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The termmolecular chaperonewas first used to describe the ability of nucleoplasmin to prevent the aggregation of
histoneswithDNAduring the assembly of nucleosomes. Subsequently, the namewas extended toproteins thatme-
diate the post-translational assembly of oligomeric complexes protecting them from denaturation and/or aggrega-
tion. Hsp90 is a 90-kDa molecular chaperone that represents the major soluble protein of the cell. In contrast to
most conventional chaperones, Hsp90 functions as a refined sensor of protein function and its principal role in
the cell is to facilitate biological activity to properly folded client proteins that already have a preserved tertiary
structure. Consequently, Hsp90 is related to basic cell functions such as cytoplasmic transport of soluble proteins,
translocation of client proteins to organelles, and regulation of the biological activity of key signaling factors such
as protein kinases, ubiquitin ligases, steroid receptors, cell cycle regulators, and transcription factors. A growing
amount of evidence links the protective action of this molecular chaperone to mechanisms related to posttransla-
tional modifications of soluble nuclear factors as well as histones. In this article, we discuss some aspects of the reg-
ulatory action of Hsp90 on transcriptional regulation and how this effect could have impacted genetic assimilation
mechanism in some organisms.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Upon the onset of environmental stress or due to exposure to dam-
aging or extreme insults, cells dramatically increase the production of a
family of proteins that are collectively known as molecular chaperones,
heat-shock proteins, or simply, stress proteins. The term “heat-shock
protein” (HSP) stems from the original observation that heat-stress
greatly enhances the production of this specific set of proteins. There-
fore, not all molecular chaperones are HSPs, although HSPs are molecu-
lar chaperones. Because HSPs were first identified as the expression
product of a number of genes activated by heat-shock, the most fre-
quent collective name for them remains heat-shock proteins [1,2].
They play essential roles in basic cellular events by assisting unfolded
or misfolded proteins, which gives the cell the required time to repair
or re-synthesize damaged proteins. In addition to regulating the proper
folding of a given protein exposed to environmental injury, many chap-
erones are also related to normal protein trafficking, transcriptional
regulation, epigenetic regulation of gene expression and, even more
intriguingly, heritable modifications of the state of chromatin [3–5].
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The biological relevance of HSPs during the modern times can be
traced to the early 1960s when the Italian scientist Ferruccio Ritossa
studied the synthesis of nucleic acid in puffs of Drosophila salivary
glands. A colleague accidentally changed the temperature of the cell
incubator and something unexpected was noticed—an incredible tran-
scriptional activity of new chromosomal puffs. NewRNAswere detected
as soon as 2–3 min after increasing the temperature. The importance of
this fortuitous observation was immediately grasped—cells react
through the synthesis of some unknown factors in response to elevated
temperature [6]. Today, we know that these factors are the HSPs, and
this remains to date one of the clearest demonstrations of environmen-
tally induced changes in gene expression. As it often happens, this unan-
ticipated concept was very difficult to accept at the time of discovery.
Ritossa's fortuitous but clever observation was systematically rejected
from highly prestigious journals with the argument that the finding
lacked biological significance.

Perhaps one of the most prominent examples related to the activa-
tion of a transcription factor upon the onset of stressing situations is
Heat-Shock Factor 1 (HSF-1). HSF-1 is a transcription factor that is inac-
tive under normal conditions and present in a heterocomplex with
HSPs. As a consequence of these HSPs having a greater affinity for im-
properly folded and denatured proteins than HSF-1, the transcription
factor is released from the heterocomplex during heat-shock and
other types of stresses. This leads to the binding of HSF-1 to specific
HSE sequences (or Heat-Shock promoter Elements) in genes encoding
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inducible molecular chaperones, such as Hsp27, Hsp70 and Hsp90,
which, in turn, induces a very high level of expression of these proteins
[7].

The HSP superfamily comprises five broadly conserved families of
proteins—Hsp100s, Hsp90s, Hsp70s, Hsp60s, and the small heat shock
protein subfamily that includes Hsp33 as a signature member. It is
accepted that exposure of hydrophobic residues is themainmechanism
by which HSPs distinguish a partially or globally unfolded protein from
the properly folded native protein state. With the biological ability to
protect these unfolded proteins from aggregation and degradation,
HSPs bind to exposed hydrophobic patches of non-native-folded
peptide sequences. HSPs protect client proteins thanks to a controlled
binding and release mechanism of non-native-folded proteins, which
is usually accomplished by a change in affinity of the chaperone for its
substrate.

2. Hsp90 as a potential capacitor of evolutionary processes

Hsp90 is the major soluble protein of the cell and most commonly
located in the cytoplasm. A small fraction of Hsp90 is also present in
the nucleuswhere it shows several structural and functional properties.
Hsp90 is essential for various cellular processes, such as protein folding,
protein degradation, signal transduction cascades, and morphological
evolution. Stability of various oncogenic factors is almost entirely
dependent onHsp90 binding, such that cancer cells require this chaper-
one to survive in the demanding milieu generated by oncogenic trans-
formation [8–10]. Consequently, Hsp90 has become an attractive
antineoplastic drug target, and several Hsp90 inhibitors are being cur-
rently tested in various stages of clinical trials.

In view of its broad spectrum of biological actions, it is not surprising
that Hsp90 is essential for cell survival and has been conserved among
species during the course of evolution. Among these prolific biological
functions, Hsp90 has been regarded as a key factor at the crossroads of
genetics and epigenetics. It has been postulated as a capacitor for phe-
notypic variation and morphologic evolution, a connection that was
first tested in the fruit fly Drosophila melanogaster [11]. The results of
these first studies were astonishing. When Hsp90 was inactivated by
mutations or pharmacological interference with selective disrupting
agents, the phenotypic variation of Drosophila species affected nearly
all adult structures, with particular variants depending on the genetic
background of the individuals under analysis. Importantly, various and
previously silent genetic determinants generated these variants and
were independent of the Hsp90 mutation. This surprising observation
led to the hypothesis that D. melanogaster had accumulated hidden ge-
netic variationswhose phenotypic expressionwas somehow prevented
by Hsp90 [11,12]. It was consequently inferred that when the function
of Hsp90 is compromised, its buffering properties are disrupted to the
point that previously hidden or repressed phenotypic variants can
emerge [5,13,14].

Consistent with these contemporary findings, the British embryolo-
gist Conrad Hal Waddington had proposed almost 70 years ago a theo-
retical mechanism of evolutionary change that was named “genetic
assimilation” [15]. The concept supported the idea that environmental
and/or genetic factors can disrupt the normally stable course of develop-
ment in living organisms. Such disruptions may then cause phenotypic
variations that allow a given population to persist in a new, relatively
hostile environment until new mutations permit the assimilation of the
most beneficial phenotypic variants by natural selection.

Since Hsp90 is highly conserved across all species, the finding that
these phenotypic buffering properties of Hsp90 are also shown in
plant model species such as Arabidopsis thaliana was not surprising. It
was reported that pharmacological disruption of Hsp90 by specific
Hsp90 inhibitors such as geldanamycin or radicicol resulted in unusual
phenotypes within a given inbred line [16]. Like Drosophila, plants
exposed to elevated growth temperatures generated a spectrum of un-
usual phenotypes inmost inbred specimens,whereas the adaptation for
growing in thedark (considered a typical instance of phenotypic plastic-
ity) showed varying level of Hsp90 dependence among inbred lines.
One important observation was that some of the “new” phenotypes
(i.e., leaf morphology and pigment accumulation) were actually benefi-
cial for plants in the new environment.

All these observations support a model where Hsp90 buffers pheno-
typic variation, transforming this molecular chaperone into an intracel-
lular regulator of adaptation. In short, Hsp90 seems to be responding to
the call of Waddington's seminal concept mentioned above. However,
the exact mechanism for this peculiar effect of the chaperone remains
unclear. How it is that Hsp90 is able to influence this phenomenon,
how a given living being is able to evolve after identifying and apprais-
ing the proper factors within a stressful environment, or how Hsp90 is
able to judge the optimal reaction to a particular stressor is yet to be
fully elucidated.

In this article we discuss some aspects of the Hsp90-dependent
effects on gene expression under normal and abnormal conditions
and how Hsp90-associated epigenetic modifications could affect and
regulate the genetic assimilation phenomenon. In order to introduce
the reader to the subject, we will first describe the major features of
Hsp90 as well as its more frequent posttranslational changes. Then,
some aspects of the epigenomic derivations of those modifications
will be analyzed.

3. Hsp90 properties

Hsp90 is a highly ubiquitous protein expressed in all organisms,with
the exception of most members of unicellular organisms belonging to
the domain Archaea [17,18], where only Methanosarcina mazei
possesses a gene that is well aligned with the HTPG (High Temperature
Protein G) bacterial Hsp90 homolog family members [17]. As a general
feature, most organisms show two Hsp90 isoforms, which are 85% iden-
tical in mammalian cells and the result of gene duplication about
500 mya. The two isoforms include the stress-inducible isoform
(Hsp90α) and the constitutively expressed isoform (Hsp90β) [1,19]. In
species such as Saccharomyces cerevisiae, the sequence homology of the
two isoforms is as high as 97% [20]. Organisms including Caenorhabditis
elegans [21] and D. melanogaster [22] have a single Hsp90 gene, whereas
some plants such as rice (Oryza sativa) have four [23].

Hsp90 accounts for ~2% of the total soluble proteins in resting cells,
~6–7% in cancer cells, and up to 10% in stressed cells or organisms
[24–28]. Most of the Hsp90 population is primarily cytoplasmic and ex-
ists as homodimers, and a great deal of what is known about Hsp90 in-
teractions with client proteins comes from studies of cytoplasmic
Hsp90. A relatively small fraction of the Hsp90 population is nuclear
(ranging from 2 to 3% of the total Hsp90 pool in resting cells [29]),
and under certain stressing circumstances, this chaperone accumulates
in the nucleus [30–32] in an α/β-importin-dependent manner [33]. To
date, it is unclear which signaling pathways are responsible for Hsp90
distribution to different cell compartments. While quiescent cells
do not export this chaperone, Hsp90α is secreted to the medium in
response to tissue injury,woundhealing, and cancer, such that extracellu-
lar hsp90 could be a useful biomarker for tumor invasion and metastasis.

Hsp90 is a phosphoprotein containing key phosphate groups
that affect its association with other co-chaperones and client proteins
[34–39]. Hsp90 is subject to post-translational modifications including
not only phosphorylation, but also acetylation [40,41], S-nitrosylation
[42], oxidation [43], ubiquitination [44], and methylation [45]. Hsp90
is a member of the ATPase/kinase GHKL superfamily (comprising DNA
Gyrase, Hsp90, Histidine kinase andMutL proteins), which is character-
ized by the presence of a unique ATP binding cleft [46].

Compared to other chaperone proteins and chaperonines, Hsp90has
a highly selective substrate recognition and generally low affinity for
unfolded proteins [47–49]. The current consensus model is that Hsp90
provides chaperoning activity for client proteins that possess preserved
tertiary structure. Rather than acting as an indiscriminant folding factor,
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the functions of Hsp90 in the cell seem to act preferentially as a delicate
sensor of client protein regulation [4,50].

Most of what is known about the biological role of Hsp90 is due to
examining steroid receptor folding, ligand binding, and nuclear translo-
cation. These studies established the critical cooperation of Hsp90 with
other chaperones and cochaperones (that show chaperone activity
themselves), including Hsp70, Hsp40, p23, Hop (heat-shock organizing
protein), and TPR (tetratricopeptide repeat)-domain immunophilins
[4]. These chaperone and cochaperones function as a multi-protein ma-
chinery that makes vital contributions to the proper assembly andmat-
uration of steroid receptors and protein-kinases [4,51].

It is important to emphasize that when we refer to Hsp90, it is
implied that many of these additional chaperones and co-chaperones
are present in an Hsp90-associated oligomeric heterocomplex. One
particularly important association involves Hsp90 and the small acidic
cochaperone protein p23. The p23 cochaperone binding site in an
Hsp90 homodimer arrangement comprises the ATP-binding site at the
N-termini plus a downstream domain [52]. p23 cochaperone binding
to Hsp90 occurs at the later stages of the Hsp90-client protein matura-
tion cycle. Careful studies have demonstrated that p23 serves to en-
hance Hsp90-client protein stability and, consequently, its biological
function. Dimers of Hsp90 are in dynamic equilibrium between two
states, the ADP-bound isoform and the ATP-bound isoform (Fig. 1).
The ADP-bound Hsp90 shows higher affinity for the TPR-domain-
containing cochaperone Hop. Hop brings together Hsp70 and Hsp90.
Hop also prevents Hsp90 from effectively chaperoning client proteins
whose binding favors a high, sustained level of ATP [53,54]. Hop binding
to Hsp90 blocks ATP binding and the ATPase activity of the chaperone,
which makes binding of the cochaperone p23 significantly weak or
void [55,56]. This ADP-bound conformation of Hsp90 is favored by the
Hsp90 disrupting agent geldanamycin, a benzoquinone ansamycin anti-
biotic that shows high affinity for the nucleotide binding site of the
chaperone. In this state, the associations of both p23 and TPR-domain
immunophilins to the complex are impaired. On the other hand, when
ADP is exchanged with ATP, the ATP-bound isoform of Hsp90 is stabi-
lized by p23 binding, and other TPR proteins such as the highmolecular
weight immunophilins are efficiently recruited [53,54]. The ATP-bound
isoform of Hsp90 is a bettermodulator of the biological activity of client
proteins. It appears that p23binding toHsp90 changes the nature of ATP
Fig. 1. ATP-dependent conformational states of Hsp90. Dimers of Hsp90 adopt different
conformation when ATP or ADP is bound. The best chaperone activity for a given client
protein is reached by the ATP form of the dimer, which is also able to interact more effi-
ciently with TPR-domain immunophilins (IMM) and the cochaperone p23. This optimal
conformation is stabilized by molybdate, perhaps due to its conformational similarity
with the hydrolyzed gamma phosphate of ATP (released by the intrinsic ATPase activity
of Hsp90). On the other hand, the ADP-dependent conformation favors the association
of the TPR-domain cochaperone Hop rather than IMM binding, and p23 binding is weak
or null (which depends on the incubation conditions). This is exemplified by the lighter
color of p23. The ADP-dependent conformation of Hsp90 is stabilized by the benzoqui-
noneansamycin geldanamycin (GA)when the drugdisplaces ADP from its binding pocket.
The ADP-bound form of Hsp90 displays a lower efficiency for client protein binding com-
pared to its ATP isoform and targets the destabilized client protein for refolding or degra-
dation by the proteasome.
binding to Hsp90 and prevents the intrinsic ATPase activity of the chap-
erone [57], which in turnmay affect the biological activity of theHsp90-
bound client factor.

The TPR binding site of the Hsp90 dimer recognizes proteins with
degenerate 34 amino acid motives via the conserved pentapeptide
MEEVD, located at the C-terminal end of Hsp90. TPR-domain proteins
such as FKBP52, FKBP51, FKBP38, CyP40, XAP2, PP5, Hop, WISp39,
Tom70, CHIP, and Tah1 bind to this TPR-acceptor site [58,59]. Hsp90 in-
teracts with hundreds of client proteins and other signaling molecules,
including steroid receptors, p53, tyrosine-kinases, oncogenes, Stat5,
NOS, HSF1, Akt, Chk1, Mdm2, IκB kinases, cytoskeletal proteins,
importins, nucleoporins, histones, DNA helicases, telomerase reverse
transcriptase, DNA polymerases, SmyD methyltransferases, p300 ace-
tyltransferase, HDAC6, Aha1, SGT1, and Cdc37. In other words, Hsp90
creates a broad scaffold platform for the regulation of signaling cas-
cades, nuclear architecture and cell function [1,50,55]. Table 1 summa-
rizes some examples of Hsp90-modulated proteins classified
according to their biological functions. Additionally, the reader may
find a comprehensive list of Hsp90-interacting proteins in the web
page maintained by the laboratory of Didier Picard (http://www.
picard.ch).

4. Modifications of Hsp90

Hsp90 contains several post-translational modifications, including
phosphorylation, acetylation, oxidation and S-nitrosylation [34,60].
Phosphorylation was the first characterized Hsp90 modification and
has been themost extensively studied to date [35,61]. A number of ser-
ines, threonines and tyrosines in Hsp90 have been identified as phos-
phorylation targets that affect Hsp90-client protein interaction and
function [62].

Early studies on pp60v-src tyrosine kinase regulation by Hsp90 re-
ported hyperphosphorylation of Hsp90 in the presence of okadaic
acid, a serine/threonine (Ser/Thr)-protein phosphatase inhibitor,
which results in a reduced interaction of this client kinase with cell
membranes, the functional location for pp60v-src [35]. More recently,
inhibition of the steroid receptor-associated phosphatase PP5 was
shown to affect the subnuclear localization of this family of ligand-
activated transcription factors [63,64]. Also, PP5 is able to dephosphor-
ylate both Hsp90 [65] and the receptor itself [51,66]. On the other
hand, phosphorylation of Hsp90 regulates the affinity of Hsp90 for
APAF1. In some types of leukemias, reduced phosphorylation in specific
Hsp90 serines strengthens Hsp90-APAF1 association, resulting in the
abrogation of cytochrome c-induced apoptosome assembly and the
conferring of chemoresistance [67].

Among the kinase superfamily of Hsp90 client proteins, thefirstwell
characterized Hsp90-regulated protein kinase was casein kinase II [68].
Wee1 was also characterized over 20 years ago [69] and is considered
one of the most interesting Hsp90-associated kinases, since it is able
to regulate the G2/M transition in the cell cycle via a number of signal-
ing cascades. Wee1 phosphorylates a conserved tyrosine residue in the
N-terminal end of Hsp90 favoring Hsp90 associationwith a group of cli-
ent proteins associated with cancer and include Swe1/Wee1 itself,
CDK4, eRBB2, RAF1, pp60v-src, and RAF1 [10]. Other Hsp90 client pro-
teins with kinase activity include PKA, which seems to be connected
to the mechanisms by which Hsp90α is secreted and involved in
tumor metastasis [70,71], B-Raf kinase [72], Akt kinase [73], and DNA-
PK (double-stranded DNA protein kinase) [74]. The latter kinase has
been shown to phosphorylate the N-terminal domain of human
Hsp90α, and cellular DNA damage has been proposed as a mechanism
to alter this type of Hsp90 phosphorylation [75].

Acetylation of Hsp90 was first inferred due to the effect of acetyla-
tion inhibitors, demonstrated after discovering that the chaperone
binds HDAC6 (histone deacetylase 6) [40,41,76–78]. Hsp90 undergoes
hyperacetylation in at least eleven lysine residues, which impairs ATP
binding and abrogates the association of p23 and several other client
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Table 1
Partial list of Hsp90-interacting proteins.

Client protein Biological consequence of Hsp90-binding References

Transcription factors/cofactors
Steroid receptors Steroid binding affinity, receptor retrotransport, and protein stability are favored [4,250]
VDR Ligand-dependent transcriptional response and receptor stability are enhanced [251,252]
AhR Xenobiotics binding, receptor stability and nuclear translocation are favored [253,254]
HSF1 Retains the factor inactivated in the cytoplasm. HsfB1 is targeted to degradation in plants [255,256]
PPARα/β Transcriptional activity is repressed [257]
CAR Cytoplasmic retention bound to microtubules [258,259]
PXR Nuclear translocation and transcriptional inactivation are inhibited [260]
STATs STAT3 nuclear translocation and IL-6 induction are enhanced. STAT5 activity is favored [219,261]
Nanog Proteasomal degradation is inhibited and pluripotency of stem cells is preserved [262]
Oct4 Proteasomal degradation is inhibited and pluripotency of stem cells is preserved [262]
p300 Hsp90α is hyperacetylated increasing tumor cell invasiveness [78]
Swi/Snf Opens chromatin conformation at the promoter region of heat shock-induced genes [92]
Pih1/Tah1 Chromatin remodeling complexes and small nucleolar RNP maturation [143,144]
SmyD Increases levels of methylated H3K4 [108]
Bcl6 Preserves BCL-6 stability while it is actively repressing target genes [155]

TPR-domain proteins
Hop/p60 Intermediates assembly of several client factors. Inhibits methylation of Hsp90α by SmyD [4,113]
FKBP51 Regulates transcriptional activity of steroid receptors. Antiapoptotic action [183,263]
FKBP52 Regulates localization and activity of steroid receptors. Neurotrophic action [160,172]
FKBP38 Regulates PHD2/HIF transcriptional activity. Antiapoptotic action [264,265]
CyP40 Regulates nuclear receptor transcriptional activity. [266–268]
FKBPL/Wisp39 Stabilizes p21 favoring growth arrest [269]
PP5 Favors Ser/Thr-phosphatase activity [270]
XAP2/ARA9/AIP Stabilizes ligand binding. Prevents heterodimerization with HIF-1β. [271]
CCRP Retains CAR and PXR in the cytoplasm associated to microtubules [258]
UNC-45 Favors assembly of myosin and myogenesis [272]
Tom70 Facilitates mitochondrial import of proteins [273]
CHIP Remodels Hsp90-client proteins targeting them to proteosomal degradation [274]
SGT1 Required for kinetochore complex assembly and innate immunity in plants and animals [275,276]

Kinases
pp60-vSrc Required for Src-mediated cell transformation [277]
Raf1 Essential for Raf-kinase activity and ternary assembly with Cdc37 [278]
eEF2-K Prevents aggregation and activates kinase activity [279]
p210Bcr-Abl Stabilizes de complex preventing its proteosomal degradation [280]
Akt Essential for kinase activity and stability of complexes with Cdc37 [281]
Chk1 Favors kinase activity [282]
ErB2 Stabilizes and restrains ErbB2 from interacting with other ErbBs in the absence of ligand [283,284]
PDK Stabilizes PDK without affecting the intrinsic enzymatic activity of kinase [285]
IκB kinase (IKK) Favors assembly, translocation, and activation of IKKs [286]
IGF1R Permits the transduction of the signaling cascade of the receptor [287]
Insulin R Receptor trafficking to cytosol. Mobility in the endoplasmic reticulum during maturation [288,289]
VEGFR Favors the development of focal contacts at the receptor site via FAK activation [290]
PDGFR Required for receptor maturation and oligomerization with cdc37 [291,292]
TrkA Favors the localization of the receptor in the cell surface [293]
Cdk1 Forms complexes with cdc37 [294]
JAK Forms complexes with cdc37 [295]
p38 Forms complexes with cdc37 attenuating p38 autophosphorylation [296]
PKC Required for phosphorylation, stability, mitochondrial and nuclear import [94,297,298]
DNA-PK Proapoptotic response [217]
PARK Possible enhancer of Akt-dependent actions [299]
CMDKs Required for fungus transformation [300]
Cdk4 Stabilizes complexes with cdc37 [301]
MEKK (o MAP3k) Stabilizes complexes and favors kinase activity [302]
EPHA7-R Required for kinase activity [303]
GSK3 Required for autophosphorylation and stability [235,304]

Structural proteins
Histones Induces chromatin condensation [305]
Actin Modulates microfilaments assembly [306]
Myosin Favors myofilaments assembly and myogenesis [307]
Tubulin Protects against thermal denaturation and preserves microtubule polymerization [308]
Lamin A/C Possible post-translational modifications [309]
Vimentin Prevents cleavage by caspases [310]
Keratins Enables protein unfolding and translocation to lysosomes [311]
Neurofilaments Prevents protein aggregation and axonal degeneration [312]
Nup62 Favors interaction of the GR with the nuclear pore complex and its nuclear translocation [171]

Others
p23 Client protein stabilization/maturation. Prostaglandin E2 synthase activity is enhanced [313,314]
Hsp70 Regulates client protein function, trafficking and turnover. [315]
Hsp40 Forms the five members foldosome complex along with Hsp70, Hop, and p23 [316]
NOS Stimulates enzymatic activity and protein stability [317]
Calmodulin Required for degradation of oxidized calmodulin [318]
Aha1 The dynamic of chaperone-dependent folding and assembly of client factors is accelerated [319]
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Table 1 (continued)

Client protein Biological consequence of Hsp90-binding References

Mdm2 Promotes p53 tetramer unfolding activity [320]
p53 Stabilizes mutant variants in cancer cells [321]
Proteosome 20S Favors assembly. Protein degradation is inhibited or favored according to the substrate [322,323]
Perilipin Possible involvement in membrane dynamics [324]
SV40-large T-Ag Favors proper folding of the infected particle [325]
APAF1 Inhibits cytochrome c-dependent oligomerization [326]
Bcl2 Favors hypoxia-induced stabilization [327]
TERT Required for assembly and activity [328]
DNA pol η Required for proper folding and DNA repair activity [186]
Improtins Possible involvement in cargo delivery to the nuclear pore complex [171,329]
HDAC6 Required for activity [41]

Others
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proteins. While p300 is a known acetyltransferase capable of Hps90
acetylation, there are several HDACs that are able to deacetylate the
chaperone, includingHDAC1 andHDAC10 [79–81]. HDAC1 deacetylates
Hsp90 in the nucleus of human breast cancer cells [82] which results in
conditions favoring the proteosomal degradation of DNA methyltrans-
ferase I, a highly active epigenetic DNAmodifier involved in tumor sup-
pressor gene silencing by DNA methylation in breast cells.

To date, it is not clearwhether a particular HDAC influences the acet-
ylation status of individual lysine residues or whether functional redun-
dancy exists for the deacetylation of various sites. Interestingly, during
neuronal differentiation, the subcellular relocalization of Hsp90 appears
to be regulated by its level of acetylation (H.R. Quinta, L.T. Ballmer and
M.D. Galigniana, unpublished results).

S-Nitrosylation also affects the conformation and function of Hsp90
[83]. Nitrosylation occurs in Cys597 of the chaperone [42], which is locat-
ed nearby the switch region of the C-terminus and able to transmit its
conformational change to the N-terminal domain. As a consequence,
Hsp90 loses its ATPase activity and its affinity for client proteins [84]. In-
terestingly, one could speculate that the anti-tumor activity nitric oxide
is due to its inhibitory action on Hsp90 at several levels, including telo-
merase activity [85].

Cys597 can also be targeted by reactive oxygen species, promoting
similar effects to those described for nitrosylation. Accordingly, gluta-
thione depletion impairs mineralocorticoid receptor (MR)-dependent
biological effects [28,86], and while the functional activity of the gluco-
corticoid receptor (GR) is suppressed under oxidative conditions, it is
restored in the presence of reducing reagents [87,88]. The biological
actions of these steroid-regulated transcription factors are entirely
dependent on Hsp90, and cell proliferation is impaired by oxidation of
heat-shock proteins [89].

5. Epigenomic derivations of Hsp90 modifications

Epigenomics is perhaps one of the most intriguing and novel
cutting-edge fields at the crossroad of genomics and epigenetics. It
assures unexpected new insights into the genome given its potential
to detect regulatory sequences outside of genes, quali-quantitative
gene alterations, and multiplex genome modifications. Even though
the modern notion of “genetic assimilation”was born in the previously
referenced paper byWaddington in 1942 [15], the original concept can
be traced to the 19th Century [90]. Nonetheless, it is still unclear how
phenotypes are translated from genotypes, and how the genome of
any living being answers to the selective pressure over evolutionary
time. Regarding this conundrum, a broader level of understanding
could be achieved if the knowledge of different fields is properly inte-
grated. In this regard, there is growing evidence of the close relationship
between participation of molecular chaperones in the biological action
of chromatin remodeling and selective transcriptional regulationmech-
anisms. This fact is often overlooked by researchers of all fields due to
our tendency to minimize the complexity of the biological system
under study. As it was introduced above, Hsp90 and its cochaperone
p23 promote disassembly of steroid receptor-mediated transcriptional
complexes allowing the precise regulation of the biological response
to changes in hormone levels. A similar phenomenon has been attribut-
ed to the action of the Swi/Snf complex of chromatin remodeling factors
[91], and it is possible that both processes are indeed part of the same
mechanism. It has been shown that the Swi/Snf chromatin remodeler
complex is rapidly recruited to Hsp90 upon the onset of heat shock
[92]. Interestingly, the transcription activator brahma-related gene 1
(Brg1) ATPase subunit of Swi/Snf is recruited to responsive heat-shock
element sequences (HSE) by transcription factors such as HSF1 and
Stat1 at the Hsp90β gene, which confers an open chromatin conforma-
tion at the promoter region that is pivotal to the heat shock-induced
activation of the gene [93]. ChIP/ReChIP assays have shown that the
association of Brg1 with HSE is strongly dependent on the activation
of Stat1, which in turn is dependent on phosphorylation by both
PKC and Jak2 [93]. Both kinases are Hsp90-regulated proteins [93–95],
indicating that Hsp90 is required for its own induction in a positive
autoregulatory cycle. While the activation of kinases related to chroma-
tin remodeling requires Hsp90, key components of chromatin remodel-
ing complexes, such as RvB1/RvB2, Ino80, SWR-C and Tah1/Pih1, are
also physically associated and functionally dependent on Hsp90 [96].
This will be addressed in more detail in a subsequent section of this
manuscript.

One intriguing question is how epigenetic modifications of a chroma-
tin state are subject of inheritance through cell division. Histone modifi-
cations are informational events and have their own code, which could
be compared to the genetic code [97]. Recently, it was proposed that nu-
cleosomes can be reconstituted several times during the cell cycle from
newly synthesized histones. This is possible due to the fact that histone
modifications are erased. This makes it unlikely that the modifications
are themselves capable of transmitting information [98]. As a conse-
quence, an optional model contends that the intrinsic stability of a
given nucleosome is affected by histone modifications along with the
secondary effector proteins. Effector proteins are able to recognize the
modifications and could regulate nucleosome architecture and stability,
which in turn could facilitate its susceptibility to remodeling [99]. It re-
mains essential to resolve how likely nucleosomes can be disassembled
or modified in their relative arrangement within the nuclear milieu,
which leads to the exposing of underlying sequences for specific regula-
tors that control genome output. According to this possibility, histone
modifications along with the influence of nucleosome remodeler factors
and other chromatin-associated proteins, could function in an integrated
manner to provide a dynamic, mechanistic system that is able to regulate
both nucleosome turnover and DNA exposure to nuclear regulatory
factors.

Inasmuch as increasing or decreasing accessibility of DNA to
sequence-specific binding proteins may be a mechanism to enable
active or repressed gene expression conditions, it is clear that some
other factors would be required to facilitate this type of regulatory
mechanism. Involvement of molecular chaperones would provide a
reasonable explanation, and among them, Hsp90 is the best candidate.
Early findings showing that histones are able to modulate Hsp90
autophosphorylation [100] prompted further investigations into their
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potential interactions. In effect, Hsp90 is able to bind histones and
enhance histone binding to DNA. This agrees with the existence of com-
parable domains between the chaperone and the polyglutamic acid se-
quence of nucleoplasmin, a protein involved in nucleosomal assembly
[101]. Hsp90 also favors chromatin condensation with the consequent
delay in the dissociation rate of histones upon treatment of isolated
chromatin with high ionic strength buffers [102,103]. More recent
evidence demonstrates that altered chromatin architecture impairs
the response to heat-shock [104] and may even influence emotional
behavior [105].

Hsp90 inhibition promotes both the inheritance and enrichment of
atypical phenotypes [11,16,106]. Importantly, such inhibition favors not
only the inbreeding of progenies during successive generations, but also
the frequencies of the abnormal phenotypes to increase in a non-
Mendelian manner. In a similar fashion to the pioneering studies per-
formed in Drosophila and Arabidopsis that have been discussed above, it
was also reported that impairment of Hsp90 function in flies following
genetic mutation or pharmacological inhibition with geldanamycin re-
sulted in the inheritance of a specific eye phenotype in isogenic fly lines
[106]. At variance of the first studies, the Hsp90 functions as capacitor
was revealed by the fact that the depletion of Hsp90 generated an altered
chromatin statewhere histoneH3 global acetylationwas affected. Impor-
tantly, it was also demonstrated that the eye outgrowth phenotype was
reversed with the use of trichostatin A or sodium butyrate, two well
known inhibitors of HDACs.

Additional evidence that connects the previous phenomena with
the acetylation status of chromatin came frommodified selection exper-
iments where F6 fruit flies were selected for the geldanamycin-induced
phenotype and fed with trichostatin A and sodium butyrate. Interest-
ingly, both HDAC inhibitors suppressed the ability of the organism
to recover phenotypic characteristics similar to those of the original in-
dividuals. These observations provided powerful proof that heritable
chromatin acetylation states could be closely linked to Hsp90-induced
phenotypic inheritance.

The evidence implies that genetic variations in protein encoding
genes may have a slight or neutral effect on the final phenotype if the
conformation of the proteinwould have been preserved by the assistance
of Hsp90 and associated proteins. Populations subject to highmutational
loads are prone to experience reduced cellular fitness, mostly due to pro-
tein misfolding that results from destabilizing mutations in protein fold-
ing genes. The implication that Hsp90 is a mediator of phenotypic
stability indicates that its role is critical for cell survival under adverse
circumstances. Nonetheless, there is no definitive molecular model to
date that has been able to give a full explanation for these experimental
phenomena. In order to elucidate these features,models favoring a genet-
ically based mold or an epigenetically based model could be helpful,
although neither has been able to provide a definitive answer to date.

6. SmyD proteins

The balance of histone demethylation and methylation helps to turn
on and off genes, respectively, by mechanisms such as relaxing their
tails and altering the extent to which transcription factors are able to
gain access to the DNA. Alternatively, the mechanism may be due
to entwining histone tails around the DNA, which restricts access
to DNA [107]. SmyD is a novel family of four chromatin regulators associ-
ated with histone methylation that has been recently characterized
[108–110]. These proteins show two domains, the SET domain, an evolu-
tionarily conserved motif responsible for transferring methyl groups
from S-adenosylmethionine to lysine residues of proteins, and the
MYND domain, a Zn-finger motif related to protein–protein interactions.
These methyl-transferases are directly related to transcriptional control
mechanisms during cell differentiation and proliferation. They are also
able to methylate non-histone proteins such as the tumor suppressor
p53, and methylation at K370 represses p53-dependent transcriptional
activity [111]. A similar effect is also observed for methylation at K860 of
the retinoblastoma tumor suppressor (Rb) [112]. In mice and humans,
the cytoplasmic isoforms of Hsp90 itself is methylated by the SmyD
family member SmyD2 at K616 and K615, respectively [45,113].

Steroid receptor heterocomplexes show Hsp90-interacting proteins
that contain TPR domains formed by sequences of 34 amino acids repeat-
ed in tandems and organized in antiparallel α-helixes. These domains
serve as Hsp90 anchoring points. Examples of TPR proteins are the high
molecular weight immunophilins recovered with steroid receptors
(CyP40, FKBP51, and FKBP52); the heat-shock organizing protein, Hop/
p60; and the Ser/Thr-phosphatase, PP5. [114,115] (see Table 1). Recent
evidence demonstrates that the C-terminal end of SmyD is structurally
similar to those TPR domains and is able to recognize the presence of
Hsp90 in steroid receptor heterocomplexes [116,117]. Such physical
interaction has been demonstrated and results in a positive regulation
of SmyD functional activity by the chaperone [113]. Accordingly, higher
levels of methylated H3K4 are achieved in an Hsp90-dependent manner
[108] and there are changes in the expression of genes associated with
chromatin remodeling, transcriptional regulation, and cell cycle progres-
sion. Importantly, most of those genes are up-regulated by SmyD and
H3K4 methylation.

The three members of the Swi/Snf protein complex are counted
among the SmyD substrates implicated in chromatin remodeling. They
are up-regulated by SmyD and able to remodel nucleosomes using
ATP as a source of energy [118,119]. They have also been implicated in
cancer processes through several mechanisms [120,121].

Another factor that is also affected by the activity of the SmyD·Hsp90
complex isWRD9 (bromodomain andWD-repeat domain-containing 1).
WRD9 is preferentially down-regulated and capable of forming com-
plexes with SMARCA4 (SWI2-related gene 1) [122] and the acetylated
form of histone H3 [123]. Also, the chromatin-related mesenchymal
modulator CHD9, the transcription factor MEF2C [108], and several
other Zn-finger factors are known to be up-regulated by SmyD activity,
such that they are indirectly dependent on Hsp90 for their activation.

It is thought that the methyl-transferase activity of SmyD proteins
is regulated by autoinhibition via the intra- and inter-domain bending
of its conserved Hsp90-interacting C-terminal domain. Based on
the recently elucidated crystal structures of these TPR-like domains, it
has been suggested amechanism for SmyD activation is one that resem-
bles the association of the TPR-domain cochaperone PP5. PP5 is a prom-
inent Hsp90-associated member of steroid receptor heterocomplexes
[124–126]. The crystal structure of the autoinhibited conformation of
PP5 shows that the TPR domain of the enzyme engageswith the catalyt-
ic channel of the Ser/Thr-phosphatase domain, such that access to the
catalytic site is restricted [127]. This self-inhibited biological conforma-
tion of PP5 is stabilized by the C-terminal helix, which interactswith the
Hsp90-binding groove on the TPR domain. In short, Hsp90 favors PP5
activity by disrupting these TPR-phosphatase domain interactions, a
structural modification that permits access of the substrate protein to
the active Ser/Thr-phosphatase domain. Based on this mechanism of
self-regulation by Hsp90, a similar model of action was postulated
for SmyD proteins in which Hsp90 interacts with the TPR-like domain
present at the C-terminal end of SmyD and induces a gain-function con-
formational change [116].
7. HDAC6

Acetylation in lysine residues is a commonly occurring post-
translational modification of proteins that impact in their biological
function. The acetylation of histones and transcription factors is partic-
ularly relevant for the regulatory mechanisms of gene expression in
that this post-translational modification affects chromatin architecture
and consequently nuclear processes that could be passed to daughter
cells as epigenetic markers. Independently of transcription, the balance
between histone acetyl-transferases and histone deacetylases controls a
broader scope of basic cellular processeswhen it is comparedwith other
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major posttranslational modifications and in many ways is comparable
to phosphorylation [128–130].

To date, 18 mammalian HDACs have been characterized. They are
classified into four different types. HDACs belonging to class I include
HDAC1, HDAC2, HDAC3, and HDAC8; class IIa includes HDAC4, HDAC5,
HDAC7, and HDAC9; class IIb contains HDAC6 and HDAC10; class III in-
cludes seven SIRT proteins (consecutively numbered SIRT1 through
SIRT7), and class IV consists of only onemember, HDAC11 [130]. Perhaps
one of the most interesting subfamilies of HDACs is IIb since HDAC6
shows a unique characteristic—it is located at the crossroads between cy-
toskeleton architecture and signaling cascades. Thefinding that HDAC6 is
a client protein of Hsp90, which is in turn substrate for the deacetylase,
adds to the multifunctional properties of the chaperone [41,77].
The other known cytoplasmic substrate of HDAC6 is α-tubulin [131],
although the biological significance of this modification is still unclear.
While early studies showed that HDAC6 is primarily located in the cyto-
plasm thanks to a unique cytoplasmic anchoring domainwith TPRmotifs
and a conserved nuclear export signal, under certain circumstances such
as the arrest of cell proliferation, HDAC6 is also found in the nucleus, and
this nuclear accumulation has been further detected in the presence of
the CRM-1 inhibitor leptomycin B [132]. HDAC6 is acetylated by p300
[133], including a lysine located at the N-terminal nuclear localization
signal (NLS) region. To determine the contributions of the NLS region
acetylated lysine residue, an HDAC6 mutant was designed in which the
lysine was converted into glutamine. The mutant demonstrated signifi-
cantly reduced HDAC6 tubulin deacetylase activity and further impaired
cellmotility; however, themutant had no effect on histone deacetylation.
Interestingly, these mutations retained HDAC6 in the cytoplasm by
blocking the interaction with the nuclear import protein importin-α
[133]. Therefore, it could be speculated that the acetylation status of
HDAC6 should affect the histone acetylation level. This is in agreement
with the fact that nuclear HDAC6 forms complexes with HDAC11 [134],
which could be the factor responsible for HDAC6 deacetylation and
subsequent stabilization of the nuclear pool. Importantly, a study on
the subcellular localization of HDAC6 in mammary epithelial cells
demonstrated a strong correlation between the localization of the
enzyme and the grade of cell malignancy, such that a strong cytoplasmic
staining was observed in cancer cells and a preferential nuclear localiza-
tion was observed in normal cells [135].

The fact that Hsp90 is a substrate of HDAC6makes it a master regula-
tor of several essential nuclear regulatory processes, including chromatin
rearrangement and transcriptional response. Acetylation of Hsp90 pro-
motes the dissociation of p23 from the GR·Hsp90 heterocomplex and
the receptor becomes unable to bind steroid or translocate into the nucle-
us [41,77]. Other examples can be found in the stability properties of at
least a dozen essential regulatory nuclear factors,whose stability is usual-
ly increased by acetylation of particular lysine residues (i.e., p53, p73,
Smad7, SREBP1a, SREBP2, Runx3, SF-1, ER81, FOXO4, NF-E4, HNF6 and
E2F1) [136].

It is important to emphasize that, in addition to their recognized
function as transcriptional activators, the histone acetyltransferases
p300 and CBP also exhibit the capability to repress transcription,
a property shared with HDAC6. Sumoylation of the CRD1 domain
(C-terminal regulatory domain-1) of p300 accounts for its activity
as a transcriptional repressor, and the direct binding of HDAC6 to
SUMO-CRD1 accounts for the transcriptional repression of the CRD1 do-
main of p300 [137]. Interestingly, HDAC6 can also form complexeswith
corepressors. A known representative case is HDAC6 association
with LCoR, a factor related to the ligand-dependent repressor activi-
ty of various nuclear receptors [138]. Another known association oc-
curs between ETO-2, a constituent of N-CoR, SMRT, and mSin3A
complexes [139]. Many transcription factors show individual activity
as repressors, and this property was assigned to their capacity to in-
teract with HDAC6. A typical example of a protein that is capable of
antagonistic activities on both transcriptional activation and repres-
sion is Runx2. Direct recruitment of HDAC6 to Runx2 from cytoplasm
to chromatin is thought to be responsible for the functional repres-
sion of p21CIP/WAF [140].

The NF-κB subunits p50 and p65 can also recruit HDAC6 to repress
the expression of a subunit of the H+/K+-ATPase [141]. On the other
hand, HDAC6 knockdown studies have shown a weak effect on the
double-stranded RNA (dsRNA)-induced activation of NF-κB. Even
though HDAC6 knockdown shows negligible effect on dsRNA-induced
activation of NF-κB, it greatly impairs the activity of IRF3 (interferon
regulatory factor 3), suggesting a potential dynamic role of the
HDAC6·Hsp90 complex in the activation of IRF3 and the β-interferon
gene response [142].

8. The Pih1-Tah1 heterocomplex

Tah1 (TPR-containing protein associated with Hsp90) and Pih1
(Protein interacting with Hsp90) have been identified as novel Hsp90
cochaperones implicated in chromatin remodeling complexes and
small nucleolar RNP maturation [143,144]. Although Pih1 is a very un-
stable protein and is rapidly degraded, its association with Tah1 forms
a stable heterodimeric complex that is capable to regulate the intrinsic
ATPase activity of Hsp90 [145]. In other words, Pih1·Tah1 dimers regu-
late the ability of Hsp90 to interact with other regulatory client factors
in the nuclear compartment. A similar interaction has recently been de-
scribed involving the two stable TPR domains in Tah1 [146].

Hsp90 binds to the Pih1·Tah1 heterodimer with the identical affini-
ty and stoichiometry as Hsp90 binds to a Tah1 monomer [145,147].
However, the Pih1·Tah1 heterocomplex antagonizes Tah1 activity on
Hsp90 and inhibits chaperoneATPase activity [145]. The heterocomplex
bound to Hsp90 is also linked to the L7ae RNP assembly. This conse-
quently leads to decreased levels of newly synthesized RNPs, such as
U4 and telomerase, and loss of several core RNP proteins (15.5 K and
Nop58) upon inhibition of the chaperone function by geldanamycin
[148]. The Hsp90 client protein Pih1 can also interact with these core
proteins [148]. Taken together, these observations suggest that the
Pih1·Tah1 complex can act as a platform for the recruitment and load-
ing of client proteins involved in RNP assembly onto the Hsp90 chaper-
one system.

Rvb1 and Rvb2 are two highly conserved members of the AAA +
(ATPase associated with diverse cellular activities) family of ATPases
that are present in various protein and nucleoprotein complexes impli-
cated in key cellular processes such as transcription, DNA damage
response, snoRNP assembly, cellular transformation, and cancermetasta-
sis [149]. Rvb proteins have been shown to associate with Pih1 and Tah1
in the so-called R2TP complex [150], so it could be entirely possible that
Rvb1/Rvb2 cooperate with the Hsp90·Pih1·Tah1machinery in remodel-
ing RNAmoieties of RNPs during their assembly, during RNPmaturation,
and chromatin remodeling. It should be noted that the members of the
Rbv family are known histone interactors involved in the organization
of structurally and functionally distinct chromatin regions, histone acety-
lation and chromatin decondensation [149].

9. BCL6

The transcription factor B cell lymphoma-6 protein (BCL6)
belongs to the BTB/POZ-Zinc finger family of proteins. It was identified
in B-cell lymphoma [151],where it plays an essential role as a repressive
factor blocking the transcription of specific target genes by recruiting
corepressors. Thus, BCL6 suppresses cell cycle by repressing various
genes such as p27. BCL6 also up-regulates pro-growth genes, such as
c-myc [152], favoring cell survival and proliferation. There is a constitu-
tive expression of BCL6 in about 70% of patients suffering diffuse large B
cell lymphomas [153], a rapidly progressive and aggressive disease that
represents the most frequent type of non-Hodgkin lymphoma. This
disease can be curable, but approximately 40% of patients are resistant
to all types of known treatments [154]. Recent studies demonstrated
that the selective inhibition of Hsp90 with the drug PU-H71 kills
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lymphoma cells [155], which appears to be a direct consequence of low-
ering BCL6 stability by disrupting its association with Hsp90. In these B
cell lymphomas, Hsp90 is concentrated in the nucleus rather than
showing the typical cytoplasmic localization, and this phenomenon is
presumably linked to the higher nuclear accumulation of BCL6. The
presence of the chaperone at BCL6 target genes implies that Hsp90
might preserve BCL-6 stability while it is actively repressing target
genes [155]. Also, the BCL6·Hsp90 complex represses the expression
of two related genes, i.e., EP300, whose product is the coactivator
p300, and BAT3, that encodes for the p300 cofactor HLA-B-associated
transcript 3,which is required to increase p53 recruitment top300 in re-
sponse to DNA damage [156]. Inhibitors of Hsp90 action induce the ex-
pression of both proteins, p300 and BAT3, resulting in increased
acetylation of p53 and Hsp90. Importantly, this treatment prevented
and even eradicated established human B-cell lymphoma xenografts
in murine models [157].

10. Immunophilins

Immunophilin is the collective name given to a family of proteins
that bind immunosuppressive drugs and show peptidyl-prolyl-(cis/
trans)-isomerase enzymatic activity. Despite the fact that these proteins
constitute a family of thirty-six members [158], only the low molecular
weight immunophilins CyPA and FKBP12 are responsible for the immu-
nosuppressive effects observed by the binding of the immunosuppres-
sive drug cyclosporine-A or FK506 (tacrolimus), respectively [159].

In addition to the isomerase domain, larger immunophilins also
have TPR-domains and are usually associated with Hsp90. These
immunophilins compete with each other and with Hop for binding to
the Hsp90 TPR acceptor site of Hsp90, and the general consensus is
that only one TPR-containing protein is physically able to bind to
Hsp90 at a given time. Most of the biological actions of the large
immunophilins are coupled to Hsp90 function. It was shown that the
TPR-domain immunophilin FKBP52 links steroid receptors and other
cytoplasmic proteinswith themotor protein dynein in order to facilitate
their retrotransport [160–162]. This mechanism is also shared with ho-
mologous immunophilins present in plant [163] and insect [164]
models. Interestingly, the capacity to interact with motor proteins has
also been reported for the low molecular weight immunophilin, CyPA
[165], but this protein does not interact with steroid receptor com-
plexes. It is still unclear whether or not CyPA participates in protein
transport, although some recent evidence supports this possibility
[166,167].

Two highly homologous family members, FKBP51 and FKBP52, have
always shown antagonistic biological actions [168]. Both proteins are
also nuclear factors related to several essential processes such as tran-
scriptional regulation, cell differentiation, histone chaperone activity,
andmodification of chromatin structure [169]. Inefficient retrotransport
of nuclear factors was observed when the FKBP52·Hsp90 interaction
was impaired or the Hsp90 function was disrupted with specific inhib-
itors [50,162,170]. Immunophilins are also required for the efficient pas-
sage of proteins through the nuclear pore complex [50,171], and show
regulatory actions on transcriptional activity [126,172].

Even though these proteins are poorly characterized in their biolog-
ical actions, it appears that they also have their own effects in the cell,
which seem to be independent of their association with Hsp90. For ex-
ample, some immunophilins function as histone chaperones by binding
histones and regulating the assembly and disassembly of nucleosomes.
FKBP25/Fpr3 is an immunophilin that shows preferential binding for
rapamycin rather than FK506 [173] and binds directly histone H2B
[174], mediates the prevention of premature adaptation to DNA dam-
age, and serves to maintain recombination check-point activity [175].
It seems that FKBP25/Fpr3 is important in the response to DNA damage
since a loss of check-point functionwas observed duringmeiosis of cells
lacking the immunophilin. The closely related protein in S. cerevisiae,
FKBP25/Fpr4, forms complexes with histones [176] and provided the
first epigenetic evidence connecting the peptidyl-prolyl isomerase ac-
tivity of an FKBP immunophilin with histone methylation. FKBP25/
Fpr4 catalyzes proline isomerization of histones H3 and H4, leading to
a decrease in the level of Set2-mediated histone H3K36 trimethylation
[177]. Importantly, FKBP25 interacts with HDAC1 and HDAC2. FKBP25
also interacts with other chromatin-related proteins involved in the
regulation of DNA transcription, such as casein kinase II and nucleolin,
as well as with the high-mobility group, HMB II protein, which pos-
sesses DNA-binding activity (see [169] for a recent review) and is not
found associated with Hsp90.

FKBP52 is an immunophilin that has a peptidylprolyl (cis/trans)-
isomerase domain highly homologous to that present in FKBP25, and
also has multiple TPR domains through which Hsp90·FKBP52 com-
plexes are formed. It appears as though the involvement of FKBP52 in
gene regulation is not as prolific as it is for FKBP25, but there are several
lines of evidence in favor of this possibility. FKBP52 associationwith the
transcription factor IRF-4 impaired the DNA-binding capacity of IRF-4 in
a peptidyl-prolyl isomerase-dependent manner [178]. Structural modi-
fications of IRF-4 were detectable by immunoblotting and by IRF-4 par-
tial proteolysis. This was the first direct evidence suggesting that
immunophilins may function as transcriptional coregulators. In view
of the ubiquitous expression of immunophilins, it is noteworthy to em-
phasize that they may act as inducible coregulators. FKBP52 colocalizes
with Hsp90 in perinuclear structures of undifferentiated neuronal cells
[58,179,180] and redistributes to terminal axons and ramification bod-
ies during early differentiation steps. Those perinuclear areas where
the Hsp90·FKBP52 complexes are primarily located are associated
with the nuclear lamin and are transcriptionally silent, whereas they
become very active transcriptionally during the early differentiation.
This suggests that the heterocomplex can regulate expression of key
genes due to chromatin refolding [58,180]. It is unclear at this point
whether the association of Hsp90 with FKBP52 modifies the intrinsic
biological properties of the isolated immunophilin.

Nuclear mobility of some transcription factors, such as the GR, is
Hsp90-dependent. By using a fluorescence recovery after the
photobleaching technique, it was shown that nuclearmobility of the re-
ceptor was inhibited by the Hsp90 antagonist geldanamycin [181]. In
the same study, a more direct proof of molecular chaperone involve-
ment in steroid receptor subnuclear trafficking was provided by an
ATP-dependent recoverymethod for studying nuclearmobility by incu-
bating various combinations of purified chaperones and associated pro-
teins. Among those purified factors, Hsp90 and FKBP51 were assayed,
but not FKBP52. Those results are consistent with previous studies
were Hsp90 inhibitors were used and also with a more recent evidence
showing that the overexpression of FKBP52 retains receptors in the
nuclear compartment, whereas FKBP51 antagonizes this effect favoring
receptor export [160]. These data are further supported by experiments
performed with FKBP52 KO cells (Gallo LI and Galigniana MD, unpub-
lished results). Accordingly, the transcriptional activity of the receptors
was impaired by overexpression of FKBP51 and favored by FKBP52
[168]. In short, the nuclear Hsp90-immunophilin complex is able to reg-
ulate the expression of genes. A recent publication reported that FKBP51
transfected in melanoma cells was recovered bound to chromatin after
performing chromatin immunoprecipitation assays [182]. A similar ob-
servation was done for endogenous FKBP51 and FKBP52 when the NF-
κB cascade was activated (Erlejman AG, De Leo S, Mazaira G., Molinari
AM, Camisay MF, Cox M, Piwien-Pilipuk, G, and Galigniana MD, unpub-
lished results). Moreover, mitochondrial FKBP51 concentrates in the
nucleus due to a number of stressing stimuli [183] as well as during
the early steps of preadipocyte differentiation [184]. In the latter case,
FKBP51 is retained in the nucleus associated with chromatin, the nucle-
ar matrix, and the nuclear lamina [184]. A similar observation was per-
formedduring the early steps of neuronal differentiation,where FKBP51
migrated to the nuclear envelope colocalizing with lamin [179] and oc-
cupying areas where FKBP52 resided in the undifferentiated state.
Taken together, these observations suggest that the expression balance
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between FKBP51 and FKBP52may play important roles in the regulation
of gene expression and could also modify chromatin architecture.

11. DNA stability

Genomic DNA is continually exposed to a number of damaging stim-
uli such as oxidants, harmful chemicals, UV light, and radiation. When
damaged DNA eludes the cellular repair mechanisms, the progress of
replication forks catalyzed by high-fidelity DNA polymerases is habitu-
ally blocked [185]. One of these key sentinels is DNA polymerase-η
(DNA pol η). A recent study [186] demonstrated that Hsp90 assists
the folding of DNA pol η into an active conformation. Consistent with
this, it was shown that the activity of DNA pol η is inhibited by
geldanamycin derivatives, thus sensitizing cells to the cytotoxic effects
of UV radiation. Similarly, the hypersensitivity of Hsp90 inhibitor-
treated cancer cells to other DNA-damaging agents could follow the
same principle. Hsp90 inhibitionmight retard DNApol η-mediatedmu-
tagenic events that allow cancer cells to acquiremoremalignant pheno-
types [186]. Nonetheless, the disruption of Hsp90 activity not always
suppresses DNA mutation. In effect, Hsp90 appears to be required for
the suppression of transposon activity in germ cells of Drosophila
[187], where transposons are suppressed by a discrete RNA-silencing
mechanismmediated by piRNAs (Piwi-interacting RNAs) [188]. The bio-
genesis of these small RNAs does require Hsp90, and Hsp90 inhibition
has been shown to decrease the expression of piRNAs, improve transpo-
son mobility, and result in de novo mutations [187]. The lack or loss of
activity of PRMT5 (chromatin-modifying arginine methyl-transferase),
which is in turn another Hsp90 client factor [189], results in a decreased
methylation level of several piRNA-interacting proteins and decreases
piRNA expression in Drosophila germ cells [190]. Therefore, the effect
of Hsp90 disrupting agents on PRMT5 may contribute to their ability
to abrogate piRNA-mediated regulation of transposon mobility.

The recognition of Hsp90 as a suppressor of transposable element-
inducedmutations raises the possibility that Hsp90 inhibitors could en-
large the frequency of mutations under specific circumstances, which
opposites the effect of those compounds on DNA pol η-produced
mutations.

In addition to these mechanisms, eukaryotic cells have also devel-
oped other defense systems against DNA damage and gene mutations
that involve the action of protein kinases, many of which are Hsp90-
regulated. Among them, one of the most interesting and best studied
kinases is the family of phosphatidylinositol 3-kinase-related protein
kinases (PIKK), a topic that is addressed in the next Section.

12. Hsp90-associated protein kinases and gene expression

As stated above, a large number of the Hsp90-modulated client pro-
teins belong to the protein-kinase family, representing one of the largest
groups of known Hsp90 partners [191–193]. Not by chance, one of the
first isolations of Hsp90 was achieved during the affinity purification
steps for a tyrosine kinase factor, v-Src [194]. Almost 200 kinases are
regulated by Hsp90 [195], including many oncoproteins (Raf1, JAK,
ErbB, PKB/Akt, CDK, Chk1, CAMK, KIT, Met, Fak, Plk, etc.) [192,193].
Accordingly, the disruption of the Hsp90 function is currently being
pursued as a novel therapeutic strategy for treating several types of
cancer [196,197]. Multiple lines of evidence support models where the
activation of tyrosine kinases is an essential step for steroid receptor-
mediated intercellular signaling, and also for phosphorylation of several
other transcriptional factors, cofactors, and histones [198–200].

It is noteworthy that the recruitment of many protein kinases to the
Hsp90 complex depends on the cochaperone p50cdc37 (also known as
cell cycle division protein 37, Cdc37, and p50 or pp50) [191], a protein
that binds Hsp90 and is oncogenic itself. Accordingly, a recent study
showed a perfectly linear correlation of Hsp90 interaction profiles
where p50cdc37 and protein kinase association with the chaperone
were compared [195], suggesting that the p50cdc37·Hsp90 complex is
essential for the proper folding of other kinases.

p50cdc37 was first discovered inmammalian cells as amember of the
pp60v-src·Hsp90 heterocomplex [201,202]. The association of p50cdc37

with Hsp90 was first thought to be exclusive regarding the presence of
TPR-domain proteins [203,204]. Further evidence showed that Hop
[205] and PP5 [206] form oligomeric structures with the p50cdc37·Hsp90
complex, and p50cdc37 is not able to bind Hsp90 if p23 is associated to the
chaperone [207].

From an evolutionary perspective, perhaps one of the most interest-
ing cases of regulation of transcription by p50cdc37-managed protein ki-
nases is the Ser/Thr protein kinase Gcn2, which is homologous to the
eIF2α (eukaryotic initiation factor-2α) kinase in S. cerevisiae. Gcn2 re-
quires Hsp90 for its proper regulation [208] and forms part of a crucial
mechanism responsible for sensing amino acid deprivation. More than
40 genes involved in amino acid metabolism are affected by induction
of Gcn4 [209], a transcriptional activator. This is possible due to the phos-
phorylation of theα subunit of eIF2 (or eIF2α subunit) by Gcn2, which is
in turn activated by direct binding of ‘uncharged’ tRNA [210]. As a direct
consequence of the known role of Cdc37 in regulating Gcn2, general
amino acid control is defective in yeast strains carrying Cdc37 mutations
[208]. Mammalian cells have developed a more complex response path-
way to these types of stresses by inclusion of additional eIF2α kinases
that are able to respond to different environmental stresses [211]. This
mechanism blocks global translation and is accompanied by a grater ex-
pression of ATF4, a basic leucine zipper transcription factor related to
yeast Gcn4 [212,213].

A second interesting group of Hsp90-binding protein kinases is the
PIKK subfamily. These kinases are related to repairingmechanisms of de-
fense against errors in gene expression, protective responses for gene
mutations and/or transcriptional blundering during environmental
stresses [214]. Vertebrates express various types of PIKKs—ATM (ataxia
telangiectasia mutated) [215], ATR (ATM- and Rad3-related) [216],
DNA-PKcs (DNA-dependent protein kinase catalytic subunit) [217],
SMG-1 (suppressor with morphogenetic effect on genitalia-1) [218],
and TOR (target of rapamycin) [219]. All these factors are Hsp90-
binding proteins that are activated as a defensive shield against various
types of cellular stresses, and exhibit activity of Ser/Thr-protein kinase.
There is a sixth member, TRRAP (transformation/transcription domain
associated protein), which shows some differential features. TRRAP is
actually classified as a pseudokinase since it lacks key residues required
for ATP binding and shows no enzymatic activity [220]. There is no direct
evidence to date for interactions with Hsp90, although it has been sug-
gested that the interactions could take place indirectly when TRRAP
forms heterocomplexes with other Hsp90-interacting factors [214]. The
functional disruption of Hsp90 activity leads to a decreased amount of
cellular PIKKs (supposedly due to the classical destabilization of Hsp90-
binding clients) and a significant reduction of the phosphorylation status
of PIKK substrates [218,221]. Consequently, transcriptional activity is
impaired.

Besides being identified as a protein that forms physical complexes
with Hsp90 [214,218], the PIKK family member SMG-1 also forms com-
plexes with other Hsp90-interacting factors, such as Tel-2 [216], a scaf-
fold protein that is required for proper assembly of PPIKs and Hsp90
[215]. Thus, it is thought that Tel-2 cooperates with Hsp90 to favor the
proper expression of some PPIKs, such as ATM, ATR, and DNA-PK, all
of which are lost in geldanamycin-treated cells [222]. In addition, Tel2
is implicated in several signaling cascades that influence transcriptional
regulation, telomere maintenance, DNA damage checkpoints, and DNA
repair mechanisms [214,222,223]. This complex network provides
representative evidence of the intricate arrangement of Hsp90-
binding regulatory factors with kinase activities that separately affect
gene expression and the cell cycle. It also demonstrates how cautious
the interpretation of experimental data must be when it is assigned
from a direct role to a specific protein after using a pharmacological
approach such as, Hsp90 inhibition with geldanamycin.
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In addition to the two previously described types of protein kinases,
it is also important to discuss the specific case of the RuvB-like 1 and 2
complexes (RuvB-1 and RuvB-2, also known as Pontin and Reptin,
respectively), whose biological actions are closely integrated to some
of the PIKK members, Tel-2, and Hsp90. Mammalian RuvB kinases
show high homology with the bacterial DNA-helicase RuvB [224], in-
trinsic ATPase activity, and are modulated by the protein kinase Hint1,
that disrupts the association of RuvB subunits [225]. RuvB-1 and
RuvB-2 can interact with one another to form hexameric complexes,
but they also show individual functions such as binding capacity to tu-
bulinsα and γ and regulating spindle assembly (RuvB-1) [226] and cy-
tokinesis events (RuvB-2) [227]. Nonetheless, they are best characterized
as transcriptional regulators and chromatin-remodeling factors [149].
These complexes can reorganize nucleosomes and participate in histone
exchanges and/or the recruitment of factors that affect transcription
[228]. RuvB proteins are themselves Hsp90-interacting proteins [150]
and also interact with other Hsp90-interacting nuclear factors such as
SMG-1 [218] and Tah1/Pih1 complexes [150]. SMG-1 is activated by sev-
eral stresses (oxidative stress, radiation, DNA damage, UV light, etc.) and
activates p53 by phosphorylation [229]. Therefore, the impairment of
SMG-1 function increases the spontaneous rate of DNA damage and
cells show increased sensitivity to genotoxic injuries.

It has also been suggested that RuvB proteins have a functional rela-
tionship with mTOR [230] and members of the PIKK family [218], most
likely via the C-terminal end of these proteins [231]. RuvB proteins are
members of the chromatin remodeling complex INO80 [96,232] and
the histone acetyltransferase TIP60, proteins that are consequently
dependent in an indirect manner of the regulatory action of Hsp90 on
RuvB complexes. In turn, RuvB regulates the transcriptional activity of
β-catenin in cancer cells [233,234], which is activated by GSK3β, a clas-
sical Hsp90 client kinase [235]. Thus, RuvB-1 and RuvB-2 are recruited
along with TIP60 to the promoter regions of transcriptional targets of
NF-κB [236], c-Myc and E2F1 [237]. Since the last two transcription
factors favor the translation of target mRNAs because the increase cap
methylation [238], RuvB proteins are also directly involved in the trans-
lational activity ofmRNAs for PIKKs. On the other hand, their association
toNF-κB target genes inmetastatic prostate cancer cells turns off the ex-
pression of a subset of genes encoding for tumormetastasis suppressors
(for example, KAI1), favoring the metastatic progression of specific
cancer types [236].

13. Cancer treatment

Epigenetic modifications of DNA, such as methylation and those in-
volving histone modifications, can generate genomic instability that, in
the end, lead to the repression of tumor suppressor genes or aberrant ex-
pression of oncogenes. As a consequence, these processes contribute to
aggravating the pathogenesis of several diseases. Since many of the dis-
ease states, including cancer, are related to epigenetic changes, the at-
tempt to counteract these modifications with epigenetic treatments
appears to be a reasonable strategy. Unlike the case of mutations in
DNA sequences, epigenetic modifications are an ideal target since they
are naturally reversible. Some of the most frequent treatments currently
employed intend tomodify DNAmethylation amounts and histone acet-
ylation status. Thus, genes that have been silenced may be reactivated
by DNA methylation inhibitors. Examples of inhibitory drugs currently
used in these therapies include 5-azacytidine and 5-aza-2′-deoxycytidine
[239]. These compounds mimic the structure of the cytosine nucleoside
and are consequently incorporated in a very efficient manner into
DNA during replication. This leads to the blockade of methyltransfer-
ase (DNMT) enzymatic activity and, as a result, inhibition of DNA
methylation.

Acetylation is a post-translational modification that neutralizes the
positive charge of histones, thereby impairing the interaction of DNA
phosphate groupswith theN-terminal end of histones. Hence, relatively
inactive, condensed chromatin becomes a more ‘relaxed’ structure that
permits more efficient transcriptional activity. The general mechanism
for DNA relaxation requires alterations in HDAC activity, which is a fur-
ther reason that transforming these enzymes is a desirable therapeutic
target. In line with this principle, several HDAC inhibitors have been
tested at the present time. Among the most common pharmacological
agents currently used and known to modify HDAC activity are valproic
acid, phenylbutyric acid, SAHA, and depsipeptide [10,239]. However,
these approaches to therapy require great caution, since epigenetic
modifications represent a very extensive pharmacological approach.
Clearly, the potential success of any epigenetic anticancer treatment
lies on its pharmacological selectivity for malignant tissue or the
deregulated transformed cell; otherwise, the treatment could cause
the very disorders they are trying to counteract. Despite this possible
disadvantage, new drugs are being developed to specifically target
anomalous cells and generating minimal damage to healthy cells, such
that epigenetic therapy is becoming an increasingly promising thera-
peutic strategy. In this regard, the combined therapy of drugs targeting
simultaneously HDACs and Hsp90 is an attractive alternative approach
to treatment that is currently being evaluated in clinical trials [240].
Conventional cytotoxic drugs, such as cisplatin, cytarabine taxanes,
gemcitabine, proteasome inhibitors, are being co-administered along
with Hsp90 disrupting derivatives to synergistically promote apoptosis
in several types of disorders [241–244]. Many times, the detailedmech-
anistic insights of synergistic drug actions are not readily apparent, but
nonetheless likely involve interference in the survival mechanisms and
cell cycle progression by targeting specific pathways like those de-
scribed above.

14. Envoy

The number of Hsp90 client proteins has grown exponentially dur-
ing the last ten years. Most of these interacting proteins behave as car-
dinal factors in key signaling cascades and are consequently related to
basic biological processes. In turn, it should be realized that post-
translational modifications of Hsp90 add more complex implications
to the already intricate regulation of signaling proteins, transcriptional
factors, and chromatin modifiers. Fig. 2 summarizes a schematic net-
work of some Hsp90 client proteins, where the chaperone functions
like a hub upon the onset of various stimuli. The interrelated molecular
actions of these Hsp90-modulated proteins result in a number of phys-
iologic responses, some of them in a potentiated manner for the same
biological end, whereas others work in an antagonistic fashion accord-
ing to the set of involved proteins.

Hsp90 has a unique role in safeguarding the general homeostatic
mechanisms of the cell, especially in the maintenance of cellular
proteostasis. As such, Hsp90 has played critical roles during the evolu-
tionary process by preserving the biological activity of modified pro-
teins and serving as a capacitor to buffer acquired phenotypic
variations. In this sense, those pioneering studies discussed here on
the potential role of the chaperone in the genetic assimilation have
changed the current perception of evolution. Fig. 3 attempts to summa-
rize the putative roles of Hsp90 in this phenomenon, and depicts its in-
fluence on the stabilization of the structure of certain client factors and
gene expression by its recruitment to the initiation sites of transcription.
These sites usually correspondwith those promoter sites that showRNA
pol II pausing properties, and could potentially generate a stable confor-
mational variant of the client protein (perhaps favoring the translation
of a given isoform of the client protein). Importantly, it seems that
both above-hypothesized processes converge in the generation of phe-
notypic variants without the need to modify the intrinsic properties of
the gene and are suited to the disadvantageous conditions of a harsh
environment.

Even though this article has addressed only a limited number of
cases due to page limitations, it is clear that the amount of nuclear fac-
tors commanded by Hsp90 is remarkable, and the network of Hsp90-
dependent regulations has become a rather crowded and complex



Fig. 2.Hsp90 interactionswith client proteins. Hsp90 regulates cellular homeostasis against environmentalmodifications, biological signals, and by preserving essential biological process
during the life span of the cell. To accomplish this, Hsp90modulates the functions of hundreds of client factors influencing every aspect of the cell existence, some of them grouped here as
transcription factors (pink), protein-kinases (yellow), TPR-domain proteins (green), structural proteins (purple), and miscellaneous (blue).
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picture, even though we are still only in the adolescence of the field. It
should be noted that the extent of Hsp90 post-translational modifica-
tions is larger in metazoans than in single eukaryote cells [245]. This
suggests that this method of biological regulation could have furnished
evolution with additional levels of protein control as the diversity of
Hsp90 clients expanded. In this regard, besides those researchers who
are close related to the molecular chaperone field, there is no doubt
that little attention has been paid to the potential roles of Hsp90 in
the nucleus, even though the well known functions played by Hsp90
in the structure of chromatin, its abundance in the cell, the fact that it
concentrates close to the transcription start sites of about one third of
genes [246,247], and plays a key role in the cytosolic turnover of
Fig. 3. Possible actions of Hsp90 during the genetic assimilation process. Hsp90 could
stabilize unusual active conformations of client proteins upon the onset of harmful
conditions, leading to amodificationof its biological activity (for example, lowprotein kinase
activity), which is in turn responsible for triggering unconventional signaling cascades that
ultimately lead to the acquisition of a slightly different phenotype. Alternatively (but not
in a mutually exclusive fashion), Hsp90 could favor the induction of a more stable protein
variant for that environment leading to the accumulation of the unusual ‘isoform’, whose
modified activity also results in the generation of the same unconventional phenotype in a
convergent manner with the above-postulated mechanism.
nucleosomal histones [248]. For example, of the nearly 1000 publica-
tions on BCL6 shown by PubMed from the time it was first reported as
an Hsp90 client protein (January 2000), only four subsequent papers
have addressed the biological properties of this transcription factor
from the perspective of being an Hsp90-regulated client. In contrast to
that academic perspective, the pharmaceutical industry appreciated
early on that direct manipulation of Hsp90 properties and functions
has the potential to impact several cellular pathways simultaneously.
Therefore, cutting edge research related to the development of Hsp90-
targetted drugs is perhaps one of the most recurrent fields of corporate
research and development investment. Nevertheless, this promising
and exciting field still requires studies in greater detail to be conclusive.
The conventional approach for studying the putative synergistic action
of Hsp90 inhibitors with other drugs such as HDAC inhibitors has not
currently reached the necessary development in order to analyze the
natural genetic variation and types of polymorphisms of key genes in
the human population.

It is noteworthy that cells treated with Hsp90 inhibitors develop a
heat-shock-like response [249]. Therefore, it would not be surprising
that Hsp90 could be involved in the development of drug resistance
since it is a chromatin- and transcription factor-associated chaperone.
Consequently, a reevaluation of the impact of the disruption of client
factors and Hsp90, and the still poorly understood role of several
Hsp90 cochaperones associated with Hsp90 heterocomplexes and
Hsp90 sensitivity to drugs, is likely to provide novel strategies to
improve therapeutic stratagems that may avoid the undesired reality
of acquired drug resistance. In spite of the fact that the path appears
to be longer than it was originally envisioned, it is clear that few
proteins have as remarkable of a position in the multitude of molecular
networks of the cell as Hsp90. Therefore, the prospects of Hsp90
targeted therapies are quite promising, and recent encouraging ad-
vances in the field lead us to think that more major breakthroughs are
still to come in the near future.
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