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ABSTRACT: Cannabis is increasingly consumed by women of childbearing age, and the reproductive and epigenetic effects are unknown.
The purpose of this study was to evaluate the potential epigenetic implications of cannabis use on the female ovarian follicle. Whole-
genome methylation was assessed in granulosa cells from 14 matched case-control patients. Exposure status was determined by liquid
chromatography–mass spectrometry (LC-MS/MS) measurements of five cannabis-derived phytocannabinoids in follicular fluid. DNA meth-
ylation was measured using the Illumina TruSeq Methyl Capture EPIC kit. Differential methylation, pathway analysis and correlation analysis
were performed. We identified 3679 differentially methylated sites, with two-thirds affecting coding genes. A hotspot region on chromo-
some 9 was associated with two genomic features, a zinc-finger protein (ZFP37) and a long non-coding RNA (FAM225B). There were
2214 differentially methylated genomic features, 19 of which have been previously implicated in cannabis-related epigenetic modifications
in other organ systems. Pathway analysis revealed enrichment in G protein-coupled receptor signaling, cellular transport, immune response
and proliferation. Applying strict criteria, we identified 71 differentially methylated regions, none of which were previously annotated in this
context. Finally, correlation analysis revealed 16 unique genomic features affected by cannabis use in a concentration-dependent manner.
Of these, the histone methyltransferases SMYD3 and ZFP37 were hypomethylated, possibly implicating histone modifications as well.
Herein, we provide the first DNA methylation profile of human granulosa cells exposed to cannabis. With cannabis increasingly legalized
worldwide, further investigation into the heritability and functional consequences of these effects is critical for clinical consultation and for
legalization guidelines.
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Introduction
Cannabis, the third most commonly used psychoactive drug by
women of childbearing age (Substance Abuse and Mental Health
Services Administration (SAMHSA), 2014), has been increasingly legal-
ized worldwide (Smart et al., 2017). This has led, in turn, to increased
use across all ages (Rotermann, 2019; Volkow et al., 2019). All
cannabis-derived cannabinoids are collectively referred to as phytocan-
nabinoids (PCs). Delta-9-tetrahydrocannabinol (D9-THC), the main
psychoactive component of cannabis, is used for medicinal and

recreational purposes (Sun and Dey, 2012). Other PCs include canna-
bidiol (CBD), a non-psychotropic PC that counteracts the psychoac-
tive effects of D9-THC, and cannabinol (CBN), a byproduct of D9-
THC degradation, as well as 11-OH-THC and 11-COOH-THC, both
byproducts of D9-THC metabolism (ElSohly et al., 2017).
Phytocannabinoids exert their actions primarily via two G protein-
coupled receptors (GPCRs), cannabinoid receptors 1 and 2 (CB1R
and CB2R), by acting as agonists, inverse agonists or as antagonists
(Howlett, 2002; Fonseca et al., 2013; Yohn et al., 2015; Brents, 2016).
Both receptors can be found in the female reproductive system and
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are essential for folliculogenesis, oocyte maturation and ovulation, among
other reproductive functions (Wang et al., 2006; Taylor et al., 2007;
Battista et al., 2008; Maccarrone, 2015; Fuchs Weizman et al., 2021).

Several clinical studies involving self-reported PC use, have shown
that exposure to PCs can cause ovulatory abnormalities and impact
oocyte quality and pregnancy rates amongst patients undergoing IVF
(Mueller et al., 1990; Klonoff-Cohen et al., 2006; Jukic et al., 2007). In
our previous study, we reported on measuring PCs in human follicular
fluid utilizing liquid chromatography–mass spectrometry (LC-MS/MS),
thereby paving the way for objective assessments of the impact of can-
nabis on female fertility (Fuchs Weizman et al., 2021).

Cannabis exposure can also cause epigenetic modifications, like
other environmental agents (Yohn et al., 2015; Szutorisz and Hurd,
2016). It is established that D9-THC causes genome-wide histone
modifications and altered DNA methylation, in brain, sperm, blood
cells and, potentially, the ovarian follicle (Yang et al., 2014; Watson
et al., 2015; Yohn et al., 2015; Santoro et al., 2017; Murphy et al.,
2018; Levin et al., 2019; Osborne et al., 2020; Schrott et al., 2020;
Fuchs Weizman et al., 2021). However, there is still a significant gap in
the literature regarding the epigenetic effects of cannabis exposure on
the somatic cells supporting oocyte growth and maturation. In our
previous study, we showed that PCs alter the epigenetic machinery in
human granulosa cells, via decreased expression of DNMT3b, a de
novo methylating enzyme, which in turn led to decreased global DNA
methylation, in vitro (Fuchs Weizman et al., 2021). In the current study,
we aimed at (i) establishing methylation profiles of naive human granu-
losa cells, (ii) exploring the effects of cannabis exposure on these pro-
files and (iii) comparing the epigenetic consequences of cannabis
exposure on human granulosa cells to those observed in other cell
types.

Materials and methods

Ethical approval
This study received research ethics board (REB) approval (Veritas
#16518). All subjects provided written informed consent for the dona-
tion of their biological waste material, which included the collection of
follicular fluid (FF) and granulosa cells (GC) as well as de-identified clin-
ical information, including age, BMI, ovarian reserve metrics and treat-
ment regimens.

Sample collection
All follicular fluid (FF) samples were obtained from the CReATe
Fertility BioBank (Toronto, Canada) which were biobanked from con-
senting patients undergoing IVF at CReATe Fertility Center (Toronto,
Canada), between January 2018 and July 2019. Patients were treated
using a standard antagonist protocol, with initial gonadotropin dosing
and subsequent adjustments at the discretion of their treating physi-
cian. Ultrasound-guided oocyte retrieval was performed �36 h follow-
ing trigger injection. Participants were of similar ethnic background and
socioeconomic status, did not report any polysubstance abuse, and all
self-identified as ‘social drinkers’. The study personnel were blinded to
all clinical information pertaining to the tested samples prior to the
analysis of PC concentrations.

Measurement of phytocannabinoids in
follicular fluid
FF samples were assayed for phytocannabinoid levels (D9-THC, 11-OH-
THC, 11-COOH-THC, CBD and CBN). FF was utilized to determine if
the follicle was a privileged site, determine the concentration of PCs that
the oocyte and GCs are exposed to, and (unlike measurement of canna-
bis in urine) to allow for the measurement of not only metabolites of
THC (11-COOH-THC), but the active molecule as well (D9-THC).
Measurements were performed by LC-MS/MS of the FF at the
Analytical Facility for Bioactive Molecule (Hospital for Sick Children,
Toronto, Canada) as previously described (Fuchs Weizman et al., 2021).

Inclusion criteria
Seven patients whose FF tested positive for one or more of the PCs
were assigned to the case group. These case-patients were matched
by demographic (age, BMI and ethnicity) and stimulation parameters
(anti-Müllerian hormone, LH on trigger, FSH on Day 2/3 of cycle and
E2 on trigger) with seven patients whose samples were negative for all
measured PCs (control group). To further reduce inter-patient variabil-
ity, included patients were of similar ethnic background, with the ma-
jority of patients of Caucasian/European descent, while two patients
were of South Asian descent, and one patient was of Indigenous de-
scent. No patients reported any recreational drug use, tobacco use,
polysubstance use or other medication use during the initial patient in-
take questionnaire. Polycystic ovary syndrome (PCOS) patients were
excluded from this study as PCOS has been shown to alter the meth-
ylome of cells in the follicular niche (Xu et al., 2016; Sagvekar et al.,
2019). All corresponding granulosa cells (GCs) were retrieved from
the CReATe Fertility BioBank (Toronto, Canada).

Sample preparation and DNA extraction
Granulosa cells from all large/dominant follicles were thawed rapidly,
using a 37�C water bath, and pooled. Cells were washed in DMEM/
F12þ 2.5% Fetal Bovine Serum (FBS) to remove cryoprotectants. The
resulting cell pellet was resuspended, and cell number and viability
were assessed using the Countess automated cell counter
(ThermoFisher Scientific, Mississauga, Canada). Genomic DNA was
isolated from �50 000 cells using the QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s instructions.
Briefly, cells were lysed in Buffer AL and homogenized using a
Disruptor Genie for 5 min. The genomic DNA was bound to the sup-
plied column and washed using the supplied buffers. Genomic DNA
was eluted in 200 ml of Buffer AE. Total genomic DNA concentration
was assayed using the Qubit dsDNA HS Assay (ThermoFisher
Scientific, Mississauga, Canada).

Bisulfite sequencing
Samples were sequenced at the Princess Margaret Genomics Centre
(Toronto, Canada) using the Illumina TruSeq Methyl Capture EPIC kit
(Illumina, Canada), according to the manufacturer’s instructions.
Briefly, 500 ng of genomic DNA was sheared using a Covaris S220
sonicator (Covaris, MA, USA) to yield fragments of �180–220 bp.
The fragmented DNA was then end-repaired, poly-A tailed and ligated
with uniquely indexed adapters. These indexed libraries were hybrid-
ized twice to the EPIC capture oligos to specifically bind regions of
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interest. The hybridized probes were captured and purified after each
hybridization using streptavidin magnetic beads. The enriched library
was bisulfite converted, PCR amplified and purified by magnetic beads.
Final libraries were quantified by the Qubit dsDNA HS Assay
(Thermo Fisher) and quality was assessed using the 2100 Bioanalyzer
High Sensitivity DNA chip (Agilent Technologies, USA). Libraries were
normalized and sequenced on a NovaSeq 6000 S2 flow cell (Illumina,
Canada) (paired-end 2 � 100 bp).

Targeted mRNA sequencing
A custom-designed AmpliSeq targeted panel (97 targets total)
(Illumina, Canada) was designed to assess the expression of genes
whose DNA methylation was either correlated with PC exposure or
previously reported to be impacted by PC exposure in other studies.
We also included genes that participate in the signaling pathways of
cannabinoids including, cannabinoid receptors, DNMTs, GPCR signal-
ing, Zinc homeostasis and other downstream pathways including
MAPK, ERK2 and PKA signaling pathways. The 14 samples used for bi-
sulfite sequencing plus an additional 10 samples (7 cases and 3 con-
trols) were subjected to AmpliSeq library preparation according to
manufacturer’s instructions using the AmpliSeq Library PLUS kit
(Illumina, Canada). Final libraries were quantified by the Qubit dsDNA
HS Assay (Thermo Fisher) and quality was assessed using the 2100
Bioanalyzer High Sensitivity DNA chip (Agilent Technologies, USA).
Libraries were normalized and sequenced on a miSeq v2 flow cell
(Illumina, Canada) (paired-end 2 � 150 bp).

Bioinformatics: differential methylation
analysis
FASTQ files were generated using bcl2fastq2 (v2.17) and read quality
was assessed using FASTQC (v0.11.8) (Andrews, 2010). Reads were
trimmed using trim_galore (v0.5.0) to remove Illumina adapter sequen-
ces and low-quality bases (quality¼ 20, stringency¼ 7) (Krueger,
2012). The trimmed reads were aligned to Human Genome Assembly
38 (hg38) using bismark (v0.22.1) and bismark_methylation_extractor
was used to extract the methylation call for each cytosine base
(Krueger and Andrews, 2011). MethylKit (v1.10.0) was used for differ-
ential methylation analysis (Akalin et al., 2012). Bases with coverage of
<10 in each of the samples were discarded from further analysis.
Samples were clustered based on the similarity of their methylation
profiles using hierarchical clustering and principal component analysis.
CpG were annotated to genic annotations (enhancer, 1–5 kb up-
stream of the Transcription Start Site (TSS), promoter, exon/30UTR,
intron and intergenic) using the annotation package (v3.12)
(Cavalcante and Sartor, 2017). Differentially methylated sites (DMSs)
were defined as having a percent methylation difference >25% and an
adjusted P-value (q-value) <0.01. Differentially methylated regions
(DMRs) were defined as regions of the genome containing at least
three CpG with a concordant (either hypo- or hypermethylated)
mean methylation difference >25% between cases and controls, within
a 1000-bp interval (Watson et al., 2015).

Pathway analysis
Gene set enrichment analysis (GSEA) was conducted on hypo- and
hyper-methylated DMS individually, using g:Profiler-g:GOSt (KEGG,

Reactome and Wikipathways) with the g:SCS multiple testing correction
method, applying a significance threshold of 0.05 (q-value), to determine
the effect that all DMS have on cellular processes and functions
(Raudvere et al., 2019). Genes that could not be mapped to any gene-
set term were excluded from the comparison. Gene sets with fewer
than five genes and a q-value >0.05 were excluded from further analysis.

RNA sequencing analysis
Bioinformatics were conducted using Partek Flow. Briefly, reads were
trimmed to remove low-quality bases (Phred score< 25), aligned to
hg19 using STAR (v2.5.3a) and quantified to the annotation model
RefSeq Transcripts 99 (Dobin et al., 2013). Samples were normalized
using trimmed mean of M-values (TMM) and differential expression
was conducted using DESeq2 comparing cases to controls (Robinson
and Oshlack, 2010; Love et al., 2014). Differentially expressed genes
were defined as having a fold change (FC) �2> FC > 2 and a false
discovery rate <0.05.

Data analysis and literature review
We conducted a literature review of the PubMed database for previ-
ous studies assessing the effects of cannabis on DNA methylation in
any cell type using a variety of methods (i.e. qPCR, microarray, whole-
genome/reduced representation sequencing or targeted sequencing),
and cross-referenced the findings with significant DMS within DMR in
our analysis. The associated features were further explored in depth
using the Ovarian Kaleidoscope Database (Leo and Hsueh, 2000) and
GeneCards Human Gene database (http://www.genecards.org/) to
correlate our bioinformatic findings with hallmark physiological and
pathological processes in the ovary.

Statistical analysis
Mean and SE were utilized for continuous variables. Student’s t-test or
Fisher’s exact tests were used to assess statistical significance.
Correlational analysis was used to assess the relationship between PC
measures and methylation. Normality was measured using skew and
kurtosis, and Pearson or Spearman correlations were used, as appro-
priate. To control for multiple comparisons, P values from 0.04 to
0.055 were considered a trend, and values below P¼ 0.04 were con-
sidered significant. Specific tests used are indicated in all figure and ta-
ble legends.

Results
Fourteen patients were included in this matched case-control study:
seven cases and seven controls. Patient demographics and clinical char-
acteristics are presented in Table I. Cases and controls did not differ
significantly in the number of sequencing reads, the number of cyto-
sines analyzed or the average methylation percentage. Overall, there
were 3679 DMSs in this study, of which 1741 were hypermethylated,
(47.3%) and 1938 were hypomethylated (52.7%) in cases compared
with controls. (Supplementary Table SI).

Of all DMS, 497 were in CpG islands (CpGi), 339 were in CpG
shores (CpGs) and 2843 were not associated with either CpGi or
CpGs (CpG other, CpGo) (Fig. 1A and B) (Supplementary Table SI).
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Table I Patient demographics.

Case (n 5 7) Control (n 5 7) P-value

D9-THC (nM) 37.7 6 9.2 (8.1–84.8) — —

11-OH-THC (nM) 6.3 6 1.9 (0–12.3) — —

11-COOH-THC (nM) 70.8 6 16.3 (4.5–143.6) — —

Age (years) 31.1 6 2.0 (23–40) 29.4 6 1.7 (23–36) 0.554

BMI (kg/m2) 24.2 6 1.7 (19–32.6) 26.7 6 2.2 (20.2–38.4) 0.413

AMH (pmol/l) 20.2 6 2.0 (14.5–29.6) 23.0 6 4.1 (11.2–38.6) 0.601

LH on Trigger (IU/ml) 3.0 6 0.7 (0.7–5.4) 1.9 6 0.5 (0.3–4.0) 0.307

FSH on Day 2/3 (mIU/ml) 6.7 6 0.3 (5.7–8.3) 6.0 6 0.4 (4.7–7.5) 0.291

E2 on Trigger (pmol/l) 10 698.4 6 2295.0 (6106–24 930) 11 351.0 6 1350.6 (6279–16 225) 0.853

Data presented as Mean6SEM(Range). THC, Tetrahydrocannabinol; AMH, anti-Müllerian hormone; E2, estradiol; Trigger, day of ovulation trigger.

Figure 1. Localization and genomic feature annotation associated with differentially methylated sites (DMS) in case versus con-
trol groups. (A) Of the 3679 DMS, 497 were associated with CpG islands (CpGi) (13.5%), 339 were associated with CpG shores (CpGs) (9.2%)
and 2843 were not associated with either CpGi or CpGs and deemed CpGother (CpGo) (77.3%). (B) Of the 2214 unique genomic features that the
DMS mapped to, 251 were associated with CpGi (10.6%), 210 were associated with CpGs (8.9%) and 1900 were not associated with either and
deemed CpGo (80.5%). (C) Stratification of unique genomic feature biotypes of DMS within 65 kb of the transcription start site. (D) Proportions of
DMS in hypo-, hyper-methylated and all DMS associated with specific genic annotation using the ‘annotatr’ package.
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The proportion of DMS, in each of the sublocations, is presented in
Fig. 1A, and the proportion of unique genomic features, in the same
sublocations, is presented in Fig. 1B. Of DMS within 65kb of the tran-
scription start site, two-thirds of the features were coding genes,
whereas a third were non-coding genes, potentially involved in regula-
tory functions (Fig. 1C). There was no difference in the distribution of
genic annotations between the hypo- and the hyper-methylated DMS
(Fig. 1D).

Figure 2A shows a Manhattan plot depicting all CpGs that were
identified in this study. A 0.29 Mb region of chromosome 9
(chr9:113059999-113089725) was enriched in DMS (n¼ 48), driven

by two genomic features; ZFP37 and the lncRNA FAM225B (Fig. 2B
and C).

A literature review revealed 19 genomic features (22 DMS) from
the current study, which have already been previously annotated in
the context of cannabis exposure and epigenetic modifications in hu-
man and animal studies exploring its effects in different organ systems
(Table II). This study has also identified 2195 differentially methylated
features that have not been annotated to date in the context of epige-
netic effects attributed to cannabis exposure and are outlined in
Supplementary Table SI. Pathway analyses were conducted on the ge-
nomic features which were associated with DMS using KEGG,

Figure 2. Manhattan plots of the genome-wide differentially methylated sites (DMS) found in the case versus control group. All
sites on these plots are significant. Significance is defined as percent methylation difference >25% and an adjusted P-value (q-value) <0.01. The y-axis
represents the �log10(adjusted P). (A) Manhattan plot of all autosomes and the X chromosome. (B) Manhattan plot of only chromosome 9, depict-
ing the ‘hotspot’ region on the distal q arm. (C) Manhattan plot of only the chromosome 9 ‘hotspot’ region ranging from chr9:113059999-
113089725.
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Table II Differentially methylated sites (DMS) in our study that were also previously reported to be affected by D9-THC exposure in other models and organs/
systems.

Current study Previous literature

CpGi CpGs CpGo

Description Main function %
methylation
difference

q
value

%
methylation
difference

q
value

%
methylation
difference

q
value

Species System Method Source

TP73 Tumour protein P73 Tumour suppression 31.67 1.23E�05 — — — — Human Blood EPIC array Osborne et al. (2020)

ETV2 ETS variant transcription factor 2 Transcription factor 26.12 1.36E�11 — — — — Human Blood EPIC array Osborne et al. (2020)

KLHL30 Kelch like family member 30 Ubiquitin-protein transferase �45.44 5.92E�29 — — — — Human
and rat

Sperm RRBS Murphy et al. (2018)

GAS6-AS1 GAS6 antisense RNA 1 ncRNA 25.49 1.10E �05 — — — — Human
and rat

Sperm RRBS Murphy et al. (2018)

PRKCZ Protein kinase C zeta Cellular differentiation and proliferation 26.9 3.22E�05 25.78 3.31E�11 — — Rat Nucleus accumbens ERRBS Watson et al. (2015)

PRKCZ Protein kinase C zeta Cellular differentiation and proliferation �38.11 4.36E�15 — — — — Rat Nucleus accumbens ERRBS Watson et al. (2015)

MGAT3 Beta-1,4-mannosyl-glycoprotein
4-beta-N-acetylglucosaminyltransferase

Biosynthesis of glycoprotein oligosaccharides 27.21 5.53E�10 — — — — Rat Nucleus accumbens ERRBS Watson et al. (2015)

LSP1 Lymphocyte specific protein 1 Regulation of immune cell chemotaxis and
adhesion

— — �25.08 2.13E�05 44.55 8.48E�30 Rat Nucleus accumbens ERRBS Watson et al. (2015)

ABR ABR activator of RhoGEF and GTPase Regulation of macrophage motility and
function

— — �29.83 8.36E�10 — — Rat Nucleus accumbens ERRBS Watson et al. (2015)

KCNMA1 Potassium calcium-activated channel
subfamily M alpha 1

Regulation of smooth muscle tone and neu-
ronal excitability

— — �32.17 1.04E�22 — — Rat Nucleus accumbens ERRBS Watson et al. (2015)

LZTS2 Leucine zipper tumour suppressor 2 Tumour suppression — — — — �29.95 1.85E�12 Rat Nucleus accumbens ERRBS Watson et al. (2015)

SMYD3 SET and MYND domain containing 3 Histone methyltransferase — — — — �50.22 4.77E�14 Rat Nucleus accumbens ERRBS Watson et al. (2015)

SMYD3 SET and MYND domain containing 3 Histone methyltransferase — — — — �30.58 6.65E�28 Rat Nucleus accumbens ERRBS Watson et al. (2015)

SMYD3 SET and MYND domain containing 3 Histone methyltransferase — — — — �33.76 2.07E�13 Rat Nucleus accumbens ERRBS Watson et al. (2015)

RFC1 Replication factor C subunit 1 Transcription, DNA replication and repair — — — — �27.56 3.72E�10 Rat Nucleus accumbens ERRBS Watson et al. (2015)

ABHD8 Abhydrolase domain containing 8 Hydrolase activity — — — — �27.48 3.31E�17 Rat Nucleus accumbens ERRBS Watson et al. (2015)

GRXCR2 Glutaredoxin and cysteine rich domain
containing 2

Protein S-glutathionylation — — — — 30.49 1.37E�14 Rat Nucleus accumbens ERRBS Watson et al. (2015)

TOX2 TOX high mobility group box family
member 2

Transcription factor — — — — �25.11 1.10E�09 Rat Nucleus accumbens ERRBS Watson et al. (2015)

MFAP2 Microfibril-associated protein 2 Microfibrils component — — — — �31.23 3.21E�09 Rat Nucleus accumbens ERRBS Watson et al. (2015)

EPHA2 EPH receptor A2 Regulates apoptosis, chemotactic cell migra-
tion, adhesion, proliferation, apoptosis and
angiogenesis

— — — — �26.13 4.65E�15 Rat Nucleus accumbens ERRBS Watson et al. (2015)

MPPED1 Metallophosphoesterase domain
containing 1

Metallophosphoesterase — — — — 25.09 3.56E�17 Rat Nucleus accumbens ERRBS Watson et al. (2015)

AFF3 AF4/FMR2 family member 3 Transcription factor — — — — 25.49 1.31E�07 Rat Nucleus accumbens ERRBS Watson et al. (2015)

CpGi, CpG islands; CpGs, CpG shores; CpGo, CpG other (non-island and non-shore); RRBS, reduced-representation bisulfite sequencing; ERRBS, enhanced reduced-representation bisulfite sequencing.
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..Reactome and Wikipathways using g:Profiler. The hypomethylated
DMS (n¼ 1161) showed enrichment in small molecule transport, in-
nate immune response and developmental biology with the most
enriched pathways being involved in signal transduction and

metabolism (Fig. 3A, Supplementary Table SII). The hypermethylated
DMS (n¼ 1227) were enriched in similar pathways overall; however,
the top pathways were GPCR signaling and immune response (Fig. 3B,
Supplementary Table SIII).

Figure 3. Gene set enrichment analysis of differentially methylated sites (DMS). Gene set enrichment analysis (GSEA) was conducted
using g:Profiler-g:GOSt and interrogating KEGG, Reactome and Wikipathways databases. Genesets were considered significant if they had an ad-
justed P-value (q-value) <0.05 and five or more genes in the gene set. g:SCS multiple testing correction method was used to determine significance.
(A) GSEA of all hypomethylated DMS. (B) GSEA of all hypermethylated DMS. A full list of gene sets can be found in Supplementary Tables SII and
SIII, respectively.
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In this study, we identified 71 DMR (Supplementary Table SIV).

None of the associated features were previously annotated in the con-
text of cannabis exposure and epigenetic modifications. The top 30
DMR are presented in Table III. Of these, 12 are associated with
ncRNAs, 6 with enzymes involved in biosynthesis, 5 with regulatory
proteins, 4 with adhesion molecules and 3 are associated with genes
encoding zinc finger proteins.

To investigate whether there is a concentration-dependent effect of
cannabis, we correlated the concentration of either D9-THC or 11-
COOH-THC in the case group, with the % methylation of all DMS
(n¼ 421) within DMR identified in this study (n¼ 71), and with fea-
tures that were previously reported to be affected by cannabis
(n¼ 19). We identified 25 DMS which correlated with D9-THC levels
(18 were significant, P< 0.04; 7 were trending, 0.055> P> 0.04), and
16 DMS that correlated with 11-COOH-THC levels (14 were signifi-
cant, P< 0.04; 2 were trending, 0.055> P> 0.04). Together, these
DMS correspond to 16 unique genomic features (Table IV), some of
which had multiple significantly correlated DMS (FTCD, MLLT10P1 and
ZFP37). Figure 4 depicts examples of four genes that were found to
be differentially methylated in a concentration-dependent manner.

Finally, to determine if there is an effect of cannabis on the tran-
scription of genes differentially methylated in this study, genes previ-
ously reported to be affected by cannabis exposure in other tissues,
or genes involved in downstream signaling in response to cannabis ex-
posure, we performed targeted RNA sequencing (RNASeq) on 97
genes of interest. Of these, 82 genes were detected, and 10 were dif-
ferentially expressed between cases and controls (8 downregulated,
and 2 upregulated). Of note, the promoters of both upregulated genes
(LSP1 and ZFP57) were significantly hypomethylated in the cases, and
promoters of four downregulated genes (FTCD, KRTAP5-11, MGAT3
and RMRP) were significantly hypermethylated in the cases. Two genes
critical for GC function, AMH and CYP19A1, were significantly downre-
gulated, -3.10 and -2.11, respectively. Neither of these genes were dif-
ferentially methylated in this study. We did not detect any alterations
to the expression of genes involved in GPCR signaling or the down-
stream ERK1/2 or AKT signaling pathways. PRKACG, a component of
the PKA signaling pathway, was significantly downregulated in cases
when compared with the control samples, however, this gene was not
identified as differentially methylated in this study (Fig. 5 and
Supplementary Table SV).

Discussion
Cannabis-related research led to the discovery of the endocannabinoid
system (Maccarrone, 2015). It is well established that endocannabi-
noids are important for reproduction-related functions in both males
and females (Wang et al., 2006; Taylor et al., 2007; Battista et al.,
2015; Maccarrone, 2015). The question of whether the presence of
phytocannabinoids (cannabis derivatives) disrupt the reproductive func-
tions of endocannabinoids, remains unanswered. However, it has been
shown in non-human models and human studies that phytocannabi-
noids can exert epigenetic effects (Yang et al., 2014; Watson et al.,
2015; Yohn et al., 2015; Santoro et al., 2017; Murphy et al., 2018;
Levin et al., 2019; Osborne et al., 2020; Schrott et al., 2020; Fuchs
Weizman et al., 2021). With increased legalization of cannabis world-
wide, cannabis use is on the rise, as previously reported (Rotermann,

2019; Fuchs Weizman et al., 2021). Hence, this study was conducted
to explore the potential epigenetic effects of phytocannabinoids (PCs)
on the human follicular environment surrounding the growing oocyte.

Herein, we provide the first comprehensive DNA methylation pro-
file of human granulosa cells from patients who have used cannabis
and investigate how phytocannabinoids affect DNA methylation. We
measured follicular fluid PC concentrations to better understand the
effect that PCs have on the immediate environment of granulosa cells
and the resulting changes to the methylome of these cells. This study
utilized biobanked samples, and as such, data regarding the actual
amount of cannabis used was not available and data regarding con-
comitant drug or medication exposure was limited. It has been estab-
lished that the pharmacokinetics of PCs are affected by mode of
ingestion, and reflect the time that has passed from ingestion, and we
have previously elaborated on this topic (Fuchs Weizman et al., 2021).
The presence of D9-THC in the FF in most patients indicates recent
exposure to cannabis (within 24–48 h) as levels in the plasma drop be-
low the limit of detection following this time (Skopp et al., 2003;
Balikova et al., 2014). By measuring FF-PC concentrations, we were
able to bypass the above hurdles and highlight the effect this concen-
tration has on the methylome of the immediate environment of the
follicular niche.

By virtue of our matched case-control study design, we were able
to minimize the biologic variability that could potentially affect the epi-
genome in question. Furthermore, since PCOS is the only condition
that has been shown, to date, to affect the follicular niche methylome
we chose to exclude PCOS patients from this dataset to control for
the confounding effects this diagnosis may have (Xu et al., 2016;
Sagvekar et al., 2019).

Of the differentially methylated sites (DMS) in this study, 47% were
hypermethylated and 53% were hypomethylated, similarly to a previ-
ous report (Watson et al., 2015). There was no difference in the dis-
tribution of genic annotations between hypo- and hyper-methylated
DMS, with the largest proportion being either within a confirmed
promoter or within a predicted promoter (within 5 kb of the TSS), fol-
lowed by DMS located in the introns and then intergenic genes. Two-
thirds of affected features were coding genes, whereas a third were
non-coding regions and potentially involved in regulatory functions.

A striking feature of our bioinformatic analysis was a ‘hotspot’ of dif-
ferential methylation in a 0.29 Mb region on chromosome 9, which
was enriched in 48 DMS. Looking closely, we observed the region to
be highly dense with CpGi. This, in turn, affected two genomic fea-
tures, the zinc finger protein ZFP37, and the long non-coding RNA
(lncRNA), FAM225B. ZFP37 is known to be highly expressed in the
ovary, second only to its expression in the central nervous system
(GTEx Consortium, 2013). In their study, Watson et al. (2015) found
eight different ZFPs to be differentially methylated in the rat nucleus
accumbens following exposure to D9-THC, and ZFPs were also in
their top five DMR enrichment analysis. In mice ZFP37 has been identi-
fied as a transcript that is enriched in growing/developing follicles and
may be a marker of oocyte potential, however its mechanism of action
and specific targets have yet to be elucidated (Herrera et al., 2005).
Furthermore, the KRAB-ZFP family, of which ZFP37 is a member, has
been proposed to mediate histone deacetylation and H3-K9 trimethy-
lation (H3-K9-me3) through the formation of a potent epigenetic si-
lencing complex with KAP1. This complex recruits histone
deacetylases and methyltransferases, resulting in the formation of
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Table III The top 30 differentially methylated regions (DMR).

Location DMR
state

Size
(bp)

Significant
CpG

q value Mean %
methylation
difference

Max %
methylation
difference

Genomic
feature

Description Main function annotar
Genic

annotation

chr10:1097887-1098690 Hypo 803 3 6.21E�38 �50.42 �53.77 IDI1 Isopentenyl-diphosphate delta
isomerase 1

Cholesterol synthesis Intron

chr12:32792786-32792901 Hypo 115 4 3.85E�30 �52.45 �56.30 YARS2 Tyrosyl-TRNA synthetase 2 Mitochondrial translation Exon
and
promoter

chr10:133286049-133286495 Hyper 446 3 8.07E�29 31.55 35.37 ADAM8 ADAM metallopeptidase
domain 8

Adhesion 1 to 5 kb

chrX:115888618-115888639 Hyper 21 5 3.20E�26 28.49 36.23 DANT1 DXZ4-associated non-coding
transcript 1, proximal

ncRNA Intron

chr19:52596457-52596505 Hypo 48 3 1.26E�23 �39.64 �43.79 ZNF137P Zinc finger protein 137,
pseudogene

ncRNA Exon

chr9:134838539-134839110 Hypo 571 3 2.16E�22 �38.96 �43.99 MIR3689C MicroRNA 3689c ncRNA Intron

chr10:80450825-80450885 Hypo 60 3 4.37E�20 �36.08 �37.80 TSPAN14 Tetraspanin 14 Innate immunity-MMP trafficking 1 to 5 kb

chr9:113059999-113060198 Hypo 199 9 1.84E�19 �28.01 �33.12 ZFP37 ZFP37 zinc finger protein Zinc-finger 1 to 5 kb

chr11:71587803-71588521 Hyper 718 3 3.19E�19 34.87 37.96 KRTAP5-11 Keratin-associated protein 5-11 Adhesion 1 to 5 kb

chr9:113061674-113061745 Hypo 71 8 1.26E�18 �33.09 �41.29 ZFP37 ZFP37 zinc finger protein Zinc-finger 1 to 5 kb

chr18:112336-112400 Hypo 64 4 1.08E�17 �26.71 �28.20 MIR8078 MicroRNA 8078 ncRNA Promoter

chr20:61389938-61390521 Hyper 583 3 3.83E�17 35.53 37.18 CDH4 Cadherin 4 Adhesion Intron

chr20:56987407-56988020 Hypo 613 3 8.94E�17 �33.66 �35.22 BMP7-AS1 BMP7 antisense RNA 1 ncRNA Intergenic

chr9:113089352-113089725 Hypo 373 12 1.68E�16 �28.25 �33.86 FAM225B Family with sequence similarity
225 member B

ncRNA 1 to 5 kb

chr4:2399815-2400293 Hypo 478 5 1.81E�16 �29.51 �34.68 ZFYVE28 Zinc finger FYVE-type containing
28

EGFR signaling Intron

chrX:126472512-126472534 Hypo 22 4 2.48E�16 �41.81 �44.40 DCAF12L1 DDB1 and CUL4-associated
factor 12 like 1

Protein complex formation Enhancer

chr4:521699-522056 Hyper 357 3 5.34E�16 31.90 33.03 PIGG Phosphatidylinositol glycan anchor
biosynthesis class G

Post-translational modification Promoter

chr2:130037205-130038141 Hypo 936 6 4.38E�15 �29.68 �36.44 FAR2P1 Fatty Acyl-CoA reductase
2 pseudogene 1

ncRNA 1 to 5 kb

chr5:160186362-160186495 Hyper 133 3 5.50E�15 40.74 46.77 FABP6 Fatty acid binding protein 6 Bile synthesis Promoter

chr2:241666232-241666548 Hyper 316 3 3.57E�14 38.93 44.52 DTYMK Deoxythymidylate kinase Pyrimidine synthesis Promoter

chr8:134466004-134466775 Hyper 771 3 2.92E�13 31.49 34.94 ZFAT-AS1 ZFAT antisense RNA 1 ncRNA Intergenic

chr4:1050997-1051032 Hyper 35 3 3.14E�13 26.54 27.11 FGFRL1 Fibroblast growth factor receptor
like 1

Cell proliferation Intergenic

chr6:52995723-52995825 Hyper 102 12 6.59E�13 34.20 39.77 RN7SK RNA component of 7SK nuclear
ribonucleoprotein

ncRNA Promoter

(continued)
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heterochromatin and repression of genes expression. KRAB-ZFPs
have been implicated in several biological processes in humans, includ-
ing protection of imprinting control regions in mice and human embry-
onic stem cells (hESC) (Juan and Bartolomei, 2019; Takahashi et al.,
2019), retroelement silencing in hESC (Rowe et al., 2010; Pontis et al.,
2019), and carcinogenesis (Machnik et al., 2019; Cylwa et al., 2020;
Sobocinska et al., 2021). Notably, Juknat et al. (2012) suggested that
cannabis affects zinc homeostasis which could potentially explain the
antioxidant and anti-inflammatory effects of CBD and, to a lesser ex-
tent, that of D9-THC. Further investigation into ZFP37 and other ZPFs
identified in this study is ongoing, specifically with the aim to identify
their binding partners and the genomic features they are associated
with. This information will be the first step in understanding their
mode of action in GCs and how cannabis may be altering their
function.

FAM225B belongs to the lncRNA family and, as such, it is difficult to
predict by which mechanism it exerts its regulatory function (Yang
et al., 2016). However, previous studies have shown it to be involved
in Wnt signaling and cell cycle regulation (Li et al., 2020). Our findings
point to the need for further exploration of this potentially enhanced
sensitivity of ZFPs and lncRNAs to epigenetic changes caused by can-
nabis derivatives.

Of all differentially methylated genomic features identified in the cur-
rent study, 19 have been previously annotated in the context of canna-
bis exposure and epigenetic modifications. Of these, four either
activate transcription or support it (AFF3, ETV2, RFC1 and TOX2), four
regulate cell proliferation and apoptosis (EPHA2, LZTS2, PRKCZ and
TP73), three are involved in post-translational modifications (GRXCR2,
KLHL30 and MGAT3), and three are involved in extracellular matrix
remodeling (ABHD8, MFAP2 and MPPED) (Table II). Notably, two ex-
ert their actions primarily in immune cells (ABR and LSP1) and one is a
histone methyltransferase (SMYD3) (Table II). Interestingly, we were
also able to demonstrate a concentration-related effect of cannabis on
three of the differentially methylated genomic features from our study
that were annotated previously in the context of cannabis-associated
DNA differential methylation: ABR, known to regulate macrophage
actions, was negatively correlated with D9-THC concentration;
KCNMA1, which encodes for a subunit of potassium channels and
plays a key role in controlling excitability in several systems, was posi-
tively correlated with D9-THC concentration; and SMYD3, which asso-
ciates with the RNA polymerase complex, was negatively correlated
with D9-THC concentrations. SMYD3 is a histone methyltransferase,
and plays an important role in transcriptional activation. In bovine
oocytes, SMYD3 has been shown to regulate transcription during oo-
cyte maturation and early embryonic development (Bai et al., 2016). In
fact, the knockdown of SMYD3 expression in GV oocytes causes a sig-
nificant reduction in NANOG expression resulting in embryos arresting
at the 4- to 8-cell stage (Bai et al., 2016). Furthermore, SMYD3 targets
not only histones (H3-K4, H4-K5 and H2A.Z.1-K101), but non-
histone proteins as well (VEGFR1, MAP3K2, AKT1 and HER2) which,
in turn, stimulate angiogenesis and cell growth and survival and are im-
plicated in carcinogenesis (Bottino et al., 2020). Importantly, this is the
second gene, along with ZFP37, capable of either directly or indirectly
altering histone acetylation/methylation, further implicating cannabis
exposure in histone modification alterations in addition to changes in
DNA methylation patterns. Further investigation into the impact can-
nabis has on histone modifications is ongoing.
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Table IV Correlation with phytocannabinoids (PC) concentration and DNA methylation.

Location Feature
name

Family Function Identified
in

previous
study

THC
correlation
coefficient

P value THC-
COOH

correlation
coefficient

P value

chr17:1028783 ABR Rho family of GTP-binding
proteins

Regulates neuronal and macro-
phage activity

Yes �0.807 0.03 �0.807 0.03

chrX:126472512 DCAF12L1 WD repeat protein family Coordinating multi-protein com-
plex assemblies

No �0.821 0.02 � �

chr1:232142881 DISC1-IT1 lncRNA Unknown No �0.818 0.03 � �
chr21:46161446 FTCD Transferase enzyme Folate-dependent enzyme No � � 0.760 0.05

chr21:46161478 FTCD Transferase enzyme Folate-dependent enzyme No � � 0.794 0.03

chr21:46161584 FTCD Transferase enzyme Folate-dependent enzyme No 0.793 0.03 0.803 0.03

chr21:46161499 FTCD Transferase enzyme Folate-dependent enzyme No 0.881 0.01 0.847 0.02

chr21:46161497 FTCD Transferase enzyme Folate-dependent enzyme No 0.858 0.01 0.902 0.01

chr21:46161492 FTCD Transferase enzyme Folate-dependent enzyme No 0.870 0.01 0.930 0.002

chr21:46161556 FTCD Transferase enzyme Folate-dependent enzyme No 0.903 0.01 0.961 0.001

chr21:46161714 FTCD Transferase enzyme Folate-dependent enzyme No 0.648 0.01 � �
chr21:46161540 FTCD Transferase enzyme Folate-dependent enzyme No 0.745 0.06 � �
chr21:46161526 FTCD Transferase enzyme Folate-dependent enzyme No 0.746 0.05 � �
chr21:46161528 FTCD Transferase enzyme Folate-dependent enzyme No 0.781 0.04 � �
chr21:46161115 FTCD Transferase enzyme Folate-dependent enzyme No 0.784 0.04 � �
chr10:77640334 KCNMA1 Ion channel Control of smooth muscle tone Yes � � 0.785 0.04

chr12:52317764 KRT83 Keratin gene family Structural molecule No �0.859 0.01 �0.903 0.01

chr22:50085800 MLC1 Predicted integral membrane
transporter

Unknown No � � �0.792 0.03

chr20:30585672 MLLT10P1 Pseudogene Unknown No �0.753 0.05 �0.881 0.03

chr20:30585291 MLLT10P1 Pseudogene Unknown No � � �0.750 0.05

chr20:30586485 MLLT10P1 Pseudogene Unknown No �0.809 0.03 � �
chr21:32300477 MRAP MRAP family Signaling in response to

corticotropin
No �0.867 0.01 � �

chr4:534708 PIGG Transferase enzyme post translational modification No �0.764 0.05 � �
chr1:246417416 SMYD3 Histone methyltransferase H3K4 di- and tri- methylation Yes �0.821 0.02 � �
chr21:46185079 SPATC1L Speriolin family Centrosome component No �0.757 0.05 � �
chr2:94871757 TEKT4 Tektin family Structural component of the

flagellum
No � � 0.783 0.04

chr3:194598761 TMEM44-AS1 lncRNA Unknown No 0.849 0.02 0.894 0.01

chr8:134466775 ZFAT-AS1 lncRNA Unknown No 0.929 0.003 0.929 0.003

chr9:113062448 ZFP37 Zinc finger Transcriptional regulation No �0.788 0.04 � �
chr9:113062240 ZFP37 Zinc finger Transcriptional regulation No �0.786 0.04 � �

C
annabis

alters
granulosa

cell
D

N
A

m
ethylation

11

D
ow

nloaded from
 https://academ

ic.oup.com
/m

olehr/article/28/7/gaac022/6604278 by guest on 17 D
ecem

ber 2024



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..The current study also identified 2195 novel DMS, in the context of
cannabis and epigenetic modifications, which adds significantly to the
existing literature and supports future research. Pathway analyses,
based on these DMS, portrayed enrichment in cell signaling and me-
tabolism amongst hypomethylated sites, and enriched GPCR signaling
and immune response amongst hypermethylated sites. The pathways
enriched in DMS are consistent with previous literature investigating
the effect cannabis has on the sperm methylome including Hippo sig-
naling, pathways in cancer and MAPK signaling (Murphy et al., 2018).

To elaborate on a key pathway identified, we observed significant
hypermethylation of genomic features involved in GPCR signaling.
Phytocannabinoids and endocannabinoids exert their effects through
GPCRs, namely CB1R and CB2R (Howlett, 2002; Fonseca et al., 2013;
Yohn et al., 2015; Brents, 2016). Cecconi et al. (2019) have estab-
lished that blocking these receptors causes cAMP levels to drop and
prevents meiotic resumption in mouse oocytes. Treinen et al. (1993)
achieved similar results in a rat model, by competitive inhibition of
these receptors with in vitro D9-THC treatment. To date, there have

been two studies assessing the effect of in vitro D9-THC treatment on
bovine oocyte maturation, yielding conflicting results (Lopez-Cardona
et al., 2016; Misner et al., 2021). Based on our findings and previous
literature, we hypothesize that the hypermethylation of genes involved
in GPCR signaling in response to cannabis exposure, and the reduced
transcription that may ensue, represent a cellular response mechanism
to protect the cell from overstimulation of the GPCR cascade, thereby
rescuing meiotic resumption of the oocyte. Hence, further research is
needed to determine the effect cannabis has on human oocyte matu-
ration and ART outcomes.

To focus our analysis, and minimize the inclusion of false-positive
CpG, we defined a sliding window of 1000-bp containing at least three
CpG with a concordant mean methylation difference >25% and a q-
value< 0.01, as being a differentially methylated region (DMR), as pre-
viously described (Watson et al., 2015). After applying these criteria,
we identified 71 DMRs of which, within the top 30, there was repre-
sentation of ZFP family, as well as genomic features involved in adhe-
sion (ADAM8, KRTAP5-11, CDH4), biosynthesis (IDI1, FABP6, DTYMK,

Figure 4. Correlation analysis of differentially methylated regions (DMR) and cannabis usage. Correlations between follicular fluid
D9-THC concentration in the cannabis group and granulosa cell DNA methylation levels for DMS identified as differentially methylated, analyzed by
Pearson correlation. To control for multiple comparisons, P values from 0.04 to 0.055 were considered a trend, and values below P¼ 0.04 were con-
sidered significant. All DMS displaying a concentration-dependent effect can be found in Table IV.
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..ASGR1), translation and post-translational modifications (YARS2, PIGG,
RMRP) (Table III). Once again, there was a significant representation of
ncRNAs which may have regulatory functions.

Next, we explored the concentration-related effects of cannabis on
DNA methylation. For the purpose of this analysis, we focused on ge-
nomic features that are a part of a DMR in the current study, as well
as on genomic features which were previously annotated in the con-
text of epigenetic effects of cannabis exposure. Together, there were
16 unique genomic features that exhibited concentration-related differ-
ential methylation (Table IV), three of which have been previously an-
notated as affected by exposure to cannabis (ABR, KCNMA1 and
SMYD3). Interestingly, these 16 genomic features participate in diverse
cellular processes including GTP hydrolysis (ABR), folate pool regula-
tion (FTCD), voltage-gated potassium channel activity (KCNMA1), struc-
tural cellular components (DCAF12L1, KRT83, MLC1, SPATC1L and
TEKT4), steroid synthesis (MRAP), chromatin regulation (SMYD3), non-
coding RNAs (DISC1-IT1, MLLT10P1, TMEM44-AS1 and ZFAT-AS1) and
transcription regulation (PIGG and ZFP37).

Finally, to determine the impact cannabis exposure has on hallmark
genes and pathways by changing their methylation, we assessed the
transcription of 97 genes of interest which were chosen because they
were differentially methylated in this study, previously reported to be

affected by cannabis use in other tissues, or involved in downstream
signaling in response to cannabis exposure. Of these genes, 10 were
differentially expressed between cases and controls (2 upregulated and
8 downregulated). Interestingly, the promoters of both upregulated
genes (LSP1 and ZFP57) were significantly hypomethylated, and those
of four downregulated genes (FTCD, KRTAP5-11, MGAT3 and RMRP)
were significantly hypermethylated in this study, indicating that DNA
methylation is altered by cannabis exposure and this is translated into
transcriptional changes. Interestingly, in the brain, chronic exposure to
cannabis has been shown to decrease PKA activity (Kesner and
Lovinger, 2021). PKA signaling is involved in numerous functions in-
cluding glucose and lipid metabolism, transcription factor regulation,
cell adhesion and calcium homeostasis, and alterations to its transcrip-
tion or activity can have significant downstream effects (Sassone-Corsi,
2012). In this study, we observed decreased expression of a catalytic
subunit of PKA (PRKACG) in patients who had used cannabis when
compared to those who had not, however this downregulation was
not caused by alterations in DNA methylation. The decrease in ex-
pression is likely in response to cannabis through signaling via the
CBRs and downstream GPCRs, much like that observed in the brain
(Kesner and Lovinger, 2021). Further exploration of the functional im-
pact of these genes, other potential mechanisms of action, as well as a

Figure 5. Volcano plot of targeted RNASeq of cases versus controls. Target RNAseq was conducted on 24 samples (14 cases and 10 con-
trols) using a custom designed ampliseq target panel. Differential expression was conducted using DESeq2. Genes were considered differentially
expressed with a fold change (FC) 2< FC < �2.
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larger impact on transcription in the context of oocyte development
and folliculogenesis is ongoing. Finally, two genes critical to granulosa
cell function, AMH and CYP19A1, were significantly downregulated in
patients who used cannabis compared to controls; however, there
were no observed changes to DNA methylation in either of these
genes, indicating that cannabis alters the expression of these genes
through a DNA methylation-independent mechanism (Fig. 5).

Our study is limited by the probe-based enrichment method we
employed because it tends to enrich CpG associated with a higher
CpG density, and may miss CpG associated with less dense CpG
regions. Furthermore, since the present study was cross-sectional in
design, we do not know how exposure over time, frequency of expo-
sure, route of exposure (inhalation or ingestion) or type of cannabis
product consumed (flower, oil or refined product) might influence the
methylome. However, by establishing correlations between methyl-
ome alterations and FF concentrations of PCs, we were able to
strengthen our findings and eliminate the bias that may have been in-
troduced by all the above. In addition, FF was not measured for the
presence of other psychoactive drugs, and even though none of the
patients reported concomitant tobacco use or the use of other psy-
choactive drugs or prescription medications, self-reporting alone can-
not rule out the exposure of the follicle to these substances, and this
is a limitation of our study. This study is also limited by its small sample
size; however, by matching case and control patients by several con-
founding variables, we were able to minimize the inter-patient variabil-
ity. This study was not designed, and was hence underpowered, to
determine the effect cannabis exposure has on IVF outcomes. Finally,
this study was not designed to examine the reversibility of the epige-
netic modifications or their functional consequences. To further our
understanding of the functional effects of cannabis on the developing
oocyte, as well as the impact on IVF outcomes, we are currently con-
ducting a larger scale study.

Conclusions
To our knowledge, this is the first study profiling the methylome of hu-
man granulosa cells exposed to cannabis. We have described key
genes involved in GPCR signaling, cell proliferation, apoptosis, immune
response, metabolism and histone modifications that were affected.
Moreover, we have characterized a concentration-dependent relation-
ship between cannabis concentration and DNA methylation as well as
alterations to gene expression directly related to changes in DNA
methylation. As cannabis legalization increases worldwide and with its
use increasing in women of reproductive age, it is critical that we ex-
pand our understanding of the effects cannabis has on the developing
ovarian follicle and the oocyte itself. If future studies point to the heri-
tability and functional consequences of these epigenetic modifications,
these findings must be considered for drafting cannabis policy deci-
sions, for public education, and for consulting patients.
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