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The molecular chaperone heat-shock protein of 90 kDa
(Hsp90) stabilizes various proteins and occupies a cen-
tral position in cellular networks. Hsp90 inhibitors are
being tested in clinical trials as anticancer drugs. Recent
studies have illuminated the unappreciated significance
of this chaperone in chromatin transactions and this
review focuses on its role in gene expression. By com-
paring the different mechanisms by which Hsp90 orches-
trates transcriptional regulation, the review outlines the
contributions of this function to the cellular and organ-
ismal phenotype. We chart exciting avenues for research
to gain comprehensive insights in the chaperone’s im-
portance in cellular physiology, thereby presenting nov-
el opportunities for therapeutic intervention.

The cellular and nuclear context of the Hsp90 chaperone
Molecular chaperones help nascent polypeptides acquire
their correct conformations, thereby minimizing their ag-
gregation in the protein-rich conditions inside the cell.
Hsp90 is a specialized chaperone that stabilizes numerous
important proteins and helps in the assembly of multi-
meric complexes [1-3]. With the aid of several co-chaper-
ones and driven by its own ATPase activity, Hsp90
dynamically associates with target proteins (termed cli-
ents), keeping them in a stable or a stimulus-responsive
conformation (Box 1). The clientele of Hsp90 comprises
signaling proteins as well as transcription factors among
many others, placing the chaperone as one of the few well-
connected hubs in molecular networks. Hsp90 is thought to
play a crucial role in areas as diverse as development and
homeostasis, cancer pathogenesis, and organismal evolu-
tion [4,5].

The nuclear form constitutes about 2-3% of total cellu-
lar Hsp90 and comparatively little attention has been paid
to the specific tasks Hsp90 performs at chromatin. Several
recent studies, however, have revealed a profound regula-
tory involvement of Hsp90 and its co-chaperones in basic
nuclear processes. These range from telomere biology and
DNA replication to transcription [6-9]. In this review, we
explore the roles this versatile chaperone plays in the
process of gene expression. We begin by collating data
from various studies over the past few years to synthesize
a picture of the life of Hsp90 in the nucleus. We then
discuss how this chaperone integrates within the emerging
framework of transcriptional regulation and epigenetic
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gene control. Finally, we evaluate the roles of this chaper-
one in medicine and evolution with the new insights from
chromatin-associated Hsp90, charting future avenues for
research.

Hsp90 in transcriptional regulation

Hsp90 has long been known to interact with chromatin,
partly by binding to histones [10,11]. That the chaperone is
found on heat-shock puffs on polytene chromosomes (see
Glossary) of Drosophila underscored the functional rele-
vance of Hsp90 in transcription [12]. Studies over the past
decade, employing three independent approaches, have
illuminated several fascinating aspects of gene expression
controlled by Hsp90.

Lessons from model genes and transcription factors

In the first approach, studying model genes, a large reper-
toire of molecular mechanisms has been deciphered relating
Hsp90’s chaperone activity to some of the well-known tran-
scriptional regulators (Figure 1). Chromatin-associated

Glossary

Argonaute 2 (Ago2) and RNAi: Argonautes form catalytic components of the
RNA-induced silencing complex (RISC), which mediates the effect of small
RNA, in a process called RNA interference (RNAI) [71]. The small RNAs along
with the RISC complex exert their influence on the stability, translation, or
expression of transcripts.

Chaperone-mediated autophagy: a process by which individual soluble pro-
teins are recognized and targeted by the chaperones Hsp70/Hsp90 to lysosomes
for degradation [48]. The target proteins are unfolded as they enter the lumen of
lysosomes. Hsp70 plays a critical role in identifying substrates with a typical
pentapeptide motif.

Chromosome puffs: in the nuclei of Drosophila salivary gland cells, chromo-
somes endoreplicate several times and align with each other lengthwise. This
results in large chromosomes, termed polytene chromosomes, that can be
visualized by light microscopy. An actively transcribing gene on a polytene
chromosome appears as a decondensed bulge at the chromosomal locus. This
is termed a puff and a protein associated with transcriptional elongation
typically appears to stain uniformly across the puff.

Polycomb group (PcG) and Trithorax group (TrxG) proteins: these are chroma-
tin proteins responsible for transcriptional memory through cell divisions. PcG
protein form well-defined complexes and bind promoters of developmentally
important genes [72]. By specifically modifying chromatin, the PcG heritably
represses target genes, like the Hox genes, such that genes that are inactive
during early embryonic tissues remain repressed throughout development [73].
Trimethylation of lysine 27 of histone H3 (H3K27me3) and ubiquitination of
lysine 119 of histone H2A (H2AK119ub) are two of the epigenetic marks set by
PcG and are typically associated with gene inactivity. TrxG proteins antagonize
this repression and keep lineage-specific genes active through cell division by
trimethylating lysine 4 of histone H3 (H3K4me3) [74]. The mechanism by which
PcG and TrxG proteins act at chromatin is not completely understood, but it
involves chromatin compaction and retention of pol Il from entering the
elongation mode [42]. Many PcG/TrxG proteins are implicated in the pathogen-
esis of cancer.
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Box 1. The molecular mechanism of Hsp90-mediated
chaperoning

Hsp90 protein can be divided into an N-terminal ATP-binding
domain, a C terminus harboring a dimerization motif, and middle
client/co-chaperone-binding domain [66]. Hsp90 exists as a dimer
and cycles between two states — a ‘closed’ state, wherein ATP
binding leads to close association of the N-terminal domains, and
an ‘open’ state when the N-terminal domains of the two monomers
are farther away from each other [67]. This chaperone cycle
accommodates client loading and, through repeated binding of
labile pockets of the client protein, Hsp90 stabilizes and keeps it in a
responsive state. The molecular details of this process are being
gathered through meticulous structural and biophysical experi-
ments and a full picture may soon emerge. Several co-chaperones
help Hsp90 achieve its full potential [68]; Ahal, for example,
stimulates the ATPase activity of Hsp90. Cdc37 potentiates the
interaction of the chaperone with specific kinase substrates [69]. In
addition to helping specific client proteins fold, Hsp90 plays a vital
role in the building of many multiprotein complexes, such as 26S
proteasome and telomere complex [70]. The chaperone, aided by
co-chaperones such as Pih1 and Tah1, takes part in the stepwise
assembly of these complexes, including RNA polymerase Il.

Hsp90 affects the outcome of gene expression control by
different means depending on the context. These experi-
ments have suggested that Hsp90 does not act as a general
repressor or an activator of transcription, but rather cha-
perones different proteins in a gene-specific way. It is re-
quired for release of glucocorticoid receptors from chromatin
after the hormonal ligands are taken away [13]. p23 may aid
Hsp90 in the process of disassembly of steroid receptor-
mediated active transcriptional complex at chromatin
[14]. By stabilizing a repressor called BCL-6 at promoters,
Hsp90 acts to keep target genes silent in a type of B-cell
lymphoma [15]. Hsp90 inhibition in these cells results in
derepression of many of these targets, including the tumor
suppressor p53. Hsp90 can also activate gene expression by
stabilizing and activating either transcription factors such
as Sp1 [16], signal transducer and activator of transcription
5 (STATS5) [17] and MyoD1 [18] or epigenetic regulators like
Trithorax [19]. Curiously, Hsp90 along with STAT5 binds
the promoter of the MYC gene in a human leukemia cell line.
Hsp90 inhibition causes downregulation of MYC in these
cells, suggesting a STAT5-dependent activator function of
Hsp90 in this context [17]. Similarly, Hsp90 inhibition in
Drosophila cells results in downregulation of Hox target
genes concomitant with degradation of Trithorax, an acti-
vator of gene expression [19]. In other cases, this activat-
ing role is mediated by the Hsp90-dependent function of
the histone-modifying enzyme SET and MYND domain
containing 3 (SMYDS3) [20]. Additionally, Hsp90 and
Hsp70, another major chaperone, may also contribute to
gene induction by removing nucleosomes, as shown for
galactose genes in budding yeast [21]. Overall, it appears
that Hsp90 wears different hats at different promoters —it
may sometimes be required for gene activation and at
other times for gene repression. It must be noted, however,
that most studies analyze the transcriptional output of
target genes after several hours or days of Hsp90
inhibition. Given the versatility of this chaperone in sig-
naling networks in the cytosol, such long durations
may confound interpretations attributing specific
transcriptional functions to Hsp90.
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Hsp90 interactome studies

As another approach to identify the transcriptional roles
of Hsp90, interactome analyses or genetic screens have
coincidentally pointed to the possible roles of the chaper-
one in gene expression. A regularly updated list of all
Hsp90 interactors is maintained online (http:/www.
picard.ch/Hsp90Int/index.php) and a comprehensive un-
derstanding from such global analyses has been recently
reviewed [22]. Many of these interactions are indepen-
dently identified in different organisms and strongly
suggest collaboration between Hsp90 and the transcrip-
tional apparatus (a subset is listed in Table 1). Curiously,
Hsp90 inhibition leads to several changes of chromatin;
heterochromatin protein 1 (HP1) levels increase, whereas
histone acetyltransferase 1 and the histone arginine
methyltransferase PRMT5 decrease [23]. How this alters
the transcriptional output of inhibitor-treated cells
remains an open question. Besides the proteins directly
involved in chromatin operations, two categories of pro-
teins stand out: RNA processing/splicing proteins and
DNA replication/damage-response proteins [24-27]. The
diversity of Hsp90’s clientele may allow this chaperone
functionally to couple distinct processes such as replica-
tion, DNA damage response, transcription, nuclear archi-
tecture, and splicing [9,28]. Moreover, the importance of
the chaperone in the interaction between steroid recep-
tors and nuclear pores [29] may suggest mechanistic links
between nuclear Hsp90, transcription, and nuclear pores
[30].

Global chromatin studies

The third approach to uncover the transcriptional func-
tion of Hsp90 employed a systems biology-driven hypoth-
esis coupled to experimental validation. A global and
high-resolution chromatin-binding profile of Hsp90 using
chromatin immunoprecipitation sequencing (ChIP-seq) of
cultured fly cells allowed direct comparison of chaperone
binding with other transcriptional features [31]. Three
general principles of transcriptional regulation by Hsp90
became clear (Figure 2). First, the chaperone accumu-
lates close to the transcription start sites (T'SSs) of one-
third of all protein-coding genes and several miRNA-
coding genes. Second, the Hsp90-target genes have one
regulatory feature in common - they all exhibit the
paused state of RNA polymerase II (pol II) (Box 2 and
Figure 2). Third, Hsp90 inhibition releases the pause
within minutes, causing robust upregulation of many of
the target genes. Evidently, one of the factors required for
pol II pausing, namely the Negative Elongation Factor
(NELF) complex, is bound and stabilized by Hsp90 at
promoters. Thus, the genome-wide approach combined
with quantitative analysis of immediate transcriptional
effects paved the way for detailed molecular understand-
ing of the distinctive functions of Hsp90 at chromatin.
Interestingly, this study based primarily in Drosophila
brought together hitherto unlinked observations regard-
ing HIV. Independent studies have demonstrated that
the promoter of HIV provirus shows pol II pausing [32]
and Hsp90 recruitment [33]. It can thus be speculated
that the chaperone controls replication of this retrovirus
by influencing pol II pausing.
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Figure 1. The diverse roles of heat-shock protein of 90 kDa (Hsp90) in gene
regulation. The gene regulatory region, transcription start site (TSS), and
downstream nucleosomes are depicted schematically. Hsp90 along with p23 is
involved in disassembling the nuclear receptor complexes formed at target
promoters on stimulation with ligand/hormones (a). Hsp90 chaperones various
proteins that act as either transcriptional repressors (b) or activators (c¢), depending
on the cell type and target genes. Hsp90 also aids in removing nucleosomes from
induced genes in yeast, facilitating transcription by RNA polymerase Il (pol 1I) (d).
The specific proteins/complexes that are influenced by Hsp90 are depicted. It
should be noted that arrows indicate the position of the TSS and do not convey
any information about the gene expression status. Abbreviations: TF, transcription
factor; STATS, signal transducer and activator of transcription 5; SMYD3, SET and
MYND domain containing 3; Trx, Trithorax (the fly ortholog of mammalian mixed
lineage leukemia [MLL]).

Functional interactions between Hsp90 and
transcription machinery at chromatin

The role of Hsp90 in the pausing process is conceptually
similar to the way by which the chaperone maintains
steroid receptors in a hormone-responsive state [34].
Hsp90’s ability to bind transcriptionally active puffs on
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polytene chromosomes [12,19] may suggest that the chap-
erone accompanies the elongating form of pol II over the
gene body. Additionally, Hsp90 complexes on inhibition
become enriched with the core transcription machinery
[35], emphasizing the importance of Hsp90 in transcription
beyond pausing. Given that Hsp90 plays a critical role in
building the RNA pol II complex in cytosol [36], the chap-
erone may structurally assist paused or elongating pol II
complex. Additionally, Hsp90 may actively couple pol II
with the splicing machinery. An exciting avenue for re-
search is the regulation of Hsp90 itself during the tran-
scriptional cycle, at paused promoters and over active gene
bodies. It is likely that the chaperone is subject to the same
post-translational modifications that influence pol II and
chromatin factors. For example, positive transcription
Elongation Factor b (pTEFb) with its Cdk9 kinase may
phosphorylate Hsp90 along with other pausing factors
(Figure 2) and this step may be necessary for efficient gene
activation. Additionally, Hsp90 may be acetylated or meth-
ylated by a myriad of chromatin-modifying enzymes locat-
ed at promoters. Cytosolic isoforms of Hsp90 are known to
be regulated by post-translational modifications [37] and
these may also influence the chromatin-associated form. In
this regard, it is noteworthy that phosphorylation of the
chaperone correlates with its nuclear localization [38] and
stability [39]. How these modifications affect the residence
time of the chaperone at chromatin is an important ques-
tion to gain deeper insights in the chaperone cycle at this
subcellular location. Whereas the Drosophila genome
encodes only one isoform of Hsp90, mammalian cells ex-
press two related proteins — Hsp90a and B. The chromatin
distribution and specific nuclear complexes of the two iso-
forms are unknown, but will be significant in providing a
comprehensive understanding. This is especially relevant
in the light of the finding that some nuclear events are
exclusive to one isoform [38].

Chromatin association of Hsp90 and heat shock

One question that needs immediate attention is what
recruits Hsp90 to chromatin at specific promoters, as
indicated by genome-wide studies. Given that Hsp90 does
not show sequence-specific DNA-binding ability, it may
require other factors to localize. Earlier studies analyzing
a small set of loci have argued for specific transcription
factors as clients recruiting the chaperone to distinct loci
(see above). In addition, a more generic factor such as RNA
pol IT or the pausing factor NELF complex are likely to be
involved in this process and further experiments are re-
quired to address this issue.

Inhibition of Hsp90 is typically thought to elicit a tran-
scriptional response similar to that of elevated tempera-
ture. Indeed, both activate heat-shock genes, albeit to
different extents. However, at chromatin these two pro-
cesses may operate with opposite mechanisms. Heat-shock
conditions cause relocalization of pol II from almost all
genes to heat-shock loci, such that the amount of elongat-
ing pol II decreases in the gene bodies of most genes [40].
This results in a rapid decrease in the fresh transcription of
all genes except heat-shock genes. However, Hsp90 inhibi-
tion causes an increase in elongating pol II in many of its
target genes that are upregulated within minutes. The
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Table 1. A subset of transcription-related proteins interacting with Hsp90

Protein name

Romarks function R |

RNA polymerase |l associated protein 3 (RPAP3) Interacts with Hsp90; involved in RNA pol Il assembly [35,75,76]
RNA pol Il subunit B44 Interacts with Hsp90 [24]
RNA pol Il polypeptide E Interacts with Hsp90 [25,35,75]
RNA pol Il subunit 5-mediating protein (RMP) Interacts with Hsp90; transcription initiation [35]
CCR4-NOT transcription complex, subunit 6 Interacts with Hsp90; core transcriptional regulator [35]

MED7 (Mediator complex subunit 7)

Interacts with Hsp90; cofactor required for transcription and SP1 [24]

activation
p53 and DNA-damage regulated 1 (PDRG1) Interacts with Hsp90 [75]
49 kDa TATA box-binding protein-interacting protein (RUVBL1) Interacts with Hsp90; involved in chromatin remodeling [24,76,77]
48 kDa TATA box-binding protein-interacting protein (RUVBL2) Interacts with Hsp90; involved in chromatin remodeling [76]
TATA box binding protein (TBP) Interacts with Hsp90 [24]
HP1gamma/chromobox protein homolog 3 (Cbx3) Forms aggresome in response to radicicol [23,27]
Nuclear pore complex protein (NUP155) Genetic interaction with Hsp90 [78]
Nucleoporin p54 (NUP54) Forms aggresome in response to radicicol [27]
SWI/SNF-related matrix-associated actin-dependent regulator Genetic interaction with Hsp90; involved in chromatin [24]
of chromatin subfamily A member 5 (SMARCA5) remodeling.
SWI/SNF-related, matrix-associated, actin-dependent regulator Expression downregulated on Hsp90 inhibition; involved in [79]
of chromatin, subfamily C, member 1 (SMARCC1) chromatin remodeling.
TFIID subunit of 145 kDa (TAF145) Interacts with p23, Cns1; involved in transcription initiation [80]
Suppressor of Ty’'s 2 (SPT2)/EXA1 Interacts with Cdc37; involved in RNA polyadenylation [80]
VPS71/SWR1 complex component 6 (SWC6) Interacts with Cdc37; involved in chromatin remodeling [80]

mechanism by which heat shock causes depletion of pol II
at gene bodies is unclear, but may involve nucleosomal
turnover [41]. Whether Hsp90 contributes to this process is
an important mechanistic question. In this respect, it is
interesting to note that Hsp90 binds to many heat-shock
genes before the heat shock occurs [31], as most exhibit
paused pol II. Heat-shock factor (HSF), which activates
these genes on stress, is a known client of Hsp90 and the
two may collaborate at sites of gene expression during heat
shock — a possibility that is yet to be tested.

Hsp90 enters the world of epigenetics

Several well-characterized target genes that are upregu-
lated on Hsp90 inhibition, such as MYC and TP53, are
subject to exquisite epigenetic control. Chromatin repres-
sors involved in transcriptional memory called Polycomb
group (PcG) proteins co-occupy numerous Hsp90 target
promoters. At several loci, Hsp90 functions in the context
of the repression by PcG proteins. How the environment-
sensitive chaperone network interacts with the epigenetic
machinery in influencing the status of RNA pol II is only
beginning to be understood. Considering that the target
genes are activated within minutes after Hsp90 inhibition,
it will be interesting to study the fate of these repressors
and the associated chromatin marks at these loci; for
example, whether H3K27 demethylation and H2AK119
deubiquitination resulting in the loss of these repressive
marks parallel Hsp90 inhibition kinetics. Also, it is unclear
whether PcG proteins are delocalized from these promo-
ters and, if so, what mechanisms operate in that process.
Could client proteins such as BCL-6 repressor act to target
PcG at Hsp90-target promoters? Because PcG and
Trithorax group (TrxG) proteins are involved in retaining
the state of gene expression [42], will the target genes
continue to be activated after transient inhibition of
Hsp90? Are PcG proteins reloaded at the appropriate loci
after reinstating Hsp90 activity? As mentioned above,
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longer inhibition of Hsp90 results in downregulation of a
few Hsp90 target genes, presumably owing to degradation
of Trithorax (TRX), an activator of gene expression. How
does the same chaperone control these opposing activities
at gene promoters? Many of these questions can be an-
swered by careful analysis of epigenetic events before,
during, and after Hsp90 inhibition. However, one likely
difficulty in obtaining accurate answers is the inability to
assess these events at the single-cell level, because the
population average of several epigenetic events may not be
a true representation of the temporal changes occurring at
chromatin within a single cell.

Many proteins besides PcG/TrxG influence pol II paus-
ing/elongation control. Recently, Argonaute 2 (Ago2) was
shown to localize to promoters with paused pol II in
Drosophila cells and to modulate the activity of pol II
[43]. Tt is known that Hsp90 is involved in the assembly
of the Argonaute—small RNA effector complex in cytosol
[44,45]. Thus, it is highly likely that a promoter-associated
chaperone is required for the proper functioning of Ago2
and the consequent regulation of pol II function as well. It
will be interesting to analyze the functional interaction
between Hsp90 and Ago2 at promoters, to determine how
they collaborate in deciding the fate of pol II.

Hsp90, in conjunction with Hsp70, has been recently
shown to play a role in histone turnover in cytosol via
chaperone-mediated autophagy (CMA) [46]. Regulated
turnover of nucleosomal histones is a hallmark of promo-
ters and regulatory regions of chromatin [47] and chaper-
ones like Hsp90 and Hsp70 are important in this process
[21]. Hsp90 bound to promoter regions may thus be instru-
mental in coupling nucleosome removal and their degra-
dation by CMA. Although autophagy is unlikely to occur
inside the nucleus, the chaperone could ferry the histones
to the cytosol for further processing, thus keeping them
distinct from fresh histone pools. Indeed, several transcrip-
tion factors are substrates for CMA [48], underlining the
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Figure 2. The process of pausing of RNA polymerase Il (pol II) and its regulation by
heat-shock protein of 90 kDa (Hsp90). The RNA pol Il complex is assembled
upstream of the transcription start site (TSS) (a-i) and then in many cases
transcribes a short piece of RNA until it halts or pauses under the influence of the
Negative Elongation Factor (NELF) and DRB sensitivity-inducing factor (DSIF)
complexes (a-ii). Positive transcription Elongation Factor b (pTEFb) recruited by
transcription factors (TFs) phosphorylates DSIF and pol Il (depicted by stars) (a-iii),
allowing the latter to synthesize a full-length transcript (a-iv). The traffic lights on
the right depict the state of RNA pol Il and transcription: red, inactive pol II; yellow,
paused pol IlI; green, actively transcribing pol Il. Hsp90 preferentially localizes to
promoters that exhibit pol Il pausing (b-i). Inhibition of the chaperone leads to a
decrease of chromatin-associated NELF, release of pausing, and production of a
full-length transcript (b-ii). It is unclear whether pol Il and DSIF are phosphorylated
by pTEFb in this case (depicted as gray stars).
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Box 2. RNA polymerase |l pausing and elongation control

Recent studies indicate that about one-third of all genes in fly and
mammalian cells exhibit RNA pol Il molecules that are recruited to
promoters but do not enter elongation mode immediately [81]. After
initiation at transcription start sites, Pol Il transcribes for about 40-
100 bases and then pauses, making only a short RNA (Figure 2). Two
complexes play an instructive role in this process: the Negative
Elongation Factor (NELF) complex and the DRB sensitivity-inducing
factor (DSIF) complex [82]. At a molecular level, how pausing is
precisely orchestrated is not yet understood. To activate a paused
gene, pTEFb (comprising Cyclin T1 and CDK9) is recruited to
promoters, where it phosphorylates pol Il, NELF, and DSIF [83].
This releases NELF from chromatin and allows pol Il to extend in the
gene body, making a full-length transcript. This was first reported
for the Hsp70 gene in Drosophila and for the MYC gene in
mammalian cells. The pausing process is thought to keep a gene
in a ready-to-induce form such that the rate-limiting steps of pol Il
assembly at promoters are avoided. Alternative possibilities have
also been speculated on recently [84].

importance of this mode of turnover that is common to
chromatin proteins and possibly nucleosomes.

The role of chromatin-associated Hsp90 in biomedicine
and evolution

Hsp90, genetic variation, and evolution

Hsp90 is proposed to act as a buffer and hence was termed a
capacitor of genetic variation, aiding rapid evolution (Box 3).
It is thought that the buffering capacity of Hsp90 is directed
toward variation occurring in client protein sequences [4].
This hypothesis stems from decades of work on Hsp90-
client interactions in cytosol. However, many studies have
argued that morphological evolution also occurs by changes
in the space and time of expression of proteins and not only
by changing protein sequences per se [49,50]. In other words,
cis-regulatory variation that affects spatial and temporal
patterns of developmental gene expression is speculated to
be animportant substrate for natural selection to act on. The
finding that Hsp90 is localized to chromatin at the promo-
ters of several developmentally important genes thus sug-
gests another intriguing possibility. The chaperone may
buffer genetic variation at target promoters; that is, at
sequences that determine the time and place of expression
of developmentally relevant genes (Figure 3). Mechanisti-
cally, this can be achieved if Hsp90 controls the pausing of
pol Il despite underlying variation at promoter sequences. It
is likely that Hsp90 dynamically stabilizes the NELF com-
plex to a similar extent irrespective of minor alterations in
the DNA sequence affecting sequence-specific regulatory
proteins. Although this has not been substantiated, such
predictions can be tested with reconstituted systems of pol
pausing and regulated release thereof. It should be noted
that causative polymorphisms of Hsp90-contingent traits
have been mapped to both coding and regulatory genomic
regionsin natural yeast strains [51]. Whether this holds true
for metazoan populations that have distinct developmental
programs encoded in the genome remains an exciting area of
future research.

In addition to genetic variation, Hsp90 also buffers
epigenetic variation in conjunction with Trithorax [52].
Although the true nature of this variation remains elusive,
it may stem from the promoters themselves, since both
Trithorax and Hsp90 co-occupy several promoters [19].
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Box 3. The proposed role of Hsp90 in evolution

Inhibition of Hsp90 in developing organisms such as Drosophila and
Arabidopsis results in phenotypic differences in adult structures
[85,86]. This emergent phenotypic variation was thought to have
resulted from pre-existing genetic variation. This led to the
hypothesis that, under normal conditions, Hsp90 minimizes the
effects of genetic variation such that different variants produce one/
few canalized phenotypes. On stress, when the limited pool of
Hsp90 is drawn out of this buffering function, genetic variation
manifests in phenotypic variation (Figure 3). It is this variation on
which natural selection can act, resulting in the emergence of novel
phenotypes suited to the stressful conditions. A corollary to this
logic is that Hsp90 allows accumulation of genetic variation by
reducing its consequences on fitness, thus acting as a ‘capacitor’
[87]. In other words, Hsp90 uncouples genotype from phenotype
and in doing so perpetuates genetic variants that may otherwise
have been selected out. It has been difficult to prove all of the tenets
of this hypothesis in a metazoan population, but recent work on
naturally occurring yeasts has garnered some support for the
hypothesis [61]. However, alternative possibilities for the source of
phenotypic variation have also been suggested. In flies, the
phenotypic variation need not stem from pre-existing genetic
variation, but epigenetic variation and transposon activation on
Hsp90 depletion may also contribute [52,88,89].

Given that PcG/TrxG systems can epigenetically inherit
the state of gene expression [53,54], Hsp90-buffered epige-
netic variation may be inherited through the germline
favoring rapid propagation of selectable phenotypic traits.
Several recent reports attest to the possibility of such
epigenetic inheritance, even in mammals [55], but a clever
experimental design is required to settle this issue.
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Hsp90 and cancer treatment

The singularly important contribution of Hsp90 inhibitors
in the biomedical field is in the treatment of various solid
tumors and leukemia [5,56,57]. More than a dozen Hsp90
inhibitors are in different phases of clinical trials [58].
Although the precise mechanism by which the inhibitors
selectively affect cancer cells is unclear, it is thought that
most oncoproteins depend on Hsp90 for their deadly per-
formance. However, the finding of chromatin-associated
Hsp90 requires careful consideration in this medically
relevant context. First, critical drivers of several cancers
are Hsp90 client nuclear proteins that cause aberrant gene
expression. Hsp90 binds Trithorax/Mixed Lineage Leuke-
mia (MLL) at chromatin [19] and fusion of MLL with
members of the transcriptional elongation complex leads
to several types of leukemia [59]. The BCL-6 transcription-
al repressor that causes diffuse large B-cell lymphoma is a
known client of Hsp90 at promoters of genes such as TP53
[15]. Second, HSF was recently shown to have a malignant
cancer-specific chromatin profile affecting a distinct set of
genes depending on the stage of cancer [60]. This factor is a
well-known client of Hsp90 and the two proteins share a
large set of chromatin targets in fly cells [31]. Third, Hsp90
itself targets and regulates promoters of MYC, TP53, and
many miRNAs involved in apoptosis and cellular prolifer-
ation in human as well as fly cells [15,17,31]. Fourth,
histone deacetylase (HDAC) inhibitors have a synergistic
effect on reducing cancer when combined with classical
Hsp90 inhibitors [61]. Although not directly demonstrated,
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facilitating rapid evolution.
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it is possible that both inhibitors collaborate at the level of
gene expression in reducing the aberrant expression of
genes responsible for carcinogenesis. Finally, Hsp90 inhib-
itor-treated cancer cells develop resistance to drugs pri-
marily by mounting a heat-shock response [62]. Given that
Hsp90 associates with the promoters of most heat-shock
genes, it is possible that the chromatin-associated chaper-
one is crucial for development of this resistance. All these
issues beg for reevaluation of strategies to combat cancer
by inhibiting the molecular chaperone. Separate consider-
ation of nuclear and cytosolic pools of Hsp90 may be a more
rational and objective way to approach the issue. Whereas
some cancers may rely on nuclear Hsp90 (such as those
driven by MLL fusion proteins), others may depend only on
cytosolic pools. Inhibition of nuclear Hsp90 in the latter
case may thus bring about toxic side effects that could be
avoided by a more strategic treatment regimen. Develop-
ment of drugs that specifically target the chaperone in
distinct subcellular compartments will be the first step
toward more efficient treatment. Recent research on tar-
geting the mitochondrial pool of Hsp90 attests to the
plausibility of such an approach [63]. How can the cytosolic
and nuclear pools of the chaperone be independently inhib-
ited? Making use of activating enzymes such as esterases
that are specific to a compartment may be one approach.
Tapping the potential of the selective permeability of the
nuclear membrane might be another way. A more biologi-
cally inspired method would be to target the nucleus-
specific co-chaperones, if any, that Hsp90 employs.
Hsp90 is known to have an altered interactome in cancer
cells, because they contain a higher-ordered multichaper-
one complex [17]. A chromatin-based Hsp90 interactome in
cancer and normal cells may identify convenient drug
targets. Additionally, promoter-specific post-translational
modifications of Hsp90 may render the nuclear chaperone
more susceptible to pre-existing drugs compared with its
cytosolic counterpart. Moreover, nuclear entry of the chap-
erone might itself be a possible target step, because cha-
perones like Hsp70 require distinct protein networks for
nuclear entry [64]. Overall, a thorough understanding of
the chromatin transactions in which Hsp90 participates in
normal and tumor cells will pave the way for suitable
treatment regimens designed for individual pathologies.

Concluding remarks
Numerous studies in recent years have attributed specific
functions to chromatin-associated Hsp90. These range
from disassembling transcriptional complexes [14] to
maintaining pol II pausing [31]. Almost one-third of all
genes — coding and non-coding — appear to be influenced by
the chaperone at chromatin. The mechanistic details are
emerging gradually, but are difficult to interpret in the
light of the inherent complexity of the Hsp90 chaperone
network. A unified picture of the chromatin roles of Hsp90
with a systems-level understanding of the participating
processes will be an important aim for future analyses. We
believe that these findings will lead to a reinterpretation of
existing paradigms concerning the role of this chaperone in
cancer and evolution.

It is becoming apparent that Hsp90 will be a hub in the
epigenetic regulation of gene expression, with specific
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connections to the promoter-bound apparatus. Conceptu-
ally, this presents another case of striking resemblance
between nuclear and cellular pathways; for example, the
discovery of ubiquitin-dependent extraction of chromatin
(UDEC) proteins in the nucleus that are mechanistically
similar to endoplasmic reticulum-associated degradation
(ERAD) [65]. These cases buttress the point that cells have
evolved to reuse the same machinery in different contexts
to achieve distinct end results. Thus, our knowledge about
the functioning of Hsp90 in cytosol should guide detailed
mechanistic experiments underlining critical differences
in the two pools of Hsp90.

Few molecules in cells have a position in the molecular
network as important and as medically relevant as Hsp90.
Novel functions continue to add to its rich repertoire of
physiological duties, opening new avenues for therapeutic
interventions. Owing to its low amounts in the nuclear
compartment, chromatin-associated Hsp90 has received
limited attention in past decades. With a suite of biochem-
ically defined activities at promoters, telomeres, and DNA
replication hubs charted in the past few years, nuclear
Hsp90 will be the focus of intense research in the future.
The ramifications of these recent studies reach areas as
diverse as epigenetics, medicine, and evolution.
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