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Abstract

Accumulation of misfolded proteins in proteinaceous inclusions is a prominent pathological
feature common to many age-related neurodegenerative diseases, including Parkinson's disease,
Alzheimer's disease, Huntington's disease, and amyotrophic lateral sclerosis. In cultured cells,
when the production of misfolded proteins exceeds the capacity of the chaperone refolding system
and the ubiquitin-proteasome degradation pathway, misfolded proteins are actively transported to
a cytoplasmic juxtanuclear structure called an aggresome. Aggresome formation is recognized as a
cytoprotective response serving to sequester potentially toxic misfolded proteins and facilitate
their clearance by autophagy. Recent evidence indicates that aggresome formation is mediated by
dynein/dynactin-mediated microtubule-based transport of misfolded proteins to the centrosome
and involves several regulators, including histone deacetylase 6, E3 ubiquitin-protein ligase
parkin, deubiquitinating enzyme ataxin-3, and ubiquilin-1. Characterization of the molecular
mechanisms underlying aggresome formation and its regulation has begun to provide promising
therapeutic targets that may be relevant to neurodegenerative diseases. In this review, we provide
an overview of the molecular machinery controlling aggresome formation and discuss potential
useful compounds and intervention strategies for preventing or reducing the cytotoxicity of
misfolded and aggregated proteins.
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Introduction

Pathological inclusions containing misfolded proteins are a frequent feature of age-related
neurodegenerative diseases, including Parkinson's disease (PD), Alzheimer's disease (AD),
Huntington's disease (HD), spinocerebellar ataxias (SCA), amyotrophic lateral sclerosis
(ALS), and many others [1]. The pathogenesis of these diseases involves the misfolding of
disease-specific proteins, and these disorders are sometimes referred to as “conformational
diseases” [2]. Genetic mutations or environmental insults can induce many different proteins
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to misfold and aggregate, suggesting that a common pathological mechanism may link these
clinically distinct neurodegenerative diseases [3-6]. While it is clear that the presence of
misfolded proteins is integrally linked with the pathology of these diseases, the molecular
mechanisms underlying the cellular management of misfolded proteins are not fully
understood.

Accumulating evidence indicates that one way cells handle excess misfolded proteins, which
could result from UPS impairment or increased oxidative stress, is to collect and
compartmentalize misfolded proteins in specialized inclusions called aggresomes [7-9].
Aggresomes are thought to be cytoprotective because they sequester toxic, aggregated
proteins and may facilitate their elimination by autophagy [10-14]. Although aggresomes are
a cell culture phenomenon and do not necessarily represent inclusion bodies found in
neurodegenerative diseases, recent studies of aggresome formation have yielded important
insights into the molecular mechanisms by which cells manage misfolded protein stress
[8,15]. In this review we discuss our current understanding of the molecular machinery
involved in aggresome formation and the potential targeting of this pathway to generate
mechanism-based therapies for the treatment of neurodegenerative disease.

Aggresome Formation is a Protective Cellular Response Against Misfolded

Protein Stress

Within the cell, protein folding occurs both co-translationally as the nascent polypeptide
exits the large ribosomal subunit and posttranslationally after trafficking and import into
specific subcellular compartments, such as the mitochondria [16,17]. Based in large part on
the primary amino acid sequence, protein folding is driven by the formation of hydrophilic
interactions, collapse of hydrophobic regions, and burial of electrostatic interactions, seeking
the lowest free energy state, which usually corresponds to the native conformation of the
protein [16,18]. There is a constant competition between multiple potential folding
pathways, some terminating in kinetically trapped and incorrectly folded proteins, referred
to as ‘dead end’ conformations. Improper protein folding can occur as the result of
incomplete protein synthesis, missense mutations, high levels of protein expression,
postsynthetic damage, or a shortage of necessary co-factors or components of multimeric
complexes [19]. Protein misfolding is not a rare event and it is estimated that approximately
30% of newly synthesized proteins are misfolded [20]. Protein misfolding not only can
result in a functionally inactive protein, but can also lead to protein aggregation, which
refers to the abnormal association of proteins or protein fragments and is usually defined
biochemically by detergent insolubility [1,15]. Protein aggregates visible by light
microscopy are called inclusion bodies [1,15]. Recent reports indicate that misfolded and
aggregated proteins are able to disrupt cellular function through a variety of mechanisms,
including pore formation, inhibition of proteasomal degradation, and sequestration of critical
cellular factors [1,15]. Together these findings emphasize the importance of highly vigilant
protein quality control systems to prevent the cytotoxic accumulation of misfolded proteins.

Protein quality control is particularly important to neuronal homeostasis and normal function
because neurons are post-mitotic and unable to dilute cytotoxic misfolded proteins through
cell division [1]. As outlined in Fig. (1), the molecular chaperone and the ubiquitin-
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proteasome systems (UPS) compose the initial cellular defense against misfolded protein
accumulation (Fig. (1), steps 2 and 3) [21-23]. However, when these systems fail or are
overwhelmed, misfolded proteins have the potential to form cytotoxic oligomers, which are
small aggregates composed of approximately 3-50 monomers 3-50 monomers (Fig. (1), step
4) [15]. The aggresome-autophagy pathway represents a third cellular defense system, in
which misfolded and aggregated proteins are recognized and coupled to the retrograde
microtubule motor dynein for transport to a perinuclear aggresome (Fig. (1), steps 5 and 6)
[8,9]. The aggresome acts to sequester cytotoxic proteins and also to facilitate their
clearance by autophagy (Fig. (1), step 7) [8,9].

The Chaperone System

Molecular chaperones are a highly conserved class of proteins that assist in protein folding
(Fig. (1), step 2). This class includes the ATP-dependent HSP70 proteins, HSP9O0 proteins,
and cylindrical chaperonin complexes, and also the ATP-independent small chaperone
proteins [24]. Several of the chaperones are referred to as heat shock proteins (HSPs) and
their expression is induced by temperature increases and other types of stress as a way to
increase the cellular capacity for the handling of misfolded proteins [21]. Chaperones
function by transiently binding exposed hydrophobic regions and unstructured backbone
regions, which are normally buried within the properly folded protein and are a feature of
nonnative conformations [17,24]. Chaperones increase the efficiency of protein folding by
stabilizing particular folding intermediates and preventing non-specific protein interactions,
protein misfolding, and protein aggregation [16]. In some cases, chaperones promote the
solubilization and refolding of damaged or aggregated proteins produced during times of
cell stress [16,25]. The importance of the chaperone system to neuronal survival is
highlighted by recent genetic evidence showing that neurodegenerative disease can be
caused by mutations in chaperones, such as HSP22 [26], HSP27 [27], and HSP60 [28].

The Ubiquitin-Proteasome System

The ubiquitin-proteasome system (UPS) is a major intracellular proteolytic pathway for
eliminating misfolded proteins (Fig. (1), step 3). In this system, substrates are first tagged by
covalent linkage to multiple molecules of ubiquitin, a 76-amino-acid polypeptide. The
ubiquitinated substrate proteins are subsequently recognized and degraded by the 26S
proteasome (Fig. (2)). Conjugation of ubiquitin to a substrate is a multi-step process that
requires sequential action of three enzymes. First, ubiquitin is activated by the ubiquitin-
activating enzyme (E1) at the expense of ATP. The activated ubiquitin is then transferred to
an ubiquitin-conjugating enzyme (E2). The ubiquitin-protein ligase (E3) binds the substrate
and catalyzes the transfer of the activated ubiquitin from the E2 to the substrate via
formation of a covalent isopeptide linkage between the ubiquitin carboxyl-terminal glycine
residue and a lysine residue within the substrate protein [29]. It is estimated that the
mammalian genome contains two E1 ubiquitin-activating enzyme, several E2 ubiquitin-
conjugating enzymes, and hundreds of E3 ubiquitin-conjugating enzymes [29-31]. E3
enzymes play a particularly important role in conferring specificity to the ubiquitination
reaction by selectively recognizing distinctive sets of substrates and facilitating the final
transfer of the ubiquitin molecule to the substrate [29]. Additional ubiquitin molecules can
be covalently attached to the preceding ubiquitin molecule to form a polyubiquitin chain,

Curr Med Chem. Author manuscript; available in PMC 2015 April 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Olzmann et al.

Page 4

which targets the substrate for degradation by the 26S proteasome [32]. The 26S proteasome
is composed of a barrel-shaped 20S catalytic core, capped on either end by a 19S regulatory
complex [19,33]. The 19S complex recognizes polyubiquitinated substrates and assists in
unfolding and translocation of the substrate into the proteolytic chamber of the 20S core for
degradation into small peptides. The polyubiquitin chain is removed from the substrate prior
to entering the proteolytic core, and is recycled to free ubiquitin by the action of a
deubiquitinating enzyme [19,33]. A direct link between impaired UPS and
neurodegeneration is provided by recent identification of mutations in the E3 enzymes
parkin [34] and SIMPLE [35] and deubiubiquitinating enzymes UCH-L1 [36] and ataxin-3
[37] as the cause for familial forms of neurodegenerative diseases.

The Aggresome-Autophagy Pathway

The aggresome-autophagy pathway sequesters misfolded proteins and facilitates their
clearance when the chaperone and ubiquitin proteasome systems are overwhelmed. The
formation of the aggresome is a multi-step process (Fig. (1), steps 5 and 6), involving
recognition of misfolded and aggregated proteins, coupling to the dynein motor complex,
and retrograde transport along microtubules to the centrosome [8,9]. Aggresome formation
is invariably accompanied by a distinctive collapse of the intermediate filament cytoskeleton
into a cage-like structure that encircles the aggresome [7,12,38-45]. Intermediate filaments
types are cell type specific. In cultured non-neuronal cells, aggresomes are encapsulated by
vimentin intermediate filaments [7,40,41,46], whereas in neurons, aggresomes are
encapsulated by neurofilaments [11]. The purpose of the cage-like intermediate filament
structure is unclear, although it may promote the stability of the aggresome or aid in the
prevention of non-specific interactions [47]. In addition to misfolded and aggregated
proteins, molecular chaperones, UPS components, ubiquitinated proteins, autophagic
machinery, and centrosomal markers also localize to aggresomes [7,12,38-45]. Furthermore,
autophagosomes and lysosomes have been found to accumulate around the periphery of the
aggresome, consistent with a role for autophagy in the clearance of aggresomes [10,11].
Ultrastructural analyses indicate that aggresomes consist of electron dense particles that
surround or are in close proximity to the centrioles and that the intermediate filaments are
rearranged into parallel bundles around the aggresome [7,10,13,42]. Recent reports indicate
that some pathological inclusion bodies, particularly Lewy bodies, display similarities to
aggresomes in morphology and protein composition [48,49]. However, it remains to be
determined whether Lewy bodies or any other pathological inclusions are bona fide in vivo
correlates of aggresomes.

Aggresome formation may protect the cell by sequestering toxic protein species. During the
process of protein aggregation several distinct intermediates can be formed, and
accumulating evidence suggests that these intermediates may be the primary cytotoxic
species (Fig. (1), step 4), while the mature forms found in aggresomes are inert [3,50-53].
The smaller intermediate forms display a higher amount of exposed surface area compared
to larger aggregates, increasing the potential for aberrant interactions with cellular
membranes, proteins, or other macromolecules [2]. Thus the transport of these intermediates
to the aggresome reduces the exposed surface area and also removes them from sites of
action, such as nerve terminals [8,54]. In support of a protective role for aggresome
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formation, recent studies have shown that, blocking the formation of aggresomes by
inhibiting microtubule polymerization [11] or impairing dynein motor function [11] leads to
decreased viability in cells expressing disease proteins. Conversely, promoting the formation
of a-synuclein aggresomes, by expression of synphilin-1 [43,55] or incubation with small
molecules [56], is protective. Moreover, by using a sophisticated automated microscopy
system that allows tracking of single cells and their intracellular proteins, Arrasate et al.
found that inclusion formation reduced the amount of mutant huntingtin protein present in
other areas of the cell and was associated with increased cell survival [57,58].

Aggresome formation also promotes the degradation and clearance of aggregated proteins
(Fig. (1), step 7). The colocalization of proteasomes with aggresomes at the centrosome
[39,59] has led to the hypothesis that aggresomes might be centers for proteasomal
degradation [60]. However, aggregated proteins are poor substrates for proteasomal
degradation [61,62] and can actually impair UPS function [63,64], possibly by binding and
blocking the axial pore or by prolonged occupation of the 20S proteasome compartment
[62,65,66]. Although aggregated proteins are poorly degraded by the UPS, cultured cells are
able to clear aggresomes if the production of misfolded proteins is blocked. Accumulating
evidence suggests that aggresomes are substrates for autophagy [10-14]. Autophagy is a
degradation pathway that mediates bulk clearance of cytosolic proteins and organelles by the
lysosome in a highly regulated process involving the coordinated actions of a large number
of autophagy-related (Atg) genes [67,68]. In response to particular stimuli, such as
proteasomal dysfunction [13], an isolation membrane forms and expands to sequester
portions of cytoplasm into double membrane structures called autophagosomes [67,68]. The
autophagosomes eventually fuse with lysosomes and their contents are degraded by
lysosomal hydrolases [67,68]. One hypothesis is that aggresomes may concentrate
aggregated proteins for more efficient autophagic degradation [13,69,70]. In contrast to
proteasomal degradation, which requires that proteins are first unfolded for entry into the
20S core particle, autophagy is able to degraded completely folded proteins and aggregated
proteins [67,68]. In support of a role for autophagy in the clearance of aggresomes and
potentially pathological inclusion bodies, autophagic machinery has been found to localize
to aggresomes [12,13,71], inclusions formed in mouse models of polyglutamine disease
[12], and Lewy bodies in PD [12]. Moreover, recent studies show that aggresome clearance
can be facilitated by the induction of autophagy and blocked by the inhibition of autophagy
[10,14,71,72]. Thus the formation of the aggresome does not appear to be an endpoint, but
instead is an intermediate in a pathway destined for autophagic degradation [10,14,71-75].
There is also evidence that aggresomes may have an additional function in the induction of
autophagy by sequestering mammalian target of rapamycin (mTOR), a phosphatidylinositol
kinase-related kinase that acts as a key inhibitor of autophagy [72]. Thus, it appears that
aggresomes play multiple roles that are important in the cellular defense against misfolded
protein stress.

The Molecular Machinery of Aggresome Formation

Although our understanding of the molecular mechanisms underlying aggresome formation
remains limited, recent studies have implicated several proteins in the recognition and
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transport of misfolded proteins to the aggresome, including the dynein motor complex,
HDACS, parkin, ataxin-3, and ubiquilin-1 (Table 1).

The Dynein Motor Complex

The cytoplasmic dynein motor complex is responsible for the retrograde transport of
misfolded and aggregated proteins to the aggresome [7,41,76]. Dynein is a large protein
complex that drives retrograde transport along microtubules [77,78]. The core of dynein is
formed by two heavy chains, which each contain a protruding microtubule binding site, a
large motor domain with 6 AAA motifs that act as the site of ATP-dependent force
generation, and an N-terminal stalk that homo-dimerizes to produce a two-headed molecule
[77,78]. In addition, associated with the heavy chains is a diverse array of light, light
intermediate, and intermediate chains involved in cargo binding [77,78]. Dynactin is an
accessory or activating complex that is also made up of several distinct protein subunits
[77,78]. p150CLYED s a particularly important subunit of dynactin that binds directly to the
intermediate chain of dynein and also contains a microtubule-binding site, providing an
additional microtubule contact for the motor complex [79,80]. During retrograde transport,
the dynein motor generates the force necessary for movement through the hydrolysis of
ATP, while dynactin increases processivity and binds cargo [77,78].

Initial studies found that aggresomes form at the centrosome and that an intact microtubule
cytoskeleton is necessary for the aggresome formation, suggesting the involvement of
dynein-mediated retrograde transport [7]. Using time-lapse fluorescence microscopy,
Garcia-Mata et al. found that small protein aggregates form in the periphery of the cell and
are transported to the centrosome at rates comparable to those measured for dynein-
mediated transport of membrane-bound organelles [41]. Furthermore, overexpression of the
dynamitin (p50) subunit of the dynactin complex, which causes the dissociation of the
dynactin complex and inhibits dynein-mediated transport [81,82], disrupts aggresome
formation and results in the accumulation of peripherally distributed small protein
aggregates [41,76]. Interestingly, impairment of dynein function not only leads to decreased
aggresome formation, but also to an increase in the levels of aggregated proteins [83,84],
which is in agreement with the role for aggresomes in autophagic degradation [10,11]. In
addition, in support of a key role for the dynein motor complex in neurons, it has been found
that disruption of dynein function by mutations in the dynein heavy chain [85] or by
overexpression of the dynactin subunit dynamitin [86] are sufficient to cause progressive
motor neurodegeneration in mice. Furthermore, a G59S mutation in the p150CLYED sybunit
of dynactin has been associated with distal spinal bulbar and muscular atrophy in humans
[87,88]. The G59S mutation disrupts folding of the cytoskeleton-associated protein, glycine-
rich (CAP-Gly) domain, reducing microtubule binding and EB1 binding and also causing
aggregation of p150CLYUED [87,89]. In addition, heterozygous mutations in the gene
encoding p150C-YED have been found in patients with sporadic and familial ALS [90] and
also in a family presenting with both ALS and frontotemporal dementia (FTD) [91],
although it remains to be determined whether these mutations represent the primary
causative factor or allelic variants. Despite ample evidence linking dynein to aggresome
formation, the molecular factors regulating dynein function and mediating the specific
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coupling to misfolded cargo remain poorly understood and are important areas for
investigation.

Histone Deacetylase 6 (HDACG6)

HDACES is a key protein involved in aggresome formation that may act as an adaptor protein
linking polyubiquitinated proteins to the dynein motor complex for transport [46,92,93]. The
histone deacetylase (HDAC) family consists of eighteen different proteins, most of which
function in the removal of acetyl groups from acetylated lysine residues of histones and are
involved in gene regulation. HDACS is a 1215 amino-acid, class 11b deacetylase that is
unique among HDAC:S in that it localizes to the cytoplasm, mediates the deacetylation of
non-histone proteins, including a-tubulin [94], HSP90 [95], and cortactin [96], and has been
implicated in the regulation of microtubule dynamics [97], microtubule-based transport
[46,98], and processing of misfolded proteins [46]. HDACS is comprised of two
independently functional deacetylase domains [99,100], a dynein motor binding domain
[46], and a polyubiquitin-binding motif referred to as a bound to ubiquitin zinc finger (BUZ
domain) [101,102].

Converging lines of evidence have implicated HDACS as a key regulator of aggresome
formation [46,103]. HDACES localizes to aggresomes formed in cell culture [13,40,46] and
Lewy bodies in PD [46]. One mechanism by which HDAC6 modulates aggresome
formation is by linking polyubiquitinated proteins, including the misfolded and aggregation-
prone AF508 mutant cystic fibrosis transmembrane conducting regulator (CFTR), to the
dynein motor complex by simultaneously binding polyubiquitinated proteins through the
bound to BUZ domain and dynein through the dynein motor binding domain [46].
Consistent with a fundamental role in aggresome formation, siRNA-mediated depletion of
HDACS profoundly attenuated the formation of aggresomes induced by either expression of
AF508 CFTR [46] or by proteasomal impairment [46,104]. Interestingly, this phenotype was
rescued by overexpression of the full length HDACG6 protein, but not truncated versions
lacking either the BUZ domain or catalytic domains, indicating that the deacetylase activity
of HDACG6 may also be important in the formation of aggresomes [46,92].

Itis currently unclear precisely how HDACS6 deacetylase activity relates to aggresome
formation. HDACG6 may regulate aggresome formation via the deacetylation of one of its
identified substrates (a-tubulin, Hsp90, cortactin) or of an as yet unidentified substrate.
Given the role of dynein-mediated transport in aggresome formation, the recent finding that
inhibition of HDACSG results in high levels of a-tubulin acetylation at lysine 40 and a
consequent increase in motor protein binding and microtubule-dependent transport is
particularly noteworthy [98,105]. However, an increase in microtubule-dependent transport
would be expected to facilitate dynein-mediated aggresome formation, and studies have
shown that inhibition or deletion of HDACG6 blocks aggresome formation [46,103].
Dompierre et al. suggest that the mechanism of HDAC6-mediated regulation of
microtubule-dependent transport is distinct from its role in aggresome formation [98], and
further studies will be necessary to determine if the acetylation state of tubulin is involved in
aggresome formation. HDACG also deacetylates the chaperone Hsp90, and deletion of
HDACS results in hyperacetylation of Hsp90, disruption of the interaction between Hsp90
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and its cochaperone p23, and inactivation of Hsp90 chaperone activity [95,106,107].
Through its client proteins Hsp90 is involved in a wide variety of cellular process, including
cell signaling and gene expression [108]. However, whether these signaling pathways or
other Hsp90 client proteins influence aggresome formation remains to be determined.

There is also evidence suggesting that HDACG6 could modulate aggresome formation
through its regulation of ubiquitin-dependent protein degradation. HDACS6 has been found
to bind ubiquitin with a calculated equilibrium constant (KD) of 60 nM [101,102,109],
which is much higher than the reported affinity of other ubiquitin binding proteins (KD
between 2 uM and 500 uM [110]). This high affinity binding promotes polyubiquitin chain
stability, inhibiting the proteasomal degradation of ubiquitinated substrates by preventing
their recognition and facilitating their accumulation into aggresomes [102]. Furthermore,
HDACS interacts with two proteins involved in handling ubiquitinated proteins,
phospholipase A2 inactiving protein (PLAP) and valosin containing protein (VCP), the
mammalian homologues of yeast ubiquitin fusion degradation protein 3 (UFD3) and cdc48
[102,109]. VCP, an AAA-ATPase chaperone that plays a vital role in ubiquitin-dependent
endoplasmic reticulum-associated degradation (ERAD), enables dissociation of the HDAC6-
polyubiquitin complex and promotes proteasomal degradation [102]. The interaction
between HDACG6 and VVCP appears to be a critical decision point in which polyubiquitinated
proteins are either targeted for proteasomal degradation by VVCP or for sequestration into the
aggresome by HDACG6 [102].

The importance of HDACS in neurodegeneration and as a potential therapeutic target was
highlighted in a recent study in which Pandey et al. showed that expression of HDACS in
Drosophila protects against neurodegeneration associated with UPS dysfunction or
expression of a spinobulbar muscular atrophy (SBMA)-associated mutant androgen receptor
via an autophagy-dependent mechanism [111]. This study also found that a catalytically
dead mutant of HDACG6 was no longer able to suppress the degenerative phenotype,
providing further support for the importance of HDAC6 deacetylase activity in facilitating
autophagic degradation of misfolded proteins [111]. Although the precise mechanism
underlying HDAC6-mediated protection remains to be determined, the current findings are
consistent with a critical role for HDAC6 regulating aggresome formation and autophagy.

The E3 ligase parkin has recently been implicated in aggresome formation. Parkin is a 465
amino-acid RING-type E3 ligase that contains an amino-terminal ubiquitin like (Ubl)
domain and two really interesting new gene (RING) finger domains [112,113]. Loss of
function mutations in parkin are the most common cause of autosomal-recessive, juvenile
onset PD [34,114,115]. Parkin has recently been found to mediate multiple forms of
ubiquitination, including monoubiquitination [116-118] and K48- and K63-linked
polyubiquitination [93,119-121]. Wild-type parkin localizes to Lewy bodies in sporadic PD
patients [122-124] and to aggresomes formed in cultured cells induced by proteasomal
impairment [44,45,125,126]. However, parkin-associated PD is devoid of Lewy bodies
[122], raising the possibility that parkin-mediated ubiquitination may be directly involved in
the formation of Lewy bodies and that the inability to form these protective inclusion bodies
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may underlie the rapid disease onset and progression observed in patients with mutations in
parkin [113,127].

Parkin has been found to polyubiquitinate synphilin-1 [120,128], a protein known to form
aggresomes when co-expressed with its binding partner a-synuclein [43,55]. Parkin
polyubiquitination of synphilin-1 is primarily K63-linked, which promotes the redistribution
of synphilin-1 into a detergent insoluble pool [121] and into ubiquitin-positive aggresomes
[121,128]. However, the folding state of synphilin-1 and other parkin substrates is unknown.
We have previously shown that the PD-linked L166P mutation in the protein DJ-1 disrupts
its intrinsic folding, yielding a misfolded protein that is prone to aggregation [129]. In a
recent study, we employed L166P mutant DJ-1 as a model misfolded protein to investigate
the role of parkin in the cellular management of misfolded proteins [93]. We found that
parkin selectively binds and mediates K63-linked polyubiquitination of misfolded mutant
DJ-1 but not correctly folded wild-type DJ-1. K63-linked polyubiquitination of misfolded
DJ-1 promotes the binding of misfolded DJ-1 to the dynein linker protein HDACS, resulting
in increased transport of misfolded DJ-1 to aggresomes and its consequent accumulation in a
detergent insoluble pool [93]. Conversely, the expression of ubiquitin mutants unable to
form K63-linked polyubiquitin chains resulted in decreased recruitment of the misfolded
DJ-1 to aggresomes [93]. These findings link parkin to aggresome formation and further
suggest that K63-linked polyubiquitination may act as an important signal in the regulation
of dynein-mediated retrograde transport. Thus by mediating a form of ubiquitination that is
not associated with proteasomal degradation, parkin may act to channel misfolded proteins
away from impaired proteasomes and facilitate their transport to the aggresome for eventual
autophagic degradation.

Ataxin-3 has been implicated in aggresome formation [130], although its precise role
remains unclear. Alternative splicing yields two major ataxin-3 isoforms (360 or 373 amino-
acids), each containing a Josephin domain, a coiled-coil domain, multiple ubiquitin
interacting motifs (UIMs), and a stretch of polyglutamines that is expanded in
spinocerebellar ataxia (SCA) type 3 (Machado-Joseph disease) [37]. Although there is little
sequence similarity between the Josephin domain and the catalytic domain of known
deubiquitinating enzymes, recent structural analyses indicate that the Josephin domain
exhibits structural similarity to papain-like cysteine proteases and the arrangement of the
Cys-His-Asn catalytic triad is conserved [131-133]. Ataxin-3 displays Cys14-dependent
deubiquitinating activity in vitro and may act as a polyubiquitin-editing enzyme
[130-132,134,135]. The ataxin-3 UIMs have been found to specifically bind polyubiquitin
chains, but not mono- or diubiquitin, and may recruit polyubiquitinated proteins and
facilitate their presentation to the Josephin domain [132,134,136,137].

Accumulating evidence suggests that ataxin-3 plays several roles in protein quality control,
including regulation of endoplasmic reticulum-associated degradation [135,138-140] and
proteasomal degradation [138,141]. Wild-type ataxin-3 protein is found in aggresomes
formed by expression of CFTRAS508 [130] and to inclusion bodies in dentatorubral-
pallidoluysian atrophy (DRPLA) and SCA types 1 and 2 [142]. Burnett et al. reported that
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knockdown of ataxin-3 reduces CFTRA508 aggresome formation [130]. The ability of
ataxin-3 to promote aggresome formation requires a functional deubiquitinating domain and
the presence of its UIMs [130], suggesting that ataxin-3 may contribute to aggresome
formation via multiple mechanisms. Since deubiquitinating enzymes can inhibit the
proteasomal degradation of substrate proteins by removal of the ubiquitin tag [143,144], one
possibility is that under certain conditions ataxin-3 reduces the polyubiquitination of
misfolded proteins, channeling them away from an impaired proteasome. In support of this
hypothesis, ataxin-3 is able to trim K48-linked polyubiquitin chains [130,134] and to
sequester polyubiquitinated proteins from proteasomal degradation via its UIMs [130].
Burnett et al. also found that ataxin-3 interacts with HDAC6 and dynein motor [130], raising
the possibility that ataxin-3 could serve as an adaptor linking polyubiquitinated proteins to
the dynein motor for retrograde transport to the aggresomes. Further studies will be
important to further our understanding of the mechanisms by which ataxin-3 regulates
aggresome formation.

Ubiquilin-1/PLIC-1

Ubiquilin-1 (also known as PLIC-1) is another protein involved in aggresome formation,
although its mechanism of action remains unknown. Ubiquilin-1 is a 595 amino-acid protein
that contains an amino-terminal ubiquitin-like (Ubl) domain and a carboxyl-terminal
ubiquitin-associated (UBA) domain. Ubiquilin-1 has also been implicated in the regulation
of protein turnover [145-147], intracellular trafficking [148-150], and receptor surface
expression [151-153]. Two recent studies have found that polymorphisms in ubiquilin-1 are
associated with the development of AD [154,155], although this finding has been
controversial [156-159] and requires further investigation. Functional studies have also
provided support for a role for ubiquilin-1 in AD, and demonstrate that ubiquilin-1
modulates the turnover of presenilin-1 and 2 [146,147,160] and regulates the trafficking of
amyloid-$ precursor protein [148]. Furthermore, ubiquilin-1 immunoreactivity has been
observed in neurofibrillary tangles in AD [147], Lewy bodies in PD [147], and aggresomes
formed in cell culture [149,150] (Table 1).

Although the precise mechanisms are unknown, recent studies found that Ubiquilin-1
mediates the recruitment of epidermal growth factor receptor pathway substrate 15 (Eps15)
to aggresomes [149,150]. Transport of Eps15 was dependent upon the interaction between
the Ubl domain of ubiquilin-1 and the UIM domain of Eps15, and deletion of either domain
abolished Eps15 transport to aggresomes [149,150]. Interestingly, ubiquilin-1 also interacts
with many other UIM domain-containing proteins via its Ubl domain, including hepatocyte
growth factor-regulated tyrosine kinase substrate (Hrs) [149], Hrs binding protein (Hbp)
[149], ataxin-3 [150], and human neuron-specific DnaJ-like protein 1a (HSJ1a) [150], and
several UIM domain-containing proteins have been observed in aggresomes and inclusion
bodies in disease [137,149,150]. It will be important to determine whether ubiquilin-1 also
mediates the recruitment of these proteins to the aggresome. One possibility is that
ubiquilin-1 is involved in the transport of UIM-containing proteins or polyubiquitinated
proteins via interactions with its Ubl and UIM domains, respectively. It has also been found
that small interfering RNA-mediated depletion of ubiquilin-1 reduces the formation of
aggresomes by an AU1-tagged polyglutamine fragment [150]. This protein fragment does
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not contain a UIM domain or any lysine residues for ubiquitination, suggesting that in
addition to its recruitment of polyubiquitinated or UIM-containing proteins, ubiquilin-1 may
play additional roles in the formation of the aggresome. In order to understand the role of
ubiquilin-1 in aggresome formation, it will be important identify ubiquilin-1 binding
partners and to determine the molecular mechanism coupling ubiquilin-1 to retrograde
transport.

Aggresome Formation as a Potential Thereapeutic Target for

Neurodegenerative Diseases

Recently, investigators have invested considerable resources to develop automated high-
throughput screening platforms for the identification of compounds that inhibit aggresome
formation and also compounds that promote aggresome formation with the hopes that these
compounds may be used to better understand the mechanisms of inclusion formation and
could potentially be used to develop therapeutics for disease [56,161-163]. These high
throughput screens have mostly employed large universal screening libraries, which are
useful when performing a screen in which the target is unknown or no structural information
is available [56,161-163]. These screens play an essential role in generating new leads in
drug discovery and chemical biology [161]. However, because protein aggregation and
aggresome formation are complex multi-step processes [1,15], care must be taken in the
interpretation of the results, especially when using the presence of aggresomes as a reporter.
For example, as depicted in Fig. (3), inhibiting early steps in the aggresome-autophagy
pathway would lead to reduced aggresome formation and lower levels of toxic protein
species. In contrast, inhibiting later steps in this pathway would also lead to reduced
aggresome formation, but would increase the accumulation of soluble-toxic protein species.
This complication underscores the importance of target validation and characterization of
the site(s) and mechanism(s) of action of the identified compounds.

Small Molecule Inhibitors of Aggresome Formation

In the hopes of identifying small molecules that would facilitate the study of the role of
inclusion bodies in disease, Corcoran et al. recently performed a screen of 20,000
compounds and identified several small molecules that impair aggresome formation (Fig.
(4)) [162,163]. In this study three libraries of compounds were screened, including the
ChemBridge Diverset E, the National Cancer Institute Structural Diversity Set, Version 1,
and the National Institute of Neurological Disorders and Strokes Custom collection [162].
Corcoran et al. employed a high throughput screening protocol in which COSL1 cells
expressing a green fluorescent protein (GFP)-tagged ALS-linked G85R mutant superoxide
dismutase 1 (SOD1) were incubated for 4 hours with compounds from the libraries, treated
for 16 hours with the proteasomal inhibitor lactacystin to induce aggresome formation, and
fluorescence microscopy images automatically captured [162]. Aggresome formation was
manually scored from these images [162]. While this is a robust screening platform for the
identification of compounds that affect aggresome formation, manually scoring the effect of
20,000 small molecules is a daunting task and is prone to human error. Combining this
screening platform with automated image analysis software would provide more consistent
data, such as the number of cells containing aggresomes and the size of the aggresome. The
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primary drawback in this approach is that the target of the small molecule eventually must
be identified, and this can be challenging in some cases [161].

The screen has led to the identification of several molecules that inhibit aggresome
formation by the GFP-tagged G85R mutant SOD1 (Fig. (4)) [162], including the cardiac
glycoside 54K09 (1) and a flavin-like compound 5-(3-Dimethyl amino-propylamino)-3,10-
dimethyl-10H-pyrimidol[4, 5-b]quinoline-2,4-dione (DPD) (2). The mechanism by which
these compounds inhibit aggresome formation is unknown. However, it is interesting to note
that cardiac glycosides were previously shown to reduce polyglutamine-dependent
activation of caspase-3, in manner that may be independent of their Na+K+-ATPase
inhibitor activity [164]. Further study will be necessary to determine the inhibitory role of
54K09 and DPD in aggresome formation. Another potent inhibitor of aggresome formation
identified from the screen is Scriptaid (3), a broad spectrum-HDAC inhibitor that displays
significant structural similarity to previously described hydroxamic-containing HDAC
inhibitors [165,166]. It is likely that Scriptaid binds to HDACs in a manner similar to the
hydroxamic-containing HDAC inhibitor trichostatin A (TSA). Crystal structure analysis of
TSA bound to a bacterial HDAC1 homologue revealed that the 5 carbon aliphatic chain of
TSA inserts into a long tube-like groove on the surface of the HDAC, with the hydroxamic
acid group coordinating a zinc atom within a pocket at the end of the grove and the bulky
aromatic end group making contacts at the entrance to the groove [167]. The length of the
aliphatic chain is important for spanning the length of the groove and enables contacts at the
entrance to the grove and within the pocket [167]. Consistent with this mechanism of action,
a chemical analogue of Scriptaid, termed Nullscript (4), which contains a shorter 3 carbon
aliphatic chain, lacks HDAC inhibitory activity [166]. In addition, Scriptaid reduced
aggresome formation induced by expression of G85R mutant SOD1 in concert with
proteasomal impairment or by expression of a misfolded thiopurine S-methyltransferase
(TPMT) polymorphic variant [40,162], suggesting that deacetylation is a common and
important event underlying aggresome formation. Although Scriptaid blocked the formation
of mutant SOD1 and TPMT-containing aggresomes, it did not affect their aggregation,
indicating that it specifically disrupts transport of aggregated proteins. The known
involvement of HDACS in the transport of aggregated proteins to the aggresome suggests
that Scriptaid could be acting by inhibiting HDACS activity. However, Scriptaid is a broad
spectrum-HDAC inhibitor and it is difficult to determine if its actions are due to inhibition
of HDACES or due to inhibition of other histone deacetylases.

In a recent screen of a 7,392 deacetylase-biased 1,3-dioxane library, Haggarty et al.
identified a selective small-molecule inhibitor of HDACS, called tubacin (5) (Fig. (4)) [168],
and it has been found that tubacin impairs aggresome formation and recruitment of
autophagic machinery to the aggresome [13,103]. Similar to Scriptaid, tubacin also contains
a hydroxamic acid head group that is expected to coordinate the HDAC zinc ion. A chemical
analogue of tubacin, termed niltubacin (6), which lacks the hydroxamic acid head group, no
longer displays deacetylase inhibitory activity [168]. However, the precise mechanism
underlying tubacin HDACS selectivity remains unclear. Importantly, tubacin does not affect
histone acetylation, gene expression, or cell-cycle progression [168]. Furthermore, it was
also found that by preventing the sequestration of misfolded and aggregated proteins into the
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aggresome, tubacin increased the cytotoxic effects of bortezomib [103], a proteasome
inhibitor used to treat multiple myeloma [103,104,169,170]. Interestingly, in addition to
inhibiting the deacetylase activity of HDACS, both Scriptaid and tubacin also disrupt the
association between aggregated proteins and the dynein motor complex, possibly by
interfering with the interaction between HDACS6 and dynein [103,162]. Therefore these
studies are unable to distinguish between importance of HDACG as an adaptor and HDAC6
deacetylase activity, and further investigation will be necessary to resolve precisely how
HDACS6-mediated deacetylation is involved in regulating aggresome formation. Although
the identification of selective HDACS inhibitors are important research tools and may
potentially be useful in supplementing cancer treatments [103,104,169,170], the
identification of molecules that promote HDACS activity and the sequestration of misfolded
proteins into aggresomes may provide important treatments for neurodegenerative disease.

Small Molecule Enhancers of Aggresome Formation

Accumulating evidence indicates that aggresome formation is a protective cellular response
[11,43,46,103] and therefore Bodner et al. screened 37,000 compounds for small molecules
that enhance the formation of aggresomes by a mutant huntingtin fragment [56,171]. The
libraries of compounds used in the screen include ChemBridge Diverse and CNS sets, an
unspecified Maybridge library, and a TimTec Natural products library [171]. Bodner et al.
employed the 14A2.6 cell line, which expresses a GFP-tagged huntingtin fragment with 97
glutamine residues under the control of an ecdysone inducible promoter [171]. Cells were
incubated for 72 hours with compounds from the libraries, lysed, and GFP fluorescence
levels measured using a plate reader [171]. It should be noted that this study uses a
huntingtin fragment, which although it is well characterized and provides a useful model
system for studying aggresome formation, may not be representative of the aggregation
properties of full-length huntingtin protein [171]. In addition, the authors used increases in
total fluorescence levels as the reporter, a phenotypic output that is not specific to
aggresome (could be caused by alterations in expression or degradation), and only the
positive hits were analyzed by microscopy [171].

This screen has identified several molecules that increased the size and number of
aggresomes, of which the compounds B2 (7) and B5 (8) were the most effective (Fig. (5)).
Structure-activity relationship analyses of B2 found that the related compound B21 (9),
which lacks the chloride at position 4 on the benzene ring and contains an additional fluorine
group at position 2 on the benzene ring, displayed greatly diminished ability to promote
aggresome formation [171]. Moreover, compound B22 (10), which switches the position of
the nitrogen in the nitroquinoline group, completely abolished this activity [171]. B2 (7) was
also found to promote the formation of a-synuclein containing aggresomes [171],
suggesting that B2 (7) may act on a common cellular target involved in aggresome
formation. Furthermore, enhancing aggresome formation by incubation with B2 or B5
increased cell survival and reduced proteasomal impairment as measured by the
accumulation of the fluorescent degron GFPu [171]. The mechanism by which B2 and B5
promotes aggresome formation is unknown, although it does not appear to be due to global
changes in transcription or alterations in the levels or activity of chaperones [171]. It will be
important for future studies to identify the cellular target(s) of B2 and B5. This study
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provides further support for a protective role for aggresomes and suggests that small
molecules that promote the sequestration of misfolded proteins into aggresomes may be
beneficial in the treatment of neurodegenerative disease.

Mechanism-Based Therapeutic Strategies

The recent advances in our understanding of the molecular mechanisms and cellular
machinery involved in aggresome formation have implicated the dynein motor, HDACS,
ataxin-3, parkin, and ubiquilin-1 as key proteins in the aggresome-autophagy pathway and
have identified several stages in this pathway that could be targeted for the development of
mechanism-based therapeutics (Fig. (3)). The enzymatic activities of dynein, HDACS,
ataxin-3, and parkin play important roles in aggresome formation, and the discovery of small
molecules that enhance their activity would be expected to promote aggresome formation,
but could represent a considerable challenge. Still, multiple steps in this pathway show
potential for the treatment of neurodegenerative disease.

Several of the proteins implicated in aggresome formation are involved in coupling
misfolded aggregated proteins to dynein for transport to the aggresome. This transport step
is clearly a significant initial step that could potentially be targeted with small molecules.
Recent advances have demonstrated the feasibility of modulating protein-protein
interactions with small molecules, and one possibility would be the synthesis of small
molecule adaptors that directly link aggregated proteins to dynein. Bifunctional small
molecules (Fig. (6)) such as rapamycin (11) [172], cyclosporin (12) [173,174], and FK506
(13) [173,174] have been shown to function by promote the formation of protein complexes.
Furthermore, using a similar strategy, Gestwicki et al. recently generated the bifunctional
small molecule SLF-CR (14) (synthetic ligand for FK506-binding protein — Congo Red),
which inhibits amyloid-f3 aggregation by increasing the steric bulk of Congo Red via
simultaneous recruitment of a prevalent chaperone protein [175] (Fig. (6)). An analogous
approach could be envisioned to enhance the transport of aggregated proteins, and would
require a bifunctional small molecule containing a dynein or dynactin binding element, a
linker element, and a recruiting element. In principle, this recruiting element could target a
common structure presented by misfolded proteins, or like the known adaptor proteins,
target polyubiquitin chains. Ubistatin A (15) and ubistatin B (16) are symmetrical linear
molecules that selectively bind the ubiquitin-ubiquitin interface of K48-linked polyubiquitin
chains [176] (Fig. (7)), and similar small molecules that bind K48-linked or K63-linked
polyubiquitin chains could potentially serve as useful recruiting elements. An alternative
possibility would be the use of small molecules that stabilize known adaptor proteins, such
as HDACSG. One approach successfully used to stabilize the protein p53 for cancer
treatments has been the generation of small molecules that disrupt the interaction of p53
with its cognate E3 enzyme human double minute-2 (HDMZ2), thereby impairing its
proteasomal degradation [177-179]. However, in this case, the availability of high resolution
structural information and a detailed understanding of the mechanism of p53 degradation
greatly facilitated the structure-based design and identification of inhibitory compounds
[180,181]. Structural analyses and characterization of the mechanisms underlying the
turnover of proteins involved in aggresome formation will be important to the identification
of compounds that selectively regulate their stability.
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Targeting the clearance of aggresomes using small molecules that promote autophagy is also
an important step that displays potential for therapeutic intervention (Reviewed in [68]).
Rapamycin, a compound that induces autophagy by inhibiting mTOR, reduces the levels of
aggregated proteins and is protective in both cell and animal models of neurodegenerative
disease [72]. However, mTOR is involved in multiple cellular processes, and in addition to
inducing autophagy, inhibition of mTOR also results in immunosuppression and cell-cycle
inhibition [68]. The generation of more specific inducers of autophagy could be more
clinically viable. To this end, a recent study identified several compounds that induce
autophagy in a mTOR-independent manner, and enhance the autophagic clearance of
aggregated proteins in cell-based models of HD and PD [182] and a Drosophila model of
HD, suggesting therapeutic potential [182]. It will be important to characterize the
mechanism of action for these compounds and to determine if these compounds are able to
facilitate the clearance of already formed inclusion bodies. Another potential means for
inducing autophagy was identified in a recent genetic screen, which found that activation of
insulin receptor substrate-2 (IRS2) increases the autophagic clearance of mutant huntingtin
aggresomes, independent of MTOR activation [71]. Insulin receptor activation also activates
a neuroprotective signaling cascade mediated by phosphoinositide 3-kinase (P13K) and Akt
[183,184], suggesting that small molecules that modulate insulin receptor signaling
pathways could have pleiotropic effects beneficial in the treatment of neurodegenerative
disease.

Conclusions and Perspectives

Approaches that promote chaperone mediated refolding or proteasomal degradation of
misfolded proteins remain valid strategies for the treatment of neurodegenerative disease
[21-23]. However, because soluble oligomers or aggregates may be resistant to refolding or
proteasomal degradation, combinatorial therapeutic strategies designed to also promote
sequestration and degradation of soluble oligomers or aggregates via the aggresome-
autophagy pathway may be beneficial [68]. The aggresome-autophagy pathway has emerged
as an important cellular defense system against the accumulation of misfolded proteins
[8,9,68], and recently the proteins dynein, HDACS, ataxin-3, parkin, and ubiquilin-1 have
been implicated in aggresome formation. The identification of these proteins is a significant
advance, but their role in aggresome formation remains unclear and is an important area of
investigation. Moreover, our understanding of the precise molecular mechanisms involved
in aggresome formation remains limited, and further studies are essential to elucidate the
underlying cellular machinery and means of regulation. We suggest that the aggresome-
autophagy pathway is a viable target for the treatment of neurodegenerative disease, and
could potentially increase the sequestration of toxic protein species, autophagic clearance of
degradation-resistant proteins, and overall cellular viability.
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Fig. 1. Aggresomeformation isa cellular defense against the accumulation of aggr egated
proteins

Genetic mutation, increased protein levels, and oxidative stress can induce protein
misfolding (step 1). Once formed, misfolded proteins may be refolded/stabilized by
chaperones (step 2) or degraded by the 26S proteasome (step 3). However, when the
chaperone and proteasome systems are damaged or overwhelmed, misfolded proteins have
the potential to aggregate (step 4) and impair cellular function, such as the inhibition of the
proteasomal function. The cell recognizes misfolded and aggregated proteins and transports
these proteins to aggresomes in a process mediated by the dynein motor complex (steps 5
and 6). Aggresomes not only sequester potentially harmful aggregated proteins, but also
concentrate aggregated proteins for more efficient autophagic degradation (step 7).
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Fig. 2. The ubiquitin-proteasome system
Ubiquitin is covalently attached to a substrate protein through a series of sequential reactions

involving three enzymes: an E1 ubiquitin-activating enzyme, which forms a thiol-ester
linkage with ubiquitin; an E2 ubiquitin-conjugating enzyme, which transiently carries
ubiquitin via a thiol-ester linkage; and finally an E3 ubiquitin-protein ligase, which
facilitates the transfer of ubiquitin from the E2 enzyme to the substrate. Successive reactions
result in the attachment of a polyubiquitin chain, which targets the substrate for degradation
by the 26S proteasome. The polyubiquitin chain is removed from the substrate and recycled
by deubiquitinating enzymes (DUBS).
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Fig. 3. Potential stepsin the aggresome-autophagy pathway for therapeutic intervention
In this hypothetical model, an initiating event results in the generation of misfolded proteins,

which are recognized and polyubiquitinated by an E3 ubiquitin-protein ligase such as parkin.
Adaptor proteins, which may include HDACS, ataxin-3, and ubiquilin-1, link the
polyubiquitinated proteins to the dynein motor complex for retrograde transport to the
aggresome. Autophagic machinery is recruited to the aggresome in a process involving
HDACS, and aggresomes are degraded. Multiple steps of this pathway could be targeted for
treatment of neurodegenerative disease, including the use of small molecules to inhibit
protein misfolding, enhance the coupling of misfolded proteins to dynein for retrograde
transport, or enhance autophagic clearance of aggresomes. Furthermore, additional
intervention strategies could potentially target any step along this pathway.
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Fig. 4.
Chemical structure of aggresome inhibitors and their analogues.
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Fig. 5.
Chemical structure of aggresome enhancers and their analogues.
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Fig. 6.
Chemical structure of bifunctional molecules that promote protein complex formation.
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Fig. 7.
Chemical structure of ubistatins, a class of small molecules that selectively bind K48-linked
polyubiquitin chains.
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Table 1
Proteins Implicated in Aggresome Formation
Wild-type protein ; : -
Protein Function localized to inclusion M utatlonz_assouated with Ref.
g isease
bodies
Histone deacetylase 6 Deacetylase, adaptor protein Lewy bodies Unknown [46]
Parkin E3 ubiquitin-protein ligase Lewy bodies Parkinson's disease [34, 38]
SCA type-1and 2
Ataxin-3 Deubiquitinating enzyme DRPLA intranuclear SCA type-3 [37]
inclusions
Dynein motor complex Retrograde microtubule motor Unknown Motor neuron degeneration [87, 88]
—— Protein turnover, intracellular Lewy bodies and Alzheimer's disease (potential
Ubiquilin-1 trafficking neurofibrillary tangles risk factor) (147, 154]

SCA, spinocerebellar ataxia; DRPLA, dentatorubral-pallidoluysian atrophy; ALS, amyotrophic lateral sclerosis.
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