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Sperm DnA methylation altered 
by tHc and nicotine: Vulnerability 
of neurodevelopmental genes 
with bivalent chromatin
Rose Schrott1,2, Maya Rajavel1, Kelly Acharya3, Zhiqing Huang1, Chaitanya Acharya4, 
Andrew Hawkey5, Erica Pippen5, H. Kim Lyerly4, Edward D. Levin5 & Susan K. Murphy1,2,6*

Men consume the most nicotine and cannabis products but impacts on sperm epigenetics are poorly 
characterized. Evidence suggests that preconception exposure to these drugs alters offspring 
neurodevelopment. Epigenetics may in part facilitate heritability. We therefore compared effects 
of exposure to tetrahydrocannabinol (THC) and nicotine on DNA methylation in rat sperm at genes 
involved in neurodevelopment. Reduced representation bisulfite sequencing data from sperm of 
rats exposed to THC via oral gavage showed that seven neurodevelopmentally active genes were 
significantly differentially methylated versus controls. Pyrosequencing data revealed majority overlap 
in differential methylation in sperm from rats exposed to THC via injection as well as those exposed 
to nicotine. Neurodevelopmental genes including autism candidates are vulnerable to environmental 
exposures and common features may mediate this vulnerability. We discovered that autism candidate 
genes are significantly enriched for bivalent chromatin structure, suggesting this configuration may 
increase vulnerability of genes in sperm to disrupted methylation.

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 are diagnosed with  ASD1. 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 respon-
sible for ASD; rather about 1000 genes have been identified as candidates that can contribute to the  disorder2.

Many ASD candidate genes are involved in synaptic growth and regulation, neuronal development, and 
signaling  stability3. Alterations of these genes that increase risk of ASD can include copy number variants, single 
nucleotide polymorphisms (SNPs), mutations, and rare  variants3. ASD is considered one of the most heritable 
neurodevelopmental disorders as demonstrated by twin studies and familial  studies3. However, 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 methylation at CG dinucleotides that contribute to 
chromatin accessibility and transcription factor binding. These modifications exert a powerful influence on 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 altera-
tions can skew spatial and temporal gene expression patterns, leading to phenotypic changes that can contrib-
ute to pathology. DNA methylation is the most extensively studied epigenetic regulatory process and plays a 
critical role in cellular differentiation, DNA compaction inside the nucleus, and regulation of cell-type specific 
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gene expression. The establishment and maintenance of DNA methylation can be influenced by environmental 
 exposures4. 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  divisions4. This can 
impact the regulation of gene expression in a manner by which the effects may remain latent unless synergisti-
cally 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 
 without5,6. 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  offspring7–9. 
Associations between autism and early-life exposure to maternal or grandmaternal tobacco smoking during 
pregnancy have been  demonstrated10,11. Others have shown associations between maternal cannabis use dur-
ing pregnancy and neurodevelopmental delay and autistic-like deficits in  offspring12,13, as well as an increased 
incidence of autism in offspring exposed to maternal cannabis use during  pregnancy14. Given that early-life 
exposure to these different compounds can have similar phenotypic effects in offspring, it is possible that autism 
candidate genes share an inherent vulnerability to environmental exposures.

The father’s health prior to conception and the exposures he incurs during this time may also impact off-
spring health and development. Studies show that exposure to cannabis and tobacco products alter sperm DNA 
 methylation15–17. There is an urgent need to determine whether these effects are heritable, especially given that 
men are the predominant cannabis and tobacco product  consumers18–20, and their use is  increasing18,19.

The CDC reported in 2016 that 38 million American adults smoked cigarettes “every day” or “some days”18. 
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 25–6416. 
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  did21. Another study that surveyed regular cannabis users 
found that men use cannabis more frequently and in higher quantities than  women18,19.

We recently reported on significant differential DNA methylation in sperm of rats exposed to delta-9-tet-
rahydrocannabinol (THC, the main psychoactive component of cannabis) via oral gavage relative to  controls16. 
Oral gavage pharmacokinetically models the consumption of edibles containing  THC16. Here, we furthered our 
analysis and identified epigenetic effects of oral gavage THC exposure on genes involved in neurodevelopment. 
Our 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  sperm17. Turning to indi-
vidual genes, we focused on seven genes described in the literature as being implicated in autism and autism-
like  phenotypes3,22 and for which sperm DNA methylation was altered by at least 10% following THC exposure 
via oral gavage. The genes we analyzed are Dlg4, Shank1, Grid1, Nrxn1, 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.

Results
Administration of THC by oral gavage induces differential DNA methylation in sperm at neu-
rodevelopmentally 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 2940 CpG sites (621 genes) that were significantly differentially methylated in the sperm 
of THC exposed rats compared to  controls16. This list was entered into the String Database to identify relevant 
Biological Process 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  THC17. Furthermore, our results suggested the potential for intergenerational transmission of 
this methylation change in  rats17. There were 19 GO terms identified (including 79 unique gene names) that 
are involved in neuronal development and synaptic plasticity. These included “nervous system development” 
(p = 2.50E−07 at 5% FDR), “neurogenesis” (p = 1.66E−07 at 5% FDR), “modulation of chemical synaptic trans-
mission” (p = 0.0088 at 5% FDR), and “synapse maturation” (p = 0.028 at 5% FDR). The complete list of all GO 
terms, with the neuronal-related terms in bold, are included in Table S2.

In addition to the GO terms identified, we focused on seven genes from the initial RRBS 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 
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hypermethylation at Lrrtm4 and significant hypomethylation at Shank1, Syt3, Nrxn1, Nrxn3, Dlg4, and Grid1 
in rat sperm (Table 1).

THC injection influences differential DNA methylation at neurodevelopmentally active 
genes. To determine if sperm DNA methylation at the same regions of these genes was similarly affected fol-
lowing 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 4 mg/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 (Fig. 1A–G). Assays were validated for performance using 
defined mixtures of completely methylated and unmethylated bisulfite modified rat DNAs (Fig. 2A–G). Com-
paring 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 hypermethylated at the same CpG site that was identified as 
hypomethylated in the oral gavage studies (p = 0.015) (Fig. 3A–E). Dlg4 and Grid1 did not show significant dif-
ferences in methylation between the exposed and control groups following injection (Fig. 3F,G). 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).

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 2 mg/kg/day nicotine (n = 8) or vehicle control (n = 7) underwent pyrosequencing to compare meth-
ylation across each CpG site. Five genes displayed significant differences in methylation in the 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 (Fig. 4A,B,D), while Dlg4 and Grid1 were hypomethylated 
in these sperm (p = 0.010–0.050) (Fig. 4F,G). Nrxn1 and Shank1 did not exhibit significant differences in meth-
ylation (Fig. 4C–E). Following Bonferroni correction, the following CpG sites remained significantly altered: 
CpG sites 1, 2, and 3 in Lrrtm4 (adjusted p < 0.017) and CpG site 4 in Grid1 (adjusted p < 0.017).

Table 1.  RRBS data.

Chromosome Gene name Location P-value Methylation difference (%) Methylation direction

1 Shank1 100342877–100342878 0.032 − 11 Hypomethylated

1 Syt3 100404328–100404329 0.023 − 11 Hypomethylated

4 Lrrtm4 110702815–110702816 0.018 + 12 Hypermethylated

6 Nrxn1 14349149–14349150 0.0064 − 12 Hypomethylated

6 Nrxn3 112603748–112603749 0.012 − 11 Hypomethylated

10 Dlg4 56638116–56638117 0.048 − 16 Hypomethylated

16 Grid1 11321278–11321279 0.020 − 41 Hypomethylated

Figure 1.  Schematics and sequences analyzed for the seven genes of interest. (A) 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 underlined.
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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  autism3 (Fig. 5). 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  genome23,24. 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 (https ://www.sfari .org) 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 

Figure 2.  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 and unmethylated rat genomic DNAs were analyzed for linearity in ability to 
detect increasing amounts of methylation. x-axis, the input (expected) level of methylation; y-axis, the measured 
level of methylation.  R2 and p values for Pearson correlation are indicated.

Figure 3.  Bisulfite pyrosequencing of sperm DNA from THC injected rats compared to controls. Bar graphs 
showing bisulfite pyrosequencing results from sperm of THC exposed (gray) versus control (black) 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 CpG site labeled with “^” represents the site that was 
initially identified in the RRBS dataset.

https://www.sfari.org
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and one group had three independent interactions. The seven genes studied herein, however, had 11 interac-
tions. The top significant Biological Process GO terms for our seven genes of interest 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) (Table S3). Social and communication deficits are core affected domains in autism, and these deficits often 
impact learning.

Figure 4.  Bisulfite pyrosequencing of sperm DNA from nicotine exposed rats compared to controls. Bar graphs 
showing bisulfite pyrosequencing results from sperm of nicotine exposed (gray) versus control (black) 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 values. The CpG site labeled with “^” represents the 
site that was initially identified in the RRBS dataset.

Figure 5.  STRING analysis. STRING schematic of protein interactions for the seven genes that were analyzed. 
The schematic shows that each protein interacts with at 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.
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Autism candidate genes are enriched with bivalent chromatin marks. We observed signifi-
cant 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 autism-like  phenotypes7,9,25. The abundance of genes that are important mediators of early growth 
and development identified by  others26–29 and our  group16,17,30–34 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 asso-
ciated with the presence of  bivalent chromatin marks. We therefore hypothesized that the bivalent status of 
genes may make them more epigenetically vulnerable to environmental exposures. Using 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 
 Arnaud2,35. This overlap is statistically significant (Fig. 6, 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 differ-
entially methylated in cannabis users compared to non-user controls. We found that there are 538 genes in com-
mon between the two lists of genes. This too was statistically significant (Fig. 6, 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 stati-
cally significant overlap (Fig. 6, p = 7.8E−15, Odds ratio = 2.1). There were 67 genes in common among all three 
lists. These results 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 chromatin marks.

Discussion
We examined the effects of THC exposure by oral gavage or injection and nicotine exposure on DNA methyla-
tion in rat sperm. Our focus 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 demonstration that paternal cannabis use is associated with altered methylation of autism candidate 
DLGAP2 and our findings of effects on genes involved in  neurodevelopment17, 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 

Figure 6.  Significant overlap between SFARI autism genes, genes with bivalent chromatin, and genes from 
human RRBS study that are differentially methylated in sperm between cannabis users and non-user controls. 
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 bivalent, SFARI to RRBS, and bivalent to 
RBBS genes. An odds ratio > 1 demonstrates a strong relationship between lists.
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DNA methylation following exposure to 2 mg/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 
 consumption36.

We wanted to determine whether the effects of THC on methylation at these seven genes were independent 
of route of exposure. Injection of 4 mg/kg THC models inhalation at a dose pharmacodynamically equivalent to 
heavier human  consumption36. 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 routes 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 ana-
lyzed DNA methylation in sperm of rats exposed to 2 mg/kg nicotine, a dose mimicking moderate tobacco 
smoking in humans. Pyrosequencing of sperm showed significant differences 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 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. We don’t have a complete understanding of these effects, 
but what is interesting is the 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  learning37. Further, we found that the proteins 
encoded by these genes are highly enriched for functional interactions with each other. Our findings underscore 
the need for additional studies to better understand how paternal preconception exposures might contribute to 
the development of neurologic disorders like ASD.

Dlg4, Shank1, Grid1, Nrxn1, Nrxn3, Syt3, and Lrrtm4 are all genetically implicated in  autism3. Mutations 
in Shank1, Nrxn1, Nrxn3, and Grid1 have been identified in individuals with the  disorder3,6,22,38, while SNPs in 
Dlg4 have been linked to autism  etiologies3. 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  ASD22,38. Recent studies have also begun to focus on epigenetic regula-
tion of autism candidate genes and the role of the environment in disrupting epigenetic regulation in autism 
 etiology39,40. The role of epigenetic “writers”, including DNA methyltransferase enzymes, has been studied in 
autism, where mutations in DNMT3A have been detected in ASD  cases41. Additionally, epigenetic dysregulation 
of individual autism candidate genes has been demonstrated in peripheral blood and brain tissues of individuals 
with  autism42. 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 
 ASD6. It will be important to determine if genetic alterations are mutually exclusive with DNA methylation 
alterations within the same individual at the same gene, as has been found in the majority of studies at the BRCA1 
and RAD51 loci in  cancers43–45.

Epigenetic changes can alter a gene’s expression, and small methylation changes can have significant effects 
on  expression46. 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 criti-
cal role in regulating synaptic scaling and plasticity, a tightly regulated process that can have severe consequences 
when  disrupted47,48. As such, changes in the expression of PSD genes have been associated with disorders such 
as autism and  schizophrenia47–49. We recently demonstrated that methylation of another PSD gene, DLGAP250, 
is significantly altered in the sperm of human cannabis users as compared to  controls17. 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  fathers17. Dlgap2 has also been shown by others to be 
differentially methylated in the nucleus accumbens of rats born to parents with adolescent THC  exposure51. 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  produced17.

We previously published that cannabis use is associated with methylation alterations in a large number of 
genes important for early  development16. 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 
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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)  marks52. 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  development52. The presence of DNA methylation has been shown to coincide with 
regions of the genome that possess bivalent chromatin, specifically at CpG  islands53. Therefore, the chromatin 
state formed by one epigenetic modification (e.g. bivalent chromatin) could render another epigenetic modifica-
tion (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  domains54 and bivalent 
chromatin may also make tumor suppressor genes vulnerable to hypermethylation in  cancer55. Supporting 
our contention that bivalent chromatin increases epigenetic vulnerability of neurodevelopmentally important 
genes, studies have shown that DNA methylation at a subset of bivalently poised loci is aberrant in post-mortem 
brain samples of autistic  individuals56. However, the enhanced vulnerability of DNA methylation at these loci 
to environmental exposures requires further focused study. It was striking to discover 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 pro-
tamines, the histones that are retained indeed carry functional  significance57. Interestingly, bivalent chromatin 
markings are frequently found at retained histones in  sperm57. Further, developmental loci that possess bivalent 
marks in sperm are also found to be bivalently marked in the early  embryo57–59. This correlation suggests that 
these epigenetic marks present in the early embryo may be transmitted from the paternal germline, supporting 
a possible route of epigenetic intergenerational  inheritance58.

Men in the U.S. are the predominant users of both cannabis and tobacco products. Despite efforts to pro-
mote cigarette smoking cessation, cigarette use among men still remains high, and the use of electronic delivery 
systems is rapidly  expanding18. 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 canna-
bis use is  safe60. Male cannabis use has been associated with reduced fertility and in  most61 but not  all62 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  sperm16. Furthermore, others have shown 
that cigarette smoking significantly alters DNA methylation patterns in male  sperm63,64, showing that there are 
also genome-wide epigenetic effects of this exposure. The significance and impact of these changes in sperm on 
offspring health and development are only beginning to be explored—yet results may provide important infor-
mation and critical opportunities for preventive interventions to reduce risk to future children.

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 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 expo-
sure to cigarette smoke are increasingly pointing to the need to consider paternal smoking history in the context 
of offspring autism and autism-like  phenotypes65. It will also be important to consider the 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  1960s66. 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 
 preconceptionally66. 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  cannabis12.

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 herit-
ability of these changes. Initial studies have demonstrated behavioral effects as the result of paternal exposure 
to  nicotine67 and  THC68. 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 durations 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 occur-
ring in the spermatogonia.

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 
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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. Furthermore, this 
is the first demonstration of a significant 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 reproduc-
tive age, and while use is increasing, the potential health implications need 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.

Methods
All animal study protocols were approved by the Institutional Animal Care and Use Committee at Duke Uni-
versity and conducted in accordance with federal guidelines.

Rat THC exposure via oral gavage. Young adult, sexually mature male Sprague Dawley rats were pur-
chased from Charles River Laboratories, housed 2–3 per cage, and were dosed daily for 12 days via oral gavage 
with either 4 ml vehicle control (n = 8, 10% ethanol, 1% Triton X-100 in saline) or 2 mg/kg THC in 1% Triton 
X-100 in saline (n = 9, dose models moderate human  use36) (Sigma-Aldrich St Louis, MO, USA) as described 
 previously16. 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.

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 4 mg/
kg THC (models heavy human  use36, n = 7) as described  previously17. Following exposure, sperm was collected 
and stored as described above.

Rat nicotine exposure. Male rats were exposed to nicotine (Sigma Aldrich, St. Louis, MO, USA) as 
described by Hawkey et al.  201967. Briefly, chronic exposure to nicotine detartrate was delivered via osmotic 
minipump (Alzet model 2ML4, Durect Inc., Cupertino, CA, USA) at 2 mg/kg/day (dose calculated as of the 
nicotine base weight, n = 8). Minipumps delivered consistent exposure for 28 days, with two consecutive min-
ipumps implanted on opposite flanks of the body for a total duration of 56 days. Controls (n = 7) received the 
same surgery and pumps, but pumps contained only the saline vehicle. Following exposure, sperm was collected 
and stored as described above.

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  study16. All study 
procedures were reviewed and approved by the Duke Institutional Review Board and were conducted in accord-
ance with the 2013 Declaration of Helsinki. Written informed consent was provided by all participants.

DNA isolation from sperm. DNA extraction was performed as described in Schrott et al.  201917. Briefly, 
DNA was extracted from rat and human sperm samples according to Qiagen’s Puregene DNA Purification Pro-
tocol (Qiagen, Germantown, MD, USA). Sperm samples underwent cell lysis and Proteinase K digestion, fol-
lowed by treatment with RNase A solution. Following protein precipitation and removal, DNA was isolated 
and eluted in 30 μl of nuclease-free water. Genomic DNA (gDNA) was quantified on the NanoDrop 2000 and 
quality was determined through measurement of the  A260/280 and  A260/230 ratios. gDNA was stored at − 20 °C for 
subsequent studies.

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.  201816. RRBS 
sequencing metrics are included in Table S4. Rat RRBS data are available at the NCBI Sequence Read Archive 
under accession number PRJNA633085. Human RRBS data is available from the Duke Research Data Reposi-
tory at URL: https ://doi.org/10.7924/r4v12 2j79.

Identification of neurodevelopmental genes significantly affected in sperm of oral gavage 
exposed rats. Following data analysis, significantly differentially methylated CpG sites that met all criteria 
were annotated to genes (described in Murphy et al.  201816) and these unique gene names were then entered 
into the String Database (string-db.org). Genes from significantly enriched biological process GO terms were 
interrogated and a group of seven genes were chosen for subsequent analysis given (1) their role in neurode-
velopmental processes, (2) their described roles in the literature in  autism3,6,22,38, and (3) their greater than 10% 
difference in sperm DNA methylation between the exposed and control male rats.

Bisulfite conversion, polymerase chain reaction (PCR) and bisulfite pyrosequencing. The col-
umn-based EZ DNA Methylation kit (Zymo Research; Irvine, CA, USA) was used to treat 800 ng gDNA with 
sodium bisulfite to convert all unmethylated cytosinces to uracils, (that ultimately appear as thymines following 
downstream PCR and sequencing), while allowing all methylated cytosines to remain cytosines in the sequence. 
This resulted in bisulfite modified DNA (bsDNA) at a final concentration of 20 ng/μl. bsDNA (40 ng) was then 

https://doi.org/10.7924/r4v122j79
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used as a template for PCR amplification for bisulfite pyrosequencing. Bisulfite pyrosequencing assay design, 
validation, and sequencing were performed as described  previously69. Primers and PCR conditions are listed in 
Table S1.

Statistical analyses. Statistics were performed in GraphPad Prism Version 8 (GraphPad Software, San 
Diego, CA, USA) and R Studio R Package for Testing and Visualizing Gene  Overlaps70. For pyrosequencing assay 
validation, Pearson correlations determined the relationship between the input and measured amounts of DNA 
methylation and significance. For bisulfite pyrosequencing, a two-tailed Student’s t 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 lists, a Fisher’s exact test was used to determine signifi-
cance and odds ratios. P values < 0.05 were considered significant and an odds ratio > 1 suggests the association 
between lists is strong.

Data availability
Data is available from the authors upon request. Rat RRBS data is available from the NCBI Sequence Read 
Archive, accession number PRJNA633085. Human RRBS data is available from the Duke Research Data Reposi-
tory under Creative Commons CC0 1.0 Universal rights, which is accessible at the following URL: https ://doi.
org/10.7924/r4v12 2j79.
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