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Abstract

Adaptation to acute and chronic stress and/or persistent stressors is a subject of wide interest in
central nervous system disorders. In this context, stress is an effector of change in organismal
homeostasis and the response is generated when the brain perceives a potential threat. Herein,

we discuss a nuanced and granular view whereby a wide variety of genotoxic and environmental
stressors, including aging, genetic risk factors, environmental exposures, and age- and lifestyle-
related changes, act as direct insults to cellular, as opposed to organismal, homeostasis. These

two concepts of how stressors impact the central nervous system are not mutually exclusive. We
discuss how maladaptive stressor-induced changes in protein connectivity through epichaperomes,
disease-associated pathologic scaffolds composed of tightly bound chaperones, co-chaperones,
and other factors, impact intracellular protein functionality altering phenotypes, that in turn disrupt
and remodel brain networks ranging from intercellular to brain connectome levels. We provide

an evidence-based view on how these maladaptive changes ranging from stressor to phenotype
provide unique precision medicine opportunities for diagnostic and therapeutic development,
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especially in the context of neurodegenerative disorders including Alzheimer’s disease where
treatment options are currently limited.
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We discuss how stressors act as direct insults to cellular homeostasis through epichaperome
formation. Epichaperomes are maladaptive disease-associated pathologic scaffolds composed of
tightly bound chaperones, co-chaperones, and other factors. They induce proteome-wide changes
in protein—protein interaction networks, and thus impact intracellular proteome functionality,
altering cellular phenotypes. This disrupts and remodels brain networks ranging from intercellular
to brain connectome levels. We provide an evidence-based view on how these maladaptive
changes ranging from stressor to phenotype provide unique precision medicine opportunities for
diagnostic and therapeutic development, especially in the context of neurodegenerative disorders,
such as Alzheimer’s disease, where treatment options are currently limited.
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Alzheimer’s disease; chronic stress and stressors; epichaperomes; maladaptive response to stress;
stressor-to-phenotype; synaptic plasticity
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INTRODUCTION

Established evolutionary biology concepts such as adaptation and maladaptation have been
introduced and used by neuroscientists to explain mechanisms related to brain function and
plasticity but also to brain dysfunction in numerous disorders ranging from neuropsychiatric
disease to neurodevelopmental disorders to neurodegenerative disorders (de Kloet et al.,
2005; Vyas et al., 2016). Adaptation in evolutionary biology refers to the process of
adjustment for a better fit or more broadly, for survival (Crespi, 2000). For example, an
organism could adapt acutely by adjusting to its immediate environment. This could be
executed by changing physiological features, such as body temperature or metabolism rate.
Adaptation may also refer to a more permanent change so that individuals may have greater
success in a specific environmental context. This can be a restructuring in whole-body
characteristics (e.g., color, beak shape) and be driven and effected by genetic and epigenetic
factors. By the same token, maladaptation is perceived as a deviation from adaptation which
at organismal level may imply a state of reduced fitness. Maladaptation however could have
different connotations as for example in cancer it may increase fitness at a cellular level yet
be detrimental to the organism as a whole (Joshi et al., 2018).

In the discipline of neuroscience, adaptation has been widely studied in the context of
response to stress or stressors (de Kloet et al., 2005; McEwen, 2007). Here, stress is broadly
defined as a factor that disrupts organism homeostasis. The response to stress is generated
when the brain perceives something as an actual or potential threat to generalized well-
being. Stress can be beneficial when an acute response is generated to start physiological
and behavioral processes that mobilize energy and promote adaptation. For example, the
sympathetic nervous system may initiate adrenaline production, thus triggering physical
reactions, such as increased heart rate, that prepare the body to respond to threat. This
response was coined “fight or flight” by Walter Cannon (Cannon, 1915). As noted by
Bruce McEwen (McEwen, 2005), stress can also be processed through the hypothalamic-
pituitary-adrenal (HPA) axis that controls adrenal production of glucocorticoids such as
cortisol. Cortisol is initially permissive of stress and improves organismal ability to cope
with stress (Sapolsky et al., 2000). Successful coping indicates that the response to stress is
activated quickly when needed but also efficiently terminated when the stress is removed.
However, under conditions where stress occurs repeatedly, persists chronically, or is of such
magnitude that an organism fails to re-establish homeostasis, an overload state results that
often leads to maladaptive responses and pathological consequences (Godoy et al., 2018;
Justice, 2018; McEwen & Gianaros, 2011). Thus, adaptive responses to stress enhance
resilience and facilitate coping mechanisms against future stressors, whereas maladaptive
responses represent a failure to cope with stress and/or to return to normalcy leading to
vulnerability to stress-associated pathology.

As has been described by Novais and coworkers (Novais et al., 2016), the ability to adapt,
or conversely maladapt, is modulated by the duration, intensity, controllability, and ability
to predict a specific stressor or stressors, as well as the genetic background and life history
of the individual. Thus, individuals experience stress and respond to stressors in different
ways. Remarkably, as described by Nuno Sousa (Sousa, 2016), stressors trigger in healthy
subjects a consistent and reproducible activation of a set of interconnected brain regions.
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For example, physical stressors (e.g., noxious stimuli, hypovolemia, cytokine exposure, and
hypoglycemia) activate brainstem nuclei, which activate corticotropin-releasing hormone
and arginine vasopressin releasing neurons in the hypothalamus, ultimately releasing
corticosteroids in the adrenal cortex through the HPA axis (Godoy et al., 2018; Herman

et al., 2016). Psychosocial stressors on the other hand, may activate limbic brain structures,
such as the amygdala, hippocampus, and/or frontal cortex (Bremner, 2006; Godoy et al.,
2018). Conversely, as has been described by Sousa (Sousa, 2016), chronic maladaptive
stressors engage regions outside the ‘normal’ network, involving a structural and functional
reorganization of neural networks. In addition to differences at the brain network level, as
has been described by Brivio and coworkers (Brivio et al., 2020) acute and chronic stressors
also distinctly impact intracellular networks. Protein pathways associated with synaptic
plasticity become activated by acute stress, for example, glucocorticoids signal through
serum- and glucocorticoid-regulated kinase (SGK) to increase the trafficking and function
of AMPA receptors (AMPAR) leading to altered synaptic potentiation (Krugers et al., 2010;
Liu et al., 2010). Conversely, chronic stress reduces these receptors and leads to synaptic
dysfunction (Kallarackal et al., 2013; Yuen et al., 2012). Relevant toward understanding the
pathobiology of neurodegenerative disorders such as the Alzheimer’s disease (AD) spectrum
and tauopathies, chronic stress and high levels of glucocorticoid secretion may trigger
misprocessing of amyloid precursor protein (APP), generation of amyloid beta (AB), and tau
hyperphosphorylation and aggregation (Lopes et al., 2016; Qi et al., 2021; Sotiropoulos et
al., 2019). These pathological hallmarks including Af and tau also act as cellular stressors
to create imbalances in neurotransmission and synaptic plasticity (Costa et al., 2010; Silva et
al., 2016; Welikovitch et al., 2020; Zempel et al., 2010) which may serve as nodal points for
therapeutic intervention.

Elucidating the cellular, regional, and organism level stress response mechanisms, including
alterations under chronic conditions, individual or population differences influencing these
processes, and how these factors influence illness susceptibility, has been a dauntingly
complex undertaking for neurobiologists. Several aspects of this complexity has been
covered in informative reviews over the past two decades (de Kloet et al., 2005; Mattson

& Magnus, 2006; McEwen et al., 2015; Saxena & Caroni, 2011; Sousa & Almeida, 2012;
Vyas et al., 2016). Herein, we introduce a developing view on stressors and their pathologic
impact on the central nervous system (CNS) that has emerged from the cancer field. We
perceive stressors as a direct insult onto a cell and its network connections, rather than an
indirect manifestation that is perceived first by the brain which then directs the organism,
and in turn a cell, to a response. We are cognizant of the vague and/or broad use of the
terms “stress’ and ‘stressor’ in the scientific community. There are many stressor stimuli

of genetic, environmental, and proteotoxic nature that may lead to pathologic responses.
Accordingly, we define these stressors throughout the text and figures, as best we could.
We present evidence on the involvement and key contribution of pathologic scaffolding
platforms termed epichaperomes to the maladaptive stressor-induced rewiring of cellular
networks. We strongly believe this ‘bottom up interactome dysfunction’ in addition to a ‘top
down brain-initiated stress response’ assessment in the change of directionality of events

is of key importance to understand mechanisms driving stressor-to-phenotype responses in
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brain as well as to develop rational therapeutic approaches to mitigate the impact of specific
stressors to CNS disease, especially neurodegenerative disorders.

CELLULAR RESPONSE TO STRESS

Heat shock response

One of the most widely studied cellular responses to acute stress is the induction of a heat
shock response, discovered 60 years ago by Ferruccio Ritossa (1962). As the name implies,
the heat shock response is a quick and strong transcriptional activity response in cells when
exposed to elevated temperatures (Ritossa, 1962). As noted by Rick Morimoto (1998), it was
later recognized that the heat shock response is a general response of cells to acute stress
and entails a significant increase in heat shock proteins (HSPs), also referred to as molecular
chaperones. The heat shock response is an adaptive response that aims to counteract the
negative effects on proteins caused by stressors by helping to prevent or attenuate protein
misfolding and provide an environment for proper folding through the increased production
of HSPs (Vabulas et al., 2010).

The heat shock response concept was extrapolated to explain several pathologies in

the brain and periphery. For example, studies by Brehme and coworkers (Brehme &
\oisine, 2016; Brehme et al., 2014) have demonstrated how changes in subnetworks of
chaperones are associated with neurodegenerative disorders and may signify a breakdown
in the folding capacity of the cell, enabling protein aggregate formation, a hallmark of
many neuropathological conditions. Depletion of subsets of molecular chaperones during
the progression of disease may also exacerbate protein toxicity and neurodegeneration
(Ebrahimi-Fakhari et al., 2011; Muchowski & Wacker, 2005). The concept of heat shock
response was also invoked as a potential therapeutic approach, whereby induced HSP
production aimed to alleviate proteotoxicity (McAlary et al., 2019; Sweeney et al., 2017).
Several excellent reviews are written on this concept whereby a decrease in the folding
capacity of the cell is associated with neurodegeneration and accordingly, increasing
permissiveness of the folding environment alleviates proteotoxicity (Balch et al., 2008;
Boland et al., 2018; Hohn et al., 2020; Kampinga & Bergink, 2016; Lackie et al., 2017;
Morimoto, 2008).

Heat shock proteins in relation to chaperones

It cannot be overstated that, albeit widely associated with folding and disaggregation,
chaperones have many other functions. For example, under physiological conditions,
chaperones assist in the formation of protein complexes (Ellis, 2013). In fact, the term
‘molecular chaperone’ was first used in the context of describing a protein that assists the
assembly of folded subunits into oligomeric structures, as evidenced from classic work on
bacteriophage lambda, nucleoplasmin, and Rubisco (Barraclough & Ellis, 1980; Goloubinoff
et al., 1989; Laskey et al., 1978). Only later was the term extended to include protein

folding (Ellis, 2006). Considering all chaperones as being HSPs is incorrect, because only

a fraction (i.e., 20%) of human chaperones are actually heat inducible (Finka et al., 2011).
Furthermore, a significant number of human heat-induced genes are not chaperones.
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Since 1987 when the term ‘molecular chaperone’ was coined by John Ellis (Ellis, 1987),

the number of proteins associated with chaperone function continues to increase rapidly.

The term ‘chaperome’ was introduced in 2006 to characterize this assembly of chaperones,
cochaperones, and related factors (Wang et al., 2006). In 2013, a study categorized 147
members of the human chaperome (Finka & Goloubinoff, 2013). This list included heat
shock protein 90s (HSP90s), HSP70s, HSP60, HSP40s (also known as DNAJ proteins),
HSP110s, HSP10, the small HSPs, their co-chaperones, as well as peptidylprolyl and protein
disulfide isomerases (Finka & Goloubinoff, 2013). HSP family nomenclature comes from
molecular mass of the initially identified member. Most HSPs have organelle specific
members, including ones localized to the mitochondria and endoplasmic reticulum (ER).
For example, cytosolic HSP90a and HSP90p have a mitochondrial paralog, tumor necrosis
factor type 1 receptor-associated protein (TRAP1 often termed HSP75 or mortalin) and

an ER paralog, glucose regulated protein 94 (GRP94, often termed gp96 or endoplasmin)
(Finka & Goloubinoff, 2013). A comprehensive chaperome listing identified 332 chaperones
and co-chaperones including 88 chaperones (50 being ATP-dependent), along with 244
co-chaperones (Brehme & Voisine, 2016). A chaperome atlas analysis tool is now accessible
on the internet (Hadizadeh Esfahani et al., 2018).

Notably, the chaperome is a highly abundant assembly of proteins. As shown by Finka and
Goloubinoff (Finka & Goloubinoff, 2013), the 147 chaperome constituents comprise 7.6%
of total polypeptides and 10.3% of total protein mass in HeLa cells. The most abundant
chaperome is HSP90, comprising of approximately 2.8% of total protein mass (Finka &
Goloubinoff, 2013). HSP90 and HSP70 combine to make up 5.5% of total protein mass
(Finka & Goloubinoff, 2013). An additional 1.5% of total protein mass consists of the
HSP90 and HSP70 co-chaperones (Finka & Goloubinoff, 2013).

2.3| Chaperome heterogeneity following stressor exposure

As noted above the chaperome is an assembly of ubiquitous proteins, including the major
chaperones HSP90s and HSP70s which are abundantly expressed and found essentially in
all mammalian cells. For a mature human weighing 70 kg, and considering a 16% protein
mass, it is estimated there would be ~224-336 g of the major chaperones. What renders this
family of great importance for treatment consideration is the relatively recent realization that
chaperome members become both structurally and functionally altered in disease (Diezmann
et al., 2021; Kamal et al., 2003; Mollapour & Neckers, 2012; Rodina et al., 2016; Wang et
al., 2019; Yan et al., 2020). This section will present the chaperome as heterogenous, with
stressor-modified entities found in cells undergoing a pathologic process. These entities both
distinctly appear and behave differently than ubiquitous folding forms of chaperones and
co-chaperones localized to cells under normal physiological conditions (Figure 1a—c).

As noted by Taldone and coworkers (Taldone et al., 2020), it is how recognized in several
disease states, which are effectively embodiments of chronic cellular stress, changes in the
interaction strength among chaperome components, alterations in their post-translational
modifications, and in the cellular location of chaperome members, in addition to changes in
the expression levels of components of the chaperome, are all hallmarks of pathology. These
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findings are detailed in excellent review articles (Boudesco et al., 2018; Caino & Altieri,
2016; Joshi et al., 2018; Klaips et al., 2018; Mollapour & Neckers, 2012; Wyatt et al., 2013).

2.4 | The chaperome in disease — a historical perspective

The first chaperone to be given attention as a potential target in cancer was HSP90. A model
was built based on the hypothesis that if an oncoprotein or several oncoproteins, termed
“client protein(s),” required HSP90 for structural stabilization and/or functional modulation,
then an HSP90 inhibitor could facilitate the degradation of such client(s) in tumors, and

in turn the tumor will respond to HSP90 therapy (Whitesell & Lindquist, 2005). In this
context, HSP90 is a key component of a folding machinery on which certain client proteins,
such as kinases with oncogenic activity are transferred over from the HSP70 machinery

for folding and maturation (Schopf et al., 2017). If folding were to fail, the protein would

be instead directed for proteasomal degradation. In these tumor-specific folding functions,
HSP90 was reported to be in high-affinity complexes with co-chaperones such as p23 and
HSP-organizing protein (HOP) (Kamal et al., 2003). These complexes characterized tumor
cells but not normal cells and provided a rationale for the use of inhibitors of HSP90 as
therapeutics to target cancerous cells (Kamal et al., 2003). A role for post-translational
modifications in these tumor-specific functions of the chaperome has also been identified
(Muller et al., 2013; Walton-Diaz et al., 2013).

This concept was later adapted to neurodegenerative disorders. Several excellent papers
from the Petrucelli, Dickey and Gestwicki labs and others reported on the effect of HSP90,
HSP70, and other chaperones and co-chaperones, and their complexes, on tau pathology.
For example, a 2007 study by the Petrucelli lab presents compelling data showing HSP90
and a number of co-chaperones together in the high-affinity complex directly interact with
hyperphosphorylated tau and process it through the chaperone folding pathway (Dickey et
al., 2007). Inhibition of HSP90 with EC102 blocked the refolding pathway and promoted
hyperphosphorylated tau turnover through degradation (Dickey et al., 2007). A 2012

study from the Gestwicki lab discusses a similar mechanism whereby HSP90 and HSP70
competed for binding to shared sites on tau and an exchange between HSP90 and HSP70
complexes mediates tau degradation (Thompson et al., 2012). The HSP90-bound complex
was important in activating tau clearance in cells, with the relative levels of HSP70 and
HSP90 determining whether tau was retained or degraded (Thompson et al., 2012). A 2007
study implicated HSP90 also in the regulation of mutant tau forms such as characteristic of
frontotemporal dementia (Luo et al., 2007). The structure of the tau-HSP90 complex was
identified by the Ridiger lab to reveal the mechanism of tau regulation by this chaperone
(Karagoz et al., 2014). The contribution and implications of several chaperones and co-
chaperones in the folding of disease-associated proteins was also studied and reviewed in
great detail (Bohush et al., 2019; Carman et al., 2013; Lackie et al., 2017; Lindberg et al.,
2015) indicating the generalized importance of this mechanism for disease pathobiology.
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3| THE EPICHAPEROME AS A PATHOLOGICAL SCAFFOLD AND
STRESSOR-TO-PHENOTYPE BIOSENSOR

In this position piece, our goal is to focus on pathologic changes in the chaperome

executed by enhancing interaction strength and altering interaction partners. We discuss

how these stressor-induced alterations in the chaperome, leading to long-lived assemblies
termed epichaperomes, have a negative effect on protein—protein interactions (PPlIs; i.e.,
interactomes) at a proteome-wide level. Epichaperome formation is detrimental to cellular
function and cellular interaction networks, perturbing the brain connectome, and in turn
brain function. We highlight stressor-related epichaperomes and their functions in several
neurodegenerative disorders. Stressors in this context are complex such as aging, genetics,
environmental factors, proteotoxic formations, changes in the cellular microenvironment and
in the organism as a whole, among others. Since this disease hallmark was first discovered in
the context of cancer, we provide a short historical overview.

3.1| Epichaperome discovery

Under normative conditions, chaperones and co-chaperones typically interact in a highly
dynamic manner with each other and with client proteins on a timescale of milliseconds to

a second to execute folding and/or degradation decisions through transient PPIs within the
context of the proteostasis network critical to maintaining the cellular proteome (Balchin

et al., 2016). For example, pioneering studies on human chaperones in the 1980-1990 era
discovered the association of mammalian HSP90 with co-chaperones and client proteins
was dynamic (Hutchison et al., 1992). Identification of these multiprotein complexes was
enabled through stabilization via oxyanions including molybdate, vanadate, and tungstate
(Hutchison et al., 1992). In addition to chemical stabilizers, acute cellular stress can also
stabilize chaperone interactions, natively in the cellular environment (Joshi et al., 2018).
Chadli and coworkers found that, even though HSP90 purified from chick embryos is
observed as single band on SDS-PAGE and as a dimer via native-PAGE, thermal stress
generated multiple oligomeric HSP90 forms as observed by native-PAGE (Chadli et al.,
1999). HSP90 oligomers were not insoluble aggregates. Rather they were soluble high
molecular mass components that maintained binding to co-chaperones including activator of
HSP90 ATPase protein 1 (AHAL) (Chadli et al., 1999). AHAL prefers binding to oligomeric
HSP90 compared to the dimer (Lepvrier et al., 2015).

Thus, cellular stress can change the interaction strength between chaperome members.

This adaptive “rewiring” of the chaperome by higher order reorganization may enable

new functions that are silent under normal conditions but that may be needed to

counteract the deleterious effects of acute stress (Figure 1a, acute stress). This mechanism
appears to extend beyond the chaperome, as the heat induced “reversible aggregation” or
oligomerization of multiple proteins was reported by Wallace and coworkers (Wallace et al.,
2015) to reflect an adaptive, autoregulatory process that aids cellular survival under thermal
stress.

In addition to providing an adaptive, beneficial effect to cells exposed to stressors,
chaperome remodeling results in disease when occurring chronically (Joshi et al., 2018). As
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noted by Joshi and colleagues (Joshi et al., 2018), this represents a maladaptive response
with detrimental effects on the proteome, leading to a pathologic cellular phenotype

(Figure 1a, chronic stress). Through the advent of chemical biology tools, the study of the
chaperome in native, endogenous cellular states was enabled. In the discipline of chemical
biology, chemicals rather than biological systems are “mutated” to interrogate a protein or a
cellular state similar to how proteins are mutated in structural biology or cells are engineered
in cell biology (Bertozzi et al., 2015). These chemical are referred as ‘probes’, and can be
soluble ligands used to inhibit or activate a target, solid-support attached ligands used for
affinity capture of the target and its interactors, fluorescently labeled or radiolabeled ligands
for target detection and quantification in biological samples and/or whole organisms, among
others (Workman & Collins, 2010). In this context, the discovery of several chemical probes
that bind HSP90 revealed the complexity both in structure and function of HSP90 in disease
that was not appreciated previously through the use of other approaches (Shrestha et al.,
2016; Taldone et al., 2020).

By using HSP90 inhibitors immobilized onto agarose beads it was found that each HSP90
probe isolated distinct chaperone pools (Moulick et al., 2011). For example, in K562
chronic myeloid leukemia cells expressing oncogenic BCR-ABL, an aberrant fusion protein
between c-ABL and BCR, and the physiologically normative c-ABL, both bind HSP90
(Moulick et al., 2011). Certain chemical probes isolated HSP90 bound to both BCR-ABL
and c-ABL HSP90 complexes (Moulick et al., 2011). In contrast, other probes, such as solid
support immobilized PU-H71, preferred to associate with the BCR-ABL bound HSP90 pool
(Moulick et al., 2011).

Chemical probes that preferred HSP90 bound to BCR-ABL, also showed proclivity for
HSP90 bound to oncogenic v-FLIP and v-SRC over the physiological, wild-type c-FLIP and
c-SRC respectively (Moulick et al., 2011; Nayar et al., 2013; Ojala, 2013). An interesting
observation from these early studies was the HSP90 pool that bound BCR-ABL (the
oncogenic form) also tightly bound HSP70 and several co-chaperones that function in
concert with HSP70 (Moulick et al., 2011). Conversely, HSP90 that bound c-ABL did not
(Moulick et al., 2011). Therefore, HSP90 binds both BCR-ABL (an oncogenic protein)

and ABL (its physiologic counterpart), but there is a structural and/or dynamic difference
between the two pools, and this difference is sensed by some of the HSP90 chemical probes.
As discussed below, these two HSP90 pools also have distinct functions (Figure 1b).

The BCR-ABL-bound HSP90 pool was ultimately distinguished from the c-ABL HSP90
pool by its biochemical signature (Rodina et al., 2016; Yan et al., 2020). This pool contained
HSP90 in long-lived heterooligomers along with HSC70, HOP, HSP110, CDC37, AHAL,
and other chaperome members (Rodina et al., 2016). Unlike the short-lived complexes
consisting of chaperones/co-chaperones which work in a one-on-one, dynamic cyclic
fashion to aid in protein folding, degradation, or disaggregation, Rodina and coworkers
found these HSP90-containing heterooligomers, dubbed epichaperomes, remain stable under
native PAGE, and isoelectric focusing conditions (Rodina et al., 2016). They also had

a distinct isoelectric focusing signature. In addition to the HSP90 signature in normal

cells, in which the chaperone focuses at an isoelectric point (pl) of 4.9, numerous HSP90
species were evident with a pl >4.9 in the epichaperome pool (Rodina et al., 2016). Unlike
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dynamic HSP90 complexes which dissociate under native PAGE and appear as a dimer,
epichaperomes present as multiple, distinct HSP90 species of variable molecular weights
(Bolaender et al., 2021; Inda et al., 2020; Kishinevsky et al., 2018; Pillarsetty et al., 2019;
Rodina et al., 2016; Yan et al., 2020), clearly distinguishing them from the normative
condition.

3.2| Epichaperome function

Functionally, epichaperomes are also distinct from chaperones as they act as scaffolds

for remodeling PPIs at the proteome-wide level, rather than folders of proteins in protein
synthesis and degradation pathways (Figure 1b) (Ginsberg et al., 2021; Inda et al., 2020;
Joshi et al., 2018; Kishinevsky et al., 2018; Yan et al., 2020). A first glimpse into this

role comes from a large-scale unbiased approach conducted by Moulick and coworkers that
interrogated the interactome of HSP90-incorporating epichaperomes in the K562 chronic
myeloid leukemia cells (Moulick et al., 2011). In addition to BCR-ABL (but not c-ABL) the
constellation of proteins interacting with the HSP90-incorporating epichaperomes contained
multiple proteins as part of active signaling megacomplexes, as well as adapter proteins
which link BCR-ABL to key effectors of multiple aberrantly activated signaling pathways in
K562 cells (Moulick et al., 2011). As discussed by Joshi and colleagues (Joshi et al., 2018),
these findings indicate a clear presence of HSP90-epichaperomes in assembled—and active
—signaling complexes when HSP9O0 is acting as part of the epichaperome. This observation
differs from the one-on-one cyclic, dynamic functions exhibited by HSP90 when acting

as a molecular chaperone (Li et al., 2012). Therefore, as noted by Joshi and colleagues
(Joshi et al., 2018), HSP90 and other chaperones may use epichaperome formation to trigger
functions that are normally silent but become active during stressor conditions. We discuss
the constellation of proteins negatively impacted in neurodegenerative disorders and the
dysfunctions created by epichaperomes below.

3.3| Epichaperome composition

Epichaperome composition is context dependent (Kishinevsky et al., 2018) (Figure

1c). Distinct assemblies have impact on different proteins. For example, HSC70 is an
epichaperome constituent along with HSP90 in AD where epichaperomes negatively impact
the interactions of proteins important for synaptic plasticity (Inda et al., 2020). HSP60
becomes an epichaperome component in neurons exposed to mitochondrial toxins, such

as rotenone, to produce defects in dopamine pathways, whereas HSC70 is co-opted in
conditions of genetic stress (e.g., PARKIN mutation), to activate inflammatory pathways
(Kishinevsky et al., 2018). GRP94 becomes an epichaperome component in cells where
alterations in plasma membrane protein assembly is necessary for phenotypic rewiring
(Chaumonnot et al., 2021; Yan et al., 2020). Whereas each of these chaperones is an
abundant protein, and found in all cells in the human body, the fraction of a chaperone
incorporated into epichaperomes is minor and localized to diseased cells and tissues (Inda et
al., 2020; Kishinevsky et al., 2018; Rodina et al., 2016; Yan et al., 2020). Importantly, this
critical finding makes the epichaperome optimal for both targeting and imaging (Bolaender
et al., 2021; Dunphy et al., 2020; Inda et al., 2020; Jhaveri et al., 2020; Pillarsetty et al.,
2019; Sugita et al., 2021).
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3.4 | Epichaperome formation

What triggers and/or enables the switch of a chaperone into epichaperomes? Because HSP90
is stable as a dimer even at high concentrations (Schopf et al., 2017), a conformational
change is most likely necessary to drive epichaperome formation, as recently reported for
GRP94, the ER resident HSP90 (YYan et al., 2020). This may lead to the unmasking of a
multimerization site that is not present in the dimer, generating a new PPI platform with

new quaternary structure. Recent studies have shed light on post-translational modifications
that may play a role in the switch of a chaperone into epichaperomes. For the chaperone
GRP94, N-glycosylation at asparagine 62 is the conformation altering process as it stabilizes
a unique GRP94 conformation that facilitates stable interactions with proteins and other
chaperones and co-chaperones (Yan et al., 2020). Through such stabilization, the functions
of the CIY62GRP94-epichaperome interacting proteins are altered, and dependent cellular
protein networks become remodeled aberrantly (Patel et al., 2013; Yan et al., 2020). The
biochemical and structural mechanisms associated with HSP90 switch from chaperone to
epichaperome in neurodegenerative disorders remain to be elucidated and exploited for
therapeutic intervention.

4| EPICHAPEROMES IN THE CONTEXT OF NEURODEGENERATIVE
DISORDERS

4.1| Parkinson’s disease and related synucleinopathies

Advances in the generation of patient-derived induced pluripotent stem cells (iPSCs) and
iPSC-derived neurons enables the possibility to examine how genetic and environmental
stressors induce early pathogenic events in neurodegenerative disorders such as Parkinson’s
disease (PD). For example, a floor-plate-based differentiation strategy was used to generate
midbrain dopaminergic (mDA) neurons that express key markers including transcription
factors LMX1A and FOXAZ2 (Kriks et al., 2011). These neurons efficiently engrafted in
vivo and rescued rotation behavior induced by amphetamine delivery and demonstrated
improvement in tests of forelimb use and akinesia in several relevant PD animal models
(Kriks et al., 2011). mDA neurons derived from patient specific PARK2/Parkin and PINK1
mutant human iPSCs (termed Parkin or PINK PD mDA neurons, respectively) displayed
Parkinsonian phenotypes both in vitro and after transplantation in vivo, notably after
induction of age-associated stress (Chung et al., 2016). During mitophagy, Parkin and
PINK1 interact with each other, and mutations in these two genes are linked to early-onset
PD (Ge et al., 2020). Relative to wildtype (WT) mDA neurons, PINK1 and Parkin PD
mDA neurons have increased a-synuclein levels at the gene and encoded protein levels,
increased vulnerability to mitochondrial toxins including rotenone and carbonyl cyanide m-
chlorophenyl hydrazone (CCCP), and challenged with mitochondrial abnormalities (Chung
etal., 2016).

Epichaperome formation was evaluated in these neurons, when exposed to genetic stressors
(e.g., Parkin mutant) and mitochondrial toxin (e.g., rotenone treatment) (Kishinevsky et al.,
2018). Kishinevsky and colleagues (Kishinevsky et al., 2018) found that WT mDA neurons
lacked epichaperomes, which was reflected in no multimeric HSP90 pools detected under
native PAGE, little interaction with the chemical probe PU-H71 and a refractory profile
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to PU-H71, where even high concentrations of PU-H71 (<50 uM) over a 72 h treatment
revealed minimal toxicity in day-old 65 mDA neurons (i.e., at 65 days of differentiation).
As indicated above, PU-H71 binds HSP90 preferentially when this chaperone reverts to
epichaperomes (Inda et al., 2020; Kishinevsky et al., 2018; Rodina et al., 2016). The lack
of epichaperomes in unstressed mDA neurons is similar to what was observed for other
non-stressed, non-transformed cells and signifies a state of normal cellular proteostasis
(Pillarsetty et al., 2019; Rodina et al., 2016; Sugita et al., 2021). Exposure to both genetic
and mitochondrial toxin stressors triggered epichaperome formation in mDA neurons,
especially with the genetic insult of Parkin mutant introduction (Kishinevsky et al., 2018).

These well-known stressors each led to specific chaperones being recruited into
epichaperomes, suggesting that epichaperome composition may represent a stressor-specific
fingerprint (Kishinevsky et al., 2018). For example, Kishinevsky and coworkers found that
HSP60 recruitment into epichaperomes was enhanced under toxic stress (Kishinevsky et al.,
2018). HSP60 is a chaperone with known relevance to PD. Injury of mDA neurons results
in increased HSP60 expression, which is believed to create further damage to neighboring
neurons after extracellular release and microglial activation (Noelker et al., 2014). Genetic
stressors, and to some degree toxic stressors, also led to significant increase in the
recruitment of HSC70, HOP, HSP40, and several other co-chaperones to epichaperomes
(Kishinevsky et al., 2018).

Interestingly, a study in 2006 conducted by the Trojanowski and Lee lab in postmortem
PD brain found both a-synuclein and HSP90 co-localization and high HSP90 expression
level intensity, which the authors dubbed intense HSP90 immunoreactivity (iHSP90) along
HSC70 and HSP40 in Lewy bodies (LBs) (Uryu et al., 2006). In glial cytoplasmic
inclusions (GCls), iHSP90 was detected along another chaperone, a B-crystallin (Uryu

et al., 2006). Conversely, in normal human brain, HSP90 was found homogenously in

the neuronal cell body and in proximal dendrites throughout all brain regions examined
(Uryu et al., 2006). Assessing numerous synucleinopathies, the authors discovered profuse
iHSP90 immunoreactivity within LBs, Lewy neurites (LNSs), spheroids in patients with
PD, dementia with LBs (DLB) and the LB variant of Alzheimer’s disease (LBVAD),
multiple system atrophy (MSA), and frontotemporal dementia with motor neuron disease
type (FTD-MND) (Uryu et al., 2006). Interestingly, tau positive neurofibrillary tangles in
AD and DLB showed little or no iHSP90 (Dabir et al., 2004; Uryu et al., 2006). Similar
findings were reported in a-synuclein (a-syn) transgenic (Tg) mice (Uryu et al., 2006). Age
matched A53T mutant a.-syn M83 Tg mice (asymptomatic), wild-type a-syn M7 Tg mice,
and WT mice had modest, ubiquitous expression of HSP90 in neurons similar to normal
human control brains (Uryu et al., 2006). M83 Tg mice displayed a-syn pathology in an
age-dependent manner, where a-syn inclusions co-localized with iHSP90 in a subgroup of
neurons that contained these inclusions (Uryu et al., 2006). The study did not elucidate the
structural and functional relationship between a-syn inclusions and chaperones including
iHSP90 and HSC70. However, in the context of the results from PD mDA neurons, we
speculate the iHSP90 foci discovered by the Trojanowski and Lee lab in the human brain
are epichaperomes and indicate a pathologic end-result of epichaperome formation. A
study formally testing the presence of epichaperomes in live and/or postmortem human PD
brains and related disorders including DLB, LBVAD, MSA, and FTD-MND has yet to be
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performed. However, independent identification of the same chaperones in iHSP90 foci that
were found to participate along HSP90 in epichaperomes formation in PD mDA neurons and
in AD human brains support this hypothesis (Inda et al., 2020; Kishinevsky et al., 2018).
Also supportive is the identification of a-synuclein, but not of hyperphosphorylated tau, as

a specific epichaperome interactor in human AD brains (Inda et al., 2020). Furthermore the
stressor-dependent constituency of epichaperomes (Kishinevsky et al., 2018) is consistent
with the distinct chaperone association found for iHSP90 in LBs versus tau-positive GCls
(Uryu et al., 2006).

4.2 | Alzheimer’s disease and related tauopathies

Epichaperome formation was studied by Inda and colleagues in sporadic AD brains as

well as in a variety of cellular and Tg mouse models of AD and related tauopathies

where stressors encompassed genetic, environmental, proteotoxic, and other well-established
insults (Inda et al., 2020). Results indicated that epichaperomes were detected in human AD
(i.e., where stressors are complex such as aging, genetics, environmental factors, and others)
but not age-matched no cognitively impaired (NCI) subjects. Similarly, epichaperomes were
detected in APP duplication-expressing iPSC-derived neurons (i.e., genetic stressor) but not
in WT iPSC-derived neurons, and in PS19 transgenic mouse brains (i.e., proteotoxic stressor
produced by mutant tau overexpression) but not in non-transgene containing litter-mates
(Inda et al., 2020).

Unbiased mass spectroscopy (MS) analyses of epichaperomes in AD brains determined
these formations incorporate HSP90 and a number of other chaperones and co-chaperones
as described above, of which HSC70, HOP and CDC37 were also validated by Western
blot analysis (Inda et al., 2020). The common epichaperome core, consisting of HSP90 and
HSC70, was also found in PD neurons and cancer cells (Kishinevsky et al., 2018; Rodina
et al., 2016), suggesting this core may be a nucleator of epichaperomes in both cancer

and neurodegenerative disorders, a finding that has important therapeutic significance as it
provides a viable solution for inhibitor design (Bolaender et al., 2021).

Interestingly, elevated levels of HOP, a key building block in epichaperome formation in
human AD (Inda et al., 2020), was recently reported by Lackie and colleagues ina Tg
mouse model of AD and in human AD subjects (Lackie et al., 2020). By overexpressing
HOP (also called STI1) in the 5XFAD Tg mouse line, the Prado lab found higher levels of
HSP90B, altered expression of Ap-regulating enzymes (BACE1 and MMP-2) and increased
amyloid burden, which amplified neurotoxicity and worsened spatial memory deficits in
mice (Lackie et al., 2020). HOP was found to accumulate in dense-core AD plaques in
both 5XFAD mice and human brain tissue, implying a role for HOP in AB accumulation
(Lackie et al., 2020). Thus, despite HOP being protective in C. elegans and in mammalian
cultured neurons (Lackie et al., 2020) in vivo, the principal effect of elevated HOP in AD is
deleterious and associated with epichaperome formation.
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5| PROTEINS AND PROTEIN PATHWAYS NEGATIVELY IMPACTED BY
EPICHAPEROME FORMATION

The first glimpse into proteins negatively impacted by epichaperome formation comes

from cancer where Moulick and coworkers found epichaperome interactomes contained
multiple proteins as part of megacomplexes rather than single proteins (Moulick et al.,
2011). This finding led to the hypothesis that epichaperome formation may in fact act

as a scaffolding platform and lead to formation of maladaptive PPIs in cells exposed to
stressors (Ginsberg et al., 2021; Joshi et al., 2018). This postulate was confirmed in a
variety of disease settings and disease models (Inda et al., 2020; Kishinevsky et al., 2018).
For example, a global analysis of epichaperomes and their interacting proteins performed
by Inda and colleagues (Inda et al., 2020) in AD dementia patients and age-matched
individuals with NCI identified ~62% of the nodes (in PPI network context, nodes are
proteins) and ~98.5% of the edges (the connection between two proteins) were significantly
altered in AD through epichaperome formation. The formation of new abnormal PPIs

was seen in AD, with 1,191 proteins found to form interactions via epichaperomes. Loss

of normal PPIs was also evidenced, with 942 proteins dropping established connections
during the progression from NCI to AD (Inda et al., 2020). Although AD pathogenesis

is considered heterogeneous in the sporadic cases evaluated to date (i.e., considering
pathology, cell composition, underlying disease cause with each patient presenting disease
caused by distinct combination of genetic, epigenetic and environmental factors), a distinct
commonality was observed, namely each subject displayed significant PPI dysfunctions that
were mediated via epichaperomes (Inda et al., 2020).

Functionally, Inda and coworkers found proteins and PPIs impacted by epichaperomes

in the human AD brain mediated synaptic plasticity pathways, metabolic processes,
inflammation and changes in immune response and adaptation, cell cycle re-entry, cell-cell
communication, and other key processes associated with AD (Inda et al., 2020). In addition
to AD, epichaperome-mediated changes in inflammation- and cell cycle reentry-related
protein pathways were identified by Kishinevsky and colleagues also in mutant Parkin
expressing mDA neurons derived from familial PD patients (Kishinevsky et al., 2018).

Synaptic pathways common to AD patients and negatively impacted in the transition from
NCI to AD dementia through epichaperome formation were found by Inda and coworkers to
include signaling networks such as ‘signaling by second messenger’, ‘Galpha(i) signaling’,
‘signaling by Rho GTPases’, ‘signaling by Wnt’, ‘response to elevated cytosolic CaZ*’,
‘MAPK signaling’, adhesion-regulatory networks such as ‘extracellular matrix organization’
and “cell-cell communication’, as well as protein translation-related networks (Inda et al.,
2020). Thus, both short-term memory formation, reliant on posttranslational modifications
of existing synaptic complexes and associated signaling pathways, and long-term memory
preservation, reliant on new protein synthesis (Abraham et al., 2019), are both vulnerable to
deleterious PPI network alterations impacted by epichaperome formation (Inda et al., 2020).

Remarkably, a commonality of distinct stressors was a profound impact on PPIs related to
synaptic plasticity including a genetic stressor (APP duplication) in iPSC-derived neurons,
and proteotoxic stressors via human tau overexpression in N2a cells and in PS19 transgenic
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mice (Ginsberg et al., 2021; Inda et al., 2020). As noted by Inda and coworkers (Inda et

al., 2020), although the identity of individual synaptic plasticity-related proteins impacted by
epichaperome formation often differed between stressor conditions, epichaperome-mediated
changes in the interaction of these proteins all had functional output imbalances in protein
pathways integral for synaptic plasticity. Taken together, defects in synaptic plasticity is a
pervasive epichaperome-mediated vulnerability of brain cells in response to various genetic,
toxic, and environmental stressors (Inda et al., 2020). The observed vulnerability of synaptic
function to stressors is not surprising because of the critical involvement of this pathway in
a number of neurological conditions, such as neurodegenerative diseases (e.g., AD, PD, and
Huntington’s disease, among others), neurodevelopmental disorders (e.g., autism and Down
syndrome), as well as neuropsychiatric disorders (e.g., bipolar disorder, major depressive
disorder, and schizophrenia) (Compta & Revesz, 2021; Counts et al., 2014; Eltokhi et al.,
2021; Garner & Wetmore, 2012; Ginsberg et al., 2012; Henstridge et al., 2016). Each of
these distinct disorders may arise because of perturbation in, and via a combination of,

a multiplicity of genetic, epigenetic, and environmental stressors, which we posit can be
interrogated by epichaperomics (Ginsberg et al., 2021).

Linking epichaperome formation to dysfunction in synaptic plasticity induced by a variety
of stressors is highly relevant translationally as it provides a final common path for
therapeutically rectifying synaptic plasticity defects (Ginsberg et al., 2021; Inda et al., 2020).
PU-AD, a small molecule that dismantles epichaperomes into normal folding chaperome
components (Bolaender et al., 2021; Inda et al., 2020), reverted the pathologic effects of
several genetic and toxic stressors on synaptic protein pathways (Inda et al., 2020). For
example, Inda and colleagues found that introduction of human tau into N2a cells was
sufficient to rewire a fraction of the cellular chaperome into epichaperomes resulting in
functional imbalances within synaptic protein networks detected postmortem in AD brains
(Inda et al., 2020).

Epichaperome formation by these stressors was associated with aberrant changes in

the function of several protein pathways involved in cell adhesion, actin remodeling

and translation initiation pathways (Ben Zablah et al., 2020; Chesnokova et al., 2017;
Clevers, 2006). Epichaperome-mediated defects were also seen in signaling such as by
second messengers and MAPK pathways (Inda et al., 2020) that converge on CREB
phosphorylation and activation of its transcriptional activity (Saura & Valero, 2011). These
pathways regulate phosphorylation of the GIuA1 subunit of AMPAR on S845, which leads
to subsequent increases in GIuA1 surface expression during synaptic plasticity, and thus
are critical for proper long-term potentiation (LTP) execution (Huganir & Nicoll, 2013).

In particular, during LTP and synaptic up-scaling, AMPARSs are accumulated at synapses
to increase synaptic strength. Inda and coworkers found PU-AD rebalanced the activity of
these networks to their pre-tau state suggesting a causal link between pathologic changes
in synaptic plasticity related neuronal pathways and epichaperome formation (Inda et al.,
2020).

Similar restorative effects were also observed by Inda and colleagues in Tg mice (Inda et
al., 2020). For example, in the PS19 mouse model, mutant tau overexpression is one of
the major stressors that imbalances synaptic protein networks also detected in human AD
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brains (Inda et al., 2020). Treatment of PS19 mice with PU-AD resulted in a significant
rebalance in the activity of synaptic protein networks to levels observed in the WT mice,
as determined by Western blot monitoring of the levels of the above-mentioned functional
effector proteins (e.g., p-cofilin, active p-catenin, p-CREB, p-elF4E, and p-AMPAR) (Inda
et al., 2020). PU-AD treatment restored postsynaptic responsiveness and repaired a largely
compromised synaptic plasticity, as recorded using slice electrophysiology (Inda et al.,
2020). Functionally, epichaperome inhibition resulted in the reversal of cognitive decline, as
measured by Barnes maze. Studies conducted in both the preventive and the interventional
treatment settings in PS19 mice demonstrated cognitive improvements with measured
parameters equaling those in WT mice. Similar results on memory testing were found in
the 3xTg AD model expressing human APPswe, PSIM146V, and tauP301L (Inda et al.,
2020).

To appreciate how distinct stressors effect synaptic plasticity through epichaperome
formation, we reanalyzed published datasets of proteins impacted by epichaperome
formation in the transition from NCI to AD (Figure 2a) (Inda et al., 2020). Subnetwork
classification of the datasets (7=5 AD and n=3 NCI human brains) via unsupervised
clustering analyses (Alashwal et al., 2019) led to the identification of three major subtypes
(Figure 2b). Dysfunctions in synaptic transmission (i.e., AMPA receptor trafficking, CREB
phosphorylation, and presynaptic polarization) and metabolic processes (i.e., glucose and
pyruvate metabolism, energy integration, and TCA cycle) were shared among all analyzed
AD samples (see heatmap, Figure 2b and Reactome functional mapping of proteins, red
circles, Figure 2c).

This indicates that these pathways are vulnerable to most stressors and cellular insults
associated with AD. These findings are concordant with observations that neurons at higher
risk in AD are particularly vulnerable to energy deprivation (Fu et al., 2018; Mattson &
Magnus, 2006; Saxena & Caroni, 2011). In early-onset AD cases, mild cognitive deficit
conditions, which frequently progress to AD, correlate with reduced glucose utilization

in the brain (Johnson et al., 2012, 2020; Mattson & Arumugam, 2018). However, more
proteins were negatively affected in AD cases AD1-AD3 than in AD cases AD4 and
ADS (see heatmap, red cluster), suggesting some stressors are more likely to impact these
key pathways than others. Perhaps the magnitude of impact on these pathways is stressor
dependent on an individual basis. Accordingly, assessing epichaperomes may prove to

be a biosensor of the degree of dysfunction in a particular cell type and brain region
(Figure 2d and (Ginsberg et al., 2021)). Specifically, the higher the epichaperome levels,
the higher the number of proteins negatively impacted upon, and in turn, the higher the
severity of perturbation to the complex network of molecular interactions in affected cells
(Kishinevsky et al., 2018; Rodina et al., 2016). Importantly, dismantling epichaperomes
may be envisioned as a viable and potentially transformative therapeutic approach to
rewire network dysfunctions and revert brain cells, and in turn brain connectomes, to the
pre-stressor, non-pathological states (Inda et al., 2020).

Other key protein pathways such as signaling, inflammatory/immune processes, trafficking,
and stress response are likely stressor specific, as we find in each cluster different proteins
to map to these pathways (see color coding of circles, Figure 2). Clustering also points to
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another interesting observation, in that patients AD4 and AD5 share a subset of proteins
with the NCI subset (see heatmap, teal/green cluster). Also intriguing is that ‘Response

to steroid hormones’, which encompasses the classical hormone-mediated response of the
brain to stressors conditions (McEwen, 2007), is another epichaperome-mediated network
dysfunction also found in the teal/green protein subset. Together with the low representation
of the AD4 and AD5 interactomes in the AD-specific cluster (i.e., red), the teal/green protein
subset may represent an intermediate and/or transitional state, as it relates to interactome and
phenotype dysfunction and its magnitude, in the transition from NCI to AD, a hypothesis
that merits further investigation. This postulate agrees with the hypothesis put forward

by Pico Caroni and others in the field (Mattson & Magnus, 2006; McEwen et al., 2015;
Saxena & Caroni, 2011; De Strooper & Karran, 2016), where the gradual accumulation of
stressors (e.g., genetic, environmental, lifestyle, among others) may reach a critical mass
stressor threshold that tips the balance in vulnerable neuron from function to dysfunction,
leading to subsequent pathology. In this scenario, neurodegenerative disorders are seen as

a spectrum and/or continuum in the accumulation of stressors that can negatively impact
cellular activity, intra-cellular communication, brain region connectivity, ultimately leading
to decline seen in these disorders (Figure 2d).

6| SPATIO-TEMPORAL TRAJECTORY OF EPICHAPEROME FORMATION

iPSC-derived neurons represent a model and embodiment of alterations that occur early

in the disease spectrum before the formation of pathologic aggregates. Epichaperome
detection in these cells (Inda et al., 2020; Kishinevsky et al., 2018) is supportive of
epichaperome formation as an early hallmark across the disease spectrum. Employing PS19
mice which express a mutant tau gene, abundant epichaperome formation was observed as
early as 3 months of age (MO) in forebrain structures implicated in AD, but little in other
brain regions relatively spared in AD (Inda et al., 2020; Robinson, 2020). For example,
epichaperomes were found within the hippocampal formation, including the entorhinal
cortex, hippocampus, and subiculum, as well as the amygdala. The dentate gyrus and
hippocampal CA3 layer had highest presence at this age (Inda et al., 2020). In neocortex,
epichaperome expression was highest in temporal lobe areas adjacent to the hippocampal
formation and amygdala, with a pattern of spreading toward somatosensory areas (Inda et
al., 2020).

Epichaperome abundance was age-dependent with formation in the PS19 hippocampus
displaying a linear increase between 3 MO and 8 MO, followed by a plateau. With
increasing age, the presence of epichaperome staining became evident in most brain
areas (Inda et al., 2020). Epichaperome expression reached a maximal value earlier in
the hippocampus when compared to other areas and also retained the highest level of
epichaperomes at all ages, commensurate with the hypothesized nidus of human AD
pathology (Inda et al., 2020).

These studies in mice, together with proof-of-principle epichaperome imaging in human
patients (Inda et al., 2020), indicate that epichaperome-sensitive brain areas largely
coincide with those obtained through systematic mapping of stress-responsive circuits in
the brain (Sousa & Almeida, 2012). For example, these stress-responsive areas in the
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brain are organized into functionally integrated networks of the hippocampus, amygdala,
brainstem nuclei (locus coeruleus and raphe), hypothalamus, orbitofrontal cortex, prefrontal
cortex, and striatum (Sousa & Almeida, 2012). This complex stress-related connectivity
may explain why disruptive effects of stressors are not restricted to a single brain

function and likely involve numerous interactomes with functional consequences. For
example, stressors may initially impede hippocampus-dependent declarative memory but
progressively interferes with corticocortical-dependent executive functions (e.g., behavioral
flexibility, decision-making, and working memory), as well as behavioral domains (e.g.,
anxiety, fear, and mood, among others) that are regulated by multiple limbic and affective
brain circuits (Godoy et al., 2018; Goldfarb et al., 2020; McEwen & Gianaros, 2010).

In contrast with Tg mice, no or little epichaperomes were detected by Inda and colleagues in
age-paired WT mice or in the brains of NCI human subjects (Inda et al., 2020). Importantly,
individual chaperones and co-chaperones including HSP90, HSP70, and HSP110, key
building blocks for the epichaperomes (Inda et al., 2020; Rodina et al., 2016), were
expressed at similar levels throughout the brain, and not significantly different between
PS19 and WT mice (Inda et al., 2020).

Epichaperome formation in PS19 mice preceded the appearance of hyperphosphorylated
tau, as determined by Inda and colleagues through AT8 staining (Inda et al., 2020) a
marker for tau pathology, and as evaluated by Maruyuma and colleagues using tau ligands
for visualizing multiple tau inclusions (Maruyama et al., 2013). Notably, epichaperome
formation preceded microglial activation (imaged with [1C]-AC-5216, TSPO tracer as

a surrogate) (Maeda et al., 2011), MRI-measurable regional atrophy (Yoshiyama et al.,
2007), and impairments of cerebral glucose metabolism (imaged with [18F]-FDG (Maeda
etal., 2011) in PS19 mice (Inda et al., 2020). Taken together, these preclinical studies
support the hypothesis that epichaperomes and associated dysfunctions in protein pathways,
may precede morphometric changes, pathological deposits, synaptic loss, and metabolic
dysfunction in the context of AD, proposing a role for epichaperomes as a biomarker for
early detection of stressor-induced pathologic changes in neuronal cells and brain regions
that may foretell disease.

Another key question is whether aging itself is a sufficiently powerful stressor to tip the
balance in vulnerable neurons and/or other cells from function to dysfunction through
epichaperome formation, ultimately leading to pathological and functional deficits. Initial
assessments indicate significantly higher levels in the expression of epichaperomes within
postmortem AD brains compared to age-matched NCI subjects (Inda et al., 2020). The
spatio-temporal analysis of epichaperome expression in the PS19 mouse model of tauopathy
showed its specific presence in disease-relevant regions of the brain but no expression in
age-matched mice even at advanced age and despite similar overall expression of chaperones
in both the Tg and the WT mice (Inda et al., 2020). Whole-body epichaperome imaging
data by positron emission tomography (PET) is now emerging from both mice and humans
to indicate disease specific presentation irrespective of age (Bolaender et al., 2021; Jhaveri
et al., 2020; Pillarsetty et al., 2019). This body of evidence indicates that, if epichaperomes
form in the organism undergoing normal aging, they are either transient in nature and/or
form at an expression level that is undetectable by sensitive techniques such as positron
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emission tomography. Therefore, a reasonable hypothesis to put forth and test is that
additional stressors and/or vulnerabilities in tandem with aging may be needed to initiate
pathologic changes seen in neurodegenerative conditions and related phenotypes in animal
and cellular models.

7| TARGETING AND IMAGING THE EPICHAPEROME FOR THERAPEUTIC
INTERVENTION IN NEURODEGENERATIVE DISORDERS

7.1| Targeting epichaperomes

How is it possible to target a chaperone when incorporated into epichaperomes specifically
over the chaperone itself? Considering the high abundance and ubiquity of chaperones in the
human body when compared to the small fraction in the epichaperome it would appear as an
impossible task. However, it is crucial to consider when incorporated into an epichaperome,
a chaperone is both structurally and dynamically distinct (Bolaender et al., 2021; Inda et al.,
2020; Joshi et al., 2018; Kishinevsky et al., 2018; Rodina et al., 2016; Yan et al., 2020). An
epichaperome is a unit as distinct from a chaperone as another protein altogether. A short
overview on how small molecules that bind and dismantle epichaperomes were discovered is
presented.

As described by Taldone and coworkers (Taldone et al., 2020), the availability of

small molecule chemical probes, including PU-H71 (Figure 3a) made the discovery of
epichaperomes possible. While initially discovered as a potential HSP90 inhibitor (He et
al., 2006), it was soon realized that the PU-H71 probe preferred and acted on a subset or a
pool of HSP90 as found in cancer cells, and that this pool was absent in non-transformed,
non-cancerous cells (Goldstein et al., 2015; Kucine et al., 2015; Moulick et al., 2011; Zong
et al., 2015). This HSP90 pool contained tightly bound chaperones and co-chaperones as
opposed to the transient HSP90-co-chaperone folding complexes (Moulick et al., 2011).
Subsequent investigations revealed this pool to be the fraction of HSP90 incorporated into
epichaperomes (Inda et al., 2020; Kishinevsky et al., 2018; Rodina et al., 2016).

When the crystal structure of PU-H71 bound to HSP90 was first revealed by the Gewirth
laboratory (Immormino et al., 2006), it indicated a binding mode that was distinct from
classical HSP90 inhibitors. Albeit most such inhibitors occupy the ATP-binding pocket

of HSP90, they do so in distinct ways as discussed by Wang and colleagues (Wang et

al., 2019). For example, the ATP-binding pocket of HSP90 can be subdivided into three
major sub-pockets (referred to as A, B and C) (Taldone et al., 2013). The binding of
geldanamycin, the classical HSP90 inhibitor (Neckers, 2006), was restricted to sub-pockets
A and C (Taldone et al., 2013). Conversely, PU-H71 inserted also into sub-pocket B,
creating a new binding channel (Immormino et al., 2006; Taldone et al., 2013). This binding
mode is of importance as ligands that bind the pocket configuration unveiled by PU-H71,
termed the “helical” conformation of HSP90 by Amaral and colleagues (Amaral et al.,
2017), display much slower dissociation rates when compared to similar ligands which bind
in the configuration of geldanamycin bound HSP90, termed the “loop” conformation of
HSP90 (Amaral et al., 2017). The conformation adapted by HSP90 can therefore greatly
influence the residence time (i.e., the dissociation rate constant) of an inhibitor on HSP90.
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These analyses were made with recombinant HSP90, but one can envision a similar

situation in cells where the epichaperome-permissive and PU-H71 preferred conformation

of HSP90 is enriched. Concordantly, PU-H71 was found to dissociate much slower from
epichaperome-positive cell homogenates than from epichaperome-negative cell homogenates
despite equally high levels of HSP90 in both homogenates (Rodina et al., 2016). Thus,
PU-H71 prefers epichaperomes over HSP90 by kinetically selecting for the epichaperome-
HSP90 pool even if its affinity (i.e., Ky) for other intracellular HSP90 pools may (or may
not) be the same (Figure 3b).

As discussed by Taldone and colleagues (Taldone et al., 2020), a classic example of kinetic
selectivity in discerning seemingly similar protein targets comes from drugs that target
muscarinic receptors (MRs) for the treatment of asthma (Moulton & Fryer, 2011). Inhibitors
of MRs, such as atropine and scopolamine, naturally occurring in several nightshade family
plants, have been in medicinal use since ancient times. The pharmacologically effective
dose range for atropine and other MR inhibitors is close to the toxic range, limiting
treatment use (Moulton & Fryer, 2011). There are several MR receptors, with the M3

being responsible for the anti-asthma activity of these inhibitors and the M, subtype for
toxicity (Moulton & Fryer, 2011). The muscarinic antagonists developed to date, including
Atropium, Ipatropium, Clidinium, and Tiotropium, are characterized by similar K, (i.e.,
equal affinity for the three MR receptor subtypes) (Moulton & Fryer, 2011). Yet, tiotropium,
despite having equal affinity for the M1, My, and M3 receptors, is Kinetically, and in

turn functionally selective, for M3 receptors (Moulton & Fryer, 2011). This selectivity is
provided by the ability of tiotropium to dissociate from M, receptors 10 times faster than it
does from M3 receptors (T1/» = 3.6 h for My vs. Ty, = 34.7 h for M3) (Moulton & Fryer,
2011). This kinetic selectivity for the M3 receptor provides tiotropium with a superior safety
profile over the other inhibitors and supports its clinical application for chronic obstructive
pulmonary disease.

To put PU-H71 in this context, its dissociation from HSP90 occurs in minutes whereas its
off-rate from epichaperomes is in contrast measured in days (Jhaveri et al., 2020; Pillarsetty
et al., 2019; Rodina et al., 2016). Since PU-H71 kinetically discriminates the small fraction
of HSP90 in epichaperome from the abundant HSP90 pools found along epichaperomes

in the same cell and throughout the body, radiolabeled or fluorescently-labeled versions of
PU-H71 can be used as in vivo epichaperome detection reagents (Figure 3a) (Bolaender
etal., 2021; Inda et al., 2020; Jhaveri et al., 2020; Merugu et al., 2020; Pillarsetty et al.,
2019; Sugita et al., 2021). If the in vivo off-target of PU-H71 (and PU-AD, see further) was
the chaperone HSP90, high nonspecific uptake would occur not only in all epichaperome-
positive tumors but also in epichaperome-negative tumors and in all tissues and organs. This
would be evident because HSP90 is one of the most abundantly expressed proteins in a

cell (see Section 2.3 above). This is decidedly not the case, indicating that uptake is highly
specific for epichaperomes (Bolaender et al., 2021; Inda et al., 2020; Jhaveri et al., 2020;
Merugu et al., 2020; Pillarsetty et al., 2019; Sugita et al., 2021).

The PU-H71 and PU-AD agents and their radiolabeled versions rapidly clear from the
human body and normal cells but stay lodged in epichaperome-positive cells proving the
favorable signal-to-noise ratio needed for diagnostic purposes, such as for target engagement
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and/or imaging (Bolaender et al., 2021; Dunphy et al., 2020; Inda et al., 2020; Pillarsetty

et al., 2019). This property of PU-H71 can also provide a favorable therapeutic index. For
example, in poor prognosis malignancies such as metastatic triple negative breast cancers
(Jhaveri et al., 2020) and myeloproliferative neoplasms transformed to acute myeloid
leukemia (Sugita et al., 2021), clinical studies with PU-H71 demonstrated that epichaperome
inhibition leads to durable responses and is safe.

Unfortunately, PU-H71 is not an effective probe or treatment for neurodegenerative disorder
or other CNS maladies as it poorly crosses the blood-brain barrier (BBB). Through
medicinal chemistry modifications, this liability of PU-H71 was rectified by Bolaender and
coworkers (Bolaender et al., 2021) resulting in the BBB-permeable agent PU-AD (Figure
3a). PU-AD is structurally very close to PU-H71 and retains its epichaperome selectivity

as well as its safety profile (Bolaender et al., 2021; Inda et al., 2020). For example, Inda
and coworkers (Inda et al., 2020) conducted a standard safety study of PU-AD administered
chronically to healthy C57/BL6 mice with mice dosed three times per week for 90 to 180
days (40-70 PU-AD doses) at a dose of 75 mg kg2 (i.e., target saturating dose under
intraperitoneal (i.p.) administration as determined through co-injection with radiolabeled
PU-AD). No mortality or morbidity was observed during treatment or observation periods
and no significant weight loss was found (Inda et al., 2020). Hematological and clinical
chemistry findings were normal. Histopathology of major organs showed no toxic changes
induced by PU-AD treatment (Inda et al., 2020). PU-AD was also evaluated when given
over the entire adulthood of PS19 mice (>250 PU-AD doses; 3xper week 75 mg kg1

target saturating under i.p. administration). In PS19 mice, tau pathology typically results in
decreased survival because of severe paralysis (Yoshiyama et al., 2007). Inda and coworkers
(Inda et al., 2020) found that PU-AD administration from 3 MO until death was well
tolerated and significantly increased survival, with 50% of treated male mice having a 100—
150 day delay in the terminal paralysis phenotype (o= 0.0022).

Importantly, PU-AD has transitioned to clinical investigation in human patients. A single
and multiple ascending dose study of PU-AD given orally was initiated to evaluate

the safety and pharmacokinetics of PU-AD in healthy subjects (ClinicalTrials.gov, 2019
[NCT03935568]). At the 2020 AAIC meeting in San Diego it was reported that there were
no serious adverse events or deaths, and no subject experienced an adverse events leading to
discontinuation from the study (Silverman et al., 2020). The majority of adverse events were
reported as Grade 1 and self-limited (Silverman et al., 2020). All doses were well-tolerated
in clinical subjects with no dose limiting adverse events observed (Silverman et al., 2020).
PU-AD was detected in CSF samples providing evidence of brain penetration (Silverman et
al., 2020). Based on these studies, a Phase 2a in AD with mild AD dementia was initiated
planning for a recruitment of 150 patients under a 6 months of treatment paradigm. The
study is designed as a classic, randomized, double blind, placebo controlled, parallel group
study including PU-AD and matching placebo, designed to assess safety, tolerability, and
pharmacological effects of oral PU-AD (dihydrochloride salt) in subjects with mild AD
(ClinicalTrials.gov, 2020 [NCT04311515]).

In our opinion, epichaperome inhibitor treatment should be dictated by diagnostic
identification both of epichaperome formation and abundance (i.e. where and how much),
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which as proposed by data presented in Section 6, would occur presymtomatically and
increase longitudinally as disease progresses. Probes for epichaperome PET imaging, thus
amenable for both epichaperome detection and quantitation, have been developed using
I-124 radiotracers and are currently optimized with F-18 isotope incorporation (Bolaender
etal., 2021; Inda et al., 2020; Pillarsetty et al., 2019), as we detail on below. It is also
important that introduction of epichaperome inhibitors to treatment is guided by adequately
chosen dose and schedule regimens as dictated by the specific nature of the target and
pharmacokinetic and pharmacodynamic profile of the inhibitor, as discussed previously
(Bolaender et al., 2021; Pillarsetty et al., 2019; Sugita et al., 2021).

7.2 | Imaging, tracking, and quantifying epichaperomes

Leveraging the kinetic selectivity of PU-H71 for the epichaperome over HSP9O0, an 1-124
radiolabeled version, [1241]-PU-H71, was made by Pillarsetty and coworkers (Pillarsetty

et al., 2019) for positron emission tomography (PET) imaging (Figure 3a). Over 60
patients were imaged using [1241]-PU-H71 in cancer to show the feasibility of detecting
epichaperomes in live human beings through imaging (Dunphy et al., 2020; Jhaveri et al.,
2020; Pillarsetty et al., 2019). Combined with therapeutic trials of PU-H71, this imaging
agent has been used to demonstrate its use in patient selection (e.qg., identify epichaperome-
positive tumors and evaluate target expression levels in individual tumors), in evaluating
target engagement by a specific administered dose of PU-H71 and in determining real-time
molar concentrations of PU-H71 at the site of action (Dunphy et al., 2020; Jhaveri et al.,
2020; Pillarsetty et al., 2019). Thus, the combination of drug (e.g., PU-H71), companion
diagnostic (e.g., [1241]-PU-H71 for solid tumors (Pillarsetty et al., 2019; Jhaveri et al., 2020)
and PU-FITC for hematologic malignancies (Merugu et al., 2020; Sugita et al., 2021) and
biomarker (e.g., epichaperome levels (Rodina et al., 2016)) enables a precision medicine
approach in epichaperome therapy that is based of stressor-induced molecular dysfunctions
rather than genetics or pathology.

Taking lessons from oncology paradigms, a similar platform was also designed for
neurodegenerative disorders, and a radiolabeled PU-AD was developed — [124]]-PU-AD
(Figure 3a) was developed by Bolaender and colleagues (Bolaender et al., 2021). Because
the therapeutic agent PU-AD has an endogenous iodide, [1241]-PU-AD was created by
Bolaender and colleagues (Bolaender et al., 2021) by exchanging this naturally occurring
iodine-127 isotope with iodine-124. In addition to studies in mice where [1241]-PU-AD was
used to determine the spatio-temporal trajectory of epichaperomes in transgenic mice (Inda
et al., 2020), the [1241]-PU-AD probe was used to provide proof-of-principle demonstration
of its brain permeability in human patients (n = 3) via imaging (Bolaender et al., 2021).
PET imaging with [1241]-PU-AD confirmed the feasibility of epichaperomes detection and
quantitation, in addition to demonstrating their localization in AD relevant regions but not in
relatively spared regions (Bolaender et al., 2021; Inda et al., 2020), enabling the possibility
of diagnostic detection for therapeutic intervention.

While first-generation CNS epichaperome PET probes were instrumental in providing
proof-of-principle, the next step is to make imaging probes with wider acceptability by
the neuroscience and neurology communities. As noted by Cascini and colleagues (Cascini
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etal., 2014), 1-124 labeled PET probes are less practical for routine clinical use in patients
because of several disadvantages: (i). decay properties (long half-life, low positron ratio,
high energy positron, prompt gammas) and (ii). production challenges (requires solid
enriched target, low production yields leading to high costs). Therefore, a logical next step is
to develop probes radiolabeled with isotopes, such as 18F, that have shorter half-life, high p+
emission efficiency, lower p+ energy and easier production (Jacobson et al., 2015). This is
expected to significantly improve sensitivity and spatial and temporal image quality, enable
dynamic imaging, reduce radiation burden and imaging times, and increase acceptance and
availability for widespread clinical application. This type of companion diagnostic would

be invaluable in the development of epichaperome drugs with use in patient selection,

in monitoring target engagement by inhibitor in real time, as well as for quantitative
evaluations that can be used to optimize dose and schedule selection, as has been successful
for the non-CNS drug PU-H71 (Pillarsetty et al., 2019).

A practical and innovative aspect for a probe such as [18F]-PU-AD is that it could be added
to the currently available imaging biomarker portfolio for CNS disorders such as AD, as the
biology and preliminary imaging in mice predict that the resulting epichaperome imaging
may capture the anticipated spatio-temporal progression of the disease from very early stage.
To our knowledge, there is no other probe to detect pathologic stressor-induced molecular
dysfunction that foretells AD onset and precedes morphometric changes (as measured

by MRI), pathological deposits (as measured by tau PET), inflammation (as measured

by microglia activation), and metabolic dysfunction (as measured by fluorodeoxyglucose
PET). Early stage detection may facilitate early clinical intervention. While it is true
[18F]-PU-AD imaging will not differentiate AD pathologic events from those of another
underlying pathology, for diagnosis in AD and other neurodegenerative disorders, there is
undoubtedly a need for composite neuroimaging biomarkers that combine information about
molecular alterations; amyloid and tau aggregation; structural and functional alterations;
and synaptic, cellular, and molecular dysfunction (Khoury & Ghossoub, 2019; Young et

al., 2020). Different imaging modalities offer complementary information, and the spatial
distribution of these obtained measurements can generate valuable information that can be
used for tracking and staging within individuals and groups that is currently unavailable
and extremely important for rational therapeutic intervention moving forward. By this
token, pathologic tau formations, inflammation and synaptic loss are a hallmark of AD

but also of many other diseases of the CNS - yet several imaging probes detecting such
disease hallmarks are of wide interest for development in AD diagnosis that can be used in
combination/association with epichaperome detectors/inhibitors.

8| SUMMARY AND CONCLUSIONS

In this piece, we discuss how the maladaptation to stressors, ranging from genotoxic to
environmental, negatively impacts an organism holistically as well as being deleterious

to intracellular and intercellular networks, which we posit is especially detrimental to the
critical cellular interactomes and brain connectomes that underlie normative function. This
is of particular interest in the context of the etiology of CNS diseases, especially late-onset
neurodegenerative disorders, where stressors are likely to aggregate over time exacerbating
vulnerabilities in forebrain circuits which are decimated in AD.
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We present supporting evidence suggesting neurological disorders can be viewed as protein
connectivity dysfunctions through aberrant functional scaffolds (e.g., epichaperomes)
induced by a combination of stressors in vulnerable brain cells and circuits, which causes
faulty intercellular communication leading to rewiring of brain regions, and ultimately
compromised function. These endophenotypes are shaped by a variety of stressors, including
aging, genetic risk alleles, environmental exposures, and lifestyle choices, with disease
being a manifestation of the combined influence of several ‘hits’ to an organism. Therefore,
individuals likely damage vulnerable cells and brain circuitry to varying degrees over the
course of the lifespan. Disease occurs when any combination of stressors damages enough
PPls, and in turn proteome functions, in vulnerable cells in specific tissues and organs
beyond a tolerable threshold. This realization is of importance as it supports epichaperomics,
the “‘omics method that uses epichaperomes to identify and study stressor-induced PPI
alterations at the proteome-wide level (Ginsberg et al., 2021), is ideally poised to provide
mechanistically and therapeutically relevant insights into context-dependent proteome-wide
functional changes in CNS disorders.

Stress and stressors are able to influence the organism to alter its phenotype through

global ‘top down’ brain-initiated actions as well as ‘bottom up’ alterations in protein—
protein connectivity (i.e. interactomes) that can facilitate disease pathogenesis. We provide
evidence for the importance of ‘bottom up interactome dysfunction’ which differs from the
conventional stress biology concept of ‘top down’ in how stressor-to-phenotype alterations
cause disease. We reiterate that these two concepts of stressor-driven disease mechanisms
within the CNS are not mutually exclusive, and likely are complementary in terms of disease
generation within the individual over the course of a lifetime.

With the development of chemical biology probes to interrogate epichaperomes in cancer
(for proof-of-concept) and recently in neurodegenerative disorders including AD and PD
and relevant animal/cellular models of these disorders, we provide an evidence-based

view on how aberrant stressor-to-phenotype alterations through epichaperomes actually
provide a unique precision medicine intervention roadmap for diagnostic and therapeutic
development. This exciting new lineage of translational and potentially transformative
research is especially prescient in the context of neurodegenerative disorders such as the AD
spectrum where treatment options are limited, and early diagnosis is becoming increasingly
more important. Assessment of epichaperome formation in neurodegenerative conditions,
such as Huntington’s disease, motor neuron disease, or frontotemporal dementias, among
others remain to be fully investigated and reported.

In conclusion, understanding mechanisms driving the stressor-to-phenotype phenomena
and controlling these maladaptive responses in the wake of stressor presentation may

lead to the development of rational therapeutic approaches to abrogate dysfunction from
interactomes to connectomes which are now being increasingly appreciated as endemic to
neurodegenerative disorders. Thus, detecting and modifying stressors-induced maladaptive
responses through the epichaperome platform — from chemical probes to ‘omics approaches
— may provide a previously unavailable treatment approach to disorders, including AD, that
are currently awaiting viable interventions.
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Abbreviations:

AD Alzheimer’s disease

AHA1 activator of HSP90 ATPase protein 1
AMPAR AMPA receptors

APP amyloid precursor protein

AB amyloid beta

BBB blood-brain barrier

CCCP carbonyl cyanide m-chlorophenyl hydrazone
CNS central nervous system

DLB dementia with LBs

ER endoplasmic reticulum

FTD-MND frontotemporal dementia with motor neuron disease type
GCls glial cytoplasmic inclusions

GRP94 glucose regulated protein 94

HOP HSP-organizing protein

HPA hypothalamic-pituitary-adrenal

HSP90s heat shock protein 90s

HSPs heat shock proteins

i.p. intraperitoneal
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LTP
mDA
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MRs
MS
MSA
PD
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intense HSP90 immunoreactivity

induced pluripotent stem cells

Lewy bodies

LB variant of Alzheimer’s disease

Lewy neurites

long-term potentiation

midbrain dopaminergic

months of age

muscarinic receptors

mass spectrometry

multiple system atrophy

Parkinson’s disease

positron emission tomography

isoelectric point

protein-protein interactions

serum- and glucocorticoid-regulated kinase
tumor necrosis factor type 1 receptor-associated protein

wild-type

Acute stressor stressor
An immediate insult to a cell or organism that leads to a rapid reaction that dissipates
quickly once the stressor event has passed

Adaptive response

A rapid response of a cell or organism that protects from damage by external stressor agents
and events and facilitates coping mechanisms against future stressors

Chaperome

The collective name for chaperones, co-chaperones, and other factors that in a cell ensure
that proteins have the correct structure and assembly for their function

Chaperone
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Protein that through one-on-one dynamic interactions assists in the conformational folding
or unfolding as well as the assembly or disassembly of other macromolecular structures so
they can work correctly

Chronic stressor stressor
A prolonged and constant exposure of a cell or organism to a stressor or a combination of
stressors that has detrimental effects, leading to a pathologic cellular phenotype and disease

Connectome
An interaction network, from intercellular to brain regional to circuit level, that drives
specific brain functions

Epichaperomes

Malfunctioning long-lived assemblies of chaperome members that act as aberrant
scaffolding structures leading to misorganized proteins including loss of normal protein—
protein interactions and gain of abnormal protein—protein interactions within a vulnerable
cell, exacerbating disease onset and progression

I nteractome
The complex network of protein—protein interactions in the cell

M aladaptive response
A failure to cope with stress(ors) and/or to return to normalcy leading to vulnerability to
stress(or)-associated pathology

Stressor
An insult that can be of genetic, proteotoxic, or environmental in nature
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FIGURE 1.

Biochemical (a) and functional (b, ¢) distinction between chaperones and epichaperomes.
There is a fundamental structural, dynamic, and functional difference between HSP90
and HSP90 incorporated into an epichaperome. Epichaperomes are scaffolds. They
rewire the connectivity and function of protein networks by remodeling how thousands
of proteins interact in conditions of chronic cellular stress. Conversely, HSP90 is a
chaperone. Chaperones, co-chaperones, and their complexes have defined functions as
protein folders. They interact with a protein to process it through the chaperone folding
cycle. Epichaperomes are long-lived oligomers of chaperome members. This differs
from chaperones such as HSP90, which interact in a highly dynamic manner with

one another and with client proteins on the millisecond to second timescale to make
folding versus degradation decisions through transient interactions within the context
of the proteostasis network. Epichaperomes are specific to cells exposed to defined
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stressors and/or combination of stressors. Conversely, chaperones are highly abundant

and ubiquitous proteins. Epichaperome composition is stressor specific with distinct
epichaperome assemblies impacting specific proteins, and in turn, protein pathways.
Therefore, epichaperomes are multimeric, long-lived chaperome structures that act as
scaffold for remodeling PPIs and provide a link between stressor-induced protein—protein
interaction network perturbations and phenotypes. Abbreviations: HSP90, heat shock protein
90 (HSP90a and HSP90B isoforms, encoded by the HSP9OAAL and HSP90AB1 genes,
respectively; HSC70, heat shock cognate 70 protein encoded by the HSPAS8 gene; PPIs,
protein—protein interactions
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FIGURE 2.

Stressor-to-phenotype assessments via epichaperomics, the omics method that uses
epichaperomes to identify and study aberrant PPIs in disease. (a) Schematic showing
epichaperomics sample analysis and data processing. (b) Unsupervised clustering of datasets
from Inda et al. (2020). Human brains (sporadic late-onset AD, n=5 vs NCI = 3). (c)
Reactome mapping of proteins in each of the three major clusters. In the Reactome map,
generated in Cytoscape, each circle represents a function (i.e., a protein pathway). If the
circle is divided among gray, red, and teal, it means the dysfunction in the particular protein
pathway is characteristic of each cluster. (d) Schematic showing how the accumulation of
stressors during the disease spectrum can negatively impact PPI to cascade in impaired
cellular activity, intra-cellular communication, brain region connectivity, ultimately leading
to decline seen in these disorders, such as AD. Abbreviations: AD, Alzheimer’s disease;

NCI, no cognitive impairment
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Chemical structure of epichaperome inhibitors and epichaperome detection probes (a)
and the biochemical mechanism for their selective binding to HSP90-incorporated into
epichaperomes over the abundant and ubiquitously expressed HSP90 chaperone pool, and
for their restorative effect on cellular function (b). Abbreviations: Ky, dissociation rate

constant
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