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Abstract

Molecular chaperones are a family of proteins that maintain cellular protein homeostasis through
non-covalent peptide folding and quality control mechanisms. The chaperone proteins found
within mitochondria play significant protective roles in mitochondrial biogenesis, quality control,
and stress response mechanisms. Defective mitochondrial chaperones have been implicated in
aging, neurodegeneration, and cancer. In this review, we focus on the two most prominent
mitochondrial chaperones: mtHsp60 and mtHsp70. These proteins demonstrate different cellular
localization patterns, interact with different targets, and have different functional activities. We
discuss the structure and function of these prominent mitochondrial chaperone proteins and give
an update on newly discovered regulatory mechanisms and disease implications.

1. Introduction

I (YB) would like to start with an acknowledgment of Dr. Bruce Ames from a personal
perspective. Although I haven’t worked under Dr. Ames, | can certainly say that | was

his student. Not only have | read many of his papers, dating back to my graduate school
years, but I also spent two weeks sitting in a classroom at the Buck Institute for Aging
Research where | enjoyed lectures by Dr. Ames and other established scholars at the 2003
11th Annual Summer Training Course in Experimental Aging Research organized by the
National Institute on Aging. | can also relate to Dr. Ames as we both spent significant
academic time at Caltech. | remember Dr. Ames mentioned the French connection he and
my postdoc mentor Dr. Giuseppe Attardi had in a restaurant overseeing the beautiful Golden
Gate bridge. | attended Dr. Ames’ seminars both in Caltech and here in San Antonio, and |
witnessed one of his research styles of exploring new research fields every 10 years or so.
Thanks to his influence, | exhibit in this review my undertaking to explore a new research
territory: mitochondrial homeostasis maintained by the mitochondrial chaperone system.
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Mitochondria are ubiquitous organelles in eukaryotic cells whose primary function is to
generate energy through oxidative phosphorylation [1]. Mitochondria also play a central
role in apoptosis [2], calcium signaling [3], and cell proliferation [4]. Reactive oxygen
species are by-products of oxidative phosphorylation thought to be pathogenic agents

for many diseases and also implicated in aging [5]. Intracellular ROS also mediate

normal and pathological processes [6]. Mitochondrial homeostasis, or mitostasis, is a
term used to describe the overall mechanisms implicated in the maintenance of functional
mitochondria. It encompasses maintaining the genome, proteome, and functional integrity
of the mitochondrion. As mitochondrial function is altered by cell stress, mitochondrial
homeostasis is an essential component of cellular homeostasis.

Disruption of mitochondrial homeostasis, or mitochondrial dysfunction, is strongly
implicated in various human diseases [6—8]. Mitochondrial disorders are the most common
group of inborn errors of metabolism, with an estimated prevalence of 1 in 5,000 live

births [9]. In addition, mitochondrial dysfunction is implicated in aging, metabolic disorders,
neurodegenerative diseases and cancer[9].

Molecular chaperones are a family of proteins that facilitate protein folding and unfolding,
as well as assembly and disassembly of protein complexes [10]. Heat shock proteins are a
family of proteins that are generated in response to stressful conditions initially discovered
during heat shock studies [11]. The terms ‘molecular chaperone’ and ‘heat shock protein’
are used interchangeably. Chaperones have been classified into groups according to their
molecular weight into the families of Hsp40 (DNAJ), mtHsp60 (chaperonin), mtHsp70,
Hsp90, Hsp100, and the small heat shock proteins [12]. These proteins fold nascent peptides
and refold damaged ones [13,14]. Mitochondrial chaperones are also necessary for the
import of newly synthesized peptides from the cytosol into mitochondria. They may also
regulate organelle biogenesis[15].

Molecular chaperones are present in all cell compartments, typically have long half-lives,
and are tightly regulated. Different chaperone proteins assemble into different complexes
and cooperate to carry out different cellular functions [16,17]. In mitochondria, the
chaperones mtHsp60 and mtHsp70are the two most important mediators of protein
homeostasis [18]. These two proteins have different localization patterns, interact with
different partners, and have different structural and functional mechanisms [18].

2. Stressors, stress and mitochondrial chaperones

The expression of biological traits is largely the result of interactions between the
environment and genes. Environmental stressors include physical stress: heat and irradiation,
oxygen stressors, pH, infection and inflammation, nutritional requirements, , toxins, and
mechanical stressors such as compression and shearing [19].

As a response, stress is characterized by an organized program which attempts to counteract
the damaging effects of the stressors and restore cell homeostasis. The key effect of
stressors is protein denaturation, and thus the central stress response consists of mechanisms
that prevent protein damage, restore misfolded proteins to their native or functional
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configuration, and degrade irreversibly denatured proteins. Molecular chaperones are critical
for these tasks as they aid other proteins to fold correctly, to refold when reversibly
denatured, to assemble into complexes, and to move to different cellular compartments.
Finally, as a quality control mechanism, chaperones also participate in the degradation of
proteins which are nonfunctional due to mutations or excessive damage.

Mitochondrial stress response restores mitochondrial homeostasis which is important for
overall cellular homeostasis. Disruption of mitochondrial homeostasis associated with
defective mitochondrial chaperone proteins have been shown to cause human diseases.
Mitochondrial homeostasis is largely maintained by mitochondrial chaperones mtHsp60 and
mtHsp70 which regulate key aspects of mitochondrial biogenesis and mitochondrial quality
control.

In this review, we focus on two of the most prominent molecular chaperones, mtHsp70 and
mtHsp60; their structure and function (Fig. 1) are summarized in the following sections.
Normal function of these proteins protects cells against stressors and restores mitochondrial
and cellular homeostasis (Fig. 2A); on the other hand, insufficient function leads to
degenerative disease, and inappropriate gain-of-function is associated with carcinogenesis
(Fig. 2B,C). The detailed physiologic functions of mtHsp60 and mtHsp70 are outlined in
Figure 3.

mtHsp70

mtHsp70 is a 74 kDa mitochondrial protein also known as mortalin, PBP74, or Grp75 [20]
that belongs to the heat shock protein 70 (Hsp70) family. Human mtHsp70 is encoded by
the gene HspA9IB (GenelD: 3313) with a 2.8 kb transcript from an 18 kb region on human
chromosome 5¢31.1 and consists of 17 exons [21]. To date, separate crystal structures of
isolated functional domains have been elucidated for mtHsp70’s 3 main functional regions:
an N-terminal ATPase with a nucleotide-binding domain (NBD), a surface groove domain
for peptide substrates, and the C-terminal domain which acts as a lid that covers the
substrate binding domain when substrate is bound [22] (Fig. 1A). Due to challenges with
protein solubility, a crystal structure of mtHsp70 is lacking from the literature, although an
ab initio model of the whole protein has been generated [23].

Members of the Hsp70 family provide cells with protection against potentially lethal damage
from cell stress, assist in folding and transport of newly synthesized polypeptides, and

aid in assembling multi-protein complexes [24]. This protein family also has “unfoldase”
activity which involves the recognition of misfolded or aggregated proteins followed by
their unfolding and spontaneous refolding to the natively refoldable species [25]. mtHsp70
proteins work in conjunction with various other proteins to form quality control complexes
[26].

mtHsp70 is known to interact with a diverse variety of proteins implicated in many different
functions apart from protein folding and quality control (Fig. 1B). Specifically, mtHsp70 is
involved in cell cycle regulation, inflammation, mitochondrial import, mitochondrial protein
biogenesis, electron transport chain assembly, ER-mitochondria communication, and Fe/S
cluster biogenesis [27]. (Table 1, Fig. 3).
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2.1.1. mtHsp70 in mitochondrial import and folding of nDNA-encoded pre-
peptides—The mitochondrial endosymbiotic theory holds that an early ancestor of the
eukaryotic cell engulfed a prokaryotic organism with its own distinct genome, the progenitor
of what is now the mitochondrion. Over millions of years, genes encoding over 1000 distinct
mitochondrial proteins were transferred to chromosomes within the nucleus. Accordingly, a
cellular mechanism evolved for transport of newly transcribed mitochondrial proteins from
the cytosol into the mitochondria. The key component of this system is the mitochondrial
import motor which recognizes nascent mitochondrial peptides found in the cytosol and
translocates them across the mitochondrial outer and inner membranes. About 70% of all
mitochondrial proteins synthesized in the nucleus are labeled with a cleavable N-terminal
mitochondrial localization presequence [28]. The mitochondrial Translocase of the Outer
Membrane (TOM) complex recognizes these peptides and facilitates their translocation from
the cytosol to the intermembrane space where they are delivered to the translocase of the
inner membrane (TIM) complex, which drives import into the mitochondrial matrix via

ATP hydrolysis. mtHsp70 plays important roles in both phases of transport, functioning

as a partner with both TOM and TIM complexes. It is the essential mediator of the two
biochemical steps involved in both stages of import, namely unfolding of the preprotein for
extrusion through the translocase, and powering translocation. In fact, mtHsp70 is the only
ATPase involved in the mitochondrial import process.

For mitochondrial import to occur, TOM and T1M23 form a supercomplex which facilitates
transport across both mitochondrial membranes, but the formation of this supercomplex
requires an active presequence translocase-associated motor (PAM) [24], a functional
complex found on the matrix side of the inner membrane. The PAM maintains a close
association with the TIM23 complex due to direct interaction of TIM44 with mtHsp70
which tethers mtHsp70 to the inner membrane near the import pore. ATP hydrolysis by
mtHsp70 in the PAM complex drives the import of precursor peptides into the mitochondrial
matrix. The ATPase reaction takes place within mtHsp70’s nucleotide binding domain and
the rate is controlled by nucleotide exchange factors GRPEL1 (homolog of yeast Mgel) and
GRPEL2 which are found within the matrix [29]. The precise mechanism by which this ATP
hydrolysis reaction is converted into kinetic energy remains unknown; however, it is thought
to involve a conformational change that creates a tractional force which is coupled to the
prepeptide via the substrate binding region of mtHsp70, resulting in mtHsp70 pulling the
peptide across the translocase complex [22].

After translocation, mtHsp70 is the first chaperone that contacts the peptide within the
mitochondrial matrix and thus is the first chaperone involved in post-translocational folding.
In the matrix, mtHsp70 cooperates closely with mtHsp60 to perform folding functions.
Together with the help of co-chaperones, mtHsp70 recognizes exposed hydrophobic amino
acid residues on misfolded or unfolded peptide chains and stabilizes them through non-
covalent interactions, resolulbilizing them and facilitating the refolding of the peptide.

For damaged proteins, if the insult is irreparable the chaperone complex may facilitate

the peptide’s degradation by ATP-dependent proteases. mtHsp70 chaperones work closely
with DNAJs and nucleotide exchange factors (NEFs) [29]. The identity of the specific
Hsp40(DNAJ) cochaperone determines the substrate specificity of the chaperone complex.
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Upon recognition of a damaged peptide, the chaperone protein hydrolyzes ATP to further
stabilize the interaction. The rate of ATP hydrolysis, and therefore the rate of the folding
reaction, is controlled by these specific NEFs (for example Mgel as in Fig. 1B). Of

note, whether mtHsp70 participates in membrane import or folding within the matrix

is determined by which of the J-family co-chaperones it associates with. For example,
J-domain protein mdj-1 mediates mtHsp70 folding activity together with mtHsp60 in the
matrix [15]; on the other hand, Pam18 and Pam16 are J-domain proteins that regulate
mtHsp70 import activity and are necessary for peptide translocation [30,31].

2.1.2. mtHsp70 in synthesis and stabilization of native mitochondrial
proteins and electron transport chain (ETC) complexes—Apart from its role in
import and folding of imported pre-peptides from the cytosol, mtHsp70 is also directly
involved in expression of mtDNA-encoded peptides as well as stabilization of mitochondrial
proteins and functional complexes.

mtHsp70 facilitates the functionality of ETC subunits and complexes, and also entire ETC
supercomplexes. mtHsp70 maintains functionality of ribosomal protein VARL, the only
mtDNA-encoded subunit of the mitoribosome (especially under heat stress) and a vital
member of the mitochondrial protein translation complex [32]. mtHsp70 also facilitates the
assembly of mtDNA-encoded subunits 6, and 9 of the ATP synthase complex (Complex V)
and also protects these subunits from proteolytic degradation [32]. mtHsp70 was also shown
to interact strongly with Complex IV in association with Mgel [26].

Interestingly, mitochondria with mutant mtHsp70 lacking the ability to bind Complex IV
demonstrated selective impairment of the assembly of complex IV into respiratory chain
supercomplexes. Thus, the association of mtHsp70-Mgel-Complex IV seems to be essential
for mature supercomplex formation [26]. Cristae shape, a factor thought to play an important
role in supercomplex assembly [33], also seems to be under regulation by mtHsp70 in a
manner co-dependent on mtHsp40 via modulation of Opal cleavage [34].

2.1.3. mtHsp70 in protein quality control—Damaged peptides often have structural
similarity to unfolded nascent peptides, therefore mtHsp70 can also perform protein quality
control (PQC) functions. Indeed, mtHsp70s is upregulated during conditions of cell stress.
PQC can be broken down into three processes: first, substrate recognition, which is then
followed by either refolding or degradation. The substrate specificity of Hsp70s in general is
determined by specific J-domain family co-chaperones. Specific proteases can also associate
with the mtHsp70 chaperone complex with the aid of reporter proteins. These reporter
proteins serve as a tag for degradation and can bind to the misfolded substrate. When

repair is not possible, mtHsp70 stabilizes the substrate-bound state of reporter proteins in
order to keep the substrate tagged until the proteolytic system can dispose of it. Of note,
some proteases may associate with mtHsp70 and perform chaperone functions rather than
proteolysis. For example, LONP1 is an AAA+ protease found in the mtHsp70 chaperone
complex with DNAJA3, but it also shows intrinsic chaperone activity when working together
with mtHsp70 for the folding of Oxal [35].
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2.1.4. mtHsp70 in mitochondrial quality control, apoptosis, and ER-
mitochondria communication—mtHsp70 is a key regulator of life-or-death decision-
making in the cell, as well as in the quality control of mitochondria via multiple
mechanisms. Mitochondrial membrane potential, calcium dynamics, and mitochondrial
permeability are important for mitochondrial quality control and also cell death. mtHsp70
is implicated in each of these processes. To induce mitochondrial calcium overload in
conditions of cell stress, calcium microdomains are often transferred from the ER to the
mitochondria by a multiprotein complex composed of voltage-dependent anion channel

1 (VDAC1) at the outer mitochondrial membrane which associates with the inositol-1,4,5-
trisphosphate receptor (IP3R) on the ER membrane. Facilitation of the interaction between
VDAC1 and IP3R by mtHsp70 links the ER with the mitochondrion and results in the
transfer of Ca2+ into the mitochondrial matrix.[36] mtHsp70 modulates mitochondrial
membrane potential via its interaction with mitochondrial p66Shc. It is thought that
mtHsp70 stabilizes p66Shc but that stress conditions induce the release of p66Shc from

an inhibitory complex, freeing it to cause damage within the inner mitochondrial membrane
[37]. Another well-known role of mtHsp70 in apoptosis regulation is its sequestration

of p53, preventing its translocation to the nucleus where p53 would otherwise drive the
expression of anti-apoptotic genes [38]. Finally, mtHsp70 works together with J-domain
protein JC15 to increase mitochondrial permeability.

2.2. mtHsp60

Mitochondrial heat shock protein 60 (mtHsp60), also known as HLD4 or CPN60, is a

60 kDa molecular chaperone that plays a key role in protein folding. Human mtHsp60

is encoded by HspD1 (Gene ID: 3329), a 13 kb region of human chromosome 2¢g33.1

that forms a 2.2 kb RNA transcript [40]. Unlike the prokaryotic homolog, GroEL, which
exists only as a tetradecamer of two heptameric rings, mtHsp60 can also exist as a single
heptameric ring [41]. Each ring serves as an enclosed environment for protein folding (Fig
1C). Some of the interactions with mtHsp60 of recent interest which are discussed in the
following sections are summarized in Table 2.

2.2.1. mtHsp60 in mitochondrial protein folding—The best characterized
representative of mtHsp60 is the prokaryotic homolog, GroEL. GroEL is a tetradecamer
formed by two heptameric rings arranged back-to-back, with each ring forming a separate
central cavity. Each GroEL subunit has three regions known as the apical, intermediate and
equatorial domains. Protein folding occurs in the following manner and is depicted in Figure
1D. First, the polypeptide interacts with hydrophobic residues in the apical domains of the
cisring [42]. Next, ATP binds to the equatorial domains, causing a conformational change
in the ring that brings the polypeptide further into the central cavity [42]. Following this
step, the co-chaperonin GroES, which also forms a heptameric ring, binds to the apical
domains of the GroEL ring, creating an enclosed environment for folding. GroEL’s intrinsic
ATPase ability provides the energy for polypeptide release from the apical domains and into
the central cavity, where it can be appropriately folded [42]. Release of GroES, ADP, and
the folded protein from the c/sring is accomplished by ATP binding to the #ransring. In
this model, the GroEL-GroES complex appears as an asymmetric “bullet”, since the GroES
heptamer can only bind to one ring at a time [35]. However, recent studies have shown the
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existence of a symmetrical “football” shaped double ring complex, with GroES heptamers
on each end [43]. In contrast, mtHsp60 exists as a range of double and single heptameric
ring structures and there is evidence that single ring structures are able to successfully
mediate folding [44], even without the help of Hsp10, the eukaryotic homolog to GroES
[45].

2.2.2. mtHsp60 in apoptosis—mtHsp60 impacts apoptosis in a variety of ways.
Along with Hsp10, mtHsp60 exists as a pre-apoptotic complex with pro-caspase-3 in

the intermembrane space of the mitochondria[46]. This complex promotes pro-caspase-3
activation and thus apoptosis in an energy dependent manner, possibly by maintaining it in a
protease-sensitive conformation [46].

In contrast, mtHsp60 can also inhibit apoptosis by downregulating caspase activities and
upregulating IL-8 and TGF-B [47]. In tumor cells, mtHsp60 stabilizes the mitochondrial
pool of survivin, an inhibitor of apoptosis, and forms complexes with p53 and Bax,
preventing their pro-apoptotic functions [48]. mtHsp60 is a key component of the
mitochondrial unfolded protein response (mtUPR), which maintains protein homeostasis
and promotes survival through the involvement of heat shock proteins Hsp10, mtHsp60,
and mtHsp70 and proteases ClpP and LONP1[49]. In addition to its role within the
mitochondria, the accumulation of cytosolic mtHsp60, which can occur with or without
mitochondrial release, has been shown to promote apoptosis in multiple pathways [50].
However, cytosolic accumulation of mtHsp60 has also been shown to promote survival in a
Bax-independent manner [50] through the activation of IKK [49]. Ultimately, mtHsp60 can
both promote and inhibit apoptosis.

Overall, mtHsp70 and mtHsp60 are two key and essential mitochondrial chaperones that
modulate cellular responses to stress through regulation of protein folding, protein quality
control, and apoptosis.

3. Roles of mitochondrial chaperones in aging

Aging is the process of gradual decline in organ function and decreased ability to maintain
homeostasis under stress conditions [51]. This involves the loss of regeneration potential,
disabling of repair functions, and accumulation of genetic and protein damage leading to
irreversible dysfunction and eventual cell death.

One of the major theories of aging is the oxidative stress model, which implicates

reactive oxygen species as the cause of DNA damage leading to genome instability. The
accumulation of mtDNA mutations over time leads to respiratory dysfunction and increased
oxidative stress. Another theory of aging involves proteostasis collapse, with cell demise
occurring when the rate of inactivation or dysfunction of vital protein exceeds the rates of
synthesis and repair.[52]. Mitochondrial chaperones are strongly implicated in both theories
of aging, since they regulate the oxidative stress response in mitochondria and also protein
homeostasis. With age, chaperone proteins themselves can become damaged; it has been
suggested that the combination of sick chaperones and stress is a major contributor to the
process of aging.[53] Sick chaperones increase vulnerability of the organism to stressors
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since chaperones are so important in the anti-stress response of the cell.[53] Therefore,
decreased de novo expression rate of chaperones as well as inactivation (or decreased
activity) of existing chaperones are important contributors to the aging process in the cell
(Fig. 2B).

mtHsp70 together with Tid1l is thought to be the major chaperone complex responsible

for scavenging toxic protein aggregates in stressed, diseased, or aging human mitochondria.
[54]. Decreased levels of mtHsp70 have been shown to increase vulnerability to stress

and accelerate aging. By the same token, progression of the dysfunction associated with
aging has been linked with insufficient function and/or expression of mtHsp70. The level

of mtHsp70 protein was found to decrease with senescence in human foreskin fibroblasts
[55] and knockdown of mtHsp70 caused a progeria-like phenotype in C. elegans worms.[56]
Meanwhile, overexpression led to enhance cell survival in human cells and extended lifespan
in worms [55,56] In vitro cells with aging phenotypes induced by applying chemical

stress were accompanied by decreased levels of mtHsp70, and this change was thought

to also involve disruption of the mtHsp70-p53 interaction.[57] As discussed above, mtHsp70
sequesters cytosolic p53 in order to prevent transcription of pro-apoptotic genes. This data
supports the idea that the cell must maintain sufficiently high mtHsp70 protein levels to
combat the damages due to aging, ultimately with the goal of delaying cell death. In fact,
mtHsp70 levels (and thus, its functions) have been noted to be a key determinant which
predicts a fixed proliferation potential in normal and aging cells [55]. Interestingly, damaged
mtHsp70 can form semi-dysfunctional self-aggregations which are associated with failure of
mitochondrial biogenesis [58]. Hsp70-escort protein 1 (Hep1l), is an essential co-chaperone
to mtHsp70 which helps it resist self-aggregation [59].

On the other hand, aging-related stress can drive compensatory increase in the activity of
existing mtHsp70 chaperones independent of expression level. For example, oxidative stress
drives increased expression of Mgel (human for GRPEL1), the NEF for mtHsp70 [60],
suggesting that the rate of the chaperone reactions catalyzed by mtHsp70 is increased in
response to oxidative stress. Magmas is another regulator of mtHsp70’s activity with a
facilitative function on mtHsp70 at the import channel that is driven by ROS concentration
[61].

The role of mtHsp60 in aging seems to be closely linked to mtHsp70 function.
Immunoprecipitation experiments showed that mtHsp60 and mtHsp70 were found to
associate in complexes in vivo and that their interaction occurred via mtHsp70’s N-terminal
domain [62]. Of note, mtHsp60 has a distinct function from mtHsp70 in aging pathways;
overexpression of mtHsp70 extended the in vitro lifespan of normal human fibroblasts,
whereas mtHsp60 did not [62]. However, knockdown of either mtHsp70 or mtHsp60 caused
growth arrest in osteosarcoma cultures [62]. Experiments in Snell mice, a long-lived mouse
model with alterations in the growth hormone pathway, reveal increased resistance to
mitochondrial stress due to elevated levels of mtHsp60 and Lon protease, which are key
components of the mitochondrial unfolded protein response (mtUPR) [63]. Activation of the
mtUPR, along with mitophagy, is shown to reduce oxidative damage and extend the viability
of cells exposed to oxidative stress [64].
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Altogether, mtHsp70 and mtHsp60 impact cellular and organismal aging by limiting stress
which is thought to be a key component of aging. Regulation of mtHsp70 and mtHSP60
activity can have direct consequence on aging phenotypes.

4. Roles of mitochondrial chaperones in cancer

The process of carcinogenesis involves the step-wise development of cellular aberrations
resulting in cellular proliferation and immortalization. Since chaperones act as guardians
against age-related dysfunction, it is not surprising that the re-wiring of chaperone networks
is strongly implicated in cancer (Fig. 2C). The “chaperome”, a term coined by Yan et

al recently [65], refers to the large family of chaperone proteins and their cofactors (co-
chaperones) as well as many other factors which form functional networks in the cell.

In normal cells, the chaperome contains many redundancies; deficiencies in the activity

of a particular chaperone are often remedied by another chaperone which may substitute
itself into the network in place of the deficient one. Thus, there are two general cellular
states of the chaperome, defined by either the presence or the overwhelming absence of
chaperone network redundancies. In many cancers, redundancies have been depleted leading
to the overwhelming prominence of a single interconnected chaperone pathway contributing
to the immortalization phenotype. In such cancers, targeted knockdown or inhibition of

a particular chaperone might prove to be an effective chemotherapeutic strategy. In other
cancers, the chaperome may behave more like normal cells and retain redundancies, making
these cancers poor candidates for chaperone-targeted treatment [65].

Chaperome rewiring defined by overexpression of mtHsp70 has been detected

in many epithelial cell malignancies including breast, ovarian, hepatocellular, and
cholangiocarcinoma; mtHsp70 contributes to the epithelial-mesenchymal transition via
upregulation of PI13/Akt and JAK/STAT pathways, creating a more invasive and metastatic
phenotype and also increasing cell proliferation and survival [66]. mtHsp70’s interaction
with p53 in the cytosol is responsible for curbing its anti-apoptotic function, its
overexpression reducing p53 activity and leaving the cell cycle unchecked. Another
important function of mtHsp70 in cancer is its promotion of stem-cell-like behavior,
which is associated with chemotherapy resistance and a more aggressive phenotype [67].
Importantly, knockdown of mtHsp70 increased the sensitivity of stem-like cancers to
chemotherapy [67].

Epigenetic alterations of mtHsp70 have been implicated in cancer as well. For the Hsp70
family in general, epigenetic aberrations such as DNA hypermethylation of the HspA1A
promoter, loss of certain microRNAs which normally inhibit mtHsp70 translation, and
changes in histone methylation and acetylation have been documented. For mtHsp70
specifically, post-translational lysine methylation has been associated with a tumor
phenotype [68].

Changes in the expression of mtHsp70 co-chaperones are also responsible for altering
the sensitivity to chemotherapeutic drugs. For instance, one recent report demonstrated
modulation of cell death pathways by DNAJC15 through regulation of mitochondrial
permeability transition [29,69,70]. Intriguingly, disruption of the ETC supercomplex has
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emerged as a potential chemotherapeutic strategy, with promising results in Her2-high breast
cancer [71]. Given that mtHsp70 possesses activity as a chaperone in the formation of

ETC supercomplexes, this suggests that impairment of supercomplex formation might be a
reasonable expectation for chemotherapies targeting mtHsp70.

mtHsp60 expression is increased in a variety of cancer types, including astroglioma, acute
myeloid leukemia, Hodgkin’s lymphoma, large bowel adenocarcinoma, ovarian carcinoma,
and osteosarcoma [72]. However, in other types of tumors, such as glioblastoma, bladder
transitional cell carcinoma, and bronchial adenocarcinoma, mtHsp60 levels are decreased
[72]. This differential expression likely reflects mtHsp60s variable impact on apoptosis.
Beyond considerations of cell survival, mtHsp60 can also impact progression to metastasis.
Overexpression of mtHsp60 is noted to induce metastasis by activating p-catenin via
interactions with its apical domain [63]. Aberrant expression of mtHsp60 in tumor cells

is regulated by epigenetic factors such as microRNA sequences, including miR-1, miR-206,
miR-382, and miR-29, as well as through mtHsp60 acetylation [68]. mtHsp60 can serve as
a suitable target for therapy, given its differences in expression in normal vs tumor tissues.
For instance, mtHsp60 was highly expressed in adenocarcinoma of the breast, colon, and
lung, but undetectable or at very low levels in normal epithelium of the respective tissue
[48]. Several existing drugs are thought to have inhibitory effects on mtHsp60 by binding
to the equatorial domain at cysteine residues (epolactaene) or by preventing ATPase activity
(mizoribine and EC3016, a pyrazolopyrimidine derivative) [74].

Upregulation of mitochondrial chaperones like mtHsp70 and mtHsp60 have been in
identified in various types of cancers. Mitochondrial chaperones have also emerged as
promising targets for future cancer therapy development.

5. Role of mitochondrial chaperones in neurodegeneration

5.1

Introduction

Disruption of mitochondrial homeostasis and associated mitochondrial dysfunction have
long been associated with various neurological diseases and neurodegenerative diseases [75—
77]. While gain-of-function changes in mitochondrial chaperone systems are linked with
cancer, the opposite is true for neurodegeneration. Deficiencies in mitochondrial chaperone
systems are responsible for cell energy deficiencies, neuronal dropout by apoptosis, and
the accumulation of toxic protein aggregations which are the hallmark of a class of
neurodegenerative diseases known as proteinopathies. The molecular chaperone mtHsp70
has also been shown to have a protective function as it permits cells to survive to

otherwise lethal conditions and modulates lifespan. Proteomic analysis of in vitro cultures
of adult dorsal root ganglion (DRG) neurons found that mtHsp70 protein was synthesized
abundantly in the axon [78], supporting the likely role of mtHsp70 in neurodegeneration
due to proteinopathy. Overexpression of mtHsp70 increased sensitivity to cell death
stimuli, whereas knockdown of mtHsp70 increased resistance to such insults in studies

of hippocampal neurons [79]. mtHsp60 is also implicated in a variety of neurodegenerative
processes, and mutations that lead to deficiency are known to cause neurodegenerative
disease [80]. The role of mtHsp60 and mtHsp70 in neurodegeneration are summarized in
Figure 4.

Free Radlic Biol Med. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bahr et al.

5.2.

Page 11

mtHsp60 and mtHsp70 have been demonstrated to either co-localize or directly interact
with toxic proteins & aggregations, including the more well-known amyloid beta and
alpha-synuclein but also HIV-1 Tat protein [81], corpora amylacea [82] and 14-3-3 protein
[83]. Such protein-chaperone interactions have been shown to take place in the vicinity of
the mitochondria in both neurons and glia, supporting the concept that the mitochondrial
dysfunction associated with proteinopathies is a consequence of toxic intracellular
proteins directly damaging the mitochondria. Signs of mitochondrial dysfunction may
include increased reactive oxygen species levels, decreased mitochondrial membrane
potential, decreased ETC complex function, decreased ATP production, or apoptosis.

In both neurons and glia, mitochondrial chaperones are able to address these insults
either directly, by disposing of toxic proteins, or indirectly by promoting mitochondrial
function. Extracellular protein aggregations can also cause mitochondrial dysfunction in
proteinopathies via ischemia associated with small vessel occlusion, such as in amyloid
angiopathy. Mitochondrial chaperones are important protectors against ischemic damage
in neurons [84]. Mitochondrial function of astrocytes is also an important target in the
pathogenesis of brain ischemic injury [85] and is also protected by chaperones.

The evidence suggests that the major roles of mitochondrial molecular chaperones in the
context of neurodegenerative disease are neuroprotection, regulation of glial cell function, as
well as glioprotection. Since the neuroprotective effects of mitochondrial chaperones have
been explored in detail with disease-specific models, we will therefore discuss them later

in separate sections. Because experiments in glial cells are scarce, we will discuss their
implications broadly in the following section using findings from various neurodegenerative
disease models.

Mitochondrial chaperones in glioprotection and neuroglial signalling

mtHsp70 has important functions involving both astrocytes and microglia. Overexpression
of mtHsp70 in neurons attenuated lipopolysaccharide-induced oxidative and metabolic
stress, and suppressed proinflammatory activation of microglial cells via modulation of
neuronal cytokine release [86]. In astrocyte-derived cells treated with amyloid beta, a
transient increase in expression of mtHsp70 triggered inhibition of the caspase-3 pathway,
promoting the expression of mtHsp60 and Hsp90 and the survival of astrocyte-derived
cells [87]. In experiments with HIV-1 Tat protein, mtHsp70 seemed to protect against

the indirect neuron death induced by toxin-mediated astrocyte dysfunction; downregulation
of mtHsp70 by HIV-1 Tat protein was associated with findings of astrocytic dysfunction
and neuron death, while on the other hand, overexpression of mtHsp70 in astrocytes
reduced inflammation and also rescued neurons from astrocyte-mediated death [81].
Increased immunoreactivity of mtHsp70 was observed in MS lesions, particularly in
astrocytes and axons coinciding with regions of enhanced mitochondrial oxidative stress
[88]. Overexpression of mtHsp70 in rat brain was associated with improved mitochondrial
function in terms of protection of complex 1V activity, reduction of free radicals, decreased
lipid peroxidation, and maintenance of sufficient ATP levels [84]. Overexpression of
mtHsp70 in astrocytes was shown to protect against ischemic damage and was associated
with decreased ROS production, preservation of mitochondrial membrane potential, and
preserved ATP levels and cell viability [89]. ER stress was also shown to induce expression
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of mtHsp70 and its co-chaperone Lon protease in a PERK-dependent manner, and the
overexpression of these proteins promoted assembly of ETC complex I and 11 and protected
against mitochondrial dysfunction caused by the toxin brefeldin as well as hypoxic damage
[90].

mtHsp60 also plays a protective role in neurons and in glial cells. In astrocytes, increased
ROS levels were found to increase expression of mtHsp60 and antioxidant enzymes,
especially in the presence of ATP [91]. As discussed above, toxic protein aggregations

in astrocytes have been shown to co-localize with mtHsp60, suggesting its deployment for
chaperone functions. mtHsp60 may also serve as a cell damage signal and in some contexts,
mtHsp60 may drive cell death rather than cell survival pathways. Excess secretion of
mtHsp60 by neurons appears to be a damage-associated molecular pattern which stimulates
cell surface receptors on nearby astrocytes and microglia. Neurons releasing mtHsp60
exosomes were targeted for phagocytosis by microglia via TREM2 receptor activation

[92]. Extracellular mtHsp60 was also shown to activate astrocyte-dependent inflammation
pathways via TLR2 receptor activation [93]. The overproduction of mtHsp60 triggers
inflammatory cascades; on the other hand, its expression is induced by diverse cytokines
including IL-1beta, TNF-alpha, IL-4, IL-6 and IL-10 [94]. Potentially an amplification
cascade, this configuration suggests that a tipping point may exist where mtHsp60 levels
activate cell death rather than cell survival pathways. Lastly, cell type-specific pathways are
important in the regulation of mtHsp60 as a response to cell stress. For example, in optic
nerve head astrocytes, TGF-beta2 and hydrogen peroxide treatment did not have any effect
on mtHsp60 and —70 expression.[95].

5.3. Mitochondrial chaperones in Alzheimer’s Disease

Alzheimer’s disease (AD) is a debilitating illness with short term memory loss as a
significant early symptom. At the molecular level, the disease is associated with extracellular
senile plagues composed of amyloid B (AB) aggregates, one of the major pathological
hallmarks of AD. Defective mitochondrial chaperones have been implicated in AD, and
there is evidence implicating mitochondrial chaperone mtHsp70 specifically. There is also a
longstanding hypothesis that amyloid toxicity mediates mitochondrial dysfunction in AD. In
spite of this, the underlying mechanisms of how mitochondrial chaperones play a role in AD
remain largely unknown.

Mitochondrial alterations have been observed in pyramidal neurons from the brains of AD
patients [96]. These mitochondria exhibited reduced size and broken cristae structures [97].
Such mitochondrial dysfunction is one of the earliest features of AD [98,99]. Furthermore,
amyloid B associates with mitochondria and more importantly, its levels correlate with

both the extent of mitochondrial dysfunction as well as the degree of cognitive impairment
in AD mouse models [98]. Amyloid B was shown to impair respiratory chain function
directly [100] and induce oxidative stress [101,102]. A more careful survey on mitochondrial
structural and functional alterations in AD mouse models revealed that mitochondrial
damage was severely augmented in the vicinity of amyloid B plaques [103], suggesting

that amyloid B mediates mitochondrial toxicity in AD.
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Many studies demonstrate a role for mtHsp70 specifically as a protective agent

against Alzheimer’s disease. Overexpression of mtHsp70 reduced damage, apoptosis, and
cytotoxicity from amyloid beta and also reversed amyloid beta-induced mitochondrial
dysfunction. Protection of mitochondrial function against amyloid beta toxicity was
associated with inhibition of the mitochondrial permeability transition pore, decrease in
caspase activation, and reduced oxidative stress and cytosolic calcium release. Recently,
insult from AP treatment was shown to increase the expression and interaction of IP3R,
Grp75, and vdacl and led to an increased endoplasmic reticulum (ER)-mitochondria
association. From these data, it would seem that therapies aimed at potentiating the activity
or increasing the expression of mtHsp70 might be good candidates for neuroprotective
agents in the treatment of Alzheimer’s disease.

The role of mtHsp60 in Alzheimer’s disease is uncertain. mtHsp60 may have a
neuroprotective effect, as mtHsp60 overexpression mitigates the toxic effects of A on
complex IV activity [104]. mtHsp60 in combination with mtHsp70 and Hsp90 limited
the production of free radicals and prevented caspase-9 activation which are important
mediators of B-amyloid induced neuronal dysfunction and death [104]. Importantly,
mtHsp60 inhibits AR aggregation by selective action on peptides that act as seeds for
fibrillogenesis; this blocks the initiation of AR fibril formation [105]. mtHsp60 may also
have a damaging effect, as shown by its ability to associate with amyloid precursor
protein (APP) and mediate its movement to the mitochondria, leading to mitochondrial
dysfunction[106]. It is also thought to trigger neuronal cell death in Alzheimer’s via
extracellular activation of TLR4 [107]. However, several authors have suggested that
contaminants with affinity for TLRs could be responsible for many of the reported in vitro
effects of Hsp proteins [108].

5.4. Mitochondrial chaperones in Parkinson’s disease and Lewy Body dementia

Parkinson’s disease (PD) is characterized by dropout of dopaminergic cells in the substantia
nigra of the basal ganglia causing parkinsonian symptoms such as resting tremor and
shuffling gait, whereas Lewy body dementia is characterized by first the onset of
hallucinations and REM sleep behavior disorders but then eventually parkinsonian features.
Both diseases share significant overlap in terms of symptoms and pathology. Importantly
for this review, both diseases involve impairment of mitochondria and proteasomes and are
associated with increased toxic damage to cells from protein aggregations composed of
alpha-synuclein.

In a proteomics study of mtHsp70, its levels were significantly lower in Parkinson’s brains
as well as in a cell model of Parkinson’s disease [109]. The expression of mtHsp70 in
astrocytes was found to be lower in the midbrain of PD patients compared to controls [110].
Interestingly, serum levels of mtHsp70 showed negative correlation with a-Synuclein levels
in PD patients [111]. Knockdown of mtHsp70 induced loss of synaptic mitochondria in

a Drosophila Parkinson’s disease model, suggesting a role of mtHps70 in PD-associated
cognitive decline [112].

Evidence of the mechanisms by which mtHsp70 is involved in Parkinson’s disease is scant
at the present. Pathologic variants in the genes encoding the mtHsp70 chaperone system
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may be important in the pathogenesis of Parkinson’s disease, although this is under debate
[113,114]; however, mutations in the HspA9 gene have been found in Parkinson’s disease
patients [115]. Parkin, an E3 ubiquitin ligase, the PTEN induced putative kinase 1 (PINK1),
and DJ-1, a mtHsp70 cochaperone, are the major genes associated with familial early

onset Parkinson’s disease [116]. Evidence suggests that PINK1 acts upstream of parkin and
that DJ-1 stabilizes PINK1 [116]. It has been shown that DJ-1 regulates the integrity and
function of ER-mitochondria association through the mtHsp70/1IP3R3/VDACL interaction
[117].

mtHsp60’s role in Parkinson’s disease is similar to its role in Alzheimer’s. mtHsp60 has
been shown to prevent fibril formation of alpha-synuclein, with the apical domain alone
being sufficient for suppression of fibrils [118]. Additionally, mtHsp60 may play a positive
role in Parkinson’s disease by maintaining the function of complex IV of the electron
transport chain, which is implicated in the pathogenesis of Parkinson’s disease [116].

Both of these mechanisms have also been demonstrated as anti-amyloid mechanisms in
Alzheimer’s disease.

Generally speaking, mitochondrial chaperones such as mtHsp70 and mtHsp60 have a
protective role in various neuronal cells including neurons, astrocytes and microglial cells.
Mitochondrial dysfunction associated with mitochondrial chaperone deficiency has been
implicated in neurodegenerative diseases such as Alzheimer’s and Parkinson’s Disease.

6. Conclusions and future directions

Mitochondrial molecular chaperones are key players in the stress response which restores
mitochondrial homeostasis, an important component of cellular homeostasis. mtHsp60
and mtHsp70 are the most prominent mitochondrial molecular chaperones and are

crucial for mitochondrial protein import and folding, formation and maintenance of the
oxidative phosphorylation machinery, ER-mitochondrial communication, mitochondrial
quality control and regulation of apoptosis. As summarized in Figure 2, failure to maintain
mitochondrial homeostasis with proper mitochondrial chaperone function will lead to
severe health consequences. On one hand, compromised chaperone activity might lead to
degenerative diseases and premature aging; on the other hand, over-reactive chaperones
could be markers for cancer development. In the coming years, the precise details

and working mechanisms connecting different carcinogenesis and cell death signaling
incorporating mitochondrial chaperone system leading to tumorigenesis and degenerative
phenotypes will be explored. More importantly, in-depth investigation on mitochondrial
chaperones and associated regulation of mitochondrial homeostasis will promise hopes for
develop protective regiments for age-related degenerative diseases and therapeutical targets
for various cancer types.
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. Mitochondrial chaperones play an important role in mitochondrial
homeostasis.

. Mitochondrial chaperones integrate mitochondrial stress responses.
. mtHsp60 and mytHsp60 are two key mitochondrial chaperones.

. Deficient mitochondrial chaperone system has been implicated in aging and
age-related degenerative diseases

. Overreaction of mitochondrial chaperone system has been implicated in
tumorigenesis and could sever as therapeutical target.
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(A) Molecular structure of mtHsp70 with three domains: N-terminal domain (ATP domain),
substrate binding domain, and C-terminal domain. (B) Working model of mtHsp70
chaperone system on protein folding. (C) MtHsp60 complexed with cochaperone Hsp10.
(D) Working model of mtHsp60 chaperone system on protein folding. Fig.1A and 1C are
adapted from prior figures by Kaul et al [128] and Nismeblat et al [43].
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Figure 2: Overview of physiologic or pathologic roles of mitochondrial chaperones in human

health and disease

A: In the appropriate chaperone response, stress such as reactive oxygen species induce
accumulation of damaged protein and mitochondrial dysfunction and other cellular
pathologies which the cell responds to by upregulating expression of mitochondrial
chaperones mtHSP60 and mtHSP70, in turn decreasing ROS production, enhances protein
repair, and restores mitochondrial function. B: In hypofunction of the chaperone system, cell
stress is not met with a sufficient chaperone response, leading to overwhelming oxidative
damage, irreversible protein damage, and irreversible mitochondrial dysfunction which
results in cell degeneration or death. In cancer, DNA damage, epigenetic rewiring (i.e.,
HSPA9 promoter methylation, histone actylation) and also post-translational modifications
(such as HSP70 protein lysine methylation) lead to hyperfunction of chaperone elements.
This is often accompanied by loss of network redundancy. The resulting overexpression of
mtHSP60 and/or mtHSP70 drives malignant transformations via various pathways including
modification of PI3k, Jak/STAT, Wnt, and p53 with phenotypes of decreased apoptosis as
well as increased immortalization, proliferation, and stemness.
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Figure 3:

Working model of physiologic functions of mtHsp60 and mtHsp70
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Figure 4:
Current knowledge regarding the roles of mtHsp60 and mtHsp70 in neurodegeneration
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Table 1:

Protein interactions with mtHsp70 under recent investigation
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Protein Subcellular location Function Reference

IP3R - VDAC1 Mitochondria Associated Membrane | Calcium transport from endoplasmic reticulum to [119]

complex mitochondria

HEP1 Matrix side of Inner mitochondrial Co-chaperone, stimulates Hsp70 ATPase activity [120]
membrane

GRPEL1/2 Mitochondrial matrix, Co-chaperone, nucleotide exchange factor for Hsp70 [120]

TID-1 Mitochondrial matrix (TID-1S), Co-chaperone, stimulates Hsp70 ATPase activity [120]
cytosol (TID-1L)

PERK /IRE1/ ATF6 ER lumen Unfolded protein response [121]

Lon protease Mitochondrial matrix Inhibits apoptosis by stabilizing mtHsp60, stabilizes Hsp70- [122]

Hsp60 complex.
TLR2 Plasma membrane Extracellular Hsp70 and mtHsp60 recognized as DAMP and [123]

trigger pro-inflammatory cascade.
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Table 2:

Protein interactions with mtHsp60 under recent investigation
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(adherens junctions,),
cytoplasm/nucleus

Protein Subcellular location Function Reference
Survivin Mitochondrial matrix and Inhibitor of apoptosis, stabilized by mtHsp60 [124]
cytosol
Cyclophilin D | Inner mitochondrial Component of mitochondrial permeability transition pore that promotes [124]
membrane apoptosis, inhibited by mtHsp60.
IKKa/B Cytosol Activates IKK/NF-xB survival pathway [124]
apoA-11 Extracellular Plasma membrane expressed mtHsp60 functions as a cell surface receptor for [125]
high density lipoproteins via apoA-11 binding
Bax Cytosol, mitochondrial Induces apoptosis. mtHsp60-Bax complex can sequester Bax, inhibiting [126], [124]
outer membrane apoptosis.
However, yeast models have shown that mtHsp60 can stabilize Bax and
promote its pro-apoptotic functions.
TLR4 Plasma membrane Induces TNFa and IL-6 release via NFxB and JNK activation. [126]
Promotes cell migration in vascular smooth muscle cells via activation of
ERK
TLR2 Plasma membrane Extracellular Hsp70 and mtHsp60 recognized as DAMP and trigger pro- [123]
inflammatory cascade.
Clusterin Extracellular, Nucleus, Extracellularly, functions as an inhibitor of apoptosis; [127]
Cytoplasm Intracellularly, can function as a promoter of apoptosis
P53 Cytosol Tumor suppressor, transcription factor [48]
Lon Protease Mitochondrial matrix Inhibits apoptosis by stabilizing mtHsp60, stabilizes Hsp70-Hsp60 complex. [122]
Beta-catenin Plasma membrane Cell-cell adhesion, proto-oncogene, transcription factor [73]
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