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Molecular chaperones assist proteins to reach their
mature and functional conformation. It has become
apparent in recent years that chaperones function as
part of a multiprotein heterocomplex that is potenti-
ally involved not only in protein folding, but also in
intracellular trafficking and in targeting proteins for
degradation. In the case of steroid receptors, the ac-
tivity of the chaperone heterocomplex, as well as the
proteins comprising the heterocomplex, has an effect
on the observed ligand-dependent transcriptional ac-
tivity of the receptor. The direct interaction between
chaperones and steroid receptors makes them poten-
tial therapeutic targets in a number of pathologic con-
ditions. In the case of cancers with steroid receptor
involvement, such as breast and prostate cancer, the
inhibition of chaperone activity may inhibit tumor cell
growth. Conversely, enhancement of chaperone activ-
ity may be beneficial in disorders of protein misfolding,
as in the case of androgen receptor aggregates found
in Spinal and Bulbar Muscular Atrophy.
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ones are strongly induced on heat shock or stress, most are
constitutively expressed at high levels under normal physi-
ologic conditions (5,6). Hsp90, one of the most extensively
characterized eukaryotic chaperones, is essential in yeast,
Drosophila, and mice (7,8). Hsp90 has been demonstrated
to interact with a number of cellular signaling proteins (9)
including calmodulin (10), the c-Raf serine/threonine kinase
(11), pp60 v-src tyrosine kinase (12,13), the heme-regu-
lated eIF-2α protein kinase (14), and casein kinase II (15).
However, much of what is known about the activities of
Hsp90 and other chaperones comes from studies of their
interaction with steroid hormone receptors (16).

Steroid hormone receptors are transcription factors
whose transcriptional activity is predominantly regulated
by binding to cognate ligands. In the absence of hormone,
the unliganded receptor (aporeceptor) exists in a dynamic
chaperone heterocomplex. Chaperones interact with steroid
receptors in a transitory but ordered manner to facilitate the
folding of the receptor and stabilize it in a conformation
receptive to ligand binding (16). However, affinity of the
aporeceptor to its ligand can be modified by the composi-
tion of the proteins in the heterocomplex (3,17,18). Some
members of the heterocomplex may also contribute to
nuclear-cytoplasmic trafficking and receptor turnover. The
chaperone heterocomplex, therefore, has the capacity to
influence the observed transcriptional activity of nuclear
steroid receptors. Other nuclear receptors, such as thyroid
hormone receptor (TR), vitamin D receptor (VDR), the all-
trans-retinoic receptor (RAR), and the 9-cis-retinoic acid
receptor (RXR), do not efficiently associate with Hsp90 in
vitro. Hsp90 and the chaperone heterocomplex may be
important for these nuclear receptors to function in vivo
(19), but little is known about these potential interactions.

Assembly of Chaperone
Heterocomplex with Steroid Receptors

Using in vitro reconstitution systems, it appears that the
chaperone heterocomplex assembles with the steroid recep-
tor in a stepwise process. Hsp70 and Hsp90 are among the
initial constituents that bind to the newly translated recep-
tor, but it is unclear if they do so as part of a preassembled

Introduction

The native states of proteins in vivo are reached with
the assistance of molecular chaperones (1,2). The primary
eukaryotic chaperones are thought to include the heat-
shock proteins Hsp90 and Hsp70, as well as Hop/p60, p23,
BAG-1, Hsp40/DnaJ/HDJ-2, and the large immunophilins
(Cyp40, FKBP51, and FKBP52) (reviewed in ref. 3). Sub-
sets of these proteins compose multiprotein complexes,
referred to as the chaperone heterocomplex (4), that assem-
ble on target proteins. Although some molecular chaper-
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“foldosome” complex (4), if they assemble on the receptor
(20), or if both events occur in vivo. When the time course
of the assembly of the heterocomplex with the progester-
one receptor (PR) was examined in reticulocyte lysate, Hsp70
and Hop showed early, transitory recovery peaks. By con-
trast, Hsp90, p23, and the immunophilins showed a more
gradual accumulation on PR to a plateau (3,21). The bind-
ing of Hsp70 to proteins is coupled to adenosine triphos-
phate (ATP) hydrolysis by Hsp70, which is enhanced by
Hsp40 (1). These observations together suggest that the
initial phase of receptor-hetercomplex assembly involves
the ATP-dependent association among the receptor, Hsp70,
and Hsp40 (Fig. 1). Hop interacts with adenosine 5'-diphos-
phate (ADP)-bound forms of Hsp70 and a dimer of Hsp90
(22). Therefore, in an intermediate phase of assembly, Hop
interacts with Hsp70 and assists the recruitment of Hsp90
(3,4,18). Finally, Hsp70 and Hop dissociate from the het-
erocomplex, probably with the assistance of BAG-1, which
binds to the ATPase-binding site of Hsp70 and promotes
the release of ADP, thus weakening the interaction be-
tween Hsp70 and the hydrophobic ligand-binding domain
(LBD) of the receptor (23,24). The release of Hop and

Hsp70 allows p23 and the immunophilins to bind the
heterocomplex and form the mature complex. As discussed
below, once part of the mature complex, the steroid recep-
tor shows maximal steroid-binding ability.

The mature PR and glucocorticoid receptor (GR) (and
presumably other steroid receptors) heterocomplexes are
not inherently stable and dissociate from the receptor in the
absence of ligand (4,21). In cell-free assembly systems,
Hsp90-Hsp70-Hop binding to PR reaches half-maximal
levels at 2.5 min. However, Hsp90 binding is lost from PR
with a half-life of about 5 min (21). This indicates that at
least in the cell-free state, most of the receptor is in a rela-
tively stable mature complex and available for hormone
binding. The dynamic nature of heterocomplex formation
is consistent with the known transient interaction of chap-
erones with other target proteins (reviewed in ref. 1). The
dynamic nature of the assembly/ dissassembly process may
be important in considering the biological roles of the chap-
erone heterocomplex.

Chaperones and Steroid Receptor Ligand Binding

Because Hsp90 and other members of the heterocomplex
were initially isolated in association with aporeceptors, it
was suggested that steroid receptor function was repressed
by the heterocomplex. However, genetic analyses in yeast
demonstrated that yeast strains expressing a reduced level
(<5%) of Hsp90 also had a reduced level of GR and estro-
gen receptor (ER) transcriptional activity, suggesting that
Hsp90 may interact with aporeceptors to maintain an acti-
vatable conformation (25). Hsp90 has been shown to inter-
act with GR (26) and PR (27) through their ligand binding
domains (LBDs). In the case of ER, Hsp90 interacts with
both the LBD and the C-terminal portion of the DNA-bind-
ing domain (28). The LBD of steroid receptors is thought to
be capable of a high degree of flexibility based on X-ray
crystallographic data indicating that ligand binding induces
a dramatic conformational change (29,30). Therefore, Hsp70
and Hsp90 may recognize and stabilize the flexible LBD,
allowing more efficient ligand binding.

Experimental evidence suggests that several members
of the chaperone heterocomplex influence hormone bind-
ing. Ligand binding of PR, GR, the androgen receptor (AR),
and the mineralocorticoid receptor (MR) is significantly
reduced in yeast strains harboring Hsp90 mutants (31–33).
In cell-free reconstitution experiments using rabbit reticu-
locyte lysate, both GR and PR require Hsp90 to maintain
hormone ligand-binding capacity (21,34). However, it is
unclear whether all steroid receptors require continuous
contact with Hsp90 to assume a high-affinity steroid-bind-
ing conformation. Whereas this is apparently the case for
GR and PR, ER can be dissociated from the Hsp90 hetero-
complex and retain a high-affinity hormone-binding con-
formation (3,16). Interaction between the steroid receptor
and Hsp90 alone, however, is probably insufficient for full

Fig. 1. Model of assembly of the chaperone heterocomplex with
steroid receptors. For discussion, see text. SR, steroid receptor;
70, Hsp70; 90, Hsp90; 40, Hsp40; IMM, immunophilin; H, ste-
roid hormone receptor ligand.
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reconstitution of hormone binding. Using purified hetero-
complex constituents, GR has been shown to minimally
require Hsp90, Hsp70, p23, and Hop to generate the full
hormone-binding activity observed in rabbit reticulocyte
lysate (35). Hop contributes to ligand-binding activity by
enhancing the rate of Hsp90 and Hsp70 assembly (18). The
effect of p23 is to stabilize the receptor-Hsp90 interaction
(36), contributing to ligand binding and ultimately to en-
hanced transcriptional activity. Overexpression of some
heterocomplex members in transfection experiments has
been found to enhance the observed transcriptional activity
of steroid receptors. Ectopic expression of p23 in MCF-7
human breast cancer cells increases ER-mediated transcrip-
tional activation (37). Similarly, a BAG-1 isoform, BAG-
1L, enhances AR transcriptional activity in transient trans-
fection assays in COS-7 cells (38). One mechanism through
which these effects may occur is to drive heterocomplex
assembly toward the formation of mature complexes with
the receptor. A greater population of the receptor molecules
would then be stabilized in a conformation optimal for
ligand binding.

Members of the chaperone heterocomplex may also neg-
atively modulate receptor hormone binding. The immuno-
philin FKBP51 decreases the affinity of GR (17) and PR (3)
for their cognate ligands. FKBP51 reduces the affinity of
PR for progesterone by two- to three-fold (3). GR binding to
dexamethasone was reduced by 40–50% when FKBP51 was
incorporated into the heterocomplex (17). FKBP51 expres-
sion is induced by glucocorticoids in some GR-expressing
cell lines (39). Smith (3) has proposed that these observa-
tions may represent a mechanism through which naive cells
can be conditioned for a decreased response to secondary
hormone exposure. In this model, cortisol induces a robust
response in naive cells including an increase in the level of
FKBP51 expression. With subsequent cortisol exposure,
FKBP51 is incorporated into the heterocomplex interact-
ing with GR, which causes an attenuated response (3). The
mechanism through which FKBP51 decreases receptor
ligand binding is currently not known.

Upon steroid binding, the heterocomplex dissociates from
the receptor. The conformational change of the ligand-bind-
ing pocket induced by hormone binding is thought to desta-
bilize the interaction between the receptor LBD and the
heterocomplex (16). In the case of PR, progesterone pre-
vents Hsp70 and Hop from associating with the receptor (21).
In this system, Hsp90 is prevented from binding the holo-
receptor although ligand binding does not accelerate the
dissociation of Hsp90 from PR (21). These observations
raise the question as to whether both agonists and antagonists
of steroid receptors induce the release of the heterocomplex.
This has been addressed for the endogenous AR expressed in
LNCaP cells derived from a human lymph node metastasis
of the prostate. The LNCaP AR carries a point mutation
(T877A) that allows it to be transcriptionally activated by
both androgens and an antiandrogen hydroxyflutamide. How-

ever, the LNCaP AR is unable to be transcriptionally acti-
vated by the antiandrogen casodex (ICI 176334).Veldscholte
et al. (40) observed that Hsp90 and Hsp70 dissociated from
the LNCaP AR when bound to activating ligands (i.e., an-
drogen and hydroxyflutamide) but remained associated with
casodex-bound AR. These observations suggest that there
may be a class of steroid receptor antagonists that are un-
able to release the receptor from the chaperone heterocom-
plex. However, this is probably not a universal mechanism
of steroid receptor antagonists since the antiestrogen RU
58668 can induce the dissociation of Hsp90 from ER (41).

Role of Chaperones in Protein Degradation

It has been suggested that if chaperones fail to promote
appropriate protein folding they facilitate rapid degrada-
tion (42). The mitochondrial Hsp70 and Hsp40 homologs
cooperate with the protease Pim1 to degrade abnormal pro-
teins (42,43). Another study has indicated that Hsp70 is
required for the degradation via the ubiquitin pathway for
some but not all of its substrates. Immunodepletion of Hsp70
from reticulocyte lysate inhibits the degradation of actin,
glyceraldehyde-3-phosphate dehydrogenase, and histone 2A
but not bovine serum albumin or lysozyme, all known tar-
gets for ubiquitin tagging and degradation by the 26S pro-
teasome (44,45). On the other hand, mutations of p53 that
stabilize the interaction between p53 and Hsp70 impair the
degradation of the mutant p53 molecule (46).

The ability of chaperones to influence the degradation
of steroid receptors has not been extensively studied to
date. Geldanamycin, an antibiotic that prevents the release
of Hsp90 from steroid receptors and inhibits the binding of
p23 to the heterocomplex (47,48), causes the enhanced
degradation of GR in HeLa cells (49,50). The effect of
geldanamycin on receptor degradation may not occur for
all steroid receptors, however. Treatment with geldanamy-
cin does not alter PR levels (48), indicating that a potential
role for Hsp90 or p23 in protein degradation may be spe-
cific to certain steroid receptors.

The antiestrogen ICI 182780 (ICI) prevents ER from
localizing to the nucleus. This antiestrogen is also known
to reduce the half-life of the ER protein (51). Although the
mechanism by which ICI increases the degradation rate of
ER is not fully understood, it has been suggested that the
ICI-bound ER is inhibited from dimerization, recognized
as a misfolded protein by the chaperones, and targeted for
degradation (51).

The heterocomplex cochaperone BAG-1 has been shown
to link Hsp70 to the proteasome (52). However, as men-
tioned, a BAG-1 isoform enhances AR-mediated transcrip-
tion (38) and contributes to the maturation of the chaperone
heterocomplex (23,24). If BAG-1 does contribute to ste-
roid receptor degradation, it may do so only in the context
of mutant or misfolded receptors. Alternatively, BAG-1-
mediated association of Hsp70 with the proteasome may
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not result in the degradation of all substrates. For example,
BAG-1 may mediate the degradation of other components
related to transcription by steroid receptors such as proteins
removed through chromatin remodeling (53) or through
targeting the proteasomal degradation of receptor corepres-
sors (54). The proteasomal component mSug1/p45/TRIP1
is a putative chaperone that interacts with ER, RXR, VDR,
and TR in a ligand-dependent manner (53,55). Unlike BAG-
1, over-expression of mSug1 inhibits transcription by TR and
RXR (55), suggesting that mSug1 may play a role in down-
regulating hormone-mediated transcription by some nuclear
receptors by enhancing proteolytic degradation.

Chaperones and Nuclear
Transport of Steroid Receptors

Prior to the cloning of steroid receptors, centrifugation
experiments monitoring binding of radiolabeled ligands sug-
gested that hormone-free receptors are located in the cyto-
sol as a 9S heterocomplex and that ligand binding induces
dissociation of the heterocomplex, receptor dimerization,
and translocation to the nucleus, where it exists in a 4S
form (reviewed in ref. 16). However, in these experiments
“cytosol” and “nuclear” fractions were not completely
separated by the methods used (56). Once antibodies to
steroid receptors became available, immunohistochemical
studies showed that the subcellular localization of steroid
receptors in the absence of their cognate ligand differed
among receptors.

In the absence of ligand, GR and MR are predominantly
localized to the cytoplasm. Some studies have found that
cytoplasmic GR colocalizes to tubulin-containing micro-
tubules (56,57). On exposure to hormone, these receptors
translocate to the nucleus (4,58). The subcellular localiza-
tion of AR is less clear. AR is found to be predominantly
nuclear in prostate tissue from cancer patients treated with
androgen ablation therapy (59). AR is also found to be
nuclear in the tissues of castrated and intact rats (60,61).
However, ectopic expression of AR in certain AR-nega-
tive cell lines, such as COS-1, results in a cytoplasmic local-
ization of AR in the absence of ligand and a nuclear local-
ization of AR in response to androgen (62). ER and PR, by
contrast, are predominantly nuclear in both the absence
and presence of hormone (51,63–66). Experiments using
heterokaryons have demonstrated that the unliganded ER
and PR are not static in the nucleus but constantly shuttle
between the nucleus and the cytoplasm (51,63). The nuclear
localization of apo-ER and -PR is due to the cooperative
interaction of the proto-nuclear localization sequences
(NLSs) that constitutively localize the receptors to the nu-
cleus (67). The NLS sequences of the ligand-free GR are
prevented from cooperative interaction by the positioning
of the LBD. On ligand binding, the conformation of the
LBD is altered so that it no longer masks the NLS regions,
and the receptor is able to translocate to the nucleus (67,68).

Because hormone free nuclear receptors are normally
present in both the nucleus and cytoplasm, it is possible that
the heterocomplex may assemble in both cellular compart-
ments, or may shuttle with the receptors between the nucleus
and cytoplasm. Although biochemical and immunocyto-
chemical analyses indicate that Hsp90 is predominantly a
cytoplasmic protein, it is also found at a low level (~3%) in
the nucleus (16,69,70). In cotransfection experiments in
COS-7 cells, a fraction of exogenous Hsp90 was found to
localize to the nucleus with PR and ER in the absence of
hormone (41,70), suggesting that Hsp90 may be carried
into the nucleus with its target proteins. A similar situation
may occur for Hsp70. Hsp70 was initially characterized
as a cytoplasmic protein that concentrated in the nucleus
in response to heat shock or chemical stress and then re-
localized to the cytoplasm during recovery. In cell fusion
studies, Hsp70 was observed to cycle across the nuclear
membrane in the absence of stress stimulus (71). Hsp70
concentrates in the nucleus of cells overexpressing c-myc,
suggesting that Hsp70 may also enter the nucleus in asso-
ciation with other target proteins, including apo-ER or -PR
(72). However, Hsp70 may not be necessary for transloca-
tion of all of its target proteins. Inhibition of Hsp70 binding
in HeLa cells using an Hsp70 antibody prevents transport
of the SV40 T antigen and nucleoplasmin into the nucleus
but does not influence the dexamethasone-induced trans-
port of GR (73).

The immunophilin FKBP52 is predominantly a nuclear
protein but approximately 20% of FKBP52 is cytoplasmic
and colocalizes with microtubules (74,75). Because FKBP52
coimmunoprecipitates with the intermediate and heavy chains
of dynein, a protein family involved in vesicle movement
along microtubules (75), and because antibodies to FKBP52
inhibit dexamethasone-induced nuclear translocation of GR
(74), it has been suggested that FKBP52 may be involved
in the trafficking of GR from the cytoplasm to the nucleus
along the cytoskeleton (4,76). On the basis of protein cross-
linking studies, FKBP52 is not thought to contact hormone-
free steroid receptors directly but instead interacts with
Hsp90 (77). Although an Hsp90-FKBP52 containing com-
plex may be involved in the nuclear-cytoplasmic shuttling
observed for the unliganded ER and PR, it is unlikely to be
involved in the translocation of hormone-bound GR to the
nucleus since GR dissociates from Hsp90 upon ligand bind-
ing. It remains possible that steroid receptors associate with
an FKBP52-cytoskeleton transport complex through an as
yet unidentified protein.

However, it is unclear to what extent GR or other steroid
receptors require the cytoskeleton for nuclear-cytoplasmic
movement. The VDR is associated with microtubules while
in the cytoplasm, and microtubule-disrupting agents inhibit
VDR transcriptional activity response to 1,25-dihydroxy-
vitamin D3 and nuclear localization (78,79). GR, and possi-
bly other steroid receptors, may translocate from the cyto-
plasm to the nucleus by two independent pathways, one of
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which involves the cytoskeleton. Dexamethasone-induced
nuclear localization of GR is inhibited by the serine/threo-
nine protein phosphatase inhibitor okadaic acid. When cells
are treated with colcemid, a disruptor of cytoskeketal micro-
tubules, okadaic acid is no longer able to prevent ligand-
induced GR entry into the nucleus (80). This suggests that
under physiological conditions, a dephosphorylation event
is involved in GR shuttling, and these processes involve the
cytoskeleton. Geldanamycin also inhibits the movement of
ligand-bound GR to the nucleus in a cytoskeleton-depen-
dent manner (81,82). However, because Hsp90 is not asso-
ciated with hormone-bound receptors, the action of gelda-
namycin may be indirect and occur through another Hsp90
target.

Because disruption of microtubules, microfilaments,
or intermediate filaments does not prevent GR from trans-
locating to the nucleus in the presence of dexamethasone
(82), GR may also be able to localize to the nucleus by a
separate mechanism, possibly involving diffusion. GR has
two NLS domains, NL1 and NL2. NL1-mediated import
operates through binding to the general nuclear import pro-
tein, importin α (68,83,84). The mechanism of action of
the NL2 domain, which is importin α independent (68), is
unknown, but it would be interesting to know if the cyto-
skeleton-associated and cytoskeleton-independent mech-
anisms of GR nuclear shuttling were separately controlled
by separate NLS domains.

The assembly of the chaperone heterocomplex with un-
liganded steroid receptors may therefore occur in both the
nucleus and cytoplasm. It is unclear, however, to what extent
the chaperone proteins play a role in trafficking of the
liganded or unliganded receptor. In the case of GR, and
possibly AR, a cytoplasmic ligand-dependent interacting
protein that was capable of enhancing nuclear import could
potentially enhance receptor transcriptional activity. A pos-
sible example of this class of coregulators is tuberin, the
product of the tuberous sclerosis gene 2. Tuberin has been
identified as a coregulator of GR, VDR, and the peroxisome
proliferator–activated receptor alpha (PPARα). In trans-
fection experiments, tuberin enhances the ligand-depen-
dent transactivation of PPARα and VDR by two- to three-
fold. However, it inhibits GR transcription in the presence
of dexamethasone by approximately 50% (85). Tuberin is
a cytoplasmic protein and has recently been described as a
chaperone (86). However, it has not yet been determined
whether tuberin exerts a coregulatory effect on nuclear re-
ceptors by altering transport or through other mechanisms.

It is also possible that proteins that regulate nuclear
export of steroid receptors could influence the observed
receptor transcriptional activity. To date, chaperone pro-
teins have not been implicated in the nuclear export of
receptors. However, the nuclear export factor Ran (83) is
identical to ARA24, a coactivator of AR (87). It has not yet
been determined whether the ectopic expression of Ran/
ARA24 enhances AR expression indirectly by making more

importin molecules available in the cytoplasm, by enhanc-
ing the rate of AR mRNA export, or by exerting an activity
independent of its nuclear export function (88).

Conclusion

The interaction between steroid receptors and the chap-
erone heterocomplex is necessary for receptor transcrip-
tional activity in response to hormone. Both genetic studies
(25) and in vitro reconstitution experiments (18,35) have
demonstrated that chaperones are necessary to establish
the receptor in a conformation permissive for ligand bind-
ing. Alterations in the level of some of the chaperones of
the heterocomplex have been shown to enhance (e.g., p23
and BAG-1) or repress (e.g., FKBP51) the observed ligand-
mediated transcription of the steroid receptor (17,37,38).
Although not as well studied, chaperones may also alter the
protein stability of steroid receptors and influence their
subcellular localization. Because the activity of chaperones
can alter the observed transcriptional activity of a steroid
receptor, they can be considered steroid receptor coregul-
ators. A coregulator, as used here, is a protein that interacts
with the receptor directly or through an interacting com-
plex to influence the transcriptional activity of the recep-
tor. The coregulator may be localized to the nucleus or cyto-
plasm and does not necessarily interact with the basal tran-
scription machinery. A number of steroid receptor coregu-
lators have recently been identified as being predominantly
localized to the cytoplasm (85,89). The study of chaper-
ones can provide an indication of the mechanisms through
which some of these factors may influence the transcrip-
tional activity of steroid receptors.

The direct and essential interaction of chaperones with
steroid receptors makes them potential therapeutic targets
for cancers with steroid receptor involvement, such as
breast and prostate cancer. The benzoquinone ansamycin
compounds, such as geldanamycin and herbimycin A, spe-
cifically bind to the nucleotide-binding pocket of Hsp90
(47,90) and interfere with the appropriate formation of the
heterocomplex disrupting steroid receptor function (49).
Because Hsp90 also is required for the stability of a num-
ber of kinases associated with oncogenic transformation,
compounds such as geldanamycin also have a general anti-
tumor effect (90). Preclinical pharmacologic evaluation of
geldanamycin indicated that geldanamycin is cytotoxic to
a wide range of tumor-derived cell lines but does not affect
the viability of differentiated cells (91). However, the pres-
ence of serious side effects with geldanamycin, especially
hepatotoxicity, has limited its clinical development (91).

While in tumors it may be desirable to inhibit the activity
of certain chaperones, in other pathological conditions it
may be advantageous to enhance chaperone activity. AR con-
tains an N-terminal polyglutamine region of variable length,
and expansion of the AR polyglutamine region causes the
neuromuscular disorder Spinal Bulbar Muscular Atrophy (or
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Kennedy disease) (92). The polyglutamine expansion causes
AR to accumulate in cellular aggregates due to protein mis-
folding and a failure of proteolytic processing. In vitro, AR
aggregate formation is significantly reduced by the ectopic
expression of Hsp40 or a combination of Hsp40 and Hsp70
(93,94). Similarly, expansion of the polyglutamine tract of
ataxin-1 results in ataxin aggregate formation and causes
spinocerebellar ataxia type 1 (SCA1). Overexpression of an
Hsp40 family member resulted in a 60% decrease in ataxin-
1 aggregates in a tissue culture model of SCA1 (95). These
observations suggest that stimulation of chaperone activity
could be of potential therapeutic benefit in at least some
disorders caused by protein misfolding.

Acknowledgments

This work was supported by National Institute of Health
grants CA55649 and CA71570.

References

1. Hartl, F. U. (1996). Nature 381, 571–580.
2. Beissinger, M., and Buchner, J. (1998). Biol. Chem. 379, 245–259.
3. Smith, D. F. (2000). Seminars Cell Dev. Biol. 11, 45–52.
4. Pratt, W. B., Silverstein, A. M., and Galigniana, M. D. (1999).

Cellular Signalling 11, 839–851.
5. Welch, W. J. and Feramisco, J. R. (1982). J. Biol. Chem. 257,

14,949–14,559.
6. Ylikomi, T., Wurtz, J.-M., Syala, H., Passinen, A., Haverinen,

M., Blauer, M., Tuohimaa, P., and Gronemeyer, H. (1998).
Crit. Rev. Biochem. Mol. Biol. 33, 437–466.

7. Parsell, D. A. and Lindquist, S. (1993). Ann. Rev. Genet. 27,
437–496.

8. Voss, A. K., Thomas, T., and Gruss, P. (2000). Development
127, 1–11.

9. Pratt, W. B. (1997). Annu. Rev. Pharmacol. Toxicol. 37, 297–
326.

10. Wright, L. S., Finn, K. A., and Siegel, F. L. (1993). Prot. Exp.
Purif. 4, 417–424.

11. Stancato, L. F., Chow, Y. H., Hutchison, K. A., Perdew, G. H.,
Jove, R., and Pratt, W. B. (1993). J. Biol. Chem. 268, 21,711–
21,716.

12. Hutchinson, K. A., Brott, B. K., DeLeon, J. H., Perdew, G. H.,
Jove, R., and Pratt, W. B. (1992). J. Biol. Chem. 267, 2902–
2908.

13. Nathan, D. F. and Lindquist, S. (1995). Mol. Cell. Biol.15,
3917–3925.

14. Matts, R. L. and Hurst, R. (1989). J. Biol. Chem. 264, 15,542–
15,547.

15. Miyata, Y. and Yahara, I. (1992). J. Biol. Chem. 267, 7042–
7047.

16. Pratt, W. B. and Toft, D. O. (1997). Endocr. Rev. 18, 306–360.
17. Reynolds, P. D., Ruan, Y., Smith, D. F., and Scammell, J. G.

(1999). J. Clin. Endocrinol. Metab. 84, 663–669.
18. Morishima, Y., Kanelakis, K. C., Silverstein, A. M., Dittmar,

K. D., Estrada, L., and Pratt, W. B. (2000). J. Biol. Chem. 275,
6894–6900.

19. Holley, S. J. and Yamamoto, K. R. (1995). Mol. Biol. Cell 6,
1833–1842.

20. Kosano, H., Stensgard, B., Charlesworth, M. C., McMahon,
N., and Toft, D. (1998). J. Biol. Chem. 273, 32,973–32,979.

21. Smith, D. F. (1993). Mol. Endocrinol. 7, 1418–1429.
22. Johnson, B. D., Schmacher, R. J., Ross, E. D., and Toft, D. O.

(1998). J. Biol. Sci. 273, 3679–3686.

23. Takayama, S., Bimston, N. N., Matsuzawa, S., Freeman, B. C.,
Aime–Simpe, C., Xie, Z., Morimoto, R. I., and Reed, J. C.
(1997). EMBO J. 16, 4887–4896.

24. Hohfeld, J. and Jentsch, S. (1997). EMBO J. 16, 6209–6216.
25. Picard, D., Khursheed, B., Garabedian, M. J., Fortin, M. G.,

Lindquist, S., and Yamamoto, K. R. (1990). Nature 348, 166–168.
26. Cadepond, F., Schweizer-Groyer, G., Segard-Maurel, I., Jibard,

N., Hollenberg, S. M., Giguere, V., Evans, R. M., and Baulieu,
E.-E. (1991). J. Biol. Chem. 266, 5834–5841.

27. Carson-Jurica, M. A., Lee, A. T., Dobson, A. W., Conneely, O.
M., Schrader, W. T., and O’Malley, B. W. (1989). J. Steroid
Biochem. 34, 1–6.

28. Chambraud, B., Berry, M., Redeuilh, G., Chambon, P., and
Baulieu, E.-E. (1990). J. Biol. Chem. 265, 20,686–20,691.

29. Shiau, A. K., Barstad, D., Loria, P. M., Cheng, L., Kushner, P.
J., Agard, D. A., and Greene, G. L. (1998). Cell 95, 927–937.

30. Brzozowski, A. M., Pike, A. C., Dauter, Z., Hubbard, R. E.,
Bonn, T., Engelstrom, O., Ohman, L., Greene, G. L., Gustafs-
son, J.-A., and Carlquist, M. (1997). Nature 389, 753–758.

31. Bohen, S. P. (1995). J. Biol. Chem. 270, 29,433–29,438.
32. Fang, Y., Fliss, A. E., Robins, D. M., and Caplan, A. J. (1996).

J. Biol. Chem. 271, 28,697–28,702.
33. Freeman, B. C., Felts, S. J., Toft, D. O., and Yamamoto, K. R.

(2000). Genes Dev. 14, 422–434.
34. Scherrer, L. C., Dalman, F. C., Massa, E., Meshinchi, S., and

Pratt, W. B. (1990). J. Biol. Chem. 265, 21,397–21,400.
35. Dittmar, K. D., Hutchison, K. A., Owens-Grillo, J. K., and

Pratt, W. B. (1996). J. Biol. Chem. 271, 12,833–12,839.
36. Dittmar, K. D., Demady, D. R., Stancato, L. F., Krishna, P., and

Pratt, W. B. (1997). J. Biol. Chem. 272, 21,213–21,220.
37. Knoblauch, R. and Garabedian, M. J. (1999). Mol. Cell. Biol.

19, 3748–3759.
38. Froesch, B. A., Takayama, S., and Reed, J. C. (1998). J. Biol.

Chem. 273, 11,660–11,666.
39. Baughman, G., Wiederrecht, G. J., Chang, F., Martin, M. M.,

and Bourgeois, S. (1997). Biochem. Biophys. Res. Commun.
232, 437–443.

40. Veldscholte, J., Berrevoets, C. A., Brinkman, A. O., Groote-
goed, J. A., and Mulder, E. (1992). Biochemistry 31, 2393–2399.

41. Devin-Leclerc, J., Meng, X., Delahaya, F., Leclerc, P., Bauilieu,
E.-E., and Catelli, M.-G. (1998). Mol. Endocrinol. 12, 842–854.

42. Hayes, S. A. and Dice, J. F. (1996). J. Cell Biol. 132, 255–258.
43. Wagner, I., Arlt, H., van Dyck, L., Langer, T., and Neupert, W.

(1994). EMBO J. 13, 5135–5145.
44. Bercovich, B., Stancovski, I., Mayer, A., Blumenfeld, N.,

Laszlo, A., Schwartz, A. L., and Ciechanover, A. (1997). J.
Biol. Chem. 272, 9002–9010.

45. Schwartz, A. L. and Ciechanover, A. (1999). Annu. Rev. Med.
50, 57–74.

46. Whitesell, L., Sutphin, P. D., Pulcini, E. J., Martinez, J. D., and
Cook, P. H. (1998). Mol. Cell. Biol. 18, 1517–1524.

47. Grenert, J. P., Sullivan, W. P., Fadden, P., Haystead, T. A. J.,
Clark, J., Mimnaugh, E., Krutzsch, H., Ochel, H. J., Schulte, T.
W., Sausville, E., Neckers, L. M., and Toft, D. O. (1997). J.
Biol. Chem. 272, 23,843–23,850.

48. Smith, D. F., Whitesell, L., Nair, S. C., Chen, S., Prapapanich,
V., and Rimerman, R. A. (1995). Mol. Cell. Biol. 15, 6804–6812.

49. Segnitz, B. and Gehring, U. (1997). J. Biol. Chem. 272, 18,694–
18,701.

50. Whitesell, L. and Cook, P. (1996). Mol. Endocrinol. 10, 705–712.
51. Dauvois, S., White, R., and Parker, M. G. (1993). J. Cell Sci.

106, 1377–1388.
52. Luders, J., Demand, J., and Hohfeld, J. (2000). J. Biol. Chem.

275, 4613–4617.
53. vom Baur, E., Zechel, C., Heery, D., Heine, M. J. S., Garnier,

J. M., Vivat, V., Le Douarin, B., Gronemeyer, H., Chambon, P.,
and Losson, R. (1996). EMBO J. 15, 110–124.

54. Zhang, J., Guenther, M. G., Carthew, R. W., and Lazar, M. A.
(1998). Genes Dev. 12, 1775–1780.



Role of Chaperones in Steroid Receptors / Heinlein and ChangVol. 14, No. 2 149

55. Lee, J. W., Ryan, F., Swaffield, J. C., Johnson, S. A., and Moore,
D. D. (1995). Nature 374, 91–94.

56. Akner, G., Wikstrom, A.-C., and Gustafsson, J.-A. (1995). J.
Steroid Biochem. Mol. Biol. 52, 1–16.

57. Akner, G., Sundquist, K. G., Denis, M., Wikstrom, A. C., and
Gustafsson, J.-A. (1990). Eur. J. Cell Biol. 53, 390–401.

58. Lombes, M., Binart, N., Delahaye, F., Baulieu, E. E., and
Rafestin-Oblin, M. E. (1994). Biochem. J. 302, 191–197.

59. van der Kwast, T. H., Schalken, J., Ruizeveld de Winter, J. A.,
van Vronnhoven, C. C. J., Mulder, E., Boersma, W., and Trap-
man, J. (1991). Int. J. Cancer 48, 189–193.

60. Takeda, H., Chodak, G., Mutchnik, S., Nakamoto, T., and
Chang, C. (1989). J. Endocrinol. 126, 17–25.

61. Husmann, D. A., Wilson, C. M., McPhaul, M. J., Tilley, W. D.,
and Wilson, J. D. (1990). Endocrinology 126, 2359– 2368.

62. Jenster, G., Trapman, J., and Brinkmann, A. O. (1993). Bio-
chemical J. 293, 761–768.

63. Guiochon-Mantel, A., Lescop, P., Christin-Maitre, S., Loosfelt,
H., Perrot-Applanat, M., and Milgrom, E. (1991). EMBO J. 10,
3851–3859.

64. Welshons, W. V., Lieberman, M. E., and Gorski, J. (1984).
Nature 307, 747–749.

65. Perrot-Applanat, M., Groyer-Picard, M., Logeat, F., and Mil-
grom, E. (1986). J. Cell Biol. 102, 1191–1199.

66. King, W. J. and Greene, G. L. (1984). Nature 307, 745–747.
67. Ylikomi, T., Bocquel, M. T., Berry, M., Gronemeyer, H., and

Chambon, P. (1992). EMBO J. 11, 3681–3694.
68. Savory, J. G., Hsu, B., Laquian, I. R., Giffin, W., Reich, T.,

Hache, R. J., and Lefebvre, Y. A. (1999). Mol. Cell. Biol. 19,
1025–1037.

69. Liu, J. and DeFranco, D. B. (1999). Mol. Endocrinol. 13, 355–
365.

70. Kang, K. I., Devin, J., Cadepond, F., Jibard, N., Guiochon-
Mantel, A., Baulieu, E.-E., and Catelli, M.-G. (1994). Proc.
Natl. Acad. Sci. USA 91, 340–344.

71. Mandell, R. B. and Feldherr, C. M. (1990). J. Cell Biol. 111,
1775–1783.

72. Henriksson, M., Classon, M., Axelson, H., Klein, G., and
Thyberg, J. (1992). Exp. Cell Res. 203, 383–394.

73. Yang, J. and DeFranco, D. B. (1994). Mol. Cell. Biol. 14, 5088–
5098.

74. Czar, M. J., Lyons, R. H., Welsh, M. J., Renoir, J.-M., and Pratt,
W. B. (1995). Mol. Endocrinol. 9, 1549–1560.

75. Czar, M. J., Owens-Grillo, J. K., Yem, A. W., Leach, K. L.,
Deibel, M. R., Welsh, M. J., and Pratt, W. B. (1994). Mol.
Endocrinol. 8, 1731–1741.

76. Pratt, W. B., Czar, M. J., Stancato, L. F., and Owens, J. K.
(1993). J. Steroid Biochem. Mol. Biol. 46, 269–279.

77. Renoir, J. M., Radanyi, C., Faber, L. E., and Baulieu, E. E.
(1990). J. Biol. Chem. 265, 10,740–10,745.

78. Kamimura, S., Gallieni, M., Zhong, M., Beron, W., Slato-
polsky, E., and Dusso, A. (1995). J. Biol. Chem. 270, 22,160–
22,166.

79. Barsony, J., Pike, J. W., DeLuca, H. F., and Marx, S. J. (1990).
J. Cell Biol. 111, 2385.

80. Galigniana, M. D., Housley, P. R., DeFranco, D. B., and Pratt,
W. B. (1999). J. Biol. Chem. 274, 16222–16227.

81. Czar, M. J., Galigniana, M. D., Silverstein, A. M., and Pratt, W.
B. (1997). Biochemistry 36, 7776–7785.

82. Galigniana, M. D., Scruggs, J. L., Herrington, J., Welsh, M. J.,
Carter-Su, C., Housley, P. R., and Pratt, W. B. (1998). Mol.
Endocrinol. 12, 1903–1913.

83. Gorlich, D. and Kutay, U. (1999). Annu. Rev.Cell Dev. Biol. 15,
607–660.

84. Kaffman, A. and O’Shea, E. K. (1999). Annu. Rev. Cell Dev.
Biol. 15, 291–339.

85. Henry, K. W., Yuan, X., Koszewski, N. J., Onda, H., Kwiatkow-
ski, D. J., and Noonan, D. J. (1998). J. Biol. Chem. 273, 20,535–
20,539.

86. Nellist, M., van Slegtenhorst, M. A., Goedbloed, M., van den
Ouweland, A. M. W., Halley, D. J. J., and van der Sluijs, P.
(1999). J. Biol. Chem. 274, 35,647–35,652.

87. Hsiao, P. W., Lin, D., Nakao, R., and Chang, C. (1999). J. Biol.
Chem. 274, 20229–20234.

88. Kahana, J. A. and Cleveland, D. W. (1999). J. Cell Biol. 146,
1205–1209.

89. Chen, Y., Chen, P.-L., Chen, C.-F., Sharp, Z. D., and Lee,
W.-H. (1999). Proc. Natl. Acad. Sci. USA 96, 4443–4448.

90. Neckers, L., Schulte, T. W., and Mimnaugh, E. (2000). Invest.
New Drugs 17, 361–373.

91. Supko, J. G., Hickman, R. L., Grever, M. R., and Malspeis, L.
(1995). Cancer Chemother. Pharmacol. 36, 305–315.

92. Paulson, H. L. and Fischbeck, K. H. (1996). Ann. Rev. Neurosci.
19, 79–107.

93. Stenoien, D. L., Cummings, C. J., Adams, H. P., Mancini,
M. G., Patel, K., DeMartino, G. N., Marcell, M., Weigel, N. L.,
and Mancini, M. A. (1999). Hum. Mol. Genet. 8, 731–741.

94. Kobayashi, Y., Kume, A., Li, M., Doyu, M., Hata, M., Ohtsuka,
K., and Sobue, G. (2000). J. Biol. Chem. 275, 8772–8778.

95. Cummings, C. J., Mancini, M. A., Antalffy, B., DeFranco,
D. B., Orr, H. T., and Zoghbi, H. (1998). Nature Genet. 19,0
148–154.


