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ABSTRACT

The reward system is a network of structures in the brain responsible for the
feelings of pleasure, motivation, and decision making. It is comprised of the prefrontal
cortex, orbitofrontal cortex (OFC), nucleus accumbens, ventral tegmental area, amygdala
and the hippocampus, brain regions that come together to process rewarding stimuli,
commonly referred to as rewards, to positively shape behavior. Rewards are well known
to induce a range of molecular changes within the reward system that mediate regjnforcin
effects of reward$ neuroadaptations. These neuroadaptations can not only support
adaptive behavior but also can mediate negative symptoms of psychiatric disorders such as
anhedonia, withdrawal, or drug tolerance. Hence, aberrant functioning of the reward
circuitry is present in patients with psychiatric disorders such as addiction, bipolar disorder,
eating disorders, major depressive disorder, and schizophrenia. The molecular mechanisms
underlying the function of the reward system are not fully underssmatl therefore
elucidating the rewarthduced neuroadaptations could inform future therapeutic
approaches for symptoms caused by aberrant reward processing associated with psychiatric
disorders. This thesis aims to characterize two types of neuroadaptaiimoular RNA
(circRNA) transcriptomic changes as well as -M6thyladenosine (m6A)
epitranscriptomic adaptations, in the context of appetitive reward and opioids, respectively.
First, we focused odescribingcircRNA related neuroadaptations within th€@ and
their functional implications, in the context of sucrose seeking behavior. We reported the

first circRNA profile associated with appetitive reward and identified a regulation of 92



OFC circRNAs by sucrose safiministration. Among these changes we observed a
downregulation ofcircNrxn3 a circRNA originating from neurexin N(xn3), a gene
involved in synaptogenesis, learning, and memory. Transcriptomic profiling via RNA
sequencing and gPCR of the OFC followingvivo knock-down of circNrxn3 revealed
differential regulation of genes associated with pathways important for learning and
memory and altered splicing ®frxn3 FurthermorecircNrxn3 knock-down enhanced
sucrose seladminstration and motivation for sucrose. Using RINMmunoprecipitation,

we reported binding afircNrxn3to the knownNrxn3splicing factor SAM68circNrxn3

is the first reported circRNA capable of regulating reward behavior. In additioNyxn3
mediated interactions with SAM68 may impact subsequent downstream processing of
RNAs such as the regulation of gene expression and spWdf@dhen went to characterize
MG6A epitranscriptomic adaptations induced by a commonly misused drug, the opioid
morphine. m6A malifications have not been studied in opioid use disorder, despite being
the most common RNA modification. We detected significant regulation of -m6A
modifying enzymes in rat primary cortical cultures following morphine treatment,
including AlkB Homolog 5 Alkbh5. The m6a demethylagdkbh5functions as an m6A
eraser, removing m6A modifications from mRNA. We hypothesized that chronic opioid
exposureregulates m6A modifications through modulationAdikbh5 and profiled m6A
modifications in primary cortical dwres following chronic morphinexposureand
Alkbh5knockdown. We observed differential regulation of m6A modifications for 568
transcripts following morphine and 2865 followiddkbh5knock-down 103 transcripts

were commonly regulated by both morphine ahitbh5 knock-down, and the two



treatments elicited concordant m6A epitranscriptomic profiles, suggesting that a subset of
morphinedriven m6A modifications may be mediated through downregulatigikish5

in cortical cultures.Together, this volume expands our understanding of molecular
neuroadaptations induced by both appetitive reward and opioids. We have identified
potential facilitators that could impact reward seeking, motivation and drug induced

molecular adaptations thebuld inform future studies.
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CHAPTER 1
INTRODUCTION

1.1 Brainds reward system

Human life has numerous joys that often come in the fomawérds, such as your
favorite type of food, social interactions with your friends and family, sex or even.drugs
Rewardingstimuli direct behavior and aid learning through the inner workings of a neural
network recognized as the reward sysfg&n®]. This complex ensemble of interconnected
neural structures, comprising of the nucleus accumbens (NAc), ventral tegmental area
(VTA), prefrontal cortex (PFC),orbitofrontal cortex (OFC),amygdala, and the
hippocampus, orchestrates the intricate choreography of reward prodé$sifigpm an
evolutionary perspective, the Datvemforcessyst e
adaptive actions such as seeking enalgyse food, forming social bonds, and ensuring
reproductive success while limiting contact with harmful stirf&]li

Reward processing requires a coordinated release of several neurotransmitters,
among which, dopamine takes center stage. Dopam@leased fromdopaminergic
neurons irthe VTA, has a critical role in mediating the value of rewards such as food, sex,
social interactions, and druggli 7]. The dopaminergic pathwajs comprisel of
dopaminergic neurortlatproject from the VTA to the striatum, frontal cortex, amygdala,
andhippocampud structures of the limbic systefRigure 1)[3]. Reward experience leads
to the activation of the dopaminergic mesolimbic systanithe release of dopamine to
the aforementionedrain regiond8]. The dopamine release into the PFC was shown to

influence working memory, cognitive flexibility, stimulus discrimination, response to



stress, as well as emotional and behavioral con®pl Dopamine can regulate
hippocampusiependent learning and memigi 12]. Dopaminergic projections into the
hippocampus can modulate driungluced synaptic plasticifit3], facilitate spatial memory
retention[14], and are necessary for aversive learning and associated synaptic plasticity
[12]. On the other hand, dopamine release into the amygdala facilitates aversive Jearning
which was shown via optogenetic stimulation of dopaminergic ne{it&hsand systemic

and amygdakaargeted administration of a dopamine receptor ag¢h&t Dopamine
signaling within the OFC has been shown to impact remeleded instrumental behavior

[17], associative reward processifig], as well as attention, motivation and impulsive
responding19]. Therefore, different components of the mesolimbic system work together
to mediate reward processing.

Frontocortical mechanisms underlying reward and drug response, with special
attention to the OFC, are at the heart of this thesis. Even though the OFC is one of the most
connected regions of the brain, it is still a relatively understudied componentreivel
system[20, 21} The OFC occupies the ventral surface of the prefrontal cf28xThe
OFC serves as a central hub for sensory integration, decision making, prediction, and
reward related behaviof22]. A number of studies have shown that reward value, the
expected value of the reward, the subjective pleasure of foods and other reinforcers are
represented in the OF(@23i25]. Importantly, the OFC was implicated in the
pathophysiology of mood disorders and therefore studying OFC function can provide not
only insight into hedonic quality of human experience but also can help us understand

psychiatric disorderR22, 26]



Figure 1. The dopaminergicprojections within the reward system.PFCi prefrontal
cortex, NAci nucleus accumbens, Aniiyamygdala, Hipp hippocampus, VTA ventral
tegmental area.

Reward value and processing were shown to be highly subjective and are dependent
on the indivi dul[@1 ZBpgeretcgde 80} andenhviroomes{B8lad?]e
as well as epigeneti¢33, 34] A recent genome wide association study (GWAS) of food
liking identified genetic determinants impacting preference for different types of food.
They identified 171 loci involved in 1401 loctrsit associations for liking of different
food highlighting tle importance of genetics in determining the subjective hedonic value
of food reward35].
1.2 Pathologies of the reward circuitry

Accumulating evidence suggests that dysfunction within the reward system can

contribute or lead to the development of psychiatric and neurological disorders.
3



Dysregulated reward circuitry is associated with major depressive disorder (MBPD)
bipolar disorder[37], schizophrenigd38], substance use disorder (SU[3P], autism
spectrum disorder (AS)40], and eating disord¢41] among othersThis chapter is going

to focus on pathologies of the reward circuitry other than substance use disorder, which
will be described in Chapter 1.4 Reward Induced RNA Neuroadaptations.

MDD is one of the most common mental disorders with lifetime prevalence rates
ranging from 8% to 12%42]. Anhedonia is one of the principal features of MDD,
however, it is also associated with substance use disorder, psychotic disorders, and
personality disorderg2]. Anhedonia consists of a range of deficits in hedonic function
such as loss of motivation, anticipatory pleasure, consummatory pleasure as well as deficits
in reinforcement learning43]. The mesolimbic dopamine system has been heavily
implicated in depressidd4]. Reduced striatal response to reward was associated with both
depression and anhedonjd5]. In addition, PET imaging studies have shown that
depressed patients exhibit reduced dopamine transporter binding compared with healthy
individuals [46]. Anatomically, patients with MDD demonstrate reduced volume of the
medial PFC as well as grey matter abnormalities, loss of glial cells and reduced neuronal
size[471 49]. Animal studies further implicate the role of the dopamine system in MDD.
Changes in the dopamine receptor expression were reported in different animal models of
depression including: chronic mild stress md8eél and learned helplessness mdédl).

In addition to aforementioned circdé@vel and neuroanatomical perturbations, aberrant
transcriptomic changes within the brain are an another vital phenotypic signature of MDD

[52]. Importantly, brain transcriptome can reflect dynamic stages of MDD such as:



predisposition, disease onset, and illnNgs. A recent genome wide association study
(GWAS) study has identified 102 variants and 269 genes associated with depression,
including genes critical for synaptic structure and neurotransmission potentially important
for MDD predispositior{54].

Schizophrenia is another disease of dysregulated reward system. It involves
episodes of psychosis that occur either continuously or in a relapsing manner. The
symptoms include hallucinations, delusions, and disorganized thif8&hglt affects, on
average, one in a hundred people and is modestly more common in[58len
Schizophrenia develops typically during early adulthood and peaks in early twWbiities
The underlying causes of the disease are not fully understood, however, neurochemical
disturbance of both dopamine and glutamate are hypothesized to be responsible for the
pathology [55]. Dysfunction in dopamine signaling has been implicatedthe
pathophysiology of schizophrenia based on the usefulness of dopamine receptor acting
antipsychotic medicatiofb5, 58] In addition, several studies have reported increased
dopamine synthesis capacity in individuals with schizophrenia symp{68i62].
Growing evidence highlights the importance of genetic architecture in pathogenesis of
schizophrenia. A recent GWAS identified 287 distinct genomics loci associated with
schizophrenig63]. These schizophrenia related genes were associated with fundamental
processes related to neuronal function such as neuronal differentiation, synaptic
organization and transmissipd3]. RNA sequencing (RNAseq) of schizophrenia patient
postmortem prefrontal cortex implicated transcriptomic changes in pathophysiology of the

disease, however, showed that polygenic risk scores could not fully explain all of the RNA



changes in these patients suggesting additional mechajigin©ne of the factors that

could potentially cause some of the observed transcriptomic changes could be of epigenetic
origin. A separate study has reported differential histone dimethylation of lysine 9 of
histone 3 (H3K9me2) accompanied by concordant mRNanges in postmortem brain
tissue suggesting that some of the transcriptomic signatures could be explained by
epigenetic changd65].

Changes in the reward system have been implicated in the onset and maintenance
of binge eating which is a symptom of eating related psychiatric disorders such as binge
eating disorder (BED), anorexia nervosa (AN) and bulimia nerj@8ja Studies have
associated binge eating with reduction in striatal dopamine transmj6gios8] Patients
with bulimia nervosa were found to have higher availability of cannabinoid type 1 receptor
(CB1R) in the insular corte}69]. Similarly, higher CB1R availability was found in
anorexia nervosa patients which was also associated with lower BMI and increased drive
for thinnesg469, 70] Other studies have shown lower availability of thegioid receptor
and serotonin transportar patients with binge eating disord@&8, 71, 72] In summary,
all these studies highlight the involvement of the reward system in several psychiatric
disorders.

1.3 RNA landscape in the brain

Transcriptional mechanisms are incredibly important in mediating and regulating
brain development and fation. The breadth of RNA heterogeneity, from gene coding
MRNAs to diverse nowoding RNA speciesunder | i e the brainods

information, form memories, and respond to the constantly changing demands of our
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environment. The beginown function of RNA is in the context of the central dogma of
molecular biology RNA mediates the transfer of genetic information from DNA to protein

[73]. Threemaintypes of RNA are involved in this process: messenger RNA (mMRNA),
ribosomal RNA (rRNA), and transfer RNA (tRNAJ4,75] Our wunder standi n
role in the cell has changed considerably over the last three decades. Thanks to the advances
in sequencing technologies and the headways in genome analysis, tens of thousands of
novel RNAs lacking the protein coding capacityrey discovered. These newly found RNA
species are referred to as raoding RNAs (ncRNAs). RNAs can be classified as either
proteincoding (MRNAS), housekeeping or regulataapd represent wide range of
molecular functions (Figure 2 & Table [[)6i 78]. rRNAs, tRNAs, small nuclear RNAs
(snRNA) and small nucleolar RNAs (snoRNAs) comprise the housekeeping RNA family
[79]. Housekeeping RNAs are constitutively expressed and are involved, for the most part,
in RNA splicing and regulation of RNA modificatiofig9]. The regulatory RNA family
consiss of circular RNAs (circRNAS), long nenoding RNAs (IncRNAs), micro RNAs
(miRNASs), piwkinteracting RNA (piRNAs), smallinterfering RNAs (SiRNAs), and
tRNA-derived small RNA (tsRNAs) [79]. This RNA family displays significant
heterogeneity in regards to expression and functidnch are oftentimes cetype and

context specifi¢76, 80] Significant evidence points to the role of ncRNAs in regulating
gene expression both at the transcriptional andtpasscriptional levellt is important to

note that even though ncRNAs are referred to ascoeding, several circRNAs and
IncRNAs have been shown to have protein or peptide coding capdtityd2] Many

NcRNA types tend to be enriched in the brain in comparison with other tif&jes



NcRNAs have been shown to be involved in regulating many important biological functions
such as: synapse formatig®3], dendritic branching84, 85] cell differentiation and
neurodevelopmerB6i 88], synaptic plasticityf83, 89] and neuroinflammatiof90, 91]

among others. Finally, their aberrant expression has been associated with a number of
neur ol ogi cal and psychiatr i c[79 schiophteeia s s uc
[92], bipolar disorde[93], MDD [94], SUD[95i 97]among otherdNon coding RNAs can

serve as biomarkers for the diagnosis of psychiatric and neurodegenerative diseases which
has been extensively studied over the last few ded@®e98 100]. Someof the most
promising mi RNAs that could serve 45 bi oma
3p, miR34-5p, and miR146a5p [101i 103]. miR-455-3p is consistently upregulated in

the CNS, plasma, and serum of AD patig¢h@2]. On the other hand, miB4-5p and miR

146a5p are downregulated in the plasma and serum and upregulated in the CNS of AD
patientd101, 103] In addition, studies have demonstrated a therapeutic potential of several

mi RNAs that could regul ate genes -dearghaser t ant
1 (BACEL), or presenilin 1(PS1)03/ 108]. miRNAs and IncRNAs can also be used as
biomarkers for bipolar disorder and schizophr¢@& 100, 109111] Two recent studies

have reported differential regulation of a number of IncRNAs in thermpostiem amygdala

from schizophrenia patients and gene ontology analysis revealed that many of these
INcRNAs were associated with protein synthesis, blood vess&lapenent, nervous

system and immune system pathwg$&2, 113] Another recent study has shown a
decreased circRNA biogenesis in postmortem cortical grey matter of schizophrenia

patients with many of the circRNAs predicted to sequester miRNAs previously shown to



be upregulated in schizophrenia patidfst]. These are just few studies highlighting the

importance of noitoding RNAs in pathogenesis of brain disorders.

Table 1. RNA types and their function.

RNA type

Function

Messenger RNAs
(mRNASs)

Involved in protein synthesis. Encodes the protein sequence.

Ribosomal RNAs
(rRNAS)

Primary component of ribosomes which carry out the protein synthesis.

Transfer RNAs (tRNAs)

Responsible for transport of specific amino acids to the ribosome during
protein synthesis.

Small Nuclear RNAs
(snRNASs)

Important component of the spliceosome that catalyze the splicing of pre-
mRNA.

Small Nucleolar RNAs
(snoRNAs)

Involved in rRNA processing through addition of chemical modifications.

Circular RNAs
(circRNAs)

Involved in miRNA & RNA binding protein (RBP) sponging, formation of
protein scaffolds. Certain circRNAs have protein or peptide coding capacity.

Micro RNAs (miRNA)

Involved in RNA silencing and post-transcriptional regulation of gene
expression.

Small Interfering RNAs
(siRNA)

Involved in RNA silencing and post-transcriptional regulation of gene
expression.

Long non-coding RNAs
(IncRNA)

Involved in both transcriptional and post-transcriptional regulation of gene
expression through both cis-acting and trans-acting mechanisms. Certain
IncRNAs have protein or peptide coding capacity.

Piwi-interacting RNAs
(piRNA)

Involved in silencing of transposable elements at both the transcriptional
and post-transcriptional level. Potentially involved in regulation of protein
coding genes.

Transfer RNA-Derived
Small RNAs (tsRNAs)

Implicated in regulating mRNA stability, translation, rRNA synthesis and
RNA reverse transcription.
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Figure 2. RNA landscape in the brainmRNA i messenger RNA, rRNA ribosomal
RNA, tRNAT transfer RNA, snoRNA small nucleolar RNA, circRNAcircular RNA,
SiRNAT small interfering RNA, miRNA micro-RNA, IncRNAT long norrcoding RNA.

Due to the recent advancements in the field of RNA biology and the discoveries in
the field of epitranscriptomics, the picture of transcriptional regulation in the brain became
even more complicated. The epitranscriptome is comprised of all chemical cabdifs
of the RNA[115]. Over 150 chemical modifications of RNA were discovered to date,
including Némethyladenosine (m6A)N7-methylguanosine (m7G)5-methylcytidine
(m5C), andpseudouriding y ) a mong o t[1l&].MNacledtideimgdificagonsdf)
the RNA can affect RNA stability, processing, and structure, thus regulating gene
expression at transcriptional, pdsanscriptional and translational levdls17]. RNA
modifications play a pivotal role in rapid responding to environmental stimuli facilitating

adjustments in gene expression. They have been closely examined in the context of
10



anticancer drugs, DNA damage, and oxidative sfdels® 119] RNA modifying enzymes

can respond to external stress stimuli and lead to swift degradation or stabilization of target
RNA, reshaping a cell és proteome in a ti:
adaptations can occur. This ability to quickly respaa external stimuli to control cell

division, migration, and differentiation to ensure correct cell fate decisions is vital during

brain development. Hence, dysfunctional deposition of epitranscriptomic marks can cause
neurological and metabolic disorddd20, 121] 7-methylguanosine (m7G), commonly
referred totaanBcapptiiomnaa omodi ficaand on ad
is essential for efficient gene expressiai is required for translation of the majority of

cellular mRNAs[122]. In addition, methylguanosine affects transcription elongation,

splicing, and nuclear export, as well as RNA stabjli2]. Pseudouridine (Yy)
abundant chemical modification of RNA, however its function has not been fully
elucidated. It was shown to stabilize the tertiary structure of tRNA, as well as shown to be
important in spliceosomal architectuf@23]. N6-methyladenosine (m6A) is another
abundant RNA modification which is characterized by versatile functions in numerous
physiological processem6A was shown to impact RNA secondary structure and base
pairing, therefore influencing local structure of RINR4]. m6A is involved in regulation

of gene expression, RNA splicing, mRNA stability as well as RNA folding and structure

[124]. m6A RNA modifications have been implicated in regulation of adult neurogenesis

and synaps#ocalized translation, as well as in learning and meni{@@4i 126]. 5
methylcytidine (m5C) is yet another epitranscriptomic modification that affects stability

and activity of RNA molecules. m5C is involved in rRNA processing as well as impacts

11



tRNA stability and translation fidelity127]. Differential m5C RNA methylation was
reported at different stages of brain development with many of the genes associated with

synaptic plasticity, suggesting a role of this RNA modification in brain develodd2sit
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Figure 3. Chemical modifications of RNA

1.4 Reward induced RNA neuroadaptations

Neuroadaptation is the process by which the nervous system adapts to a continuous
or prolonged stimulus. 1t is a fundament al
in the environment. Rewards such as drugs and kpalatable foods are knowa induce
a range of different neuroadaptations in the brain. These remduded neuroadaptations
can mediate certain symptoms of SUD or eating disorders such as tolerance, craving, and

withdrawal [96, 129 131]. Molecular neuroadaptations induced by rewards have been
12



most thoroughly investigated in the context of drugs, while natural appetitive rewards
remain heavily understudied in this regard. Hence, this chapter will focus on transcriptomic
and epigenetic adaptations associated with drug @weonic drug usénduced
neuroadaptive changes lead to increased positive and negative reinforcing effects of the
drug, hence serving as a modulatory process that can cause increased reinf¢i@hent
Importantly, these modulatory changes persist long after an individual ceases drug use,
therefore, mediating relapse. Cellular neuroadaptations can involve several molecular
processes, such as receptor internalization, and epigenetic changes, as well as
transcriptional, postranscriptional and translational mechanigB¥, 129, 131] Among

drugs, opioids are a particularly well studied group that is incredibly useful in the medical
setting for pain managemgniB2]. Opioid analgesics act on thegpioid receptor (MOR)
system[132]. MOR acting opioids, in addition to their analgesic properties, are efficient
mood enhancers that cause activation of the dopamine reward pathways, leading to high
misuse risH132]. MOR desensitization and internalization have been extensively studied
and seem to be involved in both acute and{@mm opioid tolerancgl33i 136]. Agonist
activation induces MOR phosphorylation, which increases interaction affinity with arrestin

3 (Arr3) therefore leading to uncoupling of the receptor fromr@ein signaling and
initiation of receptor sequestration and internalizafid85, 137, 138] In addition, a
number of studies have reported epigenetic and transcriptomic changes following opioid
use both in animal models and human postmortem tig96e96, 139, 140] A recent

study has implicated methylome ahgdroxymethylomechanges within the OFC with

OUD [139]. These epigenetic changes affected genes related to neurogenesis and neuronal
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differentiation among other pathway$39]. Another study has described thiBK27
acetylation changes within the striatum associated with OUD and have shown that
pharmacological blocking othe functional reasut of heroirinduced histone H3
hyperacetylationnhibited heroin selbdministration[141]. Other studies have associated
acetylation oH3K9 [142], H3K14[143], H3K18[144], H4K5[144], andH4K8 [144] with

opioid seeking or exposure. In addition, several ncRNA changes have also been associated
with opioid exposure, seeking or OUD. A recent study has associated the expression of 55
OFC miRNAs with incubation of heroin craving, including rdB5-5p[96]. Interestingly,
bidirectional modulation of miR85-5p regulated londasting heroin seeking following
forced abstinencf96]. Another study has associatedR-133bin the mouse VTA and

NAc as well as miR-675 and miR-154 in ventral striatum with morphine self
administration[145]. A number of IncRNAs have been found differentially regulated in

the postmortem NAc tissues from heroin using subjects, inclutMhgT, NEAT]
MALATYL andMEG3IncRNAs[146]. These IncRNAs were shown to contribute to cAMP
signaling, GABA neuron neurogenesis and synapse formgt#f]. Opioids are not the

only drugs that can induce transcriptomic or epigenetic neuroadaptations. Drugs such as
alcohol, cocaine, methamphetamine, cannabinoids, or nicotine were also shown to induce
a range of epigenetic and transcriptomic changes in tire[BG 131, 148150]. A recent
publication has reported widespread alternative splicing associated with enrichment in
H3K36me3histone modification following cocaine seeking in mice including splicing
factor Srsf11[33]. Epigenetic editing in the mouse NAc ¢13K36me3at Srsflldrove

alternative splicing o6rsflland enhanced cocaine seeking behdd8}. It was recently

14



shown that histone 3 glutamine 5 can lopaminyhted. Interestingly, accumulation of
H3Q5 dpaminylationwas associated with cocaine seeking behavior and was shown to
mediate the transcriptomic neuroadaptations of cocaine expdsif8f Several studies

have shown epigenetic neuroadaptations in response to cannabjtdils -9
tetrahydrocannabinpthe major psychoactive cannabinoid within cannabis, was shown to
alter H3K4me3 H3K9me3 H3K27me3as well as changes in CpG DNA methylation
[1517 154]. In addition to epigenetic adaptations, activation of the cannabinoid system was
shown to cause shifts in miIRNA expression profi#55 157]. The aforementioned
studies showcase some of the epigenetic and transcriptomic neuroadaptations occurring in
response to rewarding stimuli. Importantly, the majority of the molecular studies into
reward induced neuroadaptations are centered around ragjag other forms of reward
heavily understudied. Finally, it is important to note that neither circRNA dependent
neuroadaptations in the context of natural reward seeking nor m6A epitranscriptomic
neuroadaptations in the context of drug exposure wedgesk to date. Natural reward and
drugs can cause transcriptomic changes that can mediate certain aspects of reward system
disfunction observed in psychiatric disorders such as SUD or eating disidioi&rs62).
Understanding the upstream mechanisms mediating these transcriptomic changes could
help us establish causality networks to help us understand the molecular mechanisms
underlying the development of the disease as well as inform future therapeutidestrateg

to treat these psychiatric conditions.
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CHAPTER 2
THE ROLE OF CIRCRNAS IN MEDIATING REWARD SEEKING
BEHAVIOR AND MOTIVATION [163]

2.1 Introduction

The braindés reward <circuitry 1is a netw
pleasure, motivation, value and decision maki2g]. Abnormalities in reward circuit
functioning have been identified in clinical neuroimaging studies across a number of
psychiatric disorders including depression, substance use disorder, and schizophrenia,
among other$l64]. One of the central nodes of the reward system is the orbitofrontal
cortex (OFC), which occupies the ventral surface of the medial prefrontal e2{ek is
essential for decision making, responsible for monitoring, learning and memory of the
reward value, as well as evaluation of punishi2B§. The OFC receives inputs from all
five sensory modalities: auditory, gustatory, olfactory, tactile and vidiéd]. These
sensory modalities are integrated by the OFC to encode the value of the reward in an
identity-specific mannef166]. Understanding the molecular pathways that sustain-OFC
mediated reward will critically inform us of the neurobiology of motivationdépth
knowledge of the inner workings of the reward system and OFC functionality can help us
recognize dysregulated pathys that lead to maladaptive reward seeking such as in the
case of eating and substance use disorders.

An understudied RNA species with regulatory function called circular RNAs
(circRNAs) were recently associated with a range of disorders that involve dysregulated
reward circuitry, including schizophrenia, bipolar disorder, and substance use disorder

[150, 167 179]. CircRNAs are covalently closed noncoding RNAs (ncRNAs) formed in
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the process of backsplicing that participate in the regulation of various biological processes,
including microRNA (miRNA) sponging, sequestration of RNA binding proteins (RBPSs),
and scaffolding protetprotein interactionfl80i 182 Unl i ke mMRNAs ;; cir cF
capping and polyadenylation, which results in circRNAs maintaining 2.5dtgreater
half-lives compared to their linear counterpdt83, 184] Recent studies have revealed
that neural genes are preferentially backspliced and that the human brain is characterized
by greater expression of circRNAs in comparison to other tig48&6187]. In addition,

the frequency of circRNAs expressed in the central nervous system (CNS) increases
drastically from birth to adulthood, while some of these circRNAs are found to be
expressed at higher levels than their linear counterpa&3, 188] Notably, many
circRNAs are conserved from rodents to hunfas®, 184, 186]A recent study reported

that a disproportionate fraction of circRNAs are derived from genes that encode synaptic
function and are enriched in neuronal synaptosomes in comparison with their cognate
linear isoforms [185]. Furthermore, circRNAs are regulated during neuronal
differentiation, nervous system development and adi@6, 189] Evidence illustrates that
CRISPRCas9 genetic deletion of a specific circRNA (cecRNA7) was sufficient to

alter synaptic neurotransmission and elicit a sensorimotor gating deficit in mice, suggesting
that modulation of circRNA levels can modify beha\it®0]. Furthermore, it was recently
shown that shRNA mediated knedkwn ofcircHomerlain the mouse OFC resulted in
specific deficits in OFC mediated cognitive flexibility as assessed through-socoeén
reversal learnind177, 191] Thus, circRNAs are important contributors for synaptic

function in the brain and resulting behavioral outcomes. Together this suggests that
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circRNAs are poised to impact reward and GiR€diated processes, yet published studies
so far have failed to establish the extent to which circRNAs may contribute to the
functioning of the OFC in the context of reward seeking behavior.

In the present study, we sought to address this by evaluating the expression of
circRNAs in the OFC of Spragtleawley rats that underwent sucrose -s&lfinistration
and determining if a sucrosessociated circRNA can modulate motivation for sucrose. We
have shown that sucrose se@diministration modulates the circRNA profile of the OFC
without, for the most part, affecting the expression of their parental linear mMRNA. Among
our observations, we repdtata circRNAarisingfrom the neurexin 3 genei(cNrxn3)
Is associated with sucrose satfministration and circNrxn3 causes transcriptomic
changes in geneelated tgpathways important for learning and memory. In addition, we
have demonstrated theircNrxn3 downregulation is sufficient to drive sucrose seeking
behavior andnteractswith an RNAbinding protein, SAM68, that is known to regulate
splicing of the Nrxn3 gene. These data demonstratethe critical importance of
characterizing the contribution and function of previously understudied circRNAs in
molecular and behavioral neuroscience.
2.2Materials and methods

2.2.1 Animal subjects

Forty-eight adult 8weekold male and female Sprague Dawley rats (Charles River
Laboratories, Wilmington, MA, USA) were used in this study. Animals were pair housed
at a constant temperature (22 2@ and humidity (40%) on a reverse-i@ur light/dark

cycle. Animals were provided free access to laboratory chow and water. All procedures
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foll owed the National I nstitutes of Heal tF
Ani mals and were approved by Temple Univer
Committee.

2.2.2 Sucrose selhdministration

Sucroseself-administration was conducted as previously descri®&d. Self
administration procedures were conducted on either fixed ratio (FR) 1 schedule where
every active lever press yields one reward (45 mg chocolate flavored sucrose pellet; Bio
Serv, Flemington, NJ) or on a progressive ratio schedule (PR). SessiBR4 athedule
lasted for 2 hours (h) and on PR schedule 2.5h. For PR schedule, the number of active lever
presses required to receive a reward increased after each correct devadt] 9, 12, 15,
20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219,288,402, 492, 603, 737, 901,1102,
1347, 1647, 2012. If the animal failed to make the correct number of lever presses required
for a reward within 60 minutes, tiR session ended, and the last correct active lever press
number was consi der ed t ave aontiolnairatgseferredr e a k p o
to as control animalsyere food restricted, weighed at the beginning of each session, and
placed in the selddministration chambers for the duration of the session to control for the
overall selfadminstration experience. However, the operant chambers were not active for
control animals and lever pressing did not result in any programmed consequences. For
microarray studies, animals were euthanized immediately after the 10#useifistration
sessionby 5% isoflurane and rapid decapitation. Brains were isolated and frozen in ice

cold isopentane on dry ice. Brains were kept8&°C until dissection. The OFC was
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dissected using ar@m sample corer on a cold plate maintainee2@t°’C. Frozen tissue
punches were stored 180 °C until RNA extraction.

2.2.3 RNA extraction

Total RNA was extracted from OFC tissue using the Mirvana Paris Protein & RNA
Isolation System (Thermo Fisher Scientific, Waltham, MA, USA) or miRNeasy Mini kit
(Qi agen, Hi |l den, Ger many) according t o
describefl192]. RNA was suspended in RNase free water and the concentration was
measured using the Qubit HS Assay Kit (Life Technologies Corporation of Thermo Fisher
Scientific, Frederick, MA, USA).

2.2.4 circRNA microarray

Evaluation of circRNA expression in OFC RNA samples faamtrolanimals and
animals that underwent sucrose seliministration was performed by Arraystar Inc.
(Rockville, MD, USA), as previously describgg5]. 2.5 €g of tot al
control and three sucrose seldidministration animals were submitted for a circRNA
microarray. Statistical significance was estimated -bgst. circRNAs having >1-fold
change and-palues <0.05 were considered statistically significant.

2.2.5 Quantitative polymerase chain reaction (QPCR)

gPCR was performed using a Quantstudio 3 gPCR machine (Thermo Fisher).
500ng of RNA was reverse transcribed into cDNA using 200 units (U) of Maxima Reverse
Transcriptase (Thermo Fisher), 20 U of RiboLock (Thermo Fisher), 0.5 mM of dNTP mix
(Thermo Fisher)100 pM of random hexamer primers (#S0O142, Thermo Fisher) and 4

5X RT Maxima RT buffer (Thermo Fisher). Reverse transcriptase reactions were incubated
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at 25°C for 10 min, 50°C for 30 minutes and inactivated at 85°C for 5 minutes. cDNA
was diluted 1:20 then used as a template in gPCR reactions with IDT PrimeTime Gene
Expression Mastermix and IDT PrimeTime gPCR Probe Assays (Integrated DNA
Technologies, IDT, Coralville, lowaBeta actin Acth) and glyceraldehyde-ghosphate
dehydrogenaseSapdh were used as endogenous controls. A full list of primers can be

found intable2and3.Ex pr essi on | evels were c¢cglI98lul ated

Table 2. Primers and probes used to measure circRNA expression.

circRNA gene expression assays

Oligo

type
Probe 5'-/56-FAM/TTGGACCGA/ZEN/TCTGCAGACACACAG/31ABKFQ/-3'
Primer 1 5'-GGTCTTCCTGGAGTTTCATCAG-3'
Primer 2 5'-ATCATCCTCTGCTCCGATAATATG-3'
Probe 5'-/56-FAM/TGCACTGGT/ZEN/GGAGAATGGAATTGGT/31ABKFQ/-3'
rno_circRNA_007961 (circCdyl2) [Primer 1 5'-TTGAATGACCAGCTTGGAGAG-3'
Primer 2 5'-CCCTTCTTGTTCTTCCTCTTGT-3'
Probe 5'-/56-FAM/TGGATCATA/ZEN/AACGACAGCTGGGCT/31ABKFQ/-3'
rno_circRNA_016794 (circFbxI17) Primer 1 5'-CAGCTCTCTGAATCTCTGTCTG-3'
Primer 2 5'-CGAAGTGAATATCTTTGAGTTCTCTG-3'
Probe 5'-/56-FAM/AGGACTTTG/ZEN/GAGAAAGGAGCAGCA/31ABKFQ/-3'
rno_circRNA_002017 (circHspa4) |Primer 1 5'-ATAGTAGGCCTCCAGAGTGAA-3'
Primer 2 5'-CTGATGGCTCCAGCTCAAA-3'
Probe 5'-/56-FAM/TGTGACTCC/ZEN/AAAGGCTAGACAGGAAGA/31ABKFQ/-3'
rmo_circRNA_013711 (circNrxn3) |Primer 1 5'-GAGGAAAGCACTCAGATGACAA-3'
Primer 2 5'-AGCCATCTCCAAACAATCTCTC-3'
Probe 5'-/56-FAM/ACTGCCTGA/ZEN/GGCCAAAGATAAGGT/31ABKFQ/-3'
rno_circRNA_009190 (circPapd4) |Primer 1 5'-CCACTGTTAGAACCTAGAGAAATCA-3'
Primer 2 5-TATGCTGTTGGTGGGTTGG-3'
Probe 5'-/56-FAM/TTGTTGTTC/ZEN/AGTCGTCAGGGTCCG/31ABKFQ/-3'
rno_circRNA_001230 (circSIit1) [Primer 1 5'-CAGCTGGAGTCTGTCAGAAG-3'
Primer 2 5'-CCAGTGGCCTCTAGGATTG-3'
Probe 5'-/56-FAM/TTCACCAAG/ZEN/CACAAAGCTGATGGC/31ABKFQ/-3'
mo_circRNA_017786 (circSmc1a) [Primer 1 5'-AGGTCCCTCAGGGTCTTTAC-3'
Primer 2 5'-GCTCGTAACTTCCTCGTCTTC-3'
Probe 5'-/56-FAM/TGACTTTGA/ZEN/AGGTGCTTTCCAGAGAGC/31ABKFQ/-3'
rno_circRNA_010661 (circStrbp) [Primer 1 5'-GGAACACGAAAGAGCCAACA-3'
Primer 2 5'-CCCTGACTGCTCAATGTCAAATA-3'
Probe 5'-/56-FAM/TGGAGGACC/ZEN/AGAAGAAGGGTCACA/31ABKFQ/-3'
rno_circRNA_015331 Primer 1 5'-CATGGGAAGAATCCGGTGAG-3'
Primer 2 5-GCTTGTCTCTTGTGTCCTGT-3'

Target Sequence

rno_circRNA_016183
(circArhgef12)
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2.2.6 Backsplice junction validation

To confirm the backsplice junctions of the endogenous circRNAs, gPCR products
were subcloned into the TOPO Cloning vector (Thermo Fisher Scientific) according to the
manufacturerds instruction and subjected t
NJ, USA). Sequencing results and reference sequences were used as input for multiple
sequence alignments using Clustal Omd&d].

Table 3. Primers and probes used to measure mRNA expression.

MRNA gene expression assays

Target 2l Sequence
type

Probe 5'-/ 56-FAM/TCCTGGGT A/Z EN/TGGAA TCCTGTGGC/31ABKFQ/-3"
ActB Primer 1 |5“TCACTATCGGCAATGAGCG-3'

Primer 2 |5-“GGCATAGAGGTCTTTACGGATG-3'

Probe 5'-/56-FAM/TTCCTCCTA/ZEN/CACCTTCCCCCAGAT/31ABKFQ/-3'
Cdyl2 Primer 1 |5'“CATACGCAACTATCCGACTCAC-3'

Primer 2 |5-ACAGAACAGCATTTCATTGGC-3'

Probe 5'-/ 56-FAM/TCTGCCTTC/Z EN/TT AGAGCCA TTCAGCG /31ABKFQ/-3'
Gapdh Primer 1 |5-“GCATCAGTGTCATGGTATCTCG-3'

Primer2 __|5'“CACAAACATCATCACCCACAC-3'

Probe 5'-/56-FAM/TGGACCTTG/ZEN/ACTGACATCTTCTGAGC/31ABKFQ/-3'

Nrxn3 E2-6 (alpha) Primer 1 |5-GACTGTTCTACCACTGGCTATG-3'
Primer 2 |5-CTCGAGCTTTACTTCTACCTTGT-3'
Probe 5'-/56-FAM/TTC AGC ACC /ZEN/ACT GTG AAG GAT GGT /3IABKFQ/-3'

Nrxn3 E17 (alpha and beta) Primer 1 5'-TGG CCA GCA AAT GAC AGA-3'
Primer 2 5'-GCA CTG TCG ATG CGT ACT AA-3'

Probe 5'-/56-FAM/ATG GCG GCT /ZEN/GAG AAC AAC CCT AAT /3IABKFQ/-3'
Nrxn3 E20 (#SS4) Primer 1 5'-CCAACT CTC TGG GCT CTATTA TG-3'

Primer 2 5-TGT TGT TCC CGAGAC TGA TG-3'

Probe 5'-/56-FAM/TCGTCTTGA/ZEN/TGGTAAACGGCAGCG/31ABKFQ/-3'
Papd4 Primer 1 5'-TCCAATACAGACCTCAACATCC-3'

Primer 2 5'-GTTGATTATAGTTGGCTCTTGGTG-3'

Probe 5'-/56-FAM/TCTCCATCA/ZEN/GCTGCAACACTCGAAG/31ABKFQ/-3'

Slit1 Primer 1 5'-CACTCGGATCCATAAGAATGACT-3'

Primer 2 5'-GCTCCAACTCCTTCATGTCA-3'

Probe 5'-/56-FAM/TCTCATCAA/ZEN/AGCTCGTAACTTCCTCGTCT/31ABKFQ/-3'
Smc1a Primer 1 5'-GTCCAGCTACATGAATACAGTGA-3'

Primer 2 5'-CAATAGATTCCACTGCACCCT-3"

2.2.7 Poly(A) tailing and RNase R digestion
Poly(A)tailing followed by RNase R digestion was performed according to the

protocol by Xiao et al 2019 with minor changd®5]. 10e g o f rat OFC RN
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subjected to poly(A) tailing in a 1G0 | reaction using Poly(A) Te¢
AM1350) following manufactureros instructi
incubated for 10 min at 37C and 1¢ | of RiboLock BNalse Théi mao
Fisher EO0381) was usefébllowing the incubation, RNA was aeahloroform extracted,
ethanol precipitated and dissolved in nuclelase water. g of pol y (A) tail
then incubated at 37C for 30min in a 20e | reactdlongf wi@X RNase F
0.2MTrigHCI (pH 8.0), 1 mM MgCl 2 and 1 M Li Cl
and 3U of RNase R enzyme. Control reactions were similarly prepared, but nufiiease
water was added instead of RNase R enzyme. Following RNase R digestion, reactions were
reverse trascribed for gPCR validation as described above.

2.2.8In vivo intra-OFC siRNA transfection

All surgical procedures were performed under anesthesia. Animals were
administered ketamine (10@g/ml; Hikma, Berkeley HightsNJ, USA) solution with
xylazine (100 mg/ml; AnaSed Injection, Patterson Veterinary, Loveland, CO, USA) in a
ratio 10:1. Rats were stereotactically infused with an siRNA targetingitoBrxn3
backsplice junction (Sense:-BCCAAAGGCUAGACAGGAAUU-3' ; Antisense: 5'
UUCCUGUCUAGCCUUUGGAUU 3) or a scrambled siRNA control (ON
TARGETplus Nontargeting Pool, 20 nmol; Horizon Discovery Biosciences Limited,
Cambridge, United Kingdom). The OFC was tagl bilaterally using the following
stereotaxic coordinateanterior/posterior +3.2, medial/lateral 2.6, and dorsal/ventral
-4, relative to Bregma. The in vivo transfection was carried out using the transfection

reagent jePEIl (Polyplustransfection, Graffenstaden, France) prepared according to
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manufactureros instructi [96 196,4%] wle2 .h5a veel pofe
(20€ g) were diluted with 12.5 -PHlreagéntwereer i | e
combined with 12.5 ¢l of steril dreem@tésh gl uc o
Diluted jetPEI solution was then added to the diluted siRNA, mixed by pipettind,
Il ncubated for 15 min at room t-RERSIREA at ur e
nanoparticle complex was delivered to each hemisphere overia @eriod followed by
5 min of rest. The rats were subjected to behavioral and malemadysis 3 or 7 days after
jet-PEI transfection. For molecular analyses, withimmal controls were used in which
each OFC was injected unilaterally with either scrambled siRNé&iroNrxn3-targeting
siRNA. For evaluation of the behavioral phenotype following siRNA kraimkn, animals
were injected bilaterally with either scrambled siRNACibcNrxn3-targeting siRNA.

2.2.9 RNA immunoprecipitation

RNA-binding protein immunoprecipitation (RIP) assay was performed using the
EZ-Magna RIP kit (EMD Millipore, Burlington, MA). In short, the frontal cortex was
rapidly dissected from adult rats in iceld 1x PBS. Freshly dissected tissue was
homogenized ince-cold 1x PBS using a Dounce homogenizer. Cells were then collected
by centrifugation at 1500 RPM for 5 min af@ and the supernatant was discarded. The
pell et was then resuspended in 200 eIl of R
and RNAbinding protein complexes as well as purification of the precipitated RNA was
done according to the manuf-SAME3(SIgmaAldreh pr ot o «

07-4151) or normal Rabbit control (Millipore Sigma C970H66) antibody were used for
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each immunoprecipitation reaction. Purified RNA was retrotranscribed as described above.
The experiment was repeated three times.

2.2.10 BaseScope RNA in situ hybridization (ISH)

BaseScope RNA ISH was performed using BaseScope duplex detection reagent kit
(Advanced Cell Diagnostics 323810) with the following probes:mBANrxn3-circRNA-
C1 (targeting the backsplice junction@fcNrxn3, Cat.# 1200741L1), BA-Rn-Slcl7a?
3EJC2 (targeting Slcl7a7 [Vglutl]; Cat.# 124343%C2), and BARNGadl3EJC2
(targetingGadZ, Cat.# 1243441C2). Briefly, 14 um fresh frozen brain tissue sections were
fixed for 1h in 10% neutral buffered formalin af€. Slides were then dehydratidough
incubation in 50%, 70% and 100% ethanol solutions and treated with Protease IV for 30
min at RT. Next, the slides were hybridized with appropriate target probe mixeh far 2
40 °C in a HYbEZTM oven (ACD). BARN-Nrxn3-circRNA-C1 probe was mixed with
either BARN-Slc17a?3EJC2 or BARN-Gad1t3EJC2 in ratio 50:1 (1 volume of the C2
probe combined with 50 volumes of the C1 probe). Following target probe hybridization,
the slides uneérwent amplification steps with AMP1 for 30 min at 4D, AMP2 for 3
min at 40°C, AMP3 for 15 min at 40C, AMP4 for 30min at 40°C, AMP5 for 30min at
40°C, AMPG6 for 15min at 40°C, AMP7 for 30min at room temperature (RT), and AMP8
for 15 min at RT. Slides were then incubated with Fast Red solution for 10 min at RT.
Following the detection of the red signal, slides underwent amplifications steps with AMP9
for 15 min at 40C, AMP10 for 15 min at 40C, AMP11 for 45 min at RT, and AMP12
for 15 min at RT. Slides were then incubated with Fast Green solution for 10 Rin a

Sections were counterstained with 50% Gi
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All images were collected using a B@10 Fluorescence Microscope (Keyence) with a
40x objective.

2.2.11 RNA sequencing

Directional library preparation and eukaryotic mRNA sequencing (RNAseq) were
carried out by Novogene (Sacramento, CA). 400 ng of total RNA was used for library
preparation. After cluster generation, the library preparations were sequenced on llumina
platform and paireeend reads were generated. Index of the reference genome was built
using Hisat2 v2.0.5 and pairethd clean reads were aligned to the reference genome using
Hisat2 v2.0.5. The mapped reads of each sample were assembled by StringTie (v1.3.3b)
(Mihaela Pertea.et al. 2015) in a referebesed approach. featureCounts viEB0vas
used to count the reads numbers mapped to each gene. FPKM of each gene was calculated
based on the length of the gene and reads count mapped to this gene. Diffeqgmessien
analysis was performed using the DESeq2 R package (1.20.0). Genesmatipue O 0.
and log2(Fold Change) > 0 were considered as differentially expressed. rMATS (4.1.0)
software was used for the analysis of the alternative splicing eventerehadiler R
package was used to test the statistical enrichment of the RNAseq detected differentially
expressed genes between scrambled siRNA cmiNrxn3 siRNA in KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways.

2.2.12 Gene ontology analysis

The functional annotation tool from the Database for Annotation, Visualization and
Integrated Discovery (DAVID version 6.8 ; https://david.ncifcrf.gov) was used for gene

ontology analysis. The list of genes from which sucroseashffinistration associated
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circRNAs originated was used as t he I npu
AGOTERM_CC_50, AGOTERM_MF _ 50 gene ontol og
unadjusted fvalues and unadjustedvalues for differentially regulated circRNAs from
the circRNA microarray wer taken to generate the bubble plot using GOplot R
packaggl98]. In the case of gene ontology analysis following RNAseq experiment, the
list of differentially regulated genes between scrambled siRNA@oNrxn3siRNA OFC
sampl es was used as t he I nput for t he
AGOTERM_CC_DI RECTO, AGOTERM_MF_ DI RECTO ge
corresponding {values were used to generate bubble plots using the ggplot package in R.

2.2.13 Statistical analysis

All data are presented as mean + standard error of the mean (SEMjvaywo
analysis of variance (ANOVA) with repeated measures were used to compare self
administration acquisition data over 10 da
on all datasets Un p ai r e-estsswene dsedhtd analyzet differences between two
groups with normal distributions. Nonparametric Mafthitney tests were performed to
compare differences between two groups without a normal distributiorvadup of less
than 0.05(p-v a | W®M5) Was considered statistically significant. Statistical analyses of
gPCR data was performed on ddCT values prior to log transformation of fold change. Two
way repeated measures ANOVA was used to evaluate the effect@fdNexn3 knock
down on sucrose seeking behavior during sucrosedatinistration. No sex by treatment
interaction was detected hence data for males and females was combined. The ROUT

method (Q=1%) in Grahpad was employed for outlier detection. In addition,esamgite
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excluded from the R'GPCR analysis in case of no amplification, as defined by a Ct value

O 35 (Ct value O 40 for RNA immunoprecipi!
were performed using the GraphPad software package (Prism version 9; GrapmPad, Sa
Diego, California, USA).

2.3 Results

2.3.1 Sucrose selddministration shifts the circRNA profile in the rat OFC.

To evaluate circRNAs associated with reward seeking behavior, we used a rodent
model of sucrose seHfdministration in which animals sedltiminister sucrose pellets for
10 days in zh daily sessions. (Figudd) [199]. Controlanimals were exposed to the self
administration chamber; however, lever pressing did not elicit any reaction. Sucrose
animals learned the behavioral paradigm and pressed the active lever significantly more
than the inactive lever (MarWwhitney test: U = Op < 0.0001) (Figur8B).

Immediately following the last session, animals were euthanized, and the OFC was
collected to investigate the circRNA profile associated with sucrosadelinistration. A
circRNA microarray was performed with OFC RNA from a subset of sucrose animals and
control animals. The array contained 14,145 probes against backsplice junctions of rat
circRNAs and detected the expression of over 7000 circRNAs in the rat OFC (Fi@Qure
and4D). We found 92 circRNAs significantly regulated in the OFC between sucrdse an
control groups, with 41 downregulated and 51 upregulated (Figie Very little
information is known about the function of individual circRNAs in the nervous system.
Because of this, we performed Gene ontology (GO) analysis on rassodiated

circRNAs using the gene names from which the circRNAs are derived. Theediially
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regulated circRNAs originate from genes implicated in nervous system development
(G0O:0007399), regulation of nervous system development (GO:0051960), learning and
memory (GO:0007611) and synaptic signaling (GO:0099536) among others (#gure
These data demonstrate that performance in a reward learning task with sucrose is
sufficient to alter the OFC circRNA profile and that these changes originate from genes

important for learning and memory, synaptic signaling, and nervous system demelopm

29



-log (p-value)

o
®

N

>

~
o

10 days

[7days ] Sucrose SA

OFC collection

acclimation for molecular analysis

begin SA

Sucrose self-administration

10004 Aekkk 300+

°

o]
(=]
o
1

N

o

o

1

(]
=%
600 2

°9®

4004

# of rewards

=%

o

o
1

lever presses (2 hr)

o]

200+

0- 0 T
active inactive rewards

D

rno_circRNA 005501s[Zmym2
rno_circRNA_017873 [Sh3kbp1
rno_circRNA_012198 [Ubn2
rno_circRNA_012788[ Zmym4

rno_circRNA_005161 [Mapk10!

rno_circRNA_010736 [Zeb2
ircRNA_006429 [Uimc1
rcRNA_011663 [Mical3
rno_circRNA_014128 [Galnt14
rno_circRNA_ 005499 [Zmym?2]
no_t circRNA_017345 [Abi2
rno_circRNA_016071 [Opcml
rno_circRNA_012360 [RGD1308489]
rno_circRNA_009662 [Rwdd1]

rno_circRNA 003467‘Fan3

mmu_circRNA_32068 [Mbp] ' L4
rno_circRNA_076108 [ dog . 1
rno_circRNA_014523 [Hectd1
rno_circRNA_010591 [Cntr]
rno_circRNA_012368 [Sic24a
rno_circRNA_017786 [Smc1a)
mmu_circRNA_016530 [Prrc2b
rno_circRNA_007591 [Mbp
mmu_circRNA_45136 [Kihi18]
rno_circRNA_ 012603 [Nrd1
rno_circRNA_006080 [Pcm1
rno_circRNA_013498 [Ptprd
rno_circRNA_016183 [Arhgef12
rno_circRNA_010652 [Strbp]
rno_circRNA_001776 [RGD1311422]
mo_circRNA_015141 [ScyI2]

mo CircRNA_017767
rcRNA_002017 [Hspad]
mo circRNA_010661 [Strbp!
rno_circRNA_007199 [Ndfip1
rno_circRNA_001230 [Slit1
rno_circRNA_017350 [Abi2]
rno_circRNA_017076 [Bai3]
rno_circRNA_009442 [Zfp131
rno_circRNA_000604 [Spon1

~7200 detected in OFC

-log10(p-value)

605 regulated

o
log2(Fold Change)
sucrose vs control

Description

5 1 { 4
; \ 14,145 known rat circRNAs /

rno_circRNA_009253 [LOC1003

Sp
rno_circRNA_008902 [EI12] T
rno_circRNA 009190;Pa 4
rno_circRNA_005397

mo cm:RNi\ 012627 [Faf1
rno_circRNA_003895 [Sde2]
rno_circRNA_015873 II;;]
rno_circRNA_014369 [Tspan13]
rno_circRNA_003607 [Rabgef1
rno_circRNA_015869 [Lrr
rno_circRNA_007856 [Arhgap10]]
rno_circRNA_007090 [Mib1
rno_circRNA_01533
RNA_003050 [Brwd1]
rno_circRNA~009471 dr70
mmu_circRNA_27493 [Nrg3
rno_ clrcRNA 013575 [Fut8
rno_circRNA_008302 [Sic7a11
rno_circRNA_014388 [Dgkb
rno_circRNA_017312 [Nop58
rno_circRNA_007854 [Arhgap10!
rno_circRNA_002266 [Rabep1
rno_circRNA_006489 [Atxn1
rno_circRNA_006382 [Chat]

mo_

L)
GO0007610
o GO0007399

GO:0007611
GOgBp7611

nervous system development

GO:0036211

rno_circRNA_016793 [FbxI17’
rno_circRNA_014648 [Fbxo33]
rmo_circRNA_014302 [Sntg2]
rmo_circRNA_007961 [Cdyl2]
rno_t clrcRNA 007853 [Arhgap10]
“rno_circRNA_008542 [Pdgfc;
rno_circRNA_013711 [Nrxn3
mo. A_006691 [Adarb2,

GO:0048513
GO:0051052

GOD016477

GO0007166

GO0005813 centrosome

- GO ngam

Category * Biological Process ©  Cellufar Component

30

cell surtace receptor signaling pathway

_Ci L [/
rno_circRNA_003172 [Cd200]

rno_circRNA_ 004388 [Nme7]
rno_circRNA_016794 [FbxI17

rno_circRNA_000326 [Folh1
rno_circRNA_014646 [Fbx033]
[Tasp1

mo_circRNA_0102
mo_CircRNA 0'02265 [Rabep1]
rno_c A 008719 {
rio_circRNA_012636 [Faf1]]

mno_ CII‘CRNA 011406 [LOC684976]

C1 C2 C3 S1 S2 S3 z-score



Figure 4. Sucrose seladministration induces changes in circRNA expression in the

rat OFC. (A) Experimental overview. (B) Lever responses and rewards during sucrose
selfadministration. N=31Mean + standard error of the mean (SEM). *** p<0.00001

(C) Volcano plot showing differentially expressed circRNAs in the OFC in response to
sucrose seldministration. Red dots indicate significantly regulated circRNAs. (D)
Summary of the circRNA microarray results performed on OFC RNA after sucrose self
admnistration. (E) Heatmap depicting significantly regulated circRNAs betwestrol
animals C1, C2, C3) and sucrose se#fdministration animals (S1, S2, S3) in the OFC.
Data expressed as sszore of normalized expression data. Name of the parental gene is
indicated in brackets. (F) Bubble plot showing significantly enriched Gene Ontology (GO)
terms for parental genes of sucrose associated circRNAs. The size of the bubble is
proportional to the number of genes associated with a specific GO term.

The differentially regulated circRNAs were derived from genes distributed on all
chromosomes of the rat genome, with the highest number present on chromosomes 2 and
6 (Figure5A). As expected200], sucrose seladministration associated circRNAs are
mostly exonic (72.8%), however 22.8% of them were sense overlapping. Only 4.4% were
intronic, intergenic and antisendadure5B). We calculated predicted genomic lengths of
the dysregulated circRNAs and we observed a very heterogenous size distribution among
evaluated circRNAsHigure5C). However, the actual size of studied circRNAs might be
significantly different since the microarray methodology used does not account for
exclusion of particular gemoic sequences from the final circRNA product. In addition, we
evaluated the overlap between the microarray data following sucrosslsatiistration
and previously published OFC circRNA profile following heroin -ssifninistratior{95].

Only 3 circRNAs circSlitl (rno_circRNA_00123)) circGrin2b (rno_circRNA_01173¢%
and circLrrc2 (rno_circRNA_015860 overlapped between sucrose and heroin- self
administration datasets, suggesting that different typeswedrd elicit different circRNA

transcriptomic profilesKigure6).
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Figure 5. Genomic characterization of the sucrose associated CcircRNAKA)
Chromosomal localization of sucrose associated circRNAs. (B) circRNA class of sucrose
associated circRNAs. (C) The predicted genomic length distribution in nucleotides (nt) of
sucrose associated circRNAs.
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Sucrose vs Control Heroin vs Saline

Figure 6. Overlap of OFC circRNAs regulated by heroin or sucroseVenn diagram of
differentially regulated circRNAs within the OFC between sucrose vs control (orange) and
heroin vs saline animals (blue), identified in Floris and Gillespie 20B&.following 3
circRNAs overlapped between the dataseitsSlitl (rno_circRNA_ 001230 circGrin2b
(rno_circRNA_01173¢andcircLrrc2 (rno_circRNA_015860

2.3.2 Sucrose selddministration induces reproducible changes in OFC
circRNA expression.

To further investigate individual sucresssociated circRNAs, we selected 10
circRNAs that were among the most differentially regulated between sucroserdnul
animals, had a high level of expression and were less than 5000nt in predicted genomic
size for qPCR validation. Importantly, we sought to determine the reproducibility and
robustness of the microarray results and therefore the validation was performed in
biological replicate samples that were not included in the microarray. We designed
divergen primers specific to the backsplice junctionsrad_circRNA_00796{circCdyl2,
Chromodomain Y Like 2), rno_circRNA 013711 (circNrxn3  Neurexin  3),

rno_circRNA_009190(circPapd4 PAP-Associated DomakContaining Protein 4),
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rno_circRNA_00123(Q(circSlitl; Slit Guidance Ligand 1), andho_circRNA 017786
(circSmcla Structural Maintenance Of Chromosomes 1A)0_circRNA 015331
rno_circRNA_016183circArhgefl2 Rho Guanine Nucleotide Exchange Factor 12),
rno_circRNA_016794(circFbxI17, F-Box And Leucine Rich Repeat Protein 17),
rno_circRNA_002017circHspa4 Heat Shock Protein Family A (Hsp70) Member 4), and
rno_circRNA_01066XcircStrbpg Spermatid Perinuclear RNA Binding Protein) (Figure
7A).

circCdyl2 (unpaired ttest: t(25) = 2.834, p = 0.009®)jircNrxn3 (MannWhitney
test: U = 48.5, p = 0.0428gjrcPapd4 (MannWhitney test: U = 57, p = 0.0356), and
circSlitl (unpaired ttest: t(27) = 2.448, p = 0.0211) were all significantly regulated in the
OFC of sucrose animals relative to controls with an additional trend towards significance
for circSmcla(unpaired ttest: t(26) = 1.823, p = 0.0798) (Figura). We successfully
confirmed the upregulation aircSlitl and found a trend for upregulatiéor circSmcla
as well as confirmed the downregulationoaitNrxn3 (Figure 7A). In contrast with the
microarray results,circCdyl2 was significantly upregulated andircPapd4 was
downregulated in the qPCR analyses (Figufd). rno_circRNA 015331
rno_circRNA 016183  (circArhgefl3, rno_circRNA_016794  (circFbxI17),
rno_circRNA_ 002017 (circHspad, rno_circRNA_ 010661 (circStrbp, were not
differentially regulated by sucrose saliministration in the OFC in biological replicate
samplescircCdyl2 (exon 1 ofCdyl2 gene),circPapd4(exons 2, 3, and 4 ¢fapd4gene),
circSlitl (exons 17 and 18 @litl gene), anctircSmclalexons 2 and 3 ocsmclagene)
are all exonic circRNAs, whilercNrxn3originates from intron 16 dfirxn3gene (FigrB-
F). circSlitlis the only validated circRNA that was differentially regulated by both sucrose
and heroin seladministration(Figure 6 and Figure 7A) The 5 differentially regulated

circRNAs were predominantly associated with gene ontology terms related to brain
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function, such as postsynaptic density, nervous

and neurogenesis (Figure).
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Figure 7. Sucrose seladministration induces reproduciblechanges in OFC circRNA
expression.(A) gPCR validation of sucrosassociated circRNAs in biological replicate
samples that were not included in the microarrayF)Eschematic map of circRNAs for

the validated circRNAgircCdyl2 (B), circNrxn3 (C), circPapd4 (D), circSlitl (E),
circSmcla(F). Blue arrows represent divergent primers used to amplify the backsplice
junction (n = 1215). (G) Summary table of the gene ontology terms associated with
selected circRNAs. (H) Validation of RNase R resistance of igataucroseassociated
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experimentally naive animals, remaining after RNase R treatment for five circRNAs
associated with sucrose reward (n\3gan+ standard error of the mean (SEM). *p<0.05,
**p<0.01, **p<0.001. T= trend, p<0.1.

In addition to using TagMan probes targeting the circRNA backsplice junction for higher
specificity, we verified primer specificity towards the sucrassociated circRNAs by two
methods. First, we performed Sanger sequencing of the PCR product to dmesure t
backsplice junction was present in the PCR prodtigu¢e8). We then performed RNase

R digestion on RNA from naive animals and measured expression of both circRNAs and
their linear mRNA with gPCR (FiguréH). Levels of linear mRNA were significantly
lower following RNase R digestion but sucr@ssociated circRNAs were resistant to the
digestion, as expected. These data indicate that circRNAs derivedCligii Nrxn3

Papd4 Slitl, andSmclahat we have described are reliably measured and dysregulated in

the OFC following a reward learning task in a reproducible manner.
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rno_circRNA 007961 (circCdyl2)

circCdyl2 ref
circCdyl2_seq

circCdyl2 ref
circCdyl2_seq

ICAGGAGACCAGTGATTGCGACGGGACCCACTC
CAGGAGACCAGTGATTGCGACGGGACCCACTC!

Fhkhkhkhkhkkhkkhkhkhkhkhkhkhhhkhkhkhkhkhkhhhkhkdhhkrhhhhhhkhkhhhhkhhkhkhhkhkhkhhkhkkrhkkhkhkhhkkk

GAAAGGATTGTGGACAAGAGGAAGAACAAGAAGGG
GAAAGGATTGTGGACAAGAGGAAGAACAAGAAGGG

dhkkkkhkhkhkhkhkkhkhkhkdkhhkhkhhkhhkhkhkhhkhhkhdhhhhhkhkhhkhkhkhkhkhkhkhkhkhkkkhkhkkkkx

rno_circRNA 013711 (circNrxn3)

circNrxn3_ref
circNrxn3_seq

circNrxn3_ref
circNrxn3_seq

circNrxn3_ref
circNrxn3_seq

TGACAACA
TGACAACA

khkhkhkhkhkhkhkhkhkhkhhkhkhhhkhhhhkhhhhhdhhhhhhhhhhkhhdhhhhhkhhhkhkhkhhhhhhkhhkhkhk

TGTAGCCTTGAAGTAGAACATTTACAATGGAGTATTGAACATGTGAGAGATTGTTTGGAG
TGTAGCCTTGAAGTAGAACATTTACAATGGAGTATTGAACATGTGAGAGATTGTTTGGAG

khkhkhkhkhkhkhkhhkhkhkhkhkhhhkhhhhkhhkhhhkdhhkdkhhhkhkhhkhkhdhhhkhkhkhkhhhhkhkhkkhkdhkhkhkkkkk

ATGGCT
ATGGCT
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rno_circRNA 009190 (circPapd4)

circPapd4_ref
circPapd4_seq

circPapd4_ref
circPapd4_seq

circPapd4_ref
circPapd4_seq

GAAGAATAC
GAAGAATAC

Fhkhkhkhkhkkhkhkhkhkhkhhhhkhhhkhhhkhhhkhhhhkhhhkhhhhdkhhhhhhhhkhkdhkhkhkhkhkrhhkkhkkk

ATGTTTACCTTTAGTGAACAAGAGCATGTTCCCAAACTCAATTTTGGGTCGTCCACCCTT
ATGTTTACCTTTAGTGAACAARGAGCATGTTCCCAAACTCAATTTTGGGTCGTCCACCCTT

dhkhkkhkhkkkhkhkhkhkhkhhhkhhhkhhkhkhkhhkhdhhhhkhhhkhkhhhhhhhhhhhkhhkhkhkhkdhkhkkhhkkk

CACTCCAACCCACCAACAGCATA
CACTCCAACCCACCAACAGCATA

Fkk ok ok ok ok ok ok ok ok ok kokokkkkokokokk ok

rno_circRNA 001230 (circsSlitl)

circSlitl_ref
circslitl_seq

circslitl_ref
circslitl_seq
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Figure 8. Sanger sequencindpased validation of the backsplice junctions of the
differentially regulated circRNAs. Clustal Omega multiple sequence representative
alignment of circRNAs backplice junctions between the reference genome and Sanger
sequencing results. qPCR forward primer binding sequence is depicted in green, reverse
primer binding sequence is depictagellow, TagMan probe binding sequence is depicted

in blue. Six nucleotides of the basklice junction are depicted as bolded and undstlin

2.3.3 Sucrose induced changes imrircNrxn3, circPapd4 circSlitl, and
circSmclaare not accompanied by changes in their parental gene expression.

The differential expression of sucreassociated circRNAs could potentially be
due to sucrosenduced changes in abundance of linear mRNAs from which these
circRNAs originate. To test this hypothesis, we measured the expression levels of linear
Cdyl2, Nrxn3 Papd4 Slitl, and Smclain the OFC of animals that sedfiministered
sucrose. OnlyCdyl2 was upregulated (by 14.4%) in the sucrose animals in comparison
with control animals(MannWhitney test: U = 58.5, p = 0.042) (FigugA & 9C).
Expression levelsfoNrxn3 Papd4 Slitl, and Smclawere stable between sucrose and
controlanimals (Figure©A & 9C), indicating that regulation of most sucresssociated
circRNAs that we validated appears to occur independent of linear mRNA regulation. We
further examined the relationship between linear mRNA and circRNA by calculating the
ratio of circRNAs to lineamRNA for each sucrosassociated circRNA (FigurgB). In
general, circRNAs were expressed at lower levels than their linear mRNA. The highest
expression in reteon to the linear transcript was found farcCdyl2 at the level of 54%
of the parental geneircNrxn3, circPapd4 circSlitl, andcircSmclawere expressed at
6.3%, 5.2%, 1.3%, and 2.8% of linear mMRNA, respectively (Fi§Bde In addition, the
expression o€ircNrxn3relative to the expression birxn3was found to be 42% lower in
sucrose animals tharontrol (MannWhitney test: U = 37, p = 0.0087; FigudB). This
data suggests a significant shift in the circular: lindexn3 transcript ratio following
sucrose SA.

38



A Expression of linear mRNAs B circRNA : linear RNA ratios
207 control 2 Control
° ontro = ° ontro
e T I
o Sucrose 9 o —t o Sucrose
o 154 20
s
=2 ® 3 0.1
S e : 8
S 1.0 '} § °
% % §0 01
% 054 <£
z =
(14
e
0.0- ‘s 0.001 T
v o~ & & O >
& & & ¢
R R A O
(2 (3 Q? \\(\ Y
W W R A '\\(\
\ O UM AN 2
3 \ O IN
& ‘\d R © &
.\‘0 (O GQ 9
C < & & &
Differentially expressed circRNAs and corresponding changes in parental
mRNA expression
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Ccdyl2 1.12374 0.0090 1.14408 0.0422
Nrxn3 0.69979 0.0428 112238 0.2846
Papd4 0.78215 0.0356 1.06598 0.3007
slit1 1.38292 0.0211 1.05735 0.3540
Smcla 1.27400 0.0798 1.06636 0.0798

Figure 9. Sucroseinduced regulation of OFC circNrxn3, circPapd4 circSlitl, and
circSmclaare not accompanied by changes in their parental gene expressi¢A) RT-

gPCR expression profile @dyl2 Nrxn3 Papd4 Slitl, andSmclamRNA in the OFC

after sucrose seHdministration (n= 145). (B) circRNA expression relative to the
expression of linear parental MRNA expression for each validated circRNA. Grey dotted
line represents expression of circRNA equal to expression of its parental gene {8 13
Mean+ SEM. *p<0.05, **p<0.01(C) A table of the differentially expressed circRNAs
and theircorresponding parental mMRNA changes.

2.3.4 In vivo knock-down of circNrxn3 causes transcriptional changes
associated with learning and memory.

We chosecircNrxn3 for further functional studies because of its high baseline
expression, significant difference in circular to linear ratios betweatrol and sucrose

animals, for its intronic origin that is associated with specific regulatory functions in the
39



cell[201], and because of the possible rol&latn3gene in the reward system pathologies
[2021 204]. GWAS studies have associatd®XN3with waist circumference and BMI
[202] as well as with opioid dependenf03]. In addition, Nrxn3 was shown to be
upregulated in the globus pallidus of mice following cocaine conditioned place preference
[204].

In order to evaluate the potential functional implicationgigfNrxn3 expression
changes, we examined the OFC transcriptome followingNrxn3 downregulation. In
order to experimentally manipulate the expressiopi@Nrxn3 we designed an siRNA
targeting the backsplice junction ofrcNrxn3 transcript. The OFC was collected #2
following the stereotaxic SiRNA injections (Figui®A). Expression oftcircNrxn3 was
decreased by 23.3% between the control and kdogkn hemispheres (unpairedest:
t(8) =3.743, p = 0.0057; FigudB). We performed an unbiased RNA sequencing analysis
of MRNA expression of the OFC in samples watrtNrxn3 knock-down and observed
1074 differentially expressed genes between the two groups, with 399 genes upregulated

genes and 675 genes downregulated (Figj0@).
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Figure 10. circNrxn3 in-vivo knock-down within the OFC causes transcriptional
changes associated with pathways important for learning and memory(A)
Experimental overview. (B) gPCGRased validation ofircNrxn3 knock-down in the rat
OFC (n= 5).In-animal control strategy was used where scrambled siRNA was infused to
the left hemisphere armircNrxn3siRNA was infused into the right hemisphetrg<0.01.
Meanz SEM. (C) Volcano plot depicting differentially regulated genes (DEGs) within the
OFC following circNrxn3 in-vivo kno&k-down (n=4). Grey dashed horizontal line
indicates pvalue threshold. Grey dashed vertical line indicatesdblahge threshold. Red
dots indicate significantly upregulated genes. Green dots indicate significantly
downregulated genes. Grey dots indicareag that do not meet DEG criteria. (D) Bubble
plot visualization of the KEGG pathway analysis of the DEGs followingNrxn3knock

down. (E) Summary table containing selected enriched KEGG pathways and the
corresponding DEGs associated with these patBwdl) Summary table containing the
top three upregulated and top three downregulated DEGs, their fold charajee @and
tentative function. (G) Summary of differential alternative splicing events following
circNrxn3knockdown, identified by rMATS.

KEGG pathway revealed that the differentially expressed genes (DEGSs) are enriched in
pat hways related t o -PKGmignalingneAMB signaling,sagoa s e C
guidance, and serotonergic synapse among others (RifDr& 10E). Furthermore, the
differentially regulated genes followingrcNrxn3 knockdown are associated through

gene ontology with biological processes such as: axonogenesis, brain development,
positive regulation of synapse assembly and with cellular compartments such as the
synapse, @uron projection, glutamatergic synapse, dendrite, dendritic spine and axon
among othersHigure 11). Among the top differentially regulated genes, we tNeh50
(fold-change=7.404; palue=8.35*165), Spinl (fold-change=5.03; walue=4.3*105),

Deupl (fold-change=4.687; -alue=0.0098), Nepn (fold-change=4.442; p
value=0.0194), Cdc42sezpsl (fold-change=4.456; pvalue=0.048), Adrb3 (fold-
change=4.466; pvalue=6.12*105) (FigurelOF). We also evaluated potential alternative

splicing using rMATS and we tmd 25 differential splicing events following OFC
circNrxn3 knockdown: 18 exors ki ppi ng, 2 mutually excl usi

splice site, and 1 intron retention events (Figld&). KEGG pathway analysis revealed
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these alternatively spliced genes are associated with nervous system development,
neurogenesis, and positive regulation of cell differentiation (FigixeThis data suggests
thatcircNrxn3knock-down leads to significant transcriptomic changes in genes important
for learning and memory and may also impact splicing events in the OFC that could

potentially mediate reward learning.
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Figure 11. Gene ontology of the DEGs followingcircNrxn3 in-vivo knock-down.
Bubble plots representing enriched gene ontology terms followirgiNrxn3 in-vivo
knock-down. (A) Biological Process. (B) Molecular Function. (C) Cellular Compartment.
The size of the bubble is proportional to the number of genes associated with the term,
color of the bubble corresponds to theglue for a specific gene ontology term.
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Figure 12. Gene ontology of the differentially spliced genes followingrcNrxn3 in vivo
knock-down. Bubble plot representing enriched tertheough KEGG pathway analysis.

The size of the bubble is proportional to the number of genes associated with the term.
Color of the bubble corresponds to theglue for a specific gene ontology term.

2.3.51In vivo knock-down of circNrxn3 in the OFC leads to increased sucrose
seeking behavior.

Given the critical function o€ircNrxn3-regulated genes in learning and memory
events and the regulation@fcNrxn3in the OFC following sucrose SA, we hypothesized

the circNrxn3 knock-down may be critical for reward learning behavior. To test this
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hypothesis, we sought to determine whether GiF€INrxn3downregulation was sufficient

to drive sucrosaseeking behavior (FigurE3A). We first examined the timecourse of the
circNrxn3siRNA and validated the knoakown at both 3and Zdays post infusion in the
OFC of experimentally naive animals (Figu®B). For this validation we again used the
within-animal controls in which each OFC was injected unilaterally with either scrambled

SiRNA orcircNrxn3-targeting siRNA.
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Figure 13. siRNA knock-down of OFC circNrxn3 leads to increased sucrose seeking
behavior. (A) Experimental overview. (B) gPCRased validation ofircNrxn3 knock

down in the rat OFC (n=-8). (C) Results of sucrose seliministration on FR1 schedule
following OFC infusion of either a scrambled siRNA or an siRNA agaivsNrxn3

Number of active lever presses, dispensed rewards, and inactive lever presses are shown
(n= 910). (D) Results of sucrose sa@dministration on PR. Number of active lever
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presses, dispensed rewards, and breaking point are shown1@y Mean + SEM.
*p<0.05, *p<0.01, ***p<0.001

We found that the expression @fcNrxn3was decreased by 25% (unpairdddt: tg) =

6.180, p = 0.0008) and 28% (unpairedt: t(4) = 3.677, p = 0.0213) after 3 and 7 days
consecutively, suggesting that the knaltkvn is stable for at least 7 days psstgery

(Figure 13B). We performed a bilaterah vivo transfection in the rat OFC with the
circNrxn3 siRNA or scrambled siRNA and three days after transfection, animals
underwent 5 days of sucrose saffministration. The first 4 days of sucrose self
administration were on an FR1 schedule, and the last day was on a PR scheduk®e Beca
the goal of the PR schedule is to escalate the response ratios until the animal no longer
responds, or reaches a breaking point, the PR allowed us to measure the impact of
circNrxn3 knockd own on an ani mal s motivation to
infusion of thecircNrxn3siRNA increased sucrose seeking behavior compared to animals
infused with scrambled control siRNA, as measured by a significant increase in the number
of active lever presses (tweoay repeated measures ANOVA, main effect of thatinent:

F(1, 16) = 8.600; p = 0.0098; time x treatment: F(3, 48) = 4.932).p046) and dispensed
sucrose rewards (twway repeated measures ANOVA, main effect of the treatment: F(1,
16) = 5.794; p = 0.0285; time x treatment: F(3, 48) = 3.064;0368) on the FR1
schedule during the first four days of JRigure BC). During the PR schedule, we
observed an increase in the number of active lever presses (ungased(tl6) = 2.581,

p = 0.0201), dispensed rewards (unpairgest: t(16) = 2.484, p 6.0245) and breaking

point (unpaired-test: t(16) = 2.437, p 8.0269) following OFCcircNrxn3 knock-down,
suggesting increased motivation to pursue the sucrose r¢kigrde BD). In addition,
circNrxn3knock-down decreased error rate both on day 3 on FR1 (unpaiest t(17) =
0.2565, p = 0.0269) and on day 5 during PR schedule (unpéiest t(17)= 2.620, p =
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0.0179) as measured by the ratio of inactive lever presses to total active lever presses
(Figure14A). On the last day of SSA on FR1 schedule the number of active lever presses
in timeout that did not elicit a reward normalized to the total number of dispensed rewards
(unpaired ttest: t(17) = 2.415 ,p = 0.0273; Supplementary Fidi##8) as well as the
number of active lever presses in timeout normalized to the total number of active lever
presses (unpairedtest: t(17) = 2.356, p = 0.0308; FigutdC) wer increased in the
circNrxn3 knock-down animals. This data suggests ttiatNrxn3 downregulation could
support learning in the sucrose satfiministration paradigm as well as increases the

motivation for sucrose.
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Figure 14. Additional analysis of the SSA data followingcircNrxn3 knock-down. (A)

ratio of the number of inactive lever presses to the total number of active lever presses over
5 days of SSA followingircNrxn3 knock-down. (B) Ratio of the number of active lever
presses during timeout (both timeout and infusion) to the total number of dispensed
rewards. (C) ratio of the number of active lever presses during timeout to the total number
of active lever presses.

2.3.6¢ircNrxn3 regulates alternative splicing ofNrxn3.

SincecircNrxn3is an intronic circRNA and intronic circRNAs are hypothesized to
regulate the expression and splicing of their parental d@fés 205] we measured the
expression of different splice isoformshifxn3genes in scrambled siRNA annicNrxn3
SiRNA OFC tissues from experimental naive animals. Following @FBIrxn3 knock
down, the SS4Nrxn3 isoform was significantly downregulated (day 3: 23.3%
downregulation, unpairedtést: t(6) = 3.058, p = 0.0223; day 7: 55% downregulation,
unpaired ttest: t(4) = 8.660, p = 0.001), while the levels of alpha andNeta3 were
stable between groups suggesting Main3may undergo differential splicjnat SS4 as a
result ofcircNrxn3knock-down (Figurel5A-C). On the sequence ofcNrxn3 we found
19 potential binding sites for SAM68, a wkhown regulator of Neurexin SS4 alternative
splicing (Figurel5D) [206, 207] We hypothesized thaircNrxn3 may impact splicing
events, such as that observed wiittxn3 SS4 splicing, through interactions with SAMG68.
We therefore performed an RNA immunoprecipitation experiment with an antibody
against SAM68 and evaluated the expressiogi@Nrxn3 in the aniSAM68, normal
rabbit 1gG, and input fractions. We observed af6l8 enrichment ofcircNrxn3in the
SAMG68 precipitate in comparison with the IgG control, suggesting binding of SAM68 to
circNrxn3 (paired ttest: t(4) = 2.934p = 0.0427) (Figurd&5E).
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Figure 15. circNrxn3 regulates alternative splicing ofNrxn3 gene.qPCR expression of
alphaNrxn3(A), alpha and betdlrxn3(B), and SSANrxn3(C) in the OFC following the
siRNA-based knocidown ofcircNrxn3 (n = 34). (D) A representative schematic of the
circNrxn3sequence annotated with the SAM68 binding sitesci(ENrxn3expression in
SAM68 RNA immunoprecipitation fraction (n=3). (F) Image from a BaseScope staining
with circNrxn3-C1 probe (Blue) and Slc17472 probe (Red) at 40x magnification. (G)
Image from a BaseScope staining with circNr@B probe (Blue) and Gadl2 probe
(red) at 40x magnificationMean+ SEM.*p<0.05, **p<0.001
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2.3.7circNrxn3 localizes in the nuclear space of glutamatergic and GABAergic
neurons in the rat prefrontal cortex.

Lastly, to provide insight into which cells may be most impacted by dysregulated
circNrxn3 expression, we evaluated the egdlecific expression pattern a@frcNrxn3
within the OFC. We performed a BaseScope experiment with probes targetihmxn3,
Sicl7a7(Vglutl), a marker of excitatory glutamatergic neurons; &adll, a marker of
inhibitory GABAergic neuronscircNrxn3 co-localized with both celtype markers,
indicating thatircNrxn3is expressed by both excitatory glutamatergic neurons as well as
inhibitory GABAergic neurons (Figuré5F and15G). Both Slc17a7and Gad1l probes
primarily localized within the cell in the perinuclear space, whiteNrxn3localized to

the nuclear region, which was expected dugrttNrxn3 s i ntroni ¢ natur e.

24 Discussion

In recent years, circRNAs have emerged as new potential regulators of a variety of
molecular processes. There has been a significant research effort to understand their
function in the brain, however their role in reward has yet to be established. TieCGat
is known to undergo morphological and molecular changes following appetitive operant
conditioning, such as sucrose satfministration paradigri208i 211]. These alterations
can underlie some of the behavioral consequences, especially in the context of reward
seeking. We wanted to determine whether circRNAs can mediate the proper functioning
of the OFC in regard to curduced sucrose seeking. From previoesearch, we know
that circRNAs were found to be differentially expressed in postmortem OFC tissues from
schizophrenia and bipolar disorder patiefdfg7]. In addition, altered expression of 76

circRNAs was found in the OFC of rats after heroin-adihinistratior[95]. These studies
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show that changes in circRNAs are observed in the OFC in the context of disorders
involving dysregulated reward system. In the present study, we reparirtitxn3is the

first circRNA described in any brain region that is capable of regulating reseatdng
behavior, including learning a sucrose s&lministration task and motivation to earn a

sucrose reward.

Here, we report the first circRNA profile associated with sucrose- self
administration and describe the regulation of 92 OFC circRNAs regulated by sucrose. The
vast majority of these circRNAs have not been studied in the brain or in reward seeking.
Most of the detected circRNAs are exonic, which was expected because most circRNAs
are known to originate from exorj212]. Because study of circRNAs is not widely
performed in the field of neuroscience, we sought to determine the robustness and
reproducibility of our results by performing all gPCR validation in a separate set of
biological replicate samples. We successfalynfirmed the differential expression and
directionality of change for two circRNAsircNrxn3 andcircSlitl, with a trend towards
significance forcircSmcla Out of the 92 differentially expressed circRNAs detected via
microarray, we sought to validat® tircRNAs (10.87%), and out of those only 2 (20%)
were validated in regard to differential expressiotvdjue < 0.05) and directionality of
change. This showcases the limitation of the microarray technology for evaluating changes
in circRNA expression inanimal models with high intesubject variability. The
differential expression afircCdyl2 andcircPapd4occurred in the opposite direction as
suggested by the microarray, further emphasizing the need for gPCR validation of
microarray results. The two Mdated circRNAs,circNrxn3 and circSlitl, could be
important regulators of neuronal functions, due to their genes of ocigitNrxn3is an
intronic circRNA originating fromNrxn3 gene that produces a cell adhesion receptor

important in  nervous system development (GO:0007399), synaptic signaling
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(G0:0099536), and learning and memory (GO:0007611) (Figi& 7C). circSlitlis an

exonic circRNA generated from exon 17 and 18Sbfl gene (Figure/A & 7E). Slitl

encodes an axon guidance protein important in the development of the nervous system,

synaptogenesis, and adult neurogen@4i8]. We included both male and female animals

in our studies and did not detect any sex by treatment interaction when examining the

expression of these sucreagsociated circRNAs. It is worth noting that we observed high

expression otircCdyl2 circNrxn3 andcircPapd4in the OFC, suggesting a potential

function for these circRNAs in the brain. We have evaluated whether the changes in

circRNA expression are accompanied by shifts in expression of their linear counterparts

and observed stable expressiom\Nbkn3, Papd4 Slitl, andSmclabetween sucrose and

control animals. On the other hand, we noticed that the upregulaticimc@fdyl2 is

accompanied by an upregulationGdyl2 This could mean thaircCdyl2 upregulation is

due to increased transcription of the prim@gyl2 mRNA transcript and increased levels

of Cdyl2 premRNA led to the upregulation afircCdyl2 Our study has shown that

appetitive operant conditioning can elicit changes in the circRNA profile of the rat OFC.
circNrxn3 knock-down led to significant transcriptomic changes associated with

terms important for learning and memory such as c&NI& , cAMP and HIFL signaling

pat hways, axon guidance, as well as serotor

the top diffeentially regulated genes, we filkdha5Q Spinl, Deupl, Nepn Cdc42sezps],

andAdrb3 Naa50encodes NAlpha-Acetyltransferase 50, NatE Catalytic Subunit which

is important for H4 histone acetylati§2i4]. Currently there is limited research on the role

of Naa50in the brain, however, there is significant literature on the importance of histone

acetylation for learning and memojg15, 216] Spinlencodes for Spindlinl, which is

involved inWntsignaling pathway217]. Wnt pathway was shown to be involved in the

consolidation of rewardelated learning an@lVnt pharmacological inhibition within the
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NAc was shown to block amphetamine conditioned place prefef2b8 Cdc42sezos],

which encodes CDC42 small effector 2, pseudogene 1, is predicted to be involved in
regulation of the actin cytoskeleton by acting downstream of CDC42, a protein shown to
regulate dendritic branching, and thus another mechanism important for memorydiormat
[219]. Adrb3 which encodes Adrenoceptor Beta 3, belongs to the family ofoleémergic
receptors and interestingly, a number of single nucleotide polymorphisms in this gene were
correlated with obesity and bodyweiglefated disorder$220]. This data shows that
circNrxn3 downregulation can regulate molecular pathways important for learning,
memory, and reward seeking aciccNrxn3is well positioned to regulate rewarelated
behavioral phenotypes.

Intronic circRNAs tend to accumulate in the nucleus, where they can regulate
expression and splicing of their parental g¢@64, 205, 221]As expected, we have found
circNrxn3to accumulate in the nucleus where it is thought to exert its function possibly
through regulation oNrxn3 Nrxn3 like all neurexins, is characterized by an incredibly
complex set of alternatively spliced isoforms. It uses two promoters to generate Jong (
and short (282]. In iaddidon, shere arp sixscanonical sites of alternative
splicing called SSBS6, that, if utilized independently, generate thousands of
isoformg223]. The alternatively spliced sequences often affect binding affinity to-trans
synaptic partners, which can regulate synaptic connectivity and furjiz2dn226]. One
particular alternative splicing site birxn3 SS4, was shown in numerous studies to have
significant role in regulating synaptic signalifg24, 226 229]. We have shown that
circNrxn3 knock-down leads to a significant downregulation of the $8x4n3isoform.

The SS4Nrxn3 alternative splicing is based on the retention of exon 28rgh3 gene
[222, 224] A potential mechanism of this regulation could be through sponging splice

factors involved in SSAMlrxn3 splicing, such as SAM68. Alternative splicing of neurexin
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genes has been extensively stud@@b, 230 236], however, we still do not have a full
picture of this mechanisniNrxn3 SS4 alternative splicing was shown to be regulated by
SAM683 Src substrate in mitosis, a 68 kDa protein that belongs to the signal transduction
and activation of RNA metabolism (STAR) family of RNanding proteins[237].
SAM68 was shown to promote exon skipping at the SS4 alternative splice site causing
increased levels dMrxn3SS4 in comparison with SS4+ splice variaf281]. 19 potential
binding sites for SAM68 are present oincNrxn3 and we theorize thatircNrxn3 may
regulateNrxn3 SS4 splicing through sponging of SAM68. The decreased expression of
circNrxn3 would yield increased availability of SAM68 in the cell, promoting exon
skipping events and leading to decreased leveNreh3 SS4+ and increased levels of
Nrxn3SS4. The latter of which is exactly what we observed following the sSiRNA driven
knock-down of circNrxn3 in the rat OFC. In addition, we have shown throuRjNA
immunoprecipitation experiment that SAM68 is capable of bindingraiNrxn3, which
further supports our theory.

Despite the valuable insights provided by our study on the differentially regulated
circRNAs following sucrose seHddministration, it is important to acknowledge a
limitation regarding the absence of a sucrose exposed group that did not participate in
suaose seladministration. This limitation raises the possibility that the observed changes
in circRNA expression could be attributed to the mere exposure to sucrose, rather than the
specific reward learning associated with the-aélfninistration paradigntiowever, we
showed that in vivo knoellown of a sucrose associated circRN#cNrxn3 leads to
transcriptomic changes important for learning and memory as well as increased reward
seeking during sucrose selfiministration. This finding provides a strong indication of the
involvement ofcircNrxn3in reward learning, thereby reinforcing the connection between

the identified sucrose saffdministration circRNAs and reward. Nonetheless, future
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studies incorporating a sucrose exposed group withowadeifnistration would be
beneficial in further elucidating the specific contribution of sucrose exposure to the
circRNA changes.

Animals that underwent surgery for the siRNA knockdowriodNrxn3 did not
differ compared to animals that received the scram&iRNA on the first day of sucrose
selfadministration, suggestintdpat the siRNA did not result in a difference in general
locomotor orexploratory behavior. Following the first day of satfiministration, wéegan
to observe a pattern of increased active lever responses and sewas#s for animals
that had thesircNrxn3 knockdown but ndifference in inactive lever respossketween
the circNrxn3 and scrambled control group. The lack of difference between the two
experimental groups in inactive lever responses suggests that there asgeoteral
enhancement of locomotor activity when animals have siRN@ckdown ofcircNrxn3
However, a limitation of the study is the lack oircNrxn3 knockdown in seH
administration controls that do not receisacrose, to fully rule out any impact of
circNrxn3knockdown on locomotaactivity or exploration.

Neurexin SS4 splicing can lead to different physiological effects, depending on the
brain regiorf224, 228, 238]and therefore future studies to evaluate the expression patterns
and function oftircNrxn3in other brain regions may reveal additional neurological roles
for circNrxn3 Neurexins are incredibly important molecules for synaptic connectivity and

function and therefore, understanding their splicing is of vital importance.
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CHAPTER 3
MORPHINE INDUCED M6A EPITRANSCRIPTOMIC NEUROADAPTATIONS
IN CORTICAL CULTURES

3.1 Introduction

Opioid use disorder (OUD) is one of the biggest public health challenges facing
North America, with over 80,000 deaths attributed to opioids in 2022 §k3% The
number of opioid overdoses nationally in the US has been increasing steadily over the last
two decades, with a steepeningreasalue to the COVIBL9 pandemi¢240]. Predicted
costs of OUDrelated issues exceeds 78.5 billion US dollars each[gd4d]. Current
pharmacological treatments for OUD, such as buprenorphine and methadone, target the
mu-opioid receptor. However, the perseverant nature of OUD can be attributed to several
long-term changes in neuronal structure and plasticity that are thé sésanscriptomic
[242] and epigenetic shiff84]. OUD is a complicated, multifaceted disease that involves
a broad range of molecular and circuit wide neuroadaptations that transcend the workings
of the opioid receptor in controlling all aspects of the disease, including craving, relapse,
tolerance, ath other psychiatric pathologies. A comprehensive understanding of all the
neuroadaptations and their impact on the disease development and progression is vital for
devising successful therapeutic interventions for OUD. In the current study, we propose a
new regulatory layer of opioithduced neuroadaptatioiisepitranscriptomic regulation.
The epitranscriptome is the collection of all chemical modifications that occur on RNA

molecules that can influence their structure, stability, localization, and fumctibe cell

[243]. Importantly, the impact of the epitranscriptome in opioid exposure has not yet been
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addressed. Here, we hypothesize that a specific type of epitranscriptomic modification
called m6A is involved in the regulation of neural responses to opioids.

mM6A, also known as NfethyladenosingFigure 16) is an abundant RNA
modification that can be detected in brain @4, 245] Studies have indicated that m6A
Is more abundant in the CNS than in any other tissue in the human body and m6A increases
in overall abundance from the embryonic to adult bf2#6]. RNA m6A modifications
may impact a wide range of biological processes, including RNA splicing, stability,
metabolism, translation, and localizatif#247i 249]. In the nervous system, m6A RNA
modifications have been demonstrated to modulate critical cellular and behavioral
processing, such as adult neurogenesis, embryonic brain development, learning and
memory, and axonal regeneratid26, 250 252]. Enzymes that regulate m6A abundance
on mMRNA can be divided into three categories: m6A writers, m6A erasers, and m6A
readerd247]. m6A is deposited ctranscriptionally by m6A writers that are part of the
methyltransferase complex that consists of proteins such as methyltransferase 3
(METTL3), methyltransferase 14 (METTL14), and WT1 associated protein (WTAP). On
the other hand, m6&an be removed from transcripts by RNA demethylases, commonly
known as mA erasers, such as fat mass and obesity associated protein (FTO) and alkB
homolog 5 (ALKBH5) (Figure B) [247]. Finally, m6A can impact RNA stability,
localization, and metabolism through the interaction with m6A readers, such as Y-TH N6
methyladenosine RNA binding protein F1 (YTHDB), YTH N6-methyladenosine RNA
binding protein C1 (YTHDCL1), or heterogeneous narcleibonucleoprotein A2/B1

(HNRNPA2B1)[253i 255]. Very few studies have explored m6A modifications following
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exposure to drugs and none have explored the consequences of opioid exposure on brain
mM6A modifications. However, the limited data available suggest that drug exposure results
in m6A modification that may drive transcriptional patterns. For example, aaridte
genomewide association mefanalysis identified=TO as one of the strongest associated
genes with substance use disorf@&6]. While FTO has been previously associated with
increased body mass and obesity in hunjabg 259], a recent study demonstrated that
cocaine CPP results in decreased levest@fn the mouse hippocamp{260]. This data
indicates that drug exposure may have the potential to regulate abundanceé\ of m6
modification through modulation of m6A modifying enzymes. Indeed, mM6A
epitranscriptomic shifts have been observed in the nucleus accumbens (NAc) of

postmortem human subjects diagnosed with alcohol use di§a6dgr

Methyltransferase complex
(m6A writers) m6A reader

YTHDC1

Adenosine /—\
H\N/ H H\N/CH!
N " N =N
74 i
<an/) <NINL/A
P\L\, \_/ '\l\— N6-Methyladenosine
(m6A)

m6A demethylases l
(m6A erasers)

Changes in RNA stability,
splicing, translation, and
metabolism.

Figure 16. Proteins involved in regulation of m6A RNA epitranscriptomic
modifications.

59



We sought to address these critical barriers by exploring the hypothesis that opioids
may regulate gene expression through modification of m6A abundance in brain cells. The
goal of the present study was to characterize m6A epitranscriptomic neuroadaptation
induced by morphine exposure in primary cortical cultures and to identifyméafying
enzymes that are associated with opioduced m6A modification. We report that both
Alkbh5 and Fto are downregulated following chronic morphine treatment in primary
cortical cultures. We performed an epitranscriptomic m6A microarray analysis on primary
cortical cultures that underwent chronic morphine treatment or siRidéiatedAlkbh5
knock-down and observed overlap of a subset of morpimdeced m6A hypermethylation
events withAlkbh5 knockdown induced m6A hypermethylation events. These data
demonstrate that morphine exposure results in m6A epitranscriptomic changes in brain
cells and identifyAlkbh5as a putative regulator of opieidduced m6A modifications.

3.2 Materials and Methods

3.2.1 Animal subjects
Sprague Dawley rats were obtained from Charles River Laboratories (Wilmington, MA,
USA). Al procedures followed the National
Use of Laboratory Animals and were approv
Animal Care and Use Committee. Neuron enriched primary cortical cultures were prepared
from PO Spragu®awley rat pups that were rapidly decapitated. Rat brains were removed
from the skull in HBSS (Gibco, Thermo Fisher Scientific, Frederick, MA, USA). Hronta
cortex tissue was dissected under a dissecting microscope, as previously dga6ghed

dissociated in primary neuron media, which consisted of DMEM wiglutamine (Gibco,
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Thermo Fisher Scientific) with 2% B27 (Gibco, Thermo Fisher Scientific), 25mM HEPES
(SigmaAldrich, St. Louis, MO, USA), and 7.8 g/L dextrose (Sigiddrich), and plated

onto 6well plates (Corning, Corning, NY, USA) coated with pdiysine (Gibco,
Therno Fisher Scientific). Neural cells were plated at a density of 500,000 cells per well
and cultured in media for 7 days in vitro (div). Cells that underwent chronic morphine
treatment were incubated with 20 UM heroin solution in media for 72 h startiniy @n d
Cells were harvested for molecular analysis on div 10 by washing twice witioldd X
phosphebuffered solution (PBS), followed by application of 700 pl of QlAzol lysis
reagent (Qiagen, Hilden, Germany). Cell lysates were removed from platesausétig
scraper and lysates frozen-80 °C until RNA extraction.

3.22 RNA extraction

Total RNA was extracted from primary neuronal cultures using the miRNeasy Mini
Kit (Qi agen, Hi | den, Ger many) , according
suspended in RNase free water and the concentration was measured using the Qubit HS
Assay Kit (Life Technologies Corporation of Thermo Fisher Scientific, Frederick, MA,
USA).

3.2.3 Quantitative polymerase chainreaction (QPCR)

500 ng of RNA was used as a template for cDNA synthesis. cDNA synthesis was
performed as previously describgib]. Reverse transcription was performed in a 20 pl
reaction mix containing 200 units (U) of Maxima Reverse Transcriptase (Thermo Fisher
Scientific), 20 U of RiboLock (Thermo Fisher Scientific), 1 pl of 100 uM random hexamer

primers (Thermo Fisher Scientific) pl of 10 mM dNTP mix (Thermo Fisher Scientific),
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and 4 el 5X RT Maxima RT buffer (Ther mo Fi ¢
for 10 minutes at 25°C, 30 minutes at 50°C, and inactivated for 5 minutes at 85°C in a
miniAmp Thermal Cycler (Thermo Scientific). The resulting cDNA was diluted 20x and

used as a template for gPCR reactions. The qPCR analysis was performed using IDT
PrimeTime Gene Expression Mastermix, IDT PrimeTime gPCR Probe Assays (Integrated

DNA Technologies, IDT, Coralville, lowa), and a Quantstudio 3 g°PCR machine (Thermo

Fisher Scentific). The following endogenous controls were used: Beta a&tith)(and
glyceraldehyde phosphate dehydrogenasgafpdh). A full list of all primers used in the

study is located in the Tabke The 2 ®®Method was used to calculate the expression

levels of measured transcrii®3].

Table 4. Primers and probes used to measure mRNA expression.

MRNA gene expression assays

Oligo

Target Sequence
type
Probe 5'-/ 56-FAMITCCTGGGT A/Z EN/TGGAA TCCTGTGGC/31ABKFQ/-3'
ActB Primer 1 |§’-TCACTATCGGCAATGAGCG-3'

Primer 2 5'-GGCATAGAGGTCTTTACGGATG-3'

Probe 5'-/56-FAM/ICAGCAGCAT /ZEN/ ACCCACTGAGCACA/31ABKFQ/-3'
Alkbh5 Primer 1 5'-AGTTCCAGTTCAAGCCCATC-3'

Primer2 _|5-GCGTTCTTTGATGTCCTGAG-3'

Probe 5'-/ 56-FAM/CAGAACTGC/Z EN/ AGGCTCGAAGGACT /31ABKFQ/-3'

Fto Primer 1 ':')’-TCTCAATGACTCGGACAATGG-G’

Primer 2 5'-TGAAACCAGAACTGCCTCAG-3'

Probe |§'-.' 56-FAM/TCTGCCTTC/Z EN/TT AGAGCCA TTCAGCG /31ABKFQ/-3"
Gapdh Primer 1 5'-GCATCAGTGTCATGGTATCTCG-3'

Primer 2 5'-CACAAACATCATCACCCACAC-3'

Probe 5'-/56-FAM/ ACTCTGGGC/ZEN/ ACTTGGACTT AAGGAATC/31ABKFQ/-3'
Mettl3 Primer 1 5'-T AAGAAACAACTGGACTCGCT-3'

Primer 2 5'-GCTATCACTACGGAAGGTTGG-3'

Probe 5'-/56-FAM/TGATGATTT /ZEN/CCTTCGCCGCACACA/31ABKFQ/-3'
Ythdc1 Primer 1 5'-CCACATGAAGCAAGATACAGAGA-3'

Primer 2 |5’-TCT ACTTCTCCGACCACTGAC-3'

3.24 In vitro siRNA transfection
In vitro siRNA transfection of primary cortical cultures was performed using
RNAi Max (Thermo Fisher Scientific) accor dji

minor modifications. Cells were transfected with pools of 4 siRNAs: either ON
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TARGETplus Nonrtargeting pool (scrambled siRNA) or GNMARGETplus RatAlkbh5

SiRNA pool (Horizon Discovery Biosciences Limited, Cambridge, UK) (T&plén short,

5 ul of the 20 uM siRNA stock was mixed with 250 pl of reduced serum medium-OPTI

MEM (Gibco, Thermo Fisher Scientific). 3 pl of RNAiIMax transfection reagent were

mixed with 250 pl of OPTFMEM. Both reaction mixes were then combined and inadat

at room temperature for 10 min before being added dropwise to primary cortical cultures.

After 6h, 50%o0f the media was replaced with prewarmed fresh primary neuron media.

Cells were transfected on div 7 and harvested after 72h on div 10.

Table 5. siRNA sequences used for knoeown experiments.

siRNA pools
Target Sequence

Alkbh5

#

5-CUGAGAACUAUUGGCGCAA-3'

5-GAUUAGAUGCACCACGAUU-3'

5-CCAGAGACCCUGCGCUGAA-3

5-CCAAAAGGUCCCACCGCAA-3'

Scrambled control

5-UGGUUUACAUGUCGACUAA-3

5-UGGUUUACAUGUUGUGUGA-3'

5-UGGUUUACAUGUUUUCUGA-3’

1
2
3
4
1
2
3
4

5-UGGUUUACAUGUUUUCCUA-3'

3.25 m6A epitranscriptomic microarray

Evaluation of m6A hyperand hypomethylation in RNA samples from primary

cortical cultures was performed by Arraystar Inc. (Rockville, MD, USA), as previously

described263].

three replicates per group (vehicle, morphine, scrambled siRNA eAlkbti5siRNA).

For

t

he

epitranscriptomic

mi

croartr

Each replicate was a result of pooling 950 ng of RNA from 4 wells of a 6 well plate. In

short, total RNA and m6A spik@ control mixture were added to 300 pl of 1x

immunoprecipitation buffer containing 50 mM T##CIl, pH 7.4, 150 mM NacCl, 0.1%
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NP40, 40 U/ gL RNase | m6A mbbit polyclonahantibod2 Og
(Synaptic Systems, Gottingen, Germany). The reaction mixture was incubated for 2h at
4°C with heaebvertail rotation. Next, 20 pl per sample of Dynabdad®-280 Sheep
Anti-Rabbit IgG suspension was blocked with 0.5% BSA for 2h at 4°C, washed three times

in 1x immunoprecipitation buffer and resuspended in the previously prepared RNA
antibody mixture. The resulting mixture was incubated for 2h at 4°C wiith dve=-tail
rotation.Beads were then washed once with 500 pl of 1x immunoprecipitation buffer and
twice with 500 pl of wash buffer containing 50 mM FHKCI, pH7.4, 50 mM NacCl, 0.1%

NP 40, 40 U/ L RNase I nhibitor. RNA was el u
buffer conaiining 10 mM TrisHCI, pH7.4, 1 mM EDTA, 0.05% SDS, 40 U Proteinase K,

1 &L RNase inhibitor -chlaraformiwith ethanol précihi@tion Ac i d
was used as the RNA extraction method. The immunoprecipitation RNA (IP) and
supernatant RNA (Supjere added with equal amount of m6A spikealibration control.

They were separately amplified, and Sup RNA was labeled with Cy3, while IP RNA was
labeled with Cy5 using the Arraystar Super RNA Labeling Kit. NanoDrop1lR00 was

used to measure theconcer ati on and specific activity ¢
2.5 ug of labeled IP (Cy5) and Sup (Cy3) cRNA were mixed and fragmented by the
addition of 5 pl of 10x blocking agent and 1 pl of fragmentation buffer. The mixtures were
incubated for 30 min &0°C and added to 25 pl of 2x hybridization buffer. 50 ul of the
hybridization reaction mixture was added to th@A-mRNA&INcRNA Epitranscriptomic
Microarray slide. The microarray slides were incubated for 17h at 65°C in an Agilent

Hybridization Oven. Following hybridization, trays were washed, fixed, and scanned with
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an Agilent Scanner G2505C. Acquired array images were analyzed using Agilent Feature
Extraction software (version 11.0.1.1). Raw intensities of the-l&ly&led IP and Cy3
labeled Sup were normalized to the average of log2 intensities ofiapiRkEA. M6A
guantity was calculated using the I P nor mal
fold change withaw al ue O 0. 05 was considered stat.i
expression changes were calculated using IP Cy5 normalized intensity val\iagoa@y3
normalized intensity values from the m6A epitranscriptomic microarray analysis. Total
MRNA expression is equal to the sum of IP signal and Sup signal. Significance for
transcript level changes was assumedatpl ue O 0. 05 and fold cha
3.2.6 Bioinformatic analysis
Lists of significantly hyperor hypomethylated genes were used as the input for
gene ontology analysis using the functional annotation tool from the Database for
Annotation, Visualization and Integrated Discovery (DAVID version 6.8 ;

https://david.ncifcrf.goy . AGOTERM_BP_DI RECTO, NnGOTERNMN

AGOTERM_MF_DI RECTO gene ontol ogy tvaluesns wi t
and unadjusted-palues for differentially m6A methylated transcripts were obtained to
generate the bubble plots using the R packag®tiyversion 3.4.2; Villanueva & Chen,

2019) For identification of transcripts localized to the synapse, the SynGO

(https://www.syngoportal.o)g[265] was utilized. Input for SynGO was gene names of

differentially methylated transcripts following morphine treatment (568 geneskioin5
knock-down (2865 genes). Synaptic mapping was also performed by comparing the

differentially m6A methylated mRNA transcripts with the proteomic analysis of
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synaptosomes sorted via fluoreseaativated synaptosome sorting (FABRSE].
Significance of t he overl ap was -rak al uat ¢
hypergeometric analysis (RRHO) was performed to evaluate the similarity between
transcriptomic signatures of two distinct experimental treatments (e.g., Atd#5

knockdown and m6A morphine treatment). The RRHO2 package optimized by the Li

Shen lab at Icahn School of Medicine at Mount Sird#ip6://github.com/shenlab

sinai/RRHO32 was used to generate the stratified RRHO plots. GeneOverlap package in R
Bioconductor, version 1.36[@67]lwas used to perform the Fish
the gene lists for each condition and evaluate the significance of the overlap. Drug gene
interaction was performed on the differentially m6A methylated genes following the
chronic morphine treatmerdr Alkbh5 knockdown using the Drugsene Interaction
Databasdhttps://www.dgidb.org; Freshour et al., 202The list of identified drugyene
interactions was subsetted for opioids using the following terms: apomorphine,
apomorphine hydrochloride, apomorphine hydrochloride hemihydrate, codeine,
diacetylmorphine, fentanyl, heroin, hydrocodone, hydromorphoneorgdhanol,
methadone, morphine, oxycodone, oxymorphone, tramadol, propoxypheie, R
propylnorapomorphine, and (S)apomorphine.

3.2.7 Statistical analysis

Al data are presented as mean N standa
normal ity tests were perfor meediswere usedtdb dat e
analyze differences between two groups with normal distributions. Nonparametrie Mann

Whitney tests were performed to compare differences between two groups without a
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normal distribution. A pvalue of less than 0.05 (p<0.05) was considered statistically
significant. Statistical analyses of gPCR data were performed on ddCT-ddi#aCt)

values prior to log transformation of fold change. The ROUT method (Q=1%) in &fahp

was employed for outlier detection. In addition, samples were excluded from-i)eGH
analysis 1in case of no amplification, as
epitranscriptomic m6A microarray, statistical significance was estimated usimgpaied
studenttest (significance definedaswal ue O 0. 05 and Fold chang
test was used to evaluate the significance of the overlap between any two lists of
significantly m6A methylated or differentially expressed transcigte pv al ue O 0. 0
considered as significant overlap. Statistical analyses of the gPCR data were done using
the GraphPad software package (Prism version 9; GraphPad, San Diego, California, USA).
Analysis of the m6A epitranscriptomic microarray was pentedt using Agilent Feature
Extraction software (Agilent Technologies, Santa Clara, CA, USA). All other statistical
analyses were performed using R version 4.3.1, unless specified otherwise.

3.3 Results

3.3.1Chronic morphine exposure leads to decreased levels [éfo and Alkbh5
in cortical cultures.

To determine the consequences of opioids on dgpranscriptome, we first
interrogated the impact of opioid exposure on expression of enzymes that add (writers) or
remove (erasers) M6émodifications to RNA. To evaluate whether opioid exposure can
modulate the levels of m6A regulators in the nervous system, we isolated primary cortical

cultures from PO Sprague Dawley rats and exposed them to 20 uM morphine for 72h
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between div7 and div10. Cultures from the frontal cortex were utilized for this study
because the prefrontal cortex is a critic:
modulates drugnduced molecular and behavioral neuroadaptati@&9i 271] The
MRNA expression oAlkbh§ Fto, Mettl3, andYthdclwas measured with gPCR in chronic
morphinetreated primary cortical cultures (Figure’)l We observed a significant
downregulation ofAlkbh5 (unpaired ttest: t(26)= 3.125, walue = 0.0043; Figure7h)
andFto (unpaired ttest: t(26)=2.837,alue = 0.0087; Figure7B) compared to vehicle
treated cellsMettl3 also displayed a pattern of downregulation but did not reach statistical
significance (ManaNhitney test: U=57, ywalue = 0.062; Figure7C). Levels ofYthdcl
were stable between conditions (FiguréD). These results demonstrate that chronic
morphine treatment induces a downregulation of the m6A eragkih5 and Fto in

primary cortical cultures.
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Figure 17. Chronic morphine treatment downregulates mRNA expression of

m6 demethylases in primary corticalcultures. mMRNA expression of (AAlkbh5 (B) Fto
(C) Mettl3, and (D) Ythdclin primary cortical neurons following chronic morphine
treatment, obtained by gPCR. N =18. Mean £ SEM. *p<0.05, **p<0.01.

3.32 Chronic morphine treatment induces significant shifts in the m6A
epitranscriptomic profile of primary cortical cultures.

The regulation of m& erasers by morphine in cortical cultures suggests that
morphine has the potential to shift m6A epitranscriptomic profiles. To gain more insight
into the possible impact of differential regulation of m6A erasers following morphine
exposure, we performea an6A epitranscriptomic microarray on primary cortical cultures

that underwent chronic morphine treatment (Figu&A). A key benefit of the
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epitranscriptomic microarray technology is the quantification ohmm&thylation for each
MRNA and noncoding RNA transcript, as well as detection of differential total mMRNA
expression for a given transcript. We detected 568 differentially methylated mRNA
transcripts following chronic morphine treatment, with 364 hyperntetitny and 204
hypomethylated (Figur&8B-C). The m6A hypermethylated transcripts were associated
through KEGG pathway analysis with terms that included MAPK signaling pathway, focal
adheson, adherens junctions, regulation of actin cytoskeleton, and several inflammation
related terms such as HY infection, bacterial invasion of epithelial cells, and
Staphylococcus aureus infection (Figui@A). Gene ontology of biological processes
detected enrichment of hyperethylated genes in terms associated with adhesion and actin
cytoskeleton: actin cytoskeleton organization, afittmentbased process, and cell
adhesion (Figurd9B). Hypomethylated genes were associated through KEGG pathway
analysis with metabolism pathways (nitrogen, galactose, fructose, and mannose
metabolism), and interestingly, with infection and immuméiated terms (e.gprimary
immunodeficiency, Staphyloccus aureus infection, and Epst8arr virus infection)
(Figure19C). Gene ontology showed enrichment of hypomethylated genes including terms
associated with cell development and morphogenesis (FidOf®. These data
demonstrate that morphine exposweguiates mA& modification on mRNAs that code for
proteins in many critical cellular processes related to cell signaling cascades, cytostructural

components and inflammation.
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Figure 18. Chronic morphine treatment induces significant shifts in the m6A
epitranscriptomic profile of primary cortical cultures. (A) Experimental overview. (B)
Volcano plot depicting differential m6A methylation of transcripts in primary cortical
cultures in response to chronic morphine treatment (N=3). (C) Heatmap showing
significantly regulated m6A methylation of transcripts between vehicle treated (V1, V2,
V3) and morphine treated (M1, M2, M3) primary cortical neurons. Data expressed as a z
score of mrmalized expression data.
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Figure 19. Chronic morphine treatment induced m6A changes are associated with
pathways important for immunity and cytoskeleton organization.(A-D) Bubble plot
visualizations of KEGG pathway( C) and Gene ontologyB( D) analysis for biological
processes for hypermethylated, 8) or hypomethylatedQ, D) transcripts.

3.3.3 Alkbh5 knock-down leads to hypermethylation of transcripts associated
with immunity related terms.

Since we observed a downregulation Alkbh5 in primary cortical cultures in
response to morphine, we next sought to identify mRNA transcripts that are regulated
through ALKBH5driven hypomethylation. To accomplish this, we performed siRNA
knock-down of Alkbh5in primary cortical cultures, followed by epitranscriptomic array.
We observed a 44% downregulation Alkbh5 following transfection with amlkbh5

SsiRNA, compared to cells transfected with a #argeting scrambled control siRNA
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(Figure 20A). As expected, knocklown of Alkbh5 an m6A eraser, led to global m6A
hypermethylation (Figur20B). We detected 2865 differentially methylated mRNA
transcripts followingAlkbh5knock-down, of which >99% were hypermethylated (Figure
20B-C). Hypermethylated genes followirfgkbh5 knock-down were associated through
KEGG pathway analysis with immunity and infection related terms- (®tgphylococcus
aureus infection, inflammatory bowel disease, and viral myocarditis), as well as genes
involved in cell adhesion, NOBike receptor signaling and calcium signaling pathways
(Figure21A). Gene ontology associated the hypermethylated genes with a number of terms
related to the immune response (elgimune response, immune system process, and

regulation of the immune system process) (Fi@irB).
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Figure 20. Alkbh5 knock-down results in global hypermethylation of transcripts in
primary cortical cultures. (A) qPCR validation of siRNAasedAlkbh5knockdown in
primary corticalcultures(N=6). (B) Volcano plot showing differential m6A methylation

of transcripts in primary corticadulturesfollowing Alkbh5 knock-down. (C) Heatmap
depicting significantly regulated m6A methylation of transcripts between scrambled
SiRNA (S1, S2, S3) andllkbh5targetting SIRNA (A1, A2, A3) transfected primary cortical
cultures Data expessed as a-gcore of normalized expression data. (D, E) Bubble plot
visualization of the KEGG pathway (D) or Gene ontology (E) analysis of hypermethylated
transcripts. Mean £ SEM. ****p<0.0001.
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Figure 21. Alkbh5 knock-down induced m6A changes arassociated with pathways
related to immunity and cell adhesion (D, E) Bubble plot visualization of the KEGG
pathway (D) or Gene ontology (E) analysis of hypermethylated transcripts. Mean + SEM.
**rxn<(0.0001.

3.34 Subset of morphine induced m6A epitranscriptomic changes are
associated with the synapse.

Because the pathway and gene ontology analysis demonstrated that the
differentially m6Amethylated transcripts in response to morphine were related to the
organization of the cytoskeleton and cell adhesion (Fig9#-D), we examined the
transcripts that were differentially mémethylated in our dataset in the context of synaptic
location and function in the SynGO database. The analysis with SynGo resulted in sunburst
plots mapping differentially methylated genes toetéht synaptic localizations (Figure
22A-B). No significant enrichment for the synapse was detected, however, out of 568
differentially m6 A-methylated transcripts following morphine treatment, 35 genes mapped
to synaptic location (presynapsel4, postsynpse- 22) (Figure22A). In addition, we
performed the SynGO analysis on the differentially methylated transcripts following
Alkbh5knock-down. Out of 2614 differentially m6#nethylated genes followinglkbh5
knock-down, 137 were annotated to a synaptic location with 60 mapped to presynapse and
83 mapped to postsynapse (Fig?8). A recent study has reported 1,800 unique syrapse
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type-enriched proteins via fluoresceattivated synaptosome sorting followed by
proteomic analysis expanding our understanding of the proteins located at the synapse [32].
We compared the differentially m6A methylated genes induced by morphinglidsitb
knock-down, and the aforementioned proteomic data (Fi@2@-D). We observed a
significant overlap of 51 genes between morphimethylated genes and synapse
associated datasets (Fisher exact tesalpe = 0.032). The overlap betweglkbh5KD
hypemethylated genes and synapassociated datasets, however, was not significant, but
exhibited a trend towards significance (Fisher exact tegélye = 0.051). These results
support previous studies pointing to synaptic pathology in OUD [35]. Among the merphin
differentially m6Amethylated transcripts, we observed genes encoding vajttgd
calcium channelsQacng3 and a metabotropic glutamate recep@m{7). Multiple genes
encode proteins important for cell adhesigxddrl3, Cdhg Cntn§ Nrcam Pcdhl5
Taok2), synaptic transmissiorC(stn2 Cyfipl, Cyfip2 Stxbp), and endocytosidDhm3
Flotl, Itsnl, Nrp2, Synj2 Sytl). Thus, a subset of differentially méaethylated
transcripts following morphine treatment oklkbh5 knockdown have synaptic

localization.
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Figure 22. Synaptic mapping of differentially m6A methylated transcripts. (A, B)
SynGOgenerated sunburst plots reveal different synaptic locations for differentially m6A
methylated genes following chronic morphine treatment (AAlkbh5knock-down (B).
Sunburst plots depicting the synaptic locations that start with the synapse in the center, pre
and posftsynaptic locations within the first ring, and child terms in the subsequent rings.
The number of genes for each location is depicted by the color edhdime égend. (€

D) Venn diagrams depicting the overlap between m6A differentially methylated transcripts
and genes associated with the synapse by fluoreacémated synaptosome sorting
followed by proteomic analysis by van Oostrum et al 2023. Summary tadpes &isher

exact test used to evaluate the significance of the overlap.
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3.35 Morphine exposure and Alkbh5 knock-down result in concordant
transcriptomic changes in primary cortical cultures.

To assess whether morphimeluced m6A epitranscriptomic changes could be, in
part, attributed toAlkbh5 downregulation, we examined overlap between morphine
hypermethylated mRNA transcripts aidkbh5 knock-downinduced epitranscriptomic
changes. 92 transcripts were commonly regulated between the two conditions (Figure
23A). We next evaluated the similarity of morphi@dAlkbh5knock-down induced m6A
epitranscriptomic profiles by performing a RRHO analysis on the two datasets. RRHO
analysis is a statisal method used to compare two ranked gene lists to identify similarities
between them and determine whether there are shared biological processes or pathways
between the conditions that are being compds@]. RRHO analysis accounts for
directionality of change andyalue for all measured transcripts. We observed coordinated
gene expression between morphine treatmentAdkioh5 knock-down (Figure23B). In
addition, Fisherds exact t est revead ed a
met hyl ated transcripts between t h% withwo gr o
an odds ratio of 1.7421 suggesting an association between the datasets2@Byuide
top 10 genes that were most hypermethylated by both morphine treatmeflkahd
knock-down are listed in Figurg3C. The genes that were commonly hypermethylated by
both morphine andlkbh5knock-down were associated through KEGG pathway analysis
with MAPK signaling pathway, adhesion (e.fpcal adhesion, adherens junctions, and
leukocyte transendothelial migration), regulation of actin cytoskeleton, and inflammation
related terms (e.gStaphylococcus aureus infection, HlVinfection, and Epste-Barr
virus infection) (Figur@3D). These genes were associated through gene ontology analysis
with the following biological processes: neuron projection development, actin cytoskeleton

organization, and activation of Gtpase activity (FigkB&). These data demonstrate that
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morphineinduced hypermethylation of mRNAsembleshe epitranscriptomic signature

of Alkbh5knock-down.

A C Most m6A between and
Alkb5h KD AlkbhS knock-down

Hypermethylated Gene name | Fold change | p-value Fold change | p-value Function
(Morphine) | (Morphine) | (AlkbaS KD) | (AlkbhS KD)

Kngl 3.22970 0.02270 4.05830 002024 Encodes Kin nogens which are

inhibitors of thiol proteases. Increased
2 expression of h gh we ght kininogen
Morphine was found in the brains of Alzheimer
Hypermethylated :gze;)sc patients (Zamolodchikov et al.

2ygita 2071 0.00401 333187 000206 Cell cycle regulator predicted o be a
part of Cul2-RING ubiquitin lgase
complex.

Tmem273 | 3.03173 0.00486 219991 000865 Predicted to be integral component of
membrane.

Tmem132c | 266955 0.0385 2931 003531 Pradicted to be integral component of
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Ors2aba | 259320 0.03905 3.83017 001062 Olfactory receptor.

Clea 240015 002834 193135 000073 This gene ercodes the A-chain
pelypeptide of serum complement
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complement system. Microglial
marker. Involved in phagocytosis.
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subcomponent C1q- partof the
complement system. Microghial
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Figure 23. A subset of hypermethylated genes is commonly regulated by chronic
morphine treatment and by Alkbh5 knock-down in primary cortical cultures. (A)

Venn Diagram depicting overlap between the hypermethylated transcripts following
chronic morphine treatment Atkbh5knock-down in primary cortical cultures. (B) RRHO
plot and Fisher exact test showing coordinated gene expression beétlkbbb sSiRNA
knock-down and chronic morphine treatment conditions. In the lower left quadrant localize
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genes that are hypermethylated by both treatments, while in the upper right quadrant
localize genes that are hypomethylated by both treatments. Top left and bottom right
guadrants contain transcripts that are regulated in opposite direction by the two treatments.
(C) A table of the top 10 transcripts that are commonly hypermethylated by moapidine
Alkbh5knock-down. (D, E) Bubble plot visualizations of the KEGG pathway (D) and Gene
ontology (E) analysis for biological processes of the transcripts tleat@nmonly
hypermethylated by morphine aAtkbh5knock down.

3.36 A subset of differential m6A methylation events isaccompanied by
corresponding transcriptomic changes

One of the functions of m6A modifications is regulation of mRNA stability and
metabolism. Therefore, we examined whether the m6A methylation changes following
chronic morphine oAlkbh5knockdown are accompanied by corresponding changes to
the mRNA transcript levels. Total mMRNA changes were calculated from the microarray
analysis following chronic morphine treatmentAikbh5knock-down and compared to
observed m6A epitranscriptomic changes for the same mMRNA transcripts. 50% of
morphine differentiallymethylated mRNAs had a corresponding change in total transcript
levels, including 211 hypermethylated that were upregulated and 73 hypomethylated genes
that were downregulated (Figur24A). In cells with Alkbh5 knock-down, 549
hypermethylated transcripts were also upregulated at the mRNA level (Ré¢pyeTo
further support the hypothesis that ménethylation status is associated with mRNA
transcript levels, we evaluated the overlap ofAMMBRNA methylation and total mMRNA
expression datasets for both morphireatment and\lkbh5knock-down (Figure24C-D).
RRHO graphs show strong concordance, and association between transcripts with
met hyl ati on changes and mRNA tot al express
p = 2.887 *14% Alkbh5 knock-down: p = 2.124*10'%), suggesting that m6Ariven
regulation of MRNA expression levels may be a significant mode of regulation in neural

cells (Figure24C-D).
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Figure 24. Differential m6A methylation is accompanied by altered RNA expression

after chronic morphine treatment or Alkbh5 knock-down. Venn diagrams depicting
overlap between m6A hypermethylated (m6A hyper), m6A hypomethylated (m6A hypo),
MRNA upregulated (MRNA up), and mRNA downregulated (mMRNA down) transcripts
following morphinetreatment (A) or Alkbh5knock-down (B). (C, D) RRHO plots and
Fisher exact tests showing coordinated gene expression between morphine induced m6A
and mRNA changes (C), éikbh5knock-down induced m6A and mRNA changes (D).
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3.3.7 Morphine and Alkbh5 knock-down induce differential methylation of
non-coding RNAs

In addition to mMRNA mB. methylation, the epitranscriptomic array quantifiesAm6
methylation for noncoding (nc) RNAs, including microRNA and long ncRNA (IncRNA).
We next examined how both morphine treatmentAikth5knock-down affect the m6A
epitranscriptome of these other RNA species in primary cortical cultures. We observed
differential m6A methylation for 282 ncRNA transcripts following morphine, of which
89% were IncRNAs. Very few snoRNAs (0.6%), andmitroRNAs (0.03%) or pre
microRNAs (0.014%) werimpacted by morphine at the level ofAethylation (Figure
25A-B). The majority of the impacted IncCRNAs were intergenic, with a few sense
overlapping, antisense or intron seiserlapping (Figur@5C). Alkbh5knockdown led
to differential m6A methylation of 1309 ncRNAs: 1070 IncRNAs (81.7%), 138 snoRNAs
(10.5%), 20 snRNAs (1.5%), 41 pnicroRNAs (3.1%) and 40 pmaicroRNAs (3.1%)
(Figure 25D-E). Most differentially m6Amethylated IncRNAs were also intergenic
(Figure 25F). Overlap between the differentially m@Aethylated ncRNAs following
either morphine treatent orAlkbh5knock-down revealed that 13.8% of morphideven
M6A changes to ncRNA were also regulated in the same directiatkbly5knock-down
(Figure 25G). However, the overlap between the two datasets fgk méthylation of
nNcRNAs was not si gni fvaluea®li42) (FigurgsH).Morphfne e x act
treatment led to differential m6A methylation of a number of ncCRNAs that were previously
associated with drug seeking, drug induced neuroadaptations, or personality traits
associated with dgiuseMbd5IncRNA rno-mir-485, pri-3-rno-mir-30¢-2, pri-3-rno-mir-
133k andpri-3-rno-mir-495 (Figure25l). [96, 273 275]
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Figure 25. Chronic morphine treatment and Alkbh5 knock-down result in differential
m6A methylation of noncoding RNAs (ncRNASs). (A) Volcano plot depicting
differential m6A methylation of ncRNA transcripts in primary cortical neurons following
chronic morphine treatment. (B) Type of differentially methylated nhcRNAs following
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