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Abstract

Introduction—Heat shock protein 90 (HSP90) regulates protein homeostasis in eukaryotes. As a 

‘professional interactor’, HSP90 binds to and chaperones many proteins and has both 

housekeeping and disease-related functions but its regulation remains in part elusive. HSP90 

complexes are a target for therapy, notably against cancer, and several inhibitors are currently in 

clinical trials. Proteomic studies have revealed the vast interaction network of HSP90 and, in doing 

so, the extent of cellular processes the chaperone takes part in, especially in yeast and human cells. 

Furthermore, small-molecule inhibitors were used to probe the global impact of its inhibition on 

the proteome.

Areas covered—We review here recent HSP90-related interactomics and total proteome studies 

and their relevance for research on cancer, neurodegenerative and pathogen diseases.

Expert commentary—Proteomics experiments are our best chance to identify the context-

dependent global proteome of HSP90 and thus uncover and understand its disease-specific 

biology. However, understanding the complexity of HSP90 will require multiple complementary, 

quantitative approaches and novel bioinformatics to translate interactions into ordered functional 

networks and pathways. Developing therapies will necessitate more knowledge on HSP90 

complexes and networks with disease relevance and on total proteome changes induced by their 

perturbation. Most work has been done in cancer, thus a lot remains to be done in the context of 

other diseases.
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1. Introduction

Heat shock protein 90 (HSP90) is a small family of 80–90 kDa chaperones, highly 

conserved across species and almost ubiquitously expressed. The general structure 

comprises an N-terminal ATPase domain with an ATP-binding pocket adopting the so-called 

Bergerat fold, followed by a flexible charged linker region connecting to a middle domain 

that is mainly dedicated to binding to other proteins, and a C-terminal domain which 

mediates dimerization. HSP90 proteins also possess at their C-terminus a MEEVD motif 

that enables binding of tetratricopeptide (TPR) domain containing proteins [1,2].

HSP90 has been extensively studied in yeast, where it exists as two isoforms: the 

constitutively expressed Hsc82 and the stress-inducible isoform Hsp82. Their homologs in 

mammalians are, respectively, HSP90β and HSP90α which can be found in the cytoplasm, 

nucleus as well as on the cell surface and extracellular space (for HSP90α [3]). TRAP1 and 

GRP94 (also called HSP90B1 or endoplasmin) are the mammalian mitochondrial and 

endoplasmic reticulum family members, respectively [4]. In this review, we will cover 

exclusively the cytosolic/nuclear HSP90 proteins, as they are much better characterized than 

the organellar paralogs. We will thus refer collectively to HSP90β and HSP90α as ‘HSP90’ 

unless specified.

Three decades of work have revealed that HSP90 is a master regulator of protein folding and 

homeostasis (‘proteostasis’) in the eukaryotic cell. HSP90 interacts with hundreds or 

possibly thousands of proteins and is involved in the maturation, stabilization, and regulation 

of specific classes of molecules. Its folding activity is connected with a complex ATP-driven 

cycle characterized by large conformational changes, which correlate with binding and 

dissociation of interactors [5]. HSP90 interactors are classified in three major categories: 

other chaperones, co-chaperones and cofactors, and clients [6]. Clients form the most diverse 

and numerous categories of interactors. Clients interact with HSP90 to achieve proper 

folding, to reach an activated state, to be transported to a cellular location, or to assemble in 

oligomeric structures, and this class includes proteins such as kinases, transcription factors 

(TFs), or steroid receptors, among others [7–9]. Chaperones and co-chaperones form various 

complexes with HSP90 to assist client function. Given the diversity of the functions of 

HSP90 clients, HSP90 emerged as a major player in many diverse cellular processes, such as 

signal transduction, proteostasis, DNA repair, stress response, and protein trafficking [10]. In 

addition to these roles, and under conditions of cellular stress, such as it occurs during 

disease initiation and progression, HSP90 may take on additional, context-dependent 

functions [11]. Evidence is building up that to accommodate such functions, the HSP90 

chaperone becomes biochemically altered, and that certain small molecules, but not all, may 

be able to discriminate between the disease-associated roles of HSP90 and its essential 

housekeeping functions [12–17]. When one considers the potential context- and disease 

phenotype-dependent roles of HSP90, and the complex interactome of this protein, it 

appears just natural to use proteomics tools to probe the functions of this multitasking 

protein family.
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This review aims first to summarize the recent proteomic work done on HSP90 

‘interactomics’ and second to discuss its therapeutic relevance and insights for cancer, 

neurodegenerative disorders, and a few bacterial and viral pathogens. Next, we will review 

the literature describing the impact of HSP90 inhibition on the proteome and post-

translational modifications (PTMs) at proteome level, also in relation with the diseases cited 

above. We will finally discuss and conclude this review by highlighting the major 

conclusions from recent proteomic studies and how this field can contribute further to 

elucidate HSP90 and its functions in disease.

2. HSP90 interactomics

The need to define broad repertoires of proteins HSP90 interacts with has led to the 

development of several tools, each with their own advantages and drawbacks. A 

comprehensive review of earlier studies has been done in 2012 by Hartson and Matts [18]. 

The main tools available today comprise not only affinity pulldowns coupled to unbiased 

mass spectrometry-based proteomics (AP-MS), LUminescence-based Mammalian 

IntERactome (LUMIER) technology [19] but also two hybrid screens and chemical genetic 

interactions analysis. Various types of AP have been employed, from classical 

immunoprecipitation (IP), to affinity purification with bead-immobilized inhibitors, to 

tagged HSP90 capture, and have been used in combination with both MS and LUMIER 

(Figure 1).

Technically, untargeted AP-MS approaches have the advantage to look at all proteins 

without any bias. The associated drawbacks are that low-abundance proteins will be poorly 

covered and that sample preparation conditions (e.g. lysis buffers) will impact the results, 

leading for example to loss of low-affinity interactors during washing steps. LUMIER 

overcomes some of these limitations as the method is more sensitive. Also, the nature of the 

reporter (photon) allows for a more accurate quantification than what can be achieved by 

MS. However, LUMIER needs a prey construct and a library of bait proteins and thus 

requires significant preliminary work and cannot be considered an unbiased technique. 

Finally, it should be remembered that neither technique can easily discriminate between 

direct (first order) and indirect (second and higher order) interactors that are detected as part 

of a larger complex.

Studying highly abundant, ubiquitous, and dynamic proteins such as HSP90α/β presents 

some specific challenges. First, as HSP90 is involved in stress responses, the growth and 

physiological state of the cells used can heavily impact the interactome, and such parameters 

are easily influenced by the experimental conditions. Second, subcellular fractions of the 

different isoforms are also a variable and indeed it has been shown that distinct interaction 

networks of HSP90 exist in particular cell lines [15]. Also, a range of conformers and 

complexes containing HSP90 exists, which may display preferential binding to some affinity 

tools. While such events can be by themselves biologically highly significant (discussed 

below), they can greatly complicate result interpretation. The possibility that, for example, 

the lysis method used privileges a certain complex, or that an antibody is specific for a given 

conformation, should be taken into account.
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Over the last decade, the online resources of Didier Picard’s lab, notably the interactome 

database (HSP90Int.db), compiled the results of many types of interaction studies and have 

been of great value for anyone interested in HSP90 interactions (www.hsp90.org; 

www.picard.ch [20]). For example, based on the data in HSP90Int.db, Zuehlke et al. [21] 

compiled a comparison of the HSP90α versus HSP90β interactomes. Other extensive 

reviews on HSP90 including interactors are those of Refs. [10,22].

2.1. Recent HSP90 interactome studies

2.1.1. IP-based interactomics—IP is heavily dependent on the properties of the 

antibody used. One major issue in the case of HSP90 is if the antibody recognizes any 

HSP90 or binds preferentially to a specific conformation or a specific HSP90-containing 

complex, and where the epitope lies. Unfortunately, many antibodies for HSP90 IP are not 

well characterized from this point of view and this is an important limitation. For these and 

other reasons, investigators now probably prefer other capture methods such as tandem 

affinity purification (TAP) and LUMIER. While antibodies remain widely used for IPs 

followed by Western blot, we were unable to find significant interactomics studies using 

antibodies as a capture mean after 2012. Nevertheless, between 2005 and 2010, several 

studies based on antibodies as affinity tools and MS for identification were performed and 

helped to define the first set of core HSP90 interactors and co-chaperones [23–26] (Figure 

1(a)). These were reviewed in 2012 [18].

2.1.2. Tagged HSP90-based interactomics—Various affinity tags have been used on 

HSP90 for interaction studies: TAP-tag, His-tag, and FLAG-tag (Figure 1(b)). Studies using 

these techniques are still growing in number, and recent ones benefit from improvements in 

the protein identification techniques, namely higher speed and sensitivity of MS 

instrumentation.

The group of Walid Houry did some early work [27,28] in yeast using TAP along with MS 

identification together with genetic screens, to map the physical and genomic interactome. 

Gano et al. [29] also used TAP with MS identification to study the effect of ligand binding 

on HSP90α interactions. This work is unique among AP-MS studies in that it included N- 

and C-terminal tagging and affinity purification of HSP90 bound to ATP, ADP, and 

inhibitors. The data obtained indicated specificity of binding of several co-chaperones for 

either the ATP or the ADP form, corroborating other studies [30–32] and providing new 

mechanistic insights.

Truman et al. [16] used AP-MS to study in yeast the Hsp82 interactome during DNA 

damage. They identified 147 interacting proteins enriched for cytoplasmic translation, 

nuclear transport, and response to starvation. DNA damage by methyl methanesulfonate 

treatment resulted in 70% of interactions unchanged, 2% increased, while the rest decreased. 

Among the few increased interactors, Rnr4 was found to require Hsp82 for function, and 

inhibition of Hsp82 resulted in decreased Rnr4 levels, suggesting it is a client. The human 

homolog of Rnr4, RRM2, is a known drug target in cancer therapy, and its status as an 

HSP90 client was then confirmed in the MCF-7 human breast cancer cells. HSP90 inhibition 
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sensitized the cells to RRM2 inhibition, suggesting HSP90–RRM2 combinatorial inhibition 

as a new strategy for cancer treatment.

More recently, groundbreaking work was carried out by Taipale and colleagues [33,34]. 

They introduced a modified, quantitative version of the LUMIER assay (Figure 1(c)) to 

screen the interaction between 314 kinases, 843 TFs, 372 E3 ligase clones, and HSP90β in 

human 293T cells. They found that HSP90 interacted with >60% of kinases, <7% of TFs, 

and 31% of E3 ligases. Moreover, by using LUMIER, authors were able to experimentally 

validate that CDC37 acts as a co-chaperone adapter for most protein kinases. Precise 

determinants of kinase recognition by CDC37 could not be identified but several lines of 

evidence pointed toward intrinsic kinase domain stability as the major factor. Taipale et al. 

also confirmed that, upon HSP90 inhibition, HSP90–kinases interactions are globally 

reduced, and among the kinases that dissociate from HSP90 by treatment, some are 

degraded while others aggregate. Regarding the E3 ligases, those with Kelch or WD40 

domains were found to bind to HSP90β in high proportions. Hence, this work provides not 

only identity of HSP90 interactors, but also mechanistic insights by which HSP90 

recognizes its clients and knowledge on how HSP90 inhibition affects these interactions.

Taipale and coworkers further extended the study by integrating 54 additional proteins, 

mostly not only HSP90 co-chaperones but also HSP70 and some of its cofactors [34]. Here, 

they assayed a large set of interactions by combining both LUMIER and AP-MS techniques, 

to obtain an extensive protein–protein interaction (PPI) network. The latter appeared to 

consist of two major subnetworks, centered respectively around HSP90 and HSP70, and a 

bridge group of proteins connecting the subnetworks. Results revealed that some chaperones 

were more specific for their clients than others, that interactions of HSP90β correlated with 

interactions of HSP90α, and that treatment with the HSP90 inhibitor ganetespib resulted in 

decreased interaction of HSP90 with 46% of the identified proteins.

2.1.3. HSP90 interactomics by capture with immobilized inhibitors—Small 

molecules, i.e. chemical probes, have been used to probe HSP90 function in a number of 

studies (reviewed by Shrestha et al. [35]). Most often, they are used not only to inhibit 

HSP90 activity but they can also serve as capturing agents. Similarly to HSP90 antibodies, 

the use of these agents for interactomics investigations is determined by the inhibitor’s 

preference or lack of for a client protein-bound HSP90 conformation. For example, Tsaytler 

et al. [25] used biotinylated geldanamycin (GA) and streptavidin beads to capture HSP90 

and its binders, but the pull-down efficacy was low and in turn, the identified interactome, 

was limited to abundant proteins. An improvement in the identified interactomes came upon 

the use of immobilized inhibitors that enrich in the active, client-protein bound, HSP90 

(Figure 1(d)). One such inhibitor is PU-H71, and chemical probes using immobilized PU-

H71 have been used in a variety of cancer interactome investigations, both in non-biased, 

MS-based inquiries [14,15,36–38], and in biased, interactome validation studies by Western 

blot [35,39–42], as we detail below.

Use of similar chemical tools also led to important discoveries and some debates in the 

cancer-related HSP90 field, the starting point being work by Kamal et al. in 2003 [13] 

supporting the existence of a unique high-affinity conformation of HSP90 in cancer cells.
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Moulick et al., in 2011 [14], used repeated pulldowns with PU-H71- and GA-conjugated 

beads to show that these beads could not deplete HSP90 in K562 chronic myeloid leukemia 

cells and thus bind only a specific fraction of the protein. This was confirmed by Beebe and 

colleagues later [43]. The authors also showed that the fraction of HSP90 binding to PU-

H71 beads was enriched in several co-chaperones. Crucially, MS analysis of PU-H71 beads 

pulldowns revealed a fraction highly enriched in proteins involved in key oncogenic 

signaling pathways such as the PI3K–AKT–mTOR, JAK–STAT, and Raf–MAPK pathways. 

Further forays into the interactome revealed the mechanism by which HSP90 may enhance 

the activity of such pathways. For example, HSP90 enhanced STAT5 signaling by binding to 

and influencing the conformation of STAT5 toward that facilitating phosphorylation and by 

maintaining STAT5 in an active conformation directly within STAT5-containing 

transcriptional complexes. The results suggested that, more than just folding individual 

clients, a fraction of HSP90 may act to stabilize and maintain the activity of entire 

oligomeric ‘signalosomes’ and transcriptional complexes.

More recently, Rodina and coworkers [15] used PU-H71 immobilized on beads and MS to 

study the HSP90 interactome in a large set of tumor cell lines. In addition to identifying 

distinct interactomes across the several cell types, they showed that tumors could be 

classified into two subtypes. These were differentiated by the connectivity (type 1) or the 

lack of (type 2) between the major chaperone machineries, HSP90 and HSP70, and also by 

their native isoelectric focusing signature, where type 1, but not type 2, contained HSP90 

species with an isoelectric point (pI) >4.9. Bioinformatics analysis, validated by numerous 

lines of biochemical analyses, revealed that type 1 cells were enriched for networks with 

multiple connections between the HSP90 and the HSP70 systems compared to type 2 cells 

(the authors termed these intricate networks the epichaperome). These findings, discussed 

more in detail below in relationship with cancer therapy, may help to explain the conflicting 

results obtained on the affinity and activity of HSP90 inhibitors in cancer versus normal 

cells. They also provide a first characterization of a fraction of HSP90 with distinct, 

biologically relevant properties.

2.2. Therapeutically relevant HSP90 interactomics studies

2.2.1. Cancer—The implication of HSP90 (and chaperones in general) in tumorigenesis is 

based on a number of facts: (1) HSP90 is frequently (though not always) upregulated in 

tumors, (2) many (wild-type or mutated) oncogenes and growth-promoting proteins are 

HSP90 clients, and (3) the reasoning that cancer cells are often subjected to various types of 

stress and therefore need stress response proteins to survive and grow.

Studies of HSP90’s role and function progressively identified the chaperone as a potential 

drug target in cancer cells. The literature on HSP90 as a target in cancer is abundant 

[9,11,44–51]. Several inhibitors have been or are tested in clinical trials, with mixed results 

so far. Clearly, there is an immediate need to understand better the function(s) and 

biochemical nature of HSP90 in neoplastic cells and determine to what extent this protein is 

different, biochemically and functionally, from normal cells.

The relevance of proteomic interrogation of HSP90 in cancer originated not only from these 

considerations but also from the early work of Kamal et al. [13] who identified a distinct 
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HSP90 fraction in cancer cells, which binds inhibitors with higher affinity and co-

precipitates more co-chaperones than in normal cells, suggesting a higher degree of 

interactions for this HSP90 fraction in cancer. Though somewhat controversial, this critical 

discovery calls for the need to characterize the specific interactome of HSP90 in cancer and 

to find the determinants for low- versus high-affinity HSP90-inhibitor binding. The last 

major contributions on this point have been the work of Moulick et al. in 2011 [14] and 

Rodina et al. in 2016 [15] that established PU-H71 inhibitor AP as a mean to study a 

defined, cancer-enriched HSP90 complexes. Notably, the classification [15] of tumor cells 

into either type 1 cells that show a dramatic decrease in cell viability upon HSP90 inhibition 

versus type 2 cells, which stop proliferating but do not undergo apoptosis, could provide a 

first framework to try and explain data from clinical trials. Furthermore, the same study 

pointed to MYC transcriptional activity as a potential signature of a type 1 phenotype, and 

indeed MYC knockdown in type 1 cells transformed them in type 2 ones, and thus 

desensitized them to PU-H71 inhibition, while MYC expression in type 2 transformed them 

in type 1; the authors thus conclude that MYC could be one main trigger responsible for the 

formation of the epichaperome. Further on, they investigated the epichaperome in human 

breast cancer clinical samples and also found that sensitivity to inhibition correlated with 

abundance of type1-like HSP90 species.

Using similar tools, Caldas-Lopes and colleagues [52] used PU-H71 inhibitor for treatment 

and for capture to study the effect of HSP90 inhibition in triple-negative breast cancer 

(TNBC) cells. PU-H71 induced downregulation of proteins involved in the Ras–Raf–MAPK 

pathway, degradation of activated AKT and Bcl-xL, and inhibition of activated NF-κB, 

AKT, ERK2, PKC, and TYK2. Several oncoproteins known to drive TNBCs were captured 

by PU-H71 beads, suggesting these are HSP90 clients, e.g. Bcl-xL and AKT. 

Downregulation of these proteins alone is sufficient to induce apoptosis in TNBCs, and 

HSP90 inhibition led to their degradation. As HSP90 chaperones these two proteins and 

therefore participates in their regulation, this work hints at TNBC sensitization to Bcl-xL or 

AKT inhibitors through HSP90 inhibition.

In 2015, Zong et al. [40] used inhibitor capture and biochemical analysis techniques to study 

HSP90 interactors in acute myeloid leukemia (AML) and AML models in mice. The JAK–

STAT and PI3K–Akt–mTOR signaling pathways are crucial in AMLs, and some of their 

components were found bound to HSP90. Interestingly, the degree of activation of these 

pathways and sensitivity to inhibition correlated well. STAT5 activation sensitized cells, and 

additional activation of AKT led to increased cell death upon drug treatment. Expression of 

FLT3 (an activator of both JAK–STAT and PI3K–Akt pathways) in low-sensitivity cells 

conferred a growth benefit but increased sensitivity to inhibition. Since many components of 

these pathways are HSP90 clients, and that the higher their activity the higher the need for 

HSP90, the authors suggest that the activated state of these pathways and the cell’s reliance 

on them is the cause of sensitivity to HSP90 inhibition. In other words, it is the activity of 

signaling networks, rather than of single signaling molecule alone, that accounts for cellular 

dependence on HSP90.

Again with similar tools, Goldstein et al. [36] showed that the inhibitor-binding HSP90 

fraction in diffuse large B-cell lymphoma (DLBCLs) OCI-Ly1 and OCI-Ly7 cells is 
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enriched for proteins implicated in the B-cell receptor (BCR) signaling pathway. HSP90 is 

additionally involved in the signaling by facilitating phosphorylation of BCR signalosome 

components such as SYK or BTK. Treatment with PU-H71 decreased BCR signaling, 

calcium flux, NF-κB signaling and led to growth arrest. Combining the treatment with 

ibrutinib, a BTK inhibitor, was more effective than either drug alone, and this was also 

observed in some DLBCLs clinical samples.

Using the same technique, Culjkovic-Kraljacic et al. [53] carried on this work in OCI-Ly1 

and OCI-Ly18 DLBCLs. The authors show that HSP90 modulates the activity of EIF4E, 

which is pulled down along with HSP90 and, as EIF4E regulates mRNA export and 

translation of various genes, thus controls the posttranscriptional fate of crucial mRNA 

transcripts, among which the oncogenes BCL2, BCL6, and MYC. Interestingly, the mRNA 

encoding HSPA6, a member of the HSP70 family, is found to be a target of EIF4E as well. 

Inhibition of EIF4E with ribavirin impairs tumor growth decreases the cytosolic to nuclear 

ratio of BCL2, BCL6, MYC and even decreases mRNA levels of HSPA6. As HSP70 often 

drives resistance to HSP90 inhibitors, combined inhibition of EIF4E and HSP90 may 

improve the effectiveness of the therapy and, indeed, their results in mice support this 

strategy, since HSP70 export and translation was reduced under combined treatment.

2.2.2. Neurodegenerative disorders—Neurodegenerative disorders are essentially 

proteinopathies. As a chaperone, HSP90 plays an important role in proteostasis, and 

logically the role of HSP90 in such diseases has been the focus of several studies [54–57], 

though mostly not using proteomics techniques. For example, HSP90 interacts with both tau 

and the hyper-phosphorylated proteoform of tau, which plays a key role in Alzheimer’s 

disease (AD). Also, known tau kinases GSK3β, CDK5, and MARK2 are HSP90 clients. 

Treatment with an HSP90 inhibitor resulted in decreased levels of phosphorylated tau, and in 

induction of HSP70 which binds aberrant tau for ubiquitination by CHIP, providing a 

potential strategy for the treatment of AD [58].

In 2010, Riedel et al. [59] showed that treatment of the OLN-93 cell line expressing the 

A53T α-synuclein mutant with an HSP90 inhibitor reduced aggregation of the mutant 

protein. Combined inhibition of HSP90 and lysosomal degradation pathways restored 

aggregate formation. This, together with an observed increase in LC3-II, indicated that 

A53T α-synuclein is degraded by autophagy. Here, a proteomic untargeted approach would 

provide more insights on broader effects of 17-AAG in this context and, using a targeted 

approach, provide more information on the changes associated with delivery of A53T α-

synuclein to the autophagosomes.

Gunawardana and coworkers [60] used tau-targeted affinity capture after mild in vivo cross-

linking to probe the tau interactome in a human neuroblastoma SH-SY5Y cell-line model. 

Interestingly, several heat shock proteins were identified by tandem MS, including HSP90. 

Repeating the experiment with the P301L tau mutant resulted in altered amounts of 

interacting HSP90 and heat shock proteins, confirming a role of the C-terminal region of tau 

in interacting with these proteins that was previously suggested [61]. Since HSP90 

chaperones kinases that phosphorylate tau, it would be very interesting in such a set-up to 

study effects of HSP90 inhibition on the tau interactome.
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Recently, Shelton et al. [62] specifically studied the interaction of HSP90α and P301L tau 

with Aha1, p23, CDC37, FKBP4, and FKPB5 in the context of tau fibril formation. Their 

results show that only Aha1 enhanced the fibril formation in vitro, and that it required ATP. 

In mice, overexpression of Aha1 significantly increased insoluble sarkosyl-tau levels but not 

insoluble phosphorylated tau. The toxic T22-tau oligomer levels were also increased, and 

mice overexpressing Aha1 had altered memory. KU-177, a small molecule inhibiting Aha1-

HSP90α interaction (but not HSP90α activity), reduced tau fibril formation while increasing 

soluble phosphorylated tau levels in vitro and in cultured HEK-P301L cells. This study 

highlights the specific function HSP90α can gain through its interactions with co-

chaperones and supports a therapeutic approach aiming at inhibiting such specific functions 

by targeting particular HSP90 complexes or interactions.

Overall, interactome studies by proteomics techniques could bring a major contribution to 

the molecular characterization of HSP90’s role in neurodegenerative diseases, but much 

remains to be done.

2.2.3. Pathogens—Pathogens such as viruses, bacteria, fungi, and parasites hijack the 

biosynthetic machinery of the host to expand their population. Considering the structural as 

well as functional intricacies of microbial proteins, it is not surprising that they, like cellular 

proteins, rely on HSP90 for their folding and function. Although proteomic approaches are a 

small fraction of the work on this subject, they have generated valuable data. Geller et al. 

[63] reviewed in 2012 the literature on HSP90 in viral replication, its viral clients, and the 

possibility to use HSP90 inhibitors as broad antiviral drugs; therefore, in this section, we 

will only focus on more recent findings.

In 2013, Nayar and colleagues studied the HSP90 interactome in BC3 primary effusion 

lymphoma (PEL) cells infected with either Epstein–Barr virus or Kaposi sarcoma-associated 

herpes virus (KHSV) using inhibitor (PU-H71)-capture [37]. Pathway analysis of the 

interactome revealed enrichment of proteins involved in NF-κB activation by viruses, 

apoptosis, and autophagy. The viral oncoprotein vFLIP, too, but not the endogenous cFLIP, 

was found in HSP90 complexes captured by the inhibitor. vFLIP has been shown to be 

required for KHSV-infected PEL cells survival and antiapoptotic signaling induced by the 

NF-κB pathway. As the TF for vFLIP, SP1, was also an HSP90 client, treatment with PU-

H71 led to reduced vFLIP mRNA levels, vFLIP degradation, and reduced NF-κB activity. 

This study also used the HSP90 interactome to derive potential combinatorial strategies for 

HSP90 inhibitors, and as such it found that dual inhibition of BCL2-antiapoptotic proteins, 

using obatoclax, and of HSP90, using PU-H71, to have synergistic effects on PEL cells.

In 2014, Nuss et al. [64] purified rift valley fever virus (RVFV) particles and subjected them 

to proteomic analysis. Chaperones HSP90α, HSP90β, HSPA5, HSPA8, CCT2, and CCT6A 

were found to be enriched. Interestingly, siRNA treatment against the HSP90β isoform 

reduced RVFV infection, while treatment against the HSP90α isoform had no perceptible 

effect. One however cannot exclude the participation of the HSP90α isoform, as often, 

phenotypes upon dowregulation of one paralog is masked or compensated by the 

upregulation of the other, as has been reported [15,65]. Inhibition with 17-AAG at various 
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time points after Vero cells infection with RVFV unveiled early stage involvement of 

HSP90, as infection was reduced by 17-AAG 2–4 h postinfection but not after 14 h.

Using a polyclonal serum anti-chikungunya virus nsP3 and nsP4 and anti-HSP90 antibodies, 

Rathore et al. [66] showed that nsP3 interacts with HSP90β and nsP4 with both isoforms. 

HEK293T cells infected with chikungunya virus had reduced viral RNA and protein levels 

in a dose-dependent manner when treated with GA. siRNA targeted at HSP90α only had 

similar effects, suggesting specific roles in viral replication for the two isoforms.

L-protein is part of the RNA-dependent RNA polymerase complex in the human respiratory 

syncytial virus, and tagging this subunit with EGFP for anti-GFP IP allowed Munday and 

coworkers [67] to identify L-protein interactors, among which were STIP1 (also known as 

HOP), HSP90α, DNAJA1 (HSP40 family), and HSPA1B (HSP70 family). HSP90 inhibition 

with 17-AAG resulted in decreased L-protein function and stability, without affecting the P-

protein subunit of the polymerase complex. In this case and for the two precedent studies 

presented here, differences are observed in interactions between the HSP90 isoforms, and 

this calls for a clarification of the different functions of HSP90α versus HSP90β related to 

viral replication.

Following a riboproteomics experiment in the murine norovirus (MNV), which showed that 

HSP90 interacts with the 5′ and 3′ extremities of the MNV-1 genome [68], a focus on 

HSP90 interactors in MNV and human norovirus (HuNoV) was provided by Vashist and 

colleagues in 2015 [69]. Using recombinant His-tagged HSP90 and LUMIER, the authors 

proved that the capsid protein VP1 is an HSP90 client in both MNV and HuNoV and 

demonstrate that HSP90 inhibition results in reduced VP1 levels and MNV-1 infection in 

cell culture and in mice.

Considering the number of viruses and pathogens whose survival relies on HSP90 and the 

associated therapeutic potential, compared to the tremendous work carried out in oncology, 

it may be that this field is unjustifiably left behind.

3. Global impact of HSP90 inhibition on the proteome

Analyzing the consequences on the proteome of reducing/removing HSP90 activity is 

another obvious way of assessing its physiological role. We will cover here only proteomics 

studies characterizing the global impact of HSP90 reduction or inhibition on the proteome 

and on its PTM status (Figure 2).

3.1. Large-scale proteome alterations following HSP90 inhibition

The presence of two functionally similar isoforms and the lethality of total KO’s has made it 

difficult to perform experiments based on genetic manipulations, with the exception of yeast 

systems. In 2014, Gopinath and coworkers [70] assayed the effects on the yeast proteome of 

an inducible knockdown of Hsc82 (in an Hsp82−/− background) using SILAC and MS along 

with transcriptomic analysis. A total of 3561 proteins were identified, of which 904 had their 

levels change more than 1.5-fold upon doxycycline treatment. The mRNA levels of 66% of 

these 904 misregulated proteins remained unaltered, indicating that the degradation 
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machinery plays an active role under stress. Downregulated proteins were enriched for 

kinases and proteins involved in DNA repair, while upregulated ones were enriched for 

proteins involved in stress response, protein folding, and stabilization. Interestingly, 

downregulated proteins were also enriched for proteins with human homologs, proteins 

encoded by essential genes, proteins with high connectivity in the yeast PPI network, which 

highlights HSP90 as a major regulatory hub.

Due to the difficulty of performing genetic manipulations of HSP90 and also due to their 

intrinsic relevance for therapy, most experiments in mammalian cells used chemical 

inhibitors to block HSP90 and were carried out in cancer cell lines. So far, all studies were 

done using inhibitors that act by inserting into the ATP-binding pocket of HSP90 located in 

its N-terminal domain.

Sharma et al. [71] quantified more than 6000 proteins in HeLa cells and showed that HSP90 

inhibition by 17-DMAG led to upregulation of chaperones (among which HSP40s, HSP70s, 

and both cytosolic HSP90 isoforms), components of the proteasome pathway, and more 

generally proteins involved in protein folding and unfolded protein binding. Not 

surprisingly, a substantial fraction of the observed upregulated proteins is downstream of 

HSF1, the master transcription factor activated by heat shock and many stress signals. 

HSP90 inhibition caused also downregulation of clients, including kinases, some of which 

play a role in RAS or AKT signaling pathways, and proteins involved in DNA repair and in 

sphingolipid metabolism.

Wu and coworkers [72] studied the effect of GA and PU-H71 treatment in K562, MDA-

MB-231, Colo205, and Cal27 cancer cells. Of all proteins quantified (more than 6000), 

about 1600 had modified levels upon HSP90 inhibition and effects of GA and PU-H71 

correlated well. Downregulation of 52–65% of the proteins that had reduced levels was 

dependent on the cell line, indicating differential effects of HSP90 inhibition. Kinases 

showed little discrepancy with 89–92% being downregulated, thus constituting the main 

class of downregulated proteins. Changes in half-lives were also measured and revealed 

overall shorter half-lives for kinases, predicting that kinase-mediated signaling pathways 

will be the first affected by HSP90 inhibition. ERK and MAPK signaling pathways were 

downregulated across all cell lines, while the mTOR pathway was more affected in Colo205 

than in MDA-MB-213 cells. As expected, upregulated proteins mainly included chaperones.

Haupt et al. [73] compared the effect of HSP90 inhibition by GA in Hs68 fibroblast cells 

(non-transformed) and in SW480, U2OS, and A549 tumor cells specifically on the kinome, 

using kinases-targeted affinity beads. The extent of kinases degradation upon drug treatment 

varied from one cell type to another, both in time and space: about 70% were downregulated 

in Hs68 cells whereas it ranged from 80% to 90% for cancer cells, and downregulation was 

faster in Hs68 and SW480 cells than in U2OS and A549 cells. Kinases involved in the 

MAPK or TGF-β signaling pathways were less affected by the drug in Hs68 cells than in the 

cancer cells, but no such difference was observed for kinases involved in cell-cycle 

regulation. This work is also the first to report downregulation of BMP receptors, some of 

which fulfill proliferation promoting function in breast cancer or proliferation suppressive 

function in prostate cancer. Interestingly, simultaneous treatment with GA and the 
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proteasomal inhibitor MG132 restored the levels of 86% of all kinases that are affected by 

GA alone in cancer cells, but only three kinases in Hs68 cells, indicating that 

downregulation in the latter is not dependent on this degradation pathway.

In 2013, Fierro-Monti and colleagues developed a method which allows to quantitate protein 

decay rate and synthesis rate in addition to protein levels, termed pulse-chase SILAC and 

described in Ref. [74], in order to study how HSP90 inhibition with GA affects the proteome 

in T cells [75]. Seventeen percent of all proteins were impacted by GA, with upregulation of 

proteins involved in protein folding and stress response, including HSP90 and co-chaperones 

AHSA1, CDC37, STIP1, and FKBP4, but intriguingly not AARSD or FKBP5, suggesting 

that GA may remodel the HSP90 chaperone complexes. Downregulated proteins comprised 

kinases and proteins involved in protein synthesis. More complex effects were observed for 

components of the ubiquitination machinery, with initial upregulation followed by 

downregulation. More generally, a strong reduction in the global synthesis rate and a strong 

increase in decay rate were observed, with the median protein half-life dropping from 55.9 

to 32 h. Overall, changes in synthesis rates appeared to determine final changes in protein 

levels except for kinases and other HSP90 clients, for which decay rates played a major role. 

The changes observed for other groups of proteins appeared complex and multifactorial, e.g. 

chaperones had strongly not only increased synthesis (and mRNA levels) but also increased 

decay rates. Interestingly, some oncoproteins (e.g. Rab proteins) were upregulated and some 

tumor suppressors (e.g. retinoblastoma protein) were downregulated, highlighting some 

complex effects of HSP90 inhibition.

From a different angle, aiming at developing a method for routine evaluation of personalized 

treatments against melanoma, Rebecca et al. [76] studied the effect of HSP90 inhibition by 

targeted proteomics measuring specifically about 80 signaling proteins and a few heat shock 

proteins. HSP90 inhibition resulted in increase of HSP71 (an inducible cytosolic HSP70 

isoform) and both HSP90 isoforms levels in a NRAS mutant cell line. Once again, kinases 

were downregulated, with tyrosine kinases being more affected. In xenografts of 1205LuR 

melanoma cells (vemurafenib, B-RAF inhibitor, resistant), HSP90 inhibition decreased the 

levels of proteins involved in the PI3K/AKT/mTOR signaling pathway such as mTOR, 

AKT1, and AKT2. While not a global study, this work provides a proof of concept that 

targeted proteomics can be used to assess global impacts of HSP90 inhibition on signa.ling 

pathways previously identified as essential for cancer survival.

All these studies share their main conclusions, i.e. HSP90 inhibition profoundly affects the 

proteome, causing depletion of clients – especially protein kinases – and activation of the 

integrated cellular stress response. The data also show that the changes induced are very 

complex and include primary (client degradation) as well as secondary, systemic effects due, 

among others, to cell-cycle arrest. Furthermore, the effects of HSP90 inhibitors seem to vary 

significantly depending on the cellular type and the drug concentrations used. Thus, while 

global proteomics contributed significantly to the understanding of the impact of HSP90 N-

terminal domain inhibition, it also highlighted some crucial questions for cancer therapy that 

we will address in the discussion section.
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Finally, the interest in HSP90 inhibitors for the treatment of infectious and 

neurodegenerative diseases calls for proteomics studies as those discussed in this section in 

the context of these pathologies.

While total proteome studies can be very informative, one should be aware of the challenges 

they present and their limitations. Indeed, it is often difficult to disentangle direct, primary 

effects due to HSP90 inhibition and secondary, systemic changes due e.g. to stress responses 

and cell-cycle arrest. For a better understanding, such studies should be complemented with 

determination of cell physiological parameters e.g. proliferation rate, apoptosis, and cell-

cycle analysis. Also, as most often in proteomics, very low abundance proteins and 

membrane proteins are poorly sampled.

3.2. Proteome-wide analysis of PTMs upon HSP90 inhibition

MS is the most flexible and general tool available today for the analysis of PTMs. Multiple 

modifications have been identified on HSP90 itself by specific studies and as a by-product of 

numerous global PTM studies. Extensive data on HSP90 are compiled on public databases 

such as phosphosite.org which listed, as of 4th of May 2017 no less than 168 PTMs sites for 

HSP90β and 179 for HSP90α. The main PTMs known on HSP90 have been reviewed in 

detail before, together with their functional significance, when known [6,21,44,77–82]. 

Rather, here, we will cover the few studies assessing the impact of HSP90 inhibition on the 

global proteome PTMs (Figure 2).

Sharma et al. [71] analyzed, simultaneously to the total proteome, the phosphoproteome in 

response to HSP90 inhibition by 17-DMAG and observed a global decrease in 

phosphorylation levels. Thirty-four percent of all phosphopeptides were downregulated by 

more than twofold, whereas 6% were upregulated by the same amount. Half of the 

downregulated ones contained proline-directed motifs, and the authors suggest that this 

predominance may be due to the downregulation of cyclin-dependent kinases and reduced 

MAPK signaling. Since it is also known that phosphorylation levels peak at mitosis [83], 

and that HSP90 inhibition results in cell-cycle arrest, it cannot be excluded that the drop in 

phosphorylation is partially a secondary effect of the suppression of cell-cycle progression.

In a similar manner, Jin et al. [84] quantified 1150 phosphosites in DLD-1 cells treated with 

17-AAG (but only for a short time, 3 h) and found only 1 upregulated phosphopeptide which 

belonged to BAG3, a HSP70 co-chaperone. About 10% of phosphopeptides had reduced 

levels, among which phosphosites CDC37 Ser13 (required for kinase binding to HSP90), 

ERBB2 Ser1054, and EGFR Thr693. The main hypothesis proposed for the global decrease 

in phosphoproteome is the downregulation of kinases or the downregulation of 

phosphorylated protein levels themselves. Overall, phosphoproteomics should be very 

informative for the functional evaluation of the effects of HSP90 inhibition, given that 

phosphosites of key signaling molecules can be taken as diagnostic of precise phenotypes 

(e.g. reduced signaling or reduced proliferation).

Other than phosphorylation, only ubiquitination has been analyzed on a proteome scale 

following HSP90 inhibition. Quadroni et al. [85] investigated the effects of HSP90 inhibition 

by GA on the ubiquitinome in Jurkat T cells and how it relates to the degradation and 
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synthesis rates of proteins. While changes observed in proteins levels were maximal after 20 

h of drug treatment, changes in lysine-linked ‘GlyGly’ modifications (diagnostic of 

ubiquitination post-trypsin digestion) were faster and appeared already at 2 h. The largest 

increase in GlyGly modification was seen for HSP90 clients, e.g. CDK1, CDK6, LCK – 

however, opposite unexpected effects were also observed, e.g. client ZAP70 which had 

reduced ubiquitination. Consistent with changes seen in total protein levels, proteins with 

increased GlyGly motifs were enriched for kinases and helicases. Globally, HSP90 

inhibition also led to a reorganization of the ubiquitin pool with a quick depletion of K11- 

and K63-linked ubiquitin units along an increase in K48-linked chains, before a return to 

initial levels after 20 h of treatment. However, more complex and protein family-specific 

effects emerged from the data: ribosomal proteins had decreased GlyGly motifs along with a 

mild decrease in protein level, and several heat shock proteins had not only increased 

ubiquitination but also increased protein levels. Integrating the changes measured previously 

in the same system at the level of protein synthesis/decay rates, the authors suggest that 

globally, protein synthesis rate impacts ubiquitination levels, as a certain percentage of all 

newly synthesized proteins is immediately degraded [86,87]. Thus, correct understanding of 

the different ubiquitination patterns requires the knowledge of many parameters, as well as 

the state of the ubiquitin–proteasome system.

In conclusion, global PTM studies can open a window on a normally hidden cross-section of 

the proteome. For proteins impacted by HSP90 inhibition, this could be the best opportunity 

to understand the mechanism behind their changes. As any other approach, global PTM 

studies have some specific limitations and bottlenecks. First, it is often difficult to 

unambiguously assign the enzyme responsible for adding or removing a PTM mark on a 

given substrate site. Second, the functional impact of most PTMs on the protein carrying 

them is simply unknown; elucidating it is challenging and may require significant follow-up 

work. While providing a large amount of data, these analyses often produce only a few 

immediately exploitable answers, while yielding many new questions.

4. Expert commentary

In the past decade, a substantial amount of knowledge was gained through proteomic studies 

centered on HSP90. The number and the nature of interactors (in particular clients) 

discovered emphasized the numerous tasks HSP90 participates in besides protein folding. 

The subsequent development and use of specific inhibitors enabled researchers to reveal, 

through global proteomics measurements, the effects of blocking HSP90, namely client 

depletion, the induction of a broad stress response, a global drop in phosphorylation events 

together with context-specific sensitization effects. The mass of data obtained suggested 

numerous possible therapeutic usages of HSP90 inhibition, notably in combination with 

inhibitors of other pathways [16,36,52,88].

5. Five-year view

Nonetheless, a tangle of crucial, interconnected questions on the fundamental biology of 

HSP90 and the action of inhibitors remain at least partially unanswered and will need to be 

tackled in the next few years. First of all, discrepancies in the reported apparent affinities of 
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HSP90 for N-terminal pocket inhibitors in cells, tissues (cancer vs. normal) and in vitro still 

remain largely unexplained, as is the issue of how the affinity varies in the presence or 

absence of co-chaperones [14,89,90]. This question is tightly linked to the key question of 

whether, where, and to what extent HSP90 is present as a distinct (more complexed or more 

networked?) form in cancer cells, which leads to a higher affinity of HSP90 for certain 

inhibitors [13]. Again, reports appear regularly, indicating that cancer and healthy cells can 

have HSP90 with similar affinity for some inhibitors [91]. Altogether, these seemingly 

discrepant reports suggest a complex situation – HSP90 is not a ‘single’ protein but rather a 

chameleonic chaperone whose biochemistry and function changes as dictated by its 

environment. In this intricate scenario, small molecule inhibitors appear as the most 

powerful tools to dissect functional differences. These may act as sensors of the HSP90 

subspecies and their distinct thermodynamics, and over the time they spend inside the cell, 

may preferentially sample such HSP90s. The more the affinity of such molecules is tilted 

toward the ‘normal’ cell HSP90, the more likely the ‘housekeeping’ functions will also be 

affected at inhibitor concentrations needed to affect the ‘cancer functions’ of HSP90 and 

vice versa.

Indeed, pulldowns with some immobilized inhibitors were shown to capture only a fraction 

of cellular HSP90 in cancer cells [14]. The subsequent characterization of the 

‘epichaperome’ as a high-affinity inhibitor-binding complexes of HSP90/70-linked proteins 

more abundant in some (but not all) cancer cells [15] offers thus a paradigm to try and 

explain a broad range of seemingly diverging data. Notably, proteomics analyses played a 

major role in characterizing the epichaperome. Still, the concept needs further, broader 

validation and by itself raises new questions, such as what the molecular determinants of the 

high- versus low-affinity binding of HSP90 to inhibitors are. One can hypothesize that either 

a precise cocktail of interactors/cofactors or some unique PTMs or again the targeting to a 

precise cellular location may trigger the formation of epichaperome complexes. The 

identification of such molecular determinants will be essential for both validation and further 

functional studies and here we anticipate that proteomics approaches will play a major role. 

The realization that HSP90 incorporated into epichaperomes and not HSP90 alone is needed 

for tumor survival may bring into question the clinical target for HSP90 agents. Is it HSP90 

incorporated into the epichaperome, an entity biochemically and functionally distinct from 

the housekeeping, dynamic HSP90 complexes? And if yes, what are the implications for the 

development of such agents as therapeutics? Epichaperomes are unlikely to be unique to 

cancer, thus raising the question of what other diseases may use epichaperome networks to 

regulate their proteome under the respective pathologic conditions.

Other questions need to also be addressed to advance HSP90 as a therapeutic target. For 

example, what HSP90 inhibition induced downregulation of which protein or pathway 

components is critical for the killing of cancer cells or pathogens? To what extent does the 

induction of the stress response through HSF1 activation rescue cancer cells from HSP90 

inhibition [92]? Proteomics analysis also showed the extent of the generated stress response, 

suggesting that HSP90 inhibition in cancer could be a double-edged sword if used in the 

wrong cellular context. As a consequence, several groups are trying to develop inhibitors 

that either target the C-terminal domain [93–97] or the middle domain [98] or aim at 

blocking interactions of HSP90 with co-chaperones, e.g. inhibiting interactions with the 
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kinase adapter CDC37 [99–102] or inhibiting the ATPase stimulation by Aha1 [103]. The 

goal of these efforts is either to have inhibitors that block Hsp90 action without inducing the 

deleterious heat shock response and/or have more selective inhibitors with more restricted 

and better predictable effects. So far, the action of these C-terminal inhibitors has been 

mostly studied in a targeted manner, typically by assessing induction of HSP70 as marker of 

heat shock response and some client proteins to measure HSP90’s (loss of) folding activity. 

Clearly, proteome-wide measurements could provide a much more complete view of the real 

biological impact of these novel molecules and are thus urgently needed to compare them 

with the better known effects of N-terminal domain inhibitors. More in general, more studies 

on the impact of HSP90 inhibitors in normal cells/tissues will also be needed to assess 

realistically the specificity (or not) of the effects observed in cancer cells.

Overall, proteomics is probably the most suitable approach to thoroughly characterize the 

inhibitor binding and nonbinding fractions of HSP90 and, more generally, interactome-

related questions. A number of additional studies are also needed to address other basic 

questions. For example, most proteomics studies so far focused on the cytosolic isoforms of 

HSP90; however, HSP90 inhibitors also bind the ER-located paralog, GRP94 (HSP90B1), 

and to a lesser extent the mitochondrial one, TRAP1 [104]. More paralog-specific inhibitors 

are needed to disentangle individual effects and some initial work has been done in this 

direction [65,105–110]. Specific interactome studies on all cellular paralogs are also needed, 

including some addressing explicitly the differences between HSP90α and HSP90β in the 

same system. Also, integrating spatial information (e.g. specify the cytosolic vs. the nuclear 

interactome of HSP90β, the cytosolic vs. extracellular interactome of HSP90α, etc.) will 

provide information essential to build a complete picture of HSP90 interaction networks and 

functions in cells.

To fulfill all these tasks and given the complexity and of HSP90 roles and functions, we 

anticipate that proteomics experiments will have to incorporate a quantitative dimension. 

Besides accurate measurements of relative proteins levels, experiments may also aim at 

measuring the stoichiometries of proteins in complexes, the occupancy of PTM sites on 

HSP90, and the general state of PTMs in HSP90-bound complexes. In this way, it will be 

possible to better evaluate the correlation of individual molecular species with the 

phenotypes observed in different cells and tissues.

Finally, proteomics also offer great promise for exploring the role of HSP90 in 

neurodegenerative diseases and pathogen-derived diseases. Here, not much has been done, 

so plenty of opportunities remain for exciting discoveries.
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Key issues

• Considering the complexity of the HSP90 machinery, both at the biochemical 

and functional level, several complementary methods will be needed to fully 

understand its function in diseases.

• One thing to keep in mind when designing interactomic experiments is to 

understand that the interactome of HSP90 is modulated by its environment. 

Disease-relevant proteomics studies on HSP90 need to be addressed in 

models that most closely recapture the cellular (and extra-cellular, though this 

becomes challenging) complement of the specific disease.

• Bioinformatics methods need to be developed to understand not only 

individual HSP90 interactors, but rather how these interactors integrate into 

the complex functional networks and pathways that are cell and context-

dependent.

• For translational applications, a one-protein approach has failed in most part, 

highlighting the need for a network and interactome-approach, where the 

global implications of the HSP90 function over the cellular proteome are 

taken into account for a most judicious application of HSP90 into treatment. 

In practice, data on both interactome and total proteome changes upon HSP90 

inhibition will be needed to understand response vs. nonresponse to drug 

treatment and develop suitable biomarkers.

• Understanding the molecular basis for the distinct biochemical and functional 

nature of HSP90 in disease promises a path for the development of HSP90 

agents with improved higher therapeutic index, and thus higher therapeutic 

potential.

• HSP90 has important and validated roles in maintaining a disease phenotype 

in a variety of pathologies but interac-tomics studies in diseases other than 

cancer are scarce. In particular in pathogen-caused diseases, the role played 

by HSP90 could be simpler to dissect than e.g. in cancer and could thus offer 

an easier path to treatment.
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Figure 1. 
Strategies to interrogate the HSP90 interactome.
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Figure 2. 
Large scale methods to assess the global impact of HSP90 inhibition on the proteome and its 

post-translations modification status.
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