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Abstract

The N17 domain in the huntingtin protein is an important modulator of mutant huntingtin
toxicity in Huntington’s Disease (HD). Notably, this domain is hypophosphorylated in HD, and
promoting its phosphorylation is protective in HD models. | conducted high content analysis of a
library of 1163 compounds to identify modulators of phospho-N17 in order to gain mechanistic
insight into the pathways which affect N17 phosphorylation. | found that the pharmaceutical
compound Pranlukast promoted N17 phosphorylation by inhibiting the NF«B signaling pathway,
which was also shown to modulate N17 phosphorylation in our lab’s previous work. Throughout
the course of this project, | developed a novel method for screening moderately sized compound
libraries that is inexpensive, unbiased, sensitive, and accurate. This new high content analysis
procedure, known as the “Gladiator” screening method, can be used as a framework to screen
compounds in small laboratory.
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Chapter 1

Introduction
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1.1 — Huntington’s Disease
1.1.1 - Symptoms and Neuropathology

Huntington’s Disease (HD) is an inherited age-onset neurodegenerative disease first described by
American medical doctor George Huntington in 1872 as an inherited form of chorea, a
neurological disorder characterized by involuntary dance-like movements (1). Along with motor
dysfunction, HD patients also suffer from psychiatric symptoms and cognitive decline (2). HD
patients have a life expectancy of 15 to 20 years after symptoms first appear (3). Most HD deaths
occur as a result of difficulty swallowing (dysphagia) in the form of aspiration pneumonia (4,5).
Cardiovascular disease is the second leading cause of HD deaths, followed by suicide (5).

HD is characterized by neuronal loss, most notably in the caudate nucleus and putamen in the
striatum. Other areas of the brain, such as the cerebral cortex, thalamus, and the limbic system,
are also affected as the disease progresses. (6).

1.1.2 - Genetics of HD

The pathogenesis of HD is due to an expansion of the CAG repeat tract in exon 1 of the HTT
(huntingtin) gene, also known as IT15 (interesting transcript 15), located on the short arm of
chromosome 4 (7). The expansion mutation, which results in additional glutamine repeats in the
350 kDa huntingtin protein, is inherited in an autosomal dominant manner. Therefore, the
offspring of someone with HD has a 50% chance of inheriting the disease themselves.

HD patients have over 35 CAG repeats in the huntingtin gene while most people have 6-35
repeats (8). The repeat length is inversely correlated to the age of disease onset, as individuals
with more repeat lengths tend to develop symptoms earlier than those with fewer repeats (8, 9).
The disease is fully penetrant when the CAG repeat length is greater than 40 but is only partially
penetrant with 36 to 40 repeats (9). However, the age of disease onset is highly variable even
amongst individuals with the same number of glutamine repeats. CAG repeat length accounts for
50-70% of the variance in age of disease onset (10).

Long CAG tracts are unstable and are susceptible to expansion and, to a lesser extent,
contraction. Expansion of the CAG tract occurs in the HD brain, resulting in the addition of up to
hundreds of repeats in some areas (11, 12). Repeat lengths also tend to increase in size across
successive generations in HD families resulting in earlier ages of onset, a phenomenon known as
genetic anticipation, but only when inherited paternally (13-15). The difference between
maternal and paternal inheritance on anticipation exists because expansion occurs during
spermatogenesis but not oogenesis (16, 17).

1.1.3 - Age of Onset
The age of disease onset in HD can occur anytime between childhood and old age, but most
typically occurs between the ages of 35-50 (3). While the number of CAG repeats in the

huntingtin gene has the greatest influence on the age of disease onset, other factors that affect the
age at onset at have recently been identified. An HD variant with an interrupting CAA codon
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(which also codes for glutamine) at the penultimate position of the CAG tract is associated with
an age of onset that is on average 25 years later than the variant without the interrupting
adenosine that has the same number of repeats (18).

Genome wide association studies (GWAS) have found that SNPs in genes involved in DNA
repair pathways and redox control are associated with HD age of onset (10, 19). Increased
expression of interstrand cross-link (ICL) repair protein Fanconi anemia FANCD2- and FANCI-
associated nuclease 1 (FAN1) correlates with a later age of onset. On the other hand, the
expression of mismatch repair (MMR) proteins is associated with more somatic instability and
earlier age of onset.

The GWAS data implicate DNA damage repair pathways as modifiers of HD age of onset, and
Huntingtin’s recent identification as a DNA damage repair protein part of the ATM complex (20)
further strengthens the connection between DNA damage repair and the pathogenesis of HD.

1.2 - Huntingtin Protein
1.2.1 - Huntingtin Structure and Function

The 350 kDa huntingtin protein is expressed in all cell types where it is involved in several
cellular processes, including endocytosis, vesicular trafficking, synaptic transmission, stress
response, and DNA damage repair (20-22).

Huntingtin consists mainly of HEAT (Huntingtin, Elongation factor 3, Protein Phosphatases 2A,
mTOR) repeats, which are 37-43 amino acid long motif consisting of two alpha helices
connected by a loop (23). Several of these repeats together form a solenoidal protein that can act
as a scaffold for protein-protein interactions, as was predicted for huntingtin (24-27). The cryo-
electron microscopy structure solved in 2018 found that huntingtin contains two a-solenoidal
HEAT-repeat domains, one the N-terminal domain and the other the C-terminal domain, linked
by an unstructured, flexible bridge domain (28).

Exon 1 of the protein (residues 1-90) contains the N17 domain at the amino-terminal followed by
the polyglutamine tract, and finally a polyproline tract at the carboxyl-terminal. The N17
domain, consisting of the first 17 amino acid residues, was predicted to form an amphipathic a-
helix (29), which was confirmed with circular dichroism spectroscopy (29), x-ray
crystallography (30), and NMR (31).

1.2.2 - Huntingtin Cellular Localization

In several cell types including neurons, huntingtin is primarily a cytoplasmic protein that is seen
at the endoplasmic reticulum, Golgi, and vesicle membranes (32, 33), but can also translocate to
the nucleus (34). In the cytoplasm, huntingtin binds the endoplasmic reticulum membrane as
well as autophagic vesicles and late endosomes at the N17 domain, but can also translocate to the
nucleus in response to changes in temperature (29) and oxidative stress (35). The oxidation of
methionine residue 8 (M8) by the presence of ROS causes an increase in a-helical content in the
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N17 domain and increases solubility from the endoplasmic reticulum membrane (35), exposing
two serine residues, S13 and S16, which get phosphorylated by casein kinase-2 (CK2) (36).

The dissociation from the endoplasmic reticulum allows huntingtin to be actively transported to
the nucleus via a karyopherin B1/B2-type proline-tyrosine nuclear localization signal (PY-NLS)
located across residues 174-207 (37). Nuclear localization is also dependent upon High Mobility
Group Box protein (HMGBL1) binding to the intervening sequence (IVS) within the PY-NLS and
well as N17 (38). At sites of oxidative damage in the nucleus, phosphorylated huntingtin co-
localizes with ATM to chromatin-dependent nuclear puncta (20), later identified as nuclear
speckles (39). Phospho-huntingtin also localizes to the centrosomes and, during cell division, the
cell-cleavage furrow and tubulin spindle fibers (36).

Huntingtin’s nuclear export is dependent on chromosome region maintenance-1

(CRM1) binding with GTP-coupled Ran to the highly conserved, leucine-rich nuclear export
signal (NES) located on the N17 domain , as well as a Ran-GTP/Ran-GDP gradient across the
nuclear membrane (34, 40, 41). When phosphorylated, the phosphate groups at S13 and S16
block CRM1 from binding to the NES, thereby preventing nuclear export. Once DNA damage
has been repaired and oxidative stress has been relieved, phosphatases dephosphorylate both N17
serine residues, allowing for CRM1 binding and huntingtin’s nuclear export.

1.3 - Mutant Huntingtin Dysregulation and Toxicity in HD
1.3.1 - Toxic Aggregate Theory

It was widely believed that aggregates of huntingtin fragments cause the neuronal loss in HD
because long polyglutamine domains can form polar zipper interactions (42) and inclusions of
huntingtin fragments are seen in the brains of HD mouse models (43) and post-mortem HD
patient brains (44). However, current evidence indicates that inclusions are not the cause of HD
pathogenesis but rather a downstream effect of huntingtin dysfunction in DNA damage repair
and may even be a protective mechanism (45-47).

1.3.2 - Loss of Function in Oxidative DNA Damage Repair

DNA damage repair has been implicated in HD pathogenesis through both GWAS (10, 19) and
our group’s findings that huntingtin is involved in oxidative DNA damage repair (20, 48, 49).
The buildup of oxidative damage due to insufficient DNA damage repair in HD likely
contributes to neuronal death, and the age onset nature of this disease may be due to an inability
to handle increasing ROS load in the brain as it ages. Furthermore, suboptimal DNA damage
repair could be responsible for many hallmarks of HD, including the dysregulation of energy
balance, huntingtin aggregates in the brain, and mitochondrial dysfunction (48, 49).

Energy balance in HD is dysregulated, with high ADP/ATP ratios in HD patient brains (50), as
well as mouse model brains (51) and HD cell lines (39). The formation of PAR chains in
response to unrepaired DNA damage could drain the cells of energy and leads to a further lack of
repair (48). Huntingtin inclusions present in brains could be a consequence of energy depletion,
since chaperones require ATP energy to prevent and correct protein aggregation (48).
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Mitochondrial dysfunction, widely seen in HD (52), can be caused by DNA damage, and thus
may also be a consequence of impaired DNA damage repair in HD.

Several long standing phenotypes of HD could be explained by mutant huntingtin’s suboptimal
function in DNA damage repair. The hypothesis that HD is caused by a lack of DNA repair is
supported by the recent evidence that DNA damage repair and oxidative stress pathways play a
role in the pathogenesis of HD.

1.3.3 - Mutant Huntingtin Gain-of-Function Toxicity

While the presence of insoluble, fibrillar inclusions of polyglutamine expanded huntingtin appear
to be protective against neuronal death, globular inclusions in the nucleus that are capable of
exchanging with the soluble phase are toxic (47). The phosphorylation status of serine residues
S13 and S16 on the N17 domain seems to affect mutant huntingtin’s toxicity. The toxic, globular
inclusions contain unphosphorylated N17 huntingtin, while the protective, fibrillar inclusions are
composed of phosphorylated N17 huntingtin (47). Polyglutamine expanded huntingtin is
hypophosphorylated compared to wildtype huntingtin (36, 39), and N17 phosphorylation is
protective in HD mouse models (53, 54) and cell culture models (36).

It is hypothesized that the polyglutamine tract in huntingtin normally acts as a hinge region, but
loses its flexibility and adopts a toxic conformation when expanded beyond 35 repeats (55).
FLIM-FRET experiments support the “rusty hinge hypothesis,” and show that unphosphorylated
N17 mutant huntingtin is less flexible in the polyglutamine tract compared to phosphorylated
N17 mutant huntingtin and wildtype huntingtin (56).

The N17 helix and the polyglutamine region lose their secondary structure characteristics when
the polyglutamine tract is expanded, and the loss is more severe with increasing repeat lengths. It
is hypothesized that the N17 helix and the polyglutamine tract interact more with one another at
higher repeat numbers, creating a disordered conformation (57, 58). Imprinting of the expanded
polyglutamine tract against the N17 helix may reduce polyglutamine flexibility, hinder N17
phosphorylation by blocking CK2 access, and prevent nuclear export of huntingtin by blocking
CRML binding (34). The hypophosphorylation of N17 in HD may also be due in part to a lack of
ATP required for CK2 activity. The typical midlife age of onset in HD could be explained by the
increasing ROS levels in the aging brain driving more toxic mutant huntingtin into the nucleus.

Phosphate groups at S13 and S16 may prevent structural imprinting against the expanded
polyglutamine tract, and thus inducing N17 phosphorylation could help mutant huntingtin
maintain its flexible conformation and allow for the CRM1-facilitated nuclear export of
huntingtin following dephosphorylation.

1.4 - Emerging HD Therapeutics

1.4.1 - N6-furfuryladenine

The observed protective effect of N17 phosphorylation led our group to conduct a high content
screen of natural compounds. The cytokine N6-furfuryladenine, also known as N6FFA or
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kinetin, was identified as a promoter of N17 phosphorylation (59). N6FFA was also protective in
HD cell cultures and mouse models and reduced huntingtin inclusions in HD mouse brains,
validating phospho-N17 as a therapeutic target in HD.

N6FFA is a natural by-product of oxidative DNA damage, formed by the addition of a furfuryl
group to adenosine under Fenton-reaction conditions (60) and subsequent excision from the
DNA backbone during DNA damage repair (61). N6FFA can be salvaged by the enzyme adenine
phosphoribosyltransferase (APRT) and converted into kinetin triphosphate (KTP), an analog of
ATP (62), which can be used by CK2 to phosphorylate N17 (59). Once again, oxidative DNA
repair is implicated in HD with N6FFA.

While the lack of DNA damage repair in HD could be responsible for the lack of ATP needed to
activate CK2, it could also result in decreased N6FFA levels and thus less KTP activation of
CK2 and phosphorylation of N17. Treating with exogenous N6FFA appears to correct this
phenotype by activating CK2, increasing N17 phosphorylation, and kick-starting DNA damage
repair by phosphorylating other repair proteins (59).

1.4.2 - Antisense Oligonucleotides (ASOs)

Lowering huntingtin levels in HD patients with antisense oligonucleotides (ASOs) is currently a
promising therapeutic treatment for HD. ASOs target and destroy messenger RNA for the
huntingtin protein, thus reducing the overall amount of mutant huntingtin and its associated
toxicity. In animal models, ASOs lower huntingtin concentrations and improves disease
phenotypes (63).

The IONIS-HTT.. ASO, which targets both mutant and wildtype huntingtin expression, was
shown to reduce mutant huntingtin concentrations in cerebral spinal fluid in a phase 1-2a trial
(64). PRECISION-HD1 and 2 ASOs developed by WAVE Life Sciences target SNPs specific to
mutant huntingtin found in two thirds of HD patients, and therefore only lowers levels of mutant
huntingtin (65). While their therapeutic efficacy and long term effects in patients are unknown,
ASOs have the potential to prevent and treat the symptoms of HD.
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Chapter 2

A Novel Method of High Content Analysis to Identify Modifiers of Huntingtin
N17 Phosphorylation
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2.1 - Project Overview
2.1.1 - Rational

The alpha helical N17 domain of huntingtin is critical to the protein’s intracellular localization
and function, and the phosphorylation of serine residues S13 and S16 plays an important role in
the pathology of HD. N17 is hypophosphorylated in individuals with the disease and restoring
phosphorylation is protective in cellular and animal HD models.

2.1.2 - Experimental research approach

Through the course of my project, | developed and validated a novel method for high content
analysis that is inexpensive, sensitive, and unbiased. To gain insight into mechanisms by which
N17 phosphorylation can be promoted, a library of 1163 FDA approved compounds was
screened for the ability to modulate huntingtin phosphorylation. The diversity of the FDA library
allowed for many cellular pathways to be targeted, and the depth of knowledge behind the
compounds allowed for the meaningful interpretation of results.

The Gladiator screening process developed for this project involved screening a large compound
library of 1163 FDA approved compounds, divided across 14 96-well plates, in multiple rounds
followed by dose response analysis to validate hit compounds. The name was chosen because
only the compounds with the greatest phenotypic effects on the cells move on to the next round
of screening until only a few hit compounds remain. 14 separate primary screens were conducted
for each of the 14 96-well plates of FDA compounds, and the selected hit compounds from each
screen were then screened together in one of three secondary screens. The hit compounds from
the secondary screens were then assayed for their ability to modulate phospho-N17 in dose
response experiments.

2.2 - Results

2.2.1 - High-content “Gladiator” analysis identifies five compounds as promoters of N17
phosphorylation

1163 FDA compounds divided across 14 96-well plates were screened for their ability to
modulate phosphorylated N17 huntingtin. TruHD-Q50Q40 cells (39) were treated with the
compounds, followed by the primary conjugate anti—-N17-S13pS16p antibody against N17
phosphorylated at the S13 and S16 residues (36). 12-bit depth images were taken

automatically from multiple randomly selected locations in each well with the EVOS
microscope (Thermo Fisher Scientific), images with interfering artifacts such as detritus and
dying cells were deleted, and PCA (principal component analysis) plots were generated for each
of the 14 plates using Phenoripper software (Fig. 1A).

Phenoripper software analyzes bitmap textural elements of cell images and plots the images as

vectors in unitless, 3D space based on the three most variable textures using principal component
analysis (PCA) (66). Points furthest away from each other on the plot represent images or groups
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of images that are most dissimilar. This method of screening is both unbiased and highly
sensitive, able to detect differences between image sets that are not detectable by the human eye.

Compounds which appeared furthest from the center of the PCA plots were selected as primary
hits (Fig. 1A). These most obvious hit compounds were then deleted from the dataset and plots
were regenerated to identify another round of hits on the outermost perimeter. Antiseptic and
antibiotic compounds were disqualified as hits since we suspect that their impact on phospho-
N17 is likely due to non-specific cellular stress. 129 compounds were identified as primary hits,
11.1% of the 1163 compounds in the library.

The 129 primary hit compounds were arranged into three new plates, each of which were
screened at different methyl methanesulfonate (MMS) concentrations (Fig. 1B). MMS is
alkylating agent that reliably and robustly induces DNA damage by methylating DNA at N7-
deoxyguanosine and N3-deoxyadenosine. Testing the compounds after inducing damage to the
DNA may provide a more accurate model system since DNA damage is implicated in the
pathogenesis of HD and may also influence how the compounds affect the cells. The compounds
that were hits in at least two out of the three MMS conditions were selected as secondary hits.
With the secondary screen, the compounds were narrowed down to 20 secondary hits, 1.7% of
the original 1163 compounds.

CellProfiler (67) was used to produce dose response curves for the 20 secondary hits by
measuring the fluorescent intensity of the anti-N17-S13pS16p signal after cells were treated with
different concentrations of the compounds. Five of the 20 secondary hits modulated phospho-
N17 in a dose dependent manner, resulting in a final hit rate of 0.43%. Pranlukast, Clomipamine,
Docetaxel, and Naftopidil increase N17 phosphorylation in a dose dependent manner with
statistical significance, and Menadione also appears to promote N17 phosphorylation but lacks
significance (Fig. 2A). The other 15 compounds, including Carbamazepine (Fig. 2A), did not
result in a dose response and in some cases were toxic at high concentrations.

The Gladiator screen successfully identified five compounds (Pranlukast, Clomipamine,
Docetaxel, Naftopidil and Menadione) out of 1163 that increase N17 phosphorylation in an
unbiased manner (Fig. 3).

2.2.2 - Direct damage to DNA with intercalators does not affect N17 phosphorylation

Phosphorylated N17 huntingtin is recruited to sites of DNA damaged by irradiation (20), and
thus we hypothesized that direct DNA damage promotes N17 phosphorylation. The five final hit
compounds have flat heterocyclic structures, and thus could directly damage DNA by
intercalating between base pairs. Cells were treated with known DNA intercalators ethidium
bromide and Hoechst dye to test whether intercalation increases the phospho-N17 signal.
CellProflier (67) was used to measure the phospho-N17 signal, and there was no significant
difference between the fluorescence intensity of the treated and control cells (Fig 4).

2.2.3 - Pranlukast is the only cysteinyl leukotriene receptor antagonists that modulates N17
phosphorylation
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Dose response experiments were conducted on Montelukast and Zafirlukast, both cysteinyl
leukotriene receptor antagonists in the same family as the hit compound Pranlukast. Unlike
Pranlukast, Montelukast and Zafirlukast did not increase N17 phosphorylation in a dose
dependent fashion (Fig. 2B).

2.2.4 - Pranlukast inhibits NFxB

Pranlukast has been shown to inhibit the NFkB pathway (69-71), and inhibition of the NFxB
pathway was previously shown by our lab to increase phospho-N17 (36). To confirm that
Pranlukast inhibits NF«kB, cells were treated with either Pranlukast, the IKK-2 and IKK-1
inhibitor BMS 345541 (Abcam) as a positive control, or vehicle control and then treated with the
anti-NFxB p65 antibody [E379] (Abcam). Inhibition of NF«B results in cytoplasmic
sequestration and increased degradation, and thus will result in lower levels of NF«B.
CellProflier was used to measure the NFkB p65 fluorescence intensity. Pranlukast treated cells
had lower NF«xB p65 signals (p<0.05), as did the cells treated with BMS 345541 (not significant)

(Fig. 5).
2.3 - Discussion
2.3.1 - Increasing phosphorylated N17 by generating oxidative stress

There was a possibility that direct DNA damage could increase phosphorylated N17, since
phosphorylated N17 localizes to sites of DNA damage (20). Clomipramine, Docetaxel,
Menadione, and Naftopidil may be capable of intercalating DNA due to their flat planar
heterocyclic structures, which could explain their ability to increase phosphorylated N17.
However, this does not appear to be the case, since known DNA intercalators ethidium bromide
and Hoescht dye did not increase phosphorylated N17.

Oxidative stress induces phosphorylation of N17 (35), and thus I hypothesized that the final five
hit compounds increase N17 phosphorylation by inducing oxidative stress. Clomipramine,
Docetaxel, and Menadione have been reported to increase cellular ROS. Clomipramine is a
tricyclic antidepressant drug that has been shown to increase levels of lipid peroxidases and
hydroxyl radical production and decrease antioxidant protein activity (72). Docetaxel is taxane
used to treat several types of cancer. Taxanes are mitochondrial poisons that induce the
production of ROS (73). Menadione, a vitamin K supplement for animals, induces oxidative
stress through redox cycling (74, 75), and was banned for human use by the FDA due to its
toxicity. Naftopidil is a al-adrenergic receptor antagonist (a.1-blocker) that is approved for use in
Japan to treat symptoms of benign prostatic hyperplasia. a-blockers, including Naftopidil, are not
known to cause DNA damage or oxidative stress.

2.3.2 - Increasing phosphorylated N17 by inhibiting NFxB
Pranlukast is a cysteinyl leukotriene receptor antagonist that is used to treat bronchospasms
caused by asthma or allergies. It is not used in the west, but is used in Asia, particularly in Japan.

We determined that Pranlukast’s ability to induce N17 phosphorylation is due to its inhibition of
the NF«kB signaling pathway. We have previously shown that inhibiting the NFkB pathway with
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the IKKp inhibitor BMS-345541 induces phosphorylation of N17 at serine residues S13 and S16
(36).

Cysteinyl leukotrienes can directly activate the NFkB pathway, and thus cysteinyl leukotrienes
antagonists can inhibit NFxB signaling (68). However, Pranlukast can inhibit NFkB
independently of its leukotriene antagonism (69-71). Neither Montelukast or Zafirlukast,
cysteinyl leukotriene antagonists more potent that Pranlukast, increased N17 phosphorylation,
which confirmed that Pranlukast’s effect on N17 phosphorylation is not a result of its cysteinyl
leukotriene antagonist activity. Pranlukast was shown to inhibit NFkB levels in cell culture.

The NF«B family of proteins are transcriptional activators activated by harmful cellular stimuli,
such as oxidative stress, DNA damage, and proinflammatory cytokines. Genes that are targeted
by NF«B usually promote cell survival, and thus are likely involved in attenuating toxic ROS
levels. NFkB transcriptionally activates antioxidant proteins in many cell types, but can also
target pro-oxidant genes in immune cells that generate ROS to defend against pathogens (76). It
is likely that NFkB inhibition increases ROS in our system by decreasing the production of
antioxidant proteins, thereby promoting N17 phosphorylation.

NF«B activation can promote both neuronal survival and death depending on how and where it is
activated. NFxB activity in neurons is protective against oxidative stress-induced apoptosis due
to the transcriptional activation of antioxidant proteins, particularly Mn-SOD, while NFxB
activated by ischemic injury is harmful to neurons (77). The difference may be due to NFxB’s
activation in glial cells, since activated NF«xB in microglia and astrocytes target pro-oxidant
genes and promote neuronal death (78). Ischemic injury appears to activate NFkB in glial cells,
which explains why inhibiting NFkB can be therapeutic in cases of acute brain and spinal cord
injury. On the other hand, NF«kB activated by oxidative and excitotoxic stress is protective
against apoptosis due to its sole activation in neurons (79, 80). Therefore, due to high levels of
ROS in HD brains that may be responsible for the diseases pathogenesis, NFkB inhibition is a
poor therapeutic strategy for the treatment of HD.

2.3.3 - A novel method for high content analysis

| began my project with the goal to find compounds that induce N17 phosphorylation to gain
insight on potential mechanisms of N17 phosphorylation. While I did have some success finding
hit compounds that validate previous findings and support current hypotheses, | also developed
and validated a novel method for high content analysis known as the “Gladiator” screen.

Out of 1163 compounds, | pulled out 15 compounds as potential hits, five of which were
validated with dose response experiments. The screen was able to identify compounds that
increased N17 phosphorylation with an accuracy of 25%. This method also resulted in an overall
hit rate of 0.43%, which is considered good rate for a high content screen.

One of the hit compounds, Pranlukast, lead to the discovery that inhibition of the NFkB signaling
pathways promotes N17 phosphorylation. This result also validates and explains our group’s
finding from 2011 that targeting the NFkB with IKKf inhibition resulted in increased phospho-
N17 (36).
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This method can provide a framework for researchers to screen compound libraries in small
laboratory settings in an efficient, inexpensive, unbiased and accurate way.

2.4 - Materials and Methods
2.4.1 - Tissue culture

TruHD-Q50Q40 patient derived fibroblasts expressing full length huntingtin were used because
of their clinically relevant CAG repeat lengths and the hypophosphorylation of N17 phenotype
(39). Cells were grown in minimal Eagle’s medium (MEM) with 15% FBS and 1% Glutamax at
37°C and 5% CO:z and 4% O..

2.4.2 - Antibodies

Previously characterized and validated polyclonal antibody against phosphorylated S13 and S16
of the N17 domain in huntingtin (anti-N17-S13pS16p) (35) was conjugated to Alexa Fluor 488
succinimidyl ester dye (Molecular Probes/Life Technologies) as previously described (57).

2.4.3 - FDA Compound treatment

Cells were seeded into 96-well plates, and once 80-90% confluent, were treated with a library of
1163 FDA approved compounds in DMSO for 6 hours at a concentration of 1 uM at 37°C and
5% CO, and 4% Oz in 0.2% FBS MEM. For the secondary screens, the hit compounds from the
primary screen were arranged into three 96-well plates, and each plate was screened under three
conditions. Plates were treated with 40 or 80 ug/mL methyl methanesulfonate MMS in HBSS, or
vehicle control, for 20 minutes at 37°C and 5% CO, and 4% O: prior to washing and treatment
with the FDA compounds.

2.4.4 - Microscopy and image analysis

Images were acquired with the EVOS FL Auto 2 inverted widefield microscope (Thermofisher
Scientific) at 20X magnification. For the high content analysis, several images were taken
automatically per well from randomly selected locations.

Phenoripper software (66) analyzed the images in an unsupervised manner with a block size of
23 and generated PCA plots. Compounds that were furthest from the center of the PCA plot were
selected as hit compounds.

2.4.5 - Dose Response Analysis
Cells were treated in triplicate with the compounds at 0.25, 0.5, 1, 2, 5, and in once case 10 uM
concentrations for 6 hours in 0.2% FBS MEM at 37°C and 5% CO, and 4% O.. Images were

acquired with the EVOS FL 2 scope and analysed by CellProflier (67), which measured the
relative fluorescence intensity of the phospho-N17 signal.

23



Masters Thesis - R. Kurtz McMaster University - Biochemistry

2.4.6 - Ethidium Bromide and Hoechst Treatment

Cells were treated in triplicate with 10 ug/ml ethidium bromide and Hoechst 33342 dye
(Thermofisher Scientific) for 2 hours and 20 minutes respectively in triplicate, along with vehicle
control wells. Images were acquired with the EVOS FL 2 scope and CellProfiler (67) measured
the relative fluorescence intensity of the phospho-N17 signal.

2.4.7 - NFxB assay

Cells were treated in triplicate with either BMS-345541 (10uM), Pranlukast (5uM), or vehicle
control for two hours in 15% FBS and 1% Glutamax at 37°C and 5% CO:2 and 4% O.. Cells were
treated with the anti-NF«B antibody and images were acquired with the EVOS microscope.
CellProfiler (67) was used to measure the relative fluorescence intensity of the NFxB signal.

2.4.8 - Immunofluorescence

The cells were fixed and permeabilized with cold methanol for 10 min at -20°C, washed with
phosphate buffer saline (PBS), and blocked for 1 hour in blocking buffer (2% FBS in PBS).
Next, the cells were incubated with Alexa Fluor 488-conjugated anti-N17-S13pS16p primary
antibody diluted 1:20 in antibody buffer (2% FBS and 0.02% TWEEN 20 in PBS) overnight at
4°C. Cells were then washed in PBS, treated with DRAQ5 nuclear stain (BioStatus) for 15
minutes, and washed again.

Cells treated with the anti-NFkB antibody were first fixed with 4% paraformaldehyde (PFA) for
15 minutes at room temperature, washed, and blocked in blocking buffer with 0.1% Triton X-
100 to permeabilize for one hour. Cells were then incubated overnight with the validated
polyclonal recombinant anti-NFk-B p65 primary antibody [E379] (Abcam) diluted 1:100 at 4°C,
washed, treated with goat anti rabbit Alexa Fluor 488 secondary antibody diluted 1:1000 for 30
minutes at room temperature, washed, and stained with DRAQ5.
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Chapter 3

Huntingtin Lowering with Protein Arginine Methyltransferase 5 Inhibitors
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3.1 - Project Overview
3.1.1 - Rational

Two Protein Arginine Methyltransferase 5 (PRMTS5) inhibitors, LLY-283 and GSK-591, were
shown to knock down total huntingtin levels in cell cultures, potentially as a result of epigenetic
modification (data not shown). Huntingtin lowering with antisense oligonucleotides have shown
efficacy in improving HD symptoms in HD animal models (63), and are now a promising
therapeutic strategy for HD patients (64, 65). Therefore, the ability of these compounds to lower
huntingtin levels could be of interest in HD research as a potential treatment.

3.1.2 - Background

PRMTS5 is an enzyme that adds a methyl group from the cofactor S-adenosyl methionine (SAM)
onto certain proteins, including histones, transcriptional elongation factors and p53. Histone
methylation is an epigenetic modifier that can result in transcriptional silencing or promotion.
PRMTS5 methylates histones H3R8 and H4R3, which has been shown to repress the expression
of tumor suppressor and cell cycle genes and promote hyperproliferation, while PRMT5
suppression results in slow growing cells (81). In the cytoplasm, PRMTS5 is a part of the 20S
methylosome complex, which methylates Sm proteins to form snRNPs that participate in RNA
splicing (82).

LLY-283 and GSK-591 are PRMTS5 inhibitors that have shown efficacy in treating secondary
brain tumors and are currently being researched for cancer treatment in humans. LLY-283 is a
small molecule with antitumor activity in xenograft mice that binds to the SAM pocket and
competitively inhibits PRMT5 (82). GSK-591 is a peptide-competitive PRMTS5 inhibitor that is
also anti-tumorigenic and decreases the levels of SmBB’-Rme2s with similar potency to LLY -
283 (82, 83).

3.1.3 - Experimental research approach

| investigated LLY-283 and GSK-591 for their effect on our cell culture system. | used
immunofluorescence microscopy and unsupervised machine sorting with Phenoripper to detect
phenotypic changes in the cells across different channels. | also conducted time response
experiments measuring huntingtin levels to determine if the compounds lowered huntingtin over
time in TruHD-Q50Q40 cells.

3.2 - Results

3.2.1 - Unsupervised machine sorting recognized phenotypic differences between PRMT5
inhibitor-treated cells

TruHD-Q50Q40 cells (39) were treated with PRMTS5 inhibitors GSK-591 and LLY283, along
with the inactive analogs, SGC-2096 and LLY-284, and a DMSO control at 1uM for 24 hours.
Cells were treated with anti-N17-S13pS16p antibody, E7 anti-beta tubulin antibody, anti-
huntingtin MAB2166, and nuclear stain DRAQ5. The EVOS microscope was used to take
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multiple images of each treatment condition. PCA plots were generated with Phenoripper
software (66) across each individual channel (Fig. 6).

Some separation between treatments was observed on the PCA plot of cells treated with the anti-
huntingtin antibody (Fig. 6A). The cells treated with the active and control compounds all appear
to be flattened compared to the DMSO control (Fig. 6E). Treatment of cells with the anti-beta
tubulin antibody resulted clear separation between wells on the PCA plot (Fig. 6B). The GSK-
591 and LLY-283 treated cells formed two distinct clusters separate from the control wells on
the PCA plot of anti-P17 antibody treated cells (Fig. 6C), and both cell populations appear to be
dimmer than cells treated with control compounds (Fig. 6E). The PCA plot of the DRAQ5
images showed separation between wells with the exception of GSK-591, which did not form a
distinct cluster (Fig. 6D).

Unsupervised machine sorting with Phenoripper was able to detect phenotypic changes in cells
treated with PRMT5 inhibitors within 24 hours, likely before huntingtin levels would be affected
through epigenetic modification.

3.2.2 - Time Response of PRMTS5 inhibitors

Cells were treated with GSK-591, SGC-2096 (neg. control), LLY283, LLY-284 (neg. control),
or DMSO (vehicle control) for 1, 2, 3, or 4 days at 1uM. EPR-5526 anti-huntingtin antibody was
used to quantify huntingtin levels through Western blot analysis. Due to time constraints, only
one trial was conducted for each of the compounds.

Neither inactive compound, SGC-2096 and LLY-284, nor the active compound GSK-591
appeared to reduce huntingtin levels compared to untreated cells at any time point (Fig. 7).
Active compound LLY-283 appeared to reduce huntingtin only after 4 days of treatment (Fig. 7).

3.3 - Discussion

GSK-591 and LLY-283 are equally potent at reducing methylation activity (82, 83), and yet their
effects on cellular morphology in our system were distinct from one another. The separation by
PCA of the DRAQS5 stained cells indicates that the compounds are affecting chromatin as would
be expected with epigenetic modifiers. The morphological changes seen in the other channels
may in part be due to PRMTS5 inhibition, however, the inactive controls also changed the cells
relative to a DMSO control. While PRMT5 inhibitors were intended to be used for epigenetic
modification, the flattening of the cells observed indicates that the cytoskeleton is being affected
by the small molecules. It is also unlikely that epigenetic modification would work to lower
huntingtin within only 24 hours, so it is likely that the compounds are having off-target effects
on cell morphology.

LLY-283 appeared to lower huntingtin levels only after 4 days of treatment, however, more
replicates would need to be done to assure reproducibility and to determine if the effects are
significant. GSK-591, on the other hand, did not appear to affect huntingtin expression. While
PRMTS5 inhibitors, particularly LLY-283, might be able to reduce huntingtin levels, it appears
that they also have other off-target effects on cell morphology detected by unsupervised machine
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sorting. The flattening of the treated cells could be indicative of toxicity. Even the inactive
compounds with similar structures to the active compounds affected the cells phenotypically.
Based on these results, GSK-591 and LLY-283 do not seem to be appropriate for HD treatment,
despite their potential ability to lower huntingtin.

Unsupervised machine sorting by Phenoripper was able to unbiasedly detect phenotypic changes
made by adding PRMTS5 inhibitors and control compounds to the cultured cells in only one day.
The methodology is highly sensitive, showing clear separation between images of the different
cell populations using several fluorescent probes. Inhibiting PRMT5 may turn out to be a poor
strategy for treating HD. However, unbiased machine learning with principal component analysis
has confirmed with a high degree of sensitivity that the compounds affect cells phenotypically in
ways distinct from one another. This software has the potential to be a useful tool in assessing
the activity and efficacy of pharmaceutical compounds.

3.4 - Materials and Methods
3.4.1 - PRMTS5 inhibitor treatment

For Phenoripper analysis, TruHD Q50Q40 cells (39) were seeded into 6-well plates. Once 80-
90% confluent, were treated with 1uM of LLY-283, LLY-284, GSK-591, SGC-2096, (Structural
Genomics Consortium) or DMSO in minimal Eagle’s medium (MEM) with 15% FBS and 1%
Glutamax for 24 hours at 37°C, 5% CO: and 4% O..

For Western blot analysis, cells were grown in 10cm plates and treated with 1uM of the
compounds for 1, 2, 3, or 4 days in 15% FBS and 1% Glutamax at 37°C, 5% CO2 and 4% O..
Some cells were also treated with 1 yM DMSO for 24 hours.

3.4.2 - Immunofluorescence

Cells were fixed with cold methanol for 10 minutes at -20°C, blocked with 0.2% FBS for one
hour and incubated with Alexa Fluor 488 conjugated rabbit anti-N17-S13pS16p primary
antibody diluted 1:20 in antibody buffer (2% FBS and 0.02% TWEEN 20 in PBS) overnight at
4°C. The following day, cells were washed and treated with either mouse anti-beta tubulin
primary antibody (E7, DSHB) or mouse anti-huntingtin MAB2166 antibody (Millipore) diluted
1:500 in antibody buffer, and incubated overnight. Then goat-anti-mouse Alexa Fluor 594
secondary antibody was diluted 1:500 in antibody buffer and added to the cells for 30 minutes.
After washing, nuclei were stained with DRAQ5 (BioStatus) for 15 minutes, followed by
washes.

3.4.3 - Unsupervised machine sorting
Multiple images were obtained by the EVOS microscope at 20X magnification from each
treatment condition. Phenoripper software (66) was used to generate PCA plots across four

different channels (MAB2166, beta-tubulin, P-N17, and DRAQ5).

3.4.4 - Western blot analysis
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Media was aspirated out of the tissue culture plates over ice. Plates were then rinsed with PBS
and aspirated thoroughly. Cells were lysed with 200 ul of RIPA buffer with 10% phosphatase
and protease inhibitors (Roche), scraped from the plates, collected, and centrifuged at 10,000 x g
for 10 minutes. The supernatants were collected and protein concentration was normalized.

30 pg of protein was loaded into pre-cast 4-20% polyacrylamide gradient gels (Biorad) for SDS-
PAGE, and electroblotted onto Immobilin polyvinylidene difluoride (PVDF) membrane (EMD
Millipore). Membranes were blocked in 5% non-fat dry milk in TBS-T (50 mM Tris-HCI, pH
7.5, 150 mM NacCl, 0.1% Tween-20) for 1 hour at room temperature or overnight at 4°C, then cut
horizontally at 75-kDa to separate the huntingtin from the GAPDH. Membranes were treated
with either rabbit EPR5526 (Abcam) diluted 1:2500 or mouse anti-GAPDH diluted 1:75,000
(Abcam) overnight at 4°C. Blots were washed with TBS-T, treated with anti-rabbit or anti-mouse
horseradish peroxidase (HRP) secondary antibodies (Abcam) diluted 1:15,000 for 30 minutes at
room temperature, and washed again.

Huntingtin bands were treated with enhanced chemiluminescent HRP substrate (EMD Millipore)
and GAPDH bands were treated with Amersham ECL Western blotting detection reagent
(General Electric Life Sciences). The blots were visualized on a MicroChemi system (DNR Bio-
imaging Systems). Huntingtin bands were quantified using ImageJ (National Institutes of Health)
and normalized to the GAPDH loading control.
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Chapter 4

Conclusion
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Huntingtin’s N17 domain is a key modifier of mutant huntingtin toxicity in Huntington’s
Disease. Its phosphorylation at serine residues S13 and S16 is protective in HD, where it is
hypophosphorylated compared to wildtype huntingtin. A high content analysis of an FDA
compound library yielded five compounds that induce N17 phosphorylation, many of which
induce oxidative stress, a known trigger for N17 phosphorylation. The compound Pranlukast is
an inhibitor of the NF«kB signaling pathway, the inhibition of which was previously shown by
our lab in increase N17 phosphorylation.

The novel “Gladiator” screening method I developed identified compounds in an unbiased
manner that target pathways known to affect N17 phosphorylation, validating it as an accurate
tool. This is an accurate, unbiased, and inexpensive method of high content analysis that can be
used by other labs to screen other libraries for other purposes.

Phenoripper software also proved to be useful in detecting phenotypic differences in cells treated
by PRMTS5 inhibitors in a short amount of time. Its accuracy, sensitivity, and the amount of
images it can sort make unsupervised machine sorting an invaluable tool in pharmaceutical
research and chemical biology.
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Figures
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Figure 1: Phenoripper PCA plots of the primary and secondary screens of the FDA compound
library. Cells were treated with compounds at 1 uM for 6 hours at 37°C, fixed with cold

methanol, blocked, and incubated with Alexa Fluor 488-conjugated anti-N17-S13pS16p primary

antibody overnight. Plates were imaged microscopically at 20X magnification and images were
analyzed for principal component analysis by Phenoripper. The points farthest away from the

center of the plots were selected as primary hits. A) PCA plot of FDA compound plate 8 primary
screen. B) PCA plots of a secondary screen conducted on cells pretreated with either 0, 40, or 80

UM of MMS for 20 minutes. Compounds that were hits in at least two of the three conditions

were considered hits.
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Figure 2: Phospho-N17 dose response curves. Cells were treated with 0.25, 0.5, 1, 2, and 5 uM
for 6 hours, fixed with cold methanol, and treated with Alexa Fluor 488-conjugated anti-N17-
S13pS16p primary antibody overnight. Images were acquired with the EVOS FL Auto at 20X
magnification. Relative fluorescence intensity was measured using CellProfiler. N=3.
**P<0.001, *P<0.05. Statistical analysis was performed using one-way ANOVA. A) Dose
response curves of five final hit compounds and one non-hit compound (Carbamazepine). B)
Dose response curves of cysteinyl leukotriene receptor antagonists.
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Figure 3: Summary of the Gladiator screen and the five final hit compounds.
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Figure 4: Effect of DNA intercalation on phosphorylated N17. Live cells were treated with
Ethidium and Hoechst dye. Cells were treated in triplicate with 10 pg/ml ethidium bromide and
Hoechst 33342 dye for 2 hours and 20 minutes respectively. The cells were then fixed with cold
methanol and treated with Alexa Fluor 488-conjugated anti-N17-S13pS16p primary antibody
overnight. Images were acquired with the EVOS FL Auto at 20X magnification, and relative
fluorescence intensity was measured with CellProfiler. N=3.
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Figure 5: Effect of Pranlukast on NFxB levels. Cells were treated with either BMS-345541
(10uM), Pranlukast (SuM), or vehicle control for two hours, fixed in 4% PFA at room
temperature, and permiabilized with 0.1% Triton X-100. Cells were then treated with an anti-
NF«B p65 antibody overnight, and then with secondary antibody for 30 minutes. Images were
acquired with the EVOS FL Auto at 20X magnification, and relative fluorescence intensity was
measured with CellProfiler. N=3. **P<0.001, *P<0.05. Statistical analysis was performed using
one-way ANOVA.
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Figure 6: Principal component analysis of PRMT5 inhibitors. Cells were treated with DMSO
(A01), SGC-2096 (A02), GSK-591 (A03), LLY-283 (B01), or LY-284 (B02) for 24 hours, fixed
with methanol, and blocked. Immunofluorescence was used to visualize total huntingtin (A), beta
tubulin (B), and phosphorylated N17 (C). Nuclei were stained with DRAQS5 (D). Images were
acquired with the EVOS FL 2 scope and analyzed with Phenoripper software. (E) Images of cell

treated with the compounds in all channels.
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Figure 7: Time response of huntingtin levels in cells treated with PRMT5 inhibitors. Cells were
treated with 1uM of the compounds for 1, 2, 3, or 4 days. Cells were lysed, run on an SDS-
PAGE, and electroblotted onto a PVDF membrane. The EPR5526 anti-huntingtin antibody was
used to treat the huntingtin bands, followed by a secondary antibody. Huntingtin was quantified
and normalized to GAPDH loading control intensities using ImageJ. A) Western blots of treated
cells. B) Western blot quantifications.
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