock, they can develop a tran-
sient resistance against a subsequent heat treatment (Gerner and Schneider
1975). In these so-called thermotolerant cells, damage to cellular structures and
functions is either reduced or repaired more rapidly (Laszlo 1992b). Although
thermotolerance can develop in the absence of synthesis of Hsp (Kampinga
1993), several observations have indicated that heat-shock proteins play an
important role. Firstly, there is a good concordance between the kinetics of
the transient heat-induced increase in the expression of Hsp and the kinet-
ics of the induction and decay of thermotolerance (Li and Werb 1982). Also,
as mentioned above, agents that induce heat shock proteins, such as heavy
metals and ethanol, induce thermotolerance. Conversely, heat causes an in-
creased resistance to these agents (Hahn and Li 1982). Secondly, heat-resistant
cell lines (e.g., generated by repeated heating and selection of survivors) have
elevated expression of one or more HSPs (Anderson et al. 1989; Laszlo and
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Li 1985). Thirdly, constitutive overexpression of some of the single members
of the various HSP families has been shown to result in a permanent ther-
moresistant state (Angelidis et al. 1991; Landry et al. 1989; Li et al. 1991). With
regards to the latter, it must be stated that it can not be excluded that the
observed resistant phenotypes of Hsp70 overexpressing stable clones are the
consequence of secondary changes in the cell since especially Hsp70 family
proteins have such important functions under nonstress conditions. Indeed,
cell lines with (tetracycline) regulated expression of Hsp70 show only mod-
erate heat resistance compared to cells with chronic Hsp70 overexpression
(Nollen et al. 1999). Also, in these transient settings, the elevation of levels of
Hsp70 alone to a level similar to that in thermotolerant cells does not result in
the same level of heat resistance, certainly not for heat damage in the nuclear
compartment (Nollen et al. 1999), indicating the need for the coordinated in-
duction of “all” heat-inducible chaperones for full heat resistance in all cellular
compartments.

Heat is aspecific in depositing its energy in cells and thus causes dam-
age in all cellular compartments. It is therefore difficult to determine critical
targets for heat-induced cell death. Moreover, they may be strongly cell-type-
dependent, partially determined by the level and intracellular localization of
the endogenously expressed heat shock proteins. Yet there are indications that
there could be two more critical compartments. The first evidence comes from
DSC studies from Lepock’s group, showing that the fraction of protein de-
naturation in cells is the highest in the nuclear compartment (Lepock et al.
2001). Our data that luciferase is more rapidly inactivated when residing in
the nucleus than when in the cytosol confirm the relative high heat sensitiv-
ity of this compartment (Michels et al. 1995). Also the dynamic translocation
of several major cytosolic chaperones, including Hsp70/Hsp40 and Hsp25/27
to the nucleus (Arrigo et al. 1988; Bryantsev et al. 2002; Hattori et al. 1993;
Michels et al. 1997, 1999; Nollen et al. 1999, 2001b; van de Klundert et al.
1998; Welch and Suhan 1985) suggests that there is a high need for these
chaperones to repair (critical) damage in the nucleus. Nuclear protein ag-
gregation will interfere with many nuclear processes that are all known to
be very heat-sensitive, and indeed a tight correlation was found between the
extent of heat-induced nuclear protein aggregation and thermal killing un-
der many different conditions (Kampinga 1993; Kampinga et al. 1989; Laszlo
1992a).

The second most critical target may be the cytoskeleton or/and the mi-
crotubule organizing center (MTOC). The cytoskeletal collapse is one of the
most obvious features that can be observed after cellular heating (Welch and
Suhan 1985) and the findings that some Hsp, in particular Hsp27, move to the
cytoskeletal elements (Bryantsev et al. 2002; Lavoie et al. 1993) suggest that
this also is a very critical, heat sensitive element in mammalian cells. However,
the cytoskeleton is highly dynamic and damage is likely to be very reversible
unless the MTOC is nonfunctional. A nonfunctional MTOC will not only lead
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to lack of restoration of microtubules, but also prohibit cell division and thus
affect the proliferative capacity of cells. Indeed, the MTOC has been shown to
accumulate large amounts of protein aggregates (Vidair et al. 1995, 1996) and
these were related to severe mitotic delays and abnormalities (Hut et al. 2005;
Nakahata et al. 2002). Furthermore, Hsp70 also relocates to the MTOC upon
heating in interphase or mitosis and this correlates with the regain of MTOC
function (Brown et al. 1996).

6
Models Systems for Studying Hsp Chaperone-Like Activities
in Stressed Living Mammalian Cells

From the above discussion, it is evident that, for studying Hsp chaperone-like
activities in living mammalian cells after stress, one requires a system that
allows examination of HSP functions in different cellular compartments in
relation to thermotolerance. This system must be thermoresponsive, which
means heat-sensitive, and it must allow recovery after heat shock.

6.1
Effects of Hsp Against Effects of Heat on Cellular Structures and Functions

One can assess the effects of modulation of Hsp expression on heat dam-
age to various cellular functions (mRNA synthesis, protein synthesis, etc.)
or structures (cytoskeleton stability, insolubilization of proteins to nuclear
or centrosomal structures) in relation to Hsp (re)localization. Thermotoler-
ant (TT) cells (expressing all heat-inducible proteins) usually are protected
against this heat-induced loss of functions or recover better (Laszlo 1992a,
1992b; Kampinga 1993). However, such experiments do not provide insight on
whether and how this may relate to the chaperone activity of Hsp.

The amount of TX-100 protein insolubilization after heat shock has often
been used to study total cellular or nuclear protein aggregation. This protein
aggregation is reduced in TT cells and/or the rate of resolubilization of the
aggregates is enhanced (Laszlo 1992a, 1992b; Kampinga 1993). In cells over-
expressing Hsp70 constitutively, the amount of aggregation was reduced and
in parallel disaggregation rates were enhanced, whereas in cells stably overex-
pressing Hsp27, the rate of disaggregation was enhanced but no effect on the
initial amount of heat-induced aggregates was found (Kampinga et al. 1994;
Stege et al. 1994a, 1994b). However, aprecisemechanismof action (e.g., folding,
degradation, or indirect effects) cannot be deduced from such experiments.
Moreover, these studies require the generation of stable cell lines overexpress-
ing single or multiple Hsp, and indirect effects due to adaptation to the high
Hsp levels can never be excluded.
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6.2
Hsp Expression and Endogenous Reporter Proteins

In heat-stressed cells, endogenous proteins such as DNA polymerases (Kam-
pinga et al. 1985; Spiro et al. 1982), p68 kinase (Dubois et al. 1991), topoio-
merase I, (Ciavarra et al. 1994), the proto-oncogene c-myc, and p53 (Evan and
Hancock 1985) become detergent insoluble. Insolubilization and inactivation
of these endogenous proteins is reversible and usually enhanced in TT cells, but
defined studies on the role of individual Hsp as chaperones in these processes
are lacking, mainly because such studies require stable cell lines expressing
the Hsp of interest.

6.3
Hsp Expression and Exogenous Reporter Proteins

Using heat-sensitive exogenous reporter proteins may have several advantages
over endogenous reporters. Rapid studies on HSP activities are possible using
transient co-transfections of the reporter with the HSP and co-factors, allow-
ing examination of just the cells that express the HSP, as they will be the only
cells that express the reporter. Another advantage of exogenous reporters is
that some of them catalyze an enzymatic reaction with absolutely no cellular
enzyme equivalent. Thus, no cellular background reaction will disturb the
measurements. Moreover, exogenous reporters can be manipulated, e.g., tar-
geted into specific cellular compartments, thus allowing compartment-specific
investigations with the same reporter enzyme. A disadvantage of exogenous
reporters is that a foreign protein is used and effects on such reporters might
differ from effects on essential cellular proteins and the real physiological
situation.

The first report on heat inactivation and insolubilization of exogenous re-
porters in mammalian cells is from the group of Bensaude (Nguyen et al. 1989).
They demonstrated that wild type luciferase from the firefly Photinus pyralis
and β-galactosidase expressed in mammalian or Drosophila cells rapidly inac-
tivate during a heat shock at 42 °C. This loss in activity is linked to a loss in
Triton-X100 solubility, or in other words, an increase in protein aggregation.
The reporters are protected from heat inactivation when cells are made ther-
motolerant by prior exposure to heat (Nguyen et al. 1989), suggesting that they
may be in vivo substrates for Hsp.

6.3.1
Hsp70 and Hsp40

In collaboration with Bensaude, our group next generated cytosolic and nu-
clear-targeted variants of firefly luciferase and found that the same protein was
inactivated and insolubilized more rapidly in the nucleus of hamster O23 cells



18 H.H. Kampinga

(Michels et al. 1995), confirming that the nucleus may provide an environment
in which protein aggregation rates by heat shock are faster than in the cytosol
(Sect. 5). Subsequently, transient co-expression of Hsp70 was shown to retard
the rate of inactivation and to enhance the rate and yield of reactivation after
heat shock (Michels et al. 1997; Fig. 2). Also, heat resistant Rif-1 variants
overexpressing Hsp70 (Anderson et al. 1989) showed this effect (Kampinga
et al. 1997). Interestingly, the amount of protection was always lower for the
nuclear than for the cytoplasmic luciferase (Michels et al. 1997). Physiological
upregulation of Hsp70 alone comparable to levels seen in thermotolerant cells
enhanced the rate and extent of cytosolic luciferase to the same level as in the
thermotolerant cells; however, the yield of recovery of heat-inactivated nuclear
luciferase was only marginally increased at this elevated level of Hsp70 alone
(Nollen et al. 1999).

The latter means that other heat-inducible factors are needed for full nuclear
chaperone activity. Such a factor could be one of the Hsp70 co-chaperones,
Hsp40 in particular, as this protein is known to co-localize with Hsp70 to
the nucleus and the nucleoli upon heat shock (Welch and Suhan 1985; Hat-
tori et al. 1993). Indeed, Hsp40 and Hsp70 co-expression in cells enhanced
luciferase refolding (Michels at al. 1997; Fig. 2). By co-expressing a mutant
Hsp40 (Hsp40-H/Q) that cannot interact with Hsp70, we demonstrated that
the effects of Hsp40 and Hsp70 on luciferase reactivation must occur via a di-
rect interaction (Fig. 2). Furthermore, we found that the cooperation between
Hsp40 and Hsp70 was lost by deletion of the C-terminal EEVD sequence of
Hsp70 (Michels et al. 1999; Fig. 2). This is consistent with in vitro data (Free-
man et al. 1995) that suggest that this sequence is essential for the cooperation
between Hsp70 and Hsp40.1 In addition, these data revealed that overexpres-
sion of Hsp40 together with Hsp70 increased the refolding at all temperatures
for nuclear luciferase, while for the cytoplasmic luciferase this effect was only
seen at higher temperatures (Michels et al. 1997). Given that a deletion con-
struct expressing only the J-domain of Hsp40 acted as a dominant negative for
luciferase refolding (Michels et al. 1999), it is concluded that levels of endoge-
nous Hsp40 expressed in the hamster cells are sufficient to assist Hsp70 in the
cytoplasm (at least at the lower stress levels), but that for nuclear refolding
processes it is readily a limiting factor.

Whereas the activity of the Hsp70 mutant lacking the EEVD could not be
enhanced by Hsp40 co-expression, its overexpression alone strongly enhanced
refolding rates (Michels et al. 1999; Fig. 2). Therefore, although Hsp70-EEVD

1It is important to state that mutants are crucial in the study for co-chaperone interac-
tions since immunoprecipitation (IP) experiments are noninformative due to two potential
artifacts. First, Hsp70 is so sticky that it will likely co-immunoprecipitate any protein under
all conditions (including at 37 °C), since there will always be a fraction of any protein in
a partially unfolded form. Secondly, after heat shock (when interactions become even more
important), many proteins including the (co)chaperones will end up in the pellet of the cell
lysates that cannot be included in the IP protocol.
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Fig. 2 Effect of Hsp70 and its co-factors on refolding of heat-denatured luciferase. Linear
representations of Hsp70 and co-factors and the mutants used are given. The effect of
their overexpression on the yield of active luciferase 1 h after heating relative to that seen in
nontransfected hamster O23 cells cells (=1.0) is provided. See text for references and further
details
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mutants may have lost most of their refolding stimulating activity when used
as isolated proteins in vitro (Sect. 3), they may still be quite functional in
the context of cells with all other (co)chaperones present. Hence, caution is
required to translate data from in vitro directly to the situation in living cells
and thefindingswithuseofHsp70-EEVDmutants incells cannotbe interpreted
as chaperone-independent actions of Hsp70.

Overexpression of Hsp40 alone in hamster cells led to an unexpected re-
duction in luciferase refolding (Michels et al. 1997; Fig. 2). This effect was not
seen for the Hsp40-H/Q mutant, indicating that they are mediated via Hsc70,
constitutively present in the cells. These data reveal that high Hsp40:Hsp/c70
ratios are unfavorable for refolding in the cell, which is supported by in vitro
findings (Schumacher et al. 1996; Szabo et al. 1996).

6.3.2
Hsp70 and Hip

Overexpression of Hip alone in hamster cells clearly leads to an enhanced yield
of cytoplasmic luciferase reactivation; Hip also further enhanced the refolding
in the presence of overexpressed Hsp70 (Nollen et al. 2001; Fig. 2). Analysis
with a variety of Hip mutants indicated that the last 110 carboxyl-terminal
amino acids (amino acids 258–368) are not essential for the effects of Hip and
that the effects of Hip depend on the interaction with Hsp70 or Hsc70 because
mutants with deletions of the Hsp70 binding domain resulted in loss of its
effects on refolding (Nollen et al. 2001a: Fig. 2).

Consistent with its exclusive presence in the cytoplasm both before and after
heat shock, Hip did not affect the refolding of nuclear luciferase (unpublished
data). Also, Hip (unlike Hsp70 and Hsp40) is not reported to be (very) stress-
inducible, implying that its main function may be to assist cytosolic Hsp70
(and Hsp90) under physiological conditions. Indeed, Hip has been shown to
be involved in GR receptor maturation; here it seems not to be a component of
the assembly machinery but rather it could play a regulatory role by competing
with Bag-1 for binding to the ATPase domain of Hsp70 (Zeiner et al. 1997). To
my knowledge, no other data exist showing an effect of Hip on stress resistance
of mammalian cells.

6.3.3
Hsp70 and Bag-1

Bag-1 is probably the most provocative co-chaperone of Hsp70, as it reduces
the Hsp70-mediated refolding of heat-denatured luciferase in cells (Nollen
et al. 2000; Fig. 2). The localization of the effect of Bag-1 on the activity of
Hsp70 depends on the localization of the Bag-1 isoform that is expressed.
Expression of the longest 50-K isoform of Bag-1 that is expressed only in
the nucleus only influences the Hsp70 activities in the nucleus. Iversety, the
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shorter versions mainly affect refolding of the cytoplasmic luciferase (Nollen
et al. 2000). Consistent with in vitro data, we also find that Bag-1 competes with
Hip for effects on luciferase refolding and the action of Bag-1 seems dominant
over Hip (Nollen et al. 2001a).

There are twoapparent controversies in thesefindings. First, is this a realistic
physiologically relevant finding considering that Bag-1 is likely the functional
mammalian GrpE homolog that accelerates the ADP:ATP exchange (Sect. 3)
and should Bag-1 not act in vivo as an enhancer of folding? Indeed, one could
envision that transient transfectionswould lead toartificiallyhighBag-1:Hsp70
ratios and these would result in nonphysiologically relevant inhibition of re-
folding. However, using a tet-regulatable system, we found that only a twofold
increase in the basal expression level of Bag-1 already leads to inhibitory ef-
fects on Hsp70-mediated refolding (Nollen et al. 2000). This change in ratio
is within the range than can be found in a variety of mammalian cell lines.
Therefore, indeed one must conclude that Bag-1 usually inhibits refolding of
stress-denatured proteins. However, Bag-1 is not stress-inducible: so, when
Hsp70 levels increase after a stress, the Bag-1:Hsp70 ratio will decline, pro-
viding a physiologically relevant increase in the functionality of the Hsp70
machine.

The second contradiction-in-terms is why one cytoprotective protein
(Bag-1) would inhibit another cytoprotective protein (Hsp70). One possibility
is that Bag-1 may enhance degradation of unfolded proteins in an Hsc70-
dependent manner (Luders et al. 1998). However, this was not found to be the
case for heat-denature luciferase (Nollen et al. 2000). Another hypothesis could
be that the interactions between Hsp70 and Bag-1 may not enhance the Hsp70
chaperone function but rather enable Bag-1 to function in growth regulation.
In addition to Bcl-2 and Hsp70, Bag proteins also interact with a large set
of other important regulatory proteins, including steroid hormone receptors,
the plasma membrane bound growth factor receptors HGF and PDGF, and
the kinase Raf-1 (Bardelli et al. 1996; Takayama et al. 1997; Wang et al. 1996;
Zeiner et al. 1997; Zeiner and Gehring 1995). In response to stress, Bag-1 may
coordinate signals for cells by downregulating the activity of Raf-1 kinase.
When levels of Hsp70 are elevated, Raf-1 is displaced from Bag1 by Hsp70, and
DNA synthesis is arrested (Song et al. 2001). Although attractive, the caveat in
this model is that inhibition of DNA synthesis and S-phase progression occurs
almost instantly upon heating (Warters and Stone 1983) far before Hsp70 levels
are elevated.

Here, I would like to speculate that Bag-1 may be required for temporal
storage of denatured substrates during heating and, at the correct stoichiom-
etry, this will assure that the cells are not too rapidly depleted from all their
Hsp70/Hsc70 under stress conditions (Sect. 8).
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6.3.4
Hsp70 and CHIP

As for Bag-1, the effects of CHIP on the Hsp70 machine in cells are still puzzling.
Whereas in cell-free systems, CHIP is a clear inhibitor of Hsc70-mediated
refolding activities (Sect. 3.1), we demonstrated that its overexpression in cells
with low levels of Hsc/Hsp70 resulted in increased yields of active cytoplasmic
luciferase after heat shock, whereas little or no effect was seen when Hsp70 was
co-overexpressed. This action required the TRP domain of CHIP (Kampinga
et al. 2003; Fig. 2) that is capable of binding to both Hsp90 and Hsc/Hsp70.
However, under conditions of inhibiting Hsp90, the protective effect of CHIP
could still be seen. Moreover, coexpression of Hsp40 acted competitively with
the effect of CHIP on the rate of luciferase inactivation, and dominant-negative
constructs of Hsp40 (Michels et al. 1999) completely abolished the effects of
CHIP on protein folding, indicating that this activity of CHIP is Hsc70/Hsp70-
dependent (Kampinga et al. 2003).

The opposing effects of overexpressing CHIP alone or Hsp40 alone are still
consistent with their opposing effects on the Hsc70/Hsp70 ATPase activity.
As stated, excess Hsp40 inhibits refolding (Fig. 2). This may be caused by re-
duced Hsp70 recycling because substrates will remain bound to Hsp70 in the
ADP-bound state for a longer time and no new substrates can be captured.
Consequently, the pool of Hsp70 that can bind substrates is more rapidly
depleted. CHIP may increase Hsp70 folding activity through a functional in-
terference with the interaction between Hsp40 and Hsp70, thus ameliorating
the consequences of the functional access of Hsp40 to Hsp70. Alternatively,
overexpression of CHIP may enhance the likelihood of substrate binding by
Hsp70 in cells by increasing the fraction of Hsp70 in the ATP-bound form,
which has a higher substrate on-rate (Fig. 1). Although the off-rate of sub-
strates from Hsp70 is even higher when it is in the ATP-bound state (i.e., lower
substrate affinity), attenuating forward cycling at this step of hydrolysis by
CHIP could lead to a better loading of denaturing substrates to Hsp70.

Interestingly, the U-box domain is dispensable for the actions of CHIP on re-
folding heat denatured substrates and luciferase degradation is not accelerated
by CHIP (Kampinga et al. 2003), uncoupling its effect on luciferase refolding
from the E3-ubiquitin ligase activity of CHIP (Jiang et al. 2001) and suggesting
that the latter activity may be less relevant to the stress protective action of the
Hsp70 machine.

6.3.5
Chaperone Networks

Little is known about how the Hsp70 machine may interact with Hsp27 or
Hsp90 in stress protection in mammalian cells. Clearly, ansamycins known to
inhibit Hsp90 also inhibit luciferase refolding in cells (Kampinga et al. 2003;
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Schneider et al. 1996) and seem to enhance the degradation of the unfolded
substrate (Schneider et al. 1996). Considering that Hsp90 in vitro is merely
a “holder” (Sect. 3.2), one can envision that here also substrate delivery to the
Hsp70 machine is normally required for refolding. But so far no evidence for
this has been provided.

Similarly, little or no data have been published on possible interactions
between Hsp70 and Hsp27 in cells. In fact, although Hsp27 has been shown
to be an chaperone in vitro, no data are available showing that Hsp27 can
enhance refolding of denatured proteins in mammalian cells. Rather, some
indirect evidence suggests that the small Hsp as well as the αB-crystallins may
be involved in protein degradation (Aki et al. 2003; den Engelsman et al. 2003;
Parcellier et al. 2003). Whether this requires collaboration with the Hsp70
machine remains unknown.

Finally, there seems to be an intricate interaction between Hsp70 and its
large Hsp105/110 family members (HspH1, /APG-1, and APG-2) (Lee Yoon
et al. 1995; Yasuda et al. 1995), here referred to as Hsp110. Hsp110 forms
heteromeric complexes in cells with Hsc70 (Hatayama and Yasuda 1998) and
overexpression of Hsp110 can confer substantial heat resistance to both Rat-1
and HeLa cells (Oh et al. 1997). In vitro, Hsp110 can maintain unfolded sub-
strates in a soluble, folding-competent state and does so significantly more
efficient than Hsp70. For efficient refolding of denatured substrates, it requires
the activity of Hsp70, Hsp40, and reticulocyte lysate (Oh et al. 1997). In fact,
if both Hsp70 and Hsp110 are present together during denaturation in vitro,
Hsp110 inhibits refolding by inhibiting the Hsp70 ATPase activity (Yamag-
ishi et al. 2004). Interestingly, it was found that Hsp110 is phosphorylated
by protein kinase CK2 at Ser(509) and that the inhibition of Hsp70-mediated
refolding was phosphorylation-dependent. Phosphorylated Hsp110 had no ef-
fect on Hsp70-mediated refolding of heat-denatured luciferase, whereas a non-
phosphorylatable mutant of Hsp110 suppressed the Hsp70-mediated refolding
of heat-denatured luciferase in mammalian cells (Ishihara et al. 2003). This
regulation of Hsp110 by phosphorylation may play an important role in the
regulation of protein maintenance under stress (Sect. 8).

7
Fate of Proteins: Folding or Degradation?

It has been suggested that the fate of Hsp70 client proteins in terms of folding
or degradation may be determined by its co-chaperones. Whereas Hsp40 and
Hip as “positive” regulators of the Hsp70 ATPase cycle should lead to refold-
ing, Bag-1 and CHIP as “negative” regulators may convert Hsc70 (and also
Hsp90) from a folding machinery into a degradation machine (Demand et al.
2001). Since Bag-1 has a ubiquitin domain and CHIP is a E3-ubiquitin ligase,
this hypothesis appears quite appealing and indeed in vitro Bag and CHIP
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were found to enhance protein ubiquitination (Demand et al. 2001). More-
over, overexpression of CHIP in mammalian cells has been shown to enhance
the degradation of the cystic fibrosis transmembrane-conductance regulator
(CFTR) in an Hsc70-related manner (Meacham et al. 2001). However, it must
be noted that the effect of CHIP as an enhancer of (Hsc70-dependent) protein
degradation is substrate specific, as maturation and degradation of proteins
such as the transferrin receptor and apolipoprotein B48 are unaffected by CHIP
overexpression (Meacham et al. 2001) and as CHIP can stimulate the refolding
of heat-unfolded luciferase rather than enhancing its degradation (Kampinga
et al. 2003). Inversely, Hsp40 not always is related to protein folding in cells:
e.g., overexpression of Hsp40 (alone or with Hsp70) in cases of protein mis-
folding diseases such as SBMA was shown to lead to enhanced degradation
of the (mutant) client protein (Bailey et al. 2002). Even for the same client
protein, we found that whereas Hsp70 and Hsp40 overexpression enhanced
refolding of firefly luciferase (Michels et al. 1997: Fig. 2), it also reduced the
half-life of the activity of the same luciferase upon prolonged incubation at
37 °C. This effect was not seen when Hsp70 was overexpressed alone (Michels,
Kanon, and Kampinga, unpublished observations). Consequently, the triage
between folding, degradation, and aggregation is not (solely) determined by
the (co)chaperones. Rather, a selection mechanism could be based on differ-
ences in the rate of refolding and degradation: when the rate of degradation is
lower than the rate of refolding, proteins that constantly reappear in the pool
of unfolded proteins after binding and release by chaperone machines because
they cannot be refolded have a greater chance of being degraded. In other
words, the foldability of a protein may be the most determining factor for its
ultimate fate, rather that the co-chaperones. Yet if folding occurs at low speed
due to inhibition of the chaperones, client proteins that are good substrates
for the proteasome will show accelerated degradation. Also, effects of CHIP
on degradation may more likely go via Hsp90 than via Hsc70 (Connell et al.
2001).

8
Proteotoxic Damage: Cellular Targets, Sorting, and Hsp-Mediated Protection

In cells, active refolding of unfolded proteins during heat shock may not be
very productive because when the substrate is released from the chaperone,
it will immediately unfold again. In addition, Hsp70 may not be recycled and
cells will be rapidly depleted from Hsp70 chaperone activity. Also, given the
complexity of compartmentalization in mammalian cells and the movement
of heat shock proteins in and out of different compartments, questions on the
spatial organization arise: does the cells utilize special (sub)compartments for
(re)folding and/or degradation?
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8.1
Processing of Damaged Proteins in the Cytosol

Heat-denatured cytosolic proteins such as p68, AUF, and aggregates of uniden-
tified proteins have been found to accumulate in the peri-nuclear region and
in the proximity of the centrosome of heat-stressed cells (Brown et al. 1996;
Dubois et al. 1996). Originally these data were interpreted to suggest that cen-
trosome proteins are labile, readily unfold during heat shock, and can rapidly
form aggregates with other soluble or insoluble proteins. An alternative ex-
planation may be proposed based on recent observations that under normal
growth conditions, overexpressed misfolded proteins are actively transported
to the centrosome (Garcia-Mata et al. 1999; Johnston et al. 1998). It was pro-
posed that these so-called aggresomes may enable cells to coordinately regulate
and dispose protein damage when the capacity of heat shock proteins to refold
and the proteasome to degrade damaged proteins is exceeded. Hereby random
protein aggregation and cellular dysfunction can be prevented. Although the
reversibility of the aggresomes seen in protein-folding diseases may be lim-
ited (Holmberg et al. 2004) and cells may only dispose them via autophagy
(Ravikumar et al. 2002), disappearance of heat-unfolded proteins accumulated
at centrosomes was observed after a heat shock. In fact, it was found that Hsp70
also accumulates the MTOC upon heat shock and that thermotolerant cells
display a more rapid recovery from heat-induced damage to the centrosome
structure and centrosome function (assayed by regrowth of microtubules),
suggesting a role for Hsp in assisting repair of centrosomes after heat shock
(Brown et al. 1996; Hut et al. 2005; Vidair et al. 1995). More specifically, mi-
croinjection of Hsc70 antibodies retarded recovery of interphase centrosome
structure and microtubule regrowth abilities after heat shock, whereas injec-
tion of purified Hsc70 prior to heat shock enhanced these processes (Brown
et al. 1996).

The finding that a major holder chaperone, Hsp90, is a structural compo-
nent of the centrosome (Lange et al. 2000) further makes this organelle and
excellent place to serve as a storage place. Hsp90 could assist in keeping the
accumulated damaged proteins in a conformation that will allow their refold-
ing by components of the Hsp70 chaperone machine or their degradation by
the proteasome when normal growth conditions are restored. It is interesting
to note that the in vitro refolding activity of the Hsp70 machine is reversibly
inhibited above 41 °C, whereas holding by Hsp90 is still effective (Freeman and
Morimoto 1996). Thus, storage at high temperatures by Hsp90 at the centro-
some also will allow recycling of Hsp70 and prevent its depletion during heat
shock. Whether the proteins accumulated at or in aggresomes are refolded or
degraded remains to be elucidated.
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8.2
Processing of Damaged Proteins in the Nucleus

Also in the nucleus, heat-unfolded proteins seem to undergo intranuclear
sorting during heat shock. Studies on nuclear firefly luciferase fused to the
heat-stable green fluorescent protein (N-luc-EGFP) have shown that heat in-
activation of the luciferase part of N-luc-EGFP results in its translocation to
intranuclear granules and the nucleolus.

As mentioned, especially Hsp70 and Hsp40 are known to translocate to
the nucleolus after a heat shock. As for the centrosome, this was originally
interpreted to suggest that the nucleolus is especially sensitive to heat. Nucleoli
become swollen and nucleolar processes, such as ribosomal RNA synthesis
and assembly of ribosomal precursor particles, are inhibited by a heat shock.
The movement of Hsp70 in and out of the nucleolus was therefore interpreted
as repairing heat-induced nucleolar protein damage (Pelham 1984; Welch and
Suhan 1986). However, alternatively the translocation of Hsp70 to and from
the nucleolus may be associated with a temporal storage of nonnucleolar
unfolded proteins during heating for subsequent repair at folding-permissive
temperatures. Consistent with our observations that denatured luciferase is
stored in the nucleolus for later processing (Nollen et al. 2001b), a variety of
other proteins have been reported to be sequestered in the nucleolus during
stress (Dundret al. 2000).Themodelof thenucleolusasa storage site forHsp70-
mediated refolding was further supported by the finding that nucleolar storage
and refolding of luciferase were not observed in cells expressing a chaperone-
defective Hsp70(1–543) (Nollen et al. 2001b). Intriguingly, when the nuclear
isoform of the Hsp70-inhibitory protein Bag1 was coexpressed with Hsp70, the
N-luc-EGFPaswell asHsp70andBag-1 remainednucleolar (Nollen,Brunsting,
and Kampinga, unpublished observations). Together these data indicate that
nucleolar transport during heating is dependent on the peptide binding ability
of Hsp70 but is not sensitive to the effects of Bag-1. However, refolding is
inhibited by Bag-1 in parallel with inhibition of the exit of the denatured
substrate from the nucleolus, strongly supporting that folding at permissive
temperatures is subsequent to nucleolar storage. During heat, physiological
levels of nucleolar Bag-1 may assure that the substrate is released from Hsp70
in the nucleus, allowing Hsp70 to shuttle dynamically to and from the nucleolus
(Kim et al. 2002) in order to capture other unfolded proteins in the nucleosol
for transport to the nucleolus.

For this type of storage mechanism, again a “holder” chaperone seems
required that would bind unfolded proteins in the nucleolus during heat shock
and release them to the Hsp70 machine after return to normal temperatures.
Although purely speculative at this time, candidates for such activities could
be the large Hsp70 family members. As mentioned (Sect. 6.3), Hsp110 is an
extremely good holder and can inhibit refolding via Hsp70 in a manner that
depends on their phosphorylation status (Ishihara et al. 2003). The kinase
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involved in Hsp110 phosphorylation (CK2) shows similar translocation to
and from the nucleolus during and after heat shock as N-luc-EGFP (Gerber
et al. 2000). Combined with the early observations that Hsp110 localizes to
nucleolus (Shyy et al. 1983) provokes the speculation that Hsp110 is used in
a phosphorylation-dependent manner for storage of unfolded proteins during
heat shock that can be transferred to Hsp70 after heat shock for refolding.

Although Hsp70 and Hsp40 are found to concentrate in the nucleolus after
heat stress, Hsp25/27 appears to accumulate mainly in non-nucleolar nuclear
foci after a variety of cellular stresses in various cell cultures (Arrigo et al. 1988;
Bryantsev et al. 2002; Loktionova et al. 1996). Recent observations revealed that
the non-nucleolar N-luc-EGFP distribution after heat shock overlaps with that
of these Hsp25 foci (Bryantsev et al. 2002). Although these non-nucleolar
foci of heat-denatured N-luc-EGFP were not readily reversible after a severe
heat shock (Nollen et al. 2001b), reversibility was seen after more mild heat
treatments (Bryantsev et al., unpublished observations). It has been proposed
(Bryantsev et al. 2002) that by binding heat-denatured nucleosolic proteins to
the Hsp25, these granular structures may serve to maintain these proteins in
a state competent for processing by the proteasome, but this requires further
testing.

In summary, rapid storage of damaged proteins at specific sites in the cell as
opposed to random aggregation may have several advantages. It may clear the
cell from damaged proteins and in this way prevent indirect damage to other
cellular proteins, protein structures, and processes. In addition, no energy is
wasted on the refolding of proteins, which may immediately become denatured
again because of a continued exposure to stress. Moreover, chaperones such
as Hsp70 may be recycled during stress. Finally, delivery of unfolded proteins
to the centrosome or the nucleolus might prevent irreversible damage to a cell
population because both cell division and new protein synthesis are hindered
until theprotein-damagingconditionshavedisappearedanddamagedproteins
have been refolded or degraded.

9
Cell Death Expression, Cell Transformation and Hsp

After proteotoxic stress, interphase (differentiated) cells may either initiate
apoptosis (if thisprogramisavailable in thecells)or theymayundergonecrosis.
Hsp, by their chaperone activity, may inhibit or repair the damage and thus take
away the trigger for activating cell death. Similarly, storage of poly-Q-diseased
proteins may prevent (mini)aggregates from disturbing cellular functions; thus
cells maintain their biochemical activity and stay alive (Arrasate et al. 2004).
In how far Hsp play a role in this storage mechanism remains to be elucidated,
but, for example, aggresome formation clearly requires an intact cytoskeleton
(Johnston et al. 2002) and thus stabilization of the cytoskeletal by, for instance,
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Hsp27 may certainly be important for storage under conditions of heat stress.
For dividing cells, life or death ultimately depends on the ability to move
through the cell cycle and divide. If checkpoints are not functional and/or
apoptosis is not initiated, cells may attempt to progress through S-phase, but
nuclear protein damage may obstruct DNA synthesis, leading to replication
errors and lethal chromatid aberrations (Dewey et al. 1990) and subsequent
death by apoptosis or necrosis. When cells enter mitosis with unresolved
protein damage (or when heated in mitosis), cells may undergo a mitotic
catastrophe or aberrant divisions (Hut et al. 2005; Nakahata et al. 2002) that will
mostly result in secondary apoptosis or necrosis of the daughter cells (Fig. 3).
There are clear indications that the accumulation of heat-unfolded proteins at
the centrosome are linked to these aberrant mitoses (Hut et al. 2005; Nakahata
et al. 2002), implying that storage of heat damage at centrosomes must be
restored before proper cell divisions can occur.

Besides being involved in heat damage repair, Hsp70 (as well as Hsp27 and
Hsp90) have been implicated in the process of apoptosis execution. Hsp70 was
suggested to inhibit JNK activation after heat shock (Gabai et al. 1997), but
these effects may not be uncoupled from the Hsp70 chaperone activity either
upstream or at the level of JNK (Mosser et al. 2000). However, based on in

Fig. 3 Hypothetical model for causes and expression of heat-induced cell lethality and the
protective effects of Hsp. See text for further explanation
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vitro observations, Hsp70 was also suggested to be able to interfere with the
formation of the apoptosome (Beere et al. 2000; Saleh et al. 2000), one of the
cell death execution caspase complexes that is induced after the leakage of
cytochrome-c from the mitochondria. This would suggest that Hsp70 could
act downstream in the apoptosis pathway and thus could be cytoprotective,
irrespective of the type of cell death trigger. This has not yet been confirmed in
living cells and recent in vitro data suggest that the presumed Hsp70 effects on
apoptosome formation may have been due to salt artifacts (Steel et al. 2004).
Moreover, if true, these or other presumed specific interferences of Hsp70
with the apoptosis pathway should also have an impact when nonproteotoxic
stresses such as FAS-ligand or radiation are used.

When investigating FAS-mediated apoptosis, Jaattela’s group had already
repeatedly shown that Hsp70 did not prevent apoptosome formation in cells,
and in this case Hsp70 acts even further downstream in the apoptotic cascade
(Jaattela et al. 1998; Nylandsted et al. 2004). In fact, their studies are among
the few that do indicate that Hsp70 has anti-cell death functions that may be
separated from its chaperone activity acting upstream in the apoptotic path-
way to prevent proteotoxic damage. Nevertheless, here also a link with protein
quality control is suggested by their findings that Hsp70-mediated protec-
tion against FAS-induced cell death seems to occur at the level of lysosomes
(Nylandsted et al. 2004). Also, it was recently shown that human Fas associ-
ated factor 1 (hFAF1) inhibits Hsp70 chaperone activity in mammalian cells
(Kim et al. 2004), suggesting that stimulating the FAS pathway may inhibit
physiological Hsc70/Hsp70 functions (including those involved in lysosomal
control) and thus explain why overexpression of Hsp70 is protective in the case
of FAS-induced apoptosis.

Maybe the most compelling data to show that Hsp70 (and perhaps other
Hsp) may have no general inhibitory function in the pathway of apoptosis
execution comes from studies on the interaction between hyperthermia and
radiation, long before specific studies on apoptosis became popular. These data
showed that the temporal and physiological upregulation of the cohort of all
heat-inducible proteins sufficient to provide cells with a thermotolerant state
does not alter the cellular radiosensitivity (Dikomey and Jung 1992; Hartson-
Eaton et al. 1984; Haveman et al. 1987; Jorritsma et al. 1986; Kampinga et al.
1997; Mivechi and Li 1987; Raaphorst and Azzam 1983, and many more). Also,
when Hsp70 or Hsp27 are transiently upregulated using inducible systems,
no effect of radiosensitivity was found (unpublished data). Inversely, RNAi-
mediated transientdownregulationofHsp70was shownnot toaffect radiation-
induced apoptosis (Ekedahl et al. 2003). Finally, although some stable cell lines
overexpressing individual Hsp may become radiation resistant (Gehrmann
et al. 2005; Lee et al. 2001), in other cell systems, Hsp overexpression does
not protect (Fortin et al. 2000; Kampinga et al. 1997; Stege et al. 1995) or
even sensitizes for radiation-induced cell death (Liu et al. 2003). As mentioned
before, clonal overexpression of Hsp may require adaptation of cellular gene
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and protein expression profiles. Depending on cell type-specific adaptations,
indirect effects rather than functions of Hsp per se may be causally related to
cellular phenotypes such as an altered radiation sensitivity.

The presumed function of Hsp70 in apoptosis has often been used to explain
why it is repeatedly found to be associated with tumorigenesis. For example,
elevated Hsp70 levels have been found in almost all oncogene-transformed cell
lines and tumor cells (Li et al. 1995). Hsp70 is highly expressed in many tumors
(Jaattela, 1999) and the oncogenic potential of Hsp70 has been demonstrated
(Jaattela 1995; Volloch and Sherman 1999). If not through direct interference
with the apoptotic pathway, how can one explain these associations? First, cel-
lular transformation may require the Hsp70 machine, as suggested by findings
that several of the transforming viral T antigens contain regions of significant
homology with the conserved J domain of the DnaJ co-chaperones (Kelley
and Georgopoulos 1997). Alternatively, Hsp70 can regulate the stability and
function of the tumor suppressor p53 (King et al. 2001; Zylicz et al. 2001).
A third possibility, attractive but even more speculative, is that Hsp70 may act
as a buffer for the negative consequences of aberrant protein expression due
to the genomic instability in tumor cells. As such, its elevated expression is
required for tumor cell survival, without Hsp70 being in the transformation
process as such.

10
Concluding Remarks

The most conclusive data on the function of heat shock proteins, in particular
Hsp70, in mammalian cells is that they indeed act as chaperones to prevent
irreversible aggregates and assist in either the folding or degradation of their
client proteins. Whereas most concepts for the mechanisms of regulation of the
Hsp70 chaperone machine derived from cell free studies can be extrapolated
to the situation in living mammalian cells, the outcome and impact on the
cells’ ability to deal with protein damage may not always be straightforward
(e.g., effects of Hsp70-∆EEVD or CHIP overexpression). Besides stoichiometry
issues and expression of endogenous (co)chaperones aside from the ones in-
vestigated by ectopic overexpression, factors such as intracellular distribution
and storage sites for unfolded proteins (centrosomes, nucleolus, Hsp27 nuclear
granules) require careful consideration before one can draw firm conclusions.
The impact on chaperones and their co-regulators on the decision between
folding and degradation is far from clear and may be more dependent on the
foldability of the protein itself and/or its transport to intracellular storage sites.

Cell death after proteotoxic stresses is multifactorial (Fig. 3): for heat shock,
the most sensitive targets may be those that function as storage sites for un-
folded proteins at the same time (i.e., centrosome, nucleolus/nuclear granules).
Hsp can prevent damage induction or repair proteins after stress and for re-
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pair they may possibly utilize a mechanism of temporal storage of the unfolded
proteins during heat stress. These actions may result in less apoptosis or, de-
pending on the cell type, other forms of cell death, without Hsp being directly
involved in later steps of the cell death execution program.
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Abstract The heat shock response is triggered primarily by nonnative proteins accumulating
in a stressed cell and results in increased expression of heat shock proteins (Hsps), i.e., of
chaperones capable of participating in the refolding or elimination of nonnative proteins.
Best known is the transcriptional part of this response that is mediated predominantly
by heat shock factor 1 (HSF1). HSF1 activity is regulated at different levels by Hsps and
co-chaperones and is modulated further by a number of mechanisms involving other stress-
regulated aspects of cell metabolism.

Keywords HSF1 · Feedback regulation · Transcription · Stress · Heat shock

1
Introduction

For the purposes of this review, the heat shock response will be understood
as the induction of heat shock or stress protein (Hsp) synthesis that occurs
in eukaryotic cells subsequent to heat treatment or exposure to another pro-
teotoxic stress. In their early studies of cultured Drosophila cells, Lindquist and
colleagues observed that, under conditions of moderately severe heat stress,
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the heat shock response was self-regulated, i.e., Hsp expression increased im-
mediately after initiation of the heat treatment, persisted for a period of time
and then returned to a level approximately corresponding to the prestress level
(Lindquist 1980; DiDomenico et al. 1982). This phenomenon, referred to as
attenuation, was subsequently also observed and extensively characterized in
mammalian cells (Abravaya et al. 1991). Slowing heat-induced transcription
or translation using appropriate inhibitors prolonged the period of contin-
ued Hsp expression during stress recovery, suggesting that one or more Hsps
feedback-regulate the heat shock response (DiDomenico et al. 1982). It was also
recognized that the heat shock response is regulated both transcriptionally and
post-transcriptionally.

The transcriptional response to heat and other proteotoxic stress is me-
diated by so-called heat shock transcription factors or, shortened, heat shock
factors (HSF). Originally, these factors were defined as proteins that are capable
of specifically binding heat shock elements (HSEs). HSEs are short sequence
elements that are present in the promoters of hsp genes and are required
for heat/stress induction of their expression. Vertebrate animals and plants
have several different but related HSFs (reviewed, e.g., in Pirkkala et al. 2001).
Among the different vertebrate HSFs, the factor named HSF1 is absolutely
required for stress regulation of Hsp expression (McMillan et al. 1998; Zhang
et al. 2002). This review is primarily concerned with the regulation of HSF1 and
the single HSF species in other organisms such as yeast and Drosophila (also
referred to herein as HSF1 for convenience) that perform the same function
as vertebrate HSF1. Functionally relevant regulation of HSF1 largely occurs at
the level of HSF1 activity and not of synthesis/degradation of the transcription
factor (Zimarino and Wu 1987; Rabindran et al. 1991; Kline and Morimoto
1997; information from mutagenesis studies, e.g., Zuo et al. 1995, may also be
considered pertinent).

Although this review portrays feedback regulation of the heat shock re-
sponse as occurring predominantly at the level of activity and function of
HSF1, it is noted that other HSFs may contribute and, in some organisms,
play a critical role in this regulation. He et al. (2003) reported evidence that
mammalian HSF2 can enhance heat-induced HSF1 activity. Avian cells lacking
avian-specific HSF3 activity are defective in stress-induced Hsp expression
(Tanabe et al. 1998). In avian organisms, both HSF1 and HSF3 contribute to
stress tolerance (Inouye et al. 2003). In Arabidopsis, only inactivation of both
hsf1 and hsf3 genes results in significant impairment of the heat shock response
(Lohmann et al. 2004).
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2
Aspects of Feedback Regulation of HSF1 Activity and Function

2.1
Repression of Trimerization of HSF1 by Hsps and Co-chaperones

An early step in activation of HSF1 is the homotrimerization of the tran-
scription factor. This oligomerization is accompanied by the acquisition of
HSE DNA-binding activity. Several studies, including extensive mutagenesis
experiments (Zuo et al. 1994), provided strong evidence for a causal relation-
ship between HSF1 oligomeric conformation and HSE DNA-binding activity.
Originally discovered by Westwood and colleagues (1991) studying Drosophila
HSF1, homotrimerization was soon discovered to be a general feature of eu-
karyotic HSF1 regulation (see, e.g., Sarge et al. 1993 and Baler et al. 1993). Even
for yeast HSF1, which was long thought to be constitutively trimeric, careful
analysis revealed that, although the factor has a high basal level, HSE DNA-
binding activity can still be stimulated 10- to 15-fold by heat shock (Giardina
and Lis 1995).

Although oligomerization of purified HSF1 can be induced by heat or hy-
drogen peroxide exposure in vitro (Goodson and Sarge 1995; Larson et al. 1995;
Zhong et al. 1998), suggesting an inherent ability of HSF1 to sense stress, sev-
eral observations strongly argue for the existence of a cellular mechanism (or
mechanisms) that keeps HSF1 in a nonhomo-oligomeric state in the absence
of a stress. Overexpression of HSF1 in homologous or heterologous systems re-
sulted in accumulation of trimeric factor, suggesting that titration of a cellular
repression mechanism had occurred (see, e.g., Zuo et al. 1995). Hsp expression
can be induced in Drosophila and Xenopus laevis at temperatures (heat shock
temperatures) that are at or below the normal growth temperature of mam-
malian cells. When human HSF1 was introduced into Drosophila or Xenopus
laevis cells, the factor initially accumulated in a nonhomo-oligomeric form but
was induced to trimerize at the low heat shock temperatures of the latter cells,
i.e., at temperatures at which it remains nonhomo-oligomeric in human cells
(Clos et al. 1993; Zuo et al. 1995). These results implied that the temperature at
which homotrimerization of HSF1 is induced is determined by cellular factors,
not by intrinsic properties of HSF1.

A possible mechanism for repression of HSF1 homotrimerization was sug-
gested by what had been learned about how the heat shock response is me-
diated. It was recognized early on that most conditions and chemicals that
induce Hsp expression have the potential of causing denaturation of cellular
protein or, in the case of amino acid analogs, of resulting in the synthesis of
nonnative proteins (Kelley and Schlesinger 1978; Hightower 1980). Subsequent
work supported this concept and provided evidence that most Hsp inducers
including heat cause oxidation of nonprotein and protein thiols, resulting in
glutathione-adducted and cross-linked proteins (Freeman et al. 1995; Liu et al.
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1996; McDuffee et al. 1997; Senisterra et al. 1997; Zou et al. 1998a). Hence,
accumulation of nonnative proteins in the cell appeared to be a reasonable
initiating event that leads to induced Hsp synthesis and, since induced Hsp
synthesis is mediated mainly by HSF1, to activation of this factor. That nonna-
tive proteins are capable of inducing Hsp expression was demonstrated directly
by experiments, in which injection of chemically denatured proteins but not
of the corresponding native proteins in Xenopus oocytes, or cytoplasmic mis-
expression of a normally secreted protein requiring disulfide bond formation
for correct folding, were shown to induce expression of a reporter gene con-
trolled by an hsp gene promoter (Ananthan et al. 1986; Guo et al. 2001; see
Goff et al. 1985 for analogous observations in bacteria). Chaperone proteins,
i.e., Hsps and co-chaperones, offered themselves as obvious potential links be-
tween protein denaturation and derepression of HSF1 activity. The most basic
mechanism of regulation of HSF1 oligomeric status that could be imagined
involved an Hsp or other chaperone protein that acted by binding to HSF1 and
repressing its trimerization. A heat stress capable of inducing Hsp expression
can result in the unfolding of as much as one to several percent of cellular
protein (Lepock et al. 1993; Lepock 2005). Such a large amount of nonnative
protein can be expected to compete effectively for Hsps and co-chaperones
with their normal cellular targets. Thus, in the above hypothetical mecha-
nism, HSF1 molecules would be stripped effectively of their repressor Hsp or
co-chaperone in a heat-stressed cell and be free to assemble into homotrimers.

Initial searches for a repressor of HSF1 homotrimerization concentrated on
Hsp70. Hsp70 appeared to be an attractive candidate because of the strong
stress inducibility of its expression, which inducibility was thought to pro-
vide for a highly effective mechanism of feedback regulation. Obviously, this
“Hsp70 hypothesis” was based on a narrow view of feedback regulation of the
stress protein response. The broader hypothesis discussed herein postulates
that feedback regulation is provided both by new Hsp synthesis and through
the disposal of stress-unfolded proteins, either by refolding or proteolytic
degradation, resulting in a gradual re-association of Hsps and co-chaperones
with their original cellular targets, including HSF1. More recently, the focus
changed to Hsp90 and Hsp90-containing multichaperone complexes. This new
interest was prompted by observations that benzoquinone ansamycins such as
herbimycinAandgeldanamycinwere capableof inducingHspexpression (Mu-
rakami et al. 1991; Hedge et al. 1995; Conde et al. 1997; Zou et al. 1998a, 1998b).
The compounds were shown to specifically bind in the ATP-binding domain
of Hsp90 and modulate Hsp90 conformation and function (Whitesell et al.
1994; Grenert et al. 1997; Prodromou et al. 1997). In addition, in vitro experi-
ments suggested that HSF1 has an affinity for Hsp90 and that Hsp90-containing
multichaperone complexes resembling those found in association with steroid
receptors can assemble on HSF1 (Nadeau et al. 1993; Nair et al. 1996).

Several subsequent studiesprovidedstrongevidence thatHSF1homotrimer-
ization is repressed by Hsp90-containing multichaperone complexes. A first
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such study described a cell-free system capable of reproducing important
aspects of in vivo regulation (Zou et al. 1998b). HSF1 oligomerization and
acquisition of HSE DNA-binding activity could be induced in this system by
heat, geldanamycin, and addition of chemically denatured proteins. Immun-
odepletion of Hsp90 induced HSE DNA-binding activity. Back addition of
purified Hsp90 after immunodepletion of Hsp90 prevented this induction of
DNA-binding activity. Ali et al. (1998) demonstrated that microinjection of
anti-Hsp90 antibody but not control antibody into Xenopus oocytes resulted
in induction of HSF1 DNA-binding activity. This effect of anti-Hsp90 antibody
injection could be neutralized by subsequent injection of purified Hsp90. Ge-
netic evidence for an analogous repressive role of Hsp90 in yeast was provided
by Duina et al. (1998).

Because of its abundance relative to that of other chaperones, an important
fractionofHsp90maynotbecomplexedwithother chaperones.However,when
associated with target proteins such as steroid receptors or protein kinases,
Hsp90 is typically found in the form of an Hsp90-containing multichaperone
complex (Pratt and Toft 1997). As mentioned before, Nair et al. (1996) had
shown that Hsp90-containing multichaperone complexes could be assembled
on recombinantly produced HSF1. Hence, it appeared likely that HSF1 would
also associate with such complexes in vivo. Indeed, when testing antibod-
ies against a large number of chaperones and co-chaperones in the Xenopus
oocyte system, Bharadwaj et al. (1999) found that in vivo depletion of p23 also
led to induction of HSF1 DNA-binding activity in the absence of a stress. In
addition, results obtained by Duina et al. (1998) provided evidence that an im-
munophilin, a Cyp40-like cyclophilin, participated in repression of yeast HSF1
activity.Whiledirect evidence for an invivo interactionofHSF1andHsp90also
emerged from other studies (Nadeau et al. 1993; Ali et al. 1998, Bharadwaj et al.
1999), more definitive experiments made use of in situ cross-linking techniques
to ensure that complexes observed had in fact formed in vivo. Cross-linked
human HSF1–Hsp90 complexes could be immunoprecipitated under stringent
conditions fromunstressedcells (Zouetal. 1998b;Guoetal. 2001).Themajority
of these complexes disappeared in heat-treated cells with a rate comparable to
that of HSF1 oligomerization. Taken together, these findings strongly support
the hypothesis that HSF1 homotrimerization is repressed by a multichaper-
one complex comprising Hsp90, p23, and an immunophilin. This complex is
associated with HSF1 in unstressed cells and is released upon stress, allowing
HSF1 to self-associate to form homotrimers. Further evidence was provided by
experiments with rat cardiac myocytes, showing that geldanamycin reduced
the HSF1-Hsp90 interaction (Knowlton and Sun 2001). Moreover, Zhao et al.
(2002) found that over-expression of Hsp90 led to reduced heat-induced HSF1
DNA-binding activity in mouse NIH3T3 cells.

The Hsp90-containing complex (or complexes) that apparently associates
with nonhomotrimeric HSF1 is similar to the multichaperone complexes that
are part of mature steroid aporeceptor complexes (Pratt and Toft 1997). The
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latter associations are known to be dynamic end products of a pathway of
interactions between chaperones and between chaperones and target protein.
What was learned about these interactions from work on steroid receptors is
presented in Fig. 1 in the context of a model of repression/derepression of HSF1
trimerization. Briefly, the known steps involve initial binding of target protein
by Hsp70 and Hsp40, introduction of Hsp90 by Hsp90- and Hsp70-binding
protein Hop, and substitution of the first Hsp90-containing complex with
a final “mature” Hsp90–p23–immunophilin complex. Observations made by
Marchler and Wu (2001) can readily be interpreted as in vivo evidence that such
assembly reactions in fact occur on HSF1. These authors found that depletion
by specific siRNA of Hsp70, Hsp40 (DroJ1) or Hsp90 increased Drosophila

Fig. 1 Model showing assembly of intermediate and mature HSF1 heterocomplexes in un-
stressed cells. It is believed that a majority of HSF1 molecules in unstressed cells are
associated with Hsp90-p23-immunophilin complexes (mature complexes). When a cell is
stressed, an important fraction of cellular proteins unfold. Stress-unfolded proteins com-
pete with HSF1 for Hsps and co-chaperones. Because HSF1 heterocomplexes are dynamic
assemblies, this competition results in rapid disappearance of the complexes and inhibi-
tion of complex assembly. Unbound HSF1 monomers self-associate to form homotrimers.
I = immunophilin. [Reproduced fromVoellmy2004withpermission fromCell StressSociety
International (CSSI)]
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HSF1 DNA-binding activity. Co-depletion of Hsp70 and Hsp40 or of Hsp90
and Hsp40 had synergistic inducing effects. It is noted that the more recent
finding by Dai et al. (2003) that CHIP acts a co-regulator of HSF1 can also be
explained in the context of the latter interactions. CHIP is a co-chaperone that
can bind to Hsp90 and Hsp70. It is known to attenuate the ATPase activity
of Hsp70 and to have the ability to remodel Hsp90-containing chaperone
complexes, resulting in the removal of p23 (Ballinger et al. 1999; Connell et al.
2001; McDonough and Patterson 2003). The role of CHIP in HSF1 regulation
may be related to the maintenance of a proper rate of multichaperone complex
assembly on nonhomotrimeric (and, as will become clear from the discussion
below, homotrimeric) HSF1.

Based on the above-discussed model of repression/derepression of HSF1 ho-
motrimerization, it can be expected that feedback regulation will be provided
by release of Hsps and co-chaperones from stress-unfolded proteins as they
are successfully refolded or are disposed via the ubiquitin-proteasome pathway
and by increased synthesis of Hsps. As a consequence, Hsps and co-chaperones
will become increasingly available for interacting with HSF1 during recovery
of cells from a stress or during an extended exposure to a mild stress. These
interactions will initially occur on homotrimeric HSF1 and are likely to be part
of an active mechanism that returns HSF1 to the nonhomotrimeric state.

It is noted that there is no direct evidence that nonhomotrimeric HSF1 in
unstressed cells is quantitatively associated with Hsp90-containing multichap-
erone complex. Based on the observed effects of geldanamycin, one can only
extrapolate that homotrimerization of an important fraction of HSF1 must be
repressed by such a complex (Zou et al. 1998a, 1998b; see also the experiments
of Duina et al. 1998). Therefore, it remains possible that a fraction of HSF1
may be regulated by an entirely different, unknown mechanism.

2.2
Repression of HSF1 Transcriptional Activity by Hsps and Co-chaperones

HSF1 oligomeric status and transcriptional activity are independently regu-
lated. A so-called regulatory domain was mapped in mammalian HSF1 that
represses the transactivation competence of the factor (Green et al. 1995; see
also Zuo et al. 1995 and Shi et al. 1995). This domain encompasses residues
201–330 of the 529-residue human HSF1 sequence (see the schematic map in
Fig. 2).

Guo et al. (2001) tested the hypothesis that transcriptional competence
was also repressed by an Hsp90-containing multichaperone complex (or com-
plexes), which was expected to bind to the regulatory domain of trimerized
HSF1 molecules. Observations by Nair et al. (1996) provided an initial mo-
tivation for the study. As introduced before, the latter authors found that
Hsp90-containing multichaperone complexes could be assembled on recom-
binant HSF1. Because recombinant forms of HSF1 tend to be trimeric (unless
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Fig. 2 Sequence and functional properties of human HSF1. HR-A, HR-B, and HR-C refer
to characteristic hydrophobic repeat sequences (leucine zippers). Numbers indicate amino
acid positions. The relative positions of the 12 known sites of phosphorylation of HSF1
are indicted above the sequence bar. Stars identify phosphorylation sites involved in factor
activation (Ser230, Ser326), and open circles sites associated with factor deactivation (Ser303,
Ser307, Ser363)

specific precautions are taken to prevent oligomerization), the findings sug-
gested that the multichaperone complexes were formed on trimeric HSF1. To
confirm that Nair and colleagues had indeed observed assembly of complexes
on trimeric forms of HSF1, reconstitution experiments were repeated using
as target recombinant HSF1 bound to HSE DNA-containing beads instead of
tagged HSF1 captured on anti-tag antibody-containing beads employed in
the earlier study. Because only trimeric HSF1 has HSE DNA-binding activ-
ity, these experiments exclusively monitored chaperone complex assembly on
trimeric HSF1. Results confirmed that geldanamycin- and apyrase-sensitive
Hsp90–p23–immunophilin complexes could be assembled on trimeric HSF1.

In vivo evidence for interactions between homotrimeric HSF1 and multi-
chaperone complexes that were distinguishable from the complexes associat-
ing with nonhomotrimeric HSF1 was obtained by immunoprecipitation, using
various anti-chaperone antibodies, of in situ cross-linked complexes before
and at different times during a moderately severe heat treatment of human
cells (43 °C for 1–15 min) (Guo et al. 2001). The experiments showed that
the HSF1–Hsp90 interaction was maximal prior to the heat treatment and
decreased to a low level during heat treatment. Conversely, an interaction be-
tween HSF1 and FKBP52 was obserred that could not be detected in cells that
were not heat-treated. Already after 1 min of heat treatment, a cross-linked
HSF1–FKBP52 complex was readily detectable. The apparent abundance of this
complex increased over the course of the 15-min heat treatment. It is noted
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that virtually all HSF1 was in a trimeric form after 15 min of heat treatment.
Similar observations were made when cells were stressed by sodium arsenite
or azetidine carboxylate instead of by heat. FKBP52 was known to bind target
proteins as part of Hsp90-containing multichaperone complexes. The find-
ings were interpreted to reflect dissociation of the initial interaction between
nonhomotrimeric HSF1 and Hsp90–p23–immunophilin complex and trimer-
ization of unbound HSF1 monomer according to the model described in the
previous section. These events were followed by rapid assembly, on a fraction
of homotrimerized HSF1, of Hsp90-containing complexes that also included
FKBP52. Although other explanations remained possible, it appeared that the
complexes forming on nonhomotrimeric and homotrimeric HSF1 differed in
the type of immunophilin they contained. The homotrimeric but not (or less)
the nonhomotrimeric HSF1 association comprised FKBP52.

Experiments aimed at obtaining evidence for a role of multichaperone com-
plexes in repression of HSF1 transcriptional activity exploited previous ob-
servations that a substantial fraction of HSF1 overexpressed from transduced
genes accumulates in a trimeric and DNA-binding but transcriptionally incom-
petent form (Zuo et al. 1994, 1995). Overexpressed mutants of HSF1 lacking the
regulatory domain are transcriptionally active. Hence, in the overexpression
situation, regulation of the HSF1 oligomeric state is bypassed, allowing for
direct examination of HSF1 transcriptional regulation. To distinguish tran-
scriptional activities of endogenous and exogenous HSF1 forms, the experi-
ments overexpressed LEXA-HSF1 rather than HSF1. LEXA-HSF1 was identical
with HSF1, except that the HSE DNA-binding domain was substituted with the
DNA-binding domain of bacterial repressor LEXA. Because of the abundance
of overexpressed LEXA-HSF1 relative to endogenous HSF1, the experiments
also allowed for direct comparison of LEXA-HSF1 transcriptional activity and
assembly of chaperone complexes. The HSF1–FKBP52 interaction was used to
specifically assess assembly of chaperone complexes on homotrimeric HSF1
forms. The study produced two important results (Guo et al. 2001):

– Three different maneuvers that could be expected to reduce the availabil-
ity of Hsps and co-chaperones for binding to HSF1, i.e., overexpression
of a steroid receptor, exposure of cells to azetidine carboxylate, forcing
synthesis of nonnative proteins, and overexpression of a protein incapable
of reaching a native conformation intracellularly, caused transcriptional
activation of LEXA-HSF1 as well as readily detectable reduction in the
abundance of multichaperone complexes associated with LEXA-HSF1.

– Multichaperone complexes formed substantially less well on mutants of
LEXA-HSF1 lacking portions of the regulatory domain than on prototype
LEXA-HSF1.

Together, these findings strongly suggested that transcriptional activity of
trimeric HSF1 is repressed by a multichaperone complex (or complexes) that
associates with the HSF1 regulatory domain. Furthermore, the data showed
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that a reduction in the availability of Hsps and co-chaperones for binding to
trimeric HSF1 such as occurs during induction of the heat shock response
results in release of HSF1 from transcriptional repression.

A different mechanism that represses HSF1 transcriptional activity was de-
scribed by Shi et al. (1998). These authors demonstrated using in vitro recon-
stitution assays that Hsp70 and Hsp40 (Hdj1) interact with the transcription
activation domain region of mouse HSF1. Mapping experiments revealed that
both full-length Hsp70 and an isolated substrate-binding domain but not mu-
tant Hsp70 AAAA lacking chaperoning activity bound the HSF1 activation
domains. Mapping of the Hsp70 binding site in HSF1 led to the definition of
an interaction domain located between mouse HSF1 residues 425 and 439.
Overexpression in mammalian cells of either Hsp70 or Hsp40 (Hdj1) inhibited
the transcriptional activity of a co-expressed GAL4-HSF1 activation domain
chimera. The transcriptional competence of a control GAL4-VP16 fusion pro-
tein remained unaffected. Regarding the relative importance of the two differ-
ent mechanisms of transcriptional repression, available data suggest that the
first mechanism that is mediated by multichaperone complex interaction with
the HSF1 regulatory domain is more sensitive than the second mechanism
that involves direct inhibition of transcription activation domains by Hsp70
and/or Hsp40: even when expressed at relatively modest levels, HSF1 mutants
lacking part or all of the regulatory domain were active transcription factors
in the absence of a stress (Zuo et al. 1995; Xia et al. 1999; Hall and Voellmy,
unpublished observations).

As discussed in Sect. 2.1, an early step in the HSF1 activation process is the
conversion of nonhomotrimeric, non-DNA-binding factor to homotrimeric,
DNA-binding factor. An effective repression mechanism controls this conver-
sion. Why then is there an apparent need for controlling activation at a subse-
quent step? The answer may lie in observations suggesting that the homotrimer
may be the thermodynamically favored form of HSF1, at least in mammalian
cells (but see below). Hence, homotrimerization of HSF1 may be an essentially
irreversible process. As a consequence, even a modest decrease in the avail-
ability of Hsps and co-chaperones for binding to HSF1 polypeptide may result
in nearly complete oligomerization of the factor. Hence, if regulation of the
oligomeric state were the only mechanism for regulating HSF1 activity, it may
not be possible to achieve activation of the factor that is proportional to the
intensity of stress experienced by a cell. Repression mechanisms at a second
level may provide for this proportionality. Unbound and chaperone-bound,
trimeric HSF1 may readily equilibrate as a function of chaperone availability.
To illustrate the effects of such regulation at two successive levels, at an in-
termediate intensity of stress the availability of Hsps and co-chaperones for
binding HSF1 will only be moderately reduced. This reduction may be suffi-
cient to cause near quantitative trimerization of the factor. However, because
of the proportionality of chaperone binding to trimeric HSF1, only a fraction
of (trimeric) HSF1 would remain unbound and proceed to become transcrip-
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tionally active. The remaining fraction would be bound by Hsps and/or mul-
tichaperone complex and remain transcriptionally inert. The above-discussed
in situ cross-linking and immunoprecipitation experiments appeared to lend
support to this concept (Guo et al. 2001). In cells exposed to a moderately severe
heat stress, virtually all HSF1 was converted to the trimeric form, but a frac-
tion of (trimeric) HSF1 became bound by an Hsp90- and FKBP52-containing
chaperone complex. It is noted that the ratio of unbound to multichaperone
complex-bound trimeric HSF1 may also be influenced by DAXX, a co-activator
of HSF1, whose availability for binding to trimeric HSF1 is stress-regulated (see
Sect. 2.3 for a more extensive description).

The mechanisms for inhibiting transcriptional competence described in
this section may be equally important for feedback regulation of HSF1 activity
during prolonged exposure to a moderate stress or subsequent to a stress. Be-
cause the trimeric conformation of HSF1 appears to be the thermodynamically
favored conformation, the existence of an active mechanism (or mechanisms)
that disassembles HSF1 trimers must be postulated. As long as the concen-
tration of nonnative proteins remains sufficiently high to engage a sizable
fraction of Hsps and co-chaperones, a futile cycle of assembly and disassembly
of trimeric HSF1 can be expected to occur. Hence, mechanisms that repress the
transcriptional competence of trimeric HSF1 may be the only mechanisms ca-
pable of reducing HSF1 activity progressively during stress recovery. Only late
in the recovery process will the amounts of Hsps and co-chaperones available
for binding to HSF1 polypeptides reach levels that are effective in curtail-
ing oligomerization. It is further noted that disassembly of HSF1 trimers is
likely to be catalyzed by a chaperone-mediated process. Therefore, the asso-
ciations of Hsps and chaperone complexes with trimeric HSF1 that inhibit
transcriptional activity may also represent initial steps in chaperone-mediated
disassembly of trimeric HSF1. Because the abundance of these associations
may be proportional to the amount of Hsps and co-chaperones available for
binding, disassembly may occur at a rate that is proportional to the progress
of recovery, which is determined by the rates of disposal of unfolded proteins
and induced synthesis of Hsps.

2.3
Repression and Co-activation of HSF1 Transcriptional Activity by Phosphorylation

Phosphorylation would appear to be an ideal means for controlling a rapid
physiological response such as the heat shock response. Not surprisingly, in-
vestigations relating to phosphorylation and dephosphorylation of heat shock
factors began as soon as they became feasible. Results suggested that HSF1
activity indeed was influenced by phosphorylation/dephosphorylation events.
It appeared that this regulation primarily concerned HSF1 transcriptional
competence: several protein kinase C inhibitors were found to reduce heat-
induced (hsp promoter-directed) reporter gene activity in mammalian cells,
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without affecting HSF1 DNA-binding activity (Erdos and Lee 1994; Xia and
Voellmy 1997). Analogous observations were reported for Drosophila HSF1
(Fritsch and Wu 1999). Exposure of certain cell types to salicylate, mena-
dione or hydrogen peroxide induced HSF1 HSE DNA-binding activity but not
transcriptional activity (Jurivich et al. 1992; Bruce et al. 1993). HSF1 was only
weakly phosphorylated under these conditions (Jurivich et al. 1995; Cotto et al.
1996; Xia and Voellmy 1997). Co-exposure to Ser/Thr phosphatase inhibitor
calyculin A resulted in increased phosphorylation of HSF1 and derepression of
transcriptional activity (Xia and Voellmy 1997). As discussed before, overex-
pressed HSF1 is HSE DNA-binding but transcriptionally inactive in the absence
of a stress. Exposure to calyculin A or phorbol ester resulted in activation of
HSF1 in cells overexpressing the factor (Xia and Voellmy 1997).

In spite of this ample indirect evidence for a role of phosphorylation in the
HSF1 activation process, specific information only emerged relatively recently.
Holmberg et al. (2001) reported that a Ser230-to-Ala substitution reduced the
heat-induced activity of human HSF1 by about twofold as measured by the abil-
ity of the mutant factor to mediate Hsp70 synthesis in mouse hsf1–/– MEF cells.
Experiments that used a phosphospecific antibody revealed that phosphoryla-
tion of Ser230 was stress-inducible. Ser230 lies within a CaMKII consensus site.
OverexpressionofCaMKII resulted inenhancedheat-inducedhsp70promoter-
directed reporter gene expression and phosphorylation at Ser230. Conversely,
kinase inhibitor KN-62 reduced reporter activity. Guettouche et al. (2005)
recently conducted a comprehensive physical analysis of phosphorylation in
heat-stressed human cells and found that HSF1 was multiply phosphorylated
on Ser121, Ser230, Ser292, Ser303, Ser307, Ser314, Ser319, Ser326, Ser344, Ser363,
Ser419, and Ser444. In agreement with phosphoamino acid analyses reported
earlier, no Thr or Tyr residues were found phosphorylated. The same authors
also carried out a systematic alanine scan of human HSF1. Every Ser, Thr, or Tyr
residue was mutated, and consequences for HSF1 transcriptional competence
were tested. The study uncovered a single residue, Ser326, whose substitution
resulted in a several-fold reduced transcriptional activity when assayed in the
hsf1–/– MEF cell system. Like that of Ser230, phosphorylation of Ser326 was
found to be inducible by stress. When directly compared with the effect of
Ser326 phosphorylation on stress-induced transcriptional activity, the effect of
Ser230 phosphorylation appeared to be much smaller. The two studies revealed
that inducible phosphorylation of at least two HSF1 Ser residues contributes
to transcriptional activity. Clearly, however, stress activation of HSF1, albeit to
a reduced level, also occurs in the absence of this phosphorylation. Therefore,
the presently available evidence does not support models of regulation of the
heat shock response that are based on activation of the response by inducible
phosphorylation of HSF1 (Rieger et al. 2005).

HSF1 activity is also controlled negatively by phosphorylation. Evidence for
this mode of regulation was obtained for yeast as well as mammalian cells (Hoi
and Jacobsen 1994; Knauf et al. 1996; Kline and Morimoto 1997; see also Kim
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et al. 1997). After realizing that the regulatory domain of human HSF1 included
six proline-directed serine motifs, Knauf et al. (1996) tested whether elimina-
tion of the serines in these motifs affected heat-inducible transactivation by
GAL4-HSF1 chimeras. Heat inducibility of transactivation was substantially
reduced for mutants lacking all six serines as well as for mutants lacking
only Ser303 and Ser307. Immune complex kinase assays revealed that the HSF1
regulatory domain (including Ser303 and Ser307) could be phosphorylated by
ERK1/ERK2 and p38 MAP kinases (Knauf et al. 1996; Kim et al. 1997). Kline
and Morimoto (1997) first demonstrated that HSF1 was in fact phosphory-
lated on Ser303 and Ser307 in vivo. Studies by Chu et al. (1996, 1998) provided
evidence that Ser303 is phosphorylated by glycogen synthase kinase 3 (GSK3)
subsequent to phosphorylation of Ser307 by a MAP kinase. By now, there ap-
pears to be better, albeit not universal, support for a role of GSK3 in repressive
phosphorylation of HSF1 than for any other protein kinase (Xavier et al. 2000;
but see also Hietakangas et al. 2003). Several studies, using different assay
systems, confirmed that Ser303/Ser307 double substitutions have deregulated
transcriptional activity (Knauf et al. 1996; Chu et al. 1996; Kline and Morimoto
1997; Xia et al. 1998; Guettouche et al. 2005). Similarly, in vivo phosphorylation
of the two residues was observed by several laboratories (Kline and Morimoto
1997; Xia et al. 1998; Hietakangas et al. 2003; Guettouche et al. 2005). It can
therefore be considered as established that HSF1 transcriptional activity is
repressed by phosphorylation at Ser303 and Ser307. Two independent studies
provided evidence that phosphorylation of human HSF1 residue Ser363 also
has a repressive effect on HSF1 transcriptional activity and/or an enhancing
effect on HSF1 deactivation subsequent to a stress (Chu et al. 1998; Dai et al.
2000). It was more recently reported that phosphorylation of Ser303 and Ser307

also inhibits HSF1 function via a mechanism that is not directly related to tran-
scriptional competence (Wang et al. 2003, 2004): HSF1 phosphorylated on the
latter residues interacts with a 14-3-3 protein. In the absence of a stress, bind-
ing of 14-3-3 to HSF1 leads to sequestration of the transcription factor in the
cytoplasm. This mechanism is believed to play a role during HSF1 deactivation
subsequent to a stress.

While phosphorylation of Ser230 and Ser326 enhances, and phosphorylation
of Ser303, Ser307, and Ser363 represses heat stress-induced transcriptional com-
petence, human HSF1 is also phosphorylated in heat-treated cells on residues
Ser121, Ser292, Ser314, Ser319, Ser344, Ser419, and Ser444 (Guettouche et al. 2005).
The hypothesis that these phosphorylation events may be gratuitous is diffi-
cult to accept, considering that they concern a majority of the sites on which
HSF1 is phosphorylated in heat-stressed cells. It seems more reasonable to
believe that the transactivation experiments carried out to date were inap-
propriate for discovering the roles of the latter phosphorylation events. What
was learned recently about an unexpected consequence of phosphorylation of
HSF1 residue Ser419 may illustrate this difficulty. Kim et al. (2005) found that
Polo-like kinase 1 is capable of phosphorylating HSF1 on Ser419. Phosphory-
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lation of cyclin B1 by the latter kinase is known to be essential for the nuclear
translocation of the cyclin that takes place in prophase. A Ser419-to-Ala sub-
stitution failed to exhibit the typical exclusive nuclear localization of HSF1 in
heat-treated cells. This observation suggested that phosphorylation of Ser419

is important for stress-induced nuclear concentration of HSF1. Apparently,
a Ser419-to-Ala substitution remained without a detectable activity phenotype
because the nuclear concentration of the mutant failed to become limiting
under the conditions of the transactivation assays.

Phosphorylation of human HSF1 at Ser230 and Ser326 is stress-induced
(Holmberg et al. 2001; Guettouche et al. 2005). As was persuasively shown
by Hietakangas et al. (2003), phosphorylation of residues Ser303 and Ser307

also occurs during stress and is followed by gradual dephosphorylation during
recovery from the stress. GSK3 (Ser303) and JNK1 (Ser363) kinase activities
were also found to be heat stress-induced (He et al. 1998; Dai et al. 2000; Xavier
et al. 2000). Hence, exposure of human cells to heat and, presumably, also
other stressors appear to trigger a sequence of phosphorylation events begin-
ning with transcription-enhancing phosphorylation at HSF1 residues Ser230

and Ser326 and ending with repressive phosphorylation at Ser303, Ser307, and
Ser363. It is not known how the sequence is initiated, and whether it represents
a fixed program or is susceptible to modulation. Heat-induced phosphoryla-
tion of HSF1 is known to be feedback-regulated: when mammalian cells are
exposed to a continuous mild stress, the level of HSF1 phosphorylation, es-
timated from SDS-PAGE mobility shift information, is initially increased but
then eventually returns to the prestress level (Kline and Morimoto 1997). The
mechanismof this feedbackregulation isnotknownbut is expected tocomprise
several components. As discussed previously, several of the protein kinases pu-
tatively involved in stress-induced phosphorylation of HSF1 are known, and
the activity of at least two of them is heat stress-induced (GSK3, JNK1). Stress
activation of these kinases may be susceptible to feedback regulation. Presum-
ably, the target for transcription-modulating phosphorylation is the trimeric
form of HSF1. Trimerization of HSF1 is regulated by the availability of Hsps
and co-chaperones for binding to nonhomotrimeric factor. Presumably, the
mechanism that returns trimeric HSF1 to the nonhomotrimeric form is also
dependent on Hsps and co-chaperones. Finally, trimeric HSF1 associated with
multichaperone complex may not be recognized as a target by the relevant
protein kinases. HSF1 co-activator DAXX may function to increase the acces-
sibility of trimeric HSF1 for activity-enhancing phosphorylation (Boellmann
et al. 2004).

DAXX was isolated as a protein that interacts with trimeric HSF1 (Boell-
mann et al. 2004). Although not absolutely required, DAXX plays an important
role in stress activation of HSF1, as evidenced by the substantial negative effects
of deletion of DAXX, RNA interference depletion, and expression of dominant-
negative mutants. As discussed previously, overexpression of HSF1 results in
accumulation of trimeric factor that is repressed by interacting multichaperone
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complex and only exhibits minimal transcriptional activity in the absence of
a stress. Co-expression of DAXX has a large synergistic effect on HSF1 activity.
This effect is accompanied by increased phosphorylation of HSF1 (Boellmann
and Voellmy, unpublished data). These observations suggest that DAXX bind-
ing to HSF1 may displace repressing multichaperone complex and prime the
transcription factor for phosphorylation.

DAXX is a largely nuclear protein that predominantly associates with so-
called promyelocytic leukemia oncogenic domains (PODs) or nuclear domains
10 (Ishov et al. 1999; Torii et al. 1999; Zhong et al. 2000). These subnuclear
domains are organized by promyelocytic leukemia protein (PML). DAXX is
released from these stores into the nucleoplasm during different types of stress
(Maul et al. 1995; Nefkens et al. 2003). Subsequent to this release, DAXX
becomes available for binding to trimeric HSF1 and promoting its transcrip-
tional activation. Hence, HSF1 activity is also modulated indirectly by factors
that control the release of DAXX from PODs. This release has been found
to correlate with desumoylation of PML protein, which may be triggered by
phosphorylation of the protein (Muller et al. 1998; Everett et al. 1999; Nefkens
et al. 2003). Interaction of HIPK1 with DAXX also results in release of DAXX
from PODs (Ecsedy et al. 2003). Furthermore, the biochemical properties of
DAXX may also be modulated by its phosphorylation by HIPK1. Finally, DAXX
is known to interact with several protein kinases and to function as an adapter
for apoptosis signal-regulating kinase 1 that phosphorylates JNK (Chang et al.
1998; Rochat-Steiner et al. 2000; Ecsedy et al. 2003). Hence, there is a precedent
for the possibility that DAXX may direct a protein kinase to HSF1 that could
phosphorylate the transcription factor or an associated protein.

2.4
Stress Granules: Sequestration of HSF1 and Splicing Factors

In primate cells exposed to a stress, a large fraction of HSF1 was observed to
rapidly redistribute from the nucleoplasm (and cytoplasm) to a small number
of subnuclear structures referred to as stress granules (Cotto et al. 1997).
Although it soon became clear that stress granules are not associated with
genes for major hsp genes (Jolly et al. 1997), it only recently could be shown
that the structures form on a particular heterochromatic region of (human)
chromosome 9 (9q12) to which HSF1 binds (Jolly et al. 2002). Overexpression of
Hsp70 prevents the concentration of HSF1 in stress granules (Jolly et al. 2002).
Within these structures, HSF1 activates transcription of satellite III repeats
by RNA polymerase II (Jolly et al. 2004; Rizzi et al. 2004). The transcripts
formed remain stably associated with the 9q12 region. Stress granules are
also sites of sequestration of specific splicing factors such as hSF2/ASF and
hSRp30c, which is dependent on HSF1 and satellite III transcripts (Metz et al.
2004, and references cited therein). Although this remains speculative, it may
be hypothesized that sequestration of the majority of stress-activated HSF1
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molecules in stress granules will alter the dynamics of hsp gene expression. In
terms of feedback regulation, the degree of competition by nonnative proteins
for Hsp70 during stress recovery may influence HSF1 sequestration in stress
granules,which in turnmayaffect expression fromhspgenes.Theexpressionof
proteins from non-hsp genes may also be impacted owing to the sequestration
of certain splicing factors in stress granules.

3
Post-Transcriptional Aspects of Feedback Regulation of the Heat Shock
Response

3.1
Disposal of Stress-Unfolded Proteins by Refolding or Proteasome-Mediated
Degradation

Under normal physiological conditions, a cell’s ability to fold or refold nonna-
tive polypeptides and, if necessary, to discard them is perfectly adapted to its
needs. Probably, the largest workload for a chaperone system under these con-
ditions is generated by new protein synthesis (Baler et al. 1992). Only when the
cell is exposed to a proteotoxic stress, e.g., heat, osmotic stress, or exposure to
a wide variety of chemicals, denaturation of proteins temporarily exceeds the
cell’s capacity, the level of unfolded proteins rises, and Hsps and co-chaperones
are monopolized by the unfolded proteins, resulting in activation of HSF1 and
induction of the heat shock response. The fine balance between protein unfold-
ing, folding/refolding, and degradation via the ubiquitin-proteasome pathway
is illustrated by the observation that inhibition of proteasome function by
small-molecule inhibitors such as MG132 or lactacystin results in induction
of Hsp synthesis, i.e., in a heat shock response (Bush et al. 1997; Lee and
Goldberg 1998). The compulsory function of HSF1 in the heat shock response
that is triggered by an elevation of the concentration of unfolded proteins is
confirmed by the finding that proteasome inhibitors failed to induce Hsp syn-
thesis in hsf1–/– cells and that the response could be restored by back addition
of HSF1 (Pirkkala et al. 2000). It is now clear that both folding/refolding of
proteins and disposal of nonrepairable proteins via the ubiquitin-proteasome
pathway are chaperone-mediated processes. Unfolded proteins associate with
chaperones and chaperone complexes. The decision of whether an unfolded
protein is to be degraded involves association with and modulation of the latter
chaperone complexes by co-chaperones such as CHIP (reviewed by Esser et al.
2004). As discussed before, CHIP is capable of binding to and affecting the
activities of Hsp70 and Hsp90. In addition, CHIP also possesses E3 ubiquitin
ligase activity. Hence, in addition to downregulation of HSF1 activity by direct
feedback mechanisms, the increased levels of Hsps resulting from stress in-
duction of the heat shock response are expected to accelerate both refolding of
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stress-unfolded proteins as well as their disposal by the ubiquitin-proteasome
pathway (Nollen et al. 1999; Fisher et al. 1997; Gusarova et al. 2001; Zhang et al.
2001). These effects should further increase the rate of attenuation of the heat
shock response during a moderate stress or in the wake of stress exposure.
It is noted that CHIP has additional functions that are not linked to protein
degradation. Its role as a co-regulator of HSF1 discussed earlier in this review
is an example of such a function.

3.2
Other Post-Transcriptional Effects: Hsp mRNA Stability and Translatability

Feedback regulation of the heat shock response may also be mediated through
post-transcriptional mechanisms that affect the synthesis of Hsps. During
a stress, cells efficiently produce Hsp mRNAs, which are relatively stable and
are preferentially translated into Hsps. Primary hsp gene transcripts typically
do not contain introns and, therefore, escape inhibition of splicing that oc-
curs under conditions of severe stress (Yost and Lindquist 1986). Preferential
translation of Hsp mRNAs appears to be a reflection of a profound inhibi-
tion of translation of non-Hsp mRNAs. Once formed, Hsp mRNAs appear to
be translated similarly under stress and nonstress conditions (Theodorakis
and Morimoto 1987 and references cited therein). Hence, translation of Hsp
mRNAs does not appear to be actively regulated. In contrast, hsp70 mRNA
stability is dramatically greater during heat or arsenite stress than during re-
covery from stress or in unstressed cells (DiDomenico et al. 1982; Theodorakis
and Morimoto 1987). There appears to exist no direct evidence that Hsp70 or
another Hsp destabilizes Hsp70 mRNA, although 3′ UTR sequences were found
to be responsible for heat stress-induced stability, and Hsp70 and Hsp110 were
found to interact with AU-rich sequences in 3′ UTR sequences (Petersen and
Lindquist 1989; Moseley et al. 1993; Henics et al. 1999). Xing et al. (2004) re-
cently reported an interaction between HSF1 and symplekin (and CstF-64) in
heat-stressed but not unstressed human cells. Symplekin is known to interact
with polyadenylation factors CstF and CPSF and may function as a scaffold to
assemble the latter proteins into a complex. Overexpression of an HSF1 mutant
containing an inactivating point mutation in the HSE DNA-binding domain
resulted in interference with polyadenylation but not synthesis of hsp70 gene
transcripts in heat-stressed cells and in reduced synthesis of Hsp70, suggest-
ing that HSF1 is instrumental in bringing polyadenylation factors to the site at
which Hsp70 pre-mRNA is synthesized and polyadenylated. This mechanism
may be an important aspect of efficient Hsp70 expression in heat-stressed
cells.
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4
Synopsis

The heat shock response is triggered when cells are exposed to heat or another
proteotoxic stress. The immediate effect of this stress exposure is denaturation
of a significant fraction of cellular proteins, and the end result is increased
levels of Hsp chaperones that accelerate refolding of stress-unfolded proteins
and degradation by the ubiquitin-proteasome pathway. Stress-unfolded pro-
teins also appear to be the primary signal for activating the key transcription
factor, HSF1, which mediates stress-induced expression of hsp genes. HSF1
activation is repressed at the levels of homotrimerization and acquisition of
transcriptional competence by Hsps and multichaperone complexes (Fig. 3).
It is believed that most HSF1 molecules are dynamically associated with an
Hsp90–p23–immunophilin complex in an unstressed cell. Stress-unfolded pro-
teins accumulating in a stressed cell compete with HSF1 for Hsps and co-
chaperones. As a result, HSF1 is released from the multichaperone complex
and self-associates to form homotrimers. A fraction (whose importance is
related to stress intensity) of trimeric HSF1 escapes capture by a repressive
Hsp90- and FKBP52-containing multichaperone complex and other repressive
interactions with Hsps, acquires transcriptional competence, and begins to
transactivate hsp genes. Consequently, levels of Hsps rise. During recovery
from a stress or during prolonged exposure to a mild to moderately severe
stress, stress-unfolded proteins are either refolded or eliminated by prote-
olytic degradation. Levels of Hsps and co-chaperones available for interaction
with HSF1 increase again. This is expected to result in formation of repressive
interactions between HSF1 and Hsps and/or multichaperone complexes, ac-
celerated chaperone-mediated disassembly of HSF1 trimers, and the eventual
re-association of HSF1 polypeptide with Hsp90-p23-immunophilin complex.
This direct control of HSF1 activity by Hsps and co-chaperones is modulated
by several interactions/reactions that link HSF1 regulation to a wider set of
stress-regulated aspects of cell metabolism and may serve to integrate multiple
stress signals. These reactions include stress-induced activating and repressive
phosphorylation of HSF1, which is, in part, mediated by ERK1, GSK3, JNK1,
and CaMKII kinases. The activities of some of these kinases were increased in
the stressed cell. Transcriptional activation of HSF1 is also enhanced by DAXX,
a protein that only becomes available for interaction with HSF1 subsequent to
stress-induced disintegration of PODs. Finally, HSF1-mediated hsp gene ex-
pression may be indirectly influenced by stress-induced and Hsp70-repressed
sequestration of HSF1 in stress granules.

The author hopes that the present review has not only informed on what
is known about the regulation of HSF1 and the heat shock response, but
has also led the reader to recognize the large lacunae that still exist in our
understanding. Clearly, one of the least understood aspects is the pathway
of deactivation of HSF1. The mechanism (or mechanisms) by which HSF1
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Fig.3 Schematic representationofvariousaspects andmechanisms involved in the regulation
of HSF1 activity and the heat shock response. 70, 52, and 40 refer to Hsp70, FKBP52, and
Hsp40, respectively
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homotrimers are disassembled as well as the relationship between this mech-
anism and repressive phosphorylation and repressive chaperone interactions
with trimeric HSF1 remain entirely unknown. Furthermore, the present un-
derstanding of the regulation of the heat shock response is largely based on
results from cell culture studies. Continued examination of the response in
complex organisms such as plants or metazoan animals, or their organs and
tissues, will likely result in significant adjustments in our present thinking, in
particular relating to interactions between HSF1 and other HSFs, and the role
of different HSFs in specific differentiated cell types. Finally, it is noted that,
to avoid duplication, a discussion of interactions between HSF1 (and the heat
shock response) and other signaling pathways including apoptotic pathways
and steroid receptor-mediated regulation was omitted.
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Abstract In all eukaryotic cells, the endoplasmic reticulum (ER) is an intracellular organelle
where folding and assembly occurs for proteins destined to the extracellular space, plasma
membrane, and the exo/endocytic compartments (Kaufman 1999). As a protein-folding
compartment, the ER is exquisitely sensitive to alterations in homeostasis, and provides
stringent quality control systems to ensure that only correctly folded proteins transit to the
Golgi and unfolded or misfolded proteins are retained and ultimately degraded. A number
of biochemical and physiological stimuli, such as perturbation in calcium homeostasis
or redox status, elevated secretory protein synthesis, expression of misfolded proteins,
sugar/glucose deprivation, altered glycosylation, and overloading of cholesterol can disrupt
ER homeostasis, impose stress to the ER, and subsequently lead to accumulation of unfolded
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ormisfoldedproteins in theER lumen.TheERhas evolvedhighly specific signalingpathways
called the unfolded protein response (UPR) to cope with the accumulation of unfolded or
misfolded proteins. Elucidation of the molecular mechanisms by which accumulation of
unfolded proteins in the ER transmits a signal to the cytoplasm and nucleus has led to
major new insights into the diverse cellular and physiological processes that are regulated
by the UPR. This chapter summarizes how cells respond to the accumulation of unfolded
proteins in the cell and the relevance of these signaling pathways to human physiology and
disease.

Keywords Endoplasmic reticulum · Unfolded protein response · Translational control ·
ERAD · Apoptosis

Abbreviations
UPR Unfolded protein response
ER Endoplasmic reticulum
GRP Glucose-regulated protein
IRE1 Inositol requiring 1
ATF6 Activating transcription factor 6
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XBP1 X-box binding protein 1
UPRE Unfolded protein response element
ERSE ER stress response element
ERAD ER-associated protein degradion

1
Polypeptide Modification, Folding, and Assembly
in the Endoplasmic Reticulum Lumen

The endoplasmic reticulum (ER) is the site of biosynthesis for sterols, lipids,
and membrane and secreted proteins. Approximately one-third of all cellu-
lar protein synthesis occurs on the membrane of the rough ER. For some
specialized cells that function to secrete proteins, such as plasma cells, hepato-
cytes, pancreatic acinar and islet cells, over 90% of the translated polypeptides
are directed into the ER lumen, the entrance site into the secretory pathway
(Kaufman 2004). Since the protein concentration in the ER lumen is approx-
imately 100 mg/ml, it is essential that protein chaperones facilitate protein
folding by preventing aggregation of protein folding intermediates and by cor-
recting misfolded proteins that are caught in kinetic low-energy traps. These
energy-requiring processes ensure high-fidelity protein folding in the lumen
of the ER. For example, the most abundant ER chaperone BiP/GRP78 uses
the energy from ATP hydrolysis to promote folding and prevent aggregation
of proteins within the ER. In addition, the oxidizing environment of the ER
creates a constant demand for cellular protein disulfide isomerases to catalyze
and monitor disulfide bond formation in a regulated and ordered manner.
Only those polypeptides that are properly folded and assembled in the ER can
transit to the Golgi compartment, a process called quality control. Proteins



Protein Folding in the Endoplasmic Reticulum and the Unfolded Protein Response 71

that are misfolded in the ER are retained and eventually translocated back
through into the cytosol for degradation by the 26S proteasome in a process
called ER-associated degradation (ERAD) (Tsai et al. 2002).

The recognition and modification of oligosaccharide structures in the lu-
men of the ER is intimately coupled to polypeptide folding (Helenius 1994).
As the growing nascent chain is translocated into the lumen of the ER, a 14-
oligosaccharide core, N-acetylglucosamine2-mannose9-glucose3(GlcNAc2–
Man9Glc3), is added to consensus asparagine residues (Asn-X-Ser/Thr; where
X is any amino acid except Pro). Immediately after the addition of this core,
the three terminal glucose residues are cleaved by the sequential action of glu-
cosidases I and II to yield a GlcNAc2Man9 structure. If the polypeptide is not
folded properly, a UDP-glucose:glycoprotein glucosyltransferase recognizes
the unfolded nature of the glycoprotein and reglucosylates the core structure
to re-establish the glucose-α(1,3)-mannose glycosidic linkage (Ritter and He-
lenius 2000). Monoglucosylated oligosaccharides containing this bond bind
to the ER-resident protein chaperones calnexin and calreticulin. Glycoprotein
interaction with calnexin and calreticulin promotes interaction with the oxi-
doreductase ERp57 that promotes proper disulfide bond rearrangement. This
quality control process ensures that unfolded glycoproteins do not exit the ER.

The ER has evolved highly specific signaling pathways to ensure that its
protein-folding capacity is not overwhelmed. Upon accumulation of unfolded
proteins in the ER lumen, several adaptive pathways are activated to reduce the
amount of new protein translocated into the ER lumen, to increase the retro-
translocation and degradative potential of ER-localized malfolded proteins,
and to increase the protein-folding capacity of the ER.

2
Historical Perspective of the Unfolded Protein Response

In the mid-1970s, it was observed that transformation of fibroblasts with Rous
sarcoma virus induces expression of a set of genes (Pouyssegur et al. 1977).
The same set of genes was found to be upregulated upon glucose deprivation,
hence the products of these genes were termed glucose-regulated proteins
(GRPs, i.e., GRP78 and GRP94) (Lee et al. 1984, 1983). Independently, a protein
was identified that binds unassembled immunoglobulin heavy chains in the
ER of pre-B cells and prevents their secretion until the immunoglobulin light
chains are expressed. This protein was named the immunoglobulin binding
protein (BiP) (Haas and Wabl 1983; Lee 1987) and is identical to GRP78.
Subsequently, it was demonstrated that overexpression of an unfolded mutant
of the influenza hemagglutinin protein was sufficient to induce expression of
BiP and GRP94 (Gething and Sambrook 1992), leading to the designation of
this signaling pathway as the unfolded protein response (UPR). In addition,
overexpression of a wild-type protein, coagulation factor VIII, was also shown
to induce expression of BiP and GRP94 (Dorner et al. 1987, 1988).
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The UPR is conserved in all eukaryotic cells. Analysis of the UPR pathway in
the budding yeast Saccharomyces cerevisiae identified a 22-bp cis-acting UPR
element (UPRE) that was necessary and sufficient for ER stress induction of
a reporter gene upon accumulation of unfolded proteins in the ER (Mori et al.
1992). A genetic screen was used to isolate mutants in this pathway. The first
mutant identified independently by two groups was defective in a gene en-
coding an ER transmembrane serine/threonine protein kinase (Ire1p/Ern1p).
Ire1p was characterized as a proximal UPR transducer required for transcrip-
tional induction of UPR genes and for survival upon ER stress (Cox et al. 1993;
Mori et al. 1993). Ire1p has an N-terminal lumenal domain that senses the ER
stress signal and a C-terminal cytoplasmic domain that has a serine/threonine
kinase activity. Subsequently, it was discovered that the C-terminus has ho-
mology with RNaseL, a nonspecific endoribonuclease that signals one arm
of the interferon response in mammalian cells. Indeed, it was demonstrated
that Ire1p has a site-specific endoribonuclease (RNase) activity required for
activating KAR2/BiP transcription (Mori et al. 1993; Shamu and Walter 1996;
Welihinda and Kaufman 1996). The presence of unfolded proteins in the ER
lumen promotes dimerization and trans-autophosphorylation of Ire1p, acti-
vating its RNase activity to cleave at two sites within the mRNA encoding
HAC1, a transcription factor that potently activates KAR2/BiP transcription.
The Ire1p-dependent cleavage initiates HAC1 mRNA splicing through an un-
conventional reaction (Kawahara et al. 1998; Sidrauski et al. 1996; Sidrauski
and Walter 1997). The 5′ and 3′ ends of HAC1 mRNA are subsequently ligated
by transfer RNA ligase. The unconventional HAC1-mRNA processing reac-
tion removes a 252-nucleotide intron, and the result is replacement of the
carboxy-terminal ten amino acids in Hac1p (Hac1up) with a new 19-amino-
acid segment (Hac1ip). This splicing reaction regulates UPR transcriptional
activation in two ways. First, the new carboxyl terminus on Hac1ip converts
Hac1p into a tenfold more potent transcriptional activator. Second, removal of
the intron increases the translational efficiency of HAC1 mRNA.

Spliced HAC1 mRNA encodes a basic leucine zipper (b-ZIP) transcription
factor that binds to a DNA sequence motif, termed the unfolded protein re-
sponse element (UPRE; consensus CAGCGTG), as a dimer in the promoters of
many UPR responsive genes. It was reported that Hac1p activates transcription
of approximately 381 UPR target genes in yeast (Travers et al. 2000).

3
The Unfolded Protein Response Sensors in Higher Eukaryotes

All metazoan cells have conserved the essential and unique properties of the
UPR in yeast, but have also evolved additional sensors and a greater number
ofdownstreamtargets togenerate adiversityof responses (Fig. 1). Inmammals,
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the counterpart of yeast Ire1p has two isoforms: IRE1α and IRE1β. While
IRE1a is expressed in most cells and tissues, with high-level expression in the
pancreas and placenta, IRE1β expression is primarily restricted to intestinal
epithelial cells (Tirasophon et al. 1998; Wang et al. 1998). Both molecules
respond to the accumulation of unfolded proteins in the ER to activate their
kinase and subsequent RNase activities. In vitro cleavage reactions using yeast
HAC1-mRNA substrate showed that the cleavage specificities of IRE1α and
IRE1β are similar, indicating that they did not evolve to recognize different sets
of substrates, but rather to generate temporal- and tissue-specific expression.
All cells in multicellular organisms also constitutively express two additional
stress sensors that respond to the accumulation of unfolded proteins in the ER
lumen and coordinate either adaptive or cell-death responses: PERK and ATF6.

PERK has a carboxy-terminal protein kinase domain homologous to the
double-stranded RNA-activated protein kinase PKR that phosphorylates the
alpha subunit of eukaryotic translation initiation factor 2 (eIF2α) (Fig. 1).
However, where PKR is a soluble cytosolic protein, PERK contains a trans-
membrane domain and an amino-terminal domain that resides in the ER
lumen and responds to the accumulation of unfolded proteins in the ER lumen
(Harding et al. 1999; Liu et al. 2000; Shi et al. 1998). The luminal domain of
PERK shares a low degree of homology with the IRE1 luminal domain. Sur-
prisingly, the human PERK luminal domain can functionally substitute for the
yeast Ire1p luminal domain, although the yeast genome does not have a PERK

Fig. 1 Depiction of the three UPR transducers. The functional domains of IRE1, PERK, and
ATF6 are shown
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homolog. This supports the idea that the fundamental mechanism for sensing
the accumulation of unfolded proteins in the ER is conserved between IRE1
and PERK and between yeast and humans (Harding et al. 1999; Liu et al. 2000;
Shi et al. 1998). In an evolutionary sense, it is significant that the eIF2α kinase
PKR and the endoribonuclease RNaseL are both components of the interferon
antiviral response that respond to the presence of double-stranded RNA pro-
duced during viral replication and prevent virus production. PERK and IRE1
share a common ancestry with PKR and RNAse L, although they have evolved
to respond to accumulation of unfolded proteins in the ER. As the effector
domains of PERK and PKR and of IRE1 and RNAse L share functions, it is
interesting to speculate that PERK and IRE1 may also provide a protective
function in infectious disease.

ATF6 is transcription factor with a b-ZIP domain in the cytosol that also
contains a large ER luminal domain to sense ER stress (Haze et al. 1999). There
are two isoforms of ATF6, ATF6α (90 kDa) and ATF6β (110 kDa, also known

Fig. 2 Translational and transcriptional regulation upon ER stress. Upon accumulation
of unfolded proteins in the ER lumen, PERK is released from BiP, thus permitting its
dimerization and activation. Activated PERK phosphorylates eIF2α to reduce the frequency
of the mRNA translation initiation in general. However, selective mRNAs, such as GCN4
and ATF4 mRNA, are preferentially translated in the presence of phosphorylated eIF2α.
Upon accumulation of unfolded protein in the ER lumen, BiP release from IRE1 permits
dimerization to activate its kinase and RNase activities to initiate XBP1 mRNA splicing.
Spliced XBP1 mRNA encodes a potent transcription factor that binds to UPRE and ERSE
sequences of many UPR target genes. BiP release from ATF6 permits ATF6 transport to the
Golgi compartment where full-length ATF6 (90 kDa) is cleaved by S1P and S2P proteases to
yield a cytosolic fragment (50 kDa) that migrates to the nucleus to activate transcription of
UPR responsive genes. U-Pr unfolded protein
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as CREB-RP). On activation of the UPR, ATF6α and ATF6β transit to the Golgi
where they are cleaved by site-1 protease (S1P) and site-2 protease (S2P) to gen-
erate 50-kDa cytosolic b-ZIP-containing fragments that migrate to the nucleus
to activate transcription of UPR target genes (Shen et al. 2002; Ye et al. 2000)
(Fig. 2). Notably, ER stress-induced cleavage of ATF6 is processed by the same
proteases S1P and S2P that cleave the ER-associated transmembrane sterol-
response element binding protein (SREBP), which is a transcription factor
required for induction of sterol biosynthetic genes (Ye et al. 2000). Regulated
intramembrane proteolysis of ATF6 and SREBP is controlled at the step of traf-
ficking of these transcription factors from the ER to the Golgi compartment.
Whereas only unfolded protein accumulation in the ER promotes ATF6 transit
to the Golgi for cleavage, cholesterol deprivation induces trafficking of SREBP
to the Golgi.

4
Activation of Unfolded Protein Response Sensors

UPR signaling is an adaptive mechanism for cells to survive accumulation of
unfolded proteins in the ER lumen. The UPRreduces the amount of new protein
translocated into the ER lumen, increases retrotranslocation and degradation
of misfolded ER-localized proteins, and bolsters the protein-folding capacity of
the ER. The UPR is orchestrated by transcriptional activation of multiple genes
mediated by IRE1 and ATF6, and a general decrease in translation initiation
and a selective translation of several specific mRNAs mediated by PERK.

The most proximal UPR event is the activation of the ER stress sensors by
a common stimulus, the accumulation of unfolded proteins in the ER lumen.
Current studies support the idea that BiP serves as a master UPR regulator
that plays a central role in activating all three transducers IRE1, PERK, and
ATF6 in response to ER stress (Bertolotti et al. 2000; Dorner et al. 1992; Shen
et al. 2002). BiP is a member of the heat shock protein family of 70 kDa that
has a peptide-dependent ATPase activity. BiP binds to exposed hydrophobic
patches on unfolded proteins and requires ATP to promote release. BiP inter-
action with unfolded proteins is part of the cellular quality control mechanism
that only permits trafficking of properly folded proteins to the Golgi com-
partment. Reduction in the level of free BiP leads to UPR activation, whereas
overexpression of BiP inhibits UPR activation (Dorner et al. 1988, 1992; Mor-
ris et al. 1997). Under nonstressed conditions, BiP binds to IRE1, PERK, and
ATF6 to prevent their signaling. As the ER is overloaded by newly synthesized
unfolded proteins or is “stressed” by agents that cause protein misfolding, the
pool of free BiP in the ER lumen is depleted. As the free pool of BiP drops, IRE1
and PERK are released to permit homodimerization and autophosphorylation,
leading to their activation (Bertolotti et al. 2000; Liu et al. 2003). Concomitantly,
release of ATF6 from BiP permits ATF6 transport to the Golgi compartment,
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where it is cleaved to generate the cytosolic activated form of ATF6 (Shen et al.
2002). Thus, this BiP-regulated activation provides a direct mechanism for the
three UPR transducers to sense the “stress” in the ER. However, in certain
cells, different stresses or physiologic conditions can selectively activate only
one or two of the ER stress sensors. For example, in B cell differentiation,
the IRE1α-mediated UPR subpathway is activated and indispensable while the
PERK-mediated UPR subpathway through phosphorylation of eIF2α is not re-
quired for the B cell differentiation process (Gass et al. 2002; Zhang et al. 2005).
In contrast, in pancreatic β cells, glucose limitation appears to activate PERK
prior to activation of IRE1 (Scheuner and Kaufman, unpublished observation).
It will be important to elucidate how a general BiP repression mechanism per-
mits the selective activation of individual components of the UPR that mediate
various downstream effects.

5
The Transcriptional Response to Endoplasmic Reticulum Stress

To cope with accumulation of unfolded or misfolded protein in the ER lumen,
the UPR is activated to alter transcriptional programs through IRE1 and ATF6
(Fig. 2). In mammals, the promoter regions of many UPR-inducible genes,
such as BiP, GRP94, and calreticulin, contain a mammalian ER stress response
element (ERSE, minimal motif: CCAAT(N9)CCACG) that is necessary and
sufficient for ER stress-induced gene transcription (Yoshida et al. 1998). Using
ERSE as a probe in a yeast one-hybrid screen, researchers isolated two UPR-
specific b-ZIP transcription factors, the X-box DNA binding protein 1 (XBP1)
andATF6 (Yoshidaet al. 1998).XBP1was identifiedas ahomologof yeastHac1p
that is a substrate for mammalian IRE1 RNase activity (Calfon et al. 2002; Shen
et al. 2001; Yoshida et al. 2001). On activation of the UPR, IRE1 RNase cleaves
XBP1 mRNA to remove a 26-nucleotide intron, generating a translational
frame-shift. Spliced XBP1 mRNA encodes a protein with a novel carboxy-
terminus that acts as a potent transcriptional activator for many UPR target
genes. ATF6 is a UPR transducer that can bind ERSE motifs in the promoter
regions of UPR responsive genes (Yoshida et al. 1998). Both ATF6α and ATF6β,
in the presence of the CCAAT-binding factor (CBF; also called NF-Y), bind to
the 3′ half ERSE sequence (CCACG) in the promoter regions of UPR-responsive
genes toactivate transcription.WhereasCBF isa factor that constitutivelybinds
the CCAAT motif, ATF6 is the inducible factor that binds the CCACG motif
(Haze et al. 1999; Li et al. 2000; Yoshida et al. 2000).

The two bZIP transcription factors of ATF/CREB family, XBP1 and ATF6,
serve as key regulators of transcriptional control in response to ER stress.
ATF6 regulates a group of genes encoding ER-resident molecular chaperones
and folding enzymes, while XBP1 regulates a subset of ER-resident chaperone
genes that are essential for protein folding, maturation, and degradation in



Protein Folding in the Endoplasmic Reticulum and the Unfolded Protein Response 77

the ER (Lee et al. 2003; Okada et al. 2002). It was previously proposed that
XBP1 mRNA is induced by ATF6 in response to ER stress to generate more
substrate XBP1 mRNA for IRE1-mediated splicing (Lee et al. 2002; Yoshida
et al. 2000, 2001). However, UPR induction of XBP1 transcripts and proteins
was not altered in the cells having defective or reduced ATF6 cleavage (Lee et al.
2003; Lee et al. 2002). Induction of ATF6 mRNA upon ER stress was partially
compromised in the absence of XBP1; therefore it was proposed that ATF6 lies
downstream of XBP1 in some cases (Lee et al. 2003). These results suggest that
XBP1 and ATF6 are situated largely in parallel pathways and may interact with
each other upon ER stress.

6
The Translational Response to Endoplasmic Reticulum Stress

An immediate response to the accumulation of unfolded proteins in the ER of
metazoan cells, is activation of PERK to inhibit protein biosynthesis through
phosphorylation of eIF2α (Kaufman 2004). When eIF2α is phosphorylated, the
formation of the ternary translation initiation complex eIF2/GTP/ tRNAi

Met is
prevented, leading to reduced efficiency of AUG initiation codon recognition
and general translational attenuation to reduce the workload of the ER (Hard-
ing et al. 2000, 2001; Scheuner 2001) (Fig. 2). Murine cells deleted in PERK,
or mutated at Ser51 in eIF2α to prevent phosphorylation, did not attenuate
protein synthesis upon ER stress. As a consequence, these cells were not able
to survive ER stress (Scheuner 2001). Whereas phosphorylation of eIF2α by
PERK leads to attenuation of global mRNA translation, phosphorylated eIF2α
selectively stimulates translation of a specific subset of mRNAs in response to
stress (Fig. 2).

In yeast, the Gcn2p-mediated phosphorylation of eIF2α upon amino acid
starvation promotes translation of GCN4 mRNA that encodes a b-ZIP tran-
scription factor required for induction of genes encoding amino-acid biosyn-
thetic functions (Hinnebusch2000). GCN4mRNAcontains fourupstreamopen
reading frames (uORFs) in its 5′ UTR, which ordinarily inhibit the ability of
the ribosome to scan through the 5′ end of the mRNA and reach the correct
AUG initiation codon. Phosphorylation of eIF2α limits 60S-ribosomal-subunit
joining to allow the 40S ribosomal subunit to scan through the ORFs and ini-
tiate polypeptide-chain synthesis at the authentic GCN4 ORF, thus allowing
translation of GCN4 (Kaufman 2004). This control mechanism is also utilized
in mammalian cells to regulate translation in response to ER stress and amino
acid starvation. For example, upon ER stress, phosphorylated eIF2α selectively
promotes translation of activating transcription factor 4 (ATF4) mRNA (Hard-
ing et al. 2000; Scheuner 2001). ATF4 subsequently activates transcription of
genes involved in amino acid metabolism and transport, oxidation-reduction
reactions, and ER stress-induced apoptosis (Harding et al. 2003).
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7
Endoplasmic Reticulum-Associated Protein Degradation

Protein folding in the oxidizing environment of the ER is an energy-requiring
process (Braakman et al. 1992; Dorner et al. 1990). Under nonstressed con-
ditions, newly synthesized proteins exist as unfolded intermediates along the
protein-folding pathway. Once ER stress is imposed, for example, by depletion
of energy, many folding intermediates become irreversibly trapped in low-
energy states and accumulate. These unfolded proteins are retained in the ER
through interactions with BiP, calnexin, and calreticulin. Eventually, unfolded
or misfolded proteins in the ER lumen are retrotranslocated to the cytoplasm,
where they are ubiquitinated and degraded by the proteasome (Werner et al.
1996). This process is called ER-associated degradation (ERAD) and is regu-
lated by the UPR.

Many specific components of the ERAD pathway in yeast, such as DER1,
HRD1/DER3, HRD3, and UBC7, are induced by the UPR (Travers et al. 2000).
Hrd1p is an ER type I-transmembrane protein having E3 ubiquitin ligase ac-
tivity (Bays et al. 2001). The interaction between the ER lumenal domains of
Hrd3p and Hrd1p stabilizes the cytosolic RING-H2 motif of Hrd1p, which is
required for its ubiquitin ligase activity (Gardner et al. 2000, 2001). Hrd1p
prefers a misfolded protein as a ubiquitination substrate and uses only Ubc7p
or Ubc1p, E2 ubiquitin-conjugating enzymes, to specifically mediate ubiqui-
tination of ERAD substrates. Although UBC1 mRNA is unaffected by dithio-
threitol treatment, induction of UBC7 and HRD1 upon ER stress is completely
dependent on HAC1 and IRE1, indicating that the UPR may upregulate com-
ponents of the ERAD system in yeast (Friedlander et al. 2000). Yeast cells
unable to perform ERAD are constantly susceptible to folding stress, as in-
dicated by a constitutive activation of the UPR and a requirement for the
UPR for normal growth and survival even under conditions of mild stress
(Friedlander et al. 2000). For example, absence of both Ubc1p and Ubc7p
or absence of Hrd1p results in marked stabilization of an ERAD substrate
and induction of the UPR. Moreover, the ER-associated AAA-ATPase Cdc48p–
Ufd1p–Npl4p complex that is required for ERAD functions as a cytosolic
chaperone complex to extract ER degradation substrates from the ER lu-
men (Ye et al. 2001). Efficient dislocation of ERAD substrates ensures their
subsequent proteolysis by the 26S proteasome. Although the UPR does not
upregulate the expression of CDC48, mutations in either of CDC48, UFD1,
or NPL4 cause accumulation of ERAD substrates in the ER and activate
the UPR (Jarosch et al. 2002). Rather than being individually dispensable,
the UPR and ERAD are intimately coordinated, complementary mechanisms
that prevent unfolded protein accumulation and mitigate its toxic conse-
quences.

Regulation of ERAD by the UPR is further suggested by identification of
EDEM in mammalian cells (Yoshida et al. 2003). EDEM is a type-II transmem-
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brane protein localized to the ER, and its lumenal domain shows significant
homology to a 1,2-mannosidase but lacks such enzymatic activity. IRE1α-
deficient cells were defective in degradation of a mutant α1-antitrypsin, an
ERAD substrate, and this defect was completely restored by expression of
EDEM, supporting that EDEM-mediated ERAD is solely dependent on the
IRE1-mediated UPR pathway. (Hosokawa et al. 2001; Molinari et al. 2003; Oda
et al. 2003; Yoshida et al. 2003). On the other hand, if the overload of unfolded
or misfolded proteins in the ER is not resolved, prolonged UPR activation will
lead to programmed cell death.

8
Unfolded Protein Response-Induced Apoptosis

Three known pro-apoptotic pathways emanating from the ER are mediated
by IRE1α, caspase-12, and PERK/CHOP, respectively (Fig. 3). Under ER stress,
activated IRE1α can bind c-Jun-N-terminal inhibitory kinase (JIK) and recruit
cytosolic adapter TRAF2 to the ER membrane (Urano et al. 2000; Yoneda et al.
2001). TRAF2 activates the apoptosis-signaling kinase 1 (ASK1), a mitogen-
activated protein kinase kinase kinase (MAPKKK) (Nishitoh et al. 2002). Ac-
tivated ASK1 leads to activation of the JNK protein kinase and mitochondria/
Apaf1-dependent caspase activation (Leppa and Bohmann 1999; Nishitoh et al.
2002; Urano et al. 2000). Caspase-12 is an ER-associated proximal effector of
the caspase activation cascade, and cells defective in this enzyme are par-
tially resistant to ER stress-induced apoptosis (Nakagawa et al. 2000). ER
stress induces TRAF2 release from procaspase 12, allowing it to bind activated
IRE1. This also permits clustering of procaspase-12 at the ER membrane, thus
leading to procaspase-12 activation (Yoneda et al. 2001). Caspase-12 can ac-
tivate caspase-9, which in turn activates caspase-3 (Morishima et al. 2002).
Procaspase-12 can also be activated by m-calpain in response to calcium re-
lease from the ER, although the physiological significance of this pathway is not
known (Nakagawa and Yuan 2000). In addition, upon ER stress, procaspase-7 is
activated and recruited to the ER membrane (Rao et al. 2001). Finally, a second
death-signaling pathway activated by ER stress is mediated by transcriptional
activation of genes encoding pro-apoptotic functions. Activation of the UPR
transducer PERK leads to translation of the transcription factor ATF4, which
subsequently activates transcription of CHOP/GADD 153, a b-ZIP transcrip-
tion factor that potentates apoptosis, possibly through repressing expression
of the apoptotic repressor BCL2 (Harding et al. 2000; Ma et al. 2002). In addi-
tion to its transcriptional induction by PERK/ATF4, CHOP is also regulated at
the post-translational level by phosphorylation mediated by p38 MAP kinase
(Wang et al. 1996; Wang and Ron 1996). CHOP forms stable heterodimers with
C/EBP familymembers andcontrols expressionof a set of stress-inducedgenes,
which may be involved in apoptosis or organ regeneration. CHOP-deficient
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Fig. 3 Apoptosis mediated by UPR signaling. Upon ER stress, activated IRE1α can recruit
JIK and TRAF2 to activate ASK1 and JNK, leading to activation of mitochondria/Apaf1-
dependent caspases. Upon activation of the UPR, c-Jun-N-terminal inhibitory kinase (JIK)
release from procaspase-12 permits clustering and activation of procaspase-12. Caspase-12
activates procaspase-9 to activate procaspase-3, the executioner of cell death. Activated
PERK phosphorylates eIF2α that enhances translation of ATF4 mRNA. ATF4 induces tran-
scription of the pro-apoptotic factor CHOP, which can inhibit expression of apoptotic
suppressor BCL2. CSP, caspase; CYTO C, cytochrome C

mice have reduced apoptosis in renal epithelium in response to tunicamycin,
a reagent that induces ER stress by blocking protein glycosylation (Zinszner
et al. 1998).

9
The Physiological Roles of the Unfolded Protein Response

During cell growth, differentiation, and environmental stimuli, there are differ-
ent levels of protein-folding load imposed upon the ER. Cells have evolved the
ability to augment their folding capacity and remodel their secretory pathway
in response to developmental demands and physiological changes. Accumu-
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lating evidence suggests that the UPR plays important roles in differentiation
and function of specialized cells. Moreover, pathological conditions that inter-
fere with ER homeostasis produce prolonged activation of the UPR that may
contribute to the pathogenesis of many diseases.

9.1
The Unfolded Protein Response in B Cell Differentiation

On terminal differentiation of B lymphoid cells to plasma cells, the ER com-
partment expands approximately fivefold to accommodate the large increase
in immunoglobulin (Ig) synthesis (Wiest et al. 1990). The UPR transcriptional
activator XBP1 is required for plasma cell differentiation (Reimold et al. 2001).
XBP1-deficient B lymphoid cells express Ig genes and undergo isotype switch-
ing, but aredefective inplasmacell differentiationanddonot secretehigh levels
of Igs. Expression of the spliced form of XBP1 efficiently restores production
of secreted Igs in XBP1-deficient B cells, suggesting a physiological role for
the UPR in high-rate production of secreted antibodies (Iwakoshi et al. 2003).
During plasma cell differentiation, IRE1α-mediated splicing of XBP1 mRNA
was found to depend on increased translation of Ig chains (Gass et al. 2002;
Iwakoshi et al. 2003; van Anken et al. 2003). These observations support the
hypothesis that increased synthesis of Ig produces greater amounts of nascent,
unfolded, and unassembled subunits that bind and sequester BiP, leading to
UPR activation. Indeed, BiP is the most abundantly expressed UPR-dependent
gene and was first identified as encoding a protein that binds Ig heavy chains
in the absence of light chains (Haas and Wabl 1983). In addition, the UPR
transducer ATF6 may be involved in the process of terminal differentiation of
B cells by regulating secretion of Igs (Gass et al. 2002; Gunn et al. 2004).

It is possible that the UPR may signal a B cell differentiation program that
occursprior to increasedantibodysynthesis.Recently, ourgroupdemonstrated
that mouse IRE1α is required at two distinct steps during B cell lymphopoiesis
(Zhang et al. 2005). IRE1α plays essential roles in both early and late stages of
B cell development. In the very early stage, IRE1α regulates transcription of
the VDJ recombination-activating genes rag1, rag2, and TdT, which is required
for initiation of VDJ rearrangement and B cell receptor formation. In the late
stage of B cell differentiation, IRE1α is required to splice the XBP1 mRNA for
terminal differentiation of mature B cells into antibody-secreting plasma cells
(Zhang et al. 2005).

9.2
The Unfolded Protein Response in Glucose Homeostasis and Diabetes

The metabolism of glucose is tightly controlled at the levels of synthesis and uti-
lization through hormonal regulation. Glucose not only promotes the secretion
of insulin but also stimulates insulin transcription and translation (Itoh and
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Okamoto 1980; Lang 1999; Permutt 1974). UPR signaling is essential to main-
tain glucose homeostasis. It is noteworthy that the UPR was first characterized
as transcriptional activation of a set of genes, encoding glucose-regulated pro-
teins, in response to glucose/energy deprivation (Pouyssegur et al. 1977). We
now know that pancreatic β cells uniquely require the UPR for survival dur-
ing intermittent fluctuations in blood glucose (Harding et al. 2001; Scheuner
2001). Humans and mice with deletions in PERK have a profound pancre-
atic β cell dysfunction and develop infancy-onset diabetes (Delepine et al.
2000; Harding et al. 2001). Mice with a homozygous Ser51Ala mutation at the
PERK phosphorylation site in eIF2α display a β cell loss in utero, suggesting
that translational control through PERK-mediated phosphorylation of eIF2 is
required to maintain β cell survival (Scheuner 2001). Pancreatic β cells are
exquisitely sensitive to physiological fluctuations in blood glucose, because
they lack hexokinase, an enzyme with a high affinity for glucose as a substrate.
We propose that blood glucose levels influence the protein-folding status in the
ER. As glucose levels decline, the energy supply decreases, so protein folding
becomes less efficient and PERK is activated. The UPR regulates transcrip-
tional induction of glucose-regulated proteins that might provide a protective
function by increasing the cellular capacity for the uptake and use of glucose.
Conversely, as blood glucose levels rise, eIF2α would be dephosphorylated so
that translation would accelerate to increase proinsulin synthesis (Scheuner
2001). This would allow entry of new preproinsulin into the ER, and is con-
sistent with the glucose-stimulated increase in total protein and proinsulin
synthesis observed in isolated β cell preparations. Eventually, after prolonged
proinsulin translation, the UPR would be turned on to inhibit further protein
synthesis and prevent overload of the ER folding capacity. In this manner,
a balance between glucose level and PERK-eIF2α UPR signaling is essential
for the glucose-regulated periodic fluctuations in proinsulin translation, β cell
function, and survival.

The UPR may also play an important role in the regulation of cellular
responses to insulin. A recent study showed that ER stress serves as a cen-
tral feature of peripheral insulin resistance and type 2 diabetes and that the
IRE1α-XBP1 UPR pathway is critical for this process (Ozcan et al. 2004). Mice
deficient in XBP1 develop insulin resistance. ER stress in obese mice leads
to suppression of insulin receptor signaling through hyperactivation of c-Jun
N-terminal kinase (JNK) and subsequent serine phosphorylation of insulin
receptor substrate-1.

9.3
The Unfolded Protein Response in Organelle Expansion

When the protein-folding load exceeds the capacity of the ER to fold pro-
teins, the UPR maintains ER homeostasis by inhibiting protein synthesis and
enhancing transcription of resident ER proteins that facilitate protein mat-
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uration, secretion, and degradation. The UPR is required for ER expansion
that occurs upon differentiation of highly specialized secretory cells (Kauf-
man 2002). During differentiation of certain secretory cells, such as those in
the pancreas or liver, membrane expansion is accompanied by a dramatic in-
crease in protein secretion and UPR activation. Recent evidence support that
one role of UPR activation is to expand the quantity of the ER in order to
promote more productive protein folding and secretion. In mature B cells,
ectopic expression of XBP1 induced a wide spectrum of secretory pathway
genes and physically expanded the ER (Shaffer et al. 2004). Overexpression
of spliced XBP1 increased cell size, lysosome content, mitochondrial mass
and function, ribosome number, and total protein synthesis. Thus, XBP1 co-
ordinates diverse changes in cellular structure and function resulting in the
characteristic phenotype of professional secretory cells. Furthermore, another
study showed that spliced XBP1 could induce membrane biosynthesis and
ER proliferation in a cell type different from B lymphocytes (Sriburi et al.
2004). Overexpression of spliced XBP1 in NIH-3T3 cells was sufficient to in-
duce synthesis of phosphatidylcholine, the primary phospholipid of the ER
membrane. Cells overexpressing spliced XBP1 exhibit elevated levels of mem-
brane phospholipids, increased surface area and volume of rough ER, and
enhanced activity of the cytidine diphosphocholine pathway of phosphatidyl-
choline biosynthesis.

9.4
The Unfolded Protein Response in Neurological Diseases

Neurological disease caused by expansion of polyglutamine repeats and neu-
rodegenerative diseases, such as Alzheimer’s and Parkinson’s disease, are as-
sociated with accumulation of abnormal protein and dysfunction of the ER.
Analysis of the polyglutamine repeat associated with the spinocerebrocellular
atrophy protein (SCA3) in Machado-Joseph disease suggests that cytoplasmic
accumulation of the SCA3 aggregate can inhibit proteasome function, thereby
interfering with ERAD to induce the UPR and elicit caspase-12 activation
(Nishitoh et al. 2002). Alzheimer’s disease is a progressive neurodegenerative
disorder that is characterized clinically by progressive loss of memory and cog-
nitive impairment, and pathologically by the extracellular deposition of senile
plaques. Mutations of genes that encode amyloid precursor protein, presenilin-
1 (PS1) and presenilin-2 (PS2) were found to cause familial Alzheimer’s disease
(Goate et al. 1991; Levy-Lahad et al. 1995; Rogaev et al. 1995; Sherrington et al.
1995). Interestingly, it was observed that PS1 bound directly to IRE1α on the
ER membrane and that the autophosphorylation of IRE1α in response to ER
stress was diminished in cells expressing mutant PS1 compared with cells ex-
pressing wild-type PS1 (Katayama et al. 1999, 2001). Mutant PS1 was also found
to suppress the activation of the other two UPR transducers, ATF6 and PERK,
so the global ER response to stress seems to be reduced by mutant PS1. Indeed,
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cells expressing mutant PS1 show increased vulnerability to ER stress (Guo
et al. 1999; Katayama et al. 1999, 2001). The mechanisms by which mutant PS1
affects the ER stress response are attributed to the inhibited activation of the ER
stress transducers IRE1, PERK, and ATF6. However, in sporadic Alzheimer’s
disease, the spliced isoform of PS2 induces expression of high-mobility group
A1a protein (HMGA1a), and also downregulates the UPR signaling pathway
in a manner similar to that of PS1 mutant in familial Alzheimer disease (Sato
et al. 2001). It was suggested that caspase-4, the human homolog of murine
caspase-12, plays critical roles in ER stress-induced neuronal cell death in
Alzheimer disease (Katayama et al. 2004).

Inaddition, autosomal recessive juvenileparkinsonism(AR-JP) results from
defects in the Parkin gene (Kitada et al. 1998), encoding a ubiquitin protein lig-
ase (E3) that functions with ubiquitin-conjugating enzyme UbcH7 or UbcH8
to tag proteins for degradation. Overexpression of Parkin suppresses cell death
associated with ER stress (Imai et al. 2000). PAEL-R is a putative transmem-
brane receptor protein that is detected in an insoluble form in the brains of
AR-JP patients (Imai et al. 2001). Inherited Parkinson’s disease is associated
with the accumulation of PAEL-R in the ER of dopaminergic neurons. The
accumulation of PAEL-R results from defective Parkin that does not maintain
the proteasome-degrading activity necessary to maintain ER function (Imai
et al. 2002).

Finally, translational inhibition through UPR activation was observed in
cerebral ischemia. PERK is the only eIF2α kinase that is known to be activated
after cerebral ischemia (Kumar et al. 2001) and XBP1 mRNA splicing was
detected after transient cerebral ischemia (Paschen et al. 2003). Together these
findings indicate that the etiology of many neurological diseases is significantly
related to impaired ER homeostasis and activation of the UPR.

10
Perspectives

Over the past 10 years, tremendous progress has been made in identify-
ing the components that regulate the UPR upon accumulation of unfolded
protein in the ER lumen. However, little is known regarding the physio-
logical roles of the different UPR pathways in maintaining cell homeostasis
and in disease pathogenesis. Additional studies are required to elucidate the
mechanisms by which selective UPR transducers are activated under differ-
ent physiological conditions. Research efforts to understand the upstream
events in the UPR pathway promise to expand our knowledge of UPR reg-
ulation and its physiological functions. It is known that a variety of en-
vironmental insults and genetic defects result in accumulation of unfolded
or misfolded proteins in the ER that contribute to the pathogenesis of dif-
ferent disease states. As new animal models with defects in different sig-
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naling components of the UPR are generated, we will gain a more precise
knowledge of how these pathways cause or are a consequence of different
pathological conditions. Elucidating which components of the UPR that are
beneficial versus those that are detrimental under different conditions of
stress represents a major avenue for future research. As we gain a greater
understanding of UPR signaling and the physiological roles of the UPR in
health and disease, it should be possible to design novel therapeutic strate-
gies to activate or inhibit UPR signaling in order to intervene in diseases
associated with abnormal accumulation of unfolded or misfolded proteins in
the ER.
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Abstract Many cellular signaling molecules exist in different conformations corresponding
to active and inactive states. Transition between these states is regulated by reversible modi-
fications, suchasphosphorylation, orbybindingofnucleotide triphosphates, their regulated
hydrolysis to diphosphates, and their exchange against fresh triphosphates. Specificity and
efficiency of cellular signaling is further maintained by regulated subcellular localization
of signaling molecules as well as regulated protein–protein interaction. Hence, it is not
surprising that molecular chaperones—proteins that are able to specifically interact with
distinct conformations of other proteins—could per se interfere with cellular signaling.
Hence, it is not surprising that chaperones have co-evolved as integral components of sig-
naling networks where they can function in the maturation as well as in regulating the
transition between active and inactive state of signaling molecules, such as receptors, tran-
scriptional regulators and protein kinases. Furthermore, new classes of specific chaperones
are emerging and their role in histone-mediated chromatin remodeling and RNA folding
are under investigation.
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1
Chaperones and Stress-Activated Signaling Pathways

1.1
Heat Shock Proteins and HSF1 Activation

1.1.1
Hsp70

Trimerization and activation of heat shock factor 1 (HSF1) is necessary for
transcriptional activation of the heat shock response (see also the chapter
by R. Voellmy, this volume). Targeted disruption of the HSF1 gene in mice
embryonic fibroblasts leads to complete loss of thermotolerance (McMillan
et al. 1998), indicating that loss HSF1 is not compensated by other path-
ways in response to heat shock (see also the chapter by E. Christians and
I. Benjamin and the chapter by M. Morange, this volume). While multi-
ple phosphorylations at HSF1 regulate its activity in different ways (Knauf
et al. 1996; Holmberg et al. 2001), there is also a clear role of chaperones
such as Hsp70 in feedback regulation of HSF1 activation. Preliminary evi-
dence came from biochemical experiments that demonstrate that complexes
containing Hsp70 and HSF1 exist in eukaryotic cells (Baler et al. 1992). The
subsequent finding that Hsp70–HSF1 interaction is preferentially detected in
cells with increased Hsp70 levels after heat shock response suggested Hsp70
as a negative regulator of HSF1 (Abravaya et al. 1992). It was assumed that
heat shock gene stimulation by nascent polypeptides and denatured proteins
withdraws Hsp70 from its complex with HSF1 and releases HSF1 for further
activation. Increased Hsp70 levels as a result of expression of HSF1-dependent
genes could then bind and inactivate HSF1 again and provide feedback con-
trol of the heat shock response (Morimoto 1993). Interestingly, Hsp70 and
its co-chaperone Hdj1 bind to the transactivation domain of HSF1 and di-
rectly inhibits transcriptional activation (Shi et al. 1998), providing a plausible
molecular mechanism for feedback control of the heat shock response by
Hsp70.

At least in the yeast Saccharomyces cerevisiae, some observations challenge
the involvement of specific Hsp70-like chaperones in HSF1 regulation in this
organism (Hjorth-Sorensen et al. 2001).

1.1.2
Hsp90

It turned out that Hsp70 and its co-chaperones are not the only molecules
involved in HSF1 regulation. In an in vitro system where human HSF1 could
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be activated by non-native protein or heat treatment, addition of Hsp90 was
demonstrated to inhibit HSF1 activation (Zou et al. 1998). Inversely, reduc-
tion of the level of Hsp90 dramatically activates HSF1. Most interestingly,
geldanamycin, a potent inhibitor of Hsp90, activates HSF1 under conditions
in which it acts as an Hsp90-specific reagent (Zou et al. 1998). Since a Hsp90-
containing HSF1 complex could be detected in nonstressed cells and its disso-
ciation during stress was demonstrated, it was supposed that Hsp90 is a major
repressor of HSF1 (Ali et al. 1998; Zou et al. 1998). Since multiple compo-
nents of the HSP90 chaperone complex including p23 and immunophilins
were demonstrated to bind to HSF1 in vivo (Bharadwaj et al. 1999), it is
suggested that HSF1 oligomerization is regulated by a foldosome-type mech-
anism similar to steroid receptor pathways (see below and the chapter by
W.B. Pratt et al., this volume). Further elegant evidence for the physiologi-
cal role of Hsp90 in regulation of the heat shock response comes from the
finding that in scrapie-infected mouse neuroblastoma cells, which fail to in-
duce the expression of Hsp72 and Hsp28 after various stress conditions, gel-
damycin restores defective heat shock response in vivo (Winklhofer et al.
2001).

Here, it should be mentioned that other HSF1-interacting proteins such
as CHIP (C-terminus of Hsp70-interacting protein) (Dai et al. 2003), DAXX
(Boellmann et al. 2004), and HSBP1 (heat shock factor binding protein 1)
(Satyal et al. 1998) could also positively or negatively affect HSF1 activity.
For DAXX, a protein described to stimulate HSF1-mediated transactivation
(Boellmannet al. 2004), a specific interactionwith thephosphorylated isoforms
of the small heat shock protein Hsp27 has been detected (Charette et al. 2000).
This indirectly also links small Hsps to HSF1 regulation.

1.2
Unfolded Protein Response

While HSF1 activation can be triggered by misfolded proteins located in the
cytoplasm, misfolding of proteins to be secreted in the lumen of the endoplas-
mic reticulum (ER) stimulates another cellular signaling pathway, namely the
unfolded protein response (UPR). In regulation of UPR, the ER homolog of
Hsp70, BiP, is at least indirectly involved (see the chapter by K. Zhang and R.J.
Kaufman, this volume).

1.3
Redox Signaling

Activation of the heat shock response by diverse extracellular stresses can
be explained by the fact that all these conditions lead to misfolding of in-
tracellular proteins and to activation of HSF1 by the feedback mechanism
discussed in Sect. 1.1. However, there is evidence that stress stimuli such as
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hypoxia or sodium arsenite treatment require specific cellular pathways for
complete activation of the heat shock response. In this regard, it was shown
that the small GTP-ase rac1 and rac1-regulated reactive oxygen species (ROS)
are necessary for redox-dependent HSF1 activation (Ozaki et al. 2000). Interest-
ingly, mouse heat shock transcription factor 1 deficiency alters cardiac redox
homeostasis and increases mitochondrial oxidative damage. This is mainly
due to a lower intracellular glutathione (GSH)/glutathione disulfate (GSSG)
ratio and demonstrates that HSF1 is also necessary to maintain redox home-
ostasis and antioxidative defenses at physiological temperatures (Yan et al.
2002).

In bacteria, Hsp33 is a cytoplasmic protein sensing redox conditions by
highly reactive cysteins, which bind a Zn2+ ion in the reduced state. Oxidizing
conditions, such as H2O2 treatment, cause intramolecular disulfide formation,
Zn2+ release, and activation of the chaperone function of Hsp33 (Jakob et al.
1999; Hoffmann et al. 2004). So far, it is not completely clear whether eukaryotic
Hsps can be regulated by redox signals and undergo cysteine oxidation (Sitia
and Molteni 2004). Although the molecular mechanism is not understood so
far, the fact that Hsp72 displays enhanced binding to DHFR upon oxidative
exposure and protects this enzyme against irreversible modification (Musch
et al. 2004) could support this idea.

1.4
Stress-Activated Protein Kinase Cascades

In yeast and mammalian cells, parallel protein kinase cascades exist that con-
nect extracellular signals to various specific intracellular responses. Central
elements of these cascades are the mitogen-activated protein kinases/extra-
cellular-regulated kinases, MAPKs or ERKs, and the stress-activated protein
kinases, SAPKs, which can be subdivided into two groups, the jun-N-terminal
kinases (JNKs) and the 38-kDa SAPKs (p38). A major substrate of the p38
kinase cascade, which is activated by heat shock, changes in osmolarity, UV
treatment, various chemicals such as arsenite and anisomycin as well as by
bacterial lipopolysaccharide and chemotactic peptides, is the small heat shock
protein Hsp25 (mouse)/Hsp27 (human). Hsp25/27 is directly phosphorylated
by the p38-activated protein kinase MK2 (MAPK-activated protein kinase 2,
MAPKAPK 2) (Stokoe et al. 1992). Phosphorylation of Hsp25/27 changes its
intracellular oligomerization and stimulates its ATP-independent chaperone
properties in vitro (Lambert et al. 1999; Rogalla et al. 1999). Furthermore,
Hsp25 may contribute in a phosphorylation-dependent and, hence, signal-
dependent manner to stress-dependent actin remodeling (Guay et al. 1997),
to proteasome-targeting of specific signaling proteins such as IkB (Parcellier
et al. 2003) to activation of the IKK complex (Park et al. 2003) and to re-
covery of mRNA translation following cellular stress by association with the
eIF4F complex (Cowan and Morley 2004). The role of small heat shock protein
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and its phosphorylation in apoptotic signaling is discussed in the chapter by
C. Didelot et al.

αB-crystallin, another member of the small heat shock protein family, is
a substrate targeted by different kinase cascades. While phosphorylation by
the classical MAPK/ERK cascade is responsible for increased phosphoryla-
tion of serine residue 45, serine 59 in αB-crystallin is phosphorylated by the
p38 cascade (Kato et al. 1998). As for Hsp25/27, phosphorylation leads to
changes in oligomerization of αB-crystallin and alters chaperone properties
(Ito et al. 2001). A phosphorylation-dependent function of αB-crystallin in
protein degradation has been proposed (den Engelsman et al. 2004).

It should be mentioned that besides the chaperone-kinase cascade con-
nection, several cross-talks between the transcriptional-regulated heat shock
response and different protein kinase cascades has been described (Kim et al.
1997). Downregulation of HSF1 activity at control temperatures proceeds by
constitutive phosphorylation at two serine residues (S303, 307) and this phos-
phorylation is further increased by stimulation of the MAPK/ERK kinase cas-
cade together with glycogen synthase kinase 3 (GSK3), providing a mechanism
to maintain the physiological balance between heat shock response and cell
proliferation (Chu et al. 1996; Knauf et al. 1996; Kline and Morimoto 1997).
A similar HSF1-activity-suppressing effect is also described for phosphory-
lation by the SAPK JNK (Dai et al. 2000). Physical association of the MAPK
ERK1 with HSF1 promotes kinase activity of ERK in heat-shocked cells and,
together with 14-3-3 binding to HSF1, enhances cytoplasmic localization of
HSF1 (Wang et al. 2004). This could contribute to HSF1 deactivation in cells
recovering from stress.

In contrast to the role of ERK1/GSK3, calcium/calmodulin-dependent ki-
nase, casein kinase 2 and polo-like kinase phosphorylate HSF1 at S230, T142,
and T419, respectively, and stimulate HSF1 activation and nuclear transloca-
tion (Holmberg et al. 2001; Soncin et al. 2003; Kim et al. 2005b).

2
Chaperones and Signaling by Nuclear Hormone Receptors

Similar to their function in feedback control of the heat shock response by
chaperoning HSF1, Hsp70, Hsp90, and its co-chaperones are also involved in
chaperoning and regulating nuclear hormone receptors. Association of the
heat shock protein hsp90 with steroid hormone receptor products was de-
scribed two decades ago (Catelli et al. 1985; Sanchez et al. 1985). Since then,
a complex scenario of different steps in hormone receptor maturation, acti-
vation, and deactivation by chaperones has emerged (see the chapter by W.B.
Pratt et al., this volume). Maturation of hormone receptor starts with bind-
ing of Hsp70 and Hsp40 to the nascent aporeceptor at the ribosome and the
subsequent transfer to Hsp90 through the adapter protein Hop (Kosano et al.
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1998). Replacement of Hop by p23 and binding of immunophilins then leads
to the complete aporeceptor complex containing a dimer of Hsp90 (Young and
Hartl 2002). Upon hormone binding, the aporeceptor complex falls apart and
the hormone-bound DNA-binding and transactivating receptor is released and
translocated to the respective hormone response elements at the DNA. PPIase
activity of interacting immunophilins such as FKBP51 contributes to transac-
tivation properties of the protein–hormone complex (Riggs et al. 2003). This
demonstrates a role of prolyl-cis-trans-isomerization in associated proteins for
transactivation. In addition, the PPIase domain of receptor complex bound im-
munophilins and immunophilin-like tetratricopeptide repeat domain proteins
such as protein phosphatase 5 (Silverstein et al. 1997) can specifically interact
with the cytoplasmic transport protein dynein, which could be responsible for
retrograde transport of the receptor complex to the nuclear pore (Pratt et al.
2004).

Since the physiologically relevant hormone response in most cases should
be transient, downregulation often proceeds within minutes and involves p23
and Hsp90 action. The binding of p23 and Hsp90 to the DNA-bound hor-
mone receptor leads to disassembly of hormone receptor complex and release
from DNA (Freeman et al. 2000). In addition, a transcriptional repressing
activity in cis at the hormone responsive and other promoters could be mea-
sured for p23 (Freeman and Yamamoto 2002; Morimoto 2002), suggesting
that this co-chaperone could be involved in transcription factor complexes
and broadly contribute to transcriptional regulation under certain condi-
tions.

An isoform of the protein BAG-1 (Bcl2-associated anhanogene-1; Takayama
et al. 1995), BAG-1M, was initially identified as a glucocorticoid receptor
(GR) binding protein, which translocates to the nucleus and preferentially
interacts with the activated receptor (Zeiner and Gehring 1995; Zeiner et al.
1999). It turned out that BAG-1 is a ADP-exchange factor for Hsp70 and
Hsc70 that probably acts similarly to the GrpE-protein for DnaK, the prokary-
otic homolog of Hsp70 (Hohfeld and Jentsch 1997; Takayama et al. 1997).
Interestingly, Hsp70 together with the BAG-1M or a shorter isoform, BAG-
1L, also contribute to hormone receptor regulation: BAG-1M,L interact with
the hinge region of the GR and inhibit dexamethasone-induced receptor-
mediated transcription (Schneikert et al. 1999). Possibly, BAG-1–Hsp70 com-
plexes are involved in downregulation of the activated GR (Nollen and Mo-
rimoto 2002). In contrast, BAG-1L, probably together with Hsp/Hsc70, in-
teracts with the androgen receptor and vitamin D3 receptor and stimulates
transcriptional activation of respective genes (Froesch et al. 1998; Guzey
et al. 2000).
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3
Regulation of Intrinsic Properties of Other Signaling Molecules by
Chaperones

3.1
Growth Factor Receptors

Preliminary evidence for a connection between specific transmembrane recep-
tors with components of the chaperone machinery comes from the observation
that BAG-1, an ADP exchange factor for Hsp70 and Hsc70, interacts with the
intracellular domain of the hepatocyte growth factor (HGF) receptor and coop-
erates inHGF-induced protection from apoptosis (Bardelli et al. 1996). Another
co-chaperone of Hsp70, Tid1, containing a DnaJ domain interacts with the cy-
toplasmic domain of the receptor tyrosine kinase ErbB-2 and modulates the
uncontrolled proliferation of ErbB-2-overexpressing carcinoma cells by reduc-
ing ErbB-2 expression and tumor progression. Since a functional DnaJ domain
of Tid1 is required for the effects, the co-chaperone function of Tid1 on HSP70
most likely plays an essential role (Kim et al. 2004b).

The ErbB-2 growth factor receptor is not only a target for Hsp70 co-
chaperones but also for Hsp90. Hsp90 binds to a specific loop within the kinase
domain of the receptor and stabilizes ErbB-2. Inversely, the Hsp90 inhibitor
geldanamycin disrupts ErbB-2/Hsp90 association and stimulates ErbB2 pro-
teasomal degradation (Xu et al. 2001). In addition to stabilization, there is also
an inhibitory effect of Hsp90 on catalytic function and ligand-induced receptor
heterodimerization of ErbB-2 (Citri et al. 2004). In contrast, Hsp90 binding
seems to be necessary for effective signal transduction of the VEGF-receptor 2
to focal adhesion kinase (FAK), since inhibition of HSP90 binding to a region
in the last 130 amino acids of VEGFR2 blocks VEGF-dependent phosphoryla-
tion of FAK (Le Boeuf et al. 2004). Obviously, the effect of Hsp90-binding on
receptor signaling strongly depends on the receptor region(s) involved.

3.2
Protein Kinases

A first specific interaction between a protein kinase, the viral oncogenic tyro-
sine kinase v-src, and Hsp90 has been described by Brugge et al. (1981) and
Oppermann et al. (1981). Meanwhile, more than 100 client proteins, mainly
transcription factors and protein kinases, have been identified to be regu-
lated by Hsp90 containing protein complexes (Pratt and Toft 2003). While
Hsp90–p23–immunophilin complexes seem specific for transcription factors
(see above), protein kinases are often bound by a Hsp90–p23–p50cdc37 com-
plex, making p50cdc37 a kinase-targeting “subunit” of Hsp90 (Kimura et al.
1997). Examples of protein kinase regulation by Hsp90 are the oncogene raf-1,
several tyrosine kinases, CK2, PKR, Ste11, and IKKs.
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Raf-1 acts as a central element in the mitogen-activated signaling pathway,
which was demonstrated to be compromised by deletion of Hsp90 and cdc37
in Drosophila (Cutforth and Rubin 1994), and Ste11, a yeast equivalent of Raf,
forms complexes with wild-type Hsp90 (Louvion et al. 1998). In mammalian
cells, a Hsp90–p23–p50cdc37 complex is necessary for raf-1 maturation and
subsequent activation after release from the complex (Grammatikakis et al.
1999). Interestingly, binding of the co-chaperone BAG-1 stabilizes the active
conformation of raf-1 (Wang et al. 1996) and competitive binding of BAG-1 to
Hsp70 is involved in raf-1 inactivation (Song et al. 2001; Nollen and Morimoto
2002).

Recently, Hsp90 and p50cdc37 have been isolated as binding partners of the
protein kinase IRAK1-1 (De Nardo et al. 2005), a component downstream from
the interleukin-1 receptor and also involved in toll-like receptor (TLR) signal-
ing via TRAF6. Pharmacologic inhibition of Hsp90 leads to destabilization of
IRAK-1 in macrophages (De Nardo et al. 2005). Hence, Hsp90 can be involved
in regulation of TLR-signaling and immunotolerance.

PKR is a protein kinase activated by intracellular occurrence of double-
stranded (ds) RNA as a result of virus infection. By phosphorylation of the
eukaryotic initiation factor eIF-2α, PKR inhibits protein biosynthesis of the
virus-infected cell and contributes to limiting virus infection. Hsp90 and p23
bind to PKR through its N-terminal dsRNA binding region as well as through
its kinase domain and stabilize the inactive conformation of PKR. Both dsRNA
and geldanamycin induce the rapid dissociation of Hsp90 and p23 from mature
PKR and activate PKR both in vivo and in vitro within minutes (Donze et al.
2001).

In contrast to PKR, Hsp90-binding is also able to activate protein kinases.
Casein kinase 2 (CK2), an enzyme implicated in critical cellular processes
such as proliferation, apoptosis, differentiation, and transformation, is pro-
tected from self-aggregation by Hsp90-binding and its kinase activity is stim-
ulated (Miyata and Yahara 1992). Interestingly, CK2 can phosphorylate the
co-chaperone p50cdc37 at a specific serine residue (S13). This phosphoryla-
tion enhances binding of p50cdc37 and Hsp90 to other protein kinases and,
hence, CK2 may act as a master regulator for Hsp90-mediated kinase chaperon-
ing (Miyata and Nishida 2004). Recent findings indicate that Hsp90-association
regulates many relevant processes such as completion of mitosis by Polo-like
kinase 1 (de Carcer 2004) and inflammatory response via I-kappa-B kinases
(Broemer et al. 2004).

In addition to reversible modification of signaling molecules under cer-
tain cellular situations where sustained activation or inactivation of a path-
way is required, for example, in specific phases of the cell cycle, regulated
stability and degradation of signaling components such as protein kinases
or transcriptional regulators is observed. Hsp90 contributes to stabilization
not only of receptors such as ErbB-2, but also of protein kinases. Differ-
ent isoforms of the cyclin-dependent kinase 11, CDK11p46 and CDK11p110,
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are stabilized by Hsp90-binding, since treatment of cells with geldanamycin
leads to ubiquitination and enhanced degradation of both CDK11p110 and
CDK11p46 through proteasome-dependent pathways (Mikolajczyk and Nelson
2004). Nucleophosmin-anaplastic lymphoma kinase (NPM-ALK), a constitu-
tively active fusion tyrosine kinase involved in lymphomagenesis of human
anaplastic large cell lymphomas, is also stabilized by Hsp90. When Hsp90 is
inhibited by geldanamycin, a rapid Hsp70-assisted ubiquitin-dependent pro-
teasomal degradation of this kinase is observed (Bonvini et al. 2004)

Besides Hsp90, other chaperones may also contribute to regulation of pro-
tein kinase activity: Hsc70 associates with newly synthesized cyclin D1 and
is an essential component of the mature, active cyclin D1–CDK4 holoenzyme
complex (Diehl et al. 2003). Hsp27 associates with the I-kappa-B kinase (IKK)
complex, and p38-dependent phosphorylation of Hsp27 enhanced its asso-
ciation with IKKβ and resulted in decreased IKK activity (Park et al. 2003).
Another small Hsp, HspB2, has been described to be specifically associated
with myotonic dystrophy protein kinase (DMPK) in muscle cells and, hence,
is also designated myotonic dystrophy protein kinase-binding protein, MKBP
(Suzuki et al. 1998). Interestingly, MKBP enhances the kinase activity of DMPK
and protects it from heat-induced inactivation in vitro, suggesting that MKBP
also participates in a novel stress-responsive muscle cell-specific regulation in
vivo.

3.3
Protein Phosphatases

Protein phosphatase 5 (PP5) is a serine/threonine protein phosphatase pro-
posed to participate in several signaling pathways of mammalian cells. Inter-
estingly, PP5 binds to Hsp90 via its tetratricopeptide repeat (TPR) domain and
is co-purified with the glucocorticoid receptor chaperone complex (Silverstein
et al. 1997). Furthermore, loss of interaction of Hsp90 and Hsp70 with PP5
leads to an increase of PP5 activity paralleled by proteolytic cleavage of the
N- and C-termini, with the subsequent appearance of high-molecular-mass
species. This indicates that PP5 is activated by proteolysis on dissociation from
Hsps, and is destroyed via the proteasome after ubiquitination (Zeke et al.
2005).

4
Chaperones as Direct and Specific Signaling Molecules?

An interesting example for a folding catalyst that acts in a signal-specific man-
ner is the protein-prolyl-isomerase Pin1 (see also the chapter by F. Edlich
and G. Fischer, this volume). Pin1 acts as a phosphorylation-dependent PPI-
ase that specifically recognizes and isomerizes the phosphoserine-proline or
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phosphothreonine-proline bonds present in mitotic phosphoproteins (Yaffe
et al. 1997). Hence, this enzyme establishes a direct connection between pro-
tein phosphorylation and chaperone catalyzed conformation.

For the small heat shock protein Hsp27, several specific functions in apop-
totic signaling are described (see also the chapter by C. Didelot et al., this
volume). Besides its specific interaction with cytochrome C (Bruey et al. 2000),
Hsp27 could also be involved in targeting of IkappaB to proteasomal degra-
dation, indicating a direct function in NFkappaB signaling (Parcellier et al.
2003).

For several small heat shock proteins, αA-, αB-crystallin, and Hsp22, a di-
rect signaling action as protein kinase is proposed. The observation that total
bovine alpha-crystallin or its isolated polypeptides can autophosphorylate
serine residues by a cAMP-independent mechanism in the presence of Mg2+

(Kantorow and Piatigorsky 1994) and that αA-crystallin phosphorylation is
increased after disintegration of the large protein complexes (Kantorow et al.
1995) first indicated an auto-kinase function of these proteins. Since small heat
shock proteins do not carry the conserved catalytic domain of protein kinases,
the mechanism by which some small Hsps could act as kinase are not clear. For
Hsp22, also designated H11, some weak similarity to the conserved eukary-
otic protein kinase domain was proposed and Hsp22-autophosphorylation was
shown to depend on a lysine residue aligned to protein kinase catalytic subdo-
main II (Smith et al. 2000). Whether these data are sufficient for making Hsp22
a protein kinase is challenged by other findings (Kim et al. 2004a).

5
New Classes of Chaperones Potentially Involved in Signaling

5.1
Histone Chaperones

Chromatin assembly and dynamics is important for replication and transcrip-
tion and is regulated by chromatin remodeling complexes and histone modi-
fication as well as by specific chaperones, which interact with histones in the
context of the nucleosome. The first protein described as histone chaperone
is nucleoplasmin, which is a typical acceptor for histone storage before DNA
deposition (Philpott et al. 1991). However, many proteins have been identified
that escort and regulate histone nuclear translocation, DNA deposition, and
chromatin remodeling in a chaperone-like manner (reviewed in Loyola and
Almouzni 2004). It is highly probable that histone chaperones interfere with
histone modifications and chromatin remodeling and thus transfer further
information into transcriptional regulation.
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5.2
RNA Chaperones

Even relatively small RNAs are able to fold in many different ways because
of structural promiscuity and may be trapped kinetically during folding. It is
assumed that protein-RNA interactions are essential for reaching the native
conformation of a RNA molecule. RNA chaperones can act in at least two
different ways, by destabilizing misfolded RNA structures or by stabilizing or
inducing otherwise unstable active conformations of RNA (reviewed in Her-
schlag 1995; Lorsch 2002). Examples for destabilizing chaperones are members
of the DEAD box class of RNA-dependent ATPases, and hnRNP A1 (Pontius
and Berg 1992). The existence of structure-stabilizing chaperones has been
demonstrated for group I introns in neurospora crassa (Cyt-18) and yeast

Fig. 1 Schematic and comprehensive representation of chaperone action in cellular signal-
ing. Chaperones: 90, Heat shock protein (Hsp)90; 70, Hsp70; 27, Hsp25/27; HC, histone
chaperones; RC, RNA chaperones. Co-chaperones: 23, p23; 50, p50cdc37; I, immunophilin;
Tid-1; BAG. Signaling molecules: RK, receptor kinase; HR, hormone receptor; PK, protein
kinase; TF, transcription factor; HSF, heat shock factor 1; IRE, sensor kinase and RNase.
Others: ER, endoplasmic reticulum
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(CBP2). Taking into account the possibility that RNA chaperones could be in-
volved in differential splicing or that RNA structure per se can act as enzymes,
metabolic sensors, and translational regulators (Winkler et al. 2002), a role for
RNA chaperones in cellular signaling is highly probable (Fig. 1).

6
Conclusions

It is not unexpected that the complexity of cellular signaling and the het-
erogeneity of established and postulated chaperone interactions at different
levels makes the influence of specific chaperones on global cellular signaling
difficult to mechanistically understand. Especially, the role of chaperones and
heat shock on apoptosis is rather diverse and complex, leading to both pro-
and anti-apoptotic effects (Chant et al. 1996; DeMeester et al. 1998; Charette
et al. 2000; Xia et al. 2000; Ran et al., 2004, Mikolajczyk and Nelson 2004). This
complexity becomes obvious, for example for the co-chaperone BAG-1, which
not only interacts with GR, Hsp70, or raf-1, but also has a well-established role
in inhibition of apoptosis by interaction with Bcl-2 (Takayama et al. 1995).
On the other hand, chaperones not only influence signaling, but, vice versa,
signals and signaling molecules may also affect chaperones. In addition to the
paradigm of HSF1 activation in response to stress signals, recent data demon-
strate that other signaling molecules, such as Fas-associated factor 1, may
regulate chaperone activity of heat shock proteins, such as Hsp70 (Kim et al.
2005a). Finally, it is not surprising that mutations in Hsp-genes, such as Hsp22
and Hsp27, could have broad pathophysiological consequences probably due
to impaired signaling also in humans (Evgrafov et al. 2004; Irobi et al. 2004).
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Abstract A multiprotein hsp90/hsp70-based chaperone machinery functions as a ‘cradle-
to-grave’ system for regulating the steroid binding, trafficking and turnover of the glucocor-
ticoid receptor (GR). In an ATP-dependent process where hsp70 and hsp90 act as essential
chaperones and Hop, hsp40, and p23 act as nonessential co-chaperones, the machinery
assembles complexes between the ligand binding domain of the GR and hsp90. During GR–
hsp90 heterocomplex assembly, the hydrophobic ligand-binding cleft is opened to access
by steroid, and subsequent binding of steroid within the cleft triggers a transformation
of the receptor such that it engages in more dynamic cycles of assembly/disassembly with
hsp90 that are required for rapid dynein-dependent translocation to the nucleus. Within the
nucleus, the hsp90 chaperone machinery plays a critical role both in GR movement to tran-
scription regulatory sites and in the disassembly of regulatory complexes as the hormone
level declines. The chaperone machinery also plays a critical role in stabilization of the GR to
ubiquitylation and proteasomal degradation. The initial GR interaction with hsp70 appears
to be critical for the triage between hsp90 heterocomplex assembly and preservation of re-
ceptor function vs CHIP-dependent ubiquitylation and proteasomal degradation. The hsp90
chaperone machinery is ubiquitous and functionally conserved among eukaryotes, and it
is possible that all physiologically significant actions of hsp90 require the hsp70-dependent
assembly of client protein–hsp90 heterocomplexes.
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1
Introduction

In 1981, v-Src was the first signaling protein reported to be in heterocomplex
with the abundant (1%–2% of cytosolic protein) protein chaperone hsp90
(Brugge et al. 1981; Oppermann et al. 1981). But, it was not until 1985, when
steroid receptor–hsp90 heterocomplexes were reported (Sanchez et al. 1985;
Schuh et al. 1985; Catelli et al. 1985), that the chaperone was considered to
regulate a signaling pathway, a notion that was confirmed in vivo by Picard et al.
in1990.Thediscoveryof ‘client’ proteins that are regulatedbyhsp90accelerated
markedly after 1994 when the ansamycinantibiotic geldanamycinwas reported
to inhibit hsp90 function (Whitesell et al. 1994). Hsp90 is a member of a very
limited family of proteins, the GHKL family, which possess a unique binding
pocket for ATP (Dutta and Inouye 2000), and the inhibitors geldanamycin and
radicicol bind to this nucleotide site (Stebbins et al. 1997; Prodromou et al.
1997) and prevent hsp90 from achieving its ATP-dependent conformation,
thus blocking hsp90 action. These hsp90 inhibitors have been shown to affect
a wide variety of signaling pathways involved in endocrine responses, cell
cycling, tumorigenesis, and apoptosis. At the time of this writing, almost
150 transcription factors and protein kinases involved in signal transduction
have been shown to be hsp90 client proteins (reviewed by Pratt and Toft
2003).These signalingproteins are assembled intoheterocomplexeswithhsp90
by a multiprotein chaperone machinery in which both hsp90 and hsp70 are
essential for conformational change in the client protein (Pratt and Toft 1997,
2003). Because the client protein-bound hsp90 can bind other proteins, such
as Cdc37 and the TPR (tetratricopeptide repeat) domain immunophilins, the
formation of heterocomplexes with hsp90 can affect the state of the client
protein in a variety of ways. In this chapter, we focus on the glucocorticoid
receptor (GR) to discuss how the dynamic assembly of hsp90 heterocomplexes
affects ligand binding activity, cytoplasmic-nuclear translocation, receptor
cycling within the nucleus, and receptor turnover.

Figure 1 presents a diagram of the core GR–hsp90–immunophilin hete-
rocomplex as it is immunoadsorbed with anti-GR antibody from lysates of
hormone-free cells. In these native heterocomplexes, one molecule of GR is
bound to a dimer of hsp90 and variable but substoichiometric amounts of
hsp70 (reviewed in Pratt and Toft 1997). It is not known whether one or two
molecules of p23 are bound to the GR-associated hsp90 dimers. The complexes
contain one of several TPR domain immunophilins that bind to a TPR accep-
tor site at the C-terminus of hsp90. The immunophilins are characterized by
their peptidylprolyl isomerase (PPIase) domains, which are the binding sites
of the immunosuppressant drugs FK506 (FKBPs) or cyclosporine A (CyPs).
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Fig. 1 The core GR–hsp90–immunophilin complex as it is immunoadsorbed from cytosols
prepared from hormone-free cells. One molecule of GR is shown bound to a dimer of hsp90
and one molecule of immunophilin. The immunophilin (IMM) binds via its TPR domain
(black crescent) to a TPR acceptor site on hsp90. Immunophilin PPIase domain (dotted
crescent). The steroid structure in the GR indicates that the ligand-binding cleft is open and
can be accessed by steroid

The steroid receptor complexes contain one of three immunophilins (FKBP51,
FKBP52, or CyP-40) or PP5, a protein phosphatase that contains both a TPR
domain and a PPIase homology domain (Silverstein et al. 1997). Because the
TPR proteins can exchange for binding to the common acceptor site on hsp90,
a single GR–hsp90 complex can theoretically be associated over time with
more than one immunophilin. However, it has been shown that, at any point in
time, the TPR domain proteins exist in separate GR–hsp90 complexes (Owens-
Grillo et al. 1995; Renoir et al. 1995). Although the number of immunophilin
molecules inaGR–hsp90complex is somewhat controversial (onevs two),most
observations are consistent with a GR–hsp90–immunophilin stoichiometry of
1:2:1 (see discussion in Pratt and Toft 2003).

2
Hsp90 and GR Ligand-Binding Activity

2.1
Hsp90 Acts on the GR Ligand-Binding Domain

Hsp90 binds to the GR ligand-binding domain (LBD), which is located in the
C-terminal one-third of the receptor (Pratt et al. 1988). In the case of the GR
and some other members of the nuclear receptor family (e.g., mineralocor-
ticoid and aryl hydrocarbon receptors), the LBD must be in a complex with
hsp90 for the receptor to have high-affinity ligand-binding activity (Bresnick
et al. 1989; Hutchison et al. 1992). When the GR is stripped of its associated
hsp90, it immediately loses its ability to bind steroid, and steroid-binding ac-
tivity is regenerated when GR–hsp90 heterocomplexes are reassembled by the
hsp90/hsp70-based chaperone machinery (Morishima et al. 2000b). Steroid
ligands bind deep in a hydrophobic cleft that appears to be collapsed in the
unliganded, hsp90-free receptor, such that the receptor must change its con-
formation to allow entry of the ligand (Gee and Katzenellenbogen 2001). The
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hsp90/hsp70-based chaperone machinery carries out an ATP-dependent open-
ing of the steroid binding cleft, and once the cleft is open, it remains open as
long as the metastable complex with hsp90 is maintained. In addition to open-
ing the steroid binding cleft, the conformational changes in the receptor that
occur with hsp90 heterocomplex assembly increase the sensitivity of the GR
LBD to attack by thiol derivatizing agents and trypsin (Stancato et al. 1996;
Modarress et al. 1997). This ability of the chaperone machinery to facilitate the
opening of hydrophobic clefts may reflect a primary interaction with proteins
in general. For example, assembly of complexes with hsp90 has a similar effect
on the conformation of neuronal nitric-oxide synthase, where the hydropho-
bic heme-binding cleft in the apo-enzyme is opened to facilitate heme entry
(Billecke et al. 2002, 2004).

Most interpretations of chaperone action are based on the ability of the
chaperones to interact with non-native states of proteins to protect folding
intermediates from inappropriate interactions and aggregation (Gething and
Sambrook 1992). Thus, mechanistic interpretations of chaperone-dependent
effects are often based on the assumption that a protein substrate has changed
from an incompletely folded state toward a properly folded, minimal energy
conformation. Hsp90 has clearly been shown to bind to non-native protein and
promote refolding in vitro (Wiech et al. 1992), and it has been proposed that,
in the stressed cell, hsp90 binds to proteins at very early stages of unfolding
(Jakob et al. 1995). However, when hsp90 and hsp70 are acting together as
essential components of the chaperone machinery, they may act on proteins
that are in a native folding state. There is no evidence, for example, that the
hsp90-free GR LBD is in a non-native or even a near-native conformation when
it interacts with the chaperone machinery. The first component to interact with
the receptor is hsp70 (Morishima et al. 2000b), and it is the ATP-dependent
conformation of hsp70 that binds to the hsp90-free GR rather than the ADP-
dependent conformation that has affinity for binding hydrophobic peptides
(Kanelakis et al. 2002). Thus, we conceive of the chaperone machinery as
acting on a GR LBD that is in its native, minimal energy conformation and
that it then opens the hydrophobic ligand-binding cleft to yield a metastable
complex in which hsp90 maintains an open cleft conformation of the GR that
reflects a very early stage of unfolding (Pratt and Toft 2003).

2.2
The Cleft Hypothesis for Hsp90 Action

Consistent with this cleft opening model is the finding that there is a very
focal site of hsp90 attack on the surface of the GR at the steroid-binding cleft.
Early studies using C-terminal truncations of the steroid receptors suggested
that multiple regions throughout the GR and PR (progesterone receptor) LBDs
are involved in hsp90 complex formation (Cadepond et al. 1991; Schowalter
et al. 1991). However, this approach appears to have generated artifactual data



Chaperoning of Glucocorticoid Receptors 115

because the truncated LBDs were not in native conformation and there was no
functional endpoint for an hsp90 effect. The Simons laboratory took a different
approach in which the entire GR LBD and N-terminal LBD truncations were
fused to another protein to maintain their stability in vivo, allowing them to
determine the N-terminus of a functional LBD with steroid-binding activity
(Xuet al. 1996). Itwas found that a seven-aminoacid segment at theN-terminus
of the GR LBD is required for hsp90 binding and for steroid binding activity
(Xu et al. 1998). This region that is required for LBD–hsp90 heterocomplex
assembly lies on the surface of the LBD at the opening of the hydrophobic
steroid binding cleft (Giannoukos et al. 1999), and hsp90 binding requires the
presence but no defined composition of this segment (Kaul et al. 2002).

The model in which the chaperone machinery binds at the opening of the
steroid binding cleft on the LBD may explain how the machinery can form
hsp90 heterocomplexes with such a wide variety of signaling proteins regard-
less of their size, shape, or sequence. Although it is not yet clear whether
the chaperone machinery has the ability to recognize cleft openings on other
signaling proteins, virtually all proteins in native conformation have regions
where the hydrophobic surfaces of the protein interior merge with their hy-
drophilic exterior. This may be the general topological feature with which
hsp70 interacts in priming the receptor for binding of hsp90 as the chaperone
machinery assembles signaling protein–hsp90 heterocomplexes.

2.3
Steroid Binding Within the Cleft Changes the Dynamics of Receptor Binding to Hsp90

The complexes that are formed between the unliganded GR and hsp90 are
constantly being assembled and disassembled in the intact cell at 37 °C, but
they have been called persistent or stable complexes because they are stable
enough at 0 °–4 °C to permit their purification and analysis with biochemical
techniques. Binding of steroid deep within the ligand-binding cleft facilitates
a temperature-dependent collapse or closing of the cleft with loss of the GR’s
ability to form persistent complexes with hsp90. This liganded form of the
GR is said to be transformed or activated because it can now move to the
nucleus and be transcriptionally active (Pratt and Toft 1997). The interactions
between the steroid and the hydrophobic binding pocket favor cleft closure,
with the result that the interaction of the LBD with the hsp90 chaperone
machinery becomes much more dynamic. The liganded, transformed GR now
engages in dynamic heterocomplex assembly/disassembly with hsp90 that is
important for GR movement to the nucleus and, subsequently, within the
nucleus (reviewed by Pratt et al. 2004). We will describe the role of dynamic
GR–hsp90 heterocomplex assembly/disassembly in GR movement later.

This steroid-dependent and temperature-dependent change in receptor in-
teraction with hsp90 (Sanchez et al. 1987) is the key initial event in signal
transduction by steroids. But, even before the temperature-dependent trans-
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formation, ligand binding to the GR has been shown to alter receptor confor-
mation at 0 °–4 °C such that there is a change in the immunophilin compo-
sition of the GR–hsp90–immunophilin heterocomplexes. Davies et al. (2002)
have shown that binding of steroid to the GR in intact cells at 0 °–4 °C causes
a hormone-induced loss of the immunophilin FKBP51 from receptor com-
plexes and a corresponding increase in FKBP52. The immunophilins in steroid
receptor heterocomplexes bind via their TPR domains to hsp90 (reviewed in
Pratt and Toft 2003), but FKBP52 also can bind directly to the GR in a region
containing the NL1 nuclear localization signal (Silverstein et al. 1999). The NL1
is buried or masked when the unliganded GR is bound to hsp90 and removal
of hsp90 opens up the NL1 (Scherrer et al. 1993). The likely explanation for
this hormone-induced immunophilin exchange is that binding of steroid to the
GR favors closure of the steroid binding cleft, promoting enough of a confor-
mational change in the receptor to expose the NL1. The exposure of a second
binding site for FKBP52 increases the affinity of the GR–hsp90 complex for
FKBP52 and favors the immunophilin exchange.

The effect of hsp90 on steroid access to the ligand-binding cleft and the effect
of steroid binding within the cleft on the dynamics of GR–hsp90 heterocomplex
assembly/disassembly are not understood in greater detail than that presented
here. However, it is clear that an understanding of these interactions will
be critical to achieving a mechanistic understanding of how hsp90 regulates
signal transduction by the receptor. The regulation conferred on the LBD by
its interaction with the chaperone machinery is transferable. Thus, fusion of
a steroid receptor LBD to another transcription factor, such as the viral E1A
protein, may yield a chimera in which transcriptional activation is regulated
by steroid binding (reviewed by Picard 1993). It is clear that the LBD in such
cases confers hormone-regulated binding to hsp90 onto the chimeric protein
(Scherrer et al. 1993).

3
GR–Hsp90 Heterocomplex Assembly

3.1
The Hsp90/Hsp70-Based Chaperone Machinery

The notion that hsp70 and hsp90 might function together germinated in 1989
when Kost et al. (1989) showed that both chaperones co-purified with the PR
and Sanchez et al. (1990) showed that the two chaperones existed together
in cytosolic complexes independent of binding to steroid receptors. Cell-free
hsp90 heterocomplex assembly experiments were then performed in which
immunoadsorbed PR or GR that was salt-stripped of hsp90 was incubated
with rabbit reticulocyte lysate and the receptors became complexed with hsp90
(Smith et al. 1990; Scherrer et al. 1990). Because the GR was converted to
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the steroid-binding state, it was clear that the system in reticulocyte lysate
was making the appropriate conformational change in the receptor when the
complex with hsp90 was formed (Scherrer et al. 1990; Hutchison et al. 1992).
The concept of a chaperone machinery evolved when a high-molecular-weight
complex containing both hsp90 and hsp70 was isolated from reticulocyte lysate
and shown to assemble GR–hsp90 heterocomplexes that had normal steroid-
binding activity (Scherrer et al. 1992).

An important advance came when a 60-kDa protein found in PR–hsp90
complexes assembled by reticulocyte lysate under ATP-limiting conditions
(Smith et al. 1992) was shown to bind both hsp90 and hsp70 to form a tripartite
complex containing both chaperones (Smith et al. 1993). It was then shown that
hsp70 is absolutely required for assembly of functional GR–hsp90 complexes
in reticulocyte lysate (Hutchison et al. 1994a) and that all of the components
that are required to form a GR–hsp90 heterocomplex are co-immunoadsorbed
from lysate with hsp90 (Hutchison et al. 1994b), consistent with the existence
of a preformed machinery for assembly. The 60-kDa protein that links hsp90
and hsp70 to form the machinery is now called Hop (Hsp organizing protein)
and the yeast ortholog is Sti1. Hop binds independently via an N-terminal TPR
domain to hsp70 and via a central TPR domain to hsp90 to form hsp90–Hop–
hsp70 complexes (Chen et al. 1996). The native machinery immunoadsorbed
from reticulocyte lysate with anti-Hop antibody also contains some of the
hsp70 co-chaperone hsp40 (Dittmar et al. 1998).

The chaperone machinery forms spontaneously upon mixing of the purified
proteins, and the complexes immunoadsorbed with anti-Hop antibody convert
the immunoadsorbed, hsp90-free GR to the steroid-binding state when the two
immune pellets are incubated together in the presence of ATP (Dittmar and
Pratt 1997; Dittmar et al. 1998). The small hsp90 co-chaperone p23 (Johnson
and Toft 1994) is not part of the native chaperone machinery, but to form stable
GR–hsp90 heterocomplexes, p23 must be present to bind to the complexes
and stabilize them once they are formed (Dittmar and Pratt 1997; Dittmar
et al. 1997). Under conditions where client protein–hsp90 heterocomplexes
are not being formed (0 °–4 °C, no ATP supplementation), all of the Hop and
roughly 30% of the hsp90 in reticulocyte lysate is present in hsp90–Hop–
hsp70 heterocomplexes (Murphy et al. 2001). Analysis of the native chaperone
machinery by native gel electrophoresis and by cross-linking was consistent
with an hsp90:Hop:hsp70 stoichiometry of 2:1:1 (Murphy et al. 2001). However,
the stoichiometry of hsp90–Hop–hsp70 complexes made by mixing purified
proteinswas2:2:1, suggesting thatHopmaybepresent as adimmer (Hernandez
et al. 2002b). Hop does not just function as a passive linker between hsp90 and
hsp70, it influences the conformational state and function of each chaperone
protein (Hernandez et al. 2002b; Carrigan et al. 2004).

A major question that remains unresolved is whether the machinery in vivo
attaches to client proteins as a preformed heterocomplex assembly machine, or
whether the machine is assembled in a sequence of steps on the client protein.
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It may be that both can occur. An argument for attachment of the preformed
chaperone machinery to the client protein is that the immunoadsorbed ma-
chinery from reticulocyte lysate can convert the immunoadsorbed GR to the
steroid binding state (Dittmar and Pratt 1997; Dittmar et al. 1998). An argu-
ment in support of sequential attachment of hsp70 and hsp90 to the client
protein comes from studies of the time-course of PR–hsp90 heterocomplex as-
sembly in reticulocyte lysate where hsp70 is bound earlier than hsp90 (Smith

Fig. 2 Mechanism of cleft opening and GR–hsp90–immunophilin heterocomplex assembly.
The ATP-dependent conformation of hsp70 binds initially to the GR and in an ATP-, K+-,
and hsp40-dependent step or steps a GR–hsp70 complex is formed that is primed to interact
with hsp90. After hsp90 binding, there is a second ATP- and K+-dependent step that is
rate-limiting and leads to opening of the steroid-binding cleft, enabling access by steroid
(indicated by the steroid structure). During GR–hsp90 heterocomplex assembly in cells and
in reticulocyte lysate, Hop and some of the hsp70 dissociate during or at the end of the cleft-
opening step. The GR-bound hsp90 is now in its ATP-dependent conformation and can be
bound by p23, which stabilizes the chaperone in that conformation, preventing disassembly
of the GR–hsp90 heterocomplex. When Hop dissociates, the TPR domain immunophilins
or PP5 can bind reversibly to the TPR acceptor site on GR-bound hsp90. The hsp40 and
Hop components of the five-protein assembly system have been omitted from later steps for
simplicity. TPR domains (black crescents)
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1993). The study of stepwise assembly of GR–hsp90 complexes with the puri-
fied proteins of the machinery (Morishima et al. 2000b) has been particularly
useful in establishing a sequence of assembly events leading to the mechanistic
scheme shown in Fig. 2.

3.2
The Five-Protein Heterocomplex Assembly System

The GR–hsp90 heterocomplex assembly system was originally reconstituted
from reticulocyte lysate (Dittmar et al. 1996), and we now use a minimal
system of five purified proteins—hsp90, hsp70, Hop, hsp40, p23—for effi-
cient assembly of stable receptor–hsp90 heterocomplexes (Dittmar et al. 1998;
Kosano et al. 1998). Of the five proteins, only hsp70 and hsp90 are essential
for opening the ligand-binding cleft to permit steroid binding: this was shown
by trapping the steroid-bound GR during the assembly reaction (Morishima
et al. 2000a). Hop and hsp40 act as nonessential co-chaperones that increase
the efficiency of GR–hsp90 complex assembly (Morishima et al. 2000a). p23
acts both in the purified five-protein system (Dittmar et al. 1997) and in vivo
(Morishima et al. 2003) to stabilize GR–hsp90 heterocomplexes once they are
formed. Thus, although p23 is not essential for opening the ligand-binding
cleft, it is essential for assembly of GR–hsp90 heterocomplexes that are stable,
such that they can be washed and then bound with steroid. It is important to
note that the chaperone machinery has been isolated from yeast (Chang and
Lindquist 1994), where selected gene disruptions have provided evidence for
physiological roles of the yeast orthologs of the five-protein system in steroid
receptor regulation (Nathan and Lindquist 1995; Chang et al. 1997; Caplan et al.
1995; Kimura et al. 1995; Bohen 1998).

3.3
Priming of the GR by Hsp70

As illustrated in Fig. 2, the first step in GR–hsp90 heterocomplex assembly is
the ATP-dependent priming of the GR to form a GR–hsp70 complex that can
be washed free of unbound hsp70 and incubated with purified hsp90 and Hop
in a second ATP-dependent step (Morishima et al. 2000b). The product of the
second step is a GR–hsp90 complex in which the receptor has an open steroid
binding cleft that can be accessed by steroid. If the hsp70 and hsp90 steps are
reversed in order, there is no assembly. We have shown that ATP-bound hsp70
binds directly to the hsp90-free, non-steroid-binding GR, whereas hsp70 that
has been converted to its ADP-bound conformation by preincubation with
hsp40 (YDJ-1) does not (Kanelakis et al. 2002). Thus, we have assumed that
hsp70 is the first component of the chaperone machinery to contact the GR,
and the role of hsp40 in priming is to promote the ATPase activity of GR-bound
hsp70.
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In studies with the PR, the Toft laboratory found that hsp40 (YDJ-1) first
binds with high affinity to the PR in a 1:1 molar ratio, forming the PR–hsp40
complex that can be washed and subsequently bound with hsp70 (Hernandez
et al. 2002a). Thus, it is argued that the first step in PR–hsp90 assembly is
binding of hsp40, which targets the receptor for hsp70 binding. This is clearly
not the case with the GR (Murphy et al. 2003), and inasmuch as hsp40 is not
essential for PR–hsp90 heterocomplex assembly (Kosano et al. 1998), hsp40 is
not required for targeting the PR for hsp70 binding. The PR is different from
the GR in that the PR must be heated after dissociation of hsp90 to eliminate
steroid-binding activity, and in the experiments of Hernandez et al. (2002a),
the PR is incubated with hsp40 (YDJ-1) while the steroid binding is being
inactivated.Thus, in the caseofPR,hsp40 is exposed toanopensteroid-binding
cleft with the potential for interaction with exposed hydrophobic cleft interior,
whereas it is the closed cleft form of the GR LBD that is exposed to hsp40. An
analogy can be made with DnaJ, which has an affinity for unfolded proteins
(Langer et al. 1992; Szabo et al. 1994). Such a chaperone function of hsp40
(YDJ-1) would favor binding to a hydrophobic region in the receptor, forming
a ternary ATP–hsp70–LBD–hsp40 complex in which the J domain of hsp40 is
interacting also with receptor-bound ATP–hsp70 to promote ATP hydrolysis.
Han and Christen (2003) have proposed this mechanism for DnaJ and DnaK
bound to substrate, and it seems likely that such ternary complexes form with
both the GR and PR LBDs during the priming reaction. In such a complex,
hsp40 is not targeting hsp70 to the receptor LBD, but the formation of the
ternary complex would improve the efficiency of co-chaperone interaction of
hsp40 with receptor-bound hsp70. The likely site for this focal attack is the
region where the hydrophobic interior of the steroid-binding cleft merges with
the receptor surface.

It is important to note that incubation of immunoadsorbed, chaperone-free
GR with hsp90 does not yield a complex as it does with hsp70. Experiments
examining the stimulation of hsp90 ATPase activity by purified, bacterially
expressed GR LBD fragment imply that some kind of specific recognition must
occur. Hsp90 ATPase activity is stimulated up to 200-fold by the GR LBD, and
unfolded or partially folded non-client proteins do not affect ATPase activity
(McLaughlin et al. 2002). The solubilized form of the GR LBD fragment used
in such experiments is denatured, and neither the full-length GR nor the
LBD fragment solubilized in this manner can be converted to the steroid-
binding state by reticulocyte lysate or by the purified five-protein assembly
system. In the absence of the physiological endpoint of generating steroid-
binding activity, it is unclear where this observation of hsp90 interaction with
a denatured LBD fragment fits in the assembly pathway. It is likely that the
LBD stimulation of hsp90’s ATPase activity models either the interaction of
hsp90 with the hsp70-primed GR or with the GR at a more advanced stage of
cleft opening as the hydrophobic cleft interior becomes exposed to the aqueous
environment.
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The initial priming step in assembly is MgATP-, K+-, and hsp40-dependent,
and the GR-bound hsp70 at the end of the priming reaction is in both ADP-
bound and ATP-bound states (Morishima et al. 2000b, 2001). The ATPase activ-
ity of hsp70 is K+-dependent (O’Brien and McKay 1995) and hsp40 stimulates
hsp70 ATPase activity (Minami et al. 1996). The requirement for a continuous
high level of ATP and the dependence upon hsp40 and K+ show that both
ATP binding and ATPase activity are required to produce primed GR–hsp70
complexes. This requirement has led to the proposal that, once hsp70 is bound
to the GR, the chaperone may oscillate back and forth between ATP-bound
and ADP-bound configurations, performing an iterative function during the
priming step (Morishima et al. 2001).

The priming step is very rapid and the hsp70-bound GR produced in this
step has no steroid binding activity (Morishima et al. 2000b). Examination
of the primed GR–hsp70 complexes by atomic force microscopy revealed the
most common stoichiometry to be 1:1, with complexes of 1:2 also being present
(Murphy et al. 2003). A major common theme that emanates from both GR–
hsp90 and PR–hsp90 heterocomplex assembly is the very focal nature of the
process. Thus, hsp40 binds to the PR in a molar ratio of 1:1 (Hernandez et al.
2002a) and hsp70 binds as a monomer or dimer to the GR LBD. Again, this
is consistent with a focal attack of the chaperone machinery on the steroid
binding cleft.

3.4
Opening of the Steroid-Binding Cleft by Hsp90

As indicated in Fig. 2, the primed GR–hsp70 complex binds hsp90 and there
is more binding if Hop is present (Morishima et al. 2000b). The binding of
hsp90 is rapid, and it is the subsequent ATP-dependent opening of the steroid
binding cleft that is rate-limiting in the overall assembly process (Kanelakis
et al. 2002). In this cleft opening step, the GR-bound hsp90 is converted to
its ATP-dependent conformation. To have an open steroid binding cleft, the
receptor-bound hsp90 must assume its ATP-dependent conformation (Grenert
et al. 1999) and it is only the ATP-dependent conformation of hsp90 that binds
p23 (Sullivan et al. 1997). Like the priming step with hsp70, this second, cleft
opening step is also K+-dependent, suggesting that the GR-bound hsp70 must
be converted from its ATP-dependent to its ADP-dependent conformation
while it cooperates with hsp90 to activate steroid binding activity (Morishima
et al. 2001).

The cleft-opening reaction is not understood in greater detail, but in reticu-
locyte lysate, it seems that a series of events are occurring. For example, much
of the hsp70 and all of the Hop dissociate during this second step (Smith 1993).
Reticulocyte lysate contains the TPR domain immunophilins and PP5; thus
dissociation of Hop from the GR-bound hsp90 yields an open TPR acceptor
site, permitting binding of FKBP51, FKBP52, CyP-40, or PP5.
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It is important to emphasize that the purified five-protein system is a mini-
mal system for efficient assembly of stable GR–hsp90 heterocomplexes. Retic-
ulocyte lysate contains other components that likely play important roles in
a more complex assembly system. For example, Aha proteins (activator of
hsp90 ATPase) are hsp90 co-chaperones present in cell lysates (Panaretou et al.
2002), and addition of purified Aha protein to the five-protein system accel-
erates the rate of generation of steroid-binding activity. This would be consis-
tent with an iterative process in which GR-bound hsp90 switches between its
ATP-bound and ADP-bound conformations during the ATP-dependent cleft
opening process.

Small amounts of both Hip (hsc70-interacting protein) and BAG-1 (Bcl-2-
associated gene product-1) are present in the hsp90–Hop–hsp70–hsp40 com-
plexes immunoadsorbed from reticulocyte lysate with antibody against Hop
(Kanelakis et al. 1999). Hip and BAG-1 are co-chaperones that compete with
each other for binding to the ATPase domain of hsp70; thus, they must ex-
ist in separate chaperone machinery complexes. Although Hip was regarded
as essential for receptor–hsp90 heterocomplex assembly in reticulocyte lysate
(Prapapanich et al. 1998), it is not present in the five-protein assembly system
and it does not affect GR–hsp90 assembly by that system (Kanelakis et al.
2000). Nelson et al. (2004) have reported that introduction of Hip into yeast en-
hances hormone-dependent activation of a reporter gene by the GR, but how it
works is unclear. At physiological levels, BAG-1 does not affect the rate of GR–
hsp90 assembly by the five-protein system, but at high levels, it is inhibitory
(Kanelakis et al. 1999). BAG-1(RAP46) is associated with the transformed GR
and travels to the nucleus with it (Zeiner and Gehring 1995; Schneikert et al.
2000). BAG-1 has a nonspecific DNA-binding domain that is required for its
inhibition of GR-dependent transactivation (Schmidt et al. 2003), but again,
the mechanism of the inhibition is not clear.

4
Hsp90 and GR Trafficking

4.1
Nuclear Translocation

In hormone-free cells, the steroid receptors shuttle continuously between the
cytoplasm and the nucleus, and the unliganded receptor at steady state may be
predominantly cytoplasmic, like the GR, or nuclear, like the estrogen receptor
(reviewed by DeFranco et al. 1995). The GR has been particularly useful for
studying the mechanism of retrograde movement because steroid-dependent
transformation of the GR triggers its rapid (t1/2 ∼4.5 min) translocation to
the nucleus (reviewed by Pratt et al. 2004). A model for rapid retrograde
GR movement along microtubular tracks (Fig. 3a) was first proposed in 1993
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(Pratt 1993). At that time, it was known that vesicles move along microtubules
and that cytoplasmic dynein is the motor protein responsible for movement
in the retrograde direction (reviewed by Hirokawa 1998). The notion was
that protein solutes might move in a similar fashion, with the unique addition
being that dynamic assembly of heterocomplexes with hsp90 facilitates linkage
of the steroid receptors to the motor system. The hsp90-binding immunophilin
FKBP52, which was known to localize to microtubules and to exist in cytosolic
complexes with cytoplasmic dynein (Czar et al. 1994), was originally envisaged
as the linker to the motor system. Subsequently, it has been shown that other
hsp90-binding TPR domain proteins, such as CyP-40 and PP5, also serve as
linkers to the dynein motor system (Galigniana et al. 2002). The tools used to
uncouple GR–hsp90 heterocomplexes at various sites in vitro and to impede
GR retrograde movement in vivo are shown in Fig. 3b.

The entire complex shown in Fig. 3a can be immunoadsorbed from cell
lysates prepared with buffer containing paclitaxel and GTP to stabilize micro-
tubules, and these complexes can be assembled under cell-free conditions by
incubating immunoadsorbed, stripped GR with similar lysates (Harrell et al.
2005). As diagramed in Fig. 3b, assembly of complexes in cell lysates con-
taining the hsp90 inhibitor geldanamycin prevents GR association with hsp90
and all other components of the heterocomplex; competition with a TPR do-
main fragment of PP5 during assembly yields a GR–hsp90 complex without
immunophilins or dynein; and competition with the PPIase domain fragment
of FKBP52 yields a GR–hsp90–immunophilin complex without dynein (Sil-
verstein et al. 1999; Galigniana et al. 2001; Harrell et al. 2005). FKBP52 forms
complexes with dynein even when its PPIase activity is inhibited by FK506;
thus, the PPIase domain is acting as a protein interaction domain to determine
binding to the motor protein complex (Galigniana et al. 2001). Both the TPR
domain interaction with hsp90 and the PPIase domain interaction with dynein
are evolutionarily conserved in plant immunophilins, suggesting that linkage
of hsp90 through immunophilins to dynein is fundamental to the biology of
the eukaryotic cell (Harrell et al. 2002).

Riggs et al. (2003) have shown that FKBP52 expression in yeast potentiates
GR-dependent reporter gene activation. The potentiation was due to an in-
crease in GR hormone-binding affinity that required both the hsp90 binding
activity and the PPIase activity of FKBP52. These observations suggest that
FKBP52 also acts as a peptidylprolyl isomerase on the GR to create a high-
affinity steroid-binding form of the receptor. This action is specific to the GR,
as opposed to the estrogen receptor, and is specific to FKBP52 vs other hsp90-
bound immunophilins (Riggs et al. 2003). Thus, although the PPIase domain
of FKBP52 may function in a dual capacity as an enzyme for protein folding
and as a site for protein interaction with dynein, it is likely that the latter
function is the more general one. A general role for immunophilin PPIase
domains in movement is supported by the observation that the non-hsp90-
binding immunophilin CyP-A exists in a native heterocomplex with dynein
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Fig. 3a,b The GR movement system. a Illustration of the complete movement system. The
PPIase domain (dotted crescent) of the immunophilin binds to the dynamitin (Dyt) sub-
unit of the dynein-associated dynactin complex. Dynein is a large multisubunit complex
(∼1.2 MDa) comprised of two heavy chains (HC) that have the processive motor activity,
three intermediate chains (IC), and some light chains, which are not shown. b Sites of un-
coupling by the hsp90 inhibitor geldanamycin, by the TPR domain fragment of PP5, by the
PPIase domain fragment of FKBP52, and by dynamitin
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that requires the CyP-A PPIase domain, but not its PPIase activity (Galigniana
et al. 2005).

Dynein is a large multisubunit complex and it links to vesicles and or-
ganelles indirectly via another multisubunit complex, dynactin (Hirokawa
1998). In the model illustrated in Fig. 3a, we speculate that dynamitin, a 50-
kDa subunit of dynactin, may be the component of the dynein–dynactin motor
protein complex that interacts directly with the immunophilin. Dynamitin is
a component of native GR–hsp90 complexes (Harrell et al. 2005), and both
purified FKBP52 and CyP-A bind directly to immunopurified myc-dynamitin
in a PPIase domain-specific manner (Galigniana et al. 2004b, 2005).

Treatment of cells with geldanamycin slows by an order of magnitude the
rate of ligand-dependent nuclear translocation of both endogenous GR (Czar
et al. 1997) and a green fluorescent protein fusion with the GR (GFP-GR)
(Galigniana et al. 1998). The rapid hsp90-dependent movement requires in-
tact cytoskeleton, and the slow movement that occurs when hsp90 is inhibited
appears to represent diffusion (Galigniana et al. 1998). In neurites where pro-
teins cannot move by random diffusion alone, retrograde GFP-GR movement is
blocked by geldanamycin (Galigniana et al. 2004a), suggesting that the hsp90-
dependent movement machinery is required for retrograde movement in axons
and dendrites. Consistent with a broad utilization of the movement machinery
by hsp90 client proteins, geldanamycin has been shown to inhibit retrograde
movement of the androgen receptor (Georget et al. 2002; Thomas et al. 2004),
the aryl hydrocarbon receptor (Kazlauskas et al. 2000; 2001), and the tumor
suppressor protein p53 (Galigniana et al. 2004b).

The PPIase domain fragment competes for immunophilin binding to the
dynein–dynactin motor complex (Fig. 3b), and overexpression of the frag-
ment slows steroid-dependent translocation of GFP-GR to the nucleus to the
same extent as treatment of cells with geldanamycin (Galigniana et al. 2001).
Similarly, overexpression of dynamitin slows GR translocation to the nucleus
(Harrell et al. 2004). Overexpression of dynamitin impedes movement by dis-
sociating the dynein–dynactin motor complex from cargo (Hirokawa 1998).
In the case of the GR, overexpressed dynamitin binds to the immunophilin
PPIase domain, and because the expressed dynamitin is in great excess of
dynein–dynactin, the great majority of the GR–hsp90–immunophilin com-
plexes bind to free dynamitin that is not associated with the dynein–dynactin
motor system.

4.2
GR Trafficking Within the Nucleus

When the GR arrives at the nuclear membrane, it binds to importin-α and
passes through the nuclear pores by an importin-dependent process (Savory
et al. 1999; Tanaka et al. 2003; Freedman and Yamamoto 2004). The form of the
GR that passes across the pore is not established, but it is clear that the GR can
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pass into the nucleus as a GR–hsp90 heterocomplex (Kang et al. 1994), and it is
likely that the receptor is normally transferred across the pores as a GR–hsp90–
immunophilin heterocomplex (see discussion in Pratt et al. 2004). Examination
of GFP-GR localization in nuclei of living cells shows the receptor accumulating
in punctate foci throughout the nucleus excluding nucleoli (Htun et al. 1996;
Nishi et al. 2001). A similar punctate localization has been observed for all
of the steroid receptors (reviewed by Baumann et al. 1999). For several of the
receptors that localize to the nucleus in the absence of ligand, formation of
the very discrete foci is agonist-dependent. Thus, there is the impression that
the receptors move to ‘staging areas’ from which they move to discrete foci
upon ligand-dependent transformation (Baumann et al. 1999). The results of
experiments performed by DeFranco and his colleagues have shown that GR–
hsp90 heterocomplex cycling occurs within the nucleus (reviewed in DeFranco
et al. 1998). A model of nuclear GR–hsp90 cycling is presented in Fig. 4.

Using permeabilized cells to examine in vitro nuclear export of the GR,
Yang et al. (1997) showed that GR released from chromatin could recycle
to chromatin upon rebinding hormone without exiting the nucleus. Liu and
DeFranco (1999) then showed that geldanamycin inhibits recycling of these
hormone-withdrawn GRs to the hormone-binding state and inhibits GR re-
lease from chromatin during hormone withdrawal. Additional support for
chaperone-dependent GR release from chromatin was provided by Freeman
and Yamamoto (2002) who transfected liver cells with p23 that was targeted
to bind near hormone response elements and showed a dramatic reduction
in GR-dependent transcriptional activation. In chromatin immunoprecipita-
tion assays, it was shown that both p23 and hsp90 localized to glucocorticoid
response elements in a hormone-dependent manner, and in experiments in
vitro, p23 inhibited transcriptional activation by preformed regulatory com-
plexes. Thus, it was suggested that p23 promotes disassembly of transcriptional
regulatory complexes via a direct chaperone effect on the GR (Freeman and
Yamamoto 2002). However, it has been shown that p23 expression in vivo af-
fects client proteins, including the GR, by acting as a co-chaperone to affect
hsp90 (Oxelmark et al. 2003; Morishima et al. 2003; Wochnik et al. 2004). Taken
together, these observations strongly suggest a role for the hsp90/hsp70-based
chaperone machinery in the termination of transcriptional activation by the
GR as free hormone levels decline (Fig. 4). Inasmuch as the DNA-binding ac-
tivity of BAG-1 is required for its inhibition of GR-dependent transactivation
(Schmidt et al. 2003), this hsp70 co-chaperone may play a critical role in GR
release from chromatin.

The use of GFP fusion proteins and the technique of fluorescence recovery
after photobleaching (FRAP) in live cells has demonstrated that a number
of transcription factors interact in a very dynamic fashion with their regu-
latory sites (reviewed by Hager et al. 2002). Hager and his colleagues have
examined the dynamics of GFP-GR binding to an artificial amplified array of
mouse mammary tumor virus (MMTV) reporter elements on chromosome 4
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Fig.4 Model for the recycling of GRs in the nucleus by the hsp90/hsp70-based chaperone ma-
chinery. After dissociation of hormone, the GRs are released from high-affinity chromatin-
binding sites by the chaperone machinery. The chaperone machinery is depicted here as
acting in two ATP-dependent steps, the first involving hsp70 and the second hsp90, as in
Fig. 2. The nonessential co-chaperone Hop, which brings the chaperones together into an
hsp90–Hop–hsp70–hsp40 complex, has been omitted to simplify presentation. Nuclear GR
that has been recycled into GR–hsp90–p23 complexes can bind hormone without exiting
the nucleus and be recycled to the chromatin-bound state. It is not known when GR dimer
to monomer conversion occurs, but the stoichiometry of the final cytosolic complex is one
molecule of GR bound to a dimer of hsp90

in a mouse cell line (McNally et al. 2000). The array includes 800–1,200 bind-
ing sites for the GR that forms a single patch of bright fluorescence in cells
expressing GFP-GR that are treated with dexamethasone. Photobleaching ex-
periments showed that the hormone-bound GFP-GR exchanges rapidly with
the chromosomal regulatory sites, with a half maximal time for fluorescence
recovery of approximately 5 s. Stavreva et al. (2004) have shown that hsp90,
hsp70, and p23 co-localize with the GFP-GR at the arrays and that inhibition
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of hsp90 with geldanamycin or radicicol accelerated GFP-GR exchange at the
MMTV promoter sites. In contrast to the conclusion drawn above from the
experiments of Freeman and Yamamoto (2002), faster GFP-GR exchange with
geldanamycin implies that the chaperone machinery normally stabilizes GR
binding rather than promoting its removal. Although there is controversy re-
garding the effect of chaperones on binding of GR to the promoter, as Stavreva
et al. (2004) have noted, both their results and those of Freeman and Yamamoto
(2002) support a role for chaperones in GR binding at a promoter.

There is also direct evidence that the hsp90/hsp70-based chaperone system
may be required for general GR mobility within the nucleus. Elbi et al. (2004)
have developed a permeabilized cell system in which transcriptionally active
nuclei are depleted of soluble factors required for GR nuclear mobility. GR
nuclear mobility was restored on incubation with reticulocyte lysate and the
activityof reticulocyte lysatewas inhibitedbygeldanamycin.Most importantly,
ATP-dependent movement of the GFP-GR back into the photobleached area
was restored by incubation with the purified five-protein chaperone system.
How the chaperone machinery restores mobility is not known, but these ob-
servations provide clear evidence that the heterocomplex assembly is critical
for GR trafficking within the nucleus.

5
Roles of Hsp90 and Hsp70 in Glucocorticoid Receptor Turnover

As reviewed in detail elsewhere in this volume, treatment of cells with gel-
danamycin or radicicol increases the degradation rate of many (probably
all) client proteins that form persistent heterocomplexes with hsp90 (Neck-
ers et al. 1999). Increased turnover was first demonstrated for some receptor
tyrosine kinases that were degraded via the ubiquitin-proteasome pathway
(Sepp-Lorenzino et al. 1995). Inhibition of GR–hsp90 heterocomplex assembly
by treatment of cells with geldanamycin or radicicol leads to a rapid decline in
the amount of GR protein, a decline that is inhibited by lactacystin and other
proteasome inhibitors (Whitesell and Cook 1996; Segnitz and Gehring 1997).
Not only does formation of heterocomplexes with hsp90 protect client pro-
teins against ubiquitin-dependent degradation, but the ubiquitylation of many
proteins requires hsp70 (Bercovich et al. 1997). Because mechanistic studies
with the purified chaperone machinery have led to considerable definition of
the sequential roles of hsp70 and hsp90 in GR–hsp90 heterocomplex assembly,
the GR itself may prove to be a unique tool for studying chaperone-dependent
ubiquitylation.

Of particular interest with regard to GR ubiquitylation is CHIP (carboxy
terminus of hsc70-interacting protein), a member of the RING-domain family
of E3 ubiquitin ligases. CHIP is a 35-kDa protein that binds via an amino-
terminal TPR domain to both hsc/hsp70 and hsp90 (Ballinger et al. 1999;
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Connell et al. 2001). CHIP possesses a carboxy-terminal U-box that interacts
with the UBCH5 family of E2 ubiquitin-conjugating enzymes (Jiang et al. 2001),
and it induces ubiquitylation of the GR (Connell et al. 2001). It is currently
thought that the RING-type E3 enzymes, like CHIP, act as bridging proteins
to bring the ubiquitin-charged E2 enzyme into the vicinity of the substrate
(Pickart 2004). However, it is not known if CHIP itself contacts the receptor,
and it is thought that the chaperones target CHIP to the receptor (Hohfeld et al.
2001).

Clearly the key question is how the triage decision is made for the GR to
proceed on to GR–hsp90 heterocomplex assembly or to proceed toward ubiq-
uitylation and proteasomal degradation. Because CHIP binds to the TPR ac-
ceptor site on hsp90, it has been argued that CHIP’s interaction with GR-bound
hsp90 causes the GR to be ubiquitylated and degraded (Connell et al. 2001).
Such a model, however, is counterintuitive, inasmuch as inhibition of client
protein–hsp90 assembly with geldanamycin promotes degradation. Binding
of CHIP to hsp90 eliminates p23 binding (Connell et al. 2001), indicating that
CHIP binding does not favor the ATP-dependent conformation of hsp90, which
is the form of the chaperone in the GR–hsp90 heterocomplex. CHIP has been
co-immunoadsorbed with GR–hsp90 complexes (Connell et al. 2001), but it is
likely that this CHIP is interacting with GR-bound hsp70 in the complexes. In
cells, it has been shown that both hsp70 and CHIP undergo steroid-dependent,
retrograde, geldanamycin-sensitive movement with the GR and the AR (Galig-
niana et al. 2004a; Thomas et al. 2004). Thus, it seems that CHIP can bind to
GR-bound hsp70 in fully assembled GR–hsp90 heterocomplexes but the pres-
ence of hsp90 mitigates against CHIP-dependent ubiquitylation of the receptor.

In the case of the hsp90 client proteins, like the GR, it seems most likely
that the decision to proceed toward hsp90 heterocomplex assembly and preser-
vation of client protein function vs CHIP-dependent degradation is made by
the hsp70 component of the chaperone machinery when it initially interacts
with the protein. As reviewed above, hsp70 engages in a very focal interaction
with the steroid-binding cleft (Murphy et al. 2003), and we return to the cleft
hypothesis of chaperone machinery action to see how such a choice might be
made. When hsp70 binds to the undamaged, chaperone-free GR, the ligand
binding cleft is closed and the chaperone binds in its ATP-dependent form
(Kanelakis et al. 2002). This undamaged GR can proceed to the primed cleft
state (Fig. 2) where the GR-bound hsp70 may preferentially bind Hop and
hsp90 to form a GR–hsp90 heterocomplex with an open ligand-binding cleft.
However, at early stages of unfolding, hydrophobic moieties that are normally
internalized in the properly folded cleft will become exposed on the receptor
surface. It is the ADP-dependent conformation of hsp70 that has high affinity
for binding hydrophobic peptides, and it is this state of hsp70 that is likely to
interact with the unfolding GR. The hsp70-bound, unfolding GR may not be
able to proceed to the primed cleft state; rather, it binds CHIP and proceeds
with chaperone-dependent ubiquitylation. Thus, in this model, the triage de-
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cision is made by the nature of the hsp70 interaction with the receptor and not
by hsp90, Hop, or CHIP. The hsp70 co-chaperone BAG-1 may also play a role in
degradation in that it associates with the proteasome through an ubiquitin-like
domain (Luders et al. 2000) and stimulates CHIP-induced degradation of the
GR (Demand et al. 2001). The study of hsp70 interaction with the GR ligand
binding cleft in native and unfolding conformations may help to focus the
important concepts offered by Hohfeld, Cyr, and Patterson regarding the roles
of the chaperones and their co-chaperones in making such protein quality
control triage decisions (Hohfeld et al. 2001; Cyr et al. 2002).
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Abstract Organisms are endowed with integrated regulatory networks that transduce and
amplify incoming signals into effective responses, ultimately imparting cell death and/or
survival pathways. As a conserved cytoprotective mechanism from bacteria to humans, the
heat shock response has been established as a paradigm for inducible gene expression,
stimulating the interests of biologists and clinicians alike to tackle fundamental questions
related to the molecular switches, lineage-specific requirements, unique and/or redundant
roles, andevenefforts toharness the response therapeutically.Gene targeting studies inmice
confirm HSF1 as a master regulator required for cell growth, embryonic development, and
reproduction. For example, sterility of Hsf1-null female but not null male mice established
strict requirements for maternal HSF1 expression in the oocyte. Yet Hsf2 knockouts by three
independent laboratories have not fully clarified the role of mammalian HSF2 for normal
development, fertility, and postnatal neuronal function. In contrast, Hsf4 knockouts have
provided a consistent demonstration for HSF4’s critical role during lens formation. In the
future, molecular analysis of HSF knockout mice will bring new insights to HSF interactions,
fosterbetterunderstandingofgene regulationat thegenome level, lead toabetter integration
of the HSF pathway in life beyond heat shock, the classical laboratory challenge.
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1
Introduction to Heat Shock Response and Mouse Models for Loss of Function

1.1
Heat Shock Response: Definition

First discovered in flies upon heat or chemical treatment (see historical article,
Ritossa 1996), the heat shock response can be defined as a rapid and transient
induction of a set of conserved classes of polypeptides historically called heat
shock proteins (Hsps). This response is highly conserved from bacteria to
animals and humans. As a paradigm of transcriptional regulation, the heat
shock response has been extensively investigated and described in numerous
review papers. Readers will find additional detailed information in Morimoto
and Santoro 1998; Pirkkala et al. 2001; Voellmy 2004; Wu 1995.

In this chapter, we intend to adhere to a rather limited definition of the heat
shock response in order to better define the significance of mouse models tar-
geting specific heat shock-related genes. When living organisms are submitted
to severe modifications of either their internal and/or external environment
such as elevated temperature and chemical exposure, distinct macromolecular
alterations in protein structure and function ensue, depending on the orga-
nism’s ability to elicit efficient protective mechanisms. It should be noted here
that eukaryotic cells have also evolved compartment-specific mechanisms for
handling stressful conditions. The most extensively studied, the unfolded pro-
tein response (UPR) endoplasmic reticulum (ER) stress response involves an
intricate pathway for induction of stress proteins in response to protein un-
folding in the endoplasmic reticulum (Ma and Hendershot 2004). Both systems
serve complementary roles depending on the stress conditions.

This heat shock response corresponds to the activation of the heat shock
transcriptional factor, which binds specific consensus sequences (HSE, heat
shock element) located in the regulatory regions of specific genes (heat shock
genes coding for Hsps). Thus, the heat shock response could be staged to
a three-step pathway: stress → HSF → HSP. Recently, however, Trinklein
and collaborators have updated analysis of HSE motifs and developed an ex-
tensive genome-wide investigation of HSF target genes (Trinklein et al. 2004).
Although previously suggested by several studies (e.g., HSF-dependent expres-
sion of MDR, Kim et al. 1997; HSF-dependent repression of TNF-α, Singh et al.
2002), those authors have clearly demonstrated that the third step of the heat
shock pathway is more diversified than expected. Within the transcriptome of
mammalian cells, numerous genes, classified as Hsp or not, are dependent on
HSF in a direct or indirect manner. Indeed, there is no pervasive general stress
response and only few genes are repeatedly recruited in response to differ-
ent stresses, as described in the study published by Murray and collaborators
(Murray et al. 2004).
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Beyond the heat shock (HS) response itself, thermotolerance is an important
phenomenon that depends on the molecular changes induced by HS response
and explains how organisms can cope with successive stresses and enhance
survival (Joyeux-Faure et al. 2003; Pespeni et al. 2005).

In this review, we will discuss how mouse knockout models have provided
new insights into the current knowledge acquired on HSF(s) and HSF target
genes (including Hsp and non-Hsp) and their involvement in the heat shock
response and thermotolerance.

1.2
Mouse Knockouts: So far, a Strategy to Study Loss of Function

Whileheat shockresponse ishighly conserved throughevolution, it has evolved
at numerous levels from the number of heat shock-related regulators to target
genes and mechanisms of transcriptional activation (e.g., RNA pol II pausing
in flies; Lis 1998).

From an abundant literature, we already know that the heat shock response
exhibits cell–tissue–organ and stress-specific patterns (e.g., Murray et al. 2004;
Xiao et al. 1999). Beyond the artificial experimental conditions used for such
studies, more robust approaches were needed to fully understand the mecha-
nisms and function of heat shock response in mammals. In this manner, the full
repertoire of the heat shock response integrates the physiology of multicellu-
lar organisms that display homeostatic protection mechanisms. In particular,
experimental strategies based on loss of function such as mouse knockout are
invaluable for the careful and extended analysis of the resulting phenotype,
especially those associated with (pathological) physiological challenges.

The technology for mouse knockout was first developed at the end of 1980s
and since then, hundreds of genes have been targeted, generating numer-
ous mutant mice. By using homologous recombination, a portion of the en-
dogenous gene is replaced by a cassette containing genes for selection and/or
reporter to follow expression. Consequently, the endogenous gene is either
interrupted with or without deletion. Additional refinements of this proce-
dure enable highly specific changes, e.g. at the level of a single amino acid.
Indeed, the NIH supports a comprehensive knockout mouse consortium to
make available a null mutant mouse model per gene, for corresponding infor-
mation (Austin et al. 2004). Present information on published knockout models
can be retrieved from the following website (http://www.informatics.jax.org/).

Nevertheless, various parameters can interfere with the loss of function of
the targeted gene. First, when the genome was incompletely known, it was
possible that the deleted region included not only the desired gene but also
some not yet discovered genes (e.g., αB-crystallin/HspB5 and MKBP/HspB2;
Brady et al. 2001). Second, long-distance effects have also been reported, in-
dicating that genomic modifications can impact activity of genes located at
remote sites (e.g., Pham et al. 1996). Third, the genetic background can influ-
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ence the phenotype of mouse knockout as different forms of modifier genes
can change the overall effect of the loss of function (e.g., Wolfer et al. 2002).
These caveats become important when using and analyzing results obtained
with mouse knockout models.

2
HSF Knockouts

In contrast to yeast and flies, vertebrates and in particular mammals count
at least three heat shock factors (HSFs: HSF1, 2, 4). The question of their

Table 1 HSF knockout mice

HSF Line ID Major phenotypes/studies

Hsf1 Hsf1tm1Anak Increased cell death in spermatogonia

Reduced cell death in spermatocytes

Reduced sensory hair cell survival after acoustic overexposure

Impaired IgG production

Hsf1tm1Ijb Absence of stress response

Lack of thermotolerance

Partial embryonic lethality

Placenta defect

Reduced size

Female infertility

Reduced viability to endotoxinic shock

Hsf1tm1Miv Absence of stress response

Lack of thermotolerance

Normal viability

Female infertility

Hsf2 Hsf2tm1Ijb Viable, fertile

Hsf2tm1Miv Reduced viability

Partial male and female infertility

Central nervous system defect

Hsf2tm1Mmr Viable

Reduced female fertility

Brain abnormalities

Hsf4 Hsf4tm1Anak Viable

Cataract, lens abnormalities

Hsf4tm1Miv Viable

Cataract, lens abnormalities
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specific roles was addressed by several laboratories exploiting the homologous
recombination to induce specific HSF loss of function (Pirkkala et al. 2001;
Voellmy 2004). The first HSF knockout was published in 1998 and the last ones
(HSF4), recently in 2004, providing the scientific community with valuable
models to study HSF function under health and disease conditions. After initial
characterization, analyses of HSF models are far from being complete (Table 1).

2.1
HSF and Regulation of the Heat Shock Response

McMillan et al. (1998) demonstrated that HSF1 is essential to activate the heat
shock response and to induce transcription of the Hsp25/27, Hsp70, and to
a lesser extent the Hsp60 gene (McMillan et al. 1998). Xiao et al. (1999) inves-
tigated the HS response in intact organisms by Western blotting of a defined
series of Hsps (Hsp25/27, Hsp60, Hsp70, Hsc70, Hsp90 α and β) to similarly
conclude that, in absence of HSF1, those genes did not exhibit any induction
(Xiao et al. 1999). Comparable data were obtained in cells and organs from the
two other Hsf1 knockouts: Hsp25/27, Hsp70, and Hsp105 require HSF1 to be
induced by heat stress (Inouye et al. 2003; Zhang et al. 2002).

In contrast to well-defined experimental stressful conditions such as ele-
vated temperature, Hsp regulation by HSF1 under physiological conditions
remains unclear, with contrary conclusions among studies (Inouye et al. 2003;
Yan et al. 2002; Zheng and Li 2004). Multiple factors such as culture conditions
in case of cell culture studies and the health status or genetic background
in the intact organisms might influence basal expression of HSPs. However,
Trinklein et al. (2004) have examined gene expression with and without HS
using Hsf1+/+ and Hsf1–/– fibroblasts (MEFs, mouse embrionic fibroblasts) and
have unambiguously demonstrated that absence of HSF affects gene expression
in nonstress conditions. Future studies are needed to reconcile the apparent
discrepancy.

In HSF2-deficient cells, heat shock clearly induced Hsp genes such as
Hsp25/27, Hsp70 confirming that HSF2 is not a major regulator of heat shock
response (McMillan et al. 2002). Nevertheless, when a more detailed analysis
was performed, HSF2 loss of function was associated with altered sensitivity
to heat shock, exemplified by induction at a lower temperature and increased
Hsp25/27 response (Paslaru et al. 2003). Other studies have indicated that
HSF2 can interact with HSF1 and bookmark Hsp genes to further stimulate
heat shock response (He et al. 2003; Xing et al. 2005). Therefore, the demon-
stration of HSF2 positive or/and negative effect on HS response will require
more detailed investigation, taking into account parameters such as stress, cell
type, cell cycle, and target gene.

How different members of HSF family are engaged physiologically could
be that the approach organisms fine tune response to stress, making HSF
knockouts the ideal models to investigate such functional interactions. Double
knockouts, HSF1-HSF4, have already suggested a potential antagonistic effect



144 E.S. Christians · I. J. Benjamin

of these two factors on FGF expression (Fujimoto et al. 2004) in addition to
changes on Hsp expression, in particular Hsp25/27 (Fujimoto et al. 2004). The
heat shock stress response is awaiting further analysis in this double knockout
as well as in Hsf1-Hsf2 double knockout (Fujimoto et al. 2004; Wang et al. 2004).

2.2
HSF and Thermotolerance

As mentioned previously, thermotolerance arising from the heat shock re-
sponse is an important protective mechanism against stress-induced apopto-
sis and cell death. The absence of HSF1 abrogates such protection in mouse
embryonic fibroblasts and expression of Hsp25 and Hsp70 is insufficient to
restore it (Luft et al. 2001). So Hsp70 is alone is an inadequate surrogate for
the heat shock response and other HSF1 target genes as those revealed by the
study published by Trinklein and collaborators are likely to be essential to
stress protection (Trinklein et al. 2004).

Using Hsf1–/– mice (Hsf1tm1Ijb), Wirth et al. (2004) contributed additional
information on the stress tolerance phenomenon in lung. When the protective
effect of a mild thermal stress against an acute toxic exposure undertaken
by intranasal instillation of cadmium, a proven HSF1 activator, was studied,
Wirth et al. (2003) demonstrated that HSF1 is the only essential factor for
cross-tolerance and this protection exists only within a defined range of stress
severity. Not only does thermotolerance depend on the activation of numerous
genes, but also the HSF1 pathway most likely exhibits tissue-specific protection
in vivo.

2.3
HSF, Inflammation, Immunoreaction, and Heat Shock Response

Although fever or elevated temperature is a common feature in inflammation
and immunoreaction, the potential link with HSF1 pathway remains unap-
proachable until Hsf1 knockout mice become available.

Cytokines such as TNF-α are important mediators of inflammation and
infection. Expression of TNF-α is controlled at many steps: transcription,
mRNA stability, and excretion. Both in vivo and in vitro experiments indicated
that HSF1 is a transcriptional repressor of this cytokine, which contains a HSE-
like sequence in its regulatory 3′ region (Singh et al. 2002). HSF1 is also involved
in immunoglobulin production through cytokine regulation. In contrast to the
repression of IL-1β or TNF-α, HSF1 is an activator for IL-6 and CCL5, which
promotes antigen-specific IgG2a production (Inouye et al. 2004).

Important in both innate and adaptive immunity, dendritic cells (DCs)
can be activated by heat shock in absence of other exogenous inflammatory
stimuli, triggering the expression of CD80, CD86, CD40, MHCII, and MHCI,
markers of maturation. Heat shock activates DCs what leads to the formation
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of peculiar aggresomes made of polyubiquitinated proteins and consequent
Hsp70 induction, even in absence of HSF1. This process is not HSF1-dependent
but appears to be under the control of another pathway that remains to be
elucidated (Zheng et al. 2003). In contrast, HSF1 plays an important role in
antigen cross-presentation (Ag XP), as recently demonstrated by Zheng and Li
(2004).This role ismediatedby theHSF1regulationofHsp70-Hsp90expression
under normal conditions.

No data are available regarding HSF2 or 4 roles in inflammation or immu-
nity. As HSF4 is abundant in lungs and based on the fact that this factor can
interact with HSF1 functions, it would be interesting to test further the patho-
physiological consequences of HSF4 deficiency in either innate or adaptive
immunity, or both.

2.4
Regulators of Heat Shock Response and Reproduction

While HSFs are involved in defensive and protective mechanisms such as
inflammation-immunity in cells and organisms, it was intuitively expected
that HSF1 and HSF2 knockouts would lead to severe phenotypes affecting fe-
male and male fertility. If there is any link between reproduction and stress,
then protective mechanisms must be recruited against even very small envi-
ronmental changes that could impact on the gonad’s ability to produce perfect
gametes as required for efficient reproduction.

2.4.1
HSF and Female Reproduction

In Hsf1–/– females, ovulated oocytes can be fertilized but the resulting embryos
are blocked and die after one or two cleavages. This phenotype of very early
embryonic lethality depends on female genotype and not offspring genotype,
meaning that Hsf1 knockout corresponds to a maternal effect mutation (Chris-
tians et al. 2000).HSFmutationpreviously reported in Drosophilamelanogaster
also affected the very early stage of oogenesis, but Jedlicka and collaborators
concluded that this was not caused by a reduced expression of the main Hsp,
and the ultimate explanation for this phenotype remains presently unsettled
(Jedlicka et al. 1997).

In contrast to the severe phenotype observed in HSF1-deficient females,
Hsf2–/– females were only affected in some knockout lines showing a reduced
number of pups or a more severe defect leading to the presence of large
hemorrhagic follicles with nonovulated oocytes (Kallio et al. 2002; McMillan
et al. 2002; Wang et al. 2003).

Hsf4–/– females are fertile, indicating that even if HSF4 is expressed during
oogenesis—which remains to be determined—there is no functional interfer-
ence with the abundantly expressed HSF1 (Fujimoto et al. 2004).



146 E.S. Christians · I. J. Benjamin

2.4.2
HSF and Male Reproduction

Hsf1-null males exhibit normal fertility unless they are challenged by a stress
suchasheat shock (Izuet al. 2004).Discordantdatawereobtained regarding the
fertility of HSF2-deficient males: spermatogenesis in Hsf2tm1Miv Hsf2tm1Mmr

males seemed to be severely affected, with 80% and 58% reductions in sperm
count, respectively (Kallio et al. 2002; Wang et al. 2003). In contrast, studying
Hsf2tm1IJBmale fertility, we could not detect such dramatic alterations but only
a potential faster aging process with the appearance of degenerated tubules
in males older than 3 months (McMillan et al. 2002). As mentioned above,
discordant results among knockout mouse lines are not uncommon.

HSF4-deficient males remain fertile, indicating that HSF4 is not involved in
spermatogenesis and/or redundant roles are subserved by other HSFs (Fuji-
moto et al. 2004).

3
HSP and Heat Shock-Dependent Gene Knockouts

Until recently, heat shock response was generally described as inducing Hsp
expression and most analyses were limited to members of Hsp70 family. Ac-
cumulating data showing that numerous non-Hsp genes are differentially ex-
pressed after HS have shifted our view of the heat shock response: namely, this
cannot be restricted to Hsp70 alone. Therefore, the following paragraph at-
tempts an integration between Hsp knockout and heat shock-dependent gene
knockout using the microarray database published by Trinklein et al. (2004)
as the primary source.

3.1
Hsp Knockouts

While there are several multigenic Hsp families, the gene-targeting approach
has been repeatedly applied to Hsp70.1 and Hsp70.3, known as the major
inducible Hsp genes in mice (Table 2). These two genes are located in a tandem
array on the major histocompatibility complex (MHC) region on the mouse
chromosome 17.

Chronologically, the first Hsp70.1 knockout was created in Korea by Seo
and collaborators (Lee et al. 2001). With this animal model, they first showed
that infarction volume fololwing focal cerebral ischemia was increased by 30%
in Hsp70.1-null mice relative to wild type mice, demonstrating the protective
function of Hsp70.1 against cell death and the absence of a complete compen-
satory effect of the second inducible Hsp70.3. Absence of active redundancy
between Hsp70.1 and Hsp70.3 heat shock response was also reported by Huang
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Table 2 Characteristics: Hsp70.1 and Hsp70.3 knockout mice

Gene Knockout mouse line Phenotype/Challenge

Hsp70.1 Hspa1btm1Seo No gross abnormality

Increased infarction volume after focal cerebral
ischemia

Hspa1btm1.1Msk No gross abnormality

Hspa1btm1Clib Normal, fertile

Absence of HS preconditioning in TNF-induced
lethality

Hsp70.3 Hspa1atm1.1Msk No gross abnormality

Hsp70.1– Hspa1a/Hspa1btm1Dix Reduced size

Hsp70.3 Increased sensitivity to irradiation

Absence of late-phase protection in ischemic
preconditioning

Genome instability

et al. (2001). In order to further characterize specific Hsp70 gene response, Lee
and Seo tested Hsp70.1 expression in MEFs with various stressors such as
amino acid analog, heavy metals, oxidative stress, hyperosmotic stress (aze-
tidine, cadmium chloride, zinc chloride sodium arsenite, hydrogen peroxide,
and sodium chloride) (Lee and Seo 2002). In MEFs, Hsp70.1, which is ex-
pressed at a higher level than Hsp70.3 under basal and stress conditions, is
the only gene induced by hyperosmolarity. Although these authors analyzed
Hsp70.1 knockout cells in this study, they did not correlate the lack of Hsp70.1
expression and the ability of the cells to survive. In an additional study, they
made this link by testing the effect of osmotic stress in kidney (Shim et al.
2002). When Hsp70.1 mice were exposed to this type of challenge by adding
3% NaCl in their drinking water, they exhibited increased apoptosis in their
kidneys.

Hsp70.1 response depends on the type of stress (external environment)
but also on the specificity in cellular environment as, for example, oxidative
stress stimulates the gene in M-1 cells but not in MEFs (Lee and Seo 2002).
This suggests that final regulation of Hsp expression is made of particular
combinations of stress, genes, and tissue or cell type.

The other Hsp70.1 knockouts were also exploited to demonstrate the pro-
tective role of this chaperone against TNF-α toxicity by heat preconditioning
(Van Molle et al. 2002) or against heart infarction by ischemic precondition-
ing (Hampton et al. 2003). In the latter example, both Hsp70.1 and 3 were
knocked down. Surprisingly, these animals that were deficient in the main
inducible protective chaperones remained viable and fertile, exhibiting only
a certain increase in abnormal meiotic chromosomal configurations. Such
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mild phenotype indicates that cell protection can be complemented by the
other chaperones.

Beyond the Hsp70 family, very few successful attempts to disrupt Hsp genes
have been reported and those include the knockouts of Hsp70.2, Hsp90β, and
HspB5-2 (Brady et al. 2001; Dix et al. 1996; Voss et al. 2000). The first two
exhibited developmental phenotypic traits rather than direct stress response-
related conditions so they were not described in detail. Hsp70.2 is essential to
spermatogenesis, specifically synaptonemal complex and CDC2 kinase chap-
eroning. Hsp90β is involved in the chorioallantoic fusion required for placenta
development and embryo survival beyond 10 days of gestation.

In contrast, HspB5 (or CRYAB, αB-crystallin) is a chaperone induced by heat
shock but also highly constitutively expressed in cardiac and skeletal muscle.
In absence of HSF1, HspB5 is significantly reduced in heart, confirming that
HspB5 depends on this factor not only in stress but also physiological con-
ditions (Yan et al. 2002). A gain of function model was created for HspB5
and demonstrated protection against ischemia reperfusion (Ray et al. 2001).
Brady and co-workers have reported that double knockout mice for two small
Hsps, HspB5 (CRYAB) and HspB2 (MKBP), exhibit severe age-dependent de-
generation. Using the model, Morrison et al. demonstrated increased necrosis
and decreased contractile function in the ex vivo heart, indicating a function
requirement for one or both sHSPs for acute ischemic conditions (Morrison
et al. 2004).

3.2
Non-Hsp HSF-Dependent Genes

Microarray analyses compared gene expression in HSF wild type and HSF-
deficient cells or animals (Inouye et al. 2004; Trinklein et al. 2004; Wang et al.
2003, 2004).

The most exhaustive set of data is provided by Trinklein et al., who combined
transcriptome analysis and chromatin immunoprecipitation experiments to
better identify HSF1 target genes. A brief survey of the 46 genes listed as
bound by HSF1 and induced by HS reveals that 18 are identified as Hsp or
ubiquitin genes or related genes. The other genes belong to very diverse series
of family (e.g., relaxin H1); surprisingly among these genes, little is known
regarding a potential link with the HSF1 protective pathway. Another HSF1
microarray study conducted by Inouye et al. provides very limited information
regarding themicroarrayanalysis inwhichHSF1appears to regulate expression
of non-Hsp genes insisting on targets related to immune response (Inouye et al.
2004).

Hsf2 knockout mice were exploited by Wang et al. to search for HSF2 direct
or indirect target genes (Wang et al. 2003). Comparative microarrays between
Hsf2+/+ and Hsf2−/− were performed using samples collected at two different
times during embryonic development (8.5 and 10.5) and adult organs (testis).
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In the published lists, absence of HSF2 did not alter the expression of any
Hsp genes and there are only very few common features between the different
tissues tested (e.g., members of apolipoprotein family).

Further analysis of the HSF-dependent transcriptome was undertaken in
testis from single and double knockout Hsf1-Hsf2. In this organ, expression
of several dozen genes depend on HSF1 and HSF2 either directly or indirectly
but very few of them appear to be Hsp. In contrast, one of the most affected
genes in absence of HSFs was a member of a microtubule-associated protein
family; as the named gene, MAP2 is exclusively expressed in neurons (Wang
et al. 2004).

4
HSF Knockouts: Future Directions

From 1998 to 2004, the entire family of heat shock factors underwent gene
disruption by investigators providing us with several loss of function animal
models for HSFs. The next step to be envisioned is manipulation within the
HSF gene of distinct elements of function or regulation such as alternative
splicing, phosphorylation-sumoylation sites, and bisulfide bonds, leading to
a better understanding of the HSF-signaling pathway.

On the HSF gene target side, nearly everything remains to be done, as only
the major Hsp70 gene has so far received attention. Due to expected pleiotropic
effects, the conditional gene targeting approach must be encouraged.

Together, the field of HSF regulation and Hsp function continues to ma-
ture with exciting new directions focused on small animal models of human
diseases especially neurodegenerative ones. A new era is now opened to inves-
tigators who can extensively challenge these animals in order to mimic human
toxicological or pathophysiological conditions as well as to test therapeutic
maneuvers.
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Abstract Heat shock transcription factors, as well as heat shock proteins, are involved in
different steps in differentiation and development, in addition to their role in adaptation
to stress. This has already been demonstrated in the case of the single heat shock factor
present in Drosophila. Over the last 6 years, similar observations have accumulated from
the progressive inactivation of the different hsf genes in mammals, the use of double-null
animals, and the slow characterization of their complex phenotypes. Although these studies
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are not yet complete, the data so far can be used to draw some conclusions. All hsf genes
contribute to development in mammals and to normal functions at the adult stage, by
controlling the expression of Hsp and non-Hsp genes. Reproduction, the immune response
and aging are the processes that are the most deeply affected. An attractive hypothesis would
be that these new functions have been recruited during evolution in order to coordinate
these processes: HSFs may occupy a central place in the trade off that organisms make
between reproduction and maintenance, in response to the variations in the environment.

Keywords Heat shock transcription factors · Gene inactivation · Reproduction ·
Gene targets · Evolution

1
Introduction

1.1
Heat Shock Proteins, Cell Differentiation, and Development

The discovery that the expression of some heat shock proteins (Hsps) is tightly
correlated with specific steps in differentiation and development immediately
followed the characterization of these proteins and preceded the discovery of
the chaperone function shared by most of them: marked induction of the small
Hsps by ecdysterone (Ireland and Berger 1982) that occurs in vivo at specific
stages of Drosophila development, expression of the HSP70 proteins during
mammalian (mouse) early zygotic genome activation (Bensaude et al. 1983),
etc. Many additional data have been obtained since these initial observations.
The explanations that have been proposed range between two alternative and
nonexclusive hypotheses: there would be a general need for one (or many)
chaperones at a specific step of development, for instance to assemble or to
disassemble protein complexes during the transition from one differentiation
state toanother,or thereexist specificdevelopmental anddifferentiation targets
for chaperones in addition to the numerous targets that general chaperones
have.

1.2
The Existence of Multiple Heat Shock Transcription Factors

The same ambiguity emerged from the study of the heat shock transcription
factors (HSFs) involved in the control of heat shock gene expression (for
a review, see Pirkkala et al. 2001). These factors bind to a heat shock element
(HSE) found upstream of the heat shock genes. The existence of one unique
gene in yeast and Drosophila, the transcriptional activity of which is stimulated
by heat shock and stress, suggested that these factors were involved in the
increased expression of Hsps that follows a stress and is necessary for the
adaptation of the organism to the stressful conditions, and in the repair of the
damage that might have occurred inside the cells and organisms.
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However, the picture became more complex. In vertebrates, the existence of
a family of transcription factors was demonstrated: HSF1, HSF2, and HSF3 in
chicken, HSF1, HSF2, and HSF4 in mammals. With the exception of HSF3, these
additional factors were not clearly involved in the stress response. In addition,
their expression varied strongly during differentiation and development: for
instance, HSF2 is expressed at a high level during the first two-thirds of mouse
embryogenesis, but at the adult stage its expression is restricted to testis, and
at a very low level to brain (Sarge et al. 1994; Rallu et al. 1997).

1.3
A Hypothesis and Its Failure: Additional HSFs Control the Expression
of Hsps During Differentiation and Development

A simple hypothesis was put forward in an attempt to rationalize these puz-
zling observations: these additional factors were in charge of the specific ex-
pression of Hsps/chaperones during differentiation and development, whereas
one (HSF1) or two (HSF1 and HSF3 in birds; Tanabe et al. 1998) are involved
in the stress response.

But this hypothesis was very rapidly challenged: no clear correlation exists
between the expression of these additional HSFs and the variations in the
expression of Hsps and chaperones during development (Rallu et al. 1997). It
was also shown by Carl Wu’s group that in Drosophila, where one unique HSF
exists, this factor is required at two distinct developmental steps, oogenesis and
early larval development: the involvement of Drosophila HSF in development
is not correlated with an increase in Hsp expression at these steps, and these
two additional functions can be genetically distinguished (Jedlicka et al. 1997).

1.4
What Does the Inactivation of the Heat Shock Transcription Factor Genes Tell Us?

It may be better to renounce any a priori interpretation of the high level of
expression of Hsps during development, and of the existence of different HSFs,
someofwhichare specifically expressedduringembryogenesis, and toconsider
what experiments—in particular gene inactivation experiments—tell us about
the role played by Hsps and HSFs in development.

We will focus our presentation on the inactivation (knockout) of HSF genes
in mice. Experiments over the last 6 years have yielded a rich harvest of results.
They force us to adopt a different vision of the function of HSFs and Hsps,
and the way the organisms adapt to their environment. This will be discussed
in the last section. The observations made on inactivation of some Hsps and
chaperones can be easily integrated into the general landscape revealed by the
inactivation of HSF genes.
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2
Inactivation of Hsf1

2.1
Hsf1 Is Essential for the Stress Response

The initial description given by Ivor Benjamin and colleagues (see also the
chapter by Christians and Benjamin, this volume) revealed a very simple
phenotype (McMillan et al. 1998). In mouse cells where the hsf1 gene has
been inactivated, the basal level of Hsp gene expression is not altered, but the
induced expression of Hsps after a stress is totally abolished (Xiao et al. 1999).
As a consequence, there is no acquired thermotolerance and an increased
heat-inducible apoptosis. More recently, it was shown that hsf1–/– mice are
more sensitive to a cadmium injury (Wirth et al. 2003). HSF1 also protects
cardiomyocytes from ischemia (Zou et al. 2003). The hsf1–/– mice are also much
more sensitive to the toxic effects of bacterial endotoxin (Xiao et al. 1999). This
is probably because the inhibitory action that HSF1 has on the expression of
cytokine genes is absent (Cahill et al. 1996). HSF1 directly interacts with the
nuclear factor of interleukin-6 and prevents its activating effect on IL-1β and
other promoters (Xie et al. 2002). In contrast to what has been described in
yeast for the unique HSF and for HSF1 in avian cells (Nakai and Ishikawa 2001),
HSF1 is apparently not involved in the constitutive expression of Hsps. These
initial experiments did not reveal functions (and targets) for HSF1 other than
the control of the stress response and cytokine production.

2.2
Hsf1 Is Required During Embryogenesis and at the Adult Stage

Further descriptions, however, cloud the picture. The hsf1–/– mice are viable,
but a fraction of the hsf1–/– embryos dies during prenatal development (Xiao
et al. 1999), depending on the genetic background. Death is due to a defect in
the formation of the chorioallantoic placenta. Postnatal growth is delayed. No
precise molecular mechanism for the origin of the defects observed in hsf1–/–

animals emerged from these studies.
In the same way, the development of embryos from hsf1–/– mothers is

blocked at a very early stage of development, during or immediately after the
transcriptional activation of the zygotic genome (Christians et al. 2000). This
blockade does not prevent the early expression of Hsp70 genes, which is the
earliest sign of the zygotic genome activation. It demonstrates that Hsp genes
are probably not the HSF1 targets responsible for this early developmental
arrest.

More recently, the same group has shown that the inactivation of the hsf1
gene reduces the level of Hsp25, αB-crystallin and Hsp70, but not Hsp90 in
the heart (Yan et al. 2002). As a consequence, the level of glucose 6-phosphate



HSFs in Development 157

dehydrogenase activity is diminished, leading to a decrease in the ratio be-
tween reduced and oxidized glutathione. The consequence is an increase in
the amount of reactive oxygen species, and the oxidation of different essential
mitochondrial proteins. Similar observations have been made in the kidney:
HSF1 disruption leads to a decreased expression of Hsp25 and Hsp90 (but not
αB-crystallin), a change in redox status, and an increase in superoxide gen-
eration, with deleterious effects on mitochondrial functions similar to those
previously described in the heart (Yan et al. 2005).

2.3
Hsf1 and the Quality Control of Spermatogenesis

Quite independently, Akira Nakai’s group demonstrated the involvement of
HSF1 in the quality control of spermatogenesis. The first step resulted from
overexpression of HSF1 in mice (Nakai et al. 2000). A permanently-active HSF1
protein was obtained by deletion of the regulatory region, which inhibits the
transcriptional activation domain located in the C-terminal part of the factor.
Although the promoter selected (the human β-actin promoter) is considered
ubiquitously active, the transgenic mice that were obtained expressed HSF1 at
a high level in only three organs: the testis, heart, and stomach.

Infertility resulted from the arrest of spermatogenesis at the pachytene stage
of spermatocytes, concomitant with a massive death of cells at this differenti-
ation stage. The authors related these effects to the well-known inhibition in
humans of spermatogenesis by acute febrile diseases or crypto-orchidism, as
well as by sauna or wearing close-fitting underwear. All these conditions result
in an increase in the temperature of the testes, which in normal conditions are
maintained at a temperature lower than the core body temperature. Activation
of HSF1 in these conditions would be responsible for the observed effects.

The physiological significance of this HSF1-induced cell death was made
more explicit by looking at the consequence of hsf1 gene inactivation in mice
(Izu et al. 2003). Whereas the most immature germ cells are more sensitive to
heat treatment in HSF1-null mice—in agreement with the normal protective
effect of HSF1 and the heat shock response—opposite effects are seen at the
pachytene stage of spermatocytes. Absence of HSF1 leads to a decrease in cell
death, the mirror effect of that observed in animals overexpressing HSF1.

The pachytene stage of spermatocytes was already known as a checkpoint in
differentiation of male germ cells: many mutations affecting spermatogenesis
result in cell death at this specific stage of differentiation. The interpretation
by Akira Nakai is that conditions leading to the abnormal accumulation of
misfolded proteins lead to the activation of HSF1. At the pachytene stage
of spermatocytes, this activation will be interpreted as a sign of defect and
will induce the initiation of the cell death program by a molecular process
that is still unknown. The similarity with the control exerted by p53 on the
integrity of the genome is worth noting. The role of HSF1 in the quality control
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of spermatogenesis is not mediated by a variation in the level of Hsps. The
synthesis of the major Hsps during spermatogenesis is not affected in the
HSF1-null mice, in normal conditions or after a hyperthermic treatment.

2.4
Hsf1 and the Immune Response

Hsf1–/– mice have also been used to test the recurring hypothesis that Hsps
have a place in the immune response at the antigen-presentation stage by their
peptide-binding capacities. It is not within the scope of this review to examine
the numerous and conflicting data on this topic. What is important for us is
that hsf1 gene inactivation is shown to downregulate the cross-presentation
of MHC class I-associated antigens, in parallel with a decrease in the level
of Hsp90 in the dendritic cells, liver, and embryonic fibroblasts (Zheng and
Li 2004). The constitutive expression of HSP70 seen in the fibroblasts of the
wild-type mice was absent in the fibroblasts derived from HSF1-null mice.

Mice deficient in HSF1 exhibit a decrease in the T cell-dependent B cell
response with an impaired Ig production (Inouye et al. 2004). This results
from a reduced proliferation of the spleen cells, the consequence of a decreased
level of interleukin-6 and CCL5. By chromatin immunoprecipitation, HSF1 was
shown to bind to the interleukin-6 promoter and to activate the transcription
of the Il-6 gene.

2.5
The Target Genes of HSF1

The results obtained with HSF1 raise two questions concerning this factor’s
mechanism of action. The first is to know whether HSF1 contributes to the
basal expression of Hsps and chaperones in the absence of stress. As we have
seen, the observations are conflicting. In some cases, when the absence of HSF1
leads to a decrease in Hsp-expression, such as in the heart or the skin, it is
not possible to exclude the possibility that the stress response is constitutively
induced as a response to the permanent insults to which these tissues are sub-
mitted (ROS in the case of the heart, chemical agents from the environment for
the skin). The activation of mouse HSF1 in the liver and intestine by the xeno-
biotic compounds present in food has been demonstrated (Katsuki et al. 2004).
Another possibility is raised by the observations made in Caenorhabditis ele-
gans. In this organism, the unique HSF is involved in the basal expression of the
small Hsps. This constitutive activation requires the presence of another tran-
scription factor (DAF-16), which also binds to the regulatory sequences found
upstream of the sHsp genes (Hsu et al. 2003). As we shall see, this co-activation
results in a decreased formation of protein aggregates, the abundance of which
increases with age, and a prolonged life-span.
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The observations also suggest that HSF1 controls the activity of genes dis-
tinct from the HSP and chaperone genes in the formation of the placenta, in
the capacity of oocytes to allow an early development of the embryo, during
spermatogenesis as well as in the immune response. Unfortunately, in all these
cases but one, the nature of the targets remains unknown: the only documented
case is the activation of IL-6 gene transcription.

3
Inactivation of Hsf2

3.1
Hsf2 Is Involved in Fertility and Brain Development

When gene inactivation was initiated, the functions of HSF2 were unknown.
HSF2 is reversibly inactivated by heat shock (Mathew et al. 2001), but activated
after a blockade of the proteolytic proteasome pathway (Mathew et al. 1998). In
this latter case,however, itwas later shownthatall theHSFswereactivated in the
same conditions, HSF1 even more than HSF2 (Pirkkala et al. 2000). In addition,
it is difficult to discard the hypothesis that proteasome inhibition is responsible
for an overall stabilization of short-life proteins, among which HSFs, and
that the observed effects have nothing to do with a normal physiological
response. Two isoforms of HSF2 with different transcriptional capacities have
been described (Fiorenza et al. 1995; Goodson et al. 1995). From what was
known of the situations in which this factor was expressed at a high level, it
was imagined that HSF2 might have a role in spermatogenesis (Sarge et al.
1994; Alastalo et al. 1998), in differentiation and development (Sistonen et al.
1992; Rallu et al. 1997), in particular of the nervous system but also of the heart
(Eriksson et al. 2000).

The first reported hsf2 gene inactivation resulted from the insertion in
exon 5 of a β-geo gene, generating a chimeric HSF2-βgeo protein, with an
intact HSE-binding domain, but lacking an integral oligomerization domain
(Kallio et al. 2002). The homozygotes are viable and have an apparently normal
behavior, but exhibit two defects. The first consists in structural abnormalities
in the adult brain, with an enlargement of the vesicles and a reduction in the
size of the hippocampus and striatum. The second concerns spermatogenesis
and oogenesis. The size of the testis is reduced, and the structure of the
seminiferous tubules is altered: these modifications are the consequence of the
disruption of spermatogenesis, with increased apoptosis at the late pachytene
stageofmeioticprophase.The synaptonemal complex,whichcontributes to the
pairing of homologue chromosomes, is altered, with the presence of loop-like
structures indicative of defective synapsis. Despite these defects, the fertility
of males is not significantly reduced.
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In contrast, female fertility is decreased in hsf2−/− animals. The size of litters
is reduced, independently of the genotype of the partner. Ovarian function is
affected with the presence of hemorrhagic large follicles and a 60-fold increase
in luteinizing hormone receptor. Ovulation is perturbed, but can be returned
to a normal level by treatments used to obtain superovulation. Nevertheless,
even in these conditions, the eggs have an abnormal shape and the rate of
embryonic death is abnormally high. The nature of the target genes of HSF2,
theunderexpressionofwhichmightbe responsible for theobservedalterations,
remains unknown. The level of expression of the major Hsp genes was checked
by RT-PCR in different tissues of the hsf2−/− embryos and adults and found
not to be different from the level measured in wild-type animals. The level of
HSP70-2, a member of the Hsp70 gene family specifically expressed during the
formation of the male germ cells (Sarge et al. 1994), was halved. Hsp70-2 is
essential for spermatogenesis (Dix et al. 1996) and gel shift assays suggest it
harbors HSE sequences in its promoter. The significance of the result obtained
with HSP70-2 is dubious, since the alteration of spermatogenesis in hsf2−/−

animals might be indirectly responsible for this decrease of limited amplitude.

3.2
Conflicting Results Obtained with Hsf2 Inactivation and a Possible Interpretation

These results were not reproduced by Ivor Benjamin’s group (McMillan et al.
2002), who was unable to detect any deficiency in fertility, although some
degeneration of the seminiferous tubules was observed in the testis of more
than three-month-old hsf2−/− mice. No brain abnormalities were observed,
and the hsf2−/− animals successively passed a battery of behavioral tests.

This type of discrepancy between the results obtained by different labo-
ratories inactivating the same gene is not unusual in the knockout field. The
obvious and less interesting possibility is that the defects that are observed do
not result from gene inactivation: a second copy of the transgene has integrated
at some other place in the genome, and the effects result from this insertion
process and not from gene inactivation. Another possibility is that gene inac-
tivation has resulted in the modification of expression of genes located close to
the inactivated gene. Or, on the contrary, the inactivation may be incomplete,
the chimeric protein keeping part of its activity and interfering with normal
cellular functions. A more interesting hypothesis is that the difference results
from the genetic background, and the existence of modifier genes that may
increase or mask the consequence of gene inactivation. The influence of ge-
netic background on the consequences of gene inactivation has been amply
documented in several well-described instances.

It is probably the right explanation in the case of hsf2, since the initial
observations on brain abnormalities and the alteration of germ line differenti-
ation were independently reproduced by a third group, that of Mivechi (Wang
et al. 2003), but with a stronger phenotype than the one observed by the first
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group. The presence of enlarged brain vesicles was confirmed, but shown to
be already present in embryos, leading to an increased prenatal rate of death
for the hsf2−/− animals. Spermatogenesis was reduced, leading to a significant
reduction of fertility in hsf2−/− males. The target genes of HSF2 were looked for
in E10.5 embryos and adult testis by using microarrays. The results, confirmed
by RT-PCR, characterize genes whose expression is increased or decreased
in hsf2−/− animals. None of these genes belong to the HSP/chaperone family.
Nothing proves that the genes whose expression varies are direct targets of the
HSF2 factor.

The same group has recently published the results of the double inactivation
of the hsf2 and hsf1 genes (Wang et al. 2004). Spermatogenesis is arrested
around the spermatocyte stage, and the males are infertile. There is a deep
reduction in pre- and postmeiotic gene transcription. No data were provided
on what happened in females, or in other parts of the organism (in particular
in the central nervous system).

3.3
The Search for Specific Target Genes for HSF2

To summarize briefly the observations made so far on HSF2, one might say that
this factor is required for spermatogenesis, oogenesis, and brain development,
and that no data allow us to correlate these modifications with a change in
Hsp/chaperone expression.

HSF1 and HSF2 do not have the same affinity for different heat shock
gene promoters (Kroeger and Morimoto 1994; Manuel et al. 2002; Trinklein
et al. 2004a). But the small differences sharply contrast with the apparently
complete absence of alteration of Hsp gene expression in the hsf2−/− animals—
without any concomitant variation in the level and activity of the other HSFs.
One possibility would be that the target genes of HSF2 are totally distinct
from those of HSF1, for instance because HSF2 would always cooperate with
another transcription factor to activate its target genes. The present data are
clearly insufficient to guess what this factor might be. The thioredoxin gene,
activated by HSF2 in the K562 erythroleukemia cell line when its differentiation
is induced by hemin, does not seem to be a direct target of HSF2 (Leppä et al.
1997a). The RANK Ligand gene, coding for a critical osteoclastogenic factor, is
a target of HSF2 (Roccisana et al. 2004). The gene coding for p35, a cyclin-like
protein specifically expressed in postmitotic nervous cells, has been shown by
chromatin immunoprecipitation to bind to the HSF2 promoter, and its level
of expression is reduced in hsf2−/− animals (Mezger, unpublished results).
This protein would be an interesting candidate to relate brain abnormalities
observed in hsf2−/− animals to the absence of HSF2.

Whatever the discoveries might be in the future, ex vivo and in vitro ob-
servations agree on the fact that the different isoforms of HSF2 are weakly
active transcriptional regulators. Other functions should perhaps be sought
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for this factor. The possibility that HSF2 interferes (positively or negatively)
with HSF1 activation has been frequently advanced (Sistonen et al. 1994; Leppä
et al. 1997b; He et al. 2003; Paslaru et al. 2003), for instance at the level of the
stress granules that form after stress (Alastalo et al. 2003); it does not give clues
to the way HSF2 might act during development. The conserved modification
of HSF2 by sumoylation is perhaps the sign that the subnuclear localization of
this factor is important for its function, but it does not tell us what this function
is (Goodson et al. 2001; Hilgarth et al. 2004; Le Goff et al. 2004).

3.4
HSF2 and Chromatin Modification

The recent observation of Kevin Sarge that HSF2 is involved in gene book-
marking during mitosis (Xing et al. 2005) casts new light on HSF2 function
and allows reinterpretation of previous observations. Some years ago, the
same group had already shown that HSF2 interacts with the phosphoserine-
phosphothreonine phosphatase 2A (PP2A) (Hong and Sarge 1999), but the
significance of this result remained unknown. The compaction of the genome
during mitosis is due to the action of an enzymatic complex called condensin,
which is itself activated by phosphorylation by the Cdc2-cyclinB kinase. Some
genes escape this condensing and inactivation process, such as the Hsp70 gene.
Kevin Sarge’s group has demonstrated that HSF2 is responsible for this lack of
inactivation: the sumoylated form of HSF2 interacts with the CAP-G subunit
of condensin, which is dephosphorylated and inactivated by the complex be-
tween HSF2 and PP2A. Although the authors amply discuss the role that HSF2
might play through this process in cellular protection against stress, they do
not consider what it might tell us about the role of HSF2 during differentia-
tion. It is highly tempting to imagine that HSF2 might have a similar function
during development, preventing the chromatin condensation and inactivation
of some genes which have to be active, or at least activatable.

4
Inactivation of the Hsf4 Gene

4.1
Hsf4-Specific Expression in the Lens

HSF4 was described in 1997 in humans as a permanently active repressor of
heat shock genes, mainly expressed in the heart, muscles, brain, and pancreas
(Nakai et al. 1997). Further studies showed that this factor, also present in mice,
exists in two different forms, one inactive and the other active for transcription
(Tanabe et al. 1999).

The first clue to its in vivo function came from the study of Chinese and
Danish families suffering from congenital cataracts. In both cases, the mu-
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tations responsible for the disease were mapped to the hsf4 locus (Bu et al.
2002). They affect the DNA-binding domain of HSF4, and probably prevent its
interaction with DNA.

Somasundaram and Bhat (2004) described the high level of expression of
hsf4 at the postnatal stage in the rat lens, whereas hsf1 and hsf2 are mainly
expressed at the fetal stage. The authors demonstrated the specific affinity of
HSF4 for αB-crystallin gene promoter, confirming earlier observations from
the same laboratory (Somasundaram and Bhat 2000).

4.2
HSF4 and HSF1 Cooperate in the Formation of the Lens

The demonstration of the role of hsf4 in the development of the lens was
provided by the very elegant study of Akira Nakai’s group (Fujimoto et al.
2004). HSF4 is expressed in both epithelial and fiber cells. Hsf4-null mice are
viable, fertile, have the same weight as the wild-type animals, and exhibit no
major abnormalities of the brain, lung, testis, or ovary. The animals suffer
from cataract. The lens fiber cells contain inclusion-like structures rich in αA-
and αB-crystallins, which can be detected as early as 2 days after birth. The
authors show that the main direct targets of HSF4 are the γ-crystallin genes. But
HSF4 also represses the fgf (1 and 4) gene expression in epithelial cells, which
proliferate in its absence, whereas HSF1 has an opposite effect. In the double-
null animals, the level of expression of FGFs and the number of epithelial cells
returns to normal, demonstrating the antagonistic effects of HSF1 and HSF4
anticipated by Zhang et al. (2001), and suggesting a contrario a role so far not
seen for HSF1 in the formation of the lens (and of other tissues such as the
lung).

This study demonstrates the complexity of interactions between different
HSFs: antagonistic for the expression of FGFs or some Hsps, but synergistic for
the expression of γ-crystallins. In addition, it shows that the definition of the
different forms of HSFs as inhibitors or activators has only a limited value. The
complementary study of Nahid Mivechi’s group confirmed the involvement of
HSF4 in lens development, but attributed it to the regulation of the 25-kDa
heat shock protein (Min et al. 2004).

5
Preliminary Conclusions

5.1
More Results Are to Be Expected

Our conclusions can only be preliminary. Analysis of the phenotype of the
knockout animals is long and tedious work, and initial descriptions frequently
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omit important aspects of the phenotype. The analysis of double-null ani-
mals has revealed some characteristics that suggest the presence in single-null
animals of defects that remain unnoticed (Fujimoto et al. 2004; Wang et al.
2004). In addition, the probable existence of redundancy between the different
HSFs allows us to predict that the characterization of double- and triple-null
animals will reveal defects so far undetected. In contrast with what was pre-
viously thought, the list of HSFs is not closed. Distantly related HSFs, one of
which, HSFY, is specifically expressed in spermatogenesis, were recently de-
scribed (Shinka et al. 2004; Tessari et al. 2004). There are some experimental
arguments to implicate deletion of the hsfy gene in cases of azoospermia and
oligospermia.

5.2
HSFs Control Hsp and Non-Hsp Gene Expression

Part of the function of HSFs stems from their regulation of the expression
of chaperone and Hsp genes. This is true for HSF1 in normal constitutive
conditions, in contrast to the first descriptions made. But many of the effects are
due to the regulation of genes unrelated to the Hsp genes, such as growth factor
genes. The rules governing the binding of HSF to HSE, and the transcriptional
activation of the downstream genes remain largely unknown (Trinklein et al.
2004b). More global roles, such as the regulation of the chromatin state in the
case of HSF2, must also be considered.

5.3
HSFs at the Crossroads Between Aging, Reproduction, and the Environment

There is something common behind the different phenotypes revealed by
the knockout experiments. The first is the involvement of HSFs at different
phases of reproduction: spermatogenesis and oogenesis (HSF1 and HSF2),
but also early development (HSF1) and late development (HSF1 and HSF2).
A second observation, only poorly documented so far, is the link between HSFs
and aging: reduced spermatogenesis and the formation of cataract are age-
linked processes that occur prematurely in hsf -mutated animals. The alteration
of HSF1 activation with age has been amply documented (Shamovsky and
Gershon 2004). And we have seen that in nematodes the reduction in the
synthesis of the unique HSF has clearly been linked with aging, the decrease in
the synthesis of the small Hsps, and the subsequent formation of intracellular
protein aggregates. Finally, HSF1 is also involved in the immune response.

The trio—aging, reproduction, response to environmental stress—is a very
interesting one from the evolutionary point of view. Today, it is widely admit-
ted by evolutionary biologists that there is a trade-off by organisms between
the resources they attribute to their maintenance—the control of aging—and
reproduction. This trade-off depends upon the environment which is (or is
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not) favorable to reproduction. The fact that HSFs might be a link between
adaptation to the environment, the control of reproduction and, indirectly,
aging is therefore quite significant.

5.4
Why HSFs and Hsps Have Been Recruited for Additional Functions

A reasonable evolutionary scenario would be to accord prime importance to
the adaptive response to the environment. The progressive recruitment during
evolution, by the insertion of HSE sequences in their promoters, of target genes
unrelated to the immediate stress response but involved in reproduction and
the maintenance of organisms, would have been positively selected if it was
a way to adapt these processes to the environment. Duplication of hsf genes
would have favored this process, although the observations of Drosophila show
that it was not a sine qua non. In a similar way, HSF1 has acquired during
evolution a direct protective effect against heat shock, independent of the
activation of heat shock genes (Inouye et al. 2003). In a parallel and nonexclu-
sive way, chaperones were also recruited to accomplish specific tasks during
reproduction, development, and aging in addition to their normal chaper-
one function. The role attributed by Susan Lindquist to Hsp90—capacitor
of gene mutations—points in the same direction (Rutherford and Lindquist
1998; Queitsch et al. 2002). Further characterization of knockout animals will
confirm or reject this model.
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Abstract The highly conserved heat shock proteins (Hsps) accumulate in cells exposed
to heat and a variety of other stressful stimuli. Hsps, that function mainly as molecular
chaperones, allow cells to adapt to gradual changes in their environment and to survive
in otherwise lethal conditions. The events of cell stress and cell death are linked and Hsps
induced in response to stress appear to function at key regulatory points in the control
of apoptosis. Hsps include anti-apoptotic and pro-apoptotic proteins that interact with
a variety of cellular proteins involved in apoptosis. Their expression level can determine
the fate of the cell in response to a death stimulus, and apoptosis-inhibitory Hsps, in
particular Hsp27 and Hsp70, may participate in carcinogenesis. This review summarizes
the apoptosis-regulatory function of Hsps.
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1
Apoptosis or Programmed Cell Death

Apoptosis or programmed cell death is a highly regulated, energy-dependent
form of cell death with a characteristic morphological appearance that involves
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cellular shrinkage and chromatin condensation. Apoptosis is responsible for
the removalofunwantedor supernumerarycellsduringdevelopment, aswell as
in adult homeostasis (Jacobson et al. 1997). Apoptosis is also the predominant
formofcell death triggeredbycytotoxicdrugs in tumorcells (Solaryet al. 2000).

There are two pathways leading to apoptosis: the intrinsic pathway and
the extrinsic (death receptor) pathway (Fig. 1). In the intrinsic pathway, the
mitochondrion fulfills a dual function, (a) as an integrator of multiple pro-
apoptotic signaling cascades or damage pathways, and (b) as a coordinator
of the catabolic reactions culminating in apoptosis. In response to multiple
apoptotic signals of different origins (Ferri and Kroemer 2001), the outer
mitochondrial membrane becomes permeabilized, resulting in the release
of molecules normally confined to the intermembrane space. Such proteins
translocate from mitochondria to the cytosol in a reaction that is controlled by
Bcl-2 and Bcl-2-related proteins (Kroemer and Reed 2000). Various molecular
mechanisms have been proposed to account for the permeabilization of the
outer mitochondrial membrane. These include pore formation in the external
mitochondrial membrane by proteins such as Bax (alone or in combination
with these proteins) and physical disruption of the outer membrane as a result
of mitochondrial matrix swelling (resulting from the formation of nonspe-
cific pores in the inner membrane and/or increased net influx of ions and
water) (Marzo et al. 1998; Zamzami and Kroemer 2001). Mitochondrial inter-
membrane molecules include cytochrome c, apoptosis-inducing factor (AIF),
endonuclease G (EndoG), Omi/HtrA2, and second mitochondria-derived ac-
tivator of caspases (Smac), also called DIABLO. Cytochrome c, once in the
cytosol, interacts with Apaf-1 (apoptotic protease activation factor-1), thereby
triggering the ATP-dependent oligomerization of Apaf-1, while exposing its
CARD domain (caspase recruitment domain) (Li et al. 1997; Hu et al. 1999).
Oligomerized Apaf-1 then binds to cytosolic procaspase-9 in a homotopic
interaction involving the CARD domain of caspase-9, thereby leading to the
formation of the so-called apoptosome, the caspase-9 activation complex. Ac-
tivated caspase-9 triggers the proteolytic maturation of pro-caspase-3, setting
on theactivation in the cytosol of a caspase cascade that leads to the limitedpro-
teolytic cleavage of intracellular, structural, and regulatory proteins, leading
to membrane blebbing, chromatin condensation, and nuclear DNA fragmen-
tation (Li et al. 1997). In contrast to cytochrome c, AIF and EndoG directly
translocate to the nucleus and trigger caspase-independent nuclear changes
(Susinet al. 1999; Jozaet al. 2001). Smac/DIABLOandHtra2/Omiactivate apop-
tosis by neutralizing the inhibitory activity of the IAPs (inhibitory apoptotic
proteins) that associate with and inhibit caspases (Du et al. 2000) (Fig. 1).

The extrinsic pathway involves plasma membrane death receptors. These
receptors (TNF-R1, CD95/APO-1/Fas, TRAIL-R1, TRAIL-R2, DR3, DR6, etc.)
belong to the superfamily of TNF receptors (Nagata 1997). Death receptors
contain an intracytoplasmic domain called the death domain. Upon ligation
of TNF, Fas, or related death receptors, a complex protein known as the death-
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Fig. 1 Proposed apoptosis regulatory function of Hsps. The intrinsic and the extrinsic
pathways of apoptosis are indicated, as well as the different Hsps targets (see text). →,
induction; �, inhibition; ROS, reactive oxygen species

inducing signaling complex (DISC) form at the cytosolic C-terminus of the
receptor. This complex includes adaptor cytosolic proteins such as TRADD
(TNF receptor death domain protein) or FADD (Fas-associated death domain
protein) that recruit procaspase-8 (and often procaspase-10), thereby provok-
ing their proteolytic autoactivation to generate active caspase-8 (and perhaps
caspase-10). Downstream of caspase-8 and -10, two alternative pathways can
trigger apoptotic cell death. One involves the direct activation of other cas-
pases (in the so-called type 1 cells), while the other requires the intervention
of mitochondria (in the so-called type 2 cells) and therefore converges to
the above-mentioned mitochondrial apoptotic pathway (Scaffidi et al. 1999).
In type 2 cells, caspase-8 cleaves and activates the pro-apoptotic Bcl2 family
protein Bid, which then translocates to mitochondria and triggers permeabi-
lization of the outer membrane.

Oneof thebest-studiedmediators of apoptosis are the caspases (Thornberry
and Lazebnik 1998). Caspases are cysteine proteases expressed in virtually all
animal cells. They are synthesized as inactive proenzymes (procaspases) and
can be classified into two main groups according to the length of their N-
terminal prodomain. Procaspases with a short prodomain (procaspase-3, -6
and -7) are effectors of apoptotic cell death by cleaving essential cellular sub-
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strates. Procaspases with a long prodomain (procaspase-8, -9 and -10) are
usually the initiators of a caspase cascade. The serine proteases calpains and
cathepsins have also been involved in apoptotic pathways, either working in
synergy with caspases or by inducing a caspase-independent apoptotic cell
death (Jaattela 2002). In addition or alternatively (Ferri et al. 2000; Susin
et al. 2000), proteins such as AIF or EndoG may act independently of cas-
pases and constitute a direct molecular link between outer mitochondrial
membrane permeabilization and nuclear chromatin condensation. Indeed, in
several paradigms of cell death, inhibition of caspases will lead to abortive,
presumably AIF-dependent nuclear apoptosis (Daugas et al. 2000; Hisatomi
et al. 2001; Joza et al. 2001; Loeffler et al. 2001).

The apoptotic process is tightly regulated. An abnormal increase in apopto-
sis leading to the unwarranted demise of cells is involved in several pathologi-
cal processes such as myocardial infarction, stroke, neurodegenerative disease,
and AIDS (Kroemer and Reed 2000). In contrast, a deficit in apoptosis is in-
volved in cancer development. Proteins of the Bcl2 family, IAPs, and recently
heat shock proteins have been demonstrated to control the apoptotic process
at different key points. In this chapter, we will discuss the potential apoptosis
modulating functions of different Hsps, putting special emphasis on the nature
of their molecular partners and their consequent role in tumorigenicity.

2
Heat Shock Protein Determinants
for the Apoptotic Cellular Response to Stress

Stress or heat shock proteins (Hsps) were first discovered in 1962 (Ritossa
1962) as a set of highly conserved proteins whose expression was induced
by different kinds of stress. It has subsequently been shown that most Hsps
have strong cytoprotective effects and behave as molecular chaperones for
other cellular proteins. Inappropriate activation of signaling pathways could
occur during acute or chronic stress as a result of protein misfolding, protein
aggregation, or disruption of regulatory complexes. The action of chaper-
ones, through their properties in protein homeostasis, is thought to restore
balance. For instance, after severe exposure to elevated temperatures, heat-
damaged proteins are sequestered through interactions with chaperones and
are either refolded to the native state or degraded through the proteasome.
Mammalian Hsps have been classified into five families according to their
molecular size: Hsp110, Hsp90, Hsp70, Hsp60, and the small Hsps (Table 1).
Each family of Hsps is composed of members expressed either constitutively or
regulated inductively, and/or targeted to different subcellular compartments
(Table 1). For example, Hsp60, HSC70, and Hsp90 are constitutively expressed
in mammalian cells, while Hsp27 and Hsp70 are strongly induced by differ-
ent stresses such as heat, oxidative stress, or anticancer drugs. Some of the



Heat Shock Proteins: Endogenous Modulators of Apoptotic Cell Death 175

Table 1 Main Hsps involved in apoptosis

HSP Location Apoptotic function Main apoptotic targetsa

HSP27 Cytosol/nucleus Anti-apoptotic −: ROS, Q/cytochome c

+: NF-κB, AKT

HSP60 Mitochondria Pro-apoptotic +: Caspase 3

HSP70 Cytosol/nucleus Anti-apoptotic −: AIF. Apaf1, CAD, DR4, DR5,
cathepsins, JNK

+:AKT

HSP90 Cytosol/nucleus Anti-apoptotic −: Apaf1, calpains

+: AKT, RIP1

HSP110 Cytosol/nucleus Anti-apoptotic ?

a A minus sign denotes negative regulation, a plus sign indicates positive regulation

important housekeeping functions attributed to the molecular chaperones in-
clude:

– Import of proteins into cellular compartments

– Foldingofproteins in thecytosol, endoplasmic reticulum,andmitochondria

– Degradation of unstable proteins

– Dissolution of protein complexes

– Prevention of protein aggregation

– Control of regulatory proteins

– Refolding of misfolded proteins (Bukau and Horwich 1998; Young et al.
2004)

It is now well accepted that Hsps function at multiple points in the apoptotic
signaling pathway (Fig. 1) and regulate apoptosis. Hsp27, Hsp70, and Hsp90
are anti-apoptotic, while Hsp60 and Hsp10 are pro-apoptotic. A titration must
occur among the different apoptotic regulatory molecules and this balance will
determine the fate of the stressed cells.

2.1
Hsp27: An Anti-apoptotic Protein

Hsp27 belongs to the subfamily of small Hsps, a group of proteins that vary in
size from 15 to 30 kDa and share sequence homologies and biochemical proper-
ties such as phosphorylation and oligomerization. Hsp27 can form oligomers
up to 1,000 kDa. The dimer of Hsp27 seems to be the building block for the mul-
timeric complexes. Hsp27 oligomerization is a dynamic process that depends
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on the phosphorylation status of the protein and exposure to stress (Bruey et al.
2000a; Garrido 2002). Hsp27 can be phosphorylated at three serine residues
and its dephosphorylation enhances oligomerization. This phosphorylation is
a reversible process catalyzed by the MAPKAP kinases 2 and 3 in response to
a variety of stresses, including differentiating agents, mitogens, inflammatory
cytokines such as tumor necrosis factor alfa (TNFα) and interleukin-1 beta
(IL-1β), hydrogen peroxide, and other oxidants. Hsp27 is expressed in many
cell types and tissues at specific stages of development and differentiation (Gar-
rido et al. 1998). Hsp27 is an ATP-independent powerful chaperone, its main
chaperone function being protection against protein aggregation (Ehrnsperger
et al. 1997).

Overexpressed Hsp27 protects against apoptotic cell death (Fig. 1) triggered
byvarious stimuli, includinghyperthermia, oxidative stress, staurosporine, lig-
ation of the Fas/Apo-1/CD95 death receptor, and cytotoxic drugs (Garrido et al.
1996; Mehlen et al. 1996b). Several of these stimuli induce Hsp27 (and Hsp70)
overexpression, providing an example of how pro-apoptotic stimuli, deliv-
ered below a threshold level, can elicit protective responses. Hsp27 has been
shown to interact and inhibit components of both stress- and receptor-induced
apoptotic pathways. We have demonstrated that Hsp27 could prevent the for-
mation of the apoptosome and the subsequent activation of caspases (Garrido
et al. 1999). It does so by directly sequestering cytochrome c when released
from the mitochondria into the cytosol (Bruey et al. 2000a). The heme group
of cytochrome c is necessary but not sufficient for this interaction, which in-
volves amino-acids 51 and 141 of Hsp27 and requires dimerization of the stress
protein. Actually, we have shown both in vitro and in vivo that the postmi-
tochondrial anti-apoptotic effect of Hsp27 involved large, nonphosphorylated
oligomers of Hsp27 (Bruey et al. 2000b).

AthigherHsp27 intracellular levels, theproteinhas alsobeen shown to inter-
fere with caspase activation upstream of the mitochondria. This effect seems to
be related to the ability of Hsp27 to stabilize actin microfilaments (Lavoie et al.
1993). Hsp27 binds to F-actin to prevent disruption of the cytoskeleton result-
ing from heat shock, actin filament disrupting agent cytochalasin D, and other
stresses (Guay et al. 1997). For example, in L929 murine fibrosarcoma cells
exposed to cytochalasin D or staurosporine, overexpression of Hsp27 prevents
the cytoskeletal disruption and Bid intracellular redistribution that precede
cytochrome c release (Paul et al. 2002). More recently, Hsp27 has been shown
to inhibit the mitochondrial release of Smac and thereby to confer resistance of
multiple myeloma cells to dexamethasone (Chauhan et al. 2003a). The ability
of Hsp27 to interact with caspase-3 is a more controversial issue (Pandey et al.
2000a; Concannon et al. 2001). Initially identified in cell-free extracts from
293T cells, this interaction was not confirmed when studied in breast cancer
cells (Kamradt et al. 2001). In addition, interaction of Hsp27 with caspase-3 was
found to disappear when cells were exposed to cytotoxic drugs, and thus may
not account for the cytoprotective function of the protein (Pandey et al. 2000a).
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Hsp27 has been shown to increase the anti-oxidant defense of cells by
decreasing reactive oxygen species cell content (Mehlen et al. 1996a) and to
neutralize the toxic effects of oxidized proteins (Rogalla et al. 1999). This
latter effect may occur more specifically in neuronal cells in which the Hsp27
protective effect does not depend on its interaction with cytochrome c and
involve phosphorylated Hsp27 (Wyttenbach et al. 2002).

Hsp27 also inhibits apoptosis by regulating upstream signaling pathways.
Survival factors, such as nerve growth factor or platelet-derived growth fac-
tor, inhibit apoptosis by activating the phosphatidylinositol 3-kinase pathway
(PI3-K). Activated PI3-K phosphorylated inositol lipids in the plasma mem-
brane that attract the serine/threonine kinase AKT/PKB. AKTs target multiple
proteins of the apoptotic machinery, including Bad and caspase-9 (Datta et al.
1997; Cardone et al. 1998; Biggs et al. 1999; Ozes et al. 1999). Hsp27 has been
shown to bind the protein kinase AKT, an interaction that is necessary for AKT
activation in stressed cells (Konishi et al. 1997; Rane et al. 2003). In turn, AKT
couldphosphorylateHsp27, thus leading to thedisruptionofHsp27–AKTcom-
plexes (Rane et al. 2003). Hsp27 also affects one of the Fas-mediated apoptotic
pathways. The phosphorylated form of Hsp27 directly interacts with DAXX.
This latter protein connects Fas signaling to the protein kinase Ask1,which me-
diates a caspase-independent cell death (Charette et al. 2000). Recently, we have
demonstrated that under stress conditions Hsp27 increases IκBα ubiquitina-
tion/degradation, which results in an increase in NF-κB activity and increased
survival (Parcellier et al. 2003).

In conclusion, Hsp27 can interact with different partners implicated in the
apoptotic process (Table 1 and Fig. 1). Interestingly, the relations shown above
suggest that the phosphorylation status of Hsp27, which at least modulates
the level of oligomerization of the protein in vitro, might distinguish between
the mitochondrial inhibition of apoptosis that can be performed by a non-
phosphorylated form of Hsp27 and the death receptor pathway, inhibition that
involves the phosphorylated protein.

2.2
Hsp70: A Potent Anti-apoptotic Protein

The Hsp70 family constitutes the most conserved and best studied class of
Hsps. Human cells contain several Hsp70 family members, including stress-
inducible Hsp70, constitutively expressed HSC70, and GRP78, localized in
the endoplasmic reticulum (Jaattela 1999). Under normal conditions, Hsp70
proteins function as ATP-dependent molecular chaperones by assisting the
folding of newly synthesized polypeptides, the assembly of multiprotein com-
plexes, and the transport of proteins across cellular membranes (Beckmann
et al. 1990; Shi and Thomas 1992). Under various stress conditions, the syn-
thesis of stress-inducible Hsp70 enhances the ability of stressed cells to cope
with increased concentrations of unfolded or denatured proteins (Nollen et al.



178 C. Didelot et al.

1999). Like Hsp27, Hsp70 has been shown to increase the tumorigenicity of
cancer cells in rodent models (Jaattela 1995). In contrast, downregulation of
Hsp70 induces cell death or increases their sensibility to die depending on the
cellular model. As a result, in experimental models, Hsp70 downregulation
strongly decreases tumorigenicity (Schmitt et al. 2003). Furthermore, gene re-
moval studies show that Hsp70 plays an important role in apoptosis. Recently,
a mouse line lacking hsp70.1 and hsp70.3 was generated. These cells are very
sensitive to apoptosis induced by a wide range of lethal stimuli (Schmitt et al.
2003). The testis-specific isoform of Hsp70 (hsp70.2), when ablated, results in
germ cell apoptosis. Germ cells show G2/M arrest and death in late pachytene
cells, indicating an important role for hsp70.2 in meiosis regulation (Dix et al.
1996).

Overexpression of Hsp70, like Hsp27, can inhibit apoptosis and thereby
increase the survival of cells exposed to many different lethal stimuli (Jaattela
et al. 1992; Mosser et al. 1997). Indeed, overexpression of Hsp70 protects cells
from stress-induced apoptosis, both upstream and downstream of the caspase
cascade activation (Fig. 1). Preliminary data suggest that Hsp70 could protect
the cells from energy deprivation and/or ATP depletion associated with cell
death (Wong et al. 1998). Elevated levels of Hsp70, attained in transient or stable
transfections, reduce or block caspase activation and suppress mitochondrial
damage and nuclear fragmentation (Buzzard et al. 1998). These findings were
supported by Li et al. (Li et al. 2000) who found Hsp70 inhibited apoptosis
downstream of the release of cytochrome c and upstream of the activation
of caspase-3. This anti-apoptotic effect was explained by the Hsp70-mediated
modulation of the apoptosome. Indeed, Hsp70 has been demonstrated to di-
rectly bind to Apaf-1, thereby preventing the recruitment of procaspase-9 to the
apoptosome (Beere et al. 2000; Saleh et al. 2000). The ATPase domain of Hsp70
was described to be necessary for this interaction (Mosser et al. 2000; Saleh
et al. 2000). Other relations have shown that Hsp70 interacts with procaspase-3
and procaspase-7 and prevents their maturation, thereby inhibiting caspase-
dependent apoptotic signaling (Komarova et al. 2004). However, these results
have been contradicted by a recent study in which the authors demonstrate
that the inhibition of caspase-dependent apoptosis by Hsp70 results from an
inhibition of cytochrome c release from the mitochondria and not from any
direct effect of Hsp70 in caspase activation. They explain this contradictory
result by showing that it is a high salt concentration but not Hsp70 that inhibits
caspase activation (Steel et al. 2004).

Hsp70 can also prevent caspase-independent apoptosis pathways. Hsp70
prevents cell death in conditions in which caspase activation does not occur
due to the addition of exogenous caspase inhibitors (Creagh et al. 2000). We
have recently observed that overexpression of Hsp70 protects Apaf-1–/– cells
from apoptotic cell death induced by serum withdrawal (Ravagnan et al. 2001),
indicating that the cytochrome c/Apaf-1/caspase was not the sole pathway of
the anti-apoptotic action of Hsp70. Indeed, it appears that Hsp70 directly binds
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to AIF and inhibits AIF-induced chromatin condensation. Hsp70 was found
to neutralize the apoptogenic effects of AIF in cell-free systems, in intact cells
microinjected with recombinant Hsp70 and/or AIF protein, as well as in cells
transiently transfected with AIF cDNA. Hsp70 inhibited apoptosis induced by
overexpression of both full-length AIF (which has to transit mitochondria to
become apoptogenic) (Susin et al. 1999; Loeffler et al. 2001) and AIF lacking
the mitochondrial localization sequence (AIF∆1–100). Of note, endogenous
level of Hsp70 seem to be sufficiently high to control AIF-mediated apoptosis
since downregulation of Hsp70 by an anti-sense construct sensitized the cells
to serum withdrawal and AIF (Ravagnan et al. 2001).

Hsp70 can also rescue cells from a later phase of apoptosis better than
any known survival-enhancing drug or protein. In TNFα-induced apoptosis,
Hsp70 does not preclude the activation of caspase-3 but prevents downstream
morphological changes that are characteristic of dying cells such as activation
of phospholipase A2 and changes in nuclear morphology (Jaattela et al. 1998).
During the final phases of apoptosis, chromosomal DNA is digested by the
Dnase CAD (caspase-activated Dnase) following activation by caspase-3. The
enzymatic activity andproper foldingofCADhasbeen reported tobe regulated
by Hsp70, its co-chaperone Hsp40, and ICAD, the inhibitor of CAD. ICAD
recognizes an intermediate folding state conferred by Hsp70-Hsp40 (Sakahira
and Nagata 2002). It has also been reported in TCR-stimulated T cells that
Hsp70 binds CAD and enhances its activity (Liu et al. 2003). Another nuclear
target of caspase-3 is the transcription factor GATA-1. We have demonstrated in
hematopoietic cells that Hsp70 can protect GATA-1 from caspase-3 cleavage. As
a consequence, cells do not die by apoptosis but instead differentiate (Zermati
et al. 2001).

Hsp70 has also been proposed to act on the apoptotic pathway at early steps,
for instance by preventing JNK activation (Meriin et al. 1999). Indeed Park et al.
(2001) have shown that Hsp70 binds to and functions as a natural inhibitory
protein of c-Jun N-terminal Kinase (JNK1). The ATPase domain of Hsp70 was
dispensable for this binding (Mosser et al. 2000). However, JNK inhibition
achieved by this binding was not sufficient for the prevention of apoptosis
(Mosser et al. 2000), putting a question mark over the role of JNK itself in
apoptosis. Hsp70 also appears to affect the Bid-dependent apoptotic pathway.
Hsp70 is able to inhibit TNF-induced cell death. However, this protective effect
is lost in Bid homozygous-deleted MEF cells (Mosser et al. 2000). It has been
suggested that Hsp70, by inhibiting JNK activation, could affect Bid-dependent
cell death by a mechanism that is not fully clear (Gabai et al. 2000). In apoptosis
induced by hyperosmolarity, Hsp70 has been found to modulate JNK and ERK
phosphorylation (Lee et al. 2004).

Hsp70 has recently been shown to act at the death receptors level to medi-
ate Bcr-Abl-mediated resistance to apoptosis in human acute leukemia cells.
Hsp70 binds to the death receptors DR4 and DR5, thereby inhibiting TRAIL-
induced assembly and activity of death-inducing signaling complex (DISC)
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(Guo et al. 2004). Exposure of hematopoietic cells to TNF induces the activity
of the pro-apoptotic double-stranded RNA-dependent protein kinase (PKR).
An inhibitor of PKR is the Fanconi anemia complementation group C gene
product (FANCC). Hsp70 interacts with the FANCC protein via its ATPase do-
main and, together with Hsp40, inhibits TNF-induced apoptosis through the
ternary complex Hsp70, FANCC, and PKR (Pang et al. 2001; Pang et al. 2002).
Hsp70 has been shown to bind to nonphosphorylated protein kinase C (PKC)
via the kinase’s nonphosphorylated carboxyl-terminus, priming the kinase for
new phosphorylation and stabilizing the protein. In a similar manner, Hsp70
binds AKT, resulting in its stabilization (Gao and Newton 2002).

Hsp70 has also been shown to associate to the pro-apoptotic proteins p53
and c-myc (Jolly and Morimoto 2000). However, the functional impact of
these interactions in Hsp70 survival effects remains elusive (Jolly and Mori-
moto 2000). Yet another apoptosis regulatory protein interacting with Hsp70 is
Bag-1. Bag-1 has been reported to function as co-chaperone of Hsp70, and si-
multaneously regulates the activities of proteins such as Bcl-2 and Raf-1. It has
been shown that Hsp70/Bag-1 regulates Raf-1/ERK kinase and cell growth in
response to stress (Song et al. 2001; Gotz et al. 2004). Whether the Hsp70-Bag-1
interaction is important for Hsp70-mediated apoptosis regulation is unknown.
Finally, Hsp70 is also involved in the inhibition of cathepsins, and lysosome
proteases are also involved in apoptosis (Nylandsted et al. 2004).

The data discussed above show that Hsp70 inhibits apoptosis by interacting
with several pro-apoptotic effectors including AIF, Apaf1, CAD, and perhaps
signaling molecules such as JNK-1, p53, and c-myc. At present, it is not clear
whether these neutralizing interactions synergize to determine the broad cy-
toprotective effect of Hsp70.

2.3
Hsp90: Anti-apoptotic Proteins

Prominent members of the Hsp90 family of proteins are Hsp90α, Hsp90β, and
Grp94 (Sreedhar et al. 2004). The two Hsp90 isoforms are essential for the
viability of eukaryotic cells. They are rather abundant constitutively, make up
1%–2% of cytosolic proteins, and can be further stimulated in their expression
level by stress. Hsp90 associates with a number of signaling proteins, includ-
ing ligand-dependent transcription factors such as steroid receptor (Nathan
and Lindquist 1995), ligand-independent transcription factors such as MyoD
(Shaknovich et al. 1992), tyrosine kinases such as v-Src (Hartson and Matts
1994), and serine/threonine kinases such as Raf-1 (Wartmann and Davis 1994).
The main chaperon role of Hsp90 is to promote the conformational matura-
tion of these receptors and signal transducing kinases. Hsp90, like Hsp70 and
Hsp60, binds ATP and undergoes a conformational change upon ATP bind-
ing needed to facilitate the refolding of denatured proteins. Although most
studies indicated an anti-apoptotic function for Hsp90, two reports suggest



Heat Shock Proteins: Endogenous Modulators of Apoptotic Cell Death 181

a pro-apoptotic function for this chaperone. Indeed, overexpression of Hsp90
has been demonstrated to increase the rate of apoptosis in the monoblastoid
cell line U937 following induction with TNFα and cycloheximide (Galea-Lauri
et al. 1996). More recently, it has been demonstrated that treatment of human
embryonic fibroblasts with the Hsp90α inhibitor geldanamycin increases the
resistance of these cells to nicotine (Wu et al. 2002). These results, which con-
tradict most reports (see below and Fig. 1), may reflect a difference in signaling
among the different apoptotic stimuli or between the two Hsp90 isoforms.

Hsp90 overexpression in U937 cells can inhibit apoptosis induced by stau-
rosporin and can prevent the activation of caspases in cytosolic extracts treated
with cytochrome c (Pandey et al. 2000b). Pandey et al. reported that Hsp90
inhibited apoptosis as a result of a negative effect on Apaf-1 function. Hsp90 di-
rectly binds Apaf-1 and inhibits its oligomerization and further recruitment of
procaspase-9 (Pandey et al. 2000b). The anti-apoptotic action of Hsp90 is also
reflected by its capacity to interact with phosphorylated serine/threonine ki-
nase AKT/PKB, a protein that generates a survival signal in response to growth
factor stimulation. Phosphorylated AKT can phosphorylate the Bcl-2 family
protein Bad and caspase-9 (Cardone et al. 1998), leading to their inactivation
and to cell survival. However, AKT has been also shown to phosphorylate IκB
kinase, which results in promotion of NF-κB-mediated inhibition of apoptosis
(Ozes et al. 1999). A role for Hsp90 in AKT pathway was first suggested by
studies using an Hsp90 inhibitor that promoted apoptosis in HEK293T and
resulted in suppressed AKT activity (Basso et al. 2002). A direct interaction
between AKT and Hsp90 was latter on reported (Sato et al. 2000; Basso et al.
2002). Binding of Hsp90 protects AKT from protein phosphatase 2A (PP2A)-
mediated dephosphorylation (Sato et al. 2000). When this interaction was
prevented by Hsp90 inhibitors, AKT was dephosphorylated and destabilized
and the likelihood of apoptosis increased (Sato et al. 2000). Additional stud-
ies showed that another chaperone participates in the AKT-Hsp90 complex,
namely Cdc37 (Basso et al. 2002). Together this complex protects AKT from
proteasome degradation. In human endothelial cells during early phases of
high glucose exposure, apoptosis can be prevented by Hsp90 through aug-
mentation of the interaction between eNOS and Hsp90 and recruitment of the
activated AKT (Lin et al. 2005).

Hsp90 has also been shown to interact with and stabilize the receptor-
interacting protein (RIP). Upon ligation of TNFR-1, RIP-1 is recruited to the
receptor and promotes the activation of NF-κB and JNK. Degradation of RIP-
1 in the absence of Hsp90 precludes activation of NF-κB mediated by TNFα
and sensitizes cells to apoptosis (Lewis et al. 2000). Another route by which
Hsp90 can affect NF-κB survival activity is via the IKK complex. This complex
is composed of two catalytic and one regulatory subunit, and recently it was
determined that Hsp90 and Cdc37 were also present, with the association
mediated through the kinase domain of the catalytic subunits (Chen et al.
2002). The Hsp90 inhibitor geldanamycin abolishes this complex and prevents
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TNF-induced activation of IKK and NF-κB, highlighting the role of Hsp90 in
NF-κB activation following TNFα exposure.

Another pathway of cell survival in which Hsp90 can be involved is p53.
It has been demonstrated that P53 repress Hsp90β gene expression in UV
irradiated cells (Zhang et al. 2004). Other Hsp90 client proteins through which
this chaperone could participate in cell survival are the transcription factors
Her2 and HIF1α (Hur et al. 2002; Munster et al. 2002).

Finally, Hsp90 proteins may also protect apoptosis by inhibiting the action
of the calcium-dependent protease calpains. The Hsp90 family protein Grp94
was shown to cleave calpain and to protect human neuroblastoma cells from
hypoxia/reoxygenation-induced apoptosis involving calpains (Bando et al.
2003).

In conclusion, Hsp90 seems to have different molecular partners depending
on the apoptotic stimuli, the effect of the protein being predominantly anti-
apoptotic (Fig. 1). It should be noted that most studies do not differentiate
between the α and β isoforms of Hsp90.

2.4
Hsp60: A Pro-apoptotic Chaperon?

Mammalian Hsp60, also called chaperonin, is mostly contained within the mi-
tochondrial matrix, although it has also been detected in extra-mitochondrial
sites (Soltys and Gupta 1996). Hsp60 participates in the folding of mitochon-
drial proteins and facilitates the proteolytic degradation of misfolded or dena-
tured proteins in an ATP-dependent manner. The chaperone function of Hsp60
is regulated by Hsp10, which binds to Hsp60 and regulates substrate binding
and ATPase activity. In the presence of ADP, two Hsp10 molecules bind to one
Hsp60 molecule. Hsp60 and Hsp10 do not always act as a single functional unit:
only newly imported proteins are severely affected by inactivation of Hsp10
(Bukau and Horwich 1998).

A pro-apoptotic role for Hsp60 and Hsp10 during apoptosis has recently
been demonstrated by two independent groups. It was shown in Hela and
Jurkat cells that activation of caspase-3 by camptothecin or staurosporine oc-
curs simultaneously with Hsp60 and Hsp10 release from the mitochondria
(Fig. 1). Further, the authors demonstrate in vivo and in vitro that Hsp60 and
Hsp10 associate to procaspase-3 and favor its activation by cytochrome c in
an ATP-dependent manner, suggesting that the chaperone function of Hsp60
is involved in this process (Samali et al. 1999; Xanthoudakis et al. 1999). In
contrast with these results, it has recently been shown that overexpression
of Hsp60 and/or Hsp10 by stable transfection in cardiac myocytes using an
adenoviral vector increases the survival rate of cardiac myocytes undergoing
ischemia/reperfusion injury (Lin et al. 2001).Reduction inHsp60 is sufficient to
precipitate apoptosis in myocytes (Kirchhoff et al. 2002). Cytosolic Hsp60 has
also been shown to be complexed with the pro-apoptotic protein Bax (Gupta
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and Knowlton 2002). Under hypoxic conditions, Hsp60 and Bax dissociate,
whereupon Bax translocates to the mitochondria and induces apoptosis. The
interaction of Hsp60 and Bax may therefore prevent apoptosis. Accordingly,
recent studies show that reducing Hsp60 expression with antisense oligonu-
cleotides in cardiomyocytes correlated with an increase in Bax and reduction
in Bcl2 and resulted in induction of apoptosis (Kirchhoff et al. 2002; Shan et al.
2003). However, in human esophageal squamous cell carcinoma, expression of
Hsp60 has been defined as a good prognostic indicator, again reflecting the
ambiguous role of this chaperone in the tumor cell death process (Faried et al.
2004).

These contradictory results could be reconciled on the basis of experimen-
tal variables. Increased expression of Hsp60 obtained by stable transfection,
shown to have a protective effect against apoptosis, is unlikely to occur un-
der physiological conditions, Hsp60 being mainly a constitutive mitochondrial
protein. However, these results could also reflect a difference in signaling be-
tween different cell types and in response to different stress.

2.5
Hsp110: A Role in Apoptosis?

The Hsp110 family is represented mainly by the constitutively expressed
Hsp110α (also called Hsp105) and the inductive Hsp110β, which is an alterna-
tive splicing form of Hsp110 α. They can be phosphorylated by casein kinase
II (Ishihara et al. 2000). These ATP-binding chaperones have not been iden-
tified in prokaryotes and, interestingly, knock down of Hsp110 in Drosophila
is lethal. Hsp110 proteins seem related to the Hsp70 family proteins: they are
located in the nucleus and cytoplasm often associated with Hsp70, which sug-
gests that Hsp110 functions cooperatively with HSC/Hsp70 or that it regulates
the function of these Hsp70 chaperones. Hsp110 is abundant in the brain,
human testis, and sperm. Although the role of these proteins under normal
conditions or physiological stresses is not known, they protect heat-denatured
proteins, protein aggregation, and confer cellular thermoresistance (Oh et al.
1997; Yamagishi et al. 2000). Hsp110 as well as Apg-2, another Hsp110 family
member, has been shown to inhibit apoptosis induced by mutant HSCO pro-
teins (Gotoh et al. 2004). More studies are needed to determine whether the
role on apoptosis of these chaperones has physiological relevance.

3
Are the Different Functions of Hsps in Apoptosis Specific and/or Related
to Their Chaperone Activity?

The heat shock proteins as chaperones serve as cellular safeguards to protect
the network of protein–protein interactions that sense stress signals and relay
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them to the apoptotic machinery. Conformational alteration among the pro-
tein components of the cell-death machinery is central to their activation. As
a result, it is not surprising that Hsps, which can influence the aggregation,
assembly, transport and folding of other proteins, may directly affect the exe-
cution of apoptotic signaling pathways. Since Hsps can act at multiple points
in the apoptotic pathways to ensure that stress-induced damage does not inap-
propriately trigger cell death, it has been difficult to understand whether stress
proteins have a specificity in this process.

The specificity needed for ATP-dependent chaperones to play a wide-
ranging role in apoptosis may be determined by the presence of a given
co-chaperone that may modulate the affinity of the Hsp for one or another
substrate. This seems to be the case for Hsp60 and its co-chaperone Hsp10,
proteins that associate with procaspase-3 and stimulate pro-enzyme matu-
ration. Another example is Hsp70 and its co-chaperone Hsp40, needed to
modulate the last step of apoptosis, DNA fragmentation. In addition, some co-
chaperones may have a role in apoptosis on their own. This is the case of CHIP
(C-terminus of HSC70 interacting protein), which can regulate cell death in
some types of Parkinson’s disease (Imai et al. 2002) and BAG1 (bcl2-associated
atherogenic 1), a regulator of apoptosis by virtue of its ability to bind Bcl2
(Takayama et al. 1998).

In the case of small Hsps such as Hsp27 or α-crystallins, ATP-independent
chaperones for which no co-chaperones have been reported, the phospho-
rylation and/or oligomerization status of the proteins seem to modulate the
affinity of the proteins for a given substrate. Hsp27 oligomerization is a highly
dynamic process modulated by the phosphorylation of the protein. We have
demonstrated in vitro and in vivo, that for the general anti-apoptotic effect of
Hsp27, caspase-dependent, large nonphosphorylated oligomers of Hsp27 were
the active form of the protein (Bruey et al. 2000b). In contrast, for Hsp27 ther-
motolerant function small oligomers of Hsp27 were necessary. These results
suggest that the oligomerization/phosphorylation of the protein alters Hsp27
conformation and hence determines its capacity to interact with different
apoptotic proteins and its survival effects.

However, the specificity of Hsps could also be explained if Hsp’s apoptotic
function is independent of their chaperone properties. Like other chaper-
ones, Hsp70 possesses a docking site for interaction with a substrate (peptide-
binding domain, PBD), as well as an ATP-binding domain (ABD), both of
which are required for the protein refolding (foldase) activity of Hsp70. It ap-
pears that the structural features of Hsp70 required for inhibition of Apaf-1
and AIF inhibition are distinct (Ravagnan et al. 2001). The in vitro interaction
of Hsp70 and Apaf-1 relies on ATP hydrolysis (Saleh et al. 2000) and transfec-
tion with Hsp70∆ABD (an Hsp70 mutant in which the ATP-binding domain,
necessary for the foldase activity of the protein, has been removed) fails to pre-
vent caspase activation (Mosser et al. 2000). Accordingly, Hsp70∆ABD fails to
co-immunoprecipitate with Apaf-1 (Ravagnan et al. 2001) and fails to prevent
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presumably Apaf-1- and caspase-dependent (Yoshida et al. 1998) cell death
induced by etoposide, cisplatin, or doxorubicin (Ravagnan et al. 2001). These
observations are in line with the assumption that the chaperone activity of
Hsp70 is involved in its effect on Apaf-1 (Beere et al. 2000; Saleh et al. 2000).
In contrast, Hsp70∆ABD interacts with AIF (Ravagnan et al. 2001) and can
protect cells against AIF overexpression, serum withdrawal, menadione, stau-
rosporine (Ravagnan et al. 2001), or thermal stress (Li et al. 1992). Moreover,
these observations indicate that the foldase activity of Hsp70 is not required
for the neutralization of AIF. It is possible that the binding of denatured pro-
teins to the remaining substrate binding domain of Hsp70 is sufficient for
the inhibition of protein aggregation. Indeed, the deletion of the substrate
domain abolishes the protective effect of Hsp70 against heat, its association
with AIF and, as a result, its inhibitory effect of the AIF-apoptotic pathway
(Ravagnan et al. 2001). As for Hsp27, it appears that the chaperon activity and
anti-apoptotic function could also be dissociated. Hsp27 is a chaperon that
prohibits the aggregation and promotes the refolding of denatured proteins
in vitro in an ATP-independent manner. It has been shown that the 33 amino
acids of N-terminal region adjacent to the highly conserved α-crystallin do-
main of the protein was dispensable for its chaperone activity in vitro (Guo and
Cooper 2000). However, we have shown that this region was essential for cy-
tochrome c binding and for caspase-inhibitory properties of the protein (Bruey
et al. 2000a). In conclusion, Hsps might exert the apoptosis-regulatory func-
tion, at least in part, through protein–protein interactions not directly related
to their chaperon function. Future studies will unravel the fine mechanisms of
such interactions.

4
Heat Shock Proteins and Cancer

The ability of heat shock proteins to influence the cell’s fate through modu-
lation of numerous control points, together with the fact that cells or tissues
from a wide range of tumors have been shown to express unusually high levels
of one or more Hsps, might endow these proteins with the unusual capacity
to contribute in a decisive way and at multiple points in the process of tu-
morigenesis. Experimental models support the role of Hsps in tumorigenesis
since Hsp27 and Hsp70 have been shown to increase the tumorigenic poten-
tial of rodent cells in syngeneic host (Jaattela 1995; Garrido et al. 1998). For
Hsp27 and Hsp70, their tumorigenic potential seems to correlate with their
anti-apoptotic abilities. Rat colon cancer cells engineered to express human
Hsp27 were observed to form more aggressive tumors in syngenic animals
than control cells and the increase in tumorigenicity correlated with a reduced
rate of tumor cell apoptosis (Garrido et al. 1998). Overexpressed Hsp27 did not
increase the tumorigenicity of these rat colon cancer cells, nor did it affect their
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survival rate in vivo when inoculated into immunodeficient animals, suggest-
ing that Hsp27 somehow subverts the tumor-specific immune response. Hsp27
overexpression was also reported to increase the metastatic potential of human
breast cancer cells inoculated into athymic (nude) mice (Lemieux et al. 1997).
Conversely, Hsp27 antisense oligonucleotide-induced silencing in prostate tu-
mors enhances apoptosis and delays tumor progression (Rocchi et al. 2004).
Concerning Hsp70, antisense constructs of Hsp70 have been shown to increase
the cell’s sensitivity to apoptosis and to eradicate tumors (glioma, breast, and
colon carcinomas) in several models (Buzzard et al. 1998; Li et al. 2000; Saleh
et al. 2000). Thus, Hsp27 and Hsp70 contribute to tumorigenesis, at least in
part, through their cytoprotective activity.

Clinically, in a number of cancers such as breast cancer, ovarian cancer, os-
teosarcoma, endometrial cancer, and leukemias, an increased level of Hsp27,
relative to its level in nontransformed cells, has been detected (Garrido et al.
1998). In ovarian tumors, Hsp27 expression increases with the stage of the
tumor (Geisler et al. 2004). In addition, the pattern of Hsp27 phosphorylation
in tumor cells is different from that observed in primary nontransformed cells
(Ciocca et al. 1993). Consequently, the diversity of Hsp27 isoforms may also
represent a useful tumor marker, as recently demonstrated in human renal cell
carcinomas (Sartoet al. 2004). IncreasedexpressionofHsp70hasbeenreported
in high-grade malignant tumors such as endometrial cancer, osteosarcoma,
and renal cell tumors (Santarosa et al. 1997; Nanbu et al. 1998). Hsp90 and
Hsp60 are also overexpressed in breast tumors, lung cancer, leukemias, and
Hodgkin’s disease (Yufu et al. 1992; Hsu and Hsu 1998). Hsp90 has been shown
to be overexpressed in B-cell non-Hodgkin lymphomas compared to normal
B cells (Ghobrial et al. 2005). Hsp110 protein members are highly expressed in
hepatocarcinomas and probably contribute to hepatocarcinogenesis by acting
with other Hsps to inhibit apoptosis induced by mutant proteins (Gotoh et al.
2004). Overexpression of the small heat shock protein α-B-crystallin has been
observed in glial tumors such as astrocytoma, glioblastoma, and oligoden-
droglioma (Aoyama et al. 1993), and in renal carcinoma tumors (Pinder et al.
1994). The molecular basis for overexpression of Hsps in tumors is not com-
pletely understood but may have different etiologies and be tumor-specific. For
example, in some tumors it may be due to a suboptimal cellular environment
in the poorly vascularized hypoxic tumor or due to the growth conditions
within the solid tumor (Garrido et al. 1997). In other tumors, oncogenic mu-
tations could create an increased requirement for chaperone activity toward
abnormally folded protein variants. Another possibility is the occurrence of
gain-of-function mutations in transcription factors that increase heat shock
promoter activity. In adenocarcinoma cell lines, an increased level of heat
shock transcription factor 1 (HSF1) was associated with an increased Hsp70
and Hsp27 protein level (Hoang et al. 2000). In breast carcinomas, the signal
transducer and activator of transcription 3 (Stat3) is constitutively activated.
It has been demonstrated that Stat3 upregulates Hsp27 in those cancer cells
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(Song et al. 2004). Hsp70 is very abundant in Bcr-Abl human leukemia cells
and the GATA-RE element found in hsp70 promotor is necessary for this accu-
mulation (Ray et al. 2004). The c-myc proto-oncogene directly activates Hsp90
transcription in different tumor cell models (Teng et al. 2004).

Could Hsps be used for diagnostic or as prognostic markers ? The ability
of the Hsps to prevent apoptosis induced by several anticancer drugs as well
as other stimuli also explain how these proteins could limit the efficacy of
cancer therapy. High expression of Hsp27 and Hsp70 in breast, endometrial,
or gastric cancer has been associated with metastasis, poor prognosis, and re-
sistance to chemotherapy or radiation therapy (Ciocca et al. 1993; Vargas-Roig
et al. 1998; Brondani Da Rocha et al. 2004). An overexpression of Hsp90α is
associated with poor prognosis in breast cancer, pancreatic carcinoma, and
leukemias (Yufu et al. 1992; Gress et al. 1994). In prostate cancer, Hsp27 is
an independent predictor of clinical outcome. A low expression of Hsp27 is
associated with a delay in tumor progression (Rocchi et al. 2004). Similar con-
clusions were reached in patients with ovarian carcinoma. Decreased Hsp27
staining was related to decreased survival (Geisler et al. 2004). Recently, it
has been demonstrated that evaluation of the soluble level of Hsp27 in hu-
man serum may be useful to distinguish Hsp27 levels in breast cancers (De
and Roach 2004). Hsp70, along with PSA, are good tumor markers to identify
patients with early-stage prostate cancer (Abe et al. 2004). However, Hsp27
or Hsp70 are not universal markers of poor prognosis. Even though Hsp70
levels correlate with malignancy in osteosarcoma and renal cell tumors, its
expression is paradoxically associated with improved prognosis (Santarosa
et al. 1997; Trieb et al. 1998). In oral squamous cell carcinoma, cases with
reduced expression of Hsp27 that were more aggressive and poorly differen-
tiated were found (Lo Muzio et al. 2004). Similar contradictory results have
been obtained for Hsp27 in breast tumors treated with estrogens. In breast
cancers, Hsp27 expression has been associated with increased invasiveness
but decreased cell motility (Lemieux et al. 1997). The hsp27 gene contains
an imperfect estrogen-responsive element (Oesterreich et al. 1997) and can
be induced by estrogen treatment in breast cancer cells (Ciocca et al. 1993).
Overexpressed Hsp27 in a serie of breast cancers has been correlated with
the expression of estrogen receptors, small tumor size, and a low prolifera-
tion index (Hurlimann et al. 1993). Despite this, clinicopathological studies
attempting to correlate Hsp27 protein level in breast cancers after hormone
therapy with tumor progression and clinical outcome have provided contradic-
tory results (Ciocca et al. 1993; Nakopoulou et al. 1995). It is therefore possible
that the chemoprotective effects of Hsps, under certain circumstances, may
be bypassed by a variety of other modulators of drug resistance in human
tumors.
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5
Hsps as Pharmacological Targets in Apoptosis Modulation for Cancer Therapy

ConstitutivelyhighHspexpression is apropertyof andessential for the survival
of at least some cancers. Neutralizing Hsps is therefore an attractive strategy for
anticancer therapy. Accordingly, Hsp90 can be inhibited by the benzoquinone
ansamycin antibiotic geldanamycin and its analog 17-AAG (17-allylamino-17-
deemethoxygeldanamycin), two drugs that are currently undergoing clinical
trials for anti-cancer activity (Neckers 2002; Neckers and Ivy 2003). The fact
that geldanamycin and 17-AAG selectively kills cancer cells has been rational-
ized by assuming that tumor cells, as compared to their normal counterparts,
would exhibit a stressed phenotype, with an enhanced dependency on the
cytoprotective action of Hsp90. In tumors, Hsp90 is present entirely in mul-
tichaperone complexes with high ATPase activity, whereas Hsp90 formed in
normal tissues is in an uncomplexed state (Kamal et al. 2003). Similarly, we
and others have extensively reported that Hsp70 antisense constructs have
chemosensitizing properties and may even kill cancer cell lines (in the con-
text of adenoviral infection) in the absence of additional stimuli (Nylandsted
et al. 2000; Gurbuxani et al. 2003; Zhao and Shen 2005). The cytotoxic effect of
Hsp70 downmodulation is particularly strong in transformed cells, yet unde-
tectable in normal, nontransformed cell lines or primary cells (Schmitt et al.
2003). Studies in Bcr-Abl human leukemia cells show that Hsp70 is a promising
therapeutic target for reversing drug resistance, probably through its ability to
inhibit apoptosis upstream and downstream of the mitochondria (Guo et al.
2004; Ray et al. 2004). Unfortunately, thus far no small molecules that would
selectively inhibit Hsp70 are available. Since Hsp70 blocks apoptosis at the
postmitochondrial level by inactivating the apoptosome as well as AIF, strate-
gies targeting Hsp70 may be especially effective in overcoming tumor cell
resistance. We have recently demonstrated that rationally engineered decoy
targets of Hsp70 derived from AIF can sensitize cancer cells to apoptosis in-
duction by neutralizing Hsp70 function. These AIF-derived peptides all carry
the AIF region from amino acids 150–228, previously defined as required
for Hsp70 binding (Gurbuxani et al. 2003). These constructs bind to Hsp70
but lack an apoptotic function. Experiments using different cancer cell lines
(leukemia, colon cancer, breast cancer, and cervix cancer) demonstrate that
certain of these AIF derivative inhibitors of Hsp70 sharply increase the sensi-
tivity of cancer cells to chemotherapy in vitro. This effect was merely related to
their ability to neutralize endogenous Hsp70 since this pro-apoptotic activity
was lost in Hsp70-negative cells (Schmitt et al. 2003). In vivo, in a syngeneic
rat colon cancer cell model, these inhibitors, called ADD70 (for AIF-derived
decoy for Hsp70), decreased the size of the tumors and provoked their total
regression after treatment with the anticancer agent cisplatin (Schmitt et al.,
unpublished results). Therefore a positive strategy aimed at interfering with
Hsp70, as opposed to negative strategies based on antisense constructs or RNA
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interference, is feasible for chemosensitization, at least in vitro and in vivo in
experimental models. The future will tell whether a similar strategy may allow
for the chemosensitization of Hsp70-expressing human tumors.

Concerning Hsp27, phosphorothioate Hsp27 antisense oligonucleotides
have been demonstrated in prostate cancer to enhance apoptosis and delay
tumor progression (Rocchi et al. 2004). Paclitaxel, by inhibiting Hsp27 expres-
sion, seems toovercomedrug resistance to etoposide, colcemid, andvincristine
inovariananduterinecancer cells invitro (Tanakaet al. 2004).Antisense strate-
gies have also demonstrated that lymphomas and multiple myelomas can be
sensitized to chemotherapeutic drugs such as dexamethasone and the in-
hibitor of proteasome Velcade (PS-341). In dexamethasone-resistant cell lines,
Hsp27 is overexpressed. Its downregulation by siRNA restores the apoptotic
response to dexamethasone by triggering caspase activation (Chauhan et al.
2003a). We have demonstrated that Hsp27 participates in protein ubiquitina-
tion/proteasomal degradation and that this effect contributes to its protective
functions by enhancing the activity of proteins such as NF-κB (Parcellier et al.
2003). Velcade, currently tested in clinical trials involving multiple myelo-
mas, has been shown to induce apoptosis in several cancer cell lines in vitro.
Hsp27 confers Velcade resistance and an Hsp27 antisense approach sensi-
tizes cells to Velcade-induced apoptosis (Chauhan et al. 2003a, 2003b). It is
therefore tempting to conclude that a combinational therapy using Velcade
together with an inhibitor of Hsp27 will increase the chemosensitization ef-
fect of both products. These findings demonstrate the advantage of developing
novel therapeutic drugs targeting Hsps to improve patient outcome in different
cancers.
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Abstract The ability of proteins to fold into a defined and functional conformation is one of
the most fundamental processes in biology. Certain conditions, however, initiate misfolding
or unfolding of proteins. This leads to the loss of functional protein or it can result in
a wide range of diseases. One group of diseases, which includes Alzheimer’s, Parkinson’s,
Huntington’s disease, and the transmissible spongiform encephalopathies (prion diseases),
involves deposition of aggregated proteins. Normally, such protein aggregates are not found
in properly functioning biological systems, because a variety of mechanisms inhibit their
formation. Understanding the nature of these protective mechanisms together with the
understanding of factors reducing or deactivating the natural protection machinery will be
crucial for developing strategies to prevent and treat these disastrous diseases.

Keywords Alzheimer · Amyloid · Huntington · Parkinson · Prion · Protein deposits ·
Quality control · Toxic species

1
Introduction

Protein aggregation is an unwanted side reaction in vitro that often causes
technical problems in pharmaceutical and biotechnological processes. In vivo,
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protein aggregation can have detrimental effects, since it is critically involved
in a variety of potentially lethal diseases (Table 1). Unless specifically noted,
we will apply the term “aggregation” to processes involving the formation of
insoluble protein precipitates that are pathological in nature. This is in contrast
to the insolubility of the native state due to protein concentrations exceeding
the solubility limit or the intermolecular association involved in the formation
of native oligomers. It should be mentioned that in many cases of pathological
aggregation, first soluble aggregates are formed, which become insoluble when
they exceed a certain size. Many of the protein aggregation diseases discussed
in this article give rise to deposits in the form of amyloid fibrils and plaques.

2
Determinants of Protein Aggregation

Typically, specific intermolecular interactions between hydrophobic surfaces
of structural subunits in partially folded or unfolded intermediates are re-
sponsible for the formation of aggregates. An important consequence is that
aggregation will be favored by factors and conditions that favor the popula-
tion of these intermediates, and that aggregation will be influenced by the
properties of the intermediates (Uversky 2003; Jaenicke 1995; Goldberg et al.
1991). The initial stages of aggregation are quite specific, in the sense that
they involve the interaction of surface elements of one molecule with matching

Table 1 Aggregating proteins that cause disease

Protein Disease

α-Synuclein Parkinson’s disease (PD); multisystem atrophy

α1-Antitrypsin α1-Antitrypsin deficiency; emphysema cirrhosis

β2-Microglobulin Hemodialysis amyloidosis; prostatic amyloid

ABri peptide ABri cerebral amyloidosis

Amyloid precursor protein (APP) Alzheimer’s disease (AD); Down’s syndrome

Aβ-peptide 1–42, 1–43

Androgen receptor (polyQ disorder) Spinal and bulbar muscular atrophy

Antithrombin Antithrombin deficiency; thromboembolic disease

Apolipoprotein A1 Familial amyloid polyneuropathy II; familial
visceral amyloid

Ataxin (polyQ disorder) Spinocerebellar ataxia

Athropin-1 (polyQ disorder) Dentatorubral and pallidoluysian atrophy

Atrial natriuretic factor (ANF) Atrial amyloidosis

C1-Inhibitor C1-inhibitor deficiency angioedema
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Table 1 (continue)

Protein Disease

Calcitonin Medullary carcinoma of the thyroid

Crystallins Cataracts

Cystatin C Hereditary cerebral angiopathy

Cytokeratin Lichen amyloidosis; seborrheic keratosis; macular
amyloidosis

Fibrillin Marfan disease

Fibrinogen Hereditary renal amyloidosis

Gelsolin Finnish hereditary systemic amyloidosis

Glial fibrillary acidic protein (GFAP) Alexander disease (AXD)

Hemoglobin Sickle cell anemia

Huntingtin Huntington’s disease (HD)

Insulin Injection-localized amyloidosis

Immunoglobulin heavy chain AH amyloidosis

Immunoglobulin light chain Primary systemic amyloidosis; Nodular
amyloidosis

Islet amyloid polypeptide (IAPP) Type II diabetes

Keratoepithelin Corneal lattice dystrophy type 1

Lactadherin AMed amyloidosis

Lactoferrin Gelatinous drop-like corneal dystrophy (GDLD)

Lithostathine AD

Lung surfactant-associated protein
C (SP-C)

Pulmonary alveolar proteinosis

Lysozyme Familial visceral amyloidosis; hereditary
non-neuropathic systemic amyloidosis

Medin Aortic medial amyloid

Neuronal intermediate filaments
(IF)

Charcot-Marie-Tooth (CMT) disease; amyotrophic
lateral sclerosis (ALS)

p53 Cancer

Phenylalanine hydroxylase Phenylketonuria

Prion protein (PrP) Creutzfeldt-Jakob disease (CJD); fatal familial
insomnia; Gerstmann-Sträussler-Scheinker’s
disease; kuru; new variant CJD; Sporadic insomnia;
transmissible spongiform encephalopathies (TSEs)

Prolactin APro amyloidosis

Rhodopsin Retinitis pigmentosa

Serum amyloid A protein Reactive secondary systemic amyloidosis; chronic
inflammatory disease

Tau AD; frontotemporal dementia; Pick’s disease

Transthyretin Familial amyloid neuropathy I; familial cardiac
amyloid; senile systemic amyloidosis
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hydrophobic surface areas of a neighboring molecule (Goldberg et al. 1991).
The three-dimensional propagation of this process leads to large aggregates.
Initially, the aggregates will be soluble, but eventually their size will exceed the
solubility limit. Solvent-exposed hydrophobic surfaces will further minimize
their solubility. Folding intermediates are more prone to aggregate than the
unfolded state, because in the unfolded state the hydrophobic side chains are
scattered relatively randomly in many small hydrophobic regions. In the par-
tially folded intermediates, there will be large patches of contiguous surface
hydrophobicity, leading to a much stronger propensity for aggregation (Fig. 1).
In the productive folding process, these surfaces of folding intermediates will
interact in an intramolecular manner to form the native conformation.

Fig. 1 Relationship between protein quality control and disease-causing protein conforma-
tions. Folding intermediates are more prone to aggregation than the nascent polypeptide
or the native conformation, because in the nascent chain the hydrophobic side-chains
are scattered relatively randomly in many small hydrophobic regions, and in the native
conformation they are usually securely packed inside the structure. In partially folded
intermediates, large patches of contiguous surface hydrophobicity are present, leading to
a much stronger propensity for aggregation. Adverse cellular and physiologic factors influ-
ence protein folding pathways and probably lead to accumulation of folding intermediates.
In addition, genetic defects such as single point mutations can propagate unstably misfolded
conformations followed by functional deficiency, stably misfolded conformations showing
dominant negative effects, or aggregation-prone conformations that might cause toxicity.
Usually, the protein quality control system involving molecular chaperone machineries and
proteolytic processes takes care of such nonfunctional conformations to clear the cell be-
fore damage occurs. However, in case the quality control system gets overwhelmed, the
accumulation of folding intermediates might cause severe diseases
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Aggregation often appears to be irreversible, but this is a reflection of the
very slow rates of disaggregation and the fact that the equilibrium lies far in
favor of the aggregate rather than its soluble monomeric form (Fink 1998).
Under certain conditions aggregates, including amyloid deposits in vivo, can
be reversed (Deyoung et al. 1993; Tennent et al. 1995). In practice, however,
once insoluble aggregates form, the process is irreversible under native-like
conditions in vitro and in vivo.

Circumstances that lead to the population of partially folded intermediates,
especially if their concentration is high, are thus likely to lead to aggregation.
In most instances of aggregation, there is a kinetic competition between aggre-
gation and folding. While folding is favored at low protein concentrations, high
concentrations of folding polypeptide chains will favor aggregation as a higher-
order process (Kiefhaber et al. 1991) The aggregation potential of a protein
is influenced by genetic defects and mutations that lead to destabilization of
the native state relative to the partially folded intermediate. In the context of
physiological aggregation, the role of post-translational processing might also
be critical. Further, adverse cellular and physiological factors or environmental
conditions influence the aggregation behavior of proteins (Fig. 1).

Among the cellular conditions that have been identified to act as deter-
minants for protein aggregation diseases, elevated temperature is of key im-
portance (Uversky et al. 2001; Lomas et al. 1992). In addition to increased
temperature, altered pH (Dobson 2001) and decreased ATP levels may inhibit
the acquisition of the folded state of these proteins and promote the transition
to partially folded intermediates, thus increasing the aggregation propensity
and pathogenecity (Gregersen et al. 2003). Further, oxidative stress has been
shown to contribute to the pathogenesis of many protein aggregation diseases
(Butterfield and Kanski 2001). Oxidative stress develops when oxidative phos-
phorylation and the cell’s antioxidative capacity become overloaded. In these
situations, reactive oxygen species (ROS) are generated and damage the cells
and its DNA, RNA, lipids, and proteins. Misfolded and partly folded protein
structures may be particularly susceptible to oxidative modifications, which
may promote unfolding and thus increase the susceptibility to further modi-
fications that elevate the level of stress response (Dukan et al. 2000). Further
determining factors of the extent and rate of protein aggregation are ionic
strength, protein concentration, co-solutes (e.g., ligands that interact selec-
tively with either the native or the non-native conformation of the protein
or the aggregated form), and the presence or absence of various molecular
chaperones.

The propensity of a given protein to aggregate correlates in part with the
lifetime of partially folded intermediates and with the exposure of hydrophobic
amino acids. Longer-lived intermediates are more likely to cause aggregation,
since there is a greater chance of interaction with another partially folded
intermediate. In general, molecular chaperones prevent protein aggregation
by binding partially folded states. In case of an unphysiologically high con-
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centration of folding intermediates, the chaperones may become saturated.
Thus, not enough free chaperones would be available and aggregation would
be increased.

Even though the exact mechanisms and ordered events may be quite differ-
ent in the various protein aggregation diseases, the endpoint is chronic stress
and eventually cell death. Therefore the cellular ability to cope with misfolded
and damaged proteins and further inherited defects in components of the
stress-response systems and cell aging are highly relevant for the development
of protein aggregation diseases.

3
Quality Control of Protein Folding and the Role
of Molecular Chaperones in Disease

Protein aggregation in the cell is intimately tied to protein folding and stability.
These intrinsic properties of proteins are modified by molecular chaperones.
Accumulation of abnormally folded proteins as a result of a variety of stress
situations, including hyperthermia, viral infection, ischemia, anoxia, oxida-
tive stress, and exposure to heavy metals, triggers the heat shock response,
which results in the expression of heat shock proteins (Hsps) in many cellular
systems. Constitutively expressed Hsps function as molecular chaperones and
participate in protein synthesis, protein folding, protein transport, and protein
translocalization processes, and, upon stress, prevent irreversible aggregation
of proteins.

Molecular chaperones represent groups of phylogenetically conserved un-
related protein families that transiently bind to proteins when they are in
unfolded or partially folded conformations. Chaperones have been defined as
proteins that assist the correct folding of other polypeptides in vivo, but are
not components of the final structures when they are performing their bio-
logical functions. Further, molecular chaperones do not provide specific steric
information for the folding of a target protein but rather inhibit unproductive
interactions that lead to protein misfolding and aggregation, allowing proteins
to fold more efficiently into their native conformation.

The role of chaperones in protein folding has been summarized in a number
of articles (Walter and Buchner 2002; Fink 1998; Beissinger and Buchner 1998;
Mathew and Morimoto 1998; Bukau and Horwich 1998; Hartl 1996) and will not
be extensively reviewed in this chapter. In general, ATP binding and hydrolysis
is used by most molecular chaperones to switch between high- and low-affinity
states for non-native proteins: one of the best-studied chaperone families are
the Hsp70 chaperones. In human cells, Hsp70 paralogs are found in the cytosol,
mitochondria, and the endoplasmic reticulum (ER). Hsp70 is able to bind and
release exposed hydrophobic peptide segments of folding intermediates in
an ATP-dependent manner, which gives the polypeptide a time window to
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resume folding after it is released. Binding of Hsp70 counteracts aggregation
as the sticky hydrophobic stretches are not available to interactions with other
folding intermediates while the polypeptide is bound to the chaperone. The
heat shock response and stress proteins are therefore involved in defense
mechanisms against cellular stress. The importance of molecular chaperones
for cell viability is illustrated by the fact that deletions of the underlying genes
are often lethal or they cause severe cellular defects.

Upregulation of stress proteins is an important step in the prevention of
protein aggregation and misfolding after stress. However, the chaperone sys-
tem functions closely together with the proteolytic machinery to determine
the fate of proteins within cells. Malfunctions in this quality control system
can have pathogenic consequences and may lead to cell death. The balance
between the cellular capacity to eliminate misfolded and damaged proteins
and the tendency of the particular protein to evade the system is a determin-
ing factor in the development and severity of protein aggregation diseases. In
healthy and young cells, misfolded and damaged proteins are eliminated by the
protein quality control systems involving Hsps and proteases. Hsps can prevent
protein aggregation, facilitate refolding and support proteolytic degradation
by targeting nonreparable proteins, e.g., for the ubiquitin-proteasome pathway
(UPP).

UPP involvement in protein aggregation should be viewed not simply as
an isolated degradation machinery but rather as a complex cascade linked
both to ubiquitin-dependent processes and to molecular chaperone systems.
The UPP is the major nonlysosomal degradation route for proteins, including
short-lived,misfolded, anddamagedpolypeptides (GlickmanandCiechanover
2002). Most proteasome-mediated degradation is ubiquitin-dependent such
that proteins that are destined for degradation must become conjugated to
a polyubiquitin chain to be recognized by the proteasome. Ubiquitin con-
jugation/ubiquitination is a highly regulated process in which a ubiquitin-
activating enzyme (E1) first activates and transfers ubiquitin to a ubiquitin-
conjugating enzyme (E2), which then acts in concert with one of many ubiq-
uitin protein ligases (E3) to transfer ubiquitin to a lysine residue on the target
substrate. A chain of at least four ubiquitin moieties is required for substrate
recognition by the 26S proteasome complex (Weissman 2001). The protea-
some complex consists of a 20S proteolytic core and typically a 19S cap. The
19S cap cleaves ubiquitin moieties from the substrate, unfolds the polypeptide,
and feeds it through a narrow channel to the proteolytic chamber of the 20S
core (Berke and Paulson 2003; Yao and Cohen 2002; Zwickl et al. 2001; Braun
et al. 1999). The 19S cap further serves chaperoning function and refolds and
prevents degradation of substrates in some cases. In addition, various molec-
ular chaperones are linked to the UPP by binding non-native proteins and
mediating their refolding or degradation. Failure of the UPP to satisfactorily
clear unwanted proteins results in the accumulation of abnormal proteins, the
aggregation of such proteins, and disruption of cellular homeostasis and in-
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tegrity (Sherman and Goldberg 2001). In particular, mutations either in E3
ubiquitin-ligase enzymes, or in protein substrates of E3, can be sufficient to
cause disease (Table 2). However, reasons for UPP failures are diverse, includ-
ing the production of abnormal proteins that resist and inhibit proteolysis,
defects in protein ubiquitination, reduced deubiquitination, and proteasomal
dysfunction. Taken together, it is clear that altered function of the UPP is suf-
ficient to cause familial cases of neurodegenerative disorders (Layfield et al.
2003).

Importantly, in addition to changes in the UPP, other, protein-specific pro-
teases can play crucial roles in causing protein aggregation diseases. Presenilin-
1 and presenilin-2 are proteases associated with γ-secretase complexes, which
process the final steps in amyloid precursor protein (APP) maturation. Mu-
tations in the enzymes lead to the increased formation of the Aβ-peptide,
which confers susceptibility to amyloid formation in Alzheimer’s disease (AD)
patients (Forloni et al. 2002; Weihofen et al. 2002; Aguzzi and Haass 2003).

If the quality control systems are overwhelmed, as may be the case in cells of
patientswith inheriteddefectsof thedefense systemsand inagedcells, aberrant
proteins may accumulate and cause protein aggregation diseases. In aged cells,
the resistance to oxidative stress as well as the capability to induce the activity
of the protein quality control systems are decreased, which leads to difficulties
for the cells in maintaining native protein conformations and elimination
of misfolded and damaged proteins (Soti and Csermely 2000). Although the
molecular mechanisms for these disabilities are still poorly defined, they may
contribute significantly to the pathogenesis of many of the age-related protein
aggregation diseases.

Table 2 The ubiquitin-proteasome pathway (UPP) and disease

Protein Relationship to UPP Disease

α-Synuclein Substrate PD

Cystic fibrosis transmembrane
regulator (CFTR)

Substrate Cystic fibrosis

Huntingtin Substrate HD

p53 Substrate cancer

Parkin Ubiquitin ligase (E3) PD

Presenilin-1 Substrate AD

Prion protein (PrP) Substrate TSEs

Tau Substrate Frontotemporal dementia

Ubiquitin Co-factor AD
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4
Mechanisms of Protein Aggregate Mitigation and Clearance

4.1
Formation of Inclusion Bodies, Aggresomes, Lewis Bodies, and Russell Bodies

Cells avoid accumulating potentially toxic aggregates by mechanisms such as
those discussed above, including the suppression of aggregate formation by
molecular chaperones and the degradation of misfolded proteins by proteases.
Once formed, aggregates tend to be refractory to proteolysis and accumulate
in inclusion bodies. The term “inclusion bodies” has been applied to the intra-
cellular foci into which aggregated proteins are sequestered. They are usually
present in low numbers, most often only one or two per cell. Inclusion bodies
could form as a consequence of the self-assembly of non-native monomers
into growing polymers (Fink 1998; Speed et al. 1996). According to this model,
aggregation is seeded at a single or limited number of nucleation sites. Since
the addition of monomer to existing aggregates is strongly favored by the ther-
modynamic stability of the aggregate, a starter aggregate will likely dominate
and limit the number of inclusion bodies in the cell. Therefore, inclusion bod-
ies reflect giant aggregates in this model. Such models assume that monomers
diffuse to the site of inclusion body formation, a mechanism that might serve in
the relatively small, restricted environment of a bacterium or a subcellular or-
ganelle, but is probably inadequate over the much larger distances encountered
in animal cells such as neurons. Alternatively, inclusion bodies are assumed
to be aggregates of aggregates, in which individual aggregates coalesce into
a single or limited number of foci to form the inclusion (Kopito 2000).

Most studies of inclusion body formation have focused on prokaryotic sys-
tems, inwhich inclusionbodies arean important sourceof recombinantprotein
for technical production (Lange and Rudolph 2005; Mayer and Buchner 2004).
However, in human and animal cells, cytoplasmic inclusions have been ob-
served in a number of disease states. Evidence suggests that the formation of
cytoplasmic inclusion bodies in mammalian cells requires active, retrograde
transport of misfolded proteins on microtubules (Garcia-Mata et al. 1999; John-
ston et al. 1998). Therefore, mammalian cells seem to have a microtubule-based
apparatus for the sequestration of protein aggregates within the cytoplasm. To
distinguish microtubule-dependent cytoplasmic inclusion bodies from those
formed in cells or organelles that lack a cytoskeleton, they have been named
aggresomes (Kopito 2000).

Bacterial inclusion bodies are observed upon overexpression of a protein
and are therefore highly enriched for a single protein species. In addition
to a major aggregated protein species, aggresomes are further enriched in
molecular chaperones, including Hsp70, Hsp40, the chaperonin CCT, and ad-
ditionally 19S and 26S proteasome subunits (Garcia-Mata et al. 1999; Wigley
et al. 1999). Aggresomes are part of a general cellular response to the formation



208 T. Scheibel · J. Buchner

of aggregated proteins. The aggresome pathway likely cleans the cytoplasm of
aggregated proteins and delivers them to the microtubule organizing center.
The formation of aggresomes in the cytosol may reflect a cellular defense
mechanism that acts in addition to molecular chaperones and proteases. It is
speculated that induction of an autophagic response may serve to eliminate
these aggresomes (Kopito 2000). An aggresome-like structure has been found
in patients suffering from Parkinson’s disease (PD), and in this specific case
the inclusions have been named Lewis bodies (LBs). LBs form in the cytoplasm
of neurons and show a dense core surrounded by a clear halo. They are usually
present in the substantia nigra and locus ceruleus of PD patients (Pollanen
et al. 1993).

Certain secretory proteins such as heavy chains might be intrinsically diffi-
cult to dislocate to the cytosol for degradation either because they are engaged
in interactions with ER chaperones, or because they form aggregates (Mancini
et al. 2000). In case of proteins that are aggregating along the secretory pathway,
it has been found that these transport-incompetent proteins are condensed in
dilated cisternae of the ER and are called Russell bodies (RBs) (Kopito and Sitia
2000). Structurally, RBs are generally separated from the normal ER network,
suggesting a sorting mechanism facilitating the segregation of insoluble aggre-
gates that might otherwise disrupt the secretory pathway. Such intracisternal
granules are eventually fused with lysosomes (Tooze et al. 1990). Autophagic
vacuoles may be formed when cell division is not sufficient to avoid levels
of accumulation incompatible with the maintenance of the proper cellular
architecture.

4.2
Protein Disaggregation by Hsp100 Proteins

At least eubacteria, yeast, and plants have found an additional way to deal
with protein aggregates. As detailed in recent studies, the Hsp100 family (with
Hsp104 in Saccharomyces cerevisiae and ClpB in Escherichia coli) seem to act as
a disaggregation machinery that is able to solubilize and, in combination with
Hsp70, reactivate aggregated proteins (Horwich 2004; Lee et al. 2004; Maurizi
and Xia 2004; Queitsch et al. 2000; Mogk et al. 1999; Glover and Lindquist
1998). The disassembly of aggregates or complexes, whether for the purpose of
rescuing function or degrading proteins, is a fundamentally different challenge
in comparison to preventing aggregation.

Hsp100 proteins are poorly represented in animal genomes and therefore
may not be immediately considered as useful tools in solving problems im-
posed by disease-associated protein aggregation. However, there may be other
proteins for disassembling aggregates. Together with the prevention of protein
aggregation, this function might be of importance in the future for fighting
pathogenic aggregates.
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5
Protein Aggregation as a Cause for Disease

5.1
Conformational Diseases

Despite all cellular protection mechanisms, protein aggregation plays an in-
creasing role in health with age, especially in the light of the increasing life
span in Western civilizations. Carrell and Lomas (1997) proposed a new group
of disorders, the conformational diseases, which have an important impact
on public health, such as AD, PD, Huntington’s disease (HD), transmissible
spongiform encephalopathies (TSEs) or prion diseases, cystic fibrosis, sickle
cell anemia, and other less common conditions such as those summarized in
Table 1 (Cairns et al. 2004; Scheibel 2004; Johansson et al. 2004; Aguzzi and
Haass 2003; Stojanovic et al. 2003; Ishimaru et al. 2003; Bates 2003; Dawson and
Dawson 2003; Stirling et al. 2003; Sandilands et al. 2002; Dobson 2001; Merlini
et al. 2001; Avilla 2000; Clark and Muchowski 2000; Damas and Saraiva 2000;
Kelly 1998; Carrell and Lomas 1997; Kielty and Shuttleworth 1994; Nishio et al.
1983; see also the chapter by Winklhofer and Tatzelt, this volume). Confor-
mational diseases are described as conditions in which a constituent protein
undergoes a structural change that results in self-association, aggregation,
and tissue deposition (Carrell and Lomas 1997). Conformational diseases can
be caused by gene sequence alterations. It is interesting to note that approx-
imately half of the mutations in genetically based conformational disorders
change a single amino acid in the polypeptide chain (Krawczak et al. 2000).

In the case of protein aggregation disorders, the formation of oligomers and
aggregates exerts a toxic gain-of-function effect on the cell, and cell damage
or death is decisive for the clinical phenotype (Dobson 2001). Although the
endpoint reflecting the accumulation of aggregated protein is similar for the
paradigmatic examples of α-1-antitrypsin deficiency, HD, PD, AD, and prion
disease, the pathogenesis in these five diseases is quite different.

In α-1-antitrypsin deficiency, a mutation hinders the proper folding of the
protein in the ER of liver cells. The misfolded protein tends to form oligomers
that are targeted for degradation (Carrell and Lomas 2002). In heterozygous
carriers and in homozygous patients with the lung form of the disease, the
capacity of degradation components of the protein quality control system
is sufficient to cope with the accumulated protein. However, owing to a yet
unexplained decrease in the degradation capacity found in 10%–15% of ho-
mozygous patients, the protein aggregates cannot be eliminated in the liver
cells of such individuals and they develop cirrhosis-like liver damage and
hepatocellular carcinoma (Wu et al. 1994).

The type of pathogenesis as found in HD is shared by at least nine other
inherited neurological diseases where the pathogen is a string of glutamine
residues, which is part of the respective protein (Sakahira et al. 2002; Taylor
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et al. 2002; Wanker 2000; Perutz 1999). The mutation that causes HD is an
unstable expansion of CAG (encoding glutamine) in the Huntingtin gene. The
mutation is inherited in an autosomal dominant manner. In patients with HD,
the glutamine repeat length may be more than 55, and the longer the repeat the
more prone to aggregation is the fragment. This finding is reflected in earlier
disease onset for patients with long repeats compared to patients with shorter
strings of glutamine (Zoghbi and Botas 2002).

The glutamine repeat-containing proteins share the tendency to self-aggre-
gation with other cellular proteins, among them α-synuclein and Aβ-peptide,
which are the pathogens considered in a specific subset of PD and AD (Dob-
son 2001). Early forms of the diseases are inherited due to mutations in the
respective genes, which further promote the self-aggregation of the proteins.
Such gain-of-function effects contrast with those found in late-onset forms
of PD and AD, where self-aggregating proteins accumulate and participate in
the development of degenerative disorders due to an intrinsic conformational
instability of the wild-type protein.

Prion diseases or TSEs are rare fatal neurodegenerative diseases of humans
and animals (Hetz and Soto 2003; Collinge 2001; Prusiner 1998). Primary
symptoms include progressive dementia and ataxia (Ironside and Bell 1997).
The hallmark pathologies of TSEs are spongiform degeneration of the brain
accompanied by extensive astrogliosis and accumulation of the abnormal,
protease-resistant prion protein (PrP) isoform in the central nervous sys-
tem, which sometimes forms plaques (Budka et al. 1995). TSEs in humans
can be divided into three groups: familial, sporadic, and infectious. Human
familial TSEs are all associated with different mutations in the PrP gene and
include some forms of Creutzfeldt-Jakob disease (CJD), Gerstmann-Straussler-
Scheinker’s (GSS) syndrome, and fatal familial insomnia (FFI) (Prusiner and
Scott 1997). Sporadic CJD has not been associated with any known mutation
and occurs worldwide with an incidence of 0.5–1.5 new cases per 1 million
people each year (Johnson and Gibbs 1998). Infectious TSE diseases include
Kuru, which was propagated by ritualistic cannibalism, and iatrogenic CJD,
which is spread by tissue transplantation, contamination of surgical tools,
or inoculation with materials derived from CJD-infected tissues (Prusiner
1998). New variant CJD (vCJD) is a novel infectious disease, which is strongly
linked to exposure to the bovine spongiform encephalopathy (BSE) agent, the
most common TSE disease in cattle (Collinge 2001; 1999; Bruce 2000; Wille
et al. 1996).

5.2
Protein Deposits and Amyloids

Several forms of deposits can be found for aggregating proteins. We have al-
ready discussed the formation of inclusion bodies, aggresomes, and Russell
bodies. Here we would like to describe extracellular protein deposits as found
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in several diseases. The protein aggregate deposits involved in conformational
diseases may have various ultrastructural organizations. In most instances,
the misfolded protein is rich in β-sheet conformation. β-sheets are part of
the secondary structures in folded proteins. They consist of peptide strands
linked by hydrogen bonds between amine and carbonyl groups of adjacent
strands. The highly organized oligomerization of misfolded proteins into β-
sheet-rich conformations can lead to the production of so-called amyloids,
which describe extracellular, fibrillar protein deposits associated with disease
in humans (Scheibel and Serpell 2005; Horwich 2002). The deposits accu-
mulate in various tissue types such as brain, vital organs (liver and spleen),
or in skeletal tissue, and are defined by their tinctorial and morphological
properties (Sunde and Blake 1997). The quantity of such aggregates can be
almost undetectable in some cases or reach kilograms of deposited protein in
systemic diseases (Dobson 2004). Each amyloid diseases, also called amyloi-
dosis (see Table 1), involves the aggregation of one specific protein, although
a range of other components, including other proteins and carbohydrates, is
also incorporated into the deposits.

Amyloidosis is slow onset and degenerative and can be found not only in
humans but in most mammals. It is important to mention that a single protein
in addition to amyloid-like deposits can also form various other aggregate
morphologies that can all cause disease. The best-described example are im-
munoglobulins, where light and heavy chains can aggregate and form deposits
with various morphologies mostly in kidneys (Table 3) (Merlini et al. 2001;
Preudhomme et al. 1994). The morphologies can be fibrillar, granular, crys-
talline, or tubular leading to different diseases depending on the morphologies
(Table 3). In addition to diseases with extracellular deposits, there are others,
notably Parkinson’s and Huntington’s disease, that appear to involve very simi-
lar aggregates, which are intracellular, e.g., in the nucleus or the cytoplasm, and

Table 3 Immunoglobulin-related protein aggregation diseases

Disease Aggregate Organ
morphology

AL amyloidosis (light chain),
immunotactoid glomerulopathy

Fibrillar Systemic or localized kidney

Light and/or heavy chain deposition
disease

Granular Kidney (systemic)

Acquired Fanconi’s syndrome Crystals Bone marrow plasma cells

Light chain cast nephropathy Cast Kidney

Cryoglobulinemia Microtubular Small vessels, kidney
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these diseases are therefore not included in the strict definition of amyloidosis
(Dobson 2001; Rochet and Lansbury 2000).

Although the proteins involved in amyloidosis are distinct with respect to
amino acid sequence and function, the fibrils formed by different amyloido-
genic proteins are structured similarly. This observation is remarkable since
the soluble native forms of these proteins vary considerably. Some of the sol-
uble starter proteins are large, some small, some are largely α-helical, some
largely β-sheet. Some are intact in the fibrous form, others are at least partially
degraded. Some are cross-linked with disulfide bonds and some are not. For
many years, it was generally assumed that the ability to form amyloid fibrils
with the characteristics described above was limited to a relatively small num-
ber of proteins, largely those seen in disease states, and that these proteins
possess specific sequence motifs encoding the amyloid core structure. Recent
studies have suggested, however, that the ability of polypeptide chains to form
such structures is common, and indeed can be considered a generic feature of
the backbones of polypeptide chains (Dobson 2004). The most direct evidence
for the latter statement is that fibrils can be formed by many different proteins
that are not associated with disease, including such well-known proteins as
myoglobin, and also by homopolymers such as polythreonine or polylysine
(Dobson 2004).

Amyloid fibrils are unusually stable, unbranched, range from 6 to 12 nm
in diameter, and specifically bind the dye Congo red (CR) showing an apple-
green birefringence in polarized light (Teplow 1998; Eanes and Glenner 1968).
Amyloid fibrils produce a characteristic cross-β X-ray diffraction pattern,
consistent with a model in which stacked β-sheets form parallel to the fibril
axis with individual β-strands perpendicular to the fibril axis (Sunde and Blake
1997; Geddes et al. 1968). Remarkably, fibrils of similar appearance to those
containing large proteins can be formed by peptides with just a handful of
residues. One can consider that amyloid fibrils are highly organized structures
(effectively one-dimensional crystals) adopted by an unfolded polypeptide
chain. Therefore, polypeptide backbone chains are assumed to be a typical
polymer, since similar types of structure can be formed by many types of
synthetic polymers. The essential features of such structures are determined
by the physicochemical properties of the polymer chain.

5.3
Toxic Species

Investigating the involvement of protein aggregation and aggregate deposits
in causing a conformational disease is one of the main focuses of pathology.
For Alzheimer’s disease, it is still unclear how and where Aβ-peptide exerts its
putative toxicity in vivo. However, the extracellular location of plaques in post-
mortem brain has driven studies of extracellular toxicity (Small et al. 2001).
Originally, the toxicity was thought to be a property of the fibrillar form of



Protein Aggregation as a Cause for Disease 213

Aβ-peptide, consistent with the widespread notion at the time that the amy-
loid fibril itself is pathogenic (Lorenzo and Yankner 1994; Yankner et al. 1990).
Although neuritic plaques are a hallmark of AD, there is a poor correlation
between plaque density in human postmortem material and antemortem cog-
nitive deficits (Dickson et al. 1995; Terry et al. 1991). Strikingly, soluble material
such as dimers and trimers of Aβ-peptide was observed in postmortem human
material, indicating that oligomeric intermediates rather than protein fibrils
or larger aggregates could be the main toxic species in AD (Zhang et al. 2002;
McLean et al. 1999; Hartley et al. 1999). It appears that the toxicity of such
oligomeric intermediates is related to their structure but not their sequence
(Caughey and Lansbury 2003; Lansbury 1999). There is some evidence that
the main toxicity of Aβ-peptide oligomers could be an intracellular event, with
the intracellular toxicity exceeding the extracellular toxicity by approximately
100,000-fold (Zhang et al. 2002).

Attempts to identify the abnormal forms of PrP responsible for various TSE
diseases has led to the notion that abnormal forms of PrP important for trans-
mission and neuropathogenesis might be different. Indeed, it is possible to
induce PrP-dependent neurodegeneration without the accumulation of infec-
tivity (Caughey and Lansbury 2003). It is most likely that a highly neurotoxic
entity may not be protease-resistant PrP (PrPres) as found in plaques but some
other form of PrP. Several neurotoxic PrP species have been described. How-
ever, the toxic species in TSE diseases have not been identified unambiguously.
Therefore, it is unclear at the moment which of the perturbations of PrP con-
formation and aggregation is of fundamental neuropathological significance.

For toxicity in HD, a variety of possible mechanisms is discussed. As for
the previous examples, globular and protofibrillar intermediates, which form
before maturation of Huntingtin fibrils, might be crucial for toxicity (Sanchez
et al. 2003). An alternative possibility might involve toxicity associated with
the linear addition of monomers to a nascent fibril (Thakur and Wetzel 2002).
Toxicity caused by polyglutamine-rich proteins may involve recruitment of
other proteins also containing short polyglutamine stretches into the aggre-
gates. Many proteins in the cell have such polyglutamine stretches, including
transcription factors and other transcriptional regulators (Ross and Poirier
2004). A completely different mechanism of polyglutamine toxicity involves
the interference with the proteasome. Mutant Huntingtin is able to inhibit
the proteasome, presumably because it is recognized and binds but cannot be
cleaved (Bence et al. 2001). Recent studies have established a link between mu-
tant Huntingtin, excitotoxicity and neurotrophic factors. Neurotrophic factors
prevent cell death in degenerative processes but they can also enhance growth
and function of neurons that are affected in Huntington’s disease. The endoge-
nous regulation of the expression of neurotrophic factors and their receptors
in the striatum and its connections can be important to protect striatal cells
and maintains basal ganglia connectivity (Alberch et al. 2004).
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Several different aggregation intermediates with size and morphology, sim-
ilar to those for the Aβ-peptide, have been described for α-synuclein. Im-
portantly, misfolded or only partially folded α-synuclein could be more toxic
to cells than its aggregates and formation of deposits could have protective
properties. The pathway of assembly for intermediate forms of α-synuclein
has been reported to be complex with globular and ring-like forms in addition
to protofibrils (Volles et al. 2001). Fatty acids seem to promote oligomeriza-
tion, suggesting that α-synuclein may aggregate via an interaction with cell
membranes (Caughey and Lansbury 2003; Sharon et al. 2003).

6
Conclusions

Many important facets of protein folding diseases have been analyzed in re-
cent years. While a number of key aspects still remain to be addressed on the
molecular level, chances are high that it will be possible to successfully estab-
lish therapeutic concepts for these increasingly important diseases. Recently,
an antibody has been generated that interacts with oligomeric, but not with
monomeric or fibrillar forms of polyglutamine repeat proteins, Aβ-peptide,
α-synuclein, and prion protein (Kayed et al. 2003). This antibody recognized
material in postmortem AD brain tissue that was distinct from plaques. Inter-
estingly, the antibody blocked cell toxicity by polyglutamine repeat proteins,
Aβ-peptide, and α-synuclein in in vitro experiments (Glabe 2004; Kayed et al.
2003). The actual mechanism for this block in toxicity is uncertain, because
polyglutamine andα-synuclein interact intracellularly, whereas Aβ-peptide in-
teracts extracellularly. Nevertheless, it is tempting to speculate that a common
structure of soluble nonfibrillar intermediates exists for all of these molecules
and that there may be a common mechanism of pathogenesis, which will be
a possible target for therapeutic approaches.
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Abstract The etiologies of neurodegenerative diseases, such as Alzheimer’s disease, Parkin-
son’s disease, polyglutamine diseases, or prion diseases may be diverse; however, aberrations
in protein folding, processing, and/or degradation are common features of these entities,
implying a role of quality control systems, such as molecular chaperones and the ubiquitin-
proteasome pathway. There is substantial evidence for a causal role of protein misfolding in
the pathogenic process coming from neuropathology, genetics, animal modeling, and bio-
physics. The presence of protein aggregates in all neurodegenerative diseases gave rise to the
hypothesis that protein aggregates, be it intracellular or extracellular deposits, may perturb
the cellular homeostasis and disintegrate neuronal function (Table 1). More recently, how-
ever, an increasing number of studies have indicated that protein aggregates are not toxic
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Table 1 Protein aggregates in neurodegenerative diseases

Disease Aggregates Protein

Alzheimer’s disease Amyloid plaques Aβ peptides

Neurofibrillary tangles Tau

Parkinson’s disease Lewy bodies α-Synuclein

Prion diseases PrPSc plaques Prion protein (PrP)

Huntington’s disease Polyglutamine aggregates Huntingtin

Spinocerebellar ataxias Polyglutamine aggregates Ataxins

per se and might even serve a protective role by sequestering misfolded proteins. Specifi-
cally, experimental models of polyglutamine diseases, Alzheimer’s disease, and Parkinson’s
disease revealed that the appearance of aggregates can be dissociated from neuronal toxicity,
while misfolded monomers or oligomeric intermediates seem to be the toxic species. The
unique features of molecular chaperones to assist in the folding of nascent proteins and
to prevent stress-induced misfolding was the rationale to exploit their effects in different
models of neurodegenerative diseases. This chapter concentrates on two neurodegenerative
diseases, Parkinson’s disease and prion diseases, with a special focus on protein misfolding
and a possible role of molecular chaperones.

Keywords Parkinson’s disease · α-Synuclein · Parkin · DJ-1 · Prion diseases · PrP ·
Misfolding · Aggregation · Neurodegeneration · Chaperones ·
Ubiquitin-proteasome system · Quality control

1
Parkinson’s Disease

Parkinson’s disease is the second most common neurodegenerative disease
after Alzheimer’s disease. The estimated prevalence of PD is 1%–2% of per-
sons older than 60 years of age (Tanner and Ben-Shlomo 1999). The most
prominent clinical signs include resting tremor, bradykinesia, muscular rigid-
ity, and postural instability. In addition to the typical motor symptoms, various
nonmotor features may develop, including autonomic dysfunction, sleep dis-
turbances, depression, and cognitive impairment. Diagnosis of PD is based
on clinical features; asymmetric manifestation of the first symptoms (resting
tremor in 70% of patients) and improvement with dopaminergic therapy is
highly indicative of PD; however, definite diagnosis requires autopsy.

The pathological hallmark of PD is a highly specific pattern of neuronal
loss, mostly affecting the dopaminergic neurons of the substantia nigra pars
compacta. Intraneuronal cytosolic inclusions, termed Lewy bodies, and dys-
trophic neurites (Lewy neurites) are found in the affected brain regions. Lewy
bodies are composed of a dense hyaline core surrounded by a halo of radiating
fibrils and contain various proteins, including α-synuclein, ubiquitin, neuro-
filaments, and heat shock proteins. The occurrence of Lewy bodies is not re-
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stricted to PD; some other neurodegenerative entities, such as multiple system
atrophy and dementia with Lewy bodies, are also characterized by the presence
of α-synuclein aggregates and therefore are classified as α-synucleinopathies.

The demise of dopaminergic neurons in the substantia nigra leads to a re-
duced innervation of the striatum, primarily the putamen, which is a major
center for motor control (review in Dauer and Przedborski 2003). Symptoms
occur when more than 60% of substantia nigra dopaminergic neurons and
about 80% of putamenal dopamine have been lost. The discovery of dopamine
deficiencywas thebasis for thedevelopmentof symptomatic therapeutic strate-
gies. Replacement of dopamine by its precursor L-dopa and administration of
dopaminergic agonists can relieve the symptoms of PD, however, after several
years of pharmacological treatment, most patients develop adverse effects,
notably motor fluctuations and dyskinesias. Surgical interventions such as
deep brain stimulation offers hope for patients whose motor complications
can not adequately be controlled pharmacologically. Despite these advances,
no strategies have yet been established to halt or delay the progression of the
degenerating process.

The most common cause of a parkinsonian syndrome is sporadic or id-
iopathic PD, the etiology of which is still enigmatic. Genetic as well as en-
vironmental factors have been implicated in the etiopathogenesis of PD, and
oxidative stress, mitochondrial dysfunction, and protein aggregation are con-
sistent findings in the course of this disease. The observation that differ-
ent toxins, such as MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), 6-
hydroxydopamine, and rotenone, can damage dopaminergic neurons led to the
development of toxin-based animal models of PD. Of note, the MPTP monkey
model proved particularly useful for the preclinical evaluation of symptomatic
therapeutic strategies.

Table 2 Familial variants of PD with a mendelian pattern of inheritance

Locus Chromosomal location Protein Mode of inheritance

PARK1 4q21-q23 α-Synuclein AD

PARK2 6q25.2–27 Parkin AR

PARK3 2p13 Unknown AD

PARK4 4p15 (triplication) α-Synuclein AD

PARK5 4p14 UCH-L1 AD?

PARK6 1p35-p36 PINK1 AR

PARK7 1p36 DJ-1 AR

PARK8 12p11.2-q13.1 LRRK2/dardarin AD

PARK9 1p36 Unknown AR

AD, autosomal dominant; AR, autosomal recessive; UCH-L1, ubiquitin C-terminal
hydrolase-L1; PINK1, PTEN-induced kinase 1; LRRK2, leucine-rich repeat kinase 2
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A milestone in PD research was the identification of genes that are responsi-
ble for familial variants of this disease. The first familial form of PD identified
was associated with α-synuclein, which was later shown to be a major compo-
nentofLewybodies andLewyneurites, thepathognomonic featuresof sporadic
PD (Spillantini et al. 1997). Subsequently, several other monogenic forms of
PD were identified (Table 2), which might facilitate establishing animal and
cell culture models (reviewed in Vila and Przedborski 2004). It will now be
a challenging endeavor to determine the specific role of these genes and gene
products in the pathogenesis of PD.

1.1
α-Synuclein: Which Conformation Is the Toxic One?

In the late 1990s, two missense mutations in the α-synuclein gene were identi-
fied as a cause of autosomal dominant PD; the A53T substitution was found in
a large Italian-American/Greek family, and the A30P substitution was found
in a small German family (Kruger et al. 1998; Polymeropoulos et al. 1997).
Recently, a third α-synuclein missense mutation (E46K) has been described
in a Spanish family (Zarranz et al. 2004), and dominantly inherited PD in two
families could be attributed to a genomic triplication of wild type α-synuclein,
leading to overexpression of α-synuclein (Farrer et al. 2004; Singleton et al.
2003). Overall, mutations in the α-synuclein gene seem to be a rare cause of
familial PD; however, due to the presence of α-synuclein in Lewy bodies it has
advanced to a prime candidate for mechanistic studies.

α-Synuclein belongs to the synuclein family, which also includes β- and γ-
synuclein and has only been described in vertebrates. α-Synuclein is a soluble
natively unfolded 140-kDa protein consisting of three regions. The N-terminal
domain adopts an α-helical conformation upon membrane binding (Davidson
et al. 1998; Eliezer et al. 2001). The central hydrophobic domain is responsible
for the fibrillogenic potential of α-synuclein (Giasson et al. 2001). The acidic
C-terminal domain contains several phosphorylation sites and may confer
a chaperone-like activity (Okochi et al. 2000; Park et al. 2002). It has been
shown that α-synuclein can prevent the aggregation of different non-native
proteins in vitro under stress conditions; however, refolding activity was not
observed (Kim et al. 2000; Souza et al. 2000).

In vitro, three conformational variants of α-synuclein are populated: the un-
folded monomers, protofibrils (transient β-sheet-rich oligomers) and amyloid
fibrils with a characteristic cross-β structure. The A53T mutation accelerates,
while the A30P mutation reduces fibril formation, suggesting that α-synuclein
fibrils might not be the toxic species. Both mutations, however, promote the
formation of protofibrils, either thermodynamically or kinetically (Conway
et al. 2000; Volles and Lansbury 2003).

α-Synuclein is expressed at high levels in the nervous system, where it
is enriched in presynaptic terminals (Maroteaux et al. 1988). The physio-
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logical function of α-synuclein is not fully understood; its close association
with synaptic vesicles suggests a role in neurotransmitter release or synaptic
plasticity. In α-synuclein knockout mice, which do not display an overt phe-
notype, an activity-dependent enhanced DA release was observed at nigros-
triatal terminals, indicating that α-synuclein may act as a negative regulator
of dopaminergic neurotransmission (Abeliovich et al. 2000; Cabin et al. 2002).
In double knockout mice for α- and β-synuclein, moderate changes in two
synaptic signaling proteins (complexins and 14-3-3 proteins) and a small de-
crease in brain dopamine levels were observed, but no impairment of synaptic
parameters (Chandra et al. 2004). In a recent study of synaptic transmission
in cultured hippocampal neurons, it was shown that α-synuclein augments
neurotransmitter release from the presynaptic terminal (Liu et al. 2004). These
observations are difficult to reconcile, but long-term compensatory changes in
knockout mice may explain these obvious discrepancies.

Based on in vitro and cell culture experiments, different mechanisms of
α-synuclein-induced toxicity have been proposed. α-Synuclein may interfere
with the activity of the proteasome, thereby promoting the accumulation of
misfolded and potentially toxic proteins (Petrucelli et al. 2002; Snyder et al.
2003). In dopaminergic neurons, α-synuclein complexes may sequester the
14-3-3 protein, a chaperone with an anti-apoptotic potential (Xu et al. 2002).
Furthermore, α-synuclein protofibrils with pore-forming activity can perme-
abilize vesicular membranes in vitro (Volles and Lansbury 2002; Volles et al.
2001). Remarkably, oxidized dopamine inhibits α-synuclein fibril formation,
thereby enhancing the accumulation of potentially toxic α-synuclein protofib-
rils (Conway et al. 2001). This finding may help to explain the selective death
of dopaminergic neurons in PD.

1.2
α-Synuclein Toxicity and Molecular Chaperones

Several α-synuclein-based transgenic mouse models have been established,
partly with equivocal findings (reviewed in Fernagut and Chesselet 2004;
Maries et al. 2003). Unfortunately, none of these models faithfully recapitu-
lates the pathophysiological features of PD. Notably, mice overexpressing wild
type or mutant α-synuclein do not lose dopaminergic neurons in the substan-
tia nigra. However, they made it possible to draw two essential conclusions:
first, α-synuclein pathology results from a toxic gain of function, and second,
neurodegeneration can occur in the presence of nonfibrillar α-synuclein. Sur-
prisingly, Drosophila melanogaster overexpressing either wild type or mutant
α-synuclein develop an adult-onset loss of dopaminergic neurons in the dorso-
medial cluster, progressive motor deficits, and fibrillar α-synuclein inclusions
(Feany and Bender 2000). Moreover, the Drosophila model proved particu-
larly useful to analyze the effects of molecular chaperones on α-synuclein
aggregation and toxicity. Transgenic co-expression of human Hsp70 prevents
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the degeneration of dopaminergic neurons induced by α-synuclein, and con-
versely, interference with endogenous Hsp70 activity by expressing a dominant
negative Hsp70 mutant defective in ATP binding enhances α-synuclein toxicity
(Auluck et al. 2002). Remarkably, Hsp70 does not affect the number, morphol-
ogy, or distribution of α-synuclein aggregates, supporting the view that not the
fibrillar inclusions but rather oligomeric intermediates are the toxic species. In
line with these observations, α-synuclein toxicity can be efficiently reduced by
feeding the flies with geldanamycin, a benzochinone ansamycin that increases
chaperone levels by activation of HSF1 (Auluck and Bonini 2002; Auluck et al.
2005). The effect of Hsp70 was also analyzed in mouse models of PD. By cross-
ing α-synuclein transgenic mice with Hsp70-overexpressing mice, a reduction
of Triton X-100 insoluble α-synuclein was reported, but unfortunately, there
is no information on neuropathological and behavioral features of these mice
(Klucken et al. 2004). In a different approach, the Hsp70 gene was delivered to
dopaminergic neurons by recombinant adeno-associated virus and was shown
to protect the mouse dopaminergic system against MPTP-induced neuronal
loss (Dong et al. 2005). Similarly to MPTP, rotenone is a potent inhibitor of
mitochondrial complex I, but in addition it can induce the formation of Lewy
body-like inclusions. Overexpression of Hsp70 in cultured cells not only pro-
tected the cells from rotenone-induced toxicity but also decreased the amount
of soluble α-synuclein oligomers (Zhou et al. 2004). Based on observations in
a model of peripheral neuronal cells, a protective role of the small heat shock
protein Hsp27 has been proposed in cells overexpressing wild type or mutant
α-synuclein (Zourlidou et al. 2004). Surprisingly, in the same study Hsp70
was only moderately effective against wild type α-synuclein and showed no
protection against mutant α-synuclein.

Interestingly, the significance of chaperone pathways in PD is further
strengthened by the observation that polymorphisms in the Hsp70-1 gene
seem to be involved in the susceptibility to PD (Wu et al. 2004).

1.3
α-Synuclein and Protein Degradation

Several studies indicate that the proteasome might play a role in α-synuclein
metabolism and toxicity; however, this aspect remains controversial (Ancolio
et al. 2000; Biasini et al. 2004; Martin-Clemente et al. 2004; Rideout et al. 2001).
In cell culture studies, it has been observed that α-synuclein can be degraded
by the proteasome without the requirement of ubiquitination, whereas in
Lewy bodies α-synuclein is oligo-ubiquitinated (Bennett et al. 1999; Tofaris
et al. 2001, 2003). In other studies, the lysosomal degradation pathway was
shown to be involved in the clearance of α-synuclein (Lee et al. 2004; Webb
et al. 2003). Recently, α-synuclein was found to be a substrate for chaperone-
mediated autophagy, which involves binding of Hsp70 and specific targeting
to the lysosome (Cuervo et al. 2004). So far, however, the degradation pathway
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of α-synuclein is not fully understood. In particular, it is conceivable that
conformational variants of α-synuclein undergo distinct proteolytic pathways.

Remarkably, aging is associated with an increase in α-synuclein protein
levels in the substantia nigra and thus, it is tempting to speculate that this
phenomenon is causally related to a decline in proteasomal and lysosomal
activity (Li et al. 2004). In cell culture and animal models, inhibition of the
proteasome enhances α-synuclein accumulation and aggregation (Fornai et al.
2003; McNaught et al. 2002; Rideout et al. 2001; Stefanis et al. 2001; Tanaka et al.
2001; Tofaris et al. 2001). On the other hand, several studies indicate that α-
synuclein can decrease the activity of the proteolytic machinery and hence
favor its own accumulation, resulting in a vicious circle (Lindersson et al.
2004; Petrucelli et al. 2002; Snyder et al. 2003; Stefanis et al. 2001; Tanaka
et al. 2001). However, this issue is difficult to address experimentally, which is
reflected by a variety of inconsistent findings. Therefore, a careful evaluation
of potentially confounding parameters is mandatory for the interpretation
of such studies, including differences in neuronal and non-neuronal cells,
possible effects of epitope tagging of α-synuclein and transcriptional effects
of proteasomal inhibitors on transgene expression after long-term treatment
(Biasini et al. 2004).

1.4
Parkin: A Link to the Ubiquitin-Proteasome System

In 1998, mutations in the parkin gene were identified as a cause of autosomal
recessive PD with juvenile onset in Japanese families (Kitada et al. 1998). In
the meantime, a large number and a wide spectrum of parkin mutations have
been described all over the world, accounting for up to 50% of all familial
cases. Clinically, patients with mutations in the parkin gene show the typical
signs of parkinsonism. Onset of symptoms is typically before the age of 40, but
also late-onset cases have been described. Pathologically, patients with parkin
mutations display a loss of dopaminergic neurons in the substantia nigra. Only
a few brains of parkin-proven cases of PD have been examined pathologically,
and initially, no Lewy body pathology was observed, leading to the hypothesis
that functional parkin is essential for the formation of Lewy bodies. However,
Lewy bodies were recently detected in patients with parkin mutations; thus,
a larger number of autopsies is required for definite conclusions (Farrer et al.
2001; Sasaki et al. 2004).

The parkin gene encodes a 465-amino acid protein with an ubiquitin-like
domain (UBL) at the N-terminus and a RING box close to the C-terminus,
consisting of two RING finger motifs separated by a cysteine-rich in-between
RING domain (IBR) (Fig. 1a). The presence of the RING box suggested that
parkin acts as an E3 ubiquitin ligase, which confers substrate specificity for
ubiquitination and targets substrate proteins to the 26S proteasome. Degra-
dation of a protein via the ubiquitin-proteasome pathway is a highly or-
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Fig. 1a–c Misfolding and aggregation of parkin. a Schematic representation of parkin. The
location of the C-terminal mutations are indicated by arrows. UBL, ubiquitin-like domain;
RING, RING finger motif; IBR, in-between RING fingers domain. b C-terminal deletion
mutants of parkin are found in scattered aggregates throughout the cytosol. Human neurob-
lastoma SH-SY5Y cells grown on glass coverslips were transiently transfected with plasmids
encoding wild type (wt) parkin or the indicated C-terminal deletion mutants. The expres-
sion pattern of parkin was analyzed by indirect immunofluorescence of permeabilized cells
using an anti-parkin antiserum. c In contrast to wt parkin, the C-terminal deletion mutants
are present in a detergent-insoluble conformation. Transiently transfected mouse neurob-
lastoma N2a cells were lysed in detergent buffer (0.1% Triton X-100 in PBS), fractionated by
centrifugation and parkin present in the detergent-soluble (S) and -insoluble (P) fraction
was analyzed by Western blotting using an anti-parkin antiserum
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dered process and involves multiple steps, catalyzed by specific enzymes (re-
view in Ciechanover and Brundin 2003; Varshavsky 1997). An E1 ubiquitin-
activating enzyme mediates the formation of a high-energy thiol ester be-
tween the C-terminus of ubiquitin and a reactive cysteine of the E1. Ubiqui-
tin is then transferred to a cysteine residue of an E2 ubiquitin-conjugating
enzyme, which acts in concert with an E3 ubiquitin ligase to catalyze the
formation of an isopeptide bond between the C-terminal glycine of ubiqui-
tin and the ε-amino group of a lysine residue within the substrate. Addi-
tional ubiquitin moieties are added to the first ubiquitin to generate a polyu-
biquitin chain, which functions as a degradation signal for the 26S protea-
some.

A variety of putative parkin substrates have been identified by yeast two-
hybrid and co-immunoprecipitation studies, including the parkin-associated
endothelin receptor-like receptor (Pael-R), CDCrel-1, synphilin-1 (review in
Imai and Takahashi 2004; Kahle and Haass 2004; von Coelln et al. 2004). An
attractivemodelproposes that lossofparkin function leads to theaccumulation
of substrates, which eventually may damage dopaminergic neurons. However,
none of the substrates identified so far accumulates in parkin knockout models,
be it mice or flies. Therefore, the physiological relevance of these substrates is
still unclear (review in Kahle and Haass 2004). Nonetheless, a neuroprotective
potential of parkin has been shown in various cell culture and animal models.
Parkin seems to be protective against:

– Endoplasmic reticulum (ER) stress induced by the overexpression of Pael-R
(Imai et al. 2001; Yang et al. 2003)

– Excitotoxicity induced by kainate (Staropoli et al. 2003)

– Proteasome inhibitionandα-synuclein toxicity (LoBiancoet al. 2004;Petru-
celli et al. 2002; Yang et al. 2003)

– Ceramide-mediated cell death (Darios et al. 2003)

– Manganese-induced cell death (Higashi et al. 2004)

– Dopamine-induced apoptosis (Jiang et al. 2004)

– Cytotoxicity of an expanded polyglutamine ataxin-3 fragment (Tsai et al.
2003)

These observations may indicate a central role of parkin in neuronal viability,
although a general pathway that integrates all protective effects described is
difficult to propose. Notably, parkin knockout mice do not display signs of
impaired neuronal integrity; therefore, it will be important to analyze whether
neuronal vulnerability to stressful stimuli is increased in these animals.
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1.5
Molecular Chaperones and Parkin Function

A role of chaperones and co-chaperones in the regulation of parkin activity
has emerged from the observation that parkin forms a complex with Hsp70,
Hdj-2, and CHIP (Imai et al. 2002). CHIP (carboxyl terminus of the Hsp70-
interacting protein) was shown to promote the dissociation of Hsp70 from the
parkin–Pael–R complex, thereby enhancing the E3 ligase activity of parkin.
Conversely, Hsp70 inhibits parkin activity; however, when co-expressed with
parkin, both CHIP and Hsp70 suppress cell death induced by the overexpres-
sion of Pael-R. These observations led the authors of this study to propose
a model, suggesting that Hsp70 assists the translocation of newly synthesized
Pael-R and protects Pael-R from ubiquitination by parkin. When Pael-R is
overexpressed and causes ER stress, Hsp70 binds to retrotranslocated Pael-
R to prevent its aggregation. Then CHIP induces the release of Hsp70 and
promotes ubiquitination of Pael-R by parkin.

In a recent study, BAG5 (bcl-2-associated athanogene 5) was identified as an
inhibitor of both parkin and Hsp70 activity (Kalia et al. 2004). BAG5, a member
of the BAG domain-containing family whose expression is induced following
injury to dopaminergic neurons, interacts with the ATPase domain of Hsp70
and reduces the chaperone activity of Hsp70. BAG5 also interacts directly with
parkin. In cultured cells it decreases the E3 ligase activity and increases the
sequestration of parkin in aggregates after proteasomal inhibition. As a con-
sequence, BAG5 overexpression attenuates the protective effects of parkin on
cell viability. Furthermore, targeted overexpression of BAG5 in the substantia
nigra of rats enhances neuronal loss after medial forebrain bundle axotomy or
MPTP treatment. However, a causal link of BAG5 effects on parkin or Hsp70
function has not been demonstrated in the animal model. Notably, BAG1, the
first member of the BAG family identified, also modulates the activity of Hsp70
by binding to the ATPase domain and is upregulated following brain injury
(Nollen et al. 2000; Seidberg et al. 2003). However, BAG1 exhibits anti-apoptotic
activity and has been shown to promote cell survival in an in vivo stroke model
(Kermer et al. 2003; Takayama et al. 1995).

1.6
Inactivation of Parkin by Misfolding and Aggregation

A wide variety of parkin mutations have been identified, including exon dele-
tions and multiplications, missense, nonsense, and frameshift mutations (re-
view in Mata et al. 2004). Some pathogenic mutations compromise the E3 ligase
activity of parkin by impairing interactions with either substrate proteins or
components of the ubiquitin proteasome system. Only recently did it become
evident that parkin can also be inactivated by misfolding and aggregation. The
first parkin mutant shown to be constitutively misfolded was the W453Stop
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mutant, which lacks 13 C-terminal amino acids (Winklhofer et al. 2003b)
(Fig. 1). Interestingly, the deletion of 3 C-terminal amino acids is sufficient
to interfere with the native folding of parkin and to induce the formation of
cytosolic aggregates. In the meantime, alterations in the detergent solubility
or cellular localization was found for different point mutants, indicating that
misfolding and aggregation is not restricted to C-terminal deletion mutants
(Ardley et al. 2003; Cookson et al. 2003; Gu et al. 2003; Henn et al. 2005; Muqit
et al. 2004). Remarkably, evenwild type parkin canbe inactivated by misfolding
in response to different stressful stimuli. Oxidative stress induces the aggrega-
tion of parkin in cultured cells (Winklhofer et al. 2003b), and reperfusion after
transient focal cerebral ischemia decreases the amount of detergent-soluble
parkin in a rat model (Mengesdorf et al. 2002). It has also been shown that
nitrosative stress impairs the E3 ligase activity of parkin, however, in these
studies it has not been analyzed if nitrosylation of parkin has an impact on its
conformation (Chung et al. 2004; Yao et al. 2004). Formation of large perinu-
clear parkin aggregates has been observed in cells treated with proteasomal
inhibitor (Ardley et al. 2003; Junn et al. 2002; Muqit et al. 2004). While it seems
logical that after oxidative stress parkin loses its protective function (Chung
et al. 2004), it is difficult to explain why parkin can protect cells against the
deleterious effects of proteasomal inhibition, although it is recruited into ag-
gregates. Presumably, methodological differences in the proteasomal inhibitor
treatment may account for these discrepancies.

Based on these observations, we reasoned that molecular chaperones might
interfere with the misfolding of parkin. Indeed, increased expression of Hsp70
and Hsp40 prevents stress-induced aggregation of wild type parkin and pro-
motes folding of the W453Stop mutant in a cell culture model (Winklhofer
et al. 2003b).

1.7
DJ-1 and Chaperone Activity

Mutations in the DJ-1 gene have been associated with autosomal recessive PD
in 2003 (Bonifati et al. 2003). A large deletion and a missense mutation (L166P)
leading to the rapid degradation of the mutant protein were the first mutations
identified in patients, indicating that a loss of DJ-1 function is associated with
autosomal recessive PD (review in Bonifati et al. 2004). The clinical phenotype
is similar to that of parkin-related PD; however, DJ-1 mutations account for
only 1%–2% of early-onset cases (Hedrich et al. 2004).

The DJ-1 gene was first cloned in 1997 in the course of a yeast two-hybrid
screen for proteins interacting with c-myc (Nagakubo et al. 1997). It encodes
a 189 amino acid protein, which is highly expressed in the testes, but can also
be found in various tissues, including the brain (Bandopadhyay et al. 2004).
The crystal structure of DJ-1 revealed that DJ-1 exists as a dimer (Honbou
et al. 2003; Tao and Tong 2003; Wilson et al. 2003). Several functions have been
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ascribed to DJ-1. It restores the transcriptional activity of the androgen recep-
tor (AR) following repression by PIASxα (protein inhibitor of activated STAT),
which acts as a SUMO-1 (small ubiquitin-like modifier-1) ligase (Takahashi
et al. 2001). DJ-1 can also positively regulate the AR-mediated transcriptional
activity by binding to DJBP (DJ-1 binding protein), which seems to inhibit the
AR by recruiting a histone deacetylase complex (Niki et al. 2003). Further-
more, DJ-1 was identified as the regulatory subunit of a RNA-binding protein
complex (Hod et al. 1999). DJ-1 is converted into a pI variant in response to
oxidative stress, suggesting a function as stress sensor (Mitsumoto et al. 2001).
Based on this observation, it has been speculated that DJ-1 is linked to neu-
rodegeneration via a role in the stress response. Structural similarities to the
stress-inducible Escherichia coli chaperone Hsp31 led to the finding that DJ-1
has a chaperone-like activity; in vitro it prevents the heat-induced aggrega-
tion of luciferase or citrate synthase (Lee et al. 2003; Shendelman et al. 2004).
Notably, this activity is maintained after oxidative stress and is not affected by
ATP or ADP. In a cell culture model, it has been observed that downregulation
of DJ-1 by siRNA enhances cell death induced by oxidative stress (Martinat
et al. 2004; Taira et al. 2004; Yokota et al. 2003).

2
Prion Diseases or Transmissible Spongiform Encephalopathies

Prion diseases are a group of transmissible neurodegenerative disorders in-
cluding Creutzfeldt-Jakob disease (CJD) and Gerstmann-Sträussler-Scheinker
syndrome (GSS) in humans, scrapie in sheep and goat, bovine spongiform
encephalopathy (BSE) in cattle, and chronic wasting disease (CWD) in deer
(review in Aguzzi et al. 2001; Collinge 2001; Prusiner et al. 1998; Weissmann
et al. 1996). A hallmark of prion diseases is the accumulation of the misfolded
and proteinase K-resistant scrapie prion protein (PrPSc), which co-purifies
with the infectious scrapie agent (Bolton et al. 1982). Based on these and other
studies, it was proposed that PrPSc is the essential component of the trans-
missible agent, termed prion (acronym for proteinaceous infectious particle)
(Prusiner 1982). Experimental support for this model was provided recently:
recombinant PrP expressed in bacteria and subsequently misfolded in vitro
transmitted the disease to transgenic mice overexpressing the C-terminal do-
main (aa 89–231) of PrPC (Legname et al. 2004).

Considering a possible role of chaperones in the pathogenesis of prion dis-
eases, different scenarios are conceivable. Given that chaperones recognize
folding intermediates or misfolded conformers of PrP, such interactions could
be beneficial or harmful to the cell: beneficial when chaperones promote the
correct folding of PrP or target misfolded isoforms for degradation. Alter-
natively, an interaction of PrP with chaperones could enhance or facilitate
a conformational transition into an aberrant conformation. In addition, one



The Role of Chaperones in Parkinson’s Disease and Prion Diseases 233

should consider the possibility that chaperones fail to prevent the formation
and/or accumulationof aberrantPrP, either simplybecause theyarenotpresent
in the critical cellular compartment or because they do not recognize PrP as
a substrate. Interestingly, published data support any of these scenarios. In par-
ticular, different studies on pathogenic PrP mutants suggest that misfolded PrP
conformers generated in the secretory pathway are not efficiently eliminated
by cellular quality control pathways.

2.1
Misfolding of the Prion Protein Is Linked to Both Neurodegeneration and
Propagation of Infectious Prions

A key event in prion diseases is the conformational transition of the cellular
prion protein (PrPC) into the pathogenic isoform PrPSc (Table 3). In contrast to
PrPC, PrPSc is insoluble in nonionic detergents, partially resistant to proteolytic
digestion, and characterized by a high content in β-sheet secondary structure
(Caughey et al. 1991; Meyer et al. 1986; Pan et al. 1993). Structural studies with
recombinantly expressed PrP revealed a large flexibly disordered N-terminal
region and a structured C-terminal domain (aa 126–226). This autonomously
folding domain contains three α-helical regions and a short two-stranded β-
sheet (Donne et al. 1997; Riek et al. 1996, 1997) (Fig. 2). The pivotal role of the
prion protein for the disease was demonstrated in animal models. Mice devoid
of PrPC are resistant to scrapie infection and do not propagate proteinase
K-resistant or infectious PrPSc (Büeler et al. 1993).

The low incidence of sporadic prion diseases in humans (1:1 million) indi-
cates that spontaneous conversion of the prion protein is a very rare process.
However, invading PrPSc can efficiently induce the conversion of endogenous
PrPC into the pathogenic conformation. Infectious forms in humans were
linked to contaminated growth hormone derived from cadaveric pituitary
gland, dura mater grafts, and corneal transplants (iatrogenic CJD), or to rit-
ualistic cannibalism (kuru). New variant CJD (vCJD) has also been classified
as an acquired prion disease, as strong evidence is accumulating for a causal
association between BSE and vCJD. Familial prion diseases are invariably as-
sociated with mutations in the gene encoding the prion protein, indicating that

Table 3 Prion terminology

Prion Proteinaceous infectious particle

PrP Prion protein

PrPC Cellular prion protein, physiological isoform

PrPSc Scrapie prion protein, pathological isoform,
major component of infectious prions
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Fig. 2a,b Biogenesis of PrPC. a Translation of PrPC is initiated on free ribosomes in the
cytosol. The signal recognition particle (SRP) binds to the N-terminal signal peptide (ER-
SS) as well as to the ribosome and targets the nascent chain-ribosome complex to the ER
membrane. During import into the ER the N-terminal signal peptide is cleaved off and
PrP is modified with two N-linked glycans. Shortly after the release of PrPC into the ER
lumen, a GPI anchor is attached to the C-terminus, concomitantly with the cleavage of the
C-terminal signal sequence (GPI-SS). On its way through the secretory pathway, the core
glycans are processed into complex structures and finally PrPC is targeted on the outer leaflet
of the plasma membrane. b Schematic representation of the precursor (upper panel) and
the mature form (lower panel) of PrPC. The N- and C-terminal signal sequences are cleaved
during import into the ER and attachment of the GPI anchor, respectively. OC, octarepeat
region; HD, hydrophobic domain; α1–3, helical regions; β1–2, beta-strands; S-S, disulfide
bond; CHO, N-linked glycan attachment sites
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these mutations can favor the formation of PrPSc or at least of a neurotoxic PrP
species. The pathogenic mutations identified so far are predominantly single
amino acid substitutions and are mainly located in the structured C-terminal
part of the protein (review in Gambetti et al. 2003; Wadsworth et al. 2003).

In the majority of prion diseases, neurodegeneration is tightly linked to the
propagation of infectious PrPSc. However, transgenic mouse models revealed
that these features can occur independently. Misfolded or mutated isoforms
of the prion protein induced neuronal cell death in the absence of infectious
PrPSc (Chiesa et al. 1998; Flechsig et al. 2003; Hegde et al. 1998; Ma et al. 2002;
Muramoto et al. 1997; Shmerling et al. 1998), and propagation of infectious
prions was observed without neuronal cell death (Brandner et al. 1996; Mallucci
et al. 2003). Importantly,misfoldingormistargetingofPrPC is essential forboth
propagationof the infectiousparticle and formationof aneurotoxic conformer.

2.2
Biogenesis of the Prion Protein

The biogenesis of PrPC plays a central role in the pathogenesis of prion diseases
(review in Tatzelt and Winklhofer 2004) (Fig. 2a). Interestingly, the first insights
came from biochemical studies on purified PrPSc (Endo et al. 1989; Stahl et al.
1987). These studies established that the prion protein is a secretory protein
characterized by extensive post-translational modifications. The C-terminus
harbors a glycosylphosphatidylinositol (GPI) anchor, which targets PrPC to the
outer leaflet of theplasmamembrane (Stahl et al. 1987), and twoconsensus sites
forN-linkedglycosylation,whicharebothoccupied.PrPC andPrPSc contain the
same set of at least 52 complex bi-, tri-, and tetra-antennary glycans, although
with different relative proportions of individual saccharides (Endo et al. 1989;
Rudd et al. 1999; Stimson et al. 1999). Regarding a possible physiological or
pathological relevance, PrP glycosylation has been shown to have an impact
on the conformational transition of PrPC into PrPSc, to influence the selective
neuronal targeting of PrPSc, and to contribute to the phenomenon of strain
diversity (Collinge et al. 1996;DeArmondet al. 1997;Korth et al. 2000; Lehmann
and Harris 1997; Parchi et al. 1996; Priola and Lawson 2001; Taraboulos et al.
1990; Winklhofer et al. 2003a).

PrPC is widely expressed in the brain and is concentrated in synapse-rich
regions (Fournier et al. 1995; Herms et al. 1999). Studies in polarized Madin
Darby canine kidney cells indicated that PrPC is preferentially sorted to the
basolateral membrane (Sarnataro et al. 2002; Uelhoff et al. 2005), while GPI-
anchored proteins are usually sorted apically in these cells. This untypical
sorting behavior of PrPC is mediated by an internal hydrophobic domain
(HD, ∼aa 112–135) (Uelhoff et al. 2005). Interestingly, the HD was identified
previously to induce misfolding or mistargeting of PrP during import into the
endoplasmic reticulum (Hegde et al. 1998; Heller et al. 2003; Yost et al. 1990).
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From the cell surface, PrPC can be internalized to be degraded in a lysoso-
mal compartment or to recycle to the plasma membrane (Shyng et al. 1993).
Internalization of PrPC is mediated mainly by the unstructured N-terminus
(Kiachopoulos et al. 2004; Nunziante et al. 2003; Shyng et al. 1995; Sunyach
et al. 2003); however, the precise mechanism is controversial. Two internal-
ization pathways, via coated pits or caveolae-dependent structures, have been
described (Marella et al. 2002; Peters et al. 2003; Shyng et al. 1994; Sunyach
et al. 2003).

2.3
Cellular Compartments of PrP Misfolding

Regarding a possible role of chaperones in the pathogenesis of prion diseases,
it is important to identify the cellular compartments involved in the formation
or accumulation of pathological PrP conformers. PrPSc purified from scrapie-
infected brains contains a GPI anchor and sialytated complex N-linked glycans
(Endo et al. 1989; Stahl et al. 1987), indicating that fully matured PrPC is the
precursor for the formation of PrPSc. Subsequent experiments in cultured cells
supported a model in which formation of PrPSc occurs after PrPC had reached
the plasma membrane or is re-internalized for degradation (Caughey and Ray-
mond 1991). The mechanism of PrPSc formation is still enigmatic, but studies
in transgenic animals favor a conversion model with a direct interaction be-
tween PrPC and PrPSc (Prusiner et al. 1990). Thus, PrPSc propagation and
accumulation seems to occur predominantly extracellularly and/or in com-
partments of the endocytic/lysosomal pathway. Of note, none of these locales
implicated in the propagation of infectious PrPSc contains significant amounts
of chaperones. However, pathogenic PrP conformers due to mutations in the
PrP gene are formed during biogenesis, and in this case a role of molecular
chaperones is conceivable. The first clue that alterations in the biogenesis of
PrPC could generate neurotoxic PrP conformers in the absence of infectious
PrPSc derived from in vitro models analyzing the import of PrP into the endo-
plasmic reticulum (ER). In addition to the fully translocated secretory form,
PrP can attain two different transmembrane topologies, designated NtmPrP (N-
terminus facing the ER lumen) and CtmPrP (C-terminus facing the ER lumen).
The internal hydrophobic domain (HD) of PrP was identified as a putative
transmembrane domain, and mutations within this domain were found to al-
ter the relative amount of CtmPrP and NtmPrP (Hegde et al. 1998; Lopez et al.
1990; Yost et al. 1990). Remarkably, the increased synthesis of CtmPrP has been
shown to coincide with progressive neurodegeneration both in GSS patients
with an A117V mutation and in transgenic mice carrying a triple mutation
within the HD (AV3) (Hegde et al. 1998). Studies in yeast indicated that the HD
has an impact on the import of PrPC into the ER. During post-translational
ER import, the HD induced formation of misfolded and cytosolically localized
PrP, which interfered with yeast viability (Heller et al. 2003).
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The neurotoxic potential of cytosolic PrP was emphasized in a transgenic
mouse model. Mice expressing a PrP mutant with a deleted N-terminal ER tar-
geting signal acquire severe ataxia due to cerebellar degeneration and gliosis
(Ma et al. 2002). So far, mutations within the N-terminal signal sequence of
PrP, which could affect the efficiency of ER import, have not been found in pa-
tients. However, impairment of ER import and the generation of cytosolically
localized PrP was observed after the expression of two pathogenic mutants,
Q160Stop and W145Stop, which are linked to inherited prion diseases in hu-
mans (Heske et al. 2004). Notably, cytosolic PrP seems to be present in a small
subset of neurons even under physiological conditions (Mironov et al. 2003).

A variety of pathogenic mutations in humans seem to affect the maturation
of PrP in the secretory pathway. The alterations observed include incomplete
glycosylation, lack of GPI anchor attachment, misfolding and abnormal mem-
brane association (Capellari et al. 2000a, 2000b; Gu et al. 2002; Ivanova et al.
2001; Kiachopoulos et al. 2005; Lehmann and Harris 1995, 1997; Lorenz et al.
2002; Mishra et al. 2002; Negro et al. 2001; Petersen et al. 1996; Rogers et al.
1990; Singh et al. 1997; Tatzelt and Winklhofer 2004). Interestingly, imma-
ture and/or misfolded PrP conformers generated in the secretory pathway
are long-lived and are obviously not efficiently eliminated by cellular quality
control mechanisms. In a cell culture model, the pathogenic missense mu-
tants T183A and F198S lack a GPI anchor, are not complex glycosylated and
adopt a misfolded conformation. However, they are not efficiently subjected
to ER-associated degradation (ERAD) but are rather secreted and can be re-
internalizedbyheterologouscells (Kiachopoulos et al. 2005). Similarly, deletion
of the GPI anchor signal sequence of PrP (PrP∆GPI) results in the formation
of detergent-insoluble, unglycosylated PrP molecules, which are efficiently se-
creted into the cell culture medium (Blochberger et al. 1997; Rogers et al. 1993;
Winklhofer et al. 2003c). Notably, misfolded PrP∆GPI is a preferred substrate
for the formation of a proteinase K-resistant PrP isoform in the in vitro-based
conversion model described below (Kocisko et al. 1994).

2.4
Chaperones Can Induce the Formation of a PrPSc-Like Isoform In Vitro

An established model system to study the folding pathway of proteins in vitro
employs the E. coli chaperonin GroEL and its co-factor GroES. A detailed de-
scription on the mechanisms of GroEL/ES-mediated folding is found elsewhere
(Bukau and Horwich 1998; Hartl and Hayer-Hartl 2002; Mayhew et al. 1996;
Weissman et al. 1996). Folding is initiated by diluting chemically denatured
polypeptides into physiological buffer supplemented with chaperones and co-
factors. Under those conditions, recombinantly expressed (r)PrP rapidly forms
aggregates if chaperones are omitted. GroEL alone prevents the aggregation of
rPrP; in the presence of ATP and the co-chaperone GroES, rPrP is able to adopt
a soluble conformation (Leffers et al. 2004; Stockel and Hartl 2001). This type of



238 K.F. Winklhofer · J. Tatzelt

behavior is seen for many proteins that can not refold spontaneously and em-
phasizes the ability of PrP to bind to chaperones like GroEL or the yeast Hsp104
(Edenhofer et al. 1996; Schirmer and Lindquist 1997). However, an unexpected
observation was made when refolded rPrP was assayed instead of denatured
rPrP. In the presence of ATP, GroEL induces the conversion of refolded rPrP
into a PrPSc-like conformation (Leffers et al. 2004; Stockel and Hartl 2001).
A mechanistic analysis suggested that through the interaction of rPrP with
GroEL, a partially unfolded conformation with unmasked hydrophobic sites is
generated. In the presence of ATP and in the absence of GroES, this PrP con-
former is released into solution and is highly aggregation-prone. Interestingly,
low concentrations of SDS induce the aggregation of folded rPrP in a similar
manner (Leffers et al. 2004). It should also be noted that GroEL/ATP-induced
aggregation of folded PrP is not restricted to rPrP. The same effect can be
observed when native PrPC, i.e., PrP modified with a GPI anchor and complex
N-linked glycans, is used (Leffers et al. 2004).

In a different in vitro approach, the effect of chaperones on the PrPSc-
induced conversion of PrPC to its protease-resistant form was analyzed (Deb-
Burman et al. 1997). In a cell-free conversion assay, radiolabeled PrPC purified
from cultured cells is mixed with PrPSc purified from scrapie-infected brain,
and the formation of proteinase K-resistant radiolabeled PrP is measured (Ko-
cisko et al. 1994). GroEL or yeast Hsp104 stimulates the conversion of PrPC to
a proteinase K-resistant conformation in this system (DebBurman et al. 1997).
Similarly to the effects described above (Leffers et al. 2004; Stockel and Hartl
2001), GroES shows an inhibitory effect on the conversion process promoted
by GroEL (DebBurman et al. 1997).

These in vitro experiments indicate that in principle, chaperones can me-
diate PrP misfolding. A plausible mechanism would be that through the inter-
action with chaperones a transition state of PrPC is generated, which either
spontaneously misfolds, or, in case PrPSc is present, serves as a precursor
for the de novo generation of PrPSc. The most intriguing questions emerging
from the in vitro studies are whether such chaperone interactions occur in live
cells and whether the PrP conformers generated through the interaction with
chaperones are neurotoxic or infectious.

2.5
Chemical Chaperones Interfere with the Formation of PrPSc

A number of low-molecular-weight compounds, including the cellular os-
molytes glycerol and trimethylamine N-oxide (TMAO) and the organic solvent
dimethylsulfoxide (DMSO), have been shown to protect proteins from thermal
denaturation and aggregation in vitro and to protect cells from heat-induced
cytotoxicity (Back et al. 1979; Edington et al. 1989; Gekko and Koga 1983;
Gekko and Timasheff 1981a, 1981b; Gerlsma and Stuur 1972; Lin et al. 1981).
Based on these activities, we reasoned that chemical chaperones could stabi-
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lize the native conformation of PrPC and thereby reduce its conversion into
the pathogenic conformation. Indeed, in a cell culture model of prion diseases
glycerol, TMAO, and DMSO decrease the accumulation of PrPSc in scrapie-
infected (Sc)N2a cells (Tatzelt et al. 1996). Consistent with their expected
mode of action, these chemical chaperones specifically interfere with the de
novo synthesis of PrPSc but do not affect the pool of pre-existing PrPSc (Tatzelt
et al. 1996). Molecular dynamics simulations provided an attractive model for
this effect at the atomic level; TMAO stabilizes the PrPC conformation by min-
imizing the level of solvent exposure of the N-terminal portion of the protein
(Bennion et al. 2004).

Remarkably, the anti-prion effect of chemical chaperones is not restricted
to the cell culture model. DMSO was shown to delay PrPSc accumulation
and disease symptoms in prion-infected hamsters (Shaked et al. 2003) and
to interfere with the formation of proteinase K-resistant PrP in a cell-free
conversion assay (DebBurman et al. 1997). In addition, cell culture studies
revealed that chemical chaperones can also prevent misfolding of H187R,
a pathogenic PrP mutant linked to familial CJD (Gu and Singh 2004).

2.6
Chaperones in the Endoplasmic Reticulum and PrP Misfolding

Different pathogenic PrP mutations linked to inherited prion diseases in hu-
mans interfere with the maturation of PrP in the secretory pathway (review
in Tatzelt and Winklhofer 2004). The ER lumen is known to contain quality
control systems to prevent further transit of aberrant polypeptides (review in
Ellgaard and Helenius 2003; McCracken and Brodsky 2003). Misfolded pro-
teins in the ER can be degraded through a mechanism known as ER-associated
protein degradation (ERAD). This pathway involves recognition of misfolded
polypeptides by chaperones, retrograde transport into the cytosol, and subse-
quent proteasomal degradation (Finley et al. 1984; Hurtley and Helenius 1989;
Jentsch et al. 1987; Klausner and Sitia 1990).

Several groups observed degradation of wild type and mutant PrP via the
proteasomal pathway, which was interpreted as evidence for retrograde trans-
port of PrP from the ER lumen into the cytosol (Jin et al. 2000; Ma and Lindquist
2001; Yedidia et al. 2001; Zanusso et al. 1999). This conclusion, however, was
discussed controversially after cytosolic accumulation of PrP was proposed
to be an experimental artifact, due to the prolonged treatment of cells with
proteasomal inhibitors and overexpression of PrP driven by a viral promotor
(Drisaldi et al. 2003). Similarly, we did not observe that significant fractions of
the two pathogenic PrP mutants T183A and F198S were subjected to proteaso-
mal degradation (Kiachopoulos et al. 2005). Moreover, misfolded PrP in the ER
seems not to activate the unfolded protein response (UPR) pathway. Induction
of the UPR leads to the upregulation of a variety of proteins, such as the ER
chaperone BiP (Ma and Hendershot 2001; Patil and Walter 2001). However,
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none of the misfolded PrP mutants analyzed induces increased transcription
of BiP in a detectable manner (Winklhofer et al. 2003c).

A possible role of Grp94 on the maturation of PrPC emerged from studies
on a defective stress response in scrapie-infected N2a cells (Tatzelt et al. 1995;
Winklhofer et al. 2001). Grp94 is among the most abundant ER proteins, yet
its physiological function is largely unknown (review in Argon and Simen
1999). When we treated cultured cells with geldanamycin, we observed the
stabilization of a high mannose glycoform of PrPC (Winklhofer et al. 2003a),
an observation corroborated later (Ochel et al. 2003). Similarly to inhibitors
of α-mannosidases, geldanamycin prevents the processing of high mannose
glycoforms into complex structures. Trafficking of immature PrPC to the outer
leaflet of the plasma membrane is not impaired by geldanamycin. Moreover,
in scrapie-infected cells high mannose glycoforms of PrPC are preferred sub-
strates for the formation of PrPSc (Winklhofer et al. 2003a). Geldanamycin,
a benzochinone ansamycin derivative, has been shown to interact with Hsp90
in vitro and in vivo and to interfere with Hsp90 functions (review in Neckers
2002). Lateron, geldanamycinwasalso reported tobindGrp94, theERhomolog
of Hsp90 (Chavany et al. 1996). Since PrPC has no cytoplasmic domain, we as-
sumed that Grp94 might be involved in the geldanamycin-induced effects on
glycosylation. Geldanamycin might either prolong a pre-existing interaction
of immature PrPC with Grp94 or impair a Grp94 function, which is required
for mannose trimming (Winklhofer et al. 2003a). Interestingly, a transient in-
teraction of high mannose glycoform of PrPC and Grp94 was described in the
absence of geldanamycin (Capellari et al. 1999).

2.7
Prion Propagation and the Cellular Stress Response

Two chaperones in the cytosol of mammalian cells, Hsp72 and Hsp28, are
synthesized at high levels only after heat shock or other forms of metabolic
stress (Lindquist and Craig 1988). Consequently, expression of both Hsp72
and Hsp28 is often diagnostic of the cell having initiated a stress response.
When we examined the stress response in mouse neuroblastoma (N2a) cells
and in their scrapie-infected counterparts (ScN2a), we observed that stress-
induced expression of Hsp72 and Hsp28 is selectively impaired in ScN2a cells
(Tatzelt et al. 1995). The defective stress response in ScN2a cells is linked to an
accelerated deactivation of the heat shock transcription factor (HSF) 1 after
stress, and can be restored pharmacologically by geldanamycin (Winklhofer
et al. 2001). On the other hand, increased expression of Hsp70 was found in the
brains of scrapie-infected mice (Kenward et al. 1994). However, a subsequent
cell type-specific analysis revealed that Hsp72 expression in the brains of
CJD patients is most prominent in Purkinje cells, a cell type that is virtually
resistant to PrPSc-induced cell death (Kovacs et al. 2001). Unfortunately, it is
not known whether the phenomenon of sustained viability of Purkinje cells in
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CJD brains is due to their pronounced stress response or due to a lack of PrPSc

propagation.
Interestingly, expression of PrPC itself is upregulated by stress due to two

heat shock elements located in the PrP gene promotor (Shyu et al. 2000, 2002).
Stress-induced expression of PrPC is not restricted to cultured cells but was
also observed in the brain after focal cerebral ischemia (Weise et al. 2004). It
will now be interesting to see whether upregulation of PrPC during stress is
indicative for a protective role of PrPC function to cellular or environmental
stress.

3
Chaperones and Other Neurodegenerative Diseases

3.1
Polyglutamine Expansion Diseases

The effect of molecular chaperones has been extensively studied in different
models of polyglutamine expansion diseases. These hereditary neurodegener-
ative disorders comprise different entities, such as Huntington’s disease and
spinocerebellar ataxias, and are characterized by an expansion of a polyglu-
tamine tract in the disease-associated proteins, which increases their propen-
sity to aggregate and to form cytosolic and nuclear inclusion bodies. Differ-
ent models have been proposed to explain the cytotoxicity of polyglutamine
proteins. They may induce the co-aggregation of other proteins essential for
cell viability, in particular transcription factors with nonpathogenic polyglu-
tamine repeats (review in Sugars and Rubinsztein 2003). According to another
model, polyglutamine expansion proteins impair the functional capacity of the
ubiquitin-proteasome system (UPS) (Bence et al. 2001; Jana et al. 2001; Verhoef
et al. 2002), either directly by clogging or sequestering the 26S proteasome or
indirectly by affecting the activity or distribution of UPS modulators (Donald-
son et al. 2003; Holmberg et al. 2004; Venkatraman et al. 2004). A recent study in
a cell culture model using a GFP-reporter with a C-terminal CL1 degron indi-
cated that aggregated proteins targeted either to the cytosol or nucleus globally
impair the UPS function in both compartments. Notably, impairment of the
UPS occurs prior to the formation of inclusion bodies and therefore seems
to be a response to the presence of intermediate forms of protein aggregates
(Bennett et al. 2005). However, a knock-in mouse model of spinocerebellar
ataxia type 7 (SCA7) did not provide evidence for UPS impairment. By using
transgenic mice expressing a pathogenic polyglutamine protein (ataxin-7) and
a GFP-based substrate of the UPS (UbG76V-GFP), Bowman et al. analyzed the
UPS activity in the most vulnerable neuronal population and showed that an
increase in UbG76V-GFP protein levels is not due to an impairment of the UPS
but to an increase in UbG76V-GFP mRNA levels (Bowman et al. 2005).
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In cell culture models, Hsp70, Hsp40, or Hsp27 consistently suppressed
polyglutamine-induced toxicity, whereas the effect on aggregate formation
was not uniform and seems to depend on various factors, such as expression
levels and cell type (review in Muchowski and Wacker 2005). Indeed, animal
models revealed that polyglutamine-induced toxicity can be dissociated from
aggregate formation. Expression of a truncated form of human ataxin-3 with
an expanded polyglutamine tract in the Drosophila eye induces severe degen-
eration, which can be rescued by human Hsp70, despite the continued presence
of aggregates (Warrick et al. 1999). Co-expression of Hsp70 with Hsp40/Hdj-1
synergistically suppresses ataxin-3-mediated toxicity in this model. Beneficial
effects of chaperones have also been reported in a mouse model of spinocere-
bellar ataxia type 1 (SCA1). Crossing mice overexpressing pathogenic ataxin-1
with mice overexpressing Hsp70 mitigates the neuropathological and behav-
ioral phenotype of SCA1, again without affecting aggregate morphology (Cum-
mings et al. 2001). However, in transgenic mouse models of Huntington’s dis-
ease, overexpression of Hsp70 alone showed only moderate effects (Hansson
et al. 2003; Hay et al. 2004).

The controversial question of whether inclusion bodies are pathogenic, in-
cidental, or even beneficial was recently addressed using an elegant automated
microscope system that returns to the same neuron of interest after arbitrary
intervals (Arrasate et al. 2004). Survival analysis after transfection of primary
neurons with pathogenic mutant huntingtin revealed that the level of diffuse
mutant huntingtin and the length of the polyglutamine expansion correlate
with the risk of cell death. Inclusion body formation reduces intracellular
levels of diffuse huntingtin and prolongs survival, indicating that inclusion
bodies might protect neurons by decreasing the levels of toxic diffuse forms of
huntingtin.

3.2
Alzheimer’s Disease and Tauopathies

In Alzheimer’s disease, Aβ peptides (Aβ42 and Aβ40) are the principal com-
ponents of extracellular amyloid plaques. These aggregation-prone peptides
are generated in the secretory pathway by the sequential action of β- and γ-
secretase on the transmembrane Aβ precursor protein (APP) (review in Walter
et al. 2001). In a cell culture model it has been shown that the ER-resident Hsp70
homolog BiP/Grp78 interacts with immature APP and decreases the secretion
of Aβ42 and Aβ40 (Yang et al. 1998). Whether this decrease in Aβ secretion
is due to an impairment of APP processing or an intracellular retention of Aβ
was not addressed in this study. Using an inducible adenoviral-based system,
Magrane et al. could show that targeted expression of Aβ42 in the secretory
pathway of primary neurons induces apoptotic cell death, which is suppressed
by overexpression of Hsp70 (Magrane et al. 2004). Although no evidence for
a physical interaction of Aβ42 and Hsp70 is provided in this study, it is conceiv-
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able that Aβ42 binds to Hsp70 after its discrimination by ER quality control
systems and retrotranslocation from the ER into the cytosol. Indeed, an inter-
action of Aβ42 with cytosolic Hsp70 has been demonstrated in a transgenic
Caenorhabditis elegans model (Fonte et al. 2002). Increasing the chaperone
activity of Hsp70 by siRNA-mediated repression of a negative regulator also
protected against Aβ42-mediated toxicity in this model.

A possible role of chaperones in tauopathies emerged from recent studies.
The microtubule-binding protein tau forms intraneuronal aggregates, termed
neurofibrillary tangles (NFT), which occur in Alzheimer’s disease and some
other neurodegenerative diseases, collectively called tauopathies. Physiolog-
ically, tau promotes assembly and stability of the microtubuli network. Hy-
perphosphorylated tau, which is found in tauopathies, is released from mi-
crotubules and accumulates in NFT. Interestingly, different mutations in the
human tau gene are associated with FTDP-17 (frontotemporal dementia with
parkinsonism linked to chromosome 17), and these tau mutants are charac-
terized by a higher propensity to form aggregates (von Bergen et al. 2001).
Hsp70 and Hsp90 seem to be essential determinants in tau physiology through
increasing tau solubility and its association with microtubuli (Dou et al. 2003).
A CHIP-Hsp70 complex selectively ubiquitinates phosphorylated tau and pro-
tects cultured cells from phosphorylated tau-induced toxicity (Petrucelli et al.
2004; Shimuraet al. 2004b). Interestingly, thisprotective effect is onlypartlydue
to proteasomal degradation, but seems to be mediated rather by the seques-
tration of insoluble ubiquitinated tau in aggregates, suggesting that soluble
phosphorylated tau might be the toxic species. A protective effect of Hsp27
on tau pathology has been established in a cell culture model. Hsp27 prefer-
entially binds to hyperphosphorylated tau, facilitating its degradation and/or
dephosphorylation and suppressing tau-mediated cell death (Shimura et al.
2004a).

4
Mechanistic Effects of Molecular Chaperones

How can the protective effects of chaperones be explained? So far, the precise
mechanism of their neuroprotective potential is poorly understood. Conceptu-
ally, chaperones may maintain or convert proteins in a nontoxic conformation
and/or enhance the sequestration or degradation of toxic species. Surprisingly,
overexpression of chaperones suppressed α-synuclein- and polyglutamine-
induced toxicity inanimalmodelswithoutaffecting thenumberormorphology
of aggregates. However, the inclusions formed in the presence of chaperones
showed different biochemical properties (Chan et al. 2000), suggesting that
chaperones do not simply work by preventing protein aggregation, but exert
more complex, sophisticated functions. Recent in vitro studies with polyg-
lutamine expansion proteins indicated that Hsp70 and Hsp40 act on early
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intermediates in the aggregation process (Muchowski et al. 2000). By using
fluorescence resonance energy transfer (FRET), Schaffar et al. could show that
Hsp70 and Hsp40 interfere with an intramolecular conformational change of
a soluble pathogenic polyglutamine fragment, thereby preventing the bind-
ing and inactivation of transcription factors (Schaffar et al. 2004). Notably,
polyglutamine-induced toxicity seems to depend on the ongoing formation of
soluble species, whereas the formation of inclusions would rather be protective
by the sequestration of toxic conformers. Atomic force microscopy indicated
that Hsp70 and Hsp40 cooperatively modulate protein aggregation by par-
titioning monomeric conformations, attenuating the formation of spherical
and annular oligomers and facilitating formation of fibrillar and amorphous
aggregates (Wacker et al. 2004). It will now be interesting to analyze how these
insights translate into the in vivo situation and how the potential of chaperones
can be used therapeutically.
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Abstract Heat shock protein 90 (Hsp90) is a molecular chaperone required for the stability
and function of a number of conditionally activated and/or expressed signaling proteins, as
well as multiple mutated, chimeric, and/or over-expressed signaling proteins, that promote
cancer cell growth and/or survival. Hsp90 inhibitors, by interacting specifically with a single
molecular target, cause the inactivation, destabilization, and eventual degradation of Hsp90
client proteins, and they have shown promising anti-tumor activity in preclinical model
systems. One Hsp90 inhibitor, 17-AAG, has completed Phase I clinical trial and several
Phase II trials of this agent are in progress. Hsp90 inhibitors are unique in that, although
they are directed toward a specific molecular target, they simultaneously inhibit multiple
signaling pathways that frequently interact to promote cancer cell survival. Further, by
inhibiting nodal points in multiple overlapping survival pathways utilized by cancer cells,
a combination of an Hsp90 inhibitor with standard chemotherapeutic agents may dramati-
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cally increase the in vivo efficacy of the standard agent. Hsp90 inhibitors may circumvent the
characteristic genetic plasticity that has allowed cancer cells to eventually evade the toxic
effects of most molecularly targeted agents. The mechanism-based use of Hsp90 inhibitors,
both alone and in combination with other drugs, should be effective toward multiple forms
of cancer.

Keywords Heat shock protein 90 · Cancer · Molecular chaperone ·
Molecularly targeted therapeutics · Genetic plasticity · Oncogene · Geldanamycin

1
Introduction

Cancer is a disease of genetic instability. Although only a few specific alter-
ations seem to be required for generation of the malignant phenotype, at least
in colon carcinoma there are approximately 10,000 estimated mutations at
time of diagnosis (Stoler et al. 1999; Hahn and Weinberg 2002). This genetic
plasticity of cancer cells allows them to frequently escape the precise molec-
ular targeting of a single signaling node or pathway, making them ultimately
nonresponsive to molecularly targeted therapeutics. Even Gleevec (Novartis
Pharmaceuticals Corp.), a well-recognized clinically active Bcr-Abl tyrosine
kinase inhibitor, can eventually lose its effectiveness under intense, drug-
dependent selective pressure, due to either mutation of the drug interaction
site or expansion of a previously existing resistant clone (La Rosee et al. 2002).
Most solid tumors at the time of detection are already sufficiently genetically
diverse to resist single-agent molecularly targeted therapy (Kitano 2003). Thus,
a simultaneous attack on multiple nodes of a cancer cell’s web of overlapping
signaling pathways should be more likely to affect survival than would in-
hibition of one or even a few individual signaling nodes. Given the number
of key nodal proteins that are Hsp90 clients (see the website maintained by
D. Picard, http://www.picard.ch/DP/downloads/Hsp90interactors.pdf), inhibi-
tion of Hsp90 may serve the purpose of collapsing, or significantly weakening,
a cancer cell’s safety net. Indeed, following a hypothesis first proposed by
Hanahan and Weinberg several years ago (Hanahan and Weinberg 2000), ge-
netic instability allows a cell to eventually acquire six capabilities that are
characteristic of most if not all cancers. These are:

– Self-sufficiency in growth signaling

– Insensitivity to anti-growth signaling

– Ability to evade apoptosis

– Sustained angiogenesis

– Tissue invasion and metastasis

– Limitless replicative potential
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As is highlighted in Fig. 1, Hsp90 plays a pivotal role in acquisition and main-
tenance of each of these capabilities. Several excellent reviews provide an
in-depth description of the many signaling nodes regulated by Hsp90 (Goetz
et al. 2003; Isaacs et al. 2003; Bagatell and Whitesell 2004; Chiosis et al. 2004;
Workman 2004; Zhang and Burrows 2004).

Cancer cells survive in the face of frequently extreme environmental stress,
such as hypoxia and acidosis, as well as in the face of the exogenously ap-
plied environmental stresses of chemotherapy or radiation. These stresses
tend to generate free radicals that can cause significant physical damage to
cellular proteins. Given the combined protective role of molecular chaperones
toward damaged proteins and the dependence of multiple signal transduc-
tion pathways on Hsp90, it is therefore not surprising that molecular chap-
erones in general, and Hsp90 in particular, are highly expressed in most tu-
mor cells. However, Hsp90 may be elevated in tumor cells and may provide
a unique molecular target therein for an additional reason. Using Drosophila
and Arabidopsis as model systems, Lindquist and colleagues have shown that
an ancient function of Hsp90 may be to permit accumulation at the pro-
tein level of inherent genetic mutations, and thus the chaperone may play
a pivotal role in the evolutionary process itself (Rutherford and Lindquist
1998; Queitsch et al. 2002). Extrapolating this hypothesis to genetically un-
stable cancer cells, it is not a great leap to think that Hsp90 may be critical
to their ability to survive in the presence of an aberrantly high mutation
rate.

Fig. 1 Hsp90 function is implicated in establishment of each of the hallmarks of cancer as
first proposed by Hanahan and Weinberg (2000). Importantly, Hsp90 function may also
permit the genetic instability on which acquisition of the six hallmarks depends
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2
Hsp90: A Chaperone of Oncogenes

Several recent, excellently detailed reviews of the mechanics of Hsp90 function
are in the scientific literature (Prodromou and Pearl 2003; Bagatell and White-
sell 2004; Chiosis et al. 2004; Siligardi et al. 2004; Wegele et al. 2004; Zhang
and Burrows 2004; Sangster and Queitsch 2005). The reader is also directed to
other chapters in the current volume. For the purposes of the current update on
Hsp90-directed therapeutics, suffice it to say that Hsp90 is a conformationally
flexible protein that associates with a distinct set of co-chaperones in depen-
dence on nucleotide (ATP or ADP) occupancy of an amino-terminal binding
pocket in Hsp90. Nucleotide exchange and ATP hydrolysis (by Hsp90 itself,
with the assistance of co-chaperones) drive the so-called Hsp90 chaperone
machine to bind, chaperone, and release client proteins. The Hsp90 inhibitors
currently in clinical trial (17-AAG and 17-DMAG), as well as those under de-
velopment, all share the property of displacing nucleotide from the amino
terminal pocket in Hsp90, and therefore short-circuiting the Hsp90 chaperone
machine, much as one would stop the rotation of a bicycle wheel by inserting
a stick between the spokes. Cycling of the chaperone machine is critical to
its function. The Hsp90 inhibitors, by preventing nucleotide-dependent cy-
cling, interfere with the chaperone activity of Hsp90, resulting in targeting of
client proteins to the proteasome, the cell’s garbage disposal, where they are
degraded (Neckers 2002). Even if the proteasome is inhibited, client proteins
are not rescued from Hsp90 inhibition, but instead accumulate in a misfolded,
inactive form in detergent-insoluble subcellular complexes (An et al. 2000).

2.1
Can Hsp90 Inhibitors Distinguish Between Cancer Cell and Normal Cell Hsp90?

An initial concern prior to the initiation of phase I testing of 17-AAG was that
inhibition of Hsp90 would be as harmful to normal cells as it seemed to be
to cancer cells. This concern has turned out to be unfounded, as no Hsp90-
dependent toxicities have been reported from any of the clinical trials. There
are two possible explanations for this fact: first, perhaps Hsp90 in normal cells
and tissues is not vital to their survival and function. Experiments with yeast
suggest that eukaryotic cells can survive with markedly depleted Hsp90 levels,
although they do not respond well to nutrient deprivation (Xu et al. 1999).
Experiments in nontransformed mammalian cells to test the importance of
Hsp90 (e.g., using siRNA techniques) have not been reported.

A second explanation for the lack of in vivo Hsp90-dependent toxicity dur-
ing administration of Hsp90 inhibitors relates to drug clearance characteristics
anddifferential bindingaffinity tonormal andcancer cellHsp90.Thus, 17-AAG
is cleared rapidly from blood and normal tissues in a number of animal studies
(and in humans), while its retention in tumors is prolonged (Eiseman et al.
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2004) (to date, information is available for animal studies only). Although
the mechanism for drug retention in tumors is not known, it is not unrea-
sonable to speculate that enhanced binding to Hsp90 in tumors as compared
to normal tissues may contribute to this phenomenon (Chiosis et al. 2003).
This is especially the case, given the recent report that the affinity of tumor
cell Hsp90 for 17-AAG and other benzoquinone ansamycins is 20- to 50-fold
stronger than is the affinity of Hsp90 isolated from normal tissues (Kamal et al.
2003). An explanation for this differential affinity remains to be uncovered,
but it is intriguing to speculate that either post-translational modification (e.g.,
phosphorylation, acetylation, or other) of Hsp90 is different in transformed as
compared to nontransformed cells, resulting in altered affinity for these drugs,
or perhaps that co-chaperone complexes associating with Hsp90 are distinct
in tumor cells and the nature of these complexes enhance drug binding affinity
to Hsp90.

While these possibilities are highly speculative, the fact that 17-AAG and
other benzoquinone ansamycins bind to tumor cell Hsp90 with markedly
enhanced affinity as compared to normal cell Hsp90 has been confirmed by
at least one other laboratory. Whether this will prove to be the case with
non-benzoquinone ansamycin Hsp90 inhibitors, or whether this is a unique
property of this structural class remains to be determined.

2.2
Hsp90 Inhibitors Target Mutated and Chimeric Proteins Uniquely Expressed
in Certain Cancers

Hsp90 characteristically chaperones a number of mutated or chimeric kinases
that are key mediators of disease. Thus, anaplastic large cell lymphomas are
characterized by expression of the chimeric protein NPM-ALK, which origi-
nates from a fusion of the nucleophosmin (NPM) and the membrane receptor
anaplastic lymphoma kinase (ALK) genes. The chimeric kinase is constitu-
tively active and capable of causing malignant transformation (Fujimoto et al.
1996). Bonvini and colleagues have shown that NPM-ALK kinase is an Hsp90
client protein, and that GA and 17-AAG destabilize the kinase and promote its
proteasome-mediated degradation in several anaplastic large cell lymphoma
cell lines (Bonvini et al. 2002).

FLT3 is a receptor tyrosine kinase that regulates proliferation, differentia-
tion, and survival of hematopoietic cells. FLT3 is frequently expressed in acute
myeloid leukemia, and in 20% of patients with this cancer the tumor cells
express a FLT3 protein harboring an internal tandem duplication in the jux-
tamembrane domain. This mutation is correlated with leukocytosis and a poor
prognosis (Naoe et al. 2001). Minami and colleagues have reported that Hsp90
inhibitors cause selective apoptosis of leukemia cells expressing tandemly du-
plicated FLT3. Further, these investigators reported that mutated FLT3 was an
Hsp90 client protein and that brief treatment with multiple Hsp90 inhibitors
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resulted in the rapid dissociation of Hsp90 from the kinase, accompanied by
the rapid loss of kinase activity together with loss of activity of several down-
stream FLT3 targets including MAP kinase, Akt, and Stat5a (Minami et al.
2002). Minami et al. propose that Hsp90 inhibitors should be considered as
promising compounds for the treatment of acute myeloid leukemia character-
ized by tandemly duplicated FLT3 expression.

BCR-ABL (p210Bcr-Abl) is an Hsp90 client protein that is also effectively
inhibited by the novel tyrosine kinase inhibitor imatinib (Druker et al. 1996;
An et al. 2000; Shiotsu et al. 2000). While imatinib has proven very effective in
initial treatment of patients with chronic myelogenous leukemia, a majority
of patients who are treated when their disease is in blast crisis stage (e.g.,
advanced) eventually relapse despite continued therapy (Sawyers et al. 2002).
Relapse is correlated with loss of BCR-ABL inhibition by imatinib, due either
to gene amplification or to specific point mutations in the kinase domain that
preclude association of imatinib with the kinase (Shah et al. 2002). Gorre and
colleagues have reported the very exciting finding that BCR-ABL protein, which
was resistant to imatinib, remained dependent on Hsp90 chaperoning activity
and thus retained sensitivity to Hsp90 inhibitors, including GA and 17-AAG.
Both compounds induced the degradation of wild type and mutant BCR-ABL,
with a trend indicating more potent activity toward mutated imatinib-resistant
forms of the kinase (Gorre et al. 2002). These findings were recently confirmed
by other investigators (Nimmanapalli et al. 2002), thus providing a rationale
for the use of 17-AAG in treatment of imatinib-resistant chronic myelogenous
leukemia.

Mutations in the proto-oncogene c-kit cause constitutive kinase activity of
its product, KIT protein, and are associated with human mastocytosis and
gastrointestinal stromal tumors (GIST). Although currently available tyro-
sine kinase inhibitors are effective in the treatment of GIST, there has been
limited success in the treatment of mastocytosis. Treatment with 17-AAG
of the mast cell line HMC-1.2, harboring the Asp816Val and Val560Gly KIT
mutations, and the cell line HMC-1.1, harboring a single Val560Gly mu-
tation, causes both the level and activity of KIT and downstream signal-
ing molecules AKT and STAT3 to be downregulated following drug expo-
sure (Fumo et al. 2004). These data were validated using Cos-7 cells trans-
fected with wild type and mutated KIT. 17-AAG promotes cell death of both
HMC mast cell lines. In addition, neoplastic mast cells isolated from pa-
tients with mastocytosis and incubated with 17-AAG ex vivo are selectively
sensitive to Hsp90 inhibition as compared to the mononuclear fraction as
a whole. These data provide compelling evidence that 17-AAG may be effec-
tive in the treatment of c-kit-related diseases, including mastocytosis, GIST,
mast cell leukemia, subtypes of acute myelogenous leukemia, and testicular
cancer.
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2.3
Hsp90 Inhibitors Target the Androgen Receptor in Prostate Cancer

Androgen receptor continues to be expressed in the majority of hormone-
independent prostate cancers, suggesting that it remains important for tu-
mor growth and survival. Receptor overexpression, mutation, and/or post-
translational modification may all be mechanisms by which androgen re-
ceptor can remain responsive either to low levels of circulating androgen or
to anti-androgens. Vanaja et al. have shown that Hsp90 association is es-
sential for the function and stability of the androgen receptor in prostate
cancer cells (Vanaja et al. 2002). These investigators reported that andro-
gen receptor levels in LNCaP cells were markedly reduced by the Hsp90
inhibitor geldanamycin (GA), as was the ability of the receptor to become
transcriptionally active in the presence of synthetic androgen. In addition,
Georget et al. have shown that GA preferentially destabilized androgen re-
ceptor bound to anti-androgen, thus suggesting that the clinical efficacy of
anti-androgens may be enhanced by combination with an Hsp90 inhibitor
(Georget et al. 2002). These investigators also reported that GA prevented
the nuclear translocation of ligand-bound androgen receptor, and inhibited
the transcriptional activity of nuclear-targeted receptors, implicating Hsp90
in multiple facets of androgen receptor activity. Finally, Solit and colleagues
have reported that 17-AAG caused degradation of both wild type and mutant
androgen receptors and inhibited both androgen-dependent and androgen-
independent prostate tumor growth in nude mice (Solit et al. 2002). Impor-
tantly, these investigators also demonstrated the loss of Her2 and Akt pro-
teins, two Hsp90 clients that are upstream post-translational activators of the
androgen receptor, in the tumor xenografts taken from 17-AAG-treated ani-
mals.

2.4
Hsp90 Inhibitors Exert Anti-angiogenic Activity
by Promoting Oxygen- and VHL-Independent Inactivation and Degradation
of HIF-1α Leading to Inhibition of VEGF Expression

Hypoxia inducible factor-1α (HIF-1α) is a nuclear transcription factor involved
in the transactivation of numerous target genes, many of which are implicated
in the promotion of angiogenesis and adaptation to hypoxia (for a review,
see Harris 2002). Although these proteins are normally labile and expressed
at low levels in normoxic cells, their stability and activation increase several-
fold in hypoxia. The molecular basis for the instability of these proteins in
normoxia depends upon VHL, the substrate recognition component of an
E3 ubiquitin ligase complex that targets HIF-1α for proteasome-dependent
degradation (Maxwell et al. 1999). Hypoxia normally impairs VHL function,
thus allowing HIF to accumulate. HIF-1α expression has been documented in
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diverse epithelial cancers and most certainly supports survival in the oxygen-
depleted environment inhabited by most solid tumors.

VHL can also be directly inactivated by mutation or hyper-methylation,
resulting in constitutive overexpression of HIF in normoxic cells. In heredi-
tary von Hippel-Lindau disease, there is a genetic loss of VHL, and affected
individuals are predisposed to an increased risk of developing highly vascular
tumors in a number of organs. This is due, in large part, to deregulated HIF
expression and the corresponding upregulation of the HIF target gene vascular
endothelial growth factor (VEGF). A common manifestation of VHL disease
is the development of clear cell renal cell carcinoma (CC-RCC) (Seizinger et al.
1988). VHL inactivation also occurs in nonhereditary, sporadic CC-RCC.

HIF-1α interacts with Hsp90 (Gradin et al. 1996), and both GA and another
Hsp90 inhibitor, radicicol, reduce HIF-dependent transcriptional activity (Hur
et al. 2002; Isaacs et al. 2002). Hur et al. demonstrated that HIF protein from
radicicol-treated cells was unable to bind DNA, suggesting that Hsp90 is neces-
sary formediating theproper conformationofHIFand/or recruitingadditional
co-factors. Likewise, Isaacs et al. reported GA-dependent, transcriptional inhi-
bition of VEGF. Additionally, GA downregulated HIF-1α protein expression by
stimulating VHL-independent HIF-1α proteasomal degradation (Isaacs et al.
2002; Mabjeesh et al. 2002).

HIF-1α induction and VEGF expression has been associated with migration
of glioblastoma cells in vitro and metastasis of glioblastoma in vivo. Zagzag
et al., in agreement with the findings described above, have reported that
GA blocks HIF-1α induction and VEGF expression in glioblastoma cell lines
(Zagzag et al. 2003). Further, these investigators have shown that GA blocks
glioblastoma cell migration, using an in vitro, assay at nontoxic concentrations.
This effect on tumor cell motility was independent of p53 and PTEN status,
which makes Hsp90 inhibition an attractive modality in glioblastoma, where
mutations in p53 and PTEN genes are common and where tumor invasiveness
is a major therapeutic challenge.

Dias et al. have recently reported that VEGF promotes elevated Bcl2 protein
levels and inhibits activity of the pro-apoptotic caspase-activating protein Apaf
in normal endothelial cells and in leukemia cells bearing receptors for VEGF
(Dias et al. 2002). Intriguingly, these investigators show that both phenomena
require VEGF-stimulated Hsp90 association (e.g., with Bcl2 and Apaf), and
that GA reverses both processes. Thus, GA blocked the pro-survival effects of
VEGF by both preventing accumulation of anti-apoptotic Bcl2 and blocking
the inhibition of pro-apoptotic Apaf.

2.5
Hsp90 Inhibitors Target MET Receptor Tyrosine Kinase

The Met receptor tyrosine kinase is frequently overexpressed in cancer, and
is involved in angiogenesis, as well as in the survival and invasive ability of
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cancer cells. A recent report by Maulik et al. has demonstrated a role for
Met in migration and survival of small cell lung cancer (Maulik et al. 2002).
Met is an Hsp90 client protein, and these investigators went on to show that
GA antagonized Met activity, reduced the Met protein level, and promoted
apoptosis in several small cell lung cancer cell lines, even in the presence of
excess Met ligand.

Hypoxia potentiates the invasive and metastatic potential of tumor cells. In
an important recent study, Pennacchietti and colleagues reported that hypoxia
(via two HIF-1α response elements) transcriptionally activated the Met gene,
and synergized with Met ligand in promoting tumor invasion. Further, they
showed that the pro-invasive effects of hypoxia were mimicked by Met over-
expression, and that inhibition of Met expression prevented hypoxia-induced
tumor invasion (Pennacchietti et al. 2003). Coupled with an earlier report de-
scribing induction of HIF-1 transcriptional activity by Met ligand (Tacchini
et al. 2001), these data identify the HIF-VEGF-Met axis as a critical target for
intervention using Hsp90 inhibitors, either alone or in conjunction with other
inhibitors of angiogenesis. As Bottaro and Liotta recently pointed out (Bottaro
and Liotta 2003), the sole use of angiogenesis inhibitors to deprive tumors of
oxygen might produce an unexpectedly aggressive phenotype in those cells
that survived the treatment. These authors speculated that combination of Met
inhibitors with anti-angiogenesis agents should therefore be beneficial. We
would suggest that combination of an anti-angiogenesis drug with an Hsp90
inhibitor would not only potentiate the anti-tumor effects obtained by inhibit-
ing angiogenesis, but would also break the HIF-Met axis by simultaneously
targeting both Hsp90-dependent signaling proteins.

2.6
Combined Inhibition of Hsp90 and the Proteasome Disrupt the Endoplasmic
Reticulum and Demonstrate Enhanced Toxicity Toward Cancer Cells

Proteasome-mediated degradation is the common fate of Hsp90 client pro-
teins in cells treated with Hsp90 inhibitors (Mimnaugh et al. 1996; Schneider
et al. 1996). Proteasome inhibition does not protect Hsp90 clients in the face
of chaperone inhibition—instead client proteins become insoluble (An et al.
2000; Basso et al. 2002). Since the deposition of insoluble proteins can be
toxic to cells (French et al. 2001; Waelter et al. 2001), interest has arisen in
combining proteasome inhibition with inhibition of Hsp90, the idea being
that dual treatment will lead to enhanced accumulation of insoluble proteins
and trigger apoptosis. This hypothesis is particularly appealing since a small
molecule proteasome inhibitor has demonstrated efficacy in early clinical tri-
als (Aghajanian et al. 2002; L’Allemain 2002). Initial experimental support for
such a hypothesis was provided by Mitsiades et al. (2002), who reported that
Hsp90 inhibitors enhanced multiple myeloma cell sensitivity to proteasome
inhibition. Importantly, transformed cells are more sensitive to the cytotoxic
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effects of this drug combination than are nontransformed cells. Thus, 3T3
fibroblasts are fully resistant to combined administration of 17-AAG and Vel-
cade at concentrations that prove cytotoxic to 3T3 cells transformed by HPV16
virus encoding viral proteins E6 and E7 (Mimnaugh et al. 2004). In the same
study, Mimnaugh et al. demonstrated that the endoplasmic reticulum is one
of the main targets of this drug combination. In the presence of combined
doses of both agents that show synergistic cytotoxicity, these investigators
noted a nearly complete disruption of the architecture of the endoplasmic
reticulum. Since all secreted and transmembrane proteins must pass through
this organelle on their route to the extracellular space, it is not surprising
that a highly secretory cancer such as multiple myeloma would be particularly
sensitive to combined inhibition of Hsp90 and the proteasome. One might
speculate that other highly secretory cancers, including hepatocellular carci-
noma and pancreatic carcinoma, would also respond favorably to this drug
combination.

2.7
Hsp90 Inhibitors Sensitize Cancer Cells to Radiation

Gius and colleagues have reported that 17-AAG potentiates both the in vitro
and in vivo radiation response of cervical carcinoma cells (Bisht et al. 2003). An
enhanced radiation response was noted when cells were exposed to radiation
within 6–48 h after drug treatment. Importantly, at 17-AAG concentrations
that were themselves nontoxic, Hsp90 inhibition enhanced cell kill in response
to an otherwise ineffective radiation exposure (2 Gy) by more than one log.
Even at moderately effective levels of radiation exposure (4–6 Gy), addition
of nontoxic amounts of 17-AAG enhanced cell kill by more than one log.
Importantly, the sensitizing effects of 17-AAG observed in the cervical carci-
noma cells were not seen in 3T3 cells, but were observed in HPV16-E6 and
-E7 transformed 3T3 cells. The authors demonstrated convincingly that the
effect of 17-AAG was multifactorial, since several pro-survival Hsp90 client
proteins were rapidly downregulated upon drug treatment. In vitro findings
were confirmed by a murine xenograft study in which the anti-tumor activity
of both single and fractionated radiation exposure was dramatically enhanced
by treatment with 17-AAG, either 16 h prior to single radiation exposure or
on days 1 and 4 of a 6-day period during which the animals received fraction-
ated radiation exposure. Machida and colleagues reported similar findings for
lung carcinoma and colon adenocarcinoma cells in vitro (Machida et al. 2003).
Thus, 17-AAG has been validated as a potential therapeutic agent that can be
used at clinically relevant doses to enhance cancer cell sensitivity to radia-
tion. It is reasonable to expect that other Hsp90 inhibitors will have a similar
utility.
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2.8
Targeting Hsp90 on the Cancer Cell Surface

Recently, Becker and colleagues reported that Hsp90 expression is dramatically
upregulated in malignant melanoma cells as compared to benign melanocytic
lesions, and that Hsp90 is expressed on the surface of seven out of eight
melanoma metastases (Becker et al. 2004). Eustace et al. have identified cell
surface Hsp90 to be crucial for the invasiveness of HT-1080 fibrosarcoma cells
in vitro (Eustace and Jay 2004; Eustace et al. 2004). Taken together, these data
implicateHsp90as an importantdeterminantof tumor cell invasionandmetas-
tasis. Indeed, in the Eustace et al. study, the investigators demonstrated that GA
covalently affixed to cell impermeablebeadswas able to significantly impair cell
invasion across a Matrigel-coated membrane. These findings have been con-
firmed using a polar (and thus cell impermeable) derivative of 17-DMAG in
place of GA-beads (Neckers et al., unpublished observations). Coincident with
its inhibitory effects on cell invasiveness, cell impermeable GA also antago-
nized the maturation, via proteolytic self-processing, of the metalloproteinase
MMP2, a cell surface enzyme whose activity has been previously demon-
strated as essential to cell invasion. Further, these investigators demonstrated
that Hsp90 could be found in association with MMP2 in the culture medium
bathing the HT-1080 cells. It is intriguing to speculate that association with
Hsp90 on the cell surface is necessary for the self-proteolysis of MMP2. Thus,
a possible chaperone function for cell surface Hsp90 may be directly impli-
cated in tumor cell invasiveness and metastasis. As such, cell surface Hsp90 may
represent a novel, perhaps cancer-specific target for cell-impermeant Hsp90
inhibitors.

3
Hsp90 Inhibitors that Do not Target
the Amino Terminal Nucleotide Binding Site

In the last several years, it has become apparent that Hsp90 activity can be
impacted by pharmacologic attack at other sites on the protein. However,
these other inhibitors are not specific for Hsp90 and thus cannot be considered
to be “clean” drugs. Several years ago, we identified the coumarin antibiotics
(e.g., novobiocin) as capable of binding to a C-terminal ATP-binding domain
on Hsp90, with resultant inhibition of Hsp90 activity (Marcu et al. 2000a,
2000b). These results have since been confirmed and extended by others (Soti
et al. 2002), but the affinity of novobiocin for Hsp90 is poor (several hundred
micromolar), and it is a much better inhibitor of topoisomerase than it is of
Hsp90.

Cisplatin, which exerts anti-tumor activity, at least in part, by forming DNA
adducts and thus interfering in transcription, has recently been shown to also
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bind to the C-terminus of Hsp90, and to interfere with nucleotide binding
at this site (Soti et al. 2002). However, cisplatin interacts with other thiol-
containing proteins and its interaction with Hsp90 occurs at concentrations
that are too high to be pharmacologically relevant. Nonetheless, the fact that
both the coumarin antibiotics and cisplatin share an Hsp90 binding domain
in the C-terminus of the chaperone highlights the potential importance of this
domain to Hsp90 function, as well as places emphasis on the pharmacologic
accessibility of this site (for review see Marcu and Neckers 2003). Nevertheless,
little progress has been made in identifying high-affinity Hsp90-specific agents
that target this region.

A 3rd class of agent that has been shown to affect Hsp90 are the inhibitors of
histone deacetylases (HDAC inhibitors). Schrump and colleagues first demon-
strated that the HDAC inhibitor depsipeptide (FR901228) was able to promote
degradation of several Hsp90 client proteins, including mutated p53, c-raf-1,
and ErbB2 (Yu et al. 2002). These investigators also showed that depsipep-
tide promoted Hsp90 acetylation and disrupted its ability to bind to ATP-
Sepharose. Similar results have since been reported by Bhalla et al. (Fuino et al.
2003) using the HDAC inhibitor LAQ824, a molecule structurally different
from depsipeptide. Thus, acetylation of Hsp90, which clearly occurs in re-
sponse to administration of diverse HDAC inhibitors, inhibits Hsp90 function,
most likely by interfering with nucleotide-dependent cycling of the chaperone
complex. Certainly, Hsp90 inhibition must be considered as a component of
the anti-tumor activity of these drugs, but protein hyperacetylation is now
a commonly observed property of these agents, and Hsp90 is probably one of
many hyperacetylated proteins. It will be of interest to determine the specific
HDAC (there are several classes and multiple members of each class) or HDACs
that deacetylate Hsp90 under physiologic conditions, and then to test a specific
inhibitor of this HDAC, but even in the best case scenario it is unlikely that
Hsp90 would be the only substrate affected. In summary, the only pure Hsp90
inhibitors identified to date are those that bind to the N-terminal nucleotide
pocket of the chaperone.

4
Issues Relating to Further Development of Hsp90 Inhibitors

The toxicity, if any, produced as a result of inhibiting Hsp90 in normal tissues
remains to be determined. The dose-limiting toxicity of 17-AAG (hepatic)
may be due primarily to the chemical structure of the drug (e.g., presence
of a quinone moiety) and not to any Hsp90-dependent effect. Ultimately, this
question will be addressed when nonansamycin Hsp90 inhibitors reach the
clinic. However, it is important to remember that the differential affinity of
ansamycin-based Hsp90 inhibitors for tumor cell vs normal cell Hsp90 may
play a role in the apparent lack of target-based toxicity of 17-AAG in normal



Chaperoning Oncogenes: Hsp90 as a Target of Geldanamycin 271

tissues. Some of the nonansamycin Hsp90 inhibitors in development do not
possess this discriminatory property, and therefore careful evaluation of their
in vivo toxicities will help determine the importance of this phenomenon to
overall drug efficacy. The ideal Hsp90 inhibitor should be an orally bioavailable
agent that favors inhibition of tumor cell Hsp90.

Hsp90 inhibition leads to activation of the heat shock transcription factor
Hsf1 and therefore promotes induction of Hsp70 and other chaperones as part
of a classical heat shock response (Ali et al. 1998; Kim et al. 1999; Xiao et al.
1999; Guo et al. 2001; Lu et al. 2002; Matthews et al. 2003). Indeed, induction of
Hsp70 in vivo following 17-AAG administration has proven to be the most ro-
bust pharmacodynamic indicator of drug activity in patients. However, Hsp70
is generally considered to be cytoprotective for tumor cells, and Whitesell and
colleagues have reported that loss of Hsf1 expression potentiates the cytotoxi-
city of GA (Bagatell et al. 2000). Very recently, Gabai et al. have confirmed this
hypothesis by showing that siRNA-dependent depletion of Hsp70 promotes the
cytotoxicity, in vitro, of Hsp90 targeting agents (Gabai et al. 2005). Therefore,
it is conceivable that the effectiveness of prolonged treatment with 17-AAG
or similar Hsp90 inhibitor may be self-limiting, making selection of the ap-
propriate schedule of drug administration a possibly critical component of its
success.

Although the focus to date has been on identification of small molecule
Hsp90 inhibitors, it is now clear that proper function of Hsp90 requires that it
associate in a regulated manner with a host of co-chaperone proteins. Thus,
investigators in the field have begun to examine whether small molecule in-
hibitors of specific co-chaperone–Hsp90 interactions can be designed, and if
so, what effect they might have on Hsp90 function. However, this approach
requires identification of inhibitors of protein–protein surface interactions,
generally a more difficult undertaking than designing competitive inhibitors
of the nucleotide pocket.

Another approach to pharmacologically inhibiting Hsp90 lies in under-
standing the role of various post-translational modifications in the function
of the chaperone. For example, two studies have demonstrated that Hsp90
phosphorylation is coupled to the release of the chaperone from its client
protein (Mimnaugh et al. 1995; Zhao et al. 2001). GA inhibits Hsp90 phospho-
rylation, suggesting that this post-translational modification is conformation-
dependent, while the phosphatase inhibitor okadaic acid leads to dramatic
hyperphosphorylation of Hsp90, suggesting that cycles of phosphorylation
and dephosphorylation of the chaperone are continuously occurring in a reg-
ulated manner. Further, Hsp90 acetylation, as discussed earlier, has also been
shown to modulate its activity, and several HDAC inhibitors have been re-
ported to inhibit the chaperone, with consequences similar to those observed
following exposure to pure Hsp90 inhibitors (Yu et al. 2002; Fuino et al. 2003).



272 L. Neckers

5
Conclusion

By their very nature, cancer cells are genetically unstable. Indeed, it is this prop-
erty that is the key to their etiology. Thus, in most cases, cancers display the
heterogeneity and redundancy of signaling pathways that make them resistant
to many environmental insults, including those imposed by chemotherapeu-
tics and radiation. Molecular chaperones in general, and Hsp90 in particular,
clearly play a major role in promoting this robustness, and therefore Hsp90
inhibitors, by targeting the very property upon which cancer cells depend for
their survival, comprise a truly unique class of anti-cancer agent. Only one
class of small molecule Hsp90 inhibitor has reached the clinic to date. More are
certainly needed. Nonetheless, the preference of 17-AAG for tumor cell Hsp90,
and the demonstration that Hsp90 can be pharmacologically modulated in
vivo without severe toxicity are both very encouraging stimuli that should
spur the development of second- and third-generation Hsp90 inhibitors with
better pharmacologic properties. The preceding discussion of some of the lat-
est developments in Hsp90 biology make it clear that ongoing multidisciplinary
efforts of basic and clinical investigators are dramatically expanding our ap-
preciation of the possible ways in which inhibition of Hsp90 can be exploited
to mount a multifaceted attack on cancer. Further development of additional
Hsp90 inhibitors is needed to most effectively take advantage of our rapidly
evolving knowledge.
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Abstract This chapter focuses on immunological effects of eukaryotic and microbial heat
shock proteins (HSPs), with molecular weights of about 60, 70, and 90 kDa. The search
for tumor-specific antigens resulted in the identification of HSPs. They have been found to
elicit a potent anti-cancer immune response mediated by the adoptive and innate immune
system. Following receptor-mediated uptake of HSP (HSP70 and gp96) peptide complexes
by antigen-presenting cells and representation of HSP-chaperoned peptides by MHC class I
molecules, a CD8-specific T cell response is induced. Apart from chaperoning immunogenic
peptidesderived fromtumors, bacterial andvirally infectedcells, theyby themselvesprovide
activatory signals for antigen-presenting cells and natural killer (NK) cells. After binding
of peptide-free HSP70 to Toll-like receptors, the secretion of pro-inflammatory cytokines
is initiated by antigen-presenting cells and thus results in a nonspecific stimulation of the
immune system. Moreover, soluble as well as cell membrane-bound HSP70 on tumor cells
can directly activate the cytolytic and migratory capacity of NK cells. Apart form cancer,
HSPs of different origins, with a molecular weight of about 60, 70, and 90 kDa, also play
a pivotal role in viral infections, including human and simian immunodeficiency virus (HIV,
SIV), measles, and choriomeningitis. Moreover, HSPs have been found to induce tolerance
against autoimmune diseases. In summary, depending on their mode of induction, intracel-
lular/extracellular location, cellular origin (eukaryote/ prokaryote), peptide loading status,
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intracellular ADP/ ATP content, concentration, and route of application, HSPs either exert
immune activation as danger signals in cancer immunity and mediate protection against in-
fectiousdiseasesorexhibit regulatoryactivities incontrollingandpreventingautoimmunity.

Keywords T cells · Natural killer (NK) cells · Cancer · Microbial infections ·
Autoimmune diseases

1
Heat Shock Proteins: A Short Overview

Already in 1962, Ritossa established the term “heat shock response” when
he discovered chromosome puffs after administration of Drosophila gland to
elevated temperatures (Ritossa 1962). The importance of heat shock proteins
(HSPs) is documented by their high degree of conservation in different species
and by their enormous abundance. Under physiological conditions, HSPs can
account for approximately 1%–5% of total cellular proteins (Csermely 2001).

Depending on their major molecular weights of about 20, 40, 60, 70, 90, 110,
and 170 kDa (Wang et al. 2001), they are grouped into different HSP families
(Lindquist and Craig 1988). Among different members of one HSP family, but
notamongdifferent families, stressproteinsarehighlyhomologous innearlyall
species. Even prokaryotic and eukaryotic members of the HSP70 family share
more than 50% of their amino acid sequences. HSPs inhabit nearly all cellular
compartments where they fulfill a broad variety of chaperoning functions,
including folding of nascent polypeptides, regulation of protein import and
export, assembly and disassembly of macromolecular structures, and support
of antigen processing and presentation (Pierce 1994; Hartl 1996; Hartl and
Hartl-Hayer 2002). With respect to their multiple functions and their mode of
induction, they are also termed molecular chaperones and stress proteins.

Most chaperones are constitutively expressed under physiological condi-
tions. However, a subgroup of them, the so-called glucose-related proteins
(GRPs), with molecular weights of 34, 47, 56, 75, 78, 94, and 174 kDa, are
inducible by glucose deprivation. A comparison of the composition of some
major HSP families in the lysate of one million nonstressed EG7 tumor cells
revealed that they contain about 10 ng of the ER-residing gp96, 70 ng HSP70,
and 650 ng HSP90 (R.J. Binder, personal communication).

Following environmental stress, the synthesis of HSPs is highly upregu-
lated to prevent cells from lethal damage induced by protein aggregation and
misfolding. Except for HSPs, the synthesis of other proteins in general is down-
regulated after stress. Apart from heat as the classical inducer, a variety of other
stressful stimuli, including oxygen radicals, heavy metals, amino acid analog
(Hightower 1980), UV-, gamma-irradiation (Gehrmann et al. 2005), cytostatic
drugs (Gehrmann et al. 2002; Ciocca et al. 2003), anti-inflammatory drugs
(Gehrmann et al. 2004), nutrient deprivation, bacterial and viral infections,
and malignant transformation (Fuller et al. 1994), initiate the synthesis of
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HSPs. Furthermore, a substantial increase in the amount of cytosolic HSPs
is also detectable during cell replication, differentiation, and developmental
processes (Milarski et al. 1989).

HSPs have the unique capacity to noncovalently bind to hydrophobic sur-
faces of unfolded proteins, but also to polypeptides and peptides. Substrate
binding and release are controlled by the intracellular ADP/ATP content. The
molecular mechanisms underlying their regulation by heat shock elements
(HSEs) and heat shock factors (HSFs) are firmly established and have been
extensively described in previous chapters (Morimoto 1993; Sarge et al. 1993).

2
The Four Paradigms: How HSPs Elicit Immune Responses

Due to theirhighdegreeof conservationand their relativebroadsubstratebind-
ing capacity, at first sight a specific stimulation of the immune system appeared
quite unusual. However, during the last decade evidence has accumulated that
HSPs are potent activators of the adoptive and innate immune system against
cancer and infectious diseases (Wells and Malkovsky 2000; Wang et al. 2000).
In order to shed some light into this paradoxical situation and to formally
distinguish how HSPs elicit immune responses, Pramod Srivastava proposed
the following four paradigms (Srivastava 1994):

1. Despite of the high degree of sequence homology within different HSP
families, some variable regions exist that might function as classical species-
specific, foreign antigens for the host’s immune system.

2. Due to their stress inducibility and their capacity to transport proteins
across membranes, HSPs might be immunogenic because they are expressed
in a tissue-specific manner and only in distinct cellular and subcellular
compartments.

3. An immune response might also be initiated by molecular mimicry between
HSP epitopes and classical non-self antigens.

4. HSPby themselves arenot immunogenicbutmight act as carriers for foreign
antigens and thus HSP-chaperoned peptides might be responsible for the
initiation of a specific immune response.

It became obvious that for cancer immunity paradigms 1, 2, and 4 are
relevant, whereas paradigm 3 seems to be play a role in autoimmune and
infectious diseases.

The following section deals with the role of HSPs with molecular weights of
60, 70, and 90 kDa as carriers for tumor-derived peptides. Following receptor-
mediated uptake and peptide re-presentation on MHC class I molecules,
a tumor-specific CD8-positive T cell response is induced.
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3
HSPs as Peptide Carriers

3.1
Cancer

As mentioned earlier, homologous members of a distinct HSP family are
present in nearly all cellular compartments including cytosol (Hartl 1996),
nucleus, mitochondria, lysosomes (Nylandsted et al. 2004), endosomes, endo-
plasmic reticulum (Lammert et al. 1997; Nicchitta 1998), and on intracellular
and plasma membranes (Multhoff et al. 1995a; Shin et al. 2003). Presently an
association of membrane-bound HSP70 family members in detergent-resistant
caveolae (Uittenbogaard et al. 1998) and in lipid rafts are discussed (Broquet
et al. 2003; Bausero et al., unpublished observations). Furthermore, HSPs also
have been detected in body fluids of patients suffering form cancer, infectious
or autoimmune diseases, and in supernatants of tissue cultures (Barreto et al.
2003; Wang et al. 2004). This extracellular localization of HSPs with molecular
weights of 60, 70, and 90 kDa is frequently associated with the appearance of
HSP-specific antibodies. In addition to the induction of a humoral immune re-
sponse, HSPs have the capacity to elicit cellular immunity. Depending on their
intracellular, extracellular, and membranous location and their peptide load-
ing status, a variety of different immunological functions have been established
(Pockley 2003). As molecular chaperones, following nonlethal stress, elevated
cytosolic and membrane-bound HSP levels are associated with protection to-
ward a second lethal stress stimulus (Gehrmann et al. 2005; Nylandsted et al.
2000). On the other hand, membrane-bound and extracellular localized HSPs
also provide danger signals for the immune system (Matzinger 2002). It was hy-
pothesized that soluble HSPs might either originate from necrotic or apoptotic
cell death or recruit from viable cells with the capacity to actively release HSPs
in lipid vesicles from the endosomal compartment (Barreto et al. 2003; Hunter-
Lavin et al. 2004). In any case, tumor-derived HSPs with molecular weights of
60, 70, and 90 kDa, either unloaded or peptide-loaded, have attracted signif-
icant attention from an immunological point of view. Srivastava’s group was
among the first who reported about their roles as adjuvant-free tumor vaccines
(Srivastava et al. 1998; Menoret and Chandawarkar 1998). Injection of mice
with HSP70 (the stress-inducible Hsp70 and the cognate Hsc70) or HSP90 (the
glucose-related protein gp96) peptide complexes purified form the cytosol or
endoplasmic reticulum (ER) of tumors generated protective immunity against
subsequent tumor challenge in mice. Apart from chaperoning tumor-derived
peptides, the ER-residing glycoprotein gp96 is known to interact with choles-
terol esterase, fibrillin, thyroglobin, and MHC class II peptides and mediates
proper folding of immunoglobulin (Ig) light chain (Nicchitta 1998; Spee et al.
1997). The cytosolic stress proteins, Hsc70 (73-kDa cognate Hsc70) and Hsp70
(72-kDa inducible Hsp70), preferentially bind early folding products, includ-
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ing nascent chains, and support transport of other proteins across membranes
(Hartl 1996; Hartl and Hayer-Hartl 2002).

Adoptive transfer experiments of different effector cell populations convinc-
ingly demonstrated an involvement of CD8-positive cytotoxic T lymphocytes
(CTLs) and of professional antigen-presenting cells, including macrophages,
monocytes, and dendritic cells, in protecting mice from tumors from which the
HSP preparations were derived (Menoret et al. 1995; Udono et al. 1993, 1994).
HSP90 and HSP70 peptide preparations of corresponding normal tissues or
of foreign tumors failed to protect mice against subsequent tumor challenge.
These data provided a first hint that not HSPs by themselves but rather HSP-
chaperoned tumor peptides might be of relevance for the immunostimulatory
capacity. This hypothesis was further confirmed by the finding that pretreat-
ment of HSP preparations with ATP that is known to release HSP-bound
peptides completely abrogated the tumor preventive effects (Udono et al. 1993,
1994).

It was further shown that extremely small amounts in the range of pico- to
nanograms of antigenic peptides, chaperoned by HSPs, were highly efficient
in stimulating a CD8 T cell response in mice; in vitro concentrations of about
10 µg were found to be optimal for the stimulation of cytotoxic T lymphocytes.
Characterization of gp96-bound peptides revealed that these were quite diver-
gent in both length and sequence (Breloer et al. 1998; Lammert et al. 1997;
Nieland et al. 1996). Despite these findings, binding was found to be remark-
ably stable and resistant to denaturing agents, although sensitive to an ATP
treatment (Blachere et al. 1997).

In general, cross-presentation describes the transfer of exogenous pep-
tides into the MHC class I pathway through an endosomal pathway. For HSP-
chaperoned tumor peptides, cross-presentation on MHC class I molecules
could be determined as the mode of action for stimulating a CD8-positive T
cell response (Srivastava et al. 1998; Singh-Jasuja et al. 2000; Doody et al. 2004).
However, the mechanism of uptake of HSP peptide complexes by antigen-
presenting cells remained elusive until the molecular nature of HSP-specific
receptors was identified (Binder et al. 2004). Binding studies revealed that
receptor-mediated uptake of HSP peptide complexes into antigen-presenting
cells was specific, saturable, and concentration-dependent (Arnold-Schild et al.
1999;Habichet al. 2002;Binder et al. 2000a).Thesefindingsprovideanexplana-
tion why already small amounts of HSP peptide complexes were highly efficient
in immunizing against tumors. It is well known that antigen-presenting cells
rapidly internalize HSP peptide complexes by receptor-mediated endocyto-
sis. The following paragraph summarizes some important aspects on HSP60-,
HSP70-, and HSP90-specific receptors on professional and nonprofessional
antigen-presenting cells and on NK cells (Table 1).

Together with the co-factor CD14, also known as the lipopolysaccharide
(LPS) receptor, Toll-like receptors TLR2 and TLR4 are important players in
the innate immune response against microbial infections (Medzhitov et al.
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Table 1 HSP receptors and their non-HSP and HSP ligands

Receptors (cell type) Non-HSP ligands HSP ligands Function

Toll-like

TLR2/(APC) HMGB1, LPS HSP60, HSP70, gp96 Endocytosis

TLR4/(APC) Chaperokine

CD14 (APC) LPS Signaling

TNF family

CD40 (APC) Mycobacteria HSP70 Signaling

HSP70 Endocytosis

Scavenger

CD91 (APC) Alpha-2 HSP70, DnaK, gp96, Adaptor endocytosis
macroglobulin calreticulin

LOX-1 (APC) LDL HSP70 Endocytosis

CD36 (APC) Collagen gp96 Signaling
SR-A (EC) Thrombospondin gp96, calreticulin Binding

Fucoidin

LPS

C-type lectin

CD94/ HLA E/

NKG2C/ A (NK) HLA A, B, C Activation/inhibition

Peptides

CD94/ HLA E/ HSP60 HSP70 Uptake, activation

NKG2A (NK) Peptides

APC, antigen-presenting cell; EC, endothelial cell; HMGB1, high mobility group box 1
protein; LDL, low-density lipoprotein; NK, natural killer cell; SR-A, scavenger recep-
tor class A; TNF, tumor necrosis factor; if not indicated otherwise eukaryotic HSPs were used

1997). Toll-like receptors are human homologs of Drosophila Toll genes that
are involved in the embryonic dorsoventral formation and in the immune
response of the fly against fungal infections. In 1998, TLR-4 was identified
as the major signal transducer for LPS, a lead component of the cell wall of
gram-negative bacteria (Poltorak et al. 1998). Mutant and knock-out mouse
experiments revealed that fibrinogen (Smiley et al. 2001), surfectant protein
A (Guillot et al. 2002), the extra domain A of fibronectin (Okamura et al.
2001), heparan sulphate (Johnson et al. 2002), soluble hyaluronan (Termeer
et al. 2002), and beta defensin 2 (Biragyn et al. 2002) function as natural
ligands and activators for TLR4. For the heterodimeric TLR2–TLR4 receptor
complex Hsp60 (Vabulas et al. 2001), Hsp70/Hsc70 (Asea et al. 2002), and gp96
(Vabulas et al. 2002) were characterized as interacting partners. The TLR2–



Heat Shock Proteins in Immunity 285

TLR4 receptor complex is frequently associated with the LPS receptor CD14
(Asea et al. 2000). Apart from LPS, high mobility goup box 1 (HMGB1) serves
as a ligand for the receptor cluster (Park et al. 2004). TLR2 alone was found
to be responsible for the binding of bacterial lipoproteins; a direct interaction
with HSPs was not determined.

The interaction of CD154 to CD40 causes activation and differentiation
of antigen-presenting cells. Various functions have been reported following
contact of CD40 with HSP70s derived from different cellular sources. Inter-
action with mycobacterial HSP70 was found to mediate calcium-dependent
cell signaling and release of CC chemokines, pro-inflammatory cytokines, and
nitric oxide NO (Wang et al. 2002; Panjwani et al. 2002), whereas mammalian
HSP70s were found to facilitate receptor-mediated endocytosis (Becker et al.
2002). Recently, scavenger receptors (SRs) were found to play a pivotal role
in the uptake of HSP peptide complexes. LOX-1 scavenger receptor, with its
natural ligand low-density lipoprotein (LDL), also mediates uptake of HSP70s
(Delneste et al. 2002). The collagen and thrombospondin receptor CD36 en-
ables signaling of gp96, and scavenger receptor class A (SR-A), the receptor
for fucoidin and LPS, binding gp96 and calreticulin is being debated (Berwin
et al. 2003).

More data are available on CD91, a member of the LDL family. Gp96 has been
found tocompetewithalpha-2macroglobulin forbinding toCD91 (Binder et al.
2000b; Binder and Srivastava 2004), and CD91-deficient cell lines were unable
to represent HSP-chaperoned peptides. The alpha-2 macroglobulin receptor
CD91 mediates endocytosis of gp96 (Vabulas et al. 2002), HSP70 (Binder et al.
2000a); and calreticulin (Ogden et al. 2001), induces cytokine release (Asea
et al. 2000) and results in NF-kappa B signaling (Basu et al. 2001).

Following uptake of gp96 peptide complexes into antigen-presenting cells,
processing, and representation of HSP-bound peptides on MHC class I mo-
lecules, a CD8-positive cytotoxic T lymphocyte (CTL) response is initiated.
This indicates that gp96 peptide complexes mediate pro-inflammatory signals
(Doody et al. 2004; Schild and Rammensee 2000; Singh-Jasuja et al. 2000). A di-
rect involvement of HSP in cross-presentation has recently been documented
by genetic studies. Heat shock factor 1 (HSF-1) double knockout mice with
a substantially decreased HSP90 and HSP70 expression also have a decreased
capacity for cross-presentation of antigens to the MHC class I pathway (Zheng
and Li 2004).

A schematic representation of the HSP peptide-mediated cross-priming of
CTLs is summarized in Fig. 1. Following receptor-mediated uptake of HSP pep-
tide complexes by antigen-presenting cells, the peptide becomes represented
on MHC class I molecules following an endosomal/TAP-dependent pathway,
and thus stimulates cytotoxic CD8-positive T cells.

In an effort to improve the efficacy of HSP peptide vaccines, several labora-
tories designed HSP fusion constructs with bacterial antigens. Huang’s group
took advantage of superantigens (SAg SEA) assisting HSP in eliciting a potent
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Fig. 1 HSPs as peptide carriers. Following binding and uptake of HSP-peptide complexes,
tumor-derived peptides are presented on MHC class I molecules. By cross-presentation,
a cytotoxic CD8-positive T cell response is initiated. In addition to Toll-like receptors 2 and
4 (TLR2/4), either alone or in combination with LPS receptor CD14, CD40, and alpha-2
macroglobulin receptor CD91, scavenger receptors LOX-1 and CD36 may facilitate uptake
and signaling of HSP peptide complexes

anti-tumor immune response (Huang et al. 2000). HSP70-transduced tumor
cells bearing SEA transmembrane fusion proteins were used successfully as
a modified vaccine prolonging survival of B6 melanoma-bearing mice. The
immune response against malignant melanoma was mediated through CTLs
and NK cells, as demonstrated by an augmented cell proliferation of both
effector cell types, in vivo.

Another approach developed primarily by StressGen Biotechnologies ex-
ploits HSP fusion constructs consisting of the viral E7 protein of human papil-
loma virus type 16 and Bacillus Calmette Guerin (BCG) mycobacterial Hsp65
as a vaccine (Mizzen 1998). Mice immunized with these constructs developed
a strong type 1 immune response that mediates tumor regression and confers
resistance to tumor challenge with the cervical cancer cell line TC-1. Again
an important role for CD8-positive T lymphocytes was determined (Chu et al.
2000). Previous studies using Mycobacterium leprae Hsp65 also resulted in loss
of tumorigenicity and conferred protection against murine reticulum sarcoma
(J774) mediated through both cytotoxic CD4- and CD8-positive T cells (Lukacs
et al. 1993).

Based on these encouraging preclinical data, currently, more than 150 clin-
ical centers worldwide are testing the in vivo efficacy of autologous HSP vac-
cines, predominantly of gp96 and HSP70 peptide complexes, in cancer pa-
tients. Patients with highly immunogenic renal cell carcinoma and malignant
melanoma are enrolled in clinical phase III trials; patients suffering form
chronic myelogenous leukemia, lymphoma, and pancreatic, gastric, and col-
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orectal cancers are presently being treated with gp96 and HSP70 peptide com-
plexes generated from their individual tumors in phase I and II trials (Castelli
et al. 2004; Hoos and Levey 2003).

In addition to antigen-presenting cells, the major stress-inducible Hsp70
stimulates natural killer (NK) cells. Binding studies and competition assays
identified the C-type lectin receptor CD94 as one potential interacting partner
for Hsp70 (Gross et al. 2003a, 2003b). Since CD94 lacks a cytosolic tail, signal
transduction is mediated through a co-receptor. Members of the NKG2 family
are forming heterodimeric receptors together with CD94. Depending on the
intracellular localized long immunotyrosine-based inhibitory motif (ITIM) in
NKG2A or the short activatory motif (ITAM) in NKG2C, CD94-positive NK
cells become either inhibited or activated after contact with their ligands.

Under physiological conditions, HLA E molecules presenting leader pep-
tides of HLA A, B, and C antigens serve as natural ligands for CD94/NKG2A or
CD94/NKG2C (Braud et al. 1998). Following stress, HLA E appears to be associ-
atedwith anHSP60peptidederived fromthemitochondrial signaling sequence
(Kol et al. 2000; Michaelsson et al. 2002). Interestingly, these HLA E–Hsp60
peptide complexes are no longer recognized by the inhibitory CD94/NKG2A
receptor complex. Therefore, stressed cells can be eradicated by NK cells even
if they carry the inhibitory receptor complex CD94/NKG2A.

3.2
Microbial Infections

3.2.1
Escherichia Coli

Cross-presentation is not restricted to the induction of a CD8-positive T cell
response against cancer. A variety of microbial infections also have the ca-
pacity to induce cross-presentation (Zugel et al. 2001). In addition to MHC
class I, antigen processing and presentation of MHC class II peptides can be
affected by microbial HSPs. As an example E. coli-derived DnaK, the human
HSP70 homolog, delivers an extended ovalbumin (OVA) peptide for MHC class
II presentation to CD4-positive T lymphocytes. This mechanism is highly de-
pendent on the acidic pH in the vacuolar system but independent of TLR
signaling (Tobian et al. 2004).

3.2.2
Human Immunodeficiency Virus

For human immunodeficiency virus (HIV) infection, cross-presentation of
exogenous antigens was demonstrated by SenGupta’s group (SenGupta et al.
2004). The clinical outcome of an HIV infection has been found to be associated
with a strong and long-lasting cellular immune response (Robinson 2002).
Within the HIV Gag p24 region, several peptides were identified that contain
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overlapping CD8 and CD4 epitopes. Gp96, an ER residing member of the
HSP90 family, was found to be effective in the presentation of eight different
epitopes from a single 32-mer precursor sequence for MHC class I and class
II molecules. These data indicate that gp96 peptide complexes purified from
HIV-infected cells might provide a useful tool to stimulate a cellular immune
response against a large array of antigens. It is worth mentioning that these
effects have been found to be independent of the addition of adjuvants (Suzue
et al. 1997). Moreover, HSPs with molecular weights of 70 kDa have been found
to provide efficient substitutes for Freund’s adjuvants that cannot be used in
humans.

Another study by Ahmed et al. (2005) demonstrated that in addition to
CD8- and CD4-specific T cell responses, the innate immune system becomes
activated by HSP peptide complexes. The role of HSPs as adjuvants in SIV
vaccines has been shown to induce the production of stimulatory cytokines
and chemokines for gamma/delta T cells that help to control SIV infection.
Furthermore, a cell surface expression of HSP70 on HIV-infected cells has
been found to stimulate antibody-dependent cellular cytotoxicity in NK cells
(Di Cesare et al. 1992).

HIV infectivity is also affected by soluble HSP70 through binding of galac-
tosyl cerebroside, by interaction with CD40, and through the production of
CCR5 blocking chemokines. Epitope mapping of the HSP70 sequence revealed
that the HIV inhibitory functions reside in the C-terminus (Lehner et al. 2004;
Bogers et al. 2004).

3.2.3
Measles

Also in measles infections, HSPs are known to support the host’s immune
system. Necrosis of infected cells results in release of HSP complexed with
viral proteins. After binding to antigen-presenting cells, they are forced to
secrete pro-inflammatory cytokines that activate the innate immune system in
a nonspecific manner. A second effect is the antigenic cargo of HSP-chaperoned
peptides into the MHC presentation pathway. Cross-presentation results in the
activation of naïve cytotoxic T lymphocytes against measles virus. Data from
a measles mouse model provide evidence that HSPs virus complexes are also
involved in the cell-mediated virus clearance from the brain (Oglesbee et al.
2002), thus indicating relevance of HSPs, not only in prevention but also in the
therapeutic intervention of a persisting viral disease.

3.2.4
Choriomeningitis

Similar results have been observed in lymphocytic choriomeningitis infec-
tions. A mixture of Hsp70 proteins with bound peptides derived from lym-
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phocytic choriomeningitis virus resulted in protection against virus mediated
through CD8-positive cytotoxic T lymphocytes (Ciupitu et al. 1998). The find-
ing that even amphibians such as Xenopus use an HSP-mediated cross-priming
against infections points at the evolutionary conserved nature of this important
immune effector mechanism (Robert 2003)

3.3
Autoimmune Diseases

3.3.1
Rheumatoid Arthritis

Due to the high degree of conservation, even prokaryotic and eukaryotic HSPs
share a high sequence homology, i.e., human Hsp70 and E. coli-derived DnaK
share more than 50% of their amino acid sequence. Cross-reactive immune
responses of microbial and mammalian HSPs, as outlined in paradigm 3, have
been known for a long time. With respect to the development of autoimmune
diseases, the question arises whether these reactions are beneficial or harmful
for the host (van Eden et al. 1988). It is well known that adjuvant arthritis
(AA), a rat model for human rheumatoid arthritis (RA), can be induced by
inactivated mycobacteria suspensions in incomplete Freund’s adjuvant. Aston-
ishingly, purified mycobacterial Hsp65, a component of the suspension, failed
to induce AA in rats. Moreover, preimmunization of rats with full-length Hsp65
protein conferred protection against onset of the disease and was also effective
in treating active adjuvant arthritis (Feige and Gasser 1994). Even a peptide
(aa 180–188) derived from the mycobacterial Hsp65 sequence had comparable
disease-preventive efficacy to full-length Hsp65. On the basis of these findings,
it was proposed that cross-recognition of self-Hsp60 might induce peripheral
tolerance and thus lead to protection against autoimmune disease (van Eden
et al. 1996). Clinically, HSP-induced tolerance could be confirmed by the find-
ings that children with juvenile chronic arthritis with a strong T cell response
against Hsp60 had a milder remitting form of disease than children lacking
these T cells (Graeff-Meeder et al. 1995). These HSP-activated T cells also have
been found to produce anti-inflammatory cytokines, including IL-10 and IL-4.
In addition to their roles as stress-inducible targets for the adaptive immune
system during inflammation, they trigger factors for the innate immune system
via Toll-like receptors (TLRs) (van Eden et al. 2003).

In addition to HSP60-based vaccines, mycobacterial HSP70 vaccines have
been found to suppress autoimmune arthritis in rat models (Lamb et al. 1989;
Tanaka et al. 1999a; Wendling et al. 2000). The mode of action has not been
completely understood; however, one might speculate on low-affinity self-
HSP-reactive regulatory T cells that are responsible for the secretion of IL-4,
IL-10, and TGF-β. Another possibility would be that the gut environment of
microbial HSPs might induce tolerance via a yet undefined mechanism. It is
also hypothesized that microbial HSPs are unable to fully stimulate T cells and
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thus might initiate the generation of regulatory cytokines (Todryk et al. 2003).
Along with paradigm 3, these data provide evidence that even slight differences
in the sequence of microbial and mammalian HSPs might induce qualitatively
distinct immune responses. More recent data from Srivastava’s group also
indicated that immunizing mice with high doses of gp96 peptide complexes has
the capacity to downregulate ongoing immune responses (Chandawarkar et al.
2004). These data have been verified in autoimmune encephalomyelitis and
in nonobese diabetic mice. As indicated earlier, low amounts of gp96 peptide
complexes elicit efficient tumor rejection in mice, whereas high amounts failed
to do so and might rather induce tolerance.

Therefore one might speculate that apart from the cellular origin, the con-
centration used for immunization determines whether an active immune re-
sponse or tolerance is induced.

3.3.2
Behçet’s Disease

A peptide within the human HSP60 sequence linked to recombinant cholera
toxin B subunit prevents uveitis in rats after oral tolerization (Phipps et al.
2003). These encouraging preclinical results initiated a first clinical trial with
uveitis in Behçet’s disease (Tanaka et al. 1999b). Control of uveitis and extraoc-
ular manifestation was found to be associated with reduced CD4-specific T
cell counts. In addition to a reduced proliferation of CD4-positive T cells, the
expression of co-stimulatory molecules including CD40 and CD28 was found
to be downregulated. Furthermore, a decrease in type 1 chemokines such as
CCR5 and CXCR3 and in pro-inflammatory cytokines, including IFN-γ and
TNF-α, was detectable in the serum of patients that responded to the HSP
therapy (Stanford et al. 2004).

4
HSPs as Chaperokines

Recent studies proposed HSPs as dominant danger signals for the host’s cellu-
lar immune system (Matzinger 2002). However, HSP70s, HSP60s, and HSP90s
are classical cytosolic proteins lacking transmembrane domains. Although it
became apparent that small amounts of HSP peptide complexes are potent
activators of a cytotoxic, CD8-positive T cell response via cross-priming, the
exact mechanism of how cytosolic HSPs are exported into the extracellular
milieu remains to be determined. Barreto and colleagues demonstrated for the
erythroleukemic cell line K562 that pro- and anti-inflammatory cytokines, in-
cluding interferongamma(IFN-γ) andIL-10,have thecapacity to induceHSP70
synthesis in a manner similar to heat stress (Barreto et al. 2003; Wang et al.
2004). However, only IFN-γ, but not IL-10, is able to reduce surface expression
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of cognate HSP70 from the plasma membrane of tumor cells. Concomitantly,
IFN-γ-pretreated tumor cells revealed an active release of Hsc70 without un-
dergoing apoptotic or necrotic cell death. Presently, it is not absolutely clear as
to whether HSP70s are released as free soluble proteins or within detergent-
soluble membrane vesicles. Exosomes that have been primarily described as
an export system for the transferrin receptor from reticulocytes have recently
been discussed as vesicular transport vehicles for HSP70s from the endosomal
compartment into the extracellular milieu. Anchorage of HSP70 in the plasma
membrane was found to be associated with lipid rafts (Broquet et al. 2003).

From an immunological point of view, it becomes obvious that indepen-
dent of loaded peptides, HSP70s and HSP90s also have the capacity to bind to
HSP receptors, including TLR2/TLR4 and CD14 on antigen-presenting cells.
A schematic representation of the role of peptide-free HSP70 on the cytokine
inducing effects of antigen presenting cells is illustrated in Fig. 2. Binding of
eukaryotic HSP70 to HSP-specific receptors has been found to induce the pro-
duction and release of pro-inflammatory cytokines, including TNF-α, IL-1 β,

Table 2 Effects of HSP–antigen-presenting cell (APC) and HSP–natural killer (NK) cell
interaction

Effect Mediator Cell type

Secretion of TNF-alpha, IL-1 beta, IL-12, IL-6, Macrophages and DCs

inflammatory cytokines GM-CSF

Secretion of chemokines MCP-1, MIP-1, RANTES Macrophages

Secretion of NO Macrophages and DCs

immunomodulator

Upregulation of MHC II, CD86, CD83, CD40 DCs

maturation markers

Stimulation of migration DCs

to draining lymph nodes

Signaling Nuclear translocation of NF-kappa B Macrophages and DCs

Cross-presentation HSP60, HSP70, HSP90 Macrophages and DCs

Activation of migration HSP70 NK cells

and cytolytic function

DC, dendritic cell; GM-CSF, granulocyte monocyte-colony stimulating factor; IL,
interleukin; MCP-1, monocyte chemoattractant protein 1; MHC, major histocompatibil-
ity complex; MIP-1, macrophages inflammatory protein 1; NO, nitric oxide; RANTES,
regulated upon activation; normal T cell expressed and secreted; TNF, tumor necrosis factor
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IL-12, IL-6, and GM-CSF (Lehner et al. 2004; Wang et al. 2002; Asea et al. 2000).
Also, microbial HSP70s have been found to stimulate the innate immune sys-
tem. Using deletion mutants, Lehner’s group determined the C-terminal do-
main of microbial HSP70 as the stimulatory part mediating the synthesis and
release of CC chemokines, IL-12, TNF-α, and nitric oxide (NO) (Lehner et al.
2004; Wang et al. 2002; Panjwani et al. 2002). HSP70 competes with CD40 lig-
and for binding to antigen-presenting cells as determined by the same group.
Furthermore, an involvement of HSP70s in stimulation of the migration of
dendritic cells to the draining lymph nodes and in maturation of dendritic
cells has been determined. Following contact with HSP70, MHC class II and
co-stimulatory molecules, including CD86, CD83, and CD40, were found to be
upregulated on dendritic cells (Singh-Jasuja et al. 2000; Kuppner et al. 2001).
Interaction of monocytes with peptide-free Hsp70 also triggers NF-kappa B
translocation into the nucleus and thus initiated an important factor in the
signaling transduction pathway of immune responses (Asea et al. 2000). The
major effects of an interaction of different HSPs with antigen-presenting cells
and NK cells are summarized in Table 2.

Although these findings have been reported independently by several
groups, there is still one major concern with respect to minor amounts of
endotoxin in the HSP preparations. It is hypothesized that this contamination
might be responsible, at least in part, for some of the effects shown in Table 2.
As indicated in Table 1, LPS, a major cell wall component of gram-negative
bacteria is known to preferentially bind to HSP receptors CD14 and TLR-4 and
the scavenger receptor SR-A (Tsan et al. 2004; Bausinger et al. 2002). Unless

Fig. 2 HSPs as chaperokines. Interaction of peptide-free HSP70 with TLR2/4, either alone or
in combination with CD14, results in release of pro-inflammatory cytokines TNF-α, IL-6,
and IL-1β via NF-kappa B activation pathway



Heat Shock Proteins in Immunity 293

clearly distinct signal transduction pathways have been elucidated following
contact of CD14, TLR4, and SR-A, either with LPS or HSPs, this topic will
remain a matter of debate.

5
HSPs as Activatory Ligands for Natural Killer Cells

NK cells comprise between 5% and 20% of the peripheral blood lymphocytes
and are well known players in the control of bacteria, parasites, and viruses, but
also against cancer (Trinchieri 1989). In contrast to T lymphocytes, NK cells do
not require primary stimulation. However, several cytokines, including IL-2,
IL-15, ordanger signals includingLPSorHSPs, canenhance their lytic capacity.
Until NK cell-specific receptors were identified, it remained unclear how NK
cells distinguish between self and non-self. NK cells lack classical alpha/beta
and gamma/delta T cell receptors and the complete multimeric protein com-
plex CD3. For a long period of time, the low-affinity Fc gamma receptor CD16,
responsible for antibody-dependent cellular cytotoxicity (ADCC) (Lanier et al.
1988), and the homophilic adhesion molecule CD56 have been recognized
as the only NK cell-specific markers. More recently, the molecular nature of
a number of killer cell inhibitory and activatory receptors was identified. These
receptors either belong into the killer cell immunoglobulin-like receptor (KIR),
the immunoglobulin-like transcript (ILT), C-type lectin receptor (Lanier et al.
1998), or the natural cytotoxicity receptor (NCR) (Morretta et al. 2001) families.
Depending on their intracellular immunoreceptor tyrosine-based inhibitory
or activatory motifs (ITAM/ITIM), these receptors mediate activating and in-
hibiting signals (Long 1999). A variety of different MHC class I allele groups,
including HLA C, were characterized as negative regulatory ligands for NK
cells. Unfortunately, less knowledge is available on activating signals. Accord-
ing to the “missing self” theory (Ljunggren and Kärre 1990), tumor cells with
an altered or missing MHC expression pattern provide ideal targets for the
cytolytic attack mediated by NK cells. However, evidence appears that in ad-
dition to “missing self,” activatory ligands play important supportive roles in
the activation of NK cells. It is speculated that tumor-specific ligands exist for
a group of NCRs, including NKp30, NKp44, NKp46, and NKp80 (Morretta et al.
2001). Mandelboim’s group (Hanna et al. 2004) provided evidence that viral
hemagglutinin also plays a role for the NCRs NKp44 and NKp46.

For the homomeric C-type lectin receptor NKG2D, stress-inducible MICA
and MICB, nonclassical MHC molecules, as well as the glycosyl-phosphatidyl-
inositol (GPI-linked) UL-16-binding proteins, the retinoic acid early (RAE-1)
protein and HA60, a minor histocompatibility antigen (Lanier et al. 1998; Bauer
et al. 1999; Cosman et al. 2004), provide target structures.

Under physiological conditions, nonclassical HLA E molecules presenting
leader peptides of HLA A, B, and C alleles serve as natural ligands for the in-
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hibitory receptor complex CD94/NKG2A. Following stress, an HSP60-derived
signaling peptide was found to gain access to HLA E. This interaction re-
sults in an upregulated surface expression of HLA E–Hsp60 complexes that
are no longer recognized by the inhibitory receptor complex CD94/NKG2A
(Hickman-Miller et al. 2004; Michaelsson et al. 2002). These data indicate that
exogenous stress modulates immune responses of NK cells.

Our group identified the major stress-inducible Hsp70 as an activatory
ligand for CD94-expressing NK cells (Gross et al. 2003a, 2003b). Mapping of the
Hsp70 sequence revealed that the 14-mer peptide TKDNNLLGRFELSG derived
from the C-terminal substrate binding region has similar immunostimulatory
capacity on NK cells such as full-length Hsp70 or the C-terminal domain
(Botzler et al. 1998; Multhoff et al. 1999). These findings are in line with the
work of Colombo’s group (Massa et al. 2004) who showed that tumors secreting
the inducible Hsp70 displayed an increased immunogenicity against cancer.
Mice injected with genetically engineered, Hsp70-secreting tumors showed an
increased survival and impaired tumor take due to an activation of the adoptive
and innate immune system. The genetic manipulation of tumor cells did not
affect the chaperone activity of Hsp70. Tumor rejection was mediated on the
one hand via an increased number of dendritic cells mediating a robust CD8-
positive T cell response and on the other hand by an enhanced susceptibility
of tumors toward NK cell recognition (Multhoff et al. 2000).

Binding studies revealed that similar to antigen-presenting cells, interaction
of Hsp70 to NK cells is also saturable and dose-dependent (Gross et al. 2003a,
2003b). Therefore, we speculated about an Hsp70-specific receptor on NK
cells. Since most HSP receptors that were found on antigen-presenting cells are
only weakly expressed on NK cells, we hypothesized that different receptors
might be involved in the interaction with Hsp70. Co-incubation of NK cells
with soluble Hsp70 protein has been found to increase not only the cytolytic
capacity of NK cells by an upregulated production and release of the pro-
apoptotic serin-protease granzyme B, but it also initiates migration (Gastpar
et al. 2004). Concomitantly, an increasedcell surfacedensityof theC-type lectin
receptor CD94 is observed (Gross et al. 2003c). Moreover, antibody blocking
studies suggested an important role of CD94 in the interaction of NK cells with
Hsp70 (Gross et al. 2003b) (Fig. 3).

A variety of HSPs are found on the plasma membrane of tumor cell lines,
as determined by selective cell surface protein profiling by Shin et al. (2003).
A broad screening program of human tumor biopsies in our laboratory con-
firmed these findings. Phenotypic analysis revealed that especially Hsp70, the
major stress-inducible member of the HSP70 group is frequently found on
the plasma membrane of colon, lung, pancreas, mammary, head and neck tu-
mors and metastases derived thereof (Multhoff et al. 1995a, 1995b; Chen et al.
2002). Also, bone marrow samples of patients suffering from acute and chronic
myeloid leukemia are frequently Hsp70 membrane-positive (Gehrmann et al.
2003). Interestingly, the corresponding normal tissues were always Hsp70
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Fig. 3 HSPs as activatory ligands for NK cells. Membrane-bound Hsp70 interacts with the
C-type lectin receptor CD94 on NK cells and thus causes perforin-independent, granzyme
B-mediated apoptosis in tumor cells

membrane-negative. The Hsp70 density on the cell surface of tumors could
be further enhanced by clinically applied reagents, including membrane-
interactive alkyl-lysophospholipids (Botzler et al. 1996), cytostatic drugs in-
cluding taxoids and vincristinsulfate (Gehrmann et al. 2002), cyclooxygenase
(COX-1/2) inhibitors, acetyl salicyl acid, and insulin sensitizers (Gehrmann
et al. 2004). This stress-inducible, increased Hsp70 surface density correlates
with an increased sensitivity of these tumors toward lysis mediated by NK
cells.

Hsp70 as a target structure for CD94-positive NK cells was assessed in differ-
ent tumor cell systems differing profoundly in their capacity to present Hsp70
on their cell surface (Gastpar et al. 2004). Hsp70 protein-blocking studies
clearly indicate that Hsp70 but no other associated co-chaperones are respon-
sible for the interactionofNKcellswith tumor cells (Gehrmannet al. 2005).The
mechanism of lysis of Hsp70 membrane-positive tumor cells was character-
ized as granzyme B-mediated apoptosis (Gross et al. 2003c). Membrane-bound
Hsp70 not only facilitates binding and uptake of granzyme B that was produced
by activated NK cells, but also initiates apoptosis in Hsp70 membrane-positive
tumors. Affinity chromatography reveals that full-length Hsp70 as well as the
14-mer Hsp70 peptide (aa 450–463), which is exposed to the extracellular mi-
lieu of tumor cells (Botzler et al. 1998), both have the capacity to interact with
granzyme B. This finding is further supported by work of Liebermann’s group
(Beresfold et al. 1998), who demonstrated that granzyme B-coupled columns
precipitate Hsp70 and Hsp27.

Although the immunological role of membrane-bound Hsp70 appears ap-
parent the transport mechanism and membrane, anchorage remains elusive.
Cytosolic HSPs do not contain leader peptides enabling membrane localiza-
tion; however, transport of other proteins across membranes is one of the
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tasks of members of the HSP70 family. Nelson Arispe and Antonio DeMaio’s
group (Arispe et al. 2004) demonstrated a direct interaction of HSP70s with the
lipid phosphatidylserine in plasma membranes of PC12 tumor cells. Earlier
studies of the same group showed that Hsc70 has the capacity of inducing
the ion conductance pathway in artificial bilayers that was regulated by the
ATP/ADP content (Arispe and DeMaio 2000). Other laboratories found HSP70
in detergent-soluble microdomains, which are enriched with sphingolipids
(Broquet et al. 2003). Work of Triantafilou et al. (2004) demonstrated that
HSP70s associate with the TLR4 clusters in lipid rafts after addition of bac-
terial lipopolysaccharides (LPS). Confocal microscopy further suggested that
upon LPS stimulus TLR4 is targeted to the Golgi apparatus along with HSPs.
These data indicate that HSP not only support binding and transfer of LPS to
the TLR4 complex to the cell surface, but also assist in trafficking and targeting
of LPS to the Golgi compartment. The same group also demonstrated that
residues 318–387, the base of the binding cleft of HSP70, are critical for LPS
binding.

Along with HSP70s gp96 and ER-residing HSP90 members containing the
KDEL retention sequence have been found on the plasma membrane of tumors
(Altmeyer et al. 1996). It is speculated that by masking or suppressing the
ER-retention sequence, gp96 might reach the plasma membrane through the
ER-Golgi compartment.

In summary, additional work is required to address functional aspects of
HSP70s in lipid rafts and transport mechanisms to the plasma membrane of
tumor cells. However, it is apparent that membrane-bound and extracellular
HSPs play important roles in stimulating the adoptive and innate immune re-
sponse against cancer and infectious diseases and might even have the capacity
to protect against autoimmune diseases.
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Abstract As one of the most abundant and evolutionally conserved intracellular proteins,
heat shock proteins, also known as stress proteins or molecular chaperones, perform critical
functions in maintaining cell homeostasis under physiological as well as stress conditions.
Certain chaperones in extracellular milieu are also capable of modulating innate and adap-
tive immunity due to their ability to chaperone polypeptides and to interact with the host’s
immune system, particularly professional antigen-presenting cells. The immunomodulat-
ing properties of chaperones have been exploited for cancer immunotherapy. Clinical trials
using chaperone-based vaccines to treat various malignancies are ongoing.

Keywords Molecular chaperone · Heat shock proteins · Immunity · Vaccine ·
Cancer immunotherapy
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1
Introduction

Molecular identification of many tumor-associated antigens has provided
targets for the development of new immunotherapy for the treatment of
cancer (Novellino et al. 2004). In the heat shock protein field, the roles of
HSPs/molecular chaperones in tumor immunity and their effective appli-
cations in cancer therapy have gained increasing attention ever since they
were initially identified as tumor-rejection antigens (Ullrich et al. 1986). Im-
munoregulatory functions of chaperones can be grouped into three tenets:
The first is the ability of chaperones to bind to a myriad of tumor-associated
peptides/proteins. The second is the existence of specific receptors on the
surfaces of antigen-presenting cells (APCs), which allows efficient uptake of
chaperones–peptide/protein complexes. This process results in cross-presen-
tationofexogenousantigens shuttledbychaperonesandsubsequentprimingof
antigen-specific cytotoxic T cell (CTL) responses. Thirdly, chaperones interact
and stimulate innate immune components (e.g., APCs or NK cells), which help
initiate adaptive immune responses (i.e., activation of CD8+ CTL and CD4+ T
helper cells) (Doody et al. 2004; Srivastava 2002b). Discovery that chaperone
preparation from autologous tumor is applicable to the treatment of cancer has
opened up a new perspective in immunotherapy. Human clinical trials using
tumor-derived chaperones for vaccination are now underway and have shown
promising results. In addition to tumor-derived chaperone vaccines, novel
strategies for chaperone-based vaccination are being developed and evalu-
ated. This review summarizes the immunomodulating functions of molecular
chaperones and their potential application in cancer immunotherapy.

2
Stress Proteins as Molecular Chaperones

It has been known for the last quarter of a century that heat shock selectively
induces the expression of a set of proteins called heat shock protein (HSP)
(Tissieres et al. 1974). The major HSPs of mammalian cells are divided into
several families based on their molecular mass. These include the hsp20–30,
hsp50–60, hsp70, hsp90, and hsp110 families. There is little obvious amino
acid homology between HSP families, although members of individual fam-
ilies are closely related. These proteins are also called stress proteins since
they are strongly induced by other stresses, i.e., ethanol, amino acid analogs,
oxidative reagents, recovery from anoxia, heavy metals, and inflammation
(Black and Subjeck 1991). While HSPs reside primarily in the cytosol, nucleus,
and mitochondria, a second and distinct family of stress proteins known as
glucose-regulated proteins (GRPs) resides in the endoplasmic reticulum (ER).
These proteins differ from HSPs in their cellular compartmentalization and
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regulation. GRPs are induced by glucose starvation, reducing agents, anoxia,
heavy metals, amino acid analogs, reagents interfering with calcium home-
ostasis and inhibitors of glycosylation (Easton et al. 2000; Subjeck and Shyy
1986). The primary GRPs include grp78/BiP (a hsp70 homolog), grp94 (a hsp90
homolog), and grp170 (a hsp110 homolog). Therefore, GRPs are basically HSPs
with regard to function and sequence homology. The cytosol is in a reductive
state while the ER is in an oxidative state. The redox balance across the ER
membrane appears to play a key role in a reciprocal regulation of these two
sets of stress proteins (Sciandra and Subjeck 1983; Sciandra et al. 1984; Whe-
lan and Hightower 1985). As the most abundant and ubiquitous intracellular
proteins, stress proteins are considered to have essential roles in the survival
of cells due to their diverse functions.

The functional state of a newly synthesized protein is strictly associated
with the acquisition of a unique three-dimensional structure. However, it is
now recognized that the primary amino acid sequence is not sufficient to de-
termine tertiary protein structure with physiological functions (Johnson and
Craig 1997). Stress proteins, as molecular chaperones, act in a coordinated
fashion to assist the folding and translocation of newly synthesized proteins
(Chirico et al. 1988; Deshaies et al. 1988; Gething and Sambrook 1992). Un-
der stress conditions, chaperones bind to hydrophobic regions of denatured
proteins, thereby preventing their aggregation (Kiang and Tsokos 1998). Chap-
erones can initiate the refolding of their bound substrate or target protein for
proteolytic degradation if the unfolding is irreversible (Agarraberes and Dice
2001; Agarraberes et al. 1997). In addition, chaperones are involved in the as-
sembly and disassembly of protein multiunit complexes (Lindquist and Craig
1988; Skowronek et al. 1998; Solheim 1999), the regulation of native proteins
including steroid receptors and protein kinases (Craig et al. 1993; Lund 1995;
Pratt and Toft 1997; Stirling et al. 2003), thermotolerance (Lindquist and Craig
1988; Oh et al. 1997; Parsell et al. 1993; Subjeck and Shyy 1986), and buffering
the expression of mutations (Rutherford and Lindquist 1998).

3
Chaperones as Tumor-Rejection Antigens and Peptide-Binding Proteins

In the 1940s, inbred mice vaccinated with irradiated syngeneic tumor cells
were found to be resistant to subsequent challenge with the same tumor cells
for vaccination (Gross 1943). This important discovery led immunologists to
search for the immunogenic components within tumor cells that could confer
immunity. Surprisingly, chaperone proteins were identified as tumor rejection
antigens when isolated from chemically induced mouse tumors (Srivastava
et al. 1986; Udono and Srivastava 1993; Ullrich et al. 1986). Vaccination with
tumor-derived chaperones elicited a strong immune response against the syn-
geneic tumor, but not against antigenically distinct tumors. Although chaper-
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one genes from tumors and normal tissues reveal no differences in the amino
acid sequences, chaperones derived from normal tissues do not significantly
induce tumor immunity (Udono and Srivastava 1994). The immunogenicity of
these tumor-derived chaperones was subsequently attributed to the individ-
ually distinct array of antigenic peptides associated with chaperones (Udono
and Srivastava 1993). This is consistent with the well-recognized capacity of
chaperones to bind polypeptide chains in response to physiological stress
(Welch 1993).

Despite many questions concerning the mode in which peptides interact
with chaperones in vivo, numerous experimental observations suggest that
chaperones display intrinsic peptide-binding activity in vitro (Blachere et al.
1993; Blond-Elguindi et al. 1993; Flynn et al. 1989; Flynn et al. 1991; Linderoth
et al. 2001; Wearsch and Nicchitta 1996). Using an ex vivo system, peptides
have been shown to interact with the chaperones localized in the ER (Arnold
et al. 1997; Lammert et al. 1997; Spee and Neefjes 1997; Spee et al. 1999). To
date, not much is known regarding the structural requirements for peptides
bound to chaperones. Hsp70 seems to have a broad binding specificity that
only requires the presence of hydrophobic regions composed of six or more
amino acid residues (Blond-Elguindi et al. 1993; Flynn et al. 1991; Fourie et al.
1994; Gragerov et al. 1994; Rudiger et al. 1997; Takenaka et al. 1995). Different
chaperones also demonstrate different affinities for a single peptide, suggesting
that they may have distinct substrate specificity (Fourie et al. 1994; Gragerov
et al. 1994). The hsp70 family members use their hydrophobic binding pocket
to bind to hydrophobic segments of peptide in the extended conformation
(Zhu et al. 1996). The structure of the gp96-binding pocket has been mapped
to the C-terminal domain near the dimerization site (Linderoth et al. 2000),
but has also been identified in the N-terminal nucleotide-binding domain as
well (Vogen et al. 2002). Hsp70-peptide interactions are regulated by cycle
of ATP binding and hydrolysis (Flynn et al. 1989). However, the regulation
of the peptide-binding activity of gp96 is not well understood (Wearsch and
Nicchitta 1997; Wearsch et al. 1998). The primary sequence of several peptides
eluted from hsp70 and gp96 is now available, but information is still too limited
to permit formulation of general rules to determine the binding capacity of
agivenpeptide (Arnoldetal. 1995;Breloeret al. 1998;DemineandWalden2005;
Grossmann et al. 2004; Ishii et al. 1999; Meng et al. 2002; Nieland et al. 1996).

In addition to the structural studies reported above, considerable immuno-
logical evidence also supports the notion that the peptides associated with
these chaperone proteins contribute significantly to the immunogenicity of
stress proteins. Studies in murine systems have shown that peptides carried by
chaperone proteins can be derived from self-proteins, tumor, bacterial, viral,
or minor histocompatibility antigens (Srivastava 2002a; Srivastava et al. 1998).
More recent data have shown that hsp70 and gp96 may chaperone tumor-
derived peptides (e.g., the differentiation antigens Mart-1, gp100, TRP-2, and
tyrosinase) in different human tumors (Castelli et al. 2001; Noessner et al. 2002;
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Rivoltini et al. 2003). Although the biochemical basis and biological relevance
for peptide interactions with chaperones needs to be further explored, there
is no doubt that chaperone–peptide complexes can be used as vaccines for
immunotherapeutic applications.

4
Chaperones and Immune-Modulating Effects

The immunological function of chaperones that has received the most atten-
tion thus far is the ability to shuttle peptides into the endogenous presentation
pathway of professional APCs. Traditionally, proteins acquired from extra-
cellular spaces through receptor-mediated endocytosis are processed within
endocytic compartments and presented on major histocompatibility complex
(MHC) class II molecules. In contrast, endogenous proteins are degraded via
the proteasome and are transported into the ER by TAP, where they are further
processed and complexed with MHC I molecules in the presence of a macro-
molecular peptide-loading complex (Gromme and Neefjes 2002). Thus, the
presentation of exogenous chaperone-associated peptides on MHC I molecules
represents an archetype of a process referred to as cross-presentation or cross-
priming. This processing pathway, in overview, is comprised of APC receptor
recognition of the chaperone–peptide complex, internalization, and a sub-
cellular trafficking and processing pathway that yields the presentation of
chaperone-associated antigens on MHC I molecules. Srivastava first postu-
lated the existence of a receptor specifically mediating the uptake of chaper-
ones several years ago (Srivastava et al. 1994). Recent studies have documented
that specific receptor-mediated endocytosis by APCs is critical for the cross-
presentation of stress protein-chaperoned peptides (Arnold-Schild et al. 1999;
Castellino et al. 2000; Singh-Jasuja et al. 2000b; Wassenberg et al. 1999). In-
deed, several receptors, e.g., CD91, LOX1, scavenger receptor class-A (SR-A),
and SREC have been identified or suggested to be involved in the cross-priming
event (Basu et al. 2001; Berwin et al. 2003, 2004; Binder et al. 2000a; Delneste
et al. 2002).

In addition to promoting cross-priming events, hsp70 and gp96 upon spe-
cific interaction with their cognate receptors can promote phenotypic and
functional maturation of APCs such as dendritic cells (DCs) or monocytes
(Asea et al. 2000; Kuppner et al. 2001; Singh-Jasuja et al. 2000a). Independent
of the chaperoned peptides, APC–chaperone interaction leads to upregulation
of co-stimulatory molecules and secretion of pro-inflammatory cytokines or
chemokines (Asea et al. 2002; Wang et al. 2002b). Toll-like receptors (TLR) 2/4
and the downstream MyD88/NF-κB pathway have been proposed to mediate
the hsp70- and gp96-triggered DC activation (Asea et al. 2002; Vabulas et al.
2002a, 2002b). Other cell surface receptors, including CD14 (Asea et al. 2000)
and CD40 (Becker et al. 2002; Wang et al. 2002b), are also potentially involved
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in transducing activation signals of hsp70 to APCs. Notably, internalization of
gp96 by active endocytosis is required in order to achieve activation of the sig-
naling cascade and consequently the maturation of DCs. It has been postulated
that chaperones transported in endocytic vesicles by CD91-mediated inter-
nalization might be able to trigger signaling through TLR2/4 present in these
vesicles (Vabulas et al. 2002b). Endocytic receptors and signaling receptors
could cooperate and achieve the cross-presentation of antigenic peptides and
activation of APCs (Delneste et al. 2002). Identification of chaperone receptors
is still in its infancy, but it appears that different families of chaperones may
share common receptors (Binder et al. 2000b).

A confounding factor in these studies to determine innate stimulatory activ-
ities of chaperone proteins includes the potential contamination of endotoxin,
which could be responsible for, or at least contribute to the activation of APCs
by chaperones. Therefore, data derived from studies of the role of chaperones
in innate immunity have to be interpreted with caution (Manjili et al. 2004; Tsan
and Gao 2004). Nonetheless, emerging evidence strongly supports the idea that
chaperones are capable of activating innate immune responses, which play an
important role in the generation of CTLs and tumor rejection (Baker-LePain
et al. 2002, 2003; Strbo et al. 2003). In addition, hsp70 has been shown to be
a cell surface immune mediator acting as a target of NK cells, resulting in
proliferation and cytotoxic activity of NK cells (Multhoff 2002; Multhoff et al.
1999). A specific 14-mer peptide of the inducible hsp70 has been identified
as the ligand interacting with CD94 on NK cells (Gross et al. 2003; Multhoff
et al. 2001). Therefore, chaperones are capable of integrating both innate and
adaptive immunity.

5
Potential Use of Chaperones in Cancer Immunotherapy

There are two main features that make chaperones appealing candidates for
cancer immunotherapy. First, receptor-mediated uptake of chaperones by pro-
fessional APCs ensures specificity and sensitivity of antigen targeting. Second,
chaperones serve as “danger signals” and activate innate immune components,
which is crucial in development of an active immune response. Thus, these
unique immunostimulatory properties enable chaperones to be utilized as
physiological adjuvants to develop different immunotherapeutic approaches.

5.1
Tumor-Derived Chaperones Vaccine

Potent anti-tumor immune responses elicited by tumor-derived chaperone–
peptide complexes have been extensively demonstrated in both prophylactic
and therapeutic settings using numerous animal models (Srivastava 2002b).
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To date, anti-tumor immunity elicited by chaperones has been shown against
a variety of tumors of different histologic origins such as fibrosarcomas, lung
carcinomas, melanomas, colon cancers, B cell lymphoma, and prostate cancer
(Graner et al. 2000; Janetzki et al. 2000; Srivastava et al. 1986; Tamura et al.
1997; Vanaja et al. 2000; Wang et al. 2001; Yedavelli et al. 1999). Tumor-derived
chaperoneproteins thathavebeenshowntobeeffective cancervaccines include
the cytosolic heat shock proteins hsp70, hsp90, hsp110, or the ER resident
grp94/gp96, grp170, and calreticulin. Not all proteins with chaperone capacity
display immunological functions.TheERresidentsPDI,BiP/grp78, andERp72,
although exerting peptide-binding activity, were unable to elicit a specific CTL
response (Nair et al. 1999). Recently, studies show that multiple chaperones
enriched from tumor lysate (referred to as chaperone-rich cell lysate) also
exhibit anti-tumor efficacy, which would simplify the procedure necessary to
prepare individual chaperones (Graner et al. 2000, 2003; Zeng et al. 2003, 2004).

Purificationof chaperones fromacancer isbelieved toco-purifyanantigenic
peptide fingerprint of the cell of origin. Thus, vaccination with chaperone–
peptide complexes derived from tumor circumvents the need to identify CTL
epitopes from individual cancers. This unique advantage extends the use of
chaperone-based immunotherapy to cancers where specific tumor antigens
have not yet been characterized. Indeed, chaperone–peptide complexes from
autologous tumor represent a patient-specific polyvalent vaccine, thus gen-
erating specific immunity only to the cancer from which the chaperones are
isolated. This approach drastically reduces the possibility of tumor escape from
immunotherapy due to antigen loss, since immunization with chaperones de-
rived from tumor cells is directed against a diverse antigenic repertoire. The
possibility of eliciting autoimmunity may exist because a significant number
of self-peptides may be chaperoned by chaperones. However, no autoimmune
reactions or severe side effects of the vaccine have so far been observed in
any immunized patients (Janetzki et al. 2000). Interestingly, chaperones do
not elicit an immune response to themselves, which makes chaperone vaccines
effective and less toxic, thus safe for human use.

While potentially powerful, the use of this approach clinically has several
limitations. It is very likely thatonlya small percentageof chaperone-associated
peptides would be capable of eliciting tumor-specific CTLs. A major limitation
of this approach is that vaccine preparation is time-consuming and requires
a patient specimen. In general, a minimum of 1–5 g of tumor tissue for low-dose
vaccination and up to 10 g of tumor tissue for high-dose vaccination regimens
is required to produce a sufficient amount of gp96, a highly abundant cellular
chaperone (Oki and Younes 2004). The whole process for vaccine preparation
usually takes 6–8 weeks (Gordon and Clark 2004). As a result, some patients
are unable to participate in these autologous vaccine trials (Belli et al. 2002).
The lack of information on targeted antigens also limits the ability to monitor
immune responses generated by this autologous vaccine approach. Beyond this
conventional approach, other novel antigen-specific vaccine strategies using
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the unique adjuvant properties of chaperones have been developed and tested
in preclinical studies.

5.2
Reconstituted Chaperone–Peptide Complex

Srivastava and others have shown that HSP/chaperone-peptide complexes can
be generated in vitro and can elicit a peptide-specific CTL response without any
additional adjuvant. Remarkably, the quantity of antigenic peptides associated
with an immunogenic dose of HSP/chaperone-peptide complexes was found
to be extremely small (∼1–2 ng) (Blachere et al. 1997; Ciupitu et al. 2002; Moroi
et al. 2000; Roman and Moreno 1996). The mechanism of peptide binding to
HSPs may or may not be related to actual chaperoning property (Demine and
Walden 2005; Nicchitta et al. 2004). This vaccine formulation directed against
a tumor-specific immunogenic peptide epitope has advantages such as relative
ease of construction and production and chemical stability. Moreover, the
ability to specifically select peptides (dominant, subdominant, and T helper)
allows the design of highly tailored chaperone vaccines. In order to minimize
antigenescape,multiplepeptides fromdifferent tumorantigens canbe selected
to create a polyvalent vaccine to generate a more vigorous and diverse immune
response. Due to HLA restrictions, peptides have to be carefully chosen to
match the HLA phenotype of the patient.

5.3
Chaperone–Antigen Protein Complex

Chaperone proteins have long been recognized to be involved in numerous
cellular processes via interaction with different client protein substrates. This
polypeptide-binding property can be used to form a chaperone–protein anti-
gen complex by heat shock, which mimics a natural complex that occurs in vivo
(Fig. 1a). The immunoadjuvant activities of hsp110, a large cytosolic chaperone
in mammalian cells, can significantly enhance the immunogenicity of targeted
antigens (e.g., L523S, a lung carcinoma antigen), resulting in cell-mediated as
well as humoral immune responses (Fig. 1b–d). This recombinant chaperone
vaccine approach has several unique and significant advantages:

– Chaperones efficiently bind substrate proteins. Therefore, a highly concen-
trated vaccine would be presented to the immune system.

– The whole protein antigen employed in this approach contains a large
reservoir of potential peptides that allow the individual’s own MHC alleles to
select the appropriate epitope for presentation. Such a chaperone complex
vaccine not only increases the chance of polyepitope-directed T and B cell
responses, but also circumvents HLA restriction and allows most patients
to be eligible for this form of vaccine treatment.
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Fig. 1a–d Immunization with the hsp110–L523S chaperone complex elicits antigen-specific
immune responses. a hsp110 protects L523S from heat shock-induced aggregation by form-
ing chaperone complexes. Recombinant hsp110 and L523S protein (1:1 molar ratio) were
incubated at 50 °C and optical density changes were measured at 320 nm using a spectropho-
tometer. b C57BL/6 mice (6/group) were immunized i.p. with 30 µg of the hsp110–L523S
complex, hsp110 alone, L523S alone, or left untreated. The vaccinations were repeated
2 weeks later. Two weeks after the second immunization. Splenocytes (5×105 cells/well)
were cultured in vitro with L523S (20 µg/ml) overnight, and IFN-γ secretion was detected
using an ELISPOT assay. *. p<0.005 compared with splenocytes from naïve mice by Stu-
dent’s t test. Additionally, serum samples were collected and pooled 2 weeks after the last
immunization. The presence of L523S-specific IgG1 (c) and IgG2a (d) were measured using
an ELISA assay. The results from a serial dilution of sera are presented showing mean
absorbance (OD) at 450 nm. The data shown here are representative of three independent
experiments

– Since a tumor specimen is not required for vaccine production, patients
with no measurable disease or inaccessible tumor can still be treated using
this approach. This makes it an ideal adjuvant therapy for patients with
completely resected disease. Furthermore, this approach is theoretically
applicable as a preventive therapy for patients at high risk for cancer or for
recurrence of cancer.
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– Production of the recombinant chaperone complex is less time-consuming
and far less expensive than theproductionof allogeneic vaccines, autologous
vaccines, or tumor-derived chaperone vaccines. In addition, vaccine can be
generated in considerable quantities with significant uniformity from batch
to batch.

– Using well-defined antigens as opposed to whole tumor cells or lysate allows
better characterization of the resultant immune responses.

– This synthetic approach of combining antigen with chaperone can serve as
a model to develop and evaluate many different antigen targets, either alone
or in combination vaccines.

Our studies have demonstrated that large chaperones, i.e., hsp110 and grp170,
are excellent candidates for this natural chaperone–antigen protein complex
formulation, since they are much more potent in holding protein antigens
compared to other chaperones such as hsp70 (Oh et al. 1997; Park et al. 2003).
Furthermore, vaccination with hsp110-Her-2/neu or gp100 chaperoned by
hsp110 elicits strong antigen-specific anti-tumor immunity (Manjili et al. 2002,
2003; Wang et al. 2003). Most strikingly, mouse hsp110 (in mouse) is more
effective as an adjuvant than is complete Fruend’s adjuvant (CFA), suggesting
potentially significant clinical applications (Wang et al. 2003).

5.4
Chaperone–Antigen Fusion Gene

This approach uses chaperones in the form of chimeric DNA through linkage of
a known antigen gene (Chen et al. 2000; Hsu et al. 2001). DNA vaccines are usu-
ally administered intramuscularly or intradermally using a hypodermic needle
or by bombarding plasmid DNA coated onto colloidal gold microparticles into
the dermis or muscle using a gene gun. The injected DNA could transfect
somatic cells (myocytes, keratinocytes) or DCs that infiltrate muscle or skin as
a part of the inflammatory response to vaccination, resulting in a subsequent
cross-priming (Ulmer et al. 1996a, 1996b) or direct presentation (Casares et al.
1997). One major advantage of DNA vaccines is the ability to endogenously
generate a CTL response against the antigen, since it is difficult to induce a CTL
response using a protein-based vaccine (not inclusive of the chaperone vac-
cines discussed here, which can induce strong CTL responses). DNA vaccines
containing human papillomavirus (HPV) type 16 E7 and mycobacterial hsp70
fusion genes demonstrated preventive and therapeutic anti-tumor effects via
a CD8-dependent pathway (Chen et al. 2000; Hauser et al. 2004). Mycobac-
terium tuberculosis hsp70 and MAGE-1 fusion gene enhanced the frequency
of MAGE-1-specific CTLs, resulting in a potent anti-tumor effect against es-
tablished tumors (Ye et al. 2004). E7-calreticulin fusion gene in the context of
plasmid or vaccinia vector exhibits a strong anti-tumor response as well as
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antiangiogenesis effects (Cheng et al. 2001; Hsieh et al. 2004). In addition, di-
rect intratumor injection of a hsp70 plasmid, oncolytic adenovirus expressing
the hsp70 protein or replication-defective adenovirus that co-expresses hsp70,
and a thymidine kinase suicide gene elicited potent systemic anti-tumor ac-
tivities leading to eradication of tumors (Huang et al. 2003; Rafiee et al. 2001;
Ren et al. 2004). Because of its capacity to induce individual tumor-specific
immune responses, chaperone-mediated oncolytic tumor vaccine might be-
come a universally applicable, personalized vaccine against any type of solid
tumor. However, it was reported that chaperones fused to tumor-specific anti-
gens (e.g., PSA) did not result in the enhancement of antigen-specific CTL
responses (Pavlenko et al. 2004). The safety issues such as the risk of integra-
tion of DNA into the host genome and the development of autoimmune disease
due to the induction of responses directed against transfected cells need to be
considered carefully (Smith and Klinman 2001). However, chaperone fusion
gene vaccines hold promise for future clinical use.

5.5
Chaperone–Antigen Fusion Protein

Another approach utilizes recombinant chaperone-antigen fusion proteins for
immunotherapy. It has been demonstrated that a recombinant protein con-
sisting of the HIV-1 p24 antigen or ovalbumin fused to the N-terminus of
mycobacterial hsp70 elicited a potent antigen-specific CTL response against
tumor (Suzue and Young 1996; Suzue et al. 1997). In a separate study, mi-
crobial hsp65/E7 fusion protein protected mice against challenge with an E7-
expressing tumor cell line (TC-1 cells), a model of cervical carcinoma (Chu
et al. 2000). Therapeutic immunization with the vaccine completely eradi-
cated the established tumors (Chu et al. 2000). It has been proposed that the
immunostimulatory effects of certain chaperone fusion proteins may be due
to the bacterial origin of the chaperone moiety. However, OVA protein or its
CTL epitope fused to murine hsp70 elicited CTL responses equivalent to those
generated by the bacterial hsp70 fusion protein (Huang et al. 2000).

The mechanisms by which these fusion proteins act to stimulate CTL re-
sponses are unknown, but may be a result of strong chaperone-specific CD4+

helper cell responses that enhance what might otherwise be a minimal response
to the soluble proteins (Barrios et al. 1992; Konen-Waisman et al. 1999; Suzue
and Young 1996). A recent study revealed that heat shock cognate protein
(hsc70) contains two antigenic epitopes (i.e., 106–114aa and 233–241aa) rec-
ognized by HLA-B46-restricted and tumor-reactive CTLs (Azuma et al. 2003).
Another possibility is that chaperones can deliver the fusion protein to the
intracellular compartments of APCs for processing (Arnold-Schild et al. 1999).
It was shown that hsp70 fusion proteins elicit a CTL response in the absence
of CD4+ T lymphocytes and the immunogenicity of hsp70 resides in a 200-
amino acid (161–370 aa) segment of ATP-binding region of hsp70. This would
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support a model in which hsp70 bypasses the need for CD4+ help by directly
or indirectly activating APCs (i.e., DCs) independent of its peptide-binding
property (Huang et al. 2000; Udono et al. 2001). Studies in our laboratory ex-
amined the fusion construct of hsp110 and E7. We found that antigen covalently
fused to hsp110 interferes with its chaperoning function and the hsp110-E7
fusion protein cannot bind to receptors on APCs in vitro (Li et al., unpublished
data). Therefore, these data suggest that chaperone fusion proteins may trigger
immune responses via a different mechanism.

5.6
Chaperone-Based Cell Vaccine

5.6.1
DCs Pulsed with Chaperone Vaccine

DCs have been recognized as the most efficient APCs that have the capacity
to initiate naïve T cell response in vitro and in vivo (Banchereau et al. 2003).
Advances inDCgeneration, loading, andmaturationmethodologieshavemade
itpossible togenerate clinical gradevaccines forvarioushumantrials (Cranmer
et al. 2004). Given that chaperones can promote functional cross-priming,
adoptive transfer of ex vivo expanded DCs pulsed with autologous chaperones
or recombinant chaperone vaccines may be used as a cell vaccine strategy for
cancer treatment. It has been shown that immunization with tumor-derived
chaperone-pulsed DCs induces a tumor-specific CTL response in a transporter-
associated antigen processing (TAP)-dependent manner (Ueda et al. 2004).
Human DCs pulsed with mycobacterial hsp70–peptide complex is capable of
activating peptide-specific T cells (MacAry et al. 2004). Interestingly, tumor-
derived chaperone proteins were observed to be more potent than tumor lysate
when pulsed onto DCs in the form of a cellular vaccine (Graner et al. 2003;
Zeng et al. 2003). DC-based immunotherapy is labor- and resource-intensive.
However, this approach would be beneficial to the patients with suppressed
immune systems, since impaired APC activity could be partially responsible
for the defective immune responses observed in tumor-bearing hosts (Restifo
et al. 1991).

5.6.2
Tumor Cells Expressing Engineered Chaperones

Another cell vaccine approach is the use of tumor cells engineered to highly
express chaperones in different cellular locations (i.e., cytosolic, membrane-
anchored, or extracellular). It is postulated that chaperone overexpression
or exposure of chaperones to the host immune system may enhance tumor
immunogenicity. It has been shown that murine tumor cell lines stably trans-
fected with mycobacterial hsp65, autologous hsp70, or hsp110 gene abrogated
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its tumorigenicity in rodent models and significantly enhanced the immuno-
genicity of the tumor in vivo (Lukacs et al. 1993; Melcher et al. 1998; Wang
et al. 2002a). Dual-modified B16 cells with transfected hsp70 and superanti-
gen as a vaccine induced a potent tumor-specific immune response as well as
nonspecific immunity (Huang et al. 2004). Tumor cells with chaperones genet-
ically engineered to be expressed on the cell surface (Chen et al. 2002; Zheng
et al. 2001) or secreted into the extracellular environment (Massa et al. 2004;
Yamazaki et al. 1999) displayed dramatically reduced tumorigenicity and were
effective vaccines against subsequent tumor challenge. More recently, Baker-
LePain et al. demonstrated that syngeneic murine fibroblasts transfected with
secretable gp96 lacking the ER retention signals or a truncated gp96 mutant
lacking thepresumptivepeptide-bindingdomainwasable to significantlydelay
tumor growth, when used as prophylactic vaccines (Baker-LePain et al. 2002).
Tumor antigen independent effects observed in this study highlight the role
of chaperone-mediated innate immunity in tumor control. Regardless of the
immunological mechanism involved, these findings suggest that certain chap-
erones are associated with tumor immunogenicity and that the induction or
manipulation of certain chaperones may provide a novel approach to boost the
immune response and help break tolerance to tumor antigens that otherwise
remain immunologically silent in the progressively growing tumor. A signifi-
cant disadvantage with the use of genetically modified autologous tumor cells
is the substantial efforts of tumor cell harvest, propagation, gene engineering,
and validation. Whole cell vaccines could also introduce transforming DNA or
potentially immunosuppressive factors into the host. Nonetheless, the concept
of exposing tumor-associated chaperones to the immune system appears to be
an effective means of mounting an immune response against cancer. In order
to bypass the complicated genetic modification of the tumor cell, attempts have
been made to achieve biologic targeting of chaperones to the cell surface. Cell
surface expression of chaperones induced by heat stress was found to strongly
enhance the immunogenicity of apoptotic cells (Feng et al. 2002, 2003).

6
Clinical Application and Efficacy of Chaperone-Based Immunotherapy

The approaches to the use of chaperones in cancer immunotherapy, described
in the preceding sections, are still in various stages of development. Only
tumor-derived chaperone preparations are being actively examined in clini-
cal trials. Successful preclinical studies in animal models have led to several
phase I/II clinical trials using tumor-derived gp96 or hsp70 for cancer im-
munotherapy (Castelli et al. 2004; Hoos and Levey 2003; Oki and Younes 2004;
Parmiani et al. 2004). Janetzki et al. first conducted a pilot study examining
autologous tumor-derived chaperone gp96 vaccine (HSPPC-96, Oncophage,
Antigenics Inc., New York, NY, USA) in 16 patients with advanced cancer who
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had become refractory to other therapies (Janetzki et al. 2000). Autologous
gp96 vaccine was individually prepared for each patient and four weekly vacci-
nations were performed. Immunological monitoring consisted of an ELISPOT
assay for IFN-γ following peripheral blood T cell stimulation with the autol-
ogous tumor and evaluation of NK cell activation. There was no significant
treatment-related toxicity or evidence of autoimmune reactions. Six patients
demonstrated a tumor-specific CD8+ T cell response and eight patients dis-
played a significant increase in the number of NK cells. Clinically, one patient
experienced a greater than 50% reduction in overall tumor burden and four
patients developed stable disease for at least 3 months.

In another phase I/II clinical trial, Belli et al. specifically examined autol-
ogous tumor-derived gp96-peptide complex vaccine in 64 patients with stage
IV melanoma (Belli et al. 2002). Given that resection of a portion of tumor
was required for vaccine generation, only 28 of the 64 patients had residual
measurable disease after surgery and were assessable for a clinical response.
Eleven out of 23 patients (47.8%) showed an increased number of tumor-
specific T cells after vaccination as evaluated by IFN-γ ELISPOT. There were
two complete responses (7%) involving regression of both cutaneous and vis-
ceral metastasis and three cases of disease stabilization (11%) that lasted for
more than 5 months in the 28 patients. Patients were randomly assigned to
receive 5 or 50 µg of gp96 vaccine at weekly intervals. No correlation between
clinical responses and dose of vaccine could be found. Despite the very promis-
ing results of this vaccine approach, 19% of patients were unable to participate
in the trial due to lack of adequate autologous tumor or an insufficient amount
of produced vaccine.

Cancer vaccines are generally expected to be more effective in an adju-
vant setting where all clinical detectable disease has been removed. The im-
munotherapeutic effects of chaperones were mostly observed in animal with
minimal residual disease (Srivastava 2000). A recent phase I/II study was con-
ducted using tumor-derived gp96 to treat colorectal cancer patients rendered
disease-free by complete resection of liver metastasis (Mazzaferro et al. 2003).
Patients responding (i.e., showing an increased frequency of tumor-specific
T cells after vaccination) had statistically significant survival advantage over
nonresponding patients (2-year overall survival: 100% vs 50%; disease-free
survival: 51% vs 8%). Although the results obtained were promising, the num-
ber of patients was too small for any definitive conclusion on possible clinical
advantages of adjuvant vaccination with gp96. In the setting of minimal resid-
ual disease, tumor-derived hsp70 is currently being investigated in patients
with chronica phase CML who did not achieve a complete response to imatinib
mesylate (Bleevec, Novartis, East Hanover, NJ, USA) (Hoos and Levey 2003;
Oki and Younes 2004).

At least ten phase I/II clinical trials have been conducted or are ongoing
to examine the safety profile, the potential efficacy, and clinical benefit of
autologous tumor-derived gp96/grp94 or hsp70 in different cancer types (Hoos
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and Levey 2003; Oki and Younes 2004). Clinical activity has been observed in
melanoma, renal cell carcinoma, colorectal cancer, pancreatic cancer, non-
Hodgkin’s lymphoma, and chronic myelogenous leukemia (CML). Autologous
gp96 was used in all these trials except CML, where hsp70 was used. Among
all those patients immunized with autologous chaperones, overall toxicity
due to gp96 is reported to be minimal and no signs of autoimmunity were
observed. Only mild and transient side effects, such as injection site reactions
or low-grade fevers were seen (Cohen et al. 2002). T cell responses in cancer
patients have been detected after vaccination with tumor-derived gp96, as
measured by ELISPOT or Tetramer assays. Measurable immune responses were
correlated with clinical outcome in phase II trails in both metastatic melanoma
and colorectal cancer (Belli et al. 2002; Mazzaferro et al. 2003). Objective
clinical responses (complete responses) were seen ingp96-treated patients with
metastatic melanoma and renal cell carcinoma that had failed several other
therapies (Belli et al. 2002; Cohen et al. 2002). Well-controlled, randomized
phase III trials are now underway in both adjuvant (renal cell carcinoma at
high-risk of recurrence after nephrectomy) and metastatic disease settings
(metastatic melanoma). This will help determine the durability of immune
response and concomitant effect on the course of disease in patients, which
will ultimately define the magnitude of clinical efficacy of this autologous
chaperone vaccine.

In addition to autologous tumor-derived chaperone vaccine trials, a phase I
trial using ex vivo hsp70 peptide (TKD) stimulation and reinfusion of autolo-
gous NK cells have been recently completed (Krause et al. 2004). Patients with
metastatic colorectal cancer (n = 11) and non-small cell lung cancer (n = 1)
who had failed standard therapies were enrolled. The cytolytic activity of NK
cells against hsp70 membrane-positive colon carcinoma cells was enhanced
after TKD/IL-2 stimulation in 10 of 12 patients. An excellent toxicity profile
and some clinical responses were observed in these patients.

Other than its application in cancer immunotherapy, chaperones derived
fromvirusorpathogen-infectedcellsor reconstitutedchaperone–viruspeptide
complex was found to generate an antigen-specific CTL response (Blachere
et al. 1997; Heikema et al. 1997; Suto and Srivastava 1995). In some cases, this
immunityprovided invivoprotection fromchallengewith live virusorbacteria
(Ciupitu et al. 2002; Kumaraguru et al. 2003; Rapp and Kaufmann 2004; Zugel
et al. 2001). Therefore, chaperone-based vaccines also have applications in the
preventionand treatmentof infectiousdiseases.Twochaperone-basedvaccines
targeting chronic viral infections are currently in clinical development. These
are HSP-E7 for treatment of anogenital warts and cervical dysplasia (Stressgen
Biotechnologies, BC, Canada) and AG-702 for treatment of genital herpes
(Antigenics). Bothapproachesuse recombinant chaperoneas carrier ofdefined
pathogen-specific antigens, and have been shown to be safe and well tolerated
(Hoos and Levey 2003).



320 X.-Y. Wang et al.

7
Concluding Remarks

Highly conserved chaperone proteins have long been recognized as essential
components in numerous functions within cells from prokaryotes to man. It is
now evident that chaperones also interact with the immune system in different
and fundamental ways. The use of this information in formulation of new
approaches to immunotherapy has now attracted the attention of numerous
research groups. However, as a basic area of biomedical research, this field
remains in its infancy and many new, unexpected, and exciting discoveries
can be expected. Further elucidation of the basic mechanisms of immune
responses induced by chaperone (i.e., characterization of chaperone receptors
and their role in the generation of innate and adaptive immunity) will facilitate
the design of novel chaperone-based vaccine strategies.

Chaperone-based immunotherapy (individual tumor-specific and tumor-
associated antigen-specific) represents a novel approach with a promising role
in cancer therapy or management. It can be applicable in a broad range of
patients and may provide significant benefits as an adjuvant to conventional
cancer therapies. It is well accepted that the immune system consists of dif-
ferent effector cells functioning together in a highly integrated fashion. New
insights in molecular immunology related to mechanisms of T cell activation,
regulation and effector function, and tumor invasion emphasize that antigen-
driven responses such as vaccines need to be combined with manipulation of
other immune parameters to achieve sufficient therapeutic potency (Pardoll
and Allison 2004). Chaperone-based cancer vaccine administered in conjunc-
tion other immunomodulators such as agonists for TLR receptors or T cell
costimulatory pathways and inhibitors for CTLA-4 or CD4+CD25+ regulatory
cells could overcome tolerance and generate optimal anti-tumor responses.

In the next few years, data from ongoing phase III studies testing autologous
chaperones for treatment of cancer will answer the question of how efficacious
this vaccination strategy will be inhumans. In view of the limitations associated
with autologous tumor-derived chaperones as a cancer vaccine (i.e., require-
ment of specimen, costly and time-consuming vaccine preparation), testing
of other chaperone-based vaccine approaches, especially recombinant chaper-
one DNA or protein formulations, at preclinical and clinical levels is strongly
warranted. It is expected that other chaperone-based vaccine approaches will
be translated into clinical practice for immunotherapy of cancer as well as
infectious disease in the near future.
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Abstract Specific inhibitors of Hsp90 have recently entered human clinical trials. At the time
of writing, trials have been initiated only in metastatic cancer, although a rationale exists
for using these agents in a variety of human diseases where protein (mis)folding is involved
in the disease pathophysiology. Hsp90 inhibitors offer a unique anti-cancer opportunity
because they provide simultaneous combinatorial blockade of multiple oncogenic pathways.
The first compound in this class, 17-AAG, has completed phase I trials and phase II trials are
in progress. The toxicity has been manageable and evidence of possible clinical activity has
been seen in metastatic melanoma, prostate cancer and multiple myeloma. Other inhibitors
with improved properties are approaching clinical trials. This chapter presents an update
of the current clinical trials using Hsp90 inhibitors, focussing on the areas that will be
increasingly relevant in the next 5 years.

Keywords Hsp90 · Inhibitor · Disease · Clinical · Trial

1
Introduction

There were initial reservations that Hsp90 inhibition was an achievable clin-
ical goal. Hsp90 accounts for 1%–2% of a cell’s total protein and is involved
in chaperoning many important proteins. Nevertheless, drugs that produce
specific Hsp90 inhibition have progressed through clinical trials without the
excess toxicity widely predicted.

This chapter reviews the progress of Hsp90 inhibitors through clinical de-
velopment and a presents a summary of the lessons that have been learnt to
date, along with potential future directions and challenges.

1.1
Therapeutic Use of Hsp90 Inhibitors in Humans

A rationale exists for the therapeutic use of Hsp90 inhibitors in several human
diseases, as summarized in Table 1 and discussed further elsewhere in this
book.

Specific Hsp90 inhibitors entered clinical trial in 1999 in patients with
advanced, metastatic cancer. The first in class Hsp90 inhibitor 17-allylamino,
17-demethoxy geldanamycin (17-AAG) has completed dose-finding, phase I
testing as a single agent. A variety of tumour-specific phase II and combination
phase I trials are ongoing.

The geldanamycin analogue 17-demethoxy, dimethylaminoethylamino gel-
danamycin (17-DMAG) has recently entered phase I trials in cancer patients.
A range of other Hsp90 inhibitors are currently undergoing preclinical devel-
opment (Chiosis et al. 2004; Dymock et al. 2004).

Mycograb is a genetically recombinant antibody against yeast Hsp90, which
increases the efficacy of amphotericin B against Candida neoformans infection
(Nooney et al. 2005). It is currently undergoing phase II evaluation in patients
with systemic candiasis (Matthews and Burnie 2004).
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Table 1 Examples of diseases where Hsp90 inhibitors might be used clinically

Indication Rationale and current position

Malignancy Specific Hsp90 inhibitors in early clinical trials. Hsp90 inhibitors pro-
vide the potential for simultaneous, combinatorial blockade of mul-
tiple oncogenic pathways, as well as inhibition of stress responses in
cancer cells. For more details see text.

Central Nervous
System

Several chronic, neurodegenerative diseases are attractive targets
for drugs that interfere with abnormal protein folding or function.
A hallmark of such conditions is the deposition of abnormal protein
aggregates (Barral et al. 2004; Cohen and Kelly 2003). Debate remains
as to whether these are pathogenic or an incidental (protective) re-
sponse (Orr 2004), which would have implications for Hsp targeting
in therapeutics.

Parkinson’s
disease

Geldanamycin shown to suppress neurotoxicity in alpha-synuclein
model in Drosophila (Auluck et al. 2002)

Prion disease
(Creutzfeldt
Jacob disease)

Caused by accumulation of misfolded PrPc protein (PrPsc) (Weiss-
mann 2004). Novobiocin depletes PrPc in a cell line model. In part this
effect is postulated to be via Hsp90 inhibition, and treatment with gel-
danamycin partially antagonizes this process (Ochel and Gademann
2004). Less substrate is then available for conversion to PrPsc (Daude
et al. 2003; Mallucci et al. 2003).

Huntington’s
disease

Treatment of mammalian cells overexpressing mutant huntingtin
protein with geldanamycin prevents deposition of polyQ protein in
amyloid-like aggregates (Sittler et al. 2001).

Alzheimer’s
disease

Deposition of abnormal amyloid (Aβ) protein is thought to underlie
development of progressive neurotoxicity, manifest as dementia.

Respiratory

Cystic fibrosis Caused by a mutant chloride channel (∆F508 CFTR). Studies in rabbit
reticulocyte lysates have shown defective intracellular trafficking so
that mutant protein fails to reach the cell membrane. It retains cAMP
activated Cl-channel activity (potentially enough to ameliorate the
disease). Geldanamycin reduces the ubiquitination and degradation
of the mutant protein (Fuller and Cuthbert 2000). Additionally, Hsp70
induction promotes ∆F508 CFTR trafficking and maturation (Choo-
Kang and Zeitlin 2001).

Immunological Several Hsp (including Hsp90) have been shown to activate the im-
mune system by stimulating production of pro-inflammatory cy-
tokines. Debate is ongoing as to the validity of these model systems
(Tsan and Gao 2004).

Musculoskeletal Models have shown immunosuppressant effects of geldanamycin
(modulating MAPK and NF-κ-B pathways), including reduced pro-
gression of adjuvant-induced arthritis (Sugita et al. 1999). Hsp90 reg-
ulates post-transcriptional control of the pro-inflammatory cytokines
TNFα and IL-6. Geldanamycin treatment reduces levels of TNFα and
IL-6 (Wax et al. 2003).
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Table 1 (continued)

Indication Rationale and current position

Other

Anti-microbial Plasmodium growth inhibited in culture by geldanamycin with an
IC50 comparable to current treatment (chloroquine), at similar con-
centrations to those achieved with 17-AAG in anti-cancer human tri-
als. Synergism noted by combining geldanamycin and chloroquine
in chloroquine-resistant and -sensitive plasmodium strains (Kumar
et al. 2003).
Mycograb (genetically recombinant antibody against yeast Hsp90)
increases efficacy of amphotericin B against Candida neoformans
(Nooney et al. 2005) and is currently undergoing clinical trial in pa-
tients with systemic candidiasis (Matthews et al. 2004).

Modulation of
other Hsp

For example Hsp70 induction, as follows Hsp90 inhibition, shown
to be protective in a variety of situations. One example is limitation
of ischaemic damage, such as that seen in haemorrhagic shock and
subsequent cardiovascular resuscitation injury damage (Kiang et al.
2004). Another would be post myocardial infarction or protecting
donor hearts prior to transplant (Latchman, 2001).

Hsp, heat shock protein

If these drugs are to be used outside the setting of advanced cancer there are
significant challenges to address. For example, the acceptable toxicity profile
varies depending on a patient’s prognosis or specifically with respect to neu-
rodegenerative disease, the current compounds show minimal penetration of
the blood–brain barrier.

To what extent, if at all, of the therapeutic potential is realized will only
become clear if and when Hsp90 inhibitors progress into clinical trial for these
indications. As the use of Hsp90 inhibitors in advanced, metastatic cancer
remains the most mature indication at the time of writing, the remainder of
this chapter will focus on this area.

1.2
Cancer: Summary of the Problem

Cancer represents a diverse and complex therapeutic problem. The burden on
the world’s healthcare systems remains vast despite advances in treatment. For
example, in theUnitedStates, 1.2millionpeople arediagnosedwith cancer each
year, leading to over 500,000 deaths (DeVita et al. 2001). The outcome varies
greatly depending on many factors, not least the origin of the tumour. This
can be seen from the range of 5-year survival rates, examples being testicular
(95%), breast (>70%)andpancreatic (2%)cancers (Toms2004).However, these
figures hide a heterogeneous set of outcomes. In advanced, metastatic cancer,
treatment options become limited; cytotoxic chemotherapy is employed in this
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setting, which exposes patients to potentially severe side effects. There have
been advances in treatment of human cancer with chemotherapy since the
first use of nitrogen mustards and anti-folate drugs in the 1940s (Chabner and
Roberts 2005). While we should be optimistic, the statistics remind us that
there is still much room for improvement.

Therapeutic strategies targeted specifically to the causes of disease patho-
physiology are being developed as the molecular basis of cancer is defined. In
the majority of advanced solid tumours, several genes are likely to exist that
are aberrant in copy number, structure or expression (Balmain et al. 2003).

The new molecular therapeutic agents have enjoyed clinical success where
single genes or pathways drive tumour progression, such as imatinib (Gleevec)
in chronic myeloid leukaemia and gastrointestinal stromal tumours (Druker
2003; van Oosterom et al. 2002) or with trastuzumab (Herceptin) in breast
cancer (Baselga et al. 2001). Early optimism has been blunted by tumours
acquiring resistance to these new agents, for example by further mutations in
the kinase domain giving rise to imatinib resistance (Chen et al. 2004; Gorre
et al. 2001; Shah et al. 2002). Such evidence has led investigators to suggest
that inhibiting a single target will not be adequate to produce a cure in most
human tumours (Workman 2005).

1.3
Hsp90 as an Anti-cancer Target

The functions of Hsp90 make it a unique cancer target. Many current cancer
drug targets are contained within the ever-growing list of proteins that Hsp90
interacts with (for up to date list, visit http://www.picard.ch). At a time when
the limitations in knowledge of the molecular biology of cancer are evident
as much as the advances, inhibition of Hsp90 may produce the best of both
worlds – specific inhibition of key individual targets such as BCR-ABL (An et al.

Table 2 Examples of Hsp90 client proteins that influence the six hallmark traits of cancer

Hall Mark Trait Hsp 90 client protein

Self-sufficiency in growth signals RAF (Schulte et al. 1996)

ERB-B2 (Xu et al. 2001)

BCR-ABL (An et al. 2000)

Insensitivity to anti-growth signals PLK-1 (de Carcer et al. 2001)

Evasion of apoptosis AKT (Sato et al. 2000)

Limitless replicative potential h-TERT (Forsythe et al. 2001)

Sustained angiogenesis AKT (Sato et al. 2000)

HIF-1 (Minet et al. 1999)

Tissue invasion and metastasis MET (Kawano et al. 2004)
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Table 3 List of advantages for drugs that target Hsp90 (adapted from Dymock et al. 2004)

Property Detail Reference

Mutant protein are
more dependent on
Hsp90

Greater requirement for Hsp90 to sta-
bilize mutant protein compared to their
wild type counterpart.

(Whitesell et al. 1998)

Broad range of
anti-cancer effects

Potential to inhibit all six of Hannahan
and Weinberg’s hallmark cancer traits.

(Maloney et al. 2002)

Trigger cell death by
lethal protein
mutations

The Hsp90 inhibitors may unmask lethal
mutations in cancer cells.

(Rutherford and
Lindquist 1998)

Intra-tumoural drug
accumulation

17-AAG accumulates in cancer cells and
human tumour xenograft models.

(Banerji et al. 2001;
Chiosis et al. 2003;
Egorin et al. 2001)

Tumour Hsp90 is
more sensitive than
normal cell Hsp90
to inhibitors

Differential expression of a super-chap-
erone complex in cancer cells, which is
more sensitive to Hsp90 inhibitors.

(Kamal et al. 2003)

Synergism with other
therapy

Cytotoxic drugs such as paclitaxol. (Solit et al. 2003a)

Exploiting multiple
oncogene addiction

Cancer cells develop “addiction to” or de-
pendence upon multiple oncogenic path-
ways. Hsp90 inhibitors provide combina-
torial effects on multiple oncoproteins.

(Workman 2004)

Overcoming drug
resistance

Drug resistance to single molecular ther-
apeutics may arise by activation of alter-
native pathways or mutation of the tar-
get. Hsp90 inhibitors can retain activity
in both settings.

(Gorre et al. 2001)

2000) or ERB-B2 (Xu et al. 2001) and modulation of multiple pathways and
the compensatory cross-talk that may otherwise prevent response or generate
resistance.

Cancer cells differ from normal cells by six hall mark traits (Hanahan and
Weinberg 2000). Multiple client proteins of Hsp90 are known to be deregulated
in cancer. Some examples are shown in Table 2.

Drugs targeting Hsp90 gain several advantages, which are listed in Table 3
(see also Dymock et al. 2004).

2
Development of Hsp90 Inhibitors

The structures of selected Hsp90 inhibitors are shown in Fig. 1. The most
relevant classes of compound are discussed in more detail in the next section.
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Fig. 1 Chemical structures of selected Hsp90 inhibitors

2.1
Benzoquinone Ansamycins

First-generation benzoquinone ansamycins such as herbimycin were thought
to be tyrosine kinase inhibitors (Okabe et al. 1992). Study of the mechanism
of action of ansamysins, such as geldanamycin and its analogue 17-AAG,
have demonstrated that these compounds compete with ATP at the nucleotide
bindingsite in theN-terminaldomainofHsp90 (Grenert et al. 1997;Prodromou
et al. 1997; Stebbins et al. 1997).

Geldanamycin was found to be too hepatotoxic in preclinical models (Supko
et al. 1995). Further analogues were developed for clinical use, including 17-
AAG (Schnur et al. 1995) and 17-DMAG (Eiseman et al. 2005); 17-AAG caused
cell cycle arrest and apoptosis in cancer cells (Hostein et al.). It also showed
activity in human tumour xenograft models (Kelland et al. 1999; Solit et al.
2002), leading to phase I evaluation (discussed later). The cumbersome for-
mulation has limited true evaluation of its maximum tolerated dose (MTD)
(Banerji et al. 2003; Erlichman et al. 2001; Goetz et al. 2002; Sausville et al.
2003).

The analogue 17-DMAG is more water soluble and is under evaluation
in preclinical and clinical settings (Bagatell and Whitesell, 2004; Holling-
shead et al. 2005). Attempts to reformulate 17-AAG have resulted in clini-
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cal trials commencing with CF1010 (www.conformacorp.com) and KOS 953
(www.Kosan.com).

2.2
Radicicol Derivatives

Radicicol is another natural Hsp90 inhibitor with potent in vitro activity. It
has poor in vivo activity, possibly due to its expoxide moiety. Oxime deriva-
tives of radicicol have been shown to be active in human tumour xenograft
models (KF58333), while others have directed their efforts to replacing the
reactive epoxide moiety to improve the properties of the molecule, as in cyclo-
proparadicicol (Dymock et al. 2004; Soga et al. 2003). A clinical candidate has
yet to be developed.

2.3
Synthetic Small Molecule Inhibitors

2.3.1
Purines

Rational drug design has led to a series of drug-like small molecules that inhibit
Hsp90 (Chiosis et al. 2002). The scaffold is amenable to further manipulation,
providing the scope to improve on the properties of the current lead compound
PU24FCl (Wright et al. 2004). More potent analogues have been discovered
recently (Llauger et al. 2005).

2.3.2
Diaryl Pyrazole Resorcinols

The diaryl pyrazole resorcinol CCT018159 was discovered by high-throughput
screening (Rowlands et al. 2004; Cheung et al. 2005). CCT018159 has a growth
inhibitory IC50 of 4.5 µM in HCT116 cells (Cheung et al. 2005) and the cor-
responding value for inhibiting ATPase activity is 7.1 µM. Optimization of
the CCT018159 lead is being carried out with the aid of X-ray crystallography
(Cheung et al. 2005). This is exemplified by the 5-amide analogue VER-49009,
a nanomolar inhibitor that compares favourably with 17-AAG (Dymock et al.
2005).

2.4
Other Compounds with Inhibitory Effects on Hsp90

2.4.1
Novobiocin

Novobiocin (an antibiotic which targets eukaryotic topoisomerase II) may in-
hibit Hsp90 by binding the C-terminal rather than the N-terminal domain
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(Marcu et al. 2000). Poor pharmacokinetic properties limit its use; however,
it may be a template for developing alternate strategies of Hsp90 inhibition
(Marcu and Neckers 2003). In oncology, chemomodulatory clinical trials have
been conducted with novobiocin and alkylating agents, but results were dis-
appointing (Eder et al. 1991; Ellis et al. 1991)

2.4.2
Histone Deacetylase Inhibitors

This class of compounds has been developed to target epigenetic modifi-
cation of gene transcription; inhibition leads to hyperacetylation of cellu-
lar proteins. By inhibiting deacetylation of Hsp90, these compounds inhibit
Hsp90, as shown using depsipeptide in cancer cell line models (Yu et al.
2002) and LAQ824 during human clinical trials (Kristeleit et al. 2004). These
drugs are at varying stages of clinical development, with hints of clinical
activity. For example, in a phase I trial of MS-275 a partial response was
observed in a patient with melanoma and stabilization of disease was seen
in melanoma, Ewing’s sarcoma and colorectal carcinoma (Gore et al. 2004).
Combination with specific Hsp90 inhibitors may be beneficial, as suggested
by cancer cell line data in chronic and acute myeloid leukaemia models,
where co-treatment using LBH589 and 17-AAG is synergistic (George et al.
2005).

2.4.3
GRP94 Inhibitors

GRP94 is an endoplasmic reticulum homologue of Hsp90 and is structurally
similar to Hsp90. It is known to chaperone client proteins important to cancer
cells. Both radicicol and geldanamycins are active against both GRP94 and
Hsp90; however, it has been possible develop inhibitors that act on GRP94
and not Hsp90, as exemplified by 5′-N-ethylcarboxamideadenosine (NECA)
(Dymock et al. 2004; Soldano et al. 2003).

2.4.4
Mycograb

Mycograb is a human genetically recombinant antibody against fungal Hsp90.
Clinical data shows that the development of antibodies to Hsp90 is closely
related to patient recovery from systemic candidal infection (Matthews et al.
2003). Multinational clinical trials have commenced in patients with invasive
candidiasis giving Mycograb in combination with Amphotericin B (Matthews
et al. 2004). This agent clearly has potential utility in cancer.
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2.5
Miscellaneous

2.5.1
Cisplatin

Cisplatin binds Hsp90 and produces a conformation change (Itoh et al. 1999).
Inhibition of steroid hormone receptor function has been demonstrated, but
effects on kinases were not (Rosenhagen et al. 2003). Others have observed
that the oxidation state of cysteine residues are important for Hsp90 function
(Nardai et al. 2000), leading to the suggestion that these nucleophilic residues
are the target for cisplatin, and to the speculation that these observations may
reveal how Hsp90 differentially regulates protein kinases and steroid hormone
receptors (Chiosis et al. 2004)

2.5.2
Sodium Cromoglycate and Amlexanox

These compounds are used to treat allergic reactions. Recent evidence has
suggested a pharmacological effect on Hsp90 at micromolar concentrations
(Okada et al. 2003). The relevance of this has yet to be determined.

3
Hsp90 Inhibition in Preclinical Modells

Preclinical models established a basis upon which to initiate clinical trials with
specific Hsp90 inhibitors. They provided estimates of maximally tolerated
dose (MTD), a pharmacokinetic (PK) profile, evidence of target inhibition in
the tumour, i.e. pharmacodynamic (PD) effect and demonstration of tumour
growth inhibition. Table 4 details some of the evidence obtained for 17-AAG
in mouse models.

Early clinical trials now routinely incorporate PD studies developed during
the preclinical phase to better understand the mechanism of action, dose and
scheduling of new drugs (Gelmon et al. 1999). In the case of targeted agents
where traditional MTD may be less relevant than with cytotoxic therapy, these
studies are increasingly valuable to define the relationship between clinical
response, PK and PD. This process is summarized in Fig. 2.

Hsp90 inhibition produces a characteristic molecular signature of protein
expression. These include the reduction in expression of client proteins such
as ERB-B2, C-RAF and CDK-4 combined with increased expression of Hsp70
(Maloney and Workman 2002; Workman 2004). Depletion of LCK in peripheral
blood lymphocytes can also be a useful marker. Gene expression profiling by
cDNA microarray has been used to provide further details of the molecular
signature of Hsp90 inhibition (Clarke et al. 2000). PK-PD relationships have
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Table 4 Human tumour xenograft studies for evaluating growth inhibition, PK and PD
profile of 17-AAG

Xenograft
Model

Growth
inhibition

PK studies PD studies in vivo Reference

Melanoma
MEXF276L

+ Peak plasma levels
5–10 µM

Hsp70 induction and
Hsp90 depletion

Burger et al.
2004

Ovarian
A2780,
CH1

+ Peak plasma levels
27–34 µM. Half life
longer in tumour
than in plasma

C-RAF and CDK4
depletion with Hsp70
induction in tumour
and PBLs

Banerji et al.
2001;
Banerji et al.
2005

Colon
HT29

+ ND Hsp70 induction and
increase in phospho-
choline levels on MRI

Chung et al.
2003

Colon
HT29, BE

+ ND Hsp70 induction,
depletion of C-RAF,
mutant p53

Kelland et al.
1999

Breast
TAMR-1

+ ND C-RAF, AKT and ER
depletion and Hsp70
induction

Beliakoff
et al. 2003

Prostate
CWR22,
CWRSA6

+ ND Androgen receptor,
HER2, HER3, AKT,
depletion and Hsp70
induction

Solit et al.
2002

Breast
MDA-MB-
473

ND Peak plasma level
19.3 µg/ml

C-RAF-1, ERB-B2,
depletion and Hsp70
induction

Xuet al. 2003

ND. not determined

been discussed and validated in a human ovarian cancer xenograft model
(Banerji et al. 2005).

Induction of Hsp70, while a useful marker of target inhibition, may be
a concern. Hsp70 has been shown to be anti-apoptotic, reviewed by Jaattela
(1999). Induction of Hsp70 represents a compensatory effect which antago-
nizes the anti-cancer effects of Hsp90 inhibition. This is a good example of
how PD measurements not only provide information useful for altering drug
dose and scheduling, but also lead to increased understanding of molecular
pharmacology. Work has shown that inhibition of Hsp90, with 17-AAG, in
cells that are manipulated so that they are not able to induce Hsp70 (by us-
ing siRNA to Hsp70) leads to increased apoptotic effects (Sheriff et al. 2004).
Further efforts to demonstrate the clinical relevance of these observations are
ongoing.
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Fig. 2 Summary of PK/PD-driven drug development

4
Clinical Trials in Oncology

Drug development in oncology follows a defined logical sequence. The objec-
tives of each phase of the process are summarized in Fig. 3.

4.1
Phase I Clinical Trials with 17-AAG

Multiple phase I trials have explored different dose and scheduling strategies.
These are summarized in Fig. 4.

Goetz and colleagues administered 17-AAG on days 1, 8 and 15 of a 28-
day cycle: 21 patients were evaluated, and the maximum dose administered
was 431 mg/m2. At this dose, two patients experienced dose-limiting toxicity
(DLT). One suffered hyperbilirubinaemia and transaminitis, while the other
patient required hospital treatment for nausea and vomiting. At the recom-
mended dose of 308 mg/m2 diarrhoea, nausea, vomiting, fatigue, anorexia
and anaemia were most commonly noted. One death from respiratory failure
occurred 24 h after receiving 17-AAG in a patient who had past oxaliplatin
exposure and was known to have pulmonary infiltrates. At the MTD, biolog-
ically active concentrations of 17-AG and 17-AAG were detected. Nonlinear
PK behaviour was noted, the interpretation being limited by the single-patient
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Fig. 3 Phases of clinical trials used in developing new drugs (Kola and Landis, 2004; Nottage
and Siu 2002; Scherer 2004)

Fig. 4 Summary of phase I trials with 17-AAG in advanced cancer
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cohorts treated at lower drug doses (a common method used to expedite trial
progress). CYP3A4- and A5-dependent metabolism was determined to affect
circulating drug levels. It was suggested that NQO1 polymorphisms did not
affect toxicity (although only two patients were *1/*3 genotype). PD results
showed an increase in Hsp70 expression on Western blot analysis of proteins
extracted from peripheral blood lymphocytes (PBL) (Goetz et al. 2005).

A parallel study by Banerji and colleagues (2005) administered 17-AAG
weekly with no breaks in treatment. The maximum dose achieved was
450 mg/m2, with two out of nine patients experiencing DLT (diarrhoea and
transaminitis) at this dose. The relationship between dose and plasma area
under curve (AUC) for 17-AAG was noted to be linear across the dose cohorts.
Effective plasma drug levels compared to preclinical models were seen up to
24 h after infusion. PD data (Hsp70, CDK-4 and C-RAF expression analysis by
Western blotting) showed target inhibition with doses of 320 and 450 mg/m2

per week. In both surrogate (PBL) and tumour tissue target, inhibition per-
sisted for between 1 and 5 days after infusion. Although phase I trials do not
look for tumour response as a trial endpoint, interesting clinical activity was
seen. Two patients (out of 12 with metastatic melanoma treated in the course
of the study) experienced disease stabilization for 15 and 46 months. This is
noteworthy due to the short life-expectancy of such patients, with a median
survival around 6.4 months (Manola et al. 2000). The investigators hypoth-
esized a cytostatic action of 17-AAG in these patients (Banerji et al. 2005),
consistent with preclinical data.

The difference in MTD between the two studies (of Banerji and Goetz) high-
lights a weakness of current phase I design. The small sample size, combined
with the practical difficulty in equating very different toxicities can lead to
apparent inconsistency in results. Goetz and colleagues declared MTD due to
transaminitis (in a patient with already compromised liver function) and un-
controlled vomiting (where the patient’s previous experience and expectations
of therapy can have a large effect). The progress of the trial by Ramanathan and
colleagues (2004) was halted by patient fatigue (which can be hard to interpret
in a patient with advanced cancer) and pancreatitis. In contrast, Banerji and
colleagues (2005) were prevented from further escalation by drug formulation.
Given the level of toxicity, the next cohort may have represented the MTD, espe-
ciallywhen taken inconjunctionwithdata fromErlichmanandcolleagues,who
were able to deliver 220 mg/m2 twice weekly but not 308 mg/m2 (Erlichman
et al. 2004).

To date no advantage has been demonstrated for more frequent schedules,
such as that of Grem and colleagues (2005). The convenience and tolerability
of the weekly schedule, combined with convincing PK, PD and clinical data,
have led to this schedule being utilized in several phase II trial designs. The
formulation of 17-AAG dissolved in 0.4% DMSO has already been improved.
DMSO at this concentration is known to cause nausea, vomiting and diarrhoea
(Santos et al. 2003). How this affects the toxicity profile and whether such
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formulations present an opportunity to fully realize the clinical potential of
17-AAG will become clear in the near future.

4.2
Phase I Combination Studies with 17-AAG

The completion of single-agent phase I trials allows further trials to be initiated
investigating combinations of 17-AAG and other therapeutic modalities. Most
often this will involve a combination of two or more drugs but effects of a drug
combined with radiotherapy, for example, may be tested.

Combinations are chosen on the basis of preclinical evidence and practical
issues. Practical issues might include combining 17-AAG with agent(s) that
are currently standard therapy by predicting indications where 17-AAG may
be tested in the future, or combining 17-AAG with drugs with nonoverlapping
toxicities.

The involvement of the U.S. National Cancer Institute in the clinical devel-
opment of 17-AAG has allowed combinations to be tested that would otherwise
not be feasible, due to commercial interest or sponsorship issues when com-
bining more than one investigational drug.

Multiple phase I studies are currently in progress to define the MTD in
combination with a range of cytotoxic and molecularly targeted agents, as
summarized in Table 5.

Trials are also ongoing using alternative formulations of 17-AAG, such
as KOS-953 in multiple myeloma patients combined with bortezomib
(www.kosan.com).

4.3
Phase II Trials

Preclinical evidence and data from phase I trials has guided the phase II
programme for 17-AAG (Table 6). Completion of phase II studies over the

Table 5 Ongoing combination phase I trials with 17-AAG (www.nci.nih.gov/clinicaltrials)

17-AAG combined with Population on study Protocol ID

Pactlitaxel Advanced, metastatic cancer PCI-03-152

Docetaxel Hormone refractory prostate cancer MSKCC-03006

Cisplatin and gemcitabine Advanced, metastatic cancer MAYO-MC0111

Imatinib Gleevec refractory CML UCLA 0408048-01

Bortezomib Advanced, metastatic cancer MAYO-MC0214

Refractory NHL/AML OSU-2004C0084

Cytarabine Refractory leukaemia MAYO-MC0313

Fludarabine and rituximab Refractory leukaemia OSU-0429
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Table 6 Current phase II trials of 17-AAG (www.nci.nih.gov/clinicaltrials; Bagatell et al.
2004)

Tumour type Example of rationale or relevant client protein Protocol ID

Metastatic melanoma B-RAF (Davies et al. 2002) MSKCC-04056

Metastatic melanoma CRUK-PH2/049

Renal cancer: HIF-1 (Chung et al. 2004)

+ Von-Hippel-Lindau
disease

NCI-04-C-0238

OR papillary/clear
cell

MSKCC-04082

Breast
(adenocarcinoma)

ERBB2 (Slamon and Pegram 2001)
h-TERT(Bearss et al. 2000)

WSU-C-2803

Mastocytosis c-KIT (Longley et al. 1999) –

Thyroid 17-AAG showed activity in a panel of thyroid
cancer cell lines, correlating with Hsp90 lev-
els, not histological tumour subtype. (Braga-
Basaria et al. 2004)

–

Ovary Cell line panel (ovarian, cervical, breast and en-
dometrial cancer lines) all responsive to 17AAG
and 17DMAG (Gossett et al. 2005)

–

Hormone refractory
prostate

AR and HER2 (Solit et al. 2002) –

next few years should provide answers as to whether 17-AAG is an effective
anti-cancer agent. At the present time, early indications of clinical activity has
been seen in metastatic melanoma, prostate cancer and multiple myeloma.

4.3.1
Prostate Cancer

Hormone refractory disease represents a prime opportunity to test new agents.
Only one drug (docetaxel) to date has demonstrated a survival benefit, and
this is just a few months in duration (Petrylak et al. 2004; Tannock et al. 2004).
Drugs can therefore be tested in patients who are either chemotherapy-naïve
or have minimal previous exposure to chemotherapy.

Wild type androgen receptor, ERBB2 and AKT are all depleted by inhibition
of Hsp90 (with 17-AAG) and are key components of continued cell proliferation
and survival (Solit et al. 2003b). Alongside pronounced effects in preclinical
models, patients have experienced reduction in tumour marker (prostate-
specific antigen) levels within the phase I combination study with docetaxel
(Solit et al. 2004).
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4.3.2
Malignant Melanoma

The incidence of melanoma continues to increase in the developed world and
affects a younger population than other solid tumours (Armstrong and Kricker
1994). In 2002 melanoma accounted for 53,600 new cases and 7,400 deaths in
the United States (Jemal et al. 2002). Current therapy for metastatic disease
produces response rates in the order of 5%–35% whether single, combined or
introducing biological agents (Eigentler et al. 2003), but there is minimal effect
on patient survival and great scope for improvement.

Preclinical data suggest that melanoma might be sensitive to Hsp90 inhibi-
tion (Burger et al. 2004). While no responses have been seen, prolonged disease
stabilization has been noted when giving weekly 17-AAG (Banerji et al. 2005).
Investigators have hypothesized a cytostatic action of Hsp90 inhibition; phase
II trials have been designed with this in mind. Within the UK, under the aus-
pices of Cancer Research UK, the Royal Marsden Hospital/Institute of Cancer
Research and the Royal Free Hospital have commenced a trial where disease
stabilization after 6 months of therapy will be the primary endpoint. This rep-
resents a departure from the more traditional endpoint of tumour shrinkage.

Otherphase II trials areaskingwhether17-AAGcanproduce tumourshrink-
age in patients with melanoma, led by the Sloane Kettering Memorial Medical
Centre. The B-RAF mutation has been shown to be common and important in
melanoma (Davies et al. 2002) and this trial is stratifying patients according
to their B-RAF mutation status. Studies in pre-clinical models have shown
that mutant B-RAF, including the most common V600E mutant, is hypersen-
sitive to depletion by 17-AAG (daRocha Dias et al. 2005; Neil Rosen personal
communication).

4.3.3
Multiple Myeloma

Multiple myeloma is the second commonest haematological malignancy diag-
nosed in the Western world. This neoplasm of plasma cells is characterized
by their presence in the bone marrow and overproduction of (monoclonal)
immunoglobulin. Until recently, attempts to prolong survival were limited to
patients fit enough to undergo high-dose chemotherapy with stem cell rescue
(Child et al. 2003). Less fit patients were offered cytotoxic therapy (such as mel-
phalan and prednisolone), with minimal impact on survival. Median survival
for symptomatic patients ranges from 3 to 5 years (Weber 2003).

Molecular targeted agents have made an impact recently. Thalidomide has
shown efficacy (Singhal et al. 1999) and most recently the proteasome inhibitor
bortezomib (PS-341) has shown clinical activity (Richardson et al. 2003). Pre-
clinically, co-treatmentusing17-AAGandbortezomib ispotentially synergistic
(Mitsiades et al. 2002). A phase I trial, using the cremaphor formulation of 17-
AAG in patients with myeloma is currently recruiting patients clinical activity
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has been noted. The company expect to initiate a phase II trial once a dose has
been recommended (Mitsiade et al. 2005).

4.3.4
Mastocytosis

This rare disease is due to a proliferation of mast cells. Malignant transfor-
mation then occurs in 7%–30% patients, dependent on patient age at disease
onset. Mastocytosis presents a valuable clinical model in which to study Hsp90
inhibition. The disease is associated with activating mutations in c-KIT (Lon-
gley et al. 1999). In-vivo models have shown 17-AAG to reduce KIT protein
and activity in both sensitive and insensitive (to imatinib) cell lines. Even in
imatinib-resistant cell lines, 17-AAG is able to induce apoptosis (Gorre et al.
2001). This trial allows data to be collected in humans where the molecular ba-
sis of the disease is well understood – comparable to development of imatinib
in CML and GIST, as well as looking for therapeutic benefit.

4.4
Phase I Trials of 17-DMAG

Clinical trials with 17-AAG have established that an Hsp90 inhibitor can be
given to patients with tolerable side effects (see above). 17-AAG has a variety

Fig. 5 Current phase I trials using 17-DMAG in advanced cancer
(www.nci.nih.gov/clinicaltrials)
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of limitations such as complex formulation, poor solubility; odour and lack of
oral bioavailability.

Therefore, 17-DMAG has been developed to overcome some of these limita-
tions. Evidence from preclinical models suggests that 17-DMAG and 17-AAG
share inhibition of Hsp90 as the mechanism of action and that they have a sim-
ilar spectrum of toxicity. It appears that 17-DMAG is more potent as an Hsp90
inhibitor but also more toxic (Eiseman et al. 2005; Hollingshead et al. 2005).

Phase I trials investigating a variety of schedules have been initiated. Each
of these trials is seeking to build on the initial PK/PD work that has proven
beneficial in the development of 17-AAG to date (Fig. 5).

Although 17-AAG has been well tolerated on a weekly schedule and less
so on more frequent schedules, the relative contribution of drug and class
effect vs the formulation vehicle (DMSO) is obscure. The phase I trials of 17-
DMAG have been designed pragmatically to recommend doses on a variety of
schedules.

5
Summary and Lessons Learnt to Date

Hsp90 is a highly conserved chaperone protein and its role in cellular biology
has been extensively discussed in other chapters of this book.

The clinical use to date of Hsp90 inhibitors has been focused within the
field of cancer medicine. There are many other areas where roles of Hsp90 in
protein maturation, folding and trafficking make it an attractive therapeutic
target, such as neurodegenerative and immune-mediated diseases.

The most successful attempts to date in developing an Hsp90 drug have
been seen with small molecule inhibitors against the ATPase activity of the
chaperone’s N-terminus. The benzoquinone ansamycins have been studied
in detail and the first drug in clinical trials (17-AAG) has been shown to be
tolerated at doses which possess acceptable PK properties, achieve target inhi-
bition and show possible anti-tumour activity. Toxicity, whilst troublesome, is
manageable, although room for improvement remains. The DMSO-containing
formulation of 17-AAG has been improved and how this affects the toxicity
profile will become clear in the near future. Although care must be applied
interpreting efficacy data from phase I trials, there have been several cases of
prolonged disease stabilization in patients with metastatic melanoma (Banerji
et al. 2005; Erlichman et al. 2004), prompting the instigation of phase II trials.
Activity has also been described in hormone-refractory prostate cancer (Solit
et al. 2004).

Investigation of PK and PD effects have shown 17-AAG to be biologically
active against Hsp90 at doses used within the clinical trials. Improved under-
standing has led to the concern that one of the most robust PD markers, Hsp70
induction, may represent a compensatory mechanism by which cancer cells
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avoid death due to Hsp90 inhibition. It is possible this will limit the use of
Hsp90 inhibitors as single agents.

The study of further geldanamycin analogues such as 17-DMAG is under-
way. Development programmes with non-ansamycin drugs such as radicicol,
purine and diaryl pyrazole resorcinol compounds are aiming to produce clin-
ical candidates.

6
Concluding Remarks

Anti-cancer drug discovery has shifted focus from the development of DNA-
damaging agents to treatments that target the underlying mechanisms of onco-
genesis.

Signal transduction inhibitors have generated considerable interest, several
of which have been licensed. Concern remains that such drugs will be vul-
nerable to redundancy between pathways, allowing cells to compensate for
inhibition of the initial target. Hsp90 inhibitors deplete multiple client pro-
teins, leading to a combinatorial attack on multiple oncogenic targets. This
may prevent cross-talk effects and provides for a broad spectrum of activity
against many tumour types, as well as reducing the opportunity for resistance
to develop (Workman 2004). While we wait for technology to advance so that
personalized therapy becomes reality, drugs such as Hsp90 inhibitors that de-
liver combinatorial blockade of multiple oncogenic pathways and hallmark
traits of cancer offer exciting potential.

These are exciting times in cancer drug development and Hsp90 inhibitors
represent a unique opportunity. A foundation exists on which to build treat-
ment regimens containing Hsp90 inhibitors, whether as a single agent or
in combination with other therapies. Excellent pre-clinical research rational
drug trial design, international cooperation and an emphasis on translational
medicine has guided this field to date and must be allowed to direct progress
going forward. Without such efforts, there is a risk of failing to realize the po-
tential of new agents (not just Hsp90 inhibitors), whether by setting incorrect
objectives, failing to gather the correct information, or simply not understand-
ing fully what has been achieved to date.

This chapter has highlighted the current state of clinical trials using in-
hibitors of the Hsp90 molecular chaperone protein. We predict that, as the
field of cancer chemotherapy matures, chaperone targets (in particular Hsp90)
will play a role for some time to come. In other areas of medicine, it will be
fascinating to watch for the advances that Hsp90 inhibitors may present.
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Abstract Peptide bond isomerases are involved in important physiological processes that
can be targeted in order to treat neurodegenerative disease, cancer, diseases of the immune
system, allergies, and many others. The folding helper enzyme class of Peptidyl-Prolyl-
cis/trans Isomerases (PPIases) contains the three enzyme families of cyclophilins (Cyps),
FK506 binding proteins (FKBPs), and parvulins (Pars). Although they are structurally
unrelated, all PPIases catalyze the cis/trans isomerization of the peptide bond preceding the
proline in a polypeptide chain. This process not only plays an important role in de novo
protein folding, but also in isomerization of native proteins. The native state isomerization
plays a role in physiological processes by influencing receptor ligand recognition or isomer-
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specific enzyme reaction or by regulating protein function by catalyzing the switch between
native isomers differing in their activity, e.g., ion channel regulation. Therefore elucidating
PPIase involvement in physiological processes and development of specific inhibitors will
be a suitable attempt to design therapies for fatal and deadly diseases.

Keywords Peptide bond isomerases · PPIases · FKBP · Cyclophilin · Parvulin

1
Introduction

In principle, the native conformation of a protein is determined by its amino
acid sequence since many isolated proteins can be denatured and refolded in
vitro in the absence of other cellular components. However, it is now clear
that assembly and folding of polypeptides in vivo involves helper proteins
that assist in protein folding. The spatiotemporal characteristics of the various
conformational states or folding states of a protein dictate important events in
cell life under normal and pathophysiological conditions. Physically, protein
folding is a complex process whereby a polypeptide chain can adopt a huge
number of conformations that may differ greatly from its native folding state,
but represent, as well, a transiently stable form of protein. These different
folding intermediates can be seen as a polypeptide chain on an energy land-
scape containing many energy minima. Obviously, the connection of different
energy minima requires folding pathways in order to allow adoption of the
native protein fold (Dobson et al. 1998). Notably, the same rules apply for de
novo protein folding and conformational changes in native proteins. There-
fore chain reshuffling by protein–protein and protein–ligand interactions, de
novo protein folding, and refolding of denatured proteins are based on similar
molecular principles (Tsai et al. 1999).

Protein-mediated folding assistance was found to exploit many biochemical
mechanisms resulting in different modes of action. It includes folding in cavi-
ties, enzymatically catalyzed folding and coupled chain holding-chain folding
cycles. The pathways of assisted folding play a key role in cell response to
physiological signals, and effectors of the helper proteins involved represent
a potential for therapeutic intervention for many human diseases. In the last
two decades, different families of folding helper proteins have been character-
ized that proved to be highly conserved during evolution. Among them, the
folding helper enzymes act catalytically to control the folding dynamics and
the products of folding. Both protein disulfide isomerases and peptide bond
cis/trans isomerases form the sole examples of folding helper enzymes known
to date. Particular attention is given to peptide bond cis/trans isomerases be-
cause peptide bond cis/trans isomerization plays an obligatory role for protein
folding, whereas disulfide bond formation does not.

Notably,most rotationsaboutcovalentbonds, events thatdictate theprogress
of the folding reaction, proved intrinsically to be very fast and do not need fur-
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ther rate acceleration by either external factors or intramolecular assistance.
Potentially, external influences on rotational rates could be mediated by a wide
variety of physical and chemical means, such as enzyme catalysis, catalysis by
low-molecular-mass compounds, heat, mechanical forces, and supportive mi-
croenvironments. Acid-base catalysis, torsional strain or proximity, and field
effects are major forces with the potential to act in intramolecular assistance
or enzyme catalysis. Among the folding helper enzymes only peptide bond
cis/trans isomerases are able to catalyze conformational interconversions in
unfolded, partially folded, and native states of proteins (Fischer and Aumuller
2003). In all cases, enzymatic rate enhancement requires a particular substrate
structure usually characterized by a combination of primary and secondary
binding sites. In fact, on the basis of accelerated bond rotation, peptide bond
cis/trans isomerases can be characterized as conformases. Currently known
enzymes show specificity for the peptide bond preceding either a proline
residue (prolyl peptide bond) or a variety of secondary amide peptide bonds.
These enzymes termed peptidyl prolyl cis/trans isomerases (PPIases) and the
secondary amide peptide bond cis/trans isomerases (APIases), can be divided
into subfamilies, some of which are characterized by their ability to recruit sec-
ondary binding sites of the substrate polypeptide chain for catalysis. Current
knowledge on PPIases goes back to first observations in 1984 (Fischer et al.
1984), whereas the discovery of APIases is a more recent event (Schiene-Fischer
et al. 2002).

Extensive studies of PPIases have provided reasonable knowledge of the
mechanisms determining the relationship between prolyl isomerization in
proteins and cell signaling.

It was shown that PPIases not only increase the rate of the slow kinetic
phases in the refolding of denatured proteins, but also accelerate efficiently the
interconversion between native state isomers of proteins. Regardless of their
sequential context, the cis and trans prolyl bond isomers in unstructured, par-
tially structured, or even native proteins exhibit energetic differences, which
tend to be small, thus leading to comparable levels of isomers in solution.

Given that one isomer is not reactive, coupling of this equilibrium to a fast
subsequent reaction step must cause a transient discrimination of an isomer
in the overall reaction (isomer-specificity, Fig. 1a). Isomer-specific reactivity
differences have been demonstrated in many bioreactions, including enzyme
catalyzed phosphate transfer, proteolysis, protein folding, and receptor/ligand
recognition (Fischer and Aumuller 2003). In addition, peptide bond stiffness,
which is reduced under PPIase catalysis, may be a reactivity determining
molecular parameter in polypeptides (Fig. 1b). Furthermore, the switch-like
character of peptide bond cis/trans isomerization allows for chemomechanical
coupling in proteins (Fig. 1c) (Fischer 1994; Tchaicheeyan 2004).

In the years following the discovery of the PPIase in pig kidney, cyclophilins,
FK506-binding proteins, and parvulins have been characterized, which now
collectively form the enzyme class of PPIases (EC 5.2.1.8.). Prolyl bonds usually
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Fig. 1a–d Biochemical mechanisms underlying the physiological role of peptidyl prolyl
bond cis/trans isomerizations of proteins. a Proteins (dark gray) capable of isomer-specific
recognition of a polypeptide ligand (gray). An extreme manifestation of isomer specificity
is seen if one prolyl isomer releases free binding energy (left), while the other isomer is
not able to do so (right). Examples have been found in protein folding, enzyme catalysis,
and receptor/ligand interactions. b Local control of chain flexibility in the context of the
rigid polypeptide backbone. A decrease in energy barrier to rotation of a prolyl bond has
the conformational consequence of promoting nearly unconstrained motion of adjacent
covalent bonds similar to those present in alkanes. This process might play a role in protein
folding. c Mechanical force generator for structural distortion. The cis/trans isomerization
of a single peptidyl-prolyl bond may confer to global structural rearrangements changing
the relative positions of a moving domain (circle) to a static domain (rectangle). This
process is thought to play a role in allosteric regulation of proteins. In addition, peptidyl
prolyl bond cis/trans isomerization addresses, on the submolecular level, a broad spectrum
of actomyosin’s functional characteristics (Tchaicheeyan 2004). d One-bond folding energy
trap is important in conferring protein metastability. The native protein adopts cis/trans
isomerism of prolyl bonds, which must lead to conformational polymorphism. Assuming
that protein molecules populate the N2 state, the higher energy implies kinetic instability.
Conversion to the stable folding state may proceed very slowly for prolyl isomers

confer uncoupling of a bond rotation from the framework movement of the
backbone and side chains by virtue of an exceptionally high torsion barrier. As
a result, the time scale of the uncatalyzed interconversion between the prolyl
cis/trans isomers ranges from several hundred milliseconds to a few hours
under physiological conditions.



Targeting of Protein Folding 363

The singularity of prolyl bonds in peptide chains results from the N-
alkylated amino acid proline forming an imidic peptide bond at its N-terminus.
This property is exceptional since all other gene-coded amino acids form sec-
ondary amide peptide bonds. In both types of peptide bond, the nitrogen atom
is able to delocalize its lone electron pair over the whole functional group.
This results in a planar framework of electronic organization and the conse-
quent partial double-bond character of the C-N bond, restricting the energy
minima in peptide bond torsion. The free energy dependence of the peptide
bond cis/trans isomerization in a chain fragment indicates just two minimum-
energy states: the geometric isomers cis and trans. Both isomers are separated
by the above-mentioned rotational barrier corresponding to the perpendicular
high-energy intermediate state of rotation. While three-dimensional protein
structures achieved by X-ray crystallography reveal prolyl bonds that adopt
a conformational homogeneous state, either cis or trans conformation, solu-
tion NMR spectroscopy reveals a more complex picture. Many native proteins
show limited conformational polymorphism, termed native state isomeriza-
tion (Fig. 1d). These conformational states are mainly caused by the structural
properties of a particular proline residue in the polypeptide chain. Protein
conformational polymorphism often indicates the existence of peptide bond
cis/trans isomers of different biological activity (Andreotti 2003).

The enzyme class of PPIases presently comprises three enzyme families
that represent structurally and functionally distinct proteins. Enzyme families
were named according to the affinity of prototypic enzymes for the immuno-
suppressive drugs cyclosporin A (CsA) and FK506, cyclophilins (Cyps), and
FK506-binding proteins (FKBPs). “Immunophilin” is a term that collectively
comprises members of both enzyme families. The parvulin family of PPIases
has not been reported thus far to exhibit affinity for these immunosuppressive
drugs. Heat shock proteins of the hsp70 family comprise the first examples of
APIases (Schiene-Fischer et al. 2002).

Numerous biochemical investigations have led to the elucidation of four
different modes of action, some of which were shown to represent auxiliary
features of PPIases in cells (Fischer and Aumuller 2003). However, rate accelera-
tion of prolyl isomerization plays a central role in their physiological function.
Consequently, these enzymes may contribute to de novo protein folding as
well as polypeptide chain rearrangements in native proteins. Logically, PPI-
ases involved in de novo protein folding must show distinct characteristics as
compared to enzymes involved in the interconversion between native states
of proteins. To effectively perform this broad range of tasks, PPIase families,
in particular FKBPs and cyclophilins, consist of many individual members of
different molecular masses that encompass one or more PPIase domains com-
plemented with other functional polypeptide segments (Galat 2004a, 2004b).
In addition, PPIase activity might be controlled by accessory cellular factors,
such as second messengers or interacting proteins. Such molecular charac-
teristics are expected to contribute to the regulatory function of the PPIase,
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a situation reminiscent of the regulation of protein kinases and protein phos-
phatases.

Among the plethora of human PPIases, several members seem to be specifi-
cally involved in the interconversion of native protein conformers, which differ
in their biological activity. However, it is reasonable to assume functional re-
dundancy among paralogous PPIases. It should also be noted that complete
depletion of the catalytic activity in human cells, which may be possible for
lower eukaryotes, proved to be difficult (Dolinski et al. 1997; Wang et al. 2001).

Functional analyses of PPIases in cells, performed with PPIase variants,
attenuated in their catalytic activity, protein knock-down by genetic means,
or small cell-permeable inhibitors, allowed unequivocal identification of many
signaling pathways that are based on catalyzed prolyl isomerization. Conse-
quently, specific inhibition of PPIases might cause pathway blockade, which
can have beneficial effects in pathologically altered cells, tissues and organs,
by interfering with catalyzed folding processes.

However, it remains a challenge to identify differential inhibitors for the
individual members of the PPIase families.

2
Cyclophilins

Members of this PPIase family are ubiquitously expressed throughout the hu-
man organism (Fischer and Aumuller 2003; Galat 2004a). In their catalytic do-
main, cyclophilins share high sequence similarity to the prototypic cyclophilin
18 (Cyp18, CypA), which has a molecular mass of 18 kDa. The immunosup-
pressive drug cyclosporine A (CsA) represents a tight-binding inhibitor for
the PPIase activity of most human cyclophilins. For many human cyclophilins,
additional polypeptide segments complete the full-length proteins. They were
found to be located N-terminally and C-terminally to the catalytic core domain.
Functionally, the extra domains and segments are coupled with intracellular
targeting, RNA recognition, tetratricopeptide repeat (TPR)-mediated protein–
protein interactions and macro-complex assembly of Ran-binding proteins.

2.1
Immunosuppression

Low-molecular-mass inhibitors of cyclophilins are utilized in prevention of
allograft rejection in transplantation medicine, for treatment of autoimmune
diseases, and for prophylaxis of graft-versus-host diseases (Arai and Vogelsang
2000; Gremese and Ferraccioli 2004). Prior binding of CsA derivatives to Cyp18
is one requirement for inhibition of T cell activation after antigenic stimulation
and immunosuppressive activity (Fischer et al. 1989; Takahashi et al. 1989).
A causal relationship between inhibition of the Cyp18 PPIase activity and T



Targeting of Protein Folding 365

cell replication does not exist (Navia 1996; Schreier et al. 1993). Instead, the
protein phosphatase calcineurin appears to be involved in Ca2+-dependent
signal transduction pathways in, among others, T cells and mast cells. Cyp18
and FKBP12 probably mediate the immunosuppressive actions of CsA and
FK506, respectively, by a gain-of-function effect of the immunosuppressive
drug/immunophilin complex with and inhibiting the protein phosphatase ac-
tivity of calcineurin (Friedman and Weissman 1991; Liu et al. 1991). Mecha-
nistically, Cyp18 forms a binding platform for CsA, with a portion of the drug
molecule remaining presented to calcineurin by the resulting complex. Prob-
ably the most important reason for the occurrence of gain-of-function effects
is alteration in macrocyclic conformation of CsA when bound to its presen-
ter PPIase. Downregulation of the NF-AT, NFκB, and the c-jun N-terminal
kinase (JNK) signaling pathways that determine expression of IL-2 and other
cytokines is thought to play a key role in conferring susceptibility to CsA
and FK506 effects on the growth of T cells involved in cellular immune re-
sponse (Vogel et al. 2001). It has been reported that continuous treatment of
transplant patients with CsA induces numerous side effects such as hyperten-
sion, encephalopathy, malignancy, neurotoxicity, hyperglycemia and chronic
nephropathy. The most prominent CsA side effects are nephrotoxicity and ox-
idative stress causing a block in muscle differentiation that is mediated by ROS
generation (Hong et al. 2002). In addition, CsA application causes nephrotox-
icity by initiation of vacuolization and fatty change in tubular epithelial and
endothelial cells, inhibitionof cell growth, detachment, andcell death ina time-
and dose-dependent manner (Ryffel et al. 1988). Besides its ability to interfere
with calcineurin-mediated signaling, cyclosporins inhibit PPIase activity of
many cellular cyclophilins in drug-treated patients. A variety of physiological
processes exist where cyclophilins were shown to be involved (Bennett et al.
1998; Waldmeier et al. 2002, 2003; Wei et al. 2004; Yurchenko et al. 2002). Thus,
inhibition of the PPIase activity of cyclophilins may be associated with the oc-
currence of adverse effects in long-term treatment with cyclosporins. In fact,
calcineurin-independent pathways affect peripheral T cell deletion induced
by either superantigens or anti-TCR αβ mAb, and allergy-induced by super-
antigens, and this may be relevant to the development of immune tolerance
(Prudhomme et al. 1995).

To add to the puzzle, the estimation of calcineurin activity in CsA-treated
renal transplant patients raised doubts about the direct relationship between
calcineurin inhibition and immunosuppression. In circulating lymphocytes of
the immunosuppressed patients, calcineurin activity is only partially reduced
(50%–85% of the control) (Batiuk et al. 1995). The calcineurin fraction resis-
tant to inhibition is even larger for FK506 administration in several tissues.
The serum CsA level can approximately predict clinical parameters of im-
munosuppression in individuals but is poorly correlated with the calcineurin
activity of lymphocytes. It was hypothesized that partial calcineurin inhibition
might account for both the immunosuppression and the immunocompetence
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of CsA-treated patients (Batiuk et al. 1997). Sanglifehrin macrolides, which are
structurally distinct from cyclosporins, offer a new approach for preventing
clonal T cell expansion via tight binding to cyclophilins. Sanglifehrin A blocks
T cell proliferation in response to IL-2 by inhibiting the appearance of activity
in the cell cycle kinase cyclinE-Cdk2 (Zhang et al. 2001). Interestingly, a Cyp18-
sanglifehrin complex does not inhibit the protein phosphatase calcineurin but
is completely inactive in PPIase assays (Zenke et al. 2001). Sanglifehrin A was
shown to inhibit mitochondrial cyclophilin, and is thus an inactivating agent
of the mitochondrial permeability transition pore, which is highly involved
in the promotion of apoptosis and necrosis (Clarke et al. 2002). In addition,
Sanglifehrin A interferes with the differentiation of dendric cells and promotes
endocytosis of antigens (Steinschulte et al. 2003; Woltman et al. 2004).

Cyp18 can influence T cell activation on its own utilizing a pathway that
does not require the application of cyclosporins. Knock-down of Cyp18 in
mice promotes development of allergic diseases with elevated IgE and tissue
infiltration by mast cells and eosinophils, which is driven by CD4(+) T helper
type II (Th2) cytokines (Colgan et al. 2004). Cyp18 inhibits the interleukin-2
tyrosine kinase (Itk) that is a nonreceptor kinase, promoting T cell activation
(Brazin et al. 2002; Mallis et al. 2002). Mechanistically, the PPIase interacts
with the Src homology 2 (SH2) domain of the kinase known to control the
activity of the neighboring catalytic domain. This interaction mediates a native
state prolyl isomerization, causing a conformational change in the structure
of Itk. Consequently, Cyp18 catalytically accelerates switching between the
active and the inactive isomer of Itk. This process prevents T cell activation by
cellular factors acting downstream of the Itk. Application of CsA prevents the
interaction of Cyp18 and Itk.

2.2
Viral Infections

Cyp18 plays an important functional role in virus replication among the host
cell proteins of human immunodeficiency virus type-1 (HIV-1) virions because
it enhances viral infectivity (Luban et al. 1993). Other folding helper enzymes
are also found in complex with viral proteins (Brenner and Wainberg 1999).
Virions released from infected cells show a ratio of ten copies of p24gag to one
copy of Cyp18, which is a unique feature among the virions of retroviruses
(Thali et al. 1994). The results of some studies underscore the importance of
the Cyp18 population of the target cell vs Cyp18 packaged in virions (Ikeda
et al. 2004). During early phases of replication, Cyp18 was found to associate
with proline-rich segments of both the retroviral capsid protein p24gag and the
viral protein R (Vpr) (Zander et al. 2003).

Consequently, blocking the host cell Cyp18–provirus interaction by cy-
clophilin inhibitors, such as immunosuppressive and nonimmunosuppressive
CsA derivatives or reducing the cellular concentration of Cyp18 by antisense
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U7 snRNAs and siRNAs targeting Cyp18 was beneficial for limiting the virus
load (Bartz et al. 1995; Liu et al. 2004; Thali et al. 1994). Indeed, previous analy-
ses already suggested the beneficial effect of CsA treatment on the progression
of disease and outcome of AIDS-related mortality (Huss et al. 1995). In another
study, CsA restored normal CD4(+) T cell levels, both in terms of percentage
and absolute numbers in AIDS patients (Rizzardi et al. 2002).

Recentdata showthat three isoformsofCyp18assemblewithHIV-1particles
(Misumi et al. 2002). One of the three isoforms was found outside of the viral
membrane. It was suggested that this Cyp18 isoform might play a role in the
attachment of the virons to the surface of the target cell. It has been discussed
that Cyp18 mediates HIV-1 attachment to a cell by targeting heparans on the
cellular surface (Saphire et al. 1999). This observation is supportedbydata from
groups investigating the role of Cyp18 and Cyp23 in response to inflammation
(Yurchenko et al. 2002).

The two remaining isoforms were isolated as components of the viral mem-
brane. They most likely play a role in the regulation of the HIV-1 p24gag

conformation (Misumi et al. 2002). They are included in the viral membrane
as a result of interactions with Gag polyprotein when the virion is assembled
and released from the host cell (Franke et al. 1994). Cyp18 binds p24gag at
three distinct sites. One is located in the N-terminal part of the protein around
Gly89-Pro90 (Gamble et al. 1996; Howard et al. 2003) (Fig. 2). The interaction
at this site certainly influences virion packaging.

In the C-terminal part of p24gag, the other two interaction sites are at Gly156-
Pro157 and Gly223-Pro224 and may play a role in destabilizing the capsid cone
(Endrich et al. 1999). Viruses assembled in cells with low Cyp18 concentrations
are less infectious than particles assembled at high Cyp18 concentrations (Liu
et al. 2004).

Another aspect of the Cyp18-p24gag interaction is the Cyp18-mediated eva-
sion of the antiviral action of a human restriction factor that targets p24gag

soon after virus entry into the cell. This situation is revealed in owl monkey
cells where restriction is released by capsid mutants or CsA that disrupt capsid
interaction with Cyp18. The structures of viral capsid proteins largely deter-
mines restriction (Perron et al. 2004). It was suggested that HIV-1 co-opted
Cyp18 to counteract restriction factors and that this adaptation can confer
sensitivity to restriction in unnatural hosts (Towers et al. 2003). A chimerical
protein containing a restriction factor and Cyp18 expressed in owl monkey was
shown to account for postentry restriction of HIV-1 and block HIV-1 infection
when transferred to otherwise infectable human or rat cells (Sayah et al. 2004).

Cyp18-catalyzed prolyl isomerization has been detected in capsid-derived
oligopeptides and the N-terminal fragment of HIV-1 capsid at the Gly89-Pro90
site (Bosco et al. 2002). On the other hand, a Vpr-Cyp18 fusion protein variant,
which lacks PPIase activity, rescues HIV-1 replication in a trans complemen-
tation assay (Saphire et al. 2002).
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Fig.2 Representation of the three-dimensional structure of the Cyp18/HIV-1 capsid complex
(Howard et al. 2003). The prototypic cyclophilin folds a β-barrel structure containing eight
antiparallel β-sheets and two amphipatic α-helices depicted in red. The PPIase-active site of
Cyp18 is assembled by the amino acid side chains of R55, F60, Q63, F113, W121, and H126
(orange). The active site of Cyp18 binds to P90 and its preceding glycine residue (green)
within the exposed loop of the capsid protein, displayed in blue

Interestingly, application of CsAand a nonimmunosuppressive CsAderivate
to virus-infected quiescent cells preloaded with anti-CD25 immunotoxin di-
minishes virus production and thus suppress infectivity (Borvak et al. 1996).

In addition to data showing the importance of Cyp18 for HIV-1 replication,
there is evidence that the cyclophilins are utilized by other viruses, as well. Be-
cause CsA dose-dependently inhibits herpes simplex virus production in rest-
ing monkey kidney cells, the involvement of cyclophilins in virus replication is
obvious (Vahlneet al. 1992).Aconsiderable variation inCsAsensitivityof repli-
cation has been obtained for serologically distinct types of vesicular stomatitis
virus (VSV) in baby hamster kidney cells (Bose et al. 2003). Overexpression of
a catalytically inactive Cyp18 variant parallels the CsA effects. It was shown that
Cyp18 interacts with the nucleocapsid protein and is incorporated into VSV
particles. These data imply that the processes that Cyp18 mediates in the VSV
life cycle differ from its function in HIV-1. A calcineurin-independent effect of
CsA has been reported for the replication of the hepatitis C virus and data from
bone marrow transplantation patients and nontransplant patient populations
confirm that CsA inhibits HCV replication (Pollard 2004; Watashi et al. 2003).
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2.3
Parasitic Infections

CsA is an antiparasitic drug for many different parasitic infections whose
mode of action might involve both parasite and host cell cyclophilins. Re-
sponse to CsA treatment has already been observed for malaria, leishmaniasis,
trypanosomiasis, schistosomiasis, and filariasis (Bell et al. 1996). In fact, Bru-
gia malayi is resistant to the antiparasitic activity of cyclosporin A (CsA),
in accordance with the relatively low CsA affinity of parasitic cyclophilins
(Ellis et al. 2000). On the other hand, the antihelmintic action of different
cyclosporins against Hymenolepis microstoma does not correspond with the
degree of cyclophilin binding and implies that a parasite surface component
is the drug target (McLauchlan et al. 2000). Typically, survival to infection
with Trypanosoma cruzi was 50% higher for CsA-treated mice than in non-
treated animals (Calabrese et al. 2000). Immunosuppression and antimalarial
activity of cyclosporin derivatives does not correlate in parasites. Therefore
calcineurin is not involved in cyclosporin-sensitive pathogenesis (Bell et al.
1996). This study investigates whether complexing of CsA with parasite Cyp
may account for its antihelmintic action.

2.4
Malignancies

Usingdifferentialdisplay techniques, cDNAmicroarraysandproteomeprojects
frequently revealed upregulation of Cyp18 in various types of cancer cells
(Campa et al. 2003; Grzmil et al. 2004; Lim et al. 2002; Rey et al. 1999). The mi-
tochondrial Cyp22 is specifically upregulated in human tumors of the breast,
ovary, and uterus (Schubert and Grimm 2004). Among the cyclophilins, Cyp40
is unique for its ability to sequester heat shock proteins and its involvement in
the control of mitogenic signaling mediated by glucocorticoids (Renoir et al.
1995; Ward et al. 1999). Consequently, deletion of the Cyp40 gene promotes
breast tumorprogression in latedevelopmentalphases (Wardetal. 2001).Treat-
ment of breast cancer cells with estradiol increases steady state concentrations
of Cyp40 mRNA through both transcriptional and post-transcriptional mech-
anisms (Kumar et al. 2001). The function of Cyp40 in the steroid hormone
receptor complex seems to be related to the role of FKBP51 and FKBP52 in that
the unactivated receptor complex is stabilized, and assistance is provided for
subcellular translocation processes upon steroid binding. In addition, Cyp40
seems required to formthe functional peroxisomeproliferator-activated recep-
tor alpha (PPARα) as well. This complex might play a role in the development of
liver cancer after chronic exposure to peroxisome proliferators, including cer-
tain industrial and pharmaceutical chemicals, and in mitogenic or apoptotic
regulation of growing tumors (Miller et al. 2000).
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Both Cyp40 and FKBPs have been found in complex with Hsp90 and p53
via their tetratricopeptide repeat (TPR) domains and dynein with their PPIase
domains. This heterocomplex forms a functional link between the PPIases and
p53 transport into the nucleus in colon carcinoma cells (Galigniana et al. 2004).

A Cyp18 isoform sharing about 84% sequence identity with Cyp18 were
identified to be encoded in the q21–23 region of chromosome 1, which has
been recognized as being extensively transcribed during the development of
metastases in liver, breast, andbladdercancer (Meza-Zepedaet al. 2002;Nilsson
et al. 2004). The gene product was designated chromosome one amplified
sequence 2 (COAS2), but has not yet been characterized enzymatically.

Immunosuppressive drugs could promote tumor progression due to cal-
cineurin inhibition, but immune response-independent mechanisms have also
been suggested (London et al. 1995; Van de Vrie et al. 1997). In contrast,
rapamycin, another immunosuppressive agent acting through a calcineurin/
cyclophilin-independent mechanism, exhibits potent anti-tumor activity. It
was shown that CsA could induce cancer cell-typical phenotypic changes in
normal cells. The host immune defense does not account for this effect. The
CsA-mediated enhancement of tumor growth in immunodeficient SCID-beige
mice can be prevented by simultaneous treatment with mAb directed against
transforming growths factor-β (TGF-ß) (Hojo et al. 1999).

A 166-kDa cyclophilin (NKTR), which harbors a N-terminal cyclophilin
domain followed by a long C-terminal extension, is an important determinant
of natural killer (NK) cells. A signaling pathway has been described that utilizes
this cyclophilin in MHC unrestricted killing of tumor cells (Giardina et al.
1995). This protein belongs to the large subfamily of SR cyclophilins thought
to be involved in cell cycle regulation (Dubourg et al. 2004).

Cyclosporin A and its nonimmunosuppressive derivative [3′-Keto-Bmtl]-
[Val2]-cyclosporin (PSC 833) has been shown to increase the sensitivity of
multidrug-resistant (MDR) cells to chemotherapeutic agents used in anti-
tumor treatment (Boesch et al. 1991). Labeling of the cyclosporin derivatives
demonstrated the binding to and blocking of the human MDR1 P-glycoprotein,
a transmembranous adenosine 5′-triphosphate binding cassette (ABC) trans-
porter (Loor et al. 2002).

2.5
Ischemia/Reperfusion Injury

Mitochondria play a major role in ischemic cell death in peripheral organs and
the central nervous system, because activation of the mitochondrial perme-
ability transition pore (mtPTP) causes apoptosis and necrosis in injured tissue
(Li et al. 2004). During pore opening, the mitochondrial inner membrane be-
comes freely permeable to solutes of less than 1.5 kDa. The mtPTP is a protein
complex consisting of a cyclophilin (Cyp22, CypD), the voltage-dependent an-
ion channel, members of the pro- and anti-apoptotic Bax/Bcl-2 protein family,
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and the adenine nucleotide (ADP/ATP) translocator. Calcium-triggered func-
tional switching of the mtPTP from a specific transporter to a nonspecific pore
is facilitated by the binding of Cyp22 to the adenine nucleotide (ADP/ATP)
translocator (probably on proline residue 61) (Halestrap and Brenner 2003).
Overexpression of Cyp22 had opposite effects on apoptosis and necrosis, ob-
taining suppression of apoptosis at high Cyp22 levels (Li et al. 2004; Schubert
and Grimm 2004).

On the other hand, permeability transition induced by calcium ions was
powerfully inhibited by CsA and nonimmunosuppressive CsA derivatives at
nanomolar concentrations, indicating a potential anti-apoptotic drug effect
due to inhibition of Cyp22 enzyme activity (Griffiths and Halestrap 1995;
Hansson et al. 2004). Consequently, studies suggest preservation of mitochon-
drial integrity in animal stroke models, in injured rat liver and heart as well
as neuroprotective effects of CsA in animal models (LeDucq et al. 1998; Wald-
meier et al. 2003; Yu et al. 2004). However, different cyclophilins are thought
to be involved in the beneficial CsA effects (Li et al. 2004).

Using the calcineurin-inactive drug sanglifehrin new light was shed on
Cyp22 function in the mtPTP complex (Clarke et al. 2002). Sanglifehrin in-
hibits mtPTP activation but not formation of an adenine nucleotide (ADP/ATP)
translocator–Cyp22 complex. Therefore, proteins assembling the mtPTP prob-
ably undergo structural changes catalyzed by Cyp22 that do not correlate with
complex formation but with the pore function. Despite similar Ki values for in-
hibition of the PPIase activity of Cyp22 in vitro, sanglifehrin binds more tightly
to mitochondria than CsA. The sigmoidal dose-response curves obtained for
thepore inhibitionby sanglifehrinallowedassessmentofpore complex compo-
sition and detection of cooperative interactions between the pore components
during opening.

2.6
Amyotrophic Lateral Sclerosis

Hyperactive,mutantCu/Znsuperoxidedismutase-l (SOD),which canbe linked
to familial amyotrophic lateral sclerosis (familial ALS), induces apoptosis of
neuronal cells in culture because of increase in reactive oxygen species (Lee
et al. 1999). Overexpressed wild type Cyp18, but not a PPIase-inactive Cyp18
variant, protected cells from death after hyperactive SOD variant expression.
This result indicates involvement of misfolding reactions of unknown client
proteins in the loss of motor neurons. Application of CsA enhanced neuronal
cell death. Silencing of SOD hyperactivity by RNAi protects against CsA effects.
Consequently, CsA was not shown to be beneficial in patients with allergic con-
tact dermatitis, multiple sclerosis, or amyotrophic lateral sclerosis (Faulds et al.
1993). It is somewhat surprising that CsA treatment is also able to attenuate
degeneration and cell death of injured neurons in mouse brain tissue (Karlsson
et al. 2004). Results showing that CsA in doses of (10.0 mg kg–1) can prevent ax-
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otomized neonatal motor neuron death are counter to the expectations drawn
from the SOD variant-based approach (Iwasaki et al. 2002). Interestingly, the
downregulation of another PPIase, the multidomain enzyme FKBP52, was also
found to be important for pathogenesis of ALS (Manabe et al. 2002).

2.7
Inflammation

Dependent on its concentration level, prototypic Cyp18 acts as proinflamma-
tory molecule in many diseases. The protein mediates endothelial cell prolif-
eration, migration, invasive capacity, and tubulogenesis at low concentrations.
Opposite effects have been observed at high Cyp18 concentrations (Kim et al.
2004). Increased concentrations of Cyp18 are found in the blood stream of
patients with inflammatory diseases. Cyp18 acts chemotactically to leukocytes
that are found in increased levels, as well (Xu et al. 1992). Cyp18 and the highly
homologous Cyp23 are also found in high concentrations in the serum of pa-
tients with rheumatic arthritis and sepsis (Billich et al. 1997; Tegeder et al.
1997). The chemotactic action of PPIases depends on the free accessibility of
the active site of the cyclophilins, because application of PPIase inhibitors can
completely suppress the effect. Most likely, the cyclophilins are exocytosed to
the plasma during inflammation and act as a chemotaxis factor. Once in the
blood stream, the cyclophilins might bind with high affinity to heparin sul-
fate proteoglycans and thus induce chemotaxis for neutrophils and T cells (De
Ceuninck et al. 2003).

Upon stimulation of arterial endothelia cells by lipopolysaccharides, Cyp18
is expressed and secreted (Coppinger et al. 2004; Kim et al. 2004). Smooth
muscle cells andmacrophages showsimilar effects in response to stimulationby
lipopolysaccharides and oxidative stress, suggesting a role in the pathogenesis
of inflammatory diseases, such as arteriosclerosis (Jin et al. 2000, 2004).

Heat and chronic hypoxia mediate overexpression of Cyp18 up to three-
fold in myogenic cells (Andreeva et al. 1997). Furthermore, it was found that
hypoxic cardiac muscle cells overexpress the cell surface receptor CD147, con-
sidered to be the Cyp18 receptor (Seko et al. 2004). Cyp18 signaling via CD147
involves the Cyp18 active site that probably binds to the Pro180-Gly181 moiety
of CD147 (Yurchenko et al. 2002). CD147 signaling culminates in ERK acti-
vation. PPIase-inactive Cyp18 mutants failed to initiate the signaling cascade.
Cyp23 is able to promote CD147 signaling, as well (Yurchenko et al. 2001).
However, the mechanism by which cyclophilins protect cells against oxidative
stress remains to be discovered. After chemical modifications, the systemically
active cyclosporin A can be converted to a drug that after topical application
is beneficial in cutaneous inflammation (Rothbard et al. 2000).

Characteristic features of asthma are allergic bronchial inflammation and
airway hyperresponsiveness, with increased numbers of eosinophils and ac-
tivated T cells in the airways. The efficacy and the pharmacological profile
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of cyclosporin A treatment in patients with chronic severe asthma argues for
T cell involvement, but a direct effect on the pro-inflammatory function of cy-
clophilins can also be assumed (Kon and Kay 1999). For the allergen-induced
late asthmatic reaction, inhibitory effects on eosinophil-associated cytokines
and chemokines have been discussed. The beneficial effect of CsA may also be
the result of a reduced accumulation of eosinophils (Khan et al. 2000). Blocking
the chemotactic action of Cyp18 might contribute to the latter effect.

2.8
Allergy

FK506, CsA, and CsA derivatives attenuate IgE-mediated histamine release
from human basophils according to their relative immunosuppressive potency
(Sperr et al. 1997). Exposure of cyclophilins, which form a pan-allergen family,
to sensitized individuals could lead to the release of anaphylactogenic medi-
ators due to cross-linking of lgE bound to the high-affinity surface protein
Fc(ε)Rl (Fluckiger et al. 2002). FK506 effects on Fc(ε)RI-mediated exocyto-
sis of preformed mediators directly correlates with the amount of calcineurin
B subunits in the cytosol of mast cells and basophils (Hultsch et al. 1998a,
1998b). Prototypic cyclophilins of carrots, birch, A. fumigatus, E. granulosus,
and basidiospores belong to the allergens that share a high degree of sequence
identity with the corresponding human protein. In fact, serum of individuals
sensitized against mold proteins shows autoreactivity against human Cyp18
(Appenzeller et al. 1999).

3
FKBPs

Members of the FKBP family have rather different molecular masses in hu-
mans. Overall, catalytic domains in FKBPs are much less conserved than the
catalytic domains within the cyclophilin family of PPIases. Both PPIase fami-
lies exhibit significant differences in their catalytic mechanisms and substrate
specificities (Fanghanel and Fischer 2004). The domain composition is also
more diverse, ranging from a multiplicity of catalytic domains, EF hands,
calmodulin binding sites to TPR motifs (Fischer and Aumuller 2003). Among
the 16 different FKBPs in humans, there are members that are crucial in
apoptosis (Edlich et al. 2005), receptor signaling (Pratt et al. 1999), calcium
homeostasis (Schiene-Fischer and Yu 2001), and spermatogenesis (Crackower
et al. 2003). Most human FKBPs, if not all, bind to and become inhibited
by FK506, with Ki values ranging from high picomolar to high nanomo-
lar levels. The three-dimensional structure of the inhibitory complex with
FBBP12-FK506 complex might identify the catalytic site of FKBP12 at the
FK506 position in the complex (Fig. 3). As in the case of cyclophilins, differ-
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Fig. 3 Representation of the three-dimensional structure of the inhibitory FK506/FKBP12
complex (Van Duyne et al. 1991). The global fold of the prototypic FKBP12 (red) is assembled
by five antiparallel β-sheets and an α-helix. The peptidomacrolide FK506 (green) binds to
the putative active site of FKBP12. The interaction of FKBP12 to FK506 is mediated by the
residues Y26, F36, D37, R42, F46, V55, J56, W59, Y82, H87, I91, and F99, depicted in orange,
which are thought to assemble the active site of this PPIase. The pipecolinyl moiety of FK506
penetrates the prolyl binding pocket of FKBP12

ential low-molecular-mass inhibitors for the human members of the FKBPs
family are still lacking.

3.1
Immune Response

Unlike Cyp18, FKBP12 utilizes two different modes of action to contribute
to drug-mediated immunosuppression. First, human FKBPs, like cyclophilins,
belong to the immunophilins because the endogenous FKBP12 of T cells binds
the microbial drug FK506 (also known as tacrolimus), with subsequent block of
antigen-stimulated T cell replication due to calcineurin targeting. Inhibition of
the protein phosphatase activity of calcineurin by the FKBP12–FK506 complex
is thought to form the biochemical basis of immunosuppression (Liu et al.
1991). Complex formation between calcineurin and FKBP12-FK506 does not
directly interfere with the catalytic site of calcineurin (Griffith et al. 1995).
Instead, complex formation hinders proteinaceous calcineurin substrates from
entering the active site by applying steric constraints to binding of protein
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substrates (Fig. 4). Notably, the active FK506 conformer competitively inhibits
the PPIase activity of FKBP12 with a Ki value of 0.5 nM (Zarnt et al. 1995). The
dissociation constants of the ternary CaN/FKBP/FK506 complex range from
88 nM to 27 µM when different FKBPs are allowed to share the ternary complex
(Edlich, unpublished observations).

Secondly, formation of a tight complex of the peptidomacrolide rapamycin
(also known as sirolimus) with endogenous FKBP12 inhibits T cell prolifera-
tion by blocking protein synthesis and arresting the cell cycle in the G1 phase.
Similar to the Cyp18-CsA combination, FKBP12-attached rapamycin experi-
ences gain-of-function that leads to inhibition of mTOR kinase, a downstream
effector of the phosphatidylinositol 3-kinase (PI3 K)/Akt (protein kinase B)
signaling pathway. mTOR plays an important role in RNA stability and tran-
scription, and controls the translation machinery, in response to amino acids
and growth factors, via activation of p70 ribosomal S6 kinase, and inhibition
of the eIF-4E binding protein (Fingar and Blenis 2004; Kahan 2004).

Given the common inhibition of many PPIases in the cell, CsA, FK506, and
rapamycin may share similar side effects in patients (Hong et al. 2002; Mihatsch
et al. 1998).

The multidomain enzyme FKBP52 was shown to interact with the peroxiso-
malphytanoyl-CoAα-hydroxylase, aprotein thathashomology to theLN1sup-

Fig. 4 Three-dimensional structure of the CaN/FK506/FKBP12 complex (Griffith et al. 1995).
The protein phosphatase CaN is assembled from two subunits (blue), the catalytic subunit
CaNA and the regulatory subunit CaNB. FKBP12 is displayed in red. After FKBP12 bind-
ing, FK506 (green) experiences gain of function enabling the resulting complex to form
a inhibitory CaN complex. Both FKBP12 and FK506 participate in the interaction with
calcineurin. Neither FK506 nor FKBP12 alone are able to inhibit CaN
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pressor of progression of the human autoimmune disease lupus erythematosus
(Chambraud et al. 1999). It was shown that the N-terminal PPIase-domain of
FKBP52 mediates the interaction. A physiological role of this interaction has
not yet been elucidated. FKBP12-directed autoantibodies, which prevent the
formation of the inhibitory FKBP12–FK506–calcineurin complex, have been
frequently found in serum of patients with autoimmune diseases (Shinkura
et al. 1999).

3.2
Skin Disorders

The therapeutic effects of FKBP active site ligands to inflammatory skin dis-
orders suggest a major role of FKBP in functional modulations of epidermal
cells. Cyclosporin A, rapamycin and FK506 were found to exhibit differential
effects on T cell and keratinocyte proliferation. Recent reports link between
FK506 application in basal epidermal keratinocytes and therapeutic success in
skin disease such as psoriasis (Al-Daraji et al. 2002; Panhans-Gross et al. 2001).
Ongoing autoreactive Th-1 response of psoriatic epidermis has genetically
determined immunogenic and inflammatory components. It is thought that
the calcineurin inhibition in T cells may account in epidermal keratinocytes
for the block of cell division causing psoriasis or atopic dermatitis (Hultsch
et al. 1998b). A topically active FK506 derivative (pimecrolimus) with reduced
system exposure and thus increased immunological safety has been launched
for therapeutic application in atopic dermatitis, psoriasis, and allergic contact
dermatitis (Marsland and Griffiths, 2004).

3.3
Neuropathies

Analyses of the neurotrophic and neuroprotective properties of FK506 and CsA
show convincingly that inhibition of enzyme catalyzed prolyl isomerizations is
amajor factor inneuronal cell signalingunderphysiological conditions, but the
nature of the PPIase substrates is still unknown (Brecht et al. 2003; Christner
et al. 2001; Gold 1997; Hamilton et al. 1997; Steiner et al. 1997). Besides pro-
tection and regeneration following nerve fiber injury, FK506 and derivatives
have further beneficial effects including alteration of neurotransmitter release
(Steiner et al. 1996), protection against ischemic brain injury (Sharkey and
Butcher 1994; Shichinohe et al. 2004), attenuation of glutamate neurotoxicity
in vitro (Dawson et al. 1993), prevention of N-methyl-D-aspartate (NMDA)-
receptor desensitization (Tong et al. 1995), modulation of long-term potentia-
tion (LTP) (Terashima et al. 2000), and the blockage/prevention of long-term
depression (LTD) in the rat hippocampus (Hodgkiss and Kelly 1995) as well as
prevention of LTP and LTD in the visual cortex (Funauchi et al. 1994).
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Multiple beneficial factors might contribute to the neuroprotective effects
of PPIase-inhibitory FKBP ligands, including anti-apoptotic properties and
activation of neurotrophic factors (Avramut et al. 2001; Lyons et al. 1994).

Selective enrichment in neurons of the peripheral and central nervous
system is the hallmark of the neuronal FKBP, occasionally termed neuroim-
munophilins (Steiner et al. 1992). The involvement of at least one FKBP in the
regulationofneuronal cell deathwas identifiedby invivoexperiments studying
the effect of FK506 application (Lyons et al. 1994). It has been observed, as well,
that FK506 binding of neuronal cell protein and FKBP expression levels are sig-
nificantly increased following the timecourseofneuronal-damagingprocesses,
such as ischemia (Araki et al. 1998; Avramut and Achim 2003). Nonimmuno-
suppressive FKBP inhibitors, such as JNJ460, GPI1046, V10,367, GPI1048, and
GPI1485, to name the most prominent candidates, have already been used in
preclinical or clinical studies for treatment of Parkinson’s disease (Birge et al.
2004; Gold et al. 2004; Steiner et al. 1997). In a mouse model, systemic admin-
istration of GPI1046 resulted in sparing of dopaminergic neurons and fibers.
Schwann cells were found to be crucial components for the neurotrophic effects
of the FKBP inhibitors (Birge et al. 2004). However, GPI1046 did not provide
convincing evidence supporting neuroprotection in methyl-4-phenyl-1,2,3,6
tetrahydropyridine (MPTP)-treated rhesus monkeys after oral administration
probably resulting from pharmacokinetics and pharmacodynamics (Emborg
et al. 2001). Treatment with FKBP inhibitors resulted in dramatic recovery of
penile erectile function after unilateral and bilateral cavernous nerve injury
in a rat model. Therefore, FKBP inhibitors offer a new potential for patients
who suffer nerve damage as a result of or during prostate surgery (Burnett and
Becker 2004; Sezen et al. 2001).

Despite its abundance in neuronal tissues, inhibition of FKBP12 is unlikely
to be functionally significant (Costantini et al. 2001; Tanaka et al. 2002).

Identification of the drug-targeted neuroimmunophilin from the whole col-
lection of human FKBPs has advanced slowly. Unlike CsA and FK506, ra-
pamycin was rarely shown to promote neuroregeneration and neuroprotec-
tion (Alemdar et al. 2004; Parker et al. 2000). In many instances, it proved to
be inactive on its own but was shown to antagonize the neurotrophic effects
of FK506 in some models (Costantini and Isacson 2000; Dawson et al. 1993;
Sharkey and Butcher 1994). Thus, FKBPs responsible for the interaction with
neurotrophic FKBP ligands can be identified among the rapamycin-insensitive
PPIases.

Inhibition constants of rapamycin for several FKBPs have been collected
(Christner et al. 2001). Because the Ki values for FKBP12, FKBP13, FKBP25,
and FKBP52 were found to be in the low nanomolar range, the targeted FKBP
must reside among the remaining members of the human FKBPs. FKBP52,
which has already been discussed as mediating neurotrophic actions of neu-
roimmunophilin ligands (Gold et al. 1999) must be excluded using the Ki
criterion.
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However, there is one promising candidate FKBP that might regulate neu-
ronal cell death. The multidomain protein FKBP38 is predominantly expressed
in brain tissue and shows a secondary messenger-regulated PPIase activity that
can be efficiently inhibited by FK506 and its nonimmunosuppressive deriva-
tives, but shows 1,000-fold lower affinity for rapamycin when compared to
the rapamycin–FKBP12 complex (Edlich et al., 2005). FKBP38 has been re-
ported to be involved in cell size control, In addition, it shows considerable
antimetastatic activity in mice tumor models (Fong et al. 2003; Rosner et al.
1997). Furthermore, the protein interacts functionally with the anti-apoptotic
Bcl-2 (Edlich et al., 2005). Interestingly FKBP38 is required in hedgehog signal
transduction during central nervous system development by antagonizing the
secreted sonic hedgehog morphogen in neural tissues (Bulgakov et al. 2004).

3.4
Inherited Disease

There are several FKBP genes reported to have a defective function in inher-
ited diseases, such as the Williams Beuren syndrome and Lebers congenital
amarosis for FKBP36 (FKBP6) and FKBP44 (AIPL1) mutations, respectively
(Meng et al. 1998; Ramamurthy et al. 2003; Sohocki et al. 2000) Lebers con-
genital amaurosis is diagnosed early in life with severely impaired vision or
blindness, nystagmus, and an abnormal or flat electroretinogram. The onset
of disease might be linked to the regulation of cell cycle progression during
photoreceptor maturation via a FKBP44–NUB1 (NEDD8 ultimate buster 1)
interaction (Akey et al. 2002).

The observed overlap of clinical phenotypes of autosomal dominant supra-
valvar aortic stenosis (SVAS) and Williams syndrome do not correlate with
a common loss of FKBP6 gene integrity (Morris et al. 2003). Similar to wheat
FKBP73, FKBP36 deletion results in defect spermatogenesis, suppressed testis
development, and male-sterile organisms (Crackower et al. 2003; Kurek et al.
2002). Fertility and meiosis are normal in mutant females devoid of FKBP36.
These findings suggest a novel strategy for the development contraceptive
drugs based on the inhibition of FKBP36.

3.5
Pathogenic Microorganisms

Multidomain FKBPs of the Mip-type have been identified as virulence fac-
tors of many human pathogens including Legionella pneumophila, Neisseria
meningitidis, Chlamydia trachomatis, Coxiella burnetii, Trypanosoma cruzi,
Aeromonas hydrophila, and Salmonella typhimurium. For example, Legionella
pneumophila, the causative agent of Legionnaires disease, is able to parasitize
human lung macrophages and to cause this severe form of pneumonia.
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The three-dimensional structures of Mip proteins from Legionella pneu-
mophila (LpFKBP25) and Trypanosoma cruzi (TcFKBP18.8) reveal that each
monomer has a FKBP-like catalytic core domain attached to a very long
α-helical rod N-terminal to the core domain (Pereira et al. 2002; Riboldi-
Tunnicliffe et al. 2001).

Monoclonal antibodies raised against (LpFKBP25) significantly inhibit the
early establishment and initiation of an intracellular infection of the bacte-
ria in Acanthamoeba castellanii, the natural host, and in the human U937
macrophages (Helbig et al. 2003). Utilizing its PPIase site, LpFKBP25 greatly
enhances bacterial infectivity in animal models. Consequently, FK506 has been
found to attenuate intracellular infections with Chlamydia trachomatis (Lun-
demose et al. 1993) and Trypanosoma cruzi (Moro et al. 1995). The mechanism
by which Mip-catalyzed prolyl isomerization facilitates intracellular infections
is still unknown. Typically, deletion of a single FKBP gene in Flavobacterium
johnsoniae gave rise to phenotypic alterations, such as abolishing cell motility
and inability to digest biopolymers that might have implications for under-
standing Mip-mediated bacterial virulence (McBride and Braun, 2004).

3.6
Steroid Responsiveness

Glucocorticoid treatment affects many diseases through a spectrum of anti-
inflammatory and immunosuppressive effects, interferences in the growth
factor-mediated pathways, as well as responses in the hematopoietic system
and the calcium phosphate turnover. In addition to intrinsic functions such as
steroid and DNA binding, proteins of the glucocorticoid receptor superfamily
assemble nonreceptor proteins associated with the unactivated forms of the
receptor, and among them, PPIases appear to play a crucial role in receptor
function. Unactivated glucocorticoid receptors form hetero-oligomeric com-
plexes of different composition that are located in the peripheral cytoplasm
in order to detect their ligands. Upon ligand binding, the receptor molecule is
translocated into the nucleus forming homodimers. The receptor homodimers
induce transcription of several target genes (Fig. 5).

Two large human FKBPs, FKBP51 (also designated FKBP5, FKBP54) and
FKBP52 (also designated FKBP4, FKBP56, FKBP59, p59), are intimately linked
to steroid hormone signaling.

Bothproteinspossess twoFKBP-likedomains, and twoputative calmodulin-
binding sites adjacent to three TPR (tetratricopeptide repeat) domains. One
molecule of FKBP51 or FKBP52 is involved in the formation of unactivated
receptor complex in the cytosol that is capable of steroid hormone recognition
and promotion of downstream signaling. FKBP52 develops affinity to client
proteins in thepresenceofHsp90 that assemblesvia theTPRmotifsof theFKBP.
Besides the steroid receptors Hsp90 and FKBP52, further components serve
to assemble the unactivated receptor complex such as FKBP51, p23, Hsp70,
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Fig.5 Schematic representation of the involvement of multidomain FKBP in steroid hormone
signaling. FKBP52 assembles with the receptor complex in order to stabilize the unactivated
receptor complex in the periphery of the cell. It takes part in the receptor maturation altering
proteins, assembling the hormone receptor complex. Upon steroid binding, the receptor
is translocated into the nucleus, where it disassembles in order to allow dimerization
of the ligand-bound receptor molecules that induce transcription. FKBP52 is believed to
participate in receptor complex translocation. Once the receptor dimer disassembles, the
receptor complex with Hsp90 translocates to the cytosol, where FKBP51 might regulate the
transport of the receptor complex to the periphery of the cytosol

Hsp40, protein phosphatase 5, cyclophilin 40, Hip, and Hop. A conserved
functional element of most protein components is their sequence similarity to
already established peptide bond cis/trans isomerases (Fischer and Aumuller
2003; Lee et al. 2004; Schiene-Fischer et al. 2002; Silverstein et al. 1997). Among
them, FKBP52 maintains the glucocorticoid receptor in a high-affinity state
while FKBP51 decreases steroid affinity if it is present in the unactivated
receptor complex (Denny et al. 2000). An increase in steroid affinity requires
both the Hsp90-binding ability and the prolyl isomerase activity of FKBP52
(Riggs et al. 2003). An early step in receptor response to steroids might be
associated with an exchange process between FKBP51 and FKBP52, which
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subsequently releases affinity to dynein and receptor trafficking only in the
FKBP52-bound state (Davies et al. 2002).

In addition, the expression of FKBP51 is specifically enhanced by gluco-
corticoids, progestins, and androgens. This effect might attenuate the cellular
response to the steroid hormones (Hubler et al. 2003).

A role for FKBP52 in subcellular trafficking has also been considered, be-
cause dynein co-purifies and microtubules co-localizes with FKBP52 and an-
chors the receptor in the cytosol (Czar et al. 1994; Galigniana et al. 2004). The
PPIase site of FKBP52 is responsible for interaction with dynein.

Recent research shows that both receptor-associated FKBPs can play a role
in other disorders based on steroid hormone signaling, such as the androgen
insensitivity syndrome (AIS) or hypospadius. For example, polymorphisms in
the FKBP5 gene, encoding FKBP51, were identified as causing more frequent
depression periods, rapidly responding to antidepressant treatment (Binder
et al. 2004).

Cross-talkbetweenHsp90andFKBP52hasbeenobserved for the interaction
of FKBP52 with the single-stranded D-sequence binding protein of the adeno-
associated virus type 2 that is important for the prevention of viral replication
(Zhong et al. 2004). Adeno-associated virus 2 (AAV) vectors are currently in use
in phase I/II clinical trials for gene therapy of cystic fibrosis and hemophilia B.

Differential gene expression following androgen-deprivation of an andro-
gen-dependent prostate tumor xenograft revealed decreased expression of
FKBP51. When the tumor was grown to an androgen-independent state,
FKBP51 increased to its original level (Amler et al. 2000).

3.7
Malignancies

Biochemical investigations have led to the elucidation of two different molec-
ular mechanisms by which FKBP might contribute to the control of malignant
growth and proliferation.

First, several studies have suggested a regulatory role for FKBPs in the cell
cycle and tumor progression (Aghdasi et al. 2001; Fong et al. 2003). In yeast,
the Hmo1 protein, which is likely to be the homolog of HMG1/2 in higher
organisms, plays an important role in genome maintenance, because it binds
single-stranded DNA and unwinds DNA in the presence of eukaryotic DNA
topoisomerase I (Dolinski and Heitman 1999). FKBP52 has been shown to be
a direct interaction partner of the gene product of the c-Myc protooncogene
by Northern blotting (Coller et al. 2000). The overexpression of two PPIases,
Cyp40 and FKBP52, coupled with relative differences in their expression pat-
tern among individual tumors, may have important functional implications
for steroid response in breast cancer (Ward et al. 1999). Similarly, the function
of the aryl hydrocarbon receptor-interacting protein-like 1 (AIPL1, FKBP44)
might conceivably involve cell cycle control, because it participates in cell cycle
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progression via the NUB1 (NEDD8 ultimate buster 1)/NEDD8 pathway (Akey
et al. 2002).

Promotion of malignant astrocytoma-induced angiogenesis characterizes
the differential expression patterns of angiogeneses related genes in malig-
nant high-grade astrocytomas. In a microarray of 133 angiogenesis-related
genes, FKBP12 is among the few significantly overexpressed genes, and 9 of 21
(43%) genes overexpressed by high-grade astrocytomas were genes associated
with either FKBP or hypoxia-inducible transcription factor 2α (Khatua et al.
2003). Among the proteins with anti-invasive and antimetastatic functions,
FKBP38 and FKBP12 have been identified using systemic gene transfer in
tumor-bearing mice. Syndecan and matrix metalloproteinase 9 were thought
to mediate the antitumor activities of these enzymes (Fong et al. 2003).

Reducedcell growthandcyclinD1 level infibroblasts fromFKBP12-deficient
(FKBP12–/–) mice corresponds to cell cycle arrest in G1 phase and to the fact
that these cells can be rescued by FKBP12 transfection (Aghdasi et al. 2001).
Generally, proteins associated with G1 regulation have been shown to play
a key role in proliferation, differentiation, and oncogenic transformation as
well as apoptosis, and represent promising targets for cancer treatment.

The mechanism suggested for the FKBP12-driven cell cycle is based on the
regulation of TGF-beta receptor signaling. The prototypic FKBP12 interacts
with the transforming growth factor β (TGFβ) (Wang et al. 1994), acting as
a negative regulator of TGFβ receptor endocytosis (Aghdasi et al. 2001; Yao
et al. 2000). The immunophilin binds the unphosphorylated form of the TGFβ
receptor type I (Huse et al. 1999). Within the complex FKBP12 caps the phos-
phorylation site of the receptor and further stabilizes the inactive conformation
of the receptor (Huse et al. 1999). Even though FKBP12 binds directly to the GS2
helix in the receptor molecule, the conformation of the GS2 region is also stable
in the absence of FKBP12 and not induced by its binding (Huse et al. 1999).
GS loop phosphorylation induces FKBP12 dissociation. Recent data points to
a function of FKBP12 as buffer in TGFβ signaling, stabilizing and prolonging
the lifetime of the dephosphorylated receptor (Wang and Donahoe 2004). This
function might become important in preventing ligand-independent activa-
tion of the receptor at very high concentrations of the receptor molecules.

Similar effects were observed with the epidermal growth factor (EGF) re-
ceptor that utilizes the PPIase activity of cytosolic FKBP12 to downregulate
receptor tyrosine autophosphorylation (Lopez-Ilasaca et al. 1998). Inhibition
of FKBP12 through FK506 and rapamycin leads to stimulation of EGF receptor
autophosphorylation.

Secondly, the peptidomacrolide rapamycin is a major player in antitumor
activities mediated by FKBPs. Both rapamycin and CCI-779, an ester analog of
rapamycin with improved pharmaceutical properties and solubility in water,
have demonstrated impressive activity against a broad range of human can-
cers growing in tissue culture and in human tumor xenograft models (Hidalgo
and Rowinsky 2000). Problems might arise from genetic mutations or com-
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pensatory changes in tumor cells that could enable cells to escape rapamycin
action (Huang and Houghton 2001). Wyeth Research (USA) is developing CCI-
779 as a anticancer drug. By November 2001, phase III trials had been initiated.
In October 2001, filing was predicted for 2003, with a potential launch in 2005
(Elit 2002).

The FKBP12/rapamycin (CCI-779) complexes are probably the biologically
relevant species because these drugs experience gain-of-function when bound
to the FKBP. The drug-targeted protein is the serine/threonine protein kinase
TOR (target of rapamycin) (Sabers et al. 1995).

The protein kinase TOR is an essential protein in eukaryotes that acts as
a gatekeeper for the progression from G1 to S phase in cell cycle and is therefore
a central regulator of cell growth and proliferation (Brunn et al. 1997). In fact,
rapamycin-induced apoptosis in tumor cells is a consequence of continued G1
progression during mTOR inhibition (Huang et al. 2001).

The protein controls cap-dependent translation initiation by inactivating
eukaryotic initiation factor 4E binding proteins in response to mitogen, nutri-
ent, and energy levels (Bjornsti and Houghton 2004; Chen and Fang 2002).

Under normal conditions, TOR is precisely regulated interacting with a pro-
tein, called raptor (regulatory associated protein of TOR). The raptor–TOR
interaction changes TOR affinity to its substrates in dependence to amino acid
and ATP levels (Oshiro et al. 2004). It is now controversially discussed whether
the FKBP12–rapamycin complex changes the conformation of TOR, masks
the active site for TOR substrates or mimics directly a substrate of the pro-
tein kinase activity, but there is growing evidence that the FKBP12–rapamycin
complex inhibits the raptor–TOR interaction. The disruption of this interac-
tion may uncouple TOR from its substrates rather than inhibiting the intrinsic
kinase activity (Oshiro et al. 2004).

Importantly, application of rapamycin, a product of the bacteria Strepto-
myces hygroscopicus, as well as its synthetic analogous to early mouse embryos
resulted in the same “flat top” phenotype that is developed by TOR mutant
mice, causing death after less than 2 weeks (Bjornsti and Houghton 2004).
These results imply that application of rapamycin leads to complete inhibition
of TOR and therefore affects cell cycle progression. Other results suggest either
that rapamycin reversibly acts in living cells or that the cellular effects of ra-
pamycin are not mediated through global inhibition of mTOR kinase activity
(Edinger et al. 2003).

3.8
Arylhydrocarbon (Dioxin) Responsiveness

The arylhydrocarbon (dioxin) receptor (AhR) is a ligand-inducible transcrip-
tional activator that exhibits structural and functional similarities to steroid
hormone receptors. It is a cytosolic receptor complex that can detect 2,3,7,8-
tetrachlorodibenzo-p-dioxin in order to start transcription of xenobiotic re-
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sponse genes encoding drug-metabolizing enzymes. Induced enzymes include
those required for carcinogen activation. Furthermore, AhR ligands are in-
volved in cardiovascular diseases through lipid peroxidation and endothelium
dysfunction.

The cytosolic AhR assembles the ligand-binding subunit, a dimer of Hsp90
and FKBP37.7 (XAP2, AIP, ARA9) that dissociate subsequent to 2,3,7,8-tetra-
chlorodibenzo-p-dioxin treatment (Carver and Bradfield 1997; Ma and Whit-
lock1997).Tomolecularly characterizeFKBP37.7, threeTPR(tetratricopeptide
repeat) motifs follow a single FKBB-like domain (Petrulis and Perdew 2002).
In a dioxin-responsive element reporter gene assay the presence of FKBP37.7
in endogenous AhR complexes causes twofold higher signal for the luciferase
activity signal (Meyer et al. 1998) and FKBP37.7 stabilizes the ternary re-
ceptor complex molecule. In addition, it diminishes receptor degradation by
protection against ubiquitination (Kazlauskas et al. 2000). Furthermore, in-
teractions between FKBP37.7 and Hsp90 with the AhR subunit proved to
be similar to those observed within the glucocorticoid receptor complexes,
pointing to a common mode of action. However, the number of peptide bond
cis/trans isomerases involved in receptor signaling is quite different in both
cases. It raises the question whether there is a yet unidentified folding helper
enzyme that adds functionally and physically to FKBP37.7 in the cytosolic
AhR. Recently, an anchoring function of FKBP37.7 for the ligand-free receptor
complex to cytoskeletal structures of the actin network has been demon-
strated (Berg and Pongratz 2002). In addition, FKBP37.7 inhibits the ligand-
independent shuttling of the receptor into the nucleus by the a conformational
alteration of the nuclear localization signal of the AhR that prevents binding
of importin-β (Petrulis et al. 2003). For a nuclear receptor, termed peroxi-
some proliferator-activated receptor alpha (PPARα), the presence of FKBP37.7
in a ternary complex with Hsp90 and the receptor protein was also shown.
In humans, this member of the nuclear receptor superfamily regulates en-
ergy homeostasis by controlling the lipid metabolism (Sumanasekera et al.
2003).

3.9
Cardiovascular Disorders

Prototypic FKBPs, such as FKBP12 and FKBP12.6, belong to the receptor-
associated foldinghelper enzymes (Schiene-Fischer andYu2001). For example,
they co-purify and physically interact with intracellular Ca2+ release channels,
the ryanodine receptors (RyR), and contribute to the regulation of the re-
lease of intracellular Ca2+ stores (Jayaraman et al. 1992). FKBP12 and RyR1
assemble in the skeletal receptor in a 4:1 molar ratio of FKBP12-tetrameric
receptor protein; the cardiac RyR2 contains FKBP12.6 (Marks et al. 2002).
Receptor-binding affinities of FKBPs have been found in the high nanomo-
lar range (Jeyakumar et al. 2001). The heterocomplex dissociation by FK506
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titration reveals that the active site of FKBP12 is involved in the interaction.
Binding of FKBPs to RyRs are thought to stabilize the close state of the Ca2+

channel, removal of FKBP makes the channel leaky. However, there are con-
flicting reports about the involvement of a catalyzed prolyl isomerization in
the FKBP-mediated regulation of the open probability and mean open time of
terminal cisternae (Marks 1996; Timerman et al. 1995). Additional control of
RyR1 channel function is provided by protein kinase A-mediated phosphoryla-
tion, preventing FKBP12 binding to the hyperphosphorylated receptor. Under
these conditions, impaired sarcoplasmic Ca2+ release and early fatigue in the
skeletal muscle results in heart failure among test animals (Reiken et al. 2003a).
Generally, prototypic FKBP deficiency and failure of RyR mutants to bind pro-
totypic FKBP have similar phenotypic responses, such as arrhythmogenic right
ventricular dysplasia/cardiomyopathy type 2 and stress-induced polymorphic
ventricular tachycardia (Tiso et al. 2002). The phenotype of FKBP12.6-deficient
mice is consistent with this model (Wehrens et al. 2003).

In patients with heart failure, improved cardiac muscle function under
treatment with blockers of β-adrenergic receptor was associated with restora-
tion of normal FKBP12.6 levels in the RyR2 heterocomplex and RyR2 channel
function (Reiken et al. 2003b).

FKBP12.6 stabilizes RyR2, preventing aberrant activation of the channel
during the resting phase of the cardiac cycle. FKBP12.6–/– mice consistently
exhibitedexercise-inducedcardiacventriculararrhythmias that causedsudden
cardiac death. Cyclic ADP ribose (cADPR) was reported to be a ligand for
FKBP12.6 in islet RyR, and the binding of cADPR to FKBP12.6 dissociates it
from the channel, causing Ca2+ release (Noguchi et al. 1997) However, cADPR
neither binds to nor inhibits recombinant FKBP12.6 (Edlich and Fanghänel,
unpublished results).

In conclusion, FKBP12.6 plays a role in the regulation of calcium homeosta-
sis, which is of importance for heart muscle contraction. When RyR2 is hyper-
phosphorylated, FKBP12.6 is depleted from the receptor. Similarly, mutations
in RyR2 that lead to FKBP12.6-deficient receptors cause intracellular calcium
leakage triggering fatal cardiac arrhythmia failure and exercise-induced car-
diac death (Lehnart et al. 2003, 2004; Wehrens et al. 2004). Several attempts
show that the application of numerous drugs can improve FKBP-mediated
regulation of ryanodyne receptors (Doi et al. 2002; Kohno et al. 2003).

It appears that a different function of FKBP12 plays a role in the cardiac
growth and chamber maturation. Transcripts of the cardiac restricted cytokine
bone morphogenic protein 10 (BMP10) are upregulated in hypertrabeculated
hearts of FKBP12–/– mouse embryos. BMP10 upregulation may be causative of
congenital heart disease, such as ventricular septal defect (VSD), myocardium
noncompaction, and ventricular hypertrabeculation (Chen et al. 2004).
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4
Parvulins

Parvulins constitute the third PPIase family that, unlike enzymes of the other
two families, cyclophilins and FKBPs, do not express affinity for immunosup-
pressive drugs (Rahfeld et al. 1994). In humans, Par14 and Par18 (also known
as Pin1) represent the only members of the parvulin family. Among PPIases
Pin1 provides a rare example of relatively high substrate specificity, because
polypeptide chains require a pSer(pThr)-Pro-moiety (where p denotes phos-
phoesterification) if orderly Pin1 catalysis is to occur (Ranganathan et al. 1997;
Zhou et al. 2000). Pin1 contains an N-terminal group IV WW domain and a C-
terminal parvulin-like catalytic domain connected by a flexible linker (Ran-
ganathan et al. 1997). The mechanism by which Pin1 exerted its critical role in
the cell cycle became obvious by combining in vitro studies on isomer-specific
dephosphorylation by protein phosphatase 2a (PP2a) with dephosphoryla-
tion studies in Xenopus mitotic extracts, and rescue experiments in yeast (Lu
et al. 2002; Zhou et al. 2000). For example, the cell cycle regulatory protein
phosphatase Cdc25C contains the pThr48-Pro and pThr67-Pro moieties that
represent critical regulatory phosphorylation sites. The prolyl bond confor-
mation can be either cis or trans or a mixture of both. For PP2a the inability
to dephosphorylate cis pThr(Ser)-Pro moieties can be detected in vivo by a re-
ciprocal genetic interactions in temperature-sensitive PP2a-deficient PPH and
the Pin1-homolog-deficient ESS1/PTF1 mutant strains of budding yeast and in
vitro using oligopeptide dephosphorylation experiments. Despite the presence
of sufficient activity of PP2a a fraction of Cdc25C containing cis pThr-Pro is left
over until it slowly isomerizes to the trans isomer. This isomerization is acceler-
ated markedly in the presence of Pin1. Transgenic expression of point-mutated
variants of Pin1 and isolated Pin1 domains in yeast indicates that the enzy-
matically active PPIase domain is necessary and sufficient to carry out confor-
mational tuning of a PP2a substrate to become dephosphorylated in time. The
group IV WW domain alone, although exhibiting affinity to the pThr(Ser)-Pro
containing polypeptide chains, cannot assist in this function (Fig. 6).

In contrast, Par14 has some specificity for arginine preceding the proline
residue (Uchida et al. 1999). This enzyme seems to localize to the nucleus and
the N-terminal extension of the catalytic domain might mediate interactions
with the preribosomal nucleoprotein complex (Fujiyama et al. 2002).

4.1
Malignancies

Pin1 was identified in its involvement in the Aspergillus mitotic kinase NIMA
pathway and thus prevention of NIMA-induced mitotic cell death (Lu et al.
1996). Depletion of Pin1 induces mitotic arrest, whereas HeLa cells overex-
pressing Pin1 arrest in the G2 phase of the cell cycle. While expression is at
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Fig.6 Representation of the global fold of Pin1 (red) harboring a parvulin-like PPIase domain
(right), which consists of two antiparallel β-sheets and four α-helices, and a WW domain
(left); both domains are connected by a flexible hinge region (Ranganathan et al. 1997). The
structure includes the dipeptide Ala-Pro bound to the active site of Pin1. The parvulin-type
PPIase site is formed by the amino acid residue side chains of H59, L122, F125, M130, Q131,
F134, andH157 (orange).TheR68 residue (orange) completes the substratebindingpocketof
Pin1. The WW domain is described to mediate phosphorylation-dependent protein–protein
interactions

low level in most normal tissues, Pin1 is highly expressed in many different
human cancers including prostate, lung, ovary, cervical, and brain tumors and
melanoma (Bao et al. 2004; Miyashita et al. 2003). In breast cancer cells, early
transformed properties correlate with the Pin1 content of the cells, because
they are effectively suppressed by Pin1 deletion (Wulf et al. 2004). In con-
clusion, depletion of pThr(pSer)-Pro-specific PPIase activity point mutations,
gene deletion, or expression of antisense RNA induce mitotic arrest and apop-
tosis in budding yeast and human tumor cell lines (Hani et al. 1999; Rippmann
et al. 2000; Wu et al. 2000).

The probably best studied Pin1 substrate in the regulation of mitosis is
Cdc25C (Crenshaw et al. 1998; Patra et al. 1999; Yaffe and Cantley 1999). Pin1
induces a structural change in Cdc25C and directly affects the phosphatase ac-
tivity of Cdc25C by triggering the isomer-specific Cdc25C dephosphorylation
by PP2A. This protein phosphatase dephosphorylates Cdc25C, which probably
exhibits native state conformational polymorphism with regard to pSer(pThr)-
Pro moieties, only if the protein conformer has trans pSer(pThr)-Pro moieties.
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Pin1 facilitates dephosphorylation through catalyzed cis/trans isomerizations.
Furthermore, Pin1 can antagonize the Cdc2-associated proteins Suc1/Cks1 by
binding the same site in Cdc25C (Landrieu et al. 2001). Pin1 has also been
reported to bind to Cdc25C motifs that play a crucial role in Cdc2 activation
and subsequently for G2-M transition in the cell cycle.

Among the many tumor-growth-related substrates of Pin1 (Lu, 2004), p53
interacts with Pin1 in response to p53 phosphorylation on a number of Ser-
Pro and Thr-Pro moieties. On p53 targeting, Pin1 generates conformational
changes in p53, enhancing its transactivation activity. Genotoxicity-induced
phosphorylation of p53 causes Ser(Thr) phosphoester sites, the prolyl bond
cis/trans interconversion of which requires Pin1 catalyzed conformational in-
terconversions in order for the p53-mediated tumor suppression to occur (Wulf
et al. 2002; Zacchi et al. 2002). Consequently, Pin1 depletion reduces the stress
response of p53 function. Interestingly, another p53 family member, the c
Abl-linked p73, responds to Pin1 depletion by protein destabilization in the
presence and the absence of DNA (Mantovani et al. 2004). Anticancer drugs,
such as cisplatin and adriamycin, exert their cytotoxicity in p73-dependent
manner characterized by activating the mismatch-repair-dependent apoptosis
pathway. These data converge on prolyl bond isomerization since cAbl activates
proline-directed p38 MAP kinase to phosphorylate Thr-Pro sites within p73.
The p38-mediated protein phosphorylation depends on the isomeric state of
the Thr-Pro, and could be catalyzed by PPIases (Weiwad et al. 2004). The mam-
malian germ cell development and spermatogenesis is discussed in the context
of the interplay between Pin1, and the Ras/MEK/MAPK pathway may also ex-
plain the effects of Pin1 deletion observed in primordial germ cell proliferation
during embryonic development, along with degenerative or proliferative de-
fects in the adult testis, retina, mammary gland, and brain in mice (Atchison
and Means 2004).

Another cancer-relevant finding shows that the dephosphorylation of the
proto-oncogenic transcription factor c-Myc by protein phosphatase 2a is as-
sisted by Pin1, and Pin1 facilitates c-My protein degradation (Yeh et al. 2004).

Summarizing these studiesdemonstrates thatPin1-specificPPIase inhibitors
may represent potential lead structures for therapeutic intervention in malig-
nancies.

4.2
Neuropathies

Among the many Pin1-targeted phosphoproteins potentially present in neu-
rons, microtubule-associated tau-protein is a prominent member, whose de-
phosphorylation restores its ability to stabilize microtubules. Mice with Pin1
knock-out suffer from many age-dependent neurological deficits, such as mo-
tor and behavioral problems, tau hyperphosphorylation, tau filament forma-
tion and neuronal degeneration (Liou et al. 2002). Neuronal apoptosis fol-
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lowing nuclear depletion of Pin1 was reported to be a contributing factor to
frontotemporal dementias (Thorpe et al. 2004). The involvement of Pin1 in the
G0/G1 transition in neurons makes its presence crucial to neuronal apoptosis
(Hamdane et al. 2002). The fraction of soluble Pin1 is reduced in the brains of
Alzheimer’s disease patients (Lu et al. 1999). Rather, it consistently associates
with the pThr231 residues of the various hyperphosphorylated tau proteins
that characterize degenerating neurons. Surprisingly, Pin1 may restore the
tubulin polymerization function of these hyperphosphorylated tau species (Lu
et al. 2002). According to its biochemical role, Pin1 can restore tau function
by facilitating its enzymatic dephosphorylation and the subsequent recovery
of microtubule assembly (Lu et al. 1999; Zhou et al. 2000). In fact, neurons
containing Pin1 granules were devoid of neurofibrillary tangles in Alzheimer
patients’ brains (Holzer et al. 2002).
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Abstract An increasing number of studies indicate that low-molecular-weight compounds
can help correct conformational diseases by inhibiting the aggregation or enable the mutant
proteins to escape the quality control systems, and thus their function can be rescued. The
small molecules were named chemical chaperones and it is thought that they nonselectively
stabilize the mutant proteins and facilitate their folding. Chemical chaperones are usually
osmotically active, such as DMSO, glycerol, or deuterated water, but other compounds, such
as 4-phenylbutiric acid, are also members of the chemical chaperone group. More recently,
compounds such as receptor ligands or enzyme inhibitors, which selectively recognize
the mutant proteins, were also found to rescue conformational mutants and were termed
pharmacological chaperones. An increasing amount of evidence suggests that the action of
pharmacological chaperones could be generalized to a large number of misfolded proteins,
representing new therapeutic possibilities for the treatment of conformational diseases.
A new and exciting strategy has recently been developed, leading to the new chemical group
called folding agonist. These small molecules are designed to bind proteins and thus restore
their native conformation.

Keywords Chemical chaperones · Pharmacological chaperones · Conformational diseases ·
Protein misfolding · Quality control machinery

1
Chemical Chaperones

Chemical chaperones are small molecules with a common feature mimicking
the chaperone function of molecular chaperones. Many osmolytes as well
as compounds with the ability to bind to hydrophobic surfaces can rescue
mutant proteins from aggregation or can help them to escape from quality
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control and subsequent degradation (Sitia and Braakman 2003; Conn et al.
2002). This feature can be very helpful in the so-called folding diseases (Selkoe
2003). In this group of diseases, the disorder results from a mutation of one
specific protein (Kopito and Ron 2000). The symptoms can result from the
aggregation of the protein, such as the beta-amyloid plaques in Alzheimer’s
disease (Soto et al. 2003), as well as problems resulting from the loss-of-
function of the protein in question, such as Cl– ion transport deficiency in
cystic fibrosis, where a point mutation in the gene of CFTR (cystic fibrosis
transmembrane conductance regulator) protein results in its capturing by
the quality control system within the endoplasmic reticulum and its quick
degradation by the proteasomal machinery (Denning et al. 1992). Absence
of this channel results in an imbalance of ion concentrations across the cell
membrane, which leads to the onset of many severe symptoms, such as chronic
inflammation and fibrosis of the lung, problems with all the secretory glands,
especially with the pancreas, resulting in the devastation of beta cells, and
promotes diabetes. Diseases in which the combination of both types of the
above-mentioned disturbance occur are also known. In alpha-1 antitrypsin
deficiencya serumelastase inhibitor, alpha-1antitrypsin (AAT) ismutated.The
specific point mutation often referred to as Z type AAT results in fatal folding
deficiency of the protein. The uncovered hydrophobic surface of the protein
leads to its prompt aggregation inside the lumen of the endoplasmic reticulum,
forming large insoluble aggregates in the organelle. The loss-of-function of
AAT results in emphysema in human patients and, additionally, the protein
deposits in the endoplasmic reticulum of the liver cells generates cirrhosis,
hepatitis, and elevated sensitivity to hepatocellular carcinoma (Needham and
Stockley 2004). Chemical chaperones are widely used in experimental systems
(Smith et al. 1998); however, their use in human patients is limited due to their
general impact on the whole organism. The main groups of classical chemical
chaperones, their mechanism of action, and new findings in models of various
diseases are discussed below.

1.1
Osmolytes

The most common chemical chaperones are usually osmolytes, such as glyc-
erol, or trimethylamines, e.g., trimethylamine N-oxide (TMAO), and amino
acid derivatives, such as proline. Osmolytes are the ancient members of stress
responses. Prolin as well as glycine betaine are known osmoprotectors, de-
fending bacterial and plant cells against osmotic and freezing stress. These
osmolytes exert their beneficial activity by limiting the free movement of pro-
teins by elevating the density of the solvent, thus preventing aggregation of
unfolded proteins. Their ability to reduce the frequency of “folding-detours”
to nonproductive folding pathways has been proved for several mutant proteins
involved in conformational diseases (Table 1).
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Table 1 Osmolytes used in folding problem-related diseases

Disease Protein Agent used References

Alzheimer’s disease Beta-amyloid Glycerol, TMAO Yang et al. 1999

Cancer Ubiquitin-acti-
vating enzyme E1

Glycerol, TMAO, D2O Brown et al. 1996

Glucocorticoid
receptor

Glycerol, TMAO, D2O Baskakov et al. 1999

p53 Glycerol, TMAO, D2O Brown et al. 1996

pp60 Glycerol, TMAO, D2O Brown et al. 1996

Cystic fibrosis CFTR Glycerol, TMAO,
DMSO

Sato et al. 1996

Emphysema and
liver disease

Alpha-1-
antitrypsin

Glycerol, TMAO Burrows et al. 2000

Machado-Joseph
disease

Ataxin-3 Glycerol, TMAO,
DMSO

Yoshida et al. 2002

Maple syrup urine
disease

BCKD complex TMAO Song et al. 2001

Menkes disease MNK Glycerol Kim et al. 2002

Nephrogenic
diabetes insipidus

Aquaporin-2 Glycerol, TMAO,
DMSO

Tamarappoo et al.
1999

V2R Glycerol Tan et al. 2003

The most frequently examined target among the conformational diseases is
the cAMP-activated chloride ion channel protein, CFTR and its most common
mutation, the D508F CFTR. Many cell lines used in laboratory experiments
express this mutant protein. In most cases, the mutation does not lead to
the aggregation of the protein, but the mutant CFTR is degraded rapidly. In
a set of experiments carried out by Sato et al. (1996), it has been proved that
glycerol and TMAO could increase the maturation of the mutant CFTR protein
and rescue the cAMP-activated chloride conductance of cells expressing DF508
CFTR. DMSO, the well-known cryoprotectant, was also shown to have chemical
chaperoneactivity, since it helped the transportofmutantCFTRinacell culture
model (Bebök et al. 1998).

The mutation of the water channel, aquaporin-2, is responsible for the
development of nephrogenic diabetes insipidus. Its folding deficiency was cor-
rectable with chemical chaperones (Tamarappoo and Verkman 1998). The on-
set of diabetes insipidus is triggered by the mutation of a vasopressin receptor,
V2R. The mutated V2R protein escaped from the quality control machinery,
integrated to the membrane, and functioned as a normal vasopressin receptor
with the help of the osmolyte glycerol (Tan et al. 2002). The sequestration of
mutant alpha-1 antitrypsin Z can be enhanced by chemical chaperones, as was
proven by Burrows et al. (2000).
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Other types of diseases were also involved in the investigation of chemical
chaperone effects. The central nervous system is sensitive to folding diseases
due to its poor regenerating ability, making neurodegeneration diseases “hot
spots” in chemical chaperone research. In Alzheimer’s disease, where the beta-
amyloid plaque formation causes the death of neuronal cells, which leads to
mental deterioration, the effect of glycerol as well as TMAO was investigated.
Both molecules successfully inhibited the formation of beta amyloid plaques.
In Creutzfeldt-Jacob disease the prion protein, besides the specific action of
doxycycline, quinacrine, and chlorpromazine, DMSO and glycerol was also
found to revert the mutated form of PrP (Sc), the protein responsible for the
onset of prion disease (Gu and Singh 2004), giving new hope of curing these
folding disorders.

An entirely different group of diseases is cancer. In tumors, not one but
many genes have to be mutated to exert oncogenic features. However, in more
than 50% of tumor cells, the tumor suppressor protein p53 was found to
be mutated. Mutation of the viral oncogene protein, pp60src, is also of key
importance in tumors. The active osmolytes, glycerol, TMAO, and DMSO,
correctedmislocalizationofmanyof theoncogenicmutationsof theseproteins,
such as p53, pp60src, or the ubiquitin-activating enzyme E1 (Brown et al. 1996).

The immune system can also improve its efficiency with the help of chemical
chaperones. Glycerol, TMAO, and DMSO were also found to enhance antigen-
presentation by promoting the folding of MHC molecules (Ghumman et al.
1998).

An interesting member of the often used osmolytes is prolin, which is
a known agent protecting against high saline and freezing in yeast and also
in Escherichia coli (Csonka 1989). However, prolin has controversial effects on
protein folding. In E. coli prolin was found to increase thermotolerance and
was able to substitute the chaperone DnaK in deficient strains (Chattopadhyay
2004). Low physiological concentrations of prolin had an activator effect on
prokaryotic chaperons, while higher concentrations had a rather inhibitory
effect on chaperone–protein interactions (Diamant et al. 2001). On the other
hand, prolin strongly inhibited the refolding of denatured porcine lactate de-
hydrogenase, probably by limiting the interactions of the side chains of the
protein amino acid backbone (Chilson and Chilson 2003). It is noteworthy that
in this model system TMAO was also found to have anti-chaperone activity.

As an extraordinary chemical chaperon, deuterated water is also used as
an osmolyte, since it can increase the viscosity of the fluids. Deuterated water
was shown to stabilize the native conformation of the mutant CFTR and many
proteins having oncogenic properties (Sato et al. 1996, Brown et al. 1996).

Osmolytes, is spite of the overwhelming data on their efficiency in many
models, have relatively minor significance in clinical practice, due to their
nonspecific means of action.
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1.2
Hydrophobic Compounds

In addition to the osmolyte effect detailed above, a new mechanism for chem-
ical chaperones has been discovered. Different compounds with a shorter or
longer hydrophobic part can be solved in different fluids and can bind to
proteins. Accordingly, as lysophosphatidic acids or butyrate derivatives were
found to mask mutations of proteins and stabilize their structure in the native
conformation. The suggested mechanism of action is that these hydrophobic
molecules have the ability to bind to the hydrophobic segments, which remain
surface-exposed in unfolded proteins, and protect them from aggregation or
degradation in this manner.

1.2.1
PBA

The most prominent member of this group is sodium 4-phenylbutyrate (PBA).
Sodium 4-phenylbutyrate is an orally bioavailable short-chain fatty acid, which
was originally used as an ammonia-scavenging agent in urea metabolism dis-
orders. In recent years, PBA has also been shown to help the mutant CFTR
protein to get to the membrane (Zeitlin et al. 2002). PBA appears to help in cor-
recting the transport of mutant alpha-1 antitrypsin (AAT) in AAT-deficiency
models. PBA enhances the secretion of mutant AAT in cell culture and also in
transgenic mouse model (Burrows et al. 2000). Since mutant AAT has a sig-
nificant residual elastase activity and since PBA can be used safely in human
patients, this opens a promising, new therapeutic avenue for AAT deficiency.

Its ability to bind stretched hydrophobic surfaces of the protein, thus pro-
tecting it fromaggregationandavoiding the checkof thequality control system,
was proposed as the mechanism of action, thus supporting its transport and
integration into the plasma membrane. But the chaperone-like activity of PBA
turned out to be much more complicated. In newer experiments, PBA was
found to influence many levels of regulation. For example, PBA downregulated
the general protein synthesis, but induced the synthesis of cellular chaper-
ones in the case of mutant CFTR expressing the IBS-3 cell line (Wright et al.
2004). It was also shown that PBA activated the transcription of beta- and
gamma-globin, which makes PBA a promising candidate in the treatment of
thalassemias (Collins et al. 1995). In a recent study, PBA protected against
cerebral ischemia through inhibition of ER stress-mediated apoptosis and in-
flammation (Qi et al. 2004).

Sodium phenylbutyrate (PBA) treatment seems to have no severe side ef-
fects, and it can be utilized with a good efficiency by oral supplementation.
These features make PBA a promising chemical chaperone with hope of clinical
use in the future.
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1.2.2
Lipids and Detergents

In bacterial models, many short-chain fatty acids were found to have chaperone
properties. Kern et al. (2001) found that lysophosphatidic acid can prevent E.
coli strains from heat denaturation as well as facilitate the refolding of heat-
denatured citrate-synthase. The nonionic detergent, Brij 58P was tested in
many in vitro models (Krause et al. 2002). The group found that Brij 58P has
a favorable effect on the refolding of denatured alpha-glucosidase, rhodanese,
and citrate synthase in the presence of the aggregation-prone DnaJ molecule.

A series of cationic, zwitterionic, and nonionic detergents were tested on
the course of the refolding of three different model proteins (Daugherty 1998).
In this study, all types of detergents promoted the refolding of citrate syn-
thase, unlike carbonic anhydrase B and lysozyme, which required zwitterionic
detergent for the augmentation of successful folding.

2
Pharmacological Chaperones

The discovery that compounds selectively binding to intracellularly retained
proteins can promote their proper folding and targeting opened the way to de-
veloping a new class of chemical compounds having chaperone activity. These
specific molecules are called pharmacological chaperones. Table 2 shows the
most important pharmacological chaperones used in different diseases. Phar-
macological chaperones are similar to the chemical chaperones in their effect:
they can promote the folding and transport of mutant proteins alleviating
many folding disease (Bernier et al. 2004). The difference distinguishing these
molecules from a separate group from chemical chaperones lies in their speci-
ficity. These molecules can bind to one definite protein, thus aiding its folding
and transport. Pharmacological chaperones can be, for example, ligands for
a receptor promoting its proper folding, or, more specifically, a molecule de-
signed especially to bind the native conformation of the target protein, stabi-
lizing its conformation and pushing the balance toward the native state.

2.1
Enzyme Antagonists

A study conducted on an energy-dependent transporter known as P-glyco-
protein or multidrug-resistance gene-1 product (MDR1) showed that while
synthetic mutations resulted in ER retention and rapid degradation of the
protein (Loo and Clarke 1994), treatments with substrates (vinblastine and
capsaicin) or inhibitors (cyclosporin and verapamil) of the transporter led to
the appearance of functional MDR1 at the cell surface (Loo and Clarke 1995).
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Table 2 Pharmacological chaperones used in different diseases

Disease Protein Agent used References

Misfolding/aggregation

Gaucher disease β-Glucosidase N-(n-nonyl)
deoxynojirmycin

Sawkar et al. 2002

β-Galactosidosis β-Galactosidase Galactonojirmycin
derivatives

Matsuda et al. 2003

Long QT
syndrome

HERG Kþ channel Cisapride, E-4031,
astemizole

Curran et al. 1995

Prion disease Prion IPrP13 quinacrine
chlorpromazine

Soto et al. 2000;
Korth et al. 2001

Misfolding/degradation

Cancer Smo Cyclopamine Chen et al. 2002

Cystic fibrosis CFTR Benzo(c)quinolizinium
compounds

Galietta et al. 2001

Fabry disease Alpha-Gal A DGJ
Galactose

Fan et al. 1999;
Frustaci et al. 2001

Hyperinsulinemic
hypoglycemia

SUR1 Sulfonylurea Yan et al. 2004

Hypogonadotropic
hypogonadism

GnRHR GnRH peptidomimetic
antagonist

Janovick et al. 2002

Drug resistance P-glycoprotein Cyclosporin,
capsaicin, vinblastine,
verapamil

Loo et al. 1995

Immunoglobulin
secretion

Anti-phenyl-
phosphocholine

Haptenp-nitrophenyl-
phosphocholine

Wiens et al. 2001

Pain dOR Naltrexone Petaja-Repo et al.
2002

Menkes disease MNK Copper Kim et al. 2002

Nephrogenic
diabetes insipidus

V2R SR121463, VPA-985 Morello et al. 2000

This led the authors to propose that the drug-binding site forms early during
MDR1 biosynthesis and that occupation of this site could stabilize a folding
intermediate in a near-native conformation that can escape the quality control
system (Loo and Clarke 1999). Similarly, an antagonist of the vasopressin
receptor can increase the activity of mutant vasopressin receptor associated
with nephrogenic diabetes insipidus (Morello and Bichet 2001). Potassium
channel mutation associated with the long QT syndrome was also correctable
with the help of selective inhibitors of the channel (Zhou et al. 1999).
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A new concept of enhancing protein folding and secretion of immunoglob-
ulins was to use hapten ligands as chemical chaperones. Secretion of an-
tiphenylphosphocholine antibody was enhanced by phosphocholine treat-
ment, suggesting that hapten binding can promote antibody maturation by
stabilizing heavy- and light-chain assembly (Wiens et al. 2001). As an addi-
tional example of pharmacological chaperones, alpha-galactosidase A defi-
ciency related to Fabry disease was correctable by administering galactose in
a cell culture model (Okumiya et al. 1995).

2.2
Folding Agonists

The temperature-sensitive mutants of tumor suppressor p53 protein can be
stabilized by a set of small molecule compounds, which can bind specifically
to the p53 protein and help the folding into its active conformation (Foster
et al. 1999). High throughput chemical screening led to new compounds that
could stabilize p53 in its active conformation, opening a new chapter in tumor
suppression strategies (Wang et al. 2003; Issaeva et al. 2003). As a result,
a peptide designed to bind specifically to the native conformation of p53 could
restore the activity of the R249S mutation of p53, which is the most frequent
cause of cancer, especially in hepatocellular carcinomas (Friedler et al. 2004).

In Menkes disease, which is a congenital copper deficiency, results from
the mutation of copper-ATPase. In this case, copper itself was found to be
advantageous for the proper folding of the ATPase (Kaler et al. 1998; Kim et al.
2002).

A mutation in the sulfonylurea receptor, Sur is responsible for the onset
of familial persistent hyperinsulinemic hypoglycemia (Thomas et al. 1995).
Correctionof the lossof functionof the receptorwas carriedoutby sulfonylurea
(Yan et al. 2004) and also with diazoxide; however, the results are inconsequent
at this point (Partridge et al. 2001; Yan et al. 2004). As an additional example,
Dormer et al. found (2001) that benzoquinolizine derivatives can facilitate the
folding of mutant CFTR in cystic fibrosis.

An interesting target of pharmacological intervention is pain. Opioid re-
ceptors were shown to fold in the endoplasmic reticulum. Still, the majority of
the proteins is transported directly to the protein degradation system. Mem-
brane permeable opioid ligands can stabilize the structure of the receptor and
augment its insertion into the plasma membrane (Petaja-Repo et al. 2002)

Pharmacological chaperones, although their approach to the disease is sim-
ilar to chemical chaperones, have the advantage of higher specificity. In this
treatment, only the folding of the selectively targeted protein will be influenced.
The specific mechanism of action of the pharmacological chaperones may be
a significant advantage considering their potential use for disease-related fold-
ing deficiencies with clinical importance.
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The growing pool of chemical and pharmacological chaperones opens a new
field for applied research aimed to help in folding diseases. Supplementation
of mutated proteins, as well as the emerging role of gene therapy, are also
powerful tools for correcting dangerous mutations, but artificial chaperones
constitute a real alternative in the course of folding disorders.
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Abstract Life presents a continuous series of stresses. Increasing the adaptation capacity
of the organism is a long-term survival factor of various organisms and has become an
attractive field of intensive therapeutic research. Induction of the heat shock response
promotes survival after a wide variety of environmental stresses. Preclinical studies have
proven that physiological and pharmacological chaperone inducers and co-inducers are
an efficient therapeutic approach in different acute and chronic diseases. In this chapter,
we summarize current knowledge of the current state of chaperone modulation and give
a comprehensive list of the main drug candidates.

Keywords Chaperone inducers · Chaperones · Heat shock proteins · Heat shock response ·
Stress proteins
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1
Stress and the Heat Shock Response

Life is stress, a continuous challenge from molecules to mind. Sophisticated
and robust protective mechanisms have been and are still evolving to promote
survival under constantly changing environmental conditions. One of the most
ancient and highly conserved adaptive mechanisms in the cellular setting is
the heat shock or stress response. Molecular chaperones or heat shock pro-
teins maintain the conformational homeostasis of the proteome (Thirumalai
and Lorimer 2001; Young et al. 2004). Most chaperones are essential proteins
present at high concentrations even under nonstress conditions, emphasizing
their vital housekeeping role. However, many types of toxic insults (e.g., heat
shock, ethanol, oxidative stress) lead toa suddenrise in chaperone levels.Chap-
erone induction is mediated at the transcriptional level by an autoregulatory
feedback loop. An increase in misfolded proteins results in the release of heat
shock transcription factor 1 (HSF-1) from the repressing Hsp90/Hsp70/Hsp40
complex and a subsequent activation of heat shock gene transcription (see the
chapter by R. Voellmy, this volume).

2
Chaperone-Mediated Cytoprotection

A sublethal stress exposure protects the cell from the deleterious effect of a sub-
sequent otherwise lethal stress. The stress tolerance (thermotolerance in case
of the prototype, heat shock) is mediated by the elevated levels of chaperones,
especially Hsp70, Hsp27, and Hsp90 (Welch 1992). Chaperones play a crucial
role in such vital processes as signal transduction, transport processes, cell
division, migration, and differentiation, and they are indispensable for proper
immune function. Moreover, from a general point of view, chaperones are
stabilizing hubs of the cellular protein–protein/lipid networks (reviewed in
Csermely 2004, 2005; Sőti et al. 2005).

The cytoprotective role of chaperones involves a direct stabilization of
macromolecular structure of proteins and lipids (Török et al. 2001; Tsvetkova
et al. 2002). Moreover, Hsp70 and Hsp110 stabilize mRNA structure (Hen-
ics et al. 1999), and cytokine mRNAs are stabilized through Hsp70 induction
or proteasome downregulation (Laroia et al. 1999). Intriguingly, chaperones
are critical factors in apoptosis. They play both a direct role by supporting
key molecules in (anti)apoptotic signaling (APAF-1, Bcl-2), and an indirect
role by being involved in antioxidative defense and scaffolding macromolec-
ular assemblies (Sreedhar and Csermely 2004). Various studies have demon-
strated that chaperone-mediated cytoprotection can be largely attributed to
the suppression of apoptosis. Cells failing to mount a stress response are
sensitive to apoptosis (Sreedhar et al. 1999). ATP depletion is hallmark of
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many disease states, including a variety of ischemic conditions. It results in
a rapid metabolic incompetence accompanied by profound cell death. Both
stress preconditioning and transient Hsp70 overexpression in rat cardiac my-
oblasts were shown to exert a marked reduction in cell death as well as in the
amount of total denatured protein (Kabakov et al. 2002). In separate studies,
hypoxia/reoxygenation-induced cell death was rescued by a preceding heat
shock in rat cardiac myocytes (Tanonaka et al. 2003). Heat shock attenuated
poly(ADP-ribose) polymerase (PARP) activation, and pharmacological PARP
inhibition prevented the cell death evoked by the treatment. Interestingly,
Hsp70 expression and nuclear translocation were observed upon heat shock,
raising the possibility of an inhibitory Hsp70–PARP interaction during heat
shock/hypoxia. Moreover, Hsp70 contributes to the increased antioxidative
defense during ischemia/reperfusion (Chong et al. 1998).

Accumulation of mutant, misfolded proteins is a threat for postmitotic cells,
especially for the nervous system. Protein aggregation is a complex process,
harboring a wide variety of cytotoxic events, inducing cell death (Stefani and
Dobson 2003; Bossy-Wetzel et al. 2004). Chaperones were shown to be asso-
ciated both with oligomeric and aggregated species and protected from cell
death in Drosophila, in mammalian cells, and in transgenic mice (Warrick et al.
1999; Carmichael et al. 2000; Cummings et al. 2001).

Intriguingly, not only cytosolic chaperones are able to confer cytoprotec-
tion. Endoplasmic reticulum chaperones, normally induced by the unfolded
protein response, are also upregulated upon excitotoxic and oxidative insults
and display protective effect via diminishing the production of reactive oxygen
species and stabilizing calcium homeostasis (Yu et al. 1999). Similarly, upreg-
ulation of endoplasmic reticulum chaperones in epithelial cells was shown to
exert a robust effect against ATP-depletion-induced cell damage (Bush et al.
1999).

3
Possible Therapeutic Use of Chaperone Induction

Since chaperones protect the cells from a wide variety of physiological and
pathological of stressors, virtually any conditions associated with (a) increased
cellular/organismal stress and/or (b) decreased protective potential may be
therapeutic target (Table 1). The first category encompasses two subgroups:
the first with increased oxidative stress/ATP depletion, the prototype is the is-
chemic diseases; the second is the direct toxicity of aberrant proteins, including
the progressive neurodegenerative diseases. The remainder of the conditions
is best represented by aging, where the stress continuously uses up the differ-
ent adaptation mechanisms, including a proper mounting of the heat shock
response, resulting in a vicious circle and finally exhaustion.
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Table 1 Pathological states as possible therapeutic targets for chaperone upregulationa

Pathology Reference

Increased stress: Christians et al. 2002

Ischemia-reperfusion

Cardiovascular disease Snoeckx et al. 2001

Stroke DeFranco et al. 2004

Inflammation, shock van Molle et al. 2002

Toxin exposure

Ethanol ?

Drugs ?

Oxidants Papp et al. 2003

Trauma and regeneration Kalmar et al. 2002, 2003

Transplantation Perdrizet et al. 1993

Low-frequency electromagnetic field Goodman and Blank 2002

Proteinopathies Welch 2004

Amyloidosis and neurodegeneration Stefani and Dobson 2003

Cystic fibrosis (and others) Amaral 2004

Diabetes mellitus Nánási and Jednákovits 2001

Mixed, with decreased protection

Aging Sőti and Csermely 2003; Hsu et al. 2003

Hyperlipidemia Csont et al. 2002

Overnutrition ?

Recurrent (viral) infections Rosi et al. 1996

Chronic fatigue syndrome ?

aQuestion marks indicate lack of experimental evidence

3.1
Ischemia Reperfusion

Ischemic heart disease is one of the most intensely studied diseases with re-
spect to chaperone protection. Besides their anti-apoptotic role, chaperones
contribute to proper functioning by the sustained activation of endothelial
nitric oxide synthase (eNOS) provided by Hsp90 (Kupatt et al. 2004), the main-
tenance of redox homeostasis (Chong et al. 1998; Papp et al. 2003), and the
enhancementofmitochondrial respiratory complexactivity (SammutandHar-
rison 2003). Female heart contains twice as much inducible Hsp70 than male
heart, due to the presence of estradiol (Vos et al. 2003), which induces HSF-1
transactivation (Knowlton and Sun 2001). Both the HSF-1-inducing action and
cardioprotective effect of estrogen is mediated by NFκB activation (Hamilton
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et al. 2004). Ovariectomy reduces and estrogen replacement re-establishes car-
diac Hsp70 expression (Vos et al. 2003), supporting the cardioprotective role
of estrogen replacement therapy after menopause, and raising the question
of administering estrogen agonists to patients with high cardiac risks. On the
other hand, exercise preferentially induced cardiac Hsp70 and exerted cardio-
protection only in male as well as ovariectomized female rats, suggesting that
training may be much more important for males than for females in defend-
ing against the effects of heart disease and offers a novel manner by which
males may reduce the sex gap in susceptibility to adverse cardiac events (Paroo
et al. 2002). However, cardiac function and postischemic adaptation is deteri-
orated already in middle-aged rats, despite a relatively maintained chaperone
inducibility (Honma et al. 2003), arguing against considering chaperone in-
duction as a miraculous remedy. The central importance of a healthy diet is
emphasized by the finding that experimental hyperlipidemia attenuated the
heat shock response in rat hearts (Csont et al. 2002). Further research will reveal
the proper place of chaperone-inducing therapies in cardiovascular diseases.

There are several examples suggesting that chaperones play an important
role in protecting the nervous system both in acute ischemic conditions such as
stroke (DeFranco et al. 2004) and chronic degenerative states such as vascular
dementia and neuronal proteinopathies such as Alzheimer’s, Parkinson’s, and
other diseases (Stefani and Dobson 2003). Interestingly, glial Hsp70 is released
and taken up by nerve cells and enhances neuronal stress tolerance (Guzhova
et al. 2001). Another intriguing finding is that chaperone induction by the
amino acid analog canavanine attenuated the retinopathic complication of
streptozotocin-induced diabetes in rats, prompting further investigations of
chaperone inducers in easing the chronic consequences of diabetes such as
retinopathy (Mihály et al. 1998).

3.2
Inflammation and Sepsis

Inflammationposesastresson immunecells. Indeed,Hsp70 isoverexpressed in
polymorphonuclear cells under sepsis (Hashiguchi et al. 2001), and Hsp70 con-
ferred an augmented antioxidative response and inhibited apoptosis
(Hashiguchi et al. 2001). Hsp70 overexpression also conferred cytoprotection
by inhibiting NFκB activation and iNOS upregulation in rats, ameliorating
cardiac shock and hypotension upon endotoxic shock (Hauser et al. 1996;
Chan et al. 2004). Another protective feature of Hsp70 overexpression is that
it prevented high production of LPS-induced inflammatory cytokines in hu-
man macrophages (Ding et al. 2001). Similarly, heat shock inhibited IL-6 and
iNOS expression upon TNFα treatment in wild type, but not in heat-inducible
hsp70.1 gene-deficient mice (van Molle et al. 2002). Heat shock reduced bowel
damage and apoptosis, circumventing the severe side effects of antitumor pro-
tocols based on TNF and interferon-gamma, leading to a significant inhibition
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of lethality but not to a reduction of antitumoral capacity (van Molle et al.
2002).

3.3
Aging and Chaperone Overload

The positive correlation between longevity and a robust heat shock response is
an experiential fact and is well documented in several studies using Caenorhab-
ditis elegans as a model system, implicating the chaperone network as one of
the critical adaptive mechanisms (Garigan et al. 2002; Hsu et al. 2003). Chap-
erone inducibility generally decreases during aging. Hsp70 overdose, under
the control of its own promoter, extended the lifespan in Drosophila. Many ex-
perimental manipulations inducing life-span extension also upregulate chap-
erones and lead to a stress response of higher intensity (Sőti and Csermely
2003). Chaperones may be overburdened by the individual life in aging, as well
as during the improvement of living standards over the last two centuries. This
phenomenon, the so-called chaperone overload, may be a causative factor in
a number of degenerative diseases and aging (Csermely 2001; Sőti and Cser-
mely 2003). Whether strengthening the heat shock response would further
aggravate or solve this problem may be a key question in the coming years of
research.

The above-mentioned examples show the power of a properly mounted
stress response in different pathological conditions.

4
Heat Shock Response Modulators

The heat shock or stress response is a multistep process involving cross-talk
among different processes such as growth and stress-activated signaling path-
ways, protein misfolding, aggregation and degradation, heat shock, and other
transcription factor activation, with a subsequent production of heat shock
genes. For the sake of simplicity and specificity, we will focus on the inhibitors
of misfolded protein degradation and activators of Hsp synthesis as candidates
for therapeutic intervention.

Ancient cultures understood that sauna is a well known practice in a healthy
lifestyle. Heat shock is the archetype of preconditioning, and was already
extensively discussed in the literature. Mild heat stress leads to a series of
beneficial effects in cells (Park et al. 2005) and hormesis induced by repeated
mild heat shock is a promising means to preserve the adaptation capacity of
cells (Rattan 2004). In this section, we will focus on different approaches to
induce the heat shock response.
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4.1
Aspirin as a Chaperone Co-inducer

The first pharmacological agents shown to affect the stress response were
sodium salicylate and aspirin (Jurivich et al. 1992). Salicylate induced HSF-1
DNA binding, did not lead to hsp transcription per se, but augmented the
stress response upon a challenging insult. Unfortunately, these compounds are
not specific, and besides the inhibition of cyclo-oxygenase, both compounds
bind to Grp78 (BiP) and inhibit its ATPase activity and may interfere with its
activity (Deng et al. 2001).

4.2
Glutamine Is a Remedy for the Critically Ill

Several physiologically occurring compounds activate chaperone expression.
The amino acid glutamine, an important nutrient for bowel and muscle cells,
is a very potent inducer of chaperone expression in Drosophila cells as well as
in human patients (Sanders and Kon 1991; Wischmeyer 2002, 2004). It shows
all the beneficial actions of heat stress, including a marked improvement in
survival during sepsis, antiapoptotic and anti-inflammatory properties, and it
depends on the induction of Hsp70. Even after a single glutamine injection,
Hsp70 induction can be observed in the gut, blood cells, lung and heart, among
other organs, suggesting a fairly general phenomenon. For instance, glutamine
administration before cardiopulmonary bypass reduced the inflammation and
improved clinical outcome in rats (Hayashi et al. 2002). Though the mechanism
of action of glutamine is not known, it is devoid of any toxicity and is already
widely used in enteral and parenteral nutrition, by heavy exercise athletes,
and by naturopathic doctors for bowel problems. It must be noted that during
prolonged exercise and sepsis or major trauma, the blood glutamine level is
decreased, and such glutamine depletion impairs the stress response, probably
contributing to susceptibility to exhaustion, and worsening (Oehler et al. 2002).
There is ample opportunity for clinical use in critically ill patients with major
trauma, surgery, or sepsis.

4.3
Zinc Supplementation Is a Prerequisite of Proper Chaperone Induction

Zinc is an important trace element that supports the function of several en-
zymes, including antioxidant enzymes and transcription factors with zinc
finger motifs, such as steroid receptors. Zinc is critical for proper immune
function, and it was shown that a 3-week dietary zinc depletion reduces Hsc70,
Hsp40, and Hsp60 expression to approximately 50% in murine thymus (Moore
et al. 2003). The same study showed that zinc overdose led to a reduction in
heat shock mRNA levels, highlighting the importance of proper zinc consump-
tion and supplementation. Both zinc bioavailability and immune function is
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decreased in the aged population. On the contrary, both are better preserved in
the successfully aged centenarians. While in vitro zinc supplementation some-
what augmented the heat-induced Hsp70 expression in lymphoblasts from
aged human donors, it diminished it both in young and centenarian sam-
ples (Ambra et al. 2004). This finding may be explained by the hypothesis
that chaperones may regulate metallothionein metabolism (Mocchegiani et al.
2000). Zinc induces a heat shock response in cell culture (Hatayama et al. 1993),
as well as in gastric mucosal and hepatic cells in vivo (Odashima et al. 2002;
Cheng et al. 2002). Besides the general protective effect of zinc, it can be used
before major surgery, or even before transplantation for organ preservation
(Cheng et al. 2002), since it is well known that chaperones are helpful in graft
preservation (Perdrizet et al. 1993).

4.4
Hsp90 Inhibitors Are Useful Cytoprotective Agents

Hsp90 inhibitorsaremultitarget antitumordrugs:by targeting theATP-binding
site of Hsp90 they compromise several growth and survival pathways in parallel
(Neckers 2003; see also the chapter by L. Neckers, this volume). Clinical impli-
cations of geldanamycin, radicicol, and other Hsp90 inhibitors are summarized
in the chapter by S. Pacey et al. in this volume. It seems to be reasonable to
assume that heat shock protein inhibitors may lead a compensatory stress re-
sponse. Indeed, at a very low dose where cytotoxic effects cannot be observed,
geldanamycin releases HSF-1 from Hsp90 and leads to heat shock protein ex-
pression. This phenomenon was already successfully used in different exper-
imental models to induce cytoprotection. Geldanamycin treatment improved
Parkinsonism in Drosophila (Auluck and Bonini 2002), and both geldanamycin
and radicicol were effective in cellular and mouse models of polyglutamine dis-
eases, actually better than overexpression of Hsp70 (Sittler et al. 2001; Hay et al.
2004). Moreover, geldanamycin also binds to Grp94, the ER-resident Hsp90,
and induces cytoprotective ER chaperones via the unfolded protein response
(Lawson et al. 1998), which widens the therapeutic potential of these drugs.
Radicicol, representing another class of Hsp90 inhibitors, exerted a cardiopro-
tective effect in ischemia/reperfusion injury (Griffin et al. 2004). Herbimycin A,
a geldanamycin-related compound and a Tyr-phosphatase inhibitor, was also
able to reduce intimal hyperplasia (restenosis) by upregulating Hsp27 after
balloon angioplasty (Conolly et al. 2003).

4.5
Proteasome Inhibition Activates Cytoprotection

As HSF-1 is activated by an increased flux of misfolded proteins, proteasome
inhibitors are also potent inducers of both the cytosolic and the ER chap-
erones and thermotolerance (Bush et al. 1997). MG-132 and lactacystin in-
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creased IL-6 production by human intestinal epithelial cells (Pritts et al. 2002),
while MG-132 and MG-262 treatment resulted in better contractile function
and faster recovery of heart papillary muscle after ischemia (Stangl et al.
2002). It must be mentioned, though, that the protective response evoked
by proteasome inhibitors is not merely based on chaperone induction. First,
activation of heat shock elements is not sufficient to induce αB-crystallin ex-
pression upon proteasome inhibition (Aki et al. 2003). Second, in some model
systems these compounds inhibit HSF-1 dephosphorylation and transacti-
vation if they are present after heat shock (Kim and Li 1999). Third, a low
dose of MG-132 and lactacystin protects neural cells from excitotoxic and
oxidative stress without chaperone induction (Lee et al. 2004). Thus, further
studies are needed to clarify the cytoprotective mechanisms of proteasome
inhibitors.

4.6
Anti-ulcer Drugs Induce Chaperones

Other heat shock protein inducers are emerging as promising tools in a wide
variety of pathophysiological states. Geranylgeranylacetone is nontoxic anti-
ulcer drug, and recently has been shown to induce the heat shock response.
This property makes it a useful intervention in dysfunctions of the stomach and
probably the digestive tract (Rokutan 2000). Its use is also proven in hepato-
cellular damage originating either from ethanol- or oxidant-related pathology
(Ikeyama et al. 2001), or from hepatectomy (Oda et al. 2002). Systemic geranyl-
geranylacetone treatment protected retinal ganglion cells in a rat glaucoma
model (Ishii et al. 2003) and hippocampal neurons against ischemia (Fujiki
et al. 2004); however, in addition to chaperones, other protective mechanisms
may be involved. Carbenoxolone is another anti-ulcer drug that possesses
Hsp70-inducing activity (Nagayama et al. 2001). However, we lack further
studies to prove its therapeutic benefit.

4.7
Prescription Drugs May Induce a Heat Shock Response

Several medicines were studied with respect to cytoprotective action. Estrogen
was found to affect the inducibility of chaperones. Other steroids such as
the glucocorticoids, hydrocortisone, or the agonists methylprednisolone and
dexamethasone were shown to elicit a cardioprotective effect by inducing
Hsp70, transcriptionally and/or post-transcriptionally (Sun et al. 2000; Valen
et al. 2000). Whether other hormones behave the same way is an open question.

Cyclosporine A (CsA) is a toxic immunosuppressive drug. On the one hand,
both heat shock and CsA preconditioning produce tolerance against the CsA-
toxicity (Yuan et al. 1996). On the other hand, CsA is an activator of HSF-1
and -2, probably an inhibitor of the proteasome, but leads only to Hsp27
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upregulation (Paslaru et al. 2000). These findings raise the possibility that
toxic side effects of CsA may be circumvented by a low-dose administration
preceding the therapeutic dose.

Surprisingly, the commonly used antibiotics ampicillin and ceftriaxone—
previously thought to be specifically damaging to bacteria—upregulate Hsp27
and Hsp60 in human lymphocytes and protect them from staurosporine-
induced apoptosis (Romano et al. 2004). The generality of this phenomenon
with respect to cell types, antibiotics, and other harmful insults demands
a systematic study. On the other hand, it should be noted that many cell culture
facilities routinely use antibiotics, especially ampicillin, and this may produce
misleading results in apoptosis and chaperone induction assays.

4.8
Herbal Medicines Contain Potent Cytoprotective Compounds

Traditional medicine has used herbal compounds for thousands of years for
pain relief, fever reduction, infection and inflammation, stimulation of phys-
ical production, and for treating tumors. Among others, celastrols have re-
cently been documented as cytoprotective agents and heat shock response
inducers (Westerheide et al. 2004). The naturally occurring antioxidant er-
gothioneine augmented Hsp70 induction and conferred protection against
liver ischemia/reperfusion in the rat (Bedirli et al. 2004).

Curcumin isdietarypigmentof turmeric, a favorite spice in theculinaryarts.
It is also a remedy in Indian medicine. Curcumin increased Hsp70 levels and
had a cytoprotective effect (Sood et al. 2001). It was harmless in normal cells;
however, it induced a pronounced apoptosis in different tumor cell lines (Khar
et al. 2001). Intriguingly, resistant lines had a robust heat shock response upon
curcumin treatment (Khar et al. 2001), suggesting that among the pleiotropic
effects of curcumin, the accentuated heat shock response may be critical for
tumor survival. This finding raises two ideas. First, curcumin may be effectively
combined with heat shock protein inhibitors in antitumor protocols to elicit
maximal beneficial potential. Second, curcumin is a unique drug that kills
tumor cells, while strengthening normal cells, which may make it an ideal
panacea for cancer patients.

4.9
Cyclopentenone Prostaglandins: Antiviral Drug Candidates

Naturally occurring anti-inflammatory cyclopentenone prostaglandins also
induce Hsp70. These molecules are characterized by the presence of a reactive
α,β-unsaturated carbonyl group in the cyclopentane ring (cyclopentenone),
which is the key structure for triggering HSF-1 activation. 2-Cyclopenten-
1-one selectively induces Hsp70 in human cells, and this is associated with
antiviral activity (Rossi et al. 1996). These prostaglandin derivatives also dis-
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play an HSF-1/Hsp70-dependent anti-inflammatory action (Ianaro et al. 2003),
which makes them promising antiviral drug candidates. However, many of the
effects are mediated via the NFκB pathway, given that these compounds are
direct inhibitors of the IκB kinase (Rosi et al. 2000). They may be very attrac-
tive compounds in reducing viral infection and overwhelming inflammatory
reactions.

4.10
Nutrition State Influences Hsp Response

Though not pharmacological compounds, some effects from the environment
also have the potential to regulate the heat shock response. Calorie restriction
retards aging and oxidative stress, and induces heat shock proteins (Sőti and
Csermely 2003). Both calorie restriction and its mimetic, 2-deoxyglucose, re-
duce focal ischemic brain damage, and induce Hsp70 (Yu and Mattson 1999),
which implies that a modest diet may protect from several age-related patholo-
gies by strengthening the natural adaptation mechanisms, including the stress
response.

4.11
Low-Frequency Electromagnetic Fields: Beneficial Potential and Health Hazard

Our environment is not merely material. There is a continuous spectrum of
electromagnetic radiation surrounding and penetrating us. While higher en-
ergy UV and ionizing radiations are recognized as life-threatening and stress
response-inducing stimuli, we have only just begun to explore the biological
effects of lower-frequency fields. Two segments of low-frequency fields are
especially interesting. The first is the radio-frequency (athermal) microwave
field (in the MHz range) widely used in wireless communication, e.g., in cell
phones,while theother is theextremely low-frequencyfield (ELF,below300Hz)
present everywhere. While proper ELF exposure leads to a variety of regener-
ative processes, improper exposure to both fields are proven to pose a health
hazard to humans. Interestingly, acute exposure to both athermal microwave
radiation (915 MHz) and to ELF (60 Hz) induced a heat shock response and
cytoprotection against hypoxia-reperfusion in chick embryos (Shallom et al.
2002). Indeed, it is well documented that there is an ELF responsive element in
several genes, including Hsp70, which may directly sense the electromagnetic
radiation (Goodman and Blank 2002).

There are several advantageous properties to ELF radiation and precondi-
tioning:

– It is noninvasive, safe, comfortable, and simple to administer, even repeat-
edly before, during, and after cardiac surgery to mount a higher stress
response.
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– It is more effective in inducing Hsp70 than heat: the energy density required
is 14 orders of magnitude lower for ELF than for heat (which may also mean
a harmful effect at this low energy input!).

– ELF easily penetrates the body, allowing systemic administration, but even
can be directed to the target region.

– The same ELF exposure induces Hsp70 in all systems from bacteria to hu-
man, emphasizing the presently unknown importance of this range (Good-
man and Blank 2002).

Promising biomedical applications of ELF and chaperones are emerging.
One opportunity is that ELF responsive elements can be used as novel, non-
invasive techniques in transgene expression in a highly regulated fashion,
a possible application in gene therapy with a sensory/ELF-generating circuit
(e.g., a glucose sensor, an ELF generator, and cells containing the insulin gene
with ELF element in its promoter; Goodman and Blank 2002). The second ap-
plication is the preconditioning driven by ELF treatment, as mentioned above.
The third is that chaperones may be much better markers of ELF exposure than
the traditionally used heat absorption of tissues.

From a public health standpoint, it is important that more studies be per-
formed to determine if repeated exposures, a condition likely to be found in the
everyday setting (e.g., in cell phone use), are still beneficial. It is also important
how our body is saturated with chronic ELF and whether a therapeutic ELF ex-
posure would result in chaperone expression. One study showed that similarly
to heat shock and other stresses, chronic ELF (only for 4 days) stimulation led
to a distress: the exhaustion of the heat shock response and downregulation
of Hsp70 with a consequent decline in cytoprotection (Di Carlo et al. 2002).
This may explain epidemiologic correlations between chronic ELF exposure
and cancer and may question the use of chaperone expression to determine
the extent of chronic ELF exposure.

4.12
Chaperone Co-inducers: A Safer Opportunity to Induce the Heat Shock Response

The previous section highlighted that instead of the expected hormesis an
overdose of chaperone inducers may lead to distress over the long term. On the
contrary, a multicopy of inducible Hsp70 with its own promoter extended life in
Drosophila (Tatar et al. 1997). Therefore drugs only augmenting the naturally
occurring stress response (called chaperone co-inducers; Vígh et al. 1997) may
be more beneficial without the side effects of chronic stress. Chaperone co-
inducers are representatives of multitarget, low-affinity drugs, which may have
a much better efficiency than single-target high-affinity drugs developed by
rational drug design (Csermely et al. 2005). The lead compound, a nontoxic
hydroxylamine derivative, Bimoclomol, helps the induction of Hsp synthesis
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by both perturbing various membrane structures and helping the release of
putative lipid-signaling molecules as well as by the prolongation of the binding
of HSF-1 to the heat shock elements on the DNA (Hargitai et al. 2003; Török
et al. 2003; Vígh et al. 1997). Bimoclomol binds to HSF-1 with a low affinity,
which may contribute to its effect to prolong HSF-1 binding to DNA. Chaperone
co-inducers also stabilize membranes, which may be of special importance to
prevent apoptotic events related to the decomposition of cardiolipin and the
consecutive destabilization of the mitochondrial membrane (Török et al. 2003).

Chaperone co-inducers lead to heat shock protein expression after stress,
display strong cytoprotective effect (Vígh et al. 1997), and have great bene-
ficial potential in a wide variety of pathological conditions. Bimoclomol was
successfully used in cardiovascular and diabetic complications (Nánási and
Jednákovits 2001). BRX-220, a potent analog of Bimoclomol, protected against
acute pancreatitis, by diminishing serum markers and enhancing antioxida-
tive capacity (Rakonczay et al. 2002a). However, it should be noted that this
effect may not be solely due to Hsp induction, since arsenite treatment effec-
tively inducing Hsp70 did sufficiently protect in this experimental pancreatitis
model (Rakonczay et al. 2002b). Kürthy et al. (2002) showed a beneficial effect
of BRX-220 against insulin resistance and peripheral neuropathy in diabetic
rats. BRX-220 was a useful remedy in peripheral nerve injury (Kalmar et al.
2002, 2003). Recently arimoclomol was successfully applied in an inherited
neurodegenerative disease, amyotrophic lateral sclerosis (ALS) (Kieran et al.
2004). ALS is characterized by a mutation in Cu/Zn superoxide dismutase-1,
with loss of function (increased oxidative stress) and gain of function (protein
aggregation) in spinal motoneurons. Arimoclomol delayed the onset of and
led to a 22% life extension in amyotrophic lateral sclerosis in a mouse model
(Kieran et al. 2004), suggesting that this class of drugs may prove to be effective
in other neurodegenerative diseases.

5
Conclusions and Perspectives

Chaperone inducers are physiological compounds or potent drugs with pleio-
tropic beneficial actions. Instead of the old paradigm of meticulously targeting
single molecules or eliminating disease-causing reasons, they focus on enhanc-
ing the natural protective capacity of our own body (Csermely et al. 2005). This
protection is brought about by a higher level of heat shock or stress proteins
and may provide an important novel therapeutic approach in a number of
acute and chronic diseases and aging, even with a combination of traditional
medications. Chaperone co-inducers may circumvent the distress-exhaustion
cycle by overstimulation, since they only augment the naturally occurring Hsp
induction. Further research will clarify the effect of long-term treatment and
clinical applications, especially the relationship with chaperone overload.
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