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Alcohol use disorder (AUD) and Huntington Disease (HD) are neuropsychological
diseases with an impact on the striatum. AUD is characterized by inflexible drinking,
which is thought to be mediated by effects of chronic intermittent ethanol exposure on the
dorsal striatum, the input nucleus of the basal ganglia. In our study of AUD, we used
single-nuclei RNA-sequencing (SNRNA-seq; n = 86,715 cells) to examine the impact of
chronic intermittent ethanol exposure on the dorsal striatum in C57BL/6 male and female
mice. We detected 462 differentially expressed genes at FDR < 0.05, the majority of
which were mapped to spiny projection neurons (SPNs), the most prominent cell type in
the striatum. Gene co-expression network analysis and functional annotation of
differentially expressed genes revealed down-regulation of postsynaptic intracellular
signaling cascades specifically in canonical SPNs. Inflammation-related genes were
down-regulated across many striatal cell types. Gene set enrichment analyses also pointed
to altered states of rare cell types, including the induction of angiogenesis-related genes
in vascular cells. These data provide important clues as to the impact of ethanol on

striatal biology and provide a key resource for future investigation.



As a monogenic disorder, Huntington’s disease (HD) is at the forefront for gene-therapy
innovation in neurodegeneration. One challenge to clinical innovation is our ability to
discern detailed information about how HD and its potential therapeutics impact the
brain. Single-nucleus RNA sequencing is a cutting-edge technology capable of providing
this level of detail. Here, we studied cell type-specific transcriptomic effects of HD
mutations in the striatum of a knock-in mouse model, HttQ111/+. Further, we examined
the cellular impacts of a non-allele specific Htt-lowering antisense oligonucleotide
(ASO). We characterized substantial transcriptional effects of the HD mutation in spiny
projection neurons, the cell type most vulnerable to HD neurodegeneration. Surprisingly,
Htt-lowering ASO treatment exacerbated many of these transcriptional changes.
Understanding these cell type-specific effects of ASO treatment could aid in the

interpretation of Htt-lowering toxicity that has recently been observed in human patients
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INTRODUCTION

A. The Striatum

The striatum is the major input center of the basal ganglia. Structurally, the ventral
striatum is comprised of the nucleus accumbens, implicated in reward circuitry, and the
olfactory tubercle. The dorsal striatum is comprised of the caudate nucleus and putamen
separated by a white matter tract called the internal capsule. The caudate nucleus and
putamen play complementary functional roles, with the dorsal striatum often viewed as a
whole involved in executive functioning, motor regulation, cognition, learning and habit
formation. When relevant, further compartmentalization is typically made between
dorsomedial and dorsolateral striatum, which are associated with goal-directed learning

and habit formation via stimulus-response processes respectively.!
Striatal Circuits

Major inputs to the striatum include thalamic and cortical excitatory glutaminergic
projections modulated by dopaminergic projections from the substantia nigra pars

compacta (SNc) and ventral tegmental area (VTA) midbrain dopaminergic neurons.?

Outputs from the striatum are filtered from inputs and funneled through two distinct
pathways, known as the “Direct” striatonigral pathway and “Indirect” striatopallidal
pathway. These paths are regulated by two distinct populations of Spiny Projection
Neurons (SPNs), GABAergic neurons that make up roughly 95% percent of the cell
population of the striatum. Direct Spiny Projection Neurons (ASPNs) are associated with
the “Direct” pathway and express high levels of the D1 dopamine receptor. This pathway

involves inhibitory output to the internal globus pallidus (GPi) and substantia nigra pars



reticulata (SNr) resulting in disinhibition of the thalamocortical and brainstem motor
circuits. In our most simplistic models, dSPNs are considered an on-switch. Indirect
Spiny Projection Neurons (iISPNs) are associated with the “Indirect” pathway and express
high levels of the D2 dopamine receptor. These cells direct output to the external globus
pallidus (GPe) and subthalamic nucleus (STN) resulting in inhibition of thalamocortical
circuitry and movement — the off-switch. These two pathways and the associated roles
dSPNs and iSPNs are projected to play represent an overly simplistic delineation of
circuitry and how cell-type specificity regulates striatal function, which is further

discussed below as related to AUD and HD.
Striatal Cell Types

This striatum is endowed with a rich diversity of cell types. GABAergic Spiny projection
neurons (SPNs) make up 95% of the striatal neuronal population and are canonically
compartmentalized into direct (dASPN) and indirect (iSPN) types.® As outlined above,
dSPNs express the D1 dopamine (DA) receptor and primarily stimulate action via the
direct pathway. iSPNs express the D2 DA receptor with activation reinforcing inaction
via the indirect pathway. Many studies attempt to further subdivide SPN populations, an
indication that these striatal residents are more heterogeneous than scholars originally
surmised. The most pronounced and distinct population of SPNs aside from canonical
dSPN and iSPN are defined by the expression of Otof+ alongside mixed markers
predominantly expressed by dSPNs and iSPNs. The third subcluster is termed “eccentric”

(eSPN).*®¢ Our understanding of the functional annotation of eSPNs is limited.

Interneurons (INs), which project locally and modulate striatal outputs, also populate the

striatum. Three key subtypes include GABAergic somatostatin-expressing (SST+) INs,

2



GABAEergic parvalbumin-expressing (PV+) INs, and cholinergic acetyltransferase-
expressing (ChAT+) INs. SST-INs are low-threshold spiking (LTS) cells with stretched
axons and broadly branched dendrites suggestive of distant target capacity.”® SST-INs
primarily transmit GABA, while co-expressing SST, neuropeptide-Y (NYP) and nitric
oxide (NO).>!! Paradoxically, the excitatory neurotransmitter glutamine is also co-
expressed by SST-INs, allowing for both inhibitory and excitatory transmission to post-
synaptic targets.*? PV-INs are fast-spiking interneurons (FSIs) known to transmit both to
SPNs and to other FSIs.*® They are morphologically spherical with dendrites exhibiting
comparatively little branching and highly compact, densely-branched axons best suited to
local transmission.'3 PV-INs provide feed-forward inhibition on SPNs, though this action
may be modulated by FSI-FSI innervations.**> CHAT-INSs are large aspiny interneurons
that project widely throughout the striatum. Current estimates of axonal varicosities per
cell average 500,000.%¢ Acetylcholine plays diverse roles in the striatum, with modulation
resulting in varied and significant downstream effects that are poorly characterized but
likely to influence striatal output.® As the primary source of acetylcholine in the

striatum, CHAT-INs hold significance beyond their small population size.'6

The other resident cells of the striatum are more common neuronal cell types including
astrocytes, oligodendrocytes, polydendrocytes, endothelial cells, mural cells, ependymal
cells, and microglia. Though most of these cell type do not have known striatal-specific
attributes, striatal astrocytes are distinct in their comparatively low expression of the
common astrocyte marker gene glial fibrillary acid protein (Gfap).t” When compared to
hippocampal astrocytes, striatal counterparts display robust potassium-channel expression

and are also enriched for proteins involved in calcium flux and binding.'” Astrocytes are



believed to directly contact approximately eleven SPNs and play a role in

neuromodulation.t’
B. Alcohol Use Disorder

Addiction is a devastating condition that impacts a large percentage of the U.S.
population and carries grave social, healthy, and economic costs. Alcohol Use Disorder
(AUD) is a mental health condition characterized by compulsive heavy intake of alcohol,
often following a chronic, relapsing pattern over many years. AUD affects >5% of the
global population and is associated with enormous medical and economic consequences,
including ~140,000 annual deaths from alcohol-related causes in the United States
alone.'® One-third of Americans will meet the criteria for AUD during the course of their
lifetimes.'® Only a small proportion of people living with AUD are adequately treated by
existing therapies. The development of more effective therapies has been hindered by
incomplete understanding of alcohol’s effects on the brain. The neurobiology of AUD

closely mirrors that of other disorders of addiction.

Addiction is a three-stage cycle of progressive repetition involving intoxication,
withdrawal, and anticipation, all of which play a role in dysregulating reward circuits to
encourage obsessive, habit-based behaviors.?® Decision-making shifts from executive-
function-based (prefrontal cortex) to habit-based (striatum), accompanied by a

progression from ventral to dorsal striatal predominance.?

Activation of the reward system is predicated by increased dopamine and opioid peptide
release into the ventral striatum from ventral tegmental area (VTA) midbrain

dopaminergic neurons, which activates D1 receptors causing the intoxicating feelings



experienced in the first stage of an addictive cycle. At the same time, increased dopamine
release into the dorsal striatum is associated with goal-directed learning and habit
formation.?? These core events set in motion a complicated range of neurotransmitter
dysregulation that ultimately uses the brain’s natural capacity for neuroplasticity to

change important circuitry.

Both dorsolateral and dorsomedial compartments of the striatum are involved in
addiction circuitry, with the dorsolateral striatum implicated in habit formation via
stimulus-response processes and the dorsomedial striatum implicated in goal-directed
learning and behaviors. Progression from ventral to dorsal striatal predominance in
addiction may be bolstered by inter-striatal loops innervating the dorsal striatum via

dopaminergic neurons of the brainstem.?3

The neuronal cellular residents of the dorsal striatum are representative of the striatum as
a whole with roughly 95% SPNs and 5 percent interneurons (iNs). The roles played by
iISPNs as compared to dSPNs in addiction are poorly understood. There is some
consensus that, as per dogma, dSPNs are likely to stimulate action while iSPN activation
reinforces inaction, but studies indicate that this stratification of roles is overly
simplistic.?? Research focusing on SPN activity have shown activation of iISPNs
alongside dSPNs during action promotion and the two cell types exhibit different patterns

of activation depending on the activity initiated.??



The Striatum in AUD

The dorsal striatum is a key structure dysregulated in humans with AUD, as well as in
animal models of chronic alcohol intake.?? Alcohol, like other addictive substances,
causes dopamine and opioid peptides to be released into the both the dorsal and ventral
striatum from midbrain dopaminergic neurons and subsequent activation of striatal
neurons. The activation of ventral striatum contributes to the hedonic, intoxicating effects
of alcohol intake. Dorsal striatum activation is associated with goal-directed learning and
habit formation.?? Chronic alcohol use also impacts circuits involved in memory and

learning, key process controlled by the striatum.?*

At a cellular level, chronic alcohol intake is associated with well-described anatomical
and functional changes in spiny projection neurons (SPNs), the GABAergic output
neurons of the striatum. Biochemical studies of the striatum indicate specific attenuation
of the indirect pathway in chronic alcohol exposure.?® Further, chemogenic inhibition of
the direct path ameliorates cue-induced drug seeking in rats.?6 However, the molecular
adaptations contributing to these alcohol-induced changes remain poorly characterized.
Major effects include those that influence (1) glutamate synapses (2) morphological and
intrinsic excitability, and (3) GABA synapses. Glutamate is the major excitatory
neurotransmitter in the brain. Ethanol has been shown to increase activity in NR-2B
containing NMDA receptors and AMPA receptors in the dorsal striatum of rats.?’~°
Other studies point to a dose-dependent decrease in excitatory postsynaptic currents,
suggesting an inhibition of glutaminergic synaptic transmission.*? Glutaminergic
projections originating from the anterior insular cortex have been implicated in particular,

with evidence that synaptic plasticity at this junction is particularly vulnerable to ethanol



exposure.>! Morphologically, chronic ethanol exposure has been shown to induce
dendritic hypertrophy, increasing dendritic length and branch count in the dorsal
striatum.? These structural changes are mirrored by functional changes including loss of
synaptic plasticity.>=* BDNF signaling, corticosteroids, and stress have been identified
as a potential source of self-administration gating.>>3¢ Intrinsic excitability is also altered
in complex and cell-type specific ways.?” Ethanol exposure causes reduced GABAergic
transmission onto SPNs, with subsequent disinhibition of the dorsal striatum. The
activation of delta opioid receptors and potentiation of GABAergic input to fast-spiking
interneurons may contribute to this phenomenon.*®* Understanding the nature of these
diverse effects and the cellular sources of the expression changes driving these effects is

required.
The Use of Animal Models in Addiction

The study of addiction has been aided immensely by the use of animal models, especially
rodents. Two forms of experimental design common in the literature are intermittent
exposure, where animals are exposed to the substance independent of their actions, and
behavior-oriented designs that allow animals access and control over substance use. Each
carries its own limitations with exposure allowing for subjects who have been exposed to
equal levels of addictive substances and behavioral-based studies better mirroring human
addiction in terms of reward-seeking behavior emulation. In this study we use the
C57BL/6 J mouse model, a verified mouse model commonly used in alcohol use disorder

studies, under an intermittent exposure design paradigm.



Genomic Studies in AUD

Single-cell genomics has emerged as a powerful strategy to describe the cell type-specific
molecular adaptations associated with exposure to addictive substances.*®4! Only a few
single-cell genomics studies have described changes in AUD or AUD-related animal
models, primarily on the prefrontal cortex.*>4> Genomic profiling of the striatum in
AUD and related models has been limited to ShnRNA-seq of the ventral striatum in a small
cohort of human AUD cases and controls, which was underpowered to detect many
differentially expressed genes. RNA sequencing of bulk tissue from larger cohorts found

significant dysregulation of immune and inflammatory processes.*¢

C. Huntington’s Disease

As modern medicine allows people to live longer, age-related cognitive decline and
neurodegeneration is becoming an increasingly urgent problem. Neurodegenerative
diseases are among the leading causes of death and disability in the United States.
Neurodegenerative disease, particularly Alzheimer’s disease (AD), is the leading cause of
dementia, an umbrella term referring to a state of mind involving challenges with
memory, problem solving, and other cognitive activities that impact everyday life. AD is
the most widespread of the dementia-causing diseases with 1.5 percent of the US
population suffered from AD and related dementia in 2014 and 3.3 percent projected to

be affected by 1960 as our population ages.*’

Huntington’s disease (HD) is the most common monogenic neurodegenerative disease,
impacting ~1 in 10,000, and represents an excellent model for understanding molecular

and cellular mechanisms of neurodegeneration. HD is caused by a trinucleotide CAG



repeat on exon 1 of the HTT gene and results in a mutant huntingtin protein containing a
polyglutamate tract. Age of onset depends on several factors including the length of the
CAG repeat, which increases generationally. Greater than 60 repeats is associated with
juvenile onset while 40-50 repeats tracks to adult onset. While CAG repeat number
explains roughly 66% of HD variance other inputs, both environmental and genetic, are
likely to play a role.*¢4% HD has its own set of unique clinical features that distinguish it
from other forms of neurodegeneration and from age-related cognitive decline when
taken together, but each case of HD is unique and signs can differ between patients.>° The
clinical manifestation of HD include motor, cognitive and psychiatric dysfunction.
Chorea, characterized by involuntary sudden movements, is a common symptom of HD
but the progression of movement dysregulation is more complicated and often follows a
biphasic pattern that begins with hyperkinesis and progresses into hypokinesis.>* Though
motor symptoms are often the most identifiable symptoms of HD, cognitive and
psychiatric dysfunction can begin fifteen years earlier and reportedly make up a greater
percentage of disease burden for HD patients and their families.>? As such there has been
an increased interest in the study of prodrome manifestations of HD, including cognition
and psychiatric affects.5? Our study complements this shift by examining striatal

dysregulation and rescue in early disease.

Cells in HD exhibit signs of accelerated aging.>® This raises the question of whether HD,
as a monogenic disease, can shed light on the underlying mechanisms that cause age
related cognitive decline and susceptibility to other neurodegenerative diseases. This
possibility is bolstered by an increased vulnerability to other neurodegenerative diseases

in HD patients — one study found that 82% (9 of 11) deceased HD patients with a mean



age of 76 showed evidence of AD pathology while only 16% of aged people 76-84 years

in the general population would be expected to show signs of disease.>*%® Further studies

have found wider evidence of neurodegenerative co-pathies in HD, with 88% of deceased
HD patients exhibiting pathological evidence of other disease compared to 29% of

controls.®

The Striatum in Huntington'’s Disease

Regional degeneration is one of the factors used to distinguish different forms of
neurodegenerative disease and primary degeneration of the striatum is a key feature of
HD, with iSPNs being affected earlier and more severely than dSPNs. Biphasic motor
manifestations of HD mirror the neurobiological vulnerability patterns of SPNs — with
hyperkinesis occurring earlier as iISPNs are selectively damaged, followed by hypokinesis
with loss of dSPNs in later stages of disease.> Cognitive and psychiatric symptoms are
also likely to be associated with striatal dysregulation. In addition to the timing of striatal
degeneration most closely matching prodromal HD symptoms, cortical-striatal pathways
link the prefrontal cortex to the dorsal striatum and lesion studies based in monkeys and
rats have shown that lesions in the dorsal striatum can affect cognition and executive

function similarly to prefrontal lesions.>’
The Use of Animal Models in HD

Though HD occurs only in humans, the use of animal models is essential in allowing
experiments and manipulations that are not possible in a human population. Mice with
varying CAG repeat lengths are a verified and highly documented model for HD.4%:58-60

CAG knock-in lengths that would result in disease features in humans (i.e. 40-50) do not
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result in HD-associated phenotype in knock-in mouse models, with a phenotype arising
in lengths greater than 90 repeats.®® HD model mice exhibit a range of relevant
behavioral and molecular characteristics. Behavior and motor deficits, including deficits
in gait, have been documented in the CAG 140 knock-in mouse model.61-63 Q111 is a
mouse model with a knock-in CAG repeat of 111. This model produces similar results on
several genetic backgrounds, with disease-associated characteristics progressing more
rapidly on the B6 mouse background.*® Though most HD studies center on older mice,
the striatum of the B6-Q111 mouse model has been experimentally evaluated at younger
time points with evidence of (1) fewer than 25 DEGs at the 4-9 week window, (2) 279

DEGs at the 9-16 week window, and (3) 1513 DEGs at the 16-20 week window.*°
Genomic Studies in Striatal HD

HD is a widely studied neurodegenerative disease with a strong library of literature. The
HD molecular signature has previously been studied in bulk RNA-seq.54 The seminal
bulk RNA-seq study, conducted by Langfelder et. al., studied over 400 striatal samples
from HD knock-in mice across several CAG repeat lengths including Q20, Q80, Q92,
Q111, Q140, and Q175, and three age groups including 2 months, 6 months, and 10
months. When compared to WT animals, striatal tissues revealed significant age and
CAG repeat length dependent transcriptional changes. Network analysis revealed 13
significantly differentially expressed striatal modules. Modules negatively correlated with
CAG repeat lengths included modules biologically associated with (1) CAMP signaling
and striatal marker genes), (2) glia, (3) glutamate receptor signaling, and (4) transcription
and chromatin factors. Modules positively correlated with CAG repeat lengths include

modules biologically associated with (1) cell division and protocadherin genes, (2) stress
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response genes, (3) mitochondrial genes, and (4) protein homeostasis genes. Major take-
aways from the paper included CAG length dependent of dysregulation in striatal SPN

cell-identity genes, and upregulation of genes involved in cell death signaling.

Studies in single cell are more limited. A 2020 paper employed the translating ribosome
affinity purification (TRAP) methodology to examine cell-type specific gene expression
across knock-in mouse model at differing CAG lengths and with a transgenic HD mouse
model.%® Results showed downregulation of striatal identity genes in both iSPNs and
dSPNs alongside dysregulation of circadian clock and synaptic genes. Other results
common between canonical SPNs include upregulation of DNA mismatch repair
pathway, widely believed to contribute to CAG repeat instability, and downregulation of
the BDNF receptor Ntrk2. An interesting cell-type specific change in iSPNs was
downregulation of the OXPHOS pathways, a finding the authors posited may be related
to the cell type’s particular vulnerability in HD. They further found evidence of iSPN
MtRNA release at an early timepoint (3m) accompanied by activation of the innate
immune system.

Malaiya et. al. analyzed 14-15-month-old Q175 HD model mice at the single cell level
using RNA-seq.%® Results from this study built upon previous literature, finding striatal
cell identify dysregulation to exist in a bidirectional manner across cell types, with
downregulation of the cell type specific genes that should have identified a particular cell
and upregulated of other cell type specific genes. This was posited as a potential effect of
PCR2 dysregulation. Other findings from the study include (1) increased microglia in
striatal HD (2) a disease-specific neuroinflammatory signature across several cell types,

and (3) thousands of dysregulated genes in glia, especially in oligodendrocytes and
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astrocytes, which appear to show a time trajectory of dysregulation as opposed to distinct
results between WT and HD. These studies highlight the importance of exploring

transcriptional dysregulation at the single-cell level.
D. Associations between Alcohol Use Disorder and Neurodegenerative Disease

AUD is thought to exacerbate neurodegenerative disease through several key pathways,
notably including oxidative stress, proteinopathy, inflammation, and induction of the
stress response.®” Evidence from the National Research Roster on HD indicates that
alcohol and nicotine use are associated with greater evidence of psychiatric disease in HD
as well as an earlier age of onset.%® Continued alcohol use was also found to be associated
with faster progression of psychiatric symptoms.58 A more recent study based on Enroll-
HD global platform data also finds an increased progression in psychiatric symptoms
with increased alcohol use in HD.%° This study further notes an increased progression in
motor symptoms, though they did not find a significant relationship between alcohol
misuse and the age of HD onset.®® Proposed parallel pathways involved in AUD and
neurodegeneration provide support for a study looking more deeply at the single-cell
based molecular underpinnings of these diseases in tandem, especially when taken into

consideration alongside clinical associations between AUD and HD.
E. Single Cell Analysis in Therapeutic Development

The computational biology and bioinformatics techniques developing in parallel with our
access to increasingly sophisticated biological data have the potential to transform
biological research. Diseases that were previously thought to be homogenous are now

understood to be molecularly heterogeneous.”® At the same time, we are finding
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similarities between diseases that were thought to be distinct. An increased understanding
of the particular molecular interactions that can cause disease, assays that test for these
interactions in disease, and therapies that are aimed toward specific genetic and
transcriptomic irregularities instead of assuming that similar clinical states are related
while dissimilar clinical states are not has the potential to revolutionize medicine; this
approach is being used in the field of cancer today to great success.’® Broadening our
application of this approach while harnessing the power of multi-omics in other fields
may result in the same paradigm-shifting changes in scientific knowledge that we are

witnessing in cancer research.

Single-cell multi-omics techniques are a relatively new and particularly robust scientific
assay capable of providing data that allows insights into cell-type specific regulatory and
network patterns within healthy individuals and different disease states. In bulk genomic
data our understanding of gene networks is limited to those derived from all cell-types
together. This is highly limiting both in terms of understanding underlying biology and in
developing targeted therapeutics aimed at a specific cell-type. A therapeutic for one cell-
type may cause dysregulation in another if applied globally, but we could not predict this
without cell-type specific data. This study uses gene regulatory networks to elucidate
cell-type specific striatal dysregulation in AUD and to test a proof-of-concept therapy in
HD, elucidating ways in which an understanding of gene regulatory networks can be used

to identify target genes and develop therapeutics.

One goal in better understanding gene networks is to support the development of targeted
gene therapy products that can potentially alter the course of a disease. Not only can

advanced single-cell genomics elucidate pathways and potential gene therapy targets, but
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these techniques can also support the testing of successful gene therapy ideas. If a
developed therapy is meant to lessen or irradicate network-specific transcriptional
dysregulation within a specific cell-type, comparison of the model with and without
treatment can shed light on whether the treatment is working as expected. Though there
are several gene therapy strategies, this proposal includes an assessment of an antisense
oligonucleotide therapy (ASO). There are no approved gene therapies in either AUD or

HD at this time.

As a monogenic neurodegenerative disease, HD is a prime candidate for gene therapy.
Several gene therapy products are at various stages of development for HD, which
currently features no disease altering therapies. ASOs, short nucleotides that bind cellular
RNA to change their dynamics, are a promising gene therapy option. ASOs can be used
to degenerate RNA before transcription, alter splicing patters in pre-RNA or to change
RNA-protein interactions. As they depend on complementary base pairing for binding,
ASOs can be formulated to target specific RNA transcript and thus limit off-target
effects. ASO therapies have seen some success in neurological disease with Nusinersen,
an ASO therapy for Spinal Muscular Atrophy, becoming the first neurodevelopmental
gene therapy treatment to gain FDA approval in 2016. "* Unfortunately, a promising ASO
treatment for HD, Tominersen, was halted in clinical trials in 2021 due to safety
concerns, though work along these lines continues.”? A post-doc exploratory analysis
from the trial indicated that the subgroup of enrolled participants in the 16-week injection
group (as opposed to the 8-week injection group) with both a lower age and lower CAP
score may have benefited from treatment when compared to controls.”® Gene therapy in

HD is complicated by the biological necessity of wild-type HTT (WtHTT).
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Discontinuation of the drug’s clinical trial has led some to speculate that an earlier
intervention (e.g., in premanifest carriers of the HD mutation) is needed, while others
speculate that alternative gene therapies, such as allele specific ASOs that target only the
mutant allele are the only way forward. The ASO used in this study will test the first of
these possibilities, using an ASO with similar characteristics to Tominersen but with
treatment initiated before the onset of disease-relevant phenotypes. Here we will evaluate
whether transcriptomic dysregulation of striatal gene networks in an HD mouse model

can be rescued using an HTT-lowering gene therapy.
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CHAPTER II. ASINGLE-CELL GENOMIC ATLAS FOR THE EFFECTS OF

CHRONIC ETHANOL EXPOSURE IN THE DORSAL STRIATUM

A. Abstract

Alcohol use disorder (AUD) is characterized by inflexible drinking, which is thought to
be mediated by effects of chronic intermittent ethanol exposure on the dorsal striatum, the
input nucleus of the basal ganglia. Despite significant efforts to understand the impact of
ethanol on the dorsal striatum, the rich diversity of striatal cell types and multitude of
ethanol targets expressed by them necessitates an unbiased, discovery-based approach. In
this study, we used single-nuclei RNA-sequencing (SnRNA-seq; n = 86,715 cells) to
examine the impact of chronic intermittent ethanol exposure on the dorsal striatum in
C57BL/6 male and female mice. We detected 462 differentially expressed genes at FDR
< 0.05, the majority of which were mapped to spiny projection neurons (SPNs), the most
prominent cell type in the striatum. Gene co-expression network analysis and functional
annotation of differentially expressed genes revealed down-regulation of postsynaptic
intracellular signaling cascades specifically in canonical SPNs. Inflammation-related
genes were down-regulated across many striatal cell types. Gene set enrichment analyses
also pointed to altered states of rare cell types, including the induction of angiogenesis-
related genes in vascular cells. Down-regulation of a gene network enriched for calcium-
signaling genes and components of glutamatergic synapses was reproducible in the dorsal
striatum of humans with AUD. Genetic perturbations of four of this module’s hub genes

— Foxpl, Bclllb, Pdel0a, and Rgs9 — had causal effects on its expression in the mouse
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striatum. These data provide important clues as to the impact of ethanol on striatal

biology and provide a key resource for future investigation.

B. Introduction

Alcohol Use Disorder (AUD) is characterized by compulsive intake of alcohol, often
following a chronic, relapsing pattern over many years. AUD affects >5% of the global
population and is associated with enormous medical and economic consequences,
including ~140,000 annual deaths from alcohol-related causes in the United States
alone.® Only three medications are approved for AUD treatment in the United States,
and they each provide limited efficacy.”® The development of effective therapies is

hindered by an incomplete understanding of alcohol’s effects in the brain.

The dorsal striatum is a key structure dysregulated in humans with AUD, as well as in
animal models of chronic alcohol intake.?° The dorsal striatum is the input nucleus of the
basal ganglia, receiving excitatory glutamatergic inputs from the thalamus and cortex, as
well as modulatory dopaminergic inputs from the substantia nigra pars compacta.?
Outputs from the striatum are funneled through two distinct pathways -- the “direct”
striatonigral pathway and “indirect” striatopallidal pathway -- which have distinct, often
opposing effects on the activity of downstream circuit elements in the pallidum,
thalamus, and other regions.*® GABAergic spiny projection neurons (SPNs) comprise
~95% of striatal neurons. Molecularly distinct SPN subtypes marked by expression of D1
vs. D2 dopamine receptors form the direct and indirect pathways, respectively. SPNs are
modulated by GABAergic and cholinergic interneurons and supported by numerous

subtypes of glia and other non-neuronal cells.
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Alcohol actions on the dorsal striatum are thought to foster the expression of actions
related to alcohol seeking and its compulsive consumption.’ Ethanol is a highly
promiscuous ligand, and complex, cell-type specific physiological sequelae in dorsal
striatum arise secondary to alcohol exposure.*® Major neuronal physiological effects of
ethanol influence glutamatergic synapses, GABAergic synapses, and morphological and
intrinsic excitability.?’-3137-3%76 Several modulatory transmitter systems in the dorsal
striatum are also affected by alcohol, including brain-derived neurotrophic factor (BDNF)
signaling, acetylcholine, endocannabinoids, opioids, and dopamine.343577-7 Given this
complexity, there is a need for cellular-resolution studies to understand the nature of

these diverse effects and the cellular sources of the expression changes driving them.

Single-nuclei RNA sequencing (snRNA-seq) has emerged as a powerful strategy to
describe the cell type-specific molecular adaptations associated with exposure to
addictive substances.*®*! To date, only a few snRNA-seq studies have described changes
in AUD or AUD-related animal models. snRNA-seq studies of the prefrontal cortex
revealed cell type-specific transcriptional changes both in humans with AUD and in an
animal model of chronic intermittent ethanol exposure.*>4> snRNA-seq of the ventral
striatum in a cohort of AUD cases and controls detected a small number of differentially
expressed genes but was likely underpowered.® However, to our knowledge, there have
been no published reports describing SnRNA-seq of the striatum from an animal model of
chronic ethanol exposure. Here, using SnRNA-seq, we describe cell type-specific
transcriptional changes in the dorsal striatum of mice exposed to chronic intermittent

ethanol (CIE).
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C. Methods

Animals: Male and female C57BL/6J mice were co-housed with littermates (2-5 per
cage) under a 12-h light/dark cycle (lights on at 0700 hours) with ad libitum access to
food and water. All experiments were performed in accordance with NIH guidelines and
were approved by the Institutional Animal Care and Use Committee of the University of

Maryland Baltimore.

Chronic Intermittent Ethanol (CIE): Mice were placed in Plexiglass inhalation chambers
(60x36x60 cm) and exposed to ethanol vapor or air 16 hours/day, 4 days a week for a
total of 5 weeks. Ethanol was volatilized by passing air through a tube submerged in 95%
ethanol. After 4 days in the inhalation chambers, mice underwent a 72-hour forced
abstinence period from ethanol. Control vapor chambers delivered only air without
ethanol vapor. Vapor chamber ethanol concentrations were monitored daily, and air flow
was adjusted to produce ethanol concentrations within 1.8-2.0 % ethanol content
measured by a digital alcohol breath tester (FFtopu). These conditions produce stable
blood ethanol concentrations in C57BL/6J mice ranging from 150-200mg/d1.8* The
alcohol dehydrogenase inhibitor pyrazole (1 mmol/kg, i.p.) was injected daily in weeks 4-

5 to stabilize blood ethanol concentrations.

Tissue Collection: Following 5 weeks of ethanol exposure, mice were sacrificed by rapid
decapitation and brains were immediately removed for tissue collection. The dorsal
striatum (AP: +1.3 - 0.3 from bregma) was dissected from a Imm coronal section cut
from a mouse brain mold.” Left and right hemispheres were pooled, and flash frozen in

crushed dry ice. The tissue was stored at -80°C until further processing. Our primary,
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discovery dataset included sixteen C57BL/B6 mice equally divided between male and
female. Each of our replication datasets included 8 mice equally divided between male

and female.

Isolation of cellular nuclei and single-nuclei RNA sequencing (SNnRNA-seq): Distinct
nuclei isolation protocols were used in the discovery dataset and in each of the two
replication datasets. For the discovery dataset, cellular nuclei were isolated from frozen
dorsal striatal tissue following a 10x Genomics Demonstrated Protocol
(CG000124.RevE) with modifications. One hemisphere, dorsal striatum 1 mm punch,
was used for 150ul lysis buffer for nuclei extraction. To remove cellular debris and large
clumps, an lodixanol density gradient was used. An 8.5% iodixanol (OptiPrep™ Density
Gradient, Millipore) buffer serves as a cushion to remove membranes at 1000xg/10 min
at 4C. Clean nucleus was collected in the pellet. Propidium iodide was used to determine
the nuclei concentration using a bench cytometer MoxiGoll (Orflo) and nuclei
aggregation and clumping were evaluated under 60X magnification in a fluorescent
microscope and brightfield. Nuclei from one male mouse and one female mouse of the
same ethanol treatment group were pooled. Approximately 20,000 nuclei per pooled
sample were loaded into a Chromium X microfluidics controller (10x Genomics,
Pleasanton, CA). 10x Genomics NextGEM 3’ GEX sequencing libraries were prepared
from each sample following manufacturer’s instructions and sequenced at depth of

50M/sample on HiSeq4000 Sequencer.

For both replication datasets, nuclei were isolated from frozen brain tissue following a
published protocol with our slight modifications.8283 Briefly, frozen brain tissue was
disaggregated by pipetting up and down in chilled extraction buffer consisting of Poly(1-
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vinylpyrrolidone-co-vinyl acetate) (Sigma #190845), 0.1% TritonX-100, and 1% bovine
serum albumen (BSA) in dissociation buffer (DB; 82 mM Na2S04, 30mM K2S0O4,
10mM Glucose, 2.5mM MgCI2,10mM Hepes pH7.4, and RNase inhibitor [Protector,
Roche]). Pellets containing nuclei were resuspended in DB and filtered with 70 um and
40 um strainers. To separate nuclei from debris, the nuclei suspension was mixed in a
25% (final) iodixanol layer over a 27% iodixanol cushion, followed by centrifugation
(13000g x 20min, 4° C), then nuclei were washed twice in DB. In the second replication
dataset, nuclei were labeled with sample-specific oligonucleotide tag using CellPlex
reagents, following a validated protocol (CG000391). Finally, nuclei were counted using
a MoxiGoll (Orflo) cytometer, and the concentration was adjusted to 365 nuclei/ul in
phosphate buffered saline with 2% BSA. 17,000 nuclei were loaded in each well of a
Chromium Controller (10x Genomics). Nuclei from four male and four female mice were
pooled in each sample. Sequencing libraries were prepared using NextGEM 3’ Gene
Expression reagents (10x Genomics), following manufacturer’s instructions and
sequenced on HiSeq4000 (Replication Dataset 1) and NovaSeq6000 (Replication Dataset

2) sequencers.

snRNA-seq data analysis: Genome alignment (mmZ10), cell calling, and read counting
were performed with cellranger count (v7.1.0), Doublets were detected and removed via
scDbIFinder.8* Cells then underwent standard quality control and gene expression data
processing with Seurat.?® Cells with a minimum of 500 reads, no more than 5000 reads
and a mitochondrial percentage less than 20 were selected for initial inclusion.
Integration was accomplished using Seurat’s SCTransform() pipeline, using 3000

features as integration anchors. Cell clusters were obtained via Louvain clustering
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(resolution = 0.5) of a shared nearest neighbors graph derived from the first 30 principal
components of the integrated data. We applied Uniform Manifold Approximation and
Projection to visualize the clusters on two-dimensional plots. We assigned clusters to
major cell types based on established markers. We repeated this process, dropping three
clusters with mixed markers, as these most likely represent doublets.8 One of the
dropped clusters included low level expression of both iSPN and dSPN markers without
evidence of eSPN markers. The other two clusters dropped exhibited mixed
oligodendrocyte/astrocyte markers. Neuronal and non-neuronal subtypes were then
separated, and the same dimension reduction and clustering procedures were completed
within each grouping to refine subtype clustering and identification. We recombined
these results and completed two additional iterations of clustering, dropping two
additional clusters with iISPN/dSPN mixed markers and no evidence of eSPN markers, as
these most likely represent doublets.®% As noted above, library preparation and
sequencing were performed using pooled cells from male and female mice. We
demultiplexed the male vs. female cells within each pooled sample based on the
universally expressed female-specific marker gene Xist. First, we performed zero-
preserving imputation of read counts with ALRA®' to reduce dropouts. Then, cells with
normalized Xist expression values greater than the median were assigned as female, and
cells with expression values below the median were assigned as male. We validated that
Y chromosome genes were expressed near-exclusively in cells assigned as male. We note
that as with all multiplexing strategies a small proportion of cells are ambiguous, and in
this case cells with low read counts tend to be called as male by our algorithm. This is

accounted for as a batch effect in the downstream analyses of differential gene expression
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and network reconstruction (see below), and we believe it has minimal impact on our
estimates for the effects of ethanol exposure. However, estimates for the main effects of
sex are not presented, as these may be unreliable due to the bias toward lower read counts

in cells assigned as male.

Effects of ethanol exposure on differential gene expression in each cell type were
calculated using negative-binomial generalized linear models implemented with edgeR®,
based on the pseudobulk read counts pooled from all the cells of each cell type in each
mouse. Pseudobulk analysis avoids anticonservative p-values that have been encountered
in models that treat individual cells as the unit of replication.?® In our discovery dataset,
we used ComBat-seq® (implemented in the sva R package) to adjust for batch effects
across eight sample processing batches, corresponding to a male batch and female batch
for each day on which samples were processed. Samples for each of the two replication
datasets were processed separately, so no batch correction was performed. We filtered out
genes with very low expression in the batch-corrected, pseudobulk read counts (minimum
total reads = 15, including a minimum of 3 counts in one sample). We then fit the counts
to a quasi-likelihood generalized linear model and estimated the effects of ethanol using
the gImQLFit() and gImQLFTest() functions from the edgeR R package. Differential
gene expression analysis was performed separately in each dataset and cell type. We then
performed meta-analyses using the sum of weighted z-scores, where the weights were
proportional to the number of cells of each cell type within each dataset. A “replication
meta-analysis” was performed to combine the two replication datasets to obtain the
replication results shown in Figure 2. A meta-analysis combining all of the discovery and

replication datasets was used to produce the p-values used in downstream analyses. If a
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cell type was represented by fewer than 100 cells in a dataset, that dataset was excluded
from the meta-analysis. A significance threshold was set globally across all cell types at a
False Discovery Rate (FDR) < 5%. P-values from the meta-analysis were used in
downstream analysis. For analyses that required fold change estimates, we used the fold
changes from the discovery dataset. For comparisons of differentially expressed genes
across cell types, we further filtered out genes that had 10-fold higher expression in
another cell type, based on pseudobulk counts per million. This filter was intended to

reduce false-positive correlations between cell types due to ambient RNA.

Gene set enrichment analysis: Gene sets from Gene Ontology, SynGO, and KEGG were
downloaded from the Enrichr database (HTTps://maayanlab.cloud/Enrichr/#libraries) on
December 6, 2023. For gene set enrichment analyses of cell type differentially expressed
genes, we applied the geneSetTest() function from the limma R package to test
enrichments among up- and down-regulated genes (separately) from each cell type.®! For
gene set enrichment analysis of gene co-expression modules we tested for enrichment
using Fisher’s exact tests. For visualization purposes, we calculated Cohen’s kappa to
compare gene sets and plotted only those terms for which not term with k > 0.5 had a

stronger p-value.

Gene co-expression networks: Gene co-expression modules in spiny projection neurons
were identified via an imputation and clustering procedure, with slight modifications
from our published work.%? We started from the read counts in 8,535 dSPNs, iSPNs, and
eSPNs from our snRNA-seq of four mice processed on the same day (discovery dataset in
Table S2.1; one per sex per group). Selecting cells from a single processing batch was

intended to reduce technical variation among the samples. We removed genes with read
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counts in fewer than 3% of these cells. Read counts were imputed with ALRA to improve
correlation structure in the data, followed by normalization as counts per million, log-
transformation, zero-centering, and scaling to unit variance. Next, we performed k-means
clustering using the kmeans() function in R with k=50, Lloyd’s algorithm, 10 starts, and
up to 10,000 iterations. Finally, the clustering results were refined by merging clusters
whose centroids were strongly correlated (Pearson’s r > 0.7) and by removing genes that
were weakly correlated with the centroid of the module to which they had been assigned
(r < 0.3). We tested for enrichment of modules among differentially expressed genes
using Fisher’s exact tests, using a lenient differential expression threshold (P < 0.01) to
improve statistical power. Hub genes were identified by ranking each module’s genes by
their correlation with the module centroid. For visualization purposes, we scored the
expression of modules across our entire SnRNA-seq dataset using the addModuleScore()

function in Seurat.

Replication analyses with mRNA-seq of human striatum. Differential gene expression
statistics from mRNA-seq of the caudate nucleus in alcohol use disorder cases vs.
controls were obtained from Table S2 in Zillich et. al. (2022).#¢ We used the limma
geneSetTest() function to test the hypothesis that differentially expressed genes from our
SsnRNA-seq of CIE-exposed mice (FDR < 0.05 in any cell type) were enriched for up- or
down-regulated gene expression in AUD cases vs. controls. In addition, we used the
geneSetTest() function to test for up- or down-regulation of the genes in each gene co-

expression module.

Analysis of mRNA-seq from the striatum of mice heterozygous for Module M43 hub

genes. Wang et al. (2022) performed mRNA-seq of striatal tissue from six-month-old
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heterozygous knockout mice and wildtype littermate controls for 52 genes (n=3 male and
n=3 female mice per genotype).?® Details of their study design are contained in the
original paper. The genes investigated by Wang et al. were selected based on their
expression patterns in the striatum of Huntington’s disease knock-in mice. Seven of the
genes overlapped Module M43 from our gene co-expression analysis, enabling us to test
the hypothesis that each genetic perturbation causally regulates the expression of genes in
Module 43. We downloaded the mRNA-seq read counts and sample metadata
(GSE149900). We computed differential gene expression in each heterozygous genotype
compared to wildtype controls using voom/limma, treating sex as a covariate.% We used
Fisher’s exact tests to evaluate whether the up- and down-regulated genes in each

knockout line (FDR < 0.05) were enriched among the genes in M43.

Data and code availability. Sequencing data are being submitted to the Gene Expression
Omnibus (accession # in progress). Code used in the data analysis is available at

www.github.com/seth-ament/cie-snrnaseq. All other data are presented in the main text

and supplementary figures and tables.
D. Results

A single-cell genomic atlas for the effects of chronic ethanol exposure in the dorsal

striatum

Chronic Intermittent Ethanol (CIE) is a widely used paradigm to model the effects of
moderate to heavy alcohol consumption.81:95% Previous studies have shown that CIE and
related paradigms lead to cell type-specific physiological changes in striatal neurons, but

the molecular mechanisms remain poorly understood. To gain insight, we performed 10x
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Genomics single-nuclei RNA sequencing (ShnRNA-seq) in the dorsal striatum of four-
month-old C57BL/6J mice that had undergone five weeks of CIE, compared to age- and
sex-matched controls (Fig. 2.1A,B). We used a two-stage meta-analysis to discover and
replicate effects of CIE. In our discovery dataset, we sequenced nuclei from n=8 CIE-
exposed mice and 8 controls (n=4 male and female mice per group), yielding 70,934
high-quality cells (31,225 CIE, 39,709 controls). In our replication dataset, we performed
snRNA-seq of pooled samples from 8 additional CIE-exposed mice and 8 controls,
yielding 15,781 high-quality cells. The lower number of cells in the replication dataset is

expected due to the pooling strategy. Data quality metrics are shown in Table S2.1.

Cells in each snRNA-seq dataset were clustered and assigned to 12 cell types based on
established cell type markers (Fig. 2.1C,D; Fig. S2.1; Tables S2.2-S2.3). Neuronal
subtypes included direct pathway spiny projection neurons (dSPNs; Drd1+), indirect
pathway spiny projection neurons (iSPNs; Drd2+), atypical spiny projection neurons
(termed ““eccentric”, eSPN; Otof+), cholinergic interneurons (IN-Chat; Chat+),
parvalbumin interneurons (IN-PV; Kit+), and somatostatin interneurons (IN-Sst; Sst+).
Non-neuronal cell types included astrocytes (Slcla3+, Rorb+), oligodendrocytes (Mog+,
Aspa+), oligodendrocyte precursor cells (Pgdfra+, Coll11al+), mural cells (Vin+,
Pgdfrb+), endothelial cells (FIt1+, Slcola4+), ependymal cells (Rsphl+), and microglia
(Cx3Cr1+, Clgc+). We note that eSPNSs represent a heterogeneous population

represented by two distinct clusters on the UMAP (Fig. 2.1C).
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Figure 2.1. Single-nuclei RNA sequencing of the mouse dorsal striatum in the
context of chronic intermittent ethanol exposure. A. The chronic intermittent
ethanol (CIE) paradigm. B. Location of the dorsal striatum on a coronal section of the
mouse brain (reproduced from the Allen Reference Atlas). C. Uniform manifold
approximation and projection (UMAP) plot displaying sSnRNA-seq cell clusters from
the discovery dataset. D. Dot plot for the expression of cell type marker genes in the
discovery dataset. D1-D7, days 1-7; SPN, spiny projection neurons; IN, interneurons;
Astro, astrocytes; Oligo, oligodendrocytes; OPC, oligodendrocyte precursor cells;
Endo, endothelial cells; Ependy, ependymal cells.

We characterized differentially expressed genes (DEGs) in CIE-exposed vs. control
animals using a conservative pseudobulk approach and compared our discovery and
replication datasets to assess reproducibility. In our discovery dataset, we found 497 cell

type specific DEGs at a False Discovery Rate (FDR) < 0.05. DEGs were identified in all
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cell types, yet the vast majority were detected in SPNs, with 176, 92, and 135 DEGs in
dSPNs, iSPNs, and eSPNSs, respectively, compared to fewer than 30 DEGs in all other

cell types (Fig. 2.2A; Table S2.4).

In our replication dataset, we found 460 cell type specific DEGs at FDR < 0.05, and
again DEGs were detected primarily in SPNs (Fig. 2.2A, middle; Tables S2.5-S2.7). 37
DEGs were reproducible at FDR < 0.05 in both the discovery and replication datasets
(more than expected by chance: Fisher’s exact test, odds ratio = 33.9, P = 6.2¢-50). In
addition, 141 of the 497 DEGs from the discovery dataset replicated at a nominal p-value
< 0.05. Notably, most of the highly reproducible DEGs were down-regulated in both
dSPNs and iSPNs, with somewhat stronger p-values but similar fold changes in dSPNs
(Fig. 2.2B). Most of these genes were differentially expressed specifically in SPNs and

not in other striatal cell types (Fig. 2.2C).

We applied a threshold-free approach, rank-rank hypergeometric overlap (RRHO)Y, to
evaluate the reproducibility of differential expression patterns in specific cell types. This
analysis revealed significant reproducibility of differential expression ranks (FDR < 0.05)
in dSPNs, iISPNs, eSPNs, IN-PV, astrocytes, and OPCs, again with the strongest effects
in SPNs (Fig. 2.2D). We note that three rare cell types — endothelial cells, mural cells,
and cholinergic interneurons — were detected too infrequently in the replication dataset
(fewer than 100 cells each) to be included in these analyses of reproducibility, though

each displayed intriguing effects in the discovery dataset.

We performed a meta-analysis across the discovery and replication datasets to obtain a
final list of differentially expressed genes. In the meta-analysis, we detected 462 DEGs at

FDR < 0.05, including 248, 82, and 94 DEGs in dSPNs, iSPNs, and eSPNs, respectively,
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and ten or fewer DEGs in each of the other cell types (Fig. 2.2A, right; Table S2.8). We

used p-values from the meta-analysis in downstream analyses.
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Figure 2.2. Discovery and replication of differentially expressed genes in dorsal
striatum cell types from chronic intermittent ethanol (CIE)-exposed vs. control
mice. A. Counts of cell type-specific differentially expressed genes (DEGs; False
Discovery Rate [FDR] < 0.05) in the discovery samples, replication sample, and meta-
analysis. B. Volcano plots showing the log2(fold change) and -log10(p-value) for
differential gene expression in the discovery and replication samples. Dashed line
corresponds to FDR < 0.05. 37 highly-reproducible DEGs with FDR < 0.05 in both
samples (primarily in dSPNs) are labeled and highlighted in blue. C. Effect sizes for
the 37 highly-reproducible DEGs across cell types in the discovery and replication
samples. D. Rank-rank hypergeometric overlap plots visualizing the reproducibility of
differential expression ranks within six cell types for which the reproducibility was
greater than expected by chance (FDR < 0.05). Heatmap color indicates the
hypergeometric -logio(p-value) for the overlap between the differential expression gene
ranks at multiple thresholds within the discovery and replication datasets. Significant
p-values in the lower-left quadrant of each plot indicate reproducible down-regulation
in CIE-exposed vs. control mice, while significant p-values in the upper-right quadrant
indicate reproducible up-regulation.
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Shared vs. cell type-specific effects of ethanol exposure across striatal cell types

Next, we performed gene set enrichment analyses to characterize the functional
categories perturbed in each cell type, and we compared these effects across cell types.
We used a threshold-free algorithm, limma’s geneSetTest®?, which enabled us to find
significant gene sets even for cell types in which no individual DEGs were detected.
These analyses revealed both cell type-specific gene sets enriched for up- or down-
regulated genes, as well as gene sets that were dysregulated in multiple cell types (Fig.

2.3; Table S2.9).
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Figure 2.3. Gene sets enriched for differential gene expression in CIE vs. control
mice. A total of 217 Gene Ontology and KEGG gene sets were enriched among the
differentially expressed genes, significant in at least one cell type at FDR < 0.05. The
top 30 gene sets are shown after dropping redundant sets that had substantial overlap
with a more-significant set (Cohen’s kappa > 0.5). logio(p-values) of 4 or larger are
indicated by saturated heatmap colors.

Amongst the more cell type-specific effects, we found that synapse-related gene sets,
including components of glutamatergic synapses and genes involved in axon guidance
were down-regulated primarily in spiny projection neurons: Glutamatergic Synapse
(KEGG) in dSPNs, P = 6.3e-3; in iSPNs, P = 6.8e-3; Axon guidance (GO:0007411), in
dSPNs, P = 2.5e-4, in iSPNs, P = 9.2e-9. Down-regulated components of glutamatergic
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synapses in dSPNs (FDR < 0.05) included the synaptic scaffolding protein Homer1, the
voltage-gated calcium channel subunit Cacnala, and the glutamate receptor subunits
Grmb5, Grik2, and Gria4. In the adult brain, many axon guidance genes help maintain
synapses. Down-regulated genes annotated to this pathway included Reln, Unc5c, and
Plxnal, amongst others. These results suggest a specific vulnerability of spiny projection

neuron synapses to chronic intermittent ethanol.

We also found cell type-specific effects of ethanol exposure in endothelial cells,
including enrichment of endothelial DEGs for genes involved in the regulation of cell
population proliferation (GO:0042127, P = 1.3e-6). Differentially expressed genes in this
category (FDR < 0.1) included the Notch effector Hes1 (down-regulated, unadjusted P =
2.9e-5), as well as Tgfb2, which encodes transforming growth factor-beta 2 (up-regulated,
P = 6.0e-5). Endothelial cells are the major cell type of blood vessels in the brain, so we
speculate that these changes may relate to the effects of ethanol exposure on

angiogenesis.%8-100

Several categories of genes were dysregulated across multiple cell types. For instance, at
FDR < 0.1, components of ribosomes (KEGG, “Ribosome”) were enriched for
differential gene expression in eight cell types. Genes involved in the regulation of
transcription by RNA Polymerase 11 (GO:0006357) were up-regulated in astrocytes,
oligodendrocytes, and endothelial cells. Genes involved in mitochondrial ATP synthesis-
coupled electron transport were down-regulated in astrocytes, OPCs, and
oligodendrocytes but up-regulated in dSPNs. These results suggest complex effects of

ethanol on the regulation of transcriptional and energy metabolism.
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We studied the fold changes of individual DEGs across cell types to gain further insight
into these shared vs. cell type-specific effects. First, we calculated the correlations of fold
changes across all DEGs. This analysis revealed strongly correlated effects of alcohol in
dSPNs and iSPNs (Pearson’s r = 0.86, P = 7.3¢-89; Fig. 2.4A), and 53 genes were
differentially expressed at FDR < 0.05 in both subtypes (Fig. 2.4B). A biplot revealed
that nearly all DEGs have similar effects sizes in both of these SPN subtypes (Fig. 2.4C).
Fold changes in eSPNs were somewhat more modestly correlated with fold changes in
dSPNs (r=0.56) and iSPNs (r=0.54), and there were only 7 DEGs in common amongst all
three SPN subtypes. Biplots confirmed a mix of shared and subtype-specific effects when
comparing eSPNs to the canonical SPN subtypes (Fig. 2.4D,E). We also found more
modest, positive correlations in fold changes in other cell types, reflecting the shared
functional categories described above. Across all pairs of cell types, the median
correlation coefficient among DEG fold changes was r=0.29 (Fig. 2.4A). 23 protein-
coding genes displayed log2 fold changes greater than 0.25 in eight or more cell types
(Table S2.8). These included Ptger4, encoding a prostaglandin receptor, Egrl, encoding
an activity-dependent transcription factor, and Ctnna3, encoding alpha-catenin 3, each of
which were down-regulated in most cell types (Fig. 2.4F). Overall, these results suggest
that the transcriptional effects of alcohol in canonical SPN subtypes are nearly
indistinguishable, and certain effects manifest in similar ways across nearly all striatal

cell types.

36



A

dsen @
iSPN
eSPN
IN-PV
IN-Sst
IN-Chat

Astro

iSPM
eSPMN
IM-PY
IM-Sst
IN-Chat
Astro

Olige

.
-1 0 1

logFC Correlation (1)

Pigard

ng
g5

[=J—

éé‘#- m‘f“# f?'r;fbhv'y :»“’5‘#“\ ;;- b\**ﬁ #

1

Oligo
OPC
@ Ernco
Plural
MG

a

=3F ~

OPC

= o
L= ]

gL

g p : \
Eas Mﬁyﬂ:\ﬁafﬁé" &S s
2

C}_g‘ ﬁ“dw ds\ {e ‘?\

Express o1 Lawal
“h

Ctnnal

vs. exposed animals, respectively.

Figure 2.4. Correlated effects of alcohol across striatal cell types. A. Heatmap
indicating the strengths of correlations between cell types based on the log2 fold
changes of differentially expressed genes in chronic intermittent ethanol-exposed mice
vs. controls. B. Venn diagram indicating the counts of shared vs. unique DEGs in
dSPNs, iSPNs, and eSPNs. C-E. Biplots comparing the log2 fold changes of DEGs in
dSPNs vs. iISPNs (C), dSPNs vs. eSPNs (D), and iSPNs vs. eSPNs (E). The top five
up- and down-regulated DEGs in each cell type are labeled and highlighted in blue. F.
Selected genes with abs(log2 fold changes) > 0.25 in eight or more cell types. For each
cell type, the violin and points on the left and right indicate expression in CIE-exposed

Dysregulation of synaptic and neuroinflammatory gene networks in spiny projection

neurons

We performed a gene co-expression network analysis to further characterize the effects of

ethanol exposure. We analyzed gene-gene correlation structure specifically within SPNs

since they had the largest transcriptional responses. k-means clustering of SPN gene



expression profiles revealed 45 modules of co-expressed genes (Fig. 2.4A; Table S2.10).
We prioritized CIE-related modules by testing each module's over-representation among
differentially expressed genes in CIE vs. control animals (Fig. 2.4B; Table S2.1). This

analysis again focused on SPNs, but we also tested for over-representation among DEGs

in other cell types to determine whether some effects of alcohol may be broader.

Three modules (M29, M43, and M26) were over-represented among genes down-
regulated in SPNs (Bonferroni-adjusted p-value < 0.01) with little evidence of differential
expression in other cell types. M29 displayed similarly strong associations with CIE in
the three SPN subtypes (dSPNs, iSPNs, and eSPNs), whereas M43 was primarily
associated with DEGs in canonical SPNs (dSPNs and iSPNs) and M26 was most strongly
associated with DEGs in eSPNs. These modules were enriched for genes with neuron-
specific functions (Table S2.11). M29 was enriched for genes in the transmembrane
receptor protein tyrosine kinase signaling pathway (7 genes, OR = 5.5, un-adjusted P =
5.2e-4), including the BDNF receptor Ntrk2 (also known as trkB). M43 was enriched for
genes in the calcium signaling pathway (11 genes, OR = 11.1, P = 3.0e-8) and other
genes localized to glutamatergic synapses (9 genes, OR = 12.4, P = 2.1e-7), including
components of voltage-gated calcium channels (Cacnb2, Cacna2d3), glutamate receptors
(Grid2, Grmb, Gria3), and the cAMP signaling cascade (e.g., Pde10a, Pde7b, Adcy5,
Rgs9). M26 was enriched for a variety of genes localized to neuron projections (43 genes,
OR=3.1, P = 2.9e-9), including axon guidance genes (18 genes, OR = 4.1, P = 3.1e-6;
e.g., Sema6a). These results support that chronic alcohol exposure leads to SPN-specific

down-regulation of numerous synaptic components and related genes.
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Module M8 was enriched for down-regulated DEGs in all three SPN subtypes, as well as
in nearly all other neuronal and non-neuronal cell types in the striatum. M8 was most
strongly enriched for genes involved in cytokine-cytokine signaling interactions (10
genes, OR = 7.4, P = 5.5e-6), as well as other genes involved in the regulation of
inflammatory responses (10 genes, OR = 3.9, P = 6.4e-4). These results suggest that
chronic alcohol exposure leads to neuroinflammation-related transcriptional changes that

impact most or all striatal cell types.

Two modules (M24 and M18) were enriched for up-regulated DEGs. M24 was up-
regulated primarily in dSPNs, whereas M18 was up-regulated primarily in eSPNs. Both
of these modules were comprised of genes with rather diverse functions. Functional
enrichments for M24 included sequence-specific DNA binding (27 genes, OR = 2.3, P =
1.7e-4), but also actin cytoskeleton (19 genes, OR = 2.1, P = 0.004) and inorganic ion
transmembrane transport (16 genes, OR = 2.2, P = 0.005). Functional enrichments for
M18 included regulation of cell migration (13 genes, OR = 3.0, P = 0.001) and calcium
ion binding (10 genes, OR = 3.2, P = 0.002). Thus, CIE was associated with diverse
transcriptional effects that were relatively subtle and cell type-specific compared to

down-regulated processes.
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Figure 2.5. Gene co-expression networks dysregulated in spiny projection neurons
after chronic intermittent ethanol. A. Hierarchical clustering of modules, based on
the correlations of their centroids in spiny projection neurons. B. Enrichments of
modules for differentially expressed genes in CIE vs. control mice. Blue and red
shades correspond to enrichment for down- and up-regulated DEGs, respectively. C.
The top 50 hub genes in each of six dysregulated modules. Node size corresponds to
network centrality. Blue and red shades correspond to negative and positive fold
changes in dSPNs from CIE vs. control animals, respectively. Gray lines connecting
nodes indicate pairwise gene-gene correlations with Pearson’s r > 0.5. We display 2-3
top Gene Ontology and KEGG gene sets over-represented in each module.
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Reproducibility of molecular signatures in humans with alcohol use disorder and

prioritization of drug targets

A central goal for transcriptomic profiling in animal models of disease is to identify
therapeutic targets. We evaluated the translational potential for differentially expressed
genes and gene networks in CIE-exposed mice via comparisons to published mRNA-seq
from the caudate nucleus (a sub-region of the dorsal striatum) of humans who died with
AUD vs. unaffected controls.*® The authors reported very few differentially expressed
genes at standard significance thresholds. Therefore, we performed a “sign test” to
evaluate whether the differentially expressed genes that we detected in mice had fold
changes in a concordant direction in humans. We found that genes down-regulated in our
experiment (FDR < 0.05 in any cell type) were more likely to have negative fold-changes
in humans with AUD than would be expected by chance (Fisher’s exact test: odds ratio =
1.52, P = 0.004). 11 genes were down-regulated in our experiment at FDR < 0.05, as well
as at a nominally significant p-value < 0.05 in AUD cases vs. controls (Table S2.13),
including Calhm2, encoding an ion channel involved in calcium homeostasis, and Apoe, a
lipoprotein known for its roles in neuroinflammation (Table S2.13). There was no

equivalent replication for up-regulated genes.

We performed equivalent analyses to replicate differential expressed gene co-expression
modules. One of the six CIE-associated modules, M43, had a strong pattern of
differential expression in AUD cases vs. controls (Fisher’s exact test on positive vs.
negative fold changes in AUD: odds ratio = 5.3, p-value = 1.2e-12; Table S2.14). 84% of
the 100 genes from M43 with human data had negative fold-changes in AUD cases vs.

controls (Fig. 2.6A). M43 genes with the largest negative fold changes across the human
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and mouse datasets included Scgz, encoding sarcoglycan Z, as well as the
phosphodiesterase Pde7b. The fold changes observed in AUD cases were much smaller
than those detected in ethanol-exposed mice, perhaps due to the high level of variability
in human cohorts. These results provide evidence for concordant effects of alcohol

exposure in CIE-exposed mice and humans with AUD.

Hub genes of gene co-expression modules are candidate drug targets because their
perturbation frequently has causal effects on gene expression and on downstream
physiological and behavioral traits. We therefore sought to prioritize drug targets within
M43. First, we considered which genes in M43 are potentially targetable by small
molecule or biotherapeutic drugs. 17 genes in M43 are repurposing candidates targeted
by approved small molecules and biotherapeutic drugs and clinical-phase drug candidates
(Fig. 2.6B, Tier 1).1%* An additional 19 genes in M43 are potentially druggable (Fig.
2.6B, Tiers 2 and 3). These candidates encode proteins in druggable gene families,
including G protein (heterotrimeric guanine nucleotide—binding protein)—coupled
receptors (GPCRs), nuclear hormone receptors, ion channels, kinases, and
phosphodiesterases, as well as genes that encode secreted or extracellular proteins that
can be targeted with monoclonal antibodies and related biotherapeutics. Thus, M43

includes a rich collection of potential drug targets.

Finally, we tested causal roles for M43 hub genes as regulators of M43 gene expression.
For this purpose, we analyzed publicly available mMRNA-seq of bulk striatal tissue from
six-month-old mice heterozygous for each of seven M43 hub genes. These data were
originally generated as part of a large study to evaluate drug targets for Huntington’s

disease, in which many of these same genes are dysregulated.®® The tested genes included
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four transcription factors (Bcl11b, Foxpl, Rarb, and Zswim6), as well as Pdel0a, a
phosphodiesterase, Rgs9, a negative regulator of G-protein signaling, and Itprl, encoding
the inositol 1,4,5-trisphosphate receptor, a calcium channel localized to the endoplasmic
reticulum. Haploinsufficiency for Bcl11b, Foxpl, Pdel0a, and Rgs9 each resulted in gene
expression changes that significantly overlapped M43 (Fig. 2.6C; Tables S2.14, S2.15).
Haploinsufficiency for Bcll1b, Foxpl, and PdelOa primarily caused down-regulation of
genes in M43, whereas haploinsufficiency for Rgs9 caused upregulation of M43. These

results suggest causal roles for these four genes in the regulation of M43 gene expression.
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Figure 2.6. Translational potential for targeting Module M43 in alcohol use
disorder. A. Log?2 fold changes for genes in Module M43, comparing snRNA-seq of
dSPNs from ethanol-exposed vs. control mice (x-axis) to mMRNA-seq of bulk caudate
nucleus tissue from human alcohol use disorder cases vs. controls.*® The top genes by
average effect size in mice and humans are highlighted and labeled. B. Categorization
of druggable genes within M43 based on the DrugDev database.'%* Tier 1: targets of
approved small molecules and biotherapeutic drugs and clinical-phase drug candidates.
Tier 2: targets with known bioactive drug-like small-molecule binding partners or with
>50% identity with approved drug targets. Tier 3: genes encoding secreted or
extracellular proteins, proteins with more distant similarity to approved drug targets,
and members of key druggable gene families not already included in tier 1 or 2 [G
protein (heterotrimeric guanine nucleotide—binding protein)—coupled receptors
(GPCRs), nuclear hormone receptors, ion channels, kinases, and phosphodiesterases].
C. Up- and down-regulation of M43 genes in the striatum of 6-month-old mice
heterozygous for seven M43 hub genes.®
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E. Discussion

The data presented here provide insight into the cell type-specific effects of chronic
intermittent ethanol exposure on gene expression in the dorsal striatum, a key brain
region implicated in AUD. The most robust finding was the downregulation in SPNs of
genes involved in postsynaptic signaling cascades, a pattern that was reproducible in the
post-mortem caudate nucleus of the dorsal striatum of humans with AUD.
Neuroinflammation-related genes were also down-regulated in SPNs. Although we
identified very few DEGs in non-neuronal cell types at stringent significance thresholds,
the patterns of differential gene expression point to inflammation-related changes in
many cell types, as well as potential angiogenic signatures in vascular cells. Finally, 37
druggable or potentially druggable targets were identified in module M43, which is

enriched for synaptic signaling genes.

Multiple results suggested down-regulation of synaptic signaling pathways in SPNs.
Notably, our network analysis revealed distinct down-regulated modules, M29 and M43,
that were enriched for components of cAMP signaling and BDNF signaling, respectively.
CAMP signaling components such as the M43 hub gene Pde7b act downstream of
postsynaptic dopamine receptors in canonical SPNs. PDE7B is involved in the intricate
balance of neuronal growth and pruning that shapes neuronal plasticity and has
previously been implicated in neurodegenerative disease. Studies in neurodegenerative
disease, especially Parkinson’s disease, found that PDE7B inhibition attenuated
neurodegenerative decline, possibly preventing the loss of dopaminergic neurons.192-104
Phosphodiesterase inhibitors have been tested on a variety of brain disorders, including

AUD.1% In addition, dopamine signaling through the D1 receptor upregulates Pde7b,
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suggesting a downregulation in D1 receptor signaling in chronic ethanol exposure, which

is supported by literature highlighting dysregulation of dopaminergic signaling.106-109

The BDNF receptor Ntrk2/TrkB and other components of receptor tyrosine kinase
signaling cascades were also downregulated in SPNs and were enriched in module M29.
NTRK?2 is implicated in AUD.' TrkB acts as a high-affinity receptor for brain derived
neurotrophic factor (BDNF), and also has affinity for neurotrophin-3 and neurotrophin-4.
These peptides and signaling cascades are involved in diverse physiological processes
including synaptic plasticity, differentiation, and neuronal growth.1%112 In the striatum,
BDNF originating from cortical and substantia nigra neurons binds TrkB to initiate
several signaling cascades.'311* Unsurprisingly, since BDNF does not originate from
striatal cells, the Bdnf gene did not exhibit a clear signal of differential expression in our
analysis. This is despite the important role that dorsal striatal BDNF plays in gating

alcohol consumption.1®

Our analysis also shows down-regulation of a neuroinflammatory module, M8. M8
contains ten genes annotated to the cytokine-cytokine signaling pathway, most of which
had negative fold-changes in multiple striatal cell types. Several of these genes encode
receptors for the pro-inflammatory cytokines IL1, IL12, IL3, IL5, and TNF (111r2,
1112rb2, Cx3crl, Ccr9, and Tnfrsf9, respectively). M8 also includes genes encoding
erythropoietin (Epo) and leukemia inhibitory factor receptor (Lifr), which have anti-
inflammatory functions!¢-1%°, Likewise, down-regulated genes in M8 annotated to the
broader “inflammatory response” pathway included both pro-inflammatory (Aim2,
Lrrc12, and Ptgis)'?%-122 and anti-inflammatory genes (FbxI2, Ptger4 Otulin, Spata2,

Gps2).12-127 Thus, chronic ethanol exposure in this mouse model was associated with the
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suppression of both pro- and anti-inflammatory genes, suggesting a complex change in
inflammatory state. Down-regulation of these genes may be surprising, as studies of
AUD have consistently found increases in circulating cytokines and markers of
neuroinflammation.'?8-131 The innate immune response to chronic alcohol, facilitated by
TLR receptors, pro-inflammatory cytokines and complicated signaling between microglia
and other cell types, has been identified as a key element of AUD with the potential for
druggable targets.3? Acute vs. chronic phases of inflammation often involve bidirectional
changes in the expression of inflammatory signaling cascades, so one explanation may be
that our mouse model captures a different stage of inflammation than that captured in
many studies of AUD in humans. Alternatively, the downregulation of pro-inflammatory
receptors in the brain may be a response to an increase in peripheral cytokines and
neuroinflammation. There is a need for additional studies to further characterize these

inflammatory signatures and their relationship with the changes in neural circuit function.

Despite lower statistical power for rare cell types, our data also suggest altered states of
non-neuronal cell types. For instance, our data support angiogenesis-related gene
expression changes in endothelial and mural cells. Top DEGs in endothelial cells
included Hesl, Tmem252 and Tgfb2. Hes1 is a transcription factor that acts as an effector
for the Notch signaling pathway, whose activation inhibits vascular cell differentiation
and angiogenesis.'3313* Down-regulation of Notch1 and Hes1 promote angiogenic cell
sprouting and inhibit vascular repair following insult.133135136 Tmem252 is a stalk-cell
marker involved in angiogenesis and neovascularization. Tgfb2 encodes for TGF-B2,
which is a dynamic actor that can either inhibit or support angiogenesis.**"138 A fourth

gene, Ttr, encoding transthyretin, was also identified as a down-regulated gene. Ttr is
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primarily expressed in choroid plexus cellst®® 140141 ‘which were rare in our dataset and
were not annotated as a distinct cell cluster. Nonetheless, the finding is intriguing, as Ttr
is a potent inhibitor of angiogenesis!#?43, Thus, although there were few DEGs in
endothelial cells, many can be interpreted as indicators of increased angiogenesis after
CIE. An increase in angiogenesis in response to ethanol exposure may disrupt the blood
brain barrier and play a role in the neuroinflammation seen in CIE, as has been evidenced
in the literature.00.129.144.145 Fynctional studies, especially those centered on the genes

identified above and the blood brain barrier, would be of value.

We identified several genes in module M43 with translational potential. Of these, we
discovered that haploinsufficiency of Bclllb, Foxpl, PdelOa, and Rgs9 led to gene
expression changes that overlapped M43. Thus, hub genes of M43 can be targeted to alter
the transcriptional states of striatal neurons. 17 other genes, including Pdel10a, encode
proteins that are targeted by approved small molecule drugs and 19 others, are considered
targetable. Notably, Logrip and colleagues discovered that injection of TP-10, a PDE10A
inhibitor, into the dorsolateral striatum of rats significantly decreased alcohol, but not
sucrose, consumption.**® Given that PDE10A is selectively expressed in striatal SPNs
with little appreciable expression elsewhere in the brain, the present data further validate
this gene as a potential target for pharmacotherapy in AUD that may possess relatively
low side effect liability.%147 The validation of PDE10A as a drug target for AUD in the
Logrip et al. (2015) study validates the present approach of discovering novel drug
targets using sSnRNA-seq in mouse CIE models and warrants further investigation of the

genes we prioritize in Tier 1.
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When considering how to leverage the present dataset for therapeutic strategy
development, biological context should be carefully considered. For instance, while logic
would suggest that a decrease in expression of a gene target should be treated by
functional activation of its cognate protein, the opposite is the case for Pde10a, which is
decreased in expression in response to CIE, while inhibition of PDE10A reduces alcohol
consumption.'#6 Thus, a gene expression change may reflect a compensatory mechanism
that may need to be enhanced for therapeutic benefit. In the case of module M43, down-
regulation may be a consequence of decreased synaptic drive onto SPNs. As such,
inhibiting an inhibitor of D1 dopamine receptor signaling (eg., PDE10A) may represent a

logical therapeutic approach supported by data.38148-1%0
F. Limitations and Future Directions

We note several limitations of our study. Our dataset was better powered to detect
differentially expressed genes in common cell types than rare cell types. Thus, the three
well-studied interneuron populations of the dorsal striatum -- including the low-threshold
spiking somatostatin-expressing INs, the fast-spiking parvalbumin-expressing INs, and
the tonically firing cholinergic choline acetyltransferase-expressing INs -- require deeper
assessment. Larger samples would be required to detect subtle changes in these cell
types. In addition, transcriptional effects of alcohol may vary across striatal sub-regions.
These sub-region-specific effects could be elucidated though spatial transcriptomics.
Transcriptional effects of alcohol may also vary dynamically across different phases of
exposure. It will be valuable to assess these temporal patterns, comparing the CIE
paradigm to other models of alcohol exposure, including models with a volitional

component. Our findings lay the groundwork for functional studies to test causal roles for
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differentially expressed genes and gene networks as mediators of alcohol effects on
striatal circuits and related behavior. Given the concordant decrease in M43 gene
expression in our SNnRNA-seq of mouse CIE and bulk tissue mMRNA-seq of human AUD,
single-cell genomic data from the dorsal striatum of humans with AUD is warranted to

further validate the translational capacity of the presently identified gene targets.
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CHAPTER I11: PRECLINICAL EVALUATION OF AN ANTISENSE

OLIGONUCLEOTIDE GENE THERAPY FOR HUNTINGTON’S DISEASE

USING SINGLE CELL GENOMICS

A. Abstract

As a monogenic disorder, Huntington’s disease (HD) is at the forefront for gene-therapy
innovation in neurodegeneration. In particular, several approaches are being evaluated to
reduce the levels of toxic huntingtin (HTT) protein in the brain. One challenge to
clinical innovation is our ability to discern detailed information about how HD and its
potential therapeutics impact the brain. Single-nucleus RNA sequencing is a cutting-
edge technology capable of providing this level of detail. Here, we studied cell type-
specific transcriptomic effects of HD mutations in the striatum of a knock-in mouse
model, HTTQ*_ Further, we examined the cellular impacts of a non-allele

specific HTT-lowering antisense oligonucleotide (ASO). We characterized substantial
transcriptional effects of the HD mutation in spiny projection neurons, the cell type most
vulnerable to HD neurodegeneration. Surprisingly, HTT-lowering ASO treatment
exacerbated many of these transcriptional changes. Understanding these cell type-
specific effects of ASO treatment could aid in the interpretation of HTT-lowering

toxicity that has recently been observed in human patients.
B. Introduction

There are few disease-modifying treatments for neuropsychiatric disorders. The successes
of antisense oligonucleotide (ASO) gene therapies to treat spinal muscular atrophy and

Duchene muscular dystrophy have raised hopes for ASO therapies for multiple
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neurological disorders. Huntington’s Disease (HD) is a neurodegenerative disorder
caused by a single, known gene mutation. Our knowledge of the gene mutation that
causes HD make it a prime candidate for gene therapy. Several promising therapeutic

candidates have progressed to clinical trials.

Huntington’s Disease (HD) is a monogenic age-related neurodegenerative disease that
mirrors many of the hallmark characteristics of other neurodegenerative diseases --
cognitive decline, movement dysregulation and polyneuropathy are all features of HD.
The disease is caused by a trinucleotide CAG repeat on exon 1 of the HTT gene. The
molecular result is a mutant HTT mRNA that contains an expanded polyglutamate tract.
The mRNA is then transcribed into either a full-length mutant HTT (mHTT) or
fragmented isotypes of the mHTT protein. Though this mutation permeates every cell
type, the striatum is the earliest and most severely affected region. The striatum is made
up of roughly 95% Spiny Projection Neurons (SPNs) and 5% interneurons. SPNs are
GABAergic neurons that can be further subdivided into a “Direct” striatonigral pathway
and “Indirect” striatopallidal classification scheme. Notably, Indirect SPNs (iISPNs) are

affected earlier and more severely than Direct SPNs (dSPNs) in HD.5!

The deleterious effects of HD are numerous, but many are caused by a toxic gain-of-
function of mutant HTT (mHTT) operating in parallel to a loss-of-function attributed to
remaining wildtype HTT (wWtHTT).152153 One promising gene therapy approach centers
on lowering HTT. RNA-induced silencing vectors (RNAI), antisense oligonucleotides
(ASOs) and, more recently, small molecules designed to lower HTT have progressed to
clinical trials. In the past several years, five separate gene therapy-based HD trials were

halted for efficacy and safety reasons.
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One of these products, Roche’s promising non-allele specific, HT T-lowering ASO
Tominersen, had advanced to Stage Three clinical trials when drug administration was
halted in 2021.%>* Though reports shy away from labeling the trial suspension as being
due to safety concerns, patients on placebo saw slower disease progression than those
given the drug. This result was dose dependent, with patients given higher dosages
experiencing worse outcomes.*® The trial only included patients with clinical signs of
disease, but when patients with a lesser disease burden were subset from high disease-
burden patients, they did slightly better than placebo. Though it is uncertain whether this
is due to chance or biological effect, Roche is currently recruiting earlier disease stage
patients only for a Stage Two clinical trial of Tominersen.>® Sources of potential toxicity
in discontinued trials remain unclear. This is in part due to the difficulty in properly

evaluating the impacts of potential therapeutics on the human brain.

Several studies have elucidated the complicated downstream effects of the HD mutation
and we have a robust, human-HD replicated understanding of transcriptomic changes that
occur in the disease process.*%64157.158 Here, using single-cell genomics, we evaluated the
brain cell type-specific effects of a therapeutically relevant ASO gene therapy in a
genetically precise knock-in mouse model of HD. 6-month-old HTT Q111/+ mice were
treated chronically with a non-allele specific HTT-lowering ASO with characteristics
similar to ASOs in active clinical development as HD therapeutics. HTT Q111/+ and
wildtype mice injected with non-targeting ASOs, or saline were evaluated as controls.
We describe substantial transcriptional effects of the HD mutation in spiny projection
neurons, the cell type most vulnerable to HD neurodegeneration. Surprisingly, our HTT-

lowering ASO treatment exacerbated many of these transcriptional changes. This is in
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contrast with literature detailing behavioral rescue in animals treated with a similar ASO.
Further study is required to pinpoint how these data make sense when taken together.
One possibility arises from the pairing of mMHTT and wtHTT in heterogeneous HD,
producing both loss-of-function effects from the loss of wtHTT and gain-of-function
effects from the gain of mMHTT. It may be that the loss-of-function effects are more
molecularly pronounced, while it is the gain-of-function effects that most contribute to
clinical disease. Understanding cell type-specific effects of ASO treatment could aid in
the interpretation of HTT-lowering toxicity that has recently been observed in human

patients.

C. Methods

Animals

We used the B6.HTT Q111 mouse strain (hereafter ‘Q111°; JAX strain 003456) who
have a targeted mutation replacing mouse HTT exon 1 with human HTT exon 1
containing an expanded CAG tract. The average CAG length in our cohort was 114. The
cohort was bred by crossing heterozygous Q111 mice (Q111/+) and WT mice to produce
Q111/+ and wild-type (WT) littermates. Experiments were approved by the Western
Washington University Institutional Animal Care and Use Committee under protocol 16-
011.

Anti-Sense Oligonucleotide (ASO) Design

We used a previously described HTT-exon-42-targeting ASO (lonis 444652) with
sequence TTTCTCTATTGCACATTCCA. Chemically, the ASO is a 5-10-5 2’MOE
(2'0O-methoxyethyl) gapmer with PS backbone, except for the inner three wing

nucleotides that are PO. As a control, we used an ASO with the same backbone chemistry
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with no known target in the mouse genome (lonis 676630;
CCTATAGGACTATCCAGGAA). ASOs were dissolved in PBS to a final concentration
of 30ug/uL and dosed with a 300ug/10uL bolus injection.

We tested the ASO on four mice, finding an average of 34% reduction in HTT expression
after 8-weeks of treatment. In previous testing, plasma levels of the inflammatory marker
neurofilament light (NfL) by electrochemiluminescent ELISA according to manufacturer
protocol (R-PLEX Human NfL, Mesoscale Discovery; MSD) with no elevation present in
any of the groups, suggesting the ASO was not causing apparent inflammation (data not
shown?)

Experimental design

Our experimental design included four groups of mice: WT saline-treated, Q111/+ saline-
treated, Q111/+ non-targeting ASO-treated, and Q111/+ HTT-lowering ASO-treated
(Fig. 3.1). We treated four mice from each group (2M, 2F) to be processed using
NextGem3 technologies, resulting in sixteen mice total.

Mice were treated with ASO or saline via two intracerebral ventricular injections at 2.5
months and 8-weeks later at 4.5 months and sacrificed at 6.5-months of age for a total
ASO duration of 16-weeks. Mice were sacrificed by fatal injection of sodium
pentobarbital (Fatal Plus, Covetrus). Whole brain was extracted and placed on ice for 2
minutes, followed by a microdissection to collect the striatum, cortex, and cerebellum.
Tissues were placed in cryotubes and snap-frozen in liquid nitrogen followed by storage

at -80C.
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Treated with Saline Treated with ASO
Directed to HTT

+/+ wild type Mouse Treated with ASO
Not Directed

Figure 3.1. HD-ASO experimental design Our experimental design included four
groups of mice: WT saline-treated, Q111/+ saline-treated, Q111/+ non-targeting ASO-
treated, and Q111/+ HTT-lowering ASO-treated. We treated four mice from each
group (2M, 2F) to be processed using NextGema3 technologies, resulting in sixteen
mice total. Mice were treated with ASO or saline via two intracerebral ventricular
injections at 2.5 months and 8-weeks later at 4.5 months and sacrificed at 6.5-months
of age for a total ASO duration of 16-weeks

HTT quantification

HTT protein was quantified by electrochemiluminescent ELISA and read on a QuickPlex
SQ120 (MSD) according to previously described methods (**). Briefly, tissues were
mechanically homogenized in a non-denaturing lysis buffer and lysates were added to
MSD plates coated with capture antibody and incubated for 1 hour. After washing,
detection antibody was then applied for 1 hour, and finally plates were read using Read
buffer B. Capture and detection antibody pairs were as follows: WT, HTT-2133 (CHDI
900002133) and D7F7-Sulfo-tag (CST mAB5656); Mutant (Q111) HTT, HTT-2B7
(CHDI-90000830) and MW1-Sulfo-tag (DSHB).

snRNA-seq data analysis
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Preprocessing of the 16 mice from the 3’ dataset occurred in conjunction with fourteen
mice from the same experiment that had been processed to produce a 5° dataset. Genome
alignment (mm210), cell calling, and read counting were performed with cellranger
(v7.0.0.), We completed standard quality control (QC) and single-cell processing with
Seurat.8> We removed cells that did not meet the criteria of minimum 500 reads,
minimum 250 features and a mitochondrial ratio of less than 0.20. We used
SCTransform() followed by integration using anchors selected from
SelectIntegrationFeatures (nfeatures = 3000). Following integration we separated the 5’
and 3’ datasets, working exclusively with 3’ data from this point. We scaled the data and
completed a standard Seurat processing and clustering protocol: principal component
analysis (npcs = 30), Uniform Manifold Approximation and Projection visualization
(dims: 1:30), nearest-neighbors analysis (dims = 1:30) and clustering (res = 0.1). We
repeated the process of scaling through clustering four times, with each new iteration run
without potentially interfering doublets that had been identified and removed in the

previous round.

We used established markers for striatal cells to assign cell-types to clusters, dropping
clusters with mixed markers that meet criteria for doublets: direct pathway spiny
projection neurons (dSPNs; Drd1+), indirect pathway spiny projection neurons (iISPNSs;
Drd2+), atypical spiny projection neurons (termed “eccentric”, eSPN; Otof+), cholinergic
interneurons (IN-Chat; Chat+), parvalbumin interneurons (IN-PV; Kit+), somatostatin
interneurons (IN-Sst; Sst+), astrocytes (Slcla3+, Rorb+), oligodendrocytes (Mog+,
Aspa+), polydendrocytes (also known as oligodendrocyte precursor cells; Pgdfra+,

Coll11al+), mural cells (Vtn+, Pgdfrb+), endothelial cells (Flt1+, Slcola4+), ependymal
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cells (Rsph1+), and microglia (Cx3Cr1+, Clgc+).% Finally, we used kmeans clustering
(centers = 2) around the sex-discriminating marker Xist to separate male and female mice,

which had been multiplexed together.
Differential expression analysis

We identified differentially expressed genes (DEGS) using the program EdgeR. We
compared differential expression between six contrast groups: 1) HD-Q111 treated with
saline compared to wildtype treated with saline (HD-Saline v. WT-Saline), 2) HD-Q111
treated with undirected ASO compared to HD-Q111 treated with saline (ASO-CNTL v.
HD-Q111), 3) HD-Q111 treated with undirected ASO compared to WT treated with
saline (ASO-CNTL v. WT-Saline), 4) HD-Q11 treated with HTT-directed ASO
compared to HD-Q111 treated with saline (HD-ASO v. HD-Saline), 5) HD-Q111 treated
with HTT-directed ASO compared HD-Q111 treated with undirected ASO (HD-ASO v.
ASO-CNTL), 6) HD-Q111 treated with HTT-directed ASO compared to wildtype treated

with saline (HD-ASO v. WT-Saline).
Validation in Independent Datasets

We used Fisher’s Exact Tests to compare DEGs from our single-cell atlas of a six-month-
old Q111+ HD mouse model to established literature. As there is not a single-cell
database available for the HD Q111+ mouse model, we compared our SPN single-cell

results to available bulk RNA-seq data.
D. Results

We analyzed 54,141 high-quality cells, which corresponded to marker genes associated
with major striatal cell types: 22566 dSPNs, 14627 iSPNs, 1297 eSPN, 2168 PV+
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interneurons, 892 SST+ interneurons, 738 CHAT+ interneurons, 5897 astrocytes, 1972

oligodendrocytes, 1008 endothelial cells, 483 microglial, 1005 polydendrocytes, and 816

ependymal cells (Fig. 3.2, Table S3.1).
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Figure 3.2: sSnRNA-seq of the striatum from mice groups including HD-Saline,
WT-Saline, HD-ASO, and ASO-Cntr. A. Uniform manifold approximation and
projection (UMAP) of 54,141 cellular nuclei showing discrete clusters corresponding
to 13 cell types. B. Cell type specific markers used to assign cells. C. Expression of top
cell type marker genes.
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These cells were spread across our experimental groups, including 11619 WT saline-
treated cells, 13124 Q111 saline-treated cells, 14077 Q111 non-targeting ASO-treated,
and 15321 Q111 HTT-lowering ASO-treated. Breakdown by cell type within each

experimental group did not reveal notable differences (Fig. 3.3).
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Figure 3.3: Cell counts by experimental group. A. Distribution of cell types in the
ASO-Cntl group. B. Distribution of cell types in the HD-ASO group. C. Distribution of
cell types in the HD-Saline group. D. Distribution of cell types in the WT-Saline
group.
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After filtering DEGs for expression level (pct.1 > 0.15 or pct.2 > 0.15) and statistical
significance (FDR < 0.05) we identified 95,670 DEGs across the six contrasts tested. The
DEGs matched what would be expected power-wise in terms of cell type specificity. We
identified significant, cell-type specific variations in differential expression between our

contrast groups (Fig. 3.4; Table S3.2-S3.3).
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Figure 3.4: DEG distribution across cell types and contrasts. A. Distribution of
DEGS by cell type across all groups. B. Distribution of DEGS by contrast group. C.
Distribution of DEGs by cell type and contrast group.
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Our most significant results from the single-cell genomic atlas for the effects on HD on
the striatum of a Q111+ mouse model include similar dysregulation in canonical SPNs,
minimal evidence of neuroinflammation, and dysregulation in vascular cell types. Results
from our evaluation of an HTT-lowering ASO gene therapy indicate an exacerbation of
the early HD signature in response to allele-nonspecific ASO therapy with only minimal

signs of rescue.

Single-cell genomic atlas for the effects of HD on the striatum of a Q111+ Mouse Model

We characterized the HD signature in 6-month-old Q111 mice by analyzing single-cell
genomic data from the contrast: HD-Saline v. WT-Saline. Our atlas includes 24,743
quality cells distributed between the two groups with 13,124 in the HD-Saline group and
11,619 in the WT-Saline group. We identified 7439 cell type specific DEGs with the
following cellular distribution: 3408 dSPNs, 2451 iSPNs, 90 eSPNs, 755 Astrocytes, 56
microglial, 252 oligodendrocytes, 37 ependymal, 65 endothelial, 216 PV+ interneurons,
31 SST+ interneurons, 9 CHAT+ interneurons, 10 Polydendrocytes, and 59 mural cells.
Our cell type specific findings are aligned with what would be expected from the
literature. The signature at this age and CAG-repeat length is subtle, but observable, at
this early time point (Fig. 3.5). We performed Gene Ontology (GO) term analysis on

several cell types to identify biological relevance of DEGs (Table S3.4).
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A Atlas Cell Count by Condition B HD-Q111 vs. WT: Number of Significant DEGs by Cell Type
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Figure 3.5: HD-Q111+ atlas DEG characteristics. A. Cell count by Atlas group. B.
Distribution of DEGS by cell type. C. Volcano plots from the six cell types with the
highest number of DEGs.
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Canonical Spiny Projection Neurons Exhibit Similar Patterns of Dysregulation

Of the 3408 significant (FDR<0.05) dSPN DEGs identified, 788 were upregulated and
2620 were downregulated. The upregulated genes were enriched for GO terms involved
in metabolism. Top GO terms included biosynthetic process, respiratory electron
transport chain, cellular metabolic process, and ATP metabolic process. The
downregulated genes were enriched for GO terms involved in transport, cellular survival,
and cell communication. Top terms included vesicle-mediated transport to the plasma
membrane, negative regulation of transport, protein localization to organelle, regulation

of cell death and regulation of cell growth.

Of the 2451 significant (FDR<0.05) iISPN DEGs identified, 618 were upregulated and
1833 were downregulated. The upregulated genes were enriched for GO terms involved
in biosynthetic processes, metabolic processes, and translation. Top terms include
organonitrogen compound biosynthetic process, cellular amide metabolic process, and
cytoplasmic translation. The downregulated genes were enriched for GO terms involved
synaptic processes, signaling, and morphogenesis. Top terms included protein
localization to synapse, positive regulation of cell morphogenesis involved in
differentiation, regulation of glutamate receptor signaling pathway and regulation of

dendritic spine morphogenesis.

To look more closely at the differences in gene expression changes between dSPNs and
iISPNs, we next identified those genes that were unique to each subtype compared to the
other projection neuron. Most DEGs were common to both SPNs. Between 788
upregulated dSPN DEGs and 618 upregulated iSPN DEGs, 457 are held in common. This

amounts to 74 percent of iISPN upregulated genes being shared with dSPN genes. Across
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2620 downregulated dSPN DEGs and 1833 downregulated iSPN DEGs, 1601 were held
in common. This amounts to 87 percent of iSPN down regulated genes being shared with

dSPN genes.

Previous work in the Q175 mouse model at 6-months of age hypothesized that mtRNA
release from iSPNs, associated with a cell type specific loss of functionality in OXPHOS
pathway genes, contribute to an innate immune response that may account for the cell
type’s vulnerability.®> To examine this possibility within our dataset we compared
percentage of mitochondrial genes between cell types, finding similar levels of mtRNA
between iSPNs and dSPNs. It may be that these are signs of iSPN vulnerability that are

not seen as early in our Q111 model.
Evidence of Neuroinflammation is Limited

Of the 56 significant microglia DEGs, 52 genes were upregulated, and 4 genes were
downregulated. Upregulated genes were enriched for GO terms involving metabolism
and translation with top terms including cytoplasmic translation, amide biosynthetic
process, translation, and peptide biosynthetic process. Though we did not see a plethora
of classic microglia-associated inflammation markers, the DEGs do suggest an enhanced
metabolic state of heightened activity in the HD Q111 mouse model. Several genes also
suggest an inflammatory state: ILLRAP is involved in signaling upstream of interleukin
1-responsive genes (logFC = 1.026, FDR = 0.013) and LRRC19 is an upstream positive
regulator of the pro-inflammatory NIK/NF-kappaB signaling cascade (logFC = 1.053,

FDR =0.0135).
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Of the 755 significant astrocyte DEGs, 367 genes were upregulated, and 388 genes were
downregulated. Upregulated genes were enriched for GO terms involving signaling and
translation. Top terms include regulation of trans-synaptic signaling, cognition, ribosomal
small subunit biogenesis and regulation of membrane potential. Downregulated genes
were enriched for GO terms associated with bidirectional regulation of metabolic and
biological processes. Top terms include regulation of nitrogen compound metabolic
process, positive regulation of multicellular organismal process, negative regulation of

metabolic process and positive regulation of macromolecule metabolic process.

Previous work has identified distinct states of Astrocyte activation in HD.'%® We re-
clustered astrocytes by known reactive markers, comparing the number of reactive
astrocytes in the WT versus HD-Q111 mice. We did not find evidence of increased

reactivity in the HD-Q111 astrocytes when compared to WT.
Evidence of Dysregulation in Vascular Cell Types

We identified 65 significant endothelial DEGs including 41 upregulated genes and 24
downregulated genes. Upregulated genes were not enriched for any GO terms with top
DEGS including Cd200, Dbp, Luzp2, and Mgp. Downregulated genes were enriched for
three GO terms: regulation of ERK1 and ERK?2 cascade, cellular response to laminar

fluid shear stress and response to laminar fluid shear stress.

We identified 37 ependymal DEGs, including 11 upregulated and 26 downregulated
genes. Downregulated genes returned GO terms associated with negative regulation of
cholesterol metabolic and biosynthetic processes. Top downregulated genes included

Statl, Ddx60, and Bcll. Apoe was also among the significantly downregulated genes.
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Upregulated genes did not return any significant GO terms. Top DEGs included Il1rapl2,
and Lrrtm4. Other notable upregulated genes included the adhesion proteins cadherin 12

(Cdh12) and 19 (Cdh19).
Atlas Validation in an Independent Dataset

Our top DEGs in the dSPN and iSPN cell types, where our data is best powered given
that these are the most common cells of the striatum and also where the HD signature is
most pronounced, are statistically associated with HD DEGs identified in previous
studies.®* We computed Fisher’s Exact Tests on several contrasts between our DEGs and
the HD DEGs identified in the seminal Langfelder to identify significant associations.
Downregulated dSPN genes from our study were associated with downregulated genes
from the Langfelder study (OR = 3.43, p = 2.2e-16), as were upregulated dSPN genes
associated with upregulated genes from the Langfelder study (OR = 2.12, p = 4.4e-14).
Downregulated iSPN genes from our study were associated with downregulated genes
from the Langfelder study (OR =5.04, p = 2.2e-16) and upregulated iSPN genes from
our study were associated with upregulated genes from the Langfelder study (OR = 2.57,
p = 2.2e-16). Of note, Pdel0 is a key marker of early HD progression and emerged as the

top DEG for both iSPN and dSPN cell types.t6°

HTT-lowering ASO treatment caused exacerbation of the HD-associated transcriptomic

dysregulation

We first confirmed that the ASO had knocked down HTT by looking at HTT expression
across our contrast groups. As expected, only the contrast groups that included the ASO —

HD-ASO group — exhibited downregulated HTT (Fig. 3.8).
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Figure 3.6: Differential expression of HTT by contrast.

Having already examined the baseline HD-Q111 signature compared to WT (HD-Saline
vs. WT-Saline contrast) as our Atlas, we next wanted to look at how the ASO impacted
our HD-Q111+ mouse. If our directed ASO had successfully resulted in a rescue we

would expect the ASO-treated group to have become more similar to WT.

Comparing the contrast HD-ASO vs. ASO-Cntr to the contrast HD-Saline vs. WT-Saline
(ASO treatment biplot), we instead found that the treatment had largely exacerbated the
HD signature in canonical SPNs, with comparatively little evidence of rescue (Fig. 3.7).

This pattern of exacerbation was seen in the majority of cells that returned a statistically
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significant signature, with astrocytes and oligodendrocytes also exhibiting subtle

evidence of rescue.
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Figure 3.7: ASO treatment exacerbates HD-Signature with limited rescue. A.
Biplot comparing dSPN HD-Saline vs. WT-Saline and ASO-Cntr vs. HD-Saline. B.
Biplot comparing iSPN HD-Saline vs. WT-Saline and ASO-Cntr vs. HD-Saline.

C. Biplot comparing oligodendrocytes between HD-Saline vs. WT-Saline and ASO-
Cntr vs. HD-Saline. D. Biplot comparing astrocytes between HD-Saline vs. WT-Saline
and ASO-Cntr vs. HD-Saline.

Following this surprising result, we wanted to know whether the undirected ASO played

a role in HD-signature exacerbation. We addressed this possibility by analyzing DEGs
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from the contrast ASO-Cntr v. HD-Saline. Limited differential expression between these
two groups would indicate that the undirected ASO has a limited impact on the HD
signature. To the extent that there is differential expression between these groups, this
may indicate an effect of the undirected ASO independent from the HD-targeted therapy

itself.

Filtering for (pct.1 > 0.15 | pct.2 > 0.15) & FDR < 0.05, we identified 5663 cell type
specific DEGs with the following cellular distribution: 2433 dSPNs, 1853 iSPNs, 31
eSPNs, 466 Astrocytes, 54 microglial, 470 oligodendrocytes, 70 ependymal, 102
endothelial, 0 PV+ interneurons, 0 SST+ interneurons, 0 CHAT+ interneurons, 10

Polydendrocytes, and 18 mural cells (Table S3.2, Contrast AC)

To examine whether the changes in gene expression in the undirected ASO exacerbated
the HD-signature we plotted a biplot comparing the HD-saline vs. WT-saline group to the
ASO-Cntl vs. HD-Saline group. We found that the signature imposed by the undirected
ASO did not create a pattern resembling the HD signature. This implies that, although the
undirected ASO did result in dysregulated transcriptomics, it was the HTT lowering

treatment itself that caused HD signature exacerbation (Fig. 3.8).
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Figure 3.11: Undirected ASO does not exacerbate HD-signature. A. Biplot
comparing dSPN HD-Saline vs. WT-Saline and ASO-Cntr vs. HD-Saline. B. Biplot
comparing iISPN HD-Saline vs. WT-Saline and ASO-Cntr vs. HD-Saline. C. Biplot
comparing oligodendrocytes between HD-Saline vs. WT-Saline and ASO-Cntr vs. HD-
Saline. D. Biplot comparing astrocytes between HD-Saline vs. WT-Saline and ASO-
Cntr vs. HD-Saline.

To identify which pathways as associated with the strong exacerbation signal and which
are associated with more subtle signs of rescue, we performed GO analysis on the genes
within each ASO treatment biplot quadrant for dSPNs, astrocytes, and oligodendrocytes

(Table S3.4, S3.5).
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First, we asked whether the exacerbation signature could be attuned to specific biological
significance. A GO term analysis of dSPN Q2 genes (n=87) returned 79 GO terms
enriched for terms involving metabolism, ribosomes, and translation. An analysis of Q3
genes (n=1589) revealed 1514 terms, including a wide range of biological processes. This
analysis indicates that a great variety of biological processes have been impacted by the

HD signal exacerbation, rendering a specific finding unlikely.

We next asked whether the genes rescued in the ASO treatment group (Q1, Q4) were
biologically significant, focusing again on dSPNs. A GO term analysis of Q1 genes
(n=21) did not return any GO terms. Analysis of Q4 genes (n=251) returned 116 terms.
Top terms involved neurogenesis with further enrichment in cell migration and signaling

terms.

We were also interested in the moderate rescue in astrocytes and oligodendrocytes. For
these cell types we centered our analysis on Q4. These are genes that are in HD when
compared to WT, but then downregulated by our ASO. Astrocytes show 294 genes in Q4,
which return 271 GO terms. Top terms involved synaptic regulation, generation of
neurons, and signaling. Oligodendrocytes show 165 genes in Q4 Top terms include
generation of neurons, nervous system development, cell-cell adhesion, and positive

regulation of cell projection organization.

E. Discussion

In this study we have characterized the transcriptional signature of a 6-month-old HD-
Q111 mouse model and assessed transcriptional changes following HTT-lowering ASO

treatment. Key findings in our characterization of a 6-month-old HD-Q111 mouse model
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include (1) similar patterns of dysregulation in canonical SPNs, (2) limited evidence of
neuroinflammation, and (3) dysregulation in vascular cell types. The key finding from
our treatment of the HD-Q111 mouse model with an HTT-lowering ASO treatment was

exacerbation of the HD-associated transcriptomic dysregulation.
Similar Patterns of Dysregulation in Canonical SPNs

We saw fewer DEGs in iSPNs than in dSPNs, with the overwhelming majority of these
genes, 74 percent of upregulated genes and 87 percent of downregulated genes, shared
between these two canonical SPN cell types. It is somewhat surprising that we found a
greater number of significant transcriptional changes in dSPN cells than in iSPN cells
because iSPNs are the cell type most vulnerable to the HTT mutation. This is evidenced
by the fact that iSPNs are the first cells to experience cell death in the human striatum.
Knock-in mouse models have been shown to exhibit this differential vulnerability pattern.
In the Q140 knock-in mouse model differential expression of the D1 and D2 markers that
differentiate dSPNs from iSPNs show a 15 percent reduction in D2 markers as early as
two months old via Western Blot, with a 20% reduction by six-months-old.1%1162 Drd2,
the gene associated with the D2 receptor, is not among the significantly differentially
expressed genes in this study. Other studies have noted a reduction in ENK, an iSPN-
associated gene, in the Q175 knock in model, which our study also fails to replicate.6163
The most likely explanation is that the six-month time point is too early to see these
differences in Q111 mouse model, given its shorter CAG repeat when compared to the
relevant literature. This is an interesting result because it suggests that other changes
predicate ISPN-specific vulnerability. It may be that these events are not causal, and the

vulnerability is specific to the mHTT itself, but it may alternatively be that molecular
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events downstream of mHTT itself are the cause of iISPN vulnerability. This may open

possibilities for therapeutics downstream that could have a disease-modifying impact.

Limited Evidence of Neuroinflammation

Neuroinflammation is a known HD phenomenon with evidence of an innate immune
response facilitated by inflammatory mediators, macrophages, and astrocytes. Nuclear
transcription factor-kB (NF-«xB) is a key regulatory of inflammatory responses. ILIRAP
and LRRC19 are inflammatory mediators upregulated in the microglia population from
six-month old HD-Q111+ mouse model. LIRAP is involved in signaling upstream of
interleukin 1-responsive genes and LRRC19 is an upstream positive regulator of the pro-
inflammatory NIK/ NF-«B signaling cascade. Both of these mediators, though
significantly upregulated, showed only a small fold-change increase. We did not see

upregulation in NF-kB.

Reactive astrocytes in mouse studies exhibit a correlation with disease severity. This
phenomenon leads to dysfunction of glutamine transporters and downregulation of
Dopamine and adenosine 3',5'-monophosphate-regulated phosphoprotein (32 kDa)
(DARPP-32) and NMDAR-NR2B subunits in SPNs. Reactive astrocyte have also been
identified in human studies, with astrocytes growing in number and activation in stages 2-
5 of a 0-5 scale. This supports our data from the Q111 mouse model at 6-months.
Astrocytes in our study had not grown in number and did not exhibit signs of reactive
gliosis. The astrocyte-specific changes that were observed in this study indicate an early

stage increase in signaling and translation that may support future reactive processes.
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Our limited evidence of upregulation in inflammatory mediators and lack of a definable
inflammatory signature in microglia or astrocytes suggests that neuroinflammation has
not yet ramped up in the HD-Q111 mouse model at 6-months-old. Given the relatively
low CAG repeat length for the mouse model and its young age this evidence supports the
hypothesis that neuroinflammation, though present before clinical symptoms arise, are

not an early feature of the HD signature.
Evidence of Dysregulation in Vascular Cells

Endothelial cells line blood and lymphatic vessels to create a dynamic system of barriers
which makes up the blood-brain barrier. HD is associated with microvascular

abnormalities including increased density and compromised barrier function.164165

We identified 65 significant endothelial DEGs including 41 upregulated genes and 24
downregulated genes. Upregulated genes were not enriched for any GO terms.
Downregulated genes were enriched for three GO terms: regulation of ERK1 and ERK2
cascade, cellular response to laminar fluid shear stress and response to laminar fluid shear

stress. Associated genes include Akap12, Duspl, Jun, Kdr, KIf3 and KIf2.

Ependymal cells line the ventricles and maintain brain homeostasis via the blood—
cerebrospinal fluid barrier. This rare cell type is poorly characterized in the context of
HD, which renders our results interesting even though they are sparse.%® A notable
feature from our dataset was the downregulation of immune responses in ependymal
cells. Statl, a gene significantly downregulated in ependymal cells, is classically an
immune transcription factor. Some evidence suggests that Statl deficiency can impair

ependymal cell integrity and result in hydrocephalus, a finding seen in HD model
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mice.18-170 The interplay between hydrocephalus and HD in humans is unclear with only
a few isolated accounts of lumbar puncture relieving hydrocephalus and lessening
symptoms of chorea in HD patients.*’173 Notably, one patient experienced
hydrocephalus as a complication in the recent Tominersen ASO therapy clinical trials and
several patients have experienced this complication with the ASO Nusinersen approved
for use in spinal muscular atrophy.'’* This may be related to the fact that Cdh12 and
Cdh19, cadherin-associated genes involved in the formation and maintenance of cellular
junctions and adhesions, were also found to be upregulated in ependymal cells.7>176
Upregulation of these genes may cause dysregulation at the CSF-brain barrier, or may be

a response to insult at this barrier.
HTT-Lowering ASO caused exacerbation of the HD Signature with limited rescue

We were surprised to find that the HTT-directed ASO treatment resulted in an
exacerbation of the HD signature, with only limited evidence of rescue. This appears to
be at odds with clinical data from a similar HTT-lowering ASO showing restoration of
cognitive function in an HD mouse model.1’” There are several possible explanations for
this result. (1) The genes in which the HD signature was exacerbated, though more
plentiful, are less biologically important than those that were rescued. This would explain
why one might see an exacerbated molecular signature alongside improved behavioral
results. (2) Our particular ASO, which is different from the one used to produce positive
pre-clinical, behavioral results in mice, has different off target effects and would not

result in behavioral rescue.

In either scenario, the exacerbation of the HD molecular signature by a treatment that

lowers HTT is an interesting result. Given that this ASO lowers both mutant and wild-
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type HTT, it stands to reason that the molecular signature of disease is more
representative of lost-of-function than gain-of-function. This is not to imply that loss-of-
function consequences of this mutation are necessarily responsible for the clinical and
behavioral findings of disease. It may be that although the loss-of-function signature
predominates the molecular landscape, it is the more molecularly subtle gain-of-function
attributes of mMHTT that predominantly cause disease. This would also explain why we
could see a molecular exacerbation while also witnessing behavioral and cognitive
rescue. Perhaps we are indeed lowering the gain-of-function harm being produced by
mHTT even while we see greater molecular evidence of the increased loss-of-function

caused by knocking-down wild-type HTT.

An examination of the rescue-specific quadrant genes and GO terms points to several
gene enrichments that may be associated with this gain-of-function. In particular, GO
terms indicate a rescue in neurogeneration, projection and signaling. Further evaluation
of the role played by each of the 251 genes in this quadrant may be fruitful. The emphasis
on genes involved in neurogeneration may infer a change in neuroplasticity genes, which
may in turn be related to dysregulation of Polycomb Repressive Complex 2, as has been

previously reported in the HD literature. 8

It is important to note that the purpose of these and other mouse model studies is to
inform clinical decisions with an aim toward human therapeutic development. Behavioral
rescues in pre-clinical mouse studies are only useful insofar as they translate to the
human condition. That pan-HD ASO have thus far failed in a large clinical trial suggests
that the promising behavioral rescue in a pre-clinical mouse model was not indicative of

improved clinical outcomes.”® Part of the impetus of this study was the result that
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Roche’s Tominersen might be clinically effective in younger patients with a lower CAG
repeat length. A more positive result from this mouse model — a model in which
treatment was started early and in which the CAG burden in comparatively low — would

have supported this hypothesis.

F. Limitations and Future Directions

In this study we have presented a striatal single-cell genomic atlas of the HD-Q111
mouse model, briefly touching upon several interesting cell-type specific results
including and also presented an evaluation of a pre-clinical HTT-lowering gene therapy.
As a resource dataset, limitations of our Atlas include (1) potential normalization issues
with the statistical approach (2) the use of a clonal animal model, (3) power in rare cell
types, and (4) the challenges of reproducibility given there are not currently equivalent

datasets that examine single-cell HD-Q111 transcriptional changes at six-months.

Here we have used a single-cell statistical approach that was standardized and used
across the field when we began this analysis. We are observing that there is imbalance in
the volcano plots where we are mostly seeing downregulated genes. This may reflect
issues with the statistical analysis and potential fixes could include additional layers of
normalization or using pseudobulk analysis. When we began this analysis, conventional
wisdom had asserted that though the single-cell analysis approach may be overly liberal,
the pseudobulk approach was overly conservative and masked important biological
findings from single-cell data. Since then, there has been a slow but steady move toward
the more conservative pseudobulk statistical analysis. In using pseudobulk analysis in our

own work, we have noticed that the skewed volcano plots potentially indicative of
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normalization issues are less prevalent when using these techniques. We plan to include a

pseudobulk-based rendition of this analysis before publication.

The use of animal models, though necessary, is challenged by the translation of results
from animal to human. The design and robust literature surrounding HTT knock-in mice
alleviate this concern somewhat, but a robust human dataset would be preferred if
possible. A common problem with single-cell datasets is the scarcity of data, which can
lead to underpowered results. We have presented an Atlas with an impressive number of
cells and FDR statistics that allow us to determine cell type specific signals in many cell
types, but the signals would be more robust in rarer cell types with a larger dataset that
produces greater statistical power. Finally, we have attempted to show replication in our
dataset by comparing our data to bulk-RNA seq data because there are no equivalent
single-cell datasets available. This is robust for SPNs, the cell type with the strongest
signal of transcriptional dysregulation across experiments, because these changes are
most likely to be observed in bulk RNA-seq data. Lesser cell types, however, cannot be
validated by a bulk RNA-seq dataset as their signal is likely to be lost among the more

abundant cells.

Our evaluation of a pre-clinical HTT-lowering ASO gene therapy treatment resulted in a
surprising exacerbation of the HD. The major limitation of this study is a lack of
behavioral assays to determine whether the ASO had a positive clinical outcome. Future

studies should include both molecular and behavioral assays.

Future directions might look into the striatal cell-type specific changes we have identified
in the six-month-old HD-Q111 mouse and compare these changes to other mouse

models. Being able to compare this CAG-repeat length to other mouse models at six-
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months-old would help to elucidate which effects of the HD signature are robust across
models and which may be particular, and thus less generalizable. In terms of pre-clinical
ASO evaluation, the clearest future direction would be to repeat this experiment with
several other ASO vehicles and also with robust behavioral and cognitive assays. Our
results taken alongside the cognitive rescue seen in a similar ASO treatment indicate that
HTT-lowering gene therapy may be worthy of pursuit, even if we see exacerbation of the

HD molecular signature.’®
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CHAPTER V: SUMMARY AND IMPLICATIONS OF THE RESEARCH

A. Main findings

The main findings of this study include: (1) striatal cells are dysregulated in AUD with
changes seen predominantly in SPNs, (2) striatal cells are dysregulated in the HTT-Q111
mouse model as early as six-months-old (3) single-cell genomic strategies contribute to
our understanding of gene therapy efficacy, especially when taken into consideration

alongside functional assays.

Transcriptional Dysregulation in AUD and HD

As the most prominent cell type in the striatum, it is expected that changes in SPNs will
be more statistically powerful than less common cells. This was the case in both the AUD

and the HD dataset.

The AUD dataset revealed downregulation in a wide range of genes with neuron-specific
functions including transmembrane receptor protein tyrosine kinase signaling pathway,
including the BDNF receptor Ntrk2, the calcium signaling pathway, axon guidance genes
(e.g., Semaba) and, finally, components of voltage-gated calcium channels (Cacnb2,
Cacna2d3), glutamate receptors (Grid2, Grm5, Gria3), and the cCAMP signaling cascade

(e.g., Pdel0a, Pde7b, Adcy5, Rgs9).

The HD dataset also revealed significant downregulation in canonical SPNs with
downregulated genes enriched for processes involving transport, cellular survival, and
cell communication. Top terms included vesicle-mediated transport to the plasma
membrane, negative regulation of transport, protein localization to organelle, regulation
of cell death and regulation of cell growth. Several of the specific genes identified as
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significantly downregulated in AUD are also dysregulated in this early model of HD. Key
downregulated genes exhibiting downregulation of similar pathways in both datasets

include Ntrk2, Cacna2d3, Grm3, Gria3, Pdel0a, Pde7b, Adcy5, and Rgs9.

In spite of the parallels in canonical SPNs, we did not see parallels in our other findings.
Though we saw evidence of neuroinflammation in our AUD dataset, evidence of a
pattern of neuroinflammation in HD was lacking. Given that neuroinflammation has been
shown to be a feature of HD in other datasets, we posit that the lower CAG length of 111
and the younger age at six-months have produced a model that has not yet experienced
neuroinflammation. It may be interesting to compare our AUD neuroinflammatory
signature to HD models with longer CAG lengths or older age to compare these

signatures.

We saw some evidence of vascular cell dysregulation in both the AUD and HD atlases. In
the AUD atlas key dysregulated genes in endothelial cells included downregulation of
genes involved in angiogenesis. Evidence of dysregulation in HD was limited to genes
associated with the sheer response and downregulation of the neuronal immune response,

specifically as documented through downregulation of Statl.

Single-cell Genomic Assays in Gene Therapy Evaluation

Beyond the production of single-cell transcriptional atlases as a scientific resource, we
also used our HD atlas to test the efficacy of a gene therapy product. Here we have
presented an HTT-lowering ASO gene therapy analysis on the Q111 mouse model. We
have seen an exacerbation of the HD signature in canonical SPNs, even though a similar

ASO product resulted in behavioral rescue. Two possible interpretations include (1) the
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genes rescued by the ASO are responsible for the behavioral rescue, or (2) our ASO
would not result in a behavioral rescue. This result highlights the importance of pairing
genomic gene therapy evaluation assays with behavioral assays, which would provide a
more completely picture of the therapeutic effects. Even without a paired behavioral
assay, the signal of exacerbation is an interesting result as it indicates that the
transcriptional dysregulation seen in HD is predominantly attributed to a loss-of-function
in HTT. Our findings point more broadly to the benefits to be realized by applying single-

cell genomic assays in gene therapy evaluation.

B. Strengths, limitations, and future directions

The strengths of this study include the development of two novel single-cell atlases for
use in support of future research in the AUD and HD fields, our ability to look at two
neuropsychiatric diseases with some shared clinical features at the single-cell level, and
as an example of how single-cell genomics can be used to evaluate pre-clinical gene

therapy.

In addition to the strengths and limitations identified in each study individually, an
important limitation of the study as a whole is our use of animal models when our
ultimate aim is to evaluate and treat human disease. This study serves as a blueprint for
how a human-based genomic study might serve to answer similar questions. We have
also addressed this limitation, where possible, by comparing our results to human dataset
from the dorsal striatum. Given the challenges of procuring appropriate human samples
and the limitations associated with human experimental design, the use of animal models

remains a useful model for the study of human disease.
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This study highlights the importance of understanding cell-type specific changes in
neuropsychiatric disease. Contrasting and comparing the cell-type specific changes
associated with neuropsychiatric disease that share common clinical characteristics is an
exciting future direction in the field. The combination of increasingly sophisticated
technology and novel, molecularly informed ways of thinking about neuropsychiatric

disease have the potential to revolutionize how we classify and treat these diseases.
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