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1.1 Neurodegenerative Diseases

With the rise in life expectancy over the years, there has been an unanticipated increase in the
frequency of age-related illnesses, particularly neurodegenerative diseases. Neurological disorders
constitute a significant contributor to premature mortality and transient or permanent disability
among those who survive. As per the World Health Organization (WHO), in 2006, neurological
disorders were recognized as a substantial public health challenge, representing 6.3% of the overall
disability-adjusted life-years (DALYS) [1]. Furthermore, a World Health Organization report
projects that neurodegenerative diseases are anticipated to surpass cancer, emerging as the second
leading cause of mortality by 2040 due to the synergistic effects of aging and inadequate treatment

options [2].

Neurodegenerative diseases (NDDs) represent a diverse array of neurological disorders that
significantly impact millions globally. These diseases involve the gradual degeneration of neurons
in either the central nervous system (CNS) or peripheral nervous system (PNS). The deterioration
of neural networks and the irreversible loss of neurons, hindered by their terminally differentiated
state, lead to the disruption of fundamental communicative circuitry. This cascade results in

compromised memory, cognition, behaviour, and impaired sensory and/or motoric function. DM

Wilson et al. posits that a distinct set of hallmarks serves as defining features for

Neurodegenerative Diseases (NDDs). These include pathological protein aggregation, dysfunction
in synaptic and neuronal networks, disruptions in proteostasis, abnormalities in the cytoskeleton,
altered energy metabolism, defects in DNA and RNA, inflammatory responses, and eventual
neuronal cell death (Fig. 1.1.1) [3]. This underscores the urgent need for a deeper comprehension
of protein accumulation and aggregate formation, potentially offering avenues for the development

of effective therapeutic approaches for these debilitating conditions.

Mechanistic insights reveal a commonality among these diseases, characterized by the
accumulation of mutant proteins and the formation of visible microscopic aggregates in the brain
[4,5]. Mutated proteins adopt abnormal conformations, generating small peptides upon proteolytic
processing and accumulating in cells as soluble oligomers and insoluble aggregates. Aggregate
formation constitutes the "pathological hallmark™ of these diseases and is extensively studied for
its role in disease pathogenesis. It is posited that defective proteins impact multiple cellular

pathways, leading to neuronal cell demise through transcriptional dysregulation, disintegration of
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Ca?" homeostasis, mitochondrial dysfunction, oxidative stress, synaptic abnormalities, impaired

intracellular transport, vesicular trafficking, axonal blockage, and compromised ubiquitin-

proteasome system [6].

Figure 1.1.1: Hallmarks of neurodegenerative diseases [3].

Furthermore, neurodegeneration is linked to the impairment of synaptic function, neural network
dysfunction, and the accumulation of physiochemically modified protein variants within the brain
(Fig. 1.1.2). Predominant neurodegenerative disorders encompass Alzheimer's disease,
Parkinson's disease, Huntington's disease, prion disease, Amyotrophic lateral sclerosis (ALS),

motor neuron disease, spinal muscular atrophy, and spinocerebellar ataxia [7].
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Figure 1.1.2: Path to cognitive decline in neurodegeneration [7].
Several prominent neurodegenerative diseases demanding attention include:
1.1.1 Alzheimer's disease

Alzheimer's disease (AD), the most prevalent neurodegenerative disorder impacting millions with
a substantial mortality rate, involves familial and sporadic mutations. These mutations trigger
excessive beta-amyloid (A) production and aggregation in the central nervous system, forming

insoluble plagues and toxic soluble oligomers [6]. Sporadic AD typically occurs after 65, while

early-onset cases follow autosomal dominant inheritance, often linked to mutations in the

apolipoprotein E (APOE) gene [8]. APOE's role in cholesterol transport and CNS repair implicates
it in AD pathogenesis, particularly in increased B-amyloid deposition. Early-onset familial AD
involves mutations in the amyloid precursor protein (APP), presenilin 1 (PS1), and presenilin 2
(PS2) genes [6].

Accumulated AP induces tau protein deposition, impacting kinases and phosphatases like glycogen
synthase kinase 3 (GSK3), leading to abnormal tau phosphorylation [9,10]. This disrupts
microtubule stabilization, causing the formation of neurofibrillary tangles. AD is characterized by
senile B-amyloid plaques and neurofibrillary tangles, causing significant neuronal loss in critical
brain regions. Neurodegeneration results from A and tau aggregate formation, with early soluble
species being highly cytotoxic. Mutant protein accumulation leads to various cellular dysfunctions,

including mitochondrial dysfunction, oxidative stress, altered signal transduction, lysosomal
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dysfunction, and glutamate receptor alterations. These processes contribute to synaptic plasticity

loss, disrupted synaptic connections, and cognitive and behavioral abnormalities in AD [6].
1.1.2 Parkinson’s disease

Parkinson's disease (PD), the second most prevalent neurodegenerative disorder after Alzheimer's
disease, displays genetic complexity and heterogeneity. Both sporadic and familial mutations,
distributed across approximately 28 chromosomal locations involving nine genes, contribute to
PD pathogenesis [11,12]. Dominant forms, arising from mutations in the a-synuclein (SNCA)
gene, result in elevated cytoplasmic SNCA levels [13], while autosomal dominant PD is associated
with leucine-rich repeat kinase 2 (LRRK2) gene mutations. Autosomal recessive early-onset PD
is linked to loss-of-function mutations in Parkin, PINK1, DJ-1, and ATP13A2 [11,5].
Susceptibility variants involve polymorphisms in SNCA and LRRK2 genes, and heterozygous
mutations in the B-glucocerebrosidase (BGA) gene [11].

Late-onset PD typically emerges in individuals aged 50 or older, involving progressive
dopaminergic neuron loss in the substantia nigra and other brainstem monoaminergic neurons [14].
Clinical features encompass resting tremor, rigidity, bradykinesia, and postural and autonomic
instability. A key pathological hallmark is the formation of Lewy bodies, abnormal protein

aggregates in cytoplasmic regions and neurites. These bodies, immunopositive for a-synuclein,

ubiquitin, synphilin-1, proteasome proteins, and cytoskeletal proteins, play a crucial role in neural

degeneration and are extensively studied in the context of PD pathology [5].
1.1.3 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS), also known as motor neuron disease, iS a severe
neurodegenerative disorder marked by the progressive denervation of voluntary muscles due to
the degeneration of upper motor neurons in the motor cortex and lower motor neurons in the
brainstem and spinal cord. The global incidence is estimated at approximately 2 cases per 100,000
person-years, boasting a prevalence ranging from 6 to 9 cases per 100,000 individuals, with a
lifetime risk approximating 1 in 350 [15]. Genetic heterogeneity is a notable feature of ALS, with
familial cases displaying autosomal dominant inheritance in 5-10% of affected individuals. The
complexity of the disorder is further compounded by the identification of diverse genetic

determinants through systematic genetic testing [16].
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Pathologically, ALS manifests distinctive features, including the loss of upper and lower motor
neurons, degeneration of neural tracts, and proteinopathy, predominantly involving TAR DNA-
binding protein 43 (TDP-43) in approximately 97% of cases [17]. Diagnosis of ALS necessitates
the exclusion of mimic disorders, employing criteria such as the revised El Escorial criteria [18].
FDA-approved therapeutic options, such as riluzole, edaravone, and AMX0035, are formulated to
address disease symptoms and modify its progression, although their success is circumscribed
[19]. Symptomatic management of the disease entails both pharmacological and non-
pharmacological interventions, with non-invasive ventilation emerging as a pivotal element
significantly enhancing the life expectancy and quality of life for the majority of ALS patients
[20]. Despite the expansive clinical trial landscape, ALS confronts a considerable unmet need for
efficacious therapies, underscoring the urgency to surmount challenges in the development of

novel treatment modalities.
1.1.4 Huntington’s disease

My thesis work is focused on Huntington’s disease (HD) which is one of the most extensively
studied fatal autosomal dominant neurodegenerative disease arising from the expansion of

polymorphic CAG triplet repeats in the exon 1 of the huntingtin (HTT) gene on chromosome 4.

This expansion translates into an elongated abnormal polyglutamine (polyQ) tract in the huntingtin

(HTT) protein. The symptoms differ between individuals but are usually characterized by
progressive motor dysfunction, cognitive impairment and behavioral abnormalities. Other than
neuronal symptoms, patients with HD have been also reported to exhibit peripheral symptoms such
as muscle atrophy, osteoporosis, difficulty in swallowing, weight loss, compromised immune
system, slurred speech, heart failure, testicular atrophy, and so on [21]. Typically, the onset of the
disease manifests between the ages of 35 to 50, and patients commonly die within a span of 10 to

20 years.
1.2 Huntington’s disease
1.2.1 Historical perspective

Huntington's disease (HD) was meticulously elucidated for the first time by a 22-year-old
American physician, Dr. George Huntington. In 1872, Dr. Huntington authored a paper titled *On
Chorea," which was published in the Medical and Surgical Reporter of Philadelphia. The term
"chorea," derived from Latin and Greek, denotes the rhythmic and dance-like movements observed
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in the hands, feet, and faces, which constitute the distinctive features of this disorder. Huntington's
seminal report, titled "On Chorea," delineated the condition as an autosomal dominant, hereditary,
adult-onset ailment characterized by emotional, cognitive, and motor symptoms. The disease
exhibits a progressive nature and culminates in fatality [22]. For numerous decades, the
nomenclature persisted as "Huntington's chorea,” reflecting the universal acknowledgment of
choreic movements as a cardinal manifestation. However, in the 1980s, with the comprehensive
delineation of its non-motor symptoms, the nomenclature underwent a transition to "Huntington's
disease" (HD).

1.2.2 Epidemiology

Huntington's disease (HD), a rare genetic disorder, exhibits notable global variability in prevalence
rates. Populations in America, Europe, the United Kingdom, and Canada show a higher prevalence
(10.6-13.7 individuals per 100,000) [23,24], while Japan, Hong Kong, and Taiwan demonstrate a
considerably lower prevalence (1-7 per million) [25]. This geographical divergence corresponds
to significant genetic variations in the mean number of CAG repeats in the HTT gene, with higher
prevalence groups displaying an elevated average of CAG repeats. The clinical diagnosis of HD
involves genetic testing, especially in individuals with a family history and discernible motor signs.
Epidemiological studies integrate genetic testing and neurological examinations [25,26]. The
consistent increase in HD prevalence over decades is attributed to the broader availability of
genetic testing, enabling the identification of sporadic and late-onset cases [24,25]. Previously
estimated at 4-10/100,000 in Western populations, HD prevalence may have been underestimated
due to societal stigma, hindering accurate diagnosis. Global prevalence variation is influenced by
genetic differences in the HTT gene, with populations of European ancestry having longer average

CAG repeats [27,28]. The estimated incidence of HD is 4.7-6.9 new cases per million per year in

Western populations, potentially rising with improved case ascertainment and increased longevity.

Ancestry-specific prevalence rates reveal higher frequencies in individuals of European descent
[25]. The genetic bias towards longer CAG repeats in high-prevalence populations implies

repeated expansion events, contributing to global variations in HD prevalence [25,26,29].

Additionally, the prevalence of HD varies with ethnic origin, particularly in Caucasian populations
of North America and Western Europe, where 5-10 individuals per 100,000 are affected. The

prevalence is on the rise with the increasing prevalence of genetic testing. Juvenile forms are rare,
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accounting for 5% of cases [30]. About 90% of HD cases are inherited, with 10% resulting from
new mutations and transmitted in an autosomal dominant fashion [31]. The prevalence in the
Indian population is not well-established due to a lack of large-scale population studies, with only
a few studies conducted to determine HD prevalence in India [32,33].

1.2.3 The Genetic Basis of Huntington's Disease
1.2.3.1 Early Discoveries and the HTT Gene

The initial description of the genetic underpinnings of HD dates back to 1872, with George
Huntington’s seminal work [22]. However, the precise genetic locus on chromosome 4 remained
elusive until 1983, when Gusella et al. identified an expanded CAG repeat within the Huntingtin
(HTT) gene as the culprit for HD [34]. Subsequent investigations by The Huntington's Disease
Collaborative Research Group [21] further characterized this gene, revealing its large size (180
kilobases) and extensive exon structure (67 exons).

1.2.3.2 HTT Gene Structure and Expression

Interestingly, the HTT gene demonstrates a consistent expression pattern across various tissues,
despite being regulated by a housekeeping promoter [35]. This ubiquitous expression hints at a

fundamental role for this protein in cellular function.
1.2.3.3 The CAG Repeat and HD Onset

The length of the CAG repeat within the HTT gene plays a pivotal role in HD development. While
the general population exhibits a highly variable CAG repeat length (ranging from ten to twenty-
six repeats) [36], individuals with forty or more repeats inevitably develop HD [37]. Moreover, a

fascinating correlation exists between the CAG repeat length and the age at onset (AAO) of HD

(Fig. 1.2.1). Notably, longer CAG repeats are associated with earlier disease onset [25], with
repeats exceeding sixty even leading to juvenile HD, characterized by symptom manifestation in
young adulthood or childhood [38].

1.2.3.4 Meiotic Instability and Anticipation

The relationship between CAG repeat length and disease progression is further complicated by a
phenomenon known as meiotic instability [39]. During meiosis, the process of cell division that
leads to sperm and egg formation, the CAG repeat can undergo expansion or contraction. This
instability, particularly prevalent in paternal inheritance, can result in anticipation [40], where
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successive generations experience progressively earlier disease onset due to increasing CAG

repeat lengths.

CAG
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Figure 1.2.1: Correlation between the length of polyQ and the age at onset. Figures adapted from
HDBUZZ (https://en.hdbuzz.net/222) and Andrew S. E. et al. [41].

1.2.3.5 Dominant Role of CAG Repeat Length

Studies have highlighted the crucial role of CAG repeat length in determining AAO for HD [42].
Approximately 59-71% of AAQO variability is attributed to the length of the CAG repeat expansion
[43], emphasizing its dominant influence on the disease. However, it is important to note that while
the CAG repeat length plays a significant role in AAO, it shows a poor correlation with disease
progression [44]. This suggests the involvement of other genetic and environmental factors in

shaping the overall course of HD.
1.2.3.6 Inheritance Patterns and Sporadic Cases

HD follows an autosomal dominant inheritance pattern, meaning that a single mutated copy of the
HTT gene is sufficient to cause the disease. However, penetrance, the likelihood of developing HD

given the presence of the mutation, varies depending on the CAG repeat length (Fig. 1.2.1):
e Full penetrance: 40 or more repeats [37]
e Reduced penetrance: 36-39 repeats [36]

e Intermediate alleles: 27-35 repeats [36]
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While intermediate alleles are not typically associated with HD, they can expand during meiosis,
increasing the risk of offspring inheriting the disease gene with 36 or more repeats. Additionally,
inheritance through the paternal bloodline is associated with a higher likelihood of anticipation
[39].

Despite the importance of detailed family history in diagnosing HD, approximately 6-8% of newly
diagnosed patients lack a family history [36]. This is often attributed to de novo mutations arising

from intermediate length alleles, leading to sporadic cases of HD [40].
1.2.3.7 The Huntingtin Protein and Polyglutamine Stretch

The HD mutation itself comprises an expanded CAG triplet repeat located near exon 1 of the HTT
gene. This translates into a polyglutamine stretch within the Huntingtin protein, which is believed

to contribute to the disease's pathology [37].
1.2.4 Clinical features of Huntington’s disease

The clinical manifestations of Huntington's disease stem predominantly from central nervous
system (CNS) degeneration, encompassing a spectrum of symptoms such as motor dysfunction,
cognitive decline, and psychiatric disorders [37]. The extent to which each symptom type affects
individuals varies considerably, although most patients experience a combination of these

symptoms. A formal clinical diagnosis of HD is established when an unexplained extrapyramidal

movement disorder (e.g., chorea or dystonia) is observed in an individual with a genetically
confirmed CAG repeat expansion [45]. However, the cognitive and psychiatric aspects of HD may

develop many years before motor symptoms.

Motor dysfunction in HD is categorized into worsening involuntary movements and impaired
voluntary movements [45]. Early indicators include restlessness and loss of fine motor control,
progressing to chorea (involuntary, dance-like movements) [46]. As the disease advances, it
assumes a more Parkinsonian profile, characterized by increased rigidity and reduced chorea [47].
Additional motor impairments encompass dystonia, bradykinesia, akinesia, and compromised
coordination, notably impacting speech, gait, and postural reflexes, thereby elevating the risk of

falls and injuries [45].
Cognitive symptoms in HD exhibit considerable variability but often involve deficits in executive

function and impulsivity [47]. Initial cognitive impairments manifest as difficulties in executing
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complex tasks, memory loss, and diminished learning capacity [25]. These deficits progressively
worse, leading to significant impairments in comprehension, judgment, reasoning, and memory
[45]. Cognitive decline can commence prior to the onset of motor symptoms and deteriorates
gradually [48,49].

Psychiatric disturbances are prevalent in HD, with approximately 40-50% of patients experiencing
depression [50]. The incidence of suicide attempts is markedly higher in HD patients compared to
the general population [51]. Other psychiatric manifestations include apathy, aggression,
psychosis, irritability, obsessive behaviours, and social difficulties [47]. Depression and apathy are
particularly debilitating, often emerging in the pre-manifest stage and progressively worsening

over time [52].
1.2.4.1 Disease Progression

The clinical progression of HD is categorized into two primary phases: pre-manifest and manifest
disease [45]. The pre-manifest phase includes a prodromal period characterized by subtle
abnormalities that can precede formal diagnosis by up to fifteen years [25]. During this period,
individuals may exhibit subclinical features such as weight loss, cognitive decline, and structural
brain changes without prominent motor symptoms [53,47]. This phase can be further subdivided
into a pre-symptomatic period, where genetic carriers are clinically indistinguishable from healthy
individuals, and a prodromal period, where subtle motor, cognitive, and functional declines

become apparent [45].

The manifest phase begins with the formal onset of clinically diagnosable symptoms, which
progress inexorably over 15-20 years until death [54,55,45]. The manifest phase is often divided

into early, middle, and late stages based on symptom severity [45]. The early stage is marked by

the onset of diagnosable motor symptoms, while the middle stage is characterized by worsening

motor and cognitive functions [45]. The late stage is distinguished by severe motor impairments,

profound dementia, and significant psychiatric symptoms [45].
1.2.4.2 Clinical Assessment and Predictive Models

Clinical assessment of HD progression utilizes tools such as the Unified Huntington’s Disease
Rating Scale (UHDRS) and the Total Functional Capacity (TFC) scores [56,57]. These instruments

evaluate motor features, emotional and behavioral functions, cognitive abilities, and functional
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capacity. Efforts to develop detailed predictive models of HD progression aim to enhance disease

management and understanding of its trajectory [58].
1.2.4.3 Metabolic Disturbances

HD is associated with a broad spectrum of metabolic disturbances, including unintentional weight
loss, severe dysphagia, hepatic and gastrointestinal abnormalities, pancreatic defects, sleep
disturbances, skeletal muscle wasting, endocrine dysfunction, and cardiovascular issues [59-61].
These disturbances may arise in the early stages of the disease and sometimes even in preclinical
subjects, indicating that HD impacts both the CNS and peripheral organs [45].

1.2.5 Pathophysiology of Huntington's Disease

Huntington's disease is a devastating neurodegenerative disorder characterized by progressive
motor dysfunction, cognitive decline, and behavioral disturbances [3]. It is caused by an abnormal
expansion of a CAG trinucleotide repeat in the Huntingtin (HTT) gene, resulting in the production
of a mutant huntingtin protein (mHTT) with an expanded polyglutamine (polyQ) tract [62,63].
This pathological protein aggregates intracellularly, disrupting normal cellular function and

ultimately causing neuronal death in specific brain regions [3].

At a cellular level, the neuropathology of Huntington's Disease is characterized by the preferential

degeneration and death of predominantly striatal medium spiny neurons (MSNSs) as well as cortical
pyramidal neurons [64]. A pathological hallmark of HD is the accumulation of nuclear and
cytoplasmic protein aggregates containing mutant huntingtin N-terminal polyQ fragments in the
cortex and striatum [65]. The very N-terminal region of HTT contains the expandable polyQ
stretch, which induces conformational changes in the protein, leading to the formation of

intracellular aggregates that manifest as nuclear inclusions or form outside the nucleus [30,66].

The core neuropathological feature of HD is the selective neurodegeneration within the striatum,
a basal ganglia structure critical for motor control. The mHTT protein accumulates predominantly
in medium spiny neurons (MSNSs) of the striatum, leading to their dysfunction and loss [67]. This
degeneration disrupts the balance between excitatory and inhibitory signaling within the basal

ganglia circuitry, resulting in movement abnormalities such as chorea, rigidity, and akinesia [67].
Beyond the striatum, HD pathology also extends to other brain regions, including the cerebral

cortex, hippocampus, and amygdala, contributing to cognitive decline, emotional disturbances,
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and psychiatric symptoms frequently associated with the disease [68,69]. The precise mechanisms
by which mHTT exerts its toxic effects remain under investigation, but several key pathways are
implicated, including mitochondrial dysfunction, oxidative stress, impaired protein degradation,
and dysregulation of transcriptional programs [67].

The mutant huntingtin protein triggers a cascade of molecular events, such as excitotoxicity,
transcriptional dysregulation, mitochondrial dysfunction, impaired proteostasis, altered axonal
trafficking, and reduced trophic factor availability [67]. HD is also associated with DNA damage,
reduced PARP1/2 activity, and altered poly ADP-ribose (PAR) levels, indicating a connection
between DNA repair pathways and disease progression. These molecular events collectively lead

to progressive neuronal loss, particularly in the MSNs of the striatum [3].

Huntingtin has been shown to interact with polycomb repressive complex -2 (PRC2) and facilitates
its activity [70]. PRC2 complex plays a vital role as transcriptional regulator and mediates gene
silencing by Histone H3-Lysine-27-tri-methylation. Mutant huntingtin facilitates PRC2 activity
significantly higher compared to the normal Huntingtin, contributing to the complex interplay of

molecular factors driving HD pathogenesis [70].

HD manifests with a range of symptoms, including motor abnormalities like chorea and
parkinsonism, cognitive decline, depression, and psychosis [71]. Despite extensive research, no
curative therapy is currently available. Understanding the multifaceted molecular mechanisms
underlying HD is crucial for identifying therapeutic targets to delay disease onset and progression
[67].

1.2.6 Peripheral Pathology in Huntington's Disease

Huntington's disease is increasingly recognized as a multi-system disorder affecting both the
Central nervous system (CNS) and peripheral tissues. Research has revealed that the mutant
huntingtin protein causes similar molecular dysfunctions in peripheral tissues as in the brain,
including protein aggregation, metabolic impairment, and cell death mechanisms [72]. HD also

involves non-neurological symptoms like immune system activation, severe weight loss, endocrine

deficiencies, and skeletal muscle wasting [73,74].

Peripheral pathology in HD includes mitochondrial defects in lymphocytes and increased

inflammation markers in blood samples [75,76]. Studies in mouse models suggest that mHTT
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affects metabolic functions, revealing that HD is not solely a brain disease [77]. Immune activation
is evident from gene expression alterations in blood samples and microglia activation in both pre-
manifest and manifest HD [78,79]. Recent research has identified numerous inflammatory
biomarkers linked to HD. Notably, plasma levels of IL-6, VEGF, and TGF-B1 are significantly
elevated in HD patients, whereas IL-18 levels are decreased [80]. A meta-analysis further validated
that plasma levels of IL-6 and IL-10 are higher in HD patients compared to controls [81]. These
findings indicate that certain inflammatory markers may serve as potential biomarkers for the
onset, progression, and clinical severity of HD (Fig. 1.2.2), underscoring the need for further

research into their role in tracking disease progression and developing targeted therapies.
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Figure 1.2.2: Immune activation, induced by mutant huntingtin, occurs both peripherally and
centrally in HD [79].

Weight loss in HD results from an increased metabolic rate, with higher body mass index
correlating with slower disease progression [82,83]. Pancreatic impairments, including decreased
insulin sensitivity, contribute to weight loss, along with swallowing defects, chewing difficulties,

and adipocyte dysfunction [83,84].

Skeletal muscle wasting involves significant muscle atrophy, with mHTT disrupting gene
expression in myocytes [85]. Mitochondrial dysfunction in skeletal muscles is linked to reduced
PGC-1o expression, and apoptosis in muscle cells further supports muscle wasting [85-87].
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Cardiomyocytes are affected, with cardiac failure being a leading cause of death in HD patients,
highlighting the cardiac implications of mHTT [88,89].

HD is now recognized as a systemic disease, with mHTT affecting diverse tissues beyond the CNS.
Peripheral changes include endocrine dysfunction, osteoporosis, and testicular atrophy. These
findings underscore the widespread impact of mHTT and suggest that addressing peripheral
symptoms is crucial for comprehensive HD treatment strategies [60,72]. The peripheral tissue
alterations not only contribute to disease symptoms but also offer potential avenues for identifying
biomarkers and developing new therapeutic approaches. Understanding the interplay between the
brain and peripheral tissues in HD may lead to more comprehensive treatment strategies targeting

multiple affected systems.
1.2.7 The diagnosis of Huntington's Disease

The diagnosis of HD primarily depends on clinical manifestations and genetic testing to identify
CAG repeat expansions in the huntingtin gene [90]. Although the diagnostic process is generally
straightforward, atypical presentations and conditions that mimic HD can pose challenges [90].
Genetic testing has facilitated the identification of premanifest individuals and a prodromal phase
prior to the onset of manifest disease. Several molecular diagnostic techniques, including PCR and

Southern blot, are employed to detect the CAG expansion [91]. However, the unstable nature of

the HD mutation, the lack of effective treatments, and the mid-adulthood onset of symptoms

complicate diagnostic testing [92]. Accurate laboratory procedures, proper interpretation of
genetic test results, and thorough pre- and post-test counselling are essential components of HD
diagnosis [92]. Optimal management of HD patients is achieved in specialized multidisciplinary

clinics, particularly when genetic testing is involved [90].
1.3 The Huntingtin (HTT) protein
1.3.1 Wild-type Huntingtin structure

HTT gene was originally called Interesting Transcript 15 (IT15) gene that is a 169279-bp gene
that is found on chromosome 4 at 4p16.3 [21]. It has 3142 amino acids in total, resulting in a 348-
kDa protein (UniProt P42858). There are 67 exons in this gene. The CAG repeats codes for a
polymorphic polyglutamine stretch (polyQ) and is found in the exon 1 region of the huntingtin

gene [93]. The HTT gene encodes a 348-kDa huntingtin (HTT) protein, highly conserved from
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flies to mammals, exhibiting the greatest sequence identity among mammals. Huntingtin is
ubiquitously expressed in mammalian cells, with the highest concentrations observed in the brain
and testes, and moderate levels detected in the liver, heart, and lungs [30,94]. Since the discovery
of the HD mutation, researchers have concentrated on elucidating the structure and function of
normal huntingtin protein to better understanding the mechanisms driving HD pathology and to

develop effective treatments for the disease.

Huntingtin protein is ubiquitously distributed in the nucleus, endoplasmic reticulum, Golgi
complex, neurites, and synapses [95,96,39]. The huntingtin gene comprises 67 exons, with exon 1
being the most extensively studied. Structurally, the protein features an N17 domain at its N-
terminus, characterized by an alpha-helical configuration[97]. This domain undergoes various
post-translational modifications, including acetylation, phosphorylation, and palmitoylation. The
polyQ stretch, starting at the 18" amino acid, is believed to adopt a polar zipper structure.
Typically, the polyQ repeats range from 7 to 35, serving the function of binding transcription
factors containing polyQ regions [98]. Adjacent to the polyQ stretch is the polyproline region,
forming a polyproline helix structure that may stabilize the polyQ stretch and influence the
aggregation propensity of mutant huntingtin [97]. Downstream of these regions, HEAT repeats are
found, which are crucial for protein-protein interactions [99,100]. Bioinformatic analyses suggest

the presence of approximately 37 putative HEAT repeats within this region [101].
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Figure 1.3.1: Schematic diagram of huntingtin amino acid sequence [102].

The C-terminal of huntingtin includes an active Nuclear Export Signal (NES) and a less active
Nuclear Localization Signal (NLS), which predominantly localize the wild-type huntingtin protein

to the cytoplasm. Removal of these signals can result in nuclear accumulation of huntingtin
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[103,104]. Huntingtin is cleaved by caspase 3, caspase 6, and calpains, contributing to its
pathophysiology. The green arrow in the Fig. 1.3.1 depicts caspase sites, while the blue arrowhead
represents calpain sites on huntingtin. Notably, neuronal dysfunction and degeneration necessitate

cleavage of mutant huntingtin at the caspase 6 site [105].
1.3.2 Wild-type Huntingtin function

Huntingtin is found in all body tissues and is important for many cellular processes. It plays key
roles in embryonic development, neurogenesis, gene regulation, synaptic activity, intracellular
transport, and preventing cell death [102]. Its structure allows it to interact with various cellular
components, especially through tandem HEAT repeats that help in protein interactions [106].
Despite its many functions, the exact way HTT works is still not fully understood, likely due to its

complex structure [102].

During embryonic development, mice lacking HTT due to disruption of exon 5 in the Hdh gene
die before day E8.5 because of failed organogenesis, underscoring huntingtin's vital role [107].
Heterozygous knockout mice live but show HD-like symptoms [108]. Similar embryonic lethality
occurs with deletions in exon 4 and 5, or the promoter and exon 1 [109]. Introducing wild-type or
mutant human HTT into these knockout mice prevents embryonic lethality, proving huntingtin's
essential role in early development regardless of polyQ length [110]. High levels of nuclear HTT
in early development and its link to mitotic spindles suggest roles in gene regulation, mitosis, and
cell differentiation [111].

HTT is crucial for neurogenesis and neuron survival, particularly in the forebrain [112]. Reduced
HTT levels lead to abnormal brain development and perinatal death, while normal HTT levels with

expanded polyQ do not impact CNS development [108]. Conditional Hdh knockout in mouse

forebrain regions causes progressive degeneration, highlighting huntingtin's role in forebrain

neuron survival [110]. Chimeric mice studies show limited distribution of HTT-null cells in
specific brain areas like the thalamus and cortex, emphasizing huntingtin's importance in these
regions [113]. HTT also regulates hippocampal neurogenesis and affects anxiety/depression-
related behaviours [114]. It controls mitosis by interacting with proteins such as p150Glued and
NuMA [115].

HTT influences transcriptional regulation by interacting with various transcription factors and
complexes, including Sp1, TAFII130, and REST/NRSF, affecting gene activation and repression
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[116,106]. HTT is known to upregulate the expression of Brain Derived Neurotrophic Factor
(BDNF) at the transcription level, a vital protein for neuron survival [117,65,118]. Huntingtin also
influences gene transcription, such as by sequestering REST to indirectly increase the expression
of BDNF [116]. It also modulates the activity of nuclear receptor co-repressor 1 (N-CoR) and the

Sin3A complex, repressing gene activity [119].

HTT plays a role in intracellular transport by participating in axonal transport, exo- and
endocytosis, and endosomal movements, interacting with motor proteins such as kinesin and
dynactin, and the actin-based motor myosin VI through optineurin [118]. HTT depletion leads to
defects in protein secretion and recycling endosome trafficking, impacting cellular functions like
haemoglobin production [120]. The interaction between HTT and HAP40 regulates vesicle affinity
for cytoskeletal tracks, affecting vesicular trafficking in HD [120].

HTT has an anti-apoptotic function by inhibiting apoptotic pathways downstream of Bcl-2 and
upstream of caspase-3 activation [121]. It prevents caspase-9 and caspase-3 activation by
interacting with procaspase-9, caspase-3, and HIP1, protecting against HIP1-mediated cell death
[121]. HTT also regulates survival genes like Bcl-xL and BDNF while repressing death genes such
as BAX and Bcl-2 [121,106]. Additionally, HTT inhibits p21-activated kinase 2 (Pak-2) activation,

further promoting cell survival [122].

HTT is also essential for the maintenance of tissues beyond the central nervous system, as
conditional HTT knockout in mice results in death from acute pancreatitis [123]. The localization
of HTT to the mitochondrial membrane further indicates its role in regulating energy metabolism
[124]. Interestingly, a recent study suggested that wild-type HTT might have a novel role in
immune cell function, as lowering HTT significantly reduced cytokine production by control cells
following stimulation with lipopolysaccharide (LPS) and interferon-gamma (IFNy) [125]. These
findings demonstrate that wild-type HTT is a multifunctional protein with diverse effects in both

neuronal and non-neuronal cells.

1.3.3 Mutant Huntingtin protein (mHTT)

When the polyQ tract in huntingtin expands, it induces significant structural and conformational

changes in the mutant HTT protein, which are crucial for HD development [37,126]. Wild-type
HTT is primarily a-helical, but toxic mHTT fragments form a compact 3-sheet structure, which
aggregates similarly to other protein misfolding diseases [37]. The formation of these aggregates
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involves a complex process where mHTT transitions from monomers to various intermediate
structures before forming insoluble aggregates [127,5,128]. These aggregates are commonly found
at sites of neuronal degeneration in the brains of HD patients and various model systems, making
them the pathological hallmark of the disease [4,129-132]. The length of the CAG repeat highly

influences the efficiency of these aggregates' formation [133].

Although the exact toxic species of MHTT remain unidentified, N-terminal fragments with the
polyQ tract are necessary for the disease [105]. The location of mHTT in cells differs from wild-
type HTT; wild-type HTT is mostly in the cytoplasm, whereas mHTT forms nuclear inclusions
primarily composed of N-terminal fragments [4]. Analyses of post-mortem tissues and mHTT
aggregates from HD patients reveal that both soluble and insoluble forms predominantly consist
of N-terminal fragments of mHTT [4,134,135]. In HD mouse models expressing the full-length
mHTT, intranuclear aggregates also show these N-terminal fragments [136]. This suggests that

producing N-terminal fragments is a key step in mHTT aggregation and HD development.

The predominant theory is that HD pathogenesis is driven by a toxic gain of function in mHTT
rather than a loss of function in wild-type HTT. Studies have shown that mHTT aggregates are
toxic and lead to cell death, though the exact mechanism is still unclear. Interestingly, recent
research suggests that soluble mHTT, rather than aggregates, may be the most harmful form in HD
[137,138]. This has led to debates about which form of mHTT is the most toxic. For instance, HD

mouse models with two mutant alleles, such as the Hdh!*0?"%50Q mouse, are viable [139], unlike

HTT knockout mice, which die during embryonic development [107]. This suggests that mHTT
can partially substitute for wild-type HTT function. This idea is further supported by the
observation that homozygous mutant HD patients do not exhibit more severe disease than those
with one mutant allele [140]. However, mHTT-related pathogenesis begins early, with functional
issues detectable in cultured cells from HD patients up to fifteen years before symptoms appear
[48].

Research indicates that these N-terminal fragments of mMHTT are more toxic and form aggregates
faster than the full-length protein in both in vitro and in vivo conditions. Various disease models
have demonstrated that expressing only the N-terminal fragment of mHTT is sufficient to cause
aggregation and HD symptoms [141,129,142-145]. Together, these evidences suggest that the
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production of mHTT fragments and mHTT aggregation are strongly linked and play an important

role in HD pathology.
1.3.4 N-terminal huntingtin

The initial 17 amino acids (N17) of the huntingtin protein are crucial for its localization and
aggregation [146,147]. This N17 sequence, which is directly followed by the polyQ domain and a
proline-rich region, is highly conserved across different species, indicating its essential role in the
HTT protein. In experiments, HTT tagged with GFP at the C-terminus remains mostly in the
cytoplasm, whereas mutant HTT lacking the N17 sequence tends to accumulate in the nucleus,

suggesting that N17 functions as a cytoplasmic retention signal [146].

Supporting the idea that HTT has a membrane association signal directing it to the endoplasmic
reticulum (ER) and vesicles [148], Rockabrand et al. found that both normal and mutant HTT co-
localize with the ER. However, non-expanded HTT interacts more strongly with the ER membrane
compared to the polyQ-expanded HTT [146]. This weaker association in mutant HTT could allow
more of it to move to the nucleus, disrupt cellular functions, and form aggregates. The membrane-
associated signal is located in the N17 region, as a mutation disrupting the N17 helical structure
causes significant nuclear accumulation of HTT [148]. The N17 domain is also necessary for HTT
aggregation; its deletion or structural disruption reduces aggregation [146]. Additionally, the
chaperonin TRIiC, which decreases HTT aggregation and toxicity in cell culture, binds specifically
to the N17 domain [149]. It was also noted that N17 interacts with itself and the polyQ tract to

initiate aggregation.

The mechanism by which HTT enters the nucleus remains unclear since a classical nuclear
localization signal (NLS) has not been identified in HTT [103]. While an NES has been identified
at the protein's C-terminus, it is not part of the N-terminal region of HTT that accumulates in the
nucleus. Nuclear aggregates consist of N-terminal HTT fragments already localized to the nucleus
[103]. Both expanded and non-expanded N-terminal HTT fragments can enter the nucleus, but
only the expanded protein becomes trapped there, indicating that nuclear export, rather than

import, is affected by the polyQ tract. This is supported by studies showing that HTT interacts

with the nuclear pore protein Tpr via the N17 domain, and this interaction is inhibited by the polyQ

expansion in mutant HTT [104]. Consequently, the mutant N-terminal protein gets trapped in the

nucleus, while the wild-type can be exported. This is further supported by observations in PC12

23| Page
Targeting Mutant Huntingtin Toxicity for Development of Novel Therapeutics for Huntington's Disease




Chapter 1: Introduction and Review of Literature

cells, where HTT exon-1 with 20Q is primarily cytoplasmic, whereas HTT with 150Q is mostly
nuclear [150].

1.4 Misfolding and Aggregation of MHTT in Huntington’s Disease

Misfolding of N-terminal fragments of huntingtin and other polyQ proteins is a well-known
phenomenon. Proper protein folding is essential for their normal function, and misfolding leads to
altered functionality, interactions, aggregation, and toxicity [151]. Molecular chaperones play a
key role in maintaining proper protein folding within cells [151]. In Huntington's Disease,
chaperone levels are crucial for regulating HTT aggregation and the associated symptoms. For
instance, in the R6/2 mouse model of HD, chaperones like hsp70 and hsp40 are found to be
downregulated [152]. Interestingly, overexpressing hsp40, but not hsp70, reduces polyQ protein
aggregation and toxicity in cell cultures [153,154]. Overexpressing either hsp40 or hsp70 also
prevents neurodegeneration and aggregation in Drosophila models expressing expanded HTT or
ataxin-3 [155,156]. Similar results were observed in mouse models for SCAL1 and SBMA [157].
However, findings in HD mice have been inconsistent. An earlier study indicated that
overexpression of exogenous Hsp70 in R6/2 HD mice did not significantly change the phenotype
[152], while a later study showed that knocking out endogenous hsp70 in the same mouse model
led to a significant decline in motor abilities, survival, and other physical phenotypes [158]. This
suggests that the source of hsp70 (endogenous vs. exogenous) may impact HD symptoms

differently.

Many researchers believe that chaperones reduce HTT-induced toxicity by reducing polyQ protein
aggregation. First, chaperones like hsp40 and hsp70 co-localize with nuclear inclusions formed by
misfolded polyQ proteins [157,152-154]. Second, overexpressing these chaperones in various
polyQ disease models suppresses aggregation, indicating that aggregates might be the toxic

element.

However, the role of aggregates in HD pathogenesis remains a topic of intense debate. Emerging

evidence indicates that soluble HTT, rather than aggregated HTT, constitutes the toxic species

within the nucleus. For example, studies have demonstrated that while hsp40 reduces HTT

aggregation in HEK 293 cells, it concurrently decreases caspase activity, suggesting a reduction
in apoptosis [159]. In our previous study, we demonstrated that treatment with Decanoic acid, 2-

butyloctanoic acid, and Glyceryl triacetate significantly reduced mHTT aggregation in HD150Q
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cells, highlighting the potential neuroprotective effects of these medium chain fatty acids in HD
[160]. Furthermore, hsp40, but not hsp70, reduced aggregation, yet both chaperones significantly
decreased caspase activity, indicating that chaperones may mitigate neurodegeneration by
preventing apoptosis. Another study demonstrated that hsp40 reduces the aberrant interaction
between soluble mutant HTT and Sp1 caused by HTT misfolding, suggesting that polyQ-mediated
toxicity might not be attributable to nuclear aggregation [104]. Other studies also support the
notion that nuclear aggregates are either protective or neutral, showing no correlation with cell
death [161,162]. In fact, some data suggest a protective role for aggregates, as neurons with earlier
inclusion formation survived longer [137]. However, this study did not specify the localization of

the aggregates, leaving open the possibility that their role might vary based on location.

To mitigate the harmful effects of misfolded proteins, cells rely on two primary systems: the
ubiquitin proteasome system (UPS) and autophagy. UPS tags misfolded proteins for degradation,
while autophagy engulfs proteins in autophagosomes, which fuse with lysosomes for degradation.
Although some initial studies suggested that mutant HTT impairs the UPS globally [163,164],
more recent evidence indicates that the UPS is not globally impaired in HD animal models. For
example, no significant decrease in UPS activity was observed in R6/2 HD mice compared to wild-
type controls [165]. Crossbreeding transgenic models of SCA7 or HD with a ubiquitin-GFP
reporter mouse also showed no global UPS impairment [166,167]. However, localized UPS

impairment in specific neuronal regions like synapses has been noted [168], suggesting that UPS

function may depend on subcellular localization. An age-dependent decrease in proteasome

activity has been observed, which might explain the late-onset of the disease and progressive

accumulation of mutant polyQ proteins that increase inclusion body size with age [169-171].

The role of autophagy in polyQ repeat disorders remains to be fully elucidated. Significant
evidence suggests that autophagy can clear mutant HTT and that its activation can improve the
HD phenotype. Early experiments treating HD-N171-82Q mice and a Drosophila HD model with
rapamycin, an autophagy activator, showed reduced neurodegeneration in flies and improved
motor deficits in mice [172]. Rapamycin treatment also decreased aggregation in the mouse
striatum. Later studies found that inhibiting autophagy increased toxicity in cell and Drosophila
HD models, while enhancing autophagy reduced neurodegeneration in flies [173]. Generally,
autophagy clears large cytoplasmic protein complexes or damaged organelles, so cytoplasmic
aggregates are more prone to degradation by autophagy than nuclear aggregates [174]. However,
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recent evidence challenges this idea, showing that rapamycin inhibits HTT aggregation in both
autophagy-deficient and proficient cells [175]. Moreover, the presence of mutant HTT in the brains
of HD mice does not significantly change LC3-1 to LC3-Il conversion, a marker of autophagy
activation [176]. Similar to UPS, there might be an age-related decline in autophagy activity. For
instance, Beclin 1, necessary for autophagosome formation, co-localizes with HTT aggregates in
HD R6/2 mice, and its expression levels decrease over time in both HD and control human brains
[177]. This suggests that, like UPS, the autophagy system becomes less active with age, making
HD patients' brains more vulnerable to mutant HTT accumulation later in life. Overall, it is clear
that the systems responsible for clearing misfolded proteins like mutant HTT become dysregulated,

leading to the accumulation of these proteins in neuronal cells over time.
1.5 Role of PRC2 Complex in HD pathology

The Polycomb Repressive Complex 2 (PRC2) plays a crucial role in various pathological
processes, including Huntington's disease pathology [178]. The PRC2 is a crucial molecular
structure involved in epigenetic regulation across eukaryotic cells [179]. PRC2 consists of four
core proteins: EZH2, EED, SUZ12, and RbAp46/RbAp48 (Fig. 1.5.1) [180]. EZH2 catalyses the

trimethylation of histone H3 at lysine 27 (H3K27me3), a repressive marker ultimately resulting in

transcriptional silencing through chromatin compaction (Fig. 1.5.2) [181]. EED binding of
H3K27me3 allosterically activates EZH2 [182,183]. PRC2 influences over 2000 genes on 10
chromosomes [184-187]. Experimental studies involving mice have demonstrated that deletion of
these core proteins leads to morphological defects and premature death, underscoring PRC2's
pivotal role in cell development and differentiation [188]. Evolutionary conservation underscores
its significance in maintaining specific gene expression states [184,189]. PRC2 ensures the
maintenance of histone modifications, particularly trimethylation of lysine 27 on histone 3,
throughout the cell cycle, crucial for preventing erroneous transcriptional activity that could prove
fatal [190]. This modification affects nucleosome organization and gene activity by altering
chromatin compaction, impacting cellular proliferation, differentiation, and identity [190,178].
The PRC2 complex, along with accessory proteins, mediates mono-, di-, and trimethylation states
of H3K27 (H3K27mel, H3K27me2, and H3K27me3), influencing approximately 70% of the
genome and thereby playing a pivotal role in transcriptional regulation and gene silencing across

diverse cellular contexts [191-193].
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Figure 1.5.2: The schematic representation of Polycomb repressive complex 2 (PRC2)
suppression of neurodegenerative transcription process in neurons [190].
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Figure 1.5.1: The schematic representation showing interactions of PRC2 with chromatin [180].
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In the context of HD, PRC2's dysregulation can contribute to neurological diseases, as mutations
or dysfunctions in PRC2 subunits are linked to neurodegenerative conditions [178]. Additionally,
PRC2's intricate regulatory networks in the central nervous system (CNS) are vital for neuronal
identity, neural stem cell differentiation, and gliogenesis, highlighting its significance in
understanding and potentially targeting HD pathology for therapeutic interventions [178].
Huntingtin has been shown to interact with PRC2 and facilitate its activity [70]. Mutant huntingtin
facilitates this activity significantly more than the normal huntingtin [70]. Mutant huntingtin also
disrupts PRC2 regulation, leading to impaired Hox gene expression and histone H3K27 tri-
methylation [70]. PRC2 recruitment and H3K27 methylation patterns are influenced by various
factors, including chromatin residence time and catalytic activity [193]. Furthermore, mutant
huntingtin alters histone monoubiquitylation by disrupting its interaction with Bmi-1, a component
of the hPRC1L E3 ubiquitin ligase complex. This leads to changes in uH2A and uH2B levels at
gene promoters, affecting transcriptional regulation and histone methylation patterns [194].
Therefore, exploring PRC2's role in HD pathology could provide valuable insights into the disease
mechanisms and aid in the development of novel treatment strategies. Based on these observations,
it is imperative that any intervention that can abrogate mutant huntingtin mediated hyper-activation

of PRC2 can be of potential therapeutic interest.
1.6 Consequences of expansion of polyQ length in mutant huntingtin protein

The exact molecular mechanisms and pathways that lead to Huntington's Disease are not yet fully
understood. However, it is known that a variety of cellular processes are disrupted by the expansion
of the polyglutamine (polyQ) tract within the huntingtin protein [30]. Research indicates that this

expansion in the amino-terminal region of huntingtin not only causes the protein to gain toxic

functions but also results in the loss of normal huntingtin functions and affects many other cellular

proteins [30]. This dual impact disrupts numerous cellular processes. The toxic gain-of-function
of mutant huntingtin leads to the formation of various oligomeric species and inclusion bodies,
which abnormally interact with multiple cellular proteins, thereby disrupting several cellular
pathways [195]. Concurrently, the loss of function of wild-type huntingtin hampers cellular
operations due to its reduced interaction with proteins crucial for development, transcription, cell

cycle regulation, intracellular transport, and cell survival [196].
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1.6.1 Cell-autonomous pathogenesis

Since the discovery of the HD gene, significant strides have been made in understanding the
biology of Huntington's Disease. Research involving cellular models, transgenic animal models,
and post-mortem HD brain samples has revealed numerous cellular dysfunctions that contribute
to the progression of HD (Fig. 1.6.1). These cell-autonomous pathogenesis include abnormal
protein interactions, transcriptional dysregulation [197], mitochondrial dysfunction, oxidative
stress [198,199], impaired clearance of mutant huntingtin, defects in protein quality control [200-
202], and issues with axonal transport [199,203].
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Figure 1.6.1: Pathogenetic cellular mechanisms in Huntington’s disease [25].
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1.6.1.1 Excitotoxicity

Overactivation of ionotropic glutamate receptors, whether from increased glutamate release,
reduced glutamate uptake, or heightened receptor sensitivity, can lead to neuronal stress and death
through excessive calcium influx [204]. lonotropic glutamate receptors are categorized into three
types based on their pharmacological and physiological properties: AMPA, kainate, and NMDA
receptors. Particularly, excessive stimulation of NMDA receptors is playing a significant role in
HD pathogenesis [205].

The first evidence linking excitotoxicity to HD pathogenesis came from studies where direct
injections of glutamate receptor agonists, such as kainic acid, into rat striata caused striatal neuron
death [206,207]. Later, it was shown that NMDA agonists selectively induce the loss of
GABAergic medium spiny neurons (MSNs) [208]. In R6/2 mice, striatal neurons are vulnerable
to NMDA receptor-induced excitotoxicity even before motor deficits appear [209]. Intra-striatal
injections of the NMDA receptor agonist quinolinic acid in the YAC72 mouse model lead to larger

lesions and MSN apoptosis [210].

NMDA receptors interact with PSD95, which localizes the receptors with various intracellular
signaling enzymes, including NOS [211]. Huntingtin also interacts with PSD-95, and this
interaction diminishes as the polyglutamine length increases, potentially contributing to enhanced
NMDA receptor activity and toxicity [212]. Mutant HTT affects neurotransmitter release by
disrupting glutamatergic signaling and causing excessive mitochondrial depolarization, which

exposes neurons to prolonged Ca?* influx and makes them more susceptible to excitotoxic damage

[213]. The NMDA receptor antagonist Memantine has been shown to mitigate excitotoxicity by

blocking extrasynaptic NMDA receptors [214].
1.6.1.2 Mitochondrial dysfunction and impaired energy metabolism

Mitochondria are dynamic organelles that play a critical role in dendritic spine formation and
synaptic activity by regulating intracellular calcium levels [215-217]. In HD, mutant huntingtin
disrupts mitochondrial structure and function, leading to impairments in the electron transport
chain and cellular respiration [218,219]. Studies have shown a progressive decrease in the number
and size of mitochondria in the striatal neurons of HD patients, and mitochondrial PCR array

profiling in the caudate nucleus of HD patients has revealed increased mRNA and protein
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expression involved in mitochondrial localization, membrane translocation, and polarization
[220].

Signs of energy deficits in the brains of HD patients include reduced glucose consumption [221],
elevated lactate levels, and ATP depletion [222]. These bioenergetic changes are linked to various
factors such as oxidative stress [223], impaired calcium regulation [224], abnormal mitochondrial
movement [225], and decreased glycolysis [226]. Our previous research revealed that treatment
with Decanoic acid, 2-butyloctanoic acid, and Glyceryl triacetate mitigated mitochondrial
dysfunction and oxidative stress, as well as restored ATP levels in HD150Q cells, indicating their
potential to alleviate energy metabolism impairments associated with Huntington's Disease [160].
Earlier studies have suggested that alterations in mitochondrial function are crucial in the
pathogenic processes in HD, with the net result being compromised energy metabolism and
enhanced oxidative damage [227-234]. This is due to either obstructing transcription of nuclear-
encoded mitochondrial proteins or directly interacting with the organelle and modulating
respiration, membrane potential, and Ca2+ buffering, resulting in neuronal dysfunction and death
[228,229].

The length of the huntingtin polyQ region has been found to be significantly associated with a

decline in the cellular ATP/ADP ratio [227]. NMDA receptor-mediated excitotoxicity in medium

spiny neurons (MSNs) can exacerbate cell death by increasing energy demand [235]. Deficiencies

in mitochondrial complex Il and Il subunits have been detected in the basal ganglia of
symptomatic patients [236]. Additionally, polymorphisms in mitochondrial DNA and PGC-1a.
have also been reported as genetic modifiers for the age at onset of HD in genetic association
studies, supporting the hypothesis that energy metabolism dysregulation is a crucial component of
HD pathogenesis [237,238].

PGC-1a, a transcriptional co-activator critical for mitochondrial energy production and defense
against reactive oxygen species (ROS), has been implicated in neurological dysfunction and HD
pathogenesis [239,240]. Various antioxidants and energy-related supplements, such as ethyl-EPA,
coenzyme Q10, and creatine, are being tested in clinical trials to address mitochondrial defects in
HD patients [241].

1.6.1.3 Neuroinflammation
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Inflammation is a key early mechanism in the development of many neurodegenerative diseases,
including Huntington's Disease. This process significantly impacts neuronal survival during
pathological conditions. In HD patients, inflammatory proteins, such as complement proteins, are
elevated in both the peripheral and central nervous systems [242]. Microglia, the central nervous
system's resident immune cells, are primary mediators of inflammation. Their activation in the

brains of HD patients is closely linked to striatal neuron loss and disease severity [243,244].

The kynurenine pathway in microglia produces metabolites that increase reactive oxygen species
(ROS), contributing to non-cell autonomous degeneration in HD. The enzyme kynurenine 3-
monooxygenase (KMO) in microglia regulates the toxic effects of mutant huntingtin in yeast
models of HD [245]. Mouse models of HD, either crossed with KMO knock-out mice or treated
with KMO inhibitors, show extended survival, highlighting the significant role of microglia in HD

progression [246].

Recently, increased activation of nuclear factor-kB (NF-kB) has been observed in astrocytes in
both mouse models and human patients with HD. NF-kB, a key transcriptional mediator of the
inflammatory response, may play a crucial role in accelerating HD progression through astrocyte-
mediated, NF-kB-dependent inflammation [247].

1.6.1.4 Autophagy

Autophagy is the process where lysosomes degrade unnecessary cytoplasmic material [248,249].

This requires a dynamic interaction between autophagic and endocytic pathways to fully break
down unwanted components. Normally, wild-type and mutant huntingtin in the nucleus are
degraded by the proteasome, but toxic forms of cytosolic mutant HTT are primarily processed by
the lysosomal system through autophagy. This process serves as a compensatory mechanism to
deal with polyglutamine toxicity [250], but the buildup of mutant HTT suggests impaired
autophagic clearance [251]. Autophagosomes, which are double-membrane vesicles, are involved
in this process by fusing with lysosomes for degradation [252], and they help clear both soluble
and insoluble forms of HTT [253]. An increased number of autophagosomes has been observed in

the striatal neurons of mice expressing mutant HTT and in the brains of HD patients [254].

When macroautophagy is blocked, many cell types respond by increasing chaperone-mediated
autophagy (CMA) [255]. CMA degrades cytosolic proteins with the aid of molecular chaperones
in the cytosol and lysosomal lumen [256]. This upregulation has also been observed in various
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cellular and mouse models of HD. Components of CMA, such as lysosome-associated membrane
protein type 2A (LAMP-2A) and lysosomal-Hsc70, are significantly increased in HD models. This
increased activity is thought to compensate for macroautophagic dysfunction in the early stages of
HD, but its effectiveness may diminish with age, contributing to the disease's pathology [257,258].
Pharmacologically boosting the autophagic pathway has been shown to alleviate polyglutamine-
induced symptoms. Inhibiting the mammalian target of rapamycin (mTOR) induces autophagy
and reduces polyglutamine toxicity in fly and mouse models of HD [172,259]. Aggregation-prone
pathogenic proteins are also known to disrupt autophagic activity by sequestering and inhibiting
its regulators. The abnormal interaction of mutant polyglutamine with autophagic vesicles can
interfere with their ability to recognize cytosolic cargos, leading to further accumulation of the

mutant protein [260].
1.6.1.5 ER stress and axonal trafficking

Proteins with the correct conformation are transported through the endoplasmic reticulum (ER) to
their target organelles. When ER function is disrupted, abnormally folded proteins can accumulate,

causing significant ER stress [261]. This stress activates a signal transduction cascade known as

the unfolded protein response (UPR), which monitors protein folding and up-regulates ER
chaperones and ER-associated degradation (ERAD) genes (Fig. 1.6.2) [262]. Prolonged ER stress

can lead to cell death via various pro-apoptotic factors [263]. Under stress, ASK1 and its
downstream target JNK trigger mitochondria-mediated apoptosis [264]. Increased levels of ASK1
and ER stress markers have been observed in HD transgenic mouse models [265]. Injecting the
ER stress agent tunicamycin into the striatum has been shown to enhance mutant HTT aggregation
[266]. Additionally, the ER protein quality control system, ERAD, is found to be defective in HD
models, with essential ERAD proteins being sequestered by mutant HTT [267].

In both in vitro and in vivo settings, HTT aggregates in axons disrupt axonal transport [268,269].
HTT can bind directly to dynein intermediate chains to facilitate vesicle movement [270]. In the
brains of HD patients, tubulin acetylation, which helps kinesin dock onto microtubules, is reduced
[271]. Polyglutamine also affects microtubules via JNK3, which phosphorylates the kinesin-1
motor domain, reducing its binding affinity for microtubules. Neuronal JNK3 levels are affected
in HD mouse models [272]. The expression of mutant HTT disrupts vesicular trafficking and

axonal transport, causing cargo vesicle accumulation through interactions with HAP1, HAP40,
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and dynein [273]. The transport of type-A GABA receptors to synapses, mediated by HTT, HAP1,

and kinesin, is defective in HD [274]. Furthermore, the retrograde transport of BDNF is

compromised due to the loss of wild-type HTT expression [275].
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Figure 1.6.2: Model of mHTT aggregation, generation of ER stress and the consequent UPR

protective and later pro-apoptotic responses [151].

1.6.1.6 Impairment of ubiquitin-proteasome system (UPS)

The ubiquitin-proteasome system (UPS) is a tightly regulated mechanism responsible for

degrading and removing potentially toxic proteins, such as those that are misfolded, improperly

assembled, or damaged [276]. In this system, defective proteins are tagged with ubiquitin and then

broken down by proteasomes at their hydrophobic, acidic, and basic residues [277]. However, if

the proteasome system malfunctions, these misfolded or damaged proteins can accumulate and

form aggregates [277]. In Huntington's Disease, the impairment of UPS was first suggested by the

presence of ubiquitin in mutant huntingtin aggregates [278]. Components of the UPS, including
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ubiquitin and proteasome subunits, have been found sequestered in mHTT aggregates in brain

tissues from HD patients and animal models [278].

The exact reason for UPS impairment is not fully understood. Some evidence indicates that this
impairment may be due to the irreversible sequestration of proteasomes into aggregates [278].
Additionally, the UPS might be overwhelmed by the increased amount of mHTT as the disease
progresses. For example, studies with conditional HD mouse models have shown that silencing
mHTT expression leads to aggregate degradation by proteasomes, whereas using proteasome
inhibitors prevents aggregate clearance [279]. This suggests that aggregate formation is a balance

between the synthesis rate of the mutant protein and its degradation by the proteasome [279].
1.6.2 Non-cell-autonomous pathogenesis

Non-cell-autonomous mechanisms are increasingly recognized as significant contributors to HD
pathogenesis alongside cell-autonomous factors. Glial cells, particularly astrocytes expressing
mutant huntingtin, play a pivotal role in this process, inducing a neurological phenotype in mice
and causing neuronal death in co-culture models [280,281]. Additionally, mHTT aggregates may
propagate in a prion-like manner and affect neural transplants within HD brains, although the
widespread expression of mHTT potentially limits the pathological relevance of this spread
[282,283,35]. Impaired trafficking of brain-derived neurotrophic factor (BDNF) and reduced

BDNF expression in HD patient brains contribute to heightened striatal susceptibility, as medium

spiny neurons (MSNs) rely on cortical BDNF supply [118,116,37]. Excitotoxicity, mediated by

excessive activation of AMPA and NMDA glutamate receptors predominantly expressed on
MSNSs, leads to neuronal apoptosis in HD. This is supported by elevated levels of excitotoxic KMO
metabolites and compromised synaptic glutamate clearance, highlighting potential therapeutic

targets to mitigate excitotoxic damage [284-287].

Peripheral immune abnormalities are prevalent in HD, extending beyond the central nervous
system (CNS). HD patients and animal models exhibit elevated levels of proinflammatory
cytokines such as IL-6 and TNFa in plasma, with correlations observed between these markers
and disease progression, as well as microglial activation [288,79,289,290]. Myeloid cells from HD
patients express mutant huntingtin and demonstrate heightened reactivity, characterized by
increased cytokine production following stimulation, a response that can be reversed by lowering

HTT levels [291,125,292]. Functional deficits in migration and phagocytosis have also been
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observed in HD myeloid cells, indicating potential abnormalities in basal immune function beyond
stimulated conditions [292,77]. While adaptive immune responses in HD are less studied, T and B
lymphocytes from patients express mHTT, with altered cytokine profiles noted but no significant
changes in circulating immunoglobulin levels[291,79,293]. Therapeutically, modulation of
peripheral immune responses through CB2 receptor and KMO inhibition has shown promise in
HD models, reducing CNS inflammation, extending lifespan, and improving motor deficits [294-
297]. Additionally, bone marrow transplantation has demonstrated modest benefits, underscoring
the potential of peripheral immune mechanisms in modifying HD progression [298].

These findings underscore the complex interplay between cell-autonomous and non-cell-
autonomous factors in HD pathogenesis, highlighting the intricate involvement of peripheral
immune dysregulation and suggesting avenues for multifaceted therapeutic interventions targeting

both neuronal and glial dysfunction to potentially mitigate disease progression.
1.6.3 Transcriptional dysregulation in HD

Both wild-type and mutant huntingtin proteins are known to interact with various transcription
factors. Microarray analyses have shown that numerous transcriptional pathways are disrupted in
Huntington's Disease. However, the exact role of transcriptional deregulation in HD pathogenesis
remains unclear, with several hypotheses proposed to explain how mutant huntingtin might cause
these disturbances [197,299,300]:

1) The gain-of-function property of the polyglutamine stretch may lead to abnormal binding to
DNA.

2) Mutant huntingtin might form inactive transcriptional complexes with other factors, functioning

as a repressor.

3) By forming complexes with co-repressors, it might activate genes that are usually silent.

4) Mutant huntingtin may sequester transcription factors, reducing their cellular levels.

Microarray studies have identified more than 10,000 functional classes of genes whose expression
is affected in polyglutamine diseases [301-305]. A common finding in various polyglutamine
transgenic mice is the altered expression of neuropeptides, such as enkephalin, and proteins
involved in signal transduction. The cCAMP-responsive element (CRE) pathway regulates genes
essential for neuronal survival, and down-regulation of CRE-mediated genes is a hallmark of pre-
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symptomatic HD [306]. Polyglutamine protein expression is known to influence CRE-mediated
transcription, and deletion of CREB results in an HD-like phenotype in mouse models [307].
Expanded polyglutamine interacts with the co-activator CREB-binding protein (CBP) and can
sequester it into aggregates, as observed in HD, SBMA, and SCA-3 models [308]. Other genes
that interact with soluble huntingtin and are similarly recruited include SP-1, TBP, and CA-150
[309,310].

The disruption of Spl occurs early in HD pathogenesis. Mutant huntingtin with expanded
polyglutamine disrupts the association of TAFI1130 with Sp1l, interfering directly with its DNA
binding, thereby down-regulating gene promoters of dopamine D2 receptors and nerve growth
factor receptor [310,311]. Huntingtin also interacts with several transcriptional repressor proteins.
The N-terminus of HTT-171 interacts in a repeat-length-dependent manner with nuclear receptor
co-repressor (N-CoR) to re-localize its repressor protein [312]. Mutant huntingtin has been shown
to repress PGC-1la transcription by associating with the promoter and interfering with the
CREB/TAF4-dependent transcriptional pathway crucial for its expression. The absence of PGC-
la can lead to increased degeneration of striatal neurons and motor abnormalities in HD mice
[313].

Wild-type huntingtin modulates the activity of neuron-restrictive silencer elements (NRSE)-
containing genes, including brain-derived neurotrophic factor (BDNF), a crucial pro-survival
factor for striatal neurons. Mutant huntingtin suppresses the transcription of NRSE-regulated
genes, resulting in a reduction of BDNF levels and subsequently leading to the death of striatal
neurons due to insufficient trophic support [116,121]. Furthermore, PRC2, an epigenetic silencing
complex, plays a crucial role in Huntington's disease pathophysiology. Dysregulation of PRC2 can
contribute to the disease, as mutations or malfunctions in its subunits are associated with HD
pathology [178]. Huntingtin has been demonstrated to interact with PRC2 and enhance its activity
[70], with mutant huntingtin significantly amplifying this effect compared to its normal counterpart

[70]. Additionally, mutant huntingtin disrupts PRC2 regulation, resulting in aberrant Hox gene

expression and impaired histone H3K27 trimethylation [70].

1.7 Huntington's Disease Therapeutics

Currently, there is no effective treatment for HD. However, various strategies such as silencing the
mutant allele using siRNA, RNAI [314], Zinc-finger nucleases [315], DNA Aptamers [316] and
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targeting huntingtin post-translational modifications are being employed in animal models of HD
[317], with limited success. Recently, a human trial involving HD patients used the mutant
huntingtin-specific antisense oligonucleotide Tominersen (previously known as IONIS-HTTRx
and RG6042), which showed a significant reduction in mutant huntingtin protein expression [318],
Unfortunately, the trial was halted after interim data from the Phase 3 GENERATION HD1
clinical trial indicated that the therapy was not benefiting participants. A detailed description of

HD treatments and ongoing clinical trials of HD therapeutics is provided below.
1.7.1 Current therapeutics for HD

As previously mentioned, there are currently no treatments available to slow the progression of
Huntington's disease, so management focuses on symptomatic relief [47]. Tetrabenazine is the first
drug specifically approved for treating HD-related chorea, though neuroleptics like haloperidol
can also be used for chorea and are helpful in managing non-motor symptoms such as psychosis
and irritability. Psychiatric symptoms are treated with conventional methods, such as selective
serotonin reuptake inhibitors for depression. Other treatment strategies include dietary
supplements and physiotherapy for cachexia, while social care often proves more effective than
pharmacological interventions in addressing behavioral issues [45]. Unfortunately, recent clinical

trials have mostly resulted in disappointing outcomes [25]

1.7.2 Experimental therapeutics for HD

Experimental therapeutics for HD have focused on targeting specific pathogenic mechanisms to
mitigate cellular deficits associated with the disease. Enhancing cellular degradation pathways,
such as mTOR-dependent autophagy, has shown potential in clearing mutant huntingtin aggregates
in fly and mouse models of HD [260]. Strategies involving the overexpression of molecular
chaperones and administration of small molecule aggregation inhibitors have also been explored,
although concerns regarding off-target effects may limit their clinical application [319,320].
Another approach aims at supporting neuronal function through interventions like increasing
brain-derived neurotrophic factor (BDNF) levels, which have demonstrated improvements in
motor performance and synaptic plasticity in HD models [321,322]. Conversely, attempts to
mitigate excitotoxicity, a significant contributor to neuronal damage in HD, using agents like
riluzole have not yielded disease-modifying effects in clinical trials [323]. Neuronal replacement

strategies through grafting neurons in animal models initially showed promise but faced challenges
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in clinical trials, including potential mHTT spread and graft degeneration [324-326,283].
Additionally, targeting transcriptional dysregulation via histone deacetylase inhibition and genetic
knockdown has shown efficacy in improving motor function in preclinical studies, yet these
approaches address only specific facets of HD's complex pathogenesis [327,328]. These
therapeutic strategies underscore the multifaceted nature of HD pathophysiology and highlight the

need for comprehensive approaches in developing effective treatments.
1.7.3 Post-transcriptional gene silencing

Recent interest has focused on post-transcriptional gene silencing (PTGS) as a therapeutic
approach for genetic disorders, aiming to interrupt mRNA translation and mitigate disease
progression. Initial clinical trials, particularly in Duchenne's muscular dystrophy, have shown
promising results [329]. PTGS methods primarily utilize small interfering RNA (SiRNA), double-
stranded oligonucleotides approximately 20-25 bp in length. These molecules interact with the
RNA-induced silencing complex (RISC) upon cytoplasmic delivery, where the guide strand directs
RISC to target complementary mRNA sequences for degradation, facilitated by Argonaute

enzymes [330]. In contrast, antisense oligonucleotides (ASOs), single-stranded molecules of 15-

25 bp, mediate PTGS by promoting mRNA degradation via ribonuclease H (RNase H) or

physically blocking translation [331].

Delivery mechanisms differ between siRNAs and ASOs; ASOs can penetrate cells, including
neurons, directly, whereas siRNAs require efficient transfection protocols for delivery and target
MRNA exclusively in the cytoplasm [332]. Additionally, sSiRNAs are generally considered more
robust and stable due to their double-stranded structure, which avoids the extensive chemical

modifications often needed to enhance ASO potency [333].
1.7.4 HTT-lowering in HD

Recent research has focused on using post-transcriptional gene silencing (PTGS) techniques to
target Huntington's disease, a monogenic disorder primarily caused by mHTT. Experimental
approaches have demonstrated the efficacy of reducing mHTT levels as a therapeutic strategy.
Initial studies employing doxycycline-induced conditional knockout of mHTT in HD mouse
models showed significant reductions in brain pathology, supporting the hypothesis that lowering
cellular mHTT levels can beneficially impact disease progression and survival [334]. Subsequent
investigations have utilized small interfering RNAs (siRNAs) and antisense oligonucleotides
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(ASOs) with promising outcomes. Lentiviral vector-mediated delivery of anti-HTT siRNA
effectively mitigated neuropathology in HD mice [335], while intracerebroventricular infusion of
ASOs delayed disease progression and prolonged symptom improvement, even beyond the period
of HTT mRNA reduction, suggesting potential long-lasting therapeutic benefits [336]. However,
the clinical translation of PTGS therapies for HD faces significant challenges in effective drug
delivery to the brain. Traditional peripheral administration methods are inadequate due to poor
blood-brain barrier penetration, necessitating invasive techniques such as implantable infusion
systems for direct brain delivery. Initial studies investigating direct CSF infusion of ASOs are

underway to explore their feasibility and efficacy in clinical settings [337].
1.7.5 Allele-selective HT T-lowering

Therapeutic strategies for Huntington's Disease encompass two main approaches: total HTT-
lowering therapies utilizing siRNAs and ASOs, and allele-selective methods aimed at targeting
mutant HTT while sparing wild-type expression [338]. Studies in animal models, including mice
and non-human primates, have demonstrated the tolerability of non-specific HTT-lowering
treatments over extended periods, albeit with unresolved concerns regarding potential long-term
effects in human patients [336,339,340,123]. Allele-selective strategies primarily focus on
targeting expanded CAG repeats or single nucleotide polymorphisms (SNPs), which pose
challenges such as off-target effects and reduced efficacy with normal-range CAG repeats [341-
343]. SNP-based targeting approaches consider the variability in SNP heterozygosity among
different populations, suggesting the potential for achieving selective knockdown using a limited
number of SNPs [344,332,345]. Experimental validation includes studies utilizing siRNAs and
ASOs directed against specific SNPs (e.g., rs363125, rs7685686), demonstrating varying degrees
of allele-selectivity and efficacy in cellular and animal models [346-349]. Despite progress,

significant technical challenges remain in achieving robust allele-selective suppression across both

alleles in human cells, underscoring the imperative for further research and clinical validation
[350,335,339].

1.7.6 Protein Clearance Approaches to Lowering Mutant Huntingtin

Huntington's Disease involves impaired proteostasis, affecting the degradation of mutant
huntingtin through the ubiquitin-proteasome system (UPS) and autophagy pathways [351].

Therapeutic strategies targeting mHTT proteostasis pathways aim to enhance protein clearance
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mechanisms, showing promise in HD models but currently lacking clinical trials [352]. There is
significant interest in orally bioavailable small molecules for lowering mHTT levels, offering
simplified administration, good systemic distribution, and potential cost-effectiveness compared
to other therapies [352]. Additionally, PROTAC-based approaches have emerged as a novel
strategy to selectively target mHTT for UPS degradation, demonstrating efficacy in HD patient-
derived cells [353,354]. However, these approaches require further development and validation
before advancing to clinical trials, particularly in terms of delivery to the central nervous system
(CNS). These findings underscore ongoing efforts to develop effective therapeutic agents for

Huntington's Disease by exploiting cellular protein quality control mechanisms.
1.8 Huntingtin Post-translational Modifications

As previously discussed, proper protein folding is essential for protein functionality. Post-
translational modifications are crucial in this process, and any alterations can lead to misfolding
and potential toxicity [355]. Several modifications of huntingtin occur within the highly conserved
N-terminal 17 amino acids. Ubiquitination was the first identified modification, occurring after
HTT interacts with the ubiquitin-conjugating enzyme E2-25K, which is significantly enriched in
the striatum and cortex—the brain regions most impacted by Huntington's disease [356]. In a
Drosophila model of Huntington's disease, inhibiting huntingtin (HTT) ubiquitination exacerbated
neurodegeneration. The same study revealed that lysines 6 and 9 of the HTT N-terminus were
SUMOylated, and increased SUMOQylation in HD flies further intensified neurodegeneration
[147]. These findings imply that N-terminal ubiquitination of HTT serves a protective role,
whereas SUMOylation contributes to toxicity, indicating a competitive interaction between these
modifications in mitigating cell degeneration. More recently, it was discovered that Rhes (Ras
Homolog Enriched in Striatum), which is specifically localized to the striatum, interacts with
mutant HTT, induces its SUMOylation, decreases aggregation, and enhances cytotoxicity [357].

This supports the idea that large aggregates may not be the toxic elements in HD pathology.

1.8.1 Phosphorylation of HTT

Another significant post-translational modification of huntingtin, including phosphorylation, have

been shown to regulate its function and toxicity [358]. Phosphorylation of many proteins, at serine
(S), threonine (T) or tyrosine () residues, regulates their functional activities, turnover [359] and

nuclear transport [360]. Huntingtin is heavily phosphorylated and several phosphorylation sites
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have been reported. Phosphorylation at several sites including Ser421, Ser434, Ser513, Ser536,
Ser1181 and Ser1201 were shown to be protective in nature and reduce the aggregation and
toxicity of the mutant protein [361-367]. Several other phosphorylation sites have also been
predicted in huntingtin and some sites have been confirmed; Thr3 and Ser13 and Ser16 [368,369],
as well as Ser421, which is phosphorylated by AKT [370]. Some of these sites have been

implicated in toxicity of mutant huntingtin while others are demonstrated to be of protective nature.

Initially, a mass spectrometry screen identified several phosphorylation sites in both mutant and
wild-type full-length HTT, with the most N-terminal site being amino acid 421, which is crucial
for axonal transport [365,371,362]. As noted earlier, the nuclear accumulation predominantly
involves small N-terminal fragments, indicating that if phosphorylation influences the localization
of N-terminal mutant HTT, phosphorylated sites are likely situated near the N-terminus. Recent
research employing mass spectrometry has identified phosphorylation sites within exon 1 (the N-
terminal 67 amino acids of HTT), with threonine 3 (T3) emerging as the most frequently
phosphorylated site [368]. In cell culture and an HD Drosophila model, phosphorylation of T3 is
essential for aggregation. Notably, T3 appears to contribute to toxicity not through its
phosphorylation, but rather due to its critical role in maintaining the tertiary structure of the N-
terminus. Another notable recent study by Lee Y et al. demonstrated that phosphorylation of
Ser2550 by cAMP-dependent protein kinase A (PKA) modulates huntingtin degradation,
subsequently affecting the steady-state levels of huntingtin in HD cells [372].

1.8.2 Ser13/Ser16 Phosphorylation

Within the first 17 amino acids of huntingtin are two serine residues, S13 and S16, which are also
subject to phosphorylation. The role of these phosphorylations in HD pathogenesis remains
debated. Two research groups investigated these residues by mutating S13 and S16 to either
alanine (to create a non-phosphorylatable mutant) or aspartic acid (to create a phosphomimetic
mutant). One group performed these mutations in cell culture [369], while the other generated a
BACHD mouse model with these point mutations [65]. Thompson et al. reported that
phosphorylation of both residues enhances the nuclear localization of N-terminal huntingtin and
promotes its targeting to lysosomes or the proteasome for degradation [369]. Conversely, Gu et al.
found that phosphorylation of these residues reduces aggregation and toxicity of mutant huntingtin
[65].
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However, some of the most compelling evidence for the protective nature of huntingtin
phosphorylation comes from the study in which constitutive phosphorylation at Ser13 and Ser16
was shown to revert the toxic phenotype of mutant huntingtin in a BAC mouse model [65].
Expression of phosphomimetic huntingtin, where serine was changed to aspartate (SD) or,
alternatively, expression of nonphosphorylatable alanine (SA) residues-huntingtin, demonstrated
that while, both SA and SD mutant huntingtin proteins retained essential huntingtin function in
rescuing Hdh knockout mouse phenotypes, only the SD mutant protein was associated with a
striking absence of the motor, psychiatric and neuropathological phenotypes and decrease in
mutant huntingtin aggregates [65]. This result strongly predicts that huntingtin phosphorylation at
Ser13/Ser16 can directly or indirectly prevents the toxic consequences associated with expanded
polyQ huntingtin. Although the precise mechanism remains unclear and requires further

investigation.
1.9 Kinase and Phosphatase Inhibitors as Huntington's Disease Therapeutics

Kinase and phosphatase inhibitors are pivotal in modulating huntingtin phosphorylation in HD,
impacting the protein's subcellular localization and toxicity [373]. The phosphorylation of
huntingtin at Ser13 and Ser16, which enhances its clearance by proteasomes and lysosomes, can
be altered by small-molecule kinase inhibitors such as casein kinase-2 (CK2) inhibitors [373]. CK2
and the inflammatory kinase IKK catalyse the addition of phosphate groups to these sites, with
IKK-induced phosphorylation activating other post-translational modifications (PTMs) of nearby
lysine residues, including acetylation, ubiquitination, and SUMOylation, promoting huntingtin

clearance by lysosomes and proteasomes [369]. Interestingly, inhibiting IKKp kinase can

paradoxically increase N17 phosphorylation, further influencing huntingtin localization within
cells [373]. These findings suggest that targeting kinase and phosphatase activity could provide
therapeutic benefits by modifying the molecular mechanisms underlying HD progression.

In preclinical development, Protein Kinase CK2 has emerged as a promising kinase target for HD
therapeutic intervention. Studies have shown that inhibition of CK2 reduces HTT phosphorylation
but increases toxicity [374]. Genetic approaches in mouse models have demonstrated beneficial
effects of targeting CK2, highlighting its potential [374]. In addition, research by Randy Singh
Atwal and colleagues examined 80 compounds, with BMS 345541 and Bay 11-7082 showing
enhanced N17 phosphorylation [373]. These two drugs demonstrated the ability to influence the
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subcellular localization of huntingtin, with CK2 inhibitors reducing N17 phosphorylation and
nuclear translocation, while IKK kinase inhibitors boosted N17 phosphorylation and p-N17
huntingtin nuclear localization [373]. Kinetin (N6-furfuryladenine), a plant cytokine, aids N17
phosphorylation by substituting ATP as a substrate for CK2, thereby enhancing the clearance of
mHTT inclusions in the context of decreased ATP levels in HD [375].

Additionally, inhibition of phosphatase and tensin homolog (PTEN) has led to significant
improvements in morphological phenotypes, functional vision, and climbing ability in transgenic
flies and mouse neuronal models of HD [376]. Bay 11-7082 and BMS-345541, which inhibit IKK
phosphorylation through different pathways, further underscore the potential of kinase inhibitors
in HD treatment [373]. BMS-345541 is a selective inhibitor of the catalytic subunit of IKK beta
kinase. IKK beta kinase mediated phosphorylation leads to the activation of Protein phosphatase
2A (PP2A) and Serine/threonine-protein phosphatase 2B (PP2B), which are responsible for
dephosphorylation at the N17 domain of the HTT protein [373]. In presence of BMS-345541, the
N17 phosphorylation is preserved.

Despite these promising findings, several challenges remain in translating this research into
clinical trials. There is a need for further validation of the efficacy and long-term safety of kinase
inhibitors, and the availability of FDA-approved drugs for neurological treatments is limited

compared to cancer therapies [377,378]. The concept of "Aberrant Cell Cycle Diseases™ proposes

that kinase inhibitors approved for cancer treatment could also benefit neurological disorders like

HD, where kinase activation contributes to neuronal death [378]. These challenges underscore the
importance of rigorous preclinical testing and regulatory approval processes to ensure that kinase

inhibitors successfully transition from preclinical development to clinical trials for HD treatment.
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