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LONG NONCODING RNA DYSREGULATION ALTERS ETHANOL DRINKING
BEHAVIOR AND ETHANOL-RELATED PHENOTYPES

Sonja Lorean Plasil, PhD

University of Pittsburgh, 2023

Alcohol use disorder (AUD) is a chronic, relapsing brain disease associated with a myriad
of debilitating consequences. Unfortunately, current therapies are limited, and the etiology is
incomplete. Chronic alcohol use impacts molecular processes, one of great importance being gene
expression. Transcriptomic changes are thought to underly the transition from recreational
drinking to AUD, and persistent transcriptional change is a hypothesized mechanism for AUD
withdrawal and relapse. Long noncoding RNAs (IncRNAs) have emerged as key regulators of the
transcriptome and hold great therapeutic potential. LncRNA dysregulation has been linked to
AUD, drug addiction, psychiatric disorders, and immune responses. However, out of thousands of
IncRNAs known to exist, only a small percentage have been functionally characterized. Further,
the impact of chronic alcohol misuse on IncRNA regulation and function is largely unknown. For
important AUD-regulating IncRNAs to be identified and characterized, ethanol-responsive
IncRNAs must be screened for AUD-linked behavior. Based on RNA-sequencing and microarray
data from brain tissue of chronically exposed subjects, the ethanol-responsive INcRNAs Tx2, Pitt1,
Pitt2, Pitt3, Pitt4, and Gas5 were selected for functional interrogation. Cutting-edge CRISPR/Cas9
mutagenesis techniques were applied to generate mutant mouse cohorts of all six genes. The
overall goal was to elucidate the involvement of six ethanol-responsive INCRNAs in ethanol action
to test the central hypothesis that individual IncRNAs act as determinants of ethanol
consumption and ethanol-related behaviors. Each mutant line was functionally investigated
using a variety of behavioral and molecular methods. All six mutant IncRNA lines demonstrated
significant sex-specific alterations in ethanol drinking behavior when compared to controls.
Ethanol consumption was significantly altered in mutant Tx2 males and mutant Pittl, Pitt3, and
Pitt4 females. Ethanol preference was significantly altered in mutant Tx2, Pittl, and Pitt2 males,
and mutant Gas5 females. These findings add to the literature implicating noncoding RNAs in

addiction and suggest that IncCRNAs play an important regulatory role in AUD. The dissertation



presented herein advances our understanding of the molecular impacts of ethanol-responsive
IncRNAs and how they relate to addictive behaviors. This project provided substantial training

opportunities, a strong research foundation, and a collaborative environment with other researchers
in the field.
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1.0 INTRODUCTION

The research completed herein to form this dissertation addresses a gap in knowledge
surrounding Alcohol Use Disorder etiology. Ethanol, as a pharmacological agent, is known to
dramatically alter the transcriptome (e.g., expression changes and alternative splicing events). How
does this dysregulation shift the propensity to consume ethanol or alter behavior in response to
ethanol? Can individual ethanol-responsive RNA molecules exert these effects? Can consistent
RNA dysregulation lead to addictive behavior over time? These questions led to a more specific
one: does long noncoding RNA expression and function have direct impacts on ethanol

consumption and ethanol-related behaviors?

1.1 ALCOHOL USE DISORDER (AUD)

1.1.1 AUD Background

Alcohol (ethanol) has been produced and consumed by humans for close to 10,000 years®-
4. It is a socially accepted psychoactive drug with relaxant and euphoric effects, often associated
with celebration and socializing®#°. Small or low doses of ethanol can be associated with health
benefits®8, whereas moderate doses are at higher risk for adverse outcomes (dose-dependently)®
11, High doses act as a depressant, associated with a plethora of detrimental health outcomes*?-16.
When ethanol is consumed, blood alcohol concentration (BAC) increases. BACs ranging from
0.0% to 0.1% (0 — 100 mg/dL) produce a stimulative effect, resulting in disinhibition and
relaxation. Once high doses are achieved (BAC > 0.1%; > 100 mg/dL) sedation sets in. As the
dose of alcohol increases beyond 0.1%, there are progressive impaired sensory and motor function,
slowed cognition, unconsciousness (0.3 - 0.4% BAC; 300 — 400 mg/dL), and the potential for
death (0.4 - 0.5% BAC; 400 — 500 mg/dL)"-2L,

Alcohol misuse is the seventh leading risk factor for premature death and disability

worldwide?? and contributes to over 200 different diseases and injury-related health conditions



ranging from suicide, road injuries, and violence, to cancers, liver diseases, and cardiovascular
diseases?. Alcohol misuse commonly has comorbid conditions (e.g., alcohol-associated liver
disease, heart disease, stroke, unspecified liver cirrhosis, various cancers, and hypertension)?*. Due
to these factors, alcohol-related deaths are the third leading preventable cause of death in the
United States (tobacco is first, and poor diet and physical inactivity is second)?>2¢. Unfortunately,
alcohol misuse is the first leading preventable cause of death in the age group of 15 — 4922,

Alcohol Use Disorder (AUD) moves beyond general alcohol consumption. AUD is
classified as a mental disorder, and defined as °‘continued alcohol use despite negative
psychological, biological, behavioral, and social consequences’ by the Diagnostic and Statistical
Manual of Mental Disorders (DSM-V)?’ and the International Classification of Disease®. AUD is
among the most prevalent mental disorders worldwide impacting both biological sexes (although
AUD prevalence is ~5x higher in males than females?®). AUD is largely characterized by heavy
compulsive alcohol use, loss of control of alcohol intake, and continued use despite negative
consequences?®. AUD is associated with a high burden of disease; it can cause disability and has a
high risk of mortality?®-3L. Individuals suffering from AUD often exhibit escalating alcohol intake
despite detrimental impact on relationships and health?. Nearly 15 million adults and 500,000
adolescents in the United States suffer from AUD?, and 95 million globally®3. AUD can range
from mild to severe?’, but recovery is possible, regardless of severity34-3,

AUD seriously impacts both physical and mental health337-4°, Adverse physical effects of
alcohol misuse include: vasodilation**#2, increased levels of cholesterol-carrying high-density
lipoproteins*344, allergic-like reactions*>*°, liver damage®-°%, brain damage®’-¢1, increased cancer
risk®2-67 gastrointestinal effects®®73, cardiovascular disease’*’®, birth defects if pregnant’”-°, and
cognitives®8 motor-84 memory®-8, and sensory®-%! impairment. The co-occurrence of AUD
with mental health disorders is also incredibly pervasive®®3, The most common co-occurrences,
either simultaneously with AUD or sequentially, are depressive disorders®-%, anxiety disorders®®-
102 stress disorderst®319 sleep disordersi®®-19° and substance use disorders (SUDs)340.110,
Despite considerable progress in our understanding of ethanol action, the etiology and
pathogenesis of AUD remain unclear. It is largely accepted, however, that the development of

dependance to alcohol result from long-term alterations to brain function and structure!*!,



1.1.2 AUD Symptoms

Diagnosing AUD requires close analysis of an individual’s symptomology. The DSM-V
defines AUD as mild, moderate, and severe subclassifications!'?. Another symptom of continued
alcohol misuse is the development of tolerance®®113114 (je., a diminished effect of ethanol with
the same amount as previously consumed). With tolerance, increased amounts of ethanol are
needed to achieve the desired level of intoxication. Following the cessation of alcohol
consumption, withdrawal events can set in15-17, Alcohol Withdrawal Syndrome is largely a result
of neuroadaptations to long-term ethanol consumption®'8119, Withdrawal effects can be defined in
three main categories'?%1?1: mild'?2, moderate!?3, and delirium tremens®?4, Delirium tremens is the
most severe, and includes anxiety, insomnia, tremor, headache, palpitations, gastrointestinal
disturbances, diaphoresis, increased systolic blood pressure, confusion, mild hypothermia as well
as disorientation, impaired attention, visual hallucinations, auditory hallucinations, and seizures*°.
If the symptoms are too great, often alcohol or a related substance (e.g., benzodiazepine!?>1%6) are
taken to relieve or avoid the symptoms!'®11° Withdrawal symptoms often leads to relapse
behavior, the resumption of alcohol drinking following an extended period of abstinence!!%1%7,

In humans, BACs of 150 — 300 mg/dL generally cause mental confusion, and disturbances
of balance, sensation, perception, and coordination'?®, Fatal intoxications generally occur at BAC
concentrations over 400 — 500 mg/dL'%12%, However, for those with low tolerance, concentrations
as low as 260 mg/dL have been fatal*?®. Tolerance to ethanol, conversely, can allow for much
higher concentrations followed by a quick recovery. For example, two patients with BACs of
6503 and 780%3! mg/dL respectively, were hospitalized for less than a day, and one man made a
full recovery after a recorded BAC of 1127 mg/dL*?. Consistently, many individuals have
appeared ‘“sober” (i.e., ambulatory, oriented, neurological normality) but presented BACs
spanning from 120 to 540 mg/dL%,

1.1.3 Treatment Options

Ethanol is rather chemically inert under physiological conditions. The high alcohol

concentrations needed for physiological effects, combined with the difficulties identifying targets



that respond to relevant inebriating ethanol concentrations, has led to the view that ethanol has a
significant number of targets, and that intoxicating actions of ethanol are simply due to a
summation of effects on numerous molecular targets3*.

Pharmacologic treatment of alcohol misuse and withdrawal are limited and under-
prescribed. It often involves substituting alcohol for a long-acting agent, then gradually reducing
dosage over time. There are currently three FDA-approved pharmacologic treatments for AUD,
Acamprosate, Naltrexone, and Disulfiram, however none of them target the underlying disease
progression and largely only work when the patient has a strong desire to quit'®. Despite the
widespread consequences of alcohol misuse, AUD has a very low treatment prevalence?®13®, It has
been shown that only 7.3% of adults suffering from AUD receive treatment'®’, and less than 4%
were prescribed FDA-approved AUD medications'®. This could be due to the fact that current
treatment options are only modestly effective, or that there is a lack of system-wide standardization
of prescribing AUD pharmacotherapies®,

Acamprosate was designed as an ‘anti-craving’ compound to ease withdrawal symptoms
such as insomnia, anxiety, and restlessness (i.e., negative reinforcement), thereby dampening the
desire to relapse'4®14t, Acamprosate is formed as a dimer of acetyl-homotaurine, linked by calcium
salt, and is a derivative of the amino acid taurine'#? with no addictive potential'4?. Acamprosate
enhances GABA transmission, interferes with glutamate action, can act on calcium channels, and
is thought to stabilize chemical signaling in the brain that is disrupted by alcohol misuse'42,

Placebo-controlled clinical studies in humans have reported increased abstinence rates in
patients!43-1% however, Acamprosate is not an effective therapy for all individuals. Some clinical
trials have found no success'®”-160 and others have shown it works best in combination with
psychosocial therapy or strong motivation to quit drinking'®1-163 in order to facilitate a reduction
in alcohol consumption and extended abstinence. The current view of Acamprosate is that its
mechanism involves interfering with receptor and neurotransmitter systems to counteract the
alteration of the system spurred by chronic alcohol exposure.

Naltrexone removes the pleasure associated with drinking by acting as a long-term
competitive my-opioid receptor antagonist, blocking opioids from binding to their receptor, with
no addictive potential**¢164, Naltrexone blocks alcohol-induced dopamine release and reduces the

associated “high” normally felt under opiate release (i.e., positive reinforcing effects)!36:165.166,



In clinical trials Naltrexone has shown success at reducing alcohol consumption and
relapse ratest®0:152,154.156-158,167,168 | jke Acamprosate, Naltrexone has also proved to be ineffective
in some cases®%170 If prescribed, it should be done so in conjunction with psychosocial
therapy164167.171-174,

Disulfiram inhibits acetaldehyde dehydrogenase, which prevents acetate metabolism and
results in a buildup of acetaldehyde, a toxic metabolite of ethanol'’>176, The medication is used to
treat AUD by producing a sensitivity to alcohol, and results in immediate non-specific withdrawal-
like symptoms upon alcohol consumption®36176.177 This is designed to cause the patient to avoid
alcohol when on the medication.

In clinical studies Disulfiram has been shown to have superiority for maintaining
abstinence and increased days between relapse events than Acamprosate and Naltrexone, but
mainly in conjunction with strong familial support!’>178-185 However, Disulfiram did not show
success at aiding severe AUD patients®®, Disulfiram can cause serious adverse effects when
alcohol is consumed including hospitalization if abstinence is not maintained’"187.188 so proper
adherence and commitment is critical of the patient’*®. Unfortunately, Disulfiram has also been
shown to induce neuropathy8%-1%3 so thoughtful prescribing and close monitoring when taking
Disulfiram is crucial.

There are also several potential therapeutics for AUD that are under experimentation or are
a repurposed medication. These options do not have FDA approval for the treatment of AUD but
hold potential. Metronidazole was marketed as an antibacterial agent that has been studied in
conjunction with AUD since the 1960°s**+1%_ It was originally a proven trichomonacide with its
first reports on its usefulness in AUD treatment showing mixed resultst%-19°,
Imidazobenzodiazepine R015-4513 is a GABAA receptor (GABAAR) ligand that has been reported

as an antagonist to ethanol-induced behavioral intoxication%-203, Unfortunately, it is not useful in

humans due to its half-life of 3 minutes?®, and insufficient efficacy for clinical development?3,

Dihydromyricetin (DHM) is a flavonoid component of herbal medicines that can counteract acute

ethanol intoxication and withdrawal symptoms (e.g., tolerance, anxiety, and seizure
susceptibility)?%>-207. DHM was able to antagonize ethanol-induced potentiation and plasticity of
GABAARs?>206. DHM’s bioactivity showed great promise and is currently being marketed as
hangover relief by More Labs in their drinkable Morning Recovery product. Unfortunately,

DHM’s pharmacokinetic properties are not optimal; DHM’s poor oral bioavailability and



absorption, short half-life, and rapid clearance limit its clinical utility to treat AUD?%". Gabapentin
was originally marketed as an anticonvulsant and nerve pain medication?®. Gabapentin has shown
success at reducing the symptoms of alcohol withdrawal, alcohol dependance, and craving?%8-212,
Unfortunately, its misuse, toxicity, and use in suicide attempts have been used to underscore the

healthcare burden associated with clinical gabapentin utilization?3. Lastly, Benzodiazepines and

anticonvulsants have been shown to prevent alcohol withdrawal seizures and delirium tremens for

decades'?624, These medications can reduce psychomotor agitation and prevent the progression
of withdrawal symptoms!?01%6, Benzodiazepines target GABA to curb excitability in the brain
during withdrawal, allowing time for the brain to restore its homeostasis. Unfortunately, these
drugs also come with their own set of limitations, such as misuse liability, blunted cognition, and
the potential for alcohol and opioid interactions?%,

Existing treatments for AUD are only moderately effective and minimally prescribed. This
leaves behind a need for therapeutics where an understanding of the underlying pharmacokinetics
of ethanol action is required. While there is no definitive mechanism for AUD, receptors and
channels are still actively being researched. It is clear that receptors and neurotransmitter systems
have been targeted for AUD treatment, however they have been met with limited success. There
is a lack of knowledge surrounding how alcohol can dysregulate cellular systems, which leads to
drug design that is subpar and drugs that target side effects and not the underlying cause. I aim to
diverge from proteins and neurotransmitters for the study and treatment of AUD and produce a

foundation on which the idea of noncoding RNAs for drug design and targeting can be built.

1.2 PHARMACOKINETICS AND PHARMACODYNAMICS OF ETHANOL

Ethanol has hydrophilic and hydrophobic properties, allowing it to interact with proteins
and lipid molecules involved in signal transduction?!®. Ethanol crosses biological membranes
easily through passive diffusion down its concentration gradient?627 and has been linked to
blood-brain-barrier impairment?'8-220, There is also no single ethanol receptor, instead ethanol can
interact either directly or indirectly with multiple molecular targets and interfere with cellular
communication?'>221.222 Ethanol can be absorbed in several different ways: orally, inhalation,

rectally, and injection. It is distributed rapidly throughout the body, but mostly to tissues with the
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greatest blood supply, primarily the brain, liver, and kidneys?'%2t7, Approximately 90 - 95% of
alcohol metabolism occurs in the liver via the enzyme alcohol dehydrogenase?'®217223, This
converts ethanol to acetaldehyde; acetaldehyde is then metabolized by the enzyme aldehyde
dehydrogenase into acetate?'621’, At low-to-moderate physiological concentrations, ethanol
completely saturates alcohol dehydrogenase?'®. Therefore, ethanol metabolism follows Michalis-
Menten zero-order Kinetics at typical physiological concentrations?!6224-226, Ethanol does not have
an elimination half-life at these concentrations (i.e., it is not metabolized at an exponential rate)
and instead is eliminated from the circulation at a constant rate??’. Lastly, ethanol is eliminated via
metabolism into carbon dioxide and water??’. Roughly 5 — 10% of ethanol is also eliminated,
unchanged, in urine, sweat, and breath??’.

Despite decades of extensive research, the pharmacodynamics of ethanol are not solidified.
This is due in part to the very low molecular weight of ethanol (46.07 g/mol; CH3zCH20H)??¢ and
that it acts as a nonspecific drug?®. It is only able to interact with other molecules via hydrogen
bonds and weak hydrophobic interactions??®. This is compounded with the fact that ethanol only
produces potent effects at high concentrations??®. No exact mechanism of action for ethanol is
known, which makes identifying pharmacological targets very challenging. Traditional
biochemical assays to assess ethanol binding are not yet possible, so functional studies are used to
determine molecular actions. What is known, is that ethanol can modulate ligand-gated ion
channels, receptors, and neurotransmitter systems to facilitate molecular adaptations in the CNS.
Examples include: GABAAR*0231 GABA?? and GABAergic neurons?33, ionotropic glutamate
AMPA receptor?3423 glutamate and glutamatergic neurons?*®, NMDA receptor?34235.237.238
glycine receptor®®, nicotinic acetylcholine receptors?4°, serotonin 5-HTs receptor*!, voltage-gated
calcium channels?*?, dopamine?*3244 and dopaminergic neurons®?®, and the endocannabinoid
System?46:247,

Ethanol also impacts neuronal firing. For example, it can stimulate dopamine
release?*+248.249 and can differentially alter GABAergic transmission?>0-2%2, Ethanol’s effects on
excitability are brain region?2°253254 and cell-type??%2552% gpecific. Ethanol is also known to act
as a GABA-memetic®"?8 and have synergism with GABAergic drugs (e.g., barbiturates,
benzodiazepines, and general anesthetics)??3.259-262 as they both act on GABAARSs. This has led to

one of the main hypotheses for ethanol action. It is widely accepted that, at least in part, ethanol



function involves interactions with inhibitory neurotransmitter GABA and the GABAergic
System?263-266,

The pharmacodynamics of ethanol in the brain involve the reward pathway, connecting the
ventral tegmental area (VTA) to the nucleus accumbens (NAc)?3223, For example, the dopamine
reward pathway transverses the prefrontal cortex (PFC), NAc, and VTA?%’. Alcohol’s pleasurable
effects result from increased levels of dopamine and endogenous opioids in the brains reward
pathways?826% which may impact consumption when dysregulated in response to ethanol?70-273,
The reinforcing effects of alcohol are partially mediated by acetaldehyde, which plays a role on
the activation of the mesolimbic dopamine system?74275, Reinforcement is also mediated by

neurochemical systems, such as dopamine, serotonin, and GABA?76-279,

1.3 AUD AND THE CENTRAL NERVOUS SYSTEM (CNS)

1.3.1 AUD and Behavior

Ethanol impacts neurological systems, some of which are related to reward, stress, habit
formation, decision making, and addictive reinforcement?. Further, alcohol misuse causes
neuroadaptations in brain circuitry linked to AUD behaviors such as escalated alcohol use over
time, tolerance, dependance, and propensity to relapse?®.. In order of increasing dose, alcohol can
be anxiolytic and mood-enhancing, then lead to sedation and slowed reactivity, resulting in motor
incoordination and impaired judgement (see: Chapter 1.1.1). To improve behavioral intervention
outcomes, the underlying mechanisms that change such behaviors must be understood for effective
therapeutics to be designed. Therefore, preclinical cognitive neuroscience research is required to
continue providing insight into the pathophysiological processes that lead to and maintain AUD.

One way to research ethanol’s molecular effects is through reverse-genetics approaches,
also known as the bottom-up approach. This method builds from the identification of ethanol-
responsive or ethanol-sensitive molecules, followed by determination and characterization of its
roles in ethanol physiology and behavior??®. Genetic alteration of the target gene (e.g., knockout

(KO) and knockin (KI) animal models?®?) allows for the precise detailing of ethanol’s impact on



the system being tested. The reverse-genetics approach allows for analysis of the behavioral
consequences of ethanol’s effects on specific and individual targets.

In the alcohol addiction field, there are a plethora of employable paradigms that underly
specific behavioral responses of interest. Some are used as a voluntary measure of drinking, such
as binge-like drinking behavior (drinking in the dark?3284) chronic consumption (two-bottle
choice?®), or chronic intermittent consumption (every other day, two-bottle choice; escalation of
drinking behavior that mimics human addiction?®¢287), Involuntary ethanol consumption
paradigms to elicit addictive behaviors allow for a set quantity of ethanol to be absorbed, such as
chronic intermittent ethanol vapor (CIEV) exposure®8, CIEV can also been paired with voluntary
consumption models to elicit dependence?®. Selectivity of behavioral models is critical and
dependent on the hypothesis being tested, as gene expression will differ based on the paradigm
being employed>?*°,

Other experiments are used to measure behavioral responses to a set dose of ethanol, such
as responses to a sedative/hypnotic dose (3.5 — 3.8g/kg; loss of righting response?®!) or doses that
elicit altered motor incoordination (2.0g/kg; rotarod?®?) and sensitivity (1.5 - 2.0g/kg; acute
functional tolerance?®3 or chronic tolerance?3?) to ethanol. Related behaviors can also be of interest,
such as anxiety-like behavior (elevated plus maze?®* and light/dark box??>2%), depressive-like
behavior (Porsolt forced swim test?®”), and altered activity (open field??8). Taken together, a battery
of behavioral experiments can be conducted in animal models of addiction to understand different

facets of ethanol action.

1.3.2 AUD and the Brain

The brain, like the majority of organs, is vulnerable to alcohol-induced injury?®.
Susceptibility to AUD-related brain damage can be associated with biological sex, age, drinking
history, family history, nutrition, as well as the vulnerability of specific brain regions®®. In
humans, the alcohol-addicted brain shows extensive gray and white matter loss when compared to
controls®®, AUD patients also showed an increased rate of gray and white matter volume loss than

controls over time30:-3%3 There is a significant negative association between global cortical



thickness and alcohol intake3%4; even light-to-moderate alcohol consumption has been negatively
associated with brain macro and microstructure, dose-dependently395:36,

Ethanol affects many signaling systems in the brain?®> and does not exert its influence
identically across all brain regions. Not only do male AUD patients display global reductions in
brain efficiency, but when multiple brain regions were analyzed for brain network efficiency and
functional connectivity, eight regions were differentially disrupted3®’. Brain imaging analysis also
revealed three regions involved in error-monitoring as being implicated in relapse behavior
[bilateral orbitofrontal cortex (OFC), right medial PFC, and right anterior cingulate cortex],
showing pronounced atrophy in these regions3®. Morphological alterations of brain regions in
response to alcohol intake have been observed as early as adolescence in humans, with the PFC
and hippocampus showing heightened sensitivity3%°. Further, large-scale alterations in brain
structure and networks have been identified from AUD patients®'°, demonstrating the widespread
impacts of chronic ethanol exposure.

It should be noted that humans may have pre-existing conditions or alternative regulation
that results in differential susceptibility to SUDs (i.e., cause versus consequence; high-risk versus
low-risk for SUD development)31-313 Differences in brain morphology potentially originating
prior to substance misuse should be considered as a factor when using data derived from human
samples. There are brain region-specific susceptibilities, sensitivities, and molecular adaptations
in response to chronic alcohol exposure in the brain, which then have distinct physiological
impacts on behavior34-316,

Individuals with AUD show variation from normal healthy controls in many brain
regions®%-392_ Gray matter loss has been reported in both cortical and subcortical regions3'7:318 and
adults with AUD have additionally shown volumetric reductions of the OFC and amygdala
compared to healthy controls®1°32°, While this may indicate that these regions are susceptible to
alcohol misuse, abnormalities in these regions may occur prior to developing AUD or SUD. In a
longitudinal investigation, OFC volume in relation to amygdala volume was predictive of SUD
outcome®!3, suggesting that atypical structure and function of these regions may be one biological
mechanism that confers risk for SUDs. These observations underscore the limitations associated
with analysis of human brain samples. Samples from individuals with AUD therefore include

characteristics may precede development of AUD as well as the consequences of multiple years
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of alcohol misuse. Nevertheless, they are a first step in human analysis of genetic variation that

may point to important medication development.

1.3.3 AUD and the Prefrontal Cortex (PFC)

Humans who suffer from AUD often show frontal lobe morphological abnormalities®*! and
share behaviors characteristic of frontal lobe disfunction (i.e., impaired judgement, poor insight,
and reduced motivation)3?2. Consistently, one key feature of humans suffering from AUD is their
continued use of alcohol despite their knowledge of physiological and psychological damage in
response to their behavior®?2, These behaviors are indicative of AUD-linked executive function
dysregulation within the frontal lobe.

The frontal lobes of the cerebral cortex are especially sensitive to the effects of alcohol®%:316;
it has been consistently documented than the frontal lobes are more vulnerable to alcohol-related
damage than other cerebral regions®?*324, The PFC performs decision making and regulates
craving®’, as well as controlling executive function, which includes abstract thinking, motivation,
planning, attention, and impulsivity control®?5. The PFC is a key player of addictive behaviors and
the propagation of addiction316:323:326 Impaired function of the PFC is linked to relapse drivers
such as alcohol craving and preoccupation with alcohol®?6. PFC disruption in addiction underlies
compulsive drug taking as well as detrimental behaviors and “the erosion of free will®?6.”

Humans suffering from AUD experience gradual PFC dysfunction as a function of both
time and alcohol consumption®’. Neuropathological changes have been consistently observed, and
neuroradiological studies demonstrate abnormalities consistent with cerebral atrophy?®?!. Heavy
drinking and corresponding high BACs induce neurodegeneration and PFC dysfunction that occurs
over time®?, Human brain imaging studies have demonstrated alterations in PFC function and
composition, such as the reduction of gray matter®?’ and decreased dopamine transmission in the
medial PFC (mPFC)3?8, in patients addicted to alcohol.

The mPFC is a subregion of the PFC with high importance to addiction32°3%, Alcohol-
paired cues have been shown to induce mPFC activity®31:232 and it has high interconnectivity to the
BLA33334 and NACc3533%7 both also involved in ethanol action33433°, Neuronal circuitry between

the mPFC-NAc and mPFC-BLA has been linked to drug misuse33®. mPFC neurons projecting to
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the NAc blocked cue-induced reinstatement of alcohol seeking®®, and the mPFC-BLA pathway
was found to be a target of chronic ethanol-associated plasticity3®*. Distinct populations of neurons
within these three brain regions have been shown to encode features of alcohol-seeking
behavior33°34, Targeting such neurons involved in these mPFC pathways offers the potential for
multiple ethanol-responsive circuits to be dysregulated and reveal further mechanisms to be

explored (See: Chapter 4).

1.3.4 AUD and the Hippocampus

It has been posited that the hippocampus is involved in both the development and
maintenance of addiction3*!. The hippocampus mediates a cognitive/spatial form of memory34?
and is important in learning and for the formation and storage of memories®*. There is significant
overlap between the neurobiology of learning and memory and the neurobiology of addiction343.
Further, addictive behavior has been posited as a drug-associated pathological memory3*. Both
short- and long-term memory processes (i.e., long-term potentiation3*) and those involving
synaptic plasticity are needed for drug-associated learning and memory3#6.

Chronic ethanol exposure impairs the hippocampus on multiple levels: anatomy, plasticity,
cell signaling®*3. Animal models for ethanol misuse have shown impairment in hippocampus-
dependent learning and memory3*3, hippocampus-dependent contextual cued fear conditioning®*,
and reinforcement of alcohol misuse through learning and memory3*#2. Ethanol exposure resulted
in  hippocampus-dependent  spatial learning  deficits®3, necrotic cell death and
neurodegeneration®¥, and dramatic and persistent decrease in hippocampal proliferation and
neurogenesis®*’34, Extensive hippocampal gene expression changes have been reported in
response to cocaine3#, alcohol®*, and opioids3*, suggestive of common addictive neuronal
adaptations within the hippocampus. The hippocampus has its own set of insults in response to
ethanol, and while not part of the reward pathway, it is clear that hippocampal learning and

memory is critical for the development of addiction.
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1.3.5 AUD and the Neuroimmune System

Alcohol and other drugs of abuse strongly impact the neuroimmune system?80:349-351
Neuroimmune signaling acts together with neurotransmitter and neuropeptide systems to mediate
neuroinflammation and modulate normal brain function, and conversely, brain dysfunction?®,
Genetic and behavioral evidence supports a neuroimmune hypothesis of alcohol addiction: alcohol
misuse activates innate immune signaling in the brain and drives further misuse®2. Alcohol has
been shown to interact with the neuroimmune system by altering gene expression and signaling,
which can cascade into various aspects of addiction?8%34°, External stimuli (i.e., alcohol) causes
neuroimmune cells such as microglia to release neuroimmune factors that can exert either
neuroprotective or neurotoxic effects within the brain?®®. Immune molecules interact with
neurotransmitter systems to modulate synaptic function?®. In turn, neuroimmune signaling can
regulate alcohol consumption, and excessive alcohol consumption then alters neuroimmune
signaling, creating a positive feedback loop increasing consumption, craving, and dependance over
time®. Alcohol action on neuroimmune function has been suggested as key for the development
of dependence, consumption escalation, craving, tolerance, and withdrawal3°.

Cytokines are very important within the neuroimmune system. They are multifunctional
proteins involved in cell-to-cell communication and immune responses®*3. Such cytokines include
interleukins (IL) and similar proteins like Oncostatin M (OSM), which transduces its signals via
the OSM Receptor (OSMR)3%#3%, OSMR is a member of the IL-6 receptor family, and its signals
can lead to activated monocytes, macrophages, T cells, dendritic cells, neutrophils, and Schwann
cell precursors®®6, The OSM-OSMR signaling pathway has already been the target for therapeutic
intervention®®” and linked to traumatic brain injury3®8, several cancer types®>®-364 and other disease
states3°7:365-388  Of specific interest is the fact that OSMR has been linked to methamphetamine-
induced astrogliosis within the striatum3®® and was identified as significantly dysregulated between
human’s who suffered from AUD and control in a whole genome-transcriptomic organization
analysis of the PFC3°. Further, OSMR was characterized as a central hub within a set network
involved in respiratory and infectious disease implicated in AUD3".

Another member of the IL family is Myeloid Differentiation 88 (MyD88). MyD88 has
been suggested as a signal transduction IL-1 and Toll-like receptor (TLR) adaptor involved in

innate immune responses such as inflammatory and apoptotic signaling pathways371-374, MyD88
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mutation has been linked to cancers®>-37" and AUD3"8-38, |ike OSMR, MyD88 has also been a
suggested therapeutic target for disease38382,

Glucocorticoids and the glucocorticoid receptor (GR) are another example of important
players within the neuroimmune system. Glucocorticoids ensure proper function of inflammatory
events3®3-385_ Glucocorticoid action occurs via binding to the GR, transcriptionally activating anti-
inflammatory, immunosuppressive, and regulatory proteins3%-38, Glucocorticoids and GR
signaling have been strongly linked to AUD38-31, Studies emphasize the importance of GR
signaling in ethanol-drinking and addictive behaviors3¢-2%2, Epigenome-wide association studies
revealed a network of differentially methylated regions in glucocorticoid signaling and
inflammation-related genes associated with alcohol use behaviors3®. Further, glucocorticoids are
synthesized and released in response to ethanol exposure and withdrawal38:3%0:3%2  GR mRNA
expression is reduced in the mPFC of ethanol-dependent animals, and pharmacological treatment
with GR antagonist blocks escalated ethanol consumption38:38°3%1 The GR can also be regulated
by noncoding RNA (ncRNA). Growth arrest-specific 5 (Gas5) is a ncRNA that can bind within
the GR DNA-binding domain to act as a repressive decoy, inhibiting GR function and regulating
GR signaling®%. Gasb is strongly implicated in regulating transcriptional activity of the GR, and
has multiple documented functions related to the immune system?393:3%°,

While receptor signaling pathways are critical for normal cellular communication, their
dysregulation can lead to diseases like addiction. A better understanding of cellular regulation,
how these systems become and maintain dysregulation, and potential targets to inhibit such

sustained alterations, is crucial for understanding the mechanism of ethanol action.

1.4 AUD AND RNA

The transcriptome is widely dysregulated in AUD!13%-3% Many AUD research targets
have been identified through RNA sequencing (RNA-Seq) and microarray strategies because of
their substantial dysregulation3%6490-403_ Standard RNA-Seq techniques enrich for poly-adenylated
(poly-A) RNA, which skews the results to largely be highly expressed coding messenger RNA

(MRNA) transcripts?944%5, AUD-linked mRNAs and their respective proteins have been researched
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extensively378406-410  pyt there are many other RNA subtypes besides mRNA that are also

responsive to ethanol®*®41 and have vast functions beyond protein production.

1.4.1 Noncoding RNA (ncRNA) Epigenetics

The human transcriptome can be divided into two subgroups: coding and noncoding. Only
~2% of the mammalian genome encodes protein-coding genes (i.e., mMRNA), and ~80-90% of the
transcriptome are ncRNA [e.g., micro-RNA (miRNA), long noncoding RNA (IncRNA), circular
RNA (circRNA), transfer RNA, ribosomal RNA, etc.]*>416, The noncoding transcriptome is
known for its wide breadth of regulatory function334417-420, ncRNAs can act as potent and
multifunctional epigenetic modulators to alter gene expression without altering the genetic
information, acting as ‘puppet masters’ (e.g., scaffolds, decoys, sponges, enhancers, repressors,
transcription factors)334417-420 ncRNA have been largely overlooked for decades as ‘junk’ but have
emerged as instrumental in the maintenance of homeostasis and the regulation of cellular
functions*!8421-424 'ncRNAs generally function in specific networks with other ncRNAs to fulfill
their role [competing endogenous RNA (ceRNA) networks], so disruption of coordinated co-

expression can cascade into disruption of the entire ceRNA network (Figure 1)396:425426,

15



Competition

Figure 1: Schematic overview of ceRNA network connectivity. Micro RNA (miRNA) interacts with circular RNA
(circRNA), messenger RNA (mRNA) and long noncoding RNA (IncRNA). CircRNA is in competition with mRNA
and IncRNA. mRNA and IncRNA can both interact and compete. Figure adapted from Nei et al. 201742,

1.4.2 Competing Endogenous RNA (ceRNA)

Expression of ncRNAs are often correlated with each other, working in concert to fulfill
cellular functions in response to stimuli (e.g., alcohol, hormones, heat, pH, cell signaling events;
Figure 1)*7. They offer the potential to interact with other ncRNAs, DNA, and proteins*8,
Integrated networks of related ncRNAs, that influence, interact, or compete with each other are
referred to as ceRNA networks*6418428 This interplay among diverse RNA species allows for
crosstalk, and RNAs can communicate via competition for, or interaction with, shared pools of
binding partners3742%4%0_ A ceRNA (such as a INcRNA*3-437) has the potential to act as a central
‘hub’ RNA. It is linked too and can impact its entire network of related RNAs, which can manifest

as a significant cellular change#16:420428,
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1.4.3 Micro RNA (miRNA)

mMiRNAs are a subclass of ncRNAs that are small ~21 — 23 nucleotides (nts) long and can
regulate gene expression and post-transcriptional processing*3416420, miRNAs suppress gene
expression by binding to their target RNA in a sequence-specific manner#341¢, They do this via
binding to 3’ or 5’ untranslated regions of mRNAs thereby targeting the mRNA for degradation
or inhibiting ribosome binding and subsequent protein translation, respectively*3®. miRNA
regulatory roles are far-reaching, including apoptosis, differentiation, proliferation, and cell
cycle?20438,

miRNA-orchestrated translational dysregulation has been linked to the transition of ethanol
consumption to dependence®®®. For example, mPFC-expressed miRNA-30a-5p has been shown to
control the transition from moderate to excessive alcohol consumption via the brain-derived
neurotrophic factor (BDNF) pathway*4°. Further, ethanol-responsive miRNAs have been linked to
neuroinflammatory TLR4 signaling responses in the murine cerebrum*#!. In humans, alcohol-
responsive miRNA-mRNA interaction networks have been identified in various brain regions,

with hundreds of miRNAs noted for future AUD research397430,

1.4.4 Circular RNA (circRNA)

CircRNAs are ncRNAs that form closed-loop structures and can alter gene expression
through miRNA sequestration®'3417:420_ CircRNAs primarily arise from pre-mRNA backsplicing
events, in which 5’ and 3’ ends of introns or alternatively spliced exons are covalently linked,
creating a back-splice junction*'3417. Due to their loop structure, they are resistant to exonuclease-
mediated degradation and are more stable than linear ncRNAs*2°, Of the circRNAs characterized,
a large percentage function as miRNA sponges, acting as ceRNAs*7420, miRNA sequestration via
circRNA binding decreases miRNA-mRNA interactions, thereby regulating protein expression
and correlating their expression#134%7,

CircRNA research is a relatively new area of study, so the links to AUD are just beginning
to be explored. However, it has been shown that circRNA networks were significantly
dysregulated in the NAc of postmortem AUD patients compared to control*'’. The circRNA
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analysis was then combined with mRNA and miRNA to identify specific circRNAs hypothesized
to be ceRNA hubs (e.g., circRNA-406742)*". Beyond AUD specifically, neuronal circRNAs have
been implicated in addition to methamphetamine*?, and both morphine and cocaine use induced
widespread circRNA dysregulation in the NAc** and striatum**4, respectively. This highlights

circRNA dysregulation within addiction.

1.4.5 Long Noncoding RNA (IncRNA)

LncRNAs are the largest subclass of ncRNAs, but like other RNA subtypes, they are
understudied and underdefined*'®. LncRNAs are versatile molecules that can interact with DNA,
RNA, and proteins to modulate expression patterns and molecular functions at multiple levels
within the cell#12413415416,427.445 '| ncRNAs are non-protein coding transcripts that are at least 200
nts#12:413415416:427 | jke mRNA, some IncRNAs can be poly-adenylated, capped, and have multiple
exons and splice variants*'2416:427445 The majority of characterized IncRNAs are developmentally,
temporally, cellularly, and subcellularly regulated42-414427.446 | ncRNA-mediated regulation can
occur in cis or trans fashion and can localize within the nucleus and/or the cytoplasm#13:446,
LncRNAs can be classified in several different ways depending on their genomic location: long
intergenic noncoding RNAs, natural antisense transcripts, and intronic INCRNAs*12413,

Functionally, IncRNAs act as master regulators within the cell to maintain homeostasis
(Figure 2). LncRNA functions include imprinting genomic loci, managing chromosomal
conformation, and regulation of enzymatic activity, cell state, and differentiation*5427:445, They
can act as molecular decoys, scaffolds, transcription factors, and can both interact and compete
with other regulatory ncRNAs (Figure 1)*?744, Their roles fall within both pre- and post-
transcriptional regulation of diverse cellular processes*. They can positively or negatively
regulate gene expression, for example, through recruiting transcription factors or sequestering
MiRNAs*,
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Figure 2: Schematic of IncRNA physiology. LncRNAs can act as guides, scaffolds, and decoys within the cell.
Figure adapted from Dong et al. 2018%.

There are over 55,000 IncRNA genes and 125,000 known IncCRNA transcripts#13:415:445.448-
452 however the majority of IncRNAs still have unknown functions#15427, Many are expressed at
very low levels*13427.445 ‘put they are more highly expressed in the brain when compared to other
organs*?%445 LncRNAs are tightly regulated, underscoring the essential role IncRNAs have at
determining cellular status*?’. There are distinct mechanisms for IncRNA transcription,
processing, turnover, and export and import, all of which are linked to their respective function*#.

Taken together there is a lot known broadly about IncRNAs but deciphering individual
specifics still remains a challenge. It is clear that their endogenous expression is very important,
but what happens if they become dysregulated in response to disease? How do they respond to
ethanol? Can their genetic mutation lead to cells that have altered susceptibility to ethanol action?

The IncRNA subtype is of particular interest to research because of their sheer number, their
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potential to be hub ceRNAs, the vastness of potential mechanisms they’re involved in, the benefits

for drug design, and their overwhelming implication in disease pathogenesis.

1.4.5.1 IncRNAs and Disease

IncRNAs are strongly implicated in disease states and disease progression#13:420:427,445,453-
455 Examples include cancers*°¢-461 neurological diseases*62463, psychotic disorders*4, psychiatric
disorders*%®, and addiction*>4466-470_ The cancer field is farther along in IncRNA characterization
than the addiction field, but as research progresses, many cancer-related INcRNAs have also been
linked to psychiatric disorders, including drug addiction (e.g., INcRNA Gas5 has been implicated
in various cancers*’*472 cocaine misuse*®®, and AUD3%),

A handful of literature has already begun to study IncRNAs in relation to the neurobiology
of AUD?314.401.454.473-476 ‘however to-date very few individual InNcRNAs have been reported on for
their specific roles in ethanol action. The biological functions of novel ethanol-linked IncRNAs
have so far been associated with altered gene networks and RNA co-expression34, alternative
splicing*®%, and neural function*’®. 19 IncRNA modules and 86 IncRNA hubs within those modules
were identified from human post-mortem NAc via weighted gene co-expression and Pearson
correlations analysis and were linked to neuronal and immune-related processes!*. Analysis of
spicing events in human post-mortem superior frontal cortex, NAc, BLA, and central nucleus of
the amygdala revealed alternative transcriptome expression and widespread alternative splicing in
AUD subjects when compared to control, linked to altered expression of splicing factors and
splicing-related IncRNAs*®?. LncRNAs have also been suggested as biomarkers for disease.
Analysis of patient samples for hepatocellular carcinoma (HCC) revealed IncRNAs linked to both
HCC and HCC risk factors (i.e., alcohol consumption), with ethanol-responsive Inc-CFP-1:1 and
Inc-CD164L2-1:1 showing significant dysregulation in HCC patients and correlation with patient
survival*’4,

One example of a specific AUD-linked IncRNA is Brain Derived Neurotrophic Factor-
antisense (BDNF-AS). BDNF-AS has been described as a regulator of BDNF expression and
epigenetic reprogramming events in the amygdala of humans with AUD, with expression being
differentially regulated between early onset and late onset AUD#”3. In early onset AUD samples,
BDNF-AS expression was linked to decreased N6-methyladenosine on BDNF-AS, and BDNF-AS
upregulation was associated with reduced BDNF expression (suggested as occurring via the
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observed increase in EZH2 recruitment, which is known to deposit repressive trimethylations at
regulatory regions of the BDNF gene)*’3. Another example comes from the IncRNA named long
non-coding RNA for alcohol preference (Lrap). Lrap was identified as a hub gene from a gene co-
expression module associated with alcohol consumption, and whose mutation increased ethanol
consumption and preference in Wister rats compared to controls*’®, Lrap mutation also altered the
expression and splicing of over 700 additional transcripts, putting it forward as a hub regulator
within the brain*’®. While the field is growing, there are still thousands of individual IncRNAs that
remain uncharacterized for their relevance to AUD and other human disorders but hold the

potential to regulate cellular mechanisms and alter behaviors.

1.4.5.2 IncRNAs as Therapeutic Targets

LncRNA research has generated a novel therapeutic field and diagnostic
methods*13445477.478 - They can act as specific drug targets*®3477:479.480 as well as potential
biomarkers for disease (IncCRNAs are easily detectable in saliva, plasma, urine, and
tissues)413430.434,453,481482 - They have already been proposed as both therapeutic targets and
therapeutics themselves (for reviews, see: 483-487), The high level of specificity and tight regulation
that IncRNAs are under offer them up as superior targets when compared to proteins for disease
pharmacology*31445482_Since INcRNAs generally regulate specific networks of related genes, they
offer reduced off-target effects as well*3.

LncRNAs may make better therapeutic targets than miRNAs or circRNAs too because of
their size. LncRNAs are flexible and complex, forming large tertiary structures that function within
set networks within discrete spatial and temporal patterns. RNA therapeutics are relatively simple
and cost effective to manufacture, and can target pathways that were previously believed to be
“undruggable®®®.” It is also much more manageable to produce different RNA constructs, allowing
for personalized therapeutics to become more widely available*®. Single-stranded RNAs can be
targeted by highly specific small molecules that can bind to the target RNA thereby impacting its
function [e.g., antisense oligonucleotides (ASO), small interfering RNAs (siRNA), short hairpin
RNAs (shRNA)]*”°. They offer potentially more options for drug design and on-target specificity
simply due to more locations for sSiRNA or shRNA binding.

LncRNA biology is fascinating, complex, and incredibly important. Understanding the

functions of specific INcRNAs offers the potential to discover novel players in disease, and easily
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targetable molecules for research and pharmacological purposes. While there is a lot of
generalizing within the field on mechanisms, it is important to characterize individual INCRNAs
for their molecular roles. Does your IncRNA of interest function in the nucleus to regulate
neighboring gene expression? Does it function cytoplasmically as a sponge or guide? Is its role
structural, acting as a scaffold? And, most importantly, does individual INcRNA genetic mutation

confer altered behavior?

1.5 NONCODING RNA MECHANISMS IN AUD

Ethanol exposure clearly alters gene expression?90:396.397,401,411,476,489-491 - and conversely
ncRNAs play an important role in alcohol addiction37314:396.401,411,473,476,492 (Ejgure 3). Thousands
of genes, both coding and noncoding, their interactions with each other, and adaptations to
consistent cellular alterations contribute toward the etiology of AUD®. For example, ncRNAs
have been shown to alter synaptic plasticity>” and miRNAs associated with cell death, cell
proliferation, and cell-cycle pathways were significantly dysregulated in response to AUD*%,
Further, ethanol-induced miRNA alterations in animal models have been linked to cellular
tolerance to ethanol*®, regulation of ethanol consumption and preference*®*4%, binge-like
drinking episodes*®¢4%, and dependence*®>4%, Chronic alcohol intake can cause both reversable
and irreversible changes to the expression of the brain transcriptome, altering gene networks and
crosstalk between gene networks37:370:396:39949  Fyrther, alcohol-induced transcriptional

reprogramming within distinct brain regions can influence the risk of alcohol addiction
progressi0n290'370'396'397*411'490'500.
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Figure 3: Schematic overview of alcohol-mediated ncRNA dysregulation. Schematic of alcohol-mediated
regulation of ncRNAs. Green boxes represent the central dogma of gene expression. Yellow boxes represent ncCRNA
regulatory roles in gene expression. Drugs of abuse, including alcohol, impact the transcriptome which then alters

ncRNA molecular functions. Figure adapted from Mayfield et al. 201741,

Human postmortem AUD PFC and NAc has a widely disrupted transcriptional landscape
when compared to control3%:397:489.500 and AUD can cause global changes in RNA splicing
throughout the brain*®l. The various roles of ncRNA implies a vast network of regulation and
coordination of cellular pathways®®’. For example, 204 different IncRNAs and ncRNA networks
have been identified from human AUD NAc samples as being significantly associated with alcohol
dependence when compared to control®'4. The underlying mechanisms are not completely known
and more IncRNAs need to be researched for their roles in AUD to continue pushing the field
forward. Taken together, ncRNAs hold the potential to not only act as biomarkers for AUD
progression, but also as predictors of therapeutic responses and as specific therapeutic targets for

AUD themselves374%4,
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1.6 SEXUAL DIMORPHISM

Many areas of basic neuroscience are fundamentally different in males and females. This
ranges from differential gene expression, reward pathways, cell signaling, and structural plasticity
to complex decision making and behavioral manifestations®°*-5%, Further, ncRNAs are known to
differentially affect the sexes?9%%-514 (e g., depression?6>51%), Under normal physiological
conditions, sex-specific and brain-specific differential expression of ncRNA fragments have been
observed within the frontal cortex, hippocampus, and cerebellum®, and cholinergic-targeting
ncRNAs temporally modulated sex-specific acetylcholine signaling®!’. Some IncRNAs are also
sex chromosome-specific, such as Xist, which is expressed in females and used for X chromosome
inactivation®8, Several unannotated IncCRNA genes have also been identified on the Y
chromosome and expressed only in males, while other genes expressed in both males and females
showed imbalanced gene expression across sex during neurodevelopment®®. Differential
transcriptional programming has also been noted between males and females within the nervous
system. Sexually dimorphic transcriptional reprogramming was observed in peripheral nerve
regeneration®° and following traumatic nerve injury within the dorsal root ganglia®!!. Sex
differences are so pronounced that they have also been suggested in near-all phases of drug
addiction (reinforcement, occasional to compulsive use transition, withdrawal-associated negative
affective states, drug craving, and relapse propensity)>?1522 and are differentially dysregulated in
response to drugs of abuse®?3, including alcohol.

Direct comparison of alcohol-addicted men and women showed different brain
morphological deficits®?4, and sex-specific expression of key neural regulatory proteins can
influence ethanol drinking behavior®?. Ethanol exposure too can produce dimorphic differences
in expression®? and behavior (e.g., ethanol consumption)®?”-531, Behavioral neurobiology
quantifies select physical activity to infer cognitive states; if not considered as a variable, sex-
dependent behaviors may be missed and experimental outcome interpretation may be
misconstrued®®. This is important to consider when researching addiction, because alcohol is not
the only molecule that has a disparity between research conducted on male versus female subjects

(i.e., the sex-hias)°01:532-534,

24



1.7 CRISPR/CAS9 AND ASSOCIATED TECHNIQUES

1.7.1 The CRISPR System

Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR) is part of a
bacterial immune system that protects bacteria from infection. This mechanism functions by using
CRISPR RNA (crRNA) and invariant trans-activating CRISPR RNA (tracrRNA) to guide the
silencing of foreign nucleic acids®3®3. This system was quickly exploited for research purposes,
and allows for site-specific DNA mutagenesis®35%,

Many different CRISPR systems have now been identified, however the most commonly
used version employs the Streptococcus pyogenes nuclease, CRISPR associated protein 9
(spCas9)°%®. Specifically designed guide RNA (gRNA; crRNA + tracrRNA) when combined with
the spCas9 nuclease allow for highly accurate mutagenesis with limited off-target effects.
Commercial guide RNAs are typically a single, short RNA (~85 — 125 nt) referred to as a single-
guide RNA (sgRNA)®%5% This sgRNA has two functions: bind to its specific target DNA
sequence and bind to the Cas9 protein. Recruitment of the Cas9 protein occurs via an invariant
RNA scaffold region®35%7, Alternatively, gRNAs can be generated by annealing a site-specific
crRNA to the invariant tracrRNA33¢. Together the complex forms the gRNA, which is biologically
identical to the sgRNA. The gRNA and Cas9 protein form a ribonucleoprotein (RNP) complex
and search the genome until the complementary DNA sequence is found to the ~20 nt crRNA of
the gRNA53536_ For functionality of the system, the crRNA must bind immediately upstream to a
protospacer adjacent motif (PAM), which is specific to the subtype of Cas9 being employed®35-537,
The spCas9 PAM sequence is NGG, where N is any base and G is guanosine>353%, The spCas9
enzyme then cleaves the DNA with a double-strand break ~3 bp upstream of the PAM
sequence®537, Repair of the double-strand break occurs most frequently by non-homologous end
joining, which is prone to errors, and often results in an insertion or deletion (indel) of bps®®. The
vast majority of on-target activity results in indels of less than 20 bps®3. Alternatively, if multiple

gRNAs are used large indels can be engineered into the genome®”.
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1.7.2 CRISPR/Cas9 Specificity

Major concerns are frequently raised about Cas9 off-target binding and cleavage®®. Off-
target effects can lead to adverse impacts or effects that are not due to on-target mutagenesis. It’s
suggested that the RNA-guided, DNA-targeting Cas9 does result in some off-target DNA cleavage
activity (the system allows 3 — 5 mismatches in the PAM distal region of the crRNA guide
sequence)®®, While off-target activity does happen, it has been shown largely in vitro®0-54,
However, when analyzed in vivo only a small percentage of the predicted off-target sites were
substantially mutated>*4-552, Chromatin immunoprecipitation coupled with RNA-Seq (ChIP-Seq)
was used to analyze off-target Cas9 sites genome-wide®%553, The off-target binding sites were
found to be dependent on the gRNA used; site numbers ranged from only tens to the upper
thousands®*. However, it should be noted that off-target indel rates were significantly lower than
on-target indels®°. Further, despite a large number of off-target binding sites, the majority did not
even harbor indels and those that were detected were at a very low frequency®%3.

Other techniques to mitigate the possibility of off-target effects have been developed, such
as delivery of CRPSPR/Cas9 RNPs as opposed to CRISPR/Cas9 DNA or RNA, modified Cas9
enzymes, and specific and improved delivery techniques®® (for reviews, see: °45%), For example,
high-fidelity Cas9 (HiFi Cas9) variants designed to reduce non-specific DNA interactions have
significantly reduced off-target binding compared to the unaltered variant (e.g., p.R691A
mutation®96)°57:558 with another showing no detectable off-targets genome wide (altered hydrogen
bonding contacts)>®°. gRNAs must also be highly specific, designed with avoidance of similar
sequences in other regions within the genome®°°°, For example, comparison of several different
SgRNAs demonstrated a 5,000-fold decrease in off-target activity when nucleotide binding
specificity was increased and when mismatched sequences were reduced®®. If CRISPR/Cas9
reagents are selected and designed with careful thought and knowledge of the system, then the

potential for off-target impacts can be greatly minimized.
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1.7.3 Therapeutic Potential for CRISPR/Cas9

The development of CRISPR genome editing opens new possibilities in precision
medicine. CRISPR/Cas9 gene therapy is in its infancy, however current clinical trials are ongoing
for both ex vivo and in vivo utilization®1-°63, The most recent CRISPR/Cas9 clinical trials from
2022 fall within specific treatment areas in which CRISPR/Cas9 can be utilized (cancers, blood
disorders, diabetes, eye disease, infectious disease, and protein-folding disorders)®t. Current
clinical use of CRISPR/Cas9 is limited by delivery modalities, which influence the safety and
therapeutic efficacy. The CRISPR toolkit can be packaged and encoded as plasmid DNA, or
packaged as Cas9 mRNA and gRNA, or delivered as an RNP complex®?, These components can
then be delivered in vivo or ex vivo through vehicles (e.g., viral vectors, microinjection,

electroporation).

1.7.4 CRISPR Techniques and Adeno-Associated Virus (AAV)

Genetically engineered animals are powerful in vivo tools that offer reverse genetics-based
insights into gene function®35537:%64 Gene-targeted animals (e.g., KO and KI models) are the gold-
standard for probing behavioral and molecular functions of novel genes of interest®3-%7, As
science has improved this technique has been exploited for scientific gain. A variety of derivative
CRISPR/Cas9 techniques have emerged to fulfil specific scientific niches. One example includes
the development of an enzymatically dead version of Cas9 (dCas9) which can be fused to enhancer
(e.g., synergistic activation mediator; dCas9-SAM?®65:566) or repressor (e.g., Kruppel-associated
box; dCas9-KRAB®57:567-569) elements. dCas9 does not mutate the genome but can alter expression
profiles, and is referred to as CRISPR activation or inhibition, respectively. Other techniques, such
as CRISPRainbow®’® and dCas9-SunTag®’* have been used as fluorescent markers in live cell
imaging. CRISPR methods can be further specified to be functional only in designated cell or
tissue types (e.g., Cre lines, viral expression, Cas9-expressing animal lines). There are many
options to select from in the genome editing toolbox; selection is dependent on the hypothesis

being tested.
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Global; non-specific: It has been extensively shown that Cas9 protein/gRNA RNP complex

can be electroporated into single-cell pronuclear zygotes to generate global mouse
mutants37®537.572-575 This method causes the desired mutation in every cell of the animal beginning
at gestation but holds the potential for cellular compensation.

There are many ways to generate a global gene-targeted mutant animal line using
CRISPR/Cas9. Promoters, exons, and introns are targetable by any number of gRNAs as well as
targeted by different versions of Cas9 (e.g., spCas9 and saCas9). While the Cas9 proteins function
similarly, they differ in PAM sequence and protein size which further expands the genome editing
and viral packaging options.

Regional, temporal, cellular; specific: CRISPR/Cas9 mutagenesis can be applied under

very stringent conditions. One method for doing so is viral infection (e.g., AAV®®5"7 and
lentivirus®’®). Genetically encoding CRISPR/Cas9 components into viral vectors offers the ability
to introduce sequence-specific mutations into the genome via systemic or local injection®7%-582,
AAVs specifically are attractive vectors that can be exploited for gene therapy®® and are less
inflammatory than other viral vectors®“. When the AAV encounters a host cell, it is phagocytosed
into the cell, escapes the endosome via a phospholipase domain, and gets transported into the
nucleus via nuclear localization sequence where the viral DNA can be incorporated into the host
genome®83, By hijacking the hosts cellular machinery, the AAV genome is converted into a double-
strand DNA, then integrated®®, It has also been shown that AAVs can remain as episomal DNA
within the host cell nucleus and not integrate into the host genome, however this is dependent on
the host cell and does not impact viral expression®%. AAVs for biomedical research offer long-
term gene expression, cell-autonomous replication, and transduction of both dividing and
nondividing cells®®. One limitation, however, is the cargo capacity of AAV for CRISPR/Cas9-
mediated mutagenesis (~4.7 kb). The spCas9 protein is too large to allow for packaging of more
than the protein itself (4.2 kb) and necessary regulatory regions, so the options are to either apply
the more compact saCas9 (~3.2 kb) that can fit with its syRNA within a single virus®®%7 inject
two viruses one with spCas9 and one with sgRNAs>-59, or to inject only sgRNA into spCas9-
expressing mice®’°%8L (for reviews, see: 59159),

AAV stereotypes offer tropism for specific tissue and/or cell types®358459% AAV tropism
is dictated by the AAV capsid proteins®*, The utilization of different capsids impacts transduction

efficiency, diffusion, and cell-type specificity583584, AAV transduction occurs via the interaction
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of the capsid proteins with cell surface proteins; different capsid proteins interact differently with
cell-types that express different cell surface receptors®®. Many different tropisms, however, have
overlapping characteristics (e.g., neuronal transduction: AAV1, AAV2, AAV5)%8 and can be
combined as chimeric hybrids for heightened specificity (e.g., AAV1/2)5%, AAV1/2 combines the
advantages of the AAV1 and AAV2 stereotypes to better target neurons and with reduced
neuroinflammation®%>5%, AAVs can be delivered systemically58+597:5% or can be delivered site-
specifically via injection into a particular organ (e.g., stereotaxic injection into the brain)>58259359-
601 The AAV system allows for temporal, regional, and cell-type specificity of CRISPR/Cas9
component expression®7%600.601 This technique circumvents potential developmental adaptations
that could arise from global gene mutation®’.

This is a golden age for genome editing; individual genes are rapidly being annotated and
characterized, by increasingly novel techniques. While it is clear that the scientific understanding
is expanding, increasingly specified questions are also being asked. Learning, adapting, and
developing novel scientific techniques seems intimidating, however it is necessary for the
continuation of preclinical molecular research. Herein, three different CRISPR/Cas9 techniques
were employed to study ethanol-responsive INnCRNA neurobiology from three different
perspectives. (1) In-depth molecular, behavioral, and electrophysiological characterization of a
single novel INcCRNA, (2) rapid behavioral screening of multiple IncRNAs to identify novel targets
worth perusing in-depth, and (3) viral-mediated IncRNA promoter mutation within a select brain
region and select cell type for behavioral characterization. Six IncRNAs will be discussed in the
following chapters, each exploring the molecular and behavioral underpinnings of AUD in

different, but connected, methods.

1.8 Hypothesis and Specific Aims

| hypothesize that ethanol-responsive INcRNAs are critical hubs of molecular networks that

act as determinants of ethanol consumption and ethanol-related behaviors.

Aim 1: | hypothesize that ethanol-responsive IncRNA Tx2 contributes towards ethanol

drinking and behavioral responses to ethanol. Tx2 Characterization. Tx2 expression will be
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characterized via RT-PCR, RT-gPCR, and RNAscope HiPlex in situ hybridization. This will

provide insight into Tx2’s molecular signature as well as cellular and subcellular localization.

Aim 2: | hypothesize that mutation of ethanol-responsive IncRNAs identified from

hippocampal ceRNA network analyses are sufficient to decrease (>20%) ethanol drinking and

ethanol-related behaviors. The top four candidate IncRNAs of interest will be identified for

functional interrogation from microarray analysis and ceRNA networks of hippocampi from
chronic intermittent ethanol vapor (CIEV)-exposed male mice. These genes will be inactivated
using the Turbo Accelerated KnockOut (TAKO) method and subsequently screened against
controls for alterations in DID and EOD-2BC drinking assays.

Aim 3: | hypothesize that CRISPR/Cas9 mutation of the Gas5 promoter in the mPFC

during adulthood in ethanol-naive mice will increase (>20%) ethanol drinking and ethanol-

related behaviors. CRISPR/Cas9 mutation of the Gas5 promoter in the mPFC will decrease gene

expression as observed following various stages of withdrawal from CIEV exposure. A neuron-
specific AAV expressing two Gas5 promoter-targeting gRNAs will be stereotaxically injected
bilaterally into the mPFC of ethanol-naive Cas9-expressing mice to selectively disrupt Gasb
expression. These animals will be compared to controls using the DID and EOD-2BC drinking
paradigms, as well as EPM, AFT, and LORR. The acute temporal, regional, and cellular
parameters selected for this aim support a very focused hypothesis, limiting the possibility of
cellular compensation and global impacts. RT-gPCR will be used to quantify Gas5 expression in
response to CRISPR/Cas9-mediated mutagenesis of the Gas5 promoter as well as in response to

ethanol exposure.
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2.0 AIM 1: MUTATION OF NOVEL ETHANOL-RESPONSIVE IncRNA Gm41261
IMPACTS ETHANOL-RELATED BEHAVIORAL RESPONSES IN MICE

It should be made clear that this project was a collaborative effort from the Integrated
Neuroscience Initiative on Alcoholism — Neuroimmune (INIA-N) Consortium. Gene identification
was completed by Dr. Dayne Mayfield’s group and Dr. Sean Farris. Gene-targeted mutagenesis
was completed by Dr. Gregg Homanics’ group prior to my involvement. Behavioral paradigms
were completed by Dr. Yuri Blednov’s group. Electrophysiology was completed by Dr. Regina
Mangieri’s group. I completed the molecular analysis. I combined and analyzed the independent
data, wrote the complete manuscript, and hypothesized a potential mechanism for Tx2.

Methods and results presented in this chapter that were completed by a collaborative
laboratory (i.e., research that | did not complete myself) has been clearly labeled as such within
each sub-heading. Sub-sections that are unlabeled represent research I completed myself while in

the Molecular Pharmacology Graduate Program at the University of Pittsburgh.

2.1 INTRODUCTION

The functions of noncoding RNA (ncRNA) transcripts and their regulation is an emerging
area of brain and alcohol research370:396411.602_Chronic alcohol use is known to modulate molecular
processes and cause global transcriptome dysregulation, disrupting the delicate balance of cellular
homeostasis®70:396:411602 - As alcohol modulates transcriptome regulation, associated downstream
molecular networks are perturbed. A key question is how such ethanol-induced dysregulation
contributes to the larger picture of alcohol action. These alcohol-induced transcriptomic changes
are postulated to underly the transition from recreational drinking to uncontrolled drinking3®, and
persistent transcriptomic changes may contribute to alcohol misuse, dependence, and relapse.

As the ncRNA transcriptome gains attention as an important layer of molecular regulation,
long noncoding RNAs (IncRNAS) are being recognized for their vast impact on regulation of the

transcriptome, proteome, and epigenome?#11:415427,603-606 | hcRNAs are commonly defined as
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transcripts exceeding 200 nucleotides that lack an open reading frame*!1415427_ Specific INCRNAs
have been identified as critical for normal brain development and synaptic plasticity®®, with the
majority of InNcRNAs showing brain-specific expression!4. The expression of IncRNAs is also
tissue and cell-type specific and shows spatial and temporal variation in response to stimuli (e.g.,
alcohol)#11:427.603608609 | ncRNAs have been implicated in a plethora of cellular pathways,
including those involved in oncogenesis*°7-459.461.610611 and disease pathology?#13464473612613: hyt
their roles in substance use disorders are just beginning to be uncovered*66:473.614,

The human genome encompasses at least 55,000 IncRNA genes that produce over 125,000
distinct transcripts*>2. This gene number is more than double that of known protein-coding genes.
Despite the prevalence of IncRNAs, only a small number have been functionally characterized.
Those that have been studied largely function by regulating gene expression through a variety of
cis- and trans-mechanisms®® (for reviews, see: 413427.604616) - Although several ncRNA subtypes
(including IncRNAs) have been implicated in alcohol action#1%:473617.618 “the molecular functions
of IncRNAs in alcohol use disorder (AUD) are largely unknown. With only a small percentage of
INcRNASs being characterized, combined with the fact that IncRNA sequences are not strongly
conserved between species®®, predicting IncRNA function is challenging. Nevertheless,
illuminating and characterizing the function and regulation of the ethanol-responsive long
noncoding transcriptome should greatly increase our understanding of the vulnerability to ethanol
and the development of AUD.

Here we report on a novel human IncRNA (LINC01265) that was differentially expressed
in AUD versus control brain. We identified the predicted murine homolog (Gm41261) and used
CRISPR/Cas9 genome editing to investigate this IncRNA’s role in regulating ethanol drinking and
other behavioral responses to ethanol. The results demonstrate that mutation of Gm41261 (herein
referred to as Tx2) resulted in a reduced development of tolerance after repeated ethanol exposure,
and reduced sedative/hypnotic effects of ethanol and GABAergic drugs gaboxadol and zolpidem.
Additionally, Tx2 mutant animals demonstrated a male-specific reduction in ethanol intake and
preference. Electrophysiologic findings were consistent with altered GABA release and GABAAR

subunit composition in the NAc shell (NAcSh) of Tx2 mutant mice.
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2.2 METHODS AND MATERIALS

2.2.1 Case Selection and Postmortem Tissue Collection. Completed by the laboratories of

collaborators Drs. Mayfield and Farris

Human samples were selected for inclusion based on AUD criteria previously
reported®1%62°, Human autopsy brain tissue was acquired from the New South Wales Brain Tissue
Resource Center at the University of Sydney (Sydney, Australia). Briefly, diagnosis of AUD was
based on DSM-1VV/DSM-5 and was confirmed by physician interviews, review of hospital medical
records, questionnaires to next-of-kin, and from pathology, radiology, and neuropsychology
reports. Tissue samples were matched as closely as possible according to age, sex, postmortem
interval, pH of tissue, disease classification, and cause of death. To be included as part of the
alcohol-dependent cohort, subjects had to meet the following criteria: greater than 18 years of age,
no head injury at the time of death, lack of developmental disorder, no recent cerebral stroke, no
history of other psychiatric or neurological disorders, no history of polysubstance use, negative
screen for human immunodeficiency virus and hepatitis B and C, and postmortem interval not
exceeding 48 hours. Fresh-frozen samples of the dorsolateral prefrontal cortex (dIPFC), NAc, and
BLA were collected from each sample. All brain tissues were sectioned at 3-mm intervals in the
coronal plane. There were no differences in the sectioning approach between the control and AUD

groups.

2.2.2 Sample Preparation and Read Counting. Completed by the laboratories of collaborators Drs.

Mayfield and Farris

Sample preparation, RNA-Seq, and analysis were conducted as previously reported3®.
Briefly, RNA was extracted from the brain tissues using the Qiagen RNeasy kit (Qiagen, #74104).
RNA samples were DNase-treated with DNA-free kit (Invitrogen, #AM1906), and ribosomal RNA
was depleted using RiboZero Eukaryote kit (Life Technologies, discontinued). One hundred and
eighty samples (30 AUD and 30 controls for each brain region) were processed using the TruSeq
RNA Library Prep Kit v.2 (Illumina, RS-122-2001) and sequenced on the Illumina HiSeq 2000 at

the Genome Sequencing and Analysis Facility at The University of Texas at Austin. Paired-end
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libraries with an average insert size of 180 bps were obtained. Sequence read archives have
submitted for all brain regions, and their accession numbers are as follows: PRINA530758
(dIPFC), PRINA551775 (NAc), and PRINA551909 (BLA).

2.2.3 Bioinformatic Analysis. Completed by the laboratory of collaborator Dr. Farris

Informatics analysis was performed as previously reported in Farris et al. 2015,

Transcriptome Organization for Chronic Alcohol Abuse in Human Brain3%,

2.2.4 Animals

All experiments were approved by the Institutional Animal Care and Use Committees of
the University of Pittsburgh and The University of Texas at Austin and were conducted in
accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory
Animals.

Mice used for behavior and molecular studies were housed under 12-hour light/dark cycles
with lights on at 7 AM for all experiments except for the limited-access drinking procedure when
mice were housed under a reversed light cycle. Mice had ad libitum access to food [irradiated 5P76
ProLab IsoProRMH3000, (LabDiet, St. Louis, MO)] and water, and the humidity and temperature
of the rooms were kept constant. The Tx2 mutant strain was maintained by heterozygous breeding.
Wild-type (WT) littermates were used as controls for experiments and compared with Tx2 mutants.
Mice were initially group-housed 4 to 5 per cage. Behavioral testing began when the mice were at
least 2 months old in isolated testing rooms in the Animal Resources Center at the University of
Texas at Austin. Mice were moved to testing rooms 1 — 2 weeks before beginning experiments.
Mice were weighed once a week and housed individually for each behavioral study. Separate
groups of mice were used for each behavioral test except for the chronic tolerance study where the
same groups of mice were used to measure loss of righting response twice, before and after chronic
saline or ethanol treatments.

Mice used for electrophysiology were group housed in clear, polycarbonate cages (19 x 31
x 13 cm) with Sani-Chips wood bedding (PJ Murphy Forest Products, Montville, NJ) and a cotton
fiber nestlet (Ancare, Bellmore, NY), in a temperature-controlled room (~21°C) with a reverse 12-

34



hour light/dark cycle (lights off at 9:30 AM). Mice had ad libitum access to standard chow
(LabDiet® 5LL2 Prolab RMH 1800) and water. Brain slices were prepared for electrophysiology
experiments from adult (approximately 14 — 26 weeks old) male mice between 6:00 AM and 9:40
AM. Tail snips for genotype confirmation were collected at the time of brain slice preparation.

2.2.5 CRISPR/Cas9 Mutagenesis and sgRNA Design. Completed by the laboratory of Dr. Homanics

Two tru-sgRNAs®?! designed to each uniquely bind within Tx2 Exon 1 were selected using
Benchling (benchling.com) (Figure 4C). A sgRNA-specific forward primer and a common
overlapping reverse PCR primer (Table 1) were used to generate T7 promoter-containing SgRNA
templates as described®?. These DNA templates were transcribed in vitro using a
MEGAshortscript Kit (Ambion, #AM1354). Cas9 coding sequence was in vitro transcribed and
polyA-tailed using a mMessage mMachine T7 Ultra Kit (Ambion, #AM1345) as described®??,
Following synthesis, the sgRNAs and Cas9 mRNA were purified using a MEGAclear Kit
(Ambion, #AM1908), ethanol precipitated, and resuspended in DEPC-treated water (Invitrogen,
#AM9906). 50 ng/pL of Tx2 sgRNA1, 50 ng/uL of Tx2 sgRNA2, and 75 ng/pL Cas9 mRNA in
embryo injection buffer [10mM Tris (Fisher Scientific, #BP1521; pH 7.4) and 0.1mM EDTA
(Thermo Fisher, #AM9260G)] were microinjected into the cytoplasm of C57BL6/J embryos as
previously described®?*. Injected embryos were surgically transferred into the oviducts of day 0.5
postcoitum pseudopregnant CD-1 females. The selected founder was mated to female C57BL/6J
mice. The founder mouse was screened for the top off-target mutation sites that were predicted
using Benchling software (benchling.com). Each off-target (n = 14 for sgRNA1 and n = 10 for
sgRNAZ2) was amplified by PCR (See: Appendix Table 1 and 2, respectively) and amplicons

were analyzed by Sanger sequencing. None were mutated.
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Table 1 PCR primers and DNA repair templates for Chapter 2. All sequences are written in the 5” to 3 direction.

Underlined sequences mark gRNA sites. Sequences in bold are T7 promoter.

Primer Sequence
T2 SURNALF GAAATTAATACGACTCACTATAGGATTTGCAATTCTCTTCCA
g GTTTTAGAGCTAGAAATAGC
GAAATTAATACGACTCACTATAGGAATAAACAGGTGTGACGG
Tx2 sgRNA2F

GTTTTAGAGCTAGAAATAGC

sgRNA common
reverse

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGAC
TAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

Cas9 Forward

TATTACGACTCACTATAGGGAGAATGGACTATAAGGACCACGAC

Cas9 Reverse

GCGAGCTCTAGGAATTCTTAC

Tx2 F1 CTCACCAAAATTCAACCTGGAG
Tx2 R1 GCTTCAGAGCTCACTGGTGT
X2 F2 GCCAGCCTTTCTGCACATTT
Tx2 R2 CTCTGGTTCTGGCATTCCGT
Osmr F1 AGGAGATGCAGTGCAACCAA
Osmr R1 GGGACTCTGGCTGAAGGTTT
p-Actin F1 GACCTCTATGCCAACACAGT
pS-Actin R1 AGTACTTGCGCTCAGGAGGA

2.2.6 Genotyping Tx2 Mutants

DNA was isolated from tail snips using Quick Extract (Lucigen, #QE09050). Mice were
genotyped by PCR and Sanger sequencing using primers F1 and R1 (Table 1). Genotypes of mice
produced at UT Austin were genotyped by Transnetyx (Cordova, TN).

2.2.7 Drugs. Completed by the laboratory of collaborator Dr. Blednov

Injectable ethanol solutions (Decon Labs Inc., #2701; 15 and 20%, v/v) were prepared in
0.9% saline. Gaboxadol (55 mg/kg; Sigma-Aldrich, #T101) and ketamine (175 mg/kg; Sigma-
Aldrich, #K2753) were dissolved in 0.9% saline and injected at 0.1 mL/10 g of body weight.

Zolpidem (60 mg/kg; Tocris Bioscience, #0655) was freshly prepared as a suspension in saline
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with 3 — 4 drops of Tween-80 (Sigma-Aldrich, #P1754) and administered daily in a volume of 0.1
mL/10 g of body weight. All drugs were administered interperitoneally (i.p.).

2.2.8 Loss of Righting Response (LORR). Completed by the laboratory of collaborator Dr. Blednov

Sensitivity to the sedative/hypnotic effects of ethanol (3.6 and 3.8g/kg), ketamine (175
mg/kg), gaboxadol (55 mg/kg), and zolpidem (60 mg/kg) was determined using the LORR assay
in mice. When mice became ataxic following injection, they were placed in the supine position in
V-shaped plastic troughs until they were able to right themselves three times within 30 seconds.
LORR duration was measured as the time from being placed in the supine position until they

regained their righting response.

2.2.9 Chronic Tolerance to Ethanol-Induced LORR. Completed by the laboratory of collaborator Dr.

Blednov

For development of chronic tolerance to ethanol-induced LORR, mice received an initial
sedative/hypnotic dose of ethanol (1% dose; 3.8g/kg) on day 1 and the duration of LORR was
recorded as described above. After the first recovery, mice were divided into two groups. During
the following period of time one group of mice received 5 daily saline injections (day 3, day 5,
day 7, day 9 and day 11) whereas the other group of mice received 5 daily injections of ethanol
(3.5g/kg) on the same days. On day 13 all mice were then given a second hypnotic dose of ethanol
(2" dose; 3.8g/kg) and the duration of the second LORR period was recorded. The difference
between duration of the 1%t and 2" LORR was considered as the index of development of chronic

tolerance to ethanol.

2.2.10 Every- Other-Day Two-Bottle Choice (EOD-2BC) Drinking. Completed by the laboratory

of collaborator Dr. Blednov

Intermittent access to ethanol escalates voluntary drinking in mouse models®%>6%6, Mice
were given every-other-day access to ethanol (15 or 20% v/v) and water for 24-hour sessions, and
water only was offered on off days. Ethanol solutions were prepared fresh daily in water, and
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sipper bottles were weighed before placement and after removal from the experimental cages. The
side placement of the ethanol bottles was alternated with each drinking session to avoid positional

side biases. The quantity of ethanol consumed was calculated as g/kg body weight/24 hours.

2.2.11 Slice Preparation and Recording Conditions. Completed by the laboratory of collaborator Dr.

Mangieri

Sagittal brain slices were prepared for acute brain slice electrophysiology from male
control (n = 4) and Tx2 mutant (n = 5) mice. Mice were anesthetized lightly with isoflurane
(Animal Health International, #21138528), decapitated, and their brains were rapidly removed and
placed in ice-cold high-sucrose artificial cerebrospinal fluid (ACSF) containing the following: 210
mM sucrose (Fisher Scientific, #55-3), 26.2 mM NaHCOs (Fisher Scientific, #BP328-500), 1 mM
NaH2POa (Fisher Scientific, #5369-500), 2.5 mM KCI (Fisher Scientific, #BP366-500), 11 mM
dextrose (Fisher Scientific, #D16-1), 6mM MgSQa (Fisher Scientific, #M65-500), 2.5 mM CaCl2
(Fisher Scientific, #C79-500), then bubbled with 95% 02/5% CO. Sagittal slices (240 pum thick)
containing the NAc were sectioned in ice-cold, high-sucrose ACSF using a Leica VT1000S
vibrating microtome and then transferred to a recovery chamber containing ACSF [124 mM NaCl
(Fisher Scientific, #BP358-212), 26 mM NaHCOs3, 1 mM NaH2POs, 4.4 mM KCI, 10 mM
dextrose, 2.4 mM MgSOQOs4, 1.8 mM CaClz] and bubbled with 95% 02/5% CO2, where they were
maintained at approximately 33°C for at least one hour prior to transfer to the recording chamber.
Recordings were conducted at 29.9 — 33.9 °C in ACSF (124 mM NacCl, 26 mM NaHCOs, 1 mM
NaH2PO4, 4.4 mM KCI, 10 mM dextrose, 1.2 mM MgSOas, 2 mM CaClz), bubbled with 95%
02/5% COz2, and pumped into the recording chamber at ~2.0 mL/minute. Recording ACSF also
contained 20 UM DNQX (Tocris Bioscience, #2312), 50 uM APV (Tocris Bioscience, #3693),
and 1 uM CGP52432 (Tocris Bioscience, #1246) to pharmacologically isolate GABAaAR-mediated
inhibitory postsynaptic currents (IPSCs). The voltage-gated sodium channel blocker tetrodotoxin
citrate (TTX; Alomone Labs, #T-550) was added to the ACSF (final concentration of 1 uM) for
miniature (action potential-independent) IPSC recordings (mIPSCs). Recording electrodes (4”
thin-wall glass, 1.5 OD/1.12 ID; World Precision Instruments) were made using a P-97
Flaming/Brown micropipette puller (Sutter Instruments) to yield resistances of approximately 3.3
- 5.8 MQ and contained: 145 mM KCI, 5 mM EGTA (Sigma-Aldrich, #E4378), 10 mM HEPES
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(Sigma-Aldrich, #H4034), 5 mM MgCl2 (Sigma-Aldrich, #M8266), 2 mM Na-ATP (Sigma-
Aldrich, #A2383), 0.2 mM Na-GTP [(Sigma-Aldrich, #G8877); ~315 mOsm; pH adjusted to ~7.35
with KOH (Fisher Scientific, #P250-500)].

2.2.12 Electrophysiology Data Acquisition. Completed by the laboratory of collaborator Dr. Mangieri

Recordings were acquired on three electrophysiology recording stations: two utilized
CV203BU headstages with Axopatch 200B amplifiers and one utilized a CV-7B headstage and
MultiClamp 700B amplifier software (Molecular Devices). Neurons in the NAcSh were visually
identified using MRK200 Modular Imaging systems (Siskiyou Corporation) mounted on vibration
isolation tables. A series of hyperpolarizing and depolarizing intracellular current injections (300
msec duration steps from -400 pA to +500 pA in 50 pA increments) was delivered in current-
clamp mode, just after obtaining whole-cell configuration. A short, small step (100 msec, -50 pA)
was delivered 100 msec prior to each 300 msec step in the series and was used to determine input
resistance. The recording configuration was then changed to voltage-clamp mode and postsynaptic
currents were recorded for at least 15 minutes (command voltage set at -60 mV). All recordings
were filtered at 2 kHz and digitized at either 5 kHz (membrane voltage responses) or 10 kHz
(synaptic currents) via Digidata 1440A interface board using Clampex 10.3 (Molecular Devices).
Access resistance was monitored throughout the recording using the Membrane Test feature of

Clampex.

2.2.13 Electrophysiology Data Analysis. Completed by the laboratory of collaborator Dr. Mangieri

All raw data analysis was performed blind to genotype. IPSC frequency and average
amplitude were determined over a 5-minute recording period (usually beginning at least 10
minutes after obtaining whole-cell access) using the Template Search feature of Clampfit 10.3.
IPSCs for kinetics analysis were also identified using the Template Search feature, but were
manually accepted for analysis, with a minimum of 50 non-overlapping events analyzed for each
neuron. Access resistance >30 MQ or depolarized resting membrane potential (> ~-55 mV) were

criteria for exclusion of the data.
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Membrane properties (resting membrane potential, membrane resistance, inward
rectification, and — in the case of spontaneous IPSC-recorded cells — action potential properties)
were used to categorize cells as either putative medium spiny neurons or interneurons, (e.g.,
relatively depolarized resting membrane potential or high membrane resistance indicative of

putative interneuron), with a default toward medium spiny neurons (MSNs) when ambiguous®?”
630

2.2.14 RNA Precipitation and Reverse Transcription PCR (RT-PCR)

Mice [8 WT control (n = 5 male, n = 3 female) and 10 Tx2 mutant (n = 5 male, n =5
female)] were 8-weeks old when sacrificed for tissue harvest. Total RNA was isolated using
TRIzol reagent (Invitrogen, #15596018) according to the manufacturer’s protocol, contaminating
DNA was removed with a DNase-free kit (Qiagen, #AM1907), and lpg of total RNA was
synthesized into cDNA using Superscript™ [I11 First-Strand Synthesis System (Invitrogen,
#18080051) with random hexamer primers. A no-RT reaction was used as a negative control for

each sample. RT-PCR primers are found in Table 1.

2.2.15 Reverse Transcription quantitative PCR (RT-gPCR)

cDNA and RT-gPCR primers were combined with SYBR green fluorescent master mix
(Bio-Rad, #1708882; according to manufacturer’s protocol) and data collected using a Bio-Rad
iCycler. All primers were optimized for 90% to 110% efficiency at the following conditions: 3
minutes at 95°C (initial denaturation) followed by 40 cycles of 15 seconds at 95°C (denaturation),
30 seconds at 60°C (annealing), and 30 seconds at 72°C (extension), then followed lastly from 55
- 95°C in 0.5°C increments every 30 seconds. Primer sequences for g-actin, Osmr, and Tx2 are
shown in Table 1. N = 4 biological replicates were used. Reactions were carried out in technical
triplicate for each gene tested. Threshold cycle (Ct) values were calculated for each well and
triplicate values averaged. The difference between specific genes and S-Actin (ACt) was calculated
for each animal and normalized to the average of control littermates (AACt). Fold change over

controls was calculated for each animal using the following formula: 2724¢,
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2.2.16 In Situ Hybridization (ISH) and Immunohistochemistry (IHC)

C57BL/6J control adult male mice were anesthetized by i.p. injection of ketamine
(Covetrus, #010177; 100 mg/kg) and xylazine (Covetrus, #033197; 100 mg/kg). Once
anesthetized, the mice were immobilized and transcardially perfused with 0.9% phosphate-
buffered saline (PBS; Gibco, #10010023; pH = 7.4) followed by 4% paraformaldehyde (PFA,
Sigma-Aldrich, 158127; pH = 7.4). Brains were harvested and post-fixed in 4% PFA for 18 — 24
hours at 4°C. After post-fixation brains were equilibrated in 30% sucrose (Fisher Scientific,
#BP220212) for 2 days at 4°C. Brains were cut into 14 —20um thick coronal sections on a cryostat
(Leica Biosystems, Germany) and mounted on slides (Fisher Scientific, #12-550-15). Sections
were stored at -80°C until RNAscope ISH. RNAscope v2 [Advanced Cell Diagnostics (ACD Bio),
Newark, CA] was used for ISH using a Tx2-specific probe. RNAscope was conducted following
the manufacturers protocol with slight modifications: 3x washes for 2 minutes, slides incubated in
blocking buffer for 60 minutes. IHC was also conducted following the manufacturers protocol
using IBA1 (Fugifilm, #019-19741) and GFAP (Millipore, #AB5804) antibodies. 2 biological

replicates and 2 — 4 technical replicates were used.

2.2.17 RNAscope HiPlex ISH

Brain sections were prepared as above. All reagents for RNAscope HiPlex v2 were
procured from ACD Bio. RNAscope HiPlex v2 was used for ISH using a Tx2-specific probe, as
well as Olig2 and Rbfox3 probes to identify oligodendrocytes and neurons, respectively. DAPI was
used to stain cell nuclei. RNAscope was conducted following the manufacturer’s protocol, imaged
on a confocal microscope, and aligned using the RNAscope HiPlex v2 alignment software. Blank
images were taken with DAPI only and used to remove background fluorescence. 2 — 4 biological

replicates were used.
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2.2.18 Statistical Analysis

Statistical analyses were run using GraphPad Prism software (La Jolla, CA) and used to
perform Student’s t-tests, one-way or two-way ANOVAs (repeated measures when appropriate),
and Bonferroni or Dunnett’s post-hoc analyses. Statistical significance was defined by a p-value <

0.05. All data are presented as mean + S.E.M.

2.3 RESULTS

2.3.1 Gene ldentification. Completed by the laboratories of collaborators Drs. Mayfield and Farris

To identify and prioritize novel IncRNAs for additional investigation in mice, differential
gene expression analysis of human postmortem brain tissue from the dorsolateral prefrontal cortex
(dIPFC), basolateral amygdala (BLA), and nucleus accumbens (NAc) was initially conducted.
Differentially expressed human IncRNAs were further scrutinized for syntenic conservation in
mice, genomic sequence conservation between mice and humans, and feasibility for creating a
novel mutant C57BL/6J mouse line. RNA-Seq from human AUD versus control brain revealed
widespread transcriptional dysregulation. Expression of the human IncRNA LINC01265 was
significantly increased in the dIPFC and BLA, regions controlling executive function and
emotional responses, respectively, in humans with AUD (Figure 4A). A significant decrease in
LINC01265 transcript levels was found in AUD NAc relative to healthy NAc, a region involved
in the brain reward system (Figure 4A). LINC01265 is located on chromosome 5 (p13.1), showing
evidence of synthetic conservation with mouse chromosome 15 (qA1); which includes neighboring
protein-coding genes such as the Oncostatin M Receptor (Osmr). The human LINC01265
demonstrates 48.5% sequence conservation with the annotated murine IncRNA Gm41261 [i.e.,
Tx2; NCBI genomic database (release 105)], suggesting a homologous relationship between
LINCO01265 and Tx2.

LINCO01265 and Tx2 are both the natural antisense transcript to OSMR Intron 1 (Figure

4B), increasing the interest of this gene for functional interrogation. OSMR is a ‘hub’ receptor
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involved in a vast regulatory network of the neuroimmune system, a system largely impacted by
alcohol misuse2°,
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Figure 4 Gene identification and targeting strategy for Chapter 2. (A) Human brain RNA-sequencing results from
the dorsolateral prefrontal cortex (dIPFC; left; 2.19-fold change; p = 0.013), basolateral amygdala (BLA; middle; 1.74-
fold change; p = 0.022), and nucleus accumbens (NAc; right; 0.49-fold-change; p = 0.034) showing the relative
expression of human LINC01265. Blue bars represent relative expression in healthy controls, red bars represent
relative expression in AUD patients. (B) Overview of murine homolog Gm41261, a.k.a. Tx2 locus showing Tx2 exons
(green boxes), Osmr Exons 1 and 2 (blue arrows), the location of the CRISPR-induced deletion site, SgRNA binding
sites (red arrows), and PCR primer locations (black arrows). (C) Partial Tx2 genomic DNA sequence with sgRNA
locations underlined, protospacer adjacent motifs (PAM) in blue, and breakpoints present in the founder and the
knockout line derived from this mouse. (D) DNA sequence chromatogram from the founder showing the sequence
that results from deletion of 306 bp.
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2.3.2 Validation of Tx2 Mutation

We sought to validate that the deletion was harbored in the mutants at both the DNA
(Figure 5A) and RNA (Figure 5B) level. Both primer sets were utilized, and Tx2 was shown to
contain the 306 bp deletion. s-Actin was used as a control to confirm successful cDNA synthesis

and RT-PCR reaction.
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Figure 5 Validation of 7x2 gene mutation at the DNA and RNA level. (A) PCR of WT control and 7x2 mutant
mice showing deletion in DNA in mutant mice. (B) RT-PCR of WT control and 7x2 mutant mice with 7x2 F1/R1
primers which span the deletion site demonstrating that the mutation is present in the expressed IncRNA. RT-PCR
with 7x2 F2/R2 primers which bind 3’ to the deletion demonstrate that downstream sequences are expressed and are

not changed in size. f-Actin was used as an internal control.
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2.3.3 Molecular Characterization

As Tx2 was a novel gene identified through RNA-Seq of human AUD brain (Figure 4A),
its annotation and characterization were unknown. Therefore, basic molecular analysis with WT
animals was necessary to characterize the Tx2 transcript. In the process of experimentation, the
NCBI annotation was found to be incorrect. Tx2 was found to have two splice variants in cortex.
Exon 1 is the primary transcript produced and is at least 2 kb in length (Figure 4B). We have been
unable to identify the transcriptional start site to date. The second transcript variant includes Exons
1 and 2 and is expressed at greatly reduced levels compared with the primary transcript
(unpublished observations).

Steady state Tx2 RNA levels were low, as indicated by high Ct values, and expression was
equal between males and females in cortex (Figure 6A). Tx2 was not differentially expressed in

the brain regions tested when compared to cortical Tx2 expression (Figure 6B).
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Figure 6 RT-gPCR characterization of Tx2 IncRNA in WT mice. (A) No difference was observed in Tx2
expression in cortex of males versus females. (B) Compared to the level of Tx2 RNA present in the cortex, no
differences were observed in several brain regions. N = 4 biological replicates, n = 3 technical replicates. Tx2
expression was internally normalized to B-actin. Values represent Mean + SEM. Unpaired t-test and one-way ANOVA

were used for statistical analysis in A and B, respectively.
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2.3.4 Cellular and Subcellular Localization

RNAscope Multiplex combined with IHC or RNAscope HiPlex alone were used to identify
cellular and subcellular localization of the WT Tx2 transcript (Figure 7). Large Tx2 puncta were
observed in IBA1-positive microglia (Figure 7A-D) and Rbfox3-positive neurons (Figure 71-L),
but not in GFAP-positive astrocytes (Figure 7E-H) or Olig2-positive oligodendrocytes (Figure
7M-P). Tx2 was present in 96.5% of counted IBA1+ microglia (409 of 424) and 95.5% of Rbfox3+
neurons (169 of 177). Tx2 was only observed in 9% of GFAP+ astrocytes (20 of 223) and 0% of
Olig2+ oligodendrocytes (0 of 32). Additionally, Tx2 expression did not overlap with DAPI-
stained nuclei (0%), suggesting that Tx2 is localized to the cytoplasm (e.g., Figure 7L).
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Figure 7 Cellular and subcellular 7x2 localization visualized via RNAscope ISH and THC in cortical cells.

(A, E, I, M) Cells were hybridized with a Tx2-specific probe (red). Clear puncta are observed. (B, F, J, N) Cells
stained with either (B) Ibal for microglia, (F) GFAP for astrocytes, (J) Rbfox3 for neurons, or (N) Olig2 for
oligodendrocytes (green). (C, G, K, O) Slides were mounted using DAPI to stain cell nuclei (blue). (D, H, L, P)
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Representative images merged to show staining overlay, respectively. 20um coronal sections for A — H (ISH followed

by IHC); 14um coronal sections for I — P (ISH).

2.3.5 CRISPR/Cas9-Mediated Mutagenesis. Completed by the laboratory of Dr. Homanics

We initially endeavored to create a mouse line in which a portion of the putative promoter
and start of the Exon 1 of Tx2 were deleted using CRISPR mutagenesis. Our strategy was based
on the genomic structure of the Tx2 locus that was reported in the NCBI genomic database (release
105) at the time the project was initiated and prior to the molecular characterization detailed
above. Thus, our CRISPR strategy utilized two sgRNAs that both had target sites in what we now
deem to be Exon 1 (Figure 4B). These sgRNAs along with Cas9 mRNA were used to create a Tx2
mutant mouse line on the inbred C57BL/6J genetic background using standard embryo
microinjection techniques®3!. The line described here harbors a 306 bp deletion in Exon 1 (Figure
4C and D).

2.3.6 Molecular Characterization of Tx2 Mutant

The deletion was confirmed at the RNA level using RT-PCR from cortical RNA (Figure
5B). Mutant animals express a Tx2 IncRNA that is 306 bp smaller than the WT Tx2 IncRNA.
Abundance of Tx2 IncRNA in cortex of mutants was unchanged compared with WT controls
(Figure 8A). Thus, CRISPR mutagenesis deleted 306 bp from the putative Exon 1 of Tx2 but did
not reduce abundance in cortex.

As Tx2 is a natural antisense transcript to Osmr Intron 1, it was of interest to determine if
Osmr RNA expression was altered by Tx2 mutation. Abundance of Osmr in the cortex was
unaltered in Tx2 mutant mice compared with littermate controls (Figure 8B). This suggests that
the deleted region of Tx2 is not acting as a transcriptional regulator of Osmr in the nucleus via cis-

mediated mechanisms.
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Figure 8 RT-gPCR quantification of Tx2 IncRNA expression in cortex. (A) Tx2 expression in control and Tx2
mutant mice. No difference was observed between genotypes. (B) Osmr expression in control and Tx2 mutant mice.
No difference was observed between genotypes. Raw data were normalized to B-Actin. N = 8 — 10 per group. Values

represent Mean = SEM. Unpaired t-test was used for statistical analysis.

2.3.7 Loss of Righting Response (LORR). Completed by the laboratory of collaborator Dr. Blednov

For both males and females, there was a significant effect of genotype [F (1, 24) = 171.2,
p <0.0001; F (1, 24) = 176.4, p < 0.0001, respectively], dose [F (1, 24) = 202.6, p < 0.0001; F (1,
24) = 269.0, p < 0.0001, respectively], and genotype x dose interaction [F (1, 24) = 7.4, p < 0.05;
F (1, 24) = 9.18, p < 0.01, respectively] on the duration of LORR induced by ethanol (Figure 9A
and E, respectively). Mutation of Tx2 in males and females reduced the duration of LORR induced
by gaboxadol (t = 11.8, p < 0.0001; t = 25.3, p < 0.0001, respectively) and zolpidem (t = 12.2, p <
0.0001; t =12.6, p < 0.0001, respectively) (Figure 9C, G, D, and H, respectively). No difference
in duration of LORR after administration of ketamine was found in either sex between WT and

Tx2 mutant mice (Figure 9B and F).
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Figure 9 LORR behavioral assay in WT and Tx2 mutants. (A and E) LORR (min) was reduced by Tx2 mutation
in response to ethanol (3.6 and 3.8g/kg) in both males (A) and females (E). (B and F) LORR (min) was not altered in
Tx2 mutant mice compared to controls in response to ketamine (175mg/kg) in either males (B) or females (F). (C and
G) LORR (min) was reduced by Tx2 mutation in response to gaboxadol (55mg/kg) in both males (C) and females (G).
(D and H) LORR (min) was reduced in Tx2 mutant mice in response to zolpidem (60mg/kg) in both males (D) and
females (H). N = 3 — 8 per group. Values represent Mean + SEM. Two-way ANOVA used for statistical analysis for

ethanol-induced LORR, and students t-test was used for ketamine-, gaboxadol-, and zolpidem-induced LORR. ****p-

value < 0.0001.
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2.3.8 Chronic Tolerance to Ethanol-Induced LORR. Completed by the laboratory of collaborator Dr.

Blednov

Development of tolerance is one of the criteria for diagnosing alcohol dependence in
humans. Because changes in expression of Tx2 were observed in brain of humans with AUD, we
compared the development of chronic tolerance to ethanol in Tx2 mutant mice and their WT
littermates. An initial test injection of ethanol was given on day 1 (3.5 g/kg; i.p.), and a second test
injection on day 13 (3.8 g/kg; i.p.). In mice that received five chronic injections of saline between
the two test injections, the LORR duration was mildly reduced at the second test injection
compared with the first in males [F (1, 8) = 39.05, p < 0.001, dependence on chronic treatment; F
(1, 8) = 63.03, p < 0.0001, dependence on genotype] and females [F (1, 10) = 6.56; p < 0.05,
dependence on chronic treatment; F (1, 10) = 39.33, p <0.0001, dependence on genotype] (Figure
10A and D, respectively) of both genotypes. In contrast, in mice that received five repeated
injections of ethanol between the two test injections, the LORR duration was markedly reduced in
both males [F (1, 8) = 143.6, p < 0.0001, dependence on chronic treatment; F (1, 8) = 8.28, p <
0.05, dependence on genotype; F (1, 8) = 38.54, p < 0.001, genotype x chronic treatment] and
females [F (1, 10) = 10.44, p < 0.01, dependence on chronic treatment; F (1, 10) = 37.19, p < 0.001,
dependence on genotype; F (1, 10) = 33.16, p < 0.001, genotype x chronic treatment] (Figure 10B
and E, respectively) of both genotypes. Post-hoc analysis showed significant reduction in control
male and female mice (p < 0.0001 and p < 0.001, respectively). Post-hoc analysis of Tx2 mutant
mice revealed smaller changes in Tx2 mutant male mice compared with WT males (p < 0.01) and
no changes in duration of LORR were found in mutant females. We also defined a tolerance index
of LORR as the duration of the LORR following the 2" injection minus the 1% injection. Repeated
administration of ethanol reduced the tolerance index in WT but not in Tx2 mutant males [F (1,
16) = 7.84, p < 0.05, dependence on chronic treatment; F (1, 16) = 9.53, p < 0.01, dependence on
genotype; F (1, 16) = 23.12, p < 0.001, genotype x chronic treatment] (Figure 10C) and females
[F (1, 20) = 74.43, p < 0.0001, dependence on chronic treatment; F (1, 20) = 13.6, p < 0.01,
dependence on genotype; F (1, 20) = 24.99, p < 0.0001, genotype X chronic treatment] (Figure
10F). Post-hoc analysis revealed a significant reduction in WT male and female mice (p < 0.001
and p < 0.0001, respectively) whereas in Tx2 mutant mice, no difference in index of tolerance were

found.
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Figure 10 Chronic ethanol tolerance on LORR behavioral assay in control and Tx2 mutant mice. Controls are
on the left and Tx2 mutants are on the right. (A and D) 1% injection (3.5g/kg; i.p.; day 1) and 2" injection (3.8g/Kg;
i.p.; day 13) are shown in blue and red, respectively. Male (A) and female (D) LORR (min) in response to 1%t and 2"
injections of a sedative/hypnotic ethanol dose with chronic saline injections given on day’s 3, 5,7, 9, and 11. A main
effect of treatment and genotype, but no treatment x genotype interaction was found in both sexes. (B and E) 1%
injection (3.5g/kg; i.p.; day 1) and 2™ injection (3.8g/kg; i.p.; day 13) are shown in blue and red, respectively. Male
(B) and female (E) LORR (min) in response to 1% and 2" injections of a sedative/hypnotic ethanol dose with chronic
ethanol injections (3.5g/kg; i.p.) given on day’s 3, 5,7, 9, and 11. A main effect of treatment, genotype, and treatment
X genotype interaction was found in both sexes. Post-hoc analysis revealed that chronic ethanol injections significantly
reduced duration of LORR in Tx2 mutant and WT male mice as well as in WT female, but not Tx2 mutant female,
mice. (C and F) The LORR duration change (min) between the 1% and 2™ injection for saline (blue) and ethanol (red)
in males (C) and females (F). The duration of LORR following the 2™ injection minus the 1% injection is defined as
the tolerance index. Control mice of both sexes displayed a main effect of treatment, genotype, and treatment x
genotype. Post-hoc analysis revealed significant changes in tolerance for controls of both sexes but not for Tx2 mutant
mice. N =5 — 6 per group. Values represent Mean + SEM. Unpaired t-test and two-way ANOVA used for statistical
analysis. **p < 0.01, ***p < 0.001, ****p <0.0001.

2.3.9 Every-Other-Day Two-Bottle Choice (EOD-2BC) Drinking. Completed by the laboratory of

collaborator Dr. Blednov

Mice were tested for ethanol drinking, preference, and total fluid intake using an
intermittent EOD-2BC free choice consumption procedure. During the first 14 days they received
15% v/v ethanol, and during the second 14 days, 20% v/v ethanol. Tx2 mutant male mice drank
less 15% v/v ethanol than WT littermates with a significant main effect of genotype [F (1, 30) =
7.630, p < 0.01], but no effect of day or day x genotype (Figure 11A). Tx2 mutant male mice
showed a significant reduction in ethanol preference at 15% ethanol too, with significant main
effect of genotype [F (1, 30) = 10.24, p < 0.01], but no effect of day or day x genotype (Figure
11B). In contrast, female Tx2 female mice only showed an effect of day for ethanol intake [F (6,
168) = 3.995, p < 0.001] and ethanol preference [F (6, 168) = 2.414, p < 0.05].

During the second two weeks, Tx2 mutant and WT males consumed similar amounts of
20% v/v ethanol, with only an effect of day for both ethanol intake [F (6, 180) = 5.245, p <0.0001]
and preference [F (6, 180) = 2.230, p < 0.05] (Figure 11A and B, respectively). The same was

true for Tx2 female mutant and WT mice, which showed similar 20% v/v ethanol intake and
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preference, with only an observed effect of day on ethanol preference [F (6, 168) = 3.059, p < 0.01]
(Figure 11D and E, respectively).

No change in total fluid intake was observed at either 15% or 20% v/v ethanol in either
males or females for genotype or day x genotype (Figure 11C and F, respectively). There was a
significant effect of day, however, at 15 and 20% v/v ethanol, for both males [F (6, 180) = 4.454,
p <0.001; F (6, 180) = 2.268, p < 0.05, respectively] and females [F (6, 168) = 6.811, p < 0.0001;
F (6, 168) = 3.425, p < 0.01, respectively].
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Figure 11 EOD-2BC drinking behavior of control and Tx2 mutant mice. Experimentation was conducted for two
weeks with 15% v/v ethanol, stopped for two days, then repeated for another two weeks with 20% v/v ethanol. (A
and D) Ethanol intake (g/kg/24 hrs) in males (A) and females (D). Male Tx2 mutant mice had a significant main
effect of genotype and displayed a consistent reduction in ethanol intake specifically at 15% ethanol. No change
observed at 20% ethanol or in females for either concentration. (B and E) Ethanol preference in males (B) and females
(E). Male Tx2 mutant mice displayed a reduction in ethanol preference specifically at 15% ethanol. No change
observed at 20% or in females for either concentration. (C and F) Total fluid intake (g/kg/24 hrs) in males (C) and
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females (F). No change observed in either concentration for either sex. N = 7 per group. Values represent Mean +
SEM. Two-way ANOVA used for statistical analysis. **p <0.001.

2.3.10 Electrophysiology. Completed by the laboratory of collaborator Dr. Mangieri

To assess whether GABA-mediated transmission was altered in Tx2 mutant mice, we
performed ex vivo patch clamp recordings of GABAA receptor-mediated inhibitory postsynaptic
synaptic currents (IPSCs) in the NAcSh, a region rich in GABAergic circuitry. The NAc is
comprised of several types of interneurons, which together make up approximately 10% of all
neurons in the NAc, and projection neurons (MSNs), which make up the other 90%. Because we
had no a priori reason to suspect specific effects of Tx2 mutation on interneurons versus MSNs,
we recorded from any neuron with a resting membrane potential of -55 mV or less, and later
categorized neurons on the basis of cell membrane parameters indicative of interneurons versus
MSNSs.

When analyzed for all neurons regardless of putative cell type, spontaneous IPSCs
(sIPSCs) were similar in amplitude and frequency between the two genotypes (Table 2). There
were also no differences between genotypes in sIPSC amplitude or frequency when putative
interneurons were excluded from the dataset (Table 2). Miniature IPSCs (mIPSCs) were recorded
in the presence of TTX, which prevents action potential-dependent neurotransmitter release. The
average amplitude of mIPSCs also did not differ between genotypes (Figure 12A and C). There
was, however, a significant difference in mIPSC frequency (tso = 2.30, p < 0.05), with Tx2 mutants
exhibiting a higher frequency of events (Figure 12B and C). This pattern of results was preserved
when putative interneurons were excluded from the data set; specifically, there was no difference
in amplitude but there was an elevated frequency (ts2 = 2.03, p < 0.05) in Tx2 mutants (Figure 12A
and B). These results suggest that Tx2 mutants have an increase in presynaptic GABA release

probability in the NAcSh that was revealed when network activity was blocked by TTX.
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Table 2 sIPSC properties of WT and Tx2 neurons. Values reported as mean + SEM.

All neurons Putative interneurons excluded
WT Tx2 Mutant WT Tx2 Mutant
N (cells, mice) 20,4 25,5 17,4 22,5
Amplitude (pA) -31.9+33 -28.8+2.0 -30.2+35 -275+2.1
Frequency (Hz) 18+0.2 18+0.2 20+0.2 19+0.2
Rise time (ms) 0.92 £0.05 0.86 £ 0.05 0.90 £0.05 0.85+0.06
Decay time (ms) 19.8+0.9 17.8+0.8 20.2+0.9 18.2+0.8

Differences in behavioral responses to GABAAR modulators, such as zolpidem, can result
from differences in receptor subtype composition®?, which may be evident at the cellular level as
altered IPSC event kinetics. We therefore determined the average rise time (10% — 90% of peak)
and average decay time (90% — 10% of peak) for individual IPSC events. We found no genotype
differences in the average rise time for sIPSCs, evaluated for all neurons or when putative
interneurons were excluded (Table 2). This was also true for mIPSC rise time (Figure 12D). We
did, however, observe genotype differences in average IPSC decay time for both spontaneous and
miniature IPSCs. In regard to sIPSCs, the difference in average decay times for all neurons was
not statistically significant, but the distributions of average decay times were different between
WT and Tx2 mutant mice (Kolmogorov-Smirnov D = 0.41, p < 0.05; Table 2). Results were
similar when putative interneurons were excluded (ts7 = 1.6, p = 0.11; D = 0.43, p = 0.054).
Genotype differences in decay times were more pronounced for mIPSCs (Figure 12E — G). Group
means (t49=2.72, p < 0.01) and distributions (D = 0.41, p < 0.05) of average decay time per neuron
were different in Tx2 mutant mice, relative to WT, and exclusion of putative interneurons did not
affect these results (t«2=2.69, p < 0.01; D = 0.42, p < 0.05; Figure 12E). We further investigated
genotype differences in mIPSC decay times by constructing histograms of mIPSC decay times
(number of events per 2 msec bin, expressed as a percentage of the total number of events) for
each neuron, and then averaging the histograms for each genotype (Figure 12F). Comparison of
these histograms of decay times indicate that neurons from Tx2 mutant mice had a greater
proportion of fast-decaying mIPSCs and a smaller proportion of slow-decaying mIPSCs, relative

to control mice (Figure 12F).
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Figure 12 Electrophysiology of sagittal brain slices prepared from WT control and Tx2 mutant male mice.
GABAAaR-mediated IPSCs were recorded ex vivo from neurons in the NAcSh. (A) mIPSC amplitude did not differ
between genotypes. (B) mIPSC frequency was increased in Tx2 mutants compared to controls. (C) Representative
current traces from WT and Tx2 mutant mice. Scale indicates 500 msec duration and 40 pA amplitude. (D) Average
mIPSC rise time was not different between genotypes. (E) Average mIPSC decay time was reduced in Tx2 mutants
compared to controls. (F) mIPSC decay times shown in 2 msec bins (expressed as a percentage of the total number of
mIPSC events) revealed a significant bin x genotype interaction (F [25,1225] = 4.6, p < 0.0001), indicating Tx2 mutant
mice had a greater proportion of fast-decaying mIPSCs and a smaller proportion of slow-decaying mIPSCs compared
to controls. (G) Scaled traces (to normalize amplitudes) showing examples of fast- and slow-decaying mIPSCs for
each genotype. Panels A, B, D, and E show data for individual neurons (white circles, putative interneurons; black
circles, putative MSNs) overlaid on group averages (of all neurons) £ SEM. Panel F symbols show group averages
(of all neurons) £ SEM for each bin. N = 26 neurons from 4 mice (control) and 25 neurons from 5 mice (Tx2 mutant).
*p < 0.05, **p < 0.01, unpaired t-test or Sidak’s multiple comparisons test. #p < 0.05, Kolmogorov-Smirnov

comparison of distributions.
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2.4 DISCUSSION

The present study was motivated by RNA-Seq results of postmortem human tissue that
revealed the IncRNA LINC01265 to be significantly dysregulated when compared with matched
non-AUD controls in the dIPFC, BLA, and NAc (Figure 4A). LINC01265 was upregulated in the
PFC, a region involved in higher-order executive function®2 and regulation of the limbic reward
system®4, and the BLA, a region involved in the reward pathway and emotions®%, LINC01265
was downregulated in the NAc of individuals with AUD compared with non-AUD controls, a
region that integrates the cortical and limbic systems to mediate goal-directed behaviors and also
functions to process and analyze rewarding and reinforcing stimuli®36, All these regions are highly
sensitive to chronic alcohol misuse?9°:637:638,

Starting with LINC01265, sequence homology and synteny were used to identify the
murine INcCRNA homologue, Gm41261 (referred to as Tx2). In both species, the gene was located
in the first Intron, in an antisense orientation, of the Osmr gene. RT-gPCR of WT Tx2 RNA from
mouse cortex revealed low levels of Tx2 expression that was similar between males and females.
We also observed that compared with the cortex, other mouse brain regions showed similar levels
of expression. RNAscope analysis (coupled with IHC for microglia and astrocytes) revealed that
this INCRNA was present primarily in the cytoplasm of > 95% of IBAL-positive microglia and
Rbfox3-positive neurons, in ~9% of GFAP-positive astrocytes, but not in Olig2-positive
oligodendrocytes.

To test the hypothesis that the ethanol-responsive INCRNA Tx2 contributes to behavioral
responses to ethanol and ethanol drinking, we used CRISPR/Cas9 gene editing to create a Tx2
mutant mouse line that was subsequently phenotypically characterized at the molecular, cellular,
and behavioral levels. The gene targeting strategy used was designed to delete the putative
promoter of Tx2 and was based on the gene structure annotated in the NCBI genomic database
(Version 105). Molecular characterization of the Tx2 locus revealed that the 306 bp deletion that
was created with CRISPR/Cas9 in the Tx2 mutant mice removed sequences present in Exon 1, and
not the actual promoter sequence (Figure 4; Figure 5A). Because the promoter was not disrupted,
abundance of Tx2 in brain of control and Tx2 mutant mice did not differ (Figure 8B), although the

size of the transcript was 306 nucleotides smaller in mutants compared with controls (Figure 5B).
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Because tolerance is a diagnostic criteria for AUD®3° and because tolerance influences the
amount of ethanol consumed to achieve the same response over time®°, Tx2 mutants were tested
for tolerance using an ethanol-induced LORR following repeated ethanol injections compared with
repeated saline injections (Figure 10). Tx2 mutants displayed reduced LORR time following both
the 15t and 2" sedative/hypnotic doses of ethanol compared with WT for both chronic saline and
chronic ethanol experiments. Most strikingly, a substantial difference between genotypes was
observed on the tolerance index (Figure 10C and F). While control and Tx2 mutant mice
developed a similar, low level of tolerance in response to the 1% and 2" sedative/hypnotic ethanol
doses following chronic saline injections, control mice developed strong ethanol tolerance
following chronic ethanol-induced LORR. Tx2 mutants on the other hand, presented a near
unchanged ethanol-induced LORR time from the 1% injection of ethanol to the 2" in the chronic
ethanol experiment (Figure 10B and E), which was roughly the same tolerance gained due to
chronic saline injections. This suggests an insensitivity to repeated ethanol exposure on the
sedative/hypnotic response and is indicative of either heightened innate tolerance (as suggested by
the reduced LORR duration) or lack of tolerance induction, following repeated ethanol injections
in both male and female Tx2 mutant mice

A male-specific decrease in ethanol drinking and preference was observed on the EOD-
2BC assay specifically with 15% v/v ethanol (Figure 11). The decreased ethanol consumption
observed at 15% in males was not observed in females, and no change in ethanol consumption or
preference was observed in either sex at 20% v/v ethanol. Tolerance to ethanol’s rewarding effects
encourages more drinking to achieve a desired level of intoxication, while tolerance to ethanol’s
aversive properties reduces a disincentive to drink®!. Therefore, it was expected that reduction of
tolerance observed in 7x2 mutant mice (Figure 10C and F) should be accompanied by increased
ethanol consumption, but this was not the case (Figure 11A and D). In contrast, we saw reduction
of ethanol consumption in male 7x2 mutant mice and no change in 7x2 mutant females. It should
be noted, however, that tolerance to LORR is not necessarily reflective of aversive or rewarding
properties of ethanol.

Several observations suggest that mutation of Tx2 culminates in GABAergic dysfunction
in the mutant animals. Both male and female Tx2 mutants displayed a reduction in LORR duration
in response to sedative/hypnotic injections of zolpidem, gaboxadol, and ethanol, but not to

ketamine (Figure 9). Zolpidem is an imidazopyridine allosteric GABAAR agonist that functions
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by potentiating the effects of GABA®3242 and requires the al GABAAR subunit for LORR®,
Gaboxadol is a direct acting GABAAR agonist that acts as a GABA mimetic54 that induces LORR
primarily through a4B8 subunit-containing GABAARs®>84. Similarly, GABAergic inhibitory
neurotransmission is involved in both the acute and chronic effects of ethanol on brain and
behavior (for reviews, see: 47648)_ In contrast, sedative/hypnotic responses induced by a high dose
of ketamine are thought to be mediated via non-GABAergic targets that include excitatory
glutamate receptors®4%8°  cyclic nucleotide gated potassium channels®%%2 and possibly
acetylcholine receptors®3, Together, these behavioral studies point to alterations in GABAergic
inhibition in the Tx2 mutant animals.

Further supportive evidence comes from ex vivo electrophysiological studies of the NAcSh.
Alterations were found in GABA transmission in the form of increased frequency of mIPSCs, as
well as a reduction in the average decay time of these events that resulted from a larger proportion
of fast-decaying events and smaller proportion of slow-decaying events (Figure 12B, E, and F).
The increase in mIPSC frequency suggests Tx2 mutants have an increase in presynaptic GABA
release probability in the NAcSh that was unmasked when network activity was blocked by the
neurotoxin TTX. Alternatively, increased event frequency may also reflect an increased number
of synapses®®*. Activity of o4BS subunit-containing GABAAaRs (i.e., those targeted by
gaboxadol) negatively regulates IPSC frequency in NAc MSNs®. Therefore, reduction in a4p8-
containing GABAARS would be consistent with both the increased mIPSC frequency (Figure
12B) and the reduced sedative effect of gaboxadol observed (Figure 9C and G) in Tx2 mutants.
GABAAR al and a2 subunits have been reported to underly the fast decaying component of IPSCs
while the slow component is determined by the a3 subunit®®®. Thus, the reduced proportion of
slow-decaying events in Tx2 mutants is suggestive of relatively fewer a3-containing receptors.
Because zolpidem binds at a much higher affinity to the a1l GABAAR subtype than a2 or a3 and
requires the a1l GABAAR subunit for LORR®*357, the behavioral finding of decreased sensitivity
to zolpidem (Figure 9D and H) points to fewer al-containing GABAARS in Tx2 mutants.
However, fewer al-containing GABAARs would predict longer IPSC decay times for Tx2
mutants, as a2 subunit inclusion slows the deactivation rate of the GABAAR relative to a15%,
Thus, the interpretation of the kinetics results alongside the behavioral findings were not

convergent, perhaps because the electrophysiology represents only NAcSh whereas the behavioral
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results represent responses to global Tx2 mutation. In summary, although further studies are
needed, the data suggest that Tx2 mutation altered GABAergic neurotransmission, leading to
altered behavioral response to GABAergic drugs.

There are several notable limitations to the present study. First, the molecular mechanism
of action of Tx2 is currently unknown. Many diverse mechanisms of IncCRNAs action have been
reported in the literature (for reviews, see: 413427604 Some IncRNAs are antisense transcripts that
regulate abundance of their sense counterpart*’36%, Tx2 is a natural antisense transcript of Osmr
Intron 1, a type 1 cytokine receptor involved in neuroinflammation that is linked to AUD*®. It was
therefore of interest to test if Tx2 functions as a cis-mediated epigenetic regulator of Osmr. We
found that Osmr RNA abundance was unaltered in response to Tx2 mutation (Figure 8B) and that
WT Tx2 localizes to the cytoplasm (Figure 7), indicating that the Tx2 mutation made, or WT Tx2,
does not regulate expression of this neuroimmune-related receptor3®:367,

Second, the 306 bp deletion present in the mutated locus did not eliminate Tx2 expression.
Instead, Tx2 IncRNA was expressed at a normal level, but harbored an internal 306 nt deletion
(Figure 5B). As nothing is known about the functional domains of this novel IncRNA, we can
only speculate that a critical functional region necessary to fulfill specific molecular and/or cellular
roles was deleted. How deletion of such a putative functional domain alters GABAergic inhibition
and ultimately ethanol drinking and other behavioral responses to ethanol awaits future

investigation.

2.4.1 Conclusions

Here we show that expression of the human IncRNA LINC01265 was dysregulated in
several brain regions of humans with AUD when compared with controls. Production of a
CRISPR/Cas9 engineered mouse line (C57BL/6J background strain) with a small (306 bp) deletion
in Tx2, the mouse homologue of LINC01265 (a.k.a. Gm41261), revealed that Tx2 modulates
ethanol drinking and sedative/hypnotic effects of ethanol. These behavioral changes are possibly
mediated by alterations in the GABAergic system following mutation of Tx2. This study adds to a
small but growing list of IncRNAs that are implicated in mediating ethanol’s effects on the brain,
ethanol-related behavioral responses, and AUD#73660.661  As individual RNAs are rapidly emerging

as highly selective and efficacious therapeutic targets for small molecule drugs (for reviews, see:
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662663) 'we propose that the ethanol-responsive INCRNA transcriptome is an expansive, untapped

resource for future development of novel AUD therapeutics.
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3.0 AIM 2: IMPACT OF HIPPOCAMPAL IncRNA TAKOs ON ETHANOL DRINKING
BEHAVIOR

Homogeneous cohorts of gene-targeted animals take considerable time, effort, animals,
and money to generate. Global mutant animal cohorts require three generations and a minimum of
9 months of careful work before behavioral testing can begin on a single gene, and the resulting
cohort still hold the potential to not demonstrate any significant changes from control.

To circumvent this issue, a method was needed in which newly identified genes of interest
from large AUD datasets can be rapidly screened for behaviors of interest prior to in-depth
analysis. This would allow for reduced workload and cost per gene-targeted cohort and would also
vastly speed up the rate at which genes could be analyzed.

To fill in this gap, the CRISPR/Cas9 Turbo Accelerated KnockOut (CRISPy TAKO)
method was conceptualized. This technique allows for the creation of a gene-targeted cohort in a
single generation. By utilizing multiple gRNAs tiled across a small region of DNA (50 — 200 nts
apart), variable mutations and indels can be produced within individual electroporated embryos.
While each embryo could harbor a different mutation, each would still have the same relative
genomic location mutated and were therefore hypothesized to manifest the same behavioral
alterations from control. Specificity can be further enhanced by only selecting experimental mice
that harbor a large DNA deletion in the desired location.

If successful, this method can be employed to study genes of interest 3 — 4 times faster at
1/3 — 1/4™ the cost. Rapid behavioral batteries could then identify a significant change in ethanol
drinking behavior. If one is identified, the gene can be deemed suitable for a true-breeding line
and further characterization, or if no change is observed, then the gene can be removed from the
list of top AUD candidates to research and no more resources need to be expended.

In order for this technique and Aim to be successful, the approach must first be validated
with a previously characterized ethanol-responsive gene to determine its experimental value. If

successful, then the second step is to use approach to complete Aim 2, Chapter 3.2.
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3.1 CRISPR TURBO ACCELERATED KNOCK OUT (CRISPy TAKO) FOR RAPID IN
VIVO SCREENING OF GENE FUNCTION

Adapted from: Plasil SL, Seth A, & Homanics GE. 2020. CRISPR Turbo Accelerated Knock Out
(CRISPy TAKO) for Rapid in vivo Screening of Gene Function. Frontiers in Genome Editing. 2.
PMID: 33604589.

3.1.1 Introduction

Clustered regulatory interspaced short palindromic repeats (CRISPR) paired with CRISPR
associated protein 9 (Cas9) is currently the dominant and preferred gene editing tool in scientific
research. CRISPR-based screens of gene function in vitro have been tremendously useful for
identifying genes involved in tumor suppression®?, mitochondrial function®®, and dendritic
development 6. High throughput CRISPR loss-of-function reverse-genetic screens allow for the
rapid identification of genes involved in phenotypes of interest. However, in vitro screens are
limited by phenotypes that can be readily assayed in cell culture (e.g., cellular proliferation, drug
sensitivity, and cell survival). Further, the acquisition of transcriptome data has greatly outpaced
our capacity to functionally study genes of interest. For many biological questions, particularly
those that pertain to dysfunction of the CNS where behavioral abnormalities are the primary
phenotype of interest, in vivo tests of behavior must be employed. Because behavior is the
phenotype of interest, in vitro screens are unsatisfactory. In this study, we sought to develop a
method with moderately high throughput that could be used in vivo to screen genes for effects on
behavior.

Global gene knockout (KO) animal models are a gold standard approach that have been
widely used to study and delineate the effects of individual molecules in whole organisms. The
recent application and widespread adoption of CRISPR/Cas9 technology dramatically facilitated
KO animal generation. However, the standard method of creating CRISPR KO animals, a.k.a.,
CRISPy Critters®®, typically requires three generations to produce experimental animals that can
be phenotypically evaluated and therefore is unsuitable for moderate-high throughput in vivo

screens (Figure 13A). Briefly, in a typical CRISPR KO animal study, CRISPR reagents are
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introduced to one-cell embryos that develop into founder (FO) animals that are screened for the
desired mutation. FO animals are typically an eclectic mix of wild-type (WT) and mutant animals.
The mutants may be heterozygotes, homozygotes, or compound heterozygotes, and most mutant
alleles differ in the individual mutations they harbor in the target gene of interest. A founder animal
that harbors a desirable mutation (typically a frameshift or a large deletion) is then mated to WT
mice to produce heterozygous F1 offspring. Subsequently, heterozygotes are interbred to produce
homozygous F2 mutant KO offspring. These F2 mutant animals have both alleles of the gene of
interest inactivated, they all harbor the same mutation in the gene of interest, and they can be
compared to WT littermate controls for relevant phenotypic changes. Although this CRISPR
approach to creating gene KO animals represents a dramatic savings in time, effort, and expense
compared to traditional embryonic stem cell-based gene targeting approaches, the CRISPR
approach still requires considerable time and expense. Three generations of animal production is
time consuming and results in substantial animal care and housing expenses. This process also
requires a considerable amount of personnel time for colony maintenance and genotyping.

We endeavored to establish a one generation CRISPR KO approach in which FO animals
could be directly used to test for the behavioral consequences of gene inactivation. We reasoned
that a very high efficiency CRISPR mutagenesis approach could be used to efficiently create FO
animals in which both alleles of the gene of interest are mutated and are functionally inactivated
(i.e., gene KOs) (Figure 13B). Although each FO animal may have different mutations, they would
all be functionally and phenotypically equivalent if a critical part of the gene were sufficiently
mutated.

Our long-term goal is to employ this accelerated technique to vastly speed up the screening
process of testing novel ethanol-responsive genes for involvement in ethanol-related behavioral
phenotypes, including ethanol consumption. Therefore, we initially piloted this approach in vitro
on two novel ethanol-responsive long noncoding RNA (IncRNA) genes (4930425L21Rik and
Gm41261). We subsequently sought to validate this method in vivo by mutating a gene previously
shown to alter behavioral responses to ethanol when inactivated using traditional global KO
technology. Myd88 was chosen as a well-characterized ethanol-responsive gene for proof-of-
concept as prior studies have evaluated the effects of Myd88 global KO on ethanol-related
behaviors, including ethanol drinking®’® and response to ethanol’s acute sedative/hypnotic and

motor ataxic effects®®%667, Single generation FO Myd88 KO animals were hypothesized to exhibit
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decreased ethanol-induced sedative/hypnotic effects, decreased sensitivity to ethanol-induced

motor ataxia, and a male-specific increase in ethanol consumption relative to controls.
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Figure 13: Comparison of the timeline required to produce KO and TAKO mice. (A) Traditional CRISPR/Cas9-
mediated method to create a stable KO line. Founder (FO) animals are an eclectic mix of WT, heterozygous, and
homozygous KOs. A founder with an inactivating mutation is selected for breeding to establish a KO line of mice.
First generation offspring (F1) are heterozygous and must be interbred to produce an F2 generation. A subset (~25%)
of the F2 generation are homozygous KO mice and can be compared for behavioral phenotypes with WT littermates.
(B) CRISPy TAKO method for creating functional KO mice. By using multiple gRNAs that target a small but

functionally critical part of the gene of interest, most FO mice harbor biallelic mutations that functionally inactivate

the gene of interest and are suitable for behavioral phenotyping.

To further streamline this accelerated KO mouse protocol, we reasoned that for first pass
screening of genes for behavioral phenotypes, isogenic animals purchased directly from a vendor

could be used as a control group for comparison to KOs. However, one concern is that the CRISPR
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and/or electroporation procedures, irrespective of the gene being mutated, could hypothetically
exert uncharacterized deleterious effects. Therefore, we also created in-house Mock treatment
controls that were produced under an identical protocol to the KOs except that the Mock-treated
animals were created with procedures that lacked crRNAs. This Mock-treated control group was
directly compared to isogenic C57BL/6J WT mice (Jax controls) purchased from the Jackson
Laboratory (JAX). We hypothesized that these two control groups would not differ on behavioral
endpoints of interest.

In this report, we describe implementation and validation of a novel technique for the
accelerated production of CRISPR/Cas9 KO mice in one generation. Animals produced via this

protocol are herein affectionately referred to as CRISPR Turbo Accelerated Knock Outs (i.e.,

CRISPy TAKOs). We report that our CRISPR protocol can reliably produce a large number of FO
KO animals and that the ethanol phenotype of Myd88 CRISPy TAKOs largely recapitulates results
previously reported for traditional Myd88 global KOs. Furthermore, for the behaviors tested in this
study, vendor purchased mice and Mock treatment controls did not differ substantially. Together,
these results establish the CRISPy TAKO method for screening gene function in vivo. This method
has moderately high throughput and will be especially useful for phenotypes, such as behavioral

responses, that cannot be assayed in vitro.

3.1.2 Materials and Methods

3.1.2.1 Animals

All experiments were approved by the Institutional Animal Care and Use Committee of
the University of Pittsburgh and conducted in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. C57BL/6J male and female mice used to
generate embryos for electroporation and the purchased control group were procured from The
Jackson Laboratory (Bar Harbor, ME). CD-1 recipient females and vasectomized males were
procured from Charles River Laboratories, Inc. (Wilmington, MA). Mice were housed under 12 —
hour light/dark cycles, with lights on at 7 AM and had ad libitum access to food (irradiated 5P76
ProLab 1soProRMH3000; LabDiet, St. Louis, MO) and water.
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3.1.2.2 Guide RNA Design

Guide RNAs (gRNAs) were generated using a commercially available two-piece system
termed ALT-R™ CRISPR/Cas9 Genome Editing System (IDT DNA, Coralville, IA). This system
combines a custom CRISPR RNA (crRNA) for genomic specificity with an invariant trans-
activating crRNA (tracrRNA) to produce gRNAs®®. crRNAs were designed using the
computational program CCTop/CRISPRator%68669 which gauges candidate gRNAs for efficiency
and specificity.

Four crRNASs were used to target the ethanol-responsive INCRNA gene 4930425L21Rik
(see Table 3 for all gRNA target sequences). These four crRNAs bind within a 366 bp region that
includes the putative promoter and first Exon (Figure 14A). Similarly, four crRNAs were used to
target the INCRNA gene Gm41261. These four crRNAs bind with a 316 bp region that includes the
putative promoter and first Exon (Figure 14C). Four crRNAs were also selected for Myd88 that
bind within a 209 bp region that includes Myd88 Exon 3 and flanking DNA (Figure 15A). For
each project, the four crRNAs were annealed separately with tracrRNA in a 1:2 molar ratio then

combined into a single solution.
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Table 3: gRNA target sites and PCR primer sequences for Chapter 3.1.

Name Sequence

4930425 21Rik #1 gRNA AGACACTAATATTGCAGACG AGG
49304251 21Rik #2 gRNA TTATTTTTCTGCAAGGGGTT GGG
4930425 21Rik #3 gRNA ACACTATCGACCTAATAGCT AGG
4930425 21Rik #4 gRNA ATTTTAAACCCTCTGTTACT TGG
GmA41261 #1 gRNA CAATTTGCAATTCTCTTCCA GGG
Gm41261 #2 gRNA AGAATAAACAGGTGTGACGG TGG
Gm41261 #3 gRNA CTTATCAGGTCTTTGATCAG AGG
Gm41261 #4 gRNA GGTCTTTTACTTTTCTCTTT AGG
Myd88 T3 gRNA CCTTTTCTCAATTAGCTCGC TGG
Myd88 T5 gRNA GCACAAACTCGATATCGTTG GGG
Myd88 T15 gRNA AGGTTGGTTAAACATCTAAG AGG
Myd88 T30 gRNA GGCGTTTGTCCTGAGGACAG GGG

4930425L21Rik F5 PCR primer GTGTCCAGCATTGTGCCAAG

4930425L21Rik R5 PCR primer TCTAAAAGGGGCCCTCCAGT

Gm41261 F10 PCR primer CTCACCAAAATTCAACCTGGAG
Gm41261 R10 PCR primer GCTTCAGAGCTCACTGGTGT

Myd88 F1 PCR primer CCGGGATTTCATCTGGGAGG

Myd88 R1 PCR primer ACTGCGGTGACTTCCTTCAG

Myd88 F2 PCR primer GGTGGCCAGAGTGGAAAGCAGTGTCCC
Myd88 R2 PCR primer GAAACAACCACCACCATGCGGCGACA

3.1.2.3 CRISPR/Cas9 Mutagenesis

Female C57BL/6J mice were superovulated with 0.1mL of CARD HyperOva (CosmoBio,
#KYD-010) between 10 AM and 11 AM, followed by 100 IU of human chorionic gonadotropin
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(Sigma, #CG10) 46 — 48 hours later. Donor females were caged overnight with C57BL/6J males
starting 4 — 6 hours post-gonadotropin injection and allowed to mate. Embryos were harvested
from oviducts between 9 AM and 10 AM the following morning, cumulus cells were removed
using hyaluronidase, and embryos were cultured under 5% CO2 in KSOM medium (Cytospring,
#K0101) for 1 — 2 hours. Embryos were electroporated in 5uL total volume of Opti-MEM medium
(ThermoFisher, #31985088) containing 100ng/pL of each sgRNA and 100 or 200ng/uL Alt-R®
S.p. HiFi Cas9 Nuclease V3 protein (IDT, #1081060) with a Bio-Rad Gene-Pulser Xcell in a 1mm-
gap slide electrode (Protech International, #501P1-10) using square-wave pulses (five repeats of
3msec 25V pulses with 100msec interpulse intervals). Two different concentrations of Cas9
protein were used to assess which produced greater mutagenesis in embryos targeting genes
4930425L21Rik and Gm41261; only the 200ng/pL concentration was used for Myd88-targeted
embryos. Electroporated embryos were placed back into culture under 5% CO2 in KSOM. For
4930425L21Rik and Gm41261, embryos were cultured for 3 days until the morulea/blastocyst
stage and subsequently analyzed for mutations. For Myd88, one- or two-cell embryos were
implanted into the oviducts of plug-positive CD-1 recipient (20 — 40 embryos per recipient) that
had been mated to a vasectomized male the previous night. Mock-treated controls were
manipulated in parallel as described above, except that the electroporation mix lacked the Myd88-

specific crRNAs (i.e., only tracrRNA and Cas9 protein were used).

3.1.2.4 Genotyping

For 4930425L21Rik and Gm41261, DNA was amplified from individual embryos using a
Qiagen Repli-G kit (Qiagen, #150025) and subject to PCR genotyping under the following
settings: 95°C for 5 minutes (1x); 95°C for 30 seconds, 60°C for 30 seconds, 72°C for 1 minute
(40x); 72°C for 10 minutes (1x). Primers for PCR amplification of 4930425L21Rik and Gm41261
are listed in Table 3. PCR amplicons (WT = 613 and 506 bp, respectively) were analyzed by
agarose gel electrophoresis and Sanger sequencing (Genewiz; South Plainfield, NJ).

For Myd88, DNA was isolated from tail snips of Myd88 CRISPy TAKO and Mock-treated
control offspring using Quick Extract (Lucigen, #QE09050). Primers for Myd88 genotyping are
listed in Table 3. PCR amplicons (WT = 494 bp) were analyzed by agarose gel electrophoresis
and Sanger sequencing.
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3.1.2.5 Subcloning

Samples that did not produce clear chromatograms were subcloned to identify allelic
variants. The TOPO™ TA cloning kit (ThermoFisher Scientific, #K457501) was used according
to manufacturer’s instructions, with slight modifications. Briefly, sample PCR product was
incubated at room temperature for 15 minutes with TOPO reagents, then the TOPO vector mixture
was incubated with chemically competent DH5a (ThermoFisher Scientific, #18265017) cells on
ice for 30 minutes. Cells were then heat-shocked for 45 seconds in a 42°C water bath then
immediately placed back on ice for 2 minutes. S.O.C. medium (ThermoFisher Scientific,
#15544034) was added and cells were incubated in a bacterial shaker at 37°C for 90 minutes at
225 RPM. Cells were plated on kanamycin-resistant LB plates and incubated at 37°C for 16 — 18
hours. Single colonies (n = 10 per sample) were collected, and their DNA was used for PCR.

Colonies that produced a single PCR band were then Sanger sequenced.

3.1.2.6 RNA Precipitation

Brain cerebellar tissue from one Mock treatment control (n = 1 male), one Jax control (n =
1 male), and 6 Myd88 mutants (n = 3 male, n = 3 female) were used for RT-PCR analysis. All
mice were 11 — 12 weeks of age at time of sacrifice. Total RNA was isolated using TRIzol
(Invitrogen, #15596018) according to the manufacturer’s protocol, and purified with a TURBO
DNA-free™ Kit (Invitrogen, #AM1907). Total RNA was analyzed for purity and concentration
using a Nanodrop Spectrophotometer (Thermo Scientific, Waltham, MA). 1uL of purified RNA
was converted into cDNA using Superscript™ |11 First-Strand Synthesis System (Invitrogen,
#18080051) with random hexamer primers. RT-PCR primers were used that span from Exon 2 to
Exon 4 (Table 3) of Myd88. A reaction that lacked reverse transcriptase was used as a negative
control for each sample tested. RT-PCR amplicon size is 280 bp for WT, and 99 bp when Exon 3

is lacking.

3.1.2.7 Behavioral Testing

All mice were moved into a reverse light-cycle housing/testing room (lights off at 10 AM)

at 5 weeks of age and allowed to acclimate for 2 — 3 weeks before the start of
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experimentation. Experiments were performed in the housing room (ethanol drinking) or an
adjoining room (LORR, rotarod). Mice were group-housed 4 to 5 per cage based on genotype and
sex. The same mice were sequentially tested on the rotarod, LORR, and drinking assays, with 4 —
7 days between assays.

3.1.2.8 Drugs

Injectable ethanol solutions (Decon Laboratories, Inc.) were prepared fresh daily in 0.9%

saline. Ethanol was injected intraperitoneally (i.p.) at 0.02mL/g of body weight.

3.1.2.9 Rotarod

In order to assess ethanol-induced motor ataxia, mice were trained on a fixed speed rotarod
(Ugo Basile, Gemonio, Province of Varese, Italy) at 11 RPM. Training was considered complete
when mice were able to remain on the rotarod for 60 seconds. Following training, mice were
injected with ethanol (2.0g/kg, i.p.) and every 15 minutes mice were placed back on the rotarod

and latency to fall was measured until mice were able to remain on the rotarod for 60 seconds.

3.1.2.10 Loss of Righting Response (LORR)

Sensitivity to the sedative/hypnotic effects of ethanol was determined using the LORR
assay. Mice were injected with ethanol (3.5g/kg, i.p.) and when mice became ataxic, they were
placed in the supine position in V-shaped plastic troughs until they were able to right themselves
3 times within 30 seconds. LORR was defined as the time from being placed in the supine position
until they regained their righting response. Body temperatures were maintained using a heat lamp

throughout the assay.

3.1.2.11 Every-Other-Day Two-Bottle Choice (EOD-2BC) Drinking

Mice were given access to ethanol (15%, v/v) and water for 24-hour sessions every other
day for 12 days starting at 12 PM. Water alone was offered on off days. Purchased drinking bottles
were 156mL with 3.5-inch sipper tubes (Amuza, San Diego). The side placement of the ethanol

bottles was switched with each drinking session to avoid side preference. Ethanol solutions were
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prepared fresh daily. Bottles were weighed before placement and after removal from the
experimental cages. Empty cages with sipper bottles were used to control for leakage, and leakage
amount was subtracted from amount consumed by the mice. The quantity of ethanol consumed,
and total fluid intake, was calculated as g/kg body weight per 24 hours. Preference was calculated

as amount ethanol consumed divided by total fluid consumed per 24 hours.

3.1.2.12 Statistical Analysis

Statistical analysis was performed with GraphPad Prism (GraphPad Software, Inc., La
Jolla, CA\) for two-tailed Mann-Whitney test and two-way ANOVA (with mixed-effects analysis
(i.e., when technical failures were present), multiple comparisons, and repeated measures when
appropriate). Significant main effects were subsequently analyzed with Benjamini, Krieger, and
Yekutieli two-stage linear step up procedure post-hoc analysis®’®. Technical failures were
appropriately removed from analysis.

The two control groups were first compared to one another; if no difference was found
between control groups, these groups were pooled and tested against the Myd88 TAKO group.
Graphs show control groups plotted separately for completeness even though they were analyzed
together, unless noted otherwise. Because of well-known sex differences on the behaviors of
interest, and because male and female mice were tested on separate days, each sex was analyzed
separately. Statistical significance was defined as p < 0.05 and g < 0.05. All data are presented as

mean = S.E.M.

3.1.3 Results

3.1.3.1 CRISPR/Cas9-Mediated Mutagenesis

Preliminary testing of the CRISPy TAKO method occurred in vitro using embryos
electroporated at the one-cell stage, cultured until the blastocyst stage, then genotyped (Figure
14). To enhance CRISPR mutagenesis frequency, each gene was targeted simultaneously with four
gRNAs that were tiled across a small section of the gene. In addition, we tested two concentrations
of Cas9 protein (100 and 200ng/uL) that were higher than the minimum amount we typically use
(i.e., 50ng/uL).
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The first gene targeted was an unannotated ethanol-responsive gene, 4930425L21RIik,
using 4 gRNAs that span 366 bp of the putative promoter and first Exon (Figure 14A). Agarose
gel electrophoresis of PCR amplicons that span the targeted locus indicated that 3 of 5 embryos
tested at 100ng/uL Cas9 had obvious indels whereas 2 embryos (#’s 1.2 and 1.3; Figure 14A and
B) had amplicons that were grossly indistinguishable from the 613 bp WT control amplicon
(Figure 14B). Sanger sequencing revealed #1.2 as heterozygous for WT and a 21 bp deletion
(Figure 14A). At 200ng/uL Cas9 protein, all seven embryos assessed were found to harbor
deletions of varying sizes (Figure 14A and B). Thus, none of the embryos electroporated with
200ng/uL Cas9 harbored WT amplicons that were visible on the agarose gel or detectable by
amplicon bulk sequencing.

The second gene targeted was another ethanol-responsive gene, Gm41261 (a.k.a. Tx2).
Four gRNAs spanning 316 bp within the putative first Exon were used (Figure 14C). Agarose gel
electrophoresis of PCR amplicons that span the targeted locus indicated that 1 of 5 embryos tested
at 100ng/uL Cas9 had an obvious indel (#5.6; Figure 14C and D), whereas the other 4 of 5
embryos had amplicons that were indistinguishable from the 506 bp WT control amplicon (Figure
14D). Sanger sequencing revealed only one embryo (#5.3; Figure 14C and D) was homozygous
WT, whereas the other four embryos harbored various small deletions (Figure 14C). At 200ng/uL
Cas9, all six embryos assessed were found to harbor deletions of varying sizes (Figure 14C and
D). Although one embryo (#7.5) had a PCR product approximately the size of the WT amplicon
(506 bp), Sanger sequencing revealed a 14 bp deletion. Sanger sequencing also revealed a sequence
inversion in #8.1, along with a 16 bp insertion directly following the inverted sequence (Figure
14C). Thus, 5 of 6 embryos electroporated at 200ng/pL Cas9 protein did not harbor detectable WT
amplicons by agarose gel or amplicon bulk sequencing. Because the higher 200ng/uL Cas9
concentration showed greater mutagenic activity in both 4930425L21Rik and Gm41261, this
concentration was utilized in targeting Myd88.
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Figure 14: Embryo CRISPy TAKO genotypes for 4930425L21Rik and Gm41261. (A) Sequence results for the
major product(s) of TAKO embryos targeting gene 4930425L21Rik electroporated with 100ng/uL and 200ng/pL Cas9
protein. Full deletions are shown in red. Sequence insertions are shown in green. Individual animal tag numbers are

presented on the left. The gRNAs and PCR primers used are shown as blue and yellow arrows, respectively. (B)
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Agarose gel electrophoresis of PCR amplicons for 4930425L21Rik in embryos. Samples 1.1 through 1.8 were
electroporated with 100ng/uL Cas9 protein while samples 3.1 through 4.2 were electroporated with 200ng/uL Cas9
protein. (C) Sequence results from TAKO embryos targeting gene Gm41261 with 100ng/uL and 200ng/uL Cas9.
Sequence inversions are shown in blue. (D) Agarose gel electrophoresis of PCR amplicons for Gm41261 in embryos.
Samples 5.1 through 5.6 were embryos electroporated with 100ng/uL Cas9 while samples 7.3 through 8.1 were
electroporated with 200ng/pL Cas9 protein.

As proof-of-concept and to validate our method in vivo, we created Myd88 CRISPy TAKO
mice. The four gRNAs were tiled across a 209 bp region of Myd88 that included Exon 3 (Figure
15A). Exon 3 was targeted because prior traditional global Myd88 KO studies demonstrated that
deletion of this Exon inactivates Myd887! and imparts an alcohol behavioral phenotype378:380.667,

Implantation of embryos electroporated on six different days with Myd88 gRNAs yielded
54 offspring (n = 26 females, n = 28 males). Thirty-one offspring (n = 16 females, n = 15 males)
were derived from electroporation of Mock-treated control embryos that were handled identically
except that the crRNAs were omitted from the electroporation solution (see: Chapter 3.1.2). All
mice born from electroporated embryos were genotyped for gross indels at Myd88 Exon 3 using
endpoint PCR (data not shown). The 494 bp WT PCR amplicon was invariant and readily
detectable in Jax and Mock-treated control samples as expected (Figure 15B; unpublished results).
In stark contrast, 52 of 54 Myd88 TAKO mice displayed gross indels encompassing Myd88 Exon
3 that were readily apparent following gel electrophoresis of PCR products (unpublished results).
Out of the 54 Myd88 mutant mice created, a subset were selected for behavioral phenotyping based
on indel size (n = 30), and PCR results are shown in Figure 15B. The indels varied from animal
to animal and most appeared to be deletions, as evidenced by the PCR products being
approximately 50 — 300bp smaller than the 494 bp WT amplicon. To more accurately characterize
the mutations present, we sequenced the PCR products of the mutated mice selected for behavior
(Figure 15A). As illustrated in Figure 15A and B, the mice used for phenotyping presented
variable deletions mainly ranging from 200 — 300bp. All deletions broadly encompassed Exon 3,
therefore all mice were expected to manifest the same behavioral phenotypes. It is important to
note that 100% of all crRNA-electroporated pups contained a Myd88 indel. Based on the
genotyping results, a subset of Myd88 CRISPy TAKOs (n = 15/sex) containing Myd88-
inactivating mutations were selected for ethanol-related behavioral interrogation.
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Cerebellar tissue from a random subset of Myd88 CRISPy TAKOs and controls were used
for RT-PCR analysis using PCR primers that bind to Exons 2 and 4 to examine Myd88 mRNA.
This analysis revealed the expected 280 bp fragment in both WT control samples (Figure 15C).
In contrast, none of the six Myd88 CRISPy TAKO mice examined produced a fragment of this
size. Five of the six samples produced a predominant band of ~99 bp as would be expected for
Myd88 mRNA that lacked Exon 3. One sample produced a major band of ~210 bp and may
represent a splicing defect. Thus, Myd88 CRISPy TAKO mice are likely to be functional KOs.
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Figure 15: In vivo Myd88 CRISPy TAKO genotypes. (A) Sequencing results from mice selected for behavioral
experimentation. CRISPR/Cas9 mutagenesis of Myd88 Exon 3 was performed and animals used for experimentation
were sequenced to confirm successful deletion. Full deletions are shown in red. Sequence insertions are shown in
green. Individual animal tag numbers are presented on the left. The gRNAs and PCR primers used are shown as blue
and yellow arrows, respectively. (B) PCR results from DNA of Myd88 CRISPy TAKO mice used for experimentation.
Jax mouse used as control. (C) Random sample subset RT-PCR results from cerebellar brain tissue showing abnormal
Myd88 RNA transcripts in TAKOs. S-Actin RT-PCR was used as a control.
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3.1.3.2 Ethanol-Induced Loss of Righting Response (LORR)

No difference in ethanol-induced LORR (3.5g/kg, i.p.) was found between the Mock and
Jax control groups for males or females (Figure 16). Therefore, Mock controls and Jax controls
were combined and compared to Myd88 KOs (for completeness, control results are plotted
separately). Male Myd88 TAKOs exhibited a significant reduction in ethanol-induced LORR
duration when compared to controls (p < 0.01; Figure 16A). No difference was observed in

females for ethanol-induced LORR (Figure 16B).
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Figure 16: Duration of ethanol-induced LORR in Myd88 KO and control mice. Myd88 KOs, Mock controls and
Jax controls. 3.5g/kg ethanol, i.p. injection. For both males (A) and females (B), mock controls and Jax controls did
not differ and therefore were pooled and compared to same sex Myd88 KOs (data are plotted separately for
completeness). KO males had reduced duration of LORR compared to the combined control group (**p < 0.01). For
females, no difference was observed between Myd88 KOs and the combined control group. Control (Jax C57BL/6J,
n =7 — 8; Mock-treatment control, n = 13 — 14) versus mutant mice (n = 13 — 14 Myd88 KO). Values represent Mean

+ SEM. Data were analyzed using a two-tailed Mann-Whitney test.

3.1.3.3 Ethanol-Induced Motor Incoordination

The ataxic effects of an acute ethanol injection (2.0g/kg, i.p.) were measured using a

constant speed (11 RPM) rotarod test. For male mice, comparison of Mock and Jax controls
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showed a significant effect of time [F (2.281, 41.05) = 36.41, p < 0.0001], and time x genotype [F
(9, 162) = 3.209, p < 0.01], but no effect of genotype (Figure 17A). Because of the time x genotype
interaction, control groups were not combined for this analysis. Repeated measures two-way
ANOVA of all three groups revealed a significant effect of time [F (2.474, 71.73) = 59.01, p <
0.0001], and an effect of time x genotype [F (18, 261) = 1.964, p < 0.05] but no effect of genotype
(Figure 17A). Post-hoc comparisons revealed that male Mock control mice recovered more
quickly than Jax controls at the 15-minute timepoint (q < 0.01).

For females, comparison of Mock and Jax controls revealed a significant effect of time [F
(2.775, 55.51) = 89.05, p < 0.0001], but no effect of genotype or time x genotype (Figure 17B).
Therefore, the two control groups were combined (data plotted separately for completeness) and
compared to Myd88 TAKOs. There was a significant effect of time [F (2.664, 87.90) = 148.3, p <
0.0001], and genotype [F (1, 33) =4.721, p < 0.05], but no effect of the time x genotype interaction

(Figure 17B). Post-hoc analysis did not reveal any significant differences.
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Figure 17: Recovery from ethanol-induced motor incoordination in Myd88 KO and control mice. (A) A
significant time x genotype interaction was observed for male mock controls and Jax controls. Therefore. control
groups were not combined. Jax controls recovered more slowly compared to Mock controls at the 30 min timepoint
(**q < 0.01). (B) Female mock controls and Jax controls did not differ and were combined for comparison to Myd88
KOs (data are plotted separately for completeness). Post-hoc analysis did not reveal any significant differences
between groups at any time points. Data represent time in seconds on the rotarod after injection of ethanol (2 g/kg,
i.p.). Control (Jax C57BL/6J, n = 8; Mock-treatment control, n = 13 — 14) versus mutant mice (n = 13 — 14 Myd88
KO). Values represent Mean + SEM. Data were analyzed by repeated-measures Two-way ANOVA with multiple
comparisons followed by Benjamini, Krieger, and Yekutieli post-hoc test.
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3.1.3.4 Every-Other-Day Two-Bottle Choice (EOD-2BC) Drinking

Mice were tested for ethanol drinking using an intermittent EOD-2BC free choice
consumption assay over a period of 12 days. Mock and Jax control groups were first compared
against each other; two-way ANOV A mixed-effects analysis was used for all EOD-2BC statistical
analyses. For males, there was a significant effect of time for ethanol intake [F (3.333, 62.00) =
5.740, p < 0.01], ethanol preference [F (2.702, 50.27) = 10.85, p < 0.0001], and total fluid intake
[F (3.392, 63.09) = 17.98, p < 0.0001], but there was no effect of genotype or time x genotype
interaction for any of these parameters (Figure 18A, B, and C, respectively). Therefore, both
Mock and Jax control groups were combined (data plotted separately for completeness) and
compared to Myd88 TAKOs. Analysis of ethanol intake in males between the combined control
group and Myd88 TAKOs revealed a main effect of time [F (4.123, 129.5) = 10.67, p < 0.0001]
and genotype [F (1, 32) = 4.850; p < 0.05], but no interaction between the two (Figure 18A). Post-
hoc analysis revealed that Myd88 TAKO males had significantly greater intake on day 10 (g <
0.05) compared to controls. For preference in males, there was an effect of time [F (3.365, 105.7)
= 24.02, p < 0.0001] but no effect of genotype or time x genotype (Figure 18B). For total fluid
intake in males, there was a main effect of time [F (3.915, 122.9) = 36.79, p <0.0001] and genotype
[F (1, 32) = 8.897, p < 0.01], but no time x genotype interaction between Myd88 TAKO and
controls (Figure 18C). Post-hoc analysis revealed significantly increased total fluid consumption
in Myd88 TAKOs versus controls on days 4, 6, 8 (g < 0.05), and day 10 (q < 0.001) (Figure 18C).

In females, Mock and Jax control groups were first compared. There was a significant
effect of time on ethanol intake [F (2.412, 47.27) = 8.979, p < 0.001] and ethanol preference [F
(2.626, 51.47) = 22.58, p < 0.0001], but no effect of genotype or time x genotype interaction on
either parameter (Figure 18D and E, respectively). Therefore, both control groups were combined
(data plotted separately for completeness) and compared to Myd88 TAKOs. For ethanol intake,
females showed a main effect of time [F (2.632, 86.85) = 12.50, p < 0.0001] but not genotype or
time x genotype (Figure 18D). Similarly, for ethanol preference a significant effect of time [F
(3.317,109.5) = 29.10, p < 0.0001] but not genotype and time x genotype interaction was observed
(Figure 18E). Thus, ethanol intake and preference did not differ between female Myd88 TAKOs
and the combined control group.

Comparing total fluid intake in female Mock and Jax controls revealed significant main
effects of time [F (2.818, 55.22) = 9.800, p < 0.0001] and genotype [F (1, 20) = 10.41, p < 0.01],
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but no time x genotype interaction (Figure 18F). Therefore, for female total fluid intake, control
groups were not combined, and each genotype was considered separately. This analysis revealed
a significant effect of time [F (2.650, 84.79) = 11.20, p < 0.0001] and genotype [F (2, 33) = 4.221,
p < 0.05] (Figure 18F), but no time x genotype interaction. Post-hoc analysis did not reveal any

significant differences.
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Figure 18: EOD-2BC in Myd88 KO, Mock control and Jax control mice. Left, males; right, females. (A and D)
Ethanol (EtOH) intake (g/kg/24 h), (B and E) Ethanol preference. (C and F) Total fluid intake (g/kg/24 h) in control
(Jax C57BL/6J, n = 8; Mock-treatment control, n = 13 — 14) versus mutant mice (n = 13 — 14 Myd88 KO). Values
represent Mean + SEM. Data were analyzed by repeated-measures two-way ANOVA (mixed-effects analysis where
appropriate) with multiple comparisons followed by Benjamini, Krieger, and Yekutieli post-hoc tests (*p < 0.05 and
***p < 0.001 between Myd88 KO and combined controls).
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3.1.4 Discussion

The current study reports on a CRISPR/Cas9-mediated mutagenesis protocol that is
suitable for rapid screening for the phenotypic effects of gene KO in vivo. Traditional CRISPR
mouse KO procedures require three generations of animal breeding and genotyping, which is time
consuming and expensive. In contrast, with the CRISPy TAKO protocol described here, first
generation gene-targeted FO mice can be rapidly produced and screened for phenotypic effects.
Although individual FO mice harbor a variety of mutant alleles for the gene of interest, careful
project design ensures that each FO animal is functionally equivalent (i.e., a gene KO). FO animals
can be directly screened for phenotypes of interest. If no phenotype is detected, the gene is rapidly
eliminated from further consideration. If an interesting phenotype is observed, a FO animal can be
bred as in traditional approaches to establish a true breeding line that can first be tested to confirm
the phenotype. This will ensure rigor and reproducibility in the experimental pipeline.
Subsequently, the line can be maintained long-term and more detailed, rigorous mechanistic
studies can be conducted. The CRISPy TAKO approach can save valuable time and minimize
animal numbers and financial resources.

There are several keys to the success of this approach. First, we use embryo electroporation
to facilitate genetic modification of a large number of animals with minimal effort. Large numbers
of embryos (n = 30 — 50) can be simultaneously transfected with CRISPR reagents at a very high
efficiency®37.572-574672  This avoids the limiting bottleneck of directly injecting each individual
embryo. Second, achieving a very high level of indel formation that ablates function of the gene
of interest in each animal is critical. We observed that 52 of 54 of animals harbored inactivating
indels, while the other two harbored smaller mutations that may or may not have been inactivating
(mice were deemed unsuitable for experimentation and therefore the mutations were not
sequenced). To achieve this high KO efficiency, we simultaneously utilized four gRNAs that
targeted a small, functionally important portion of the gene of interest. In other experiments, we
have observed that the mutagenesis efficiency of a single gRNA is highly variable. Simultaneous
use of two gRNAS tends to increase mutagenesis efficiency. We reasoned that an even higher
number of gRNAs tiled across a small but functionally important part of a gene would result in
even higher efficiency. We are unsure if four is the optimal number of gRNAs, but this should be

rigorously explored in future studies. For in vivo proof-of-concept, we focused on a small, single
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Exon of the Myd88 gene that results in a null allele when disrupted38:380.667.671 Thijs approach
should also work by targeting the promoter or any region that is critical for function of the gene
and/or gene product. It should also be noted that we observed that 200ng/puL Cas9 protein in the
electroporation mix produced a much higher rate of indel formation compared to 100ng/pL. While
200 ng/pL is 4x the minimum amount we typically use in our laboratory for most CRISPR embryo
electroporation experiments, this amount is less than that reported in the literature37:573,

Unbeknownst to us at the time we conducted these experiments, a similar multi-gRNA
CRISPR strategy termed C-CRISPR had been previously reported®®. Although the primary
application of the C-CRISPR method was to create KO mice and nonhuman primates with reduced
levels of mosaicism, the authors also recognized the usefulness of such an approach for phenotypic
screens in FO animals. Together, the current study and that of Zuo et al. 201772 demonstrate that
multi-gRNA approaches are remarkably robust across laboratories and target loci. Despite the
similarities, CRISPy TAKO and C-CRISPR differ in a few subtle, but possibly important ways.
To introduce CRISPR reagents into embryos, we used electroporation whereas C-CRISPR used
microinjection of individual embryos. With electroporation, large numbers of embryos can be
transfected with minimal time and effort, and electroporation does not require expensive embryo
microinjection equipment and embryo micromanipulation skills. Secondly, we used high fidelity
Cas9 protein whereas C-CRISPR used Cas9 mRNA. Lastly, as described below, we also tested
and validated the use of animals procured directly from a vendor as a control group for comparison
to FO KO animals in phenotypic screens. These subtle differences provide the CRISPy TAKO
approach with significant savings of time and financial resources.

The CRISPy TAKO approach could be further streamlined and throughput increased if
control animals for comparison could be procured directly from a vendor. However, it is
conceivable that the in vitro embryo manipulation/CRISPR electroporation procedure could
introduce some unknown variable that could impact the phenotype of interest regardless of the
gene targeted for modification. Therefore, we compared phenotypes of control animals procured
directly from JAX with isogenic controls that were produced in-house, in parallel to the Myd88
TAKOs. This in-house control group was created using procedures that were identical to those
used to create Myd88 TAKOs except that crRNAs were omitted from the electroporation reactions.
We observed near complete concordance between these Mock controls and Jax control animals

for the behavioral phenotypes of interest. We only observed a subtle female-specific difference in
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total fluid consumption in the EOD-2BC assay (Figure 18F) and a male-specific genotype x time
interaction on the rotarod (Figure 17A). We conclude that mice purchased directly from a vendor
can be used as a control group for screening CRISPy TAKO mice for behavioral alterations
provided the controls are the same genetic background as those animals that served as embryo
donors. Using a single vendor-derived control group will substantially increase throughput and
reduce expenses.

As proof-of-concept of the CRISPy TAKO approach, we focused on Myd88 as a candidate
gene. We sought to functionally validate our approach by comparing behavioral phenotypes
observed with those previously reported for global Myd88 KO mice produced using traditional
gene targeting technology, which displayed robust alterations in ethanol-induced behavioral
responses and ethanol drinking behavior378380667 Qverall, similar behavioral results were
observed between traditional Myd88 KOs and Myd88 CRISPy TAKOs (Table 4). Consistent with
previous findings, the Myd88 TAKO females show faster recovery time from ethanol's
incoordination effects (Figure 17B), but contrary to those studies, no difference between male
Myd88 TAKOs and controls is reported here (Figure 17A). Also consistent with previous reports,
albeit with a milder effect size3’®, Myd88 TAKO males had greater consumption of ethanol than
controls (Figure 18A). However, TAKO males in the present study did not have a difference in
preference when compared to controls (Figure 18B) but had significantly increased total fluid
intake compared to controls (Figure 18C), suggesting these male mice drink more fluid in general,
and it is not specific to ethanol. Altered total fluid intake in Myd88 TAKO females compared to

controls (Figure 18F) is consistent with the published literature3’,

Table 4: Comparison of Myd88 TAKO cohort results with previous findings.

CRISPy TAKO Previous Reports
Males Females Males Females
Rotarod No change Faster recovery Faster recovery 380.667 Faster recovery 38
Sl - Reduced duration No change Reduced duration 380667 | Reduced duration3°

Induced LORR

Increased ethanol
2BC-EOD Increased ethanol Reduced total drinking and Reduced total fluid
(15% viv) drinking fluid intake preference. Reduced intake 378

total fluid intake 378
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It is unclear if the results presented here show a milder phenotype than those previously
reported38%667 or if these differences are simply due to experimental variation that is common in
behavioral studies between laboratories, facilities, and universities®74675, Although all studies were
conducted using C57BL/6J mice, the current study utilized mice sourced directly from JAX,
whereas Blednov et al., 201737830 ysed mice sourced from JAX that were bred in-house for an
unspecified number of generations. It is also possible that the CRISPy TAKO approach is slightly
less sensitive than the traditional KO approach for detecting phenotypic changes. The most-likely
explanation for such a possibility is that FO CRISPR mice are often mosaic and it is conceivable
that tail DNA genotyping is not reflective of the genetic changes that occur in the brain of the
mutant animals. It is possible that some WT Myd88 is expressed in the brain of some FO animals,
however this is unlikely because RT-PCR analysis from the cerebellum of a subset of Myd88
TAKO mice did not have WT bands (Figure 15C). The approach described here should be very
useful for a first pass screening method to identify genes with a large effect on a phenotype of
interest. The usefulness of this approach for detecting subtle genotypic differences requires further
evaluation.

One limitation of the approach as outlined is the potential for off-target effects of CRISPR
mutagenesis. This approach uses multiple gRNAs simultaneously along with a relatively high
concentration of Cas9, both of which could lead to off-target effects. Although off-target effects
were not examined in this study, they are unlikely to explain the phenotypic changes we observed.
The main behavioral phenotypes observed in the Myd88 CRISPy TAKO mice are the same as
those observed in Myd88 global KOs that were produced using traditional, non-CRISPR gene
targeting techniques. Furthermore, several studies have reported that off-target effects in
CRISPR/Cas9 animals is minimal with careful selection of gRNAs as done in the present
study®42676677 \We also used a high fidelity Cas9 variant to minimize the potential for off-target
effects. Lastly, an extensive analysis of gene KO mice and nonhuman primates that were produced
by CRISPR mutagenesis with multiple gRNAs found no significant off-target effects®72,

In summary, we propose using the CRISPy TAKO approach for rapidly screening large
numbers of genes in vivo to identify those that have large effects on a phenotype of interest. Once
such a gene is identified, an individual animal that harbors a confirmed KO allele should be mated
to establish a true breeding mutant KO line. A true breeding line will be useful for future studies

to (1) confirm the phenotype of interest, (2) to test for and rule out the potential impact of off-
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target mutations, (3) to enable the rigorous testing of control and KO littermates derived from
heterozygous mating’s, and (4) to provide an unlimited source of uniform animals for further, in-
depth analyses and long-term line maintenance.

We conclude that the CRISPy TAKO method can be used for efficient, moderate
throughput, in vivo screens to identify genes that impact whole animal responses when ablated.
This method avoids the extensive animal breeding, time, and resources required with traditional
CRISPR animal KO approaches. This method should find widespread use in studies where
moderate to large numbers of genes must be rapidly screened for effects that cannot be interrogated

in vitro, such as whole animal behavioral responses.
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3.2 HIPPOCAMPAL ceRNA NETWORKS FROM CHRONIC ETHANOL VAPOR-
EXPOSED MALE MICE AND FUNCTIONAL ANALYSIS OF TOP-RANKED IncRNA
GENES FOR ETHANOL DRINKING PHENOTYPES

Adapted from: Plasil SL, Collins VJ, Baratta AM, Farris SP, and Homanics GE. 2022.
Hippocampal ceRNA Networks from Chronic Ethanol VVapor - Exposed Male Mice and Functional

Analysis of Top-Ranked IncRNA Genes for Ethanol Drinking Phenotypes. Advances in Drug and
Alcohol Research. 10. PMID: 36908580.

3.2.1 Introduction

Alcohol use disorder (AUD) is a chronic and debilitating neurological disorder that has
extensive global, social, and economic burdens. In the United States AUD is one of the leading
risk factors for premature death and disability®’® and has an annual estimated socioeconomic cost
of ~$250 billion®°. Many consequences of chronic alcohol misuse are attributed to alcohols effect
on the brain®?24%1 and alcohol acts in part by altering neural gene expression!l1,396.401,411,499
Deciphering alcohol’s impact on gene expression within discrete brain regions and subsequent
downstream effects offers an opportunity to identify novel pharmacological targets that could
prevent sustained alcohol-induced alterations from occurring in humans.

The hippocampus is an important ethanol-sensitive brain region involved in the transition
of AUD®8-682 The hippocampus is susceptible to the detrimental impacts of excessive alcohol
exposure®3-685 and binge-like ethanol consumption has been shown to significantly impact
neuroimmune functions within the hippocampus in mice®®. Neuroimmune, transcriptional, and
epigenetic cell signaling changes are shown to underly loss of hippocampal neurogenesis343.686-689
and plasticity343689.6% following both exposure to ethanol and other drugs of abuse343:344687.691
This supports the concept that hippocampal neuroadaptations are critical targets to understand
ethanol withdrawal and consumption.

The ncRNA transcriptome acts as epigenetic regulators controlling cellular homeostasis*:,
Evidence supports important roles for noncoding RNA (ncRNA) in the progression of
AUD?3%:411,489.692,693 ' Eynctional studies targeting specific RNAs in animal models for AUD have

shown that the ethanol-responsive RNA transcriptome is involved in ethanol consumption,
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withdrawal, and the progression of addiction. Transcriptome data gathered from both human and
animals chronically exposed to ethanol has revealed mass dysregulation of multiple RNA subtypes
in the brain3%641% such as mMRNAs and their coded proteins?82:408.409,694-697 ' miRN Ag397:411,492,618,698-
700 circular RNAs (circRNA)*Y, and long noncoding RNAs (INcCRNAs)*01:473476.701 | ncRNAs are
an abundant and diverse subclass of ncRNAs defined as transcripts exceeding 200 nts that do not
encode protein*'%427, There are over 125,000 different INCRNA transcripts*&452 with many
showing brain-specific expression’®2. LncRNAs are known for their roles in epigenetic
regulation#13415427.604,702 " g;;ch as impacting chromatin modifications, RNA processing events,
modulation of miRNAs, gene silencing, regulation of neighboring genes, synaptic plasticity*?” and
molecular networks by acting and interacting as central hubs3%¢445, Those that have been studied
largely function by regulating gene expression through cis- and trans-mechanisms®>616, L ncRNA
expression can be developmentally regulated, can show tissue- and cell-type specific expression,
and can be involved in numerous cellular pathways critical to normal development and
physiology#13415603-605607.702  The dysregulation of IncRNAs has been linked to the
pathophysiology of several disease states39:411:413:427,461,462,464,473,609,617,703,704  jncluding
AUD#73.705706 - dryg addiction?67:614703.707 "'nsychiatric disorders’®7%, and stress responses®’>710,
Identifying and directly testing InNcRNAs that regulate ethanol consumption and related behaviors
is important to fully understand the initiation and progression of AUD. Here, we hypothesize that
specific ethanol-responsive IncCRNAs are critical hubs of molecular networks that act as
determinants of ethanol consumption. Targeting individual ethanol-responsive IncRNAs for
genetic modulation that have strong correlations to other ethanol-responsive RNAs may help
discern transcriptomic network alterations that can impact ethanol drinking phenotypes.

To shed light on how ncRNAs interact with each other in vivo, competing endogenous
RNA (ceRNA) networks can be bioinformatically generated from transcriptome data sets’*1-716,
LncRNA, circRNA, and miRNA are all known as ncRNA epigenetic regulators, which work in
concert to coordinate mMRNA expression, protein levels, and homeostasis via such functions as
transcription factors, molecular sponges, scaffolds, decoys, and guides (for reviews, see:
411,413,418,427,445,604,703) ' These networks provide insight into discrete clusters of RNAs that interact
and/or compete with each other to maintain the network’s function’*-"16, These correlated RNAs
can then be intertwined and linked together computationally to either increase or decrease the rank

of hub genes based on their relative interconnectivity with other genes. Generating ethanol-
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responsive ceRNA networks from four prominent RNA subtypes, INCRNA, mRNA, miRNA, and
circRNA, allowed for novel networks and hub genes to be identified in the present study. A list of
top-ranked putative hub ethanol-responsive INcRNAs was generated and genes were prioritized
for functional interrogation via CRISPR/Cas9 mutagenesis.

The acquisition of transcriptome data has greatly outpaced our capacity to functionally
study genes in vivo that are hypothesized to contribute to AUD"Y’. To circumvent this bottleneck,
we developed an accelerated CRISPR/Cas9 approach to create a cohort of functional knockout
(KO) animals in a single generation®’®. Here we applied this CRISPR Turbo Accelerated KO
(CRISPy TAKO) methodology to test the hypothesis that mutation of neuroimmune-linked,
ethanol-responsive, IncRNAs identified from hippocampal ceRNA network analyses impact
ethanol drinking behavior (based on the neuroimmune hypothesis of addiction®2718), We tested
the top four IncRNAs that were identified as potential hubs for ethanol-responsive networks via
ceRNA analysis. We generated four CRISPy TAKO mouse lines targeting the top four INCRNA
candidates identified: Gm42575, 4930413E15Rik, Gm15767, and Gm33447, hereafter referred to
as Pittl, Pitt2, Pitt3, and Pitt4, respectively. All gene-targeted cohorts were tested for binge-like

drinking behavior and intermittent ethanol consumption and preference.

3.2.2 Materials and Methods

3.2.2.1 Animals

All experiments were approved by the Institutional Animal Care and Use Committee of
the University of Pittsburgh and conducted in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. C57BL/6J male and female mice used for
chronic intermittent ethanol vapor (CIEV) exposure, generation of embryos for electroporation,
and purchased control groups were procured from The Jackson Laboratory (Bar Harbor, ME). CD-
1 recipient females and vasectomized males were procured from Charles River Laboratories, Inc.
(Wilmington, MA). Mice were housed in individually ventilated caging under specific pathogen-
free conditions with 12-hour light/dark cycles (lights on at 7 AM) and had ad libitum access to
food (irradiated 5P76 ProLab IsoProRMH3000; LabDiet, St. Louis, MO) and water.
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3.2.2.2 Chronic Intermittent Ethanol VVapor (CIEV) Exposure

Male mice were exposed to a 16-hour CIEV or room-air paradigm as previously reported’?
(n =5 - 6/treatment). Briefly, mice were given a priming intraperitoneal injection of either 1.5g/kg
ethanol (Decon Labs, Inc., #2716GEA) and 68mg/kg pyrazole (Sigma-Aldrich, P56607-5G) or
saline and 68mg/kg pyrazole, then immediately subjected to vaporized ethanol or room air
(respectively) for 16 hours/day, 4 days/week, for 7 weeks. Hippocampal tissue was harvested 24

hours following the final vapor exposure.

3.2.2.3 Total RNA Isolation and Microarray Profiling

Left hippocampi were homogenized in ImL TRIzol reagent (Invitrogen, #15596018) and
sent to Arraystar Inc. (Rockville, MD) for transcriptome analysis. For circRNA analysis, Arraystar
Inc. isolated total RNA, digested with RNase R (Epicentre, Inc.), fluorescently labeled (Arraystar
Super RNA Labeling Kit), and subsequently hybridized to Arraystar Mouse circRNA Array V2
(8x15K). For IncRNA and mRNA analysis, Arraystar Inc. isolated ribosomal RNA-depleted RNA
(mRNA-ONLY™ Eukaryotic mMRNA Isolation Kit, Epicentre) from total RNA. Ribosomal RNA-
depleted RNA was amplified, fluorescently labeled (Arraystar Flash RNA Labeling Kit), and
hybridized to Agilent Arrays (Mouse LncRNA Array v3.0, 8 x 60K). An Agilent Scanner
G2505C was used to scan the arrays. The University of Pittsburgh Genomics Sequencing Core
used Applied Biosystems GeneChip miRNA 4.0 Arrays to measure changes in abundance of
mMiRNAs from the total RNA samples isolated from hippocampal tissue. The median intensity
expression values were logz transformed and quantile normalized across samples. Differential
expression were determined using linear models for microarray data (limma)’?° with nominal p-
value less than or equal to 0.05 as statistically significant. Weighted gene co-expression network
(WGCNA) was used to determine all pairwise correlation among RNAs (i.e., IncRNA, mRNA,
mIiRNA, circRNA) across samples. An unsigned network was constructed using minimum module
size of 100, a cut height of 0.99, and a power of 6 to approximate a scale-free topology. The
expression of unassigned RNAs were labeled as gray. The total connectivity of individual probes

was determined from the pairwise adjacency matrix for an unsigned network.
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3.2.2.4 Guide RNA Design

Guide RNAs (gRNAs) were generated using a commercially available two-piece system
termed ALT-R™ CRISPR/Cas9 Genome Editing System (IDT DNA, Coralville, IA). This system
combines a custom CRISPR RNA (crRNA) for genomic specificity with an invariant trans-
activating RNA (tracrRNA) to produce gRNAs>3, crRNAs were designed using the computational
program CCTop/CRISPRator%° which gauges candidate gRNAs for efficiency and specificity.
Each crRNA was annealed separately with tracrRNA in a 1:2 molar ratio then combined into a
single solution for each gene.

Four gRNAs were used to target each of the ethanol-responsive INCRNA genes Pittl, Pitt3,
and Pitt4 and six gRNAs for Pitt2 (see: Table 5 for gRNA target sequences). These specifically
designed gRNAs bind within a 598, 796, 341, or 372 bp target region that includes the putative
promoter and first exon of Pittl — Pitt4, respectively. We followed the annotations available at the

time on the Ensembl Genome Browser (GRCm38/mm10).
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Table 5: gRNA target sites, and PCR and RT-PCR primer sequences for Chapter 3.2. All sequences are written

in a 5’ to 3’ orientation. Note: underlined sequence in each gRNA target site is the protospacer adjacent motif.

Name Sequence
Pitt1 #1 gRNA CACAACTGGAAGCAAAGACG AGG
Pitt1 #2 gRNA AGATGAGACTCGAGACATCT GGG
Pitt1 #3 gRNA GAACTGTAAACCATTAAACT GGG
Pitt1 #4 gRNA CTTGGAACCAACTCAGTGAG AGG
Pitt2 #1 gRNA AGTAGGCCATGAGGTCACAG AGG
Pitt2 #2 gRNA TGTGATAGGCCAGGGTATCA GGG
Pitt2 #3 gRNA TTGAGAATAGGCTTCCACAG AGG
Pitt2 #4 gRNA GTCCCTAACAAGAAAAACCA AGG
Pitt2 #5 gRNA CCCCTCCACAGGGGGCATGG AGG
Pitt2 #6 gRNA GTAGTCATCATGGAAATATG AGG
Pitt3 #1 gRNA CTGAGCCAATCACTGTGGCT GGG
Pitt3 #2 gRNA GATGACAGAGCGATCTTACG AGG
Pitt3 #3 gRNA TGTGTCCACATCATCGAGTG GGG
Pitt3 #4 gRNA GCAGTTGGTGATTGCTGTGG AGG
Pitt4 #1 gRNA GAACTTCAGTGAAACGTGAG AGG
Pitt4 #2 gRNA GTTGGGTTTTAATTGCGCCA GGG
Pitt4 #3 gRNA ACTTTATGGACAGTATGGGG TGG
Pitt4 #4 gRNA GATCAGCACATGTGTCCGTG TGG
Pittl F1 PCR primer AGCCCATGGAATGCTTGACA
Pitt1 R1 PCR primer TGAGTAATGCTGGCCTT
Pitt1 F2 RT-PCR primer CTGGCTGCTGGTGAAAGAGA
Pitt1 R2 RT-PCR primer GGGAAACTCCAAAGCTTCCG
Pitt1 F3 RT-PCR primer CCAGGTCCTAGATGTTTTGGGG
Pitt1 R3 RT-PCR primer AGAGCAAAATACCATTAGAATAGCAC
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Pitt2 F1 PCR primer

CATGTGACTGGTGAAGGCCT

Pitt2 R1 PCR primer

AATGAGTCCCAGGAAGTGCG

Pitt3 F1 PCR primer

CCATGCACTTCTCAAAGTCAGA

Pitt3 R1 PCR primer TCAATGAGCTCCCCCTTTCC
Pitt3 F2 RT-PCR primer AGATCGCTCTGTCATCCCCT
Pitt3 R2 RT-PCR primer GGCTGCTTTTCTTCATGGCT

Pitt3 F3 RT-PCR primer

TGAAGCTCTCCATGACAGGGA

Pitt3 R3 RT-PCR primer ATGAGGTACGTGCAATGCCA
Pitt4 F1 PCR primer AGAGAGGCTGAGACGTGGAT
Pitt4 R1 PCR primer CAACCCTTCCCTGGCATCTT

Pitt4 F2 RT-PCR primer TCCGGAAGTAAGGCCTCTCA
Pitt4 R2 RT-PCR primer TGGCCCAGTGGTTTAAAGCA
Pitt4 F3 RT-PCR primer GCCTCTCACCTTGTTGGCAA

Pitt4 R3 RT-PCR primer GAAAGAAACCGGCACCTCCT

Myd88 F1 RT-PCR primer

GGTGGCCAGAGTGGAAAGCAGTGTCCC

Myd88 R1 RT-PCR primer

GAAACAACCACCACCATGCGGCGACA

3.2.2.5 CRISPR/Cas9-Mediated Mutagenesis

Female C57BL/6J mice were superovulated with 0.1mL of CARD HyperOva (CosmoBio,
#KYD-010) between 10 AM and 11 AM, followed by 100 IU of human chorionic gonadotropin
(Sigma, #CG10) 46 — 48 hours later. Donor females were caged overnight with C57BL/6J males
starting 4 — 6 hours post-gonadotropin injection and allowed to mate. Embryos were harvested
from oviducts between 9 AM and 10 AM the following morning, cumulus cells were removed
using hyaluronidase, and embryos were cultured under 5% CO:2 in KSOM medium (Cytospring,
#K0101) for 1 — 2 hours. Embryos were electroporated in 5L total volume of Opti-MEM medium
(ThermoFisher, #31985088) containing 100ng/uL of each gRNA cocktail and 200ng/uL Alt-R®
S.p. HiFi Cas9 Nuclease V3 protein (IDT, #1081060) with a Bio-Rad Gene-Pulser Xcell in a 1mm-
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gap slide electrode (Protech International, #501P1-10) using square-wave pulses (five repeats of
3msec 25V pulses with 100msec interpulse intervals). Electroporated embryos were placed back
into culture under 5% CO:2 in KSOM. For in vitro validation of Pittl — Pitt4 gRNAs, embryos were
cultured for 3 days until the morulea/blastocyst stage and subsequently analyzed for mutations.
For in vivo cohort generation, one- or two-cell embryos were surgically implanted into the oviducts
of plug-positive CD-1 recipient (20 — 40 embryos per recipient) that had been mated to a

vasectomized male the previous night.

3.2.2.6 Genotyping

DNA was amplified from individual Pittl — Pitt4 gRNA-electroporated embryos using a
Qiagen Repli-G kit (Qiagen, #150025). DNA was isolated from ear snips of Pittl — Pitt4 TAKO
offspring using Quick Extract (Lucigen, #QE09050). DNAs were genotyped by PCR under the
following settings: 95°C for 5 minuntes (1x); 95°C for 30 seconds, 60°C for 30 seconds, 72°C for
1 minute (40x); 72°C for 10 minutes (1x). Primers for PCR amplification of Pittl — Pitt4 are listed
in Table 5. PCR amplicons of Pittl — Pitt4 [Wild-type (WT): 929, 963, 581 and 583 bp,

respectively] were analyzed by agarose gel electrophoresis.

3.2.2.7 RNA Precipitation

Hippocampal brain tissue from Pittl — Pitt4 mice was used for RT-PCR analysis. All mice
were 16 — 20 weeks of age at time of euthanasia. Total RNA was isolated using TRIzol (Invitrogen,
#15596018) according to the manufacturer’s protocol, and DNA contamination was removed with
a TURBO DNA-free™ Kit (Invitrogen, #AM1907). Total RNA was analyzed for purity and
concentration using a Nanodrop Spectrophotometer (Thermo Scientific, Waltham, MA). 1uL of
purified RNA was converted into cDNA using Superscript™ [11 First-Strand Synthesis System
(Invitrogen, #18080051) with random hexamer primers. RT-PCR primers were used that span both
the mutation site as well as the downstream probe-binding exonic region for Pittl — Pitt4 (Table
5). A reaction that lacked reverse transcriptase was used as a negative control for each sample
tested.
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3.2.2.8 Behavioral Testing

All mice were moved into a reverse light-cycle housing/testing room (lights off at 10 AM)
at 5 weeks of age and allowed to acclimate for 2 — 3 weeks before the start of experiments. Mice
were weighed weekly during behavioral experimentation. Ethanol-drinking experiments were
performed in the housing room. Mice were singly-housed for all behavioral studies. Mice were
sequentially tested on DID and EOD-2BC, with a minimum of seven days between assays.

Pittl and Pitt2 were studied together with a purchased control group (controlled for age,
sex, and strain) previously shown to be comparable to mock-treatment controls®’®. Similarly, Pitt3

and Pitt4 were studied together with a separate purchased control group.

3.2.2.9 Drinking in the Dark (DID)

Mice were given access to ethanol (20% v/v) in 15mL drinking bottles with 3.5-inch sipper
tubes (Amuza, San Diego) for two hours into the dark-cycle for two days. Fresh ethanol solution
was prepared daily. The first day training session lasted for 2 hours. The second day the
experimental session lasted 4 hours. The amount of ethanol consumed by each mouse was
recorded. Empty cages with sipper bottles only were used to control for sipper tube leakage, and
leakage amount was subtracted from amount of ethanol consumed by the mice. Immediately
following the experimental session, blood samples were collected from tail nicks and the plasma
isolated. An Analox analyzer was used to measure the blood ethanol concentrations (BECs) of
each mouse (mg/dL; 5uL).

The Pittl/Pitt2/control cohorts were assayed based on genotype and not sex (i.e., the Pittl
TAKOs were assayed separately from the Pitt2 TAKOs). The Pitt3/Pitt4/control cohorts were
assayed based on sex and not genotype (i.e., the male Pitt3 and Pitt4 TAKOs were assayed
separately from the female Pitt3 and Pitt4 TAKOSs).

3.2.2.10 Every-Other-Day Two-Bottle Choice (EOD-2BC) Drinking

Mice were given access to ethanol (v/v; ramping every-other-day from 3%, 6%, 9%, 12%
until 15% was reached then maintained for a total of 12 days at 15%) and water for 24-hour
sessions every other day. If a 20% difference from controls in ethanol consumption was not

observed at 15% ethanol, then the concentration was increased to 20% v/v and the experiment
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extended an additional 12 days. Water alone was offered on off days. The side placement of the
ethanol bottles was switched with each drinking session to avoid side preference. Bottles were
weighed before placement and after removal from the experimental cages. Empty cages with
sipper bottles only were used to control for fluid leakage, and leakage amount was subtracted from
the amount consumed by the mice. The quantity of ethanol consumed, and total fluid intake was
calculated as g/kg body weight per 24 hours. Preference was calculated as amount ethanol
consumed divided by total fluid consumed per 24 hours. Ethanol drinking results were transformed
to reflect the percent change in ethanol consumption compared to control. Ethanol solutions were
prepared fresh daily.

3.2.2.11 Preference for Non-Ethanol Tastants

When a significant difference in ethanol consumption was observed between genotypes,
mice were subsequently tested for saccharin (sweet tastant; Sigma-Aldrich, 240931) and quinine
(bitter tastant; Sigma-Aldrich, 145912) preference using a 24-hour Two-Bottle Choice (2BC)
paradigm. One sipper bottle contained the tastant solution and the other contained water. Mice
were offered two concentrations of saccharin (0.03% and 0.06%) and quinine (0.03mM and
0.06mM) for two days at each concentration. For each tastant, the lower concentration was
presented first followed by the higher concentration. Each concentration was presented for two
days (four days total) with at least 7 days of water-only between tastants. Empty cages with sipper
bottles only were used to control for leakage, and leakage amount was subtracted from the amount

consumed by the mice. Fresh tastant solution was prepared daily.

3.2.2.12 Statistical Analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software, Inc., La
Jolla, CA). Two-way ANOVA with multiple comparisons was used for Pittl, Pitt2, and control
DID and BEC data, and one-way ANOVA with multiple comparisons was used for Pitt3, Pitt4,
and control DID and BEC data. Two-way mixed-effects ANOVA with multiple comparisons and
repeated measures was used for Pittl, Pitt2, and control weight over time, and two-way ANOVA
with multiple comparisons and repeated measures was used for EOD-2BC data and Pitt3, Pitt4,

and control weight over time. Significant main effects were subsequently analyzed with
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Benjamini, Krieger, and Yekutieli two-stage linear step up procedure post-hoc analysis®.
Technical failures were appropriately removed from analysis.

Because of well-known sex differences of C57BL/6J on ethanol consumption in the DID
and EOD-2BC assays®?®721:723 male and female mice were tested on separate days (except for
Pitt1/Pitt2/control DID and BEC), and each sex was analyzed separately. Statistical significance

was defined as p < 0.05 and g < 0.05. All data are presented as mean + S.E.M.

3.2.3 Results

3.2.3.1 Perturbation of the transcriptome following CIEV Exposure

Hippocampi were dissected from male mice chronically exposed to ethanol vapor (chronic
intermittent ethanol vapor; CIEV) or room air control (CTL) for 16 hours/day, 4 days/week, for 7
weeks 24 hours after the final vapor exposure. The first 24 hours of withdrawal from alcohol is a
critical window of time associated with relapse, which can be highly detrimental to the long-term
goal of reduced drinking’?*. This hippocampal tissue originated from the sires previously described
in Rathod RS, Ferguson C, Seth A, Baratta AM, Plasil SL, and Homanics GE, 20207'° wherein
males maintained BECs ranging from 100 to 250mg/dL throughout the experiment. Total RNA
was isolated from hippocampi for transcriptome analysis to identify biological systems affected
by chronic ethanol exposure (Figure 19). Our analysis examined statistically significant changes
in expression for mMRNA, InCRNA, circRNA, and miRNA (p < 0.05). Among these four classes of
RNAs we found that IncRNAs showed the largest number of changes in expression due to chronic
ethanol exposure (n = 1923 up-regulated, n = 2694 down-regulated). This was followed by mRNA
(n =1948 up-regulated, n = 2121 down-regulated), circRNA (n = 750 up-regulated, n = 729 down-
regulated), and miRNA (n = 481 up-regulated, n = 723 down-regulated) (Figure 20). This data
may suggest that INcRNAs within the hippocampus are susceptible to chronic ethanol exposure;
however, INcRNAs do not exist in isolation and work in concert with other RNA biotypes for

homeostatic function of cellular systems.
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Figure 19: Schematic diagram of the experimental pipeline utilized to generate the list of top novel ethanol-
responsive hub IncRNA candidates to target for ethanol-related functional interrogation in Chapter 3.2. Male
mice were given a priming injection of either ethanol and pyrazole or saline and pyrazole and placed in either an
ethanol- or room-air vapor champers for 16 hours/day, 4 days/week, for 7 weeks, respectively. Hippocampi were
dissected 24 hours after the final vapor exposure and then subject to mRNA, IncRNA, circRNA, and miRNA

microarray analysis. These data sets were then used to generate ceRNA networks of ethanol-responsive RNA genes.
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Figure 20: VVolcano plots showing differential RNA expression in the hippocampi of male mice exposed to CIEV.
Based on log2 fold-change in expression (x-axis) and log10 p-value (y-axis) for (A) protein-coding RNA (mMRNA),
(B) long non-coding RNA (IncRNA), (C) circular RNA (circRNA), and (D) microRNA (miRNA). Each point
indicates an individual non-duplicated probe on the microarray with blue = significantly down-regulated, red =

significantly up-regulated, and black = non-significant. Significance is defined by p < 0.05.

The expression of different RNA subtypes creates tightly coordinated ceRNA networks to
mediate the biological function of molecular circuits’*-7* (Figure 19). We used weighted gene
co-expression network (WGCNA\) to determine the pairwise correlation of RNA expression across
samples and assess the total connectivity of INCRNA, mRNA, circRNA, and miRNA. Due to the
known biological roles in the regulation of gene expression and their perturbation by chronic
ethanol exposure, our analysis focused on identifying ethanol-responsive IncRNAs for in vivo

characterization. Our analysis focused on previously annotated genes that are present in the
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GRCm38/mm10 mouse genome assembly but have yet to be biologically characterized. To
determine suitable IncRNAs for follow-up in vivo KO studies, we used a summed rank of IncCRNAs
based on their statistical significance (p < 0.05), fold-change in up-regulation of expression, overall
level of expression to focus on the most abundant IncRNAs, and IncRNAs with the highest total
connectivity within the correlation networks to concentrate on hubs of coordinately regulated RNA
expression. Of those, genes with the strongest overall correlation to dysregulated neuroimmune
genes (genes with a recognized role in the immune system; based on the neuroimmune hypothesis
of excessive ethanol consumption?80:350352718) were then selected for functional studies.
Additionally, INcRNAs were screened for the capacity to easily create CRISPy TAKO animal
models. Based on this selection criteria the top 4 candidate IncRNA selected for testing were
Gm42575, 4930413E15Rik, Gm15767, and Gm33447 (Table 6).

Table 6: Bioinformatic data of the top-ranked IncRNA genes identified from ceRNA networks for Chapter 3.2.
Given name, probe, gene symbol, chromosome, strand, gene start, gene end, log fold-change, mean expression, p-

value, and immune gene correlation number are presented.

Name Pittl Pitt2 Pitt3 Pitt4
Probe ASMM10P031898 | ASMM10P032341 | ASMM10P034032 | ASMM10P010493
Gene Symbol Gm42575 4930413E15Rik Gm15767 Gm33447
Chromosome chrb chrs chr6 chrl3
Strand + + - +
Start 74754373 118961191 147242527 97380367
End 74754432 118961250 147242586 97380426
Log Fola- 0.35 0.28 0.27 0.35
Change
Mean 9.71 9.27 8.25
EXxpression 8.82
p-value 0.03 0.02 0.03 0.02
Immune Gene 384 an1 443 400
Correlations
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3.2.3.2 CRISPy TAKO:s - Pittl and Pitt2

3.2.3.2.1 CRISPR/Cas9-Mediated Mutagenesis

To enhance CRISPR mutagenesis frequency as previously described®”, all IncRNA genes
were targeted simultaneously with 4 — 6 gRNAs tiled 50 — 200 bp apart from each other, spanning
the putative promoter and first exon of each gene. Four gRNAs were designed to span a 598 bp
range within the Pittl gene (Figure 22A). Six gRNAs were designed to span a 796 bp range within
the Pitt2 gene (Figure 22D).

Pittl and Pitt2 gRNAs were validated for efficient mutagenesis by analyzing in vitro
cultured embryos following electroporation. Agarose gel electrophoresis of PCR amplicons that
span the targeted locus of Pittl and Pitt2 indicated that 100% of embryos harbored indels of
various sizes (Figure 21A and B, respectively).

A cohort of 35 Pittl offspring and 42 Pitt2 offspring, all on the C57BL/6J genetic
background, were generated using the CRISPy TAKO approach. All mice born from
electroporated embryos were genotyped for gross indels using PCR. The Pittl 929 bp WT PCR
amplicon was readily apparent in control WT DNA but only 2 out of 35 Pittl animals (data not
shown). The remaining 33 displayed gross indels encompassing the targeted region of interest.
PCR bands from a random representative subset of Pittl mice selected for behavioral
experimentation is shown in Figure 22B. The Pitt2 963 bp WT PCR amplicon was readily
apparent in the WT control and 2 out of 42 Pitt2 animals (data not shown). The remaining 40
displayed gross indels encompassing the targeted region of interest. PCR bands from a random
representative subset of Pitt2 mice selected for behavioral experimentation is shown in Figure
22E.

The indels varied from animal to animal and most appeared to be deletions, as evidenced
by the PCR products being ~50 — 400 bp smaller than the 929 bp WT amplicons for Pitt1, and ~50
— 600 bp smaller than the 963 bp WT amplicons for Pitt2 (Figure 22B and E, respectively). Out
of the 35 Pittl mice and 42 Pitt2 mice, only a subset (n = 11M/14F Pittl; 16M/12F Pitt2) harboring
a large mutation(s) spanning the putative promoter and exon 1 of Pittl or Pitt2 were selected for
behavioral phenotyping. It should be noted that the mice used for phenotyping presented variable
deletions mainly ranging in 230 — 730 bp (Figure 22B and E, respectively). Despite all Pittl and

Pitt2 mice showing variability in mutation site and size, all mice within a genotype were expected
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to manifest the same effect on gene expression and behavioral phenotypes (as previously shown

(see: Chapter 3.1).
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Figure 21: Embryo CRISPy TAKO genotypes for Pittl, Pitt2, Pitt3, and Pitt4. Agarose gel electrophoresis of PCR
amplicons of DNA in embryos electroporated with (A) Pittl, (B) Pitt2, (C) Pitt3, and (D) Pitt4 gRNAs, respectively.

Individual embryo numbers are presented above the gel.

We have previously demonstrated that control C57BL/6J mice purchased from Jackson
Laboratories are not significantly different from in-house generated Mock-treatment control mice
(see: Chapter 3.1). Therefore, Pittl and Pitt2 TAKO mice were compared to age and sex-matched
C57BL/6J controls. Mice were weighed once per week during behavioral experimentation. Both

TAKO cohorts for both sexes had significantly increased weight compared to controls. Males and
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females had an effect of genotype (F (1.715, 7.717) = 87.22; p < 0.0001] and [F (1.626, 9.758) =
89.44; p < 0.0001], respectively (Figure 23). Post-hoc analysis revealed an effect of genotype for
both Pittl and Pitt2 males (q < 0.001), and Pittl and Pitt2 females (q < 0.0001). These results are
consistent with previously observed differences in our laboratory in purchased versus in-house
produced offspring (data not shown).
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Figure 22: CRISPy TAKO schematics and genotypes for Pittl and Pitt2. (A) Pittl gene symbol and structure. The
gRNASs, PCR primers, RT-PCR primers, and probe binding site are shown as yellow, green, orange, and red arrows,
respectively. (B) Agarose gel electrophoresis of PCR amplicons of Pittl DNA in a random representative subset of
Pittl TAKOs demonstrating abnormal amplicons in TAKO mice compared to WT control. Individual mouse numbers
are presented above the gel. (C) Random representative subset RT-PCR results from Pitt1 hippocampal brain tissue
showing abnormal RNA transcripts. (Top) RT-PCR of Pittl exon 1 amplicons using the F2/R2 primers demonstrating
abnormal RNA transcripts in TAKO mice compared to WT control. (Middle) RT-PCR amplicons using the F3/R3
primers spanning downstream Pitt1 exons, demonstrating abnormal RNA products in Pittl mutant TAKOs that are
not present in WT. (Bottom) RT-PCR of Myd88 amplicons used as an internal control. (D) Pitt2 gene symbol and
structure. The gRNAs, PCR primers, and probe binding site are shown as yellow, green, and red arrows, respectively.
(E) Agarose gel electrophoresis of PCR amplicons of Pitt2 DNA in a random representative subset of Pitt2 TAKOs
demonstrating abnormal amplicons in TAKO mice compared to WT control. Individual mouse numbers are presented

above the gel.
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Figure 23: Pittl, Pitt2, and control mouse weights over time. (A) Males, (B) females. N = 11 — 16/sex/genotype.
Values represent Mean + SEM. Data points missing due to no behavioral testing that week (i.e., Males not weighed at

10 — 11 weeks of age, and females not weighed at 13 — 16 weeks of age).

3.2.3.2.2 RNA Analysis

Hippocampal RNA from a subset of mutant mice was analyzed by RT-PCR to validate that
the DNA mutations surrounding the putative promoter and first exon of Pittl and Pitt2 disrupted
expression of the targeted genes. Two RT-PCR primer sets were used for each genotype to
characterize the RNA transcript in TAKO versus WT hippocampal RNA. F2/R2 RT-PCR primers
were used to validate KO of RNA at the mutation site. F3/R3 RT-PCR primers were used to
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characterize the downstream exon containing the microarray probe-binding site to investigate
expression of downstream INcCRNA sequences (Figure 22A and D, respectively).

Pittl — The top panel of Figure 22C demonstrates that the targeted exon 1 region is not
transcribed in Pittl TAKOs. The middle panel highlights that the mutation(s) modulate the
downstream IncCRNA transcript, resulting in expression of a novel transcript that is not observed
in the WT control. The bottom panel targeting Myd88 was used as an internal control.

Pitt2 — Despite extensive efforts to produce reliable RT-PCR amplicons for the Pitt2 RNA
transcript(s), it was not achievable. RT-PCR amplicons for both the mutation site and probe-
binding site of the Pitt2 transcript were inconsistent and variable even in WT control samples (data

not shown).

3.2.3.2.3 Drinking in the Dark (DID)

Pittl and Pitt2 DID data were analyzed separately based on genotype (i.e., Pittl males and
females were analyzed together with half of the controls, and Pitt2 males and females were
analyzed together with the other half of the controls). No statistically significant difference was
observed between Pittl versus control or Pitt2 versus control for either the 2-hour training day
(data not shown) or the 4-hour experimental day (Figure 24A and B, respectively). Consistently,
there was no significant difference between the BECs of Pittl and control or Pitt2 and control
following the 4-hour experimental day for both males and females (Figure 24C and D,
respectively). We observed a significant main effect of sex for Pittl DID [F (1, 39) = 8.300; p <
0.01] where females consumed more ethanol than males. Interestingly, a significant main effect of
sex was also observed in Pitt2 DID [F (1, 37) = 5.545; p < 0.05], however females unexpectedly
consumed less ethanol than the males.
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Figure 24: Effect of Pittl and Pitt2 mutation on the DID assay. (A) Total ethanol consumption of Pittl and control
mice over a 4-hour experimental period (g/kg/dhr). N = 13 — 14 Pittl TAKOs; n = 8 controls. (B) Total ethanol
consumption of Pitt2 and control mice over a 4-hour experimental period (g/kg/4hr). N = 12 — 14 Pitt2 TAKOs; n =
7—8 controls. (C) Blood Ethanol Concentrations (mg/dL; 5uL) from plasma collected from all Pitt1 mice immediately
removal of ethanol-filled bottles. N = 12 — 14 Pitt1 TAKOs; n = 8 controls. (D) Blood Ethanol Concentrations (mg/dL;
5uL) from plasma collected from all Pitt2 mice immediately following removal of ethanol-filled bottles. N = 12 — 14
Pitt2 TAKOs; n = 7 — 8 controls. Values represent Mean + SEM.

3.2.3.2.4 Every-Other-Day Two-Bottle Choice (EOD-2BC) Drinking

Pittl, Pitt2, and control mice were tested for ethanol drinking using an EOD-2BC ethanol
consumption assay over a period of 20 days. Pitt1, Pitt2 and control male analysis of ethanol intake
revealed a main effect of day [F (5.103, 199.0) = 159.5; p < 0.0001], but no effect of genotype or
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day x genotype (Figure 25A). Analysis of ethanol preference in males revealed a main effect of
day [F (4.715, 183.9) = 15.83; p < 0.0001] and genotype [F (2, 39) = 3.755; p < 0.05], but no
significant day x genotype interaction (Figure 25C). Post-hoc analysis revealed that on day 14
Pittl males had significantly higher ethanol preference than control males (q < 0.05). Pittl male
ethanol preference at 15% v/v ranged from 0% to 9% increase, while Pitt2 male ethanol preference
ranged from an increase of 6% to a decrease of 17% (Figure 26C). For total fluid intake, there
was a main effect of day [F (3.508, 136.8) = 4.612; p < 0.01] but no effect of genotype or day x
genotype interaction for the males (Figure 25E). Due to a record-keeping error, data from day 16,
at 15% v/v ethanol, was lost.

Analysis of Pittl, Pitt2, and control female cohorts on total ethanol intake revealed a day
X genotype interaction [F (16, 304) = 2.679; p < 0.001] and main effect of day [F (4.409, 167.5) =
286.3; p < 0.0001], but no effect of genotype (Figure 25B). Post-hoc analysis revealed that on
days 14, 16, and 20 Pittl females consumed significantly less ethanol than control (g < 0.01), and
Pitt2 females consumed significantly more ethanol than control on day 4 (q < 0.05), and
significantly less on day 14 (q < 0.05). Pitt1 females consistently consumed 10 — 20% less ethanol
at 15% v/v. Pitt2 females only consumed up to 10% less ethanol at 15% v/v (Figure 26B). Analysis
of ethanol preference in females revealed a main effect of day [F (3.743, 142.2) = 13.60; p <
0.0001], but no effect of genotype or day x genotype (Figure 25D). For total fluid intake, there
was a day x genotype [F (16, 304) = 1.938; p < 0.01] and main effect of day [F (2.272, 86.32) =
31.91; p < 0.0001], but no effect of genotype (Figure 25F). Post-hoc analysis revealed that on
days 14, 18, and 20 Pitt1 females consumed significantly less total fluid than control females (q <
0.0001, q < 0.05, and g < 0.01, respectively) and that on days 14 and 18 Pitt2 females consumed
less total fluid than control females (g < 0.0001 and q < 0.05, respectively). The change in ethanol
intake coincided with a reduction in total fluid for Pittl females at 15% v/v ethanol ranging from
a reduction of 8.5% to 20.5%, and Pitt2 females ranging from a reduction of 5% to 18% (Figure
26F). Due to a record-keeping error, data from day 8, at 12% v/v ethanol, was lost. Since the
decrease in female ethanol intake could be linked to a reduction in overall fluid intake, and the
male data was not highly compelling, the experiment was terminated following the completion of
15% v/v EOD-2BC.
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Figure 25: EOD-2BC drinking in Pittl, Pitt2, and control mice. Left, males; right, females. (A and D) Ethanol
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Figure 26: EOD-2BC data from Pittl, Pitt2, and control mice transformed to reflect the percent change from
control. (A and D) Ethanol intake (g/kg/24 h). (B and E) Ethanol preference. (C and F) Total fluid intake (g/kg/24
h). N = 11 — 16/sex/genotype. Values represent Mean + SEM. # or * q < 0.05, ## or ** q < 0.01, and ### or *** g <
0.001 between Pittl and control, and Pitt2 and control, respectively.
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3.2.3.2.5 Preference for Non-Ethanol Tastants

Changes in taste perception can alter ethanol consumption in mice’?5-7?’, Because female
Pittl and Pitt2 displayed altered EOD-2BC ethanol consumption compared to controls, females
were subjected to both sweet (i.e., saccharin) and bitter (i.e., quinine) tastants. A 24-hour 2BC
assay was used to determine whether an alteration in taste perception could account for the
observed changes in ethanol consumption in the mutant lines tested. No significant difference was
observed between genotypes for either saccharin (Figure 27A) or quinine preference (Figure
27B).
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Figure 27: Pitt1, Pitt2, and control female mouse preference for non-ethanol tastants. (A) Saccharin tastant; first
two days were presented at 0.03% w/v and the second two day were presented at 0.06% wi/v. (B) Quinine tastant; the
first two days were presented at 0.03mM w/v and the second two days were presented at 0.06mM w/v. N = 11 —

16/sex/genotype. Values represent Mean + SEM.

3.2.3.3 CRISPy TAKO:s — Pitt3 and Pitt4

3.2.3.3.1 CRISPR/Cas9-Mediated Mutagenesis

A second cohort of mice targeting Pitt3 and Pitt4 (Figure 28A and D, respectively) were
subsequently characterized and tested for behavior. Initial validation of gRNAs designed to target
Pitt3 and Pitt4 occurred in vitro using electroporated embryos (Figure 21C and D, respectively)

and demonstrated that both genes were mutated at a high frequency.
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A total of 70 offspring for Pitt3 and 62 offspring for Pitt4 were generated on the C57BL/6J
background using the CRISPy TAKO approach. All mice born from electroporated embryos were
genotyped for gross indels using PCR and agarose gel electrophoresis. The Pitt3 581 bp WT PCR
amplicon was readily apparent in WT control and 9 out of 70 Pitt3 animals (data not shown). The
remaining 61 mutants displayed gross indels encompassing the targeted region of interest. The
indels from a random representative subset of Pitt3 TAKOs varied from animal to animal and most
appeared to be deletions, as evidenced by the PCR products being ~50 — 350 bp smaller than the
581 bp WT amplicons (Figure 28B). The Pitt4 583 bp WT PCR amplicon was readily apparent in
WT control and 4 out of 62 Pitt4 animals (data not shown). The remaining 58 mutants displayed
gross indels encompassing the targeted region of interest. The indels from a random representative
subset of Pitt4 TAKOs demonstrated deletions ranging from ~50 — 350 bp smaller than the 583 bp
WT amplicon (Figure 28E). Of the Pitt3 and Pitt4 mice produced, a subset (n = 15/sex/genotype)
harboring large deletions spanning the putative promoter and first exon of Pitt3 or Pitt4 were

selected for behavioral phenotyping.

116



A Pitt3 — Gm15767

D

Probe
Ob
P 1000bp m) 20000p
E) B @ | Exon 3b
Pitt3 DNA PCR
Male Female
100bp g = w © s 8 =4 ] O 100bp
Ladder £ é 8 8 3 B8 § 8 & g g 3 g & g T Ladder
= ' —
600bp - 1 S c00bp
4000p — ’ — pa— . - . — — ‘ — 00bp
— - -
‘ - — . . — —
2000p P W 200bp
WT Pitt3 RNA RT-PCR
Control 5295 5304 5306 5307 5209 5308 5320 5339
Male Male Male Male Male Female Female  Female Female
e ® B F B OFREEE FREEEEEEEER N
A00bE — T
)
— — S
[a
2000p—"
soobn! — — — - - - 3 2
oo 38
400bp.
- e» e E» = e e e o S
2000p ]
(e
Pitt4 — Gm33447
Obp @ 1000bp 3000bp 4000bp B 5000bp
» M 2 | -2
| |
Pitt4 DNA PCR
Male Female
100bp g R 2 3 S 2 3 8 2 & o 100m
s 8 B 2 & 2 § 3 E B E E RS O o8l
600by E- . . = 600bp
P -
- -== -.-‘— -- — 400bp
400bp w— -
i — — b —_—
- - - W 200bp
200bp ws

117



F WT Pitt4 RNA RT-PCR

Control 5361 5367 5407 5409 5365 5376 5415 5416
Male Male Male Male Male Female Female Female Female
100bp = - = = [ T TR [ S = = = = E e

Ladder ¥ & T & k & &€ x ¥ & € kK © g & & ¥ & HoO

300bp

cd/ed
hid

200bp

BO0DP s

€y/ed
iid

400bp

400bp
- e» @ @G5 e== e e e e»

88PAN

200bp

Figure 28: CRISPy TAKO schematics and genotypes for Pitt3 and Pitt4. (A) Pitt3 gene symbol and structure. The
gRNAsS, PCR primers, RT-PCR primers, and probe binding site are shown as yellow, green, orange, and red arrows,
respectively. (B) Agarose gel electrophoresis of PCR amplicons of DNA from a random representative subset of Pitt3
TAKOs. Individual mouse numbers are presented above the gel. (C) Random representative subset of RT-PCR results
from Pitt3 hippocampal brain tissue showing abnormal RNA transcripts in TAKO mice compared to WT control.
(Top) RT-PCR of Pitt3 exon 1 using the F2/R2 primers demonstrating the absence of the WT amplicon in most mice,
although two animals (5304 and 5306) express a WT sized transcript at an apparently reduced level. (Middle) RT-
PCR amplicons using F3/R3 primers spanning downstream Pitt3 exons demonstrating abnormal RNA products in
Pitt3 mutant TAKOs compared to controls. (Bottom) RT-PCR of Myd88 used as an internal control. (D) Pitt4 gene
symbol and structure. The gRNAs, PCR primers, RT-PCR primers, and probe binding site are shown as yellow, green,
orange, and red arrows, respectively. (E) Agarose gel electrophoresis of PCR amplicons of DNA from a random
representative subset of Pitt4 TAKOs. Individual mouse numbers are presented above the gel. (F) Random
representative subset of RT-PCR results from Pitt4 hippocampal brain tissue showing abnormal RNA transcripts.
(Top) RT-PCR of Pitt4 exon 1 amplicons using the F2/R2 primers demonstrating that the mutations eliminate
expression of the WT transcript in 7 of 8 Pitt4 TAKOs analyzed. (Middle) RT-PCR amplicons of downstream Pitt4
exons amplified with the F3/R3 primers demonstrating expression of normal sized transcripts in TAKOs compared to

WT control. (Bottom) RT-PCR of Myd88 amplicons used as an internal control.

As noted for Pittl and Pitt2 cohorts, Pitt3 and Pitt4 males and females consistently
weighed significantly more than controls (Figure 29). Analysis of male Pitt3, Pitt4, and control
weight over time revealed a main effect of day [F (2.477, 104) = 412.1; p < 0.0001], a main effect
of genotype [F (2, 42) = 19.48; p < 0.0001], and day x genotype [F (12, 252) = 3.599; p < 0.0001].
Post-hoc analysis for both males and females, for all weeks, had a significant increase in weight

compared to control (g < 0.0001).
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Figure 29: Pitt3, Pitt4, and control mouse weights over time. (A) Males, (B) females. N = 15/sex/genotype. Values

represent Mean + SEM.

3.2.3.3.2 RNA Analysis

Hippocampal RNA was isolated from a subset of mutant mice and analyzed by RT-PCR
to validate that the DNA mutations surrounding the putative promoter and first exon of Pitt3 and
Pitt4 disrupted expression. Two RT-PCR primer sets were used for each genotype to characterize
the RNA transcript in TAKO versus control hippocampal RNA. F2/R2 RT-PCR primers were used
to examine RNA at the site of mutation, and F3/R3 RT-PCR primers were used to characterize
expression of the downstream exon containing the microarray probe-binding site (Figure 28A and
D, respectively).

Pitt3 — The top panel of Figure 28C demonstrates that the exon 1 region in the control
sample expressed both the expected 303 bp amplicon as well as an unexpected, slightly larger
amplicon. These transcripts were not transcribed in 75% of the Pitt3 TAKOs tested. Two of eight
mice (25%; 5304 and 5306) still expressed the slightly larger RNA transcript from exon 1, but at
an apparently reduced level. The middle panel highlights variability in expression between
animals. Some TAKO mice (5306 and 5307) expressed two downstream transcripts, some only
one transcript (5295, 5304, 5229, 5309, and 5339), and one had no downstream transcripts (5320).
This is likely due to variability in deletions of poorly characterized regulatory sequences

surrounding the mutation site. The bottom panel targeting Myd88 was used as an internal control.
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Pitt4 — The top panel of Figure 28F demonstrates that the targeted exon 1 region was not
transcribed in 75% of Pitt4 TAKOs tested. One sample, 5365, still expressed the control-sized
transcript, and one sample, 5409, expressed a slightly smaller RNA transcript. This ~10 — 20 nt
smaller RNA transcript likely reflects an internal mutation that was within the boundaries of the
RT-PCR primers. The middle panel revealed that all Pitt4 TAKO mice still produced the
downstream Pitt4 transcript, albeit at variable levels of expression. The bottom panel targeting

Myd88 was used as an internal control.

3.2.3.3.3 Drinking in the Dark (DID)

Mice were tested for binge-like drinking behavior using the DID ethanol consumption
paradigm. Cohorts were separated and analyzed based on sex. No significant difference was
observed between Pitt3, Pitt4, and control males (Figure 30A) or females (Figure 30B) for either
the 2-hour training day (data not shown) or the 4-hour experimental day. Consistently, there were
also no significant differences between Pitt3, Pitt4, and control male (Figure 30C) or female

(Figure 30D) BECs following the 4-hour experimental day.

120



Male DID Female DID
10— 10—
L]
L ]
— - — 8= ®
2 . . ; * o
9 Se 8 E ° °
[ ° c L] °
S ° G g .o ° o o
- T = I ot
‘: _EE f E Y — 540 °
5 ° 7 °ge _!_ oo
5 ad - o, H 5 4 ° . °
o o . ° °
E ® ® ° % °
= 2+ £ 2+ °
i ° fin)
0 T T T 0 T T T
Control Pitt3 Pitt4 Control Pitt3 Pitt4
Male BEC Female BEC
250 250
L]
200 °, o0 200 °
_ : b 000 s ° o
= — o
T 150+ ° oo, %I 150 e oo
® o o 8 ) ° ° °
E [ ~F £ °
o . § o . e
& 100 . @ 100 —T— §
o ° ° Se ° o g g
o0 ° :—*—r .' <]
L XY L] o
50 ] 50 H ° o
L L
L] ° ‘ e
0 T T T 0 T T T
Control Pitt3 Pitt4 Control Pitt3 Pitt4

Figure 30: Effect of Pitt3 and Pitt4 mutation on the DID assay. Total ethanol consumption of Pitt3, Pitt4, and
control male (A) and female (B) mice over a 4-hour experimental period (g/kg/4hr). Blood Ethanol Concentrations
(mg/dL; 5pL) from plasma collected from all male (C) and female (D) mice immediately following the removal of
ethanol-filled bottles. N = 15/sex/genotype. Values represent Mean + SEM.

3.2.3.3.4 Every-Other-Day Two-Bottle Choice (EOD-2BC) Drinking

Pitt3, Pitt4, and control mice were tested for ethanol drinking using an EOD-2BC ethanol
consumption assay. Because this set of TAKO animals did not present a significant difference in
total fluid intake following 15% v/v ethanol, the experimental paradigm was expanded to include

20% v/v ethanol. Analysis of male Pitt3, Pitt4, and control ethanol intake revealed a main effect

121



of day [F (15, 625) = 335.2; p < 0.0001], but no effect of genotype or day x genotype (Figure
31A). Analysis of male ethanol preference revealed a main effect of day [F (15, 624) = 39.54; p <
0.0001], but no effect of genotype or day x genotype (Figure 31C). Consistently, analysis of male
total fluid revealed a significant main effect of day [F (15, 624) = 19.39; p < 0.0001], but no effect
of genotype or day x genotype (Figure 31E).

Analysis of ethanol intake in Pitt3, Pitt4, and control females revealed significant main
effects of genotype [F (2, 42) = 3.302; p < 0.05], day [F (15, 630) = 248.6; p < 0.0001], and a day
x genotype [F (30, 630) = 2.201; p < 0.001] (Figure 31B). Post-hoc analysis revealed that on day
22, 26, and 32 (20% v/v ethanol) Pitt3 females consumed significantly less ethanol than controls
(g < 0.05). On days 22 — 32 Pitt4 females consumed significantly less than control females (q <
0.01,9<0.01,g9<0.01,g<0.001, g <0.01, and g < 0.01, respectively). Pitt3 females at both 15%
and 20% v/v ethanol consumed up to 10% less ethanol compared to control. Pitt4 females
consumed up to 12% less at 15% v/v and reached a reduction of up to 18.5% at 20% v/v ethanol.
Interestingly, both Pitt3 and Pitt4 females consumed ~50% more ethanol at 3% v/v (Figure 32B).
Analysis of female ethanol preference revealed a significant main effect of day [F (15, 630) =
19.28; p < 0.0001] and day x genotype [F (30, 630) = 1.596; p < 0.05], but no effect of genotype
(Figure 31D). Post-hoc analysis revealed a significant increase in ethanol preference compared to
control on day 2 for both Pitt3 and Pitt4 (q < 0.001). Both Pitt3 and Pitt4 females had a preference
ranging from 0 — 10% difference from control at 15% and 20% v/v ethanol, with ~35% increase
at 3% v/v (Figure 32D). Considering total fluid intake in females, there was a significant main
effect of day [F (15, 630) =43.97; p < 0.0001] and day x genotype [F (30, 630) = 1.542; p < 0.05],
but no effect of genotype (Figure 31F). Post-hoc analysis revealed that on day 4 Pitt3 females
consumed significantly less total fluid control females (g < 0.01) and on day 22 (20% v/v ethanol)
both Pitt3 and Pitt4 females consumed significantly less total fluid than control females (q < 0.01).
Both Pitt3 and Pitt4 females had reductions in total fluid intake by up to 19% in Pitt3 and 16% in
Pitt4 females at 20% v/v ethanol (Figure 32F).
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Figure 31: EOD-2BC drinking in Pitt3, Pitt4, and control mice. Left, males; right, females. (A and D) Ethanol
intake (g/kg/24 h), (B and E) ethanol preference, and (C and F) total fluid intake (g/kg/24 h) in Pitt3 mutant, Pitt2
mutant and control mice across time and concentration. N = 15/sex/genotype.Values represent Mean £ SEM. # or * q
< 0.05, ## or **q < 0.01, and ### or ***q < 0.001 between Pitt3 and control, and Pitt4 and control, respectively).
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3.2.3.3.5 Preference for Non-Ethanol Tastants

Since Pitt3 and Pitt4 females had altered EOD-2BC ethanol consumption when compared
to controls, females were subject to both sweet (i.e., saccharin) and bitter (i.e., quinine) tastant
preference analysis. No differences were observed between genotypes for saccharin preference
(Figure 33A). For quinine preference, there was a significant main effect of day [F (3, 126) =
3.444; p < 0.05], but no main effect of genotype or day x genotype (Figure 33B).

A Saccharin B Quinine
1.00 - 1.00 5
) 0.03mM ) 0.06mM
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@ @
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Figure 33: Pitt3, Pitt4, and control female mouse preference for non-ethanol tastants. 2BC paradigm at two
different concentrations. (A) Saccharin tastant; first two days were presented at 0.03% w/v and the second two day
were presented at 0.06% w/v. (B) Quinine tastant; the first two days were presented at 0.03mM w/v and the second

two days were presented at 0.06mM w/v. N = 15/sex/genotype. Values represent Mean + SEM.

3.2.4 Discussion

Identification of phenotypically relevant ethanol-responsive regulatory genes that control
brain transcriptional networks offer valuable insight into the chronic effects of ethanol exposure
and AUD. Microarray analysis of hippocampal RNA from male mice intermittently exposed to
CIEV was used to discern ceRNA expression networks that included four prominent RNA
subtypes: InNcRNA, mRNA, miRNA, and circRNA (Figure 19). The top four ethanol-responsive
hub IncRNAs were identified and selected for functional interrogation. These novel IncCRNAs,
named Pittl — Pitt4, interact and compete with a myriad of transcripts to modulate specific ceRNA

networks. We hypothesized that directly altering the expression of these IncRNAs would change
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downstream biological processes and change ethanol-related drinking behavior. Cohorts of Pittl
— Pitt4 gene KO mice were created using the CRISPy TAKO method (see: Chapter 3.1) and
subsequently screened for changes in ethanol drinking using the DID and EOD-2BC drinking
assays. We observed female-specific reductions in ethanol consumption ranging from 10 — 20%
in the EOD-2BC paradigm compared to control in three of the tested Pitt mutant lines; Pittl, Pitt3,
and Pitt4. Some of the observed changes were associated with reductions in total fluid
consumption but they were not influenced by a change in taste perception. No changes in binge-
like drinking in the DID paradigm were observed in either the male or female mutants for any Pitt
TAKO genotype (Table 7).

The CRISPy TAKO approach was utilized to rapidly generate a cohort of mutant animals
in asingle generation (see: Chapter 3.1). This offers a quick approach to functionally screen novel
INcRNASs of interest so the genes can be quickly tested for the ability to alter behavior, saving both
time and resources. This is important when screening large numbers of genes with unknown
function for ethanol-related behaviors and avoids the bottleneck of standard forward-genetic
approaches. Electroporating embryos with 4 — 6 gRNAs targeting a > 1 kb region led to unique
mutations from the various combinations of gRNAs in each animal produced. Those harboring
desirable large mutations in their DNA were selected for behavioral experimentation, producing a
cohort of uniquely mutated mice in one generation, all hypothesized to interfere with gene

function.

Table 7: Summary table of Pittl — Pitt4 male and female behavioral results. Words in red represent unchanged

behaviors, words in green represent changed behaviors.

: M M M M F F F F
Behavior | piy Pitt2 | Pitt3 Pitt4 Pittl | Pitt2 Pitt3 Pitt4
DID and

No No No No No No No No
BEC

Yes Yes Yes Yes

Etha{lo' No No No No (-20%- | (-10%- | (-18%- | (-19%-
Intake 6%) 26%) 49%) 48%)
Yes Yes Yes Yes

Etfhanol (-6%- | (-28%- | No No No No (-10%- | (-10%-
Preference | * go5) 6%) 33%) 33%)
Yes Yes Yes Yes

Total Fluid No No No No (-21% - | (-18% - (-19%- | (-16% -
6%) 6%) 11%) 6%)
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3.2.4.1 RNA Analysis

Hippocampal RNA was analyzed by RT-PCR to confirm that mutation of the putative
promoter and first exon of each INcRNA gene disrupted gene expression from each targeted locus.
Using primers that bind to the putative first exon (Pittl and Pitt3) or exon 1 and exon 2 (Pitt4) we
established that the CRISPy TAKO mutagenesis approach successfully disrupted gene expression
of the targeted loci. Nearly all animals failed to amplify with these primer sets. It should be noted
that Pitt4 5365 was the only mouse to express transcripts that appeared like WT, but likely at a
reduced level of expression (Figure 28F; top panel). The other Pitt4 mouse, 5409, expressed a
slightly smaller transcript than WT, suggesting that an internal mutation within the boundaries of
the RT-PCR primers may have been retained, or an alternate splice variant was expressed.

Each hippocampal RNA sample was also analyzed with RT-PCR using primers targeting
the probe-binding exon used for the initial microarray analyses that identified these INCRNAs,
downstream from the mutation site. This was conducted to determine if the full transcript had been
knocked out, or if downstream sequences were still transcribed following mutagenesis of the
putative promoter and first exonic region. Regions downstream of the Pittl, Pitt3, and Pitt4
mutations were expressed in the majority of animals. Surprisingly, the Pittl downstream amplicon
was not detectable in control samples but was consistently expressed in all Pittl TAKO mice
(Figure 22C; middle panel). These results are likely due to mutation of the putative promoter
activating a normally silent promoter, or by altering downstream splicing events. Pitt3 RT-PCR
results revealed variable downstream RNA products; of the eight TAKOs used for RT-PCR, two
TAKOs express two downstream transcripts (5306 and 5307), five TAKOs express only a single
downstream transcript (5295, 5304, 5229, 5309, and 5339), and one TAKO does not express either
downstream transcript (5320). Interestingly, none of the Pitt3 TAKOs had similar RT-PCR results
compared to WT (Figure 28C; middle panel). As detailed previously, CRISPy TAKO mutants
harbor variable mutations (see: Chapter 3.1) and at some loci such as Pitt3, this can lead to
expression of novel transcripts from the targeted locus. This could be the result of the mutations
impacting the 5’ splice site(s), or mutating splicer enhancer/repressor binding sites and therefore
shifting splicing dynamics’-732, Analysis of downstream sequences in Pitt4 mutants revealed that
the downstream cDNA amplicon was readily detected in control and all TAKOs analyzed (Figure
28F; middle panel). The most parsimonious explanation for these results is that an alternate

promoter is present that is driving this downstream transcript’33-725,
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Unexpectedly, following extensive experimentation, the Pitt2 transcript at the mutation site
and probe-binding site were unable to be reliably amplified from either control or Pitt2 TAKO
cDNA. This could have occurred due to Pitt2 RNA being expressed at very low levels, or the Pitt2
gene structure could have been inaccurately annotated. These results highlight an important
limitation of working with previously unstudied genes including the majority of IncRNAs. Current
gene structure annotations may not accurately predict function and unexpected changes in gene
expression may be observed when putative regulatory sequences are deleted form the genome.

The RT-PCR data provided a representative look into the potential transcriptome
differences between the TAKO mice within a genotype, such as the three different variants of the
downstream Pitt3 amplicon(s). Whereas all Pittl TAKOs tested produced identical amplicons for
both the mutation site and downstream probe-binding region, it is possible that the Pitt3 TAKO
mice could be further divided into sub-genotypes based on their retained RNA transcripts and their
expression levels. The observed Pitt3 phenotype could be dampened by the variability of
transcripts expressed in each TAKO. Variation in behaviors within a mutant line could be the result
of small versus large mutations, novel transcripts being produced, altered expression levels of
unmutated transcripts, altered or ablated IncRNA functionality, ethanol-responsive versus ethanol-
unresponsive variations, or a combination of such molecular events. However, the spread of data
points from all genotypes were similar to control and each other; they were well clustered together,
suggesting that independent sub-genotypes did not differ in behavior significantly from each other.
To discern these intricacies however, Sanger Sequencing, subcloning, and rigorous molecular

testing and statistical analysis of the individual animals would be required.

3.2.4.2 Behavioral Results

Pittl — Pitt4 female TAKO mice all demonstrated at least a 10% difference from control
in ethanol drinking behavior when tested with the EOD-2BC paradigm (Table 7). This includes
~20% decrease in ethanol consumption in Pittl females at 15% v/v ethanol and in Pitt4 females at
20% v/v ethanol. However, the associated reduction in total fluid intake at their respective
concentrations could suggest an alternate reason for the ethanol consumption reduction beyond
genotype and sex alone, such as a reduction in all fluid intake irrespective of content. Large
changes in ethanol consumption and/or preference were also observed between mutant lines and

controls during the initial ethanol ramping stage (Figures 25 and 31, respectively). Pitt2, Pitt3,
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and Pitt4 female mutants all showed increased ethanol consumption ranging from ~25 — 50% on
ramping days with 3% and 6% v/v ethanol (Figures 26 and 32, respectively). While these results
at lower ethanol concentrations are intriguing, our primary focus was the impact on the higher-
level concentrations of 15% and 20% v/v ethanol. All four of the INCRNAs targeted are capable of
modulating ethanol drinking behavior, with Pittl, Pitt3, and Pitt4 influencing ethanol consumption
in a sex-specific manner.

While differences in ethanol intake were readily apparent throughout the EOD-2BC
paradigm in all mutant lines, no differences were observed in DID ethanol consumption or the
BECs of the animals immediately following DID (Table 7). This could be due to the obvious
differences between the short-term binge-like paradigm and the long-term escalation-of-drinking
paradigm and suggestive of specific behavioral patterns being altered by mutation of these
IncRNAs that only present in one manner of ethanol consumption. The impacted ceRNA networks
may function alternatively from control dependent on the paradigm employed, leading to the

deviation in drinking behavior over time.

3.2.4.3 Sexual Dimorphism

Our data supports the identification and partial characterization of four novel ethanol-
responsive INCRNAs that can alter ethanol drinking behavior, specifically in females. Sexually
dimorphic behavioral responses to ethanol have been previously reported in the literature for
alcohol®29894.736-739 | ncRNA genes have shown sex-specific expression in reward pathways, cell
signaling, structural plasticity, complex decision making, and behaviors®°1-°03, Sexually dimorphic
biology is present in many stages of drug addiction, including acute reinforcement, the transition
to compulsive drug use, withdrawal-associated states of negative affect, craving, and relapse®.
Further, there are known differences in neural systems related to addiction and reward behavior
such as epigenetic organization, expression, and contingency that are sex-dependent®!. This
suggest that IncRNAs may be important in sexually dimorphic biology and behaviors associated
with substance misuse.

The female-specific behavioral changes observed in ethanol drinking were somewhat
unexpected as the ethanol-regulated INcRNAs studied were identified from microarray data that
originated from a male-only cohort. Male samples were used because of tissue availability

(hippocampal tissue originated from the sires described in Rathod et al., 20207'%). The sex

129



differences observed are likely either qualitative and/or based on underlying differences in
mechanism(s) of action®%. For example, there may be differences between the sexes in baseline or
ethanol-induced expression levels of Pittl — Pitt4 IncRNAs. To investigate possible expression
differences, analogous female tissue would need to be collected, analyzed, and compared to the
male microarray data. This would shed light on not only potential differences in Pittl — Pitt4
expression between sexes and insight into the observed behavior presented, but also would allow

for the identification of sex-independent and additional sex-specific genes.

3.2.4.4 LncRNAs and Conclusions

A handful of literature has already begun to study IncRNAs in relation to the neurobiology
of AUD314401473-476 The hiological functions of these novel ethanol-linked IncRNAs have been
associated with altered gene networks and RNA co-expression3!4, alternative splicing*®t, and
neural function*’>. The IncRNA BDNF-antisense has previously been described as a regulator of
epigenetic events in the amygdala of humans with AUD*3. Additionally, the IncRNA named long
non-coding RNA for alcohol preference was identified as a hub gene whose mutation increased
alcohol consumption and preference in Wister rats compared to controls#’®. While the field is
growing, there are still over 125,000 IncRNA transcripts*48-452 that remain uncharacterized for their
relevance to AUD and other human disorders but hold the potential to regulate multiple cellular
mechanisms and behaviors.

Mutating these novel uncharacterized Pittl — Pitt4 IncRNA genes may impact a number of
molecular functions, such as subcellular localization, sequestration, scaffolding, and epigenetic
regulation of gene expression#13:415427,604,702_ Qur study was specifically designed to test genes with
no known molecular or behavioral functions related to models for AUD. We conducted these
studies with the hypothesis that several, if not all, of the top-ranked genes would have the ability
to alter ethanol drinking and provide an ideal candidate gene for more in-depth molecular
characterization. By removing a large exonic region of these genes, many different mechanisms
of action could have been altered that manifest as a change in ethanol drinking behavior. Future
studies should delve into further ethanol-related behaviors and the mechanism(s) of action of these
ethanol-responsive INCRNAS.

Here, we demonstrated that mutating and screening top-ranked ethanol-responsive hub

IncRNA genes from chronic ethanol exposed mouse hippocampus led to altered ethanol drinking
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behavior in all of the generated TAKO cohorts. Among the mutant lines tested, Pitt4 appears to be
the ideal target to generate a true breeding line for further studies. This would permit studying
additional ethanol-related behaviors as well as an in-depth molecular analysis to discern the
potential function(s) and mechanism of action(s) for this novel INcRNA. The data presented here
add to the growing body of literature supporting the hypothesis that expression of specific

InNcRNAs is important for mediating addiction -related behaviors relevant to human
health467’614'703’707.
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4.0 AIM 3: VIRAL-MEDIATED Gas5 mPFC KNOCKDOWN IMPACT ON ETHANOL-
DRINKING AND RELATED PHENOTYPES

4.1 INTRODUCTION

Chronic alcohol use strongly impacts the immune system?4%-743, Neuroimmune responses
specifically have been suggested as critical targets of alcohol, causing dysregulation of the
System350.686.718,744745 - Genetic and behavioral evidence suggest a neuroimmune hypothesis of
alcohol addiction, positing that heavy alcohol consumption activates neuroimmune signaling and
drives misuse52"18,

Alcohol misuse impacts brain gene expression and regulation3%:41L.746.747- however, it is
not well understood how such molecular changes underlie alcohol addiction. Chronic ethanol
exposure directly alters gene expression and the molecular pathways that regulate
neuroinflammation, which can lead to dysregulation of cellular homeostasis and prolonged
impacts on brain function’'®. Transcriptome dysregulation is a suggested biological mechanism in
the transition to addiction, and persistent transcriptional changes may contribute to Alcohol Use
Disorder (AUD) progression and higher chances of relapse3®.

The noncoding RNA (ncRNA) transcriptome is a diverse class of epigenetic regulatory
molecules linked to normal development and physiology#'3415604702 55 well as to disease
states396:459,461,464,473,617,703,746 \While only ~2% of the human genome encodes protein, ~75-85% of
the remaining genome actively transcribes ncRNA74874°_ | ong noncoding RNAs (IncRNAs) are
an abundant ncRNA subclass > 200 nts that do not encode protein*427, LncRNA expression is
developmentally regulated, can show tissue- and cell-type specific expression, and is involved in
numerous cellular pathways critical to normal function, as well as the pathophysiology of
diseasg?!1427.462:470473,609 | ncRNAS are quickly gaining attention, but the majority are still in the
process of being fully characterized for their biological activity and roles in gene
regulation4t1427.462,

LncRNA Growth arrest-specific 5 (Gasb) is heavily linked to the pathogenesis of human
diseasg393466.471,707.750-753 ' Gas5 has been shown to regulate gene expression, act as both a miRNA

sponge’>* 756 and ceRNA regulator of immune signaling*%, and is conserved between humans and
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mice’. Gas5 was also found consistently differentially expressed in autoimmune and
inflammatory disorders”87%°, Highlighting Gas5’s role in addiction, viral-mediated dysregulation
of Gas5 in neurons of the murine nucleus accumbens regulated cocaine-related behavior and
transcriptome dysregulation in response to cocaine’’. Gas5 was also upregulated in the amygdala
of individuals who suffered from AUD3%, Lastly, RNA-sequencing (RNA-Seq) from the murine
medial prefrontal cortex (mPFC) following Chronic Intermittent Ethanol Vapor (CIEV) exposure
showed persistent and extended downregulation of Gas5 expression during withdrawal, indicating
a lasting in vivo response of Gas5 to ethanol within the mPFC7%2,

Gasb is a IncRNA that can bind within the neuroimmune-linked glucocorticoid receptor
(GR) DNA-binding domain to act as a repressive decoy, inhibiting GR function and regulating GR
signaling®®. Such impacted GR activity includes transcriptional activation of anti-inflammatory,
immunosuppressive, and regulatory proteins33-38, Studies emphasize the importance of GR
signaling in ethanol-drinking and addictive behaviors®®-3%2 and GR signaling has been strongly
linked to AUD?386-391,

Here, | investigate the role of Gas5 expression on ethanol drinking and ethanol-related
behaviors. A CRISPR/Cas9 viral-mediated delivery approach was used to enable brain-region and
cell-type specific Gas5 gene perturbation in adulthood, substantially reducing the possibility of
developmental and genetic compensation associated with embryonic gene mutation’6761, The
mPFC was targeted’?, allowing for brain region-specific study of Gas5 impact(s) on ethanol
drinking behavior. Stereotaxic injection of neuron-targeting AAV1/2 virus®! expressing two
SgRNAs targeting the experimentally-verified Gas5 promoter in the mPFC of adult, ethanol-naive
Cas9-expressing knockin mice (C57BL/6J background)®® was used to knockdown (KD) Gas5
expression. A battery of behavioral experiments was conducted that revealed a female-specific

reduction in ethanol preference following mPFC KD of Gas5.
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4.2 MATERIALS AND METHODS

4.2.1 Animals

All experiments were approved by the Institutional Animal Care and Use Committee of
the University of Pittsburgh and conducted in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. Homozygous Rosa26-Cas9-expressing
knockin male and female mice (Stock No: 026179; C57BL/6J background; Cas9 KI)%8 were
procured from The Jackson Laboratory (Bar Harbor, ME) and bred in-house. Mice were housed
under 12-hour reverse light/dark cycles, with lights off at 10 AM and had ad libitum access to food
(irradiated 5P76 ProLab IsoProRMH3000; LabDiet, St. Louis, MO) and water. Mice were single-

housed throughout behavioral experimentation.

4.2.2 Guide RNA Design

Guide RNAs (gRNAs) were generated using a commercially available two-piece system
termed ALT-R™ CRISPR/Cas9 Genome Editing System (IDT DNA). This system combines a
custom CRISPR RNA (crRNA) for genomic specificity with an invariant trans-activating crRNA
(tracrRNA) to produce gRNAs>®. The experimentally-verified Gas5 promoter (Figure 34A and
B) was identified from EPDnewNC mouse (Eukaryotic Promoter Database new Non-
Coding)’276% and selected as the target gRNA binding region. Bacterial LacZ gRNA%8! was used
as a control in vitro. CRISPOR"%* was used to identify specific gRNA sequences predicted to have
high on-target and minimal off-target activity’®27%3, Each crRNA was annealed separately with

tracrRNA in a 1:2 molar ratio then combined into a single solution for each gene target.
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Table 8: gRNA target sites and PCR primer sequences for Chapter 4. All sequences are written in a 5” to 3’

orientation. Note: underlined sequence in the Gas5 gRNA target site is the protospacer adjacent motif.

Name Sequence
Gas5 gRNAL GCGGCTGAGTCGAGTATATA AGG
Gas5 gRNA2 GAATGCCGCACAGCTCCGAA AGG
LacZ gRNA1 TGTTCGCATTATCCGAACCAT
Gasb PCR Primer F1 CGGAAGGAAATCAGTCACCCTC
Gas5 PCR Primer R1 ACGCATGCTGAGTCGTCTTT

Gas5 RT-gPCR Primer F1 GGATAACAGAGCGAGCGCAAT

Gas5 RT-gPCR Primer R1 CCAGCCAAATGAACAAGCATG

S-Actin RT-gPCR Primer F1 | GACCTCTATGCCAACACAGT

S-Actin RT-qPCR Primer R1 | AGTACTTGCGCTCAGGAGGA

4.2.3 Primary Astrocyte Culture Isolation

Primary astrocytes were collected from brain of postnatal day (PD) 0 — 3 Cas9 KI mice.
Following euthanasia and decapitation, the head was placed in a petri dish containing Hanks
Buffered Saline Solution (HBSS; Gibco, #14025092) and 1% penicillin/streptomycin (P/S; Gibco,
#15140122). Each brain was removed from the skull and placed in a clean dish of HBSS + 1%
P/S. Individual brains were minced with a razor blade then placed into a 15mL conical tubes
containing 3mL of 0.25% Trypsin-EDTA (Gibco, #25200056) and dissociated by pipetting up and
down repeatedly. Tubes were placed in a 37°C incubator (containing 5% COg2; Binder Inc.
Bohemia, NY) for 15 minutes, inverted multiple times, and placed back in the incubator for 15
minutes. Upon removal from the incubator, 200uL of DNase | [Sigma, #10104159001; 5mg/mL
in Dulbecco’s Modified Eagle Media (DMEM; Gibco, #11965092)] followed by 3mL of complete
media (DMEM + 10% heat inactivated fetal bovine serum (Gibco, #16000044) + 1% P/S) were
added to each tube, and a homogenous mixture was ensured by pipetting up and down repeatedly

with a 5SmL serological pipette. Tubes were centrifuged at 1500 RPM for 5 minutes and the
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supernatant discarded. The pellet was resuspended in 3mL of complete media and added to a poly-
L-lysine (PLL; MP Biomedicals, #26124-78-7)-coated T75 flask containing 12mL of complete
media. Flasks were placed back in the incubator for 14 days, with 15mL of complete media being
replaced on the seventh day.

To isolate primary astrocytes from the mixed glial cultures, microglia were detached by
shaking flasks on an orbital shaker for 2 hours at 200 RPM within a 37°C incubator. The
supernatant was discarded and 10mL of 0.25% Trypsin-EDTA was added to each flask. Once all
astrocytes had detached from the bottom of the flask, 10mL of complete media was added, the
bottom of the flask rinsed, and the entire mixture added to a 50mL conical tube. The tube was
centrifuged at 1500 RPM for 5 minutes, supernatant discarded, and pellet resuspended in 10mL of
complete media. Approximately 3 x 10° astrocytes were plated into individual wells of a PLL-

coated 12-well plate and used for gRNA validation.

4.2.4 In Vitro Transfection of Gas5 Promoter-Targeting gRNAS

Primary astrocytes were transfected in triplicate for each construct tested 48 hours post-
cell seeding (Table 8; two Gas5 gRNAs or LacZ control gRNAS%8L), Lipofectamine™ 2000
Transfection Reagent (Invitrogen, #11668019) was utilized according to manufacturer’s
instructions. Briefly, 0.8ug total gRNA was transfected per well of a 12-well plate. The plate was

returned to a 37°C incubator for 48 hours before either DNA or RNA isolation.

4.2.5 DNA Isolation and Mutation Detection

Culture media was aspirated 48 hours post-transfection. Cells were washed with 1mL 37°C
0.9% phosphate-buffered saline (PBS; Gibco, #10010023), PBS aspirated, then trypsinized with
500uL Trypsin-EDTA for 15 minutes at 37°C. Fresh media was then added to the wells (1mL) and
the cells were disassociated to a single-cell suspension by pipetting up and down with a p200
pipette tip. DNA was extracted with 200uL QuickExtract™ DNA Extraction Solution (Lucigen,
#QE09050) per well. PCR was conducted on each DNA sample using the Gas5 F1/F1 primers
(Table 8) under the following settings: 95°C for 5 minutes (1x); 95°C for 30 seconds, 60°C for 30
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seconds, 72°C for 1 minute (40x); 72°C for 10 minutes (1x), then Sanger Sequenced (Genewiz,
South Plainfield, NJ). DNA chromatograms of the Gas5 promoter from Gas5-gRNA transfected
astrocytes were compared to DNA chromatograms from control LacZ-gRNA transfected
astrocytes (Figure 34C).

4.2.6 RNA Precipitation

In vitro: Culture media was aspirated 48 hours post-transfection, cells were washed with
1mL 37°C PBS, then the cells were lysed with 250uL TRIzol (Invitrogen, #15596018). RNA was
isolated using Direct-zol RNA Microprep kit (Zymo, #R2060) according to manufacturer’s
protocol.

In vivo: mPFC brain tissue microdissections from AAV-injected mice were used for RNA
analysis. All mice had been injected a minimum of 3 weeks prior to RNA isolation. The Xite
Florescence Flashlight System (Xite-GR; NIGHTSEA) was used to visualize mCherry-
fluorescence (i.e., AAV-expressing regions) and carefully dissected. Total RNA was isolated using
TRIzol according to the manufacturer’s protocol. RN A was subsequently purified with a TURBO
DNA-free™ Kit (Invitrogen, AM1907).

4.2.7 cDNA Synthesis

Total RNA was analyzed for purity and concentration using a Nanodrop
Spectrophotometer (Thermo Scientific). 1ug of purified RNA per sample was converted into
cDNA using Superscript™ 11 First-Strand Synthesis System (Invitrogen, #18080051) with
random hexamer primers. RT-PCR primers were used that span downstream Exons for Gas5">3
(Table 8) to demonstrate RNA KD. A reaction that lacked reverse transcriptase was used as a

negative control for each sample tested.
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4.2.8 Reverse Transcription quantitative PCR (RT-gPCR)

Reactions were carried out in technical triplicate for each gene tested. f-Actin was used as
an internal control for Gas5. All primers were optimized for 90% to 110% efficiency at the
following conditions: 3 minutes at 95°C (initial denaturation) followed by 40 cycles of 15 seconds
at 95°C (denaturation), 30 seconds at 60°C (annealing), and 30 seconds at 72°C (extension), then
followed lastly from 55 — 95°C in 0.5°C increments every 30 seconds. Primer sequences for Gasb
and fS-Actin are shown in Table 8. RT-gPCR primers bind specifically to Gas5 transcript 3 and
span 4 exons (exon 4 to exon 7; Figure 34A). Gasb transcript 3 and 5 are predicted to be under
the control of the EPDnewNC Gas5 promoter; Gas5 transcript 1, 2, and 4 have transcription start
sites upstream of the EPDnewNC Gas5 promoter (Figure 34A and B). Due to size constraints and
shared exons between Gasb5 transcripts 1, 2, 4, and 5, Gas5 transcript 3 was targeted as the measure
for Gas5 KD. SYBR green fluorescent master mix (Bio-Rad, #1708882) was added to each well
and visualized using a Bio-Rad iCycler. Threshold cycle (Ct) values were calculated for each well
and triplicate values averaged. The difference between Gas5 and -Actin (ACt) was calculated for
each animal and normalized to the average of control Gas5 expression (AACt). Fold change over
controls was calculated for each animal using the following formula: 2742¢t, In vitron = 3 — 4
biological replicates were used with n = 2 independent transfection experiments, and in vivo n = 3

— 8/sex/genotype biological replicates were used.

4.2.9 AAV1/2 DNA Vectors and Production

VectorBuilder (Chicago, IL) was utilized to design custom, ultra-purified AAV vectors and
viruses. The AAV vectors used for stereotaxic injection into the mouse mPFC were cloned
between the AAV?2 serotype genome and packaged into the AAV1 capsid (i.e., AAV1/2; Figure
35A). Two AAYV vectors were designed, one Gas5 and one Scrambled control (both contain two
independent sgRNA sequences). The experimental AAV vector contains two Gas5 promoter-
targeting gRNAs and is fluorescently tagged with mCherry; Gas5-sgRNA1-Gas5-sgRNA2-
mCherry (AAV-Gasb). The sgRNAs were cloned between AAV2 ITRs and were under the control
of the ubiquitous U6 promoter for noncoding sgRNA transcription. mCherry was under control of

a CMV promoter. The Scrambled control AAV vector was identical, except with scrambled gRNA
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sequences that have no predictive binding site within the mouse genome; scrambled-sgRNA1-
scrambled-sgRNA2-mCherry (AAV-Scrambled).

4.2.10 Stereotaxic Injection of AAV1/2

Cas9 KI mice (6 — 7-weeks of age) were anesthetized with isoflurane (Covetrus,
#11695067772). The head was shaved using an electric razor (Oster Professional) and then
immobilized using ear and tooth bars to a Stoelting stereotaxic apparatus. Normal body
temperature was maintained throughout surgery by placing the mouse on a heating pad. The head
was disinfected with betadine (Fisher Scientific, #19-066452) and ophthalmic ointment (Covetrus,
#08897) was placed over the eyes. A 2 — 3cm cut was made on the anterior-posterior (A/P) plane
to visualize the skull, the skull was aligned on all planes, and bregma was located. Bilateral holes
were drilled into the skull at 1.7mm anterior and 0.3mm lateral to Bregma. Using a 33G cannula
(Bilaney Consultants) attached to a Hamilton syringe (Hamilton Company; 1 ulL), the needle was
injected -2.2mm ventral to Bregma. AAV1/2 (0.05uL; 4.31 x 102 genome copies/mL; 2.155 x
10 genome copies/hemisphere) was injected bilaterally into the prelimbic cortex (PrL) of mPFC
at a rate of 0.1uL/minute. The cannula remained in place for 5 minutes before and after injection.
Following injection, the incision site was sutured, treated with triple antibiotic ointment (Fisher
Scientific, #NC9074123), and the mouse was given a subcutaneous injection of 5mg/kg ketoprofen
(Zoetis Inc.). Animals were placed in a pre-warmed cage and monitored until they achieved
ambulatory recovery. Mice were administered 5mg/kg ketoprofen 24 hours post-surgery and
monitored daily for one-week post-surgery. Mice that lost >20% body weight or were in clear
distress were appropriately removed from the final cohort. Three independent cohorts were
generated sequentially: male behavioral cohort (n = 11 — 14), female behavioral cohort (n = 13 —
14), and mPFC Gas5 quantification cohort (n = 12 — 16).

4.2.11 Drinking in the Dark (DID)

Mice were given access to ethanol (20% v/v) two hours into the dark-cycle for two days.
The first day was the training session and lasted for 2 hours. The second day was the experimental
session and lasted for 4 hours. The amount of ethanol consumed by each mouse was recorded.
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Empty cages with sipper bottles only were used to control for leakage, and leakage amount was
subtracted from amount consumed by the mice. Following the experimental session, blood samples
were collected via tail vein puncture and the plasma isolated. An Analox analyzer (Analox
Instruments, United Kingdom) was used to measure the blood ethanol concentrations (BECs)

within plasma (5uL) from each mouse.

4.2.12 Every-Other-Day Two-Bottle Choice (EOD-2BC) Drinking

Mice were given access to ethanol and water for 24-hour sessions every-other-day. Ethanol
concentration (v/v) ramped from 3%, 6%, 9%, 12% until 15% was reached and maintained 6 days,
followed by 20% for 12 days. Water alone was offered on off days. Purchased drinking bottles
were 15mL with 3.5-inch sipper tubes (Amuza, San Diego). The side placement of the ethanol
bottles was switched with each drinking session to avoid side preference. Ethanol solutions were
prepared fresh daily. Bottles were weighed before placement and after removal from the
experimental cages. Empty cages with sipper bottles only were used to control for leakage, and
leakage amount was subtracted from amount consumed by the mice. The quantity of ethanol
consumed, and total fluid intake was calculated as g/kg body weight per 24 hours. Preference was
calculated as amount ethanol consumed divided by total fluid consumed per 24 hours. Ethanol

solutions were prepared fresh daily.

4.2.13 Preference for Non-Ethanol Tastants

Mice were tested for saccharin (sweet tastant; Sigma-Aldrich, #240931) and quinine (bitter
tastant; Sigma-Aldrich, #145912) and preference using a 24-hour Two-Bottle Choice (2BC)
paradigm. One sipper bottle contained the tastant solution and the other contained water. Mice
were offered two concentrations of saccharin (0.02% and 0.06%) and quinine (0.03mM and
0.09mM). For each tastant, the lower concentration was presented first followed by the higher
concentration. Each concentration was presented for two days with at least 7 days of water-only
washout between tastants. Empty cages with sipper bottles only were used to control for leakage,
and leakage amount was subtracted from amount consumed by the mice. Solutions were prepared

fresh daily.
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4.2.14 Elevated Plus Maze (EPM)

The EPM paradigm was employed to measure basal anxiety-like behavior. Mice were taken
to the testing room 30 minutes before experiment initiation to acclimate to the room and were
tested between 12:00 PM and 4:00 PM under ambient room light. Each mouse was placed on the
central platform of the maze facing an open arm and allowed to freely explore for 5 minutes while
being video recorded. The following measurements were calculated manually for each mouse by
two independent and blinded researchers: number of open arm entries, time spent in open arms
(seconds), and number of fecal boli. The number of closed arm entries and the total time spent in
the closed arms were not included. The subject was considered to be on the central platform or any

arm when all four paws were within its perimeter.

4.2.15 Acute Functional Tolerance (AFT)

Within-session tolerance to ethanol was determined using an AFT assay. Mice were trained
on an unmoving dowel (Ugo Basile, Gemonio, Province of Varese, Italy) for one minute then
given an i.p. injection of 1.75g/kg ethanol (0.02mL/g injection volume) and immediately placed
on the dowel again. The time until loss of function (falling off the dowel) and the time until the
regaining of function was recorded (remain on the dowel for 30 seconds). Blood samples were
taken via tail nick after initial recovery, followed by a second larger i.p. injection of 2.0g/kg
ethanol. The time of the second dose and time until the second recovery were recorded. Blood
samples were again taken via tail nick after the second recovery. The BECs were measured as
detailed above. AFT was defined as BEC2 - BEC1, and the AFT Rate was defined as BEC2 -
BEC1/ Recovery Time 2 - Recovery Time 1.

4.2.16 Loss of Righting Response (LORR)

Sensitivity to the sedative/hypnotic effects of ethanol (3.5g/kg; i.p.) was determined using
a LORR assay. When mice became ataxic following ethanol injection, they were placed in the

supine position in V-shaped plastic troughs until they were able to right themselves three times
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within 30 seconds. LORR latency is the time it takes for the mice to become ataxic following the
ethanol injection. LORR was defined as the time from being placed in the supine position until

they regained their righting response. Normothermia was maintained with a heat lamp.

4.2.17 Ethanol Clearance

The rate of ethanol clearance was measured by determining the BECs in serial blood
collections following a sedative/hypnotic dose of ethanol (3.5g/kg; i.p.). Blood was collected via
tail vein puncture at 30, 60, 120, 180, and 240-minutes post-injection. BECs were measured as

detailed above. Normothermia was maintained with a heat lamp.

4.2.18 Histological Analysis

Following behavioral experimentation, mice were anesthetized by i.p. injection of
ketamine (Covetrus, #010177; 100 mg/kg) and xylazine (Covetrus, #033197; 100 mg/kg). Once
anesthetized, the mice were immobilized and transcardially perfused with PBS followed by 4%
paraformaldehyde (PFA; Sigma-Aldrich, #158127). Brains were harvested and post-fixed in 4%
PFA for 18 — 24 hours at 4°C. After post-fixation brains were equilibrated in 30% sucrose (Fisher
Scientific, #BP220212) for 2 days at 4°C. Brains were then cut into 40pm thick coronal sections
on a cryostat (Leica Biosystems, Germany) and mounted on plus-coated slides (Fisher Scientific,
#12-550-15). For each mouse used for behavioral experimentation, 20 — 30 40um sections were
analyzed. Sections were analyzed for injection site location using an epifluorescent microscope
(Nikon Eclipse Ni). Fluorescent imaging was taken at 4x/0.20 using the Nikon DS-Qi2 camera
(Nikon, Japan). Mice with improperly placed injections (e.g., too posterior, angled cannula; Figure
35D, bottom) were removed from all behavioral data. A proper injection was defined as +1.7mm

A/P £ 0.2mm to Bregma.
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4.2.19 Statistical Analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software, Inc., La
Jolla, CA). Unpaired t-tests were used for DID, BEC, EPM, AFT, and LORR. If a significant
difference in variance was found, then the Mann-Whitney test was applied. Two-way ANOVA
with multiple comparisons and repeated measures was used for EOD-2BC, non-ethanol tastants,
and ethanol clearance assays. Significant main effects were subsequently analyzed with Benjamini,
Krieger, and Yekutieli two-stage linear step up procedure post-hoc analysis®’®. Technical failures
and outliers were appropriately removed from analysis (Grubbs outlier test’%%). Male and female
behavioral cohorts were generated sequentially, so each sex was analyzed separately. Statistical

significance was defined as p < 0.05 and q < 0.05. All data are presented as mean £ S.E.M.

4.3 RESULTS

4.3.1 In Vitro RNA Analysis

Genome database analysis for the Gasb gene displays five different transcript products that
can be expressed from the Gas5 gene (GRCm38/mm10; Figure 34A). Gas5 exon 1la, 1b, 1c, 1d,
and le are shown as blue boxes (Figure 34B). Two gRNAs (Figure 34B; yellow arrows) were
designed to bind within the experimentally-validated Gas5 promoter (Figure 34B; green boxes),
identified from the Eukaryotic Promoter Database New NonCoding (EPDnewNC)762763,
Successful mutagenesis of the promoter was verified in vitro in Cas9-expressing primary
astrocytes [astrocytes and neurons have similar levels of Gas5 expression (data not shown)], where
DNA chromatograms of the Gas5 promoter revealed clear signs DNA mutation following Gas5
gRNA transfection, but not control LacZ gRNA transfection (Figure 34C). The two gRNAS
(Figure 34C; green boxes) were tiled along a 51 bp region encompassing the 62 bp Gas5 promoter
region (Figure 34C; shaded in gray). Gas5 RNA expression following gRNA transfection was
quantified via RT-gPCR and compared to control. A statistically significant (~50%) Gas5 KD was
observed in vitro (p < 0.001; Figure 34D).
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Figure 34: In vitro Gas5 gene targeting. (A) Gas5 genomic annotation showing Zbtb37 location and EPDnewNC
promoter location (pink arrow) and RT-gPCR primer binding sites (red arrows). Exons specific to transcript 3 are
boxed in red (GRCm38/mm10). (B) Schematic of the first ~1.5kb of the Gas5 gene, showing 5 different transcripts.
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Gas5 exons are shown in blue and the promoter is shown in green. A red box shows the ncRNA promoter locus with
respect to each transcript. The promoter applies to Gas5 transcripts 3 and 5. The two Gas5 gRNAs are shown as yellow
arrows. (C) DNA chromatogram of the Gas5 promoter region from Gas5-gRNA and LacZ-gRNA transfected Cas9-
expressing cells. The Gas5 promoter is shaded in grey. The two Gas5-gRNA-binding sites are shown in green boxes.
A TATA box within the Gas5 promoter and first Gas5-gRNA-binding site is underlined in red. The control LacZ
gRNA transfected sample shows no sign of mutation at the Gas5 promoter, as the control chromatogram shows single
peaks for each nucleotide. Note the Gas5 gRNA transfection sample shows clear signs of mutation beginning
immediately downstream of the TATA box. (D) Gas5 IncRNA quantification in in vitro transfected cells, showing
Gas5 gRNA-transfected cells express ~50% less Gas5 IncRNA when compared to control. Values represent Mean +

SEM. Results encompass 2 independent experiments, with 3 — 4 biological replicates per experiment. *** p < 0.001.

It should be noted that prior to the use of the above method targeting two of the five Gasb
transcripts via the EPDnewNC-verified promoter, an alternate approach was tested in an attempt
to KD all Gasb transcript variants (data not shown). CRISPR inhibition (CRISPRi) was originally
tested, using 6 gRNAs targeting a 38 — 155 bp region downstream of the putative bidirectional
promoter (Figure 34A, Zbth37_1; Table 9). The bidirectional promoter was hypothesized to
promote expression of both Gasb as well as neighboring antisense gene Zinc finger and BTB
domain containing 37 (Zbth37)7%. The two antisense genes share overlapping complementary
genomic regions, and the bidirectional promoter is within 250 bp of Gas5 and Zbtb37 transcription
start sites (Figure 34A). A dCas9 plasmid was utilized and transfected into primary astrocytes
along with 6 gRNAs (Addgene: #112233; Table 9). The intent was not to repress the promoter but
to cause a repressive blockage downstream of the promoter to inhibit RNA Polymerase extension
of Gas5 transcription without altering Zbtb37 transcription’®”.7%8, Unfortunately, this technique
was deemed ineffective and the method was modified to CRISPR/Cas9 by using Cas9 Kl animals
and targeting the experimentally-verified Gas5 promoter. By targeting the EPDnewNC Gas5
promoter and not the upstream bidirectional promoter, it was hypothesized that only two of five
Gasb transcripts would be targeted instead of all five, and the potential for impacting Zbtb37

expression would be greatly minimized.
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Table 9: gRNA target sites for in vitro CRISPRI in Chapter 4. All sequences are written in a 5” to 3’ orientation.
These gRNA target sites were deemed ineffective and were not used in vivo. Note: underlined sequence in the Gas5

gRNA target site is the protospacer adjacent motif.

Name Sequence
Gas5 gRNA1L CRISPRi GGAGTTGCCGCGGGCACGAT AGG
Gas5 gRNA2 CRISPRI CCTGCAAGGAAAGCGCTGG GGG
Gas5 gRNA3 CRISPRI GGGCGGGCCTATCGTGCCCG CGG
Gas5 gRNA4 CRISPRI TCTCGGGGGCGTGGCCAGA GGG
Gas5 gRNAS5 CRISPRI GTACTCCTCAGGGAGGCGG AGG
Gas5 gRNAG CRISPRI GTACTCCTCAGGGAGGCGG AGG

4.3.2 In Vivo RNA Analysis

A cohort of Cas9-KI mice were injected with AAV1/2 virus expressing either AAV-Gas5
or AAV-Scrambled bilaterally into the mPFC. Mice recovered for 3 weeks to allow for maximal
viral expression®, then brains were harvested, mCherry-fluorescing mPFC was dissected, and
Gasb expression levels were quantified (Figure 35C). A statistically significant (~40%) Gas5 KD
was observed in AAV-Gas5 versus AAV-Scrambled injected samples (p < 0.001; Figure 35E).
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Figure 35: In vivo Gas5 gene targeting. (A) Schematic of the plasmid used for AAV1/2 viral production. Two
sgRNAs were encoded, each under the control of the U6 promoter. mCherry was encoded under the control of the
CMV promoter. (B) Schematic of AAV-sgRNA injection into the mPFC of Cas9 KI mice. (C) Representative image
of successful AAV expression in the PrL of the mPFC. DAPI is shown in blue and mCherry is shown in red. mCherry
expression is indicative of viral expression within those cells. (D) Diagram of representative injection placement.
Properly placed injections are shown as red circles, improperly placed injections are shown as red exes. Proper
injections were defined as A/P: +1.7mm £ 0.2mm relative to bregma. (E) Gas5 IncRNA quantification in mCherry-
fluorescing AAV-injected mPFC tissue. In vivo Gas5 expression was reduced by ~40% compared to control. N = 3 —
8/sex/genotype. Values represent Mean £ SEM. mPFC = medial prefrontal cortex; Cgl = cingulate cortex 1; PrL =

prelimbic cortex; IL = infralimbic cortex; DP = dorsal peduncular cortex.
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4.3.3 Behavioral Experimentation

AAV-Gasb and AAV-Scrambled mice were injected bilaterally into the PrL of the mPFC
in 6 — 7-week-old Cas9-KI mice. Three weeks following injection behavioral experimentation
began. Only those with properly-placed injections were used for behavioral analysis (determined
via histological analysis following all behavioral paradigms). Mice were weighed weekly
throughout experimentation. No difference was observed between AAV-Gasb and AAV-

Scrambled weights for either male (Figure 36A) or female (Figure 36B) mice.
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Figure 36: AAV-Gas5 and AAV-Scrambled mouse weights over time. (A) Males, (B) females. No significant
differences were observed between AAV-Gas5 and AAV-Scrambled control for males or females. N = 11 —

14/sex/genotype. Values represent Mean + SEM.

4.3.4 Drinking in the Dark (DID)

Mice were tested for binge-like drinking behavior using the DID ethanol consumption
paradigm?83.284.769.770 No significant difference was observed between AAV-Gas5 and AAV-
Scrambled males or females for either the 2-hour training day (data not shown) or the 4-hour
experimental day (Figure 37A and C, respectively). AAV-Gas5 and AAV-Scrambled males had
no significant difference between BECs on the experimental day (Figure 37B). AAV-Gas5 and
AAV-Scrambled females presented a significant difference of variance using the unpaired t-test (p
<0.01), however the subsequent Mann-Whitney test p-value for female BECs was 0.0626 (Figure
37D).
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Figure 37: Effect of Gas5 KD mutation on the DID assay. (A and C) Total ethanol consumption of AAV-Gasb
and AAV-Scrambled male and female mice, respectively, over a 4-hour experimental period (g/kg/4hr). No significant
differences were observed between AAV-Gas5 and AAV-Scrambled control for males or females for ethanol

consumption. (B and D) BECs (mg/dL; 5uL) from plasma collected from AAV-Gas5 and AAV-Scrambled male and

female mice, respectively, immediately following removal of ethanol-filled bottles. No significant differences were
observed between AAV-Gas5 and AAV-Scrambled control for males or females for BECs. N = 11 — 14/sex/genotype.

Values represent Mean + SEM.
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4.3.5 Every-Other-Day Two-Bottle Choice (EOD-2BC) Drinking

AAV-Gas5 and AAV-Scrambled mice were tested for ethanol drinking and preference
using the EOD-2BC consumption assay?®. Analysis of AAV-Gas5 and AAV-Scrambled males
revealed no difference in ethanol drinking, ethanol preference, or total fluid intake (Figure 38A,
B, and C, respectively) for genotype or genotype x day, although the p-values for male ethanol
intake and male ethanol preference on genotype were 0.0728 and 0.0701, respectively. There was,
however, a significant day x concentration in males for ethanol drinking [F (11, 250) = 258.2; p <
0.0001], ethanol preference [F (11, 249) = 15.16; p < 0.0001], and total fluid intake [F (11, 249) =
7.157; p < 0.0001]. Female EOD-2BC analysis revealed no change in ethanol drinking or total
fluid intake (Figure 38D and F, respectively) for genotype or day x genotype, but AAV-Gas5
females had a significant decrease in ethanol preference when compared to AAV-Scrambled
controls (p < 0.05). Analysis showed a day x genotype interaction [F (11, 267) = 1.881; p > 0.05]
but no significant effect of genotype (p = 0.0663) (Figure 38E). Post-hoc analysis displayed
significant reductions of ethanol preference on day’s 1, 2, and 10 (q < 0.05) when comparing the
AAV-Gas5 females to AAV-Scrambled control. A significant day x concentration was also
observed in female ethanol intake [F (11, 270) = 140.1; p < 0.0001], ethanol preference [F (11,
267) = 8.682; p < 0.0001], and total fluid intake [F (11, 274) = 15.63; p < 0.0001].
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Figure 38: EOD-2BC drinking in AAV-Gas5 and AAV-Scrambled mice. Left, males; right, females. (A and D)
Ethanol intake (g/kg/24 h). No significant differences were observed between AAV-Gas5 and AAV-Scrambled
control for males or females. (B and E) Ethanol preference. No significant differences were observed between AAV-
Gas5 and AAV-Scrambled control males. AAV-Gas5 females displayed significant day x genotype interaction that
was followed by post-hoc analysis. (C and F) Total fluid intake (g/kg/24 h) across time and concentration. No
significant differences were observed between AAV-Gas5 and AAV-Scrambled control for males or females. * q <

0.05. N =11 — 14/sex/genotype. Values represent Mean + SEM.
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4.3.6 Preference for Non-Ethanol Tastants

Male and female AAV-Gas5 and AAV-Scrambled mice were subject to both sweet

(saccharin) and bitter (quinine) tastant preference analysis under a 2BC paradigm. No differences

were observed between males or females for saccharin (Figure 39A and C, respectively) or

quinine (Figure 39B and D, respectively) preference at either concentration.
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Figure 39: AAV-Gas5 and AAV-Scrambled preference for non-ethanol tastants. (A and C) Saccharin tastant in

males and females, respectively; first two days were presented at 0.02% w/v and the second two day were presented
at 0.06% w/v. No significant differences were observed between AAV-Gas5 and AAV-Scrambled control for males

or females. (B and D) Quinine tastant in males and females, respectively; the first two days were presented at 0.03mM

wi/v and the second two days were presented at 0.09mM w/v. No significant differences were observed between AAV -

Gas5 and AAV-Scrambled control for males or females. N = 11 — 14/sex/genotype. Values represent Mean + SEM.
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4.3.7 Elevated Plus Maze (EPM)

AAV-Gasb and AAV-Scrambled mice were tested for anxiety-like behavior on the EPM

because of well-known roles of GR action in anxiety-like behavior’*7"3, No differences were

observed in the time spent in open arms (seconds), number of open arm entries, or number of fecal

boli between male (Figure 40A, B, and C, respectively) or female (Figure 40C, D, and E,
respectively) AAV-Gas5 and AAV-Scrambled mice.
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Figure 40: EPM behavior in AAV-Gas5 and AAV-Scrambled mice. Top, males; bottom, females. (A and D)

Amount of time spent in the open arms. (B and E) Number of entries onto the open arms. (C and F) Number of fecal

boli excreted during the 5-minute test. No significant differences were observed between AAV-Gas5 and AAV-
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Scrambled control for males or females for any measures recorded. N = 11 — 14/sex/genotype. Values represent Mean
+ SEM.

4.3.8 Acute Functional Tolerance (AFT)

The AFT assay was performed on the AAV-Gas5 and AAV-Scrambled mice to measure
within-session tolerance to ethanol?®®, There was no significant difference in AFT or AFT rate
between male (Figure 41A and B, respectively) or female (Figure 41C and D, respectively)
AAV-Gas5 and AAV-Scrambled mice. Male mice did present a significant difference of variance
for AFT rate (p < 0.05), however there was no significant difference identified between genotypes

using the Mann-Whitney statistical test.
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Figure 41: AFT to ethanol in AAV-Gas5 and AAV-Scrambled mice. (A and C) AFT to ethanol (BEC2 — BEC1)

in males and females, respectively. (B and D) AFT rate (AFT/Recovery time 2-recovery time 1) in males and females,

respectively. No significant differences were observed between AAV-Gas5 and AAV-Scrambled control for males or

females for either AFT or AFT rate. N = 11 — 14/sex/genotype. Values represent Mean + SEM.
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4.3.9 Loss of Righting Response (LORR)

To measure sensitivity to the hypnotic/sedative effects of ethanol, AAV-Gas5 and AAV-
Scrambled mice were subjected to a LORR assay?°!. There was no significant difference in latency
or duration of ethanol LORR between male (Figure 42A and B, respectively) or female (Figure
42C and D, respectively) AAV-Gas5 and AAV-Scrambled mice. Female mice did present a
significant difference of variance for LORR latency (p < 0.05), however there was no significant

difference identified between genotypes using the Mann-Whitney statistical test.
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Figure 42: Ethanol-induced LORR in AAV-Gas5 and AAV-Scrambled mice. 3.5g/kg ethanol; i.p. injection.
Duration of LORR latency male (A) and female (C) mice. Duration of LORR in male (B) and female (D) mice. No

significant differences were observed between AAV-Gas5 and AAV-Scrambled control for males or females for either

latency or LORR. N = 11 — 14/sex/genotype. Values represent Mean + SEM.
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4.3.10 Ethanol Clearance

The female AAV-Gas5 mice had significantly increased BECs following DID compared
to AAV-Scrambled females prior to removal of improperly injected mice from analysis (p < 0.05;
after removal of improperly injected mice following the battery of behavioral experimentation the
p-value rose to 0.0626), so they were subjected to an ethanol clearance assay to measure
metabolism rate’’4. There was no difference in ethanol clearance between AAV-Gas5 and AAV-

Scrambled female mice (Figure 43).
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Figure 43: Ethanol clearance rate in AAV-Gas5 and AAV-Scrambled female mice. 3.5g/kg ethanol, i.p. injection.
Blood was collected via tail vein puncture at 30, 60, 120, 180, and 240-min post-ethanol injection. No significant
difference was observed between AAV-Gas5 and AAV-Scrambled control females, N = 13 — 14/genotype. Values

represent Mean = SEM.

4.3.11 Histological Analysis

Coronal brain sections were analyzed from each mouse used for behavioral
experimentation to confirm mCherry fluorescence and to locate the injection sites (Figure 35C).

It should be noted that variability is expected when it comes to bilateral viral injections’”>777,
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Variability can occur as asymmetric viral expression or viral spread differences. The targeted
subregion of the mPFC was the prelimbic cortex (PrL) because it is a brain area associated with
substance misuse’’8, drug seeking, and drug relapse’”®78, However, viral spread into neighboring
subregions of mPFC [e.g., infralimbic cortex (IL) and the cingulate cortex area 1 (Cgl)] was
expected. Mice with improperly placed injections were removed from behavioral analysis (see:
Methods 4.2.11; Figure 35D). Each cohort had n = 2 — 4 mice removed from analysis, with final

n-values of 11 — 14.

4.4 DISCUSSION

LncRNAs are critical epigenetic regulators for cellular and molecular maintenance.
LncRNA Gas5 specifically has many known roles in the neuroimmune system and disease
biology, including cancers and addiction393:466:471.707.750-752,758 prevjous data of Gas5 expression in
the mPFC of adult mice chronically exposed to CIEV demonstrated a pronounced reduction in
Gasb IncRNA expression (~15%) that was still observed one week after the extinction of vapor
exposure’2, To mimic this observed reduction and measure behavioral outcomes in response to
ethanol (and because of well-known roles of the mPFC in ethanol action329:331,332,334,335,781-783)
Gasb was selectively knocked down in neuronal cells within the mPFC of adult, ethanol-naive
mice via viral AAV injection targeting the noncoding Gas5 promoter and compared to controls.

A battery of behavioral tests revealed that under the EOD-2BC paradigm, female AAV-
Gasb mice had significant genotype x day interaction demonstrating reduced ethanol preference
compared to AAV-Scrambled controls (Figure 38E). Differences in variance were observed
between AAV-Gas5 and AAV-Scrambled females for BECs and LORR latency, and between male
AFT rates. Beyond these results, there was no significant difference observed in all additional
behavioral experiments conducted between AAV-Gas5 and AAV-Scrambled males or females.

These data suggest that alterations in neuronal mMPFC Gas5 expression may hold minor
roles in ethanol preference that is sex dependent, specifically under an escalation of drinking
behavioral paradigm. Out of the seven assays run to characterize different facets of ethanol action,
only the EOD-2BC vyielded significant results. Gas5 did not alter binge-like ethanol drinking,
BECs following DID (although female BEC had an effect of genotype p-value of 0.0626), acute
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tolerance to ethanol, sensitivity to the sedative/hypnotic effects of ethanol, ethanol clearance rates
(tested in females only), or anxiety-like behavior. The significant analysis of variance observed
sex-specifically under female DID, female LORR latency, and male AFT rate demonstrate
differential degrees of separation from the mean between genotypes (i.e., while there was no
significant difference in behavior, there was differential spread of data points across genotypes).
AAV-Gasb females have a larger spread of data points than AAV-Scrambled females for both
BEC and LORR latency (Figure 37D and 42C, respectively), whereas AAV-Gas5 males have
smaller spread than AAV-Scrambled control for AFT rate (Figure 41B). Only genotype x day
female ethanol preference behavior was reduced in response to neuronal mPFC Gas5 KD,
however, it should be noted that the effect of genotype p-value was 0.0663 for females, and AAV-
Gasb males were trending toward a significant increase in both ethanol consumption and
preference (p = 0.0728 and 0.0701, respectively). These results may hold biological relevance
while not specifically being a statistically significant discovery’84785,

This study has its limitations; the first is the targeted promoter. Gas5 is hypothesized to
have multiple promoters, at least one bidirectional’®®. Due to this molecular handicap, certain Gas5
transcripts cannot be targeted without the potential for altering other genes sharing the promoter.
Initial attempts to KD all five Gasb transcripts proved ineffective, therefore the EPDnewNC was
used to identify the experimentally verified Gas5 promoter and it was targeted for mutation. The
EPDnewNC Gas5 promoter falls downstream of three Gasb transcription start sites and upstream
of two (Figure 34A). Due to this, it is likely that not all Gas5 transcript expression levels were
altered by the injected sgRNAs, and a subset of Gas5 transcripts will still be expressed in the
animals. Long-read sequencing strategies would need to be employed in order to establish which
Gasb transcripts were still being expressed following AAV injection. Next, a neuronal-specific
chimeric AAV1/2 was used for viral delivery, so not all cells within the mPFC will harbor a
mutation at the Gas5 promoter. Neurons were the selected the cellular target because of Gas5’s
well documented roles within disease-state neurons’88-791, Glial cells were not targeted, which may
have impacted the observed phenotype. Another limitation of this study was the variability of
AAV1/2 expression between animals. Each animal was injected manually, bilaterally, and with
the same viral volume (i.e., genomic copies). Slightly differential mPFC mCherry expression was
noted across animals (i.e., differential or asymmetric expression; unpublished observations).

Variability could be due to such things as AAV nuclear shuttling events, transduction efficiency,
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cellular protein expression, and host-encoded replication factors’’>7%? and it presented as slightly
differential expression profiles across injected animals’”>7", These points of potential variability
could account for the significantly larger variance observed with AAV-Gas5 females for BEC and
LORR latency. While expected, this is a caveat for interpreting these viral data.

Neuronal mPFC Gas5 KD in adulthood of ethanol-naive mice revealed a subtle ethanol
drinking phenotype that is sex-dependent. While it has been shown that Gas5 is involved in AUD-
related behaviors, the phenotype reported herein is mild. This does not mean that Gas5 does not
still hold interest for addiction research and deserves further characterization. Future directions
could include analysis of ethanol-responsive Gas5 miRNA-binding partners, Gas5 KD in alternate
brain regions linked to AUD, additional behavioral paradigms of chronic ethanol dependence to
probe the phenotype detailed herein, and further analysis of Gas5 action within other substance
use disorders. Taken together, it has been demonstrated that mPFC KD of Gas5 reduces ethanol

preference in females only.
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5.0 FINAL DISCUSSION

Individual IncRNA molecules have proven to be critical regulators of normal cellular

function#15427.445793 a5 wwell as disease states*13:420453-455 However, the foundation on which to

build research projects on is limited when it comes to INcRNAs and the AUD field. It was therefore

of high importance to target and characterize novel InCRNAs to determine their roles in ethanol

action. This project design was relatively high-risk/high-reward, with the potential to observe no

significant changes after applying complex CRISPR/Cas9 techniques to study individual IncRNAs

in vivo. However, as this is a relatively novel area of research, positive results could shine a light

on ncRNAs and AUD. Excitingly, all six IncCRNA gene-targeted groups displayed significant

alterations in behavior when compared to control (Table 10). These data highlight the importance

of IncRNA physiology, the impact INcRNA mutation has on ethanol action, and adds to the
foundation of IncRNA research in the AUD field.

Table 10 Summary table of the final results from the three main dissertation chapters.

Chapter | IncRNA A Final Results Sex
Method
EOD-2C: Reduced Ethanol Intake and Preference 3
LORR: Reduced Ethanol-, Gaboxadol-, and Zolpidem-
induced LORR. 3/Q
N Chronic Ethanol-Induced LORR: No tolerance index.
5 T3 Traditional, Electrophysiology consistent with altered GABA 3/NA
global Transmission and GABAAR Subunit Composition
Cortical Tx2 expressed similarly in males and females.
Tx2 expressed in low levels in multiple brain regions. 3/9
Tx2 expressed primarily in the cytoplasm of neurons and
microglia. Alternative annotation from NCBI.
Pitt1 CRISPy TAKO, | EOD-2BC: Reduced Ethanol Intake and Total Fluid Q
global EOD-2BC: Altered Ethanol Preference 3
EOD-2BC: Altered Ethanol Intake and Reduced Total
pite | CRISPY TAKO, | pyijig ?
%) global EOD-2BC: Altered Ethanol Preference 4
Pitt3 CRISPy TAKO, | EOD-2BC: Reduced Ethanol Intake and Total Fluid 9
global EOD-2BC: Altered Ethanol Preference Q
Pitt4 CRISPy TAKO, | EOD-2BC: Reduced Ethanol Intake and Total Fluid Q
global EOD-2BC: Altered Ethanol Preference Q
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AAV1/2, brain
4 Gas5 region- and cell- | EOD-2BC: Reduced Ethanol Preference Q
specific

The overall hypothesis | set forth to test, that individual ethanol-responsive INCRNAs act
as determinants of ethanol consumption and ethanol-related behaviors, has been proven correct.
These six INcRNAs have all shown the ability to modulate ethanol drinking and ethanol-induced

behavioral responses (Table 10).

5.1 SIGNIFICANCE AND FUTURE DIRECTIONS

These chapters are highly significant, demonstrating the importance of IncRNAs in the
regulation of ethanol drinking behavior. Of the six ethanol-responsive, neuroimmune-linked
IncRNAs detailed in this dissertation, five were novel and uncharacterized. This is the first record

of their function and lays down a foundation for future IncRNA AUD research.

5.1.1 Gene Mutation versus Gene KO (Tx2, Pittl, Pitt2, Pitt3, Pitt4)

This dissertation describes research set forth to identify IncRNAs that impact ethanol-
drinking behavior. While none of these INcRNAs were completely knocked out, they have all been
implicated in ethanol action. Based on the annotations available at the time for Tx2, Pittl, Pitt2,
Pitt3 and Pitt4, the putative promoter and exon 1 were targeted for mutagenesis. All gene-targeted
cohorts no longer express the WT transcript(s), but instead each cohort now expressed mutant
RNA. Unfortunately, Pitt2 TAKOs could not reliably produce RT-PCR products for Pitt2 IncRNA,
therefore the mutated RNA product(s), or lack-there-of, are unknown. Knowing these facts, several
questions come to mind. (1) What conclusions can be drawn about these INcRNAs with respect to
ethanol action? (2) What is the impact of gene mutation versus gene KO on analysis of gene
function and analysis of the observed phenotypes? (3) How could a complete gene KO be created

and IncRNA function identified?
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What conclusions can be drawn about the function of these IncRNAs researched herein

with respect to ethanol action? Important information was gleaned about the ethanol-responsive
INcRNA genes researched herein that are relevant to ethanol action. Alcohol dysregulates gene
expression’27%47% and alters splicing events2%79%; therefore characterizing mutant IncRNA
products from an ethanol-responsive gene offers its own set of insights when compared to full gene
KO, such as implicating specific genomic regions or specific INCRNA gene transcripts as being
functionally linked to ethanol action. While individual IncRNA mechanisms remains elusive, Exon
1 of Tx2, Pittl, Pitt2, Pitt3, and Pitt4, and Gas5 transcripts 3 and 5, have been linked to ethanol
drinking behavior and put forth all six IncRNAs as determinants of ethanol action.

What is the impact of gene mutation versus gene KO on analysis of gene function and

analysis of the observed phenotypes? It has been shown that mutation of these genes resulted in
mutant INcCRNA transcript(s) (Tx2, Pittl, Pitt3, and Pitt4). As the gene was not knocked out, it

makes hypothesizing about INcRNA function more challenging. The observed phenotypes could
be due to disruption of the original transcript or novel functionality of the mutant transcript(s). The
gene mutation(s) harbored could alter a variety of factors involved in IncRNA biology, such as
dysregulated expression, altered function, disruption of regulatory splice sites, or deletion of an
important region for tertiary structure formation, subcellular shuttling, or molecular partner
binding. While no complete mechanism can be reached about specific gene function based on the
data presented herein, conclusions can be drawn about the impacts that result from gene disruption
and the importance of Exon 1 expression. All mutant IncRNAs researched herein regulated ethanol
drinking behavior, implicating them in ethanol action. This supports the hypothesis that specific
genomic regions and INcRNA transcript dysregulation are enough to alter ethanol-related behavior.

How could a complete gene KO be created and IncRNA function be identified? There are

several approaches that could be used to create a complete gene KO (for reviews, see: 797-799), (1)
Identify the full transcript and relevant regulatory regions of each gene (i.e., promoter). This would
greatly aid in gRNA design and gene characterization. (2) Target the promoter in the same manner
that Gasb was targeted. This would allow for KO or KD of the gene, dependent on gene
complexity. (3) Perform large-scale mutagenesis to remove the entire gene (this technique would
remove multi-kilobase regions and is dependent on the genomic neighborhood of individual
genes). (4) Gain-of-function or loss-of-function studies to gain insight on cis- or trans-

mechanisms. (5) Lastly, functional molecular experiments could be applied to determine InCRNA
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characteristics (e.g., RT-PCR for analysis of differential expression in tissues, ISH for cellular and
subcellular localization, column binding experiments to identify molecular partners, sequence
analysis for repeat regions, computational tertiary structure formation).

Transcript sequencing. The gene annotations for Tx2 and Pitt2 were proven incorrect and
will require sequencing strategies to generate the correct annotation. There are several techniques
that could be employed to discern this information; such as: short-read RNA-Seg®®, long-read
RNA-Seq?®, direct RNA-Seq?®, and targeted RNA-Seq®® (for reviews, see: 8948%) However,
IncRNAs are known to be expressed up to 10-fold less than mRNA&% and are not always poly-
adenylated®®’, which is a limitation for short-read RNA-Seq strategies. Targeted RNA-Seq, a
derivative of long-read RNA-Seq that allows for custom oligonucleotide probe design, would be
the most ideal option for sequencing Tx2 and Pitt2. This method can further be coupled with
techniques to specifically enrich for IncRNA (e.g., SeqCap RNA Enrichment System&® and RNA
Capture Long-Read Sequencing®-8l1), Using techniques coupled to long-read RNA-Seq
overcomes several limitations associated with short-read sequencing, such as the inability to
identify novel transcript isoforms and structural variants®?,

Promoter identification. Gene promoters are generally located directly upstream of the 5’
transcription start site. However, this is not always the case. Genes can have multiple promoters**-
816 multiple transcripts variants®"818 and experimentally-unverified annotations8!%-82! (for
reviews, see: 822827 Promoters too have been shown to interact in a trans-fashion®8283 which
can make promoter identification challenging. Due to limitations surrounding novel gene
annotation, the first Exon and the surrounding intronic region was targeted for Tx2, Pittl, Pitt2,
Pitt3, and Pitt4. The hypothesis being that disruption of this putative promoter region would result
in KO of the gene. This was proven incorrect, as all genes targeted in this manner still maintained
expression of the now mutant gene. Functional experiments to identify and validate promoters are
time-consuming®2-834, therefore computational tools are available and improving to identify
IncRNA promoters, such as DeepL.ncPro®, DeePromoter®3®, and FastText N-Grams coupled with
deep learning®’. Chromatin Immunoprecipitation Sequencing could also be applied and analyzed
to identify INcRNA genomic regions bound to transcription factors that could then be used to
identify specific regulatory regions of interest based on genomic location (e.g., promoter or exonic
enhancer regions)®38-840, The promoter could then be targeted with CRISPR/Cas9 or CRISPRI and

the INcRNA expression quantified, in the same manner that Gas5 was targeted in Aim 3. This
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would also give insight into a potential mechanism if the phenotypes differ from those detailed
herein, as multiple animal models are helpful at deciphering InNcRNA function®3,

Large-scale genome deletion. Another option for complete gene KO would be removal of
the entire gene (i.e., large-scale kilobase whole-gene deletion)®38841-843 This is dependent on
correct genomic annotations and the genomic neighborhood of the target gene (i.e., this would not
be possible for Tx2 due to antisense gene Osmr). Large, multi-kilobase deletions also hold the
potential to remove important intronic regulatory regions necessary for other genes, so careful
genome analysis would be required prior to complete genomic deletion or exonic deletion.

Gain-of-function and loss-of-function studies. LncRNAs are complex molecules that can
require multiple gain- or loss-of-function genetic models to fully characterize the InCRNA
mechanism. Examples include the use of short interfering RNAs®2% and antisense
oligonucleotides®¢8’ to KD RNA, reporter assays to ablate the gene’®®84284% insertion of a
polyadenylation termination cassette downstream of the transcription start site to truncate the
INcRNA85-853 'and ectopic transgene expression®48%, Many IncRNAs have been researched using
various combination of these techniques in order to tease apart gene function, such as the Linc-p21
locus®>’-89 and Xist®0-863, The benefit of RNA interference is that it allows for RNA expression
modulation independent of the gene locus, however, there are downsides associated with off-target
effects®84-8%9, oss-of-function studies allow for analysis of neighboring gene expression, which
could give insight into potential cis-mechanisms of the IncRNA. Following loss-of-function
analysis, rescue and reinstatement experiments could then be applied to determine if regulation is
restored with ectopic expression of the INCRNA being researched. This technique could give
insight into potential trans-mechanisms of the INcCRNA. Overall, multiple genetic approaches can
be utilized to tease apart IncRNA mechanisms of action.

Computational and functional analysis. There is a large breadth of potential IncRNA roles,
making identification of specific mechanisms challenging and exploration-based. LncRNA
transcripts could be analyzed computationally in detail for repeat regions (indicative of a sponging
site®70), analyzed for predicted structural conformation (this could glean information on how
mutation altered the INcRNA&™), analysis of the ceRNA networks for Pittl, Pitt2, Pitt3, and Pitt4
for insight into specific ncRNA partners and pathways®7?, and RNA-centric column binding assays
to probe for protein®”® or RNA5® binding partners. For example, MechRNA?®4, a prediction tool

for IncRNA molecular interactions, could be applied to Tx2 which could have value for
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hypothesizing specific functions or pathways that could then be functionally interrogated. Lastly,
there is RT-PCR, RT-gPCR, and ISH techniques that can be applied to characterize INCRNA
expression and localization in different tissue and cell types.

Looking back at the original project design, I do not think these approaches would have
been advantageous at project onset. It was not a necessity to perform them, as the functional link
to ethanol action was not yet confirmed for Tx2, Pitt1, Pitt2, Pitt3, and Pitt4. Now knowing these
data presented herein, there is more of a logical need to clearly understand these genes with respect
to AUD. These potential avenues of exploration detailed above represent future directions for
characterization of these IncRNAs. Now that these novel genes have been linked to ethanol
drinking behavior, it is of interest moving forward to know how the IncRNAs function and how

they propagate the observed phenotypes.

512 Aim1

A 306 bp deletion within the presumed first Exon of the Tx2 gene was able to produce very
compelling alterations in behavior. The mutation resulted in significant ethanol-related behavioral
changes from control. A 36% reduction in ethanol consumption and 42% reduction in ethanol
preference at 15% v/v ethanol was observed only in males when compared to control. Changes in
LORR responses were similar in both males and females, ranging from 38 — 46% reduction in
ethanol-induced LORR (3.6 and 3.8g/kg ethanol) and reduced tolerance index to chronic LORR
compared to control, suggesting that both males and females displayed similar pharmacodynamics
in response to a debilitating dose of ethanol. When a free-choice ethanol drinking model was
introduced however, the females were not opposed to ethanol drinking the way their male
counterparts were.

Out of the three aims detailed herein, Aim 1 presents the most mechanistic insight for
IncRNA function. Tx2, a previously novel, uncharacterized, and inaccurately-annotated INCRNA,
when mutated, shows significant behavioral alterations to ethanol and GABAergic drugs,
significantly altered GABA transmission, and is consistent with altered GABAAR composition.
This suggests that Tx2 is normally involved in these pathways and presents a new hypothesis for

future Tx2 research to build on.
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As touched upon above, there are many questions about Tx2 that became evident during
experimentation. What are the molecular impacts of the still transcribed regions of Tx2? How does
mutant Tx2 differ from WT? Are there other important regions of Tx2 that dictate ethanol-related
behavior? These questions are all reliant on first identifying the full transcript(s) of Tx2 RNA and
solidifying the WT genomic annotation. The mutation altered GABAergic function and reduced
ethanol sensitivity, therefore once the annotation is better understood, then specific hypotheses can
be made about tertiary structure, binding partners, and function (i.e., are there repetitive regions
that are indicative of miRNA sponging sites? Does a computational model of tertiary structure
have predictive value of function? Does the deletion interfere with regulation, function, or
structure?). There are many questions about Tx2 characterization with respect to normal
physiology and in response to ethanol that deserve attention, however, to move this project forward
in the future from a pharmacological standpoint, future directions could include moving towards
a more translational approach to modulate Tx2 and analyze ethanol-associated behaviors. This
could be done by targeting Tx2 in a similar manner to Gas5. A viral-mediated method would allow
for more specific probing of Tx2 effects, and could allow for brain-specific, brain-region-specific,
and/or cell-type-specific modulation of Tx2 in adult, ethanol-naive mice. The translatability has
already been shown (human LINC01265 was the ethanol-responsive target identified for functional
analysis through RNA-Seq and bioinformatic analysis), so there is promise for continuing this

project and digging deeper into the annotation, mechanisms, and precise physiology of Tx2.

513 Aim?2

The purpose of this Aim was to develop a novel CRISPR/Cas9 technique and apply it to
multiple ethanol-responsive INcRNA genes. The CRISPy TAKO method was designed to rapidly
screen AUD gene targets for altered ethanol-drinking phenotypes with the goal of identifying at
least one IncRNA that can significantly modulate ethanol drinking behavior for in-depth analysis
and characterization. The amount of time and effort that goes into generating a traditional gene-
targeted animal cohort does not always outweigh the potential for the genotype to be
inconsequential. Overcoming the limitations of time, cost, and animal number, the CRISPy TAKO
technique was used to measure ethanol self-administration in four different gene-targeted groups

in both males and females in the same amount of time it would take to generate a true-breeding
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line. Not only does the technique hold high significance and potential for the genetic engineering
field as a whole, but all four genes studied using this technique had significant and sexually
dimorphic ethanol drinking behavioral differences from control. The novel IncRNA genes
discussed in Aim 2 offer the regulatory potential to reduce ethanol consumption by up to 20% in
an extended and escalating ethanol drinking paradigm in females alone.

When considering the methodology and data produced from Aim 2, one predominant
question comes to mind: why are the results female-specific when the ceRNA network analysis
was derived from male samples? It is possible that these genes may have underlying divergent sex-
specific expression, which could contribute toward the sexually dimorphic phenotypes observed
(see: Chapter 1.6 and 5.1.5). Itis also possible that, while identified in hippocampal tissue, global
mutation of these genes resulted in alternative cellular compensation and/or differential
functionality between the sexes. In order to decipher why male-derived ceRNA networks that
identified Pittl — Pitt4 produced little-to-no ethanol drinking behavioral changes in males but
produced complex female-specific results, comparative experimentation is needed. First, the initial
CIEV paradigm used for microarray analysis would need to be repeated in females. Second, the
male hippocampi would need a detailed comparison of gene expression to the female hippocampi
exposed to the same paradigm (this could be done by RT-gPCR of Pittl — Pitt4 as well as other
potential genes of interest, or repetition of the microarray analysis for large-scale transcriptome
comparisons). It is possible that while CIEV exposure resulted in the significant reduction of Pittl
— Pitt4 expression in males, it produced alternative expression changes in females. It is also
possible that males exhibit a form of protection, or conversely that females are more vulnerable to
the mutation of these specific genes.

The RT-PCR results of Pittl, Pitt3, and Pitt4 demonstrated three differential gene
expression outcomes: alternate transcript variant present in mutants (Pitt1), multiple differential
RNA transcript outcomes (Pitt3), and maintained transcript (Pitt4). These data also highlight the
novelty and unannotated nature of these INCRNA genes, such as the variable and inconsistent RT-
PCR results noted for Pitt2, resulting in the inability to analyze the IncRNA. Phenotypically, sub-
genotypes could be generated based on gene transcription and expression levels that could then be
statistically analyzed against each other (e.g., of the Pitt3 TAKOs used for RNA analysis, three
different downstream transcriptional outcomes were produced). Molecularly, the individual

gRNAs as well as the combinations of gRNAs employed to produce the observed sub-genotypes
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would need characterization and Sanger sequenced to determine how the variants were produced
and how they differ from one another.

The RT-PCR results also provide new research questions that can be used to build future
projects off of. What is the impact of the observed changes in gene expression on the interpretation
of the results? Taking Pittl as an example, is the observed phenotype due to the lack of the
transcript targeted or due to expression of the new transcript? Why does the WT sample not
produce a PCR product from the probe binding site? There is potential that mutation caused
significant upregulation of the gene, leading to a sizable PCR product for all mutants that muted
the WT band (potential mutation of a repressor sequence motifé7>-878), This question could be
addressed functionally by modulating the RT-PCR reaction components and thermocycler settings
to maximize efficiency and performing a nesting RT-PCR followed by Sanger sequencing and RT-
gPCR. Pitt3 TAKO RT-PCR products could be subcloned to sequence the novel transcripts being
produced and compared to WT Pitt3. This could provide information on potential regulatory
regions that harbored a mutation, resulting in differential RNA products between Pitt3 TAKOs.
Considering Pitt4, it would be of interest to perform RT-gPCR to quantify Pitt4 expression to
determine if certain retained mutations modulate expression patterns.

As it is very difficult to predict individual IncRNA function, to move this project forward
in the future, it would be ideal to perform a battery of exploratory behavioral and molecular
experiments to probe for INcRNAs role. First a true breeding line would need to be created and
EOD-2BC and DID repeated to validate the phenotype. Then a similar behavioral battery that was
done for Tx2 and Gas5 (e.g., LORR, AFT, EPM, rotarod) and ISH for cellular and subcellular
localization could be used as a starting point. Detailed bioinformatic analysis of the top predicted
binding partners from the ceRNA network analyses would also be of interest and could be used to
predict network interactions that were dysregulated by TAKO mutation. This is important when
trying to characterize a novel IncRNA and glean information about potential binding partners and
network connectivity. Future directions for this project are two-fold: (1) continue using the TAKO
method to screen AUD-linked genes of interest, and (2) generate true breeding lines for the Pitt
gene of highest interest and begin the detailed behavioral, molecular, and off-target analysis that
was originally set forth as a future direction at project conception. As Pitt4 produced the most
compelling results with respect to ethanol intake and preference, | believe Pitt4 is of the highest

interest when considering all four groups and is deserving of future in-depth analysis.
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514 Aim3

Unlike the INcCRNAs detailed in Aim 1 and Aim 2, Gas5 was not novel, had been previously
studied, and had known functions on which to build a detailed hypothesis
0n394,471,707,750,751,753,754,759,766,788,790,791,879—889_ Gasb iS Conserved between humans and mice757
regulates gene expression, sponges miRNA, and is a ceRNA regulator of immune signaling**.
Gasb is also heavily linked to the pathogenesis of human disease (e.g., multiple
cancers*71.750.766879881  stroke’®!  Parkinson’s Disease’®) and substance use disorders
(SUDs)707.7528%  The largest DNA methylation epigenome-wide association study analysis
available for AUD found that a top probe consistently associated across all cohorts was located
within the GAS5 gene3%33%, Further, Gas5 binding partners have been linked to addiction
(GR386:387,390,391,890-894 and miRNAs88%) so KD of Gas5 IncRNA could contribute towards
dysregulation of those systems already linked to SUDs. As Gas5 was already implicated in ethanol
action, a more specialized study was designed to functionally research Gas5 in relation to ethanol
drinking behavior.

In the context of AUD, Aim 3 offers a functional analysis of specific Gas5 gene transcript
KD. According to the UCSC genome browser (GRCm38/mm10; Figure 34A and B) Gasb
transcripts 3 and 5 are predicted to be under control of the EPDnewNC promoter, and Gasb
transcript 3 is the only transcript to express all 12 Gas5 exons (and is the transcript targeted by
RT-gPCR). Unfortunately, due to size constraints of targetable exons (most exons range in size
from 20 — 40 bps), RT-gPCR size requirements, and exon similarity across all Gas5 transcripts, it
was not possible to design RT-PCR primers to distinguish between the individual Gas5 transcripts
beyond transcript 3. One possible future direction would be to analyze exons 7, 8, 9, and 10 with
respect to ethanol (transcript 3 is the only Gas5 transcript to express all 4 of these exons, and
transcript 5 does not express any), as it was shown herein that KD of Gas5 transcript 3 and 5 alters
ethanol drinking behavior.

While not all data was negative, the behavioral responses to Gasb KD were
underwhelming. There was a female-specific reduction in ethanol preference with mPFC Gas5
KD however, which does further implicate Gas5 in ethanol action. It also cannot be discounted
that the AAV-Gas5 males were trending towards significance on the EOD-2BC assay for ethanol

consumption and preference that may have been unmasked with a larger sample size.
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Several questions are produced from these results, highlighting potential avenues for future
Gasb5-AUD studies. Other brain regions besides the mPFC have implicated Gas5 in
addiction”78%, so how would these alternative regions involved in addiction respond to Gas5 KD
(e.g., NAc, BLA, amygdala)? Gas5 could also be targeted for KD throughout the brain via the Cre-
lox system. Would the results differ from those observed in neuron-specific mPFC Gas5 KD? It
should be noted that the TAKO method was used for Gas5 by fellow laboratory-mate and graduate
student Rachel Rice, creating a global Gas5 mutant using the same gRNAs detailed herein. There
was almost complete (92%) KD of Gas5 (data not shown), however no significant phenotype was
observed under identical ethanol-drinking paradigms. This could be indicative of cellular
compensation or the importance of analyzing specific brain regions. Future directions for this
project could involve probing for an ethanol-responsive Gas5 network including glucocorticoids,
GR, and miRNA. Can specific ethanol-responsive, Gas5-binding miRNAs be identified for
transcripts 3 and 5, and can a pharmacologically-targetable pathway be unveiled? While the results

presented herein are modest, it doesn’t discount Gas5 as a regulator of ethanol action.

5.1.5 Sexual Dimorphism

LncRNAs#65513515 "athanol®?7528, and other drugs of abuse (for reviews, see: 521.721,897-900)
are known to differentially impact the sexes. Along with the well-detailed anatomical, hormonal,
and chemical differences between the biological sexes (for reviews, see: °01-99%), there is also sexual
dimorphism in mammalian gene expression®®* and neural mechanisms®21:897.905906  Examples
include: differential gene expression (DGE) networks®”, sexually dimorphic sensory neural
populations®®, ovarian hormone fluctuation®?’, DGE and inter-cellular distribution of genes®®,
and female-predominant DGE has been linked to inflammatory synaptic transmission and
extracellular matrix reorganization that can exacerbate neuroinflammation®®, It has been shown
here that ethanol-related behavioral phenotypes can be sex-specific, underscoring the necessity of
female sample inclusion in addiction research. While all behavioral data presented herein explores
both male and female responses, it is important to note that all IncRNA targets were identified
from male transcriptome data. Since many targets identified from male samples presented female-
specific responses, it will be of importance moving forward to analyze both male and female

transcriptome data so that a more complete analysis of the target gene can be understood.
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Hormonal cycles were not deemed as a confounding variable herein because, while
important for social behaviors®?, hormone cycles were not as critical to monitor for the ethanol-
related behavior conducted within these chapters. C57BL/6J female mice have shown stable
behavioral patterns across all stages of the estrus cycle (proestrus, estrus, metestrus, diestrus
repeated every 4 — 5 days®'!; the only exception being depressive-like behavior)®?, two different
rat strains both demonstrated no estrus cycle impact on voluntary ethanol consumption (when
cycles were not synchronized)®'39%4, and it has been found in humans that ethanol consumption
and the subjective effects of ethanol did not differ across four menstrual cycle phases®®. However,
it should be noted that links between specific estrous stages and differential ethanol consumption
have been observed®'6917. While hormone cycles were not monitored herein while measuring
behavioral responses to ethanol, ovarian hormones could present as an interesting avenue of
exploration for sex-specific, ethanol-related molecular dysregulation in the future, as ethanol is
known to alter female hormone fluctuation®®®°® and alter reproductive hormone synthesis,
processing, and secretion®?. Ovarian hormone fluctuation in females can modulate the mesolimbic
reward system, influence reward- and drug-directed behavior, and has been linked to faster SUD
progression®’. For example, sex-specific DGE in the NAc was noted both at baseline and in
response to cocaine exposure and cocaine withdrawal in males and in females under three differing
hormonal paradigms®?!. Further, endogenous circulating female sex hormones were
neuroprotective in models of traumatic brain injury®?2, Estrogen specifically has long been known
to be neuroprotective in CNS disorders897923-928 ‘and could potentially be involved in the observed
sex-specific behavior. Moving forward, it would be of interest to measure circulating hormones
levels in males and females throughout experimentation, as well as estrus cycle, to identify further
potential alterations in pharmacokinetics and pharmacodynamics across sex and estrus cycle.

Mutation of all six IncRNAs presented in this dissertation resulted in sex-specific changes
in ethanol drinking behavior when compared to control. This is highly significant, as it is broadly
known that males and females respond differently to psychiatric disorders and addictions, as well
as to molecular insults. This data presented herein underscores the importance of researching both
sexes in pharmacological settings. Not only are females historically underrepresented in scientific
research (for reviews, see: 92°-932) but comparing female responses to male responses and assuming

the same result discounts a wide breadth of possible sex-specific pharmacokinetics and
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pharmacodynamics. This is important for both preclinical research as well as clinical testing of

pharmacological therapeutics.

5.2 CRISPR/CAS9 TECHNIQUE COMPARISON

To broaden my training, several CRISPR/Cas9 techniques were applied for the
development and research of gene-targeted mouse models (Table 11). Four different CRISPR
derivatives were applied (traditional CRISPR/Cas9, CRISPy TAKO, CRISPRI, and AAV-
CRISPR) to generate gene-targeted mutant mouse cohorts. Aim 1 used the classical CRISPR/Cas9
technique to generate a global mutant line for Tx2. Aim 2 was developed to overcome the
limitations associated with this technique observed in Aim 1, applying an accelerated
CRISPR/Cas9 technique via utilization of ~4x the gRNAs and Cas9 protein and a third of the time.
Unlike Aim 1 and Aim 2 which used global mutant animals, Aim 3 was designed with
CRISPR/Cas9 mutagenesis to be cell-type and brain-region specific via AAV1/2. Aim 3 was built
off of current literature in the field implicating Gas5 and Gas5 binding partners in ethanol action.
While not all methods were successful (i.e., CRISPRI), learning the specific nuances of the
different techniques and applications was invaluable for understanding molecular genetics and
pharmacology.

Traditional global KO approaches are best suited for when a compelling hypothesis of
IncRNA localization and function is unknown (i.e., novel, uncharacterized InCRNAS). It is a
relatively straight-forward method to assess overall behavioral and cellular impacts of gene
function. Unfortunately, there is a large bottleneck between the acquisition of novel transcriptome
data and researcher’s ability to functionally characterize identified genes. Standard CRISPR/Cas9
generation of KO animals takes 9 — 12 months, with no certainty of identifying a significant
regulator of ethanol-related behavior. The CRISPy TAKO method was developed herein, which
allows for novel candidate genes to rapidly be screened for robust changes in ethanol drinking
behavior to subsequently identify those suitable for generation of a true breeding line or removed
from the list of candidate genes. | developed, validated, and applied this novel technique to four
top-ranked genes of interest rapidly and two at a time. This screening method for novel genes of

interest allows for multiple cohorts to be generated sequentially and within one generation.
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Whereas Aim 1 took ~11 months to generate the first homozygous Tx2 mutant cohort for
experimentation, Aim 2 cohorts were generated and ready for experimentation within 3 months of
embryo injection. While this technique does have limitations (Table 11), it is in the nature of the
technique design to not be precise.

Table 11 Summary table of the advantages and disadvantages of each CRISPR/Cas9 method employed.

CRISPR/Cas9 o
Chapter Advantages Limitations
P Method g
. Whole-body KO 9 — 12 months to generate a colony
2 Traditional
CRISPR/Cas9 | Each animal is genetically identical . .
S Potential for cellular compensation
(within its sex)
Whole-body KO Each animal harbors a unique mutation
3 CRISPy TAKO
3 months to generate a colony Potential for cellular compensation
Potential for impacting neighboring
. . gene expression
4 GRS NOIGIEHICE Rl Repressive KRAB domain could not be
employed
Increased translatability Requires extensive technical training
4 AAV1/2 Multiple AAV serotypes Equipment and reagents are costly
Can be brain region- and cell- Variability of viral spread between
specific subjects is expected

Viral-mediated delivery of CRISPR/Cas9 components in adult, ethanol-naive mice to
selectively KD a specific gene was of great interest for me to master. It allowed for learning
translational AAV approaches and a more specified understanding of neuronal mPFC Gas5 KD
impact on behavior. This technique also minimized the potential for genetic compensation by
injecting adult, ethanol-naive mice’60761933  Fyrther, viral-mediated therapeutics are clinically
relevant in the pharmacology field, therefore understanding AAV design and dynamics was a
highly relevant technical skill of great interest for me to learn.

CRISPR/Cas9 can be used to target and modulate gene expression, allowing for increased
precision medicine in humans. AAVs have emerged as safe and highly effective tools for the study
of neurological disorders®®:934-97 Differential capsid composition and multiple serotypes offer

their own individual and distinct transduction profiles®®’. The majority of AAV stereotypes cannot
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reliably cross the blood-brain-barrier which does limit access into the CNS, however systemic
delivery through the circulatory system has shown success®®7:93%938 Additionally, there is current
research on systemic delivery of the AAV9 serotype that suggests it is highly efficient at crossing
the blood-brain-barrier to transduce neural cells®3-%4%, Further preclinical exploration of this
stereotype (and potential novel chimeric AAVs derived from AAV9) is therefore of great interest.
If successful, it could improve CRISPR/Cas9 therapeutics and potentially be used for treatment of
neural diseases and disorders that could not previously be targeted.

The future for CRISPR/Cas9 gene-targeted animals is expanding. More precise techniques
and alternative Cas proteins (e.g., saCas9%42943 Cas12%4, Cas13%°) allow for increased specificity
and alternative targets, improving the gene-editing toolbox. Further, CRISPR/Cas9 components
can be virally packaged for delivery and can be coupled with genetically engineered lines (e.g.,
Cre-lox lines®¥) to analyze and tease apart molecular mechanisms in specific tissues or cells. Three
techniques were used successfully throughout this dissertation to assess specific hypotheses. Each
CRIPSR/Cas9 technique applied was tailored to its specific Aim, and each came with its own set
of advantages and limitations (Table 11). While the variety of techniques for gene-targeting keeps
growing, careful methodology selection and project design like those applied herein can allow for
CRISPR/Cas9 to be exploited and utilized for a wide array of translational preclinical

pharmacology research.

5.3 FINAL CONCLUSIONS

LncRNAs have the ability to regulate ethanol drinking. Of the six ethanol-responsive,
neuroimmune-linked INCRNA genes researched, Tx2, Pittl, Pitt2, Pitt3, Pitt4, and Gas5, all six
demonstrated the ability to alter ethanol drinking behavior in C57BL/6J mice. These data presented
within this dissertation demonstrates that INcRNAs act as determinants of ethanol consumption
and ethanol-related behaviors. These data increase the number of individual IncRNAs functionally
assessed for alcohol-related phenotypes and pushes the AUD field forward by laying down a

foundation on which future projects can be built.
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Appendix A Tx2 sgRNA Off-Target Analysis Information

Appendix Table 1 Off target site analysis for 7x2 sgRNA1. The top 14 scoring off targets based on the MIT Off
Target (mitOfftarget) Score for the truncated®’ Tx2 sgRNA1 (ATTTGCAATTCTCTTCCA GGG) were analyzed by
PCR/Sanger sequencing. Note: sRNA1 Off Target (OT) 11 failed to amplify and could not be analyzed. The

protospacer adjacent motif sequence is underlined.

Off . mitOff
i Target Romatch -target | Chromosome | Start End Losus. F primer R amplicon
Target Count Description primer
Seq Score
AAATT TGCCA
. . TTGCA
TGGAA intergenic: TCAAC
OT1 TTCTC 2 7.09 Chrl12 4;224 4;254 Gm25051- AAAAT (C}::SE 484
TTCCA Gm1818 GTGTC CCTCA
GGA A
CAGTT
. . TCCCA GAACC
TCCAA intergenic:
98640 | 98640 CCTTCC | CTTCCT
OoT2 TTCTC 2 4.05 Chr6 082 104 Gm24387- TTCCTT CTGTG 360
TTCCA Foxpl CCT GCTC
AGG
%C}(C:/E intergenic: ACTTG AGGTC
OT3 TTCTC 3 243 Chrl3 35156 | 35156 Eci2- AGTTG CAGGT 397
TTCCA 631 653 Gm22674 AGTGT | TTCTGT
GCCCC TGCT
CAG
Tcggg GTCTG | ACATT
16117 | 16117 | . . CTTGC | CTGCCT
0T4 ES(T;,E 3 2.43 ChrX 6304 6326 intron: Scml2 ATTCAT GGTTT 411
TAG GGCA GAACA
(C:,?CAII;{ 63584 GGCCT ACCCA
46358 . ) CATGT CTTGA
OT5 ;;ggg 2 2.16 Chrll 04 426 intron: Itk ACACC AAGCC 376
AGA CACAA AACCA
S CCCAG | TGTCCT
18315 | 18315 intron: GGCAT | CTCCTA
016 ;:Frggi 3 1.63 Chr13 910 932 Pou6f2 CAGAG GCTCA 495
GAG GAAAG GGG
gé‘égz AGGAT | ACCTCT
45308 | 45308 | . ) AGCCA CCAGT
OoT7 :ll:rl"ggj(i 3 1.63 Chr14 151 173 intron: Eroll AGCGT CCCCA 421
GAG CATGG CTTT
(Tjég% TGTAA | CAAGG
11033 | 11033 | . . . GTCCC CAAGG
OT8 :rl":ll:(C:;l;[Cx 3 1.53 Chr8 3585 3607 intron: Hydin GGGAA AAGGG 306
GGG ACAGC TAGGG
CCATT . . CCCCTC | TCATG
TaeTT 10127 | 10127 | Imtergenic: | \TrGrC | CTGCTT
OT9 TTCTC 3 1.50 Chrl2 Gm?22845- 273
681 703 ACTGC GAAAC
TTCCA Nt5clb CTT ccce
TAG
TCATT ceaaa | TarGA
29904 | 29904 . . TCACCT | GCTAG
OT10 ESE(T: 3 1.49 Chr9 308 420 intron: Ntm CAGGT GGACA 343
AGG TCTC GGCCA
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"%égiﬁ intergenic: GCCAG ACCCA
OTIl | GTCTC 3 1.46 Chrl 1913 | 11913 | o hes3r. | CCTGG | GATTC 348
Trecn 5305 | 5327 it TCTAC | GGAGC
AAAGT | ATGTG
GAG
CAATT
. . GCCTG | TGAGC
TCTAT intergenic:
oy12 | TTCTC 3 1.46 Chr2 94891 | 94891 | 5 6306, | AAATT | CAAAC 368
Tcea 919 | 941 | GCCTT | CACAT
ACCCC | GGGAA
TGA
(T:éé% AAGAG | GGGTG
77718 | 77718 | . AAGAG | TTTTGC
OT13 "};ggi 3 1.43 Chrl4 314 336 intron: Enox1 CGTGC CTGCTT 300
GAG AGAGG | GTT
CAAAT
TGAAA 85805 | 8595 | intergenic: SSS(T}GA SliTc?
OT14 | TTCTC 3 1.40 Chr3 Glt28d2/Arfip 413
b 899 | 921 | WEIEP | ATCTA | GGAAG
AGG GCCTT | CAGCT

Appendix Table 2 Off target site analysis for 7x2 sgRNA2. The top 10 scoring off targets (OT) based on the MIT
Off Target (mitOfftarget) Score for the truncated®®” Tx2 sgRNA2 (AATAAACAGGTGTGACGG TGG) were

analyzed by PCR/Sanger sequencing. The protospacer adjacent motif sequence is underlined.

off . mitOff-
L Target BALRTErEn target Chromosome Start End Losus' F primer R amplicon
Target Count Description primer
Seq Score
. . | AGGAG | AGAGA
AAACA 92814 | 92814 | 'MCTEMC | A\GGGA | GACTG
OT1 ggzgé 2 2.39 Chr8 s 234 G]il/llfnzp722- GAAGG | Gacge 442
GGA CAGAG | TGAGG
ATGAG . ATTCTC | TACTG
AAACT 50448 | 50448 | MCTEEMC | curGA | GAGGG
OT2 | GGTGT 4 1.24 Chrll Aplbl- 384
GACGG 43 65 ol GCCCT | AGATG
GG CCCT | AGCCC
oA GGCCA | CCTGG
44451 | 44451 intron: CTCTCA | GACCG
013 ggggz 3 0.94 Chrl0 500 | 612 Prdml TGACA | GAAAG 379
GGG GGTG | TGTAG
AGAAG
AACCA 98826 | 98826 | mtersenic: TTTT(?TGC% é"(l;é/gg
OT4 | GGTGT 3 0.58 Chr7 Prkrir- 275
GAAGG 975 997 Watl 1 TCAGG | CAGTC
GGG CCTG | Tcccr
I:(zTC A intergenic: 1 CTGTA GTCCT
51509 | 51509 | 810046K07 | AGAGG | GGGAA
015 gggg 3 0.58 Chrd 342 | 364 Rik- GAGCG | AGCCA 405
GG Gm7293 GATGC | CCTAC
ACAGA N
ATTCA ot
GGTGT 5 0.57 Chrl4 52264 | 52264 | o\ Rab2b | analyzed
028 050 G
GACGG mismatches)
AGG
AGAAA . | GeeTG | GAGCG
AGCAA 63661 | 63661 | DMCIECNIC: | rTATG | TATGG
OT6 | GGTGT 4 0.54 Chrl5 Gm5473- 301
GACGG 274 296 ot TGTGC | GTCTG
6o sdme ATGC | GGAAG
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CAGAT

AAACA CAGGC | TCCTTC
13544 | 13544 | . e TCTCCT | TGTCAT
OT7 GGTGT 0.52 Chrs 7515 7537 intron: Hipl TTCCTT | GGaTC 257
GACCG GGG CCA
CGG
AAATC N
AAGGA intergenic: ot
GGTGT 0.51 Chr9 58525 58225 Gmg907- analzzed
GACGG Rpl10-ps3 mism(atchcs)
GGG
ig:éé TCTCTG | AGGCT
32905 | 32905 intron: TGCAT CTGTG
oT8 g,gggg} 0-50 Chrl4 122 144 Vstm4 GTCCA ACTTG 426
TGG CCAC GATGC
i};?é: intergenic: GATCA | GCCAA
43998 | 43998 ’ GCCTG | CAAGA
OoT9 g/i}"cfg;f} 0.50 Chr9 520 542 Grr}2h3y3126- GGAGT | CCTATT 292
AGG CCAAG GGCC
ﬁgﬁéz CTGCC | TTCCCA
38131 | 38131 intergenic: CGGAT GGCGA
OT10 ggggé 050 Chr19 365 387 Rbp4-Pde6c | ACAGG | ACAGA 405
AGG ACATC ACTC
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