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ABSTRACT

Huntington’s disease is an autosomal dominantly inherited neurodegenerative
disorder characterized by degeneration of striatal and cortical neurons. The neurons in
these regions are particularly energy-demanding and need to maintain high levels of
oxidative phosphorylation to support cellular activities. Reactive oxygen species are
generated as a byproduct of oxidative phosphorylation and can damage DNA and other
biomolecules if not properly metabolized. In HD, there is elevated oxidative DNA
damage and impaired DNA damage repair, likely due to impaired function of the mutant
huntingtin protein in base excision repair (BER). Previous studies have shown that mutant
huntingtin is hypo-phosphorylated at serines 13 and 16 in the N17 domain, and that
restoring phosphorylation can reestablish normal protein function and is protective in HD.

In this thesis, we show that a metabolite of the DNA damage product N6-
furfuryladenine (N6FFA), kinetin triphoshate (KTP) increases N17 phosphorylation
through casein kinase 2 (CK2) by acting as an ATP analog, with protective effects in cell
and animal models of disease. We additionally show N6FFA increases the activity of
CK2 on other substrates, specifically p53. We hypothesize that in times of ATP stress
CK2 can utilize KTP as an alternate energy source, promoting DNA repair and cell
viability. In HD, inefficient BER inhibits generation of KTP and promotes hypo-
phosphorylation of CK2 substrates, which can be overcome by exogenous addition of
N6FFA. Additionally, we show that another DNA-responsive kinase, PKCC, can also
phosphorylated N17, potentially priming this domain for CK2 phosphorylation. Finally,
we propose that the protective effects of NOFFA may be via a two-pronged pathway,
involving both CK2 and the mitochondrial quality control kinase, PINK1. Thus, this
thesis presents a novel mechanism where a product of DNA damage acts as a phosphate
source for critical kinases in DNA repair and mitochondrial maintenance in conditions
where ATP levels are low.
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CHAPTER 1
INTRODUCTION
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1.1 Huntington’s Disease

1.1.1 History of Huntington’s Disease

Huntington’s Disease (HD) is a dominantly inherited genetic disorder that is
characterized clinically by a triad of motor, cognitive, and psychiatric symptoms (1). This
disease is also known as “Huntington’s chorea”, reflecting the most obvious disease
symptom, the involuntary jerking or twitching movements that have been described as
“dance-like”. It was Paracelsus, in the 1500s, who first used the term chorea to describe
this condition, and even suggested that its origin might be in the central nervous system
(CNS)(2). However, in spite of this insight, the disease remained misunderstood, and was
often feared as demon possession for much of the following two centuries. In fact, there is
evidence that some individuals suffering from HD-like symptoms were burned as witches
during the infamous Salem Witch Trials (3, 4).

Although a number of attempts were made at devising a medical description for
“chronic hereditary chorea”, the first accurate characterization of HD was made in 1872
by a third-generation physician, George Huntington, in his manuscript “On Chorea”(5).
Hereditary chorea made up a rather small portion of his report, with most of it being
focused on Sydenham’s chorea, nonetheless, his short description managed to capture the
key features of this disease: it’s hereditary nature and adult onset; the associated,

progressive physical and mental disability (chorea and dementia); a tendency towards


https://paperpile.com/c/KjRbNz/oKNQm
https://paperpile.com/c/KjRbNz/7HPR5
https://paperpile.com/c/KjRbNz/QEkOb+qbxwR
https://paperpile.com/c/KjRbNz/ux2KQ
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suicide; and a lack of response to treatment (5, 6). Thus the disease became known as

“Huntington’s Disease”, although it was originally called “Huntington’s Chorea”.

1.1.2 Huntington’s Disease Symptoms

“Chorea” is a latin word meaning “dance-like motions”, and, indeed, the most
obvious symptoms of HD are the involuntary motor movements displayed by affected
individuals. However, this overt symptom may be mild or absent, and is usually preceded
by several years by cognitive impairment and emotional disturbances (7). HD typically
manifests between the ages of 35 to 50, although onset can vary from childhood to old
age, with patients experiencing progressive dementia and deterioration of overall health
and motor function (1). Death usually occurs about 15-20 years following symptom onset
and is commonly a result of secondary complications since affected individuals have
great difficulty in performing even simple tasks, such as swallowing (dysphagia). This
particular deficit is likely responsible for a number of HD deaths due to choking,
nutritional deficiencies, and aspirational pneumonia (8). In fact, the most common cause
of death amongst HD patients is pneumonia (8, 9). Other common motor symptoms
include dystonia, bradykinesia, and dysarthria (10). Traditionally, clinical diagnosis of
HD is made based on confirmation of an unexplained movement disorder in a patient with
a family history of HD or who has tested positive for the gene mutation. While presence

of the motor phenotype - generally assessed using the Unified Huntington Disease Rating


https://paperpile.com/c/KjRbNz/ux2KQ+17igf
https://paperpile.com/c/KjRbNz/mvW4H
https://paperpile.com/c/KjRbNz/oKNQm
https://paperpile.com/c/KjRbNz/RO56I
https://paperpile.com/c/KjRbNz/RO56I+f8WH4
https://paperpile.com/c/KjRbNz/S8uZN
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Scale (UHDRS-99) - is necessary for clinical diagnosis of HD, the cognitive and
psychiatric symptoms are not (11).

Cognitive symptoms, which often manifest before motor symptoms, can include
slowness of thought (bradyphrenia), defective visuospatial, auditory, and procedural
memory, and impaired executive function (11-13). The most common psychiatric or
behavioural symptoms include apathy, depression, obsessive-compulsive behaviour,
psychosis, and aggression - more often verbal than physical (11, 14, 15). Due to the
mental disorder, particularly depression, and the decrease in quality of life experienced by
affected individuals, another common cause of HD-associated death is suicide, the rates
of which are significantly higher than the general population after symptom onset (8, 9,
16).

Currently, no treatment exists to either halt or attenuate the progression of this

disease, leaving only symptomatic treatments such as neuroleptics and anticonvulsants

(17).

1.1.3 Huntington’s Disease Neuropathology

The most notable feature of HD pathogenesis is progressive degeneration of the
striatum, the largest structure of the basal ganglia, which includes the caudate nucleus and
the putamen (18). Striatal atrophy in HD can be entirely attributed to the selective loss of
the GABA-ergic medium spiny neurons (MSNs) that account for 95% of the striatal

population. The other striatal neuronal subtype, the aspiny cholinergic interneurons, are


https://paperpile.com/c/KjRbNz/J9f8z
https://paperpile.com/c/KjRbNz/J9f8z+IBaRn+0vG03
https://paperpile.com/c/KjRbNz/J9f8z+G53Wa+WSm00
https://paperpile.com/c/KjRbNz/RO56I+Gmbwh+f8WH4
https://paperpile.com/c/KjRbNz/RO56I+Gmbwh+f8WH4
https://paperpile.com/c/KjRbNz/IV337
https://paperpile.com/c/KjRbNz/BSM8m
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relatively spared by comparison (19-22). This striatal loss forms the basis of the
Vonsattel score, which classifies pathological burden in HD post-mortem tissue into five
classes of severity (0-4)(18), although this score does not always correlate with functional
disability prior to death (23). This discrepancy is potentially due to the fact that changes
in other brain regions do not factor into the Vonsattel score (24).

Though striatal degeneration is the most notable neuropathological change in the HD
brain, the diverse presentation of cognitive and psychiatric symptoms point to a more
wide-spread degeneration and involvement of other brain structures. In addition to
neuronal loss in the striatum, there is also clear loss of volume in the cerebral cortex,
thalamus, hippocampus, cerebellum, substantia nigra, and globus pallidus (25-27).
Magnetic resonance imaging (MRI)-based morphometric analysis has revealed that, in
HD brains, there is a significant reduction in volume in almost all brain structures (28).
An analysis of longitudinal MRI data from the TRACK-HD study identified previously
uncharacterized atrophy of the white-matter in premanifest HD patients, which, along
with striatal atrophy, were the earliest detectable changes by this modality (29).

Prior to the massive neuronal death and structural atrophy seen in HD, it is believed
that there is early neuronal dysfunction that may contribute to the early, subtle symptoms
noted in prodromal HD. Impairment in emotion recognition, working memory,
psychomotor processing, and visuomotor integration, as well as in a variety of motor tests
have been noted in observational studies in premanifest patients (30-33). Although the

cause of these changes cannot be verified in humans, early neuronal dysfunction has been


https://paperpile.com/c/KjRbNz/nNmCG+SKpRY+V4iN7+sxzuM
https://paperpile.com/c/KjRbNz/BSM8m
https://paperpile.com/c/KjRbNz/v0AUU
https://paperpile.com/c/KjRbNz/YXiLV
https://paperpile.com/c/KjRbNz/ITCj6+5sJpk+XRAEd
https://paperpile.com/c/KjRbNz/o6G3Z
https://paperpile.com/c/KjRbNz/RsuvJ
https://paperpile.com/c/KjRbNz/wagaK+HFhxR+AMNRo+5x8nW
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noted in knock-in mouse models of HD (34). Many of these models do not display overt
cell death but do present with typical hallmarks of HD, such as the presence of mutant
huntingtin inclusions, defective synaptic transmission, energy deficits, and abnormal
transcription profiles (35-38). The presence of these early changes, both symptomatically
and neuropathologically, highlight two important points. The first is the need to target
future HD therapeutics to the premanifest stages of disease, where neuronal changes have
already occurred, with potentially long-lasting consequences. The second is that the
mechanism, or, more likely, mechanisms of neuronal dysfunction need to be elucidated to

inform these therapeutics.

1.1.4 Genetics of Huntington’s Disease

While the pattern of HD inheritance was originally described back in 1872 by
George Huntingtin (5), it wasn’t until over a hundred years later, in 1983, that this disease
was molecularly mapped to a human chromosome, specifically the short arm of
chromosome 4. This was the first time this had been done without any prior indication of
gene location (39). Using Restriction Length Polymorphism (RFLP) screening, Gusella et
al. screened thousands of samples to identify genetic markers that track with disease (39).
Many of those samples came from communities in Lake Maracaibo, Venezuela, where
the founder effect has led to a population with in the highest incidence of HD in the world
(40). With the advent of new genomic technologies, ten years later the causal mutation

was identified as an expansion of a cytosine-adenine-guanine (CAG) trinucleotide repeat


https://paperpile.com/c/KjRbNz/65cYe
https://paperpile.com/c/KjRbNz/l6CmR+X0P7v+ZTjjF+JZeij
https://paperpile.com/c/KjRbNz/ux2KQ
https://paperpile.com/c/KjRbNz/11iZW
https://paperpile.com/c/KjRbNz/11iZW
https://paperpile.com/c/KjRbNz/uzn3G
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tract in the /775 (interesting transcript 15) gene (41), later renamed the huntingtin (H77)
gene. This expansion translates to a polyglutamine expansion in the H7T gene product,
the huntingtin protein. As HD is autosomal dominant, only one copy of the mutated gene
is required for an individual to present with the disease. Although rare, there are some
individuals that are homozygous for the HD mutation, which is associated with a more
severe clinical course (42). A recent study has found that, in some areas of the world, the
incidence of HD is as high as 1:5500 (43).

In unaffected individuals, the length of the CAG repeat is 35 or less (44), while
those with 40 or more repeats have full penetrance of the disease and will develop
symptoms. Those with repeats between 36-39 exhibit incomplete penetrance, and may or
may not develop HD symptoms within their lifetime (45). Individuals with repeats falling
just below the pathogenic threshold are not in danger of developing HD, but their
offspring may be at risk of disease due to a phenomenon called “genetic anticipation” (46,
47). As the CAG tract is genetically unstable, there is a risk, especially at longer repeat
lengths, that germ-line expansion of the tract may occur. This more commonly happens in
spermatogenesis than oogenesis (48).

Beyond the pathogenic threshold, the length of the CAG tract affects both age of
disease onset as well as disease severity. Age of onset is inversely correlated with CAG
tract length, with individuals who have longer repeat lengths experiencing earlier disease
onset and faster disease progression (40, 49). Repeat lengths greater than 60 result in

juvenile-onset HD, which manifests before the age of 20 with a more severe progression
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of symptoms (50). Although repeat length is the primary modifier of disease onset, there
is a great amount of variability in age of onset and disease progression between
individuals with the same repeat length, suggesting other modifiers of disease progression
(40). A recent genome-wide association study (GWAS), the largest in HD history, has
identified a number of these gene modifiers, which fall into three mechanistic categories:
those involved in deoxyribonucleic acid (DNA) damage repair pathways, those involved

in redox signalling, and those involved in mitochondrial function (51).

1.1.5 Other CAG Triplet Repeat Disorders

CAG tract expansion is by no means a phenomenon that is unique to HD. HD
belongs to a family of nine CAG triplet repeat disorders, each caused by a CAG
expansion in the coding region of a different gene above a certain threshold (52). Since
this mutation results in expansion of the polyglutamine tract in the protein product of
these genes, this family is also known as the “polyglutamine diseases” and includes,
spinocerebellar ataxia (SCA) types 1, 2, 3, 6, 7, and 17, as well as spinal-bulbar muscular
atrophy (SBMA), dentatorubro-pallidoluysion atrophy (DRPLA) and HD. It is
hypothesized that these expansions occur due to the ability of the CAG tract to form
hairpin structures, leading to strand slippage and expansion of the repeat during DNA
replication or repair (resulting in germline or somatic expansion, respectively) (47, 53,

54). Generally speaking, these diseases are all inherited in an autosomal dominant
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fashion, and all present as neurodegeneration with midlife onset that is inversely
correlated with the length of the CAG repeat expansion (55).

These similarities have led to speculation that there might be a common,
gain-of-function of the expanded polyglutamine domain, such as the promotion of protein
aggregation (the “amyloid hypothesis™) (56). While each of these diseases present as
neurodegeneration, this degeneration takes place in different regions of the brain, with
different neuronal subtypes affected, and with different motor, cognitive, and
psychological outcomes (55). For instance, while HD primarily affects the striatum, with
additional degeneration noted in other regions of the brain, SCA1 primarily affects the
cerebellum (57). This variability indicates the protein context of the expansion is
important and, therefore, each of these diseases needs to be understood in the context of
the protein where the mutation takes place, and not simply as “polyglutamine diseases” as
a whole. Taken together, the marked similarities and differences between these diseases
implies that there is indeed a common pathogenic mechanism of these diseases, but it is

likely more complex than the amyloid hypothesis suggests.
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1.2 The Huntingtin Protein

1.2.1 The Structure of the Huntingtin Protein

Huntingtin is a large, 3144 amino acid protein, with a molecular weight of almost 350
kDa. For many years following the identification of the causal mutation, the high
molecular weight, as well as the flexibility of the huntingtin protein made determination
of a high resolution structure difficult. Although early computational and biochemical
studies suggested that huntingtin was primarily composed of HEAT (huntingtin,
elongation factor 3, subunit of protein Phosphatase 2A (PP2A), and TOR 1) repeats (58,
59), most structural studies have focused on amino-terminal (N-terminal) fragments.
Recently, advancements cryo-electron microscopy (cryo-EM) have led to the very first
high resolution structure of full-length huntingtin with an overall resolution of 4 A (60).

The earliest studies of huntingtin structure suggested that the majority of the
huntingtin protein is composed of approximately 36 HEAT repeat domains (58, 59).
These motifs, named for the first 4 proteins they were identified in, are composed of
approximately 40 amino acids that normally appear as tandem helical domains separated
by a non-helical domain (helix-turn-helix) (59). These motifs confer an overall a-helical
solenoid structure on their respective proteins and mediate a number of protein-protein
interactions (61-63). Additionally, these motifs give their host proteins an incredible
amount of conformational flexibility as well as the ability to store and release energy

(64). The ability to stretch and compress may give HEAT repeat proteins the flexibility
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required to mechanically transduce signals along their length and alter the epitopes
available for interaction allosterically. So, while huntingtin lacks any enzymatic activity,
the presence of these repeats suggests that huntingtin may act as a scaffold to facilitate
complex formation.

Arguably, the most well studied domain of huntingtin is exonl, due in no small part
to the fact that this domain contains the region of pathogenic expansion, the
polyglutamine tract. Flanking the polyglutamine tract on the N-terminal side is a
17-residue, amphipathic a-helix, also called N17, and on the carboxy-terminal side is a
proline-rich region. All of these domains have been shown to serve as protein-interaction
domains (56, 65—67), again pointing to the potential function of huntingtin as a
scaffolding protein.

The N17 domain has been shown by sequence analysis and circular dichroism (CD)
spectroscopy, later confirmed by x-ray crystallography, to form an amphipathic a-helix
(68, 69). This helix targets huntingtin to membranes in a structure-dependent manner
(69). This region also is responsible for modulating huntingtin localization between the
cytoplasm, nucleus, and primary cilium, and has been shown to contain a chromosome
regional maintenance 1 (CRM1)-dependent nuclear export signal (NES) (70, 71).
Post-translational modifications (PTMs) of the N17 domain are important regulators of
localization (71), mutant protein toxicity (72, 73), and inclusion formation (74).

The polyglutamine tract begins at amino acid 18 of exonl and is expanded in HD. In

its unexpanded form, this region has been shown to adopt multiple structures, including
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a-helical, random coil, extended loop (68). Thus, at normal polyglutamine lengths, this
polyglutamine tract adopts structures more amenable to flexibility of exonl. When this
region is expanded beyond the pathogenic threshold of HD, it is generally agreed that this
domain becomes more structured, forming -sheets (56, 75, 76), which may promote
aggregation due to the formation of “polar zippers” (56). Caron et al. used Fluorescence
lifetime microscopy combined with FOrster resonance energy transfer (FLIM-FRET) to
show that there is a change in exonl conformation right at the pathogenic threshold of 37
glutamine repeats (77). While it is hypothesized by some that the propensity of
polyglutamine expanded mutant huntingtin to aggregate due to interactions between
intermolecular B-sheets explains polyglutamine toxicity, it is also possible that this loss of
flexibility in exonl impairs the function of the huntingtin protein.

Immediately distal to the polyglutamine domain is the polyproline region. This
domain is only found in higher mammals, and, in humans, is comprised of 2 pure
poly-proline tracts separated by an intervening sequence (IVS). In addition to its role as a
protein-interaction domain, the proline-rich region has been shown to affect protein
solubility and inclusion formation (78, 79).

Further downstream of the proline-rich region lie two regulators of huntingtin
localization. The first is a proline-tyrosine nuclear localization signal (PY-NLS) found at
amino acids 174-207 (80). The PY-NLS mediates huntingtin localization to the nucleus
through both the karyopherin B1 and B2 pathways, and is unique among known PY-NLSs

as it contains an unusually long IVS between its motifs (80). This IVS gives the PY-NLS
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a B-sheet structure that is critical to huntingtin nuclear import (80). Finally, at the extreme
carboxyl-terminus of huntingtin lies another CRM1-dependent NES (81). The presence of
two NESs, as well as the unusual PY-NLS inform on the importance of
nuclear-cytoplasmic shuttling of huntingtin, suggesting important roles for the protein in

both cellular compartments.

. Oxidation site
Phosphorylation site

l HEAT Repeats
Proline Rich

Polyglutamine  pomain
NES

3144 a.a.
Schematic not fo scale

N17: [MA

NES

Figure 1.1. Schematic of the the huntingtin protein. Important domains, phosphorylation sites, oxidation sites, as
well as nuclear export signals (NES) and the proline-tyrosine nuclear localization signal (PY-NLS) are shown. Below is
an enlargement of the amino-terminal (N17) domain, again showing important PTMs, as well as the amino acid (a.a.)
sequence.

1.2.2 The Localization of the Huntingtin Protein

Huntingtin is ubiquitously expressed in every cell in the body, but has particularly
high expression in the brain and testes (82). In spite of this generalized expression, HD

manifest as a primarily CNS disease. Within the cell, huntingtin is localized primarily in
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the cytoplasm and is associated with a variety of organelles, such as the Golgi complex,
mitochondria, endosomal compartments, and endoplasmic reticulum (ER) (83—85). It has
also been shown to interact directly with actin, microtubules, and lipids (71, 86-91).
Huntingtin has also been visualized in the nucleus and perinuclear region (92-94) and,
additionally, has been shown to interact with DNA and ribonucleic acid (RNA) (95-97).
Under normal conditions, huntingtin is generally found associated with the ER via the
N17 domain, but this interaction is transient, and, under conditions of stress, the protein is
released to shuttle between the cytoplasmic and nuclear compartments (69, 98). Shuttling
is mediated by the previously described NLS, between amino acids 174-207, and two
CRMI-mediated NESs, one near the carboxy-terminus and one on the hydrophobic face
of the N17 a-helix (70, 80, 81).

The N17 region is an important modulator of huntingtin localization. This region can
be modified by a number of different PTMs such as phosphorylation, acetylation, and
ubiquitination (99). Serines 13 and 16 (S13 and S16) have been identified as critical
regulators of huntingtin biology. In addition to acting as regulators of huntingtin
localization to the nucleus under conditions of stress, phosphorylation of these residues
targets wild type protein to mitotic structures, as well as the primary cilium (70, 71).

In HD, localization of the huntingtin protein is perturbed, and there is accumulation of
mutant huntingtin in the nucleus (37). Neuronal aggregates of mutant huntingtin in the
nucleus and the cytoplasm have been noted both in animal models of HD (34, 100-102)

and in post-mortem HD tissues (103); however, though initially thought to be toxic, these
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aggregates have not been found to correlate with increased susceptibility of neurons to
death (104). In fact, some studies have found that these aggregate-containing cells may be
less susceptible to neurodegeneration (105), suggesting that aggregates are not the toxic
species but are, instead, a protective mechanism to sequester the toxic build-up of soluble
mutant huntingtin protein.

Soma/Cell Body Axon Axon Terminal

Synapse

Dendrites

Nucleus

Actin
Filaments

Centrosome

Endoplasmic
Reticulum

((MJ) = Huntingtin

® =Endosome
‘ = Mitochondria

(A = Autophagosome

*Schematic not to scale

Figure 1.2. Subcellular localization of the huntingtin protein.
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1.2.3 Functions of the Huntingtin Protein

Ever since the discovery of the HTT gene in 1993, there has been intense effort
dedicated to determining the functions of the huntingtin protein. In some cases, structure
has informed function, such as the role of huntingtin as a scaffold protein (106). The
apparent involvement of huntingtin in so many cellular processes has led to intense
debate as to whether HD is a “gain-of-function” disease, with the mutant huntingtin
protein acting as a toxic entity, or a “loss-of-function” disease, with impaired mutant
huntingtin function leading to disruption of cellular processes and cell death (99). With
current HD therapeutic strategies focusing on “huntingtin-lowering” of both the mutant
and wild type protein, it is important that the normal functions of huntingtin be

considered as they may be impaired by this strategy.

1.2.3.1 Huntingtin in development

The importance of the huntingtin protein in development is underscored by its
absolute necessity. Constitutive knockout of huntingtin expression is embryonic lethal
between embryonic day 7.5 to 8.5 (107, 108). Inactivation of the mouse H77 homolog,
Hdh, results in abnormal gastrulation at day 7.5, with resorption beginning at day 8.5
(107). It is at this point that development of the nervous system has just begun.
Specifically, knockout embryonic stem cells display increased cell death of the ectoderm,
the germ layer from which the CNS develops (109, 110). Embryonic stem cells

homozygous for mutant huntingtin also show some stage specific changes in lineage
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development and maturation (109). It is of note that, in these models, mice heterozygous
for huntingtin knockout develop normally, suggesting that wild-type huntingtin
expression that is 50% of normal is sufficient for development (107).

To further elucidate the role of huntingtin in development, Cre/loxP conditional
huntingtin knockout mice, which have loss of huntingtin expression in embryogenesis
after the critical threshold of 7.5-8.5 days or soon after birth, were used (111). These mice
are born at normal Mendelian ratio but develop motor and neurological abnormalities,
including cortical degeneration, degeneration of axon fibre tracts, and DNA breaks in the
cortex and striatum (112). When huntingtin levels were restored to 50 % after neural
development (post-natal day 20), deficits in motor coordination and progressive
neurological abnormalities, such as striatal degeneration and abnormalities in the
germative zone, were noted (113). These studies demonstrate the importance of the
presence of a certain level of the huntingtin protein during development of the nervous

system.

1.2.3.2 Huntingtin at the synapse

Huntingtin is found at the synapse at both pre- and postsynaptic terminals. At the
presynaptic terminal, it has been shown to be associated with synaptic vesicles and with
the major proteins that comprise the cytomatrix proteins at active zone (CAZ) complex

(83, 114). The CAZ complex provides a structural platform at the presynaptic terminal to
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facilitate neurotransmitter exocytosis. Interaction of huntingtin with this complex, as well
as synaptic vesicles, suggests a role for huntingtin in neurotransmitter release.

At the postsynaptic terminal, huntingtin associates with N-methyl-D-aspartate
(NMDA) and kainate receptors via postsynaptic density 95 (PSD-95) (115). This
interaction is mediated by the Src homology 3 (SH3) domain of PSD-95, which binds to
the polyproline domain of the huntingtin protein (115). PSD-95 is a scaffold protein that
binds to NMDA and kainate receptor GluR6 and causes clustering of these receptors at
the postsynaptic membrane (116). Suppression of PSD-95 expression impairs
NMDA-dependent long term potentiation, activation of nitric oxide synthase, and
excitotoxicity (117, 118). Huntingtin binding to PSD-95 sequesters and prevents it from
interacting with NMDA receptors and GIuR6 (115). Polyglutamine expansion interferes
with the ability of huntingtin to interact with PSD-95, leading to sensitization of NMDA
receptors and subsequent glutamate-mediated apoptosis (115).

Protein kinase C and casein kinase substrate in neurons 1 (PACSIN1) also
interacts with the polyproline region of huntingtin via its SH3 domain (119). PACSINI is
responsible for endocytosis and synaptic removal of NMDA receptors (120), and, unlike
PSD-95, PACSINI is sequestered by mutant huntingtin (119), inhibiting receptor
recycling. This, in combination with the increased activity of NMDA receptors, may be

responsible for the glutamate-mediated excitotoxicity seen in HD (121).
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1.2.3.3 Huntingtin in vesicular and axonal transport

Axonal transport in neurons is a highly regulated process as the proper
localization of vesicles and other cargo is critically important in cells with such long
processes. Transport can occur in both the anterograde direction, generally mediated by
kinesins, and the retrograde direction, generally mediated by dynein. Huntingtin has been
found to be associated with proteins that play roles in vesicular trafficking as well as
vesicles and microtubules, implicating huntingtin in this process (65, 83, 122). In 1997,
Block-Galarza et al. observed that huntingtin and huntingtin associated protein 1 (HAP1)
are rapidly transported in axons, in both the anterograde and retrograde direction, at a rate
that was consistent with vesicle transport (123). Since then, huntingtin has been shown to
mediate vesicular transport through a direct interaction with dynein (124) as well as
HAPI1, which interacts directly with the p150"“? subunit of dynactin and kinesin (125,
126). In the context of mutant huntingtin, axonal transport is slowed, as the interaction of
polyglutamine expanded huntingtin with p150“““/ and HAP1 is increased but their
association with microtubules is decreased (127, 128). Expression of wild-type huntingtin
or phosphorylation of serine 421 (S421) of huntingtin can rescue this deficit (128, 129).

Phosphorylation of this residue has also been shown to act as a molecular switch
for retrograde/anterograde transport (130). When S421 is phosphorylated, huntingtin

recruits kinesin-1 to the dynactin complex, resulting in anterograde transport, but when
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this residue is not phosphorylated, kinesin-1 dissociates from this complex and retrograde
transport is resumed (130).

Of particular interest in HD is how aberrant vesicular trafficking affects transport
of brain derived neurotrophic factor (BDNF). BDNF is a neurotrophic factor that is
produced by cortical neurons and is then transported to the striatum where it acts as a
prosurvival factor (131, 132). There are reduced BDNF levels in the brains of HD
patients, and it is hypothesized that this deficit is due to inefficient transport of
BDNF-containing vesicles (128, 133). Restoration of proper transport by enhancing
phosphorylation of S421 increases BDNF release, and may play a role in the protective

mechanism of this PTM (129, 134).

1.2.3.4 Huntingtin in cell division

During eukaryotic cell division, cytoskeletal microtubules are reorganized into
bipolar mitotic spindles. The orientation of these spindles is critical for proper segregation
of chromosomes, and, as a result, is tightly regulated. Spindle assembly and movement is
controlled by the astral microtubule, the nuclear mitotic apparatus (NuMA) protein (135),
and associated plus- and minus-end directed motor proteins (136—139). Huntingtin is
found at high levels in dividing cells in association with some of these components,
forming a complex with dynein/dynactin and also with HAP1 (128, 140), which localizes
to spindle poles during mitosis. Consistent with a role of huntingtin in regulating spindle

orientation, Godin et al. found that depletion of huntingtin by RNA interference (RNA1)
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resulted in smaller spindles and mislocalization of the spindle components, dynein,
dynactin, and NuMA (89). Mutant huntingtin alters the localization of dynein, NuMA,
and the p150°"“ subunit of dynactin, causing misorientation of the mitotic spindle in
cultured cells and dividing mouse cortical progenitors (141). This phenotype can be
rescued by phosphorylation of S421 by Akt (141). Taken together, these results suggest a
role for huntingtin in spindle orientation through scaffolding spindle components (142).
Although HD is a disease that primarily affects non-dividing cells in the CNS, improper
spindle orientation caused by expression of mutant huntingtin has implications in

neurogenesis that should not be overlooked.

1.2.3.5 Huntingtin at the mitochondria

While it is clear that there are mitochondrial-related issues that arise in HD, the
role of huntingtin at the mitochondria is less well characterized than its roles in other
areas of the cell. Neurons are high-energy utilizers, consuming adenosine triphosphate
(ATP) to maintain activities such as neurotransmission (143). As the primary generators
of ATP by oxidative phosphorylation, as well as regulators of calcium homeostasis, and a
major source of endogenous reactive oxygen species (ROS) (144), mitochondria are
crucial for normal neuronal function. There is abundant evidence of mitochondrial
dysfunction in HD. There is a marked decrease in the level of glucose metabolism and
increased lactate in affected brain regions of HD patients (145). Additionally, striatal cells

from HD mouse model brains have impaired mitochondrial respiration and ATP synthesis
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(146). One of the earliest mouse models of HD was generated by injection of the
mitochondrial toxin 3-nitropropionic acid (3-NP), resulting in selective striatal
degeneration, depressed ATP levels, and elevated lactate levels (147, 148). Mutant
huntingtin disrupts mitochondria hemostasis and dynamics, impairing proper fission and
fusion, resulting in improper turnover of damaged mitochondria (149, 150). Furthermore,
Trushina et al. observed significantly slower mitochondria transport in striatal neurons
taken from transgenic mice expressing polyglutamine expanded mutant huntingtin (151).
The results of these studies indicate that mutant huntingtin is interfering with
mitochondrial transport in one of two ways; either mutant huntingtin is sequestering
factors involved in mitochondrial transport, or wild-type huntingtin has a role at the
mitochondria that is being impaired by expansion of the polyglutamine domain.

To determine if wild-type huntingtin plays a role at the mitochondria, several
studies have examined the effects of huntingtin knockdown and knockout on
mitochondrial transport. Hdh®*°/Hdh®*’ knockout embryonic stem cells show abnormal
perinuclear mitochondrial clustering, as shown by staining with mitochondrial marker
Grp75, but no change in the surrounding cytoskeletal organization. This implies a direct
role for huntingtin in mitochondrial localization (94). Neurons have unique mitochondrial
localization compared to other cell types due to different metabolic demands in different
cellular regions. Therefore, effective transport and proper localization of mitochondria are

critical to cell health. HAP1 associates with mitochondria (152), and, through association
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with HAP1, and the motor proteins kinesin and dynein, huntingtin may be a key
integrator of mitochondrial transport (153).

In addition to the observed abnormalities in mitochondrial localization, huntingtin
knockout in mouse embryonic stem cells results in loss of mitochondrial structural
integrity (154). Although there was no change in mitochondrial membrane potential
(MMP), a total failure of ATP production as well as maximal glycolysis was observed in
this study, suggesting a critical role for huntingtin in normal mitochondrial function
(154). Wild-type and mutant huntingtin have been found in purified mitochondrial
fractions, and have further been localized to the cytosolic surface of the outer
mitochondrial membrane (155). In this study, an N-terminal fragment of mutant
huntingtin was found to induce mitochondrial permeability transition pore opening,
sensitizing cells to calcium (Ca2+)-mediated depolarization. The role of wild-type
huntingtin at the membrane was not investigated (155). In spite of this, it is clear that
wild-type huntingtin plays an important role in both the proper localization and function
of mitochondria, which are impaired by loss of huntingtin or expansion of the

polyglutamine domain.

1.2.3.6 Huntingtin and autophagy

In addition to its interaction with proteins involved in vesicular and mitochondrial
transport, huntingtin has also been shown to associate with with several proteins involved

in selective autophagy (156). Selective autophagy is process by which damaged cellular
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components, such as damaged membranes, peroxisomes, and mitochondria, as well as
protein aggregates, are recognized and targeted to the lysosome for degradation. Loss of
autophagy results in premature aging and neurodegeneration (157). In Drosophila, loss of
huntingtin has been shown to result in inhibition of starvation-induced stress-related
autophagy (156). Conditional knockout of huntingtin in mice resulted in dysregulation of
autophagy, as shown by increased levels of the autophagic adaptor p62, as well as
accumulation of lipofuscin and ubiquitin in the thalamus and striatum (156). These
findings have led to the hypothesis that huntingtin may function as a scaffold for selective
macroautophagy (156).

The role of huntingtin in microtubule-based transport is important in autophagy as
loss of huntingtin or HAP1 in mouse neurons disrupts transport of autophagosomes to

lysosomes resulting in defective degradation of damaged cellular components (158).

1.2.3.7 Huntingtin in the stress response

In spite of the fact that the expansion of the polyglutamine domain is present in all
cells since birth, HD is an age-onset disease that presents primarily in the CNS. A
common hypothesis for this discrepancy is that there is an accumulation of cellular
damage due to aging-related, ROS-induced stress that neurons expressing the mutant
protein are no longer able to compensate for. The huntingtin protein has been shown to
participate in the cell stress response in several different capacities. Heat shock stress

causes a global unfolding of proteins, activation of the unfolded protein response (UPR),
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a spike in calcium signaling, and drop in cellular ATP levels (159, 160). Upon induction
of heat shock stress, huntingtin has been shown to dissociate from the ER and associate
with nuclear cofilin-actin rods (88). These rods halt actin remodelling, increasing the
available pool of ATP during times of stress. The resolution of these rods is impaired in
the presence polyglutamine-expanded huntingtin (88). In another heat shock stress
response, this time in the cytoplasm, huntingtin rapidly accumulates at RabC positive
early endosomes, halting early-to-recycling and early-to-late endosome fusion (161).
Although distinct from canonical cell stress structures, like cofilin-actin rods, the purpose
of this stress response is likely to increase available ATP quickly. Also like cofilin-actin
rods, there is defective resolution of this response when mutant huntingtin is expressed
(161).

The N17 domain of huntingtin is a critical regulator of the response of huntingtin
to stress. Within this domain, S13 and S16 are phosphorylated upon stress (71), mediating
huntingtin translocation and retention in the nucleus by inhibiting CRM-1 binding to the
N17 NES (70). Within this domain lies another critical residue, methionine 8 (M8), which
becomes sulphoxidated under conditions of oxidative stress, facilitating release of
huntingtin from the ER and subsequent phosphorylation (98). In this way, the N17
domain of huntingtin acts as a ROS sensor, translocating to chromatin-dependent nuclear

puncta following an oxidative insult (71, 98).
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1.2.3.8 Huntingtin in the DNA damage response

Oxidative stress and ROS, both endogenously and exogenously generated, are
common DNA damage-inducing agents. There have been extensive reports of damage to
nuclear and mitochondrial DNA in HD patient samples and mouse models (162—165),
implying a potential role for huntingtin in the DNA damage response that is impaired in
disease (166). Consistent with this idea, a recent HD GWAS with almost 4000
participants identified genes involved in DNA repair pathway as modifiers of HD age of
onset.

A central regulator of the cellular response to DNA damage is
ataxia-telangiactasia mutated (ATM) kinase. ATM is HEAT repeat-rich, serine/threonine
kinase that signals DNA damage to a variety of proteins, including the tumor-suppressor
protein p53. ATM is classically known to signal double-stranded DNA breaks, but can
also be activated by single-stranded breaks (167), oxidative stress (168), and chromatin
reorganization (169). Elevated ATM signalling, as measured by the levels of
phosphorylated H2A histone family X (yYH2AX), has been noted in the BACHD mouse
model (170), and inhibition of this signalling by knockdown was protective in
mammalian cells and transgenic Drosophila models (170). A more direct connection
between huntingtin and ATM has recently been shown in human telomerase reverse
transcriptase (WnTERT) immortalized patient derived human fibroblasts with clinically

relevant allele lengths (TruHD cells), where N17-phosphorylated huntingtin localizes to
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sites of DNA damage in an ATM-dependent manner (171). Additionally, huntingtin
interacts with DNA repair proteins X-ray repair cross-complementing protein 1
(XRCC1), Flap structure-specific endonuclease 1 (FEN1), and apurinic/apyrimidinic
endonuclease (APE1) in a oxidative stress-dependent manner, implying a role for
huntingtin as a scaffold in base excision repair (BER) as a part of the ATM complex
(171).

This is not the first time that a role for huntingtin in the DNA damage response
has been suggested. In 2006, Anne et al. demonstrated that upon induction of DNA
damage, cyclin-dependent kinase 5 (Cdk5) phosphorylates huntingtin at serines 1181 and
1201, and there is a subsequent increase of huntingtin in the nuclear compartment at
“nuclear dots” (172). Additionally, phosphorylation of these residues was shown to be
protective, modulating neuronal death in a p53-dependent manner (172). Interestingly, the
huntingtin promoter contains a number of p53-responsive sites, thus allowing modulation
of huntingtin expression levels by p53 activity (173, 174). A brain region-specific
increase in huntingtin levels in response to y-irradiation has been shown in mice

expressing normal levels of p53 that is absent in p53 knockout mice (173).
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1.3 Huntingtin in Disease

1.3.1 Polyglutamine Expansion and the Pathogenic Threshold

Since the identification of the causal mutation in HD, a major question has been
why there is a sudden toxicity at a certain number of CAG, or glutamine repeats. In HD,
this threshold is around 36 polyglutamine repeats, and a similar threshold can be seen in
other polyglutamine diseases, specifically SBMA, SCA2, and SCA7 (55). A comparison
of crystal structures of wild-type and polyglutamine expanded huntingtin have revealed a
change in structure right around this threshold of 36 repeats (68, 175). FLIM-FRET
studies of exon1 indicate that at the pathogenic threshold, there is a decrease in the
flexibility of the polyglutamine domain and a change in the conformation of exonl (77).
This structural change has been attributed to the propensity of polyglutamine expanded
huntingtin to take on a B-sheet conformation (75). Not only might this gain of structure
impair the usual protein-protein interactions of exonl, important for a scaffolding protein
such as huntingtin, but it might also increase aberrant interactions (56), mediating cellular

dysfunction on several levels.
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Polyglutamine domain Polyglutamine domain
(Flexible hinge) (Inflexible B-sheet)
Wild-type huntingtin exon1 Mutant huntingtin exon1

<36 glutamine repeats >37 glutamine repeats

*schematic not to scale

1.3. Exonl conformation change at the pathogenic threshold of Huntington’s disease. Exonl of wild-type
huntingtin has a dynamic conformation due to the flexibility of the polyglutamine domain (left). Exonl of mutant
huntingtin loses this flexibility due to the expansion of the polyglutamine domain and the formation of a -sheet
structure.

1.3.2 Proposed Mechanisms of Disease

Histopathological and biochemical evidence has led to the proposal of a variety of
potential mechanisms for HD pathogenesis. These mechanisms include loss of BDNF,
either through defective vesicle transport or reduced transcription (128, 176);
excitotoxicity and corticostriatal dysfunction (177, 178); proteolysis (179); toxic protein
misfolding and aggregation (180-182); defective autophagy (156, 183); dysregulation of
transcription; mitochondrial dysfunction (165, 184); and, most recently, DNA damage
and defects in DNA damage repair (170, 171, 185). These processes are not mutually
exclusive, and it is more than likely that more than one of these mechanisms are
responsible for HD pathogenesis. In the next section, a few of these mechanisms that are

common between HD and other neurodegenerative diseases will be discussed.
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1.3.2.1 Aggregation/toxic sequestration

One of the most common hallmarks of neurodegenerative disease is the formation
of aggregates of mutated/misfolded proteins, found in over half of the defined
neurodegenerative diseases. These aggregates typically consist of fibres of misfolded
protein with a B-sheet conformation. In HD, these aggregates are composed of mutant
huntingtin; in Alzheimer’s disease (AD), amyloid B-peptides (AB) form intracellular
plaques and tau protein aggregates into neurofibrillary tangles; in Parkinson’s disease
(PD), misfolded a-synuclein forms insoluble fibrils called Lewy bodies; in SCAL1, these
aggregates are composed of mutant ataxin-1 protein; and in amyotrophic lateral sclerosis
(ALS), these aggregates are composed of a variety of ubiquitinated, RNA-binding
proteins and superoxide dismutase 1 (SOD1) (186). The presence of aggregates in all of
these diseases led to the hypothesis that aggregates were a cytotoxic entity and that
protein aggregation may be common pathogenic mechanism in all of these diseases.

The presence of aggregates in HD post-mortem brains was first described by
Roizin et al. using electron microscopy (187). Subsequently, aggregates composed of
amino-terminal fragments of huntingtin were found in transgenic R6/2 mice expressing a
polyglutamine expanded copy of huntingtin exonl (181). DiFiglia et al. analysed post
mortem brain tissue from HD patients, also by electron microscopy, observing that these
aggregates were found in all cortical layers, as well as in the MSNs of the striatum (180).

Interestingly, these aggregates were not seen in the cerebellum or globus pallidus, which
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are both relatively unaffected in HD. Aggregates have been identified in both the nucleus
and the cytoplasm of HD patient neurons. These observations led to the hypothesis that
these aggregates are toxic, and, indeed, inclusion formation in cultured cells has been
shown to correlate with susceptibility to cell death in some cases, and aggregate load
tracks with disease progression in some mouse models (188, 189). The mechanism of
aggregate-induced toxicity has been attributed to a number of processes, including
sequestration of other polyQ containing proteins, such as transcription factors and
transcriptional regulators, impairment of the the ubiquitin-proteasome system and a
failure of mutant huntingtin degradation, and inhibition of axonal transport (127, 190,
191).

However, there is also a great body of evidence to suggest that aggregates
themselves are not toxic, and may, in fact be benign or even protective. In 1998, Saudou
et al. found that while nuclear mutant huntingtin does induce apoptosis, the presence of
aggregates themselves does not correlate with neuronal death (104). A later study from
the lab of Dr. Steve Finkbeiner showed that primary neurons expressing an exonl
fragment of huntingtin survived significantly longer if they formed aggregates than if they
did not, suggesting that these aggregates are likely a protective mechanism (192).
Consistent with this finding, compounds that promote the formation of mutant huntingtin
aggregates by inhibiting downstream degradation were protective in cell models of
disease (193). These same compounds also promoted aggregation of a-synuclein in PD

model cells with similar protective effects, suggesting that in PD, Lewy body formation
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may be a protective mechanism as well (193). In Alzheimer’s disease (AD), the
pathogenic nature of AP aggregates is also being questioned due to the failure of
anti-amyloid drugs to meet endpoints in clinical trials (194, 195).

In HD, evidence of the protective effects of mutant huntingtin aggregation has led
to an alternative theory wherein the soluble form of mutant huntingtin, either in its
monomeric or oligomeric form, is cytotoxic, while the aggregated form is protective as it
sequesters away the toxic entity (99). It is possible that this theory could translate to other

neurodegenerative diseases where aggregation is a hallmark.

1.3.2.2. Mitochondrial dysfunction

The brain only accounts for 2 % of the body’s overall weight, yet consumes 20 %
of total basal oxygen (196). This high oxygen consumption can be attributed to the high
energy demands of neurons (197). As a result of this high energy requirement, the CNS is
incredibly sensitive to energetic stress, making proper energy metabolism critical for
neuronal health. Mitochondria are the major source of cellular ATP through the process
of oxidative phosphorylation. The first evidence of mitochondrial dysfunction in HD
came from ultrastructural studies of cortical biopsies of HD patient brains, which revealed
abnormal mitochondria (198). Consistent with impaired mitochondrial function, there is
altered glucose metabolism in early HD, and elevated lactate levels have been reported in
the basal ganglia and cerebral cortex of HD patient brains (199-201). Additionally, in

these same brain regions, 'H-magnetic resonance spectroscopy ('"H-MRS) revealed that
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there is depletion of N-acetylaspartate, the production of which is reflective of
mitochondrial metabolic function (201). Impaired mitochondrial calcium handling has
been reported in lymphoblasts from HD patients and a transgenic mouse model
expressing mutant huntingtin with 72 CAG repeats (YAC72) (202).

Early animal models of HD also pointed to mitochondrial dysfunction as a
pathogenic mechanism, where, as previously mentioned, injection of the mitochondrial
toxin 3-NP recapitulated both the striatal degeneration and some of the physical
symptoms associated with HD (203). Another mitochondrial toxin,
I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), induced PD-like symptoms and
degeneration in mice and primates, suggesting that mitochondrial dysfunction plays a role
in this disease as well (204, 205). In fact, there is abundant evidence that mitochondrial
dysfunction plays a role in PD and AD, as well as HD.

From a genetics perspective, both familial PD and familial AD have a clear
pathological link to dysfunctional bioenergetics. There are 6 known, inherited,
monogenetic forms of PD, 3 of which are caused by mutations in proteins associated with
mitochondrial function (206). The PARK6 PD variant is caused by mutations in
PTEN-induced-kinase 1 (PINK1), a kinase involved in mitochondrial turnover (207, 208).
When mitochondrial membrane potential (MMP) decreases, indicative of mitochondrial
dysfunction, PINK1 is stabilized on the outer mitochondrial membrane and can
phosphorylate and recruit the E3 ubiquitin ligase, parkin, which targets the damaged

mitochondria for degradation. Parkin is another protein that is mutated in familial PD,
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specifically the PARK?2 variant, again implicating mitochondrial dysfunction in this
disease (209). Finally, DJ-1, an oxidative stress sensor that localizes to mitochondria, is
mutated in the PARK?7 variant of PD (210-212). All of these variants are inherited in an
autosomal recessive manner and present as early-onset PD with identical phenotypes
(206). Familial AD is caused by inherited mutations in either amyloid precursor protein
(APP) or presenilin, causing increased intracellular calcium and A production, which is
associated with decreased mitochondrial function (213).

The effects of mitochondrial dysfunction in these diseases is multifold. There is
evidence of decreased cellular ATP levels in AD, PD, and HD, consistent with
mitochondrial dysfunction and decreased ATP synthesis, making these cells very
susceptible to energetic stressors, such as DNA damage (36, 214-216). Improper function
of the mitochondrial electron transport chain (ETC) leads to generation of excessive
superoxide, a very reactive type of ROS, which in turn causes damage to mitochondrial
and nuclear DNA. Consistent with this, there is evidence of increased oxidative DNA
damage in the form of 8-ox0-7,8-dihydro-2'-deoxyguanosine (8-0xo-dG), either as DNA
adducts in disease-affected brain regions or in patient cerebrospinal fluid (CSF), in all of
these diseases (165, 217, 218). These two processes, working in concert, cause a
progressive cycle of mitochondrial impairment, DNA damage, and ROS stress that results

in energy depletion and neuronal death.
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1.3.2.3. DNA damage

In mammalian cells there are multiple overlapping pathways of DNA repair,
including BER, nucleotide excision repair (NER), mismatch repair (MMR), homologous
recombination (HR), and non-homologous end-joining (NHEJ) (219, 220). Loss of
function of proteins involved in these pathways can lead to a variety of disorders,
including developmental defects, cancer, neurodegeneration, and aging (221, 222). There
is increasing evidence that DNA damage and defective DNA damage repair may play a
role in the pathogenesis of HD as well as other neurodegenerative diseases. HD, AD, and
PD are all age-onset disorders affecting different subsets of neurons. The major DNA
repair pathway in these post-mitotic cells is BER (223). As cells age, BER becomes less
efficient (224), and, in combination with age- and disease-associated mitochondrial
dysfunction and ROS stress, oxidative damage to nucleotides becomes more prevalent
(225-227). Elevated levels of oxidative damage is an early change in AD as well as in
PD, and has been extensively documented in cell and animal models of HD and HD
post-mortem brains (162, 164, 228, 229).

While this increased oxidative damage load is certainly sufficient to contribute to
the pathogenesis of HD and other neurodegenerative disorders, in many cases, there are,
also defects in the DNA damage repair process that could also contribute to disease.
Recently, in HD, studies have supported the involvement of DNA damage repair

pathways in HD pathogenesis (185, 230). In a 2015 GWAS, pathway analysis identified
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genes associated with DNA damage repair pathways as the most common modifiers of
HD age of onset (51), and a later study found significant association between gene
variants involved in DNA repair pathways and the age of onset of HD and several SCAs,
suggesting that this mechanism may be common amongst polyglutamine diseases (230).
Around the same time, Dr. William Yang’s lab found that there was abnormal ATM
activity in HD model mice, and when this activity was corrected by small molecule ATM
inhibitors, there was reduced mutant huntingtin-induced cell death (170). Huntingtin has
recently been shown to scaffold the ATM complex, implicating this protein directly in
disease pathogenesis (171). ATM is DNA damage “first responder”, and is activated in
response to a variety of types of DNA damage as well as oxidative stress (168), although
it is canonically activated by DNA double strand breaks (DSBs). This protein is mutated
in ataxia-telangiectasia, resulting in radiosensitivity, immunodeficiency, and degeneration
of the cerebellum that is likely reflective of the loss of ATM-mediated signalling of DSBs
(231, 232).

Defective response to DSBs has also been hypothesized to be involved in AD
pathogenesis (233) with increased levels of YH2AX, a downstream target of ATM, being
noted in AD mouse models (234). Dysregulation of DNA repair associated proteins,
including DNA-dependent protein kinase (DNA-PK), 8-oxoguanine glycosylase (OGG1),
and the MRN complex (MRE11/RADS50/NBS1), has also been noted in AD (235-237),
again suggesting that there is defective DNA damage repair. In PD, experiments with

patient fibroblasts have shown NER to be inefficient (238). NER is responsible for
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removal of damage that causes structural deformations in the DNA, including pyrimidine
dimers, chemical adducts, intra-strand cross links, and some forms of oxidative damage
(239).

Taken together, this evidence suggest that hyperactive, but insufficient, DNA
repair may be involved in the pathogenesis of these neurodegenerative diseases. As DNA
repair is a high-energy process, it is likely that this high level of repair, in combination
with mitochondrial dysfunction, is leading to a lack of cellular energy, resulting in
neuronal death. In AD and PD, hyperactivation of DNA damage response protein
poly(ADP-ribose)polymerase-1 (PARP-1) due to increased oxidative stress, and the
resulting depletion of cellular nicotinamide adenine dinucleotide (NAD™), induces a
cellular energy crisis and cell death (240). Based on the presence of both elevated
oxidative stress-related DNA damage and mitochondrial dysfunction, it is likely that this

pathogenic mechanism is also at play in HD.

1.4 Huntington’s Disease Therapeutic Efforts
1.4.1 Biomarkers of Disease

In order to assess HD patient progress and monitor efficacy of new potential
therapeutics, biomarkers that correlate with disease progression are necessary. In the HD
field, these biomarkers can be divided into three categories: clinical biomarkers, biofluid

biomarkers, and imaging biomarkers (241).
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Clinical biomarkers are themselves divided into three categories based on the
three prominent clinical features of HD: cognitive, psychiatric, and motor symptoms.
Assessment of cognitive symptoms, through measures such as the Stroop colour and word
test and circle tracing, are sensitive to longitudinal changes in manifest HD patients but
not in pre-manifest (242). In contrast, assessment of motor symptoms, as measured by
tests such as grip force and speed tapping, are sensitive to changes in pre-manifest and
manifest individuals (29). Longitudinal psychiatric changes are more variable than these
other measures and, thus, with the exception of apathy, are not easily used as biomarkers
(243).

Biofluid markers are molecules in either the blood or CSF that have been found to
correlate with disease progression. At present, only a few of these markers have been
identified. Neurofilament light (NFL) protein levels in the plasma have been shown to
correlate with both CSF levels of the same protein and, more importantly, with brain
atrophy and motor and cognitive changes (244). Other proposed plasma biomarkers
include immune protein levels, which are increased in HD, and mutant huntingtin levels
in blood-derived monocytes (245, 246). Recently, mutant huntingtin levels in the CSF
have been shown to correlate with disease burden and be associated with motor and
cognitive performance (247). Based on this research, decreased mutant huntingtin in the
CSF is being used as a primary endpoint for clinical trials with antisense oligonucleotides

(ASOs) (248), which will be discussed later.
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Changes in white and grey matter have also been used as biomarkers of disease.
Generally, magnetic MRI has been used to visualize these changes, and, as technology
has improved, so has the resolution at which researchers are able to look at these changes
(29, 249, 250). Additionally, other modalities, such as positron emission tomography
(PET) have been able to detect changes in pre-manifest individuals years before disease

onset (251).

1.4.2 Symptom Management

To date, there are no effective disease-modifying treatments for HD, and, as a
result, current treatment focuses on managing symptoms and improving quality of life.
Symptom management can be pharmacological or non-pharmacological and requires a
multi-disciplinary approach. The most pronounced motor symptom of HD is chorea, for
which there is only one licensed drug, tetrabenazine (252). Tetrabenazine inhibits
monoamine uptake by binding to, and inhibiting the action of, vesicular monoamine
transporter-2 (VMAT-2). Inhibition of VMAT-2 depletes monoamines, such as serotonin,
norepinephrine, and histamine, but has a greater effect on dopamine (253). Another drug,
deutetrabenazine, deuterated tetrabenazine, is also effective in reducing hyperkinetic
movements, but its effectiveness has not been compared to that of tetrabenazine, so it is
unclear if this treatment is relatively more effective or not (254).

There are no well-established pharmacological means of treating cognitive

symptoms. Two randomized control trials (RCT) of anti-cholinesterase inhibitors yielded
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conflicting results (255), and the selective serotonin reuptake inhibitor (SSRI) citalopram
showed no effect on cognitive function (256). Non-pharmacological management is
restricted to development of coping mechanisms, such as adjusting job-related duties to
match current capabilities and levels of focus (241).

Treatment of psychiatric symptoms varies depending on clinical presentation.
Some symptoms, such as depression, obsessive compulsive disorder, and anxiety can be
treated by cognitive behavioural therapy, but this becomes more difficult with worsening
cognition. Pharmacological management of symptoms generally involves SSRIs to deal
with depression and anxiety symptoms, neuroleptics to mitigate aggression and psychosis,
and other medications, such as the norepinephrine reuptake inhibitor atomoxetine, have
been used to treat apathy (241).

While these strategies can mitigate symptoms of disease and improve the quality
of life of HD patients, they do not affect overall disease progression. In the next section,
previous efforts at disease-modifying therapies as well as current strategies will be

discussed.

1.4.3 Previous Efforts in Disease-Modifying Therapies

In the past two decades of HD therapeutics research, there have been 99 different
clinical trials, with 41 different drugs tested, but the success of these trials, as measured
by progression to the next trial phase, was only around 3.5 % (257). Indeed, of the drugs

tested, the only ones that made it to the market were those aimed at symptom
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management rather than modifying disease progression. While the list of potential disease
modifying drugs that have failed to make it through clinical trials is long, a few of the
more recent drugs to have failed to achieve clinical endpoints will be discussed here.

Pridopidine is a dopamine stabilizer that had previously been shown to normalize
dysregulated psychomotor function, strengthen corticostriatal glutamate function, and
improve motor phenotypes in HD mouse models (258-260). Unfortunately, these findings
did not translate to clinic and pridopidine did not meet primary outcomes in 3 different
phase 3 clinical trials (241, 261, 262). A phosphodiesterase 10A (PDE10A) inhibitor was
the subject of a phase 2 clinical trial, “Amaryllis”, run by Pfizer (263). PDE10A is a dual
substrate enzyme, highly expressed in MSNs, that regulates signaling cascades
controlling phosphorylation and activity of various transcription factors, neurotransmitter
receptors, and voltage-gated ion channels (264-266). Levels of PDE10A are altered early
in HD pathogenesis and experimental evidence suggested that inhibition of this enzyme
might be beneficial in disease (251, 267, 268). Unfortunately, the Amaryllis trial did not
show significant improvement in motor, cognitive, or behavioural outcomes as a result of
PDE10A inhibition (263).

Coenzyme Q10 (CoQ10) and creatine are both compounds that have been tested
for efficacy in HD with the goal of correcting impairments in energy metabolism.
Creatine was postulated to correct this defect by buffering intracellular energy levels
(269), while CoQ10 was hypothesized to correct this dysfunction at the level of the

mitochondria by increasing intracellular levels of this essential electron transport chain
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(ETC) cofactor (270-272). Although both of these drugs had neuroprotective effects in
HD mouse models generated by injection of mitochondrial toxins, as well as in the
transgenic R6/2 model (200, 273-275), neither was able to significantly increase total
functional capacity compared to placebo in clinical trials (276, 277).

The failure of these trials in humans suggests that there is a more complicated
disease process at play and that these drugs are either not being administered in time to
prevent neuronal failure and death, or that the target of these drugs in not the appropriate
one. Currently, there are 25 HD clinical trials recruiting or active listed on
clinicaltrials.gov, ranging from cognitive training, to deep brain stimulation, to dietary
supplementation. Of the drugs being tested, many focus on treating the downstream
effects of mutant huntingtin, and, while these trials may yet yield promising results for
HD patients, lately, the focus of HD therapeutics has shifted towards those drugs
targeting processes closer to the root cause of disease, expression of the mutant huntingtin

protein itself.

1.4.4 Targeting Huntingtin as a Therapeutic Strategy

The monogenetic nature of HD makes it an appealing candidate for strategies
targeting the huntingtin protein itself, or, more accurately, reducing mutant huntingtin
levels by targeting the H77 DNA or RNA. Currently, there are two clinical trials targeting
HTT RNA by intrathecal injection of ASOs. ASOs are single stranded DNA molecules

that bind pre-mRNA in the nucleus and target it for degradation by RNase H (278).The
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more advanced of these trials is that of an ASO designed by lonis Pharmaceuticals in
partnership with Roche, which targets both mutant and wild-type huntingtin mRNA,
leading to a universal reduction in huntingtin levels (279). While this drug has just
completed phase 1b, showing safety of the ASO as well as efficacy in lowering htt levels
in the CSF, the effects of this drug on HD symptoms have not yet been tested and there
are some concerns regarding the long-term consequences of universal lowering of
huntingtin levels. Another ASO, designed by Wave Pharmaceuticals, currently beginning
clinical trials, presents a potentially safer option in that it selectively targets only mutant
huntingtin RNA using associated single nucleotide polymorphisms (SNPs) (280, 281).
The only downfall of this particular drug is that these mutant huntingtin-associated SNPs
are not present in the entirety of the HD population and therefore these drugs will not be
useful for all patients.

Other potential therapies targeting RNA include: RNAI by short interfering RNA
(siRNA), short hairpin RNA (shRNA), or microRNA, promoting degradation by argonaut
2; and small molecule splicing modulators (282). Both of these strategies run the risk of
generating toxic RNA, making ASOs the more attractive strategy.

Strategies for targeting huntingtin at the DNA level are comparatively less
developed than those targeting huntingtin at the RNA level. There are two approaches
currently being pursued, the first of which is the use of a zinc finger transcription
repressor that targets the expanded polyglutamine tract of huntingtin and reduces

expression of the mutant protein (283). The second strategy uses a CRISPR/Cas9
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cleavage system that has been adapted to excise the promoter regions, transcription start
site, and CAG mutation of the mutant huntingtin gene in human fibroblasts (284). While
both of these strategies have been successfully tested in mouse models, with decreased
levels of mutant huntingtin and correction of HD phenotypes noted, more research into

potential off-target side effects are needed before a clinical trial is considered (283, 285).

1.4.5 Modulating Phosphorylation of the N17 Domain as a Therapeutic Strategy

The variety of cell processes in which huntingtin is involved requires strict
regulation of protein levels and localization. A common means of protein regulation is via
PTMs, and, indeed, there is a large body of evidence that huntingtin is modified in a
variety of manners, including: SUMOylation, ubiquitination, phosphorylation,
acetylation, palmitoylation, and proteolysis (286). Of these modifications, the best
characterized, and arguably most critical, with obvious effects on huntingtin function and
mutant huntingtin toxicity, is phosphorylation (71, 129, 287). Mutant huntingtin has been
shown to be hypo-phosphorylated at several residues, including S13, S16, and S421 (71,
134). Moreover, increasing phosphorylation of these residues through phospho-mimetics
or exogenous compounds restores several known functions of the mutant huntingtin
protein that are impaired by polyglutamine expansion (72, 77, 128, 129, 288). In the case
of S13 and S16, increased phosphorylation of these domains restores conformational
flexibility of huntingtin exonl, mediates proper protein degradation, and rescues HD

mouse model phenotypes (72, 77, 288). Phosphorylation of S421 restores proper vesicular
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trafficking of BDNF (128). Furthermore, increasing phosphorylation at this residue by
administration of insulin-like growth factor-1 (IGF-1) is protective in HD cells models
(128, 129, 134). In all cases, increased phosphorylation promotes an overall protective
effect in cell and/or animal models of disease and suggests an important role for
phosphorylation in mitigating mutant huntingtin-related toxicity. These data show that
targeting post-translational modifications of huntingtin may be another promising
therapeutic strategy, one that does not pose the same potential risks that

huntingtin-lowering strategies do.
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1.5 Thesis Rationale

The effects of phosphorylation of S13 and S16 in the N17 domain have been well
established by our own lab and others, finding that modification of these residues is
critical for modulating huntingtin localization, function, and toxicity (71, 72, 74, 287).
Although the protective effects of phosphorylation of mutant huntingtin N17 have been
well studied, there has been little progress in development of disease-modifying therapies
targeting this domain. As such, the purpose of my project was to establish that modulating
phosphorylation of the N17 domain is a valid therapeutic target, characterize the
pathways involved in phosphorylation, and, finally, to identify molecules with the
potential to modify this domain.

In Chapter 2, I describe the use of high content screening to identify modulators of
N17 phosphorylation as well as a follow-up investigation of one of those hits,
No-furfuryladenine (N6FFA). I also describe a potential mechanism of action for this
compound, specifically, upregulation of the activity of casein kinase 2 (CK2) on N17,
and, finally, the protective effects of N6FFA against mutant huntingtin-induced toxicity
are validated in a mouse model of HD. In Chapter 3, I provide preliminary evidence of
another kinase that may be responsible for phosphorylating N17, priming it for
phosphorylation by CK2, and, in Chapter 4, I show data from additional experiments that

provide further insight into the effects of N6FFA. Finally, in Chapter 5, the biological and
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therapeutic implications of the presented data will be discussed in the context of HD and

other neurodegenerative diseases.
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CHAPTER 2

N6-FURFURYLADENINE IS PROTECTIVE IN HUNTINGTON’S
DISEASE MODELS BY SIGNALING HUNTINGTIN
PHOSPHORYLATION

The contents of this chapter are a representation of the following publication:

Bowie LE, Maiuri T, Alpaugh M, Gabriel M, Arbez N, Galleguillos D, Hung CLK, Patel
S, Xia J, Hertz NT, Ross CA, Litchfield DW, Sipione S, Truant R (2018)
N6-Furfuryladenine is protective in Huntington’s disease models by signaling

huntingtin phosphorylation. Proceedings of the National Academy of Science.
115(30):E7081-E7090

Most experiments and writing were done by the author, L.E. Bowie.
Images presented in Figure 4 were the work of T. Maiuri.
Mouse dosing and characterization were by M. Alpaugh and D. Galleguillos.
Cortical neuron assays were conducted by N. Arbez.
Kinase assays were conducted with the assistance of M. Gabriel

The work presented in this chapter has led to a new hypothesis regarding the role of
huntingtin as a DNA damage response protein. In addition, it has led to identification of a
new lead compound for the treatment of HD, the derivatives of which are currently being
investigated in conjunction with an industry partner. Finally, this study laid a platform for
small molecule investigation in HD using high content analysis that is currently being
used in our lab.
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2.1 Abstract

The huntingtin N17 domain is a modulator of mutant huntingtin toxicity and is
hypo-phosphorylated in Huntington’s disease (HD). We conducted high content analysis
to find compounds that could restore N17 phosphorylation. One lead compound from this
screen was N6-furfuryladenine (N6FFA). N6FFA was protective in HD model neurons,
and N6FFA treatment of an HD mouse model corrects HD phenotypes and eliminates
cortical mutant huntingtin inclusions. We show that N6FFA restores N17 phosphorylation
levels by being salvaged to triphosphate form by adenine phosphoribosyltransferase
(APRT) and used as a phosphate donor by casein kinase 2 (CK2). N6FFA is a naturally
occurring product of oxidative DNA damage. Phosphorylated huntingtin functionally
re-distributes and colocalizes with CK2, APRT, and N6FFA DNA adducts at sites of
induced DNA damage. We present a model in which this natural product compound is
salvaged to provide a triphosphate substrate to signal huntingtin phosphorylation via CK2
during low ATP stress under conditions of DNA damage, with protective effects in HD

model systems.
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2.2 Introduction

Huntington's disease (HD) is a dominantly-inherited neurodegenerative disorder
characterized by late age-onset loss of cognition, emotional disorder, and loss of motor
control. The disease is caused by a CAG expansion within the first exon of the HTT gene,
which translates to a polyglutamine expansion in the huntingtin protein (41). Although
CAG expansion length is correlated with age of disease onset, individuals with the same
number of CAG repeats may vary in their disease onset by forty years or more (289).
Genome-wide association studies (GWAS) performed on large cohorts of HD patients to
identify genetic modifiers of disease onset highlighted DNA repair pathways, redox
control proteins, and mitochondrial energy metabolism as the major modifiers of the
onset of HD (290, 291). We have since defined huntingtin as a component of the ataxia
telangiectasia mutated (ATM) DNA damage response complex that accumulates at sites
of DNA oxidative damage, and as a scaffold for DNA repair factors (292). Along with
these newly defined functions, huntingtin has also previously been implicated in vesicular
and axonal trafficking, cell division, synaptic transmission, and the cell stress response
(99, 106, 142, 293-295). Reflecting this variety of functions, the huntingtin protein
localizes to several subcellular compartments. Localization is largely regulated by the
first 17 amino acids of the protein, the N17 domain, which is phosphorylated at two key

residues: serines S13 and S16 (296, 297).
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The N17 domain, directly adjacent to the polyglutamine tract, forms an
amphipathic alpha-helix that reversibly tethers huntingtin to membranes (298, 299),
regulating intracellular localization between vesicles, the ER, the primary cilium, and the
nucleus (300). Huntingtin nuclear localization is primarily affected by cell stress (301),
and the N17 domain is a ROS sensor, whereby sulfoxidation of the methionine M8
residue promotes release of huntingtin from membranes, S13/S16 phosphorylation, and
translocation to the nucleus (295). Deletion of the N17 domain accelerates disease in
mouse and zebrafish models of HD (302, 303), implicating the domain in disease
progression. In HD mouse models, serine phospho-mimetics (296) or induced serine
phosphorylation (304) can prevent, or fully reverse, the toxicity of mutant huntingtin,
defining restoration of N17 phosphorylation as a valid sub-target for HD therapeutic
development.

We therefore set out to identify compounds that could modulate N17
phosphorylation in an attempt to restore the phosphorylation of N17 seen in HD cells
(297, 305). Using an extensively validated antibody against phosphorylated S13 and S16
(297), we conducted a high content screen for the effects of diverse small molecule
natural products on N17 phosphorylation. In order to minimize investigator bias, we used
both blind, automated microscopy image acquisition and non-supervised machine sorting
of the images. We identified a number of compounds with known activities in the context
of HD, as well as one unique compound, N6-furfuryladenine (N6FFA), also known as

kinetin.
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N6FFA has been extensively studied (306) and annotated as a plant cytokine with
biological effects in mammalian cells, including protection against oxidative stress (307),
and delay of age-related phenotypes in human fibroblasts (308). N6FFA is also a product
of DNA oxidation by ROS (309), and occurs as a normal excreted human metabolite
(310). N6FFA/kinetin was found to be the precursor to N6FFA/kinetin triphosphate
(KTP), an ATP analog produced upon salvaging of N6FFA by adenine
phosphoribosyltransferase (APRT) (311). This nucleotide salvaging is important in the
context of HD, where ATP levels are significantly reduced (214), particularly in neurons
which rely heavily on nucleotide salvage as opposed to de novo nucleotide biosynthetic
pathways (312, 313). Further, ATP production can halt during DNA damage repair
(314), and free ATP levels drop significantly during ER stress response (294) . Here, we
show casein kinase 2 (CK2) can use KTP to phosphorylate N17, and that treatment with
the NO6FFA precursor molecule is protective in cell neuronal and animal models of HD.

We propose a model in which this natural product, upon being salvaged,
potentiates the enzymatic phosphorylation reaction on polyglutamine-expanded
huntingtin, allowing proper mutant protein degradation (315). /n vivo administration of
N6FFA, a blood-brain barrier (BBB) permeable molecule (316), in HD model mice
resulted in reduced cortical brain inclusions in YAC128 mice, as well as HD phenotypic

reversal.
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2.3 Results

High content analysis identifies N6-furfuryladenine as a modulator of N17
phosphorylation

Phosphorylation of huntingtin N17 at S13 and S16 has been shown to be a
beneficial modification in the context of HD in both cell and animal models (296, 304).
To identify modulators of N17 phosphorylation of huntingtin, we used high content
analysis to screen a library of 133 natural compounds (Selleckchem) for their potential
effects on the fluorescent signal pattern of anti-N17-S13pS16p, an antibody recognizing
N17 phosphorylated on S13 and S16. This antibody was raised to the
phospho-S13/phospho-S16 epitope and cross purified by peptide affinity chromatography
both to the phospho-peptide and against the unmodified peptide. Specificity and
selectivity of this antibody was validated by: peptide dot blot titrations; western blots to
whole cell extracts of wild-type, heterozygous, and homozygous mutant huntingtin cells;
immunofluorescence with peptide competition; and lack of signal in huntingtin knockout
mouse embryo fibroblasts by western blot (297). Huntingtin recruitment to DNA damage
adducts, which was visualized by multiple independent huntingtin monoclonal antibodies,
was also demonstrated using this antibody (292). The antibody was also used to define
the phospho-dependent switch in huntingtin conformation (317), the increased
phosphorylation of huntingtin by ganglioside GM1 treatment of mice (304), and the role

of methionine M8 sulfoxidation as a precursor to N17 phosphorylation (295).
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The anti-N17-S13pS16p antibody was directly labelled, and direct
immunofluorescence was performed on STHdh?”?’ cells (318) treated with a library of
133 compounds. Images were taken in an unbiased manner with a 40X objective at 5
software-randomized locations per well, with hardware autofocus. There was no
investigator observation beyond the first well to set exposure levels to within the camera
dynamic range.

The 12-bit depth images were analyzed by Phenoripper software (319) in a single
channel, by assaying image textures. These are a set of pixel level and space metrics
calculated in image processing, designed to quantify the perceived texture of an image.
Phenoripper measures multiple bitmap texture elements in each image, defines the three
most variant textures, and uses these three variances to plot a vector in unitless 3D space
such that the points farthest from one another represent the most dissimilar images within
that dataset, without any predetermined parameters. The plot is generated by principal
component analysis (PCA) within the dataset, thus has no units on the axes. Hits were
chosen based on which compounds plotted furthest from the vehicle control, 0.01%
DMSO (Figure 2.1a). A summary of these of hits, shown in Supplemental Figure 2.1a,
includes several anti-inflammatory, antioxidant and apoptosis-inducing compounds, as
well as several compounds that did not fall into any specific category (summarized in
Figure 2.1b).

Antioxidant compounds plotted distinctly from vehicle control, consistent with

our previous study which defined methionine M8 sulfoxidation as a trigger of S13/S16
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phosphorylation by affecting N17 helicity (295). Another distinct group of compounds
was annotated as anti-inflammatories. This is consistent with our results from another
previous study implicating the IKK pathway in regulating huntingtin phosphorylation
(297), which has been previously defined by Thompson et al., as the trigger for huntingtin
degradation (320). One of the most distant hit compounds from the control that did not
plot near any anti-inflammatories nor antioxidants, had the most effect in the system:
Neo-furfuryladenine (N6FFA) (Figure 2.1¢). N6FFA is a blood-brain barrier-permeable
compound (321, 322) with a potent effect on phospho-N17 signal. We therefore pursued

NO6FFA for further investigation.

No6-furfuryladenine increases phosphorylation of N17 in cells expressing mutant
huntingtin and is protective in cell models of HD

To further understand the effects of N6FFA, we directly examined the
phosphorylation state of N17 by immunoblot in mouse striatal-derived cells expressing
either wild-type or humanized mutant huntingtin: STHdh?”?” and STHdh?! 2111
respectively (318) with increasing doses. In wild-type cells treated with N6FFA, we
observed a modest increase in N17 phosphorylation that did not reach significance
(Figure 2.1d). This modest increase was amplified by the more sensitive
immunofluorescence technique used in the initial screen, accounting for the identification
of N6FFA as a hit. In contrast, when we tested the effect of N6FFA on HD knock-in

homozygote model cells expressing expanded huntingtin (STHdh?'!""?!!), we observed a
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robust and statistically significant increase in N17 phosphorylation (Figure 2.1e).
Optimal treatment concentration was between 0.5 - 1 uM for a time of 24 hours. These
results validated N6FFA as a hit from the high content analysis screen and a modulator of
N17 phosphorylation.

As phosphorylation of mutant huntingtin is a protective modification (304, 323),
we next asked whether N6FFA affected cell viability. We found that N6FFA was
protective in STHdh?!!"C!1T cells against serum starvation-induced stress, with a
significant reduction in Annexin V staining noted at a concentration of 10 uM as shown
in Supplementary Figure 2.1b. This effect was not seen in STHdh?”?”. Previous studies
have reported substantially different thresholds for N6FFA cytotoxicity, with some
groups reporting decreased cell viability at doses as low as 500 nM (324), while others
seeing decrease in viability at doses as high as 100 uM (325). As this difference in
NO6FFA toxicity threshold may be due to cell type differences, we sought to test the
protective effects of this compound against mutant huntingtin-induced toxicity in a more
disease-relevant cell type: mouse primary cortical neurons. We transfected mouse
embryonic cortical neurons with a fragment of huntingtin (amino acids 1-586) containing
either a wild-type polyglutamine length of 22 aa (N586-HttQ22) or mutant polyglutamine
length of 82 aa (N586-HttQ82) to assay apoptotic cell death (326), and treated these cells
with increasing concentrations of N6FFA. There was a significant protective effect in
cells expressing polyglutamine expanded huntingtin at 1 pM and 10 uM N6FFA (Figure

2.1f), consistent with the dose-response curves assaying mutant huntingtin
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phosphorylation in mouse striatal-derived cells (Figure 2.1e). We saw no significant
effect of N6FFA in the neurons expressing wild-type huntingtin at any of the
concentrations tested (Figure 2.1f).

Thus, we have identified NOFFA as a compound that affects N17 phosphorylation
and promotes cell viability in a dose-dependent manner, in mutant huntingtin-expressing

cells.
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Figure 2.1. Identification and validation of N6-furfuryladenine as a modulator of N17 phosphorylation. Cells
were methanol fixed and stained with a primary conjugate antibody recognizing N17 with phospho-groups at S13 and
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S16 (N17-S13pS16p). Five images were taken per well with a 40x air objective. Images were analyzed by open source
software, Phenoripper. Unitless PCA plot and a summary of hits are presented in (A) and (B), respectively. Compound
134, indicated with a red arrow represents vehicle control; compound 50, encircled in green, represents N6FFA. (C)
Chemical structure of N6FFA. STHdhQ7/Q7 (D) and STHdhQ111/Q111 (E) cells were treated with the indicated
concentrations of N6FFA for 24 h and total cell lysates were separated by SDS-PAGE followed by immunobloting with
N17-S13pS16p antibody. Pixel intensity results from n=3 independent replicates were quantified. Asterisks (*) indicate
concentrations of NOFFA that significantly increased N17 phosphorylation compared to control as determined by
AVOVA with multiple comparisons test. Bars represent mean values = SEM (¥p<0.05). (F) Mouse cortical neurons
were transfected with N586-HttQ22 or N586-HttQ82 and treated with various concentrations of N6FFA. A nuclear
condensation assay was performed to determine percent cell death. Concentrations of N6FFA that significantly
decreased cell death are indicated as determined by unpaired two-tailed t-test from n=3 independent replicates
(*p<0.05; **p<0.001).
NG6FFA treatment reduces cortical mutant huntingtin inclusions and improves
phenotypes in an HD mouse model

Having determined that N6FFA was protective in an HD neuronal model, we next
tested the effect of N6FFA on the motor phenotypes of the YAC128 HD mouse model
(327). This is a transgenic mouse model in which a full-length copy of human huntingtin
bearing 128 CAG repeats is expressed on a yeast artificial chromosome (YAC). Mice
were injected with N6FFA intraperitoneally (IP) daily at approximately 8 months of age.
As this modality is highly stressful, with mice being handled and receiving painful
injections regularly, all mice lost body weight during the course of the treatment
(Supplemental Figure 2.2a). Motor tests, but not anxiety tests, were therefore pursued in
this experiment. While YAC128 mice performed significantly worse than wild-type
littermates on both the accelerating and fixed rotarod motor coordination assays as
determined by two-way ANOVA, YAC128 mice that received an IP injection of N6FFA

exhibited increased latency to fall for both tests (Figures 2.2a and 2.2b). (Accelerating

rotarod: effect of genotype, F, ,;=11.86, p=0.002; effect of treatment, F, ,,=4.974,
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p=0.015. Fixed rotarod: effect of genotype, F,,,=5.542, p=0.026; effect of treatment,
F,,=11.94, p=0.0002). The motor behavior of YAC128 mice, as measured by the narrow
beam test, was also improved with N6FFA treatment (Figure 2.2¢). There was also some
improvement in motor phenotypes in wild-type control mice upon N6FFA dosing. This is
consistent with effects of N6FFA on wild-type huntingtin phosphorylation (Figure 2.1c¢),
and with the primary screen assaying wild-type huntingtin (Figure 2.1a).

To observe the effects of N6FFA in a modality that was less stressful, allowing
acquisition of more reliable data related to anxiety-like behaviour, as well as being more
amenable to patient treatment, we dosed the animals orally at approximately 9 months of
age with N6FFA added to chow for 49 days. At this lower dose and oral modality, no
motor-correction effects were noted. We then assessed the effect of N6FFA oral dosing
on YAC128 anxiety phenotypes, given that this modality did not affect a pain stress on
the mice. While YAC128 mice spent more time in the closed arms of the elevated plus
maze than wild-type mice (effect of genotype, F, ;=5.670, p=0.02), indicating increased
anxiety, N6FFA treatment did not correct this behaviour (Figure 2.2d). On the other
hand, N6FFA decreased anxiety behavior and restored exploratory activity in the first 5
minutes of the open field arena test (Figure 2.2e) (effect of treatment, F, ;;=11.26,
p=0.002). We next measured fecal boli dropped in conditions that elicit anxiety. In the
forced swim test, YAC128 mice released more fecal pellets compared to wild-type
littermates, an indication of increased anxiety, which was reversed by administration of

N6FFA (Figure 2.2f) (effect of genotype, F, ;,=5.773, p=0.02; effect of treatment,
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F,;,=3.896, p=0.05). In summary, N6FFA improved YAC128 motor phenotypes by
intraperitoneal administration, and anxiety-like phenotypes by oral administration.

We next asked whether the effect of N6FFA on YAC128 phenotypes is due to a
direct effect on the huntingtin protein. We measured the levels of insoluble mutant
huntingtin inclusions in the brains of control-treated and N6FFA-treated YAC128 mice.
As shown in Figure 2.2g, the levels of insoluble mutant huntingtin protein were
dramatically decreased upon N6FFA treatment in the cortex, but not in the striatum
(Figure 2.2h). While we hypothesize that this difference may be due to incomplete
delivery of N6FFA to the striatum, with most of the compound metabolized in the cortex,
as directed by cerebrospinal fluid flow, we have not investigated this phenomenon
further. We also investigated levels of insoluble mutant huntingtin in the striatum and
cortex of the mice who received IP injections of N6FFA. In the cortex, we again see
significantly decreased levels of insoluble huntingtin, and in the striatum, while there is a
trend towards decreased levels of insoluble mutant huntingtin, this trend did not reach
significance (Supplementary Figure 2.2b and 2.2¢). Thus, we observed protective
effects of N6FFA in HD cell and mouse models, with direct effects on huntingtin protein

levels.
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Figure 2.2. Effects of N6FFA administration on motor performance, anxiety-like behaviour, and huntingtin
inclusions in YAC128 mice. (A) Mice were tested on accelerating rotarod (4-40 RPM in 2 min) after 42 days daily
intraperitoneal injection (IP) N6FFA or vehicle (1.5% DMSO). (B) Mice were tested on fixed rotarod (12 RPM) after
42 days IP N6FFA or vehicle. For (A) and (B) N = 7 for WT DMSO, and N =5 for WT N6FFA (0.83 mg/kg and 4.17
mg/kg), YAC128 DMSO, and YAC128 N6FFA (0.83 mg/kg and 4.17 mg/kg). (C) Mice were tested in the narrow
beam test. N = 6 for WT DMSO, WT N6FFA 4.17 mg/kg, and YAC128 N6FFA 4.17 mg/kg; N =5 for WT N6FFA
0.83 mg/kg, YAC128 DMSO, and YAC128 N6FFA 0.83 mg/kg. (D) Time in the closed arms of the elevated plus maze
was tested. N = 10 for WT control, 10 for WT N6FFA, 7 for YAC128 control, and 7 for YAC128 N6FFA. (E)
Exploratory activity in the first 5 min spent in an open field arena is shown N = 10 for WT control, 10 for WT N6FFA,
8 for YAC128 control, and 9 for YAC128 N6FFA. (F) The number of fecal pellets released in the forced swim test was
measured. N = 10 for WT control, 10 for WT N6FFA, 9 for YAC128 control, and 9 for YAC128 N6FFA.
SDS-insoluble aggregates of mutant huntingtin were measured in YAC128 cortex (G), or striatum (H), after treatment
with control or N6FFA-containing diet (N=8 YAC128 control, 7-9 YAC128 N6FFA). Representative membranes and
pixel intensity analysis are shown (*p<0.05). Statistical analysis was performed using two-way ANOVA and
Bonferonni post-test for mouse performance, and by the Student’s t-test for insoluble mutant huntingtin data. For all

figures, bars represent mean + SEM.
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The metabolic product of N6FFA/kinetin, kinetin triphosphate, can be used as a
phospho-donor by CK2 to phosphorylate N17

We next evaluated possible mechanisms of N6FFA action. Cells can metabolize
exogenously applied N6FFA/kinetin to kinetin triphosphate (KTP) by means of the
nucleotide salvaging enzyme, adenine phosphoribosyltransferase (APRT) (311). The
resulting ATP analogue, KTP (Supplemental Figure 2.3a), can be used by
PTEN-induced putative kinase 1 (PINK1) for the transfer of its gamma-phosphoryl group
to the PINK1 substrate (311). The kinase CK2 can utilize multiple substrates as
phospho-donors, including GTP and ATP (328). We have previously reported that CK2
was a putative N17 kinase, based on results of a kinase inhibitor screen with multiple
CK2 inhibitors as hits (297). More precise effects were achieved by treatment with
nanomolar levels of the CK2 inhibitor, DMAT (329), with inhibition of CK2 specifically
decreasing phosphorylation of N17 (297). We therefore hypothesized that the mechanism
by which N6FFA increases N17 phosphorylation is through its metabolism to KTP and
use by CK2 as a phospho-donor for huntingtin N17.

To test whether CK2 can use KTP to phosphorylate its canonical substrates, we
performed a peptide array assay comparing CK2 kinase activity with either ATP or KTP

as phospho-donors. A full table of these peptides is presented in Supplemental Figure
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2.3. As shown in Supplemental Figure 2.3b, CK2 phosphorylates numerous substrates
to similar degrees using either ATP or KTP.

We next asked whether CK2 can directly phosphorylate the N17 domain in vitro.
We found that CK2 can use either ATP or KTP to phosphorylate N17, provided that
serine 13 is already primed by phosphorylation (Figure 2.3a and 2.3b). This is consistent
with the description of CK2 as a ubiquitous acidophilic kinase, where its activity is
typically regulated by the substrate, and priming adds a negative charge to the site (330).
To confirm that the effect we are seeing is mediated by CK2, we treated cells with
NO6FFA in the presence of DMAT (331). DMAT prevented N6FFA from modulating N17
phosphorylation levels (Figure 2.3¢), consistent with previous work that defined CK2 as
a N17 kinase (297). Thus, the restoration of N17 phosphorylation by N6FFA can be
blocked by inhibition of CK2.

To form KTP for CK2 to utilize, N6FFA must be salvaged to the triphosphate
form. To test if N6FFA salvaging to KTP is critical for the observed increase in N17
phosphorylation, we treated cells with 9-deaza-kinetin (9DK), a derivative of N6FFA that
cannot be salvaged due to the lack of a nitrogen at position 9 (structures in Figure 2.3d).
In contrast to N6FFA, 9DK did not cause an increase in huntingtin phosphorylation in
STHdAhC"2!11 cells (Figure 2.3d), indicating that the increase in N17 phosphorylation

upon N6FFA treatment occurs through its conversion to KTP by nucleotide salvaging.
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Figure 2.3. CK2 uses KTP as a phospho-donor to phosphorylate huntingtin N17 when primed by
phosphorylation. Representative blot (A) and quantification (B) of an in vitro N17 phosphorylation assay using CK2
with either ATP or KTP as phospho-donor. Analysis by Mann-Whitney test (n=3 independent replicates, **p<0.001).
(C) Representative blot (top) and quantification (bottom) of N17-S13pS16p levels in STHdh?!'V"!! cells upon
treatment with N6FFA either with or without the addition of the CK2 inhibitor DMAT (4.5 uM). Analysis by
Mann-Whitney test (n=4 independent replicates, *p<0.05). (D) Representative blot (top) and quantification (bottom) of
N17-S13pS16p levels in STHdh?''"?"" cells upon treatment with N6FFA derivative 9-deaza-kinetin (9DK) (left),
analysis by Mann-Whitney, and N6FFA (right), analysis by unpaired t-test (n=3 independent replicates for both
experiments, *p<0.05). For all data, bars show mean + SEM.

Components of the N6FFA salvaging and signaling pathway functionally colocalize at

sites of DNA damage
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CK2 is a constitutively active kinase regulated, in part, by subcellular localization
and proximity to its substrates (332). CK2 is well characterized to phosphorylate DNA
repair factors (333), and we previously defined huntingtin at sites of ATM-mediated
DNA repair (292). We therefore asked whether CK2 and huntingtin colocalize within the
cell at both resting states and during active DNA damage repair. We have previously
reported that the anti-N17-S13pS16p antibody highlights insoluble, chromatin-dependent
nuclear puncta (292, 295, 297), which we recently identified as nuclear speckles (305).
Using antibodies against CK2 and N17-S13pS16p, and super-resolution structured
illumination microscopy (SR-SIM), we observed colocalization of these endogenous
proteins at nuclear speckles (Figure 2.4a), suggesting that CK2 kinase activity on N17
may take place in the nucleus, similar to CK2 activity on DNA repair proteins (334), such
as XRCCI1 (335) or P53BP1 (336).

N6FFA is an endogenous byproduct of oxidative DNA damage, whereby addition
of a furfuryl group to an adenosine base within the DNA backbone under Fenton
reaction-oxidizing conditions generates N6FFA riboside (337). The generation of this
adduct is followed by excision of N6FFA from the DNA backbone (338). We have shown
that the huntingtin protein acts as a scaffold for DNA repair proteins in response to
oxidative stress (292). The importance of this role was given context when the results of a
large GWAS study revealed a high number of DNA repair genes as modifiers of age of
disease onset (290). Similar to the protective effects we observed in HD model mice

(Figure 2.2), a recent study showed neuroprotective effects of N6FFA against

65


https://paperpile.com/c/KjRbNz/3C4WH
https://paperpile.com/c/KjRbNz/24BgY
https://paperpile.com/c/KjRbNz/fFRXf
https://paperpile.com/c/KjRbNz/stgkw+fFRXf+NLXOh
https://paperpile.com/c/KjRbNz/GaUwC
https://paperpile.com/c/KjRbNz/BZB5e
https://paperpile.com/c/KjRbNz/sTfz4
https://paperpile.com/c/KjRbNz/Z1iat
https://paperpile.com/c/KjRbNz/L0I09
https://paperpile.com/c/KjRbNz/PzCgf
https://paperpile.com/c/KjRbNz/fFRXf
https://paperpile.com/c/KjRbNz/ZCDzW

Ph.D. Thesis - L.E. Bowie McMaster University - Biochemistry

radiation-induced behavioural changes in a Swiss albino mouse model (339). Together,
these findings prompted us to investigate a connection between N6FFA and huntingtin in
the context of DNA damage.

We first asked whether we could directly detect N6FFA riboside and the
nucleotide salvaging protein, APRT, at sites of DNA damage where huntingtin is known
to accumulate (292). Using a 405nm laser, we induced DNA damage in a line across
chromatin. After a 20-minute incubation, endogenous CK2 and huntingtin phosphorylated
at N17 were enriched at the irradiated regions of DNA damage (Figure 2.4b). Unlike
steady state imaging at nuclear puncta, this functional relocalization with colocalization
was triggered by induced DNA damage. While protein colocalization alone is not
definitive of interactions, the functional colocalization of these proteins supports the
concept that they are functioning as part of a complex relevant to functions in DNA
damage repair. Furthermore, both the oxidative DNA damage product, N6FFA riboside
(Figure 2.4¢), and the salvaging enzyme responsible for converting this product to KTP,
APRT (311) (Figure 2.4d), concentrated at the same DNA damage sites. Thus,
components of the N6FFA salvaging pathway functionally colocalize to sites of DNA

damage.
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Figure 2.4. Components of the N6FFA-APRT-KTP-CK2-huntingtin pathway co-localize at sites of DNA damage.
(A) Human fibroblasts were stained with anti-CK2 (green) and anti-N17-S13pS16p (magenta) and imaged using super

Mock

KU55933

resolution-structured illumination microscopy (SR-SIM). Bottom panel depicts magnified regions outlined by white
boxes in the top panel. Scale bar is 1um. (B) Human fibroblasts were irradiated with a 405 nm laser in the indicated
region to induce DNA damage. After a 20-min incubation period, immunofluorescence was performed against CK2
(green) and N17-S13pS16p (magenta), and XY coordinates were revisited to image the irradiated cells by Z-stacked
wide-field microscopy and deconvolution. We observed a 100% correlation between CK2 and N17-S13pS16p
localization to irradiated regions in 20-30 cells per experiment for two experiments. (C) Human fibroblasts were
irradiated as in (B), stained with anti-N6FFA riboside (green), and imaged by Z-stacked wide-field microscopy and
deconvolution. (D) Human fibroblasts were treated with vehicle control (mock) or 10 uM KU55933 for 25 min then
irradiated as in (B), stained with anti-APRT (green) and anti-N17S13pS16p (magenta), and imaged by Z-stacked
wide-field microscopy and deconvolution. Scale bar is 10 pm in panels B-D.
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We previously found that huntingtin localization to sites of DNA damage is
dependent on ATM kinase activity (292). We therefore asked whether APRT recruitment
is regulated in a similar fashion. As shown in Figure 2.4d, APRT could still localize to
UV irradiation sites in the presence of ATM inhibitor KU55933 (340), under conditions
that inhibit huntingtin recruitment. This suggests that recruitment of the nucleotide
salvager APRT to DNA damage sites and KTP generation does not require ATM
activation, and hence do not require huntingtin recruitment. CK2 is required for P53BP1
accumulation at sites of DNA damage, which is a prerequisite for efficient activation of
the ATM-mediated signaling pathway (341). Huntingtin makes up part of the ATM
complex and its recruitment to DNA damage is blocked by ATM kinase inhibition (292).
These results allow us to hypothesize a mechanism in which KTP, produced proximal to
DNA damage via APRT activity, is used by CK2 to phosphorylate substrates in the ATM
DNA damage repair response, including the huntingtin N17 domain. Thus, this salvaged
product of oxidative DNA damage may act as a signalling molecule to potentiate DNA

repair (Figure 2.5), under the repair-associated conditions of low ATP “energy crisis”

(342).
Fent DNA
DNA :r;:n Repair Y
Oxidative ——— > — % NBFFA ————» KTP
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Figure 2.5. A product of oxidative DNA repair is used by CK2 to phosphorylate huntingtin at sites of DNA
damage. DNA is oxidized via the Fenton reaction by age-onset reactive oxygen stress. No-furfuryladenine riboside
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results, and is excised by the DNA damage repair machinery. APRT salvages the excision product, N6-furfuryladenine,
to yield kinetin triphosphate (KTP). KTP is used as a phosphate donor by CK2 to modify huntingtin N17, and
potentially other DNA repair proteins, in a positive feedback mechanism. We hypothesize that exogenous
administration of N6FFA potentiates the reaction. All components of the model seen to functionally co-localize
proximal to DNA damage regions are highlighted in green.

2.4 Discussion

Many current drug discovery efforts are limited to high throughput analysis with
low-resolution endpoints (343). As an alternative, we used high content analysis to screen
a small natural compounds library encompassing a wide breadth of biologically active
chemical space to define modulators of N17 phosphorylation. We show that high content
analysis of endogenous, phosphorylated huntingtin is extremely effective for identifying
potential disease-modifying compounds. The use of principal component analysis (PCA)
and image textures allowed us to visualize the degree to which compounds affected
N17-S13pS16p signal properties without bias, in that we did not predefine any parameters
for sorting. We found that the two predominant types of compounds affecting our assay
were anti-inflammatory agents and antioxidants. Consistent with this, we and others have
previously shown that inhibition of IKK[ within the NF-kB inflammation pathway affects
huntingtin phosphorylation (297, 344).

The identification of antioxidants as modulators of N17 phosphorylation is also
compelling, given the implication of ROS in HD pathology (345). The antioxidant
XJB-5-131 is known to modify toxicity in an HD model, by either preventing onset, or
improving pathophysiology in a mouse that has developed disease (346). Our group has

recently shown that huntingtin acts as a ROS sensor, elucidating a mechanism by which
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sulfoxidation of methionine eight within N17 leads to increased huntingtin solubility from
lipid membranes of the endoplasmic reticulum, enhancing S13/S16 phosphorylation and
translocation of huntingtin to the nucleus (295). The identification of several antioxidant
compounds in our screen supports these findings, as these compounds reduced the
phospho-N17 signal. In the context of ROS, increased N17 phosphorylation upon IKKf
inhibition may be due to prevention of the NF-kB pathway ROS signaling response and
the resulting elevated intracellular ROS levels (347).

NO6FFA compound was selected for further experimentation as it has been
demonstrated in animal models to be both blood-brain barrier permeable (348) and
neuroprotective (339). We show a protective effect of N6FFA in a cell line expressing a
severe toxic mutant huntingtin fragment in cortical neuronal culture. This is consistent
with other studies showing protective effects of N6FFA under conditions of stress (324,
339, 349-351). N6FFA has been broadly categorized as an antioxidant (352); however,
we note N6FFA increasing huntingtin phosphorylation, whereas antioxidants decrease
phosphorylation (295). More recent studies have shown that N6FFA is not effective at
scavenging free radicals (349), but instead activates other antioxidant defense
mechanisms (324, 325, 349, 350). Our results support an alternative mechanism in which
huntingtin is directly modified by N6FFA.

We observed reduced cortical mutant huntingtin aggregate load upon N6FFA
treatment in YAC128 mice. Previous findings have shown that mutant huntingtin is not

properly degraded, leading to toxic accumulation (104). Studies have shown that
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phosphorylation of huntingtin mediates clearance (353—355), and that mutant huntingtin
is hypo-phosphorylated at many sites of proteolytic activity (356). Huntingtin N17
phosphorylation enhances protein clearance by the proteasome and lysosome (357). Our
results are consistent with increased mutant huntingtin phosphorylation, via
administration of N6FFA, mediating protein clearance. With the efficacy of N6FFA
established, we next sought to determine the mechanism.

The report that the metabolic product of N6FFA, KTP, is an ATP analog that can
be utilized by PINK1 as a phospho-donor (311), prompted us to investigate a similar
mechanism for CK2, which we previously identified as a regulator of N17
phosphorylation (297). CK2 exhibits unusual catalytic site flexibility and is one of the
few known kinases that can use both ATP and GTP as phosphate donors (358). We found
that CK2 can also use KTP to phosphorylate its substrates, including N17. Furthermore,
N17 phosphorylation was not achieved with an N6FFA derivative that could not be
metabolized by nucleotide salvagers, nor in the presence of a CK2 inhibitor, implicating
nucleotide salvaging activity and CK2 activity as crucial elements of the N6FFA effect.
As KTP is also used by PINKI to regulate mitochondrial proteostasis, and enhanced
mitochondrial proteostasis is protective against beta amyloid proteotoxicity (359), some
pleiotropy of KTP-mediated signaling could be beneficial beyond just phospho-huntingtin
correction.

We found that CK2 colocalizes with N17-phosphorylated huntingtin at nuclear

speckles. CK2 is a ubiquitous kinase known to modify proteins involved in DNA repair
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(360, 361), and huntingtin is part of the ATM oxidative DNA damage response complex
(292). The influence of DNA repair pathways on HD disease onset, revealed by GWAS
(185, 290, 291), suggests that ROS and DNA damage repair are critical modifiers for HD
age of onset. CK2 may be phosphorylating huntingtin N17 at these nuclear puncta in
response to oxidative DNA damage. This is similar to the way CK2 phosphorylates the
deubiquitinating enzyme OTUBI1, mediating its nuclear entry, and the formation of
P53BP1 DNA repair foci (362).

N6FFA riboside is a known product of oxidative DNA damage via the Fenton
reaction, causing perturbation of DNA structure (338, 363). Upon induction of DNA
damage via 405 nm laser, we detected NO6FFA riboside generated within the DNA. We
propose that following excision from the DNA, N6FFA is salvaged to KTP via the same
mechanism proposed by Hertz et al. (311). The accumulation of huntingtin, CK2,
N6FFA, and the nucleotide salvager APRT at DNA damage sites suggests that the
effective local concentration of these pathway factors, in proximity to DNA damage,
facilitates phosphorylation of N17.

In HD, KTP-mediated signaling immediately proximal to DNA damage may be
important in the context of low ATP. Aging cells demonstrate significantly decreased
ATP levels (364), a condition that is exacerbated in HD (214, 365). The role of huntingtin
as a stress response protein (161, 295, 297) also suggests that a signaling pathway
utilizing an alternate source of phosphates may be critical under stress conditions, where

most ATP is utilized at the ER lumen for the unfolded protein response (UPR) (366),
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which is chronically active in HD (367). The energy deficits seen classically in HD may
also be the result of chronic DNA damage repair, triggered by age-onset ROS stress: the
first step of DNA single strand break (SSB) damage repair is identification of the lesion
by the Poly (ADP-ribose) polymerase proteins, or PARPs. PARP hyperactivation during
DNA damage can result in a cellular energy crisis in which polyADP-ribose inhibits ATP
production (368). Finally, salvaged purines may be the only potential source of
triphosphate in proximity to DNA damage complexes. Neurons rely heavily on salvaging
of nucleotides rather than de novo synthesis (312, 369), and a recent GWAS identified
RRM2B/P53R2, a ribonucleotide salvaging enzyme, as a modifier of HD age of onset.
This highlights a potential important role of salvage pathways in HD (290).

The large number of neurodegenerative disorders for which a DNA repair protein
is defective, suggests DNA repair may be a critical node for neuronal health, particularly
at the ATM complex (370). Given the role of huntingtin as a scaffold for the ATM
complex (292), dominant mutant huntingtin effects coupled with age-related ROS
increase could lead to the age-onset accumulation of DNA damage. As mutant huntingtin
is hypo-phosphorylated at the N17 domain (297, 305) and phosphorylation is beneficial in
HD models (296, 304), the effects we observed with NO6FFA treatment connect DNA
damage repair, altered bioenergetics, and mutant huntingtin phosphorylation and

inclusion load.
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2.5 Materials and Methods

Reagents and antibodies

All reagents were from Sigma-Aldrich unless otherwise stated. Polyclonal
antibody against huntingtin phosphorylated at S13 and S16 of the N17 domain
(anti-N17-S13pS16p) was previously characterized and validated (297). To directly
conjugate the anti-N17-S13pS16p antibody to Alexa Fluor 488 succinimidyl ester dye
(Molecular Probes/Life Technologies), 1 pL dye per 10 pL antibody and 5% NaHCO,
was incubated overnight at 4°C with rotation. The conjugate antibody was then run
through a Sephadex G-25 bead (Amersham Pharmacia Biotech AB) column and collected
by elution with PBS until the visible dye front reached the base of the column. Additional
antibodies used in this study: anti-N17-S13pS16p (New England Peptides), anti-CK2
alpha (Abcam), anti-N6FFA/kinetin riboside (Agrisera) for immunofluorescence. For
westerns: anti-thiophosphate ester (Abcam), anti-GAPDH (Abcam), rabbit anti-huntingtin
(PWO0595, Enzo Life Sciences), mouse anti-polyglutamine (mAB1574, Chand mouse
anti-huntingtin). Secondary antibodies against rabbit, mouse, and goat IgG, conjugated to
Alexa Fluor 488, 555, 594, or Cy5, were from Invitrogen. Secondary HRP conjugates
were from Abcam. Goat anti-rabbit IRDye 800CW, goat anti-rabbit IRDye 680CW and

goat anti-mouse IRDye 800 were from Li-COR Biosciences.

Cells
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Cells derived from mouse striatum, STHdh?”?” and STHdh?'!""?!!! (a kind gift
from M.E. MacDonald, Center for Genomic Medicine, Massachusetts General Hospital),
were grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) at 33°C in a 5% CO, incubator. Human hTERT-immortalized foreskin
fibroblast BJ-5ta cells (ATCC) and primary human fibroblasts from Coriell Institute for
Medical Research Biorepositories (ND30014 wild-type fibroblasts bearing 21/18 CAG
repeats in H7TT gene alleles) were grown in minimal essential medium (MEM) with 15%
FBS and 1% Glutamax at 37°C with 5% CO,. All media and supplements were from
Gibco Life Technologies. Primary cortical primary neurons were prepared from CD1
mice as described (326). In brief, cortices of E15 DC1 embryos are dissected, quickly
dissociated and plated at 1.10° cells/mm?. Cells were kept in Neurobasal medium
supplemented with B27 and 2 mM GlutaMAX (GIBCO) in 5% CO, at 37°C throughout

the experiment.

High content screen and analysis

STHAh?"? cells were seeded into 96-well ibiTreat dishes (Ibidi) and grown for 24
hours before treatment with a 133-compound natural compound library (Selleckchem) for
6 h at 33°C. Immunofluorescence was performed as described below with Alexa Fluor
488-conjugated anti-N17-S13pS16p antibody at 1:15 dilution. Images taken with 40X
objective were analyzed using Phenoripper (319) in which 5 images per well were

thresholded by random sampling and analysis was carried out using a block size of 15.
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Hits were scored by selecting points on the resulting PCA plot lying furthest from

controls where they fell outside of an arbitrarily defined radius.

Compound administration to cells
All compounds were administered in DMEM with 0.2% FBS for 24 hours unless

otherwise indicated.

Protein extraction and immunoblotting

Cells were lysed in either NP-40 lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM
NaCl, 1% NP-40) or RIPA lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1%
NP-40, 0.25% sodium deoxycholate, I mM ethylenediaminetetraacetic acid (EDTA))
containing protease and phosphatase inhibitors (Roche). Lysates were centrifuged at
17000 x g for 12 min and the supernatant was collected for immunoblot analysis. Equal
amounts of protein were separated by SDS-PAGE on pre-cast 4-20% polyacrylamide
gradient gels (Biorad) and electroblotted onto Immobilin polyvinylidene difluoride
(PVDF) membrane (EMD Millipore). Membranes were blocked in TBS-T (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 0.1% Tween-20) containing 5% non-fat dry milk for 1.5
h at room temperature, followed by overnight incubation with primary antibodies diluted
in blocking buffer at 4°C (anti-N17-S13pS16p 1:2500; anti-GAPDH 1:7500). After 3x
15-min TBS-T washes, membranes were incubated with HRP-conjugated secondary

antibodies diluted in blocking buffer (1:50000) for 45 min at room temperature, and
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visualized using Immobilin enhanced chemiluminesence HRP substrate (EMD Millipore)
on a MicroChemi system (DNR Bio-imaging Systems). Bands were quantified using NIH

Image J software and normalized to GAPDH controls.

In vitro kinase assays

GST-CK2a was purified from bacterial culture as previously described (371).
Enzyme concentration was determined by absorbance at 595 nm, measured on a Victor3
V 1420 multilabel counter (Perkin Elmer) using bovine serum antigen (BSA) standards.
The enzyme was diluted (up to 1:5000) in CK2 Dilution Buffer (5 uM MOPS pH 7.0, 200
mM NaCl, 1 mg/mL BSA) immediately before use in kinase assays.

For CK2 phospho-donor specificity assay, peptide arrays were synthesized using

SPOT technology on nitrocellulose membranes using the Auto-Spot Robot ASP 222

(Abimed) as previously described (372, 373). Filters bearing CK2 substrate sequences

and controls were moistened with 95% ethanol to ensure solubilization of the peptides on
the filter, then an equal volume of water was added with rocking for 15 min. Membranes
were washed 5x with water and 1x with kinase assay buffer (KAB) (50 mM Tris-HCI pH
7.5, 30 mM MgCl,, 50 mM KCI), then incubated in KAB overnight with gentle rocking,
and fresh KAB was added at 30°C for 1 h with rocking. 100 uM ATPyS or KTPyS
(Biolog) was added followed by 100 uM BSA, and the reaction was started by adding
CK2a holoenzyme (1:2500, 32.44 mg/ml with 665.1 nmol/min/mg specific activity) and

incubated at 30°C with rocking for 20 min. 1 M NaCl was added to stop the reaction and
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membranes were washed 5x with water. To alkylate the thiophosphate, the membranes
were incubated in 2.5 mM p-nitrobenzylmesylate (PNBM)(Abcam) in water for 2 h at
room temperature and then washed 5x with water. To decrease background noise,
membranes were incubated in stripping solution (4 M Guanidine-HCI, 1% SDS, 0.5%
B-mercaptoethanol) for 1 h at 40°C. Membranes were washed 10x in water and 3x in
TBS-T, blocked in 5% milk in TBS-T for 1 h at room temperature, and incubated with
thiophosphate ester primary antibody (1:5000, Abcam) in 5% milk in TBS-T overnight at
4°C, and then washed 3x in TBS-T. Membranes were then incubated for 45 min at room
temperature with IRDye 800CW goat anti-rabbit secondary antibody (1:10000, LI-COR)
in 5% BSA in TBS-T and then washed 3x in TBS-T and 1x in TBS. The LI-COR
Odyssey (LI-COR) imaging system was used to visualize the array.

For in vitro kinase assays with unphosphorylated and S13p-primed N17 peptide,
1000 ng peptide (New England Peptides) was incubated in 1:5 KAB with 100 uM
adenosine triphosphate (Sigma-Aldrich) or N6FFA/kinetin triphosphate (Biolog) in a 10
uL reaction. Reaction was initiated by addition of CK2a holoenzyme (1:2500, 32.44
mg/ml with 665.1 nmol/min/mg specific activity) and was incubated at 30°C for 15 min
with shaking. In each case, the reaction was stopped by placing on ice and 8 pL kinase
assay mixture was spotted onto nitrocellulose membrane (Pall Life Sciences) in 2 puL dots
(X4) and allowed to dry for 30 min. Membranes were washed once in TBS-T and blocked
in 5% non-fat milk in TBS-T for 1.5 h and then incubated in anti-N17-S13pS16p (1:2500)

overnight at 4°C with rocking. Membranes were then washed 3x in TBS-T and incubated
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with either HRP-conjugated secondary antibody (1:50000, Abcam), and visualized using
Immobilin enhanced chemiluminesence (EMD Millipore) on a MicroChemi system
(DNR Bio-imaging Systems), or with IRDye 800CW goat anti-rabbit secondary antibody
(1:10000, LI-COR) and visualized on a LI-COR Odyssey system (LI-COR). Signal

intensity of dots was quantified using NIH Image J software.

Immunofluorescence

Cells were grown to approximately 80% confluence in 96-well ibiTreat dishes
(Ibidi) for screening or in glass-bottom tissue culture dishes for irradiation experiments
prior to the indicated treatments. Fixation and permeabilization by methanol at -20°C for
10 min followed by washing with wash buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
0.1% Triton X-100) and blocking for 1 h at room temperature with blocking buffer (wash
buffer + 2% FBS). Cells were incubated with primary antibodies diluted in blocking
buffer for either 1 h at room temperature or overnight at 4°C before washing and imaging
in PBS (Alexa Fluor 488-conjugated anti-N17-S13pS16p), or incubation with secondary
antibodies diluted in blocking buffer for 30 min at room temperature. After washing,
nuclei were stained with Hoechst (0.2 pg/ml in PBS) for 5 min at room temperature,
washed, and imaged in PBS. Cells grown for SR-SIM imaging were seeded on to #1.5
coverslips, fixed and stained as above, and mounted on to glass slides using frame slide
chambers (Bio-Rad). Cells stained with the anti-N6FFA antibody were fixed and

permeabilized in 1:1 methanol:acetone at -20°C for 10 min, washed with PBS, then
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incubated with 2M HCI for 45 min at room temperature to denature DNA. Following
neutralization in 50 mM Tris-HCI pH 8.8 for 5 min and washing with PBS, cells were

blocked and stained as above.

Induction of DNA damage

For micro-irradiation experiments, cells were grown overnight in glass-bottom
dishes then stained with NucBlue (Molecular Probes/Life Technologies) for 15 min at
37°C in a 5% CO, incubator. Media was replaced with Hanks’ Balanced Salt Solution
(HBSS) (Gibco) immediately prior to micro-irradiation. Cells were irradiated using the
Nikon C2+ confocal system, equipped with an InVivo Scientific environmental chamber
held at 37°C. Regions of interest (~20 pixels each) were irradiated at a scan speed of 1/16
frames per second (512x512) using a Coherent OBIS 405nm diode laser (Coherent Inc,
Santa Clara, CA, USA) set to 100% power. XY-coordinates were recorded, and cells
were incubated at 37°C for the indicated periods prior to fixation and

immunofluorescence. XY-coordinates were then revisited to image the irradiated cells.

Microscopy

Wide-field epifluorescence microscopy was done on a Nikon Eclipse Ti
wide-field epifluorescent inverted microscope using the PLAN FLUOR 40x%/0.6 air
objective (for screening), or PLAN APO 60x/1.4 oil objective and Spectra X LED lamp

(Lumencor, Beaverton, OR, USA). Images were captured using a Hamamatsu Orca-Flash
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4.0 CMOS camera (Hamamatsu, Japan). Image acquisition and deconvolution of Z-stacks
were done with NIS-Elements Advanced Research version 4.30 64-bit acquisition
software (Nikon Instruments, Melville, NY, USA). Super-resolution imaging was done on
the Nikon N-SIM super-resolution microscope system attached to a Nikon Eclipse Ti
inverted microscope using an APO TIRF 100%/1.49 oil objective, and 405 nm, 488 nm,
and 561 nm lasers (Coherent Inc). Images were captured using a Hamamatsu Orca-Flash

4.0 CMOS camera and acquired with the NIS-Elements software version 4.50.

Animal care and N6FFA trials

Male YAC128 mice overexpressing the human H7T gene with 128 CAG repeats
(374) were originally purchased from Jackson Laboratories (Jackson Laboratories, Bar
Harbor, ME, USA) and subsequently maintained on FVB background in the animal
facility at the University of Alberta. All mice were maintained on a 12-12 h light-dark
cycle in a temperature and humidity-controlled room. All procedures involving animals
were approved by the University of Alberta’s Animal Care and Use Committee and were
in accordance with the guidelines of the Canadian Council on Animal Care. All YAC128
mice and wild-type (WT) littermates used in our studies were males.

Treatment started between 6 and 10 months of age and 14 days after the start of
treatment motor testing began. For experiments involving intraperitoneal injection all
mice were group housed for the duration of treatment. For experiments involving oral

administration mice were individually housed for the duration of treatment. Animals in all
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experimental groups were carefully matched for age.

Intraperitoneal administration of N6FFA

Mice were 6-9 month-old at the beginning of treatment. N6FFA (0.83 mg/kg or
4.17 mg/kg of body weight, in 1.5% DMSO in saline solution) was administered daily at
1600 h, by intraperitoneal injection, alternating side of injection. Control mice were
injected with 1.5% DMSO in saline. Animals in all experimental groups were carefully
matched for age (average animal age in months + SD, WT saline: 8.1 £ 1.08; WT N6FFA
6 mg/kg: 7.51 £ 1.51; WT N6FFA 30 mg/kg: 7.91 £ 1.31; YAC128 saline: 7.2 + 1.50;

YACI128 6 mg/kg N6FFA: 7.2 £1.60; YAC128 30 mg/kg N6FFA 7.0 + 1.57).

Oral administration of N6FFA

Mice were 8-10 month-old at the beginning of treatment. Chow diet supplemented
with 653 mg N6FFA/kg chow (OpenSource Diets) was administered for 49 days. Each
mouse was provided with 10 g of chow diet and food was replaced every second day,
such that food was available ad libitum. Food intake was measured every second day at
1700 h. Body weight was measured weekly. Animals in all experimental groups were
carefully matched for age (average animal age in months + SD: WT control chow: 8.9 +
0.68; WT N6FFA chow: 9.0 = 0.69; YAC128 control chow: 9.13 £ 0.74; YAC128

N6FFA chow: 9.12 + 0.69).
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Behavioural tests

Behavioural testing was conducted in the light phase of the light cycle, between
0800h and 1800h. In all behavioural training and testing sessions, mice were allowed to
acclimate to the testing room for 1 h. All experiments were performed by experimenters
who were blind to animal genotype and treatment. All equipment was cleaned with 70%
ethanol after each test and prior to testing the next animal.

For the rotarod, mice were tested in three consecutive trials of 3 min each, with 1
min rest in between trials, at fixed speed (12 RPM). The time spent on the rotarod in each
of the three trials was averaged to give the overall latency to fall for each mouse. A
similar training protocol was used to test mice on an accelerating rotarod (4-40 RPM in 2
min). For the narrow beam test, mice were placed at the extremity of a 100 cm-long
wooden narrow beam (0.75 cm wide, suspended 30 cm above the floor) and allowed to
traverse the beam from one extremity to the other three times. Mouse performance was
recorded with a video camera and footfalls, body balance, and motor coordination were
analyzed using an established footfall scoring system (304). For the open field test mice
were placed in an open field apparatus (90 cm x 90 cm) and filmed during 30 min
sessions as they explored the environment. Distance travelled was measured using
EthoVision XT tracking software. At the end of each 30 min session in the open field, the
number of fecal pellets dropped by each mouse was counted. For the elevated plus maze,
mice were placed in the center of the maze facing the open arm and left to freely explore

for 5 min. Arm crosses into and out of open and closed arms, as well as time spent in each
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arm were recorded with a video camera and scored. An entry was defined as 75% of the
body of the mouse, excluding the tail, entering into a compartment.

The forced swim test was performed as in (375) to assess anxiety through the
number of fecal boli dropped.. Mice were placed for 6 min in a 4 L beaker (25 cm tall, 16
cm wide) filled with 2.6 L of water pre-warmed to 23-25°C. After each session, fecal

pellets dropped by each mouse were counted.

Tissue collection and processing

Mice were euthanized by cervical dislocation. Brain tissue was flash frozen in
liquid nitrogen and immediately homogenized in ice-cold lysis buffer (20 mM Tris, pH
7.4, 1% Igepal, 1 mM EDTA, 1 mM EGTA, 50 uM MG132, 1X Roche cOmplete
protease inhibitor cocktail and 1X Roche PhosStop phosphatase inhibitor cocktail) using
a Wheaton homogenizer. Tissue lysates were sonicated twice for 10 sec each at power 2
using a Sonic Dismembrator Model 100. Protein concentration was measured with the

bicinchoninic acid (BCA) assay.

Filter retardation assay

Filter retardation assay was performed as described (376, 377), with minor
modifications. Briefly, 100 pg of protein lysates were diluted in phosphate buffered saline
(PBS) containing 2% SDS and 100 mM DTT, followed by heating at 100°C for 10 min.

Samples were filtered through a cellulose acetate membrane (0.2 pm pore size, Sterlitech)
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in a Bio-Dot microfiltration unit (Bio-Rad). Wells were washed twice with PBS. After
drying for 30 min, membranes were washed twice with 2% SDS in PBS and then blocked
with 5% BSA in TBS-T followed by incubation with primary antibody. IRDye secondary
antibodies (LI-COR Biotechnology) were used at 1:10000 for 1 h at RT. Infrared signal

was acquired and quantified using the Odyssey Imaging System.

Nuclear condensation toxicity assay

Nuclear condensation assay to determine toxicity of the N586 fragment of Htt in
neurons was performed as described (326). At 5 days in vitro (DIV), neurons were
co-transfected with N586-Htt containing either Q22 or Q82 and GFP for 48 h. At the time
of transfection, cells received a treatment with doses of NO6FFA ranging from 0 to 100
uM. After 48 h, the cells were fixed with paraformaldehyde and the nuclei stained with
DAPI. Image acquisition was automatic on an Axiovert 200 inverted microscope (Zeiss)
using Axiovision. Nuclear staining intensity of GFP positive cells was quantified
automatically using Volocity (Perkin-Elmer). Any cell with intensity greater than 2
standard deviations of the control intensity of untransfected cells was considered dead.

Results are presented as a percentage of the total transfected cells.

Annexin V Cell Death Assay
STHAKY"Y" and STHdhR'''"! cells were plated in 12-well plates and left to attach

overnight. Cells were washed once with Dulbecco’s PBS (DPBS) prior to incubation in
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serum free medium (high glucose DMEM with 400pg/mL geneticin, 2 mM L-glutamine,
and 1 mM sodium pyruvate) containing the indicated concentrations of N6FFA for 9 h at
39°C. At the end of the incubation period, cells were washed with PBS, trypsinized,
washed in PBS and stained with annexin V PE (BD Pharmingen) in 45 pL of 1X annexin
binding buffer (ABB) (BD Pharmingen) for 15 min at room temperature. Cells were then
washed once with 1X ABB and fixed overnight with 2% paraformaldehyde in 1X ABB.
FACS analysis of Annexin V+ cells was performed using a CANTO II cell analyzer. Ten
thousand events per sample were acquired and analyzed using either CellQuestPro or

FlowJo analysis software.

Statistical analysis

For mouse data, all statistical analyses were performed using two-way ANOVA
followed by Bonferroni post-test, except for the analysis of body weight where repeated
measures two-way ANOVA followed by Bonferroni post-tests was used, and for changes
in mutant huntingtin expression where an unpaired t-test was performed. All comparisons
were performed using a statistical significance level of 0.05. For in vitro and cell-based
assays, treatments were compared to control using unpaired two-tailed t-test or ANOVA
with multiple comparisons test unless data data did not pass Shapiro-Wilk normality test,

then Mann-Whitney analysis (two-tailed) was used.
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Supplemental Figure 2.1. Hit compound list and additional validation of N6FFA (A) List of compound hits from
natural products screen. (B) STHdh cells were incubated in serum-free media for 9 h at 39°C and treated with the
indicated concentrations of N6FFA. Flow cytometry was used after Annexin V staining to detect apoptotic cells.
Results presented mean + SD and significance was calculated by one-way ANOVA with Bonferroni post-test.
**p<0.001 (N=8).
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Supplemental Figure 2.2. Additional effects of N6FFA on YAC128 mice. (A) Percent change in body weight during
treatment was calculated: ((weight on day x — weight on day 0)/weight on day 0) *100. All mice lost body weight
during treatment, likely due to the stress of daily I.P. injections. Body weight loss was significantly decreased both in
WT and YAC128 mice by N6FFA (*p<0.05, **p<0.01, ***p<0.001). (B) Effect of N6FFA on cortical aggregate levels.
Representative blots (top) and quantification of of both N17 immunoreactivity (bottom left) and Ubiquitin reactivity
(bottom right). (C) Effect of NOFFA on striatal aggregate levels. Representative blot (left) and quantification of N17
immunoreactivity (right). Blots were analyzed by one-Way Anova with Dunnet's post-test (*p<0.05).
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C Peptide Origin ATP | KTP
A1 |Oxysterol-binding protein-related protein 9 - -
A2 |E3 ubiquitin-protein ligase Praja2 + +
A3 |Ubiquitin carboxyl-terminal hydrolase 42 + -
A4 |Protein tyrosine phosphi like protein PTPLAD1 - -
A5 |Activating transcription factor 7-interacting protein 1 + +
A6 |Compl Cir ponent precursor + +
A7 |Uncharacterized protein C1orf52 + +
AB |NF-kappa-B inhibitor beta + +
A9 |E1A-binding protein p400 + +
B1 |REST corepressor 1 + +
B2 |Uncharacterized protein C12ori41 + +
B3 |Brefeldin A-inhibited guanine nuciectide-exchange protein 2 + +
B4 |Lamin B1 + +
B5 | Periplakin - -
B6 |Lamina-associated polypeptide 2, isoforms beta/gamma * ™
B7 | Tumor suppressor candidate gene 1 protein - -
BB | Oxidation resistance protein 1 + +
B9 |Phosphatidylinositol-3,5,4-tri 5-phosphatase 2 + +
C1 |Protein kinase C and casein kinase substrate in neurons protein 3 * +
C2 | Cyclic AMP-dependent transcription factor ATF-1 + +
C3 | Transducin-like enhancer protein 3 + +
C4 | Elongation factor 2 kinase + +
C5 | Structural of chromosomes protein 4 + +
CB | Protein KIAA1967 + *
C7 | Ras GTPase-activating protein-binding protein 1 + +
CB8 | Positive Control + +
C9 | Negative Control - -

Supplemental Figure 2.3. CK2 can use KTP to phosphorylate substrates. (A) Chemical structures of ATP (left) and
KTP (right). (B) CK2 phospho-specificity assay showing that CK2 can utilize KTP (right) to phosphorylate all of the
same substrates as it does with ATP (left). (C) Summary of peptides used in peptide array in the CK2
phospho-specificity assay shown in (B).
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CHAPTER 3

PKCC: A CANDIDATE N17 KINASE

The data described in this chapter is currently unpublished.
All experimental work was performed by the author, Laura Bowie.
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3.1 Overview

In the previous chapter we fully validated CK2 as a kinase for the N17 domain of
huntingtin, as well as identifying a compound that upregulates the action of this kinase in
a protective manner (N6FFA). As action by CK2 requires “priming” of the N17 domain
by phosphorylation, we next wanted to identify other potential N17 kinases. In the
following chapter, I describe my efforts to identify these other kinases and my follow-up

validation of one in particular.

3.2 Abstract

Huntingtin is modified by phosphorylation at a number of critical serine residues
throughout the length of the protein. Modification of these residues impacts both protein
function and mutant huntingtin toxicity. In the context of Huntington’s disease (HD), the
huntingtin protein is hypo-phosphorylated, and increasing phosphorylation mitigates the
toxicity of the mutant protein. CK2 is a ubiquitously expressed cellular kinase that has
been shown to recognize and phosphorylate the huntingtin N17 domain at serine 16, but
only when this domain is already primed by phosphorylation at serine 13. Using high
content analysis and subsequent secondary validation, we here identify a potential kinase

for N17 at serine 16, which may be acting as a priming kinase for CK2.
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3.3 Introduction

The neurodegenerative disorder, Huntington’s disease (HD), is characterized by
degeneration of the striatal MSNs, and later, the cortical pyramidal neurons. Although the
pathogenic mechanism of degeneration is multi-faceted, the root cause can be traced to an
expansion of the CAG tract in the huntingtin gene (41, 99). This expansion translates to a
toxic polyglutamine expansion in the huntingtin protein. HD usually manifests in the 4th
to 5th decade of life in a characteristic triad of motor, cognitive, and behavioural
deterioration. This disease is found in as many as 1/5500 people (43), and, as HD is
transmitted in an autosomal dominant fashion, it places an enormous burden on the
families affected. At present, there is no cure for this disease, and those afflicted must rely
on symptomatic treatment.

In the past, most efforts in disease-modifying drug discovery have been targeted at
modifying the downstream, supposedly toxic, consequences of the polyglutamine
expansion, such as aggregation (275, 378-380). As these potential drugs have all failed to
reach endpoints in clinical trials, more recently, drug discovery has begun to focus on the
huntingtin protein itself. Much of this focus has been in the area of huntingtin lowering
drugs, specifically ASOs targeting the huntingtin protein (381-383), and, currently, there
are two major ASO clinical trials underway (279-281). While eliminating the problematic
protein is a logical therapeutic goal, there are concerns that lowering the protein too much

may have unintended consequences due to total loss of protein function (384). Another
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approach, which still targets the huntingtin protein without the potential dangers of
protein lowering, is to modulate protective, huntingtin PTMs with the goal of decreasing
mutant huntingtin toxicity.

The huntingtin protein has known roles in vesicular trafficking, cell division,
synaptic transmission, and the cell stress response (88, 141, 153, 161, 385-387).
Recently, our lab has further described the involvement of huntingtin in the cellular
response to oxidative stress and DNA damage (98, 171). In order to fulfill all of these
roles, huntingtin must be able to move between a number of different cellular
compartments and organelles. This movement is regulated by the N17 domain, which is
an amphipathic alpha helix that allows huntingtin to dynamically associate with
membranes (69). Localization of the huntingtin protein is mainly regulated by
phosphorylation of this domain at serines 13 and 16 (69—71). While mutant huntingtin has
been shown to be hypo-phosphorylated at these residues, increasing phosphorylation by
addition of exogenous compounds or phospho-mimetic mutations is protective in cell and
animal models of disease (72, 287).The Sipione lab has shown phosphorylation of this
domain can be upregulated by administration of ganglioside GM1 with protective effects
in the YAC128 HD mouse model (287). Additionally, in the previous chapter, we
demonstrate that exogenous administration of an adenine analogue, N6-furfuryladenine
(N6FFA), also increases phosphorylation of this domain, again with protective effects in
the YAC128 mouse. This small molecule is converted to an ATP analogue that can be

used by CK2, a kinase we had previously identified as N17-modifying (71). As
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phosphorylation of this domain clearly plays a role in reducing toxicity induced by
mutant huntingtin, we wanted to identify other potential N17 kinases that could ideally be
targeted to increase huntingtin phosphorylation in a similar manner to CK2.

Therefore, using a validated antibody to N17 phosphorylated at S13 and S16 (71),
we conducted a high content screen with a library of kinase inhibitors with the goal of
finding modulators of N17 phosphorylation and identifying putative N17 kinases. The
results of this screen were analyzed by unbiased computer software using PCA (388).
Potential hits were compared to results from kinase prediction software (389). This
combination of analyses led us to identify protein kinase C{ (PKC() as a potential N17
modifying kinase.

PKCC is an atypical PKC with known roles in cell growth and survival, cell
polarization, embryogenesis, and filamentous actin reorganization downstream of
Ras-related C3 botulinum toxin substrate 1 (Racl) (390-392). It has also been been
implicated in several different cell responses to stress, including oxidative stress and
DNA damage (391, 393-395). We here give evidence that PKC{ can phosphorylate the
huntingtin N17 domain, which could act as a prime to allow subsequent phosphorylation

by CK2 in a hierarchical manner.

3.4 Results

High content screening and sequence analysis identifies PKC( as a potential N17

priming kinase
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We have shown in the previous chapter that CK2 is responsible for
phosphorylating huntingtin N17, and that this action, in the context of mutant huntingtin,
can be augmented by addition of exogenous N6FFA. However, in order for this
phosphorylation event to occur, CK2 requires N17 to be already primed with a phosphate
at a nearby serine residue. With the goal of identifying the kinase responsible for this
“priming” phosphorylation, we conducted a high content screen of a small kinase
inhibitor library (Selleckchem), using an antibody against N17 phosphorylated on S13
and S16 (71) directly conjugated to Alexa Fluor 488 as a read-out of inhibitor effect.

Direct immunofluorescence was performed on STHdh?"'Y cells treated with the
kinase inhibitor library for 4 hours at 37 °C. Images were taken in an unbiased manner at
10 software-randomized locations using a 40x air objective. There was no investigator
bias except to set initial exposure settings. Images were analyzed by unbiased computer
software (388), assaying textures in a single channel. From these textures, the 3 most
variant textures are used to plot a unitless vector in 3D space such that the points farthest
from each other represent images that are the most dissimilar. Compound hits were
selected based on which ones plotted furthest from the control, 0.01% DMSO (Figure
3.1a).

As kinases often have a multitude of cross-pathway effects, we next sought to
narrow down our list of potential hit compounds using a kinase prediction software, GPS
2.0 (389). This software analyzes amino acid sequences and identifies likely kinases for

serine, threonine, and tyrosine residues based on consensus sequence (389). For this
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analysis, the N17 sequence was used: MATLEKLMKAFESLKSF. From the list of hits
generated, only one was also identified by GPS as a likely N17 kinase, PKC{ (Figure
3.2b).

PKC( is an atypical PKC that is not activated by either calcium (Ca*") or
diacylglycerol due to the lack of a C2 domain and the presence of an atypical C1 domain,
respectively. Instead, this kinase can be activated by lipid species, such as ceramides
(396), and is often regulated by protein-protein interactions via its Phox/Bem 1p (PB1)
domain (397, 398). Similar to huntingtin, PKC( is found at high levels in the brain and
testes, with the brain containing an additional brain-specific isoform, called protein kinase
M (PKMC), which lacks the PKCC regulatory domain (399, 400) (Figure 3.1¢). PKM{
has been found to play a critical role in long-term potentiation and memory maintenance

(401-403).
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Figure 3.1. Identification of PKC{ as a modulator of huntingtin N17 phosphorylation STHdA?"Y" cells were

treated for 4 hours with kinase inhibitors. Cells were fixed and incubated with an antibody to N17S13pS16p conjugated

to Alexa Fluor 488. 10 images per well were taken and analyzed by Phenoripper, the results of this analysis are shown

in (A). GPS 2.0 was used to analyze the N17 sequence to identify potential kinases, a list of phenoripper hits as well as

their confirmation by GPS are shown in (B). The structure of atypical PKC, PKC(, is shown in (C).

PKC{ can phosphorylates N17, but may not prime for CK2
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To confirm that PKCC can act directly on huntingtin N17, we asked whether this
kinase could phosphorylate N17 in vitro. Unfortunately, there is no commercially
available antibody recognizing N17 phosphorylated at S13 alone, but our antibody to
N17S13pS16p also recognizes S13p alone, though to a lesser degree than N17
phosphorylated on both residues (71). We see from this assay that PKC( can
phosphorylate N17 in vitro, and that this likely occurs at the S13 site as our antibody is

not sensitive to N17 phosphorylated at only the S16 site (Figure 3.2) (71).
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Figure 3.2. PKC( can phosphorylate N17 in vitro. Representative blot (left) and quantification (right) of an in vitro
N17 phosphorylation assay using PKC( with either ATP as phospho-donor. Analysis by Mann-Whitney test (n=3
independent replicates, **p<0.001).

As we have previously shown that CK2 can phosphorylate N17 at S16 when S13
is already primed by phosphorylation, we wanted to look for kinases that could
phosphorylate S13 when N17 is not primed. Therefore, we used GPS 2.0 software to look
for kinases in our hit list that were likely to phosphorylate S13 based on consensus

sequence. However, as CK2 is an acidophilic kinase, it is possible that CK2 can also
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phosphorylate S13 if S16 is primed. To determine if CK2 could potentially also
phosphorylate the putative PKCC site, a kinase assay was again used. Phosphorylation of
phospho-primed peptides by CK2 was observed for both S13 and S16 primed, indicating
that CK2 can phosphorylate N17 at either residue using both ATP and the N6FFA
metabolite, KTP (Figure 3.3). This suggests that while PKCC may be phosphorylating

N17 at S13, it is not necessarily priming the N17 domain for phosphorylation by CK2.
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Figure 3.3. CK2 can phosphorylate N17 at either S13 or S16. Representative blot (left) and quantification of an in
vitro N17 phosphorylation assay using CK2 with ATP or KTP as phospho-donor. Quantified intensity for each dot is

relative to the respective peptide alone control. Analysis by Mann-Whitney test (n=4 independent replicates, *p<0.05).

Modulation of PKC( levels and activity modulates phosphorylation of the N17
domain

To validate PKCC as an N17 kinase, we first sought to inhibit its action by two
methods. We first used both a general inhibitor of PKCs (Go 6850) and a specific
inhibitor of PKC( at known effective concentrations. STHdh?"Y cells were treated for 4
hours with these compounds and the resulting levels of N17 phosphorylation were

determined by western blot. Immunoblotting using a highly validated anti-N17S13pS16p
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antibody shows that, in both cases, there is a significant decrease in N17 phosphorylation
following inhibition of PKC( (Figure 3.4a).

To further validate these findings, we also wanted to determine if the converse
was true, if increasing the activity of PKC( resulted in an increase in N17
phosphorylation. As specific targeting of PKC( is difficult, in part due to its strong
homology with PKCvVA (approximately 72 % overall) (400), and also due to the nature of
its activation, we chose to do this by overexpressing either PKCC or a control, kinase
dead, mutant. Following 24 hours transfection, analysis by western blot shows a
significant increase in N 17 phosphorylation upon over-expression of PKC( that is not
seen in cells transfected with the kinase dead mutant, suggesting that this effect is directly
related to the kinase activity of PKCC rather than expression of the protein itself (Figure
3.4b).

Taken together, these findings show that modulation of PKCC levels and activity
results in corresponding changes in N17 phosphorylation, suggesting that this kinase is a

good candidate an N17 kinase.
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Figure 3.4. Modulation of PKC{ results in corresponding changes in N17 phosphorylation STHdA?'Y cells were
treated for 4 hours with Go6850, a general inhibitor of PKCs, as well as a specific inhibitor of PKCC. Proteins were
separated by SDS-PAGE and immunoblotted. Representative blot (left) and quantification (right) are presented in A,
*p<0.05, **p<0.001, n=3. B shows the results of an experiment where PKC( and a kinase dead PKC{ mutant were
overexpressed in STHdRY'Y cells for 24 hours. Representative blots (left) and quantification (right) are presented,

*p<0.05, n=3.

PKC( colocalizes with N17 phosphorylated huntingtin in the nucleus
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Our lab has previously shown that phosphorylated huntingtin colocalizes with
known interactors, such as the DNA damage response protein ATM and protein kinase
CK2, at nuclear speckles (171, 305). As CK2 in a known N17 kinase, we wanted to
determine if PKCC might also co-localize with phosphorylated huntingtin in the nucleus.
Thus, hTERT- immortalized wild-type human fibroblasts (TruHD-Q21Q18F) cells were
fixed with methanol and incubated with an anti-PKC( directly conjugated to Alexa Fluor
594 followed by a rabbit anti-N17S13pS16p antibody directly conjugated to Alexa Fluor
488. We see considerable colocalization at punctate regions within the nucleus, which
may suggest that huntingtin and PKCC have a proximity-dependent relationship (Figure
3.4a and b). This, in combination with our other findings, indicate that PKC{ may have

activity in the nucleus as an N17 kinase.

103


https://paperpile.com/c/KjRbNz/RGjoa+GaUwC

Ph.D. Thesis - L.E. Bowie McMaster University - Biochemistry

PKCZ N17S13pS16p Hoechst Merge

20 T T T T T T T T T T T

200

Value
12
i

100 A \f W v = o' S

R SV I A A

1] 1 I 1
0 50 100 150
Distance

Figure 3.5. Colocalization of N17P and PKC{ at nuclear puncta. (A) TruHD-Q21Q18F cells were fixed with
methanol and incubated sequentially with a primary antibody against PKCC directly conjugated to Alexa Fluor
594, and a primary antibody against N17S13pS16p directly conjugated to Alexa Fluor 488. Images of protein
localization in the nucleus, as stained by hoechst, are shown. The region indicated by the yellow square is shown
enlarged in (B). An intensity profile across the nucleus of of one of these cells is shown in (B), the yellow line
indicates the region across which the intensity profile was taken. Red profile = PKC( intensity, green profile =
N17S13pS16p intensity, and blue profile = hoechst intensity. Scale bar = 10 pM.

3.5 Discussion

In this study, we used high content analysis with unbiased software analysis to
identify kinase inhibitors that modulated phosphorylation of the N17 domain. From this
screen we ended up with an extensive list of kinases, which made testing all of our hits
prohibitively difficult. As many of the hits from this screen are found near the beginning
of kinase signalling cascades, such as cell surface receptors human epidermal growth

factor receptor 2 (HER2), vascular endothelial growth factor receptor (VEGFR), and
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platelet-derived growth factor receptor (PDGFR), with pleiotropic effects in cells, it
seemed unlikely that these enzymes would act directly on huntingtin. Indeed, one of the
caveats of screening with kinase inhibitors is that they can affect multiple different
pathways due to lack of inhibitor specificity and pathway cross-talk, convoluting results.
To narrow down our list of hits to those that were most likely to act directly on
huntingtin, we cross-referenced our findings with a list of potential N17 kinases generated
by the GPS 2.0 software (389). Of all the potential kinases identified in our screen, the
only group that was also pulled out by the GPS analysis were the atypical PKCs,
specifically PKCC.

To follow up these initial findings, we next showed that this kinase could directly
phosphorylate huntingtin N17 in vitro and that by modulating PKC( activity, via
inhibition or over-expression, we induced a resulting decrease and increase in N17
phosphorylation levels, respectively. Taken together, these results indicate that PKC{ may
indeed be responsible for phosphorylating N17. This is consistent with the study by
DiPardo et. al, that found treatment with ganglioside GM1 results in increased N17
phosphorylation. As GM1 is a ceramide derivative, and ceramides are known to activate
atypical PKCs via activation of tropomyosin receptor kinase A (TrkA) receptor (404,
405), it follows that application of this compound could result in activation of atypical
PKCC and increased N17 phosphorylation. This kinase has been mentioned in conjunction
with huntingtin in the literature a few times in the past. In 2003, Zemskov ef al. found

PKC( associated with N-terminal fragments of mutant huntingtin in aggregates (406), and
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later, in 2007, Fan et al. identified PKCC amongst several kinases that were elevated in
HD cells (407). Interestingly, this group of kinases also included CK2, which we have
also shown, in the previous chapter, to phosphorylate N17 (408). Like CK2, we see that
PKCC colocalizes with phosphorylated huntingtin at punctate regions within the nucleus.
In order for CK2 to phosphorylate S16, it is necessary that the N17 domain be already
phosphorylated, or “primed”, at S13. Our findings suggest the PKC{ may be the kinase
responsible for priming N17 for subsequent CK2 phosphorylation. This is not the first
time that PKCC has acted as a priming kinase, phosphorylating S680 of Drosophila
Smoothened protein and targeting CK1 to phosphorylate S683 (409).

PKCC( is a constitutively active kinase, but can be up-regulated by oxidative stress
and DNA damage. Under conditions of oxidative stress, PKCC{ mediates Nrf2 activation
through phosphorylation of S40 (393), and its interaction with NF-KB is required for the
transcription factor to translocate to the nucleus and stimulate transcription of
stress-associated genes (390). Additionally, PKCC( translocates to the nucleus and
mediates cell resistance to low and high doses of radiation (394), and enhances cell
resistance to genotoxic stress by increasing nucleotide excision repair (395), implicating
this kinase in the cellular response to DNA damage. This is consistent with the role of
phosphorylated huntingtin as an oxidative stress response protein and as a member of the
ATM DNA repair complex (98, 171).

Based on the above results, we believe that PKCC likely phosphorylates the N17

domain of huntingtin in response to stress, allowing for subsequent phosphorylation by
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CK2. However, it is important to note that we have also determined that CK2 can
phosphorylate either S13 or S16 depending on the location of the priming phosphate,
which suggests that while PKC{ may be priming for CK2, it may also be competing with
CK2 to phosphorylate this domain. Determining the nature of the interaction between
these two kinases will be an important future direction for this study. Future studies
should investigate the combined effects of PKC( and CK2 activation and inhibition.
Additionally, it would be prudent to identify compounds that increase PKC( kinase
activity on the N17 domain, similar to the way N6FFA increases CK2 activity on this
domain. The synergistic effect of this compound and N6FFA on N17 phosphorylation

may have therapeutic benefit in HD.

3.6 Materials and Methods

Reagents and antibodies

Polyclonal antibody against huntingtin phosphorylated at S13 and S16 of the N17
domain (anti-N17-S13pS16p, New England Peptides) was previously characterized and
validated (71). To directly conjugate the anti-N17-S13pS16p antibody to Alexa Fluor 488
succinimidyl ester dye (Molecular Probes/Life Technologies), 1 uL dye per 10 uL.
antibody and 5% NaHCO, was incubated overnight at 4°C with rotation. The conjugate
antibody was then run through a Sephadex G-25 bead (Amersham Pharmacia Biotech
AB) column and collected by elution with PBS until the visible dye front reached the base

of the column. Other immunofluorescence antibodies were acquired commercially:
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anti-PKCC-Alexa 594 (Santa Cruz). Western primary antibodies: anti-N17-S13pS16p
(New England Peptides), anti-PKC{ (Abcam), and anti-GAPDH (Abcam). Secondary
antibodies against rabbit and mouse IgG, conjugated to HRP (Abcam).

All peptides were made by GenScript with the following amino acid sequences:

N17 peptide: MATLEKLMKAFESLKSF
N17 S13p peptide: MATLEKLMKAFEpSLKSF
N17 S16p peptide: MATLEKLMKAFESLKpSF
N17 S13pS16p peptide: MATLEKLMKAFEpSLKpSF

N17 S13AS16A peptide: MATLEKLMKAFEALKAF

Plasmids
FLAG.PKC( and the kinase dead mutant FLAG.PKC{.K/W were gifts from Alex Toker

(Addgene plasmid #10799) (410).

Cells

Cells, derived from mouse striatum, STHdh?”?7 (a kind gift from M.E.
MacDonald), were grown in Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum (FBS) at 33°C in a 5% CO, incubator. Human hTERT immortalized retinal
pigment epithelial-1 (RPE1) cells (ATCC) were grown in Dulbecco’s modified Eagle’s
F12 medium with 10% FBS and hygromycin at 37°C with 5% CO,. Immortalized human
fibroblasts (TruHD-Q21Q18F) were grown in minimal Eagle’s medium with 15% FBS
and 1% Glutamax at 37°C with 5% CO,. All media and supplements were from Gibco

Life Technologies.
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High content screen and analysis

STHAh?"?" cells were grown to approximately 80 % confluence in 96-well
ibiTreat dishes (Ibidi) before treatment with a kinase inhibitor library (Selleckchem) for 4
h at 37°C. Fixation and permeabilization were by methanol at -20°C for 10 min followed
by washing with wash buffer (PBS) and blocking for 1 h at room temperature with
blocking buffer (wash buffer + 2% FBS). Cells were incubated overnight at 4°C with
Alexa Fluor 488-conjugated anti-N17-S13pS16p antibody at 1:15 dilution in blocking
buffer + 0.1% Tween before washing. After washing, nuclei were stained with Hoechst
(0.2 pg/ml in PBS) for 8 min at room temperature, washed, and imaged in PBS.
Images, taken with 40X objective, were analyzed using Phenoripper (388) where 5
images per well were thresholded by random sampling and analysis was carried out using
a block size of 15. Hits were scored by selecting points on the resulting PCA plot lying

furthest from controls where they fell outside of an arbitrarily defined radius.

Compound Application
All compounds were administered in cell-appropriate media with 10 % FBS for 4
hours unless otherwise indicated. Go6850 (Sigma) was used at 4 uM and the PKC(

pseudosubstrate inhibitor (Santa Cruz) was used at 10 uM.

Transfection

Plasmid transfection was performed using the Transit X2 system (Mirus). Briefly,
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4 ug plasmid DNA was mixed with 400 uL opti-MEM and 20 uL Transit X2 and mixed
by brief vortex. Mixture was incubated for 20 min at room temperature and then applied
to cells. For PKC( overexpression assay, cells were left to express plasmid for 24 h before
cells were collected, and for PKC{ knock-down assay, cells were left to express ShRNA

for 72 h before cells were collected.

Microscopy

For screening, wide-field epifluorescence microscopy was done on a Nikon
Eclipse Ti wide-field epifluorescent inverted microscope using the PLAN FLUOR
40%/0.6 air objective). Images were captured using a Hamamatsu Orca-Flash 4.0 CMOS
camera (Hamamatsu, Japan). Image acquisition was done with NIS-Elements Advanced
Research version 4.30 64-bit acquisition software (Nikon Instruments, Melville, NY,
USA).

For colocalization experiments, cells were grown to approximately 80%
confluence in 35 mm glass-bottom tissue culture dishes. Fixation and permeabilization by
methanol at -20°C for 10 min followed by washing with wash buffer (50 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 0.1% Triton X-100) and blocking for 1 h at room temperature
with blocking buffer (wash buffer + 2% FBS). Cells were incubated with primary
conjugate antibodies diluted in blocking buffer overnight at 4°C before washing 3x with
PBS. After washing, nuclei were stained with Hoechst (0.2 pg/ml in PBS) for 5 min at

room temperature, washed, and imaged in PBS on A1 confocal microscope.
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Protein extraction and immunoblotting

Cells were lysed in RIPA lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl,
1% NP-40, 0.25% sodium deoxycholate, | mM EDTA) containing 10 % protease and
phosphatase inhibitors (Roche). Lysates were centrifuged at 17000 x g for 12 min at 4°C
and the supernatant was collected for immunoblot analysis. Equal amounts of protein
were separated by SDS-PAGE on pre-cast 4-20% polyacrylamide gradient gels (Biorad)
and electroblotted onto Immobilin poly-vinyl difluoride (PVDF) membrane (EMD
Millipore). Membranes were blocked in TBS-T (50 mM Tris-HCL, pH 7.5, 150 mM
NaCl, 0.1% Tween-20) containing 5% non-fat dry milk for 1.5 h at room temperature,
followed by overnight incubation with primary antibodies diluted in blocking buffer at
4°C (anti-N17-S13pS16p 1:2500; anti-PKCC 1:1500; or anti-GAPDH 1:7500 as
appropriate). After 3 x 15-min TBS-T washes, membranes were incubated with
HRP-conjugated secondary antibodies diluted in blocking buffer (1:50000) for 45 min at
room temperature, and visualized using Immobilin enhanced chemiluminescent HRP
substrate (EMD Millipore) on a MicroChemi system (DNR Bio-imaging Systems). Bands

were quantified using NIH Image J software and normalized to GAPDH controls.

In vitro kinase assays
Assays used 1000 ng peptides, as described above, incubated with 1 uL NEBuffer

for Protein Kinases (New England Biolabs), 1000 ng ATP (Sigma-Aldrich) or KTP
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(Biolog) and 100 ng PKCC (Cedarlane) (specific activity 103 nmol/min/mg) or 500 units
CK2 (New England Biolabs) (specific activity 859,000 units/mg) for 1 hour in shaking
incubator at 30°C. Following incubation, the reaction was stopped by placing on ice. 8 uL
kinase assay mixture was spotted (2 uL x 4) onto nitrocellulose membrane and allowed to
dry for 45 minutes. Membranes were blocked in 5% non-fat milk in TBS-T for 1.5 hours
and incubated in anti-N17S13pS16p (1:2500) (New England Peptides) overnight at 4°C
on a rocker. Membranes were washed in TBS-T and incubated in the appropriate
HRP-conjugated secondary antibody diluted in blocking buffer (1:50000) and were
visualized using Immobilin enhanced chemiluminescent HRP substrate (EMD Millipore)
using a MicroChemi system (DNR Bio-imaging Systems). Quantification was done using

NIH Image J software.

Statistical Analysis

All statistical calculations were performed using the Graphpad Prism 7 software.
Results were considered significant if p < 0.05. Statistical tests were used as
recommended by the software, with normal data using the student’s T test and

non-normal data using Mann-Whitney analysis.
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CHAPTER 4

FURTHER EXPLORATION OF N6-FURFURYLADENINE IN
DISEASE: INSIGHTS ON MECHANISM

The data described in this chapter is currently unpublished.
All experimental work was conducted by the author, Laura Bowie, with the exception of:
Figure 4.1D: experiments by Mina Falcone, and
Fig 4.5B and 4.6: microscopy was conducted by Dr. Tamara Maiuri.
All statistical calculations were done by Laura Bowie.
Note that not all experiments in this chapter were performed in triplicate, this will be
indicated in the text or figure legend.
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4.1 Overview

As our investigation of N6FFA developed, various experiments were conducted
with the goal of validating the effect of this small molecule on phosphorylation of N17, as
well as elucidating the mechanism by which this compound is acting. In this chapter, I
describe and discuss some of the efforts undertaken to achieve this goal, as well as our
ongoing efforts in this area. A full discussion of this data and how it expands on my

earlier findings, described in Chapters 2 and 3, will take place in Chapter 5.

4.2 Abstract

No-furfuryladenine (N6FFA) is a product of DNA damage that is protective
against oxidative stress and onset of age-related phenotypes in human fibroblasts. We
have recently shown that this compound protects against motor and anxiety-like
phenotypes in a mouse model of Huntington’s disease (HD) via phosphorylation of
huntingtin downstream of DNA damage. Here we show additional effects of NOFFA
following DNA damage, as well as effects on other hallmarks of HD, such as aggregation
of mutant huntingtin protein. We also investigate a potential role of huntingtin in familial

dysautonomia (FD) through the action of N6FFA.

4.3 Introduction

No6-furfuryladenine (N6FFA), colloquially known as kinetin, is a small molecule

with a structure similar to the purine adenine that is typically annotated as a plant growth
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hormone (411). Originally, N6FFA was identified in autoclaved herring sperm DNA and
was considered to be an unnatural byproduct of DNA damage (411). In 1996, N6FFA was
found endogenously in plant extracts, but was not believed to occur naturally in humans
until 2000 when it was identified in human urine (310, 412). The structural similarity
between N6FFA and adenine led one group to speculate that N6FFA may be a product of
oxidative DNA damage (363, 413). This was later confirmed by our own group when we
demonstrated that N6FFA was generated upon laser-induced DNA damage (408).

Previous studies have shown that this plant cytokine has biological effects in both
plant and mammalian cells, including protection against oxidative stress, stimulation of
cell differentiation, and delay of age-related phenotypes (307, 414—417). These effects, in
conjunction with the structure of N6FFA suggest protective role of this molecule
downstream of DNA damage. In our recent publication, we have shown that N6FFA
signals oxidative DNA damage through phosphorylation of huntingtin N17, and is
protective in cell and animal models of HD (408). This process is dependent on the
metabolism of N6FFA to a triphosphate form, KTP, by nucleotide salvaging enzymes, as
well as the subsequent of used of this triphosphate by the kinase CK2 (408). In a
Parkinson’s disease (PD) model, N6FFA was again shown to act as a kinase
neo-substrate, although this time through PINK 1 rather than CK2 (311).

In addition to these new-found effects in HD and PD models, N6FFA has also
been reported to correct mis-splicing of the inhibitor of kappa light polypeptide gene

enhancer in B-cells, kinase complex-associated protein (IKBKAP) mRNA, which is the
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main cause of familial dysautonomia (FD). The, apparently, diverse effects of this
oxidative DNA damage product point to a complex mechanism-of-action.

In this chapter, we continue our investigation into the action of N6FFA in disease.
We begin by testing derivatives to identify those that, like N6FFA, increase mutant
huntingtin phosphorylation, and may represent therapeutic leads amenable to patient
treatment. We additionally investigate a potential connection between the huntingtin
protein and the effect of N6FFA on IKBKAP splicing. Finally, the effects of this
compound in HD were further explored by looking at modulation of disease hallmarks,
such as aggregate formation, and expanding on the role of N6FFA as a signaling

molecule in DNA damage repair.

4.4 Further experimentation with N6FFA derivatives

In the process of validating the effects of N6FFA on N17 phosphorylation, several
other assays were performed. In addition to determining levels of N17 phosphorylation
following treatment with an N6FFA derivative, 9DK, which cannot be metabolized to
KTP, the levels of N17 phosphorylation following treatment with another N6FFA
derivative, 9-methyl-kinetin (9MK) were determined. 9MK was initially developed as a
NO6FFA derivative that could not be metabolized to KTP by the nucleotide salvager APRT
(similar to 9DK) (418), but this derivative is amenable to metabolism by cellular
demethylases, allowing subsequent conversion to KTP by nucleotide salvaging enzymes.

Consistent with this, while N17 phosphorylation upon 9MK treatment was not
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significantly different from the negative control, it was also not significantly different
from N6FFA treatment, which was significantly increased compared to control (Figure
4.1a). This could suggest that 9MK does affect N17 phosphorylation, but in an
inconsistent manner, possibly due to the necessity of demethylase action on this molecule
prior to salvaging.

As protective effects of N6FFA were noted in both cell and animal models of HD,
we wanted to follow-up on this finding by investigating the effects of derivatives of
NO6FFA in striatal cells expressing mutant huntingtin. Using the methodology presented in
Chapter 2, we screened a derivatives library for those with the greatest effect on N17
phosphorylation in STHdAR!'!! cells. Analysis with Phenoripper identified several
compounds with, apparently, greater effects on N17 phosphorylation than N6FFA,
encircled in green (Figure 4.1b). Of these more efficacious compounds, we proceeded to
validate one of these hits (encircled in blue), called N6FFA-O. Subsequent immunoblot
analysis reveals that N6FFA-O significantly increases phosphorylation of the N17
domain, even at low concentrations, validating the findings of our screen (Figure 4.1c).
Taken together, these findings indicate that, as long as they are able to be metabolized to
KTP, derivatives of N6FFA may be of therapeutic benefit in HD, and, as a result, the
effects of a number of N6FFA derivatives are currently being investigated for beneficial

effects in mouse models.
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Figure 4.1. The effect of N6FFA derivatives on huntingtin N17 phosphorylation (A) STHdh®"'"?"" cells were
treated for 24 hours with with 1 uM N6FFA, 9DK, or vehicle control, 0.01% DMSO. A representative blot (left) and
quantification (right) from n=3 immunoblotting experiments are shown, bars are mean+SEM *p<0.05. (B) Results of a
screen of N6FFA derivatives, N6FFA is annotated as compound J (encircled in green), N6FFA-O (encircled in blue)

was selected for further investigation. In a secondary assay, STHdh®''"?"!" cells were treated with N6FFA-O at the
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indicated concentrations or 1 pM N6FFA for 24 h. Proteins were separated by SDS-PAGE and immunoblotted with an

anti-N17S13pS16p antibody, the quantification of this analysis is presented in (C), bars are mean+SEM *p<0.05.

4.5 Increased inclusion of IKBKAP exon 20 by N6FFA treatment occurs through

a mechanism unrelated to huntingtin phosphorylation by CK2

In addition to current investigations into the protective effects in HD and PD
(418), N6FFA is also being explored as a potential treatment in a degenerative
neuropathic condition known as familial dysautonomia (FD) (419). FD, or Riley-Day
disease, is an autosomal recessive disorder that disproportionately affects the Ashkenazi
Jewish population. This disease causes widespread sensory and autonomic dysfunction,
leading to organ dysfunction and death, usually prior to age 30 (420).

In 1993 the FD causal mutation was mapped to chromosome 9 (421), and 8 years
later, the same group narrowed this to two mutations in the IKBKAP gene (422). The
majority of individuals possessed a T-to-C mutation in intron 20 of the IKBKAP gene
that leads to tissue specific skipping of exon 20 in the IKK-complex-associated protein
(IKAP) transcript (422). This mis-splicing results in a frameshift and leads to production
of a truncated IKAP protein - a critical component of the Elongator complex involved in
transcription of mRNA (423). Elongator is composed of 6 proteins, Elp1-6. IKAP, or
Elpl1, is responsible for scaffolding the Elongator complex and facilitating the activity of
Elp3, which acts as a histone acetyltransferase (HAT), acetylating histone H3 and

facilitating transcription of a subset of genes (424, 425). Although the identities of the
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entirety of this subset are not fully known, a number of genes involved in cell motility
seem to be regulated by the Elongator complex (426). In addition to its roles in the
nucleus, Elongator also has a number of proposed roles in the cytoplasm, including actin
skeleton organization via filamin A binding, regulation of exocytosis, and tRNA
modification, and, most recently, as an a-tubulin acetyltransferase (427-430).

FD is not a fully penetrant disease in that, even in individuals homozygous for the
FD mutation, the wild-type IKBKAP transcript is still produced, and the ratio of
wild-type:mutant transcript (WT:MU) varies in a tissue-dependent manner (431). The
WT:MU is highest in cultured patient lymphoblasts and lowest in central and nervous
system tissues (431). This tissue-specific difference in splicing suggests that there are
differences between tissues in the identity and levels of splice-associated RNA binding
proteins (RBPs) (431). Recently, it has been found that N6FFA can correct exon 20
mis-splicing and is effective in increasing cellular IKAP levels, even in cells that do not
possess the FD mutation (419, 432).

While there has been no implication of huntingtin in the development of FD in the
past, the fact that N6FFA is having effects in both HD and FD is intriguing. A yeast
two-hybrid screen has shown that huntingtin interacts with the IKAP protein (433);
however, the effect of N6FFA in FD seems to be through correction of the splice defect
(419). There has been some indirect evidence in the past that huntingtin may play a role
in splicing. In 2002, Kegel ef al. found that huntingtin colocalizes, amongst other things,

with splice factor SC35 in the nucleus (93). Recently were able to replicate this finding
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with an independent antibody at nuclear puncta, indicating that these puncta are, in fact,
nuclear splice speckles, suggesting huntingtin may be involved in the process of splicing,
although the exact role of this protein in these regions is unknown (305). Consistent with
this, huntingtin has been shown to regulate its own splicing and, in the context of mutant
huntingtin, there are observable splice abnormalities in a number of different mRNA
(434, 435). More recently, huntingtin has been shown to interact, and negatively regulate,
its own mRNA (97) and mis-splicing of huntingtin has been suggested as a potential
disease mechanism in HD (436). These data suggest that huntingtin could play a role in
IKBKAP splicing that is modulated by N6FFA.

We first wanted to determine if there was an effect of N6FFA on IKBKAP
splicing at the concentration at which we saw an effect on huntingtin phosphorylation.
Increased proper splicing of the IKBKAP mRNA results in increased levels of the IKAP
protein. Using this as a read-out, retinal pigment epithelial 1 (RPE1) cells were treated
with 1 uM N6FFA for 24 h and the levels of IKAP were determined. There was a
consistent and significant increase in IKAP levels following N6FFA treatment,
suggesting that, even at this low concentration, N6FFA can increase the incidence of
proper IKBKAP mRNA splicing (Figure 4.2a). Therefore, it is possible that the effect of
NO6FFA on IKBKAP mRNA splicing may be through its effect on huntingtin. With this in
mind, we knocked-down the huntingtin protein by siRNA to determine if there was an
effect on IKAP levels. To our surprise, we did not see a corresponding decrease in IKAP

levels, but instead noted a significant increase in IKAP levels (Figure 4.2b). This is
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inconsistent with huntingtin phosphorylation increasing proper IKBKAP splicing, in fact,
it suggests the opposite. Additionally, we noted that treatment with 9DK, which does not
result in increased huntingtin phosphorylation, also increased IKAP levels, suggesting
that the effect of NOFFA on IKBKAP splicing is not a result of this phenomenon (Figure
4.2¢).

We also investigated splicing specifically using a splice reporter. This luciferase
reporter contains exon 20 including the splice site mutated in FD. When exon 20 is
correctly spliced, there is expression of the luciferase protein which can be measured
using the Promega Dual-Luciferase Reporter System. This construct was a kind gift from
the Slaugenhaupt lab, who initially described the effect of N6FFA on exon 20 inclusion in
FD (422). To test whether this splice construct worked in our hands, immortalized human
embryonic kidney (HEK293) cells were transfected for 24 h with 50 uM N6FFA or
DMSO control (Figure 4.3a). After confirmation of the response of the splice reporter to
NO6FFA, shown by the significant increase in luminescence, we then repeated this assay in
STHAKY"?" and STHdhR''!! cells. N6FFA treatment significantly increased splicing in
both cell types, but there was no difference in the effect of N6FFA on splicing between
mutant and wild-type cells (Figure 4.3b).

Taken together, these results led us to conclude that, although the mechanism by
which N6FFA increases inclusion of exon 20 is still undetermined, this mechanism is
unlikely to be related to conversion of N6FFA to KTP and the subsequent

phosphorylation of huntingtin N17. As a result, this avenue of investigation was

122


https://paperpile.com/c/KjRbNz/UHGcq

Ph.D. Thesis - L.E. Bowie McMaster University - Biochemistry

discontinued, but it would be interesting, in the future, to investigate further the
connection between IKAP and huntingtin. Nguyen et al. proposed that the acetylation
activity of Elongator on a-tubulin might promote anchoring of molecular motors and
facilitate microtubule-based, intracellular trafficking, which is impaired in a number of
neurodegenerative diseases, including HD (437). Therefore, it is possible that the
protective effects of N6FFA in HD models could, in part, be due to increased activity of
the Elongator complex in addition to the previously described increase in mutant

huntingtin phosphorylation.
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Figure 4.2. IKAP levels are modulated by huntingtin, but this effect does not seem to occur via N17
phosphorylation following N6FFA treatment A) RPE1(?) cells were treated for 24 hours with 1 pM N6FFA or
vehicle control, 0.01% DMSO. Cells were collected and lysed with RIPA buffer and proteins were separated by
SDS-PAGE. IKAP levels were measured by immunoblotting, results were quantified for n=3 trials, *p<0.05. B) RPE1
cells were transfected with siRNA to huntingtin for 48 hours, after which time, cells were collected, lysed with RIPA
and proteins were separated by SDS-PAGE. IKAP levels were measured by immunoblotting, results were quantified for
n=3 trials, *p<0.05. C) Cells were treated with 1 uM N6FFA, 9DK, or vehicle control, 0.01% DMSO, for 24 hours,

protein levels were measured by immunoblotting.
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Fig 4.3. Treatment with N6FFA increases proper splicing of IKBKAP but there is no difference in this response
between STHdh?"Y and STHdh®" ¥ A) HEK293 cells were transfected with an IKBKAP splice reporter construct
and treated with N6FFA for 24 hours, *p<0.001, n=3. B) STHdA?"?" and STHdh?'""?"" were transfected with an
IKBKAP splice reporter construct and treated with N6FFA for 24 hours. Results are shown relative to transfected, but

untreated, control cells, *p<0.001, n=3.

4.6 N6FFA causes a consistent, but not significant, change in the ratio of globular to

fibrillar type mutant huntingtin aggregates

We also wanted to show that N6FFA had an effect on a known cellular phenotype
of mutant huntingtin. Our lab has previously found that the ratio of globular to fibrillar
aggregates can be altered by the phosphorylation state of N17 (74). This study showed
that cells expressing a fluorescently-tagged huntingtin exonl construct with an expanded
polyglutamine domain developed two types of huntingtin inclusions, loosely-packed
globular inclusions, and tightly-packed fibrillar inclusions. Compounds known to increase
N17 phosphorylation, as well as phospho-mimetic mutations of S13 and S16, shifted the

ratio of globular:fibrillar inclusion formation towards fibrillar inclusions (74). Therefore,
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to determine if N6FFA would have a similar effect on inclusion formation, STHdhQ!!V/Q!!!
cells were transfected with a fluorescently-tagged exon 1 fragment of huntingtin with 138
glutamine repeats (mCer-Exon1Q138-YFP) and the cells were subsequently treated with
1 uM N6FFA or DMSO control. Following a 24 h incubation period, the number of
globular and fibrillar inclusions were counted by a blinded investigator. Results in Figure
4.4 show the percent change in the inclusion population upon N6FFA treatment. We saw
a small but consistent trend towards decreased globular and increased fibrillar inclusions
in cells treated with N6FFA, consistent with increased N17 phosphorylation, but this
trend did not reach significance. This method of validation was discontinued as it was

technically difficult and time consuming to acquire consistent results.
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Figure 4.4. N6FFA influences inclusions formation (B) STHdh?"'"?"" cells transfected with an Exon1Q138-YFP
construct were treated with 1 pM N6FFA and the number of globular and fibrillar inclusions were counted,

quantification of n=3 trials is shown.
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4.7 N6FFA increases phosphorylation of the p53 S392, which co-localizes with

huntingtin at nuclear puncta and at sites of DNA damage.

While the N17 domain of huntingtin does not conform to the canonical
phosphorylation consensus sequence for CK2, this pleiotropic kinase is known to
phosphorylate a variety of substrate sequences (438). We therefore searched for known
substrates of CK2 that possessed sequences similar to N17. The carboxyl terminus of
tumor suppressor protein p53 has a serine residue at position 392 (S392) that is
phosphorylated under diverse stress conditions, in part, by CK2 (439, 440). The sequence
surrounding S392 is highly conserved in vertebrates (441) and has several key residues
that align with N17, specifically residues K-L-M located at the -10, -9 and -8 positions,
and E found at the -4 position relative to S392 (Figure 4.4a). We see that p53
phosphorylated at S392 site co-localizes with CK2 and N17 phosphorylated huntingtin at
nuclear puncta, suggesting that p53 may be phosphorylated in a manner similar to
huntingtin N17 at this site (Figure 4.4b). The priming of huntingtin by phosphorylation at
S13 or S16, which we found necessary for CK2 kinase activity on N17, gives N17
additional charge similarity to the S392 substrate sequence. Consistent with the ability of
CK2 to use KTP to phosphorylate its canonical substrates and N17, CK2 can use KTP to
phosphorylate p53 S392 in the context of an in vitro kinase assay (Figure 4.4c¢).
Furthermore, addition of N6FFA to STHdh?''/?!!! cells increased phosphorylation of p53

at S389, the mouse homologue of human p53 S392 (Figure 4.4d). Together, these results
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suggest a similar mechanism of action of CK2 on p53 and huntingtin, where the
metabolic product of N6FFA, KTP, is used by CK2 on these similar substrate sequences.
Both p53 S392 and N17 are phosphorylated in response to cellular stress (98, 439, 440);
however, mutant huntingtin is hypophosphorylated at the N17 domain (287). It is
therefore possible that the CK2-mediated stress response pathway is dysregulated in cells
expressing polyglutamine-expanded huntingtin.

P53 is integral to the cellular response to stress, and the specific biological
responses of this protein are controlled by protein expression levels and PTM patterns
(442). Basal levels of p53 are, out of necessity, kept quite low, but this protein stands
ready to form a stable complex upon DNA damage (443). Phosphorylation at S392 is
associated with both increased formation of stable tetramers and regulation of the DNA
binding domain of p53 (444). We know, from the work outlined in Chapter 2, that
components of the N6FFA salvaging pathway co-localize at sites of
microirradiation-induced DNA damage. To determine if phosphorylation of the p53
C-terminus by CK2 might also be a part of this pathway, we used a 405 nm laser to
irradiate a line of DNA damage across the nuclei of cells. Following a 20-min incubation
period, we saw enrichment of p53 S392p at these sites, along with N17S13pS16p, CK2a,
and N6FFA riboside (Figure 4.5). CK2 is a ubiquitous kinase known to modify proteins
involved in DNA repair (445-447). We have found that CK2 can phosphorylate the N17
domain in vitro, and that it co-localizes with N17-phosphorylated huntingtin at sites of

DNA damage. CK2 also phosphorylates p53 S392 in response to DNA damage (440),

128


https://paperpile.com/c/KjRbNz/I90pD+I2PFb+fuUq6
https://paperpile.com/c/KjRbNz/kRGW
https://paperpile.com/c/KjRbNz/sFiC9
https://paperpile.com/c/KjRbNz/h2kzL
https://paperpile.com/c/KjRbNz/4FYKV
https://paperpile.com/c/KjRbNz/H6Pyq+Tokd1+dtDuR
https://paperpile.com/c/KjRbNz/fuUq6

Ph.D. Thesis - L.E. Bowie McMaster University - Biochemistry

which stabilizes the active form of p53 (448). The p53 S392p epitope, bearing sequence
similarity to N17-S13pS16p, co-localized with huntingtin and CK2 at sites of DNA
damage. Together, these findings point toward a functional interaction of these proteins.
Co-regulation of huntingtin and p53 by CK2 would be complementary to previous reports
describing transactivation of the huntingtin gene via p53 DNA-binding elements and the
p53-dependent increase in huntingtin protein levels in response to DNA damage (173).

Indeed, our work extends upon growing evidence that huntingtin has a role downstream

of p53 in monitoring genomic integrity, implicated in HD pathology (51, 449, 450).
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Figure 4.5. p53 S392 can be phosphorylated by CK2 using KTP and co-localizes with CK2 and
phospho-huntingtin at nuclear puncta A) Sequence alignment of huntingtin N17 and the C-terminus of p53. B) Top
panels show co-localization of CK2, p53 S392p, and N17S13pS16p at nuclear puncta in RPE1 cells; bottom panels
show an enlarged, deconvolved RPE1 nucleus (left) and an intensity profile (right) across several nuclear puncta (line
profile indicated by yellow arrow). Scale bars = 10 pum. C) Representative blot (top) and quantification (bottom) of an
in vitro p53 phosphorylation assay using CK2 with either ATP or KTP as phospho-donor, *p<0.05, n=5.
D)Representative blot (top) and quantification (bottom) p53 S392p levels in STHdA?"'"?""! cells after 24 hours

treatment with N6FFA or control, *p<0.05, n=3.
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Figure 4.6. p53 S392p co-localizes with N6FFA/APRT/KTP/CK2/htt pathway at sites of DNA damage A) Upon
microirradiation with a 405 nm laser, p53 S392p localizes to these sites of damage along with CK2 and N17S13pS16p.

B) p53 S392p also co-localizes with NOFFA generated at these sites of laser-induced damage.
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4.8 N6FFA riboside is elevated in cells expressing polyglutamine expanded

huntingtin

There is mounting evidence that DNA repair is defective in HD. Previously,
oxidative DNA damage in the form of the damaged nucleotide base
8-hydroxy-2-deoxyguanosine, has been noted in the urine, plasma, and striatum of HD
mouse models (164), and it has been suggested that oxidative damage to DNA
specifically may be a pathogenic mechanism in HD (228, 451, 452). Additionally, a
recent GWAS has revealed that the most potent modifiers of HD age of onset to be those
genes involved in mitochondrial function, redox control, and DNA damage repair (51).

Although it is well established that ROS levels, particularly in neurons, increase
with age (144, 453), it is unclear in HD whether the apparently greater amount of
ROS-related damage is due solely to increased ROS production or if this data also
suggests that the cellular response to ROS stress is impaired. Our recent characterization
of huntingtin as a part of the DNA damage repair response downstream of ATM (171)
suggests that the improper functioning of mutant huntingtin may be the cause of defective
repair of oxidative DNA damage. If this is true, we would expect to see increased
No6FFA-riboside in the DNA of cells expressing polyglutamine-expanded huntingtin.
Genomic DNA (gDNA) from hTERT immortalized human fibroblasts taken from a
control individual and an HD patient with 43 glutamine repeats (TruHD-Q21Q18F and

TruHD-Q43Q17M) was extracted and equal amounts were spotted onto a nitrocellulose
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membrane. Immunoblotting with an N6FFA riboside antibody revealed that the HD cells
had significantly more oxidative DNA damage, in the form of N6FFA riboside, than
control cells (Figure 4.7) suggesting impaired repair of this oxidative lesion. This lack of
excision would lead to lack of free N6FFA and, consequently, KTP, available for use by

CK2. This may, in part, account for the hypo-phosphorylation of N17 in HD.
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Figure 4.7. N6FFA riboside is increased in the genomic DNA of cells expressing mutant huntingtin. gDNA was
extracted and spotted onto a nitrocellulose membrane and immunoblotted with an anti-N6FFA riboside antibody. A

representative dot blot (left) and quantification of n=4 trials (right) are shown above.

4.9 N6-Furfuryladenine reduces DNA damage in STHdh?'VA! cells upon
MMS-induced stress

Finally, if N6FFA is upregulating the activity of CK2 on huntingtin as proposed in
Chapter 2, and if it is also having a parallel action on on p53, we should see increased
DNA damage repair, and thus decreased DNA damage, in cells treated with N6FFA. To
evaluate the extent of DNA damage, an alkaline comet assay was employed. In brief,
STHAKY"?" and STHdhR''!"! cells were treated with or without N6FFA for 24 h and

then DNA damage was induced using methylmethanesulphonate (MMS). This assay
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revealed that STHdR'''!! cells had significantly higher levels of DNA damage when
treated with MMS than did STHdh?"? cells. This damage was significantly decreased by
treatment with N6FFA in STHdhR''! but not STHdhY'Y, cells (Figure 4.8). These
results are consistent with our hypothesis that N6FFA may restore the DNA damage

repair defect in HD through increasing phosphorylation of huntingtin and p53.
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Figure 4.8. N6FFA decreases tail moment in STHdh®''/'"! ¢cells with MMS-induced DNA damage. Cells were
treated for 24 hours with kinetin and then stressed with MMS. Cells are lysed, suspended in low melt, and
electrophoresis is performed. DNA is stained with Vista Green, and damaged DNA is measured by the amount of DNA
in the “tail” of the comet, called the tail moment as measured by OpenComet. Increased tail moment is representative of

the presence of increased DNA damage. (A) Representative images showing characteristic comets upon electrophoresis.

134



Ph.D. Thesis - L.E. Bowie McMaster University - Biochemistry

Red dashed areas show the comet head and green dashed areas show the comet tail. (B) Quantified results presented are

from 1 trial with over 130 nuclei analysed per trial; *p<0.05, **p<0.001.

4.10 Materials and Methods

Reagents and Antibodies

Polyclonal antibody against huntingtin phosphorylated at S13 and S16 of the N17
domain (anti-N17-S13pS16p, New England Peptides) was previously characterized and
validated (71). Immunofluorescence antibodies: anti-N17S16pS16p (New England
Peptides), anti-CK2a (Abcam), anti-p53S392p (Santa Cruz), anti-N6FFA riboside
(Agrisera). Secondary antibodies against rabbit, mouse, and goat IgG were conjugated to
Alexa Fluor 488, 555, 594, or Cy5 (Invitrogen). Western primary antibodies:
anti-N17S13pS16p (New England Peptides), anti-p53S392p (Abcam), and anti-GAPDH
(Abcam). Secondary antibodies against rabbit and mouse IgG were conjugated to HRP
(Abcam).

All peptides were made by GenScript with the following amino acid sequences:

p53 peptide (371-393): SKKGQSTSRHKKLMFKTEGPDSD
P53 S392p peptide (371-393): SKKGQSTSRHKKLMFKTEGPDpSD
Plasmids

Exon 1 fragments were cloned into an mCer-C1 plasmid with eYFP insert
between BamHI and Xbal. Huntingtin exon 1 fragments were generated from cDNA
using forward primer GATCTCCGGAATGGCGACCCTG with a BSPEI restriction site,

and reverse primer GATCGGTACCGGGTCGGTGCAGCGGCTC with a ACC651
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restriction site as described in (77). Renilla luciferase splice assay plasmid from the

Slaughenhaupt lab contained IKBKAP exon 20 with intact splice sites.

Cells

Cells derived from mouse striatum, STHdh?”?” and STHdh?'!""?!!! (a kind gift
from ME MacDonald), were grown in Dulbecco’s modified Eagle’s medium with 10%
FBS at 33°C in a 5% CO, incubator. Human hTERT-immortalized foreskin
fibroblast BJ-5ta cells (ATCC), primary human fibroblasts from Coriell Institute for
Medical Research Biorepositories (ND30014 wild-type fibroblasts bearing 21/18 CAG
repeats in H7TT gene alleles), and immortalized human fibroblasts from control and HD
patients (TruHD-Q21Q18F and TruHD-Q43Q17M, respectively) were grown in minimal
Eagle’s medium with 15% FBS and 1% Glutamax at 37°C with 5% CO,. All media and
supplements were from Gibco Life Technologies. HEK293 cells (ATCC) were grown in

a-modified Eagle’s medium with 10 % FBS at 37 °C in 5% CO,. with 5% CO,.

Treatment Protocol
All compounds were administered in cell-appropriate media with 0.2% FBS for 24

hours unless otherwise indicated.

Huntingtin Knockdown

RPEI cells were transfected with siRNA to human huntingtin (Santa Cruz) using

136


https://paperpile.com/c/KjRbNz/8oWC5

Ph.D. Thesis - L.E. Bowie McMaster University - Biochemistry

lipofectamine RNAiMax (Invitrogen) diluted in Opti-MEM (Gibco) according to

manufacturer's instructions.

Protein Extraction and Immunoblotting

Cells were lysed in either NP-40 lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM
NaCl, 1% NP-40) or RIPA lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1%
NP-40, 0.25% sodium deoxycholate, ] mM EDTA) containing protease and phosphatase
inhibitors (Roche). Lysates were centrifuged at 17000 x g for 12 min and the supernatant
was collected for immunoblot analysis. Equal amounts of protein were separated by
SDS-PAGE on pre-cast 4-20% polyacrylamide gradient gels (Biorad) and electroblotted
onto Immobilin poly-vinyl difluoride (PVDF) membrane (EMD Millipore). Membranes
were blocked in TBS-T (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.1% Tween-20)
containing 5% non-fat dry milk for 1.5 h at room temperature, followed by overnight
incubation with primary antibodies diluted in blocking buffer at 4°C (anti-N17-S13pS16p
1:2500; anti-IKAP 1:1500; anti-GAPDH 1:7500, as appropriate). After 3x 15-min TBS-T
washes, membranes were incubated with HRP-conjugated secondary antibodies diluted in
blocking buffer (1:50000) for 45 min at room temperature, and visualized using
Immobilin enhanced chemiluminesence HRP substrate (EMD Millipore) on a
MicroChemi system (DNR Bio-imaging Systems). Bands were quantified using NIH

Image J software and normalized to GAPDH controls.
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Microscopy

Wide-field epifluorescence microscopy was done on a Nikon Eclipse Ti
wide-field epifluorescent inverted microscope using the PLAN APO 60x/1.4 oil objective
and Spectra X LED lamp (Lumencor, Beaverton, OR, USA). Images were captured using
a Hamamatsu Orca-Flash 4.0 CMOS camera (Hamamatsu, Japan). Image acquisition and
deconvolution of Z-stacks were done with NIS-Elements Advanced Research version
4.30 64-bit acquisition software (Nikon Instruments, Melville, NY, USA).

Super-resolution imaging was done on the Nikon N-SIM super-resolution
microscope system attached to a Nikon Eclipse Ti inverted microscope using an APO
TIRF 100%/1.49 oil objective, and 405 nm, 488 nm, and 561 nm lasers (Coherent Inc).
Images were captured using a Hamamatsu Orca-Flash 4.0 CMOS camera and acquired

with the NIS-Elements software version 4.50.

P53 Kinase Assay

Assays used 1000 ng peptides, as described above, incubated with 1 u. NEBuffer
for Protein Kinases (New England Biolabs), 1000 ng ATP (Sigma-Aldrich) or KTP
(Biolog) and 500 units CK2 (New England Biolabs) (specific activity 859,000 units/mg)
for 1 hour in shaking incubator at 30°C. Following incubation, the reaction was stopped
by placing on ice. 8 uL kinase assay mixture was spotted (2 uL x 4 replicates) onto
nitrocellulose membrane and allowed to dry for 45 minutes. Membranes were blocked in

5 % non-fat milk in TBS-T for 1.5 hours and incubated in anti-p53S392p (1:1500)
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overnight at 4°C on a rocker. Membranes were washed in TBS-T and incubated in the
appropriate HRP-conjugated secondary antibody diluted in blocking buffer (1:50000) and
were visualized using Immobilin enhanced chemiluminesence HRP substrate (EMD
Millipore) using a MicroChemi system (DNR Bio-imaging Systems). Quantification was

done using NIH Image J software.

Genomic DNA dot blot

TruHQ-Q21Q18F and TruHD-Q43Q17M cells were collected and gDNA was
extracted using Purelink Genomic DNA Mini Kit (Invitrogen) according to
manufacturer's instructions. From each sample 500 ng was diluted in autoclaved water to
9 uL volume and was then denatured for 20 min with 1 uL of 10 X denaturing solution
(100 mM EDTA, 4M NaOH). Samples were then neutralized with 2M ice cold
ammonium acetate and placed on ice. From each sample, 8 uL gDNA was spotted onto
nitrocellulose membrane and was dried at 80 °C for 2 h. Blots were blocked in 5 %
non-fat milk in TBS-T for 1 h and then immunoblotted as described above with

anti-NOFFA riboside primary and anti-rabbit HRP secondary.

Comet Assay
STHdh?"?” and STHdh?"""?!!! cells were grown to 60 % confluence and then
treated for 24 hours with 1 pM N6FFA or DMSO control. Cells were then incubated in

0.01 % methylmethanesulphonate (MMS) (Sigma) for 15 minutes. Comet assay was
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performed as in (171).

Statistical Analysis

All statistical calculations were performed using the Graphpad Prism 7 software.
Results were considered significant if p < 0.05. Statistical tests were used as
recommended by the software, with normal data using the student’s t test or AVOVA, as
approriate, and non-normal data using Mann-Whitney or Kruskal-Wallis analysis, as

appropriate.
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CHAPTER S

DISCUSSION AND FUTURE DIRECTIONS
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5.1 Overview of major findings

Throughout my time as a Ph.D. student, | have worked to integrate high content
analysis using a known disease phenotype with biochemical and cell biological
techniques to identify lead compounds for HD therapeutics and also to learn more about
the biological functions of the huntingtin protein. In short, this process of a primary
screening assay, followed up by secondary validation and characterization has led to
identification of a DNA damage product, N6FFA, as a modulator of huntingtin
phosphorylation and mutant huntingtin toxicity. Follow-up assays led to validation of a
previously suggested N17 kinase, CK2 (71), and, more importantly, the proposal of a
novel DNA damage response pathway in which a product of said damage signals
huntingtin phosphorylation, facilitating it to act as a scaffold in DNA damage. This is not
the first time that a product of DNA damage has been shown to signal a cytoprotective
downstream response. 8-0x0-dG, a common product of oxidative damage to guanine
bases, complexes with its glycosylase, OGG]1, to act a guanine nucleotide exchange factor
(GEF) and activate mitogen activated protein kinase signalling (454, 455).

By the same methodology of screening and validation, another potential N17
kinase, PKC(, was identified. This atypical PKC has been previously noted in association
with huntingtin, either with aggregated mutant huntingtin or as a part of the PAR3-aPKC
complex, which mediates apical vesicular trafficking in polarized cells (406, 456).

Atypical PKCs are unresponsive to calcium, phosphatidylinositol (3,4,5)-triphosphate
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(PIP,), and diacylglycerol (DG), but can be regulated by interactions with protein
scaffolds, phosphatidylserine, ceramides, and neurotrophic factors (397, 457). Activation
of PKC( by the ceramide derivative ganglioside GM1 could explain the effect of this
compound on N17 phosphorylation (287). Additionally, similar to huntingtin, PKC( is
responsive to oxidative stress and DNA damage (390, 393, 394). As we have shown that
phosphorylation of the N17 domain by CK2 requires a “phospho-prime”, it is possible
that PKCC is this priming kinase, phosphorylating S13 as predicted by GPS 2.0.

Finally, we also show that, through a mechanism identical to its action on N17,
CK2 also uses KTP to phosphorylate p53 at S392. Modification at this residue is
associated with p53 tetramerization and increased stability (444). It also releases
carboxyl-terminal inhibition of the binding function of p53, allowing site-specific DNA
binding of p53 (458). While there is no one kinase that is solely responsible for
phosphorylation of this domain, CK2 specifically has been shown to phosphorylate p53 at
S392 in response to UV-induced DNA damage in complex with a transcription elongator
heterodimer, facilitates chromatin transcription (FACT) (459).

Based on these findings, we hypothesize a model where, under conditions of
oxidative DNA damage, a product of this damage, N6FFA signals phosphorylation of
huntingtin and p53, facilitating their participation in the DNA damage repair response.
Phosphorylated huntingtin acts as a scaffold in the ATM complex during oxidative DNA
damage repair and p53 fulfills its function as a transcription factor, increasing expression

of DNA damage response proteins, including huntingtin. The presence of the N6FFA
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derivative, KTP, is likely of importance during times of low cellular ATP, such as when
cells are in the midst of responding to oxidative stress. In the presence of mutant
huntingtin, excision of oxidative lesions is impaired, leading to decreased excision of
NO6FFA and thus minimal KTP production and phosphorylation of huntingtin N17 and
p53 S392, further impairing cellular response to DNA damage. With the added stress of a
high ADP:ATP ratio in HD (214, 318), and the high ROS load and energy needs of
neurons, these factors culminate in neuronal death. Addition of exogenous N6FFA
bypasses the need for BER and increases KTP levels artificially, allowing for increased
phosphorylation of CK2 substrates huntingtin and p53 and restoration of DNA damage
repair (Figure 5.1). As a result of this work, N6FFA derivatives are currently being tested
in HD mouse models for efficacy in decreasing mutant huntingtin load in the cortex and

striatum and for effects on HD-like phenotypes.
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Figure 5.1: A metabolite of N6FFA increases N17 and p53 S392 phosphorylation in response to DNA damage.
(Top) In a non-HD context, wild-type huntingtin acts as a part of the ATM complex to facilitate oxidative DNA damage
repair. One of the products of this repair is N6FFA, which can be metabolized by APRT to produce KTP. KTP can be
used by CK2 to phosphorylate huntingtin N17 and p53 S392. Phosphorylation of huntingtin N17 by CK2 requires a
priming with another phospho-group, which may be added by the atypical PKC, PKCC. N17 phosphorylated huntingtin
acts a scaffold in DNA damage repair, facilitating the release of more N6FFA until the damage is repaired. P53
facilitates DNA repair by acting as a transcription factor for DNA repair factors and, in dividing cells, arresting the cell
cycle until damage is repaired. (Bottom) In the context of HD, this process is impaired as mutant huntingtin is
hypo-phosphorylated and does not properly scaffold DNA repair. This leads to decreased excision of oxidative DNA
damage products, including N6FFA. As a result there is less KTP, less phosphorylation of N17 and p53, which
contributes to increasingly impaired DNA damage repair in a feedback loop.

5.2 DNA damage, p53, and the energy crisis in Huntington’s Disease

During the process of aging, cells show signs of increased oxidative damage to
DNA and other biomolecules. This damage has been linked to increased ROS production
by the mitochondria as well as decreased activity of cellular antioxidant enzymes and

DNA damage repair. In HD, DNA damage is further elevated, likely due to exacerbation
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of these typical consequences of aging; a theory that is supported by the major pathways
identified as modulators of age of onset in the recent GWAS: DNA repair, redox
mechanisms, and mitochondrial function (51). Deficits in any of these processes can lead
to impaired bioenergetics and cell death, particularly in high-energy cells such as neurons,
and, indeed, neuronal dysfunction and neurodegeneration are common consequences of
mutations in DNA repair genes in both mouse models and human patients (460, 461). It
therefore follows that correction of these defects is likely to be protective.

This thesis presents analogous mechanisms of phosphorylation of DNA damage
response proteins, huntingtin and p53, by protein kinase CK2, using the ATP analog,
NO6FFA. P53 has well known, and extensively documented, roles in the response to DNA
damage, acting as an integrator of cellular responses to stress (462). Huntingtin also
responds to DNA damage as a part of the ATM complex (171). This is consistent with the
well-studied role of CK2 as a kinase for a number of DNA damage response proteins.
CK2 is a heterotetrameric protein composed of 2 a and 2 B subunits, forming a
holoenzyme, that is required for cell viability (463). The first indication that CK2 was
involved in DNA damage repair came from the identification of p53 as a CK2 binding
partner and substrate (464, 465). Subsequent studies showed that, upon UV-induced DNA
damage, CK2 phosphorylated p53 at S392 (466—468). Depletion of CK2 by RNAi
impairs the cellular response to DNA damage, highlighting the importance of this protein
(469, 470). Specifically, depletion of CK2 was shown to attenuate phosphorylation of

ATM at S1981, and Chk2 phosphorylation at T68, and decrease the formation of 53BP1
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foci, which are critical for the repair of DNA DSBs (470). Conversely, increased activity
of CK2 increases cleavage of the DNA damage product 8-oxo-dG, suggesting increased
repair (471). Other DNA damage response proteins are directly phosphorylated by CK2,
including xeroderma pigmentosa group B (XPB), apurinic/apyrimidinic endonuclease
(APE), X-ray repair cross-complementing group 1 (XRCC1), and MsH1land MsH6, in
fact, most DNA damage repair mechanisms are, in some way, dependent on the activity
of CK2 (472-476).

While it is likely that, under normal circumstances, CK2 utilizes the abundant
cellular ATP as a source of energy for phosphorylation, the proposed KTP pathway
becomes more important in situations where there is a shortage of this nucleotide
triphosphate. During times when DNA damage is being repaired, there is a dramatic
decrease in cellular levels of ATP due to the high energy cost of this process. This can be
illustrated in the response of the DNA damage response protein, PARP-1. PARP-1
catalyzes assembly of poly(ADP-ribose) (PAR) chains, the result of which is depletion of
cellular NAD™ and ATP (477). In most cases, cells respond by increasing oxidative
phosphorylation, but, especially in situations where mitochondrial respiration is impaired,
this can lead to increased generation of oxygen free radicals and increased potential for
additional damage to DNA (478). Additionally, excessive PARylation inhibits both
glycolysis and oxidative phosphorylation, further depleting ATP stores, which can lead to
apoptosis or necrosis (479). The process by which excessive PARylation induces cell

death is call “parthanatos”.
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In the context of HD, there is already low cellular ATP, which is exacerbated
when DNA damage occurs (214). When cellular ATP levels are at these exceptionally
low levels, KTP would provide a much needed source of phosphates for CK2 to
phosphorylate its target proteins. Unfortunately, as DNA damage repair is impaired in HD
cells (164, 171), less N6FFA would be excised to be converted to KTP; however, this
lack of KTP could be overcome with addition of exogenous N6FFA, bypassing the need
for intact oxidative DNA damage repair to produce this product. Consistent with this,
there is a greater effect of NOFFA treatment on cells expressing mutant huntingtin than
wild-type huntingtin with regards to huntingtin phosphorylation, protective effects in cell
and animal models, and DNA repair under DNA-damaging conditions.

Future directions for this story will focus on the effect of N6FFA on other DNA
damage response proteins that are substrates of CK2. It is likely that the effect of N6FFA
on huntingtin and p53 phosphorylation is not restricted to these two proteins and that the
protective effects of this compound in cell and animal models of HD are due to an overall

increased activity of CK2 at a time when ATP is limited.

5.2.1 N6FFA riboside as a biomarker for Huntington’s Disease

A long standing problem in HD is the lack of biomarkers that accurately correlate
with disease progression. At present, most research has focused on CSF biomarkers, and,
though there has been some success looking at mutant huntingtin levels (247), it would be

beneficial if a biomarker could be found that was measurable in a more easily accessible
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tissue, such as blood or skin fibroblasts. As previously mentioned, there is mounting
evidence that DNA repair is defective in HD and that oxidative damage to DNA
specifically may be a pathogenic mechanism (451, 452, 480). Given this, and our current
hypothesis that there is impaired BER in HD due to the presence of mutant huntingtin, we
would expect that oxidative lesions, such as N6FFA riboside, would correlate with
disease progression.

In this thesis, we show that DNA-incorporated N6FFA riboside levels can be
measured in skin fibroblasts and that this level is increased in HD. Though it remains to
be seen if this level is correlated with disease progression, we propose that
DNA-incorporated N6FFA may be a disease biomarker that can readily be measured in
easily accessible tissue. To determine the validity of N6FFA as a biomarker of disease,
levels of this DNA damaged product will be measured in human lymphocytes from HD
patients that have been annotated from pre-manifest through the four Shoulson-Fahn
stages of disease. In this way we will be able to determine if the level of

DNA-incorporated N6FFA riboside is in any way correlated to disease progression.

5.3 The role of N6FFA and PINK1 in mitochondrial health and bioenergetics:

implications for Huntington’s Disease

As outlined in Chapter 1, there is strong evidence that mitochondrial dysfunction,
disturbances in cellular energy homeostasis, and oxidative damage play a key role in HD

pathogenesis. In addition to the action of N6FFA in DNA damage repair through CK2,
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the salvaged form of this damaged nucleotide can also be used by PINK1 (311). PINKI is
a kinase that is mutated in a subset of early onset PD patients and has been characterized
as a mitochondrial quality control protein. When mitochondria are healthy, PINK1 is
quickly degraded, but when the mitochondrial membrane becomes depolarized, PINK1 is
stabilized on the outer mitochondrial membrane and recruits the E3 ubiquitin ligase
parkin (481). The kinase then phosphorylates both parkin and ubiquitin at S65, promoting
arrest of mitochondrial movement and fusion, and removal of damaged mitochondria by
selective autophagy, also called mitophagy (481—483). There are mutations in proteins in
this PINK/parkin pathway in 3 variants of familial PD (206). In HD, deficient removal of
damaged mitochondria has been reported in fly and cell models (484), and has been
attributed to disruption of either autophagosome loading or fusion with the lysosome
(158, 485). Interestingly, defective mitophagy in these fly and cell models of HD was
corrected by over-expression of PINK1, resulting in increased ATP levels and survival in
both models, suggesting that modulation of PINK1 activity may be a therapeutic target in
HD (484). Based on these data, the effects of N6FFA on PINK1 activity and mitophagy
will be an important avenue of future investigation, both further elucidating the
mechanism by which N6FFA exerts its effects, both endogenously, in a biological
context, and exogenously, as a potential HD therapeutic.

It should be noted that wild-type huntingtin itself is believed to have a
physiological role in mitophagy that is disturbed by mutant huntingtin, although this role

has not yet been characterized, nor has the manner in which mutant huntingtin interferes
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with this role been determined. Never-the-less, evidence that the carboxyl-terminus of
huntingtin bears remarkable similarity to yeast autophagy-related protein 11 (Atgl1) and
has been reported to interact with autophagy receptor, p62, as well as autophagy
regulators BNIP3 and NIX, implies involvement of this protein in mitochondrial
clearance (156). Therefore, it is also possible that increased phosphorylation of the mutant
huntingtin protein by CK2 could restore its action in mitophagy and increase
mitochondrial turnover, either in addition to, or instead of, upregulation of the

PINK 1/parkin pathway.

In addition to the role of PINK1/parkin in mitophagy, this pathway has also been
implicated in mitochondrial biogenesis. Recently, it has been shown that PINK1
phosphorylates the pathological substrate of parkin, parkin interacting substrate (PARIS),
priming it for ubiquitination by parkin and subsequent degradation by the proteasome
(486). PARIS is elevated in sporadic and familial PD brains and is responsible for loss of
dopaminergic neurons in parkin inactivation models of disease through repression of
peroxisome proliferator-activated receptor gamma coactivator-1-alpha (PGC-1a)
(487-491). PGC-1a is known to be the master regulator of mitochondrial biogenesis, in
concert with nuclear respiratory factors 1 and 2 (Nrfl and Nrf2) (492), tying PINK1
activity to both mitochondrial quality control and mitochondrial biogenesis. PGC-1a has
also been linked to HD pathogenesis, with impaired PGC-1a activity and defective
mitochondrial biogenesis being tied to striatal degeneration in PGC-1a knockout mouse

models (493). Additionally, in early-HD patient brains, and in several HD mouse models,
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PGC-1a mRNA levels are decreased, and upregulation of the PGC-1a pathway by
peroxisome proliferator-activated receptors (PPAR) agonists has shown promising,
protective, results (494—496). This data suggests that not only is mitophagy impaired in
HD, but mitochondrial biogenesis is also, which is consistent with the observation of
morphologically abnormal mitochondria in HD patient brains, as well as the ATP
deficiency in HD models (198, 214). Therefore, it would also be prudent to investigate
the effects of N6FFA on PGC-1a levels and mitochondrial biogenesis in HD models, as
this too may contribute to the protective effects of this compound.

In HD, resting levels of cellular ATP are quite low compared to wild-type
conditions (36, 214). This can likely be attributed to dysfunctional mitochondria and
mitochondrial turnover and increased DNA damage with inefficient repair. Under stress
conditions, both acute and as a result of aging, these deficiencies become more
pronounced, resulting in an “energy crisis” and cell death, particularly in neurons.
Although a number of mitochondria-targeting antioxidant molecules, as well as those
upregulating mitochondrial biogenesis, have been tested and found to be protective in cell
and animal models of disease (200, 275, 494, 497), we believe that N6FFA is unique in
this category as it also addresses the DNA repair defects that also play a role in the
progressive neuronal cell death in HD via a two-pronged effect on both CK2 and PINK1

(Figure 5.2), resulting in correction of the energy crisis and neuroprotection.
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Figure 5.2. An expanded mechanism of action for DNA damage product N6FFA in DNA damage and
mitochondrial turnover. (Top) In addition to the protective action of N6FFA in DNA damage repair through CK2,
during times of ATP stress, it is also possible that there exists another protective mechanism through the kinase PINK1.
PINKI1 recruits and phosphorylates parkin and ubiquitin at S65, leading to turnover of damaged mitochondria by

mitophagy. Additionally, PINK1 and parkin facilitate degradation of PARIS by the proteasome, resulting in increased
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mitochondrial biogenesis through PGC-1a. PINK1, like CK2, can utilize KTP to phosphorylate its substrates, which
likely becomes a critical option during times of ATP stress. (Bottom) In the context of mutant huntingtin, less KTP is
generated upon DNA damage, resulting in impairment of these processes and exacerbation of already low energy levels,

or “energy crisis”.

5.4 Implication for other neurodegenerative diseases

The mechanism presented above, as well as the potential therapeutic applications
of exogenously administered N6FFA, have implications not only for HD, but for other
neurodegenerative diseases as well. Although these diseases, such as AD, PD, ALS, and
the SCAs, differ in symptomatology as well as the primary neuronal type affected, they
have a significant overlap in underlying pathology. Specifically, all of these diseases
shown signs of prevalent DNA damage and dysfunctional bioenergetics (498—-500). In
some cases, as in HD and PD, mutations in proteins involved in either the DNA damage
response pathway or the mitochondrial turnover pathway, respectively, have been directly
implicated in disease development (171, 206), but even in those where no direct link has
been found, defects in these two pathways still exist. Thus, identification of N6FFA as a
modulator of mutant huntingtin function and toxicity through CK2, and the potential of
this compound to correct DNA repair phenotypes has broad implications for
neurodegenerative diseases in general, especially when taken with its known effect
through PINK1 (418). We propose that there is a central mechanism in which both the
processes of DNA damage repair and mitochondrial turnover are connected through a
single DNA damage product. Therefore, it may be possible to target both of these

dysfunctional pathways in neurodegenerative diseases simultaneously through exogenous
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addition of N6FFA or a derivative thereof, and, indeed, protective effects of this
compound in HD and PD have already been shown, both in this thesis, and in the

literature (418).

5.5 Conclusions

The cellular processes of DNA damage repair and mitochondrial (dys)function
and turnover are intricately connected, each with effects on the other (163, 501). When
these processes are acting optimally, they promote DNA repair, energy production, and
cell viability. When one of these pathways becomes dysfunctional, there are
consequences in the others. In HD, this impairment may begin at the level of DNA
damage repair due to improper function of the huntingtin scaffold (171). In PD,
particularly in those variants arising from mutations in PINK1, parkin, and DJ-1, this
impairment begins at the level of mitophagy (206). In fact, most neurodegenerative
diseases have some evidence of impaired bioenergetics and/or response to DNA damage.

In this thesis, a mechanism is proposed where cells, when faced with ATP stress
such as oxidative DNA damage, can use a product of the DNA damage as a source of
energy. Specifically, two kinases, CK2 and PINK1, can utilize the N6FFA metabolite,
KTP, to phosphorylate key substrates in DNA damage repair pathways and mitochondrial
turnover pathways, respectively. Additionally, in HD there is decreased excision of
NO6FFA from damaged DNA and, consequently, decreased production of KTP, resulting

in decreased activity of CK2 and PINK1 on their substrates in this time of ATP stress.
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Dysfunctional DNA repair and mitochondria work in concert to create a cellular energy
crisis and subsequent cell death. In HD models, this can be overcome by exogenous
administration of N6FFA, which likely has a bifurcated cytoprotective mechanism
through CK2 and PINKI. It makes sense that cells would evolve a mechanism to deal
with both DNA damage and mitochondrial dysfunction through a pathway that utilizes an
alternate source of energy, considering the incredibly low ATP in these conditions. The
implications of this mechanism can be extended beyond just HD, to all neurodegenerative
disorders where there are defects in DNA repair mechanisms and mitochondrial

bioenergetics.
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