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 ÉÚÛÙÈÊÛ 

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 outcomes in offspring, but little is known about how such phenotypes 

are transmitted. Gametic epigenetic changes ɬ the collection of molecular modifications 

made to DNA and histone proteins that play a role in regulating gene activity ɬ 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 
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need to investigate the effects of cannabis on the sperm epigenome as use increases 

across the globe. Further, it is critical to investigate these effects on genes that are 

uniquely positioned to contribute to early development.  

The hypothesis of this research was 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 thesis research 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 2. An  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 Associated Protein 2 (DLGAP2). 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 effects at Dlgap2 were heritable. Bisulfite 

pyrosequencing identified significa nt changes in rat sperm DNA methylation at Dlgap2, 
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as well as significant losses of methylation at the same locus in F1 nucleus accumbens 

(NAc) tissues. 

Having demonstrated that autism candidate gene DLGAP2 shows functional 

changes in DNA methylation, the next question addressed was whether 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 l 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 fur ther discovered that autism candidate genes are significantly 

enriched for genes containing bivalent chromatin . Enrichment of both autism candidate 

genes and genes possessing bivalent chromatin was 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, this work  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 research employed 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 control were 

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 ten-day period . Following differentiation , flow cytometry 

was performed to isol ate SSC-like 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 SSC-like cells at Sarcoglycan Epsilon 

(SGCE) and in haploid spermatid -like cells at Paternally Expressed 3 (PEG3) and Growth 

Factor Receptor-Bound Protein 10 (GRB10). Next, methylation  was assessed at a group 

of genes randomly chosen genes from the Simons 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 

changes were identified in SSC-like cells at genes 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 support the hypothesis that bivalent chromatin may make genes more 

vulnerable to environmental exposures.  

Chapter fi ve of this thesis research addressed the potential heritability of the 

impacts of exposure to CSE. Changes in F0 sperm DNA methylation were initially 

identified via whole genome bisulfite sequencing (WGBS) and methylation changes 

were validated at select genes via bisulfite  pyrosequencing. Methylation changes 

validated in F0 sperm at the gene 2-Phosphoxylose Phosphatase 1 (Pxylp1) were 

similarly present in F1 sperm, while changes validated in  F0 sperm at Gamma-

Aminobutyric Acid Type A Receptor Subunit Beta2 ( Gabrb2) and Metastasis Suppressor 

1-Like Protein  (Mtss1l) were similarly present in F1 hippocampal, and NAc and 

hippocampal tissues, respectively. Further, for Mtss1l a significant, sex-specific 

relationship between DNA methylation and gene expression in offspring NAc  was 

demonstrated. Phenotypically, rats born t o CSE-exposed fathers exhibit ed significant  

cardiomegaly relative to those whose fathers were CSE-naïve.  

Finally, chapter six of this thesis research addressed 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 non-user controls. Semen samples were 

collected at baseline, and then again following an 11-week cannabis-abstinence period. 

WGBS was performed on all sperm samples. There were no significant differences 

between users and controls based on demographic 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 cannabis-induced effects were ameliorated. Bioinformatic 

analysis of genes associated with significantly differentially methylated  CpG sites 

revealed terms associated with nervous system development, cardiovascular system 

development, and embryonic development.  Together, this suggests that 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 the emergent literature that cannabis is able to impact DNA 

methylation in sperm at genes important for early life development. It  demonstrates in 

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 cannabis 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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This introduction (including Table 1 and Figure 1) was published, in part, under 

ÛÏÌɯÛÐÛÓÌɯɁ"ÈÕÕÈÉÐÚɯÈÕËɯÛÏÌɯ2×ÌÙÔɯ$×ÐÎÌÕÖÔÌȯɯ ɯ!ÜËËÐÕÎɯ"ÖÕÊÌÙÕȳɂɯÐÕɯEnvironmental 

Epigenetics in 2020 and has been republished and expanded upon for the purposes of this 

dissertation with permissions according to Creative Commons License BY-NC 4.0. The 

authors are Rose Schrott and Susan K. Murphy. 

1.1 Background 

Cannabis sativa has 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 consumers and 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 ɬ either medical or recreationalɭat the 

federal level.   

Largely absent from these conversations are the potential health consequences of 

cannabis consumption. This is especially troubl ing as epidemiological studies are 

beginning to demonstrate that there are adverse health effects of cannabis consumption 

not only for  the consumer, but also for 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 ɬ 

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 generation [6]. 

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.  
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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 assess whether  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 and potency 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 in 35 states 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 

1900s due to concerns about recreational use and adverse reactions to cannabis-

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

State Medical Cannabis 

Legalized 

Recreational Cannabis 

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 

Illinois  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 
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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 

CBD [1, 7, 8]. THC is responsible for the psychoactive ɁÏÐÎÏɂɯeffects evoked by cannabis 

use, while CBD does not elicit these same effects and 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 years[5]. 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 

1996-2014 as well as from 2008-2017 by measuring THC concentration 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 



 

6 

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 :1 in 2008 to 104:1 in 2017 [1]. These more potent strains and 

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 a greater 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 

cannabis use 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 18-34 [16]. Importantly, this age range includes peak 

reproductive years. Additionally, both daily  (+2.14% for adults 18-25, and +2.58% for 
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adults 26-34) and non-daily  (+0.32% for adults 18-25, and +3.50% for adults 26-34) use 

were increased from 2002 to 2014, 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 12th graders believed cannabis use is risky [2]. The 

National Survey of Drug Use and Health (NSDUH) found that between 2002 -2014, the 

perception among adults of great risk associated with cannabis used declined from 50% 

to 33% [2, 11]. During this same period, adult perception of no risk increased 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 the population and  represents an 

increase in the number of Americans using cannabis compared to reports conducted 

between 2002-2017 [18]. These data support that cannabis use in the U.S. appears to still 

be on an upward trajectory.  

1.2.1 Sex differences 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 
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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 users reporting 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.  
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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 

ÊÖÔ×ÌÕËÐÜÔɯÖÍɯÈÕɯÐÕËÐÝÐËÜÈÓɀÚɯÌß×ÖÚÜÙÌɯÏÐÚÛÖÙà [21].  
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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 (-CH 3) group to the 5-carbon position 

of a cytosine base, most often when a cytosine is followed by a guanine in the DNA 

sequence, in what is known as a CpG site or a CpG dinucleotide ȹÞÐÛÏɯÛÏÌɯȿ×ɀɯÚÛÈÕËÐÕÎɯ

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 SINEs (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 SINEs, 

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, and the 2kb of sequence beyond the 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 cancers [29-31]. 

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 of methylation -dependent 

binding and activation  [32]. 3ÏÌÚÌɯÙÌÎÜÓÈÛÖÙàɯÌÓÌÔÌÕÛÚɯÈÙÌɯÖÍÛÌÕɯÛÌÙÔÌËɯɁÙÌÈËÌÙÚɂɯ

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 s in 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]. These mechanisms can work together, 

whereby an enhancer can recognize and bind to methylated DNA , influencing  

subsequent transcription factor binding  at upstream or downstream regions of a gene, 

resulting in the regulation of a  ÎÌÕÌɀÚɯÌß×ÙÌÚÚÐÖÕ [33].  

There are two main classes of enzymes responsible for catalyzing  the addition of 

a methyl group to a cytosine base. First are the de novo methyltransferase enzymes. 

These include DNA methyltransferase (DNMT)  enzymes DNMT3A , DNMT3B , and their 

nonenzymatic cofactor, DNMT3L . De novo methyltransferase enzymes are responsible 

for the addition of a methyl group to fully unmethylated DNA  [34-36]. DNMT1  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, these important 

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].   

1.3.1.1 Epigenetic 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 7-11 in humans, a wave of epigenetic 

reprogramming occurs in the primordial germ cells (PGCs)  [41-54]. PGCs are 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 PGCs make 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 gametes [41, 42, 44, 49, 51, 52]. The 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, 56]. Remethylation 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 altered 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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1.3.1.2 Spermatogenesis and DNA methylation  dynamics in sperm  

 Prospermatogonia are derived from PGCs in the developing embryo and are 

mitotically arrested at the G0/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 produc tion . 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 (SSCs) 

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, 62]. DNMT1 , DNMT3A , and DNMT3B  all 

have fluctuating mRNA 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 Dnmt3a KO, arrest at the spermatogonial 

stem cell (SSC) stage was observed [35, 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 shown 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 of in utero 

exposures on the health, development, and epigenetic profile of the offspring, while the 

×ÖÛÌÕÛÐÈÓɯÊÖÕÛÙÐÉÜÛÐÖÕɯÖÍɯÛÏÌɯÍÈÛÏÌÙɀÚɯÌß×ÖÚÜÙÌÚ to early life health has been long 

ÖÝÌÙÓÖÖÒÌËȭɯ1ÌÊÌÕÛɯÚÛÜËÐÌÚɯÏÈÝÌɯÉÌÎÜÕɯÛÖɯÌÔ×ÏÈÚÐáÌɯÛÏÈÛɯÛÏÌɯÍÈÛÏÌÙɀÚɯÌß×ÖÚÜÙÌɯ×ÙÐÖÙɯÛÖɯ

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 substance predominantly 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 abstinence from cannabis use 

can ameliorate these epigenetic effects. The 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, hypomethylation 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 at DLGAP2. Methylation analysis of fetal testis tissues was performed to 

determine if this intronic regions was the gametic imprint control region. Lastly, a rat 

model of THC exposure was then used to determine if Dlgap2 could induce heritable 

methylation changes in sperm. 
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  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 assessed to 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 spermatogenesis was used to 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 from a 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 exposure 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 for 56 days followed by 28 days of CSE; 

and rats exposed to vehicle only. Bioinformatic analyses of the WGBS was performed to 

determine significant functions associated with genes possessing altered DNA 

methylation.  F1 sperm, F1 hippocampus, and F1 nucleus accumbens tissues were 

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 in human 

sperm  

We assessed whether abstinence from cannabis use for 11 weeks in humans 

(encompassing one spermatogenic cycle in men) could resolve cannabis-induced DNA 

methylation changes. Participants provided semen samples at weeks 0 and 11 and 

cannabis users were required to abstain from cannabis use for the entire duration of the 

experiment. WGBS was performed to quantify DNA methylation changes in sperm  and 

bioinformatic analysis provided functional annotations of genes with altered 

methylation patterns following exposure and abstinence.  
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Figure 1. Schematic Overview of Cannabis Exposure and Potential 

Consequences. Image made with graphics from ©BioRender (biorender.com)  
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Ɩȭɯ"ÈÕÕÈÉÐÚɯÐÔ×ÈÊÛÚɯÚ×ÌÙÔɯ#- ɯÔÌÛÏàÓÈÛÐÖÕɯÈÛɯÈÜÛÐÚÔɯ

ÊÈÕËÐËÈÛÌɯÎÌÕÌɯ#+& /Ɩ 

3ÏÐÚɯÊÏÈ×ÛÌÙɯÞÈÚɯ×ÜÉÓÐÚÏÌËɯÜÕËÌÙɯÛÏÌɯÛÐÛÓÌɯɁ"ÈÕÕÈÉÐÚɯÜÚÌɯÐÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯ

potentially heritable changes in autism candidate gene DLGAP2 ÔÌÛÏàÓÈÛÐÖÕɯÐÕɯÚ×ÌÙÔɂɯ

in Epigenetics in 2019 and is republished for this dissertation with permissions under 

Creative Commons License BY-NC-ND 4.0. Figure and Table numbers have been 

updated for consistency. The authors are Rose Schrott, Kelly Acharya, Nilda Itchon-

Ramos, Andrew B. Hawkey, Erica Pippen, John T. Mitchell, Scott H. Kollins, Edward D. 

Levin, and Susan K. Murphy.   

2.1 Introduction  

Cannabis sativa is the most commonly used illicit psychoactive drug in the United 

States (U.S.) and Europe [74]. 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 psychoactive 

cannabis component delta-9-tetrahydrocannabinol, or THC, in the sample) has 

consistently risen from ~4% to as high as 32% in some states [2, 3, 9]. Changes in 

cannabis potency are accompanied by changes in attitudes about, and 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]. 



 

22 

According to a 2015 Survey on Drug Use and Health, 52.5% of men in the U.S. of 

ÈÝÌÙÈÎÌɯÙÌ×ÙÖËÜÊÛÐÝÌɯÈÎÌɯȹȁƕƜȺɯÏÈÝÌɯÙÌ×ÖÙÛÌËɯÊÈÕÕÈÉÐÚɯÜÚÌɯÈÛɯÚÖÔÌɯ×ÖÐÕÛɯÐÕɯÛÏÌÐÙɯÓÐÝÌÚȮɯ

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 health 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 heroin-seeking activities later in 

life, a phenotype that was accompanied by epigenetic changes in the nucleus accumbens 

[4, 81, 82]. These studies and others begin to highlight the potential for intergenerational 

consequences of cannabis exposure [83]. 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-utero environment 

on the epigenome and health of the child, it has become apparent that the exposure 

history of the father must also be considered ɬ 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, 85-87]. 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 DLGAP2 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 DLGAP2 using quantitative bisulfite pyrosequencing. 



 

24 

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 Dlgap2 was 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 Participants 

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 18-40 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 for 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 IQ < 80 (see Murphy et al 2018 for more detailed participant characteristics). 

 ÛɯÚÊÙÌÌÕÐÕÎȮɯÜÚÌÙÚɯȹÕɯǻɯƕƖȺɯÙÌ×ÖÙÛÌËɯȁÞÌÌÒÓàɯÊÈÕÕÈÉÐÚɯÜÚÌɯÍÖÙɯÛÏÌɯ×ÈÚÛɯÚÐßɯÔÖÕÛÏÚȮɯÞÌÙÌɯ

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

carboxy-delta9-THC (TH""..'ȺɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯȁƙƔɯÕÎɤÔÓȭɯ-ÖÕ-users (n = 12) self-

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 67d-122d, and 

male samples (n=15 brain, n=3 testes) had gestational ages ranging from 78d-108d. 

Samples were obtained from 1999-2010 from the NIH -funded Laboratory of 

Developmental Biology at the University of Washington.  

2.2.2 Rat exposure 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 -naïve females. Subjects were maintained 
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on a reversed 12/12 day-night 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  

#- ɯÞÈÚɯÌßÛÙÈÊÛÌËɯÍÙÖÔɯÏÜÔÈÕɯÈÕËɯÙÈÛɯÚ×ÌÙÔɯÚÈÔ×ÓÌÚɯÈÊÊÖÙËÐÕÎɯÛÖɯ0ÐÈÎÌÕɀÚɯ

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 

ÌÓÜÛÌËɯÐÕɯƗƔϟ+ɯÖÍɯÕÜÊÓÌÈÚÌ-free water. Genomic DNA (gDNA) was quantified on the 

NanoDrop  2000 and quality was determined through measurement of the A 260/280 and 

A 260/230 ratios. gDNA was stored at -20°C for subsequent studies. 

2.2.4 Reduced representation bisulfite sequencing (RRBS)  

gDNA (200-500ng) from sperm of 12 cannabis users and 12 non-user controls 

was digested with MspI enzyme and was subsequently used to construct DNA libraries 

that were sequenced by Zymo Research on the Illumina 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 the column-

based isolation and purification Qiagen All Prep DNA/RNA Mini Kit, and its respective 

methods. DNA was eluted in 50 -ƕƔƔϟ+ɯÖÍɯÉÜÍÍÌÙɯ3$ȮɯÞÏÐÓÌɯ1- ɯÞÈÚɯÌÓÜÛÌËɯÐÕɯƗƙ-ƙƔϟ+ɯ

of nuclease-free 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 found in 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  
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2.2.7 Quantitative real-time reverse transcription -PCR 

Quantitative real -time RT-PCR was performed for DLGAP2 expression in 

conceptal brain tissues, as well as Dlgap2 expression in rat nucleus accumbens using the 

QuantStudio 6 Flex Real-Time PCR System from Thermo Fisher Scientific (Waltham, 

MA). DLGAP2 (Taqma n 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/ϟL RNA, 1ϟL of each probe, 

10ϟl of Quantabio qScript one-step RT-qPCR ToughMix (QuantaBio, Beverly, MA), and 

was brought to a total reaction volume of 20ϟL 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 lly followed by 40 cycles of 95°C for 10 

seconds and 60°C for one minute. For rat tissues, Dlgap2 (Taqman probe ID: 

Rn00588099_m1) and Gapdh (Taqman probe ID: Rn01775763_g1) were multiplexed in a 

1:1 ratio for each sample and samples were prepared and run as 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, a two-ÛÈÐÓÌËɯÚÛÜËÌÕÛɀÚɯ3-Test was run for each CpG site, 



 

30 

comparing the means of the users and controls. Unadjusted p-values are reported, and 

those that remain significant after Bonferroni corrections were identified. To 

quantitatively examine the relationship between methylation and expression in brain 

tissues, delta delta CT was calculated, and fold change expression was determined with 

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. This analysis 

was run for all 28 brain samples together, and then was calculated for males (n=15) and 

females (n=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 F0 THC-exposed/unexposed fathers, delta Ct was calculated, and relative expression 

was determined (using levels of Gapdh to normalize), multiplied by a constant  value of 

10 for ease of presentation. These values were correlated to Dlgap2 CpG site 2 

methylation using Pearson correlation.  

2.3 Results  

2.3.1 DLGAP2  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 3 lists all 17 of 
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these sites and their genomic coordinates. Figure 2a graphically 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 
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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 (r 2=0.99 and p=0.0003) (Figure 2c). These 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 The DLGAP2 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]. Since DLGAP2 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 DLGAP2 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 

methyla tion at the other allele. Human conceptal testes tissues (n=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 for DLGAP2 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 

DLGAP2, 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.
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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 sites) (Figure 3).  

 

 

Figure 3. Bisulfite pyrosequencing results for DLGAP2 .Bisulfite pyrosequencing of 

cannabis exposed (black) and non-user controls (gray) sperm, validating our RRBS 

findings for DLGAP2. Error bars represent the mean ° SEM. * = p<0.05; ** = p<0.005; *** = 

p<0.0005.
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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 7-15% 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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Figure 4. Correlation between RRBS and bisulfite pyrosequencing in human sperm.  Each panel shows the level of 

methylation detected by RRBS (x-axis) versus the level of methylation detected by bisulfite pyrosequencing (y -axis). R values and p 

from Pearson correlation analyses are shown. Open circles represent cannabis users while filled circles represent non-user controls. 
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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 non-users, we next examined the relationship 

ÉÌÛÞÌÌÕɯ#- ɯÔÌÛÏàÓÈÛÐÖÕɯÈÕËɯÎÌÕÌɯÌß×ÙÌÚÚÐÖÕɯÐÕɯÛÏÌɯÉÙÈÐÕȮɯÞÏÌÙÌɯÛÏÐÚɯÎÌÕÌɀÚɯÍÜÕÊÛÐÖÕɯ

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 calculated with a Pearson correlation. We found that as methylation 

increased in this region, mRNA 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 

5C). 
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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 DLGAP2 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 Dlgap2 using data obtained from our pilot study to 

determine if there was any differential methylation of Dlgap2 in 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 m imic oral ingestion of drug) while 

subsequent studies dosed rats via intraperitoneal injection (to mimic inhalation of drug)  
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[88].  We identified a region of Dlgap2 that 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 region shown 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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Figure 6. Rat Dlgap2 gene schematic and pyrosequencing assay validation.  (a) A gene schematic of Dlgap2. Exons are 

represented by the rectangular boxes, while the oval represents a CpG island. The sequence of interest is identified in the inset. (b) 

Pyrosequencing assay validation performed in triplicate for Dlgap2. Error bars represent the SEM. Error bars not shown had 

deviations too small for inclusion on the graph. ( c) Bisulfite pyrosequencing data from control (gray) or 4mg/kg THC exposed (black) 

rat sperm for Dlgap2. * = p<0.05; ** = p<0.01. 
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The same region of Dlgap2 was 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.  

 

 

Figure 7. Bisulfite pyrosequencing for rat Dlgap2 in offspring hippocampus 

and nucleus accumbens. Hippocampal (a) and nucleus accumbens (b) Dlgap2 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 expression of Dlgap2 in the nucleus accumbens for 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). 

 

Figure 8. Relationship between DNA methylation and gene expression.  

Relationship between DNA methylation and gene expression for Dlgap2 in the nucleus 

accumbens of rats born to THC exposed fathers (open circles) and controls (filled 

circles).  Pearson correlation 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 r eside together in the seventh intron of this gene, though not in a defined CpG 

island. To first confirm the RRBS data, we performed quantitative bisulfite 

pyrosequencing for the nine clustered CpG sites. We were able to capture an additional 



 

44 

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 Dlgap2 in 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 

changes in methylatÐÖÕɯÊÈÕɯÚÐÎÕÐÍÐÊÈÕÛÓàɯÐÕÍÓÜÌÕÊÌɯÛÏÌɯËÌÎÙÌÌɯÛÖɯÞÏÐÊÏɯÛÏÌɯÎÌÕÌɀÚɯ

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 protein-dense 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 consequences [89, 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 Dlgap2 in 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 self-administer 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 altered 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 cannabis 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 clinical teratology [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 sex [102, 103]. The results of our methylation -expression analyses 

ËÌÔÖÕÚÛÙÈÛÌËɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯÈÚÚÖÊÐÈÛÐÖÕɯÐÕɯÍÌÔÈÓÌÚɯÉÜÛɯÕÖÛɯÔÈÓÌÚȭɯ6ÏÐÓÌɯÞÌɯËÖÕɀÛɯÒÕÖÞɯ

the ASD-status of these samples, there are some reasons as to why this may be 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, it is 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 is 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 post-fertilization  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, ÐÛɯÏÈÚɯÙÌÊÌÕÛÓàɯÉÌÌÕɯËÐÚÊÖÝÌÙÌËɯÛÏÈÛɯÈɯÚÜÉÚÌÛɯÖÍɯÎÌÕÌÚɯÛÌÙÔÌËɯɁÌÚÊÈ×ÌÌÚɂɯ

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 endocannabinoids [89, 105-108], 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 American adults 

ÊÜÙÙÌÕÛÓàɯÜÚÌɯÊÈÕÕÈÉÐÚȮɯÖÍɯÞÏÐÊÏɯƚƗǔɯÈÙÌɯÙÌÎÜÓÈÙɯÜÚÌÙÚɯȹȁƕ-2 times per month) [75-78]. 

Among regular users 55% are males 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 changes present 

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 where DLGAP2 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 DLGAP2 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 need 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 spectrum 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 responsible 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 stabilit y [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 normal 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 utero exposure 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 pregnanc y [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.  

3ÏÌɯÍÈÛÏÌÙɀÚɯÏÌÈÓÛÏɯ×ÙÐÖÙɯÛÖɯÊÖÕÊÌ×ÛÐÖÕɯÈÕËɯÛÏÌɯÌß×ÖÚÜÙÌÚɯÏÌɯÐÕÊÜÙÙÌËɯËÜÙÐÕÎɯÛÏÐÚɯ

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 

ɁÌÝÌÙàɯËÈàɂɯÖÙɯɁÚÖÔÌɯËÈàÚɂɯ[122]. While this 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 and among adults aged 25-64 [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 18-25 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 past-month 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 to delta-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 DLGAP2 in 

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 are Dlg4, Shank1, Grid1, 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 2ɬ3 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 models 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 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 (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 18-40) were screened and recruited as previously described by 

Murphy et al 2018, resulting in 12 cannabis users and 12 non-user 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, 

#- ɯÞÈÚɯÌßÛÙÈÊÛÌËɯÍÙÖÔɯÙÈÛɯÈÕËɯÏÜÔÈÕɯÚ×ÌÙÔɯÚÈÔ×ÓÌÚɯÈÊÊÖÙËÐÕÎɯÛÖɯ0ÐÈÎÌÕɀÚɯ/ÜÙÌÎÌÕÌɯ

DNA Purification Protocol (Qiagen, Germantown, MD). Sperm samples underwent cell 

lysis and Proteinase K digestion, followed by treatment with RNase A solution. 

%ÖÓÓÖÞÐÕÎɯ×ÙÖÛÌÐÕɯ×ÙÌÊÐ×ÐÛÈÛÐÖÕɯÈÕËɯÙÌÔÖÝÈÓȮɯ#- ɯÞÈÚɯÐÚÖÓÈÛÌËɯÈÕËɯÌÓÜÛÌËɯÐÕɯƗƔϟ+ɯÖÍɯ

nuclease-free water. Genomic DNA (gDNA) was quantified on the NanoDrop 2000 and 

quality was determined through meas urement of the A 260/280 and A 260/230 ratios. 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 cannabis users and 12 non-user 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 under 

accession number PRJNA633085. 

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 

unique gene names were then entered into the String Database (string-db.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 

pyrosequencing  

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 

ƖƔÕÎɤϟ+ȭɯÉÚ#- ɯȹƘƔÕÎȺɯÞÈÚɯÛÏÌÕɯÜÚÌËɯÈÚɯÈɯÛÌÔ×ÓÈÛÌɯÍÖÙɯ/"1ɯÈÔ×ÓÐÍÐÊÈÛÐÖÕɯÍÖÙɯÉÐÚÜÓÍÐÛÌɯ

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  
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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, a two -ÛÈÐÓÌËɯÚÛÜËÌÕÛɀÚɯÛ-test was run for each CpG site, 

comparing the means of the exposed to the unexposed rats. Unadjusted p-values 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 gene ÓÐÚÛÚɯÈɯ%ÐÚÏÌÙɀÚɯÌßÈÊÛɯÛÌÚÛɯÞÈÚɯÜÚÌËɯÛÖɯËÌÛÌÙÔÐÕÌɯÚÐÎÕÐÍÐÊÈÕÊÌɯÈÕËɯÖËËÚɯÙÈÛÐÖÚȭɯ

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 



 

61 

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 

ÚàÕÈ×ÛÐÊɯ×ÓÈÚÛÐÊÐÛàȭɯ3ÏÌÚÌɯÐÕÊÓÜËÌËɯɁÕÌÙÝÖÜÚɯÚàÚÛÌÔɯËÌÝÌÓÖ×ÔÌÕÛɂɯȹ×ǻƖȭƙƔE-07 at 5% 

%#1ȺȮɯɁÕÌÜÙÖÎÌÕÌÚÐÚɂɯȹ×ǻƕȭƚƚ$-ƔƛɯÈÛɯƙǔɯ%#1ȺȮɯɁÔÖËÜÓÈÛÐÖÕɯÖÍɯÊÏÌÔÐÊÈÓɯÚàÕÈ×ÛÐÊɯ

ÛÙÈÕÚÔÐÚÚÐÖÕɂɯȹ×ǻƔȭƔƔƜƜɯÈÛɯƙǔɯ%#1ȺȮɯÈÕËɯɁÚàÕÈ×ÚÌɯÔÈÛÜÙÈÛÐÖÕɂɯȹ×ǻƔȭƔƖƜɯÈÛɯƙǔɯ%#1Ⱥȭɯ 

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 ( Shank1), 

Glutamate Ionotropic Receptor Delta Type Subunit 1  (Grid1), Neurexin 1  (Nrxn1), 

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, Dlg4, and 

Grid1 in rat sperm (Table 5).  

Table 5. Rat RRBS data 

 

 

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) Nrxn1; D) Nrxn3; E) 

Shank1; F) Dlg4; G) Grid1. 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).  

 

 

Figure 10. Bisulfite pyrosequencing assay validation.  Pyrosequencing assay validation for the seven genes of interest. A) 

Syt3; B) Lrrtm4; C) Nrxn1; D) Nrxn3; E) Shank1; F) Dlg4; 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. R2 and p values for Pearson correlation are indicated.
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Comparing the average methylation across each CpG site for the sperm of 

exposed versus unexposed rats revealed significant differences: Syt3, Lrrtm4, Nrxn1, and 

Nrxn3 were hypomethylated at the CpGs in the region analyzed for each gene (p=0.009-

0.049) while Shank1 was hypermethyla ted at the same CpG site that was identified as 

hypomethylated in the oral gavage studies (p=0.015) (Figure 11A-11E). Dlg4 and Grid1 

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 Shank1 (adjusted p<0.013); 

CpG sites 1, 2, and 3 in Lrrtm4 (adjusted p<0.017); and CpG sites 1 and 2 in Nrxn1 

(adjusted p<0.025). 
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Figure 11. Bisulfite pyrosequencing of sperm DNA from THC injected rats compared to controls.  Bar graphs showing 

bisulfite pyrosequencing results from sperm of THC exposed (green) versus control (grey) rats for A) Syt3; B) Lrrtm4; C) Nrxn1; D) 

Nrxn3; E) Shank1; F) Dlg4; and G) Grid1. Error bars represent the SEM across samples. *, p<0.05; **, p<0.01, unadjusted values. The 

"×&ɯÚÐÛÌɯÓÈÉÌÓÌËɯÞÐÛÏɯɁɖɂɯÐÚɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÚÐÛÌɯÛÏÈÛɯÞÈÚɯÐÕÐÛÐÈÓÓàɯÐËÌÕÛÐÍÐÌËɯÐÕɯÛÏÌɯ11!2ɯËÈÛÈÚÌÛȭ 
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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) (Figure 12F-12G). Nrxn1 and Shank1 did 

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 in Lrrtm4 (adjusted p<0.017) and CpG site 4 in Grid1 (adjusted p<0.017). 

Interestingly, the direction of change of methylation was opposite between injected THC 

and nicotine at Syt3, Lrrtm4, and Nrxn3 (Figure 13A-C). 
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Figure 12. Bisulfite pyrosequencing of sperm DNA from nicotine exposed rats compared to controls.  Bar graphs showing 

bisulfite pyrosequencing results from sperm of nicotine exposed ( red) versus control (gray) rats for A) Syt3; B) Lrrtm4; C) Nrxn1; D) 

Nrxn3; E) Shank1: F) Dlg4; and G) Grid1. Error bars represent the SEM across samples. *, p<0.05; **, p<0.01; ***, p<0.005; unadjusted 

ÝÈÓÜÌÚȭɯ3ÏÌɯ"×&ɯÚÐÛÌɯÓÈÉÌÓÌËɯÞÐÛÏɯɁɖɂɯÐÚɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÚÐÛÌɯÛÏÈÛɯÞÈÚɯÐÕÐÛÐÈÓÓàɯÐËÌÕÛÐÍÐÌËɯÐÕɯÛÏÌɯ11!2ɯËÈÛÈÚÌÛȭ 
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Figure 13. Drug -specific divergent methylation at select neuroactive gene s. Bisulfite pyrosequencing demonstrates 

differential effects on rat sperm DNA methylation elicited by THC and nicotine.  
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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=2.46E-14), indicating that the proteins have more functional interactions 

between each other than expected from a random set of the same number of proteins of 

similar size from the genome [130, 131]. 

 

 

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 



 

71 

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 PPI enrichment p-value 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 (PPI p=1.0, data 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 

int erest include social behavior (p=1.70E-09 at 5% FDR), vocalization behavior (p=3.87E-

09 at 5% FDR), and learning (p=9.93E-06 at 5% FDR). Social and communication deficits 

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

3.3.5 Autism 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, 138] that 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=1.9E-09, 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=2.0E-04, 

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=7.8E-15, 

Odds Ratio=2.1).  There were 67 genes in common among 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. 

 

 

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 (Dlg4), SH3 and multiple ankyrin repeat domains 1  (Shank1), 

glutamate ionotropic receptor delta type subunit 1 ( Grid1), neurexin 1 (Nrxn1), 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 at Shank1 and 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 THC-vulnerable 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 Shank1 and Nrxn1 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. Dlg4 and Grid1 
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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 between the two routes of THC exposure, as well as 

the differences in direction of methylation between THC and nicotine at certain genes. 

6ÌɯËÖÕɀÛɯÏÈÝÌɯÈɯÊÖÔ×ÓÌÛÌɯÜÕËÌÙÚÛÈÕËÐÕÎɯÖÍɯÛÏÌÚÌɯÌÍÍÌÊÛÚȮɯÉÜÛɯÞÏÈÛɯÐÚɯÐÕÛÌÙÌÚÛÐÕÎɯÐÚɯÛÏÌɯ

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 exposures on 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 Biological 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 f or additional 

studies to better understand how paternal preconception exposures might contribute to 

the development of neurologic disorders like ASD.  

Dlg4, Shank1, Grid1, Nrxn1, Nrxn3, Syt3, and Lrrtm4 are all genetically implicated 

in autism  [112]. Mutations in Shank1, Nrxn1, Nrxn3, and Grid1 have been identified in 

individuals with the disorder  [112, 113, 125, 128], while SNPs in Dlg4 have been linked 

to autism etiologies [112]. Copy number variations leading to deletions of the last three 

exons of Shank1 and 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 studies 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]. 3ÏÌɯÙÖÓÌɯÖÍɯÌ×ÐÎÌÕÌÛÐÊɯɁÞÙÐÛÌÙÚɂȮɯÐÕcluding DNA 

methyltransferase enzymes, has been studied in autism, where mutations in DNMT3A  

have been detected in ASD cases [143]. Additionally, epigene tic dysregulation of 

individual autism candidate genes has been demonstrated in peripheral blood and brain 

tissues of individuals with autism  [144]. Nrxn1 DNA methylation changes have been 

correlated with social autistic trait scores in human autism cohorts, demonstrating an 

example of a gene that is both 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 BRCA1 and RAD51 loci in cancers [145-147]. 

$×ÐÎÌÕÌÛÐÊɯÊÏÈÕÎÌÚɯÊÈÕɯÈÓÛÌÙɯÈɯÎÌÕÌɀÚɯÌß×ÙÌÚÚÐÖÕȮɯÈÕËɯÚÔÈÓÓɯÔÌÛÏàÓÈÛÐÖÕɯÊÏÈÕÎÌÚɯ

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, 

Shank1 and 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 disrupted [96, 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 Dlgap2 was 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]. Dlgap2 has 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 DLGAP2 in human 

brain tissue at the same region altered in sperm was inversely related to expression of 

this gene, supporting 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 utero and 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 sperm, 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 bivalent 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 
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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 U.S. 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 safe [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 widespread DNA 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 ɬ yet results may provide important information and critical opportunities for 

preventive interventions to reduce risk to future c 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 

are increasing 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 1960s [162]. 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 would 

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 examined potential 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 heritable.
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Ƙȭɯ"ÈÕÕÈÉÐÚɯÚÔÖÒÌɯÌßÛÙÈÊÛɯÐÔ×ÈÊÛÚɯ#- ɯÔÌÛÏàÓÈÛÐÖÕɯÈÛɯ

ÎÌÕÌÚɯÐÕÝÖÓÝÌËɯÐÕɯÌÈÙÓàɯËÌÝÌÓÖ×ÔÌÕÛɯÐÕɯÈÕɯÐÕɯÝÐÛÙÖɯÔÖËÌÓɯ

ÖÍɯÚ×ÌÙÔÈÛÖÎÌÕÌÚÐÚ 

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 ɬ the endoderm, the 

mesoderm, and the ectoderm [169]. 

The plur ipotent nature of hESCs renders 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 

ÚÛÜËÐÌÚɯÐÕÝÖÓÝÌËɯÐÕɯÜÕËÌÙÚÛÈÕËÐÕÎɯÈÕËɯÛÙÌÈÛÐÕÎɯËÐÚÌÈÚÌÚɯÚÜÊÏɯÈÚɯËÐÈÉÌÛÌÚȮɯ/ÈÙÒÐÕÚÖÕɀÚɯ
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ËÐÚÌÈÚÌȮɯ ÓáÏÌÐÔÌÙɀÚɯËÐÚÌÈÚÌȮɯÉÖÕÌɯÔÈÙÙÖÞɯÍÈÐÓÜÙÌȮɯÊÈÕÊÌÙɯÛÏÌÙÈ×eutics, and more [165, 

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 they represent, and the karyotypes they 

possess. However, one area that is less well understood  in these cells is 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 genes [33, 

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 at a gÌÕÌɀÚ imprint control 

region (ICR) in PGCs during a first 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, escaping a second wave of 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 parentɀs 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  

hESC progenitor s, particularly in in vitro models of gametogenesis. Ensuring the fidelity 

of epigenetic reprogramming is vital for successful fertilization and embryonic 

development. Thus, as in vitro models of gametogenesis are being studied for use in 

assisted reproductive technologies, understanding how faithfully reprogramming is 

executed in culture of these cells is critical.  

Recently, an in vitro model of human spermatogenesis was established, whereby 

NIH -approved  hESCs from a male-derived 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 successfully undergone 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.  



 

88 

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 

exposures during the process of spermatogenesis [174-176]. This is an area of intense 

interest as studies are increasingly  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 cannabis [88]. Legislation legalizing cannabis use in the United 

States (U.S.) is expanding, and men consume the most cannabis products [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 diagnoses [101], 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  hESCs; 

2) characterize the methylation status at the same ICRs in hESCs that have been 
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differentiated into  SSC-like cells and round haploid spermatid -like cells; and 3) 

determine the influence that exposure to cannabis smoke extract (CSE) has on DNA 

methylation at  two groups of genes important for early life development. The first is the 

group of imprinted genes. The second is a group of genes that are important for 

neurodevelopment that have been associated with autism spectrum disorder (ASD), 

some of which possess bivalent chromatin ɬ 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 WA01 (H1) male-derived hESCs were cultured for expansion on 

a 3D hESC-quality matrigel matrix (Corning , Corning, NY ) in mTeSR Plus media 

(StemCell Technologies, Cambridge, MA ). Cells were acquired through a Duke WiCell 

Distributor and were approved for use under IRB protocol Pro00087169. Cells 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 was no 

contamination . Media was changed every other day, and cells were passaged using the 

ReLeSR passaging reagent (StemCell Technologies, Cambdrige, MA ) every 5-7 days 

once colonies achieved 80% 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 hESC media until 80% 

confluent p rior 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), ƕƔϟÎɤÔÓɯtransferrin  in water  

(Sigma), ƙϟÎɤÔÓɯinsulin  in 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 (Gibco, Montgomery County, MD ) and 0.5X Penicillin/Streptomycin 

(Gibco, Montgomery County, MD ). After first preparation of differentiation media, 

media was gassed with a blood gas mixture (Airgas, Durham, NC)  of 5% CO2, 5% O2, 

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 use. Differentiation 

occurred over a ten-day period, where day one was the first day that differentiation 

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

CSE was produced by and received f rom 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 for ten days. Media was changed every 

other day and dosing occurred with each media change. For isolation of SSC-like cells, 

there were n=3 vehicle control replicates and n=3 chronic CSE exposed replicates. For 

isolation of haploid spermatid -like cells, there were n=3 vehicle control replicates and 

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

4.2.4 Flow cytometry isolation of SSCs  

Isolation of the SSC-like  population was achieved via fluorescence activated cell 

sorting (FACS) from a mixed population of SSC-like, primary spermatocyte -like , 

secondary spermatocyte-like , and spermatid-like cells. Cells were sorted on the SONY 

cell sorter (Sony Biotechnology, San Jose, CA) at the Duke University Duke Cancer 

Institute Flow Cytometry shared resource. Specifically, an APC-conjugated antibody for 

the ITGA6 protein (R&D Systems, Minneapolis, MN ) that is expressed on the surface of 

SSCs was used to isolate this population of cel ls. Following ten days of differentiation, 
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cells were trypsinized and spun down at 300rpm for 5 minutes and resuspended in 

1xPBS to wash. Cells were then spun down again at 300rpm for 5 minutes. Cells were 

resuspended at 1 million cells per mL in 1XDPBS with 10% FBS + primary antibody at a 

concentration of 10ϟL antibody per million cells and incubated at room temperature, 

protected from light, for 30 minutes. Unbound antibody was washed out by spinning 

cells at 300rpm  for 5 minutes and resuspending in 1XPBS for a total of two washes. After 

washing, the cell pellet was resuspended in 10%FBS in 1XPBS for sorting. ITGA6+ cells 

were sorted (Figure 16) and collected for subsequent methylation analyses.  

 

 

 

 

 

 

 



 

 

9
3 

 

 

Figure 16. Flow cytometry sort report for the isolation of spermatogonial stem cell -like cells. (Left) Unstained control cells. 

ɁAll eventsɂ show the forward scatter versus the back scatter to visualize all cells. ɁPanel Aɂ shows isolation of the single cells, 

leaving doublets. ɁPanels labeled Bɂ show the population of unstained cells. (Center) Cells exposed to vehicle control. ɁAll eventsɂ 

show all cells and gates the main cell population. ɁPanel Aɂ shows isolation of single cells. ɁPanels labeled Bɂ show isolation of the 

ITGA6+ stained cells. (Right) Cells exposed to CSE. ɁAll eventsɂ show all cells and gates the main cell population. ɁPanel Aɂ shows 

isolation of single cells. ɁPanels labeled Bɂ show isolation of the ITGA6+ stained cells. 
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4.2.5 Flow cytometry isolation of haploid spermatids  

Isolation of the haploid cell population was achieved via FACS from a mixed 

population of SSC-like , primary spermatocyte -like , secondary spermatocyte-like , and 

spermatid -like cells. Cells were sorted on the SONY cell sorter (Sony Biotechnology, San 

Jose, CA) at the Duke 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. ɁAll 

eventsɂ show the forward scatter versus the back scatter to visualize all cells. ɁPanel Aɂ shows isolation of the single cells, leaving 

doublets. ɁPanels labeled Bɂ show the population of unstained cells. (Center) Cells exposed to vehicle control. ɁAll eventsɂ show all 

cells and gates the main cell population. ɁPanel Aɂ shows isolation of single cells. ɁPanels labeled Bɂ 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 x-axis for diploid cells, and haploid cells are centered at 200. 

(Right) Cells exposed to CSE. ɁAll eventsɂ show all cells and gates the main cell population. ɁPanel Aɂ shows isolation of single cells. 

ɁPanels labeled Bɂ 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 x-axis for diploid 

cells, and haploid cells are centered at 200. 

 



 

96 

4.2.6 DNA isolation from cells  

DNA was isolated from hESCs and sorted cells using the using the column-based 

isolation and purification Qiagen All Prep DNA/RNA Mini Kit  (Qiagen, Germantown , 

MD )ȮɯÈÕËɯÐÛÚɯÙÌÚ×ÌÊÛÐÝÌɯÔÌÛÏÖËÚȭɯ#- ɯÞÈÚɯÌÓÜÛÌËɯÐÕɯƗƔϟ+ɯÖÍɯÉÜÍÍÌÙɯ3$ɯÈÕËɯÞÈÚɯ

quantified on the NanoDrop 2000 immediately following extraction. Following 

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

of 10-ƖƔÕÎɤϟ+ȭɯÉÚ#- ɯÞÈÚɯÛÏÌÕɯÜÚÌËɯÈÚɯÈɯÛÌÔ×ÓÈÛÌɯÍÖÙɯ/"1ɯÈÔ×ÓÐÍÐÊÈÛÐÖÕɯÍÖÙɯÉÐÚÜÓÍÐÛÌɯ

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 designs were previously validated and published  

by our lab [104]. Primers and PCR conditions for these genes are listed in Table 6.  
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Table 6. Imprinted gene assay information for bisulfite pyrosequencing  
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4.2.7.2 Gene selection and assay design for neurodevelopmental genes  

To select relevant genes involved in neurodevelopment for pyrosequencing 

assay 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 5379 genes that possess bivalent chromatin and that was previously 

published  by Court & Arnaud in 2017  [111, 139]. Using the SFARI list as our baseline list 

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 ɁÖÝÌÙÓÈ×ɯÓÐÚÛɂȺ, and 620 

genes present in only the SFARI list (referred to as the Ɂ2% 1(-ÖÕÓàɯÓÐÚÛɂȺ. From the 

overlap list , we assigned each gene a number 1-293 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 1-620 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 Illumina Infinum HumanMethylation450 BeadChip 

(hereafter, 450K). We recorded each CpG coordinate associated with bivalent chromatin 

for each of the ten randomly selected genes. For each gene, there was more than one 
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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 bivalent CpG sites. Therefore, for each gene, we then 

assigned each CpG coordinate a number and then used a random number generator to 

select the CpG site around which bisulfite pyrosequencing assays would be designed.  

For 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 determine around 

which CpG site a bisulfite pyrosequencing assay should be designed. For all genes, 

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

gene status 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 one-factor 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 Pro00087169, while 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 



 

102 

levels of methylation. For each hESC line, the methylation status of two separate passage 

numbers was assessed. hESCs are diploid cells, possessing a 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 measured at each CpG site across 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 ( IGF2) 

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 cell lines for paternally imprinted genes. There 

was no significant effect of cell line on DNA methylation for MEG3-IG, but significant 

variation was observed across lines for IGF2 (p<0.0001) and H19 (p<0.03). We then 
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performed p ost-hoc t-tests within each cell line across passage numbers to 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 passage numbers for the 

H1 (p<0.050) and H13 (p<0.05) cell lines at IGF2.  

 

 

Figure 18. Characterization of DNA methylation at paternally imprinted genes in 

hESCs. Bisulfite pyrosequencing data for the IGF2, H19, an MEG3 ICRs. The x-axis 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). One-factor ANOVA showed significant variation across cell lines for IGF2 (Figure 18A, 

p<0.0001) and H19 (Figure 18B, p<0.05), but not for MEG3 (Figure 18C). Post-hoc t-tests 

across passage numbers within a cell line showed significant differences in methylation 

between passage number in H1 and H13 cells lines in IGF2, 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), while Necdin  (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 were PLAG1 Like Zinc 

Finger 1 (PLAGL1), whose methylation levels were between 52% to 59% (Figure. 19E) 

and Sarcoglycan Epsilon (SGCE), 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), and SGCE 

(p<0.0001). Post-hoc t-tests within cell lines across passage numbers significant 

differences in passage number for GRB10 across passage numbers for the 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 passage numbers for the H13 (p<0.05) and H23 (p<0.001) cell lines; PEG 

across passage numbers for the H13 (p<0.05) and H23  (p<0.05) cell lines; PLGAL1 across  

passage numbers for the H1 (p<0.05) and H13  (p<0.05) cell lines; and SGCE across 

passage numbers for 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 SNRPN ICRS. The x-axis 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 except SNRPN (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, PEG3 and 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 a ten-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 occurred 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 number 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 in H19 were measured between 94% 

to 96% (Figure 20C). One-factor ANOVA for these genes show significant effects of cell 

li ne for IGF2 (p=0.0009), but not for MEG3-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, MEG3-IG, and H19 ICRs in 

haploid spermatids. The x -axis describes the cell line. One-factor ANOVA showed 

significant (p<0.001) variation across cell lines for IGF2. * p<0.05; ** p<0.005; *** p<0.0001 

 

4.3.2.2 Characterization of maternally imprinted genes  in  in vitro  deri ved 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). PEG3 again 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<0.0001-0.03) for variation across cell lines for all genes except GRB10. 
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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, SGCE, and SNRPN ICRS. The x-axis 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 21A-F: one-factor 

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 same group of imprinted genes . Cells were exposed to 50nM 

CSE or vehicle control over the entire ten-day differentiation period ȮɯÙÌÍÓÌÊÛÐÕÎɯɁÊÏÙÖÕÐÊɂɯ

exposure [178]. Following differentiation  SSC-like 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 

those effects 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 considered. 

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 



 

110 

effects of exposure for IGF2 (Figure 22A) or MEG3-IG (Figure 22B) in either the SSC-like 

cells or the haploid spermatid -like cells. For H19, this effect approached significance in 

the SSC-like 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. 

 

 

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, MEG3-IG, and H19 demonstrates no significant effect 

of CSE exposure 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 SSC-likes and haploid 

spermatid -like cells. Two-factor ANOVA for CpG site and exposure status found there 

was no significa nt effect of exposure for PLAGL1, SNRNP, and MEST (Figure 23A-C). 

Analysis of NDN  revealed no significant effect of exposure in the SSC-like cells, but the 

effect of exposure approached significance in the haploid spermatid -like cells (p=0.08) 

(Figure 23D). SGCE revealed a significant main effect of exposure in the SSC-like cells 

(p<0.05), but this effect was not evidence in the haploid spermatid -like cells, as 

significance was not upheld (Figure 23E). PEG3 methylation displayed no sig nificant 

effect in the SSC-like cells, but a significant main effect of exposure in the haploid 

spermatid -like cells across the region analyzed (p<0.0001) (Figure 23F). Lastly, GRB10 

methylation differences appr oached significance for an effect of exposure in the SSC-like 

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, MEST. 23E: There is a significant effect of exposure on DNA 

methylation at SGCE (p<0.05) in SSCs but not in haploid spermatids. 23F-G: 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=CSE exposed. * p<0.05; ** p<0.005; *** p<0.0001.
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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 

questions 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 genes possessing 

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 

(ÓÓÜÔÐÕÈɀÚɯ(ÕÍÐÕÐÜm HumanMethylation450 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 our baseline list 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 on SFARI only gene DNA methylation in in vitro derived 

spermatogenic cells  

We successfully  validated bisulfite pyrosequencing assay performance for six of 

ten randomly selected genes (Figure 24A-F). 

  

 

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) FBXO40; 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 SSC-like  and haploid spermatid -like  cells. There was no significant 

effect of exposure for any of the six genes analyzed, including ɬ Bromodomain -

Containing Protein 4  (BRD4), Calcium Dependent Secretion Activator ( CADPS) Exocyst 

Complex Component 3, (EXOC3), F-Box Protein 40 (FBXO40), Mediator Complex 

Subunit 12L (MED12L), and Tetraspanin 17 (TSPAN17) ɬ in the SSC-like  or in the 

haploid spermatid -like cells (Figure 25A-F).  

 

 

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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4.3.4.2 Impacts of CSE on DNA methylat ion at SFARI genes possessing bivalent 

chromatin in  in vitro 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). 

 

 

Figure 26. Bisulfite pyrosequencing validation curves for genes f rom the 

SFARI gene list that possess bivalent chromatin. Bisulfite pyrosequencing validation 

curves for A) CMPK2; B) GRIK2; C) HCN1; D) KLF16; and E) NR4A2. 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 

values are indicated. 

 

SSC-like  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 ten-
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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 Ionotropic Receptor Kainate Type Subunit 2 (GRIK2), or Kruppel Like Factor 

16 (KLF16) in SSC-like  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 SSC-like cells, (p=0.026 and p=0.014, respectively) 

(Figure 27C & E). While this change was 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). 

         

 

Figure 27. CSE exposure impacts DNA methylation in SSCs at genes with 

biva lent 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 SSC-like 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 1-tailed Chi -square test to determine if  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 genes there 

was a significant difference between the distribution of genes whose DNA methylation 

was significantly  affected by CSE exposure in 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 chose to focus on imprinted genes because their monoallelic expression is 

acutely regulated by epigenetic reprogramming  [57, 58, 172, 173], and 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 in these diploid 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 differences between 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 genes in 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 unstable imprinted 

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  

expression of 32 known imprinted genes  and, similarly  to Rugg-Gunn et. al., found that 

there was variability in imprinted expression of a subset of these genes across 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 hESCs had not yet been reported. Taken together, these studies 

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 the seven maternally imprinted 

genes analyzed. These values are much higher than we expected and raise additional 

questions 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 genes with methylation 

patterns reestablished in a sex-specific manner at the paternally imprinted regions  in 

gametes of a 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]. Once 

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 spermatogenesis to occur and provide growth factors and nutrients necessary 

for germ cell differentiation  and survival  in the seminiferous tubules  [191]. Additionally, 

Leydig cells present in the interstitial space between tubules provide testosterone 

necessary to support spermatogenesis [192]. These important regulatory factors and 

support cells are not present in 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 and the haploid 

spermatid -like cells into which they differentiated , we wanted to use this model to 

assess the impact of CSE exposure on DNA methylation in the spermatogenic cells. 

Cannabis legalization is expanding across the U.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 age remain 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. We analyzed DNA methylation in SSC -like  and haploid spermatid -lik e cells 

because mature 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 SSC-

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 exposure on DNA methylation  at SGCE in the SSC-like cells. SGCE is a 

member of the sarcoglycan family of transmembrane proteins  [193]. Mutations is SGCE 
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are associated 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 SGCE imprint control region also regulates expression of another 

impr inted gene, Paternally Expressed 10 (PEG10). PEG10 encodes 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 GRB10. PEG3 was hypermethylated at every CpG site analyzed via bisulfite 

pyrosequencing in the CSE exposed cells relative to the controls. Importantly, PEG3 is 

involved in controlling the rate of fetal growth and regulating maternal nurturing 

behaviors [196, 197]. Mouse models of mutated Peg3 have demonstrated that Peg3 is 

involved in regulating transcription of placental genes, and epigenetic abnormalities 

with PEG3 have been associated with multiple forms of cancer, and with hydatidiform 

mole ɬ a pregnancy complication  associated with abnormal growth of the trophoblast 

cells that form the placenta [196-198]. GRB10 was similarly hypermethylated at each 

CpG site in the cells exposed to CSE relative to those exposed to vehicle control.  &1!ƕƔɀÚɯ

functions and tissue-specific expression patterns are complex, but it is  know n to be 

paternally expressed in sperm and neurons [199, 200]. GRB10 has important roles in the 
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regulation  of cellular gro wth and embryonic development  [201, 202]. Knockout (KO) of 

the paternal allele of Grb10 in mice resulted in increased social dominance behaviors, as 

well as increased anxiety behaviors and general aggression [199, 203]. Additionally, 

aberrant imprinting at GRB10 has been associated with the growth retardation 

phenotypes observed in Silver-Russell Syndrome [202]. While the effect of CSE exposure 

was not significant  for these genes in SSCs, it did approach significance. It is therefore 

possible to hypothesize that a small subset of SSCs were affected by CSE exposure and it 

was from those SSCs that the affected haploid spermatids were derived, as the direction 

of methylation change was the same. Lineage tracing studies would be necessary to test 

this hypothesis 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 ɬ 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 

stressors similarly re port associations with adverse neurodevelopmental outcomes in 

offspring, as well as Gene Ontology terms associated with neurodevelopmental 

processes in their epigenomic datasets [6, 54, 68, 69, 176]. This led us to hypothesize 
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about what these genes might 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 

possessing bivalent chromatin  [177]. We further demonstrated enrichment for autism 

candidate genes and genes possessing bivalent chromatin among genes significantly 

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 on DNA methylation in a group of 

randomly selected genes from the SFARI list of autism candidate genes ɬ half of which 

possessed bivalent chromatin and half of which d o not ɬ in differentiating 

spermatogenic cells. Specifically, we used bisulfite pyrosequencing to analyze DN A 

methylation in in vitro  derived SSC-like  and haploid spermatid -like cells. For SFARI-

only  genes, we found no significant effects of CSE exposure on DNA methylation in 

SSC-like  or haploid spermatid -like cells. Analysis of DNA methylation at  genes from 

overlap list  showed a significant effect of exposure on methylation in SSC-like cells at 

two genes analyzed ɬ 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 has important roles in 
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controlling dendritic functional integration in hippocampal developmen t and 

contributing to adult hippocampal function  [204, 207]. KO of Hcn1 in 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 

excitabilit y of neurons [204]. Thus, alterations 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.  

NR4A2 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 is 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, we were unable to 

confirm successful epigenetic reprogramming at maternally or paternally imprinted 

genes, though this might be because we 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 exposure compared to those genes 



 

132 

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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ƙȭɯ/ÈÛÌÙÕÈÓɯÌß×ÖÚÜÙÌɯÛÖɯÊÈÕÕÈÉÐÚɯÚÔÖÒÌɯÌßÛÙÈÊÛɯÌß×ÖÚÜÙÌɯ

ÐÕËÜÊÌÚɯÏÌÙÐÛÈÉÓÌɯÊÏÈÕÎÌÚɯÐÕɯÏÐÚɯÖÍÍÚ×ÙÐÕÎ 

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 

that a fatÏÌÙɀÚɯ×ÙÌÊÖÕÊÌ×ÛÐÖÕɯÌß×ÖÚÜÙÌɯÏÐÚÛÖÙàɯÔÐÎÏÛɯ×ÓÈàɯÐÕɯÐÕÍÓÜÌÕÊÐÕÎɯÏÌÈÓÛÏɯ

outcomes and disease risk in his offspring [66, 218]. 

This shift toward s including the effects of paternal exposures has shed light on 

ÛÏÌɯÐÕÍÓÜÌÕÊÌɯÛÏÈÛɯÈɯÔÈÕɀÚɯÌß×ÖÚÜÙÌɯÏÐÚÛÖÙàɯ×ÙÐÖÙɯÛÖɯÊÖÕÊÌ×ÛÐÖÕɯÊÈÕɯÏÈÝÌɯÖÕɯÏÐÚɯÊÏÐÓËɀÚɯ

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 outcomes risk 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, 66-73]. 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 use prior 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 inheritance in vivo. Here, studies have reliably 

demonstrated that paternal exposures to drugs, chemicals, high -fat diet, and 

psychological stressors can influence epigenetic, physiological,  and behavioral health 

outcomes in offspring  [127, 219-221]. 

The ability of C annabis sativa to heritably impact the sperm epigenome is gaining 

interest as cannabis legalization is expanding across the United States (U.S.). Currently, 

15 states and 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 with adverse 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 delta-9-tetrahydrocannabinol (THC), the main psychoactive 

component of cannabis. Seminal studies 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 gene Dlgap2, 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, 230]. 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 

Ì×ÐÎÌÕÖÔÌɯÈÙÌɯ×ÌÙÔÈÕÌÕÛȮɯÖÙɯÐÍɯÈɯɁÞÈÚÏÖÜÛɂɯ×ÌÙÐÖËɯÍÖÓÓÖÞÐÕÎɯËÙÜÎɯÜÚÌɯÞÖÜÓËɯÉÌÎÐÕɯÛÖɯ

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 second 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 F0 sperm were similarly present in F1 offspring 

tissues, and if so, if they associated with changes in gene expression. Lastly, we analyzed 
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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 studies.  

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. 

5.2.1.1 Paternal 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, 

1ÈÓÌÐÎÏȮɯ-"Ȯɯ42 ȺɯÞÌÙÌɯÜÚÌËɯÐÕɯÛÏÐÚɯÌß×ÌÙÐÔÌÕÛȭɯ3ÏÌɯɁÌÈÙÓàɯÌß×ÖÚÜÙÌɂɯÎÙÖÜ×ɯ(n=12) 

was exposed to 4mg/kg/day THC in CSE in a saline solution w ith 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 

ÔÈÛÐÕÎȭɯ3ÏÌɯɁÓÈÛÌɯÌß×ÖÚÜÙÌɂɯÎÙÖÜ×ɯ(n=12) received 4mg/kg/day THC in CSE 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 2-3 per cage with all animals housed with others 

of the same treatment group. Animal tails were marked for identification  [231].  
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5.2.1.2 Mating and rearing  

After all exposures were completed, one male and one nine-week-old drug -naïve 

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 enriches for mature motile sperm . Sperm were 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 chosen 

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 2-3 animals of the 

same sex and same treatment (n=22 for early exposed; n=22 for late exposed; n=22 for 

vehicle control)  [231].  

5.2.1.3 Offspring tissue collection  

Between weeks 8-40 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  

5.2.2.1 DNA extraction from sperm  

#- ɯÞÈÚɯÌßÛÙÈÊÛÌËɯÍÙÖÔɯÚ×ÌÙÔɯÈÊÊÖÙËÐÕÎɯÛÖɯ0ÐÈÎÌÕɀÚɯ/ÜÙÌÎÌÕÌɯ#- ɯ

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 

ÙÌÔÖÝÈÓȮɯ#- ɯÞÈÚɯÐÚÖÓÈÛÌËɯÈÕËɯÌÓÜÛÌËɯÐÕɯƗƔϟ+ɯÖÍɯÕÜÊÓÌÈÚÌ-free water. Genomic DNA 

(gDNA) was quantified on the NanoDrop 2000 and quality was determin ed through 

measurement of the A260/280 and A 260/230 ratios. 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-ƕƔƔϟ+ɯÖÍɯÉÜÍÍÌÙɯ

TE, while RNA was eluted in 35 -ƙƔϟ+ɯÖÍɯÕÜÊÓÌÈÚÌ-free water. DNA and RNA were 

quantified 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. 



 

141 

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 was provided to the Duke Genomic and 

"ÖÔ×ÜÛÈÛÐÖÕÈÓɯ!ÐÖÓÖÎàɀÚɯ2ÌØÜÌÕÊÐÕÎɯÈÕËɯ&ÌÕÖÔÐÊɯ3ÌÊÏÕÖÓÖÎÐÌÚɯ"ÖÙÌɯÍÖÙɯÓÐÉÙÈÙàɯ

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 Illumina 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 Illumina NovaSeq 

6000 sequencer. Sequencing was done at 150bp pair -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]. Read-pairs that were still at least 200nt in length were mapped 

to the Rnor v6 version of the rat genome using the BSMAP algorithm  [233]. 

 Ô×ÓÐÍÐÊÈÛÐÖÕɯÈÙÛÐÍÈÊÛÚɯÞÌÙÌɯÙÌÔÖÝÌËɯÜÚÐÕÎɯÛÏÌɯȿ,ÈÙÒ#Ü×ÓÐÊÈÛÌÚɀɯÈ××ÓÐÊÈÛÐÖÕɯÍÙÖÔɯÛÏÌɯ

Picard toolki t [234]ȭɯ3ÏÌɯȿÔÌÛÏ1ÈÛÐÖɀɯÈ××ÓÐÊÈÛÐÖÕɯÍÙÖÔɯ!2, /ɯÞÈÚɯÛÏÌÕɯÜÚÌËɯÛÖɯÊÈÓÓɯÛÏÌɯ

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 that were 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 ɬ late exposed and early exposed ɬ 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 5.0x10-5 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 functions associated with these genes were identified and analyzed.  

5.2.5 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 

ampl ification 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 were optimized 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.  
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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 detect increasing amounts of 

methylated DNA. Once assay performance was validated, samples were analyzed using 

the optimized assay conditions. 

5.2.6 Quantitative real -time RT -PCR  

Quantitative real -time RT-PCR was performed for Mtss1l and Gabrb2 expression 

in F1 hippocampal and NAc brain tissues using the QuantStudio 6 Flex Real-Time PCR 

System from Thermo Fisher Scientific (Waltham, MA). Mtss1l (Taqman probe ID: 

Rn01432477_m1), or Gabrb2 (Taqman probe ID Rn00564149_m1) were multiplexed in a 

1:1ratio with a Gapdh loading control (Taqman probe ID: Rn01749022_g1) probe for each 

sample. PCR mastermix contained a final volume of 50ng/ϟL RNA, 1ϟL of each probe, 

10ϟl of Quantabio qScript one-step RT-qPCR ToughMix (QuantaBio, Beverly, MA), and 

was brought to a total reaction volume of 20ϟL 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 seconds with 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, a two -ÛÈÐÓÌËɯÚÛÜËÌÕÛɀÚɯ3-Test was run for each 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 Gapdh control) 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 

5.3.1 WGBS sequencing metrics  

Sperm DNA  from rats exposed to CSE followed by a washout period, rats 

exposed to CSE only, or rats exposed to vehicle control, underwent WGBS to determine 

the effect of CSE exposure, and the impact of a washout period, on changes in DNA 

methylation. The average insert size sequenced for 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% (Table 9).  

 

Table 9. WGBS sequencing metrics.  

 

 

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.  

 

5.3.2 Timing 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) dataset to the methylation differences in the 

early 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 EE v 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, R2 =0.82). 

 

  

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 y-axis. 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, R2=0.82). 

 

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 from the LE v C dataset. This resulted in 1844 hypomethylated 

CpG sites and 1477 hypermethylated CpG sites in 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 hypomethylated CpGs (Figure 31A) as 

well as the hypermethylated CpGs (Figure 31B).  

 

 

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 x-axis 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 methyla tion 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 dataset the mean methylation difference  

across the 1844 CpG sites was -15.5%, significantly greater than the -8.5% mean 

methylation difference in the EE v C dataset (p<0.0001). Similarly, the mean methylation 

differe nce across the 1477 hypermethylated CpG sites in the LE v C dataset was 13.9%, 

which was  significantly greater than the  7.5% mean methylation difference observed in 

the EE v C dataset (p<0.0001). These differences remained significant following 

Bonferroni correction for the number of CpG sites analyzed.   

5.3.2.3 Timing 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 dataset that had a greater than 10% methylation difference 

and that had five  or more significantly differentially methylated CpG sites. There were 

12 genes that met these criteria . We then compared methylation differences in the EE v C 

group at the same CpG sites for those 12 genes (Figure 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 in the EE v C 

dataset compared 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 

di fferentially 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 the spermatogonial 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 dataset at a group of 12 genes that 

had a greater than 10% methylation difference and 5 or more significantly differentially 

methylated CpG sites, and then assessed the magnitude of methylation change present 

at those same sites in the LE v C dataset. Interestingly, we 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 between 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 are shown 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 associated 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 5.0X10-5 was 

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 the 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 dataset.  

 

 

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 diseases and functions associated with  the LE v C dataset 

We were most curious about the diseases and functions associated with the 

genes in sperm that were differentially methylated following CSE exposure . Figure 34A 

describes how we arrived at the diseases or functions categories and functional 

annotations that we assessed. Briefly, we began with the IPA -generated list of 500 

significant diseases and functions categories and their associated disease or function  

annotations. Given the overrepresentation of background information  associated with 

cancer in the IPA Knowledge Base, we removed any categories associated with cancer 

from our analysis . We also removed any terms that were associated with only a single 

gene. We were left with 289 categories and their associated disease or function 

annotations. We then analyzed the data by first looking at categories that have ten or 

more diseases or functions annotations (Figure 34B). These categories included 

Ɂcardiovascular system development, function , and diseaseɂ, Ɂcell death and survivalɂ, 

Ɂcellular morpho logyɂ, Ɂcell-to-cell signaling and interactionɂ, Ɂcellular developmentɂ, 

Ɂcellular movementɂ, Ɂembryonic developmentɂ, Ɂnervous system development, 

function , and diseaseɂ, and Ɂdevelopmental disorderɂ. 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 functions associated with developmental processes for 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) graph 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 functions they were associated with . The workflow for 

the IPA analysis for the EE v C dataset is described in Figure 35A. As with the LE v C 

analysis, a list of the top 500 significant diseases and functions categories and their 

associated disease or 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 functions annotated (Figure 35B) 

were Ɂcell death and survivalɂ, Ɂcell morphologyɂ, Ɂcell-to-cell signaling and 

interactionɂ, Ɂcellular developmentɂ, Ɂconnective tissue development, function and 

disordersɂ, Ɂdevelopmental disorderɂ, Ɂembryonic developmentɂ, and Ɂnervous system 

development, function, and diseaseɂ. The top ten most significant disease or function 

annotations included neurotransmission, cognition, spatial learning, and exploratory 

behavior (Figure 35C). 

 

 

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 assays to 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 (Lrp1), 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 1 (Pxylp1). We first assessed assay performance by 

confirming  that our assays were indeed capable of detecting increasing amounts of 

methylated DNA (R 2 = 0.85-0.99, 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) Lrp1; E) Cit; F) Syt17; G) Sycp3; H) Osm; I) Gabrb2; and J) Pxylp1. 

Defined mixtures of bisulfite modified fully methylated and unmethylated rat genomic 

DNAs were anal yzed 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. R 2 and p-values values are indicated. 

 

The WGBS chromosomal locations and direction of methylation change relative 

to controls for these genes can be found in Table 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 compared to the sperm of the control rats at Hoxb9, 
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Mettl11b, Slit2, Lrp1, or Cit (Figure 37A-E). For Syt17 a 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 

same ɬ it was hypermethylated in the WGBS dataset, but was hypomethylated by 

pyrosequencing (Figure 37F). Similarly, for Sycp3 a 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  ɬ WGBS detected 

hypomethylation relat ive to controls, while pyrosequencing showed hypermethylation 

relative to controls  (Figure 37G). Two-tailed t -tests for Osm, Gabrb2, and Pxylp1, 

confirmed significant methylation changes  by pyrosequencing, in the same direction as 

the WGBS findings, for at least one of 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 LE v C 

dataset. Bisulfite pyrosequencing of CpG sites initially identified via WGBS as 

significantly differentially methylated between late exposed sperm and controls for A) 

Hoxb9; B) Mettl11b; C) Slit2; D) Lrp1; E) Cit; F) Syt17; G) Sycp3; H) Osm; I) Gabrb2; and J) 

Pxylp1. 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, Gabrb2, and Pxylp1, we then broadened our analysis not just to the CpG 

sites in common between WGBS and pyrosequencing, but also to assess methylation 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 genes, Figure 38A-C). Post-hoc two-tailed T-tests revealed no 

additional significant methylation changes for Osm. For Gabrb2, in addition to CpG site 

2, which was validated from the WGBS dataset, we also detected significant 

hypomethylation at CpG site 1 in sperm from the late exposed animals 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 

exposed sperm (p<0.05, Figure 38B). For Pxylp1, 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 x-axis, mean methylation 

levels are plotted on the y-ÈßÐÚɯǷɯ2$,ȭɯ"×&ɯÚÐÛÌÚɯÓÈÉÌÓÌËɯÞÐÛÏɯɁɖɂɯÊÖÙÙÌÚ×ÖÕËɯÛÖɯÛÏÖÚÌɯ

identified via WGBS that were validated in Figure 37. Black = controls, blue = early 

exposed, green = late exposed. Two-factor ANOVA (factor 1 = Exposure Status, factor 2 = 

"×&ɯÚÐÛÌȺɯÞÌÙÌɯÚÐÎÕÐÍÐÊÈÕÛɯȹ×ǾƔȭƔƙȺɯÍÖÙɯÈÓÓɯÎÌÕÌÚȭɯ2ÐÎÕÐÍÐÊÈÕÊÌɯÐÕËÐÊÈÛÖÙÚɯȹɁɖɂȺɯÙÌ×ÙÌÚÌÕÛɯ

post-hoc two-tailed t -tests. *p<0.05, ***p<0.005. 

 

5.3.3.2 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 C WGBS analysis. We 

developed bisulfite pyrosequencing assays and confirmed assay performance for 

Glutamate Ionotropic Receptor NMDA Type Subunit 2A  (Grin2a), Synapsin III (Syn3), 

Netrin G1 (Ntng1), and Metastasis Suppressor 1-Like Protein 1 (Mtss1l) (Figure 39A-D).  
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Figure 39. Validation curves for genes from the EE v C WGBS dataset.  Bisulfite 

pyrosequencing assay validation curves for A) Grin2a; B) Syn3; C) Ntng1; and D) Mtss1l. 

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. R 2 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 Ntng1 (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, respectively, Figure 

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) Ntng1; and D) Mtss1l. CpG sites are identified as A, B on the x-axis, 

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 Ntng1 and Mtss1l, we than expanded our analysis to assess methylation 

changes at all CpG sites covered by the 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 Ntng1, 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<0.05-0.005), 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 Ntng1 (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 significant 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<0.05-0.001), but no significant changes between the late exposed and control animals 

(Figure 41B). 

 

 

Figure 41. Analysis of methylation change across the entire pyrosequencing 

assay and for both exposure groups. Bisulfite pyrosequencing data was analyzed for A) 

Ntng1 and B) Mtss1l for both exposure groups and across the entire region captured by 

pyrosequencing. CpG sites are labeled on the x-axis, mean methylation levels are plotted 

on the y-ÈßÐÚɯǷɯ2$,ȭɯ"×&ɯÚÐÛÌÚɯÓÈÉÌÓÌËɯÞÐÛÏɯɁɖɂɯÊÖÙÙÌÚ×ÖÕËɯÛÖɯÛÏÖÚÌɯÐËÌÕÛÐÍÐÌËɯÝÐÈɯ6&!2ɯ

that were validated in Figure 40. Two-factor ANOVA (factor 1 = Exposure Status, factor 

Ɩɯǻɯ"×&ɯÚÐÛÌȺɯÞÌÙÌɯÚÐÎÕÐÍÐÊÈÕÛɯȹ×ǾƔȭƔƙȺɯÍÖÙɯÉÖÛÏɯÎÌÕÌÚȭɯ2ÐÎÕÐÍÐÊÈÕÊÌɯÐÕËÐÊÈÛÖÙÚɯȹɁɖɂȺɯ

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 F0 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 F0 sperm are present in F1 sperm 

We first analyzed changes at Pxylp1 in F1 sperm. We chose to look in sperm for 

this gene given the abundant levels of ÛÏÐÚɯÎÌÕÌɀÚɯprotein product  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 revealed significant losses of methylation in F1 sperm from animals  born to 

late-exposed cannabis fathers 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 F0 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 Ntng1 

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-tests for 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 F0 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 2 just approached 

significance at p=0.05, suggesting the potential for heritability of altered methylation 

across multiple CpG sites for Gabrb2. 

Next, we analyzed methylation changes at Mtss1l in offspring hippocampus and 

NAc  tissues. We observed a significant effect of paternal exposure from a two -factor 

ANOVA on DNA methylation in both tissues (p<0.0001). Similar to the methylation 

changes present in F0 sperm, post-hoc 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<0.05-0.01). 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 



 

168 

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.  

 

 

Figure 42. Bisulfite pyrosequencing of offspring tissues. Bisulfite 

pyrosequencing detected heritable changes at A) Pxylp1 in F1 sperm; B) Gabrb2 in F1 

hippocampus; C) Mtss1l in F1 hippocampus; and D) Mtss1l in F1 NAc. CpG sites with 

ÓÈÉÌÓÌËɯÞÐÛÏɯɁɖɂɯÊÖÙÙÌÚ×ÖÕËɯÛÖɯÛÏÖÚÌɯÐËÌÕÛÐÍÐÌËɯÝÐÈɯ6&!2ɯÐÕɯÛÏÌɯ+$ɯÝɯ"ɯÖÙɯ$$ɯÝɯ"ɯ

datasets. Black = control offspring, blue = early exposed offspring, green = late exposed 

offspring. Two -factor ANOVA (factor 1 = Exposure Status, factor 2 = CpG site) were 

ÚÐÎÕÐÍÐÊÈÕÛɯÍÖÙɯÈÓÓɯÎÌÕÌÚȭɯ2ÐÎÕÐÍÐÊÈÕÊÌɯÐÕËÐÊÈÛÖÙÚɯÖÕɯÎÙÈ×ÏÚɯȹɁɖɂȺɯÙÌ×ÙÌÚÌÕÛɯ×ÖÚÛ-hoc two-

tailed t -tests. #p=0.05, *p<0.05, **p<0.01. 
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5.3.6 Offspring DNA methylation changes are associated with sex -

specific changes in gene expression 

Knowing that there were heritable changes in DNA methylation for Gabrb2 and 

Mtss1l, we next investigated whether those methylation changes were associated with 

changes in gene expression in 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 Gabrb2 we analyzed the relationship between DNA 

methylation for the control and early exposed offspring at CpG site 2 ɬ the site that was 

initially identified in paternal sperm  ɬ 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 are inherent 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 females, however, there appears to be a slight positive 
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relationship detected, perhaps suggesting some effect of the paternal preconception 

exposure on the regulation of gene expression of Gabrb2.  

 

 

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 for Gabrb2 in 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.  

 

We next analyzed the relationship between DNA methylation and gene 

expression for Mtss1l in the hippocampus. Here  we examined the relationship  between 

DNA methylation at CpG site 1 ɬ the significantly differentially methylated CpG site 

that was initially identified in the EE v C WGBS dataset as being affected in paternal 

sperm ɬ 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 sex differences 

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 exposure 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.   

    

 

Figure 44. Relationship between DNA methylation at CpG site 1 and gene 

expression for Mtss1l  in the hippocampus . Relationship between DNA methylation 

and gene expression for Mtss1l in 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 at Mtss1l in 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 5 was 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, R2=0.61), while the exposed offspring had a significant positive 

relationship between DNA methylation and gene expression (p<0.05, R2=0.53).  In the 

females (Figure 45C), the control offspring had a significant positive D NA methylation -

gene expression relationship (p<0.05, R2=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 

Mtss1l, 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 Mtss1l 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 Mtss1l in the NAc . Relationship between DNA methylation and gene 

expression for Mtss1l in 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.  

 

5.3.7 Paternal CSE exposure 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 and teratologies 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). Post-hoc 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 late 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). Post-hoc t-tests showed a 

significant increase in heart weight rela tive to controls only in the early exposed 

offspring (p<0.05). This data indicates that paternal CSE exposure influences offspring 

heart development.  

 

 

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 of 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-

Ìß×ÖÚÌËɯÙÈÛÚɯÛÏÈÛɯÞÌÙÌɯÎÐÝÌÕɯÈɯɁÞÈÚÏÖÜÛɂɯ×ÌÙÐÖËɯÍÖÙɯƙƚɯËÈàÚɯȹÛÏÌɯËÜÙÈÛÐÖÕɯÖÍɯÖÕÌɯ

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 

ÈËËÙÌÚÚÌËɯÛÏÌɯÐÔ×ÈÊÛɯÖÍɯÛÏÌɯɁÞÈÚÏÖÜÛɂɯ×ÌÙÐÖËɯÖÕɯÛÏÌɯÔÈÎÕÐÛÜËÌɯÖÍɯÛÏÌɯÔÌÛÏàÓÈÛÐÖÕɯ

change present between exposed and control animals. We took the top 3321 CpG sites 



 

176 

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 had five  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 suggest that the washout period was effective at ameliorating 

some of the CSE-induced 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 present in the LE v 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 themselves 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 C dataset, 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 there 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 traversing 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 given the 
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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 5X10-5. 

Comparing just the number of remaining CpG sites from each list ɬ 744 for the LE v C 

dataset compared to 317 for the EE v C dataset tells 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 annotations associated with 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 Ɂnervous system development, function, 

and diseaseɂ, Ɂembryonic developmentɂ, Ɂdevelopmental disorderɂ, and 

Ɂcardiovascular system development, function, and diseaseɂ. 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. ɁNervous system development , functio n, and diseaseɂ, 

Ɂdevelopmental disorderɂ, and Ɂembryonic developmentɂ 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, Ɂnervous system development, function, and diseaseɂ 

and Ɂdermatological diseases and conditionsɂ 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 p rocesses are increasingly sensitive to environmentally 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 sites identified via  

WGBS at Osm, Gabrb2, and Pxylp1 in the late exposed sperm compared to the controls, 

and Mtss1l and Ntng1 in the early exposed sperm compared to controls. While we 

detected significant methylation differences in Syt17 and Sycp3 the 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, and we analyzed 

methylation changes in both the early and late exposure groups. From this analysis, 

Gabrb2, Pxylp1, Ntng1 and Mtss1l and had significant methylation changes across the 

region we analyzed.  

Once we confirmed changes in methylation in the F0 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 post-fertilization reprogramming to be passed on from 

the sperm into the developing embryo and propagated across all cell types. This also 

ÈÚÚÜÔÌÚɯÛÏÈÛɯÞÏÈÛÌÝÌÙɯÌß×ÖÚÜÙÌɯÐÚɯÐÔ×ÈÊÛÐÕÎɯÛÏÌɯÚ×ÌÙÔɯÔÌÛÏàÓÖÔÌɯÐÚÕɀÛɯÈÓÚÖɯÐÔ×ÌËÐÕÎɯ

ÛÏÌɯÚ×ÌÙÔɀÚɯÈÉÐÓÐÛàɯÛÖɯÚÜÊÊÌÚÚÍÜÓÓàɯÍÌÙÛÐÓÐáÌɯÈÕɯÌÎÎȮɯÖÙɯÛÏÌɯÈÉÐÓÐÛàɯÖÍɯÛÏÈÛɯÍÌÙÛÐÓÐáÌËɯÌÎÎɯÛÖɯ

progress through normal embryogenesis and fetal development.  

We analyzed F1 sperm for methylation changes at Pxylp1, and F1 NAc and 

hippocampal tissues for methylation changes at Ntng1, Gabrb2, and 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]. Pxylp1 is involved in the 

synthesis of mature glycosaminoglycan chains and possesses hydrolase and 
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phosphatase activity [242]. It has been associated with 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 bodies ɬ 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 Pxylp1, a methylation change that resembles that observed in 

late exposed F0 sperm. These data support of the intergenerational heritability  of this 

paternal preconception exposure. It fur ther 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 grandpaternal exposure.  

Given the involvement of Ntng1, Gabrb2, and Mtss1l in 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 Ntng1. 

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 F0 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.  

Gabrb2 is a GABAergic receptor that is highly expressed in the hippocampus  

[244]. Gabrb2 mediates inhibitory synaptic transmission and plasticity in the central 

nervous system, and dysregulation if Gabrb2 has been investigated for its role in 

neurodevelopmental disorders including autism and schizophrenia  [244-248]. For 

example, in a Gabrb2-knockout (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 associated GABRB2 with schizophrenia and autism  [244-248]. Further, altered DNA 

methylation pattern s of GABRB2 have 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 

consequences. This is meaningful as we saw a slight change in the directionality of the 

relationship between DNA methylation and gene expression of Gabrb2 in the female 

hippocampal tissues.  

The last gene we analyzed for heritability was Mtss1l. 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 

control s. These same sites were hypomethylated in the F0 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 F0 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 F0 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 extract ɬ followed by a washout period ɬ 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, Mtss1l also 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 Mtss1l (Metastasis suppressor 1-like), 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 Mtss1l and have 

identified this gene as a novel effector involved in synaptic rearrangement in an 

exercise-dependent manner [249]. The ability of the function  of Mtss1l to 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 ɬ a subcortical brain structure  [250]. Her 

sister was similarly affected, suggesting some heredity 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 on the sex-specific relationships between DNA methylation and gene 

expression for both Gabrb2 and Mtss1l. There is a growing body of work to support sex 

differences across the epigenome, particularly 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 Gabrb2 or 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 preconception cannabis 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 Hawaii 

associated prenatal cannabis use with numerous teratologies including 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 

ventriÊÜÓÈÙɯÚÌ×ÛÈÓɯËÌÍÌÊÛɯÈÕËɯ$ÉÚÛÌÐÕɀÚɯÈÕÖÔÈÓàɯɬ a congenital heart defect ɬ with 

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 a 14-year period 

when the drug became legal [240]. Of note, this was over a time period where no other 

drugs of abuse had increases in 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, Reece 
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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 associated with transpo sition of great 

arteries with intact ventricular septum  in their offspring  ɬ a congenital heart defect in 

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 

we doÕɀÛɯÜÕËÌÙÚÛÈÕËɯÛÏÌɯÔÌÊÏÈÕÐÚÔɯÉÌÏÐÕËɯÛÏÐÚɯÊÈÙËÐÖÔÌÎÈÓàȮɯÛÏÐÚɯÍÐÕËÐÕÎɯÐÚɯÐÕɯÓÐÕÌɯ

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 56-day 

washout period prior to mati ng. This raises questions about the mechanisms behind this 

heritability ɬ 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 



 

190 

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 12-week 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 ɬ there were only 12 

animals per group. Second, it is possible that a 56-day washout period was not sufficient 

for the effects of the CSE exposure to be fully  resolved. Future studies should assess the 

impact of longer washout periods on amelioration.  Third, while we targeted 60X 

coverage for our WGBS, but effective coverage was about 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 increased in 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. TÏÐÚɯÐÚɯÏÐÎÏÓàɯÙÌÓÌÝÈÕÛɯÐÕɯÛÖËÈàɀÚɯÞÖÙÓËȭɯ ÚɯÊÈÕÕÈÉÐÚɯ

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.



 

192 

ƚȭɯ ÉÚÛÐÕÌÕÊÌɯÍÙÖÔɯÊÈÕÕÈÉÐÚɯÈÔÌÓÐÖÙÈÛÌÚɯÌ×ÐÎÌÕÌÛÐÊɯ

ÊÏÈÕÎÌÚɯÐÕɯÏÜÔÈÕɯÚ×ÌÙÔ 

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 of conveying instructions that influence how a 

gene is expressed without changing the sequence of DNA itself [266]. DNA methylation 

ɬ 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) ɬ 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 these gametic 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 

can be influenced by the environment  [69, 267, 268]. These molecular modifications can 

be permanent, thereby acting as an archive of individuals exposure histor ies. 

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 effect of preconception exposures on the integrity 

of the sperm epigenome, and whether any changes are responsible for the transmission 

of elevated risk of pathologies to offspring. Rodent models have demonstrated that 

paternal exposure to exogenous influences such as high -fat diet, endocrine disrupting 

chemicals, pesticides, stressors, and drugs are associated with adverse outcomes in 

offspring  [127, 219-221]. In fact, these offspring have demonstrated aberrant DNA 

methylation and gene expression patterns, metabolic syndromes, and 

neurodevelopmental disorders  [127, 219-221]. 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  [71,72], while paternal 

cigarette use prior to conception has been associated with altered DNA methylation and 

adverse neurodevelopment al outcomes in children  [73]. Further, exposure to trauma has 

also been associated with altered 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 phenotypes [121, 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 widespread health 

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 

ÔÈÕɀÚɯ×ÖÚÛ-pubertal life  from a pool of spermatogonial stem cells (SSCs) [190]. The 

duration of spermatogenesis in a man is 74 days, 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 spermatogenesis will not be permanent, while effects on the 

SSC progenitors could be more long-lasting 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 resolved in 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 t he Cannabis-Induced Potential Heritability of 

Epigenetics Revisions in Sperm (CIPHERS) parent study. Of the participants, 18 were 

cannabis users with a self-reported frequency of cannabis use at least once weekly over 

the prior  6 months and 24 were non-user controls. Use at screening was measured via 

gas chromatography-mass spectrometry (GCMS) analysis of the primary urinary 

cannabis metabolite, 11-nor-9-carboxy-delta-9-tetrahydrocannabinol (THCCOOH) 

normalized to creatinine, to get a metabolite-creatinine ratio. Non -users were 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 0ng/ml and participants must  have reported no cannabis use in the prior  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) there was 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 Alcohol UÚÌɯ#ÐÚÖÙËÌÙÚɯ(ËÌÕÛÐÍÐÊÈÛÐÖÕɯ3ÌÚÛɯȁɯƜȰɯƚȺɯÌÚÛÐÔÈÛÌËɯ(0ɯǾɯƜƔȰɯ

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 test ing 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 aspirat ing 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 TM Test Strips (Medical 

Electronic Systems, Los Angeles, CA). Concentration and motility were quantified with 

ƙϟ+ɯÚÈÔ×ÓÌÚɯÜÚÐÕÎɯÈɯ,ÈÒÓÌÙɯ"ÖÜÕÛÐÕÎɯ"ÏÈÔÉÌÙɯȹ2ÌÍÐ-Medical Instruments, Haifa, 

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  

#- ɯÞÈÚɯÌßÛÙÈÊÛÌËɯÍÙÖÔɯÏÜÔÈÕɯÚ×ÌÙÔɯÚÈÔ×ÓÌÚɯÈÊÊÖÙËÐÕÎɯÛÖɯ0ÐÈÎÌÕɀÚɯ/ÜÙÌÎÌÕÌɯ

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 

ƗƔϟ+ɯÖÍɯÕÜÊÓÌÈÚÌ-free water. Genomic DNA (gDNA) was quantified on the NanoDrop 

2000 and quality was determined through measurement of the A 260/280 and A 260/230 ratios. 

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

6.2.4 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 was provided to the Duke Genomic an d 

"ÖÔ×ÜÛÈÛÐÖÕÈÓɯ!ÐÖÓÖÎàɀÚɯ2ÌØÜÌÕÊÐÕÎɯÈÕËɯ&ÌÕÖÔÐÊɯ3ÌÊÏÕÖÓÖÎÐÌÚɯ"ÖÙÌɯÍÖÙɯÓÐÉÙÈÙàɯ

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 Illumina 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 Illumina NovaSeq 

6000 sequencer. Sequencing was done at 150bp paired-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]. Read-pairs that were at least 200nt in length were mapped to 

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

ÈÙÛÐÍÈÊÛÚɯÞÌÙÌɯÙÌÔÖÝÌËɯÜÚÐÕÎɯÛÏÌɯȿ,ÈÙÒ#Ü×ÓÐÊÈÛÌÚɀɯÈ××ÓÐÊÈÛÐÖÕɯÍÙÖÔɯÛÏÌɯ/ÐÊÈÙËɯÛÖÖÓÒÐt 

[234].  3ÏÌɯȿÔÌÛÏ1ÈÛÐÖɀɯÈ××ÓÐÊÈÛÐÖÕɯÍÙÖÔɯ!2, /ɯÞÈÚɯÛÏÌÕɯÜÚÌËɯÛÖɯÊÈÓÓɯÛÏÌɯËÌ×ÛÏɯÈÕËɯ

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 least 50% 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 10th and 90th percentile of percent-methylation values. Median 

normalization was then applied across all of the samples before a final percent 

methylation value was calculated.    

6.2.4.3 Differentially 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 ɬ before abstinence and after abstinence ɬ 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 -9). 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 data [88]. The 2618 unique 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 %ÐÚÏÌÙɀÚ exact test was run to determine 

methylation changes over timeȭɯ ËËÐÛÐÖÕÈÓÓàȮɯÈɯ%ÐÚÏÌÙɀÚɯÌßÈÊÛɯÛÌÚÛɯÞÈÚɯÙÜÕ to determine 

the overlap and odds ratios between the WGBS and RRBS datasets as well as between 

the WGBS and autism biomarker dataset. 

6.3 Results 

6.3.1 Participant 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, IQ, race, 

ethnicity, employment status, or marriage. The only demographic that approached 

significance was age (p=0.052). 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  
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6.3.2 Semen analyses 

Semen analysis results are reported in Table 11. There were no significant 

differences between users and controls for semen analysis parameters measured. These 

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

 

 



 

206 

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 

178.5 base pairs, and the mean coverage achieved by sequencing was 10.06X. The CG 

content of the regions sequenced was 24.18% (Table 12).  

 

Table 12. WGBS parameters 

 

 

The distribution of methylation for eac h individual across the human 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 genes across the sperm epigenome 

WGBS analysis identified the top 10K CpG sites differentially methylated 

between users and controls before cannabis 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<2.94x10-9. 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 non-significant, blue open circles are nominally significant, and blue filled 

circles with names are Bonferroni significant  (n = 163, p<2.94x10-9). (Bottom) 

Differentially methylated CpG sites between users and controls after abstinence. Black 

circles are non-significant, red open circles are nominally significant, and red filled 

circles are Bonferroni significant (n = 127, p<2.94x10-9). 




















































































































