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ABSTRACT

Cannabis use in the United States is increasing, with highest consumption among men at
their peak reproductive years. We previously demonstrated widespread changes in sperm
DNA methylation with cannabis exposure in humans and rats, including genes important in
neurodevelopment. Here, we use an in vitro human spermatogenesis model to recapitulate
chronic cannabis use and assess DNA methylation at imprinted and autism spectrum dis-
order (ASD) candidate genes in spermatogonial stem cell (SSC)- and spermatid-like cells.
Methylation at maternally imprinted genes SGCE and GRB10 was significantly altered in SSC-
and spermatid-like cells, respectively, while PEG3 was significantly differentially methylated
in spermatid-like cells. Two of ten randomly selected ASD candidate genes, HCNT and
NR4A2, had significantly altered methylation with cannabis exposure in SSC-like cells. These
results support our findings in human cohorts and provide a new tool with which to gain
mechanistic insights into the association between paternal cannabis use and risk of ASD
in offspring.
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Introduction

Cannabis is the most commonly used illicit psycho-
active drug in the United States (US) (Chandra et al.
2019). Its use is increasing (US Department of
Health and Human Services [SAMHSA] 2018), likely
driven by an increasing general perception of safety
and expanding legalization of recreational and medi-
cinal use (Cuttler et al. 2016; Hasin 2018; Chandra
et al. 2019; Schrott and Murphy 2020). Some moth-
ers- and fathers-to-be are included among cannabis
users. Infants born to mothers who used cannabis
during pregnancy face serious health concerns,
including an increased risk of requiring the neonatal

intensive care unit, lower birth weight, potential
impaired immune system function, neurodevelop-
mental delay, and autistic-like deficits (Dong et al.
2019; Reece and Hulse 2019a, 2019b). However, the
largest group of cannabis consumers in the US are
men in their peak reproductive years (Mauro et al.
2018; SAMHSA 2018). Cannabis use is associated
with altered semen quality, including reduced sperm
concentration, abnormal morphology, and reduced
motility (Rajanahally et al. 2019; Fonseca and Rebelo
2021). Cannabis use is also associated with a reduc-
tion in luteinizing hormone which is important for
production of testosterone (Fonseca and Rebelo
2021; Meah et al. 2021).
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The persistence of these effects is largely unknown.
However, cannabis components that enter the blood-
stream can impact spermatogonial stem cells, which
are located outside of the blood-testis-barrier, in turn
altering sperm cell progeny downstream. This raises
questions about the impact that cannabis has on the
sperm epigenome and how this might contribute to
adverse developmental outcomes. Various exposures
impact the sperm epigenome at genes important for
early life development (Leter et al. 2014; Abbasi 2017;
Donkin and Barres 2018), including cannabis
(Murphy et al. 2018; Schrott, Acharya, et al. 2020;
Schrott, Rajavel, et al. 2020). Our group demonstrated
associations between cannabis use in men and wide-
spread changes in sperm DNA methylation (Murphy
et al. 2018; Schrott, Acharya, et al. 2020). We also
reported that cannabis use in men is associated with
altered sperm DNA methylation at multiple genes
implicated in autism, as is tetrahydrocannabinol
exposure in rats (Schrott, Acharya, et al. 2020;
Schrott, Rajavel, et al. 2020). States with legalized can-
nabis programs have an increased prevalence of aut-
ism diagnoses (Reece and Hulse 2019a), and it is
possible that epigenetic changes in gametes mechanis-
tically link such exposures to neurodevelopmen-
tal outcomes.

Recently, we established an in vitro model of
human spermatogenesis, whereby NIH-approved
hESCs derived from a male embryo are differentiated
into a mixed population of SSC-like cells, primary
spermatocyte-like cells, secondary spermatocyte-like
cells, and round spermatid-like cells that have success-
fully undergone two meiotic divisions (Easley et al.
2012). In addition to providing a novel system for
studying spermatogenesis in vitro, this culture system
is an elegant model for studying the impact of envir-
onmental exposures during the process of spermato-
genesis (Easley et al. 2012; Easley et al. 2015; Greeson
et al. 2020). This model system is thus useful for
experimentally investigating the impact of cannabis
exposure on the human sperm epigenome.

The objective of this study was to determine the
potential influence of cannabis extract (CE) exposure
on DNA methylation at two groups of genes import-
ant for early life development, including imprinted
genes and autism candidate genes. Imprinted genes
are essential for normal embryonic development and
play important roles postnatally in neurodevelopment
and metabolism (Ferguson-Smith and Bourchis 2018).
DNA methylation at imprinted genes is established at
imprint control regions (ICR) in primordial germ cells
(PGCs) during embryogenesis (Gkountela et al. 2015;

Guo et al. 2015; Tang et al. 2015). During PCG epi-
genetic reprogramming, parental imprinted marks are
erased and then reestablished to reflect the sex of the
developing embryo (Gkountela et al. 2015; Guo et al.
2015; Tang et al. 2015). Once established, these
imprint marks are maintained in the gametes and per-
sist in the subsequent generation, escaping post-fertil-
ization reprogramming (Guo et al. 2014). Parental
imprint marks are present in and are propagated
across virtually all cell types in a developing embryo.
The second group of genes are associated with autism
spectrum disorder (ASD). Many ASD candidate genes
are marked with bivalent chromatin (Schrott, Rajavel,
et al. 2020), a subcomponent of the epigenome that is
important for early embryonic development
(Bernstein et al. 2006). Bivalent chromatin consists of
histone modifications that simultaneously keep a gene
silenced while also allowing for that gene to be rapidly
activated in response to environmental and develop-
mental cues (Bernstein et al. 2006). We previously
found that genes with cannabis-associated altered
DNA methylation in sperm are enriched for those
with bivalent chromatin (Schrott, Rajavel, et al. 2020).
In the present study, we tested the hypothesis that
these marks enhance epigenetic vulnerability to envir-
onmental exposures.

Results

Cannabis extract exposure impacts DNA
methylation at imprinted genes

We used our in vitro spermatogenesis model to deter-
mine whether CE exposure alters DNA methylation at
imprinted genes in H1 ESCs. Cells were exposed to
50nM CE or vehicle control during a ten-day differ-
entiation period, reflecting ‘chronic’ cannabis use
(Guennewig et al. 2018). Following differentiation,
SSC-like cells and haploid spermatid-like cells were
isolated using flow cytometry (Figures S3 and S4).
Given the continual post-pubertal production of
sperm from a defined progenitor cell population, the
spermatogonia (Neto et al. 2016), we wished to deter-
mine whether cannabis exposure impacts spermatogo-
nia, and if so, whether those changes would be
propagated to the haploid spermatids.

Using bisulfite pyrosequencing, we first analyzed
the effect of chronic CE exposure at paternally methy-
lated differentially methylated regions (DMRs) in
SSC-like cells and haploid spermatid-like cells (n=3).
We analyzed the effect of CE on each individual CpG
site because it is possible that CE can distinctly impact
individual CpG sites. Two-factor ANOVA for CpG
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Figure 1. CE significantly impacts spermatogenic cell DNA methylation at three maternally imprinted genes. (A-C) Two-factor
ANOVA of bisulfite pyrosequencing data for SGCE (A), GRB10 (B), and PEG3 (C) in SSC-ike cells (A) and haploid spermatid-like cells
(B,Q). (A) There is a significant effect of exposure on DNA methylation at SGCE in SSC-like cells but not in haploid spermatid-like
cells. There is a significant effect CE exposure on DNA methylation in haploid spermatid-like cells at GRB10 (B) and PEG3 (C).

*p < 0.05; **p < 0.005; ***p < 0.0001.

site and exposure status revealed no significant effects
of exposure for the IGF2, MEG3-IG or HI9 DMRs
(Figure SIA-F) in either the SSC-like cells or the hap-
loid spermatid-like cells.

We next performed bisulfite pyrosequencing to
analyze the effect of chronic CE exposure on DNA
methylation at maternally methylated DMRs in SSC-
like cells and haploid spermatid-like cells. Two-factor
ANOVA for CpG site and exposure status determined
no significant effect of exposure for the MEST,
PLAGLI, and SNRPN DMRs (Figure S2A,CD).
Similarly, analysis of the NDN DMR revealed no sig-
nificant effect of exposure in either cell type (Figure
§2B). SGCE DMR methylation revealed a significant
main effect of exposure in the SSC-like cells (p < 0.05)
(Figure 1A), but this effect was not evident in the
haploid spermatid-like cells (Figure S2G). GRBIO
DMR methylation differences showed a significant
effect of exposure in the haploid spermatid-like cells
(p=0.02) (Figure 1B) but not for the SSC-like cells

(p<0.08) (Figure S2E). PEG3 DMR methylation dis-
played a significant main effect of exposure in the
haploid spermatid-like cells across the region analyzed
(p <0.0001) (Figure 1C), but no significant effect in
the SSC-like cells (Figure S2F).

Cannabis extract exposure impacts DNA
methylation at neurodevelopmental genes
possessing bivalent chromatin

Court & Arnaud published a list of genes that possess
bivalent chromatin marks and annotated the CpG
nucleotide positions in each gene for the location of
the bivalent chromatin markings based on Illumina’s
Infinium HumanMethylation450 BeadChip (450k plat-
form) (Court and Arnaud 2017). We used the Simons
Foundation Autism Research Initiative (SFARI) gene
list (Simons Foundation Autism Research Initiative
2019) as our baseline list of genes that are important
for neurodevelopment and autism. We then divided
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Figure 2. CE does not impact DNA methylation in spermatogenic cells at genes from the SFARI list without bivalent chroma-
tin. In each panel, left graph shows methylation at individual CpG sites in SSC-like cells and right graph shows level in spermatid-
like cells. Two-factor ANOVA for bisulfite pyrosequencing data shows no effect of CE exposure on DNA methylation at all genes
analyzed, including (A) BRD4, (B) CADPS, (C) EXOC3, (D) FBX0O40, (E) MED12L, (F) TSPAN17. ns = no significance.

this into an overlap list consisting of genes in com-
mon between the SFARI and bivalent chromatin lists,
and our SFARI-only list comprising the remaining
SFARI genes. Ten genes from each list were randomly
chosen. From each individual gene, the CpG coordi-
nates associated with the gene from the 450K
BeadChip manifest were identified, and one site was
randomly selected for pyrosequencing assay design.
For the overlap list genes, we specifically included
only those CpG coordinates that were identified as
being associated with bivalent chromatin (Court and
Arnaud 2017).

DNA methylation in SFARI-only genes (no bivalent
chromatin) in in vitro-derived, CE-exposed sperma-
togenic cells

We successfully validated bisulfite pyrosequencing
assay performance for six of ten randomly selected
genes from the SFARI-only gene list (Figure S5A-F).

hESCs differentiated into spermatogenic cells were
exposed to 50nM CE or vehicle control over the
entire ten-day differentiation period. SSC-like and
haploid spermatid-like cells were isolated via flow
cytometry on day ten. Bisulfite pyrosequencing was
used to determine the impact of CE on DNA methyla-
tion on SFARI-only genes in SSC-like and haploid
spermatid-like cells. There was no significant effect of
exposure for any of the six genes analyzed (BRD4,
CADPS, EXOC3, FBX040, MEDI12L or TSPANI17) in
the SSC-like or haploid spermatid-like cells
(Figure 2A-F).

DNA methylation of SFARI genes possessing bivalent
chromatin in in vitro-derived, CE-exposed spermato-
genic cells

Ten genes were randomly selected for bisulfite pyrose-
quencing analysis, five of which we were able to suc-
cessfully validate for assay performance (Figure S6).
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Figure 3. CE exposure impacts DNA methylation in SSC-like cells at genes with bivalent chromatin. In each panel, left graph
shows methylation at individual CpG sites in SSC-like cells and right graph shows level in spermatid-like cells. Two-factor ANOVA
of bisulfite pyrosequencing data shows no effect of CE exposure on DNA methylation in SSC-like cells or haploid spermatid-like
cells for (A) CMPK2, (B) GRIK2, and (D) KLF16. There is a significant effect of exposure on DNA methylation in SSC-like cells for (C)
HCNT and (E) NR4A2. *p < 0.05; **p < 0.005; ***p < 0.0001; ns = no significance.

SSC-like and haploid spermatid-like cells were isolated
via flow cytometry from cultures that had been
exposed to vehicle control or 50nM CE over a ten-
day differentiation period. There was no significant
effect of exposure on methylation differences meas-
ured for CMPK2, GRIK2, or KLF16 in SSC-like or in
haploid spermatid-like cells (Figure 3A,B,D). For
HCNI and NR4A2, however, we observed a significant
effect of exposure in the SSC-like cells, (p =0.026 and
p=0.014, respectively) (Figure 3C,E). While these
changes were not detected in the haploid spermatid-
like cells, the effect of exposure did approach signifi-
cance in haploid spermatid-like cells for NR4A2
(p =0.07, Figure 3E).

CE differentially impacts DNA methylation at
genes possessing bivalent chromatin compared to
those that do not

We demonstrated the ability of CE to induce signifi-
cant methylation changes in chronically exposed SSC-

like cells at genes possessing bivalent chromatin, but
not at those without this group of epigenetic modifi-
cations. Given our a-priori hypothesis that this would
be the case, we ran a one-tailed Chi-square test to
determine if there was a significant difference between
the distribution of significantly impacted genes across
the SFARI-only group and the overlap group. We
found that among the analyzed genes, there was a sig-
nificant difference in the distribution of genes whose
DNA methylation was affected by CE exposure in the
SFARI-only group as compared to the overlap group
(p <0.05) (Figure 4).

Discussion

Cannabis legalization is expanding across the U.S. and
around the globe. As of June 2022, there are 37 U.S.
states and four territories with some form of legalized
cannabis use (National Conference of State
Legislatures 2021). With expanding legalization, there
is concurrent relaxation of attitudes about cannabis



362 («) R.SCHROTT ET AL.

’— 6
SFARI Only-
- 14
F 12
SFARI and Bivalent—
— 0

1 1
Not Significant Significant

p<0.05

Figure 4. Chi-square analysis of the distribution of signifi-
cant effects of CE exposure on DNA methylation across
groups of genes. Contingency table assignment: SFARI only,
non-significant (upper left, n =6), SFARI only, significant (upper
right, n=0), SFARI and Bivalent, non-significant (lower left,
n=3), SFARI and Bivalent, significant (lower right, n =2). One-
tailed Chi-square test demonstrated a significant difference
between the distribution of genes whose DNA methylation
was affected by CE exposure in the SFARI only compared to
the SFARI and Bivalent overlap genes.

use, with more adolescents and adults perceiving can-
nabis use to be safe (Hasin 2018; Chandra et al.
2019). The study of the impact of preconception can-
nabis use on offspring development has been limited.
However, the urgency of understanding these conse-
quences continues to grow as access to legalized can-
nabis increases and men of reproductive age remain
the predominant group of cannabis users.

We exposed differentiating cells to vehicle control
or 50nM CE, a dose that has been described in the
literature as reflective of chronic cannabis use
(Guennewig et al. 2018). We then used two distinct
flow cytometry methods to isolate SSC-like cells and
haploid spermatid-like cells. We analyzed DNA
methylation in SSC-like and haploid spermatid-like
cells because mature sperm are continuously produced
from this stem cell population throughout a man’s
post-pubertal life. Thus, it is possible that epigenetic
changes present in SSCs themselves may lead to per-
manent, lifelong changes to sperm DNA methylation
in all maturing cells derived from the affected pro-
genitor population.

We first examined the regulatory regions associated
with imprinted genes in CE- and vehicle-exposed
sorted cells. No paternally methylated DMRs showed
significant effects of exposure in the SSC-like or in
the haploid spermatid-like cells. Among the mater-
nally methylated DMRs analyzed, we observed a sig-
nificant effect of CE exposure on DNA methylation at
the SGCE DMR in the SSC-like cells. SGCE encodes
the epsilon member of the sarcoglycan family of

transmembrane proteins (Peall et al. 2014). Mutations
in SGCE are associated with myoclonus dystonia syn-
drome (MDS), a rare young-onset movement disorder
(Peall et al. 2013, 2014). Maternal imprinting plays a
role in regulating the penetrance of this heritable dis-
order (Peall et al. 2013, 2014). Additionally, the pro-
moter CpG island that houses this SGCE DMR also
regulates the expression of another imprinted gene,
Paternally Expressed Gene 10 (PEG10). PEGI10 enco-
des a retrotransposable element, and deregulation of
this region has been reported in cancers (Xie et al.
2018). Thus, alterations in methylation at this regula-
tory region could have implications for multiple
pathologies.

In CE-exposed haploid spermatid-like cells, we
observed significant effects of exposure at maternally
methylated PEG3 and GRBIO DMRs. PEG3 was
hypermethylated at every CpG site analyzed in the
CE-exposed cells relative to the controls. Importantly,
PEG3 is involved in controlling the rate of fetal
growth and regulating maternal nurturing behaviors
(Huang and Kim 2009; Kim et al. 2013). Mouse mod-
els of mutated Peg3 have demonstrated that Peg3 is
involved in regulating transcription of placental genes,
and epigenetic abnormalities with PEG3 have been
associated with multiple forms of cancer and with
hydatidiform mole - a pregnancy complication associ-
ated with abnormal growth of the trophoblast cells
that form the placenta (El-Maarri et al. 2003; Huang
and Kim 2009; Kim et al. 2013). The GRBI0 DMR
was similarly hypermethylated at each CpG site in the
cells exposed to CE relative to those exposed to
vehicle control. GRB10’s functions and tissue-specific
expression patterns are complex, but it is known to be
paternally expressed in sperm and neurons (Hikichi
et al. 2003; Plasschaert and Bartolomei 2015). GRBIO
has important roles in the regulation of cellular
growth and embryonic development (Charalambous
et al. 2003; Smith et al. 2007). Knockout of the pater-
nal allele of Grb10 in mice resulted in increased social
dominance behaviors, as well as increased anxiety
behaviors and general aggression (Garfield et al. 2011;
Plasschaert and Bartolomei 2015). Additionally, aber-
rant imprinting at GRBIO has been associated with
the growth retardation phenotypes observed in Silver-
Russell Syndrome (Charalambous et al. 2003). While
the effect of CE exposure was not significant for these
genes in SSCs, it did approach significance. It is,
therefore, possible that a small subset of SSCs was
affected by CE exposure, and it was from those SSCs
that the affected haploid spermatids were derived, as
the direction of methylation change was the same.



Lineage tracing studies would be necessary to test this
hypothesis, following cells as they differentiate to
determine from which progenitor cell they arose.

After using this in vitro model of spermatogenesis
to analyze the impact of CE on DNA methylation at
imprinted genes, we sought to determine whether CE
alters DNA methylation at a group of genes important
for neurodevelopment and that possess bivalent chro-
matin - a relatively unusual epigenetic configuration
often found at regulatory regions of genes important
for early life development. Many studies investigating
the effects of prenatal or preconception exposure to
an array of drugs, chemicals, and psychosocial stres-
sors, including our own, similarly report associations
with adverse neurodevelopmental outcomes in oft-
spring, or functional roles and pathways associated
with neurodevelopmental and early developmental
processes that are enriched in their epigenomic data-
sets (Dolinoy and Jirtle 2008; Wu et al. 2015; Abbasi
2017; Donkin and Barres 2018; Murphy et al. 2018;
Greeson et al. 2020; Schrott and Murphy 2020). We
therefore questioned what these genes might have in
common that makes them vulnerable to multiple types
of exposures. Given their roles in early development,
we postulated that the presence of bivalent chromatin
at these loci might heighten the sensitivity of these
genes to their environment, given the ambiguity of
the histone modifications present at these regions.
Support for this contention came from our prior find-
ings of significant overlap between a curated list of
autism candidate genes and genes known to possess
bivalent chromatin in hESCs (Schrott, Rajavel, et al.
2020). We further demonstrated enrichment for aut-
ism candidate genes and genes possessing bivalent
chromatin among genes significantly differentially
methylated in sperm of cannabis users (Schrott,
Rajavel, et al. 2020).

Here we further tested our hypothesis using the
in vitro model. We analyzed the effect of CE exposure
on DNA methylation in differentiating spermatogenic
cells for a group of randomly selected genes from the
SFARI list of autism candidate genes. For SFARI-only
(not marked with bivalent chromatin) genes, we found
no significant effects of CE exposure on DNA methy-
lation in SSC-like or haploid spermatid-like cells.
Analysis of the overlap genes (with bivalent chroma-
tin) showed a significant effect of exposure on methy-
lation in SSC-like cells at two genes - HCNI
and NR4A2.

HCNI encodes hyperpolarization-activated cyclic
nucleotide-gated voltage-gated ion channels that play
a role in regulating neurotransmission and influencing
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synaptic plasticity in cortical neurons (Huang et al.
2011; Huang et al. 2017; Yang et al. 2018). HCNI has
important roles in controlling dendritic functional
integration in hippocampal development and contri-
buting to adult hippocampal function (Seo et al. 2015;
Yang et al. 2018). Knockout of Hcnl in mice results
in impaired motor learning and memory and has
been associated with drug-induced cognitive dysfunc-
tion (Seo et al. 2015; Yang et al. 2018). Importantly,
mutations in HCNI are associated with a range of epi-
leptic phenotypes (Seo et al. 2015; Marini et al. 2018).
Interestingly, autism spectrum disorders are associated
with epilepsy, with many individuals with autism
developing seizure disorders later in life (Tuchman
and Cuccaro 2011). Thus, while its role in neurodeve-
lopmental disorders is still being elucidated, possible
comorbidities should be considered. It is also known
that HCNI plays an important role in controlling
brain development and in regulating the excitability of
neurons (Yang et al. 2018). Thus, alterations in how
this gene is expressed, including epigenetic changes
that influence gene expression, could have profound
consequences for neurodevelopment, if the HCNI
methylation changes in sperm are heritable.

NR4A2 encodes a nuclear receptor and transcrip-
tional regulator that functions in the differentiation
and maintenance of dopaminergic neurons during
neurodevelopment (Blin et al. 2008; Spiers et al
2015). NR4A2 expression is required for the successful
terminal differentiation of mesencephalic dopamin-
ergic neurons during neurogenesis (Blin et al. 2008).
Deletions in NR4A2 are associated with intellectual
disability, language impairment, and autism (Reuter
et al. 2017; Levy et al. 2018). Further, alterations in
NR4A2 DNA methylation have been associated with
dysregulation of the gene in tissue samples from indi-
viduals with Down syndrome (Zhang et al. 2016). If
altered methylation is transmitted from sperm to oft-
spring, it could have serious consequences for oft-
spring neurodevelopment.

A limitation of this study was that our sample sizes
were small (n=3) for our CE-exposed and vehicle
control experiments, which could have limited our
ability to detect significant differences in DNA methy-
lation. Future studies should include additional repli-
cates and doses. We were compelled by the data
demonstrating an increased vulnerability of SFARI
genes possessing bivalent chromatin to CE exposure
compared to those genes without the epigenetic modi-
fication. However, larger studies are needed to assess
the impact of CE on all CpG sites associated with
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bivalent chromatin compared to those without to pro-
vide more rigorous data in support of this hypothesis.
The use of human embryonic stem cells (hESCs) in
research is a powerful scientific tool. Their pluripotent
nature renders them a remarkable model for studying
early life developmental processes and understanding
disease progression (Dvash et al. 2006). These cells
have tremendous therapeutic potential, as evidenced
by their use in studies involved in understanding and
treating diseases such as diabetes, Parkinson’s disease,
Alzheimer’s disease, bone marrow failure, cancer ther-
apeutics, and more (Lerou and Daley 2005; Dvash
et al. 2006). Much has been characterized in the stem
cell lines used for research, such as the mutations they
harbor, the diseases they represent, and the karyotypes
they possess. However, few model systems have been
established that recapitulate gametogenesis in vitro
that allow investigation of dynamic DNA methylation
changes in gametes and how such changes are vulner-
able to the environment. Our findings that CE expos-
ure can influence DNA methylation at a subset of
imprinted genes and genes possessing bivalent chro-
matin adds to a growing body of evidence that canna-
bis exposure can impact the sperm DNA methylome.
Future studies are needed to continue to assess the
heritability of the effects induced by cannabis.

Methods
Culture of hESCs

NIH-approved WAO1 (H1) male-derived hESCs were
cultured for expansion on a 3D hESC-quality matrigel
matrix (Corning, Corning, NY) in mTeSR Plus media
(StemCell Technologies, Cambridge, MA). Cells were
acquired through a Duke WiCell Distributor and were
approved for wuse wunder Duke IRB protocol
Pro00087169. Cells were thoroughly validated through
STR analysis and full karyotyping by the Duke
Sequencing and Genomic Technologies Core and the
Cytogenetics Lab at the Duke Medical Center, respect-
ively. Cells were negative for mycoplasma. Media was
changed every other day, and cells were passaged once
colonies achieved 80% confluence, roughly every
5-7days, using the ReLeSR passaging reagent
(StemCell Technologies, Cambridge, MA).

Differentiation of hESCs in spermatogenic cells

Cells were cultured for 3-5days in hESC media until
80% confluent prior to initiating differentiation. Once
at desired confluency, differentiation media was added
(Easley et al. 2012; Easley et al. 2015; Greeson et al.

2020). Differentiation media consisted of MEM-
Alpha + L-glutamine (Gibco, Montgomery County,
MD), 0.2% bovine serum albumin (Millipore Bio,
Burlington, MA), 0.2 mg/ml ascorbic acid (Sigma, St.
Louis, MO), 0.2% chemically defined lipid mixture
(Sigma, St. Louis, MO), 10 ug/ml transferrin in water
(Sigma, St. Louis, MO), 5ug/ml insulin in water
(Sigma, St. Louis, MO), 20ng/ml recombinant
hGDNF (Peprotech, Rocky Hill, NJ), 1ng/ml human
recombinant bFGF in 5mM tris, 150 mM NaCl buffer
at pH 7.5 (Peprotech, Rocky Hill, NJ), 30 nM sodium
selenite (Sigma, St. Louis, MO), 10mM HEPES
(Gibco, Montgomery County, MD) and 0.5X
Penicillin/Streptomycin (Gibco, Montgomery County,
MD). The differentiation media was gassed with a
blood gas mixture (Airgas, Durham, NC) of 5% CO,,
5% O,, balanced with N, for 30s, and inverted several
times to mix. Media was changed every other day and
was gassed for 30s each time prior to use.
Differentiation occurred over a ten-day period, where
day one was the first day that differentiation media
was introduced (Easley et al. 2012; Easley et al. 2015;
Greeson et al. 2020).

Cannabis extract exposure

CE was produced by and received from the Research
Triangle Institute (RTI) in North Carolina a con-
tracted provider for the National Institute on Drug
Abuse. Cells were cultured in differentiation media in
the presence of vehicle control (0.1% DMSO) or CE
containing 50nM THC in 0.1% DMSO for ten days.
Media was changed every other day, and dosing
occurred with each media change. For isolation of
SSC-like cells, there were n =3 vehicle control repli-
cates and n=3 chronic CE-exposed replicates. For
isolation of haploid spermatid-like cells, there were
n =13 vehicle control replicates and » =3 chronic CE-
exposed replicates. Studies were performed at passage
number 48.

Flow cytometry isolation of SSC-like cells and
haploid spermatids

Isolation of the SSC-like population was achieved via
fluorescence-activated cell sorting (FACS) from a
mixed population of SSC-like, primary spermatocyte-
like, secondary spermatocyte-like, and spermatid-like
cells. Cells were sorted on the SONY cell sorter (Sony
Biotechnology, San Jose, CA) at the Duke Cancer
Institute’s  Flow  Cytometry  shared resource.
Specifically, an APC-conjugated antibody for the
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ITGA6 protein (R&D Systems, Minneapolis, MN)
expressed on the surface of SSCs was used to isolate
this population of cells. Following ten days of differ-
entiation, cells were harvested with trypsin and
stained with 10 ul primary antibody per million cells
in 1X PBS with 10% FBS and incubated at room tem-
perature, protected from light, for 30 min. Unbound
antibody was removed with two 1X PBS washes. Cells
were resuspended in 10%FBS in 1X PBS for sorting.
ITGA6+ cells were sorted (Figure S3) and collected
for subsequent methylation analyses.

For isolation of the haploid spermatids, RedDot 1
(Biotium, Fremont, CA), a nuclear DNA stain, was
used to stain live cells and isolate them during flow
cytometry based on their DNA content (Figure S4).
Following ten days of differentiation, cells were har-
vested with trypsin and stained with RedDotl at a
1:100 dilution in differentiation media and incu-
bated for 15min at 37°C, protected from light.
Haploid cells were identified based on their DNA
content and collected for subsequent methyla-
tion analyses.

Thermocycler conditions

95°C 15min
94 °C-63.5 °C-72°C X 55 | 30s

72°C 10 min

4°C
94 °C-58 °C-72°C X 55 | 30s

72°C 10 min

94 °C-64 °C-72°C X 5| 30s
4°C o0

94 °C-62 °C-72°C X 5| 305
94 °C-60 °C-72°C X 5| 30s

95°C 15 min

Sequence to analyze, 5'-3'
TTTGGGGGTGTTTAGTYGG

TTYGGGATTGTAGTAAGAAATAGG
NR4A2

YGAGYGYGGGTTAGGAGTTTAGGG

KLF16
AGYGYGG

DNA isolation from cells

Sequencing primer, 5'-3

KLF16-S
GTTAGGTAGGAAATATATTAAAG

GGGAAGGTAGTATTGTTAT

NR4A2-S

DNA was isolated from sorted cells using the
Qiagen All Prep DNA/RNA Mini Kit (Qiagen,
Germantown, MD). DNA was eluted in 30 ul of buf-
fer TE and was quantified on the NanoDrop 2000
(ThermoFisher, Waltham, MA) immediately follow-
ing extraction. DNA was stored at —20°C until
required for use.

R primer, 5'-3' (*biotin)

KLF16-R*

Bisulfite pyrosequencing

As previously described (Schrott, Acharya, et al.
2020; Schrott, Rajavel, et al. 2020), the column-
based EZ DNA Methylation kit (Zymo Research,
Irvine, CA) was used to treat gDNA with sodium
bisulfite to convert all unmethylated cytosines to
uracils (that ultimately appear as thymines following
downstream PCR and sequencing), while all methy-
lated cytosines remain cytosines in the sequence.
This resulted in bisulfite-modified DNA (bsDNA) at
a final concentration of 10-20ng/ul. BsDNA
(10-20ng) was then used as a template for PCR
amplification for bisulfite pyrosequencing. Bisulfite
pyrosequencing assay design, validation, and
sequencing were performed as described (Bassil
et al. 2013).

ACTAACCCTAACCCCCAATATACCTTTAT

CAACACAACTACATCCACCCCTAA

NR4A2-R*

F primer, 5'-3’ (*biotin)

GGGGAGGGATGGGTTTGGA
GGGTTTAGGGGAAAGTGAAGT

KLF16-F
NR4A2-F

Table 1. Continued.

Gene
KLF16
NR4A2



Gene selection and assay design for
imprinted genes

Assay designs for imprinted genes were previously
validated and published by our lab (Murphy et al.
2012). Primers and PCR conditions for these genes
can be found in (Murphy et al. 2012).

Gene selection and assay design for
neurodevelopmental genes

The Simons Foundation Autism Research Initiative
(SFARI) gene list contains 913 autism candidate genes
based on data in the scientific literature (Simons
Foundation Autism Research Initiative 2019). Court
and Arnaud’s list of genes that possess bivalent chro-
matin contains 5379 (Court and Arnaud 2017). There
were 293 genes in common between the two lists (the
overlap list), and 620 genes present in only the SFARI
list (the SFARI-only list). From the overlap list, we
assigned each gene a number 1-293 and used a ran-
dom number generator to randomly select ten genes
for follow-up. For the SFARI-only list, we similarly
assigned each gene a number 1-620 and used a ran-
dom number generator to select ten genes at random.

For each gene selected from both lists, there was
more than one CpG coordinate associated with
bivalent chromatin, and these could not be captured
in a single pyrosequencing assay due to too great an
intervening distance between bivalent CpG sites.
Therefore, for each gene, we then assigned each CpG
coordinate a number and then used a random number
generator to select the CpG site around which bisulfite
pyrosequencing assays would be designed. For all
genes, primers and PCR conditions are listed in
Table 1.

Statistical analysis

Statistical analyses were performed in GraphPad
Prism Version 9 (GraphPad Software, San Diego,
CA). For assay validation, linear regression was used
to determine the R® coefficient. For bisulfite pyrose-
quencing studies characterizing the imprinted gene
status in different cell lines, a One-Factor ANOVA
was run to determine the effect of cell line on vari-
ation in methylation. For bisulfite pyrosequencing
studies assessing the impact of CE exposure on DNA
methylation, a Two-Factor ANOVA was run, with
one factor being CpG site and the other being
Exposure Status. To determine if there was a signifi-
cant distribution of genes significantly impacted by
CE exposure in the overlap list compared to the
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SFARI-only list, a one-factor

was performed.

Chi-square test
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