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ABSTRACT

Cocaine use disorder (CUD) is a chronic relapsing brain disease that involves cycles of
intoxication, withdrawal, and preoccupation. CUD impacts 1-2% of the population worldwide, and
although there are multiple lines of evidence that report lasting changes in neurobiology, the
mechanisms that accompany the development and maintenance of the disorder are not well
understood. Work in animal models suggests that epigenetic mechanisms, including histone post
translational modifications and DNA methylation, might be important regulators of cocaine-related
changes to cell functioning, but to date, little is known about the relationship between cocaine

dependence and epigenetics in humans.

This thesis presents the first methylome-wide investigations in human post-mortem brain, using
multiple cohorts of banked samples, from two addiction-relevant brain regions; the nucleus accumbens
which is highly implicated in the motivational effects of drug use, and the caudate nucleus which is
involved in compulsive drug-seeking behaviors. We use reduced representation bisulfite sequencing
(RRBS) and identified and characterized over 100 differentially methylated regions (DMRs) in both brain
areas. We also report on two novel intragenic regulatory elements which are differentially methylated in
the neurons of cocaine dependent subjects — a CTCF binding element within the Iroquois homeobox 2
gene (IRX2) which regulates local three-dimensional chromatin structure, and an EGR1 binding element
within the tyrosine hydroxylase gene (TH) which acts as a methylation-sensitive enhancer of gene
expression. This work represents an important first step towards understanding the role of DNA
methylation in the pathophysiology of CUD in humans and provides numerous avenues for further

investigation.



RESUME

Le trouble lié a I'usage de la cocaine (CUD) est une maladie cérébrale chronique récurrente qui
implique des cycles d'intoxication, de sevrage et de préoccupation. La CUD affecte 1 a 2% de la
population dans le monde, et bien qu'il existe de multiples sources de preuves rapportant des
changements durables en neurobiologie, les mécanismes qui accompagnent le développement et le
maintien de la maladie ne sont pas bien compris. L’études sur des modeles animaux suggérent que les
mécanismes épigénétiques, y compris les modifications post-traductionnelles des histones et la
méthylation de I'ADN, pourraient étre des régulateurs importants des changements liés a la cocaine
dans le fonctionnement des cellules, mais a ce jour, on en sait peu sur la relation entre la dépendance a

la cocaine et I'épigénétique chez les humains.

Cette thése présente les premieres enquétes a I'échelle du méthylome dans le cerveau post-
mortem humain, en utilisant plusieurs cohortes d'échantillons en banque, provenant de deux régions du
cerveau liées a la dépendance; le noyau accumbens qui est fortement impliqué dans les effets
motivationnels de la consommation de drogue, et le noyau caudé qui est impliqué dans les
comportements compulsifs de recherche de drogue. Nous utilisons la méthode «reduced representation
bisulfite sequencing» (RRBS) et nous avons identifié et caractérisé plus de 100 régions méthylées
différentiellement (RMD) dans les deux zones du cerveau. Nous rapportons également sur deux
nouveaux éléments régulateurs intragéniques qui sont méthylés de maniere différentielle dans les
neurones des sujets dépendants de la cocaine - un élément de liaison CTCF dans le géne lroquois
homeobox 2 (IRX2) qui régule la structure de la chromatine tridimensionnelle locale, et un élément de
liaison EGR1 dans le géne de tyrosine hydroxylase (TH) qui agit comme un amplificateur sensible a la
méthylation de I'expression génique. Ce travail représente une premiere étape importante vers la
compréhension du réle de la méthylation de I'ADN dans la physiopathologie de la CUD chez I'humain et

offre de nombreuses pistes pour une enquéte plus approfondie.
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PREFACE TO THE THESIS

This thesis is presented in the manuscript-based format for Doctoral Theses, as described in the
Thesis Preparation Guidelines by the Department of Graduate and Postdoctoral Studies at McGill
University. The work described here was performed under the supervision of Dr. Gustavo Turecki, and
the thesis contains four chapters. Chapter | is a review of the current background literature that is
relevant to this thesis. Chapter Il was published in Molecular Psychiatry and Chapter Il is under review
in eLife. Finally, Chapter IV is a summary and discussion of findings from Chapters Il and Ill and includes
concluding remarks and future directions. Tests providing links between the individual studies were
written in accordance with the guidelines outlined by the McGill University Graduate and Postdoctoral

Studies Office.

CONTRIBUTION OF AUTHORS

Chapter |

This chapter contains a review of the literature pertaining to the neurobiology of cocaine use
disorders, from neural substrates, to neurotransmitter systems, and finally transcriptomic and
epigenetic alterations. The writing and literature review were conducted by the thesis author under the
supervision of Gustavo Turecki. Carl Ernst and Deborah Mash supervised the writing and review of the

latter half, which reviews the evidence linking DNA methylation to cocaine-related behaviors.
Chapter i

The thesis author conceived, designed, and coordinated all aspects of the research and data
analysis, as well as the interpretation of the data and the preparation of the manuscript. G.G.C was

responsible for RRBS library preparation and J.Y generated the in vitro data from the 3C and dCas9-



DNMT3A experiments. The animal work was performed in collaboration with A.L., K.C.T. and B.L. under
the support and guidance of E.C. and E.N. T.F, J-F.T., Z.A. and C.E provided bioinformatic and data
analytical support. V.Y. provided support with the FANS experiments. Resources, including samples and
support with data interpretation came from C.N, N.M, E.N, T.F. and D.C.M. G.T contributed to the design
and fully supported this study, was responsible for overseeing all experiments and data, and the

preparation of this manuscript. All authors discussed the results presented in this chapter.
Chapter lll

The thesis author designed the study and oversaw the experiments in this chapter, as well as
analysed and interpreted the data and prepared the manuscript. G.G.C. prepared the RRBS libraries and
L.F. ran the gPCR experiments. G.M performed the luciferase assay and V.Y provided support with the
FANS experiments. J-F.T. performed bioinformatic analyses and B.L. and E.C. performed the behavioral
experiments in mice. C.N and N.M. provided support in the study design and interpretation of the data,
support for the animal work was provided by E.N. and D.C.M. provided post-mortem samples. G.T.
oversaw all experiments, including the interpretation of the data and the preparation of the manuscript,

and all authors discussed the results presented in this chapter.
Chapter IV

This chapter contains a discussion, conclusions, and suggestions for avenues of future research.

This chapter was written by the thesis author under the guidance of Gustavo Turecki.

ORIGINAL CONTRIBUTIONS TO KNOWLEDGE

In our first study, published in Molecular Psychiatry, we characterised the cocaine dependent

methylome in the human caudate nucleus, and identified a novel cocaine-responsive regulatory element



with the Iroquois Homeobox 2 gene (IRX2) that regulates local gene expression and three-dimensional
chromatin architecture. Not only is this the first report on the association between DNA methylation
alterations and cocaine use disorders in humans, but it also identifies over 100 regions of the genome
that are differentially methylated and are prime targets for further investigation. The largest cluster of
CpGs that we found to be differentially methylated was within the IRX2 gene body, and we used a
combination of cell-type specific sequencing, animal models, and epigenome editing techniques to
characterize its involvement in local chromatin regulation. Although /RX2 is known to form a three-
dimensional enhancer loop with its neighbor, IRX1, in animals, we have shown that his also occurs in
human cells. Furthermore, we demonstrate that this region is sensitive to long term cocaine
dependence and contains a methylation-sensitive binding domain for the CTCF protein. This work adds
to the growing body of evidence that DNA methylation mediates long term neuroadaptations to cocaine
and adds an important advancement to our knowledge of the relationship between DNA methylation,
higher order chromatin architecture and psychiatry. The second study, in review at eLife, builds upon my
previous work by generating the first cocaine methylome in the human nucleus accumbens and
identifying a novel regulatory element within the tyrosine hydroxylase (TH) gene. Although TH is known
to be an important component of dopaminergic functioning in the midbrain and has been associated
with chronic cocaine in this region, its role in the striatum is ill-defined. Our results in FANS separated
nuclei and animals, suggest that the intragenic region between exons 8 and 9 of TH contains a cluster of
CpGs that is hypermethylated in a small population of neurons. Interestingly, TH-expressing
interneurons were recently identified in the striatum and our work is the first to implicate them in
cocaine neurobiology. Collectively, our findings have built upon the understanding that chronic cocaine
dependence is associated with cellular and molecular adaptations by bridging the gap between human

and animal literature and providing diverse avenues for future exploration.
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CHAPTER I: INTRODUCTION
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Substance use disorders are a major burden to public health, particularly in developed countries,
and are among the list of disorders that account for 20% of years lived with disability (Bucello et al.,
2010; Rehm & Shield, 2019). They are associated with increased rates of mortality though direct (i.e.
overdose) and indirect means (Charlson et al., 2015). In addition, cocaine is the third most commonly
used illicit drug in Canada, with 10.6% of the population having used cocaine at least once in their
lifetime, and while cocaine use itself is associated with negative health outcomes, the transition from
drug use, to abuse, through to disorder includes added risk of psychiatric comorbidities (Adlaf, Begin, &
Sawka, 2005; Degenhardt & Hall, 2012). It is estimated that between 5% and 22% of cocaine users
develop cocaine dependence within the first 12 months of their initial use, and in 2019 cocaine use
disorders (CUD, formally cocaine dependence) led to more than 12 000 deaths worldwide (Global

Burden of Disease Collaborative Network, 2019)

According to the 5™ edition of the Diagnostic and Statistical Manual of Mental Disorders, cocaine
use disorders is characterised by the presence and severity of at least two of a number of possible
symptoms, including escalating drug use, neglecting responsibilities, and repeated attempts to quit
without success (American Psychiatric Association, 2013). Whereas previous editions of the diagnostic
checklist distinguished between drug abuse and drug dependence, based on the presence of
physiological symptoms such as withdrawal and tolerance, the most recent edition collapses physical
and behavioral symptoms into single category (Hasin et al., 2013). Importantly, the presence of drug

cravings is now considered to be among the possible symptoms presented for a clinical diagnosis.

1. THE NEUROBIOLOGY OF COCAINE USE DISORDER

Classically, the etiology and progression of drug use disorders has been conceptualized as
progression through the three stages of the “addiction cycle”: from intoxication to withdrawal/negative

affect to craving and preoccupation (Koob & Volkow, 2010). A more recent model of addiction

12



neurobiology includes the overarching decreases in reward circuit function and increases in stress
circuits — the so called “dark side” of addiction (Koob, 2013). It is thought that the transition to
compulsive drug use relieves the negative aspects of the withdrawal phase through negative
reinforcement, however the “dark side” hypothesis adds that the transition includes negative urgency —
the tendency to act impulsively in response to stressors (Zorrilla & Koob, 2019). Each stage of the
addiction cycle, as well as the stress-related impulsivity of the dark side, are accompanied by

dysregulation of an expanding list of brain nuclei.

1.1 Neuroanatomical Substrates of Addiction

Each stage of the addiction cycle is associated with specific alterations in distinct neurocircuits. The
connection between the ventral tegmental area (VTA) and the striatum is instrumental to intoxication,
the extended limbic system is heavily involved in negative affect and withdrawal, and the connections
between the prefrontal cortex, dorsal striatum and hippocampus are highly implicated in the

craving/preoccupation state (Koob & Volkow, 2010).

It is well understood that all drugs of abuse acutely activate the mesolimbic pathway, which consists
of dopaminergic projections from the VTA to the nucleus accumbens (NAc), and that the increased
dopamine signalling is partially responsible for the motivational effects of drug use during intoxication.
For example, selective lesions in this pathway block the reinforcing effects of cocaine, and injections of
psychostimulants into the NAc promotes self-administration and conditioned place preference in
animals (Koob & Volkow, 2010; McGregor & Roberts, 1993). Beyond the NAc, the central nucleus of the
amygdala (CeA) has also been implicated in the acute, motivational aspects of intoxication, at least
partially through its connection with midbrain dopaminergic afferents, and there is also evidence that
cocaine injections to the prefrontal cortex can promote self administration in a manner that parallels the

NAc (Barak Caine, Heinrichs, Coffin, & Koob, 1995; McBride, Murphy, & Ikemoto, 1999; McGregor &

13



Roberts, 1993). Finally, the ventral pallidum, a primary downstream target of the NAc, seems to play a
role in cocaine-related motivation, albeit to a lesser extent than the CeA (Robledo & Koob, 1993).
Together, the increased dopaminergic signalling within the extended mesocorticolimbic structures has a

strong positive motivational effect while cocaine is present at the synapse.

The second stage of the addiction cycle is negative affect and withdrawal in the absence of the drug
of abuse and key components of the limbic system are heavily implicated in the maintenance of this
phase. In particular, the extended amygdala (including the CeA, the bed nucleus of the stria terminalis
(BNST) and a transitional zone of the medial NAc shell) are thought to combine and process inputs
related to both the stress-arousal system and hedonic processing (Koob & Volkow, 2010). For example,
blocking noradrenergic receptors in the BNST seems to decrease withdrawal-induced place aversion
(Delfs, Zhu, Druhan, & Aston-Jones, 2000). In addition, activation of the stress response system via the
hypothalamic-pituitary-adrenal axis is involved in withdrawal; the amygdala contains heightened levels
of multiple stress hormones during acute drug withdrawal in animals (Koob, 2008). Finally, the activity of
the infralimbic cortex seems to be involved in the extinction and inhibition of drug seeking behaviors in
animals (Muller Ewald & LaLumiere, 2018). Together, the extended limbic system is involved in the
second stage of the addiction cycle before prefrontal cortical regions and the striatum regain control

during the preoccupation phase.

Whereas the ventral striatum (including the NAc) is instrumental in the reinforcement of drug taking
during the intoxication stage, the dorsal striatum becomes important in the transition to compulsive
drug use (Belin & Everitt, 2008; Everitt & Robbins, 2013). For example, severing the connection between
the ventral and dorsal striatum is enough to disrupt drug seeking in animals that have established a
long-lasting, compulsive phenotype, but has little impact on newly trained animals (Belin & Everitt,

2008). In human patients, stimuli that have become associated with drug intake through repeated

14



classically conditioning pairings can elicit dopamine spikes in the dorsal striatum that are proportionate

in size to the reported intensity of the drug craving (Volkow et al., 2008).

Imaging studies have also identified addiction-related dysfunction in cognitive tasks that involve
multiple subregions of the frontal cortex, including attention and cognitive flexibility (prefrontal cortex)
and delayed reward/reversal learning (orbitofrontal cortex) (Aharonovich et al., 2006; Calu et al., 2007).
Moreover, cocaine-dependent subjects who ingest a cocaine analog have increased activity in their
orbital and medial prefrontal cortices compared to non-addicted controls, which suggests that these
regions are involved in the dependent state (Volkow et al., 2005). Interestingly, the prefrontal cortex
and dorsal striatum are also activated in dependent subjects upon the introduction of drug-related cues
and may be involved in addiction-related changes in memory function (McClernon, Kozink, Lutz, & Rose,
2009). These studies suggest that the dorsal striatum and the extended prefrontal cortex are key

components of drug craving and pre-occupation.

Maladaptive behaviors at each stage of the addiction cycle have also been associated with
prefrontal cortical circuits that manage response inhibition and salience attribution tasks (Goldstein &
Volkow, 2011). In general, it is thought that addiction is marked by overactivity of the
reward/motivation circuity, which overcomes the control circuity of the prefrontal cortices. For
example, the transition from voluntary drug use to compulsive behavior is accompanied by decreased
prefrontal, in favor of increased striatal control over behavior, particularly within the dorsal striatum
(caudate and putamen) (Everitt & Robbins, 2005). It has also been proposed that drug dependence
creates a positive feedback loop where continued drug consumption potentiates the imbalance of
striatal signalling at the expense of prefrontal pathways (Volkow, Wang, Fowler, Tomasi, & Telang,
2011). Paradoxically, fMRI studies have shown that neurocircuits that are typically hypoactive in
addicted subjects compared to controls, become hyperactive in response to drug-related stimuli

(Volkow, Fowler, Wang, & Swanson, 2004). This phenomenon is thought to be an important mediator of
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drug cravings, as the magnitude of hyperactivity is proportionally related to self-reported desire for the

drug of abuse.

Processes related to the relatively new “dark side” hypothesis have also been assigned to discrete
brain areas and circuits, but studies are still needed to pinpoint their connection with other addiction-
related behaviors. Cognitive psychology research has assigned many addiction-related brain areas,
including the striatum, prefrontal cortex, and amygdala to aspects of negative urgency, but the insula
may be an important regulatory node (Um, Whitt, Revilla, Hunton, & Cyders, 2019). In particular,
activation of the insula is negatively associated with negative urgency during reward-related inhibition
tasks and is particularly involved in decision making when a risky choice is made instead of a safe one
(Um et al., 2019; Xue, Lu, Levin, & Bechara, 2010). In addition, a resting state MRI study identified a
large-scale activation network between the orbitofrontal cortex (OFC), subgenual cingulate cortex,
striatum and amygdala that was enhanced in cocaine dependent subjects and was especially active
during tasks of emotional impulsivity (Contreras-Rodriguez et al., 2016). This network may be an
important mediator of decision-making in patients and appears to have a nominal degree of specificity
since it was identified in cocaine-dependent subjects and not those who presented with gambling
addiction. Since emotional (dys)regulation is implicit in behaviors related to negative urgency,
researchers have also begun to investigate brain activity in this context and have found that cocaine
dependent subjects show dysfunctional activity of both cortical and limbic brain regions when executing
tasks that involve appraising negative emotions (Albein-Urios et al., 2014). The overlap between brain
areas implicated in negative emotional processing, and those involved in compulsivity and motivation,
supports the notion that the classical addiction cycle and negative urgency likely work in tandem to alter

dependence-related behaviors and brain activity.

1.2 Neurotransmitter Dysfunction
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As mentioned in the previous section, all drugs of abuse increase extracellular dopamine
concentrations in the NAc and these rapid changes underly the salience, motivating, and conditioning
effects of drug use in multiple brain areas. As a psychostimulant, cocaine has a direct impact on
dopamine signalling by binding to dopamine transporters and blocking the reuptake of extracellular
dopamine (Wang, Penmatsa, & Gouaux, 2015). The resulting increased dopamine signalling in the NAc is
thought to drive the motivational aspect of drug use, and extended exposure to increased dopamine
may lead to compulsive drug seeking in vulnerable users, increased drug use, and physiological
dependence (Volkow et al., 2008). For example, D1 dopamine receptor function is necessary to establish
consistent cocaine self-administration in animals and knockout mice are resistant to developing the drug
seeking behavior that is typically induced by chronic cocaine exposure (Caine et al., 2007). Similarly, in
the NAc shell of rhesus macaques, signalling from both D1 and D2 dopamine receptors is needed to

enhance drug self-administration (Rowlett, Platt, Yao, & Spealman, 2007).

Human brain imaging studies have corroborated the lines of evidence from animal models, and also
implicate dopamine in the etiology of addicted phenotypes. In fact, the rate of change in dopamine
concentrations is thought to code for distinct aspects of cognitive dysfunction, where fast, transient
changes in the NAc are associated with the perception of reward (Volkow & Swanson, 2003). On the
other hand, slow and stable changes in striatal dopamine signalling correlate with the perception of
uncertainty and punishment, and the overall tonic level of dopamine is related to general motivational
states (Schultz, 2007). Paradoxically, dopamine spikes within the NAc in response to drug related cues
are higher than in response to the drug itself in addicted subjects (Volkow et al., 2011). This disparity is
thought to maintain continued drug seeking behaviors in search of the anticipated reward. Moreover,
increasing striatal dopamine alone is not sufficient to induce drug craving in dependent patients —
dopamine spikes paired with cocaine-related cues increases craving and may act to further reinforce

drug seeking (Volkow et al., 2008).
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The sustained dopaminergic dysfunction that accompanies chronic drug dependence is thought to
contributes to each phase of the addiction cycle. Typically, PET studies in human patients indicate two
major abnormalities in dopamine signalling: decreased reward-related dopamine release in cocaine
addicted subjects compared to controls, even after periods of abstinence (Volkow et al., 1997), and
reduced D2 dopamine receptor-ligand binding in targets of the midbrain dopamine afferents (Volkow et
al., 2006). In the striatum, decreased D2 availability may be related to increasing drug intake. In the
orbitofrontal and cingulate cortices, which become hypometabolic in correlation to D2 receptor
availability (Volkow et al., 1993), dopaminergic dysfunction promotes self administration, and loss of
dopamine sensitivity leads to escalation of binging, decreased motivation for natural stimuli, fatigue and

withdrawal (Koob & Volkow, 2010).

Other neurotransmitters have also been studied in the context of cocaine neurobiology in addition
to dopamine, and many have been identified as key components of altered cellular biology and
behavioral phenotypes. For example, noradrenaline signalling is involved in withdrawal related
behaviors, and corticotropin releasing factor plays a role in the negative emotional states associated
with abstinence (Delfs et al., 2000; X. Y. Wang, Yu, Ma, Wang, & Jiang, 2019). In non-human primates,
extended cocaine self-administration also increases the density of norepinephrine transporters in the
extended amygdala, and post-mortem studies have identified changes in opioid receptor expression and
binding in the dorsal striatum (Beveridge, Smith, Nader, & Porrino, 2005; Hurd & Herkenham, 1993).
Additionally, imaging studies have identified decreased GABAergic signalling from the ventral to the
dorsal striatum, and through to the motor cortex which is thought to strengthen motor responses

related to drug seeking (Volkow et al., 2011).

As a key regulator of dopamine functioning, glutamate has also been a focus of addiction
neurobiology research (Wang & McGinty, 1999). In human patients, increased glutamatergic activity

from the medial OFC to the NAc has been observed, and animal studies have shown that glutamatergic
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synapses are critical modulators of addiction-related behaviors (Dong, 2016). Exposure to cocaine
induces AMPA receptor expression at “silent” glutamatergic synapses in the NAc, which already contain
NMDA receptors and rarely conduct current at resting membrane potentials. Moreover, the maturation
of these synapses over time depends on the location of their afferent nuclei. Projections from the PFC
recruit additional AMPA receptors while projections from the amygdala recruit calcium permeable
variants of glutamate receptors that vary in their conductance (Lee et al., 2013; Ma et al., 2014).
Interestingly, optogenetically reversing the maturation process in drug re-exposure experiments
attenuates drug seeking behaviors regardless of the afferent location which suggests that the
maturation of both types of synapses are necessary for the incubation of drug craving (Lee et al., 2013;
Ma et al., 2014). Cocaine sensitization after withdrawal is also associated with increased expression and
phosphorylation of distinct protein subunits of NMDA and AMPA receptors in the NAc and the PFC
(Zhang et al., 2007). These mechanisms appear to be, at least partially, specific to cocaine since changes
in AMPA receptor expression in the NAc are not observed when animals are sensitized after
amphetamine self-administration (Nelson, Milovanovic, Wetter, Ford, & Wolf, 2009). Moreover,
research has begun to explore the viability of glutamatergic modulators as treatments for cocaine use

disorders (Schmidt & Pierce, 2010; Uys & LaLumiere, 2008).

1.3 Transcriptomic and Epigenomic Dysregulation

There has been a recent expansion in the number of studies seeking to identify candidate genes,
networks, and molecular mediators of addiction related behavior, which have explored multiple
downstream targets of the mesocorticolimbic system in animals. In the medial prefrontal cortex of
cocaine-seeking rats, more than 100 genes and 70 proteins show long-term differences in expression,
and numerous genes are alternatively spliced and/or differentially expressed in the rodent NAc (Feng et

al., 2014; W. M. Freeman et al., 2010; Guan & Guan, 2013). Moreover, some gene expression changes
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appear to be sensitive to drug dosage and are not observed after acute cocaine exposure (Feng et al.,
2014). In the most extensive comparison to date, Walker et al. (2018) surveyed cocaine-induced gene
expression across 6 brain regions, and throughout multiple stages of the self-administration,
withdrawal, and re-exposure process. They found that there are some genes, including two protein
kinases (Lmtk3 and Map4k2) that are commonly dysregulated in the dorsal and ventral striatum, the
VTA and the basolateral amygdala. In addition, there is a unique gene signature that correlates with a
composite index of addiction-like behaviors and is activated in multiple brain regions when drug cues
are present (Walker et al., 2018). Interestingly, while the list of genes that becomes differentially
expressed upon re-exposure is similar between treatment groups, the magnitude of the effect seems to
change depending on the animal’s history with cocaine; longer periods of self-administration are

associated with more profound changes.

While most studies have used brain tissue homogenates to search for dysregulated gene
networks, recent work from Savell and colleagues (2020) made use of single cell transcriptomic
technologies in order to disentangle the contributions of distinct cell types in the rat striatum. They
identified 16 distinct cell populations in the NAc and found that subgroups of D1 and D2 dopamine
receptor expressing medium spiny neurons displayed the most extensive transcriptional response to
acute cocaine exposure, including increased expression of multiple transcription factor genes (i.e.,
Homer1, Junb, Nrdal and Fosb). This suggests that the transcriptional changes that have been observed
to date are likely occurring in selected cells, perhaps those activated by distinct cocaine-associated

signalling changes, rather than more broadly across all cells in the NAc.

Evidence from human tissue remains scarce, however research on targeted genes/pathways, or
those using small samples of post-mortem tissue have identified diverse changes in gene expression that
are evidence of altered transcriptional programming. For example, GABAergic and glutamatergic

pathway genes are differentially expressed in a distinct, drug specific manner; tissue from cocaine and
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alcohol abusers yield non-overlapping results (Enoch, Baghal, Yuan, & Goldman, 2013; Enoch et al.,
2014; Tang, Fasulo, Mash, & Hemby, 2003). In the human VTA, dozens of genes are differentially
expressed after chronic cocaine dependence, including genes related to cell death, chromatin
organization and dopamine metabolism (Bannon et al., 2014). Similarly, in the hippocampus, microarray
and RNAseq studies have identified differentially regulated transcription in cocaine abusers, with
functions ranging from extracellular matrix organization to mitochondrial membrane functioning (Mash
et al., 2007; Zhou, Yuan, Mash, & Goldman, 2011). Additionally, a microarray study in a modest sample
of tissue from cocaine users showed altered transcription of genes associated with signal transduction,
synaptic functioning and, myelin and oligodendrocyte functioning in the NAc (Albertson et al., 2004).
Together, these results suggest that chronic cocaine dependence leads to altered transcriptional

profiles, in humans and animals, that may be modulated by key upstream regulators.

The most well-studied modulators of cocaine-related gene expression changes have been a
group of transcription factors that are induced by cocaine (immediate early genes, IEGs). In the NAc,
gene expression that is induced by short courses of cocaine treatment is dependent on the expression of
cAMP response element binding protein (CREB), whereas more chronic exposures induce AFosB-
dependent expression changes (McClung & Nestler, 2003). CREB-related gene expression is known to be
involved in drug-reward perception, potentially through altered opioid receptor expression (Carlezon et
al., 1998). In addition, viral induction of CREB expression in the NAc shell of rats enhances the rewarding
effects of cocaine, encourages maintenance of self-administration, and increases the probability of
cocaine-primed relapse after an extended abstinence (Larson et al., 2011). In fact, CREB is one of the
predicted upstream regulators of gene expression changes in the PFC, NAc and basolateral amygdala of
rodents, and the VTA of non-human primates (Freeman et al., 2001; Tannu, Howell, & Hemby, 2010;
Walker et al., 2018). On the other hand, since AFosB is a highly stable variant of FosB, it is thought to

maintain lasting changes in gene expression through cocaine withdrawal through its interaction with
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chromatin remodelling complexes (Nestler, 2008). AFosB overexpressing mice show increased sensitivity
to the rewarding effects of cocaine, and reduced sensitivity to the effects of certain pro-depressive

complexes (Muschamp, Nemeth, Robison, Nestler, & Carlezon, 2012).

Additionally, the early growth response 3 (Egr3) transcription factor regulates cocaine-induced
transcriptional programs that include alternatively spliced transcripts and have opposing effects on
behavior depending on which cell type is affected (Cates et al., 2018; Chandra et al., 2015; Penrod,
Anderson, & Cowan, 2018). In each case, the transcriptional changes induced by key regulators are
thought to drive the cellular and behavioral phenotypes associated with the cocaine dependence.
Epigenetic mechanisms - covalent modifications to DNA and associated proteins without altering the
underlying genetic sequence- may serve as the interface between chronic cocaine and transcriptional
dysregulation, including priming or desensitizing genes with repeated drug exposure (Robison & Nestler,

2011).

Post translational modifications to the tails of histone proteins are a highly studied class of
epigenetic modifiers that dynamically facilitate the transition between active and repressed chromatin
states (Jenuwein & Allis, 2001; Nestler, 2014a). Histone acetylation, which is associated with active
transcription, is one of the most studied modifications in the context of cocaine dependence and is
generally increased in NAc of acute and chronically cocaine treated rodents (Kumar et al., 2005; Renthal
& Nestler, 2009). Altered histone 3 (H3) and histone 4 (H4) acetylation has been detected at candidate
gene promoters, (Kumar et al., 2005; Sadri-Vakili et al., 2010) and chromatin immunoprecipitation
(ChlIP) studies have found genome-wide H3 and H4 acetylation differences that correlate with gene
expression and behavioural phenotypes (Feng et al., 2014; Renthal et al., 2009). Moreover histone
acetyltransferases (HATS) and histone deacetyltransferases (HDACS) are differentially expressed in the
NAc and dorsal striatum of rats that specifically self-administer cocaine (Host, Dietrich, Carouge, Aunis,

& Zwiller, 2011; Malvaez et al., 2013; Romieu et al., 2008; Wang et al., 2010). Inhibition of specific
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HDAGCs also alters the level of repressive histone methylation marks in the NAc and decreases cocaine-

associated behavior (Kennedy et al., 2013)

Histone methylation is associated with transcriptional activity or repression, depending on the
number of methyl groups and their associated amino acid residues (Jenuwein & Allis, 2001). H3K9me3
and H3K27me3 are negative regulators of gene transcription and display altered distribution profiles in
the NAc of chronically cocaine exposed rats (Feng et al., 2014; Maze et al., 2011; Renthal et al., 2009).
Furthermore, G9a, a histone methyltransferase, appears to be necessary for the establishment of
cocaine-related behavioral and synaptic plasticity in mice (Maze et al., 2010). H3K4me2/3 is associated
with active transcription and is altered in the NAc of chronically cocaine treated rodents, both genome-
wide and in association with altered gene expression at specific loci (Caputi et al., 2014; Feng et al.,
2014). A study in post mortem human hippocampal tissue revealed altered H3K4me3 levels in cocaine
abusers that partially overlaps with differentially expressed genes (Zhou et al., 2011). Finally, and most
recently, dopamine and serotonin have been shown to have direct effects on gene expression and drug-
seeking behaviors though the histone modifications dopaminylation and serotonylation (Farrelly et al.,
2019; Lepack et al., 2020). While much attention has focused on the relationship between histone
modifications and cocaine-dependent phenotypes, the role of DNA methylation has remained largely

underexplored (Nestler, 2014a).

23



2. DNA METHYLATION DYNAMICS AND COCAINE IN THE
BRAIN: PROGRESS AND PROSPECTS

Kathryn Vaillancourt?, Carl Ernst?, Deborah Mash? and Gustavo Turecki®

!Department of Psychiatry, McGill Group for Suicide Studies, Douglas Mental Health University Institute,
McGill University, Montreal, Quebec, Canada

2Department of Neurology, University of Miami Miller School of Medicine, University of Miami, Coral
Gables, Florida, USA

Published in Genes (Basel). 2017 May 12;8(5):138. Doi: 10.3390/genes8050138. Modified for this
thesis.

24



Abstract: Cytosine modifications, including DNA methylation, are stable epigenetic marks that may
translate environmental change into transcriptional regulation. Research has begun to investigate DNA
methylation dynamics in relation to cocaine use disorders. Specifically, DNA methylation machinery,
including methyltransferases and binding proteins, are dysregulated in brain reward pathways after
chronic cocaine exposure. In addition, numerous methylome-wide and candidate promoter studies
have identified differential methylation, at the nucleotide level, in rodent models of cocaine abuse and
drug seeking behavior. This review highlights the current progress in the field of cocaine-related

methylation and offers considerations for future research.

Keywords: DNA Methylation; Epigenetics; Cocaine; Addiction
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2.1 Introduction

Substance use disorders (formerly drug dependence), including cocaine use disorder, are
characterized by complex behavioural symptoms, the development of physiological tolerance, and
painful withdrawal symptoms (American Psychiatric Association, 2013). Pharmacologically, cocaine is a
psychostimulant that increases synaptic dopamine (Heal, Gosden, & Smith, 2014); however the
behavioral complexity that accompanies the transition from casual drug use to cocaine dependence
points to numerous, long lasting changes in cellular functioning. Researchers in this field have described
an “addiction cycle” which consists of three behavioral/psychological states: binge or intoxication,
withdrawal and negative affect, and preoccupation/drug craving (Koob & Volkow, 2010). The
development of chronic drug dependence involves the progression through the addiction cycle;
alongside neuroadaptive changes to important components of the mesocorticolimbic dopamine system

(Figure 1).

The striatum receives direct midbrain dopaminergic input from the ventral tegmental area (VTA)
and is one of the most studied brain regions in relation to cocaine neurobiology. For example, in the
nucleus accumbens (NAc) which is highly implicated in the motivational aspects of drug-seeking,
repeated cocaine injections leads to increases in dendritic branching and dendritic spine formation
(Dumitriu et al., 2012; Robinson & Kolb, 1999). These physical changes to the synaptic machinery are
associated with electrophysiological adaptation throughout the addiction cycle and diverse
dysregulation of RNA transcription (Cowan, Taniguchi, & Hale, 2008; Feng et al., 2014; Otaka et al.,
2013). In fact, genome-wide transcriptional changes have been found in the VTA and its projection
targets, in numerous animal models of cocaine dependence and in human post-mortem tissue
(Albertson et al., 2004; Bannon et al., 2015; W. M. Freeman et al., 2010; D. C. Mash et al., 2007; Zhou et

al., 2011). The specificity of these changes, with distinct networks of genes being up- or down-
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regulated, suggests that epigenetics, which can be defined as covalent modifications to chromatin that

regulate transcription, may be involved.

Although epigenetic mechanisms are a prominent aspect of research in developmental biology,
oncology, and plant biology, the intersection between epigenetics and psychiatry is relatively new. Post-
translational modifications of histone tails aid in the transition between active and repressed chromatin
states, and are the most well-studied epigenetic mechanisms in the context of cocaine use disorders (for
review see (Nestler, 2014b)) Cytosine modifications represent another mechanism of transcriptional
regulation that have begun to gain attention in the cocaine literature. The most highly studied cytosine
modification in mammals is 5’ methylated cytosine (5mC), which occurs primarily, although not
exclusively, at cytosine-guanine dinucleotides (CpGs) (Figure 2a). At gene promoters, 5mC is linked to
transcriptional repression; however increasing evidence suggests that intragenic 5mC may promote
gene expression (Bird & Wolffe, 1999; Kundu & Rao, 1999; Lister et al., 2013; Maunakea et al., 2010) . In
addition, 5’ hydroxymethylation (5hmC), an oxidative product of active DNA demethylation, may
represent a stable epigenetic mark separate from 5mC and warrants investigation in relation to cocaine
use disorders (Figure 2b) (Alaghband, Bredy, & Wood, 2016; Bachman et al., 2014; J. U. Guo, Su, Zhong,

Ming, & Song, 2011).

The last decade saw an increase in the number of studies investigating DNA methylation and
cocaine exposure, and the purpose of this review is to summarize the findings in this field. These
findings can be divided into two general categories; those related to methylation machinery, the
readers, and writers of cytosine modifications, and those that identify differences in the presence or

absence of the marks themselves.

2.2 Cocaine-Associated Alteration of DNA Methylation Machinery
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2.2a. Pharmacological Manipulations: Impact on Drug-related Behaviors

At the broadest level, researchers have pharmacologically manipulated the DNA methylation
cycle and reported diverse effects on a range of cellular and behavioral phenotypes. Overall, these
studies have served to highlight the complexity of the interaction between DNA methylation and
cocaine-related behaviors. For example, inhibiting DNA methyltransferase (DNMT) activity, through
intracerebroventricular injections of zebularine prior to cocaine injection, delays the behavioral
sensitization that is characteristic of chronic cocaine use (Anier et al., 2010). Conversely, systemic
injections of the methyl supplement S-adenosylmethionine (SAM), increases sensitization to cocaine
(Anier, Zharkovsky, & Kalda, 2013). It is important to note, however, that that the effects of
pharmacological manipulations are region specific, as injections of DNMT inhibitor directly into the NAc,
rather than brain-wide, enhances the sensitization phenotype after repeated cocaine injections (LaPlant

et al., 2010).

In a similar study , Han and colleagues (2010) used 5-aza-2-deoxycytidine (5-aza), to prevent de
novo DNA methylation and examine the effects on the acquisition and retrieval of cocaine conditioned
place preference (CPP). In this paradigm, cocaine injections are administered in a chamber with specific
contextual cues and an animal’s subsequent preference for this chamber is used as a measure of the
rewarding effects of cocaine. Inhibiting DNMT activity in the hippocampus of C57BL/6 mice prior to
training impaired their ability to acquire CPP whereas the same manipulations in the prelimbic cortex
prevented the retrieval of the conditioned memory after 24 hours delay (Han et al., 2010). Conversely,
systemic injections of the methyl donor L-methionine before and throughout training, prevented the
establishment of cocaine CPP altogether (Tian et al., 2012). Interestingly, L-methionine had no effect on
the establishment of CPP towards morphine or food. These studies suggest that there is a complex role
of de novo methylation timing during the development of drug-related behavioral change, and that this

role may be distinct to the cocaine context.
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Another study found that daily methionine injections during ten days of intermittent cocaine
exposure reduced locomotor sensitization in rats (Wright et al., 2015). Importantly, methyl
supplementation had no effect on the acute locomotor response to cocaine, which suggests that DNA
methylation becomes more important as the behavioral and cellular aspects of cocaine dependence
develop. To expand on this finding, the authors subjected a cohort of animals to systemic methionine
injection, followed by ten days of cocaine self-administration, ten days of extinction, and a single trial of
cocaine-induced reinstatement of drug seeking behavior. Although supplemental methionine had no
effect on the establishment or extinction of cocaine seeking behavior, animals who had received
methionine injections exhibited less drug seeking behavior given cocaine during the reinstatement trial.
This blunting of the reinstatement response was not seen in methionine treated animals that underwent
training for sucrose pellets self-administration which reinforces the hypothesis that DNA methylation

has a more pertinent role in motivation driven behaviors to stronger, more rewarding stimuli.

Recently, Massart and colleagues (2015) used an extended withdrawal paradigm and both
methylation inhibition and supplementation to determine their role in cocaine-seeking behavior,
specifically in the NAc. Intra-NAc injections of RG108 in rats decreased cocaine seeking behavior up to
sixty days after the last day of cocaine self-administration. Conversely, if the animals were given intra-
NAc injections of SAM, they displayed significantly more drug seeking behavior, as measured by active
lever presses, than control animals up to two months post-training. In both experiments, the DNA
methylation cycle was modified one month after the animals underwent CPP training, in the absence of
cocaine or cocaine-related cues. This is highly indicative of the continuously active role of DNA
methylation in maintaining cocaine-related memories, and priming relapse-related behaviors. Together,
studies that have pharmacologically manipulated the methylation cycle have shown that the role of de
novo methylation in cocaine-related behaviors varies depending on the stage of behavioral acquisition,

the behavior being studied, and the tissue involved.
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2.2b DNA Methyltransferases: The Writers of DNA Methylation

In parallel to manipulating the DNA methylation cycle itself, researchers have studied alterations
in the expression and function of DNMTs themselves, in numerous cocaine paradigms, and in multiple
brain regions. These are enzymes that catalyze the conversion of cytosine to 5’-methylcytosine and, in
mammals, can be divided into two major classes: de novo methylators of previously unmodified cytosine
residues, and maintainers of methylation signatures through DNA replication. Traditionally, DNMT3a
and 3b are classified as de novo methyltransferases while DNMT1 is a maintenance methyltransferase
(Hsieh, 1999; Li, 2002; Okano, Bell, Haber, & Li, 1999; Romeo et al., 2015; Turek-Plewa J. et al, 2005),
although more recent evidence has shown that all three enzymes may have de novo activity (Fatemi,

Hermann, Gowher, & Jeltsch, 2002; Jeltsch & Jurkowska, 2014).

Cocaine-related DNMT expression has been primarily researched in the NAc, where the
expression of DNMTs is heavily dependent on the mode of cocaine administration and the experimental
time course (Table 1). For example, a single intraperitoneal injection of cocaine in mice was related to
increased DNMT3a transcription after acute (1.5 hour) and extended (24 hours) withdrawal (Anier et al.,
2010). DNMT3b expression was induced 24 hours after the injection, but seven consecutive days of
cocaine injections had no effect on any DNMT expression in this brain area. Conversely, chronic cocaine
self-administration followed by 24 hours of withdrawal results in decreased mRNA expression of DNMT1
and 3ain the NAc (LaPlant et al., 2010). If withdrawal is extended to 28 days, this pattern is reversed,
with increased expression of DNMT3a. In a similar study, Wright and colleagues (2015) saw increased
expression of both DNMT3 proteins, and a compensatory decrease in global DNA methylation levels,
after cocaine self-administration followed by extinction and cue-reinstatement in rats. Together, these
studies demonstrate that the expression of canonical de novo DNA methyltransferases is dynamically

regulated in the NAc in response to cocaine-seeking behavior and withdrawal.
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Expression studies outside the NAc have shown that DNMTs are sensitive to cocaine exposure in
the extended mesocorticostriatal dopamine pathway. In the hippocampus, DNMT3a is induced after a
short withdrawal period from chronic cocaine injections, whereas DNMT3b expression remains elevated
up to 24 hours after a single dose (Anier et al., 2010). As this is the only study of methylation machinery
in the hippocampus, it is difficult to speculate whether the opposing expression patterns of the two
enzymes have functional significance on the development of cocaine-related pathology. In the
prefrontal cortex (PFC), one study saw increased DNMT3a mRNA expression and decreased DNMT3b
mRNA and protein, shortly after self-administration training in mice (Tian et al., 2012). Conversely, in
rats, cocaine self-administration followed by extinction and cue reinstatement saw no change in the
levels of DNMT expression, nor overall DNA methylation in this brain area in rats (Wright et al., 2015).
These data point to a more transient role of methyltransferases in the PFC, where methylation changes
are important during the acquisition phase of drug seeking behavior, but not during the recall of drug-
related memories. Importantly, all of the aforementioned studies have examined expression in whole-
tissue homogenates; however, it is increasingly important to functional changes in diverse, independent
cell types given the accumulation of knowledge on cell-type specific epigenetic mechanisms (Kozlenkov

et al., 2014).

To date, two groups have reported cell-type specific changes in DNMT transcription after
cocaine, one in microglia and the other in striatal medium spiny neurons (MSNs). In a landmark study,
Heiman and colleagues (2008) used translating ribosome affinity purification (TRAP) to isolate and
transcriptionally profile dopamine receptor class 1 (D1) and class 2 (D2) expressing MSNs from the
striatum of cocaine-exposed BAC transgenic mice. After chronic cocaine injections, DNMT3a
transcription was induced specifically in D1-expressing MSNs and was accompanied by increased
GABAergic activity of these cells in response to cocaine in culture. Notably, the authors found no

changes in DNMT expression in either MSN subgroup after a single dose of cocaine. These results
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emphasize the importance of cell-type specificity and suggest that the increased methyltransferase

expression seen in previous studies of striatal tissue may be occurring in specific subtypes of cells.

Glial cells are an understudied population of cells to investigate cocaine epigenetics, despite
their implication in human cocaine-related transcriptional dysregulation (Albertson et al., 2004;
Kristiansen, Bannon, & Meador-Woodruff, 2009). In immortalized microglia from mice, even brief (3hr)
exposure to cocaine in vitro is followed by a lasting increase in DNMT1 and DNMT3a protein expression
(Guo et al., 2016). Similarly, moderate doses of cocaine induce DNMT1 protein expression in rat primary
microglia, and levels of all three classical DNMTs are increased in the microglia of mice after chronic
cocaine injections. While research continues to investigate region and cell type specificity of cocaine-
related methyltransferase expression, there is also evidence to suggest that cocaine alters the

expression of methylation-specific binding proteins.

2.2c Methyl-Binding Proteins: The Readers of DNA Methylation

Methyl-binding proteins (MBDs) bind to methylated segments of DNA, with varied specificity,
and commonly recruit chromatin remodelling complexes to translate the signal of DNA methylation into
transcriptional change (Gigek, Chen, & Smith, 2016). Although there are seven members of the MBD
family, methyl-CpG binding protein 2 (MeCP2) and methyl-CpG binding protein 1 (MBD1) are the only
forms that have been studied in relation to cocaine. MeCP2 is highly abundant in brain tissue and
mutations within its gene play a causative role in the neurodevelopmental disorder Rett Syndrome
(Skene et al., 2010; Zoghbi et al., 1999). Classically, it binds to methylated DNA and recruits histone
remodelers such as deacetylases (HDACs) although recent evidence suggests that it also has affinity for
hydroxymethylated cytosines (Ausid, 2016; Mellén, Ayata, Dewell, Kriaucionis, & Heintz, 2012). MBD1
is less well studied, however evidence suggests that multiple isoforms of this transcriptionally repressive

protein exist, with variable affinity to densely methylated promoters (Nakao et al., 2001). Variations in
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the expression and function of these proteins have begun to be examined in the context of cocaine,

particularly in the dorsal striatum (DCPu), the prefrontal cortex (PFC) and the hippocampus.

The first study to report on MBDs in cocaine exposure used repeated drug injections and
immunohistochemistry in rats (Cassel et al., 2006). After 10 days of cocaine injections, the number of
MeCP2- as well as MBD1- positive cells in the DCPu was significantly increased. This was also true for
the frontal cortex and the dentate gyrus of the hippocampus. Although the authors found no change in
the number of cells expressing HDAC1 or HDAC2, two binding partners of MeCP2, they saw an overall
decrease in histone H3 acetylation in all three brain areas. These results provide some of the first
evidence linking methyl-binding proteins to their chromatin-remodelling effects in cocaine; however, it’s
important to note that these results were mirrored in a group of fluoxetine-treated animals, and

therefore were not cocaine-specific.

A second study used a paradigm with differential access conditions to examine the relationship
between cocaine self-administration and MeCP2 expression in rats (Im, Hollander, Bali, & Kenny, 2010).
In animals given extended access (6 hours per day) to a cocaine-associated lever, the number of MeCP2
positive cells in the dorsal striatum was significantly increased. What’s more, MeCP2 positive cells
tended to co-localize with the neuronal marker NeuN and were not increased in animals given limited (1
hour per day) access to drug self-administration. Lentiviral knockdown of MeCP2 within the dorsal
striatum decreased cocaine seeking behavior, as measured by decreased number of infusions during an
extended access session, and further experiments revealed the involvement of the microRNA miR-212 in
this effect. These results suggest that cocaine self-administration, particularly over an extended time
period or with a higher cumulative dosage, induce the expression of MeCP2 and the activation of related

neurotrophic and transcriptional pathways in the dorsal striatum.
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In one of the only studies to differentiate between passive cocaine exposure and active drug-
seeking, Pol Boldetto and colleagues (2014) measured MeCP2 expression in rats exposed to either
passive cocaine injections or operant self-administration training. They found no changes in MeCP2
mRNA expression in either the CPu or the PFC in either condition; however, the number of MeCP-
immunoreactive cells in the CPu and PFC was increased in both the passive and active cocaine
conditions. In a parallel experiment, the authors tested the effects of a natural food reward and saw
that MeCP induction occurred in response to active reward-seeking only. It appears that exposure to
cocaine alone is sufficient to induce MeCP2 protein in the PFC and the CPu, and that active cocaine

seeking does not significantly amplify this effect.

In light of increased MBD expression, Mao and colleagues (2012) sought to investigate altered
protein activity in response to cocaine exposure. They measured levels of brain-specific
phosphorylation of MeCP2 (pMeCP2), which is associated with decreased repressive activity (Zhaolan
Zhou et al., 2006), in rats after a single cocaine injection. When the proteins were quantified 20 minutes
after the drug exposure, they saw increased MeCP2 phosphorylation in the NAc; however, it took 60
minutes to induce significant phosphorylation in the CPu. The NAc results were consistent with an
earlier study that found increased immunofluorescence of pMeCP2 compared to MeCP2 two hours after
cocaine injection in mice (Deng et al., 2010). Whether measured as mRNA expression, protein
expression, or protein activation, the effects of cocaine exposure on MBDs mirror the effects on DNMTs,

with measured increases in multiple brain regions in multiple exposure paradigms.

2.2e. Methylcytosine dioxygenases — The Modifiers of DNA Methylation

The final group of methylation-associated proteins that will be discussed here are the ten eleven
translocation (TET) family of enzymes. These are a recently discovered group of enzymes involved in the

oxidation of 5’-methylcytosine to 5’-hydroxymethylcytosine and its derivatives 5’-formyl and 5’-
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carboxylcytosine (Ito et al., 2011; Tahiliani et al., 2009). These modified nucleotides are enriched in the
brain and may represent an epigenetic regulator of transcription, distinct but related to classical DNA

methylation (Gross et al., 2015; J. U. Guo et al., 2011, Lister et al., 2013).

To date, there has been one published study of TET protein expression and function in relation
to cocaine. Feng and colleagues (2015) repeatedly injected mice with cocaine, and examined the
expression of the TET proteins in the NAc 24 hours later. They found a down-regulation of Tetl mRNA
and protein after chronic cocaine but not Tet2 or Tet3. Using a short hairpin knockdown of Tetl in the
NAc of behaving animals, they confirmed that decreased Tet1 is related to increased cocaine CPP.
Conversely, overexpressing Tetl in the NAc decreased cocaine CPP, which suggests that this protein in
the NAc is an important regulator of the behavioral response to chronic cocaine exposure. Interestingly,
the downregulation of TET1 mRNA observed in their animal model was mirrored in the NAc of human
cocaine abusers. These findings have important implications for the generalizability of animal work to
human cocaine dependency and, together with the above changes in MBDs and DNMTSs, beg the

guestions of whether cocaine is associated with methylation changes at the nucleotide level.

2.3. Cocaine-Associated Dysregulation of Methylation Dynamics

2.3a. Global and Methylome-wide Observations

Unlike cancer phenotypes, cocaine dependence and other psychiatric disorders typically do not
show broad changes in global methylation levels (Table 2). High performance liquid chromatography
(HPLC) of methylation in whole brain homogenates shows no differences between cocaine treated mice
and controls (Fragou et al., 2013). A more regionally defined study found that cocaine CPP was
associated with small but significant decrease in total methylated cytosines in the PFC, but not in the

NAc (Tian et al., 2012). Interestingly, this effect was reversed by methionine treatment and was absent
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in animals who had developed CPP towards morphine or food. More recently, Feng and colleagues
(2015) used liquid chromatography followed by mass spectrometry (LC-ESI-MS/MS) to confirm the
absence of overall methylation changes in the NAc of chronically cocaine-treated mice. In addition, their
study showed no changes in the overall level of 5ShmC in this region in response to cocaine, which
suggests that if cocaine-related behaviors are associated with methylation changes, they are loci-

dependent and not detectable at the global level.

To date, studies of the cocaine methylome have generally used enrichment techniques to collect
methylated/hydroxymethylated DNA fragments. In one study, Massart and colleagues (2015) used an
antibody raised against methylated cytosine, and a promoter array (MeDip-Array) to investigate
methylation in the striatum and cocaine craving in rats. With their experimental design, the authors
were able to interrogate promoter methylation patterns at multiple withdrawal time points after self-
administration and after cue-induced reinstatement. Overall, the authors saw hypermethylation of
promoters after extended withdrawal from cocaine, and an opposing hypomethylation of promoters
when cocaine-seeking was reinstated after 30 days. Although less abundant, there appear to be distinct
promoters that are hypo- or hyper-methylated one day after cocaine self-administration compared to
saline yoked controls. This study also included gene-wide analyses on selected genes that had been
previously implicated in cocaine use and found similar dynamic patterns of methylation change
throughout the withdrawal and relapse cycle. Importantly, although there was a strong overall negative
correlation between promoter methylation and transcription, very few differentially methylated loci
overlapped with differentially expressed transcripts. This serves to highlight the complexity of the
methylation-transcription relationship and suggests that cocaine-related methylation changes may be

more stably detectable than changes in transcription.

A similar study used methyl-binding protein immunoprecipitation and high throughput

sequencing (MBD-seq) to profile the methylation patterns in mouse PFC after cocaine self-
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administration or injection, followed by acute or prolonged abstinence and a relapse test (Baker-
Andresen et al., 2015). They found distinct methylation enrichment patterns in each condition, and
differentially methylated regions (DMRs) that were associated with cocaine-seeking after prolonged
abstinence. In general, DMRs were enriched in gene bodies and were more methylated in the cocaine
group, although there were distinct loci that appeared less methylated. Importantly, only one of their
validated DMRs, Golgb1, a Golgi-related transport protein, corresponded with changes in overall gene
expression, and both measures were decreased in cocaine animals. Instead, cocaine-related DNA
methylation appears to be important in regulating alternative splicing, as a number of DMRs coincided
with isoform specific expression changes; an idea that fits well with findings of cocaine-related

alternative splicing in other brain areas (Feng et al., 2014).

In a second PFC study, Fonteneau and colleagues (2016) trained rats to self-administer cocaine,
either alone or after intra-ventricular injections of DNMT inhibitors. As was seen in mice, self-
administration resulted in numerous DMRs, most of which fell within gene bodies and intergenic
regions. Although roughly equal numbers of hyper- and hypo-methylated sites were seen when
considering relatively small differences, the ratio was skewed towards hypermethylation when
considering higher effect sizes. Using a subset of DMRs that overlapped with genes, further analysis
revealed that a negative correlation between methylation and gene expression can be found only for
DMRs within promoter regions and that the effect is lost when considering gene body DMRs.
Interestingly, the DNMT inhibited group also showed more hyper- than hypomethylation in response to
cocaine self-administration which suggests that, at least in the PFC, cocaine-related hypermethylation is
more related to decreased removal of methylation rather than addition of methyl groups to new

locations.

To address this issue, it is important to examine the dynamics of DNA demethylation after

chronic cocaine. Although the paradigm and brain region differ from the Fonteneau (2016) study, the
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Feng (2015) study described earlier (see Section 2.1V), investigated genome-wide hydroxymethylation
changes in response to cocaine. Using an antibody pulldown specific to 5ShmC (hMeDip-seq), this group
identified over 10000 peaks of differential hydroxymethylation in the mouse NAc. As was the case with
methylome studies (Baker-Andresen et al., 2015; Fonteneau et al., 2016), the majority of cocaine-
induced changes in 5hmC occurred in gene bodies and intergenic regions. Combining this dataset with
chromatin state information revealed that 5hmC changes were enriched at enhancer sites, and regions
that frequently switched chromatin states in the cocaine or control groups (Feng et al., 2015). In
addition, they found that 5hmC changes were enriched at regions flanking exon boundaries, and
corresponded with isoform specific gene expression, which again suggests that cocaine-induced
methylation dynamics are associated with alternative splicing events. Importantly, the authors probed
the stability of these changes and found increases in 5hmC could persist up to 1 month after the last

dose of cocaine.

Despite no changes in global genomic 5mC or 5hmC content, the above studies have shown that
cocaine induces dynamic changes in cytosine modifications at numerous sites across the genome.
Researchers typically employ gene ontology or pathway analyses in order to extract functional relevance
from these genome-wide data. Although it varies between studies, cocaine-related differential
methylation has been associated with pathways involved in cell morphology, neuroinflammation, kinase
activity, neurotransmitter-gated ion channels and cancer (Feng et al., 2015; R. Massart et al., 2015).
Unfortunately, although they are helpful in organizing data sets, these analyses are limited by the
availability of known gene associations, computational predictions rather than experimental data, or
unknown gene functions (Khatri & Draghici, 2005). An alternative approach to investigating cocaine-

related DNA methylation has been to explore methylation changes at specific loci.

2.3b Differentially Methylated Loci
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Locus-specific studies typically overlap with genes known to have transcriptional or functional
alterations during cocaine exposure (Table 2). For example, the Fos family of transcription factors have
been consistently implicated in mediating the relationship between cocaine-related behaviors,
epigenetic changes, and cellular adaptation (Hope, 1998). Accordingly, DNA methylation dysregulation
has been studied at the promoters of two immediate early genes in the Fos family. The promoter region
of FosB is depleted of methylation in the NAc shortly after cocaine exposure (Anier et al., 2010). This
effect is found in mice treated acutely, with a single injection of cocaine, or repeatedly, with daily
injections for seven days. Similarly, the promoter region of related gene c-Fos contains differentially
methylated CpGs in the mesocorticostriatal circuitry of mice who have undergone cocaine self-
administration training, extinction and drug-induced reinstatement (Wright et al., 2015). In the NAc, the
average methylation of this region, and the methylation of two out of twelve CpGs in particular, is
decreased in cocaine-trained animals. In the PFC, there are no overall changes between groups;
however, methylation at one specific CpG is increased in the cocaine group and c-Fos expression levels
are positively correlated with drug seeking behavior during reinstatement. Interestingly, most of the
above methylation differences, whether hyper- or hypomethylated, were rescued by methionine
injections throughout training. This echoes the effects of pharmacological manipulations on cocaine
behaviors (see above section) and provides promising evidence for the utility of similar interventions to

modulate the molecular and behavioral effects of cocaine dependence.

Cocaine-related methylation has also been measured at specific gene promoters of protein
phosphatase 1 (PP1) subunits. Chronic cocaine has been shown to reduce the expression of PP1
catalytic subunits, and the functioning of this protein and it’s repressor, dopamine- and cAMP-regulated
neuronal phosphoprotein (DARPP-32), are necessary for behavioral and cellular responses to cocaine
(Hiroi et al., 1999; Pol Bodetto et al., 2013; Zachariou et al., 2006). Methylation of the sequence flanking

the 5’ end of PP1CR is enriched in the CPu of rats after chronic cocaine injections, and is associated with
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increased binding of MeCP2 (Pol Bodetto et al., 2013). This is paired with decreased gene transcription
and which can be reversed by inhibiting de novo methyltransferases, and decreased PP1Cj positive cells
throughout the striatum and the PFC. Notably, these effects were absent after a single dose of cocaine,
which is contrary the results of a similar study in the NAc (Anier et al., 2010). In this study, the authors
used acute and repeated cocaine injections in mice and both an enrichment and a sequencing
methodology to show increased methylation of the promoter region of the PP1c gene. Together, these
studies demonstrate that cocaine related changes in PP1 expression correlate with de novo methylation

of subunit promoters in multiple addiction-relevant striatal regions.

There have been three other gene-driven methylation studies in the rodent striatum; each using
methylation data to infer a mechanistic relationship between chronic cocaine exposure and other
molecular changes. The first study investigated CDKL5, a gene whose product is thought to interact with
DNMT1 and MeCP2, after repeated cocaine injections in rats (Carouge, Host, Aunis, Zwiller, & Anglard,
2010). Chronic cocaine exposure resulted in decreased CDKL5 gene expression and CDKL5 expressing
cells in the striatum. These changes coincided with increased methylation of the CDKL5 gene
immediately downstream of the transcription start site (TSS). In order to relate these findings to the
known increases in MeCP2 expression after chronic cocaine (Cassel et al., 2006; Im et al., 2010), the
authors explored the relationship between the two proteins and found that MeCP2 binding to the
CDKL5 promoter is increased after chronic cocaine, and that the expression of MeCP2 and CDKL5 is
inversely related in vitro. It is unclear whether the hypermethylation at this locus is caused by de novo
methylation or the absence of TET activity, but epigenetic modification of CDKL5 may be an important

negative regulator of downstream methylation changes.

The second study to examine methylation changes at specific genetic loci in the rodent striatum
generated their targets based on genome-wide transcriptional changes. After chronically injecting mice

with cocaine, Anier and colleagues (2013) performed an expression microarray study in the NAc, and
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generated lists of significantly up regulated and downregulated genes. From there, they measured DNA
methylation enrichment at three selected gene promoters, which were chosen based on their potential
implications for neuroplasticity. Decreased expression of the solute carrier gene Sic17a7 and the
cholecystokinin gene Cck coincided with increased enrichment of methylated DNA at their promoters.
Similarly, increased expression of the galanin neuropeptide gene Gal corresponds with decreased
methylation at the Gal promoter. Interestingly, the authors found that supplementing with repeated
SAM treatment reversed the hypomethylation of Gal; however, it also counterintuitively reduced the
hypermethylation of Slc17a7 as well. In addition, the authors found decreased promoter methylation of
the DNMT3a and 3b genes that is concurrent with their increased expression. These data reinforce the
complexity of cocaine-induced methylation changes in the striatum and suggest that methylation may

act to modify behaviour on multiple regulatory levels.

Finally, the most recent study of gene-specific methylation changes in the striatum investigated
changes at the brain derived neurotrophic factor (BDNF) locus (Tian et al., 2016). Here, the authors saw
increased expression of a specific isoform of this gene, BDNF IV, in the NAc of mice after CPP training.
Importantly, this change appears to be specific to CPP itself, as there was no difference in its expression
in non-conditioned, cocaine treated animals. After bisulfite sequencing, the authors identified
hypomethylation at a single CpG site within the promoter region of BDNF IV that overlapped with the
binding site for the C-myb transcription factor. Despite the methylation difference occurring at a single
nucleotide, the authors demonstrated increased C-myb binding at the BDNF IV promoter in cocaine-
conditioned animals. This, along with data suggesting that BDNF overexpression increases cocaine
consumption (Im et al., 2010), provides convincing evidence for a pathway between DNA methylation,

neurotrophic signalling, and cocaine-related behaviors in this brain region.

Although the majority of methylation studies have been on changes occurring in bulk striatal

tissue, there has been a small focus on glial cell specific alterations. In the first study, Nielsen and
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colleagues (2012) trained rats to self-administer cocaine for 14 days and then examined methylation
changes at promoters of white matter related genes in the corpus callosum. Although they investigated
three oligodendrocyte specific genes, including the myelin-integrity related proteins Mbp and Plp1, they
only saw differential methylation at the promoter of the Sox10 gene which was significantly less
methylated in the cocaine-trained animals after 1 and 30 days of forced abstinence. More recently, Guo
and colleagues (2016) used microglial cell lines and FACS sorted microglia from mice to investigate
methylation changes at a microRNA gene. MiR-124 may be involved in suppressing microglial activation
in response to neuroinflammation (Veremeyko, Siddiqui, Sotnikov, Yung, & Ponomarev, 2013) and is
upregulated in microglia in response to cocaine exposure (Guo et al., 2016). This expression change is
accompanied by large increases in methylation of the pri-miR-124a-1 and pri-miR-124-2 gene promoters
and supports the theory that DNA methylation plays a regulatory role over other, post-transcriptional

regulators, in response to chronic cocaine.

2.3c Developmental Findings

In addition to presenting a significant health burden to adolescent and adult users, prenatal
exposure to cocaine is associated with impairments in brain development and cognitive functioning that
may last through the school-age years (Lambert & Bauer, 2012). At the epigenetic level, research has
begun to examine the effects of prenatal cocaine on DNA methylation within the developing rodent
brain. Contrary to findings in adult animals, early work in this field identified global methylation
decreases in the pyramidal layer of the hippocampus of male pups exposed to prenatal cocaine, at
postnatal day 3 (Novikova et al., 2008). This pattern was reversed by postnatal day 30, where cocaine-
exposed animals had significantly more methylated cytosine in this cell layer. Interestingly, this reversal
was accompanied by site specific changes in promoter methylation, with some loci retaining their
original direction of methylation change, some reversing direction and others acquiring new methylation

changes by day 30. The transition from a hypomethylated state to a hypermethylated state in this layer
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of cells also coincided with an increase in de novo methyltransferase expression. A similar study showed
that prenatal cocaine exposure results in increased anxiety-like behaviour and impaired spatial learning
in male and female offspring into adulthood (Zhao et al., 2015). Here, prenatal cocaine exposure was
also associated with hypermethylation of the paternally imprinted gene IGF-Il and a related decrease in
IGF-II protein expression in the hippocampus. Although still limited in number, these works suggest that
prenatal exposure to cocaine can have long lasting repercussions on DNA methylation dynamics. It
remains to be known how these changes may impact future drug seeking behavior and related

neurobiology.

2.4 Future Directions

The current body of literature on DNA methylation dynamics and cocaine is relatively young,
and although it has generated interesting evidence of cocaine-associated dysregulation, many questions
about the mechanisms, complexity, and generalizability of these findings remain. Notably, there is a
distinct lack of research using non-rodent models, let alone human samples. The only non-rodent study
in this field was performed in marmoset monkeys, and found differential methylation of a single CpG
within the promoter of the tachykinin receptor 3 (TACR3) gene, in blood (Barros et al., 2013). While
valuable, it is still unclear to what extent peripheral methylation studies can be used as markers of
methylation levels in the brain (Walton et al., 2016). Moreover, it is becoming increasingly clear that
epigenetic modifications, including DNA methylation, vary between cell types within the same tissue
(Kozlenkov et al., 2014, 2015; Mo et al., 2015). It is important that future work in this field, whether
using methylome-wide or candidate loci approaches, consider the impact of cellular heterogeneity and

assess cocaine-related methylation changes in distinct cell types wherever possible.

The genome-wide data thus far have indicated that the majority of cocaine-related methylation

changes occur in areas outside of gene promoters (Baker-Andresen et al., 2015; Massart et al., 2015);
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however, all candidate gene methylation studies have been performed in promoter regions. This
discrepancy has led to gaps in our knowledge that can be addressed by methylome-wide studies using
updated techniques, and extensive investigations of non-promoter methylation changes. Indeed, the
traditional view of the relationship between DNA methylation and transcription is becoming more
nuanced, with the inclusion of hydroxymethylation and methylated gene bodies being positively
correlated with gene expression and alternative splicing (Lev Maor, Yearim, & Ast, 2015; Schiibeler,
2015). In addition, cytosine methylation outside of the CpG context has recently been found to be
enriched in the adult mammalian brain and is likely to regulate transcription (Guo et al., 2013; Patil,

Ward, & Hesson, 2014); the roles of non-CpG methylation and cocaine action remain to be seen.

DNA methylation may also have roles in managing other epigenomic and higher-level chromatin
architecture. For example, decreased DNA methylation and binding of associated methyl-binding
proteins is associated with impairments in histone modifications and chromatin looping (Cedar &
Bergman, 2009; Tiwari et al., 2008). Although research has developed in each domain, using the same
models and paradigms of cocaine abuse, there is little in the way of relating DNA methylation profiles to
other epigenetic marks. Going forward, particularly as the mechanisms underlying the relationship
between these phenomena are revealed, researchers should consider the broader implications of DNA
methylation on the epigenomic landscape in order to holistically understand the molecular changes

associated with cocaine use and ultimately, human addiction.

2.5 Concluding Remarks

Researchers have started to investigate the relationship between DNA methylation dynamics
and cocaine use disorders from multiple viewpoints. Pharmacological manipulations have shown that
DNA methylation plays a dynamic role in the development of cocaine related behaviors, and, in general,

DNA methyltransferases and methyl-binding proteins are induced by numerous cocaine paradigms. At
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the nucleotide level, cocaine exposure is associated with diverse hyper-and hypo(hydroxy)methylation
in multiple genomic contexts. The stability of methylation changes, and the growing evidence of their
association with neuroadaptive changes in key addiction-relevant brain regions, makes this an exciting
field of study. Future studies will undoubtedly fill gaps in our knowledge of the translatability of these

findings to human patients, and the place of DNA methylation in the broader cocaine epigenome.
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2.6 Tables and Figures

Table 1. Cocaine-associated dysregulation of DNA methylation machinery

Ref Species * Tissue™ Paradigm Withdrawal Summary Finding
Methyltransferases and Dioxygenases
. L N DNMT3a mRNA in D1-MSNs only after chronic
[37] M Striatum Injection 4hr L
injection
acute injection N DNMT3a/b mRNA in NAc and
24hr DNMT3b in Hipp
. o repeat injection had no effect on DNMT expression
[22] M NAc; Hipp Injection L .
acute injection N DNMT3a mRNA in NAc and
1.5hr DNMT3b in Hipp
chronic injection NN DNMT3a mRNA in Hipp
. 24hr or 28 Biphasic expression of DNMT3a mRNA (\ 24hr but
Self Admin )
[24] M NAc days N 28 days withdrawal)
Injection 28 days N DNMT3a mRNA
. N DNMT3a mRNA and ¥ DNMT3b mRNA and
[26] M PFC Self Admin 2hr )
protein
[55] M NAc Injection 24hr V' TET1 mRNA and protein
H NAc Post mortem N/A VTET1 mRNA
[27] R NAc ;PFC Self Admin Ohr N DNMT3a/b mRNA expression in NAc only
M BV-2 cells 24hr Exposure N/A N DNMT1 and DNMT3a protein
[39] R Microglia 24hr Exposure N/A N DNMT1 protein and all DNMT mRNA
M Microglia Injection 1lhr N all DNMT mRNA
Methyl-Binding Proteins
DCPu; FC; . - .
[46] R DG Injection 15hr N MeCP2 and MBD1 positive cells in all areas
[51] M NAc Injection 2hr N phosphorylated MeCP2
N MeCP2 protein and positive neurons in DCPu
with extended access
DCPu; PFC; ) L )
[47] R b Self Admin 24hr ' MeCP2 protein a in PFC with extended access
i
PP N MeCP2 protein in Hipp with restricted or
extended access
CPu, NAc, o 20 min N MeCP2 phosphorylation in NAc
[49] R Injection . L
PFC 60 min N MeCP2 phosphorylation in CPu
Injection/ Self ) ] ]
[48] R CPu; PFC Admi 5-15hr N MeCP2 expressing cells with no change in mRNA
min

* M=mouse; R=rat; H=human ** NAc=Nucleus Accumbens; CPu= caudate and putamen; PFC= prefrontal
cortex; Hipp = hippocampus; DG= dentate gyrus
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Table 2. Cocaine-associated dysregulation of methylation dynamics

Ref Species®  Tissue™  Paradigm®  Withdrawal Technology** Summary Finding
Global Methylation Level

[26] M NAc; PFC CPP Not reported HPLC Slight decrease in 5mC in PFC

[56] M WB Injection 1hr HPLC No differences

[55] M NAc Injection 24 hr LC-ESI-MS/MS No differences in 5mC nor 5hmC

Cocaine Methylome
distinct patterns of DNA methylation after
Injection active and passive cocaine
[58] M PFC ] 0-2hr MBD-seq ) o )
Self-Admin 29 persistent DMRs after self-administration
(™24 and V¥ 5)
o . 5hmC alterations at enhancer regions and
[55] M NAc Injection 24 hr hMeDip-seq ) . )
alternative spliced sites
Dynamic (hypo and hyper-) methylation after 1
day withdrawal
) . Locus-specific enhancement or reversal of early
[28] R NAc Self Admin 1 or 30 days MeDip-Array .
methylation changes after 30 days
Cue-reinstatement reversal of many
withdrawal induced changes
) More hyper- than hypomethyated DMRs at
[59] R PFC Self Admin 24 hr MBD-seq . ) . ) .
higher differential methylation ratios

Differentially Methylated Loci

24 h MeDip N PPic promoter methylation after acute and
r
o Bis-qPCR chronic cocaine
[22] M NAc Injection .
. \ fosB promoter methylation after acute and
1.5hr MeDip-gPCR ] ]
chronic cocaine
[65] R Striatum Injection 15hr Bis-seq N Cdkl5 promoter methylation
[27] R NAc Self Admin Ohr Bis-seq \ c-Fos promoter methylation
[67] R cC Self Admin 30 days Bis-seq \ Sox10 promoter methylation
N Scl17a7 and Cck promoter methylation and
[23] M NAc Injection 24 hr MeDip-gPCR \ Gal, DNMT3a and DMNT3b promoter
methylation
o . N PP1CB promoter methylation after chronic
[48] R CPu Injection 12 hr MeDip-gPCR )
cocaine
[39] M Microglia Injection 1lhr Bis-seq N Mir124 promoter methylation
[66] M NAc CPP 2hr Bis-seq N BDNF IV promoter at single CpG

* M=mouse; R=rat; P=Non-human primate ** NAc=Nucleus Accumbens; CPu= caudate and putamen;
PFC= prefrontal cortex; WB= whole brain; CC= corpus callosum #CPP= conditioned place preference ##
HPLC= high performance liquid chromatography; LC-ESI-MS/MS = liquid chromatography-electrospray
ionization tandem mass spectrometry; MBD-seq = methyl-binding protein capture — sequencing;
MeDIP=methylated DNA immunoprecipitation; hMeDIP=hydroxymethylated DNA immunoprecipitation;
Bis-seq=sodium bisulfite conversion-sequencing; qPCR= quantitative polymerase chain reaction
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Figure 1. The simplified mesocorticolimbic pathway in the rodent brain. Solid black lines represent
dopaminergic projection; dashed blue lines represent GABAergic projections and dotted red lines
represent glutamatergic projections. Regions in green are implicated in the drug craving, blue in binge,
and red in the withdrawal stages of the addiction cycle. PFC = prefrontal cortex; Hipp = hippocampus;
CPu = caudate and putamen; NAc = nucleus accumbens; AMG = amygdala; VTA = ventral tegmental area.
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Figure 2. DNA methylation functions and dynamics. (a) methylated cytosines within gene promoters
recruit methyl-binding proteins and chromatin remodeling complexes to prevent gene transcription; (b)
methylated gene promoters prevent transcription factor binding; (c) exonic methylation regulated CTCF-
mediated exon inclusion; (d) The cytosine modification cycle. MeCP2 = methylated-CpG binding protein
2; HDAC = histone deacetylase; DNMT = DNA methyltransferase; TET = ten-eleven translocation protein;
TDG = thymine-DNA glycosylase; BER = base excision repair; TF = transcription factor; CTCF = CCCTC-
binding factor; RNA Pol Il = RNA polymerase Il
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3. OBJECTIVES

Given the lack of information pertaining to the relationship between cocaine use disorders and
DNA methylation in humans, the primary objective of this thesis project was to generate the first human
cocaine methylome data using post-mortem brain samples from dependent subjects. This project
sought to profile methylomic aberrations associated with disease state in two highly addiction-relevant
brain areas, the nucleus accumbens and the caudate nucleus, in 25 individuals with a history of cocaine
dependence and 25 drug-free and psychiatrically healthy controls, using reduced representation
bisulfite sequencing (RRBS). Furthermore, we sought to identify regions of the genome that are

differentially methylated (DMRs) between cases and controls in both brain areas.

The secondary objective of this work was to further investigate, and replicate interesting DMRs
using targeted bisulfite amplicon sequencing, data from animal models of cocaine self-administration,
and cutting-edge in vitro tools. We focused on two newly identified regulatory elements and explored

their potential as genomic regulators in response to cocaine dependence.

In the following chapters, we have investigated the relationship between these novel intragenic
regulatory elements, chromatin biology, and gene expression. We began by identified a group of CpGs
within the third exon of the Iroquois Homeobox 2 (IRX2) gene that was hypomethylated in caudate
neurons following cocaine dependence, and investigated its role in three-dimensional chromatin
architecture, CTCF protein binding, and regulation of its own and neighboring gene expression. We
conclude with the discovery of an intragenic cluster of CpGs spanning portions of the 8™ and 9" exon of
the tyrosine hydroxylase (TH) in the human caudate, and an exploration of it’s potential as an EGR1-

sensetive enhancer.
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CHAPTER Il: COCAINE-RELATED DNA METHYLATION IN
CAUDATE NEURONS ALTERS 3D CHROMATIN
STRUCTURE OF THE IRXA GENE CLUSTER
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Abstract: Epigenetic mechanisms, like those involving DNA methylation, are thought to mediate the
relationship between chronic cocaine dependence and molecular changes in addiction-related
neurocircuitry but have been understudied in human brain. We initially used reduced representation
bisulfite sequencing (RRBS) to generate a methylome-wide profile of cocaine dependence in human
post-mortem caudate tissue. We focused on the Iroquois Homeobox A (IRXA) gene cluster, where
hypomethylation in exon 3 of IRX2 in neuronal nuclei was associated with cocaine dependence. We
replicated this finding in an independent cohort and found similar results in dorsal striatum from
cocaine self-administering mice. Using epigenome editing and 3C assays, we demonstrated a causal
relationship between methylation within the /RX2 gene body, CTCF protein binding, 3D chromatin
interaction, and gene expression. Together, these findings suggest that cocaine-related hypomethylation
of IRX2 contributes to the development and maintenance of cocaine dependence through alterations in

3D chromatin structure in the caudate nucleus.

Keywords: cocaine, addiction, epigenetics, DNA methylation, 3C, 3D chromatin structure, psychiatry,

post-mortem brain
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1. Introduction

Like other drug use disorders, cocaine dependence is characterized by cycles of binging,
preoccupation and compulsive drug seeking behaviors despite negative outcomes (American Psychiatric
Association (APA), 2000). The development and maintenance of dependence-related behaviors, in both
humans and animal models, is accompanied by profound alterations in gene expression and lasting
changes in cellular plasticity in the mesolimbic dopamine neurocircuitry (Albertson et al., 2004; Bannon
et al., 2015; Freeman et al., 2010; Mash et al., 2007; Nestler, 2014; Zhou, Yuan, Mash, & Goldman,
2011). Accordingly, multiple targets of midbrain dopamine projections display widespread epigenetic
alterations, particularly histone post translational modifications, that may mark distinct phases of
dependence and withdrawal (Nestler, 2014). DNA methylation may act to stabilize dependence-related
gene expression programs and it has become an active area of research in cocaine addiction

neurobiology.

Cocaine-related changes in DNA methylation have primarily been measured at the level of
individual gene promoters, although methylome-wide studies have begun to appear in animal models
(for review, see (Vaillancourt, Ernst, Mash, & Turecki, 2017)). Furthermore, research is just beginning to
investigate how changes in methylation are likely to contribute to maladaptive behavioral phenotypes
(Engmann et al., 2017; LaPlant et al., 2010). However, the relationship between DNA methylation and
cocaine dependence has been understudied in the human brain. Of particular interest is the caudate
nucleus, as it appears to be necessary for the development of addiction related drug cravings and has
been implicated in the transition from recreational drug use to dependence (Belin & Everitt, 2008;
Everitt & Robbins, 2013; Garavan et al., 2000; Volkow et al., 2006). Here, we report on the findings of
the first methylome-wide study of cocaine dependence in the human caudate nucleus, using post-

mortem tissue samples. We also present supporting evidence for a role of cocaine-related gene body
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methylation of the IRX2, a gene located in a region containing the largest cluster of differentially
methylated CpGs from our methylome-wide analysis, in regulating local chromatin architecture and

expression of two genes in the IRXA neurodevelopmental gene cluster.

2. Results

Chronic cocaine dependence in humans is associated with genome-wide changes in DNA methylation

in the caudate nucleus

To understand how DNA methylation patterns in chronic cocaine users may differ from
unaffected non-cocaine users in the caudate nucleus (Figure 1a), we performed reduced representation
bisulfite sequencing (RRBS) from 25 cases who died from cocaine intoxication that had a lifetime history
of cocaine dependence, but no other diagnosed psychopathology, and 25 psychiatrically healthy drug-
free controls who died suddenly. RRBS allowed us to interrogate the methylation status of genome-wide
loci, while enriching for CpG islands (Gu et al., 2011). The groups were matched for commonly
confounding factors such as age, post-mortem interval, and tissue pH, with small effect sizes on
comparison (ps > 0.1, d < 0.3; Supplemental Table 1), and sequencing statistics were not different
between the groups (ps > 0.1; Supplemental Table 2). Since DNA methylation across a region of CpGs is
more likely to be biologically relevant than methylation at a single nucleotide, we combined all CpGs
within 50bp of another into functional regions. We detected 6712 CpG regions containing at least 2
CpGs (Supplemental Figure 1), and 173 clusters were differentially methylated between groups when
correcting for ethnicity, age, smoker status and ethanol toxicology (FDR corrected q<0.05; Figure 1b;

Supplemental Table 3).

Although we detected differentially methylated regions (DMRs) that were both hyper- and
hypomethylated in the cocaine group, there were significantly more hypermethylated regions than

hypomethylated (Chi Squared Goodness of Fit Tests, x?= 26.575; p < 0.05, Figure 1c). Using RNA
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sequencing data from the same subjects and brain nuclei, we found that transcription of the de novo
methyltransferase DNMT3a is increased in the cocaine group (t=2.628, df=42, p=0.0120, Supplemental
Figure 2a). This finding is in-line with animal studies that have shown that cocaine exposure can induce
de novo methyltransferase expression in the striatum (LaPlant et al., 2010). We found no differences in
expression of the two other DNA methyltransferase genes, DNMT1 and DNMT3b (ps > 0.05,
Supplemental Figure 2b, c). To determine if the corrected DMRs were functionally related, we
performed PANTHER gene ontology analysis of genes that either overlapped with, or were in the closest
proximity to, the differential methylation signal (Thomas et al., 2003). Although we found no enrichment
for genes belonging to any particular cellular component or biological process, which is likely due to
unknown long-range target genes, we found a significant enrichment for genes involved in regulatory

sequence-specific DNA binding and transcriptional activation (fold enrichment=4.38, FDR=0.0253).

Most of the regions, including those which were differentially methylated, mapped onto known
CpG islands (Figure 1d; Supplemental Figure 3a), and although they were highly present within gene
bodies (introns, exons and intron-exon boundaries), they were significantly enriched for intergenic
regions (Figure 1e; Supplemental Figure 3b, Fisher’s exact test q=7.10 x 10#). We used data from the 15-
state core model of chromatin states from the Roadmaps Epigenome Consortium (Kundaje et al., 2015),
which was generated from human caudate nucleus tissues, to annotate the hypothetical chromatin
status of our CpG clusters. We found that DMRs were significantly enriched for enhancers (Fisher’s exact
test q=1.76 x10%9), regions flanking active transcription start sites (Fisher’s exact test g=2.69 x 1072), and
weakly transcribed and quiescent regions (Fisher’s exact test g=5.26 x 10 and 1.76 x 10”7 respectively)
when compared against the list of all CpG clusters (Supplemental Figure 3c, d). When we assessed the
hyper- and hypomethylated DMRs separately, we found that this effect was driven by the
hypermethylated loci which were enriched in the same context as the overall list (s = 1.30 5 x 10 -

2.46 x 109,
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DNA methylation related to gene expression in cis.

To determine whether differentially methylated regions were related to transcriptomic changes
in cis, we generated RNA-seq data from caudate tissue from the same subjects. We calculated the fold
change of all genes within 5kb of a DMR and took a liberal approach to generate a list of putative DMR-
gene pairs with a nominally significant expression difference (uncorrected p < 0.1) and statistically
significant differences in methylation (q value < 0.05). This analysis identified 23 DMR-gene pairs (Table

1).

Given our analysis strategy, we rationalized that regions with more CpGs would be most likely to
represent strong, biologically meaningful signals. Interestingly, the largest and third largest DMRs
overlapped with members of the Iroquois Homeobox (/IRXA) gene family that are grouped in a highly
conserved cluster within vertebrate genomes and were both upregulated according to RNA-seq (Table
1). Iroquois Homeobox 2 (IRX2) and Iroquois Homeobox 1 (/RX1) are head-to-head neighbours on
chromosome 5, and code for transcription factors that are involved in embryonic patterning during
neural development (Matsumoto et al., 2004). Our RRBS analysis identified 21 CpGs within the third
exon of IRX2 that were 3% less methylated (Figure 2a, Table 1), and 9 CpGs within the second exon of

IRX1 that were 11% more methylated in the cocaine group (Supplemental Figure4a; Table 1).

Decreased gene body methylation of IRX2 is associated with chronic cocaine dependence

We turned to an independent cohort of dorsal caudate tissue samples from individuals with
cocaine dependence (who died by causes other than cocaine overdose) and unaffected controls to
replicate the methylation findings (Supplementary Table 4). Using bisulfite amplicon sequencing, we
found a significant decrease in methylation of the same region within exon 3 of IRX2 in the cocaine

group compared to controls (5.5%, t=1.908, df=31.83, p=0.033, d=0.631; Figure 2b), but no differences
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in methylation of the IRX1 region (t=1.149, df=33, p=0.13, d=0.397; Supplemental Figure 4b). Based on

this study, we chose to focus on IRX2 for further analyses.

It is well known that DNA methylation patterns are cell-type specific and are particularly
important in the distinct functions of neuronal and non-neuronal cell types within the central nervous
system (Kozlenkov et al., 2014; Rizzardi et al., 2019). Thus, we investigated our findings in distinct
populations of nuclei, separated from samples of the human caudate from our discovery cohort, using
fluorescence activated nuclei sorting (FANS). We separated intact nuclei based on DRAQS5 DNA stain
fluorescence, and neuronal nuclei (including D1- and D2-medium spiny neurons, as well as GABAergic
and cholinergic interneurons) from non-neuronal nuclei (glial and epithelial cells) based on the nuclear
marker NeuN (Supplemental Figure 5a-e). We found the cocaine-associated decrease in IRX2
methylation to be specific to neuronal nuclei (t=1.923, df=46, p=0.03; Figure 2c). There was no group-
wise difference in methylation in non-neuronal nuclei (t=0.3254, df=48, p=0.37; Supplemental Figure

6a).

Hypomethylation of a putative CTCF binding site

Expression of IRX2, as well as other members of the IRXA family, is known to be regulated by a
large evolutionarily conserved group of enhancers that form a three-dimensional chromatin loop in
animals (Tena et al., 2011). We hypothesized that cocaine-related methylation might interfere with this
regulatory framework, perhaps by impairing the binding of CCCTC-binding factor (CTCF) —a well-studied
transcriptional repressor involved in anchoring three-dimensional chromatin structures, that can be
inhibited by methylation at its binding site (Hashimoto et al., 2017). We searched our target sequence
for putative CTCF binding sites using its consensus sequence (Kim et al., 2007), as well as the most highly
enriched motifs from chromatin immunoprecipitation data generated by the ENCODE consortium

(accessed through FactorBook (Wang et al., 2012)). We found a known peak motif (3’-AGGGGGCG-5’) 96
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base pairs upstream of our DMR and a putative CTCF consensus sequence (3’-CCGCGGGGCGCGG-5’)
spanning 4 CpGs within the DMR itself. When considering the methylation state of the consensus
sequence separately from the overall region, we found a main effect of cocaine status in both whole
tissue homogenates from the replication cohort (F(1, 35)=4.333, p=0.045, Figure 2d)) and in neuronal
nuclei (F(1,46)=6.284, p=0.016, Figure 2e)), but not in non-neuronal nuclei from the discovery cohort
(F(1,48)=0.072, p=0.78, Supplemental Figure 6b)). Post hoc comparisons showed the fourth CpG to be
significantly less methylated in the cocaine group in the tissue (t=2.55, df=140, p=0.012, Figure 2d) and
in neuronal nuclei (t=3.73, df=184, p < 0.001, Figure 2e), but not in the non-neuronal fraction

(Supplemental Figure 6b).

Next, we sought to corroborate our findings in a well-studied mouse model of self
administration (Supplemental Figure 7). After removing outliers using ROUT tests (Q=2%), we found a
significant effect of group (W(2,15.7)=6.64, p=0.008, Supplemental Figure 8) where the cocaine group
(n=6) was significantly less methylated than the saccharin group (n=9, p=0.029) and nominally
significantly hypomethylated compared to controls (n=14. p=0.054). Notably, this sequence contains the
only occurrence of the canonical CTCF binding site (5'-CCGCGCCGCGCGGTGG-3’) in the entire 5kB Irx2
gene, and when we examined the methylation status of the upstream-most CpG, we again found
methylation to be lower in the cocaine group compared to both control and saccharin animals (W(2,
13.52)=10.06, p= 0.002, cocaine vs. control p=0.032, cocaine vs. saccharin p=0.016, Figure 2f).
Importantly, in both analyses, methylation in the control animals did not differ from those who were-
trained to self-administer saccharin, which suggests that the cocaine-related hypomethylation is not

generalizable to all reward-driven behaviors.

We were able to replicate our initial genome-wide significant finding of decreased methylation

within IRX2, across sample cohorts, tissue types, and species, which is suggestive of a conserved and
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functionally relevant genomic response. As such, we decided to explore the relationship between IRX2

methylation and IRXA cluster gene expression in our sample set.

Intragenic IRX2 methylation is negatively associated with IRXA gene cluster gene expression

Our genome-wide analyses suggested that gene expression might be disrupted in the IRXA gene
cluster in relation to cocaine dependence, since the expression of both /RX1 and IRX2 was increased
according to RNA-seq (Table 1). In order to validate these findings, we used nanoString technology to
count the number of IRX1 and IRX2 transcripts in RNA extracted from samples in our discovery cohort
(n=21 cases and n=23 controls). We found significantly higher expression of IRX2 in the cocaine group
(Mann-Whitney U = 170; p= 0.019; Figure 3a), and although the increased expression of /IRX1 was not
statistically significant (t=1.057, df=42; p=0.148; Figure 3b), we found the expression of the two genes to

be highly positively correlated in our samples overall (r=0.622; p < 0.0001; Figure3c).

We next turned to in vitro modelling to explore the relationship between /IRX2 DNA methylation
and gene expression of the IRXA gene cluster because homogeneous groups of cells allow better
resolution than can be obtained through brain tissue homogenates. We measured endogenous
methylation and expression levels in two distinct human cell lines; HEK293 kidney epithelial cells (ATCC,
Virginia, US) and RENcell immortalized fetal midbrain cells (Millipore, Burlington, US). Since /RX1 and
IRX2 are neurodevelopmental transcription factors, we hypothesized that their expression would be
higher in RENcell neural progenitor cells (NPCs) compared to epithelial cells. We found this to be the
case, with RENcells expressing both transcripts, whereas neither transcript was detectable in HEK293
samples (Figure 3d). There are likely multiple epigenetically relevant regulatory elements that contribute
to the striking dichotomy in gene expression (alternative promoters and enhancers, for example);
however, if the region within exon 3 has regulatory potential, we hypothesized that its endogenous
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methylation level would differ between the cell types. Indeed, HEK293 cells were on average, 40% more

methylated within this region than NPCs (t=36.76, df=4, p < 0.0001; Figure 3e).

To determine whether DNA methylation has any causal impact on changes in gene expression,
we designed a CRISPR/Cas-9-based epigenome editing experiment in NPCs. We designed three guide
RNAs (gRNAs) targeting the region within exon 3 and used a deactivated Cas9 (dCas9) enzyme fused
with the active domain of a DNA methyltransferase (Vojta et al., 2016) to experimentally increase
methylation and study its regulatory influence on gene expression dynamics. Cells that were transfected
with the active construct were on average 4.9% more methylated than wild-type and 7.1% more
methylated than the cells that were transfected with a dCas9-DNMT3a plasmid with a mutated
methyltransferase domain (inactive) (F(2,4)=16.9, p = 0.011; Active vs WT p = 0.021, Active vs Inactive p
= 0.008), Figure 3f). Importantly, methylation was increased across the CpGs within the CTCF binding site
(6.7-8.4%, Supplemental Figure 9a) and unchanged within an amplicon in /RX1 that was used as a control
for off-target methylation (F(2,6)=3.054, p=0.122, Supplemental Figure 9b). Increased methylation of
IRX2 exon 3 resulted in a significant decrease in IRX2 (F(2,6)= 7.928, p=0.021, Active vs. WT p = 0.018,
Active vs. Inactive p=0.037)and IRX1 (F(2,6)= 8.417, p=0.018, Active vs. WT p = 0.020, Active vs. Inactive

p=0.023) gene expression (Figure 3g).

The three-dimensional chromatin structure of IRXA is associated with gene expression, and is altered

by methylation of IRX2 exon 3

It has been shown in animal models that Irx2 and Irx1 share enhancer elements located within
the intergenic region between them, and that the two genes are brought closer together to access these
enhancers during transcription (Tena et al., 2011); but to date, no such regulatory loop has been
identified in humans. We designed a 3C assay in human cells to detect the frequency of physical
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proximity between the promoter of IRX1 (viewpoint, Figure 4a), and the genomic region encompassing
IRX2 (test primers, Figure 4a), which are separated by over 850kB of linear genome. We found that, in
both neural-progenitor and in kidney epithelial cells, the two genes are in close physical proximity more
often than would be expected by chance (dotted grey line, Figure 4a). Interestingly, fragments 2 and 3,
which encompass the first two-thirds of IRX2, are physically close to the 5’ end of /IRX1 more often in
NPCs, where both genes are expressed, than in cells where the genes are not expressed (t=4.41-6.54,
df=7, ps < 0.01, Figure 4a). The cocaine-associated hypomethylation that we observed, including the
putative CTCF binding site, is located within fragment 2, which is further evidence for a relationship

between exon 3 methylation and 3D chromatin structure.

We next sought to understand whether methylation of the CpGs within this fragment could
directly cause changes in chromatin architecture, and we again turned to epigenome-editing, this time
in HEK293 cells which allowed us to transfect and grow the higher number of cells necessary for 3C
(Supplemental Figure 10). The active plasmid increased the methylation of this region by 4.37%
compared to the inactive plasmid and by 9.87% compared to untreated cells (F(2,6)=15.28, p = 0.004,
WT vs Active p = 0.003, Active vs Inactive p = 0.087, Supplemental Figure 11a). We also found
significantly more methylation in the actively transfected cells, compared to WT, when averaging across
the entire CTCF binding site (9.91%, F(2,6)=8.78, p=0.017; Active vs WT p = 0.012, Supplemental Figure
11b). There were no significant effects of group on percent methylation of the off-target control

(Supplemental Figure 11c).

In order to investigate whether these findings could be translated into alterations in long range
chromatin structures, we assayed the local chromatin architecture in cells; particularly the frequency
with which restriction fragments 2 and 3 interacted with the viewpoint in the /RX1 gene. Strikingly, we

found that methylation of /IRX2 exon 3 brought the interaction frequency of fragment 2, which contains
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the putative CTCF binding site, down to levels near those expected by chance (F(2,6)=71.03, p <0.0001,
Active vs WT p <0.0001, Active vs Inactive p = 0.003, Figure 4b). We found no significant effect of
methylation on the interaction frequency of fragment 3, which does not contain the putative CTCF

binding site, with IRX1 (Figure 4b).
CTCF binds to IRX2 exon 3, and is disrupted by DNA methylation

Finally, to assess whether methylation of exon 3 could alter CTCF protein binding, we performed
anti-CTCF ChIP-gPCR on wildtype HEK293 cells and cultures transfected with either the active or inactive
dCas9-DNMT3A construct. Importantly, CTCF binding to the fragment of exon 3 containing the putative
binding site was experimentally validated to be significantly higher than a non-specific IgG control
(F(1,5)=8.329, p = 0.034; Supplemental Figure 11d). Furthermore, methylating the same sequence
decreased CTCF binding compared to wildtype cells (F(2,5) = 13.19, p=0.010; Active vs. WT p = 0.007,
Figure 4c). These data suggest that exon 3 may indeed contain a functional CTCF binding site that is
sensitive to modest changes in cytosine methylation, such as those observed in caudate neurons after

chronic cocaine dependence.

Based on the cumulation of data from human, mouse, and cell line experiments, we suggest that
exon 3 of IRX2 contains a methylation sensitive CTCF binding site that is disrupted following long-term

cocaine exposure and dependence (Figure 5).

3. Discussion

Our experiments show that chronic cocaine dependence in humans is associated with decreased
methylation of an intragenic region of CpGs in the IRX2 gene, which overlaps with a novel regulatory site
for local gene expression and three-dimensional chromatin structure (Figure 5). This region is one of

over 100 DMRs that we have identified in the human caudate nucleus. Although this is the first
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methylome-wide study of cocaine use disorders using brain tissue from human patients, our work is
well-aligned with two decades of studies in animals that have identified regions of both hyper- and

hypomethylation in addiction relevant neural circuitry (Vaillancourt et al., 2017).

The caudate nucleus is increasingly implicated in the pathogenesis of drug use disorders as
individuals transition from recreational use to compulsive drug seeking behaviors (Belin & Everitt, 2008).
The neurons within the human caudate are mostly GABAergic medium spiny projection neurons (MSNs)
surrounded by at least 4 distinct types of inhibitory interneurons (Bernacer, Prensa, & Giménez-Amaya,
2012; Tepper, Tecuapetla, Kods, & Ibanez-Sandoval, 2010). Striatal MSNs can be classified into two
major subgroups, D1 and D2 dopamine receptor expressing cells, which have opposing effects on drug-
related behaviors, with D1-MSNs enhancing drug seeking while D2-MSNs inhibit these behaviors in
animals (Lobo & Nestler, 2011). While technical limitations prevent us from discerning the contributions
of individual neuronal subtypes, the separation of neuronal from non-neuronal methylation profiles
presented here represents the first step towards a human cell-specific cocaine methylome. Future
progress in single cell methylome technologies will undoubtedly guide deconvolution efforts on datasets

such as those presented here.

Most of the work in the field, to date, has focused on methylation at specific gene promoters,
but intragenic methylation and methylation at distal regulatory elements may have relevance to tissue-
specific disease etiology. Indeed, the majority of DMRs identified here do not fall within annotated
promoters and may disrupt other regulatory processes that contribute to addiction neurobiology.
Additionally, although the DMRs in this study are not enriched for any one particular cellular component
or biological process, the effects of human chronic cocaine dependence may not impact all cellular
pathways equally; further research into epigenetic alterations of specific processes will be a welcome

addition to this work.
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Non-promoter elements are enriched for neuropsychiatric heritability factors, and levels of DNA
methylation and chromatin accessibility in these regions has been shown to have brain-region specific
effects on disease (Hannon, Marzi, Schalkwyk, & Mill, 2019; Rizzardi et al., 2019; Yao et al., 2015). Thus,
although DNA methylation is perturbed in multiple addiction-related brain regions, the exact DMRs are
likely to differ between brain nuclei. Furthermore, DNA methylation within gene bodies may directly
promote gene expression, direct the use of alternative promoters, or regulate alternative splicing events
(Maunakea, Chepelev, Cui, & Zhao, 2013; Maunakea et al., 2010; Yang et al., 2014). In recent years, it
has become clear that these biological processes have important implications for psychiatric phenotypes
overall (Gandal et al., 2018), and for cocaine dependence where it has been shown that, in the nucleus
accumbens, repeated cocaine exposure can induce genome-wide alternative splicing events that are

related to drug seeking behaviors in rodents (Cates et al., 2018; Feng et al., 2014).

Animal work has also identified distinct alterations in methylation and associated machinery
that are related to different administration paradigms and exposure time courses. For example,
although DNMT3A is initially decreased in the nucleus accumbens during cocaine withdrawal in mice,
levels of the de novo methyltransferase becomes significantly increased after 28 days (LaPlant et al.,
2010). Indeed, we found increased DNMT3A expression in the caudate nucleus of our cocaine-
dependent samples. Similarly, distinct patterns of differential methylation emerge in studies using
passive cocaine injection versus self-administration, which are related to long term behavioral changes
(Baker-Andresen et al., 2015). Although we are unable to separate the effects of acute and chronic
cocaine in our discovery cohort due to positive cocaine toxicology at the time of death, our replication
cohort was negative for cocaine metabolites, and suggests that the findings with respect to /IRX2 are

more likely linked to long-term dependence than to an acute pharmacological effect.
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IRX2 is a transcriptional repressor that is highly expressed during neural development and may
be related to social behavior in animals (Ahn et al., 2004; Kasper, Hebert, Aubin-Horth, & Taborsky,
2018). Its expression is known to be regulated by three-dimensional chromatin architecture, which in
turn is regulated by the CTCF architectural protein (Gomez-Velazquez et al., 2017; Tena et al., 2011).
Although this study is the first to report on the relationship between IRX2 and cocaine dependence, it
has already been shown that dependence-related behaviors rely on long-lasting alterations in the
expression of transcription factors genes (Kelz et al., 1999; Nestler, 2005) and that genes involved in
transcription and chromatin regulation are dysregulated in brain tissue from human patients (Bannon et
al., 2014). Cocaine-related expression of transcription factor genes can be regulated by DNA methylation
mechanics (Cannella et al., 2018), and are likely cell-type specific (Chandra et al., 2015), which is in line
with what we have shown at this locus, where IRX2 is more highly expressed in the cocaine group.
Although the downstream targets of IRX2 regulation have yet to be experimentally identified, target
prediction algorithms suggest that it may impact the expression of genes including ADAM10, a
metalloprotease that has been linked to multiple psychiatric diseases and may be involved in the
cognitive impairments that can accompany long term psychostimulant use (Rouillard et al., 2016; Saftig
& Lichtenthaler, 2015; Shukla, Maitra, Hernandez, Govitrapong, & Vincent, 2019). In our dataset,
ADAM10 expression is negatively correlated in cocaine subjects but not controls, which may be
indicative of a cocaine-specific gene expression program, although more work is needed. Additionally,
little is known about the dynamics of epigenetic regulation in the /RXA gene cluster during neuronal
development — future work in animals should identify how the relationship between methylation,

expression, and three-dimensional chromatin structures changes throughout development.

We have shown that cocaine-related methylation of IRX2 exon 3 is negatively associated with
gene expression through decreased frequency of three-dimensional chromatin structure. This isin line

with evidence that suggests that DNA methylation can compete with CTCF binding, especially at specific
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CpGs at key regulatory sites (Hashimoto et al., 2017; Maurano et al., 2015). Moreover, repeated cocaine
administration has been shown to increase DNA methylation and decrease CTCF-mediated chromatin

looping at the Auts2-Caln locus in mice (Engmann et al., 2017).

Like other work using post-mortem samples, this study presents limitations that need to be
considered when interpreting the findings. First, the molecular profiles gathered from these tissues
highlight the epigenetic landscape immediately prior to death, and although every effort is made to
characterize the demographic information of the donors, we are unable to account for corollary factors
such as lifestyle, and lifetime history of non-dependent drug exposure that could influence DNA
methylation. Complementary evidence from animal models, such as has been presented here, can begin
to account for the effect of extraneous factors. Similarly, although we were able to distinguish between
broad categories of cell-types (neurons vs. non-neurons), the magnitude of methylation differences
observed in our study suggest that the signal is coming from a relatively rare cell type and being masked
by cellular diversity. Nonetheless, small changes in methylation have been shown to have physiologically
relevant effects on transcription factor binding, and RNA transcription (Zhang et al., 2010, 2018), and
have previously been associated with cellular and molecular alterations in post-mortem psychiatric

research (Gross, Fiori, Labonté, Lopez, & Turecki, 2013; Iwata et al., 2014; Lutz et al., 2017).

Future work on the IRX2 locus, as well as other DMRs identified in this study, should incorporate
information about additional levels of epigenetic regulation, including histone modifications as well as
DNA modifications outside of the canonical CpG methylation context. For example, non-CpG
methylation (CpH), N6-Methyladenosine (m6A) and hydroxymethylation are epigenetic regulators that
are highly abundant in the brain and are likely be important mechanisms to drug dependence (Feng et
al., 2015; Guo et al., 2013; Li et al., 2019). Additionally, direct manipulation of Irx2 in animals will allow

important insight into the behavioral consequences of cocaine-related epigenetic changes. Furthermore,
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although studies suggest that dependence to other psychostimulants, including amphetamine,
associates with DNA methylation changes, direct comparisons between drugs of abuse, and between
addiction-related brain regions, will add specificity to epigenome-wide studies. Additionally, as data
from single-cell epigenomic experiments continue to become available, researchers will be able to
detect differences in rare cell types that are currently masked by bulk and near-bulk tissue experiments

(Luo et al., 2017).

4. Methods

Subjects

All methods used in this study were approved by the Douglas Hospital Research Ethics Board,
and written informed consent was obtained from the next-of-kin for each subject. Autopsy and tissue
sampling were performed in accordance with the established standards of the University of Miami

Miller School of Medicine, or the Douglas-Bell Canada Brain Bank, depending on cohort source location.

Post-mortem caudate nucleus tissues from our discovery cohort were obtained from the Brain
Endowment Bank at the University of Miami Miller School of Medicine (Supplemental Table 1). Samples
were dissected from the dorsolateral sector of the caudate from 25 subjects who had long term
histories of cocaine dependence as determined by licenced clinicians, and who died from cocaine
related complications as determined by forensic pathology and brain and blood toxicology. These
subjects were selected based on the absence of toxicology for illicit drugs other than cocaine and were
determined to have no other psychiatric diagnoses based on medical records and the reports of next-of
kin. Drug-naive, psychiatrically healthy control subjects (n=25) were selected from accidental or natural
deaths. All subjects in this cohort were male, which is reflective of the opportunistic composition of the
brain samples available at autopsy. Due to the rarity of these samples, no a priori power analyses were

performed in relation to sample sizes.
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Caudate tissue from the replication cohort of 15 cases and 21 controls was obtained from the

Douglas-Bell Canada Brain Bank (www.douglasbrainbank.ca). Subjects underwent a medical chart review

and proxy-based interviews that were used in the characterization of substance use, which was
determined through psychological autopsy by the clinical staff of the brain bank. Case status was
determined based on these results, as well as toxicology at the time of death. Age, PMI, and pH did not
significantly differ between groups (t=0.79-1.73, df=34, p=0.09-0.44, Supplemental Table 4). Grey matter

was dissected from the left hemisphere of all samples and stored at -80°C until further processing.

Reduced representation bisulfite sequencing (RRBS)

Tissue and Library Preparation

We extracted DNA from 20mg of frozen tissue of all cases and controls from our initial cohort
using Qiagen DNA MiniKits as per manufacturer’s instructions. To prepare RRBS libraries, we digested
1lug of genomic DNA with Mspl restriction enzyme, repaired the fragment ends and ligated lllumina
adapters as described in elsewhere (Chen et al., 2014). Purified libraries were treated with EpiTect fast
bisulfite conversion kit (QIAGEN, Cat# 59824) according to the standard protocol and indexed through

PCR amplification.

Sequencing and Bioinformatic Processing

Final libraries were sequenced on the Illumina HiSeq 2000 platform at the Genome Quebec
Innovation Center (Montreal, Canada) using 50bp single end sequencing, and bioinformatics processing
was performed in-house, as described (Chen et al., 2014). Bisulfite conversion efficiency was determined
by the ratio of T to C at the unmethylated cytosine position added during the end-repair step of library

construction. Sequencing data is available under accession number GSE6364.

Differential Methylation Analysis
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We defined methylation region as any CpG within 50 bp of another CpG, with no limit on the
number of CpGs in a given region, but with a minimum of at least 2 CpGs using the bumphunter 3.5
package for R. For CpGs to be included in the analysis, they must have been present in at least 25
subjects from both cases and controls and have >5X coverage, which resulted in 270191 CpGs that went
into clustering analysis. CpG regions that had a standard deviation <5% methylation across all subjects
(i.e., irrespective of status) were removed to avoid comparisons between stable methylation sites. For
each cluster, we performed differential analysis using a general linear model with status (cocaine or
control) as a fixed factor, and age, ethnicity, smoking status and ethanol toxicology as covariates. We
treated CpGs independently in a given regions and used only those regions that had a Benjamini-
Hochberg FDR corrected p-value <0.05 and which were <0.05 when calculating a single mean from all

CpGs per individual.

Cluster Annotation and Enrichment Analyses

All CpG regions were annotated relative to their genomic context, their CpG island proximity,
and their predicted ChromHMM chromatin state using the annotatr 1.10.0 package in R (Cavalcante &
Sartor, 2017). We calculated enrichment q values for DMRs against all CpG clusters using the LOLA

algorithm (Sheffield & Bock, 2016).

Gene Ontological Analysis

We annotated each DMR to its nearest Refseq gene. Gene ontologies were examined with over
representation tests in the gene list analysis functions of the PANTHER classification system

(www.pantherdb.org). We compared the full DMR list to all human genes with respect to molecular

function, biological processes and cellular components and p-values were calculated using Fisher’s Exact

tests with FDR correction.
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RNA sequencing

RNA was extracted from 100mg dissections of dorsolateral caudate nucleus using RNeasy Lipid
Tissue Kits (Qiagen) according to standard procedure. The RNA integrity number (RIN) for the cases was
7.9 + 1.28 and controls was 8.4 + 0.78 (mean t s.d.), and aliquots of 100ng/ul of RNA were sent for
library preparation and sequencing at the Broad Institute (Cambridge, MA). Libraries were prepared
using a standard non-strand specific protocol (lllumina TruSeq), including poly-A selection, and
multiplexed for 50bp paired end sequencing on the lllumina HiSeq 2000 platform. Sequencing data was
processed as previously described (GTEx Consortium, 2015), and fold changes and p-values were
generated by student’s t-tests. Uncorrected p-values of <0.1 were used to create DMR-gene pairs for

follow-up investigation.

nanoString gene expression validation

For count-based RNA quantifications, custom 100bp probe sequences were designed to
uniquely capture the majority of transcript variants of the genes indicated in Supplemental Table 5, by
nanoString Technologies (Seattle, Washington). Each probe was associated with a unique fluorescent
barcode, and 20ng/ul of total RNA, from the same extraction that was used in sequencing, was run on
the nCounter system under the high field of view setting at the Lady Davis Institute (Montreal, Quebec).
All normalization and statistical analyses were performed with the nSolver software from nanoString
technologies. Raw probe counts were normalized to 4 negative control probes and then compared
between groups, using two-tailed unpaired student’s t-tests or their non-parametric equivalent when
necessary. Two samples were removed from each group due to technical failure, and statistical outliers
were removed after ROUT analysis (Q=1%) resulting in 23 controls compared to 21 cases in the IRX2
analysis and 22 cases and controls in the /RX1 comparison.
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Fluorescence Activated Nuclei Sorting

Nuclear extraction and labelling

In order to liberate intact nuclei from the caudate nucleus tissue samples, we homogenized
50mg of frozen tissue in nuclei buffer containing 10mM PIPES (pH 7.4), 10mM KCI, 2mM MgCl;, 1mM
DTT, 0.1% TritonX-100 and 10X Protease Inhibitor Cocktail (Sigma Aldrich, Darmstadt, Germany).
Homogenates were passed through a 30% sucrose gradient in nuclei buffer in order to separate nuclei
from cellular debris, then after a wash with nuclei buffer, nuclei pellets were resuspended in blocking
buffer containing 0.5% bovine serum albumin in 10X normal goat serum. Each sample was co-incubated
with the DNA labelling dye DRAQS5 (1:300) (ThermoFisher, Waltham, MA) and an anti-NeuN-PE antibody
(1:300) (cat no. FCMAB317PE, Millipore, Darmstadt, Germany) for 60 min at room temperature, then

passed through 40uM filter caps to remove any remaining cellular debris before sorting.

Nuclei Sorting

Labelled nuclear extracts were processed the BDFACSAria Il platform (BD Biosciences, San Jose,
CA) according to technical specifications provided by the company. We used BD FACSDIVA software (BD
Biosciences, San Jose, CA) to first isolate single, intact nuclei based on DRAQ5 fluorescence at the
730/45-A filter (DRAQS5), then to sort neuronal from non-neuronal nuclei based on fluorescence
detected by the 585/42 filter (PE). Sorted nuclear fractions were stored at -20°C in sheath fluid (1X PBS)
until DNA extraction. On average, we isolated 180 000 NeuN+ nuclei and 492 500 NeuN- nuclei from
50mg of tissue, with roughly 37% NeuN+ in each sample. There were no differences between cases and
controls in terms of total nuclei in either fraction or in the ratio of neuronal to non-neuronal nuclei

captured per dissection (ps > 0.1, Supplemental Figure 3b-d).
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Nuclear DNA extraction and processing

We incubated nuclear fractions with 50X protease (Qiagen, Montreal, Canada) at 56°C for at
least 12 hours to ensure thorough digestion of the nuclear membranes. Liberated DNA was precipitated
onto 0.2X Agencourt AMPure XP beads (Beckman Coulter, Brea, CA) after adding 20% PEG-8000 2.5M
NaCl to increase the final PEG concentration to 10%. The beads were washed twice in a magnetic stand
with 70% EthOH, and then DNA was eluted in 50ul MilliQ H,O. We measured the concentration of each
DNA sample using Quant-iT PicoGreen dsDNA assays (ThermoFisher, Waltham, MA) according to

manufacturer specifications.

Bisulfite amplicon sequencing

DNA extraction and conversion

We obtained genomic DNA from post-mortem, homogenate tissue samples from both the
discovery and replication cohorts using QlAmp DNA Mini Kits (Qiagen, Montreal, Canada) as per
manufacturer specifications. Notably, DNA for the discovery cohort was extracted from the initial
dissections that were used for RRBS library construction. Genomic DNA from both cohorts (2ug/sample),
as well as from all sorted nuclear fractions (>100ng/sample) was converted using EpiTect Fast 96
Bisulfite Conversion Kits (Qiagen, Montreal, Canada), diluted to 150ul using MilliQ water, and stored at -

20°C.

Library Preparation

To optimize our ability to cover the desired CpGs within each amplicon, and to increase
amplicon diversity for sequencing, we designed three pairs of bisulfite specific primers per DNA strand
using Methyl Primer Express Software v1.0 (Applied Biosystems, CA, USA). Redundant primers were

designed to be non-overlapping, to have optimal melting temperatures of 60+ 2°C and to be between 18
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and 24bp long in order to optimize amplification in a multiplexed reaction (primer sequences and PCR
conditions in Supplementary Tables 6 and 7). We amplified each sample using 10ul reactions consisting
of 5X combined primers (10uM), 3X bisulfite converted DNA and 2X KAPA HiFi HotStart Uracil+
ReadyMix (Kapa Biosystems, MA, USA). Each strand was amplified separately, and after two rounds of
paramagnetic bead purification at 0.8X, amplicons from both strands were combined and amplified for
10 additional cycles to add custom primer sequences in 20 ul reactions consisting of 2.5X sample, 5X
combined CS1 and CS2 primers (10uM) and 2X KAPA HiFi HotStart ReadyMix (Kapa Biosystems, MA,
USA). After an additional round of 0.8X bead purification, we indexed each sample for 10 cycles in a 20ul
reaction consisting of 2.5X amplicons, 5X indexing primers (10uM) and 2X KAPA HiFi HotStart ReadyMix
(Kapa Biosystems, MA, USA). Each indexed library went through two rounds of double ended bead
purification (final ratio 0.8X) to select only those fragments in the predicted range of our amplicons
(400-700bp). Final library concentrations and quality control was performed on the Agilent 2200

TapeStation (Agilent Technologies, CA, USA) before samples were pooled and sequenced.

Next Generation Sequencing

We pooled libraries to a final concentration of 2nM and included a 5-10% PhiX spike-in control
for each sequencing run. Final libraries were run on the Illumina MiSeq platform (lllumina, San Diego,
CA) using customized 300bp paired end sequencing as described elsewhere (Chen et al., 2017). All
quality control and read alignment, without removing duplicates, were performed in-house and
methylation was calculated as the percent of reads containing cytosine rather than thymine at each

position.

Statistical Analysis

Samples were removed for poor sequencing (less than 5X coverage of CpGs or less than 80% of
CpGs covered within an amplicon) and the number of samples used in each analysis is reflected by the
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respective degrees of freedom. Methylation at each position was defined as the number of reads called
as cytosine, over the number total number of reads. Percent methylation was averaged across all CpGs
within an amplicon and compared between groups using unpaired t-tests (with Welch'’s correction in
cases of unequal variance) or Mann-Whitney U tests where groups were unlikely to be normally
distributed as per Shapiro-Wilks test. Two-tailed significance tests were used except for analyses with
sorted nuclei fractions and mouse samples, where a priori hypotheses allowed for one-tailed testing.
Statistical outliers were removed according to ROUT analysis (Q=1%), and final sample sizes are reported

in the corresponding figure legends.

For analysis of methylation at individual CpGs within CTCF binding sites, ordinary two-way
ANOVAs were performed with Group and CpG as factors. Main effects of group were dissected using t
tests and the Holm-Sidak method for multiple testing corrections. Data are represented as means and

error bars as standard error of the means.

Mouse reward self-administration

Jugular catheter implantation:

Animal experiments were approved by the Animal Care and Use Committee at Icahn School of
Medicine at Mount Sinai. Male c57BL/6J mice, aged 6-8 weeks at the beginning of the experiment, were
randomly assigned to groups, anesthetized with ketamine (100mg/kg) and xylazine (10mg/kg),
implanted with chronic indwelling jugular catheters, and trained for i.v. self-administration as previously
described (Johnson et al., 2019). The catheter tubing was passed subcutaneously from the back to the
jugular vein and 1.0 cm of tubing was inserted into the vein and secured with silk suture. Catheters were
flushed daily with ampicillin (0.5mg/kg) and heparin (10U/mL) solution in sterile saline (0.9% NaCl). Mice

recovered >3d before commencing behavioral training. All animals were maintained on a reverse light

75



cycle (7:00am lights off; 7:00 pm lights on) and behavioral training was conducted during the animal's

dark cycle.

Cocaine self-administration

Mice (n=6) were trained to self-administer cocaine as previously described. Briefly, mice were
maintained at ~90% of their free-feeding weight and trained in standard mouse operant chambers (Med
Associates, St Albans, USA) equipped with a white noise generator and two illuminated nose-pokes.
Start of daily sessions (2h) were signaled by white noise. For each task, one nose-poke was designated
as the “active poke” and the other designated as the “inactive poke”. Active nose pokes resulted in a
cocaine infusion (0.5mg/kg/inj, 3 sec) with a concurrent presentation of the Active nose poke light for 5
seconds. Inactive pokes resulted in no programmed consequences. Mice were trained to self-administer
cocaine for 10 consecutive days under a fixed-ratio (FR1) schedule of reinforcement. For cocaine self-
administering animals, acquisition (Day 1) was counted when the animal reached 70% responding on the
active lever and 10 or more responses. Control animals underwent the same experimental procedures
but had access to a saline-paired nose poke (n=7). For both the cocaine and saccharin self-
administration groups, most mice reached acquisition criteria on the first day, and since the
experimental animals were trained for 10 days, all saline animals underwent 10 days of saline self-

administration as controls.

Saccharin Self-Administration

8-week-old c57BL/6J mice were ordered from the Jackson Laboratory and were housed in a 12-hour
6:00/6:00 reverse dark/light cycle. Saccharin self-administration was run during the animal's dark cycle
and mice were food restricted to ~90% of free-feeding weight with water provided ad libitum. Mice
(n=9) were trained to self-administer saccharin (0.1% solution in water, ~80ul/infusion) or water (n=7)
for 1 h over 10 consecutive days. Briefly, activation of white noise signaled the initiation of the (1h) daily
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session. In each task, one nose-poke was designated the "active" while the other was designated the
"inactive". Active responses initiated a 1 sec saccharin (or water) delivery into an accessible dipper with
a concurrent 5 sec presentation of both the nose poke light and dipper light under a Fixed-Ratio 1 (FR1)
schedule of reinforcement. Inactive nose pokes had no programmed consequences but were recorded

throughout all behavioral sessions.

Tissue preparation

After the 10™ test session, animals were euthanized, and brain tissue was removed, and flash

frozen at -80°C before the caudate-putamen was dissected.

Library Preparation

After standard extraction using, 500ng of genomic DNA from each sample was bisulfite
converted using the EZ DNA Methylation Gold kit (Zymo Research, Irvine, California) by a blinded
experimenter. Bisulfite specific primers were designed as above, using genomic regions homologous to
the hg19 coordinates in the mouse genome (mm10) (Supplemental Table 6). Bisulfite DNA was
subjected to the same amplification (Supplemental Table 7) and purification methods as described
above, and the final purified libraries were spiked into a 300bp paired end sequencing run containing
customized sequencing primers as above. After de-multiplexing and adapter trimming, sequencing reads
were aligned to the mm10 mouse genome, and percent methylation at each position was determined as

above.

Cell Culture

Human embryonic kidney cells (HEK293) were maintained in eagle’s minimum essential medium

(EMEM; ATCC, Virginia, US) supplemented with 10% fetal bovine serum (FBS; Gibco Laboratories,
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Gaithersburg, MD), 100 I.U./mL penicillin and 100ug/mL streptomycin. Cells were cultured at 37°Cin a

humidified incubator with 5% CO..

Human neural progenitor cells (ReNcell; Millipore, Burlington, US) were maintained in STEMdiff
neural progenitor medium (STEMCELL Technologies, Vancouver, Canada) supplemented with 100
I.U./mL penicillin and 100ug/mL streptomycin. All cell lines were tested for mycoplasma contamination

and authenticated by their respective manufacturers.

Quantitative PCR

The expression of IRX1 and IRX2 in all in vitro experiments was determined using quantitative
reverse transcription PCR (RT-qPCR). We used pre-designed probe-based assays for IRX1 (Hs.PT.58.2400)
and IRX2 (Hs.PT.58.24473971) with FAM-TAMRA dyes (PrimeTime, IDT, Hampton, New Hampshire,
Supplemental Table 8), and ran 10ul assays on an Applied Biosystems QuantStudio 6 instrument under
default cycling conditions (ThermoFisher, Hampton, New Hampshire). Amplification curves were

normalized using QuantStudio Real-Time PCR Software, and the average expression between treatment

conditions was compared with two-tailed t tests in GraphPad Prism 6 (www.graphpad.com).

dCas9 epigenome editing

Plasmid preparation

The pdCas9-DNMT3A-PuroR and pdCas9-DNMT3A-Puro (ANV) plasmids were a gift from Vlatka
Zoldos (Addgene plasmids #71667 and #716840). Guide RNA (sgRNA) sequences targeting human /RX2

exon 3 were designed using an online tool (CRISPR gRNA Design Tool, www.ATUM.bio) and purchased

from Integrated DNA Technologies (IDT, lowa, US). All 3 sgRNAs were annealed and cloned into the
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expression plasmids through the Bbs/ restriction site. All cloned constructs were confirmed by Sanger

sequencing using the U6 sequencing primer (Supplemental Table 9).

Transfection

HEK293 cells were seeded in 10cm culture dishes and transfected the next day, at over 80%
confluence, using TransIT-293 transfection reagent (Mirus, Brampton, ON). Transfections were done with
a pool of 15ug dCas9-DNMT3A plasmids carrying all three sgRNA targeting IRX2. The experiment was
performed in triplicate and constructs carrying inactive DNMT3A were used as negative controls. 48h after
transfection, cells were selected with 1.6ug/mL puromycin (Gibco Laboratories, Gaithersburg, MD) for
another 48h. Cells were harvested after seven days transfection for DNA and RNA extraction (see above)

as well as the nuclei preparation (see below).

RENCcells were transfected by electroporation using the Neon transfection system (Invitrogen,
Carlsbad, CA), according to the manufacturer’s standard procedure. Briefly, cells were washed in PBS,
detached from the culture vessel using accutase, pelleted by centrifugation and resuspended in
Resuspension Buffer R at a final density of 13 x 10° cells/mL. Cells were immediately electroporated
three times using 100ul neon tips at voltage 1300, width 20, and pulse 3, giving final 15ug DNA and 4 x
10° cells per 10cm culture dish. After electroporation, cells were immediately transferred into the
prepared 10cm culture dish containing prewarmed medium, but without antibiotics. Cells were selected
with 0.3ug/mL puromycin with the same time period as in HEK293 and harvested at Day 7. Percent
methylation was assessed with bisulfite amplicon sequencing, and gene expression was assessed by

gPCR as described above.

Statistical Analyses

79



Percent methylation, gene expression and interaction frequency were compared between

conditions using one-way ANOVAs with Tukey’s post-hoc comparisons.

Chromatin Immunoprecipitation (ChIP-qPCR)

Chromatin Preparation

HEK293 cells were grown, transfected, and nuclei were harvested as above. Aliquots of 5 million
nuclei each were prepared from wildtype cells, cells transfected with the active dCas9-DNMT3A + gRNA
construct (active group), and cells that were transfected with the mutant dCas9-DNMT3A construct
(inactive group). Pelleted nuclei were resuspended with 1mL filtered 1X PBS and 200X Protease Inhibitor
Cocktail, and cross-linked with 1% formaldehyde for 7 minutes, at room temperature, with gentle
rotation. After the fixation reaction was stopped with 10X glycine, nuclei were pelleted and washed
twice with 1XPBS+PIC and resuspended in Sonication Nuclear Lysis Buffer, and chromatin was prepared
as per the manufacturer’s protocol (SimpleChlP Plus Sonication Chromatin IP Kit, Cell Signalling
Technologies, Massachusetts). Chromatin was sheared on a $220 focused ultrasonicator (Covaris,
Massachusetts) under the following conditions: 150 peak power, 200 cycles/burst, duty factor 10, for 15

minutes.

Immunoprecipitation

Diluted “input” chromatin was removed before immunoprecipitation, and anti-lgG was added to
chromatin from 1 x106 nuclei as per manufacturer protocol (SimpleChIP Plus Sonication Chromatin IP
Kit, Cell Signalling Technologies, Massachusetts). Anti-CTCF antibody (1:25 dilution, cat no. 2899, Cell
Signalling Technologies, Massachusetts) was added to the sonicated chromatin of 4 x 10 nuclei and

both anti-IgG and anti-CTCF preparations were precipitated overnight at 4°C with rotation. Chromatin-
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antibody complexes were separated with magnetic protein G beads, eluted, and de-crosslinked by

proteinase K digestion at 65°C overnight (16 hours).

gPCR

DNA from anti-CTCF, anti-lgG and input fractions was purified per manufacturer’s instructions
(SimpleChIP® DNA Purification Buffers and Spin Columns Kit, Cell Signalling Technologies,
Massachusetts), 10ul SYBRGreen gPCR reactions were prepared using the primers provided in
Supplementary Table 10, and 3 technical replicates were amplified using an Applied Biosystems

QuantStudio 6 instrument under default cycling conditions (ThermoFisher, Hampton, New Hampshire).

Data normalization and analysis

Ct values were averaged across technical replicates and the amplicon enrichment was calculated
with the following formula: E"“,. ¢ where E= log(efficiency) of each primer pair. These data were
then multiplied by the input dilution factor to obtain “percent of input”. For each sample, the percent
input for the test amplicon was normalized to the percent input generated from the amplification of a
control amplicon, located upstream of the exon 3 target, by making a ratio. These values were then
analysed using Kruskal-Walis test (one outlier was removed from the wildtype group for having a 10-fold
difference in normalized percent input) followed by Dunn’s multiple comparisons test, comparing the

wildtype and inactive groups to the actively methylated group.

Chromatin Conformation Capture (3C-qPCR)

3C library preparation

In order to assess three-dimensional chromatin structure, we used chromatin conformation
capture, followed by quantitative PCR (3C-gPCR), using the protocol from Ea and colleagues (Ea, Court,

& Forne, 2017). Nuclei were extracted from 5-10 million cells using a sucrose gradient, crosslinked in 1%
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formaldehyde for 10 minutes, and quenched in 125mM glycine before centrifugation and resuspension
in a restriction enzyme compatible 3C buffer. Samples were digested overnight at 37°C with 450U of
high concentration EcoRI (Promega, Wisconsin) shaking at 200rpm, and then diluted in 4ml of ligation
buffer to promote intramolecular ligation and prevent chromatin tangles. We ligated the samples with
195U high concentration T4 ligase (Promega, Wisconsin) overnight at 16°C, and then extracted the
ligation products using standard proteinase K digestion, phenol chloroform extraction, and ethanol
precipitation with the addition of 1ul glycogen. In order to prevent circularization or coiling of ligation
products, we performed a complementary digestion using 100U of Bgll (ThermoFisher, Waltham, MA),

followed by phenol-chloroform extraction and ethanol precipitation of the final 3C libraries.

3C library quality control

Digestion efficiency can have a crucial impact on the outcome of 3C-based assays and as such,
we assessed the digestion efficiency of each cut site within our experiment by comparison with an
undigested control (UND) taken from cross linked chromatin, and a digested control (DIG) taken after
EcoRlI digestion but before ligation. We purified the UND and DIG control samples using proteinase K
digestion, phenol chloroform extraction and ethanol precipitation, and then performed a 2-hour Bgll
digestion at 37°C. Using primers designed to span across each restriction site (R; Supplemental Table
11), we performed SybrGreen gPCR on the UND and DIG fractions for each sample (PowerUp SYBR
Green Master Mix, ThermoFisher, Waltham, MA). To control for differences in the amount of starting
material, we also amplified each fraction using primers designed for region within GAPDH that does not
contain an EcoRlI, nor a Bgll cut site (C, Supplemental Table 11). We calculated the restriction digestion
efficiency for each restriction site using the following formula: % Efficiency = 100 — 100/24((Ctr-Ctc)oic-
(Ctr-Ctc)unn); we excluded all samples whose efficiency, averaged across all restriction sites, was less

than 70%.
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PCR Control Template Library

In order to determine the minimum concentration of 3C library needed for each qPCR reaction,
and to compare relative interaction frequencies between primer pairs, we generated a control template
library containing all possible ligation fragments, across our region of interest, in equimolar
concentrations. To do this, we obtained two human BACS (RP1182M24 and RP11596124; ThermoFisher,
Waltham, MA) and combined them in equimolar concentration. We digested the BAC pool with EcoRI
for two and a half hours at 37°C, and then ligated with T4 ligase overnight at 16°C. After phenol
chloroform extraction, we performed Bgll digestion at 37°C for two hours and then purified with phenol
chloroform and ethanol precipitation for a final time. We made five-fold serial dilutions of this template
library in 25ng/ul Bgll digested gDNA, starting at a concentration of 25ng/ul to mimic the behavior of the
3C libraries. For each primer pair in our assay, we performed gPCR using these serial dilutions (see
below) and obtained a standard curve with a slope (b) and intercept (a) that were used to normalize the

Ct values of our samples.

3C-gPCR

Prior to measuring the amount of each ligation product in our 3C libraries, we measured the
concentration of each library by SybrGreen PCR using primers for the non-digested site within GAPDH.
We then adjusted the concentration of our libraries to 25ng/ul and re-measured the concentration to
ensure accuracy. The final concentration values were used as loading control values during

normalization.

We designed our gPCR assay to cover the ~1Mb region encompassing both /RX2 and IRX1 (chr5:
2744845-2752662, primers in Supplemental Table 10). We designed a constant reverse primer on the
220%™ EcoRl digestion fragment, which overlaps the promoter region and TSS of IRX1, as determined by
in silico digestion. This fragment also bound to a custom PrimeTime Probe (Integrated DNA
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Technologies, lowa) that was positioned between the constant primer and the EcoRI cut site and had a
5’ FAM fluorescent dye and a 3' TAMRA quencher. We designed 12 test primers, adjacent to the cut
sites of fragments concentrated around both /RX genes (Supplemental Table 11), such that the resulting
amplicons would be between 100bp and 150bp when paired with the constant reverse primer. We
determined the Ct value for each ligation product in 10ul reactions run in triplicate, using 2X TagMan
Master Mix, on a QuantStudio 6 instrument using QuantStudio Real-Time PCR Software (ThermoFisher,

Hampton, New Hampshire).

Data Normalization and Analysis

To account for differences in efficiency between primer pairs, we first normalized our
experimental Ct values to the standard curve obtained for each reaction using our control template
library as follows: Normalized Ct; = 10~((Ct-b)/a). In order to account for variation in the amount of
template, we normalized each Ct; to the concentration of the input library (Ct, = Cti/loading control),
and these values were used as the relative interaction frequency between each fragment and the
constant. Finally, given that the ends of each hybrid ligation fragment originate from the same DNA
molecule, we calculated the basal interaction level (BIL) using the procedure as previously described
(Braem et al., 2008) and defined it as the relative frequency of interaction that would be expected by
chance (“random collisions”). Using the BIL for each library, and the standard error of the mean of these
values, we determined the “noise band” where any observed interaction within this range would be

attributed to chance and not a biologically meaningful effect.

We used student’s t tests to compare the average relative interaction frequencies between
groups for each fragment and used the Holm-Sidak method to correct for multiple comparisons across

each 3C experiment.
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Figure 1. Widespread changes in DNA methylation associated with chronic cocaine dependence in
the human caudate nucleus. a) Dissections from dorsolateral caudate nucleus were used for reduced
representation bisulfite sequencing (n=25 per group, boxed). b) Manhattan plot showing the
chromosomal location of all significantly differentially methylated CpG regions (DMRs); blue line
represents FDR g < 0.05. c) Although hyper- and hypomethylated DMCs were identified, there was a
significant bias towards clusters with increased methylation in the cocaine group x*= 26.575; * p <
0.05. d)Most of the DMCs overlap with known CpG islands and e) annotated introns, exons and intron-
exon boundaries.
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Figure 2. IRX2 is hypomethylated in the caudate nucleus. a) RRBS analysis identified a cluster of 21
CpGs within the third exon of IRX2 that were less methylated in the cocaine group of the discovery
cohort (n=25 per group). b) This data was replicated in an independent cohort of caudate samples (n=15
cases and n=20 controls). c) Hypomethylation was specific to neuronal (NeuN+) nuclei (n=24 cases and
n=24 controls; discovery cohort). d) The 5’ CpG within the CTCF binding site (exon 3) was
hypomethylated in the cocaine group in caudate tissue homogenate (n= 20 controls and 17 cases,
replication cohort) and e) neuronal nuclei (n=24 controls and n=23 cases). f) The 5" most CpG in the
mouse CTCF site was significantly less methylated after cocaine self-administration (n=6), compared to
non-drug reward self-administration (n=9) or controls (n=14). Box plots indicate mean and range of
data. Bar data represented as mean £ s.e.m. * p < 0.05; ** q val < 0.02
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Figure 3. IRX2 expression is increased in cocaine use disorder and is related to exon 3 methylation in
cells. a) IRX2 expression was significantly increased in the caudate nucleus of cocaine dependent subjects
(n=21 cases and n=23 controls). b) while no significant increase in /IRX1 was detected (n=22 cases and
n=22 controls), c) the expression of both /RX1 and IRX2 transcripts was highly correlated (n=36). d)
Human neural progenitor cells (RENcells) endogenously expressed IRX1 and /IRX2 while kidney epithelial
cells (HEK293) did not (n=3 per group). e) Endogenous methylation of /RX2 exon 3 was higher in kidney
epithelial cells than in neural progenitor cells (n=3 per group). f) Transfection of an active dCas9-DNMT3A
construct, along with a pool of 3 guide RNA constructs significantly increased methylation of /RX2 exon 3
in RenCells, compared to transfection with an inactive construct or wildtype controls. g) Active
methylation of IRX2 decreased transcription of both /RX2 and IRX1 compared to inactive or wildtype cells.
(n=2-3 replicates per group) WT=wildtype. Data represented as mean + s.e.m **** p <0.0001, * p < 0.05
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Figure 4. Long range chromatin structure of the /RXA gene cluster is impacted by methylation. a)
Chromatin conformation capture (3C) experimental design contained a standard viewpoint within the
first intron of IRX1 (orange arrowhead), and test primers (open arrowheads) tiled across IRX2 and the
intergenic region between the genes. The genomic fragments containing /IRX2 functionally interacted
with the 5’ end IRX1 in two human cell types, with significantly higher rates of interaction observed in
RenCells. The noise band, where interaction frequencies would be expected by chance (“random
collisions”), is indicated by the horizontal dashed lines. Vertical dashed lines pair restriction fragment
with its corresponding data points. N=3 replicates per group. b) Active methylation of HEK293 cells
decreased long range interaction between restriction fragment 2 and the /RX1 gene (n=3 replicates of 10
x 108 cells per group). ¢) The dCas9-DNMT3A transfection significantly (n=3 replicates of 5 x 10° cells per
group) decreased CTCF binding to IRX2 exon 3 compared to wildtype cells. WT=wildtype. Data
represented as mean £ s.e.m. ** p <0.01; *** p <0.0005
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Figure 5. A model for cocaine-sensitivity of 3D chromatin organization at the IRXA gene cluster.
Cocaine dependence is associated with decreased intragenic methylation of /RX2, which may increase
IRXA gene expression through CTCF-mediated chromatin architecture.
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8. Tables

Table 1. Differentially methylated regions with nominally differential gene expression

i RNAseq
Chr From  To  Geme LT AT e "IN
Change

5 2748781 2748955 IRX2 21 -3.06% 1.20 8.17E-02
9 126776177 126776282 LHX2 12 -8.22% 1.22  1.46E-02
5 3599609 3599704 IRX1 9 11.05% 139 1.21E-03
4 53474 53566 ZNF595 9 7.67% 0.79  1.08E-02
17 1960987 1961029 HIC1 8 -11.51% 1.25  7.09E-03
2 26785211 26785290 C20rf70 7 7.44% 1.29 1.31E-02
1 17215449 17215492 CROCC 7 -5.45% 1.24  1.85E-03
11 132812684 132812729 OPCML 7 15.93% 0.86  7.03E-02
2 63274825 63274901 OTX1 6 9.92% 1.25  2.53E-02
18 77918229 77918253 PARD6G 6 -10.83% 1.51  3.98E-05
5 131607235 131607278 PDLIM4 6 8.28% 1.36 2.78E-03
7 150002 150037 AC093627.10 5 8.95% 0.84  2.14E-02
12 120654707 120654747 PXN 5 10.21% 1.17  5.55E-02
19 18980163 18980188 UPF1 5 10.03% 1.07  2.35E-02
2 63275003 63275040 OTX1 4 7.49% 1.25  2.53E-02
17 76172805 76172850 TK1 4 7.10% 0.87 8.77E-02
8 37556087 37556121 ZNF703 4 12.14% 1.20 1.41E-02
6 32165134 32165176 NOTCH4 3 8.58% 1.14 9.81E-02
3 8799985 8800008 OXTR 3 12.55% 1.29  1.35E-02
19 47220817 47220856 PRKD2 3 5.76% 1.33  3.70E-04
5 176877611 176877636 PRR7 3 11.64% 1.53 4.52E-11
4 6273547 6273577 WEFS1 3 21.42% 1.12  7.12E-02
9 136654410 136654426 VAV2 2 12.46% 1.17  3.08E-02
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9. Supplemental Tables and Figures

Supplemental Table 1. Demographic Information for Discovery Cohort

N

Ethnicity*
Age (years)
PMI (hours)
pH

Sex**

Controls

Cases

Effect Size***

25

11 (A); 7 (C); 11 (H)
38.4+125
15.1+7.2
6.4+0.3

25 (M)

*A= African American; C= Caucasian; H= Hispanic

** M=male

*** Calculated with Cohen’s d

25

13 (A); 6 (C); 10 (H)
35.2+85
14.5+7.7
6.5+0.3

25 (M)

Small (0.297)
Small (0.117)

Small (0.128)
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Supplemental Table 2. Sequencing Statistics from RRBS experiment

Bisulfite
) Average ) CpG CpG

Conversion Alignment CpG Coverage at
Group . Reads per Coverageat Coverage

Efficiency (% . (%) 10X (#)

Library 1X (#) at 5X (#)

mean t s.d)

Cocaine 98.99 £0.215 2.59E+07 59.6 2.19E+06 1.50E+06 1.12E+06

Control  99.04 +0.199 3.58E+07 59.2 2.29E+06 1.63E+06  1.27E+06




Supplemental Table 3. Differentially Methylated Regions from RRBS experiment

Chromosome  From To Closest Gene Methylation Difference
1 1957219 1957242 GABRD -13.56
1 9384997 9385034 SPSB1 11.42
1 17215449 17215492 LOC105376805 -6.53
1 32052631 32052670 TINAGL1 9.19

1 36184567 36184613  Clorf216 -1.09
1 40105638 40105680 HEYL 7.62

1 47899819 47899864 FOXD2 7.20
1 156370464 156370511 Clorf6l -3.59
1 159158440 159158481 CADM3 3.53

1 175474534 175474573 TNR -9.97
1 207842941 207842986 CRI1L 2.06

1 245081971 245082017 - 2.11

1 248100364 248100422 ORZ2L13 6.59

2 26785211 26785290  C2orf70 6.30
2 45179874 45179917 - 6.26
2 47597161 47597192 EPCAM -10.81
2 54086813 54086908 PSME4 1.14

2 63274825 63274901 OTX1 7.26

2 63275003 63275040 OTX1 7.93

2 64978656 64978784 - 1.47

2 91776876 91777107 - 4.50
2 121584523 121584544 GLI2 10.68
2 132559342 132559383 C2o0rf27B -5.33
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150177031

220159870

220313302

233352680

237278447

241190895

8799985

13261073

44622590

48646667

126075000
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6273547
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11370466
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220313338
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237278472
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48646734
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128035489

193587494

53566
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2366653

6273577
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11370514

81119153

190936172

2748955

3599704

92908070

MIR153-1
SPEG
ECEL1

IQCA1

OXTR

ZNF660
SNORA94
KLF15
RUVBL1-AS1

EEFSEC

ZNF718

ZFYVE28

WFS1

MIR572

PRDM8

IRX2

IRX1

NR2F1-AS1

6.69

3.89

8.91

2.83

8.56

9.35

12.09

17.44

-6.69

-1.85

7.72

4.56

15.09

6.68

7.39

8.38

5.87

22.09

-4.94

5.92

2.59

5.08

-2.78

10.68

5.85
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SPACA1
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1.09

8.22

9.71

-2.84

-0.54

11.09

5.55

-1.40

7.99

13.36

-6.14

2.19
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11.26
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8.38
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39096951
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Supplemental Table 4. Demographic Information for Replication Cohort

N
Ethnicity*
Age (years)
PMI (hours)
pH

Sex**

Co-dependence***

* C= Caucasian
** M = Male, F= Female

*¥** A=Alcohol ; C=Cannabis

Controls Cases

21 15

21(C) 15(Q)
4731219 41.7+9.9
38.7+253 53.3+24.1
6.5+0.2 6.4+04
20 (M); 1 (F) 13 (M); 2(F)
0 6 (A); 2(C)
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Supplemental Table 5. Probes used for nanoString experiment

Gene Probe Sequence

5'-

IRX1 AGGGAGGGAATGTGGGAGGAATTAAGACAAATATTTCAGACTGGTGTAAAGGACAAATATGACAACGACGTCAAGGACTCGCATCCGTCG
CTTTCTGCAG-3'
5'-

IRX2 ATGTCTAAATCCAGACCACATCTTGTGCCACTGTAAAAGAGAAGGATCCACACAGCACTGTCAGCCCACAGACTCTAACAATTGGAACAGAC
TATTGTTG-3'
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Supplemental Table 6. Bisulfite amplicon sequencing primers

Predicted
Primer Direction Primer Sequence
Length

Human (hg19_chr5:2748634-2749159)

IRX2_1 F 5'-TAG GTT YGG TTG TTT GAG GT-3' 365bp
R 5'-TAA ACT CRC TCA CRA ATC ACT-3'

IRX2_2 F 5'-TTY GTA GTT TGT GTA GTT GTY GT-3' 480bp
R 5'-AAC RAA AAA AAA CTT CCR TAC C-3'

IRX2_3 F 5'-GTA GGG TAG GGY GAG TTT TTT-3' 459bp
R 5'-CCT ACA CRT AAA CTC RCT CA-3'

Human (hg19_chr5:3599609-3599704)

IRX1_1 F 5'-TTT GGT TTC GGG TAA GAG TAG A-3' 315bp
R 5'-TGG TGA TGA TGG TTA GTA TGA-3'

IRX1_2 F 5' GGG TAA GAG TAG AAG GGG TTG-3’ 372bp
R 5'-TGT TCG TTG AGT TAG GTT TTG A-3'

IRX1_3 F 5'-GTT AGG TTT AAG GGC GAG TTT-3' 373bp
R 5'-TTG GTG ATG ATG GTT AGT ATG A-3'

Mouse (mm10_chr13:72630968-72632147 )

Irx2_1 F 5'-GAT AAG TTT GAG GAT TTG GAG G-3' 371bp
R 5'-CCC AAC AAA AAC RAA ACA A-3'

Irx2_2 F 5'-TGT AAG GAT AAG TTT GAG GAT TTG-3' 277bp
R 5'-CCA AAC TTA ATT ACT TAA AAT CCR A-3'

Irx2_3 F 5'-TAA GTT TGA GGA TTT GGA GGA-3' 278bp

5'-AAC CCR AAC CCA AAC TTA A-3'
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Supplemental Table 7. Bisulfite amplicon PCR conditions

Temperature (°C)

Time (min:sec)

95

95

60

72

72

05:00

00:15

00:30

00:30

02:00

x 30
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Supplemental Table 8. qPCR probe and primer information

IRX1

Forward 5-CCAGGGTTGTCCTTCAGTT-3"
Reverse 5°- CCCAACTACAGCGCCTTC-3"

5'- /56-FAM/TGC GAG CCC ATC TGC GAG AA/36-TAMSp/ -
Probe 3"

IRX2

Forward 5°- GTA CGG GTG GTA GCT GATG—-3°
Reverse 5°- AGCCCG CTG CAGTACTC-3°

Probe 5'- /56-FAM/TGG TGT GCG CGT CGT AGG G/36-TAMSp —3°
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Supplemental Table 9. Primers used in dCas9-DNMT3A epigenome editing

Name Purpose Sequence

IRX2-sgRNA1 Guide RNA 5'-GTGACCTCGTCGCCGCTTAC-3'
IRX2-sgRNA2 Guide RNA 5'-TCCTGGCGGTGCCCCGGTTG-3'
IRX2-sgRNA3 Guide RNA 5'-ACAGCTTGGGCTTGCTGGCG-3'
(8] Construct sequencing primer 5'-GAGGGCCTATTTCCCATGATTCC -3'
Cas9-F Relative plasmid quantification 5'-TGCCCCAAGTGAATATCGTG-3'
Cas9-R Relative plasmid quantification 5'-GACTTGCCCTTTTCCACTTTG-3'
RAG1-F Relative plasmid quantification 5'-TGTTGACTCGATCCACCCCA-3'
RAG1-R Relative plasmid quantification 5'-TGAGCTGCAAGTTTGGCTGAA-3'
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Supplemental Table 10. ChIP-gPCR Primers

Primer Direction  Sequence Amplicon Length
Upstream_Control F 5'-CTACATGGGCGCACCCTAC-3' 103bp

R 5'-GGGGTCGTTGAGCTGGTACG-3'
Exon3BindingSite  F 5'-GCTTACCGGCTTGGAGGC-3' 77bp

R 5'-CCTGGGGCGTCTTGCG-3'
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Supplemental Table 11. Primers used in 3C-qPCR experiment and quality control

Primer Direction Primer Sequence Amplicon Length

3C-gPCR Primers

IRX3C_probe /56-FAM/AGA AGC AGG CCC GTG GAG CGG T/3TAMRA/

IRX3C_C220 Reverse Anchor  5'-GACCTGCAGGAACCCCGTG-3'

IRX3C_T1 Test Forward 5'-TCACTAGCGCTCTACCC-3' 184bp

IRX3C_T2 Test Forward 5'-CTGCTCTAAAGCTGGGCAAATC-3' 129bp

IRX3C_T3 Test Forward 5'-TCGACAGTCTGCGACATT-3' 111bp

IRX3C_T4 Test Forward 5'-ACGTGCTTCCTGAAGTTTCTCT-3' 121bp

IRX3C_T5 Test Forward 5'-GCCGCACATGTAAATAACAGAGA-3' 118bp

IRX3C_T6 Test Forward 5'-GACTGCAAGCCTCCTCCAC-3' 119bp

IRX3C_T7 Test Forward 5'-GCATGTCTTGGAATTGCCATTTA-3' 108bp

IRX3C_T8 Test Forward 5'-ACACCTGCTATAATTTGATTGGAA-3' 126bp

IRX3C_T215 Test Forward 5'-CTTTAAGCATAACCCATTTCGTCTTT-3' 177bp

IRX3C_T216 Test Forward 5'-GAGACATGCTACTATAACCATAATTGA-3' 186bp

IRX3C_T217 Test Forward 5'-TGACAATAGTTCATGAGCTTACAA-3' 145bp

IRX3C_T218 Test Forward 5'-ATGAGCTATCTCTTGCTCCTGA-3' 118bp

Internal Control Primers

3C_GAPDH F 5'-ACAGTCCATGCCATCACTGCC-3' 265bp
R 5'-GCCTGCTTCACCACCTTCTTG-3'

Digestion Efficiency Primers

IRX_Dig1-2 F 5'-TCACTAGCGCTCTACCC-3' 149bp
R 5'-GCTGGTTATACAATCTTTGTTGGT-3'

IRX_Dig2-3 F 5'CTGCTCTAAAGCTGGGCAAATC-3' 126bp
R 5'-GGCTGCAAATGCCTCGAATTTA-3'

IRX_Dig3-4 F 5'-TCGACAGTCTGCGACATT-3' 128bp
R 5'-GGAACCCTAAAGGTTGCCATC-3'

IRX_Dig4-5 F 5'-ACGTGCTTCCTGAAGTTTCTCT-3' 73bp
R 5'-CGGAGTCGGCGAGATGC-3'

IRX_Dig5-6 F 5'-GCCGCACATGTAAATAACAGAGA-3' 189bp
R 5'-TGTGAAGAGGCATCTGCTGT-3'

IRX_Dig6-7 F 5'-GACTGCAAGCCTCCTCCAC-3' 130bp
R 5'-GAGGCACTCAAGTTGGTACAAG-3'

IRX_Dig7-8 F 5'-GCATGTCTTGGAATTGC-3' 153bp
R 5'-TGAGCAAAGTGGGAACCAGG-3'

IRX_Dig8-9 F 5'-ACACCTGCTATAATTTGATTGGAA-3' 179bp
R 5'-ATGTGTTCAATATCTGCACACT-3'

IRX_Dig215-216 F 5'-CTTTAAGCATAACCCATTTCGTCTTT-3' 167bp
R 5'-TGCCGTTGGCACATATCCTC-3'
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IRX_Dig216-217 F 5'-GAGACATGCTACTATAACCATAATTGA-3' 177bp

R 5'-GGAAGGGGTTTAGAAAATGCAACA-3'

IRX_Dig217-218 F 5'-TGACAATAGTTCATGAGCTTACAA-3' 145bp
R 5'-GGCAGAGAGCATTTCACCCT-3'

IRX_Dig218-219 F 5'-ATGAGCTATCTCTTGCTCCTGA-3' 141bp
R 5'-GGAGACATCCCCTCTCCGT-3'
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Supplemental Figure 1. Distribution of CpG cluster sizes.
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Supplemental Figure 2. Expression of DNA methyltransferase genes. a) The abundance of DNMT3a
transcripts was higher in the cocaine group (n=22) compared to controls (n=22). b) There was no
difference in expression of DNMT1 or c) DNMT3b (n=23 per group). Data represented as mean + s.e.m.
RPKM-= reads per kilobase, per million reads. * p < 0.05
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Supplemental Figure 3. The genomic and chromatin state contexts of all 6712 CpG clusters. Most
detected CpG regions ranged in size from 2-10 CpGs and overlapped with b) The CpG clusters generated
from RRBS overlap with a) known CpG islands and b) introns, exons and intron-exon boundaries. c)
chromHMM chromatin state annotations for all identified clusters and d) clusters that were
differentially methylated between cases and controls.
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Supplemental Figure 4. IRX1 exon 2 methylation. a) A region of CpGs within exon 2 of IRX1 were
significantly hypermethylated in the cocaine group as per RRBS analysis (n= 25 per group), b) however
this effect did not replicate in a second, independent cohort (n= 20 controls; n=15 cases). Data
represented as mean * s.e.m. *** < 0.05
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Supplemental Figure 5. Fluorescence Activated Nuclei Sorting (FANS) in post-mortem caudate nucleus.
a) An example sorting plot, with gates indicated separating neuronal (NeuN+) from non-neuronal (NeuN-
) nuclei. b) Post-sort purity analysis supports the accuracy of sorting based on NeuN. c) The ratio
between nuclei types, d) number of NeuN+ nuclei, e) and number of NeuN- nuclei were not different
between cases (n=22) and controls (n=21).
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Supplemental Figure 6. No change in IRX2 methylation in non-neuronal nuclei. a) average methylation
across exon 3 did not differ between non-neuronal (NeuN-) nuclei from the cocaine and control groups
(n=24 controls and 23 cases; discovery cohort), b) nor did methylation across the 4 CpGs within the
putative CTCF binding site. Bar data represented as mean
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administer a) cocaine (n=8) and b) saccharin (n=11) consistently performed active nosepokes to receive

reward injections over the course of 10 days, compared to responses from saline-injected animals

(n=16).
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Supplemental Figure 8. Exon 3 of Irx2 is hypomethylated in cocaine self-administering mice. Cocaine
self-administering mice (n=6) had significantly less methylation, on average, within a homologous CTCF
binding site in Irx2, in caudate putamen homogenate samples, when compared to control (n=14) and
saccharin (n=9) groups. * p < 0.05
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Supplemental Figure 9. dCas9 targeted methylation was specific to IRX2. a) Average methylation of
putative CTCF site RENcells (n=3) is increased compared to inactive and control cells, while b) off-target
methylation of IRX1 was absent. Data represent mean + s.e.m. *p < 0.05
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Supplemental Figure 11. Confirmation of CTCF binding to putative binding site in IRX2 exon 3. a)
Transfection of an active dCas9-DNMT3A construct, along with a pool of 3 guide RNA constructs
significantly increased methylation of /RX2 exon 3 in HEK293 cells, compared to transfection with an
inactive construct or wildtype controls (n=3 replicates of 5 x 108 cells per group). b) methylation of the
putative CTCF site HEK293 is increased compared to control cells, while c) off-target methylation of IRX1
was absent. d) CTCF binds more frequently to exon 3 than a non-specific IgG antibody control, across all
experimental groups. Data represent mean + s.e.m. *p < 0.05, **p <0.01
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CHAPTER Ill: DNA METHYLATION OF A NOVEL
REGULATORY ELEMENT WITHIN THE TYROSINE
HYDROXYLASE GENE (TH) IS DYSREGULATED BY

CHRONIC COCAINE DEPENDENCE IN THE HUMAN
STRIATUM
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Abstract: Cocaine dependence is a chronic, relapsing disorder caused by lasting changes within the
brain’s reward circuitry. Methylome-wide studies have identified multiple biological pathways that
contain altered DNA methylation dynamics in the striatum of rodents; however, there is a lack of
information about the involvement of DNA methylation in cocaine dependence in humans. Here, we
generated genome-wide methylomic profiles for the nucleus accumbens, part of the ventral striatum,
using human postmortem brains from a cohort of cocaine dependent and healthy controls (n=25 per
group). In particular, we have identified hypermethylation of a cluster of CpGs within the gene body of
tyrosine hydroxylase gene (TH), which contains a putative binding site for the early growth response 1
(ERG1) transcription factor. We replicated this finding in striatal tissue from an independent cohort
(n=18 per group) and found it to be specific to striatal neuronal nuclei. Furthermore, this locus
demonstrates enhancer activity in vitro, which is attenuated by methylation and enhanced by EGR1
overexpression. This is the first time that epigenetic dysregulation has been associated with cocaine
dependence with respect to dopaminergic signaling and represents an important advancement in our

understanding of drug neurobiology in humans.

Keywords: cocaine, addiction, epigenetics, DNA methylation, tyrosine hydroxylase, striatum, nucleus

accumbens, caudate nucleus, psychiatry, post-mortem brain
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1. Preface

Our previous study demonstrated that cocaine dependence is associated with widespread
alterations in DNA methylation in the human caudate nucleus. We place particular focus on a novel
intragenic regulatory region within /RX2 that was less methylated in neurons of the cocaine group,
contained a CTCF binding site, and altered gene expression through its control of three-dimensional
chromatin looping. The goal of this study was to follow-up on this work with a similar, methylome-wide
investigation in the nucleus accumbens, a striatal subregion that is heavily involved in the motivational
aspects of drug seeking and has serial connectivity with the caudate in addicted subjects. One of the
most significantly differentially methylated loci from this analysis was an intragenic region in tyrosine
hydroxylase (TH), a gene with important implications for cocaine neurobiology. In fact, we found the
same cluster of CpGs to be hypermethylated in our caudate dataset and explored the specificity of these
findings using an independent cohort of tissue, as well as FANS sorted nuclei. We found this region to be
affected in either the accumbens or caudate in each comparison and although we saw no change in TH
gene expression, we used an in vitro enhancer model to show that the region has enhancer potential.
Moreover, the regulatory potential of this locus is sensitive to cocaine-related changes in methylation as
well as EGR1 binding, a protein whose gene we found to be overexpressed in both brain regions fin the
cocaine group. These results suggest that there is remarkable similarity in the characteristics of cocaine-
related methylation in both brain areas, although the majority of loci are independent. Furthermore,
this study implicates a rare, newly discovered subtype of striatal GABAergic interneurons in drug use

disorders.
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2. Introduction

Chronic cocaine exposure — and the behavioral symptoms that accompany the cocaine
dependence phenotype — are associated with long lasting changes in brain biology. Long-term
dysregulation of signalling in downstream targets of midbrain dopamine projections accompanies
compulsive drug seeking behavior and withdrawal (Nestler and Liischer 2019; Tomasi et al. 2010;
Volkow et al. 2006). Accordingly, regions of the mesocorticolimbic neurocircuit, including the dorsal
(caudate nucleus) and ventral (nucleus accumbens) striatum, have been actively studied in humans and
animal models. In humans, serial connectivity between the caudate and accumbens increases as
patients transition to an addicted state, and widespread transcriptomic changes are associated with
chronic exposure paradigms in rodents (Albertson et al. 2004; Belin and Everitt 2008; Walker et al.
2018). Epigenetic mechanisms, including histone post translational modifications and cytosine
methylation, have been implicated as mediators of the impact of these relationships, and DNA
methylation in particular has been shown to be necessary for the development of drug seeking

behaviors (LaPlant et al. 2010).

Recently, we have shown that chronic cocaine dependence in humans is associated with
genome-wide alterations in DNA methylation within the caudate nucleus (Vaillancourt et al. 2020). In
the present study, we complement these findings with methylome-wide profiles of cocaine dependence
in human post-mortem nucleus accumbens and provide evidence for novel epigenetic regulation of the
tyrosine hydroxylase gene (TH). We have found a region within TH, which contains portions of exons 8
and 9 as well as the intron between them, and which is hypermethylated in both striatal subregions and

is modulated by changes in methylation and transcription factor availability in vitro.

3. Results
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DNA methylation profile of cocaine dependence in human nucleus accumbens

We investigated nucleus accumbens tissue (Figure 1a) dissected from 25 individuals with chronic
cocaine dependence and 25 psychiatrically healthy, drug-naive controls (Supplementary Table 1) and
performed reduced representation bisulfite sequencing (RRBS) to identify methylome-wide alterations
associated with case status (Chen et al. 2014). This strategy resulted in similar sequencing depth,
bisulfite conversion rates, and CpG coverage between groups (Supplementary Table 2). Our analysis
identified 4814 clusters of CpGs that passed filtering, including 145 differentially methylated regions
(DMRs) with a Benjamini-Hochberg corrected g-value < 0.05 when comparing cases and controls
(Supplementary Table 3), and the majority of DMRs were located within 5 kb of an annotated gene (113;
77.9%). Although DMRs were distributed across all autosomes (Figure 1b), and varied in cluster size and
strength of differential methylation, there were significantly more hypermethylated DMRs than
hypomethylated (Chi squared Goodness of Fit = 4.235; p < 0.05; Figure 1c, Table 1), which is analogous
to our previous findings in the dorsolateral caudate nucleus (Vaillancourt et al. 2020) and is consistent
with animal studies of cocaine self-administration (Baker-Andresen et al. 2015). Next, we overlapped
our list of DMRs with datasets containing known genomic and epigenomic features and found that all
identified clusters, including those which were differentially methylated, overlapped primarily with CpG
islands (data not shown) and intragenic regions, including introns, exons, and intron-exon boundaries
(Supplementary Figure 2a; Figure 1d). Interestingly, when we compared our dataset to ChromHMM
predicted epigenome states, we found a significant enrichment of regions overlapping with active
transcription start sites in the DMRs compared to the list of all clusters (FDR < 0.05; Figure 1e,
Supplementary Figure 2b). Finally, we searched for potential functional commonality between the genes
nearest to the DMRs using PANTHER gene ontology analysis (Thomas et al. 2003). Although it is

understood that the nearest gene to a regulatory site is not always its primary target (Schoenfelder and
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Fraser 2019), we still found the genes nearest to the DMRs to be enriched for DNA binding proteins and

transcription factors (FE=5.74; FDR < 0.05).

Since chronic cocaine seeking in animals is associated with changes in the expression of DNA
methyltransferase genes (LaPlant et al. 2010; Tian et al. 2012; Wright et al. 2015), we first investigated
the expression of these genes. We found that DNMT3A was significantly increased in the nucleus
accumbens of the cocaine group compared to controls (t=2.96, df=41, p=0.005; Supplementary Figure
1a), as was the case in the caudate (Vaillancourt et al. 2020). The expression of the other two
methyltransferase genes, DNMT3B and DNMT1, was not associated with case status (ps > 0.05;

Supplementary Figure 1b and 1c).

Notably, a cluster of CpGs within the body of the tyrosine hydroxylase gene (TH) was among the
topmost hypermethylated loci in our analysis (9.17%, Table 1). Since TH is a necessary component of
dopamine synthesis and has a known relationship with reward-driven behaviors (Kaminer et al. 2019;
Logan et al. 2019) we were immediately struck by its potential importance. Interestingly, TH was also
identified among the short list of DMRs that were shared between the current study and our previous
work in the caudate nucleus (orange data points Figure 1b, Table 2), where the exact same cluster of
CpGs was differentially methylated in the same direction, and similar to a magnitude (9.09%). The TH
DMR is comprised of 3 CpGs within a CpG island in the eighth and nineth exon of TH, and we chose to

further investigate this locus in the context of human cocaine neurobiology.

Tyrosine hydroxylase hypermethylation is related to cocaine dependence in the caudate and

accumbens

In order to validate and extend our findings, we performed deep bisulfite amplicon sequencing
(Chen et al. 2017) on separate aliquots of genomic DNA from a larger sample set including the discovery
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cohort, and again found increased methylation to be associated with cocaine dependence in the
caudate (Mann-Whitney test, p < 0.05, Supplemental Figure 3a), with no significant difference between
groups in the nucleus accumbens (p > 0.05, Supplemental Figure 3b). Furthermore, since methylation of
individual CpGs within an island tends to be related (Barrera and Peinado 2012), we decided to extend
the amplicon beyond the original 3 CpGs and interrogated the methylation status of an extended group
of 27 cytosines within the intragenic CpG island (Figure 2a). Here, we found 5.8% more methylation
across all CpGs in the caudate nucleus in the cocaine group (Mann Whitney test, p < 0.01; Figure 2b),
and a similar trend in the nucleus accumbens with a 3.2% increase in methylation (Mann Whitney test, p
= 0.058; Figure 2c). We generated RRBS data from the striatum of mice who were trained to self-
administer cocaine and used it to compare the methylation status of a cluster of 11 CpGs within the
eighth exon of Th (Supplemental Figure 4a). We found that chronic cocaine exposure and seeking was
related to 4.8% more methylation at Th within the nucleus accumbens (t=4.115, df=16, p < 0.001,
Supplemental Figure 4b), and no significant increase in the caudate-putamen (p > 0.05, Supplemental

Figure 4c).

TH hypermethylated region includes an EGR1 binding motif, and is specific to neuronal nuclei

Next, to investigate the potential functional implications of increased methylation at our DMR,
we used published chromatin immunoprecipitation data (ENCODE, (Bernstein et al. 2012)) to search for
DNA binding proteins. One such factor, early growth response protein 1 (EGR1), was found to bind
within the TH gene in multiple cell models and has a putative consensus motif (5’-CGGCCCCCCGGC-3’,
Supplemental Figure 5; Figure 3a, (Zandarashvili et al. 2015)) within the cocaine-associated DMR. This
potential binding site contains CpGs at both ends (at hg 19_ch11:2188079 and 2188087), which
demonstrate the expected hypermethylation in the caudate nucleus (Two-way repeated measures
ANOVA, main effect of Group, F(1,49)=8.914, Sidak’s multiple comparisons p < 0.01, Figure 3b), but not

in the nucleus accumbens (Two-way repeated measures ANOVA, F(1,49)=0.65, p > 0.05, Figure 3c).
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We then sought to strengthen our findings through replication and investigated tissue from an
independent cohort of psychiatrically healthy controls and individuals who died with chronic cocaine
dependence (n=18 per group, Supplemental Table 4). Using an identical bisulfite amplicon sequencing
strategy, we found no differences in the caudate nucleus and significantly higher methylation across the
putative EGR1 site in the nucleus accumbens in this cohort (Two way repeated ANOVAs, Fs(1,33)=2.292,
5.745 ps = 0.1399, 0.0224, respectively, Figure 3d, e). Although the variability within each dataset
reduced our power to detect significant differences, there is a trend towards increased methylation of

both CpGs within the EGR1 binding site between two brain regions and across both cohorts.

DNA methylation patterns are cell-type specific and are related to distinct cellular functions
(Kozlenkov et al. 2015; Lister et al. 2013; Luo et al. 2017), so we used fluorescence-activated nuclei
sorting (FANS) to separate neuronal from non-neuronal nuclei in new dissections of caudate and
accumbens tissue from the discovery cohort. We separated intact nuclei from cellular debris using the
DRAQS5 DNA stain, and neuronal from non-neuronal nuclei based on fluorescence with the NeuN
neuronal marker (Figure 3f). We hypothesized that DNA methylation within the flanking CpGs of the
EGR1 binding site would be significantly higher in neuronal nuclei from the cocaine group than in
controls, and that this effect would be absent in non-neuronal nuclei. Indeed, in the caudate nucleus, we
observed increased methylation in neuronal, but not non-neuronal, nuclei from the cocaine group (Two-
way repeated measures ANOVAs, Fs (1,40) = 0.75, 0.08 and ps > 0.05 Figure 3g, 3h). We found no effect
of group on DNA methylation in either nuclear fraction in the nucleus accumbens (Two-way repeated

measures ANOVAs, Fs (1,40) = 7.410, 0.1581 and ps=0.0210, 0.7621; Supplemental Figure 6).

Exon 8/9 of TH has enhancer activity that is regulated by DNA methylation and EGR1 expression

Since the regulatory potential of this genomic region has yet to be reported, we asked whether

the segment containing part of exon 8 and 9, along with the intron between them, can act as an
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enhancer for TH gene expression. We performed an enhancer luciferase assay to assess the regulatory
potential of a 398 bp fragment of our differentially methylated region with TH. We cloned the fragment,
into a pCpG-free vector upstream of the EF1a promoter and transfected methylated or unmethylated
constructs into HEK293 cells (Figure 4A). After 24 hours, we quantified luciferase activity and found a
highly significant effect of group (One-way ANOVA, F=169.95; df=4 ; p=1.37 10'*, Figure 4B). The
inclusion of the TH fragment resulted in a 7.5-fold increase in luciferase activity compared to the empty
vector (Empty vector vs. TH, Tukey’s multiple comparisons; p < 0.0001, Figure 4B). Furthermore, when
the fragment was fully methylated prior to transfection, the enhancer activity of the region was
effectively lost, where luciferase expression was not significantly different from the empty vector group
(Empty vector vs. Methylated TH, Tukey’s multiple comparisons; p > 0.05, Figure 4B). This strongly
suggests that the cocaine-related DMR in the TH gene has regulatory potential, which is attenuated by

DNA methylation.

We further hypothesized that the enhancer activity of this locus would be increased by the
presence of EGR1, so we co-transfected cells with one of the TH enhancer vectors described above, and
either an EGR1 overexpression vector or a negative control. We found that excess EGR1 greatly
increased enhancer activity (TH vs TH +EGR1, Tukey’s multiple comparisons; p < 0.0001, Figure 4B).
Importantly, when we co-transfected the methylated TH plasmid with the EGR1 overexpression vector,
we found a significant decrease in luciferase activity compared to the unmethylated TH plasmid, either
with or without EGR1 overexpression (Methylated TH + EGR1 vs TH + EGR1 or vs TH, Tukey’s multiple
comparisons; p < 0.0001, Figure 4B). Together, these results suggest that the intragenic region within TH
may serve as a regulatory element to nearby promoters, and that it is responsive to upregulation by

EGR1 and downregulation by DNA methylation.

Finally, given the apparent relationship between DNA methylation and EGR1 on the regulatory

potential of this genomic region, we asked whether TH or EGR1I mRNA expression was dysregulated with
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cocaine dependence in the human striatum. We found significantly more EGR1 expression in both the
caudate nucleus (Mann Whitney U = 144, p = 0.008, Figure 5a) and the nucleus accumbens (t=2.38,
df=32.9, p=0.023, Figure 5b) in individuals who had chronic cocaine dependence compared to controls,
which is consistent to what has been found in animal models of psychostimulant exposure (Moratalla,
Robertson, and Graybiel 1992). Conversely, we found no significant differences in TH expression in
either brain region (ps > 0.1, Figure 5c, d). Potential explanations for these data are offered in the next

section.

4. Discussion

This study has generated the first cocaine dependence methylome in human nucleus accumbens
and fills a vital gap in our knowledge of how chronic cocaine exposure and addiction impact brain cell
biology. We have identified over 100 DMRs that are associated with cocaine dependence in humans,
including an enrichment for those overlapping with intragenic regions and active transcription start
sites. This mirrors our recent findings in the human caudate nucleus (Vaillancourt et al. 2020) and fits
well with the knowledge that intragenic regions, including enhancers, are important to brain health. For
example, methylation at enhancers plays an important role in neuronal cell identity, and genetic
polymorphisms in enhancer regions confer increased risk for multiple psychiatric disorders (Hannon et
al. 2019; Kozlenkov et al. 2015). Additionally, gene body methylation has been shown to regulate gene
expression through the regulation of alternative promoters and mRNA splice variants, which have both
been implicated in psychiatric disorders including cocaine dependence (Feng et al. 2014; Gandal et al.
2018; Maunakea et al. 2010, 2013). It stands to reason that epigenetic modifications, including DNA
methylation, within these regions might play an important role in disease-related brain functioning as

well.
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In addition, we found an over-representation of hypermethylated loci within the striatum,
which adds to decades of work in animal models using multiple drug delivery paradigms and time-
courses (Vaillancourt et al. 2017). For example, cocaine self-administration in rodents results in more
hypermethylation than hypomethylation in some downstream targets of midbrain dopamine projections
(Baker-Andresen et al. 2015; Fonteneau et al. 2017). In addition, expression of the DNMT3a de novo
methyltransferase is induced by cocaine exposure and can be maintained after extended periods of
withdrawal (LaPlant et al. 2010). Furthermore, these phenomena combined, in the nucleus accumbens,
appear to be necessary for the maintenance of compulsive drug seeking behaviors in rats (Massart et al.
2015). In human post-mortem tissue, we found DNMT3A to be increased after chronic cocaine
dependence in the caudate nucleus of humans (Vaillancourt et al. 2020), and the present study
recapitulates this finding in the nucleus accumbens. These results, along with the distribution of DMRs,
suggests that there are genome-wide alterations in experience-dependent DNA methylation associated

with chronic cocaine dependence.

When comparing DMRs between brain regions, we found the exact same cluster of CpGs within
exon 8 of TH to be hypermethylated in the caudate nucleus and nucleus accumbens of human patients;
our expanded analysis included 27 CpGs that spanned a portion of both exons 8 and 9, as well as the
intronic region that separates them. We found no significant difference in TH mRNA expression in either
the caudate nucleus or the nucleus accumbens in humans. There are several possible explanations for
these negative data, in particular, the lack of cellular resolution. TH gene expression dominates in
midbrain dopamine neurons that innervate striatal regions, while relatively low levels of TH mRNA are
found in these downstream targets. It is assumed that most of this mRNA is present in dopaminergic
nerve terminals that innervate striatum (Gervasi et al. 2016), although a single nucleus transcriptome
study in rats and an electrophysiology study in mice identified sparse cell clusters expressing Th in the

nucleus accumbens; such transcript levels were unchanged following cocaine exposure (Ibafez-Sandoval
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et al. 2010; Savell et al. 2020). It is important to note, however, that this study examined changes after a
single exposure to cocaine and therefore does not directly compare to the prolonged behavioral
changes associated with a dependent phenotype. Additionally, since both EGR1 expression and DNA
methylation within TH are increased in human subjects, TH transcript levels may be kept in check
through a combination of opposing mechanisms. In any event, future studies using single-cell
technologies and dependence-like behavioral models are likely required to identify changes in mRNA
expression, protein levels or protein activity in the striatal regions studied here. Most importantly,
however, our discovery of a novel enhancer role for the designated region of TH raises the possibility
that its methylation and EGR1 binding controls the expression of other genes, spatially connected to this

locus, in striatal regions.

TH codes for tyrosine hydroxylase, the rate-limiting step in the biosynthesis of dopamine within
the terminals of presynaptic cells. It has been well documented that as patients transition from
recreational cocaine use to physiological dependence and addiction, they undergo lasting changes in
dopamine signalling within the mesocorticolimbic circuitry (Letchworth et al. 2001; Volkow et al. 1999).
Furthermore, although transcription and protein immunoreactivity of TH is known to increase after
extended cocaine exposure in the rodent midbrain (Beitner-Johnson, Guitart, and Nestler 1991; Logan et
al. 2019; Masserano et al. 1996), attempts to measure the effects of cocaine on TH in downstream
targets have yielded mixed results. TH immunoreactivity is upregulated in the central amygdala after 45
days of withdrawal from cocaine self administration in rats, however, there appears to be no change in
protein levels in the prefrontal or orbitofrontal cortex after cocaine conditioned place preference
(Grimm, Shaham, and Hope 2002; Hamor et al. 2020). In the dorsal striatum, chronic cocaine injection
increases TH protein levels, while the number of TH positive varicosities in the nucleus accumbens has
been reported to be both increased and decreased after cocaine exposure, depending on tissue sub-

sectioning and length of withdrawal (Balda, Anderson, and ltzhak 2009; Schmidt et al. 2001; Todtenkopf,
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De Leon, and Stellar 2000). Interestingly, the decreased immunoreactivity that is found in the nucleus
accumbens shell in rats after 12 days of self-administration can be reversed by extinction training and
appears to be specific to cocaine and not other appetitive reward stimuli (Schmidt et al. 2001). This
suggests that levels of TH protein abundance and activity in the nucleus accumbens have an important
role in cocaine-seeking behavior, however, it is still unclear whether the protein in these studies is

located within afferent dopaminergic projections or within striatal cell bodies themselves.

In this study, we found a variable increase in methylation within the gene body of TH in the
human striatum, that may be specific to neuronal nuclei in the caudate nucleus. The variability within
our data, along with our lack of sensitivity to detect transcriptional dysregulation is highly suggestive of
these findings occurring in a small proportion of cells. Indeed, in a recent single-nucleus transcriptomic
survey of the rat nucleus accumbens, Th transcripts were detected in less than 30% of nuclei, and mouse
data show very few instances of Th detection in single-cell transcriptome experiments (Saunders et al.
2018; Savell et al. 2020). Canonically, the mammalian striatum is composed primarily of D1- and D2-
expressing medium spiny projection neurons (MSNs, 75-95%), as well as at least 4 subtypes of inhibitory
interneurons (Lobo et al. 2006). Among them, are a rare group of TH-expressing interneurons (THINs,
approximately 0.04%) that have distinct electrophysiological properties (Ibafiez-Sandoval et al. 2010).
THINs do not appear to release dopamine, and do not co-localize with other proteins involved in
monoamine synthesis (Xenias et al. 2015). Instead, these cells exhibit strong, GABAergic inhibition of
MSNs in response to thalamic input, and may have a distinct role in striatum-related behaviors; selective
ablation of THINs results in deficits in specific goal-directed behaviors (Kaminer et al. 2019; Xenias et al.
2015). Although the present study represents the first step towards identifying cell-type specific
methylation patterns associated with chronic cocaine dependence in humans, the findings with respect

to TH should be further examined in specifically relevant datasets including those targeting THINs.

141



Additionally, although we are the first to report increased EGR1 mRNA expression following
cocaine dependence in humans, this transcription factor is known to have an important role in the
neurobiology of cocaine in rodents. It is an immediate early gene which is induced in both the dorsal and
ventral striatum via dopaminergic signalling upon initial exposure to cocaine, but it is also necessary for
context-related drug cues (Bhat, Cole, and Baraban 1992; Fritz et al. 2011; Moratalla et al. 1992). EGR1 is
necessary for the development of cocaine conditioned place preference, and its expression is re-induced
upon exposure to drug-related environments, even after prolonged abstinence (Hearing, See, and
McGinty 2008; Valjent et al. 2006). Our data supports the notion that EGR1 is involved in cocaine-
induced neuroadaptation, and we extend its role to include activation of a novel regulatory element

within TH, thereby connecting two previously distinct pathways of dysregulation.

The use of post-mortem human tissues is invaluable in understanding fundamentally human
disorders, and although we support our hypotheses with in vitro studies, this work is not without
limitations. Given the difficulty in tissue dissection, we are unable to disentangle the effects the core
versus the shell of the nucleus accumbens in our data, although each subregion is known to have
distinct roles in drug seeking behavior in animals (Dumitriu et al. 2012). Furthermore, we have shown
that the hypermethylation of the EGR1 binding site is specific to neuronal nuclei in the caudate nucleus,
however given the magnitude and variability of this effect, we suspect this signal to be coming from a
small proportion of cells. As single-nucleus DNA methylation technologies advance so will our

understanding of the importance of specific, TH-expressing cell types in cocaine neurobiology.

Our study is the first to provide evidence of DNA methylation dysregulation in the TH gene that
is associated with cocaine dependence; however, given the nature of post-mortem research, we are
unable to definitively conclude whether this dysregulation is a direct consequence of the addicted
phenotype. It is possible that altered TH methylation prior to drug exposure could predispose some

individuals to develop cocaine dependency, but we are unable to test this hypothesis in human subjects.
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Future studies should make use of in vitro epigenome editing, using targeted DNA methylation in the

striatum of living animals, to investigate the behavioral outcomes of Th hypermethylation.

This study has identified a novel regulatory element within TH that contains a putative EGR1
binding site and is differentially methylated in the striatum of individuals with cocaine dependence.
Although we are the first to demonstrate in vitro enhancer activity of this locus, a downstream section
of the gene beginning with exon 9 (part of which, is included within our region of interest) has been
identified as a bivalent promoter, and displays a local enrichment of the enhancer-associated histone
marks H3K27ac and H3K4mel in the Roadmap Epigenome Consortium dataset

(http://epigenomegateway.wustl.edu, (Kundaje et al. 2015)). Interestingly, these features are annotated

within the samples from the human striatum, but not the substantia nigra, which is a midbrain source of
dopamine production. Although more experiments are needed, this phenomenon in addition to the
findings presented here, suggests a specific role of this locus in cocaine-related neurobiology in the

nucleus accumbens and caudate nucleus.

5. Methods

Subjects

All the methods in this study were approved by the Douglas Hospital Research Ethics Board, and
human post-mortem tissues were acquired from the Brain Endowment Bank at the University of Miami
Miller School of Medicine, where autopsy and tissue handling was performed in accordance to the
established standards. For the discovery cohort, nucleus accumbens and dorsolateral caudate nucleus
tissue was dissected from 25 subjects who had long term histories of cocaine dependence (as
determined by licenced clinicians), and who died from cocaine-related complications as determined by
forensic pathology and tissue toxicology. These subjects (“cases”) were selected based on the absence

of illicit drug toxicology other than cocaine, and the absence of other psychiatric diagnoses as
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determined by medical records and reports from next of kin. Additionally, 25 drug-naive, psychiatrically
healthy subjects who died from accidental or natural causes, were selected as “controls”. The replication
cohort was selected from independent “cases” and “controls” using the same selection criteria (n=18
per group), and nucleus accumbens and caudate nucleus tissue was dissected as described above. All
subjects in this cohort were male, which is reflective of the opportunistic composition of the brain
samples available at autopsy, and no a priori power analyses were performed in relation to sample sizes,

due to the rarity of these samples.

Reduced representation bisulfite sequencing (RRBS)

Library Preparation

We used 20 mg of frozen nucleus accumbens tissue from each subject in the discovery cohort to extract
genomic DNA (gDNA), using Qiagen DNA MiniKits as per manufacturer’s instructions. Next, we digested
1lug of gDNA overnight with the Mspl restriction enzyme and completed RRBS library preparation as
described elsewhere (Chen et al. 2014). We converted purified libraries with the EpiTect fast bisulfite
conversion kit (QIAGEN, Cat# 59824) according to the standard protocol, and indexed them through PCR

amplification before sequencing.

Sequencing and Bioinformatic Processing

Indexed libraries were sequenced on the lllumina HiSeq 2000 platform at the Genome Quebec
Innovation Center (Montreal, Canada) with 50bp single end sequencing. All bioinformatic processing and
quality control was performed in-house, as described (Chen et al. 2014). We calculated the mean
bisulfite conversion efficiency using the ratio of reads containing T to C at the unmethylated cytosine
position that was added during the end-repair step of library construction for each library, and then

averaged across group (case and control).
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Differential methylation analysis

We filtered out CpGs that were not present in at least 25 subjects from both cases and controls and had
less than 5X coverage across libraries. Next, we grouped CpGs within 50 bp of each other into clusters
using the bumphunter 3.5 package for R, and removed those that had a standard deviation of less than
5% methylation across all subjects (i.e., irrespective of status) to reduce unnecessary comparisons
between stably methylated regions. Each cluster contained at least 2 CpGs, without an upper limit to
cluster size, resulting in 32 535 clusters moving forward. We analysed each cluster using a general linear
model with status (case or control) as a fixed factor and covariates including ethnicity, age, smoking
status, and ethanol toxicology. We treated CpGs independently in each cluster but investigated only
those clusters that had a Bejamaini-Hochberg FDR corrected p-value <0.05 and which were <0.05 when

calculating a single mean from all CpGs per individual.

Enrichment Analyses

We used the annotatr 1.10.0 package in R to annotate all CpG clusters and DMRs to their genomic
context, CpG island proximity, and predicted ChromHMM chromatin state using (Cavalcante and Sartor
2017). We used the 15-core marks from ChromHMM that were generated using human striatum tissue
and calculated enrichment g values for DMRs against all CpG clusters using the LOLA algorithm(Sheffield

and Bock 2016) (cite ChromHMM).

For gene ontology, we matched each DMR to its nearest Refseq gene and used over representation tests

in the gene list analysis functions of the PANTHER classification system (www.pantherdb.org). We

compared the full DMR list to all human genes with respect to molecular function, biological processes

and cellular components and p-values were calculated using Fisher’s Exact tests with FDR correction.

RNA sequencing
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We used RNeasy Lipid Tissue Kits (Qiagen) to extract RNA from 100mg of nucleus accumbens tissues,
according to the manufacturer’s standards. The RNA integrity number (RIN) for controls was, on
average, 8.1 £ 0.6 and 8.1 + 1.2 for cases, as measured with RNA bioanalyzer chips (Agilent). Aliquots of
100ng/ul of RNA were sent for library preparation and sequencing at the Broad Institute (Cambridge,
MA) and libraries were prepared using a standard non-strand specific protocol (lllumina TruSeq),
including poly-A selection, and multiplexed for 50bp paired end sequencing on the lllumina HiSeq 2000
platform, and alignment was performed and reads per kilobase per million (RPKM) were calculated as

previously described(GTEx Consortium 2015).

Data was extracted for the three methyltransferase genes (DNMT1, DNMT3A, and DNMT3B), and RPKM
values were averaged across groups, after removing statistical outliers (ROUT Q=1%). Cases and controls

were compared using two-tailed student’s t-tests.

Cocaine self-administration in mice

Self-Administration

Male C57/B6 mice (n= 10 per group) were anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg) implanted with chronic indwelling jugular catheters and trained for i.v. self-administration as
previously described(Thomsen and Caine 2007). The catheter tubing was passed subcutaneously from
the back to the jugular vein and 1.2 cm of tubing was inserted into the vein and secured with silk suture.
Following surgery, animals were singly housed, and allowed to recover for 48-72 hours. Each animal was
maintained on a reversed light cycle (7:00am lights off; 7:00 pm lights on) and all self-administration
procedures occurred during the active/dark cycle. Sessions were two hours in length and animals self-
administered cocaine (0.5 mg/kg/inj over 3 sec) on a fixed-ratio 1 schedule of administration. At
the beginning of each session a house light was illuminated signifying the availability of drug. After

recovery from surgery, the animals were placed in a drug self-administration operant chamber where
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they were connected to a drug-intake line. The operant boxes are equipped with two retractable levers;
depression of the “active” lever resulted in a drug infusion, whereas no infusion occurred by pressing
the “inactive” lever. Concurrent with the start of each injection, the lever retracted, the house light was
turned off, and a stimulus light was activated for 5 seconds to signal a time-out period. Under these
conditions, animals acquired a stable pattern of intake within 1 to 5 days. For self-administering animals,
acquisition (Day 1) was counted when the animal reached 70% responding on the active lever and 10 or
more responses. Following acquisition, the animals were given access to a cocaine-paired lever for 120
minutes per day for a period of 10 days. Control animals underwent the same experimental procedures

but had access to a saline-paired lever.

Reduced Representation Bisulfite Sequencing in mice

After training, animals were sacrificed, and brain tissue was removed, and flash frozen at -80°C
until dissection. Caudate-putamen and nucleus accumbens tissue was dissected from frozen tissue, and
DNA was extracted using Qiagen DNA Minikits as per manufacturer’s protocol. RRBS libraries were
prepared as above, using 2ng of genomic DNA from each animal. Each library was individually barcoded,
and pooled for 50 bp SE sequencing, 4-5 libraries per lane, on the lllumina HiSeq 2000 platform at the
Genome Quebec Innovation Center. Bioinformatic processing was done as above, except reads were
aligned to the mouse genome (GRCm38/mm10). Rather than methylome-wide analysis, we searched the
computed clusters for any that aligned with the Th gene (chr7:142,892,752-142,900,014) and found a
single cluster within exon 8 that contained 11 CpGs, and was detected in at least 80% of sequenced
libraries. After removing statistical outliers using ROUT tests (Q=1%), we performed two tailed Student’s

t-tests between control and cocaine animals, separately for the dorsal and ventral striatum.

Targeted bisulfite amplicon sequencing

Library Preparation
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We used Methyl Primer Express Software v1.0 (Applied Biosystems, CA, USA) to design
redundant pairs of bisulfite specific primers against the target region with TH with optimal melting
temperatures of 60+ 2°C for multiplexed reactions (Supplemental Table 5). We amplified each sample
using 10ul reactions with 5X multiplexed primers (10uM), 3X bisulfite converted DNA and 2X KAPA HiFi
HotStart Uracil+ ReadyMix (Kapa Biosystems, MA, USA). Each strand was amplified separately, and after
two rounds of paramagnetic bead purification at 0.8X, amplicons from both strands were combined and
amplified for 10 additional cycles to add custom primer sequences in 20 ul reactions consisting of 2.5X
sample, 5X combined CS1 and CS2 primers (10uM) and 2X KAPA HiFi HotStart ReadyMix (Kapa
Biosystems, MA, USA). Samples were indexed for 10 cycles in a 20ul reaction consisting of 2.5X
amplicons, 5X indexing primers (10uM) and 2X KAPA HiFi HotStart ReadyMix (Kapa Biosystems, MA,
USA). Each indexed library went through two rounds of double ended bead purification (final ratio 0.8X)
for amplicon size selection (400-700bp). Final library concentrations and quality control was performed
on the Agilent 2200 TapeStation (Agilent Technologies, CA, USA) before samples were pooled and

sequenced.

MiSeq Sequencing

We pooled libraries to a final concentration of 2nM and included a 5-10% PhiX spike-in control
before sequencing on the Illumina MiSeq platform (Illumina, San Diego, CA) using customized 300bp
paired end sequencing as described in (Chen et al. 2017). All quality control and read alignment, without
removing duplicates, were performed in-house and methylation was calculated as the percent of reads
containing cytosine rather than thymidine at each position. After removing statistical outliers (ROUT
test; Q=1%), mean methylation between cases and controls was compared using one-tailed Mann-
Whitney U or Student’s t-tests based on Shapiro Wilks normality which was determined separately for

each comparison.
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Fluorescence Activated Cell Sorting

Nuclear extraction and labelling

In order to liberate intact nuclei the caudate nucleus and nucleus accumbens (n= 109 total) , we
homogenized 50mg of frozen tissue in nuclei buffer containing 10mM PIPES (pH 7.4), 10mM KCI, 2mM
MgCl,, 1ImM DTT, 0.1% TritonX-100 and 10X Protease Inhibitor Cocktail (Sigma Aldrich, Darmstadt,
Germany). Homogenates were passed through a 30% sucrose gradient in nuclei buffer in order to
separate nuclei from cellular debris, then after a wash with nuclei buffer, nuclei pellets were
resuspended in blocking buffer containing 0.5% bovine serum albumin in 10X normal goat serum. Each
sample was co-incubated with the DNA labelling dye DRAQ5 (1:300) (ThermoFisher, Waltham, MA) and
an anti-NeuN-PE antibody (1:300) (cat no. FCMAB317PE, Millipore, Darmstadt, Germany) for 60 min at

room temperature, then passed through 40uM filter caps before sorting.

Nuclei Sorting

Labelled nuclear extracts were processed on our in-house BDFACSAria Il platform (BD
Biosciences, San Jose, CA) according to technical specifications provided by the company. We used BD
FACSDIVA software (BD Biosciences, San Jose, CA) to first isolate single, intact nuclei based on DRAQ5
fluorescence at the 730/45-A filter (DRAQ5), then to sort neuronal from non-neuronal nuclei based on
fluorescence detected by the 585/42 filter (PE). Sorted nuclear fractions were stored at -20°C until DNA

extraction.

Nuclear DNA Extraction

We incubated nuclear fractions with 50X protease (Qiagen, Montreal, Canada) at 56°C for at
least 12 hours to ensure thorough digestion of the nuclear membranes. Liberated DNA was precipitated

onto 0.2X Agencourt AMPure XP (Beckman Coulter, Brea, CA) beads after adding 20% PEG-8000 2.5M
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NaCl to a final PEG concentration of 10%. The beads were washed twice in a magnetic stand with 70%
EthOH, then DNA was eluted in MilliQ H,0. We measured the concentration of each DNA sample using
Quant-iT PicoGreen dsDNA assays (ThermoFisher, Waltham, MA) according to manufacturer
specifications. 500ng of DNA from each fraction was bisulfite converted using the EpiTect fast bisulfite
conversion kit (QIAGEN, Cat#t 59824) according to the standard protocol, and targeted methylation

amplicon libraries were constructed and sequenced as described above.

Luciferase Enhancer Assay

Primer design and PCR

Primers were designed, using the PrimerQuest tool from IDT

(http://www.idtdna.com/primerquest/home/index) to amplify the DNA region Chr11 : 2187899-

2188296 (hg19). Primers were chosen based on their melting temperature and their ability not to
generate primer dimers. Their specificities were assessed by using the NCBI primer blast

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and the UCSC genome browser

(https://genome.ucsc.edu/). The PCR products were generated by two successive PCRs, each followed

by purification with standard columns (Qiagen). A 398bp fragment was obtained using the primer a and
b (Supplemental Table 6). Using the first purified PCR product as template, secondary PCR products

containing restriction sites were generated with the primers c and d (Supplemental Table 6).

Cloning

The PCR products were cloned into the TOPO 2.1 vector (Life Technologies) and TOP10 bacteria
were transformed with the ligation products. Positive clones were selected based on the absence of Beta
Galactosidase expression. Plasmids were extracted using the Qiagen miniprep kit according to standard

protocols and sanger sequenced at the Genome Quebec Innovation Center using the M13 primers.
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The inserts identified in the topo TA cloning vector were released from the vector with a double
digestion using Avrll (R0174S) and Spel (R0133S-New England Biolabs) enzymes and gel purification
(Qiagen). pCpGfree promoter lucia vectors (Invitrogen) were digested under the same conditions and
were dephosphorylated using Antarctic Phosphatase (M0289S-New England Biolabs) followed by column
purification (Qiagen). The inserts and pCpGfree vector were ligated overnight at 16°C using T4 Ligase
(M0202M-New England Biolabs). GT115 competent bacteria were transformed with the ligation products
and plated on LB agar medium with Zeocin (InVivogen). Isolated colonies were then regrown in liquid
medium and plasmids were extracted using the Qiagen miniprep kit (Qiagen). The plasmids were verified
by PCR using primer designed on the pCpGfree vector (primers e and f) (Supplemental Table 6) and sanger
sequenced with the same primers at the Genome Quebec Innovation Center (Montreal, Canada). Clones
containing the fragments of interest were regrown in 200ml of LB medium with Zeocin (Invitrogen).
Plasmids were re-extracted using a fast midiprep kit (Qiagen). Finally, the final construct was verified by

sequencing.

In vitro methylation

The constructs in pCpGfree-promoter-Lucia vector were methylated in vitro by treatment with
the Sss1 methylase (M0226L-New England Biolabs) and S-Adenin-Methionine for 6 hours and then
purified. The efficiency of the in vitro methylation was assessed by HPA2 digestion (R0171S-New England

Biolabs) of native and methylated vectors followed by agarose gel electrophoresis.

Cell Culture

HEK293 cells were seeded in 6 well plates for expansion in DMEM medium (InVitroGen)
supplemented with 10% FBS and penicillin/streptomycin (Life Technologies). Cells were then split in 24-

well plates 24 hours before transfection. The cells were transfected at 50 - 60% of confluence with 70ng
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of pCpGfree vector and 70ng of pGI3 control vector using the Jetprime transfection kit (Polyplus). Each

condition was treated in five biological replicates.

Luciferase assay

The cell culture medium and the cellular extracts were collected 24 hours after transfection. The
luciferase activities were assessed in both fractions using a Dual Luciferase reporter assay Kit (Promega)

and a Berthold luminometer. Data were acquired using the Simplicity 4.2 Sofware.

Statistics.

A one-way ANOVA analysis was performed to assess inter group differences for luciferase activities. Post-
hoc T test were performed and corrected using Bonferroni method to analyse group differences. All the

statistical analyses were done using SPSS 20 software.

gPCR Gene expression assays

For expression analysis, we used extracted RNA from our RNA sequencing experiments. Nucleic
acid concentration was determined via nanodrop and RNA integrity numbers (RIN) were as follows
(mean % s.d.): 8.4 £ 0.78 for controls and 7.9 + 1.3 for cases from the caudate, and 8.1 + 0.6 for controls
and 8.1 + 1.2 for cases in the nucleus accumbens. Aliquots of 25ng/ul were used to generate standard

curves, and diluted 1 in 5 for expression analysis.

The expression of TH and EGR1 was determined using quantitative reverse transcription PCR
(RT-gPCR). We used pre-designed probe based assays for TH (Hs00165941_m1) and EGR1
(Hs00152928 m1) with FAM-TAMRA dyes (Tagman assays, Thermo Fisher), and ran 10ul assays on an
Applied Biosystems QuantStudio 6 instrument under default cycling conditions (ThermoFisher).

Expression was calculated based on standard curves and normalized against GAPDH (Hs02758991_g1)
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using QuantStudio Real-Time PCR Software. Normalized expression was compared between cases and

controls using two-tailed Student’s t-tests in GraphPad Prism 6 (www.graphpad.com).
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Figure 1. Cocaine dependence is associated with widespread alterations in DNA methylation in the
human nucleus accumbens. a) Nucleus accumbens tissue from 25 individuals with a history of cocaine
dependence and 25 drug-free controls was used to generate RRBS methylation data. b) Differentially
methylated regions (DMRs) were distributed across autosomes, with the most significantly different
regions indicated by blue dots, and those which overlapped with data from the caudate nucleus in
orange. c) DMRs are significantly skewed towards hypermethylation, d) are found primarily within gene
bodies, e) and are enriched in loci that overlap with active TSSs. TSS= transcription start site,
UTR=untranslated region, I/E = intron/exon, ZNF = zinc finger, * p < 0.05
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Figure 2. Exon 8/9 of TH contains a CpG island that is hypermethylated in the cocaine group. a)
Schematic diagram of the tyrosine hydroxylase gene containing the position of CpGs identified in the
methylome wide analysis (orange, RRBS DMR), as well as those which were sequenced in follow-up
experiments (blue, Extended Region). b) Average methylation of the extended region is significantly
higher in the cocaine group (n=25) compared to controls (n=26) in the caudate nucleus, and c) there is a
trend towards higher methylation in the cocaine group (n=24) compared to controls (n=27) in the
nucleus accumbens. Data represented as mean * s.e.m., ** p<0.01, t p = 0.058
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Figure 3. Striatal hypermethylation of CpGs within an EGR1 binding site is specific to neurons in the
caudate nucleus. a) The intragenic CpG island in TH contains a potential EGR1 binding site containing 2
flanking CpGs that are b) hypermethylated within the caudate nucleus of the discovery cohort and e) the
nucleus accumbens of the replication cohort (n=17 cases and 18 controls). c) There is a non-significant
trend towards hypermethylation within the nucleus accumbens of the discovery cohort and d) caudate
nucleus of the replication cohort (n=16 cases and 18 controls). f) Single nuclei from discovery accumbens
and caudate were separated using FANS, based on DRAQS5 immunofluorescence, and neuronal nuclei
were separated based on NeuN. g) Hypermethylation of the CpGs within the EGR1 binding site is specific
to neuronal nuclei (n=22 cases and 20 controls) and not h) non-neuronal nuclei. Data represented as
mean £ s.e.m., ** p<0.01, * p<0.05
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Figure 4. The exon 8/9 region of TH functions as an enhancer in vitro and is modulated by methylation
and EGR1 overexpression. a) The region containing the cocaine DMR was cloned into a Luciferase
enhancer plasmid and transfected into HEK293 cells for functional analyses. b) The target region acts as
an enhancer to significantly increase luciferase fluorescence, compared to mock transfected and empty
vector controls. Enhancer activity is abolished by DNA methylation and enhanced by co-transfection
with an EGR1 overexpression vector (n=5 biological replicates per condition). Data represented as mean
ts.e.m., *** p<0.005, * p<0.05
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Figure 5. EGR1 expression is increased in the cocaine group, while TH expression remains unchanged.

a) There is significantly more EGR1 mRNA in the caudate nucleus and b) nucleus accumbens in the

cocaine group (n=24-25) compared to controls (n=25). c) and d) There was no significant difference in TH

MRNA expression in either brain region (n=24-25 cases and 25 controls). Data represented as mean +

s.e.m., ¥*p<0.01, * p<0.05
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8. Tables

Table 1. Top hypermethylated region in the nucleus accumbens

Chromosome From To Nearest Gene Dli\lilgrheyrligo(;))
10 21789249 21789295 MIR1915 15.93
1 147718180 147718225 NBPF8 15.22
11 3244384 3244429 MRGPRE 14.33
19 39798143 39798241 LRFN1 13.41
19 55944580 55944625 SHISA7 13.17
19 44038525 44038544 ZNF575 12.28
13 79183633 79183659 RNF219 11.85
19 55685105 55685146 SYT5 11.14
9 138148440 138148475 LOC401557 10.88
7 149489530 149489549 SSPO 10.50
2 240241219 240241263 HDACA4 10.40
10 91294442 91294456 SLC16A12 10.11
2 74875158 74875201 M1AP 9.82
7 128556152 128556192 KCP 9.71
4 169798988 169799036 PALLD 9.46
5 28927814 28927856 LSP1P3 9.26
11 2188129 2188165 TH 9.17
15 89922099 89922217 MIR9-3HG 9.16
11 65352989 65353032 EHBP1L1 8.79
7 2660963 2661007 IQCE 8.77
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Table 2. Differentially methylated regions and genes in common between the nucleus accumbens and

the caudate nucleus

Nucleus Accumbens

Caudate Nucleus

Chromosome From To Gene Methylation Methylation
Difference (%) Difference (%)
Common DMRs
2 220313302 220313338 SPEG -11.5 8.91
11 2188129 2188165 TH 9.17 9.09
16 15083748 15083904 PDXDC1 6.02 3.07
16 75148495 75148543 LDHD 4.32 -6.65
19 55685105 55685146 SYT5S 11.1 3.59
Common Genes
5 3599609 3599704 IRX1 10.7
3605955 3605982 8.56
7 157484891 157484931 PTPRN2 -3.61
157478003 157478040 -8.40
7 127991684 127991788 PRRT4 -1.72
127991615 127991788 4.75
9 130517323 130517347 SH2D3C 5.99
130517429 130517456 4.82
12 49373486 49373526 WNT1 6.85
49374220 49374248 -10.01
14 104561244 104561286 ASPG 6.29
104552290 104552330 -9.54
15 89921805 89921837 MIR9-3HG 9.22
89922099 89922217 9.16
20 44879878 44879903 CDH22 9.00
44803094 44803290 2.84
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9. Supplemental Tables and Figures

Tables

Supplemental Table 1. Demographic information for the discovery cohort

N

Ethnicity*
Age (years)
PMI (hours)
pH

Sex**

*A= African American; C= Caucasian; H= Hispanic

** M=male

Controls Cases
25 25
11 (A); 7 (C); 11 (H) | 13 (A); 6 (C); 10 (H)
38.4+125 35.2+8.5
15.1+7.2 145+7.7
6.4+0.3 6.5+0.3
25 (M) 25 (M)
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Supplemental Table 2. Reduced Representation Bisulfite Sequencing Statistics

Average Reads  Alignment Con.v?rsmn CpG CpG CpG
per Library (%) Efficiency Coverageat Coverageat Coverage at
(% £s.d.) 1X (#) 5X (#) 10X (#)
Cocaine 38331982 57.9 99.0:+0.21 2256462 1608983 1258383
Control 28346594 58.4 99.1+0.18 2149014 1464762 1101730
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Supplemental Table 3. Differentially methylated region in the nucleus accumbens

N OO OO0 OO0 oo ool B™SDDDEOWOWWWWWDNDNDNDNDNDNDNDMNMNNNNMNMNMNMNNMNRERRPPRPRPPERPRERRRREPR

17475810
22241594
34632088
41982018
53791689
147718180
156878491
160053850
165345926
236157087
43295293
74663630
74875158
91777521
182521242
220313302
231855693
234370049
238472683
240241219
241395420
13696946
13760173
42947590
128765031
147142205
194117737
6660521
8863494
77819560
140587179
169798988
1551645
3605955
28927814
68711077
92924314
139526119
292576
13860679
32064082
41340705
1408565

17475857
22241616
34632123
41982063
53791712
147718225
156878518
160053892
165345957
236157128
43295339
74663678
74875201
91777570
182521266
220313338
231855741
234370089
238472717
240241263
241395464
13697057
13760195
42947617
128765196
147142339
194117778
6660564
8863539
77819600
140587217
169799036
1551687
3605982
28927856
68711125
92924354
139526191
292621
13860722
32064147
41340752
1408605

PADI2
HSPG2
Clorfo4
HIVEP3

NRD1
NBPF8
PEAR1

KCNJ9
LMX1A

NID1
ZFP36L2
RTKN
M1AP
AC116050.1
CERKL
SPEG
LOC348761

DGKD

PRLH
HDAC4
MIR149

LINC00620
LINC00620
ZNF662
EFCC1
ZIC1
GP5
MRFAP1
HMX1
SOWAHB
MGST2
PALLD
SDHAP3
IRX1
LSP1P3
MARVELD2
NR2F1
IGIP
DUSP22
MCUR1
TNXB
NCR2
MICALL2

3.58
-14.07
4.64
3.97
6.92
15.22
-12.82
-5.71
6.64
-8.81
6.90
-10.13
9.82
-4.86
-8.08
-11.48
-8.49
-10.67
-10.02
10.40
-6.61
0.88
-2.99
2.72
-2.53
1.76
7.62
2.52
8.10
6.82
-5.21
9.46
-11.88
8.56
9.26
-4.64
-9.21
4.19
7.32
-6.28
-4.15
5.52
5.17
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ZNF273
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PRRT4
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MEST
SSPO
SHH
PTPRN2
PTK2B
ST18
LINC00535
GDF6
KLF10
TRAPPC9
MROHS5
THEM6
MINCR
ARHGAP39
GLIPR2

BARX1

AKAP2
MVB12B
SH2D3C

LOC401557

KCNT1
NOTCH1
LRRC26
MIR1915

ARHGAP22
ZNF503
NUTM2B-AS1
TSPAN14
SLC16A12
CYP26C1
LINC01475
FANK1
EBF3

-14.15
8.77
6.73
5.75
8.66
3.41

-12.53
4.75
9.71
4.41

10.50
4.48
-8.40
3.66
-4.68
2.06
5.67

-10.47
-8.15
3.06
-8.37

-14.62
3.04
8.75

-11.34
8.75

-6.67
2.69
-9.26
3.50
4.82
10.88
-10.10
-9.95
2.48
15.93
3.24
3.89
-7.72
-0.05
10.11
-1.05
-9.90
6.59
5.96
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10
11
11
11
11
11
11
11
11
11
12
12
13
13
14
14
14
14
14
15
15
15
16
16
16
16
16
16
16
17
17
17
18
18
19
19
19
19
19
19
19
19
19
19
19

135278763
2188129
3244384
46369240
63529951
64901047
65352989
77907332
128321703
128694359
49374220
58131090
21296167
79183633
65016854
69341470
100204045
104552290
105635610
28342366
40574234
89922099
1104820
3070420
15083748
15083985
30960806
67918743
75148495
40821978
42392842
79316557
5891215
77398175
3403888
17219041
30744576
34310911
39798143
41107461
44038525
45721137
48698203
48983836
51831025

135278799
2188165
3244429
46369288
63529995
64901084
65353032
77907379
128321750
128694406
49374248
58131133
21296211
79183659
65016901
69341518
100204074
104552330
105635653
28342413
40574253
89922217
1104835
3070465
15083904
15084032
30960849
67918758
75148543
40822077
42392876
79316689
5891256
77398220
3403934
17219074
30744604
34310951
39798241
41107507
44038544
45721153
48698237
48983869
51831166

SCART1
TH
MRGPRE
DGKz
C1llorfo95
MIR6751
EHBP1L1
USP35
ETS1
FLI1
WNT1
AGAP2
IL17D
RNF219
PPP1R36
ACTN1
EML1
ASPG
NUDT14
OCA2
ANKRDG63
MIR9-3HG
SSTR5-AS
TNFRSF12A
PDXDC1
PDXDC1
ORAI3
NRN1L
LDHD
PLEKHH3
SLC25A39
TMEM105
TMEM200C
CTDP1
NFIC
MYQO9B
ZNF536
KCTD15
LRFN1
LTBP4
ZNF575
EXOC3L2
C190rf68
LMTK3
VSIG10L

-6.97
9.17
14.33
5.22
-8.50
-6.54
8.79
-6.86
-12.72
-1.32
-10.01
-9.10
5.28
11.85
-1.17
8.01
7.23
-9.54
-3.41
3.36
3.40
9.16
-7.13
2.16
6.02
6.36
-3.54
1.83
4.32
4.87
8.34
6.57
7.58
-4.22
3.66
6.10
-7.87
-2.22
13.41
-3.87
12.28
-4.66
-14.12
6.33
-5.66
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19
19
20
20
20
20
22
22
22
22
22
22
22

55685105
55944580
31045353
44803094
56247612
62463511
17517094
19711581
38379681
38485555
46500195
50355761
51016280

55685146
55944625
31045394
44803290
56247651
62463635
17517125
19711627
38379718
38485598
46500234
50355805
51016323

SYT5
SHISA7
NOLA4L
CDH22
PMEPA1
ZBTB46
CECR7
GP1BB
SOX10
BAIAP2L2
MIRLET7BHG
MIR6821
CHKB

11.14
13.17
8.26
2.84
5.38
3.01
-11.77
4.88
-16.43
3.08
4.13
-1.37
8.34
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Supplemental Table 4. Demographic information for replication cohort

N

Ethnicity*
Age (years)
PMI (hours)
pH

Sex**

*B= Black; W= White

** M=male

Controls Cases
18 17
9 (B); 9 (W) 10 (B); 7 (W)
37.6+12.7 37.7+6.8
204+6.4 20.1+6.4
6.2+0.4 6.4+0.3
18 (M) 17 (M)
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Supplemental Table 5. Targeted Bisulfite Amplicon Primers

Primer Direction Primer Sequence Predicted Length
hgl9 chrl11:2188129-
2188165
TH_1 F 5' AAG TTY GTG YGT TTT GTA AGG 3' 269bp
R 5' TCT ACA CCA CRC TAA AAA ACC TC 3'
TH_2 F 5' GTT GTT YGT AGG AAG GAG GT 3' 216bp
R 5' AAA CRC TTA ACT AAC CAT CCC 3'
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Supplemental Table 6. Luciferase Assay Primers

Primer Direction Primer Sequence
Human (hg19_chr11:2188129-
2188165)
a) THup F 5' AGG CAT TAG AGG GCC CTG AGC CTG G 3'
b) THdw R 5' ATA TAC TGG GTG CAC TGG AAC ACG C 3'
c) THAvrllup F 5' TAA TCC TAG GGG CAT TAG AGG GCC CTG AGC CTG G 3'
d) THSpeldw R 5' ATT AAC TAG TAT ATA CTG GGT GCA CTG GAA CAC GC 3'
e) pCPGfree-promMCSFw F 5' CAC ACA CAT GTG TGC ATT CAT AAA TAT ATA C 3'
f) pCPGfree-promMCSrev R 5' TTC TCA GGG ACT GTG GGC CAT GT 3'
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Supplementary Figure 1. DNMT3A gene expression is higher in the nucleus accumbens of cocaine
dependent cases. a) Expression of the de novo methyltranferase DNMT3A is higher in cases (n=21)
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compared to controls (n=22). b) There is no difference between groups in terms of DNMT3B expression

(n=22 cases and 24 controls) or c) DNMT1 expression (n=23 cases and 24 controls) RPKM = reads per

kilobase per million, Data represented as mean + s.e.m., ** p <0.01
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Genomic Context
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Supplementary Figure 2. Annotation of all CpG clusters used for differential methylation analysis. a)
All 4814 CpG clusters distributed according to known genomic context and b) ChromHMM predicted

epigenetic state.
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Supplementary Figure 3. Targeted bisulfite amplicon validation of the TH CpG cluster. a) Average
methylation of the 3 CpGs within exon 8 of TH is higher in the caudate nucleus of cocaine dependent
cases (n=23) compared to controls (n=26). b) We found no significant increase in the nucleus accumbens
(n= 24 cases and 27 controls). Data represented as mean £ s.e.m., * p < 0.05
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Supplementary Figure 4. Gene body methylation of Th in the striatum of cocaine self-administering
mice. a) Genomic DNA from dorsal (orange) and ventral (blue) striatum was used to generate
methylome data in mice, including a cluster of 11 CpGs with exon 8/9 of Th. b) This CpG cluster was
hypermethylated in the ventral striatum (nucleus accumbens) of cocaine self-administering mice (n=10)
compared to saline administered controls (n=8). c) No significant increase in average methylation was
detected in the dorsal striatum (caudate-putamen; n= 10 cocaine animals and 9 controls)Data

represented as mean * s.e.m., *** p <0.001

179



J Scale 2 kb} | he19
chri1: 2,186, 008| 2,187, 000| 2,188, 008| 2,189, 008| 2,190, 660| 2,191, 600| 2,192, 000| 2,193, 600|
UCSC_Genes (RefSeq, GenBank, CCDS, Rfam, tRNAS & COMparative Genomics) i
-

IR —
- dRBRR

CpG Islands (Islands < 300 Bases are Light Green)
J cpG: 77

Transcription Factor ChlP-seq (161 factors) from ENCODE with Factorbook Motifs

=
i

REST
CTCF e Krnnnofic 1LKGIKAFEGe89a21HL | KMMMMMNPAaaaa «abb cageggaathhhhhhhhhHLEhh
MAZ =
ZNF143 .
GTF3C2 =
REST
BACH1 =
RBBPS
SMC3
EGR1
RAD21 [ TS
CTCFL ]
2BTB7A
EZH2
USF1 B
REST
ESR1 1

= EZH2 ———

Supplementary Figure 5. UCSC Genome Browser view of known EGR1 ChIP-seq peak overlapping the
intragenic CpG island of TH.
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Supplementary Figure 6. No significant difference in EGR1 binding site methylation in FANS nuclei
from the nucleus accumbens. a) We found no difference in NeuN+ nuclei, nor b) NeuN- nuclei (n=19

cases and 23 controls).
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CHAPTER IV: DISCUSSION AND CONCLUDING REMARKS
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1. Preface

The purpose of my doctoral thesis was to investigate the relationship between DNA methylation
and cocaine dependence by examining the methylome of two key subregions of the human striatum. |
began by generating the first methylome-wide datasets from the nucleus accumbens and caudate
nucleus in samples from cocaine-dependent subjects, which provided two distinct, yet complementary
avenues for deeper investigation. There is over 30 years of research that has linked chronic cocaine
exposure, and its associated behavioral phenotypes, to lasting changes at the cellular level, and although
epigenetic mechanisms have been thoroughly investigated in animal models, there is very little evidence
that these phenomena are implicated in the human disorder. My results suggest that cocaine
dependence is indeed associated with widespread alterations in DNA methylation in the human striatum
and may regulate the expression of important genes through novel regulatory mechanisms. In this
chapter, | will briefly review and integrate my findings into a theory for the role of DNA methylation in

the pathophysiology of cocaine use disorder.

2. Discussion

2.1 Cocaine dependence is associated with widespread alterations of the striatal methylome

During the course of my doctoral degree, we used reduced representation bisulfite sequencing
to generate the first human cocaine methylome datasets in two addiction-relevant subregions of the
striatum: the nucleus accumbens and the caudate nucleus. This method allowed us to benefit from the
relatively unbiased nature of next generation sequencing technologies, while still enriching our dataset
for CpG-rich regions which are most likely to have regulatory potential (Deaton & Bird, 2011). In both
brain areas, we identified over 100 clusters of CpGs which were differentially methylated between cases
and controls. While we found distinct loci that were either more or less methylated in the cocaine group

(discussed in chapters Il and Ill, and below), we found that there was an over-representation of
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hypermethylated loci in both brain areas. This finding was supported by our finding that gene expression
levels of the de novo methyltransferase, DNMT3A, was heightened in both regions in the cocaine group
as well. These results are well aligned with evidence from animals that finds differential expression of
methyltransferases under disparate cocaine exposure paradigms, but sustained increases in DNMT3a
after chronic drug seeking. We extend these finding to propose that the addition of methylation serves
to solidify and maintain widespread transcriptomic changes that are induced by cocaine-related changes
in cell signalling (C. Nagy, Vaillancourt, & Turecki, 2018). For example, while transient changes in histone
modifications accompany acute exposures, methylation appears to be necessary for the maintenance of

drug seeking behaviors.

We also found that intragenic regions appeared to be over-represented within our list of
differentially methylated regions (DMRs) in both brain regions, with enhancers and transcription start
sites being enriched in the caudate and accumbens datasets, respectively. Although RRBS enriches for
CpG islands, which are canonically associated with promoters, our results highlight the functional
importance of intragenic regions to brain health. While methylation at promoters is typically thought to
decrease gene expression, intragenic methylation may serve more diverse functions including promoting
alternative splicing events and gene expression through its oxidative products. Importantly, these are
processes that have been recently implicated in cocaine-related behaviors in animals (Cates et al., 2018;
Feng et al., 2014; Penrod et al., 2018). We also used gene ontology analysis to find that DMRs from both
brain areas were closely associated with genes involved in DNA binding and transcriptional regulation.
Given the importance of transcription factors in orchestrating cocaine-related transcriptional and
behavioral changes in animals, this finding suggests that similar mechanisms are indeed implicated in
the human disorder. It is likely that de novo DNA methylation events occur at these upstream regulatory
factors in order to “prepare” the genome to respond to re-exposure events by priming or desensitizing

critical genes.
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2.2 IRX2 contains a novel regulatory element that is sensitive to cocaine in caudate neurons

When we sorted our DMR list in the caudate nucleus by size, we found a large cluster of CpGs
within the third exon if IRX2 to be less methylated in the cocaine group compared to controls. This gene
codes for the Iroquois Homeobox 2 protein which is one of three transcriptional repressors in the IRXA
gene family that are highly expressed in the developing nervous system and then become lowly
expressed within the adult brain (Miller et al., 2017, Appendix 1. Figure 1). IRX2 and its homolog, IRX1
are in an evolutionarily conserved, head-to-head orientation, and although they share intergenic
enhancers in animal models, their regulation was previously unstudied in human cells (Tena et al.,
2011). Using chromatin conformation assays, we found that the two genes are in close physical contact
in the human genome, especially in cells where the transcripts are expressed. Furthermore, we found
that targeted methylation of the locus within exon 3 reduces the expression of both IRX2 and IRX1,

through attenuated CTCF binding and decreased chromatin contact.

Importantly, we found that the hypomethylation of /RX2 in the caudate nucleus as associated
with increased expression of the /RX2 transcript in the cocaine group. While the downstream targets of
this protein have yet to be experimentally validated, we used in silico prediction algorithms to identify
potential target genes including two that has nominally significant gene expression changes in our
dataset (Appendix 1. Figure 2). Interestingly, we found decreased expression of the ADAM10
metalloprotease, which correlated with IRX2 expression in the cocaine group alone (Appendix 1. Figure
3). Metalloprotease genes have previously been shown to be dysregulated in tissue from humans with
drug use disorders, and ADAM10 in particular functions as an extracellular matrix remodelling complex

in multiple brain disorders (Mash et al., 2007; Saftig & Lichtenthaler, 2015).

We posit that the cocaine dependence-associated activation of /IRX2 gene expression represents

another example of drug use disorders reactivating neurodevelopmental transcriptional programs in
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order to facilitate heightened states of plasticity. Developmental genes have been widely associated
with maladaptive neuroplasticity in a number of brain disorders, but they may play an especially
important role in the cellular and behavioral responses to chronic cocaine (Flores et al., 2005; Jassen,
Yang, Miller, Calder, & Madras, 2006; Maheu & Ressler, 2017). For example, persistent activation of
dopaminergic signalling increases the expression of deleted in colorectal cancer (DCC), an axon guidance
molecule that is primarily expressed during neurodevelopment (Jassen et al., 2006). Furthermore, DCC
knockout mice show attenuated behavioral responses to psychostimulants (Flores et al., 2005), which
suggests that typically neurodevelopmental molecular cascades are necessary for drug dependent
phenotypes. Although genetic manipulations of IRX2 were beyond the scope of this thesis, we
hypothesize that future studies that make use of in vivo epigenomic editors will find that altering

methylation levels in caudate neurons will result in detectable perturbations in drug-related behaviors.

2.3 Cocaine-related intragenic methylation of tyrosine hydroxylase in the striatum

Given the remarkable similarity between the overall methylomic profiles of caudate nucleus and
the nucleus accumbens, we next explored whether the two brain regions contained overlapping clusters
of differential methylation from our RRBS studies. Interestingly, a cluster of 3 CpCs within the TH gene
were hypermethylated in both brain areas in the cocaine group, and with a magnitude that is rarely
observed in post-mortem studies. Since TH has a known relationship between reward-driven behaviors
in animals (Kaminer et al., 2019; Logan et al., 2019), we used FANS separated nuclei, homogenate tissue
from an independent cohort of samples, in vitro manipulations and supporting work from an animal
model to explore this phenomenon further. We searched the region surrounding the cocaine DMR for
known protein binding sites, and found a canonical EGR1 motif, a transcription factor that was
previously shown to be induced by cocaine exposure and whose mRNA was elevated in both brain
regions within the cocaine group of the current study. The binding site contains 2 CpGs which were

hypermethylated in the caudate nucleus of the discovery cocaine group and the nucleus accumbens of
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the replication cocaine group. Furthermore, we found the caudate hypermethylation to be specific to
neuronal nuclei in our FANS experiment, and a similar increase in methylation within the nucleus
accumbens of mice who were trained to self administer cocaine. Finally, we used an enhancer luciferase
assay to show that the region containing the cocaine-related hypermethylation has the ability to act as

an enhancer and that action is attenuated by methylation and enhanced by EGR1 expression.

Importantly, we were unable to detect any differences in TH expression within either brain
region in this study which raises important considerations about our findings. As an enzymatic
component of dopamine synthesis, TH is most abundantly expressed within dopaminergic neurons, and
is often used as a marker of dopaminergic cell identity in immunohistochemical studies. Therefore, in
the context of striatal tissue homogenates, a large proportion of TH RNA molecules are likely to be
located within the afferent projections from midbrain cell bodies rather than cell bodies located within
the striatum itself (Gervasi et al., 2016). Nevertheless, the epigenetic changes observed here suggest
that chronic cocaine dependence has a functional impact on striatal TH gene regulation. In this context,
our findings support two possible hypotheses: 1) midbrain TH expression at axon terminals remains
unchanged after chronic cocaine and masks small changes in local striatal gene expression or 2) cocaine-
induced overexpression of EGR1 and hypermethylation of the TH gene body work in opposition to keep

gene expression within a homeostatic range.

In either case, the precise role of TH within striatal cells is unclear in healthy, let alone disease
contexts. Recent work has identified a small subgroup of GABAergic interneurons within the striatum
that express TH, are electrochemically distinct from other interneurons subgroups, and are involved in
reward-driven behaviors but do not appear to be directly involved in dopamine synthesis (Ibafiez-
Sandoval et al., 2010; Kaminer et al., 2019; Xenias et al., 2015). Although it is difficult to determine the
relative abundance of these cells, a recent single cell transcriptome study detected Th transcripts in 4

out of 16 striatal cell types (Savell et al., 2020). Although Th expression remained unchanged in these
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cell types after cocaine exposure, it is important to note that this study explored the effects of a single
cocaine injection rather than an extended self-administration that would better mirror the chronic

dependence displayed by human patients.

Given the heterogeneity of our findings and the reported rarity of TH expressing cells, we
suggest that the novel regulatory element that we have identified here might have a strong impact on
cocaine neurobiology, in a small number of cells. Although the availability of single-cell technologies is
increasing rapidly, their functionality in post-mortem brain is continuing to prove challenging. Extended
storage times and long post-mortem intervals are particularly damaging to the molecular integrity of
these tissues, and its still unclear whether some cell types are more affected than others. Nonetheless,
significant strides have been made in surveying the nuclear transcriptome of post-mortem cortical
regions in humans, and single cell methylomic studies are certainly on the horizon (Corina Nagy et al.,
2020). We are confident that these technologies will add to the identification and characterization of the
most heavily impacted cell types in human cocaine dependence and will help clarify the roles of TH and

IRX2 in cocaine neurobiology.

2.4 Conclusions and Future Directions

Cocaine use disorder affects up to 1% of the North American population, and despite its
considerable burden, our understanding of the pathophysiology of the disease in humans remains
incomplete. Research in animals — which model distinct phases of drug exposure, drug seeking and
withdrawal — have heavily implicated the mesocorticolimbic dopamine circuitry in cocaine-induced
changes and neuroimaging studies in humans have largely corroborated these findings. Molecular
research in these brain areas has revealed a role for epigenetic mechanisms, including DNA methylation,
in translating long-term behavioral changes to lasting disruptions in cell functioning but little evidence

has been presented in humans. This thesis contains the first methylome-wide investigations in humans,
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with a focus on dependence-related changes in two downstream projection targets of midbrain
dopamine: the nucleus accumbens and the caudate nucleus. Our findings support the hypothesis that
cocaine dependence results in widespread alterations in striatal DNA methylation in humans, including
at previously unexplored intragenic regulatory sites that have the potential to regulated addiction-
related perturbations in cellular functioning. While the models proposed in this thesis are important
steps towards fully understanding the interplay between cocaine dependence and epigenomics,
important questions still remain about the specificity of these findings with regards to genomic context,

cell type, and other important covariates.

For this work we focused on CpG methylation in males, as it represented the most well-
understood mechanism of DNA methylation in the most readily available demographic, although we
now know that methylation in non-CpG contexts is particularly important in brain development and
health (Lister et al., 2013). Furthermore, cocaine dependence presents differently in males and females,
even at the transcriptomic level (Savell et al., 2020), and future studies should include a range of
biological sexes and genders to fully understand this disorder. Given the relatively small changes in
methylation that we observed at each DMR, it is likely that large changes in rare cell populations have
been masked by the tissue homogenates used in our studies — the use of single cell technologies in
future studies is therefore paramount. In particular, future work should investigate transcriptomics and
epigenomic changes within the same nuclei in order to fully understand the complex interactions

between gene expression and multiple layers of the epigenome in all functional cell types.

Overall, we believe that DNA methylation has an important role in the etiology and outcome of
cocaine use disorder in humans, including at the IRX2 and TH genes. Through identifying altered
methylation signatures, we are better positioned to understand the neurobiology of cocaine use
disorder and although additional investigations are necessary, modifying methylation dynamics at key

transcriptomic regulators presents a promising opportunity for pharmaceutical intervention.
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APPENDICES

APPENDIX 1. SUPPLEMENTARY FIGURES
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Supplemental Figure 1. Expression of the members of the IRXA gene cluster throughout development.
Data accessed from the BrainSpan Human Brain Atlas.
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Supplemental Figure 2. Differential Expression of Predicted IRX2 Target Genes in Caudate. We used
MotifMap (http://motifmap.ics.uci.edu/) to identify potential regulatory targets of the IRX2
transcription factor in humans, based on in silico predictions. 13 potential targets were detected within
the RNA sequencing dataset from the discovery cohort, and two genes were nominally differentially

expressed between the cocaine group and controls (ADAM10, RBBP6). Data represent mean + s.e.m.
* Two tailed Student’s t-test p < 0.05
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Supplemental Figure 3. IRX2 expression is negatively associated with ADAM10 expression in the
caudate of cocaine-dependent individuals, but not controls. Data analysed with Pearson’s correlations.
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