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Abstract
Huntington’s disease (HD) is an incurable neurodegenerative disease characterized by abnormal
motor movements, personality changes, and early death. HD is caused by a mutation in the IT-15
gene that expands abnormally the number of CAG nucleotide repeats. As a result, the translated
protein huntingtin contains disease-causing expansions of glutamines (polyQ) that make it prone
to misfold and aggregate. While the gene and mutations that cause HD are known, the
mechanisms underlying HD pathogenesis are not. Here we will review the state of knowledge of
HD, focusing especially on a hallmark pathological feature—intracellular aggregates of mutant
Htt called inclusion bodies (IBs). We will describe the role of IBs in the disease. We speculate that
IB formation could be just one component of a broader coping response triggered by misfolded
Htt whose efficacy may depend on the extent to which it clears toxic forms of mutant Htt. We will
describe how IB formation might be regulated and which factors could determine different coping
responses in different subsets of neurons. A differential regulation of IB formation as a function of
the cellular context could, eventually, explain part of the neuronal vulnerability observed in HD.
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In Huntington’s disease (HD), other polyQ-dependent disorders, and familial forms of
Alzheimer and Parkinson’s disease, symptom onset typically occurs in mid-life, despite the
fact that individuals harbor and express the disease-causing mutation from birth. This
implies that, early in life, toxicity is buffered by compensatory mechanisms that eventually
yield to disease progression. Thus, proteotoxicity and coping responses overlap along the
natural history of neurodegeneration. Since neuropathological investigations necessarily
focus on the cells that survive—quite likely those that deal best with proteotoxicity—coping
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responses might be easier to detect than pathogenic ones. Determining whether a particular
hallmark is a pathogenic mechanism or a coping response has important therapeutic
consequences. In this review, we will consider the role of IBs in HD with these issues in
mind.

HD is the most common form of inherited neurodegenerative disease. It is characterized by
uncontrolled and excessive motor movements and cognitive and emotional deficits.
Unfortunately, there is no treatment for this devastating disease, and death usually occurs
10–15 years after onset. The mutation that causes HD is known: an abnormal expansion of
CAG repeats in the IT15 gene results in an autosomal dominant trait (Huntington’s Disease
Collaborative Research Group, 1993). The huntingtin (Htt) protein has an abnormal number
of glutamine repeats (polyQ). The normal gene contains 6–34 CAG repeats, but a person
with a gene exceeding 40 repeats will inevitably develop HD if the person lives long
enough. The age of onset correlates inversely with the length of the CAG repeats. Typically,
symptoms begin with chorea in mild-life, and other neurological deficits and changes in
personality follow. Interestingly, polyQ expansions in other proteins lead to different
neurodegenerative diseases, also in a polyQ length–dependent manner. In addition to HD,
polyQ-dependent disorders include the spinocerebellar ataxias (SCA1, SCA2, SCA3,
SCA7), spinobulbar muscular atrophy (SBMA), and dentatorubropallidoluysian atrophy
(DRPLA) (Orr and Zoghbi, 2007).

A deep comprehension of the mechanisms by which polyQ expansions lead to neuronal
death in HD is needed to find therapeutic targets to prevent or cure this disease.

Inclusions bodies and Huntington’s disease
Small-animal models are powerful research tools. Soon after discovery of the mutation that
causes HD, transgenic lines of mice expressing the first exon of the human HD gene were
developed as disease models (Mangiarini, et al., 1996). Of several successful lines with
different numbers of disease-associated CAG repeat expansions (115–156), the R6/2 line
was the most-extensively characterized and commonly used for HD research. These mice
developed a complex and progressive neurological phenotype, with motor abnormalities and
premature death, reminiscent of some features of HD.

With the help of the models, a pathological hallmark of HD was soon discovered.
Immunostaining with an antibody against abnormal polyQ expansions revealed circular,
densely stained intraneuronal inclusions (Davies, et al., 1997). IBs were located in the
striatum, cerebral cortex, cerebellum, and the spinal cord. They were specific for mutant Htt
and often showed ubiquitin immunoreactivity. Very importantly, immunostaining of HD
brains also revealed Htt- and ubiquitin-positive intranuclear inclusions (Becher, et al., 1998,
DiFiglia, et al., 1997). Although these initial reports of HD brains described inclusions
primarily in the nucleus, subsequent work also found them in the cytoplasm and in neuronal
processes (Gutekunst, et al., 1999).

The idea that IBs cause HD was intuitively appealing. They are a pathological hallmark of
HD. In initial reports, IBs in transgenic mouse models and human HD brains were closely
correlated with HD symptoms. They were found in neurons before the onset of behavioral
symptoms and significant neuronal death (Davies, et al., 1997, Ordway, et al., 1997). But if
IBs cause HD, how might they do it?

Several hypotheses were proposed. Normal Htt interacts with proteins of the cytoskeleton-
based transport, receptor endocytosis and synaptic vesicle recycling (Caviston and Holzbaur,
2009, Harjes and Wanker, 2003, Qin, et al., 2004). Mutant Htt aggregation into IBs might
disrupt normal synaptic transmission. Additionally, the aggregation process driven by
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polyQs might sequester essential proteins, such as transcription factors (McCampbell, et al.,
2000, Nucifora, et al., 2001, Steffan, et al., 2000), proteasomes or other ubiquitine
proteasome system (UPS) components (Cummings, et al., 1998, Donaldson, et al., 2003)
between others (Suhr, et al., 2001). Hence, sequestration of proteins into IBs might trigger
different effects, such as transcriptional deregulation or proteasome impairment, affecting
neuronal survival. However, several studies found that the extent of protein sequestration
(transcription factors and proteasome components) into IBs was not biologically significant
(Bennett, et al., 2005, Yu, et al., 2002). Instead, functional sequestration of transcription
factors and UPS impairment can occur prior IB formation (Bennett, et al., 2005, Mitra, et al.,
2009, Schaffar, et al., 2004).

Interestingly, immunohistochemistry again provided some curious hints. Studies of HD
brains revealed a surprising discrepancy between the vulnerability of specific neuronal
subsets and IB localization. Early neuropathology reports indicated that the corpus striatum
(caudate nucleus, putamen and globus pallidus) was severely affected in HD. In 1985, a
system was established for grading the neuropathological severity of the striatum of HD
brains. Based upon macroscopic and microscopic criteria, this system assigned patients to
one of several grades (0–6, from less to more severe) (Vonsattel, et al., 1985). The best
macroscopic indicator of disease severity in the striatum was the atrophy of the caudate-
accumbens-putamen and globus pallidus. For microscopic histopathological evaluation,
neurons and astrocytes were counted to assess the relative neuronal loss and gliosis. As the
grade increased, atrophy and gliosis concomitant with neuronal loss were found to increase
in the striatum. The majority of neurons in the striatum are projection neurons, and the
enkephalin-positive projection neurons appeared to be mostly affected in HD (Reiner, et al.,
1988, Sapp, et al., 1995). At higher grades, cerebral cortex also displayed atrophy and a
decrease in neuronal numbers (Vonsattel and DiFiglia, 1998).

Closer examination of the mutant Htt aggregates revealed, however, that they were much
more common in the cerebral cortex than in the striatum at a time when cortical neuronal
loss was low but striatal neuronal loss was significant (Gutekunst, et al., 1999). Among the
neuronal populations in the striatum, aggregates occurred predominantly in interneurons
instead of in the more vulnerable medium spiny projection neurons (Kuemmerle, et al.,
1999). Therefore, IB localization was not more prevalent in neuronal subpopulations known
to die earliest in HD. Furthermore, the presence of IBs and neuronal death did not seem to
correlate either. In a primary striatal model of HD, IB formation was recapitulated but IB
formation could be dissociated from neuronal death with several experimental manipulations
(Saudou, et al., 1998). Additionally, transgenic mice that express mutant ataxin-1 without an
essential region for dimerization develop ataxia but do not form IBs (Klement, et al., 1998).

What then is the role of inclusions bodies in Huntington’s disease?
These observations led us to doubt that IB formation has a causative role in HD. Then, what
is the role of IB formation in HD neurodegeneration? Are IBs toxic, incidental, or part of a
beneficial coping response? And how can we sort out these possibilities?

Inferring causal relationships between a pathogenic feature and neuronal fate is difficult.
Conventional approaches provide only “snapshots” of different sets of neurons at different
time points. It is tempting to interpret differences observed at later times as an evolution of
changes seen at earlier times, but the populations of cells visualized at different time points
might be unrelated. New technologies were needed to overcome the limitations of
conventional approaches.

We took a different approach: we wanted to follow the same living neurons expressing a
particular protein of interest over long times and monitor their survival (“longitudinal
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survival analysis”). By observing the same neuron repeatedly, we reasoned that we could
link the appearance of a particular feature with its ultimate fate. We developed a robotic
microscope to do just this. By amassing a very large amount of data on individual neurons,
we could also adapt survival analysis to quantitatively determine if a feature predicts
neuronal fate (i.e., death). In addition, in the case of multiple factors, survival analysis could
quantify the risk associated with each factor, providing a way to rank them in order of
importance (Arrasate and Finkbeiner, 2005, Finkbeiner, et al., 2006).

This innovative and powerful approach helped us to resolve the controversial relationship
between mutant Htt IBs and death. By applying longitudinal survival analysis to a primary
striatal neuronal model of HD, we found that diffuse forms of mutant Htt predicted neuronal
death. Unexpectedly, we also found that IB formation reduced the levels of diffuse mutant
Htt and the risk of striatal neuronal death. We hypothesized that IB formation reduces levels
of toxic misfolded proteins from the diffuse fraction by sequestering them in IBs. Thus, IB
formation might be a beneficial coping response, helpful in ameliorating toxicity. In fact, for
neurons that form IBs, the risk of death, which is highly correlated to levels of diffuse
mutant Htt before IB formation, becomes substantially independent of those levels after an
IB forms and for the remainder of that neuron’s lifetime. The finding suggests that IB
formation marks a new adapted state for the neuron (Arrasate, et al., 2004, Miller, et al.,
2010).

Further research on HD mouse models has confirmed that mutant Htt aggregation and
toxicity are not connected. A mouse model expressing an N-terminal human Htt fragment
(exons 1 and 2) with 120Qs under the control of the endogenous human promoter showed
frequent and widespread IB formation but no evidence of neuronal dysfunction or
neurodegeneration (Slow, et al., 2005). Pharmacological promotion of IB formation is
starting now to be conceivable as a therapeutic approach for HD (Bodner, et al., 2006).
Paradoxically, strategies for reducing aggregation have also been proved beneficial in
different mouse models. For example, a small molecule (C2-8) that inhibits aggregation in a
yeast-based assay (Zhang, et al., 2005) improves motor performance and reduces neuronal
atrophy in the R6/2 mouse model. Interestingly, this molecule reduces the size of the
aggregates but not the number (Chopra, et al., 2007). This compound might work by
modulating mutant Htt levels and/or the initial steps of Htt misfolding that make it prone to
aggregation and hence indirectly affect aggregate formation. Posttranslational modifications
could also modulate mutant Htt levels and/or its propensity to misfold and aggregate. In this
sense, HD mouse models with mutations on residues susceptible to phosphorylation alter the
degradation of mutant Htt and, therefore, the rate of IB formation simultaneously to the
survival outcome (Gu, et al., 2009). Interventions or manipulations that prevent Htt
misfolding and the generation of toxic species would also be predicted to prevent the need
by cells to generate a coping response and could explain why some interventions lead to less
IB formation and a better outcome. This fact will be reviewed more extensively in the next
section.

Cellular regulation of IB formation
If IB formation is a coping process, might it also be regulated? Other lines of evidence
suggest just that. The quantitative relationship between mutant Htt levels and IB formation
was recently extended by mining large data sets generated by our automated microscope.
The analysis led to the discovery that IB formation saturates with the longest polyQ lengths
(Miller, et al., 2010). These findings suggest that IB formation is a regulated process
governed by interaction with limited cellular targets and therefore with saturable molecular
mechanisms.
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Intrinsic factors that influence mutant Htt aggregation capacity
Mutant Htt aggregation is influenced by several intrinsic factors, including the length of the
polyQ stretch, the amino acid sequences flanking the polyQ stretch, and the particular
conformation of mutant Htt.

The observation that the insertion of a disease-associated polyQ expansion in a heterologous
protein could lead to IB formation suggested that polyQ expansions might be sufficient in
certain peptide contexts to drive the formation of IBs (Ordway, et al., 1997). A structural
model showing that polyQ strands might form a β-sheet structure, held together tightly
through hydrogen bonds, suggested a mechanism whereby polyQ expansions could mediate
the formation of insoluble aggregates (Perutz, et al., 1994). Of the intrinsic factors
contributing to IB formation, the length of the polyQ stretch is most important. Scherzinger
and colleagues developed an elegant system based on heterologous chimeric GST-Htt fusion
proteins expressed in Escherichia coli to study polyQ-dependent aggregation in vitro. When
the GST tag was proteolytically cleaved, aggregation of Htt-containing proteins occurred
according to the length of the polyQ stretch (Scherzinger, et al., 1997, Scherzinger, et al.,
1999). This principle was recapitulated in the budding yeast (Krobitsch and Lindquist, 2000)
and primary cultures of striatal neurons (Arrasate, et al., 2004, Miller, et al., 2010).

Besides the length of the polyQ expansions, the aggregation mechanism involves other
intrinsic factors, such as the polyQ-flanking sequences and the particular conformation of
mutant Htt. The two domains that flank the polyQ stretch: the prolinerich region
downstream of the polyQ domain and the 17–amino acid (N17) peptide at the N-terminal
end of Htt greatly influence mutant Htt aggregation capacity. For example, in immortalized
striatal cells, the proline-rich region is necessary to form visible IBs of mutant Httex1

(Steffan, et al., 2004). Deleting this region in yeast dramatically influences the morphology
of the aggregates, yielding several amorphous dispersed aggregates instead of one or two
tightly focused aggregates (Dehay and Bertolotti, 2006, Duennwald, et al., 2006). By
comparison, attaching a proline-rich sequence C-terminal to a polyQ peptide decreases the
rate of aggregation of the peptide in vitro (Bhattacharyya, et al., 2006). In summary, the
proline-rich domain seems to modulate both the rate and mode of aggregation, but the
mechanisms by which it contributes to IB formation remain elusive.

Recently, a role in aggregation was proposed for the first 17 amino acids in Htt, N-terminal
to the polyQ-stretch (N17). A mutant Httex1 lacking N17 displayed delayed aggregation in
vitro and in cellular models. Interestingly, in vitro, the effect on the aggregation kinetics
occurs both in cis and trans, since addition of a synthetic N17 peptide promoted aggregation
of the deleted construct (Rockabrand, et al., 2007, Tam, et al., 2009, Thakur, et al., 2009).
This finding suggests that this portion of Htt has an important role in seeding the
aggregation process.

Analysis of purified IBs from HD brains demonstrated the presence of a broad range N-
terminal fragments of mutant Htt (DiFiglia, et al., 1997, Hoffner, et al., 2005). Proteolytic
cleavage of mutant Htt is thought to lead to the generation of N-terminal fragments and to
increase aggregation (Martindale, et al., 1998). Caspases, calpains and aspartic proteases are
candidate proteases. Inhibition of cleavage with specific protease inhibitors, as well as
mutation of consensus sites for caspases and calpains in Htt, reduces the frequency of
aggregate formation (Gafni and Ellerby, 2002, Gafni, et al., 2004, Lunkes, et al., 2002,
Wellington, et al., 2000). The specificity of the N-terminal fragments generated by cleavage
of mutant Htt might even differentially affect the localization (nuclear versus cytoplasmic)
of IB formation (Lunkes, et al., 2002). Interestingly, mice expressing full-length mutant Htt
with a mutation of residue 586 (caspase-6 resistant) do not develop striatal degeneration.
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This result points to proteolytic cleavage of mutant Htt not only as modulator of IB
formation but also as an important event in HD progression (Graham, et al., 2006).

The tight correlation among polyQ length, flanking regions, and the temporal pattern of IB
formation has been consistently reproduced in genetic mouse models of HD
neurodegeneration. The emerging pattern indicates that the longer the polyQ stretch and the
shorter the flanking regions, the earlier IBs accumulate (Ferrante, 2009).

The particular monomeric conformation adopted by mutant Htt also influences aggregation.
IBs are the culmination of an aggregation process that likely comprises a complex series of
intermediate steps. The polyQ-stretch might influence the conformation of normal Htt
monomers, resulting in misfolded monomers. These misfolded monomers might even adopt
different conformational states before assembling into oligomers, early aggregate precursors
that presumably incorporate into IBs. There is in vitro support for this hypothesis: Schaffar
and colleagues used intramolecular FRET (Förster resonance energy transfer) to show that
soluble monomers of mutant Httex1 displayed a conformational rearrangement before their
oligomerization (Schaffar, et al., 2004). From circular dichroism analysis, polyQ expansions
undergo a β-sheet conformational transition even as a monomeric protein (Nagai, et al.,
2007). Both the proline-rich and N17 flanking regions of the polyQ-stretch may act to
stabilize a β-turn, facilitating self-assembly and incorporation into fibrils and, therefore,
enhancing aggregation (Lakhani, et al., 2010, Tam, et al., 2009). Importantly, in these
studies, the conformational change in Htt preceded its incorporation into aggregates. Finally,
experiments involving mutant Htt and atomic force microscopy show that multiple
monomeric conformations may coexist, and some might be more prone to aggregation than
others (Wacker, et al., 2004).

Modifiers of Htt aggregation
The group of Htt-interacting partners described to date is quite large and includes proteins
involved in diverse cellular roles, such as vesicle transport, transcriptional regulation and
clathrin-mediated endocytosis between others (Goehler, et al., 2004, Harjes and Wanker,
2003, Kaltenbach, et al., 2007, Li and Li, 2004). A detailed description of the biological
meaning of these interactions is beyond the scope of this paper. However, to a large extend,
experimental manipulation of the expression of these proteins modulates aggregation of
mutant Htt into IB formation. Although the mechanisms are not established in most cases, it
is conceivable that expression of huntingtin partners might influence IB formation by
diverse mechanisms, for example, changes in subcellular localization or in the ability to bind
to another partner among others. In this section we will focus on two general categories of
proteins that modulate mutant Htt aggregation. The first group includes proteins that modify
mutant Htt posttranslationally and changes the effective concentration of the protein. The
second group includes molecular chaperones that will affect mutant Htt conformation.

1) Proteins that modify mutant Htt posttranslationally—Posttranslational
modifications that affect mutant Htt degradation would modulate protein levels and
consequently IB formation. The two major protein degradation pathways are the ubiquitin-
proteasome system (UPS) (non/lysosomal degradative pathway) and autophagy (a lysosome
degradative pathway) (Kirkin, et al., 2009). There are three types of autophagy:
macroautophagy, microautophagy and chaperone-dependent autophagy. In this review we
will refer mainly to macroautophagy, the autophagy type that requires sequestration of
substrates in a double membrane vesicle (autophagosome) which then fuses with the
lysosome.

Ubiquitin-positive IBs have been found in HD brains and mouse models (DiFiglia, et al.,
1997, Sieradzan, et al., 1999) (Davies, et al., 1997). In fact, Htt itself is ubiquitinated (Jana,
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et al., 2001, Steffan, et al., 2004, Waelter, et al., 2001), and yeast two-hybrid experiments
suggest that it interacts with hE2-25K, a specific ubiquitin-conjugating enzyme (Kalchman,
et al., 1996). Traditionally ubiquitination has been considered a targeting signal for
degradation by the UPS. However, the involving of ubiquitin as a specific factor for
selective autophagy is emerging. Selective autophagy requires specific recognition of
protein and organelles that are going to be engulfed, in contrast to what is considered non-
selective or “bulk” autophagy. Ubiquitin and ubiquitin-binding receptors could be involved
in this specific cargo recognition (Kraft, et al., 2010). Therefore, ubiquitinated mutant Htt
would be targeted for degradation to the proteasome and/or to the autophagy system,
potentially decreasing protein levels and IB formation. The relationship between mutant Htt
and the UPS is complex because mutant Htt might cause proteasome impairment leading to
IB formation. This issue will be reviewed more extensively in the next section.

The same ubiquitinated lysine residues are targets of sumoylation (Steffan, et al., 2004), a
covalent protein modification with small ubiquitin-like modifiers (SUMO). Sumoylation
stabilizes mutant Htt and reduces the formation of visible SDS-insoluble aggregates
(Steffan, et al., 2004). Rhes, a striatal-specific protein, interacts with mutant Htt
(Subramaniam, et al., 2009) and may function as a physiologic regulator to enhance mutant
Htt sumoylation (Subramaniam, et al., 2010). Interestingly, Rhes overexpression reduces IB
formation, increases levels of soluble mutant Htt, and increases mutant Htt cytotoxicity.

Mutant Htt is also acetylated in HD brains and in HD models (Aiken, et al., 2009, Jeong, et
al., 2009). Acetylation at lysine 444 facilitates Htt trafficking into autophagosomes and
improves clearance of the protein by macroautophagy. However, mutation of lysine 444 to
be resistant to acetylation causes mutant Htt to accumulate without forming visible
aggregates in cultured neurons and mouse brains (Jeong, et al., 2009). CREB binding protein
(CBP), a histone acetyltransferase, which also interacts with mutant Htt (Steffan, et al.,
2001), and HDAC1, a histone deacetylase, strongly increase and decrease acetylation of
lysine 444, respectively. Therefore, acetylation may be an interesting mechanism that
promotes degradation of mutant Htt by autophagy.

In addition to ubiquitination, sumoylation and acetylation, Htt is subject to palmitoylation at
cysteine 214. Palmitoylation is a reversible post-translational modification of cysteine
residues by the lipid palmitate that facilitates protein interaction with lipid bilayers, affecting
protein sorting and function (Fukata and Fukata, 2010). HIP14, a mammalian palmitoyl
transferase, interacts with and palmitoylates Htt (Huang, et al., 2004, Singaraja, et al., 2002).
HIP14/Htt interaction is inversely correlated to the polyQ length. Hence, palmitoylation is
decreased in mutant Htt vs. the wild-type form in a polyQ-dependent manner. Interestingly,
both chemical inhibition of palmitoylation and direct mutation of the cysteine 214 increase
the frequency of IBs. Down-regulation of HIP14 with siRNA on primary cultures from
mouse models expressing the full-length mutant Htt (YAC128) increases IB formation.
Conversely, overexpression of HIP14 substantially reduces IB formation and causes
redistribution of endogenous Htt and, to a lesser extent, mutant Htt to the Golgi. These
results suggest that palmitoylation regulates the localization of Htt. PolyQ expansions in
mutant Htt decrease palmitoylation, and consequently mutant Htt neuronal localization
might be affected. Therefore, palmitoylation may regulate IB formation via relocalization of
mutant Htt (Yanai, et al., 2006).

Finally, phosphorylation regulates mutant Htt degradation and thus aggregate formation.
BAC transgenic mice expressing full-length mutant Htt with serines 13 and 16 mutated to
either aspartate (phosphomimetic) or alanine (phosphoresistant) altered the aggregation
capacity of mutant Htt (Gu, et al., 2009). In these HD mouse models, phosphorylation of
serines 13 and 16 might abrogate HD pathogenesis. Therefore, identifying the kinases
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involved in Htt phosphorylation might constitute an important step to find therapeutic
strategies against HD. Among the candidate kinases, the inflammatory kinase IKK might
phosphorylate serine 13 and lead to phosphorylation of serine 16. Phosphorylation of these
residues promotes ubiquitination and sumoylation of the adjacent lysines and targets mutant
Htt for degradation by the proteasome and lysosomes (Thompson, et al., 2009). That might
explain why transgenic mice expressing polyQ-expanded Htt with serines mutated to mimic
phosphorylation do not develop aggregates. Recently, high-content screening experiments
showed that casein kinase 2 (CK2) inhibitors prevent the phosphorylation of these Htt
residues (Atwal, et al., 2011). Paradoxically, inhibitors of IKK enhance Htt phosphorylation.
These experiments implicate CK2 and IKK in the modulation of Htt phosphorylation, but it
remains to be determined if these inhibitors directly affect Htt phosphorylation or if other
Htt-interacting proteins, substrates of these kinases, mediate indirectly the effect. Htt is also
phosphorylated at serine 421 by Akt, which reduces its toxicity (Humbert et al., 2002).
Phosphorylation of Htt at serine 421 might mitigate toxicity by modulating BDNF vesicle
transport (Colin, et al., 2008, Humbert, et al., 2002, Zala, et al., 2008). In addition to the
serines, phosphorylation of threonine 3 in Drosophila and mouse HD models increases
aggregation and modifies the toxic properties of mutant Htt (Aiken, et al., 2009).

2) Molecular chaperones that affect mutant Htt conformation—Molecular
chaperones could also alter the conformational state of mutant Htt and act as potent
modulators of aggregation. The effect of chaperones on polyQ-expanded protein aggregation
has been extensively studied (see (Muchowski and Wacker, 2005)). Among the most
important chaperones are Hsp70 and its co-chaperones Hsp40 and TRiC. Hsp70 and Hsp40
prevent formation of polyQ IBs and modulate the aggregation process in vitro (Muchowski,
et al., 2000, Wacker, et al., 2004), in cellular yeast models (Krobitsch and Lindquist, 2000),
and Drosophila (Chan, et al., 2000). Interestingly, loss of Hsp70 increases the size but not
the number of IBs in a mouse model of HD (Wacker, et al., 2009). In vitro studies suggest
that Hsp70/Hsp40 affects the conformation of monomers before oligomerization and, in that
way, determines the formation of particular oligomeric species (Schaffar, et al., 2004,
Wacker, et al., 2004).

The chaperonin TRiC was identified as a modulator of aggregation in a genome-wide RNA
interference screen in Caenorhabditis elegans (Nollen, et al., 2004). It inhibits aggregation.
In in vitro experiments, TRiC interfered with polyQ aggregation by blocking or slowing
monomer addition to growing fibrils. TRiC may interact directly with mutant Htt monomers
or small oligomers to block the N17 amphipathic mutant Htt sequence element that
promotes aggregation (Tam, et al., 2006, Tam, et al., 2009). In conditionally TRiC-defective
yeast cells, the amount of SDS-insoluble aggregates increases, whereas overexpression of
TRiC suppresses polyQ aggregation. Of particular interest is the observation that TRiC
might specifically favor formation of ~500-KDa soluble oligomers over a ~200-KDa
population of oligomers (Behrends, et al., 2006, Tam, et al., 2006). In agreement with these
results, overexpression of TRiC inhibits aggregation of mutant Htt in cellular models
(Kitamura, et al., 2006). Interestingly, TRiC may cooperate with Hsp70. In vitro,
aggregation experiments with a GST-mutant Htt fusion protein, in the presence of Hsp70,
Hsp40, and TRiC, generated ~500-kDa SDS-soluble oligomers. Preincubation of GST-
mutant Htt with Hsp70/Hsp40 and later addition of TRiC resulted in formation of the same
oligomers, whereas reverse addition did not. These experiments suggest an organized action
of chaperones on the early steps of folding of mutant Htt monomers: an initial interaction
with Hsp70/Hsp40 is followed by an interaction with TRiC (Behrends, et al., 2006).

In summary, posttranslational modifications that include ubiquitination, sumoylation, and
acetylation, influence the targeting of mutant Htt to degradation pathways, such as the
proteasome and autophagy, and modulate IB formation. Phosphorylation might determine
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whether mutant Htt should be ubiquitinated, sumoylated or acetylated and therefore may
have a central role in the pathway selected for degradation. Palmitoylation emerges as a
posttranslational modification that is impaired by polyQ expansions, which might affect IB
formation by determining neuronal trafficking and localization of Htt. Additionally,
although further investigation in cellular models is needed, an important cooperative
mechanism between chaperones, such as Hsp70/Hsp40 or TRiC, might occur in which the
intervention at the very early folding steps of monomeric mutant Htt determine the identity
of the oligomers formed and the outcome of the aggregation process.

An important question to be resolved is which monomeric conformers and/or oligomeric
forms of mutant Htt are the toxic species. What does the rate of neuronal death in HD
suggest about the features of a candidate toxic species? An interesting study demonstrated
that in HD the kinetics of neuronal death is better explained by mathematical models in
which the risk of neuronal death remains constant (Clarke, et al., 2000). In this study,
measurements of 18F-doxyglucose uptake in the caudate nucleus of HD patients were
performed as indirect measures of neuronal loss. They found that neurodegeneration in these
patients was best described by a constant risk of death. In agreement with these data, the risk
of death in cellular HD models is also constant until up to 6 days after transfection with
exon-1 mutant Htt (Miller, et al., 2010). Of these studies is suggested that a candidate toxic
species would probably be present tonically. Recently, determination of molecular size of
mutant Htt species in mouse neuroblastoma cells with sedimentation velocity experiments
revealed a population of oligomers that remained constant over time (Olshina, et al., 2010)
pointing to this species as potentially toxic. Both monomeric and oligomeric forms have
been correlated with toxicity. We reviewed how polyQ expansions undergo a β-sheet
conformational transition in a monomeric state. This conformational transition in monomers
has been associated with cytotoxic (Nagai, et al., 2007). Additionally, the presence of
soluble oligomers of mutant Htt in yeast correlates with a growth defect (Behrends, et al.,
2006) and with toxicity in neuroblastoma differentiated cells (Takahashi, et al., 2008). The
particular conformation that the polyQs in mutant Htt adopt might determine its toxicity.
The latest data support the idea that polyQ might adopt a compact β structure that would
confer its toxicity in both monomeric and oligomeric forms of Htt (Poirier, et al., 2005,
Zhang, et al., 2011).

Despite this evidence, identifying mutant Htt conformational changes and mutant Htt
oligomerization in vivo, as well as assessing their pathological significance, remains
technically challenging. However, new tools are becoming available. For example,
conformation-specific antibodies (Kayed, et al., 2003, Legleiter, et al., 2009, Peters-Libeu,
et al., 2005) are reliable and useful tools for distinguishing mutant Htt monomeric
conformations and oligomers. Conformational sensors of mutant Htt that distinguish
monomeric proteins from oligomers in live cells have been also developed. These are based
on the binding of biarsenical ligands to tetracysteine protein domains (Ramdzan, et al.,
2010). These tools should help to assess the role that monomeric and oligomeric mutant Htt
species have in striatal neurodegeneration.

What orchestrates the balance between mutant Htt degradation and IB formation?
IB formation is regulated by the gain (production) or loss (degradation) of mutant Htt. The
main pathways for mutant Htt degradation are the UPS and autophagy (Sarkar and
Rubinsztein, 2008). As explained, ubiquitination can target Htt for degradation by the
autophagy and/or the UPS.

The fact that IBs in HD are ubiquitinated led to hypothesize that mutant Htt might impair the
ability of the proteasome to degrade mutant Htt itself and other intracellular protein
substrates. Experimental support for UPS impairment in HD comes mainly from a mass-
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spectrometry study that quantified abundance of polyubiquitin chains as a biomarker of UPS
function in mouse HD models and human HD brains (Bennett, et al., 2007). IB formation
initially appeared the culprit for this impairment. Abnormal accumulation of a fluorescent
reporter of proteasomal activity in live cells in presence of IBs led to the idea that IB
formation inhibits directly proteasome function (Bence, et al., 2001). However, subsequent
studies by the same group and others with techniques that improved greatly the temporal
resolution revealed that the accumulation of proteasomal reporter actually preceded IB
formation, excluding the possibility that IB formation was the cause of accumulation of the
reporter. In fact, IB formation reduces the accumulation of the proteasome reporter (Bennett,
et al., 2005, Mitra, et al., 2009).

These results were confirmed in an inducible mouse model that co-expresses mutant Htt and
a fluorescent reporter of the UPS (Ortega, et al., 2010). Accumulation of the UPS reporter
occurs transiently after acute induction of mutant Htt expression, and restoration of normal
proteasome activity correlates with the appearance of IB formation. No accumulation of the
UPS reporter is observed later in vivo at symptomatic stages when the presence of IBs is
generalized. The transient detectable accumulation of the proteasome reporter may explain
why it was not observed in other polyQ disease mouse models with widespread IB
formation (Bowman, et al., 2005, Maynard, et al., 2009).

All these results strongly suggest that species of mutant Htt smaller than IBs are causing an
accumulation of the proteasomal reporter, phenomenon that it has been generally referred as
“proteasomal impairment.” However, two different interpretations equally explain this
observation. First, the mutant Htt degradation process is difficult and causes a “jam” in the
proteasome. Second, there is a competition between substrates for degradation. This might
occur if mutant Htt is preferentially selected, leading to accumulation of other substrates, or
if the stress that mutant Htt places on the protein homeostasis system leads to widespread
misfolding of other metastable proteins. The increase in the overall load of proteins targeted
to the proteasome could therefore lead to the accumulation of proteasome reporters because
the capacity of the proteasome is exceeded even if flux through the proteasome was not
impaired at all. In any case, IB formation restores normal activity of the UPS probably
because it reduces the competition for the UPS by lowering the load of proteins targeted to
the UPS (Figure 1).

Does a neuron “sense” too much ubiquitinated mutant Htt in a way that determines IB
formation and eventually restore normal UPS activity? If so, HDAC6, a cytoplasmic
deacetylase that interacts with ubiquitin, may be such a sensor (Hook, et al., 2002,
Seigneurin-Berny, et al., 2001). HDAC6 binds ubiquitin monomers with high affinity, which
mediates its ability to negatively control the cellular polyubiquitin turnover and favors the
aggregation of polyubiquitinated proteins (Boyault, et al., 2006). Through its association
with the dynein motor complex (Kawaguchi, et al., 2003), it also transports ubiquitinated
aggregates to aggresomes (microtubule-dependent inclusion bodies (Kopito, 2000)).
Therefore, HDAC6 could be directly controlling the levels of ubiquitinated mutant Htt and
the IB formation process (Figure 1).

HDAC6 may also be an essential link between the UPS and autophagy. Mutant Htt
accumulates in structures that resemble endosomal-lysosomal organelles in brains from HD
patients (Sapp, et al., 1997), and autophagosomes containing mutant Htt have been
described in cellular and mouse HD models (Davies and Scherzinger, 1997, Kegel, et al.,
2000). Thus, mutant Htt seems to be targeted to autophagosomes for degradation. Further,
proteasome impairment by polyQ expansions in Htt has been reported to induce autophagy
(Iwata, et al., 2005). In a Drosophila model, expression of the androgen receptor with an
abnormal polyQ expansion impairs proteasome function and causes a degenerative
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phenotype (Pandey, et al., 2007). Interestingly, autophagy was induced in an HDAC6-
dependent manner as a compensatory mechanism to counteract the polyQ-dependent
proteasome impairment. HDAC6 accelerated the turnover of mutant androgen receptors by
autophagy. Upon expression of HDAC6, the degenerative phenotype was suppressed. The
deacetylase function of HDAC6 was required for this effect, which may seem paradoxical
given that mutant Htt requires acetylation (at least at K444) for targeting to autophagosomes
(Jeong, et al., 2009). However, the role of HDAC6 in polyQ-dependent autophagy activation
could also involve other mechanisms, such as the recruitment of the autophagy machinery to
aggresomes (Iwata, et al., 2005). Therefore, further investigation is required to clarify the
mechanisms by which HDAC6 participates in the polyQ induction of autophagy.

p62, a polyubiquitin-binding protein, is another good candidate for sensing ubiquitinated
mutant Htt and controlling aggregate formation. Expression of p62 is increased in mutant
Htt expressing cells, and p62 co-localizes with IBs (Nagaoka, et al., 2004). Importantly, p62,
via interaction with LC3 in autophagosomes, is involved in linking polyubiquitinated protein
aggregates to the autophagy machinery (selective autophagy). It might recruit
autophagosomal components to polyubiquitinated aggregates, facilitating the clearance of
such aggregates and even non-aggregated forms of mutant Htt (Bjorkoy, et al., 2005,
Komatsu, et al., 2007, Tung, et al., 2010). Along with recognizing ubiquitinated Htt, p62
interacts with acetylated mutant Htt, which could further contribute to degradation by
targeting mutant Htt for autophagy (Jeong, et al., 2009). In considering the role of
autophagy, one must consider that, in the context of mutant Htt, autophagosomes form
efficiently. However, they may be not fully functional due to a failure in cargo recognition
that eventually may lead to inefficient autophagy (Martinez-Vicente, et al., 2010).

Thus, HDAC6 and p62 could be key cellular proteins that govern the fate of ubiquitinated
and acetylated polyQ-containing proteins (e.g., mutant Htt) by activating a broad coping
response that includes IB formation, activation of autophagy, and other mechanisms. The
efficacy of this response to improve neuronal survival would depend on the extent to which
misfolded toxic mutant Htt is cleared. IB formation and autophagy would decrease toxic
diffuse forms of mutant Htt. This would involve restoration of normal proteasome activity or
a better match between the load of misfolded protein to the protein homeostasis system and
the available capacity of that system to handle it (Figure 1). Eventually, autophagy may
participate in the final clearance of IBs (Ravikumar, et al., 2004, Tsvetkov, et al., 2010).

Could specific neuronal subtypes initiate and mediate IB formation
differently? Roles for cell autonomous and non-autonomous mechanisms

We have reviewed two observations about IBs and HD. First, IB formation is dissociated
from the vulnerability of different neuronal types and regions of HD brains. Instead, IB
formation appears to be part of a broader coping response that acts coordinately with the
UPS and autophagy. These findings suggest that specific neuronal subtypes modulate IB
formation differently and that this property contributes to survival. What evidence supports
this assertion?

In primary neuronal models with mutant Htt expressed by adenoviral vectors, different
aggregation patterns were observed among cortical, striatal or cerebellar neurons (Tagawa,
et al., 2004). We then measured the risk of IB formation in a longitudinal study of single
cortical and striatal primary neurons expressing mutant Htt. Cortical neurons had a higher
risk of IB formation than striatal neurons, even with the same dosage of mutant Htt
(unpublished results). Thus, distinct subtypes of neurons might regulate IB formation
differently and some perhaps in a cell-autonomous manner. Among the candidates for
variable modulation of IB formation would be HDAC6, p62, the UPS and autophagy.
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Variations in the activity of the UPS have been assessed in primary cultures of neurons and
astrocytes from rat cerebral cortex upon adenoviral infection with a fluorescent reporter of
proteasome function. Cortical neurons accumulated more reporter than astrocytes (Tydlacka,
et al., 2008). Whether cortical neurons have lower UPS activity or experience more
competition with the fluorescence reporter for the UPS, the result suggests that neurons and
glia have cell-specific differences in their protein homeostasis networks. Still, there is no
clear evidence of different activities of the UPS and autophagy systems among neuronal
subtypes, and the same applies for differential activities of HDAC6 and p62. Differences on
other components of the protein homeostasis, such us molecular chaperones, might also play
a role in the variable modulation of IB formation. Expression of Hsp70 chaperone could be
up-regulated differently in primary granule cells of rat cerebellum than in cortical neurons
upon adenoviral expression of mutant Htt (Tagawa, et al., 2007). Further research is
warranted to identify key neuron-specific protein players that are involved in the different
cell-autonomous mechanisms regulating of IB formation.

When thinking in mechanisms by which mutant Htt cause selective toxicity of striatal
neurons, two potential models have to be taken in consideration. Expression of mutant Htt in
vulnerable neurons is sufficient to cause dysfunction and neurodegeneration (cell-
autonomous mechanisms), or contribution of other cell types (mainly form cortical and
nigral afferents) increases the risk of neurodegeneration of the vulnerable ones (non-cell-
autonomous mechanisms). Conditional mouse models for HD were created in which the
expression of mutant Htt was selectively restricted to specific areas of the brain (Gu, et al.,
2007, Gu, et al., 2005). In these models, whereas striatal pathogenesis required non-cell-
autonomous mechanisms, IB formation appeared to be a cell-autonomous process.

Other experimental evidence indicates, however, a potential role for non-cell-autonomous
mechanisms in IB formation. The striatum receives significant dopaminergic input from the
substantia nigra, and dopamine might regulate IB formation since increases aggregation of
mutant Htt on primary neuronal and cellular models of HD (Charvin, et al., 2005, Robinson,
et al., 2008). Both D1 and D2 receptors could be involved in aggregate modulation.
Recently, an interesting non-cell-autonomous mechanism was proposed in which synaptic
activity regulates IB formation (Okamoto, et al., 2009). The authors showed that inhibition
of NMDA receptors in cortical and striatal primary neurons expressing mutant Htt with the
NMDA receptor antagonists APV, memantine or ifenprodil decreased the number of IBs.
The balance between synaptic and extra-synaptic NMDA receptor activity seems to
critically determine IB formation. A mechanism was proposed in which synaptic activation
of NMDA receptors induce expression of the chaperonin TRiC, favoring IB formation. By
contrast, extra-synaptic activation of NMDA receptors was proposed to increase Rhes
expression and enhance soluble mutant Htt by sumoylation, hence decreasing IB formation.
In a previous section, we reviewed how TRiC acts as a potent modulator of mutant Htt
aggregation, inhibiting IB formation (Nollen, et al., 2004, Tam, et al., 2009). Interestingly, a
cooperative action of Hsp70/Hsp40 with TRiC might modulate the formation of soluble
oligomers (Behrends, et al., 2006, Tam, et al., 2006). Although the authors reported that
Hsp70 co-localized with IBs, further investigation of the mechanism is required to link
synaptic activity–mediated expression of TRiC with oligomer formation and aggregation. In
particular, the role of the Hsp70/Hsp40 chaperone system must be examined. Nevertheless,
the model proposed by Okamoto et al. provides a plausible mechanistic link between
excitotoxicity, striatal vulnerability, and IB formation.

Excitotoxicity mediated by glutamate has been proposed to explain the selective striatal
vulnerability in HD (DiFiglia, 1990). YAC transgenic HD mouse models expressing full-
length mutant Htt are more susceptible to neuronal death induced by striatal injections of
quinolinate and NMDA (Zeron, et al., 2002). This excitotoxic effect could be mediated by
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NR2B-containing NMDA receptors (Heng, et al., 2009). An exacerbated glutamatergic input
to the striatum (mainly from cortical afferents and astrocytes) or an increase in the number
and/or activity of NMDA receptors would result in excessive NMDA receptor activity and
higher striatal excitotoxicity. In agreement with this idea, alterations in the corticostriatal
pathway that suggest abnormal release of glutamate have been reported in mouse models of
HD (Cepeda, et al., 2007). Additionally, astrocytes that help to buffer glutamate levels on
the striatum may have impaired uptake of glutamate upon mutant Htt expression (Faideau, et
al., 2010). Finally, mutant Htt might evoke excitotoxicity by producing changes in NMDA
receptors. In fact, a reported increase of NR2B-containing extra-synaptic NMDA receptors
in the striatum and extra-synaptic NMDA receptor signaling might contribute to the
phenotypic onset in the YAC transgenic HD mouse model (Milnerwood, et al., 2010).

For all these mechanisms, the presence of mutant Htt might actually result in an increase of
the glutamatergic input to the striatum, leading to excessive extra-synaptic activation of
NMDA receptors and changes in gene expression in the striatum (i.e., Rhes). As a
consequence, an altered processing of mutant Htt might favor toxic soluble forms over more
aggregated forms (Figure 2). This non-cell-autonomous mechanism might contribute to our
understanding of how excitotoxicity and coping responses, such as IB formation, and
explain the selective vulnerability of striatal neurons. More importantly, it could have
therapeutic implications too. Pharmacological blockage of extra-synaptic NMDA receptors
activity improves neuropathological and behavioral deficits of the YAC HD mouse model
by eventually favoring activation of pathways that would enhance IB formation
(Milnerwood, et al., 2010, Okamoto, et al., 2009).

Summary and final remarks
IB formation, as one of the most important hallmarks of HD, was generally considered to be
the main suspect in the pathogenic process of neurodegeneration. Here, we review a growing
body of evidence that suggests the IB formation process is part of a broader cellular coping
response. Acting together with the UPS and autophagy systems, IB formation might help to
reduce the levels of diffuse, toxic mutant Htt.

The incorporation of mutant Htt into IBs depends on the concentration of mutant Htt and on
its conformational status. Here, we discussed that cis-acting determinants—the length of the
polyQ stretch or the sequences flanking it—and the action of molecular chaperones define
specific conformational states of mutant Htt that predispose its aggregation into IBs. On the
other hand, a range of post-translational modifications in the mutant Htt molecule (e.g.,
ubiquitination, acetylation and sumoylation) control the effective concentration of mutant
Htt by targeting the protein to degradation via either the UPS or autophagy. In the hierarchy
of Htt modifiers, kinases may steer mutant Htt towards a particular post-translational
modification and drive the mode of mutant Htt turnover. These findings suggest that IB
formation results from the intertwined action of multiple mechanisms controlling mutant Htt
folding and turnover.

Finally, mutant Htt displays different toxicity and IB formation in different neuronal
subtypes, implying a differential regulation of the mechanisms described here. From that
perspective, it is tempting to speculate on the existence of sensing molecules that detect
levels of mutant Htt and trigger the clearance of mutant Htt or its accumulation into IBs.
Candidates for such a role have been proposed that recognize ubiquitinated polyQ-
containing proteins and trigger IB formation, as well as proteasomal and autophagic activity.
Further research is needed to identify key neuron-specific protein sensors that regulate IB
formation as part of a broader coping response in a cell-autonomous manner. But,
interestingly enough, a non-cell-autonomous regulation mechanism was recently proposed
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in which synaptic activity regulates IB formation. The combination of cell-autonomous and
non-cell-autonomous mechanisms regulating the proteastasis of mutant Htt provides a
plausible framework to understand the specific striatal vulnerability in HD.
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Figure 1. Model for cellular regulation of coping responses to the presence of misfolded mutant
Htt
(1) Expression of mutant Htt causes accumulation of substrates requiring proteasome
degradation. This might be due to an increase in the amounts of other misfolded proteins
that compete for proteasomal degradation or to impairment of proteasome function or both.
“Sensor” proteins that recognize ubiquitinated and acetylated forms of mutant Htt, such as
HDAC6 and p62, might facilitate IB formation and autophagy activation. (2) HDAC6 binds
ubiquitin and favors accumulation of ubiquitinated protein into IBs. (3) HDAC6 also
induces autophagy as a response to polyQ-dependent proteasome substrate accumulation. (4)
p62 interacts with acetylated mutant Htt potentially targeting the protein to degradation by
autophagy. (5) p62 also recognizes ubiquitin and might recruit autophagosomal components
to degrade non-aggregated and aggregated forms of ubiquitinated mutant Htt. (6) IB
formation and autophagy induction would reduce the load of misfolded mutant Htt protein
and potentially restore normal ubiquitin proteasome system (UPS) activity.
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Figure 2. Potential non-cell-autonomous mechanisms for regulating IB formation in the striatum
Glutamatergic and dopaminergic neuronal projections are the main afferents to the striatum
from the cortex and the substantia nigra, respectively. (Left) Extra-synaptic and synaptic
activity mediated by glutamate could modulate IB formation. An excess of glutamatergic
stimulation might occur in the striatum of HD brains through different mechanisms:
increased release from cortical afferents, decreased uptake by striatal astrocytes, and
changes in NMDA receptor (NMDAR) number/subunit composition and localization.
Excessive extra-synaptic NMDAR-mediated activity might drive gene expression that
stabilizes soluble toxic forms of mutant Htt (thicker arrows), leading to neuronal death.
Pharmacological blockage of extra-synaptic NMDAR activity would eventually restore an
appropriated balance between extra-synaptic and synaptic activity, favoring gene expression
that would increase IB formation and neuroprotection. (Right) Dopamine might also
modulate IB formation in the striatum through D2 and/or D1 receptors, via unknown
mechanisms.
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