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Abstract: The prevalence of depression is increasing worldwide, as is the number of people suffering
from treatment-resistant depression; these patients constitute 30% of those treated. Unfortunately,
there have not been significant advances in the treatment of this disorder in the past few decades.
Exposure to cannabis and cannabis-derived compounds impacts depression symptomatology in
different ways, with evidence indicating that cannabidiol has antidepressant effects; there have been
mixed results with medical cannabis. Even though the exact molecular mechanisms of the action
underlying changes in depression symptomatology upon exposure to cannabis and cannabis-derived
compounds are still unknown, there is strong evidence that these agents have a widespread impact
on epigenetic regulation. We hypothesized that exposure to cannabis or cannabis-derived compounds
changes the DNA methylation levels of genes associated with depression. To test this hypothesis, we
first performed a literature search to identify genes that are differentially methylated upon exposure
to cannabis and cannabis-derived compounds, as reported in methylome-wide association studies.
We next checked whether genes residing in loci associated with depression, as identified in the largest
currently available genome-wide association study of depression, were reported to be epigenetically
regulated by cannabis or cannabis-related compounds. Multiple genes residing in loci associated with
depression were found to be epigenetically regulated by exposure to cannabis or cannabis-derived
compounds. This epigenomic regulation of depression-associated genes by cannabis or cannabis-
derived compounds was reported across diverse organisms, tissues, and developmental stages and
occurred in genes crucial for neuronal development, functioning, survival, and synapse functioning,
as well as in genes previously implicated in other mental disorders.

Keywords: pharmacoepigenetics; DNA methylation; cannabis; cannabidiol; tetrahydrocannabinol;
depression; major depressive disorder; EWAS; GWAS

1. Introduction

Depression is a severe and debilitating mental disorder characterized by a variety
of symptoms, including low mood, fatigue, decline in cognitive functioning, loss of in-
terest and pleasure, inappropriate guilt, sleep and endocrine disturbances, and changes
in appetite and psychomotor activity [1]. Depression is the most commonly diagnosed
mental disorder and is estimated to be the leading global cause of years lost due to disabil-
ity [2]. The lifetime prevalence of depression reaches 14%, and the risk of developing the
disorder during an individual’s lifespan is influenced by both genetic and environmental
factors [3-13]. According to twin studies, ~40% of the variation in depression liability
can be attributed to additive genetic effects, and heritability estimates for changes in de-
pression symptomatology reach 30% [14-16]. Recent advancements in genomic studies
of depression, performed in hundreds of thousands of depression cases and unaffected

Genes 2022, 13, 1435. https:/ /doi.org/10.3390/ genes13081435

https://www.mdpi.com/journal /genes


https://doi.org/10.3390/genes13081435
https://doi.org/10.3390/genes13081435
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0002-2932-6210
https://doi.org/10.3390/genes13081435
https://www.mdpi.com/journal/genes
https://www.mdpi.com/article/10.3390/genes13081435?type=check_update&version=2

Genes 2022, 13, 1435

20f15

controls sampled across multiple populations, confirmed that common genetic variation
contributes to the development of the disorder and successfully pinpointed multiple loci
across the genome associated with an increased risk of developing the condition [17,18].
The most recent and largest genome-wide association study (GWAS) of depression, per-
formed in >1.2 million individuals, identified and replicated 192 SNPs associated with the
disorder [18]. These depression-associated genetic loci were highly significantly enriched
in pathways crucial for healthy brain development and functioning, including synapse as-
sembly, organization and signaling, and the generation and differentiation of neurons [18].
As the inflection point for the discovery of genome-wide loci significant for depression was
passed, it is expected that the number of discovered novel loci associated with the disorder
will linearly increase with continuously increasing sample sizes [19,20]. Therefore, it is
already time to start exploring how these genetic findings can have clinical applicability for
patients and how they can be relevant for the pharmacological treatment of depression.

Currently, the most standard course of depression treatment consists of a combination
of psychotherapy and pharmacological treatment, with the aim of reducing depressive
symptoms. Among the most commonly prescribed classes of antidepressant drugs are
selective serotonin re-uptake inhibitors (SSRIs), selective serotonin noradrenaline re-uptake
inhibitors (SNRIs), and tricyclic antidepressants (TCAs). Other compounds are also pre-
scribed, such as monoamine oxidase (MAO) inhibitors, adrenergic «-2 receptor antagonists,
selective noradrenaline re-uptake inhibitors, melatonin receptor agonists, serotonin 5-HT2C
receptor antagonists, and selective noradrenaline/dopamine re-uptake inhibitors [21].

Despite the fact that pharmacological treatment for depression is widely applied and
available, a meta-analysis of 165 placebo-controlled trials indicated that only 54% of adults
show improvement, defined as a 50% reduction in symptoms, after weeks of treatment with
antidepressant medication [21,22]. Additionally, ~30% of major depressive disorder (MDD)
patients are reported to suffer from treatment-resistant depression, which is defined as
depression that does not achieve full remission despite treatment with at least two different
agents at adequate doses and for adequate durations [23,24]. Furthermore, 25-40% of
patients who recover from MDD after treatment are reported to have another depressive
episode within 2 years, 60% after 5 years, and 85% after 15 years [25,26]; altogether, these
data highlight the urgent demand for the inclusion of new therapeutical compounds in the
pharmacological treatment of depression.

The cannabis plant (Cannabis sativa) has been used for medical and recreational pur-
poses for thousands of years, but attention has only recently been drawn to the research
of pharmacological applications of its compounds for the medical treatment of neuropsy-
chiatric disorders [27]. Although observational studies and online surveys indicate that
depression treatment is one of the main reasons why individuals make use of medical
cannabis [28], nevertheless, the impairment of an individual’s overall mental health con-
dition, including an increase in depressive symptoms, is associated with the chronic use
of the plant [29,30]. In fact, the mental health impairment induced by the plant has been
associated with its major psychoactive constituent, A9-tetrahydrocannabinol (A9-THC or
THC) [29].

The cannabis plant contains more than 500 compounds, including 113 phytocannabi-
noids, of which A9-THC and cannabidiol (CBD) are the most abundant [27,31]. The
compound A9-THC is a partial agonist at the CB1 and CB2 receptors, with well-described
rewarding, analgesic, and anti-inflammatory effects [32]. While CB1 receptor activation is
responsible for the psychoactive effects of THC, CB2 activation by THC seems to mediate
opposite effects [33]. Unlike A9-THC, CBD is the primary non-psychomimetic compound
found in cannabis and has a very low affinity for CB1 and CB2 receptors, often being
described as a negative allosteric modulator at such targets [27]. Because of its non-
psychostimulant effects, the therapeutic potential of CBD has been explored in a wide
range of neuropsychiatric disorders, such as schizophrenia, epilepsy, depression, and bipo-
lar disorder [27]. CBD was shown to reduce psychotic symptoms in schizophrenia patients
and decrease anxiety in preclinical and clinical studies, and preclinical evidence suggests it
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to be a promising new antidepressant [34]. However, the exact molecular mechanism of
the action underlying changes in these symptoms is still unknown.

Recent research has reported that CBD modulates DNA methylation (DNAm) patterns
in brain regions relevant to depression neurobiology and suggested that this epigenetic
mechanism could be responsible for CBD-induced antidepressant effects [35]. An overview
of cannabis interactions with epigenetic mechanisms in relation to molecular alterations
caused by stress, which is a major environmental risk factor for depression, is provided in
Figure 1.
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Figure 1. Overview of cannabis interactions with epigenetic mechanisms in relation to molecular alter-
ations caused by stress. Stress is the main environmental factor increasing vulnerability to depression
by causing dysregulation of several neurotransmitter systems (monoamines, endocannabinoids, glu-
tamate, GABA), increased neuroinflammation, endocrine disturbances and impaired neuroplasticity,
which result in impaired adaptation to subsequent aversive life events and depressed mood. All these
mechanisms can be regulated by epigenetic changes, such as histone modifications (e.g. by HDACs),
and DNA methylation (by DNMTs) since they exert transcriptional control over synthesizing and
degrading enzymes, transporters, receptors, neurotrophins, synaptic proteins and inflammation
mediators. Conversely, since the epigenetic machinery is regulated by neuronal activity, it can be
directly influenced by brain’s neurochemical milleu. Cannabis, through its major constituents (CBD
and THC), can “erase” stress-induced epigenetic changes by targeting neurotransmitter receptors
and the neurochemical milleu, or by directly regulating the activity of DNMTs and other enzymes.
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DNAm is the best-studied epigenetic modification that plays a pivotal role in the
regulation of neuronal development, neuronal differentiation, proper brain functioning,
and, thereby, mental health. Treatments for many common mental disorders already
rely on pharmaco-epigenetic treatments with therapeutic compounds that impact the
expression of DNMTs and TETs (enzymes responsible for the addition and removal of
methyl groups from DNA across the genome), with valproate being a prime example
of such a therapeutic compound [36]. Moreover, previous evidence has demonstrated
that antidepressant treatment regulates DNAm in many genes that are relevant for the
neurobiology of the disease [37]. In addition, the direct pharmacological modulation of
DNAm can trigger antidepressant-like effects in different animal models [38].

In this review, we hypothesized that exposure to cannabis or cannabis-derived com-
pounds changes DNAm levels in genes associated with depression. Identification of such
genes could point to an epigenetic molecular mechanism through which exposure to
cannabis or cannabis-derived compounds could modify the severity of depressive symp-
toms and, thus, help in building a translational bridge between basic research on genetic
findings for depression and the clinical practice of its treatment with novel or repurposed
therapeutic compounds.

2. Methods

In order to answer the question of whether exposure to cannabis or cannabis-derived
compounds alters DNAm patterns for genes associated with depression, the PubMed
database was searched to identify relevant scientific literature by using the following
combination of broad search terms: (Cannabis [Title/ Abstract]) AND (DNA methylation
[Title/ Abstract]). In total, forty-five articles were identified according to these search
criteria, with forty-four available in the English language for this study. Only primary
research papers were included in this review; thus, fifteen articles identified as reviews
or letters were excluded. The remaining twenty-nine articles were then filtered based on
their title and abstract to include studies fulfilling four additional criteria: (i) organism-
based inclusion (keeping only studies performed in human participants or animal models),
(ii) tissue-based inclusion (keeping studies that measured DNAm patterns in the brain,
blood, or germ line cells), (iii) genome-coverage-based inclusion (keeping studies that
measured DNAm levels across the genome and excluding candidate gene studies), and
(iv) relevance to the topic (keeping only studies that directly tested the association be-
tween cannabis or cannabis-derived compound exposure and differential DNAm). In total,
eight epigenome-wide studies fulfilled the inclusion criteria, and the genes reported as
differentially methylated in said studies were used in this review.

Genes associated with depression were identified through the most recent and largest
meta-GWAS of MDD [18]. The study identified over 200 SNPs, and 192 of them were
available and replicated for their association with MDD in an independent 23andMe
cohort of 1,342,778 participants [18]. With the use of the FUMA tool according to the
default mapping parameters, we further mapped the replicated 192 SNPs to genomic loci
containing 354 genes [39].

The analysis of the overlap between the genes differentially methylated upon exposure
to cannabis or cannabis-derived compounds and genes residing in loci associated with
MDD was performed in the R environment [40].

3. Results

Eight primary research reports were identified that tested the association between
cannabis or cannabis-derived compounds and changes in DNAm levels across the genome.
The studies were performed in either human- (n = 5), mouse- (n = 2), or rat-derived (n = 2)
tissues (one study tested DNAm changes in both human and rat samples). The tissues
studied in human subjects were blood (n = 3) and sperm (n = 2), while studies performed
in animal models were performed either in relevant brain regions (n = 3), such as the hip-
pocampus, cortex, nucleus accumbens, or in sperm (n = 1). DNAm patterns were quantified
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with the use of either sequencing-based or DNAm array-based methods. Despite the large
heterogeneity in study designs across the reviewed studies, all of them reported significant
DNAm changes upon exposure to cannabis or cannabis-derived compounds [41-48]. A
detailed overview of the organisms, tissues, and DNAm quantification methods used, as
well as the compound exposure evaluated in each study, is presented in Table 1.

Table 1. Overview of genes residing in GWAS MDD-associated loci [18] and genes differentially
methylated upon exposure to cannabis or cannabis-derived compounds (CBD or THC).

Reference

Organism

DNAm
Tissue Exposure Quantification
Method

Genes Overlapping with
MDD-Associated Loci

[32]

Mouse

ELAVL4, NEGR1, CACNATE, CRBI1,
GALNT2, TGM4, LSAMP, MAMLS3,
PCDHAS, TENM2, CTTNBP2, PAX5,
. PHF2, PTCH1, DENND1A, COMTD1,
HPC 20 mfgo i lzgwce?lfsda‘ly RRBS TRIMS, WBP1L, SORCS3, PRRG4,
: ARFGAP2, NCAM1, KIRRELS3,
CACNAIC, SOX5, EARP1, SYNE2,
DLST, AMN, HERC1, MEGF11, FES,
RBFOX1, CDH13, TCF4, EYA?2

Mouse

RERE, CACNAIE, DENND1B, LRP1B,
RBMS1, FHIT, LSAMP, NLGN1,
MAML3, ADCY2, PCDHA1, PCDHAS5,
FO: Adult female mice TENM2, MAD1L1, PAX5, DENNDI1A,
FO cortex exposed to 0 mg/kg CNNM2, MADD, MYBPC3, SPII,
CBD daily for 9 weeks. FADS2, CACNA1C, ACVRLI,
UNC119B, SPPL3, FARP1, MTHFDI1,
KLC1, FAM189A1, MEGF11, RBFOX1,
CDH13, MYO18A, CELF4, TCF4,
EYA2, ZMYNDS8

CACNAIE, NRXN1, EFHD1, BSN,
FHIT, PCDHA4, TENM2, ZSCAN12,
F1: exposed to CBD RRBS MADI1L1, CTTNBP2, ADARB2,
Flcortex during gestation and SORCS3, PAX6, KIRREL3, SOX5,
lactation. GRASP, CABP1, OLFM4, SYNE2,
RPS6KL1, AMN, FES, CDH13,
MYO18A, TCF4, EYA2

CACNAIE, ESRRG, REEP1, LRP1B,
RBMS1, BSN, RSRC1, MAMLS3,
TMCO6, TENM2, ITPR3, PACRG,
ADARB2, ARL3, SFXN2, NT5C2, INA
F1: exposed to CBD g 4 ! g !
F1: HPC duringpgestation and SORCS3, ARFGAP2, MADD, MYRF,
lactation. FADS1, KIRREL3, CACNAI1C, SOX5,
ACVRL1, PCDHY, GPC5, FARP1,
SYNE2, TRAF3, AMN, MEGF11,
CD276, RBFOX1, SHISA9, CDH13,
TCF4, EYA2, ARFGEF2

[34]

Rat

FO exposed to

15 I:}‘lglr/ ﬁg}ﬁ:ew ESRRG, ITPR3, PARK2, CNNM?2,
y ERRBS NR1H3, SOX5, EARP1, MTHFD],

prml doy 5 0

THC was detectable.

F1: NAc
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Table 1. Cont.

DNAm Genes Overlapping with
Reference Organism Tissue Exposure Quantification . .
MDD-Associated Loci
Method
Cannabis users with

use frequency at least

[38] Human Sperm once weekly in the last RRBS MADI1L1, ADARB2
6 months compared
with non-users.
Cannabis users with a
self-reported

frequency of cannabis
[39] Human Sperm use at least once WGBS RERE, PCDH9, RBFOX1, ASXL3

weekly over the prior

6 months compared to

non-users.
Regular cannabis
users, consumed No overlap between the genes

[36] Human Blood cannabis via smoking EPIC array identified at p-value < 10> and the

compared to matched ones residing in MDD-associated loci.

controls.
Problematic cannabis
. ESRRG, EYS, NKAIN2, CACNAIC,
[35] Human Blood users compared with MBD-seq GPC5, FAM189A1
non-users.
No overlap between the genes

[37] Human Blood Lifetime cannabis use 450K array identified at p-value < 107 and the

ones residing in MDD-associated loci.

HPC: hippocampus; CBD: cannabidiol; RRBS: Reduced Representation Bisulfite Sequencing; NAc: Nucleus
Accumbens; THC: Tetrahydrocannabinol; EERBS: Enhanced Reduced Representation Bisulfite Sequencing; WGBS:
Whole Genome Bisulfite Sequencing; EPIC array: Infinium MethylationEPIC Array; MBD-seq: Methyl Binding
Domain Sequencing; 450 K array: Infinium Methylation 450 K Array.

3.1. Epigenomic Studies in Animal Models

A 2020 study performed in mice by Wanner and co-authors reported an association
between CBD exposure and DNAm changes in the adult hippocampus [41]. The study
identified 3323 significantly differentially methylated positions (DMPs) and two differen-
tially methylated regions (DMRs) between the exposed and unexposed groups, with 44%
of the DMPs reported as hypermethylated and 61% of DMPs mapping to gene bodies.

A pathway analysis of the genes annotated to DMPs identified significant enrichment
in pathways related to dendritic spine development, cell adhesion and migration, and
excitatory postsynaptic potential. The identified genes were also overrepresented in gene
sets associated with autism spectrum disorder and schizophrenia, among other gene
sets [41].

A follow-up study performed by the same research group in 2021 tested the effect of
developmental CBD exposure on genome-wide brain DNAm patterns [42]. Adult female
mice (FO) were exposed to 20 mg/kg CBD daily for 9 weeks, from two weeks prior to mating
through gestation and lactation, resulting in their offspring (F1) being subjected to CBD
in utero and during lactation. In FO cortex tissue, 1680 DMPs were associated with CBD
exposure, in contrast to 1514 DMPs for F1 in the same tissue. CBD-induced DNAm changes
identified in the cortex mapped to 266 unique genes that overlapped between FO and F1. A
total of 2012 DMPs were associated with developmental CBD exposure in the hippocampal
tissue of F1. While both hyper- and hypomethylation were observed at the identified DMPs,
hypomethylation was more predominant in both directly and developmentally exposed
mice [42]. The genes mapped to the DMPs associated with CBD exposure, both directly
in FO and developmentally in F1, were significantly enriched in pathways highly relevant
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for mental health phenotypes, including neuron generation, neuron differentiation, and
synaptic transmission, as well as sets of genes associated with autism spectrum disorder,
epilepsy, and intellectual disability [42].

In addition to the animal studies testing the developmental impact of cannabis-derived
compounds on DNAm changes in brain tissue, one study researched the impact of THC
rather than CBD. Adolescent male and female rats were administered THC or vehicle from
postnatal day 28 to postnatal day 49 and were mated as adults after the treatment was
stopped and THC was no longer detected. Offspring were raised by drug-naive mothers,
and genome-wide DNAm profiles in the nucleus accumbens were investigated when F1
reached adulthood. The study reported 1027 DMRs in F1 that were associated with the
adolescent THC exposure of F0. The genes that mapped to DMRs in the nucleus accumbens
were significantly enriched with respect to synapse organization, regulation of membrane
potential, and adult behavior pathways, among other examples [43].

3.2. Epigenomic Studies in Human Subjects

Along the developmental line of research regarding the effect of cannabis and cannabis-
derived compounds on transgenerational epigenetic regulation, two studies investigated
the impact on DNAm patterns in sperm. The first study compared the DNAm profiles
of sperm from adult cannabis users (identified by a cannabis use frequency of at least
once weekly for the prior 6 months) to those of non-users. In parallel, the study subjected
male rats to either vehicle or 2 mg/kg THC daily for 12 days and quantified their genome-
wide methylome [47]. In human subjects, 3979 CpG sites were identified as having at
least a 10% methylation difference. Differentially methylated genes in cannabis users
were significantly enriched in the hippo signaling pathway, glutamatergic synapse, MAPK
signaling pathway, and circadian entrainment, among other examples. Differentially
methylated genes in rats exposed to THC were also enriched in the hippo signaling and
MAPK signaling pathways. There were several differentially methylated genes common to
both humans and rats in the same enriched pathways, including CACNA1A, CACNA2D1,
CACNAI1I, FGF12, PRKACA, APC2, TCFL1, GNB2, GNG7, BNP6, BNP7, and LLGL1. To
identify, for this review, any overlap between differentially methylated genes in the above-
mentioned study and genes residing in MDD-associated loci, we used the 46 genes reported
in the study that had >10 differentially methylated CpG sites [47]. Another study that
compared DNAm differences in sperm between cannabis users and non-users identified
163 DMPs mapped to genes that enriched neurodevelopment- and cardiogenesis-related
pathways [48]. Interestingly, many of the identified differences in DNAm associated with
sustained cannabis use were diminished after a 77-day period of cannabis abstinence. The
study also replicated findings from the previous report on genes differentially methylated
in sperm due to cannabis use to be enriched in hippo signaling, glutamatergic synapse,
circadian entrainment, platelet activation, mitogen-activated protein kinase signaling, and
pathways in cancer [47,48].

In addition to the human studies performed in sperm, other epigenome-wide studies
researched the impact of cannabis use on DNAm in blood. One of the studies reported
eight DMPs in blood that were suggestively associated (p-value < 10~°) with cannabis use
in individuals who were not using tobacco. Additionally, differentially methylated genes
identified at a less stringent significance threshold were enriched in glutamatergic and
dopaminergic synapse, long-term potentiation, and cardiomyopathy-related pathways,
among others [45].

Another study that analyzed the impact of problematic cannabis use on blood DNAm pat-
terns reported 543 DMPs that passed the threshold for suggestive association (p-value < 10~°),
with 45 of them reaching methylome-wide significance [44]. The genes annotated to the
DMPs were most significantly enriched in pathways relating to endocrine and other factor-
regulated calcium reabsorption pathways, as well as cholinergic and serotonergic synapses.
They were also suggestively enriched in NCAM signaling for neurite outgrowth, calcium
signaling pathways, and pathways relating to cardiac conduction and cardiomyocytes [44].
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The last study included in this review compared blood DNAm patterns associated with
lifetime cannabis use (ever compared with never) [46]. Five DMPs were identified at a
suggestive association level (p-value < 1075), with one DMP passing the methylome-wide
significance threshold. Interestingly, the study developed a blood-based multi-CpG site
biomarker. The biomarker was based on 50 DMPs and was able to classify participants
as lifetime cannabis users or non-users. The successful development and application of
such a biomarker provide additional evidence of the association between blood DNAm
and lifetime exposure to cannabis [46].

3.3. Cannabis-Associated Epigenetic Regulation of MDD Genes

The genes mapped to DMPs or DMRs that were reported in each study as being
associated with exposure to cannabis or cannabis-derived compounds were further over-
lapped with genes residing in MDD-associated loci [18]. An overview of the overlapping
genes is presented in Table 1. Overall, 95 out of 354 genes residing in MDD-associated
loci were identified as differentially methylated due to exposure to cannabis or cannabis-
derived compounds, with 39 of them identified in more than one experimental study
design. An overview of the number of experimental study designs in which the 39 genes
were associated with exposure to cannabis or cannabis-derived compounds is provided in
Figure 2.

FPEFTEEL o0& O @ SES N @ X
Gene name

Figure 2. Overview of the genes overlapping between genes residing in MDD-associated loci [18]
and genes identified as differentially methylated upon exposure to cannabis or cannabis-derived
compounds in two or more epigenome-wide studies.

The most commonly identified gene overlapping with genes residing in MDD-associated
loci was cadherin-13 (CDH13), which was reported as differentially methylated in five
different study designs [41-43]. All of the epigenetic studies identifying CDH13 were
performed in animal models (both mouse and rat) and investigated DNAm changes in
brain tissues (hippocampus, cortex, and nucleus accumbens) upon exposure to THC or
CBD [41-43]. Additionally, eight genes (CACNA1C, CACNAIE, EYA2, FARP1, RBFOX1,
SOX5, TCF4, and TENM?2) residing in MDD-associated loci were identified as differentially
methylated in four different study designs, and nine genes (ADARB2, AMN, ESRRG, KIR-
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REL3, MAD1L1, MAML3, MEGF11, SORCS3, and SYNE?2) in three different study designs
(Table 1, Figure 2). Based on human studies, 12 unique genes residing in MDD-associated
loci overlapped with genes differentially methylated upon exposure to cannabis [44,47,48],
with 9 of them (ESRRG, CACNAIC, GPC5, FAM189A1, MAD1L1, ADARB2, RERE, PCDHY,
and RBFOX1) also identified as overlapping with MDD genes in animal studies of exposure
to CBD or THC [41-43]. Moreover, among the 95 genes, 5 overlapped between brain and
sperm (RERE, PCDHY, RBFOX1, MAD1L1, and ADARB?2) and 4 overlapped between blood
and brain (ESRRG, CACNA1C, GPC5, and FAM189A1), indicating that there are cross-tissue
epigenetic effects of cannabis and cannabis-derived compounds.

4. Discussion

The prevalence of depression is increasing worldwide, as is the number of patients
suffering from treatment-resistant depression; these patients constitute 30% of the patient
population treated for MDD [2,49,50]. In addition to the growing number of depression
cases, and the burden this condition exerts on the global economy, society, and health-
care systems, there has not been significant advances in mental health treatments offered
for this disorder in the past decades. These two facts highlight the urgent need for the
research and identification of new therapeutic compounds that can be incorporated into
depression treatment options. One of the potential new compounds recently suggested
by preclinical studies as having a positive effect on alleviating depression symptom:s, as
well as those of anxiety and psychotic disorders, is CBD [27,34,35,51]. However, not all
cannabis-derived compounds were shown to have such a positive effect. In fact, exposure to
cannabis itself was associated with an increased risk of developing depression and anxiety
disorders in human subjects, and it increased the prevalence of depressive- and anxiety-like
behaviors in animal models [52,53]. These findings indicate that exposure to cannabis
and cannabis-derived compounds impacts depression symptomatology (positively or neg-
atively) in different ways, and detailed knowledge on the exact molecular mechanisms
responsible for mediating these effects is crucial for the development of cannabinoid-based
pharmacological therapies for depression-related phenotypes.

Recent research on cannabis and cannabis-derived compounds provided strong ev-
idence of their widespread impact on epigenetic regulation across different organisms
and biological systems [54]. In this review, we explored the hypothesis that cannabis
and cannabis-derived compounds (i.e., CBD and THC) change DNAm levels of genes
residing in loci associated with MDD [18]. Identification of such an overlap could be a
first step in understanding how cannabis and cannabis-derived compounds may, on the
molecular level, contribute to changes in depression symptomatology. In this literature
review, we identified 95 genes residing in MDD-associated loci that were also reported as
differentially methylated upon exposure to cannabis or cannabis-derived compounds. The
differential methylation of these genes was reported in both human subjects and animal
models and was identified in various brain regions and peripheral tissues. The CDH13
gene was identified most consistently among the 95 genes as differentially methylated
upon exposure to cannabis-derived compounds. It acts as a negative regulator of neural
proliferation, is widely expressed throughout the human brain, and is reported to increase
sensitivity to drug cues [55-57]. CDH13 expression is crucial for neurite outgrowth and
motor neuron pathfinding, as well as synapse formation in neurons with monoaminergic
or GABAergic specifications [58-61]. In addition to being associated with MDD, genetic
polymorphism in CDH13 was also linked with other mental health phenotypes, including
substance abuse, smoking cessation outcomes, ADHD, violent behavior, schizophrenia,
and bipolar disorder symptoms [62-67]. Moreover, CDH13 was found to be upregulated in
the amygdala of depression patients and, in parallel, was shown to play a protective role in
various models exposed to environmental stressors [60,68-70]. Based on this evidence, it is
thus conceivable that the epigenetic regulation of CHD13 by cannabis-derived compounds
could modify depression symptoms by the alteration of its expression levels, which are
already known to be disturbed in the brains of depression patients [70].
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Other genes among the 95 were consistently identified across the reviewed epigenome-
wide studies, including two genes from the voltage-gated calcium channels (VGCCs)
CACNAI1C and CACNAIE. VGCCs are transmembrane proteins activated in response to
the depolarization of the cell membrane, and they mediate the flux of calcium ions into
excitable cells [71,72]. These genes are highly associated with various mental disorder
phenotypes, such as neurodevelopmental disorders, intellectual disability, bipolar disorder,
anxiety, and depression [73,74], and there is increasing evidence that CACNAIC expression
in the brain directly regulates depression-related behaviors [72]. Interestingly, the genetic
risk variants of mental disorders in CACNAIC act as both mQTLs and eQTLs; therefore, the
genotype at these risk SNPs is associated with a variation in DNAm and expression levels
of the gene [56,75]. It is not known whether exposure to cannabis or cannabis-derived
compounds restores the DNAm and expression levels of CACNAIC to those of non-carriers
or whether the restoration is associated with an improvement in depression symptoms;
these questions need further investigation.

TENM?2 and TCF4 also showed changes in DNAm levels in brain tissue in animal mod-
els exposed to CBD. In addition, DMPs in sperm that varied between cannabis users and
controls before and after abstinence were identified in the TENM2 and TCF4 genes [48]. The
TENM?2 gene, also known as latrophilin-1-associated synaptic surface organizer (Lasso), is
located postsynaptic in interaction, with a presynaptic latrophilin-1 in the synaptic cleft [76].
Latrophilin-1 is an adhesion G-protein-coupled receptor that contributes to the regulation
of neurotransmitter release. Furthermore, the synaptic interaction of Lasso-latrophilin-1
promotes synapse formation and calcium signaling, both mechanisms especially impor-
tant for neuronal development and signaling [76-78]. On the other hand, the TCF4 gene
encodes transcription factor 4, which is expressed during neural development. Apart from
MDD, TCF#4 has also been associated with other psychiatric and neurological disorders,
such as bipolar disorder and post-traumatic stress disorder [79,80]. Since the TENM2 and
TCF4 genes are abundantly expressed in the central nervous system and especially in
brain regions important for depression-related phenotypes, such as the hippocampus and
cortex [56,76,81], DNAm changes in those genes due to exposure to cannabis or cannabis-
derived compounds could also be of importance in future treatments for MDD.

The molecular mechanisms behind such changes in DNAm are not yet understood.
There is no evidence that THC or CBD can directly interfere with the DNAm machinery,
such as DNMTS5, despite evidence of changes in stress-induced DNAm activity [35]. How-
ever, recent in silico evidence indicates that CBD can bind to and inhibit TET1, potentially
regulating DNA demethylation [82]. It is, however, possible that the changes in DNAm
result from the regulation of neurotransmitter release by cannabinoids, which can indi-
rectly regulate the activity or gene expression levels of enzymes involved with the DNAm
process [83,84].

Overall, in this review, we identified multiple genes residing in MDD-associated loci
that are epigenetically regulated by cannabis or cannabis-derived compounds. There are,
however, a few limitations that need to be taken into consideration when interpreting our
findings and the extent of the overlap of genes across studies. Even though 39 out of the
95 genes were identified as being differentially methylated upon exposure to cannabis
or cannabis-derived compounds in more than one study, many genes were identified as
having altered methylation patterns in only one study. This result could be due to the large
variability in study designs in the reviewed epigenome-wide reports, given that no two
studies performed the exact same research experiment; as a result, we could not perform
the cross-replication of the reported findings. The sources of heterogeneity in the reviewed
studies involved variations in the types of compounds tested, the doses of these compounds,
the developmental stages at which exposure took place, the different mammalian organisms
analyzed, the tissues used, the laboratory methods used to quantify DNAm patterns
genome-wide, and the statistical methods applied to identify differences in DNAm levels
between compared groups [41-48]. Some of the differences in experimental design also
clustered between studies, e.g., the impact of cannabis use on DNAm levels was tested in
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human subjects only, while the effect of exposure to cannabis-derived compounds (CBD or
THC) on DNAm patterns was tested only in animal models. Additionally, epigenome-wide
studies performed in human study participants were performed only in easy-to-access
peripheral tissues (blood and sperm), while animal-based studies commonly used various
dissected brain regions (hippocampus, cortex, and nucleus accumbens). By their nature,
DNAm patterns vary greatly across tissues, cell types, genetic backgrounds, sex, age,
and due to environmental exposures [85-89]. Therefore, DNAm patterns are likely to be
impacted to a different extent at different loci depending on the study design employed.
Thus, these differences between experimental setups make it difficult to conclude whether
the lack of overlap with some genes differentially methylated upon exposure to cannabis
or cannabis-derived compounds is due to false positive findings or due to highly variable
study design. In addition to the high variability in experimental designs, different studies
used different thresholds for reporting significant findings. Most studies reported genes
as differentially methylated if their DMPs or DMRs were significant either study-wide or
genome-wide; however, other studies reported genes with p-value thresholds suggestive of
association (a p-value < 1075 is commonly used for epigenome-wide association studies
performed with Illumina’s methylation array). Whether more overlapping differentially
methylated genes can be identified across epigenome-wide studies of cannabis or cannabis-
derived compounds and whether more of these differentially methylated genes can be
found to overlap with genes residing in MDD-associated loci are questions that need to
be tested further by performing large, well-designed studies of these exposures across
multiple independent cohorts. It is also of high interest to highlight the fact that none of
the studies identified DNAm changes in cannabinoid receptors. This finding emphasizes
the importance of mapping not only the targets of pharmacological compounds developed
and used for the treatment of complex disorders but also researching impact of these
therapeutics on epigenomic and transcriptomic regulation to gain in-depth knowledge of
the influence of these agents on biological systems.

5. Conclusions

Multiple genes residing in MDD-associated genomic loci are epigenetically regulated
by exposure to cannabis or cannabis-derived compounds. This epigenomic regulation was
reported across diverse organisms, tissues, and developmental stages, and the observed
changes to DNAm occurred in genes crucial for neuronal development, functioning, sur-
vival, and synapse functioning, as well as in genes previously implicated in other mental
disorders. These findings are a promising step towards understanding the epigenetic-based
therapeutic potential of cannabinoids for the treatment of depression. Further molecular
studies on the epigenomics, transcriptomics, and proteomics of CBD-induced changes
across tissues in animal models, combined with clinical trials, are necessary to (i) evaluate
whether the inclusion of CBD in the treatment of depression benefits patients and (ii) map
which exact molecular changes underlie these phenotypic changes.
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