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ABSTRACT

Huntington’ sdisease (HD) is caused by an expansion of the polyglutamine tract in the protein named huntingtin.
The expansion of polyglutamine tract induces selective degeneration of striatal projection neurons and cortical
pyramidal neurons. The bio-hallmark of HD isthe formation of intranuclear inclusions and cytoplasmic aggregates
in association with other cellular proteins in vulnerable neurons. Accumulation of N-terminal mutant huntingtin in
HD brainsis prominent. These pathological features are related to protein misfolding and impairments in protein
processing and degradation in neurons. This review focused on the role of proteases in huntingtin cleavage and

degradation and the contribution of altered processing of mutant huntingtin to HD pathogenesis.

INTRODUCTION

Huntington's disease (HD) is an autosomal domi-
nant neurological disease characterized by involuntary
movement accompanied by cognitive impairment and
emotional disturbance. The most striking pathologic
feature of HD is atrophy, neuronal loss, and astrogliosis
in the neostriatum™. Although multiple populations of
striatal neurons are affected in HD, however, the spiny
projection neurons containing y-aminobutyric acid and
substance P or enkephalin are most vulnerable. Other
less severely affected brain regions include cerebral
cortex and thalamic nuclei. HD is afatal neurological
disease with no effective treatment available at the
present. HD affects 5 out of 100 000 people and symp-
toms usually occur at the age of late 40s.
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The gene mutation that causes HD has been linked
to an unstable expansion of CAG repeatsin a gene en-
coding alarge protein called huntingtin (huntingtin)t.
Both wild-type and mutant huntingtins are widely ex-
pressed in the central nervous system and peripheral
tissues®¥. The normal function of huntingtin is poorly
understood at the present but has been proposed to play
roles in neurogenesis, apoptosis, and vesicle traffick-
ing®>®. However, how expansion of polyglutamine
repeat in the N-terminal region of huntingtin causes
selective degeneration of neuronsin the brain remains
unknown although several mechanisms have been pro-
posed”. Like other neurological diseases including
Alzheimer disease, Parkinson disease, amyotrophic lat-
eral sclerosis, and prion disease, HD is also a protein
misfolding disease. The bio-hallmark of mutant
huntingtin is the formation of intranuclear inclusions
and cytoplasmic aggregates in neurons in vulnerable
brain areas. Expression of mutant huntingtin in cul-
tured cells also causes the formation of intranuclear in-
clusions and aggregates in the cytoplasm. The inclu-
sions and aggregates are usually formed by small N-
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terminal huntingtin fragments and are co-localized with
other cellular proteins involved in proteolysis, vesicle
trafficking and protein degradation. The formation of
huntingtin aggregates and intranuclear inclusions has
been proposed to play arolein HD pathogenesis.

Polyglutamine expansion causes at least nine dif-
ferent neurodegenerative diseases. The common fea-
ture among these neurological diseases isthe formation
of abnormal aggregates in different populations of
neurons. Theincrease in the length of polyglutamine
tract alters biochemical and biophysical properties of
proteins. Asaresult, these proteins are prone to form
stable 3-sheet structure and assemble into oligmers.
Accumulation and aggregation of mutant polyglutamine-
containing proteinsindicate afailure of normal processing
of these proteinsin cells®¥. Thus study of the normal
and abnormal trafficking and processing of huntingtin
by proteases will provide important information for a
better understanding of the mechanisms of pathogen-
esisin HD. Trafficking and processing of full-length
and truncated wild-type and mutant huntingtin remain
to be characterized. Expressed huntingtin preferentially
accumulates in perinuclear regions and are associated
with membranous structures where cleavage may
occur. Proteasome, autophagy/lysosome, caspases and
calpains are found to be involved in cleavage and deg-
radation of huntingtin, thus playing important rolesin
huntingtin processing. However, proteasome function
is compromised in HD brains, while caspase- and
cal pain-mediated cleavage of huntingtin produces harm-
ful N-terminal huntingtin fragments, which increased
in the HD brain. The present review will discuss the
relationships between huntingtin cleavage, catabolism
and HD pathogenesis.

CLEAVAGE OF HUNTINGTIN BY CASPASES
AND CALPAINS

Caspases play pivota rolesin gpoptosisin many cell
types!’®*d, Caspases are produced as inactive pro-

enzymes and become activated by proteolytic cleavage
at internal aspartate residues upon apoptotic stimula-
tion*®. Different caspases are activated at different
stages during apoptotic process and play different roles
in cell death. Some of them, including caspase-8, -9,
and -10, areinvolved in theinitiation phase of apoptosis;
while others, including caspase-3, -6, and -7 are in-
volved in the execution phase of apoptosis™®. When
caspase-8 and -9 are activated, they can activate down-

stream caspases such as caspase-3, -6, and -7, Two
signaling pathways involved in activation of initiator
caspase have been well documented in response to
apoptotic triggers. In death receptors, such as Fas or
tumor necrosis factor receptor (TNFR)-induced
apoptosis, caspase-8 is recruited by the adaptor mol-
ecules (such as FADD) and activated when these re-
ceptors bind to Fas ligands or TNF*®!, Some other
apoptotic stimuli cause release of cytochrome ¢ from
mitochondria. Cytochrome c¢ binds to Apaf-1 in the
cytoplasm and this leads to the activation of caspase-91*7.

A large body of evidence suggests that caspases
areinvolved in pathogenesisin HD. Thisnotion is sup-
ported by afew lines of evidence:

(a) Several caspase cleavage sites (caspase-3, -2,
and -6) have been identified in huntingtin™8%;

(b) Recent studies have suggested that CAG-re-
peat containing proteins including mutant huntingtin can
directly activate caspase-8 presumably through protein-
proteininteractions®”. Activation of caspase-8 by CAG-
repeat proteins may represent a novel pathway in acti-
vation of initiator caspase. Increases in activation of
caspase-3 and -9 by mutant huntingtin have also been
reported although underlying mechanisms are not fully
understood'?!.

(c) Caspase inhibitors attenuate cell death induced
by mutant huntingtin in cultured cell$?#. Furthermore,
caspaseinhibitors Z-VAD-fmk and minocycline can slow
down the progression of HD in transgenic miceg??,

Cleavage of huntingtin by caspase-3 wasfirst con-
firmed by Dr Wellington’s group. Using site directed
mutagenesis, they identified four caspase-3 cleavage
sites near N-terminal region (amino acid residue 513,
552, 530, and 589)!*!. Cleavage of huntingtin by
caspase-3 produces N-terminal fragments containing
polyglutamine tract. Intranuclear inclusions and cyto-
plasmic huntingtin aggregates found in cultured cells
expressing mutant huntingtin and brains of HD patients
and transgenic mice are formed mainly by N-terminal
fragments of huntingtin. Caspase cleavage of huntingtin
may promote the formation of intranuclear inclusions
duo to increases in concentration of N-terminal
huntingtin fragments®®. Cleavage of huntingtin by
caspases has been confirmed in HD brains and is pre-
ceded by the neurodegeneration using a specific anti-
body against caspase-3-cleaved huntingtin fragments®”.
Cleavage of huntingtin by caspases results in the pro-
duction and accumulation of small N-terminal huntingtin.
N-terminal huntingtin fragments are prone to form in-
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tranuclear inclusions and cytoplasmic aggregates and
induce apoptosis. Thus N-terminal huntingtin plays a
role in the pathogenesis of HD. It has been demon-
strated that inhibition of caspase activity reduced the
formation of intranuclear inclusions and attenuated cel-
lular toxicity of mutant huntingtin®”. It isstill not clear
whether the formation of intranuclear inclusions is a
necessary step in mutant huntingtin-induced neuro-
degeneration, but cleaved N-terminal fragments from
huntingtin seem to be toxic to neurons®3%. Recent
studies report that other caspases, including caspase-2
and -6 aso cleave huntingtin and play important rolesin
HD pathogenesis™!.

Calpains are activated by the rise in intracellular
calcium levelsand play arolein apoptosis. In 3-nitro-
propionic acid-induced animal models of HD, activa-
tion of calpains were found to contribute to degenera-
tion of striatal neurons®*3. Calpain mediated cleavage
of wild-type and mutant huntingtin was also reported.
Exposure of primary neurons to glutamate or 3-nitro-
propionic acid causes degradation of wild-type hun-
tingtin. This process can be blocked by calcium chela-
tors and cal pain inhibitors®. Focal ischemiainsult also
causes reduction in the levels of full-length wild-type
huntingtin, leading to an increase in its cleavage prod-
ucts with a molecular mass about 55 kDa*!. Dr Gafni
and Ellerby™ found that calpain cleavage of huntingtin
produced two N-terminal huntingtin fragments, 72 kDa
and 47 kDa, which are smaller than or close to those
produced by caspase-mediated cleavage. Mutant
huntingtin is more easily cleaved by the calpain. These
fragments easily enter the nucleus to form intranuclear
inclusionsg®*-*¥, Two putative calpain cleavage sites have
been identified between amino acid residues 535-537
and 468-470. Calpain-mediated cleavage of huntingtin
mainly occursin dying cells, suggesting the pathologi-
cal processing of huntingtin in dying cells. Blockade of
calpain-mediated cleavage of huntingtin reduces
huntingtin aggregates and toxicity®. Activation of
calpain and calpain cleavage productsin HD brains has
also been observed™!. These results suggest calpain
cleavage of huntingtin playsarolein HD pathogenesis.

DEGRADATION OF HUNTINGTIN BY PRO-
TEASOME
Proteasome is an important protease complex in-

volved in degradation of misfolded proteins and pro-
teinsinvolved in signaling pathways**, Proteasome
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is comprised of multiple protein subunits. About 40
peptides with molecular weight ranging from 20-110
kDa make up two different proteasomes (20S and 26S
proteasomes) with similar protease activity. The 20S
proteasome (700-kDa) is a bell-shaped or soccer ball-
like protein with catalytic activity. A PA700 and aPA28
modulatory subunits are attached at the both ends. An
additional 19S modulatory subunit is present in 26S
proteasome. Proteasomal degradation of proteins
requires ubiquitination of proteins. Ubiquitin is apro-
tein that consists of 76 amino acids. Polyubiquitinis
added to the residue of lysine through enzymatic
reactions. Ubiquitinated proteins then are degraded to
amino acids by proteasome. In addition to degradation
of proteins, proteasome also playsarolein intracellular
signaling, such as activation of NF-xB, caspase-3, and
regulation of cell death and proliferation.

Several studies reported degradation of huntingtin
by proteasome. Dr Hayden’'s group“” found that
huntingtin interacted with a human ubiquitin-conjugat-
ing enzyme (hE2-25K). This enzyme mediates
ubiquitination of target proteins. Ubiquitination of pro-
teins leads to degradation by 26S proteasome. The
Huntingtin is ubiquitinated in a polyglutamine length in-
dependent manner by E2-25K %, Expression of trun-
cated huntingtin forms SDS-resistant aggregates in the
perinuclear regions at or close to centrasome, a cellular
structure that has been proposed as a place for degra-
dation of misfolded proteins by proteasome. The for-
mation of huntingtin aggregatesis significantly increased
in the presence of proteasome inhibitor lactacystini*Y.
These studies support arole of proteasome in the deg-
radation of huntingtin. Proteasome degradation of
huntingtin plays arole in modulating the intracellular
levels of huntingtin fragments. This mechanism helps
to prevent an accumulation of N-terminal huntingtin to
toxic levels. In cells expressing exon 1 huntingtin with
expanded polyglutamine, subunits of 26S proteasome
including 20S, 19S, and 11S were found to be seques-
tered into huntingtin aggregates. Some molecular chap-
erones were also found co-localized with huntingtin
aggregates*!!. These findings suggest that proteasome
function could be compromised by mutant huntingtin.
Recent studies revealed more direct evidence showing
that aggregated proteins including mutant huntingtin
inhibited proteasome functions. In transgenic HD mice,
the activity of proteasome decreases with age and this
is accompanied by an increase in accumulation of
N-terminal huntingtin fragments. The relationship be-
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tween decreases in proteasome activity and accumula-
tion of N-terminal fragments has been established by
inhibiting proteasome function as the later significantly
increases the levels of huntingtin fragments and
huntingtin aggregates in young animals*?. These re-
sults could explain why mutant huntingtin, but not wild-
type huntingtin accumulatesin the brain. Furthermore,
expression of certain molecular chaperones such as
HSP70, HSP40 inhibits the formation of huntingtin ag-
gregation and increased clearance of mutant huntingtin,
thus reducing the toxicity of mutant huntingtint*3.

DEGRADATION OF HUNGTINGTIN BY
AUTOPHAGY/LYSOSOME

Autophagy, a process involved in bulk cellular
degradation, is first found in yeast and plant cellsin
response to nutrition restriction. It is formed by the
expansion and fusion of a double membrane structure
originating from ER or other undefined organelles. The
double membrane structure el ongates and closesto form
avacuole called autophagosomes. Autophagosomesthen
fuse with lysosomes and become a single membrane
bounded autophagic vacuoles*?, The formation of au-
tophagy involves membrane expansion and fusion, tar-
geting of cytoplasmic proteins to vacuoles and thus re-
quire complex protein-protein interactions'*?. Many
regulatory proteins, such asAPG, AUT, and CTV have
been identified in Sacchromyces cerevisiad*®. Autoph-
agy isalsoinvolvedin apoptosis as an aternative mecha
nism for active cell death!*”). Autophagy may also be
involved in neurodegenerative diseases. Recent studies
reported increased autophagy in Alzheimer disease,
Parkinson disease, and prion diseasd®®™. Previous stud-
ies from the laboratories of Dr DiFIGLIA and others
have found increases in lysosomal/endosomal staining
and multivesicular bodiesin HD braing™. In vitro ex-
pression of full length and large N-terminal huntingtin
fragments induces the formation of huntingtin-positive
autophagic vacuoles®™™. These studies suggest an au-
tophagic mechanism is activated by huntingtin. Also,
increased autophagy has been found in striatal cells de-
rived from HD transgenic micein response to oxidative
stress and may play arole in degeneration of striatal
neurons’®.

Degradation of truncated huntingtin by an autoph-
agic mechanism wasreported by Dr Ravikumar'®, They
found that inhibiting autophagy with 3-methyladenine
increased accumulation of mutant huntingtin and
huntingtin aggregates, while stimulating autophagy with
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rapamycin reduced both huntingtin accumulation and
huntingtin aggregates. Our recent studies found that
autophagy was involved in activation of cathepsins and
caspase-3 induced by overexpression of huntingtin®.
Autophagy may stimulate huntingtin cleavage and deg-
radation through activation of caspase-3 and cathepsin
D. The autophagic mechanism may also contribute to
the formation of huntingtin bodies, a unique structure
participating different molecular forms of huntingtinin
the shell and the core®. Thus an autophagic mecha-
nism may play different roles in HD pathogenesis at
early and later stages of HD. At early stages of HD,
stimulation of autophagy could enhance clearance of
huntingtin fragments thus preventing accumulation of
N-terminal huntingtin fragments. At later stages of HD,
overstimulation of autophagy could be detrimental to
cells since autophagy (if macroautophagy) could dam-
age cellular organelles. The linkage of autophagy and
HD pathogenesis could be related to increased cleavage
of huntingtin and alterations in mitochondria localiza-
tion and function, activation of caspase-3 and possible
programmed cells death.

ALTERED PROCESSING OFMUTANT
HUNTINGTIN AND HUNTINGTON DISEASE

Protein misfolding may be a common molecular
mechanism in neural injury and death in several
neurodegenerative diseases. Protein misfolding and
abnormal deposition intracellularly or extracellularly
causes neuronal dysfunction and death. In HD, loss of
normal functions of huntingtin contributesto HD patho-
genesis®®. Accumulation of N-terminal mutant
huntingtin fragment in vulnerable neurons plays an im-
portant role in neurodegeneration. Accumulation of
mutant huntingtin fragments could result from altered
processing and/or insufficient degradation of huntingtin.
Expansion of polyglutaminetract in huntingtin activates
caspases and cal pains and increases caspase and calpain
mediated cleavage of huntingtin. Cleavage of huntingtin
by caspases and calpains produces N-terminal fragment
containing polyglutamine tract. It has also been found
that expansion of the length of polyglutamine repeat in
huntingtin inhibited proteasome function and rendered
resistanceto degradation by lysosomal protease cathepsin
D. Combined effects of these would increase levels of
N-terminal huntingtin fragments. N-terminal fragments,
particularly with expanded polyglutaminetract are prone
to form dimmers and oligmers. The later assemble into
a structure named protofibril. Protofibrils are interme-
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diate products of stable fibril proteins, which are main
components of insoluble aggregates and inclusionsin
the nucleus in HD. Protofibrils actively interact with
cytoplasmic proteins and are toxic to cellg*”?. N-termi-
nal huntingtin fragments can get into the nucleus and
interfere with transcriptional regulation. They are aso
toxic to cells and can induce cell death by apoptosis.
Thus cleavage of mutant huntingtin by caspases and
calpains and compromised proteolysis play important
rolesin HD pathogenesis. This notion is now supported
by afew lines of evidence including aleviation of HD
pathology and symptoms of HD by inhibitors of caspases
and calpains, by molecular chaperones, and increased
proteolysig* 5859,

SUMMARY

In HD, N-termina fragments of mutant huntingtin
accumulate in neurons and then form detergent insoluble
aggregates and inclusions. As revealed in cellular
models, these could result from enhanced cleavage by
caspases and cal pains and/or a failure of proteasome
function. Increased cleavage of huntingtin by caspases
and calpains produces more N-terminal fragments.
These fragments are prone to form stable oligomers
and protein fibrils if proteasome is unable to remove
them efficiently. Autophagy may be activated when
huntingtin accumulates to high levels. Autophagy, on
the one hand, helps in degrading huntingtin to reduce
accumulation of mutant huntingtin. On the other hand,
based on our observation, autophagic activity also pro-
motes caspase-mediated cleavage of huntingtin. More-
over, overactivity of autophagy may cause damage to
cellular organelles. Thus, autophagy degradation of
mutant huntingtin may eventually result in cell
dysfunction. Preserving and boosting the capacity of
cellular proteolytic function may be one of the useful
strategies in delaying onset and retarding progression
of HD.
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