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ABSTRACT 12 
 13 
Heat shock protein 90 (Hsp90) represents one of the most conserved proteins in living 
organisms and is present in all kingdoms of life except for Archaea. HSP90 proteins define a 
widespread family of molecular chaperones that play a fundamental role in protein 
homoeostasis and viability. HSP90s mediate folding and maturation of a broad spectrum of 
client proteins including steroid hormone receptors, transcription factors, and protein 
kinases. HSP90s primarily exist as homodimers whose activity is regulated by ATP. Hsp90 
can adopt different ATP-triggered conformations, ranging from an open V-shaped 
unliganded to a closed ATP-bound state. HSP90 chaperones can be found not only in the 
cytosol, ER, chloroplasts, mitochondria, and the nucleus but also in the extracellular milieu 
where they act as potent stimulators of immune responses. The activity of Hsp90 is 
regulated by post-translational modifications and its association with numerous co-
chaperones and client proteins involved in signal transduction and transcriptional regulation. 
Elevated levels of HSP90s can be found in a broad spectrum of cancers where they 
enhance cell growth, suppress senescence, and confer resistance to stress-induced 
apoptosis, including protection against cytostatic drugs and radiation therapy. Since 
numerous oncoproteins are clients of Hsp90, targeting Hsp90 represents a useful anti-
cancer approach. In this review, the current knowledge on the Hsp90 chaperone machinery 
and its role in disease and therapy is compiled. 
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1. INTRODUCTION 18 
 19 
The 90 kDa heat shock proteins (HSP90s) are highly abundant and ubiquitous ATP-20 
dependent molecular chaperones with diverse biological functions involved in maintaining 21 
normal tissue homeostasis. Similar to other HSPs, Hsp90 is capable of binding unfolded or 22 
non-native polypeptides and preventing their aggregation. Hsp90 was originally described 23 
amongst a defined set of heat shock proteins (HSPs) that are rapidly induced in fungal, plant 24 
and animal cells in response to acute thermal up-regulation [1]. It represents the major 25 
soluble protein of the cell and is most commonly located in the cytoplasm. Apart from their 26 
cytosolic localization, HSP90 paralogues can be found in the endoplasmic reticulum (ER), 27 
mitochondria, chloroplasts, and the nucleoplasma [2-4]. Moreover, HSP90 proteins can also 28 



 

be located on the cell surface and in the extracellular space, even though HSP90s do not 29 
bear a recognizable transmembrane domain for membrane anchoring. Although the first 30 
report of an ER/Golgi-independent release of Hsp90 from viable cells with intact cell 31 
membranes was made in the late 1980s by Hightower and Guidon [5], the molecular 32 
mechanisms underlying HSP release continue to be a matter of debate given that cytosolic 33 
HSPs lack a consensus signal for secretion. Different processes have been proposed, 34 
including non-classical exosomal release [6] and passive release after cell death by necrosis 35 
[7]. A wealth of evidence now demonstrates that membrane translocation and secretion of 36 
Hsp90 does not occur through the classical ER/Golgi protein secretory pathway [8, 9]. 37 
 38 
1.1 The HSP90 family of chaperones 39 
 40 
Eubacteria express a single Hsp90 homologue, referred to as HtpG (high-temperature 41 
protein G) that is absent in Archaebacteria with the exception of Methanosarcina mazei who 42 
possesses a gene that is well-aligned with the bacterial htpG [10, 11]. HtpG is a dimeric 43 
phosphoprotein with functional and structural similarities to eukaryotic HSP90s. All 44 
eukaryotes have several HSP90-encoding genes leading to the expression of compartment-45 
specific isoforms fulfilling organelle-specific functions. The human HSP90 family comprises 46 
five gene products differing from each other by expression level, subcellular location and 47 
amino acid constitution (Table 1). They are encoded by a multigene family encompassing six 48 
genes and 11 pseudogenes in humans [12]. Functional genes encoding HSP90 proteins 49 
map to several chromosomes as given in Table 1. The two major cytosolic HSP90s cover 50 
the inducible Hsp90α1 (Hsp90AA1, HspC1) and the constitutive Hsp90β (Hsp90AB1, 51 
HspC3), resulting from a gene duplication about half a billion years ago [13]. Hsp90α2 52 
(HspAA2, HspC2) represents a putative shorter isoform of Hsp90α1 which was originally 53 
classified as a pseudogene. Nowadays, the existence of this protein is supported by 54 
unambiguous mass spectrometry evidence [14]. Hsp90α2 may be implicated in promoting 55 
the maturation, structural maintenance and proper regulation of specific target proteins. 56 
 57 
Two additional homologues exist in mitochondria and the ER: Trap-1 and Grp94. Grp94 58 
(HspC4, Hsp90B1) constitutes the ER paralogue of Hsp90 which arose by a gene 59 
duplication event very early in the evolution of eukaryotic cells [15, 16]. Grp94 is present in 60 
all eukaryotes with the exception of fungi that have most probably lost it [15]. In contrast to 61 
heat-inducible Hsp90α, Grp94 is glucose-regulated and induced by glucose starvation [2]. It 62 
participates in protein folding and assembly, protein secretion, apoptosis protection, and 63 
mediating immunogenicity in tumour and virally infected cells [16, 17]. Trap-1 (HspC5, 64 
Hsp90L) is located to mitochondria and contains a mitochondrial localization sequence at 65 
the N-terminus [3]. Trap-1 appears to represent a close relative of HtpG originating from a 66 
HtpG-like ancestor [3, 11]. It is Involved in maintaining mitochondrial function and 67 
polarization and also acts as a negative regulator of mitochondrial respiration, able to 68 
modulate the balance between oxidative phosphorylation and aerobic glycolysis [18]. 69 
 70 
HSP90s function as part of multi-chaperone complexes by interaction with various co-71 
chaperones that affect the binding specificity of Hsp90 for particular client proteins by 72 
promoting their conformational integrity. This multitude of regulatory interactors regulate the 73 
activity of the chaperone, making Hsp90 a central hub for several signalling pathways [19]. 74 
While Hsp90 ensures the stability of these client proteins, its inhibition leads to proteasomal 75 
degradation of the clients. Meanwhile, more than 400 clients have been identified up to date 76 
and many of them are implicated in mediating signal transduction pathways, apoptotic 77 
evasion, differentiation as well as metastasis [20-22]. The best characterized of the many 78 
client proteins (listed at http://www.picard.ch/) originate from two classes: steroid hormone 79 
receptors (SHRs) and protein kinases [23]. The range of Hsp90 co-chaperones also involves 80 
Hsp70 as well as Hsp40 (DnaJ), forming a major cytoplasmic chaperone network. 81 
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 83 
Table 1. The human HSP90 family of chaperones 84 
 85 

Protein  UniProt 
ID 

Aliases  Cellular 
localization 

Length 
(aa) 

Gene Chro mosome  Gene 
ID 

Inducible  

 P07900 
 

Hsp90α1 
Hsp90AA1 
HspCA, 
Hsp86, Hsp89 
Hsp90A, renal 
carcinoma 
antigen NY-
REN-38 
 

Cytosol, 
nucleus, cell 
membrane, 
extracellular 
exosomes 

732 HSP90AA1 
HSPC1 

14q32.33 3320 Yes 

HspC2 Q14568 Hsp90α2 
Hsp90AA2 
HspCA 
Hsp90α-like 3 
 

Cytosol, 
extracellular 
exosomes 

343 HSP90AA2 
HSPC2 

11p14.1 3324 ? 
 

HspC3 P08238 Hsp90β 

Hsp90AB1 
Hsp84 
HSP90B 
HspCB 

Cytosol, 
nucleus, cell 
membrane, 
extracellular 
exosomes, 
mitochondrion 
 

724 HSP90AB1 
HSPC3 

6p12 3326 No  

HspC4 P14625 Endoplasmin 
Grp94, Gp96 
Hsp90B1 
Tra-1 

ER, cell 
membrane, 
extracellular 
exosomes  
 

803 HSP90B1 
HSPC4 

12q24.2-
q24.3 

7184 Yes 

HspC5 Q12931 Trap-1, Hsp75 
Hsp90L 

Mitochondrion, 
nucleus, 
extracellular 
exosomes 

704 TRAP1 
HSPC5 

16p13.3 10131 No 

 86 
 87 
2. STRUCTURE AND FUNCTION  88 
 89 
2.1 Structural features 90 
 91 
HSP90s are abundant and highly specialized molecular chaperones that primarily exist as 92 
ATP-regulated homodimers. Dimerization is essential for the vital functions of HSP90s [24]. 93 
Nevertheless, higher oligomeric states including hexamers have been reported [25]. It has 94 
been shown previously that oligomerization enhances substrate binding and prevents 95 
irreversible aggregation [26, 27]. 96 
 97 
Almost all Hsp90 homologues display a common domain architecture with three well-defined 98 
domains: (i) a highly conserved N-terminal nucleotide binding domain (NTD) responsible for 99 
ATP binding and hydrolysis, (ii) a middle domain (MD) which completes the ATPase site 100 
necessary for ATP hydrolysis and binds client proteins, and (iii) a highly conserved C-101 
terminal dimerization domain (CTD) with the pentapeptide M-E-E-V-D involved in the binding 102 
of several co-chaperones and other HSPs bearing a tetratricopeptide repeat (TPR) domain 103 
[28]. Members residing in certain subcellular compartments harbour an N-terminal 104 
localization signal, while the ER-specific Grp94 (HspC4) contains the C-terminal ER 105 



 

retention signal K-D-E-L [29]. The ATP-binding pocket within the NTD further functions as 106 
binding site of numerous natural substances such as the antibiotics radicicol and 107 
geldanamycin that promote degradation of protein kinases and interfere with Hsp90 108 
functions [30, 31]. In eukaryotes, a short charged region of about 50 amino acid residues 109 
links the NTD and the CTD [32]. This region varies in both, length and composition among 110 
species and isoforms with being entirely absent in mammalian Trap-1 and bacterial HtpG 111 
[32]. Although the charged linker is not essential for Hsp90 function, it is crucially involved in 112 
the coordination of the NTD and CTD to maintain the conformation of ATP binding to Hsp90. 113 
This inter-domain charged linker has been found to regulate Hsp90 allosteric signalling in 114 
conjunction with the MD [33].  115 
 116 
Hsp90 dimers are extremely dynamic and plastic molecules whose chaperone activity has 117 
been linked structurally to a “molecular clamp” [34]. A considerable mobility of the molecular 118 
chaperone was seen in diverse structural arrangements of the crystallographic 119 
conformations, ranging from a structurally rigid and closed ATP-bound form of yeast Hsp90 120 
(Fig. 1A, [28]) to a V-shaped apo-form (Fig. 1D+E) and a semi-closed ADP-bound form (Fig. 121 
1C) of the bacterial homologue HtpG [35]; and an intertwined conformation with close 122 
contacts between the two NTDs in the Grp94 homologue (Fig. 1B, [36]). In the nucleotide-123 
free open state, the C-termini of two Hsp90 monomers interact thereby forming an anti-124 
parallel V-shaped homodimer. Concurrently, the N-termini of the Hsp90 homodimer preserve 125 
an open-state facilitating the capture of client proteins [37]. ATP binding to the open 126 
structure induces conformational rearrangements of the N-termini, resulting in closing of a 127 
“lid” over the bound nucleotide followed by the association of the NTDs. Continued 128 
rearrangements allow interactions of the NTDs and MDs, culminating in the closed 129 
conformation that is able to hydrolyze ATP [28]. ATP hydrolysis provokes opening of the lid 130 
followed by dissociation of the NTDs and subsequent ADP release, thereby returning Hsp90 131 
to the open unliganded conformation [36]. It is still unclear to which extent the nucleotide 132 
state alone is able to define specific conformational states, since the Hsp90 homodimers 133 
have been found to exist in a dynamic equilibrium between open, closed and intermediate 134 
conformations [33]. In this regard, several client recruiter co-chaperones such as Rar-1 135 
(required for Mla-12 resistance) and Sgt-1 (suppressor of G2 allele of SKP1) have been 136 
demonstrated to orchestrate global changes in the Hsp90 dynamics and stability, affecting 137 
ATPase activity and recruitment of client proteins [38]. 138 
 139 



 

 140 
 141 
Fig. 1. Structures of the full-length Hsp90 dimer 142 

Hsp90 can adopt different nucleotide-triggered conformations: (A) a closed ATP-bound 143 
conformation [28]; (B) a V-shaped conformation [36]; (C) a semi-closed, ADP-bound conformation 144 
[35]; (D) an open apo-form [35]; and (E) an extended apo-HtpG conformation [39].The NTD is 145 
given in blue, the MD is in yellow-green and the CTD in pink. The Hsp90 crystal structures are 146 
shown as ribbon representation overlayed with the surface representation at 50% transparency  147 
(reproduced from Dixit et al. 2012, PLoS ONE 7(5): e37605.  148 
doi:10.1371/journal.pone.0037605.g00)1 149 
 150 

 151 
2.2 Function of intracellular HSP90 chaperones 152 
 153 
HSP90s define a widespread family of molecular chaperones that play a fundamental role in 154 
protein synthesis, folding and degradation. The functions of the different HSP90 family 155 
members depend on their cellular localization. Intracellular residing HSP90s launch a rapid 156 
response to environmental stressors such as heat, hypoxia, UV and gamma-irradiation, 157 
reactive oxygen intermediates (ROI), and injury-induced growth factors [40]. HSP90s are 158 
abundant and highly specialized ATP-dependent molecular chaperones essential for the 159 
integrity of multiple signalling pathways that are associated with cell proliferation and 160 
viability. There have been a number of particularly interesting and important findings relating 161 
to the role of Hsp90 in promoting and maintaining the proper assembly of multi-protein 162 
complexes including the kinetochore, PI3K-related protein kinase (PIKK), RNA polymerase 163 
II, snoRNA, RNA-induced silencing complex (RISC), telomere complex, and 26S 164 
proteasome. To fulfill these certain duties, HSP90s mediate complex assembly and changes 165 
in the composition of the complex without being part of the final assembled complex [41]. 166 
Under stress, HSP90s prevent denaturation and aggregation of substrate proteins and 167 
promote refolding of denaturated proteins in a large cytosolic complex denoted as the 168 
foldosome [2, 42] (Figure 2). In eukaryotes, HSP90s mediate extensive stress signal 169 



 

transduction including substrate activation as well as folding of steroid hormone receptors 170 
(SHRs), transcription factors, and protein kinases [34, 43, 44]. Another important finding is 171 
that Hsp90 appears to be involved in maintaining the monomeric state of the transcription 172 
factor HSF-1 under non-stressful conditions [45]. Moreover, HSP90s function as an 173 
important hub in a variety of protein interaction networks promoting tumour cell development 174 
[34, 46-48]. In malignantly transformed cells, HSPs enhance cell growth, suppress 175 
senescence, and confer resistance to stress-induced apoptosis including protection against 176 
cytostatic drugs and radiation therapy [49]. Several oncoproteins have been identified as 177 
being targets of HSP90s, rendering Hsp90 inhibition a promising approach in anti-tumour 178 
strategies [50, 51]. In recent years a wealth of evidence has been collected to demonstrate 179 
that inhibition of HSP90s contributes to degradation of many oncoproteins, thus expanding 180 
anti-cancer approaches [28, 34, 44, 52]. 181 
 182 
As outlined above, HSP90s are crucially involved in the functional activation of SHRs. SHRs 183 
play diverse roles in human physiology such as responses to stress, apoptosis induction, 184 
regulation of differentiation, sexual development, and, in general, maintaining homeostasis. 185 
SHRs are nuclear receptors that act as ligand-activated transcription factors whose activity 186 
requires the presence of numerous co-chaperones [53]. SHRs depend on the binding of 187 
Hsp90 for efficient loading of their steroid ligands. However, the concept of SHR activation 188 
continues to be a matter of debate and different mechanisms have been suggested [53-55]. 189 
Based on current knowledge, the following reaction cycle of SHR activation is proposed 190 
(Figure 2). In the absence of the steroid hormone, SHRs reside in the cytosol bound to a 191 
complex of HSPs, chaperones and co-chaperones including Hsc70, Hsp90, and p23 [56]. 192 
This multi-protein complex is referred to as the foldosome [53]. In the early stage of 193 
foldosome assembly, SHRs are recognized by the Hsc70/Hsp40 chaperone complex in an 194 
ATP-dependent manner [57]; see Figure 2. This complex is modified by the docking of the 195 
adapter protein Hop (Hsp70/Hsp90 organizing protein) to the open-state Hsp90 via its TPR 196 
domains to form the intermediate foldosome complex [58]. Intermediate stages may also 197 
involve binding of Hop to the ADP-bound form of Hsp90 [53]. The intermediate complex has 198 
been postulated to further contain the co-chaperone Hsp70 interacting protein (Hip) which 199 
augments recruitment of Hsp90 and Hop to the foldosome complex [59]. Maturation of the 200 
foldosome complex is achieved by the addition of the immunophilins FKBP51 (FK506-201 
binding protein 51) and FKBP52 followed by dissociation of Hsc70/Hsp40, Hip and Hop as a 202 
result of conformational changes in Hsp90 induced by ATP binding [55]. Consequently, the 203 
NTDs are closed thereby attenuating Hop’s affinity for the complex [60, 61]. This N-204 
terminally dimerized Hsp90 shows high affinity for p23 that stabilizes the Hsp90-complexed 205 
SHR [62]. Recruitment of p23 is facilitated by the Hsp90 ATPase activator Aha-1 which 206 
associates with the MD of Hsp90, thus contributing to SHR maturation [63]. The SHR now 207 
binds the steroid hormone [64], leading to conformational rearrangements that culminate in 208 
nuclear translocation, activation and release of SHR, followed by receptor dimerization and 209 
binding to response elements in regulatory regions of certain target genes [65, 66]. Studies 210 
probing SHR import revealed an active contribution of foldosome constituents to SHR 211 
nuclear translocation [67]. Further co-chaperones such as Bag-1, Hsp10, Hsp27, and Hsp60 212 
have been reported to have nuclear effects on SHR actions. These molecules play a crucial 213 
role in SHR signalling as they associate with the foldosome complex without being directly 214 
involved in its assembly [53]. It is still enigmatic how the SHR nuclear translocation is 215 
regulated. It has been suggested that hormone-directed recruitment of dynein to FKBP52 216 
might cause transport of the mature SHR complex to the nuclear compartment [68]. 217 
Notwithstanding this issue, further investigations are required in order to shed light on the 218 
role of single co-chaperones in Hsp90-mediated SHR regulation. 219 



 

 220 
Fig. 2. The ATPase-driven steroid hormone receptor activation cycle. 221 

Schematic representation of previous work outlining the proteins involved in hormonal activation of 222 
the steroid hormone receptor (SHR). It is well accepted that three individual stages of foldosome 223 
assembly co-exist in the cell in a constant loop of association and dissociation: early, intermediate 224 
and mature. The model presented comprises recruitment of the Hsc70/Hsp40 chaperone complex 225 
to the SHR as a first step in foldosome assembly in the cytosol, followed by successive 226 
recruitment of numerous adapter molecules. This functional sequence is completed by 227 
concomitant recruitment of dynein and SHR translocation to the nucleus as a complex prior to the 228 
final dissociation of the complex within the nucleus to form the DNA binding-competent form of the 229 
receptor. The hormone-liganded dimerized receptor is primed for interaction with hormone 230 
response elements in regulatory regions of certain target genes; for details see text. 231 
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 233 
2.3 Function of extracellular HSP90 chaperones  234 
 235 
Evidence has emerged to demonstrate that normal cells secrete Hsp90 unless under 236 
environmental stress cues, whereas Hsp90 secretion occurs constitutively in certain tumour 237 
cells. Constitutive Hsp90 secretion has been reported as being linked to abnormalities in 238 
tumour suppressor genes and proto-oncogenes (summarized by Li et al. [69]). A few up-239 
stream regulators of Hsp90 secretion in normal and tumour cells have been identified 240 
including p53 [70], the ubiquitine ligase Hectd-1 [71] and HIF-1α [72, 73]. Amongst these, 241 
HIF-1α functions as a central regulator of the Hsp90 release. The studies by Li and 242 
colleagues convincingly reveal that HIF-1α mediates hypoxia-triggered Hsp90α secretion in 243 
primary human dermal fibroblasts and keratinocytes. A dominant negative mutant of HIF-1α 244 
has been found to inhibit Hsp90α secretion, whereas a constitutively active mutant of HIF-1α 245 
enables Hsp90α secretion even under normoxia; a mechanism that also may occur in 246 
tumour cells [72, 73]. 247 
 248 
Extracellular HSP90s (eHSP90s) are considered as molecules with immunomodulatory 249 
functions, inter alia, through their ability to bind antigenic peptides during intracellular antigen 250 
processing. After their release from tumour cells into the extracellular compartment, 251 
HSP90/peptide complexes bind to surface receptors on antigen-presenting cells (APCs), 252 
followed by cross-presentation to CD8+ cytotoxic T lymphocytes on MHC class I molecules 253 
culminating in specific tumour cell killing [74-76]. A wealth of evidence demonstrates that 254 
extracellular HSPs can stimulate cellular cytokine synthesis with the generation of pro- 255 
and/or anti-inflammatory cytokine networks regardless of chaperoned peptides. In the innate 256 
or peptide-non specific outcome, HSPs engage surface receptors that trigger the secretion 257 
of inflammatory cytokines from APCs via NF-κB activation and up-regulation of co-258 
stimulatory molecules (e.g. MHC II, CD86), followed by migration of denditric cells (DCs) to 259 
draining lymph nodes [77]. The expression of a number of putative HSP90 receptors 260 
including scavenger receptors (e.g. SR-A, CD36, SREC-1), the C-type lectin receptor CD91 261 
(α2-macroglobulin receptor, Lrp-1), and TLR-2/-4 have been identified on a range of cell 262 
types, some of which (e.g. TLR-2/-4) have been suggested to facilitate the uptake of 263 
exogenous HSP90s and modulate the phenotype and function of APCs and T cell sub-264 
populations, as well as the nature and potency of innate and adaptive immune responses. 265 
However, the function of these molecules as HSP90 receptors should be perceived with 266 
great care because of reports suggesting that the pro-inflammatory actions of HSP90s might 267 
rely on the binding of LPS which also interacts with these receptors, even though much of 268 
the evidence argues against this concept. Notably, cytokines themselves are able to 269 
modulate the synthesis of selected cell stress proteins and may also promote their release 270 
[78]. In a recent report, UV-radiation and cisplatin treatment rapidly induced the expression 271 
of membrane-bound Hsp90 (mHsp90) and promoted the release of IL-6 and IL-1β as well as 272 
DC maturation [79]. mHsp90 could facilitate the uptake of dying cells by bone marrow-273 
derived DCs via the lectin-like oxidized LDL receptor-1 (LOX-1). In addition, mHsp90 was 274 
noted to promote the cross-presentation of ovalbumin antigen, and inhibition of the uptake of 275 
dying cells by LOX-1 decreased the cross-presentation of cellular antigen. From these 276 
findings it can be concluded that the rapid exposure of HSPs on dying cells at the early 277 
stage facilitates the recognition by and confers an activation signal to the immune system 278 
[79]. It is interesting to note that tumour-derived chaperone-rich cell lysates (CRCLs) 279 
containing Hsp90 and Grp94 have been identified to directly stimulate pro-inflammatory 280 
cytokine and chemokine production by NK cells, which may lead to activation and 281 
recruitment of macrophages at the tumour site, thus providing further insight into the function 282 
of CRCLs in anti-cancer immunity [80]. Experiments with pharmacological HSP90 inhibitors 283 
revealed a contribution of the transcription factor NF-κB, the oncogene AKT and the IκB 284 
kinase (IKK) complex in immune-stimulated production of inflammatory mediators such as 285 



 

IL-1, IL-6, TNF and NO [81, 82]. Since the IKK complex plays a crucial role in 286 
carcinogenesis, the inhibition of its long-term activation by HSP90 and/or HSP70 modulators 287 
may prevent cancer development during chronic inflammation, one of the hallmarks of 288 
cancer. 289 
 290 
A well-characterized of the many functions of eHsp90 is to promote cell motility, a central 291 
event in wound healing and cancer. eHSP90s play a central role in driving a non-motile 292 
tumour cell to become motile and invasive, as Hsp90 affects any step in tumour invasion 293 
including tumour cell migration [83]. The widely expressed cell surface receptor CD91 (Lrp-294 
1) was identified by Cheng and co-workers as the receptor for eHsp90 involved in promoting 295 
cell migration [84]. eHsp90 may thus act as an autocrine and paracrine factor, promoting cell 296 
motility not only for tissue repair but also for tumour invasion and metastasis. In many 297 
tumour types, HIF-1α is constitutively activated and triggers Hsp90 release even in the 298 
absence of any environmental stress insult (see above). Tumour-derived eHsp90 then 299 
promotes tumour cell motility by interacting with either CD91 or other targets including MMP-300 
2 [85], MMP-9 [86] and the Her-2 tyrosine kinase receptor [87]. 301 
 302 
 303 
3. REGULATION 304 
 305 
3.1 Transcriptional regulation 306 
 307 
When cells are subjected to environmental stress, they respond by enhancing expression of 308 
HSPs. The rapid induction of HSPs in response to environmental stress is based on a 309 
variety of genetic and biochemical processes referred to as the heat shock response (HSR) 310 
[88]. The HSR is an ancient and sophisticated cytoprotective mechanism to augment 311 
organismal survival and longevity in the face of proteotoxic stress from without and within 312 
[89]. The HSR is highly significant in human pathology, as HSP levels increase in cancer 313 
and promote tumourigenesis and decline in protein aggregation disorders such as 314 
Alzheimer’s disease [90, 91]. The expression of at least two members of the HSP90 family is 315 
induced by stress (Table 1). HSR is regulated mainly at the transcription level by heat shock 316 
factors (HSF). Among them, HSF-1 is considered as being the key transcription factor of 317 
stress-inducible HSPs [92]. Under non-stress conditions, HSF-1 exists as an inactive 318 
monomer in the cytoplasm in association with Hsp70 and Hsp90 [93]. In response to stress, 319 
Hsp70 and Hsp90 proteins are released followed by the formation of phosphorylated and 320 
sumoylated HSF-1 homotrimers capable of binding to heat shock elements (HSEs) up-321 
stream of HSP promoters, thereby triggering HSPC transcription [94, 95]. The mammalian 322 
target of rapamycin kinase (mTOR) plays a key role in response to proteotoxic stress due to 323 
its capacity to directly phosphorylate, and thus activate, HSF-1 [96]. Proteotoxic stress often 324 
results from the mTOR-mediated overproduction of cellular components contributing to 325 
several processes that might become pathological such as cellular senescence, 326 
adipogenesis and glucose homeostasis. 327 
 328 
The HSF-1 activity is negatively regulated at multiple levels. In this regard, activated HSF-1 329 
trimers have been identified to interact with Hsp70 and the co-chaperone Hsp40 (DnaJ), 330 
leading to the blockage of its transactivation capacity [97]. HSF-1 transcriptional activity is 331 
also blocked by preventing DNA binding through acetylation of the DNA-binding domain of 332 
HSF-1. Moreover, the deacetylase and longevity factor SIRT-1 regulates the attenuation 333 
phase of the HSR by maintaining HSF-1 in a deacetylated, DNA binding-competent state 334 
[98]. As already mentioned, constitutive high levels of Hsp90 are frequently observed in 335 
cancer cells, in which the chaperone confers resistance to stress-induced apoptosis, serves 336 
in suppressing default senescence, and is associated with the development of metastasis 337 
and drug resistance. In tumours, Hsp90 may be also expressed irrespective of HSF-1 338 



 

transcriptional activity. Possible candidates for Hsp90 synthesis in the absence of stress 339 
include the transcription factors NF-IL6, STAT-1, and STAT-3. As shown by different groups, 340 
IL-6 up-regulates Hsp90 and activates the Hsp90β (HSP90AB1) promoter via NF-IL6 341 
(C/EBPβ) and STAT-3 [99, 100]. Both factors bind to promoter sequences that are different 342 
to those that are used by HSEs and compete with HSF-1 for HSP90 expression on stress 343 
[99]. In contrast, STAT-1 recognizes IFN-γ activated sequences without competing with 344 
HSF-1 for transcription [101]. The effect of IFN-γ/STAT-1 is mediated via a Hsp90β 345 
(HSP90AB1) promoter region which also recognizes NF-IL6, STAT-3 and HSF-1; all of them 346 
acting together in up-regulating HSPC transcription regardless of stress [101]. In addition to 347 
SIRT-1, recent investigations identified mTORC-1 as a putative cancer-related HSF-1 348 
regulator in tumours, contributing to Hsp90 over-expression by stimulating HSF-1 expression 349 
and/or activity [96]. In sum, these studies led to the identification of a composite response 350 
element within the HSPC proximal promoter region that connects the HSF-mediated HSR 351 
with IL-6 and IFN-γ signalling to regulate HSP expression. It has been shown previously that 352 
several inflammatory mediators and signalling molecules such as NF-κB and TNF are strictly 353 
linked to HSP gene expression and protein functions. In this context, the NF-κB subunit 354 
p65/RelA serves as a transcription factor for various HSPs including Hsp90 that in turn may 355 
have anti-apoptotic functions in cancer cells [102, 103]. 356 
 357 
3.2 Post-transcriptional regulation 358 
 359 
Apart from its transcriptional regulation, HSP90 proteins have also been found as being 360 
regulated at the post-transcriptional level by micro-RNAs (miRNAs) that are critically 361 
involved in transformation, differentiation and proliferation. Global alterations in miRNAs can 362 
be observed in a number of disease states including cancer [104]. However, little information 363 
is available on the role of miRNAs in the regulation of the HSPC expression. The group of 364 
Biao Cheng identified Grp94 (Hsp90B1) as being a direct target of miR-223 in 365 
osteosarcoma, acting as a tumour suppressor via the PI3K/AKT/mTOR pathway [105]. A 366 
recent study convincingly demonstrated that hyperthermia-induced up-regulation of Hsp90 367 
was suppressed by miR-27a in human oral squamous cell carcinoma cells [106]. In 368 
experimental cardiomyopathy, Hsp90β has been identified as an indirect target of miR-499 369 
by modifying the phosphorylation state of Hsp90β [107]. More recently, miR-27b [108], miR-370 
134 [109], and miR-222* [110] have been characterized as regulators of the HSP90 371 
expression. However, future approaches analyzing the regulatory potential of miRNAs in the 372 
HSP90 expression will shed light on the post-transcriptional regulation of these chaperones. 373 
 374 
3.2 Post-translational regulation  375 
 376 
Hsp90 is subjected to several post-translational modifications including phosphorylation (all 377 
isoforms), acetylation (Hsp90α1, Hsp90β, Trap-1), oxidation (Hsp90α), nitration (Hsp90β) 378 
and S-nitrosylation (Hsp90α1, Hsp90β) [111] as well as methylation (Hsp90α), N/O-379 
glycosylation (Grp94, Hsp90β), ubiquitination (Hsp90α, (Hsp90β) and sumoylation 380 
(Hsp90α, (Hsp90β). Phosphorylation was the first identified Hsp90 post-translational 381 
modification in mammalian cells, affecting its function and interaction with client proteins 382 
including Aha-1, Cdc-37 [112], pp60v-src [113] and eNOS [114]. However, the influence of 383 
Hsp90 phosphorylation on its activity is far from being completely understood. Recent 384 
investigations by Wang et al. demonstrate that the phosphorylation status of Thr90 385 
determines secretion of Hsp90α [115]. Evidence for an acetylation of Hsp90 has emerged 386 
after the discovery of the histone deacetylase 6 (HDAC6) as being an interaction partner of 387 
Hsp90 [116]. Hsp90 is known to be hyperacetylated at eleven lysyl residues culminating in 388 
blockage of ATP binding and affecting its interaction with several client proteins such as the 389 
glucocorticoid receptor [117, 118]. The identification of HDAC1 and HDAC10 as further 390 



 

enzymes capable of deacetylating Hsp90 [119, 120] reveals reversible acetylation as being 391 
a unique mechanism that regulates the Hsp90 chaperone complex activity. 392 
 393 
S-Nitrosylation and oxidation are further post-translational modifications of Hsp90, affecting 394 
ATPase activity and affinity to client proteins [121, 122]. Methylation represents a critical 395 
step in the post-translational modification of HSP90s. The only known Hsp90 396 
methyltransferase identified so far is Smyd-2, and this enzyme is responsible for methylation 397 
of several lysyl residues in human HSP90 [123]. Smyd-2-dependent Hsp90 methylation has 398 
been shown to promote cancer cell proliferation by regulating the Hsp90 chaperone complex 399 
formation [124]. These data reveal a novel mechanism for human carcinogenesis via Hsp90 400 
methylation which might allow the development of novel anti-cancer strategies. Selective 401 
and limited tyrosine nitration of Hsp90 plays a causal role in the induction of cell death [125], 402 
as nitrated Hsp90 binds and activates the ATP-gated ion channel P2X7, thereby eliciting 403 
apoptosis, e.g. in motoneurons [125]. The toxic form of nitrated Hsp90 is detectable in 404 
pathological conditions such as amyotrophic lateral sclerosis (ALS) and spinal cord injury, 405 
rendering nitrated Hsp90 a potential diagnostic and therapeutic target. 406 
 407 
Post-translational modifications of Hsp90 also include N/O-glycosylation as well as 408 
sumoylation. Asymmetric sumoylation of conserved lysyl residies in yeast Hsp82 and human 409 
Hsp90α promotes both, interaction with the co-chaperone Aha-1 and binding of HSP90 410 
inhibitors [126]. Interestingly, cellular transformation is accompanied by elevated steady-411 
state N-domain sumoylation, and increased Hsp90 sumoylation sensitizes eukaryotic cells to 412 
HSP90 inhibitors [126]. Human Hsp90α is also subjected to ubiquitination and acetylation. 413 
The ubiquitin ligase Hectd-1 has been found to poly-ubiquitinate Hsp90α, thereby affecting 414 
its intracellular location and blocking its secretion [71]. The ubiquitin ligase CHIP has been 415 
noted to ubiquitinate human Hsp90β, thus enabling the formation of poly-ubiquitin chains 416 
with Hsp70 [127]. These data highlight the mode of CHIP-mediated Hsp70/Hsp90 417 
ubiquitination, a prerequisite for their proteasomal degradation. 418 
 419 

 420 
4. CLINICAL SIGNIFICANCE 421 
 422 
4.1 HSP90s and Cancer 423 
 424 
There is a wealth of evidence indicating the significance of Hsp90 levels in tumourigenesis 425 
which may act as a potential tumour biomarker. Tumours often express high levels of 426 
catalytically active Hsp90 found in complexes with oncogenic client proteins, suggesting its 427 
role in survival and growth of malignant cells. Hsp90 is not generally up-regulated in cancer 428 
although its basal expression is already high in the majority of cells. Hsp90 is constitutively 429 
over-expressed in breast tumours, lung and gastric cancer, leukaemia (i.e., myelodysplastic 430 
syndromes and acute myeloid leukaemia), renal cell carcinoma, melanoma, endometrial 431 
cancer, and Hodgkin lymphoma (reviewed by Ciocca and Calderwood, 2005 [128]), and thus 432 
it contributes to tumourigenicity and cancer cell resistance. HSP90s act through both its anti-433 
apoptotic role and its chaperone function of stabilizing many kinases involved in cancer cell 434 
signalling, including tyrosine kinases (i.e., FLT3, JAK-2, v-Src) and serine/threonine kinases 435 
(AKT, Raf-1); for a review see Sevin et al. (2015) [129]. With respect to melanoma, HSP90 436 
expression was significantly higher in tumours than nevi and correlated with disease 437 
progression, rendering Hsp90 a valuable drug target and useful diagnostic marker in this 438 
cancer entity [130]. A positive correlation between the Hsp90 expression and higher tumour 439 
grade has been reported in hepatocellular carcinoma (HCC) [131], bladder cancer [132], and 440 
epithelial ovarian carcinomas indicating that it might be a reliable indicator of aggressiveness 441 
[133]. In head and neck carcinoma, high levels of Grp94 in tumour tissues significantly 442 



 

correlated with advanced cancer stages and poor survival [134]. Hsp90 is also over-443 
expressed in prostate cancer cells compared with normal prostate tissue and thus provides 444 
a potential selective target [135]. However, its role as a predictive marker in prostate cancer 445 
remains unclear since several contradictory results exist in this regard [136, 137]. 446 
Meanwhile, Hsp90 plasma levels have been positively correlated with tumour malignancy in 447 
clinical cancer patients. In this respect, plasma Hsp90α was significantly enhanced in 448 
patients with malignant tumours of breast, lung, pancreas, and liver in comparison with 449 
normal people and patients with benign tumours [115]. Moreover, the levels of plasma 450 
Hsp90α in liver or breast tumour patients with metastasis were dramatically up-regulated 451 
compared to those without metastasis, providing further evidence for the association of 452 
eHsp90α with tumour malignancy and metastasis. 453 
 454 
It has been reported that Hsp90 inhibition reduced cell motility and invasiveness of tumour 455 
cells associated with a decrease in the number of filopodia, lamellipodia, and F-actin 456 
bundles [138]. A significant decrease in the level of Rho A (Ras homologue family member 457 
A) and depletion of mDia-2 (mammalian homologue of Drosophila diaphanous 2) from the 458 
cell periphery upon Hsp90 inhibition could also be observed. Both molecules are known to 459 
contribute to the generation of contractile forces and the formation of lamellipodia. 460 
Interestingly, Hsp90 inhibition was found to up-regulate the soluble form of actin (G-actin). 461 
Moreover, over-expression of αB-crystallin, known to be involved in actin dynamics, did not 462 
abrogate the effect of Hsp90 inhibition, indicating an enhanced interaction of Hsp90 with G-463 
actin and αB-crystallin upon Hsp90 inhibition which might be responsible for the decreased 464 
actin tread-milling at the cell periphery. 465 
 466 
4.2 HSP90s in Non-Malignant Pathologies 467 
 468 
Despite its impact in carcinogenesis, the involvement of HSP90s in various autoimmune 469 
diseases, including autoimmune bullous diseases and celiac disease, has been increasingly 470 
recognized. In patients with psoriasis, Hsp90α was significantly up-regulated in epidermal 471 
keratinocytes and mast cells of lesional skin [139]. Elevated plasma levels of Grp94 have 472 
been detected in patients with type 1 diabetes [140]. Altered circulating Hsp90 levels have 473 
also been reported in several pregnancy-related complications such as preeclampsia, 474 
gestational hypertension and fetal growth retardation. Pregnancy-related complications 475 
usually down-regulate Hsp90 in maternal whole peripheral blood [141]. In contrast, elevated 476 
Hsp90 levels could be detected in placental tissue of patients with mild preeclampsia, 477 
implying that Hsp90 up-regulation occurs just in case of long-term deteriorated conditions 478 
that facilitate prosecution of gestation by appropriate treatment approaches. An up-regulated 479 
Hsp90 expression could also be detected in human umbilical vein endothelial cells [142] and 480 
in umbilical cord blood red blood cells of preeclamptic subjects compared to normotensive 481 
subjects [143]. Notwithstanding this issue, the study by Zhang et al. did not elicit any 482 
difference in Hsp90 levels in placentas from preeclamptic pregnancies compared to those 483 
from normotensive controls [144]. However, additional investigations are required in order to 484 
establish Hsp90 chaperones as robust biomarkers of these diseases. 485 
 486 
Hsp90 is also critically implicated in the pathogenesis of infectious [145] and 487 
neurodegenerative disorders such as Parkinson’s disease (PD), Huntington's disease, 488 
Alzheimer’s disease (AD), and frontotemporal dementia [146]. Hsp90 has been identified as 489 
the predominant HSP within filamentous inclusions in synucleinopathies, such as Lewy 490 
bodies dementia, PD and multiple system atrophy [147]. In this context, Hsp90 interacts with 491 
some intrinsically disordered proteins, including the microtubule-associated protein Tau. 492 
Hsp90 shows opposing effects on Tau turnover as it is able to promote both, Tau 493 
stabilization and degradation [148]. Mutant Tau is particularly susceptible to inhibition of 494 
Hsp90, making it a promising lead for therapeutic strategies in AD and other Tau-related 495 



 

disorders [148]. It is noteworthy that in AD patients reduced levels of Hsp90 in the diseased 496 
hippocampus, responsible for Tau accumulation, could be detected [149]. In patients with 497 
sporadic ALS, elevated levels of nitrated Hsp90 have been found in the insoluble fraction 498 
from human spinal cord tissues, underlining the crucial role of nitrative stress in aggregate 499 
formation in ALS [150]. Up-regulation of Hsp90 has recently been reported to associate with 500 
poor prognosis in patients with advanced myelodysplastic syndromes (MDS) in comparison 501 
to early MDS and bone marrow [151]. MDS are characterized by a high risk of progression 502 
to acute myeloid leukaemia. Recently, over-expression of Hsp90 has been associated with 503 
shorter survival and increased risk of progression into acute leukaemia in MDS [152]. These 504 
findings imply that assessment of the Hsp90 expression level in MDS might be predictive of 505 
patient response, allowing the selection of patients who might benefit from Hsp90 inhibition 506 
as a therapeutic approach. 507 
 508 
An humoral autoimmune response to Hsp90 as determined by the appearance of anti-Hsp90 509 
auto-antibodies has been reported in patients with dermatitis herpetiformis, [153], in sera of 510 
women with infertility [154], and in the cerebrospinal fluids from patients with Guillain-Barré 511 
syndrome [155]. Recently, the association between rheumatoid arthritis-associated 512 
interstitial lung disease and serum auto-antibodies recognizing citrullinated isoforms of Hsp 513 
90 was reported [156]. Evidence has emerged to demonstrate that serum antibodies 514 
directed against P. gingivalis HtpG are protective and thus predict health in peridontitis-515 
susceptible patients and that response to periodontal therapy was more successful in 516 
subjects exhibiting higher levels of anti-P. gingivalis HtpG [157]. These findings might lead to 517 
early interventional therapy to prevent early-stage periodontal disease. Unfortunately, novel 518 
data on the potential of P. gingivalis HtpG as an effective diagnostic target and vaccine 519 
candidate are lacking up to date. 520 
 521 
5. HSP90 INHIBITORS 522 
 523 
Hsp90 functions as a crucial factor in tumourigenesis because it chaperones a wide 524 
spectrum of oncoproteins that are essential for the malignant transformation of cells. 525 
Therefore, targeting Hsp90 with chemical inhibitors would inactivate these oncogenic 526 
proteins and thus serves as a powerful anti-cancer strategy. Hsp90 has emerged in recent 527 
years as an important molecule in anti-tumour therapy, and several drug classes have been 528 
found to target its ATP-binding domain, culminating in inactivation of the chaperone. 529 
Alternatively, Hsp90 chaperone activity may be interrupted by small molecule binders, 530 
interfering with either the CTD or the NTD. Although Hsp90 function provides an attractive 531 
target for the treatment of cancer, the feasibility and efficacy of the inhibitor approach has 532 
just begun to be studied in clinical trials. Table 2 provides an overview of selected direct 533 
inhibitors of Hsp90. HSP90 inhibitors deplete Hsp90 client proteins in cancer cells without 534 
affecting their cellular counterparts in non-transformed cells [51, 158]. The molecular basis 535 
for the selective anti-tumoural activity of HSP90 inhibitors appears to relate to the 536 
conformation of the Hsp90-inhibitor complex, as Hsp90 isolated from tumour cells has a 20 537 
to 200 times higher binding affinity for the inhibitor than Hsp90 from non-transformed cells 538 
[51]. HSP90 inhibitors have the potential for use in single-agent or combinatorial therapies in 539 
order to supplement the hitherto existing conventional chemotherapeutical approaches and 540 
molecularly targeted drugs. 541 
 542 
There have been a number of particularly interesting and important findings relating to the 543 
role of Hsp90 in viral protein homeostasis. Hsp90 impacts the replication of numerous 544 
viruses, including DNA and RNA viruses as well as double-stranded RNA viruses [145]. Like 545 
many endogenous cellular proteins, various viral proteins have been characterized to 546 
depend on Hsp90 for their folding, assembly, maturation, and stability [145, 159] thereby 547 
rendering Hsp90 a potential novel therapeutic target for the treatment of viral infections. The 548 



 

unrivalled features of viral replication sensitize viruses to Hsp90 inhibition as demonstrated 549 
in vitro for Ebola virus, hepatitis C virus (HCV), herpes viruses, human immunodeficiency 550 
virus (HIV), influenza virus, paramyxoviruses, picornaviruses, La crosse virus, severe 551 
acquired respiratory syndrome (SARS), and vesicular stomatitis virus [145] as well as 552 
noroviruses [160], Chikungunya virus (CHIKV) [161]), and Kaposi sarcoma-associated 553 
herpes virus (KSHV) [162]). Meanwhile, the anti-viral capacity of HSP90 inhibitors has been 554 
confirmed in vivo for poliovirus [163], HCV [164], CHIKV [165], and KSHV-associated 555 
primary effusion lymphoma [166]. These findings encourage the use of HSP90 inhibitors for 556 
anti-viral therapeutic strategies in humans. 557 
 558 
5.1 Natural HSP90 Inhibitors 559 
 560 
The benzoquinone ansamycin geldanamycin (GDA), isolated from the broth of Streptomyces 561 
hygroscopicus, was about the first HSP90 inhibitor with promising anti-tumour and anti-viral 562 
properties in preclinical settings. GDA competes with ATP and binds to the NTD of Hsp90, 563 
thereby blocking its activity. GDA has been found to down-regulate Hsp90 client proteins 564 
including c-Raf, AKT, and Bcr-Abl, culminating in apoptosis induction [167]. GDA also 565 
induces degradation of several viral polymerases [168-170], DNA binding proteins such as 566 
ORF29p and Bag-3 [171] as well as of the polysomes translating protein A [172] and the 567 
non-structural protein 3 (NSP3) [173]. Since GDA shows several pharmacological limitations 568 
including poor solubility, limited in vivo stability and high hepatotoxicity in some of the human 569 
tumour models, analogues of GA, with similar biological behaviour but a better toxicity 570 
profile, were synthesized. Amongst them, 17-allylamino-17-demethoxygeldanamycin (17-571 
AAG, tanespimycin) and 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-572 
DMAG, alvespimycin) have entered clinical trials. These agents were found to destabilize 573 
and degrade numerous Hsp90 co-chaperones in vivo and showed promising anti-cancer 574 
properties in preclinical model systems [174]. In mantle cell lymphoma cell lines, 17-AAG 575 
induces cell cycle arrest and apoptosis by activating caspase-9 and depleting cyclin D1, 576 
AKT, and Bid [175]. Although 17-AAG elicits some encouraging clinical responses, it 577 
presents crucial drawbacks (e.g. poor solubility, low bioavailability, liver toxicity and 578 
cumbersome formulation) that may limit their clinical applications. Consequently, phase II 579 
studies in patients with metastatic breast cancer and metastatic melanoma were terminated 580 
because of apparent toxicity and lack of response [176, 177]. 17-DMAG is an N,N-581 
dimethylethylamino analogue of 17-AAG with improved solubility that entered phase I clinical 582 
trials where a tolerable toxicity was noted [178, 179]. In breast cancer, 17-DMAG was 583 
reported to mediate its anti-tumour effect through down-regulation of receptor interacting 584 
protein 1 (Rip-1), thereby sensitizing breast cancer cells to TRAIL-induced apoptosis [180]. 585 
Models of murine medulloblastoma displayed a dependence on functional p53 to engage 17-586 
DMAG-induced apoptosis [181]. In multiple myeloma, 17-DMAG attenuates STAT-3 and 587 
phospho-ERK levels that critically contribute to tumour cell survival in an IL-6R/STAT-3 and 588 
mitogen-activated protein kinase (MAPK)-dependent matter, respectively [182]. It should be 589 
pointed out that a phase II clinical trial of intravenous 17-DMAG for Her-2-positive breast 590 
cancer (ClinicalTrials.gov. Identifier: NCT00780000) was terminated for unknown reasons, 591 
underlining its limited clinical application. As outlined before, the Hsp90 clientele identified to 592 
date also include various viral proteins critically involved in viral protein homeostasis. Hsp90 593 
inhibition by 17-AAG or 17-DMAG has been found to suppress viral replication by down-594 
regulating a broad panel of viral Hsp90 clients, including NSP3 and poly(A)-binding protein 595 
[183], Bag-3 [171], RNA-dependent RNA polymerase complex subunits PB1/-2 [184] as well 596 
as structural proteins such as VP1,VP2 and NS1/-2 [160]. 597 
 598 
IPI-504 (retaspimycin hydrochloride) is a new analogue of 17-AAG with improved water 599 
solubility suitable for parental administration. HSP90 inhibition by IPI-504 has been reported 600 
to induce apoptosis, block migration and invasion, and decrease epidermal growth factor 601 



 

receptor (EGFR) levels, MAPK and/or AKT activities, as well as secretion of vascular 602 
endothelial growth factor (VEGF) in vitro [185]. IPI-504 is the only first-generation Hsp90 603 
inhibitor still under active development that entered phase II/III clinical trials. IPI-504 604 
demonstrated an acceptable safety profile in phase II clinical trials conducted in patients with 605 
Her-2-positive breast cancer [186] and non-small cell lung cancer (NSCLC) [187]. However, 606 
a phase III trial of IPI-504 in patients with metastatic and/or unresectable gastrointestinal 607 
stromal tumours (GIST) was stopped due to unexpected drug-related deaths [188]. 608 
 609 
The coumarin-related antibiotic novobiocin represents a further natural HSP90 inhibitor 610 
which interacts with the CTD of the chaperone, thereby disrupting its dimerization [189]. 611 
Novobiocin has been introduced into clinical use against Staphylococcus aureus infections, 612 
including multi-resistant MRSA strains. Novobiocin is also active against Borrelia burgdorferi, 613 
the causative agent of Lyme disease [190], Theiler's murine encephalomyelitis virus (TMEV) 614 
[191]), vaccinia virus [192], and KSHV [193]. Novobiocin has been shown to destabilize 615 
several Hsp90 client proteins, including Bcr-Abl, Her-2, mutant p53, and Raf-1 [194]. In Bcr-616 
Abl-positive human leukemia cells, disruption of the Hsp90/Bcr-Abl complex by novobiocin 617 
induces cytosolic accumulation of cytochrome c and activation of caspase-9 and caspase-3, 618 
culminating in apoptosis induction [195]. Novel novobiocin derivatives such as KU135 619 
proved to be more effective and selective HSP90 inhibitors [196]. 620 
 621 

Similar to GDA, the resorcyclic lactone radicicol, isolated from Diheterospora 622 
chlamydosporia and Monosporium bonorden, binds to the N-terminal ATP-binding site of 623 
Hsp90 and depletes Hsp90 client signalling molecules in cells, and thus inhibits signal 624 
transduction pathways [197]. Radicicol exerts anti-proliferative properties in vitro against 625 
KSHV [198], Ebola virus [199], paramyxoviruses and La Crosse bunyavirus [200] as well as 626 
against HCV in vivo [164]. However, radicicol lacks in vivo anti-cancer activity as it is 627 
converted to inactive metabolites in vivo. In order to resolve this limitation, oxime derivatives 628 
of radicicol such as KF58333 were synthesized (see chapter 5.2). The NTD is also the site 629 
of action of curcumin and gambogic acid (GA). GA, a main component of Garcinia hanburyi, 630 
directly interacts with the NTD of Hsp90 and induces apoptosis in tumour cells by down-631 
regulating several Hsp90 client proteins, including Bcr-Abl, STAT-5, AKT, ERK-1/2, and 632 
CrkL [201, 202]. GA has been approved by the Chinese FDA and entered phase II clinical 633 
trials. Curcumin, a potent anti-inflammatory and anti-tumourigenic agent isolated from 634 
Curcuma longa, interacts with the GDA binding pocket of Hsp90 [203]. It exhibits potent anti-635 
proliferative properties in tumour cells by depleting numerous Hsp90 client proteins such as 636 
Bcr-Abl, STAT-5, CrkL EGFR, Raf-1, AKT, and the anti-apoptotic and mitotic regulator 637 
survivin [204-206]. Although studies on curcumin and its analogues have not yet fully 638 
overcome animal models, there is some clinical evidence of its beneficial anti-cancer support 639 
in humans. Currently, the addition of curcumin to FOLFOX-based chemotherapy has been 640 
shown to enhance killing in patient-derived colorectal liver metastases (CRLM) cultures by 641 
targeting cancer stem cells [207]. A phase I dose escalation study combining curcumin with 642 
first line FOLFOX chemotherapy in patients with CRLM has confirmed the safety and 643 
tolerability of this approach [207]. A randomised phase II study comparing participants 644 
receiving FOLFOX only with those receiving FOLFOX plus curcumin is currently recruiting. 645 
The potential use of curcumin as chemotherapeutic agent is rather optimistic and current 646 
studies are focused on improving its bioavailability and evaluating its efficaciousness in 647 
different malignancies. Interestingly, curcumin has emerged as a sophisticated preclinical 648 
agent in anti-viral strategies as it blocks virus replication by e.g. down-regulating the 649 
metabolic co-activator PGC-1α [208], suppressing the AKT/SREBP-1 pathway [209], 650 
inducing heme oxygenase-1 [210], and blocking the production of pro-inflammatory 651 
mediators (interleukins, TNF, NF-κB, PGHS-2) [211]. As curcumin also enhances the effect 652 



 

of conventional therapeutic drugs and minimizes their side effects [211], curcumin might be 653 
considered as a promising adjuvant in precise anti-viral therapies. 654 

 655 
The ATP-binding site located at the Hsp90 C-terminus is known to allosterically modulate 656 
Hsp90’s N-terminal ATPase activity. Thus, the CTD presents a novel molecular strategy 657 
towards controlling Hsp90 chaperone activity. Several compounds have been shown to 658 
manifest Hsp90 inhibition by binding to the CTD, including (-)-epigallocatechin-3-gallate 659 
(EGCG) and taxol. The flavonoid EGCG, isolated from green tea Camellia sinensis, is the 660 
most abundant and powerful catechin in cancer prevention and treatment. It binds at or near 661 
to a C-terminal ATP-binding site of Hsp90, thereby preventing dimerization [212]. In human 662 
ovarian carcinoma cells, EGCG modifies the association of Hsp90 with several co-663 
chaperones and decreases levels of several cancer-related Hsp90 client proteins, such as 664 
Erb-B2, Raf-1 and phospho-AKT [212]. Unfortunately, EGCG has poor drug-like properties 665 
because of its chemical and metabolic instability and low bioavailability. Recent approaches 666 
to develop novel more drug-like derivates of EGCG led to the identification of selected 667 
compounds that were more potent than EGCG [213]. Taxol, isolated from Taxus baccata, 668 
binds to the NTD of Hsp90 and inhibits its activity [214-216]. Interestingly, combined 669 
treatment of taxol and the selective proteasome inhibitor bortezomib led to a marked 670 
decrease in Bcr-Abl protein levels and an inhibition of down-stream signalling pathways by 671 
depleting STAT-3/-5 as well as the Bcr-Abl-associated proteins CrkL and Lyn in tumour cells 672 
[217]. Combined treatment also activated several caspases and concomitant caspase-673 
induced PARP cleavage culminating in apoptosis. It is of note that a prospective, single-674 
armed, open label phase II study was conducted to evaluate the efficacy and safety of the 675 
combination of taxol/cisplatin (P) with the humanized anti-EGFR monoclonal antibody 676 
nimotuzumab (N) as first-line treatment in advanced esophageal squamous cell cancer 677 
(ESCC). The TPN regimen has been found as being an effective combinatorial treatment as 678 
the first-line chemotherapy for patients with advanced ESCC, and appears more active than 679 
current standard regimens [218].  680 
 681 
Recently, 5-episinuleptolide acetate (5EPA), a cytotoxic norcembranoidal diterpene from the 682 
Formosan soft coral Sinularia sp., has been shown to exhibit potent anti-proliferative activity 683 
against cancer cell lines. Additionally, the expression levels of Hsp90 protein and several 684 
client proteins were down-regulated in response to 5EPA [219]. However, no clinical data 685 
are available regarding the efficacy of this interesting compound in targeting Hsp90 in 686 
disease. 687 
 688 
5.2 Synthetic HSP90 Inhibitors 689 
 690 
In the past years, there has been a considerable increase in the discovery of HSP90 691 
inhibitors, progressing from first-generation derivatives of natural products to second-692 
generation fully synthetic small molecules. Structural drawbacks of GDA-based inhibitors 693 
have led to the development of several synthetically-derived HSP90 inhibitors, which are 694 
currently the focus of several clinical trials. CCT-018159 is a pyrazole analogue which binds 695 
to the NTD of Hsp90 similar to radicicol. The molecular signature of HSP90 inhibition 696 
comprises an up-regulation of Hsp70-1 protein and depletion of Erb-B2, Cdk-4, C-Raf, and 697 
mutant B-Raf [220]. Synthetic efforts that have been directed to identify radicicol derivatives 698 
with improved in vivo activity yielded its oxime derivate KF58333. KF58333 showed potent 699 
anti-tumour activities against human tumour xenograft models. Hsp90 client proteins such as 700 
Bcr-Abl and Raf-1 were depleted and apoptosis was induced in the tumour specimen treated 701 
with KF58333 [221]. XL888 represents a novel, orally available small molecule inhibitor of 702 
Hsp90α/β that binds to the N-terminal ATP-binding domain [222]. XL888 has been reported 703 
to overcome resistance to B-Raf inhibitors (vemurafenib and debrafenib) in preclinical 704 
models in different ways, including (i) blockage of the expression and/or functional activity of 705 



 

Hsp90 client proteins that are critical for growth and cell cycle re-entry (e.g. AKT, A-Raf, C-706 
Raf, mutated N-Ras, IGF-1R, cyclin D1, PDGFRβ, the MAPK family member COT); (ii) 707 
induction of the pro-apoptotic Bcl-2 interacting mediator of cell death (Bim); and (iii) down-708 
regulation of Mcl-1 [223]. HSP90 inhibition has also been noted to degrade the crucial cell 709 
regulators Wee-1, Chk-1, and Cdc-2 and was associated with decreased MAPK, mTOR, and 710 
c-Jun N-terminal kinase (JNK) signalling in NRAS-mutant melanoma cells [224]. In an 711 
animal xenograft model of NRAS-mutant melanoma, XL888 treatment led to reduced tumour 712 
growth and apoptosis induction [224]. 713 
 714 
Several other small molecule Hsp90 inhibitors have been reported in clinical settings 715 
including VER-52296 (NVP-AUY922), and STA9090 (ganetespib). STA9090, an unspecified 716 
new resorcinol-containing triazole compound, functions as a potent HSP90 modulator that 717 
has reached phase III clinical trials. STA9090 has been demonstrated as being broadly 718 
accepted in patients with solid tumours although dose-limiting toxicities were observed. The 719 
most common side effects comprise diarrhea, fatigue, nausea, and anorexia, which have 720 
been manageable with standard care. Preliminary signs of clinical activity have been 721 
monitored in NSCLC, breast cancer, gastric carcinoma, melanoma, and rectal carcinoma. In 722 
tumour samples from patients with rectal cancer, a down-regulation of PDGFA, FGF2, 723 
ANG1, ANG2, TGFB1, VEGF, STAT3 and HIF1A mRNA was noted after STA9090 exposure 724 
[225]. In a different approach, STA9090 blocked the ability of Hsp90 to bind to biotinylated 725 
GDA and disrupted the association of Hsp90 with its co-chaperone, p23, more potently than 726 
17-AAG [226]. The HSP90 ATPase inhibitor VER-52296 (NVP-AUY922) is an isoxazole 727 
analogue which exhibits potent anti-tumour activities in vitro and in vivo [227, 228]. VER-728 
52296 has been found to efficiently deplete numerous Hsp90 client proteins, including Bcr-729 
Abl, Jak-2, Lyn, AKT, Cdk-4/6 and survivin in vitro [229, 230]. Currently, VER-52296 is being 730 
evaluated in clinical phase I/II trials across a variety of malignancies where it exhibited 731 
common adverse effects such as diarrhea, nausea, and fatigue. Preliminary data from a 732 
phase II clinical trial of VER-52296 monotherapy have shown partial responses in heavily 733 
pre-treated patients with advanced NSCLC [231]. Responses have also been reported in a 734 
phase IB/II trial of VER-52296 in combination with trastuzumab in Her-2-positive advanced 735 
breast cancer [232] as well as in a phase II trial of VER-52296 and the EGFR inhibitor 736 
erlotinib in patients with EGFR-mutant lung cancer and acquired resistance to EGFR 737 
tyrosine kinase inhibitors [233]. Optimization scaffolds yielded further isoxazole resorcinol 738 
inhibitors, e.g. VER-50889. This isoxazole analogue exhibits a higher affinity and improved 739 
cellular uptake than the corresponding pyrazole analogues. Consistent with HSP90 740 
inhibition, VER-50589 caused induction of Hsp70-1 and Hsp27 alongside depletion of client 741 
proteins, including C-Raf, B-Raf, survivin, and the protein arginine methyltransferase Prmt-5. 742 
Moreover, the compound caused cell cycle arrest and apoptosis as well as a 30% growth 743 
inhibition in human colon cancer xenografts [234]. 744 
 745 
Another group of synthetic HSP90 inhibitors comprises purine analogues, capable of  746 
competing with ADP/ATP for the ATP-binding site within Hsp90 and consequently inhibiting 747 
its chaperone functions. CNF-2024 (BIIB021) is a synthetic orally administrable purine-748 
scaffold HSP90 inhibitor which competes with GDA for the ATP-binding pocket of Hsp90 and 749 
putatively down-regulates Her-2, AKT and Raf-1 in vitro and in several human tumour 750 
xenograft models in vivo [235]. CNF-2024 decreases Hodgkin lymphoma cell viability via 751 
NF-κB inhibition and up-regulates ligands for the activating NK cell receptor NKG2D (e.g. 752 
MICA/B, ULBP2) on Hodgkin's lymphoma cells, thereby sensitizing the cells to NK cell-753 
mediated killing [236]. Interestingly, CNF-2024 was found as being considerably more active 754 
than 17-AAG against adrenocortical carcinoma, both in vitro and in vivo, due to the 755 
expression of multidrug resistant proteins such as P-gp and Mrp-1 [237]. A clinical phase I 756 
dose escalation study of CNF-2024 administered orally in patients with advanced solid 757 
tumours revealed safety and tolerability [238]. Since a phase II clinical trial of CNF-2024 758 



 

demonstrated feasibility and metabolic responses in >20% of patients with refractory GIST, 759 
one can assume that these data provide a strong foundation for future development of non-760 
ansamycin HSP90 inhibitors in GIST [239]. 761 
 762 
Several other types of HSP90 inhibitors such as SNX-25a and shepherdin have been 763 
developed and successfully tested in vitro and in vivo. SNX-25a is a novel 2-764 
aminobenzamide inhibitor of Hsp90 optimized by structure–activity relationship explorations 765 
for high Hsp90 affinity [240, 241]. SNX-25a elicits a much higher efficacy than 17-AAG on 766 
growth inhibition of numerous cancer cells [242]. The mode of action of anti-tumour activity 767 
includes the induction of cell cycle arrest, apoptosis and Hsp90 client protein degradation. 768 
This superiority effect of SNX-25a warrants further confirmation in animal models, the more 769 
so as phase I clinical studies of the related compound SNX-5422 in patients with both, solid 770 
and hematological malagnancies have been disappointing [243, 244]. Another interesting 771 
HSP90 inhibitor represents the cell-permeable peptidomimetic shepherdin which targets the 772 
N-terminal ATP-binding pocket of Hsp90, thereby antagonizing the interaction with survivin 773 
and down-regulating further Hsp90 clients (e.g. AKT, Cdk-4, Cdk-6) [245]. In this early study, 774 
shepherdin selectively induced death of tumour cells in vitro and inhibited human tumour 775 
growth in mice without toxicity [245]. More recently, the inhibition of survivin by shepherdin 776 
has been found to sensitize imatinib-resistant chronic myelogenous leukemia (CML) cells to 777 
different cytotoxic agents, implying that targeting Hsp90 with shepherdin might represent a 778 
promising therapeutic approach in patients with imatinib-resistant CML [246].  779 
 780 
Table 2. Direct inhibitors of HSP90 781 
 782 
Name Interaction site  General m echanism  References  

Natural Hsp90 
inhibitors 

   

Geldanamycin NTD* Down-regulation of c-Raf, AKT, Bcr-Abl; 
apoptosis induction 

[167] 

17-AAG (tanespimycin) NTD Down-regulation of Bid, c-Raf, cyclin D1, 
AKT, Bcr-Abl; apoptosis induction 

[167, 175] 

17-DMAG 
(alvespimycin) 

NTD Down-regulation of ERK-1/2, Bcl-x, STAT-
3, Rip-1; apoptosis induction 

[181, 182] 

IPI-504 (retaspimycin 
hydrochloride, 17-AAG 
hydroquinone) 

NTD Apoptosis induction, blockage of cell 
migration and invasion, down-regulation of 
EGFR, decrease of MAPK and AKT 
activities, and VEGF secretion in glioma 
cells 
 

[185, 247, 248] 

Novobiocin CTD* Disruption of Hsp90 dimerization; 
destabilization of Hsp90 clients (Bcr-Abl, 
Her-2, mutant p53, Raf-1) 
 

[189, 194] 

Radicicol NTD Depleteion of Hsp90 clients (Bcr-Abl, Raf-
1, Erb-B2, mutant p53) 

[197] 



 

(−)-Epigallocatechin-3- 
gallate (EGCG) 

CTD Down-regulation of Erb-B2, Raf-1, 
phospho-Akt 

[212] 

Curcumin NTD Depletion of Hsp90 clients (Bcr-Abl, STAT-
5, CrkL EGFR, Raf-1, AKT, survivin), 
apoptosis induction 

[203-206] 

Taxol (paclitaxel) CTD Down-regulation of STAT-3/-5, Lyn, CrkL 
EGFR 

[214-217] 

Gambogic acid NTD Down-regulation of Hsp90 clients (Bcr-Abl, 
STAT-5, AKT, ERK-1/2, CrkL), apoptosis 
induction 
 

[202] 

5-Episinuleptolide 
acetate (5EPA) 

unknown Induction of apoptosis, down-regulation of 
c-Abl, NF-κB, AKT, Hsp90 

[219] 

Synthetic HSP90 
inhibitors 

   

CCT-018159 NTD Depletion of Erb-B2, Cdk-4, C-Raf, mutant 
B-Raf; up-regulatio of Hsp70-1 
 

[220] 

VER-52296 
(NVP-AUY922) 
 

NTD Blockage of tumour cell proliferation and 
tumour growth, apoptosis induction; 
degradation of HSP90, Bcr-Abl, Jak-2, Lyn 
and AKT; down-regulation of Cdk-4/6, AKT, 
survivin 
 

[227-230] 

VER-50589 NTD Induction of Hsp70-1 and Hsp27; depletion 
of C-Raf, B-Raf, survivin, Prmt-5 
 

[234] 

KF58333 NTD Depletion of Bcr-Abl, Raf-1, cell cycle-
dependent kinases 4/-6; apoptosis 
induction 
 

[221] 

XL888 NTD Apoptosis induction, down-regulation of 
Hsp90 clients (Akt, A-Raf, C-Raf, mutated 
N-Ras, IGF-1R, cyclin D1, PDGFRβ, MAP 
kinase family member COT, Mcl-1), 
induction of Bim; degradation of Wee-1, 
Chk-1, Cdc-2; inhibition of MAPK, mTOR, 
c-jun NH2 kinase (JNK) 
 

[222-224] 

STA9090 (ganetespib) NTD Blockage of p23 coupling, down-regulation 
of PDGFA, FGF2, ANG1, ANG2, TGFB1, 
VEGF, STAT3 and HIF1A mRNA 
 

[225, 226] 

BIIB021 (CNF-2024) NTD Degradation of Her-2, AKT, Raf-1; 
induction of P-gp and Mrp-1; NF-κB 
depletion; up-regulation of MICA/B and 
ULBP2 
 

[235-237] 

SNX-25a NTD Cell cycle arrest, apoptosis induction, client 
protein degradation 

[242] 



 

 

Shepherdin NTD Antagonization of survivin interaction, 
down-regulation of client protreins (Akt, 
Cdk-4, Cdk-6) 

[245] 

*CTD: C-terminal domain; NTD: N-terminal domain 783 
 784 
 785 
6. CONCLUSION 786 
 787 
Hsp90 functions as an important hub in protein interaction networks involved in viability and 788 
protein homoeostasis. Hsp90 has emerged as a therapeutic target to treat a variety of 789 
disease states including neurodegenerative disorders, infectious and autoimmune diseases, 790 
pregnancy-related complications, myelodysplastic syndromes, and cancer. As outlined in 791 
this review, the rationale for using HSP90 inhibitors in cancer therapy is well established. 792 
Currently, HSP90 inhibitors are being evaluated in 52 clinical trials, of these VER-52296 793 
(NVP-AUY922) and STA-9090 (ganetespib) are furthest in development. Clinical 794 
applications for Hsp90 modulation have topically focused on the treatment of cancer, and all 795 
clinically administered compounds act as competitive inhibitors of the N-terminal ATPase 796 
domain. All of these HSP90 modulators activate HSF-1 and induce the up-regulation of 797 
cytoprotective Hsp70 that might antagonize the pro-apoptotic properties of the inhibitors and 798 
limit their efficacy as anti-cancer agents. Thus, the clinical results obtained up to date are 799 
insidious and should be perceived with great care. Consideration of the findings that are 800 
presented in this review raises the question of whether single-agent inhibitor therapy is the 801 
optimal strategy. Nowadays much interest has been attracted to the use of HSP90 inhibitors 802 
in combination with cutting-edge targeted therapies. Preclinical data from different cancer 803 
type models imply that HSP90 inhibitors have the capacity to improve the outcome of other 804 
anti-cancer approaches, including chemotherapy, kinase inhibitors, and radiation therapy, 805 
and to potentially overcome drug resistance [249]. In this regard, the combination of the 806 
HSP90 inhibitor SNX-5422 and trastuzumab (herceptin), a monoclonal antibody that blocks 807 
the Her-2 receptor, has been shown to synergistically regress tumour growth in a xenograft 808 
model of human breast cancer [250]. On the understanding that the synergistic effects in 809 
tumour regression observed in animal studies after combinatorial administration of HSP90 810 
inhibitors and potent anti-cancer drugs hold true in human trials, targeted therapies are 811 
about to come. A first hint is given by a phase II trial, in which the combinatorial 812 
administration of 17-AAG (tanespimycin) plus trastuzumab has significant anti-cancer 813 
activity in patients with Her-2-positive, metastatic breast cancer previously progressing on 814 
trastuzumab [251]. Referring to the information above, a combinatorial administration of 815 
HSP90 inhibitors and HSF-1 inhibitors might be a rationale to overcome the negative effects 816 
of HSP90 inhibitors. Notwithstanding this issue, HSP90 inhibitors have emerged as 817 
promising radiosensitizers. In a recent study by the group of Gabriele Multhoff, the HSR 818 
inhibitor NZ28, either alone or in combination with the HSP90 inhibitor VER-52296 (NVP-819 
AUY922), was investigated for radiosensitizing effects of radioresistant tumour cells. The 820 
results clearly demonstrate that a dual targeting of Hsp70 and Hsp90 with NZ28 and VER-821 
52296 (NVP-AUY922) potentiates the radiation response of tumour cells that are otherwise 822 
resistant to ionizing radiation [252]. A simultaneous inhibition of Hsp90 and HSF1/Hsp70 823 
combined with radiotherapy can thus be considered as being a promising anti-cancer 824 
strategy. Our own findings favor a therapeutic approach which takes advantage of the 825 
radiosensitizing effects of certain phytochemicals such as curcumin or EGCG. These 826 
phytochemicals sensitize tumour cells to radio-/chemotherapy by inhibiting pathways 827 
critically involved in treatment resistance. Both agents have been identified to bind to Hsp70 828 
and Hsp90 and consequently modulate their activities. We and others have shown that 829 
EGCG and curcumin inhibt activation of NF-κB in tumour cells [253-255] which acts as a 830 
central linker between inflammation, malignant transformation, and radioresistance. These 831 



 

flavonoids and other plant-derived polyphenols have been studied intensively for their 832 
chemopreventive potential and have been found as being pharmacological safe. The use of 833 
either EGCG or curcumin in combination with radio-/chemotherapy might represent an 834 
ambitious HSP inhibition scenario in order to sensitize tumours to ionizing radiation and 835 
chemotherapeutic drugs. Currently, several phase I/II clinical trials are reported underway to 836 
test the feasibility, safety and efficacy of EGCG in sensitizing cancer patients to radio-837 
/chemotherapy. It is worth mentioning that EGCG has been identified to potentiate efficacy 838 
of radiotherapy in breast cancer patients [256]. Such a combination strategy might have 839 
future clinical implications with respect to the development of novel approaches as an 840 
adjuvant therapy in cancer. 841 
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