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Abstract

In this Opinion article, we aim to address how cells adapt to stress and the repercussions chronic
stress has on cellular function. We consider acute and chronic stress-induced changes at the
cellular level, with a focus on a regulator of cellular stress, the chaperome, which is a protein
assembly that encompasses molecular chaperones, co-chaperones and other co-factors. We discuss
how the chaperome takes on distinct functions under conditions of stress that are executed in ways
that differ from the one-on-one cyclic, dynamic functions exhibited by distinct molecular
chaperones. We argue that through the formation of multimeric stable chaperome complexes, a
state of chaperome hyperconnectivity, or networking, is gained. The role of these chaperome
networks is to act as multimolecular scaffolds, a particularly important function in cancer, where
they increase the efficacy and functional diversity of several cellular processes. We predict that
these concepts will change how we develop and implement drugs targeting the chaperome to treat
cancer.

One of the key questions in cancer biology is how cells cope with and adapt to the
proteotoxic stresses that accompany the malignant phenotype. The chaperome, an ensemble
of molecular chaperones and their many partners, acts as a buffer to the myriad changes
during malignancy and as a source of adaptationl-2. Yet, how chaperome actions are
executed and whether this entity takes on distinct structures and functions remains debated.

Normal physiological conditions engage the cellular chaperome in a variety of housekeeping
functions, including de novo protein folding during polypeptide synthesis, the transport of
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proteins to specific cellular locations and the assembly of protein complexes3-8. Cellular
stress, as in cancer and other diseases, heightens the demand for these essential
functions?:”2:10 For example, the stresses experienced by cancer cells require the
chaperome to buffer protein misfolding and reduce protein aggregation that may result from
elevated protein synthesis and metabolic demands, the production of reactive oxygen
species, growth under hypoxic and acidic conditions and the expression of altered protein
stoichiometries that result from aneuploidy. To balance the resulting high level of protein
misfolding in a cancer cell, a heat shock response is activated that can increase production of
many chaperones. This view has its roots in the discovery of the heat shock response and
heat shock proteins (HSPs)11-13. However, only a fraction (perhaps one-fifth) of the human
chaperome is heat induciblel#1°,

While the concept of the chaperome as a folding and disaggregase machine helps define how
cells cope with stress and, in fact, was first used to define how a failure in the folding
chaperome environment may contribute to the pathophysiology of cystic fibrosis!®, we argue
here that in cancer, this view has limitations. First, one expects a heightened folding capacity
in cancer cells to be executed by an increase in the levels of chaperome members. This holds
true for some cancers but not for all'”. Second, the rationale that cancer is only a disease of
improper protein folding — as posited above — and thus requires the chaperome to lessen
proteotoxic stress may also be unsatisfactory. A simple proteome “fix’ cannot fully explain
the remarkable fitness of the cancer proteome despite the perceived defects, the harsh
environment in which cancer cells thrive and an immune system that surveys and mediates
cancer cell destruction18,

We provide a complementary view where chaperome function and structural organization,
but not necessarily levels, are modulated by stress with the goal of augmenting cellular
fitness and increasing cellular adaptation. We focus on the literature that describes the
biochemical and functional relationships between chaperome members under normal
conditions and in cells exposed to acute and chronic stress. We discuss changes in the
chaperome that arise from a re-wiring of the chaperome capacity, which results in the
formation of new entities with distinct functions and thermodynamic properties. We next
reason that adaptation to cellular stress becomes maladaptive under chronic stress, leading to
a global change in function and, in turn, to a malignant disease state. Finally, we outline how
such stress-specific modifications of the chaperome impact how we perceive these proteins
in cancer and, more pertinently, how we may develop anticancer therapeutics on the basis of
chaperome modulators.

The chaperome

While the term chaperome was introduced in 2006 to denote an assembly of chaperones, co-
chaperones and related factors1®, a precise definition of this term is unresolved and will
evolve as our understanding of these proteins develops. The first study to compile a list of
the human chaperome was published in 2013 and described 147 bioinformatically predicted
members!4. This list included members of the HSP40 (also known as DNAJ proteins),
HSP60, HSP70, HSP90 and HSP110 families, HSP10 and the small HSPs (sHSPs), as well
as their co-chaperones and members of the folding peptidylprolyl isomerase and protein
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disulfide isomerase enzyme families. Later studies expanded the list to 332 members®,
included tetratricopeptide repeat domain-containing proteins on the basis of their functional
interactions with chaperones2? and provided a web-based chaperome analysis tool?!. The
function of the chaperome is fluid, and in several instances, it may function as a protective
system that ensures proper folding of newly synthesized proteins (‘foldase activity’),
prevents misfolding and aggregation of folded proteins and facilitates protein disaggregation
(‘ holdase activity’ or ‘ disaggregase activity’)}2.7-10, Besides folding and disaggregation,
the chaperome assists in the formation of protein complexes22-25 (BOX 1). Owing to its
complexity, the large number of chaperome members and their many functions, we limit our
discussion to the major cytosolic chaperome machineries encompassing the HSP90 and the
HSP70 chaperones and a variety of co-chaperones and co-factors.

The HSP90-HSP70 chaperome

An analysis of protein expression in immortalized human cells (both nontransformed and
cancer cells) identified members of the chaperome as some of the most abundant proteins,
and they were, for example, 20-fold more abundant than non-chaperome proteins in HeLa
cervical cancer cells!4. The 147 chaperome members together contribute 7.6% of the total
number of polypeptides and 10.3% of the total protein mass in HeLa cells. HSP90s are the
most abundant members, averaging 2.8% of the total protein mass alone and up to 5.5%
when combined with the HSP70s, whereas 1.5% of the total mass consisted mostly of
substoichiometric regulatory co-chaperones of the HSP90 and HSP70 machineries4.

Connectivity between the HSP90-HSP70 chaperome.

Which factors influence the connectivity within the HSP90-HSP70 chaperome in human
cells? (FIG. 1) While a reductionist approach is often used to study protein function,
biological systems are characterized by immense diversity. Often, such complexity is better
described by a network analysis, where network parameters define the centrality of a protein
and provide information on its potential interaction spectrum, that is, the interactome.
Several such interactomes and protein network analyses were reported in yeast?6-32 and
uncovered HSP90 and HSP70 not only as hubs but also as connectors of hubs, integrating
and enabling distinct cellular processes.

To understand the connectivity between the HSP90 and HSP70 chaperome machineries in
human cells, a large-scale study was conducted in human embryonic kidney 293T
(HEK293T) cells in which several tagged chaperome members were introduced exogenously
and their potential interactors identified33. Among the analysed chaperome components
were cytosolic HSP90s and HSP70s and >50 co-factors and co-chaperones. The study found
that while both HSP90 and HSP70 were hubs of protein networks, they functioned
separately, each with its own co-chaperone subset and protein network. Specific co-
chaperones connected each chaperone to distinct cellular networks. HSP90 was connected to
kinases via cell division cycle 37 (CDC37), to DNA damage regulators through FK-506-
binding protein 5 (FKBP5, also known as FKBP51) and to G protein signalling via FKBP8
(also known as FKBP38). By contrast, HSP70 was involved in mRNA-associated processes
through BAG family molecular chaperone regulator 4 (BAG4). While the study proposed
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that the two chaperome machineries act mainly in isolation, with each designated for
specific cellular functions, it also indicated that connectivity between them was possible and
could be established through select co-chaperones, such as HSP70-HSP90 organizing
protein (HOP; also known as STIP1), nuclear distribution protein C (NUDC), carboxy
terminus of HSP70-interacting protein (CHIP; also known as STUB1), the HSP40 DNAJC7
(also known as TPR2 or TTC2), erythroid differentiation-related factor 1 (EDRF1) and
HSP70-binding protein 1 (HSPBP1)33,

By performing network analyses on the HSP90 interactome in non-transformed and cancer
cell lines, our group demonstrated that HSP90-HSP70 chaperome connectivity was
influenced by stress, including proteome imbalance (which may arise from changes in
protein levels, association or cellular location34), irrespective of the cellular levels of specific
chaperome members3°. Notably, there was little connectivity linking the HSP90 and HSP70
machineries in non-transformed cells. However, in a number of cancer cell lines,
connectivity was increased, as reflected by increased participation of HOP and the inclusion
of new co-chaperones in the HSP90-HSP70 chaperome networks. Connectivity was further
increased in another subset of cancer cell lines, unified by at least transcriptionally active
MY C expression, and was executed by over 40 co-chaperones, in addition to increased HOP
participation3°. As we discuss further, increased participation of chaperome members in the
HSP90-HSP70 chaperome network is executed by increasing the interaction strength
between HSP90 and network-participant chaperomes. Exogenous introduction and
knockdown of MY C was sufficient to connect and disconnect, respectively, the network in
these cancer cells. Conversely, transformation of cells with the viral oncogene v-srcor
mutant MET led to an increase in the cellular levels of several chaperones and co-
chaperones (HSP70, heat shock cognate 70 kDa protein (HSC70; also known as HSPAS),
HOP, HSP110, HSP40 and activator of HSP90 ATPase 1 (AHAL)) but, in this case, failed to
substantially influence connectivity3®.

Why does MYC hyperactivation augment HSP90-HSP70 chaperome connectivity in cancer
cells? Among the direct transcriptional targets of MYC are components of the protein
synthesis machinery, including translation initiation and elongation factors, tRNA
synthetases and small and large ribosomal subunits, and these components function together
to result in a global increase in cellular protein biogenesis that supports cell growth3.
Beyond this, the transcriptional response of several MY C-responsive genes is further
amplified by a coupled translation response3”. The point at which an increase in protein
production is balanced by an increase in protein degradation is unknown, but MYC
activation is often associated with creating a state of proteome imbalance34. While this may
require a ‘tune-up’ in the folding capacity of the chaperome, it also requires increased
participation of the chaperome in processes that increase the fitness of transcription,
translation and protein localization and that facilitate assembly of specific multiprotein
complexes with roles in signalling, transcription, cell division and other cellular processes
that lead to the aggressive behaviour of tumours associated with MY C hyperactivation. A
proteome imbalance such as this (as we discuss below) is best sustained by a
hyperconnected chaperome state in which the capacity of both the HSP90 and the HSP70
machineries are used most effectively to increase proteome activity and fitness. Interestingly,
and supportive of the studies in human cancer cells3®, recent studies in yeast found that
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deletion of genes involved in translation, transcriptional control and mitochondria-related
processes rendered cells hypersensitive to protein overexpression — referred to as protein
burden — and that an HSP90-HOP-HSP70 chaperome network was necessary to shape the
response of yeast cells to protein burden38.

To date, the nature of the specific stresses that augment connectivity is ill-defined. Besides
an increase in the ‘workload’ produced by specific pro-oncogenic proteins or by proteostasis
inhibitors themselves3°3%-43 it is also possible (and perhaps likely) that post-translational
modifications of chaperome components, or even a change in pH or specific conditions in
the tumour microenvironment*#-47_ may trigger this phenomenon. It is also possible that the
restructuring of the network might come about as a result of a quantitative overload of
distinct chaperome components owing to an increase in substrates?1321,

Physical chaperome connectivity during stress.

What is the biochemical basis for the low connectivity versus the hyperconnectivity of the
HSP90-HSP70 chaperome networks? To address this question we need to analyse, where
available, the experimentally defined biochemical and functional relationships among
chaperome members in models ranging from simple organisms (BOX 2) to humans and
determine how these relationships are modulated by cellular stress.

In the 1980s to the 1990s, pioneering studies on mammalian HSP90 found that its
association with co-chaperones and client proteins was dynamic*8-50, One feature of these
multiprotein complexes that enabled their isolation and biochemical characterization was
their stabilization by molybdate, vanadate and tungstate*8. Such oxoanions induce a
conformational state in the HSP90 chaperone that favours the capture of a client protein in a
specific functional state?®-50. The influence of cellular, proteome-mediated stress on the
stability of chaperome complexes was not appreciated at that time.

A decade later, Kamal et al.>! investigated the interaction of HSP90 with its cochaperones
p23 (also known as PTGES3) and HOP and discovered that HSP9O0 resided entirely in high-
affinity complexes with p23 and HOP in tumour cells but not normal cells. These
interactions were independent of the total levels of HSP90, p23 and HOP. However, later
studies indicated that HSP90 was not entirely in a high-affinity, complexed state in cancer
cells#3. Instead, dynamic HSP90 complexes characteristic of normal cells were found
alongside the high-affinity HSP90 complexes; these high-affinity complexes incorporated —
in addition to HSP90 co-chaperones — factors normally associated with the HSP70
chaperome machinery, such as HSP40, HOP and HSC70 interacting protein (HIP). In
addition to being biochemically distinct, with dynamic or strong interactions between
partners in the dynamic complexes and high-affinity complexes, respectively, each of the
two HSP90 pools exhibited distinct functions (see below). Unlike dynamic HSP90
complexes in normal conditions that required a stabilizing agent to capture co-chaperones,
the high-affinity complexes remained stable under native PAGES3®. They also had a distinct
isoelectric focusing signature. In addition, unlike the dynamic HSP90 complexes, which
dissociate under native PAGE and appear as dimers, these high-affinity complexes had
distinct molecular masses, reflecting HSP90 incorporation into stable protein complexes
with chaperones, co-chaperones and other proteins3®. In addition, the more the chaperome
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participated in the formation of the stable, multimeric complexes, the more the HSP90-
HSP70 chaperome networks became hyperconnected3®. Because the formation of the
hyperconnected chaperome is driven by proteome imbalance (in this case caused by MYC
hyperactivation), and because hyperconnectivity creates an entity that is thermodynamically
distinct from its constituent chaperome units, we coined this network the ‘epichaperome’.

Together, these studies suggest that increased connectivity, via an increase in interaction
strength among chaperome members, is important and more efficient in terms of energy
expenditure and cellular fitness than an increase in expression levels following proteome
alterations associated with chronic stress®2.

Functional gain by increased connectivity under stress.

The formation of stable, multimeric chaperome complexes under stress may provide a
template for the acquisition of new structures, activities and stabilities (FIG. 2). Oligomer
formation can modulate ligand binding sites and thus alter affinity and specificity, increase
the concentration of bound molecules, generate links between different cellular components
and transmit signals, ions and other molecules across biological membranes®34, More
explicitly, oligomerization increases fitness and functionality, and components within the
chaperome may assemble to acquire new competitive advantages and expand functional
breadth>. Chaperome oligomerization to modulate function has been observed in bacteria,
plants and other organisms in addition to human cells (BOX 3).

A recent study by Drummond and colleagues®® elegantly described how heat stress induced
global changes in the yeast proteome that led to the formation of reversible, large protein
assemblies rather than irreversible, insoluble aggregates of misfolded proteins destined for
degradation. Even severely aggregated endogenous proteins were recovered without
degradation following heat shock, and certain heteromeric complexes remained active with
unaltered fidelity, even during stress. The authors concluded that heat-induced ‘reversible
aggregation’ or oligomerization reflects an adaptive, autoregulatory process that aids cellular
survival under conditions of thermal stress, and these ideas are in accordance with studies in
human cancer3®. Interestingly, exposing yeast to short-term thermal stress led to only a
modest increase in the cellular levels of most chaperome components (~1.9-fold) but to a
robust increase in members involved in oligomerization, such as several SHSPs and
holdases®’.

Because HSP90 is stable as a dimer even at high concentrations, a conformational change is
most likely necessary to drive stress-induced oligomerization. This may lead to the
unmasking of an oligomerization site that is absent in the dimer, giving rise to a new protein-
protein interaction platform and a new quaternary structure. This postulate is supported by
findings that the formation of oligomeric species is inhibited by ATP and the HSP90
inhibitor geldanamycin but favoured by agents such as vanadate and molybdate, which
induce a substantial conformational change in HSP9049:58. Interestingly, binding of p23
shifted the HSP90 dimer-oligomer equilibrium towards the dimer, suggesting that a specific
HSP90 conformation exists that is more permissive of the oligomerization process®®.
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HSP90 and other chaperome components may use oligomerization to trigger functions that
are normally silent but become active during proteome imbalance®8:60.61 and importantly,
these specific functions may be executed more effectively than through chaperome units
(FIG. 2). For example, a multimeric chaperome scaffold could facilitate oncogene addiction
by allowing constitutive activation of signalling networks that contribute to malignancy3%-41.
Plants, which are constantly exposed to pathogenic stressors, maintain assembled
heteromultimeric protein complexes of certain chaperomes even in the absence of pathogens.
It is suggested that such complexes enable the indirect recognition of pathogen effector
molecules during pathogen invasion and then interact with diverse proteins and protein
complexes to activate the immune signalling pathway that protects against the pathogen®2.
The presence of stable chaperome complexes in cancer cells may be inferred to have similar
‘sensor’ and ‘effector’ mechanisms.

The functions of molecular scaffolds in general are to increase the efficacy of existing
cellular processes and to facilitate the evolution of new functions, either by linking pre-
existing components in a new way or by rewiring system thermodynamics®3. Compared with
molecular scaffolds, chaperome scaffolding platforms have the advantage of increased
quaternary structure diversity, where formation of new connections between chaperome
units may increase the function and versatility of platforms. Stabilization of chaperome
platforms by reducing the dynamic nature of the chaperome-chaperome interactions may
further increase efficiency. In cancer cells, where increased activity in a multitude of cellular
activities is essential for survival, bringing proteins in proximity and posing them in the right
orientation has obvious benefits. The idea of increased proximity for increased efficacy is
well studied in enzymes, which align reactive chemical groups®4. This reduces entropy,
making the reaction more favourable. Therefore, we suggest that stable chaperome
assemblies similarly drive unfavourable processes by reducing entropy, which may further
increase the efficacy of such scaffolding platforms.

An indication of the function of chaperome platforms in cancer comes from the analysis of
large interactome data sets derived mostly from yeast?6-32. These analyses are challenging
in human cells, and several studies have employed tagged proteins to isolate specific
chaperomes and their interactomes33:38.65.66_Sych cellular models in which a tagged protein
is introduced into a cell line cannot recreate the environment in tumours. This may explain
why some studies failed to isolate transcription factors along with kinases as HSP90
substrates33. Furthermore, transfection introduces cellular stress and could impose artificial
chaperome interactions with exogenous proteins. A potential solution to this problem comes
from the use of small molecule probes as baits for specific chaperome complexes. The use of
probes with a binding preference for the multimeric chaperome complexes may enrich these
species from a tumour lysate and in turn permit an analysis of the chaperome and its binding
partners in native tumours3°43,

The use of a chaperome bait in a large-scale approach was used to investigate the
interactome of multimeric, tumour-associated HSP90 complexes in K562 cells, a BCR-ABL
fusion-driven chronic myeloid leukaemia (CML) cell line3. In these cells, dynamic HSP90
species retained their activity in regulating housekeeping protein functions and interacted
with the non-oncogenic kinase ABL. By contrast, high-affinity, multimeric HSP90 species
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regulated the oncoprotein complement of the cell and interacted instead with the oncogenic
BCR-ABL kinase. The interactome of multimeric HSP90 also contained multiple proteins as
part of active signalling megacomplexes, as well as adaptor proteins such as growth factor
receptor-bound protein 2 (GRB2), dedicator of cytokinesis (DOCK), CRK-like (CRKL) and
epidermal growth factor receptor substrate 15 (EPS15). These factors link BCR-ABL to key
effectors of multiple, aberrantly activated signalling pathways in K562 cells, indicating a
clear presence of HSP90 in assembled — and active — signalling complexes. This was also
true for HSP9O0 in B cell receptor complexes and their downstream signalling components in
lymphomas®’, for B cell receptor hyperactivity in chronic lymphocytic leukaemia (CLL)%8
and for increased Janus kinase (JAK)-signal transducer and activator of transcription (STAT)
activity in myeloproliferative neoplasms and acute lymphoblastic leukaemias (ALLs)%%-"1,

In the context of CML, the stable, multimeric HSP90 species were also found to regulate
STATS activity#3. Regulation occurred at multiple nodes in the STATS signalling pathway,
indicating a role in increasing pathway (rather than just singular protein) activity.
Specifically, multimeric HSP90 binding to STATS5 altered STAT5 phosphorylation and
dephosphorylation kinetics and, moreover, maintained STAT5 in an active conformation in
STATS5-containing transcription complexes®3. Similar activities were also reported for
STAT3, whereby HOP and HSP90 were found to form a complex required both for the
maturation of JAK2 and as a scaffolding complex for the transduction of JAK2-STAT3
signalling in certain ovarian and endometrial cancer cells’2. In acute myeloid leukaemia
(AML), the activity of the STAT5 pathway is dependent on stable, multimeric HSP90, which
is the basis for AML cell sensitivity to HSP90 inhibition’3.

Survival of lymphoma cells transformed by Epstein-Barr virus (EBV) or Kaposi’s sarcoma-
associated herpesvirus (KSHV) also requires the formation of the multimeric HSP90
species’* ">, For example, viral FLICE inhibitory protein (vFLIP), a viral oncoprotein
homologous to CASP8 and FADD-like apoptosis regulator (CFLAR; also called cFLIP)
with nuclear factor-xB (NF-xB)-activating and anti-apoptotic activities, bound to the
multimeric HSP90, but endogenous CFLAR did not’4. In these lymphomas, multimeric
HSP90 regulated several viral and cellular proteins, including many involved in NF-xB
signalling, apoptosis and autophagy. Stable chaperome platforms may also be needed for the
regulation of other viruses’®77. In another example, multimeric HSP90 sustained eukaryotic
translation initiation factor 4E (elF4E) activity in the nucleus and the cytoplasm by
increasing the activity of elF4E in driving nuclear export and translation of BCL6, MYC and
BCL2mRNA in diffuse large B cell lymphoma cell lines’8. These data indicate a role for
multimeric HSP90 in controlling the post-transcriptional dynamics of key mRNA species. In
these and other B cell lymphoma cells, multimeric HSP90 also functions as a co-repressor
for B cell lymphoma 6 protein (BCL-6) by maintaining it in a stable conformation within
repressive complexes in the nucleus to block expression of BCL-6 target genes’®.

Other evidence of the involvement of chaperome platforms in modulating the plasticity of
signalling networks comes from studies with HSP90 inhibitors in cancer. For example, one
of the effects of HSP90 inhibitors in cancer models, as well as in other disease models, is to
disable the formation of signalling feedback loops that enable resistance to kinase
inhibitors8. This concept is based on landmark studies in yeast and plants®L. Signalling
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networks maintain a degree of dynamism and adapt to the ever-increasing changes induced
by environmental conditions, such as extracellular and intracellular stimulatory or inhibitory
signals. These signals can be derived from the tumour microenvironment or from other
factors, such as a kinase inhibitor82. Crosstalk of signalling pathways and their dependence
on the chaperome system for rapid remodelling are well-studied phenomena, and such work
resulted in the use of HSP90 inhibitors in cancer in combination with kinase inhibitors83:84,
If signalling network rewiring can be inhibited, the outgrowth of resistant clones should be
reduced, and the duration of disease control would be prolonged. This phenomenon is
evident when an HSP90 inhibitor is added to a kinase inhibitor, such as the JAK inhibitor
ruxolitinib in myeloproliferative neoplasms and the human epidermal growth factor receptor
2 (HER2; also known as ERBB2) inhibitor trastuzumab in breast cancer8>:86.

The scaffolding functions of the chaperome in cancer are likely to include other essential
dynamic processes, such as transcription, translation, metabolism, immune adaptation, cell
death and cell division pathways. One role may be to regulate the transcriptional and
translational landscape, whose flexibility plays a key role in adaptation to the malignant
state. Studies in yeast highlight the sophistication and fine-tuning of stress-regulated gene
expression that is needed to promote balanced and coordinated protein production under
each stress condition8”. In transcription-related processes, the functions of chaperomes have
been the subject of intensive study, but little is known about the relationships between
chaperome entities, such as the histone chaperones and the HSP90 and HSP70 chaperone
machineries. Relationships between the chaperones, co-chaperones and processes associated
with nucleosome assembly and disassembly, chromatin remodelling and the integration and
function of large protein machines involved in DNA transcription, replication and repair
have been reported®-91, Yet in most cases, it is unknown whether the individual chaperone
machineries function redundantly, represent independent activities at distinct stages during
transcriptional regulation or demonstrate interconnectivity to increase activity and
specificity.

Together, evidence suggests that the chaperome acts as a multimolecular scaffold in cancer,
providing cellular components with a framework on which they can work more efficiently or
differently than they would without chaperome participation®2. Another benefit of such
chaperome scaffolding platforms is reorganization of dynamic biological networks. To
maintain robustness in the face of ever-changing genomic and environmental challenges,
cells must maintain highly reconfigurable protein networks and reorganize macromolecular
complexes®3-98, and chaperome platforms can facilitate this. Dynamic adaptation-required
remodelling of intricate cellular networks may then become stabilized when stress is
chronically applied, such as in cancer, turning the adaptive function meant to provide
survival under acute stress into maladaptive phenotypes associated with disease.

Redundancy and hyperconnectivity

Redundancy (or the lack thereof) is key to understanding the effect that inhibition of specific
chaperome members has on cancer cells (FIG. 3). Recently, the cytotoxicity of PU-H71, an
inhibitor with specificity for HSP90 when the chaperone is part of stable, multimeric
chaperome complexes, was studied by our team in a large panel of cancer cell lines and
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primary tumour specimens encompassing pancreatic, gastric, lung and breast cancers, as
well as lymphomas and leukaemias3®. We observed that tumours could be classified into two
types. In type 1, the drug induced substantial apoptosis, with little recovery after drug
washout, whereas in the other subset, termed type 2, only growth inhibition was observed,
with cancer cells recovering after drug washout. Intriguingly, in both type 1 and type 2
tumours, inhibition or small interfering RNA (siRNA) knockdown of HSP90 led to the
depletion of select client proteins (for example, phosphorylated ribosomal protein S6 kinase
(p-S6K), phosphorylated ERK (p-ERK) and epidermal growth factor receptor (EGFR)) and
an identical HSP70 induction profile, indicating that the different responses were intrinsic to
HSP90 rather than secondary effects induced in one type and not the other, such as impartial
inhibition of HSP90 or apoptosis suppression by HSP70 induction (given that HSP70 has
several anti-apoptotic functions®?-103). Analysing network connectivity in type 1 and type 2
tumours revealed why HSP90 impairment was toxic to type 1 but not type 2 tumours. Type 1
tumours were characterized by highly interconnected or hyperconnected HSP90 and HSP70
chaperome machineries. By contrast, the network connectivity of type 2 tumours was similar
to that observed in HEK293T cells33, where the HSP90 and HSP70 machineries behaved as
insular chaperome communities, each utilizing a subset of its dedicated co-chaperones to
execute designated cellular functions.

Thus, the network in type 2 tumours enables redundancy. Studies in yeast (BOX 2) and
human cells indicate that other chaperome members may take over the workload of the
disabled chaperome and retain a robust cellular network30:35.104-106 \When HSP90 is
impaired, alternative use of the HSP70 machinery is a logical solution, and several lines of
evidence support this hypothesis. First, proteome analyses of the interactome of cyclin-
dependent kinase 4 (CDK4) indicated that CDK4 associates with HSP90a and HSP90p,
CDC37 and two immunophilins (FKBP4 (also known as FKBP52) and FKBP5), but upon
HSP90 inhibition with NVP-AUY922, the kinase becomes bound to HSC70, HSP70, HOP
and HIP104, This was later confirmed by Taipale et al.33, who found that HSP90 inhibition
by ganetespib led to stronger associations of some proteins — mainly kinases — with
HSC70. Therefore, upon HSP90 inhibition, CDK4 and other client proteins may be
transiently scaffolded by the HSC70-HIP complex to slow their degradation. This has also
been observed for the microtubule-associated protein tau, where binding by HSC70 or
HSP70 slowed or accelerated tau clearance, respectively%®. Second, ‘workload transfer’ by
increased connectivity between the HSP90 and HSP70 machineries has been demonstrated
in a study in which the HSP90 interactome was analysed in HEK293T cells in the presence
of ATP, ADP and geldanamycinl%. As discussed above for non-transformed cells, little
connectivity was noted between HSP90 and the HSP70 machinery under native conditions
because HSC70, the BAG proteins and HIP were mostly absent from the HSP90 isolates.
However, upon treatment with geldanamycin, HSP90 association with these particular
chaperome members increased and a number of other chaperome members also became
associated. These other factors, including CDC37, FKBP4, tetratricopeptide repeat domain
9C (TTC9C), TTC4, DNAJC7, PIH1 domain-containing protein 1 (PIHD1), HSP90 co-
chaperone CDC37-like 1 (CD37L) and RNA polymerase Il-associated protein 3 (RPAP3),
are also reported to be involved in forming the hyperconnected chaperome network in type 1
tumours3,
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Collectively, these findings suggest that the chaperome network uses redundancy to protect
itself from temporary or partial impairment of one of its hubs and is best seen when cells
evade toxicity as a result of HSP90 inhibition (FIG. 3). Such workload transfer owing to
redundancy in the chaperome network may also explain why inhibiting the direct interaction
of CDC37 with HSP90 fails to compromise kinase function in some cancer cellsl97.
However, this protective mechanism is absent in tumours in which the hyperconnected
network is reinforced between the HSP90 and the HSP70 chaperome machineries. Indeed, in
these cancer cells, but not in the type 2, low-connectivity tumours, knockdown of HSP110
(an HSP70 co-chaperone) or HOP was sufficient to diminish the activity or expression of
HSP90-regulated kinases, such as p-S6K, p-ERK and EGFR, in a fashion similar to
knockdown of HSP90a and HSP90B or AHA1L (REF.35). Also supporting the lack of
redundancy in tumours with chaperome hyperconnectivity is the finding that the more the
chaperome was integrated into the hyperconnected networks, that is, the epichaperome, the
more vulnerable it became to hub impairment3®. Consequently, pharmacological or genetic
inhibition of several chaperome members (such as HSP90, HSP110, HOP or AHAL) was
most toxic in type 1 cancer cells. Maintenance of the hyperconnected network was vital for
the survival of these tumours and for the function of their oncogenic proteome networks3>.

Chaperome inhibitors

Individual chaperomes have been actively sought as cancer targets. Nonetheless, clinical
studies of chaperome inhibitors, such as those targeting HSP90, have had limited success in
clinical trials18-111 |n light of our discussion, we propose that therapies targeting
chaperome members need to address the complexity of the networks in which they
participate. HSP9O0 is routinely targeted without considering its context within the
framework of the cancer chaperome. Instead, therapeutic strategies were based on a specific
model: If an HSP90 client protein is important for the function of a particular tumour cell,
then the tumour will respond to HSP90 therapy. Although this model has had success, for
example, in HER2-positive breast cancers, it has largely failed for other ‘client-dependent’
tumours. This has led to a state of overt negativity towards the chaperome field. We propose
a fresh look at the chaperome based on a novel mechanistic understanding of chaperome
interconnectivity and interdependence.

The phenomenon of cooperation or interconnectivity for survival is not unique to the
chaperome and has been studied in the context of genetic interactions via epistasis analysis
and synthetic lethality12.113, HSP9O0 inhibition is lethal only when HSP90 is
hyperconnected with the HSP70 machinery and other chaperomes, just as poly(ADP-ribose)
polymerase (PARP) inhibition is lethal when breast or ovarian cancer cells harbour BRCA1
or BRCAZ mutations!14115 Therefore, we suggest that HSP90, per se, is not a target in
cancer, in the sense that tumours become addicted to HSP90 only when HSP90 becomes
integrated into epichaperome networks, potentially explaining the poor performance of
HSPI0 inhibitors in non-selected patient populations.

By analysing 95 cancer cell lines, 40 primary AMLs and 23 primary breast tumours ex vivo
and 51 solid tumours and lymphomas in patients, we found that 50-60% express variable
epichaperome levels but only ~10% are high expressors, as defined by the amount of HSP90
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residing in hyperconnected chaperome networks3®. We suggest that these cancers with high
expression of the epichaperome are ideal for single-agent HSP90 therapy. Basket trials!16
where epichaperome levels rather than genetics or cancer type are used for patient selection
are more likely to capture potential responders to HSP90 therapies. Interestingly, most
preclinical studies that reported substantial anticancer activity in xenografted human
tumours (both patient-derived and cell line-derived) in mice with single-agent HSP90
therapy3:79.117-119 \were later shown to have been performed with tumours harbouring high
epichaperome levels35.

Realization that the HSP90 epichaperome is the optimal target for cancer therapy provides a
new route for patient selection. Because of the unique presence of the epichaperome in
tumours, and the distinct biochemical nature of HSP90-containing epichaperomes, chemical
probes specific for the epichaperome can be developed3®. These probes enable
epichaperome detection in patients via positron emission tomography (PET) for solid
tumours and flow cytometry for liquid tumours and are currently under clinical investigation
as potential companion diagnostics for PU-H71 (incorporated into NCT01393509 (REF120),
NCT01269593 (REF121) and NCT03166085 (REF122)).

Clearly, therapies built around chaperome inhibitors will need to consider the effect of
combination therapies on chaperome networks. The sequence of therapy administration will
also likely play an important role in optimizing potency and efficacy, as therapies may either
increase or decrease chaperome connectivity and in turn the effectiveness of chaperome
inhibitors123, Moreover, an optimal therapeutic index and an ability to be incorporated into
combinatorial regimens, the mainstay for most cancer therapies, will also be crucial for
chaperome inhibitors. As multimeric chaperome complexes support the oncogenic functions
of the proteome, inhibitors that discriminate between a single chaperome and a chaperome
incorporated into epichaperomes (that is, HSP90 versus HSP90-containing epichaperomes)
are preferred as they may offer better target engagement and a safer profile. While acute
chaperome member inhibition may not be toxic to normal cells, chronic suppression may
have unwanted effects. This has been noted for HSP90 agents that persisted in the eye or in
the gastrointestinal tract, resulting in visual disturbances and gastrointestinal toxicity,
respectively124.125,

In the background of these discoveries, notable efforts over the past 2 decades have resulted
in the development of a variety of HSP90 and HSP70 inhibitors, and although a few are
selective for certain paralogues, most act as pan-HSP90 or pan-HSP70 inhibitorsl7:126-128,
In the context of type 2 tumours3®, the chaperome network concept would suggest that dual
targeting of two hubs (for example, HSP90 and HSP70) will overcome redundancy and
provide synthetic lethality. Nevertheless, there are a growing number of HSP70 inhibitors,
which on their own have shown efficacy for select cancers!01.127_ Compounds that target the
interaction of chaperones with specific co-chaperones have also been investigated, but these
studies are still in their infancy197.129 The sensitivity of tumours to chaperome inhibitors
may or may not necessarily overlap with the sensitivities exhibited with HSP90-specific
inhibitors, as distinct chaperome networks may be evident among diverse tumours. In
addition, inhibitors of chaperome-associated components in the proteostasis network, such
as autophagy, the ubiquitin-proteasome system and endoplasmic reticulum (ER) and
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mitochondrial stress responses, may further increase vulnerability of tumours to chaperome
inhibitors3®. Because inhibitors of HSP90 are the most studied and the only ones so far
translated to the clinic88:130, we focus the rest of our discussion on these small molecules.

One misconception is that all the small-molecule HSP90 inhibitors are identical. This
concept derives from findings that most bind a similar pocket in HSP90. For agents that have
moved into clinical investigation, this site is the nucleotide binding pocket located in the
amino-terminal domain1’:39-41, This view overlooks the reality that agents directed towards
HSP90 in cancer cells are in fact being directed towards a multitude of HSP90 complexes,
some of which may be dynamic and others that may be stable. Yet, HSP90 complexes are
differentiated by their composition and possibly by post-translational modifications in
resident components31-133, igands may also bind in the HSP90 pocket in unique
orientations, and small-molecule binding may trigger pocket rearrangements34. Of note,
HSP90 undergoes large conformational changes that may influence the pocket configuration
as well as the residence time of the bound ligand35-137 These factors may all influence the
association and dissociation kinetics of an HSP90-targeted drug35:134.138,

Evidence also indicates that not all inhibitors preferentially bind a common set of HSP90
conformations39, This is evident from studies using immobilized inhibitors to trap HSP90
complexes in cancer cells. For example, while geldanamycin efficiently captures HSP90, it
binds poorly to HSP90 complexes containing client proteins#3140, This was not the case for
other inhibitors, such as PU-H71, which instead preferred HSP90 species bound to co-
chaperones and client proteins3®43. Compounds that target the HSP90 carboxy! terminus,
such as celastrol and the novobiocin-derived compound KU174, prefer or perhaps even elicit
a distinct HSP90 conformation that is different from that favoured by geldanamycin?41,
Importantly, studies comparing the protein partners of HSP90 inhibitors with those obtained
after treatment with HSP90 antibodies (which instead capture the entire cellular pool of
HSP90) indicate that each inhibitor prefers unique HSP90 pools3°:43:68,

What are the consequences of such complexity in the binding preferences of chaperome
inhibitors? First, equilibrium binding metrics are poorly suited for understanding the binding
profiles of chaperome inhibitors. While the interaction of a small molecule with a protein or
protein complex is often described using such parameters, there is an increased appreciation
in the drug discovery field that such terms are unable to describe the complexities of a target
in the cellular context and are even less apt to describe the many factors operating in
vivol42.143 This realization has implications for the development of chaperome inhibitors
and emphasizes the importance of considering factors such as the residence time,
pharmacokinetics (PKs) and pharmacodynamics (PDs) to fully appreciate the distinctions
between HSP90 agents1’144.145 (BOX 4).

Overall, the biological activity and therapeutic index of chaperome inhibitors are influenced
by many complex factors, and no single measure is sufficient to understand or predict
behaviour. Ultimately, then, classical approaches to drug discovery are inappropriate when
one targets the chaperome. Instead, attention must be paid during drug development to the
ability of the compound to modulate relevant, disease-specific chaperome species.
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Perspectives

With this Opinion article, we hope to catalyse a shift in our thinking of and the approach
towards the study of the chaperome in cancer. We suggest that efforts must be directed to
understand how individual chaperomes are integrated into intricate cellular networks and
that only through a network approach will we be able to fully understand the implications of
chaperome proteins as therapeutic targets. The previous rush to move the first class of
chaperome inhibitors — the HSP90 inhibitors — into clinical studies without a deep
understanding of the complex biology of the chaperome has led to disappointment in the
medical community. This reticence to support future trials may simply neglect chaperome
complexity. Instead, we believe that chaperome-based therapeutics have high potential for
the treatment of cancer as well as a number of other diseases, such as neurodegenerative and
infectious diseases.

This reality highlights the need to study the function of the chaperome in the context of
native cellular states. Therefore, information derived from the use of cellular models must
ultimately be validated in relevant biospecimens or other systems more closely related to the
disease. Efforts should appreciate and distinguish the housekeeping and disease
contributions of the chaperome to cellular function. Only through a better understanding of
the biochemical factors that enable the formation of disease-associated chaperome networks
and epichaperomes will we be able to design drugs that target such species.

In this context, several questions remain unanswered. First, how are the relatively stable
oligomeric chaperomes formed? Changes in the quaternary structure of chaperomes may
occur through conformational changes within individual subunits, which can be induced by
post-translational modifications, changes in cellular location, alterations in the pH or ion
composition or other unforeseen mechanisms. Future studies must address the mechanisms
underlying this form of regulation but will be challenging considering the context-dependent
formation of chaperome networks. Studies conducted in vitro with recombinant chaperome
proteins suggest that formation of specific complexes is executed by conformational changes
that render chaperones competent to bind a specific protein146. In cells, this is likely to be
modulated, and perhaps facilitated, by the factors listed above, which may constrict the
chaperone component to favour binding#447.133.147 Second, is the hyperconnected HSP90-
HSP70 network the only epichaperome that forms in cancer cells during chronic stress?
Instead, we envision that chaperome networks are driven by specific stresses. In this
scenario, each stress might potentially lead to the formation of distinct epichaperome
networks. This has yet to be investigated. Third, might chaperome networks form within
cellular compartments? One can imagine that specific networks in the mitochondria or ER
might be linked to drug efficacy, as these compartments contain homologues of most
cytoplasmic chaperome components148-150_ |n addition, altered cellular locations of
chaperomes and changes in homeostasis or proteostasis in these organelles are tightly
associated with some forms of cancer46:151.152 Therefore, these factors will need to be
considered when we design and develop chaperome inhibitors for cancer.

It is also important to emphasize that the chaperome does not act in isolation in regulating
the proteome. Instead, the chaperome partners with the proteostasis network that comprises

Nat Rev Cancer. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi et al.

Page 15

cellular protein quality control processes. These processes include autophagy, the ubiquitin-
proteasome pathway, the mitochondrial stress response and the ER-linked unfolded protein
responsel®3.154 Previously described studies associated changes in the expression levels of
chaperome. members with the maintenance of the proteostasis network123:154, We propose a
complementary view, where changes in the association strength between chaperome
members endow the cell with new functions that enable robust proteostasis during
conditions of chronic stress. In fact, proteostasis-targeting agents, such as proteasome
inhibitors, represent examples of clinically successful agents that, in well-defined cancers
and in combination with other agents, have provided substantial clinical benefit in select
cancers, most notably multiple myeloma®®®. This provides precedent as well as additional
impetus for the introduction of judicious patient selection and drug combination strategies
for chaperome-based therapeutics.

In conclusion, while changes in the expression levels of chaperome members, the interaction
strength between chaperomes, chaperome complex composition and cellular location of
chaperome members are all hallmarks of cancer, we are only beginning to understand how
these factors influence how chaperome networks form, how they are regulated and how they
might be co-opted to develop hypothesis-driven, therapeutic approaches in cancer. In the

future, we envision that the range of diseases linked to chaperome biology and new
therapeutic targets will emerge from these efforts.
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Box 1 |
The chaperome in folding and complex assembly

To rationalize how the chaperome participates in protein folding, a model was built in
which nascent proteins are passed — from the time of synthesis to the final folded state
— through several chaperone machineries, each with a specialized function and each
supported by a major chaperonel®6:157 In the classic heat shock protein 70 (HSP70)-
HSP90 chaperome folding cycle, a general model (see the figure) that has emerged
comprises binding of a client protein to the HSP70 and HSP40 chaperones followed by
transfer from HSP70 to HSP90 via HSP70-HSP90 organizing protein (HOP). HSP40s
and nucleotide exchange factors (NEFs) then drive the HSP70 cycle of substrate binding
and release, retaining the client in a folding-competent state. A role for heat shock
cognate 70 interacting protein (HIP) was proposed at the stage of HSP70-HSP90 transfer,
where it may attenuate HSP70 cycling by stabilizing the ADP state, thereby increasing
the substrate holdase activity of HSP70 and diverting certain HSP70-ADP-substrate
complexes to HSP90 or towards proteasomal degradation. Once transferred onto HSP90,
cochaperones and other factors can lead to the formation of the mature HSP90 complex,
which keeps the client in an activatable state36.156_ Co-chaperones help regulate specific
proteins or cellular functions: cell division cycle 37 (CDC37) assists in kinase regulation,
suppressor of G2 allele of SKP1 (SGT1; also known as SUGT1) is involved in
cytokinesisl®8, activator of HSP90 ATPase 1 (AHAL) plays a role in nucleocytoplasmic
transport32 and FK-506-binding protein 5 (FKBP5) acts in DNA damage regulation33. In
addition to assisting chaperone activity, many co-chaperones can also function
independently.

Besides folding and disaggregation, the chaperome may assist in the formation of protein
complexes?2:23, In this case, chaperones help unite protein assemblies under normal
cellular conditions but dissociate once the multicomponent assembly is formed?3-2. In a
classic example, nucleoplasmin is required only transiently for nucleosome assembly and
is not a component of the nucleosomes?2:23, Similar transitory involvement was also
proposed for HSP90 during the assembly of several complexes such as small nucleolar
ribonucleoprotein (snoRNP), RNA polymerase Il, PI3K-related protein kinase (PIKK),
the telomere complex, kinetochores, RNA-induced silencing complex (RISC) and the
26S proteasome2°. Among the assembly chaperones are the histone chaperones, which
play important roles in nucleosome assembly in addition to a variety of other functions
related to histones in normal cells as well as in human diseases?488.159, Finally, a variety
of chaperones are involved in the many steps that lead to the assembly of the 34-subunit
26S proteasome160,
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Box 2 |
Insights into chaperome networks from model organisms
Chaperome connectivity during stress

Studies in yeast investigated the relationship between the major chaperones, heat shock
protein 90 (HSP90) (Hsp82 and Hsc82 in yeast) and HSP70 (Ssal and Ssb1l in yeast), and
how this is influenced by HSP70-HSP90 organizing protein (HOP; Stil in yeast; see the
figure). HSP90 does not form stable complexes with HOP and other chaperones unless
cells are stressed, such as by the introduction of an exogenous protein. For example,
HSP90 could be affinity purified with HSP70, HOP and an immunophilin only after viral
oncogene v-src introduction®1, Several HSP70 co-chaperones, such as an HSP40 (Ydj1
in yeast) and an HSP110 (Ssel in yeast) were also required, and yeast with a defective
form of HSP40 failed to maintain functional v-SRC. HSP110 overexpression could
rescue this phenotypel62-164 Tolerance to heat and antifungal agents also requires the
HSP90-HOP-HSP70 link. While HSP9O0 is required for Aspergillus fumigatus resistance
to the antifungal caspofungin, a mutation in HSP70 that impairs HOP binding, inhibition
of HSP70 function with pifithrin-p or deletion of the gene encoding HOP (stilA)
inhibited the ability of the fungi to adapt to and overcome caspofungin-induced cell wall
stress16°,

Chaperome redundancy

The relationship between inhibition of chaperome network components and redundancy
was addressed in a large-scale investigation of proteome changes following deletion of
SSA1 and SSBI (two HSP70 paralogues) in yeast that were grown under optimal
conditions30. In addition to being highly abundant (both proteins are among the top 5%
of yeast proteins by mass), Ssal and Ssb1 contain the most connections among all hub
proteins, with 3,269 and 2,489 links to client proteins, respectively, and interact with >40
other chaperones?8. Surprisingly, no substantial changes in individual protein
concentrations were associated with loss of SSAL and SSBZ, suggesting that the function
of the chaperome network continues following their loss and is instead maintained by
other chaperones, a process more efficient than regulating chaperone concentration. This
“functional takeover’ can be achieved either by another HSP70 member or chaperome
machinery.

Chaperome inter connectivity

Similar to tumour cells with a hyperconnected chaperome network, yeast under heat
stress may also use chaperome interconnectivity to survive. For example, yeast
harbouring mutations in /SC82that cause temperature-sensitive growth66 were
hypersensitive to the HSP90 inhibitors geldanamycin and radicicol'67. HSP90 levels in
the mutants were essentially unaltered compared to wild-type cells, and binding of
inhibitors to HSP90 was unaffected by these mutations!6’. Defects in HOP and HSP110
function, but not in the HSP90 co-chaperones p23 (Sbhal in yeast), cyclophilin (Cpr6 in
yeast), Hchl or activator of HSP90 ATPase 1 (Ahal), led to increased sensitivity to
HSP90 inhibitors64167,
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Box 3 |
What are the functions gained through chaperome oligomerization?

In Arabidopsis spp., a thioredoxin-like protein (tetratricoredoxin (AtTDX)) can act as a
disulfide reductase, a foldase and a holdase, each determined by its oligomeric status.
AtTDX oligomerization is reversibly regulated by heat shock, which causes a transition
from low to high molecular mass complexes with concomitant functional switching from
a disulfide reductase and foldase chaperone to a holdase chaperone. Increased heat shock
resistance in plants is conferred primarily via the holdase activity of AtTDX, that is, the
high molecular mass oligomers. This is modulated via its tetratricopeptide repeat (TPR)
domains, as their deletion results in increased disulfide reductase activity and loss of the
holdase function68. Formation of the oligomeric form is associated with a
conformational change in AtTDX structurel6,

In Escherichia coli, oligomeric heat shock protein 70 (HSP70; DnaK in £. col) is also
more prevalent in cells exposed to heat shock. The oligomers retain ATPase and holdase
activity but have a reduced ability to refold substrate and do not respond to stimulation by
HSP40 (Dnal in £. coli)17°.

In human cells, stress conditions also induce chaperome oligomerization. The cytosolic
HSP70s form oligomeric structures in response to heat, osmotic stress or hydrostatic
pressurel’1:172 \whereas the endoplasmic reticulum HSP70 glucose-regulated protein 78
(GRP78; also known as BIP and HSPA5) forms homo-oligomers in response to glucose
deprivationl’3. Stable, ATP-independent, oligomeric forms of HSP70 and HSP110 were
identified in a mouse C3H mammary carcinomal’4. HSP27 (also known as HSPB1), a
small HSP, forms small oligomers in exponentially growing cultured cells and large
oligomers in tumour cells in vivo or in those grown to confluence in vitrol’>-178 The
large oligomers represent the active form and are plausibly responsible for underlying
oncogenic functions owing to their ability to inhibit apoptosis and dampen the effects of
oxidative stress1/>-178_ HSP90 also oligomerizes under conditions of thermal
stress179-183 while all of the members of the HSP90 family are believed to exist
primarily as homodimeric species, some reports suggest the presence of a monomeric
form, while others have noted a tendency of HSP90 to self-associate when purified from
cells under thermal stress®8. These HSP90 oligomers were not aggregates but rather
soluble high molecular mass species that retained the ability to bind co-chaperones, such
as activator of HSP90 ATPase 1 (AHAL). In the absence of AHA1 binding, HSP90
ATPase activity is otherwise extremely low!2°, In fact, AHA1 preferentially binds
oligomeric HSP90 over the dimeric species!82,
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Box 4 |

Factors that influence the biological activity and therapeutic index of
chaperome inhibitors in the context of cancer

We consider a scenario (see the figure) where a type 1 tumour with a hyperconnected
chaperome network is treated with three heat shock protein 90 (HsP90) inhibitors with
either a preference for the stable, multimeric HsP90 complexes (inhibitor A), a
preference for the lower affinity, dynamic HsP90 complexes (inhibitor B) or no
preference (inhibitor C). However, small molecules are not infinitely selective; an
inhibitor with preference for epichaperomes may interact at much higher concentrations
with non-complexed or low-affinity species. Drug selectivity comes not from static
measurements performed at equilibrium but rather from a combination of factors that can
be defined only in vivo. Indeed, in cancer cells under conditions of thermodynamic
equilibrium, there is little difference in the phenotype observed with the three agents.
During the time the compound resides inside the cell at an invariant concentration over
the time course of the experiment and in the confined environment of tissue culture, the
drug will occupy and inhibit the phenotype-determining species regardless of its binding
preference.

However, in vivo, other factors will substantially influence the behaviour of the
inhibitors17.142.144.146 For inhibitor A, we posit that Cpay, the maximum or peak
concentration that a drug achieves in the tumour after administration, is most important.
After compound administration and once the epichaperome is engaged, limited target
turnover and slow target dissociation kinetics (K) assure extended epichaperome
suppression. This is associated with a tumour pharmacokinetic (PK) profile, which
mirrors the tumour pharmacodynamic (PD) profile and in turn leads to effective
antitumour activity. If this drug also has a profile associated with rapid clearance from
plasma and other sites in the body (with no obvious accumulation of toxic metabolites),
inhibitor A can be dosed without overt toxicities. This is the case for an HsP90 inhibitor
with a good therapeutic index and ability to suppress the target at safe doses.

For inhibitor B, the ability to engage the epichaperome in vivo is a challenge and is
dependent upon maintaining extended systemic levels. The longer the systemic exposure,
the more likely equilibrium is reached and the epichaperome is engaged. This becomes a
considerable challenge in the body, as long systemic exposure also increases the chance
for off-target effects and potential toxicity. As a result, the ability to use these drugs and
obtain a favourable PD profile and antitumour effect is limited. This is a scenario where
an extended tumour PK profile is indicative of binding to a specific HSP90
conformation142.184.185 and not to epichaperomes. Here, the tumour PK profile does not
match the tumour PD profile, and limited antitumour activity is achieved144,

For inhibitor C, Cy5x is important, but limitations in reaching it derive from factors
related to off-target effects and possible toxicity owing to HsP90 inhibition in certain
tissues and organs. These considerations greatly influence the ability to deliver sufficient
drug to the target in a tumour at a safe dosel44.
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Fig. 1|. Chaperome connectivity from normal cellular statesto conditions characterized by
increasing stress.
Under normal cellular conditions, the chaperome acts as a flexible and versatile connector of

cellular pathways. Such flexibility is enabled by dynamic interactions among the chaperome
members and between the major chaperome machineries. In these conditions, each
chaperome machinery executes its set of dedicated functions with the use of individual sets
of chaperones and co-chaperones. Such flexibility also permits a rapid chaperome rewiring
when cells are exposed to acute stress (for example, heat) and certain chronic stresses to
enable cellular stability and functionality. Networks are context-dependent, and the
formation, re-wiring or restructuring of connectivities all depend on the applied molecular
stress. Cellular stress increases the connectivity between distinct chaperome machineries,
with the goal of increasing their functional diversity and competence. Certain stresses, such
as MY C hyperactivation during oncogenesis (see the main text), can lead to a state of
chaperome hyperconnectivity, where cellular demand requires maximal chaperome
participation. Here, hyperconnectivity of the chaperome is executed by an increase in
affinity between the chaperome machineries through their associated chaperones and co-
chaperones. Thus, dynamic interactions between the chaperome members are characteristic
of normal physiological conditions, but cellular stress alters the thermodynamics of such
interactions, resulting in increased stability of chaperome complexes. Such a change also
produces an altered functional interdependence among chaperome members. Most of the
current data relates to the heat shock protein 90 (HSP90)-HSP70 chaperome, which we
present as an example here, but the chaperome extends beyond these highly studied
members. AHAL, activator of HSP90 ATPase 1; BAG1, BAG family molecular chaperone
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regulator 1; CD37L, HSP90 co-chaperone CDC37-iike 1; CDC37, cell division cycle 37;
FKBP5, FK-506-binding protein 5; HOP, HSP70-HSP90 organizing protein; NUDC, nuclear
distribution protein C; PIHD1, PIH1 domain-containing protein 1; RPAP3, RNA polymerase
Il-associated protein 3; sHSPs, small HSPs; TTCA4, tetratricopeptide repeat domain 4.
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Fig. 2|. Functional gainsfrom formation of multimeric chaperome scaffolding platforms under
cellular stress.

a | Cellular stress results in the formation of multimeric chaperome complexes of increased
stability These structures, which we call chaperome scaffolding platforms, form after stress
to execute folding-independent functions and provide a template for the acquisition of new
activities. Chaperome scaffolding platforms have the advantage of increased quaternary
structure diversity, where formation of new connections between chaperome units may
increase the function and versatility of such platforms343, Stabilization of chaperome
platforms by reducing the dynamic nature of chaperome-chaperome interactions may
improve efficiency. These high-affinity chaperome complexes may help organize and
maintain the function of the oncoprotein complement of a cancer cell in a tumour-specific
and transformation-specific manner. In some cases, these context-dependent functions
include the activation of signalling pathways in certain leukaemias’3, the processing of key
mRNAs of lymphoma subtypes’8 and the maintenance of the viral oncoproteome in
gammaherpesvirus-associated malignancies’#. b | Formation of the chaperome platforms
enables a dynamic adaptation to acute insults, providing a protective mechanism for cells
under transient stress. When stresses become chronic, the adaptive functions meant to
provide survival under acute stress become cemented and lead to maladaptive phenotypes
associated with disease. AHA1, activator of HSP90 ATPase 1; CDC37, cell division cycle
37; HSP, heat shock protein; sHSPs, small HSPs.
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Fig. 3|. Chaperome networks use redundancy to protect from temporary or partial impairment.
An easy way to understand redundancy is to think of a technical network (for example, a

power grid). In this model, when a primary path is unavailable, an alternate path can be
instantly deployed to ensure minimal downtime and continuity of network services. In a
biological system, redundancy has a similar connotation and provides chaperome networks
with a rapid response to insults, whether genetic or environmental stress, or to drugs
targeting any of the chaperome network components. Under normal conditions or perhaps
low stress (that is, type 2 tumours), the networking capacity of the chaperome is in place but
executed via flexible interactions between network components3t. Here, inhibition of
chaperome units may be overcome by transfer of the workload to another chaperome or
chaperome machinery In reality, networks cannot be infinitely redundant, and at some point,
one may imagine that the entire network, including fail-safe systems, must be utilized; such
is the case in conditions of high stress (such as with MY C hyperactivation), where the many
connections between chaperome components become occupied and the network, which we
call a hyperconnected chaperome network, reaches full capacity and may become ‘rigid’
(REFS35.186) Here, the range of adaptive responses is diminished, and cancer cells are now
vulnerable to therapeutic interventions that target critical hubs and nodes. In this sense, the
stresses encountered by a cancer cell leads to depletion of the networking capacity of the
chaperome and stabilization of network connections. Unlike dynamic chaperome networks,
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which can restructure under stress, this hyperconnected network lacks ‘restructuring
capacity’ and collapses after inhibition of a key chaperome network unit.
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