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Abstract
Neurodegenerative diseases affect the lives of millions of patients and their families. Due to the
complexity of these diseases and our limited understanding of their pathogenesis, the design of
therapeutic agents that can effectively treat these diseases has been challenging. Huntington
disease (HD) is one of several neurological disorders with few therapeutic options. HD, like
numerous other neurodegenerative diseases, involves extensive neuronal cell loss. One potential
strategy to combat HD and other neurodegenerative disorders is to intervene in the execution of
neuronal cell death. Inhibiting neuronal cell death pathways may slow the development of
neurodegeneration. However, discovering small molecule inhibitors of neuronal cell death remains
a significant challenge. Here, we review candidate therapeutic targets controlling cell death
mechanisms that have been the focus of research in HD, as well as an emerging strategy that has
been applied to developing small molecule inhibitors—fragment-based drug discovery (FBDD).
FBDD has been successfully used in both industry and academia to identify selective and potent
small molecule inhibitors, with a focus on challenging proteins that are not amenable to traditional
high-throughput screening approaches. FBDD has been used to generate potent leads, pre-clinical
candidates, and has led to the development of an FDA approved drug. This approach can be
valuable for identifying modulators of cell-death-regulating proteins; such compounds may prove
to be the key to halting the progression of HD and other neurodegenerative disorders.
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1. Introduction
Neurodegenerative diseases encompass a large class of disorders that affect millions of
individuals around the world. Broadly, such diseases can be defined as those that selectively
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and progressively induce neuronal death or dysfunction, especially in midlife. Currently,
there are few effective therapies for such disorders. The number of patients affected by
neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), and HD, is estimated to
increase over time due, to the growing size of the elderly population (Hebert et al., 2001;
Thrall, 2005). The cost of care in the US for AD patients alone surpasses $100 billion
(Alzheimer’s Association, 2010). Delaying the onset or slowing the development of
neurodegeneration would have a significant benefit: it would decrease the economic burden
and improve the quality of life of affected individuals and their families (Alzheimer’s
Association, 2010; Thrall, 2005).

Here, we focus on one neurological disorder, HD, and emerging drug discovery approaches
involving fragment-based and computational drug design that can be applied to developing
small molecule inhibitors of proteins that induce cell-death. We begin by reviewing what is
known about HD (section 2) and then examine the pro-cell-death targets that may be of
therapeutic benefit to HD (section 3). In the final section, we describe FBDD and how it
may be used in drug discovery efforts for HD and other neurodegenerative diseases (section
4).

2. Huntington disease
There have been several extensive reviews published on HD (Imarisio et al., 2008; Ross and
Tabrizi, 2011; Walker, 2007; Zuccato et al., 2010). Here, we provide only a brief overview
of the disease.

2.1 Brief history
The first patients exhibiting the characteristic dance-like movements, chorea (χορεία), can
be traced back to 1237 in Erfurt, Germany (Park and Park, 1990). Large epidemics were
later documented in 1374 and 1518 across Europe (Waller, 2009). These cases were termed
chorea by Paracelsus, 16th century German-Swiss physician, but today they are referred to as
dancing mania (Jummani and Okun, 2001; Osler, 1894; Park and Park, 1990) and may have
been due to mass hysteria during the Black Death pandemic in Europe (Krack, 1999).
Subsequently, many acquired forms of chorea, such as a complication from rheumatic fever
or from drug use, in addition to genetic causes, have been identified (Wild and Tabrizi,
2007); the most prevalent of the genetic chorea disorders is HD. The features and symptoms
of this hereditary chorea were first described in detail by a New York physician, George
Huntington, in an 1872 paper titled “On Chorea” (Huntington, 1872; Huntington, 2003),
which described the disease as it was manifest in East Hampton families. Because of his
description, this genetic chorea became known as Huntington’s disease. Since then,
understanding of the pathology and molecular mechanism of HD has advanced dramatically,
but few therapeutics have been developed.

2.2 Pathology and characteristics
HD is a fatal, neurodegenerative trinucleotide-repeat disorder. Pathologically, HD is
characterized by expansion of a cytosine-adenine-guanine (CAG) repeat in the coding region
of the huntingtin gene (HTT), located on chromosome 4p16.3 (The Huntington’s Disease
Collaborative Research Group, 1993). The CAG repeats in HTT are translated into a
polyglutamine (polyQ) sequence in the N-terminal region of the huntingtin (Htt) protein. HD
is one of nine polyQ disorders, which include the spinocerebellar ataxias (SCA1, 2, 3, 6, 7,
and 17), spinal bulbar muscular atrophy, and dentatorubral-pallidoluysian atrophy; HD is the
most prevalent member of this group. (For a thorough characterization and epidemiology of
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spinocerebellar ataxias and dentatorubral-pallidoluysian diseases, see the review by Schols
et al. (Schols et al., 2004)).

HD typically occurs in midlife, but extensive CAG expansion leads to a juvenile onset form
of the disease. In unaffected individuals, there is an average of 19 CAG repeats in the
huntingtin gene, but HD patients acquire 36 to 121 CAG repeats (Kremer et al., 1994).
Patients with 36 to 39 repeats show reduced penetrance for the disease and can be
asymptomatic for many years (Quarrell et al., 2007; Rubinsztein et al., 1996).

HD is inherited in an autosomal dominant manner, though “sporadic HD” has been shown to
occur in patients with an asymptomatic father with an intermediate allele containing 30-35
CAG repeats (De Rooij et al., 1993; Goldberg et al., 1993; Hendricks et al., 2009). The
length of the expanded CAG correlates with an earlier age at which the symptoms of the
disease manifest and with a more severe form of HD. Thus, in juvenile cases of HD, patients
have over 63 CAG repeats and the disease progresses more rapidly than in patients with
fewer repeats (Telenius et al., 1993), leading to mortality within 11 years of onset (compared
to 15-20 years typical for adult onset HD) (Foroud et al., 1999).

Long tracks of CAG repeats are prone to replication errors in meiosis (Kremer et al., 1995),
leading to expansion or contraction of the CAG repeats. Expansions of more than seven
repeats are passed down from the paternal line to the offspring 96% of the time (Kremer et
al., 1995), due to greater CAG instability in spermatogenesis than in oogenesis (Zuhlke et
al., 1993). Meanwhile, a reduction in the size of the CAG track is caused predominantly by
maternal inheritance of the HTT gene (Kremer et al., 1995; Zuhlke et al., 1993).

Typically, HD is associated with loss of motor control, resulting in uninhibited movements
of muscles in the face, body, legs, and arms. This is a consequence of gradual and
continuous degeneration of neurons in the caudate and putamen. Especially affected are
medium spiny neurons in the striatum that project to the globus pallidus externa, part of the
indirect basal ganglia pathway (Mink, 1996). The death of these medium spiny neurons
leads to a loss of inhibition of the thalamus, hyper activation of the direct basal ganglia
circuit (Lobo, 2009), and an increase in undesired motor signals to the body and eyes. As
HD progresses, there is an increasing rate of cell death in other areas of the brain, including
the basal ganglia, thalamus, and cerebral cortex (Vonsattel and DiFiglia, 1998). As a result,
HD patients experience emotional, cognitive, and motivational difficulties, in addition to
motor complications, changes in behavior, mood swings, weight loss, irritability, anxiety,
and depression (Foroud et al., 1999). Cognitively, there is a strain on short-term memory,
error correction, long term planning, organization, and concentration (Walker, 2007). As the
disease develops, HD patients develop difficulties in coordination, including speaking,
swallowing and walking (Foroud et al., 1999). Mortality generally arises from
complications, such as pneumonia and heart disease (Sorensen and Fenger, 1992; Zuccato et
al., 2010).

2.3 Epidemiology
Worldwide, HD has the highest prevalence among Caucasians of European descent,
estimated to be 5 to 7.5 out of 100,000 individuals (Warby et al., 2011). The greatest
concentration of HD patients is seen in the Lake Maracaibo region of Venezuela at 700
cases per 100,000 (Warby et al., 2011), while Asian populations have the lowest prevalence
of HD; in Japan, the prevalence is 0.65 per 100,000 (Nakashima et al., 1996). Data on
African populations are lacking, but the disease is generally of low occurrence in such
populations (Harper, 1992; Scrimgeour, 1981). Higher prevalence is seen in South Africa
(Hayden and Beighton, 1982), United Republic of Tanzania (Scrimgeour, 1981), and Egypt
(Kandil et al., 1994).
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Warby and colleagues proposed an explanation for HD prevalence differences: they were
able to identify, in Western European populations, two groups of single nucleotide
polymorphisms located near HTT that are inherited together with the long CAG repeats of
the gene (Warby et al., 2009). These two groups of single nucleotide polymorphisms make
up two haplotypes that are highly predisposed to CAG instability (Warby et al., 2009). In
other areas of the world, such as China and Japan, these haplotypes are not abundant in the
population, and thus the mutation rates of CAG-track expansion are low (Warby et al.,
2011).

2.4 Huntingtin gene
It has been almost 20 years since the discovery of the genetic cause of HD, the huntingtin
gene, and yet the molecular pathways that lead to neurodegeneration in HD remain poorly
defined. The huntingtin gene, identified in 1993 by a collective effort (The Huntington’s
Disease Collaborative Research Group, 1993), is a large 180 kb DNA sequence that consists
of 67 exons (Ambrose et al., 1994) and differs in sequence from any previously identified
gene (The Huntington’s Disease Collaborative Research Group, 1993). The pathogenic
CAG expansion is found in the first exon of the gene. Messenger RNA generated from HTT
can be one of two lengths, 13.7 kb or 10.3 kb (Lin et al., 1993); these vary only at their 3’
untranslated polyadenylated tail. Neurons preferentially express the longer mRNA transcript
(Lin et al., 1993), but the significance of this is not fully understood.

2.5 Huntingtin protein
Wild-type HTT mRNA is translated into a 348 kDa protein (The Huntington’s Disease
Collaborative Research Group, 1993) that is ubiquitously expressed. Purifying recombinant
Htt protein has been challenging due to the protein’s large size, low solubility, and poor
bacterial expression (Li et al., 2006), making it difficult to obtain a structure of the full
length protein. Most of what is known about the Htt protein structure comes from molecular
modeling and biophysical studies on either polyglutamine peptides or the N-terminal portion
of the protein (Darnell et al., 2007). To date, the only success at generating a recombinant
full-length wild-type Htt protein, although at low yields, was seen by James A. Huntington’s
group using insect cells (Li et al., 2006).

2.5.1 Structure—In 2009, Kim and colleagues generated seven crystals containing exon 1
of wild-type Htt with 17 glutamines in the polyQ region (PDB entries: 3IO4, 3IO6, 3IOR,
3IOT, 3IOU, 3IOV, 3IOW) (Kim et al., 2009). Their studies confirmed the predicted
secondary structure for the N-terminus of the Htt protein. The CAG repeats in HTT translate
into a polyQ track that starts at amino acid 18. The 17 amino acids preceding the polyQ
sequence adopt an alpha helix (Kim et al., 2009). Directly following the polyQ region is a
sequence of 11 consecutive proline residues, followed by several mixed proline/glutamine
residues, and then another proline-enriched tract (Kim et al., 2009). These polyproline and
mixed P/Q regions form a polyproline type II helix (Darnell et al., 2007; Kim et al., 2009)
that is proposed to be involved in interactions with multiple binding partners (Qin et al.,
2004). Furthermore, Kim et al. found that the wild-type polyQ track of 17 Q is able to adopt
multiple conformations in the crystals: an alpha helix, an extended loop, and a random coil
(Kim et al., 2009). They speculated that this floppy polyQ stretch can be stabilized in the full
length Htt protein by the proline-rich regions that follow it (Kim et al., 2009). Several
studies postulated that the expansion to 36 or more glutamines can change the conformation
of the polyQ region into a beta sheet or other conformation (Darnell et al., 2007).

Additional structural features of the Htt protein were identified by analyzing the protein
sequence. Andrade and Bork originally identified the presence of 10 HEAT tandem arrays,
named after the initial four proteins found to contain these repeats (huntingtin, elongation
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factor 3, subunit A of protein phosphatase 2A, and TOR1) present within the first 1,710 N-
terminal amino acids of the protein (Andrade and Bork, 1995). A later analysis with an
alternative algorithm revealed the presence of 36 HEAT-like sequences throughout the Htt
protein (Takano and Gusella, 2002).

These HEAT domains consist of 37-45 amino acids that form a helix-turn-helix secondary
structure and are repeated multiple times in proteins. The alpha helices in each repeated unit
are anti-parallel, but stack in tandem with neighboring HEAT repeats in a parallel fashion,
so that each alpha helix in a HEAT unit is parallel to its counterpart in the next HEAT unit
(Groves et al., 1999). Takano et al. proposed that having these alpha helical coils throughout
Htt makes the protein adopt a solenoid tertiary structure that serves as a potential protein-
protein interaction platform (Takano and Gusella, 2002). Preliminary biophysical
characterizations by Li et al. on the full-length wild-type Htt (Li et al., 2006), as well as
crystallization studies on other HEAT repeat proteins (Cingolani et al., 1999; Groves et al.,
1999), support the notion of this superhelical solenoid platform. Furthermore, the fact that
other HEAT-containing proteins are found in multi-protein complexes and recruit other
proteins, may explain why the Htt has been reported to interact with numerous binding
partners (Takano and Gusella, 2002).

2.5.2 Function—Wild-type Htt is an essential protein that is necessary for embryogenesis
and development. Expression of truncated murine Htt protein generated by inactivation of
either exon 5 (Nasir et al., 1995), the promoter and exon 1 (Zeitlin et al., 1995), or deletion
of exon 4 and exon 5 (Duyao et al., 1995) results in early embryonic lethality in mice. Mice
heterozygous for disrupted exon 5 of the murine huntingtin gene showed significant loss of
neurons in the basal ganglia and resulting behavioral abnormalities (Nasir et al., 1995;
O’Kusky et al., 1999). These findings suggest that wild-type huntingtin is important in
maintaining basal ganglia neurons during adulthood (O’Kusky et al., 1999). Additional
studies using transgenic mice carrying the human mutant HTT on a yeast artificial
chromosome (YAC) showed that increasing the expression of endogenous murine wild-type
huntingtin can protect against mutant huntingtin-induced apoptosis in vivo (Leavitt et al.,
2001).

The precise role of wild-type huntingtin is unknown, but it has been implicated in numerous
cellular pathways and shown to interact with a variety of proteins that are involved in
clathrin-mediated endocytosis (Metzler et al., 2001; Singaraja et al., 2002), intracellular
trafficking (Gauthier et al., 2004), transcriptional regulation (Dunah et al., 2002; Zhai et al.,
2005; Zuccato et al., 2003), and cell survival (Leavitt et al., 2006; Zhang et al., 2006).

Mutant huntingtin has aberrant interactions with its binding partners, and loss of some or all
of these interactions may contribute to HD pathogenesis. Furthermore, homozygous
inactivation of murine huntingtin supports the idea that HD arises due to a gain-of-function
caused by the expanded polyQ track (Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al.,
1995), which may be involved in aberrant interactions (Cui et al., 2006; Morfini et al.,
2009). Expansion of the polyQ track in Htt leads to formation of neuronal nuclear
aggregates and induces the pathology associated with HD (Bates, 2003).

2.6 Pathogenic mechanisms in HD
The presence of mutant huntingtin in the cell results in many cellular problems. It causes
activation of pro-apoptotic proteins, mitochondria dysfunction, impaired axonal transport,
transcriptional dysregulation, excitotoxicity, altered metabolism and energy levels, and
aberrant calcium regulation. These cellular dysfunctions occur in early stages of HD, prior to
the demise of the striatal cells. When left unchecked for a prolonged period, they ultimately
lead to neuronal death. The exact mechanism of how mutant huntingtin causes such cellular
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dysfunction is not clear. In the following section, we briefly review proposed pathogenic
cellular mechanisms.

2.6.1. Excitotoxicity—Excitotoxicity in HD involves overstimulation of neuronal
glutamate receptors, especially ionotropic N-methyl-D-aspartic acid receptors (NMDARs),
that leads to excessive influx of calcium ions and eventually results in activation of cell
death. Several factors have been proposed to be responsible for induced NMDAR
overactivation in HD (Raymond, 2003).

First, impaired glutamate reuptake by astrocytes has been proposed, which results in
substantial glutamate accumulation in the synapse and overactivation of NMDARs. Hassel
and colleagues reported a 43% reduction of glutamate uptake and defective excitatory
amino-acid transporter 2 (EAAT2) (also known as glutamate transporter 1, GLT1) function
in postmortem brains of HD patients (Hassel et al., 2008). These researchers also observed
that the rate of glutamate uptake was inversely related to CAG repeat length in portmortem
brains of HD patients (Hassel et al., 2008); the rate was lower in brain tissues with a larger
number of CAG repeats in mutant HTT (Hassel et al., 2008). Multiple studies in mice also
found decreased EAAT2/GLT1 expression and function in the presence of mutant
huntingtin, well before neuronal cell death occurred (Behrens et al., 2002; Estrada-Sanchez
et al., 2009; Lievens et al., 2001). R6/2 HD mice treated with ceftriaxone, a β-lactam
antibiotic that can activate EAAT2/GLT1 promoter (Rothstein et al., 2005), had elevated
EAAT2/GLT1 expression in the striatum and cortex in early and late stages of HD (Miller et
al., 2008; Sari et al., 2010). Furthermore, increasing EAAT2/GLT1 levels with ceftriaxone
was able to ameliorate the HD phenotype in R6/2 mice (Miller et al., 2008) and was
neuroprotective in an ALS mouse model (Rothstein et al., 2005). Huang and colleagues
found that palmitoylation, which is the covalent attachment of palmitic acid, to cys-38 of
EAAT2/GLT1 was important for EAAT2/GLT1 reuptake of glutamate by glial cells (Huang
et al., 2010). Significant loss of palmitoylation at this site was observed in YAC128 HD
mice (Huang et al., 2010).

Another factor that can lead to overactivation of NMDARs is altered energy metabolism,
due to dysfunctioning mitochondria. NMDAR and other ionotropic neuronal receptors
require a resting membrane potential between −70 to −80 mV. This resting potential is
sustained by Na+/K+ ATPase, which pumps Na+ ions out and K+ ions into cells in an ATP-
dependent manner. When mitochondria are damaged and there is less ATP production to
support the proper Na+/K+ ion gradients, this leads to cell depolarization (Hara and Snyder,
2007). Under normal resting potential, there is a Mg+2ion in the NMDAR that blocks entry
of calcium into neurons, even if the channel is open. However, when the membrane is
depolarized the Mg+2 is lost from the NMDAR and the channel allows free entry of Ca+2,
once glutamate and glycine bind to the NMDAR (Hara and Snyder, 2007).

2.6.2 Mitochondrial dysfunction—Mitochondria are one of the most important
organelles for neuronal survival. They are the main providers of energy to neurons, and in
addition to supporting common cellular functions are needed to maintain resting membrane
potential and neurotransmitter uptake and release. Additionally, mitochondria are involved
in activation of apoptosis, calcium buffering, and produce reactive oxygen species. Thus,
damage to mitochondria can have serious repercussions. Impaired mitochondrial function
has been observed in multiple models of HD.

Evidence exists for mitochondrial metabolic dysfunction in HD. Weight loss is a
pronounced factor in HD patients, and has been observed in HD mouse models. HD patients
experience weight loss in the early (Aziz et al., 2008; Djousse et al., 2002) and late stages of
the disease (Kirkwood et al., 2001). Severe chorea, increased energy expenditure, and
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difficulties swallowing may account for weight loss in patients with moderate HD (Pratley et
al., 2000). In early stages of the disease, when HD patients have few involuntary movements
(Djousse et al., 2002) weight loss is indicative of mitochondria dysfunction. Aziz et al.
found a direct correlation between the number of CAG repeats and the rate of weight loss
(Aziz et al., 2008). A larger number of CAG repeats in HD patients in the early stages of the
disease and in R6/2 mice resulted in greater weight loss and increased caloric consumption
in mice (Aziz et al., 2008). These authors showed that these results were not dependent on
chorea or other motor activities, but rather might be due to a hypermetabolic cellular state,
due to impaired mitochondria (Aziz et al., 2008).

Some researchers propose that weight loss in HD is indicative of impaired glycolysis.
Monitoring 18F-fluorodeoxyglucose with positron emission tomography showed decreased
glucose metabolism in the striatum of symptomatic and presymptomatic HD patients (Kuhl
et al., 1982; Martin et al., 1992; Mazziotta et al., 1987). In addition to these same findings,
Powers W.J. et al. also observed no change in the metabolic rate of oxygen and an increase
in the ratio of oxygen to glucose metabolism in the cortex of HD patients (Powers et al.,
2007). The authors conclude that no change in oxygen metabolism, but a decrease in glucose
metabolism might be due to impaired glycolysis in astrocytes (Powers et al., 2007). Shifting
the metabolism from breaking down glucose to ketone bodies by keeping mice on a diet
high in fat and low in carbohydrates, decreased weight loss in R6/2 1J mice (Ruskin et al.,
2011).

Applying 31P magnetic resonance spectroscopy, several groups were able to monitor high-
energy metabolites, such as phosphocreatine, to study oxidative metabolism in HD patients
during exercise. In cells needing energy sources that can be mobilized rapidly, such as in
neurons and muscle, the energy reserves are stored as phosphocreatine. When energy is
needed, such as during exercise, phosphate is transferred from phosphocreatine to ADP to
generate ATP and creatine. When ATP is abundant, such as during a resting state, creatine
can be converted to phosphocreatine in mitochondria to replenish this high-energy
metabolite. In symptomatic HD patients and asymptomatic carriers with mutated HTT, there
was a decreased rate of ATP generation after exercise, as monitored by phosphocreatine
regeneration (Saft et al., 2005) and a reduced ratio of phosphocreatine to inorganic
phosphate (Lodi et al., 2000). This is indicative of inadequate energy generation and
dysfunctional oxidative metabolism in the mitochondria.

Impaired mitochondrial complex II, III, IV functions in the electron transport chain have
been shown in mitochondria isolated from postmortem brain tissues of HD patients
(Benchoua et al., 2006; Browne et al., 1997; Gu et al., 1996; Mann et al., 1990). Primates
treated with complex II inhibitor, 3-nitropropionic acid, produced selective neuronal death in
the striatum similar to what is observed in HD phenotype (Brouillet et al., 1995).
Additionally, overexpressing the subunits of complex II was neuroprotective in striatal
neurons transfected with mutant Htt (Benchoua et al., 2006).

There is reduced number, size, and altered morphology of mitochondria in rat cortical
neurons transfected with mutant HTT (Song et al., 2011) and in HD patients (Kim et al.,
2010). Overexpressing mutant Htt increased mitochondria fragmentation, reduced ATP
levels, and induced caspase-3 activation in HeLa cells (Wang et al., 2009). A study by Song
and collaborators showed that in fibroblasts from HD patients and in HD mice, mutant Htt
induced mitochondrial fragmentation and decreases mitochondrial transport, which led to
neuronal cell death (Song et al., 2011). This mitochondria fragmentation occurred before the
onset of cell death (Song et al., 2011). Furthermore, mutant Htt, but not wild-type Htt,
colocalized and bound to DRP1 (dynamin-related protein-1) in YAC128 mice and in brain
tissues from HD patients, and activated DRP1 GTPase activity (Song et al., 2011). DRP1
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K38A, which is a dominant-negative, enzymatically inactive mutant, was able to rescue
neurons from mutant-Htt-induced cell death, reduce mitochondrial fragmentation and
improve mitochondrial transport (Song et al., 2011) Expressing proteins that promote
mitochondria fusion, such as Mfn2, was also able to prevent mitochondrial fragmentation,
cell death and restore ATP levels in HeLa cells expressing mutant Htt (Wang et al., 2009).
RNAi knockdown of DRP1 was able to reduce motility defects in C. elegans expressing
mutant Htt (Wang et al., 2009). Targeting DRP1 protein with small-molecules might turn
out to be a beneficial therapy for preventing cell death due to mitochondria fragmentation in
HD.

Another consequence of malfunctioning mitochondria in HD is seen in disturbed calcium
homeostasis. One of the normal functions of the mitochondria is to serve as a buffer for
calcium ions. Calcium is taken up by the mitochondrial calcium uniporter (MCU), in the
inner mitochondrial membrane, and is stored in the mitochondrial matrix until it is needed
for release (Collins and Meyer, 2010; Viola and Hool, 2010). In HD, Panov et al. found that
mitochondria from HD patients and HD transgenic mice had lower capacity to retain
calcium, had lower membrane potential than controls, and the rate of calcium uptake was
slower in mitochondria from HD YAC72 mice than YAC18 mice (Panov et al., 2002).
Additionally, the researchers showed that mutant Htt was localized in the mitochondrial
outer membrane in mitochondria isolated from brains of YAC72 mice (Panov et al., 2002)
and from STHdhQ111/HdhQ111 cultured striatal neurons from knock-in embryonic mice
(Choo et al., 2004). This disburbance of calcium ion homeostasis point to mitochondria
impairement in HD.

There are also numerous studies that show reduced expression of PGC-1α (peroxisome
proliferator-activated receptor-γ coactivator 1α), a transcriptional regulator of
mitochondrial genes and antioxidant enzymes, in HD models. Mitochondrial transcription
requires three proteins for activation: mitochondrial RNA polymerase (POLRMT), Tfam
(mitochondrial transcription factor A), and one or both of TFB1M or TFB2M isoforms
(mitochondrial transcription factor B1 and B2) (Scarpulla, 2008). Tfam, TFB1M, TFB2M,
as well as cytochrome c and some subunits of electron transfer chain are encoded by nuclear
genes, which are regulated by Nrf1 and Nrf2 (nuclear respiratory factors 1 and 2)
transcription factors (Gleyzer et al., 2005). PGC-1α binds to Nrf1 and Nrf2 to trans-activate
transcription of these genes (Gleyzer et al., 2005). In HD, there was an observed reduction in
mRNA levels of PGC-1α in the medium spiny neurons of mutant Htt knockin mice, in
cultured STHdhQ111 striatal cells, and reduced PGC-1α gene transcription in brains of R6/2
mice (Cui et al., 2006). Furthermore, postmortem caudate of presymptomatic HD patients
also had lower PGC-1α mRNA levels, as well as decreased levels of PGC-1α-targeted
mitochondrial genes (Cui et al., 2006). Overexpression of PGC-1α was able to rescue from
mutant-Htt-induced toxicity in striatal cells (Cui et al., 2006). Mice that had PGC-1α
knocked out and mutant Htt knocked in (HD(CAG)140+/− /PGC-1α+/−), showed worse motor
performance and earlier degeneration in the striatum than mutant Htt knockin mice (Cui et
al., 2006). This decrease in PGC-1α transcription in HD, which leads to earlier degeneration
of striatum, was due to mutant Htt interference with CREB-mediated gene transcription (Cui
et al., 2006). The PGC-1α gene promoter contains cAMP response elements needed for
CREB binding and activation of transcription. As described in section 2.6.3, mutant Htt can
interact with TAFII130/TAF4 (subunit of TFIID) and CREB, sequestering them from
forming functional transcription complex (Cui et al., 2006).

2.6.3 Transcriptional dysregulation—Interference with the normal process of
transcription has been proposed as another pathogenic mechanism in HD. One piece of
evidence to support this hypothesis is a set of observations that wild-type Htt is
predominately a cytosolic protein. However, when mutant Htt is present, the protein is
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cleaved and the N-terminal fragments translocate into the nucleus, forming intranuclear
inclusion bodies, which were observed in the cortex and striatum in postmortem brains of
HD patients (DiFiglia et al., 1997).

In addition, some transcription factors contain glutamine-rich sequences that allow them to
recruit other proteins to the site of DNA interaction. One such transcription factor is
specificity protein 1 (Sp1). Sp1 binds to the GC-box in promoters and recruits transcription
factor II D (TFIID) to DNA, through its glutamine-rich sequence interaction with one of the
TFIID subunits, TAFII130 (also known as TAF4) (Dunah et al., 2002). This causes binding
of the rest of the transcription factors (TFIIA, TFIIB, TFIIF, TFIIE, and TFIIH), recruitment
of RNA polymerase II, and initiation of transcription. When mutant Htt is present in the
nucleus, its polyQ track binds to the glutamine-rich region of Sp1 and impedes Sp1 binding
to specific DNA promoters and to TAFII130/TAF4 (Dunah et al., 2002; Li et al., 2002). This
inhibits expression of selective Sp1-dependent genes that are downregulated in HD, such as
dopamine D2 receptor and nerve growth factor receptor (Chen-Plotkin et al., 2006; Dunah et
al., 2002; Li et al., 2002).

Furthermore, mutant Htt can directly interact with the transcription machinery. Soluble, not
aggregated, mutant Htt directly binds and sequesters TAFII130/TAF4 (subunit of TFIID)
and RAP30 (subunit of TFIIF) (Dunah et al., 2002; Zhai et al., 2005). The two subunits of
TFIIF, RAP30 and RAP74, are needed together to recruit RNA polymerase II to the site of
transcription. Mutant Htt may compete with RAP74 for binding to the N-terminal region of
RAP30, thus preventing the formation of full TFIIF complex and inhibiting transcription
(Zhai et al., 2005).

Several other studies showed that expression of genes that rely on the transcription factor
CREB (cAMP response element binding) were also downregulated in HD (see also section
2.6.2 on transcription of mitochondrial gene regulator PGC-1α). CREB-mediated
transcription relies on the coactivator CBP (CREB binding protein) for initiation of
transcription (Kwok et al., 1994). CBP is a 265 kDa protein with multiple domains that aid
its binding to the DNA and basal transcription factors, a KIX domain for interaction with
phosphorylated CREB, a HAT domain for its histone acetyltransferase activity (McManus
and Hendzel, 2001), and a stretch of 18 polyglutamines in the C-terminal portion of the
protein (Nucifora et al., 2001). Nucifora Jr. and colleagues showed that mutant Htt interacts
with the polyQ region in CBP in mouse model of HD and in postmortem brains of HD
patients (Nucifora et al., 2001). They reported that CBP is sequestered by mutant Htt into
intranuclear inclusions, preventing CBP-mediated transcription and reducing CBP histone
acetyltransferase activity (Nucifora et al., 2001). Overexpressing CBP rescued cells from
mutant-Htt-induced cell death (Nucifora et al., 2001).

2.7 Treatment
2.7.1 Medication—Currently, there is no treatment that can stop, postpone, or reverse the
progression of HD. There are however, several drugs that can ameliorate the symptoms of
HD. In 2008, tetrabenazine was approved by the U.S. FDA to control the involuntary
sporadic movements of the extremities and face associated with chorea (Hayden et al., 2009;
Wang et al., 2010). It is the only medication in United States solely prescribed for
controlling muscular movement disorders. Tetrabenazine decreases the uptake of dopamine
by inhibiting vesicular monoamine transporter 2 (VMAT2) (Hayden et al., 2009).

Antipsychotic medications, such as haloperidol, clozapine, chlorpromazine, and olanzapine,
which function by decreasing dopamine levels, are also sometimes prescribed to reduce
chorea (Jankovic, 2009; Phillips et al., 2008). A benefit of these agents is that they also help
control the psychotic features that may be associated with HD.
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Anticonvulsant medications, such as clonazepam, valproic acid, divalproex, and lamotrigine,
may also decrease chorea (Adam and Jankovic, 2008). An antiparkinsonian medication,
amantadine, has also shown success in controlling chorea (Bonelli and Wenning, 2006;
Lucetti et al., 2003). To cope with depression, suicidal thoughts and compulsiveness, anti-
depressants such as fluoxetine, escitalopram, sertraline, and nortriptyline have been
prescribed to HD patients (Phillips et al., 2008). Furthermore, anti-anxiety medications, such
as diazepam, benzodiazepines, paroxetine, and venlafaxin are used to calm patients, and to
mitigate anxiety associated with the disease. Drugs such as lithium, valproate, and
carbamazepine are used to ameliorate mania and mood swings in HD patients (Bonelli and
Wenning, 2006). Unfortunately, many of these medications have adverse side effects that
can worsen HD symptoms.

2.7.2 Non-medication therapies—Physical therapy and occupational therapy in the
earlier stages of the disease can help improve motor coordination; exercises can strengthen
muscles and improve balance and posture (Bilney et al., 2003). Psychiatric therapy can help
reduce anxiety, depression and stress, as well as help cope with the changes associated with
the disease. Additionally, decreasing stress and anxiety can help manage the chorea. Speech
language pathologists can work with HD patients to help them with communication and
swallowing problems, and determine if augmentative or alternative communication devices
would be helpful (Bilney et al., 2003).

2.7.3 Drugs in development—Table 1 provides a list of small molecules, RNAi, gene
therapy, and biological agents in preclinical or clinical stages of testing. Below we provide
details of some of these experimental therapeutic agents.

An RNAi therapeutic, ALN-HTT, is being developed in collaboration with Alnylam
Pharmaceuticals, Inc., Medtronic, Inc., and CHDI Foundation, Inc. to silence the huntingtin
mRNA and decrease mutant Htt protein production (Alnylam Pharmaceuticals, 2011).
Alnylam Pharmaceuticals has proposed to file for Investigational New Drug (IND)
application with the FDA in 2012 (Alnylam Pharmaceuticals, 2011) and shortly thereafter
begin Phase I clinical trials. Experiments in mice showed that direct RNAi delivery into the
brain provided protection against cell death for striatal neurons, decreased aggregation of
mutant Htt protein, and improved motor functions (DiFiglia et al., 2007; Harper et al., 2005;
Machida et al., 2006).

Link Medicine Corp. is developing the small molecule LNK-754 for the treatment of
multiple neurodegenerative diseases, including AD, PD, ALS, and HD (Link Medicine,
2012). LNK-754 is an inhibitor of farnesyltransferase (Sommer and Stacy, 2008) that can
induce the degradation of misfolded and aggregated proteins by stimulating autophagy,
without inhibiting mTOR. In PD, studies have shown that inhibition of farnesyltransferases
decreased alpha synuclein protein levels in cell culture and was neuroprotective (Liu et al.,
2009). Furthermore, there have been two completed Phase I clinical studies with LNK-754
in healthy individuals and individuals with mild AD with promising outcomes. Phase II
studies for AD have not commenced at this time. Trials for this therapeutic agent in HD are
currently in development.

The gene therapy drug CERE-120 (AAV-NTN), developed by Ceregene, Inc., has shown
promise in PD. CERE-120 is a viral vector containing the gene for neurturin, a pro-survival
neurotrophic factor. It has shown neuroprotection in murine models of PD (Quarrell et al.,
2007), has been well tolerated in Phase I human clinical trials, and is currently being
evaluated in Phase II trials for PD. Furthermore, in preclinical trials CERE-120 decreased
striatal cell loss in HD animal models (Perez-Navarro et al., 2000). It is now being evaluated
in preclinical phase for advancement of CERE-120 into a Phase I trial for HD.
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The small molecule pridopidine (Huntexil® or ACR16) is being evaluated in advanced
clinical trials by NeuroSearch A/S for treatment of symptoms of HD. This compound has
successfully completed a Phase III clinical study in Europe (MermaiHD study) and Phase II
in US (HART study) (de Yebenes et al., 2011; Lundin et al., 2010). Patients receiving
pridopidine have shown improvements in voluntary movements, had no serious adverse
effects, and were able to tolerate the drug at high doses (de Yebenes et al., 2011). This drug
is a dopamine stabilizing agent that binds to a D2 dopamine receptor (de Yebenes et al.,
2011; Lundin et al., 2010). What makes pridopidine and this class of dopamine stabilizers
unique is that depending on the levels of dopamine in the cells, it will either have
stimulatory or inhibitory effects (Lundin et al., 2010).

2.8 Summary
There have been advances in understanding the causes of HD. This knowledge has
translated into multiple therapeutic strategies, many of which are in development. Most of
the investigational interventions for HD have focused on controlling dopamine levels,
altering the mutant huntingtin mRNA and protein directly, or providing cell death protection
to neurons in the striatum. These strategies have resulted in several therapeutic agents in
preclinical and clinical trials. However, additional targets involved in cell death pathways
might provide more substantial protection to neurons in the presence of mutant huntingtin
protein. In the next section, we review cell death mechanisms in HD and some of the
potential drug targets in these pathways.

3. Regulated cell death pathways and HD targets
Classical programmed cell death was initially used to describe apoptosis, a tightly regulated,
active, self-terminating process that Kerr morphologically characterized in 1972 to contrast
with accidental cell death (Kerr et al., 1972). Today, there are numerous cell death pathways
that have been identified. In addition to the well-established regulated cell death pathway of
apoptosis, novel pathways and processes involving cell death are being identified, such as
ferroptosis (Dixon et al., 2012), entosis (Overholtzer et al., 2007), paraptosis (Sperandio et
al., 2000), Netosis (Wartha and Henriques-Normark, 2008), and necroptosis (Degterev et al.,
2005; Vandenabeele et al., 2010), to name a few. Most of the literature indicates that in
striatal neurons of HD patients and in HD animal models, there are markers for apoptotic
cell death (discussed more in section 3.1). We begin by discussing the cell death
components implicated in HD, and then describe autophagy, the pro-survival pathway that is
impaired in HD and their relevance to HD pathology.

3.1 Apoptosis pathway
Morphologically and biochemically, apoptosis is a distinct form of cell death. A cell that has
been instructed to undergo apoptosis begins to contract, reducing the size of its cytoplasm,
condensing its chromatin, and digesting the nucleus into fragments (Kerr et al., 1972). This
is accompanied by the formation of apoptotic bodies — unequal sized, cell membrane-
bound blebs that surround organelles, condensed chromatin, and cytoplasmic components —
that pinch-off and get consumed by phagocytes for further degradation (Kerr et al., 1972;
Kroemer et al., 2009).

The biochemical pathways of apoptosis are divided into two distinct routes: the extrinsic
pathway and the intrinsic pathway. Both of these pathways activate a set of specific cysteine
endoproteases, known as caspases (Alnemri et al., 1996), that carry out the execution order
of the cell by cleaving protein substrates, and result in the characteristic morphology of
apoptosis (Kroemer et al., 2009).
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In the extrinsic pathway, the death stimulus activates a cell surface TNF family death
receptor, causing oligomerization of its intracellular domain and binding of the adaptor
protein, FADD (Boldin et al., 1996; Muzio et al., 1996). FADD contains a death effector
domain (DED) that can bind to the DED of pro-caspase-8. Binding of FADD to pro-
caspase-8 brings into close proximity other pro-caspase-8 molecules, causing pro-caspase-8
to dimerize and self-activate. Activated caspase-8 can then cleave and activate effector
caspases, such as capsase-3, caspase-6, and caspase-7, which in turn execute the apoptosis
program.

In the intristic pathway, the death stimulus results in the activation of pro-apoptotic proteins
of the Bcl-2 family, Bax and Bak, that penetrate the mitochondrial outer membrane, causing
the release of cytochrome c. Once released, cytochrome c binds to APAF-1, causing the
heptamerization of APAF-1, recruitment of pro-caspase-9, formation of the apoptosome, and
activation of caspase-9. Once activated, the apoptosome-caspase-9 complex cleaves effector
caspases, capsase-3, caspase-6, and caspase-7, to launch the apoptosis program.

3.1.1. Apoptosis in HD—In HD, there are many markers of activated apoptotic
machinery but at present there is no consensus on the cell death pathway that leads to the
demise of the cell (reviewed in (Hickey and Chesselet, 2003)). In an inducible PC12 cell
model of HD upon expression of mutant Htt there is release of cytochrome C from the
mitochondria and activation of caspase-3, 6, and 7, which leads to cell death. This mutant
Htt induced death can be rescued with Bcl-2 protein overexpression or with general caspase
inhibitor, Boc-D-FMK (Hoffstrom et al., 2010)(Aiken et al., 2004). In cultures of rat striatal
neurons expressing mutant Htt there is evidence of chromatin condensation (Rigamonti et
al., 2000; Saudou et al., 1998), DNA laddering (Rigamonti et al., 2000), and activation of
caspase-3 (Rigamonti et al., 2000). The cell death in primary striatal neurons could be
rescued with co-expression of anti-apoptotic protein BclXL or caspase-3 inhibitor (Saudou et
al., 1998). Additionally, wild-type Htt has been shown to protect from several apoptotic
stimuli such as caspase-3, caspase-9, and BAK activation in immortalized striatal cells
(Rigamonti et al., 2000). Medium spiny neurons from YAC128 transgenic mice also showed
intrinsic caspase-dependent apoptotic death due to glutamate-induced Ca2+ signaling (Tang
et al., 2005). All these in HD models point to the intrinsic caspase-dependent apoptosis
mechanism.

Studies of proteins that can interact with Htt demonstrate that HIP1 can activate the intrinsic
apoptosis cascade, implying that the loss of Htt-HIP1 interaction leads to this apoptotic
death in HD (Choi et al., 2006). However, HIP1 interaction with Hippi can also activate
caspase-8 dependent extrinsic cell death (Gervais et al., 2002). In this study, the cell death
induced by expression of HIP1 and Hippi could not be rescued with co-expression of Bcl-2
protein, but could be ameliorated with inhibitors of the extrinsic apoptosis pathway (Gervais
et al., 2002).

Furthermore, studies show involvement of caspase-1 in HD (Wang et al., 2005) (Ona et al.,
1999). Caspase-1 activation is involved in a form of cell death, termed pyroptosis, which has
different biochemical features than apoptosis altogether (Galluzzi et al., 2012).

In the striatum from postmortem brains of HD patients Kiechle and colleagues show that
there was activated caspase-9, released cytochrome c into the cytoplasm, and activated
caspase-3 only in the severe neuropathological grades samples (Grade 3 and Grade 4)
(Kiechle et al., 2002). They observed that in R6/2 mice caspase-9 and cytochrome c release
was also present only at the endstage of the disease (Kiechle et al., 2002). Even though their
findings indicate intrinsic caspase-dependent apoptosis, this pathway does not initiate until
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later in the course of the disease; thus something else is responsible for the demise of
neurons in the early neuropathological grades (Kiechle et al., 2002).

Even though there is no consensus right now on the cell death pathway that leads to the
demise of the cell, pro-apoptotic machinery and cell death inducing proteins are activated in
HD, and inhibiting them may serve as beneficial therapeutic targets (Hickey and Chesselet,
2003).

3.2 Pro-cell-death targets
There have been numerous reports of the involvement of pro-apoptotic and death-inducing
proteins in HD that are activated as a result of mutant huntingtin protein expression.
Inhibiting these proteins can delay the toxic effects of mutant huntingtin by postponing cell
death and the onset of the disease. Here, we review these studies.

3.2.1 Caspase-1—Caspase-1 is not a typical pro-apoptotic protease in that it is not
involved in the apoptotic cascade, however, it is capable of activating a form of cell death,
termed pyroptosis (Galluzzi et al., 2012). Originally discovered as interleukin-1β converting
enzyme (ICE), caspase-1 functions to cleave interleukin substrates, interleukin (IL)-1β and
IL-18, in the inflammatory response (Thornberry et al., 1992). A recent study also
demonstrated that caspase-1 can activate caspase-7, but not caspase-3, and thus linking
inflammation to cell death response (Galluzzi et al., 2012; Lamkanfi et al., 2008). The
optimal sequence in the substrate for caspase-1 cleavage is WEHD (Thornberry et al., 1997).

Mutating the active site cysteine in caspase-1 delayed the progression of symptoms in the
R6/2 mouse model of HD by 20% (Ona et al., 1999). Additionally, increased levels of
interleukin-1β were detected in the cortex of patients with moderate to severe cases of HD
(Ona et al., 1999). These findings indicate that inflammation may trigger cell death in these
patients.

Minocycline, a tetracycline-derivative antibiotic, which can bind to the 30S ribosome in
prokaryotes and inhibit translation, has been also shown to inhibit caspase-1 activation in
R6/2 mice, while tetracycline has no effect (Chen et al., 2000). Minocycline was tested in
Phase II clinical trials, but failed to produce significant effects compared to placebo.
Although minocycline was not successfully developed, caspase-1 should not be eliminated
as a possible target. Minocycline may bind multiple targets, aside from caspase-1 (Wang et
al., 2003), and thus lack the potency and specificity needed for an effective drug. A selective
caspase-1 inhibitor, VX-765, is in development by Vertex Pharmaceuticals for the treatment
of epilepsy (Vertex Pharmaceuticals, 2010), and is currently in Phase II trials. Despite the
failure of minocycline to ameliorate HD, identification of a specific caspase-1 inhibitor,
such as VX-765, or an inhibitor of its downstream targets in the inflammatory pathway may
still prove to be useful in delaying HD.

3.2.2 Caspase-3—Caspase-3, formerly known as apopain and CPP32, is a key
executioner of apoptosis. Caspase-3 has over 100 specific substrates that it cleaves to carry
out apoptosis, including cytoskeletal proteins, ribonuclear proteins, proteins involved in
DNA repair, cell cycle, and chromatin structure, protein kinases, and other caspase
zymogens (Earnshaw et al., 1999). The optimal consensus sequence of its substrate is
DEVD (Thornberry et al., 1997). As an effector caspase, its structure consists of a 30 amino
acid pro-domain at the N-terminus, followed by a long and a short domain. To be activated,
the short domain is separated from the long domain by cleavage, and then a second cut is
made between the pro-domain and the long domain. These domains then tetramerize,
forming a catalytically active caspase-3 enzyme, consisting of 2 long and 2 short domains.
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Caspase-3 has been shown to have structural and biochemical similarities to another
effector, caspase-7. Genetic deletion of caspase-3 in some mouse strains, such as C57BL/6J
mice, can be compensated for by the presence of other caspases, while in other strains, such
as 129X1/SvJ, caspase-3 deletion results in embryonic lethality (Leonard et al., 2002).
Caspase-7 null C57BL/6J mice underwent normal development (Lakhani et al., 2006). Cells
from mice with the long pro-domain deleted from either caspase-3 or caspase-7 undergo
normal apoptosis when treated with apoptotic stimuli. Deletion of both caspase-3 and
caspase-7 caused mice to die shortly after birth (Lakhani et al., 2006). Furthermore, having
at least one allele of caspase-3 is necessary to have nuclear fragmentation, chromatin
condensation, and the morphology of apoptosis (Lakhani et al., 2006).

In addition to its vital function in apoptosis, caspase-3 has been shown to cleave the
huntingtin protein at amino acids 513 and 552 (Goldberg et al., 1996). Generation of these
fragments is believed to be one of the toxic events contributing to HD. Irreversible small
molecule inhibitors of pan-caspases have been shown to prevent caspase-3 cleavage of the
huntingtin protein and protect cortical neurons from undergoing cell death (Leyva et al.,
2010). The reversible, caspase-3-specific, small molecule M826 was also neuroprotective in
a rat model of HD (Toulmond et al., 2004), indicating that one or more functions of these
caspase inhibitors could be beneficial for the treatment of HD.

3.2.3 Caspase-6—Caspase-6 is the third effector caspase (in addition to caspase-3 and 7).
In its inactive zymogen form, it contains a short prodomain that is cleaved during activation
(Crawford and Wells, 2010). Activation of caspase-6 can be accomplished via initiator
caspase-8 or 10, and in some cases, by caspase-3. Once activated, caspase-6 can cleave
numerous substrates. Most of the substrates of caspase-6 can also be cleaved by caspase-3,
except for the nuclear lamins A and C (Ruchaud et al., 2002; Takahashi et al., 1996).
Caspase-6 cleaves substrate peptides with the optimal sequence VEHD (Thornberry et al.,
1997). However, cleavage at other sites has been observed as well (Klaiman et al., 2008),
such as cleavage of huntingtin at an IVLD sequence (Wellington et al., 2000).
Overexpression of caspase-6 activates apoptosis, while genetic deletion of caspase-6
prevents chromatin condensation during apoptosis (Ruchaud et al., 2002), demonstrating its
central role in this cell death pathway.

Besides its role in apoptosis, caspase-6 has been shown to cleave the mutant huntingtin
protein at amino acid 586 (Wellington et al., 2000), which generates a toxic huntingtin
fragment that translocates to the nucleus and induces neurodegeneration. The presence of
caspase-6 has been seen in post-mortem brain tissues of HD patients and mice. Additionally,
active caspase-6 has been detected in murine and human brain tissues, prior to the onset of
HD or the activation of the apoptotic cascade (Graham et al., 2010), indicating it my be an
early event in HD pathology. In 2006, Graham and colleagues showed that mutating the
caspase-6 cleavage site in the human huntingtin protein rescued mice from HD (Graham et
al., 2006). Since then, several small molecule inhibitors have been developed to inhibit
caspase-6 (Chu et al., 2009; Leyva et al., 2010). Optimization of these compounds for
clinical trials in still in process.

3.2.4 Caspase-8—Caspase-8 is one of three initiator caspases, along with caspase-9 and
10, which begin the activation of the apoptotic caspase cascade. Like all initiator caspases,
caspase-8 in its inactive, zymogen form, contains a pro-domain at its N-terminus followed
by a long domain and a short domain. The pro-domain contains two death effector domains
(DED) with which pro-caspase-8 can interact with the adaptor protein FADD. The close
proximity of two molecules of pro-caspase-8 bound to FADD causes pro-caspase-8 to
dimerize, self-cleave, and form the active structure containing two long domains and two
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short domains (Earnshaw et al., 1999). The preferred sequence of substrates for caspase-8 is
LETD (Thornberry et al., 1997).

Sanchez et al. found increased caspase-8 activation in striatal neurons and in the brain tissue
of HD patients as a result of an expanded poly-Q track (Sanchez et al., 1999). Gervais and
colleagues proposed a link connecting mutant huntingtin protein and caspase-8 activation
(Gervais et al., 2002). According to their model, wild-type huntingtin interacts with protein
HIP1 (huntingtin interacting protein) via its polyglutamine region. When this polyQ tract
gets expanded, HIP1 loses its affinity for mutant huntingtin and instead is free to interact
with newly discovered Hippi protein (Hip-1 protein interactor) (Gervais et al., 2002). Both
Hippi and HIP1 contain pseudo-DED domains. Formation of the Hippi-HIP1 complex
recruits the binding of two pro-caspase-8 proteins. The “proximity-induced autocatalytic
maturation” results in an active caspase-8 enzyme, ready to initiate the apoptosis cascade
(Gervais et al., 2002).

3.2.5 Caspases, all—The broad spectrum caspase inhibitor, ZVAD-fmk, has been shown
to induce beneficial outcomes in the R6/2 mouse model of HD by prolonging survival and
improving motor functions (Ona et al., 1999). Furthermore, multiple caspases have been
found to cleave huntingtin into toxic N-terminal fragments: caspase-2 at amino acid 552,
caspase-3 at residues 513 and 552, caspase-6 at amino acid 586, and caspase-7 at amino acid
513 and 552. Thus, it might be beneficial to develop a pan-caspase inhibitor that prevents all
forms of huntingtin protein cleavage and also inhibits the apoptotic cascade.

3.2.6 HIP1—HIP1 has been identified in a yeast two-hybrid screen as a pro-apoptotic
protein that is expressed at high levels in the brain and can interact with wild-type huntingtin
in neuronal cells (Hackam et al., 2000; Kalchman et al., 1997; Metzler et al., 2003; Wanker
et al., 1997). Structurally there have been three domains identified in HIP1—an AP180 N-
terminal homology (ANTH) domain (Ford et al., 2001; Ford et al., 2002; Legendre-
Guillemin et al., 2004), a coiled-coiled domain that contains the pseudo DED region, and a
talin Hip1/R/Sla2 actin-tethering C-terminal homology (THATCH) domain (Brett et al.,
2006). The ANTH domain can mediate binding to the 3-phosphoinositides, such as
phosphatidylinositol-3,4-bisphosphate and phosphatidylinositol-3,5-bisphosphate, thus
allowing the protein to dock to the plasma membrane (Hyun et al., 2004). The coiled-coiled
domain spans the mid-portion of the HIP1 protein and is the site where the majority of
protein partners interact with HIP1; some of these are clathrin light and heavy chains
(Legendre-Guillemin et al., 2005; Waelter et al., 2001), polyglutamine-track-containing
androgen receptor (Mills et al., 2005), HIP1 protein interactor (HIPPI) (Gervais et al., 2002;
Niu and Ybe, 2008), NMDA receptor (Metzler et al., 2007), and of course huntingtin protein
(Hackam et al., 2000(Kalchman et al., 1997)). The THATCH domain can interact and bind
to filamentous actin (F-actin) in the cytoskeleton (Wilbur et al., 2008).

The precise function of HIP1 has not been defined. Its most studied involvement is in
clathrin-mediated endocytosis, where HIP1 enables the formation of clathrin-coated vesicles
and clathrin-coated pits (Legendre-Guillemin et al., 2005; Metzler et al., 2001; Waelter et
al., 2001). In neurons, clathrin-mediated endocytosis is essential for recycling of
neurotransmitter vesicles from presynaptic membranes and regulating the internalization of
cell surface receptors. (For a thorough review of clathrin-mediated endocytosis, see the
paper by McMahon, H.T. and Boucrot, E. (McMahon and Boucrot, 2011)). Parker and
colleagues, studying the C. elegans homolog of HIP1, hipr-1, found that hipr-1 can localize
to the presynaptic nerve terminals and there it serves a neuroprotective role against mutant-
huntingtin-induced toxicity (Parker et al., 2007). A study by Metzler and colleagues showed
that HIP1 is enriched in postsynaptic compartments in primary neurons (Metzler et al.,
2003). They also observed that in HIP1−/− primary neurons there is a decline in
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internalization of GluR1-containing AMPA (α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors upon AMPA or glutamate stimulation (Metzler et al.,
2003). Furthermore, the same group later also showed that HIP1 can modulate the
downstream effects of NMDA receptor activation (Metzler et al., 2007). They reported that
HIP1−/− striatal and cortical neurons had lower NMDA-induced excitotoxicity, less
TUNEL-stained apoptotic cell death, less caspase-3 activation, and attenuated NMDA-
induced AMPA receptor internalization than wild type neurons (Metzler et al., 2007).
Additionally, HIP1 was shown to perturb huntingtin phosphorylation at serine 421, which is
involved in neuronal survival, during NMDA-induced excitotoxicity (Metzler et al., 2007).
This evidence suggests that HIP1 enhances NMDA-mediated cell death when it is located in
the postsynaptic compartments, but may be neuroprotective when it’s in the presynaptic
nerve terminals.

As mentioned (section 3.2.4), HIP1 interacts via the polyglutamine region of huntingtin, but
has decreased affinity for huntingtin protein when the polyQ track becomes expanded
(Kalchman et al., 1997; Wanker et al., 1997). A number of lines of evidence support the
notion that it is this unbound-to-huntingtin HIP1 that is toxic to the neuronal survival,
because that pool of HIP1 is free to interact with apoptotic partners. First, studies that
overexpressed HIP1 found induced apoptosis in cells and neurons (Choi et al., 2006;
Hackam et al., 2000). Second, co-expression of wild type huntingtin and HIP1 decreased
apoptosis, but co-expression of mutant huntingtin and HIP1 did not have the same effect
(Hackam et al., 2000). Third, overexpression of just the pseudo-DED region of HIP1
resulted in the same apoptotic phenotype in cells, which was prevented by mutating a
conserved DED residue, Phe-398, in this pseudo DED region of HIP1 (Hackam et al., 2000).
Second, free HIP1 has been found to interact with the Hippi protein (Hip-1 protein
interactor) (Gervais et al., 2002). Both Hippi and HIP1 contain pseudo-DED regions that
favor interaction. Formation of the Hippi-HIP1 complex recruits the binding of two pro-
caspase-8 molecules. Then, “proximity-induced autocatalytic maturation” results in an
active caspase-8 enzyme, which is able to initiate the apoptosis cascade (Gervais et al.,
2002). Lastly, overexpressed HIP1 has also been shown to interact with pro-caspase-9 and
Apaf-1 (Choi et al., 2006).

3.2.7 Protein disulfide isomerase—Protein disulfide isomerase (PDI) (EC 5.3.4.1) is a
molecular chaperone protein and part of a large superfamily of disulfide oxidoreductases
(Wilkinson and Gilbert, 2004). PDI is predominantly located in the endoplasmic reticulum
and is responsible for catalyzing the proper formation (oxidation), incorrect bond
elimination (reduction), and rearrangement (isomerization) of native disulfide bonds
(Ellgaard and Ruddock, 2005; Hatahet and Ruddock, 2009). In 2010, a novel function of
PDI was discovered that linked PDI to induction of cell death upon accumulation of
misfolded protein, as is seen in HD and other neurodegenerative diseases (Hoffstrom et al.,
2010). Hoffstrom et al. showed that in the presence of mutant huntingtin aggregates, PDI
accumulates in the membrane spaces connecting the endoplasmic reticulum and
mitochondria, known as mitochondrial-associated membranes (MAMs), and catalyzes
formation of disulfide-linked Bak oligomers (Hoffstrom et al., 2010). This causes Bak to
permeabilize the mitochondrial outer-membrane, initiating the apoptotic cascade. Inhibiting
the catalytic activity of PDI with small molecules or reducing PDI levels with RNAi was
neuroprotective.

3.2.8. NMDA receptor—As mentioned (section 2.6.1), in HD, there is over activation of
NMDAR that leads to excessive influx of calcium and eventually apoptosis. Data have
emerged suggesting that there are two relevant types of NMDA receptors. Synaptic
NMDARs, which are present in the postsynaptic membrane and are composed of NR1/
NR2A subunits (Benarroch, 2011), are important for neuronal survival; extrasynaptic
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NMDARs, which are distal from the synapse at the perisynaptic membrane sites and are
composed of NR1/NR2B subunits (Benarroch, 2011), are neurotoxic. A more thorough
description of NMDAR structures and functions is reviewed in (Benarroch, 2011). Studies
with mice expressing both the mutant huntingtin gene and overexpressing NMDA NR2B
subunit showed increased degeneration of striatal neurons (Heng et al., 2009). Furthermore
there is an increase in the expression, activity, and current of extrasynaptic NMDAR in the
striatum of HD mice, and even in pre-symptomatic HD mice (Milnerwood et al., 2010).
Selectively inhibiting extra-synaptic NR2B subunits with low concentrations of memantine
ameliorates the HD phenotype (Okamoto et al., 2009).

3.2.9. DRP1—As described in more detail in section 2.6.2, DRP1 is a promising new target
in treatment of HD. Mutant huntingtin when bound to DRP1, activated DRP1 GTPase
activity (Song et al., 2011) inducing mitochondria fission. Targeting DRP1 protein with
small-molecules can be a beneficial therapy for preventing cell death due to mitochondria
fragmentation in HD.

3.3 Autophagy
Autophagy is a cellular process normally initiated to protect the cell during the times of
starvation, stress, bacterial infection, and low nutrient conditions (Nixon, 2006; Yorimitsu
and Klionsky, 2005). Under normal conditions autophagy is used in development, to fight
off bacterial and viral infection, and to recycle damaged or degraded organelles (Nixon,
2006). It is also used as a mechanism to deplete the cell of misfolded protein aggregates that
are present in many neurodegenerative diseases (Ravikumar et al., 2002).

There are three defined types of autophagy processes: microautophagy, chaperone-mediated
autophagy, and macroautophagy. Microautophagy is the least understood process of the
three and involves the engulfment of cytoplasmic components to be degraded directly by the
lysosome (Yorimitsu and Klionsky, 2005). Chaperone-mediated autophagy is a process that
degrades only a selective population of proteins, with the aid of the heat shock cognate
protein 70 kDa (hsc70). Hsc70 recognizes and binds to a KFERQ-like motif (Dice, 1990) in
the cytosolic protein substrate and targets it to the lysosome, where this Hsp70-substrate
complex is recognized by the lysosome associated membrane protein type 2A (LAMP-2A)
(Cuervo and Dice, 1996). A second chaperone protein, lysosomal Hsc73, assists in
translocating the substrate across the lysosomal membrane for degradation (Cuervo and
Dice, 1996). The last process, macroautophagy, has a distinct morphological characteristic
that involves the presence of cytoplasmic double-membrane vesicles. In macroautophagy,
the intracellular components to be dismantled are enclosed by a double-layer membrane
called the autophagosome (Yorimitsu and Klionsky, 2005), which fuses with a lysosome to
cause degradation of the cargo by lysosomal hydrolases.

The macroautophagy pathway, which is vital for cell survival, is impaired in HD and in
other protein misfolding neurodegenerative diseases (Iwata et al., 2005; Martinez-Vicente et
al., 2010; Nixon et al., 2005; Ravikumar et al., 2002). Inhibiting macroautophagy in mice by
selectively deleting the gene required for proper formation of the autophagosomes, Atg5,
causes neurodegeneration and formation of cytoplasmic aggregates in neurons (Hara et al.,
2006). In HD, the proper recognition of damaged organelles and protein aggregates is a
defective step in autophagy, resulting in the formation of almost empty autophagosomes
(Martinez-Vicente et al., 2010). Accumulation of mutant huntingtin protein aggregates in
cells results in cell death. Small molecule inhibitors that promote autophagy have been
shown to be neuroprotective: inhibiting mTOR, a key negative regulator of autophagy, with
rapamycin in a fly model of HD decreased neurodegeneration of photoreceptor cells
(Ravikumar et al., 2004). Furthermore, mice treated with the rapamycin ester analog,
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CCI-779, had decreased mTOR signaling in the striatum and cortex, fewer mutant
huntingtin aggregates, and performed better in motor trials (Ravikumar et al., 2004). Thus,
developing therapeutic compounds that can reactivate autophagy in HD may be beneficial.

4. Drug design
Identifying potential therapeutic targets in HD is only the first stage of creating new
therapies. The next challenge is designing inhibitors for those targets. Since the first
introduction of Pfizer’s “high-throughput screen” in 1948 (Janzen, 2002), the high-
throughput screening (HTS) approach for lead elicitation has become ubiquitous within the
pharmaceutical industry (Fischer and Hubbard, 2009; Janzen, 2002) and academia.
However, limitations of this method have started to emerge and a growing need for
additional methodologies to identify and develop potent lead compounds led to the rise of
fragment-based drug design.

4.1 High-throughput screening
The initial step of HTS generally constitutes screening a library of approximately 106 large
molecular weight compounds (Carr et al., 2005) and identifying compounds that give a
phenotype of interest or modulate a specific protein target. The activity of each hit
compound is then validated in a secondary screen and their chemical structures verified by
mass spectrometry and nuclear magnetic resonance (NMR). Once the activity of a hit can be
reproduced and its identity is confirmed, closely related structural analogs are synthesized
and tested to assess which chemical moieties are responsible for the biological effects. This
structure-activity relationship (SAR) profile provides the information necessary for
chemically optimizing the hit into a lead compound, i.e. optimizing the hit to contain more
drug-like properties, favorable pharmacokinetics, and improved potency and selectivity. The
lead compound is then tested in vivo and once again optimized to decrease toxicity and
improve ADME (absorption, distribution, metabolism, and excretion) properties. The
optimized lead compound is thus developed into a candidate for clinical trials.

HTS has dramatically changed the industry and has seen many hits developed into
therapeutic candidates. Although frequently successful, the method suffers from low hit
rates, time consuming hit-to-lead optimization steps, and a lack of chemical diversity in the
libraries (Carr et al., 2005; Langdon et al., 2011). In fact, several studies have now indicated
that many small-molecule libraries are represented by only a few number of scaffolds and
tend to encompass the same structural moieties (Krier et al., 2006; Langdon et al., 2011;
Lipkus et al., 2008). This lack of chemical diversity can be problematic for identifying new
compound leads. Furthermore, HTS’s low success rate with challenging drug targets has
required researchers to look for progressive approaches in order to identify promising lead
candidates for their targets of interest.

4.2 Fragment-based drug design
Over the past 16 years, fragment-based drug discovery (FBDD) has been gaining
momentum as a parallel methodology to identify potent drug compounds (Alex and Flocco,
2007). The principle idea behind FBDD involves using less chemically complex and smaller
compounds than are used for traditional HTS, to obtain information about the binding site of
a protein target. Fragments that are active against a given target are optimized into typical
“drug-size” compounds by either linking together active fragments that are binding in the
adjacent pockets (“linking” method) (Shuker et al., 1996), chemically expanding the active
fragment to cover a larger portion of the binding site (“growing” method), or assembling the
active fragments on the protein through formation of a covalent bond, such as a disulfide
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bond, between the protein and the bound fragments (“tethering” method) (Erlanson et al.,
2000). Figure 1 illustrates the three fragment optimization strategies.

The fragments used for FBDD typically contain 8 to 15 atoms (not including hydrogens) and
have molecular weights between 100 and 250 Daltons. Because of their small size, such
fragments can interact with proteins only weakly (dissociation constant, Kd, in the high
micromolar to low millimolar range). As a result of their weak interactions, sensitive
methods are needed to detect the binding of fragments. In 1996, Shuker SB et al.
successfully constructed a nanomolar inhibitor to FK506 binding protein (FKBP) using what
they called “SAR by NMR”, a fragment “linking” method, and have shown that this method
can be beneficial in reducing the time and money spent in the drug development process
(Shuker et al., 1996). Their proof of concept, as well as advances in biochemical techniques
such as NMR spectroscopy, X-ray crystallography, isothermal titration calorimetry, surface
plasmon resonance, mass spectrometry, and improvements in computational methods for
molecular docking and the development of high concentration biological assays for
screening fragments, played a major role in the recent successes of FBDD (Alex and Flocco,
2007).

FBDD offers a number of advantages over other screening techniques, such as HTS, that
have attracted many companies to this method. First, there are a fewer compounds in
fragment libraries than there are in HTS libraries; in general, only a few thousand fragments
are needed compared to the nearly one million compounds used for HTS (Rees et al., 2004).
This reduces the cost and screening time in the lead development process. A second
advantage is that fragment libraries are more diverse and thus sample more of the chemical
space than their larger molecular weight counterparts (Hann et al., 2001; Leach and Hann,
2011). This is because for each added atom in a molecule, there is an additional point of
chemical variation that leads to an exponentially increasing total number of compounds
(Blum and Reymond, 2009). Fragments, having fewer heavy atoms than drug-size
compounds (approximately 36 atoms for a molecule with a molecular weight of 500
Daltons) thus make up a more encompassing set that can be tested experimentally or
computationally than their drug-size counterparts (Erlanson, 2006). A third advantage is that
fragments are more efficient at binding to their target than larger, more complex compounds
(Hann et al., 2001). As compounds increase in size, the probability of complementing the
target’s binding site decreases exponentially (Hann et al., 2001; Leach and Hann, 2011).
These two points, a more chemically diverse library and a better match with the binding site,
leads to a fourth benefit of FBDD— higher hit rates (Schuffenhauer et al., 2005). A fifth
advantage is that FBDD generates multiple starting points for lead series. If more than one
chemically diverse fragment binds to the same protein pocket, each of these hits can be
optimized independently into a potent lead, giving multiple opportunities for success in the
event that some of the lead compounds fail during development for compound-specific
reasons (Murray and Rees, 2009).

FBDD can also reduce the time to bring a compound to market. It took less than 6 years
from the initial discovery of a weak binding fragment to receive FDA approval of the
optimized drug, Zelboraf (vemurafenib, PLX4032), for the treatment of melanomas with B-
Raf V600E mutation (Bollag et al., 2010; Plexxikon, 2011; Tsai et al., 2008). This is a short
timeline for a drug development process.

There have been several excellent reviews published that detail successful development of
screening fragments into potent leads and pre-clinical compound candidates (Alex and
Flocco, 2007; Erlanson, 2011; Hajduk and Greer, 2007). Of these compounds, it is important
to mention those that have promise in neurodegenerative diseases, especially in HD. Starting
from a weakly interacting fragment, two groups from Sunesis Pharmaceuticals, Inc.
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developed a potent small molecule inhibitors of caspase-3 (Allen et al., 2003; Choong et al.,
2002) and a reversible caspase-1 inhibitor (O’Brien et al., 2005) using the fragment tethering
method. A group from Astex Therapeutics, Ltd. (Congreve et al., 2007; Murray et al., 2007)
and a group from AstraZeneca Pharmaceuticals (Edwards et al., 2007; Geschwindner et al.,
2007) implemented the fragment growing approach to find inhibitors of β-secretase,
BACE-1, an enzyme that cleaves amyloid precursor protein (APP) into a pathogenic β-
amyloid peptide.

FBDD offers numerous benefits, especially to challenging and novel proteins that are hard
to target with traditional methods, such as HTS. Implementing FBDD can be a valuable tool
for finding inhibitors of pro-apoptotic proteins that can be utilized to slow the progression of
HD.

5. Conclusions
Developing pharmaceutical agents to counteract neurodegenerative diseases has always
posed a grand challenge. Primarily, our understanding of the molecular pathways involved
in these diseases is still limited. Furthermore, the proteins that are known to be involved in
neurodegenerative disorders are not easy targets to modulate with traditional approaches. To
overcome the first problem, research has focused on the most downstream effectors of
neurodegeneration—cell death pathways. There is an increasing amount of literature that
points to the involvement of apoptosis in HD pathology and the down-regulation of the pro-
survival autophagic response. Thus, inhibiting pro-apoptotic proteins or stimulating the
activation of autophagy with small molecules may lead to neuroprotection. As a solution to
the second problem, one can apply the FBDD methodology to target proteins, which have
not been amenable to classical methods of drug discovery. Since its implementation, FBDD
has proven to be an approach competitive with traditional screening methods and an
efficient way to identify potent drug compounds. In HD specifically, much still needs to be
learned about wild-type and mutant Htt function, but the FBDD approach has the potential
to provide therapeutic compounds to the HD community.
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Highlights

• Huntington disease is one of numerous neurodegenerative disorders

• Inhibiting neuronal cell death is one strategy to combat Huntington disease

• Inhibiting cell-death proteins or activating autophagy leads to neuroprotection

• Numerous proteins are not amenable to classical methods of drug discovery

• Fragment-based drug discovery is an alternative method to identify potent drugs
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Figure 1.
Strategies for optimizing fragments into “drug-size” compounds. Fragment growing/
evolution strategy (a) is most similar to the traditional hit-to-lead optimization process. The
active fragment (red) is chemically modified until a new chemical moiety (green) improves
the binding affinity for the target by acquiring additional contacts with the target. The
process can be further iterated to incorporate more favorable functional groups and
interactions (purple). Structural binding information is not necessary for this method, but it
does minimize the time for chemical optimization. Computation modeling can also facilitate
in this process. A fragment linking strategy (b) requires knowing structurally where the
fragments interact with the target protein. Active fragments in the neighboring binding
pocket (red and blue) can be linked together to optimize potency for the protein. Care must
be taken however, in designing the linker not to alter the original binding pose of the active
fragments. The fragment tethering approach (c) makes use of a modified fragment library,
designed to contain a single disulfide bond on each fragment, and an endogenous or
engineered cysteine near the binding pocket of the protein. Under mild reducing conditions
the fragment that has an affinity for the protein will be able to form a stable disulfide bond
with the target (red). This active fragment can then be modified to include a thiol group that
will be able to react with another disulfide fragment (purple). Lastly, the disulfide linker
between the two active fragments is replaced by another more rigid linker. Figure adapted
from (Erlanson, 2011).
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