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We have a rudimentary understanding of the consequences of preconception
exposure to cannabis. As the most commonly used illicit psychoactive drug, cannabis
prevalence is rapidly increasing across the United States (US), and consumers are
increasingly perceiving it as safe. Recreational cannabis use is especially common among
American men, rendering the paternal preconception environment potentially
vulnerable to deleterious effects. Parental cannabis use has been associated with adverse
developmental outco mes in offspring, but little is known about how such phenotypes
are transmitted. Gametic epigenetic changest the collection of molecular modifications
made to DNA and histone proteins that play a role in regulating gene activity ¢ provide
one potential explanation.

In a pilot study , our group recently demonstrated that cannabis use in humans,
and exposure to delta-9-tetrahydrocannabinol (THC, the main psychoactive component
of cannabis) in rats, is associated with significantly altered levels of DNA methy lation in
sperm. Epidemiological studies have further associated prenatal cannabis use with an
increased risk of numerous teratologies including neurodevelopmental disorders and
cardiovascular defects. While these studies illuminate the risks associated with cannabis
and the prenatal environment, little attention has been paid to the effects of paternal

preconception exposures alone on such congenital anomalies. There remains an urgent



need to investigate the effects of cannabis on the sperm epigenome as usincreases
across theglobe. Further, it is critical to investigate these effects on genes that are
uniquely positioned to contribute to early development.

The hypothesis of this researchwas that cannabis exposure is associated with
heritable, but reversible, changes in DNA methylation in sperm at genes important for
early life development. Broadly, the main objectives of this thesisresearch were to
generate meaningful data to contribute to the gaps in knowledge of how cannabis can
impact sperm DNA methylation.

The results of this thesis research are described beginning in chapter 2An initial
pilot study from our group used reduced representation bisulfite sequencing (RRBS) to
analyze methylation changes in sperm between cannabis users and controls One gene
identified as being significantly differentially methylated was an autism candidate gene
Discs-Large AssociatedProtein 2 (DLGAPZ2). Quantitative bisulfite pyrosequencing
confirmed that an intronic region of DLGAP2 was significantly hypomethylated in the
sperm of cannabis exposed men compared to controls.Use of human fetal brain tissues
demonstrated that there is a significant, sex-specific, inverse relationship between DNA
methylation and gene expression at this locus. A paternal rat model of THC exposure
was used to determine whether these effectsat Dilgap2were heritable. Bisulfite

pyrosequencing identified significa nt changes in rat sperm DNA methylation at Digap2,



as well assignificant losses of methylation at the same locusin F1 nucleus accumbens
(NAC) tissues.

Having demonstrated that autism candidate gene DLGAP2 shows functional
changesin D NA methylation, the next question addressed waswhether different routes
of THC exposure, and exposure to different drugs, could similarly impact DNA
methylation at a select group of neuroactive genes. Sperm DNA from rats exposed to
THC or vehicle control via oral gavage underwent RRBS .Bisulfite pyrosequencing of
sperm DNA from rats exposed to injected THC or vehicle control was performed to
examine methylation at regions identified by RRBS. Sperm DNA from rats exposed to
nicotine or vehicle contro| underwent pyrosequencing at the same regions. Lastly, two
publicly available datasets were investigated to determine significant overlap between a
known list of autism candidate genes and a list of genes with bivalent chromatin , a
unique epigenetic feature. In the sperm of rats injected with THC and those nicotine-
exposed, significant differential methylation at five of seven neurodevelopmentally
active genes that were initially identified as significantly altered by oral gavage was
identified . It was further discovered that autism candidate genes are significantly
enriched for genes containing bivalent chromatin . Enrichment of both autism candidate
genes and genes possessing bivalent chromatinvas identified in the human RRBS
dataset of genes significantly differentially methylated in sperm of cannabis users . These

studies demonstrated THC and nicotine exposure in rats can impact DNA methylation
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in sperm at neuroactive genes. Further, thiswork provides initial evidence that genes
with bivalent chromatin may be particularly vulnerable to DNA methylation changes
resulting from environmental exposures.

The fourth chapter of this thesis researchemployed a novel in vitro model of
human spermatogenesis to identify the impact of exposure to a cannabis smoke extract
(CSE) on DNA methylation at two groups of genes important for early life development.
Human embryonic stem cells (hECS) exposed to CSE or vehicle controlwere
differentiated int o a mixed population of spermatogonial stem -like cells (SSCs), primary
spermatocyte-like cells, secondary spermatocyte-like cells, and round haploid
spermatid-like cells over a tenrday period . Following differentiation , flow cytometry
was performed to isol ate SSClike cells and haploid spermatid -like cells for DNA
methylation analyses. Methylation was first analyzed at a group of imprinted genes.
Significant effects of exposure were identified in SSClike cells at Sarcoglycan Epsilon
(SGCB and in haploid spermatid -like cells atPaternally Expressed 3(PEG3 and Growth
Factor ReceptorBound Protein 10 (GRB1Q. Next, methylation was assessed at a group
of genes randomly chosen genes from theSimons Foundation Autism Research
Initiative ( SFARI) autism candidate gene list, half of which possessed bivalent chromatin
at the specific CpG sites analyzed and half of which did not. Significant m ethylation
changeswere identified in SSClike cells atgenes from the SFARI list possessing bivalent

chromatin, but not at genes from the SFARI list without this epigenetic modification.
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These results supportthe hypothesis that bivalent chromatin may make genes more
vulnerable to environmental exposures.

Chapter five of this thesis researd addressed the potential heritability of the
impacts of exposure to CSE Changes in FOsperm DNA methylation were initially
identified via whole genome bisulfite sequencing (WGBS) and methylation changes
were validated at select genesvia bisulfite pyrosequencing. M ethylation changes
validated in FO sperm at the gene 2-Phosphoxylose Phosphatase 1 Pxylpl) were
similarly present in F1 sperm, while changes validated in FOsperm at Gamma-
Aminobutyric Acid Type A Receptor Subunit Beta2 ( Gabrb3 and Metastasis Suppressor
1-Like Protein (Mtssll) were similarly present in F1 hippocampal, and NAc and
hippocampal tissues, respectively. Further, for Mtssll a significant, sex-specific
relationship between DNA methylation and gene expression in offspring NAc was
demonstrated. Phenotypically, rats born to CSEexposed fathersexhibited significant
cardiomegaly relative to those whose fathers were CSEnaive.

Finally, chapter six of this thesis researchaddressed whether or not the effects of
cannabis on human sperm DNA methylation were reversible. Men were recruited to
participate in the study as cannabis users and noruser controls. Semen samples were
collected at baseline, and then again following an 11-week cannabis-abstinence period.
WGBSwas performed on all sperm samples. There were no significant differences

between users and controlsbased ondemographic information or measured semen
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parameters. WGBS quantified DNA methylation changes in sperm. Importantly, a
reduction in the magnitude of methylation difference between us ers and controls after
the abstinence period relative to the methylation difference present before abstinence
was observed. However, select genes retained their altered methylation patterns after
abstinence, suggesting not all cannabisinduced effects were ameliorated. Bioinformatic
analysis of genes associated withsignificantly differentially methylated CpG sites
revealed terms associated with nervous system development, cardiovascular system
development, and embryonic development. Together, this suggeststhat the abstinence
period is at least partially effective at resolving the methylation changes observed
following cannabis use at genes important for early development.

This research adds to theemergent literature that cannabis is able to impact DNA
methylation in sperm at genes important for early life development. It demonstratesin
rodents the ability of this exposure to induce heritable epigenetic and phenotypic effects
in offspring. Further, it provide s the first evidence that abstinence from cannahis use
might help resolve the methylation changes that arise in sperm following this exposure.
Future work should assess the ability of this exposure to impact offspring methylation
and neurodevelopmental outcomes in children a nd should define how long abstinence

from cannabis use must last to produce the most robust amelioration effects.
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1.1 Background

Cannabis sativlas been grown and used for thousands of years[1]. The versatile
plant has served a variety of purposes including textile production, medicine, and
recreation [1]. Cannabis has been used in the United States (U.S.) since the 1800s, and
today it is considered to be the most commonly used illicit psychoactive drug[1].
Attitudes about cannabis safety and use have shifted over time, and more prominent
legalization efforts have helped shape public opinion about medical and recreational
cannabis consumption [1-3]. Along with changing attitudes towards cannabis use and
acceptability, the composition of cannabis that is consumed has also changed
dramatically in recent years, with more potent strains of cannabis being developed and
used by consumersand average potencies ranging from 17-28% THC [1-3]. Surveys have
gathered information about patterns and trends of cannabis use, and to better
understand the shifts in the public perception of the safety of cannabis. This is important

and timely given that legislators and politicians are frequen tly discussing plans to
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increase access to some form of legal cannabis either medical or recreational| at the
federal level.

Largely absent from these conversations are the potential health consequences of
cannabis consumption. This is especially troubling as epidemiological studies are
beginning to demonstrate that there are adverse health effects of cannabis consumption
not only for the consumer, but alsofor their children [4, 5]. This is supported by research
using animals exposed to delta-9-tetrahydrocannabinol (T HC, the main psychoactive
component of cannabis) [4, 5]. Epigenetic modifications are changes that influence the
way a gene is expressed, for example through the addition or removal of molecular
moieties to the DNA or to the tails of histone proteins around which the DNA is
wrapped [6]. The pattern of the epigenetic modifications in a somatic cell is heritable ¢
that is, transmitted during cellular division to the daughter cell [6]. Changes to the
gametic epigenome have the potential to be passed on to the next generation6].
Importantly, ep igenetic modifications serve as an intermediary that transmits
information between the environment and the DNA sequence of the genome [6].
Environmental exposures can elicit changes in the epigenome that result in altered gene
activity without an alteration t o the underlying sequence of DNA [6]. Epigenetics
therefore provide one potential mechanism through which parental cannabis exposure

can impact the health and development of their offspring.



The focus of my thesis research was to identify alterations to the sperm
epigenome following cannabis use in human studies as well as rodent and in vitro
models. Further, this worked aimed to assesswvhether the impact of cannabis exposure
on genes important for early life development is heritable, and whether or not

abstinence from cannabis use might ameliorate any consequential epigenetic changes.

1.2 Trends in cannabis use andpotency in the U.S.

Legalized cannabis is becoming increasingly available in the U.S. As of 2021,
there are 15 states and Washington D.C. that have legalized the recreational sale and use
of cannabis (Table 1). Medicinal cannabis use has been made legal inBstates and
Washington D.C. (Table 1). Cannabidiol (CBD), a non-psychoactive cannabinoid that can
be derived from either the cannabis or hemp plant has also had widespread acceptance
and is federally legal as long as it is derived from the hemp plant and the dried product
contains no more than 0.3% THC. Even in states without legalized cannabis use, CBD is
available in enormous numbers of consumer products and can easily be purchased
through online ordering . Cannabis was first regulated at the federal level in the mid
1900sdue to concerns about recreational use and adverse reactions to cannabis

containing products [1].



Table 1. List of states with legalized medical and/or recreational cannabis as of 2021

State Medical Cannabis Recreational Cannabis
Legalized Legalized
Alaska YES YES
Arizona YES YES
Arkansas YES NO
California YES YES
Colorado YES YES
Connecticut YES NO
Delaware YES NO
District of Columbia YES YES
Florida YES NO
Hawaii YES NO
lllinois YES YES
Louisiana YES NO
Maine YES YES
Maryland YES NO
Massachusetts YES YES
Michigan YES YES
Minnesota YES NO
Mississippi YES NO
Missouri YES NO
Montana YES YES
Nevada YES YES
New Hampshire YES NO
New Jersey YES YES
New Mexico YES NO
New York YES NO
North Dakota YES NO
Ohio YES NO
Oklahoma YES NO
Oregon YES YES
Pennsylvania YES NO
Rhode Island YES NO
South Dakota YES YES
Utah YES NO
Vermont YES YES
Washington YES YES
West Virginia YES NO




However, given that the federal regulation of cannabis has not been consistently
enforced, cannabis has remained prevalent in the U.S. and is known to be the most
commonly used illicit psychoactive drug. While legalization is most readily occurring at
the state level in the U.S., there is increasing discussion about changes to the federal
regulation of cannabis in mainstream politics and news. Cannabis is currently illegal at
the federal level, but individual states have autonomy to make decisions that are not
generally subjected to federal jurisdiction.

The two most common cannabinoids present in the cannabis plant are THC and
CBD1, 7, 8] THC is responsible for the psychoactive ? 1 b leffectauevoked by cannabis
use, while CBD does not elicit these sameeffectsand instead has purported relaxation
and anti-anxiety properties [1]. The potency of cannabis, defined as the percentage by
weight of THC has been progressively increasing in the U.S. in recent yeard5]. This is
especially true in states with legalized recreational cannabis programs that are able to
produce high -potency strains for hashish and hash oil products, that contain upwards of
65% THC[1, 3, 9, 10] Several studies have analyzed changes in potency over time, from
19962014 as well as from 2008017 by measuring THC cancentration present in
samples that were confiscated by the Drug Enforcement Agency (DEA). This helps
provide information about cannabis products that are being sold and consumed across
that country that would otherwise not be reported, unlike in states wi th legal cannabis

programs. These studies have consistently found increasing potency of THC in these



samples over time [9]. Specifically, cannabis products that were confiscated in 1996
contained roughly 4% THC, while in 2017, the average amount of THC measured in
confiscated samples was 17.1%][1, 9]. Additionally, the ratio of THC to CBD has grown
nearly ten-fold, from 12:1in 2008 to 1041 in 2017[1]. These more potent strainsand
shifts in the ratio of THC to CBD refle ct the selective growth over time of plants with
higher THC and lower CBD levels, as well as a growing desire for the consumption of
potent strains [1].

Higher potency strains of cannabis are associated with adverse health outcomes
in users[11]. These adverse outcomes include agreater risk of developing a cannabis use
disorder and increased risk of the development of, or relapse back into, cannabis-
induced psychosis [12-14]. This is concerning considering that cannabis use has
expanded across multiple age groups in the U.S. as legalization has made cannabis more
accessible[15]. A 2014 study of age differences in daily and non-daily cannabis
consumers found that 26.3% of all adults who consumed cannabis were using it five or
more days per week [16]. This is significant because the study reports that frequent
cannabisuse renders individuals more vulnerable to psychiatric symptoms and
substance use disorders, similar to the harmful effects that are heightened by consuming
more potent cannabis [16]. The study found that adults who consumed cannabis most
frequently were between the ages 1834 [16]. Importantly, this age range includes peak

reproductive years. Additionally, both daily (+2.14% for adults 1825, and +2.58% for



adults 26-34) and non-daily (+0.32% for adults 1825, and +3.50% for adults 2634) use
were increased from 2002 t02014 providing further evidence that more adults are using
cannabis more frequently [16, 17]

Surveys of adolescents and adults in the U.S. during this same time period, 2002
2014, collected information about the perception of cannabis safety. Along with
increased use, the perception of harm associated with cannabis use decreased, while the
perception of its safety increased[2]. This trend was reported for both adolescents and
adults. In 2016, about 30% of all 12" graders believed cannabis use isrisky [2]. The
National Survey of Drug Use and Health (NSDUH) found that between 2002 -2014, the
perception among adults of great riskassociated with cannabis used declined from 50%
to 33%([2, 11]. During this same period, adult perception of no riskincreased from 6% to
15%[2, 11]. The 2018 NSDUH Substance Abuse and Mental Health Services (SAMHSA)
report found that 43.5 million Americans ages 12 and older used cannabis in the past
year [18]. This number represents about 15.9% of thepopulation and represents an
increase in the number of Americans using cannabis compared to reports conducted
between 20022017[18]. These data supportthat cannabis use in the U.S. appears to still

be on an upward trajectory.

1.2.1 Sexdifferences in cannabis use

Men use cannabis products more so than women, and men are more likely to

develop cannabis use disorders[19, 20] A cross-sectional anonymous online survey of



2,374 cannabis users found not only that men use cannabis more frequently, but they
consume higher quantities as compared to cannabis-using women [20]. Furthermore,
men are more likely than women are to become dependent on cannabis[7]. Sex
differences were most pronounced for recreational versus medicinal use, with 73.4% of
male cannabis usersreporting recreational cannabis use as compared to only 65.5% of
women, a significant difference (p<0.001)[20].

With expanding cannabis legalization, worldwide cannabis use and the
perception that it is safe are increasing. These trends are observed among both
adolescents and adults. However, while the normalization of acceptance and patterns of
use expand, the associated health concerns remain understudied. We have little
knowl edge about the long-term health effects of this increasing level of cannabis
exposure and how it might impact child development. Studies have focused on the
potential harmful effects of maternal cannabis use during pregnancy, and the U.S.
Surgeon General and the American College of Obstetricians and Gynecologists have
cautioned pregnant women about the potential hazards. However, little has been done
to explore possible consequence of paternal cannabis use before conception. This is a
critical gap in the li terature given higher usage in men combined with emerging studies
showing that exposure to other chemicals and drugs before conception has the potential

to elicit harmful effects in children.



1.3 Epigenetics and paternal epigenetic inheritance

How could cannabis use by males prior to conception influence the health of his
children? One possible mechanism is through epigenetic modifications in the sperm that
change gene expression after fertilization of an egg. Such changes are consistent with the
concept of the Developmental Origins of Health and Disease (DOHaD) hypothesis,
which posits that the environment encountered during specific critical developmental
timepoints elicits a response in gene expression patterns that allow for optimizing
survival under tho se conditions [21, 22] However, those changes in gene expression,
which are thought to be permanent, may be dysfunctional under different
environmental conditions encountered at a later time, and could increase the propensity
for adverse outcomes and development of disease[6, 22]. Epigenetic modifications,
including the addition or removal of chemical moieties to histone tails, the actions of
noncoding RNAs and the addition or removal of DNA methylation to cytosines in the
DNA (usually in CpG context), serve as an arbitrator between the environment and the
genome, are responsive to changes in the environment, and are one likely explanation
for DOHaD [21]. The patterns of histone modifications and DNA methylation are
transmissible during cell division, such that the epigenome in many w ays serves as a
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1.3.1 DNA methylation

DNA methylation is the most extensively studied epigenetic modification. DNA
methylation is defined by the addition of a methyl (-CH3) group to the 5-carbon position
of a cytosine base most often when a cytosine is followed by a guanine in the DNA
sequen, in what is known as a CpG site or a CpG dinucleotide P D UT wUOT 1 ws x 7z wU UE ¢
for the linking phosphate group) [23]. CpG loci are often clustered in regions referred to
as CpG islands, defined as 200bp regions that have a CpG content greater than 50%24,
25]. CpG islands are typically found at gene promoters, as well as at transposon-derived
sequences such as SINE(short interspersed nuclear elements), LINEs (long interspersed
nuclear elements), and LTRs (long terminal repeats)[26]. At promoter regions roughly
60% of CpG islands are unmethylated, to enable gene transcription, while most SINESs,
LINEs, and LTRs are heavily methylated to keep these regions silenced throughout the
genome [24-27]. Genomic regions 2kb on either side of the CpG island are known as
CpG shores, andthe 2kb of sequence beyondthe shores are known as CpG shelves|[28].
While CpG islands are the most CpG-dense regions, CpG shores and shelves play
important regulatory roles and methylation at these regions is particularly vulnerable to
environmental exposures and has been associated with certain cancerg29-31].
Importantly, many CpG sites are not associated with CpG islands, promoters, or
transposable elements, and their precise functions and relationships to gene expression

are still being uncovered.
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Other gene regulatory regions are influenced by DNA methylati on. Transcription
factors, enhancers and repressors all exhibit some degree ofmethylation -dependent
binding and activation [32].31T 1 Ul wUI T UOEUOUa wl Ol OEBIUUWEWI woi Ul
because they possess domains that allows them to recognize and bind specifically to
methylated DNA, resulting in control of downstream transcription events [32]. Binding
of these regulators to methylated DNA result sin the activation of transcription when
binding facilitates the recruitment of additional transcriptional machinery to initiate
gene expression[32]. Additionally, there are examples of repressors that recognize and
bind to methylated DNA and prevent transcription by blocking the binding  of
transcription factors to regions of DNA [33]. Thesemechanisms canwork together,
whereby an enhancer can recognize and bind to methylated DNA , influencing
subsequenttranscription factor binding at upstream or downstream regions of agene,
resulting in the regulationofa T 1 O1 z Uwl BRUI UUDPOO

There are two main classes of enzymes responsible forcatalyzing the addition of
a methyl group to a cytosine base. First are thede novamethyltransferase enzymes.
These include DNA methyltransferase (DNMT) enzymes DNMT3A , DNMT3B, and their
nonenzymatic cofactor, DNMT3L . De novomethyltransferase enzymes are responsible
for the addition of a methyl group to fully unmethylated DNA  [34-36]. DNMTL1 is

known as the maintenance methyltransferase enzyme that is responsible for recognizing

and methylating hemi -methylated strands of DNA to ensure the inheritance and fidelity
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of the DNA methylation pattern on the daughter strand following replication [34-36].
The presence of the universal methyl donor, S-adenosylmethionine is required for
proper function of all DNMTs [37].

DNA methylation plays important roles in many processes important for
development. Specifically, DNA methylation is involved in establishing and
maintaining genomic imprinting patterns, controlling cellular differentiation  via
regulation of gene expression, and maintaining X -chromosome inactivati on [38-40].
Despite these many important functions of CpG methylation , surveys of the entire
human genome have found CpG sites to be quite few in number. In fact, theseimportant
regulatory sites comprise about 28.3 million instances, or less than 1% of the entirety of
the human genome in spite of an expected 6.3% presence if all 16 of the possible

dinucleotides were randomly distributed throughout the genome sequence [24].

1.3.1.1Epigenetic reprogrammi ng

Erasure, establishment and maintenance of DNA methylation patterning is a
dynamic process, particularly during germline specification and the post-fertilization
period. There are two distinct waves of DNA methylation reprogramming that occur
throughout development that may provide routes for altered DNA methylation patterns
to be inherited. Between gestational weeks 711 in humans, a wave of epigenetic
reprogramming occurs in the primordial germ cells (PGCs) [41-54]. PGCsare derived

from a stem cell population in the posterior epiblast and form the precursor to the germ
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cells present in a developing embryo. Initially identified in the extraembryonic yolk sac,
these PGCsmake their way to the hindgut, and then migrate from the hindgut to
colonize the genital ridge, proliferating without differentiating during this process. As
these cells migrate,they undergo global demethylation to create a blank slate onto
which an epigenetic profile reflective of the sex of the developing fetus is established as
these cells will go on to become the gameteqd41, 42, 44, 49, 51, 52The second wave of
reprogramming begins immediately post -fertilization, whe n DNA methylation marks
are removed from the parental genomes. There is active removal of DNA methylation
marks from the paternal genome, while the maternal genome undergoes a passive loss
of methylation [48, 49, 51, 52, 55, 56Remethylation occurs in the epiblast during
gastrulation, about one-week post-fertilization [49, 51, 52]

Reprogramming provides an essential resetting of the epigenetic information in
each generation. However, some epigenetic marks, including a small proportion of
histones along with their post -translational modifications and some DNA methylation,
are retained during these reprogramming events, providing a mechanism for potential
transmission of altered epigenetic information from one generation to the next [22, 45,
46, 57, 58] This means that it is possible that atered epigenetic information in the sperm
could be delivered to the oocyte at fertilization and then be maintained in the

developing embryo and fetus.
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1.3.1.2Spermatogenesis and DNA methylation dynamics in sperm

Prospermatogonia are derived from PGCs in the developing embryo and are
mitotically arrested at the GO/G1 stage until birth [54, 59] Reestablishment of the sperm
epigenome in these cells prior to birth is critical for the proper development of
prospermatogonia into mature spermatozoa [52-54, 59, 60] While a large portion of the
epigenome is thus re-established in prospermatogonia, this process is not completed
until after puberty when sperm begin the process of continual production. Specifically,
sperm DNA methylation marks are continually established throughout spermatogenesis
in the primary and secondary spermatocytes and spermatids and the sperm epigenome
continues to be remodeled as sperm gain motility in the epididymis [48, 54, 61] Since
sperm are continuously made from a pool of spermatogonial stem cells (SSC3$
throughout the adult life of a fertile man, the establishment and maintenance of the
sperm epigenome must be faithfully sustained throughout post -pubertal life. This
renders the sperm epigenome vulnerable to environmental exposures that might perturb
the establishment and maintenance of the epigenome that is required for
spermatogenesis.

DNMTs exhibit dynamic expression throughout spermatogenesis to support this
highly specialized process[35, 47, 48, 50, 53, 62DNMT1, DNMT3A , and DNMT3B all
have fluctuating mMRNA and protein expression levels throughout spermatogenesis,

with the highest levels occurring in  spermatogonia, leptotene and zygotene primary
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spermatocytes, and round spermatids [35, 47, 62] Studies have investigated the role
DNMTs play throughout spermatogenesis, and the impact that knockout (KO) of these
enzymes has on disrupting this process. Abnormal DNA methylation and DNMT1
expression have been observed in men with impaired spermatogenesis[35, 47, 62] Men
with oligospermia (low sperm concentrations in semen) have been found to have
abnormal DNA methylation of imprinted genes and aberrant DNMT3A expression [35,
47]. Additionally, in mice with a conditional Dnmt3aKO, arrest at the spermatogonial
stem cell (SSC) stage was observe35, 63] Dnmt3L-deficient mice are azoospermic
(deficient of sperm) due to a blockage at the first meiotic division in cells [35, 64] These
data highlight the critical role that DNMT enzymes and DN A methylation play in

maintaining proper spermatogenesis.

1.3.2 Evidence for heritability of paternal exposures

DNA methylation does indeed carry information that guides gene expression
from the father to his children at regions of the genome subject to genomic imprinting
[41]. Imprinted genes are characterized by expression of only one of the two alleles
present in a given somatic cell, with the expressed allele dependent on the sex of the
parent from whom it was inherited [41, 65] This pattern of expression is established by
DNA methylation that is set during formation of the gametes, and this methylation is
subsequently resistant to post-fertilization reprogramming [65]. Any shifts in the

establishment and/or maintenance of methylation at imprinted regions in sperm is
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carried forward into the next generation. Recently, thousands of other regions of the
genome, aside from those that are imprinted, have been stown to also resist post-
fertilization DNA methylation reprogramming  [57, 58] These regions are therefore also
able to carry gene regulatory information forward into the next generation and provide

a mechanism for the intergenerational inheritance of altered epigenetic states from
sperm in a manner that could impact the development and health of the child.

The majority of DOHaD -related studies have focused on the effects ofin utero
exposures on the health, development, and epigenetic profile of the offspring, while the
OYI UOOOOI E6wll EIl OUwWUUUEDPIT Uwi EYT wET T UOwUOwWI OxT E
conception may be playing an important role [66]. There are now emerging efforts to
better understand the effects of paternal exposures prior to conception and how they
impact the epigenetic integrity of the sperm [54, 67]. Studies have found that exposures
such as obesity, nutrition, cigarette smoke, and pesticides alter sperm DNA methylation,
with obesity and cigarette smoke doing so in a heritable fashion in humans [54, 66-73].
The effects of cannabis on the sperm epigenome, a substancpredominantly used by
men, however, have been largely understudied, and the potential effects of paternal

preconception cannabis exposure on offspring health are poorly understood.
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1.4 Dissertation objectives

The broad objectives of this dissertation work are to determine the impact of
cannabis use on the sperm epigenome, determine whether these methylation patterns
can elicit heritable effects in offspring, and assess whether absinence from cannabis use
can ameliorate these epigenetic effectsThe central hypothesis is that cannabis exposure
is associated with heritable, but reversible, changes in DNA methylation in sperm at
genes important for early life development. To address this overarching hypothesis, the
following research was conducted:

Chapter 2: Cannabis impacts sperm DNA methylation at autism candidate gene
DLGAP2.

Reduced Representation Bisulfite Sequencing (RRBS) and bisulfite
pyrosequencing identified and validated, respectively, hypo methylation in a cluster of
CpG sites in the seventh intron of autism candidate gene DLGAP2 in the sperm of
cannabis using men compared to nonuser controls. Human fetal brain tissues were
analyzed to determine if there was a relationship between DNA methylation and gene
expression atDLGAP2. Methylation analysis of fetal testis tissues was performed to
determine if this intronic regions was the gametic imprint control region. Lastly, arat
model of THC exposure was then used to determine if Dilgap2could induce heritable

methylation changes in sperm.

17



Chapter 3: Sperm DNA methylation altered by THC and nicotine: vulnerability

of neurodevelopmental genes with bivalent chromatin

DNA meth ylation was analyzed at a group of seven neuroactive genes to
determine whether different routes of THC exposure, as well as exposure to nicotine,
could similarly impact their methylation status. RRBS and bisulfite pyrosequencing
were used to interrogate methylation changes. Two publicly available datasets were
then assessedo determine if there were any epigenetic features that might enhance the
vulnerability of these genes to environmental exposures.

Chapter 4: Cannabis smoke extract impacts DNA methylation at genes involved
in early development in an in vitro model of spermatogenesis

A novel in vitro model of spermatogenesiswas usedto assess the effect of
cannabis smoke extract exposure (CSE) on DNA methylation. During the differentiation,
cells were exposed to either vehicle control or CSE. Following differentiation cells
underwent flow cytometry to isolate SSC -like cells and haploid spermatid -like cells for
DNA methylation analyses. Methylation was assessed at a group of genes randomly
chosen genes froma curated list of autism candidate genes, half of which possessed
bivalent chromatin at the specific CpG sites analyzed and half of which did not.

Chapter 5: Paternal exposure to cannabis smoke extract exposue induces

heritable changes in his offspring
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Whole genome bisulfite sequencing (WGBS) data was compared from sperm of
rats exposed to CSE for 28 days followed by 56 days of vehicle (the duration of one rat
spermatogenic cycle); rats exposed to vehicle for56 days followed by 28 days of CSE;
and rats exposed to vehicle only. Bioinformatic analyses of the WGBSwas performed to
determine significant functions associated with genes possessing altered DNA
methylation. F1 sperm, F1 hippocampus, and F1 nucleus acumbens tissueswere
analyzed via bisulfite pyrosequencing to detect heritable methylation changes at select
genes.Phenotypic changes in offspring heart weight were assessed.

Chapter 6: Abstinence from cannabis ameliorates epigenetic changes inhuman
sperm

We assessed whetherabstinence from cannabis use for 11 weeks in humans
(encompassing one spermatogenic cycle in men) could resolve cannabisinduced DNA
methylation changes. Participants provided semen samples at weeks 0 and 1land
cannabis users were required to abstain from cannabis usefor the entire duration of the
experiment. WGBS wasperformed to quantify DNA methylation changes in sperm and
bioinformatic analysis provided functional annotations of geneswith altered

methylation patterns following exposure and abstinence.

19



Does preconception Adult male cannabis
cannabis exposure use decreases
impact developmental 5“ sperm concentration
outcomes? v N

N

Does cannabis ﬁ) Adult male cannabis

exposure impact " use changes DNA
fertilization and early methylation in
life development? sperm

Figure 1. Schematic Overview of Cannabis Exposure and Potential
Consequences. Image made with graphics from ©BioRender (biorender.com)
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2.1 Introduction

Cannabis sativads the most commonly used illicit psychoactive drug in the United
States (U.S.) and Europg74]. In the U.S., 11 states and Washington D.C. have legalized
the recreational use of cannabis and 33 states have legalized the use of medicinal
cannabis. Since 1995, cannabis potency (defined as the concentration of the psyoactive
cannabis component delta-9-tetrahydrocannabinol, or THC, in the sample) has
consistently risen from ~4% to as high as 32% in some statef2, 3, 9] Changes in
cannabis potency are accompanied by changes in attitudes aboutand patterns of,
cannabis use. Between 2002 and 2014, the percentage of adults in the U.S. who perceived
cannabis use as risky declined from 50% to 33%2]. During this same period, the

percentage of U.S. adults who believed cannabis to have no risk rose from 6% to 15%2].
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According to a 2015 Survey on Drug Use and Health, 52.5% of men in the U.S. of
EYI UET | wUI xUOEUEUDYI wiEl | wpa vWAwl EYT wUIl xOUUI EwE
making cannabis exposure especially relevant for potential future fathers [75-79].

Given its increased prevalence in the U.S., studies are beginning to focus on the
effects of cannabis use on the heah and development of offspring. Prenatal cannabis
exposure via maternal use during pregnancy is associated with decreased infant birth
weight, an increased likelihood to be placed in the neonatal intensive care unit, and the
potential for an impaired fetal immune system compared to those infants who are not
exposed during gestation [74, 80] In rodent studies, rat pups born to parents who were
both exposed to THC during adolescence had increased heroinseeking activities later in
life, a phenotype that was accompanied by epigenetic changes in the nucleus accumbens
[4, 81, 82] These studies and dhers begin to highlight the potential for intergenerational
consequences of cannabis exposurg83]. Identifying the mechanism that underlies these
changes is critical as cannabis use continues to increase across the U.S.

The environment impacts the integrity and maintenance of the epi genome such
that it is now viewed as a molecular archive of past exposures [84]. While the majority of
environmental epigenetic studies are focused on the impact of the in-uteroenvironment
on the epigenome and health of the child, it has become apparent that the exposure
history of the father must also be considered + specifically the impact of his exposures

on the sperm epigenome. Studies have shown that exposure to phthalates, pesticides,
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nutritional deficiencies, an d obesity can all induce potentially heritable changes in the
sperm epigenome [54, 68, 69, 71, 887]. It is likely that other common and emerging
exposures, such as cannabis, may also contribute to disruption of sperm DNA
methylation in a similar fashion, and that such changes could be transmitted to the
subsequent generation.

Using reduced representation bisulfite sequencing (RRBS) our group recently
demonstrated that cannabis use in humans, and THC exposure in rats, is associated with
decreased sperm concentrations and widespread changes in sperm DNA methylation
[88]. Of the regions identified in humans, Discs -Large Associated Protein 2 DLGAP2)
exhibited significant hypomethylation in the sperm of cannabis -exposed men compared
to controls (p<0.05). DLGAP2 a membrane-associated protein located in the post
synaptic density of neurons, plays a key role in synapse organization and neuronal
signaling [89]. Dysregulation of DLGAPZ2 is associated with various neurological and
psychiatric disorders, such as autism spectrum disorder (ASD) and schizophrenia [89-
92]. In our preliminary screen, we identified 17 differentially methylated CpG sites
within DLGAP2 in the sperm of cannabis-exposed men compared to controls. DLGAP2
was just one of 46 genes with greater than 10 CpG sites being affected in the sperm of
cannabis users compared to controls, out of the 2,077 total genes we identified as having
altered DNA methylation. The first objective of this study was to validate our

preliminary RRBS findings for DLGAPZ2 using quantitative bisulfite pyrosequencing.
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Our second objective was to determine the functional association between DNA
methylation and gene expression of DLGAP2 to better understand how cannabis use
might affect thi s relationship. To determine the possible intergenerational effects of
paternal cannabis use, our third objective was to determine if Digap2was differentially
methylated in the sperm of rats exposed to THC versus controls, and if so, whether or

not these changes were intergenerationally heritable.

2.2 Materials and methods

2.2.1 Patrticipants

Participants were recruited as described in Murphy et al, 2018 and the study was
carried out in accordance with the Duke Institutional Review Board [88]. Twenty -four
males of age 1840 years who met all inclusion and no exclusion criteria participated in
the study. In brief, participants were excluded if there was a positive result for drugs of
abuse on a rapid urine test (except r cannabis in the user group), if they were currently
prescribed any psychoactive medication, if there was self-reported nicotine or tobacco
use within the past 12 weeks (verified by urine cotinine levels), or if there was an
estimated 1Q < 80 (see Murphyet al 2018 for more detailed participant characteristics).

OwUEUI 1 6PO1T OwlUUT U0wpOwl whl AwUi xOUO0T Ewabpii 00aw

positive for cannabis use on a rapid urinalysis, and had unadjusted urinary 11 -nor-9-

carboxy-deltad-THC (TH" " . . ' AWEOOE]I OUUEUD @éts nx kY seld] v OO w- O

Qu

reported no cannabis use in the past six months and fewer than ten lifetime uses at
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screening, with negative result for THCCOOH on a rapid urinary test and a verified
urinary THCCOOH level of 0 ng/ml . Participants were scheduled for a visit to the Duke
University fertility clinic to provide a semen specimen using procedures as previously
described [88]. In addition, human conceptal tissues from elective pregnancy
termination procedures including brain (n=28) and testes (n=3) were analyzed from 28
individuals. Female samples (n=13) had gestational ages ranging from 67d122d, and
male samples (n=15 brain, n=3 testes) had gestational ages ranging from 78408d.
Sampleswere obtained from 1999-2010 from the NIH-funded Laboratory of

Developmental Biology at the University of Washington.

2.2.2 Ratexposure to tetrahydrocannabinol (THC)

Nine -week-old, sexually mature male Sprague-Dawley rats were purchased from
Charles river Laboratories and were housed 2-3 per cage. Rats were randomized to two
groups that were dosed daily for 28 days via subcutaneous injection with vehicle only
(4% TWEEN-80 in saline) (n=8) or 4mg/kg THC (n=7). Rats were sacrificed and the
epididymis was placed in sterile PBS where the swim out method enriched the solution
for mature (motile) sperm. Sperm were washed with PBS and were flash frozen in liquid
nitrogen befor e being transferred to -80°C for further use. To study the intergenerational
effects of paternal THC exposure, young adult Sprague-Dawley rats were dosed with
4mg/kg/day of THC by subcutaneous injection. Controls received vehicle (4% TWEEN -

80 in saline). The rats were then bred with drug -naive females. Subjects were maintained
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on a reversed 12/12 daynight cycle and had ad libitum access to food and water.
Offspring (n=8 control offspring and n=6 4mg/kg offspring) were sacrificed at adulthood
and brains were dissected to isolate the hippocampus and nucleus accumbens. After
isolation tissues were flash frozen in liquid nitrogen before being stored in -80°C for
further use. All study protocols were approved by the Institutional Animal Care and
Use Committee and Duke University and conducted in accordance with federal

guidelines.

2.2.3 DNA isolation from sperm

#- wWPEUwl ROUEEU]I Ewi UOOwWT UOEOQWEOEWUEUwWUxI UOu
Puregene DNA Purification Protocol (Qiagen, Germantown, MD). Briefly, sperm
samples underwent cell lysis and Proteinase K digestion, followed by treatment with
RNase A solution. Following protein precipitation and removal, DNA was isolated and
1 OUUI Ewb Owt Y-tee weter. Geddiric ONA(GONA) was quantified on the

NanoDrop 2000 and quality was determined through measurement of the A zsozs0and

Azeorzoratios. gDNA was stored at -20°C for subsequent studies.

2.2.4 Reducedrepresentation bisulfite sequencing (RRBS)

gDNA (200-500ng) from sperm of 12 cannabis users and 12 nofuser controls
was digested with Mspl enzyme and was subsequently used to construct DNA libraries
that were sequenced by Zymo Research on the lllumina HiSeq Platform. Full details of

the methodology and analytical approach are available in Murphy et al 201 8 [88].
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2.2.5 Nucleic acid isolation from tissues

DNA and RNA were extracted from conceptal brain (n=28) and testis (n=3)
tissues, and rat hippocampus (n=20) and nucleus accumbens (n=20) using theolumn -
based isolation and purification Qiagen All Prep DNA/RNA Mini Kit, and its respective
methods. DNA was eluted in 50-luY Y 4 + wOT wEUI 1 1T Uw3 $ Owb I-kbyOH +ud -
of nucleasefree water. DNA and RNA were quantified on the NanoDrop 2000
immediat ely following extraction. Following quantification, DNA was stored at -20°C

and RNA was stored at -80°C for further use.

2.2.6 Bisulfite pyrosequencing

Pyrosequencing assay design was performed using the PyroMark CpG Assay
Design Software (Qiagen) and sequencing was carried out using the Pyromark Q96 MD
Pyrosequencing Instrument (Qiagen) using 800ng of gDNA. PCR amplification and
pyrosequencing were performed as previously described [93]. Briefly, bisulfite DNA
(bsDNA) (20ng) was used as a template for PCR amplification that was optimized to
produce a single robust band. Primers and PCR conditions can be foundin Table 2.
Assay validation was performed in triplicate using defined mixtures of fully methylated
and fully unmethylated DNAs (0%, 25%, 50%, 75%, and 100% methylated) in order to
demonstrate the ability f or increasing amounts of methylated DNA to be accurately
measured. Once assay performance was validated, samples were analyzed using the

optimized assay conditions.
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Table 2. Primer sequences and PCR conditions for bisulfite pyrosequ encing analysis

DLGAP2 (human) GGGAATGGTAAATTTTGATA BTN- GTTTGTTTTTATAATTATAT 94-66/64-72 x 5
GGA CACAATAACCCCAAAAATATT at each annealing temp
TCC then
94-62-72 x 55
Digap2 (rat) AAGGGTTTTTTGGGTGTAGG BTN- GGAGGAGGTGTGAAATT 94-65/63-72 x 5
TCCAAACACCTTCCATCCAT at each annealing temp
then
94-62-72 x 55
*All reactions were performed with a heated lid at 99 degrees. Reactions began at 95 degrees for 15 minutes. Following 30 seconds at each
cycling temperature, samples were heated at 72 degrees for 10 minutes and then cooled at 4 degrees.




2.2.7 Quantitative real-time reversetranscription -PCR

Quantitative real -time RT-PCR was performed for DLGAP2 expression in
conceptal brain tissues, as well as Dilgap2 expression in rat nucleus accumbens using the
QuantStudio 6 Flex RealTime PCR System from Thermo Fisher Scientific (Waltham,
MA). DLGAP2 (Tagman probe ID: Hs01109777_m1), and the 18S rRNA Endogenous
Control (probe ID: Hs 99999901 s1) probes were multiplexed in a 1:1 ratio for each
sample. PCR mastermix contained a final volume of 100ng/4L RNA, 14L of each probe,
10~1 of Quantabio gScript one-step RT-gPCR ToughMix (QuantaBio, Beverly, MA), and
was brought to a total reaction volume of 204 L with nuclease-free water. Samples were
run in duplicate and PCR cycling conditions were as follows: 50 °C for 10 minutes,
followed by 95°C for one minute, and fina Ily followed by 40 cycles of 95°C for 10
seconds and 60°C for one minute. For rat tissues, Dlgap2 (Tagman probe ID:
Rn00588099 m1) and Gapdh (Tagman probe ID: Rn01775763_g1) were multiplexed in a

1.1 ratio for each sample and samples were prepared and runas described above.

2.2.8 Statistical analyses

Statistics were run in GraphPad Prism Version 8 (GraphPad Software, San Diego,
CA). For bisulfite pyrosequencing of human sperm samples for DLGAP2, as well as
bisulfite pyrosequencing of rat sperm and hippocampus and nucleus accumbens of rats

born to THC exposed fathers, atwo-UE B O1 E w U-OeStivhs@ud follkach CpG site,
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comparing the means of the users and controls. Unadjusted p-values are reported, and
those that remain significant after Bonferroni corrections were identified. To
guantitatively examine the relationship between methylation and expression in brain
tissues, delta delta CT was calculated, and fold change expression was determinedwith
expression levels normalized to the lowest expressing tissue, A Pearson correlation was
run to identify the relationship between the level of DNA methylation and the fold
change expression for each sample, which are the reported R and P values. Thignalysis
was run for all 28 brain samples together, and then was calculated for males (n=15) and
females (h=13) independently due to an existing prior hypothesis of sex differences in
autism. To quantitatively examine the relationship between DNA methylati on and
expression in rat F1 offspring nucleus accumbens tissues (n=6 exposed, n=8 unexposed)
of FO THC-exposed/unexposed fathers, delta Ct was calculated, and relative expression
was determined (using levels of Gapdhto normalize), multiplied by a constant value of
10 for ease of presentation. These values were correlated t®lgap2CpG site 2

methylation using Pearson correlation.

2.3 Results

2.3.1DLGAP2 is differentially methylated in sperm from cannabis users
versus controls by RRBS

Our prior study reve aled 17 differentially methylated sites by RRBS in the sperm

of cannabis users compared to controls for the DLGAP2 gene[88]. Table 3lists all 17 of
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these sites and their genomiccoordinates. Figure 2agraphically dem onstrates the
significant hypomethylation of nine of these sites that are clustered together in the
seventh intron of this gene. DLGAP2 is schematically shown in Figure 2b, including the
exon-intron structure, position of CpG islands, transcription start s ite and the region of
interest in intron 7 within the context of the gene body, with an inset showing the
nucleotide sequence analyzed.

Table 3. RRBS data for DLGAP2

Chromosome Location Location p Value Methylation Difference Methylation Direction
8 896968 896969 0.045 -0.18 Hypomethylation
8 897645 897646 0.029 -0.21 Hypomethylation
8 1004047 1004048 0.027 -0.2 Hypomethylation
8 1004113 1004114 0.033 -0.19 Hypomethylation
8 1113180 1113181 0.014 -0.12 Hypomethylation
8 1232618 1232619 0.033 -0.13 Hypomethylation
8 1404998 1404999 0.043 0.13 Hypermethylation
8 1496347 1496348 0.037 0.17 Hypermethylation
8 1623332 1623333 0.002 -0.21 Hypomethylation
8 1623345 1623346 0.004 -0.18 Hypomethylation
8 1623355 1623356 0.011 -0.15 Hypomethylation
8 1623371 1623372 0.007 -0.14 Hypomethylation
8 1623374 1623375 0.0006 -0.19 Hypomethylation

1623377 1623378 0.0005 -0.19 Hypomethylation
8 1623401 1623402 0.0001 -0.24 Hypomethylation
8 1623403 1623404 0.002 -0.22 Hypomethylation
8 1623419 1623420 0.004 -0.18 Hypomethylation
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2.3.2 Validation of DLGAP2 RRBS methylation data

To confirm the methylation differences that were initially detected using RRBS,
we designed a bisulfite pyrosequencing assay for the DLGAP2 intron 7 region (see
Figure 2b) which captures 10 CpG sites, 9 of which were identified as significantly
differentially methylated using RRBS. We first validated pyrosequencing assay
performance using defined mixtures of fully methylated and unmethylated human
genomic DNAs. The measured levels of methylation by pyroseque ncing showed good
agreement between the amount of input methylation levels and the amount of
methylation detected (r2=0.99 and p=0.0003) (Figure 2c)lhese results confirmed the
linearity of the assay in the ability to detect increasing amounts of DNA meth ylation at
this region across the full range of possible methylation values and indicate that the

assay is suitable for use on biological specimens.

2.3.3 TheDLGAPZ2 intron 7 region is not an imprinting control region
(ICR)

DLGAP2 is paternally expressed in the testis, biallelically expressed in the brain,
and has low expression elsewhere in the body [94]. SinceDLGAP2 is known to be
genomically imprinted in testis, we sought to determine if our region of interest in
intron 7 functions as an imprint control region (ICR). The methylation at ICRs is
established during the reprogramming of the epigenome in the primordial ger m cells

during embryonic development. Male and female gametes exhibit divergent
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methylation at ICRs, and this methylation profile is maintained through subsequent
post-fertilization epigenetic reprogramming and in somatic cells throughout the life
course. Therefore, we expected that if the DLGAPZ2 intron 7 region is an ICR, the diploid
testis tissues from human conceptuses would exhibit approximately 50% methylation

due to the complete methylation of one allele at this region and the complete lack of
methylation at the other allele. Human conceptal testes tissues (h=3) showed an average
of 72.5% methylation at the DLGAP2 intron 7 region (Figure 2d). This finding of higher
than anticipated and variable levels of methylation is inconsistent with this region

functioning as an ICR.
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Figure 2. Reduced representation bisulfite sequencing data and DLGAP2 schematic demonstrating the region used for
bisulfite pyrosequencing. (a) RRBS data forDLGAP2 from our pilot study. This genome -scale analysis identified CpG sites that were
differentially methylated in the sperm of cannabis users compared to controls. Results for nine CpG sites, intronically locat ed in
DLGAP?2, that were significantly hypomethylated in the sperm of cannabis users compared to controls. (b) A gene schematic of
DLGAP2. Exons are represented by the rectangular boxes, while the ovals represent CpG islands. The sequence identified by RRBS

that was subsequently analyzed here is identified in the inset. CpG site 7 (7*) was not initially identified in the RRBS data but
included in further analyses, for a total of 10 CpG sites analyzed. (c) Pyrosequencing assay validation (performed in triplic ate) for
DLGAP2. Error bars represent the mean- SEM. Error bars not shown had deviations too small for inclusion on the graph. (1d)
Pyrosequencing results showing the average level of DNA methylation for each of the ten CpG sites of DLGAP2 in human conceptal
diploid testes tissues demonstrate that the intron 7 region of DLGAP2 is not an imprint control region . Error bars represent the mean
- SEM. * = p<0.05; ** = p<0.01; *** = p<0.001.



2.3.4 Bisulfite pyrosequencing validates the RRBS methylation data in
human sperm

We next performed quantitative bisulfite pyrosequencing on the same sperm
DNA samples from cannabis users and controls as those used to generate the RRBS data
to confirm the loss of methylation present at the intron 7 region of DLGAP2. All nine
CpG sites that were hypomethylated in the cannabis users by RRBS were also found to
be hypomethylated by bisulfite pyrosequencing , as well as an additional CpG site that

was captured in the assay design (p<0.05 for all 10 sitesjFigure 3).
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Figure 3. Bisulfite pyrosequencing results for DLGAPZ2 .Bisulfite pyrosequencing of
cannabis exposed (black) and nonruser controls (gray) sperm, validating our RRBS
findings for DLGAPZ2. Error bars represent the mean- SEM. * = p<0.05; ** = p<0.005; *** =
p<0.00(b.
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Following Bonferroni correction of the p value to adjust for multiple comparisons
(p<0.005), CpG sites 1,2,3,5,7,8,9, and 10 remained significant. From this pyrosequencing
assay we observed methylation differences of 715% between the sperm of the cannabis
users (n=8) compared to controls (n=7). Correlation of the RRBS and pyrosequencing
data for each individual CpG site showed significant agreement at all sites analyzed
(p<0.02 for all sites;Figure 4). All Cp G sites showed a significant loss of methylation in

accordance with the direction of change observed by RRBS for these same CpG sites.
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2.3.5 Methylation of DLGAP2 intron 7 is inversely correlated with
DLGAP2 expression

Given that we observed significant loss of intron 7 DLGAP2 DNA methylation in
sperm of cannabis users relative to norntusers, we next examined the relationship
EIl UPIT 1T OQw#- woOl U1 a0OEUPOOWEOGEwWT T O wi RxUI UUDPOOWDLO
is critical. We used 28 conceptal brain tissues to examine the relationship between DNA
methylation and mRNA expression. Expression levels were normalized to the lowest
expressing sample, and the relationship between DNA methylation and mRNA
expression was calculatedwith a Pearson correlation. We found that as methylation
increased in this region, mMRNA expression decreased significantly (p<0.05) (Figure 5A).
Knowing that there are sex differences in ASD, and that dysregulation of DLGAP2 is
associated with ASD, we sought to determine if we could detect any sex differences in
the methylation -expression relationship in these tissues[89]. To investigate this, we ran
the correlation for males (n=15) and females (n=13) independently. The inverse
relationship between methylation and expression was evident for both males and

females, but this relationship was significant only in females (p=0.006) (Figures 5N and

50).
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Figure 5. Relationship between DNA methylation and gene expression for
DLGAP2. Inverse correlation between DNA methylation and fold -change expression in
the region of interest for DLGAPZ2 in all n=28 conceptal brain tissues (a), in n=15 males

(b) versus n=13 female (c).

2.3.6 Intergenerational inheritance of altered Dlgap2 DNA methylation

We next sought to investigate Digap2using data obtained from our pilot study to
determine if there was any differential methylation of Dlgap2in THC versus control rats
that was not initially identified using the imposed thresholds of that study [88]. We were
particularly interested in the potential for intergenerational transmission and to
determine if route of THC exposure affected DNA methylation at this gene. The pilot
study rats were given THC via oral gavage (to mimic oral ingestion of drug) while

subsequent studies dosed rats via intraperitoneal injection (to mimic inhalation of drug)

39



[88]. We identified a region of Dilgap2that showed differential methylation between
groups by the RRBS analysis that contains eight CpG sites. This region is in the first
intron of Dlgap2 in a CpG island that spans the first exon of this gene as well (schematic
of the gene structure and sequence of this regionshown in Figure 6A . We validated the
rat Dlgap2 pyrosequencing assay using commercially available rat DNA of defined
methylation status. The results showed good agreement between the input methylation
and the amount of methylation detected by pyrosequencing (r 2=0.92, p=0.01)Figure 6B).

We were able to demonstrate intergenerational inheritance of an altered DNA
methylation pattern in Dlgap2 Comparing the average methylation for exposed and
unexposed sperm for each CpG site revealed that sites 2,3,4 and 6 of the eight CpG sites
analyzed were significantly hypomethylated in the sperm of rats exposed to 4mg/kg
THC compared to controls (p=0.03 to p=0.005)Figure 6C). CpG site 6 remained

significant after Bonferroni correction (p<0.006).
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The same region of DIgap2was then analyzed in the hippocampus and nucleus
accumbens of rats whose fathers were exposed to control or 4mg/kg THC. While CpG
site 7 was significantly hypomethylated (p<0.05) in the hippocampus of rats (Figure 7A),
this site was not identified as differentially methylated in the sperm of THC exposed
rats, and therefore we could not conclude that this change was transmitted as the result
of changes present in the exposed sperm. In the nucleus accumbens, however,
significant hypomethylation (p=0.02) at CpG site 2 was detected (Figure 7B), one of the

same sites identified in the sperm of THC exposed rats.
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Figure 7. Bisulfite pyrosequencing for rat Dlgap2 in offspring hippocampus
and nucleus accumbens. Hippocampal (a) and nucleus accumbens (b) Digap2 bisulfite
pyrosequencing data for rats born to control (gray) or THC exposed (black) fathers. * =

p<0.05.
We also found that there was an inverse relationship between DNA methylation
and expresdon of DIlgap2in the nucleus accumbensfor offspring of unexposed rats

(n=8), while there was a positive relationship between DNA methylation and gene
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expression for offspring of exposed rats (n=6). However, none of these relationships
were statistically significant likely due to the small sample size available in this study
(Figure 8).
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Figure 8. Relationship between DNA methylation and gene expression.
Relationship between DNA methylation and gene expression for Digap2 in the nucleus
accumbens of rats born to THC exposed fathers (open circles) and controls (filled
circles). Pearson corelation r and p -values are reported.

2.4 Discussion

In this study, we examined the effects of regular male cannabis use on human
sperm DNA met hylation, with a particular focus on DLGAP2. Our RRBS study initially
identified 17 CpG sites in DLGAP2 that were differentially methylated in the sperm of
cannabis users compared to controls. Of the sites that were initially identified, nine of
them all reside together in the seventh intron of this gene, though not in a defined CpG
island. To first confirm the RRBS data, we performed guantitative bisulfite

pyrosequencing for the nine clustered CpG sites. We were able to capture an additional
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CpG site with careful assay design, for a total of ten CpG sites analyzed via bisulfite
pyrosequencing. We successfully validated the RRBS findings, confirming that there was
significant hypomethylation among these ten sites with cannabis use. We confirmed a
significant inverse correlation between methylation and expression at this region in
human conceptal brain tissues.

To begin to determine whether or not the effects of cannabis on sperm are
heritable, we analyzed sperm from THC exposed and control male rats, as well as the
hippocampus and nucleus accumbens from offspring of THC exposed and control males
for changes in DNA methylation at Dlgap2 Rats exposed to THC were given a dose
(4mg/kg THC for 28 days) that is pharmacodynamically equivalent to daily cannabis
use, to resemble frequent use in our human cohorts. We identified significant
hypomethylation at Dlgap2in the sperm of exposed rats as compared to controls. This
hypomethylated state was also detected in the nucleus accumbens of rats born to THC
exposed fathers compared to controls, supporting the potential for intergenerational
inheritance of an altered sperm DNA methylation pattern. While the changes in the
degree of methylation are small (0.5-0.7%), we previously reported that fractional
expression is altered[95].

DLGAP2 is a member of the DLGAP family of scaffolding proteins located in the

post-synaptic density (PSD) of neurons. The PSD is a proteirdense web that lies under
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the postsynaptic membrane of neurons and facilitates excitatory glutamatergic signaling
in the central nervous system [89, 96] DLGAP2 functions to transmit neuronal signals
across synaptic junctions and helps control downstream signaling events [89, 96] Due to
its important role in PSD signaling, even small changes in the expression of DLGAP2
can have severe consequencef89, 96] Most specifically, DLGAP2 has been linked to
schizophrenia in patient cohorts, and, importantly, has been identified a s an autism
candidate gene[90, 91, 97, 98]Differential methylation of DLGAP2 has been found in
the brain of autistic individuals and has been linked to post -traumatic stress disorder in
rats [90, 99] Knockouts of Dlgap2in mice display abnormal social behavior, increased
aggressive behavior, and learning deficits [100].

Studies are increasingly showing associations between cannabis use and various
neuropsychiatric and behavioral disorders including anxiety, depression, cognitive
deficits, autism, psychosis, and addiction [2-5, 17, 75, 81]Initial research looking into the
effects of THC exposure found that rat pups born to parents who were exposed to THC
during adolescence showed increased effort to selfadminister heroin compared to those
born to unexposed parents [81]. This increase in addictive behavior was driven by THC -
induced changes in DNA methylation, occurring in the striatum, including the nucleus
accumbens|4, 82]. One of the genes whose methylation was atered by parental THC
exposure was Dlgap2[15]. Recently, a group from Australia analyzed datasets from two

independent cohorts to examine the relationship between cannabis legalization in the
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U.S. and ASD incidence. They determined there was a strikingly significant positive
association between cannabs legalization and increased ASD incidence. Further, the
study authors predicted that there will be a 60% increase in excess ASD cases in states
with legal cannabis by 2030 and deemed ASD the most common form for cannabis
associated clinicalteratology [101].

It is estimated that the ratio of boys with ASD to girls with ASD is 4:1 which led
us to stratify our analysis looking at the relatio nship between DNA methylation and

gene expression by seXq102, 103] The results of our methylation -expression analyses

Eil OOOUUUEUI EwEwUDT OPi PEEOUWEUUOEDPEUDPOOWD Owi

the ASD-status of these samples, there are some reasons as to why this nyabe the case.
First, there are certain genes that confer a stronger ASD phenotype in girls compared to
boys [102, 103] Thus, while we see the trend in both sexes, itis possible that
dysregulation of this gene may manifest phenotypically more in girls. Alternatively, it
may be that the relationship between methylation and expression is retained in females
and lost in males. Overall, this data confirms that the region o f DNA methylation within
DLGAP2 that was differentially methylated in the sperm of cannabis users compared to
controls is functionally important in the brain.

DLGAP2 s also known to be an imprinted gene that exhibits paternal expression
in the testis, biallelic expression in the brain, and low expression elsewhere in the body

[94]. Because imprinted genes resist postfertilization epigenetic reprogramming, this
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supports the possibility that changes in methylation at DLGAP2 in sperm could be
heritable across generations[41, 46, 104] However, given that the region we are
analyzing is not an ICR, it is unlikely that this would be a potential mechanism for
intergenerational inheritance of an altered methylation pattern at this region.
Alternatively, PO wl EUwUIT ET1 OUOCawEI | OWEPUEOYI Ul EwUT EVwWE wl
are able to escape primordial germ cell (PGC) reprogramming events, providing a
mechanism for epigenetic changes incurred by sperm to be passed on to the subsequent
generation [57, 58]
Processes in the PSD are sensitive to endocannabinoidf89, 105108], which
suggests that these processes are potentially sensitive to exogenous cannabinoids, such
as THC and cannabis. This is especially important as cannabis legalization and use are
increasing dramatically across the U.S. It is estimated that 22% of Ameican adults
EVUUUI OUGa wlUI wEEOOEEDUOWOI -tutmesperimanith) [g5wd®.U1 wUil T U0
Among regular users 55% aremales and over half of all men over 18 have reported
cannabis use in their lifetime. Importantly, this age range includes individuals of
reproductive age. Since almost half of all pregnancies in the U.S. are unplanned, there is
concern that many pregnancies may occur during a time when one, or both, parents are
using or are exposed to cannabis[109].

Our results provide novel findings about the effects of paternal cannabis use on

the methylation status of an ASD candidate gene, a disorder whose rates continue to
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climb, but whose precise etiologies remain unknown. Studies are beginning to show that
there is a potential for paternal intergenerational inheritance. In particular, epigenetic
changes in umbilical cord blood of babies born to obese fathers were also found in the
sperm of obese men. This study is the first to demonstrate that there are changegresent
in the sperm epigenome of cannabis users at a fundamental gene involved in ASD.

The results of this study have several limitations. The sample size was small,
which might limit how generalizable the findings are. However, even though our
sample size was small, we were able to identify pathways that were differentially
methylated in both human and rat sperm, highlighting the potential specificity of these
effects[88]. We did not account for a wide variety of pot ential confounders such as
various lifestyle habits, sleep, diet/nutrition, exercise, etc, given that their influence on
the sperm DNA methylome is largely unknown. Larger studies are required to confirm
these findings. In the conceptal tissues we were only able to analyze whole brain, rather
than the areas whereDLGAP2 is most highly expressed such as the hippocampus and
the striatum, which in fact may have diluted the strength of the results.

Strengths of the study included t hat we used a highly quantitative method to
confirm the methylation status that was measured by RRBS. This study was the first
demonstration of the association between cannabis use and substantial hypomethylation
of DLGAPZ2 in human sperm. Additionally, we are able to confirm a functional

relationship between methylation and expression in a relevant target tissue and have
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shown that the relationship between methylation and expression is weakened in males,
which could bear relevance to the sexual dimorphism i n the prevalence of autism. This
is the first demonstration of potential heritability of altered methylation resulting from
preconceptional paternal THC exposure. Given the increasing legalization and use of
cannabis in the U.S., our results underscore a red for larger studies to determine the
potential for heritability of DLGAP2 methylation changes in the human F1 generation
and beyond. It will also be important to examine how methylation changes relate to

neurobehavioral phenotyp es
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3.1 Introduction

In the United States (U.S.), rates of autism speatum disorder (ASD) are climbing.
As of 2018, the Centers for Disease Control and Prevention (CDC) reported that 1 in 59
U.S. children U.S. are diagnosed with ASD [110]. While the exact cause of ASD remains
unknown, it is described as a developmental disorder resulting from interactions
between genes and the environment, two major contributors to its multifaceted etiology.
No single gene is respmsible for ASD, rather about 1,000 genes have been identified as
candidates that can contribute to the disorder [111].

Many ASD candidate genes are involved in synaptic growth and regulation,
neuronal development, and signaling stability [112]. Alterations of these genes that

increase risk of ASD can include copy number variants, single nucleotide
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polymorphisms (SNPs), mutations, and rare variants [112]. ASD is considered one of the
most heritable neurodevelopmental disorders, as demonstrated by twin studies and
familial studie s[112]. Howev er, genetics may not be the only contributing force
underlying ASD heritability.

Epigenetic heritability may be another potential mediator of ASD risk.
Epigenetics refers primarily to the reversible patterns of histone tail modifications and
DNA methylati on at CG dinucleotides that contribute to chromatin accessibility and
transcription factor binding. Epigenetics exert a powerful influence in gene regulation
and can affect the resulting phenotype without changing the underlying DNA sequence.
Epigenetic modifications are a hormal and requisite component of developmental
processes. However, epigenome alterations can skew spatial and temporal gene
expression patterns, leading to phenotypic changes that can contribute to pathology.
DNA methylation is the most extensively studied epigenetic regulatory processes and
plays a critical role in cellular differentiation, DNA compaction inside the nucleus, and
regulation of cell -type specific gene expression. The establishment and maintenance of
DNA methylation can be influenced by environmental exposures [6]. DNA methylation
patterns are normally faithfully reproduced during DNA replication rendering them
somatically heritable. Nutrients, stress, and toxicants are all potentially disruptive to
DNA methylation and can result in lifelong perpetuation of altered methylation

throughout subsequent cell divisions [6]. This can impact the regulation of gene
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expression in a manner whose effects may remain latent unless synergistically combined
with other regulatory changes or in a genetic background that favors emergence of a
phenotype.

Research has increasingly focused on the role of epigenetics in ASD. Studies have
examined post-mortem brains from individuals with ASD, as well as whole blood
samples from monozygotic -twin pairs discordant for autism and demonstrated
differences in DNA methylation in individuals with autism as compared to those
without [90, 113] Others have shown that in uteroexposure to many substances
including polychlorinated biphenyls, pesticides, tobacco smoke, and cannabis are
associated with autism and autism-like phenotypes in offspring [114-116]. Associations
between early-life exposure to maternal or grandmaternal tobacco smoking during
pregnancy and autism have been demonstrated[117, 118] Others have shown
associations between maternal cannabis use during pregnancy and neurodevelopmental
delay and autistic-like deficits in offspring [101], as well as an increased incidence of
autism in offspring exposed to maternal cannabis use during pregnhancy [119]. Given
that early-life exposure to these different compounds can have similar phenotypic effects
in offspring, it is possible th at autism candidate genes share an inherent vulnerability to
environmental exposures.

3T 1T wi EOTTUZUWITEOUT wxUPOUWUOWEOOET xUDOOWEODE

time may also impact offspring health and development. Preliminary studies show that
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exposure to cannabis and tobacco products alter sperm DNA methylation [88, 120, 121]
There is an urgent need to determine whether these effects are heritable, especially given
that men are the predominant cannabis and tobacco product consumers[20, 122, 123]
and their use is increasing [20, 122]

The CDC reported in 2016 that 38 million American adults smoked cigarettes
21 Y1 G wdHD w? U:GQuR2). wEile thie)number has declined since 2005, rates of
cigarette smoking remain high in certain groups. As such, the CDC reports that smoking
tobacco cigarettes still remains high among males ard among adults aged 2564 [88].
Importantly, this includes adults of reproductive age. Men comprise the majority of
recreational cannabis users. A National Survey of Drug Use and Health found in 2018
that 36.9% of American men between ages 185 and 16.2% of men over 26 reported
using cannabis in the last year while women in the same age ranges reported 32.6% use
and 10.6% use, respectively. When considering pastmonth use, 11.0% of men over 26
reported using cannabis, while only 6.4% of women of the same age did [124]. Another
study that surveyed regular cannabis users found that men use cannabis more
frequently and in higher quant ities than women [20, 122]

We recently reported on significant differential DNA methylation in sperm of
rats exposed todelta-9-tetrahydrocannabinol (THC, the main psychoactive component
of cannabis) via oral gavage relative to controls [88]. Oral gavage pharmacokinetically

mimics the consumption of edibles containing THC [88]. Here, we furthered our analysis
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and identified epigenetic effects of oral gavage THC exposure on genes involved in
neurodevelopment. Our original list of differentially methylated genes with THC
exposure showed significant enrichment of genes involved in neurodevelopment and
synaptic plasticity. We were particularly intrigued by this result given our previous
finding that cannabis use altered DNA methylation at autism candidate DLGAP2in
sperm [121]. Turning to individual genes, we focused on seven genes described in the
literature as being implicated in autism and autism -like phenotypes and for which
sperm DNA methylation was altered by at least 10% following THC exposure via oral
gavage[112, 125] The genes we analyzed areDlg4, Shank1Gridl, Nrxn3, Syt3,and
Lrrtm4. We sought to determine if injection of THC , which pharmacokinetically more
closely resembles inhalation, influenced DNA methylation at the same CpG sites in rat
sperm. We also examined vulnerability of these genes to other types of exposures by
comparing results from the sperm of THC exposed rats to those from sperm of nicotine
exposed rats. Lastly, we examined potential commonalities among a known and
comprehensive list of autism candidate genes that may make them more vulnerable to

exposure-mediated epigenetic alterations.

3.2 Materials and methods

All animal study protocols were approved by the Institutional Animal Care and
Use Committee at Duke University and conducted in accordance with federal

guidelines.
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3.2.1 Rat THC exposure via oral gavage

Young adult, sexually mature male Sprague Dawley rats were purchased from
Charles River Laboratories, housed 2 3 per cage, and were dosed daily for 12 days via
oral gavage with either 4ml vehicle control (n=8, 10% ethanol, 1% Triton X-100 in saline)
or 2mg/kg THC in 1% Triton X -100 in saline (n=9, dose nodels moderate human use
[126]) (Sigma-Aldrich St Louis, MO, USA) as described previously [88]. Rats were
sacrificed and the epididymis was placed in sterile PBS where the swim out method
enriched the solution for mature (motile) sperm. Sperm were washed with PBS and were

frozen before being transferred to -80°C for further use.

3.2.2 Rat THC exposure via injection

Young adult, sexually mature male Sprague-Dawley rats were purchased from
Charles River Laboratories and were housed 23 per cage. Rats were randomized to two
groups that were dosed daily for 28 days via subcutaneous injection with vehicle only
(4% TWEEN-80 in saline, n=8) or 4mg/kg THC (models heavy human use[126], n=7) as
described previously [121]. Following exposure, sperm was collected and stored as

described above.

3.2.3 Rat nicotine exposure

Male rats were exposed to nicotine (Sigma Aldrich, St. Louis, MO) as described
by Hawkey et al. 2019[127]. Briefly, chronic exposure to nicotine detartrate was

delivered via osmotic minipump (Alzet model 2ML4, Durect Inc., Cupertino, CA, USA)
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at 2mg/kg/day (dose calculated as of the nicotine base weight, n=8). Minipumps
delivered consistent exposure for 28days, with two consecutive minipumps implanted

on opposite flanks of the body for a total duration of 56 days. Controls (n=7) received the
same surgery and pumps, but pump s contained only the saline vehicle. Following

exposure, sperm was collected and stored as described above.

3.2.4 Human participants

Participants (ages 1840) were screened and recruited as previously described by
Murphy et al 2018, resulting in 12 cannabis users and 12 noruser controls enrolled in
the study [88]. All study procedures were reviewed and approved by the Duke
Institutional Review Board and were conducted in accordance with the 2013 Declaration

of Helsinki. Written informed consent was provided by all participants.

3.2.5 DNA isolation from sperm

DNA ex traction was performed as described in Schrott et al 2019[121]. Briefly,
#- wWPEUwlI BUUEEUI Ewi UOOWUEUWEOEwWI UOEQwWUx1 UOWUEOD
DNA Purification Protocol (Qiagen, Germantown, MD). Sperm samples underwent cell
lysis and Proteinase K digestion, followed by treatment with RNase A solution.
%OO0O0O0PDOT wxUOUI POwxUI EDxPUEUDOOWEOEWUI OOYEOOwW#
nucleasefree water. Genomic DNA (gDNA) was quantified on the NanoDrop 2000 and

guality was determined through meas urement of the A zsozsoand Azsozsoratios. gDNA

was stored at-20°C for subsequent studies.
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3.2.6 Reduced Representation Bisulfite Sequencing (RRBS)

Genomic DNA from sperm of rats receiving THC/vehicle by oral gavage, as well
as from the sperm of 12 camabis users and 12 nonruser controls, was used for RRBS.
Full details of the methodology and analytical approach are available in Murphy et al
2018[88]. Rat RRBS data are available at the NCBI Sequence Read Archive wer

accession number PRINA633085.

3.2.7 Identification of neurodevelopmental genes significantly affected
in sperm of oral gave exposed rats

Following data analysis, significantly differentially methylated CpG sites that
met all criteria were annotated to genes (described in Murphy et al 2018[88]) and these
unigue gene names were then entered into the String Database (stringdb.org). Genes
from significantly enriched biological process GO terms were interro gated and a group
of seven genes were chosen for subsequent analysis given 1) their role in
neurodevelopmental processes, 2) their described roles in the literature in autism [112,
113, 125, 128]and 3) their greater than 10% difference in sperm DNA methylation

between the exposed and control male rats.

3.2.8 Bisulfite conversion, polymerase chain reaction (PCR) and bisulfite
pyroseqguencing

The column-based EZ DNA Methylation kit (Zymo Research; Irvine, CA) was
used to treat 800ng gDNA with sodium bisulfite to convert all unmethylated cytosines

to uracils, (that ultimately appear as thymines following downstream PCR and
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sequencing), while allowing all methylated cytosines to remain cyto sines in the

sequence. This resulted in bisulfite modified DNA (bsDNA) at a final concentration of

| YOT v +8wWEU#- wepKYOl AwPEUwWUT 1 OwUUI EWEUWEwWUI 0x0
pyrosequencing. Bisulfite pyrosequencing assay design, validation, and sequencing

were performed as described previously [93]. Primers and PCR conditions are listed in

Table 4.
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Table 4. PCR conditions

BTN-
Shank1 GATATTTGTAGGGTGTGGAATTT 50 0 CCAAACAAAACTCCT GGGTGTGGAATTTGAGA 94-63-72 x 55
c
BTN-
syt3 GAGGAAGAAGGGATTTGTTTAG ~ CTCTCACCAATCATAATCTA  \ccanTCATAATCTACCACT — 9464/61-72 x5 at each annealing temp, then 84-
30 ccacT 5872 x 55
BTN- N
Lertmd TGGATTTTTTTTATAATARATTTT ~ ACTCCAAMTAAMACTCTTTCA  casaaaaccAACAAATACAT —~— 94-84/61-72 xS at each annealing temp, then 94-
AT ACTT 58.72 x 55
BTN-
Nrxn1 AGGTAGAATTTTTGGTTTAGTTT  CTAATCAATCCCCACAAAAC CTAAAATTTCACAAACCCT 94-62/60-72 x 5 at each annealing temp, then 64
ATA 5872 x 55
BTN- !
N3 ATGTTAATTTGGTTTTGAAGBAT  procr /BTN o ccn PO —— 94-62/60-72 x 5 at each annealing temp, then 94-
G ARAA 5872 x 55
AACTC
GGTAATTGGGGAAGTTTTTAGGA BTN
Dig4 TTTAAAACCCCTCACCCTAT AGGATAATTTTAAAGTTGGT 94-63-72 x 55
ACAA
BTN CAATTCACTTACACACCCAC
Grid1 GTGTTGTTGGTTTGAARAAGGAT s CAGACCCACTTATCCC 04.64-72 x 55
AT
*All reactions were performed with a heated lid at 99 degrees. Reactions began at 95 degrees for 15 mi Following 30 ds at each cycling temperature, samples

were heated at 72 degrees for 10 minutes and then cooled at 4 degrees.




3.2.9 Statistical analyses

Statistics were performed in GraphPad Prism Version 8 (GraphPad Software, San
Diego, CA) and R Studio R Package for Testing and Visualizing Gene Overlaps[129].
For pyrosequencing assays validation, Pearson correlations determined the relationship
between the input and measured amounts of DNA methylation and significance. For
bisulfite pyrosequencing, atwo -U E D O1 E w Gtesthas rinUar ¢aoh(CpG site,
comparing the means of the exposed to the unexposed rats. Unadjusted pvalues and
those that remained significant after Bonferroni correction for the number of CpG sites
analyzed are reported. To compare overlap between the SFARI, bivalent, and human
RRBS geneO D UUUWE w%dUT 1 Uz Uwl REEVwWUT U0wPEUwWUUI EwUOOWE
P values<0.05 were considered significant and an odds ratio>1 suggests the association

between lists is strong.

3.3 Results

3.3.1 Administration of THC by oral gavage induces differential DNA
methylation in sperm at neurodevelopmentally active genes.

As previously described, reduced representation bisulfite sequencing (RRBS)
data from animals dosed with vehicle (n=8) or THC by oral gavage (which models oral
ingestion of the drug (n=9) identified 2,940 CpG sites (621 genes) that were significantly
differentially methylated in the sperm of THC exposed rats compared to controls [88].

This list was entered into the String Database to identify r elevant Biological Process
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Gene Ontology (GO) terms. String recognized 593 genes and generated 166 significant

GO terms. We were particularly intrigued by the significant enrichment of genes

involved in neurodevelopmental and regulatory processes because of our recent finding

that methylation of autism candidate gene DLGAP2 is significantly altered in sperm

from men who use cannabis relative to controls, as well as in the sperm of rats exposed

to THC [121]. Furthermore, our results suggested the potential for intergenerational

transmission of this methylation change in rats [121]. There were 19 GO terms identified

(including 79 unique gene names) that are involved in neuronal development and

UaOExUDPEwxOEUUPEPUaAGwW3T I Ul wuwbOEOUEE&wW>»H UYOUUwU
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In addition to the GO terms identified, we focused on seven genes from the

initial R RBS dataset that were significantly differentially methylated with a greater than

10% methylation difference and that are known to be involved in neurodevelopmental

processes and disorders, including autism. These genes are Discs Large MAGUK

Scaffold Protein 4 (Dlg4), SH3 and Multiple Ankyrin Repeat Domains 1 ( Shank1l),

Glutamate lonotropic Receptor Delta Type Subunit 1 (Grid1), Neurexin 1 (Nrxnl),

Neurexin 3 (Nrxn3), Synaptotagmin 3 (Syt3),and Leucine Rich Repeat Transmembrane

Neuronal 4 (Lrrtm4). THC exposure by oral gavage caused significant hypermethylation
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at Lrrtm4 and significant hypomethylation at Shank1, Syt3, Nrxn1, Nrxn3, Dig4and
Gridlin rat sperm (Table 5).

Table 5. Rat RRBS data

Chromosome Gene Location Location P-Value Methylation Methylation

Name Difference (%) Direction
1 Shank1 100342877 100342878 0.032 -11% hypomethylated
1 Syt3 100404328 100404329 0.023 -11% hypomethylated
4 Lrrtm4 110702815 110702816 0.018 12% hypermethylated
6 Nrxn1 14349149 14349150 0.0064 -12% hypomethylated
] Nrxn3 112603748 112603749 0.012 -1M1% hypomethylated
10 Dig4 56638116 56638117 0.048 -16% hypomethylated
16 Grid1 11321278 11321279 0.020 -41% hypomethylated

3.3.2 THC injection influen ces differential DNA methylation at
neurodevelopmentally active genes.

To determine if sperm DNA methylation at the same regions of these genes was
similarly affected following subcutaneous injection of THC, quantitative bisulfite
pyrosequencing was performed using DNA from sperm of control rats injected with
vehicle control (n=8) or rats injected with 4mg/kg THC (n =7), a dose that reflects daily
use in humans. Pyrosequencing assays were designed to encompass the same CpG sites

identified by RRBS, but also captured neighboring CpG sites (Figure 9A-9G).
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Figure 9. Schematics and sequences analyzed for the seven genes of interest. Syt3; B) Lrrtm4; C) Nrxnl1; D) Nrxn3; E)
Shankl; F) Dlg4; G)Gridl. Genes are represented as horizontal lines with rectangles representing exons and grey ovals representing
CpG islands. The sequence analyzed by bisulfite pyrosequencing is shown in the insert, with the CG sites in bold and underlin ed.
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Assays were validated for performance using defined mixtures of completely methylated and unmethylated bisulfite

modified rat DNAs (Figure 10A-10G).
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Figure 10. Bisulfite pyrosequencing assay validation. Pyrosequencing assay validation for the seven genes of interest. A)
Syt3; B) Lrirtm4; C) Nrxnl; D) Nrxn3; E) Shank1l; F) DIg4; G) Grid1. Defined mixtures of bisulfite modified fully methylated an d
unmethylated rat genomic DNAs were analyzed for linearity in  ability to detect increasing amounts of methylation. X -axis, the input
(expected) level of methylation, y -axis, the measured level of methylation. Rz and p values for Pearson correlation are indicated.



Comparing the average methylation across each CpG site for the sperm of
exposed versus unexposed rats revealed significant differences:Syt3, Lrrtm4, Nrxnl, and
Nrxn3 were hypomethylated at the CpGs in the region analyzed for each gene (p=0.009
0.049) while Shanklwas hypermethyla ted at the same CpG site that was identified as
hypomethylated in the oral gavage studies (p=0.015) (Figure 11A-11F). Dig4 and Gridl
did not show significant differences in methylation between the exposed and control
groups following injection (Figure 11F-11G). The following CpG sites remained
significantly affected after Bonferroni correction: CpG site 2 in Shankl(adjusted p<0.013);
CpG sites 1, 2, and 3 inLrrtm4 (adjusted p<0.017); and CpG sites 1 and 2 ilNrxnl

(adjusted p<0.025).
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3.3.3 Nicotine exposure elicits differential DNA methylation in sperm at
neurodevelopmentally active genes.

Given evidence in the literature describing multiple early life exposures,
including cigarette smoke, being associated with offspring autism and autism -like
phenotypes, we sought to determine if nicotine, the main neuroactive component of
tobacco cigarettes, affected this same subset of genes. Sperm DNA from rats exposed to
2mg/kg/day nicotine (n=8) or vehicle control (n=7) underwent pyrosequencing to
compare methylation across each CpG site. Five genes displayed significant differences
in methylation in th e sperm of nicotine exposed rats as compared to controls:Syt3,
Lrrtm4, and Nrxn3 were hypermethylated (p=0.0007-0.040) in sperm of nicotine exposed
rats compared to controls (Figure 12A, 12B, and 12D), while Dlg4 and Grid1 were
hypomethylated in these sperm (p=0.010-0.050) (Figure12F-12G). Nrxnl and Shankidid
not exhibit significant differences in methylation (Figure 12C-12E). Following
Bonferroni correction, the following CpG sites remained significantly altered: CpG si tes
1, 2, and 3 inLrrtm4 (adjusted p<0.017) and CpG site 4 inGrid1 (adjusted p<0.017).
Interestingly, the direction of change of methylation was opposite between injected THC

and nicotine at Syt3, Lrrtm4,and Nrxn 3 (Figure 13A-C).
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differential effects on rat sperm DNA methylation elicited by THC and nicotine.




3.3.4 A functional gene network is altered by THC

Despite the fact that we knew these genes were each independently implicated in
autism, we were curious about whether or not the proteins encoded by these genes
actually interact with one another. The seven gene names were evaluated in String to
determine if and how they might relate to one another in humans, given the conserved
nature of genes implicated in autism [112] (Figure 14). This particular group of genes
resulted in a significant interaction enrichment value (PPI interaction enrichment p -
value, p=2.46E14), indicating that the proteins have more functional interactions
between each other thanexpected from a random set of the same number of proteins of

similar size from the genome [130, 131]

SYT3

©

SHANK1

Network Stats

number of nodes: 7 expected number of edges: 0
number of edges: 11 PPl enrichment p-value: 2.46e-14
average node degree: 3.14
avg. local clustering coefficient: 0.762

GRID1

Figure 14. STRING analysis . STRING schematic of protein interactions for the
seven genes that were analyzed. The schematic shows that each protein interacts with at
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least one other protein in this network. The number of nodes represents the number of
proteins analyzed, and the number of edges represents the number of interactions
present between the seven nodes. The significant PPl enrichment pvalue indicates that
the interactions of these proteins is not random.

To support that this was not a chance finding, we entered the gene symbols for
another independent set of seven control genes (the gene names one position removed
from our genes of interest in the spreadsheet of our RRBS results) into String. No
significant interaction was detected for these seven control genes (PPl p=1.0, dta not
shown). We then chose seven genes at random from the SFARI autism gene list and
entered them into STRING. We did this a total of ten times, each time with a different
randomly chosen group of seven SFARI genes. Of the ten different groups of genes,
eight groups had no interactions, one group had only one interaction and one group had
three independent interactions. The seven genes studied herein, however, had 11
interactions. The top significant Biological Process GO terms for our seven genes of
interest include social behavior (p=1.70E09 at 5% FDR), vocalization behavior (p=3.87E

09 at 5% FDR), and learning (p=9.93E6 at 5% FDR). Social and communication deficits

are core affected domains in autism, and these deficits often impact learning.

3.3.5Autism candidate genes are enriched with bivalent chromatin
marks

We observed significant differences in sperm DNA methylation following THC
and nicotine exposure at an overlapping group of neurodevelopmentally important

genes, and the literature describes multiple exposures as being implicated in autism and
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autism-like phenotypes [114, 116, 132]The abundance of genes that are important
mediators of early growth and development identified by others [133-136]and our
group [70-72, 88, 121, 137, 138hat exhibit altered methylation resulting from
environmental exposures suggests they may share common features that render them
vulnerable. Many genes that are involved in early development require activation in a
highly regulated temporal manner and are associated with bivalent chromatin marks.

We therefore hypothesized that the bivalent status of genes may make them more
epigenetically vulnerable to environmental exposures. Usin g two publicly available
datasets, we identified 226 overlapping genes between the list of 913 autism candidate
genes from SFARI and 5,377 genes that possess bivalent chromatin marks in human
embryonic stem cells as identified by Court and Arnaud [111, 139] This overlap is
statistically significant ( Figure 15, p=1.9E09, Odds Ratio=1.4) and suggests that a large
number of autism candidate genes possess bivalent chromatin markings. We then
looked for potential overlap between genes with bivalent chromatin and our RRBS list of
genes in human sperm that were significantly differentially methylated in cannabis

users compared to non-user controls. We found that there are 538 genes in common
between the two lists of genes. This too was statistically significant (Figure 15, p=2.0E04,
Odds Ratio=1.2). Lastly, we compared the list of SFARI genes to the human RRBS genes
and found 99 genes in common, a statically significant overlap (Figure 15, p=7.8E15,

Odds Ratio=2.1). There were 67 genes in common amog all three lists. These results
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support our hypothesis that bivalent chromatin structure makes genes inherently
vulnerable to disruption of DNA methylation and potentially altered expression as a
result of environmental exposures. Of interest, of the seven genes that we examined,

four of them are found in both the SFARI gene list and also have bivalent chrom atin

marks.

RRBS Sperm Genes with Bivalent
Genes Chromatin
1438 538 4546
67
99 226 SFARI & Bivalent P =1.9E-09 OR=14
Bivalent & RRBS P =2.0E-04 OR=12
RRBS & SFARI P =7.8E-15 OR=2.1

521

SFARI Autism Candidate
Genes

Figure 15. Significant overlap between SFARI autism genes, genes with
bivalent chromatin, and genes from human RRBS study. Venn diagram showing the
number of genes that are included on the SFARI autism candidate gene list, the list of
genes having bivalent chromatin marks in human embryonic stem cells, and those that

were identified as being significantly differentially methylated in human sperm of men
who used cannabis compared to those who did not. There is significant overlap (p<0.05)
when comparing SFARI to bival ent, SFARI to RRBS, and bivalent to RBBS. An odds
ratio>1 demonstrates a strong relationship between lists.
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3.4 Discussion

We examined the effects of THC exposure by oral gavage or injection and
nicotine exposure on DNA methylation in rat sperm. Our focu s was on seven genes
implicated in autism. While genome-wide effects have been identified in human
exposure studies of cannabis and tobacco cigarettes as well as in rodent models, fewer
studies are focused on functionally related groups of genes, adding to the novelty of our
findings. We interrogated the RRBS dataset and analyzed gene ontology terms
associated with the differentially methylated genes. We were surprised to find that a
large number were implicated in neurodevelopment and neuronal processes. Given our
previous demonstratio n that paternal cannabis use is associated with altered
methylation of autism candidate DLGAP2 and our findings of effects on genes involved
in neurodevelopment [121], we focused on genes previously reported in the literature to
play a role in autism and for which there was a greater than 10% difference in sperm
DNA methylation following exposure to 2mg/kg THC via oral gavage as compared to
vehicle-exposed controls. Seven genes met these criteria, including discs large MAGUK
scaffold protein 4 (DIlg4), SH3 and multiple ankyrin repeat domains 1 (Shank],
glutamate ionotropic receptor delta type subunit 1 ( Grid1), neurexin 1 (Nrxnl), neurexin
3 (Nrxn3), synaptotagmin 3 (Syt3), and leucine rich repeat transmembrane neuronal 4
(Lrrtm4). The route of THC exposure models oral consumption at a dose

pharmacodynamically equivalent to moderate human consumption [126].
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We wanted to determine whether the effects of THC on methylation at these
seven genes were independent of route of exposure. Injection of 4mg/kg THC models
inhalation at a dose pharmacodynamically equivalent to heavier human consumption
[126]. Using quantitative bisulfite pyrosequencing, we observed a significant difference
in methylation at five of the seven genes that were originally identified in sperm
following oral gavage of THC, with Dlg4 and Grid1 showing no significant differences.
Reasons for inability to validate two of the genes may be due to small sample size,
inadequate read depth for these regions in RRBS, or bias in amplification prior to RRBS.
Interestingly, there was a difference in the direction of methylation change between the
two route s of exposure atShankland Lrrtm4, which might be attributable to route -
specific effects. Nevertheless, these results highlight that different routes of THC
exposure can affect DNA methylation changes at genes important for
neurodevelopment.

We determined that these same THGvulnerable genes were also susceptible to
nicotine exposure. We analyzed DNA methylation in sperm of rats exposed to 2mg/kg
nicotine, a dose mimicking moderate tobacco smoking in humans. Pyrosequencing of
sperm showed significant diff erences in DNA methylation at five of the seven genes,
with Shankland Nrxnl showing no significant differences at the CpG dinucleotides
covered by our assays. Interestingly, the direction of change of methylation was

opposite between injected THC and nicotine at Syt3, Lrrtm4,and Nrxn3. Dig4 and Gridl
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were significantly hypomethylated in exposed rat sperm with both nicotine and oral
THC while they were not significantly altered with injected THC. We were surprised to
see these discrepancies, especially beteen the two routes of THC exposure, as well as
the differences in direction of methylation between THC and nicotine at certain genes.
61 WEOOzUwl EYI wEWEOOxOI Ul wUOOEI UUUEOGEDOT woOi wli 1 U
specificity of the effects that we observed. Genes may exhibit a general vulnerability to
exposures, but the epigenetic consequence itself may in some cases be exposure
dependent, as suggested from our results. It is important to note that the experimental
exposures of the male rats to nicotine and THC were each conducted under controlled
conditions as single exposures. In reality, we are exposed to broad mixtures of
compounds each day. Therefore, we ultimately need to move to better understand the
combinatorial effects of these exposureson DNA methylation. Our findings presented
here, however, prompted us to further investigate why these particular genes are
targeted.

Using the String database to examine functional relationships between the
proteins produced by these genes, the top Biolagical Process GO terms identified were
social behavior, vocalization behavior, and learning. Autism spectrum disorders are
defined as complex neurodevelopmental disorders characterized by impairments in

social interactions, language and communication which often affect learning [140].

Further, we found that the proteins encoded by these genes are highly enriched for
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functional interactions with each other. Our findings underscore the need for additional
studies to better understand how paternal preconception exposures might contribute to
the development of neurologic disorders like ASD.

Dlg4, Shank1, Grid1, Nrxnl, Nrxn3, Syt3and Lrrtm4 are all genetically implicated
in autism [112]. Mutations in Shankl, Nrxnl, Nrxn3and Grid1l have been identified in
individuals with the disorder [112, 113, 125, 128while SNPs in DIg4 have been linked
to autism etiologies [112]. Copy number variations leading to deletions of the last three
exons of Shankland the entirety of the Syt3 gene were identified in a cohort of
individuals with ASD in Europe, and variants of Lrrtm4 have been reported in ASD [125,
128]. Recent dudies have also begun to focus on epigenetic regulation of autism
candidate genes and the role of the environment in disrupting epigenetic regulation in
autism etiology [141,142]3 1T 1 wUOO!T woOi wl x Picludirg DNBE w? PUDUIT UU? Ow
methyltransferase enzymes, has been studied in autism, where mutations in DNMT3A
have been detected in ASD case$143]. Additionally, epigene tic dysregulation of
individual autism candidate genes has been demonstrated in peripheral blood and brain
tissues of individuals with autism [144]. Nrxn1l DNA methylation changes have been
correlated with social autistic trait scores in human autism cohorts, demonstrating an

example of a gene that is bdh genetically and epigenetically implicated in AS D [113]. It

will be important to determine if genetic alterations are mutually exclusive with DNA
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methylation alterations within the same individual at the same gene, as has been found
in the majority o f studies at the BRCAland RADS51 loci in cancers[145-147].

$xDT 1 Ol UPEWET EOT 1 UWEEOQWEOUI UwEwWT T 01 z V0wl BxUI
can have significant effects on expression[95]. This is particularly true for genes that
play an acute role in neuronal processes that are precisely controlled. For example,
Shankland Dlg4, both located in the post-synaptic density (PSD) of neurons, play a
critical role in regulating synaptic scaling and plasticity, a tightly regulated process that
can have severe consequences when disrupted96, 98] As such, changes in the
expression of PSD genes have been associated with disorders such as autism and
schizophrenia [96, 98, 148] We recently demonstrated that methylation of another PSD
gene,DLGAP2 [89], is significantly alte red in the sperm of human cannabis users as
compared to controls [121]. We also showed that Digap2was hypomethylated in sperm
of THC exposed rats compared to controls, and that this change persisted in the nucleus
accumbens of pups born to THC exposed fathers [121]. Dlgap2has also been shown by
others to be differentially methylated in the nucleus accumbens of rats born to parents
with adolescent THC exposure [82]. We found that methylation of DLGAPZ2 in human
brain tissue at the same region altered in sperm was inversely related to expression of

this gene, suypporting that altered DNA methylation has functional consequences for the

levels of gene product produced [121].
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We previously published that cannabis use is associated with methylation
alterations in a large number of genes important for early development [88]. Given that
multiple in uteroand early-life exposures are associated with autism and autism-like
phenotypes, and our findings that two different exposures elicited methylation changes
at autism candidate genes in erm, we questioned whether there was something about
autism candidate genes and early development that might make the epigenetic
information these genes normally contain inherently vulnerable to environmental
exposures. Bivalent chromatin is epigenetically marked by both active (H3K4me3) and
repressive histone (H3K27me3) marks[149]. These dual markings help keep genes silent
but poises them for rapid activation when triggered by developmental cues early in life.
As such, bivalent chromatin characterizes many genes critical for early development
[149]. The presence of DNA methylation has been shown to coincide with regions of the
genome that possess bivaler chromatin, specifically at CpG islands [150]. Therefore, the
chromatin state formed by one epigenetic modification (e.g. bivalent chromatin) could
render another epigenetic modification (e.g. DNA methylation) more vulnerable to
disruption by the environment. Indeed, age -associated changes in DNA methylation
have been reported to occur preferentially at bivalently marked domains [151] and
bivalent chromatin may also make tumor suppressor genes vulnerable to
hypermethylation in cancer [152]. Supporting our contention that bivalent chromatin

increases epigenetic vulnerability of neurodevelopmentally important genes, studies

79



have shown that DNA methylation at a subset of bivalently poised loci is aberrant in
post-mortem brain samples of autistic individuals [153]. However, the enhanced
vulnerability of DNA methylation at these loci to environmental exposures requires
further focused study. It was striking to dis cover there was a significant overlap
between a known list of autism candidate genes and a list of genes with bivalent
chromatin. This finding begins to support our hypothesis that bivalent architecture
enhances the vulnerability of autism candidate genes to perturbations by multiple
environmental exposures. The significant overlap between our human RRBS gene list
with both the list of genes that possess bivalent chromatin and the SFARI autism gene
list further supports this hypothesis and provides a strong foundation for future studies
in this area. It will be critical for follow up studies to determine whether or not the
associations with specific CpG sites correlate with areas of the gene that are marked with
bivalent chromatin.

While about 90% of histone proteins in sperm are replaced with highly
specialized and sperm-specific protamines, the histones that are retained indeed carry
functional significance [154]. Interestingly, bivalent chromatin markings are frequently
found at retained histones in sperm [154]. Further, developmental loci that possess
bivalent marks in sperm are also found to be bivalently marked in the early embryo

[154-156]. This correlation suggests that these epigenetic marks present in the early
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embryo may be transmitted from the paternal germline, supporting a possible route of
epigenetic intergenerational inheritance [155].

Men in the U.S. are the predominant users of both cannabis and tobacco
products. Despite efforts to promote cigarette smoking cessation, cigarette use among
men still remains high, and the use of electronic delivery systems is rapidly expanding
[122]. While tobacco products have been legal for those 18 years and older in the US. for
decades, consumption of cannabis products is only recently undergoing expanding
legalization . As a result, cannabis use is increasing and is coinciding with an increase in
the percentage of the public that believes cannabis use is saf¢2]. Male cannabis use has
been associated with reduced fertility and in most [157] but not all [158] studies,
decreased sperm counts. Initial epigenetic studies by our group have shown that male
cannabis use, and male rat exposure to THC, cause widespreaddNA methylation
changes in sperm[88]. Furthermore, others have shown that cigarette smoking
significantly alters DNA methylation patterns in male sperm, showing that there are also
genome-wide epigenetic effects of this exposure[159, 160] The significance and impact
of these changes in sperm on offspring health and development are only beginning to be
explored t yet results may provide important information and critical opportunities for
preventive interventions to reduce risk to future ¢ hildren.

Our results provide new information about the effects of THC exposure by

multiple routes, and of nicotine exposure on the DNA methylation status of a group of
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genes implicated in autism. While rates of this complex neurodevelopmental disorder
areincreasing in the U.S., the cause of this rise remains unknown. Studies of exposure to
cigarette smoke are increasingly pointing to the need to consider paternal smoking
history in the context of offspring autism and autism -like phenotypes [161]. It will also
be important to consider th e possibility of multi -generational transmission of epigenetic
alterations, which may be more likely if they are occurring at bivalently poised (and
histone-retaining) sites throughout the sperm genome. If true, it is possible the increase
in diagnoses may in part reflect the widespread use of tobacco cigarettes in past
generations, particularly since cigarette use peaked in the early 19609162]. In this
regard, it is interesting to note that the rapid rise in autism diagnoses began between
1985 and 1995, in children born to adults of whom >40% were themselves exposed to
tobacco smoke preconceptionally [162]. In utero exposure of these adults would have
also simultaneously exposed the developing gametes of the subsequent generation, and
it is in this subsequent generation that autism prevalence began to rise. With respect to
the increasing prevalence of cannabis use, Reece and Hulse reported that autism is the
most common form of cannabis-associated clinical teratology in the U.S. Their statistical
models projected that by the year 2030, states with some form of legal cannabis vould
have a 60% excess of autism cases compared to those states that have not legalized

cannabis[101].
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Our study has several limitations . The sample size was relatively small which
may have hindered our ability to reveal significant differences at all genes across all
three exposure paradigms assessed. However, despite our small sample size, we were
able to detect a large number of significant differences at the genes analyzed in sperm,
which supports the specificity of exposure effects. Additional studies are needed to
confirm findings. While we were able to characterize these changes in the sperm of
exposed rats, we have not yet examinedpotential heritability of these changes. Initial
studies have demonstrated behavioral effects as the result of paternal exposure to
nicotine [127] and THC [163]. It will be important to examine offspring brain DNA
methylation and relationship to behavioral effects. Lastly, there were different durations
of the exposures, with only the nicotine exposure spanning the entirety of rat
spermatogenesis. We identified significant differences at all dur ations of exposure,
indicating that the changes in DNA methylation are able to occur minimally in maturing
or mature sperm. However, longer duration exposure may enhance the ability to detect
additional differences that may be occurring in the spermatogoni a.

Study strengths include the use of two different sequencing methodologies to
identify and analyze DNA methylation and targeted regions of the genome. This study
was the first to demonstrate that a distinct group of genes associated with autism are
significantly differentially methylated in the sperm of rats exposed to THC and nicotine.

This highlights the potential vulnerability of this particular group of genes in sperm.
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Furthermore, this is the first demonstration of a sig nificant overlap between a
comprehensive list of known autism candidate genes and genes with bivalent chromatin
structure. Cannabis and tobacco use are highest among men of reproductive age, and
while use is increasing, the potential health implications ne ed more intensive
examination. More research is needed to improve understanding of how cannabis and

tobacco use impact the sperm epigenome and whether those impacts are heritalbe.
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4.1 Introduction

The use of human embryonic stem cells (hESCs) in research is a powerful
scientific tool. Derived from the pre -implantation blastocyst, hESCs have tremendous
proliferative and developmental potential [164-167]. The pre-implantation blastocyst
consists of two distinct layers of cells - an outer layer made up of trophoblast cells, and
an inner layer called the inner cell mass (ICM) [168]. During fetal development,
trophoblast cells will ultimately dif ferentiate and give rise to the placenta, while the ICM
is responsible for differentiating into all tissues in the body, as well as some extra-
embryonic tissues [168]. hESCs are derived specifically from the ICM of the blastocyst
[164-167]. These pluripotent cells have the unlimited ability to self -renew while also
possessing the capacity to differentiate into any cell type in the body [169]. Specifically,
they are capable of differentiating into the three germ layers ¢ the endoderm, the
mesoderm, and the ecbderm [169].

The pluripotent nature of hESCsrenders them a remarkable model for studying
early life developmental processes and understanding disease progression[167]. These
cells have tremendous therapeutic potential as well, as is evidenced by their use in
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167]. Currently, there are 485 cell lines eligible for scientific use per the National
Institutes of Health Embryonic Stem Cell registry .

Much has been characterized in the stem cells lines that are used for research
such as the mutations they harbor, the diseases theyrepresent, and the karyotypes they
possess.However, one area that is less wellunderstood in these cellsis their imprinting
status. Genomic imprinting is an epigenetic phenomenon defined by DNA methylation -
dependent, monoallelic and parent -of-origin specific -expression of a subset of geneg33,
41, 47] In a diploid cell, one allele is fully methylated and silenced, while the other is
fully unmethylated an d is expressed[65]. Imprint ed genes are essential for normal
embryonic development and play important roles postnatally in neurodevelopment and
metabolism [65]. Irregular imprinting is associated with a suite of imprinting disorders,
including Pra der-Willi Syndrome, Angelman Syndrome, and Beckwith -Wiedemann
Syndrome [170]. These disorders are characterized by neurological deficits, fetal
overgrowth, and increased risk of childhood tumors [65, 171] Imprinting disorders
highlight the critical role that imprinted genes play in ensuring healthy fetal
development.

DNA methylation at imprinted genes is established ata gl | impint control
region (ICR) in PGCs during afirst wave of epigenetic reprogramming [57, 58, 172]

During PCG reprogramming parental imprinted marks are erased and then
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reestablished in cells to reflect the sex of the developing fetus [57, 58, 172]Once
established, these imprinted marks are maintained in the gametes and persist in the
subsequent generation, escapinga second wave d reprogramming that occurs post-
fertilization [173]. Parental imprinted marks are present in, and are propagated across,
virtually all cell types in a developing embryo. As such, imprinted genes represent one
instance in which a parentz aberrant methylation pattern in gametes would be inherited
by their offspring.

Our lack of knowledge about successful genomic imprinting and epigenetic
reprogramming in vitro must also be investigated in differentiated cells derived from
hESCprogenitor s, particularly in in vitro models of gametogenesis Ensuring the fidelity
of epigenetic reprogramming is vital for successful fertilization and embryonic
development. Thus, asin vitro models of gametogenesis are being studie for use in
assisted reproductive technologies, understanding how faithfully reprogramming is
executed in culture of these cellsis critical.

Recently, anin vitro model of human spermatogenesis was establshed, whereby
NIH -approved hESCs from a malederived 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 successfullyundergone two meiotic
divisions [174]. This model provides a culture system where we can investigate the

capacity for in vitro epigenetic reprogramming to occur in spermatogenic cells.
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In addition to providing a novel system for studying spermatogenesis in vitro,
this culture system is an elegant model for studying the impact of environmental
exposuresduring the process of spermatogenesis[174-176]. This is an area of intense
interest as studies are increasindy demonstrating the ability of various exposures to
impact the sperm epigenome at genes important for early life development [68, 69, 87]
One such exposure is cannalis [88]. Legislation legalizing cannabis use in the United
States (U.S.) is expanding, and men consume the most cannabis product$§20]. This
raises questions about the potential impact that cannabis might have on the sperm
epigenome, and how this might contribu te to adverse development outcomes.Our
group has demonstrated associations between cannabis use in men and widespread
losses of DNA methylation in sperm [88]. We also found that cannabis use in men, and
THC exposure in rats, is associated with altered sperm DNA methylation at multiple
genes implicated in autism [121, 177] States with legalized cannabis programs have an
increased prevalence of autism diagnoseq101], and it is possible that gametic epigenetic
changes might provide a mechanistic link for how th ese exposures are impacting
offspring health. Thus, this in vitro model provides a useful system to investigate the
impact of cannabis exposure on the sperm epigenome.

The present research had the following objectives: 1) characterize the
methylation stat us at the ICRs for a suite of 10 imprinted genes in male-derived hESGs;

2) characterize the methylation status at the same ICRIn hESCs that have been
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differentiated into SSClike cells and round haploid spermatid -like cells;and 3)
determine the influence that exposure to cannabis smoke extract (CSEhas on DNA
methylation at two groups of genes important for early life development. The firstis the
group of imprinted genes. The secondis a group of genes that are important for
neurodevelopment that have been associated with autism spectrum disorder (ASD),
some of which possess bivalent chromatin ¢ a unique epigenetic modification that plays
a role in early development and that we hypothesize enhances the vulnerability of genes

to environmental exposures.

4.2 Materials and Methods

4.2.1 Culture of hESCs

NIH -approved WAO1 (H1) male-derived hESCswere cultured for expansion on
a 3D hESCGquality matrigel matrix (Corning , Corning, NY) in mTeSRPIlus media
(StemCell Technologies, Cambridge, MA). Cells were acquired through a Duke WiCell
Distributor and were approved for use under IRB protocol Pro00087169Cells were
thoroughly validated through STR analysis and full karyotyping in collaboration with
the core facilities at Duke University, and the Cytogenetics Lab at the Duke Medical
Center, respectively. Additionally, cells underwent mycoplasma to confirm there wasno
contamination . Media was changed every other day, and cells were passaged usingthe
ReLeSR passaging reagen(StemcCell Technologies Cambdrige, MA) every 5-7 days

once colonies achieved80% confluence To harvest cells for future DNA extraction, cells
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were trypsinized, spun down at 300 rpm for 5 minutes, and then cell pellets were stored

at -80°C for further use.

4.2.2 Differentiation of hESCs in spermatogenic cells

Following passaging, cells were cultured for 3-5 days in hESCmedia until 80%
confluent prior to initiating differentiation. Once the desired confluency was achieved,
differentiation media was introduced to the cells [174-176]. Differentiation media
consisted of MEM-Alpha + L-glutamine (Gibco, Montgomery County, MD ), 0.2%bovina
serum albumin (Millipore Bio), 0.2 mg/ml ascorbic acid (Sigma St. Louis, MO), 0.2%
chemically defined lipid mixture (Sigma , St. Louis, MO), vy & 1 tra@dferin in water
(Sigma),k & 1 ~ir@udnuin water (Sigma, St. Louie, MO), 20ng/ml recombinant hGDNF
(Peprotech, Rocky Hill, NJ ), 1ng/ml human recombinant bFGF in 5mM tris, 150mM
NaCl, pH 7.5 (Peprotech, Rocky Hill, NJ), 30nM sodium selenite (Sigma, St. Louis, MO),
10 mM HEPES (Gibcq Montgomery County, MD ) and 0.5X Penicillin/Streptomycin
(Gibco, Montgomery County, MD ). After first preparation of differentiation media,
media was gassedwith a blood gas mixture (Airgas, Durham, NC) of 5% CQOz, 5% Q,
balanced with N 2 for 30 seconds and invert several times to mix. Media was changed
every other day and was gassed for 30 seconds each time prior to useDifferentiation
occurred over aten-day period, where day one was the first day that differentiation

media was introduc ed [174-176].
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4.2.3 Gannabis smoke extract exposure

CSE wasproduced by and received from the Research Triangle Institute (RTI) in
North Carolina , who contract with the National Institute on Drug Abuse for provision of
cannabis and cannabis products to approved researchers. The cannabis extract was
obtained under North Carolina Department of Health and Human Services Registration
NC-DHHS-1002979 and Drug Enforcement Agency registration number RM0549951
Cells were cultured in differentiation media in the presence of vehicle control (0.1%
DMSO) or 50nM THC in CSE in 0.1% DMSO forten days. Media was changed every
other day and dosing occurred with each media change. For isolation of SSClike cells,
there were n=3 vehicle control replicates and n=3 chronic CSE exposed replicates. For
isolation of haploid spermatid -like cells, therewere n=3 vehicle control replicates and

n=3 chronic CSE exposed replicatesStudies were performed at passage number 48.

4.24 Flow cytometry isolation of SSCs

Isolation of the SSClike population was achieved via fluorescence activated cell
sorting (FACS) from a mixed population of SSClike, primary spermatocyte -like,
secondary spermatocyte-like, and spermatid-like cells. Cells were sorted on the SONY
cell sorter (Sony Biotechnology, San Jose, CAat the Duke University Duke Cancer
Institute Flow Cytometry shared resource. Specifically, an APC-conjugated antibody for
the ITGAG protein (R&D Systems, Minneapolis, MN ) that is expressed on the surface of

SSCs was used tasolate this population of cel Is. Following ten days of differentiation,

91



cells were trypsinized and spun down at 300rpm for 5 minutes and resuspended in
1xPBS to wash. Cells were then spun down again at 30@pm for 5 minutes. Cells were
resuspended at 1 million cells per mL in 1XDPBS with 10% FBS + primary antibody at a
concentration of 107 L antibody per million cells and incubated at room temperature,
protected from light, for 30 minutes. Unbound antibody was washed out by spinning
cells at 30@Gpm for 5 minutes and resuspending in 1XPBSfor a total of two washes. After
washing, the cell pellet was resuspended in 10%FBS in 1XPBS for sortinglTGA6+ cells

were sorted (Figure 16) and collected for subsequentmethylation analyses.
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Figure 16. Flow cytometry sort report for the isolation of spermatogonial stem cell -like cells. (Left) Unstained control cells.
PAll events? show the forward scatter versus the back scatter to visualize all cells. ?Panel A? shows isolation of the single cells,
leaving doublets. ?PPanels labeled B show the population of unstained cells. (Center) Cells exposed to vehicle control. ?All events?
show all cells and gates the main cell population. ?Panel A? shows isolation of single cells. ?Panels labeled B show isolation of the
ITGAG6+ stained cells. (Right) Cells exposed to CSE?AIl events? show all cells and gates the main cell population. ?Panel A? shows
isolation of single cells. ?Panels labeled B show isolation of the ITGA6+ stained cells.



4.25 Flow cytometry isolation of haploid spermatids

Isolation of the haploid cell population was achieved via FACS from a mixed
population of SSClike, primary spermatocyte -like, secondary spermatocytelike, and
spermatid-like cells. Cells were sorted on the SONY cell sorter (Sony Biotechnology, San
Jose, @) at the Duke University Duke Cancer Institute Flow Cytometry shared
resource. Specifically, RedDot 1 (Biotium, Fremont, CA), a nuclear DNA stain, was be
used to stain live cells and isolate them during flow cytometry based on their DNA
content (Figure 17). Following ten days of differentiation, cells were trypsinized and
resuspended and spun down at 300rpm for 3 minutes. Cells were resuspended in
differentiation media with RedDot1 at a 1:100 dilution and incubated for 15 minutes at
37°C, protected from light. After incubation, cells were sorted immediately. Isolated

haploid cells were collected for subsequent methylation analyses.
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Figure 17. Flow cytometry sort report for the isolation of haploid spermatid -like cells. (Left) Unstained control cells. ?All
events? show the forward scatter versus the back scatter to visualize all cells. ?Panel A? shows isolation of the single cells, leaving
doublets. ?Panels labeled B show the population of unstained cells. (Center) Cells exposed to vehicle control. ?All events? show all
cells and gates the main cell population. ?Panel A? shows isolation of single cells. ?Panels labeled B show the populations of cells
present based on DNA content. B-left shows the distinct cell populations captured. B -right shows the cell-cycle profiled for these
stained cells, based on DNA content. The G1 peak is at 400 on the saxis for diploid cells, and haploid cells are centered at 200.
(Right) Cells exposed to CSE.?AIll events? show all cells and gates the main cell population. ?Panel A? shows isolation of single cells.
PPanels labeled B show the populations of cells present based on DNA content. B-left shows the distinct cell populations captured.
B-right shows the cell-cycle profiled for these stained cells, based on DNA content. The G1 peakis at 400 on the xaxis for diploid
cells, and haploid cells are centered at 200.



4.2 6 DNA isolation from cells

DNA was isolated from hESCs andsorted cells using the using the column -based
isolation and purification Qiagen All Prep DNA/RNA Mini Kit  (Qiagen, Germantown,
MD)OwWEOEwPUUwUI Uxl EUDPYI woOl Ul OEUB w#- wPEUwI OUUI E
guantified on the NanoDrop 2000 immediately following extraction. Following

guantific ation, DNA was stored at -20°C until required for use .

4.2 7 Bisulfite pyrosequencing

As previously described [121, 177] 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 methylated cytosines remain cytosines in
the sequence. Ths resulted in bisulfite modified DNA (bsDNA) at a final concentration
of 101 YOT ¥4 +6 wEU#- wPEUWUT T OwUUI EWEVUWEwWUT OxOEUIT wi
pyrosequencing. Bisulfite pyrosequencing assay design, validation, and sequencing

were performed as described [93].

4.2.7.1 Gene selection and assay design for imprinted genes

For imprinted genes, the assay desigrs were previously validated and published

by our lab [104]. Primers and PCR conditions for these genes ae listed in Table 6.
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Table 6. Imprinted gene assay information for bisulfite pyrosequencing

85°C 15 min

H19-F H19-R* H19-8 H19 94°C-B5°C_T2C X 5 |30
84°C-62°C-T2°C X 5 |30s
H19 ‘$4°C-59°C-72°C X 50
|30s
TTTGTTGATTTT ATT AAG GGAG 7252 m@nﬂc GTG TGGAATTAGAAGT GGTYGYGYG ?..}’E.?IQGTGJ:G GTTTATATA 72(': 10 min
4°C =
X R* 5°C 15 min
IGF2-F IGF2-R IGF2-S IGF2 s e
94°C68°C-T2C X 5 305
S4°C-B6°C-T2°C X 50
IGF2  GGAGGGGGTTTATITTITTAG  TAACCCC AAC AM GGG GTTTATTIT TITAGGA AGTATAGTT AYG TYG TTT TTT ATT GGTTTY a0s
GAAG AAC CAC TAAACAC GTTA 72C 10 min
4°C =
MEG3-IG-F MEG3-IG-R* MEG3-IG-S MEG3-IG sg‘?t‘lss;‘:"
61°C |30 X55
MEG3-IG TTG GAATTG TTAAGAGTTTGT TAAT TAA CAAACC YGTTTATTG GGT TGGGTTTTG TTAGTTGTT ! |30s.
GGATT A ATA AAC AAC TAT AAA GGATTT GTG AGA AAT GAT TGTGGTTTATTAGTT GTTYGY GGTTTATTA 72°C 10 min
cc GTTGTTYGY G 4C =
MEST-F MEST-R* MEST-S MEST 95°C 15 min
S4CHECT2C X5 [30s
94°C-63°C-T2°C X 5 |30s
S49C-BOC-T2C X 50
MESTIT1 GGTGAGATTAGGGTTATTATG  TAAA AAA AAA TAT GAAATT TTA AAT TTT ATTA YGAYGATTT YGG GGT TTAGAAATT TTAATT 1308
GAT CACTCC TAC CC TAAGGAGGTTTY G 72°C 10 min
#C=
_R* 95°C 15 min
PEG3-F PEG3-R’ PEG3-52 PEG3 84 [308
62°C |30s X55
PEG3 7CTCACC TCACET GGY GTY GTY GGG YGT YGG GYG TTATGA GGG 72°C |30s
GTGTAGAAGTTT GGG TAGTTG  TCTEACE TCAT TGTTTA TTT TGG GTT GGT TGY GTTAGG YGG TTG TTY GTG TTY GAG GTT 72°C 10 min
G 45C =
¥ . 5°C 15 min
PLAGL1-F PLAGL1-R PLAGL1-S PLAGL1 24 (308
B8°C [30s X55
PLAGL1 72°C |30s
GTAGGGTAGGTGTTTGGG TGT 7CRACAAAAACAC YGY GGTTGY GGY GGG YGG GTT GGG GGT
4 Yoy GTAGET GTTTEE 6TE TT Aove g .éa_m
SGCE/PEG10-F* SGCE/PEG10-R SGCE/PEG10-8 SGCE/PEG10 93:"',&"5“"‘"
B4°C |30 X556
SGCE JGAGTT! AGTTGG GAG GA TCTACAACC CTATAA CCTAATATACCT TCT CT: CRATAC TTAACR CCT CCTCCT ACAACR CCT 1305
FANDG! CAACCAATCTCA A A CCT CAAAAC RCR CCT CCC CTACAACRCRC 72 0 min
GRB10-F* GRB10-R GRB10-S GRB10 95°C 15 min
S4°CE6°C-T2C X 5 [30s
SUCHICT2C X 5 [30s
GRBT0 AGGAGG TAG TGG AGG GAA TAA CCC AAA ACC AAA CCC CAAAAG CARAGS CAT ATA ACRCRACCA CRC GCC AAC RCC CRA CRAAAA sa'cm'lcaé.mxso
G ATATA CCC TCTACTACC CAATEC CC 720010 min
4C =
NDN-F NDN-R* NDN-S NDN 95°C 15 min
S4°C-64°C-T2C X 5305
S4°CH1°C-T2C X 5 [30s
NDN  ATAGGTTITTTGTTTATGATT CAACTC CTC AAT AAT AGTTIT AT TAR GTG ARG GG TYGYGG YGT TAGAGA GAG YBTYGTTTG GAA o 0 -T2 X 30
TTG AGT AMACTTCC YGTGTTG 72°C 10 min
4C
SNRPN-F SNRPN-R* SNRPN-S SNRPN 85°C 15 min
S4CHECT2C X 5[0
SNRPN 94°C-65°C-T2°C X 5 |30s
S4C-B2C-T2C X 50
AAAGTTTTT TGT TTT GGAGAA ATATAC CCACCTCCA GTTYGT TYG TATTGG GGY GYG TTTTTT ATT
DMR TTT GTTTAG ATG GTATTT 1308
TTAGATT CCCATAT Y6 T2C 10 min

4#C=



4.2.72 Gene selection and assay design for neurodevelopmental genes

To select relevantgenes involved in neurodevelopment for pyrosequencing
assa design, we turned to two publicly available datasets described in Chapter 3 [111,
139]. First was the Simons Foundation Autism Research Initiative (SFARI) that has
curated a list of 913 autism candidate genes based on data in the scientific literature.
Second was a list of B879genes that possess bivalent chromatinand that was previously
published by Court & Arnaud in 2017 [111, 139] Using the SFARI list as ourbaselinelist
of genes important for neurodevelopment, we started by identifying genes in common
between the two lists, and genes that were present in the SFARI list alone.There were
293 genes in common between the two lists(referred to as the? O Y 1 U GEAnde2® U U
genes present in only the SFARI list(referred to as the? 2 % -A® O a wB@iie> A
overlap list, we assigned each gene a number 293 and used a random number
generator to randomly select 10 genes for follow up. For the SFARI-only list, we
similarly assigned each gene a number 2620 and used a random number generator to
select 10 genes at random.

From the overlap list, Court & Arnaud had annotated within each gene where
there were CpG sites present that overlapped with regions possessing bivalent
chromatin through the use of the lllumina Infinum HumanMethylation450 BeadChip
(hereafter, 450K). We recorded each CpG cooréhate associated with bivalent chromatin

for each of the ten randomly selected genes. For each gene, there was more than one

98



CpG coordinate associated with bivalent chromatin and these would not allow for
inclusion in a single pyrosequencing assay due to too great an intervening distance
along the sequence between bivalentCpG 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 the SFARI only list, the CpG coordinates associated with each of those genes
were similarly retrieved from the 450K chromosome database. CpG sites were assigned
a number and then a random number generator was again used to detemine around
which CpG site a bisulfite pyrosequencing assay should be designed. For all genes,

primers and PCR conditions for these genes are listed inTable 7.
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Table 7. SFARI and bivalent chromatin gene assay information for bisulfite pyrosequencing

BRD4&-F BRD4-R" BRD4-S BRD4 95°C 15 min
M“Cﬁiﬁ'c-??crx 55 |30s
BRD4 AGGTCGTITIIGTITTGASTE {AATTGARAAMCAGAAAGCTCACATTAC TGTTTTGTTTGTTTGGTTTAT AGTTTAAAGTYGTGTAYGAG o mn
95°C 15 min
CADPS-F CADPS-R" CADPS-S CADPS S4CHECTZCX 5 [30s
S4°C66°C-72°C X 5 30
CADPS 84°C-B4°C-72°C X 55 |30
GTATAGGGGATARAGTTTTTG GATATTATATTGTTAGTGGGA YGTTTAGAATTTATATGGYGAAGGTTTGTTAATGAGT 72°C 10 min
ey AAAAAACCCTARACTTCTATCTACTECT P S Ak
o 95°C 15 min
EXOC3-F EXOC3-R EXOC3-S EXoca A
EXOC3 s:mst;' X855
CTTTGGGAGACTATGGGTGAT AGTCCTCATCTAACCTCAGACCTAATAA ATGGGTGATATTTTTTTOAG GTATYGTAGTAGGTTAYGGTTTAGGGTABATTYGT .
4C =
95°C 15 min
FBXO40-F FBXO40-R* FBX040-S FBX040 HCEEC-TXC X 5 (M08
FBXO40 94°C63CT2C X 5 [30s
S4°C60°C72°C X 50 308
TTGAGTGTTGATARATATAGG TYGTAAGTTGAGTTTGGTTATATTGTTTTTTGTGATATY .
GGAAGGAA CATCTACTTACACCTAAACCCTTAATT AGGGGAAGGAAAMG GTTTTATTTTITAATTTYGT ??S;C‘U-I‘M
. 95C 15 min
MEDIZLF MED12L-R' MED12L-52 MED12L TSRO TROXS 306
Q4°CETCTZC X5 (305
MED12L QT GEC-T2°C X55 308
\TTTGAAAGGAAA
dadiliaad s L ATCCAATCCTACTACTTTGTAAGT  GGAAAGTTTATTTGGARAGAT |0 CATYGTTTTARATGTATRTATIYGTATATTY GATTGA 72 1omh
.
95°C 15 min
TSPANIT.E TSPANIT-R* TSPAN17-S TSPAN17 4G 1308
TSPAN17 s2.7?7'|le‘3€|):$
TETGTITTATI I TG acccamacCTOATACTAATCG  AMAGTTGGAGTITAATTITAGT TITTATTTYGTYGTTTYGTTYGAT 72°C 10 min
4°C =
CMPKZF CMPK2-R* CMPK2-S CMPK2 95 15 min
94°C [30s
CMPK2 sl
GATGTTGGATTGTGGTAGGTA ATATTTTATTTTAGTGTAGGAATTAATTTGGTGGAAGAAAGGYGATTTYGAGGTGTTAAT 205
o ARACTTTTCCCTCTTCTTARMATTACEGCT P TTOGGYGA 72 1omi
s
GRIKZ-F GRIKZ-R® GRIK2-S GRIK2 85°C 15 min
GRIK2 %CBIFCT2C X5 305
TAGTAGTGTAGTAGAATAGGG GGTTTGGTAAMATTTTTGTTA TAAAGYGTTTTTTGTGTYGGGTTGTGGTTYGTTATYGA 72°C 10 min
GG AARAMA AARAAACCCAAL
v TCAAT) CCTTAAT G TATTTYGTTYGT 4cC=
95°C 15 min
HONAF HCN1-R® HCN1-S HEN1 MICHROTTCX S |30
Lo - - 84°C66°C-T2C X 5 305
UCB4C72C X 55 |30s
GAGGTTTTTGGGGTTTAGAAG TTAGTTTGTTTTTTTTTATAGGYGTTGGTTATTTTYGTT o
e CCAAATACAAATTACCCTICTTTTAGG  TTTTGGGGAGTGTGT PO Al 775 10 mi
KLF16-F KLF16-R* KLF16-S KLF16 85°C 15 min
94°C-63.5°C-72°C X 55 |30s
KLF16 GGGGAGGGATGGGTITGGA  GAACAGAAGTACATCCACCGGTAA  GGGAAGGTAGTATTGTTAT |1'CCGATIGTAGTAAGAMTAGGTTTGEGEGTETTTA o min
9°C 15 min
NR4A2-R* NR4AZ-S NR4A2 94C-64C-TXC X 5 [305
NR4A2-F SC2CT2CX 5 [308
NR4AZ 94°C 0°C-72°C X § [305
GTTAGGTAGGAATATATTAA T o 30s
GGGTTTAGGGGAAAGTGAAGT ACTAACCCTAACCCCGAATATACCTTTAT o YGAGYGYGGGTTAGGAGTITAGGGAGYGYGG 72°C 10 min




4.2.8 Statistical analysis

Statistical analyses were performed in GraphPad Prism Version 9 (GraphPad
Software, San Diego, CA). For assay validation, linear regression was run to determine
the R2 coefficient to determine the relationship between expected and measured
methylation values. For bisulfite pyrosequencing studies characterizing the imprinted
genestatus in different cell lines, a One-Factor ANOVA was run to determine the effect
of cell line on variation in methylation. For bisulfite pyrosequencing studies assessing
the impact of CSE 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 significant distribution of genes significantly impacted by CSE exposure in the
overlap list compared to the SFARI-only list, a onefactor Chi-square test was

performed.

4.3 Results
4.3.1 Characterization of imprinted gene status in hESCs

Imprinted gene status was initially characterized in three male -derived hESC
lines. gDNA was isolated from H1 cells cultured in the Murphy Laboratory at Duke
University in accordance with IRB protocol Pro00087169while genomic DNA from H13
and H23 cell lines was isolated and subsequently provided by our collaborator, Dr.
Charles Easley at the University of Georgia, Athens. gDNA underwent bis ulfite

conversion followed by PCR amplification and bisulfite pyrosequencing to determine
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levels of methylation. For eachhESCline, the methylation status of two separate passage
numbers was assessedhESCs are diploid cells, possessinga maternal and paternal allele
for each gene.Therefore, the expected methylation status of the ICR of an imprinted

gene is 50% given that one allele is fully methylated, and one allele is fully

unmethylated . We used bisulfite pyrosequencing to analyze the methylation status at a
suite of 10 imprinted genes, three of which are paternally imprinted, and seven of which
are maternally imprinted . Methylation values described are averages of the methylation
values meaaured at each CpG siteacross the region analyzed via bisulfite
pyrosequencing for each gene The sequence to analyze containing these CpG sites is

presented in Table 6.

4.3.1.1 Characterization of paternally imprinted genes in hESCs

Methylation levels for paternally imprinted Insulin -like Growth Factor 2 (1IGF2)
ranged from 58% to 81%(Figure 18A) depending on the cell line. For paternally
imprinted Maternally Expressed 3-Intergenic Differentially Methylated Region ( MEG3-
IG), we detected methylation levels from 69% to 80% (Figure 18B). Lastly, for paternally
imprinted H19 Imprinted Maternally Expressed Transcript (H19) methylation levels
were between 89%and 93% in these diploid cells (Figure 18C).A one-factor ANOVA
was run to determine variance across celllines for paternally imprinted genes. There
was no significant effect of cell line on DNA methylation for MEGS3-IG, but significant

variation was observed across linesfor IGF2 (p<0.0001) andH19 (p<0.03). We then
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performed p ost-hoc t-tests within eachcell line across passage numberso determine if
there were significant methylation differences based on passage number.We detected a
significant methylation difference between passage numbers at H19 for the H23 cell line

(p<0.05) as well as significant methylation differences between passagenumbers for the

H1 (p<0.050)and H13 (p<0.05)cell lines at IGF2.
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Figure 18. Characterization of DNA methylation at paternally imprinted genes in
hESCs. Bisulfite pyrosequencing data for the IGF2, H19, an MEG3 ICRs. The xaxis label is
the cell line (i.e., H1) as well as the passage number that was used for each cell line (i.e., H1
60). Onefactor ANOVA showed significant variation across cell lines for 1GF2 (Figure 18A,
p<0.0001) andH19 (Figure 18B, p<0.05), but not forMEG3 (Figure 18C). Posthoc t-tests
across passage numbers within a cell line showed significant differences in methylation
between passage number in H1 and H13 cells lines inlGF2,and H23 in H19. * p<0.05; **
p<0.005; *** p<0.0001

4.3.1.2 Characterization of maternally imprinted genes in hESCs

For maternally imprinted genes, methylation levels were somewhat more
reflective of the anticipated ~50% level of methylation. For Growth Factor Receptor-
Bound Protein 10 (GRB10, we measured methylation levels between 35% and 41%
(Figure 19A). MEST Intronic Transcript 1, Antisense RNA (MEST) had methylation

levels between 38% and 44% (Figure 19B), whileNecdin (NDN ) had levels of
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methylation between 31% and 39% (Figure 19C).Paternally Expressed 3 PEG3
displayed the broadest range of methylation levels, from 36% to 88%, with great
variation occurring across the cell lines (Figure 19D). The imprinted DMRs with
methylation levels t hat were closest to 50% across cell lines weré’LAG1 Like Zinc
Finger 1 (PLAGL1), whose methylation levels were between 52% to 59% (Figure. 19E)
and Sarcoglycan Epsilon (SGCBE, whose methylation levels were between 46% and 53%
(Figure 19F). Lastly for the maternally imprinted genes, measured methylation levels in
Small Nuclear Ribonucleoprotein Polypeptide N (SNRPN) ranged from 32% to 36%
(Figure 19G).One-factor ANOVA showed no significant effect of cell line for SNRPN,
while there were significant sources of variation across cell lines for GRB10(p<0.05),
MEST (p=0.005),NDN (p<0.0001),PEG3(p<0.0001)PLAGL1 (p<0.0001), andSGCE
(p<0.0001).Posthoc t-tests within cell lines across passage numberssignificant
differences in passage number for GRB10across passage numbers fothe H13 cell line
(p<0.05) MEST across passage numbers for the H1 (p<0.05) and H23 (p<0.01) cell lines;
NDN across pasage numbers for the H13 (p<0.05) and H23 (p<0.001) cell lineEG
across passage numbers for the H13 (p<0.05) and H23 (p<0.05) cell lineBL.GAL1 across
passage numbers for the H1 (p<0.05) and H13 (p<0.05) cell lines; an8 GCEacross

passage numbers br the H1 (p<0.01) and H13 (p<0.05) cell lines.
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Figure 19. Characterization of DNA methylation at maternally imprinted genes in
hESCs. Bisulfite pyrosequencing data for the GRB10, MEST, NDN, PEG3, PLAGL1, SGCE,
and SNRPNICRS. The xaxis label is the cell line (i.e., H1), as well as the passage number

that was used for each cell line (i.e., H1:62). Figure 19A-F: one-factor ANOVA showed
significant (p<0.05-0.0001) variation across cell lines for all lines exceptSNRPN (Figure 1G).
Post-hoc t-tests across passage numbers within a cell line showed significant differences in
methylation between passage number in H1 cells for MEST, PLAGL1,and SGCE;for H13
cells for GRB10, NDN, PEG3and PLAGL1; and for H23 cells for MEST, NDN, and PEF3.*
p<0.05; ** p<0.005; *** p<0.0001

4.3.2 Characterization of imprinted gene status in haploid spermatid -like
cells

After establishing the baseline levels of methylation at imprinted genes in these
hESC lines, we next sought to determine whether or not epigenetic reprogramming
faithfully occurred at these genes as cells were differentiated into haploid spermatogenic

cells. In haploid cells that are appropriately and completely reprogrammed, we would
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expect the methylation levels to be at or very close to 100% at paternally imprinted genes
and 0% at maternally imprinted genes [41]. hESCs were differentiated into
spermatogenic cells over aten-day period. On the tenth day, haploid cells were isolated
via flow cytometry and DNA was extracted and bisulfite converted for use in
downstream PCR and bisulfite pyrosequencing analyses. Bisulfite pyrosequencing was
performed for the same suite of 10 imprinted genes to determine the methylation

changes that ocurred in vitro during differentiation.

4.3.2.1 Characterization of paternally imprinted genes in in vitro derived haploid
spermatid -like cells

We first analyzed methylation levels in paternally imprinted genes in the same
three cells lines, H1, H13, and H23, however, only one passage nhumber for each cell line
was analyzed. IGF2 haploid spermatid -like cells displayed methylation levels from 59%
to. 79% (Figure 20A),MEG3 haploid spermatid-like cells had methylation levels between

83% and 85% (Figure 20B), and methylation levels inH19 were measured between 94%
to 96% (Figure 20C). Onefactor ANOVA for these genes show significant effects of cell

line for IGF2 (p=0.0009), but not forMEG3-IG or H19.
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Figure 20. Characterization of DNA methylation at paternally imprinted genes in
haploid spermatids. Bisulfite pyrosequencing data for IGF2, MEG3I1G, and H19 ICRs in
haploid spermatids. The x-axis describes the cell line. Onefactor ANOVA showed
significant (p<0.001) variation across cell lines forIGF2. * p<0.05; ** p<0.005; *** p<0.0001

4.3.2.2 Characterization of maternally imprinted genes in in vitro derived haploid
spermatid -like cells

We next analyzed DNA methylation at the ICR of the maternally imprinted
genes we were investigated in H1, H13, and H23 cell lines. GRB10(Figure 21A)
methylation levels were between 39% and 43%. Similarly, MEST methylation levels were
between 36% and 44%Figure 21B), NDN methylation levels were between 36% and
41% (Figure 21C) and SNRPN methylation levels were between 35% and 35%(Figure
21G). PEG3again showed the greatest variability across cells lines, with methylation
levels ranging from 35% in H1s to 92% in H23s(Figure 21D). Lastly, PLAGL1
methylation levels were measured between 57% and 70%(Figure 32E), and SGCE
methylation levels were between 52% and 57%(Figure 21F). One-factor ANOVA was

significant (p<0.00010.03)for variation across cell lines for all genes exceptGRB1Q
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Figure 21. Characterization of DNA methylation at maternally imprinted genes in
haploid spermatids. Bisulfite pyrosequencing data for the GRB10, MEST, NDN, PEG3,
PLAGL1, SGCEand SNRPNICRS. The xaxis label is the cell line (i.e., H1), as well as the
passage number that was used for each cell line (i.e., H162). Figure 21A-F: onefactor
ANOVA showed significant (p<0.05 -0.0001) variation across cell lines for all lines except
SNRPN (Figure 21G). * p<0.05; ** p<0.005; *** p<0.0001

4.3.3 Cannabis smoke extract exposure impacts DNA methylation at
imprinted genes in in vitro derived spermatogenic cells

There is increasing evidence from our group and others that use of cannabis is
associated with altered DNA methylation in sperm [88]. The impact of this exposure
specifically on imprinted genes, however, has been less well studied. This is important

because the methylation levels at imprinted genes in gametes are carried forward to the
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embryo and are retained during postfertilization rep rogramming [173]. After

characterizing methylation levels at multiple imprinted regulatory regions in hESCs and

haploid spermatids, we next determined whether or not CSE exposure would impact

DNA methylation at this samegroup of imprinted genes . Cells were exposed to 50nM

CSE or vehicle control over the entire ten-day differentiation period OwUIl | Ol EUDOT w? ET
exposure [178]. Following differentiation SSGlike cells and haploid spermatid -like cells

were isolated via flow cytometry . Given that sperm cells are continuously produced

throughout the post -pubertal life of a man from a defined stem cell population [59], we

were curious as to whether exposures could impact those stem cells, and if so, would

thoseeffects be propagated across differentiation into haploid spermatids ?

4.3.3.1 Impacts of CSE exposure in DNA methylation at paternally imprinted genes in
in vitro derived spermatogenic cells

Using bisulfite pyrosequencing, we first analyzed the effect of chronic CSE
exposure on DNA methylation at paternally imprinted genes in SSCs and haploid
spermatids. Here, the effect of CSE on each individual CpG site was now consdered.
We previously analyzed the average methylation across the region because we expect
the methylation levels across an imprinting control region to have little variation. We
analyzed the effect of CSE on each individual CpG site now, however, because it is
possible that CSE can impact individual CpG sites in a distinct manner, and we know
changes in DNA methylation at a single site can have meaningful impacts on gene

expression. Two-factor ANOVA for CpG site and exposure status revealed no significant
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effects of exposure for IGF2 (Figure 22A) or MEG3-IG (Figure 22B)in either the SSGlike
cells or the haploid spermatid -like cells. ForH19, this effect approached significance in
the SSClike cells (p=0.07)(Figure. 22C), but there was no significant effect of exposure
on DNA methylation of these regions that was evident in the haploid spermatid -like

cells.
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Figure 22. CSE does not significantly impact DNA methylation at paternally
imprinted genes in SSCs or haploid spermatids. Figure 22A-C: Two-factor ANOVA of
bisulfite pyrosequencing data for IGF2, MEG3IG, and H19 demonstrates no significant effect
of CSE exposute on DNA methylation at these genes in SSCs or haploid spermatids.

Grey=controls, green=CSE exposed* p<0.05; ** p<0.005; *** p<0.0001
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4.3.3.2 Impacts of CSE exposure in DNA methylation at maternally imprinted genes in
in vitro derived spermatogenic cells

We next performed bisulfite pyrosequencing to analyze the effect of chronic CSE
exposure on DNA methylation at maternally imprinted genes in SSGlikes and haploid
spermatid-like cells. Two-factor ANOVA for CpG site and exposure status found there
was no ggnifica nt effect of exposure for PLAGL1, SNRNP,and MEST (Figure 23A-C).
Analysis of NDN revealed no significant effect of exposure in the SSClike cells, but the
effect of exposure approached significance in the haploid spermatid-like cells (p=0.08)
(Figure 23D). SGCErevealed a significant main effect of exposure in the SSClike cells
(p<0.05), but this effect was not evidence in the haploid spermatid -like cells, as
significan cewas not upheld (Figure 23E). PEG3methylation displayed no sig nificant
effect in the SSClike cells, but a significant main effect of exposure in the haploid
spermatid -like cells across the region analyzed (p<0.0001) (Figure 23F).astly, GRB10
methylation differences appr oached significance for an effect of exposurein the SSClike
cells (p<0.08 and was significant in the haploid spermatid -like cells (p=0.02) (Figure

23G).
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Figure 23. CSE significantly impacts spermatogenic cell DNA methylation at  maternally imprinted genes. 23A-D: Two-factor
ANOVA of bisulfite pyrosequencing data for PLAGL1, SNRPN, MEST23E: There is a significant effect of exposure on DNA
methylation at SGCE(p<0.05) in SSCs but not in haploid spermatids. 23FG: There is a significant effect of exposure shows no

significant effect of CSE exposure on DNA methylation in haploid spermatids at PEG3(p<0.0001)and GRB10(p<0.05).Grey=controls,
green=CSEexposed. * p<0.05; ** p<0.005; *** p<0.0001



4.3.4 Cannabis smoke extract exposure impacts DNA methylation at
neurodevelopmental genes possessing bivalent chromatin in  in vitro
derived spermatogenic cells

In addition to investigating the effect of CSE on i mprinted genes, we also asked
guestions about the ability of CSE to impact DNA methylation at genes important for
neurodevelopment. There is mounting evidence in the literature that preconception and
prenatal environmental exposures are associated with adverse neurodevelopmental
outcomes. Cannabis in particular has been associated with increased rates of autism
diagnoses in states where the drug is legal[101]. Prenatal cannabis use has been
associated with autism-like phenotypes in offspring, and we previously demonstrated
that cannabis use in men can impact DNA methylation in sperm at autism candidate
genes[101, 177] Further, we found that genes in sperm that are significantly
differentially methylated in cannabis users compared to controls are enriched for autism
candidate genes(identified by the SFARI -curated gene list), as well as genegpossessing
bivalent chromatin [177]. Bivalent chromatin marks are part of the normal epigenetic
regulatory machinery that is important for early embryonic development [149]. These
marks keep a gene silenced, while simultaneously allowing for that gene to be rapidly
turned on in response to environmental and developmental cues [149]. We previously
showed significant overlaps between genes differentially methylated in the sperm of
cannabis users, genes with bivalent chromatin, and autism candidate genes[177]. This

supported our hypothesis that bivalent chromatin marks increase the vulnerability of
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DNA methylation to environmental exposures at regions where both epigenetic
modifications are present.

Court & Arnaud initially published a list of genes that possess bivalent
chromatin marks, and they annotated the CpG nucleotide positions in each gene for the
location of the bivalent chromatin markings based on the CpG probes present on
( 00U O b O Em Muman®létyI&iprid50 BeadChip (450k platform) [139]. We used
this information to interrogate methylation at a subset of the se genes in our present
study, hypothesizing that genes implicated in neurodevelopment that possessed
bivalent chromatin would be more vulnerable to environmental exposures than genes
important for neurodevelopment that lacked this epigenetic modification. We used the
SFARI gene list as ourbaselinelist of genes that were important for neurodevelopment.
We then divided this into two lists : our overlap list consisted of genes in common
between the SFARI and bivalent chromatin lists, and our SFARI-only list comprised of
the remaining SFARI genes. Ten genes from each list were randomly chosen. From each
individual gene, the CpG coordinates associated with the gene from the 450K platform
manifest were identified and one was randomly selected for pyrosequencing assay
design. For the overlap list genes, we specifically included only those CpG coordinates

that Court & Arnaud identified as being associated with bivalent chromatin  [139].
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4.3.4.1 Impacts of CSE an SFARI only gene DNA methylation in
spermatogenic cells

in vitro derived

We successfuly validated bisulfite pyrosequencing assay performance for six of

ten randomly selected genes(Figure 24A-F).
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Figure 24. Bisulfite pyrosequencing validation curves for genes from the
SFARI gene list. Bisulfite pyrosequencing v alidation curves for A) BRD4;B) CADPS;C)

EXOC3;D) FBX0O40;E) MED12L; and F) TSPAN17.Defined mixtures of bisulfite

modified fully methylated and unmethylated rat genomic DNAs were analyzed for

linearity in ability to detect increasing amounts of methyla tion. X-axis, the input

(expected) level of methylation, y -axis, the measured level of methylation. R2 values are

indicated.

hESCs differentiated into spermatogenic cells were exposed to 50nM CSE or

vehicle control over the entire ten-day differentiation period. SSC-like and haploid

spermatid -like cells were isolated via flow cytometry after day ten. Bisulfite
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pyrosequencing was used to determine the impact of CSE on DNA methylation on
SFARI only genes in SSClike and haploid spermatid -like cells. There was no significant
effect of exposure for any of the six genes analyzed including + Bromodomain -
Containing Protein 4 (BRD4), Calcium Dependent Secretion Activator (CADPS) Exocyst
Complex Component 3, (EXOC3), F-Box Protein 40 (FBX040), Mediator Complex
Subunit 12L (MED12L), and Tetraspanin 17 (TSPAN17) t in the SSGlike or in the

haploid spermatid -like cells (Figure 25A-F).
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Figure 25. CSE does not impact DNA methylation in spermatogenic cells at
genes from the SFARI list without bivalent chromatin.  Two-factor ANOVA for
bisulfite pyrosequencing data shows there is no effect of CSE exposure on DNA

methylation at all genes analyzed (25A-F). Grey=controls, blue=CSE exposed.
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4.3.4.2lmpacts of CSE on DNA methylat ion at SFARI genes possessing bivalent
chromatin in invitro derived spermatogenic cells

Ten genes were initially selected for bisulfite pyrosequencing analysis, five of

which we were able to successfully validate for assay performance (Figure 26A-E).
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Figure 26. Bisulfite pyrosequencing validation curves for genes f
SFARI gene list that possess bivalent chromatin.
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of bisulfite modified fully methylated and

unmethylated rat genomic DNAs were

analyzed for linearity in ability to detect increasing amounts of methylation. X -axis, the
input (expected) level of methylation, y -axis, the measured level of methylation. R2
values are indicated.

SSClike and haploid spermatid -like cells were isolated via flow cytometry from

cells that had been exposed to vehicle control or 50nM CSE over the duration of the ter
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day differentiation period. There was no significant effect of exposure on methylation
differences measured for Cytidine/Uridine Monophosphate Kinase 2 (CMPK2),
Glutamate lonotropic Receptor Kainate Type Subunit 2 (GRIK2), or Kruppel Like Factor
16 (KLF16) in SSGlike or in haploid spermatid -like cells (Figure 27A, B, & D). For
Hyperpolarization -Activated Cyclic Nucleotide -Gated Potassium Channel 1 (HCN1) and
Nuclear Receptor Subfamily 4 Group 4 Member 2 (NR4A2), however, we observed a
significant effect of exposure in the SSGlike cells, (p=0.026 and p=0.014, respectively)
(Figure 27C & E). While this changewas not detected in the haploid spermatid -like cells
for either, the effect of exposure approached significance in haploid spermatids for

NR4A2 (p=0.07,Figure 27E).
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Figure 27. CSE exposure impacts DNA methylation in SSCs at genes with
bivalent chromatin. Two-factor ANOVA of bisulfite pyrosequencing data shows no
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effect of CSE exposure on DNA methylation in SSCs or haploid spermatids for A)
CMPK2, B) GRIK2, and D) KLF16.There is a significant effect of exposure on DNA
methylation in SSCs for C) HCN1 (p<0.05) and E)NR4A2 (p<0.05) Grey=controls,
blue=CSE exposed* p<0.05

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

We demonstrated that ability of CSE to induce significant methylation changes in
chronically exposed SSClike cells at genes possessing bivalent chromatin, but not at
those without this group of epigenetic modification s. Given our a-priori hypothesis that
this would be the case, we ran a tailed Chi-square test to determineif there was a
significant difference between distribution of significantly impacted genes across the
SFARI-only group and the overlap group. We found that in the analyzed genesthere
was a significant difference between the distribution of genes whose DNA methylation
was significantly affected by CSE exposurein the SFARI-only group as compared to the

overlap group (p<0.05) (Figure 28).
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Figure 28. Chi-square analysis of distribution of significant effects of CSE
exposure on DNA methylation across groups of genes. Contingency table set up:
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 significantly affected by

CSE exposure in the SFARI only compared to the SFARI and Bivalent overlap genes.

4.4 Discussion

In the present study we characterized the methylation status of the regulatory
regions for ten imprinted genes in three different male -derived hESC lines. Three genes
were paternally imprinted, seven were maternally imprinted. Our focus was initially on
imprinted genes given their important regu latory role in early life development [33, 41,
47]. We also choseto focus on imprinted genes because their monoallelic expression is
acutely regulated by epigenetic reprogramming [57, 58, 172, 173]Jand whether or not

this process can faithfully occur during in vitro differentiation has not been well
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documented. We performed bisulfite pyrosequencing to determine the baseline levels of
methylation at the ten imprinted genes in the three cell lines, and at two distinct passage
numbers for each line. The methylation values were higher than we would have
anticipated for the paternally imprinted genes analyzed, given the expected 50%
methylation level typically observed at imprinted genes in diploid cells. Since hESCs are
generally derived from the blastocyst [164], the imprinting methylation marks in the
hESCs would have already been established in the gametes and then retained during
postfertilization reprogramming [179], such that the diploid cells of the blastocyst each
contain one fully methylated allele and one fully unmethylated allele at each of these
regions, theoretically yielding ~50% average methylation at each region for the
population analyzed. Compared to the paternally imprinted genes, the methylation
levels for the maternally imprinted genes were more reflective of the methylation levels
we would have expected to see inthesediploid cells given their methylation levels were
closer to 50% While the levels of methylation at these regions in the hESCs diverge from
that expected, it is nevertheless important and valuable to understand the baseline
methylation levels at imprinted genes in these cell lines given their widespread use.

We observed some variation in methylation between passage numbers for the
same cell line at a subset of the genes we analyzed. The H13 cell line had the most
variation across passage numbers, having significant differencesbetween passage

numbers at six of the ten genes we analyzed. The H23 cell line had significant
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differences across passage numbers at four genes analyzed. H1 cells also had significant
differences across passage numbers four genes, though they were not the same four
genes identified in the H23 cell line. The degree of variation in methylation was greatest
for the H13 and H23 cell lines, with methylation differences between passage numbers
reaching as much as 8%10% at some genes. For H1, while there were still significant
differences, they were always less than 5% between passage numbers.

There are a limited number of studies that have sought to characterize imprinted
gene status in various hESCs lines at different groups of imprinted genes, using varying
methodologies [180-187]. For example, Rugg-Gunn et. al. analyzed imprinted gene
expression in a group of 10 genesin 46 hESC lines[180]. Results from these studies
found that while some genes displayed stable patterns of genomic imprinting and
imprinted gene expression, a subset of genes possessed variable or unstablanmprinted
expression in hESCs[180], which is in line with our findings of variant levels of
methylation at imprinted genes . We were limited however in that we did not analyze
imprinted gene expression, only methylation these imprinted control regions.

Additional investigations of imprinted gene expression were performed by Li et. al
[181]. Their group determined the imprinted expression status of a group of imprinted
genes in five hESC lines derived in Taiwan [181]. Specifically, they analyzed imprinted
expresson of 32known imprinted genes and, similarly to Rugg-Gunn et. al., found that

there was variability in imprinted expression of a subset of these genesacross cell lines
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[181]. Our work builds on these existing datasets by providing methylation data for
imprinted genes in hESCs. Our data supplements the existing literature by producing
additional methylation data for some genes whose imprinted expression had been
previously investigated, while also generating new data for imprinted genes whose
methylation status in hESCshad not yet been reported. Taken together, thesestudies
and ours provide meaningful pieces of data about imprinting status in hESCs. This is
especially important as stem cells are being investigated for use in various therapies and
alterations in imprint ed gene regulation could lead to abnormal expression patterns that
are not conducive to a positive outcome.

Once baseline methylation levels were established, hESCs were then
differentiated in vitro into a mixed population of spermatogenic-like cells. DNA
methylation was similarly evaluated at imprinted genes in the haploid spermati d-like
cells via bisulfite pyrosequencing. This allowed us to determine if the epigenetic
reprogramming necessary to establish genomic imprinting successfully occurred in vitro.
Methylation levels for the paternally imprinted genes were close to 100% across all three
cell lines analyzed. This is compelling, as it is what we would expect to observe in
haploid cells at genes that are paternally imprinted. However, given the high lev els of
methylation at these same genes in the hESCs, it is not clear whether or not true

epigenetic reprogramming was entirely responsible for this finding. On average,
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methylation levels for all three paternally imprinted genes analyzed were higher in the
haploid spermatids than they were in the hESCs.

For the maternally imprinted genes, methylation levels were expected to be close
to 0% in haploid spermatids as they are in mature spermatozoa. We observed
methylation levels ranging from 32% to 70% across he seven maternally imprinted
genes analyzed. These values are much higher than we expected and raise additional
guestions about the ability to undergo epigenetic reprogramming in these hESC -derived
cells as they differentiate to spermatogonia-like cells. Spermatogonial stem cells, the first
spermatogenic cell to form during this differentiation, are derived from their PGC
precursors. It is in these PGCs where epigenetic reprogramming occurs There is
complete erasure of all parental DNA methylation at impr inted geneswith methylation
patterns reestablished in a sexspecific manner at the paternally imprinted regions in
gametes ofa male embryo [57, 172] Whether or not these hESCs transit through the
PGC stage prior to committing to the spermatogenic lineage was not assessed here. Lack
of reprogramming may provide some explanation as to why the levels of methylation
present were not what we expected to see in haploid cells.

Additionally, it is highly likely that the artificial nature of the  in vitro
environment does not adequately provide all of the components of the biological niche
in which these cells typically reside. Under in vivo developmental conditions, PGCs

undergoing epigenetic reprogramming are tasked with migrating from the hindgut to
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colonize the genital ride, proliferating in number, and erasing and re -establishing
imprint ed DNA methylation marks in a sex -specific manner [91, 98, 188, 189]0nce
PGCs are committed to a male gametic lineage, we must then consider the niche in
which SSCs reside[190]. After the initiation of spermatogenesis during puberty,
maturing spermatozoa are supported by multiple cell types in a protected environment
[190]. Neighboring Sertoli cells play a central role in spermatogenesis[191]. Sertoli cells
form tight junctions to create a blood -testis barrier that provides an immunoprotected
space for permatogenesis to occur and provide growth factors and nutrients necessary
for germ cell differentiation and survival in the seminiferous tubules [191]. Additionally,
Leydig cells presentin the interstitial space between tubules provide testosterone
necessary to support spermatogenesig192]. These important regulatory factors and
support cells are not presentin this in vitro model and thus may also contribute to the
limited fidelity of the reprogramming process. Still, given that these cell lines are
approved by the NIH and are currently used in many scientific pursuits, it is imperative
that we understand genomic imprinting and epigenetic reprogram ming in these models.
This work significantly contributes to filling those knowledge gaps.

Once we characterized the imprinted gene status in hESCs andthe haploid
spermatid-like cells into which they differentiated , we wanted to use this model to
assesghe impact of CSE exposure on DNA methylation in the spermatogenic cells.

Cannabis legalization is expanding across theU.S.and around the globe. Just recently,
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the state of Virginia voted to legalize cannabis, but the law will not go into effect until
2024.With expanding legalization, we see a relaxation of attitudes about cannabis use
with more adolescents and adults perceiving cannabis use to be safe[1, 2]. The study of
impact of preconception cannabis use on offspring development has been limited,

though the urgency of understanding these consequences continues to grow as access to
legalized cannabis increases and men of reproductive ageremain the predomin ant

group of cannabis users.

We exposed differentiating cells to 50nM CSE or vehicle control - a dose that has
been described in the literature as reflective of chronic cannabis use[178] - and used two
distinct flow cytometry methods to isolate SSC-like cells and haploid spermatid -like
cells. Weanalyzed DNA methylation in SSC -like and haploid spermatid -lik e cells
becausemature sperm are continuously produced from this stem cell population
throughout the post -pubertal life of a man. Thus, it is possible that epigenetic changes
present in SSCs themselves may lead to permanent, lifelong changes to sperm DNA
methylation in all maturing cells derived from the affected progenitor population .

No paternally imprinted genes showed significant effects of exposure in the SSG
like or in the haploid spermatid -like cells, though the effect in H19 approached
significance. Among the maternally imprinted genes analyzed, we observed a significant
effect of CSE exposureon DNA methylation at SGCEin the SSClike cells. SGCEis a

member of the sarcoglycan family of transmembrane proteins [193]. Mutations is SGCE
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are as®ciated with myoclonus dystonia syndrome (MDS), a rare young -onset
movement disorder [193, 194] Maternal imprinting has played a role in regulating the
penetrance of this heritable disorder [193, 194] Additionally, the promoter CpG island
that houses this SGCEimprint control region also regulates expression of another
impr inted gene, Paternally Expressed 10 PEG1Q. PEG10encodes a retrotransposable
element and deregulation of this region has been reported in cancers[195]. Thus,
alterations in methylation at this regulatory region could have implications for multiple
pathologies.

In haploid spermati d-like cells, we observed significant effects of exposure at
PEG3, and GRB1Q PEG3was hypermethylated at every CpG site analyzed via bisulfite
pyrosequencing in the CSE exposed cells relative to the controls. Importantly, PEG3is
involved in controlling the rate of fetal growth and regulating maternal nurturing
behaviors [196, 197] Mouse models of mutated Peg3have demonstrated that Peg3is
involved in regulating transcription of placental genes, and epigenetic abnormalities
with PEG3have been associated with multiple forms of cancer, and with hydatidiform
mole ¢ a pregnancy complication associated with abnormal growth of the trophoblast
cells that form the placenta [196-198]. GRB10was similarly hypermethylated at each
CpG site in the cells exposedto CSE relative to those exposed to vehiclecontrol. & 1 ! vy z U w
functions and tissue-specific expression patterns are complex but it is know n to be

paternally expressed in sperm and neurons [199, 200] GRB10has important roles in the
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regulation of cellular growth and embryonic development [201, 202] Knockout (KO) of
the paternal allele of Grb10in mice resulted in increased social dominance behaviors, as
well as increased anxiety behaviors and general aggession[199, 203] Additionally,
aberrant imprinting at GRB10has been associated withthe growth retardation
phenotypes observed in Silver-Russell Syndrome [202]. While the effect of CSE exposure
was not significant for these genesin SSCs, it did approach significance. It is therefore
possible to hypothesize that a small subset of SSCs were affectedhy CSE exposureand it
was from those SSCs that the affeted haploid spermatids were derived, as the direction
of methylation change was the same. Lineage tracing studies would be necessary tatest
this hypothesis to follow cells as they differentiate to determine from which progenitor
cell they arose.

After usi ng this in vitro model of spermatogenesis to analyze the impact of CSE
in DNA methylation at imprinted genes, we set out to determine whether CSE alters
DNA methylation at a group of genes important for neurodevelopment that possess
bivalent chromatin + a unique epigenetic feature 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
stressorssimilarly re port associations with adverse neurodevelopmental outcomes in
offspring, as well as Gene Ontology terms associated with neurodevelopmental

processes in their epigenomic datasetd6, 54, 68, 69, 176]This led us to hypothesize
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about what these genesmight have in common that make s them vulnerable to multiple
types of exposures. We postulated that the presence of bivalent chromatin markings
might heighten the sensitivity of these genes to their environment. We previously found
that there was a significant overlap between a list of autism candidate genes and genes
possessingbivalent chromatin [177]. We further demonstrated enrichment for autism
candidate genes and genes possessing bivalent chromatin among genesignificantly
differentially methylated in sperm of cannabis users [177].

We followed up on this finding to further test our hypothesis in the present
work. We analyzed the effect of CSE exposure onDNA methylation in a group of
randomly selected genes from the SFARI list of autism candidate genes ¢ half of which
possessed bivalent chromatin and half of which d o not ¢ in differentiating
spermatogenic cells. Specifically, we used bisulfite pyrosequencing to analyze DN A
methylation in in vitro derived SSClike and haploid spermatid -like cells. For SFARI-
only genes, we found no significant effects of CSEexposure on DNA methylation in
SSClike or haploid spermatid -like cells. Analysis of DNA methylation at genes from
overlap list showed a significant effect of exposure on methylation in SSClike cells at
two genes analyzedt HCN1 and NR4A2.

HCN1 encodes hyperpolarization -activated cyclic nucleotide -gated voltage-gated
ion channels that play a role in regulating neurotransmission at, and influencing

synaptic plasticity in, cortical neurons [204-206]. HCN1 hasimportant roles in
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controlling dendritic functional integration in  hippocampal developmen t and
contributing to adult hippocampal function [204, 207] KO of Hcnlin mice results in
impaired motor learning and memory and has been associated with drug -induced
cognitive dysfunction [204, 207] Importantly, mutations in HCN1 are associated with a
range of epileptic phenotypes [207, 208] Interestingly, autism spectrum disorders are
associated with epilepsy, with a high number of individuals with autism developing
seizure disorders later in life [209]. Thus, while its role in mental disorders is still being
elucidated possible comorbidities should be considered. It is also known that HCN1
plays an important role in controlling brain development and in regulating the
excitability of neurons [204]. Thus, dterations in the way this gene is expressed,
including epigenetic change that influence gene expression, could have profound
consequences for neurodevelopment, if changes in sperm are heritable.

NR4AZ2 is a nuclear receptor and transcriptional regulator t hat plays a role in the
differentiation and maintenance of dopaminergic neurons during neurodevelopment
[210, 211] NR4A2 expression s required for the successful terminal differentiation of
mesencephalic dopaminergic neurons during neurogenesis [210]. Deletions in NR4A2
are associated with intellectual disability, language impairment, and autism [212, 213]
Further, alterations in NR4A2 DNA methylation have been associated with

dysregulation of the gene in tissue samples from individuals with Downs Syndrome
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[214]. If this altered methylation pattern is transmitted from sperm to offspring , it could
have tremendous consequences for offspring neurodevelopment.

The present study has several limitations. First, in regard to evaluating
epigenetic reprogramming in our in vitro model, we did not confirm whether or not cells
went through a PGC stage prior to committing to the spermatogenic lineage, which
could have meaningful impacts on this measured outcome. Second, wewere unable to
confirm successful epigenetic reprogramming at maternally or paternally imprinted
genes, though this might be becausewe were analyzing a population of cells, not
individual sperm cells. It is possible that a subset of cells did undergo successful
reprogramming, but that these effects were masked by those that did not. Single cell
methylation analyses through the use of qualitative cloned allele bisulfite sequencing or
targeted high-throughput sequencing of these haploid cells would provide meaningful
answers to this question. Third, we did not include SSCs in our baseline imprinting
analyses, which could have provided meaningful insights into the patterns of
reprogramming at different stages of spermatogenesis. This is something that should be
included in future studies. Fourth , our sample sizes were small (n=3) for our CSE
studies, which could have limited our ability to detect significant differences in DNA
methylation. Future studies should include additional replicates and doses. Lastly,
though we were compelled by the data demonstrating an increased vulnerability of

SFARI genes possessing bivalent chromatin to CSE expsure compared to those geres
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without the epigenetic modification, larger studies are needed to assess the impact of
CSE on all CpG sites associated with bivalent chromatin compared to those without to
provide more rigorous data in support of this hypothesi s.

This study contributed to the litera ture characterizing the imprinted methylation
status of a group of 10 imprint ed genes in NIH -approved embryonic stem cells. Further,
this study was among the first to examine epigenetic reprogramming in hESCs
differentiated into spermatogenic cells. These are important contributions to the field as
studies are increasingly turning to embryonic stem cells for various therapeutic
purposes, including assisted reproductive technolo gies. Our findings that CSE exposure
is able to influence DNA methylation at a subset of imprinted genes and genes
possessing bivalent chromatin adds to a growing body of evidence that cannabis
exposure can impact the sperm DNA methylome. Future studies ar e needed to continue
to investigate the fidelity of epigenetic reprogramming in vitro and to assess the

heritability of the effects induced by cannabis .
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5.1 Introduction

Traditionally, the Developmental Origins of Health and Disease (DOHaD)
hypothesis has focused on understanding how periconception and in utero exposures
enhance the risk of developing disease later in life [215-217]. For decades, studies have
assessed how exposure to chemicals, toxins, malnutrition, and chronic stress during
gestation can increase the risk of later life development of a suite of diseases and
disorders [215-217]. These include a heightened risk of developing certain cancers,
metabolic syndromes, endocrine irregularities, cognitive impairments, and mental
disorders [215-217]. The vast majority of DOHaD studies to date have focused solely on
how these maternal exposures during critical windows of development can influence
health outcomes. Recently, however, there is growing interest in understanding the role
thatafati 1 Uz Uwx Ul EOQOOETI xUPOOwI RxOUUUI wi pUUOUVUawbOPT T O
outcomes and disease risk in his offspring [66, 218]
This shift toward s including the effects of paternal exposures has shed light on
Ul T wbOi OUI OET wUT EVWEWOEOz Uwl RxOUUUI wi PUUOUa wxU
health and development. Studies have focused on investigating the effects of exposures
on the sperm epigenome, as gametic epigenetic modifications are believed to be a

plausible mechanism through which exposures can elicit heritable effects. In particular,
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impacts of exposures on the sperm DNA methylome have been most thoroughly
investigated, as DNA methylat ion is a stable, covalent modification and as such, is the
most commonly studied epigenetic modification. DNA methylation is defined by the
addition of a methyl group to a cytosine base when a cytosine is followed by a guanine
in the DNA sequence [23, 39] The presence of this methyl group can influence the way a
gene is expressed in a potentially heritable manner [23, 39] DNA methylation is an
important regulator of spermatogenesis as the sperm methylome is constantly being
remodeled throughout the maturation process [35]. While this dynamic state is
necessary for spermatogenesis, the inherent plasticity of the methylome during this
critical developmental window might increase the likelihood that an environmental
exposure would have harmful effects [69].

The field of paternal epigenetic inheritance and the role of the sperm DNA
methylome in offspring health outcomesrisk is still in its infancy. However, work that
has been done has provided striking findings. For example, epidemiological st udies
have demonstrated that exposures to cigarettes, phthalates flame retardants, dioxins,
obesity, and chemotherapies have been associated with altered DNA methylation
patterns in human sperm [54, 6673]. In one human cohort study, paternal obesity was
associated with a loss of DNA methylation at the IGF2 differentially methylat ed region

in their newborn offspring [71,72] Another found associations between paternal
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cigarette useprior to conception and altered DNA methylation in his adolescent and
adult offspring [73].

Epidemiological studies of paternal exposures and offspring health outcomes are
limited. Studies of paternal preconception exposures in rodents, however, have been
central to buttressing the literature in this field . Further, rodents provide meaningful
models for assessing epigenetic inheritancein vivo. Here, studies have reliably
demonstrated that paternal exposuresto drugs, chemicals, high -fat diet, and
psychological stressorscan influence epigenetic, physiological, and behavioral health
outcomes in offspring [127, 219221].

The ability of C annabis sativao heritably impact the sperm epigenome is gaining
interest as cannabis legalization is expanding across the United States (U.S.). Currently,
15 statesand Washington D.C. have legalized recreational cannabis use, with additional
states poised to follow suit in future election s. As with most DOHaD work, initial
studies with cannabis have focused on the impact of in utero exposure to cannabis and
the impacts it has on fetal programming and development [222-226]. This is for good
merit, as rates of cannabis use during pregnancy have skyrocketed in recent years[227].
In humans, this exposure has been associated withadverse birth outcomes such as
admission to the neonatal intensive care unit, low birth weight, and preterm labor ;

neurodevelopmental disor ders such as depressive disorders, anxiety, attention deficit
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hyperactive disorder (ADHD), and autism -like phenotypes; and teratologies including
musculoskeletal and cardiovascular defects [222-226, 228]

More mechanistic studies have been performed in rats, assessing the heritable
effects of exposure to delta9-tetrahydrocannabinol (THC), the main psychoactive
component of cannabis. Seminalstudies used a biparental model of THC exposure,
where male and female rats were exposed to THC during adolescence and mated as
adults [81, 82] Outcomes in offspring demonstrated methylation and gene expression
changes in nucleus accumbens (NAc) tissues, as well as increased heroin seeking
activities in rats born to THC exposed parents relative to controls [81, 82] Our group
was then the first to demonstrate that exposure of the father prior to conception makes a
major contribution, as we analyzed the effect of cannabis on the sperm methylome [88].
We demonstrated that cannabis use in men is associated with a widespread loss of
methylation present in the sperm of cannabis users compared to controls [88]. We
further reported significant changes to s perm DNA methylation in rats exposed to THC
relative to controls and demonstrated heritable effects of THC exposure in rats at autism
candidate geneDlgap2 where THC induced hypomethylation at this gene in rat sperm,
as well as in F1 NAc tissues[121]. Subsequent related studies demonstrated synaptic
cholinergic deficits, abnormal locomotor activity, impaired cognitive functions in rats
born to THC exposed fathers as compared to controls[163, 229, 23Q]Most recently, our

group showed that preconception exposure to cannabis smoke extract (CSE) in rats
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impacted learning and memory in offspring born to these drug -exposed fathers as
compared to controls [231].

While these studies provide compelling data about the long -term impacts of
paternal THC and CSE exposures on neurodevelopmental and behavioral outcomes,
there remains a need to further characterize the effect of CSE on the entirety of the
sperm DNA methylome, to better understand how these epigenetic changes might be
passed on to offspring, and how they can result in the previously reported phenotypes.
Additionally, we know little about whether the effects of cannabis on the sperm
I xBT 1 0001 WEUI wxl UOEOI OUOwOUwWPi wEwW?PEUT OUU? wxli U
resolve the effects of this exposure.

In the present study, we performed Whole Genome Bisulfite Sequencing (WGBS)
in sperm from rats exposed to CSE for 28 days followed by 56 days of vehicle only; those
treated with vehicle for 56 days followed by 28 days of CSE; or controls exposed to
vehicle only. Our first objective was to quantify the methylation changes present in the
sperm of the three groups of rats included in the study and to determine whether a
washout period following cannabis exposure could reduce the epigenetic alterations .
Our secaond objective was to validate genes of interest with quantitative bisulfite
pyrosequencing. The third objective of this study was to determine whether any

methylation changes present in the FO sperm were similarly present in F1 offspring

tissues, and if so,if they associated with changes in gene expression. Lastly, weanalyzed

137



offspring heart weight s to determine if there were any phenotypic effects associated
with this paternal exposure that resembled the teratological trends observed in

population -based gudies.

5.2 Materials and Methods

5.2.1 Study design and CSE exposure

All study protocols were approved by the Institutional Animal Care and Use
Committee at Duke University and were conducted in accordance with federal

guidelines.

5.2.1.1Paternal CSE exposure

Paternal exposure, mating, and rearing are described in detail in Hawkey et al,
2020[231]. Three groups of young adult male Sprague-Dawley rats (Charles River,
1EOI PTT OQw-"0w42 Awbl Ul wOUT EwbOwUT DUnsu2p x 1 UPOI OU
was exposed to 4mg/kg/day THC in CSE in a saline solution with 5% Tween80 (NIDA
Drug Supply Program, Research Triangle Institute International, Research Triangle Park,
NC, USA) for 28 consecutive days, followed by 56 days without CSE exposure before
OEUDPOT dw31T 1T w? OE Uh=ud)rBceiv@ddng/kgiday TTHRCOIN GSE for 28
consecutive days and were subsequently bred three days after CSE exposure ended.
Vehicle control animals (n=12)received the vehicle containing saline and 5% Tween80
prior to mating. Male rats were house 23 per cage with all animals housed with others
of the same treatment group. Animal tails were marked for identification [231].
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5.2.1.2Mating and rearing

After all exposures were completed, one male and one nine-week-old drug -naive
female Sprague-Dawley rat were housed together for five days. Pregnancy was
determined by weighing females over the five-day period [231]. Males were euthanized
after mating, and sperm were collected for WGBS via the epididymal swim out method
which enrichesfor mature motile sperm . Spermwere collected in PBS, flash frozen in
liquid nitrogen, and were subsequently stored at -80°C until further use. Dams were
then housed singly with th eir litters. There were 11 litters per condition for this study.
Weaning occurred 21 days after birth. At this time one male and one female were chose
from each litter in each treatment group. Animals were kept on a reversed 12/12 day-
night cycle with ad libitum access to food and water. Cages housed 23 animals of the
same sex and same treatmen{n=22 for early exposed; n=22 for late exposed; n=22for

vehicle control) [231].

5.2.1.3 Offspring tissue collection

Between weeks 840 animals underwent behavioral testing. At the conclusion of
behavioral tests, body weights wer e recorded, and animals were sacrificed via live
decapitation. From males, mature motile sperm were collected in PBS via the
epididymal swim out method. Heart , lung, liver, kidney, and gonads were collected,
and heart weights were recorded. From the brain, the hippocampus was dissected and

the NAc was isolated with a 2millimeter diameter punch taken from a slice
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encompassing the NAc. All tissues were flash frozen in liquid nitrogen and were stored

at -80°C until further use.

5.2.2 Nucleic acid isolation

5.22.1 DNA extraction from sperm

#- WPEUwl ROUUEEU]I Ewi UOOwWUxT UOWEEEOQUEDOT wlOwO
Purification Protocol (Qiagen, Germantown, MD). Sperm samples were lysed in a cell
lysis buffer. Following lysis, cells underwent an overnight Prote inase K digestion at
55°C, followed by treatment with RNase A solution. Following protein precipitation and
Ul OOYEOOw#- wWPEUWDPUOOEUI E wHréebmater GaromiEDNB O wt Y 4 + wo
(gDNA) was quantified on the NanoDrop 2000 and quality was determin ed through

measurement of the Azsozsoand A zeorsoratios. gDNA was stored at -20°C for subsequent

studies.

5.2.2.2 DNA and RNA extraction from brain tissues

DNA and RNA were extracted from hippocampal and NAc tissues using the
column-based isolation and purification Qiagen All Prep DNA/RNA Mini Kit  (Qiagen,
Germantown, MD ), and its respective methods. DNA was eluted in 50-ruY Y & + wOl wEUIT 1 1 U
TE, while RNA was eluted in 35-k Y 4 + wO [ wf@é&wa@i. BNAland RNA were
gquantified on the NanoDrop 2000 immediatel y following extraction. Following

quantification, DNA was stored at -20°C and RNA was stored at-80°C for further use.
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5.2.3 Whole genome bisulfite sequencing
5.2.3.1 Library construction and sequencing

For each sample, DNA concentration was measured using a Qubit assay (Thermo
Fisher, Waltham, MA ) and 250ng wasprovided to the Duke Genomic and
"OOxUUEUDPOOEOQwW! POOOT azUw21 gUI OEPOT wEOE W& OOODE
construction and sequencing. The DNA was fragmented using a Covaris E210
instrument (Co varis, Woburn, MA ) to generate ~300bp DNA fragments. Fragmented
DNA samples were then converted into lllumina libraries using the Kapa HyperPrep kit
(Roche Basel, Switzerland). In brief, DNA fragments were end repaired, A -tailed and
ligated to barcoded Il lumina adapters. Each library was then bisulfite converted using
the EZ DNA Methylation -Lightning Kit (Zymo Research , Irvine, CA) and amplified by
PCR.Libraries were pooled in equimolar ratio and sequenced on an Illlumina NovaSeq

6000 sequencer. Sequencingvas done at 150bppair-end on S4 flow cells.

5.2.3.2 Read mapping and data analysis.

Raw data was processed using the fastp algorithm to trim low quality bases and
adapter sequences[232]. Readpairs that were still at least 200nt in length were mapped
to the Rnor v6 version of the rat genome using the BSMAP algorithm [233].
OxOPi PEEUPOOWEUUDI EEUUwWPIT Ul wui OOYIT EwUUDOT wlOT 1
Picard toolkit [234]6 w3 1 1 ws O1 UT 1EUPOZz wExxOPEEUDOOwWiI UOOw! 2,

depth and percent methylation at each CpG locus in the rat genome. Sites with a depth
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lower than 8x or greater than 75x within any sam ple were considered missing in that
sample. Sites thatwere not present in at least 90% of the cohort were excluded from
subsequent analysis. The median coverage of all sites for each rat were then scaled to the
maximum median coverage of all rats. The methylation percentage for all sites were

then re-scaled accordingly and used for principal components analysis and hierarchical
clustering with a correlation distance and complete linkage. RADMeth , which employs a
beta-binomial regression framework were used to test the association of each CpG site
with the treatment factor pair -wisely [235]. The false discovery rate was used to control

for multiple hypothesis testing.

5.2.4 Ingenuity pathway analysis

The top 10K differentially methylated CpG sites were initially identified for each
exposure group ¢ late exposedand early exposed1 relative to controls and each CpG
site was mapped to the nearest gene. Ingenuity Pathway Analysis (IPA) software was
used to perform bioinformatic analysis of top CpG sites identified from these lists with a
p-value cutoff of 5.0x10° and a 10% or greater methylation difference implemented to
increase the stringency of the analysis Gene lists were uploaded to the IPA platform and

top diseases and functionsassociated with these geneswere identified and analyzed.

5.25 Bisulfite pyrosequencing

Pyrosequencing assay design was performed using the PyroMark CpG Assay

Design Software (Qiagen, Germantown, MD ) and sequencing was carried out using the
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Pyromark Q96 MD Pyrosequencing Instrument (Qiagen , Germantown, MD ). PCR
amplification and pyrosequencing were performed as previously describe d [93]. Briefly,
bisulfite modified DNA (bsDNA) (20ng) was used as a template for PCR amplification
using assays that wereoptimized to produce a single robust band. Primers and PCR

conditions used can be found in Table 8.

Table 8. Assay information for bis ulfite pyrosequencing.

Hoxt-F Hoxb-R Hoxb#-3
TIGTAYGTTYGTTTTTITYGOAMA Hypermathyiatad
Harbl AGANOGGAATOOATRTGAGTAT AMAATACATATEAMTAMARG TrIAGTIATTITTTTGITAAT LTI A 10 84122096, 84123018
Mot 1b-F Mot 11b-R* Mot 1b-5 Metti1 b e p
SC-A7C-77C X 5 308
Melil11b TATT TIATT TYGTATTG! SUCSC.T7C X 55 Bow 12 81904951, 81994083 Hypermathylated
ATTAG cTA L TIVGGTATTIGGTGYGT g o
-
sa-F shzR sM2-8 Sz WC Wl
W EECTECK
B4°C2C-T2C X 53
su2 TTATTAACCCT STTAATTCEGTT ™ TATTTTACTACRT S4'C-SIC-T2°C X 55(30n 1 BOB0S52, BE980SS4 Hypomethylated
TITAMAATT TAGCAC TTGCATATCCCRERAT T fome
1-F 1R 15 1 [l
L L L L SICH6C.TIC X 8 208
BCHPCTICX S B0y
Lt ar TAGG  TTCCTAC ATTC GT 4 YOA 8CezC.TZC X 55 Pov 7 70863743, 70853757 Hypomethylated
T 10 mn
o
[ CiR” Cits ] T 15mn
SCEFCTIC X8 20
TITAYGTGTTTGTOTGATITT  BOCOTCITCXS
cit mmaucnmrmrmcmmnmammammmxmmm,w AT aTGr  SCSTC.TIC X35 [0 12 46480405, 46490405 Hypomethylated
AATATCE T2 10 min
ATGYGTGOOYGTGTYGTAG _
17 74 17- 17 T 15 mn
sy SR STS s 3
TG e 05 188090584
Syti7 T CRTTACCATAT TACTAL TG p 1 . Hypermethylatsd
By LAt AMAACATACAMACCTACAC privever sl 75 orm 188090684
Sycpd-F SyepdR Sycpd-S Syepd L ‘r"'-
1°C (308 x58
Syepd GGYGTTATAGTAGTGTTAGGTTAG 20030076, 29030100,
AGTITGGGTTT ACTCCCETC - ATEGTTTYGTYGAGGGTAGGYGS prcRe T Z030105, 26030108 Hywomelylaied
GTTATTAATTTTGGTYGG cn
Bmn
OsmF osmA Osms Osm e T
JSCATTITIATGITGTIIGITIATY | se'c 45%C.T2CX S30n
Osm YGOTTT  Se°C 63°C.T2°C X 550008 " BA4ESI0Y, BA4G5IEE pomethylated
GAGGTTAGTGTTTTTGGATTAAGS s ek 'M’“‘nmrrmmamm 72 10 i Hr
ATTTYGAGAYGAKTTVGAGAA e
Gabrb2 Gabrb2-R" Gabti2S G-mﬂ 95 18 min
SPCEPCTICS B0y
AGAGTYGTAATTTTTAGTAATITAG  S#'C-B0°C-72°C X6 [is
Gabrb2 GTTGGTT Arm\nﬂlnmarrm:ﬁ TAAMATLGAAATTTTAGAAGTTTGT B4°C-57°C-F2°C X 55 (308 10 28135380, 26135443 Hypomethylated
T ATAARAATCATA ANTTTATIARTTAGIAATTTTIATY 2T 10
FATAAMAYGT -
1-F 1R 18 1 95°C 15 min
Prylp Pxylp Py Prylp e
TGOTTYGTTITIGTTTTGGGGAGT  SFCA2C-72°C X5 Py 104774180,
Paylpl tagar A T TTGTTTTITTAGAGTTTTTITTATIT SHC-S°C-77CX 85308 8 m,m;,ﬂl Hypomethylated
A ACTT e TAAYGGTTTTTTATTTIGGTTTTGT TS 10 mn
GAGAGTTAATTTTATTYGTAT B
Grnda F Grina R* Grin2a-§ GrinZa 1
PGB TG X 6 20y
SCHC-77C X5 208
Grin2a AGATTTTTTGTTTAGTGTGTGOGGACTCCARATAACTTTOCTAACE. T Ty, BFCAXCT2CX 88 (30 0 60445, 6044088 Hypomethylated
ATARTT TCTTAA TRAKRAKTTRT ey - 2% 0 mn
AGAGANGAGGTAYETGGT | -
Syna-F SR S-S Sy i
= = SCBFC T2 X 8 30y
ean qo SACBUCTZTKS PN
Syn3 TTGIAKGGTATIGGITATITIATG ot asmasmpacooooATT acrmm-nmurmww,mmm'“‘m SCSTCTICX IS 7 ZMBISES, 21494565 Hypomethylated
CTGRAACCARCCACRAMA e
. 057G 15 min
Ning1-F* Ning1-R Ning1-$ Nng1 . L.
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Assay validation was performed using defined mixtures of fully methylated and
fully unmethylated DNAs (0%, 25%, 50%, 75%, and 100% methylated) in order to
demonstrate lin earity in the ability of the assay to detectincreasing amounts of
methylated DNA. Once assay performance was validated, samples were analyzed using

the optimized assay conditions.

5.26 Quantitative real -time RT -PCR

Quantitative real -time RT-PCR was performed for Mtss1land Gabrb2expression
in F1 hippocampal and NAc brain tissues using the QuantStudio 6 Flex Real-Time PCR
System from Thermo Fisher Scientific (Waltham, MA). Mtssll(Tagman probe ID:
Rn01432477_m}, or Gabrb2(Tagman probe ID Rn00564149 m)lwere multiplexed in a
1:1ratio with a Gapdhloading control (Tagman probe ID: Rn01749022_glprobe for each
sample. PCR mastermix contained a final volume of 50ng/4L RNA, 14L of each probe,
10~1 of Quantabio gScript one-step RT-gPCR ToughMix (QuantaBio, Beverly, MA), and
was brought to a total reaction volume of 204 L with nuclease-free water. Samples were
run in duplicate and PCR cycling conditions were as follows: 50 °C for 10 minutes,
followed by 95°C for one minute, followed by 40 cycles of 95°C for 10 secondswith a

final one-minute incubation at 60°C.

5.2.7 Statistical analysis

Statistics were run in GraphPad Prism Version 9 (GraphPad Software, San Diego,

CA). To determine the correlation between methylation changes in the early exposed
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and late exposed groups, a linear regression was run. To look at methylation changes
over time, a two-tailed t-test was run and was Bonferroni corrected for the number of
CpG sites analyzed. For bisulfite pyrosequencing aimed at validating the WGBS
findings, atwo-UE D Ol E w U-DeStivhs@ud folkach CpG site, comparing the means
of the users and controls. For analysis of the pyrosequencing region with both CSE
exposure groups we ran a two-factor ANOVA, with one factor being paternal exposure
status and one factor being CpG site. For genes with a significant effect of exposure, a
post-hoc two-tailed t-test was run. To quantitatively examine the relationship between
methylation and expression in brain tissues, delta CT was calculated, and relative
expression was determined. A Pearson correlation was run to identify the relationship
between the level of DNA methylation and the fold change expression for each sample,
which are the reported R and P values. This analysis was run for all samples together,
and then was calculated for males and females independently for each gene in each
tissue due to an existing hypothesis of sex differences in the hippocampus and NAc.
Relative expression values (normalized to a Gapdhcontrol) were multiplied by a
constant value of 10 for the purposes of presentation. In our heart weight analyses, a
one-factor ANOVA was r un to look at the effect of paternal preconception exposure to
CSE on offspring heart weight. Post-hoc two-tailed t-tests were run for ANOVA

showing a main effect of paternal exposure.
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5.3 Results

5.31 WGBS sequencing metrics

Spem DNA from rats exposed to CSE followed by a washout period, rats
exposed to CSE only, or rats exposed to vehicle contro] underwent WGBS to determine
the effect of CSE exposure, and the impact of a washout period, onchanges inDNA
methylation. The average insert size sequenced or all animals was 195.89 + 8.25 base
pairs, and the mean coverage achieved by sequencing was 20.20 + 2.10X. The CG content

of the regions sequenced was 22.71 + 0.19%d able 9).

Table 9. WGBS sequencing metrics.

METRIC MEASURED MEAN + SD
Insert Size 195.89 + 8.25
Mean Coverage 20.20 £2.10
GC Content 22.71+0.19

The distributio n of methylation for each animal across the rat genome is

represented in Figure 29.
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Figure 29. Distribution of methylation across the entire rat methylome for all
rats analyzed via WGBS.

5.3.2Timing of CSE exposure impacts the magnitude of methylation
difference observed in sperm

Using data from our WGBS analysis, we compared methylation differences from
the late exposed versus control(LE v C) datasetto the methylation differences in the
earnly exposed versus control (EE v C)dataset, to address questions about the role of this

washout period on sperm DNA methylation changes.
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5.3.2.1 Timing of CSE exposure has little effect on the direction of methylation change

Given that there were no CpG sites that remained significant following
Bonferroni correction, we imposed a methylation difference threshold on the top 10K
sites, analyzing only those CpG sites with a greater than 10% methylation difference in
the LE v C dataset This resulted in 3321 significantly differentially methylated CpG
sites. We then analyzed methylation differences at those same CpG sites in the EEv C
dataset Examination of the data shows that regardless of the timing of the exposure, the
direction of m ethylation change is largely the same, and a linear regression of the data
shows significant correlation between LE v C and EE v C mean methylation differences

(Figure 30, p<0.0001, R=0.82)

60
40
20

. . ot
PRI o
s E. P oa Lt
s e, . .a e
N .
¥’ L]
- e
: et %
o4 - —

60 Abr s D e 20 40 60

-20

EE v C Mean Methylation Difference (%)

TET 40
:

60 R squared = 0.82, p < 0.0001

LE v C Mean Methylation Difference (%)

Figure 30. Comparison of methylati on change in early exposed versus control
rats and late exposed versus control rats. Methylation differences at the top 3321
differentially methylated CpG sites between the late exposed and control animals is
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plotted on the x-axis. Methylation differenc es between early exposed and control
animals at those same CpG sites is plotted on the yaxis. Negative values represent
hypomethylation relative to controls, while positive values represent hypermethylation
relative to controls. Linear regression shows significant agreement between the direction
of methylation change across the exposure groups (p<0.0001, R0.82).

5.3.2.2 The magnitude of methylation change is greater in CpG sites at genes from the
LE v C dataset than it is at the same CpG sites in the EE v C sperm

We next separated the data based on the direction of methylation change present
at the 3321 CpG sites fromthe LE v C dataset This resulted in 1844 hypomethylated
CpG sites and 1477 hypermethylated CpG sitesin the exposed animals relative to the
controls. Comparison of the methylation change at each CpG site shows that the
magnitude of the methylation change is greater in the LE v C sperm than it is at the
same CpG site for the EE v C sperm for both the hypamethylated CpGs (Figure 31A) as

well as the hypermethylated CpGs (Figure 31B).
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Figure 31. Magnitude of methylation change over time. Of the top 3321
differentially methylated CpG sites between late exposed and control animal s, we
separated those that were hypomethylated relative to controls (A) from those that were
hypermethylated relative to controls (B). The methylation difference at each CpG site is
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plotted on the y -axis. The xaxis represents the methylation difference at a specific CpG
site between the late exposed and control animals and the methylation difference at that
same CpG site between the early exposed and control animals, connected by the solid
line. This demonstrates that regardless of the direction of methylation change, the
magnitude of the mean methylation difference at each CpG site is significantly reduced
between early exposed and control sperm relative to the difference present between the
late exposed and control sperm (p<0.0001, Bonferroni corrected).

For hypomethylated CpG sites in LE v C datasetthe mean methylation difference
across the 1844 CpG sitesvas -15.5%,significantly greater than the -8.5%mean
methylation difference in the EE v C dataset (p<0.00Q.). Similarly, the mean methylation
differe nce acrossthe 1477hypermethylated CpG sites in the LE v C datasetwas 13.9%,
which was significantly greater than the 7.5%mean methylation difference observed in

the EE v Cdataset (p<0.0001) These differences remained significant following

Bonferroni correction for the number of CpG sites analyzed.

5.3.2.3Timing of CSE exposure has distinct impacts on DNA methylation at genes
with 5 or more differentially methylated CpG sites

We next analyzed methylation changes across the exposure groups at genes
originally from the LE v C datasetthat had a greater than 10% methylation difference
and that had five or more significantly differentially methylated CpG sites. There were
12 genesthat met these ciiteria. We then compared methylation differences in the EE v C
group at the same CpG sites for those 12 genegFigure 32A). Heatmap representation of

this data demonstrates that regardless of the direction of methylation change, that
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magnitude of the methy lation difference is diminished at these CpG sites inthe EEv C
datasetcompared to the LE v C.

WGBS analysis also revealed a subset of genes that were significantly
differentially methylated in the EE v C group that were not among those significantly
differentially methylated the in LE v C datase t. This raised questions about whether all
of the changes were in fact ameliorated with this washout period , or whether changes at
these genes were in thespermatogonial stem cells (SSCs)and therefore only detectable
in the sperm that had been derived from those affected cells which would have only
been possible in the sperm from the early exposure group. To address this, we similarly
analyzed DNA methylation changes from the EE v C datasetat a group of 12 genes that
had a greater than 10% methylation difference and 5 or more significantly differentially
methylated CpG sites, and then assesged the magnitude of methylation change present
at those same sites in the LE v C dataset. Interestinglywe found that the magnitude of
methylation change was indeed larger in the EE v C dataset than the LE v C (Figure
32B), demonstrating some temporal specificity of the methylation effects observed at

these select genes.
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Figure 32 Heatmaps comparing methylation changes between exposure
groups. Gene names are along the left side of the heatmap. Each row represents a single
CpG site and columns are labeled below. Blue is hypermethylated and 0.5 represents a
50% methylation increase in exposed relative to control sperm, while yellow is
hypomethylated and -0.5 represents a 50% methylation decrease in exposed sperm
relative to control sperm. Left: Methylation differences are shown for CpG sites with a
greater than 10% methylation dif ference at genes with 5 or more affected CpG sites from
the LE v C dataset. Methylation differences at these same sites are shown for comparison
between early exposed and control sperm. The magnitude of methylation difference is
decreased at these sites bmveen early exposed and control sperm. Right : Methylation
differences are shown for CpG sites with a greater than 10% methylation difference at
genes with 5 or more affected CpG site from the EE v C dataset. Methylation differences
at these same sites areshown for comparison between the late exposed and control
sperm. The magnitude of methylation differences is greater between the early exposed
and control sperm compared to that of the late exposed and control sperm.

5.3.3 CSE exposure is associatd with differential methylation at
diseases and functions implicated in developmental processes

Ingenuity Pathway Analysis (IPA) software was used to interrogate the top hit

genes from both the LE v C and the EE v C datasets associated with the differentially
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methylated CpGs. Figures 33A and B represent a flowchart of how genes were included

in IPA for LE v C and EE v C analyses, respectively. Briefly, for those CpG site with a
greater than 10% methylation difference, a p-value threshold of 5.0X105was

implemented in both the LE v C and EE v C datasets to restrict the number of CpGs
included in the analysis to those with the greatest significance. This resulted in 744 CpG
sites from the LE v C dataset and 317 CpG sites from the EE v C dataset. Of th 744 CpG
sites and their annotated genes from the LE v C dataset, IPA recognized 492 genes that it
included in downstream analyses. IPA recognized and included in downstream

analyses 203 of the genes associated with the 317 CpG sites from the EE v C dates

Top 10,000 CpG sites
for LEvC

|

Include CpGs with a
greater than 10%
methylation difference

|

P-value cutoff 5x105

|

744 CpG sites and
their annotated genes
entered into IPA

l

492 genes were
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included in IPA
analyses

Top 10,000 CpG sites
forEEv C

|

Include CpGs with a
greater than 10%
methylation difference

l

P-value cutoff 5x10°

l

317 CpG sites and
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|

203 genes were
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included in IPA
analyses

Figure 33. Flowchart for IPA analysis. A) Late exposed versus control analysis;
B) Early exposed versus control analysis.
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5.3.3.1 IPA diseasesand functions associated with the LE v C dataset

We were most curious about the diseases and functionsassociated with the
genes in spermthat were differentially methylated following CSE exposure . Figure 34A
describes how we arrived at the diseasesor functions categories and functional
annotations that we assessed. Briefly, we bgan with the IPA -generated list of 500
significant diseases and functions categories and their associateddiseaseor function
annotations. Given the overrepresentation of background information associated with
cancer in the IPA Knowledge Base we removed any categories associated withcancer
from our analysis . We also removedany terms that were associated with only a single
gene.We were left with 289 categories and their associated diseaser function
annotations. We then analyzed the data by first looking at categories that have ten or
more diseases or functionsannotations (Figure 34B). These categories included
Pcardiovascular system development, function , and disease», ?cell death and survival 7,
?cellular morpho logy 2, ?cell-to-cell signaling and interaction 2, ?cellular development ?,
?cellular movement?, Pembryonic development 2, ?nervous system development,
function , and disease?, and ?developmental disorder 2. We also identified the top ten
most significant disease or function annotations, including hypoplasia of heart, brain
lesion, and growth of epithelial tissue (Figure 34C). From this we observed enrichment
in categories, diseases, and functionsassociated with developmental processesfor the

LE v C dataset
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Figure 34. Top diseases and functions for the late exposed versus control
dataset. A) Flowchart of IPA diseases and functions analysis. B) Pie chart of disease and
function categories that have 10 or more associated terms. C) gaph of the top ten most
significant disease or function annotations. Y -axis represented the annotation, x-axis is
the -log of the p-value. The colors correspond to the category for which this disease or
function was annotated to (represented by the color legend on the bottom).

5.3.3.2 IPA diseases and functions associated with the EE v C dataset

Given that there was a subset of genes with CpG sites that remained significantly
differentially methylated following a washout period in the EE v C dataset, we were
curious as to what diseases and functionsthey were associatedwith . The workflow for
the IPA analysis for the EE v C datasetis described in Figure 35A. As with the LEv C
analysis, a list of the top 500 significant diseases and functions categories and their

associated diseaseor function annotations was generated from the input gene list. We
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again removed the terms associated with cancer which resulted in 319 categories
remaining. The categories with ten or more diseases or functionsannotated (Figure 35B)
were ?cell death and survival 2, ?cell morphology 2, ?cell-to-cell signaling and

interaction ?, ?cellular development 2, Pconnective tissue development, function and
disorders?, ?developmental disorder 2, Pembryonic development 2, and ?nervous system
development, function, and disease?. The top ten most significant disease or function
annotations include d neurotransmission, cognition, spatial learning, and exploratory

behavior (Figure 35C).

A IPA top 500 Disease & B e pancion 8 Diease
Functions Results

| gzt
Enpeyonc
Remove “cancer” i

categories and associated Cotiomhoton

annotations l
l Devleprasess (
Disorder
Remove categories with | N CoRLE-Col Bigrating & Macaction
only 1 molecule (gene) Connective Tissus
Function & Disorders. Collular
per term Destapment
J c Top 10 Functional Annotations.

Preaxial polydlelyw-_

319 categories remain Formation of lens—}

Spatial Learning—]
Cognition—
Formation of eye—}

Neurotransmission=}

A.nalyzed ASSESSed Development of sensory organ—|
N Exploratory behavior]
categories the top 10 Abnarmal morphalogy of cranial nerve=]
with 10+ most Skin lesion=| I
functional significant 0 H H B
annotations disease or -Log(p-value)
(35B) function mDevelopmental Disorder Embryonic Development
annotations Cell-to-Cell Signali | i uN System
(35c) Behavior ical Diseases & C:

Figure 35. Top diseases and functions for the early exposed versus control
dataset. A) Flowchart of IPA diseases and functions analysis. B) Pie chart of disease and
function categories that have 10 or more associated terms. C) graph of the top ten most
significant disease or function annotations. Y -axis represented the annotation, x-axis is
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the -log of the p-value. The colors correspond to the category for which this disease or
function was annotated to (represented by the color legend on the bottom).

5.3.4 Bisulfite pyrosequencing validation of WGBS top hits

From both the LE v C and EE v C datasets genes of interest were identified for
independent validation. Genes were chosen based on having a greater than 10%
methylation differen ce, have two or more CpG sites significantly differentially
methylated within a 100bp region, their role in early life developmental processes, and

their being genic rather than intergenically located.

5.3.3.1 Validation of genes from the LE v C gene list

We designed assaysto validate significant changes in DNA methylation
identified via WGBS in the LE v C dataset at the following genes: Homeobox Protein
Hox-B9 Hoxb9, Methyltransferase Like 11B (Mettl11b), Slit Guidance Ligand 2 (Slit2),
LDL Receptor Related Protein 1(Lrpl), Citron Rho-Interacting Serine/Threonine Kinase
(Cit), Synaptotagmin (Syt17), Synaptonemal Complex Protein 3 (Sycp3, Gamma-
Aminobutyric Aci d Type A Receptor Subunit Beta2 Gabrb2, Oncostatin M (Osm), and 2-
Phosphoxylose Phosphatase 1Rxylpl). We first assessedassay performanceby
confirming that our assays were indeed capable d detecting increasing amounts of

methylated DNA (R 2= 0.850.99,p<0.0001-0.025 Figure 36A-J).
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Figure 36. Bisulfite pyrosequencing validation curves for genes from the LE v
C WGBS dataset. Bisulfite pyrosequencing assay validation curves for A) Hoxb9;B)
Mettl11b; C) Slit2; D) Lrpl; E) Cit; F) Sytl7; G) Sycp3; H) Osm; I) Gabrkend J) Pxylp1l.
Defined mixtures of bisulfite modified fully methylated and unmethylated rat genomic
DNAs were analyzed for linearity in ability to detect increasing amounts of methylation.
X-axis, the input (expected) level of methylation, y -axis, the measured level of
methylation. R2and p-values values are indicated.

The WGBS chromosomal locations and direction of methylation change relative
to controls for these genes can be found inTable 8, along with the PCR conditions . We
first examined methylation changes at the CpG site(s) identified by the WGBS data
analysis for those genes. There were no significant methylation changes found in the
sperm of the late exposed rats comparal to the sperm of the control rats at Hoxb9,
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Mettl11b, Slit2, Lrpl,or Cit (Figure 37A-E). For Sytl7a two-tailed T-test showed a
significant change in DNA methylation by pyrosequencing at one of the two CpG sites
initially identified via WGBS, however the direction of methylation change was not the
samet it was hypermethylated in the WGBS dataset, but was hypomethylated by
pyrosequencing (Figure 37F). Similarly, for Sycp3a two-tailed T-test demonstrated
significant methylation changes in sperm by pyrosequencing at three of the four sites
identified by WGBS, but the direction of methylation change differed ¢ WGBS detected
hypomethylation relat ive to controls, while pyrosequencing showed hypermethylation
relative to controls (Figure 37G). Two-tailed t-tests for Osm, Gabrb2and Pxylp1,
confirmed significant methylation changes by pyrosequencing, in the same direction as
the WGBS findings, for at least oneof the CpG site that was initially identified as

significantly differentially methylated in sperm from LE v C via WGBS (Figure 37H-J).
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Figure 37. Pyrosequencing validation of WGBS CpG sites from the LEv C
dataset. Bisulfite pyrosequencing of CpG sites initially identified via WGBS as
significantly differentially methylated between late exposed sperm and controls for A)
Hoxbg B) Mettll1b; C) Slit2; D) Lrpl; E) Cit; F) Sytl7, G) Sycp3 H) Osm |) Gabrb2 and J)
Pxylpl CpG sites are identified as A-D on the x-axis, and the recorded methylation level
is on the y-axis. Each point is an individual sperm. Black = controls, green = late exposed.
*p<0.05, **p<0.005.

For Osm, Gabrb2and Pxylpl,we then broadened our analysis not just to the CpG
sites in common between WGBS and pyrosequencing, but also to assesmethylation at
all of the CpG sites captured by the pyrosequencing assay, to see if neighboring sites
were similarly affected by CSE exposure We also included sperm from the early

exposed animals in this analysis, to see how the timing of the exposure impacted DNA
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methylation changes. A two -factor ANOVA, with one factor being exposure status and
one being CpG site,showed a significant main effect of exposure for Osm, Gabrb2 and
Pxylp1 (p<0.0001 for all genesFigure 38A-C). Posthoc two-tailed T-tests revealed no
additional significant methylation changes for Osm For Gabrb2,n addition to CpG site
2, which was validated from the WGBS dataset, we also detected significant
hypomethylation at CpG site 1in sperm from the late exposedanimals and relative to
the controls (p<0.05) Additionally, at CpG sites 1 and 2, there were significant
methylation differences between control and early exposed sperm, though the
magnitude of the methylation difference was less than that of the control and late
exposedsperm (p<0.05,Figure 38B). For Pxylpl, post-hoc two -tailed t-tests were
significant at all CpG sites, and when comparing both the early and late exposure

groups to the controls (p<0.005,Figure 38C).
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Figure 38. Analysis of methylation change across the entire pyrosequencing
assay and for both exposure groups. Bisulfite pyrosequencing data was analyzed for A)
Osm;B) Gabrb2 and C) Pxylp1 for both exposure groups and across the entire region
captured by pyrosequencing. CpG sites are labeled on the xaxis, mean methylation
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post-hoc two-tailed t-tests. *p<0.05, ***p<0.005.

5.3.32 Validation of genes from the EE v C gene list

We next attempted to validate methylation changes at genes that were
significantly differentially methylated in the sperm from EE v CWGBS analysis. We
developed bisulfite pyrosequencing assays and confirmed assay performance for
Glutamate lonotropic Receptor NMDA Type Subunit 2A  (Grin2a), Synapsin Il (Syn3),

Netrin G1 (Ntngl), and Metastasis Suppressor tLike Protein 1 (Mtssll) (Figure 39A-D).

162



A Grin2a B Syn3

— 1007 ~ 100
£ . £ 4
s c
2 759 £ 75
3 k: .
£ . £
2 501 © 504
= =
o . s .
% 251 ‘ £ 25

< .
g R square = 0.98, p = 0.0013 g R square = 0.98, p = 0.0005

0 T T T 1 0
0 25 50 75 100 (1] 25 50 75 100
Expected Methylation (%) Expected Methylation (%)
y|
c Nitng1 D Mtss1l

— 1001
B’? 100 . g .
) - .
5 s 2 759 .
® . ®
z £
£ £ .
@ 50 2 509
= . =
3 3
5 25 - ] 251
8 8
g o R square = 0.99, p <0.0001 E 0 R square = 0.85, p = 0.0027

0 25 50 75 100 0 25 50 75 100
Expected Methylation (%) Expected Methylation (%)

Figure 39. Validation curves for genes from the EE v C WGBS dataset. Bisulfite
pyrosequencing assay validation curves for A) Grin2a;B) Syn3;C) Ntngl; and D) Mtssll.
Defined mixtures of bisulfite modified fully methylated and unmethylated rat genomic
DNAs were analyzed for linearity in ability to detect increasing amounts of methylation.

X-axis, the input (expected) level of methylation, y -axis, the measured level of
methylation. R2 and p-values values are indicated.

Pyrosequencing of sperm samples showed no significant methylation changes
for Grin2a or Syn3(Figure 40A, B). Two-tailed t-tests confirmed a loss of methylation via
pyrosequencing at both CpG sites initially identified via WGBS for Ntngl (p<0.01 and
p<0.005 for each site, respectively Figure 40C) and for the two CpG sites initially

identified via WGBS for Mtss1l(p<0.05 and p<0.001 for each site, respectivelyFigure

40D).
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Figure 40. Pyrosequencing validation of WGBS CpG sites from the EE v C
dataset. Bisulfite pyrosequencing of CpG sites initially identified via WGBS as
significantly differentially methylated between early exposed sperm and controls for A)
Grin2a;B) Syn3;C) Ntngl; and D) Mtssll. CpG sites are identified as A, B on the xaxis,
and the recorded methylation level is on the y -axis. Each point is an individual sperm.

Black = controls, blue = early exposed. *p<0.05, ***p<0.005.

For Ntngl and Mtssll, we than expanded our analysis to assess methylation
changes at all CpG sites covered bythe pyrosequencing assays, and to include sperm
from the late exposed animals, to again assess the temporal effect of CSE exposure on
sperm methylation changes. For Ntngl, a two-factor ANOVA for exposure status and
CpG site showed a significant effect of exposure on DNA methylation (p<0.0001) Post
hoc two-tailed t-tests confirmed significant methylation changes across all three CpG

sites analyzed (p<0.050.005), but only for the early exposed sperm relative to controls.
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There was no significant methylation difference between late exposed and control sperm
for Ntngl (Figure 41A).

We observed a similar pattern for Mtss1l. A two -factor ANOVA showed a
significant effect of exposure on sperm DNA methylation (p<0.0001) Post-hoc two-tailed
t-tests revealed signficant losses of methylation present in the sperm of the early
exposed rats compared to controls at 8 of the 9 CpG sites analyzed by pyrosequencing
(p<0.050.001) but no significant changes between the late exposed and control animals

(Figure 41B).
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Figure 41. Analysis of methylation change across the entire pyrosequencing
assay and for both exposure groups. Bisulfite pyrosequencing data was analyzed for A)

Ntngl and B) Mtss1lfor both exposure groups and across the entire region captured by
pyrosequencing. CpG sites are labeled on the xaxis, mean methylation levels are plotted
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that were validated in Figure 40. Two-factor ANOVA (factor 1 = Exposure Status, factor
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represent post-hoc two-tailed t-tests. *p<0.05, ***p<0.005. Black = controls, blue = early
exposed, green = late exposed.
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5.3.5 Cannabis-induced changes in FO sperm are present in F1 generation

To begin to address whether methylation changes in paternal sperm were
heritable, we analyzed methylation changes in offspring tissues for genes whose

methylation changes were validated by pyrosequencing at multiple CpG sites.

5.3.5.1 Changes in FO sperm are present in F1 sperm

We first analyzed changesat Pxylplin F1 sperm. We chose to look in sperm for
this gene given the abundant levels of U1 © U w prbtenl prodiict in the epididymis and
in mature spermatids. We used bisulfite pyrosequencing to quantify methylation
differences present in F1 sperm for both early and late exposed offspring compared to
control. A two -factor ANOVA for CpG site and paternal exposure status revealed a
significant effect of exposure on DNA methylation in F1 sperm (p<0.0001) Post-hoc two-
tailed t-tests revealedsignificant losses of methylation in F1 sperm from animals born to
late-exposed cannabisfathers compared control s (p<0.05 Figure 42A). This suggests that
the methylation changes initially identified via WGBS and validated by pyrosequencing

were heritable.

5.3.5.2 Changes in FO sperm are present in F1 brain

We next analyzed changes in DNA methylation in offspring brain t issues for
genes with neuronal functions. There were no heritable methylation changes for Ntngl
in the hippocampus or NAc (data not shown). For Gabrb2 two -factor ANOVA showed a

significant effect of paternal exposure on F1 hippocampal DNA methylation (p<0.05,
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Figure 42B), but not in the NAc (data not shown). Post-hoc t-testsfor the hippocampal
data revealed that the CpG site with a significant methylation chang e (CpG Site 1)was
not the one initially identified via WGBS in paternal sper m. Further, this significant
effect was observed when comparing methylation changes between early exposed
offspring and control offspring, while this methylation difference was initially detected
from the LE v C WGBS dataset However, given that our post -hoc analysis in FO sperm
did demonstrate a significant loss of methylation present between the control and early
exposed sperm at this CpG site, this methylation change can still be attributed to
paternal exposure. The methylation change observed at CpG site 2just approached
significan ce at p=0.05, suggesting the potential for heritability of altered methylation
across multiple CpG sites for Gabrb2

Next, we analyzed methylation changes at Mtss1lin offspring hippocampus and
NAc tissues. We observed a significant effect of paternal exposurefrom a two -factor
ANOVA on DNA methylation in both tissues (p<0.0001). Similar to the methylation
changes present in FO sperm, posthoc t-tests revealed significant losses of methylation
present in early exposed offspring relative to control offspring . In the hippocampus
(Figure 42C), four of the nine CpG sites analyzed were significantly hypomethylated in
the early exposed offspring tissue compared to control (p<0.050.01) This included one
of the CpG sites (CpG site 1) that was initially identified via WGBS as being

hypomethylated in the paternal sperm EE v C dataset.In the NAc (Figure 42D), early

167



exposed offspring were hypomethylated relative to controls for four of the nine CpG
sites analyzed, though not the same four that were significant in the hippocampus
(p<0.05) This included the other CpG site that was initially identified via WGBS (CpG
site 5) as being hypomethylated in the paternal sperm EE v C dataset. These data
suggest that DNA methylation changes in paternal sperm can influence methylation

changes in offspring brain tissues.

A Pxylp1 F1 sperm B Gabrb2 F1 Hippocampus
30 N

g : g

= 20 H

5 %

L} ]

g 10 )

CpG 1 CpG 2 CpG 3*
0
cpG1 CpG 2 CpG 3

c Mtss1l F1 Hippocampus

Mtss1/F1 Nucleus Accumbens

g

Methylation (%)
- 8 & 2 8

0
CpG 1" CpG2 CpG3 CpG 4 CpG5' CpG B CpG7 CpG o CpG o CpG1°CpG2 CpG 3 CpG4 CpG5” CpGE CpGT CpGB CpG 9

Figure 42 Bisulfite pyrosequencing of offspring tissues.  Bisulfite
pyrosequencing detected heritable changes at A)Pxylpl in F1 sperm; B) Gabrb2 in F1
hippocampus; C) Mtssll in F1 hippocampus; and D) Mtss1l in F1 NAc. CpG sites with
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tailed t-tests. #p=0.05, *p<0.05, **p<0.01.
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5.3.60ffspring DNA methylation changes are associated with sex -
specific changes in gene expression

Knowing that there were heritable changes in DNA methylation for Gabrb2and
Mtssll, we next investigated whether those methylation changes were associated with
changes in gene expressionin the brain. Relative expression was calculated through the
deltaCT method, and all expression values were multiplied by a coefficient of 10 for the
purposes of data visualization . For Gabrb2we analyzed the relationship between DNA
methylation for the control and early exposed offspring at CpG site 24 the site that was
initially identified in paternal sperm ¢ and gene expression A Pearson correlation was
used to determine the relationship b etween these variables for both control and exposed
offspring . There were no significant associations between DNA methylation and gene
expression for control offspring or early exposed offspring , nor were there differences
between the exposure groups (Figure 43A). Knowing that there areinherent sex
differences in hippocampal function [236, 237] we next analyzed these relationships in
male and female offspring separately. There remained no significant differences between
exposure groups, or significant relationships between methylation and expression for
males (Figure 43B) or females (Figure 43C). However, looking at the direction of the
relationship between methylation and expression for males and females in the control
animals, we observed a positive relationship for males and a negative relationship for

females. In the exposed femaleshowever, there appears to be a slight positive
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relationship detected, perhaps suggesting some effect of the paternal preconception

exposure on theregulation of gene expression of Gabrb2
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Figure 43. Relationship between DNA methylation  at CpG site 2 and gene
expression for Gabrb2 in the hippocampus . Relationship between DNA methylation
and gene expression forGabrb2in A) all sexes combined; B) males only; and C) females
only. Pearson correlation R square and pvalues are reported. Control offspring = black
with solid regression line; early exposed offspring = blue with dotted regression line.

We next analyzed the relationship between DNA methylation and gene
expression for Mtss1lin the hippocampus. Here we examined the relationship between
DNA methylation at CpG site 1 ¢ the significantly differentially methylated CpG site
that was initially identified in the EE v C WGBS dataset as being affected in paternal
sperm ¢ and gene expression for the control and early exposed offspring. Pearson
correlations showed no significant relationship between DNA methylation and gene
expression for control or exposed offspring when all sexes were analyzed together
(Figure 44A). Again, we separated this analysis by sex given the known sexdifferences
in hippocampal function [236, 237]and still observed no significant relationships

between DNA methylation and gene expression. Interestingly, however, i n the controls,
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the relationship between DNA methylation and gene expression was positively
correlated in the males (Figure 44B), while this was inversely correlated in the females
(Figure 44C). In the female offspring from exposed fathers, however, this relationship
was positively correlated, suggesting perhaps a masculinization effect of the paternal
CSE exposue on this specific methylation -expression relationship, while in the exposed
male offspring, this relationship was slightly inversely correlated, suggesting a

feminization effect of paternal CSE exposure on this same relationship.
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Figure 44. Relationship between DNA methylation at CpG site 1 and gene
expression for Mtssll in the hippocampus . Relationship between DNA methylation
and gene expression forMtss1lin A) all sexes combined; B) males only; and C) females
only. Pearson correlation R square and p-values are reported. Control offspring = black
with solid regression line; early exposed offspring = blue with dotted regression line.

Lastly, we examined the relationship between DNA methylation and gene
expression atMtss1lin the NAc. Specifically, we examined the relationship between
DNA methylation at CpG site 5 and gene expression for the control and early exposed
offspring. CpG site 5was significantly differentially methylated in F1 NAc and was

initially identified in the EE v C WGBS dataset as being affected in paternal sperm.
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There were no significant relationships between DNA methylation and gene expression
when all sexes were analyzed together for control or exposed offspring (Figure 45A).
Similar to the hippocampus, there are known sex differences in the NAc which led us
again to stratify this analysis by sex [238, 239] In the males (Figure 45B), control
offspring show a significant inverse relationship between DNA methyl ation and gene
expression (p<0.05, R=0.61), while the exposed offspring had a significant positive
relationship between DNA methylation and gene expression (p<0.05, R?=0.53). In the
females (Figure 45C), the control offspring had a significant positive D NA methylation -
gene expression relationship (p<0.05, R=0.52), while the exposed offspring had an
inverse relationship between DNA methylation and gene expression, though this
relationship was not significant. Similar to what we observed in the hippocampus for
Mtssll, the paternal CSE exposure alters the relationship between methylation and
expression such that it is reflective of that of the opposite sex. Taken together, these
results for Mtssll for the hippocampus and the NAc tell us that paternal CSE exposure
prior to a washout period has the ability of influence DNA methylation and gene

expression in his offspring.
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Figure 45. Relationship between DNA methylation at CpG site 5 and gene
expression for Mtssll in the NAc . Relationship between DNA methylation and gene
expression for Mtssllin A) all sexes combined; B) males only; and C) females only.
Pearson correlation R square and pvalues are reported. Control offspring = black with

solid regression line; early exposed offspring = blue with dotted regression line.

5.3.7 Paternal CSE exmsure induces cardiomegaly in his offspring

We next examined whether or not paternal CSE exposure influences any
observable phenotypic changes in offspring. There is growing evidence in the literature
of associations between prenatal cannabis exposure anderatologies observed in babies
and children [240]. In particular, prenatal cannabis use has been associated with
increased incidence of cardiovascular defects in epidemiological studies, and rates of
diagnoses of these cardiomyopathies have increased faster than the birth rate in states
with legalized cannabis programs [240]. This led us to wonder whether paternal
cannabis use could similarly impact offspring heart development . We measured heart
weight s and body weights of each animal and normalized heart weight to percent body
weight. A one -factor ANOVA was run to look at the effect of paternal exposure status
on offspring heart weight. We saw a significant effect of paternal exposure on offspring

heart weight (p=0.0039). Posthoc two -tailed t-tests showed a significant increased heart
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weight relative to controls for both the early exposed offspring (p=0.0013), and the late
exposed offspring (p=0.0099) Figure 46A). We then separated this analysis by sex. A
one-factor ANOVA in females showed a significant effect of paternal exposure on
offspring heart weight (p<0.05). Post-hoc t-tests showed significant increases in offspring
heart weights for both early exposed (p<0.05) and lake exposed (p<0.05) offspring Figure
46B). In the males (Figure 46C), a one-factor ANOVA was just significant for the effect of
paternal exposure status on offspring heart weight (p=0.05). Posthoc t-tests showed a
significant increase in heart weight relative to controls only in the early exposed
offspring (p<0.05). This dataindicates that paternal CSE exposure influences offspring

heart development.
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Figure 46. Paternal preconception exposure to CSE is associated with
cardiomegaly in offspring. Offspring heart weight as percent bodyweight is
represented on the y-axis (in grams) for A) all animals; B) females only; and C) males
only. Black = control offspring, blue = early exposed offspring, green = late exposed
offspring. ANOVA p -value is from a one-factor ANOVA for effect of paternal exposure
status on offspring heart weight. Post-hoc t-test values are reported between early
exposed and control, and between late-exposed and control.
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5.4 Discussion

The broad goals o the present study were to characterize the effects of paternal
CSE exposure on the entirety of the sperm DNA methylome, and to determine whether
or not such effects are heritable. To address this, we began with a rat model of paternal
CSE exposure with three experimental groups of animals. The first was a group of CSE-
I BxOUl EwWUEUUWUT ECwPT Ul wi YT OWEW?PEUT OUU2 wxl UDO
spermatogenic cycle in a rat) following their 28 -day exposure, prior to WGBS; the second
was a group of rats who received CSE exposure for 28 days just prior to WGBS; and the
third was a vehicle control group. WGBS was performed on all samples and DNA
methylation changes relative to controls were assessed.
We did not detect any significant methylation difference s after implementing a
Bonferroni p -value threshold. This is likely due to a number of factors including
insufficient sample size and insufficient coverage. As a result, we proceeded with our
analyses using the unadjusted p values, prioritizing based on stringent thresholds to try
and enrich for those showing bona fide differences.
We first looked at the effects of the timing of the CSE exposure on DNA
methylation changes. From this we found that, regardless of the timing of the exposure,
the majority of t he methylation changes occurred in the same direction. We next
EEEUI UUI EwUT | wPOXxEEUwWOT wOT 1T w?2pPEUT OUU~? wxl UPOEwWO
change present between exposed and control animals. We took the top 3321 CpG sites
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that were differentially meth ylated between the late exposed sperm and the control
sperm and looked at the magnitude of methylation change present at those same sites in
the sperm of the early exposed animals compared to control. Overall, the magnitude of
the methylation difference be tween exposed and control animals was diminished in the
early exposed animals relative to the late exposed animals. This finding was supported
when we analyzed genes from the LE v C dataset that hadfive or more differentially
methylated CpG sites and compared methylation changes at those same sites in the EE v
C dataset Again, we found a greater magnitude of methylation difference present in the
sperm of the late exposed animals compared to controls than in the early exposed
animals. This begins to sugged that the washout period was effective at ameliorating
some of the CSEinduced epigenetic effects.

However, there was a distinct group of genes whose CpG sites were significantly
differentially methylated in the EE v C dataset that were not presentin the LEv C
dataset, suggesting that perhaps some changes that occurred during the early exposure
both persisted throughout spermatogenesis, and were specific to the early exposure time
period. Thus, it is possible that the spermatogonial stem cells themseles were the target
of this exposure and sperm derived from these progenitors harbored the epigenetic
modifications. This effect would then only be seen in the early exposed animals when
sperm was collected after the washout period. There would be no effects in the late

exposed animals whose sperm was collected just after the exposure ended because there
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would not be new mature sperm derived from the affected spermatogonia during that
time. Importantly, if this is true, then these changes are likely permane nt, as the
progenitor pool is continuously renewed throughout life of a male [190].

When we looked at methylation changes at genes with five or more differentially
methylated CpG sites from the EE v C dataset and then compared methylation changes
at those same CpG sites from the LE v Cdataset, we found that the magnitude of
methylation difference was greater between early exposed animals and controls. Again,
this tells us that although a washout period m ight be effective at diminishing the effect
of the CSE exposure on DNA methylation changes that are happening during the
process of sperm maturation, there are other genes that have persistent methylation
changes.As stated above, this might be because thee were different populations of cells
affected. For the late exposed animals whose sperm was collected for WGBS
immediately following CSE exposure, the drug was likely targeting sperm cells in the
second half of spermatogenesis as they were maturing and raversing the epididymis.
For the early exposed animals, however, it is likely that their spermatogonial stem cells
were affected by the CSE exposure for a subset of genes and that the methylation
changes in that distinct population of stem cells were then propagated during
differentiation and maturation. Any changes that may have affected post -
spermatogonial sperm from the early exposure (and thus might resemble changes in the

late exposed sperm) might no longer have been present at the time of WGBS giverthe

177



resorption of those sperm over the 56-day wash-out period. Different epigenetic
architectures and different patterns of gene expression in these cell types and phases of
spermatogenesis may have further resulted in distinct CpG sites being differential ly
methylated.

IPA was then used to determine the functional significance of the genes
annotated to the differentially methylated CpG sites . From the WGBS datasets, we
implemented a 10% methylation difference threshold and then a p -value cutoff of 5X10%
Comparing just the number of remaining CpG sites from each list ¢+ 744forthe LEv C
datasetcompared to 317for the EE v C datasettells us that the signal induced by the
CSE exposure is diminished in the early exposed sperm compared to the late exposed
sperm.

We analyzed diseases and functions annotationsassociatedwith the input gene
lists for both the LE v C and the EE v C datasets.For the LE v C dataset, the top
categories of diseases and functions included?nervous system development, function,
and disease», Pembryonic development 2, ?developmental disorder 2, and
Pcardiovascular system development, function, and disease?. Top disease or function
annotations included angiogenesis, hypoplasia of the heart, growth of epithelial tissue,
and brain lesion. When comparing this to the annotations from the EE v C list, there
were some notable similarities. PNervous system development, functio n, and disease,

?developmental disorder ?, and Pembryonic development ? were among the terms in
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common between the two datasets. While there were no annotations in common
between the two datasets, there were additional similarities between the categories they
were annotated to. For example, Pnervous system development, function, and disease?
and ?dermatological diseases and conditions? were found in both lists. There were also
notable differences between these lists. For example, there were multiple annotations
associated with behavior, including spatial learning, exploratory behavior, and

cognition, as well as functions associated with embryonic development including
development of sensory organ, formation of eye, and formation of len s from the EE v C
dataset genes.

It is interesting that regardless of the timing of the CSE exposure there were
shared functions of the genes that were significantly differentially methylated. Th at we
saw significant terms associated with early developmental processes supports our
previous findings from studies assessing the effect of THC exposure on sperm DNA
methylation [88]. In that study we found significant KEGG pathway terms associated
with early developmental processes including the hippo signaling pathway [88]. We
have also provided initial evidence in support of the hypothesis that genes involved in
early developmental processes are increasingly sensitive taenvironmentally induced
epigenetic disruptions [177]. The IPA findings from this study provide additional

evidence in support of this hypothesis.
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Once we determined the function al significance of the genes that were
differentially methylated, we next sought to confirm methylation changes identified via
WGBS with bisulfite pyrosequencing at select genes. Genes were chosen for validation
that had two or more differentially methylat ed CpG sites within a 100bp region and a
10% or greater methylation difference at those sites. We also restricted our analysis to
CpG sites associated with the body of the gene (either an exon or an intron) and with a
functional role in developmental proce sses. We chose genes from both the EE v C and
LE v C datasets to analyze. Of the genes we set out to validate, we were able to confirm
significant methylation changes at the CpG sites identified via WGBS at five genes.
Validation was considered successful when the CpG site identified via WGBS was
significantly differentially methylated by pyrosequencing, and when the direction of
methylation change between the control versus exposed groups was the same.

We confirmed significant methylation changes for the CpG sitesidentified via
WGBS atOsm, Gabrb2and Pxylplin the late exposed sperm compared to the controls,
and Mtsslland Ntngl in the early exposed sperm compared to controls. While we
detected significant methylation differences in Sytl7and Sycp3the direction of
methylation change was not in the same direction as was initially reported via WGBS,
therefore we did not move forward with these genes in our analyses. At this time we do
not have a good understanding as to why this discrepancy occurred, which contributed

to us not moving forward with these genes in our analyses. After validating methylation
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changes at just the sites identified via WGBS, we then expanded our analysis to include
all of the CpG sites captured by our pyrosequencing assay, ard we analyzed
methylation changes in both the early and late exposure groups. From this analysis,
Gabrb2 Pxylp1, Ntng1l and Mtss1land had significant methylation changes across the
region we analyzed.

Once we confirmed changes in methylation in the FO sperm we examined the
potential heritability of these methylation changes. Paternal heritability is extremely
challenging to document. We work under the assumption that a subset of sperm is
randomly impacted by the preconception cannabis exposure. It would t hen take one of
those affected sperm to be able to successfully fertilize the egg, and those epigenetic
changes would need to escape postfertilization reprogramming to be passed on from
the sperm into the developing embryo and propagated across all cell types. This also
EUUUOI UwUT EQwPT EUT YI Uwl BxOUUUI wbUwWDOXxEEUDOT wUi
Ul 1 wUx1 UOzZUWEEDPOPUAWUOWUUEET UUI UOOawi T uubpOPal w
progress through normal embryogenesis and fetal development.

We analyzed F1 sperm for methylation changes atPxylpl, and F1 NAc and
hippocampal tissues for methylation changes at Ntngl, Gabrb2and Mtss1l. We looked in
F1 sperm for Pxylp1 given the high levels of expression of this gene in the epididymis

and its enhanced presence in mature spermatids[241]. Pxylplis involved in the

synthesis of mature glycosaminoglycan chains and possesses hydrolase and
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phosphatase activity [242]. It has been associatedwith rare diseases such as nemaline
myopathy, a hereditary congenital neuromuscular disorder that is associated with
muscle weakness, impaired speech abilities, and hypoventilation [243]. Muscle fibers in
individuals with this disease contain nemaline bodiest thread-like rods that impact
motor development and impede muscle development [243]. We detected significant
losses of DNA methylation in sperm from the F1 offspring of the late exposed animals
compared to controls at Pxylpl,a methylation change that resembles that observed in
late exposed FO sperm These datasupport of the intergenerational heritability of this
paternal preconception exposure. It further demonstrates that the F1 generation sperm
population is primed to transmit this epigenetic alteration to the F2 generation,
suggestive of potential transgenerational inheritance for this grand paternal exposure.

Given the involvement of Ntngl, Gabrb2and Mtssllin neuronal processes, we
looked in hippocampal and NAc tissues to detect heritable methylation changes in the
F1 generation. No heritable changes in DNA methylation were observed for Ntngl.
There were no heritable methylation changes in NAc tissues for Gabrb2 but we did
detect heritable changes in methylation in the hippocampus. Interestingly, this
significant hypomethylation was observed between the early exposed offspring
compared to the controls even though WGBS initially identified significant methylation
differences in sperm of the late exposed animals compared to the controls.

Pyrosequencing of FO sperm from both exposure groups did show significant
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methylation loss at the same CpG site in the early exposed animals compared to
controls, suggesting that the altered methylation pattern observed in the F1
hippocampus was a result of this paternal preconception exposure to cannabis. We did
not observe a significant relationship between DNA methylation and gene expression
for Gabrb2.

Gabrb2is a GABAergic receptor that is highly expressed in the hippocampus
[244]. Gabrb2mediates inhibitory synaptic transmission and plasticity in the central
nervous system, and dysregulation if Gabrb2has been investigated for its role in
neurodevelopmental disorders including autism and schizophrenia [244-248]. For
example, in a Gabrb2knockout (KO) mouse model, KO mice displayed schizophrenia -
like phenotypes such as sociability impairment, memory deficits, locomotor
hyperactivity, and reduced depr ession and anxiety [246]. Epidemiological studies have
also associatedGABRB2with schizophrenia and autism [244-248]. Further, altered DNA
methylation pattern s of GABRB2have been observed in schizophrenia, suggesting
meaningful interactions between genetics and epigenetics contributing to the etiology of
this disorder [248]. That we did not detect a significant relationship between DNA
methylation and gene expression at the CpG site we analyzed does not rule out the
potential for epigenetic changes at other regions of this gene that were not assessed to
impact gene expression. Further, even though the relationship was not statistically

significant, it is important to note that for genes involved in regulatin g synaptic
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transmission, even small changes to the way this gene is expressed can have tremendous
consequencesThis is meaningful as we saw a slight change in the directionality of the
relationship between DNA methylation and gene expression of Gabrb2in the female
hippocampal tissues.

The last gene we analyzed for heritability was Mtssl1l. We observed heritable
changes in DNA methylation in both the F1 hippocampus and NAc. Specifically, we
detected hypomethylation in the brain tissues of the early exposed offspring relative to
controls. These same sites were hypomethylated in the FO early exposed sperm relative
to controls, suggesting heritability. There was an interesting temporal observation for
this gene, where in both generations, only the early exposed fathers and their offspring
exhibited methylation changes while there were no meaningful changes in the late
exposed paternal sperm or F1 tissues.These results are consistent with the notion that
the spermatogonial stem cells are the vulnerable cell type in this case, since these
changes were only evident in the exposed fathers in which there was sufficient time for
the sperm derived from the spermatogonia to have been produced and matured. These
changes were then able to be transmitted to their offspring. We then looked to see if
there were significant relationships between DNA methylation and gene expression in
these two regions of the brain. Our pyrosequencing assay initially captured nine CpG
sites, of which CpG sites 1 and 5 were those initially identified by WGBS in the FO sperm

as being significantly differentially methylated between early exposed and control
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animals. We had validated losses of methylation present at those two CpG sites as well
as the surrounding CpG sites in the FO sperm, and in the F1 hippocampus, that first CpG
site still remained significantly hypomethylated. Thus, we analyzed the relationship
between methylation at CpG site 1 and gene expression in the hippocampus.

When analyzing all tissues together there were no significant r elationships
between methylation and expression, and no meaningful differences between offspring
of exposed or control animals. However, given the known sex differences in
hippocampal function, we analyzed these relationships in male and female offspring
separately. Here we found that in control males there was a positive relationship
between DNA methylation and gene expression, with higher levels of DNA methylation
associated with increased gene expression, while in the females, there was an inverse
relationship between these two factors. Interestingly, paternal preconception exposure
to cannabis smoke extractt followed by a washout period ¢ caused these relationships
to reverse, where male offspring now displayed an inverse relationship between
methylatio n and expression, and female offspring had a positive relationship between
methylation and expression. These relationships were not statistically significant, but as
with Gabrb2 Mtss1lalso plays a role in regulating synaptic plasticity and slight changes
in gene expression can have important functional consequences.

In the NAc, we saw a similar phenomenon. Here, control males had an inverse

relationship between DNA methylation and gene expression that was significant, while
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control females had a significant positive relationship between DNA methylation and
gene expression. Again, paternal preconception cannabis exposure resulted in a
significant positive relationship between DNA methylation and gene expression in male
offspring in the NAc, and an inverse relationship between methylation and expression
in female offspring. This was despite a washout period following the paternal exposur e.
Literature on Mtssll (Metastasis suppressor klike), is sparse, but recent work has
focused on the role of this I-BAR domain -containing gene in regulation of plasma
membrane dynamics, dendritic spine formation , and postsynaptic currents [249]. Studies
have demonstrated the ability of exercise to regulate expression of Mtss1land have
identified this gene as a novel effector involved in synaptic rearrangement in an
exercisedependent manner [249]. The ability of the function of Mtssllto be influenced
by exercise raises questions about its vulnerability to other types of exposures, such as
cannabis. In other studies, mutations in Mtss1l have been associated with severe
neurodegeneration and brain iron accumulation [250]. Neurodegeneration with brain
iron accumulation (NBIA) encompasses a group of rare, heterogenous disorders
whereby iron accumulation in the brain results in a wide array of clinical symptoms
including neuromuscular and neuropsychiatric abnormalities [251]. Investigation of this
syndrome is an area of active research, and novel gene candidates are still being
identified [252]. Mtss1l mutation was recently identified in a 10 -year-old girl with

developmental delays, hypotonia, microcephaly, intellectual disability, and an
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accumulation of iron in her globus pallidus ¢ a subcortical brain structure [250]. Her
sister was similarly affected, suggesting some heredty to this disorder. While this area
of research is still growing , the role of the epigenome in this group of syndromes is not
yet understood [250]. However, there is literature to suggest a role of the environment in
neurodegenerative disorders, which may be mediated in part via epigenetic mechanisms
[253]. There is also a role for the mitochondrial dysfunction in NBIA [250]. This presents
another possible link to epigenetics, as we know that cofactors necessary for the proper
establishment and maintenance of the epigenome are produced by the mitochondria
[254].

We were especially intrigued by the apparent effect of paternal preconception
CSE exposure onthe sexspecific relationships between DNA methylation and gene
expression for both Gabrb2and Mtssll. There is a growing body of work to support sex
differences across the epigenome, particdarly in brain tissues [255-259]. These
epigenetic mechanisms play important roles in maintaining the innate sexual
dimorphisms that exist in the brain, and disruption of these epigenetic regulatory states
can have adverse impacts on brain masculinization or feminization [260]. Rat models of
early life exposure to bisphenol A have been associated with altered brain sexualization
[260], and preconception and perinatal exposures to multiple chemicals and drugs have
sex-specific behavioral effects on offspring [261]. In fact, paternal exposure to CSE

resulted in impaired working memory in female offspring but not male, and decreased
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attention behaviors in males but not in females [231]. Though we do not currently know
if there are inherent epigenetically regulated sexual dimorphisms in these regions of the
brain that regulate Gabrb2or Mtss1l expression, it was a surprising finding to see the
relationships between methylation and expression become inverted, and reflective of
that of the opposite sex, as a result of paternal preconceptioncannabis exposure.

The final endpoint that we assessed in this study was whether or not paternal
preconception exposure to cannabis could induce any physical abnormalities in
offspring. Epidemiological studies have demonstrated an association between perinatal
cannabis use and cardiovascular teratologies in offspring [240]. One study from Hawalii
associated prenatal cannabis use with numerous teratologies incuding hypoplastic left
heart, and atrial septal defect [240, 262] Further, the American Heart Association and
the American Academy of Pediatrics have acknowledged an association between both
cannabis use[240]. A study by Reece and Hulse examined trends in rates of diagnoses of
birth defects in association with rat es of cannabis use in Colorado over al4-year period
when the drug became legal [240]. Of note, this was over a time period where no other
drugs of abuse had increasesin their use in the state [240]. The authors found that the
rate of diagnoses of cardiovascular defects, particularly atrial septal defects, rose faster
than the birth rate during this tim e [240, 263] In a separate study assessing

cardiovascular outcomes in regions of Canada where cannabis use has increased, Ree
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and Hulse similarly found that all cardiovascular anomalies rose in parallel with

cannabis use, after controlling for other variables that might influence such health
outcomes [263]. When considering paternal exposure, an epidemiological study by
Wilson et. al. found that paternal cannabis use was associaed with transpo sition of great
arteries with intact ventricular septum in their offspring ¢ a congenital heart defectin
which the positions of the aorta and pulmonary artery are interchanged [264].

In our study, we observed a significant increase in heart weights of offspring
born to fathers exposed to CSE prior to mating. This effect was significant for offspring
born to both early exposed and late exposed fathers for females Surprisingly in males
this phenotype was only significant in offspring born to the early exposed fathers. While
wedoOz UwUOETI UUUEOEwWUT T wOl ET EOPUOWET T DPOEwWUT DPUWEE
with the studies in the literature associating paternal preconception exposure, and
perinatal exposure, to cannabis with cardiovascular defects in offspring.

In general, it is curious that for both this cardiovascular finding as well as for our
findings of heritable changes to DNA methylation and gene expression, these
observations were mostly in the rats born to fathers exposed to CSE with a 56day
washout period prior to mati ng. This raises questions about the mechanisms behind this
heritability ¢ if it is DNA methylation alone, or if perhaps other epigenetic mechanisms
might be at play. One study that might provide an area for future investigation looked at

paternal preconception exposure to stress, with one week or 12 weeks between the end
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of the stress and the initiation of mating [265]. They found that offspring
neurodevelopment and adult stress reactivity were impacted by paternal preconception
exposure to stress when there was a 12veek recovery period following stress,
compared to those animals born to dads with just a one-week recovery [265]. They
further demonstrated that this was mediated by stress -induced changes present in the
epididymal epithelial cell extracellular vesicle cargo , including noncoding RNAs, that
influence sperm maturation [265]. Thus, future studies of paternal preconception
exposure to cannabis should investigate the interactions between DNA methylation and
extracellular vesicle cargo and how this might influence offspring outcomes.

The current study has several limitations. The first limitation is that the sample
sizes were somewhat small for our paternal exposure model ¢ there were only 12
animals per group. Second, it is possible that a 56day washout period was not sufficient
for the effects of the CSE exposure to bdully resolved. Future studies should assess the
impact of longer washout periods on amelioration. Third, while we targeted 60X
coveragefor our WGBS, but effective coverage wasabout 20X for our study. Thus, we
may not have had sufficient depth to detect all meaningful changes, and this might
contribute to why none of our CpG sites were significant fol lowing Bonferroni
correction. Future work should also investigate the mechanisms underlying the

documented cardiomegaly observed in offspring, as well as whether any of the
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epigenetic and gene expression changes observed in offspring corresponded to any
changes in offspring neurodevelopment or behavior.

In conclusion, this study was the first to characterize the effect of cannabis smoke
extract exposure on the entire sperm DNA methylome. Our results indicated that
paternal exposure to CSE resulted in significant changes across the sperm DNA
methylome, some of which resolved with a washout period, but some of which
persisted. We demonstrated the ability for this exposure to impact offspring DNA
methylation and gene expression at genes important for neurodevelopment. This is
highly relevant as prenatal cannabis exposure has been associated with neuropsychiatric
disorders and rates of autism have increasedin the U.S., particularly in states where
cannabis is legal. Lastly, we identified cardiomegaly in the adult offspring of male and
female rats born to fathers exposed to CSE prior to conception.Taken together, these
results demonstrate the ability for paternal preconception exposure to cannabis to
influence offspring outcomes. TT PUwP Uwi BT T GawUl O YEOUwWwPOwWUOEEaAZ
legalization expands and consumption increases, it is imperative that we increase our

understanding of how this early life exposure can shape later life health and disease.
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6.1 Introduction

Population -based studies and animal models have demonstrated an important
role of the sperm epigenome in shaping offspring early life development. The
epigenome is comprised of multipl e reversible modifications atop DNA and chromatin
[266]. These molecular marks are capable ofconveying instructions that influence how a
gene is expressed without changing the sequence of DNA itself [266]. DNA methylation
¢ characterized by the presence of a methyl group at a cytosine base when followed by a
guanine in the nucleotide sequencing (defined as a CpG site)t is the most extensively
studied epigenetic modification [266].

Faithful establishment and maintenance of DNA methylation is requisite for
spermatogenesis to occur[59, 69, 267] There are two distinct periods of DNA
methylation reprogramming in spermatogenesis[267]. The first is in the primordial
germ cells where parental methylation marks are erased in thesegametic precursors and
are reestablished to reflect the sex of the developing fetus[40, 57, 172, 267]The second is
just after fertilization occurs, where the male and female pronuclei are demethylated and
methylation patterns are reestablished in the epiblast [173,267]. Throughout the sperm

differentiation and maturation processes, the DNA methylome is continuously
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remodeled to support the gene expression and morphological changes necessary for a
mature spermatozoon to be produced [59, 69, 267]

Epigenetic marks facilitate the plasticity of regulatory regions of the genome and
canbeinfluenced by the environment [69, 267, 268] These molecular modifications can
be permanent, thereby acting as an archive of individuals exposure histories.
Additionally, distinct regions of the genome are poised such that they resist the
reprogramming events described above [57, 58] Thus, environmental exposures
impacting DNA methylation at those regions ha ve the potential to contribute to the
developing embryo when the maternal and paternal pronuclei fuse together shor tly after
fertilization.

Given the important contributions of the sperm epigenome to the early embryo,
studies have increasingly assessed the effecof preconception exposures on the integrity
of the sperm epigenome, and whether any changesare responsiblefor the transmission
of elevated risk of pathologies to offspring. Rodent models have demonstrated that
paternal exposure to exogenous influences such ashigh -fat diet, endocrine disrupting
chemicals, pesticides, stressors, and drug areassociated with adverse outcomes in
offspring [127, 219221]. In fact, these offspring have demonstrated aberrant DNA
methylation and gene expression patterns, metabolic syndromes, and
neurodevelopmental disorders [127, 219221]. Germline epigenetic changes are believed

to be largely responsible for the transmission of these effects.
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Epidemiological studies in humans have further associated the paternal
epigenome with epigenetic changes in children. Paternal obesity has been linked with
altered DNA methylation in offspring at imprinted gene loci [71,77, while paternal
cigarette use prior to conception has been associated with altered DNA methylation and
adverse neurodevelopmental outcomesin children [73]. Further, exposure to trauma has
also been associated withaltered methylation patterns in offspring [269, 270] These
studies are supported by the work in mammalian models that have demonstrated the
ability for multiple envi ronmental and social stressors to impact the sperm epigenome in
a heritable fashion [127, 265]

Through the use of reduced representation bisulfite sequencing (RRBS), our
group recently demonstrated the ability of cannabis and THC to significantly alter the
human and rat sperm DNA methylomes, respectively [88]. In rats, this paternal
preconception exposure has further been associated with altered DNA methylation and
gene expression patterns, as well as altered phenotyped121, 163, 229, 230]
Understanding the effect of paternal preconception exposure to cannabis is an area of
increasing interest given the expanding legalization efforts present across the United
States (U.S.)Prenatal exposure to cannabis has been associated with widespreachealth
and developmental problems offspring. These include adverse birth outcomes,
neurodevelopmental delays and autism -like phenotypes, and congenital birth defects

and teratologies [74, 80, 228, 240[The role of the father in contribut ing to these
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pathologies, however, is understudied. The potential for such paternal contributions is
particularly relevant, and needs to be elucidated, given that men are the predominant
consumers of cannabis[20].

Studies thus far have supported the role of the sperm epigenome in the
transmission of a growing number of adverse health outcomes. What is less well
documented, however, is whether or not the effects of an exposure on the epigenome are
permanent, or if they can be reversed.Sperm are continually produced throughout a
O E Oz U4pubédtal life from a pool of spermatogonial stem cells (SSCs)190]. The
duration of spermatogenesis in a man is 74days, but sperm are continuously
asynchronously produced to allow for a continuous supply of mature sperm [59]. At any
point in time there will be sperm at all possible stages of maturation present throughout
the seminiferous epithelium [271]. Whether environmental exposures impact the
epigenome in the SSCs themselves, or in the differentiating spermatogenic cells, has
implications for the potential reversibility of the effects. It is reasonable to hypothesize
that effects on later stages of permatogenesis will not be permanent, while effects on the
SSC progenitors could be more longlasting and propagated across all differentiated
sperm cells that are derived from the altered SSCs

The main objective of the current study was to evaluate whether abstinence from

cannabis use for 11 weeks (encompassing the duration of one spermatogenic cycle)

would allow cannabis -induced epigenetic changes to be resolvedin men. Sperm
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methylation changes were analyzed via whole genome bisulfite sequencing (WGBS).
From this data, we assessed the functional annotations associated with significantly
differentially methylated genes in sperm. Finally, we compared the findings from this
WGBS study to those from our previous RRBS study. Findings from this study have
tremendous translational potential for preconception counseling for men who use

cannabis products.

6.2 Methods and Materials

6.2.1 Human subjects

Healthy males between 18 and 40 years of age (inclusive) were recruited through
the Duke ADHD Clinic as part of the CannabisInduced Potential Heritability of
Epigenetics Revisions in Sperm (CIPHERS) parent study. Of the participants, 18were
cannabis users with a selfreported frequency of cannabis use at least once weekly over
the prior 6 months and 24 were non-user controls. Use at screeningwas measured via
gas chromatography-mass spectrometry (GCMS) analysis of the primary urinary
cannabis metabolite, 11nor-9-carboxy-delta-9-tetrahydrocannabinol (THCCOOH)
normalized to creatinine, to get a metabolite -creatinine ratio. Non -userswere also
verified via GCMS. For the users, THCCOOH levels had to be at least 50ng/ml and a
urine rapid screening test had to be positive. For the non-users, THCCOOH levels have
to be Ong/ml and participants must have reported no cannabis use in theprior 6 months,

fewer than 10 exposures throughout their lifetime, and a negative urine rapid screening
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test. Participants were excluded from the study if: 1) there was a positive result for any
other drugs of abuse on urine rapid screening test; 2) participants were prescribed any
psychoactive medications; 3) therewas a current diagnosis of any significant psychiatric
conditions; 4) there was a score on the Marijuana Screening Inventory-X > 10; 5) there
was a score on the AlcoholUUT w# DPUOUET UUw( El OUPI PEEUPOOwW3 1 U0w
and 7) participants were unable to comply with the study requirements or were
otherwise unsuitable for participation in the opinion of the study physician and/or study
psychologist. Participants w ho met all inclusion and no exclusion criteria were
scheduled to return to the Duke Fertility Clinic to provide a baseline sperm sample as
well as an additional urine sample for THCCOOH analyses. These baseline samples
were collected for both the users and non-users in the study. A second semen sample
was obtained from non -users at the end of 11 weeks. For the user group, following the
baseline sample collection, participants were asked to abstain from cannabis use for 11
weeks and provided weekly urine sam ples for drug testing to confirm abstinence via
GCMS and rapid urinalysis. At the end of the 11 weeks of the study, a second semen
sample was collected. All study procedures were reviewed and approved by the Duke
Institutional Review Board and were conduct ed in accordance with the 2013 Declaration

of Helsinki. Written informed consent was provided by all participants.
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6.2.2 Semen analyses

Semen analysis was performed at the Duke Fertility Clinic. Semen was analyzed
for parameters including volume, appearanc e, viscosity, pH, white blood cell (WBC)
concentration, sperm concentration, total motility, forward progression, and calculated
total motile sperm count. Semen was allowed to liquify at room temperature prior to
analysis. Volume was determined via aspirating sample into a 5 or 10mL Falcon pipette
(VWR, Randor, PA). Viscosity was determined by dispersing drops from a 5mL pipette.
pH and WBC analyses were performed with QwikCheck ™ Test Strips (Medical
Electronic Systems, Los Angeles, CA). Concentration andmotility were quantified with
k4 +wWUEOxOI UwUUDOT wE w, E OGMddiual i3tLdéens Gaifa” T EOET Uwp2
Israel), examined at 200X with an inverted phase-contrast microscope (NIKON
DIAPHOT inverted phase, Brighton, MI). Duplicate analyses with a minimum  of 100
sperm was performed. Forward progression was characterized of the largest proportion
of motile sperm and was defined as: 2 = definite forward progression, 1 = weak/sluggish
progression, and 0 = absence for forward progression. After completion of semen
analysis, samples were subjected to two-step isolate-gradient centrifugation (Irvine
Scientific) to select a motile population enriched in normal morphology. Pelleted sperm

were frozen at -80°C for subsequent studies.
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6.2.3 DNA extraction from sperm

#- wWPEUwi BUOUEEUI Ewi UOOwWI UOEOQwWUx1T UOWUEOXxOI1 Uu
DNA Purification Protocol (Qiagen, Germantown, MD). Briefly, sperm samples
underwent cell lysis and Proteinase K digestion, followed by treatment with RNase A
solution. Following pr otein precipitation and removal, DNA was isolated and eluted in
P Y s+ wOi witdea@l. Geddmic DNA (gDNA) was quantified on the NanoDrop

2000 and quality was determined through measurement of the A 2s02s0and A z60/230ratios.

gDNA was stored at -80°C for subsequent studies.

6.24 Whole genome bisulfite sequencing
6.2.4.1 Library construction and sequencing

For each sample, DNA concentration was measured using a Qubit assay (Thermo
Fisher, Waltham, MA ) and 250ng wasprovided to the Duke Genomic and
"OOxUUEUDPOOEOW! POOOT azUw2i gUI OEDOT WEOEwW&I OOODE
construction and sequencing. The DNA was fragmented using a Covaris E210
instrument (Covaris , Woburn, MA ) to generate ~300bp DNA fragments. Fragmented
DNA samples were then converted into lllumina libraries using the Kapa HyperPrep kit
(Roche Basel, Switzerland). In brief, DNA fragments were end repaired, A -tailed and
ligated to barcoded Illumina adapters. Each library was then bisulfite converted using

the EZ DNA Methylation -Lightning Kit (Zymo Research, Irvine, CA) and amplified by
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PCR.Libraries were pooled in equimolar ratio and sequenced on an lllumina NovaSeq

6000 sequencer. Sequencing was done at 150bpair ed-end reads on S4 flow cells.

6.2.4.2 Data processing & Quality Control

Raw data was processed using the fastp algorithm to trim low quality bases and
adapter sequences[232]. Readpairs that were at least 200nt in length were mapped to

the hg38 version of the human genome using the BSMAP algorithm [233]. Amplification

EUOUDPI EEUUwPI Ul wul OOYI EwOUDOT wOi T ws, EUOG#UxOPEEU

[234]. 3T 1 ws Ol UT 1EUPOZ WExxOPEEUPOOwWI UOOw! 2,
percent methylation at each CpG loci in the human genome. Sites with a read depth
lower than 6x or greater than 60x within any sample were considered missing in that
sample. Sites that are not present in at leas60% of the cohort were excluded from
subsequent analysis.CpG sites that overlapped a common variant from dbSNP were
excluded from analysis, as were invariant loci as defined by not having at least a 5%
difference between the 10" and 90" percentile of percent-methylation values. Median
normalization was then applied across all of the samples before a final percent

methylation value was calculated.

6.2.4.3Differentially met hylated CpG sites

To identify potentially differentially methylated CpG sites, a beta binomial linear

regression model with an arc-sine link function was performed on each CpG site
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individually utilizing the DSS Bioconductor package in R [272-274]. Controls and users

were compared at the before and after timepoints in separate model runs.

6.2.5 Ingenuity pathway analysis

The top 10K differentially methylated CpG sites were initially identified for each
exposure group ¢ before abstinence and after abstinence relative to controls, and each
CpG site was mapped to the nearest gene. Ingenuity Pathway Analysis (IPA) software
was used to perform bioinformatic analysis on CpG sites from the lists of 10K that were
significant following Bonferroni adjusted significance (p<2.94x10 ). Gene lists were
uploaded to the IPA platform and top diseases and functions associated with these

genes were analyzed.

6.2.6 KEGG pathway analysis

KEGG pathway analysis was performed for comparison to previously generated
RRBS datg[88]. The 2618 unigue gene names associated with the top 3000 differentially
methylated CpG sites identified via WGBS were entered into the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) V6.8. Of those, 1766 genes
were recognized by DAV ID. Their associated KEGG pathways were identified and used

in downstream analyses.

6.2.7 Statistical analysis

Statistics were run in GraphPad Prism Version 9 (GraphPad Software, San Diego,

CA). Chi-square or ANOVA was run for analysis of participant dem ographics for
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categorical or continuous values, respectively. For semen analyses, ANOVA was

performed to detect significant differences. A %D U | dxddtzedt was run to determine

methylation changes overtimed w EEDPUDOOEOOa OwE wy%dodétérmimreU wl BREE U
the overlap and odds ratios between the WGBS and RRBS datasetas well as between

the WGBS and autism biomarker dataset

6.3 Results

6.3.1Participant demographics

Participant demographics are represented in Table 10 ANOVA or chi -square
analyses were run for continuous or categorical values, respectively. There were no
significant differences between users and controls for age, education level, 1Q, race,
ethnicity, employment status, or marriage. The only demographic that approached
significance was age (p=0052). The average age of the users was 24.94 while the average

age of the controls was 28.05.
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Table 10. Participant demographics

Age 24.94 (3.70) 28.04 (5.73) 0.052
Education 16.33 (1.53) 16.79 (2.67) 0.519
1Q 113.78 (12.28) 112.29 (12.07) 0.697
Race 0.406
White 12 (67%) 13 (54%)
Black 5 (28%) 5 (21%)
Asian 1 (6%) 5 (21%)
2 or more 0 (0%) 1 (4%)
Ethnicity 0.387
Not Hispanic or Latino 16 (89%) 23 (96%)
Hispanic or Latino 2 (11%) 1 (4%)
Employment 0.572
Full- or part-time 14 (78%) 16 (67%)
Unemployed 0 (0%) 1 (4%)
In School 4 (22%) 7 (29%)
Marriage 0.466
Single/Never married 13 (72%) 17 (71%)
Married/partnered 4 (22%) 7 (29%)
Not reported 1(6%) 0 (0%)




6.3.2 Semen analyses

Semen analysis results are reported inTable 11.There were no significant
differences between users and controls for semenanalysis parameters measured. These

included pH, volume , concentration, motility, and morphology.
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Table 11. Semen analysis

Volume (mL) >1.5 mL 3.51 (1.14) 3.87 (1.42) 0.376
pH 72-78 8.14 (0.18) 8.23 (0.20) 0.182
Concentration 5

105mL) >15x108/mL 87.13 (64.19) 99.29 (49.02) 0.490
Motility, % >50% 57.69 (15.76) 63.49 (14.91) 0.231

0,

Morphology (% >4% 4.08 (2.70) 4.14 (1.81) 0.932
normal)




6.3.3 WGBS sequencing metrics

Genomic DNA from the sperm samples of cannabis users and non-user controls
from baseline and week 11 underwent WGBS to characterize DNA methylation changes
across the entire methylome, and to determine whether abstinence from cannabis use
ameliorated these effects. The average insert size sequenced across all participants was
178.5base pairs, and the mean coverage achieved by sequencing wad0.06X. The CG

content of the regions sequenced was24.18% (Table 12.

Table 12. WGBS parameters

METRIC MEASURED MEAN + SD

Insert Size 178.50 + 23.42
Mean Coverage 10.05 £ 5.45
GC Content 2418 £1.79

The distribution of methylation for eac h individual across thehuman genome is

represented in Figure 47.
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Figure 47. Distribution of methylation across the entire human DNA
methylome for all participants analyzed via WGBS.

6.3.4 Abstinence from cannabis use resolves methylation changes at
select genesacross the sperm epigenome

WGBS analysis identified the top 10K CpG sites differentially methylated
between users and controls beforecannabis abstinence as well as the top 10K

differentially methylated CpG sites between users and controls after cannabis
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abstinence From these datasets, the threshold for Bonferroni adjusted significance was
p<2.94x1C. There remained 163 significantly differentially meth ylated CpG sites
between users and controls before abstinence, and 127 significantly differentially

methylated CpG sites for which the p values were below this threshold (Figure 48).
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Figure 48. Genes associated with differentiall y methylated CpG sites. (Top)
Differentially methylated CpG sites between users and controls before abstinence. Black
circles are nonsignificant, blue open circles are nominally significant, and blue filled
circles with names are Bonferroni significant (n = 163, p<2.94x18). (Bottom)
Differentially methylated CpG sites between users and controls after abstinence. Black
circles are nonsignificant, red open circles are nominally significant, and red filled
circles are Bonferroni significant (n = 127, p<.94x1().
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