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Abstract

Autophagy is the cellular process by which proteins, macromolecules, and organelles are targeted
to and degraded by the lysosome. Given that neurodegenerative diseases involve the production of
misfolded proteins that cannot be degraded by the protein quality-control systems of the cell, the
autophagy pathway is now the focus of intense scrutiny, because autophagy is primarily
responsible for maintaining normal cellular proteostasis in the central nervous system (CNS).
Huntington's disease (HD) is an inherited CAG—polyglutamine repeat disorder, resulting from the
production and accumulation of misfoldedhuntingtin (Htt) protein. HD shares key features with
common neurodegenerative disorders, such as Alzheimer's disease (AD) and Parkinson's disease
(PD) and, thus, belongs to a large class of disorders known as neurodegenerative proteinopathies.
Multiple independent lines of research have documented alterations in autophagy function in HD,
and numerous studies have demonstrated a potential role for autophagy modulation as a
therapeutic intervention. In this review, we consider the evidence for autophagy dysfunction in
HD, and delineate different targets and mechanistic pathways that might account for the
autophagy abnormalities detected in HD. We assess the utility of autophagy modulation as a
treatment modality in HD, and suggest guidelines and caveats for future therapy development
directed at the autophagy pathway in HD and related disorders.
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As postmitoticnondividing cells, neurons are susceptible to the accumulation of damaged
proteins and organelles. Their complex, polarized cellular architecture and their inability to
dilute insults by cell division render them particularly sensitive to the accumulation of toxic
protein aggregates and defective organelles [1]. Thus, neuronal survival depends heavily on
maintaining protein quality control by efficient degradation mechanisms. Autophagy, an
evolutionarily conserved lysosomal degradation pathway, is active in neurons and functions
to eliminate these toxic components, which are hallmarks of neurodegenerative diseases,
including AD, PD and HD.

Three types of mammalian autophagy have been described: microautophagy, chaperone-
mediated autophagy (CMA) and macroautophagy. The different autophagy pathways have
been classified based upon the manner of cargo delivery to lysosomes, but they all culminate
in cargo degradation by this organelle. Briefly, during microautophagy, the lysosomal
membrane itself invaginates into the lysosomal lumen, and cargo is quickly degraded by
lysosomal hydrolases. This type of autophagy is poorly understood, and its role in neurons
remains unclear. During CMA, cargo is directly bound by cytosolic chaperones, and then
recognized and imported into the lysosomal lumen by a receptor on the lysosomal
membrane. Conversely, macroautophagy requires the formation of a double membrane-
bound vesicle, the autophagosome, to isolate cargo and, after autophagosome maturation,
the autophagosomes fuse with lysosomes for degradation. The importance of basal neuronal
macroautophagy was demonstrated by conditional knockout of key autophagy genes
autophagy protein 5 and 7 (Atg5 and Atg7), which, in the absence of any additional
proteotoxic stress, resulted in neurodegeneration and the accumulation of ubiquitin-positive
inclusions, which similar to what is typically observed in neurodegenerative disease [2,3].

All three types of autophagy can coexist in the same cell, and alterations in both
macroautophagy and CMA have been described in many neurological disorders. Indeed,
despite completely different etiologies, many neurodegenerative disorders share the
common pathological finding of autophagic vacuole (AV) accumulation in degenerating
neurons. Evidence now indicates that this increase in AVs is not principally the result of
increased autophagy pathway activity, but rather reflects a decrease in autophagy flux; that
is, the process of autophagosome maturation culminating in lysosomal fusion. Indeed,
neurons are particularly sensitive to autophagy-lysosome pathway perturbations, as
reflected by the high frequency of neurological disorders caused by mutations targeting the
endolysosomal network [1]. Furthermore, certain disease gene mutations that cause
neurodegenerative disorders [e.g. encoding presenilin-1, huntingtin, a-synuclein, parkin,
Leucine-rich repeat kinase 2 (LRRK2) and dynein] directly impact proper autophagy
progression at different steps [1]. This suggests that, although autophagy has powerful
neuroprotective abilities, because it promotes the degradation of toxic proteins [2,3], the
autophagy pathway itself might be a direct target of disease proteins in the CNS. In this
review, we discuss current understanding of autophagy dysfunction in HD and the
therapeutic potential for autophagy modulation in this complicated disorder and other related
diseases.
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large family of neurodegenerative proteinopathies
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Huntington's disease (HD is an autosomal dominant neurodegenerative disorder
characterized by involuntary motor movement, cognitive decline and psychiatric illness. The
disorder is relentlessly progressive, with a median age of disease onset of approximately 40
years, and leads to death 10-30 years after the initial presentation. HD is caused by a CAG
trinucleotide repeat expansion (=36 CAG repeats) that is located in the amino-terminal
region of the Htt protein and encodes an abnormally long polyglutamine (polyQ) tract. Thus,
HD is one of nine inherited neurodegenerative diseases known as CAG—polyQ repeat
disorders, a category that also includes six spinocerebellar ataxias (SCAL, 2, 3, 6, 7 and 17),
X-linked spinobulbar muscular atrophy (SBMA) and dentatorubral-pallidoluysian atrophy
(DRPLA). One of the most striking pathological hallmarks of HD is the selective
degeneration of the striatum and cortical neurons that project to the striatum. Within the HD
striatum, the medium spiny neurons (MSNSs) turn out to be exquisitely vulnerable. Despite
this pattern of selective neuronal vulnerability, Htt protein is widely expressed and readily
detected in most cell types, both within and outside of the CNS. This selective neurotoxicity
in the face of widespread expression is a shared feature of all polyQ disorders.

Another feature common to polyQ disorders is the production of a disease protein that
misfolds, cannot be degraded and accumulates as proteinaceous aggregates. These
aggregates form in the nucleus and cytoplasm as intraneuronal inclusion bodies, and are
enriched in the relevant aggregation-prone polyQ-expanded disease protein. HD inclusions
mostly comprise amino-terminal fragments of polyQ-expanded Htt, and are found both in
neuron nuclei and dystrophic neurites throughout the cortex and striatum of patients with
HD [4,5]. The extent of these inclusions correlates with the length of the polyQ expansion,
suggesting that they are a feature of HD pathology [5]. Inclusions are also enriched in
ubiquitin and ubiquitinated-Htt, as well as with components of the ubiquitin proteasome
system and with heat-shock protein chaperones [5].

Understanding the normal function of Htt is crucial for understanding its toxicity in the
context of the polyQ expansion. Complete Htt knockout in mice is embryonic lethal,
suggesting that it has a nonredundant function essential for life, with a crucial role in mouse
embryonic brain development, as well as being crucial for the survival of adult neurons in
the forebrain [6]. The finding that normal Htt function is essential for neuronal survival in
the same brain regions that are also sensitive to polyQ-Htt toxicity suggests that a loss-of-
function mechanism contributes to HD pathology. In agreement with this thesis,
considerable work has shown that the polyQ expansion tract alters Htt protein folding,
resulting in aberrant protein conformations, which are likely to impact Htt normal function
significantly [7]. However, the dominant inheritance pattern of HD supports a gain-of-
function model of polyQ-Htt toxicity. In support of this model, expression of either full-
length or amino-terminal truncated forms of polyQ-Htt is sufficient to induce motor
abnormalities and neurodegeneration in humerous animal models, yielding phenotypes that
are reminiscent of what is observed in patients with HD. The precise nature of this gain-of-
function toxicity is not known; however, transcriptional dysregulation, mitochondrial
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dysfunction and autophagy pathology are consistent features in HD animal models [8-11].
Thus, the HD disease mechanism is likely to be complex, and might involve a combination
of gain-of-function proteotoxicity and a loss-of-function of endogenous Htt protein,
stemming from aberrant protein—protein interactions caused by the polyQ expansion tract
[7]. The presence of misfolded, aggregate-prone proteins in the CNS of patients with HD
defines HD as a member of a large family of neurodegenerative proteinopathies, which
includes AD, PD, amyotrophic lateral sclerosis, prion diseases, tauopathies and
synucleinopathies.

Huntington's diseaseHD: a disorder of impaired proteostasis

The finding that polyQ-Htt inclusions are positive for ubiquitin and ubiquitinated-Htt
probably reflects a generalized deficiency in ubiquitin proteasome system (UPS)-mediated
degradation of mutant Htt species [5]. Indeed, eukaryotic proteasomes cannot efficiently
degrade long polyQ sequences, and recent work indicates that aberrant sequestration of key
UPS components prevents delivery of misfolded proteins to the nuclear proteasome in HD
and related disorders [12]. Failure of the UPS might lead to upregulation of autophagy via
cross-talk between degradation pathways in the attempt by the cell to maintain normal
proteostasis[13,14]. Whereas the proteasome has steric selectivity for its substrates and can
only process those substrates that can be unfolded and passed through its core machinery,
macroautophagy has no such limitation. Macroautophagy cargo can include
macromolecules, entire subcellular organelles, such as mitochondria and peroxisomes,
endoplasmic reticulum (ER) cisternae, or pathogenic bacteria [13]. Consequently, polyQ-
expanded proteins are amenable substrates for autophagy pathway degradation [15].

The key degradation pathways of the cell (i.e. the UPS and autophagy) are significantly
compromised with aging. The ‘mitochondrial-lysosomal axis’ theory of postmitotic cellular
aging postulates that mitochondrial turnover, which is mediated by mitochondrial
autophagy, progressively declines with age, resulting in increased oxidative cellular damage
[16]. This generates a negative feedback loop, which enhances toxicity, as lysosomes (which
are particularly sensitive to oxidative stress) become even more dysfunctional, and
autophagy becomes less and less efficient. The gradual decline of cellular degradation
pathways with age might explain why patients with HD do not present until they are middle-
aged or older, owing to the ability of the UPS and autophagy to maintain neuronal
homeostasis in the face of an ongoing proteotoxic insult. Once key cellular degradation
pathways can no longer keep up with the burden of ongoing proteotoxic stress, polyQ-Htt
aggregates accumulate in a last-ditch effort by the cell to sequester the toxic moieties away.
Sometime after accumulation of protein aggregates, long-term neuronal dysfunction ensues,
finally culminating in neuronal loss. Dysfunction in autophagy-mediated degradation has
been described for models of HD and, over time, as quality control pathways continue to
fail, accumulation of damaged organelles such as mitochondria and ER occurs, indicative of
a collapse in normal proteostasis. Thus, understanding autophagy dysfunction in HD is
important, because preventing or reversing this significant hit to neuronal proteostasis could
represent a significant therapeutic opportunity. Interestingly, although polyQ-Htt aggregates
are substrates for autophagy-mediated degradation, Htt itself might also be involved in
regulating the autophagy pathway.
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Macroautophagy in HD

Macroautophagy entails the packaging of cytosolic materials into a double-membrane
vesicle, the autophagosome, which then fuses with components of the endolysosomal system
for the ultimate degradation of the enclosed materials [1]. Macroautophagy is mediated by a
series of Atg proteins, which are involved in all key steps of the pathway. In neurons of the
peripheral nervous system and the CNS, autophagosomes are formed in neurites and
synaptic terminal regions in the distal axon, and are then transported back to the cell soma,
where active lysosomes reside. Macroautophagy is well regulated, with a key node of signal
transduction being the serine/threonine kinase mammalian target of rapamycin (MTOR) in
the mMTORC1 complex. The mTORC1 complex is a conserved negative regulator of
macroautophagy, with direct downstream effects on cellular metabolism and energetics.

Reports of biopsies of brains from patients with HD as early as the 1970s remarked on
significant abnormalities in compartments of the vesicular-endocytic pathway, noting an
abnormal proliferation of multivesicular bodies, endosomes and lysosomes, as well as
documenting disruptions of the Golgi apparatus and disorganization of the ER [17].
Similarly, Htt staining of remaining striatal neurons in brains from patients with HD
revealed dramatic increases in endosome-lysosome-like organelles and Htt-positive
tubulovesicular structures, in comparison to nonHD controls [4]. Since then, increased
numbers of autophagic vacuoles have been reported in many HD mouse models and in
nonneuronal cells from patients with HD [18]. Furthermore, the autophagy markers p62 (a
cargo-adaptor) and LC3-11 (an autophagosome membrane marker) are specifically increased
in the striatum of HD transgenic mice [19]. Conversely, mTOR appears to be sequestered by
polyQ-Htt aggregates, inhibiting its activity and inducing autophagy [20]. Thus, various
lines of investigation in the HD field implicate dysfunctional autophagy as part of HD
pathology and suggest that macroautophagydysregulation contributes to neurotoxicity.
However, a contradiction also quickly emerged. The observed expansion of macroautophagy
compartments in HD cells was never accompanied by the expected increase in autophagy-
mediated degradation [18]. Moreover, unlike other neurodegenerative disorders where
autophagy flux is impaired [1], macroautophagy pathway progression appears to be
comparable in HD cells and control cells [18], indicating that the defect does not lie in
autophagy progression per se. Elegant work by the Cuervo group has offered one possible
explanation for this conundrum, by documenting significant alterations in macroautophagy
cargo recognition in HD cells, which leads to the formation of ‘empty’ autophagosomes
(Figure 1). The reduced amount of cytosolic cargo inside these autophagosomes, possibly
resulting from an aberrant p62—polyQ-Hitt interaction, yielded a low protein degradation rate
in HD samples [18]. Thus, compensatory activation of macroautophagy in response to
polyQ-Htt aggregates could be detrimental to HD neuron cell survival, because resources
and energy expenditure are consumed without any net removal of toxic substrates or net
recycling of macromolecular building blocks for continued biosynthesis.

Deficient autophagic cargo recognition would also have serious deleterious effects on cell
homeostasis. Cytosolic organelles are turned over by macroautophagy, a process that
requires recognition of targeted membranes by the autophagy machinery. PolyQ-Htt is
present at various organelle membranes [10,21] and, thus, could be directly interfering with
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organelle recognition by AVs. In agreement with this hypothesis, defective mitochondria
accumulate in HD cells, suggesting that impaired mitochondrial recognition by autophagy
contributes to the metabolic deficits and reactive oxygen species (ROS) production
previously reported in HD. Protein aggregates are also targeted to macroautophagy
clearance by a polyubiquitination signal. Interestingly, polyQ-Hitt binds to polyubiquitinated
protein aggregates [15], thereby also interfering with their recognition by the autophagy
system. More work is required to understand how generalized this impaired cargo
recognition is, and whether it has a substantive role in HD pathogenesis.

Experiments investigating the normal physiological function of Htt protein have highlighted
a potential role for Htt in the macroautophagy process itself. Expression of either normal or
mutant Htt in clonal striatal neuron-like cells can induce endolysosomal network activity,
stimulating endosome tubulation and autophagy activation [10]. Endosome tubulation
directly impacts important endocytic processes, such as vesicle budding, fusion, and
transport. The effect of Htt on membrane dynamics is intriguing, and suggests a key role for
Htt in membrane remodeling and autophagosome formation. Indeed, full-length Htt
normally resides in the cytosol, and localizes to cytoplasmic vacuoles and other
membranous compartments, but upon polyQ tract expansion, Htt localization is significantly
altered [10,21]. Further highlighting this putative Htt function, deletion of the glutamine
stretch in normal murine Htt (to create the AQ-Htt isoform) activated autophagy in an
mTOR-independent manner in mice [22]. Heterozygous expression of the AQ-Htt allele
intrans to the polyQ-Hitt allele in Hdh149Q/AQ knock-in mice significantly reduced Hitt
aggregate load, ameliorated motor phenotypes and improved survival in this HD mouse
model. Furthermore, this was accompanied by increased striatal expression of autophagy
marker LC3-11. Such an autophagy phenotype was not observed when the polyQ-Htt allele
was intransto a Htt knockout allele, indicating that upregulation of macroautophagy in
Hdh140Q/AQ knock-in mice is specifically the result of the loss of the glutamine stretch,
rather than of a Htt loss-of-function effect [22].

How might Htt protein mediate macroautophagy regulation? Although this question is
unresolved, it is interesting that Htt and mTOR share several structural and functional
similarities. Both are protein scaffolds containing a significant number of leucine-rich
HEAT repeats, which have been shown to interact specifically with membrane structures.
mTOR cycles back and forth from the nucleus in response to stress, and can reversibly
associate with ER and Golgi membranes. Similarly, Htt can associate with the ER and
shuttle to the nucleus in response to stress [21], as well as with membranes of autophagic
vesicles [10,21]. These observations suggest that Htt responds to ER stress and regulates
ER-stress induced autophagy [23], as discussed in more detail below. Furthermore, several
Htt domains display putative structural similarity with Atg23, vacuolar protein 8 (Vac8) and
Atgll, which are all components of the yeast cytoplasm-to-vacuole-targeting pathway
(reviewed in [24]), suggesting that the vertebrate Htt gene is the result of the fusion of
multiple ancient yeast genes. Although this hypothesis is speculative, it deserves
consideration in light of emerging evidence for the ability of Htt to perform a variety of
autophagy-related functions.
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Postmortem studies of HD brains have revealed a striking accumulation of lipofuscin, a
nondegradable intra-lysosomal polymer, in neuronal and glial vesicular compartments [17].
Although usually considered an age-related pigment, this HD-specific lipofuscin increase
exceeds that of the normal aging brain [17]. Given that intralysosomallipofuscin
accumulation impairs lysosomal clearance of autophagic cargo [16], it might reflect a late-
stage autophagy deficit in HD. Consistent with this notion, an increased number of lipid
droplets in HD cells, in parallel with a markedly reduced association of lipid droplets with
HD autophagosomes, has been reported [18]. Thus, deficient ‘lipophagy’ (i.e.
macroautophagy-mediated turnover of fats and lipids) might account for this abnormal
intracellular lipid storage phenotype observed in HD. In agreement with this hypothesis,
Hdh149Q/AQ knock-in mice exhibit a complete reversal of lipofuscin accumulation in the
CNS, probably because of increased autophagy in the cortex and striatum [22]. Given that
Hdh140Q/AQ knock-in mice display a significantly improved HD disease phenotype,
decreased lipofuscin accumulation might confer therapeutic benefit in HD or just correlate
with phenotypic improvement, suggesting that it could serve as a valuable biomarker for HD
research.

A number ofSeveral studies have shown that both UPS function and lysosome function
decline with age. Macroautophagy function also diminishes with age, because of changes in
both gene transcription and post-translational regulation. For example, there is a significant
age-related decline in the expression of the autophagy protein Beclin-1 in human brain [25],
and there is evidence for an age-related decrease in the trafficking of the lysosomal protein
lysosomal associated membrane protein-2 (LAMP2) [26]. Interestingly, Beclin-1 is
sequestered into polyQ-Htt inclusions in R6/2 HD transgenic mice and in the brains of
patients with HD [25]. Furthermore, polyQ-Htt aggregates have also been shown to
sequester mTOR[20], suggesting that an age-dependent decline of macroautophagyAtg-
protein function, coupled with Htt inhibition of macroautophagy, exacerbates HD disease
progression in an age-dependent fashion. Similar to other inherited polyQ disorders, polyQ
expansion tract length is a major determinant of age of disease onset, but alone does not
predict onset age or disease severity. Variation in HD age of onset is also influenced by
environment as well as other genetic factors (and also chance), which together dictate the
course of disease. Some genetic factors suggested to modify HD onset and progression
include the expression levels of huntingtin-associated protein-1 (HAP-1), the adenosine
A2A receptor, and peroxisome proliferator-activated receptor gamma coactivator 1-a
(PGC-1a), a master transcriptional regulator of mitochondrial biogenesis and metabolism.
PGC-1a transcription interference contributes to the mitochondrial dysfunction and
metabolic abnormalities in HD [27,28]. Recent work identified transcription factor E-B
(TFEB), a master regulator of the autophagy—lysosome pathway, as a bona fide target of
PGC-1a[11]. Importantly, impaired TFEB expression and activity was documented in the
face of polyQ-expanded Htt in N171-82Q HD transgenic mice [11], implicating altered
TFEB signaling in HD pathogenesis (Figure 1). Consistent with previously published work,
TFEB can promote clearance of polyQ-Htt[11]. These findings highlight TFEB as a
therapeutic target for HD, and for other neurodegenerative disorders characterized by
accumulation of protein aggregates.
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Recently, another autophagy-related genetic modifier of HD was reported. A polymorphism
in Atg7, wherein a valine is substituted for an alanine at amino acid position 471 (V471A),
was associated with earlier age of HD onset [29]. Although the functional significance of
this polymorphism remains unknown, the valine substitution at amino acid position 471
might disrupt the hydrophobic core of Atg7. Thus, the presence of the Atg7 V471A
polymorphism could further aggravate an already dysfunctional autophagy pathway in the
CNS of patients with HD.

As with other protein conformation disorders, HD is characterized by the abnormal
aggregation and deposition of misfolded proteins. Although polyQ-expanded Htt is a bona
fide target for autophagic clearance, the wild type normal form of Htt is not [15,25],
suggesting selectivity of macroautophagy towards pathogenic Htt. What makes polyQ-Htt
species more susceptible to macroautophagy clearance? Htt is heavily post-translationally
modified, and these biochemical changes to the Htt protein are known disease modifiers
[30,31]. The IxB kinase (IKK) signaling complex has a central role in Htt post-translational
modification, directly phosphorylating Htt at serine 13, which induces subsequent
phosphorylation at serine 16 [31]. These phosphorylations have downstream effects leading
to ubiquitination, acetylation, SUMOylation and proteolytic cleavage of Htt, all of which
directly impact Htt turnover and toxicity [31]. Indeed, BAC HD mice derived with
phosphomimetic (serine to aspartic acid) and phosphoresistant (serine to alanine) amino acid
substitutions at Htt serine 13 and 16 confirmed the importance of these phosphorylation sites
for determining polyQ-Htt turnover and neurotoxicity [32]. Another post-translational
modification with relevance to HD pathogenesis is lysine 444 acetylation. HD brains are
enriched in polyQ-Htt acetylated at lysine 444, and this oligomeric acetylated species was
found to be preferentially targeted to autophagosomes[30], representing the first evidence
for lysine acetylation as a signal for autophagosome delivery and protein clearance. Thus,
acetylation might directly control pathogenicity of polyQ-Htt, because inhibitors of histone
deacetylases (HDACs) reduce neurotoxicity in several models of HD [33], although this
effect might involve transcription regulation in chromatin by targeting histones. However,
given that increased HDAC activity is beneficial for other polyQ diseases [14], and HDACs
can act as direct positive regulators of macroautophagy[34], further research into the precise
regulation and role of acetylation for both autophagy pathway proteins and polyQ-Htt, and
their interplay, is needed.

SUMOylation stabilizes amino-terminal Htt fragments [35], and may target proteins to PML
bodies, subnuclear structures enriched for the known polyQ protein interactor CREB-
binding protein (CBP). PML bodies have been proposed as sites of IKK-initiated Httcaspase
cleavage, yielding toxic amino-terminal Htt fragments, underscoring the complex relation
between protein trafficking, processing and degradation, and post-translational modification.
Given that the sequence of events and the effects of each of these events on polyQ-Htt
function and turnover are yet to be determined, understanding the (mis)regulation of post-
translationally modified polyQ-Hltt, and its effect on neurotoxicity, will be an important goal
for future HD research.
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Chaperone-mediated autophagyCMA in HD

It is well known that blockage of macroautophagy can lead to a compensatory upregulation
of CMA [26], an alternative lysosome-mediated degradation pathway wherein cytosolic
components are directly translocated across the lysosomal membrane [36]. CMA substrates
have the pentapeptide motif KFERQ (or related degenerated sequences), and are recognized
by cytosolic chaperone Hsc70. Substrate-Hsc70 complexes are then targeted to lysosomes,
where they are recognized and bound by the lysosome-associated membrane protein type 2A
(LAMP-2A), which mediates substrate translocation into the lysosomal lumen [36]. Thus,
CMA requires soluble cargo that is amenable to unfolding and recognition by CMA
machinery.

Htt has two putative KFERQ-like CMA-targeting motifs: one at amino acids 99-103
(KDRVN), and one at amino acid 248-252 (NEIKV). A third motif at the very amino-
terminus (14-LKSFQ-18) is considered KFERQ-like upon phosphorylation at serine 16
[31,37]. Recent work has shown that the 99-KDRVN-103 motif modulates the interaction of
Htt fragments with Hsc70, and that this interaction is probably functional. Consistent with
these data, purified intact lysosomes do take up mutant Htt fragments in a LAMP2A-
dependent manner [37], suggesting that polyQ-Htt is indeed a bona fide target for CMA-
degradation (Figure 1). Interestingly, CMA lysosomal uptake and clearance of Htt fragments
was reported to be less efficient for polyQ-expanded Htt fragments. One possible
explanation for this could be that polyQ expansion in mutant Htt delays its CMA-mediated
transport across the lysosomal membrane, leading to accumulation in the cytosol. In
agreement with this concept, interaction with LAMP2A and Hsc70 is stronger for polyQ-
Htt, resulting in a CMA pathway traffic jam [37]. Moreover, CMA appears to target
selectively amino-terminal fragments of Htt, whereas full-length polyQ-Htt is primarily
targeted by macroautophagy[37,38]. Indeed, Htt amino-terminal fragments co-fractionate
with lysosomal fractions, a pattern distinct from full-length huntingtin[10]. Given that
truncated forms of Htt are particularly cytotoxic, and are abundant in the brains of patients
with HD, and other HD models, the ability of CMA to degrade them selectively offers an
appealing therapeutic opportunity. Consistent with this model, one elegant study showed
that specific targeting of an amino-terminal polyQ-Htt fragment to the CMA pathway
greatly reduced inclusion formation and improved HD phenotypes in R6/2 mice [39]. Thus,
manipulation of CMA is emerging as a strong candidate for therapy development.

Similar to macroautophagy, post-translational modification of Htt can also regulate its
degradation by the CMA pathway. Clearance of phosphorylated amino-terminal fragments
of polyQ-Htt depends upon LAMP2A and Hsc70 [31]. Increased CMA activity has been
reported in fibroblasts from patients with HD and striatal Hdh knock-in cells [38]. Similar
increases have been reported for pre-symptomatic Htt Q111 knock-in mice, but were not
sustained when aged mice became symptomatic [38]. Although reductions in CMA activity
have been reported in the aging brain, the observed rate of decline in HD aged mice was
significantly accelerated. Although polyQ-Htt toxicity for isolated CMA-competent
lysosomes has not been reported [37,38], a significant decrease in LAMP-2A staining has
been recorded in older Hit Q111 knock-in mice [38]. Given that lipid composition at the
lysosomal membrane regulates LAMP-2A localization and, thus, CMA activity, and altered
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lipid metabolism because of deficient macroautophagy occurs in HD cells [18], alterations in
lipid homeostasis might cause a secondary dysfunction in CMA. This suggests a model
wherein HD neurons attempt to compensate for defective macroautophagy pathway function
by upregulating CMA.. Over time, CMA-competent lysosomes become less and less efficient
at degrading substrates, as lipids accumulate and polyQ-Htt interferes with LAMP-2a/Hsc70
cargo uptake. This proteostasis dysfunction is then compounded by a decline in CMA and
macroautophagy activity in the aging brain and, ultimately, culminates in a generalized all-
out collapse in autophagy pathway function, resulting in neuronal demise and death.

Endoplasmic reticulumER stress-induced autophagy in HD

In recent years, attempts at understanding the physiological function of Htt have revealed a
new nexus of huntingtin-mediated neurotoxicity: the ER. The ER is a crucial site for
endocytic pathway protein quality control. Normal ER function is required for folding and
post-translational modification of nascent peptides, which represent fundamental steps for
proper protein function and sorting. Various physiological and pathological conditions can
impair the folding capacity of the ER, leading to the accumulation of misfolded proteins in
the ER lumen (‘ER stress”). This triggers the unfolded protein response (UPR), an ER-to-
nucleus cellular response designed to increase the capacity of the ER to fold its client
proteins. UPR activation reduces global protein synthesis and upregulates chaperones and
“foldases’. The ER compartment proliferates and ER-associated degradation (ERAD) is
activated to eliminate the irreparably misfolded proteins [40]. Evidence also indicates that
another consequence of ER stress and UPR activation is induction of autophagy [41],
suggesting a close homeostatic balance between the autophagy and UPR pathways, with
autophagy possibly operating as a survival pathway against ER stress.

ER stress has become increasingly important in the understanding of several degenerative
proteinopathies, including PD and AD. Recent evidence suggests that ER stress and UPR
activation are also a feature of HD neurodegeneration (Figure 1). ER stress sensors and UPR
downstream proteins are upregulated and activated specifically in the striatum (but not in
other brain regions) of HD transgenic mice [19,42], and in postmortem brain samples from
patients with HD [43]. Furthermore, ER-stress induced autophagy has been reported in
mouse models of HD [42]. However, unlike other disorders wherein the toxic protein
misfolds and aggregates inside the ER lumen, directly causing ER stress, Htt has not been
found inside this compartment. Despite this seeming contradiction, multiple lines of
evidence suggest that polyQ-Htt could indeed be perturbing ER homeostasis. First, Htt is
known to associate with various organelles of the endocytic pathway, including the ER and
transport vesicles, through an amphipathic alpha-helix membrane-binding domain in its
amino-terminus [10,21]. Consistent with an important role for Htt in ER function, alteration
of Hit expression levels was sufficient to cause significant physical distortion of the ER
network [44] and disrupted Golgi staining [10]. Furthermore, in striatal-like knock-in cells,
mutant Htt perturbed ER-to-Golgi transport of signaling receptors, cytokines and enzyme
delivery to lysosomes [45,46], suggesting a general dysfunction in the secretory pathway.
Thus, polyQ-Htt could be disrupting proper forward vesicle transport, especially between
the ER and the Golgi apparatus, which is a powerful known trigger for ER stress.
Furthermore, Htt is reversibly associated with ER structures, releasing from the ER
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membrane and traveling to the nucleus under ER stress [23]. Given that Htt is also
associated with autophagic vesicles [10,21,47], it might act as an ER sentinel, regulating
autophagy in the face of ER stress [21,23]. Second, an effective UPR requires UPS
degradation of irreversibly misfolded proteins via ERAD. PolyQ-Htt interferes with the
function of essential ERAD factors, including Npl4, UFd1, p97 and gp78, which are all
required for retrotranslocation of ERAD substrates into the cytosol and their trafficking to
the proteasome [48,49]. Similarly, it has been reported that mutant Htt directly inhibits
proteosomal activity [8,9], thereby directly preventing degradation of ERAD substrates.

The ER is a major calcium reservoir for the cell, and many of the UPR-responsive
chaperones and foldases have calcium-dependent activities. Thus, calcium homeostasis is
particularly important for efficient engagement of the UPR in the face of ER stress. Mutant
Htt disrupts calcium homeostasis in many models of HD (reviewed in [50]), suggesting yet
another mechanism for polyQ-Htt-mediated ER stress. Despite all of this, direct evidence of
the effect of UPR and/or ER stress signaling in HD pathology remains unclear in vivo.
Nonetheless, manipulation of the UPR has yielded beneficial effects in models of HD. For
example, downregulation of the ER-stress sensor IRE-1a reduced mutant Htt toxicity and
rescued polyQ-Htt rough-eye phenotypes in Drosophila [19]. Underscoring the importance
of the IRE-1a branch of the UPR in HD, deletion of IRE-1a target X-box binding protein 1
(XBP1) in the CNS reduced polyQ-Hltt levels in the brain and improved motor performance
in the HD YAC128 mouse model [47]. XBP1 deficiency yielded upregulation of Forkhead
box protein O1 (FOXO1), a known inducer of neuronal autophagy, which was shown
previously to improve motor performance and survival in HD R6/2 mice in an autophagy-
dependent manner [51]. The fact that induction of autophagy by XBP1 deficiency
ameliorates HD appears contradictory, especially given previously documented
abnormalities in autophagy cargo recognition in HD [18]. Hence, further research is needed
to delineate the effects of XBP1 on autophagy and polyQ-Htt clearance. However, the
ability of XBP1 to improve HD phenotypes suggests that combination therapies to rectify
the autophagy cargo defect, reduce ER stress and enhance other protein degradation
pathways could be an effective treatment strategy for HD.

Targeting autophagy for HD therapy: how and when?

The importance of neuronal autophagy and its dysregulation in neurodegenerative diseases
is undeniable. Nevertheless, the precise events leading to autophagy malfunction, and the
key steps affected in each disorder remain unclear. However, therapeutic manipulation of
autophagy in vivo, whether through pharmacological or genetic means, has shown promise
in animal models of HD, consistently resulting in an amelioration of behavioral motor
abnormalities and neuropathology (Table 1). Seminal work by Ravikumar and colleagues
was the first to demonstrate that macroautophagy signaling could indeed have beneficial
effects in HD [15]. In this study, the rapamycin analog CCI-779, a known mTOR inhibitor,
reduced polyQ-Htt aggregate load and improved motor phenotypes in HD transgenic mice
by inducing autophagy activation. Trehalose, a disaccharide shown to induce
macroautophagy, also alleviated toxicity, improved motor function and extended lifespan in
HD R6/2 transgenic mice [52]. Similarly, rilmenidine, an mTOR-independent
macroautophagy inducer, attenuated motor phenotypes and reduced levels of the toxic
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mutant Htt fragment in HD N171-82Q transgenic mice [53]. Recent studies also indicate
that CMA might preferentially target soluble, amino-terminal fragments of polyQ-
Htt[37,38]. This disease-specific species is particularly toxic, so therapies targeting
upregulation of CMA might be especially beneficial in HD. Indeed, the lifespan extension
obtained in R6/2 mice using a CMA-targeting adaptor molecule against polyQ-Htt has been
among the most significant of all HD single-molecule preclinical trials reported so far [39].

Numerous independent lines of investigation have identified HDAC inhibitors as candidate
drugs for the treatment of different neurological disorders. HDACs interact with polyQ
proteins, and provide a mechanistic link between UPS impairment and macroautophagy
activation [14]. HDAC inhibitor 4b ameliorated cognitive decline and motor function, and
corrected transcriptional dysregulation in the striatum and cortex of R6/2 mice. Interestingly,
pathways activated after treatment included post-translational modification networks
(particularly ubiquitination and acetylation), processes known to affect protein turnover
[54]. Inhibitor 4b also induced expression of several IKK family members, known activators
of macroautophagy, and yielded increased expression of Atg4b and Map1LC3a [54]. Thus,
although HDAC inhibitors exert pleiotropic effects, one possible mode of action is through
macroautophagy pathway activation.

A crucial consideration for autophagy interventional therapies is the timing of treatment
delivery. Early activation of autophagy should be beneficial, aiding HD neurons in the
clearance of aggregate-prone polyQ-Htt. However, with more advanced disease, lysosome
and proteasome abnormalities become more apparent in HD, and these defects could
undermine the efficacy of autophagy induction therapies. Indeed, therapies that
simultaneously activate autophagy and modulate Htt protein post-translational modifications
(such as IKK signaling agonists) could yield polyQ-Htt isoforms that neurons will be
incapable of turning over. Given that patients with HD can be identified at presymptomatic
disease stages through genetic testing, therapeutic autophagy modulation before disease
onset is theoretically possible in HD and might be necessary not only for a significant
beneficial effect, but also because autophagy induction in symptomatic patients with HD
could worsen disease pathology. For example, therapies that increase macroautophagy in
advanced HD patients might only work if the underlying autophagic cargo recognition
defects are corrected. Thus, understanding the precise molecular players underlying
macroautophagy cargo recognition is an important goal of future research, with obvious
implications for therapy development. Of course, it would also be ideal to advance
understanding of the normal physiological function of Htt, and how the polyQ tract
expansion in mutant Htt protein alters its normal function, before pushing forward with
therapeutic modulation of autophagy. This is especially important for HD, because the Htt
protein has been implicated in autophagy pathway regulation and membrane dynamics, and
emerging data strongly point towards a possible loss of Htt normal function as a factor in the
autophagy defects observed in HD. Deconstructing the mechanistic basis of Htt autophagy
regulation could reveal potential therapeutic targets for modulating autophagy in HD and
related neurodegenerative disorders. Ultimately, identification of the specific steps affected
in the autophagy pathway in HD will be essential for the development of such rational
autophagy-based therapeutic interventions.
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Figure 1.
Different molecular mechanisms account for autophagy pathway dysfunction in

Huntington's disease (HD). In HD, a polyglutamine-expanded huntingtin (polyQ-Htt)
protein is produced and accumulates in cells. The misfoldedpolyQ-htt elicits an endoplasmic
reticulum (ER) stress response (A), and through direct inhibition of the ER-associated
degradation pathway, impairment of ER-to-Golgi trafficking, and disruption of ER and
mitochondrial calcium homeostasis, polyQ-htt ultimately yields ER stress-induced activation
of the macroautophagy pathway. PolyQ-htt can sequester mammalian target of rapamycin
(mTOR), resulting in disinhibition of macroautophagy; however, macroautophagy functions
abnormally in HD, because the mutant polyQ-htt protein prevents recognition and loading of
cargo into developing autophagosomes, resulting in an accumulation of autophagic vesicles
(AVs) that are relatively empty, in terms of substrates for degradation (B). Lysosomal
enzyme activity is reduced in HD, possibly because of an increased burden of reactive
oxygen species (ROS), given that HD cells contain markedly increased numbers of
lysosomes containing nondegradedlipofuscin (B). PolyQ-htt interacts excessively with
Hsc70 and the lysosomal translocation machinery, resulting in diminished chaperone-
mediated autophagy function in HD (C). As the amino-terminal fragment of polyQ-htt
enters the nucleus, it has been shown to interfere with peroxisome proliferator-activated
receptor gamma coactivator 1-a (PGC-1a), a transcriptional co-regulator, recently found to
promote transcription factor E-B (TFEB) expression. Thus, polyQ-htt transcriptional
dysregulation leads to impaired TFEB transactivation of its target genes, which encode the
proteins and enzymes required for autophagosome assembly, autophagosome-lysosome
fusion and lysosomaldegradative enzyme activity (D). Hence, polyQ-htt appears capable of
undermining autophagy pathway function for two branches of autophagy (macroautophagy

Drug Discov Today. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Cortes and La Spada

and chaperone-mediated autophagy), and can act through multiple mechanisms for
macroautophagy inhibition.
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Preclinical trials of macroautophagy modulation in mouse models of Huntington's disease

Autophagy modulator ~ Mouse model Outcome Refs
CCI-779 R6/2 Decreased polyQ-Htt aggregate loads Improved motor performance [20]
Trehalose R6/2 Decreased aggregates [52]
Improved motor performance
Mild lifespan extension
HDAC inhibitor 4b R6/2 Reduced polyQ-Htt aggregates [55]
Improved motor and cognitive performance
Correction of transcriptional alterations
Rilmenidine N171-82Q Improved HD motor phenotype (reduced tremors, increased grip strength)  [53]
XBP1 deficiency YAC128 and Q%/Q7 knock-in  Decreased striatal polyQ-Htt accumulation [47]
Increased striatal neuron survival
Improved motor performance
IRS2 (IGF1 signaling) R6/2 Decreased aggregate formation [51]
Improved mitochondrial function
Slowed progression of HD motor phenotypes
QBP1 R6/2 Decreased aggregate formation [39]

Improved motor and weight phenotypes

Significant lifespan extension
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