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Degradation of Misfolded Proteins by
Autophagy: Is it a Strategy for Huntington’s

Disease Treatment?
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Abstract. Autophagy is a degradation pathway for long-lived cytoplasmic proteins, protein complexes, or damaged organelles.
The accumulation and aggregation of misfolded proteins are hallmarks of several neurodegenerative diseases. Many researchers
have reported that autophagy degrades disease-causing misfolded and aggregated proteins, including mutant huntingtin (Htt)
in Huntington’s disease, mutant synuclein in familial Parkingson’s disease, mutant Cu, Zn~Superoxide dismutase (SOD1) in
familial amyotrophic lateral sclerosis. In this review, we will bring up new evidence to elucidate the involvement of autophagy
in degradation of mutant Htt, discuss the mechanisms regulating the degradation of mutant Htt by autophagy and the therapeutic
effects of drugs that enhance autophagy to improve clearance of mutant Htt. We propose that enhancement of autophagy by
drugs may be a strategy to treat or retard progression of Huntington’s disease.

Keywords: Huntington’s disease, huntingtin, polyglutamine expansion, autophagy

MUTANT HUNTINGTIN AGGREGATES IS
A HALLMARK OF HUNTINGTON’S
DISEASE

Huntington’s disease (HD) is an inherited neu-
rodegenerative disease which is characterized by the
accumulation of mutant huntingtin (Htt) protein that
contains abnormal polyglutamine (polyQ) expansion
encoded by expanded CAG [1, 2]. Htt protein can be
cleaved by caspases, calpains and aspartic proteases to
form short N-terminal fragments with the expanded
polyQ [3]. Mutant Htt with greater than 37 polyQ
undergoes conformational changes from alpha-helix
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to beta-sheet to form aggregates in vitro or in brains
of animal models and HD patients [4]. The shorter N-
terminal or longer CAG stretches tend to form more
aggregates [5]. Additionally, the flanking sequences
surrounding the polyQ region can also play a critical
role in determining the structural rearrangement and
aggregation [6]. Mutant Htt aggregates are found in
the nucleus, the cytoplasm and in processes and, are a
pathological hallmark in HD [7]. Mutant Htt acquires
abnormal protein interactions and sequestration with
other normal cellular proteins, such as heat shock pro-
teins, some transcriptional factors and proteins related
to vesicle trafficking, causing loss of normal physiolog-
ical functions of Htt and gain of toxic functions. Several
studies reported a strong correlation between the accu-
mulation of the mutant protein and disease severity
[8,9].
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FEATURES OF PROTEIN DEGRADATION
BY AUTOPHAGY VS UPS

Proteins can be degraded by the ubiquitin-
proteasome system (UPS) and the autophagy-
lysosome pathway. The UPS pathway consists of
ubiquitination of substrates and proteasome-mediated
degradation. The substrates are delivered for degrada-
tion after they are tagged with polyubiquitin chains.
UPS predominantly degrades short-lived normal pro-
teins, e.g., proteins involved in regulation of cell
division, gene transcription, signal transduction, and
endocytosis, after they have fulfilled their duty in the
cells [10-12]. UPS is also a critical step of posttrans-
lational protein quality control (PQC) in the cells.
Abnormal proteins, such as misfolded, oxidized, or
mutant proteins will be ubiquitinated and degraded
in the proteasome [13]. However, the narrow pore of
the proteasome precludes entry of protein complexes
and organelles. Hence, the bulk degradation of cyto-
plasmic proteins or organelles is mediated largely by
autophagy.

Autophagy (self-eating) refers to any intracel-
lular processes that result in the degradation of
cytosolic components inside lysosomes. Based on
the ways by which substrates reach the lysoso-
mal lumen, autophagy is divided into three major
forms: macroautophagy, microautophagy and chap-
erone mediated autophagy (CMA). Autophagy plays
a role in cell homeostasis, cell differentiation, tis-
sue remodeling, growth control, starvation response,
innate and adaptive immunodefense, and adaptation to
adverse environments [14, 15].

Macroautophagy is characterized by formation of
double-membrane vesicles around portions of cyto-
plasm to form autophagosomes which eventually fuse
with lysosomes, where their contents are degraded.
The substrates of macroautophagy include cyto-
plasmic proteins, misfolded proteins, mitochondria,
peroxisomes and regions of Golgi and endoplas-
mic reticulum. Although there is evidence showing
that macroautophagy has selectivity towards its
substrates [16—18], the nature of autophagosome for-
mation suggests low selective degradation mediated by
macroautophagy.

Compared with macroautophagy, CMA has higher
selectivity. The substrates of CMA containing KFERQ
motifs can be recognized by heat shock cognate protein
of 70 kDa (Hsc70), thus facilitating the delivery of the
proteins to lysosomes through Lysosome-associated
membrane protein 2 (LAMP-2A) [19-21]. LAMP-
2A functions as a receptor and makes pores for the

uptake of substrates into lysosomes, while Hsc70
is the only chaperone demonstrated to mediate sub-
strate targeting for CMA. The levels of Hsc70 and
LAMP-2A determine the activity of CMA. Unlike
macroautophagy which is a conserved physiological
phenomenon, CMA has only been described in mam-
mals.

Both the proteasome system and autophagy are criti-
cal protein degradation pathways [22]. Autophagy may
be upregulated by an impaired proteasome pathway.
Blockage of macroautophagy and proteasome function
would result in constitutive activation of CMA.

Htt has been suggested to be ubiquitinated for UPS
degradation [23]. Hence, proteasome pathway may
play an important role in degrading the oligomer-
ized mutant Htt in the cytoplasm and the nucleus
[24-26]. However, it has been proposed that a hair-
pin loop created by the expanded polyQ stretch-forms
a highly stable -sheet structure that inhibits unfold-
ing and degradation by the proteasome [27]. It was
also reported that ubiquitinated mutant Htt accumu-
lates in cells [28, 29]. Hence, autophagy could play an
important role in the degradation of mutant Htt, esp.
aggregate degradation (Fig. 1).

AUTOPHAGY PLAYS AN IMPORTANT
ROLE IN MUTANT HTT CLEARANCE

Autophagy is altered in HD

A number of studies have reported that autophagy
is increased in HD. DiFiglia’s laboratory first
reported that Htt markedly accumulated in
endosomal-lysosomal organelles of affected HD
neurons, and Htt-labeled vacuoles displayed ultra-
structural features of early and late autophagosomes
in HD patients and in HD cell models [30-32]. Some
research showed that macroautophagy appeared to
be disrupted by mutant Htt, that autophagic vacuoles
formed at normal or even enhanced rates in HD,
mutant Htt interacted with vesicles and interfered with
the recognition of cytosolic cargo, compromising the
intracellular turnover of cytosolic organelles [33].

The decline in levels of macroautophagy with age
[34, 35] may partly account for the pathogenesis of
HD and other diseases with mutant protein aggregates
that strike individuals mainly in midlife. Interestingly,
expression of full-length Htt lacking its polyglutamine
stretch in HD knock-in mice enhanced autophagy,
and mice showed reduced mutant Htt aggregates
with amelioration of motor/behavioral deficits, and
extended lifespan. These results suggest that increased
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Fig. 1. A. The degradation of Htt and mutant Httt aggregates by macroautophagy. B. The degradation of wild and mutant Htt by chaperon

mediated autophagy.

autophagy may alleviate HD onset and promote lifes-
pan in normal mammals [36]. Furthermore, a genetic
study of 900 European HD patients showed that the
presence of a substitution of alanine for valine (V471A)
in the autophagy gene atg7 was associated with an ear-
lier disease onset of 4 years in some HD populations
[37].

Htt can be degraded by macroautophagy

Qin et al. reported that Htt expression increased
levels of the lysosomal enzyme cathepsin D by an
autophagy-dependent pathway in mouse clonal stri-
atal cells x57 expressing truncated and full-length
human wild-type and mutant Htt [2]. Cells with-
out cathepsin D accumulated more N-terminal Htt
fragments, suggesting that autophagy plays a criti-
cal role in the degradation of N-terminal Htt. Several
other studies provided support that macroautophagy
contributes to the clearance of mutant Htt and that
pharmacological upregulation of autophagy allevi-
ates disease-related symptoms in animal models
[38—41]. The autophagosome formation inhibitor 3-
MA or the autophagolysosome formation inhibitor
Bafilomycin A1l increased Htt aggregates in cells while
the autophagy inducer rapamycin reduced Htt aggre-
gates. The research also showed that the behavioral
performance of HD mice improved with decreased

Htt aggregation due to the autophagy inducer. These
results suggest that autophagy plays a potential role in
enhancing the turnover of mutant Htt, and this process
could alleviate HD symptoms.

Several scaffold proteins affect mutant Htt aggre-
gate degradation. Insulin receptor substrate 2 (IRS-2),
which mediates the signaling cascades, leads to
a macroautophagy-mediated clearance of mutant
Htt [42]. Alfy, interacting with p62 and NBRI,
is essential for the macroautophagic clearance of
ubiquitin-positive inclusions [43]. Alfy overexpres-
sion decreased mutant Htt aggregates and protected
cells from the toxicity of mutant Htt in a primary
neuronal model and a fly model. Additionally, tran-
scription factor PPARy co-activator la (PGC-1la)
eliminated protein aggregates by activating transcrip-
tion factor EB (TFEB), which is a key regulator of the
autophagy-lysosome pathway. PGC-1a rescued TFEB
level repressed by mutant Htt and enhanced autophagy-
lysosome pathway activity [44].

Some studies have demonstrated that the selective
degeneration of striatal neurons was partly due to dys-
functional glia in HD pathology [45, 46]. GLT-1 is
a glutamate transporter which can clear extracellular
excitatory neurotransmitters to protect neurons from
excitatory amino acid toxicity. Chen et al. found that
the GLT-1 level as well as the uptake capability of glu-
tamate decreased in astrocytes expressing mutant Htt
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[47]. Rapamycin treatment upregulated autophagy in
glia expressing mutant Htt, and recovered the level of
GLT-1 and the uptake capability of glutamate.

Htt can be degraded by CMA

Both Hsc70 and LAMP-2A are vital proteins for
CMA degradation. Experimental upregulation of CMA
by overexpressing LAMP-2A reduces intracellular
protein inclusions and increases cellular viability in
cultured neuronal cells expressing posttranslationally
modified forms of mutant Htt [48]. In addition, a 46
amino acid—peptide adaptor molecule comprising two
copies of the polyglutamine-binding peptide and two
different Hsc70-binding motifs was shown to direct
mutant Htt to the CMA machinery for degradation.
Viral delivery of this construct to the striatum in the
R6/2 mouse model of HD significantly reduced polyQ
aggregation in the transduced areas, ameliorated symp-
toms and extended lifespan [49]. Koga et al. found that
the full-length wild-type or mutant protein was not
normally degraded via CMA although there may be
three KFERQ-like motifs in the Htt sequence, whereas
the N-terminal of both wild-type and mutant Htt are
susceptible to CMA [50]. Recently, Qi et al. reported
that 9gKDRVN3 of Htt-552 is a functional site for
substrate recognition by CMA [51]. In HD, CMA is
upregulated constitutively, but the decline with age in
efficiency of CMA-mediated degradation may be asso-
ciated with cellular failure and onset of pathological
manifestations [52, 53].

Post-translational modifications of Htt enhance
autophagy-mediated degradation

Post-translational modification (PTM) is chemical
modification on proteins after translation. Differ-
ent post-translational modifications of Htt, such
as SUMOylation, ubiquitination, phosphorylation,
palmitoylation and acetylation, will play diverse roles
in cellular function. In this review, we just focus on
phosphorylation and acetylation, which were reported
to be associated with Htt degradation by autophagy.

Phosphorylation regulates protein degradation, and
alters subcellular localization and secondary modi-
fications such as ubiquitination, SUMOylation and
acetylation. Gu et al. reported that changes in the phos-
phorylation at serines 13 and 16 of Htt would impact
the aggregation properties of Htt [54]. They found that
disease pathogenesis induced by mutant Htt, including
motor and psychiatric-like behavioral deficits, mutant
Htt aggregation and selective neurodegeneration were

abolished by expressing full-length mutant huntingtin
with serines 13 and 16 mutated to aspartate (phos-
phomimetic). Thompson et al. found that Htt was
phosphorylated at S13 by the inflammatory kinase IKK
directly [48]. Pharmacological activation of IKK with
IL-1B or TNF-a enhanced the phosphorylation of Htt
S13. IKK-f increased phosphorylation and reduced
levels of normal polyQ Htt fragments in a manner
dependent on both the proteasome and lysosome, while
expanded the polyQ repeat inhibited this effect. Fur-
thermore, knockdown of either endogenous LAMP-2A
or Atg7 by RNA interference increased the accumula-
tion of endogenous S13-phosphorylated Htt and Htt
fragments, suggesting that both CMA and macroau-
tophagy are involved in phosphorylated wild-type Htt
clearance.

Steffan et al. demonstrated that mutant Htt inter-
acts directly with the histone acetyltransferase (HAT)
domain of CREB binding protein (CBP) [55]. Later,
Jeong et al. identified an acetylated lysine at posi-
tion 444 (K444) in human Htt [56]. Acetylated mutant
Htt was trafficked to autophagosomes for degradation,
while the non-acetylated mutant Htt was prone to form
aggregates. The de-acetylation process is catalyzed
by histone deacetylase 1 (HDAC1). The pan-HDAC
inhibitor SAHA (Suberoylanilide hydroxamic acid)
has been shown to improve phenotypes in the R6/2
mouse model, providing evidence for the therapeutic
usefulness of this class of compounds [57]. Interest-
ingly, some recent studies showed that SAHA could
induce autophagy [58, 59]. It would be interesting
to further confirm whether the effect of SAHA on
pathological improvement in HD animal models is
associated with mutant Htt degradation by autophagy
enhancement. HDACi 4b, which preferentially targets
HDACI1 and HDAC3, could ameliorate the pheno-
types in HD transgenic mice [60]. Jia et al. recently
reported that HDACi 4b prevented the formation of
nuclear Htt aggregates in the brains of N171-82Q mice
through modulation of the ubiquitin-proteasomal and
autophagy pathways [61].

Some issues in the study of mutant Htt clearance

Although there has been progress in understanding
pathways of mutant htt clearance, several technical
issues need to be further considered. For example, how
to detect the efficiency of Htt clearance? Generally,
Western blot or immunohistochemistry methods are
utilized to detect Htt levels. However, Htt is a pro-
tein with more than 3000 amino acids. One cannot
conclude that Htt clearance has occurred based on the
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loss of signal with one antibody. Different antibodies
identifying different epitopes in Htt should be utilized
in the same experiment to confirm the levels of Hitt.
Another important issue of concern is the HD mod-
els to be used. Generally, N-terminal fragments of Htt
have been used to study autophagy in cells since it is
difficult to manipulate the expression of the full length
Htt gene. Although N-terminal fragments of mutant
Htt expressed in mice produce a HD-like pathology,
the metabolism and role of these N-terminal fragments
may be different from full-length Htt. Many previ-
ous studies have used various cell lines for studies of
autophagy. Researchers should focus more on neurons
and other cells in central nervous system since the main
pathology of HD is in striatum and cortex. However,
it is difficult to express exogenous genes in neurons.
As such, research with induced pluripotent stem (IPS)
from HD patients may be a good approach.

POTENTIAL THERAPEUTIC STRATEGY
FOR HD BY AUTOPHAGY ACTIVATION

Currently, tetrabenazine is the only FDA approved
drug for HD treatment to control movement disorder
[62-64].

Since HD is caused by neuronal accumulation of
mutant Htt, improving clearance of the mutant pro-
tein is expected to prevent cellular dysfunction and
neurodegeneration in HD. Several groups have been
working to develop autophagy upregulating drugs for
the purpose of treating aggregate-prone neurodegener-
ation. In Rubinsztein’s laboratory, a high-throughput
screen identified various small molecule inhibitors
(SMIRs) and enhancers (SMERs) of the growth-
suppressing properties of rapamycin in yeast. Three
SMERs (SMERs 10, 18 and 28) were subsequently
confirmed to induce mTOR-independent autophagy
in mammalian cells and they increased clearance of
mutant Htt and reduced Htt toxicity in the Drosophila
HD model [65]. In another drug screening, several
FDA (US Food and Drug Administration)-approved
drugs/compounds (e.g., verapamil, loperamide amio-
darone and clonidine) were found to induce autophagy
and decrease mutant Htt aggregates and confer pro-
tection against toxicity in HD cellular, fly and
zebrafish models [66]. Using an automated cell-based
assay, Roberge’s laboratory screened a collection
of 3,500 chemicals and identified three approved
drugs (perhexiline, niclosamide, amiodarone) and
one pharmacological reagent (rottlerin) capable of
rapidly increasing autophagosome contents [67]. In a

neuron model of HD, Tsvetkov et al. found that 10-
[4’-(N-diethylamino)butyl]-2-chlorophenoxazine (10-
NCP), an N10-substituted phenoxazine, up-regulated
autophagy in an mTOR-independent fashion in pri-
mary neurons, decreased the accumulation of diffuse
and aggregated mutant Htt and exerted a neuropro-
tective effect [68]. Furthermore, the authors screened
other structural analogues of 10-NCP that had been
FDA approved. Some compounds in different classes
of the tricyclics, including trifluoperazine, promazine
and its analogs, promethazine, thioridazine, and
mesoridazine were verified to trigger autophagy in neu-
rons. However, most of these drugs have side effects
on the extrapyramidal system, potentially worsening
the movement disorder of HD.

Rapamycin and temsirolimus

Rapamycin is a lipophilic macrolide antibiotic orig-
inally used as an immunosuppressant. [n mammalian
cells, rapamycin inhibits the kinase activity of mTOR
that suppresses autophagy. Rapamycin upregulates
autophagy, enhances the clearance of mutant Htt frag-
ments, thus reduces aggregate formation and protects
against toxicity in cell, Drosophila and mouse mod-
els of HD. The water-soluble ester of the rapamycin
analog temsirolimus (CCI-779) also reduces mutant
Htt levels, and attenuates toxicity in mouse models of
HD [69]. Similarly, rapamycin and its analog alleviate
aggregation and symptoms in spinocerebellar ataxia
type 3 models [70]. Since rapamycin was first reported
to clear mutant Htt by the autophagy pathway [71],
it was studied for therapeutic effects in a wide range
of aggregate-prone proteins with polyglutamine- or
polyalanine expansion. Although rapamycin as a drug
could be used long term, it still has side effects due to
inhibition of mTOR, which regulates many other cellu-
lar processes independent of autophagy. Therefore it is
a priority to identify other drugs that induce autophagy
via mTOR-independent mechanisms.

Trehalose

Trehalose, a disaccharide, is a naturally occurring
reducer of cell stress, protecting these organisms from
extremes in heat shock and osmotic stress [72]. Tre-
halose can maintain the three-dimensional structure
of these biologic molecules under stress and preserve
their biologic functions [73].

Tanaka et al. discovered trehalose in a screen which
was designed to find any disaccharides that could
inhibit polyglutamine mediated protein aggregation
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[74]. Oral administration of trehalose (2% trehalose in
the drinking water, spontaneous drinking) reduced the
weight loss of R6/2 HD transgenic mice, whereas it did
not affect the body weight of wild-type mice. Trehalose
also ameliorated motor symptoms, decreased the num-
ber and size of aggregates, and prolonged life by 20% in
the R6/2 transgenic mouse model of HD. Later, Sarkar
et al. reported that trehalose induced autophagy in
mTOR-independent manner in COS-7 (non-neuronal)
and SK-N-SH (neuronal) cells, and reduced polyQ-
mediated aggregation and cell death, and enhanced the
clearance of soluble mutant Htt [39].

According to these studies, trehalose has potential
to delay onset or decrease progression rate in HD and
has become a supplement for HD patients. Trehalose
is very safe and has been approved for use in the
United States since it has protective effects in promot-
ing brain health. Therefore, trehalose may have benefit
for both prevention and treatment of neurodegenerative
diseases.

Rilmenidine

Rilmenidine is a well-tolerated and centrally act-
ing anti-hypertensive drug. Rose et al. reported that
rilmenidine increased LC3-II significantly in stable
inducible PC12 cells expressing either wild-type (23Q)
or expanded polyglutamine (74Q) Htt [75]. Further
research found that rilmenidine induced autophagy
in mice and in primary neuronal culture. Rilmeni-
dine had no effect on phosphorylation of p70 S6
kinase, S6 protein or 4E-BP1, and all downstream
substrates of mTOR kinase activity, suggesting that,
unlike the autophagy enhancing drug rapamycin, ril-
menidine does not act to upregulate autophagy via
inhibition of mTOR. Rilmenidine administration atten-
uated the signs of disease in a HD mouse model,
including improvement on grip strength, tremors and
wire traversing, which was comparable to the effect of
rapamycin. In addition to the enhancement in move-
ment, rilmenidine also reduced mutant Htt fragments.
However, rilmenidine treatment did not protect against
weight loss and shortened lifespan of the HD trans-
genic mice.

As an antihypertension drug, rilmenidine is more
selective for imidazoline receptors than for o2-
adrenoceptors and thus causes fewer central adverse
effects such as sedation or antinociception. Because
rilmenidine has a long safety record and is designed
for chronic use, it is a strong candidate to consider for
human trials in HD patients.

Lithium, valproate and carbamazepine

All three drugs are inositol-lowering drugs, which
can induce autophagy by inhibiting inositol monophos-
phatase (IMPase), leading to depletion of intracellular
inositol levels and inhibition of the phosphoinositol
cycle. Indeed, these drugs enhance mutant Htt clear-
ance and protect against its toxicity in cells and in vivo
models [66, 76, 77]. Additionally, lithium, valproate
and carbamazepine are in clinical use. Among them,
lithium can be used to treat bipolar mood disorder,
carbamazepine can be used to treat schizophrenia, and
valproate can be used to treat epilepsy and schizophre-
nia. Hence, these compounds would be helpful to HD
patients with depression or schizophrenia. However,
lithium requires strict monitoring as it works within a
relatively narrow therapeutic range.

Nevertheless, the above drugs need further clinical
review to address their efficacy and safety for treating
HD patients. Such efforts if successful could yield a
drug therapy that both attenuates symptoms and slows
disease progression in HD.

CALORIC RESTRICTION, EXERCISE, AND
AUTOPHAGY

In addition to the drugs/reagents described above,
caloric restriction and exercise also affect autophagy.
Duan et al. reported that dietary restriction increased
levels of brain-derived neurotrophic factor and heat-
shock protein-70 in the striatum and cortex, retarded
the formation of Htt inclusions, apoptotic protease acti-
vation, enhanced movement in HD mice and extended
lifespan [78]. Autophagy may be activated in caloric
restriction because it is an adaptive response to nutri-
ent starvation. Recently, some researchers showed that
autophagy played a role in muscle establishment after
exercise [79-82]. In our laboratory, we found that exer-
cise ameliorated the detrimental effect of chloroquine
on skeletal muscles by restoring autophagy flux (sub-
mitted). Muscle weakness is one of the symptoms of
HD patients. Increased exercise could be helpful to
upregulate autophagy in skeletal muscle and maintain
muscle function and muscle mass in HD.

About two decades ago, the mutant gene causing
HD was isolated and pathology and molecular patho-
logical mechanisms were largely uncovered. In the last
10 years, many studies have revealed the physiologi-
cal roles of autophagy in HD. In the next 10 years, we
anticipate that the knowledge gained about autophagy
and mutant Htt clearance could bring forth new treat-
ments for the disease.
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