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ABSTRACT

Huntington’s disease (HD) is a neurodegenerative disease caused by a CAG expansion in
the HTT gene, which causes an expansion in the polyglutamine tract of the huntingtin protein. In
2018, the cryo-EM structure of the 350 kDa protein huntingtin (Htt) in complex with huntingtin
associated protein of 40 kDa (HAP40) was solved, which demonstrated that huntingtin had to be
co-translated and complexed with HAP40 to retain structure. However, little is known about
HAP40 and thus the biological relevance of this structure. In this project, we transduced cells
with fluorescently labelled recombinant apo-Htt or Htt-HAP40 to determine if HAP40 must be
complexed with huntingtin in order for huntingtin to have biological activity. This method has
not been implemented in HD research and may also improve current fluorescent microscopy
models for huntingtin, as it has the advantage of looking at full-length protein rather than small
fragments. We also found that with the huntingtin lowering drug branaplam, there is a linear
correlation between huntingtin and HAP40 levels, where HAP40 levels will decrease when
huntingtin levels are directly decreased as detected by western blot analysis. Furthermore, we
found that this lowering effect by branaplam ameliorates DNA repair deficits in HD. With the
potential for branaplam to become a treatment for HD, we should continue to test its effect on
other HD-associated phenotypes to determine the effect of huntingtin and downstream HAP40
lowering.
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Chapter 1: Introduction

1.1 Overview of Huntington’s Disease

Huntington’s disease is a neurodegenerative disease inherited in an autosomal dominant
fashion.! It affects an estimated 10.6 individuals per 100,000 in Europe and North America but
has a lower prevalence or rate of diagnosis in certain geographic regions, such as Asia, where
only 1 in every 100,000 people is affected.? The age of symptom onset can be highly variable but
averages 40 years, with a life expectancy of 15-20 years after symptoms first appear. Symptoms
of HD can be categorized into the clinical triad of psychiatric illness like depression and anxiety,

cognitive impairments, and disordered movement such as involuntary, jerky movements.

The cause of death in individuals with HD is typically due to secondary complications
arising from these symptoms. For example, disordered motor control can cause difficulty in
swallowing, which can lead to choking or aspiration pneumonia, two of the most common causes
of death in HD. Another common cause of death in HD is cardiac failure, which indicates that
multiple organ systems are affected by the disease, although predominantly affecting the brain.

In the brain, the disease pathology begins with gradual atrophy of the medium-sized projection
spiny neurons of the striatum. It eventually also progresses to the atrophy of other brain
structures, such as the cerebral cortex.® Although the disease is age onset and neuronal atrophy is

not seen until adult ages, neurological changes occur as early as the age of four.*

1.2 Genetic cause of the disease
HD is caused by a CAG trinucleotide repeat expansion in the HTT gene of the short arm
of chromosome 4 which translates to a polyglutamine tract expansion in the huntingtin protein,

often referred to as “mutant” huntingtin.® Healthy individuals have 35 or fewer CAG repeats in

1
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the HTT gene, but full penetrance of the disease occurs with 40 or more repeats. Individuals with
36-39 repeats may or may not develop a milder form of HD.%’ The age of symptom onset has an
inverse correlation with the number of CAG repeats in the HTT gene, meaning that a higher
number of repeats leads to earlier disease onset.® The median number of CAG repeats in adult-
onset HD is 43, while repeats of over 55 usually result in early-onset Juvenile HD.® However,
there is a lot of variation in age of onset between adults with the same repeat lengths.'° Genome-
wide association studies (GWAS) have discovered single nucleotide polymorphisms (SNP’s) in
genes that influence this variability in age onset aside from CAG length, with some being within

the HTT gene, such as CAA interruptions within the CAG tract.10-12

1.3 Oxidative stress in HD and other neurodegenerative diseases

Various neurodegenerative diseases like Alzheimer’s disease (AD) and Parkinson’s
disease (PD) share similarities with HD in terms of progressive neuronal loss and symptoms of
impaired cognitive and motor function. Additionally, compared to healthy individuals of the
same age, there is higher oxidative stress in the brains of individuals with neurodegenerative
disease.'>'> Oxidative stress is induced by reactive oxygen species (ROS) which can be
produced endogenously in the body or can come exogenously from environmental toxins.
Mitochondria are the largest producers of ROS in the body due to the production of O2™,
primarily from the enzyme Complex I in the electron transport chain. Since the brain is one of
the most metabolically active organs, it has a high oxygen demand (20% of the body’s oxygen

consumption) to meet ATP requirements, thus producing high levels of ROS as a by-product.*®

ROS can damage macromolecules such as DNA and lipids, and with age this damage can
accumulate to result in reduced efficiency in repair and energy production, and even cell death.®

Since neurons are postmitotic, they must fix DNA lesions by non-replication based DNA repair
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methods such as the base excision repair (BER) pathway. Moreover, neuronal loss is extremely
detrimental because neural progenitor cells are very limited in their ability to divide and
differentiate. The most common ROS-induced DNA lesion is the hydroxylation of the C-8
residue in guanine to form 8-oxoguanine (8-o0xo-G) or 8-0x0-2’-deoxyguanosine (8-OHdG). The
8-OHdG residue is used as a biomarker of oxidative damage; it has been found in HD post-

mortem brain tissue of the caudate and in leukocytes obtained from the sera of HD patients.!"*®

1.4 DNA damage in HD as a driver of disease pathology

Other forms of DNA damage are also elevated in various HD mouse and cell models as
well as HD patient tissue samples, such as post-mortem brain tissue, peripheral blood
mononuclear cells, and fibroblasts.!®*?* The CAG trinucleotide repeat found in the HTT gene is
also genetically unstable and prone to somatic expansion if it is already elongated, such as in
HD.?2-2 This is especially prevalent in the neurons of post-mortem brain tissue, where up to
1,000 repeats are found in some cells of the striatum and cortex.?® Moreover, a 2015 genome
wide association study (GWAS) found that SNPs in five different DNA repair genes
significantly contribute to variation in age onset. When Pathway Analysis was conducted in this
GWAS by clustering all the SNP data by function and pathway, regardless of statistical
significance, the researchers found that the most significant pathways involved in altering
disease age onset were DNA repair, followed by mitochondrial fission and oxidoreductase
activity.?’ This suggests that improper DNA damage repair could exacerbate disease, therefore it

may be a driver of pathology.

Aside from the involvement of well characterized DNA repair genes and proteins in HD
pathology, there is also evidence that the HD-implicated huntingtin protein is involved in the

DNA damage response (DDR). Maiuri et al. from the Truant lab have demonstrated that under
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oxidative stress, huntingtin interacts with BER DNA repair proteins like X-ray repair cross-
complementing protein 1 (XRCC1) and poly ADP-ribose polymerase 1 (PARP1). Interestingly,
there is evidence that PARP1 inhibitors can improve symptoms in HD mice.?® PARP1 is an
enzyme which catalyzes the polymerization of poly ADP-ribose (PAR) chains on other DNA
repair enzymes to recruit them to the site of damage (a process known as PARylation).?°
Unpublished data from our lab has found that huntingtin interacts with PAR chains non-
covalently, and that HD fibroblasts have higher levels of PAR chains formed in response to DNA

damage compared to controls.*

Other evidence that huntingtin is involved in the DDR was found through a microscope
laser micro-irradiation assay, where phosphorylated huntingtin was recruited to the site of DNA
damage. This assay induces a variety of DNA damage including strand breaks and base lesions at
the area or stripe of interest to investigate the recruitment of DDR proteins.3! In HD patient
derived fibroblasts, mutant huntingtin protein could still be recruited to sites of damage,
suggesting that elevated DNA damage is not due to a loss of function of huntingtin recruitment

in the DNA damage response.

This recruitment is also dependent on activation of ataxia telangiectasia mutated (ATM),
a serine/threonine protein kinase which is activated by various forms of DNA damage to
phosphorylate other proteins, leading to the initiation of DNA damage checkpoints.®23 In HD
induced pluripotent stem cells (iPSCs) and HD bacterial artificial chromosome transgenic mice
(BACHD), ATM inhibition or depletion reduced cell death and improved behavioural deficits.3*
Since huntingtin requires ATM for recruitment, the mechanism behind symptom amelioration
could be because of the downstream inhibition of huntingtin recruitment, which would suggest a

detrimental effect of mutant huntingtin on DNA. This detrimental effect of mutant huntingtin
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was suggested by Enokido et. al who found that mutant huntingtin aberrantly interacts with the
DNA repair protein Ku70 which prevents DNA double stranded break (DSB) repair and results
in more DNA damage.® Furthermore, Gao et. al found that huntingtin has a role in transcription
coupled DNA repair, but mutant huntingtin reduces the activity of the repair complex resulting in

DNA damage accumulation.®®

1.5 Huntingtin Protein

Huntingtin is a large protein with a molecular mass of 350 kDa made up of 3144 amino
acids. It is ubiquitously expressed in humans but has the highest level of expression in neurons of
the central nervous system.®” Huntingtin is found in metazoans and is highly conserved among
vertebrates. Exon 1 of huntingtin is comprised of the N17 domain (first 17 amino acids),
followed by a polyglutamine tract which is expanded in HD, and a polyproline stretch.® Much of
the protein is comprised of a-helices that arrange to form HEAT (huntingtin, elongation factor 3,
protein phosphatase 2A and lipid kinase TOR) repeats.3® HEAT repeats typically form solenoid
structures and can undergo elastic conformational changes upon the binding of other proteins and
can serve as a scaffold for multivalent protein interaction.>® HEAT repeats can be found in all
orthologs of huntingtin, and are very similar in terms of distribution, number, and sequence
similarity. The N17 domain and polyglutamine tract (at least 4 glutamines) are highly conserved
in vertebrates, with the number of glutamines in the polyglutamine tract increasing with higher

species. Humans have the longest known polyglutamine tract.*°

1.5.1 Cellular localization of huntingtin
Huntingtin is localized to the cytoplasm, nucleus, microtubules, perinuclear space, and
found in organelles like the endoplasmic reticulum (ER), Golgi apparatus, and

mitochondria.®®**2 These localizations are regulated by post-translational modifications
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(PTM’s). For example, methionine 8 in the N17 domain is thought to act as a ROS sensor
because when sulphoxidized, it triggers the release of huntingtin from the ER.*® This change
promotes the phosphorylation of serine residues 13 and 16 (S13/S16) which promotes the
retention of the protein in the nucleus.***® In HD models, S13/S16 is hypo-phosphorylated, and

treatments that increase this phosphorylation have shown therapeutic effects.*4

Huntingtin contains a proline-tyrosine nuclear localization signal (PY-NLS) at amino
acids 174-207 which allows for nuclear entry using the karyopherin 1/ 2 pathway. It also
contains two nuclear export signals (NES) which are found within the N17 domain and the other

close to the carboxyl terminus at amino acids 2364-2414.47

1.5.2 Aggregation of huntingtin

Aside from oxidative stress, another commonality in neurodegenerative diseases is the
aggregation and accumulation of protein, which some consider to be the cause of brain damage
and cellular dysfunction.*® In Alzheimer’s, B-amyloid peptides form intracellular plaques in the
brain which is widely thought to be a driver of pathology, however many clinical trials with
drugs designed to clear these plaques have been unsuccessful, or in some cases have even
worsened disease progression.***° In HD, this theory was developed when intranuclear
inclusions of fragmented huntingtin protein were found in post-mortem HD cortex and striatum,
and the extent of huntingtin accumulation was correlated to the CAG length of the patients HTT
gene.>* While in some mouse HD models these aggregates correlate with the susceptibility to cell
death and stage of disease, other studies have suggested that these aggregates may be protective
and increase cell life span as they sequester fragmented mutant huntingtin to prevent

solubilization of the protein and interaction with other proteins.>?>3 Protein aggregation could
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also be a downstream effect of a pathological mechanism, as in some models increased DNA

damage is found prior to the formation of protein aggregates.>

1.5.3 Cellular functions of huntingtin

Huntingtin is estimated to interact with over 350 cellular proteins and is also found to
associate with other cellular components like DNA, RNA, and lipids.1>#? This wide variety of
interactions is reflected in the vast range of cellular functions the protein is involved in.
Huntingtin is required for proper embryonic development; one gene copy is sufficient, however
reducing protein levels under 50% disrupts the formation of the central nervous system
(CNS).%>¢ Moreover, the protein has critical roles in neurons for synaptic transmission as it can
transport synaptic precursor vesicles and brain-derived neurotrophic factor (BDNF)-containing
vesicles to the synapse.®’ In other cell types including the axons of neurons, huntingtin is
involved in anterograde and retrograde vesicular transport of a variety of cargo, including
organelles. It also participates in endosomal trafficking and vesicle recycling, where it interacts

with huntingtin associated protein of 40 kDa (HAP40).%8

Huntingtin also has a role in responding to cell stress, which is evident by the multiple
tumour protein 53 (p53) responsive elements (RE’s) found in the HTT gene.>®%° p53 has an
essential role of conveying stress signals in the cell and acts as a tumor suppressor. During stress
like cold temperature shock or y-irradiation, p53 binds to these RE’s to increase transcription of
HTT mRNA and ultimately huntingtin levels.>® Additionally, huntingtin responds to heat shock
once the S13/S16 residues are phosphorylated. This triggers nuclear retention where it
transcriptionally regulates other stress response proteins and associates with stress-dependent

cofilin-actin rods to prevent actin treadmilling.®* The phosphorylation of S13/S16 is also
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important for huntingtin to respond to DNA damage or oxidative stress, as discussed in section

1.4.

Additionally, huntingtin is also involved in transcriptional regulation when the cell is not
stressed. Wildtype huntingtin binds to several transcription factors such as CAMP-response
element binding (CREB)-binding protein (CBP) and p53.3%%2 However, mutant huntingtin can
disrupt the interaction of many transcription factors, resulting in a dysregulated

transcriptome. 5364

Huntingtin is also required for proper cell division and cell fate determination in
progenitor cells. Depleting huntingtin results in inappropriate assembly and orientation of the
mitotic spindle, which causes a high level of cell apoptosis following mitosis. During mitosis,
huntingtin localizes to spindle poles and fibers, in addition to general cytoplasmic area outside of

the chromosomes.®®

1.5.4 Structure of Huntingtin

In 2018, the cryo-electron microscope (cryo-EM) structure of huntingtin was solved by
purifying recombinant huntingtin in complex with huntingtin-associated protein 40 (HAP40).%
Purified apo-huntingtin contained too much conformational heterogeneity that prevented cryo-
EM analysis. However, a recent 2021 paper by Harding et al. found a low 12 A resolution
structure of apo-huntingtin with a similar general structure as the huntingtin-HAP40 complex.
It contained a central cavity where HAP40 would be found in the complexed structure,
suggesting that HAP40 helps retain the structure of huntingtin without altering the general shape.
The rest of the structured protein is categorized into N-HEAT and C-HEAT domains (at N- and

C-termini) and a “bridge” domain which connects these HEAT repeats (Fig. 1).%
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About 25% of the model consists of unsolved flexible structures, with the largest
unsolved area being the intrinsically disordered region (residues 407-665); a region that hosts
multiple phosphorylation sites which modulate protein-protein interactions and accessibility to
proteases.*®®’ Exon 1 also has no structure and can take on a wide range of conformational space
given the environment that the protein is in.®® The structured regions of huntingtin do not change
with an expanded polyglutamine tract, however expanded exon 1 does cause a conformational
change in the intrinsically disordered domain (IDR), and interacts with the C-HEAT domain

which is not observed in shorter polyglutamine tracts.

Exon 1 IDR N-HEAT Domain Bridge C-HEAT Domain

| | l .

N17 PR-domain

Polyglutamine
tract

Figure 1: The structure of the huntingtin protein. (A) a to-scale representation of full-length
huntingtin (3144 amino acids). Exon 1 is made up of the N17 domain, the polyglutamine tract
which ranges in length, but is 36+ repeats in HD, and the proline rich domain. Other large areas
are colour coded to match the (B) cryo-EM structure (PDB ID: 6X09). The intrinsically
disordered domain (IDR) in gray and exonl are not found on the structure due to high flexibility.
On the 3D structure, HAP40 is shown in cyan with high areas of contact with N- and C-HEAT
domains; very little of HAP40 can be seen at the back of the structure (left). Bridge domain (red)
has points of contact with both HEAT domains and HAP40.
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1.6 Huntingtin associated protein of 40 kDa (HAP40)

The gene which codes for HAP40 is considered a “nested” gene as it is found on the X
chromosome in an intronic sequence (intron 22) of the Coagulation Factor VIII gene, thus giving
the name F8A for Factor 8 associated. In humans, there are three copies of this gene (intron
homologous region 1, 2, and 3) where 2 and 3 are located closer to the Xq telomere. All three
contribute to the overall HAP40 protein levels.®®-° Although the gene is associated with
coagulation factor VIII, there is no evidence that HAP40 has a role in blood clotting. However,
an inversion of intron 22, the sequence which codes for HAP40, leads to hemophilia A, a

recessive X-linked coagulation disorder.”

Like huntingtin, HAP40 is ubiquitously expressed.”® However, a single study showed that
in primary fibroblasts from HD patients, HAP40 protein levels are highly elevated compared to
healthy controls. The same trend is also seen in striatal tissue from HD human post-mortem
brains. Not much is known about the function of HAP40 protein other than its role in vesicular
trafficking of early endosomes through its interaction with Rab5, a regulatory guanosine
triphosphatase (GTPase). HAP40 is also required for huntingtin to join this complex. Once the
Rab5-HAP40-huntingtin complex is formed, it regulates the dynamics of early endosome by
switching the binding of the endosome from microtubules to actin. Endosomes move along actin
for short-range movements but require microtubules for long-range bidirectional movements.
Transgenic overexpression of HAP40 limits the velocity and range of movements for these
endosomes as it causes detachment of the endosomes from microtubules to switch to actin. This
is also apparent in HD cells, where HAP40 is elevated.>® Overexpression of HAP40 also results
in an interaction of it with the N17 domain of huntingtin, which could be pathological as the N17

domain is important for proper protein localization and ROS sensing.”?
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Research in evolutionary biology using bioinformatics has shown that huntingtin and
HAP40 most likely co-evolved at the root of eukaryotes due to their co-presence in unikonts
(eukaryotic supergroup) but absence in fungi.” The interaction between the two proteins is also
conserved, proposing the idea that these two proteins are dependent on one another. The cryo-
EM structure of huntingtin suggests that this dependence may be for stabilizing structure.3:57
Although the huntingtin structure could not be solved without being in complex with HAP40 due
to its flexible nature, the low-resolution structure of apo-huntingtin still has the same general

shape as complexed huntingtin, with a cavity where HAP40 would be found.%®

Another experiment by Harding et al. showed that when using native top-down mass
spectrometry to dissociate the huntingtin-HAP40 complex, the backbone of huntingtin
dissociates into C- and N-terminus fragments, but the HAP40 protein stays intact. This type of
experiment is done to cause dissociation of non-covalent complexes into their individual
subunits. However, the non-covalent interaction between HAP40 and huntingtin is stronger than
the covalent bonds between the amino acids of huntingtin. In buffers varying widely in salt
concentrations and ranges of pH, the recombinant huntingtin-HAP40 complex remains stable.
This very strong interaction between the two proteins is mostly mediated by hydrophobic
interactions along the large area of shared interface. Other strong interactions between the two
involve a charge-based interaction between the bridge domain of huntingtin and C-terminus end

of HAP40. %

1.7 HD mouse models
Due to the monogenetic nature of HD, studying the disease using animal models or cell
models can be more straightforward than diseases caused by multiple factors. However, many

models discredit the importance of the full HTT gene or huntingtin protein by developing
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transgenic overexpression models with only small portions of the gene. To develop therapeutics
in HD, pre-clinical trials need to be done in animal models to assess safety and efficacy before
proceeding to human clinical trials. Unfortunately, drug treatments which are successful in HD
mice or animal models have not translated to success in clinical trials, which could be due to a

lack of a model that accurately mimics human disease.’*

The R6/2 mouse is a commonly used transgenic model due to their rapid disease
progression which makes them easier to study. They express truncated huntingtin exon 1 with a
polyglutamine expansion of 82, along with the wildtype murine homolog of huntingtin. These

fragments aggregate in the mouse brain and result in neuronal toxicity.”

Transgenic full length huntingtin mouse models include the BACHD mouse (generated with
bacterial artificial chromosomes) and the YAC (yeast artificial chromosome) mouse, with full
genomic human HTT. These have 97 and 125 CAG repeats, respectively. Disease progression in
these mice is more like human HD, as they experience progressive and later age onset cognitive
and motor symptoms, and selective neurodegeneration of the striatum and cortex.”””® However,
in all mouse models, the CAG expansion is very high and not representative of most CAG

expansion lengths found in human HD.®

1.8 HD human cell models

Primary cells derived from human HD patients are a biologically relevant model as they
have relevant CAG lengths and contain any epigenetic or cellular changes that occurred during
the slow progression of the disease. Neurons, the main cell type implicated in HD, cannot be
safely collected from patients. However, fibroblasts can be obtained through a skin biopsy and
can be cultured and propagated. Hung et. al immortalized patient fibroblasts using human

telomerase reverse transcriptase (hnTERT) to create the TruHD cell line, which are commonly
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used in the Truant lab. This model overcomes caveats of primary fibroblasts which reach
senescence quickly and accumulate chromosomal abnormalities when passaging.*® The use of
hTERT makes this cell line more robust and maintains the function of p53, which is perturbed in

many human cell lines like HeLa cells.”

Another strong well characterized HD cell model are induced pluripotent stem cells
(iPSCs). Patient derived HD fibroblasts be reprogrammed to generate iPSCs, which could then

be differentiated into neurons or other cell types for cell-specific HD research.®

1.9 Studying huntingtin protein with fluorescence microscopy

Fluorescence microscopy is a popular way of tracking the localization and function of a
protein of interest in live cells, which is usually done by tagging the protein to a fluorescent
protein (FP) like GFP. However, transfecting cells with full length huntingtin fused to an FP is
technically challenging; it is often toxic or not well expressed by cells.®! In HD, many labs result
to transfecting truncated exon 1 or another N-terminal fragment of huntingtin with a long
polyglutamine expansion, typically longer than disease relevant lengths.””#2 These fragments
tend to overexpress, do not recapitulate whole protein, and are more prone to aggregation (even

more so when fused to an FP).83

1.9.1 Utilizing Fluorescent Microscopy Without Fluorescent Proteins

Proteins of interest (POI) can be genetically fused to other tags that are not fluorescent
but can react with substrates that add a fluorophore.®* A popular example of this is the SNAP-
tag, which requires the POI to be fused to the 20 kDa enzyme O%-alkylguanine-DNA
alkyltransferase (hnAGT). The substrates are O%-benzylguanine derivatives linked to a fluorescent
dye.81 Another genetic method uses unnatural amino acid (UAA) mutagenesis to add a non-

sense codon (like an amber codon) into the gene of the POI. This codon can be selectively added
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to the area of interest within the protein. A second plasmid encoding aminoacyl-tRNA synthetase
and tRNAs is transfected which incorporate UAA’s with handles for bioorthoganol click

reactions with fluorophores to the POI.%

Alternatively, recombinant protein can be delivered to live cells to avoid genetic transfection.
The recombinant protein can be directly labelled with organic fluorophores in vitro at cysteine,
lysine, or N-terminal residues.®” Maleimide derivatives of fluorescent dyes can conjugate the dye
onto the thiol group of cysteine, while amine-reactive derivatives, such as succinimidyl-esters
(SE) or tetrafluorophenyl (TFP) esters conjugate the primary amines of lysine residues and the
N-terminus.28 Much variety exists in the excitation and emission spectra of these dyes, and they

are smaller, can be more photostable, and brighter than fluorescent proteins.®

1.10 Huntingtin-lowering compounds: Current main research focus of HD therapeutics
Due to the presence of huntingtin protein aggregates found in post-mortem HD brain
tissue, the toxic effects of these aggregates based on overexpression models, and aberrant
protein-protein interactions exhibited by mutant huntingtin, the current therapeutic research
focus in HD has been on lowering huntingtin protein.®®! Recent clinical trials by pharmaceutical
companies Wave Life Sciences and Roche utilizes antisense oligonucleotides (ASO’s) which
bind to complementary strands of pre-mRNA through Watson-Crick base pairing. This binding
causes either interference or degradation by RNase H, therefore reducing transcripts and protein
translation.%? These compounds were injected intrathecally as they do not cross the blood brain
barrier (BBB). The ASO used by Roche was not allele selective and thus lowered both mutant
and wildtype huntingtin in heterozygous HD, while Wave used an allele selective ASO to only

lower mutant huntingtin.®
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However, reducing huntingtin protein levels could raise adverse effects due to the
necessity of the protein in the body and brain. For example, a reduction of wildtype huntingtin
reduces vesicular transport of brain derived neurotrophic factor (BDNF) in neurons, a factor that
is critical for neuronal health.>” A counter argument that supports mutant huntingtin despite the
possible consequences of wildtype lowering can be made from evidence of the age onset effect
of a non-coding SNP in a nuclear factor kB (NF-kB) transcription factor binding site of the HTT
promoter. This SNP reduces HTT transcriptional activity. When present on the expanded allele,
the transcript lowering effect was associated with a 9.3 year delay in age onset. However, when
present on the wildtype allele, the lowering of wildtype huntingtin was associated with a 3.9 year
earlier age onset.** Some interpret this data as a net beneficial gain for HD patients because the
effect of mutant huntingtin lowering seems to be more impactful than wildtype lowering based
on the effect of age onset. While the Wave ASO does not affect wildtype huntingtin, this
approach would not be beneficial for homozygous HD patients who do not have a copy of the

wildtype gene.

Ultimately, the results from these clinical trials were unsuccessful in showing therapeutic
benefit. The mutant huntingtin specific ASO from Wave was unsuccessful in phase 1b/2a trials
as it did not lower huntingtin levels significantly, however the company is modifying the ASO
chemistry to eventually restart clinical trials.®®> Meanwhile, the Roche ASO stopped at phase 3 as
there was no beneficial effect.%® At a recent (2021) CHDI conference, it was revealed that HD
participants receiving the ASO had worse outcomes in a dose-dependent manner when compared
to placebo.® It is uncertain if this worsening of symptoms is a direct result of wildtype

huntingtin lowering, or if the ASO drug has toxic effects through another pathway.
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1.10.1 Branaplam: a small molecule splicing modulator that lowers huntingtin

Other than ASO’s, small molecules which alter the way huntingtin mRNA is spliced are
being investigated. These compounds have the benefit that they are BBB penetrable and are
delivered into the brain more effectively than ASO’s.%? One example is the compound branaplam
(LMI1070), which will be used in HD clinical trials this year (2021) by Novartis. Branaplam was
initially discovered as a compound to treat spinal muscular atrophy (SMA) because it serves as a
modulator of SMN2 (survival of motor neuron) exon 7 inclusion, which increases SMN2
production and compensates for the lack of SMN1 seen in SMA.93 During phase 1 trials of
branaplam in infants with SMA, it was found branaplam had off-target effects impacting 40-50
genes, with HTT being one of the most significantly impacted genes. Branaplam reduces the
production of HTT transcripts by binding to and stabilizing an intronic sequence between exons
49 and 50 which results in its inclusion in the mature transcript. This intronic sequence has a
premature stop codon which results in HTT mRNA degradation.®® The benefits of this drug are
that it reduces huntingtin levels in a dose-dependent and reversible manner which could be safer

than the ASO method.

1.11 Project Rationale

Live cell fluorescent microscopy experiments are commonly done in the Truant lab to
investigate the function of huntingtin. Due to the technical challenge in transfecting full-length
huntingtin, fragments of huntingtin fused to a fluorescent protein are the standard method of
transfection. The fragment is usually exon 1, as it contains the disease-causing polyglutamine
tract. However, this excludes most of huntingtin as full-length protein is 67 exons, which

prevents effective recapitulation of disease.
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To improve the current fluorescence models to study HD, we propose that transduction of
fluorescently labelled recombinant huntingtin will circumvent the challenges of transfecting
GFP-fusion full-length huntingtin and will be more biologically accurate than transfected GFP-
fusion fragments. Since we are interested in studying the function of huntingtin in the DNA
damage response and cell stress, retinal pigmented epithelial cells (RPE1) which are hTERT
immortalized will be used as they have a functional p53 protein. We are able to use recombinant
protein as our collaborator Dr. Rachel Harding produces huntingtin in large quantities, both in
apo form or complexed with HAP40.

Moreover, Dr. Harding has shown that when HAP40 and huntingtin are translated
separately for purification, they do not form complexes or interact outside of the cell. When they
are co-translated, they remain in a very strong complex.®” Utilizing this property of the
recombinant protein, we can track huntingtin in response to DNA damage to learn if this function
is carried out by apo-huntingtin and/or huntingtin-HAP40 complex. This method can also reveal
if the cryo-EM structure of huntingtin is biologically relevant to the conformation of the protein
in response to DNA damage, and if it requires HAP40 for this function.

Since Maiuri et. al demonstrated that huntingtin interacts with DNA damage repair
enzymes upon the induction of oxidative stress, we propose to use fluorescence lifetime imaging
microscopy to detect Forster resonance energy transfer (FLIM-FRET) to detect these protein-
protein interactions. This would be a microscopy application of the previously described
proposed method of fluorescently labelling recombinant huntingtin.

Another goal of this project involves the use of the huntingtin lowering drug branaplam,
because Novartis has begun clinical trials for this drug but there is not any public data available

on how branaplam affects HD. Most data for this drug is available in the context of SMA, which

17



M.Sc. Thesis — N. Begeja; McMaster University — Biochemistry and Biomedical Sciences

is a disease affecting children immediately at birth, compared to HD which is age onset. To study
the cellular effects of branaplam in HD, we will use TruHD fibroblasts. This drug will also be
used to investigate if it has any downstream effects on HAP40 protein levels as a by-product of

huntingtin lowering, to see if huntingtin regulates its expression levels.

Additionally, since defective DNA repair is a hallmark of HD and the huntingtin protein
has some role in DNA repair, it is of interest to investigate if branaplam increases or reduces this
problem. It would also be important to observe if there are any harmful consequences to
lowering wildtype huntingtin in a disease where functional huntingtin is already limited due to
the mutant huntingtin allele. To overcome the gap in evidence in the effectiveness of huntingtin
lowering as an HD therapeutic, | propose to investigate if any changes occur to HD-associated

phenotypes in a clinically relevant model like TruHD cells.

Overall, this project aims to improve current fluorescent HD models and to use the
huntingtin lowering drug branaplam to investigate the relationship between huntingtin and
HAP40, while also determining if branaplam can ameliorate HD phenotypes in TruHD

fibroblasts.
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Chapter 2: Methods and Materials

2.1 Tissue Culture

hTERT-immortalized RPEL1 cells from American Type Culture Collection were grown in
Dulbecco’s modified Eagle’s (DMEM/F12 1:1) media with 10% FBS and 0.01 mg/mL
hygromycin B (Invitrogen) at 37°C with 5% CO.. hTERT-immortalized TruHD-Q21Q18
(wildtype spousal control) and HD patient TruHD-Q43Q17 fibroblast cells* were cultured in
minimal essential medium (MEM) with 15% FBS and 1% GlutaMax at 37°C with 5% CO:..

Unless specified, all reagents were from Life Technologies.

2.2 Branaplam (LMI1070) Treatment

The powdered form of branaplam was dissolved in DMSO to make a stock concentration
of 10 mM and stored at -80°C. The dissolved compound was diluted in media fresh prior to cell
treatment to a concentration of 10 pM. Previous media on cells was discarded and replaced with
fresh media, where the 10 uM stock of branaplam was diluted to final concentrations in the
nanomolar range (ranging from 5-200 nM). For 24 hour treatments, branaplam was added to
seeded plates of 70-80% confluent TruHD fibroblasts. For 72 hour treatments, branaplam was

added to 50% confluent plates of TruHD fibroblasts, or 30-40% confluent RPE1 cells.

2.3 Recombinant Protein Labelling

Recombinant proteins were all provided by Dr. Rachel Harding. Proteins are produced in
Sf9 cells by FLAG-tag purification, followed by high resolution size exclusion chromatography.
The purified protein is concentrated in a buffer composed of 20 mM HEPES pH 7.4, 300 mM

NaCl, 1 mM TCEP, 2.5% (v/v) glycerol.
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Protein samples (apo-Htt and Htt-HAP40) were diluted to a concentration ranging from
1-2 mg/mL in the same buffer. A 0.2 pum nylon membrane filter centrifugal tube was equilibrated
by adding sterilized protein buffer and centrifuging for 5 minutes at 10,000 x g. The flowthrough
was discarded. Protein sample was then added to the equilibrated tube and centrifuged for 10
minutes at 10,000 x g in 4°C for the purpose of sterilization. The eluted protein sample was

collected.

Alexa Fluor 488 TFP ester (Thermo Fisher) was diluted in a volume of 1 M NaHCO3
which was 1/10™ of the volume of the protein sample. After mixing, the volume was
immediately added to the protein sample to have a final concentration of 0.1 M NaHCOs. This
tube was wrapped in aluminum foil to prevent photobleaching and put on a rotating rack in 4°C
for 6 hours. Approximately every 30 minutes, the tube was vortexed because surface tension in

the small volume of the tube limited mixing.

After 6 hours, the sample was diluted by adding 3X the volume in protein buffer. A 0.5
mL 100 kDa molecular weight cut-off (MWCO) centrifugal filter (Millipore) was equilibrated by
adding protein buffer and centrifuging for 5 minutes at 8,000 x g. The diluted labelled protein
sample was added to the filter, and centrifuged for 2 minutes at 8,000 x g. The flowthrough was
removed, then about 100 uL of protein buffer was added to the concentrated sample and pipetted
well. The centrifuge step along with the addition of protein buffer was repeated twice in order to
remove all unbound dye while also concentrating protein. Protein concentration was measured
on a NanoVue spectrophotometer (GE Healthcare), aliquoted into tubes, flash frozen in liquid

nitrogen and stored at -80°C.
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2.4 Protein transduction via electroporation

RPEL1 cells at 80-90% confluency were dissociated from plate using trypsin for 5
minutes. 9 mL’s of DMEM:F12 1:1 media was added and cells were homogenized. 5 mL of cells
were collected to be centrifuged for 500 x g for 5 minutes. After centrifugation, media was
aspirated and cells were re-suspended in serum-free DMEM:F12 1:1. Centrifugation and media
aspiration was repeated. Cell pellet was then resuspended in 100 puL “SF cell line” reagent
(Lonza). 3-7ug of fluorescently labelled recombinant protein (either AF488-HTT or AF488-
HTT-HAP40) and 2 pg of H2B-mCherry plasmid were mixed well with the cell suspension.
Mixture was pipetted into electroporation cuvettes and put into the X-unit of Lonza 4D
Nucleofector device. Cells were electroporated using the setting “DN-100", then removed from
device and allowed to incubate at room temperature for 10-15 minutes. 500 pL of media was
added to the cuvette, and this mixture was pipetted out to seed plates. 150 uL of the
electroporated cell mixture was mixed with 2.25 mL of media to seed ibidi pu-Slide 8

Well chambered coverslips.

2.5 Western Blot

Cells were grown on 10 cm dishes according to section 2.1 and scraped when confluency
reached 80-90%. Cells were collected in a 15 mL tube to be centrifuged at 1,500 x g for 5
minutes. The cell pellet was washed once with 1 mL of PBS, then centrifuged at 10,000 x g for 5
minutes. The cells were then lysed using radioimmunoprecipitation assay buffer (50 mM Tris-
HCI pH 8.0, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, ] mM EDTA) with
protease and phosphatase inhibitors (Roche) for 12 minutes on ice. Cells were then centrifuged
for 12 minutes at 10,000 x g in 4°C. The supernatant was collected, and protein levels were

measured by conducting a Bradford assay. 60 pg of cell lysate supernatant was denatured with
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SDS loading buffer and boiled for 8 minutes, then loaded into a precast 4-20% gradient gel (Bio-
Rad). The gel was then transferred to a PVDF membrane (Millipore). Membranes were blocked
in TBS-T (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.1% Tween-20) containing 5% skim milk
powder for 1 hour then cut into three sections to be probed with primary antibodies against
huntingtin (Millipore MAB2166; 1:2500), HAP40 (LS-C167891, LSBio; 1:750 OR sc-69489,
Santa Cruz; 1:500), and vinculin (EPR8185, Abcam; 1:2500) in the same buffer overnight at

4 °C. Membranes were washed four times with TBS-T then probed with horseradish peroxidase
secondary antibodies (Abcam) for 30 minutes at room temperature. After washing as above,
membranes were incubated with enhanced chemiluminescence reagent (Millipore) and imaged
with a MicroChemi chemiluminescence detector (DNR Bio-imaging Systems). The Gel
Analyzer function on ImageJ was used to quantify protein signal. Huntingtin and HAP40 signals

were normalized to the vinculin signal from the corresponding lane.

2.6 Widefield Imaging and Measurement of Fluorescence Intensity

Quantitative immunofluorescence experiments were imaged using the EVOS FL Auto 2
inverted widefield microscope (Thermo Fisher) at 20X magnification. To avoid bias, the 405 nm
light was used to find cells by nuclei, which had been stained with Hoechst. Images were also
taken on locations that were spread out across the plate. CellProfiler®® was used to analyze the
images by measuring the fluorescence intensity of the specific antibody in the area encompassed

by the nucleus.

2.7 Confocal Microscopy
Confocal laser scanning microscopy was used to acquire qualitative immunofluorescence
images and live cell images. The Nikon Al+ confocal system was used with a PLAN APO

60/1.4 oil objective and PLAN APO 20/0.75 dry objective. Laser lines used were 405 nm, 488

22



M.Sc. Thesis — N. Begeja; McMaster University — Biochemistry and Biomedical Sciences

nm, 561 nm, and 640 nm. Live cells were imaged in PBS with Ca?* and Mg?*. For overnight

imaging, 10% FBS was added to this buffer.

The laser stripe assay was acquired with the Nikon C2 confocal system using a 405 nm

laser with 1 ROI at 50% laser power with 1 second scanning speed.

2.8 Immunofluorescence

Cells were cultured on ibidi p-Slide 8 Well chambered coverslips and grown to a
confluency of 80-90% prior to fixation. Methanol fixation: Ice cold methanol was added to cells
for 12 minutes and kept on a rocker in 4°C. Methanol was aspirated and cells were washed twice
for 10 minutes with PBS. Paraformaldehyde (PFA) fixation: 4% PFA was warmed to room
temperature and applied to cells for 20 minutes. Cells were washed three times for 5 minutes
with PBS, then permeabilized in 0.2% Triton-X in PBS for 5 minutes. Cells were washed three
times for 5 minutes with PBS. Both methods: Cells were blocked for 1 hour at room temperature
in blocking buffer (10% FBS in PBS), then incubated with primary antibody diluted in blocking
buffer (EPR5526, MAB2166, phospho-N17, pan-N17: diluted at 1:250. MABE1031 (PAR
detection reagent) diluted at 1:500) overnight and kept on a rocker at 4°C. Cells were washed in
PBS three times for 5 minutes, then a 1:500 secondary antibody solution was added at room
temperature for 45 minutes. Cells were washed in PBS, then nuclei were stained with Hoechst
dye 33258 (0.2 pg/mL in PBS) at room temperature for 5 minutes, then washed again. Cells were

stored and imaged in PBS + 0.02% NaNa.

2.9 FLIM-FRET Microscopy
FLIM-FRET experiments were done on the ISS Alba FastFLIM frequency domain device
connected to the Nikon Al+ confocal microscope using the 60X oil objective (Nikon) using a

447 nm pulsed diode laser at a frequency of 120-200 MHz. The fluorescence signal was directed
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through a 505 nm-long pass filter, and the signal emitted from the sample was split to be directed
onto two photomultiplier detectors. The signal reaching the detectors was filtered through either
a 475/28 nm or 520/35 nm bandpass filter (Semrock). Images were acquired at 512x512 frame
size with a pixel dwell time of 12.1 ps/pixel until the photons collected reached a count of about
100, which required 20-30 frames. Image acquisition was under a minute per frame. Analysis of

lifetime measurements were done using the ISS VistaVision software.

2.10 Plasmid Transfection

For the FLIM-FRET experiments, RPE1 cells were transfected with either the
mCerulean-C1 plasmid (Addgene), the mCerulean-linker-YFP plasmid (cloned by Nick Caron),
or the mCerulean-Htt-Q138-YFP (Nick Caron) plasmid using the chemical transfection reagent

TransIT-X2 (Mirus). Cells were imaged approximately 24 hours after transfection.

2.11 Statistical Analysis

All statistical analysis and graphing were done using GraphPad Prism 9 software, except
for figures 9C and 9D which used Adobe Illustrator. If only two groups were compared (as seen
in Fig. 2B), a normality test was first performed. Since the data passed the normality test, a
Student’s t-test was done with an alpha of 0.05. For experiments that tested the effect of two
independent variables on a dependent variable, an ordinary two-way ANOVA and Tukey’s
multiple comparisons test were performed using standard error and 95% confidence intervals.
For experiments that tested if there was a correlation between two variables, linear regression

was performed using 95% confidence intervals to find the coefficient of determination (R?).
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Chapter 3: Results

3.1 Optimization of ISS FLIM-FRET system for live cell use

Forster resonant energy transfer (FRET) occurs between two fluorophores. The energy
from an excited donor fluorophore can be transferred to a nearby acceptor fluorophore through
nonradiative dipole-dipole coupling. A donor fluorophore must be excited by a shorter (higher
energy) wavelength than the acceptor, but the two must have spectral overlap.l® An example of
a donor-acceptor pair is mCerulean and YFP, which were used in the subsequent experiments.
mCerulean is the donor as its peak excitation is 435 nm and its emission is 475 nm, meanwhile
YFP has a peak excitation of 515 nm and emission of 530 nm.'%! Since this energy transfer can
only occur if the fluorophores are under 10 nm apart, measuring FRET can be useful for
detecting protein-protein interactions.% It is worth noting that this distance requirement is
stricter and shorter in some fluorophores, such as two interacting fluorescent proteins. The
shortest distance between the two for FRET is approximately under 6 nm.1% In a biological
system, the two proteins of interest (POI) in a system would be labelled by a donor or acceptor

fluorophore.

In our system, FRET was detected by measuring the lifetime of the donor fluorophore
(FL1M). When a fluorophore gets excited, its electrons advance to the excited state “S1”. The
lifetime of the fluorophore is the amount of time it stays in this excited state before decaying and
releasing a photon, which is usually measured in nanoseconds.%®* When FRET occurs between
two fluorophores, the lifetime of the donor is reduced due to energy quenching. Thus, a negative
FRET control of a donor alone would have a longer lifetime than a positive FRET control of a

donor fluorophore interacting with an acceptor.%
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The role of huntingtin in the DNA damage response is not well characterized. To
investigate the recruitment of huntingtin to DNA in response to oxidative stress, we propose to
use FLIM-FRET in RPE1 cells that are transfected with fluorescent huntingtin and histone 2B
(H2B) as a DNA marker. Additionally, since DNA repair is deficient in HD cells, we propose to
use FLIM-FRET to investigate interactions between DNA repair proteins such as XRCC1 and
PARP1 in response to DNA damage or oxidative stress. This would be done in TruHD
fibroblasts, and the DNA repair protein interaction dynamics would be compared to control

fibroblasts.

The ISS FastFLIM microscope uses the frequency domain, which acquires the lifetime of
fluorophores more quickly and with reduced photobleaching compared to the more commonly
used time-domain FLIM system. This allows for the detection of fast and dynamic changes in
protein-protein interactions.'® Since stress and DNA damage responses in the cell are fast and
inducible, this system allows us to capture changes in protein-protein interactions while also
estimating the length of the interaction and the time required for these changes to occur after

induced stress.

To test if the FLIM system is working, RPEL cells were transfected with a mCerulean
plasmid as a negative FRET control, which has a published lifetime of 2.9 ns.1® The positive
control was a mCerulean-linker-YFP plasmid, which encodes for two closely positioned
fluorophores separated by a short linker. This control pair would be appropriate for detecting
interaction between two POls tagged to either mCerulean or YFP. These control condition cells
were imaged in PBS with Ca?* and Mg?*, which is important to keep consistent in testing
conditions because the ion composition and pH of the fluorophore’s environment can impact

lifetime.
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The lifetime of mCerulean acquired by the device was around 2.9-3.0 ns which matches
the literature. However, the lifetime of the positive control (mCerulean-linker-YFP) was the
same, indicating a problem. This positive control was validated in the past by Dr Hung and Dr
Caron who used it with a time-domain FLIM microscope and found a reduced lifetime of 2.3 ns.
The problem was troubleshooted by first ensuring proper calibration of the microscope. This is
done by imaging a dissolved dye with a known lifetime, and then adjusting the microscope
settings to assign the published lifetime value to the sample. Both fluorescein dye dissolved in
PBS and coumarin-6 dissolved in 100% ethanol were used for calibration. When the microscope
was tested with either dye after the calibration process, the lifetime values were as expected (4.0

and 2.6, respectively).

More troubleshooting was done by adjusting the Nikon Confocal A1+ and ISS FLIM
microscope settings. Eventually | found that the emission filters of the detectors on the FLIM
microscope were incorrectly positioned, and a new filter was required to detect signal only
arising from mCerulean, the donor fluorophore. In the positive control, I suspect that the
microscope was detecting the lifetime of YFP, which was excited through FRET. An emission
filter of 475 nm was used which picks up the peak emission from mCerulean but not YFP, thus

only measuring the decayed lifetime of mCerulean.

Representative transfected cells with their accompanying phasor plots are seen in Figure
2A, which were taken from the VistaVision FLIM software. Each pixel from the image is plotted
on the phasor plot, where the lifetime of a specific area in the cell can be found. For both
negative and positive control cells, these pixels are centralized to a circular area on the plot,
indicating that the lifetime of mCerulean is homogenous across the cell. The negative control

lifetime averaged at 3.0 ns, compared to the positive control of 2.2 ns, with a standard deviation
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of 0.03 and 0.08 ns respectively. This result was consistent across 3 trials, where at least 50 cells
were imaged each time (Fig. 2B). Thus, it could be concluded that the microscope was correctly

configured.

3.1.1 FLIM-FRET system can highlight sub-cellular areas of FRET or protein-protein
interaction

The mCerulean-Htt-Q138-YFP plasmid contains exon 1 of huntingtin with a
polyglutamine tract of 138. Using the time-domain FLIM system in the past, Caron and Hung
transfected cells with this plasmid and saw varying levels of FRET between mCerulean and YFP
depending on whether the protein was expressed diffusely or aggregated. The aggregated state of
the protein caused by expanded exon 1 brings the two fluorophores close to each other, resulting

in high FRET.>

To test the ability of the FastFLIM system to distinguish specific areas in the cell where
FRET is high apart from areas where FRET is low (a heterogeneous distribution), this plasmid
was transfected in RPEL cells. The phasor plot in Figure 2C shows a more stretched-out
distribution of pixels compared to the more circular area of the phasor plot in Figure 2A. By
highlighting these different populations of lifetimes on the phasor plot to project onto the cell, it
can be seen that areas of circular aggregates highlighted in green have a low lifetime of 2.06 ns
(high FRET) compared to more diffuse areas highlighted in blue and pink where the lifetime is
2.50-2.94 ns. Thus, this proof-of-concept experiment demonstrates that the FLIM microscope
can specifically highlight areas in the cell of protein-protein interactions (high FRET) apart from

other areas where this interaction is not occurring.
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3.2 Fluorescently labelled recombinant huntingtin can be transduced into cells

The predominant models of studying huntingtin in live cells with fluorescent microscopy
uses transfected plasmid encoding htt exon 1 fused to a FP, which neglects much of (~97%) the
protein. Full length huntingtin transfects poorly or is toxic to cells. To overcome these
limitations, we propose fluorescently labelling full length recombinant huntingtin with a dye to

then transduce it into human cells.

3.2.1 An optimized method for labelling recombinant protein with Alexa Fluor 488

Recombinant apo-Htt and Htt-HAP40 with polyglutamine lengths of 23 (Q23) were
provided to us by Dr. Harding, who produces this protein in Sf9 insect cells. To fluorescently
label the protein, we chose the dye Alexa Fluor 488 (AF488) TFP due to its relatively low
molecular weight (643 g/mol) compared to AF dyes in the red spectra, its high photostability and

brightness, and its ability to form strong carboxamide bonds.!%

It was found that some of the protein samples had low levels of bacterial contamination
which needed to be removed prior to labelling because the protein would later be transduced into
live cells. This was solved by filtering protein samples through a 0.2 um centrifugal filter prior to

starting the labelling reaction.

A general antibody labelling protocol from Thermo Fisher was loosely followed with
several changes made to adjust for a larger and less stable protein. The protocol suggests reacting
the dye with protein for 1 hour at room temperature, but since Dr. Harding has observed
degradation of huntingtin after an hour at room temperature, the reaction was done for 6 hours at
4°C instead. Because of the small protein volume, there was high surface tension in the

Eppendorf reaction tube which reduced fluid movement when the tube was placed on the rotator.
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To overcome this problem, the tube was removed from the rotator to be vortexed every 30

minutes.

Another factor that was tested was the pH of the reaction. A basic pH is required for
conjugation of AF488 to either lysine residues or the protein N-terminus, but more residues will
be labelled if the pH is increased. Although this would allow for greater signal for microscopy
and therefore less protein to transfect cells, having over three AF488 labels per protein can cause
artificial aggregation. Another caveat of a high pH is the increased chance for protein misfolding.
Thus, the pH was adjusted to 8.1 by using a final concentration of 0.1 M NaHCOs3. These

conditions were assessed by measuring the degree of labelling (DOL) after the protein was

Aygg XMW
[protein]egye

purified, using the equation: DOL = where Asgs is the absorption of the labelled

protein at 488 nm, MW is the molecular weight of the protein, and &aye iS the extinction
coefficient of the dye. The conditions described resulted in an average of three dye molecules per

protein.

To separate the unlabelled dye from the protein, size exclusion gel filtration using
Sephadex G-25 was initially attempted but resulted in loss and dilution of labelled protein.
Instead, a 100 kDa MWCO concentrator centrifugal tube was used. Although this type of tube is
typically used to concentrate protein samples after protein purification, it can also separate small
components such as unbound dye from large proteins as it won’t overload the filter. Fresh

protein buffer was added to the tube until the eluate ran clear.

3.2.2 Electroporation as an effective method for protein transduction in RPE1 cells
The first attempted method of protein transduction used the chemical transduction

reagent ProteoJuice (Millipore) but was very inefficient and toxic to RPE1 cells. Electroporation
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was subsequently attempted because Alex et. al demonstrated proteins could be electroporated
into RPE1 cells with retained functionality.?” Since our electroporation device was not the same
as this group’s, electroporation settings needed to be optimized. Since we use the Lonza
Nucleofector, specific settings such as voltage are not revealed to the user, and pre-set codes
must be used. The DN-100 setting was successful in transducing protein and caused minimal cell
death (Fig. 3). Protein and plasmid can be co-electroporated without any extra steps, which is
illustrated in Figure 3 where H2B-mCherry is in red. The procedure described by Alex et. al also
used centrifugation and trypsinization following electroporation to remove any non-internalized
proteins which would still give off signal when imaging cells, but this was omitted because it

reduced the viability and health of the RPEL1 cells.

The next consideration was the quantity of protein to transduce. Too much protein would
result in an overexpression system, however too little would result in low fluorescence signal.
Figure 3A highlights the visual difference in transducing a low quantity of 3-5 ug or high
quantity of 6-7 pg of protein with either AF488-apo-Htt or AF488-Htt-HAP40. Transducing the
same micrograms of protein for both constructs result in more protein molecules for AF488-apo-
Htt than AF488-Htt-HAP40 due to their differences in MW, which is why the AF488-apo-Hitt
images appear brighter and more concentrated with protein. Therefore, quantifying protein

samples by molarity would be a more appropriate measure that should be followed in the future.

3.3 Characteristics of transduced AF488-apo-Htt and AF488-Htt-HAP40 in live RPEL cells
3.3.1 Localization and Potential Phase Separation

By visual assessment of microscopy images, cells transfected with either AF488-apo-Htt
or AF488-Htt-HAP40 have similar protein localization. Most of the protein localizes to the

perinuclear space, with some diffuse localization seen in the nucleus and cytoplasm (Fig. 3). This
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is consistent with the localization of endogenous full-length huntingtin, which is based off
immunofluorescence.'® Huntingtin can be found in organelles residing in the perinuclear space,
such as the endoplasmic reticulum, Golgi apparatus, and mitochondria. While it cannot be
confirmed that AF488-apo-Htt or AF488-Htt-HAP40 localized to these organelles as no
fluorescent marker of these organelles was used, the punctate and clustered appearance of both

labelled proteins resembles vesicles of the Golgi apparatus or the endoplasmic reticulum, 8109

Regardless of the amount of protein transfected, in a good portion of cells, both AF488-
apo-Htt or AF488-Htt-HAP40 formed large 3D spherical shapes around the nuclei, with an
estimated length of 3-10 um at their longest point (white arrows in Fig. 3). It is difficult to
conclude the identity of these globular shapes, as they could be protein aggregates or phase
separated protein clustering with other cellular components. A Z-stack was acquired to observe
the shape of these proteins from a Y-axis point of view (Fig. 3B) where the protein sphere
appears to be pressing against the cell nuclei without entering. Based on time-lapse imaging of
RPEL1 cells, cells exhibiting these 3D protein spheres did not appear to die any quicker compared
to cells without (data not shown). The protein spheres (white arrows) are also mobile and do not

inhibit the cell’s ability to divide (Fig. 4A).

3.3.2 Cells Transduced with Fluorescent Recombinant Protein Can Divide

If cells are transfected with FP-fused full length huntingtin plasmid, cells cannot divide.
Our lab has also used huntingtin intrabodies fused to a FP to visualize endogenous huntingtin,
however cells transfected with this plasmid also do not divide.'® Since huntingtin has a role in

mitotic orchestration®®, visualizing its localization throughout mitosis is important.

Unlike plasmid transfection, RPEL cells transduced with either AF488-apo-Hitt or

AF488-Htt-HAP40 can divide. In Figure 4A, mitosis was captured by using automated imaging
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overnight on the confocal microscope. Due to the spherical conformation that a cell takes during
mitosis, some stages of division are not well captured (40 minute mark). Interestingly, the
spherical protein cluster remained intact during and after mitosis (white arrows). In this cell and
others observed, the distribution of labelled protein seems to be uneven between the two new

cells.

Immunofluorescence experiments on fixed mouse neuronal cells have shown that
huntingtin localizes to the spindle poles between prophase to late anaphase and to the midbody
of mitotic spindles during telophase.®® To test if labelled recombinant protein localizes
appropriately during mitosis, the microtubule stain SiR-tubulin was used on RPEL1 cells
transduced with AF488-Htt-HAP40 16 hours prior to imaging (Fig. 4B, C, and D). In the stages
of mitosis captured, the majority of AF488-Htt-HAP40 signal seems to be dispersed in punctate
areas around the perimeter of the cell. During metaphase (Fig. 4B) there may be some co-
localization with tubulin at the spindle poles, as pointed by the white arrows. During anaphase
(Fig. 4C) a Z-stack was captured then 3D rendered on ImageJ to see if AF488-Htt-HAP40 was
truly co-localizing with tubulin, or if it was hovering above or below tubulin. Although there
seem to be some areas of co-localization with tubulin, AF488-Htt-HAP40 does not seem to be at
the spindle poles. During telophase (Fig. 4D) the majority of AF488-Htt-HAP40 is around the

perimeter of the cells, but there is a small amount found near the midbody (white arrow).

3.4 Validating signal and function of transduced AF488-apo-Htt or AF488-Htt-HAP40
3.4.1 Co-localization of recombinant protein with huntingtin antibody is variable

To ensure that the signal observed in the 488 nm channel is in fact huntingtin protein as
opposed to free floating dye, immunofluorescence using four different validated huntingtin

antibodies was done on transduced cells (Fig. 5). When transduced cells were fixed, the
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recombinant huntingtin signal appeared to get more diffuse in some areas, but more “clumped”
or “aggregated” in others compared to live cells. The distinct punctate areas of co-localization

are illustrated by white arrows.

The anti-phospho-N17 antibody detects phosphorylated S13 and S16 residues and co-
localizes with recombinant proteins in areas where it is diffuse and in small puncta, but poorly in
areas of large “clumped” recombinant protein. The anti-N17 (pan) antibody, which detects both
versions of S13 and S16, had a similar co-localization pattern with recombinant protein as anti-
phospho-N17 in diffuse areas, but had more co-localization in the punctate areas. Out of all four
antibodies, mAb2166 had the most overlap with areas of “clumped” or large punctate areas of

protein, whereas co-localization with EPR5526 was poor.

3.4.2 Neither AF488-apo-Htt nor AF488-Htt-HAP40 reproducibly respond to oxidative stress
like endogenous huntingtin

One of the desired outcomes of an improved HD fluorescence model is the ability to
track the huntingtin protein in response to oxidative stress or DNA damage to learn about its role
in these areas. Thus, it is imperative that labelled recombinant huntingtin retains the functionality
of endogenous huntingtin. Since we are using both apo and complexed recombinant huntingtin,
we expect that by testing their functionality in vivo, we can determine which conformation is

required for biological functionality.

In response to oxidative stress by potassium bromate (KBrOs3) treatment,
immunofluorescence experiments show that endogenous huntingtin localizes to the nucleus and
strongly associates with chromatin like other DNA repair proteins.t® To test if AF488-apo-Hitt or
AF488-Htt-HAP40 localize to the nucleus in response to KBrOs, 100 mM of KBrOs (dissolved

in PBS + Ca?* and Mg?*) was added to live cells on the microscope stage to observe if there was
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a change in fluorescence intensity at the nucleus (Fig. 6). This experiment was done at least three
times with each construct, however in cells transduced with AF488-apo-Htt, there was never an
observed change in nuclear intensity. The nuclear fluorescence signal before and after KBrO3
treatment was also quantified using CellProfiler, but no difference was observed (data not
shown). In 1 out of 3 trials, AF488-Htt-HAP40 did localize to the nucleus (Fig. 6A), where
fluorescence signal became more diffuse than punctate. Initially, this was interpreted as a
requirement for HAP40 in the conformation of huntingtin when responding to oxidative stress.
However, when this was replicated with new protein samples, the same response was not

observed (Fig. 6B).

3.4.3 Neither AF488-Htt-HAP40 nor AF488-apo-Htt are recruited to stripes of DNA damage

By immunofluorescence, endogenous phospho-N17 huntingtin is recruited to stripes of
DNA damage which are induced by 405 nm laser micro-irradiation.*® This type of assay is done
to study recruitment dynamics of DNA repair proteins. Therefore, we sought to replicate this
experiment in live cells transduced with either AF488-Htt-HAP40 or AF488-apo-Htt as a method
to test functionality of the recombinant protein, and to test if recombinant protein can be

phosphorylated by endogenous kinases.

Cells transduced with either construct did not show any recruitment to the area of
irradiation in the nucleus (Fig. 7). The cells were imaged for at least 10 minutes after induced
damage, but there was no increase in fluorescence intensity at the stripe. This experiment was
repeated twice with varying laser power levels to ensure DNA damage was induced, but the

results were consistently negative.
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3.4.4 AF488-Htt-HAP40 and AF488-apo-Htt have different charge/mass ratios compared to
their unlabelled counterparts

Due to the unexpected negative results from the laser stripe assay and the KBrOs
experiment, | questioned if the artificial modalities of the recombinant protein interfered with its
biological function. For example, the AF488 conjugations made to lysine residues could interfere
with post-translational modifications made to lysine, such as acylation. Additionally, the
recombinant protein has a concentrated negatively charged FLAG tag, and the AF488 tags are
also negatively charged. To assess the effect of AF488 tags on the recombinant protein, a native-

PAGE was done with labelled and unlabelled constructs.

In Figure 8, both unlabelled protein constructs have 3-4 concentrated bands, while the
corresponding labelled proteins both have one main band which is approximately at the same
level as the lowest band of their unlabelled counterparts. Native-PAGE separates proteins based
on charge/mass ratio, but the conformation of the protein will also influence migration. For
example, the multiple bands could be caused by different protein conformations if there are
denatured or unfolded forms of protein in the sample. Potential denaturing may result from
protein samples being frozen at -80°C for too long. Alternatively, these multiple bands could
also be due to different protein populations with varying PTMs such as glycosylation and
phosphorylation, which are known to change the migration of the protein. Since htt and htt-
HAP40 are large proteins (350 and 390 kDa, respectively), these bands are located at the very
top of the gel. If the gel electrophoresis was conducted for a longer period of time, we may have

obhserved more bands or better resolution of them.

The labelled protein lanes are much fainter than the unlabelled lanes, which indicates a

large drop in protein quantity. Due to the difference in protein quantity across lanes, it can be
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difficult to make conclusions. In both AF488-Htt-HAP40 and AF488-apo-Htt lanes, there is only
one band present that is slightly higher than the 240 kDa protein ladder band. This band is at the
same position for both constructs, which has migrated further than the bands in the unlabelled
protein lanes. Since AF488 labels are charged and will therefore increase the net negative charge
of the protein, it was expected that these samples would migrate further compared to unlabelled
protein. However, these lanes have 3 fewer bands compared to their unlabelled counterparts,

which suggests a loss of those protein populations

Additionally, since the AF488-Htt-HAP40 construct is 40 kDa larger than AF488-apo-
Htt, it would be expected that the apo form would migrate further than the complexed form,
which was not seen. If the protein was denatured during the labelling process, the HAP40 protein
would be removed from the Htt-HAP40 complex and elute out of the 100 kDa MWCO filter,
which could explain why the AF488-Htt-HAP40 and AF488-apo-Htt lanes are at the same
position. Denatured proteins also migrate faster than folded during gel electrophoresis, which
could explain why the labelled protein bands are positioned slightly lower than their unlabelled
counterparts. If this is true, then it would explain the variability in protein functionality seen in
sections 3.4.2 and 3.4.3. This native-PAGE was also only conducted with one batch of protein,
so it should be repeated for other batches with equal quantities of proteins across lanes, and with

longer gel electrophoresis times.

3.5 HAP40 protein levels are lowered as a result of huntingtin lowering

Xu et. al had shown that in Drosophila, depletion of HAP40 caused a reduction in
huntingtin levels, suggesting a regulatory translational relationship between the two.'° Since the
results from 3.4.2 were inconclusive as to whether HAP40 is required for biologically functional

huntingtin, | sought to investigate if there is a translational co-dependence of the two proteins.
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Endogenous huntingtin levels were lowered in TruHDQ21Q18, TruHDQ43Q17, and
RPEL1 cells by treating them with the HTT splicing modulator branaplam (LMI070). This
compound can lower huntingtin in a dose-dependent manner by targeting HTT pre-mRNA but
does not affect HAP40 pre-mRNA. The F8A gene which codes for HAP40 also does not contain

any introns, thus it cannot have alternate splicing forms.

Both treatments of 24 or 72 hours caused a reduction in huntingtin and HAP40, which
was detected by Western blot (Fig. 9A and B). When quantified and normalized to the DMSO
control of the cell type, in TruHD Q21Q18 cells there was a 30% decrease in huntingtin and 18%
decrease in HAP40. In TruHD Q43Q17 cells, there was a 31% decrease in huntingtin and 26%
decrease in HAP40 (Fig. 10C, HAP40 data not graphed). In Figure 9B, the decrease in huntingtin
and HAP40 are proportional to one another as branaplam dose increases. To determine the extent
of correlation between the levels of these two proteins, RPEL cells were treated with branaplam
doses lower than those used in Figure 9A to see a more gradual decrease. Western blots from
three trials were quantified and normalized to the loading control (vinculin) using ImageJ (Fig.
9C). When the protein values corresponding to each dose were plotted against one another in a
linear fashion, a strong correlation is seen between the two proteins with an R? value of 0.85 and
a p-value of 6.8 x 1078 (Fig. 9D).*! Thus, across all three cell types used, it was found that

HAP40 protein levels decrease as a result of direct huntingtin lowering.

3.6 Branaplam improves DNA damage related phenotypes in TruHD Q43Q17 cells
Phase 2 clinical trials using branaplam as a treatment for HD are commencing in 2021

with little publicly available information on the therapeutic benefit of the drug. Branaplam

induces the inclusion of the intronic sequence between exons 49 and 50 which contains a stop

codon, but this intronic sequence is only found in humans, and therefore the drug could only be
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studied in human cells or a humanized animal. Thus, the TruHD cell lines function as a good

model.

Before testing if branaplam has any effect on changing HD-associated cell phenotypes
such as DNA repair, a dose response curve should be done to determine an appropriate dose for
cell treatment based on the desired level of huntingtin lowering. Huntingtin protein levels were
measured by western blots collected from TruHD Q43Q17 cells treated with doses of branaplam
ranging from 5-200 nM for 72 hours. The western blot results from 3 trials were quantified as
seen in Figure 10A and 10B. For this method of cell treatment, the estimated EC50 is around
5.596 as determined by non-linear fitting done on GraphPad. Although 72 hour treatment can
reduce huntingtin levels drastically with low doses of branaplam, 24 hour treatment is also

effective for moderate reduction (Fig. 10C).

In clinical trials for the Roche/IONIS HTT ASO, the goal was to reduce huntingtin levels
by 50% to still allow for some huntingtin to carry out important cellular roles, while removing
huntingtin that exerts toxic effects.!2 A good way to approach the question of what degree of
lowering is beneficial is by testing for changes in HD phenotypes with varying doses. If there is
benefit from a low dose, then this low dose should be used to avoid any potential detrimental off-
target effects. Since we are interested in defective DNA damage repair as a driver of HD

pathology, we tested if branaplam could ameliorate these phenotypes.

TruHD Q21Q18 and TruHD Q43Q17 cells were treated with 25 nM of branaplam for 72
hours, which lowers huntingtin by roughly 65%. At the end of the 72 hour treatment, cells were
treated for 30 minutes with either PBS as a control or 100 mM KBrOs to induce DNA damage.
The treatment was removed and replaced with media to allow cells to recover for 30 minutes. To

examine the level of DNA damage produced, the cells were fixed to conduct
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immunofluorescence against phosphorylated histone 2A (yH2AX). yH2AX is used as a
quantitative marker of DNA double stranded breaks (DSB’s) and can assess the extent of
repair.’*® Fluorescence intensity was quantified using CellProfiler and the expected phenotype of
more DNA damage was accumulated in the TruHD Q43Q17 cells compared to control TruHD
Q21Q18 cells because of KBrOgz treatment (Fig. 10D). However, the branaplam treated and
stressed TruHD Q43Q17 cells had lower YH2AX fluorescence intensity than the untreated and
stressed TruHD Q43Q17 cells (p value= 0.0324), suggesting that branaplam had an effect in

reducing DSB’s or increasing DNA repair.

Another HD phenotype which was found by Dr Tamara Maiuri and Carlos Barba-Bazan
using the TruHD cells is elevated levels of poly ADP-ribose (PAR) in response to DNA damage
or oxidative stress.>° Elevated PAR is seen in both heterozygous HD cells (Q43Q17) and
homozygous HD cells (Q50Q40). This measurement is done by treating cells with a PAR
glycosylase inhibitor (PARGI) an hour before cell fixation and immunofluorescence for PAR.
The fluorescence intensity of PAR is then measured using CellProfiler.®® In the DNA damage
condition, cells are treated with 100 mM of KBrOs for half an hour prior to fixation, where
PARGi remains in the solution. Since PAR chains are rapidly formed by PARP and degraded by
PARG, PARG must be inhibited to see the accumulation of PAR chains. When treating cells
with branaplam for 24 hours at 25 nM, which lowers huntingtin by roughly 30%, PAR levels in
branaplam treated and stressed TruHD Q43Q17 cells were significantly lower (p value=
<0.0001) than the PAR levels of the untreated and stressed cells (Fig. 10E). Although the mean
level of PAR in treated and stressed TruHD Q43Q17 cells was higher than the stressed TruHD

Q21Q18 (control) cells, there was no longer a significant difference between the two. Therefore,
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huntingtin lowering by branaplam by only ~30% significantly reduces the PAR levels in stressed

heterozygous HD cells.

CHAPTER 4: DISCUSSION

In this project, we focused on studying the huntingtin protein and its relationship to
HAP40 by optimizing fluorescent technologies for HD research and using the novel huntingtin
lowering drug branaplam. Although a new FLIM-FRET system was optimized for live cell use, it
has not yet been applied to study huntingtin protein-protein interactions. In chapter 5, I will
discuss experiment designs for applying the optimized system to study the huntingtin protein or
DNA repair dynamics in HD cells. The other fluorescent technology used was the transduction
of fluorescently labelled recombinant huntingtin protein into live RPEL cells to study the
function of full-length huntingtin. If this system was validated, this protein would have been used

for FLIM-FRET experiments. This chapter will discuss the findings from sections 3.2-3.6.

4.1 Potential causes for variability in transduction experiments with AF488-Htt-HAP40 or
AF488-apo-Htt

Experiments in section 3.2-3.4 were done with apo or complexed constructs of
recombinant protein to investigate if recombinant huntingtin exhibits the same biological
functionality as endogenous huntingtin. However, the localization of huntingtin in basal
conditions, during mitosis, and in response to stress or DNA damage did not always or exactly
match what is expected from endogenous huntingtin. Based on the batch of protein sample used,
the distribution of AF488-Htt-HAP40 or AF488-apo-Htt could range from being more diffuse

and in the nucleus, to more punctate with very little nuclear localization.
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In the stages of mitosis, recombinant protein did not always localize to areas endogenous
huntingtin is expected to be, such as the spindle poles in anaphase (Fig. 4C). However, the ability
of the transduced cells to divide demonstrated that labelled recombinant protein is not toxic to
the cell, which is a problem with transfecting plasmids that encode huntingtin fused to a FP.
Moreover, the referenced mitotic localization of huntingtin is based on one study where spindle
pole localization was the most well-defined area.®® Depending on the antibody used in this study,
huntingtin was also found in punctate regions around the perimeter of the dividing cell, similar to
Figure 4. Additionally, recombinant huntingtin might not have localized to the spindle pole as
there could have already been sufficient endogenous huntingtin to carry out the necessary tasks

in orchestrating mitosis.

Conversely, when testing the mobility of the protein in response to oxidative stress or
DNA damage, no recombinant protein localized to the laser stripe of DNA damage, and in only
one trial of KBrOs treatment did AF488-Htt-HAP40 recruit to the nucleus. Some potential

explanations for this variability and negative data are as follows:

4.1.1 Potential denaturing or unfolding of protein

As seen on the native-PAGE in Figure 8, the lanes loaded with AF488 labelled proteins
migrate just slightly further than the lowest band of their unlabelled counterpart. While the
AF488 tag adds a negative charge to the protein, which causes further migration in native-PAGE,
it is peculiar that the labelled protein does not have a slight downward shift of all 3-4 bands
found in the unlabelled proteins, and instead only has one band. Additionally, the AF488-apo-Hitt
and AF488-Htt-HAP40 lanes have their single band in the same position, although AF488-Hit-
HAP40 is 40 kDa heavier. If the protein was denatured, the HAP40 protein could have been

eluted during the purification process and would explain the positioning of this band.
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Denaturation or unfolding may have occurred from several factors. When the labelled
protein is transduced into cell, it has been freeze-thawed for two cycles. During one of these
cycles, it is out at 4°C for 6 hours. It is possible that these changes in temperature had a
destabilizing effect on the protein. A way to control for this would be to redo the native-PAGE
with unlabelled protein sample that has been subject to the same temperature changes as labelled
protein. Alternatively, since we found that there was low levels bacterial contamination in the
protein sample which increased drastically when it was transduced into cells, bacterial
endotoxins could have had a detrimental effect on the protein. However, this issue was fixed by
running the recombinant protein through a 0.2 um filter to remove contaminants before labelling.
If the 3-4 bands seen in the unlabelled protein lanes (Fig. 8) are unfolded protein products, then it

could be due to bacteria.

Another contributor of this issue may have been the 0.2 um centrifugal filter. This filter
caused a significant loss of 50% of the starting protein sample, suggesting that a lot of protein
was getting stuck on the filter. If the only protein eluting from this filter was denatured protein
(which would pass through easier than folded protein because of its lack of 3D structure) then it
would suggest only denatured protein is getting labelled. The filter used was made of nylon, so if
this filter was switched to a low protein binding material, such as the DuraPore PVDF material, it

may solve this problem.

However, these interpretations are limited due to uneven loading of protein across lanes
(Fig. 8), the potential insufficient length of time that the gel electrophoresis was conducted for,

and that only one batch of labelled and unlabelled protein was used as a sample source.
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4.1.2 Oxidization status of protein may prevent it from responding to stress

Before huntingtin responds to oxidative stress to localize to the nucleus, the methionine 8
residue needs to be sulphoxidized.*® This sulphoxidation also promotes S13/S16
phosphorylation, which makes huntingtin more responsive to DNA damage. Since the protein
sample is kept in reducing conditions (1 mM TCEP in protein buffer) to make it more stable, it
could be less prone to being oxidized and thus recruited to the nucleus. Endogenous huntingtin
which could be at a higher oxidation level than recombinant may be responding to this stress

because it would be more prone to S13/S16 phosphorylation than reduced recombinant protein.

4.1.3 Interference from AF488 labels

Lysine residues and the N-terminus of recombinant proteins can be conjugated to AF488,
however some lysine residues have an important role in huntingtin function, so the bulky and
charged AF488 groups could interfere with this. For example, lysine-6 and lysine-9 are
important for huntingtin 3D conformation and are also important ubiquitination sites.®® To
circumvent this issue, a lower pH could be used in the conjugation reaction to only tag the N-
terminus, or a different residue could be tagged by using a different dye, such as cysteine

maleimide.

4.2 Potential phase separation of AF488-apo-Htt and AF488-Htt-HAP40

Throughout all protein transductions with either AF488-apo-Htt and AF488-Htt-HAP40,
there were large round 3-dimensional areas of protein that looked like they were phase
separating. Phase separation occurs in cells to enable compartmentalization without membranes,
where different proteins interact with other proteins, RNA, or DNA. These compartments can
undergo different phase transitions between a liquid to gel to solid state. Proteins that phase

separate typically have a low complexity domain or intrinsically disordered domain (IDR).*

44



M.Sc. Thesis — N. Begeja; McMaster University — Biochemistry and Biomedical Sciences

Huntingtin contains an IDR (aa’s 407-665), so it is possible for it to phase separate. Furthermore,
huntingtin has been found at nuclear speckles, which are phase separated subnuclear structures
that contain proteins, RNA, and pre-mRNA splicing factors.® The presence of these structures in
the cytoplasm and perinuclear space as observed in section 3.3 may suggest that huntingtin phase
separation occurs outside of the nucleus as well. More experiments would need to be conducted
to assess if these spherical regions are in fact phase separating, such as differential interference

contrast (DIC) microscopy and fluorescence recovery after photobleaching (FRAP).
4.3 HAP40 expression is regulated by huntingtin protein levels

The huntingtin cryo-EM structure could only be solved when huntingtin was co-
expressed with HAP40, but the biological relevance of this structure is unknown as not much is
known about HAP40. This may be because most huntingtin protein studies are done with exon 1
fragments, and the strong interaction between huntingtin and HAP40 requires full length
huntingtin.*> Based on the strong correlation between the expression of the two proteins (Fig.
9D, R? = 0.85), evidence that targeted HAP40 lowering lowers huntingtin accordingly, and the
significantly increased stability of the Htt-HAP40 complex compared to the apo-huntingtin form,
we hypothesize that these two proteins are co-dependent for most likely structural purposes. If
the unreproducible results from Figure 6A which demonstrated that only AF488-Htt-HAP40
responded to KBrOs stress could be reproduced by fixing the recombinant protein problems
outlined in 4.1, this would suggest that the complex is required for functional reasons as well.
These results also question whether huntingtin and HAP40 exist cellularly without being bound
to one another. Huntingtin is known to have many protein interactors, but HAP40 has much
fewer known protein interactors with the primary one being huntingtin.'®%® Thus, it might be

more likely that most, if not all, HAP40 is bound to huntingtin, but there can be relatively more
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conformational forms of huntingtin existing cellularly that are bound to proteins other than

HAP40.

It is not yet clear how this co-dependence is implicated in HD, but Pal et. al showed that
HAP40 is elevated in HD patient derived fibroblasts.®® I also observed this elevation in TruHD
Q43Q17 fibroblasts when compared to the TruHD Q21Q18 fibroblasts and RPE1 cells (data not
shown). One explanation for this could be that in human HD brains, there are elevated levels of
40-50 kDa N-terminal fragments and 30-50 kDa C-terminal fragments (partially due to caspase 3
cleavage) compared to control brains.1*6!7 [f the increase in huntingtin fragments could be
signalling to increase HAP40 translation, HAP40 levels could increase without having full-
length huntingtin to bind to, resulting in some of the cell toxicity that Pal et. al saw from HAP40
overexpression. This theory would only apply if the elevated huntingtin fragmentation and

elevated HAP40 expression are found in the same cell types.
4.4 Branaplam as a Therapeutic Candidate for HD

Although there have been many clinical trials for HD therapeutics, no effective treatment
has been found. However, Novartis is conducting a phase two clinical trial with the huntingtin
lowering drug branaplam. Branaplam can be administered orally because it is BBB penetrable,
which makes it an attractive drug candidate as it avoids the side effects caused by intrathecal
injection. To determine if it has any effect on ameliorating HD cell phenotypes, I first tested its
potency and efficacy for huntingtin lowering in HD heterozygous TruHD Q43Q17 fibroblasts.
The drug has high potency demonstrated by its estimated EC50 for huntingtin lowering of 5.59
nM, and high efficacy demonstrated by a maximal huntingtin lowering of 86% at 200 nM (Fig

10B and C). The lowest dose of branaplam that was used to treat fibroblasts was 5 nM, so a more
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accurate EC50 level can be estimated by measuring huntingtin levels in fibroblasts treated with

doses lower than 5 nM.

HD fibroblasts have elevated DNA damage in response to acute oxidative stress through
KBrOs treatment compared to control fibroblasts. To determine if branaplam could protect
against this DNA damage, we treated fibroblasts with 25 nM branaplam for either 24 or 72 hours
prior to KBrOgs treatment. When treated with KBrOs, yYH2AX and PAR levels are significantly
higher in HD heterozygous TruHD Q43Q17 fibroblasts compared to control TruHD Q21Q18
fibroblasts (Fig. 10D and E). This is consistent with the finding of impaired DNA repair in HD.
However, when the HD cells were treated with branaplam for 24 hours (PAR) or 72 hours
(YH2AX) prior to oxidative stress exposure, these levels were significantly reduced. Lab member
Carlos Barba Bazan has also conducted comet assays to assess levels of generalized DNA
damage in these two cell types in response to oxidative stress. Congruent with the PAR and
yYH2AX findings, he found that there was significantly less damage in the HD heterozygous cells
if they had been treated with branaplam 72 hours before oxidative stress exposure. These
experiments should be repeated with lower levels or shorter lengths of branaplam treatment to

determine the lowest level of huntingtin lowering required to see an improvement in phenotypes.

Although we have seen positive results so far in HD heterozygous fibroblasts, it would be
crucial to determine if there is any detrimental effect of huntingtin lowering on neurons. The
caveat with huntingtin lowering through splicing modulators is the lack of specificity in lowering
wildtype or mutant huntingtin. Wildtype huntingtin may be more disposable in fibroblasts than in
neurons where it has more important functions. For example, the intrathecally injected huntingtin
lowering ASO by IONIS/Roche was slightly detrimental to patients in phase 3 clinical trials. It is

unknown if it was unsuccessful due to a toxic effect of the ASO unrelated to huntingtin, or if the
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dose was too high and too much huntingtin was lowered. Therefore, we should proceed with
caution by using the lowest dose necessary to achieve positive outcomes from removing
detrimental mutant huntingtin, but not to the point of causing harm by removing too much

functional wildtype huntingtin.

Chapter 5: Future Directions

5.1 Using FLIM-FRET to investigate huntingtin-DNA interaction in RPEL1 cells

After finishing the optimization of the FLIM-FRET system, the original plan of this
project was to use full-length AF488-Htt-HAP40 or AF488-apo-Htt co-transduced into cells with
H2B-mCerulean to investigate their interaction upon DNA damage. This experimental setup
would also require different controls because the fluorophores tagged to the POI’s would be
different than the mCerulean/YFP pair that the microscope was optimized with. An appropriate
negative FRET control would be H2B-mCerulean transfected into cells alone. The positive
FRET control could be recombinant H2B-mCerulean which is labelled in vitro with AF488,
similar to how recombinant Htt was labelled. However, before these experiments could be done,
the system of transducing cells with AF488-Htt-HAP40 or AF488-apo-Htt needs to be more

thoroughly validated.

As a mitigation strategy, RPE1 cells can be transfected with a plasmid encoding
huntingtin fragment 1-586 fused to YFP with H2B-mCerulean to study the interaction between
huntingtin and DNA in response to oxidative stress or DNA damage. This huntingtin fragment
plasmid comes in two variations of polyglutamine length (wildtype Q17 and mutant Q48), so the
interaction between either wildtype or mutant huntingtin with DNA (H2B) could be compared by

comparing the change in fluorescence lifetime. Since mutant huntingtin has some detrimental
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effect to genomic stability by inappropriate protein-protein interactions®, we may expect a

longer or stronger interaction of mutant huntingtin with DNA compared to wildtype.

5.2 Using FLIM-FRET to investigate DNA repair protein-protein interactions in TruHD
cells

DNA repair dynamics could be compared between the TruHD cell lines by doing FLIM-
FRET experiments with cells transfected with plasmids encoding for DNA repair proteins
XRCC1-mCerulean and PARP1-YFP. PARP1 interacts with XRCC1 when repairing DNA
strand breaks, but in XRCC1 deficient cells, PARP1 becomes excessively engaged.118 In the
heterozygous and homozygous HD TruHD cells, there is elevated PAR due to dysregulated
PARylation dynamics. To investigate if XRCC1 has a role in this, we could measure the length
and strength of interaction between XRCC1 and PARP1 after inducing DNA damage by FLIM-
FRET, and compare differences in fluorescence lifetime between wildtype control cells to HD

cells.

5.3 Improvements to the fluorescent recombinant protein model of studying huntingtin in
live cells
Based on the inconclusive results from section 3.2-3.4 which aimed to validate the

biological activity of fluorescently labelled recombinant protein (AF488-Htt-HAP40 and AF488-
apo-Htt), alterations need to be made to the labelling protocol. To avoid denaturation of the
protein from freeze-thaw cycles, it would be more practical to ask Dr Harding to label a batch of
protein immediately after purification to avoid an extra freeze-thaw cycle. Since the Arrowsmith
lab has a size exclusion chromatography (SEC) system, this method could be used to separate
unlabelled dye from labelled protein instead of the 100 kDa MWCO centrifugal column. The
SEC system measures the absorbance at 280 nm of the liquid fraction as it elutes and shows

peaks in the fractions where protein is found. Since protein in aggregated or denatured states can

49



M.Sc. Thesis — N. Begeja; McMaster University — Biochemistry and Biomedical Sciences

be separated based on the separate collection of protein at these peaks, the portion of the labelled
properly folded protein can be separated to be used for cell transduction. To remove bacterial
contaminants, nylon 0.2 um filters were used in this project, but this can be switched to DuraPore
PVDF 0.2 um filters which exhibit very low protein binding and will allow for more recovery.
Moreover, when the labelled protein is frozen at -80°C, it can be aliquoted with 50% glycerol to

enhance stability.

To test if this new proposed purification method is more effective in retaining huntingtin
conformation and structure, the microscopy experiments from section 3.2-3.4 can be repeated.
An additional confirmation experiment can be done with the AF488-Htt-HAP40 and AF488-apo-
Htt samples to test if there is nuclear export of recombinant protein. Since endogenous huntingtin
has a nuclear export sequence, treating live cells with leptomycin B prevents this export and
results in nuclear accumulation of huntingtin.*” It would be a positive sign that the system is

working if this occurs with the newly purified AF488-Htt-HAP40 and AF488-apo-Hitt.

If after the proposed solutions, neither one of these new samples responded to oxidative
stress as endogenous huntingtin does (as was discussed in section 3.4), the samples could be
mixed with an extremely small amount of hydrogen peroxide to oxidize them before transducing
the protein into cells. Alternatively, RPEL cells could be treated with branaplam prior to
transduction to lower endogenous huntingtin levels so that AF488-Htt-HAP40 or AF488-apo-Hitt

can replace the roles of endogenous protein.

If this system can be validated with the wildtype Q23 length recombinant huntingtin (the
length used in this project), then the mutant Q54 length version of this protein that is produced

by Dr. Harding should be implemented for cell transduction use as well. This would allow us to

50



M.Sc. Thesis — N. Begeja; McMaster University — Biochemistry and Biomedical Sciences

compare any differences in protein function between the two lengths to understand more about

the toxicity of mutant huntingtin.

5.4 Confirming Co-dependence of HAP40 and huntingtin by siRNA

In this project, only the dependence of HAP40 on huntingtin was shown through
huntingtin lowering. However other studies in drosophila have shown that when HAP40 is
lowered by small interfering RNA (siRNA), huntingtin is lowered accordingly.!!° Since the
TruHD cells are a more clinically applicable human model, we should test if HAP40 lowering by
small hairpin RNA (shRNA) or siRNA also lowers huntingtin through western blot
quantification. This would determine if the relationship is co-dependent or if it is only HAP40

that is dependent on huntingtin.

5.5 Exploring other HAP40 binding partners in the absence of huntingtin

One important question this project and other recent studies on HAP40 raises is if
huntingtin and HAP40 are always found bound to one another in cells, or if HAP40 is always
bound to huntingtin with the existence of some promiscuous huntingtin that is bound to proteins
other than HAP40. If the HAP40 shRNA/siRNA experiment suggested in 5.4 does not lower
huntingtin accordingly, it would suggest the latter is more likely to be true. However, in Figure
9C, while HAP40 levels in RPE1 cells linearly decrease with huntingtin, there is slightly higher
HAP40 signal compared to huntingtin which is more noticeable at the higher branaplam doses.
To investigate if HAP40 has any other binding proteins in the absence of huntingtin, a co-
immunoprecipitation experiment could be done on branaplam treated RPE1 cells. HAP40 could

be pulled out and analyzed by mass spectrometry to identify other binding partners.
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5.6 HD Phenotypes to Study with Branaplam

The HD homozygous and heterozygous TruHD fibroblasts have phenotypes distinct from
control TruHD Q21Q18 fibroblasts that correlate with mouse HD models and other tissues from
HD patients. Some of these include elevated DNA damage, altered cell morphology, decreased
ATP/ADRP ratios, and hypo-phosphorylated S13/S16 residues. In this project, we showed that
branaplam has a positive effect on DNA damage repair, but these other phenotypes could be
tested with branaplam treatment. Cell morphology can be assessed by conducting
immunofluorescence for tubulin and staining nuclei with Hoechst and comparing the HD
fibroblasts morphology to control fibroblasts through PhenoRipper analysis. The ATP/ADP
ratios of treated fibroblasts can be measured with the Seahorse metabolic flux assay to determine
if there is an improvement in the characteristic HD energy deficits. Finally, S13/S16
phosphorylation can be measured by quantitative immunofluorescence but should be measured

relative to unphosphorylated huntingtin to determine if there is a proportional increase.

Moreover, the experiments done in this project were only conducted on HD heterozygous
fibroblasts, which contain a wildtype huntingtin gene. The balance between removing enough
mutant protein but keeping enough functional protein does not apply in the same way to HD
homozygous individuals where both HTT genes are CAG expanded. These experiments should
all be replicated in HD homozygous (Q50Q40) fibroblasts to determine if branaplam has a

similar therapeutic effect, or potentially a detrimental one.

Finally, these experiments should also be conducted on HD patient derived iPSCs that
have been differentiated into neurons. Since HD pathology primarily affects the brain, testing the

effect of branaplam on neurons would be crucial.
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5.7 Conclusion

In this project, the main goal was to create a better fluorescence model of huntingtin
protein to study HD because of the saturation of research using exonl-FP fusion plasmids which
primarily focuses on studying aggregation and does not recapitulate full-length huntingtin
biology. While this goal was not achieved due to inconsistencies in the system and uncertainty as
to whether fluorescently labelled recombinant protein functions like endogenous protein, we
found that huntingtin may have phase separation properties. With the use of the huntingtin
lowering drug branaplam, we also found that HAP40 is dependent on huntingtin, and there may
even be a co-dependency. This instigated further research with branaplam where we optimized
its dosage for use in our tissue culture model of HD, TruHD fibroblasts, to find that it has a

beneficial effect on heterozygous HD cells for preventing excessive DNA damage.
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Chapter 6: Figures

A Photon Intensity Phasor Plots Pixel Information from ROI B
mCerulean (Negative Control) e Positive and Negative Controls
Radius:  0.05 Score: 31549
o © G 0.885 s 0316 47 Fokokk
g & 4 0.939 m  [2902 N
6 - .
® 19.68 @ | 2847 >
hligh P ] £
Highlight Image Pixels I =
| g 2
3
%
— @ 1
mCer-linker-YFP (Positive H ! N E
Control) Radius:  0.05 Score:  1.0390
G 0919 s 0281 0 T T
m 0.961 ™ 2295 N\-\G\ \')-\0\
& .
® 17.02 w 2.436 el Qoe\
S X
< - Aan= Rk
Highlight Image Pixels O Goto Peak (0 _\Q
4 &
& &
r
O
&

Photon Intensity j .':_"‘ Lifetime Map
mCer-Htt Q138-YFP ¥

Figure 2: Lifetime acquisition using the ISS FLIM-FRET system of live RPE1 cells transfected with
controls. (A) Negative FRET control mCerulean has a lifetime of about 2.9 nanoseconds, while positive
FRET control mCerulean-linker-YFP has a decreased lifetime of about 2.3 nanoseconds. (B) Statistical
analysis using a students t-test of lifetime measurements from transfected RPE1 cells (n=50) shows a
significant difference between positive and negative controls to validate consistency in the system (N=3
trials). (C) RPEL cells transfected with mCer-Htt Q138-YFP show three populations of lifetimes in the
cell ranging from 2.06-2.94 ns. These areas are colour coded in circles on the phasor plot to show the
exact location of that lifetime on the cell. Areas of circular aggregates show lower lifetime of 2.06 ns (in
green) which indicates higher FRET or interaction between the two fluorophores, or the two ends of

the huntingtin exon 1 fragment.
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Figure 3: RPEL1 cells transduced via electroporation with H2B-mCherry and either AF488-apo-Htt
or AF488-Htt-HAP40. (A) Visual differences in protein depending on the amount of protein transduced.
Low quantities of protein shows more diffuse localization, whereas higher quantities show

more punctate forms. No visual difference is seen between AF488-apo-Htt and AF488-Htt-

HAP40. When transducing either low or high protein quantity, AF488-apo-Htt and AF488-Htt-HAP40
both form potentially phase separated structures (white arrows) of varying sizes. (B) Y-axis point of view
of the structure assembled on ImageJ by acquiring a Z-stack with corresponding 2-dimensional images.
Scale bar represents 20 pum.
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D H2B-mCherry AF488-Htt-HAP40 Tubulin (SiR-tubulin) Merged

Figure 4: Localization of AF488-Htt-HAP40 in RPEL1 cells in different stages of mitosis. (A) Single
cell tracking shows that cells with 3D potentially phase separated or aggregated AF488-Htt-HAP40
protein (white arrow) can divide and survive after mitosis with the structure remaining intact. (B) Cell in
metaphase (identified by arrangement of chromosomes) showing some co-localization between AF488-
Htt-HAP40 (green) and tubulin (grey) at the spindle poles (white arrows). (C) 3D rendered images (done
on ImageJ) of cell in anaphase showing little or some co-localization between AF488-Htt-HAP40

and tubulin spindle fibers. (D) Cell in telophase where the majority of AF488-Htt-HAP40 is found around
the perimeter of the two newly formed cells. Some AF488-Htt-HAP40 co-localizes with tubulin at

the midbody (white arrow).
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Figure 5: Immunofluorescence of paraformaldehyde-fixed RPEL cells transduced with
AF488-apo-Htt. Four different huntingtin antibodies were used to determine if transduced
recombinant protein could be detected by antibodies. Distinct punctate areas of AF488-apo-Hitt
that co-localized with the antibody are shown with white arrows. Nucleus was stained with
Hoechst 33342. Cells were imaged using Nikon Al confocal at 60X magnification. Antibody
used is indicated vertically along the images.
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Figure 6: RPEL cells transduced with AF488-Htt-HAP40 before and after treatment with 100 mM
KBrOs. (A) An increase in nuclear localization of AF488-Htt-HAP40 after 5 minutes of 100 mM KBrOs
treatment is seen but could not be replicated in other trials, demonstrated by (B) where there is an absence
of nuclear localization. This experiment was repeated in RPE1 cells transduced with AF488-apo-Htt
where there was no change in nuclear localization of huntingtin, similar to panel B.
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Prior to laser micro-irradiation 5 seconds after micro-irradiation 2 minutes after micro-irradiation

Figure 7: Laser micro-irradiation DNA damage assay conducted on RPEL1 cells
electroporated with AF488-apo-Htt. 405 nm wavelength laser was used to ablate the area in
the white box seen in the first panel. Cells in the final panel are representative of appearance of
cells 15 minutes after micro-irradiation as well. Similar results obtained for cells electroporated
with AF488-Htt-HAP40. Red signal indicates H2B-mCherry, while green indicates AF488-apo-
Htt. Laser micro-irradiation was done using the Nikon C2 Confocal microscope on 60X
magnification.
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Figure 8: Native-PAGE gel loaded with labelled and unlabelled purified recombinant apo-Htt and
Htt-HAP40 samples. Multiple bands are seen in the unlabelled protein lanes, which could be distinct
protein populations with different post-translational modifications. In the labelled protein lanes, only one
band is seen which is slightly larger than the 240 kDa marker shown by the protein ladder. Although
AF488-Htt-HAP40 is 40 kDa heavier than AF488-apo-Hitt, the band seen in both of these lanes migrated
the same length. The loaded lanes show technical replicates of the same sample. Gel electrophoresis was
done for 2.5 hours at 100 V then stained with Coomassie Brilliant Blue R-250 staining solution.
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Figure 9: Three different cell types demonstrate that HAP40 levels are lowered as a result
of huntingtin lowering from branaplam treatment. (A) Western blot of TruHD Q43Q17
fibroblasts that were treated with varying doses of branaplam for 72 hours. Housekeeping genes
GAPDH and vinculin were blotted on the same membranes as a loading control. N= 2. (B)
Western blot of TruHD Q21Q18 healthy control fibroblasts that were treated with varying doses
of branaplam for 24 hours at 25 nM. Vinculin was blotted on the same membrane as a loading
control. N=1. (C) Quantified western blot data from 72-hour branaplam treated RPE1 cells.
Western blots for HAP40 and huntingtin were quantified using Gel Analyzer on ImageJ, then
values were normalized to the loading control vinculin. (D) Linear correlation (R?value=0.85, p-
value 6.8 x 10°®) between huntingtin and HAP40 levels corresponding to values from C. 0 nM
dose of branaplam represents DMSO control. N=3
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Figure 10: The effect of branaplam on TruHD Q43Q17 fibroblasts. (A) and (B) Quantified western
blot data from 72-hour branaplam treated Q43Q17 fibroblasts. Western blots for huntingtin (mAb2166)
were quantified using Gel Analyzer on ImageJ, then values were normalized to the loading control
vinculin. 200 nM value on (A) was removed for better formatting of the graph. EC50 determined from
non-linear fit of 72-hour treatment was 5.59 nM. N=3 (C) Quantified western blot data from control
Q21Q18 fibroblasts and HD Q43Q17 fibroblasts treated with 25 nM branaplam for 24 hours. ImageJ
values were normalized to viniculin, then values were normalized again to the huntingtin value for DMSO
control for each cell type. N=1 (D) YH2AX levels in control Q21Q18 and HD Q43Q17 fibroblasts in
response to 30 minutes of 100 mM KBrO; treatment followed by 30 minute recovery in media to assess
DNA repair response of cells. Cells were treated with 25 nM branaplam or DMSO for 72 hours prior to
oxidative stress (KBrOs). The branaplam treated and KBrOs stressed Q43Q17 fibroblasts had lower
YH2AX fluorescence intensity than the untreated and stressed TruHD Q43Q17 fibroblasts (p value=
0.0324). N=1, n=150 cells per condition. (E) Poly ADP-ribose (PAR) levels in control Q21Q18 and HD
Q43Q17 fibroblasts in response to 30 minutes of 100 mM KBrO; treatment. Cells were treated with 25
nM branaplam or DMSO for 24 hours prior to oxidative stress (KBrOs). PAR levels in branaplam treated
and stressed Q43Q17 fibroblasts were significantly lower (p value= <0.0001) than the PAR levels of the
untreated and stressed cells, and had no statistical significance between the same condition for control
Q21Q18 cells. yH2AX and PAR levels were acquired through immunofluorescence. Fluorescence
intensity in the nucleus was measured by CellProfiler.
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